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Abstract 
 

The relationships and interdependence of microbes and marine invertebrates play a critical role in 

maintaining the marine ecosystem and are also pointers to environmental health and biodiversity. 

Some of these symbiotic associations have been shown to impact the morphology, behavior, and 

development of both the host and the symbionts. My dissertation expands on these studies by 

exploring the symbiosis between marine invertebrates and their microbial counterparts at various 

levels. My first project focuses on analyzing transposable elements characterized by long terminal 

retrotransposons (LTR retrotransposons) in the genome of the annelid tubeworm Lamellibrachia 

luymesi. These elements are integrated into the host genome, influencing the host's evolution and 

potentially gene function. During this project, I developed a bioinformatics pipeline that can be used 

to characterize these elements in non-model organisms in order to provide insight into their 

evolution. In the second project, a novel Mycoplasma symbiont was identified in the genome of 

Gorgonocephalus chilensis. This study provides insight into the metabolic capabilities and potential 

role of this novel Mycoplasma symbiont and its evolutionary placement. Surprisingly, we found the 

Mycoplasma symbiont to have a very broad geographic range spanning the Pacific Ocean. The last 

project focuses on the variations in the microbial composition of farm-raised and wild oysters, 

highlighting these variations and exploring their functional capabilities. By examining these 

variations, we gained insight into the presence of opportunistic pathogens in these communities and 

explored the functional capabilities of the microbial communities. Overall, my dissertation aims to 

contribute to the understanding of the intricate relationships between marine invertebrates and their 

microbial symbionts, enhance our knowledge of the marine ecosystem and contribute to the 

preservation of environmental health and biodiversity. 
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Chapter I. Background 
 

Marine invertebrates, a diverse group of organisms that inhabit the world's oceans, play a 

critical role in maintaining the health and function of marine ecosystems. The study of marine 

invertebrates is crucial as they serve as key indicators of environmental health and contributes 

significantly to biodiversity. Marine organisms surviving in diverse environments depend to a large 

extent, or completely, on symbiotic microbes 1. These symbiotic relationships are continuously 

formed and have co-evolved with a long-term history that is known to impact morphology, behavior, 

development, metabolism, and even evolution of both the host and the symbiont 2. Additionally, 

symbioses between marine invertebrates and microbes underscore the health of marine ecosystems, 

especially the most threatened ecosystems 3. 

Symbiotic associations between marine invertebrates and microbes have been found in 

various ecosystems ranging from coral reefs in shallow coastal waters to hydrothermal vents and 

cold seeps in the deep sea 4, and in various organisms including corals 5, sponges 6, and mollusks 7–9. 

These studies have revealed some of the profoundly important symbiotic roles microbes play in the 

lives of their host and the marine ecosystem at large. Ecosystem engineers, such as corals and 

hydrothermal vents tubeworms create habitats and nutrient resources that are crucial to the 

foundation of their ecosystem. These organisms engage in mutualistic nutritional symbioses with 

microbes and such relationships enable these hosts utilize resources or substrates otherwise 

unavailable to them 10. An example of such relationships can be found in the Hawaiian bob tail squid 

which lives in mutualistic symbiosis with the bioluminescent bacteria Aliivibrio fischeri. The host 

supplies the bacteria with a solution of sugars and amino acids and in return, the bacteria provide 

bioluminescence to aid predator avoidance 9. Another example can be seen in the vestimentiferan 

tube worm Lamellibrachia luymesi, which lacks a digestive tract and hosts sulfide-oxidizing, 

horizontally-transmitted bacterial symbionts for nutrition and growth 1112.  

Furthermore, in the face of global climate change, understanding the interaction between 

marine invertebrates and symbiotic microbes in a changing environment can help predict whether 

symbiosis will allow marine life to cope with future threats to the biosphere 13. Given the 

significance of symbiosis between marine invertebrates and microbes, my dissertation aims to 

contribute to a better understanding of these relationships and to underscore their roles and 
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importance. Herein, three projects which highlight the relationships between marine invertebrates 

and microbial symbionts are explored. 

 

Project 1: Characterizing LTR Retrotransposons in Lamellibrachia luymesi – published in 

BMC Genomics - BMC Genomics 22, 466 (2021).  

Long terminal repeat retrotransposons (LTR retrotransposons) are transposable elements 

characterized by long terminal repeats (LTRs) flanking an internal coding region. These elements are 

considered symbionts as they integrate into the host genome, co-evolving with the host, and 

influencing the host evolution, function, and regulation of genes 14. Moreover, these elements are 

likely to play a relevant role in adaptation in their host due to their ability to generate mutations and 

their capacity to be responsive and susceptible to environmental changes and to colonize new 

ecological niches 15. Importantly, LTR retrotransposons serve as a model for the study of 

retroviruses 16, because both are structurally similar and phylogenetically related 17. In this project 18, 

I developed a bioinformatics pipeline to explore and characterize LTR retrotransposons present in 

the genome of Lamellibrachia luymesi, to augment understanding of the potential function and 

structure of these elements in non-model organisms. Furthermore, I explored the evolutionary 

history of LTR retrotransposons in Lamellibrachia luymesi by estimating if their insertion is due to a 

recent or ancient event.  

 

Project 2: Genomic characterization of a novel, widely distributed Mycoplasma Species 

“Candidatus Mycoplasma mahonii” associated with the brittlestar Gorgonocephalus chilensis – 

Accepted pending minor revisions. 

Despite rapid growth in research on host-associated microbes from individual microbial 

symbionts to host-associated taxa, little is known about their interactions with the vast majority of 

marine host species, hence there is a need for more studies to shed light on these relationships. This 

project seeks to explore the symbiotic relationships between a microbial symbiont and a marine 

invertebrate to provide more insight into the genomic mechanisms used to maintain such a 

relationship. In this study, we examined the symbiotic relationships between microbes and the filter-

feeding basket star Gorgonocephalus chilensis. Through our analysis, we unveiled a 796kb 

Mycoplasma symbiont associated with Gorgonocephalus chilensis. The name “Candidatus 

Mycoplasma mahonii” was proposed for this novel species. Our study explored the metabolic 
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capabilities and potential roles of this symbiont within the host organism and investigated if this 

novel species occurred in other basket stars. Additionally, by utilizing 16S rRNA and multilocus 

phylogenetic analyses, we also explored the degree of relatedness between Ca. M. mahonii and other 

Mycoplasma spp, providing insights into its evolutionary context and geographic range.  

 

Project 3: Comparative Analysis of the Microbial Composition of Farm-raised and Wild 

Oysters. 

Oyster aquaculture is a crucial agricultural sector due to the different roles they play in their 

ecosystem including improving water quality and reef formation which in turn creates habitat for 

other marine organisms 19. Additionally, oysters are typically eaten raw by humans and hence serve 

as a vector for various human pathogens. In this project, we analyzed farm-raised and wild oyster 

populations in close proximity to assess variations in their microbial populations. This work also 

highlights the critical role played by these microbes in oyster populations and their surrounding 

ecosystem. 

 

Summarily, these projects explore the symbiosis between marine invertebrates and their 

microbial counterparts at different levels. It also contributes to a better understanding of the 

community structure and function of marine invertebrate-associated microbes and the interaction 

between marine invertebrates and their symbiotic microbes in the ever-changing marine 

environment. 
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Chapter II. Genome-wide characterization of LTR 
retrotransposons in the non-model deep-sea annelid 

Lamellibrachia luymesi 
 

Introduction 
Retrotransposons are transposable elements that replicate via an RNA intermediate 20. They 

often make up a substantial fraction of the host genome in which they reside, occupying more than 

40% of the human genome 21 and more than 50% of the maize genome22 . Retrotransposons play a 

role in genome evolution 14 and can ultimately impact gene expression. However, our understanding 

of phylogenetic diversity of retrotransposons and their role in genome evolution is largely based on 

model organisms such as Drosophila melanogaster, Caenorhabditis elegans, Danio rerio, Mus 

musculus, Bombyx mori, etc. Animals living in marine environments and the deep-sea have been 

particularly underrepresented in transposable elements studies. For this reason, we explored the 

genome of the deep-sea tubeworm Lamellibrachia luymesi (Siboglinidae, Annelida) 11 which 

employs chemoautotrophic endosymbionts to inhabit hydrocarbon seeps in the Gulf of Mexico.  

Long terminal repeat retrotransposons (LTR retrotransposons) are transposable elements that 

are characterized by having long terminal repeats (LTRs) flanking an internal coding region. LTR 

retrotransposons usually serve as a model for the study of retroviruses 16, because both are 

structurally similar and phylogenetically related 17. The main distinguishing characteristic is the 

presence of an envelope (env) gene in retroviruses which is absent in LTR retrotransposons. LTR 

retrotransposons are classified into three super families (Copia, Gypsy, and Bel-pao), which differ in 

the arrangement of the protein domains encoded within the pol gene 23. The two most common LTR 

retrotransposon super-families – Copia and Gypsy, are found in almost all eukaryotic lineages 

sampled to date 24. These superfamilies display different distribution, abundance, and diversity based 

on the element type and the host taxon been considered 25. 

LTR retrotransposons (Fig. 2.1) includes long terminal repeats flanking elements that range 

from a few hundred bases to more than 5kb and usually start with 5’TG-3’ and ends with 5’-CA3’, a 

target site duplication (TSD) of 4-6bp, a polypurine tract (PPT), a primer binding site (PBS) and also 

gag and pol genes between the two LTRs 26,27. The gag gene encodes a structural protein that is 

essential for assembly of viral-like particles while the pol gene encodes four proteins domains 

including a protease (PR) which cleaves the Pol polyprotein, a ribonuclease H (RH) which cleaves 
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the RNA in the DNA-RNA hybrid, a reverse transcriptase (RT) that copies retrotransposons RNA 

into cDNA and an integrase (INT) which integrates the cDNA into the genome. Occasionally, an 

additional open reading frame (aORF) may be downstream or upstream of the gag-pol gene, in sense 

or antisense orientation 28,29. Those located in the sense orientation encode proteins with certain 

structural and functional similarities to the env domain of retroviruses, and hence are sometimes 

called env-like domains 30,31. The env domain encodes for protein that is responsible for binding the 

cellular receptor and facilitates the early steps in the virus-cell interaction and drives the fusion of 

viral and host cellular membrane 32. In contrast, function of the aORF located in the antisense 

orientation is not clearly known, however, studies carried out so far suggests that they may be 

playing a regulatory role in retrotransposition 31,33,34.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

In previous reports, retroelements have been identified in marine organisms including sea 

urchins 35, corals endosymbionts 36 and crustaceans  37. However, to the best of our knowledge, there 

has been minimal effort to characterize the LTR retrotransposons present in deep-sea (>200m) 

animals or in annelids. Available studies 11,38,12 tend to only consider transposable elements in 

context of their role in genome composition rather than detailed assessment of the elements and their 

evolution. Of particular interest, Li et al. assessed Lamellibrachia luymesi van der Land & 

Norrevang 1975; a deep-sea annelid. L. luymesi is a vestimentiferan tubeworm that forms bush-like 

aggregations at hydrocarbon seeps in the Gulf of Mexico. These animals lack a digestive tract and 

hosts sulfide-oxidizing, horizontally-transmitted bacterial symbionts for nutrition and growth113940 41. 

Their result showed that 2.52% of the genome consisted of LTR retroelements. However, the goal of 

the analysis was to see how much of the genome’s DNA was derived from repetitive elements using 

Figure 2.1. Structure of a LTR retrotransposon. Gag - group-specific antigen gene; TSD- target site duplication; PR - 
aspartic protease gene; RT - reverse transcriptase gene; RH - ribonuclease-H gene; INT- integrase gene; PBS - primer 
binding site; PPT - polypurine tract. LTR retrotransposon structure was generated using Adobe Illustrator. 
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RepeatModeler 42 and RepeatMasker  43. Their approach included altered copies such as truncated 

elements or solo LTR’s to gain a comprehensive view of L. luymesi’s genome composition rather 

than an exploration of the LTR retroelements biology. In the current study, we further characterized 

and classified LTR retrotransposons present in the genome of Lamellibrachia luymesi to shed light 

on the representation of LTR retrotransposon superfamilies, as well as augment understanding of the 

potential function and structure of intact elements. In addition, we also estimated insertion times of 

these elements to understand if they are due to recent or ancient events.   

We hypothesized the possible presence of unknown LTR-retrotransposon families in marine 

organisms or unsampled animal lineages. This work represents an important step towards the 

characterization of LTR retrotransposons in marine systems (70% of the biosphere) and in 

unexplored animal lineages (e.g., annelids). 

 

Methods 
!"#$%&'()"*+"#'" ((

Assembled whole genomic sequence of the siboglinid annelid Lamellibrachia luymesi 

generated by Li et al. (11;WGS project - SDWI01, Bio project number - PRJNA516467 and Bio 

sample number - SAMN10789628) was accessed from NCBI 44. Li et al. conducted a scaffold-level 

assembly of the genome using Illumina paired-end and mate-pair and sequence data. The total 

sequence length is 688MB with an overall BUSCO genome completeness of 95%. !

Identification of LTR retrotransposons !

This study focused only on intact LTR retrotransposons, solo and nested insertions without 

coding domains were excluded from the analysis. We defined intact LTR retrotransposon as 

possessing two LTRs, at least one protein domain, and a pair of TSD (Target site duplication) 

regions. !

The bioinformatics pipeline used to identify LTR retrotransposon candidates in the L. 

luymesi genome included two software tools for de-novo prediction of LTR retrotransposons, 

LTRharvest genometools v1.5.10 45 and LTR_Finder v1.07 46. Both programs were run to provide a 

more thorough search for putative LTR elements and was based on previously published approaches 
24. In addition, LTRharvest tend to have greater sensitivity whereas LTR_Finder has a lower false-

positive rate 47.!
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To prepare data for LTRharvest, genomic scaffolds were run through Suffixerator (also part 

of the genometools package) with default parameters to create an enhanced suffix file which is then 

scanned by LTRharvest. The following LTRharvest parameters were used to obtain LTR 

retrotransposon candidates with TGCA motifs ‘-minlentltr 100, -maxlenltr 7000, -mintsd 4, -maxtsd 

6, -similar 85, -vic 10, -seed 20, -motif TGCA, -motifmis 1.’ In contrast, to obtain LTR 

retrotransposon candidates without TGCA motifs, parameters were set to ‘-minlentltr 100, -

maxlenltr 7000, -mintsd 4, -maxtsd 6, -similar 85, -vic 10, -seed 20’. These 2 approaches were taken 

to obtain a more robust putative LTR retroelements list from LTRharvest. Similarly, to obtain 

candidates with both TGCA and non-TGCA motifs the following parameters were used to run 

LTR_Finder ‘-D 15000, -d 1000, -l 100, -L 7000, -p 20, -C, -M 0.85’. In summary, parameters for 

both programs were set to minimum and maximum LTR length of 100bp and 7000bp respectively 

and at least 85% identity between two LTR regions. !

LTR_retriever v2.8.5 48 with default parameters was used to filter out false positives LTR 

candidates identified by LTRharvest and LTR_Finder. This downstream filtering was largely based 

on boundary mapping of LTRs, presence of TSDs, and presence of palindromic motifs. The 

palindromic motif library employed by LTR_retriever includes – TGCA, TGCT, TACA, TACT, 

TGGA, TATA, TGTA, and TCCA.   
!

,-.//&0&'.1&$#($0(2&/'$3"4"2(567(4"14$14.#/8$/$#/((

Classification of LTR retrotransposons is dependent upon the presence and order of protein 

domains within the pol gene 26 (Fig. 2.1). LTR_retriever based the classification of LTR 

retrotransposons on identification of conserved protein domains of each LTR retrotransposon 

candidate using profile Hidden Markov Models (pHMMs) of LTR retrotransposon domains from 

Pfam database 49. Elements returning ambiguous pHMMs matches were classified as unknown. !

To refine classification, we employed the program TEsorter v1.2.5 50 which translated 

nucleotide sequence of LTR retrotransposon candidates in all six frames and searched these 

sequences against HMM profiles obtained from existing mobile elements protein databases – 

specifically , REXdb 29 and Gyspsy database of mobile genetic elements 51. For each domain of a 

sequence, only the best hit with highest score is retained. Classification into superfamilies and 

families were based on hits of the pol and gag genes to curated database. Elements lacking at least 

one domain were not classified. !
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To do this step, fasta sequences of LTR retrotransposon candidates were first extracted using 

the call_by_seq_list.pl script from LTR_retriever package. Obtained sequences were then input into 

TEsorter (parameters = ‘-db gydb, -st nucl and -p 10’) for further classification. !

Naming Conventions !

To facilitate communication, naming conventions for LTR retrotransposons families and 

elements identified in this study were created. Gypsy families were designated as LGF 

(Lamellibrachia Gypsy Family), followed by a unique number (e.g., LGF1, LGF2 etc.), Copia 

families were designated as LCF (Lamellibrachia Copia Family), followed by a unique number (e.g., 

LCF1) while Bel-pao families were designated as LBF (Lamellibrachia Bel-pao Family), followed 

by a unique number (e.g., LBF1). For individual elements, identified LTR retrotransposons were 

designated as LLXY#, where LL denotes 2 letters representing L. luymesi, XY denotes the first two 

letters of the superfamily it belongs to and # denotes the element number (e.g., LLGY1 represents a 

Gypsy element).   
!

9:;-$<"#"1&'(=#.-;/&/ ((

Phylogenetic analysis was used to further validate family-level assignment of these elements 

and to access the evolutionary position of L. luymesi LTR retrotransposon candidates. For this 

purpose, amino acid sequences of INT, RT and RH domains were extracted from the LTR 

retrotransposon candidates following the guideline from TEsorter package. Gag and Protease (PR) 

sequences were excluded from analyses as they are known for their variability which prevents 

reliable alignments 52,53.!

To infer phylogenetic trees, amino acid sequence of INT, RH and RT from other known 

organisms were obtained from the GYDB database and recent studies 54,55,56, and aligned using 

MAFFT v7.407 57 to amino acid sequence of INT, RT and RH from LTR retrotransposons found in 

L. luymesi genome. Each of the 3 domains was analyzed separately and a combined analysis was not 

done due to difference in taxon sampling and the fact that the domains may have distinct 

evolutionary histories. Maximum likelihood with bootstrap analysis was employed to construct 

phylogenetic trees using IQtree v1.6.12 58 with the following parameters ‘-bb 100000, -nt AUTO, --

runs 5’. The substitution model employed by IQtree for the INT domain tree was LG+R7, the RT 

domain tree was LG+F+R6 while the RH domain tree was LG+R7. Phylogenetic trees were mid-

point rooted, visualized and edited using Figtree v1.4.2 59.!
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>/1&%.1&$#($0(?#/"41&$#(1&%"((

Time since initial insertion of LTR retrotransposon candidates was estimated using scripts 

implemented in the LTR_retriever package. Insertion time were calculated as T=K/2μ, where K is 

the divergence rate measured by the Jukes-Cantor model with K = -3/4*ln(1-d*4/3) 60 and μ is the 

neutral mutation which is set at 1.3 × 10!" mutations per bp per year 61.  

 

Results  
?2"#1&0&'.1&$#(.#2(,-.//&0&'.1&$#($0(567@4"14$14.#/8$/$#((

A total of 223 intact LTR retrotransposons were identified in the 688Mb L. luymesi genome, 

by screening and adjustment of LTR candidates from LTRharvest and LTR_Finder using modules 

employed in LTR_retriever. Of the 223 intact LTR-retrotransposon identified by LTR_retriever, 51 

were classified as unknown, 1 was classified as Copia while 171 were classified as Gypsy. !

To further classify these elements, TEsorter was used to search their internal regions against 

Gypsy database (GYDB). Those matching at least one domain profile in GYDB were classified. All 

the 171 Gypsy and 1 Copia elements classified by LTR-retriever were also classified as Gypsy and 

Copia respectively in TEsorter. In addition, out of the 51 classified by LTR_retriever as unknown, 7 

were classified as Gypsy, 2 were classified as Bel-pao while 1 was classified as Copia in TEsorter. 

The rest were not classified at all. Hence, in total, TEsorter classified 182 of the 223 intact LTR 

retrotransposons identified by LTR-retriever.!

Further analyses were carried out on the remaining 41 elements not classified by TEsorter. 

This was accomplished by manually searching the internal region of these unclassified elements 

against PFAM 49 and Conserved Domains Database (CDD) 62 to identify domains present within 

their internal region. Results showed that 24 of the elements lacked domains matching any known 

profiles in the databases, 10 had domains that were unrelated to LTR retrotransposons (e.g., a 

transmembrane receptor, coagulation-inhibition site etc.), while the remaining 8 had only RT 

domains (Supplementary table 1). To further verify and classify these elements, we used REXdb-

metazoan database option of TEsorter. We also performed a manual hmmscan search using GYDB 

hmm profiles. The REXdb- metazoan option classified these elements as LINEs (Long interspersed 

nuclear elements) while no match was found in the GYDB hmm profile scan. Due to the inability to 

accurately classify these 41 elements, they were excluded from further analysis. !
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Summary details of the 182 LTR retrotransposons used for downstream analysis, which includes 

178 Gypsy, 2 Bel-pao and 2 Copia elements are shown in Table 2.1.  

 
Table 2.1. Summary of LTR retrotransposons in !"#$%&'()* 

 

)14+'1+4.-(,:.4.'1"4&A.1&$#((

Of the 182 identified LTR retrotransposons, 32 elements had all domains (Gag and Pol – RT, 

INT, RH, PR) present with the remainder having at least one domain present. For Gypsy elements, 

30 out of the 178 had a complete set of domains, both the Bel-pao elements had a complete set of 

domains and both Copia elements lacked a complete set of domains. Further analysis to describe the 

position of these elements in relation to coding elements showed that 26.4% of them overlap with 

coding elements, 46.2% were located >5kb of coding elements, 10.4% were located within 5-10kb 

and the remaining 17% were more than 10kb away from coding elements. !

The target site duplication flanking ends of identified LTR retrotransposons ranged from 3-

5bp in length, with a majority of them being 5bp in length. Palindromic motifs detected in the 

elements include TGCA, TACA, TATA, TCGT, TGAA, TGAC, TGAT, and TTAT, with 89% of 

the LTR-retrotransposons having TGCA motif. In addition, differences in the length of identified 

LTR-retrotransposons were substantial, ranging from 1,389bp-8,866bp while the length of the LTRs 

ranged from 103-1,468bp.  

Superfamily Structure Total number No. with all 

domains 

present 

Average 

length of 

element (min-

max) 

Total length 

of elements in 

bp 

Range of 

percentage 

LTR identity 

within 

Superfamily 
Gypsy Gag-PR-RT-

RH-INT 
178 30 5,123bp 

(1,389-8,866) 

836,263 0.92% - 100% 

Copia Gag-PR-INT-

RT-RH 
2 0 3,453bp 

(2,037-4,869) 

6,906 0.95% - 

0.99% 

Bel-pao Gag-PR-RT-

RH-INT 
2 2 6,659bp 

(6,670-6,648) 

13,318 0.92% - 

0.99% 

Total  182   856,487  
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>/1&%.1&$#($0(?#/"41&$#(6&%"((

Insertion times of LTR retrotransposon elements in L. luymesi genome suggests most 

elements were inserted around 1.0 million years ago (MYA; Fig. 2.2). The oldest observed and 

complete inserted retrotransposon was a Gypsy element, inserted around 2MYA. Interestingly, 50 

Gypsy elements showed a 100% LTR identity, suggesting that they very recently inserted into the 

genome.  However, calculations of insertion times used a substitution rate of 1.3 × 10!" substitution 

per bp per year, the LTR_retriever default based on the rice genome. Although these insertion time 

estimates for L. luymesi should be viewed with caution, decreasing the rate by two- or three-fold still 

suggests insertion times within the last few million years.  
!

 

 

!

!

!

!

!

!

9:;-$<"#"1&'(.#.-;/&/($0(567 @4"14$14.#/8$/$#/(((

Phylogenetic analysis corroborates assignments made by TEsorter. However, weak 

internodal support limited inferences about evolutionary relationships. Final family assignment was 

done by considering placements of elements with strong nodal support indicating monophyletic 

lineage representing gene families (Fig. 2.3 for RT domain, Fig 2.4 for RH domain, and Fig. 2.5 for 

INT domain). Due to issues of non-concordant evolutionary histories, domains were not combined 

into a single phylogenetic analysis. Naming conventions based on phylogenetic analyses are 

described in the Methods section. !

For Gypsy elements, phylogenetic analysis of the RT, RH, and INT sequences showed that 

some elements fall into recognized families such as CSRN1 63, Gmr1 64 and Mag 65,66 while others 

Figure 2.2. Insertion time distribution of intact LTR-RT in !"#$%&'()* genome 
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formed lineages distinct from previously recognized families. The 5 novel families were LGF2 

(bootstrap value, bsv 100 in all the domain trees), LGF4 (bsv = 100, all domains), LGF7 (bsv = 94, 

100, 91 in RH, RT and INT domain trees, respectively), LGF8 (bsv = 86, 93, 100 in RH, RT and 

INT domain trees) and LGF9 (bsv= 100, all domains). Other Gypsy elements fell within the Mag 

family (LGF5; bsv = 98, 100, 100 in RH, RT and INT domain trees), the Gmr1 family (LGF3; bsv = 

95, 99, 100 in RH, RT and INT domain trees) and the CSRN1 family (LGF1; bsv = 99, 100, 100 in 

RH, RT and INT domain trees respectively). The LGF6 family was also inside the Mag family, but 

although this clade was monophyletic in the RH and INT trees (bsv= 74, 91 respectively), it was 

paraphyletic in the RT trees. !

 Mag elements (LGF5 and LGF6) which includes A, B and C clades where the most 

dominant with more than 70 elements. Elements in the 2 previously described families; CSRN1 

(LGF1) and Gmr1 (LGF3), were fewer with less than 25 elements. The remaining novel families 

(LGF2 and LGF4) with strong bootstrap support had less than 15 elements. Three of the novel 

families (LFG8, LFG9 and LFG7) clustered within Mag elements, suggesting that they might be 

distinct lineage within the Mag radiation.  !

For the Copia elements, LLCO1 had all 3 domains used in tree building - RT, RH, and INT 

present while LLCO2 had only the RH domain (but still had GAG and PR domains not used in 

trees). Hence, LLCO2 was absent in INT and RT trees. In the RH tree, LLCO2 clustered within the 

GalEa family (LCF2) with a bootstrap value of 100. LLCO1 varied in position in the INT, RT, and 

RH domain tree (LCF1). In the INT and RT domain tree, this element fell within the pCetro and 

Hydra family respectively (bsv = 97 and 88, respectively), whereas LLCO1’s position was 

unsupported in the RH trees (bsv = 58). !

Both Bel-pao elements (LLBP1 and LBP2) clustered within Sinbad lineage, LBF1 (bsv = 94, 100, 

98 in RH, RT and INT domain trees).  

!

!

!

!

!
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Figure 2.3. RT domain phylogenetic tree. RT phylogenetic tree was generated in IQtree with the LG + F + R6 model. Tree 
lines are color-coded according to the superfamily above it. Elements in red are elements identified in the genome of ! "#
$%&'()*" 
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Figure 2.4. RnaseH domain phylogenetic tree. RnaseH phylogenetic tree was generated in IQtree with the LG + R7 model. Tree 
lines are color-coded according to the superfamily above it. Elements in red are elements identified in the genome of !"#
$%&'()*. 
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Figure 2.5. INT domain phylogenetic tree. INT phylogenetic tree was generated in IQtree with the LG + R7 model. Tree lines 
are color-coded according to the superfamily name above it. Elements in red are elements identified in the genome of !"#
$%&'()*. 
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Discussion 
The deep-sea annelid Lamellibrachia luymesi genome contained at least 182 intact LTR 

retrotransposons which clustered into 12 families, 6 of which appear to be novel. All three known 

superfamilies of LTR retrotransposons – Gypsy, Copia and Bel-pao, were recovered, although 

several elements could not be classified in the existing families of these superfamilies. !

 Generally, LTR retrotransposons are known to be more abundant in plant genomes (e.g. > 

50% in Zea mays genome; 22,67) than in animal genomes (e.g. only 0.02% of the genome of C. gigas; 
25). In the genome sequencing study of L. luymesi done by Li et al., 2.52% of the genome were 

reported to be made up of LTR elements. Here, we expand this earlier effort to show that only 

~0.1% of the genome is made up of intact LTR elements comprising mainly Gypsy representatives 

with a few Bel-pao and Copia elements. Importantly, many of these elements appear to represent 

families/clades new to science in addition to those that could not be classified. Our results, when 

compared to Li et al., indicates that most of the hits recovered by RepeatModeler and RepeatMasker 

are truncated, solo LTRs or nested LTR elements. However, a better understanding of LTR 

retrotransposon domains and a more robust database for LTR retrotransposon in non-model animals 

would likely allow a more accurate assessment as to the number, representation, and completeness of 

LTR retrotransposons in L. luymesi. !

 Comparative analysis done in eukaryotes such as crustaceans 37, fungi 24, D. melanogaster 68 

and B. mori 69, show that Gypsy elements were the most abundant and with a high copy number. 

They are also the most diversified with numerous clades and families amongst the 3 superfamilies. 

Examination of LTR retrotransposons in L. luymesi genome corroborates these observations as 97% 

of the elements classified were Gypsy elements. According to our phylogenetic analysis, 3 

previously described families including A-clade and C-clade of the Mag family, Gmr1 and CSRN1 

were present in L. luymesi. Mag elements have been identified in diverse organisms such as 

Caenorhabditis elegans (roundworm, 70), Bombyx mori (silkworm, 71), Anopheles gambiae 

(mosquito, 66) and Xiphophorus maculate (platyfish, 65). In addition, a recent study shows that more 

than 290 Mag elements were identified in mollusc genomes 25. Given their ubiquitous nature, Mag 

elements been the most common of the Gypsy elements found in L. luymesi is not surprising. Most 

of these Mag elements found are from Mag C-clade which includes SURL elements observed in 

marine echinoid species 35,72). The LGF3 family in L. luymesi shared same lineage with the unusual 

Gmr1 clade. Gmr1 elements differ from other Gypsy LTR-retroelements in that the integrase domain 
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usually lie upstream of the reverse transcriptase domain, an arrangement mostly seen in Copia 

elements  64. This clade includes elements that have been discovered in marine organisms such as the 

Atlantic cod Gadus morhua and the tunicate Ciona intestinalis 73,74). In addition, the LGF1 family 

clustered within the CSRN1 clade, which was first described in a trematode 63 and is characterized 

by the elements Kabuki 75  CSRN1 63, and Boudicca 76. A recent study reports that CSRN1 clade is 

also represented in cephalopods 25. L. luymesi also contained 5 novel families of Gypsy elements, 

making them the most diverse group of LTR retrotransposons in L. luymesi.  !

 Copia elements appear to be less abundant in animal genomes than in plant genomes 67,37. 

Here, only 2 intact Copia elements were identified in L. luymesi, consistent with these reports. Our 

phylogenetic analysis showed that these elements formed 2 distinct families, one previously 

described and one novel. The previously described family, GalEa, has been known to be one of the 

most predominant Copia retrotransposon as they are widely distributed among metazoans 25,77. This 

element was the first Copia element found in crustaceans, specifically in a deep-sea squat lobster 77. 

In a recent study 37, 29 out of 35 identified Copia elements from the deep-sea hydrothermal shrimp 

Rimicaris exoculata and other crustaceans belonged to the GalEa clade. Though, we only identified 2 

Copia element in L. luymesi, one of them clustered within a clade found in marine metazoans, 

suggesting that this element may be common in marine environments. The other novel Copia 

element found herein did not cluster within any previously known families based on the RH domain 

tree (Fig. 2.4). !

 Recent studies of Bel-pao retrotransposons in metazoan genomes 55, including mollusc 

genomes 25 revealed that they are more abundant than Copia elements but lesser than Gypsy 

elements. In our case, an equivalent number of Copia and Bel-pao elements were found in L. luymesi 

genome. To date, seven Bel/pao families have been well described, namely, Bel, Pao , Sinbad, Suzu, 

Tas, Flow, and Dan 55. A recent study further subdivides the Sinbad families into Sparrow and 

Surcourf 25. In our study, the two Bel-pao elements clustered within the Sinbad family. Sinbad-like 

elements have been found in marine organism such as purple sea urchins, tunicates, pufferfish and 

the Atlantic salmon 78, making it a well described element in marine organisms. !

 The distribution of inferred insertion times of LTR retrotransposons found in L. luymesi 

suggests that current retrotransposons are recent features in the genome of this organism (Fig. 2.2). 

Further analysis on the most recently transposed elements (less than 1 million years ago) showed 

that most of these elements had incomplete domains and are scattered across identified families. 
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However, they all had identical LTR’s indicating that they are yet to accumulate mutations. This 

finding augments the fact that these elements are indeed recent in the genome of L. luymesi. A 

previous study of insertion time estimates has shown that some superfamilies of retrotransposon 

shows activity at different times in waves while others show activity to be linearly related to time 79, 

another study suggests difference in spatiality and directionality of insertions among species 80. 

However, the insertion time estimates of LTR retrotransposons in L. luymesi indicates that Gypsy 

elements showed a steady activity over a long period of time (more than 3MYA). Unfortunately, we 

could not make the same inferences for Bel-pao and Copia elements given their limited number.  !

 Understanding the timing of transposon activity is important because transposable elements 

have been known to impact gene expression, by either generating new gene copies or regulating 

gene activity 81. As such, the timing of these events may offer clues as to when such animals 

experienced bursts of evolution. However, to infer the possible role of transposable elements more 

fully in the animal genomes, other types of retrotransposons such as non-LTR retrotransposons or 

other transposable elements needs to be identified and annotated in these organisms. !

 Lastly, L. luymesi belongs to a group of animals known as Lophotrochozoans 82, a large 

diverse group of animals including groups such as Brachiopoda, Nemertea, Annelida, Mollusca, 

Phoronida etc. whose genome has been understudied in retroelements study. This and other studies 

e.g. 25,54 provides a foundation of knowledge that can be built upon to understand the role of 

retrotransposons in non-model and marine animals. !
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Chapter III. Genomic characterization of a novel, widely 
distributed Mycoplasma Species “Candidatus Mycoplasma 
mahonii” associated with the brittlestar Gorgonocephalus 

chilensis 
 

Introduction 
Mycoplasma species are one of the smallest and simplest self-replicating organisms, with a 

very reduced genome size that can range from about 540 to 1300 Kb. Mycoplasmas possess the 

minimum set of genes essential for growth and replication and evolved from the Bacillus/Clostridium 

branch of Gram-positive eubacteria by reductive evolution 83,84. These bacteria lack a cell wall, a 

feature responsible for their pleomorphism and their resistance to some antibiotics 84 

Mycoplasmas encompass over 100 species and usually live in close association with their 

plant or animal host(s) to fulfill nutritional requirements 85. Pathogenic mycoplasmas are responsible 

for numerous respiratory and other infections including pneumonia, pelvic inflammatory disease, 

and urethritis in humans 86. In addition, the existence of mycoplasmas has been successfully 

documented in marine organisms including fishes (where they mainly colonize the intestines, gills, 

liver, and kidney) 84,87,88, cold-water corals 89, lobster 90, octopus 91,92, abalone 93,94 and squid 92. They 

have also been found to be associated with the microbiota of echinoderms such as the blue bat star 

Patiria Pectnifera 95. In these studies, mycoplasmas were in a commensal association with their host 

organism except in salmonid 84 where a mutualistic association was observed. 

 In this study, we report the discovery of a Mycoplasma with a 796kb genome (CheckM 

completeness of 97.9%) in the tissue of Gorgonocephalus chilensis, a filter-feeding basket star. To 

promote understanding of Mycoplasma spp. diversity, and symbiosis with marine invertebrates, we 

explored the new species' genomic composition and inferred metabolic capabilities. Additionally, 

given the understudied environment from which this cold-water filter-feeding echinoderm was 

discovered, we explored the degree of relatedness between Ca. M. mahonii and other Mycoplasma 

spp. using 16S rRNA and multilocus phylogenetic analyses and whether this novel species occurred 

in other basket stars. To the best of our knowledge, this is the first genetic isolation and 

characterization of mycoplasmas in the Gorgonocephalus genus and the name Candidatus 

Mycoplasma mahonii is proposed for this novel species. 

!
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Materials and Methods 

! "#$%"(/"*+"#'&#<  
 Genomic DNA of Gorgonocephalus chilensis (Ophiuroidea, Euryalida, Gorgonocephalidae) 

was extracted from an individual sampled in Argentinian waters during an ARSV Laurence M. 

Gould expedition (LMG-0605, May 2006, latitude; 54 o 49, longitude -60 o 16, depth 110m). Tissue 

was stored at -80 oC and subsequently sent to the University of Arizona Genomics Institute where 

DNA was isolated and sequenced using PacBio CCS long read technology using the protocol 

outlined below. 

 High molecular weight (HMW) DNA was extracted from ground tissue in extraction buffer 

with Tris HCl buffer 0.1M pH 8.0, EDTA 0.1M pH8, SDS 1%, and Proteinase K in 50 oC for 30 

minutes. The mixture was spun down and the aqueous phase transferred to a new tube. Next, 5M 

Potassium acetate was added, precipitated on ice, and spun down. After centrifugation, the 

supernatant was gently extracted with 24:1 chloroform: isoamyl alcohol. The upper phase was 

transferred to a new tube and DNA precipitated with isopropanol. DNA was collected by 

centrifugation, washed with 70% ethanol, air dried, and dissolved thoroughly in 1x TE followed by 

RNAse treatment. The DNA purity was measured using Nanodrop, DNA concentration was 

measured with Qubit HS kit (Invitrogen), and DNA size was validated by the Femto Pulse System 

(Agilent). The extracted HMW DNA was sheared to appropriate size range (10-30 kb) using 

Megaruptor 3 (Diagenode). The sequencing library was constructed following manufacturers 

protocols using SMRTbell Express Template Prep kit 2.0. The final library was size selected on a 

Blue Pippin (Sage Science) using S1 marker with a 10-25 kb size selection. The recovered final 

library was quantified with Qubit HS kit (Invitrogen) and size checked on Femto Pulse System 

(Agilent). The sequencing library was prepared with PacBio Sequel II Sequencing kit 2.0 for HiFi 

library, loaded to 8M SMRT cells, and sequenced in CCS mode in the Sequel II instrument for 30 

hours. 

 Raw reads were assembled using HiFiasm 96 (N50 =1057833bp, Genome size = 3.5GB). The 

assembled genome of G. chilensis was screened for bacterial 16S rRNA by BLASTn against the 

NCBI’s 16S rRNA database 97. Contigs that matched to 16S rRNA genes were assigned taxonomic 

labels using Kraken2 Silva database v.138 98, with default parameters, and were further analyzed. 

For all software used herein, default parameters were employed unless otherwise noted. 
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 Completeness of each matched contig was determined with CheckM 99, using default 

parameters. Contigs having completeness higher than 90% and contamination lower than 10% were 

considered a ‘’complete’’ metagenomic assembly. Taxonomic assignments of complete contigs were 

conducted using GTDB-Tk v1.6.0 100, based on the Genome taxonomy database 101. GTDB-Tk uses 

a combination of metrics, including average nucleotide identity to reference genomes in the NCBI 

Assembly database, placement in the GTDB reference tree, and the relative evolutionary divergence.  
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For the complete bacterial genome, gene and subsystem annotation was conducted using 

RAST v2.0 102. RNAs were annotated using RNAmmer v1.2 103. The Kyoto Encyclopedia of Genes 

and Genomes (KEGG- BlastKOALA) v2.2 104 was used to predict biological pathways present in the 

genome. Ori-Finder 1 105,106 was used to identify the Origin of Replication (OriC). Clusters of 

orthologous genes (COGs) were annotated using eggnog-mapper v2.1.7 107. The genome was 

scanned for virulence factors using the search BLAST search tool of the Virulence Factor Database 

(VFDB) 108 (database used – core and full dataset protein sequence). CRISPRCasFinder v1.1.2 109 

was used to validate predicted CRISPR/CAS systems. The average nucleotide identity (ANI) value 

was calculated using the Ezbio ANI calculator tool 110, and the average amino acid identity (AAI) 

was calculated using the webserver available through the Georgia Institute of Technology 111. The 

dDDH calculator from Type Strain Genome Server (TYGS) 112 was used to predict digital 

DNA:DNA hybridization (dDDH) values from intergenomic distances for Ca. M. mahonii and its 

most closely related type strains genome sequences as implied in the Genome to Genome distance 

calculator (GGDC) 113. 
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 Fifteen Gorgonocephalus individuals were screened for Mycoplasma. Nine G. chilensis from 

Argentinian waters were obtained during the LMG-0605 cruise in 2006 and 6 G. eucnemis were 

obtained in 2014 near the University of Washington’s Friday Harbor laboratories in the Northeast 

Pacific; Table S1. All samples were collected by KMH by trawl and subsequently stored in a -80 oC 

freezer. Total genomic DNA was extracted using the Qiagen DNeasy blood and tissue kit (Maryland, 

USA) following the manufacturer's instructions except that lysis was done overnight to ensure 
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complete digestion due to the calcium carbonate in the arm tissue. Agarose gel electrophoresis was 

used to verify the integrity of the isolated DNA. 

A 716bp region of the 16S RNA gene was targeted for PCR amplification using two 

oligonucleotide primers (Forward- 5’-ACTCCTACGGGAGGCAGCAGTA-3’; Reverse 5’-

TGCACCATCTGTCAYTCYGTTAACCTC-3’) that were slightly modified from previously 

published Mycoplasma universal oligopeptide primers 114 to be more specific to Ca. M. mahonii. 

Thermocycling conditions included an initial denaturation at 98 oC for 30 sec, followed by 35 cycles 

of denaturation at 98 oC for 10 sec, annealing at 60 oC – 62 oC for 30 sec, extension at 72 oC 30 sec, 

and a final extension at 72 oC for 5 min. Negative controls were employed in PCRs, samples from 

Argentinian waters and Northeast Pacific samples were handled in the lab on different dates. 

Amplified PCR products were examined by 1% gel electrophoresis and purified using the Qiagen 

QIAquick purification kit (Maryland, USA). The purified template was Sanger sequenced by 

Genewiz (New Jersey, USA), and bidirectional reads were trimmed and verified using Geneious 

software (v 2021.2.2) 115.  
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 To determine the phylogenetic affiliation of the new organism, two sets of phylogenetic 

analyses were conducted. One analysis employed a single gene tree based on 16S rRNA data, 

allowing for greater taxon sampling. The second analyses employed a multilocus tree, albeit with 

fewer taxa, to overcome the bias that can be caused by single-gene analysis (e.g. lineage sorting and 

selection pressure) and to provide a more robust representation of genomic data. 

 All available 16S rRNA sequences from Mycoplasma type strain were obtained from 

Ezbiocloud database 116 and GenBank 117, additionally, Mycoplasmatales bacteria DT_67 and 

DT_68, as well as 2 Oyster Mollicutes MAGs, were added to sequences obtained from this study to 

reconstruct the phylogenetic history of the group. Bacillus subtilis was used as an outgroup to root 

the resultant trees based on current understanding of Mycoplasma evolutionary relationships 118,119. 

Sequences were aligned using MAFFT v7.475 57, with default parameters. Maximum likelihood 

analysis with bootstrap was employed to reconstruct phylogenetic relationships in IQtree v1.6.12 58 

using the following parameters ‘-bb 100000, -nt AUTO, --runs 5’. These parameters were employed 

for all IQtree phylogenetic analyses in this study. The substitution model used for the 16S rRNA 

gene-based phylogeny, GTR+F+R10, was selected as the best model by IQtree's ModelFinder. 
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For the multilocus phylogenetic analysis, a representative with a sequenced genome from 

each major clade present in the 16S rRNA tree was selected and its genome screened for the 

presence of five single-copy housekeeping genes – recA, lepA, dnaK, ruvB, and gmk. This gene 

choice was based on the available literature for Mycoplasma phylogeny 120–124 . DNA sequences of 

these 5 housekeeping genes were aligned using the MAFFT option in Geneious (Geneious Prime 

2023.0.4, Java version 11.0.15+10, 64-bit) and then concatenated. The multilocus phylogenetic tree 

of the concatenated alignment was reconstructed by employing maximum likelihood analysis with 

bootstrap in IQtree v1.6.12. The substitution model used for the multilocus phylogeny, GTR+F+R6, 

was selected as the best model by IQtree's ModelFinder. Additionally, tree topologies for the 

individual genes were also inferred using a MAFFT v7.475 alignment and maximum likelihood in 

IQtree v1.6.12.  A Bayesian Inference analysis was also run for both the 16S rRNA and multilocus 

tree using MrBayes 125. The same set of sequences as mentioned earlier was used, and the GTR+I+G 

model was chosen through JModeLTest2 126. on CRIPES Science Gateway 

(https://www.phylo.org/index.php/ (accessed on April 2023)), and with 1000000 generations 

sampled every 500 generations. Burninfrac was set to 0.25. All phylogenetic trees were visualized 

and edited using Figtree v1.4.4 59.  

 

Results  
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 BLAST results of the G. chilensis assembly against NCBI 16S rRNA genes revealed 4 

contigs that contained bacterial 16S rRNA gene fragments. Three contigs were classified as 

Mycoplasma while one was unclassified by the Kraken2 silva database. The 3 classified contigs 

were 51 Kb, 73 Kb, and 796 Kb in size respectively, 16S rRNA gene percentage identities of the 

769kb contig compared to the other contigs ranged from 75% - 88%. Previously described 

Mycoplasma spp. genome sizes range from 540 Kb to 1300 Kb, hence we hypothesized that the 51 

Kb and 73 Kb contig were likely to be incomplete or fragments of Mycoplasma genomes. CheckM 

analyses confirmed this interpretation as completeness of 5.72%, 7.14%, and 97.93% were reported 

for the 73 Kb, 51 Kb, and 796 Kb contigs respectively. In addition, CheckM only reported 0.38% 

contamination for the 796 Kb contig. Hence, we considered the 796 Kb contig to represent a 

complete genome, and further downstream analyses were conducted only on this MAG. 
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GTDB-Tk robustly placed this complete MAG in the order Mycoplasmatales and family 

Metamycoplasmataceae (GTDB-tk RED value of 0.93; Table S2) and phylogenetic analysis shows it 

to be related to a marine clade of Mycoplasma. This identified novel Mycoplasma genome was 

designated as “Candidatus Mycoplasma mahonii” (formal description given below).  

!
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General features of the genome 

 The novel Ca. M. mahonii genome consists of a single chromosome of 796,768 bp with a GC 

content of 30.1% (Fig. 3.1). The 16S, 23S, and 5S rRNA genes were present as single copies, with 

the 16S and 23S rRNA genes located in the same operon and the 5S rRNA gene in a separate 

genomic region. Thirty-one transfer RNAs (tRNA) were identified, and all standard amino acids 

were represented. RAST predicted a total of 780 protein-coding sequences (CDS) of which 406 CDS 

(52.1%) were assigned putative functions and 374 CDS (47.9%) were annotated as hypothetical 

proteins. Repeats comprised 6.9% of the genome. Average gene length of predicted CDS was 887bp. 

Among the predicted CDS, 397 CDS (50.8%) were classified into Clusters of Orthologous (COG) 

families comprising 18 functional categories with most genes belonging to the J class (Translational, 

ribosomal structure, and biogenesis). RAST and eggNOG (COG) annotation were similar to that 

seen in other Mycoplasma spp. genomes based on RAST subsystems and COG classifications (Fig. 

3.2). Additionally, RAST subsystem category gene counts were compared between Ca. M. mahonii 

and closely related species. 

To verify the functional abilities of the recovered MAG (i.e., the proposed genome), we 

examined a series of molecular and cellular pathways and structures, and below we describe select 

major systems in turn.  
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Figure 3.1. Chromosome atlas of +,-.*.,/%)  Mycoplasma mahonii. The scale is shown by the inner black circle. Starting 
with the outermost rings, the 1st and 2nd circles show predicted coding sequences on the minus and plus strands 
respectively. The 3rd circle represents RNAs including both tRNAs and rRNAs. The 4th circle represents GC skew 
(G−C)/(G+C) (green-above mean, purple-below mean; mean = 0.5) and the 5th circle represents mean-centered G+C 
content of the genome. The figure was generated using Proksee. 
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For DNA replication in Mycoplasma, the OriC usually contains dnaA boxes and is generally 

around the vicinity of the dnaA gene 127–130. Using previously published dnaA box motif consensus 

sequence 5’-TTATCCACA-3’ 127,131, and allowing one mismatch, two putative replication origins 

were found in the area surrounding dnaA gene using Ori-Finder. Both regions possessed the typical 

features of OriC in prokaryotes (i.e. dnaA box, dnaA gene vicinity, GC skew inversion) 132. 

 A total of 43 genes were predicted to be involved in replication, recombination, and repair. 

DNA repair appears to be mainly executed by nucleotide excision repair, SOS repair system, and 

recombination repair. No mismatch-repair system genes (MutHLS) were found. 

 For transcription, a total of 11 genes were predicted to be involved. Transcription termination 

and elongation are regulated by Nus A, B, G, and GreA genes in this organism. GreA prevents 

transcription arrest while the Nus proteins can induce transcription pausing or stimulate anti-

Figure 3.2. Clusters of orthologous group function classification. The Y-axis represents the number of protein/unigenes 
belonging to a particular category while the X-axis represents the COG categories.  
Replication, transcription, and translation. 
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termination 133. In addition, two transcription factors (HigA and MraZ) and one heat-inducible 

transcription repressor gene (HrcA) were identified. 

Additionally, a total of 126 genes were predicted to be involved in translation, ribosomal 

structure, and biogenesis including 49 ribosomal proteins, 24 aminoacyl tRNA synthase genes, and 

11 translation factors.  

Secretion system and transporters 

 The transporter system of Ca. M. mahonii consists of 39 genes, which are mainly made up of 

the ATP-binding cassette (ABC) transporter system and the phosphotransferase (PTS) system (Table 

S8). For the PTS system, 4 genes that encode proteins required by the PTS system were present; pts1 

which encodes Enzyme 1 (E1), ptsH which encodes Phosphocarrier protein Hpr, fruA which encodes 

a fructose-specific II component (EIIBC or EIIC) and celA which encodes a cellobiose-specific II 

component (EIIB). 

 Genes encoded by the ABC transport system include 12 ATP-binding proteins, 11 permease 

proteins, and 2 substrate-binding proteins. Three complete ABC-type transport systems including a 

phosphate transporter, a phosphonate transporter, and a general nucleoside transporter were present, 

while others such as oligopeptide transporter, energy-coupling factor transporter, saccharide/lipid 

transporter, etc. were incomplete. Other genes that were not part of the PTS system or the ABC 

transport system were associated with other transporters such as magnesium transporter, riboflavin 

transporter, potassium uptake system proteins, cytosine permease, and an 

adenine/guanine/hypoxanthine permease. 

Genes such as secA, secY, secD/F, secE, secG, ffh, yidC, and FtsY, which make up the core 

proteins required for the Sec-SRP secretion pathway (SEC system) and two other genes associated 

with the Type II secretion system (comEB and comEC) were present as part of the organism’s 

bacterial secretion system. 

Metabolism 

 According to the annotation data, Ca. M. mahonii encode all needed enzymes in the 

Embden-Meyerhof-Parnas (EMP or glycolysis) pathway, arginine deaminase pathway, F1-ATP 

synthase, PRPP (phosphoribosyl-pyrophosphate) production, and pyruvate oxidation. Enzymes 

associated with lipid metabolism in this organism suggest that they utilize glycerol to generate 

phospholipids (cardiolipin), the only membrane component identified in this organism. 
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Genes involved in de novo nucleotide synthesis were lacking in Ca. M. mahonii; however, 

this bacterium was predicted to encode nucleotide salvage pathways genes such as nrdA and CTP 

synthase. Ca. M. mahonii lacks genes predicted to be required for different intermediate pathways 

such as the TCA cycle, citric acid cycle, and the oxidative phase of the pentose phosphate pathway. 

Partial pathways for CoA biosynthesis (specifically pantothenate to CoA), phospholipid 

biosynthesis, riboflavin/FMN/FAD biosynthesis, Tetrahydrofolate (THF) biosynthesis amongst 

others were present within the Ca. M. mahonii genome.  

Defense System 

Two bacterial defense systems to ward off phage infection, including a Type II Restriction - 

modification (R-M) system and a CRISPR-CAS system are present in the genome of Ca. M. 

mahonii. The Type II restriction system possessed only genes encoding methylase and 

methyltransferase enzymes but lacks the sequence-specific endonuclease which is usually 

responsible for recognizing and cleaving specific DNA sequences. No Type I or Type III R-M genes 

were found. On the other hand, RAST annotation (and CRISPR finder tools) identified 1 CRISPR 

array of length 9820bp, 148 spacers, and the direct repeat consensus 

GTTTAAGAATACACAAGAATGATACCACCCCAAAAC. Additionally, a thioredoxin reductase 

system which is predicted to provide defense against oxidative stress was also present.  

 

)'4""#&#<(0$4(B;'$8-./%. / (&#(*$+,$-$#.%/'&0( ((

Nine out of 15 screened basket star samples (6 G. chilensis samples from Argentinian waters 

and 3 G. eucnemis samples from the Northeast Pacific) had a positive PCR result and these 

amplicons were Sanger sequenced. However, only 1 G. eucnemis sample had a good quality read 

and was the only G. eucnemis sample used in the phylogenetic analysis. These sequences have been 

deposited to NCBI under the accession numbers OP995472-OP995479. 

 

9:;-$<"#"1&'(4"/+-1/(

 16S rRNA gene-based (Fig. 3.3) and multilocus (Fig. 3.4) phylogenetic analyses were used 

to validate the GTDB-Tk taxonomical assignment and provide higher resolution phylogenetic 

placement. The 16S rRNA gene analysis consisted of 129 sequences and the multilocus tree 

consisted of 61 terminals, including sequences from this study. Both analyses produced congruent 

results. Ca. M. mahonii was placed within the Mycoplasma genus, within a recently characterized 
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lineage of marine taxa, consisting of M. marinum (isolated from Octopus vulgaris) and M. todarodis 

5HT (isolated from the squid Todarodes sagittatus) 92 based on the multilocus tree. Additionally, 2 

marine metagenomes, M. DT_67 and M. DT_68 which were isolated from ocean water sinking 

particles collected at abyssal depths in the Nort Pacific Subtropical Gyre were also part of the marine 

clade. The 16S rRNA topology placed Ca. M. mahonii with these same taxa plus Candidatus 

Mycoplasma corallicola (which was not included in the multilocus tree due to an incomplete 

genome). Furthermore, the Ca. M. mahonii 16S rRNA sequences from both Argentinian waters and 

North Pacific were ! 99.7% identical and formed a monophyletic clade on the 16S rRNA gene-based 

phylogenetic tree. The Bayesian analysis also showed similar results. Ca. M. mahonii formed a 

monophyletic clade with Ca. M. corallicola, M. DT_67, M. marinum, and M. todarodis in the 16S 

rRNA-based phylogenetic tree and also formed a monophyletic clade with M. DT_67, M. DT_68, 

M. marinum, and M. todarodis in the multilocus tree. M. DT_68 lacks a 16S rRNA gene and hence 

was absent in the 16S rRNA phylogenetic tree. 

 Additionally, 16S sequence similarity analysis using TrueBac ID from Ezbiocloud 134 

indicated that Ca. M. mahonii was most similar to Ca. M. corallicola (89.41%), M. todarodis 

(89.1%) and M. marinum (88.9%). TrueBac ID also indicated high similarity to M. mobile (88.9%). 

However, all the phylogenetic analyses conducted showed M. mobile as an unstable branch as its 

position varied on the different trees. Consequently, M. mobile was not further considered as a 

closely related species. Genomic features of Candidatus. M. mahonii and closely related taxa are 

shown in Table 3.1. 

ANI similarity values for Ca. M. mahonii and its closely related species were 68.2% (M. 

marinum) and 67.4% (M. todarodis), while the AAI was 50.3% (M. marinum) and 49.25% (M. 

todarodis). A total of 422 orthologous gene groups are shared between Ca. M. mahonii, M. 

todarodis, and M. marinum (Fig. 3.5). In addition, the dDDH scores from TYGS pairwise 

comparison of Ca. M. mahonii against identified close strains were less than 70% (~21.5% - 27.9%) 

indicating that Ca. M. mahonii is indeed a novel species. 
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Table 3.1. Genomic features of +,-.*.,/%) . M.mahonii and closely related taxa 

 
 
!
 
 
 
 
 
 
 
 
 
 
 
 
 

 Candidatus Mycoplasma 

mahonii 

M. todarodis M. marinum 

Genome completeness 97.9% 85% 97.1% 

Genome size (bp) 796,768 1,007,879 1,171,149 

Number of contigs 1 84 128 

%GC 30.1% 30.95% 28.41% 

Number of CDS 780 914 1003 

Hypothetical genes 374 296 328 

16S rRNA gene 1 1 1 

23S rRNA gene 1 1 1 

5S rRNA gene 1 2 2 

Number of tRNAs 31 39 42 



 38 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3. 16S rRNA maximum-likelihood phylogenetic tree. The 16S rRNA gene tree was reconstructed based on all 
available 0&123$,)',  spp. type strain available from the Ezbiocloud and GenBank databases, Mycoplasmatales bacteria 
DT_67 and DT_68, 2 Oyster Mollicutes Mag and +, . M. mahonii. Bootstrap percentage values are shown on the tree. 
The tree was generated in IQtree with the GTR+F+R10 model. +, . M. mahonii and other sequences making up the 
distinct marine clade are shaded red. AR – Argentinian waters samples, NP – North Pacific samples. 
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Figure 3.4. Multilocus maximum-likelihood phylogenetic tree. The multilocus phylogenetic tree was generated based on 
the concatenated sequence of five single-copy housekeeping genes – 4(156#$(356#.-,76#4%896#and#:'; . Bootstrap 
percentage values are shown on the tree. The tree was generated in IQtree with the GTR+F+R6 model. +, . M. mahonii 
and other sequences making up the distinct marine clade are shaded red. 
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Figure 3.5. Venn diagram showing the number of shared orthologous genetic groups (OGs) between +, . M. mahonii, 0"#
',4*-%'  and 0"#/2.,42.*) . 
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Description of “!"#$%$"&'( Mycoplasma mahonii” 
The category “Candidatus” is used to describe prokaryotic entities for which information 

other than just a DNA sequence is available but lacks other characteristics required for description 

according to the International Code of Nomenclature of Bacteria 135. The Mycoplasma genome 

described here represents a novel species of Mycoplasma and is currently the only representative of 

this candidate species. The species is designated “Candidatus Mycoplasma mahonii” (N.L. gen. 

masc. n. mahonii, of Mahon, named in honor of long-time Antarctic collaborator Andrew Mahon). 

This species was isolated from Gorgonocephalus chilensis (collected May 2006, latitude; -54o 49, 

longitude -60o 16, depth 110m) and assignment to “Candidatus Mycoplasma mahonii” is based on 

(i) the associated 16S rRNA gene sequence; accession number - OP995479), (ii) Similarity index 

score (ANI) of <95% to closest relatives 89,92, (iii) 97.9% genome completion (according to CheckM 

analysis), (iv) primer sequence complementary to a region of 16S rRNA- 5’-

ACTCCTACGGGAGGCAGCAGTA-3’. 

Genome size was ~796 Kb with a G+C content of 30.1%. Within the genome, single copies 

of rRNA genes and 31 tRNA genes were identified. KEGG-based analysis identified the presence of 

the following pathways Embden-Meyerhof-Parnas pathway, F1-type ATP Synthase, Acetate 

production from acetyl-CoA, Folate (vitamin B9) biosynthesis predicted from 7,8-dihydrofolate, 

nucleotide sugar biosynthesis pathway amongst others.  Additionally, KEGG identified both PTS 

and ABC transport system genes. The genome sequence can be found under NCBI BioSample ID- 

SAMN32235174 and Accession ID – CP114583. 

 

Discussion 
A novel Mycoplasma species, Candidatus Mycoplasma mahonii associated with the basket 

sea star Gorgonocephalus chilensis inhabiting the Argentinian waters, was discovered.  This taxon 

also occurs in Gorgonocephalus samples from the North Pacific. Phylogenetically, it is part of a 

recently characterized clade of non-free-living marine lineage of mollicutes that use marine 

invertebrate organisms as hosts. 

 The metagenomic assembly of Ca. M. mahonii consists of a single 796,768bp contig with a 

total of 780 predicted protein-coding sequences (CDS). Genomic features of Ca. M. mahonii are 

comparable to previously described Mycoplasma species in several respects: 1) The number of 
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predicted CDS in Ca. M. mahonii is comparable to other Mycoplasma spp., with 635 in M. mobile 
136, 677 in M. pneumonia 137, and 742 in M. gallisepticum 130; 2) The arrangement of rRNA genes is 

similar to those found in the genome of M. mobile 136 and M. pulmonis 138; 3) Although the exact 

OriC could not be determined, Ca. M. mahonii possesses a tandem arrangement of dnaA and dnaN 

genes around the OriC as seen in other mycoplasmas 128,139,140; however, in the case of Ca. M. 

mahonii, ribosomal protein L34 (rmpH gene) was also located upstream of the dnaA gene in an 

opposite direction; and 4) The Peptide Release Factor (RF-1) which recognizes the stop codons 

UAA and UAG and terminates translation was present in Ca. M. mahonii, although RF-2 which 

identifies the UGA stop codon was absent suggesting that this stop codon codes for a protein as seen 

in other mycoplasmas 141. 

Due to its reduced genome size, Ca. M. mahonii lacks genes involved in de-novo 

biosynthesis of nucleotide, lipids, co-factors, and intermediate energy metabolism pathways such as 

the TCA cycle, citric acid cycle, phosphate pathway, etc., imposing a host-dependent lifestyle on this 

organism. However, this bacterium is predicted to encode genes involved in the nucleotide salvage 

pathway such as nrdA which converts ribonucleotides to deoxyribonucleotides, and genes involved 

in nucleotide interconversion such as CTP synthase which converts UTP to CTP as well as permease 

for pyrimidine and purine transport which allows them to take up these molecules. 

Most transport protein-encoding genes in Ca. M. mahonii are associated with ABC transport 

which transports a range of molecules such as peptides, lipids, phosphate, ions, iron, etc., and PTS 

transport system which transports extracellular sugars such as mannose, fructose, and cellobiose. 

The presence of these broad substrate transport systems compensates for the lack of various other 

transport systems such as GLUT (glucose transporters) and may allow the microorganism to obtain 

nutrients directly from its host rather than synthesizing de-novo, a trend common in mycoplasmas 
142. Additionally, a gene encoding TrkA which is responsible for potassium uptake and is necessary 

for intracellular survival in prokaryotes was predicted to be present in the genome of Ca. M. 

mahonii. 

The lack of a complete TCA cycle, quinones, or cytochromes rules out the possibility of ATP 

generation through oxidative phosphorylation in this bacterium. Metabolic pathways present in Ca. 

M. mahonii suggest that they are glycolytic species that rely on energy generation through 

fermentation of sugars, ATP-synthase, pyruvate oxidation to acetate, and hydrolysis of arginine. 

Additionally, in the non-oxidative phase of the pentose phosphate pathway present in Ca. M. 
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mahonii, transaldolase (which catalyzes the transfer of a dihydroxyacetone group from donor 

compounds to aldehyde acceptor compounds) is absent. This reaction is presumably carried out by 

an unrecognized protein as the pentose pathway has been reported in other mycoplasmas to be 

incomplete but functional 136,143. In the case of Ca. M. mahonii, this reaction is likely carried out by 

the non-phosphorylating glyceraldehyde-3-phosphate dehydrogenase (GAPN) enzyme, as the gene 

encoding this enzyme was predicted in the annotation. GAPN reduces NADP to NADPH and can 

maintain NADPH production in bacteria lacking some pentose phosphate enzyme 144. 

The defense systems present in Ca. M. mahonii includes R-M Type II system, CRISPR/CAS 

system, and thioredoxin system. The CRISPR/CAS system and R-M system are a natural pathogenic 

adaptive immune system that protects prokaryotic organisms against invading nucleic acids most 

especially viruses 145,146. The R-M system is present in almost all mollicutes sequenced so far 145 while 

the CRISPR/CAS system has been reported in some but not all mollicutes 147. On the other hand, the 

thioredoxin system present in Ca. M. mahonii protects it from oxidative stress 148 and has been 

reported in some Mycoplasma species such as M. suis 140, M. bovis 149 and M. capricolum 148.  

Virulence factors typically associated with Mycoplasma such as adhesins 83, ClpC ATPase 139 , 

variable surface lipoproteins (Vsps) 150,151, capsular polysaccharides 152, were absent in Ca. M. 

mahonii. Moreover, no virulence factor was detected using the BLAST search tool of the VFDB 

database, suggesting that Ca. M. mahonii is potentially a non-pathogenic Mycoplasma species. 

Interestingly, the absence of virulence factors was also observed in other members of the distinct 

marine clade of Mycoplasmas namely M. marinum, M. todarodis, and Ca. M. corallicola, suggesting 

that this monophyletic clade of mycoplasmas are commensals and potentially a natural part of its host 

microbiome. 

Lastly, the high percent identities (~99.5%) between the 16S rRNA genes of Ca. M. mahonii 

from Gorgonocephalus chilensis found in Argentinian waters and the Northeast Pacific 

(Gorgonocephalus eucnemis), suggests that this species is broadly distributed and likely native to 

multiple Gorgonocephalus host species. The annotation of Candidatus Mycoplasma mahonii, 

conducted herein, is the first step to understanding the biology and potential pathogenicity of this 

bacterium. Future studies will expand on this knowledge by focusing on the metabolic pathway 

interplay between this species and its basket star host.  
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Chapter IV. Comparative Analysis of Microbial Composition 
of Farm-raised and Wild Oysters 

 
Introduction 

Crassostrea virginica, commonly known as eastern oyster, is a commercially important 

bivalve mollusc that inhabits estuarine and coastal environments. The microbial composition and 

overall health of oysters have been a long topic of interest because of their economic benefits and the 

ecological role they play in ecosystems. C. virginica, like other oysters, are filter feeders, hence, they 

improve water quality by removing particles from water columns to get food. They are also 

considered ecosystem engineers due to their ability to form reefs that serve a variety of beneficial 

functions such as carbon sequestration, protection against erosion, and creating habitats for other 

marine organisms 19. Oyster production is a vital and growing agricultural sector in the United States 

with a farm gate value estimated to be $219 million in 2018 153. 

Due to their filter-feeding behavior, oysters usually interact significantly with living and non-

living particles in their environments including microbes 154. Microbial communities associated with 

oysters have been previously studied using both culture-dependent and independent methods 155156 
157,158. These host-associated microbial communities are known to perform a variety of beneficial 

functions to the host such as providing nutrition, producing antimicrobials, influencing immune 

response, and reducing proliferation of detrimental microbes. On the other hand, bacteria such as 

Vibrio, Salmonella spp., and norovirus which can be found in oysters are of particular concern due to 

the health implications associated with their consumption. Pathogenic species such as Vibrio 

vulnificus and Vibrio parahaemolyticus are known to cause severe illness, or even death, when 

consumed 159,160 and norovirus is the leading cause of nonbacterial illness in shellfish consumers 161. 

Oysters are able to concentrate microbes from contaminated water and are often eaten raw or lightly 

cooked, hence, they typically serve as vectors of these pathogens to humans. 

Commercially, oysters can be wild-caught or grown as part of farming activities. Farmed 

oysters are frequently grown using suspended grow-out systems known as 'floating cages' 162. As a 

result, farmed oysters can be cultivated near the surface of the estuary, whereas wild oysters usually 

grow on the benthos. Due to this difference, farm-raised and wild oysters experience different 

growth conditions such as differences in temperature, agitation, water-column height, UV radiation, 
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and handling 163. Such variation in environmental parameters can lead to variation in microbial 

communities 154,158,164.  

Understanding differences in microbial composition between wild and farm-raised oysters is 

not only crucial to ensure the safety of oyster consumption, but it is also integral to effective 

management strategies to sustain the oyster aquaculture industry. Here, we employed a metagenomic 

approach to study microbial communities present in farm-raised and wild oysters that are in close 

spatial proximity. We examine to what degree the variation in microbial diversity and functional 

pathways found in both wild and farm-raised (caged) oysters differ. Our approach overcomes the 

shortcoming of 16S rRNA-based approaches such as limited functional information and low 

taxonomic resolution165, and provides a more general view of the microbial communities in these 

oysters. 

 

Materials and Methods 

).%8-"('$--"'1&$#  
Eight wild oysters and eleven three-year-old farmed oysters (C. virginica) were collected by 

hand from the University of North Carolina Wilmington shellfish lab. The farmed oysters were 

grown in floating cages on the surface of the estuary while the wild oysters were at the bottom of the 

water column. Samples were collected between November 12th to November 14th, 2021. Effort was 

taken to ensure that the dimension and general attributes (e.g., shape, fouling) were similar between 

the oysters sampled in the study. 

Collected oysters were immediately taken to the laboratory where each individual oyster's 

outer shell was thoroughly rinsed with cold filtered saltwater to eliminate any visible sediments. 

Subsequently, the oysters were shucked aseptically, the fluids were drained using a sterile syringe, 

and a microbial sample was taken the inner surface of the top and bottom shell was taken using a 

sterile cotton swab. To maintain sample integrity, the collected samples were stored in a -80 oC 

freezer until further processing. 

 

DE=(&/$-.1&$#(.#2(/"*+"#'&#< 
DNA from the swab samples was processed and isolated using the ZymoBiomics DNA 

Microprep kit following the manufacturer's protocol with slight modifications that included 
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incubating proteinase K at 500C for 2 hours, increasing wash centrifuge speed to 15,000 x g, and 

using the DNase/RNAse free water eluted DNA for downstream analysis.  

Isolated DNA was then sent to Novogene for shotgun metagenomics library preparation and 

sequencing. Paired-end sequencing was performed on the Illumina NovaSeq platform (PE150). All 

sequences obtained have been deposited to National Center for Biotechnology Information (NCBI) 

Small Read Archive (SRA) under accession numbers (currently pending).  

 

94"84$'"//&#<($0(/"*+"#'"(2.1.  
Raw sequencing reads obtained from the Illumina NovaSeq sequencing platform were 

processed using fastp 166with default parameters. In this step, low-quality reads were removed 

(including reads containing adapters, polyG tail trimming, and reads with over 40% of bases having 

q-values <15). To focus on oyster microbiome, the quality-filtered reads were then mapped with 

bwa-mem2 167 to the genomes of C. virginica (RefSeq assembly accession GCF_002022765.2) and 

the human genome (RefSeq assembly accession - GCF_000001405.40), available from NCBI. Reads 

unmapped to either of these genomes were retained for downstream analysis of microbiomes. 

 

F&$&#0$4%.1&'(.#.-;/&/(

In order to compare and contrast diversity and putative functional pathways of both wild and 

farm-raised oyster microbiomes, we employed a series of bioinformatic routines that focused either 

on assessing biodiversity, assigning functional pathways observed in the data, or exploring 

metagenome-assembled genomes (MAGs) (Fig. 4.1).  
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Figure 4.1. Bioinformatic Pipeline 
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6.G$#$%&'(84$0&-&#<!

Default parameters of Kraken2 98 were used for taxonomic classification of quality-filtered 

reads and Bracken 168 was used to compute taxonomic abundance using taxonomy labels assigned by 

Kraken2. Resulting taxonomic profiles (count data) from individual samples were merged using 

Kraken-biom 169 and employed for further statistical analysis.  

Prior to statistical analysis, taxonomic profiles were filtered, and only taxonomic features 

present in at least 11% of the samples (i.e., in at least 2 samples out of 19) were retained for 

subsequent analyses. Filtered data were normalized by rarefaction to account for differences in 

sequencing depth using phyloseq package 170. Filtered data and rarefied data were used for alpha and 

beta diversity calculations in R studio using phyloseq 170 and vegan package 171. Observed diversity 

and Alpha diversity metrics such as Shannon, and Chao1 metrics were used to evaluate bacterial 

diversity and richness. The observed metric measures the actual/observed diversity within a 

community, the Shannon index considers both the diversity and evenness of species in the 

community, while Chao1 estimator provides an estimate of the total number of species based on the 

presence of rare or uncommon species. The Kruskal-Wallis non-parametric test was employed to 

evaluate the significant effect of the environments on the diversity metrics.  

To assess differences in diversity and taxonomic composition between farm-raised and wild 

oysters, a principal coordinate analysis (PCoA) based on Bray-Curtis dissimilarity distance was 

conducted. The statistical difference between the groups (environments) was evaluated using 

PERMANOVA and PERMDISP, which employed the adonis2 and betadisper functions, 

respectively, in the R vegan package 171. PERMANOVA tests whether the centroids of all groups are 

equivalent by comparing the distances between samples within the same group to the distances 

between groups while PERMDISP evaluates whether the dispersion(variation) between samples 

differs from the dispersion between groups. Filtered and unrarefied taxonomic profiles were used to 

calculate relative abundance for the community composition using the phyloseq package, and results 

were visualized using ggplot2 172.  

Differential abundance analysis was performed to identify significantly abundant taxa 

between the farm-raised and wild oyster groups using DESeq2 173. DESeq2 function performs 

differential abundance analysis by: (1) estimation of size factors, (2) estimation of dispersions from 

the negative binomial likelihood for each feature; (3) fitting a negative binomial generalized linear 

model to each feature on a specified class and performing hypothesis testing using Wald test.  
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The results were obtained using the results function, considering only features with a Benjamin-

Hochberg (BH) FDR-adjusted p-value of 0.01 (Adjusted FDR < 0.01). 

All statistical analyses were done in R studio version 4.2.3 174. 

!

H+#'1&$#.-(84$0&-&#< 
Quality-filtered reads (excluding the 2 pruned samples) were profiled for potential functional 

content (UniRef90 gene-families 175 and MetaCyc metabolic pathways 176) using HUMAnN3 177 

with default parameters. HUMAnN3 utility tools were used to prepare data for subsequent analyses. 

Briefly, humann_join_table and human_split_startified_table were used to merge the functional 

profile of individual samples and filter the merged profiles to contain only community-level data 

(unstratified table), respectively. The humann_regroup_table was used to convert the Uniref90 gene 

families into Kyoto Encyclopedia of Genes and Genomes (KEGG) ortholog (KO) 178 groups. 

Converted KO groups and MetaCyc metabolic pathway abundance data were renormalized from 

reads per kilobase (RPKs) to relative abundance using humann_renorm_table, for downstream 

analysis. 

To identify differentially abundant KO groups and MetaCyc pathways, MaAsLin2 179 was 

employed. MaAsLin2 fits a linear model to each feature's transformed abundance on a specified 

sample grouping, tests significance using a Wald test, and outputs BH FDR-corrected p-values. 

Default parameters (p < 0.05; adjusted FDR <0.25) were used except that minimum prevalence was 

set to 0.4, filtering the data to only test features with at least 40% non-zero values, thereby filtering 

out low abundance features.  

 

B"1.<"#$% "(.//"%C-;I(C&##&#<I(.#2(.##$1.1&$# 
Quality-filtered reads were co-assembled using the default parameters of MetaSPAdes 180. 

Assembly quality was accessed using default parameters of MetaQUAST 181, and contigs with less 

than 500bp were discarded.  

Co-assembled scaffolds were binned using MetaBAT2 182 and MaxBin 183. For Metabat2, 

binning of the co-assembled contigs was performed with minimum contigs set to 2000bp, using read 

mappings performed with bwa-mem2, with the resulting SAM files converted to BAM format and 

sorted with SAMtools 184. Default parameters of MaxBin2 were used for the analysis.  
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Resulting genomic bins from MetaBat2 and Maxbin were further refined using Dastool 185 to obtain 

more complete genomes with less contamination. Completeness and contamination of the 

reconstructed MAGs were accessed using CheckM 99 using the standard bacterial marker set. Bins 

having completeness higher than 70% and contamination lower than 10% were considered as good 

quality MAGs and used for downstream analysis. 

Taxonomic assignments of MAGs were conducted using GTDB-Tk 100 based on the Genome 

taxonomy database. GTDB-Tk uses a combination of metrics, including average nucleotide identity 

to reference genomes in the NCBI Assembly database, placement in the GTDB reference tree, and 

the relative evolutionary divergence. Potential metabolic functions of MAGs were annotated using 

DRAM. DRAM utilizes a series of databases (UniRef90 175, PFAM 49, dbCAN 186, Refseq viral 

(https://www.ncbi.nlm.nih.gov/genome/viruses/), VOGDB (https://vogdb.org) and MEROPS 

peptidase (https://www.ebi.ac.uk/merops/) to annotate genes and curate these annotations into 

functional categories. 

!

Results  
)"*+"#'"(2.1.(84"84$'"//&#<  

Resulting paired-end sequences from swab samples of 8 wild oysters and 11 farm-raised 

oysters yielded approximately 56 to 92 million total reads per sample. Removing low-quality reads 

eliminated approximately 2% of the reads. Mapping to eliminate potential contamination from oyster 

and human genomes removed a significant proportion of the reads. Approximately 65% to 95% 

mapped to the oyster genome and 2%- 37% of the reads mapped to human genome. Consequently, 

decontamination steps reduced the total number of reads used for further downstream analysis to 

approximately 4 million to 54 million reads per sample. 
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Samples Number of 

reads after 

quality filter 

(bp) 

% mapped to 

oyster genome 

Number of 

reads after 

oyster genome 

removal (bp) 

% mapped 

to human 

genome 

Number of 

reads after 

human genome 

removal (bp) 

SW1 31957069 92.5% 2164014 22.1% 1684359  

SW2 33960232 85.8% 4633615 7.1% 4303219  

SW3 44706362 86.9% 5792089 8.8% 5277201  

SW4 49046335 39.9% 29627901 5.7% 27925499  

SW8 41773795 93.1% 2556106 8.8% 2327027  

SW10 47294050 74.8% 11781885 10.7% 10506543  

SW11 31186413 95.2% 1219050 11.3% 1079035  

SW14 28343593 88.1% 3141970 10.7% 2802634  

SW16 38434938 88.3% 4316554 11.7% 3806605  

SW18 39768226 83.4% 6459451 1.7% 6337642  

SW20 28861260 92.1% 2028630 6.8% 1891227  

SW47 34801911 92.6% 22855033%) 8.3% 2094380 

SW48 28256550 91.17% 2286943  5.85% 2151480 

SW49 40227838 93.6% 2208195  8.66% 2016355 

SW50 35520267 94.6% 1560200  4.57% 1487405 

SW51 31435809 85.7% 4367181  7.57% 4034828 

SW52 33936181 91.0% 2776693  36.51% 1777518 

SW53B 41452803 91.3% 3369921  10.91% 3000637 

 

 
6.G$#$%&'(84$0&-&#<(

The raw taxonomic profile obtained from Bracken2 contained 11,078 OTUs of which 9,063 

were affiliated with the domain Bacteria, 1,586 were affiliated with viruses, 427 were affiliated with 

the domain Archaea, and two were affiliated with Eukarya. 

 Table 4.1. Sequence data preprocessing. 
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Following removal of low-abundance features after initial data inspection, two samples were 

removed from the farm environment resulting in 9 farm-raised oyster samples and 8 wild oyster 

samples. Outlier analysis using oulier_multi 187 revealed that one sample was an outlier (distances 

exceed 0.2813 from the center 0.4439; dist = 0.79 and SD = 3.64). The other had a considerably 

lower count/abundance compared to the remaining samples, the sample was 43,258 while others 

ranged from 235,391 to 55,957,10. The resulting taxonomic profile, following these adjustments 

consisted of 9,387 OTUs including 8,793 affiliated with the domain Bacteria, 201 affiliated to the 

domain viruses, 391 affiliated to Archaea, and two affiliated with Eukarya. This filtered profile was 

used for subsequent taxonomic analysis. 

To account for differences in sequencing depth across samples, filtered count data was 

normalized using rarefaction prior to conducting alpha and beta diversity analyses. Rarefaction 

resulted in the removal of only 7 OTUs from the count data, leaving a total of 9,380 OTUs (Fig. 4.1 

and 4.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.2. Species accumulation curve before 
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Alpha diversity was evaluated using the Shannon index and the Chao1 estimator respectively 

(Fig. 4.4). The Kruskal-Wallis test was used to compare differences in alpha indices between groups. 

Although both indices were higher in farm-raised oyster samples than wild oyster samples, 

differences were not statistically significant (Shannon, p-value = 0.74; Chao1, p-value= 0.24). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Rarefaction curve of all samples. 

Figure 4.4. Alpha diversity plots (Shannon, p-value = 0.74; Chao1, p-value= 0.24; Observed, p-value = 0.07) 
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For beta-diversity analysis, the Bray-curtis distance was calculated using vegan, and the 

resulting matrix was visualized using PCOA (Fig. 4.5). The 2-dimensional PCOA plot showed 

45.5% of the total variance between the samples. The first axis accounted for 30.1% of the variation 

while the second axis accounted for 15.4% of the variation. PERMANOVA revealed that centroids 

of the groups are not equivalent hence there is significant variation between the 2 groups (p-value = 

0.001). Furthermore, PERMDISP results indicated that the dispersion (variation) observed is 

primarily driven by the differences between the groups rather than within-group variability (p-value 

= 0.15). 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Relative abundance analysis at the phylum level revealed that Actinobacteria, Bacteroidetes, 

Cyanobacteria, Pseudomonadota, Myxococcota, and Planctomycetes were predominant in both 

environments (Fig. 4.6).  At the genus level (Fig. 4.7), the plots showed that Qipengyuania and 

Leisingera were more abundant in the wild oyster samples while Vibrio and Tenacibaculum were 

Figure 4.5. Beta diversity PCOA plot (PERMANOVA, p-value = 0.001; PERMDISP, p-value= 0.15) 
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more prevalent in the farm-raised oyster samples. Other genera such as Pseudomonas, Ruegeria, and 

Sphingomonas were present in samples from both environments while Flocullibacter, 

Aliiroseovariius, Erythrobacter, Prosthecochloris, Paracoccus, and Psychrobacter were present in 

only a few samples from either wild or farm-raised oysters. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 4.6. Relative abundance at the phylum level 
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To further explore the observed differences, differential abundance analysis was performed 

using DESeq2 at the species level. A total of 776 taxa, of which bacteria constitute approximately 

98%, exhibited significant differences between the two environments. Consistent with the genus-

level relative abundance analysis, Qipengyania spp. and Leisingera spp. were significantly more 

abundant in the wild oyster samples while Vibrio spp. and Tenacibaculum spp. were significantly 

more abundant in the farm-raised oyster samples. Additionally, Staphylococcus spp., Kushneria spp., 

Hyphococcus spp., and Spinghomicrobium spp. showed significant abundance in wild oyster samples 

whereas Burkholderia spp. and Mycolicibacterium spp. showed a higher abundance in farm-raised 

oysters. Interestingly, all significantly abundant viral taxa were present only in the wild oyster 

samples, including Dosirivirus 49B3 and Galateavirus PVA5. (Fig. 4.8). 

 

 

 

 

 

 

Figure 4.7. Relative abundance at the genus level 

 



 57 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

!

H+#'1&$#.-(84$0&-&#<!

A total of 4,752 KEGG ortholog (KO) genes profile and 408 pathway abundance profile 

(excluding unmapped or ungrouped features) were obtained from HUMAnN3.  

Differential abundance analysis using MaAsLin2 revealed significant differential abundance 

only in two predicted MetaCyc pathways – PWY-6126: superpathway of adenosine nucleotides de 

novo biosynthesis II and SER-GLYSYN-PWY: superpathway of L-serine and glycine biosynthesis I. 

These pathways were significantly more abundant in the wild oysters than the farm-raised oysters. 

The PWY-6126 pathway facilitates the biosynthesis of adenosine nucleotides which are crucial 

building blocks of DNA and RNA. Additionally, adenosine nucleotides are components of ATP 

hence PWY-6126 pathway also plays a role in energy production. 

The SER-GLYSYN-PWY pathway facilitates biosynthesis of L-serine and glycine. L-serine 

serves as a precursor for biomolecules such as proteins, nucleotides, and other amino acids. The 

reaction that converts L-serine to glycine also generates tetrahydrofolate (THF) which is essential for 

biosynthesis of purines and thymidylate involved in DNA synthesis. The SER-GLYSYN-PWY 
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 58 

pathway is crucial for the growth and survival of microbes as they provide essential building blocks 

for protein synthesis and other vital biomolecules (Fig. 4.9).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Further analysis using the stratified HUMAnN3 pathway abundance table aimed to identify 

major contributors to these pathways in both wild oyster samples and farm-raised oyster samples 

revealed that most of the species contributing to these pathways could not be classified using the 

default HUMAnN3 taxonomic database (ChocoPhlAn pangenome database). For the SER-

GLYSYN-PWY, the majority of the contributing specie could not be classified, and only one sample 

containing Vibrio spp. showed that Vibrio contributed to this pathway albeit in a very low abundance 

(0.002%) in the wild oyster samples. In contrast, the analysis showed that the major contributing 

genus in the farm-raised oyster samples included unclassified microbes, Aliiroseovarius, 

Prosthecochloris, and Winogradskyella. A similar trend was also seen in the PWY-6125 pathway, as 

most of the contributing species could not be classified in both wild and farm-raised oyster samples. 

However, Prosthecochloris genus was revealed as a contributing species in both environments. 

Farm-raised oysters also had Aliiroseovarius and Winogradskyella in addition to the 

Prosthecochloris (Fig. 4.10 and 4.11). 
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Significant differential abundance was observed in 13 KO genes (Fig. 4.12). One of these, 

peptide deformylase, was more abundant in the farm-raised oyster samples while the rest were more 

abundant in the wild oyster samples. Genes more abundant in the wild oyster samples include nitrite 

reductase (NO-forming), site-specific DNA-methyltransferase (adenine-specific), 5-phospho-L-

glutamate reductase, 3-oxoacid CoA-transferase subunit B, methane/ammonia monooxygenase 

Figure 4.11. SER-GLYSN-PWY pathway contributing genus plot. 

Figure 4.10. PWY-6125 pathway contributing genus plot. 
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subunit C, methyltransferase, transcription initiation factor TFIIB, small nuclear ribonucleoprotein, 

putative transcriptional regulator, phosphomethylpyrimidine synthase, ALAS (5-aminolevulinate 

synthase), and hydroxyacylglutathione hydrolase. These genes are involved in various biosynthesis 

and metabolic pathways including secondary metabolite biosynthesis, nitrogen metabolism, 

biosynthesis of co-factors, amino acid metabolism, pyruvate metabolism, thiamine metabolism, 

arginine biosynthesis, Glycine, serine and threonine metabolism, methane metabolism, butanoate 

metabolism, and porphyrin metabolism. 
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A total of 187,763,242 reads that were unmapped to the eastern oyster or human genome were co-

assembled using MetaSPAdes resulting in 10,698,461 unique scaffolds. After removing scaffolds 

less than 500bp, only 1,146,805 unique scaffolds remained. Filtered scaffolds were binned using 

MaxBin and MetaBat. 117 bins were retrieved from MaxBin while 79 bins were retrieved from 
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MetaBat2. These bins were further curated using DAStool, resulting in 47 final bins. The bins were 

accessed using CheckM. A total of 25 bins that were above the defined threshold (completeness 

higher than 70% and contamination lower than 10%) were considered good quality MAGs and were 

used for further downstream analysis. GTDB-Tk was used to assign taxonomy to the MAGs. Most 

MAGs belonged to Desulfobacterota, Bacteriodota, Proteobacteria, and Spirochaetota phylum 

(Table 4.1). However, 16S rRNA was missing in most of the MAGs (22/24), hence the assigned 

taxonomy couldn’t be further verified based on their 16S rRNA gene.  

 

!

ID GTDB-Tk - Phylum rRNA 
present 

Closest relative (GenBank) Percent 
Identity 

MAG 1 Bacteroidota N   
MAG 2 Desulfobacterota 5S   
MAG 3 Bacteroidota N   
MAG 4 Desulfobacterota 23S   
MAG 5 Desulfobacterota N   
MAG 6 Acidobacteriota 5S   
MAG 7 Bacteroidota N   
MAG 8 Desulfobacterota N   
MAG 9 Spirochaetota N   
MAG 10 Proteobacteria - 

Alphaproteobacteria 
N   

MAG 11 Proteobacteria - 
Gammaproteobacteria 

N   

MAG 12 Bacteroidota 5S   
MAG 13 Cyanobacteria N   
MAG 14 Spirochaetota 16S Spirochaetaceae bacterium  93.7% 
MAG 15 Bacteroidota 5S   
MAG 16 Proteobacteria N   
MAG 17 Thermoproteota 5S   
MAG 18 Desulfobacterota 23S   
MAG 19 Verrucomicrobiota N   
MAG 20 Bacteroidota N   
MAG 21 Bacteroidota N   
MAG 22 Spirochaetota 16S Uncultured spirochete 98.2% 
MAG 23 Bacteroidota N   
MAG 24 Cyanobacteria N   
MAG 25 Proteobacteria 5S   

Table 4.2. GTDB-Tk taxonomy classification of Isolated MAGs 
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Discussion 
Our analysis reveal that the microbial community of wild and farm-raised oysters showed 

difference in the abundances of microbial community members (> 772 taxa) despite overall 

similarity in composition. Additionally, functional profiling analysis suggests that microbes present 

in the wild oysters sampled possess a higher number of genes needed to synthesize essential 

biomolecules, such as adenosine nucleotides, L-serine, and glycine, which are crucial for their 

growth and survival. 

Taxonomic differential abundance analysis focused on the top 20 differentially abundant taxa 

and Vibrio, a known human pathogen associated with oysters. In the farm-raised oyster samples, we 

observed a higher abundance of Vibrio, Tenacibaculum, Burkholderia, and Mycolicibacterium. In 

contrast, wild oyster samples displayed higher abundance in genera such as Qipengyuania, 

Staphylococcus, Kushneria, Spinghomicrobium, and phage viruses Dorisvirus and Galateavirus, 

isolated from Vibrio spp. Although some of these microbes are typically associated with marine 

environments, they are known opportunistic pathogens of humans.  

Sediments have been implicated as reservoirs of oyster-associated Vibrio infections 188. 

Hence, we expected a higher abundance of Vibrio spp. in the wild oysters since they were collected 

at low tides and were closer to the sediments. However, our results showed a higher abundance of 

Vibrio spp. in the farm-raised oysters. This may be explained by the high abundance of Vibrio spp. 

infecting phage viruses (bacteriophages) in wild-raised oysters, as viral infections of bacterial hosts 

may lead to bacterial lysis and consequently reduce the bacterial population. Additionally, the three 

most common Vibrio pathogens, V. parahaemolyticus, V. vulnificus, or V. cholera, were not among 

the differentially abundant Vibrio spp. present in farm-raised oyster samples. This suggests that the 

oyster farming practices did not enhance human pathogens in these oysters at the time of sampling. 

Furthermore, Burkholderia and Tenacibaculum have previously been identified in juvenile 

and adult oysters 189–191. These genera are also known to include opportunistic pathogens of humans 

and fish.  Burkholderia cepacia is a known pathogen in individuals with compromised immune 

systems particularly patients with cystic fibrosis 192 while Tenacibaculum spp. primarily affect 

aquatic animals, causing lesions or shell deformation in shellfish and skin ulcers or fin rots in fishes 

thus impacting the health and market value of the affected animals.  

Differential abundance analysis of the pathways present in the microbial communities of the 

sampled oyster revealed that pathways involved in biosynthesis were more abundant in wild oyster 
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samples. The PWY-6126 pathway plays a crucial role in the biosynthesis of adenosine nucleotides, 

which are essential building blocks for DNA and RNA and also important components of ATP while 

the SER-GLYSYN-PWY pathway is involved in the biosynthesis of L-serine which serves as a 

precursor for various biomolecules, including proteins, nucleotides, and other amino acids. The 

abundance of these pathways in wild oysters suggests a potentially higher capacity for energy 

production and increased capacity for growth and survival due to enhanced protein synthesis and 

biomolecule production in the organisms present. Further analysis to identify the major contributors 

to these pathways revealed that most of the species contributing to the higher abundance of SER-

GLY-PWY and PWY_6125 were unclassified with the default Chocophlan database. Additionally, 

the species identified as contributing to these pathways were only found in a few samples in the 

various environments and were not consistent throughout the samples in the same environment, 

hence we concluded that the results of this analysis were inconclusive. Efforts to change the database 

used for the analysis were unsuccessful due to computational limitations.  

Gene differential abundance analysis revealed that peptide deformylase gene, which is 

essential for proper protein maturation and functionality was more abundant in farm-raised oysters 

while genes involved in various biosynthesis and metabolic pathways including biosynthesis of co-

factors, amino acid metabolism, pyruvate metabolism, thiamine metabolism, arginine biosynthesis, 

glycine, serine and threonine metabolism, were more present in the wild oyster samples. Of 

noteworthy is the higher abundance of nitrite reductase gene in wild oyster samples. The presence of 

this denitrification-associated gene suggests the higher occurrence of denitrifying bacteria within the 

wild oyster samples ecosystem. These denitrifying bacteria are able to convert bioavailable nitrogen 

to gaseous form, facilitating the removal of nitrogen from their habitat.  

Most of the Isolated MAGs lacked 16S rRNA genes, hence the taxonomic assignments by 

GTDB-Tk could not be further verified. This indicates that these MAGs were of low quality, likely 

due to a significant loss of reads during the host removal step, making it challenging to assemble 

whole metagenomes from the remaining reads. 

In conclusion, this work explores the microbial diversity and functional capabilities of the 

microbial communities of farm-raised and wild oysters and contributes to existing knowledge for 

ensuring the safety of their consumption and understanding the mechanisms underlying their overall 

fitness. Our analysis amongst other things highlights the presence of opportunistic pathogens in these 

communities. Therefore, it is imperative that the concentration of these pathogens be monitored prior 
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to human consumption. Additionally, determining the factors that may impact the concentration of 

these pathogens prior to human consumption should be a point of future studies.  
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Chapter V. Conclusion 
 

Marine invertebrates inhabit various marine ecosystems and constitute a vast array of largely 

unexplored organisms. Within these ecosystems, they assume crucial roles as ecosystem engineers, 

creating habitats for other organisms, acting as filter feeders to enhance water quality, and serving as 

indicator species for identifying potential issues like pollution 193 or climate change impacts 194. 

Symbiotic associations between marine invertebrates and microbes are very essential for their 

survival, adaptation, and evolution 1,4.. Several studies have explored these associations resulting in 

many interesting findings that shed light on the critical role they play in shaping marine biodiversity 

and ecosystem dynamics. In the face of climate change, the study of these associations has become 

even more crucial as they can potentially shed light on whether symbiosis will aid marine organisms 

cope with threats to the biosphere 13. However, due to the large ecosystem that marine invertebrates 

inhabit, they are still largely unexplored, hence more studies are needed to gain further insight into 

these relationships, illuminating their role in evolution, diversity, and survival. In line with this 

objective, my dissertation aims to make meaningful contributions by presenting a unique perspective 

on marine invertebrate-microbial symbiosis.  

LTR retrotransposons which are transposable elements characterized by long terminal repeats 

that integrate into a host genome and influence the host evolution, function, and gene regulation, 

typically serve as a model for the study of retroviruses 16, this is because they are structurally similar 

and phylogenetically. Endogenous retrovirus provides a perfect example of a symbiotic relationship 

between virus and its host, a research area that is highly limited in marine invertebrates. 

Additionally, existing studies on retroelements typically focused on model organisms such as 

Drosophila melanogaster 68, Caenorhabditis elegans 70, Bombyx mori 71, etc, hence, studies on non-

model organisms, particularly marine invertebrates are limited. Furthermore, some of these studies 

typically focus on these elements in terms of their role in genome composition rather than a detailed 

assessment of the elements and their evolution.  

In Chapter 2 of my dissertation, I aimed to expand on the limited knowledge of LTR 

retrotransposons in marine invertebrates by conducting a detailed assessment of LTR-

retrotransposons in Lamellibrachia luymesi, a non-model deep-sea tubeworm that inhabits 

hydrocarbon seeps in the Gulf of Mexico. The study provides a robust bioinformatic pipeline, based 

on our knowledge of LTR retrotransposon structure, to characterize intact LTR retrotransposons in 
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non-model organisms. I focused on intact LTR-retrotransposon in order to conduct a detailed 

assessment of these retroelements beyond their role in genome composition. This analysis revealed 

the presence of a reservoir of novel LTR-retrotransposon families that were different from those in 

terrestrial species. I also found that some of the retroelements discovered had identical long terminal 

repeats and further analysis showed that they were recently inserted into the genome, thus raising the 

possibility of recent or ongoing retrotransposon activity. Furthermore, through phylogenetic 

analysis, I confirmed the family assignments of the identified retroelements and inferred their 

evolutionary placement within existing families. This study provides a framework that can be built 

upon to further explore the function and diversity of LTR-retrotransposons in non-model organisms 

and to further investigate retrotransposition activities in these organisms. 

Furthermore, beyond studying elements that serve as models for understanding symbiotic 

associations in non-model organisms. I sought to investigate specific symbiotic relationships in 

marine invertebrates. To this end, in Chapter 3, I closely assessed the genome of Gorgonocephalus 

chilensis, a basket star, for the presence of symbiotic microbes. Ultimately, this study revealed the 

presence of a novel Mycoplasma symbiont in the genome of G. chilenesis, this symbiont was present 

in Gorgonocephalus samples from both North Pacific and Argentinean waters. Functional annotation 

of the symbiont revealed a reduced metabolic pathway and broad substrate transport systems, 

indicating a host-dependent lifestyle. Phylogenetic analysis provided insights into the evolutionary 

placement of this symbiont, revealing that they belonged to a recently characterized non-free-living 

lineage of mycoplasmas specifically associated with marine invertebrates. Further analysis of the 

organisms making up this monophyletic clade showed that they all lacked any known virulence 

factor, pointing to a commensal symbiotic relationship between this symbiont and its host. This 

study represents the first step to understanding the biology of this symbiont and lays the foundation 

for further research on the metabolic interplay between this species and its basket star host, 

elucidating how they jointly thrive and adapt to their niche. 

Moreover, while some symbiotic associations are sometimes unharmful to the host and the 

microbes, some of these microbes are detrimental to human health when consumed. Hence, the 

microbiome of marine invertebrates that serve as food to humans is of significant importance. 

Particularly, oysters are typically associated with various microbes that occur naturally in their 

environment due to their filter-feeding behavior.  However, some of these microbes are known 

pathogens to humans, hence when eaten raw or undercooked, oysters can serve as vectors of these 
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pathogens to humans. Several studies have explored oyster-associated microbes 155,157,158, and 

particular attention has been paid to pathogenic strains of Vibrio spp. that are known to cause severe 

illness or even death when consumed 195. While oysters can be either wild-caught or farm-raised, 

most existing studies on their microbial composition focus on the farm-raised ones, which are more 

commonly consumed. Hence, there is a gap in knowledge about the microbial composition of wild 

oysters.  

To bridge this gap, Chapter 4 of my dissertation sought to explore the microbial 

communities of wild oysters and how they vary from their farm-raised counterparts. Our analysis 

employed a metagenomic approach to have a more comprehensive overview of the microbes present 

(beyond bacterial species) and to overcome the shortcomings of 16S rRNA approach such as low 

taxonomic resolution and limited functional information. Our analysis revealed that Vibrio spp and 

other opportunistic pathogens such as Burkholderia spp. and Mycolicobacterium spp. were more 

abundant in farm-raised oysters. Additionally, we observed a higher abundance of Vibrio spp. 

infecting phage viruses, Galeavirus and Dorisvirus, in the wild oyster samples, potentially 

explaining the lower abundance of Vibrio spp. in these samples. Functional analysis indicated a 

potential higher abundance of denitrifying bacteria in the wild oyster samples than in the farm-raised 

oysters as indicated by the higher abundance of these genes in this environment, illuminating the 

roles of these microbes in their environment. Our analysis expands upon limited studies and 

highlights the microbial diversity of wild oysters, laying a framework for ensuring the safety of their 

consumption. Additionally, it emphasizes the need to monitor the concentration of known pathogens 

in farm-raised oysters prior to human consumption. Moreover, understanding the dynamics of 

oyster-associated microbial communities contributes to the broader field of food safety. 

In consolidation, these studies significantly expand our understanding of the symbiotic 

interaction between microbes and the largely unexplored marine invertebrates and lay the foundation 

for future research in exploring microbial symbiosis in a wider range of marine invertebrates. 
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