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Abstract 
 

Multidrug-resistant pathogens have become a global threat. In this context, filamentous 

actinomycetes have been proven to be an exceptional source of antimicrobial metabolites. 

In particular, rare actinomycetes isolated from marine environments have been proposed as 

a potential source of yet untapped specialised metabolites. In this study, two novel species, 

Pseudonocardia abyssalis sp. nov. and Pseudonocardia oceani sp. nov., isolated from deep 

Southern Ocean sediments are described, both in terms of their phenotypic and genomic 

characterization. Furthermore, the genomic architecture, with a focus on Biosynthetic Gene 

Clusters (BGC), across eight strains belonging to the two novel species was investigated. As a 

result, a total of 13 Gene Cluster Families (GCF) were identified, of which six GCFs comprise 

BGCs from both species, and one was annotated specifically of each species. Following 

genome analysis, a comparative mass-spectrometry based metabolomics analysis was 

carried out, including phylogenetically closely-related non-marine species, as well as other 

Pseudonocardia strains isolated from different marine environments. Then, genomics and 

metabolomics data were correlated through NPLinker, an unsupervised method for 

integrating paired omics data. As a result, it was demonstrated that the BGC evolution and 

distribution across strains is mainly shaped by phylogeny over any biogeographical pattern.  

Furthermore, metabolomics and genome mining tools were used to assess the role of the 

specialised metabolites on interactions between members of the Pseudonocardia genus 

isolated from different marine environments. To this end, using challenge bioassays, 

antagonist interaction between nine Pseudonocardia spp. isolated from marine sediments 

and two non-marine species was examined and correlated to the strains' phylogeny and their 

metabolomics profile. To understand the spatial dynamics, matrix-assisted laser 

desorption/ionization (MALDI)-mass spectrometry imaging (MSI) was used to examine in situ 

species chemical interactions between the Southern Ocean strains and their closest relatives. 

This analysis showed that phylogeny is the main predictor of antagonistic interactions among 

free-living Pseudonocardia strains. Moreover, a group of parent ions produced by P. abyssalis 

were identified as possible metabolites involved in the inter-species interactions.   

Overall, this work showcases the power of a combined genomics-metabolomics approach to 

investigate rare actinomycetes from understudied locations and have uncovered a wealth of 

both biosynthetic and chemical diversity for further investigation.  
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 Introduction 

 

1.1. Antibiotics  

 

1.1.1. Antibiotics   

The term ‘antibiotic’ was first proposed by Waksman (1941) to describe the antagonistic 

effect of Streptomyces antibioticus living in mixture with other microorganisms [1]. Later, this 

term was defined as a chemical substance, produced by microorganisms, which has the 

capacity to inhibit the growth of and even to destroy bacteria and other microorganisms [2]. 

Nowadays the word ‘antibiotic’ is used with a broader meaning to include designed 

molecules. Moreover the terms antibacterial and antifungal are used to describe specific 

actions against bacteria and fungi, respectively [3]. 

The antibacterial antibiotics are usually classified based on the cellular component or 

pathway they affect (Fig. 1-1). Additionally, they are classified according their growth 

inhibitory (bacteriostatic) or killing (bactericidal) activities [3, 4]. Most bactericidal antibiotics 

inhibit DNA, RNA, cell wall or protein synthesis. For example, macrolides like erythromycin A 

(1), bind to the 50 S ribosomal subunit, resulting in dissociation of peptidyl-tRNA from the 

ribosome. This mechanism is shared by other antibiotics such as lincosamides and 

streptogramins (2, streptogramin A) [5].  
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Figure 1-1 Main groups of antibacterial antibiotics in clinical use, organised according to their mechanism of 
action. Reproduced from Brown 2015 [6]. 

 

Similarly, antifungal antibiotics inhibit the spread of fungi by killing fungal cells or spores, or 

preventing their growth. Most of them do this through the alteration of the fungal cell wall 

and fungal cell membrane (Fig. 1-2) [7, 8]. For example, polyenes like amphotericin B (3) work 

by directly binding to ergosterol in the fungal cell membrane, forming pores that cause 

leakage of intracellular components and, ultimately, result in cell death [9]. 
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Figure 1-2 Main groups of antifungal antibiotics in clinical use, organised according to their mechanism of 
action. Reproduced from Ostrosky-Zeichner et al. 2010 [8]. 

 

Antibiotics represented a milestone in the history of medicine, allowing the effective 

treatment of diseases such as tuberculosis, bacterial pneumonia, and sepsis [10]. For 

example, the clinical use of penicillin reduced the case fatality rates for bacterial pneumonia 

and bloodstream infections from 80% to 17% between 1935 and 1952 [11]. However, during 

its discovery, Fleming (1929) noticed that the growth of a group of E. coli and other related 

bacteria were not inhibited by penicillin [12]. Later, Chain and Abraham (1940) made the first 

report that these bacteria produce an enzyme with the ability to destroy penicillin, which 

explained their resistance. Globally, as a result of increasing resistance to antibiotics, the 

costs of treatment and mortality are increasing with low- and middle-income countries 

especially impacted [13].  

1.1.2. The antimicrobial  resistance problem 

Antimicrobial resistance (AMR) is widely recognized as one of the major global health 

challenges of the 21st century [14, 15].  Globally, AMR caused more than 1.27 million deaths 

in 2019 [16], a figure that could rise to 10 million by 2050 if no actions are taken now to slow 

down the rise of drug resistance [17]. In this context, the World Health Organization (WHO) 

set a priority list for research and development of new antibiotics for antibiotic-resistant 
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bacteria that is led by multidrug-resistant and extensively-resistant Mycobacterium 

tuberculosis, followed by carbapenem-resistant Acinetobacter baumannii, Pseudomonas 

aeruginosa, and members of the Enterobacteriaceae family (Escherichia coli, Salmonella 

typhimurium, Klebsiella pneumoniae, Enterobacter spp.) considered as a critical priority [18]. 

Besides bacterial pathogens, climate change has facilitated the emergence of multidrug-

resistant fungal pathogens like Candida auris [19, 20]. Although C. albicans remains the most 

frequently isolated Candida species in the clinical setting, the appearance of azole-resistant 

C. auris isolates has become a global public health threat due to its challenging identification 

and treatment [21, 22].  

The emergence of multi-drug resistant bacterial and fungal strains could put at risk the 

achievements in health measures obtained during the so-called “antibiotics era” [23]. 

Consequently, the discovery of novel therapeutic alternatives against these emerging multi-

drug resistant pathogens is essential to tackle the antimicrobial resistance crisis. 

1.1.3. Antibiotic discovery 

Arsphenamine (Salvarsan) (4), introduced in 1910 by Paul Ehrlich and Sahachirō Hata [24], 

was the first antimicrobial compound used in the clinic, for the treatment of syphilis and 

trypanosomiasis [10]. However, the first antibiotic discovered from nature was mycophenolic 

acid (5). Isolated from Penicillium brevicompactum by Bartolomeo Gosio (1896), 

mycophenolic acid showed activity against Bacillus anthracis [25, 26].  

      

These early discoveries of Salvarsan and mycophenolic acid preceded the discoveries of 

penicillin (6, penicillin G), described by Alexander Fleming (1929) from Penicillium rubens 

[12], and sulfamidochrysoidin (Prontosil) (7) synthesised by Gerhard Domagk (1932) [27]. 

With the later purification of penicillin and its clinical application by Chain et al. (1940) [28, 

29], the modern antibiotic era began [23].     
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After the discovery of penicillin, Selman Waksman developed a platform that systematised 

the search of antimicrobial activity from soil bacteria, particularly focussed on the 

Streptomyces genus [30, 31]. Following this strategy, several antibiotics were discovered, 

including streptomycin (8) [32], neomycin (9) [33], and actinomycin D (Dactinomycin) (10) 

[34]. Due to its success, the Waksman platform was widely adopted by the pharmaceutical 

industry, leading to the discovery of several classes of antibiotics over the next twenty years 

[30, 35]. As result, this period is known as the “golden age” of antibiotic discovery [31, 36, 

37] (Fig. 1-3).  
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Figure 1-3 Antibiotic discovery timeline showing the new classes of antibiotic discovered in each decade (top) 
and milestones related to antibiotic discovery and antimicrobial resistance (bottom). Antibiotics from 

actinomycetes are coloured in green, while blue is used for other bacteria, purple for fungi, and orange for 
those of synthetic origin. Reproduced from Hutchings et al. 2019 [31]. 
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The golden age of antibiotic discovery also resulted in the discovery of important antifungal 

compounds [38]. The first antifungal described was griseofulvin (11), isolated from 

Penicillium griseofulvum by Oxford et al. (1939) [39]. However, this compound was not 

commercially available until 1959 after its bioactivity was clinically proven [40, 41]. Early in 

the 1950s the first polyene macrolide antifungal, nystatin (12), was discovered from 

Streptomyces noursei by Rachel Fuller-Brown and Elizabeth Lee-Hazen [42].  Later, in 1953, 

amphotericin B (3) was isolated from a Streptomyces nodosus culture at the Squibb Institute 

for Medical Research [43]. 

      

The end of the golden age was marked by a drop of the rate of new chemical discoveries [36, 

37]. By the mid-1960s, new antibiotic scaffolds were becoming harder to discover using the 

Waksman platform. Then, this period was followed by the medicinal chemistry era, where 

antibiotic scaffold discovery was the focus for synthetic modification [44]. For example, after 

the synthesis of miconazole in 1969 [45], the discovery of this antifungal was dominated by 

synthetic azole compounds as they represented a less toxic treatment for invasive fungal 

infections [46]. However synthetic compounds from combinatorial libraries also failed to 

provide new antibiotic scaffolds [44]. Then, the focus once again returned to natural 

products, in particular understanding the biological and ecological function of metabolites 

using genomics and synthetic biology tools for new chemistry [36]. 
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1.2. Natural products  

 

1.2.1. Natural products  

Natural products are broadly defined as chemical compounds produced by living organisms 

[47]. Natural products like penicillin and streptomycin have been a successful source of 

antibiotics used in the clinic. For example, 32% of the small molecules approved as new drugs 

by the USA Food and Drug Administration (FDA) between 1981 and 2019 were natural 

products or their derivatives; accounting for approximately 70% of approved small molecule 

antibiotics [48]. Despite this historical importance, some authors argued that the continuous 

examination of natural products, in particular from actinomycetes, as a source of antibiotics 

is supported by past successes [49]. In addition, it has been suggested that efforts in 

antibiotic discovery based on natural products tend to be redundant, re-discovering targets, 

mechanisms of action and molecular scaffolds [50]. As a result, most antibacterial 

compounds in clinical development are derivatives of old antibiotic classes such as β-lactams 

and tetracyclines [51].  

Due to the capability of testing a large number of compounds, combinatorial chemical 

libraries overcame fermentation screening platforms, partially explaining why the 

pharmaceutical industry abandoned natural product discovery projects in the 1990s [50, 52]. 

However, the emergence of ‘omics technologies, as will be discussed later, has revealed an 

unexplored chemical potential [53, 54]. In addition, novel antibiotic classes from natural 

products have been discovered after the golden age. For example, during the period 2000-

2019, 38 new antibacterial drugs were approved, of which two correspond to natural 

products and 16 were derived of natural products [55]. Of these new antibacterials, five were 

first-in-class, of which, two were natural products, and one natural product derivative [55]. 

These natural products that were new antibiotic classes correspond to daptomycin (13), 

discovered in the late 1980s from Streptomyces roseosporus [56, 57]; and fidaxomicin 

(tiacumicin B) (14), isolated from Dactylosporangium aurantiacum in 1986 [58]. Similarly, 

echinocandins like Caspofungin, the newest class of antifungals [8], are natural product 

derivatives based on lipopeptides like echinocandin B (15) isolated from Aspergillus nidulans 

in 1974 . 
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Several of the antibiotics mentioned so far, such as streptomycin, actinomycin D, and 

amphotericin B, showcase the relevant role of actinomycetes in antibiotic discovery. In fact, 

actinomycetes are unsurpassed for the production of bioactive natural products; accounting 

for 40% of the bioactive microbial metabolites discovered from the 1940s to 2010. Moreover, 

more than 70% of the natural products produced by actinomycetes has been shown to have 

antimicrobial activity [59]. Furthermore, actinomycetes isolated from marine environments 

have been described as a promising source of new antibiotics [60, 61]. For example, during 

the period 2010-2015, 50 bioactive compounds were obtained from marine-derived bacteria, 

and 69% of them were obtained from actinomycetes; additionally, these compounds showed 

high chemical diversity, with the identification of 10 new molecular scaffolds [62]. 

1.2.2. Marine natural products  

The oceans cover 71% of the planet surface and are considered the largest ecosystem on 

Earth. In particular, deep oceans are unexplored environments, with less than 5% explored 

with remote instruments and less than 0.01% of the deep sea-floor sampled, despite 

evidence that they are one of the most biodiverse ecosystems [63]. For example, by the end 

of 2016, approximately 28,500 compounds were reported from marine sources, and six of 

them have been approved as drugs [64, 65]. Some examples of clinically-used marine-derived 

drugs are eribulin [66], a semisynthetic derivate of the polyether macrolide halichondrin B 

isolated from the marine sponge Halichondria okada [67], and trabectedin (ecteinascidin 

743), an alkaloid originally isolated from the sea squirt Ecteinascidia turbinata [68]. Both have 

been approved for the treatment of metastatic breast cancer, and soft tissue sarcoma and 

ovarian cancer, respectively. These examples show the importance of marine natural 

products for drug discovery [69].  

Early marine natural products discovery programs were focused on marine invertebrates like 

sponges and tunicates. However, symbiotic microorganisms, such as actinomycetes and 

cyanobacteria, have been recognized as the real source of several of these bioactive 

metabolites [70]. For example, an analysis of clinical and preclinical marine natural products 

discovered by the end of 2010 showed that despite being collected from marine 

macroorganims, 80% of the clinical trial and approved pharmaceutical agents discovered are 

predicted to be produced by bacteria and cyanobacteria (Fig. 1-4) [70].  
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Figure 1-4 Pie charts showing the collected sources (A) and predicted biosynthetic sources (B) of 20 marine 
derived or inspired drugs and clinical trial agents by the end of 2010. Reproduced from Gerwick and Moore 

2012 [70]. 

 

An example of a marine natural product produced by an a microorganism associated with a 

macroorganism is the cytotoxic polyketide polyether okadaic acid, which was isolated 

originally from the sponge Halichondria okadai [71]. However, the dinoflagellate 

Prorocentrum lima was later identified as the metabolite producer [72]. Another example are 

the diketopiperazines cyclo-(L-Pro-L-Leu), cyclo-(L-Pro-L-Val), and cyclo-(Pro-Ala) reported as 

metabolites of the marine sponge Tedania ignis [73], but later identified as bacterial 

metabolites of the actinomycete Micrococcus sp. [74]. Moreover, the close relationship 

between the structure of trabectedin and other bacterial metabolites like saframycin A from 

Streptomyces lavendulae [75], saframycin Mx1 from Myxococcus xanthus [76], and safracin 

B from Pseudomonas fluorescens [77] suggests trabectedin has a microbial origin. In fact, a 

metagenomic analysis of the Ecteinascidia turbinate microbiome proposed the bacterial 

symbiont Candidatus Endoecteinascidia frumentensi as the real trabectedin producer. This 

was because biosynthetic genes congruent with the molecule were identified in its 

metagenome-assembled genome (MAG). However, as the putative microbial producer has 

not been cultured, confirmation has not been possible [78, 79]. Similarly, metagenomics 

analysis revealed that misakinolide A, originally isolated from the sponge Theonella swinhoei 

[80], is produced by an uncultivated ‘Entotheonella’ symbiont. In this case, the heterologous 

expression of the biosynthetic genes, as well as the co-localization of ‘Entotheonella’ and 

misakinolide A using a combination of CARD-FISH (catalysed reporter deposition-

fluorescence in situ hybridization) and MALDI-IMS (matrix-assisted laser desorption 

ionization-mass spectrometry imaging) confirmed the biosynthetic origin of misakinolide A 

[81]. The description of the microbial origin of several marine natural products has 
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contributed to the search for new bioactive metabolites in marine environments being 

increasingly directed towards microorganisms. For example, a recent review showed that 

from 2015 to 2019, most of the new reported sources of marine natural products in the 

literature correspond to microorganisms, led by fungi and followed by bacteria (Fig. 1-5) [82]. 

 

 

Figure 1-5 Sources of new marine natural products reported over the period 2015–2019. Reproduced from 
Carroll et al. 2021 [82]. 

 

1.2.3. Marine natural products from actinomycetes  

Among microorganisms of marine origin, actinomycetes have been proposed as a promising 

source of chemically diverse natural products [83–85]. Deep-sea actinomycetes in particular 

have gained attention for antibiotic discovery [86, 87]. For example, the abyssomicins (16, 

abyssomicin B; 17, abyssomicin C) were isolated from Verrucosispora maris AB-18-032 

isolated from a sediment sample collected from the Sea of Japan at a depth of 289 m. These 

metabolites through the inhibition of the p-aminobenzoate biosynthesis showed antibiotic 

activity against multi-drug resistant clinical isolates of Staphylococcus aureus [88, 89]. 
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Another example is the dermacozines (dermacozine F, 18; dermarcozine J, 19) produced by 

Dermacoccus abyssi isolated from Mariana Trench sediments collected at a depth of 10 898 

m. Despite no antibiotic activity reported, some members exhibited moderate cytotoxic 

activity against leukaemia cells [90, 91].  

   

Actinomycetes from marine origin have also been a source of antifungal compounds. For 

example, turbinmicin (20) was shown to inhibit the fungal vesicle-mediated trafficking 

pathway, and demonstrates broad-spectrum antifungal activity, including against multi-drug 

resistant C. auris [92].  Tubinmicin is produced by Micromonospora sp. isolated from the 

ascidian Ecteinascidia turbinate, after a metabolomics-guided screening of 1482 

actinomycetes from marine invertebrates [92]. 
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However, the best-known example of a bioactive metabolite isolated from marine-derived 

actinomycetes is that of salinosporamide A (Marizomib) (21) originally isolated from the 

obligate marine bacterium Salinispora tropica CNB-392. This metabolite displays potent 

inhibitory activity against the chymotrypsin-like proteolytic activity of the 20S proteasome 

[93]. Now, salinosporamide A is being studied as a treatment for glioblastoma in phase three 

clinical trials [65, 94]. 

 

In the case of the Pseudonocardia genus, few bioactive metabolites from marine origin 

strains have been reported. For example, from P. carboxydivorans M‑227 isolated from a 

deep-water sample collected from the Cantabrian Sea at a depth of 3000m, two bioactive 

metabolites called branimycins (branimycin B, 22; branimycin C, 23) were described. These 

compounds displayed antibiotic activities against several Gram-positive bacteria, including 

Corynebacterium urealyticum, Clostridium perfringens, and Micrococcus luteus, and against 

the Gram-negative bacterium Neisseria meningitidis. Additionally, branimycin B showed 

moderate antibacterial activity against Bacteroides fragilis, Haemophilus influenzae, and 

Escherichia coli, whilst branimycin C was bioactive against Enterococcus faecalis and 

methicillin-resistant Staphylococcus aureus [95]. 
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Furthermore, a new group of bioactive metabolites called pseudonocardians A-C 

(pseudonocardian B, 24) were isolated from P. antitumoralis SCSIO 01299 from a sediment 

sample collected at the depth of 3258 m in the South China Sea. Besides exhibiting potent 

cytotoxic activity, these metabolites were bioactive against Staphylococcus aureus, 

Enterococcus faecalis and Bacillus thuringensis [96]. 

 

Another success story includes five curvularin macrolides, from Pseudonocardia sp. HS7 (also 

identified as P. antitumoralis according to 16S rRNA gene sequencing), isolated from the 

cloacal aperture of a sea cucumber. Two of these metabolites, (11R,15R)-11-

hydroxycurvularin (25) and curvularin-7-O-α-D-glucopyranoside, exhibit inhibitory activity 

against Escherichia coli [97]. 

 

Finally, Pseudonocardia sp. YIM M13669 was selected from a screening assay for having 

antibacterial activity against Mycobacterium smegmatis MC2 155, a non-pathogenic 

Mycobacterium used as a model system to study M. tuberculosis. This Pseudonocardia strain 

from South China Sea marine sediment (depth of 2448 m) was shown to produce seven γ-

butyrolactone metabolites, named pseudonocardides A-G (pseudonocardide A, 26). 

However, none of the pseudonocardides showed inhibitory activity against M. smegmatis, 

indicating that other metabolites may be responsible for the activity originally observed [98]. 
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These examples illustrate the potential of actinomycetes, in particular non-Streptomyces 

strains, as a source of chemically diverse natural products. In fact, the examination of natural 

products recently isolated from actinomycetes from diverse origins supports that this group 

of bacteria is still one of the most important sources of chemical diversity [99]. 

 

1.3. Actinomycetes 
 

1.3.1. Overview 

Actinomycetes are filamentous bacteria within the phylum Actinobacteria. They are Gram-

positive bacteria, with high G+C DNA content, representing one of the largest bacterial phyla 

with a ubiquitous distribution in both aquatic and terrestrial ecosystems. Most 

Actinobacteria are free-living organisms with a mycelial lifestyle and complex morphological 

differentiation (Fig. 1-6) [100].  

 



 

17 
 

 
Figure 1-6 Schematic representation of the life cycle of sporulating actinomycetes. Reproduced from Barka et al. 

2015 [100]. 

 
 

According to Bergey's Manual of Systematics of Archaea and Bacteria [101], the phylum 

Actinobacteria encompasses five classes, 19 orders, 50 families, and 221 genera. The 

constituent classes are Acidimicrobiia, Actinobacteria (class.), Coriobacteriia, Rubrobacteria, 

and Thermoleophilia [101]. Although the International Code of Nomenclature of Prokaryotes 

(ICNP) has recently updated the name of the phylum Actinobacteria to Actinomycetota [102], 

for the purposes of this work they will be referred as Actinobacteria.   

Most Actinobacteria are saprophytic, soil-dwelling organisms that spend the majority of their 

life cycles as semi-dormant spores, particularly under nutrient-restricted conditions. 

However, this group contains members which are adapted to diverse environments [100]. 

For example, members of the genera Mycobacterium [103] and Nocardia [104] are human 

pathogens, while members of the genus Bifidobacterium are ubiquitous inhabitants of the 

mammalian gut microbiota [105]. Similarly, some members of the Leifsonia genus have been 

isolated from extreme environments, like the psychrophilic strains isolated from a 

cyanobacterial mat sample collected in Antarctica [106], while other members are plant- 

commensals [106] or pathogens [107]. 
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Filamentous actinomycetes are prolific producers of antimicrobial metabolites, accounting 

for 64% of the known classes of naturally occurring antibiotics [31]. However, the exploration 

of this chemical potential has been focused in the Streptomyces genus. For example, the 

Natural Products Atlas (NPAtlas), a database of known microbial natural product structures, 

reported a total of 7,501 natural products related to Actinobacteria, of which 5,605 

(approximately 75%) were associated to Streptomycetales [108, 109]. Moreover, rare 

actinomycetes such as Salinispora, Micromonospora and Nocardopsis, have been and still are 

the source of novel bioactive compounds, suggesting an untapped chemical potential [110].  

1.3.2. Rare actinomycetes  

Rare actinomycetes are defined as actinomycetes within the order Actinomycetales but not 

belonging to the genus Streptomyces [111] and often named such due to their less frequent 

isolation under standard lab conditions [112]. Examples of rare actinomycetes include the 

genera Actinomadura, Actinoplanes, Amycolatopsis, Dactylosporangium, 

Kibdelosporangium, Microbispora, Micromonospora, Planobispora, Streptosporangium and 

Planomonospora [112], as well as Pseudonocardia, which is the main focus of this project. 

Despite being isolated less frequently, rare actinomycetes are widely distributed in terrestrial 

and aquatic ecosystems [113]. In particular, culture-dependent works, which involves strain 

isolation, propose marine environments as rich sources of rare actinomycetes. For example, 

between 2007 and mid-2013, a total of 80 new species of rare actinomycetes were reported 

from marine environments, of which 20 were novel genera and 3 novel families. 

Furthermore, the families Micromonosporaceae, Pseudonocardiaceae, Nocardioidaceae, as 

well as the suborder Micrococcineae were the dominant taxa [114]. Isolation efforts using 

deep-sea sediments has also allowed the identification of taxonomically diverse 

actinomycetes. For instance, the analysis of diversity of cultured actinomycetes from 

Mariana Trench sediment (10,898 m, the deepest region on Earth), revealed the presence of 

Streptomyces alongside rare actinomycetes such as Dermacoccus, Kocuria, Micromonospora, 

Tsukamurella and Williamsia [115]. 

1.3.3. Pseudonocardia genus. 

Pseudonocardia is a genus of the Actinobacteria family Pseudonocardiaceae, described for 

the first time in 1957 [116]. Their phenotypic details will be introduced in Chapter 3. 
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Members of this genus have been isolated from various habitats. Some examples are P. 

petroleophila isolated from soil collected in Germany [117], P. nigra from a rock sample 

collected in the Atacama Desert [118], P. hydrocarbonoxydans from aerial contamination of 

a silica gel plate [119], and P. antarctica from a moraine sample collected from the McMurdo 

Dry Valleys in Antarctica [120].  

The Pseudonocardia genus has also been studied for its ability to metabolise organic 

environmental contaminants [121–123]. For example, P. dioxanivorans, isolated from 

contaminated industrial sludge can grow on 1,4-dioxane, a potential human carcinogen, as 

well as on tetrahydrofuran, a by-product of the polymers industry [124–126]. These kinds of 

substances are concerning groundwater pollutants, making Pseudonocardia a useful tool for 

bio-remediation purposes [124–126]. Some other species, including P. 

tetrahydrofuranoxydans [127], and P. benzenivorans [128], isolated from contaminated soils 

have been shown to have the ability to degrade organic solvents.  

Several endophytic Pseudonocardia species have been described in association with the 

medicinal plant Artemisia annua. Particularly, from surface-sterilized roots, P. bannaensis 

[129], P. artemisiae [130], P. xishanensis [131], and P. kunmingensis [132] were isolated, 

while P. seranimata [133] was isolated from its leaves. These plant-associated 

Pseudonocardia strains have been reported to have regulated plant growth, as well as the 

production of artemisinin [134, 135]. Other endophytic Pseudonocardia spp. include P. 

tropica from Maytenus austroyunnanensi [136], P. acaciae from the roots of Acacia 

auriculiformis [137], P. endophytica from Lobelia clavata [138], P. eucalypti from Eucalyptus 

microcarpa [139], and P. broussonetiae from the roots of Broussonetia papyrifera [140].  

In addition, the fungus-growing ants (tribe Attini) such as members of the genus 

Acromyrmex, which grow the fungus Leucoagaricus spp. as a food source, have developed 

symbiotic interactions with antifungal producing Pseudonocardia strains for protecting their 

fungal gardens against pathogens such as Escovopsis spp. [141, 142]. Furthermore, a recent 

study suggested that Pseudonocardia can also protect fungus-growing ants from the 

entomopathogenic fungus Metarhizium anisopliae [143]. These fungus-growing ants have 

developed complex cuticular structures for maintaining Pseudonocardia symbionts in an 

example of convergent evolution between actinomycetes and insects [144].  
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Additionally, members of the genus have also been isolated from marine environments. For 

example, the selective isolation of actinomycetes from marine sediments collected from the 

Japan Trench (Pacific Ocean), the Canary Basin (Atlantic Ocean), and selected fjords in 

Norway, revealed the widespread presence of Pseudonocardia, as strains of this genus were 

identified in all locations [145]. Similar studies performed with sediments collected in the 

Republic of Palau [146], the Arctic Ocean [147], and the bay of Valparaíso in Chile [148] also 

retrieved Pseudonocardia strains. In this context, several Pseudonocardia strains isolated 

from marine environments have been taxonomically described. For example, P. sediminis 

was isolated from a marine sediment sample from the South China Sea collected at a depth 

of 652 m [149]. Moreover, P. antitumoralis was also isolated from a South China Sea 

sediment sample, but from a different location at a depth of 3258 m [150], while P. 

profundimaris was isolated from marine sediment of the western Pacific Ocean at the depth 

of 7118 m [151]. Other examples include P. mangrovi isolated from a soil sample collected 

from a mangrove forest [152], and P. ammonioxydans isolated from coastal sediments [153]. 

In general, these examples illustrate how Pseudonocardia spp. are ubiquitous inhabitants of 

marine sediments.    

Although the complex ecological relationship such as that observed with fungus-growing ants 

has not yet been described in marine environments, there are reports of Pseudonocardia 

strains living in association with macroorganisms. For example, two Pseudonocardia strains, 

phylogenetically related to P. antarctica according to the 16S rRNA gene sequence analysis, 

were cultured from Antarctic deep-sea sponges [154]. Similarly, a Pseudonocardia strain 

phylogenetically related to P. carboxydivorans was also isolated from the marine sponge 

Hymeniacidon perleve collected in the South China Sea [155]. Moreover, the species P. 

kongjuensis which was originally isolated from a gold mine cave [156] was later identified as 

part of the microbiome of marine sponges Haliclona spp. [157] and Pseudonocardia strains 

were isolated from the scleractinian corals Galaxea fascicularis and Acropora millepora [158]. 

Finally, three Pseudonocardia strains, phylogenetically related to P. adelaidensis, were 

isolated from Antarctic macroalgae. In the latter case, isolates exhibited an obligate 

requirement for seawater for growth, which has not been reported for the genus before 

[159].   
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1.4. Actinomycetes’ specialised metabolism  

 

1.4.1. Specialised metabolites  

Specialised metabolites, are small organic molecules produced by living organisms 

presumably as a response to their adaptation to the environment [160]. Specialised 

metabolites are in principle natural products, but with a limited clade-specific or niche-

specific distribution, known or presumed to have a specialised role in ecology or physiology 

[161]. Although these metabolites are believed to play an essential role in intra- and extra-

cellular interactions between both cells and organisms, their specific ecological functions 

usually remain undescribed [162]. For instance, to kill or slow down the growth of another 

microorganism would reduce competition for nutrients. This would represent a selective 

advantage for survival, as such, it is widely accepted that antibiotics play a key role in 

microbial ecology. However, specialised metabolites may also be involved in more complex 

ecological functions, such as communication between cells [163, 164]. For example, 

extracellular concentrations of γ-butyrolactone SCB1 produced by Streptomyces coelicolor 

have been shown to induce actinorhodin and undecylprodigiosin production, suggesting a 

role as quorum-sensing signalling metabolites [165]. Moreover, experiments using a 

Myxococcus xanthus Δta1 mutant, blocked myxovirescin [166] production, which revealed 

that this antibiotic plays a role in the predatory behaviour of these bacteria. Exogenous 

antibiotic supplementation restored the predation [167].    

1.4.2. Specialised metabolites biosynthesis  

The cellular machinery responsible for the biosynthesis of specialised metabolites is encoded 

by clustered groups of genes called biosynthetic gene clusters (BGCs). In general, the BGCs 

encode the enzymes, regulatory proteins and transporters that are necessary to produce, 

process and export a specialised metabolite. Hence, a BGC can be defined as a group of genes 

that together encode the proteins responsible for the biosynthesis of specialised metabolites 

[168, 169]. In bacteria, these genes tend to be physically clustered on the genome. However, 

sub-clusters located in different genomic loci can work together to produce a metabolite 

[161, 170]. For example, biosynthetic genes involved in the production of the glycosylate 

carotenoid sioxanthin are encoded in four separate regions of the Salinispora tropica CNB-
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440 genome, consisting of two sub-clusters and two individual genes [171]. Similarly, the 

biosynthesis Lyngbyatoxin A by Streptomyces involves four genes in a sub-cluster (tleABC) 

and an individual gene (tleD) located in a different region [172]. Moreover, cluster situated 

regulators (CSRs) and global regulation genes can co-regulate BGCs and affect their 

expression despite being located in different genomic regions [173]. 

Specialised metabolites are often classified according to the types of enzymes involved in 

their biosynthesis. For example non-ribosomal peptide-synthetase (NRPS) BGCs are defined 

by a minimal module made by an adenylation (A) domain, a thiolation (T) domain and a 

condensation (C) domain [174]. Similarly, polyketide synthases (PKS) BGCs are characterised 

by a minimal module made by an acetyltransferase (AT), an acyl carrier protein (ACP) domain, 

and a ketosynthase (KS) domain [174]. In terms of microbial BGC diversity, a recent analysis 

of 1,225,071 BGCs was retrieved from 188,622 microbial genomes. This, combined with 

20,584 MAGs and 1,910 experimentally characterized BGCs from the MIBiG (Minimum 

Information about a Biosynthetic Gene Cluster) database [175], was used to create the BiG-

FAM database. Analysis of this dataset revealed that NRPS were the most common class of 

BGC found in microbial genomes, followed by ribosomally synthesized and post-

translationally modified peptides (RiPPs) and PKS (Fig. 1-7). Similar analysis in 1,110 

Streptomyces genomes [176], 43 Amycolatopsis genomes [177], 103 Nocardia genomes 

[178], and 75 Salinispora genomes [179] also showed that these three BGC classes were the 

most commonly found in actinomycete genomes. 

 

 

Figure 1-7 Distribution of the collection of 1,225,071 BGCs contained in the BiG-FAM database. A. Pie charts 
showing the distribution of BGC classes across three microbial kingdoms. B. Taxa covered by BiG-FAM, showing 

the total number of BGC in each microbial kingdom. Reproduced from Kautsar et al. 2021 [180]. 
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Cases of convergent evolution of BGCs, where two biosynthetic pathways evolved 

independently to produce the same metabolite, have been reported. For example, the 

biosynthesis of fosfomycin by Pseudomonas syringae follows a very different pathway from 

that of Streptomyces fradiae and Streptomyces wedmorensis [181]. On the other hand, a 

single pathway could be related to the biosynthesis of two or more metabolites [182]. Even 

taking these cases into account, in principle each specialised metabolite should be related to 

at least one biosynthetic gene. However, the number of characterised specialised 

metabolites far exceed the number of known BGCs. For example, the NP Atlas comprised a 

total of 32,552 metabolites by the end of 2021 [108], while MIBiG, a curated repository of 

known BGCs, contained 2,021 BGCs by early 2020 [175]. These finding suggests that many 

BGCs remain ‘cryptic’, which means that the corresponding metabolite has been observed, 

but where its associated BGC has not been experimentally identified [183]. In fact, it has been 

predicted that around 90% of BGCs in microorganisms are cryptic [184].   

1.4.3. Genome mining of BGCs 

Genome mining seeks to facilitate the discovery of specialised metabolites and their 

biosynthetic genes [161]. Classical genome mining techniques are based on the prediction of 

genes encoding enzymes putatively involved in specialised metabolite biosynthesis [185]. 

However, genome mining approaches have also provided insight into the function that 

metabolites perform in physiology and ecology [161]. Further information on the methods 

used for genome mining will be introduced in chapter 4.  

Genome mining has revealed that the biosynthetic potential of microorganisms is much 

greater than that observed under standard laboratory conditions. This situation has 

reinvigorated specialised metabolite research [186].  

1.4.4. Biosynthetic potential of actinomycetes  

As mentioned above, by late 1960s, new antibiotic scaffolds from actinomycetes were 

becoming harder to discover and rediscovery was more frequent [59]. The high rate of 

rediscovery could be related to exhaustive isolation and misidentification of strains. For 

example, occasionally the detection of frequently recovered specialised metabolites come 
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from screening multiple isolates of common strains of Streptomyces spp. [187]. Although the 

apparent biosynthetic potential of actinomycetes might be biased by the relatively high 

number of sampled strains and sequenced genomes available, recent large-scale genome 

mining analysis confirmed that there is still a hidden biosynthetic potential encoded in 

actinomycetes’ genomes. For example, using the BiG-SLiCE approach, Kautsar et al. analysed 

1.2 million BGC from more than 200,000 publicly available microbial genomes, including 

MAGs, by grouping them into gene cluster families (GCFs). The diversity of the BGCs were 

assessed through the identification of cross-species patterns. This showed four Streptomyces 

spp. as the second richest GCF-containing species, just behind Ralstonia solanacearum and 

other fungal species [188]. In addition, a large-scale metagenome analysis of human 

microbiomes, which in theory is free of isolation biases, showed that actinomycete MAGs 

possessed the highest average number of BGCs per genome from the analysed dataset [189]. 

In the particular case of actinomycetes, similar genome mining studies have confirmed their 

biosynthetic potential. For example, 11,422 BGCs were classified into 4,122 GCFs across 830 

genomes and extrapolation of this dataset estimated thousands of unknown BGC [190]. 

Furthermore, 178 strains were selected for metabolomics analysis which revealed 77% of 

their BGCs were silent as they contained BGCs of known metabolites that were not identified 

by mass spectrometry [190], confirming the gap between the number of known metabolites 

and their cognate BGCs. Furthermore, a study focused on chemotherapeutic gene clusters 

across 1,110 publicly available Streptomyces genomes confirmed a high diversity and 

abundance of BGCs across the genus [176] with differences between members of the same 

species observed. For example, of the 48 BGCs identified in Streptomyces albus, 18 were 

found across all strains, while 16 were observed only in one strain. This suggests a high strain-

level BGC diversity [176]. These genome mining analyses have aided novel metabolite 

discoveries. For example, high-throughput genome mining of a collection of over 10,000 

actinomycetes allowed the description of a group of phosphonate BGCs within the genome 

of 278 sequenced strains. The characterisation of this pathway led to the discovery of 

argolaphos, a broad-spectrum antibacterial phosphonopeptides, which represent a new type 

of sulphur-containing phosphonate natural product [191]. 

Despite the biosynthetic potential of actinomycetes, fewer than 10% of the sequenced 

microbial genomes available in public repositories belong to this group [168]. Since most of 

the genome sequencing projects are related to bacterial pathogens, the genomic information 
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of Actinobacteria in general, and rare actinomycetes in particular, is limited. For example, in 

the GOLD (Genomes OnLine Database) of the Joint Genome Institute (JGI), from a total of 

196,937 registered bacterial genome sequencing projects, only 11.7% belong to 

Actinobacteria, 4.9% for Mycobacteriaceae, 1.7% for Streptomycetaceae, and only 0.3% for 

Pseudonocardiaceae  family [192, 193]. As such comparative genome mining of non-

Streptomyces is limited by the number of publicly available genomes. However, some studies 

suggested that rare actinomycetes harbour a slightly lower biosynthetic potential than 

Streptomyces. Pseudonocardiales in particular have a relative high incidence of BGCs (19.8 

per-genome average) among actinomycetes, which is only surpassed by Streptomycetales 

(21.6 per-genome average) [190]. For example, a genomic study of 21 rare actinomycetes 

and 24 Streptomyces isolated from marine environments revealed that the genus 

Streptomyces had the highest number of BGC. A total of 1925 BGCs were found in 

Streptomyces, in comparison to 1386 for rare actinomycetes. However, the true diversity of 

these genes as a function of the Shannon Index normalized by number of BGCs, is higher for 

rare actinomycetes (0.2770) than for Streptomyces (0.1787), implying a higher novelty in the 

BGCs of marine-derived rare actinomycetes. In particular, Corynebacterium (0.9296), 

Gordonia (0.7579), Nocardiopsis (0.6128), Saccharomonospora (0.6057) and Pseudonocardia 

(0.6040) genera [194]. The Shannon Index is an entropy, giving the uncertainty in the 

outcome of a sampling process. When it  is  calculated using  logarithms  to  the  base  two,  

it  is  the  minimum number of yes/no questions required, on average, to determine  the  

identity of a sampled species [195]. 

 

1.5. Evolution of specialised metabolism in actinomycetes 
 

1.5.1. Ecological variables influencing specialised metabolism in 

actinomycetes 

The consensus is that specialised metabolites work mainly as signalling or communication 

molecules that modulate interactions between organisms [162, 163, 196]. So, the study of 

interactions between microbes and other macro- and microorganisms could not only lead to 

the discovery of novel antibiotics, but it would allow further understanding of the function 

of specialised metabolites in the environment [197]. The fact that actinomycetes are found 

in diverse ecosystems underpinned by complex ecological interactions is a consequence of 
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their success as producers of specialised metabolites  [198, 199]. The previously mentioned 

symbiosis between fungus-growing ants and Pseudonocardia is an excellent example of an 

ecological relationship which influences the evolution of specialised metabolisms by 

actinomycetes [200]. Polyene macrolides alongside other antifungal metabolites have been 

particularly well-studied from Pseudonocardia strains in a mutualistic relationship with 

fungus-growing ants [141, 201]. Some further details of antifungal metabolites from the 

Pseudonocardia genus will be addressed in chapter 5. Similarly, ecological relationships 

among beewolf digger wasps (Philanthus spp., Hymenoptera, Crabronidae) and 

Streptomyces spp., which are incorporated into the cocoon's silk for protecting larvae of 

bacterial and fungal infections have been found [202]. Another example is Streptomyces 

endophytes isolated from Arabidopsis thaliana that produce filipin-like polyenes with activity 

against the plant-pathogenic fungus Gaeumannomyces graminis [203]. 

An interesting example of metabolite ecological role is that of the earthy-smelling 

metabolites geosmin and 2-methylisoborneol [204, 205]. Genes responsible for the 

biosynthesis of these metabolites are well-conserved across the Streptomyces genus [206], 

but their ecological role had not been fully understood. Recently, experiments performed 

between S. coelicolor and the springtail Folsomia candida, a soil-dwelling arthropod, showed 

that these organisms were attracted to traps baited with S. coelicolor colonies [207]. This 

effect was explained by proving that geosmin and 2-methylisoborneol induced 

electrophysiological responses in the antennae of the springtails. Furthermore, the authors 

exhibit that the genes for biosynthesis of these metabolites are under the direct control of 

sporulation-specific transcription factors [207]. Overall, these results suggest that the 

production of geosmin and 2-methylisoborneol are an integral part of the sporulation 

process, completing the Streptomyces life cycle by facilitating dispersal of spores by soil 

arthropods [207]. 

The application of ecological concepts to the study of specialised metabolites leads to 

testable hypotheses regarding the roles of these molecules in shaping ecosystems [208]. For 

example, a genome mining study to characterise differences in the specialised metabolism 

focused on two related Pseudonocardia phylotypes associated with Acromyrmex echinatior 

fungus-growing ants. This work showed that some BGCs were specific to each phylotype 

[209]. Although some BGCs were conserved across both clades, each phylotype encoded 

different polyene antifungals. The antifungal metabolites encoded in these BGCs were found 
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to be fundamental traits for their ecological relationship with ants [209]. Similarly, two 

Streptomyces strains isolated from the marine sponge Haliclona simulans showed a 

correlation between phylotypes and their BGC profile [210]. These strains were shown to be 

closely related to terrestrial strains at a genomic level (91-99% similarity in six housekeeping 

genes), yet they potentially produce different compounds. This reinforced that ecological 

variables have a critical effect on shaping their specialised metabolism [210]. In this sense, 

the ecological context is undoubtedly related to the evolution of both microorganisms’ 

lineages and their specialised metabolism. For example, the core-genome phylogenetic study 

of 120 Streptomyces spp. strains, of which 69 were related to insect microbiomes, showed 

that most insect-associated Streptomyces cluster together in discrete lineages [211]. 

Moreover, the evolutionary analysis of the BGCs annotated showed that their distribution 

within a Streptomyces genome is influenced by both phylogeny and ecology [211]. 

Beyond traditional screening based methods to look for bioactive compounds, understanding 

when, where, and why these metabolites are produced could facilitate exploring the 

untapped chemical diversity of microorganisms [212]. Although genome mining studies have 

allowed the identification of new biosynthetic pathways and metabolites, a further task is 

the functional characterization of these compounds since the interaction between bacteria 

and their environment will certainly involve specialised metabolites. Therefore, integrative 

approaches such as ecology-based mining (mining metagenomics data and using the 

ecological context to prioritize environmental BGCs) and functionality-based mining (use of 

protein domains for genome mining based on predicted function), are likely to accelerate the 

discovery of antimicrobial agents [213]. Beyond the discovery of novel chemistry, Medema 

(2018) proposes that the function of the specialised metabolites is what matters most and 

that the integration of cutting-edge omics technologies combined with foundational 

chemical and ecological concepts will provide many new insights into the chemical language 

of life [160].  

Although the influence of the ecological context on specialised metabolite production in 

actinomycetes is a well-accepted concept [196, 199], the effect of geography in the evolution 

of its specialised metabolism is not completely clear. Whether specialised metabolism follow 

a sympatric or allopatric process of evolution is still an open debate [214, 215].  
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1.5.2. Biogeographic variables of the speciali sed metabolism in actinomycetes 

Biogeography is defined as the science that attempts to describe and understand the spatial 

patterns of biological diversity [216]. As the study of biogeography enables an understanding 

of the distribution patterns of biodiversity across space and time, it allows surveying how the 

physiological, genetic, morphologic and behavioural characteristics of individuals and 

populations vary across its geographic ranges. Furthermore, the study of biogeography 

relates to the distribution of the species with their evolutionary history [216]. In the late 19th 

century and early 20th century, some microbiologists identified that the microbial distribution 

was determined by the environment, with Martinus Beijerinck as one of the most important 

proponents of this hypothesis [217, 218]. However, the study of microbial biogeography 

formally started with the work of Lourens Gerhard Marinus Baas Becking, who was 

influenced by the work of Beijerinck in environmental microbiology, and formulated in 1934 

the hypothesis "everything is everywhere, but the environment selects", which has been the 

basis of most of the ecological theories in microbial distribution formulated later [217, 218]. 

This hypothesis is based on the idea that due to their abundance and size, microorganisms 

are not restricted by geographic barriers over geological time scales [219]. However, soil 

variables have been shown to shape their distribution [220]. Hence, it could be proposed that 

the local environmental factors, as well as the response of microorganisms to environmental 

changes, could describe the biogeographic patterns observed in some microorganisms, while 

regional factors such as dispersal could have less influence on them [221, 222]. In general, 

microbial ecologists agree that the development of new tools and strategies would enable 

all the factors involved in the distribution of microbial communities and their relation with 

the ecological process, such as dispersal, selection and speciation, to be considered [223–

225].   

Although most of the preceding studies on microbial diversity have been focused on 

taxonomy, a few of them applied a trait-based approach to assess the relationship between 

biodiversity and ecosystem functioning [226]. The study of the distribution of traits can be 

used to understand more complex ecological questions beyond the classical biogeographic 

distribution patterns. So, the principal aim of trait-based biogeography is to analyze not only 

the presence of some organisms in a specific area but the expression of some specific feature 
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as a response to ecological variables of this area [227]. For microorganisms, the best-studied 

trait for bacteria is antibiotic production, as it represents a key competitive strategy for soil 

microbial survival and performance [228]. In this sense, biogeographic patterns of BGC 

diversity have been studied to analyse the relationship between the geographic distribution 

of microbial communities and their specialised metabolism profiles. For example, the 

metagenomic characterisation of Australian soil microbial populations from 397 locations 

with PCR-amplification of AD (related to nonribosomal peptide biosynthesis) and KS (related 

to polyketide biosynthesis) domains revealed domain composition was correlated with pH 

and latitude of the collection sites [229]. A similar analysis was performed scaling-up to soil 

samples collected from 185 soil/sediments samples collected across five continents. The 

global abundance and comparative distribution of AD/KS sequences suggested a correlation 

between geographic distance and biome-type, and biosynthetic diversity [230]. Additionally, 

a culture-dependent study of 24 Streptomyces strains collected from soils of ecologically 

similar grassland sites spanning 6000 km across the continental United States revealed a 

phylogenetic distribution into two monophyletic groups (northern and southern clades) 

congruent with the geographic ranges delimited by latitude [231]. Moreover, the genome 

annotation retrieved a core group of nine BGCs ubiquitous in all samples, while two were 

specific in the Northern clade and six in the Southern clade, suggesting an influence of 

latitude in the BGCs distribution [231]. 

In the case of actinomycetes isolated from marine environments, the genus Salinispora has 

been studied as a model of microbial biogeography. For example, phylogenetic analysis 

based on 16S rRNA and gyrB (DNA gyrase subunit B) gene sequences of 152 Salinispora spp. 

strains isolated from different marine environments revealed that while S. arenicola showed 

a cosmopolitan distribution, S. tropica and S. pacifica had a restricted distribution [232]. 

However, the low genetic divergence between S. tropica and S. pacifica suggested that 

ecological differentiation rather than geographical isolation as a speciation force [232]. 

Moreover, the analysis of ketosynthase (KS) domains from type I polyketide synthase (PKS) 

genes of 30 S. arenicola strains isolated from six locations revealed three subpopulations for 

which the BGC were endemic to their locations [233]. Although the effect of biogeographic 

patterns over the specialised metabolisms is difficult to assess, some evidence showed that 

the co-occurrence of related Salinispora species suggests that diversification within this 

genus is the result of ecological differentiation more than of geographical isolation. 

Particularly, early reports on KS domains sequences of the salinisporamide A BGC (salA) 
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proposed that salinosporamide is only produced by the closely related S. tropica and S. 

pacifica with no evidence of inter-species recombination between the salA KS sequences, 

supporting the hypothesis of geographic isolation of these two lineages [234]. However, the 

later isolation of salinosporamide-producing S. arenicola strains isolated from temperate 

sediments of the Pacific Ocean in the Japan coasts (the highest latitude reported for this 

genus) suggested that the distribution of specialised metabolites genes in this genus may be 

wider than previously thought [235]. For Salinispora, the evidence suggests that phylogeny 

explains the distribution of species-specific metabolites regardless of the strains’ origin. 

Moreover, the evidence of species-level vertical inheritance supports that specialised 

metabolites represent functional traits that help define Salinispora species [179, 236].  

Biogeographic patterns in the production of specialised metabolites have also been studied 

for the Pseudonocardia genus. For fungus-growing ant-associated Pseudonocardia strains, it 

has been reported that their population dynamic and biosynthetic potential are structured 

by biogeography, where the distribution of BGCs is affected by the geographic isolation of 

the microbial communities. Particularly, the study of Pseudonocardia communities from a 

geographically isolated location such as an island showed a large number of monophyletic 

gene trees that distinguish these lineages from the mainland lineages. Likewise, the 

distribution of GCFs also followed isolation location as a number of GCFs were identified only 

in the island communities [237]. The Geographic Mosaic Theory of Coevolution (GMC) has 

been proposed for describing the role of biogeography in the evolutionary history of 

antimicrobial production by these Pseudonocardia communities [238]. The GMC concept was 

suggested previously to explain why the Pseudonocardia populations have a highly 

structured and limited dispersal over a relatively small scale, despite the well-known 

dispersal capacity of bacteria [239]. This theory postulates a tripartite hypothesis which 

suggests that (a) interactions may show natural selection mosaics, such that in different 

communities different traits are favoured; (b) the landscape may produce a subset of 

communities in which a strong reciprocal selection is occurring (hot spots); and (c) there is a 

continual geographic remixing of the range of coevolving traits as a consequence of gene 

flow, random genetic drift, and local extinction of populations [240, 241]. Recently, the 

genomic and metabolomics analysis of 42 ant-associated Pseudonocardia strains isolated 

from four different geographical locations in Brazil revealed that the novel non-ribosomal 

peptide attinimicin was produced by nearly two-thirds of all Brazilian strains, while it was not 
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detected in other previously studied strains. This represents the first specialised metabolite 

from ant-associated Pseudonocardia spp. with broad geographic distribution [242]. 

The GMC offers a framework to explain the biogeographic patterns of BGC distribution 

observed in symbiotic actinomycetes strains, but it does not explain the dynamics underlying 

the evolution of these BGCs. Some models suggest that even though closely related 

microorganisms in the same geographical location share many BGCs, genes among these 

BGCs are under diversifying selection that gives the advantage to produce diverse 

metabolites [243]. For example, the genomic region related to the siderophore pyoverdine 

was identified as one of the most divergent loci across P. aeruginosa genomes. A diversifying 

selection process could help to explain the divergence in pyoverdine genes and the diversity 

of pyoverdine molecular structures [244]. A similar evolutionary process has been proposed 

to explain the diversity in the prochlorosins, a group of lanthipeptides produced by marine 

cyanobacteria, for which the plasticity in the production of diverse structures represents a 

selective advantage [245]. So unless the processes governing the evolution of BGC are better 

understood, conclusions about the effect of geographic isolation or ecological niches 

occupancy on specialised metabolism are hard to assess.   

1.5.3. Evolutionary dynamics on the biosynthetic gene cluster evolution  

Understanding the evolutionary forces that shape chemical diversity in specialised 

metabolites can provide valuable information to streamline the search for chemical novelty. 

However, the evolutionary dynamics underlying BGC evolution remain understudied. 

Chevrette et al. (2020) proposed the Dynamic Chemical Matrix Evolutionary (DCME) 

hypothesis to explain the mechanisms behind specialised metabolism evolution [170]. 

Briefly, the DCME model suggests BGCs evolve from promiscuous enzymes (enzyme's ability 

to accept more than one substrate) of central or primary metabolism. This process begins 

with the expansion of an enzymatic family due to gene duplication and/or horizontal gene 

transfer (HGT). Then, the extra gene copy may be retained in the genome if it provides an 

advantage, serving as raw material for new metabolic pathways in a process called 

expansion-and-recruitment [246, 247]. Through positive selection, genes coding for these 

promiscuous enzymes might cluster in the genome, promoting increased interactions among 

promiscuous enzymes and increasing the probability of the formation of new metabolites. In 

this stage, the process of gene clustering, and consequent metabolic integration, promotes 

chemical diversity rather than specialisation of the emerging pathways. All new metabolites 
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experience different possible scenarios within the fitness landscape that determines whether 

BGCs are conserved or purged. For metabolites that provide a fitness advantage, selection 

drives cluster formation and maintains chemical diversity. Further positive selection and 

subsequent clustering produce a BGC, which could be subject to additional evolution events 

like HGT and genetic sweeps [170]. The reason why emerging genes clusters group into 

discrete BGCs is an open question. A potential explanation is that their interdependence in 

producing a single phenotype provides a fitness advantage [248]. 

An example of using evolutionary concepts for the discovery of novel bioactive metabolites 

is the analysis of resistance genes. For instance, using antibiotic resistance as a discriminating 

criterion and phylogeny-based BGCs screening, it was possible to discover the glycopeptides, 

pekiskomycin [249] and corbomycin [250]. Using the phylogeny of individual components of 

the glycopeptides BGCs, and reconciling them with a dated species tree to identify milestones 

in their evolution, it was shown that these BGCs arose 150–400 million years ago. 

Furthermore, the precursors of glycopeptide biosynthesis are far older than other 

components, confirming that these BGCs are the product of the gene recruitment from pre-

existing pathways [251]. The same evolutionary analysis retrieved similar conclusions for 

streptomycin in the Streptomyces genus, which origin was dated to approximately 30-50 

million years ago [248]. 

 

1.6. Metabolomics analysis of specialised metabolites  
 

1.6.1. Metabolomics  

Metabolomics is defined as the comprehensive study of small molecules in biological 

systems, which provides a direct measure of detectable metabolite production by organisms 

[252]. Although analytic techniques like Nuclear Magnetic Resonance (NMR) have been used 

for metabolomics analysis, Mass Spectrometry (MS) remains the most used instrumental 

technique [253]. MS metabolomics techniques allow the analysis of complex samples, which 

represents a highly valuable tool for the analysis of specialised metabolites. In fact, recent 

advances in MS metabolomics have focused on capturing the chemo-diversity of complex 

biological samples [254]. For example, when applied to a collection of 1,000 marine 

microorganisms, rapid dereplication of known molecules enabled the novel metabolites 

maridric acid A and B to be identified [255]. 
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1.6.2. Mass spectrometry techniques  

Mass spectrometry is an analytical technique based on measuring the mass-to-charge ratios 

(m/z) of molecular ions. In short, a mass spectrometer is made of an ionisation source and a 

mass analyser. First, the ion source ionises the analyte molecules (called ‘metabolites’ in the 

case of biological samples), and the resulting gas-phase ions are transported in an electric 

field to the mass analyser which calculates the m/z values [256]. In tandem mass 

spectrometry, also known as mass spectrometry/mass spectrometry (MS/MS), there are two 

spectrometers arranged one behind the other. After metabolites are ionised, the first mass 

detector generates a spectrum of the parent ion (MS1). Then, the kinetic energy in the 

collision chamber causes the ions to fragment, and these fragments are subsequently 

analysed in the second mass spectrometer (MS2). The fragmentation pattern of metabolites 

can be interpreted to determine the identity of the molecules in the sample [256]. The 

principle behind MS/MS metabolomics is that data acquisition under similar experimental 

conditions will yield highly similar MS/MS spectra, enabling identification of MS/MS spectra 

in libraries of reference compounds [257]. Recent advancements in mass spectrometry data 

deposition and mining constitute powerful tools to boost specialised metabolism research. 

Techniques for analysing mass spectrometry data, as well as approaches to link the 

metabolomics and genomics data will be introduced in chapter 4.   

Among the mass spectrometry techniques, mass spectrometry imaging (MSI) is a convenient 

analytical technique to analyse the chemical ecology of microbial cultures, as it allows 

visualisation of surface and secreted metabolites directly from microbial colonies [258]. For 

example, the MSI analysis of metabolites produced by S. coelicolor interacting with five other 

actinomycetes allowed the role of a new group of siderophores called desferrioxamines in 

iron gathering within microbial interactions to be described [259]. Moreover, using MSI to 

analyse the metabolite production of Bacillus subtilis and Streptomyces sp. co-cultures, it was 

possible to identify the enzymatic hydrolysis of the cyclic lipopeptide surfactin as a 

mechanism of resistance by Streptomyces [260]. 

In summary, alongside genome mining, metabolomics techniques are powerful tools to 

facilitate natural products discovery, as well as provide data to analyse their production and 

understand their biological and ecological roles [252].   
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1.7. Project scope 
 

This work applies genomics and metabolomics tools to assess the influence of evolution, 

biogeography and ecology on the production of specialised metabolites by a group of 

Pseudonocardia strains isolated from the deep Southern Ocean [261].  

To this end, the strains were morphologically and taxonomically described to define them as 

species, and this taxonomic unit was used to study their evolutionary history and specialised 

metabolism. Preliminary evidence based on 16S rRNA gene sequences suggested that these 

strains represented three monophyletic groups that could be novel species [261]. In chapter 

3, the evolutionary history of these three lineages, as well as the formal description of two 

of them as new species was addressed.  

In chapter 4, comparative metabolomics and genome mining of these strains, 

phylogenetically related strains and strains isolated from diverse marine locations was 

performed. The assessment of BGC and metabolite diversity rooted in phylogeny enabled the 

evolutionary and biogeographical variables that affect specialised metabolism to be 

investigated. Prior work on fungus-growing related Pseudonocardia strains analysed the 

influence of phylogeny and biogeography on metabolism [237, 238]. However, 

comprehensive studies on the specialised metabolism of free-living Pseudonocardia are 

limited. As the three Southern Ocean Pseudonocardia lineages were collected from similar 

environments and geographical locations, it was proposed that they represent a model to 

study the variables that shape specialised metabolism of free-living Pseudonocardia. Finally, 

the production of bioactive metabolites by the Southern Ocean Pseudonocardia strains was 

explored through the analysis of their bioactivity in different culture conditions. Bioactivity 

against S. aureus by the Southern Ocean Pseudonocardia was reported previously [262]. 

However, preliminary tests also showed that the bioactivity of these strains against other 

pathogens was limited, while the optimal growing conditions in terms of bioactivity have not 

been described yet.  

Then, in chapter 5, the antifungal activity of the Southern Ocean Pseudonocardia, as well as 

the effect of chemical elicitors on their metabolomics profile was studied. In particular a 

combination of co-culture and mass spectrometry imaging assays were performed to 
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investigate the effect of inter-species co-occurrence on the production of bioactive 

metabolites.  

 

1.8. Project aims 
 

 To describe evolutionarily and taxonomically Pseudonocardia spp. isolated from the 

Southern Ocean. 

 To compare the BGC and metabolomics profiles of Pseudonocardia spp. strains 

retrieved from different marine environments. 

 To evaluate the effect of co-culturing and chemical elicitors on the metabolomic 

profiles of Pseudonocardia spp. isolated from the Southern Ocean and their 

phylogenetically closest relatives. 
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 Methods 
 

2.1. General microbiology and molecular methods 
 

2.1.1. Strain collection  

Pseudonocardia strains (Table 2-1) were selected from a bacterial culture collection from 

Antarctica and the Arctic isolated and previously described by Millán-Aguiñaga et al. (2019) 

[261]. Strains were stored in glycerol 20% at -80 °C. Initial pre-cultures were established by 

inoculating a colony from an International Streptomyces Project Medium 2 (ISP2) [263] agar 

plate into 7 mL of ISP2 broth supplemented with 18 g/L of Instant Ocean® Sea Salt (IO) 

(Instant Ocean, USA) in a culture tube (30 mL), and followed by 7-days incubation (30 °C, 

shaking at 150 rpm). These pre-cultures were used to inoculate (20 mL) ISP2 agar plates 

(room temperature, 4 weeks) for routine culturing.  

Table 2-1. Isolation and taxonomic data of the Pseudonocardia strains selected for analysis.  

Organism Strain ID 
16S rRNA gene 

accession 

RefSeq assembly 

accession 

Isolation 

media * 

Collection 

date 
Depth 

Latitude and 

longitude 

P. abyssalis KRD168 MH725312.1 GCF_019263705.2 SW 2002-03-17 4539 m 
62.95933 S 

27.88716 W 

P. abyssalis KRD169 MH725311.1 GCF_019263715.1 SW 2002-03-17 4539 m 
62.95933 S 

27.88716 W 

P. oceani KRD176 MH725304.1 GCF_019263645.1 A1 2002-03-09 4060 m 
65.33133 S 

48.09300 W 

P. oceani KRD182 MH725298.1 GCF_019263685.1 SW 2002-03-09 4060 m 
65.33133 S 

48.09300 W 

P. oceani KRD184 MH725296.1 GCF_019263655.1 SW 2002-03-09 4060 m 
65.33133 S 

48.09300 W 

P. oceani KRD185 MH725295.1 GCF_019263585.2 SW 2002-03-09 4060 m 
65.33133 S 

48.09300 W 

P. oceani KRD188 MH725292.1 GCF_019263625.1 A1 2002-03-09 4060 m 
65.33133 S 

48.09300 W 

Pseudonocardia 

sp. 
KRD291 MH725273.1 GCF_019263595.1 SC 2002-03-09 4060 m 

65.33133 S 

48.09300 W 

*A1: starch, 10 g l−1; yeast extract, 4 g l−1; peptone, 2 g l−1; agar, 14 g l−1. SW: agar, 14 g l−1. SC: starch, 10 g l−1; KNO3, 2 g 

l−1; K2HPO4, 2 g l−1; casein, 0.3 g l−1; MgSO4·7H2O, 0.05 g l−1; CaCO3, 0.02 g l−1; FeSO4·7H2O, 0.01 g l−1; agar, 18 g l−1. 
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2.1.2. Antibacterial test  

Antibacterial activity was evaluated using a disc-diffusion test [264]. The pathogens 

Escherichia coli (ATCC25922), Staphylococcus aureus (ATCC433N), Klebsiella pneumoniae 

(ATCC603), Acinetobacter baumannii (ATCC19606), Pseudomonas aeruginosa (A14), and 

Enterococcus faecalis (ATCC54299) were grown separately overnight in 5 mL of nutrient 

broth (37°C, 200 rpm), then mixed with 5 mL of liquefied soft nutrient agar to a final OD600 of 

0.01 (0.1 for E. faecalis) and poured on to a plate containing 10 mL of solid nutrient agar. 

Once solidified, a sterile paper disc (6 mm) with 20 µL of each extract (5 mg/mL) was placed 

onto the previously inoculated plates. Plates were incubated overnight (37° C) and the 

inhibition zones were recorded (mm).  

2.1.3. Antifungal test  

Antifungal activity was evaluated using a modified version of the method proposed by Moore 

et al. [265]. First, the Pseudonocardia strains were cultured separately in 5 mL of ISP2 [263] 

broth (3 malt extract, 3 g yeast extract, 10 g dextrose, 5 g peptone, 1 L distilled water; pH = 

7.2) for one week (30 °C, 250 rpm) with a glass bead to avoid clumping. Next, 15 μL of the 

pre-culture was inoculated in the form of a drop on to the centre of an agar plate containing 

ISP2 agar (3 g malt extract, 3 g yeast extract, 10 g dextrose, 5 g peptone, 18 g agar, 1 L distilled 

water; pH = 7.2). After culturing at room temperature for 4 weeks, the plate was inoculated 

with a spore suspension of the fungal strain. To prepare the spore suspension for Rhizopus 

oryzae (unknown strain designation) and Aspergillus niger DSM 1957, a Mannitol - Soya flour 

(MS) agar (20 g soya flour, 20 g mannitol, 20 g agar, 1 L tap water) plate was inoculated with 

the fungal spore stock (not quantified) and incubated at room temperature for 48 h. Next, 5 

mL of sterile water was added on the plate, and a cell spreader was used to gently break the 

mycelia. After suspending the spores, a cell spreader was used to move the mycelia to an 

edge of the plate, and the plate was tilted to move the spore suspension to the opposite edge 

to enable a spore aliquot to be taken avoiding mycelia chunks. In the case of Candida albicans 

DSM 1386, a liquid pre-culture was made inoculating a colony from a plate to a universal 

tube containing 5 mL of nutrient broth (5 g peptone, 2 g yeast extract, 5 g sodium chloride, 1 

L distilled water). Then, the spore suspension was transferred to a 15 mL Falcon tube, and 

the OD600 was measured. Finally, a known amount of spore suspension was inoculated to 5 

mL of melted soft nutrient agar (5 g peptone, 2 g yeast extract, 5 g sodium chloride, 7 g agar,  
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1 L distilled water) to a concentration of OD600 = 0.01, mixing gently by inversion, and pouring 

over the test plate that contained the Pseudonocardia colony. The plates were incubated at 

room temperature for 48 h, taking zone of inhibition measurements (mm) at 12, 24 and 48 

h. 

The antifungal assays against clinical isolates (Table 2-2) were carried out at the Institute of 

Medical Sciences at University of Aberdeen by MSci Eszter Denes under the supervision of Dr 

Carol Munro. To this end, 100 μl of pathogen solution (2 x 103 cfu/mL for A. fumigatus and 2 

x 104 cfu/mL for Candida strains) was gently mixed with 5 mL soft agar (yeast extract-

peptone-dextrose for Candida spp. and malt extract for A. fumigatus) and this was poured 

on top of the agar of the sporulating Pseudonocardia cultures. The plates were incubated 

upright (at 30 °C for Candida spp. and at 37 °C for A. fumigatus), and zone of inhibition was 

recorded (mm) after 48 h. 

 

Table 2-2 Clinically isolated fungal strains used in antifungal assays showing their origin and 

antigungal susceptibility  

Organism Strain ID Isolation Azole susceptibility 

Aspergillus fumigatus AF293 Lung biopsy [266] Susceptible 

Candida auris UACa11 Blood culture [267] Resistant 

Candida albicans SC5314 
From a patient with disseminated 

Candidiasis [268] 
Susceptible 

 

2.1.4. 16S rRNA gene phylogeny 

The almost complete 16S rRNA gene sequences of KRD168 and KRD185 were obtained by 

PCR amplification using the 3-IDT® (Integrated DNA Technology) primers FC27 (5’-

AGAGTTTGATCCTGGCTCAG-3’) and RC1492 (5’-TACGGCTACCTTGTTACGACTT-3’) [269]. 

Sequences were compared to sequences within the NCBI’s 16S ribosomal RNA database 

using the Basic Local Alignment Search Tool (BLAST) [270] (BLAST+ v.2.12.0) and EzBioCloud 

[271] (v.20210707). A multiple-alignment of all the sequences was achieved using Clustal X 

[272] (v.2.1), then a Neighbour-Joining tree [273] using a Tamura-Nei model [274] was built 

using Mega X [275] (v.10.0.4) with 1000 bootstrap replication [276]. Full list of parameters 

are in Table S1. Interactive tree of life (iTOL) [277] (v.5.7) was used for phylogenetic tree 

visualisation.  
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2.2. Whole-genome sequencing 
 

2.2.1. DNA extraction 

A colony from each strain cultured on ISP2 agar was used to inoculate ISP2 broth (7 mL) 

supplemented with 18 g/L of Instant Ocean® sea salt in a culture tube and these were 

incubated for three days (25 °C, 150 rpm). The culture was then transferred to 

microcentrifugation tubes (1.5 mL) and centrifuged (4000 rpm, 10 minutes) to pellet the cells, 

discarding the supernatant. A modified organic DNA extraction protocol [278, 279] was 

performed for bacterial DNA isolation. Briefly, cells were suspended in a mixture of 111.0 µL 

Tris 50 mM (BDH, UK), 111.0 µL EDTA (ethylenediaminetetraacetic acid) 20 mM, 75 µL 

Lysozyme 20 mg/mL (Sigma, UK), and 3 µL RNAse 20 mg/mL (Invitrogen™ PureLink™ RNAse 

A, UK), and incubated (30 min, 37 °C). Subsequently, 50 µL SDS (sodium dodecyl sulfate) 10% 

(Sigma, UK) and 85 µL NaCl 1 M (Fisher Chemicals, UK) was added, then the DNA extracted 

with 400 µL phenol-chloroform-isoamyl alcohol (25:24:1) (Sigma, UK), purified using 0.5 mL 

isopropanol (Fisher Chemicals, UK) and washed with cold ethanol (70%, 1 mL, Fisher 

Chemicals, UK). Isolated DNA was re-suspended in nuclease-free water. The quality of the 

extracted DNA was assessed using a NanoDrop 2000 spectrophotometer (Thermo Scientific) 

and quantified using a Qubit® 2.0 fluorometer (Invitrogen). 

 

Table 2-3 DNA quality of bacterial strains (KRD168 and KRD185) sent for whole genome 
sequencing. 

 KRD168 KRD185 

Conc. Nanodrop (ng/µL) 311.3 259.2 

Nucleic acid 260/280 ratio 1.82 1.97 

Conc. Qubit (ng/µL) 100.0 81.6 

 

2.2.2. Genome sequencing 

Genomic DNA from KRD169, KRD168, KRD176, KRD182, KRD184, KRD185 and KRD188 (Table 

2-1) was sequenced by MicrobesNG (Birmingham, UK) using Illumina whole-genome 

sequencing in a previous work [262]. Genomic DNA libraries were prepared using a Nextera 
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XT Library Prep Kit (Illumina, San Diego, USA) following the manufacturer’s protocol with the 

following modifications: 2 ng of DNA instead of 1 ng, and PCR elongation time was increased 

to 1 min. DNA quantification and library preparation were carried out on a Hamilton Microlab 

STAR automated liquid handling system. Pooled libraries were quantified using the Kapa 

Biosystems Library Quantification Kit for Illumina on a Roche light cycler 96 qPCR machine. 

Libraries were sequenced on the Illumina HiSeq™ using a 250 base pair (bp) paired-end 

protocol. Reads were adapter trimmed using Trimmomatic [280] (v.0.30) with a sliding 

window quality cut-off of Q15 and default settings.  

Genomic DNA from the strains P. abyssalis KRD168 and P. oceani KRD185 (Table 1-1) were 

also sent to NU-OMICS (Northumbria University, Newcastle, UK) for sequencing using the 

PacBio sequencer platform. Briefly, genomic DNA was size sheared using Covaris g-Tube to 

approximately 9 Kbp, and size distribution visualised using Agilent Bioanalyzer. ExoVII was 

used to remove ssDNA and obtain blunt ended dsDNA. Blunt hairpin SMRTbell adapters were 

ligated to the polished fragmented gDNA, and ExoIII treatment was carried out to remove 

failed ligation products. Adapter-ligated SMRTbell templates were purified using PacBio 

AMPure. PacBio Polymerase binding reaction to SMRTbell template was carried out using the 

Sequel Binding kit 2.1 and sequenced using the PacBio Sequel instrument. Samples were 

sequenced using 10 h movie capture. BAM files of CCS (circular consensus sequencing) reads 

were used for assembly in Hierarchical Genome Assembly Process (HGAP)  [281] (v.4). 

2.2.3. De novo genome assembly 

Several approaches to construct de novo assemblies were applied. PacBio long-reads were 

assembled using Flye (v.2.8.1), Canu [282] (v.2.1.1), and Raven [283] (v.1.2.2), while the HGAP 

[281] (v.4) was included in the SMRT analysis. Illumina short-reads were assembled using 

Unicyler [284] (v.0.4.8.0), with SPAdes [285] (v.3.14.1) and Pilon [286] (v.1.23) as 

dependencies. Full list of parameters is available in table S1. For quality control, reads were 

aligned against assemblies using minimap2 [287] (v.2.17), and the BAM files produced were 

analysed with Qualimap [288] (v.2.2.2) to assess the genome coverage. In addition, assembly 

quality was evaluated using QUAST [289] (v.5.0.2), while their completeness was evaluated 

using BUSCO [290] (v.3.0.2). Genomic islands were annotated using IslandViewer 4 [291] and 

prophages using PHASTER [292] (v.2015). 
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The P. abyssalis KRD168 and P. oceani KRD185 final assemblies were achieved using hybrid 

assembly approaches by including long and short read data. For KRD168, long-reads were 

assembled using Flye [293] (v.2.8.1). Then, the short reads were mapped over the assembly 

using Bowtie2 [294] (v.2.4.2). The produced BAM files were used for improving the genome 

assembly using Pilon [286] (v.1.23) by correcting bases, fixing misassemblies and filling gaps. 

In the case of KRD185, a consensus assembly was created to reduce the number of contigs. 

To this end, long reads were first assembled using HGAP [281] (v.4), Flye (v.2.8.1), Canu [282] 

(v.2.1.1), and Raven [283] (v.1.2.2). Then, a consensus assembly was obtained with Flye using 

the ‘subassemblies’ mode. Finally, the consensus long-reads assembly was integrated in 

Unicycler [284] (v.0.4.8), with SPAdes [285] (v.3.14.1) and Pilon (v.1.23) as dependencies, to 

create a hybrid assembly including short read data.  

Before biosynthetic gene annotation, the KRD169, KRD176, KRD182, KRD184, and KRD188 

draft genome scaffolding was accomplished using MeDuSa [295] (v.1.6) using default 

settings, and with KRD168 and KRD185 as species reference genomes. For KRD291, the 

Pseudonocardia sediminis genome (SHKL00000000.1) was used as a reference genome for 

scaffolding. 

Genome sequences were submitted to the NCBI genome database (Table 2-1), and the 

annotation was added by the NCBI Prokaryotic Genome Annotation Pipeline (PGAP) (v.4.13). 

  

2.3. Whole-genome analysis 
 

2.3.1. Comparative genomics 

To assess the genomic distance between KRD168, KRD185, and other publicly available 

Pseudonocardia genomes (Table S2), digital DNA–DNA Hybridization (dDDH) values were 

calculated with the Genome-to-Genome Distance Calculator (GGDC) [296] (v.2.1) using the 

formula 2. Additionally, pairwise whole-genome average nucleotide identity (ANI) values 

were calculated using the alignment-free method FastANI [297] (v.1.3), as well as the method 

based on MUMmer aligment (ANIm) using PYANI [298] (v.0.2.11). Default settings were used 

in both ANI calculation methods. A genome-scale phylogenetic tree based on the multi-locus 

sequence analysis was performed using autoMLST [299] (v.20191016) with a de novo 
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workflow and performing IQ-TREE Ultrafast Bootstrap analysis (1000 replicates). The list of 

protein-coding genes used can be found in Table S3.  

2.3.2. Pan-genome analysis  

From the publicly available Pseudonocardia genomes, genomes with redundant confirmed 

taxonomy were removed for the pan-genome analysis. For selected genomes (Table S2), 

protein-coding regions and gene annotations were assigned using Prokka [300] (v. 1.14.6). 

The orthologous genes shared across these genomes (e-value cut-off set to 1E-6) were then 

identified with PIRATE (Pangenome Iterative Refinement and Threshold Evaluation) [301] 

(v.1.0.4). The Maximum Likelihood tree based on the core-genome (>95% genomes) 

alignment retrieved from PIRATE was reconstructed using RAxML (Randomized Axelerated 

Maximum Likelihood) [302] (v.8.2.4) under GTR (general time-reversible) model of 

nucleotide substitution with a gamma model of rate heterogeneity. Full list of parameters is 

available in table S1. Results were visualised using Phandango [303] (v.1.3.0). 

2.3.3. Biosynthetic Gene Cluster annotation and analysis  

BGC annotation was performed using antiSMASH [304, 305] (v.5.1.07). Using the output, a 

sequence similarity network was generated by calculating pairwise distances between gene 

sequences [calculated as the weighted combination of the Jaccard, GK (Goodman-Kruskal 

gamma function) and DDS (Domain Duplicate Score) indices] and clustering them in Gene 

Cluster Families (GCFs) using BiG-SCAPE [306] (v.1.0.0) under hybrid and glocal alignment 

mode settings at a distance cut-off of 0.5. All available BGCs from MIBiG [175] (v.2.0) were 

integrated into the BiG-SCAPE analysis. The BGC profile of the Southern Ocean 

Pseudonocardia strains was visualised using Circos [307] (v.0.63-9), while the BiG-SCAPE 

output networks were visualised using Cytoscape [308] (v.3.7.2). Synteny and genes 

sequence similarity into each GCFs were analysed and visualised using Clinker [309] (v.0.0.2). 

2.3.4. Recombination analysis  of whole genome and BGCs 

The core-genome gene flow among Pseudonocardia strains was analysed inferring 

recombination events using ClonalFrameML [310] (v.1.12). The core-genome alignment 

retrieved from PIRATE [301], and the phylogenetic tree reconstructed from it with RAxML 

[302] were used as inputs, using the same settings mentioned above.  The relative 
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contribution of recombination to mutation (r/m) was calculated using the relative rate of 

recombination to mutation (R/θ), the mean import length of recombining DNA (ν), and the 

mean divergence of imported recombining DNA (δ) values. Recombinant regions were 

masked from the alignment using the script maskrc-svg.py 

(https://github.com/kwongj/maskrc-svg) (v.0.5). 

To calculate the influence of recombination over GCFs, the BGC sequences in each GCF were 

aligned using Mugsy [311] (v.1.2.3). Then, a phylogeny for each GCF was reconstructed with 

RAxML to infer the relative rate of recombination to mutation with ClonalFrameML as 

mentioned above. The full list of parameters is available in table S1. 

 

2.4. Physiology and chemotaxonomic characterisation of P. abyssalis 

KRD168 and P. oceani KRD185 
 

2.4.1. Morphologic characterisation  

Colony morphology of P. abyssalis KRD168 and P. oceani KRD185, as well as P. petroleophila 

DSM 43193 and P. hydrocarbonoxydans DSM 43281, were examined when cultured on ISP2, 

ISP3, ISP4 and ISP5 media (Table 2-3) [263]. Salinity and acidity tolerance analysis of the 

strains was carried out on modified ISP2 and ISP5 with pH 4-10 (Table S4) and 0-20 % NaCl 

(m/v). 

 

Table 2-4 Composition of media used during the colony morphology description based on the 
International Streptomyces Project [263]. 

Medium Recipe 

ISP2 yeast 4 g, malt 10 g, dextrose 4 g, H2O 1 L, pH = 7.2 

ISP3 oatmeal 20 g, cooked and filtered, H2O 1 L, pH = 7.2 

ISP4 
soluble starch 10 g, K2HPO4 1 g, MgSO4·7H2O 1 g, NaCl 1 g, (NH4)2SO4 
2 g, CaCO3 2 g, H2O 1 L, pH = 7.2 

ISP5 L-asparagine 1 g, glycerol 10 g, K2HPO4, H2O 1 L, pH = 7.2 

 

2.4.2. Microscopic characterisation  
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Strains P. abyssalis KRD168, P. oceani KRD185, and P. petroleophila DSM 43193 were cultured 

on ISP2 agar for 28 days with an inclined (45° angle) coverslip, and the morphology of the 

growing colony on the coverslip was observed using a Nikon Eclipse TE2000-S Inverted 

microscope fitted with a 100x/1.3 numerical aperture objective lens (Nikon, Japan). 

Illumination was sourced from a mercury arc lamp with appropriate emission filters for 

FITC/PI imaging. Fluorescence microscopy was carried out using fluorescein-conjugated 

Wheat Germ Agglutinin (FITC-WGA) and Propidium Iodide (PI) to describe structures in the 

aerial hyphae and apical tip growth [312]. Phase-contrast and fluorescence images were 

acquired sequentially using an ORCA-100 CCD camera (Hamamatsu, Japan). Image processing 

and analysis was performed using FIJI [313] (ImageJ v.1.53e). 

2.4.3. Chemotaxonomic characterisation  

Fatty acid, metabolic activity, respiratory quinone, polar lipid, and whole-cell sugar analyses 

were carried out by the Identification Service at the Leibniz Institute DSMZ-German 

Collection of Microorganisms and Cell Cultures GmbH, Braunschweig, Germany. For these 

analyses, strains were cultivated in GYM (glucose-yeast extract-malt extract) medium (28 °C 

for 8-14 days) prior to transport the Leibniz Institute. The fatty acid analysis was performed 

using the Sherlock MIS (MIDI Inc, Newark, USA) system after conversion into fatty acid methyl 

esters [314, 315]. The fatty acids annotations and quantification were calculated by the MIS 

Standard Software (Microbial ID) using the Aerobic Bacteria Library (TSBA6 v6.10). Metabolic 

activity was determined using the API 20E and API ZYM systems (BioMérieux). Polar lipids 

and respiratory quinones were extracted from freeze-dried cells cultured in YEME (yeast 

extract-malt extract) broth and analysed by chromatography [316]. Whole-cell sugars 

analysis and detection of isomers of 2,6-diaminopimelic acid (Dpm) and 2,6-diamino-3-

hydroxypimelic acid (OH-Dpm) were performed by thin-layer chromatography (TLC) [317, 

318].  

 

2.5. LC-MS/MS analysis 
  

2.5.1. Metabolite extract preparation 
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For each of the sixteen selected Pseudonocardia strains (Table S7), an ISP2 broth pre-culture 

(100 µL) was inoculated on a Petri dish containing 20 mL of ISP2 agar supplemented with 

Instant Ocean® (18 g/L) and N-acetyl glucosamine (1 mM). After 28 days, samples were dried 

by lyophilisation (Labconco FreeZone 2.5L Freeze Dry System) and extracted twice with 20 

mL of ethyl acetate (Fisher Chemicals, UK) in 250 mL Erlenmeyer flasks with agitation (150 

rpm) overnight. The extract was dried by nitrogen flow, weighed and stored at 4 °C.     

2.5.2. LC-MS/MS analysis of metabolite extracts  

The dried extracts were reconstituted in acetonitrile Optima™ LC/MS (Fisher Scientific, UK) 

to a concentration of 1 mg/mL. Analysis using Liquid Chromatography – High-Resolution 

Mass Spectrometry (LC-MS) using a Dionex UltiMate™ 3000 coupled to Q-Exactive™ 

(Thermo-Scientific, Germany) mass spectrometer with an electrospray ionization (ESI) source 

was carried out with a mass range of 70–1000 m/z in positive and negative ionization modes 

with a spray voltage of 4.2 kV and capillary temperature at 310 °C. A Phenomenex Kinetex 

1.7 μm C18 100A (100 x 2.1 mm) column was used for chromatographic separation at 40 °C. 

Mobile phase A consisted of H2O with 0.1% formic acid (Fluka® Analytical, Switzerland) and 

mobile phase B consisted of acetonitrile Optima™ LC/MS (Fisher Scientific, UK) with 0.1% 

formic acid. A gradient was used starting from 5% B and increasing to 50% from 0 to 8 min. 

Then to 99% from 8 to 10 mins, and it was held constant for 2 min. Finally, B was brought 

back to initial conditions and held for 5 min for a total run time of 15 min. A flow rate of 300 

µL/min and an injection volume of 10 µL was used.  

2.5.3. Molecular features analysis  

The LC-MS data were acquired using Xcalibur (v.2.2) (Thermo Fisher Scientific, USA), and the 

obtained raw data were converted to mzXML file format using Proteowizard MSConvert 

[319]. Then, data were pre-processed using MZmine 2 [320] (v.2.53). Briefly, mass peaks 

were detected in negative mode with a centroid mass detector and 1.0x106 as noise level 

cut-off for MS1 and 1.0x103 for MS2. Chromatograms were built by the ADAP module [321] 

using a minimal highest intensity of 3.0x106 and a m/z tolerance of 0.02. Then, 

chromatograms were denconvoluted using the Algorithm Baseline Local Minimum search 

with a minimum retention time range of 0.1 min, a minimum relative height of 30%, and a 

minimum absolute height of 1.0x106. Next, a peak list was created by Join Aligner using an 
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m/z tolerance of 0.02, a retention time tolerance of 0.1 min, and weights for retention time 

of 20% and for m/z of 80%. After a gap-filling process and filtering peaks detected in only one 

sample, the peak list was exported and analysed using MetaboAnalyst 4.0 [322]. Data were 

normalized by Pareto scaling and analysed using univariate analysis (Volcano plots) and 

multivariate analysis (Partial Least-Squares Discriminant Analysis, PLS-DA). 

2.5.4. Classical molecular networking  

A molecular network [323] was created using the online workflow (https://ccms-

ucsd.github.io/GNPSDocumentation/networking/) on the Global Natural Product Social 

Molecular Networking (GNPS) website (http://gnps.ucsd.edu). The data was filtered by 

removing all MS/MS fragment ions within +/- 17 Da of the precursor m/z. MS/MS spectra 

were window filtered by choosing only the top 6 fragment ions in the +/- 50Da window 

throughout the spectrum. The precursor ion mass tolerance was set to 2.0 Da and a MS/MS 

fragment ion tolerance of 0.02 Da. A network was then created where edges were filtered to 

have a cosine score (normalized dot-product, which is a mathematical measure of spectral 

similarity between two fragmentation spectra. A cosine score of 1 represents identical 

spectra while a cosine score of 0 denotes no similarity at all) above 0.7 and more than 6 

matched peaks, according to the recommendations of Watrous et al. (2012) [257]. Further, 

edges between two nodes were kept in the network if and only if each of the nodes appeared 

in each other's respective top 10 most similar nodes. Finally, the maximum size of a molecular 

family was set to 100, and the lowest scoring edges were removed from molecular families 

until the molecular family size was below this threshold. The spectra in the network were 

then searched against GNPS' spectral libraries. The library spectra were filtered in the same 

manner as the input data. All matches kept between network spectra and library spectra 

were required to have a cosine score above 0.7 and at least 6 matched peaks. The molecular 

networks were visualized using Cytoscape software [308]. 

2.5.5. Feature-Based Molecular Networking 

A molecular network was created using the Feature-Based Molecular Networking (FBMN) 

workflow [324] on GNPS [323]. The mass spectrometry data were first processed with 

MZmine 2 [320] (v.2.53), as mentioned above, and the results were exported to GNPS for 

FBMN analysis. The data was filtered by removing all MS/MS fragment ions within +/- 17 Da 
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of the precursor m/z. MS/MS spectra were window filtered by choosing only the top 6 

fragment ions in the +/- 50 Da window throughout the spectrum. The precursor ion mass 

tolerance was set to 2.0 Da and the MS/MS fragment ion tolerance to 0.02 Da. A molecular 

network was then created where edges were filtered to have a cosine score above 0.7 and 

more than 6 matched peaks. Further, edges between two nodes were kept in the network if 

and only if each of the nodes appeared in each other’s respective top 10 most similar nodes. 

Finally, the maximum size of a molecular family was set to 100, and the lowest scoring edges 

were removed from molecular families until the molecular family size was below this 

threshold. The analogue search mode was used by searching against MS/MS spectra with a 

maximum difference of 100.0 Da in the precursor ion value. The library spectra were filtered 

in the same manner as the input data. All matches kept between network spectra and library 

spectra were required to have a score above 0.7 and at least 6 matched peaks, according to 

the recommendations of Watrous et al. (2012) [257]. DEREPLICATOR (v. 1.3.15-GNPS) was 

used to annotate MS/MS spectra [325] using default settings and the molecular networks 

were then visualized using Cytoscape software [308]. 

For the Ion Identity Molecular Networking (IIMN) [326], feature finding and ion identity 

networking were performed using a modified version of MZmine v.2.37 available at 

https://mzmine.github.io/iin_fbmn (v.corr.17.7). Molecular feature detection was carried 

out with the same parameters as FBMN.  

2.5.6. MolNetEnhancer for chemical class annotation of molecular networks  

To enhance chemical structural information within the molecular network, information from 

in silico structure annotations from GNPS Library Search, Dereplicator+ [325] (v.1.3.15-

GNPS), and MS2LDA [327] (v.1.3.15-GNPS), were incorporated into the network using the 

GNPS MolNetEnhancer workflow [328] (https://ccms-

ucsd.github.io/GNPSDocumentation/molnetenhancer/) on the GNPS website 

(http://gnps.ucsd.edu), using default settings. Chemical class annotations were performed 

using the ClassyFire chemical ontology [329] (v.1.0). 

 

2.6. Challenge assay  
 

https://mzmine.github.io/iin_fbmn
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The interactions between Southern Ocean strains (P. abyssalis KRD168, P. oceani KRD185, 

and Pseudonocardia sp. KRD291) and eight phylogenetically related strains (P. sediminis DSM 

45779, P. petroleophila DSM 43193, P. hydrocarbonoxydans DSM 43281, P. ammonioxydans 

DSM 44958, P. profundimaris KCTC 39641, P. antitumoralis DSM 45322, Pseudonocardia sp. 

VO44-3, and Pseudonocardia sp. CNS-139) from varied environments were studied in a 

challenge assay following the method proposed by Poulsen et al. [330]. Briefly, strains were 

pre-cultured in ISP2 broth (30 °C, shaking at 150 rpm) for a period of 14 days.  First, the 

‘resident’ strain was cultured in ISP2 agar supplemented with Instant Ocean® sea salt after 

adding 10 μL of the pre-culture in the centre of a Petri dish containing 20 mL of agar. After 

28 days, the ‘intruder’ strain was inoculated around the resident strain colony from a 14-day 

liquid pre-culture using a sterile cotton bud. The zone of inhibition was measured after 14 

days. The eleven Pseudonocardia strains were tested both as a resident and as an intruder 

strain in triplicate. Besides inhibition, morphological changes in colonies were also recorded.  

 

2.7. MALDI-Mass Spectrometry Imaging (MSI) 
 

The in-situ production of metabolites was observed using Matrix-Assisted Laser Desorption / 

Ionization (MALDI) – Mass Spectrometry Imaging (MSI) with Trapped Ion Mobility 

Spectrometry (TIMS) - Time of Flight (ToF) mass detector.  This analysis was carried out in the 

Centre for Microbial Secondary metabolites – CeMiSt at the Technical University of Denmark 

(DTU) by Dr Scott A. Jarmusch. 

2.7.1. Sample preparation 

Co-cultures interactions were cultured at the DTU on ISP2 agar plates (8 mL in 9 cm petri 

dishes) for 40 days at room temperature. The samples were excised and mounted on 

IntelliSlides conductive tin oxide glass slides (Bruker Daltonik GmbH). Each slide was pre-

treated with 0.25 mL of 20 mg/mL 2,5-dihydrobenzoic acid (DHB) matrix solution (2 passes) 

using a HTX Imaging TM-Sprayer (HTX Technologies, USA), to prevent sample flaking [331]. 

Images were subsequently taken using TissueScout (Bruker Daltonik GmbH) and a Braun 

FS120 scanner, followed by overnight drying in a desiccator.  The following day, samples were 

covered with matrix by spraying 2.5 mL of 20 mg/mL 2,5-dihydroxybenzoic acid (DHB) matrix 

solution (15 passes) in a nitrogen atmosphere. The matrix solution was dissolved in 
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acetonitrile/methanol/H2O (70:25:5, v/v/v). Samples mounted on slides were dried in a 

desiccator overnight prior to MSI measurement.  

2.7.2. MALDI-ToF MSI analyses 

Samples were analysed using a timsTOF flex (Bruker Daltonik GmbH) mass spectrometer. 

Samples were run in positive mode with a 100 µm raster width and a mass range of 100-2000 

Da. Additionally, MS settings include: laser imaging 100 µm, power boost 3.0%, scan range 

26 µm in the XY interval, and laser power 85%; tune: funnel 1 RF 300 Vpp, funnel 2 RF 300 

Vpp, multipole RF 300 Vpp, isCID 0 eV, deflection delta 70 V, MALDI plate offset 100 V, 

quadrupole ion energy 5 eV, quadrupole loss mass 100 m/z, collision energy 10 eV,  focus 

preTOF transfer time 75 µs and pre-pulse storage 8 µs. Data was analysed using SCiLS 

software (v.2022b) (Bruker Daltonik GmbH). 
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 Genomic analysis and formal description of P. 

abyssalis sp. nov. and P. oceani sp. nov. 
 

3.1. Introduction 
 

3.1.1. Whole-genome sequencing  

Next-generation sequencing (NGS) describes highly parallel or high-output sequencing 

methods that produce data at or beyond the genome-scale [332]. The first sequenced 

genome of an Actinobacteria strain was the human pathogen Mycobacterium tuberculosis 

H37Rv, published in 1998 [333]. Following this, the genomes of the model microorganism 

Streptomyces coelicolor [334] and the industrially-relevant species Streptomyces avermitilis 

[335] were sequenced. These genomes were sequenced using shotgun Sanger technology 

and despite being state-of-the-art at the time, the process was extremely laborious and too 

expensive to provide sufficient coverage for a routine whole-genome shotgun [336]. Second-

generation sequencing, such as 454-pyrosequencing [337],  allowed higher genome coverage 

to be obtained; however, the difficulties of Actinobacteria genome sequencing often 

hindered high-quality assembly of their genomes [336]. For example, the high GC content of 

Actinobacteria genomes affects the sequencing process in itself, as well as genome assembly, 

a consequence of low and high coverage in GC-poor and rich regions respectively [338]. In 

addition, the extraction of high-quality molecular weight DNA can be a further challenge due 

to the difficulty in lysing membranes [336]. NGS technologies, such as Illumina [339] and 

Pacific Biosciences (PacBio) [340], have incorporated innovations to tackle these complexities 

to obtain high-quality genome sequences, by producing longer reads and higher coverages 

[336]. Furthermore, since the DNA sequence capacity has increased and sequencing costs 

have decreased with time, NGS technologies are now considered a routine tool in biological 

research [341]. 

The use of hybrid mode assembly, by adding short-reads, has been proposed as a successful 

strategy for correcting single-molecule sequencing reads (long-reads) in de novo assemblies 

[342]. PacBio instruments are widely used for Single-Molecule Real-Time Sequencing (SMRT) 

sequencing. For example, PacBio Sequel produces from 3.5 to 7 Gbp per run with a read 

length from 8 to 12 Kbp [341]. Despite the error rate of PacBio sequencing [up to 13%, based 

on basic local alignment with successive refinement (BLASR)], these errors are randomly 
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distributed and can be corrected in the assembly process if there is adequate coverage [343]. 

Thus, PacBio long-reads have been shown to be a useful tool for filling gaps in short-reads 

based assemblies [344]. Furthermore, high-quality, complete or almost complete genomes 

of bacteria aid the identification of specialised metabolite Biosynthetic Gene Clusters (BGCs) 

[52]. For example, the hybrid strategy of using PacBio long-read and Illumina short-read 

sequencing technology was used for assembling high-quality genome sequences of 22 

Streptomyces species and eight Streptomyces venezuelae strains, obtaining more than 99.1 

% completeness (completeness of gene space was estimated using the BUSCO v3) for 29 of 

the 30 assemblies, 97.4% completeness for S. clavuligerus, and allowing the identification of 

922 BGCs [345]. 

According to NCBI [346] and IMG [347] databases, at the time of writing (October 2021), 

genome sequences for 77 Pseudonocardia strains are publicly available, of which 14 are 

MAGs. Only nine of these sequenced genomes are complete-level genomes (every 

chromosome in the assembly is gapless). Most of these complete genomes belong to 

Pseudonocardia strains isolated in symbiosis with fungus-growing ants [348–350]. Regarding 

strains isolated from marine environments, only five genomes are publicly available, none of 

them at a complete level and only two published in a scientifc journal [194]. In terms of the 

sequencing technology, Illumina short-reads have been used most frequently for sequencing 

the Pseudonocardia genus resulting in 49 genomes, while PacBio long-read technology was 

used to generate 22 genomes. Moreover, only two of the 77 publicly available genomes were 

assembled by applying a hybrid approach, where long and short reads were combined during 

the assembly process; in both cases, high contiguity (N50 > 1 Mb) and high coverage (> 30x) 

were obtained. Particularly, the Pseudonocardia dioxanivorans genome was sequenced with 

Illumina and 454-pyrosequencing [126], while PacBio and Illumina reads were combined for 

the Pseudonocardia autotrophica genome sequencing [351]; the latter is the only published 

example of a hybrid assembly using two next-generation sequencing platforms for the 

Pseudonocardia genus.   

Furthermore, whole-genome sequencing (WGS) has been used to correct some 

incongruences in the phylogenetic systematics of the phylum Actinobacteria which were the 

result of poorly resolved 16S rRNA gene trees. Hence, phylogenomic analysis has been 

proposed as a valuable and powerful taxonomic marker in Actinobacteria systematics, 

showing that whole-genome phylogenies have a higher taxonomic resolution than the 
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phylogenies resolved using only a few genes [352]. An example of the taxonomic resolution 

at the genome level is the Salinispora genus. Members of this genus share more than 99% 

16S rRNA gene sequence identity which makes it difficult to resolve the inter-species 

phylogeny based on this gene, despite their phenotypic differences. However, the 

comparative genomic analysis that included genome-based metrics, such as Average 

Nucleotide Identity (ANI), as well as core-genome phylogeny, allowed the species 

delimitation which was confirmed by a phenotypic characterization [353, 354]. 

3.1.2. Species concept and operational definitions  

Despite species being the fundamental taxonomic unit, there is not a consensus on the 

biological origin and precise boundaries of the species concept in prokaryotes. In contrast to 

sexual organisms where genetic cohesion can be generally defined by sexual compatibility 

and population structure, in asexual organisms like bacteria, the species definition remains 

vague [355]. According to the International Committee on Systematics of Prokaryotes (ICSP), 

the current species definition in prokaryotes is pragmatic, operational and universally 

applicable, which stablishes that a species is a category that circumscribes a (preferably) 

genomically coherent group of individual isolates/strains sharing a high degree of similarity 

in (many) independent features, comparatively tested under highly standardized conditions 

[356, 357].  

There are several philosophical questions around the species concept that are far beyond 

this work, including the ontological nature of the concept itself. Perhaps, one of the most 

fundamental questions is whether the species concept refers to a unit of classification or a 

unit of evolution. Historically, the species concept was used first as a conceptual tool for the 

hierarchical classification of life proposed by Linnaeus. Then, Darwin provided a rationale of 

species as a result of an evolutionary process. Nevertheless, the contemporary views of 

species and speciation process are focused on how species evolved and how biologically 

different they are, are still attached to the historical nature of classification [358]. Some 

models to define the concept to prokaryote species are described below:        

Biological species concept (BSC). Proposed by Mayr (1942), it establishes that sexual 

organisms, through meiotic recombination, maintain the genetic cohesion of species. Hence, 

species can be defined as groups of interbreeding natural populations that are reproductively 

isolated from other such groups [358, 359]. The BSC defines species as a taxonomic rank 
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based on the interbreeding capacity rather than phenotypic similarities. Then, in principle, 

the concept can be only applied to organisms that form sexual populations, with a limited 

application for the prokaryote species definition [360]. However, Bacteria and Archaea can 

transfer and exchange genes through homologous recombination, and it has been 

demonstrated that barriers in this exchange could define the BSC in prokaryotes with the 

same efficacy as in sexually reproducing eukaryotes [361].   

Pragmatic approaches. To facilitate communication in the scientific community, pragmatic 

approaches have been developed for clustering groups of organisms based on sequence 

thresholds. As these approaches are independent of a epistemological  definition of the 

“species” concept, they are also defined as “Operational Taxonomic Units” (OTUs) [355]. 

DNA-DNA Hybridisation (DDH) is now the most common criterion used to classify two 

bacterial strains as the same species [362, 363]. In general, bacterial strains are assigned to 

the same species if their DNA-DNA relatedness is ≥70% in a DDH experiment under 

standardised conditions and their ΔTm (melting temperature) is ≤ 5°C apart [364, 365].  

The 16S rRNA subunit is a gene shared by all bacteria and archaea, and it has been used for 

decades as a putative marker for species delimitation [355]. Comparative studies showed 

that a threshold of >97% similarity of the 16S rRNA gene sequence corresponds to the 

threshold of ≥70% in DDH experiments [366]. Although the 16S rRNA gene sequencing has 

become a routine assay for species classification, its taxonomic resolution is often insufficient 

for the correct delineation of bacterial species [357, 367]. 

Even though DDH used to be considered the gold standard for species delimitation, it has 

been criticized for being a complex and time-consuming technique [362, 368]. As a 

consequence of the increasing availability of genome sequences, some computational 

techniques have been developed to substitute wet-lab DDH determination. For example, the 

Genome-BLAST Distance Phylogeny (GBDP) approach uses a BLAST-based genome 

comparison to create a distance matrix that is used to reconstruct the phylogeny of the 

compared genomes [369]. The GBDP can be used to produce a set of high-scoring segment 

pairs or inter-genomic matches which are used to calculate the digital DDH values (dDDH). 

The dDDH values mimic the wet-lab DDH values and are subject to the same interpretation 

[369, 370]. The Average Nucleotide Identity (ANI) of all conserved genes between the strains 

is another widely used alternative for the DDH standard. ANI represents the mean  nucleotide 

identity of all orthologous genes shared between two genomes [297], and their calculation 
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generally involves the genome sequences fragmentation, followed by nucleotide sequence 

search, alignment, and identity calculation [371]. The evaluation of these values showed that 

ANI values of 95% corresponded to the traditional 70% DDH standard of the species 

definition [297, 362, 372]. 

Phylogenetic Species Concept (PSC).  After a few authors suggested a phylogenetic concept 

of species, Cracraft (1983) proposed that a species is the smallest diagnosable cluster of 

individual organisms within which there is a parental pattern of ancestry and descent [358, 

373]. Like pragmatic approaches, the PSC takes sequence divergence into account, but also 

requires that species form a monophyletic group [355]. Thus, bacterial species can be defined 

as a group of strains that, besides sharing 70% of DDH as explained before, should accomplish 

the PSC with only a few exceptional cases [364].  

Stable Ecotype Model (SEM). Cohan (2001) proposed the concept of SEM as a framework 

that applies an ecological and evolutionary theory to define units of bacterial diversity. An 

‘ecotype’ is defined as a group of bacteria that are ecologically similar to one another, so 

similar that genetic diversity within the ecotype is limited by a cohesive force, either periodic 

selection or genetic drift, or both [374, 375]. When a new allele appears generating a new 

adaptive variant into the ecotype population, the new variant competes with their neighbour 

for the niche, which might lead to a diversity purge after periodic selection events due to the 

spread of adaptive alleles within and across populations. Neutral mutations and genetic drift 

also occur along with periodic selection events, generating separate clusters of ecological 

and genetic diversity [376]. In this model, allele diversity within an ecotype is temporary, 

persisting only until the next periodic selection event [375]. In the ‘stable ecotype’ model, 

the formation of new ecotypes is rare, and the periodic selection events purge diversity 

within ecotypes. Under these conditions, there is a one-to-one correspondence between 

ecotypes and sequence clusters [375, 377]. The SEM does not attempt to define the species 

concept by itself but rather describes evolutionary and ecological principles to explain 

microbial population structures and speciation [363]. Therefore, a prokaryote species could 

be defined in the SEM as a clade whose members are ecologically similar to one another, so 

that genetic diversity within the clade is limited by cohesive forces due to either periodic 

selection or genetic drift, or to both [375, 377].  
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3.1.3. Speciation 

Speciation is the process by which an ancestral species diverge into descedent lineages [378]. 

Historically, the concept of speciation has been closely related to the BSC, and it is conceived 

as the evolution of barriers to gene exchange. Thus, for sexually reproducing eukaryotes, the 

speciation process is mainly explained as reproductive isolation in allopatry (physical 

separation that prevent the gene flow), while the reproductive isolation in sympatry (in the 

presence of gene flow) is more controversial and restricted to specific conditions [378]. 

However, for prokaryotes, as the SEM suggested, it is possible that two lineages evolve 

cohesively in sympatry and yet diverge if they occupy different ecological niches [360, 379].  

In eukaryotes, sympatric speciation is favoured when relatively few loci lead to reproductive 

isolation and niche adaptation, otherwise, the homogenizing force of recombination can slow 

down the adaptation rate [380]. By applying this principle to simulated microbial populations, 

Friedman et al. (2013) showed that at early stages recombination accelerated adaptation to 

the new niche by combining multiple adaptive alleles, while later in the absence of gene-flow 

barriers, recombination homogenizes the incipient species. The proposed solution to this 

trade-off is reducing the number of loci required for speciation or reducing the 

recombination rate over time [380]. In this context, Shapiro (2012) proposed a model for 

microbial speciation as a function of genes flow, which results in units of genetic similarity 

and natural selection, which defines units of ecological fitness [376]. In this model (Fig. 3-1A), 

speciation is described as a gradual process where a new niche becomes accessible to a 

lineage when an allele emerges as a consequence of a mutation or it is acquired in an 

ancestral population via HGT, generating a new variant. If the recombination rate is relatively 

higher than the selection rate (r/s >> 1), the new variant is spread by recombination. If the 

new and ancestral niches remain fully sympatric, the process stops here without speciation. 

However, if the new niche is also related to barriers to recombination, genetic speciation will 

occur in neutral loci throughout the genome (genetic hitchhiking). These ecological barriers 

will be reinforced later by genetic barriers, reducing the recombination between the two new 

lineages [381–383]. When the selection rate is relatively higher than the recombination rate 

(r/s << 1), the model corresponds closely to the SEM. In this case, the new variant is spread 

by clonal expansion, and after several steps of periodic selection, the lineages are 

permanently separated both ecologically and genetically [376, 382].    
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As mentioned above, selection over a few loci could lead the speciation process without 

affecting the entire genome. Comparative genomics of putative sympatric species showed 

that some parts of the genome are highly divergent between lineages, while the rest of the 

genome remains undifferentiated [384]. In a model of high recombination and low selection 

(Fig. 3-1B.I), the new variant will share the same niche, resulting in a competitive exclusion 

that produces the extinction of one of the lineages. However, if the new variant is under 

selection (Fig. 3-1B.II), the speciation will be successful and the new variant will contain genes 

under divergent natural selection [383]. In this scenario (r/s >> 1), individual genes will sweep 

to fixation without affecting genetic diversity in other sites of the genome. On the other hand, 

if the selection rate is relatively higher than the recombination rate (r/s << 1), the complete 

genome will sweep to fixation, resulting in genome-wide divergence from the other 

population (Fig. 3-1B.IV). This last scenario is described in the SEM. Finally, population 

divergence by geographic barriers will produce allopatric speciation in a low recombination 

and selection rates scenario (Fig. 3-1B.III) [383]. 
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Figure 3-1 Model of speciation under different recombination (r) and selection (s) balances. A. Representation 
of an ancestral population which diverges into two incipient species. B. Representation of a single population of 
chromosomes splits into two nascent species. The ancient lineages are shown as red lines, while new variants 

are represented as cyan and blue lines. Recombination events between lineages are shown as grey arrows. Loci 
responsible for ecological differentiation are represented as a dot on the lines. The square on the line denotes 

lineage extinction, while the grey shaded area represents a geographic barrier. 

 

3.1.4. Polyphasic taxonomy 

Although the prokaryote species concept is still under scientific debate, bacterial species are 

currently described using a polyphasic approach that integrates genotypic and phenotypic 

properties. Polyphasic taxonomy looks for a consensus framework for groups’ delimitation, 

attempting to describe a coherent species definition without questioning if the concept 

corresponds to a biological reality. In this regard, polyphasic classification is entirely empirical 

and is not influenced by conceptual preconceptions [385].  For practical proposes, a species 

is defined as a group of strains, including the type strain, sharing at least 70% total genome 

DDH and less than 5∘C ΔTm, and the phenotypic features should agree with this genotypic 

definition and should satisfy the PSC [364, 386]. Although there is no universal strategy 

employed in the polyphasic description, a typical study should include genotypic information 
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like RNA sequencing (e.g. 16S rRNA gene), determination of the DNA base ratio (G+C 

content), and DDH studies. Moreover, a classical phenotypic analysis includes information 

about chemotaxonomic markers such as cellular fatty acids, mycolic acids, polar lipids, 

isoprenoid quinones, cell walls compounds and exopolysaccharides, as well as expressed 

features like morphology, physiology and enzymology [385].   

3.1.5. Pseudonocardia  genus 

The genus Pseudonocardia was described for the first time by Hassen [116] and subsequently 

amended [387–390]. Members of the genus Pseudonocardia are aerobic, Gram-positive, 

non-motile, catalase-positive bacteria. Strains form branched substrate hyphae may 

fragment into rod-shaped elements. While aerial hyphae, if formed, can be sterile, they may 

be fragmented into chains of oval or square elements, or differentiate into chains of spores. 

Substrate and aerial hyphae show cell division in several different directions simultaneously 

with a tendency to form swellings. Spores are usually smooth and may be formed on the 

substrate or aerial hyphae. The major menaquinone is MK-8(H4) and the predominant fatty 

acid is iso-branched hexadecanoic acid, while mycolic acids are absent [391]. 

According to the List of Prokaryotic names with Standing in Nomenclature (LPSN), 63 species 

have been described for the Pseudonocardia genus with validly published names at the time 

of writing (May 2021) [392, 393]. In this chapter, through whole-genome sequencing and 

phenotypic characterisation, two novel species, Pseudonocardia abyssalis sp. nov. and 

Pseudonocardia oceani sp. nov., are described. 

 

3.2. Results  
 

The studied strains are part of a collection of 25 Pseudonocardia sp. strains previously 

isolated from sediments collected in the deep Southern Ocean, for which phylogenetic 

analysis of the 16 rRNA gene suggested that they might belong to undescribed species. In 

particular, twenty-four of these strains were distributed in two closely related clades (98.7% 

sequence similarity, bifurcation with 80 % bootstrap support), one of which comprised 

seventeen strains (of which strain KRD185 was used as a representative) and the other one 

comprised eight (of which strain KRD168 was used as a representative), while another 
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remaining strain (KRD291) represented a third clade related to P. sediminis [261]. In a 

subsequent project, eight of these strains were selected for genome sequencing using 

Illumina short-reads technology [262]. However, due to the low contiguity (> 250 contigs) of 

the obtained assemblies, it was not possible to perform an accurate genomic analysis. In this 

work, a hybrid assembly approach was used to obtain the complete whole-genome sequence 

of two of the Pseudonocardia sp. strains by adding PacBio long-read data.       

3.2.1. Genome assembly  

After sequencing the genomic DNA of the KRD168 and KRD185 using Single-Molecule Real-

Time Sequencing (SMRT) long-reads technology, several assemblers were tested to select the 

best possible methodology (Table 3-1 and 3-2). For both genome assemblies, the Hierarchical 

Genome Assembly Process (HGAP) and Flye performed better in terms of contiguity (number 

of contigs) and accuracy (indels per 100 Kbp calculated by aligning assemblies with the short-

reads assembly), while Redbean (Wtdbg2) resulted in lower quality assemblies. Although 

Canu performed similarly to HGAP and Flye in terms of accuracy, the assembly contiguity was 

lower in both cases. Raven gave assemblies with good contiguity, in particular for KRD168 

with similar results to HGAP and Flye. However, its accuracy and completeness were lower 

than  the other de novo assemblers.  

In terms of chromosome assembly, Canu and Flye, recovered a circular contig with a size of 

approximately 6.8 Mb for KRD168. However, Canu failed to obtain a smaller circular contig 

that may represent a plasmid. On the other hand, HGAP retrieved two contigs that potentially 

represent the chromosome and a plasmid in agreement with Flye, but the nature of the 

assembly methodology did not allow the analysis of their circular character. In the case of 

KRD185, none of the assembly methodologies recovered contigs that represent gapless 

circular chromosome or plasmid sequences. 
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Table 3-1 Contiguity and quality evaluation of long-read assembly methods for KRD168. 

 HGAP Flye Canu Raven Wtdbg2 

Contigs 2 2 5 2 25 

Largest contig (bp) 6,273,370 6,273,349 6,287,230 6,316,582 6,288,535 

Length (bp) 6,306,129 6,306,109 6,335,444 6,349,149 6,546,436 

N50 (bp) 6,273,370 6,273,349 6,287,230 6,316,582 6,288,535 

Mismatches per 100 
Kbp* 

0.30 0.31 0.33 48.86 67.81 

Indels per 100 Kbp* 0.28 0.59 0.9 278.85 182.22 

BUSCO (% complete 
single-copy genes) 

100.0% 100.0% 100.0% 43.2% 69.9% 

* Mismatched statistics calculated by aligning assemblies with the short-reads assembly. 

 

Table 3-2 Contiguity and quality evaluation of long-read assembly methods for KRD185. 

 HGAP Flye Canu Raven Wtdbg2 

Contigs 16 14 69 22 83 

Largest contig (bp) 2,883,039 4,296,828 1,416,584 1,211,147 277,314 

Length (bp) 6,572,691 6,861,690 7,135,256 6,772,303 6,613,860 

N50 (bp) 9,20,330 4,296,828 5,10,607 5,32,109 185,216 

Mismatches per 100 Kbp* 12.15 21.19 12.8 20.83 1,107.81 

Indels per 100 Kbp* 1.30 2.64 4.10 90.85 1,043.88 

BUSCO (% complete single-
copy genes) 

98.6% 99.0% 96.9% 59.6% 19.2% 

* Mismatched statistics calculated by aligning assemblies with the short-reads assembly. 

 

With the parameters used (Table S1), HGAP and Flye gave assemblies with similar quality 

values for KRD168. However, as the Flye method uses repeat graphs, it was possible to 

confirm the circular nature of the contigs. So, this assembler was selected to create the final 

assembly version (Table 3). The short reads obtained by Illumina sequencing from a previous 

project were then mapped over the long-reads assembly for improving the sequence by 

correcting bases, fixing misassemblies and filling gaps. As a result, a complete genome 

sequence was obtained with 1150.6x genome coverage, made by a chromosome sequence 

of 6273229 bp and a plasmid of 32760 bp, and with a G+C content of 73.44 %.  

With the parameters used (Table S1), none of the assemblers produced a gapless sequence 

for KRD185. Using hybrid Unicycler, an assembly of 27 contigs was made, with a total length 

of 6763863 bp with an N50 value of 1390031 bp, which represents a lower quality than the 

long-read-only assemblies. To increase the contiguity of the KRD185 hybrid assembly, the 

long-reads assembly step was performed using the Flye assembly instead of the 

Miniasm+Racon pipeline normally used as the default setting by Unicycler. In addition, this 
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long-reads assembly was a consensus assembly made of the HGAP, Canu and Raven 

assemblies, as well as the regular Flye assembly, by using the subassembly function of Flye 

(Table S5). As a result of this strategy, an assembly made by a linear contig of 6661555 bp 

that represents the chromosome, and two circular contigs of 99100 bp and 61150 bp that 

presumably correspond to two plasmids, were obtained. The genome coverage for KRD185 

was 217.1x, and the G+C content was 73.98 %. 

As expected, the coverages of circular contigs recovered that presumably represents 

plasmids in the KRD168 (pPab, 32760 bp, PacBio depth = 1426.1x, Illumina depth = 324.1X) 

and KRD185 (pPoc2, 61150 bp, PacBio depth = 819.6x, Illumina depth = 308.7x) assemblies 

were higher than for their chromosomes (Fig. S1). However, another circular contig (pPoc1, 

99100 bp) was recovered in the KRD185 assembly, for which the values of coverage of short-

reads was higher than the chromosome (Illumina depth = 47.7x), but the long-reads coverage 

was lower (PacBio depth = 99.1x). The contigs’ multiplicity in the assembly graph assigned by 

Unicycler was 2x for pPoc1, and 23x for pPoc2, which implies that pPoc2 is probably present 

in a higher number of copies than Poc1, explaining in part the depth differences between 

long and short reads. Despite the discrepancies in the reads coverage, the presence of 

plasmid partition system genes, such as genes encoding for ParA family proteins, supported 

the plasmid nature of the circular contig. A Pulsed-Field Gel Electrophoresis (PFGE) 

experiment was performed for wet-lab extrachromosomal elements profiling. Unfortunately, 

no confirmatory bands associated with the plasmids were recovered (Fig. S2) due to technical 

issues in the in-situ DNA extraction in the agorose gel. Therefore, wet-lab confirmation of 

plasmid size awaits to be addressed in future projects. 

According to NCBI Prokaryotic Genome Annotation Pipeline (PGAP), the KRD168 genome 

(Fig. 3-2) is predicted to have 5972 protein-coding genes, 45 tRNAs and two sets of complete 

rRNA operons (5S, 16S, 23S). Moreover, nine Biosynthetic Gene Clusters (BGCs) were 

annotated with antiSMASH. In the case of the KRD185 genome (Fig. 3-2), it is predicted to 

have 6567 protein-coding genes, along with 46 tRNAs and two sets of complete rRNA 

operons (5S, 16S, 23S). For this genome, ten BGCs were annotated with antiSMASH. The 

circular plasmids recovered from both genomes contained regions rich in genomic islands, as 

well as plasmid partition system genes, confirming their extrachromosomal nature. 
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Figure 3-2 Genomic architecture overview of P. abyssalis KRD168 and P.oceani KRD185. Above. Representation 
of KRD168 chromosome (6.27 Mbp) and pPab plasmid (33 kbp). Below. Representation of KRD185 chromosome 

(6.66 Mbp), and pPoc1 (99 kbp) and pPoc2 (61 kbp) plasmids. The genomic location of annotated BGCs using 
antiSMASH is shown in red and the protein coding sequence (CDS) regions in cyan. Location of predicted 

genomic islands and detected prophages are indicated in ocean blue and orange, respectively. The next two 
inner circles indicate the changes in %GC content and the GC skew, respectively. 
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The genomic DNA of the strains KRD169, KRD176, KRD182, KRD184, KRD188, and KRD291 

were sequenced by Illumina technology in a previous project. For the present project, those 

previously obtained raw reads were used to produce new assemblies using Unicycler (Table 

3-3). As expected, assemblies with high coverage tended to show higher contiguity. The 

KRD291 assembly was an exception to this trend, as 225 contigs and an N50 of 18,497 bp 

were recovered with a coverage of 36.5x, while KRD182, KRD184, and KRD188 showed lower 

contiguousness with higher genome coverages. The effect of adding long-reads data on 

genome quality is observed by comparing the assembly contiguity values of KRD168 and 

KRD185 with the other genomes. The genome completeness estimated using the BUSCO 

(Benchmarking Universal Single-Copy Orthologues) assessment also showed the effect of the 

long-reads information by reducing the number of missing and fragmented single-copy 

orthologue genes from the Actinobacteria Dataset (actinobacteria_class_odb10). Although 

short-read based assemblies showed a completeness in BUSCO notation higher than 95.5%, 

all showed missing and fragmented single-copy orthologue genes. On the other hand, 

KRD168 and KRD185 showed 100% of complete single-copy orthologue genes (Fig. 3-3). 

 

Table 3-3 Quality values and coverage for the assembly of the Southern Ocean 
Pseudonocardia genomes. 

 Coverage Contigs Largest contig (bp) Length (bp) N50 (bp) 

KRD168 
1150.6x PacBio 
215.7x Illumina 

2 6,273,229 6,305,989 6,273,229 

KRD169 34.0x 666 73,142 5,975,120 12,978 

KRD176 124.3x 388 97,008 6,522,193 25,005 

KRD182 40.9x 655 88,829 6,514,281 14,887 

KRD184 53.6x 612 69,122 6,426,545 16,103 

KRD185 
217.1 PacBio 

29.6x Illumina 
3 6,661,555 6,821,805 6,661,555 

KRD188 44.3x 735 64,082 6,339,047 12,830 

KRD291 36.5x 525 139,490 6,571,831 18,497 
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Figure 3-3 Assembly completeness assessments by Benchmarking Universal Single-Copy Orthologues (BUSCO) 
annotation. Bar charts show the proportion of genes present in the eight assembled Southern Ocean 

Pseudonocardia genomes. The % of complete and single copy genes (S) are shown in blue, while complete and 
duplicated genes (D), fragmented genes (F) and missing genes in the assemblies are shown in orange, grey and 

yellow, respectively. 

 

As the main objective of the present work as a whole is to study the specialised metabolism 

of the Pseudonocardia spp. isolated from the Southern Ocean, obtaining a high-quality 

gapless whole-genome sequence is relevant for the analysis of Biosynthetic Gene Clusters 

(BGCs). The assemblies’ contiguity also affected the annotation of BGCs in antiSMASH, as 

from the short-read based assemblies all of these were located at the edge of contigs, making 

it possible that the coding region (CDS) were split across different contigs. For instance, 

KRD168 showed more BGCs in the short-reads based assembly, including one Type I PKS 

(Polyketide Synthase), which is not present in the long-read assemblies (Figure 3-4). On the 

other hand, KRD185 had fewer annotated BGCs in the short-read assembly, which is 

associated with no detection of the ectoine and bacteriocin BGCs (Figure 3-4). The annotation 

of Non-Ribosomal Peptide Synthetase (NRPS) BGCs was affected by fragmentation the most. 

These differences are likely due to gene prediction errors that decreased the ability of 

antiSMASH to detect complete BGCs (e.g. ectoine in KRD185), as well as BGC fragmentation 

(eg. NRPS). These results reinforce the importance of long-read data for BGC analysis. The 

observed differences in the BGCs between strains will be analysed in detail in Chapter 4. 
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Figure 3-4 Genome assembly contiguity effect on BGC annotation in short-reads based assemblies (Unicycler), 
long-reads based assemblies (Flye), and hybrid assemblies (Unicycler). The colour represents antiSMASH natural 

product class for each BGC. 

 

3.2.2. Comparative genomics 

After obtaining the whole-genome sequence of the Pseudonocardia strains isolated from the 

deep Southern Ocean, the genomic distance between these strains was quantified through 

Average Nucleotide Identity (ANI) (Fig. 3-5) using the FastANI method. This analysis also 

included other 22 publicly available genomes from representative Pseudonocardia strains in 

the National Centre for Biotechnology Information (NCBI) database (Table S2). Following a 

pragmatic approach, a threshold ANI value of 95% to delimit species, it was shown that 

KRD176, KRD182, KRD184, KRD185, and KRD188, belong to the same species, which is closely 

related to P. broussonetiae Gen 01 (ANI ≈ 93.5%). A similar situation was identified with 

KRD168 and KRD169, for which an ANI value of 99.7% suggested that they belong to the same 

species, which is closely related to P. petroleophila CGMCC 4.1532 (ANI ≈ 91.7%). According 

to the ANI values these two identified species for the KRD strains are different to any other 

previously reported Pseudonocardia spp., suggesting two potentially novel species that will 

be named henceforth Pseudonocardia oceani (type strain: KRD185) and Pseudonocardia 

abyssalis (type strain: KRD168) respectively. In the case of KRD291, there was no ANI value 

higher than 82.5%, except for P. sediminis DSM 45779 (ANI = 88.9%) Although both genomes 

of KRD291 and P. sediminis have assemblies with low completeness, it is likely that KRD291 

also represents a new species. However, further analysis would be required to confirm this. 
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Finally, the ANI values also revealed that the P. abyssalis and P. oceani genomes showed a 

high similarity (ANI ≈ 87.7%), suggesting that both lineages are closely related to each other. 

 

 

Figure 3-5 Average Nucleotide Identity (ANI) heatmap showing the sequenced Southern Ocean Pseudonocardia 
strains alongside with representative genomes of type and closest strains from the NCBI database. The ANI 

value is coloured from 75% to 100% (magenta, 75%; white, 95%; green, 100%). The Southern Ocean 
Pseudonocardia strains are highlighted. 

 

To obtain more evidence that P. abyssalis and P. oceani represented novel species, the digital 

DNA–DNA hybridization (dDDH) values between P. abyssalis KRD168, P. oceani KRD185, and 

other publicly available Pseudonocardia genomes (Table S2) were calculated using the 

Genome-to-Genome Distance Calculator (GGDC). The calculated values (Fig. 3-6) showed 

that P. abyssalis KRD168 and P. petroleophila CGMCC 4.1532 have a dDDH of 43.5%, and an 

ANI of 91.8%, whilst KRD185 and P. broussonetiae Gen01 showed dDDH and ANI values of 

51.7% and 93.7%, respectively. In both cases, the ANI values are below the recommended 

inter-species boundary value of 95%. Furthermore, the dDDH values also support the inter-

species delimitation as they were below the threshold value of 70 %.  
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In the case of KRD291, the dDDH value with the closest related strain, P. sediminis DSM 

45779, was 34%, which supported the possibility of third novel species in agreement with the 

ANI values. However, as mentioned above, additional data would be required to complete 

the KRD291 genome for a more comprehensive analysis. 

 

 

Figure 3-6 Heatmap of the genomic distance between P. abyssalis KRD168, P. oceani KRD185, and other 
Pseudonocardia spp. strains, calculated as dDDH (red, 0%; white, 70%; cyan, 100%) and ANI (magenta, 75%; 
white, 95%; green, 100%). The maximum-likelihood multi-locus tree based on 93 gene sequences extracted 
from the whole-genome sequence is shown. Albimonas pacifica CGMCC 111030T was used as an outgroup. 

Bootstrap support is indicated as symbols in the branches (= 100, = 99, = 98, = 95). Bar, 0.1 
substitutions per nucleotide position. 

 

As FastANI is an alignment-free method, pairwise genomic distances were confirmed by 

calculating ANIm, which uses MUMmer to align the genome sequences. This analysis 

included all the publically available genomes in the NCBI genome database at the time of 

writing (June 2022), including metagenome-assembled genomes (MAGs). In short, the ANIm 

analysis (Fig. 3-7) supported the species delimitation for the Southern Ocean Pseudonocardia 

strains at the 95% identity threshold. Moreover P.abyssalis and P. oceani showed and ANIm 

of 87,9%. 
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Figure 3-7 Heatmap of ANIm percentage identity for 99 genomes of Pseudonocardia spp.  Species-level 
assignments and identifiers are shown as row and column labels. The ANIm percentage of identity is coloured 

from 0.75 to 1. Cells coulored in red correspond to 95% ANIm sequence similarity, and therefore the 
corresponding organisms belong to the same species. Cells coulored in blue correspond to ANIm comparisons 
indicating that the corresponding organisms do not belong to the same species. Hierarchical clustering of the 
analysis results is represented by dendrograms. The Southern Ocean Pseudonocardia strains are highlighted. 

 



 

69 
 

 

Figure 3-8 Heatmap of ANIm coverage for 99 genomes of Pseudonocardia spp. Species-level assignments and 
identifiers are shown as row and column labels. Red cells correspond to coverage of 50% or, while blue cells 

correspond to coverage of 50% or less. Hierarchical clustering of the analysis results is represented by 
dendrograms. The Southern Ocean Pseudonocardia strains are highlighted. 

 

The pairwise coverage of each genome by aligned regions was also analysed. The alignment 

coverage plot (Fig. 3-8) shows a cluster of related species comprised of P. abyssalis, P. oceani, 

P. broussonetiae, P. petroleophila, and P. hydrocarbonoxydans, which were part of a same 

clade in the maximum-likelihood multi-locus analysis (Fig. 3-6). The members of this cluster 

align to each other over more than 50% of their total genome length. For example, the ANIm 

coverage between P. abyssalis KRD168 and P. oceani KRD185 was 59.8%. Similar values were 
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retrieved for P. abyssalis KRD168 and P. petroleophila CGMCC 4.1532 (74.1%), P. oceani 

KRD185 and P. petroleophila CGMCC 4.1532 (58.4%). In the case of P. sediminis DSM 45779 

and Pseudonocardia sp. KRD291, ANIm coverage was 62.1%. Although there is no a widely 

accepted interpretation of species boundary by alignment coverage an aligned genome 

length above 50% gives good evidence that the aligned genomes possibly correspond to the 

same taxon. Therefore, this analysis confirms the genomic correlation among the members 

of this clade.  

3.2.3. Phylogenomic analysis 

Analysis using the 16S rRNA gene showed that the nearly complete (93.1%) gene sequence 

of P. abyssalis KRD168 was closely related to P. petroleophila ATCC 15777 (99.6% sequence 

similarity), P. hydrocarbonoxydans NRRL B-16171 (99.4% sequence similarity), and P. 

seranimata YIM 63233 (99.3% sequence similarity). Similarly, the nearly complete (95.0%) 

16S rRNA gene sequence of P. oceni KRD185 was closely related to P. broussonetiae Gen01 

(99.6% sequence similarity), P. petroleophila ATCC 15777 (98.9% sequence similarity), P. 

hydrocarbonoxydans NRRL B-16171 (98.4% sequence similarity), and P. seranimata YIM 

63233 (98.4% sequence similarity). The neighbour-joining phylogenetic tree based on this 

gene (Fig. 3-7) reconstructed with MegaX (Table S1) showed that both isolates formed a 

monophyletic group with P. petroleophila ATCC 15777, P. seranimata YIM 63233, and P. 

broussonetiae Gen01. In particular, P. abyssalis KRD168, P. seranimata YIM 63233, and P. 

petroleophila ATCC 15777 are part of the same branch, while and P. oceani KRD185 and P. 

broussonetiae Gen01 formed a second branch. This topology was also supported by the 

maximum-likelihood (ML) and maximum-parsimony (MP) trees (Fig. S3). 

The genome-scale phylogenetic tree (Fig. 3-6) based on the multi-locus sequence analysis of 

93 loci (Table S3) and reconstructed with autoMLST suggested a common ancestor for P. 

abyssalis and P. oceani, as well as P. petroleophila and P. broussonetiae, observed in the 16S 

rRNA gene phylogeny. Interestingly, despite the 16S rRNA gene phylogeny suggesting a more 

distant relationship, multi-locus sequence analysis showed that P. hydrocarbonoxydans is 

closely related to P. abyssalis and P. oceani. The core-genome phylogeny (Fig. S3) identified 

and classified the orthologous gene families in Pseudonocardia spp. pan-genome (Fig. 3-8A) 

and this supported the evolutionary relationships observed in the multi-locus tree, showing 

the P. abyssalis and P. oceani are part of a well-differentiated monophyletic group alongside 
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P. petroleophila, P. hydrocarbonoxydans, and P. broussonetiae. The marine-derived 

Pseudonocardia strains CNS-139 and MG-H8 showed a close evolutionary relationship, while 

P. thermophila was shown to be the closest species.  

 

 

Figure 3-9 Neighbour-joining phylogenetic tree based on 16S rRNA gene sequences showing the phylogenetic 
relationships of P. abyssalis KRD-168 and P. oceani KRD-185, and representative members of the genus 

Pseudonocardia. Dots on branches indicate those also recovered in the maximum-likelihood and maximum-
parsimony trees. Bootstrap values of >50% are shown at branching points. Amycolatopsis orientalis IMSNU 

20058T was used as outgroup. The scale bar represents 0.01 substitutions per nucleotide position. 
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Figure 3-10 Maximum likelihood tree based on the core-genome alignment identified by PIRATE (A) and core-
genome alignment after removing recombination events identified by ClonalFrameML (B). The Southern Ocean 

Pseudonocardia strains are highlighted. Bar, 0.1 substitutions per nucleotide position. 

 

To assess the effect of homologous recombination (Table S6) on the Pseudonocardia spp. 

lineages, the maximum likelihood clonal frame phylogeny (Fig. 3-8B) was reconstructed after 

masking the core-genome section with evidence of recombination identified by 

ClonalFameML. The monophyletic group made by P. abyssalis¸ P. oceani, P. petroleophila, P. 

hydrocarbonoxydans, and P. broussonetiae remained well-defined from other species, 

suggesting gene-flow barriers between this clade and other lineages. Therefore, it is possible 

to deduce that the P. abyssalis¸ P. oceani, P. petroleophila, P. hydrocarbonoxydans, and P. 

broussonetiae lineages ramified from other Pseudonocardia populations in ancient times, 

generating a clear genome divergence, while the homologous recombination is still a 

cohesive force among the clade. The estimated ratio of recombination to mutation (r/m) 

calculated for each genome into the clade (P. abyssalis = 2.619334, P. oceani = 1.932329, P. 

petroleophila = 1.495581, P. hydrocarbonoxydans = 4.840895, P. broussonetiae = 1.261635) 

were higher than the value for clade’s branch (0.018631), which implies that the detected 

recombination events happened mostly between the members of the clade.  

In the case of KRD291 and P. sediminis, the distances between their clade, and other 

Pseudonocardia population was remarkably increased. These results imply a clear gene-

exchange barrier between these two lineages and other species.. Similar to the P. abyssalis 

and P. oceani clade, the estimated r/m values (Table S6) denote a high level of recombination 

between the clade’s members, but a low level between clade itself and other lineages.     
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In summary, despite the high sequence similarity (>99.5%) observed using the 16S rRNA gene 

between P. abyssalis KRD168 and P. petroleophila ATCC 15777, and between P. oceani 

KRD185 and P. broussonetiae Gen01, the whole-genome sequence relatedness, as well as 

the genome-level evolutionary analysis, evidenced that P. abyssalis and P. oceani are two 

novel species. 

3.2.4. Chemotaxonomy and phenotypic characterization  

To confirm that P. abyssalis KRD168 and P. oceani KRD185 represent two novel species as 

suggested by the genomic analysis, a phenotypic characterisation and a subsequent 

comparison between them and their closest phylogenetic relative (P. petroleophila, P. 

hydrocarbonoxydans, and P. broussonetiae) was carried out. The main differential 

characteristics are summarised in Table 3-4.  

In terms of their morphology, strains grew on all media tested, with no diffusible pigments 

produced. Despite their marine origin, P. abyssalis KRD168 and P. oceani KRD185 did not 

display a particularly high halotolerance in comparison to their non-marine closest relatives 

as they both grew well at a NaCl concentration of 3%, which was 1% less than P. petroleophila 

DSM 43193 and 1% more than P. hydrocarbonoxydans DSM 43281. Moreover, salt was not a 

requirement for growth. Their morphology observed under the microscope (Fig. 3-11A) 

revealed budding substrate and aerial hyphae with swelling and side branches. A more 

filamentous structure was observed for P. oceani KRD185 than for P. abyssalis KRD168, 

showing longer mycelia and a higher number of ramifications. Spores were rod-like, mostly 

0.6-1.4 μm wide and 1.2-1.9 μm long for P. abyssalis KRD168, and 0.7-1.6 μm wide and 1.4-

3.9 μm long for P. oceani KRD185. Furthermore, fluorescence microscopy (Fig. 3-11B) was 

performed to describe structures in the aerial hyphae and apical tip growth. In brief, nascent 

peptidoglycan was observed at the tips of the hyphae, denoting elongation of the cell wall. 

In addition, active growth and sporulation were still observed after 28 days. 
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Table 3-4 Differential phenotypic characteristics of strains: 1, P. abyssalis KRD168; 2, P. oceani 
KRD185; 3, P. petroleophila DSM 43193 from Zhao et al. [133]; 4, P. hydrocarbonoxydans 
DSM 43281 from Zhang et al. [151]; and 5, P. broussonetiae Gen 01 from Mo et al. [140]. 

 1 2 3 4 5 

Morphology in      
ISP2 Yellow Orange Yellow Yellow Yellow 
ISP5 White Pale yellow White White Yellow 

Growth at      
NaCl (%) 0-3 0-3 0-4 0-2 0-8 

pH 6-10 6-10 6-10 6-9 5-8 

API® 20E      
β-galactosidase - - + +  

Arginine dihydrolase - - + +  
Lysine 

decarboxylase 
- - + +  

Ornithine 
decarboxylase 

- - + +  

Citrate utilization - - + +  
Urease + - + +  

Acetoin production + - + +  
Gelatine hydrolysis + - + +  

API® zym      
Alkaline phosphatase + + + + - 

Esterase (C4) + + + - + 
Cystine arylamidase - + + + - 

Trypsin - - + + - 
α-chymotrypsin - - + + - 
Naphthol-AS-BI-

phosphohydrolase 
+ + - + + 

α-galactosidase - - + + - 
β-galactosidase + - + + - 
α-glucosidase - + + + - 

Fatty acids (>1%)      
12: 0 n.d. n.d. n.d. n.d. 1.2 
14: 0 n.d. n.d. n.d. n.d. 2.9 

14: 0 iso 7.6 1.9 2.0 1.5 5.6 
15: 1 ω6c n.d. n.d. n.d. 1.9 2.6 
15: 0 iso 11.0 7.7 25.2 17.9 2.1 

16: 1 iso H 3.2 8.9 2.6 5.8 10.7 
16: 0 iso 36.3 38.5 43.2 31.7 36.1 

16: 1 2-OH n.d. n.d. 2.4 n.d. n.d. 
16: 0 4.7 3.6 2.0 3.6 9.8 

17: 0 iso 4.2 2.0 10.2 3.2 n.d. 
17: 0 anteiso 1.1 2.4 n.d. 1.4 n.d. 

17:1 ω8c 8.0 5.1 n.d. 8.3 4.0 
17: 0 3.4 1.6 n.d. 1.7 1.4 

17: 0 10 methyl 2.4 2.7 1.5 1.9 n.d. 
18: 1 ω9c 1.2 n.d. n.d. n.d. n.d. 

[+] = enzymatic activity present; [-] = enzymatic activity absent; n.d. = not detected 
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Figure 3-11 Light microscopy (A) of 1, P. abyssalis KRD168; 2, P. oceani KRD185; and 3, P. petroleophila DSM 
43193; growing in ISP2 for 28 days. Fluorescence microscopy (B) of DNA (cyan) and nascent peptidoglycan (red) 

is shown. Scale bar, 20 μm. 

 

The observed morphology of both strains, as well as the presence of meso-diaminopimelic 

acid in the cell-wall, MK-8(H4) as the major menaquinone, and iso-branched hexadecanoic 

acid as predominant fatty acid, confirmed the typical physiology of a Pseudonocardia species. 

The polar lipid profile (Fig. S5) of both strains was characterised by the presence of 

phosphatidylethanolamine and diphosphatidylglycerol. In addition, two unidentified 

phospholipid and four unidentified glycolipids were detected in P. abyssalis KRD168, whilst 

P. oceani KRD185 also contains four unidentified phospholipid, two unidentified glycolipids, 

and an unidentified glycophospholipid. Moreover, some chemotaxonomic characteristics, 

such as the metabolic profile and the cellular fatty acid composition (Table 3-4), 

differentiated P. abyssalis KRD168 and P. oceani KRD185 from P. petroleophila DSM 43193 

and P. broussonetiae Gen 01, respectively. In particular, P. abyssalis KRD168 was negative to 

the α-galactosidase and α-glucosidase activity reactions, while positive activity was reported 

for P. petroleophila DSM 43193. Similarly, P. oceani KRD185 was positive to the α-glucosidase 

activity reaction, while P. broussonetiae Gen 01 reported no activity.  

The fatty acid analysis (Table 3-4) also revealed differences beween P. abyssalis KRD168 and 

P. oceani KRD185 from P. petroleophila DSM 43193 and P. broussonetiae Gen 01, 

respectively. Particularly, the relatively low proportion of iso-branched pentadecanoic acid 

(11.0% vs 25.2%) and the relatively high proportion of iso-branched tetradecanoic acid (7.6% 
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vs 2.0%) distinguished P. abyssalis KRD168 from P. petroleophila DSM 43193. Likewise, the 

relatively low proportion of iso-branched tetradecanoic acid hexadecanoic acid (1.9% vs 

5.6%) and the relatively high proportion of iso-branched pentadecanoic acid (7.7% vs 2.1%) 

differentiated P. oceani KRD185 from and P. broussonetiae Gen 01. 

3.2.5. Species description 

Based on the phenotypic and chemotaxonomic analysis, strains P. abyssalis KRD168 and P. 

oceani KRD185 exhibit the characteristic markers for the Pseudonodardia genus. 

Furthermore, the phenotypic characterization and the analysed genomic relatedness of P. 

abyssalis KRD168 and P. oceani KRD185 differentiate them from their closest phylogenetic 

neighbours. In conclusion, these strains, alongside P. abyssalis KRD169, P. oceani KRD176, P. 

oceani KRD182, P. oceani KRD184, and P. oceani KRD188, are proposed to belong to two 

novel species with the following description: 

 

Description of Pseudonocardia abyssalis sp. nov. 

Pseudonocardia abyssalis (a.bys'sa.lis. L. n. abyssus, an abyss, deep sea; L. fem. suff. -alis, 

suffix denoting pertaining to; N.L. masc. adj. abyssalis, pertaining to the abyssal depths of the 

ocean). 

Aerobic, Gram-positive, non-motile actinomycetes. Forms yellow aerial and substrate 

mycelia on ISP2, while white substrate and aerial mycelia are produced on ISP3, ISP4 and 

ISP5. Substrate mycelium is fragmented and rod-shaped spore chains are formed on aerial 

hyphae and substrate mycelium. The following enzymatic reactions are positive: Urease, 

acetoin production, gelatine hydrolysis, alkaline phosphatase, esterase, esterase-lipase, 

leucine-arylamidase, valin-arylamidase. The major menaquinone is MK-8(H4) (91.5%), while 

MK-8(H6) (8.5%) is also present. The cell wall contains meso-diaminopimelic acid as diagnostic 

amino acid, and the major whole-cell sugar is glucose with minor amounts of arabinose and 

xylose. The polar lipids profile includes phosphatidylethanolamine and 

diphosphatidylglycerol. The predominant fatty acid is iso-C16:0, while iso-C15:0, C17:1 ω8c, 

and iso-C14:0 are also major components.  
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The type strain, KRD168T (=DSM 111918T =NCIMB 15270T), was isolated from sediments 

collected from the Southern Ocean at a depth of 4539 m. The genome of the type strain is 

characterized by a size of 6.31 Mbp and a G+C content of 73.44 %. 

 

Description of Pseudonocardia oceani sp. nov. 

Pseudonocardia oceani (o.ce.a’ni. L. gen. n. oceani of the ocean). 

Aerobic, Gram-positive, non-motile actinomycetes. Forms yellow substrate mycelium and 

orange aerial mycelium with white spores formed from the aerial hyphae on ISP2. On ISP3, 

ISP4 and ISP5 white substrate and aerial mycelia are produced. Substrate mycelium is 

fragmented and rod-shaped spore chains are formed on aerial hyphae and substrate 

mycelium. The following enzymatic reactions are positive: alkaline phosphatase, esterase, 

esterase-lipase, leucine-arylamidase, valin-arylamidase, cystin-arylamidase, acid 

phosphatase, naphtol-AS-BI-phosphohydrolase, α-glucosidase, and β-glucosidase. The major 

menaquinone is MK-8(H4) (96.2%), while MK-8(H2) (2.9%) and MK-8(H6) (1.5%) are also 

present. The cell wall contains meso-diaminopimelic acid as diagnostic amino acid, and the 

major whole-cell sugar is glucose with minor amounts of arabinose and xylose. The polar 

lipids profile includes phosphatidylethanolamine and diphosphatidylglycerol. The 

predominant fatty acid is iso-C16:0, while iso-C16:1 H, iso-C15:0, and C17:1 ω8c are also 

major components.  

The type strain, KRD185T (=DSM 111919T = NCIMB 15269T), was isolated from sediments 

collected from the Southern Ocean at a depth of 4060 m. The genome of the type strain is 

characterized by a size of 6.82 Mbp and a G+C content of 73.98 %. 

 

3.3. Discussion 
 

In general, no single genome assembly method performed the best on all metrics measured. 

However, Flye has previously been shown to be a well-balanced assembler for prokaryote 

genomes [394, 395]. The high coverage of the P. abyssalis KRD168 assembly allowed a 

complete-level genome with a low number of misassemblies using only the PacBio long-reads 

data. On the other hand, no stand-alone method was able to produce a complete genome 
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for KRD185, possibly due to its lower read coverage in comparison to KRD168. The consensus 

assembly made by Flye, Canu, HGAP and Raven increased the KRD185 assembly contiguity 

but failed to recover circular contigs. Due to the size selection step in the PacBio library 

preparation, plasmid reads may be underrepresented in the raw data. As a consequence, the 

only-long-reads assemblies may fail to recover plasmid sequences [394, 396]. This 

phenomenon was clearly observed in coverage of pPoc1 between the Illumina and PacBio 

reads. In this sense, combining PacBio and Illumina reads using Unicycler has proven to be a 

highly capable method to recover plasmids [284, 394]. As mentioned above, Unicycler was 

used on the long-read data to simplify the graphs produced with short-reads. The default 

setting for the hybrid assembly produced a long-reads assembly using Miniasm and Racon. 

This assembly is then used to build bridges to resolve the short-reads assembly graphs 

produced by SPAdes [284]. The proposed strategy for assembling the KRD185 genome used 

Flye’s consensus long-reads assembly rather than Miniasm, this successfully reduced the 

number of contigs. The combination of short and long reads not only improved the contiguity 

and completeness of the genome assembly, but also the recovery of circular plasmids. For 

example, none of the assemblies using only one set of reads were able to recover circular 

contigs for KRD185. Small plasmids are often present in multiple copies, while bigger 

conjugative plasmids are usually present in one copy. To resolve whether small contigs 

correspond to plasmids, Unicycler applies a greedy algorithm that uses depth and graph 

connection to determine multiplicity values [284]. As the largest suitable contig (putative 

chromosome) is given a value of one, the multiplicity in the circular contigs retrieved in the 

KRD185 consensus hybrid assembly confirmed their extrachromosomal identity. 

Unfortunately, as the sequence of the KRD185 chromosome was not circular, it is not possible 

to be sure that the whole-genome sequence for this strain represents a complete-level 

genome. However, the obtained sequence is a high-quality representation of the KRD185 

genome with a high level of completeness according to the BUSCO approach.         

The completeness and contiguity of the sequenced strains reduced the fragmentation of 

open reading frames (ORFs). This fragmentation can produce false negatives during gene 

annotation and eliminating it can avoid splitting BGCs that may be wrongly annotated as two 

different clusters. For example, in a study with Streptomyces draft genomes, it was found 

that fragmentation is particularly common on protein classes with repeating multi-modular 

structures such as PKS, NRPS and serine/threonine kinases [397]. The effect of BGC 

fragmentation has been also reported for the Pseudonocardia genus. For instance, it was 
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shown that a higher number of BGCs were annotated using Oxford Nanopore MinION long-

reads than Illumina MiSeq short-reads in three Pseudonocardia spp. assemblies and their 

BGCs were less fragmented. This was also observed for KRD Pseudonocardia strains, as the 

differences in the BGC profiles were mostly related to NRPS and PKS clusters, while terpene 

clusters were more stable [398]. High-quality assemblies are important for the analysis of the 

specialised metabolisms of the Southern Ocean strains in Chapter 4. 

Based on ANI, the eight sequenced Pseudonocardia strains are distributed in three 

populations, confirming the 16S rRNA gene analysis previously performed by Millán-

Aguiñaga et al. [261]. Furthermore, the genomic-level species delimitation based on dDDH 

[362] and ANI [362, 399] suggested that the three lineages represent three new species. 

However, the interpretation of the calculated ANI values depends on the individual 

evolutionary history of each lineage, as well as the applied algorithm. So, the new-species 

hypothesis for P. abyssalis KRD168 and P. oceani KRD185 strains should be confirmed based 

on evolutionary history as part of the polyphasic taxonomy [400]. On the other hand, the 

genomic-level species delimitation between Pseudonocardia sp. KRD291 and P. sediminis 

have to be carefully examined. In terms of the quality of a genome sequence for taxonomic 

purposes in prokaryotes, such as identification and classification, it has been recommended 

a minimum standard of a sequencing depth of coverage ≥ 50X to obtain reliable results [401]. 

As the Pseudonocardia sp. KRD291 genome does not meet these recommendations, 

conclusions about genomic differences between Pseudonocardia sp. KRD291 and P. sediminis 

have to be reviewed in the future, either by adding genomic information or by carrying out 

morphological and biochemical tests.     

The lack of taxonomic resolution of the 16S rRNA gene to discriminate P. abyssalis and P. 

oceani was proved after the genotypic and phenotypic characterization of both strains. 

Similarly to the species delimitation for members of the genus Salinispora [353, 354], the 

comparative genomic analysis demonstrated that P. abyssalis, P. oceani, P. petroleophila, P. 

hydrocarbonoxydans, and P. broussonetiae represent different species despite the high 

similarity in their 16S rRNA gene sequence. Unfortunately, the whole-genome sequence of 

P. seranimata [133], another closely related species according to the 16S rRNA gene 

sequence, was not publicly able to include it in the genomic analysis. The high similarity of 

16S rRNA gene sequences between members of this phylogenetic group was reported 

previously by Mo et al. in the taxonomic description of P. broussonetiae [140]. For this 
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species, it was shown that despite sharing 98.9% of the 16S rRNA gene sequence similarity 

to P. petroleophila, the ANI was 84.6 %, and the morphological, physiological and biochemical 

characteristics confirmed they were two different species [140]. As reported in the literature, 

a near identical 16S rRNA gene sequences does not imply whether different isolates are 

sufficiently related to be assigned to the same species. Moreover, a single phylogenetic 

marker cannot reflect the product of the genomic difference of stochastic variations and 

horizontal gene transfer [368]. Still, the analysis of a bigger set of genes using both multi-

locus and core-genome analysis showed a species distribution congruent with the ANI values, 

showing that highly reliable genetic markers have a strong correlation with whole-genome 

relatedness. Particularly, the maximum-likelihood (ML) analysis used to build a phylogenetic 

tree and calculate the ML-based distances between all pairs of 43 genomes of four bacterial 

groups (E. coli, Salmonella spp., Shewanella spp., and Burkholderia spp.) showed a correlation 

between the averages for the ML distances and the ANI distances, where almost all core 

genes, regardless of their functions and positions in the genome, offer robust phylogenetic 

reconstruction [402]. Therefore, the results retrieved from the Southern Ocean 

Pseudonocardia spp. support reports for the genus Streptomyces which propose that the 16S 

rRNA gene sequence identity does not resolve species-level variations [403].   

Although the phylogenomic evidence suggests P. abyssalis and P. oceani represent two 

different lineages (ANI > 95%), these species, as well as with other members of the clade of 

which they are part, showed a close genomic relatedness (ANI = 87-94%). In this context, it 

is possible to hypothesise a high rate of homologous recombination between the P. abyssalis 

and P. oceani lineages which explain the genomic similarity observed between them. In fact, 

the recombination over mutation ratio (r/m) values confirmed a relative high gene-exchange 

rate between the P. abyssalis and P. oceani clade, as well as between Pseudonocardia sp. 

KRD291 and P. sediminis, which undoubtedly can be related to the observed ANI values. 

Overall, phylogeny topology was not strongly affected by homologous recombination, 

confirming that the core genome phylogenies are usually highly robust to recombination 

events. Only reconstructed core-genome trees of species evolving under strong selective 

pressures are impacted by recombination due to biased gene exchange [404]. In this sense, 

the obtained results contrast with what was previously observed in Pseudonocardia 

populations in symbiosis with fungus-growing ants for which the recombination events were 

relatively infrequent [239]. Hence, the ant-related strains showed population dynamics with 

a correlation between genomic and geographic distances, while the Southern Ocean strains 
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did not exhibit evidence of genetic barriers with species isolated from distant geographic 

sites. This situation is consistent with other free-living microorganisms from marine 

environments. For example, the metagenomics analysis of the SAR11 clade of 

Alphaproteobacteria, the most abundant group of planktonic bacteria in the ocean, showed 

widespread recombination among distantly related members [405]. Therefore, it was 

proposed that the population homogenization observed in pelagic bacteria due to gene 

exchanges could be also observed in bacteria from sediment. This conflicts with what was 

observed for the Salinispora genus, where low ratios of inter-species recombination were 

observed between the S. arenicola, S. tropica and S. pacifica lineages [406]. For instance, the 

pan-genomic analysis of 119 genomes for the species-level delimitation of the Salinispora 

genus showed that 63% of the core-genome had evidence of recombination events, but with 

no effect on the inter-species phylogenetic resolution [215]. However, it is important to point 

out that the inter-species recombination observed in the Southern Ocean strains also 

included species isolated from non-marine environments, such as plant rhizosphere in the 

case of P. broussonetiae [140] or terrestrial soil in the case of P. petroleophila [117]. Hence, 

in opposition to Pseudonocardia strains in symbiosis with fungus-growing ants, for which the 

ecological differentiation drives the speciation process of lineages [232], P. abyssalis and P. 

oceani are part of a taxonomic group with a cosmopolitan distribution.  

The effect of homologous recombination over the evolution of Pseudonocardia is consistent 

with previous reports in Streptomyces, where evidence of widespread inter-species 

homologous recombination was demonstrated, but it was not uniform within the genus. In 

this case, it was hypothesised that the cumulative effect of recombination events was 

associated with historical biogeography and these dynamics may explain the ancestral 

formation of mosaic lineages [407, 408]. Overall, the genomic relatedness between Southern 

Ocean strains and other Pseudonocardia spp., as well as the evidence of inter-species 

homologous recombination, suggests a weak selective pressure over these lineages in 

particular. A similar hypothesis can be proposed for Pseudonocardia sp. KRD291, as it showed 

strong gene exchange with P. sediminis, which was isolated from sediments collected in a 

geographically distant site from the Southern Ocean [149]. Nevertheless, the performed 

genomic analysis also identified a close relationship between the P. abyssalis and P. oceani 

clade and Pseudonocardia sp. CNS-139 [146] and Pseudonocardia sp. MH-G8 [159], two 

strains from marine origin, which may suggests that some members of this Pseudonocardia 

lineage could have a particular selective adaptation to this environment. Although this 
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situation has been proposed for Salinispora and Streptomyces [409, 410], a more robust 

analysis is required to conclude about the evolutions of the Southern Ocean lineages in 

marine environments in particular. Future efforts should be focused on analysing the impact 

of intra-species homologous recombination over the Southern Ocean Pseudonocardia spp. 

strains to better understand the evolution of each lineage. Furthermore, as the evidence 

suggested a non-ecologically restricted distribution for P. abyssalis and P. oceani, it is 

predicted that in the future other strains of these species could be isolated from other 

geographic locations and ecological contexts, which eventually will allow the knowledge of 

their evolution and ecology to be expanded.    

In addition to the evolutionary analysis, the phenotypic characterization of P. abyssalis 

KRD168 and P. oceani KRD185 confirmed their identity as two novel species through the 

polyphasic taxonomy approach. In terms of morphology, the budding substrate and aerial 

hyphae structure observed for P. abyssalis KRD168 and P. oceani KRD185 was similar to 

previously reported for other Pseudonocardia spp. [140, 150, 387]. The predominant 

menaquinone MK-8(H4), and the major fatty acid iso-C16:0 were consistent with the genus 

Pseudonocardia [391]. Although it has been suggested that unsaturated or branched fatty 

acids play a relevant role in the adaptation of deep-sea bacteria to low temperature and high 

pressure [411], no differences in the ratio of iso-branched and unsaturated fatty acids were 

found between the Southern Ocean strains and P. broussonetiae or P. petroleophila. These 

results contrast with observations on Streptomyces oceani, for which the presence of 10% of 

the unsaturated fatty acid anteiso-C17:1 w9c helped to distinguish it from their closest related 

strains [412]. However, previous studies in deep-sea Alteromonas and Vibrio showed that the 

ratio of total unsaturated fatty acids increased when the strains were grown at increasing 

hydrostatic pressures and decreasing temperatures [413–415]. So, further studies in variable 

pressure conditions are required to conclude on the adaptation of P. abyssalis and P. oceani 

to deep-sea conditions. Another important trait analysed for these strains was their 

halotolerance, which revealed that they are not obligate marine species. In this case, similar 

results were observed in other Pseudonocardia spp. from marine origins such as P. 

ammonioxydans [153], P. sediminis [149], P. antitumoralis [150], and P. profundimaris [151]. 

In summary, the whole-genome analysis showed that the Southern Ocean strains isolated by 

Millán-Aguiñaga [261] represent three lineages not previously described. Moreover, the 

close genomic relatedness of these strains with other Pseudonocardia lineages from diverse 
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environments and geographical origins represent an opportunity to study the evolution of 

the specialised metabolisms of free-living Pseudonocardia spp. Despite the phylogeographic 

evidence suggesting a sympatric speciation process, there are still reasons to argue that their 

specialised metabolism could play a relevant role in the adaptation of these lineages to the 

environment. To address these questions, the specialised metabolisms of the Southern 

Ocean strains and other Pseudonocardia species will be compared in chapter 4, while the 

role of these metabolomic profiles in the interaction between strains will be explored in 

chapter 5.  
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 Multi-omics analysis of the specialised metabolism of 

Pseudonocardia spp. isolated from marine environments. 
 

4.1. Introduction  
 

4.1.1. Genome mining  

Genome mining refers to the exploitation of genomic information for the discovery of new 

processes, targets, and products. Since the first actinomycete genomes were sequenced, 

genome mining has been considered a potent tool for the discovery and study of specialised 

metabolites [416]. For instance, the early genome sequence of Streptomyces coelicolor 

revealed an abundance of previously uncharacterized candidate biosynthetic enzymes, 

showing an unexplored potential hidden in their genome [334]. The sequencing of the S. 

coelicolor A3(2) genome eventually led to the discovery of new specialised metabolites like 

the tetrapeptide iron chelator, coelichelin [417, 418]. In principle, genome mining for 

specialised metabolites comprises identifying genes encoding enzymes putatively involved in 

metabolite biosynthesis, often referred to as BGCs. For example, the analysis of the genome 

of the marine-derived Streptomyces sp. SCSIO 40010 revealed the presence of a putative 

polycyclic tetrameter macrolactams BGC, which subsequently led to the discovery of six 

novel macrolactams, five of them with cytotoxic activity against several cancer cell lines 

[419].  

To predict BGCs, the first step in genome mining approaches is commonly to identify 

conserved biosynthetic genes and then analyse their products to obtain information about 

the biosynthetic function of the encoded protein (e.g. enzymatic function, regulatory 

function or transporter function) [420]. This identification process used to be carried out with 

sequence similarity and homology methods, such as BLAST, and in-house lists of query genes. 

Besides identifiying genes encoding biosynthetic enzymes, other approaches that include 

comparative genome mining using sequence similarity networks, phylogeny-based mining 

methods, and mining of resistance and regulatory genes facilitate the BGCs annotation [185]. 

Several bioinformatics tools, such as antiSMASH [304] and PRISM [421], have been developed 

for the automatic detection of BGCs using increasingly sophisticated algorithms. Some 

examples of specialised metabolites discovered through genome mining include salinilactam 

A from Salinispora tropica [422]; isogermicidin B and germicidin C from Streptomyces 
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coelicolor [423]; and venezuelin from Streptomyces venezuelae [424]. These methods identify 

BGCs using a rule-based system that looks for specific combinations of enzymatic domains, 

which are detected using profile Hidden Markov Models (pHMMs). Although a possible 

advantage of this strategy is the low rate of false positives, this model will not detect 

unknown types of BGCs since it is based on rules used to detect previously characterised 

biosynthetic genes [169, 420]. For detecting putative new classes of BGCs, algorithms such 

as ClusterFinder [425] have been proposed. These methods identify genomic regions that are 

rich in Pfam (Protein families database) domains that occur frequently in BGCs. Since this 

method is entirely based on Pfam domain frequencies, and nature uses distinct assemblages 

of the same enzyme superfamilies to construct unrelated natural product classes, 

ClusterFinder is capable of identifying new BGC classes with relatively little training set bias. 

The putative function of these annotated genes is sometimes misinterpreted as potential 

new BGCs. Then, without the proper validation, this could lead to wrong conclusions [52]. 

More recently, DeepBGC implemented a deep learning approach using Recurrent Neural 

Networks (RNNs) and vector representations of Pfam for reducing the higher false-positive 

rate of ClusterFinder [426]. An alternative to identify putative BGC is based on the idea that 

all secondary metabolic enzymes are distant paralogs of primary metabolic enzymes, with 

this approach, EvoMining makes a phylogenomic identification of enzymes with expanded 

substrate specify, and enabled the discovery of novel arseno-organic metabolites from 

Streptomyces sp. [246].  

After BGCs are annotated, the evolutionary relationship between them can be mapped by 

comparing architectural relationships between BGCs in sequence similarity networks and 

group them into Gene Cluster Families (GCFs), which are groups of BGCs with a similar 

sequence that encode the production of identical or highly similar molecules. This is the 

approach that BiG-SCAPE (Biosynthetic Gene Similarity Clustering and Prospecting Engine) 

applies for the calculation and exploration of BGC similarity networks [306]. Then, CORASON 

(CORe Analysis of Syntenic Orthologs to prioritize Natural Product-Biosynthetic Gene Cluster) 

algorithm employs a phylogenomic approach to elucidate evolutionary relationships 

between BGCs by computing high-resolution, multi-locus phylogenies of BGCs within and 

across GCFs. CORASON analysis is integrated into the BiG-SCAPE platform [306]. Using BiG-

SCAPE/CORASON, Undabarrena et al. explored the evolutionary history of BGC of the 

Rhodococcus genus, resulting in the characterisation of corynecin-related BGCs [427]. Similar 

comparative genomics analysis has also been applied to analyse the specialised metabolisms 
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of Nocardia [178] and Planomonospora [428] genera. Recently, BiG-SCAPE was expanded to 

allow the analysis of larger BGCs datasets with BiG-SLiCE (Biosynthetic Genes Super-Linear 

Clustering Engine). In short, BiG-SCAPE measures the occurrence and synteny of Pfam 

domains for each pair of BGCs, along with the sequence similarity of homologous core genes 

to construct a pairwise-distance network and define GCFs, while BiG-SLiCE vectorises the 

BGCs into Euclidean space, allowing the use of non-pairwise clustering algorithms to group 

the GCFs and reducing computing power consumption [188].  

Genome sequencing and mining studies in microorganisms have revealed a huge 

biosynthetic potential encoded in their genomes. For example, a BiG-SLiCE analysis of 

170,585 complete and draft bacterial genomes and a dataset of 11,143 metagenome-

assembled genomes (MAGs) revealed that the number of chemical classes of microbial 

natural products documented in NPAtlas corresponds to 2.5% - 3.3% of the predicted 

potential of the bacterial kingdom according to the number of GCFs. only 3% of genomic 

potential for specialised metabolites potentially encoded in the annotated BGC has been 

experimentally characterised [429]. In this context, metabolomics techniques are crucial to 

better understand the function and expression of BGCs.   

4.1.2. Metabolomics 

As introduced in chapter 1, mass spectrometry (MS) is an analytical technique to measure 

metabolites, detected as ions. Moreover, as structurally related metabolites produce similar 

fragmentation patterns, the alignment of their MS/MS spectra can be used to calculate 

vector similarities (“cosine scores”) that are used for the generation of molecular networks 

[257]. For this, the Global Natural Products Social Molecular Networking (GNPS) offers an 

open-access platform that allows the analysis of MS/MS spectrometry data based on the 

molecular networking approach, and enables dereplication using the GNPS spectral libraries. 

Furthermore, GNPS also offers public dataset deposition through the Mass Spectrometry 

Interactive Virtual Environment (MassIVE) data repository. [323]. In practical terms, the 

molecular network approach is a versatile dereplication tool to annotate known metabolites 

from complex mixtures, but also to identify related analogues, which is an advantage over 

other dereplication strategies [430]. It is therefore possible to cluster metabolites into 

Molecular Families (MFs), which are defined as related molecules based on their 

fragmentation pattern that translates to structural similarity [431]. Applications of molecular 
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networking in the exploration of microbial chemistry include the metabolomics profiling of 

Streptomyces spp. [432] and Salinispora spp. [433] strains collections from marine origin.  

In addition to the molecular networking and spectral library search (‘classical’ molecular 

networking), the GNPS platform also includes other advanced analysis tools as part of its 

ecosystem. In particular, Feature-Based Molecular Networking (FBMN) expands the 

approach by including MS1 information like isotope patterns, retention time and relative 

intensity which allow isomers with similar MS2 spectra to be distinguished, facilitates 

spectral annotation, and incorporates relative quantitative information [324]. An example of 

the use of FBMN is illustrated by the work of Zdouc et al. which applied it to explore the 

chemical diversity of the genus Planomonospora, allowing the identification of the novel 

thiopeptide siomycin E [428]. Recently, FBMN incorporated Ion Identity Molecular 

Networking (IIMN) that integrates chromatographic peak shape correlation analysis using 

MS1 data into molecular networks to connect different ion species from MS2 data that 

belong to the same metabolite, reducing complexity and redundancy in the final network. In 

short, this allows users to connect and collapse different ion species of the same metabolite 

[326]. This tool has been successfully applied to identify metal-binding compounds using 

native electrospray mass spectrometry [434]. 

Other tools integrated into the GNPS ecosystem include Mass Spectrometry Search Tool 

(MASST) that facilitates the search of query MS/MS data in public metabolomics repositories 

[435], and Reanalysis of Data User (ReDU) interface, a metadata-filtered repository-scale 

analysis system that allows the re-analysis of public data in GNPS/MassIVE and the co-

analysis of these public data and query MS/MS data [436]. These tools allow mining of stored 

spectral data to facilitate the analysis of mass spectrometry data.  For example, MASST was 

applied by Wibowo et al. to identify Valinomycin analogues from the sea cucumber-

associated Streptomyces sp. SV 21 [437]. 

4.1.3. Linking paired ‘omics dataset  

Genome mining and untargeted metabolomics have become mainstream methodologies for 

the discovery and analysis of specialised metabolites. As a consequence, computational 

networking approaches such as GNPS and BiG-SCAPE are widely used tools for the analysis 

of large-scale metabolomics and BGC data. In this context, many recent efforts have focused 

on linking these datasets [438]. To cite an example, the recently described NPOmix approach 
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applies a supervised fingerprint-based strategy to link mass spectrometry fragmentation data 

to their putative BGCs [439]. In this context, the term “metabologenomics” has been 

proposed to describe the methodology used to integrated genome sequencing and BGC 

prediction with MS-based metabolomics [440]. 

One of the first proposed approaches for the metabologenomic integration was pattern-

based genome mining which combines the presence/absence of BGCs profile across strains 

with molecular networking to identify overlapping distribution patterns [438]. For example, 

a pattern-based approach applied by Duncan et al. to explore the specialised metabolism of 

35 Salinispora spp. strains allowed the identification of the novel depsipeptide Retimycin A, 

as well as linking it to the corresponding BGC [441]. These pattern-based linking methods 

have been applied to the co-occurrence of GCFs and MFs by including correlation scores [438, 

442]. For example, Doroghazi et al. proposed a scoring method for the pattern-based genome 

mining analysis of 830 actinomycetes genome. In this method, BGCs from different strains 

are clustered into GCFs for a subsequent binary correlation with metabolites identified by 

MS (GCF present, metabolite present = +10; GCF absent, metabolite present = −10; GCF 

present, metabolite absent = 0; GCF absent, metabolite absent = +1) [190]. In later work, this 

approach was used to identify the novel non-ribosomal peptides tyrobetaines from 

Streptomyces sp. [443]. 

Feature-based linking methods predict the structural properties of metabolites from 

genomics data, which is used to infer possible links with spectral data from metabolomics 

data sets [438]. NPLinker [444] is a feature-based method based on presence/absence 

correlations of metabolites and BGCs across strains. Briefly, the NPLinker framework applies 

the Input-Output Kernel Regression (IOKR) [445] to facilitate analysis of paired genomics and 

metabolomics datasets by using molecular fingerprints predicted from MS/MS spectra from 

the application of a function learned from annotated training data [444]. Due to the fact that 

the scoring method from Doroghazi et al. [190] mentioned above is influenced by the size of 

the GCF and the number of strains that produce the metabolite, NPLinker proposed a 

standardisation of the strain correlation score that allows comparison of score values across 

links [444]. This new standardised strain correlation scoring method will be referred to in this 

thesis as the Metcalf score. This scoring method does not have an upper or lower bound, but 

a score of zero means that the degree of overlap between any MF and GCF is the same as 

would be expected if they were chosen at random, while a mean score of 3.672 was observed 
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in validated links [444]. NPLinker was applied by Soldatou et al. to propose putative links 

between known metabolites and to their producing BGCs in a collection of rare 

actinomycetes isolated from polar marine environments, showing it to be a useful tool for 

facilitating the study of the specialised metabolism of bacteria in a large strain collection. 

Moreover, in this work a new scoring method named Rosetta, based upon a set of collated 

matches between the GNPS spectral library and the MiBIG database was introduced. As a 

result, Soldatou et al. linked the ectoine metabolite produced by Rhodococcus spp. and 

Halomonas spp. with its corresponding BGC [262].   

In this chapter, genome mining and metabolomics techniques are applied to explore the 

specialised metabolism of three species of Pseudonocardia spp. isolated from sediments 

collected in the deep Southern Ocean, their phylogenetic relatives, and other strains 

collected from distant marine environments. This work aims to explore the chemical 

potential of the Southern Ocean strains, as well as explore the effect of biogeography and 

phylogeny in the evolution of their specialised metabolisms. Finally, a feature-based method 

was applied in an attempt to integrate genomics and metabolomics information.   

 

4.2. Results  
 

The phylogenomic analysis performed in chapter 3 revealed that P. abyssalis and P. oceani 

are two different species among a monophyletic group, alongside P. petrolephila and P. 

hydrocarbonoxydans, another two species isolated from diverse geographic and ecological 

origin. Similarly, Pseudonocardia sp. KRD291 showed a higher affiliation with P. sediminis, 

also from marine environments. Therefore, the comparative analysis of the biosynthetic and 

metabolomics profiles of the Southern Ocean strains P. abyssalis KRD168, P. oceani KRD185, 

and Pseudonocardia sp. KRD291 represent an interesting model to study the evolution of the 

specialised metabolisms from this genus.       

4.2.1. Genomics analysis of the specialised metabolism of the Southern Ocean 

Pseudonocardia  spp. strains.  

The genome assembly across all strains was improved by linking together non-contiguous 

contigs into scaffolds to increase the reliability of genome mining. To this end, the graph-

based approach MeDuSa was applied using the genome sequences of P. abyssalis KRD168 
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and P. oceani KRD185 as reference genomes for scaffolding the assemblies of the strains with 

only short-read genome sequences. As a result, a hypothesised ordering of the draft genomes 

was obtained, bridging the gap betwenn contigs (Fig. S5). For instance, the KRD188 genome 

was reduced from 749 contigs to 66 scaffolds. Similarly, the genome sequence of 

Pseudonocardia sp. KRD291 was scaffolded using the genome of P. sediminis DMS 45779 as 

a reference genome. In this case, the assembly was reduced from 531 contigs to 52 scaffolds, 

with most of the sequence contained on one scaffold (Fig. S5). 

BGC annotation with antiSMASH predicted NRPS (Non-Ribosomal Peptide Synthetase), 

terpene, PKS (Polyketide Synthase), RiPPs (Ribosomally synthesised and Post-translationally 

modified Peptides), and ectoine BGCs. Additionally, a betalactone containing protease 

inhibitor BGC was annotated in the P. oceani and P. abyssalis genomes. Furthermore, a type 

I PKS / NRPS-like hybrid BGC was present in the P. abyssalis genomes, and an oligosaccharide 

BGC was present in the Pseudonocardia sp. KRD291 genomes (Fig. 4-1). Interestingly, a Type 

III PKS was annotated for KRD291 and P. oceani, while a heterocyst glycolipid synthase-like 

PKS (hglE-KS) was identified in P. abyssalis. In general, between nine and twelve BGCs were 

annotated in each sequenced genome. In particular, nine BGCs were detected in the two P. 

abyssalis strains and ten in KRD291. In the case of P. oceani strains, the number of BGCs was 

more variable, as ten BGCs were annotated in P. oceani KRD185 (the genome with the higher 

contiguity and completeness), while the rest of strains were reported to contain from nine 

to twelve BGCs. Furthermore, no RiPPs were identified in KRD182 and KRD184. Due to the 

high genomic similarity calculated between all P. oceani strains, the differences in the 

number of BGCs are more likely related to the genome fragmentation and completeness in 

the short-read based genomes (Fig. S6) than inter-strains variability. In general, the number 

of BGCs annotated in P. abyssalis and P. oceani is similar to their closest phylogenetic 

relatives: P. petroleophila CGMCC 4.1532 and P. broussonetiae Gen 01.  

As the antiSMASH results revealed similar BGC classes distributions in P. abyssalis and P. 

oceani, an evolutionary analysis was carried out to compare these BGCs. To this end, BiG-

SCAPE was used to cluster the BGCs into GCF based on sequence similarity. Besides the 

Southern Ocean Pseudonocardia spp. strains, BGCs from publicly available Pseudonocardia 

spp. genomes and the MIBiG database were used. The network (Fig. 4-2) displayed six GCFs 

that include BGCs from both P. abyssalis and P. oceani, which confirmed the similarities 

between the BGCs annotated across their genomes. Similarly, BGCs annotated in 
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Pseudonocardia sp. KRD291 and P. sediminis genomes shared seven GCFs. Most BGCs from 

the Southern Ocean strains clustered alongside BGCs from other Pseudonocardia spp. 

genomes, while only one GCF in P. abyssalis (pks3) and one in Pseudonocardia sp. KRD291 

(nrps5) were not related to any other strain. Furthermore, only one BGC annotated in the 

Southern Ocean strains (ect1) was related to BGCs in the MIBiG database, suggesting 

biosynthetic novelty (Fig. S7).   

 

 
Figure 4-1 Circos diagram of the BGCs diversity of ●P. abyssalis, ●P. oceani, ●Pseudonocardia sp. KRD291, ●P. 

petroleophila, ●P. broussonetiae, and ●P. sediminis. The left side of the circle shows the BGC type and the right 
side shows the Southern Ocean Pseudonocardia strains. A multi-locus tree based on the autoMLST analysis is 

shown. The ribbon width represents the number of BGCs annotated using antiSMASH and the colour represents 
the antiSMASH class: betalactone (▪), ectoine (▪), NRPS-PKS hybrid (▪), NRPS (▪), oligosaccharide (▪), PKS (▪), RiPP 

(▪), and terpene (▪). 
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Figure 4-2 Networks of the BGCs grouped into GCFs. Each node represents a BGC and the edges represent a 
correlation distance of 0.5 or higher. Networks are visualised showing species and assigned natural product 

classes. The network layout is based on the Jaccard index. 

 

To better understand the evolutionary dynamics behind the BGC clustering into GCF, the GCF 

absence/presence profile of the analysed strains was collated with their phylogeny 

reconstructed from a multi-locus analysis (Fig. 4-3). The phylogenetic distribution of BGCs 

across the genus revealed a close correlation between the specialised metabolisms of P. 

abyssalis KRD168 and P. oceani KRD185, which have six GCFs in common. Additionally, both 

species shared four and five GCFs with P. petroleophila CGMCC 4.1532 and P. 

hydrocarbonoxydans NBRC 14498, respectively. Likewise, Pseudonocardia sp. KRD291 shared 

seven GCF with P. sediminis DSM 45779. In general, evolutionary distance seems to have a 

greater influence than geographic or ecological origin of strains on BGC distribution. For 

example, P. oceani KRD185 and P. broussonetiae Gen 01, an endophytic strain isolated from 

plant roots, shared eight of ten GCFs, despite their different ecological origins. Similarly, 

Pseudonocardia sp. KRD291 only shared one GCF with P. abyssalis and P. oceani (ripp1), 

despite their similar geographic origin. 
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Figure 4-3 BGCs distribution in Pseudonocardia strains grouped by phylogeny using autoMLST. Nodes represent 
BGC according to natural product class using antiSMASH. Node columns represent BGCs clustered in the same 
GCF according to the BiG-SCAPE analysis. The “other” BiG-SCAPE class includes betalactone and ectoine. The 
Southern Ocean Pseudonocardia strains and their closest relatives are highlighted according to the clade to 

which they belong. The isolation environment of each strain is shown as a colour strip. Bar, 0.1 substitutions per 
nucleotide position. 

 

The evolutionary analysis of the GCF distribution also showed that the RiPP and terpene BGCs 

are the most conserved across the genus (GCFs have BGCs annotated in several species), with 

members of the same GCF found across environments. For example, terp1 and terp2 were 

found in all P. abyssalis and P. oceani strains, as well as in their closest relatives: P. 

broussonetiae, P. hydrocarbonoxydans, and P. petroleophila. Furthermore, the only GCF 

present in the three Southern Ocean strains, ripp1, was found in strains from terrestrial soil, 

plants, fungus-growing ants and other marine environments. On the other hand, the species-

specific BGCs annotated in the Southern Ocean strains correspond to NRPS, PKS, and 

betalactone type BGCs, such as pks3 in P. abyssalis, bet2 in P. oceani, and nrps5 in 

Pseudonocardia sp. KRD291. These findings suggest that these BGCs were potentially 

acquired later in the evolutionary history, during adaptation to their Southern Ocean 

environment.   
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Figure 4-4 Maximum-likelihood multi-locus phylogenetic tree of the GCF ripp1 reconstructed with CORASON 
showing the presence of this BGC across 21 Pseudonocardia spp. genomes. Genes are represented by arrows 

facing the direction of transcription. The tree was created using the sequences of the core domains of the GCF. 

 

In addition to the GCFs distribution, the evolution of the Pseudonocardia lineages also 

showed a close correlation to the evolution of individual BGC. By using the well-conserved 

GCF ripp1 as a reference (Fig. 4-4), it was observed that the phylogeny corresponded to the 

multi-locus genome phylogeny for the strains that contained the BGC. For instance, the ripp1 

sequence shows P. abyssalis closely related to P. petroleophila and P. oceani than the more 

phylogenetically distant strains like P. antarctica or Pseudonocardia sp. KRD291. 

Furthermore, the gene structure of conserved GCFs showed that some regions of the BGCs 

are more conserved than others. For example, bet1 annotated in P. abyssalis, P. oceani, and 

P. hydrocarbonoxydans, showed a core group of fifteen genes conserved across the three 

species, which share a sequence identity above 90% (Fig. 4-5). This core group of genes 

includes a duplicate copy of a GntR family transcriptional regulator that will be mentioned 



 

95 
 

later in chapter 5. The accessory genes identified in this GCF were potentially acquired after 

the speciation process. However, as the metabolite products of these BGCs is still unknown, 

it is not possible to conclude whether these accessory genes actively participate in their 

biosynthesis.   

 

 

Figure 4-5 Gene alignment of bet1 annotated in P. abyssalis, P. oceani and P. hydrocarbonoxydans genomes 
which belong to the same GCF. Genes are represented by arrows facing the direction of transcription, where 

length is proportional to the gene sequence size. GntR family transcriptional regulator genes are showed in cyan 
(●).The colour of the lines that are linking the genes represents the level of sequence similarity between them 

(white = 0% identity, black = 100% identity). 

 

By contrasting the sequence similarity network analysis of BGCs with the multi-locus 

phylogeny of the analysed strains, a primary role of vertical inheritance in the BGC profiles of 

P. abyssalis and P. oceani lineages is inferred. However, in chapter 3 it was discussed that 

recombination events seems to be common between theses lineages and closely related 

species. Therefore, the effect of homologous recombination on the evolutionary dynamics 

of the BGCs was investigated using the ClonalFrameML approach. The sequences of BGCs 

clustered into the same GCF were aligned to analyse the ratio at which nucleotides are 

replaced by either recombination or point mutations (r/m) (Table 4-1). By comparing the 

relative rate of recombination between the core-genome and GCFs of the related species P. 

abyssalis, P. oceani, P. petrolephila, P.hydrocabonoxydans, and P. broussonetiae, how the 

evolutionary process affects BGC diversification can be evaluated. At the genome level, the 

contribution of recombination relative to mutation in the core genome (chapter 3) was 

relatively high (r/m > 1.5) among the related species (ν=0.04 or 4% genetic divergence among 

strains), demonstrating that homologous recombination is a cohesive force. However, with 

the exception of pks2, all the analysed GCFs showed even higher values of calculated 
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homologous recombination (r/m > 1.5) among similar values of genetic divergence (3-6% 

genetic divergence among strains).  

In general, these results show that recombination reduced genetic diversity in BGCs among 

closely related species. This partially explains the low variability among some BGCs. For 

example, well-conserved BGCs across the clade such as ect1, ripp1, terp1, and terp2 showed 

higher levels of the relative effect of recombination and mutation (r/m) than the core 

genome. As recombination acts as a cohesive force maintaining sequence similarity, the 

divergence of this BGC could be limited by a genetic exchange. On the other hand, BGCs like 

bet1 and nrps1 showed lower values of the relative effect of recombination and mutation. 

This means that the calclated r/m rates for those BGCs do not differ considerably from those 

in the core genome. In particular, bet1 showed the lowest value of the relative effect of 

recombination and mutation, as well as the lowest genetic divergence of imported DNA, as 

a consequence of a few recombination events that are located in a particular region with a 

low global effect in the r/m rate (Fig. S8). However, with the exception of pks2, it was shown 

that BGCs experience stronger cohesive forces than the core-genome, suggesting that the 

diversification of the BGC is less than that of the lineages themselves. This observation agrees 

with the theory that the specialised metabolites play an essential role for microorganisms’ 

survival. Lastly, the low contribution of recombination relative to mutation observed in pks2 

may be related either to the low genetic divergence among the strains (rate of nucleotide 

differences in the recombined stretches = 0.25%), the low number on strains analysed, or 

both. As the major limitation of this analysis is the low number of strains, the inclusion of 

more P. abyssalis and P. oceani strains, or related species, from other locations is required to 

confirm the findings of this work.     
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Table 4-1 Recombination events detected in shared BGCs annotated in P. abyssalis and P. 
oceani strains, as well as P. petrolephila, P.hydrocabonoxydans, and P. broussonetiae, relative 
to the core-genome. 

BGC 
No. 

species 
No. 

strains 
Alignment 
length (bp) 

R/θ δ ν r/m 

pks2 2 3 69534 0.0115 240.2327 0.0025 0.007 

pks1 2 6 58616 0.2696 4942.6162 0.0533 71.0302 

nrps2 2 6 83465 0.6889 2794.0063 0.0609 117.1651 

nrps3 2 6 51882 0.3055 9181.3032 0.0438 122.7981 

ect1 4 5 12448 3.1984 800.6533 0.0470 120.4335 

bet1 3 8 64697 0.4600 601.5942 0.0346 9.5893 

nrps1 4 9 69712 0.8617 832.2029 0.0435 31.1709 

ripp1 5 8 20648 1.6272 1016.6641 0.0454 75.0588 

terp1 5 10 30276 3.5482 938.2271 0.0451 150.0822 

terp2 5 10 39962 2.3335 1456.3906 0.0418 142.1768 

Core 
genome 

5 10 2841693 0.1150 367.3648 0.0439 1.8547 

R/θ = relative rate of recombination to mutation; ν = mean import length of recombining DNA; δ = mean 
divergence of imported recombining DNA; r/m = relative effect of recombination and mutation (r/m = (R/θ) × δ × 
ν). 

 

4.2.2. Metabolomics analysis of the speciali sed metabolism of the Southern 

Ocean Pseudonocardia  spp. strains.  

The genomic analysis revealed that the specialised metabolisms of P. abyssalis and P. oceani 

lineages are shaped primarily by phylogeny. Then, it was hypothesised that this phylogenetic 

relationship might be apparent in metabolomics data. To assess this, a Classical Molecular 

Networking (CMN) framework was used to investigate the spectral data from metabolomics 

culture extracts of 16 Pseudonocardia strains, including the eight genome-sequenced 

Southern Ocean Pseudonocardia spp. strains. Extracts were prepared in triplicate from 

biological replicates (one extract from each culture), using the same culture conditions. 

Furthermore, the MolNetEnhancer workflow was used to characterize the molecular 

network according to the ClassyFire chemical ontology, revealing that the most populated 

node clusters correspond to macrolides and analogues (100 nodes), organooxygen 

compounds (sub-class = ethers) (92 nodes), carboxylic acids and derivatives (75 nodes), 

glycerolipids (70 nodes), organooxygen compounds (sub-class = alcohols and polyols) (64 

nodes), and prenol lipids (45 nodes) (Fig. 4-6). In general, the CMN analysis revealed chemical 

diversity among the culture collection, where from a total of 4990 parent ions, 1780 were 

part of a molecular family (cluster). This means that 64% of the parent ions were singletons 

that did not belong to any molecular family, suggesting chemical novelty within the dataset. 

Moreover, most singletons did not match any chemical classification. On the other hand, 
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several populated molecular families were classified as lipids and organic oxygen compounds 

(e.g. ethers, alcohols and polyols), which is consistent with conserved primary metabolites.  

 

 

Figure 4-6 Molecular network of 4,990 nodes after applying the MS-Cluster algorithm to 121,088 spectra 
extracted of the LC-MS data of the eight Southern Ocean Pseudonocardia strains and five related 

Pseudonocardia spp. Nodes are coloured according to the ClassyFire chemical taxonomy. Doughnut chart inside 
each node shows the relative distribution of samples where the particular spectrum was detected. Nodes that 

included spectra from the solvent blanks were removed from the network before clustering. 
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The parent ion distribution showed a close relationship with the strain phylogeny. That is, 

phylogenetically close strains shared a higher number of parent ions than less related strains. 

For example, P. abyssalis KRD168 and P. oceani KRD185 shared 637 parent ions. Moreover, 

P. abyssalis KRD168 and P. oceani KRD185 shared 689 and 693 parent ions, respectively, with 

their close relative P. petroleophila. On the other hand, P. abyssalis KRD168 and P. oceani 

KRD185 share 386 and 362 nodes, respectively, with P. ammonioxydans, a more distantly 

related species (Fig. 4-7). Similarly, Pseudonocardia sp. KRD291 shared 904 parent ions with 

P. sediminis, while only 365 and 332 parent ions were shared respectively with P. abyssalis 

KRD168 and P. oceani KRD185 (Fig. 4-7). In summary, the metabolomics profiles agreed with 

the findings retrieved from the genomic analysis. Although these results showcase the value 

of untargeted metabolomics analysis for the study of the specialised metabolisms, this 

analysis does not allow the identification of metabolites that are produced by BGCs. As such, 

the annotation of molecular features and their integration with genomics data remains a 

great challenge.  

 

 

Figure 4-7 Venn diagram showing the node distribution from the GNPS analysis of parent ions detected in 
selected strains. Parent ions with similar MS/MS spectra (minimum cosine score of 0.7) are clustered in the 

same node and can be interpreted as metabolites. Shared parent ions potentially mean metabolites in common. 
The total number of nodes for each strain is shown in brackets. 

 

From the total parent ions, 827 matched with a reference compound in the GNPS spectral 

library (including analogous ± 100.0 Da in the precursor ion). Among the spectral library hits, 

a molecular family (Fig. 4-8A) related to the aminoglycoside antibiotic neomycin (Fig. 4-8B) 

was identified (MS/MS spectral library match, parent ion ±100 Da), for which several spectra 

from P. abyssalis and P. oceani strains were part of their nodes. Interestingly, no saccharides 

class BGCs were identified in either P. abyssalis or P. oceani. In a deeper spectral search using 
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DEREPLICATOR+, an in silico database search tool that allows the annotation of metabolites 

in MS/MS data using in silico fragmentation graph, a node (Fig. 4-8C) with a precursor ion of 

m/z 639.406 which includes spectra from the three Southern Ocean Pseudonocardia spp. and 

other Pseudonocardia strains identified as Filipin (Fig. 4-8D) with a score of 25 (minimum 

score for significant matches = 12). However, no BGC related to polyene macrolide was 

identified in the analysed strains. So, more data on the chemistry of these strains is required 

to conclude that P. abyssalis and P. oceani are producers of aminoglycosides or polyene 

macrolides antimicrobials.  

 

 

Figure 4-8 Molecular families for which some member was relate to antimicrobial metabolites. Four members of 
cluster A were annotated as neomycin (AC1L1X1Z) (B) in the spectral library of GNPS. A member of cluster B was 
annotated as filipin (D). The node annotated with DEREPLICATOR+ is highlighted in blue (C). Pie charts shows to 

the relative distribution of strains where the particular spectrum was detected. 

 

Although the current mass spectrometry dataset did not allow the identification of 

metabolites related to an annotated BGC, a pattern-based correlation method can be applied 

to link the metabolomics and genomics data. To this end, the GNPS and BiG-SCAPE outputs 

of a subset of strains which genomic data was available (Table S7) were integrated into the 

NPLinker workflow to analyse the patterns of strain presence and absence between groups 

of MF and GCF. All links were visually inspected, and those with the highest scores were 
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selected, as well as those related to the MS/MS spectra in the GNPS library. Among the 

proposed links by NPLinker (Fig. 4-9A), the GCF nrps1 which includes BGCs of P. abyssalis, P. 

oceani, and P. hydrocarbonoxydans (Fig. 4-9B) was putatively related (Metcalf score = 3.4641) 

to a singleton node with a precursor ion of m/z 605.222 produced by the eight strains. This 

link was one of the higher scored. However, this spectrum, did not show matches in the GNPS 

spectral library or in the MASST search. The GCF nrps1 was also linked with the same scoring 

(Metcalf score = 3.4641) to a spectrum with a precursor ion of m/z 415.036, which was 

annotated as grayanotoxin I (Fig. S9). Sadly, this parent ion was also identified in one solvent 

blank sample. Additionally, the grayanotoxin I (diterpene) structure is not consistent with an 

NRPS product. So, this linked spectrum is unlikely to be related to nrps1. Furthermore, the 

third highest scoring for links proposed for BGCs annotated in P. abyssalis and P. oceani, was 

associated with a singleton node with a precursor ion of m/z 403.202 produced by the seven 

P. abyssalis and P. oceani strains that was also putatively linked with nrps1 (Metcalf score = 

2.9580). In this case, the spectrum was annotated in the GNPS library as the dipeptide 

asperglaucide (Fig. 4-9C). Although there is not enough evidence to accurately identify the 

parent ion, their spectral relationship with asperglaucide makes its biosynthetic origin 

consistent with an NRPS product.  

For Pseudonocardia sp. KRD291 and P. sediminis, a t ype III polyketide synthase (T3PKS) BGC 

(pks4) (Fig. 4-9D) was putatively linked (Metcalf score = 3.4641) to a spectrum with a parent 

ion of m/z 249.148 produced by both strains, which was identified in the GNPS library as 

dihydroauroglaucin (Fig. 4-9E). Interestingly, 42% of the genes of this BGC showed similarity 

with the BGC reported in MIBiG repository for alkyl-O-dihydrogeranyl-

methoxyhydroquinones from Actinoplanes missouriensis 431 (Fig. S10), whose products 

show structural similarity to dihydroauroglaucin in the phenolic lipid motif, potentially as a 

consequence of the T3PKS activity. Similar to nrps1, there is insufficient evidence to make 

conclusions about the identity of the molecular feature linked to pks4. However, the 

structural congruency between the potential product of pks4 and the GNPS library 

annotation for the spectrum with parent ion of m/z 249.148 gives strong evidence for the 

putative correlation between them.  

 



 

102 
 

 

Figure 4-9 Biosynthetic gene cluster (BGC) profiles of Pseudonocardia spp. integrated by NPLinker. A. 
Phylogenetic tree reconstructed based on a multi-locus sequence alignment showing the distribution of BGCs 
annotated in the Southern Ocean Pseudonocardia strains in gene cluster families (GCF). BGCs are represented 
by nodes, and GCFs by columns. Selected GCFs linked by NPLinker are highlighted (nrps1 = green box; pks4 = 
orange box). CORASON-based multi-locus phylogeneny of nrps1 (B) and pks4 (D) are showed. C. Structures of 
the library hit asperglaucide identified by GNPS for the parent ion m/z 403.202 linked by NPLinker to nrps1. E. 

Structure of the library hit dihydroauroglaucin identified by GNPS for the parent ion m/z 249.148 linked by 
NPLinker to pks4. 

 

4.3. Discussion 
 

In a prior work, Soldatou et al. [262] analysed the potential of the Southern Ocean strains by 

applying an integrative multi-omics approach. However, the Pseudonocardia spp. strains 

were excluded from the genomics analysis to avoid possible gene annotation mistakes due 

to the fragmentation of open reading frames (ORFs) as a consequence of the low contiguity 

of the short-reads based assemblies. For instance, in a study with Streptomyces draft 

genomes, it was found that fragmentation is particularly common in protein classes with 

repeating multi-modular structures such as PKS, NRPS and serine/threonine kinases [397]. In 

this study, the use of long-reads technology allowed an increase in genome quality of the 

eight sequenced Pseudonocardia strains. The effect of long-reads sequencing technologies 

over the BGCs fragmentation was reported previously for the Pseudonocardia genus. In 

particular, Goldstein et al. (2019) evaluated the fragmentation of BGCs in genomes 

sequenced by Oxford Nanopore MinION long-reads and Illumina MiSeq short-reads of three 

Pseudonocardia strains isolated from individual Trachymyrmex septentrionalis ants, showing 

that long-reads improved the annotation of insertion sequences and BGCs [398]. Similar to 
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that observed in Southern Ocean Pseudonocardia strains, the differences in the BGC profile 

in the ant-associated strains were mostly related to NRPS and PKS, while the terpenes were 

shown to be stable [398]. Our results confirmed that long-reads can disambiguate highly 

repetitive regions such as NRPS BGCs. 

The number of BGCs identified in the genomes of the Southern Ocean Pseudonocardia strains 

was relatively low in comparison to the average number of 21.6 reported for 

Streptomycetales and 19.8 reported for Pseudonocardiales [190]. In general, Pseudonocardia 

strains associated with ants tend to have a variable number of BGCs, from 11 to 23 [209, 348, 

350], while Pseudonocardia strains with larger genomes (> 9Mb), such as P. acacia and P. 

spinosispora have been reported to have more the 20 BGCs [446]. The genome mining 

analysis of the phylogenetically close strain Pseudonocardia sp. CNS-139, which was also 

isolated from the marine environment, revealed a total of 14 BGCs including hybrid PKS and 

many NRPS clusters [194]. However, due to the low contiguity of the CNS-139 assembly, 

many of the NRPS BGCs were located at contig edges, making it difficult to conclude an 

accurate number of BGCs for this strain. The recent publication of the complete genome of 

P. petroleophila and P. broussonetiae [140], which are the phylogenetically closest relatives 

of P. abyssalis and P. oceani, made it possible to integrate these strains in the genomic 

analysis, showing that the number of BGCs annotated in the Southern Ocean strains is 

congruent with their closest relatives. However, P. broussonetiae, an endophytic bacterium 

isolated from the roots of Broussonetia papyrifera related to P. oceani KRD185 with an ANI 

value of 93.7% (discussed in Chapter 3), had two BGCs more than their marine free-living 

relative. Although this difference in the number of BGCs may not be significant, it is possible 

to argue that the ecological context may influence the number and diversity of BGCs, similar 

to what has been proposed for insect-associated Streptomyces [211]. 

The evolutionary analysis of the BGCs annotated in P. abyssalis and P. oceani showed that 

more than 50% of them are part of the same GCFs, which in some cases also included BGCs 

from P. hydrocarbonoxydans, P. petroleophila and P. broussonetiae. The GCF profile of the 

analysed Pseudonocardia species is more consistent within Pseudonocardia than reported for 

other genera. For example, in the Salinispora genus, only five of 124 related BGCs (measured 

as “Operational Biosynthetic Units”) were present in the common ancestor of the genus after 

analysing 75 genomes across three species (S. arenicola, S. pacifica and S. tropica) [179]. 

However, the number of strains analysed in the Salinispora study was higher than the 
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number of strains in this study, as a consequence, the genetic variability observed in the 

Southern Ocean Pseudonocardia strains might not represent their real biosynthetic richness. 

In fact, for the Salinispora genus, it was shown that the biosynthetic diversity increased with 

the number of strains for the three species [179]. In this sense, the relatively low number P. 

abyssalis and P. oceani strains analysed may influence the estimation of the BGC diversity for 

these lineages.   

The metabolomics analysis also showed a high number of shared molecular features 

between the metabolomics profiles of P. abyssalis, P. oceani, P. hydrocarbonoxydans, and P. 

petroleophila, confirming that metabolite production in this group is highly influenced by 

phylogeny, similar to that reported for Myxobacteria [447], Planomonospora spp. [428], 

Streptomyces spp. [448], and Salinispora spp. [433]. That means that the metabolomics 

profile observed in P. abyssalis and P. oceani is closer to related strains like P. petroleophila 

than less related strains like P. ammonioxydans. In the same way, P. abyssalis KRD168 and P. 

oceani KRD185 shared many GCFs, they also shared more than 50% of the total number of 

parent ions, making this paired omics dataset attractive for analysing the patterns of strain 

presence or absence. In fact, this approach allowed the reduction of the number of molecular 

features to a few candidates by enabling informed decision making, such as selecting 

molecular features to be analysed in the mass spectrometry imaging (MSI) experiment to be 

discussed in Chapter 5. The identification of polyketides and non-ribosomal peptides in 

molecular features linked with PKS and NRPS BGCs supported the results obtained in the 

genome mining analysis. In general, the analysis of the paired omics dataset revealed a strong 

correlation between phylogeny and the specialised metabolisms as reported previously for 

actinomycetes [190]. These results suggested that the BGC in the shared GCFs were present 

in a common ancestor of P. abyssalis and P. oceani, as well as of P. broussonetiae, P. 

hydrocarbonoxydans, and P. petroleophila, while the species-specific BGCs, such as pks3 and 

bet2, were potentially acquired after the speciation process. A similar interpretation can be 

made about the GCF distribution between Pseudonocardia sp. KRD291 and P. sediminis, 

where nrps7 were potentially developed after these species diverged. In addition, the 

congruence observed between the evolutionary relationship in the GCFs and the 

phylogenetic species tree also supports the correlation between the speciation process and 

the evolution of the specialised metabolism, in agreement with the observations made in 

Salinispora spp. [179].  
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So far, the obtained results suggest that clonal expansion played a relevant role in the 

structure and distribution of BGCs over other evolutionary processes like population isolation 

or horizontal gene transfer (HGT). However, by following the analysis of homologous 

recombination on GCFs proposed by Chase et al. [449], it was found that the recombination 

events probably act as a cohesive force in the maintenance of conserved BGCs across related 

species such as P. abyssalis and P. oceani. The role of HGT over the evolution of the 

specialised metabolism in actinomycetes has been widely studied before. For example, in 

Salinispora spp. it was demonstrated that genes related to specialised metabolisms tended 

to be flanked by genomic islands (GIs) enriched with mobile genetic elements, whose 

boundaries were highly conserved among all strains, suggesting a horizontal origin for most 

of the pathways [179, 450], while plasmid-encoded BGCs and GIs in chromosome-integrated 

BGCs gave evidence of their horizontal origin in ant-associated Pseudonocardia spp. strains 

[348]. Furthermore, the BGCs for rebeccamycin [349], and selvamicin [350], both isolated 

from Pseudonocardia strains related to fungus-growing ants of the genus Apterostigma were 

described as plasmid-encoded BGCs. In particular, the results obtained for P. abyssalis and P. 

oceani revealed a high rate of homologous recombination between closely related species, 

which combined with inter-species gene-flow barriers, conserve cohesion between 

phylogeny and GCF distribution, in the same way, it was reported for Salinispora spp. [449].  

Although homologous recombination acts as a cohesive force in conserved BGCs such as 

ripp1, gene gain and loss of BGCs was also observed. This gene gain and loss situation was 

particularly well-illustrated for bet1. These observations are congruent with a model where 

the sequence evolution (e.g. base-pair substitution and indels) occurs with a delay relative to 

genome evolution (gain and loss of genes) as a consequence of sequence homogenization by 

homologous recombination. In other words, the BGC sequence similarity across species could 

be explained through homologous recombination, but eventually, the gene gain and loss 

would accelerate the establishment of barriers to recombination, and potentially promote 

niche differentiation [451]. In the case of Salinispora, Chase et al. concluded that BCG 

evolution occurs mainly through gene gain and loss events, while homologous recombination 

contributes to interspecies gene diversity [449]. This is congruent with the results of the 

evolutionary analysis performed in the BGCs of the Southern Ocean Pseudonocardia spp. 

strains. However, further analysis is required to assess the origin and evolutionary dynamics 

of the accessory genes. As one of the main limitations of the present analysis is the low 

number of strains included, future effort on isolating and sequencing more strains of P. 
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abyssalis and P. oceani, as well as of P. broussonetiae, P. hydrocarbonoxydans, and P. 

petroleophila, will allow a more exhaustive analysis of the evolution and diversification of the 

BGCs encoded in these species. 

The Southern Ocean Pseudonocardia strains represent an interesting model to better 

understand the role of biogeography on the evolution of the specialised metabolism as they 

are related in both phylogeny and ecology. As vertical inheritance seems to shape the 

structure of the BGCs in P. abyssalis and P. oceani, it is possible to hypothesize that their 

products could play a relevant role in the ecological fitness that is not niche-restricted. 

However, the acquisition of accessory genes in conserved BGCs, as well as the identification 

of species-specific BGCs, might be the product of a local adaptation that shaped the 

differences observed in the specialised metabolism of P. abyssalis and P. oceani. Similar 

findings were reported for the study of evolutionary dynamics of BGCs in 24 Streptomyces 

strains distributed in two sister taxa, as phylogenetic distribution agrees with their sample 

location. In this study, it was proposed that the BGCs that are not present in common 

ancestors were acquired recently by HGT as a result of differences in the evolutionary 

pressures during the lineage divergence [231]. Nevertheless, the correlation between 

geographic location and HGT events has to be analysed carefully, as BGCs appear to have 

crossed boundaries imposed by geography and ecology [452]. The original hypothesis that 

biogeography could restrict horizontal acquisition of BGCs in P. abyssalis and P. oceani from 

other Pseudonocardia spp. is not congruent with the fact that horizontally acquired genes 

are often shared between closely related species [453]. For instance, the pan-genome 

analysis of 122 Streptomyces genomes showed that most of the GCFs (82.7%) were restricted 

by phylogeny, even though, 93% of the BGCs exhibited evidence of HGT. So, despite 

widespread HGT events, the dynamics of these events are highly controlled by phylogeny 

rather than geographic barriers [454]. In addition, for the Salinispora genus, it was shown 

that the geographic distance between the geographic origins of the strains did not decrease 

the number of related BGCs, some examples of BGCs that were observed at a single location 

were reported throughout [215]. Therefore, a plausible model to explain the role of 

homologous recombination in the evolution of the BGCs annotated in P. abyssalis and P. 

oceani, is that, instead of a horizontal transfer event, several recombination events 

influenced the creation of the sub-clusters exclusively in one of the species that eventually 

were integrated to the chromosome. This scenario has been proposed before as an 

evolutionary mechanism for BGCs [170, 248, 455].  
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Chevrette and Currie (2019) proposed that the evolutionary dynamics of antibiotic 

biosynthesis is a combination of vertical heritage and HGT, with an influence of changing 

environmental pressures, and opportunities for genetic exchange bounded by both 

phylogenetic relatedness and opportunity for gene flow [248]. For instance, the study of the 

evolution of hybrid isoprenoid clusters in the MAR4 marine Streptomyces lineage revealed 

that a combination of HGT, gene duplication, and gene rearrangement produced a high gene 

cluster diversity in this particular group, which could be related to the adaptation to the 

marine environment [456]. This evolutionary dynamic in P. abyssalis and P. oceani is 

illustrated by bet1, which showed a core group of genes shared across both species, and a 

group of accessory genes that increased the gene cluster diversity. Even if the evolutionary 

origin of the differences between the specialised metabolisms of the Southern Ocean 

Pseudonocardia strains have a combination of vertical heritage and HGT events, the role of 

the environment and geographic distribution over the changes in their specialised 

metabolism is still unclear.  

Even though the Geographic Mosaic Theory of Coevolution (GMC) proposed by Caldera et al. 

(2019) [238] offers a framework for the evolution of the specialised metabolism in fungus-

growing ants related Pseudonocardia strains, this theory was built for strains with an 

ecological distribution shaped for their symbiotic relationship [457]. The influence of 

ecological and geographical variables over the specialised metabolism of free-living 

Pseudonocardia is still understudied. Recent studies have pointed out that specialised 

metabolites in the natural environment are often produced in non-lethal concentration 

against other microorganisms. So, it has been suggested that they have more complex 

ecological functions such as altering phenotypes, fitness, and community composition of 

microorganisms which are still undetermined [458]. Therefore, even without evidence of 

coevolution with a host, many other ecological variables may explain or partially explain the 

effect of biogeography on the evolutionary history of the specialised metabolisms of P. 

abyssalis and P. oceani. The free-living condition can be considered an ecological trait that is 

influenced by the geographic distribution by itself. For instance, in a pan-genomic study of 

30 Streptomyces albidoflavus strains, three well-defined phylogenomic clades were defined, 

where the distribution of free-living and entomic (related to insects) strains showed a specific 

distribution within the clades. Although the geographic origin could not explain the 

population structure, all the entomic strains were collected from low-latitude areas, while 

the free-living strains were collected mainly from higher latitudes [459]. In this sense, the 
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environmental conditions of the Southern Ocean could influence both the gain and loss of 

genes that eventually drive the evolution of the BGCs identified in P. abyssalis and P. oceani, 

as well as in Pseudonocardia sp. KRD291. Hence, it is possible to propose that the NRPS, PKS, 

and betalactone BGCs annotated exclusively in the Southern Ocean Pseudonocardia strains 

could play an important role in the local adaptation of these strains to their environment. A 

deeper analysis of the potential ecological roles of the specialised metabolism in the inter-

species interactions between P. abyssalis, P. oceani, and their closest relatives will be carried 

out in chapter 5.    

Finally, the GNPS and DEREPLICATOR+ analysis identified the production of metabolites 

related to known compounds with antimicrobial activity like neomycin and filipin. In 

particular, filipin is a polyene macrolide with potent antifungal activity isolated originally 

from Streptomyces filipinensis [460]. The Pseudonocardia genus is a well-known producer of 

antifungal polyenes as the nystatin-like Pseudonocardia polyenes (NPP) A1 [461] and B1 

[462], isolated from Pseudonocardia autotrophica, and selvamicin, an antifungal polyene 

macrolide isolated from Pseudonocardia spp. strains related to ants of the genus 

Apterostigma [350]. However, as no BGCs related to polyene macrolides were identified in 

the genome of the Southern Ocean strains, there is not enough evidence to propose that 

these strains produce this type of antifungal metabolites. Still, these findings give important 

inputs for future efforts on isolating and elucidating bioactive compounds from these 

Pseudonocardia strains. Moreover, the novelty observed in the metabolomics and BGC 

analyses supported the observations of Soldatou et al. (2021), who suggested that P. oceani 

KRD185 strains could be the source of antimicrobial metabolites [262]. Further analysis will 

be performed on the antifungal activity of P. abyssalis and P. oceani in chapter 5. 
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 Assessing the effect of culturing conditions on the 

metabolomic profiles of P. abyssalis and P. oceani 
 

5.1. Introduction 
 

5.1.1. Antifungal metabolites from Pseudonocardia spp. 

The Pseudonocardia genus is well-known due to the mutualistic relationship developed by 

some strains with fungus-growing ants. In this mutualistic relationship, it has been shown 

that antifungal metabolites produced by Pseudonocardia strains protect the ants’ fungus 

garden from the fungal parasite Escovopsis, as well as other generalist fungal pathogens [141, 

201]. As a result, a few antifungal metabolites isolated from members of this genus have 

been described. For example, the cyclic depsipeptide dentigerumycin isolated from an 

Apterostigma nest collected in Gamboa, Panama, showed inhibitory activity against the wild 

type and amphotericin-resistant strains of C. albicans [463]. Similarly, two Pseudonocardia 

strains from ants of the genus Apterostigma collected at La Selva Biological Station, Costa 

Rica, showed activity against Candida albicans, as well as other fungal strains such as 

Saccharomyces cerevisiae, Trichoderma harzianum, and Aspergillus fumigatus, which was 

attributed to the polyene macrolide selvamicin [350]. Another example of a polyene 

macrolide from Pseudonocardia is the nystatin-like Pseudonocardia polyene (NPP) A1 

produced by P. autotrophica which showed in vitro and in vivo antifungal activity against C. 

albicans [462]. In Pseudonocardia sp. P1 strains isolated from Acromyrmex octospinosus 

colonies collected in Trinidad and Tobago a not-yet-fully elucidated compound nystatin P1 

was identified. This metabolite showed antifungal activity against C. albicans. Nystatin P1 and 

selvamicin have an extra hexose motif in comparison with nystatin A1, according to the MS 

analysis [464]. 

In ant-associated Pseudonocardia, the antifungal activity appears to be a response to the 

specific ecological interaction between bacteria, ants, and the parasitic fungus Escavopsis. 

Then, one of the main challenges is to obtain these metabolites under laboratory conditions. 

For example, selvamicin was isolated using sodium butyrate as a chemical elicitor, which 

increased its production [350]. Similarly, activity against C. albicans by Pseudonocardia sp. 

P1, presumably due to nystatin P1, was increased by the addition of sodium butyrate to the 
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medium [465]. Therefore, understanding the effect of culturing conditions on the production 

of bioactive metabolites will help us to exploit the chemical potential of this genus.       

5.1.2. Regulation of antibiotic production in actinomycetes  

In Streptomyces, the life cycle is closely related to the production of antibiotics (Fig. 5-1). 

Under nutrient depletion, the vegetative mycelium differentiates to form aerial hyphae, and 

during this moment most antibiotics are produced [100]. For Streptomyces, as well as other 

filamentous microorganisms like Pseudonocardia, nutrient depletion leads to an autolytic 

degradation via programmed cell death (PCD) of the old vegetative mycelia to release new 

nutrients for the production of aerial hyphae and spores [100, 466]. For example, the 

production of developmentally-regulated nucleases in S. antibioticus degrades DNA and 

cytoplasmic components, with transitory maintenance of the integrity of the plasma 

membrane. This occurs twice, first in the substrate mycelium during the emergence of the 

aerial hyphae, and then in the aerial mycelium during sporulation [467, 468]. During this 

phase of actinomycete development, the released PCD products like amino acids, amino 

sugars, and nucleotides offer a nutrient source for other competing microorganisms. Hence, 

the production of antibiotic specialised metabolites during the maturation and sporulation 

phase would protect these nutrients from being taken by other microorganisms. To this end, 

cell-wall peptidoglycan is recycled to release the amino sugars N-acetylmuramic acid 

(MurNAc) and N-acetylglucosamine (GlcNAc). Then, after its metabolic transformation to 

glucosamine-6-phosphate (GlcN-6P) in the cytoplasm, GlcNAc regulates the production of 

antibiotics through the global GntR-family regulator DasR, which represses the activation of 

BGCs [466, 469, 470]. As such, the use of GlcNAc as a chemical elicitor has been proposed for 

the activation of cryptic BGCs that are not expressed under standard laboratory conditions 

in antibiotic discovery programs [265, 471]. Finally, global regulators could additionally be 

related to the ecological function of the regulated BGC. For instance, as GlcNAc is also a 

product of fungal cell wall degradation, the BGCs regulated by DasR could be related to 

metabolites with antifungal activity [466].    
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Figure 5-1  Developmental life cycle of actinomycetes, showing the role of nutrient starvation and competing 
microorganisms in the production of antibiotics. 

 

The nutrient-sensory DasR system works as a link between carbon metabolism and 

development, as well as connecting the control of primary metabolism (carbohydrate 

metabolism) to the control of specialised metabolisms (BGC activation) [472]. In 

Streptomyces, it was demonstrated that the effect of GlcNAc depends on media conditions. 

In particular, on nutrient-rich medium it was shown that the addition of GlcNAc blocks 

morphogenesis and antibiotic production, while on nutrient-depleted media, GlcNAc has the 

opposite effect. This suggests that under nutrient-rich conditions, the GlcNAc supply is 

probably derived from chitin, and as such, the peptidoglycan hydrolysis and antibiotics 

production is repressed as development is undesired. In contrast, under nutrient-depleted 
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conditions, GlcNAc is probably the product of peptidoglycan hydrolysis, which triggers the 

production of antibiotics as explained above [470, 472].  

Besides its possible relationship with the cellular contractions of GlcNAc, the levels of glucose 

(Glc) play a central role in the regulation of BGC expression. This is done through carbon 

catabolite repression (CCR), which ensures that when a primary carbon source, such as Glc, 

is available the utilization of secondary carbon sources is repressed [472, 473]. The 

availability of high-energy carbon sources like Glc promote vegetative growth and repress 

antibiotic production [473]. The negative effect on the production of antibiotics by Glc has 

been reported for streptomycin production by S. griseus [474], actinorhodin by S. coelicolor 

[475], chloramphenicol by S. venezuelae [476], and erythromycin by Saccharopolyspora 

erythraea [477]. In Streptomyces, CCR is directly regulated by ATP-dependent glucose kinase 

(Glk) activity [472, 473]. For example, the deletion of the Glk gene restores the production of 

antibiotics in the presence of Glc [478, 479]. However, it is important to note that Glk-

independent pathways of CCR have been also described [480], showcasing the complexity of 

the role of Glc on specialised metabolism regulation.  

5.1.3. Chemical ecology of antibiotic production by actinomycetes  

In nature, actinomycetes are part of complex microbial communities, and members of these 

communities interact with each other through the production of specialised metabolites. In 

theory, it may therefore be possible to elicit specialised metabolite production in the 

laboratory, using co-culture experiments to mimic these naturally occurring interactions 

[466]. For example mycolic acid-containing bacteria have been shown to induce the 

production of antimicrobial metabolites in Streptomyces spp. [481, 482]. Furthermore, 

interspecies interactions mediated by autoregulators, such as γ-butyrolactones, support the 

elicitation of metabolites production through actinomycetes-actinomycetes co-cultures 

[483, 484]. Additionally, for Streptomyces it has been shown that the specialised metabolites 

themselves may regulate the metabolite production of a nearby species [485]. In general, the 

chemical interaction between actinomycetes in co-cultures involve complex regulatory 

mechanisms that modify the production of specialised metabolites [259, 483]. For example, 

using mass spectrometry imaging tools to study the interactions between S. coelicolor and 

another five actinomycetes it was shown that the metabolomic profile of S. coelicolor in each 

interaction was unique. Moreover, the co-culturing elicited the production of metabolites 
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that were not observed in the S. coelicolor monocultures, from among which a new group of 

siderophores was described [259].  

Ecological interactions are a strong force in the regulation of bioactive metabolite 

production. In this sense, the Pseudonocardia genus represents an interesting model to study 

these. For instance, the Pseudonocardia strains in symbiosis with fungus-growing ants show 

a stronger inhibition against Escovopsis spp. than against other fungi. Likewise, the inhibition 

against Escovopsis by the fungus-growing ants’ strains is stronger than by free-living 

Pseudonocardia spp. [457]. Furthermore, mass spectrometry imaging analysis showed that 

Escovopsis sp. elicit the production of specific metabolites by Pseudonocardia spp. [486]. In 

the same way, Pseudonocardia spp. also elicits the production of antimicrobial metabolites 

by Escovopsis spp. during a fungal infection in response [487].  

Besides their antagonistic interactions against fungi, interactions between Pseudonocardia 

strains in symbiosis with fungus-growing ants have been also described. Although there is 

evidence that fungus-growing ants contain a mixed actinomycete consortium [464, 488], it 

has been also proven that ants maintain and transmit vertically a single Pseudonocardia  

strain [489, 490]. In this scenario, bioactive compounds against other actinomycetes offer 

Pseudonocardia strains a competitive advantage to protect its ecological niche [200]. In fact, 

recent reports suggest that vertically transmitted Pseudonocardia spp. strains produce 

antibiotic metabolites that reduce the growth rates of other microorganisms, which 

selectively maintain an antibiotic-producing bacterial consortium [491]. Based on this 

ecological hypothesis, competitive assays between Pseudonocardia strains led to the 

discovery of the antimicrobial metabolites 9-methoxyrebeccamycin [349] and the 

thiopeptide antibiotic GE37468 [492], both presumably related to a niche-defence function.  

 

5.2. Results 
 

Besides their slow growth rate, the low production of metabolites in P. abyssalis and P. oceani 

was one of the main challenges of this project. Here, two strategies applied to induce the 

production of metabolites are presented. First, the effect of the chemical elicitor N-

acetylglucosamine (GlcNAc) on the clinically relevant antifungal activity of P. abyssalis and P. 
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oceani was explored. Then, through a chemical ecology approach, the effect of inter-species 

interactions on the production of metabolites was analysed. 

 

5.2.1. Effect of N-acetyl glucosamine on the production of antifungal metabolites by 

P. abyssalis and P. oceani 

 

5.2.1.1. Antifungal activity of P. abyssalis and P. oceani  

Preliminary tests against the environmental fungal strain Rhizopus oryzae showed that P. 

abyssalis KRD168 and P. oceani KRD185 produce antifungal metabolites and that this activity 

was induced by GlcNAc (Fig. 5-2). A following test against the clinically relevant human 

pathogen Candida albicans DSM 1386 confirmed the potential of these strains as producers 

of metabolites with antifungal activity (Table 5-1 and Fig. 5-3). Although the positive effect 

of GlcNAc over the bioactivity was also observed for P. oceani, this was not observed for P. 

abyssalis, P. hydrocarbonoxydans DSM 43281, or P. petroleophila DSM 43193. On the other 

hand, removing glucose (Glc) from the medium increased the bioactivity of all the tested 

strains. This was particularly notable with P. hydrocarbonoxydans, as C. albicans did not grow 

at all. Moreover, except for P. oceani, in the glucose depleted medium supplemented with 

GlcNAc the bioactivity of the strains remained similar, while the bioactivity of P. petroleophila 

was higher in the glucose depleted medium without GlcNAc. The strains were also tested 

against Aspergillus niger DSM 1957, but no activity was observed by any strain under the 

tested conditions. 

 

Table 5-1 Bioactivity (zone of inhibition, mm) of four Pseudonocardia spp. against C. albicans 
(n = 2). Strains were cultured in ISP2, ISP2 supplemented with GlcNAc, glucose depleted ISP2, 
and glucose depleted ISP2 supplemented with GlcNAc.   

Strain ISP2 ISP2 + 
GlcNAc 

ISP2ΔGlc ISP2ΔGlc + 
GlcNAc 

P. abyssalis 8.0 ± 1.3 7.4 ± 1.2 12.0 ± 4.7 11.6 ± 2.4 

P. oceani 4.4 ± 1.1 11.8 ± 0.1 13.1 ± 2.7 20.2 ± 0.1 

P. hydrocarbonoxydans 3.4 ± 0.4 3.5 ± 0.1 NG 10.5 ± 7.2 

P. petroleophila 6.6 ± 0.8 4.2 ± 0.8 14.6 ± 5.7 9.8 ± 0.1 
 NG= not grown 
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Figure 5-2 Bioactivity of P. abyssalis KRD168 and P. oceani KRD185 cultured in ISP2 medium, and in ISP2 
supplemented with N-acetylglucosamine 0.1 mM and 1.0 mM, against Rhizopus oryzae. Strains were cultured in 
6-well plates (diameter = 35 mm). Controls without Pseudonocardia cultures are in the lower well line of each 

plate. 

 

 

Figure 5-3 Bioactivity of P. abyssalis KRD168, P. oceani KRD185, P. hydrocarbonoxydans DSM43281, and P. 
petroleophila DMS 43193 cultured in ISP2 medium and glucose depleted ISP2 medium (ISP2ΔGlc) supplemented 

with N-acetylglucosamine 1.0 mM, against Candida albicans DSM1386. Strains were cultured in 90 mm Petri 
dish. 
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Analysis of genes related to DasR which could be related to the effect of GlcNAc was achieved 

using BLASTP to search protein sequences related to the dasR gene described in 

Saccharopolyspora erythraea NRRL 2338 (accession number WP_009951283) from 

Pseudonocardia sp. KRD291, P. abyssalis KRD168, and P. oceani KRD185. As a result, a 

HutC/FarR-like transcription factors of the GntR family was identified in the three species 

(Table S8). To better understand the possible role of this gene in the observed metabolomics 

profile, the deletion of dasR homologous genes may give insight into its role in both 

bioactivity and metabolite production. Unfortunately, this approach is beyond the scope of 

this project. Further studies on regulation pathways involving GlcNAc are needed to make 

conclusions about the effect of GlcNAc over the regulation of specialised metabolites 

production.  

Finally, the antifungal activity of P. abyssalis KRD168 and P. oceani KRD185 was tested against 

the clinical isolates Aspergillus fumigatus AF293, Candida albicans SC5314, and Candida auris 

UACa11 (data not shown). As a result, P. abyssalis KRD168 showed inhibitory activity against 

C. auris (Fig. S11), while no growth inhibition was observed for the rest of strains at the tested 

conditions. Although promising antifungal activity against Candida spp. by P. abyssalis 

KRD168 and P. oceani KRD185 was observed, the lack of activity against other pathogenic 

strains could be supported by the fact that the human pathogens tested are not part of the 

natural environment of the Southern Ocean sediments from which these strains were 

isolated. As such, a limitation of this work is the minimal bioactivity testing performed. 

However, the bioactivity observed against the multi-drug resistant clinical isolate C. auris 

demonstrated the potential of P. abyssalis and P. oceani as source of metabolites with 

biomedical value.  

5.2.1.2. Assessing the effect of N-acetyl glucosamine on the metabolomic 

profiles of P. abyssalis and P. oceani  

To assess the effect of GlcNAc on the metabolomic profiles of P. abyssalis and P. oceani, as 

well as related Pseudonocardia strains, metabolite culture extracts were analysed using LC-

MS/MS. The data generated for 16 Pseudonocardia strains, including eight Southern Ocean 

strains, (Table S7) cultured using both ISP2 agar and ISP2 agar supplemented with GlcNAc 

was compared using feature-based molecular networking (FBMN). As introduced in chapter 

4, this tool introduces information from MS1 data like isotope patterns, retention time and 
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relative intensity, which allow a relative quantitative analysis to be performed. In the context 

of LC-MS, a molecular feature corresponds to an ion eluting from the chromatographic 

separation system and detected by the mass spectrometer. As it will be discussed later, a 

single metabolite can be related to one or more features that represent different ion species 

with different retention times. As a result of this analysis, a total number of 2062 features, 

of which 1291 were part of a network (cluster) and 266 matched with a reference compound 

in the GNPS spectra library (including analogous ± 100.0 Da in the precursor ion) were 

obtained (Fig. 5-4). In addition, the MolNetEnhancer workflow was used to characterize the 

molecular network according to the ClassyFire chemical ontology. This allows categorisation 

of the molecular features according to their probable chemical classifications. As a whole, 

this analysis aims to assess what type of metabolite is detected with higher intensity across 

the two growing conditions (Fig. 5-4). Although most of the molecular families were not 

classified, some of them related to lipid-like metabolites that showed changes in the relative 

intensity detected when GlcNAc was added to the ISP2 agar. Other metabolites like 

benzenoids and organic oxygen compound showed a more equal detection in both growing 

conditions. However, proper quantitative experiments using external standards are required 

to confirm these results. Future identification of metabolites produced by the Southern 

Ocean strains will allow a more detailed analysis.  
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Figure 5-4 Feature-based molecular network of 2,062 features showing the relative abundance of detected ions 
in ISP2 (black) and ISP2 supplemented with N-acetyl glucosamine 1mM (grey). Nodes are coloured according to 
the ClassyFire chemical taxonomy. Doughnut chart inside each node shows the relative distribution of samples 

where the particular spectrum was detected, coloured according to the growing conditions. 

 

Through the FBMN analysis, some molecular features were identified to be produced 

specifically under only one condition. For example, the metabolites of a molecular family of 

diterpenoids, which includes nodes with a precursor ion of m/z 301.215 and m/z 314.242 
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identified in the GNPS database as dehydroabietamide, were detected with higher intensity 

when Pseudonocardia strains were cultured in the presence of GlcNAc. An exception to this 

was the node with a precursor ion of m/z 301.140, identified as (5xi)-abieta-8,11,13-trien-18-

oic acid, which was detected with higher intensity in strains cultured using non-

supplemented ISP2 (Fig. 5-5). These metabolites are diterpenes that could be sub-products 

or intermediaries of the terpene biosynthetic pathways, suggesting an effect on this type of 

specialised metabolites. However, further analysis such as transcriptomics targeting terpene 

BGCs would be needed to conclude this possible effect.  

 

 

Figure 5-5 Molecular family classified as diterpenoids showing relative abundance of detected ions of each 
molecular feature detected in ISP2 (black) and ISP2 supplemented with GlcNAc 1 mM (grey) (A). The structures 

of the library hits dehydroabietamide (B) and (5xi)-abieta-8,11,13-trien-18-oic acid (C) are shown. 

 

To analyse the statistical significance in the relative abundance of each molecular feature, 

differences in their peak intensities were analysed using volcano plots. This kind of 

scatterplot shows statistical significance (P value) versus ratio of change (fold change), 

enabling a visual identification of metabolites with large fold changes that are also 

statistically significant (p‐values < 0.1). The statistical analysis of the feature distribution 

across the samples showed a species-dependent effect of GlcNAc over the metabolomics 

profile of the tested Pseudonocardia strains. In particular, for P. abyssalis KRD168, 1.3% and 

7.9% of features showed a fold-change with statistical significance in ISP2 medium and ISP2 

supplemented with GlcNAc respectively. While 90.8% of features did not show significant 

changes (Fig. 5-6A). In the case of P. oceani KRD185, 3.1% and 2.5% features showed a fold-

change with statistical significance in ISP2 medium and ISP2 supplemented with GlcNAc 

respectively. In the latter case, 94.4% features did not show significant changes (Fig. 5-6B). 

As the identity of the metabolites with differential detections in both conditions is unknown, 

it is not possible to make conclusions about the biological effect of the differences in the 
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metabolomic profiles. It is possible that only one or few of the up-regulated metabolites 

observed in the LC-MS experiment were responsible for the differences in bioactivity against 

C. albicans (Fig. 5-3). However, no significant changes were observed in more than 90% of 

the detected molecular features in both cases, which potentially means that GlcNAc affects 

fewer metabolic pathways in P. abyssalis and P. oceani than in the other Pseudonocardia 

strains tested, as discussed below. 

 

 

Figure 5-6 Volcano plot showing the differential metabolite identification of P. abyssalis KRD168 (A) and P. 
oceani KRD185 (B) cultured in ISP2 and ISP2 supplemented with N-acetyl glucosamine 1mM. Each dot 

represents a molecular feature detected in the LC-MS/MS analysis. The x-axis represents the ratio of change 
(fold change), and the y-axis the statistical significance (p-value). Molecular features with p‐values < 0.1 
(horizontal dotted line) and a fold change < 0.5 or > 2 (vertical dotted lines) are highlighted in magenta. 

Molecular features considered significantly down-regulated are showed in the left side, and those considered 
significantly up-regulated are showed in the right side. The molecular feature corresponding to N-acetyl 

glucosamine is highlighted in green. 

 

In the case of P. petroleophila, 15.8% of the molecular features showed a statistically 

significant fold change in ISP2, while 11.9% in ISP2 supplemented with GlcNAc (Fig. S12A). 
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Moreover, in the case of P. hydrocarbonoxydans 28.0% of the molecular features showed a 

statistically significant fold change in regular ISP2 and 8.2% did it in ISP2 supplemented with 

GlcNAc (Fig. S12B). In contrast, in the metabolomics profile of the third Southern Ocean 

species, Pseudonocardia sp. KRD291, 44.8% of the molecular features showed a statistically 

significant fold change in regular ISP2 and only 5.3% in ISP2 supplemented with GlcNAc that 

exhibited a fold-change with statistical significance. In this last case, 49.9% of features remain 

without significant changes (Fig. 5-7A). Similar results were obtained for P. sediminis (Fig 5-

7B) and P. ammonioxydans (Fig. S12C). Once again, the number of differential metabolites 

can not be directly related to changes in the observed bioactivity. However, it was observed 

that the response to GlcNAc changes appreciably from one strain to another. 

In summary, it was found that the effect of supplementing the medium with GlcNAc was 

strain-dependent, and affected a greater number of molecular features in Pseudonocardia 

sp. KRD291 than in P. abyssalis and P. oceani. As mentioned above, these results did not 

correspond with the observations on the bioactivity against C. albicans. So, at least for the 

antifungal activity against this pathogen, the number of metabolites detected in the different 

conditions cannot explain the observed bioactivity. Hence, future efforts should focus on 

structural elucidation of particular metabolites and quantitative analysis of their production 

in presence of GlcNAc.  
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Figure 5-7 Volcano plot showing the differential metabolite identification of Pseudonocardia sp. KRD291 (A) and 
P. sediminis DSM 45779 (B) cultured in ISP2 and ISP2 supplemented with N-acetyl glucosamine 1mM. Each dot 
represents a molecular feature detected in the LC-MS/MS analysis. The x-axis represents the ratio of change 

(fold change), and the y-axis the statistical significance (p-value). Molecular features with p‐values < 0.1 
(horizontal dotted line) and a fold change < 0.5 or > 2 (vertical dotted lines) are highlighted in magenta. 

Molecular features considered significantly down-regulated are showed in the left side, and those considered 
significantly up-regulated are showed in the right side. The molecular feature corresponding to N-acetyl 

glucosamine is highlighted in green. 

 

Studying the role of chemical elicitors such as GlcNAc helped to explore both the complex 

metabolite profiles of Pseudonocardia spp. from the Southern Ocean and their antifungal 

activity against C. albicans. However, as far as we know, human pathogenic Candida spp. 

does not share the same ecological niche as Pseudonocardia. As such, to have a better 

comprehension of the culturing variables that influence Pseudonocardia metabolomics 

profiles, a combination of co-culturing strategies was applied to investigate potential 

metabolite niche-defence roles, as well as having a better understanding of the ecological 

and phylogenetic variables that affect the specialised metabolisms of the Southern Ocean 

strains. 



 

123 
 

 

5.2.2. Effect of inter-species interactions on the production of bioactive metabolites 

in P. abyssalis and P. oceani 

 

5.2.2.1. Using intruder assay to evaluate inter -species interactions  

Antagonistic interactions between P. abyssalis, P. oceani, P. hydrocarbonoxydans, and P. 

petroleophila, as well as other Pseudonocardia spp. isolated from marine sediments (Table 

S9) were evaluated. To do this, a challenge assay was performed by co-culturing two strains. 

First, the resident strain was seeded in the plate centre, and after their sporulation, the 

challenger strain was inoculated around the resident’s colony to measure the inhibition in 

the growth of the challenger strain. In general, it was found that antagonist interactions 

occurred more often between phylogenetically distant strains, which means that interactions 

between species of the same monophyletic group were not observed. For example, although 

P. antitumoralis DSM 45322 was the most aggressive strain interacting against six of the ten 

challenger strains, including P. abyssalis KRD168 and P. oceani KRD185, no antagonistic 

interactions against its phylogenetic neighbours P. ammonioxydans DSM 44958 and 

Pseudonocardia sp. VO44-3 nor against the clade of P. sediminis DSM 45779 and 

Pseudonocardia sp. KRD291 were observed. Similarly, P. abyssalis KRD168, P. oceani KRD185, 

P. petroleophila DSM 43193, and P. hydrocarbonoxydans DSM 43281, which are members of 

the same monophyletic group (Fig. 3-6), did not interact with each other (Fig. 5-8).  It is 

important to point out that this experiment was designed to measure growth inhibition. 

Additional morphological changes or impact as a result of interactions such as sporulation or 

pigment production were not monitored. Although this approach focussed on the production 

of antimicrobial metabolites, the production of metabolites with other functions, such as 

communication, should not be discarded.   
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Figure 5-8 Challenge assay between Pseudonocardia spp. from different environments. A. Antagonist 
interactions across phylogeny of Pseudonocardia spp. A connecting line represents an antagonistic interaction 

of the resident strain (tail) against the intruder strain (arrow). Strains are distributed according to the maximum 
likelihood tree based on the 16S rRNA gene sequence. Amycolatopsis orientalis IMSNU 20058 was used as 
outgroup. The colour around the edge shows the strains’ origin. B. Example of an antagonistic interaction 

between P. sediminis cultured as a single colony (resident strain) and P. petroleophila inoculated two weeks 
later across the whole plate (intruder strains). 

 

Of the strains tested, phylogeny was the main factor to predict antagonist interactions. 

However, some results suggested that the origin of the strains could also be involved. In 

particular, P. sediminis DSM 45779 (not from the Southern Ocean) interacted against P. 

oceani KRD185 and P. petroleophila DSM 43193, while its closest relative Pseudonocardia sp. 

KRD291 (Southern Ocean strain) did not. This may suggest that the Southern Ocean strains 

may share the same ecological niche despite their phylogenetic distance. A potential 

explanation for the intruder assay results is the metabolomics profiles of the interacting 
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strains. From the classical molecular networking analysis discussed in chapter 4, a correlation 

between the metabolomics profile of studied strains and their phylogenetic neighbours was 

observed (Fig. 4-7). This means that closely related strains shared a higher number of parent 

ions, which in principle means that similar metabolites were detected. For example, the lack 

of interactions between P. antitumoralis DSM 45322 and their phylogenetic relatives may be 

explained through the high number of shared parent ions. For example, P. antitumoralis DSM 

45322 shared 886 (70.1%) of its parent ions with P. ammonioxydans DSM 44958. Similarly, it 

shared 869 (68.8%) parent ions with Pseudonocardia sp. VO44-3, and 872 (69.0%) parent ions 

with P. sediminis DSM 45779 (Fig. 5-9A and Fig. S13A), and 904 (71.5%) nodes with 

Pseudonocardia KRD291 (Fig. 5-9B and Fig. S13B). On the other hand, P. antitumoralis shared 

only 386 (30.5%) and 362 (28.6%) parent ions with P. abyssalis KRD168 and P. petroleophila 

DSM 43193, respectively (Fig. 5-9B and Fig. S13B). In these last two cases, antagonistic 

interactions were observed.  

Nonetheless, the metabolite distribution does not explain some of the observed antagonistic 

interactions. For example, P. profundimaris KTCT 39641 shared 684 (57.6%) parent ions with 

P. abyssalis KRD168 (Fig. 5-9C and Fig. S13C), and an antagonistic interaction was observed. 

Similarly, Pseudonocardia sp. CNS-139 shared 503 (50.8%) parent ions with P. profundimaris 

KTCT 39641, and 511 (51.6%) with P. petroleophila DSM 43193 (Fig. 5-9C and Fig. S13C). Still 

Pseudonocardia sp. CNS-139 inhibited the growth of both strains. On the other hand, other 

pairs of strains like and Pseudonocardia sp. CNS-139 shared a similar number of parent ions 

with P. abyssalis KRD168, 519 (52.4%), and no antagonistic interactions were observed (Fig. 

5-9C and Fig. S13C). These results showed that subtle differences in the metabolomics 

profiles could have big consequences on bioactivity. As discussed above for the effect of 

GlcNAc on the bioactivity against C. albicans, few metabolites could be responsible for the 

observed activity. A similar discrepancy was observed in the case of P. oceani KRD185, 

Pseudonocardia sp. KRD291, and P. sediminis DSM 45779 mentioned above. In particular, 

Pseudonocardia sp. KRD291 shared 332 (26.0%) parent ions with P. oceani KRD185 nodes, 

and no antagonistic interactions was observed, while and P. sediminis DSM 45779 shared 326 

(24.3%) with P. oceani KRD185 and showed an antagonistic interaction (Fig. 5-9D and Fig. 

S13D). Therefore, the similarities in the metabolomics profiles are related to the phylogeny 

of the strains that seems to drive antagonistic interactions, but it is not possible to use these 

similarities to directly predict microbial interactions in co-cultures. 



 

126 
 

 

 

Figure 5-9 UpSet plot showing the node distribution from the GNPS classical molecular networking. Parent ions 
with similar MS/MS spectra are clustered in the same node and can be interpreted as metabolites. Black dots at 

the bottom of each vertical bar indicates the intersection, which is made up of strains that share the same 
nodes. The lined dots indicate that two or more strains shared the same nodes. The vertical bars indicate the 

number of nodes of the corresponding intersection. The total number of nodes detected in each strain are 
represented by horizontal bars on the left. 

 

In general, these findings indicate that the metabolomics profiles of monocultures cannot 

predict interactions between the tested strains. This situation could be expected since the 

metabolomics profile does not distinguish between basal and specialised metabolism. For 

instance, it is not possible to state that the metabolites produced in the monocultures and 

observed in the LC-MS/MS data are also present in the Petri dish during the intruder assay, 

which represents the major limitation of this analysis. The metabolomic analysis of co-

cultures could be interesting to investigate in future projects. Moreover, classical molecular 

networking does not quantify the production of metabolites, of which the specialised 

metabolites involved in antagonistic interactions could be produced in higher concentrations 

during the interaction. To address this, two approaches were applied to assess the 

metabolite production during the interaction between the strains. First, a mass spectrometry 

imaging (MSI) technique was used to detect the in-situ production of metabolites during the 

co-culture. Then, FBMN was used to enable the quantitative analysis and resolution of 

isomers, by including retention time and intensity data. 

5.2.2.2. Mass spectrometry imaging 
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Using matrix-assisted laser desorption ionization (MALDI) as a mass spectrometry imaging 

technique, the in-situ metabolite production of 28 days old co-cultures of P. abyssalis 

KRD168, P. sediminis DSM 45779, and Pseudonocardia sp. KRD291, were analysed. Using this 

technique, a list of masses obtained from the NPLinker experiment were scanned over the 

co-culture plates. Through this approach, a metabolite at m/z 756.5568 produced by P. 

abyssalis KRD168 was identified in co-cultures with both P. sediminis DSM 45779 and 

Pseudonocardia sp. KRD291 (Fig. 5-10). Other metabolites of interest detected in the MALDI-

MSI analysis include m/z 650.4431, m/z 734.5646, and m/z 748.58 (Fig. S14). Although these 

metabolites were also detected in the P. abyssalis monocultures, according to the 

percentage of intensity visualised, m/z 734.5646, m/z 748.5798, m/z 756.5568, and m/z 

800.5526 seem to be produced in higher concentration, particularly during the co-cultures 

with P. sediminis. In principle, these findings agree with the intruder assays results that 

showed P. sediminis as a more aggressive strain in comparison to Pseudonocardia sp. 

KRD291, as they suggest that metabolites are produced in higher concentrations, which could 

explain the elicitation of these metabolites during an interacting co-culture. In particular, m/z 

800.5526 was observed only when in P. abyssalis was co-cultured with P. sediminis (Fig. 5-

10). Thus, despite the phylogenetic relatedness between P. sediminis and Pseudonocardia sp. 

KRD291, their interaction with P. abyssalis retrieved different results in terms of metabolites 

detected. This agrees with the results of the challenge assays. However, the quantitative 

results of the MSI must be interpreted carefully since the lumpy colony morphology 

characteristic of Pseudonocardia spp. when grown in ISP2 may affect matrix application 

during sample preparation for the MALDI-MSI experiment. In fact, agar rupture in the co-

cultures involving P. oceani KRD185 made the addition of the matrix impossible during 

sample preparation, resulting in the exclusion of this strain from the MSI experiments. This 

situation could also explain the asymmetric distribution of the detected metabolites between 

the adjacent colonies in the co-culture, showing a higher ion intensity in the opposite 

direction to the interacting colony. In this regard, the future optimization of the MSI protocol, 

in particularly for Pseudonocardia, will seek to address this experimental limitation. 
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Figure 5-10 Images from MALDI-TOF MSI of P. abyssalis KRD168 interacting with P. sediminis DSM 45779 (A and 
C) and Pseudonocardia sp. KRD291 (B), featuring the ion image taken of m/z 756.5568 (A and B) and m/z 

800.5526 (C). Monocultures of Pseudonocardia sp. KRD291 and P. sediminis DSM 45779 are shown in the left-
side and P. abyssalis KRD168 monocultures in the right side. Each ion signal is normalized by the total ion count, 

and color scale represents relative intensity for each signal. 

 

In summary, the MSI results suggested a group of metabolites produced by P. abyssalis 

KRD168 that were not produced by P. sediminis DSM 45779 or Pseudonocardia sp. KRD291. 

However, the production of these metabolites did not have a direct correlation with the 

antagonist interactions observed in the challenge experiment as P. abyssalis KRD168 did not 

show antagonistic activity against P. sediminis DSM 45779 or Pseudonocardia sp. KRD291. 

Yet, it is possible to propose that these metabolites might be produced as a response to the 

pressure generated by the aggression of other Pseudonocardia sp. strains, as they were 

observed in a higher intensity when P. abyssalis KRD168 was co-cultured with P. sediminis 

DSM 45779, which showed to be an aggressive strain in the challenge assays. Future efforts 
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should be focussed on the detection of metabolites with masses close to m/z 734.5646, m/z 

748.5798, m/z 756.5568, and m/z 800.5526 in co-cultures that involve P. oceani. 

5.2.2.3. Feature-based molecular networking 

The differences in the ionization method between the LC-MS/MS and MALDI-MSI 

experiments make a direct comparison of both results difficult. However, FBMN was used to 

identify possible molecular features with precursor ions that had masses close to the 

metabolites observed in the MSI experiment. Later, NPLiker was used to integrate the 

metabolomics and genomic data, in order to propose possible BGCs involved in the 

interactions observed between P. abyssalis KRD168, P. sediminis DSM 45779, and 

Pseudonocardia sp. KRD291. To this end, a subset of LC-MS/MS dataset from sequenced 

strains used in the challenge assay was analysed by FBMN. This network comprised of 3023 

ions, of which 1749 were part of a cluster, and 268 were annotated in the GNPS spectra 

library (including analogous ± 100.0 Da in the precursor ion) (Fig. 5-11).  
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Figure 5-11 Feature-based molecular network of 3,023 features showing the relative abundance of each 
molecular feature in the samples. Pie chart inside each node shows the relative distribution of samples where 

the particular spectrum was detected, coloured according to the strain or control sample. 
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The search for molecular features with masses close to the ones observed in the MSI 

experiment was successful. A molecular family that includes a node with a mass of m/z 

750.4981 produced by P. abyssalis KRD168, but not observed in P. sediminis DSM 45779 or 

Pseudonocardia sp. KRD291 (Fig. 5-12A) was detected. As mentioned above, a direct 

comparison of the ions is not possible; however, the detection of a molecular feature with a 

mass close to m/z 748.5798 and m/z 756.5568 in the same producer strain gives good 

evidence that these metabolites are likely related. The possibility of different adducts of the 

same metabolite could explain the mass differences observed, as will be shown later.   

 

 

Figure 5-12 FBMN analysis of parent ions linked with NPLinker showing the relative abundance per strain of 
each molecular feature. A. Molecular family containing three molecular features (m/z 750.4981, m/z 500.3570 

and m/z 706.4724) with a mass close to the metabolites observed in the MSI experiment. B. Linked Gene cluster 
families (GCFs) by NPLinker to the highlighted molecular features. BGCs are represented by nodes, and CGFs by 

columns. 

 

The strain absence/presence pattern observed for the molecular feature with a mass of m/z 

750.4981 in the FBMN analysis enabled NPLinker analysis to putatively link it with BGC 

candidates. Thus, this molecular feature, as well as the other two with parent ion masses of 

m/z 500.3570 and m/z 706.4724, were linked to the terp1 BGC with Metcalf score of 2.6458 
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and to terp2, nrps1, and bet1 with a Metcalf score of 2.0494 (Fig. 5-12B). Although this 

Metcalf scores were lower than the ones analysed for the classical molecular networking 

analysis performed in chapter 4, they represent high values for this FBMN analysis. In this 

way, the proposed BGCs represent good candidates for further analysis to identify the 

biosynthetic origin of the metabolites observed in the MSI experiment.  

As discussed in chapter 4, terpene BGCs are widespread in actinomycetes, while NRPS, PKS 

and betalactone BGC tend to have a species-specific distribution. As such, nrps1, and bet1 

are more likely to play a role in the antagonistic interactions, particularly as no GCFs that 

include nrps1 and bet1 were identified in P. sediminis DSM 45779 nor in Pseudonocardia sp. 

KRD291. However, as the products of these BGCs have not been elucidated yet, further 

experiments are needed to confirm the relationship between them and the metabolites 

observed in the MSI experiment. Despite the fact that the BGCs proposed by NPLinker are 

strong candidates for further investigation, these results should be interpreted carefully as 

no wet-lab experiments have confirmed the proposed links. However, the NPLinker workflow 

facilitated the analysis of the MSI results and their relationship to the molecular family 

observed in the LC-MS/MS experiment. For example, the molecular feature with a mass of 

m/z 500.3570 was detected with a higher intensity in P. abyssalis KRD168 in the LC-MS/MS 

experiments (Fig. 5-10A), and it could be related mass to the metabolite with a mass of m/z 

496.3374 which was also observed in the MSI experiment (Fig. 5-11).  

 

 

Figure 5-13 Image from MALDI-TOF MSI of P. abyssalis KRD168 (right) interacting with and P. sediminis DSM 
45779 (left), featuring the ion image taken of m/z 496.3374. Each ion signal is normalized by the total ion count, 

and color scale represents relative intensity for each signal. 

 

To better understand the effect of multiple ion species with different fragmentation patterns, 

Ion Identity Molecular Networking (IIMN) workflow was applied. This complements the 
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FBMN analysis by integrating a chromatographic peak shape correlation analysis into 

molecular networks to connect and collapse different ion species of the same metabolite. 

This analysis aims to identify parent ions that represent different ion species of the same 

metabolite. Through this, the number of “edges” (connection inside the network) was 

increased from 6866 to 11219 (Fig. S15). As a result, it was proposed that the molecular 

feature with a precursor ion of m/z 750.4981 corresponds to the ion [M-H2O+H]+ for which a 

neutral mass is m/z 705.5318, while the molecular feature with a precursor ion of m/z 

706.4724 corresponds to [M+H]+ with a neutral mass of m/z 705.4622, suggesting two ion 

species of the same metabolite (Fig. 5-12) (M+ represents the molecular ion). A closer view 

of the mass spectra confirmed both molecular features are related to the same metabolite 

as the shared peaks in the MS2 spectra suggest the same fragmentation pattern (Fig. S16). 

Moreover, in these spectra, the peak differences of m/z 44 could be related to the loss of an 

amine due to a α-cleavage (-C2H6N), the loss of an ester via McLafferty rearrangement (-

C2H4O), or the loss of a carbonyl group (-CO2), while the mass difference of m/z 42 may be 

related to the loss of a propyl group (-C3H6). However, more exhaustive work on the 

chemistry of this metabolite is needed to interpret its MS2 spectrum. Similarly, the molecular 

feature with a precursor ion of m/z 500.3570 was related to the ion [M+H]+ with a neutral 

mass of m/z 499.3534, suggesting a different metabolite origin for this ion. 

 

 

Figure 5-14 Molecular network showing a subset of nodes directly related to the three molecular features (m/z 
750.4981, m/z 500.3570 and m/z 706.4724) with a mass close to the metabolites observed in the MSI 

experiment, as well as their ion identity. 

 

In summary, the combination of FBMN-INN and NPLinker suggested that a metabolite with a 

mass near to 705.5 Da was produced by the related strains P. abyssalis KRD168, P. oceani 
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KRD185, P. hydrocarbonoxydans DSM43281, and P. petroleophila DMS 43193. Moreover, it 

is possible to suggest that the observed metabolites in the MSI experiment could be related 

to this metabolite or other members of its MF. However, this hypothesis must be confirmed 

due to two main factors. First, with the lack of chemical structural information, it is not 

possible to confirm that the metabolites observed in the MSI experiment correspond to ion 

species or adducts of any member of the analysed MF. Then, the molecular features with 

masses of m/z 750.4981 and m/z 706.4724 were also detected in the media blanks. This last 

factor is the main limitation of the analysis, and it is difficult to justify their function as a 

specialised metabolite. A plausible explanation of this phenomenon is cross-contamination 

during the sample filtering, but there is no way to test this. Another proposal is that these 

molecular features could be related to a component of the medium that was not metabolised 

by these strains but was metabolised by the rest of the strains. In this last scenario, further 

experiments or replicate are needed to confirm the hypothesis. Despite this major limitation, 

the hypothesis of a specialised metabolite produced by P. abyssalis KRD168 with a mass close 

to 705.5 Da should not be discarded as metabolites or potential adducts were observed by 

MSI. Otherwise, future optimised LC-MS/MS experiments could corroborate the presence of 

these metabolites in the extracts. For example, besides the growing variance between the 

experiments, it is possible that the observed metabolites in MSI were not extracted with ethyl 

acetate for the LC-MS/MS experiments. On the other hand, the metabolite with a mass near 

499.35 Da was observed in both MSI and LC-MS/MS experiments. Moreover, this metabolite 

was observed with a higher intensity in the P. abyssalis KRD168 samples, and not detected 

in the media blanks. Overall, the combination of MSI, FBMN and NPLinker facilitated the 

analysis of large genomics and metabolomics datasets, reducing the number of interesting 

metabolites from more than a thousand to a small list of candidates for future work.   

Finally, co-cultures involving P. oceani KRD185 were excluded from the MALDI-MSI measures 

due to agar breaking, which made the matrix addition impossible. However, future analysis 

that includes P. oceani, as well as P. petroleophila, will extend the present results by analysing 

the production of metabolites close to m/z 750 and m/z 500 in phylogenetically related 

strains isolated from other geographic regions. 
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5.3. Discussion 
 

The observed effects of GlcNAc on Pseudonocardia bioactivity varied according to the species 

and across culture conditions. This is consistent with a previous actinomycetes study that 

analysed the effect of culture conditions on bioactivity against the ESKAPE pathogens which 

found that GlcNAc induced the antibiotic activity in some strains, while repressed it in others 

[493]. Similarly, the present results indicated bioactivity against C. albicans increased on 

addition of GlcNAc for P. oceani, while it decreased for P. hydrocarbonoxydans and P. 

petroleophila, and remained the same for P. abyssalis. Although other chemical elicitors such 

as sodium butyrate have been shown to increase antifungal activity against C. albicans from 

Pseudonocardia [350, 465], no previous reports on GlcNAc were found to compare. 

Despite the preliminary results against R. oryzae which suggested an increase in the 

antifungal activity by adding the chemical elicitor GlcNAc, this was not observed against C. 

albicans or A. niger.  On the other hand, in the absence of glucose, the eliciting effect of 

GlcNAc on the activity against C. albicans was observed only for P. oceani. This finding is 

congruent with the observation made in the DasR system in Streptomyces, where the eliciting 

effect of GlcNAc over the bioactivity was observed only in nutrient-depleted conditions [470]. 

However, in the case of the Southern Ocean Pseudonocardia strains, the eliciting effect of 

GlcNAc was observed in all cases. In fact, the production of metabolites and activity against 

C. albicans were not increased in P. abyssalis. Although the DasR system has been well 

described for the Streptomyces genus, the available information of this system in the 

Pseudonocardia genus is limited. Nevertheless, the effect of GlcNAc was described for 

another member of the Pseudonocardiaceae family, Saccharopolyspora erythraea [494], for 

which deletion of the dasR gene was shown to result in reduced aerial hyphal and antibiotic 

production under nutrient-rich conditions [495]. In addition, GlcNAc elicited the production 

of kigamicins by Amycolatopsis alba DSM 44262∆abm9. However, in this latter case, the 

effect was not directly related to the DasR system [496]. Therefore, as genes related to dasR 

were identified in both P. abyssalis and P. oceani, future molecular biology assays could 

describe this system in the Southern Ocean Pseudonocardia strains.  

In terms of the effect of GlcNAc on the production of metabolite profile, changes were 

observed. However, as with the bioactivity, these changes were species dependent. 

Moreover, the effect on the metabolomic profiles was not directly related to the observed 
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effect in the bioactivity against C. albicans. This variable effect on the production of 

metabolites by GlcNAc was previously reported by Dashti et al. for Micromonospora sp. 

RV43, Rhodococcus sp. RV157, and Actinokineospora sp. EG49. This work went a step further, 

identifying the metabolites that were induced or suppressed by GlcNAc [494]. In this sense, 

it is possible to propose that the effect on the production of the particular metabolites with 

antifungal activity against C. albicans, did not correlate with the global changes in the 

metabolomics profile. For instance, the combination of FBMN and MolNetEnhancer 

evidenced that lipids and lipids-like metabolites, which are not typically related to antifungal 

activity, were the group the displayed the main changes in relation to the addition of GlcNAc. 

In fact, it was previously demonstrated for P. oceani that the bioactivity against ESKAPE 

pathogens is not necessarily related to the highest number of produced metabolites [262]. 

So, here this conclusion is expanded to the antifungal activity, as well as to the use of GlcNAc 

as a chemical elicitor. Since the effect of GlcNAc was highly variable and strain-dependent, 

the comparative metabolomics analyses discussed in Chapter 4 and in this chapter were 

performed in the absence of this chemical elicitor.  

Despite all the available information about the chemical ecology of Pseudonocardia spp. 

related to fungus-growing ants [197, 199, 497, 498], still little is known about the interactions 

between free-living Pseudonocardia spp.. Previously, Poulsen et al. (2007) proved that the 

antagonisms between different strains of Pseudonocardia spp. related to fungus-growing 

ants is common [330]. In this works, the experiment of Poulsen was replicated using eleven 

free-living Pseudonocardia strains, of which nine were isolated from marine environments. 

Poulsen et al. [330, 499] reported several antagonistic interactions between Pseudonocardia 

strains, including between the free-living strains P. saturnae, P. halophobica, and P. 

thermophilia. In contrast, few interactions were observed between the marine-origin 

Pseudonocardia spp. strains, most of them were due to P. antitumoralis. However, it was also 

reported by Poulsen et al., that the relative genetic distance between pairs of strains had a 

significant effect on antagonistic interactions. So, in general, the ecological and 

biogeographical variables had a small effect on describing antagonistic interactions.  

Although phylogeny was more important than geographic origin to explain the observed 

antagonistic interactions, P. sediminis and Pseudonocardia sp. KRD291 showed a different 

bioactivity profile, which implies that the strain origin may play a role in the interaction 

against other Pseudonocardia strains. In fact, none of the three species showed antagonistic 
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interaction between them, which suggests that for this particular group of actinomycetes, 

the geographical origin could have a role in the delimitation of the ecological niche. This 

observation was later confirmed by the MSI experiment, where P. sediminis affected the 

production of certain metabolites in P. abyssalis in a different way than Pseudonocardia sp. 

KRD291. These findings contrast with the observations made in soil-derived Streptomyces 

where antagonistic interactions occurred more often between co-occurring microbial 

populations [214]. However, the lack of information on the bioactivity of the observed 

metabolites in the MSI experiment is a major limitation of the present work. As closely 

related species are more likely to have overlapping metabolic niches [500], the lack of 

antagonistic interactions between the Southern Ocean strains may be related to either a 

sympatric speciation process by niche differentiation [501], suggesting they would not 

compete for the same resources. However, this hypothesis should be confirmed by the 

metabolic characterization of the interacting species. Furthermore, previous reports in 

Streptomyces suggest that the interactions between soil-derived strains tend to be 

reciprocal, which was particularly enhanced between strains isolated from the same soil 

sample [502]. This contrasts with the present results, as only the antagonistic interaction 

between Pseudonocardia sp. CNS-139 and P. antitumoralis was reciprocal. In fact, only a few 

strains (P. antitumoralis, P. sediminis, and Pseudonocardia sp. CNS-139) showed two or more 

antagonistic interactions against other Pseudonocardia strains, while most of the 

combinations did not display any antagonistic interaction. These findings suggest that the 

free-living Pseudonocardia spp. interact with other members of the genus less often than 

their symbiotic counterparts, suggesting a broader ecological niche as expected.  

Using a combination of MSI with different molecular networking experiments, as well as their 

integration with genomics data through NPLinker [444], it was possible to propose a reduced 

list of relevant metabolites. In particular, a molecular family that includes the parent ions at 

m/z 750.5, m/z 500.4 and m/z 706.5, could play a role in the interactions between the 

Southern Ocean Pseudonocardia spp. strains. This strategy, excluding the NPLinker analysis, 

was successfully applied before to analyse the role of several known metabolites in 

interactions involving Streptomyces spp. [259], and Salinispora spp. [503]. However, for the 

present work, the chemical structure of metabolites isolated from P. abyssalis or P. oceani 

have not yet been elucidated, making targeted analysis difficult. Despite this, the metabolite 

of interest was detected with a higher intensity in interactions between geographically 

distant strains, suggesting that production is induced during microbial interaction. Similar 
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results were described in Pseudonocardia spp. strains related to fungus-growing ants when 

interacting with Escovopsis, where MSI allows the identification of ecologically relevant 

metabolites [486].     

The reports of Pseudonocardia spp. strains in symbiosis with fungus-growing ants showed 

that the antagonistic interactions observed in Petri dishes do not translate into a reduction 

of bacteria abundance on the cuticle of sub-colony ant workers [499]. In the same way, it is 

possible to speculate that the antagonistic interactions observed between the marine-origin 

Pseudonocardia spp. strains will affect the microbial populations in marine sediments. The 

specilised metabolites detected in the Southern Ocean Pseudonocardia strains could have 

other ecological roles different, like nutrient use modulation. For instance, in Streptomyces, 

antibiotics in sub-inhibitory concentrations modulated nutrient use, minimizing the niche 

overlap among competitors, which was proposed as an explanation for the low occurrence 

of antibiotic-resistant phenotypes [504]. Hence, the antagonist interaction among the free-

living Pseudonocardia spp. alone will not describe entirely the niche shaping in their natural 

environments. Furthermore, differences in the metabolic rate could affect the dynamic of 

the free-living Pseudonocardia spp. in their natural environment. For example, a similar 

challenge assay performed in the genus Salinispora, showed that the two closely related 

species S. arenicola and S. tropica can be differentiated based on their competitive strategies. 

The higher inhibitory activity occurred in the early stages for S. arenicola, while for S. tropica 

it occurred later, suggesting that they adapted different strategies to compete in marine 

sediments [503].  

In summary, as this project focused on changes in metabolomic profile, a broader analysis 

that includes nutrient utilization is required to properly describe the ecological niche of the 

Southern Ocean Pseudonocardia strains. However, the use of chemical elicitors, as well as 

the challenge assay, proved to be a successful strategy to modulate the production of 

metabolites by Pseudonocardia spp. from marine origin. In particular, the combination of 

integrated paired omics datasets, MSI, and challenge assays allowed the identification of a 

group of promising metabolites whose chemical identity and biological function await to be 

addressed in future projects. 
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 General discussion and conclusions  

 

6.1. Discussion 
 

To overcome the continuous rediscovery of known strains and natural products, it has been 

proposed that the exploration of novel taxa and underexploited environments could lead to 

the discovery of novel chemical diversity [61, 99].  This work contributes in this direction, by 

describing three novel actinomycete lineages with antifungal activity, which were isolated 

from the deep Southern Ocean. Furthermore, combining  genomics and metabolomics 

datasets, the the specialised metabolisms of these and other related strains were explored.  

In the Millán-Aguiñaga et al. work, a relationship between the Southern Ocean 

Pseudonocardia strains’ phylogeny and their geographic origin was noticed. A correlation 

between geographic distance and BGC distribution has been found in other studies [230, 

233]. Therefore, an initial hypothesis of this work proposed that the specialised metabolism 

of the three Southern Ocean Pseudonocardia lineages could be influenced by geographic 

isolation location, ecological context, or both. However, the analysis performed in chapter 4 

demonstrated that the BGC evolution and distribution across strains is mainly shaped by 

phylogeny over any biogeographical pattern. In this sense, the distribution of BGCs across 

the Southern Ocean Pseudonocardia lineages is explained through the evolutionary history 

of these lineages. For example, seven of the ten BGCs annotated in Pseudonocardia sp. 

KRD291 were also identified in P. sediminis [149] isolated from a distant marine location. 

Similarly, several BGCs from P. oceani were also identified in P. broussonetiae [140] which 

was isolated from a distant location and different ecological context. Despite the broad 

distribution of the majority of BGCs, few of them like pks3 and bet2 were observed 

exclusively in the Southern Ocean Pseudonocardia strains. This suggested they might be 

relevant for the local adaptation.  

Although the hypothesis of geographic isolation was discarded, genetic flow barriers due to 

ecological differentiation in bacteria can generate patterns of genetic differentiation in 

populations similar to physical isolation [505]. For example, the population structure of 37 

Streptomyces olivaceus strains from various geographic origins and ecological context (free-

living vs insect-associated), which included marine-derived strains, revealed that the habitat 

type, rather than the geographic isolation is a strong predictor of genetic distance, suggesting 



 

140 
 

a significant role of habitat adaptation in the diversification process [506]. However, the 

effect of geographic isolation on the Pseudonocardia genus has been observed before. For 

example, the analysis of 29 fungus-growing ant-associated Pseudonocardia strains from 

Panama and Costa Rica revealed that populations from a specific location, the Barro Colorado 

Island, proved to be locally adapted, harbouring diverse and unique BGCs despite low genetic 

diversity. This diversity on BGCs was not observed in other populations. In particular, from a 

total of 93 GCFs, 10 unique GCFs were described in the Barro Colorado strains [238]. Although 

the reduced number of sequenced strains from the Southern Ocean may hide a higher BGC 

diversity, the results of this work confirmed that the genetic divergence of free-living 

Pseudonocardia strains from distant geographic locations is lower than what has been 

observed in insect-associated strains. However, it is possible to hypothesise that the inclusion 

of more Southern Ocean Pseudonocardia strains from different lineages could retrieve other 

BGCs such pks3 and bet2 with a potential role in the local adaptation. Therefore, analysing 

the potential ecological role of the Southern Ocean Pseudonocardia strains is fundamental 

to understand the evolution of their specialised metabolism.  

To assess the potential role of the specialised metabolites in the interactions amongst the 

Southern Ocean Pseudonocardia strains and Pseudonocardia strains from different marine 

environments, a co-culture challenge bioassay was performed. In contrast with the results 

obtained by Poulsen et al. (2007) which demonstrated that antagonistic interactions 

between fungus-growing ant-associated Pseudonocardia strains are common [330], 

interactions between free-living strains from marine origin were restricted to some strains 

like P. antitumoralis, P. sediminis, and Pseudonocardia sp. CNS-139. The experiment of 

Poulsen et al. was later extended with sub-colony experiments using Acromyrmex leaf-

cutting ants to test whether the antagonistic interactions observed in plates affected ant 

colonies in vivo, showing that in vitro inter-strain antagonism does not affect the abundance 

of any of the combined Pseudonocardia strains on the cuticle of sub-colony workers [499]. 

These results illustrate how difficult it can be to extrapolate microbial experiments 

performed in plates to the real ecological context. However, the results of the present work 

demonstrated that P. oceani and P. abyssalis are two phylogenetically close lineages isolated 

from a similar environment, which did not show antagonistic interactions between them. So, 

it is possible to propose that members of these lineages might not compete for the same 

ecological niche, which opens the possibility of a sympatric speciation process. However, to 

confirm this theory further experiments that involve other variables such as nutrient 
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requirements, as well as more complex set-ups (e.g. sediments microcosm experiments), are 

needed.  

Finally, the MSI experiment facilitated the interpretation of the interaction experiments, as 

well as their correlation to the multi-omics analysis performed in chapter 4. For example, a 

group of parent ions produced by P. abyssalis KRD168 were identified as possible metabolites 

involved in the inter-species interactions.  A similar approach was recently applied to identify 

putative metabolites involved in the antagonistic interactions between fungus-growing ant-

related Pseudonocardia strains and the entomopathogenic fungus Metarhizium anisopliae 

[143]. This work illustrates that combining genomics and metabolomics techniques to answer 

evolutionary and ecological questions facilitate the exploration of the chemical diversity of 

actinomycetes.  

 

6.2. Future work 
 

According to 16S rRNA gene sequence analysis, P. seranimata [133] was also identified as 

part of the clade of which P. abyssalis and P. oceani belong. However, the lack of a publicly 

available whole-genome sequence did not allow inclusion of it into the BGC analysis. For 

future work, to perform a comparative analysis that includes strains such as P. broussonetiae 

and P. seranimata, isolated from a plant host, would allow a better understanding of the 

effect of ecological variables over function and regulation of the specialised metabolism of 

these lineages. Furthermore, the evolutionary analysis performed in chapters 3 and 4 did not 

give any reasons to think that P. abyssalis and P. oceani lineages are geographically or 

ecologically restricted to the Southern Ocean. So, it is expected that other strains of these 

species or other related species will be recovered from other locations and environments. 

Hence, the results of this work are probably just the beginning of the description of many 

other related lineages that might complete our understanding of the evolution of the 

Pseudonocardia genus in terms of adaption to marine environments. Future isolation efforts 

that include molecular typing techniques such as BOX-PCR (BOX-A1R-based repetitive 

extragenic palindromic-PCR) may help to achieve this [507]. This technique was already 

applied in the recent isolation and description of P. nigra from hyper-arid desert soil [118]. 

Furthermore, the formal taxonomic description of Pseudonocardia sp. KRD291 remains a 

future task.  
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Although the scope of this work was not focused on microbial ecology, the analysis of the 

BGCs distribution across Pseudonocardia strains from different geographic locations opens 

the door to many questions on population dynamics. The recombination analysis performed 

in chapter 3 showed that the genetic barriers among P. abyssalis, P. oceani, and other 

phylogenetically related species from different geographic locations are permissive. 

However, in chapter 4 it was shown that recombination events on BGCs are more common 

than in the core-genome, suggesting a lower diversification. Then, the application of the 

fixation index (FST), a measure of population differentiation due to genetic structure, could 

help to better understand the role of genetic diversity, particularly from BGCs, in 

geographically structured populations [508]. This population genetic approach has been 

applied before to the analysis of the local adaptation of Pseudonocardia [238] and 

Streptomyces [506] populations. So, in addition to future isolation efforts of Pseudonocardia 

strains from diverse ecological and geographical origins, a population genetics analysis of 

these strains is the natural continuation of the present work. To this end, Central America is 

an ideal scenario to set up this future project as it contains a tropical forest that is the home 

of the majority of leafcutter ants species [509], as well as two oceans isolated by the Central 

American Isthmus [510]. This offers the opportunity to isolate free-living and insect-

associated Pseudonocardia strains from terrestrial and marine environments. Then, the 

genetic population analysis focussed on the specialised metabolisms will help to understand 

the ecological processes and evolutionary mechanisms that shape the distribution of BGCs. 

In this future project, the Southern Ocean strains could play a relevant role as a population 

from a distant location and different ecological context. 

In terms of the bioactive metabolite produced by the Southern Ocean Pseudonocardia 

strains, future isolation efforts should focus on the characterisation of their chemical nature. 

The integration of fraction libraries and bioassays into the GNPS workflow has been proposed 

through the concept of ‘bioactive molecular networking’ to identify candidate bioactive 

compounds directly from fractionated bioactive extracts [511]. In this sense, extending the 

NPLinker framework to link bioactive molecular networks to BGCs will potentially accelerate 

the discovery of antifungal natural products from P. oceani and P. abyssalis. Likewise, future 

projects in natural products chemistry should be related to elucidating the chemical nature 

of the diffusible metabolites observed in the P. abyssalis cultures by MSI. Due to 

experimental difficulties related to the colony morphology of P. oceani, it was not possible 

to identify metabolites produced by this species. So, optimization of the MSI protocol will 
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allow identified relevant metabolites produced in situ in the P. oceani cultures in future 

projects. 

The antibacterial activity against ESKAPE pathogens and the metabolomics profiles of the 

Southern Ocean Pseudonocardia strains were previously studied by Soldatou et al. (2021), 

identifying activity against S. aureus by P. oceani KRD185 [262]. In the present work, the 

integration of both datasets with NPLinker allowed selecting parent ion and BGCs for future 

efforts on natural products isolation. Unfortunately, experiments to identify metabolites 

responsible for the observed antifungal activity were not performed. Although prior work in 

fungus-growing ant-related strains [350] and P. autotrophica [512] correlated polyketide 

compounds to their antifungal activity, no BGCs related to this type of compounds were 

detected. So, the metabolite or metabolites responsible for the antifungal activity observed 

in P. abyssalis and P. oceani could, in theory, be different from the ones observed in the 

fungus-growing ant-related strains. Previous work by Cafaro et al. (2011) on Pseudonocardia 

showed that the antifungal activity of ant-associated strains against the parasitic fungus 

Escovopsis is higher than free-living strains, while the activity against non-Escovopsis fungi 

was similar in both groups [457]. Then, including the analysis of antifungal activity against a 

broader fungal collection in the proposed project with Central America Pseudonocardia 

strains, might expand our understanding of antifungal metabolite production in this genus, 

beyond the well-documented case of the insect-associated strains. 

 

6.3. Conclusions 
 

In summary, the three Southern Ocean Pseudonocardia lineages were delimited through 

comparative genomics with the formal description of two novel species. As a result, the 

original hypothesis that suggested three monophyletic groups was confirmed. Then, the 

specialised metabolisms of these three lineages were explored using an integrated multi-

omics approach, characterising them as producers of bioactive metabolites. Questions about 

the chemical identity of these metabolites and their ecological role remain open. However, 

this work demonstrated the potential of these metabolites as a source of novel antimicrobial 

compounds. Furthermore, it was shown that phylogeny further explained the distribution of 

BGCs and metabolomics profiles. Finally, the original proposal of a geographic isolation effect 

in the evolution of the specialised metabolisms of the Southern Ocean Pseudonocardia 
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strains was discarded. However, the description of genomic and ecological variables that 

might influence the production of specialised metabolites provides the basis for future 

projects on their evolutions and ecology.   
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Appendices 
 

Table S1. Parameters used in the bioinformatics analysis. 

Analysis Program Parameters 
16S rRNA gene 
evolutionary analysis 
using Neighbor-
Joining method 

Mega X 
 

  Analysis  

     Statistical Method = Neighbor-joining 

  Phylogeny Test 

     Test of Phylogeny = Bootstrap method 

        No. of Bootstrap Replications = 1000 

  Substitution Model      

     Substitutions Type = Nucleotide 

     Model/Method = Kimura 2-parameter model 

     Substitutions to Include = d: Transitions + Transversions 

  Rates and Patterns 

     Rates among Sites = Uniform Rates 

     Pattern among Lineages = Same (Homogeneous) 

  Data Subset to Use 

     Gaps/Missing Data Treatment = Pairwise deletion 

  System Resource Usage 

     Number of Threads = 7 

No. of Sites:1633 

No Of Bootstrap Reps = 1000 

16S rRNA gene 
evolutionary analysis 
using Maximum 
Likelihood method 

Mega X 
 

  Analysis 

     Statistical Method = Maximum Likelihood 

  Phylogeny Test 

     Test of Phylogeny = Bootstrap method 

        No. of Bootstrap Replications = 1000 

  Substitution Model 

     Substitutions Type = Nucleotide 

     Model/Method = Kimura 2-parameter model 

  Rates and Patterns 

     Rates among Sites = Uniform Rates 

  Data Subset to Use 

     Gaps/Missing Data Treatment = Use all sites 

  Tree Inference Options 

     ML Heuristic Method = Nearest-Neighbor-Interchange (NNI) 

     Initial Tree for ML = Make initial tree automatically 

(Default - NJ/BioNJ) 

     Branch Swap Filter = None 

  System Resource Usage 

     Number of Threads = 7 

No. of Seqs:37 

No. of Sites:1633 

No Of Bootstrap Reps = 1000 

16S rRNA gene 
evolutionary analysis 
using Maximum 
Parsimony method 

Mega X   Analysis 

     Statistical Method = Maximum Parsimony 

  Phylogeny Test 

     Test of Phylogeny = Bootstrap method 

        No. of Bootstrap Replications = 1000 

  Substitution Model 

     Substitutions Type = Nucleotide 

  Data Subset to Use 

     Gaps/Missing Data Treatment = Use all sites 

  Tree Inference Options 

     MP Search Method = Subtree-Pruning-Regrafting (SPR) 

     No. of Initial Trees (random addition) = 10 

     MP Search level = 1 

     Max No. of Trees to Retain = 100 

  System Resource Usage 

     Number of Threads = 7 

No. of Sites:1633 

No Of Bootstrap Reps = 1000 

CI = 0.516923 

RI = 0.618932 

RCI = 0.319940(for all sites) 

iCI = 0.376984(for parsimony informative sites) 

iRI = 0.618932(for parsimony informative sites) 

iRCI = 0.233328(for parsimony informative sites) 
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Illumina short-reads 
genome assembly 
using Unicycler 

Unicycler bin/unicycler -1 reads_1.fastq -2 reads_2.fastq -o PATH --

spades_path PATH/SPAdes-3.14.1/bin/spades.py --pilon_path 

PATH/pilon-1.23.jar 

Illumina short-reads 
genome assembly 
using SPAdes 

SPAdes spades.py -1 reads_1.fastq -2 reads_2.fastq –o PATH --bio

  

 

Assembly parameters: 

  k: [21, 33, 55] 

  Repeat resolution is enabled 

  Mismatch careful mode is turned OFF 

  MismatchCorrector will be SKIPPED 

  Coverage cutoff is turned OFF 

Other parameters: 

  Dir for temp files: /home/hsb18158/data/KRD168_SPAdes/tmp 

  Threads: 16 

  Memory limit (in Gb): 250 

Pac-Bio long-reads 
genome assembly 
using Flye assembler  

Flye bin/flye --pacbio-raw reads.fastq --trestle --genome-size SIZE 

--iterations 10 --out-dir PATH 

PacBio long-reads 
genome assembly 
using Raven 
assembler 

Raven raven ./reads.fastq 1> ./assembly.fa 2> ./assembly.log --

graphical-fragment-assembly ./graph.gfa 

PacBio long-reads 
genome assembly 
using Canu assembler 

Canu bin/canu -p LABEL -d ./PATH genomeSize=SIZE minReadLength=1000 

minOverlapLength=500 corOutCoverage=40 contigFilter='2 5000 

1.0 0.5 5' -pacbio ./reads.fastq 

Consensus genome 
assembly using Flye 
assembler 

Flye bin/flye --subassemblies assembly1.fasta assembly2.fasta 

assembly3.fasta assembly4.fasta --genome-size SIZE --out-dir 

PATH --iterations 0 --plasmid --trestle 

 

Illumina short-reads 
and PacBio long-reads 
genome hybrid 
assembly using 
Unicycler 

Unicycler bin/unicycler -1 reads_1.fastq -2 reads_2.fastq -l reads.fastq 

--existing_long_read_assembly assembly_graph.gfa -o PATH --

spades_path PATH/SPAdes-3.14.1/bin/spades.py --pilon_path 

PATH/pilon-1.23.jar --mode normal --min_fastalength 1000 --

keep 0 

Reads alignment 
against genome 
assembly using 
Minimap2 

Minimap2 minimap2 -ax sr assembly.fasta reads_1.fastq reads_2.fastq > 

PATH/aln.bam 

 

Reads alignment 
against genome 
assembly using 
Bowtie2 

Bowtie2 bowtie2-build assembly.fasta PATH 

 

bowtie2 -x PATH -1 reads_1.fastq -2 reads_2.fastq | \ samtools 

view -bS -o PATH/.bam 

Genome shining using 
Pilon 

Pilon java -Xmx16G -jar PATH/pilon-1.23.jar --genome 

PATH/assembly.fasta --bam PATH/.bam --outdir PATH_pilon --

output NAME_pilon --changes --verbose 

Pairwise whole-
genome Average 
Nucleotide Identity  

fastANI ./fastANI --ql QUERY_LIST --rl REFERENCE_LIST -o PATH 

Alignment coverage 
and percentage 
identity (ANIm) 

PYANI average_nucleotide_identity.py -v -i PATH/Pseudonocardia_ncbi 

-o PATH/Pseudonocardia_ANIm_output -g --gformat png,pdf,eps --

labels PATH/Pseudonocardia_ncbi/labels.txt --classes 

PATH/Pseudonocardia_ncbi/classes.txt 

Orthologous genes 
shared across 
genomes 

PIRATE bin/PIRATE -i Prokka -o PATH -a -r -t 4 

  

Threshold(s): 50 60 70 80 90 95 98 

 MCL inflation value: 1.5 

 Homology test cutoff: 1E-6 

 Loci file contains 131624 loci from 19 genomes 

Maximum Likelihood 
tree based on the 
core-genome 

RAxML bin/raxmlHPC s core_alignment.fasta p 1234567890 m GTRGAMMA  

Sequence similarity 
networks of BGCs 

BiG-SCAPE bigscape.py -i PATH/antiSMASH -o PATH/BiG-SCAPE --label 

Pseudonocardia --cutoffs 0.5 --clan_cutoff 0.5 0.8 --mix --

include_singletons --mibig --verbose 
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Recombination 
events inferred using 
ClonalFrameML 

ClonalFrameML ./ClonalFrameML tree.nhx alingment.fasta PATH –embranch true -

emsim 100 > PATH.log.txt 

 

Rscript cfml_results.R PATH 

BGC sequences 
alignment  

Mugsy mugsy --directory PATH --prefix NAME sequence1.fa sequence2.fa 

sequence2.fa … sequencen.fa 

 

Table S2. Overview of the whole-genome assembly sequences of Pseudonocardia spp. used 
in the comparative genomic analysis. Sequences used in the pan-genome analysis are 
underlined.  

Organism Name Strain Assembly Level Size (Mb) GC% 

Pseudonocardia abyssalis KRD168 GCA_019263705.1 Complete 6.31 73.4 

Pseudonocardia abyssalis KRD169 GCA_019263715.1 Contig 5.98 73.3 

Pseudonocardia oceani KRD185 GCA_019263585.1 Scaffold 6.82 74.0 

Pseudonocardia oceani KRD176 GCA_019263645.1 Contig 6.62 74.0 

Pseudonocardia oceani KRD182 GCA_019263685.1 Contig 6.51 73.9 

Pseudonocardia oceani KRD184 GCA_019263655.1 Contig 6.43 73.9 

Pseudonocardia oceani KRD188 GCA_019263625.1 Contig 6.34 73.9 

Pseudonocardia sp. KRD291 GCA_019263595.1 Contig 6.57 73.0 

Pseudonocardia acaciae  DSM 45401 GCA_000620785.1 Scaffold 9.93 72.3 

Pseudonocardia ammonioxydans CGMCC 4.1877 GCA_900115005.1 Scaffold 7.36 73.5 

Pseudonocardia antarctica DSM 44749 GCA_013408715.1 Contig 6.24 74.1 

Pseudonocardia asaccharolytica  DSM 44247 GCA_000423625.1 Scaffold 5.06 71.8 

Pseudonocardia autotrophica DSM 535 GCA_004361965.1 Contig 7.57 72.8 

Pseudonocardia autotrophica NBRC 12743 GCA_003945385.1 Complete 7.54 72.8 

Pseudonocardia broussonetiae Gen 01 GCA_013155125.1 Complete 7.29 74.4 

Pseudonocardia dioxanivorans  CB1190 GCA_000196675.1 Complete 7.30 73.2 

Pseudonocardia hydrocarbonoxydans NBRC 14498 GCA_006539565.1 Contig 5.29 74.5 

Pseudonocardia oroxyli CGMCC 4.3143 GCA_900102195.1 Scaffold 6.11 73.0 

Pseudonocardia petroleophila CGMCC 4.1532 GCA_014235185.1 Complete 6.49 74.0 

Pseudonocardia sediminis DSM 45779 GCA_004217185.1 Contig 6.61 72.9 

Pseudonocardia spinosispora DSM 44797 GCA_000429025.1 Scaffold 9.54 69.4 

Pseudonocardia thermophila DSM 43832 GCA_900142365.1 Contig 6.10 72.9 

Pseudonocardia sp.  CNS-139 GCA_001942415.1 Scaffold 7.12 74.2 

Pseudonocardia sp. CNS-004 GCA_001942185.1 Contig 9.20 72.6 

Pseudonocardia sp.  MH-G8 GCA_002262885.1 Scaffold 10.18 72.6 

Pseudonocardia sp.  AL041005-10 GCA_001294605.1 Complete 6.14 74.4 

Pseudonocardia sp. EC080625-04 GCA_001294425.1 Complete 6.55 73.5 

Pseudonocardia sp. HH130629-09 GCA_001294645.1 Complete 6.30 73.5 

Pseudonocardia sp. Ae150A_Ps1 GCA_001932315.1 Scaffold 6.39 73.7 

Pseudonocardia sp. Ae505_Ps2 GCA_001932425.1 Scaffold 6.39 73.6 

Amycolatopsis orientalis  KCTC 9412 GCA_000478275.1 Contig 9.06 69.0 
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Table S3. List of orthologous genes with confirmed conserved functions that were used to 
construct the multi-locus tree using autoMLST. 

Accession 
number 

Gene Name 

TIGR00133 gatB aspartyl/glutamyl-tRNA(Asn/Gln) amidotransferase, B subunit 

TIGR01798 cit_synth_I citrate (Si)-synthase 

TIGR00135 gatC aspartyl/glutamyl-tRNA(Asn/Gln) amidotransferase, C subunit 

TIGR00138 rsmG_gidB 16S rRNA (guanine(527)-N(7))-methyltransferase RsmG 

TIGR00033 aroC chorismate synthase 

TIGR00031 UDP-GALP_mutase UDP-galactopyranose mutase 

TIGR00036 dapB 4-hydroxy-tetrahydrodipicolinate reductase 

TIGR00234 tyrS tyrosine--tRNA ligase 

TIGR01203 HGPRTase hypoxanthine phosphoribosyltransferase 

TIGR00331 hrcA heat-inducible transcription repressor HrcA 

TIGR01044 rplV_bact ribosomal protein uL22 

TIGR00652 DapF diaminopimelate epimerase 

TIGR00338 serB phosphoserine phosphatase SerB 

TIGR01327 PGDH phosphoglycerate dehydrogenase 

TIGR01146 ATPsyn_F1gamma ATP synthase F1, gamma subunit 

TIGR01280 xseB exodeoxyribonuclease VII, small subunit 

TIGR01966 RNasePH ribonuclease PH 

TIGR00521 coaBC_dfp 
phosphopantothenoylcysteine decarboxylase / phosphopantothenate--

cysteine ligase 

TIGR03594 GTPase_EngA ribosome-associated GTPase EngA 

TIGR00088 trmD tRNA (guanine(37)-N(1))-methyltransferase 

TIGR00855 L12 ribosomal protein bL12 

TIGR00083 ribF riboflavin biosynthesis protein RibF 

TIGR00244 TIGR00244 transcriptional regulator NrdR 

TIGR01039 atpD ATP synthase F1, beta subunit 

TIGR01134 purF amidophosphoribosyltransferase 

TIGR00086 smpB SsrA-binding protein 

TIGR01030 rpmH_bact ribosomal protein bL34 

TIGR00690 rpoZ DNA-directed RNA polymerase, omega subunit 

TIGR01032 rplT_bact ribosomal protein bL20 

TIGR00019 prfA peptide chain release factor 1 

TIGR00396 leuS_bact leucine--tRNA ligase 

TIGR00012 L29 ribosomal protein uL29 

TIGR01978 sufC FeS assembly ATPase SufC 

TIGR00150 T6A_YjeE tRNA threonylcarbamoyl adenosine modification protein YjeE 

TIGR00152 TIGR00152 dephospho-CoA kinase 

TIGR00154 ispE 4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol kinase 

TIGR00313 cobQ cobyric acid synthase CobQ 

TIGR00981 rpsL_bact ribosomal protein uS12 

TIGR00090 rsfS_iojap_ybeB ribosome silencing factor 

TIGR00959 ffh signal recognition particle protein 

TIGR01308 rpmD_bact ribosomal protein uL30 

TIGR01302 IMP_dehydrog inosine-5'-monophosphate dehydrogenase 

TIGR01029 rpsG_bact ribosomal protein uS7 

TIGR01021 rpsE_bact ribosomal protein uS5 

TIGR01024 rplS_bact ribosomal protein bL19 

TIGR00382 clpX ATP-dependent Clp protease, ATP-binding subunit ClpX 

TIGR00061 L21 ribosomal protein bL21 

TIGR00639 PurN phosphoribosylglycinamide formyltransferase 

TIGR01410 tatB twin arginine-targeting protein translocase TatB 

TIGR00635 ruvB Holliday junction DNA helicase RuvB 

TIGR00581 moaC molybdenum cofactor biosynthesis protein C 
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TIGR01011 rpsB_bact ribosomal protein uS2 

TIGR01850 argC N-acetyl-gamma-glutamyl-phosphate reductase 

TIGR00577 fpg DNA-formamidopyrimidine glycosylase 

TIGR01169 rplA_bact ribosomal protein uL1 

TIGR00928 purB adenylosuccinate lyase 

TIGR00482 TIGR00482 nicotinate (nicotinamide) nucleotide adenylyltransferase 

TIGR00962 atpA ATP synthase F1, alpha subunit 

TIGR00922 nusG transcription termination/antitermination factor NusG 

TIGR01164 rplP_bact ribosomal protein uL16 

TIGR01009 rpsC_bact ribosomal protein uS3 

TIGR00168 infC translation initiation factor IF-3 

TIGR02012 tigrfam_recA protein RecA 

TIGR00281 TIGR00281 segregation and condensation protein B 

TIGR00166 S6 ribosomal protein bS6 

TIGR00414 serS serine--tRNA ligase 

TIGR02422 protocat_beta protocatechuate 3,4-dioxygenase, beta subunit 

TIGR00560 pgsA CDP-diacylglycerol--glycerol-3-phosphate 3-phosphatidyltransferase 

TIGR00419 tim triose-phosphate isomerase 

TIGR01171 rplB_bact ribosomal protein uL2 

TIGR00810 secG preprotein translocase, SecG subunit 

TIGR00952 S15_bact ribosomal protein uS15 

TIGR00119 acolac_sm acetolactate synthase, small subunit 

TIGR00114 lumazine-synth 6,7-dimethyl-8-ribityllumazine synthase 

TIGR00116 tsf translation elongation factor Ts 

TIGR00059 L17 ribosomal protein bL17 

TIGR00708 cobA cob(I)yrinic acid a,c-diamide adenosyltransferase 

TIGR01464 hemE uroporphyrinogen decarboxylase 

TIGR00468 pheS phenylalanine--tRNA ligase, alpha subunit 

TIGR01737 FGAM_synth_I phosphoribosylformylglycinamidine synthase I 

TIGR01066 rplM_bact ribosomal protein uL13 

TIGR02727 MTHFS_bact 5-formyltetrahydrofolate cyclo-ligase 

TIGR02729 Obg_CgtA Obg family GTPase CgtA 

TIGR00020 prfB peptide chain release factor 2 

TIGR00228 ruvC crossover junction endodeoxyribonuclease RuvC 

TIGR00670 asp_carb_tr aspartate carbamoyltransferase 

TIGR00029 S20 ribosomal protein bS20 

TIGR03263 guanyl_kin guanylate kinase 

TIGR03635 uS17_bact ribosomal protein uS17 

TIGR00184 purA adenylosuccinate synthase 

TIGR03632 uS11_bact ribosomal protein uS11 

TIGR01051 topA_bact DNA topoisomerase I 

TIGR01358 DAHP_synth_II 3-deoxy-7-phosphoheptulonate synthase 
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Table S4. Buffers composition used in the modified media for the pH tolerance assay.  

pH Component Molarity (mol/L) 

4 
Sodium citrate dihydrate 0.0335 

Citric acid 0.0665 

5 
Sodium citrate dihydrate 0.0577 

Citric acid 0.0423 

6 
K2HPO4 0.0138 

KH2PO4 0.0862 

7 
K2HPO4 0.0536 

KH2PO4 0.0464 

8 
K2HPO4 0.0935 

KH2PO4 0.0065 

9.2 
Sodium bicarbonate 0.0910 

Sodium carbonate 0.0090 

10 
Sodium bicarbonate 0.0461 

Sodium carbonate 0.0539 

 

Table S5. Contiguity and quality evaluation of consensus long-reads assembly produced by 
the subassembly mode of Flye for KRD185. 

Contigs 
Largest 

contig (bp) 
Length (bp) N50 (bp) 

Mismatches 
per 100 kbp* 

Indels per 
100 kbp* 

BUSCO (% complete 
single-copy genes) 

3 6661213 6807015 6661213 16.07 2.22 99.7% 

* Mismatched statistics calculated by aligning assemblies with the short-reads assembly. 

 

 

 

 
Figure S1. Coverage of Illumina short-reads (upper) and PacBio long-reads (lower) across 

the final assembly of P. abyssalis KRD-168 (left) and P. oceani RKD-185 (right). 
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Figure S2. Pulsed field gel electrophoresis profile of P.abyssalis KRD168 (lanes 2 and 3, 
duplicate) and P. oceani KRD185 (lanes 4 and 5, duplicate). CHEF DNA Size Marker, 0.2–2.2 

Mb, S. cerevisiae Ladder (Bio-Rad) is shown in lane 1. 
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Figure S3. Bootstrap consensus tree inferred from 1000 replicates. Branches corresponding 
to partitions reproduced in less than 50% bootstrap replicates are collapsed. The 

evolutionary history was inferred using the Maximum Likelihood (a), and Maximum 
Parsimony (b). 
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Figure S4. Shared gene presence per genome ordered alongside a phylogenetic tree 
generated from the core gene alignment. Gene family presence is indicated by a blue block 

per column. 

 

Table S6. Recombination events per branch in the maximum-likelihood reconstructed 
phylogeny from the core-genome. 

Branch R/θ ν δ r/m 

Mean 1.12426 0.032267 98.31778 3.56657 

A. orientalis DSM 40040 0.019742 0.092411 0.67787 0.001237 

P. abyssalis KRD168 0.885051 1.56866 1.886661 2.619334 

P. acacia DSM 45401 0.049955 0.134595 0.732113 0.004922 

P. ammonioxydans CGMCC 4.1877 0.080107 0.270664 0.824606 0.017879 

P. asaccharolytica DSM 44247 0.026116 0.077032 0.891742 0.001794 

P. autotrophica DSM 535 0.060578 0.208001 0.884588 0.011146 

P. broussonetiae Gen01 0.952231 0.956078 1.385792 1.261635 

P. dioxanivorans CB1190 0.053316 0.224755 0.66565 0.007977 

P. hydrocarbonoxydans NBRC 14498 1.51084 2.20046 1.456109 4.840895 

P. oceani KRD185 1.10156 0.988462 1.774651 1.932329 

P. oroxyli CGMCC 4.3143 0.038391 0.145905 0.623076 0.00349 

P. petroleophila CGMCC 4.1532 0.790546 1.42476 1.327826 1.495581 

P. sediminis DSM 45779 1.30581 1.59262 2.291943 4.76646 

Pseudonocardia sp. AL041005-10 0.046078 0.092069 1.246665 0.005289 

Pseudonocardia sp. CNS-139 3.79723 3.10502 4.068746 47.97244 

Pseudonocardia sp. KRD291 1.35645 1.59535 2.316477 5.012885 

Pseudonocardia sp. MH-G8 0.038759 0.109268 0.885112 0.003749 

P. spinosispora DSM 44797 0.031164 0.12765 0.819383 0.00326 

P. thermophila DSM 43832 0.038762 0.131119 0.608702 0.003094 

P. oceani and P. abyssalis clade 0.168896 0.201924 0.546293 0.018631 

P. sediminis clade 0.164837 0.291064 0.641976 0.030801 
R/θ = relative rate of recombination to mutation; ν = mean import length of recombining DNA; δ = mean divergence of 
imported recombining DNA; r/m = relative effect of recombination and mutation (r/m = (R/θ) × δ × ν). 
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Figure S5. Polar lipid profile of 1, Pseudonocardia abyssalis sp. nov. KRD168T; and 2, 
Pseudonocardia oceani sp. nov. KRD185T; after two-dimensional thin-layer chromatography 

(TLC). PE, phosphatidylethanolamine; DPG, diphosphatidylglycerol; PL, unidentified 
phospholipid; GL, unidentified glycolipid; GPL, unidentified glycophospholipid. 

 

Table S7. Strain collection used in the metabolomics analysis. Accession numbers for 
sequenced strains are shown in Table S2.  

Organism Name Strain WGS availability 

Pseudonocardia abyssalis KRD168 Yes 

Pseudonocardia abyssalis KRD169 Yes 

Pseudonocardia oceani KRD176 Yes 

Pseudonocardia oceani KRD182 Yes 

Pseudonocardia oceani KRD184 Yes 

Pseudonocardia oceani KRD185 Yes 

Pseudonocardia oceani KRD188 Yes 

Pseudonocardia sp. KRD291 Yes 

Pseudonocardia hydrocarbonoxydans DSM 43281 Yes 

Pseudonocardia petroleophila DSM 43193 Yes 

Pseudonocardia sediminis DSM 45779 Yes 

Pseudonocardia ammonioxydans DSM 44958 Yes 

Pseudonocardia antitumoralis DSM 45322 No 

Pseudonocardia profundimaris KCTC 39641 No 

Pseudonocardia sp. CNS-139 Yes 

Pseudonocardia sp. VO44-3 No 
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Figure S6. Genome quality evaluation for the Southern Ocean strains assemblies before and 
after scaffolding by MeDuSa. 

 

 

Figure S7. Maximum-likelihood multi-locus phylogenetic tree of the GCF ect1 reconstructed 
with CORASON. Genes are represented by arrows facing the direction of transcription. The 

tree was created using the sequences of the core domains in the GCF. 
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Figure S8. Clonal phylogeny showing the inferred recombination events as dark blue 
horizontal bars in ripp1 (A), terp1 (B), nrps1 (C), and bet1 (D). 

 

 

Figure S9. Structure of grayanotoxin I and the mirror plot visualising the matching spectra 
(library spectrum in green). 

 

 

Figure S10. Gene similarity between the BGC pks4 from Pseudonocardia sp. KRD291 and 
BGC0001077 from Actinoplanes missouriensis 431 (A), alongside a prenylated phenolic lipid 

product of the latter. 
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Figure S11. Bioactivity of P. abyssalis KRD168 cultivate in ISP2 against Candida auris 
UACa11. Strain was cultured in a 90 mm Petri dish. 

 

 

Figure S12. Volcano plot showing the differential metabolite identification of P. 
hydrocarbonoxydans DSM 43281, P. petroleophila DSM 43193 (B), and P. ammonioxydans 
DSM 44958 (C) cultured in ISP2 and ISP2 supplemented with N-acetyl glucosamine 1mM. 

Each dot represents a molecular feature detected in the LC-MS/MS analysis. The x-axis 
represents the ratio of change (fold change), and the y-axis the statistical significance (p-
value). Molecular features with p‐values < 0.1 (horizontal dotted line) and a fold change < 
0.5 or > 2 (vertical dotted lines) are highlighted in magenta. Molecular features considered 
significantly down-regulated are showed in the left side, and those considered significantly 
up-regulated are showed in the right side. The molecular feature corresponding to N-acetyl 

glucosamine is highlighted in green. 
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Table S8. Homologous proteins to dasR (WP_009951283) identified in the Southern Ocean 
strains genomes by standard protein BLAST 

Total score Query cover (%) Sequence 

93.2 89 

>WP_218611789.1 UTRA domain-containing protein [Pseudonocardia sp. 
KRD291] 
MGERTLVRGNGQPLWQQLLDDLRARLDGGDFDAALPSEFALAAEYSVSRHTVREA
LRRMRDDGAVVATRGRVARRAEPTPIEQPLSEPYSLYRAVEAAGRTQRSVVRQFDV
RADGVIAARLGLEESTPLVHLERLRLADSEPLAVDRVWLPEELAAPLLDVDFSHTGLY
DEYRRRCGIRVTGGRENIRAVVPGEGERQLLGIGDGVAALVIERCGMAEGRAVEW

RHTVVRGDRFTVTAQFSDRTGYRVDLAE 

72.0 80 

>WP_218605969.1 UTRA domain-containing protein [Pseudonocardia 
abyssalis] 
MAAPLHRTLAAELRRRIRSGAIGIGESLPSEAQLCREFAASRGPVRQALAALRDEGLI
GGGQGKRPVVLDAVPAQPFESFQSFTRRAELTGHVPGQRLQEIALRRPEPAVAAAL
QLDDDTPAVQLLRLRLLDGRPAMLERMTYVESVGRALLDADLDAGSIYALLTSHGV
DLHAARHTFDAVAADATDSALLEVPVGSPLLRERRLTSDSSGRPLEWSDDRYRSDV
ATVTVTNTRSSRAPVTRL 

67.0 89 

>WP_218591783.1 UTRA domain-containing protein [Pseudonocardia 
oceani] 
MPEIQKVLPKYLQIAGHIRDQIVRGDLSPGDEVPSERELAARWSVARPTAARALESL
RVQGLVESRQGSGTYVRASQSAPRARERYERGRDLGTMYGATESVEFLATDIVAGV
DHVVEALQLPPGSDVIRRIRLLRGEDGKPIELSTSWFAPHLAEQAPRLLHPERLLGGT
GKYIAEVTGRESEYARDQVAARLATADERRLLELPRPAAVLVYRLTAYDSSDLPIQFD
DATYPSDRWAFRQEYPLAR 

63.9 81 

>WP_218601160.1 UTRA domain-containing protein [Pseudonocardia 
abyssalis] 
MTSSEGGDRRPASERLADELRVSIESGELAAGAKLPSERELAEFHGIARNTARQAIRL
LAESGLVIAEHGRGVFVRPAISVIRLGNDRYSPRYRDTGLSPFLLECAKQGKAGRFEV
LSVERVTPPADVAARLKISPDTPSALRRENVFWADADPVQRVTTWLPWALADSTAL
LRDEVGHPFGIHGILEERGHLMARIHDEISARMPTPDEREHLQLSPGVPVLDVLHTSI
DTEGEPYELTRFVMRADLSGLRYDAPVE 

 

Table S9. Origin of Pseudonocardia spp. strains used in the chemical ecological experiment 

showing environment, location, depth and GPS coordinates of their origin. 

Species Strain Environment Location Depth Coordinates 

P. abyssalis KRD168 Marine sediments Southern Ocean 4539 m 62° 57.56’ S 27° 53.23’ W 

P. oceani KRD185 Marine sediments Southern Ocean 4060 m 65° 19.88’ S 48° 5.58’ W 

Pseudonocardia sp. KRD291 Marine sediments Southern Ocean 4060 m 65° 19.88’ S 48° 5.58’ W 

P. sediminis DSM 45779 Marine sediments South China Sea 652 m 21° 23.20’ N 117° 37.20’ E 

P. petroleophila DSM 43193 Soil - - - 

P. hydrocarbonoxydans DSM 43281 
Laboratory/Indust

rial sub-product 
- - - 

Pseudonocardia sp. CNS-139 Marine sediments Palau 8 m 7° 30′ N, 134° 30′ E 

Pseudonocardia sp. VO44-3 Marine sediments Valparaíso Bay 29.4 m 33° 1.18' S 71° 38.72' W 

P. profundimaris KCTC 39641 Marine sediments 
Western Pacific 

Ocean 
7118 m 141° 59.7′ E 11° 59.7′ N 

P. antitumoralis DSM 45322 Marine sediments 
Northern South 

China Sea 
3258 m 120° 0.98' E 19° 0.66' N 

P. ammonioxydans DSM 44958 Coastal sediments 
Jiao-Dong 
peninsula 

0 m 35° 58.8’ N 120° 14.2’ E 
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Figure S13. Venn diagram showing the node distribution from the GNPS classical molecular 
networking showing parent ions detected. Parent ions with similar MS/MS spectra are 
clustered in the same node and can be interpreted as metabolites. Shared parent ions 

potentially mean metabolites in common.  The total number of parent ions for each strain 
are shown in brackets. 
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Figure S14. Image from MALDI-TOF MSI of P. abyssalis KRD168 (right) interacting with 

Pseudonocardia sp. KRD291 and P. sediminis DSM 45779 (left), featuring the ion image 

taken of m/z 650.4431, m/z 734.5646, and m/z 748.5798. 
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Figure S15. Ion identity molecular network of 3023 features showing the predicted ion 

identity for each node. Molecular features are coloured according to their ion species. The 

network contains MS2 similarity edges from molecular networking as solid blue lines 

combined with MS1 ion identity networking edges as dotted red line. 
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Figure S16. MS2 spectra of the molecular nodes with precursor ions of m/z 750.4981 (A), 

m/z 706.4724 (B), and m/z 500.3570 (C) from the IIMN analysis. The y-axis represents the 

percentage of intensity for each signal, and the x-axis the mass-to-charge ratio (m/z). 

 

 


