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Abstract 

The continuous emergence and spread of antibiotic resistant bacteria is a huge threat to modern 

society. We need to find and develop novel antimicrobial compounds to enable treatment of 

infectious diseases in the future. Bacteria have for decades provided antimicrobial compounds, 

and along with the genomic sequencing era it has become evident that only a minority of the 

potential antibiotic compounds encoded in the genomes of bacteria are yet discovered. In the past 

decades, the marine environment has gained attention because of its rich biodiversity being 

unexplored from a pharma- and biotech point of view. Marine bacteria are a prolific resource of 

novel antimicrobials, and in particular those of the genus Pseudoalteromonas. The purpose of this 

PhD project was to investigate the genus Pseudoalteromonas for its potential to produce novel 

antimicrobial compounds using in silico and in vitro methods.  

A global in silico analysis of 157 strains from the genus Pseudoalteromonas confirmed that 

pigmented species of the genus are potent producers of antimicrobial compounds, dedicating as 

much as 15% of their genomic content for this purpose. The global analysis also revealed many 

taxonomic discrepancies within the genus, and led us to pursue the description of a novel species 

Pseudoalteromonas galatheae. This subsequently contributed to the expansion of phylogeny within 

the genus and highlighted the importance of incorporating genomic information when describing 

novel species.  

Many antimicrobial compounds are encoded in so-called cryptic or silent (or orphan) biosynthetic 

gene clusters within the genomes, meaning that the chemistry of the compounds produced is not 

known. Previous studies have shown that using carbon sources mimicking the natural environment 

of bacteria can induce production of antimicrobial compounds in marine vibrios. In silico analysis of 

carbohydrate-active enzymes in genomes of Pseudoalteromonas showed that chitin was likely a 

preferred substrate for the bioactive pigmented species and we thus hypothesized that chitin 

degradation and production of antimicrobial compounds could be interconnected within the genus 

Pseudoalteromonas. Using a metabolomics approach as well as constructing chitinase gene 

deletion mutants it was found that the marine carbon sources did alter the metabolome of two 

strains, but that chitin was not convincingly inducing production of antimicrobial compounds.  

Concluding, this work has contributed to the understanding of the genus Pseudoalteromonas, 

highlighting their immense genetic capacity to produce novel antimicrobial compounds, which is 

similar to that of our most famous antibiotic producers, the Actinomycetes. This knowledge can be 

used to target the discovery of novel drugs towards culturable bacteria with a huge unknown 

bioactivity potential. 
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Resumé 

Den kontinuerlige fremkomst og spredning af antibiotikaresistente bakterier er en stor trussel mod 

det moderne samfund. Det er nødvendigt at finde og udvikle nye antimikrobielle stoffer for at kunne 

bekæmpe smitsomme infektioner i fremtiden. Bakterier har i årtier været producent af 

antimikrobielle stoffer, og i forbindelse med genomsekventerings-æraen er det blevet klart, at kun 

en brøkdel af de potente antimikrobielle stoffer, som bakteriernes genom koder for, er blevet 

opdaget. I de sidste årtier har det marine miljø opnået stor opmærksomhed på grund af dets rige 

samt uudforskede biodiversitet fra et pharma- og biotekrelateret synspunkt. Marine bakterier udgør 

en rig kilde til nye antimikrobielle stoffer, især bakterier af slægten Pseudoalteromonas. Formålet 

med dette PhD projekt har været at undersøge slægten Pseudoalteromonas for dens evne til at 

producere nye antimikrobielle stoffer ved brug af in silico og in vitro metoder.  

En global in silico analyse af 157 stammer fra slægten Pseudoalteromonas bekræftede at 

pigmenterede arter i slægten er potente producenter af antimikrobielle stoffer, og dedikerer op til 

15 % af deres genetiske materiale til dette formål. Den globale analyse afslørede også flere 

taksonomiske uoverensstemmelser i slægten, hvilket ledte os til at forfølge beskrivelsen af den nye 

art Pseudoalteromonas galatheae. Dette har bidraget til udvidelsen af fylogenien samt fremhæver 

vigtigheden af at inkorporere genomisk information i beskrivelsen af nye arter.  

Mange antimikrobielle stoffer er kodet for af såkaldte kryptiske eller tavse (eller ’orphan’) 

biosyntetiske genklynger i genomerne, hvilket betyder at kemien af stofferne ikke er kendt. 

Tidligere studier har vist at brugen af karbonkilder, som efterligner bakteriernes naturlige miljø, kan 

inducere produktionen af antimikrobielle stoffer i marine vibrio. En in silico analyse af kulhydrat-

aktive enzymer i Pseudoalteromonas genomerne viste, at kitin var et muligt foretrukken substrat for 

de bioaktive pigmenterede arter og derfor hypoteserede vi, at kitinnedbrydning og produktion af 

antimikrobielle stoffer kunne være koblet sammen i slægten Pseudoalteromonas. Ved brug af 

metabolomics samt konstruktion af kitinase gen-deletion mutanter fandt vi, at marine karbonkilder 

kan påvirke metabolomet af two stammer, men at kitin ikke overbevisende inducerede 

produktionen af antimikrobielle stoffer.  

Afslutningsvis har dette værk bidraget til forståelsen af slægten Pseudoalteromonas, og 

understreger slægtens enorme genetiske kapacitet for at producere nye antimikrobielle stoffer, 

som er lignende den af vores mest kende antibiotika-producenter, Actinomyceter. Denne viden kan 

bruges til at målrette opdagelsen af nye stoffer mod kultiverbare bakterier med et stort ukendt 

bioaktivt potentiale.    
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1. Introduction and thesis outline

The discovery of penicillin and subsequently other antibiotics has without a doubt revolutionized 

medicine and is considered a turning point for modern medical history. Unfortunately, the most 

serious consequence of the use (and misuse) of antibiotics is the associated antibiotic resistance. 

New drugs, especially antimicrobial compounds, are urgently needed to counter and reverse the 

spread of antibiotic resistant bacteria.  

The isolation of several hundred bioactive marine bacteria by our laboratory during the global 

research expedition Galathea 3 in 2006/2007 is the foundation of this PhD, as it has been for 

several other studies before me. This PhD thesis is based on work carried out by former members 

of the GramLab group, and the notion that the biosynthetic potential of marine bacteria can be 

induced when applying ‘natural settings’, such as chitinous growth media, compared to standard 

laboratory settings1–3. In the marine family Vibrionaceae, addition of chitin to the growth medium 

positively affected the biosynthetic capacity of several strains. Some species of the genus 

Pseudoalteromonas produce many bioactive compounds and are also potent chitin degraders. 

Based on previous knowledge of the Vibrionaceae, we speculated that chitin or other carbon 

sources could induce the biosynthetic potential of strains from the genus Pseudoalteromonas.  

The work of this PhD project was focused around the 98 Pseudoalteromonas strains isolated 

during the Galathea 3 expedition4,5. All the strains were genome sequenced and mined for their 

genomic capacity to produce bioactive secondary metabolites as well as investigating which 

carbohydrates they were likely to prefer. We combined this knowledge with laboratory-based 

experiments to gain access to the wealth of secondary metabolites produced by this group of 

bacteria.  

All the bacteria isolated on the Galathea 3 expedition originate from the marine environment, and 

the marine environment as source for novel drugs is the focus of chapter 2. Here I provide a 

general overview as to why the marine environment confers an interesting habitat to search for 

novel drugs. In chapter 3, I zoom in on the main actors of this PhD project, namely the members 

of the genus Pseudoalteromonas. Whole-genome sequencing of the many Pseudoalteromonas 

isolates revealed several discrepancies in the taxonomy within the genus, thus in this chapter, I 

describe the discrepancies within species delineation in the genus and why it is important to ‘clean 

up the mess’. The second part focuses on the occurrence of the genus and why it represents an 

interesting candidate for biotechnology.  
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Based on a global analysis of genes encoding carbohydrate-active enzymes, we hypothesized that 

chitin was likely a preferred substrate for the species that produce the majority of the secondary 

metabolites in the genus. Thus, in chapter 4 I describe how chitin is degraded by bacteria, the last 

part with focus on Pseudoalteromonas. In chapter 5, the main focus is on the bioactive secondary 

metabolites produced by bacteria, in particular those of marine origin. The second part of the 

chapter deals with the secondary metabolites produced by Pseudoalteromonas, and where 

possible, a reflection on the ecological role of the secondary metabolites is given.  

The above chapters provide a background to the three manuscripts included in this thesis.  

Chapter 6 is a concluding chapter consisting of the main conclusions and future remarks. The full 

length research articles included in this thesis are comprised in chapter 7.   
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2. The marine environment as a source of novel drugs

Almost 70% of the earth surface is covered by oceans and the marine environment contains a 

great biodiversity, with about one half of the global primary production occurring in the oceans6,7. 

The marine micro- and macroorganisms inhabit many different niches with varying temperatures, 

salinity and pressure (shallow and deep waters, deep-sea hydrothermal vents, coral reefs and 

polar regions). Microorganisms often colonize the surfaces of macroorganisms, many times 

exhibiting beneficial effects for the host. While the terrestrial environment has been a prolific 

source of microbial-derived drugs for many years, the marine environment still remains relatively 

underexploited. Marine microorganisms represent a rich resource for discovery of novel drugs 

because they are often exposed to unique conditions compared to terrestrial conditions, causing 

the microorganisms to develop unique and unusual chemistry that are different to that of their 

terrestrial neighbors8.  

New secondary metabolites (SMs) have continuously been discovered from marine organisms, 

providing a solid ground for drug discovery and development. Fungi, sponges, bacteria and 

cnidarians are the four largest groups, from which marine SMs have been derived (Figure 1)9. 

Two-hundred-and-forty new compounds were reported from marine bacteria in 2018. 

Actinomycetes, in particular Streptomycetes, have since the onset of the antibiotic era in the 1940s 

represented an unmatched capacity for SM production. Not surprisingly, in the marine environment 

the genus is also the dominant source of new compounds comprising 167 of the 240 new drug 

candidates described9.  

Figure 1. The trends of marine natural product discovery from 2014-2018. Figure from 9. 
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The marine environment is now generally acknowledged as a potential source of novel 

pharmaceutically relevant compounds. Several marine-derived compounds have been approved 

by the Food and Drug Administration (FDA) or reached clinical trials (Table 1). Interestingly, the 

main disease area of interest is cancer, probably caused by the lack of industrial investment for 

novel antimicrobial compounds.  

Table 1. Marine-derived compounds which have been FDA-approved or is in phase III of clinical trials as of 

November 2019. ADC: Antibody drug conjugate. The table has been modified from 

https://www.midwestern.edu/departments/marinepharmacology.xml 

Compound 
Name 

Trademark and 
year of approval 

Marine 
Organism 

Chemical 
Class 

Disease 
Area 

FDA approved 

Enfortumab Vedotin-
ejfv 

PADCEVTM (2019) Mollusk/ 
cyanobacterium 

ADC Cancer 

Polatuzumab vedotin 
(DCDS-4501A) 

Polivy TM (2019) Mollusk/  
cyanobacterium 

ADC Cancer 

Plitidepsin Aplidin® (NA) Tunicate Depsipeptide Cancer 

Trabectedin 
(ET-743) 

Yondelis® 
(2015) 

Tunicate Alkaloid Cancer 

Brentuximab vedotin 
(SGN-35)  

Adcetris® 
(2011) 

Mollusk/  
cyanobacterium 

ADC Cancer 

Eribulin Mesylate 
(E7389) 

Halaven® 
(2010) 

Sponge Macrolide Cancer 

Omega-3-acid ethyl 
esters

Lovaza® 
(2004) 

Fish Omega-3 
fatty acids 

Hypertrigly-
ceridemia 

Ziconotide Prialt® 
(2004) 

Cone snail Peptide Pain 

Vidarabine 
(Ara-A) 

Vira-A® 
(1976) 

Sponge Nucleoside Antiviral 

Cytarabine 
(Ara-C) 

Cytosar-U® 
(1969) 

Sponge Nucleoside Cancer 

Phase III 

Plinabulin 
(NPI-2358) 

NA Fungus Diketopipe-
razine 

Cancer 

Tetrodotoxin Halneuron TM Pufferfish Guanidinium 
alkaloid 

Pain 

Lurbinectedin 
(PM01183) 

Zepsyre® Tunicate Alkaloid Cancer 

Marizomib 
(Salinosporamide A; 
NPI-0052) 

NA Bacterium Beta-lactone-
gamma 
lactam 

Cancer 

https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/761137s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/761137s000lbl.pdf
http://www.marinespecies.org/aphia.php?p=taxdetails&id=103756
https://www.ncbi.nlm.nih.gov/pubmed?term=brentuximab+vedotin+%5bSupplementary+Concept%5d
https://www.ncbi.nlm.nih.gov/pubmed?term=brentuximab+vedotin+%5bSupplementary+Concept%5d
https://www.ncbi.nlm.nih.gov/pubmed?term=Fatty+Acids+Omega-3%5bMesh%5d
https://www.ncbi.nlm.nih.gov/pubmed?term=Fatty+Acids+Omega-3%5bMesh%5d
https://www.gsksource.com/pharma/content/dam/GlaxoSmithKline/US/en/Prescribing_Information/Lovaza/pdf/LOVAZA-PI-PIL.PDF
https://www.gsksource.com/pharma/content/dam/GlaxoSmithKline/US/en/Prescribing_Information/Lovaza/pdf/LOVAZA-PI-PIL.PDF
https://www.ncbi.nlm.nih.gov/pubmed?term=ziconotide+%5bSupplementary+Concept%5d
https://www.prialt.com/wp-content/uploads/prialt-prescribing-information.pdf
https://www.prialt.com/wp-content/uploads/prialt-prescribing-information.pdf
https://www.ncbi.nlm.nih.gov/pubmed?term=Vidarabine%5bMesh%5d
https://www.ncbi.nlm.nih.gov/pubmed?term=Vidarabine%5bMesh%5d
https://www.ncbi.nlm.nih.gov/pubmed?term=Cytarabine%5bMesh%5d
https://www.ncbi.nlm.nih.gov/pubmed?term=Cytarabine%5bMesh%5d
https://pubchem.ncbi.nlm.nih.gov/compound/6253
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The marine organisms listed in Table 1 as producers of the compounds are mostly eukaryotes, but 

this is probably not the complete truth, as many compounds likely are produced by a microbial 

symbiont. The most famous case of this is bryostatin, a compound initially thought to be produced 

by the marine bryozoan Bugula neritina, however it was later found that the actual producer of the 

compound was the uncultivated symbiont Candidatus Endobugula sertula10.  

2. 1 Galathea 3 collection

During the global research expedition Galathea 3, one of the research goals was to isolate marine 

culturable bacteria with antimicrobial activities with potential for biotechnological use5. Samples 

were collected throughout the marine waters of the world (Figure 2) and bacteria were isolated 

because of their ability to inhibit the fish pathogen Vibrio anguillarum. Five-hundred-and-nineteen 

isolates were identified and 16S rRNA gene sequence homology placed the isolates in three major 

proteobacterial groups: Vibrionaceae, Pseudoalteromonas spp. and the Roseobacter group. Of 

these, the most pronounced antibacterial strains were the pigmented Pseudoalteromonas strains, 

which were predominantly isolated from surface swabs from warmer waters. This genus is the 

focus of this PhD study and will be described in more detail in the next chapter. 

Figure 2. 39.000 nautical miles were completed during the nine month long Galathea 3 expedition (figure 

from www.galathea3.dk) 
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3. Genus Pseudoalteromonas: Taxonomy and biotechnology 

potential 

Species of the genus Pseudoalteromonas are Gram-negative, flagellated bacteria that belong to 

the γ-Proteobacteria. They are strictly marine bacteria that are found ubiquitously in the oceans, 

and are highly salt-tolerant, some tolerating a salt concentration of 15%11. Species within the 

genus are divided into two clades: pigmented and non-pigmented species obviously based on the 

appearance of color when cultivated (Figure 3). The pigmented group displays a much larger 

degree of variability than the more shallow phylogeny of the non-pigmented group12.  

 

Figure 3. Phylogenetic tree based on single nucleotide polymorphism (SNP) of 157 strains of the genus 

Pseudoalteromonas. Fifty strains belong to the Galathea 3 collection, whereas the remaining genomes were 

downloaded from the NCBI database. The colored boxes indicate the pigmentation of the strains. Vibrio 

anguillarum 90-11-286 was used as root. Figure adapted from paper 113. 
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Strains in the genus Pseudoalteromonas have an open pangenome12. The pangenome is the 

group of genes possessed by all the strains within bacteria of the same taxon. The pangenome is 

divided into three categories i) core ii) accessory and iii) unique. An open pangenome refers to the 

observation that new genes are added to the pangenome whenever new genomes are added to 

the analysis, meaning that predicting the size of the full pangenome is not possible14. Based on 38 

Pseudoalteromonas genomes, of which 10 are pigmented, only seven percent of the pangenome 

genes belong to the core genome (Figure 4). The core genomes of non-pigmented and pigmented 

species consist of 13% and 17% of the genes, respectively. The major part of the core genes have 

functions related to housekeeping processes as well as transcription, translation and replication12. 

The open pangenome seems somewhat contradicting to the observed shallowness within the non-

pigmented group.   

 

Figure 4. The Pseudoalteromonas pangenome. Figure adapted from 12. 

 

Because of the open pangenome of Pseudoalteromonas, horizontal gene transfer (HGT) has been 

suggested to play a role in the evolution of the genus. Indeed it was found that the mobile genetic 

elements (MGEs) identified throughout the 38 genomes accounted for 14% of the genes in the 

pangenome. Further investigating the MGEs clearly separated the non-pigmented and pigmented 

strains, where pigmented species contained more MGEs, suggesting that HGT has played a role in 

speciation and follows the phylogeny12. 

 

3.1 Taxonomy, species delineation and the accompanying issues   

The taxonomic history of the genus dates back to 1995, where the advent of 16S rRNA gene 

sequencing resulted in the revision of the genus Alteromonas and the subsequent creation of the 

genus Pseudoalteromonas by Gauthier et al.15. The genus consisted of twelve species in 1995, 

whereas today the genus is expanded to include 53 species (including subspecies) with validly 
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published names16. Classification of prokaryotes has since the 1960s relied on genomic 

comparisons when DNA-DNA hybridization (DDH) was introduced, and has since become the gold 

standard for describing novel species. A DDH similarity of ≥70% is considered a criterion for 

assigning two strains to the same species, but when based on wet-lab work, the method is 

tedious17,18. Modern prokaryotic taxonomy is strongly influenced by the development in genome 

sequencing, and the DDH measurement is now easily calculated in silico, e.g. using freely 

available software tools such as the Genome-to-Genome-Distance calculator (GGDC)19. Another 

measure widely used for assessing species boundaries – and many times suggested as the best 

option for genome-based species identification - is Average Nucleotide Identity (ANI)20. ANI can be 

calculated in different ways, but is overall based on a pairwise measurement of similarity between 

two or more genome sequences. It is generally accepted that an ANI value of 95-96% is equivalent 

to the 70% DDH boundary for species delineation21,22. ANI has been used in paper 1 for assigning 

species to newly sequenced strains13, and in paper 2 for clarifying the novelty of a new species, 

Pseudoalteromonas galatheae23.  

 

Taxonomy is the organizing principle of biology and is a method for understanding and organizing 

bacterial diversity. Correct taxonomic classification is important as it aids in making predictions and 

framing hypotheses for further research based on current knowledge (i.e. when choosing which 

strains to include in an analysis based on relatedness or novelty to known species). For the genus 

Pseudoalteromonas, difficulties in assigning the correct taxonomic affiliation to a strain is 

highlighted by the fact that of 323 genome assemblies in the NCBI database by beginning of 2020, 

165 represent assemblies of unclassified species and 158 strains have been assigned to a 

species24. Regarding the number of strains deposited in the NCBI database, the distribution of 

represented species in the NCBI database is also highly uneven (Figure 5). Although pigmented 

Pseudoalteromonas species are by far the most common species in the NCBI database, the broad 

scientific interest in the whole genus is reflected by the distribution of many unique species being 

sequenced, and that 44 of the 53 known species are represented by their genome.  
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Figure 5. The number of strains represented by a species in the NCBI database by start 2020. Grey bars 

represent non-pigmented species and colored bars represent pigmented species, where the color indicates 

the reported pigmentation of the species.  

 

There can be several reasons for the lack of affiliation to a species within the genus. There is a 

chance that an assembly represents a novel species. Another issue is if the assembly is assigned 

to more than one species, then it becomes difficult to determine which species the isolate belongs 

to. Furthermore, it may not be important for a given study to assign species to their strain, 

especially if species assignment is not straightforward, and then the assembled genome ends up in 

the unclassified group of genomes. That an assembly assigns to more than one species has been 

a recurring issue throughout this PhD work (Figure 6). Some species of Pseudoalteromonas 

display up to 99.9% sequence identity between the 16S rRNA genes11, and the high sequence 

identity of the 16S rRNA gene between different species was also an issue in paper 2 where we 

described the new species P. galatheae23. Thus, the 16S rRNA gene is a poor phylogenetic marker 

for the genus. MALDI-TOF has a better species-resolution for known species than that of the 16S 

rRNA gene25. MALDI-TOF can however not properly characterize unknown environmental isolates 

and the authors note that “an important reason is the extent of biodiversity that is still uncharted 

even within this culturable genus, so that the isolates tested probably represent undescribed 

species”. This is an important observation to keep in mind. That many isolates are undescribed, 

but have highly similar 16S rRNA gene sequences, can probably be a reason for a wrong species 

assignment. Novel species may also be assigned to already existing species, which can make 

science communication difficult at times.  
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Figure 6. Zoom in on the phylogentic tree from Figure 3. Red boxes mark the inconsistencies in taxonomic 

affiliation in two selected cases. In both A and B, two highly identical strains are described as two different 

species (A = ANI similarity 99.3%, B = ANI similarity 99.8%). In the case of B, the isolate S1727 belong to 

the Galathea isolates and is likely the same species as the two isolates with which it clusters. We have left 

S1727 unclassified due to the species inconsistency in this case.  

 

Another example where taxonomy becomes messy is that of Pseudoalteromonas sp. TB41, which 

clusters with P. issachenkonii/P. tetradonis in the ANI analysis in paper 113, but in a relatively 

recent study is described as a closely related bacterium to Pseudoalteromonas halotolerans 

TAC12526. In fact, based on the species definition using ANI, the two strains are not closely 

related, as they share 84.2% ANI similarity with each other. The authors concluded the taxonomic 

relatedness from a previous study, in which they also used ANI, as well as other in silico methods, 

to determine that Pseudoalteromoas sp. TB41 falls into the group of ‘P. haloplanktis-like’ bacteria. 

Because the genomes of the strains used for comparison were likely wrongly or doubtfully 

assigned, the authors based their conclusions on dubious assigned genomes. Based on the 

phylogeny in paper 113, strains assigned as P. haloplanktis occur scattered around the tree, and 

thus represent a phylogenetic pitfall that concern the remainder of the phylogenetic tree. This 

above issue strongly highlights the need for a re-evaluation of strains/species in the genus.  

 

Other scientists have also reported inconsistencies in species delineation in the genus 

Pseudoalteromonas, as well as the potential for many additional novel species27,28. This does not 

only happen within the genus Pseudoalteromoas but also on a global scale of prokaryotic 

taxonomy. Researchers have become more attentive to species delineation, and the following 

important message was quoted by Figueras et al29.: “The mistakes in the species names of 

deposited genomes are relevant because they may lead to incorrect conclusions in comparative 

genomics studies. Therefore, these data should motivate researchers to implement measures to 

prevent introducing taxonomical errors in public genome databases”. In 2018, NCBI introduced ANI 

analyses for all newly uploaded bacterial genomes to ensure that they are correctly assigned to a 

species, and to notify the submitter if there is a misidentification30. They also provide the service of 

assigning species to strains deposited without a taxonomic affiliation, if their analyses propose that 

A

Z

Z 

B 
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there is an affiliated species. Whenever a new type-strain is submitted to NCBI and confirmed, 

NCBI curators will repeat the complete process of evaluating the strains of the affected genus, and 

potentially reassign some strains to the newly confirmed species of the type-strain. 

 

At the early stage of the sequencing era, it was discussed how the whole-genome sequence would 

become the standard to determine the taxonomy17. Using genomic data to describe novel species 

seems to move rapidly forward, as in 2018, the International Journal of Systematic and 

Evolutionary Microbiology (IJSEM) published a set of guidelines for how to use genomic data to 

infer taxonomy31. ANI and in silico DDH are increasingly used in species descriptions, and 

nowadays it is rather the exception to exclude these data in a species description. Several 

approaches for making these analyses available for the ‘wet-lab scientist without great 

bioinformatics skills’ is being developed, such as the Type (Strain) Genome Server (TYGS), which 

is a user-friendly web server for genome-based prokaryote taxonomy32. As bioinformatics becomes 

more accessible for wet-lab scientists, these approaches are important means for the rapidly 

expanding genomic taxonomy and description of new genera and species. These guidelines from 

IJSEM were used in paper 223 to describe the novel species P. galatheae. Here we used genomic 

and metabolomics comparisons of the new species, and compared to the four closest related type 

strains. Apart from identifying P. galatheae as a novel species, the results indicated that two of the 

so-called different species, should in fact be one species. This again stresses the importance for 

incorporating the complete genome when describing novel species, as well as underlining a need 

for confirmation of the existing species within the genus.   

 

3.2 Occurrence and importance of genus Pseudoalteromonas  

Pseudoalteromonads are omnipresent in marine waters. The total abundance of 

Pseudoalteromonas in surface seawaters during the Galathea3 expedition was 2-3%, and was 

measured using cultivation independent measures with CARD-FISH33. During the Tara Oceans 

Project, Pseudoalteromonas was found to contribute 0.4% of the total ocean bacteria using a 

metagenomic approach34. Members of the genus have been isolated from many marine habitats 

such as open and coastal waters, deep-sea waters and sediments5. They are often found in 

healthy association with higher eukaryotic organisms35, but have also been described as 

(opportunistic) pathogens in organisms such as fish36, sponges37, scallops38 and algae39. 

Pigmented species have generally larger genomes (5.2 ± 0.6 Mb) compared to non-pigmented 

species (4.4 ± 0.4 Mb)13. Considering the closed genomes available in the NCBI database 
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suggests that the genome of a Pseudoalteromonas strain consists of one large and one smaller 

chromosome. 

Pigmented species are known for their broad variety of SMs whereas the non-pigmented species 

are believed to have a great enzymatic capacity and a higher environmental tolerance35,40. This 

understanding was partially supported by the analysis of glycosyl hydrolases (GHs) in paper 113. 

GHs are, as the name entails, hydrolytic enzymes acting on carbohydrates. We found that non-

pigmented species have a higher diversity of GHs compared to pigmented species (Figure 7) 

although the number of GHs on a gene count basis was not different between pigmented and non-

pigmented strains.  

 

 

Figure 7. Multidimensional scaling (MDS) of pigmented (red) and non-pigmented (grey) strains based on 

glycosyl hydrolases (GHs). GHs with loadings of more than ±0.5 are shown, as they contribute significantly 

to the diversification of GH profiles between the pigmented and non-pigmented strains. The high diversity of 

GHs within the non-pigmented species is shown by the scattering dots, compared to pigmented strains that 

are more concentrated around the center. Figure from 13. 

 

Non-pigmented species of the genus are of interest due to their production of extracellular 

enzymes with biotechnological relevance, such as proteases41, collagenases42, agarases43 and 

chitinases44. The GH analysis from paper 113 suggest that non-pigmented species are particular 

driven towards the degradation of algal carbohydrates, which are present in the ocean in several 
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different forms, which explains the high diversity of GHs within the group as seen in Figure 7. One 

of the most studied non-pigmented strains is Pseudoalteromonas haloplanktis TAC125, which was 

the first Antarctic bacterium to be fully genome sequenced and annotated45. It is psychrophilic and 

mesotolerant, and shows fast growth in a wide range of temperatures (from -2.5 to 25 °C)46. Non-

pigmented strains from deep-sea environments such as P. haloplanktis TAC125 and 

Pseudoalteromonas sp. SM991347 have attracted attention, because of their presence in extreme 

environments, such as Antarctica. Cold-adapted enzymes are of particular industrial interest 

because they function at low temperatures, thus offering economic and environmental benefits. 

The first carrageenase described originated from the non-pigmented Pseudoalteromonas 

carrageenovora 9T 48. The locus containing the carrageenan-degrading genes are located on a 

plasmid and not on either of the two chromosomes49, again supporting the hypothesis that HGT 

has played (and is playing) a role in the speciation within the genus. 

 

Secondary metabolites are probably the most known characteristic of the pigmented species, and 

they likely benefit the bacteria during nutrient acquisition and colonization of biotic and abiotic 

surfaces35. It is not only the bacteria itself that benefit from their production of SMs, but also their 

eukaryotic host can profit from its colonizers. For example, Pseudoalteromonas inhabit the 

hemolymph of healthy marine invertebrates and represent potential probiotics to control infectious 

diseases in aquaculture. Pseudoalteromonas strains isolated from the hemolymph of oysters and 

mussels were antimicrobial against pathogenic Vibrio harveyi that causes mortality in marine 

snails50. The snails showed higher survival when pre-treated with Pseudoalteromonas prior to V. 

harveyi expose, compared to those that had not been pre-treated. The potential use of pigmented 

Pseudoalteromonas as probiotics has previously been reported in penaeid hatcheries51 and 

mollusc farms52, and it is likely that the SMs produced by Pseudoalteromonas are responsible for 

the protective activities. The SMs produced by pigmented Pseudoalteromonas will be described in 

more detail in chapter 5.  

 

SMs are often produced when environmental cues turn on the transcription of the gene clusters 

encoding the SMs. One such cue can be the carbon source, which has been a focus of this PhD 

project. From the GH analysis in Figure 7 we found that genes encoding chitinolytic enzymes 

(GH18, GH19 and GH20) where among the biggest drivers of the diversification from the non-

pigmented species, which lead us to question if chitin degradation and production of SMs could be 

connected.   
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4. Bacterial chitin degradation 

Chitin is the most abundant polymer in the marine environment, and the second most abundant on 

Earth next to cellulose. It is an important structural element in the exoskeleton of crustaceans and 

insects, in cell walls of fungi and in pens of squids. Chitin does not accumulate on the ocean floor, 

suggesting that it is efficiently degraded and turned over53. Bacteria are the most important 

degraders of chitin in the ocean and chitin provides a rich source of carbon and nitrogen. These 

nutrients are often limited in the marine environment, and therefore, the chitin surface is a hotspot 

for bacteria and their interactions54. Bacteria respond to chitin in the surroundings with chemotaxis 

and chemotrophism, meaning that the bacteria either migrate or grow towards the source of 

nutrients. Once in close proximity or attached to chitin, bacteria will start secreting extracellular 

chitinases, which degrade the polymer into smaller oligomers that can be imported into the 

bacterial cell and utilized55–57. Chitinases are found in both terrestrial and marine bacteria, and are 

found in many phyla, such as Actinobacteria, Proteobacteria, Acidobacteria and Firmicutes58. 

Using a metagenomics approach it has been estimated that between 0.2% and 5.8% of all 

bacterial cells are chitinolytic59, whereas the chitinolytic fraction of culturable bacteria from the 

Chesapeake Bay was an average of 21%60. In paper 1 we describe that within the genus 

Pseudoalteromonas, 100% of the pigmented species are chitinolytic, whereas only 45% of the non-

pigmented species are13.  

4.1 Structural composition of chitin. 

Structurally, chitin is a polymer of 1,4-β linked N-acetyl-D-glucosamine (GlcNAc), in which the 

GlcNAc units are rotated 180o to each other (Figure 8). The polymerization of the linked GlcNAc 

units exhibit three different crystalline conformations: α, β and γ, which are different in the 

orientation of the microfibril chains61. The α-conformation is by far the most common type of chitin, 

where the chains are arranged in an anti-parallel fashion. This type is found in the fungal cell wall, 

and in most protistan and invertebrate exoskeletons. A less common conformation is β-chitin, in 

which the chains are arranged in a parallel fashion. The least common conformation is γ-chitin, in 

which the chains are arranged by two parallel chains followed by one anti-parallel chain. β-chitin 

and γ-chitin have only been reported in squid. All three forms of chitin are found in the squid, and 

the physical form of chitin has importance for its location: α-chitin in the hard beak, β-chitin in the 

rigid pens and γ-chitin in the flexible stomach lining54. 
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Figure 8. Structural composition of chitin, a polymer composed of 1,4-β-linked units of N-acetylglucosamine. 

Chitin can be found in three different conformations: α (anti-parallel chains), β (parallel chains) and γ (mixture 

of two parallel chains and one anti-parallel chain). Figure from 62. 

 

4.2 Enzymes involved in chitin degradation 

Bacterial degradation of chitin occurs in three main steps: i) breaking down the crystalline chitin 

into oligomers, ii) hydrolyzing the oligomers into dimers and iii) splitting the dimers into monomers 

(exemplified by the model of chitin degradation in V. harveyi in Figure 9). The enzymes involved in 

the extracellular steps are chitinases and lytic polysaccharide monooxygenases (LPMOs). The 

breakdown products are imported into to the periplasm or cytoplasm via uptake systems, such as 

the phosphoenolpyruvate-dependent phosphotransferase system63 and/or ABC transporters64. In 

the periplasm or cytoplasm, hexosaminidases split the dimers into monomers; although 

spontaneous release of monomers can also occur during hydrolysis by chitinases65. The metabolic 

importance of GlcNAc catabolism is evident from the degradation products: (a) NH3, the preferred 

nitrogen source for bacteria, (b) fructose-6-phosphate, which enters directly into glycolysis and (c) 

acetate, which can be converted into acetyl-CoA, and is a precursor for a wide range of biological 

processes66. In the following sub-chapters the different genes involved in bacterial chitin 

degradation will be described in detail.  
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Figure 9. Model of chitin degradation in Vibrio harveyi. Chitin is degraded in the extracellular space via 

chitinases and lytic polysaccharide monooxygenases (the latter is not depicted in this figure). Once partially 

degraded, chitin oligomers are transported through the outer membrane via size-dependent porins. In the 

periplasm, the further degradation takes place via GlcNAcases/chitodextrinases (in this thesis referred to as 

hexosaminidases), and the products of this are either GlcNAc2 or GlcNAc. The hybrid two-component 

sensor, ChiS, will sense GlcNAc2 and release a chitin-binding protein (CBP) and render ChiS ‘active’. The 

‘active’ state of ChiS subsequently regulates the transcription of genes in the chitin catabolic operon. In the 

periplasm, GlcNAc2 is transported to the cytoplasm via an ABC-transporter, and GlcNAc is transported via a 

PTS transporter. The chitin breakdown products are then phosphorylated and converted to fructose-6-

phosphate, NH3 and acetate. Figure from 67.   

 

In the marine environment, chitin degradation is mostly studied in Vibrio species (particularly, 

Vibrio cholerae); potentially, due to the role of chitin as a vector for the spread of this human 

pathogen as well as of Vibrio vulnificus and Vibrio parahaemolyticus68. Chitin can also induce 

natural transformation in vibrios. This allows exogenous DNA to be taken up by horizontal gene 

transfer, which in the worst scenario can lead to a more pathogenic strain57,69. Chitin degradation in 

V. cholerae is subject to carbon catabolite repression by glucose70.  Vibrios do not necessarily 

require salt for growth, as opposed to Pseudoalteromonas, making them good organisms for 

studying the genes involved in chitin degradation via molecular methods. One such example is the 

study by Hayes et al., in which all seven chitinases have been knocked out and re-introduced into 

a V. cholerae strain71 This enabled the systematic genetic dissection of all the chitin degrading 

genes in V. cholerae, showing that not all chitinases are equally important for chitin degradation.  
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4.2.1 Bacterial chitinases 

Chitinases hydrolyze the β-1,4 glycosidic bonds in the polymeric chitin chains and can act as endo- 

as well as exo-enzymes, meaning that they either cleave randomly in the polymer or from the 

reducing ends, respectively72. Chitinases contain a catalytic domain as well as additional chitin-

binding domains, such as chitin-binding modules (CBMs) or fibronectin III (FnIII) domains, that  

increase the affinity and efficacy of the enzyme65. The vast majority of bacterial chitinases belong 

to GH family 18, and a few belong to GH family 1972. GH19 chitinases are rather known from 

plants. GH18 and GH19 chitinases do not share sequence similarity and also have different 

catalytic mechanisms73. It is hypothesized that GH18 and GH19 chitinases have evolved 

separately65. The first bacterial GH19 chitinase was discovered in a Streptomyces griseus strain in 

1996 by Ohno et al74 and since then, genome sequencing has revealed more genes encoding 

bacterial GH19 chitinases. Plant GH19 chitinases mainly act as protection against pathogenic 

fungi75,76, but the function of GH19 chitinases in bacteria is unknown. Bacterial GH19 chitinases 

have been reported to both degrade chitin and to be antifungal, however, the antifungal activity 

does not seem to be restricted to GH19 chitinases, as GH18 chitinases also show antifungal 

activity77–81. In paper 1, we found that GH19 chitinases were present in all the genomes of 

pigmented Pseudoalteromonas and in few non-pigmented species, suggesting that the GH19 

chitinase has a role for pigmented species of the genus13. 

 

Bacterial genomes can harbor several different genes encoding for chitinases. As an example, the 

average chitin degrading Actinobacteria was found to encode 6.45 chitinases in its genome58. In 

the genus Pseudoalteromonas we found that pigmented strains encoded on average 5.2 GH18 

chitinases, whereas the non-pigmented chitinolytic strains encoded an average of 2.1 GH18 

chitinases13.It is an open question if all the chitinases are essential and/or expressed. The genome 

of the potent chitin-degrading bacterium Cellvibrio japonicus encodes four genes of GH18 

chitinases and one gene of a GH19 chitinase. Secretome analysis showed that all four GH18 

chitinases and to a much lower extent the GH19 chitinase were abundant during growth on chitin82. 

Building on that study, the physiological role of the four GH18 chitinases was investigated, and it 

was predicted that three of the chitinases were secreted and one was membrane-bound83. 

Transcriptome analysis demonstrated that the genes were highly upregulated and knock-out of the 

chitinase genes showed that only one gene, chi18D, is essential for chitin degradation, although 

synergistic effects were observed with two other chitinases.  

 

The genome of V. cholerae encodes seven putative extracellular chitinases and three putative 

periplasmic chitinases belonging to the GH18 and GH19 families. Transcriptome analysis 
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demonstrated that all seven extracellular chitinases (including a GH19 chitinase) were expressed 

during growth on chitin, but one GH18 chitinase, ChiA2, was the most highly expressed gene71. 

Likewise, a study on two members of the Vibrionaceae family showed that all encoded chitinases, 

including GH19 chitinases, were expressed and upregulated during growth on chitin, some to a 

higher extent than others84. The conserved presence of GH19 chitinases in pigmented 

Pseudoalteromonas as well as its enigmatic nature, led us to pursue the role or function of the 

GH19 chitinase in Pseudoalteromonas rubra S4059 in paper 385. We thus created a gene deletion 

knock-out mutant of the GH19 chitinase and the results showed that the wild-type and GH19 

mutant grew alike in chitin media (Figure 10)85.This indicated that under our experimental setup the 

GH19 chitinase was not important. This somewhat fits with the above studies describing that the 

GH19 chitinase is not essential for growth on chitin. In the above mentioned studies, the GH19 

genes are active and expressed, meaning that they must serve a function. In paper 3, we do not 

know if the GH19 chitinase is expressed under the tested circumstances, thus we are now 

investigating the gene expression of the chitinases in P. rubra S4059 to support the results.  

 

Figure 10. No difference in growth kinetics of Pseudoalteromonas rubra S4059 wildtype (black) and GH19 

deletion mutant (red) in colloidal chitin. The points are average of two biological replicates with standard 

deviations. Similar experiment was performed in crystalline chitin showing the same trend. Figure simplified 

from 85. 

 

Naming of GH18 chitinases can be somewhat confusing, as many researchers give the identified 

chitinases names in alphabetical order. This can be confusing because the domains within the 

chitinases have been named according to previously described chitinases, e.g. ChiA and ChiD 

(Figure 11). The crystal structure of the ChiD-type chitinase was originally described in Bacillus 

circulans (named ChiD in the study), and the domain architecture consists of af GH18 catalytic 
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domain, a chitin-binding domain and a FnIII domain, where the FnIII and chitin-binding domain is 

located either C-terminal or N-terminal to the catalytic domain86. Likewise, the crystal structure of 

the ChiA-type chitinase was described as ChiA in Serratia marcescens, and thus named 

accordingly. The ChiA-type chitinase domain architecture consists of a FnIII domain separated by 

a hinge-region from the catalytic domain87. Thus, researchers might name a chitinase ChiA, but it 

can have the ChiD-type domain architecture. 

 

 

Figure 11. Screenshot from NCBI of the domain structure of two GH18 chitinases from Pseudoalteromonas 

rubra S4059 (from paper 3). Top: the chitinase resembles the ChiD-type chitinase, bottom: the chitinase 

resembles the ChiA-type chitinase.  

 

4.2.2 Chitin active lytic polysaccharide monooxygenases 

Lytic polysaccharide monooxygenases (LPMOs) are relatively newly discovered enzymes being 

discovered in 201088. LPMOs are oxidative enzymes that cleave glycosidic bonds in crystalline 

surfaces. LPMOS are categorized in auxiliary activity (AA) families AA9, AA10, AA11 and AA13, 

but were originally classified as carbohydrate-binding modules (CBM) before 201089. The first 

LPMO enzyme was discovered in Serratia marcescenc acting on chitin, but generally, LPMOs act 

on crystalline polymeric surfaces, including cellulose and starch72,90. LPMOs belonging to AA9 are 

active on cellulose and are primarily of fungal origin. AA10 LPMOs are predominantly of bacterial 

origin and acts on chitin and cellulose. Chitin-active LPMOs of fungal origin belong to the AA11 

family, and AA13 family LPMOs are of fungal origin with activity on starch90. Hence, whenever 

bacterial chitin-active LPMOs are mentioned in this thesis, they belong to the AA10 family. On 

chitin, LPMOs create nicks in the crystalline chitin chains to provide access for chitinases thus 

enhancing the efficiency of chitinases.  

 

The the oxidative mechanism of LPMOs cleaves 1,4-β bonds in chitin (and cellulose, starch) while 

oxidizing the C188 (Figure 12). The oxygen introduced at the C1 position, originates from molecular 

oxygen, and the reaction is dependent on an electron donor. Ascorbic acid is a commonly used 
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reductant for the activity of LPMOs88. It has recently been described that LPMOs can also use 

H2O2 as co-substrate91. LPMOs are copper-dependent enzymes, and Cu2+ binds the LPMO with 

nanomolar affinity and is essential for catalysis92. LPMOs have gained much attention due to their 

industrial relevance, i.e. for biofuel production, and on chitin they improve the accessibility for 

chitinases in the most recalcitrant parts that otherwise would have been degraded much slower90.   

 
Figure 12. Lytic polysaccharide monooxygenase reaction on chitin. LPMOs catalyze the oxidation within a 

crystalline polysaccharide leading to cleavage of the 1,4 β linked units of N-acetylglucosamine. Oxidation 

occurs at C1 and results in the formation of a lactone, which is hydrated to become a reducing end aldonic 

acid. C4-oxidation leads to ketoaldose formation at the non-reducing end. Copper is essential for catalysis 

Figure from 90. 

 

Gene expression data of a study of C. japonicus growing on chitin showed that of the genes 

involved in chitin degradation, the LPMO was the most upregulated gene83. The authors then 

cloned and expressed the LPMO gene and four GH18 chitinase genes and performed synergy 

experiments in chitin media. This surprisingly demonstrated that there was no synergistic effect 

when adding the LPMO to the chitinases. The authors speculate that this might be an effect of the 

substrate used, as it might not have been ‘crystalline enough’. In paper 3, we do not see a 

difference between the wildtype and the two LPMO gene deletion knock-outs in growth kinetics in 

chitin media or biofilm formation of P. rubra S4059, either suggesting that we have not found a 

suitable assay for testing the role of the genes, or that the genes do not have a function in this 

setup85. Most studies conducted on chitin degradation are carried out using non-natural substrates, 

meaning substrates that have been pre-processed, such as colloidal chitin (acid hydrolyzed) or 



21 
 

crystalline chitin powder from Sigma Aaldrich (washed and milled). In real life, the structure is 

much more complex, as chitin is also in a complex of minerals and proteins, and laboratory chitin is 

usually deproteinized and demineralized. We addressed this issue in paper 3 by using 

unprocessed shrimp shells from Vannamei shrimps to assess the chitin degradation of the WT, 

GH19 and LPMO mutants of P. rubra S4059, but no difference in chitin degradation between wild 

type and mutants was seen (Figure 13)85.  

 

Figure 13. Growth and attachment of Pseudoalteromonas rubra S4059 wildtype and mutants on non-

processed Vannamei shrimp shells estimated in sea salt water before and after sonication of shrimp shells. 

Open circle: wildtype, open square diamond: GH19 mutant, open triangle: double LPMO mutant. Solid grey 

lines are samples from the sea salt water before sonication, and solid black lines are samples from sea water 

after sonication. Dotted lines represent 3% sea salt without shrimp shells as control. 

 

Another factor most often not considered in a laboratory setup is that the lifestyle of the majority of 

bacteria is most likely in a (mixed community) biofilm, and that the genes may be more important 

for attached growth and in an interaction with other bacteria. Inducing cues could be missing in 

traditional laboratory experiments, simply because the bacteria do not grow the way they would in 

natural settings. Another possibility could be that LPMOs (or GH19 chitinases) are only critical for 

certain steps of the degradation, and is not detected when using heavily pre-treated substrates and 

therefore not visible. All of these things need to be considered when evaluating the importance or 

role of the GH19 and LPMO genes in Paper 3 and it is important not to write off the role of the 

GH19 and LMPO genes, although the applied settings do not seem important for chitin degradation 

or biofilm formation.  
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4.2.3 Hexosaminidases 

Intracellular GlcNAc2 is cleaved by hexosaminidases (also known as chitobiases) from the non-

reducing end into GlcNAc and utilized. Hexosaminidases belong to GH family 20. Some 

hexosaminidases are also capable of removing the GlcNAc residue from longer chitin chains. This 

process usually takes place in the periplasmic or cytoplasmic space61. In Pseudoalteromonas, 

hexosaminidases are present in all chitin degrading strains (up to three gene copies), and in few 

non-chitin degraders (only one gene copy), suggesting that a small sub-set of non-chitin degraders 

can utilize the GlcNAc2 degradation product produced by chitinolytic bacteria13. This commensal or 

cheating strategy is also known in Bacillus, where strains not producing chitinases do produce 

hexosaminidases93.  

  

4.3 Chitin degradation in Pseudoalteromonas 

Chitin degradation is a known phenomenon in Pseudoalteromonas, but the details about chitin 

degradation is not as well studied as for vibrios. Thus, this section aims to collect the knowledge 

about the influence and degradation of chitin in Pseudoalteromonas. 

In paper 1, we conducted global genomic comparisons of chitin-degradation in 157 

Pseudoalteromonas genomes13. The analyses were performed on 95 non-pigmented and 62 

pigmented strains, and found that all pigmented genomes and 40 non-pigmented genomes contain 

chitin degrading genes of the GH18 family. Chitinases of the GH19 family were omnipresent in the 

pigmented strains, but only present in ten of the 40 non-pigmented chitinolytic genomes, as 

mentioned previosuly. We describe a three-gene chitin degradation cluster, which seems to be a 

conserved trait in all chitin-degrading Pseudoalteromonas regardless of pigmentation (Figure 14). 

The cluster was first identified in Pseudoalteromonas sp. S91 in 1999 by Techkarnjanaruk and 

Goodman94. It consists of two GH18 chitinases of the ChiA and ChiC types flanking an LPMO. 

Production of the ChiA-type chitinase was controlled by expression of a ChiC-type chitinase, as a 

transposon insertion in the chiC gene resulted in loss of chitinase activity of the strain. Later 

analyses found that the cluster was transcribed as an operon, but that the genes could also be 

transcribed separately from individual promoters95. GlcNAc was found to induce expression of the 

operon 10-fold and colloidal chitin induced the expression 3-fold, by measuring the lacZ gene 

product of β-galactosidase96. Early starvation and increased CO2 levels were also found to induce 

expression of the operon, and it was not repressed by glucose, suggesting that it is not catabolite 

repressed. However, expression of the operon was repressed by rich chitin medium (0.1% chitin). 

By the time of discovery of the gene cluster, the role of the LPMO was not known and it was 

therefore assigned as a chitin-binding protein without catalytic activity. To my knowledge, no LPMO 
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from a Pseudoalteromonas strain has yet been characterized, although they are omnipresent in the 

genomes of chitin-degrading Pseudoalteromonas13.  

 

Figure 14.The chitin degradation cluster is conserved in all chitin degrading Pseudoalteromonas. The cluster 

consists of two GH18 chitinases of the ChiC-type and ChiA-type, flanking a lytic polysaccharide 

monooxygenase (LMPO) belonging to Auxillary Activity family 10. Figure from13.  

 

Further investigation of the cluster demonstrated that concentration and source of nitrogen 

regulated the promoter activity of the ChiC-type chitinase97. The gene was induced when no or little 

ammonium was present and repressed when it was present in excess, correlating to the previously 

mentioned study by Techkarnjanaruk et al.94. This suggests a tight regulation of the chitin-

degrading genes in Pseudoalteromonas sp. S91. Different sub-populations have been described 

for Pseudoalteromonas sp. S91 when grown on chitin: a chitinase active and a non-chitinase active 

population98. It was hypothesized that the chitinase active sub-population released chitin 

degradation products into the aqueous environment that the non-chitinase active population could 

utilize. This ‘division of labor’-phenomenon is also known from e.g. Bacillus subtilis where different 

clonal sub-populations perform complementary tasks during biofilm formation99 or the case where 

one sup-population produces acetate, and the other sup-population converts acetate to acetoin, 

which is non-toxic to the cells100. It is believed that bacteria can divide up to 20% faster, if they 

share cellular building blocks or metabolic tasks101, and the occurrence of two sup-populations of 

Pseudoalteromonas sp. S91 when grown on chitin could very well fit into this theory. Furthermore, 

chitin-degrading bacteria hydrolyze more chitin than they utilize themselves102. This is the case for 

Pseudoalteromonas sp. S91 when grown in a dual species biofilm on squid pen with Vibrio sp. 

S141103. Vibrio sp. S141 produces chitinases, however it grows poorly on squid pen, but grows on 

GlcNAc. Pseudoalteromonas sp. S91 was capable of supporting the growth of Vibrio sp. S141 in 

the biofilm on squid pen. When they were grown in a biofilm on a glass surface and supplied with a 

soluble carbon source only used by Pseudoalteromonas sp. S91, the biofilm did not provide any 

growth support of Vibrio sp. S141. The relationship between Pseudoalteromonas sp. S91 and 

Vibrio sp. S141 seemed to be commensal, since Pseudoalteromonas sp. S91 did not display 

reduced fitness from the nutrient-scavenging Vibrio sp. S141 in squid pen.  



24 
 

The genes involved in chitin degradation have been studied extensively in Pseudoalteromonas 

piscicida O-7. In presence of chitin, the strain produces four chitinases (referred to as ChiA, B, C 

and D), three hexosaminidases (GlcNAcase A, B and C), a transglycosylative enzyme (Hex99) and 

a chitin-binding protein (Cpb1, now recognized as LPMO)104–110. Interestingly, the mature form of 

GlcNAcase A is likely exposed on the cell surface, and the authors suggest that this gives an 

advantage to the host, because the enzyme is not secreted into the milieu, leading to a more 

efficient hydrolysis and uptake of the substrate104. Regulation of the genes involved in chitin 

degradation in P. piscicida O-7 is controlled by the two-component system (CdsS/CdsR)111. CdsR 

is the response regulator that is phosphorylated by the sensor kinase CdsS, and CdsR was bound 

near the promotor regions of the four chitinases and the LPMO. Phosphorylation was promoted by 

the degradation products of chitin, and overall, the results suggest that CdsR is a common 

regulator of chitin degradation in the strain. The CdsS/CdsR two-component systems was 

identified in the genomes of all 102 chitin-degrading Pseudoalteromonas strains analyzed in Paper 

113, indicating that this two-component system is conserved in Pseudoalteromonas (data not 

included in the publication). Similar to Pseudoalteromonas sp. S91, glucose did not repress any 

chitin-degrading genes in P. piscicida O-7, further supporting that these pathways are not 

connected109.  

As mentioned, natural transformation is chitin-induced in Vibrio species, but no studies have 

described a similar observation for Pseudoalteromonas. The sensor ChiS also plays a fundamental 

role in chitin degradation in vibrios, but is cognate regulator has still not been identified112. This 

could be due to the hybrid nature of the sensor, and/or the fact that several regulators are present. 

In Pseudoalteromonas, the sensor/regulator pair CdsS/CdsR is of the conventional two-component 

regulatory system, and have to the best of my knowledge not been linked to other cellular 

processes than those around chitin degradation. Carbon catabolite repression has been observed 

for Vibrios, but as mentioned not for Pseudoalteromonas. In fact, unpublished experiments during 

this PhD study indicated that several strains of Pseudoalteromonas grew faster and/or better on 

GlcNAc than glucose, indicating that these strains are highly adapted to the GlcNAc-rich 

substrates. Niche-adaptations, such as growth on chitin, may come with induced responses of SM 

production. Because pigmented Pseudoalteromonas have such a conserved and elaborate 

chitinolytic machinery we asked in paper 223 and paper 385 if chitin was linked to the production of 

SMs in two pigmented strains, as SM production is also a dominant feature of pigmented 

Pseudoalteromonas.   
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5. Bacterial secondary metabolites 

Bacterial metabolites are divided into primary and secondary metabolites depending on the 

functional properties and biosynthesis. The primary metabolites are directly involved in the 

maintenance and reproduction of the cell, and thus support the essential processes of the cell. 

SMs are compounds that participate in various physiological functions, but are not necessary to 

maintain the cell. They are e.g. involved in survival strategies of the bacteria by mediation of intra- 

and extracellular signaling or acquisition of metals. SMs are in newer literature often referred to as 

‘specialized metabolites’, as it has become clear that these molecules are not of secondary 

importance, but can have very vital functions for the producer113. 

 

5.1 Biosynthesis of bacterial secondary metabolites 

SMs belong to different chemical classes such as polyketides (PKs), non-ribosomal peptides 

(NRPs), terpenoids and alkaloids. They are normally produced by enzymes encoded by co-

localized genes on a single locus, and forms the so-called biosynthetic gene clusters (BGCs). The 

documented antimicrobial compounds from Pseudoalteromonas species belong to alkaloids, PKs 

and NRPs114. Enzymes encoding for production of NRPs are most frequently identified in the 

genomes of Pseudoalteromonas, followed by PKs (data not published). PKs and NRPs are 

commonly encountered in bacteria and their biosynthesis follows an assembly-line strategy. They 

are synthesized by large modular enzymes: polyketide synthases (PKS) and non-ribosomal 

peptide synthetases (NRPS). 

 

Many NRPs are assembled according to the co-linearity rule that basically consists of an initiation 

module, a various number of elongation modules followed by a termination module (Figure 15 + 

Figure 16). Each module contains at least a condensation (C) domain, an adenylation (AD) domain 

and a peptidyl carrier protein (PCP) domain. The AD domain is responsible for selecting the amino 

acid (aa) substrate and activating it by subsequently attaching it via a thioester link to the PCP 

domain. Then, the PCP domain transports the aa to the C domain that catalyzes an amide bond 

formation between the aa and the peptide attached to the PCP domain of the preceding module to 

hereby elongate the peptide with a single aa residue. A thioesterase (TE) domain will terminate 

and release the product115,116.  
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Figure 15. NRPS biosynthesis. The initiation module consisting of the adenylation (A) domain and a peptidyl 

carrier protein (PCP) will select an amino acid (Aa) to start synthesizing the peptide backbone. The 

elongation module, consisting of a condensation (C) domain, A domain and PCP domain is repeated several 

times, after which the peptide is released by a thioesterase (TE) in the termination module. Figure from 116. 

 

PKSs are classified into type I, II and II according to the organization of their functional domains. 

The starter unit for biosynthesis of PKs is acyl coenzyme A (coA), and the principle of a PKS is the 

structural modularity, where the substrate for initiation and elongation is selected and activated by 

the acyl transferase (AT) domain and transferred to the acyl carrier protein (ACP) domain (Figure 

16). Then a ketosynthase (KS) domain catalyses the condensation between the substrate and the 

growing polyketide chain. The AT, ACP and KS domains are the ‘basic requirements’ of function, 

but other tailoring domains can also be present, such as ketoreductase (KR), dehydrogenase (DH) 

and enolreductase (ER) domains117. Type I PKSs consist of one large enzyme comprising several 

domains that catalyze different reactions, and they are found in both bacteria and fungi. Type II 

PKSs are mostly found in bacteria and consists of several dissociable enzymes that each serve a 

function while synthesizing the polyketide. Type III PKSs use the acyl-coA thioesters directly 

instead of using extender units tethered to an ACP. Type III PKSs are less frequently found in 

bacteria117. Hybrid BGCs are also often encountered, such as the PKS-NRPS hybrid encoding 

biosynthesis of chondramide as shown in Figure 16. 
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Figure 16. PKS-NRPS hybrid biosynthesis of chondramide produced by the marine Myxobacterium 

Chondromyces crocatus. Belonging to the polyketide synthase: ACP: acyl carrier protein, KS: ketosynthase, 

AT: acyl transferase, DH: β-hydroxy dehydratase, KR: β-ketoacyl reductase, ER: enoyl reductase. Belonging 

to the non-ribosomal peptide synthetase: C: condensation domain, A: adenylation domain, PCP: peptidyl 

carrier protein, MT: methyl transferase domain, E: epimerization domain, TE: thioesterase domain, PEP: 

phosphoenolpyruvate domain. Figure from 116.  

 

Terpenoid/isoprenoid compounds are among one of the largest classes of bioactive SMs, and 

plants, fungi and bacteria produce them118. Terpenoids are assembled from linked isoprene units 

and the enzymes catalyzing this process are called terpene synthases. They can undergo a variety 

of cyclizations, catalyzed by terpene cyclases, and a subsequent tailoring of the molecule is often 

followed. Terpenes are generally considered to be of plant or fungal origin, although some bacterial 

terpenes are known119. Geosmin, produced by Streptomyces spp., is probably one of the best 

known bacterially derived terpenoids, as this is the volatile earthy compound one can smell when 

talking a walk in the woods (Figure 17, compound 1).   

 

Alkaloids are low molecular weight compounds that contain nitrogen. The nitrogen atoms in 

alkaloids are amino acid derived and the main amino acids involved in alkaloid biosynthesis are 

ornithine, lysine, nicotinic acid, tyrosine, tryptophan, anthranillic acid and histidine. Tambjamines 

are examples of alkaloids. They are yellow pigments that have been isolated from a 

Pseudoalteromonas species 120,121 and have also been chemically synthesized122. Tambjamines 

have a bipyrrole core, similar to that of prodiginies, which contain the red pigment prodigiosin 

produced by P. rubra (Figure 17, compound 2 and 3). 
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Figure 17. Structures of the terpenoid Geosmin and the alkaloid compounds Tambjamine and Prodiginine.  

 

 

5.2 Bioactive bacterial volatiles 

Although volatiles are mostly of hydrophobic nature, they are produced in the marine environment, 

and have only recently been recognized as potential drug candidates123. The main focus on 

volatiles has been on the possible ecological role in intra- and inter-kingdom interactions, and 

volatiles are known to modulate growth, motility, virulence and biofilm formation123. In soil, volatiles 

can diffuse a distance of >12 cm during a time course of 20 minutes, which is a very large distance 

for microbes124. That bacteria use volatiles (infochemicals) to communicate on a ‘long-distance 

relationship’ basis is therefore not unimaginable. Members of the marine genus Salinispora and the 

Roseobacter group produce nitrogen-containing volatiles, but the function of the volatiles has not 

been investigated23. Pseudoalteromonas marina and Vibrio atlanticus produce the volatile 

compounds dimethyl disulphide, benzaldehyde, dimethyl trisulphide and tert-butylamine that have 

been used to control plant parasitic nematodes125. In some cases, volatiles are released from 

antibiotic-producing bacteria that likely originate from shunt metabolites of antibiotic biosynthesis. 

The volatile compound streptopyridin produced by Streptomyces sp. FORM5 is tightly connected to 

the production of the antibiotic streptazoline126, and the marine actinomycete Salinispora tropica 

produce many different volatile compounds, some of which are by-products of the potent antibiotic 

and anticancer drug salinosporamide A biosynthetic pathway127. In paper 2 we identified the 

volatile compound 2-aminoacetophenone produced by the novel species P. galatheae, which is a 

shunt metabolite from the biosynthetic pathway of pseudanes23, and will be described more in 

detail later in this chapter.  
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5.3 Genome mining as a tool to discover secondary metabolites 

Although the structural complexity of SMs is huge, the core biosynthetic enzymes are often 

strikingly conserved, which makes their prediction possible using bioinformatics tools. Genome 

mining is the concept of searching for genes encoding conserved biosynthetic enzymes. One of 

the most comprehensive programs for this purpose is the ‘antibiotics and secondary metabolite 

analysis shell’ antiSMASH128. It is a web-based tool that allows for rapid genome-wide analysis of 

BGCs in bacterial genomes (and fungal and plant genomes, fungiSMASH and plantiSMASH, 

respectively). AntiSMASH integrates a number of previously published in silico tools for detection 

of SMs. AntiSMASH currently runs as version 5 and is used by thousands of scientists worldwide, 

and can be very useful for discovering novel SMs. As an example, genome mining has led to the 

discovery of the two halogenated peptides curacomycin and dechlorocuracomycin which were 

subsequently confirmed using mass spectrometry and NMR. Using antiSMASH, Kaweewan et al. 

discovered a tryptophan-halogenase-encoding gene within a NRP gene cluster and based on 

genomic data, the biosynthetic pathway of the two compounds was proposed129.  

In 2002, the full genome sequence of Streptomyces coelicolor was published and the hidden 

treasures of SM gene clusters became apparent130. The genome of S. coelicolor encodes 29 

BGCs, of which only two of the products were known in 2002. The genome mining revolution has 

come a long way since then, and nowadays, the products of the majority of the BGCs in S. 

coelicolor are either known or share high similarity to other known compounds (Figure 18).  
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Figure 18. Biosynthetic gene clusters detected by antiSMASH ver. 5 in the Streptomyces coelicolor A3(2) 

genome. Twenty-nine BGCs are present in the genome, the majority of which represent known compounds 

or have high similarity to other known compounds.   

 

Streptomycetes have been chemically exploited for decades although there still are areas of the 

chemistry of S. coelicolor that can be investigated. Streptomyces are also prolific SM producers in 

the marine environment where in particular the genus Salinispora has been studied extensively131. 

For Proteobacteria, members of the genus Pseudoalteromonas represents qualified candidates for 

novel chemistry. An example is the genome of the red pigmented P. rubra S4059, which has 16 

predicted BGCs encoded in the genome and only three of those show relatively low similarity to 

known compounds (Figure 19).  
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Figure 19. Biosynthetic gene clusters detected by antiSMASH ver. 5 in Pseudoalteromonas rubra S4059. 

Sixteen BGCs are detected, of which 11 are located on chromosome I, and five on chromosome II. Only 

three of the 16 BGCs display low similarity to other known compounds. 

 

A majority of the in silico-detected BGCs are orphan, silent or cryptic. Orphan refers to that the 

BGC has been detected, but so far, no product has been linked to the cluster. Silent or cryptic 

means that the BGCs are not expressed under laboratory conditions, or that they are produced in 

such small amounts that are below analytical detection. These unknown BGCs hold a huge 

potential for drug discovery, but the discovery is not straightforward. Analyzing and characterizing 

each BGC in a genome is not very feasible, which BGC to analyze is a recurring question, and how 

to prioritize can be a challenge. The high rediscovery rate of compounds is also an issue. 

Nonetheless, the development of bioinformatics tools has been – and still is – an effective tool for 

guiding laboratory experiments towards detecting the new drugs of tomorrow. An important 

question for drug discovery is how to gain access to all these compounds. This PhD project has 

focused on cultivation-based strategies to potentially activate or induce novel antimicrobial 

compounds.  
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5.4 Cultivation-based strategies for unlocking the bioactive potential of 

bacteria 

Many microorganisms have a far greater potential for production of SMs than the actual numbers 

of chemically detected compounds. Production of SMs is costly for the bacterial cell, as energy and 

resources are required for production of the biosynthetic enzymes, molecular precursors as well as 

tailoring of the product. The synthesis of SMs is therefore a tightly regulated process and is likely 

activated by specific cues from the environment132. Genetic engineering is one approach to either 

homologously or heterologously express the BGCs, but many marine organisms, particular those 

of the genus Pseudoalteromonas, are not easy to manipulate genetically133. Identifying the correct 

cues by changing the culture conditions to trigger the expression of silent/cryptic/orphan BGCs is 

another method to identify novel drug candidates, and was originally conceptualized into the “One 

Strain Many Compounds” (OSMAC) approach134. A plethora of different culture conditions have 

proven successful for induction of SMs, such as nutrients, pH, temperature, addition of chemical 

elicitors and co-cultivation132. The OSMAC approach can be challenging and time-consuming, as 

many cultivation changes will without a doubt affect the organism. If not just shooting blankly at the 

microorganism with a huge variety of cultivation changes, how does one then decide on which 

parameters to use, in the hope of discovering a new drug candidate?  

Considering the ecological niches of the microorganism, the carbon source available in the 

microorganism’s natural environment is a logical starting point when changing culture conditions. 

When operating in the marine environment, chitin is, as mentioned, the most abundant polymer. 

Previous PhD students from this group have demonstrated that changing the carbon source from 

glucose or mannose to chitin affected the production of antibacterial compounds in strains from the 

Vibrionaceae family: Wietz et al. described that growing on chitin stimulated the production of the 

antibiotic andrimid in Vibrio corallilyticus S20523, and Giubergia et al. described how chitin 

increased the number of antibacterial strains2. On glucose medium, six of 295 Vibrio strains 

showed antibacterial activity against the target strain Vibrio anguillarum, whereas 49 and 91 of the 

strains showed antibacterial activity when grown on mannose and chitin, respectively2. 

Furthermore, transcriptome profiles of V. corallilyticus S2052 and Photobacterium galatheae 

S2753 showed that genes involved in secondary metabolism were significantly affected by chitin, 

compared to glucose. The metabolite profiles showed that the SMs andrimid and holomycin were 

produced in higher quantities on chitin84, indicating that SM production and chitin 

degradation/utilization are connected. Since vibrios are found frequently in association with chitin, 

the above studies suggest that the strains likely have an adapted lifestyle to growth on chitin.  
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In paper 1 we analyzed the GH-profiles of 157 Pseudoalteromonas strains to identify which 

carbohydrates could potentially be utilized by members of the genus, and thus guide us towards a 

cultivation-based discovery of SMs. As mentioned in chapter 3, we found that pigmented and non-

pigmented strains differed based on their GH-profiles, and that pigmented strains had a more 

homogenous GH profile with significantly more chitinolytic genes13. The chitinolytic genes were the 

most important drivers of the diversification of the GH-profile compared to non-pigmented strains. 

In paper 2 we analyzed the metabolite profile of P. galatheae S4498 and found that mannose (an 

algal component) and marine broth resulted in higher yields of the antibacterial compound TBP 

compared to chitin (Figure 20)23. This finding is opposite to the before mentioned studies of the 

Vibrionaceae strains, however, these studies were mostly compared to glucose containing media, 

and as mentioned, in the study by Giubergia et al., mannose did increase the number of bioactive 

vibrio strains, but not as distinctly as chitin2. 

 

Figure 20. Production of Tetrabromopyrrole (TBP) by Pseudoalteromonas galatheae S4498 in five different 

media: mannose (Man), chitin (Chi), marine broth (MB), glucose (Glc) and N-acetylglucosamine (Nag) 

calculated as area under the curve per colony forming unit (AUC/CFU). The asterisk mark those samples 

that are significantly different from the mannose sample (Dunnett’s t-test, p-value less than 0.05).  

 

 In paper 1, we replicated the plate-based experiment from Giubergia et al. comparing bioactivity 

on glucose, mannose and chitin, only to find that Pseudoalteromonas strains already considered 

producers of antibacterial compounds (pigmented strains) were also bioactive on both glucose and 

chitin. Thus, this assay was not sensitive enough to determine if chitin could enhance or induce the 

bioactivity of Pseudoalteromonas. We therefore used a more sensitive method to investigate if 

chitin could affect the production of SMs in six Pseudoalteromonas strains. Screening in chitin and 

mannose based media showed that both carbon sources resulted in the appearance of unique 
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peaks, indicating that the Pseudoalteromonas strains have nutrient-specific SM responses (Figure 

21).  

 

Figure 21. Chromatograms of chitin (blue) and mannose (green) extractions of six pigmented strains of 

Pseudoalteromonas.  

 

Chitin is also present in the terrestrial environment and known as an inducer of SMs. In S. 

coelicolor A3(2), eight of 23 BGCs were upregulated when grown in chitin-amended soil, including 

one cryptic BGC135. Interestingly, the BGCs were only upregulated in soil-amended cultures or on 

agar plates with soil extract, but not in liquid media supplied with chitin. This suggests that there 

are factors present in the soil that triggers the expression of the BGCs in the presence of chitin. In 

a recent study, addition of free protein in different ratios to a chitin-based fermentation of Serratia 

marcescens gave a positive effect on the yield of prodigiosin136. In Pseudoalteromonas, a 

peptidase containing a chitin-binding domain is present adjacent to the chitin degradation cluster. 

Since ‘natural’ chitin is always in complex with proteins, it is likely that addition of protein to the 

growth medium of Pseudoalteromonas strains, could be an additional factor to trigger SM 

production. In paper 3 we used ‘natural’ chitin (exoskeleton of Vannamei shrimps) for biofilm and 

growth experiments, but not for any other experiments linked to the analysis of SMs. The addition 

of free protein to the growth medium would be interesting for future studies of chitin-based SM 

production in Pseudoalteromonas.   
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5.6 Secondary metabolites from Pseudoalteromonas 

Pigmented strains of Pseudoalteromonas produce a wide array of low and high molecular weight 

compounds with activities such as antimicrobial, antifouling, algicidal and anticancer40. In paper 1 

we conducted a global in silico analysis of the BGCs within the genus and not surprisingly found 

that the pigmented species represent a rich source of secondary metabolites. Components of the 

pigments are reported to have antimicrobial properties (Table 2). Several pigments can be 

produced by one species, i.e. Pseudoalteromonas tunicata that produce both yellow and purple 

compounds and thus appear dark green in culture or on plates137. In paper 2 we describe that the 

novel species P. galatheae is devoid of the yellow pigment bromoalterochromide which belong to 

the NRP class, and thus a visual pigmentation is not prerequisite for antimicrobial activity23. 

Table 2. Examples of antimicrobial pigments and their associated colors produced by different species of 

Pseudoalteromonas.  

Species Antimicrobial compound Color 

P. luteoviolaceae 

P. tunicata 

Violacein Purple 

P. rubra Prodigiosin Red 

 Indigiodine Blue 

P. piscicida 

P. flavipulchra 

P. peptidolytica 

Bromoalterochromide Yellow 

P. tunicata Tambjamines Yellow 

 

In general, a non-pigmented strain dedicates 1.1% ± 0.9% of its genome to BGCs, whereas the 

pigmented strains, dedicate 7.6% ± 4.2% of its genome to BGCs13. An interesting example is P. 

rubra S4059, which produces the red pigment prodigiosin. Prodigiosin is not detected by 

antiSMASH, although we chemically detect it in paper 385, and it is likely that there are other BGCs 

not detected in silico. The genome of P. rubra S4059 is 5.9 Mb and 15% of the genome is 

occupied by BGCs, not taken into consideration the potential unidentified BGC(s). This percentage 

is much more than the average bacterial genome that devotes 3.7 ± 3.1 % of its genome to 

BGCs138.  Of 1154 genomes analyzed, only 6.7% of the genomes devoted more than 7.5% of their 

genome to BGCs, and not surprisingly, many of these genomes belonged to our most famous 

antibiotic producers, the Streptomyces138. Lack of similarity of the detected BGCs to other known 

compounds is a common feature of the pigmented strains13. This observation is important, as there 

may be a good chance for discovering novel drug candidates in these strains. Apart from the many 
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unknown compounds, several drug-related compounds have already been isolated and described 

from Pseudoalteromonas (Table 3).  

Table 3. Examples of drug-related compounds isolated from Pseudoalteromonas spp. All compounds are 

sensitive to various microorganisms. Table modified and edited from 114. 

Species Compound Structure Ref 

P. phenolica  MC21-A (bromphene) 
 

 
 

139 

P. rubra Prodigiosin 
 
Cyclyprodigiosin 

 
 

4,140 

 Pseudoalteromone A 

 
 

141 

P. piscicida Norharman 

 
 

142 

 (Bromo)alterochromides 

 
 

143 

P. galatheae Tetrabromopyrrole 

 

23 
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 Pseudanes 

 
 

23 

P. luteoviolaceae Indolmycin 

 
 

4 

 Violacein  

 
 

144 

 Thiomarinols 
 

 
 

145,146 

 Pentabromopseudilin 

 
 

147 

P. peptidolytica Korormicin 

 

148 
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P. tunicata Tambjamine 

 

120 

 

Pseudoaltermonads are often associated with higher eukaryotic organisms and they are successful 

colonizers of biotic and abiotic surfaces. The production of a wide range of SMs is hypothesized to 

confer an advantage to the host, e.g. by protection from biofouling149. It was also shown that 

compounds produced by Pseudoalteromonas spp. can attract fouling organisms150, and is it 

acknowledged that antimicrobial compounds not only have killing activities but have a range of 

different functions in the natural environment. In a recent study investigating the biofilm involved in 

larval settlement of the worm Hydroides elegans, 40 different bacteria were isolated, and of these, 

only six induced larval settlement, all of them being different pigmented Pseudoalteromonas 

species151. P. luteoviolaceae produces the larval settlement cues tailocins, but none of the six 

isolates produced tailocins. This suggests that other SMs produced were capable of inducing larval 

settlement, and that they very likely are highly active in small concentrations, due to their low 

abundance in the total microbiome of the larvae.  

 

5.6.1 Secondary metabolites produced by the novel species Pseudoalteromonas galatheae 

In paper 2 we describe that the novel species P. galatheae produces the potent antimicrobial 

compound tetrabromopyrrole (TBP) and a series of quinolone compounds collectively known as 

pseudanes23. The metabolite profile of P. galatheae was very different from the four type-strains 

with which it clustered phylogenetically. As mentioned, the closely related type-strains all produced 

the yellow compounds bromoalterochromides, and were phenotypically different to P. galatheae 

which appeared white on plates. A previously isolated strain Pseudoalteromonas sp. A757 showed 

high ANI similarity to our isolate of P. galatheae S449823. This enabled us to describe the novel 

species not only using data from our own isolate, but by combining our data with the data existing 

for strain A757.  

TBP was first described in yellow pigmented Pseudoalteromonas as a settlement cue of the coral 

Acropora millepora152 and later several other Caribbean corals153. TBP also display harmful effects 

in phytoplankton where it caused cellular stress and mortality within 24-48 hours39. The genes 

involved in the biosynthesis of TBP are bmp1-4 and bmp9-10, originating from the biosynthetic 
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pathway for production of the antimicrobial compound pentabromopseudilin, for which the genes 

bmp1-10 are required (Figure 22)27. The gene bmp1 encodes for an ACP-thioesterase, bmp2 and 

bmp5 encode for flavin-dependent brominases, bmp3+4 and 8 are involved in bromopyrrole 

monomer biosynthesis, bmp6 is involved in biosynthesis of bromophene and polybrominated 

diphenyl ethers, bmp7 is involved in the oxidative coupling of bromophenol and bromopyrrole 

monomers in the presence of bmp9+10 and NADH27. Only bmp1-4 are essential for the production 

of TBP154.  

 

Figure 22 The bmp cluster yielding A) pentabromopseudilin or B) tetrabromopyrrole. Figure edited from 27.  

 

Four versions of the bmp cluster can be found in Pseudoalteromonas, where P. luteoviolaceae and 

P. phenolica contain the complete or slighty modified pathway to produce pentabromopseudilin, 

and P. galatheae and an undescribed isolate only possess the genes for TBP production27. TBP is 

an interesting compound because it has four bromines that are all installed at the same time. TBP 

is biosynthesized from L-proline, and the halogenase, Bmp2, installs all four bromines on the 

pyrrole ring, before it undergoes TE-mediated off-loading from the ACP module154. Bmp2 is the first 

described halogenase that installs more than two halogens on the pyrrole. In paper 2, we describe 

that the halogenase is not specific to bromine, as chlorinated versions of the compound were also 

identified23. For production of pentabromopseudilin, TBP needs to be biosynthesized and then 

dehalogenated by Bmp8 to generate tribromopyrrole before further modification yields the final 

product155. Pentabromopseudilin was not identified in P. galatheae and the genomic data also 

showed that it only contained the genes responsible for TBP production23. An additional compound 

derived from the bmp pathway, dibromomaleimide (or 3,4-dibromopyrrole-2,5-dione) was also 
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identified in P. galatheae. Dibromomaleimide is an inhibitor of efflux pumps, and can be used to 

block the efflux pumps that play a key role in antibacterial resistance in Enterobacteriaceae and 

Pseudomonas aeruginosa, and thus has potential to function as an adjuvant for existing 

antibiotics156. Dibromomaleimide is likely the oxygenated version of TBP. Hence, several 

compounds with different bioactive properties can be isolated from one pathway, and this seems 

like a cost-effective way to produce compounds with different activities without occupying space in 

the genome for additional BGCs. From Figure 20 it is seen that growth on chitin does not affect the 

production of TBP, which indicates that chitin degradation and production of TBP is not connected. 

However, products of algal degradation could likely induce TBP production, as we see higher 

production in mannose and marine broth media.  

We furthermore identified several alkyl quinolones of different chain lengths, collectively called 

pseudanes, in the metabolome of P. galatheae23. The production of pseudanes was higher when 

grown in chitin and mannose media, compared to glucose, marine broth and GlcNAc (Figure 23). 

This suggests that both algal degradation products and chitin is involved in pseudane production.  

 

Figure 23.  Production of pseudanes by Pseudoalteromonas galatheae S4498 in five different media: 

mannose (Man), chitin (Chi), marine broth (MB), glucose (Glc) and N-acetylglucosamine (Nag) calculated as 

area under the curve per colony forming unit (AUC/CFU). The asterisk mark those samples that are 

significantly different from the mannose sample (Dunnett’s t-test, p-value less than 0.05). 

 

In particular, one of the pseudanes, pseudane VII (2-heptyl-4-quinolone (HHQ)), is previously 

reported from strains of Pseudoalteromonas157,158. HHQ induces mortality in the marine 

coccolithophore Emiliania huxleyi158 and modulates microbial communities, favoring 

Pseudoalteromonas spp.159.  HHQ is commonly known as the precursor of the quorum sensing 

molecule 2-heptyl-3-hydroxy-4-quinolone, which is known as the Pseudomonas quinolone signal 

(PQS)160. P. galatheae only produces pseudanes and not the PQS molecule. The biosynthetic 



41 
 

pathway of PQS is well described in Pseudomonas aeruginosa because it is involved in virulence 

and persistence of the bacterium in chronic lung infections in cystic fibrosis patients161. Homologs 

of the P. aeruginosa pqsABCDE operon responsible for HHQ production in a P. galatheae strain 

A757 was identified (Figure 24) 

 

Figure 24. Comparison of the biosynthetic pathway alkylquinolones in Pseudomonas aeruginosa PAO1 and 

Pseudoalteromonas galatheae A757.  Figure modified from 158. 

 

The biosynthesis of pseudanes based on the PQS pathway in P. aeruginosa is as follows: PqsA is 

an anthranilic coA ligase activates anthranilic acid into anthraniloyl-coA to react with PqsD, a 3-

oxoacyl synthase27. This produces the intermediate anthraniloyl-PqsD which is further modified by 

the synthases PqsB and PqsC. It is believed that PqsE is a thioesterase that hydrolyzes the 

intermediate 2-aminobenzoylacetyl-coA to the precursor of HHQ. PhnA and PhnB are two 

anthranilate synthases that supply anthranillic acid. PqsH is a monooxygenase responsible for 

converting HHQ to PQS, and this gene is absent in the P. galatheae which also explains that PQS 

is not identified in the metabolome23,27.  

A distinct characteristic of P. galatheae was a sweet fruity odor in both liquid cultures and on 

plates. The volatile compound was associated to the pseudane containing fractions, and we noted 

that longer chain lengths rendered the odor more unpleasant (Figure 25). 
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Figure 25. Fractions containing pseudanes were associated with sweet and unpleasant odors depending on 

the chain length. Figure from the MSc thesis of Markus Kirkegaard.  

 

We later found that the pseudanes were not themselves responsible for the fruity odor, but rather 

an intermediate compound from the PQS pathway, 2-aminoacetophenone (2-AA)162. Neither the 

pseudanes nor the fractions containing 2-AA displayed antibacterial activity. Not much is known 

about the volatile 2-AA in the marine environment, but there are reports of the turbot Scopthalamus 

maximus producing 2-AA, which protects against infections of fish lice163. Hence, production of 2-

AA might confer an advantage to a potential host of P. galatheae.  

Other volatile compounds inhibiting Burkholderia cepacia have previously been described in the 

two non-pigmented strains Pseudoalteromonas atlantica TB41 and P. haloplanktis TAC125164. 

Methylamine was identified as one of the volatiles in P. haloplanktis TAC125, and interestingly, 

methylamine was only produced under conditions where single amino acids, such as L-methionine, 

were supplied to the growth medium165. Methylamine was described as a byproduct of primary 

metabolism, as opposed to 2-AA, which is an intermediate in the secondary metabolite pathway of 

the pseudanes.  

 

With the analysis of BGCs in P. galatheae to the closely related type strains, we noticed that many 

of the BGCs were likely lost and acquired. The BGC encoding the yellow pigment 

bromoalterochromide, which is present in all the closest related strains, is most likely lost from the 

genome and the BGCs encoding for pseudanes and TBP are likely acquired by HGT23. HGT can 



43 
 

be a way for bacteria to test the fitness effects of small molecules, and is also known from the 

marine genus Salinispora, where more than 50% of the BGCs occur only in one or two strains166. It 

is possible that the exchange of BGCs from highly related and/or less related bacterial taxa has led 

to several speciation events in genus Pseudoalteromonas, as we describe the possibility of many 

novel pigmented species in paper 113. This is supported by the discovery of the novel species in 

paper 2 where we distinguished P. galatheae from the type strains by using genomic data and 

metabolomics data23.  

 

From the metabolomics data of P. galatheae we identified TBP and pseudanes as the major 

antibacterial compounds produced. However, there were also compounds that were left 

unidentified, in this case mainly because the fractions from which the compounds where identified 

did not show antibacterial activity towards the target organisms. Prediction of BGCs in the P. 

galatheae S4498 genome identifies several other potential candidates that could encode for novel 

antimicrobial compounds (Figure 26). 

 

Figure 26. Biosynthetic gene clusters detected by antiSMASH ver. 5 in Pseudoalteromonas galatheae 

S4498. Eight clusters with no or little homology is predicted.  

 

Apart from the compounds already known in P. galatheae, the in silico prediction of BGCs along 

with the prediction of BGCs in P. rubra S4059 in Figure 19, indicates that we have only scratched 

the surface of the bioactive potential of the pigmented species within the genus 

Pseudoalteromonas.  
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6. Conclusion and future perspectives  
 
At present, the marine environment is being explored as a source of novel pharmaceutical 

compounds, especially within the field of finding compounds that can kill cancer cells. However, we 

still have a dire need for novel antimicrobial compounds, as antimicrobial resistant microorganisms 

are on the rise. Today, the most prolific producers of antimicrobial compounds are species from the 

genus Streptomyces. In this work, the marine genus Pseudoalteromonas was investigated as a 

source for novel antimicrobial compounds. Pigmented species of the genus have a very large 

potential for producing novel antimicrobial compounds. Some compounds are already known, and 

the results from this PhD work show that these compounds represent the tip of the iceberg of what 

the genus actually can provide. This work gives evidence that pigmented species of genus 

Pseudoalteromonas have a similar potential for producing novel antimicrobial compounds as 

Streptomyces as measured by how much percent of their genome they dedicate to secondary 

metabolites. Pseudoalteromonas have the benefit of being much less exploited compared to 

Streptomyces, and should therefore be given much more attention in the future as a source of 

novel antimicrobial candidates.  

 

Sequencing of the Galathea3 Pseudoalteromonas strains resulted in description of a novel 

species, Pseudoalteromonas galatheae, but also identified several additional strains that were 

likely novel species or wrongly annotated. Many species are described before the genomic era, 

and now whole-genome sequencing has become standard in several laboratories. Genomic data 

needs to be incorporated into the existing phylogeny to assist species delineation within the genus. 

Using the 16S rRNA gene as a phylogenetic marker for the genus should be done with care, 

especially if used for screening candidates for drug discovery. The novel species P. galatheae 

produces a completely different set of secondary metabolites, as compared to the type strains, with 

which it shares more than 97% 16S rRNA gene sequence identity. For bioprospecting of novel 

antimicrobial compounds, strains of unknown species risks elimination if only the 16S rRNA gene 

is used as selection criteria, as they would likely classify as already known species, from which the 

chemistry might already be known. This observation is important for future studies, concerning not 

only the genus Pseudoalteromonas, but also other genera where the 16S rRNA gene is a poor 

phylogenetic marker.  

 

Inspired by the ecology-based bioprospecting of marine bacteria from previous works within the 

GramLab group, we identified chitin as a potential elicitor of secondary metabolites. Pigmented 

species were highly chitinolytic, and for the novel species P. galatheae, the pseudane compounds 

were affected by chitin (and mannose) but tetrabromopyrrole was not. In P. rubra S4059, the red 
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pigment prodigiosin was also not affected by chitin. Thus the link between chitin degradation and 

secondary metabolite production in the genus Pseudoalteromonas is not as strong as for vibrios. In 

vibrios, chitin regulates several cellular functions, but very little is known about chitin degradation 

and regulation in Pseudoalteromonas. One way, experimentally, to pursue this would be 

transcriptomic and proteomic analyses that could reveal which genes and proteins are involved in 

chitin degradation. This would not only aid the detection of novel antimicrobial compounds (if linked 

to chitin degradation), but also the investigation of individual genes, such as the GH19 chitinases, 

that to this date remain enigmatic. For future purposes, the choice of chitin is not irrelevant, as 

different degrees of processing may affect gene expression. 

  

One of the aspects of ecology-based bioprospecting is to use growth conditions that resemble the 

natural lifestyle of the bacterium. While changing the carbon source to be more ecologically 

relevant, we must not forget that we are growing the bacterium in a laboratory-based setting, often 

in a mono-culture. Creating small (reproducible) microbial communities in a chitin-based setup to 

mimic mixed community biofilms, and thus adding an extra ‘ecological layer’ would be interesting 

for future studies.  

 

In P. galatheae, we identified tetrabromopyrrole and pseudanes as the two major (known) 

compounds produced. The aim of this study was to identify novel compounds, but we, as many 

others, identified already known compounds. Although the dominant compounds produced by P. 

galatheae were already known, the genomic information revealed that there is much more to be 

discovered within this one strain. One way to ‘silence’ high quantity compounds, is to knock out the 

gene(s) encoding for their production. This could allow for the detection of compounds produced in 

lesser quantities, and that are potentially novel. Concluding, this work has unraveled the potential 

for production of a plethora of secondary metabolites, not only in P. galatheae, but also on a global 

scale within pigmented Pseudoalteromonas.  
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Marine Chitinolytic Pseudoalteromonas Represents an
Untapped Reservoir of Bioactive Potential

Sara Skøtt Paulsen,a Mikael Lenz Strube,a Pernille Kjersgaard Bech,a Lone Gram,a Eva C. Sonnenscheina

aDepartment of Biotechnology and Biomedicine, Technical University of Denmark, Lyngby, Denmark

ABSTRACT Chitin is the most abundant polymer in the marine environment and a
nutrient-rich surface for adhering marine bacteria. We have previously shown that
chitin can induce the production of antibiotic compounds in Vibrionaceae, suggest-
ing that the discovery of novel bioactive molecules from bacteria can be facilitated
by mimicking their natural habitat. The purpose of this study was to determine the
glycosyl hydrolase (GH) profiles of strains of the genus Pseudoalteromonas to enable
selection of presumed growth substrates and explore possible links to secondary
metabolism. Genomic analyses were conducted on 62 pigmented and 95 nonpig-
mented strains. Analysis of the total GH profiles and multidimensional scaling sug-
gested that the degradation of chitin is a significant trait of pigmented strains,
whereas nonpigmented strains seem to be driven toward the degradation of alga-
derived carbohydrates. The genomes of all pigmented strains and 40 nonpigmented
strains encoded at least one conserved chitin degradation cluster, and chitinolytic
activity was phenotypically confirmed. Additionally, the genomes of all pigmented
and a few nonpigmented strains encoded chitinases of the rare GH family 19. Pig-
mented strains devote up to 15% of their genome to secondary metabolism, while
for nonpigmented species it was 3% at most. Thus, pigmented Pseudoalteromonas
strains have a bioactive potential similar to that of well-known antibiotic producers
of the Actinobacteria phylum. Growth on chitin did not measurably enhance the an-
tibacterial activity of the strains; however, we demonstrated a remarkable co-
occurrence of chitin degradation and the potential for secondary metabolite produc-
tion in pigmented Pseudoalteromonas strains. This indicates that chitin and its
colonizers of the Pseudoalteromonas genus represent a so far underexplored niche
for novel enzymes and bioactive compounds.

IMPORTANCE Infectious bacteria are developing and spreading resistance to con-
ventional treatments at a rapid pace. To provide novel potent antimicrobials, we
must develop new bioprospecting strategies. Here, we combined in silico and phe-
notypic approaches to explore the bioactive potential of the marine bacterial genus
Pseudoalteromonas. We found that pigmented strains in particular represent an un-
tapped resource of secondary metabolites and that they also harbor an elaborate
chitinolytic machinery. Furthermore, our analysis showed that chitin is likely a pre-
ferred substrate for pigmented species, in contrast to nonpigmented species. Poten-
tially, chitin could facilitate the production of new secondary metabolites in pig-
mented Pseudoalteromonas strains.

KEYWORDS bioactivity, glycosyl hydrolases, Pseudoalteromonas, chitin

The increasing development and spread of antimicrobial resistance are a serious
threat to human health, and humanity is in urgent need for novel antibiotics to

treat infectious diseases. In particular, soil bacteria have been explored extensively as
a source of antibiotics, and bacteria belonging to the phylum Actinobacteria have been
a prolific source, providing two-thirds of all known microbial antibiotics (1). Exploring
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new environments is one strategy for finding novel compounds that are not (yet)
affected by resistance. While promising bioactive molecules have been identified from
marine organisms, particularly from the family Pseudoalteromonadaceae (2–5), the
marine environment still remains an underexploited resource of novel bioactive com-
pounds (6–8).

The exclusively marine genus Pseudoalteromonas constitutes, on average, 2 to 3% of
the bacterial abundance in the upper ocean waters (9). Pseudoalteromonas strains are
excellent biofilm formers and are often found in association with eukaryotic hosts, such
as crustaceans or algae (10). As of 2018, 47 Pseudoalteromonas species had validly
published names (11). The genus is phenotypically and phylogenetically divided into
two main clusters that are differentiated by the ability to produce pigments and the
lack thereof (12). The pigmented species produce an array of bioactive secondary
metabolites, including violacein, indolmycin, and pentabromopseudilin, produced by
Pseudoalteromonas luteoviolacea; prodigiosin, produced by P. rubra; bromoalterochro-
mides, produced by P. piscicida; and tambjamines, produced by P. tunicata, P. flavipul-
chra, and P. maricaloris (13–16). In contrast, nonpigmented species have generally been
explored as producers of unusual enzymatic activities (10).

On a global marine research expedition, we isolated strains of both pigmented and
nonpigmented Pseudoalteromonas based on their antimicrobial activity (17); however,
the nonpigmented strains did not retain antimicrobial activity following frozen storage
(13). The genomes of four pigmented and three nonpigmented strains were sequenced
and mined for biosynthetic gene clusters (BGCs) of secondary metabolites, revealing a
large untapped potential in the pigmented strains (18). For most of the BGCs, the
associated chemistry has not been elucidated, potentially because the BGCs are not
expressed (e.g., are silent or cryptic) or are expressed at low levels under growth
conditions hitherto used (13). Mimicking the natural growth substrate to induce
bioactivity has been successful in the Vibrionaceae. Providing vibrios with chitin, the
most abundant polymer in the marine environment, can enhance their antibacterial
activity (19, 20) and can induce expression of their BGCs (21). Some Pseudoalteromonas
species can also degrade chitin (18, 22), but little is known about their chitinolytic
machinery and a possible influence on secondary metabolism. In the Vibrionaceae,
specifically, Vibrio cholerae (23, 24), chitin degradation relies on the secretion of
extracellular chitinases. In bacteria, the majority of chitinases belong to glycosyl hy-
drolase (GH) family 18 (25). Recently, chitinases belonging to GH family 19 have been
discovered in a few groups of prokaryotes (26–30), and we have found that the
genomes of 10 marine chitinolytic bacteria, including Pseudoalteromonas, all contain at
least one GH19 chitinase (31).

The purpose of this study was to determine the chitinolytic abilities of species of the
genus Pseudoalteromonas and explore possible links to their potential for secondary
metabolite production. We used a genome sequence-guided approach combined with
phenotypic assays to assess chitin degradation and antibacterial activity.

RESULTS AND DISCUSSION

The average nucleotide identity (ANI) of 253 Pseudoalteromonas genomes obtained
from isolates collected on a global marine expedition (17) and from the NCBI database
was determined. The data set had a strong bias toward certain taxonomic subgroups
being overrepresented among the total number of genomes. Therefore, in the case of
an ANI of more than 98.3% (see Fig. S1 and S2 in the supplemental material), a
representative for this phylogenetic subgroup was selected for further genomic anal-
yses on the basis of sequence quality (Table S1). The resulting data set consisted of 157
strains covering 37 of the 47 species with standing in the prokaryote nomenclature (List
of Prokaryotic Names with Standing in Nomenclature [LPSN] [11]). Single nucleotide
polymorphism (SNP)-based phylogenetic analysis (Fig. 1) confirmed the previous clus-
tering based on 16S rRNA gene analysis and separated the Pseudoalteromonas strains
into two phylogenetic groups that correlated with the pigmented and nonpigmented
phenotypes (13), with the exception of two nonpigmented strains (P. atlantica T6c and
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Pseudoalteromonas sp. strain PLSV), which clustered in the pigmented group. Sixty-two
strains belonged to pigmented species, and 95 strains belonged to nonpigmented
species. Pigmented species had a genome size of 5.2 � 0.6 Mb, while nonpigmented
species had smaller genomes of 4.4 � 0.4 Mb (Table S1). In general, the phylogenetic
diversity was higher in the pigmented species, whereas nonpigmented species were
phylogenetically more similar (Fig. 1; Fig. S2). This could indicate a higher selection
pressure for pigmented strains or a more recent evolution of nonpigmented strains.

FIG 1 SNP-based phylogeny of 157 Pseudoalteromonas strains consisting of 50 of our isolates and 107 genomes downloaded from the NCBI database. Symbols
are color coded, where black symbols represent that the feature is present in the genome and white symbols represent that the feature is absent (squares,
chitinolytic genotype; triangles, GH19 chitinases are present in the genome). The pigmented strains are colored according to their pigmentation. The
phylogenetic tree was constructed using the CSI Phylogeny web server, and V. anguillarum 90-11-286 (GenBank accession no. CP011460 and CP011461) was
used as a root. Bootstrap values of �0.5 are included.
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Based on the ANI analysis (Fig. S2), several of the strains, particularly those within the
pigmented group, could belong to novel species. This is in agreement with the findings
of a recent study by Busch et al. (5), in which the authors noted that considerable
species-level diversity has yet to be described in the Pseudoalteromonas genus. Fur-
thermore, the ANI analysis also enabled some unclassified strains to become assigned
to species. The whole genomes of 10 taxonomically classified species have not yet been
sequenced, and therefore, these species were not included in the analysis and some
unassigned strains could belong to these species. The ANI analysis also demonstrated
that the ANI of some strains were �95% and, thus, that these strains should be
reclassified as other species (32).

The high level of dissimilarity between some of the species could even suggest that
the Pseudoalteromonas genus potentially represents multiple genera, as was the case
for the genus Algicola, consisting of the two species Algicola bacteriolytica and A.
sagamiensis, which belonged to the Pseudoalteromonas genus until 2007 (33). Since ANI
serves as a genomic measurement only for species delineation and not for genus
delineation, this is only speculative. Nonetheless, the ANI analysis clearly visualized a
problem with species naming within the Pseudoalteromonas genus, as some strains
were not correctly assigned to a species. For example, P. undina DSM 6065 and P.
haloplanktis ATCC 700530 share 98% ANI similarity, thus exceeding the species cutoff
for ANI of � 95% (32). Also, P. mariniglutinosa KCTC 22327 and P. haloplanktis ATCC
700530 have 99% ANI similarity and P. neustonica PAMC 28425 and P. porphyrae
UCD-SED9 share 99% ANI similarity, indicating that these are the same species. Similar
issues with species delineation have been reported in the Pseudomonas genus (34), as
well as on a much larger scale for prokaryotes (35).

Genes encoding chitin degradation machinery are common in pigmented
Pseudoalteromonas strains. Of the 157 strains, 102 strains had the genomic capacity
to degrade chitin (Fig. 1). The chitin-degrading genotype matched the chitin-degrading
phenotype (Table S2). All 62 genomes of pigmented strains encoded chitinase genes
from both the GH18 and GH19 families. Forty-five percent (40 of 95) of the genomes of
the nonpigmented strains encoded chitinase genes of the GH18 family. Of those, only
10 genomes also encoded chitinases from the GH19 family.

The genomes of pigmented strains encoded, on average, 5.2 GH18 chitinases, while
the nonpigmented chitinolytic strains encoded, on average, 2.1 GH18 chitinases. Hence,
the pigmented strains encoded significantly more GH18 chitinases than nonpigmented
chitinolytic strains, with an average of 2.4 times more GH18 chitinases (P � 0.0001)
being found in pigmented strains. A three-gene chitin degradation cluster (CDC)
(Fig. 2), encoding a GH18 chitinase of the ChiC type, a lytic polysaccharide monooxy-
genase (LPMO), and a GH18 chitinase of the ChiA type, was found in all chitinolytic
strains and is likely a conserved feature in chitin-degrading Pseudoalteromonas strains
independent of pigmentation. The CDC was initially described in 2002 by Tsujibo et al.
at a time when LPMOs had not been described (36). Today, it is known that chitin-
associated LPMOs are abundant in prokaryotes (37) and facilitate the breakdown of
chitin by catalysis of the oxidative cleavage of glycosidic bonds (38–40). The genomes
of the majority of pigmented strains belonging to the species P. luteoviolacea, P. rubra,
P. phenolica, and P. citrea encoded two CDCs.

The conservation of GH19 chitinases in all pigmented strains indicates an important
role of this enzyme in this group. GH19 chitinases are mostly known from plants and
are rare and thus understudied in bacteria and fungi (37, 41–43). In comparison, a

FIG 2 The chitin degradation cluster (CDC) present in all chitinolytic Pseudoalteromonas strains. The CDC
consists of a GH18 chitinase of the chiC type, a lytic polysaccharide monooxygenase (lpmo), and a GH18
chitinase of the chiA type.
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recent analysis of 40 Micromonospora strains whose whole genomes have been se-
quenced found that all genomes carried the chiC gene, encoding the GH18 chitinase,
but none contained the GH19-encoding genes (44). In plants, chitinases mainly serve as
antifungal agents, and some studies have suggested that this could be one of the
functions of bacterial GH19 chitinases (27, 30, 41, 45). Antifungal activity is, however,
not limited to GH19 chitinases, as some GH18 chitinases also display antifungal
activities (46, 47). The first GH19 chitinase described in Pseudoalteromonas was anti-
fungal, but it also hydrolyzed colloidal and crystalline chitin (26). Thus, the functional
differences between the GH18 and GH19 chitinases remain unresolved.

Pigmented and nonpigmented Pseudoalteromonas strains are distinct in their
GH profiles. A clustered heat map was generated based on the predicted GH profiles
of the strains (Fig. 3). Pigmented and nonpigmented strains contained, on average,
47 � 8 and 40 � 13 GHs, respectively. The functional clustering divided the strains into
two groups, with one consisting solely of nonpigmented strains and the other consist-
ing of both pigmented and nonpigmented strains, and subclustering correlated with
the phylogeny and pigmentation. In total, 63 out of 156 entries of GHs described in the
CAZy database by the start of 2019 (http://www.cazy.org/) were represented in the
strains. Of the 63 different GH families identified, 60 GH families were represented in
nonpigmented strains, whereas only 38 GH families were found in pigmented strains.
The Shannon index was higher in the pigmented strains (P � 0.001), but the variation
was 8-fold larger in the nonpigmented strains. This suggests that even though the
average pigmented strain genome based on gene counts contains more GHs than the
average nonpigmented strain genome, the GH profiles of the nonpigmented strains are
more heterogeneous than those of the pigmented strains.

Interestingly, the functional clustering detected a pattern of co-occurrence between
the GH19 chitinase and the GH92 mannosidase, meaning that of the 71 genomes
containing at least one GH19 gene, 71.8% also contained a GH92 gene (P � 0.00001).
In the mycoparasitic fungus Trichoderma harzianum, chitinases and a GH92 mannosi-
dase were significantly upregulated in response to pathogenic fungi (48). Since chitin
and mannose are components of the fungal cell wall, this could indicate that the
natural role of bacterial GH19s is indeed antifungal, possibly in combination with GH92.

To evaluate if the GH profiles differed on the basis of pigmentation status, multi-
dimensional scaling (MDS) was conducted. MDS clearly separated pigmented and
nonpigmented strains into two groups on the basis of their GH profiles (Fig. 4). This is
in accordance with analysis of similarities (ANOSIM) showing a significant effect of
pigmentation in multivariate space (P � 0.001) and suggesting that pigmentation
status explains �50% of the GH profile (r2 � 0.50). Listed in order of the most signifi-
cant contribution, GH18, GH74, GH20, GH24, GH19, GH92, and GH23 had the major
impact of this divergence for pigmented strains (loadings � 0.5). For nonpigmented
strains, GH13, GH43, GH50, GH16, GH78, and GH109 had a major divergent impact on
the GH profile (loadings � �0.5) (Table S3). Thus, the GH18 chitinase was the strongest
contributor to the GH profiles of pigmented strains, as it was present in all genomes
and was present at a higher abundance than it was in nonpigmented strains. Also, the
chitinolytic GH19s and GH20s contributed prominently to the separation of the GH
profiles of pigmented strains, proposing that chitin degradation is a key physiological
trait in pigmented Pseudoalteromonas strains. The loading coordinates of GH19 and
GH92 were very similar, confirming their co-occurrence, as discussed above. For non-
pigmented strains, GH13 was the strongest contributor to the diversification from
pigmented species. The contribution of GH13 in nonpigmented strains is reflected by
a higher gene count compared to that in pigmented species. GH43, GH50, GH16, GH78,
and GH109 also contributed to the intergroup diversity of the nonpigmented GH
profiles, and all are enzymes that are active on marine algal polysaccharides, such as
agar, porphyrin, carrageenan, starch, and glucan. The building blocks of algal polysac-
charides are relatively few, but they have a high structural complexity, as they can be
linked in almost infinite ways and are also often subject to acetylation, methylation, or
sulfation (49). The high diversity of GH families in nonpigmented species could indicate
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FIG 3 Functionally clustered heat map based on the predicted glycosyl hydrolases (GH) of the 157 Pseudoalteromonas strains. The key displays the
log-transformed gene counts of GHs.
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that this group favors the utilization of algal polysaccharides. Pigmented strains also
have the genetic capacity to utilize algal components, and many nonpigmented strains
can degrade chitin; however, the conserved chitinolytic machinery in pigmented strains
indicates a specialized adaptation to chitin utilization.

The general perception of the genus Pseudoalteromonas is that pigmented species
produce many bioactive secondary metabolites, whereas nonpigmented species pro-
duce a larger amount of hydrolytic enzymes (10). The results presented herein partially
support this assumption, as the diversity of GHs was higher in nonpigmented strains,
but not on a gene count basis. While having less diverse GH profiles, the genomes of
pigmented strains contained, on average, at least the same number of GHs as nonpig-
mented strains or higher number of GHs than nonpigmented strains.

Pseudoalteromonas strains devote up to 15% of their genome to the biosyn-
thesis of secondary metabolites. The genomic bioactive potential of all Pseudoaltero-
monas strains was compared to that of well-known secondary metabolite producers
(50) by calculating the proportion of the genome dedicated to the biosynthesis of
secondary metabolites (percent BGC) (Fig. 5; Table S1). Mining the genomes using the
antiSMASH tool, we found that the genomes of pigmented strains dedicated, on
average, 7.6% � 4.2% to BGCs and that those of nonpigmented strains dedicated, on
average, 1.1% � 0.9%. In comparison, the average prokaryote devotes 3.7% � 3.1% of
its genome to BGCs (50). There was a strong linear correlation between genome size
and percent BGC, which was especially pronounced in the pigmented strains (r2 � 0.60,
P � 0.00001, slope � 5.18) compared to the nonpigmented strains (r2 � 0.13, P � 0.001,
slope � 0.81), meaning that for every gigabase increase in genome size, a further 5.2%
of the genome is dedicated to BGCs for pigmented species. The genomes of pigmented
species encoded, on average, 6.8 times more BGCs (P � 0.00001) than those of non-
pigmented species did. Thirty-six strains devoted more than 7.5% (50) of their genomes
to BGCs, with the highest percentage of BGCs being found in P. luteoviolacea and P.
rubra strains (12% to 15%). Thus, their genetic potential for the production of secondary
metabolites is equal to that of species generally well-known for the production of
secondary metabolites, including those in the genera Streptomyces, Myxococcus, Soran-
gium, and Burkholderia (50). It is also comparable to that in species from the marine

FIG 4 Multidimensional scaling (MDS) plot of pigmented (red dots) and nonpigmented (gray dots) Pseudoalteromonas
strains based on their glycosyl hydrolase (GH) profile. GHs with loadings of more than �0.5 are shown in the graph.
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actinomycete genus Salinispora, devoting approximately 10% of the investigated ge-
nomes to secondary metabolism (51, 52).

Genomic analysis of representatives of each pigmented species and three unclas-
sified pigmented strains using antiSMASH found that most of the predicted BGCs
showed little to no homology to known and characterized bioactive compounds
(Table 1). Many of these BGCs may represent a novel chemistry or may encode novel
homologs of the compound classes (13). Bacteria from the phylum Actinobacteria have
been the cornerstone of the antibiotic era, as two-thirds of all known microbial
antibiotics originate from these Gram-positive bacteria (1, 53). They remain a focal point
of antibiotic research, since genome mining has revealed the presence of many
potentially silent or cryptic BGCs in their genomes (54). Likewise, our study demon-

FIG 5 Proportion of biosynthetic gene clusters (BGCs) in the Pseudoalteromonas genomes according to
genome size. Each circle represents one genome and is color coded based on pigmentation. The data
have been jittered to account for overlying points.

TABLE 1 Total number of predicted BGCs in a representative selection of pigmented species, including the most similar known BGCs
according to percent gene similaritya

Species and strain
Total no. of
predicted BGCs Most similar known BGC (% gene similarity)

P. luteoviolacea S2607 23 Violacein (80%), kalimantacin (10%), vibriobactin (18%),
griseobactin (17%), cystobactamide (8%)

P. spongiae S3655 5 Arylpolyene (35%), flexirubin (5%), desferrioxamine B (60%)
P. phenolica S1189 6 Xenocyloins (25%), vulnibactin (25%)
P. rubra S4059 25 Indigoidine (40%), turnerbactin (15%), kalimantacin/batumin (10%)
Pseudoalteromonas sp.

strain S4498
9 Serobactins (15%)

P. piscicida S2049 18 Griseobactin (23%), feglymycin (10%), bromoalterochromides (14%),
alterochromides (90%)

P. ruthenica S2897 4 Arylpolyene (40%), desferrioxamine B (60%)
P. aurantia S2231 17 Kalimantacin/batumin (10%), pyoverdine (1%)
P. citrea S3895 17 Pyoverdine (1%), turnerbactin (15%), pyoverdine (1%), zeamine (17%)
P. ulvae TC14 4 APE_Vf (40%), violacein (80%)
P. piratica OCN0013 3 APE_Vf (40%), desferrioxamine B (60%)
Pseudoalteromonas sp.

strain 520P1
7 Violacein (80%), pyoverdine (2%), taxlllaid (6%), eicosapentaenoic

acid-like compound (18%)
Pseudoalteromonas sp.

strain HM SA03
11 Bromoalterochromides (14%), hectochlorin (37%), alterochromides (100%), turnerbactin (15%)

P. amylolytica JW1 16 Violacein (80%), staphylobactin (12%)
P. denitrificans DSM 6059 10 APE_Vf (45%), eicosapentaenoic acid-like (18%), bacillibactin (23%)
P. tunicata D2 5 Violacein (80%), prodigiosin (12%), desferrioxamine B (50%)
P. byunsanensis JCM 12483 14 Taxlllaid (4%), staphylobactin (12%), bromoalterochromides (14%),

violacein (80%)
P. elyakovii ATCC 700519 18 Bacillibactin (60%), alterochromides (95%)
aBGCs were predicted and percent gene similarity was defined by use of the antiSMASH tool.
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strates that pigmented Pseudoaltermonas species could be a potent and promising
source of new antimicrobials.

Enhanced antibacterial activity could not be detected on chitin. In some Vibri-
onaceae, BGCs are upregulated when the bacteria are grown on chitin, and the finding
of an elaborate chitinolytic machinery in Pseudoalteromonas led us to determine the
antibacterial activity of the strains when grown on four different carbon sources
(glucose, N-acetylglucosamine [NAG], colloidal chitin, and crystalline chitin) mimicking
a natural chitinous habitat (55). Of the 50 strains, all 24 pigmented strains and one
nonpigmented strain (strain S558) were inhibitory toward the target pathogen, in
agreement with previous results (13); however, inhibition was independent of the
carbon source (Table S2). Thus, the overall antibacterial activity was not enhanced on
chitinous media compared to glucose media, as has been seen for strains of the
Vibrionaceae family (20). The assay was not sensitive enough to quantify the antibac-
terial activity, and chitin could potentially still enhance the response of a metabolite
cluster that is also expressed without addition of chitin. This was seen for the antibiotic
andrimid in Vibrio coralliilyticus S2052 when grown on chitin compared to glucose (19).
Also, growth on chitin may alter the expression of BGCs encoding bioactivities other
than antibacterial activity.

Conclusion. Here, we demonstrate that chitin is likely an important carbon source
for pigmented Pseudoalteromonas species, as chitin hydrolysis is a key trait in this group
of bacteria. Pigmented Pseudoalteromonas strains and a few nonpigmented strains
contain GH19 chitinases, which are not common in bacteria. In plants, the main role of
GH19 chitinases is antifungal, and the finding of a co-occurring mannosidase of the
GH92 family suggests that the fungal cell wall could be the target of GH19 chitinases
in bacteria as well. Nonpigmented Pseudoalteromonas strains have an extended algal
polysaccharide-degrading GH profile compared to pigmented strains; in contrast, their
genomic potential for producing bioactive compounds was much lower. The fact that
pigmented species devote up to 15% of their genome to BGCs qualifies this genus to
be in the same antibiotic-producing league as the well-known Actinobacteria, with the
benefit of being less explored. We hypothesized that growth on chitin would enhance
the bioactivity of the strains, but, when measured as antibiotic activity, this was not
confirmed. However, this study serves as an extensive basis for ecology-based bio-
prospecting of secondary metabolites and hydrolytic enzymes and has uncovered a
promising genomic potential for producing novel antimicrobial compounds in pig-
mented Pseudoalteromonas.

MATERIALS AND METHODS
Pseudoalteromonas genomes. One hundred sixty-five Pseudoalteromonas genomes available in the

NCBI database in May 2018 and 88 Pseudoalteromonas genomes (see below) from our global Galathea
collection (17) were included. To avoid bias in the data set due to an uneven distribution of the number
of strains per species and to exclude very similar isolates, an average nucleotide identity (ANI) analysis
using the Python module pyani (56) was conducted using all 253 genomes to eliminate those sharing an
ANI of greater than 98.3%. This cutoff was inferred by visually inspecting a plot of the number of isolates
versus the ANI value, in which there was a notable elbow at 98.3% identity (see Fig. S1 in the
supplemental material). Subsequently, 107 genomes from NCBI and 50 genomes sequenced in the
present study were included in the bioinformatic analyses (Table S1). The data set included 15 pigmented
species (62 strains) and 23 nonpigmented species (95 strains). These numbers are approximate, as some
strains were not assigned to any species but clustered within either the pigmented or the nonpigmented
group.

Isolation of genomic DNA and genome sequencing. Ninety-eight Pseudoalteromonas strains were
isolated during the Galathea 3 global marine research expedition (17). They were isolated from seawater
or swab samples from biotic or abiotic surfaces and selected on the basis of their antibacterial activity
against the fish pathogen Vibrio anguillarum. The origins and coordinates of isolation can be found in the
work of Gram et al. (2010) (17). The genomes of 12 strains were sequenced as part of a previous study
(18, 57), and we were unable to purify DNA from 10 strains. Thus, 76 new genomes were sequenced as
part of the present study. High-purity genomic DNA was extracted using a NucleoSpin tissue kit (catalog
number 740952; Macherey-Nagel) including an RNase treatment step. For half of the strains, we had
difficulties extracting high-purity DNA; therefore, a Qiagen Genomic-tip 20/G kit (catalog number 10223;
Qiagen) and a genomic DNA buffer set (catalog number 19060; Qiagen) were used for extraction instead.
Quantification was done using a DeNovix DS-11� spectrometer (DeNovix, USA) and Qubit (v2.0) analyzer
(Invitrogen, United Kingdom). Genomes were sequenced at the Novo Nordisk Center for Biosustainability
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(Technical University of Denmark, Lyngby, Denmark) using 150-bp paired-end sequencing on an Illumina
NextSeq platform. Genomes were assembled using CLC Genomics Workbench software (v8; CLC bio,
Aarhus, Denmark), and contig-based draft genomes were obtained; all had genome coverage of 105-fold
or higher.

Phylogenetic analysis. A phylogenetic tree of the 157 genomes was generated with the SNP-based
procedure CSI Phylogeny (http://cge.cbs.dtu.dk/services/CSIPhylogeny/) (58). Pseudoalteromonas luteovi-
olacea DSM 6061T (WGS accession no. GCF_001625655.1) was used as a reference genome, and Vibrio
anguillarum 90-11-286 (GenBank accession no. CP011460 and CP011461) was used as the outgroup. The
maximum likelihood phylogenetic tree was visualized using iTOL (https://itol.embl.de/) (59).

Bioinformatic analyses. The genomes sequenced in the present study were annotated using the
Rapid Annotation using Subsystem Technology (RAST) (60). The presence of a conserved chitin degra-
dation cluster (CDC) was investigated using MultiGeneBlast (61) with the CDC query from (36). The lytic
polysaccharide monooxygenase (LPMO) of the CDC was identified using Pfam (https://pfam.xfam.org/).

The total numbers of GHs encoded in each genome was predicted using Hidden Markov Model
(HMM) searches against local versions of the dbCAN (62). A heat map of the GH profiles was constructed
in R (v3.4.2) using the package pheatmap (63), in which the profiles were clustered by complete linkage
on the log-transformed values for ease of visualization. The average GH18 gene content in pigmented
versus nonpigmented chitinolytic strains was tested with a t test. A co-occurrence pattern between GH19
and GH92 was tested with a Fisher exact test. To visualize the differences in GH profiles based on
pigmentation, a metric multidimensional scaling (MDS) analysis on a count matrix with the total number
of predicted protein sequences per GH family was conducted in R using Bray-Curtis distances. Loadings
with values of more than �0.5 were plotted in the MDS plot. Analysis of similarities (ANOSIM) was used
to test whether the pigmentation status was predictive of the GH gene profile in a multivariate context.
To test if pigmentation status was associated with GH profile diversity, the Shannon index was calculated
and tested with a t test.

All 157 genomes were analyzed for secondary metabolite gene clusters using the antiSMASH (v4.0)
tool (64). The sizes of the predicted BGCs relative to the genome size were calculated for each strain (in
nucleobases) and compared to the total size of the genome using linear regression. The percentage of
the genome dedicated to BGCs in pigmented versus nonpigmented strains was tested with a t test.

Chitin degradation. To determine if the chitin-degrading genotype resulted in a phenotype, the 50
strains from the Galathea collection were tested for chitin degradation. Strains were grown with aeration
at 25°C and 200 rpm overnight in marine broth (MB 2216; Difco BD). Two microliters of each culture was
inoculated in duplicate on chitin agar, consisting of 1.5% agar, 2% sea salt (catalog number S9883;
Sigma), 0.3% Casamino Acids, and 0.2% colloidal chitin (catalog number C7170; Sigma). Colloidal chitin
was prepared as described previously (20). Plates were inspected daily for 10 days, and chitin degrada-
tion was determined by the appearance of a clearing zone around the colonies.

Screening for antibacterial activity. The antibacterial activity of the 50 Galathea strains against the
fish pathogen V. anguillarum 90-11-286 (65) was tested using the agar-based assay described previously
(20) with either 0.2% glucose, 0.2% N-acetylglucosamine (NAG), 0.2% colloidal chitin, or 0.2% crystalline
chitin as the carbon source, in addition to 0.3% Casamino Acids. Bacterial strains were grown at 25°C and
200 rpm overnight in MB. Two microliters of each culture was inoculated in duplicate on the four media.
On each plate, bacteria were inoculated in rows of four strains with a horizontal and a vertical distance
of 25 mm from each other. Strains were allowed 2 days of growth before 2 �l of an overnight culture of
the target strain, V. anguillarum 90-11-286, grown in MB was inoculated at a distance of 5 mm from the
Pseudoalteromonas strains. The plates were incubated at 25°C, and the colony growth of the target strain
was assessed 48 h after the target strain had been inoculated.

Data availability. The 76 new draft genomes are available at the National Center for Biotechnology
Information (NCBI) database under accession numbers PNBS01 to PNEL01. All accession numbers are
listed in Table S1. The strains are available upon request.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/

mSystems.00060-19.
FIG S1, PDF file, 0.1 MB.
FIG S2, PDF file, 0.4 MB.
TABLE S1, PDF file, 0.4 MB.
TABLE S2, PDF file, 0.3 MB.
TABLE S3, PDF file, 0.2 MB.
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Table S1 

Species and strain name 
 

Pigment 
 

Genome 
size (Mb) 

% BGC of 
genome 

Accession/RefSeq 
 

P. tunicata D2 + 5.0 3.79 GCF_002310815.1 

P. ulvae TC14 + 4.6 1.92 GCF_002156545.1 

Pseudoalteromonas sp. '520P1 No. 423' + 5.4 4.92 GCF_001269985.1 

P. denitrificans DSM 6059 + 6.1 5.2 GCF_900112265.1 

Pseudoalteromonas sp. NBT06-2 + 5.7 3.9 GCF_002276045.1 

Pseudoalteromonas sp. BMB + 5.3 9.75 GCF_001709235.1 

P. piscicida DE2-B + 5.3 8.56 GCF_002208135.1 

Pseudoalteromonas sp. HM-SA03 + 5.2 9.72 GCF_002289345.1 

Pseudoalteromonas sp. GCY + 5.4 10.51 GCF_002591815.1 

P. piscicida 36Y_RITHPW + 5.1 7.72 GCF_002744175.1 

P. piscicida S2049 + 5.3 8.36 PNEF00000000 

P. piscicida S2724 + 5.2 6.61 GCF_000967575.1 

P. elyakovii ATCC 700519 + 5.5 12.92 GCF_000814665.1 

Pseudoalteromonas sp. NC201 + 5.4 12.26 GCF_002850255.1 

P. piscicida JCM 20779 + 5.5 8.59 GCF_000238315.3 

Pseudoalteromonas sp. S2755 + 5.2 7.59 PNDS00000000 

Pseudoalteromonas sp. S4498 + 5.3 5.89 PNCO00000000 

P. piratica OCN003 + 4.8 1.39 GCF_000788395.1 

Pseudoalteromonas sp. P1-9 + 4.8 2.98 GCF_001399975.1 

Pseudoalteromonas sp. T1lg24 + 4.7 2.11 GCF_002964745.1 

P. spongiae S3655 + 4.8 2.45 PNBZ00000000 

P. spongiae SAO4-4 + 5.1 2.18 GCF_002814155.1 

P. spongiae UST010723-006 + 4.8 2.08 GCF_000238255.3 

P. citrea DSM 8771 + 5.3 9.86 GCF_000238375.2 

P. aurantia S2231 + 5.2 8.24 PNCL00000000 

P. citrea S3895 + 4.8 9.11 PNBW00000000 

P. byunsanensis JCM 12483 + 4.7 8.66 GCF_001854475.1 

P. amylolytica JW1 + 4.9 8.8 GCF_001854605.1 

Pseudoalteromonas sp. T1lg23B + 4.6 6.63 GCF_002964665.1 

Pseudoalteromonas sp. S3663 + 4.7 0.9 SAMN08296079 

Pseudoalteromonas sp. S3898 + 4.6 3.92 SAMN08296066 

P. phenolica S4048 + 5.0 2.72 PNBV00000000  

Pseudoalteromonas sp. S1093 + 4.5 2.02 PNEC00000000 

Pseudoalteromonas sp. S1189 + 4.5 2.72 PNCM00000000 

P. phenolica KCTC 12086 + 4.9 2.36 GCF_001444405.1 

Pseudoalteromonas sp. R3 + 5.8 11.71 GCF_001282135.1 

P. rubra OCN096 + 5.8 8.17 GCF_001188445.1 

P. rubra S1946 + 5.6 14.26 SAMN08389157 

P. rubra S2471 + 5.7 12.46 GCF_000967655.1 

P. rubra S2599 + 5.6 13.31 PNCJ00000000 
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P. rubra S2676 + 5.7 13 PNCI00000000 

P. rubra S4059 + 5.8 14.51 PNBU00000000 

P. rubra SCSIO 6842 + 5.9 10.57 GCF_001482385.1 

P. rubra S2678 + 5.7 13.13 PNCH00000000 

P. rubra ATCC 29570 + 6.0 12.47 GCF_000238295.2 

P. luteoviolacea HI1 + 6.1 8.67 GCF_000814765.1 

P. luteoviolacea H33 + 6.1 12.04 GCF_001625585.1 

P. luteoviolacea IPB1 + 6.0 11.97 GCF_001696455.1 

P. luteoviolacea S2607 + 6.0 14.54 GCF_001625575.1 

P.luteoviolacea S4054 + 6.2 11.69 GCF_001750185.1 

P. luteoviolacea S4060 + 5.9 11.43 GCF_001625705.1 

P. luteoviolacea NCIMB 1944 + 6.3 12.83 GCF_001625565.1 

P. luteoviolacea NCIMB 1942 + 5.4 8.97 GCF_001625595.1 

P. luteoviolacea CPMOR-2  + 5.8 10 GCF_001625645.1 

P. luteoviolacea CPMOR-1 + 6.0 9.48 GCF_001625685.1 

P. luteoviolacea H33-S + 6.1 11.84 GCF_001625695.1 

P. ruthenica CP76 + 4.0 1.5 GCF_000336495.1 

Pseudoalteromonas sp. SW0106-04 + 4.1 2.66 GCF_001293805.1 

P. ruthenica S2756 + 4.0 2.73 SAMN08094581 

P. ruthenica S2897 + 4.1 2.53 PNCG00000000 

P. ruthenica S2899 + 4.1 2.52 PNCE00000000 

P. ruthenica S4388 + 3.9 2.51 PNBS00000000 

P. atlantica T6c - 5.2 1.01 GCF_000014225.1 

P. haloplanktis TAC125 - 3.9 1.41 GCF_000026085.1 

P. distincta ANT/505 - 4.5 1.88 GCF_000212655.2 

P. marina DSM 17587 - 4.2 0.26 GCF_000238335.2 

P. haloplanktis ATCC 14393 - 5.0 1.3 GCF_000238355.1 

Pseudoalteromonas arctica A 37-1-2 - 4.7 1.63 GCF_000238395.3 

Pseudoalteromonas sp. BSi20429 - 4.5 1.35 GCF_000238895.1 

Pseudoalteromonas sp. BSi20311 - 4.0 0.59 GCF_000239875.1 

Pseudoalteromonas sp. BSi20495 - 4.8 4.41 GCF_000241185.1 

Pseudoalteromonas sp. S8-8 - 4.9 1.33 GCF_000497875.1 

Pseudoalteromonas sp. TAE56 - 4.6 1.13 GCF_000497955.1 

Pseudoalteromonas sp. TB51 - 4.6 0.51 GCF_000498055.1 

Pseudoalteromonas sp. TAB23 - 5.1 0.95 GCF_000498075.1 

Pseudoalteromonas sp. TB64 - 4.8 1.82 GCF_000498095.1 

Pseudoalteromonas sp. NW 4327 - 4.4 0.52 GCF_000508785.1 

Pseudoalteromonas sp. 23 GOM-1509m - 4.1 0.57 GCF_000518425.1 

Pseudoalteromonas sp. SCSIO 11900 - 3.7 0.29 GCF_000576475.1 

P. lipolytica SCSIO 04301 - 4.7 1.15 GCF_000576675.1 

Pseudoalteromonas sp. A2 - 4.2 0.8 GCF_000738935.1 

Pseudoalteromonas sp. ND6B - 4.2 0.44 GCF_000764215.1 

Pseudoalteromonas sp. PLSV - 5.2 1 GCF_000767305.1 

P. distincta ATCC 700518 - 4.5 0.48 GCF_000814675.1 
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P. tetradonis UCD-SED8 - 4.0 0.58 GCF_001298405.1 

P. porphyrae UCD-SED9 - 4.8 2.9 GCF_001298415.1 

P. lipolytica UCD-48B - 4.6 1.47 GCF_001306915.1 

Pseudoalteromonas sp. P1-8 - 4.5 1.49 GCF_001399985.1 

Pseudoalteromonas sp. P1-11 - 4.4 1.53 GCF_001399995.1 

Pseudoalteromonas sp. P1-25 - 4.4 0.42 GCF_001401805.1 

P. translucida KMM 520 - 4.1 1.35 GCF_001465295.1 

Pseudoalteromonas sp. H105 - 4.5 0.5 GCF_001469215.1 

P. arabiensis JCM 17292 - 4.5 1.49 GCF_001550155.1 

P. neustonica PAMC 28425 - 5.0 2.81 GCF_001653135.1 

P. prydzensis DSM 14232 - 5.1 3.02 GCF_001661495.1 

P. mariniglutinosa KCTC 22327 - 5.0 1.3 GCF_001662245.1 

P. tetradonis CSB01KR - 3.7 0.3 GCF_001723425.1 

P. haloplanktis ATCC 700530 - 4.0 0.58 GCF_001924935.1 

Pseudoalteromonas sp. SK20 - 4.1 0.15 GCF_001974845.1 

Pseudoalteromonas sp. SK18 - 4.0 1.69 GCF_001974855.1 

P. aliena EH1 - 4.6 3.99 GCF_001999225.1 

Pseudoalteromonas sp. A601 - 4.9 2.2 GCF_002165575.1 

P. nigrifaciens KMM 661 - 4.3 2.3 GCF_002221505.1 

P. issachenkonii KMM 3549 - 4.1 0.56 GCF_002310795.1 

P. tetradonis GFC - 4.1 0.56 GCF_002310835.1 

P. agarivorans DSM 14585 - 4.5 1.47 GCF_002310855.1 

P. atlantica ECSMB14104 - 3.7 0.3 GCF_002374815.1 

Pseudoalteromonas sp. 3D05 - 4.5 0.51 GCF_002723455.1 

Pseudoalteromonas sp. T1lg75 - 3.6 1.5 GCF_002964705.1 

Pseudoalteromonas sp. T1lg88 - 3.4 1.6 GCF_002964765.1 

Pseudoalteromonas sp. T1lg48 - 3.6 1.52 GCF_002964785.1 

P. carrageenovora IAM 12662 - 4.6 0.51 GCF_900239935.1 

P. undina S1609 - 4.1 0.71 PNDJ00000000 

P. undina S1612 - 4.0 0.46 PNDH00000000 

P. lipolytica S1650 - 4.8 1.29 PNDF00000000 

P. issachenkonii S1688 - 4.3 0.42 PNDE00000000 

Pseudoalteromonas sp. S1727 - 5.0 1.22 PNDT00000000 

P. issachenkonii S201 - 4.3 0.43 PNDR00000000 

P. lipolytica S2721 - 4.5 1.37 PNCZ00000000 

P. agarivorans S2893 - 4.3 0.43 PNCY00000000 

P. issachenkonii S3173 - 4.2 0.44 PNCX00000000 

Pseudoalteromonas sp. S3178 - 4.5 0.41 PNCW00000000 

P. issachenkonii S3260 - 3.9 0.15 PNCV00000000 

Pseudoalteromonas sp. S3431 - 4.2 3.3 GCF_000690035 

Pseudoalteromonas sp. S3785 - 4.2 0.44 PNCT00000000 

Pseudoalteromonas sp. S410 - 4.0 0.46 PNDW00000000 

Pseudoalteromonas sp. S4389 - 4.8 0.23 PNCS00000000 

P. shioyasakiensis S4491 - 4.5 1.36 PNCQ00000000 
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Pseudoalteromonas sp. S4492 - 4.6 1.33 PNCP00000000 

P. issachenkonii S4741 - 3.8 0.16 PNCN00000000 

P. marina S554 - 4.2 0.14 PNDV00000000 

P. aliena S558 - 4.5 1.91 PNDU00000000 

P. agarivorans S983 - 4.4 1.34 PNDL00000000 

Pseudoalteromonas sp. SM9913  - 4.0 0.57 GCF_000184065.1 

Pseudoalteromonas sp. BSi20652 - 4.2 0.45 GCF_000239855.1 

Pseudoalteromonas sp. BSi20439 - 3.9 0.48 GCF_000241165.1 

P. agarivorans S816 - 4.4 1.51 GCF_000363985.1 

Pseudoalteromonas sp. TB13 - 4.7 0.98 GCF_000497915.1 

Pseudoalteromonas sp. TB41 - 4.6 2.52 GCF_000497975.1 

Pseudoalteromonas sp. TB25 - 4.6 0.4 GCF_000497995.1 

Pseudoalteromonas sp. TAE79 - 5.0 0.6 GCF_000498015.1 

Pseudoalteromonas sp. P1-30 - 4.3 1.54 GCF_001400005.1 

Pseudoalteromonas sp. 13-15 - 4.1 0.26 GCF_001468205.2 

Pseudoalteromonas sp. 10-33 - 4.2 0.55 GCF_001469195.1 

Pseudoalteromonas sp. H103 - 4.4 0.53 GCF_001469205.1 

Pseudoalteromonas sp. XI10 - 4.5 0.47 GCF_001469895.1 

Pseudoalteromonas sp. MQS005 - 4.2 0.55 GCF_001661605.1 

Pseudoalteromonas sp. EB27 - 4.5 1.44 GCF_001974875.1 

P. espejiana DSM 9414 - 4.5 1.05 GCF_002221525.1 

P. marina ECSMB14103 - 3.4 0.31 GCF_002407085.1 

Pseudoalteromonas sp. 1_2015MBL_MicDiv - 4.9 4.04 GCF_002407505.1 

P. arctica MelAa3 - 4.5 1.46 GCF_002836095.1 

Pseudoalteromonas sp. T1lg22 - 3.4 1.59 GCF_002964645.1 

P. undina S1608 - 4.1 0.45 PNDK00000000 

P. agarivorans S326 - 4.6 1.29 PNDQ00000000 

P. undina S1610 - 3.9 0.46 PNDI00000000 

P. undina DSM 6065 - 4.0 0.58 GCF_000238275.2 
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Table S2 

 
Strain 

 
Pigment 

Chitin 
degradation 

 

Inhibition of V. anguillarum on different carbon sources 
Glucose N-acetylglucosamine Colloidal 

chitin 
Crystalline 
chitin 

S201 - + - - - - 
S326 - - - - - - 
S410 - - - - - - 
S554 - - - - - - 
S558 - + + + + + 
S816 - - - - - - 
S983 - - - - - - 
S1093 + + + + + + 
S1189 + + + + + + 
S1608 - + - - - - 
S1609 - + - - - - 
S1610 - + - - - - 
S1612 - + - - - - 
S1650 - + - - - - 
S1688 - + - - - - 
S1727 - + - - - - 
S1946 + + + + + + 
S2049 + + + + + + 
S2231 + + + + + + 
S2471 + + + + + + 
S2599 + + + + + + 
S2607 + + + + + + 
S2676 + + + + + + 
S2678 + + + + + + 
S2721 - + - - - - 
S2724 + + + + + + 
S2755 + + + + + + 
S2756 + + + + + + 
S2893 - - + + + + 
S2897 + + + + + + 
S2899 + + + + + + 
S3173  - + - - - - 
S3178 - - - - - - 
S3260 - - - - - - 
S3431 - - - - - - 
S3655 + + + + + + 
S3663 + + + + + + 
S3785 - + - - - - 
S3895 + + + + + + 
S3898 + + + + + + 
S4048 + + + + + + 
S4054 + + + + + + 
S4059 + + + + + + 
S4060 + + + + + + 
S4388 + + + + + + 
S4389 - + - - - - 
S4491 - + - - - - 
S4492 - + - - - - 
S4498 - + + + + + 
S4741 - - - - - - 
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Table S3 

 
MDS1 MDS2 

GH1 -0.42117 -0.26314 

GH2 -0.38043 -0.24253 

GH3 -0.22242 -0.43467 

GH4 -0.13611 0.175117 

GH5 0.138036 -0.18002 

GH8 -0.31839 -0.10265 

GH9 -0.01321 0.001193 

GH10 -0.01751 -0.00147 

GH11 -0.00058 -0.00067 

GH13 -0.72773 -0.88561 

GH15 0.127772 -0.11234 

GH16 -0.25866 -0.78953 

GH18 2.463076 -0.36018 

GH19 0.541572 -0.1021 

GH20 1.066747 -0.4403 

GH23 0.611899 -0.00547 

GH24 0.976886 -0.19688 

GH25 0.181158 0.015096 

GH26 -0.0069 0.002221 

GH28 -0.05528 -0.13709 

GH29 -0.02057 -0.15065 

GH31 -0.16693 -0.03702 

GH32 -0.11153 -0.19814 

GH33 0.004853 0.046578 

GH36 -0.32145 0.002166 

GH37 0.112189 -0.13264 

GH39 -0.01437 -0.10174 

GH42 -0.07723 -0.09341 

GH43 -0.41987 -1.74226 

GH50 -0.27421 -0.53986 

GH63 -0.09032 -0.11359 

GH68 -0.02308 0.00294 

GH73 0.030718 -0.04107 

GH74 1.815976 0.09098 

GH76 -0.00494 -0.09532 

GH77 0.027596 -0.04329 

GH78 -0.07722 -0.56227 

GH82 -0.04677 -0.00788 

GH86 -0.09753 -0.12533 

GH87 -0.00354 -0.01373 

GH88 -0.0157 -0.12488 

GH92 0.548718 -0.11532 
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GH93 0.008992 0.001335 

GH94 -0.03951 -0.04344 

GH97 -0.04639 -0.18816 

GH99 0.008146 0.004824 

GH102 -0.00202 0.015596 

GH103 0.007846 -0.0945 

GH105 -0.07569 -0.30576 

GH106 -0.02447 -0.21043 

GH107 -0.03292 -0.0316 

GH108 0.075344 -0.04846 

GH109 -0.00086 -0.927 

GH110 -0.01751 -0.00147 

GH113 -0.00777 0.004529 

GH114 0.009683 0.11058 

GH117 -0.23679 -0.39671 

GH127 -0.0534 -0.25332 

GH130 -0.0069 0.002221 

GH135 -0.02072 -0.07244 

GH136 0.187281 -0.01119 

GH141 0.009374 -0.02561 

GH145 0.034633 -0.12678 

 

  



9 
 

Figure S1 
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ABSTRACT 18 

Novel antimicrobials are urgently needed due to the rapid spread of antibiotic resistant 19 

bacteria. In a genome-wide analysis of Pseudoalteromonas strains, strain S4498 was 20 

noticed due to its potent antibiotic activity. It did not produce the yellow antimicrobial 21 

pigment bromoalterochromide, which was produced by several type strains with which it 22 

shared a high nucleotide identity (>95%). Also, it produced a sweet-smelling volatile not 23 

observed from other strains. Mining the genome of strain S4498 using the secondary 24 

metabolite predictor antiSMASH found eight biosynthetic gene clusters with no homology 25 

to known compounds, and synteny analyses revealed that the yellow pigment 26 

bromoalterochromide was likely lost during evolution. Metabolome profiling of strain S4498 27 

using HPLC-HRMS analyses found marked differences to the type strains. In particular, a 28 

series of quinolones known as pseudanes were identified and verified by NMR. The 29 

characteristic odor of the strain was linked to the pseudanes. The highly halogenated 30 

compound tetrabromopyrrole was detected as the major antibacterial component by 31 

bioassay-guided fractionation. Combining genomic and metabolomic analyses 32 

demonstrates that strain S4498 should belong to a novel species within the genus 33 

Pseudoalteromonas, and we propose the name Pseudoalteromonas galatheae sp. nov. 34 

(type strain S4498T = NCIMB15250T = LMG31599T). 35 

  36 
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INTRODUCTION 37 

The emergence and spread of antibiotic resistant bacteria is a worldwide threat to human 38 

health1. Most antibiotics are of microbial origin and have been derived from terrestrial 39 

organisms2, however, in recent years, also marine microorganisms have been explored for 40 

novel natural products3,4. In 2017, 242 new natural products identified from marine 41 

bacteria were reported, and 137 of these originated from Streptomyces species5, which 42 

are well known producers of antibiotic compounds2. During the Danish research expedition 43 

Galathea 3, marine bacteria were isolated based on their antibacterial activity with the aim 44 

of identifying novel antimicrobial compounds6. Many of the isolates belong to the marine 45 

genus Pseudoalteromonas6,7. The genus can be divided into two groups based on 46 

phenotypic and genotypic traits: non-pigmented and pigmented species, of which the latter 47 

is known for its production of antimicrobial compounds8. On a genomic level, pigmented 48 

species contain a large number of biosynthetic gene clusters (BGCs), often dedicating as 49 

much as 15% of their genome to production of secondary metabolites (SMs), most of 50 

which are still unknown9.  51 

 52 

In a recent genome-wide analyses of Pseudoalteromonas strains9, strain S4498 was 53 

unique due to its antibacterial activity,  a sweet-smelling odor and the lack of  yellow 54 

pigmentation found in the closely related strains (Pseudoalteromonas piscicida and 55 

Pseudoalteromonas flavipulchra), with which it clustered based both on 16S rRNA gene 56 

sequence and average nucleotide identity (ANI) analysis. ANI analysis is used to infer 57 

genetic relatedness between strains based on whole genomes, where strains of the same 58 

species show ≥95% ANI similarity among themselves10. Strain S4498 exceeded the 59 

species level cut-off of 95% ANI similarity, which suggested that this strain represents a 60 

novel species. The yellow pigmented Pseudoalteromonas and their bioactive compounds, 61 

such as korormicins and bromoalterochromides, have been widely studied11. It is believed 62 

that the compound bromoalterochromide is responsible for the yellow pigment12. 63 

 64 

DNA-DNA hybridization (DDH) has for many years been the golden standard in identifying  65 

novel bacterial species, and strains showing ≥70% similarity are regarded as the same 66 

species13. The rapid advancements in genome sequencing technologies has enabled 67 

computation of genome relatedness of two or more genomes based on their complete 68 
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genome sequences using tools, such as in silico DDH and ANI. Combined, these 69 

computational values have been coined as the Overall Genome Related Index (OGRI)14 70 

and can be used for delineating species into known or novel species based on genome 71 

relatedness to type strains of a species. Genomic comparison is typically combined with 72 

phenotypic testing and due to the marked bioactivity of strain S4498, we here used a 73 

global approach combining genomic and metabolomic comparison and propose that strain 74 

S4498 (and strain A757, NCBI accession number of draft genome: QNQN01) belong to a 75 

new Pseudoalteromonas species.  76 

 77 

RESULTS AND DISCUSSION 78 

Recently, minimal standards for the use of genome data for the taxonomy of prokaryotes 79 

have been proposed in the journal International Journal of Systematic and Evolutionary 80 

Microbiology15. The minimal standards ensure that the sequence quality and analyses 81 

performed meet the criteria, from which taxonomy can be inferred. We addressed the 82 

minimal standards using bioinformatic analyses and combined it with chemical profiling, 83 

similar to approaches used for chemotaxonomy of filamentous fungi16, to propose a novel 84 

species belonging to the genus Pseudoalteromonas. The strain does not produce the 85 

yellow pigment, which is a phenotypic characteristic of its closest related type strains 86 

(Figure S1). Early 2019, the genome sequence of Pseudoalteromonas sp. A757 was 87 

released in NCBI, and this strain had 99% ANI similarity with strain S4498. Several studies 88 

have been conducted with this strain17–20 and it was therefore included in the analyses. We 89 

propose the name Pseudoalteromonas galatheae sp. nov., after the research expedition, 90 

on which strain S4498 was isolated6.  91 

 92 

Genomic and phenotypic comparison of strain S4498 and Pseudoalteromonas type 93 

strains 94 

The closest related type strains to strains S4498 and A757, P. piscicida and P. flavipulchra 95 

were acquired for comparison. Additionally, to rule out that strain S4498 and A757 96 

belonged to an existing species, which had not yet been whole-genome sequenced, a 16S 97 

rRNA gene sequence phylogeny of all type strains with validly published names was 98 

conducted (Figure S2). This identified two more closely related, yellow pigmented species, 99 

P. maricaloris and P. peptidolytica, that were therefore acquired and genome sequenced. 100 
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Genome sizes of the six strains varied from 5.1 – 5.6 Mb and GC% varied from 42.4% – 101 

43.3% (Table 1). Strain A757 has a genome size of 5.1 Mb and GC% similar to that as 102 

strain S4498 of 43%. The genome size of strain S4498 is 5.4 Mb, but the genome sizes of 103 

strain S4498 and A757 are likely dissimilar due to different sequencing and assembly 104 

methods. Species delineation based on 16S rRNA gene sequence similarity can be flawed 105 

e.g. due to multiple alleles of the 16S rRNA gene in some species21. Indeed, in the genus 106 

Pseudoalteromonas species delineation based on the 16S rRNA gene has very low 107 

resolution as strain S4498 shares between 99.28% and 99.87% 16S rRNA gene 108 

nucleotide identity with the four type strains (Table 2). Previous ANI analysis indicated that 109 

S4498 does not belong to any existing species in the genus, with an ANI similarity below 110 

95%9. The ANI values between the strains from this study also suggest that strain S4498 111 

and A757 belong to a novel species as they share less than 95% ANI similarity with the 112 

closest related type strains (Table 2). In silico DDH estimates were well below the cut-off 113 

of 70% for all type strains (between 24.5% and 49.4% similarity) (Table 2). Hence, the 114 

OGRI values confirmed the authenticity of strains S4498 and A757 as belonging to a novel 115 

species. 116 

 117 

The genomic era has enabled researchers to address questions in microbial ecology and 118 

evolution with more robust answers. Species delineation is one of such questions, and 119 

with the increasing genomic data available, it has become clear that there are cases where 120 

species discrepancies occur22. Assigning species to strains in the yellow pigmented group 121 

is complicated by the fact that P. piscicida shares 96% ANI similarity with P. flavipulchra 122 

and P. maricaloris, which share 99% ANI similarity with each other (Table S1). This 123 

relatedness is visualized by the in silico DDH values indicating that P. flavipulchra and P. 124 

maricaloris should be considered as the same species (DDH value 89.60%) and that P. 125 

piscicida is borderline to being a unique species (DDH values to P. flavipulchra and P. 126 

maricaloris 68.70% [65.7 - 71.5%]) (Table S2). Since type strains serve as key reference 127 

points in bacterial taxonomy, this should be further investigated. The “gold standard” for 128 

species description using ANI is often accepted as 95-96%15. The species cutoff has even 129 

been suggested down to 94%23 and up to 97.1%24. In this case, the use of genomic 130 

information alone is not enough to determine whether P. piscicida should be grouped 131 

together with P. maricaloris and P. flavipulchra to form a single species.  132 
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 133 

Phenotypic characterization using the BiOLOG Gen III system grouped P. maricaloris and 134 

P. flavipulchra together, whereas P. peptiolytica, P. piscicida and strain S4498 all had 135 

different biochemical profiles (Table S3). These results are consistent with the in silico 136 

carbon utilization analysis, in which the carbohydrate active enzymes glycosyl hydrolases 137 

(GHs) were predicted using a HMMMER search with dbCAN225. The GH profiles, although 138 

quite similar, reflected the different species (Table S4). Hence, strains S4498 and A757 139 

grouped together, P. piscicida, P. maricaloris and P. flavipulchra grouped together, and P. 140 

peptidolytica represented the last group based on GH profile. P. peptidolytica was the 141 

most different in terms of GH profile, which is in agreement with the ANI values, were P. 142 

peptidolytica is the least similar to the other five strains. Our analyses suggests that P. 143 

maricaloris and P. flavipulchra should be combined as one species, however, the full 144 

analysis of this is beyond the scope of this study.  145 

 146 

Biosynthetic gene cluster analysis 147 

In silico prediction of biosynthetic gene clusters (BGCs) was done using antiSMASH ver 148 

5.026 (Table 3). In total, eight BGCs were identified in strains S4498 and A757 and the 149 

BGCs in the two strains were identical. The BGC encoding the yellow pigment 150 

alterochromide, was only identified in the four type strains, but not in strains S4498 and 151 

A757, and a manual BLAST search for the alterochromide cluster using the MIBig identifier 152 

BGC0000299 was conducted in the two genomes with no positive hits. Chemical profiling 153 

(see below) allowed identification of two additional BGCs not identified by antiSMASH, 154 

encoding for the production of tetrabromopyrrole (TBP) and pseudane III-X, including 2-155 

heptyl-4-quinolone (HHQ; also referred to as pseudane VII). Manual blast searches using 156 

the query genes for TBP and HHQ were conducted for all strains. The bmp cluster 157 

(including bmp1-bmp4 and bmp9-bmp10 responsible for TBP production in strain A75727) 158 

was identified in strain S4498 and P. peptidolytica. Genes responsible for HHQ production 159 

(pqsA-pqsE, phnA and phnB) were only identified in strain S4498 and A75720. No BGC 160 

was shared between all the six strains, however, the BGC predicted by antiSMASH to 161 

encode for an N-tetradecanoyl tyrosine-like compound was identified in all strains, but P. 162 

maricaloris. Since only two of the genomes are complete genomes, it is likely that this 163 

BGC would also be identified in P. maricaloris, as BGCs are known to be difficult to detect 164 
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in contig-based genomes due to the repeat regions in BGCs28. The predicted BGCs in all 165 

six strains shared little to no sequence homology to already known BGCs (data not 166 

shown). The BGC encoding for the production of a serobactin-like compound was only 167 

identified in strains S4498 and A757. 168 

 169 

BGCs are commonly subject to horizontal gene transfer (HGT) in bacteria29, and it was 170 

investigated if key biosynthetic genes had likely be subjected to HGT. Synteny of genes 171 

surrounding the alterochromide, pseudane and bmp cluster was compared in the genomes 172 

of strain S4498 and P. piscicida. The genes surrounding the alterochromide cluster in P. 173 

piscicida were also present in the same order in strain S4498, suggesting that this cluster 174 

has been lost in an evolutionary event (Figure 1a). The opposite was the case for the 175 

pseudane cluster, which clearly seem to have been acquired by strain S4498, when 176 

compared to the surrounding genes in P. piscicida (Figure 1b). The bmp cluster was also 177 

identified in P. peptidolytica and was therefore investigated for synteny of genes 178 

surrounding the bmp cluster and compared to P. piscicida. Of the type strains in the yellow 179 

pigmented cluster, P. peptidolytica is most distantly related to strain S4498, and the bmp 180 

cluster has the same insertion site in strain S4498 and P. peptidolytica as compared to P. 181 

piscicida (Figure 1c). This observation is similar to findings in the genus Salinispora, in 182 

which specific hotspots for insertion of BGCs are present in the genome30. BGCs have 183 

been described as being “selfish operons” where exchange events are favored between 184 

closely related strains31. This explains the acquisition of the bmp cluster by strains S4498 185 

and A757, since it is shared between several species of Pseudoalteromonas27. Extensive 186 

BGC diversity has been seen even among closely related strains, likely as a strategy of 187 

maximizing the BGC potential and minimizing the load of a single strain29,32. This could be 188 

a reason for the successful speciation event of P. galatheae as strains of the species could 189 

benefit from the products produced by other yellow pigmented strains without the 190 

production cost itself. 191 

 192 

Chemical profiling of strain S4498 193 

Strain S4498 has antibacterial activity and both genomic and phenotypic analyses 194 

revealed a potent chitinolytic machinery with four chitinases9. Since, growth on chitin may 195 

induce SM production in some marine bacteria33,34, strain S4498 was grown in chitin-196 
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based media and the metabolome was compared to the strain grown on mannose. Strain 197 

S4498 produced a series of quinolones known as pseudanes (Figure 2a), the halogenated 198 

TBP (Figure 2b), and several unknown metabolites. One of the pseudanes, pseudane VII, 199 

has also been reported from strain A75720. In positive ionization mode, a total of seven 200 

pseudanes (III-X) could be identified from strain S4498. The main components, pseudane 201 

V and pseudane VII were purified and their structures were confirmed by NMR 202 

spectroscopy (Supplementary material S1). The identities of the remaining pseudanes 203 

were based on comparison of MS/MS fragmentation patterns. Additionally, some 204 

pseudane analogues were also detected. Specifically, two analogues of pseudane V and 205 

VII (m/z 214.1228 and m/z 242.1538) containing unsaturated side chains were observed, 206 

so called pseudenes35,36. The position of the double additional bond adjacent to the 207 

quinolone ring is in agreement with the observed shift in the absorption maximum, 208 

corresponding to the increase in the size of the chromophore and the MS/MS 209 

fragmentation pattern (Supplementary material S2) is in agreement with previous 210 

literature35. 211 

 212 

Pseudanes are commonly reported from Pseudomonas aeruginosa as their tautomeric 2-213 

alkanyl-4-quinoline forms, such as HHQ. In Pseudomonas, HHQ acts as a precursor of the 214 

quorum sensing molecule 2-heptyl-3-hydroxy-4-quinolone, which is designated the 215 

Pseudomonas quinolone signal (PQS)37. PQS is not produced by S4498, and has not 216 

been found in strain A75720, which is in agreement with the absence of the pqsH gene 217 

responsible for production of PQS in Pseudomonas. Pseudanes have also been detected 218 

in two other, yet un-sequenced strains, Pseudoalteromonas sp. M238 and 219 

Pseudoalteromonas sp. B030a20. These strains are distantly related to each other based 220 

on 16S rRNA gene sequence similarity, as strain M2 clusters with Pseudoalteromonas 221 

neustonica and strain B303a clusters with Pseudoalteromonas espejiana, which are not 222 

related to strain S4498 and A757. No antibiotic activity was found in the pseudane 223 

containing fractions from preparative HPLC of the chitin-grown culture. However, a 224 

concentration of 10 µM HHQ has shown antibacterial activity and could reduce biofilm 225 

formation39. The natural function of pseudanes in S4498 and pseudane VII in A757 is not 226 

known, but in a recent mesocosm experiment, the addition of HHQ changed microbial 227 

diversity, particularly favoring an increased abundance of alpha- and 228 
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gammaproteobacteria, including species of genus Pseudoalteromonas18. HHQ produced 229 

by A757 induces mortality in the coccolithophore Emiliania huxleyi and could thus mediate 230 

phytoplankton population dynamics20.  231 

 232 

Strain S4498 was characterized by a sweet fruity odor, which has not been reported from 233 

any other pseudane-producing Pseudoalteromonas. However, P. aeruginosa produces the 234 

well-known volatile 2-aminoacetophenone (2-AA) that is used a breath biomarker for P. 235 

aeruginosa in cystic fibrosis40. In P. aeruginosa, 2-AA is produced from the same pathway 236 

as HHQ and PQS, and 2-AA was also identified in the reversed phase flash 237 

chromatography fraction eluting just before pseudane V from strain S4498. The identity of 238 

2-AA was confirmed by comparison by LC-MS to an authentic standard. 2-AA produced by 239 

P. aeruginosa has been reported to activate the quorum-sensing response regulator LuxR 240 

in Vibrio fischeri, and it is suggested that 2-AA acts as an inter-species signal, as 2-AA 241 

does not activate the quorum-sensing systems in P. aeruginosa itself41. 242 

 243 

TBP was responsible for the antibacterial activity as determined in bioassays. TBP is an 244 

intermediate compound from the bmp pathway with pentabromopseudilin as the end 245 

product27. Pentabromopseudilin was not detected in strain S4498 (or strain A757), which is 246 

explained by the lack of genes bmp5-8. TBP induces cellular stress and mortality in some 247 

phytoplankton species19, and can act as a cue for coral larval settlement42. Hence, TBP 248 

does not only act as an antimicrobial compound, but also as a signaling molecule for some 249 

aspects of marine life. The bioactive fraction as separated by reversed phase flash 250 

chromatography also contained small amounts of additional halogenated pyrroles, namely, 251 

tribromochloropyrrole and dichlorodibromopyrrole, the tribrominated tribromopyrrole and 252 

dibromomaleimide (Supplementary materials S3).The halogenated pyrroles were detected 253 

in negative ionization mode exclusively, and while only a single isomer was detected, 254 

these compounds were detected in trace amounts, and the exact positions of the bromine 255 

and chlorine atoms have not been elucidated. The halogenase, Bmp2, responsible for the 256 

bromination has been characterized in detail43, and the detection of chlorinated versions in 257 

strain S4498, suggests that bmp2 is not specific to bromination but is also able to 258 

incorporate chlorine, although to a much lower extent. Fractions containing 259 

dibromomaleimide, also referred to as 3,4-dibromopyrrole-2,5-dione, had antibacterial 260 
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activity. Dibromomaleimide has been identified in strain A757 as a potent efflux pump 261 

inhibitor that enhances the effect of other antimicrobials17. We suspect dibromomaleimide 262 

to be an oxidized by-product of TBP, as TBP was found in much higher quantities in strain 263 

S4498 and is comparable to data from strain A75717. 264 

 265 

The production of bioactive SMs can be influenced by the carbon source44, hence, the 266 

production of TBP and pseudanes was investigated on five different carbon sources: 267 

mannose, chitin, glucose, the chitin monomer N-acetylglucosamine (NAG) and marine 268 

broth (MB). Pseudane production (using pseudane V as proxy) per cell unit was similar on 269 

mannose as compared to chitin (p-value = 0.15), whereas the production of pseudane V 270 

was significantly lower on MB, glucose and NAG, with a production of ~ 50%, 5% and 37% 271 

compared to mannose, respectively (p-values < 0.05) (Figure S3). TBP was produced in 272 

high concentration on MB being close to double (~160%) of the level produced on 273 

mannose (p-value < 0.05). TBP production was reduced on chitin and glucose with a 274 

production of ~ 31% and 9% compared to mannose (p-values < 0.05), respectively. Thus, 275 

we do not see an increase in production of antimicrobial compounds when the strain was 276 

grown in chitin media, as was the case for strains of the Vibrionaceae family34. The 277 

decrease of TBP in chitin media might indicate that the role of TBP in chitin-containing 278 

environments is not of antimicrobial character. 279 

 280 

Chemical profiling of strain S4498 and Pseudoalteromonas type strains 281 

HPLC-DAD-HRMS data from cultivations of S4498 and four type strains grown on 282 

mannose, chitin and MB were compared by both manual inspection and using an in-house 283 

database of known SMs from the genus Pseudoalteromonas obtained from Antibase 284 

(Wiley) and Reaxys (Elsevier). Bruker TargetAnalysis 1.3 (Bruker Daltonics) was used to 285 

search against the in-house database. All type strains produced alterochromides and their 286 

brominated and dibrominated analogs, while P. peptidolytica also produced korormicin as 287 

well as TBP (Table 4, supplementary materials S4, S5). Strain S4498 did not produce any 288 

alterochromides nor korormicin under any growth conditions. The alterochromide 289 

compounds are responsible for the pigmentation in the yellow Pseudoalteromonas45, 290 

supporting the observed absence of pigmentation in S4498. Pseudanes were only 291 

detected in strain S4498. 292 
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 293 

Concluding remarks 294 

Many strains of the genus Pseudoalteromonas that produce bioactive compounds have 295 

not been assigned to any existing species. Correct classification is important for 296 

understanding ecology and biodiversity and eases scientific communication. We and 297 

others have previously reported discrepancies in species delineation in the genus9,27 and 298 

this study also provides an example of species discrepancy between the species P. 299 

maricaloris and P. flavipulchra. This study shows that traditional species descriptions using 300 

phenotypic information can be misleading for genus Pseudoalteromonas since our 301 

analyses suggests that P. maricolaris and P. flavipulchra should be combined as one 302 

species. However, we also show that genomic information cannot stand alone either. 303 

Here, we have described a novel species belonging to genus Pseudoalteromonas using 304 

the minimal standards for the use of genome data for the taxonomy of prokaryotes15 and 305 

combined it with chemical profiling of the species itself as well as the closest related type 306 

strains. The release of the Pseudoalteromonas sp. A757 genome and extensive chemical 307 

profiling17–20 have enabled us to describe a novel species using two strains. 308 

 309 

MATERIALS AND METHODS 310 

 311 

Bacterial strains, media and growth conditions   312 

P. galatheae S4498 was isolated on the Galathea 3 expedition from a crustacean in the 313 

North Atlantic Ocean (24.9963, -67.0263)6. Chemotaxonomic comparisons included the 314 

type strains P. piscicida NCIMB 1142T, P. flavipulchra LMG 20361T, P. maricaloris LMG 315 

19692T and P. peptidolytica DSM 14001T. Chemical data from Pseudoalteromonas strain 316 

A75717–20 were included. Strains were grown at 25 °C at 200 rpm to a cell density of 109 317 

CFU/ml in sterile filtered marine broth (MB Difco 2216) or in marine minimal media46 318 

(MMM) with 0.2% mannose  or 0.2% crystalline chitin (Sigma C7170) and 1.5% casamino 319 

acids.  In biological triplicates, single colonies of each strain were used to inoculate 5 ml 320 

overnight (ON) culture, after which 5 µl ON culture was used to prepare new 5 ml 321 

overnight cultures. After 24 hours the ON cultures were used to inoculate 50 ml media in 322 

250 ml Erlenmeyer flask at a starting cell density of approximately 103 CFU/ml. Samples 323 

for HPLC-DAD-HRMS analysis and antibacterial assays (described below) were taken 324 
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when the cultures reached a cell density of 109 CFU/ml. For fractionation and purification 325 

of compounds from Pseudoalteromonas S4498, the cultivation on chitin was done in 8 x 1 326 

liter volumes. Phenotypic comparison of the strains were performed on solid media by 327 

streaking the overnight cultures on marine agar (Difco 2216), grown at 25 °C for two days. 328 

 329 

BiOLOG characterization 330 

Phenotypic characterization was performed for all strains using the BiOLOG™ Gen III 331 

plates (catalog no. 1030). The protocol was modified to fit marine bacteria as follows: 332 

Strains were streaked from freeze stock on MA, and one single colony was inoculated in 333 

10 ml inoculation fluid IF-A (catalog no. 72401) supplemented with 1 ml 20% Sea Salt 334 

solution. 100 µl suspension was pipetted into each well and the plate incubated at 25 oC 335 

for 24 hours, after which the plates were read in a plate reader and analyzed according to 336 

the manufacturer’s protocol. 337 

  338 

Isolation of gDNA and genome sequencing 339 

Pseudoalteromonas S4498, P. flavipulchra, P. peptidolytica and P. maricaloris were grown 340 

overnight in sterile filtered MB. The genome sequence of the type strain of P. flavipulchra 341 

is deposited in the NCBI database, but has been excluded from RefSeq and marked 342 

“untrustworthy as type” and the type strain was therefore sequenced in this study. High 343 

purity genomic DNA was isolated using the Qiagen ® Genomic-tip 20/G (Qiagen, 10233) 344 

and Genomic DNA Buffer set (Qiagen, 19060). Quantification was done on Denovix DS-345 

11+ 112 Spectrometer (Denovix, USA) and Qubit 2.0 analyser (Invitrogen, United 346 

Kingdom). P. flavipulchra, P. maricaloris and P. peptidolytica were sequenced at the Novo 347 

Nordisk Center for Biosustainability (Technical University of Denmark, Lyngby, Denmark) 348 

using 300 bp paired-end sequencing on an Illumina MiSeq sequencer using the MiSeq V3 349 

2x300 sequencing kit. Genomes were assembled using the Shovill pipeline 350 

(https://github.com/tseemann/shovill) which uses SPAdes at its core47 and resulted in 351 

contig-based draft genomes (68, 88 and 98 contigs, respectively). The genome of 352 

Pseudoalteromonas S4498 was also sequenced using the minION sequencer using the 353 

EXP-FLP001flow cell priming kit, SQK-RAD004 sequencing kit, FLO-MIN106 R9 flow cell 354 

and the associated protocol (version RSE_9046_v1_revB-17Nov2017). The near closed 355 

genome was obtained using raw Illumina reads obtained from a previous study9 and the 356 

https://github.com/tseemann/shovill
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minION reads. The minION reads were filtered using the Filtlong pipeline 357 

(https://github.com/rrwick/Filtlong) and the genome was assembled using the Unicycler 358 

pipeline48 (https://github.com/rrwick/Unicycler) and annotated using prokka49. Quality 359 

assessment of the genomes were performed using QUAST50 360 

(https://github.com/ablab/quast). Genomes are available at the National Center for 361 

Biotechnology Information (NCBI) under the accession numbers PNCO01, VSSD01, 362 

WEIA01 and WEHZ01. Pseudoalteromonas S4498 is available upon request. The genome 363 

of Pseudoalteromonas strain A75727 was downloaded from NCBI (WGS accession 364 

QNQN01). 365 

 366 

in silico type strain comparison 367 

Suspecting that S4498 was a novel species, we compared the genome to all 368 

Pseudoalteromonas genomes in NCBI9. Using an ANI approach, strain A757 was highly 369 

similar to strain 4498 with 99.3% identity. Based on previous ANI9, Pseudoalteromonas 370 

S4498 clustered within the group of P. piscicida, P. elyakovii and P. flavipulchra. The type 371 

strain of P. elyakovii is described as a non-pigmented species51 and has been excluded 372 

from RefSeq and marked ‘untrustworthy as type’ in the NCBI database. Likewise, P. 373 

flavipulchra is also marked as ‘untrustworthy as type’. Since P. elyakovii is a non-374 

pigmented species and by 16S rRNA gene sequence similarity (see below) was correctly 375 

clustered in the non-pigmented group, it was not included in our analysis. The type strain 376 

of P. flavipulchra was acquired and sequenced (described below). Only 37 of 47 species 377 

with standing in prokaryotic nomenclature (List of Prokaryotic Names with Standing in 378 

Prokaryotic Nomenclature [LPSN]52) are represented by their genome sequence in NCBI 379 

by start 2019, and Pseudoalteromonas S4498 could potentially belong to an un-380 

sequenced species. A maximum likelihood phylogenetic tree with 1000 bootstrap 381 

replications was constructed in CLC Main Workbench ver. 7.0.3 using the Neighbor joining 382 

tree construction method and Jukes-cantor nucleotide distance method, consisting of all 383 

16S rRNA gene sequences of S4498, A757 and the 47 type strains of species with validly 384 

published names. The analysis showed that two species (P. peptidolytica and P. 385 

maricaloris) that have not been genome sequenced clustered in the yellow pigmented 386 

group. Also, by 16S rRNA gene sequence analyses P. elyakovii was correctly clustered in 387 

the non-pigmented group. Hence, the type strains of P. peptidolytica and P. maricaloris 388 

https://github.com/rrwick/Filtlong
https://github.com/rrwick/Unicycler
https://github.com/ablab/quast
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were acquired and genome sequenced (see above). Full-length 16S rRNA gene 389 

sequences were extracted from the whole-genomes of the six strains and sequence 390 

similarity was compared. ANI was determined for the six (include A757) genomes with the 391 

pyani pipeline53 using the MUMmer method. DDH values were calculated using the 392 

genome-to-genome distance calculator 2.154. Prediction of Glycosyl hydrolases was 393 

performed with the web-based tool dbCAN2 using the hidden markov model database25. 394 

 395 

Analysis of biosynthetic gene clusters in Pseudoalteromonas genomes 396 

The six strains were submitted for SM analysis in antiSMASH version 5.026. The bmp gene 397 

cluster was identified using the BLAST function in CLC using sequences from P. phenolica 398 

O-BC30 (accession KF540211.1) as query and 2-heptyl-4-quinolone (HHQ) was identified 399 

using the gene cluster from Pseudoalteromonas sp. A757 (accession KT879191-400 

KT879199). The genomes of S4498 and A757 were investigated for presence of the 401 

alterochromide gene cluster using the genes from MIBiG database55 with accession 402 

number BGC0000299. Genbank files from AntiSMASH analyses were used to calculate 403 

the proportion of the genomes occupied by BGCs. A BLASTp search of genes surrounding 404 

the alterochromide cluster (P. piscicida), pseudane cluster (S4498) and bmp cluster 405 

(S4498 and P. peptidolytica) was conducted to identify regions of homology in genomes 406 

not carrying the respective clusters. Regions with similar gene arrangements were 407 

identified in all three strains, and regions of approximately 50 kb were selected for pairwise 408 

nucleotide alignments in the NCBI webbrowser-based discontingious megablast program. 409 

Alignments were visualized using the GenoplotR package in R56. 410 

 411 

Extraction of secondary metabolites 412 

Extracts of S4498 and the four type strains grown in mannose, chitin and sterile filtered 413 

MB were produced in biological triplicates, by extracting liquid cultures 1:1 with ethyl 414 

acetate (EtOAc). MB cultures were grown at both stagnant and shaken conditions, 415 

whereas mannose and chitin were only grown at shaken conditions (200 rpm).The 416 

aqueous and organic phases were separated and the organic phase was evaporated 417 

under nitrogen. The dried extracts were re-dissolved in methanol (MeOH) before LC-MS 418 

analysis. 419 

 420 
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Chemical analysis 421 

Chemical analysis was performed using UHPLC-DAD-HRMS on a maXis 3G orthogonal 422 

acceleration quadrupole time-of-flight mass spectrometer (Bruker Daltonics) equipped with 423 

an electrospray ionization (ESI) source, as described by Holm et al.57. Data processing 424 

was performed using DataAnalysis 4.0 and Target Analysis 1.3 software (Bruker 425 

Daltonics). 426 

 427 

Fractionation of extracts for bioassays 428 

Fractionation for bioassays was done on the combined extract from 8 x 1L cultivations 429 

using chitin based media. The crude extract (520 mg) was fractionated by reversed phase 430 

(C18) chromatography on an Isolera One (Biotage) flash chromatography system, using a 431 

water-acetonitrile gradient running from 20-100% acetonitrile over 50 minutes with a 432 

flowrate of 15 mL/min using a 10 g column. Fractions were collected every 30 mL, and 433 

subsequently analyzed by UHPLC-DAD-HRMS and tested in inhibition assays (described 434 

below). Pure pseudane V and VII were obtained by subjecting the enriched fractions to 435 

semi-preparative HPLC on an Ultimate 3000 HPLC system (Dionex) equipped with a 436 

Kinetex C18, 2.6μm, 2.1x100 mm column (Phenomenex) using a water-acetonitrile 437 

gradient of 10-100% acetonitrile over 15 min at a flowrate of 2 mL/min, at a temperature of 438 

40°C. Peaks were collected manually based on their absorption at 315 nm. 439 

Pure TBP was obtained as the retained fraction on an Isolute SCX (Waters) SPE column 440 

loaded with the TBP enriched fraction from the initial C18 fractionation. The column was 441 

equilibrated with 100% methanol followed by 70% methanol in water. The sample was 442 

loaded using 70% methanol and the column was washed with 70% methanol followed by 443 

100 % methanol. TBP was eluted using 2% ammonium hydroxide in methanol. 444 

 445 

Influence of substrate on pseudane and TBP production in strain S4498 446 

To determine how the carbon source affected the production of pseudanes and TBP in 447 

strain S4498, the strain was grown in mannose, chitin, glucose, NAG and in MB media. 448 

Samples for CFU calculation was taken just before an aliquot of a 50 mL culture of each 449 

media was diluted 1:1 in acetonitrile and centrifuged at 3700 rpm for 5 minutes. Following 450 

centrifugation, each sample was analyzed by UHPLC-DAD-HRMS in negative ionization 451 

mode at the same conditions as described above. The relative amounts of pseudane V 452 
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and TBP were determined using the integral of the extracted ion chromatograms for 453 

pseudane V ([M-H]-  = 214.1240) and TBP (TBP’s base peak of m/z = 381.6734 was used 454 

rather than [M-H]- = 377.6767). The production of pseudane V and TBP was calculated as 455 

the area under the curve per CFU. A beeswarm boxplot was created in R (v3.4.2) and a 456 

Dunnett’s test was conducted to compare the production of pseudane V and TBP on the 457 

different media. The Dunnett’s test was performed with mannose as control. 458 

 459 

Testing for antibacterial activity  460 

Target organisms for antibacterial susceptibility testing were Vibrio anguillarum 90-11-461 

28658 and Methicillin Resistant Staphylococcus aureus (MRSA) ATCC 33592. V. 462 

anguillarum and MRSA were grown aerated in 5 ml MB or Luria-Bertani broth (Difco, 463 

244620) overnight and 60 µl culture was used to inoculate 60 ml media containing 1% 464 

agar, 3% Instant Ocean Salts (Aquarium Systems), 0.3% casamino acids and 4% glucose. 465 

For MRSA, 1% peptone was added.  Five mm wells were punched in the agar in which 60 466 

µl extractions were added. Solvent was added as control. Plates incubated at 25°C for two 467 

days and clearing zones were evaluated. 468 
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Figure 1. Synteny comparisons of genes surrounding a) the alterochromide cluster in P. 
piscicida compared to strain S4498, b) the pseudane cluster in strain S4498 compared to 
P. piscicida and c) the tetrabromopyrrole cluster in strain S4498 and P. peptidolytica as 
compared to P. piscicida. Biosynthetic gene clusters are marked with red and differently 
grey-shaded bars display homology between regions.  
 641 
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 643 

 
 
Figure 2. Structures of the major identified secondary metabolites detected from strain 
S4498. a) Pseudanes III-IX. The structures of pseudane V and pseudane VII were 
confirmed by NMR spectroscopy, and the identities of the remaining pseudanes were 
determined by similarities using their MS/MS fragmentation patterns. b) Structure of 
tetrabromopyrrole. 
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 644 

Table 1. Genomic data on Pseudoalteromonas strains included in type strain comparisons. Nd: no data 645 

 

Species 

 

Strain 

 

Pigment 

Genome size 

(Mb) 

GC% N50 Accession no. 

P. galatheae S4498 White 5.4 43.0 4061465 PNCO01 

P. galatheae A757 nd 5.1 43.0 224630 QNQN01 

P. piscicida  NCIMB 1142T Yellow 5.5 43.3 - NZ_CP011924.1/NZ_CP011925.1 

P. flavipulchra LMG 20361T Yellow 5.4 43.2 337863 VSSD01 

P. maricaloris LMG 19692T Yellow 5.6 43.1 266291 WEIA01 

P. peptidolytica DSM 14001T Pale 

yellow 

5.1 42.4 128830 WEHZ01 

 646 

  647 
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 648 

Table 2. 16S rRNA gene similarity and in silico DNA-DNA hybridization values of the four type strains and strain A757 649 

compared to strain S4498. DDH values are shown using formula 2 of the DSMZ GGDC Genome-to-Genome Distance 650 

Calculator 2.1  651 

 652 

   DNA-DNA hybridization values 

Species 16S rRNA gene 

similarity, % 

Average nucleotide 

identity, % 

DDH estimate, % Probability (%) that DDH > 

70% (i.e. same species) avg Range 

P. strain A757 99.35 99 94.2 92.3 - 95.5 96.99 

P. piscicida 99.28 93 48.6 46.0 - 51.3 15.57 

P. flavipulchra 99.87 93 49.4 46.8 – 52.0 17.41 

P. peptidolytica 99.74 86 24.5 22.2 – 27.0 0.01 

P. maricaloris 99.87 93 49.1 46.5 - 51.7 16.64 

 653 

  654 
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 655 

Table 3. Genome analyses of strain S4498, A757 and the four type strains using antiSMASH 5.0 and BLAST. For antiSMASH, 656 

only BGCs of complete clusters are considered. + represents presence of the cluster 657 

   

Cluster  

Detection of cluster (+) and % homology 

S4498 A757 P. piscicida P. flavipulchra P. maricaloris P. peptidolytica 

Tetrabromopyrrole* + +    + 

Pseudane* + +     

Alterochromides   + (95%) + (95%) + (95%) + (95%) 

Amonabactin   + (42%)    

Serobactin + (23%) + (23%)     

N-tetradecanoyl tyrosine + (6%) + (6%) + (6%) + (6%)  +(6%) 

Ikarugamycin     + (8%)  

* detected using BLAST, not identified in antiSMASH 658 

 659 
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 660 

Table 4. Known secondary metabolites detected in strain S4498 and the four type strains based on UHPLC-DAD-HRMS/MS 661 

analysis, as well as reported metabolites from strain A757. 662 

 Presence of compound (+) in Pseudoalteromonas species 

 Compound P. piscicida  P. flavipulchra  P. peptidolytica  P. maricaloris  S4498 A757 

Alterochromide A/A' + (+) (+) (+)     

Bromoalterochromide A/A' + + + +     

Dibromoalterochromide A/A' (+) (+) (+) (+)     

Alterochromide A'' +           

Bromoalterochromide A'' + + + +     

Alterochromide B/B' + (+)         

Bromoalterochromide B/B' + + (+) (+)     

Dibromoalterochromide B/B' (+) (+) (+) (+)     

Alterochromide B'' (+)           

Korormicin     +       

Pseudanes (III-IX)         + +* 

Bromopyrroles     +   + +† 

Dibromomalemide         + + 

 + = detected;  (+) = detected in trace amounts 

* Only pseudane VII has been reported (Harvey et al. 2016) 

† Only tetrabromopyrrole (TBP) has been reported (Whalen et al. 2018) 

 663 
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4 
 

 

Figure S2. Phylogenetic tree based on 16S rRNA gene similarity from all 
Pseudoalteromonas type strains with validly published names in the genus. 

 45 

 46 

 47 

 48 

  49 
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Figure S3. Beeswarm boxplot of the production of pseudane V and tetrabromopyrrole 
(TBP) by S4498 calculated as area under the curve per colony forming unit (AUC/CFU) 
when grown on mannose, chitin, marine broth (MB), glucose or NAG. A multiple 
comparison using the Dunnett’s test was performed using mannose as the control. All P-
values less than 0.05 are summarized with an asterisk.  
 

  50 
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Table S1. Genomic comparison (average nucleotide identity, ANI) of 6 strains of Pseudoalteromonas.  51 

 52 

 Average nucleotide identity, ANI 

 P.peptidolytica S4498 P.maricaloris P.piscicida P.flavipulchra A757 

P. peptidolytica 1.0 0.86 0.86 0.85 0.86 0.86 

P. strain S4498 0.86 1.0 0.93 0.93 0.93 0.99 

P. maricaloris 0.86 0.93 1.0 0.96 0.99 0.93 

P. piscicida 0.86 0.93 0.96 1.0 0.96 0.93 

P. flavipulchra 0.86 0.93 0.99 0.96 1.0 0.93 

P. strain A757 0.86 0.99 0.93 0.93 0.93 1.0 

 53 

  54 
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Table S2. In silico DNA-DNA hybridization values (DDH) for the type strains of P. piscicida, P. maricaloris and P. flavipulchra.  55 

 56 

 

Strain comparison 

DH estimate and range, 

% 

Probability that DDH > 70% (i.e., 

same species) 

Probability that DDH > 79% 

(i.e., same subspecies) 

P. piscicida vs. P. maricaloris 68.70% [65.7 - 71.6%] 75.87% 26.44% 

P. piscicida vs. P. flavipulchra 68.70% [65.7 - 71.5%] 75.85% 26.42% 

P. maricaloris vs. P. flavipulchra 89.60% [87.3 - 91.6%] 95.67% 64.69% 

 57 

 58 
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Table S3.  Phenotypic characteristics of strain S4498, P. piscicida, P. maricaloris, P. 59 

flavipulchra and P. peptidolytica as per a salt-modified BiOLOG Gen III MicroPlate™ 60 

assay.  61 

 62 

 S4498 P. piscicida P. maricaloris P. flavipulchra P. peptidolytica 

Dextrin  + + + + + 
D-Maltose  + + + + + 
D-Trehalose  + + + + + 
D-Cellobiose  + + - - + 
Gentiobiose  + + + + + 
Sucrose  + + + + + 
D-Turanose  + + + + + 
Stachyose  + + + + + 
D-Raffinose  + + + + + 
α-D-Lactose  + + + + + 
D-Melibiose  + + + + + 
β-Methyl-D-Glucoside  + + - - + 
D-Salicin  + + - - + 
N-Acetyl-D-
Glucosamine  

+ + + + + 

N-Acetyl-β-D-
Mannosamine  

+ + + + + 

N-Acetyl-D-
Galactosamine  

+ + - - + 

N-Acetyl Neuraminic 
Acid  

+ + + + + 

α-D-Glucose  + + + + + 
D-Mannose  + + + + + 
D-Fructose  + + + + + 
D-Galactose  + + + + + 
3-Methyl Glucose  + + + + + 
D-Fucose  + + + + + 
L-Fucose  + - + + + 
L-Rhamnose  + + + + + 
Inosine  + + + + + 
D-Sorbitol  + + + + + 
D-Mannitol  + + + + + 
D-Arabitol  + + - - + 
myo-Inositol  + + + + + 
Glycerol  + + + + + 
D-Glucose-  
6-PO4 

+ + + + + 

D-Fructose-  
6-PO4 

+ + + + + 

D-Aspartic Acid  - + - - - 
D-Serine  - + - - - 
Gelatin  + - + + + 
Glycyl-L-Proline  + + + + + 
L-Alanine  + + - - + 
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L-Arginine  + - + + + 
L-Aspartic Acid  - + + + + 
L-Glutamic Acid  - + + + + 
L-Histidine  + + + + - 
L-Pyroglutamic Acid  + + - - - 
L-Serine  + + - - + 
Pectin  + + + + + 
D-Galacturonic Acid  + + + + - 
L-Galactonic Acid 
Lactone  

+ + + + + 

D-Gluconic Acid  + - + + - 
D-Glucuronic Acid  + + + + - 
Glucuronamide  + + + + + 
Mucic Acid  + + + + + 
Quinic Acid  + + + + + 
D-Saccharic Acid  + - + + - 
p-Hydroxy-  
Phenylacetic Acid 

- - - - - 

Methyl Pyruvate  - - - - - 
D-Lactic Acid Methyl 
Ester  

+ + - - - 

L-Lactic Acid  - - - - - 
Citric Acid  + - + + - 
α-Keto-Glutaric Acid  + + + + - 
D-Malic Acid  - - - - - 
L-Malic Acid  + - + + + 
Bromo-Succinic Acid  - + - - - 
Tween 40  + + + + + 
γ-Amino-Butryric Acid  - + - - - 
α-Hydroxy-Butyric 
Acid  

- + - - - 

β-Hydroxy-D,L-Butyric 
Acid  

+ + - - - 

α-Keto-Butyric Acid  + + + + + 
Acetoacetic Acid  + + + + + 
Propionic Acid  + + - - - 
Acetic Acid  + + + + + 
Formic Acid  - + - - - 
pH 6  + - + + + 
pH 5  - - - - - 
1% NaCl*  + + + + + 
4% NaCl* + + + + + 
8% NaCl*  + + - - + 
1% Sodium Lactate  + - + + + 
Fusidic Acid  + - + + + 
D-Serine  + - + + - 
Troleandomycin  - - - - + 
Rifamycin SV  + - + + + 
Minocycline  + - + + + 
Lincomycin  + + + + + 
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Guanidine HCl  + - + + - 
Niaproof 4  - - - - - 
Vancomycin  + - + + - 
Tetrazolium Violet  - - - - - 
Tetrazolium Blue  + + + + + 
Nalidixic Acid  - - - - - 
Lithium Chloride  + + + + - 
Potassium Tellurite  + - + + - 
Aztreonam  + - - + - 
Sodium Butyrate  - - - - - 
Sodium Bromate - - - - - 
* The concentration is 2% higher, as the strains were inoculated with sea salt to accommodate growth. 63 
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Table S4. Predicted glycosyl hydrolases (GHs) in strains S4498 and A757 and type strains 64 

 Glycosyl hydrolases identified in Pseudoalteromonas genomes 

S4498 A757 P.piscicida P. maricaloris P. flavipulchra P.peptidolytica 

GH1 0 0 1 1 1 0 
GH3 1 1 2 2 2 1 
GH5 0 0 0 0 0 1 
GH13 4 4 5 5 5 3 
GH15 1 1 1 1 1 1 
GH16 0 0 2 2 2 0 
GH18 3 3 5 3 3 4 
GH19 1 1 1 1 1 1 
GH20 2 2 5 5 5 3 
GH23 6 6 6 6 6 7 
GH24 1 1 1 1 1 1 
GH37 1 1 1 1 1 1 
GH63 1 1 1 1 1 0 
GH73 2 2 2 2 2 2 
GH77 1 1 1 1 1 1 
GH92 1 1 1 1 1 0 
GH97 1 1 1 1 1 1 
GH103 1 1 1 1 1 1 
GH108 0 0 0 0 0 1 
GH109 2 2 2 2 2 1 

Total 29 29 39 37 37 30 

 65 

 66 

67 
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Supplementary materials S1.  NMR tables and spectra for pseudane V and pseudane 68 
VII. 69 

              

Pseudane V     Pseudane VII   

  1H (δ, ppm) 
13C (δ, 
ppm)   

  1H (δ, ppm) 
13C (δ, 
ppm) 

1 0.93 (t, J = 6Hz) 14   1 0.9 (t, J = 6.9Hz) 14 

2 1.39 (m) 23.1   2 1.31 (m) 23.3 

3 1.39 (m) 32.2   3 1.31 (m) 32.6 

4 1.75 (m) 29.6   4 1.38 (m) 29.8 

5 2.7 (t, J = 7.5Hz) 34.7   5 1.42 (p , J = 7.5Hz) 29.8 

6 - 156.8   6 1.77 (dd , J = 7.7 / 7.7Hz) 29.8 

7 6.22 (s) 108.5   7 2.72 ( , J = Hz) 34.7 

8 - 180.3   8 - n/a 

9 - 125.3   9 6.23 (s) 108.5 

10 - 141.4   10 - n/a 

11 7.57 (t, J = 8.3Hz) 118.8   11 - n/a 

12 7.67 (t, J = 7.6Hz) 133.1   12 - n/a 

13 7.38 (t, J = 7.6Hz) 124.8   13 7.58 (dd, J = 8.3 / 1.4Hz) 118.8 

14 
8.2 (dd, J = 8.1 / 

1.2Hz 
125.6 

  
14 

7.69 (ddd , J = 8.3 / 7 / 
1.4Hz) 

133.1 

        
15 

7.39 (ddd , J = 8.1 / 7, 
1.2Hz) 

124.7 

   16 8.21 (dd , J = 8.1 / 1.2Hz) 125.7 

        

     

    

    

          

          

 70 
  71 
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  72 1H NMR 

13C NMR 

DQF-COSY 

Pseudane V 
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 73 

  74 
edHSQC 

HMBC 

Pseudane V 
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75 

Pseudane VII 

1H NMR 

DQF-COSY 

edHSQC 
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Supplementary materials S2. a) Comparison of MS/MS fragmentation patterns and 76 
pathways for pseudane V and “pseudene V” at 20 and 40 eV CID (collision induced 77 
dissociation). b) Comparison of absorption spectra for pseudanes and pseudenes. 78 

 79 
a) 80 

 81 
 82 
b) 83 

 84 
 85 
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Supplementary materials S3. Mass spectra showing the characteristic isotopic patterns 86 
for the halogenated pyrroles identified in strain S4498. 87 

 88 

 89 
 90 

 91 
 92 

 93 
 94 

 95 

 96 

 97 
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Supplementary materials S4. Base peak chromatograms of strain S4498, and each of the four 
type strains when grown on marine broth, with overlaid extracted ion chromatograms (EICs) of 
identified secondary metabolites. Secondary metabolites detected in trace amounts are not 
included as EICs. 
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Supplementary materials S5. Mass spectra showing isotopic patterns or adduct patterns of 
identified secondary metabolites shown in Table 4, from the four type strains; P. piscicida, P. 
flavipluchra, P. peptidolytica, and P. maricaloris. 
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19 Summary 

20 Pigmented Pseudoalteromonas are associated with eukaryotic marine organisms and harbor a large 

21 untapped bioactive potential. These features make them ideal model organisms to discover new 

22 drugs and study their natural biological or ecological functions in marine communities. Precise 

23 genomic editing tools are needed for this, but remain underdeveloped in pigmented 

24 Pseudoalteromonas. Here, we adapted the conditional suicide plasmid pDM4 for in-frame deletion 

25 of a glycosyl hydrolase (GH) 19 family chitinase gene in an atypical pigmented bioactive strain 

26 Pseudoalteromonas rubra S4059. In addition, two lytic polysaccharide monooxygenase (LPMO) gene 

27 deletion mutants were generated efficiently by optimizing the mating condition during conjugation 

28 and a precise genome editing platform was thus constructed in S4059. Using these mutants, we 

29 studied the predicted possible link between chitinolytic enzymes and the bioactive potential of 

30 S4059. We found that the secondary metabolites produced by S4059 were not altered by the 

31 absence of these genes, indicating that chitin utilization may not directly influence the production of 

32 secondary metabolites. In summary, the efficient conjugation system developed in this study 

33 expanded the genetic toolbox for efficient genome editing in pigmented Pseudoalteromonas, paving 

34 the way to further systematic studies of the bioactive potential at molecular level in pigmented 

35 Pseudoalteromonas.

36
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37 INTRODUCTION

38 Marine micro and macroorganisms encompass an underexplored potential to produce novel 

39 antimicrobial compounds or hydrolytic enzymes (Parte et al., 2017; Romano et al., 2017). In 

40 particular, several species of the genus Pseudoalteromonas have been investigated and bioactive 

41 compounds with a range of antimicrobial, antifouling and algicidal activities have been discovered 

42 (Bowman, 2007; Zhao et al., 2012; Offret et al., 2016; Tang et al., 2020). This genus is divided into 

43 pigmented and non-pigmented species. In general, pigmented species have larger genomes and 

44 harbor a high proportion of biosynthetic gene clusters (BGCs) as compared to non-pigmented ones, 

45 which, on the other hand, produce a larger diversity of hydrolytic enzymes (Paulsen et al., 2019). 

46 Whilst some bioactive compounds from the pigmented species have been chemically characterized, 

47 the vast majority remains unknown mainly due to the genetic intractability of these species.

48 Currently, several genetic approaches are used to explore the potential of the bioactive marine 

49 bacteria (Buijs et al., 2019). Heterologous expression is an effective means to study gene function, 

50 which however can be challenging due to poor gene expression efficiency in different hosts (Zhang 

51 et al., 2017, 2019; Buijs et al., 2019). Furthermore, heterologous expression provides limited 

52 information about the genuine biological function of the gene in the original organism. Transposon 

53 mutagenesis has been used in two pigmented strains, Pseudoalteromonas tunicata (Egan et al., 

54 2002) and Pseudoalteromonas luteoviolaceae (Thøgersen et al., 2016). Transposon mutagenesis is 

55 mostly random and subsequent analysis can be time consuming and labor intensive, which is evident 

56 for the case of P. tunicata, where more than 6,000 mutants were screened. Instead, genetic 

57 engineering in situ is a powerful and direct tool for studying gene functions in vivo. Unfortunately, 

58 there are very few successful genetic manipulating strategies for Pseudoalteromonas (Buijs et al., 

59 2019). This is probably due to the fact that several features of Pseudoalteromonas challenge the 

60 molecular and genetic manipulation as summarized by Wang et al. (Wang et al., 2015). Briefly, 

61 multidrug resistance genes and efflux pumps are very active in Pseudoalteromonas, enabling their 

62 resistance to a range of antibiotics and thus making it difficult to find an antibiotic marker to use in 
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63 genetic engineering. Secondly, the native restriction-modification systems in Pseudoalteromonas 

64 efficiently degrade foreign DNA and reduce transformation efficiency. Lastly, the halophilic nature of 

65 Pseudoalteromonas does not comply well with most donor organisms of non-marine origin. This 

66 characteristic further eliminates the use of electroporation. Therefore, to date only few studies have 

67 engineered Pseudoalteromonas strains successfully (Zhao et al., 2011; Giuliani et al., 2012; Yu et al., 

68 2014, 2015; Wang et al., 2015; Delavat et al., 2018). 

69 We recently demonstrated that the pigmented Pseudoalteromonas harbors a large, yet untapped, 

70 biosynthetic potential and dedicate as much as 15% of the genome to BGCs. This co-occurred with a 

71 strong chitin degrading machinery in the isolates with antibacterial activity (Paulsen et al., 2019). 

72 Chitin is the most abundant carbon source in the marine environment (Rinaudo, 2006) and its 

73 degradation is dependent on the secreted extracellular chitinases (3.2.1.14). Chitinases are glycoside 

74 hydrolases (GHs), and the majority of bacterial chitinases belong to the GH family 18 (Gooday, 1990). 

75 The GH18 family chitinases are common in bacteria, whereas the chitinases of the GH family 19 are 

76 less prevalent and mostly found in fungi (Pukatzki et al., 2013; Bai et al., 2016; Oyeleye and Normi, 

77 2018). Interestingly, all genomes of pigmented Pseudoalteromonas species contain GH19 chitinases 

78 and thus must have an important role in these species (Paulsen et al., 2019). A GH19 chitinase from 

79 the pigmented Pseudoalteromonas tunicata CCUG 44952T has been cloned and expressed, and was 

80 found to degrade chitin and have antifungal activity (García-Fraga et al., 2015). However, why only 

81 few bacteria harbor GH19 chitinases remains unknown. Cleavage of chitin chains can also be assisted 

82 by lytic polysaccharide monooxygenases (LPMOs) (Levasseur et al., 2013; Moreau et al., 2019), 

83 which are a group of extracellular metallo-enzymes classified as auxiliary activity family 10 (AA10). 

84 LPMOs play a crucial role in the degradation of recalcitrant chitin. These enzymes cleave glyosidic 

85 bonds in the crystalline surface of chitin via an oxidative mechanism and therefore facilitate the 

86 access of chitinases. LPMOs are a conserved part of the chitin degrading machinery in all chitin-

87 degrading Pseudoalteromonas, and some pigmented species, such as Pseudoalteromonas rubra, 

88 encode several copies of the gene (Paulsen et al., 2019). 
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89 Due to the potent chitinolytic machinery in Pseudoalteromonas, we speculated if there could be a 

90 link between chitin degradation and secondary metabolism, as has been observed in several isolates 

91 of Vibrionaceae (Giubergia et al., 2016, 2017). We chose to explore P. rubra strain S4059, which is a 

92 red pigmented strain with high antimicrobial activity and has a promising in silico predicted 

93 antimicrobial profile (Paulsen et al., 2019). The red pigment is attributed to the class of antimicrobial 

94 compounds prodigiosins, and 15% of the P. rubra S4059 genome is dedicated to BGCs encoding 

95 secondary metabolites, most of which are unknown. Our long-term goal is to unravel bioactive 

96 compounds, and potentially novel drugs, of this strain. As an outset, we hypothesized that the 

97 chitinolytic machinery influenced the secondary metabolome as has been found for several 

98 Vibrionaceae (Giubergia et al., 2016, 2017) and to address this, molecular manipulation of the 

99 organism is required. Thus, the purpose of this study was to develop and adapt a methodology that 

100 would allow for genetic manipulation in the pigmented P. rubra S4059.

101 RESULTS

102 The chitin degrading machinery and bioactive potential in P. rubra S4059 

103 The genome of S4059 consists of two circular chromosomes, of 4,595,233 bp and 1,348,119 bp, with 

104 an average G+C content of 47.70% and 46.93%. Fourteen genes encoding chitinolytic enzymes were 

105 identified including seven of the GH18 chitinase family, two of the GH19 chitinase family, and three 

106 of the GH20 hexosaminidase family, as well as two lytic polysaccharide monooxygenases (LPMOs) of 

107 the auxiliary activity family 10 (Supplement Table S1). These chitinolytic genes were distributed on 

108 both chromosomes: five GH18, one GH19, two GH20 and one LPMO genes were found on the larger 

109 chromosome (chr I) and the others on the smaller one (chr II). Each chromosome contains one 

110 conserved chitin degrading gene cluster consisting of one GH18 chitinase gene chiC, one LPMO gene 

111 and a second GH18 chitinase gene chiA, as reported previously by Paulsen et al. (2019). Thus, P. 

112 rubra S4059 contains multiple copies of chitinolytic GH genes in the genome.

Page 5 of 35 Microbial Biotechnology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

6

113 The genome of S4059 harbors seventeen predicted BGCs, distributed with twelve on chr I and five 

114 on chr II. Four of the BGCs located on chr I were predicted to produce prodigiosin, indigoidine, 

115 kalimantacin A and amonabactin P 750, while the products of other BGCs remain unclear, which 

116 indicates that P. rubra S4059 has the potential to produce up to ten new bioactive biosynthetic 

117 families of secondary metabolites.

118 GH19 chitinase and LPMOs are potential secreted chitinolytic enzymes in P. rubra S4059. Based on 

119 dbCAN meta server (Zhang et al., 2018), two GH19 chitinases (locus_tag: CWC22_10785, CWC22-

120 _21955) and two LPMOs (locus_tag: CWC22_09060, CWC22_24070) were annotated in P. rubra 

121 S4059. However, as predicted by SignaIP (Petersen et al., 2011), one of the GH19 chitinases 

122 (locus_tag: CWC22_10785) did not contain a signal peptide. Generally, chitinolytic proteins must be 

123 exported extracellularly to catalyze the hydrolysis of chitin polymers. Lack of signal peptide indicated 

124 a different function of the enzymes encoded by gene CWC22_10785. Due to the insoluble property 

125 of chitin, we focused on the chitinolytic enzymes having signal peptides. The domain structure of the 

126 chitinolytic enzymes is summarized in Figure 1. The GH19 chitinase (CWC22_21955) has an N-

127 terminal signal peptide, a GH19 domain, and a chitin-binding domain (CBD) at the C-terminus. The 

128 LPMOs show a highly similar domain arrangement in their N-terminus, including a signal peptide at 

129 the N-terminus, an LPMO_10 domain, and an N-acetylglucosamine-binding protein A (GbpA) domain 

130 2. However, LPMO10_1 has two CBD domains at its C-terminus while LPMO10_2 has one, the length 

131 of LPMO10_1 encoded by CWC22_09060 at chr I is thus 50 aa longer than that of LPMO10_2 

132 encoded by gene CWC22_24070 at chr II. 

133 To investigate the role of the GH19 chitinase and LPMOs in P. rubra S4059, we constructed in-frame 

134 deletion mutants and compared the mutants to the wild type with respect to growth kinetics, chitin 

135 degrading activity, biofilm formation and metabolome. 

136 In-frame deletion of GH19 chitinase gene and LPMOs genes in P. rubra S4059. To find the most 

137 suitable antibiotic resistance for selecting mutants, the sensitivity of P. rubra S4059 to five different 
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138 antibiotics was tested. P. rubra S4059 was sensitive to 10 μg/mL erythromycin and 30 μg/mL 

139 chloramphenicol on Marine Agar (MA). More than thirty genes in P. rubra S4059 were annotated to 

140 encode multidrug resistance-related proteins, such as antibiotic efflux pumps, multidrug major 

141 facilitator superfamily transporters, etc. Those genes may lead to P. rubra S4059 being insensitive to 

142 the other three antibiotics. The suicide vector pDM4 contained a chloramphenicol resistance gene 

143 and this antibiotic was thus the obvious choice for transformant selection after conjugation.

144 The suicide plasmids pDM4-del-GH19, pDM4-del-LPMO-1 and pDM4-del-LPMO-2 were used to 

145 generate GH19 and LPMO in-frame deletion mutants with the approach described in Experimental 

146 Procedures. Several bacterial mating conditions were tested: mating 24 h at 20 °C, mating overnight 

147 at 25 °C and mating 4 h at 37 °C. However, only the condition of 24 h incubation at 20 °C allowed for 

148 transconjugants. The GH19 in-frame deletion mutant was confirmed by PCR on gDNA of colonies 

149 with primers GH19-p1/GH19-p2 (Figure 2B). A band of 2047 bp was found in colony 1-2, indicating 

150 the deletion of GH19 gene since a band of 3487 bp was observed in PCR products of WT gDNA. In 

151 addition, the deletion of GH19 gene was also confirmed by sequencing of the 2047-bp PCR product 

152 (Figure 2B). With the same procedure, LPMO10-2 single gene deletion mutant and LPMO genes 

153 double deletion mutant were also confirmed by PCR and sequencing as shown in Figure 2C and 2D. 

154 The deletion of GH19 chitinase and LMPO genes do not affect growth or chitin degradation. Wild 

155 type and mutants (ΔGH19, ΔLPMO and ΔΔLPMOs) were grown in Marine Minimal Medium (MMM) 

156 supplemented with mannose, crystalline chitin, colloidal chitin or the chitin monomer, N-acetyl 

157 glucosamine (NAG) to investigate if the deletion of chitinolytic enzymes in P. rubra S4059 caused 

158 differences in growth rate or maximum biomass. All mutants grew in a similar manner to the wild 

159 type in all substrates (Figure S1, A-H3). Stationary phase (109 CFU/mL) was reached after 24 h in all 

160 carbon sources when the medium contained 0.3% casamino acids. When casamino acids were 

161 removed from the medium, the maximum cell density (107 CFU/mL) was reached after 48 h (Figure 

162 3). Growth rate and maximum cell density of wild type and mutants were similar in all substrates 

163 (Figure 3). 
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164 P. rubra S4059 wild type and mutants were tested for chitin degradation on chitin (crystalline and 

165 colloidal chitin) plates. Unsurprisingly following the growth experiment, the mutants showed the 

166 same chitinolytic ability (the size of clearing zone) as the wild type (Figure S1, I-J). Thus, GH19 

167 chitinase and LPMOs that we knocked out are either not essential for chitin degradation in P. rubra 

168 S4059, or could be functionally replaced by other chitinolytic enzymes in S4059.

169 The deletion of GH19 chitinase and LPMOs do not affect biofilm formation. Pseudoalteromonas is a 

170 good biofilm former and can colonize crustaceans in the marine environment (Saravanan et al., 

171 2006). Chitin colonization and biofilm formation of Francisella tularensis depends on chitinases, 

172 when chitin is the sole carbon source in the medium (Margolis et al., 2010). To investigate whether 

173 the deletion of GH19 chitinase and LPMOs affected biofilm formation of P. rubra S4059 in chitin 

174 containing medium, the strains were grown in microtiter plates with four different carbon sources 

175 and biofilm formation assessed using the O’Toole & Kolter assay (O’Toole and Kolter, 1998). We 

176 found that mutants and wild type adhered at the same level to the plastic surfaces in all media 

177 (Figure S2). However, S4059 also formed strong biofilm on the surface of insoluble chitin polymers 

178 when grown in media supplied with shrimp chitin or colloidal chitin. Additionally, the insoluble chitin 

179 particles made the OD600 measurement difficult to be detected, and consequently the biofilm 

180 formation ability of these cultures could not be quantified accurately via this method. To circumvent 

181 this issue, we designed an experiment to compare the surface-attachment ability of P. rubra S4059 

182 wide type and three mutants by counting cells that attached to the surface of native chitin.

183 To investigate whether the deletion of GH19 chitinase and LPMOs affects P. rubra S4059 chitin 

184 surface colonization, the growth and attachment of wild type and mutants on native chitin (shrimp 

185 shells) was assessed. In the liquid surrounding the shells, the wild type and mutants grew to the 

186 same level over the 10 days (107CFU/mL). After sonication that removed bacteria from the shrimp 

187 shells, the level of wild type and mutants in the surrounding liquid was still the same (108 CFU/mL) 

188 (Figure 4) indicating that the biofilm formation of wild type and mutants was similar. Clearly, the 
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189 higher cell number after sonication, indicate that P. rubra S4059 had utilized native chitin for 

190 replication, not just as an adhesion platform.

191 Similar secondary metabolome pattern in wide type strain and mutants. The wild type and each of 

192 the mutant strains were grown in different media and extracts were analyzed by high-performance 

193 liquid chromatography coupled to high resolution mass spectrometry (HPLC-HRMS) to investigate if 

194 deletion of GH19 and LPMOs affected the production of secondary metabolites in P. rubra S4059, 

195 Each strain was cultivated in triplicates on media containing one of five carbon sources: mannose, 

196 NAG, colloidal chitin, crab chitin, or shrimp chitin. From the chemical analysis, only prodigiosin and 

197 three of its analogues could be identified (Figure 5). However, the wild type and each of the mutant 

198 strains behaved similarly on each medium, with production of the same secondary metabolites at 

199 similar levels.

200 DISCUSSION

201 Pigmented species of the genus Pseudoalteromonas have an elaborate chitinolytic machinery and a 

202 consistent presence of the rare GH19 chitinase encoded in their genomes (Paulsen et al., 2019). The 

203 high biosynthetic capacity of the pigmented species led us to ask whether the production of 

204 bioactive compounds could be influenced by chitin degradation, as has been seen for some 

205 members of the family Vibrionaceae (Giubergia et al., 2016, 2017). To address this question, we 

206 developed a biparental conjugal transfer system and a gene in-frame deletion system for 

207 manipulating selected chitin degrading genes in the pigmented P. rubra S4059.

208 Gene disruption is widely used to investigate the function of genes in vivo, however, the genetic 

209 toolsets for several marine bacteria are limited and especially some pigmented Pseudoalteromonas 

210 species are difficult to handle in the laboratory and often autolyze (Maansson et al.; Qin et al., 2007). 

211 Wang et al. (Wang et al., 2015) successfully developed a universal conjugation-based system to 

212 generate a few transconjugants in four Pseudoalteromonas strains, of which only the P. rubra DSM 

213 6842 strain is pigmented (Wang et al., 2015). Notably, the developed suicide vectors in 
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214 Pseudoalteromonas contain either oriV or pBR322/pMB1 replicon origins (Yu et al., 2014; Wang et 

215 al., 2015). The lack of targeted gene knockout systems, in particular for the pigmented species in the 

216 genus, prevents the molecular understanding of their physiology. To address this problem and 

217 expand the molecular toolbox, we tested whether the conditionally replicative oriR6Kγ-containing 

218 plasmids (Milton et al., 1996), which were widely used in rapid and precise engineering of a few 

219 marine genera, can be used in engineering Pseudoalteromonas. Here, we adapted a R6K replicon 

220 origin vector pDM4 (Walton, 2000) into P. rubra by molecular manipulation and successfully 

221 generated in-frame deletion mutant of the GH19 chitinase gene (ΔGH19), the LPMO-2 (ΔLPMO) and 

222 a double deletion mutant (ΔΔLPMOs). In addition, mating temperature and duration were also 

223 studied. Unlike the P. rubra type strain that was conjugated at 20-30 oC by Wang et al, conjugation of 

224 strain S4059 was only successful at 20 oC after 24-hour incubation. This indicates that although it is 

225 crucial to have a universal conjugation protocol, optimal conditions should be established when 

226 using different plasmids in a given native strain.

227 The role of GH19 in P. rubra S4059 and more widely all bacteria remains enigmatic, although, they 

228 have been linked to antifungal activity (Ohno et al., 1996; Martínez-Caballero et al., 2014; García-

229 Fraga et al., 2015). These results have mainly relied on exogenous production of GH19 in hosts such 

230 as E. coli, which only provides information about the enzyme per se, but not about the role in its 

231 native host. We therefore tested the antifungal activity of the three P. rubra S4059 mutants as 

232 compared to wild-type strain. However, all strains displayed similar antifungal activity 

233 (supplementary data). This could be because the role of GH19 is not antifungal in P. rubra S4059, or 

234 that the myriad of different secondary metabolites in P. rubra S4059 have masked the antifungal 

235 activity of GH19. To the best of our knowledge, no study has unraveled the role of bacterial GH19 

236 chitinases in their native hosts, and genetic manipulation of the host is therefore indispensable. 

237 Pseudoalteromonas GH19 chitinases have been reported to have chitin degrading activity ex vivo. 

238 We thus hypothesized that knocking out the GH19 gene could result in growth deficiency on chitin. 

239 However, the GH19 deficient mutant showed no difference in growth as compared to the WT (Figure 
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240 3 and S1). Our results therefore indicate that GH19 chitinase is not the predominant chitin degrading 

241 enzyme in P. rubra S4059 given the wide array of other chitinolytic enzymes. Since GH19 gene 

242 presence predicts a large number of BGCs in pigmented Pseudoalteromonas (Paulsen et al., 2019), 

243 and spreading of BGCs in bacteria are often driven by horizontal acquisition events for quick 

244 adaptation to a novel environments (Tran et al., 2019), some level of evolutionary association would 

245 be expected. This appears to be unrelated to growth and phenotypes in our experiments, but may 

246 rather be due to the chitinolytic machinery facilitating DNA acquisition or horizontal gene transfer 

247 (HGT) events as proposed in Vibrio (Blokesch, 2017; Hayes et al., 2017; Metzger et al., 2019). The 

248 construction of the three mutants in this article provides thus an important entry point to study 

249 these questions in the future.

250 In conclusion, we demonstrated that the conditional suicide plasmid can be reconstituted in P. rubra 

251 S4059 to precisely delete genes in both chromosomes. This study thus expands the genetic toolset 

252 for specific and efficient genome editing in Pseudoalteromonas and also paves a new avenue to 

253 explore the bioactive potential of uncharactherized BGCs in novel isolated, atypical strains. 

254 EXPERIMENTAL PROCEDURES

255 Bacterial strains, plasmids and growth conditions. The bacterial strains and plasmids used in this 

256 study are listed in Table S1. P. rubra S4059 was isolated during the Galathea 3 expedition (Gram et 

257 al., 2010) and cultured in marine broth (MB, BD Difco 2216) or APY medium (1L artificial sea water, 

258 10g peptone and 5g yeast, pH7.0) at 25 oC, 200 rpm. The APY medium is modified from YPG medium 

259 (Zhang et al., 2016) by removing the glycine. P. rubra S4059 carrying chromosomal-integrated 

260 suicide plasmid was cultured in MB containing 30 µg/mL chloramphenicol (Sigma, C0378) at 25 oC, 

261 200 rpm. P. rubra S4059 mutants and wild type were cultured in marine minimal medium (MMM) 

262 (Östling et al., 1991) supplemented with four kinds of sole carbon sources (0.2% mannose, 0.2% 

263 crystalline chitin, 0.2% colloidal chitin or 0.2% NAG) for establishing growth kinetics and biofilm 

264 formation assay.

Page 11 of 35 Microbial Biotechnology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

12

265 Colloidal chitin was prepared as described previously (Paulsen et al., 2016). In brief, 10 g of crab shell 

266 chitin (Sigma, Deisenhofen, Germany) was hydrolyzed in 400mL ice-cold 37% HCl for 6 h at 4°C with 

267 stirring. The solution was transferred to 4 L cold dH2O overnight for settlement of chitin. The pH was 

268 adjusted to seven. Colloidal chitin was collected by centrifugation at 1,860xg for 5 min. Then 

269 colloidal chitin was resuspended in dH2O for a final concentration of 2%. The stock solution was 

270 autoclaved at 121 °C for 15 min.

271 All Escherichia coli strains were cultured in Luria Bertani (LB) Broth (BD Difco 244520) at 37 ℃, 200 

272 rpm. E. coli GB dir-pir116 (Wang et al., 2016) was used for constructing suicide plasmid. E. coli 

273 WM3064 was used as the donor strain in intergeneric conjugation experiments. E. coli WM3064 is a 

274 dapA mutant that requires exogenously supplied diaminopimelic acid (DAP, Sigma, D1377) with a 

275 final concentration of 0.3 µM for growth (Meyer and Dehio, 1997).Plasmid pDM4 was used as the 

276 backbone of suicide vectors (Wang et al., 2015). E. coli strains harboring pDM4 or its derivatives 

277 were grown in LB Broth with 10 µg/mL chloramphenicol or in LB agar with 15 µg/mL 

278 chloramphenicol.

279 Whole genome sequencing and assembly of P. rubra S4059. Genomic DNA of P. rubra S4059 was 

280 extracted using the Genomic DNA buffer set (QIAGEN, 19060) following the supplier instructions. 

281 The closed genome of P. rubra S4059 was obtained by minION sequencing using the EXP-FLP002 

282 flow cell priming kit, SQK-RAD004 rapid sequencing kit, FLO-MINSP6 flow cell and the associated 

283 protocol (version RSE_9046_V1_revB-17Nov2017 and RSE_9046_V1_revB-14 AUG2019). lllumina 

284 reads were obtained from a previous study (Paulsen et al., 2019) and the minION reads were used 

285 for hybrid assembly using the Unicycler package (Wick et al., 2017). Prior to assembly, the minION 

286 reads were filtered using the Filtlong package, only keeping the top 500.000.000 bp. The genome 

287 was annotated using Prokka (Seemann, 2014). The genome is available at the National Center for 

288 Biotechnology Information (NCBI) under the accession number CP045429, and the strain is available 

289 upon request. 
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290 In silico analysis of chitin degrading genes and secondary metabolites The assembled genome was 

291 analyzed using the CLC Main Workbench 8.0.1 (CLC bio, Aarhus, Denmark) and the online platform 

292 MaGe MicroScope (Vallenet et al., 2019). The chitinolytic enzymes and the prediction of chitin 

293 degradation pathway in S4059 were annotated by dbCAN meta server (Zhang et al., 2018). 

294 Functional domain of GH19 chitinase and LPMOs in this study were predicted in Pfam version 32.0 

295 (Finn et al., 2014) and NCBI-Conserved Domains (Marchler-Bauer et al., 2017) by submitting amino 

296 acid sequences in FASTA format. Amino acid sequences of the candidate chitinases were also 

297 submitted to the SignalP 5.0 Server (Almagro Armenteros et al., 2019) to identify the signal peptides. 

298 In addition, genomes were submitted to antiSMASH version 5.0 (Blin et al., 2019) for the prediction 

299 of a putative biosynthetic gene clusters involved in the production of secondary metabolites.

300 DNA manipulation. Genomic DNA of P. rubra S4059 was extracted using the Genomic DNA buffer 

301 set (QIAGEN, 19060) as mentioned above. All primers used in this study are listed in Table 3. All DNA 

302 fragments, which were purified, were amplified using PrimeSTAR® Max Premix (TaKaRa, catalog 

303 number: R045A). Blue TEMPase Hot Start Master Mix K (catalog number: 733-2584) was used for 

304 homologous recombination event checking by PCR. All primers and plasmids were designed in A 

305 Plasmid Editor- ApE. The specificity of primers was checked by BLAST against the P. rubra S4059 

306 genome. All primers were synthesized by Integrated DNA technologies (Leuven, Belgium).

307 Construction of suicide plasmids for in-frame deletion of GH19 chitinase and LPMO genes in P. 

308 rubra S4059. The suicide plasmid was constructed by direct cloning method using pDM4 as the 

309 backbone (Milton et al., 1996; Wang et al., 2016). The pDM4 plasmid contains a R6K replicon origin, 

310 mob genes and oirT for conjugation, and a chloramphenicol resistance gene cat and a sacB gene for 

311 counter selection (Milton et al., 1996). An approximately 1-kb upstream and downstream region 

312 flanking of GH19 gene were amplified with primer pairs GH19-L-F/GH19-L-R, GH19-R-F/GH19-R-R 

313 (Table S1). The amplified recombining arms were fused with overlap extension PCR to form the 

314 recombining arm segments, which were cloned into pJET1.2 subcloning vector using CloneJET PCR 

315 Cloning Kit (Thermo Fisher Scientific, K1231) for sequencing. Subsequently, the homologous segment 
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316 was amplified from sequencing-confirmed pJET1.2-dGH19 arms using primers GH19-pJET1.2-F and 

317 GH19-pJET1.2-R. The linear backbone was amplified from pDM4 suicide vector using primers (GH19-

318 pDM4-F/GH19-pDM4-R). After gel purification, the linear vector and the homologous fragment were 

319 co-electroporated into E. coli GB dir-pir116 and ligated by the RecET direct cloning system (Wang et 

320 al., 2016). Restriction cloning method was also attempted several times to construct this plasmid, 

321 however, unsucceed. All plasmids were extracted using QIAprep Spin Miniprep Kit (QIAGEN, 27106). 

322 The suicide plasmids to knock out LPMO genes were constructed using the same approach.

323 Conjugation of P. rubra S4059. The conjugation protocol was modified from Yu et al. (Yu et al., 

324 2014). E. coli WM3064 harboring the suicide plasmid was used as the donor and P. rubra S4059 as 

325 recipient. Overnight cultures of donor and recipient were prepared as pre-cultures one day before 

326 the conjugation. During conjugation, both strains were diluted 100 times and grown to OD600≈ 0.6. 

327 One-mL donor cells were harvested at 6,000xg for 1 min. The pellets were resuspended and washed 

328 once using 1 ml LB+DAP. Then, 1 mL recipient was added to the E. coli WM3064 pellet and 

329 centrifuged at 6,000xg for 1 min. One-mL MB+DAP was added to wash the mixture by pipetting and 

330 centrifuged at 6,000xg for 1 min. The supernatant was removed until 20-30 µl liquid remained. The 

331 mixture of cells were resuspended and placed on a 0.2-μm pore-size membrane (MF-Millipore, 

332 GSWP02500) that was placed on an APY+DAP agar plate. The mating plates were incubated at 20°C 

333 for 24h. The cells were suspended in 1mL MB and incubated with shaking at 750 rpm in an 

334 Eppendorf® thermomixer comfort, 25 °C for 1 h. After recovery, cells were spread on plates with 

335 antibiotics and incubated at 25 °C for 24-48 h.

336 Confirmation of the first crossing over mutants and deletion mutants. Colonies from the first 

337 crossover selective plates were picked and cultured in 5 mL MB containing 30 µg/mL 

338 chloramphenicol overnight. Genomic DNA extraction from pre-cultures using NucleoSpin® Tissue kit 

339 (Macherey-Nagel, 740952.250). To determine whether the plasmid integrated into target regions, 

340 the genomic DNA was used as the template for PCR checking with primers (Cmr-F/Cmr-R, GH19-

341 p1/GH19-p4, and GH19-p2/GH19-p3). Colonies carrying the integrated plasmid were cultured in MB 
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342 with 30 µg/mL chloramphenicol at 25°C overnight as pre-culture. The pre-culture was diluted 100 

343 times and inoculated in 5 mL fresh MB without antibiotics until OD600≈0.6. The culture was 10-fold 

344 diluted and spread on the counter selection plates (half nutrients of MA) containing 10% sucrose. 

345 These counter selection plates were incubated at 20 °C until colonies were visible. Confirmation of 

346 the in-frame deletion mutants were carried out by PCR application and sequencing. Primers (GH19-

347 p1/GH19-p2) were designed to amplify mutation region and the PCR produced was purified and sent 

348 for DNA sequencing. The LPMO deletion mutants were confirmed as the similar steps with GH19 

349 chitinase deletion mutant.

350 Growth curves of wild type and mutants. Growth kinetics of P. rubra S4059 WT (wild type), ΔGH19 

351 (GH19 chitinase mutant), ΔLPMO-2 (LPMO single mutant) and ΔΔLPMOs (LPMO double mutants) 

352 were established in MMM with or without 0.3% casamino acids, and supplemented with 0.2% 

353 colloidal chitin, 0.2% crab chitin (C9752, Sigma) 0.2% mannose (63580, Sigma), or 0.2% NAG (A3286, 

354 Sigma), respectively, as carbon source. Pre-cultures of P. rubra WT and mutants were grown in MB 

355 overnight at 25°C. The cultures were diluted to a starting concentration of 103 CFU/mL in MMM. 

356 Samples were taken every 4 hours for estimation of cell density by plate counting. All experiments 

357 were done in biological duplicate.

358 Growth and attachment on shrimp shells. To study possible attachment and degradation of native 

359 chitin, small 6 mm diameter circular disks were prepared from the exoskeleton of Vannamei shrimps 

360 (description in supplementary material). Bacterial cultures (WT and mutants) were grown in 5 mL 

361 MB in 50 mL flasks at 25 °C, 200 rpm overnight. The overnight cultures were diluted to 104 CFU/mL 

362 in artificial sea water (3% sea salt, Sigma, S9883) and incubated with or without shrimp shells in 1.5 

363 mL Eppendorf tubes. Samples of the liquid were taken after 0, 2, 5, 7, 10 days incubation and plated 

364 after serial dilution. Then the tubes were sonicated five minutes at 50/60 Hz in a ultrasonic bath 

365 (Emmi D20 Q, EMAG, Germany) and vortexed 10 s to remove bacteria attaching the shrimp shells 

366 (Kim et al., 2014). Then serial dilutions and colony counts were done to determine cell densities. The 

367 experiment was done in biological duplicate.
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368 Extraction of metabolites for chemical analysis. Bacterial cultures were grown in MMM as 

369 described earlier and samples taken for chemical analyses after 72 h incubation. To extract the 

370 secondary metabolites, 10 mL sample was extracted with an equal volume of high-performance 

371 liquid chromatography (HPLC)-grade Ethyl acetate in 50 mL Falcon tubes. The organic phase was 

372 transferred to a new vial and evaporated under nitrogen. The dried extract was re-dissolved in 500 

373 μL methanol and stored at -20°C. Chemical analysis was performed in biological triplicate.

374 Chemical analysis by UHPLC-HRMS 

375 Chemical analysis was performed on a Bruker maXis 3G orthogonal acceleration quadrupole time-of-

376 flight mass spectrometer (Bruker Daltonics) equipped with an electrospray ionization (ESI) source 

377 and connected to an Ultimate 3000 UHPLC system (Dionex). The column used was a reverse-phase 

378 Kinetex 1.7 μm C18, 100 mm × 2.1 mm (Phenomenex). The column temperature was kept at 40°C 

379 throughout the analysis. A linear gradient of LC-MS grade water and acetonitrile both buffered with 

380 formic acid was used, starting at 10% (v/v) acetonitrile and increased to 100% in 10 min, maintaining 

381 this rate for 3 min before returning to the starting conditions in 0.1 min and staying there for 2.4 min 

382 before the following run. A flow rate of 0.40 mL/min was used. TOFMS was performed in ESI+ with a 

383 data acquisition range of 10 scans per second at m/z 75–1250. The TOFMS was calibrated using 

384 Bruker Daltonics high precision calibration algorithm by means of the use of the internal standard 

385 sodium formate, which was automatically infused before each run. This provided a mass accuracy of 

386 better than 1.5 ppm in MS mode. UV-visible spectra were collected at wavelengths from 200 to 700 

387 nm. Data processing was performed using DataAnalysis 4.0 and Target Analysis 1.2 software (Bruker 

388 Daltonics).

389
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551 TABLE AND FIGURE LEGENDS

552 Figure 1. The domain structure of GH19 chitinase and LPMOs in Pseudoalteromonas rubra S4059.

553 Figure 2. The in-frame deletion of GH19 chitinase and LPMO genes in Pseudoalteromonas rubra 

554 S4059 was verified by PCR with primers P1 and P2 that target up- and downstream of the 

555 recombineering segments (A). The PCR products were analyzed by electrophoresis (B-D). M: 1-kb 

556 DNA ladder; NC: negative control with water; WT: wild type strain S4059.

557 Figure 3. Growth kinetics of Pseudoalteromonas rubra S4059 wild type and mutants (ΔGH19, 

558 ΔΔLPMOs) in (A) colloidal chitin and (B) crystalline chitin (crab chitin) without casamino acids. Circle: 

559 WT; square: GH19 deletion mutant ΔGH19; Triangle: LPMOs double deletion mutant ΔΔLPMOs. The 

560 points are of two biological replicates and error bars are standard deviation.

561 Figure 4. Growth and attachment of Pseudoalteromonas rubra S4059 wild type and mutants 

562 (∆GH19, ∆∆LPMOs) on Vannamei shrimp shells. Open circle: wild type; open square diamond: 

563 ∆GH19; open triangle; ∆∆LPMOs. Black solid lines: samples from liquid surrounding shrimp shells 

564 before sonication. Grey solid lines: samples from liquid surrounding shrimp shells after sonication. 

565 Black dotted lines: samples from 3% Sigma sea salt without shrimp shells as a control. The points are 

566 of three biological replicates and error bars are standard deviation.

567 Figure 5. Chemical profile by HPLC-HRMS of Pseudoalteromonas rubra S4059 when cultivated on 

568 marine minimal media using shrimp chitin as carbon source. The red pigment prodigiosin and three 

569 of its analogues could be identified in the extract. Mutants are indistinguishable from wild type.

570
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572 Figure 1. The domain structure of GH19 chitinase and LPMOs in Pseudoalteromonas rubra S4059.
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574

575 Figure 2. The in-frame deletion of GH19 chitinase and LPMO genes in Pseudoalteromonas rubra 

576 S4059 was verified by PCR with primers P1 and P2 that target up- and downstream of the 

577 recombineering segments (A). The PCR products were analyzed by electrophoresis (B-D). M: 1-kb 

578 DNA ladder; NC: negative control with water; WT: wild type strain S4059.
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582 Figure 3. Growth kinetics of Pseudoalteromonas rubra S4059 wild type and mutants (ΔGH19, 

583 ΔΔLPMOs) in (A) colloidal chitin and (B) crystalline chitin (crab chitin) without casamino acids. Circle: 

584 WT; square: GH19 deletion mutant ΔGH19; Triangle: LPMOs double deletion mutant ΔΔLPMOs. The 

585 points are average of two biological replicates and error bars are standard deviation. 
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588 Figure 4. Growth and attachment of Pseudoalteromonas rubra S4059 wild type and mutants 

589 (∆GH19, ∆∆LPMOs) on Vannamei shrimp shells. Open circle: wild type; open square diamond: 

590 ∆GH19; open triangle; ∆∆LPMOs. Black solid lines: samples from liquid surrounding shrimp shells 

591 before sonication. Grey solid lines: samples from liquid surrounding shrimp shells after sonication. 

592 Black dotted lines: samples from 3% Sigma sea salt without shrimp shells as a control. The points are 

593 average of three biological replicates and error bars are standard deviation.

594
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595

596 Figure 5. Chemical profile by HPLC-HRMS of Pseudoalteromonas rubra S4059 when cultivated on 

597 marine minimal media using shrimp chitin as carbon source. The red pigment prodigiosin and three 

598 of its analogues could be identified in the extract. Mutants are indistinguishable from wild type. 

(A)
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Figure 1. The domain structure of GH19 chitinase and LPMOs in Pseudoalteromonas rubra S4059. 
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Figure 2. The in-frame deletion of GH19 chitinase and LPMO genes in Pseudoalteromonas rubra S4059 was 
verified by PCR with primers P1 and P2 that target up- and downstream of the recombineering segments 
(A). The PCR products were analyzed by electrophoresis (B-D). M: 1-kb DNA ladder; NC: negative control 

with water; WT: wild type strain S4059. 
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Figure 3. Growth kinetics of Pseudoalteromonas rubra S4059 wild type and mutants (ΔGH19, ΔΔLPMOs) in 
(A) colloidal chitin and (B) crystalline chitin (crab chitin) without casamino acids. Circle: WT; square: GH19 
deletion mutant ΔGH19; Triangle: LPMOs double deletion mutant ΔΔLPMOs. The points are of two biological 

replicates and error bars are standard deviation. 

Page 33 of 35 Microbial Biotechnology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

 

Figure 4. Growth and attachment of Pseudoalteromonas rubra S4059 wild type and mutants (∆GH19, 
∆∆LPMOs) on Vannamei shrimp shells. Open circle: wild type; open square diamond: ∆GH19; open triangle; 

∆∆LPMOs. Black solid lines: samples from liquid surrounding shrimp shells before sonication. Grey solid 
lines: samples from liquid surrounding shrimp shells after sonication. Black dotted lines: samples from 3% 

Sigma sea salt without shrimp shells as a control. The points are of three biological replicates and error bars 
are standard deviation. 
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Figure 5. Chemical profile by HPLC-HRMS of Pseudoalteromonas rubra S4059 when cultivated on marine 
minimal media using shrimp chitin as carbon source. The red pigment prodigiosin and three of its analogues 

could be identified in the extract. Mutants are indistinguishable from wild type. 
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Supplement Table S1.The chitinolytic machinery in P. rubra S4059 20 

Supplement Table S2. Bacteria and plasmids used in this study 21 

Supplement Table S3. Primers used in this study. 22 

Supplement Figure S1. Growth kinetics of Pseudoalteromonas rubra S4059 wild type (WT) and 23 

mutants (ΔGH19, ΔLPMO and ΔΔLPMOs) in mannose, crystalline chitin (crab chitin), colloidal chitin 24 

and NAG (chitin monomer) with casamino acids. (A) WT and ΔGH19 growth in mannose; (B) WT and 25 

ΔGH19 growth in colloidal chitin; (C) WT and ΔGH19 growth in crystalline chitin; (D) WT and ΔGH19 26 

growth in NAG; (E) WT ΔLPMO and ΔΔLPMOs growth in mannose; (F) WT ΔLPMO and ΔΔLPMOs 27 

growth in colloidal; (G) WT ΔLPMO and ΔΔLPMOs growth in crystalline chitin; (H) WT ΔLPMO and 28 

ΔΔLPMOs growth in NAG. (I) Chitin degradation activities of wild type and mutants on colloidal chitin 29 

plates. The points are bio-replicates and error bars are standard deviation. (J) Chitin degradation 30 

activities of wild type and mutants on crystalline chitin plates. Square: WT; circle: ΔGH19; diamond: 31 

ΔLPMO; triangle: ΔΔLPMOs 32 

Supplement Figure S2. Biofilm formation on the microtiter-well plastic surface of 33 

Pseudoalteromonas rubra S4059 wild type and mutants in four different sole carbon contained 34 

medium as determined by the O’Toole & Kolter crystal violet assay. (A) in mannose; (B) in NAG 35 

(chitin monomer); (C) in colloidal chitin; (D) in crab chitin. Each experiments are repeated in bio-36 

triplicates and error bars are standard deviation. 37 

  38 
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SUPPLEMENTARY RESULTS 39 

Table S1. The chitinolytic machinary in Pseudoalteromonas rubra S4059 40 

Name locus tag Location Product Type Signal peptide 

GH18  CWC22_08790 Chr I  Y 

 CWC22_09055  Chr I ChiC Y 

 CWC22_09065  Chr I ChiA Y 

 CWC22_10195 Chr I  Y 

 CWC22_13365  Chr I ChiD Y 

 CWC22_24065 Chr II ChiA Y 

 CWC22_24075 Chr II ChiC N 

GH19  CWC22_10785 Chr I  N 

 CWC22_21955 Chr II  Y 

GH20  CWC22_15460 Chr I  Y 

 CWC22_17415 Chr I  Y 

 CWC22_22280 Chr II  Y 

LPMOs CWC22_09060 Chr I AA10-type Y 

  CWC22_24070 Chr II AA10-type Y 

N: no signal peptide; Y: contain a signal peptide.  41 

  42 
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 Figure S1. Growth kinetics of Pseudoalteromonas rubra S4059 wild type (WT) and mutants (ΔGH19, 43 

ΔLPMO and ΔΔLPMOs) in mannose, crystalline chitin (crab chitin), colloidal chitin and NAG (chitin 44 
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monomer) with casamino acids. (A) WT and ΔGH19 growth in mannose; (B) WT and ΔGH19 growth 45 

in colloidal chitin; (C) WT and ΔGH19 growth in crystalline chitin; (D) WT and ΔGH19 growth in NAG; 46 

(E) WT, ΔLPMO and ΔΔLPMOs growth in mannose; (F) WT, ΔLPMO and ΔΔLPMOs growth in colloidal; 47 

(G) WT, ΔLPMO and ΔΔLPMOs growth in crystalline chitin; (H) WT, ΔLPMO and ΔΔLPMOs growth in 48 

NAG. (I) Chitin degradation activities of wild type and mutants on colloidal chitin plates. The points 49 

are bio-replicates and error bars are standard division. (J) Chitin degradation activities of wild type 50 

and mutants on crystalline chitin plates. Square: WT; circle: ΔGH19; diamond: ΔLPMO; triangle: 51 

ΔΔLPMOs. 52 

 53 

Anti-fungal assay.  54 

P. rubra S4059 WT and ΔGH19 were tested against Aspergillus niger in an antifungal assay. Both 55 

strains were antifungal against A. niger. However, there is no signficant difference between WT and 56 

ΔGH19 and neither of them could retain the antifungal activity over time.  57 

 58 

 59 
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Figure S2. Biofilm formation on the microtiter-well plastic surface of Pseudoalteromonas rubra 60 

S4059 wild type and mutants in four different sole carbon contained medium as determined by the 61 

O’Toole & Kolter crystal violet assay. (A) in mannose; (B) in NAG (chitin monomer); (C) in colloidal 62 

chitin; (D) in crab chitin. Positive control is Phaeobacter inhibens; negative control is sterile media. 63 

Each experiments are repeated in bio-triplicates and error bars are standard deviation. 64 

  65 
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SUPPLEMENTARY EXPERIMENTAL PROCEDURES 66 

Strains, plasmids and primers 67 

Table S2. Strains and plasmids used in this study. 68 

Strains/plasmids Genotype or relevant characteristics 
Reference 
or source 

Bacterial strains   
Escherichia coli   
    WM3064 RP4 (tra) in chromosome, ΔdapA, 37 ℃. 

Donner strains in conjuation. 
(Meyer and 
Dehio, 
1997) 

    GB dir pir116 
 

An arabinose-inducible ETγA operon (full-
length recE, recT, redγ, and recA), a copy-up 
pir116 gene. Host strain for constructing 
suicide plasmids with R6K replication origin. 

(Wang et 
al., 2016) 

    TOP 10 
 

F- mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZ ΔM15 
Δ lacX74 recA1 araD139 Δ(araleu)7697 galU 
galK rpsL (StrR) endA1 nupG.  InvitrogenTM 

Pseudoalteromonas rubra   
    S4059 Wild type strain, Isolated from seaweed. (Gram et al., 

2010) 
    ΔGH19 GH19 chitinase gene in-frame deletion mutant 

of P. rubra S4059 ΔGH19  This study 
    ΔLPMO LPMO gene in-frame deletion mutant of P. 

rubra S4059 ΔLPMO This study 
    ΔΔLPMOs LPMOs genes in-frame deletion mutant of P. 

rubra S4059 ΔΔLPMOs This study 
Plasmids   
pDM4 Suicide vector for targeted mutagenesis; sacB; 

oriR6K; CmR 
(Milton et 
al., 1996) 

   
   

pDM4 –del-GH19 
 

The left arm and right arm DNA region of the 
GH19 chitinase gene were PCR amplified from 
P. rubra S4059 genome and cloned in the 
pDM4 plasmid by direct cloning 

This study 
 

pDM4-del-LPMO-1 The left arm and right arm DNA region of the 
LPMO-1 gene were amplified by PCR from P. 
rubra S4059 genome and cloned in the pDM4 
plasmid by direct cloning This study 

pDM4-del-LPMO-2 The left arm and right arm DNA region of the 
LPMO-2 gene were amplified by PCR from P. 
rubra S4059 genome and cloned in the pDM4 
plasmid by direct cloning This study 

   

KanR: Kanamycin resistance; CmR: Chloramphenicol resistance 69 
 70 
 71 
  72 
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Table S3. Primers used in this study. 73 

Primer Sequence Description 
Expected 
size (bp) 

LPMO-2-L-F GCtctagaGCATTACGATGACATCGCTG 
Left arm of LPMO-2 1032 

LPMO-2-L-R 
TTTCCTCACAAATTGAGGGTTATCTCCTG

CGGTG 

LPMO-2-R-F 
GCAGGAGATAACCCTCAATTTGTGAGGA

AAAAACATG  Right arm of LPMO-2 990 

LPMO-2-R-R CCGctcgagGGGAATTCCCAGTCTATGTC 

LPMO-8-R-F GCtctagaACCCTGAAGATGCATTGAC 
 Right arm of LPMO-8 1040 

LPMO-8-R-R 
AACTGTTTTGTCTGAAGTTTGCCTCTATC

ATAGGG 

LPMO-8-L-F 
TGATAGAGGCAAACTTCAGACAAAACAG

TTTTAAGC  Left arm of LPMO-8 1032 

LPMO-8-L-R CCGctcgagGTCTACGCCGTCATAGAATT 

GH19-L-F GCtctagaACTCAATAATCCACTAAAGCC 
 Left arm of GH19 1032 

GH19-L-R 
ATTAAAGCCTAAAAAAGGACATCCTTTA

CATGTTG 

GH19-R-F 
TGTAAAGGATGTCCTTTTTTAGGCTTTAA

TTTTACTTCG  Right arm of GH19 1014 

GH19-R-R CCGctcgagAGGGTTCCTTTGTACTTAAAC 

CmR F GGCATTTCAGTCAGTTGCTC 
Detection of CmR gene 525  

CmR R CCATCACAAACGGCATGATG 

GH19-pJet1.2-F 
CCACATGTGGAATTGTGAGCTAAAGCCG

CCACCAATGATG  GH19 homologous 
fragments 

1914 

GH19-pJet1.2-R 
CTTATCGATACCGTCGACCCGGCAGACC

CAGAATAAGCG 

GH19-pDM4-F 
CATCATTGGTGGCGGCTTTAGCTCACAA

TTCCACATGTGG 
 pDM4 plasmid (GH19) 7054 

GH19-pDM4-R 
CGCTTATTCTGGGTCTGCCGGGTCGACG

GTATCGATAAG 
LPMO-2-
pJet1.2-F 

GGTTACCCGCATGCAAGATCGCATTACG
ATGACATCGCTG  LPMO-2 homologous 

fragments 
1977 

LPMO-2-
pJet1.2-R 

GCTTATCGATACCGTCGACCCCATGTAGT
CAGAAACTCGCG 

LPMO-2-pDM4-
F 

CAGCGATGTCATCGTAATGCGATCTTGC
ATGCGGGTAACC  pDM4 plasmid (LPMO-

2) 
7028 

LPMO-2-pDM4-
R 

CGCGAGTTTCTGACTACATGGGGTCGAC
GGTATCGATAAGC 

LPMO-8-
pJet1.2-R 

GGTTACCCGCATGCAAGATCCCCTGAAG
ATGCATTGACCG  LPMO-8 homologous 

fragments 
2018 

LPMO-8-
pJet1.2-F 

GCTTATCGATACCGTCGACCGAAGCGAC
GAAAACGTCACG 

LPMO-8-pDM4-
F 

CGGTCAATGCATCTTCAGGGGATCTTGC
ATGCGGGTAACC 

 pDM4 plasmid (LPMO-
8) 

7108 
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LPMO-8-pDM4-
R 

CGTGACGTTTTCGTCGCTTCGGTCGACG
GTATCGATAAGC 

GH19-p 1 GGGTTCCTTTGTACTTAAAC 

Confirmation of GH19 
mutants 

1st: P1, 
P4  
2452a; 
1012b 

GH19-p 2 CTTCAAGGACACATACCTTC 

 P2, P3  
2577a bp; 
1137b bp 

GH19-p 3 CTATTCAGGCTACCAAAGC 

2nd: P1, 
P2 
3487a bp; 
2047b bp 

GH19-p 4 CAACAACATGTAAAGGATGTC                    

LPMO-8-p 1 GCATGACAAGAATGACGTG 

Confirmation of LPMO-2 
mutants 

1st: P1, 
P4  
2998a bp; 
1561b bp 

LPMO-8-p 2 TATAGGCAGGACCATCATTG 

 P2, P3  
2602a bp; 
1165b bp 

LPMO-8-p 3 CGGATTACACCAAGGTTTG 

2nd: P1, 
P2  
3663a bp; 
2226b bp 

LPMO-8-p 4 TCAACATACAAAGTATGGCG                       

LPMO-2-p 1 GGTACCAATGGCTGATGTC 

Confirmation of LPMO-8 
mutants 

1st: P1, 
P4  
3083a bp; 
1493b bp 

LPMO-2-p 2 GACTATGGCCTGACACCTG 

 P2, P3 
3086a bp; 
1496b bp 

LPMO-2-p 3 CACCATCAGTATCTGCGATC 

2nd: P1, 
P2  
3769a bp; 
2179b bp 

LPMO-2-p 4 GTACTACATGCCGATCACAG 
 

 

a  the size of WT;  b the size of mutants 74 

  75 



10 
 

Antibiotic sensitivity assay for selection marker. The antibiotic sensitivity of P. rubra S4059 to five 76 

antibiotics was tested: Ampicillin (Sigma, A9518), Kanamycin (Sigma, K4000), Chloramphenicol 77 

(Sigma, C0378), Erythromycin (Sigma, E6376), Gentamycin (Sigma, G3632). P. rubra S4059 was 78 

grown in MB at 25 °C to late exponential phase and a 10-fold dilution series plated on MA plates 79 

with antibiotics in the final concentration of 10 µg/mL, 30 µg/mL, 50 µg/mL, 100 µg/mL. The plates 80 

were incubated at 25 °C for 48 h and inspected for colonies. The assay was performed in triplicate. 81 

Electroporation of E. coli strains. The electroporation procedure was modified from Wang et al 82 

(Wang et al., 2016). Briefly, a pre-culture was grown and diluted 100 times in 5 mL fresh LB and 83 

grown to OD600≈0.4. 1.5 mL cells were harvested at 6,000xg for 1 min. The cells were washed twice 84 

in 1 mL MilliQ H20 and harvested at 6,000xg for 1 min. Around 200 ng DNA was added to the 85 

harvested cells and MilliQ H20 was added to a final volume of 30 µL. The mixture was placed in a 1-86 

mm electroporation cuvette and electroporated at 1,200 V. Cells were resuspended in 1 mL LB Broth 87 

without antibiotics immediately after electroporation and incubated in a 1.5-mL Eppendorf® 88 

thermomixer comfort at 37 oC, 750 rpm for 1 h. The recovered cells were spread on selection plates 89 

with antibiotics and incubated at 37 °C, overnight. 90 

Chitin degradation. The protocol was modified from Paulsen et al. (Paulsen et al., 2016). The 91 

medium consisted of 2% sea salt (Sigma, S9883), 1.5% agar, 0.3% casamino acid and 0.2% chitin 92 

(crystalline chitin from crab and colloidal chitin). Briefly, all strains (wild type and mutants) were 93 

grown in MB at 25 °C, overnight. The pre-cultures were diluted 100 times in 5 mL fresh MB and 94 

grown to OD600=0.1. Twenty-µL culture was spotted on chitin plates. The plates were incubated at 95 

25 °C for 7 days. For testing the effect of the LPMO mutants in presence of reductant (reductant 96 

(ascorbic acid) and copper, we added 1.48 g/L CuSO4·5H20 and 17.6 g/L ascorbic acid to chitin 97 

media, as described above. For copper sulfate the amount in moles is 0.06 mM and for ascorbic acid 98 

is 100 mM. A qualitative grading of chitinase activity was measured as previous description (Paulsen 99 

et al., 2016).  100 
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 101 

Biofilm formation assay. Biofilm formation was evaluated in 96-well polystyrene plates (Thermo 102 

scientific, 163320) with crystal violet staining as previous reported (O’Toole and Kolter, 1998). Cells 103 

were incubated with 5 mL MB in 50 mL tubes at 25 °C, 200 rpm overnight. The overnight cultures 104 

were diluted to OD600=0.01 in MMM with different carbon sources (the same medium used for 105 

growth kinetics) in a volume of 0.5 mL. To establish the biofilm, 100 µL liquid from the diluted 106 

culture were added into each well in triplicate. The plates were incubated at 25 °C for 72 hours in a 107 

humidity chamber. The biofilm was visualized by crystal violet staining and was dissolved in 95% 108 

ethanol to measure the absorbance at 590 nm. Phaeobacter inbibens DSM17395 was used as 109 

positive control and fresh medium was used as negative control.  110 

Anti-fungal activity assay. Anti-fungal activity assay was done with a modified protocol from Paulsen 111 

et al. 2016 (Paulsen et al., 2016). In brief, Aspergillus niger (IBT 32191) was precultured from IBT 112 

Culture Collection at Department of Biotechnology and Biomedicine, Technical University of 113 

Denmark. A volume of 20 µL spore suspension of A. niger was added to a puncture well in the center 114 

of a MA plate. Then, 20 µL of overnight culture of P. rubra S4059 in MB was spotted 2 cm away from 115 

the center of well. Due to slow growth, we also tested that the spore suspension of A. niger was 116 

added 4 days prior to the S4059 culture. Plates from both settings were incubated and checked the 117 

size of inhibition zone every day for 14 days. 118 

 119 

Shrimp shell preparation. Strip the shells off the shrimps carefully by hand and put it into 1L beaker 120 

with fresh dH20. After striping all of shells, a teeth brush was used for cleaning the shrimp shells 121 

under flowing water to make sure no tissues (or meat) left on the shell. Then put the cleaned shrimp 122 

shells into a new 1L beaker with fresh dH20 for washing. Tear the shrimp shells and use the puncher 123 

machine to punch the shrimp shells out. Remember each piece of shrimp shell should only be used 124 

for punching once and only pick the perfect circular shrimp shells (do not use the gaped shells or 125 
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broken shells). Put the punched shrimp shells into 100 mL bottles with 30 mL, 3% Sea salts (Sigma, 126 

catalog number S9883). Do not let them dry. Otherwise, they will break easily. The shells in 3% Sea 127 

salts solution were autoclaved at 121 ℃ for 15 min and stored at 4 ℃.  128 

 129 
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