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Abstract 
 

Intragenomic heterogeneity among 16S rRNA gene copies within a genome with several rRNA 

operons is a phenomenon observed in several bacteria. It has been suggested that these different 

16S rRNA gene variants might have functional differences, and therefore expressed differently 

when the bacteria are in different environments. A recent gnotobiotic fish experiment yielded 

results indicating a difference in the abundance of the 16S rRNA gene variants at the DNA level 

for a Vibrio strain when living with different lifestyles. This subject, which has not been 

subjected to much research previously, was examined in this study. 

 

In this thesis, the presence and abundance of intragenomic 16S rRNA gene copy variants of the 

Vibrio anguillarum strain HI610, the Vibrio campbellii strain BB120 and the Vibrio sp. strain 

RD5-30 were investigated, both at the RNA and DNA level. The 16S rRNA gene sequence 

variants for the three Vibrio strains were mapped, and their abundances in different lifestyles 

compared. A gnotobiotic cod larvae experiment and a growth experiment in M65 medium were 

conducted to compare Vibrio cells colonizing Atlantic cod (Gadus morhua) larvae, living 

planktonic in the rearing water of the fish, as well as growing in exponential and stationary 

phases of growth in M65 medium. DNA and RNA was extracted from samples taken from these 

experiments, and cDNA synthesized from RNA. Denaturing gradient gel electrophoresis 

(DGGE) and Illumina sequencing of 16S rRNA amplicons were the methods used to investigate 

potential 16S rRNA variants and their relative abundances for bacteria growing in different 

environments.  

 

DGGE analysis proved to be unsuited for analyzing intragenomic sequence heterogeneity, as 

many bands migrating differently in the denaturing gradient turned out to represent identical 

nucleotide sequences. Illumina sequencing of 16S rRNA amplicons yielded only one sequence 

variant of the 16S rRNA gene in HI610 and BB120. For RD5-30, 17 sequence variants were 

found, involving combinations of 6 V1-region and 10 V3-region sequence variants. Some of 

these sequences variants might represent chimeras, and could either be the result of PCR errors 

or a biological recombination process. RD5-30 exhibited significant differences in relative 

abundance of the 16S rRNA gene sequence variants between sample groups, both at the DNA 

and RNA level. This indicated a regulation of the abundance of 16S rRNA gene variants at both 
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levels. Future research should focus on identifying potential functions of intragenomic 

hypervariable 16S rRNA heterogeneity and the mechanism responsible for the differences in 

abundances of these variants at the RNA and DNA level between different lifestyles.   
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Sammendrag 
 

Intragenomisk heterogenitet blant 16S rRNA-genkopier innenfor et genom med flere rRNA 

operon, er et fenomen som har blitt observert hos flere bakterier. Det har blitt foreslått at disse 

ulike 16S rRNA-genvariantene kan ha funksjonelle forskjeller, og at de derfor blir uttrykt ulikt 

når bakterier befinner seg i ulike miljø. Et nylig gnotobiotisk fiskeforsøk ga resultater som 

indikerte en forskjell i mengden av 16S rRNA-genvarianter på DNA-nivå for en Vibrio-stamme 

når den levde med ulike livsstiler. Dette emnet, som det ikke har blitt forsket mye på før, ble 

nærmere undersøkt i denne oppgaven. 

 

I denne oppgaven var tilstedeværelsen og mengden av intragenomiske 16S rRNA-gen-

kopivarianter for V. anguillarum stammen HI610, V. campbellii stammen BB120 og Vibrio-

stammen RD5-30 undersøkt, på både RNA- og DNA-nivå. 16S rRNA-sekvensvarianter i de tre 

Vibrio stammene ble kartlagt, og mengden av disse variantene for ulike livsstiler ble 

sammenlignet. Et gnotobiotisk eksperiment med torskelarver og et veksteksperiment i M65-

medium ble utført for å sammenligne Vibrio-celler som koloniserte torskelarver av 

atlanterhavstorsk (G. morhua), som levde planktonisk i oppdrettsvannet til fisken, samt 

voksende i eksponentiell- og stasjonærfase i M65-medium. DNA og RNA ble ekstrahert fra 

prøver tatt fra disse eksperimentene, og cDNA ble syntetisert fra RNA. DGGE og Illumina-

sekvensering av 16S rRNA-amplikon var metodene som ble brukt for å undersøke potensielle 

16S rRNA varianter og deres relative mengder for bakterier som vokste i ulike miljø. 

 

DGGE analyse viste seg å være en uegnet metode for analyse av intragenomisk 

sekvensheterogenitet ettersom mange av båndene som migrerte annerledes i 

denatureringsgradienten viste seg å representere identiske sekvenser. Illumina-sekvensering av 

16S rRNA amplikon ga kun en sekvensvariant av 16S rRNA-genet for HI610 og BB120. For 

RD5-30 ble det funnet 17 sekvensvarianter som alle hadde kombinasjoner av 6 V1-region 

varianter og 10 V3-region sekvensvarianter. Noen av disse sekvensvariantene representerer 

kanskje kimære sekvenser, og kan enten være et resultat av PCR-feil eller en biologisk 

rekombinasjonsprosess. RD5-30 viste signifikante forskjeller i relativ menge av 16S rRNA-

sekvensvarianter mellom prøvegrupper, både på DNA- og RNA-nivå. Dette indikerte en 

regulering av mengden av 16S rRNA-genvarianter på begge nivåer. Fremtidig forskning bør 
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fokusere på å identifisere potensielle funksjoner av intragenomisk hypervariabel 16S rRNA 

heterogenitet og mekanismen som står bak forskjellene i mengdene av disse variantene på både 

RNA- og DNA-nivå mellom ulike livsstiler.                  
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1   INTRODUCTION 

 

1.1 Organization and function of rRNA operons in bacteria 

 

Ribosomes are the site of protein synthesis in cells, and translate mRNAs into a sequence of 

amino acids (Stoddard et al., 2015). The ribosomes of prokaryotes consist of a small (30S) 

subunit and a large (50 S) subunit (Fukuda et al., 2016). The small 30S ribosomal subunit in 

bacteria consist of about 22 different ribosomal proteins and 16S ribosomal RNA (rRNA) 

(Maeda et al., 2015). The large subunit contains 31 different ribosomal proteins and two rRNAs 

(5S and 23S). Transfer RNAs (tRNAs) also interact with the ribosomes during protein synthesis 

(Snustad and Simmons, 2012). The function of the rRNAs in the ribosome includes playing a 

role in important catalytic activities such as the formation of peptide bonds and various 

interactions with  tRNAs, mRNAs, ribosomal proteins, and translational factors (Maeda et al., 

2015). The conserved secondary and tertiary structure of the rRNAs such as for 16S rRNA 

(Figure 1.1) have an important structural and functional role in the ribosomes (Snustad and 

Simmons, 2012, Wimberly et al., 2000, Shajani et al., 2011).  

 

In bacteria, the rRNA genes are organized in operons that contain the 16S, 23S and 5S rRNA 

genes, as well as at least one tRNA in their spacer regions (Condon et al., 1995, Klappenbach 

et al., 2000, Acinas et al., 2004). These rRNA operons also contain at least one promoter region 

(Maeda et al., 2015). An example of the composition of the rRNA operon in bacteria, from one 

of the seven operons in Escherichia coli, can be seen in Figure 1.2. The entire operon is 

transcribed from its DNA template in one piece that goes through posttranscriptional cleavage 

into the individual rRNAs and tRNAs (Snustad and Simmons, 2012). 
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Figure 1.1: The secondary structure and nucleotide sequence of the 16S rRNA gene in Escherichia coli. 

The variable regions are marked V1 to V9 (Yarza et al., 2014). 
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Figure 1.2: The rrnB operon from E. coli, which consists of the 16S rRNA gene, a tRNA, the 23S rRNA 

gene and the 5S rRNA gene, in that order. The figure is adapted from Mackie (2013). 

 

The mechanism for the activation of the genes in the rRNA operon involves the binding of an 

RNA polymerase, and the number of possible transcripts of the genes from one operon is limited 

by the transcriptional rate of the polymerase. There are also limitations related to how many 

transcripts can initiated at one operon promotor. Transcription of the rRNA operon when the 

bacteria is rapidly growing can make up 70% of all transcription activity in the cell 

(Klappenbach et al., 2000). The number of ribosomes in a cell is proportional to the growth rate 

of the bacteria (Maeda et al., 2015). Translational power has been found to be higher for bacteria 

with a high number of rRNA operons (Dethlefsen and Schmidt, 2007).  

 

Bacteria contain between 1 and 15 copies of the rRNA operon in their genome (Harth et al., 

2007). Modern sequencing technology and genomics has led to the mapping of the copy number 

of rRNA operons in many bacterial species, and this information has been stored in a database 

found at https://rrndb.umms.med.umich.edu (Stoddard et al., 2015, Regents of the University 

of Michigan, 2017). Recent analyses have estimated the average copy number of the operon per 

bacteria to be about 3.61 (Sun et al., 2013). Variations in copy number have been observed for 

different strains of the same species (Acinas et al., 2004). A higher copy number of the operon 

correlates with a higher number of ribosomes and faster growth rates (Jensen et al., 2009, Maeda 

et al., 2015). A high copy number of rRNA operons reflects an ecological strategy of rapidly 

responding to favorable conditions – a copiotrophic or r-strategic lifestyle. Conversely, a low 

rRNA copy number is believed to correspond to an oligotrophic or K-strategic lifestyle, where 

the bacteria live in environments with low nutrient availability where it is important to allocate 

resources efficiently (Klappenbach et al., 2000, Koch, 2001, Stoddard et al., 2015, Verschuere 

et al., 1997).  In E. coli, only five of its seven rRNA operons are essential for optimal growth, 

but it is believed that having all seven rRNA operons gives the bacteria an advantage in 

situations with changes in nutrient availability or temperature where rapid adaption to new 

environments are needed (Condon et al., 1995).   
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1.2 The 16S rRNA gene as a marker for microbial diversity and phylogeny 

 

Ever since the late 19th century, microbiologists have been trying to find a way to determine the 

evolutionary relationships among bacteria. The morphology of the bacteria was initially used 

to decide bacterial phylogeny, but it could not be used to effectively distinguish phyla as 

bacteria have a much simpler morphology than eukaryotes (Woese, 1987). In the 1980’s, 

researchers started moving away from using morphology to identify relationships between 

bacteria, and towards comparing stable parts of the bacterial genomes instead (Woese et al., 

1990). 5S rRNA and tRNA gene sequences were initially used to create phylogenetic trees 

(Gray et al., 1984), before it was eventually decided that the part of bacterial genomes best 

suited for this purpose was the 16S rRNA gene, as originally suggested by Woese and Fox 

(1977). An overview of the secondary structure of the 16S rRNA gene as it appears in E. coli 

can be seen in Figure 1.1.  

 

There are many reasons why the 16S rRNA gene was chosen as the primary target for bacterial 

phylogeny and taxonomic classification. Firstly, the 16S rRNA gene consists of both variable 

and conserved regions and has a size of about 1550 nucleotides (1542 nt in E. coli) (Clarridge, 

2004, Yarza et al., 2014). There are ten conserved regions of the 16S rRNA gene, which have 

been highly conserved throughout the evolution of bacteria. The conserved regions serve as 

sites for so-called universal primers that target most bacteria, making it easy to amplify 16S 

rRNA regions for the bacteria present in a sample (Fukuda et al., 2016). There are nine 

hypervariable regions, named V1 to V9 (Mizrahi-Man et al., 2013). The variable regions of the 

16S rRNA gene can be used to separate bacterial taxa and differentiate bacteria at the genus, or 

to some extent, even at the species level (Glaeser and Kampfer, 2015). It is possible to design 

primers that are specific to a certain taxon (e.g. genus or species) by targeting more specific 

gene sequences (Fukuda et al., 2016). Originally, a threshold of >3% 16S rRNA gene sequence 

dissimilarity was used to classify bacteria at the species level, but this threshold has been 

lowered to a 1-1.3% sequence dissimilarity (Stackebrandt and Goebel, 1994, Pei et al., 2010). 

 

The 16S rRNA gene has been thought to not be greatly affected by horizontal gene transfer 

(HGT; transferring of genes between organisms that is not from parent to offspring) (Acinas et 

al., 2004, Alberts et al., 2015). The 16S rRNA gene has been researched and sequenced 
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extensively, and there are large databases of gene sequences such as GenBank and the 

Ribosomal Database Project (RDP), which contains over 3 million 16S rRNA sequences from 

different bacterial strains representing both cultivated microbes and environmental samples 

(Benson et al., 2005, Maidak et al., 2001, Michigan State University, 2016). All these different 

features of the 16S rRNA gene contribute to making it a suitable target to map changes 

throughout evolution and subsequent phylogeny mapping of bacteria (Acinas et al., 2004). The 

amplification of parts of the gene is a very useful tool in analyses of microbial communities, 

e.g. for assessing diversity and taxonomic assignments (Amato, 2017). Using 16S rRNA to 

classify bacteria at a species level is also very useful in identifying pathogens in clinical 

microbiology (Sul et al., 2011, Clarridge, 2004). 

 

1.3 History of bacterial analysis – from cultivation to high throughput 

sequencing 
 

In early days of microbiology research, cultivation of bacteria along with different analyses of 

their traits was required to be able to identify and classify them (Amann et al., 1995). Cultivation 

of environmental samples on plates were used to find the number of living cells in a sample, 

but when the same samples were investigated through microscopy the number of living cells 

were orders of magnitude higher (Amann et al., 1995). This phenomenon was named the “great 

plate count anomaly” by Staley and Konopka (1985). The inability to cultivate more than a 

fraction of the microorganisms in a sample was a large obstacle for research within the field of 

microbial ecology (Head et al., 1998). With new suggestions for microbial phylogeny, 

including using the 16S rRNA gene to classify bacteria, new methods were developed to help 

identify uncultured bacteria (Head et al., 1998, Woese and Fox, 1977, Woese et al., 1990). 

 

The new methods developed to analyze microorganisms using the 16S rRNA gene included 

fluorescent in-situ hybridization (FISH), terminal restriction fragment length polymorphism (T-

RFLP) and denaturing gradient gel electrophoresis (DGGE) (Head et al., 1998, Fukuda et al., 

2016). The latter method has been used a lot in microbial ecology to analyze environmental 

samples (Head et al., 1998). Through casting a gel with a denaturing gradient during DGGE, 

PCR amplified 16S rRNA (DNA) amplicons can be separated based on their nucleotide 

sequence, as differently composed amplicons will denature at different denaturing percentages 
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when wandering through the gel (Fukuda et al., 2016, Head et al., 1998). Small variations in 

sequence lead to distinct bands as DNA molecules melt at different denaturing percentages 

(Fukuda et al., 2016). 

 

DNA sequencing methods have largely taken over for the other methods, especially in areas of 

research where a large number of bacterial  need to be identified, such as analyzing 

environmental samples in microbial ecology (Acinas et al., 2004). One much used first 

generation sequencing method that was also used to sequence the first whole bacterial genome 

was developed by Sanger et al. (1977) (Fleischmann et al., 1995). In this approach, fluorescent 

dideoxynucleotides (ddNTPs) terminated sequences are added randomly instead of dNTPs in a 

polymerase chain reaction (PCR) that contains both, and with sufficient amount of the template 

the sequence will be terminated with fluorescent ddNTP nucleotides at every possible 

nucleotide position in the sequence. The resulting terminated sequences are then separated by 

size through capillary electrophoresis, and the fluorescence of the ddNTPs are detected by laser 

excitation (Goodwin et al., 2016, Heather and Chain, 2016). The first generation sequencing 

machines had the advantage of long sequence reads of about one kilobase (kb) (Heather and 

Chain, 2016).  

 

The next generation of DNA sequencing introduced high-throughput methods capable of 

massively parallel sequencing, allowing large amounts of DNA to be sequenced in one run 

(Heather and Chain, 2016). Among the first of these methods was 454 pyrosequencing, much 

used in analyses of microbial communities by sequencing 16S rRNA gene amplicons (Goodwin 

et al., 2016, Fukuda et al., 2016). The 454 pyrosequencing method utilizes sequencing by 

synthesis, and relies on the detection of released pyrophosphates upon the addition of 

nucleotides (Heather and Chain, 2016). It was the preferred method because of its long 

sequencing reads of up to 500 base pairs (bp). In recent years, 454 pyrosequencing has been 

replaced by Illumina sequencing for use in studies of microbial communities, as Illumina 

sequencing read lengths have increased and has a much higher output (Mizrahi-Man et al., 

2013). Illumina sequencing is now the main method of choice for microbial ecology, and is 

used for metagenomics and transcriptomics (Amato, 2017, Wu et al., 2015). Illumina 

sequencing of 16S rRNA amplicons is currently the most widely applied approach to study 
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microbial diversity and phylogeny (Amato, 2017). It is also a sequencing technology now 

commonly used for whole genome sequencing of any species (Illumina, 2016). 

 

Illumina sequencing allows for millions of sequence reads per run (Goodwin et al., 2016). The 

first step of Illumina sequencing is PCR with primers that contain adapter sequences that will 

allow the template DNA to hybridize to complimentary adapter sequences on the flow cell on 

which the Illumina sequencing takes place. The hybridized templates are amplified into clonal 

clusters through bridge amplification, and their sequences are found by incorporating 

fluorescently labeled nucleotides (Illumina, 2016). This happens much in the same way as in 

Sanger sequencing, only the terminating fluorescently nucleotides are only reversibly bound 

during Illumina sequencing (Heather and Chain, 2016, Illumina, 2016). After the fluorescence 

of the nucleotide added to a cluster is recorded, the fluorescent nucleotide is cleaved and so the 

next one in the sequence can be added (Goodwin et al., 2016). Even though sequence reads of 

Illumina sequencing can only be a maximum of 300 bp long with the newest Illumina MiSeq 

machines, the sequencing method can sequence longer fragments because it enables paired end 

reads (Goodwin et al., 2016, Heather and Chain, 2016). Paired end reads are achieved by first 

sequencing one flow cell bound strand, before it is washed away and the remaining 

complimentary strand is sequenced (Heather and Chain, 2016). Provided the  forward and 

reverse reads have some overlap, they can then easily be aligned into a longer sequence read 

(Goodwin et al., 2016, Illumina, 2016). 

 

1.4 Intragenomic heterogeneity of the 16S rRNA gene  

 

The sequence of the rRNA genes has been found to vary between the rRNA operon copies 

within one genome. In particular, variation between 16S rRNA genes within the same genome 

has been subject to research (Mylvaganam and Dennis, 1992, Cilia et al., 1996, Nübel et al., 

1996). One of the first discoveries of heterogeneity among the 16S rRNA operons of a species 

was found while sequencing the seven rRNA operons in a strain of E. coli (Cilia et al., 1996). 

Later,  Dahllöf et al. (2000) used DGGE as a method to examine 16S rRNA heterogeneity 

within bacteria, and found several bands for the 16S rRNA genes of single bacterial strains in 

12 out of 14 isolates from a marine rock, with each band supposedly corresponding to a discrete 

16S rRNA gene variant.  
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A bacterium that has more than one rRNA operon in their genome is only rarely found to have 

identical 16S rRNA genes, though the variation between gene copies is usually very small 

(Vetrovsky and Baldrian, 2013). A variation of more than 1% between 16S rRNA genes in a 

bacterium was only found in 24 genomes after the analysis of the genomes of 883 prokaryotes 

by Pei et al. (2010). Vetrovsky and Baldrian (2013) found that the 16S rRNA genes of only 

2.4% of bacterial genomes contained more than 1% sequence dissimilarity After analyzing 

2143 genomes, Tian et al. (2015) found that 28 of these contained more than 2% 16S rRNA 

gene heterogeneity.  However, Tian et al. (2015) also argues that intragenomic heterogeneity 

might be underestimated because high throughput sequencing methods might fill sequencing 

gaps with common 16S sequences and in that way “ignore” heterogeneity. Some bacteria do 

exhibit a larger variation between 16S rRNA copies, caused by extensive intragenomic 

variation in hypervariable regions of their 16S rRNA genes (Sun et al., 2013). One such bacteria 

with a large degree of variation is Thermoanaerobacter tengcongensis with 11.6% divergence 

between its 16S rRNA copies (Acinas et al., 2004). Generally, most of the intragenomic 

heterogeneity is found in the V1- and V6-regions and least heterogeneity is found in the V4- 

and V5-regions of the 16S rRNA gene (Sun et al., 2013). 

 

According to the complexity hypothesis, the 16S rRNA gene should only to a small degree be 

affected by HGT. The complexity hypothesis was introduced by Jain et al. (1999). This 

hypothesis suggests that informational genes, meaning genes involved in transcription and 

translation, are more rarely subject to HGT than housekeeping genes, which are genes with 

conserved functions that are also referred to as operational genes (Glaeser and Kampfer, 2015). 

However, Wang and Zhang (2000) elaborated on this hypothesis in their simplified complexity 

hypothesis. They suggest that short segments of these informational genes, such as the 16S 

rRNA gene, might be subject to HGT between species of bacteria. They found evidence to 

support that the segment of the rRNA gene that was horizontally transferred were part of hairpin 

loops in the secondary structure of the gene, more specifically the stems of these hairpins. This 

transfer of DNA segments usually seems to conserve the secondary structure of the gene and 

presumably also its function, as the conservation of the stem-loop structure implies that it is 

important to the function of the gene (Moreno et al., 2002, Harth et al., 2007). This horizontal 

transfer of genes might take place through bacteriophages, which are abundant in marine 

environments, and bacteriophages that transduce genes to the bacteria Vibrio parahaemolyticus 
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have been isolated (Harth et al., 2007). Tian et al. (2015) found that HGT between 16S rRNA 

genes only occurs at an intraspecies or intragenus level. 

 

A factor that should prevent heterogeneity of the 16S rRNA gene is gene conversion (Gonzalez-

Escalona et al., 2005). Gene conversion in the rRNA genes of prokaryotes, as described by Liao 

(2000), involves a short segment of DNA being copied between genes that have been duplicated 

at some point but since diverged in function (paralogs). The end result of gene conversion is 

the homogenization of the gene as a type of concerted evolution (Gonzalez-Escalona et al., 

2005). It has been speculated that these heterogeneous 16S rRNA genes within the same 

genome have some difference in function that bestows some sort of advantage on the host (Pei 

et al., 2010). The fact that the different 16S rRNA genes of a genome have not been entirely 

homogenized as a result of conversion and concerted evolution supports this theory (Jensen et 

al., 2009).   

 

Looking more into the differential expression of heterogeneous 16S rRNA variants, indications 

have been found that the different variants are expressed differentially throughout the life cycle 

of bacteria, in the bacterium Streptomyces coelicolor (Kim et al., 2007). Duan et al. (2014) also 

found evidence supporting this in the bacterium Pseudomonas sp. UW4, as they found that 

different rRNA promotors in this bacterium are expressed preferentially at different life stages, 

temperatures and different levels of nutrient availability. It was suggested that by Nübel et al. 

(1996) that different growth conditions might utilize different ribosome compositions. When 

researching the expression of the 7 rRNA operons of E. coli in four different growth media, 

Maeda et al. (2015) found that the rrnE operon promotor had the highest activity in all growth 

conditions, while the activity of the six other rRNA operon promoters varied with culturing 

conditions.  

 

Even when the secondary structure of the 16S rRNA gene appears intact, small variations in 

nucleotide sequence are not necessarily biologically insignificant (Jensen et al., 2009). Some 

research has been made to attempt to discover how the different variants of the 16S rRNA gene 

might differ functionally. Temperature has been shown to significantly affect the expression of 

the different 16S variants in Haloarcula marismortui, and their secondary structures might be 
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stable at different temperatures (López-López et al., 2007). Elongated helixes in the gene’s 

secondary structure might be an adaption to the increased pressure that is found in for instance 

deep-sea environments (Lauro et al., 2007). In their investigation into characteristics of the 16S 

rRNA genes in a strain of Vibrio splendidus, Jensen et al. (2009) suggested that the existence 

of heterogeneous and numerous 16S rRNA operons in V. splendidus could be important 

adaptive qualities for the structural and functional dynamics of a bacterium with pathogenic, 

symbiotic and free-living lifestyles. Small sequence variations in the rRNA operons, down to 

the single nucleotide substitution level, might radically alter the function of a ribosome, as 

shown for E. coli (Kolmsee et al., 2011). Different 16S rRNA sequence variants may affect 

ribosome assembly and function, e.g. through interactions with ribosomal proteins (Mayerle 

and Woodson, 2013, Sapag et al., 1990). More research is needed on what selective factors 

might affect 16S rRNA gene composition within bacteria (López-Pérez et al., 2013).  

 

In summary, there are several findings that indicate some bacteria differentially express their 

heterogeneous 16S rRNA gene variants in different life stages or in different environments. 

This, along with the knowledge that certain parts of the 16S rRNA gene interact with ribosomal 

proteins, is a strong indication that the different 16S rRNA gene variants can make functionally 

different ribosomes. It has been speculated that intragenomic variation between 16S rRNA 

copies can be related to complex life strategies in bacteria, however, there has not yet been 

much research done in this area (Kim et al., 2007). 

 

Implications of intragenomic 16S rRNA gene heterogeneity in diversity and phylogeny 

studies 

 

The presence of several copies of the rRNA operon and the intragenomic heterogeneity among 

the 16S rRNA copies in many bacterial species, may lead to an overestimation of diversity in 

microbial community analyses (e.g. DGGE and high throughput sequencing) (Vetrovsky and 

Baldrian, 2013, Sun et al., 2013). Taxa with high rRNA operon copy numbers, such as 

Gammaproteobacteria, have their abundance overestimated and the taxa with a low copy 

number tend to have their abundance underestimated (Vetrovsky and Baldrian, 2013). Acinas 

et al. (2004) analyzed bacterial genomes, and estimated the overestimation of diversity to be at 

least 2.5 times the actual value. Nine years later, Sun et al. (2013) presented a new estimate of 
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overestimation when using full-length 16S rRNA genes of 123.7%, in a study of more than 

2000 complete genomes from 1212 different species.  

 

The presence of heterogeneity among intragenomic 16S rRNA copies can also make it 

problematic to use the 16S rRNA gene to classify bacteria at a species and subspecies level 

(López-Pérez et al., 2013). Multilocus sequence analysis (MLSA), which involves the 

sequencing of multiple conserved housekeeping genes, has been suggested as a method to use 

in addition to 16S rRNA gene sequencing for a higher resolution species determination (Glaeser 

and Kampfer, 2015). MLSA is however limited by the need to sequence several loci (Machado 

and Gram, 2015). Use of alternative phylogenetic markers such as rpoB has also been suggested 

as an alternative to 16S rRNA for phylogenetic species determination. The rpoB gene encodes 

the RNA polymerase beta subunit and only exists as a single copy bacteria and has not shown 

any signs of heterogeneity (Dahllöf et al., 2000).  

 

1.5 Features of the Vibrio genome and their rRNA operons 

 

Vibrio is a genus of the Gammaproteabacteria class that usually colonize human or marine hosts 

where they often act as pathogens (Dorsch et al., 1992, Thompson and Klose, 2006). They are 

ubiquitous in marine environments, and require 1-2% NaCl for optimal growth (Thompson and 

Klose, 2006, Frans et al., 2011). Trucksis et al. (1998) discovered that the bacterium Vibrio 

cholerae has two chromosomes. Subsequent research on other species of Vibrio has found that 

all of them have genomes that are organized into two circular chromosomes of different sizes 

– one large chromosome of about three million base pairs in size and one smaller chromosome 

of about one million base pairs (Val et al., 2014, Kirkup et al., 2010, Heidelberg et al., 2000). 

The smaller chromosome is assumed to have its origin as a megaplasmid taken up by an 

ancestral species of Vibrio (Heidelberg et al., 2000). The two chromosomes are believed to a 

confer an evolutionary advantage to Vibrio, as they allow for quicker replication of the genome 

than if they were to have one large genome, thus shortening the generation time of the bacteria 

(Thompson et al., 2010). For V. parahaemolyticus, 10 of the 11 rRNA operons were found in 

the large chromosome and the remaining copy on the smaller chromosome (Makino et al., 

2003). 
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Vibrio are known to have high genome plasticity, making them difficult to define at a species 

level (Thompson et al., 2010). According to https://rrndb.umms.med.umich.edu (Regents of the 

University of Michigan, 2017), species of Vibrio have between 6 and 14 rRNA operons in their 

genome. Within the Vibrio genus, the 16S rRNA gene sequence varies from <1% to 6% 

(Moreno et al., 2002). Most Vibrio strains have some intragenomic heterogeneity among their 

16S rRNA operons (Gonzalez-Escalona et al., 2005). The hypervariable regions V1 and V3 of 

the 16S rRNA were first described as areas of potential intragenomic heterogeneity in Vibrio 

bacteria by Dorsch et al. (1992). This has since been found to be the case in e.g. V. splendidus 

3d, where there was a 2% difference between 16S rRNA copies with most of the variability 

located in the V1- and V3-regions (Jensen et al., 2009). Harth et al. (2007) suggest that the V3-

region of the 16S rRNA gene in V. parahaemolyticus is subject to recombination with other 

Vibrio species.  

 

Horizontal gene transfer is common in Vibrio (Kirkup et al., 2010). As mentioned in Section 

1.4, bacteriophages are common in marine environments and HGT through phages are likely to 

be common between species of Vibrio (Thompson and Klose, 2006, Harth et al., 2007). It 

appears that growth of Vibrio in their natural hosts might promote the occurrence of HGT. 

Evidence supporting this was reported in a study of the bacterium Vibrio fischeri and its host, 

the squid Eupyrmna scolopes. V. fischeri upregulated a chitin utilization pathway upon 

colonization of the host, indicating that E. scolopes provides V. fischeri with chitin (Thompson 

and Klose, 2006).  Meibom et al. (2005) found that natural competence is induced in V. cholerae 

upon growth on chitin, making the bacteria more susceptible to HGT. Harth et al. (2007) 

suggested that high intergenomic recombination of rRNA operons between Vibrio species has 

been important for the evolution of the genus.  

 

1.6 Fish microbiota 

 

The term “microbiota” is used to refer to all the microorganisms that coexist with a host without 

harming it. In vertebrates, the gut is the most colonized organ, and the gut microbiota consists 

mostly of bacteria, and is a symbiotic relationship beneficial to both host and microbes 
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(Maynard et al., 2012, Sekirov et al., 2010). The microbiota of vertebrates has been found to be 

important for nutrient metabolism, enzyme and vitamin synthesis and immunity (Sekirov et al., 

2010, Parekh et al., 2015, Fraune and Bosch, 2010). Disturbance of the human microbiota, 

dysbiosis, has a role in e.g. obesity and inflammatory bowel disease (IBD) (Maynard et al., 

2012, Parekh et al., 2015, Konig et al., 2016). 

 

For fish, the microbiota has been shown to share many of the same host responses to the gut 

microbiota with mammals (Bakke et al., 2015). The microorganisms that colonize fish are 

mainly bacteria (Nayak, 2010). Fish microbiota develops throughout the life cycle of the fish. 

Bacteria from the environment and those on the egg rapidly colonize fish once it has hatched, 

and they colonize the gut once the fish starts consuming the surrounding water (Llewellyn et 

al., 2014). The establishment and composition of the microbiota is affected by different factors, 

both biotic and abiotic (Sullam et al., 2012); including the feed, genetics, developmental stage, 

stress, and environmental factors such as ambient water microbes, temperature, salinity, as well 

as chemicals like antibiotics or pollutants (Llewellyn et al., 2014, Nayak, 2010, Sullam et al., 

2012). A stable gut microbiota is established after the first feeding stages of the fish (Llewellyn 

et al., 2014).  

 

Fish gut microbiota has been shown to upregulate various genes involved in innate immunity 

(Rawls et al., 2007, Rawls et al., 2004). The GI microbiota is believed to be the first line of 

defense for the fish against opportunistic pathogens and particularly important during early 

developmental stages (Llewellyn et al., 2014, Boutin et al., 2012). Furthermore, it is also 

considered important for development and maturation of the mucosal immune system. Other 

factors affected by the fish microbiota includes digestion through the production of digestive 

enzymes and nutrition absorption and metabolism, particularly cholesterol metabolism, but also 

production of vitamins like B12, amino acids, and essential growth factors (Llewellyn et al., 

2014, Nayak, 2010).  

 

As microbiology has become an important aspect of aquaculture, control of microbiology in 

conjunction with fish rearing is considered important to ensure the increased profitability of the 

aquaculture industry (Verschuere et al., 1997). For example, Atlantic cod (Gadus morhua) has 
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been considered as a candidate for aquaculture, but attempts to use it as such have been thwarted 

by early larval death (Rosenlund and Halldórsson, 2007, Forberg et al., 2011b). Opportunistic 

pathogens have been assigned a large part of the blame for this problem (Vadstein et al., 1993). 

Research is now centering on controlling the microbiology of the fish so that an advantageous 

microbiota can be achieved and sustained, instead of attempts to keep bacterial numbers in the 

rearing water low (Forberg et al., 2011b). Probiotics are microorganisms added to food or 

rearing water to increase host viability, and have been suggested as a potential tool for achieving 

this (Llewellyn et al., 2014). Another potential strategy is to control the microbes in the 

environment of the fish, meaning their rearing water, by using matured water which is treated 

in a way that promotes the growth of non-opportunistic bacteria (Skjermo et al., 1997). To be 

able to use these techniques effectively, more information is needed about the formation of the 

fish microbiota and on host-microbe interactions in early larval development and interactions 

between the fish and the bacteria in its environment (Forberg et al., 2011b, Bakke et al., 2015).  

 

A valuable tool to study host-microbe interactions is gnotobiotic fish experiments (Llewellyn 

et al., 2014). In a gnotobiotic experiment, the fish are cultured without any microorganisms – 

in axenic conditions – or with the known microbiota composition. This method has been used 

to do research on the role of the microbiota in fish immunity and nutrition, and to study 

microbial interactions in the gut (Nayak, 2010). The most used model organism for gnotobiotic 

fish experiments is the zebrafish (Danio rerio) (Rawls et al., 2004). An axenic model for cod 

(G. morhua) larvae has also been developed and applied for studying host responses to bacteria 

(Forberg et al., 2011a). 

 

1.7 Previous experiment as basis for this thesis 

 

A gnotobiotic fish experiment with Atlantic cod (G. morhua) larvae was performed at NTNU 

during spring 2014 (R. Vestrum, unpublished results). Germ-free cod larvae were colonized 

with a Vibrio strain (RD5-30) previously isolated from cod larvae (Fjellheim et al., 2010). DNA 

was extracted from water and fish samples at 3, 8, 13 and 16 days post hatching. The V3-region 

was amplified by PCR for all samples and the PCR products were analyzed on a DGGE gel 

(Figure 1.3).  
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Figure 1.3: DGGE gel (8% acrylamide, 35-55% denaturing gradient) with PCR products representing 

the 16S rRNA V3-region obtained from DNA from cod (G. morhua) larvae that had been colonized by 

Vibrio sp. RD5-30 and rearing water at 3, 8, 13 and 16 days post-hatch. Lane marked PC contains DNA 

sample from pure culture of RD5-30 (R. Vestrum, unpublished results).  

 

Surprisingly, even though the PCR products represented only one bacterial strain, as much as 

14 bands were observed for each sample. Moreover, they were positioned throughout the 

denaturing gradient, indicating a large sequence variation between DGGE bands. There also 

seemed to be a difference in band pattern regarding the relative abundance of bands between 

the rearing water and fish DGGE profiles. This trend seems especially prevalent in the samples 

taken 13 and 16 days post-hatch. A possible interpretation of these observations is that this 

Vibrio strain contains extremely large intragenomic sequence variation in the 16S rRNA V3-

region, and that as much as 14 different sequence variants exist. Moreover, the DGGE analysis 

indicates that the abundance of the sequence variants differs in the RD5-30 genome when the 

bacteria live planktonic in the water and when it is colonizing the fish larvae. This would have 

some very interesting implications, namely that different life strategies select for different 

abundances of the sequence variants at the DNA level.  
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1.8 Hypothesis and objectives 

 

The hypothesis of this thesis is that different intragenomic 16S rRNA gene variants have 

functional differences, and that the relative expression of these gene variants in bacteria will 

vary according to their environment or lifestyle. To investigate this hypothesis, three different 

species of Vibrio – the Vibrio sp. isolate RD5-30, the V. Anguillarum strain HI610 and the V. 

campbellii strain BB120 – will be examined. The first objective is to map the different 16S 

rRNA gene variants for each strain, looking specifically at the V1- and V3-regions by 

investigating sequence variation of 16S rRNA amplicons by DGGE and Illumina sequencing. 

The second objective is to investigate the relative abundances of these gene variants under 

different environmental conditions and lifestyles, at both the DNA and RNA level. The different 

lifestyles investigated in this thesis are colonizing a fish host (G. morhua) and planktonic living 

in fish rearing water, as well as exponential and stationary phases of growth in the liquid growth 

medium M65. 
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2   MATERIALS AND METHODS 

 

Two main experiments were conducted for this thesis to investigate intragenomic 16S rRNA 

gene sequence heterogeneity. The first experiment was a gnotobiotic fish experiment to 

investigate intragenomic heterogeneity in three Vibrio strains colonizing the fish (G. morhua) 

or its rearing water. The other experiment involved the sampling of the two Vibrio strains RD5-

30 and BB120 in exponential and stationary phases of growth in liquid M65 culturing medium. 

The samples from the gnotobiotic fish experiment were subjected to DGGE analysis, while the 

samples from both experiments were analyzed by Illumina amplicon sequencing of the V1- and 

V3-regions of the 16S rRNA gene.  

 

2.1 Biological materials 
 

Species in the Vibrio genus are known to have high rRNA operon copy numbers (Regents of 

the University of Michigan, 2017). Species in this genus have also shown intragenomic 

heterogeneity and hypervariable regions in their 16S rRNA genes (Jensen et al., 2009). Based 

on these characteristics, three species of Vibrio were used in this thesis: Vibrio anguillarum 

strain HI610, Vibrio campbellii strain BB120 and Vibrio sp. isolate RD5-30 were chosen to 

further investigate intragenomic 16S rRNA heterogeneity. These strains have all been found to 

colonize G. morhua (Fjellheim et al., 2010). HI610 and BB120 are well known pathogens 

colonizing marine fish (Ronneseth et al., 2017, Yang et al., 2017). RD5-30, on the other hand, 

is a probiotic candidate isolated from G. morhua larvae (Fjellheim et al., 2010). The three Vibrio 

strains used will be referred to by their strain names – RD5-30, HI610 and BB120 – for the 

remainder of the thesis. 
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2.2 Gnotobiotic fish experiment 

 

2.2.1 Experimental design  

 

A gnotobiotic fish experiment was conducted with Atlantic cod (G. morhua) larvae and the 

three strains of Vibrio – HI610, RD5-30 and BB120. The G. morhua eggs were hatched under 

sterile conditions, allowing for gnotobiotic rearing of the cod larvae. There were five groups of 

flasks (Figure 2.1). Three of these groups consisted of cod larvae paired with one Vibrio strain 

and one group was an axenic control group containing cod larvae but no added bacteria. These 

four groups all had four replicates each. The remaining group of flasks contained only one strain 

of Vibrio but no cod larvae, with one replicate per strain. 

 

 

Figure 2.1: The setup of the flasks used in the gnotobiotic cod larvae experiment.  

 

The protocol for disinfection of eggs of Atlantic cod larvae (G. morhua) was adapted from  and  

Forberg et al. (2011a) and Salvesen et al. (1997). The Atlantic cod larvae were received from 

Havbruksstasjonen i Tromsø AS, a commercial hatchery, at a temperature of 5°C. The eggs 

were poured gently into a sieve and while in the sieve transferred to 2 liters filtered autoclaved 

seawater (FASW, Appendix A) containing 400 ppm glutaraldehyde. The sieve containing the 

eggs was gently stirred for 10 minutes. The eggs were then rinsed in 3 x 1 L fresh FASW. The 

eggs were stored at approximately 5°C for an hour before the same procedure was repeated 

under completely sterile conditions. The eggs were then transferred gently to petri dishes 

containing FASW with 10 ppm each of rifampicin and ampicillin. The petri dishes with eggs 
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were incubated in the dark at 6-6.5°C, and gently stirred daily to keep an even distribution of 

the eggs in the petri dish until hatching at approximately 90 day degrees. After hatching, the 

larvae were transferred to petri dishes containing fresh FASW and then sterile tissue culture 

flasks (NUNCTM) containing 50 mL FASW. These flasks were stocked with 30 larvae each. 

Bacteria were added to the flasks at a final density of 106 CFU/mL. All strains were cultured in 

Marine Broth (MB) medium (Appendix A, Table A.1). Measurements of bacterial 

concentrations were needed for both the gnotobiotic fish experiment and the growth 

experiment. To measure the amount of bacteria in a culture, optical density (OD) was measured 

by a spectrophotometer at 660 nm. The correct concentration of bacteria in a liquid culture  was 

determined by converting the OD measurement of each strain cultivated in liquid MB medium 

into CFU/mL by the formula F1 (Vestrum, 2009).  

 

𝐶𝐹𝑈

𝑚𝐿
= 1200 ∙ 106 ∙ 𝑂𝐷660          (F1) 

 

Fish mortality, air and water temperature was monitored daily throughout the experiment. At 

hatching, the air temperature was 9°C. After stocking, the temperature was increased by 1°C 

per day until 12°C was reached. The daily temperature recordings are listed in Appendix B. 

Continuous light was used from day 3 post-hatch. When approximately 30% mortality was 

reached, larvae and water was sampled from each of the replicate flasks. For HI610 and BB120, 

this was 3 days post-hatch (dph), while for RD5-30 it was 6 dph. 

 

2.2.2 Sampling 

 

Cod larvae were sacrificed by an overdose of Ethyl 3-aminobenzoate (MS222) (98% Sigma 

Aldrich) in FASW (1 g/L) and then rinsed in Milli-Q® water. For sampling for DNA and RNA 

extraction, 10 cod larvae were collected and spotted on a piece of plankton net (100 µm) and 

immediately put into a NuncTM CryoTubeTM Vial (Thermo Scientific) and snap frozen in liquid 

nitrogen and stored at -80°C until DNA or RNA extraction. Water was sampled from all flasks 

for flow cytometry analysis. A volume of 1.8 mL water was collected in a NuncTM CryoTubeTM 

Vial (Thermo Scientific), fixated with 0.5% glutaraldehyde, snap frozen in liquid nitrogen and 

stored at -80°C until analysis by flow cytometry. For DNA and RNA extraction, approximately 
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25 mL water was filtered through sterile 0.2 µm hollow fiber syringe filters (DynaGard®, 

Microgon Inc., California) and the filters were stored at -20°C until DNA or RNA extraction. 

To verify that the axenic flasks contained no bacteria, approximately 100 µL water from each 

flask was plated on Marine Agar (MA) (Appendix A, Table A.1) to check for growth. The plates 

were incubated at 20°C for two weeks and inspected daily.  

 

2.3 Cultivation of Vibrio strains in liquid M65 growth medium to 

exponential and stationary phase  
 

Growth curves were made for Vibrio strains BB120 and HI610 in M65 medium (Appendix A, 

Table A.2) to identify when the exponential and stationary phases of growth occurred. 

Overnight cultures were made by inoculating bacteria from glycerol stocks in Erlenmeyer flasks 

filled up 10% of its total volume by M65 medium, incubated at 28°C and 120 rotations per 

minute (rpm). The overnight cultures were inoculated to make new 1% cultures, 1 replicate per 

strain, also incubated at 28°C and 120 rpm. From each flask, 1 mL culture was sampled under 

sterile conditions every hour, and transferred to 1.5 mL polystyrene semi-micro cuvettes 

(VWR). For each sample, OD was measured by a spectrophotometer at 660 nm three times. 

The first OD measurements were done immediately after inoculation, at time = 0, and samples 

were taken at the specified time intervals until the stationary phases of the growth curves were 

reached.  

  

RD5-30 and BB120 were then cultivated in M65 to generate samples from exponential and 

stationary phases of growth, with four replicate flasks per strain. The experiment was conducted 

as described for the growth curves, except the overnight cultures were inoculated with single 

bacterial colonies from M65 agar inoculated by glycerol stocks. Samples for DNA and RNA 

sequence analysis were taken in the exponential and stationary phases, as determined by the 

previously established growth curves. At each determined time point, 7 mL culture was 

sampled. 1 mL culture was transferred to 1.5 mL polystyrene semi-micro cuvettes (VWR) for 

OD measurements at 660 nm, and 2 x 1.5 mL culture was transferred to 2 mL microcentrifuge 

tubes and centrifuged at 13 000 rpm for 3 minutes. The supernatant was discarded and the tubes 

snap frozen in liquid nitrogen and stored at -20°C until DNA and RNA extraction.   
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2.4 Analytical methods 

 

2.4.1 Flow cytometry 

 

Flow cytometry is a method that can be used to determine many different cell characteristics, 

among them cell size, cell count and RNA or DNA content (BD Biosciences, 2000). This is 

achieved by having cells suspended in a fluid pass by a laser and measuring the scattering of 

the laser light and emitted fluorescence by detectors, and turning this into electronic information 

(BD Biosciences, 2000). A BD Accuri™ C6 Flow Cytometer was used for flow cytometry 

analysis of water samples from all flasks in the gnotobiotic fish experiment, and one FASW 

sample for comparison. The samples were all diluted with 1:10 filtered TE buffer (Appendix 

A, Table A.3) to an either 1:10 or 1:100 dilution of the sample - adapted to have a cell count as 

close to 1000 events per µL as possible - and vortexed. The samples were added 1% 1:50 diluted 

SYBR® Green II RNA gel stain from Invitrogen, a highly sensitive RNA stain that is detected 

by fluorescence (Molecular Probes Inc., 2001) and vortexed. The samples were then incubated 

in darkness for 15 minutes, vortexed once more and analyzed by flow cytometry. From the 

results, graphs plotting forward-scattered light (FCS) against FL1 were made for each sample. 

Forward scattered light values are proportional to cell size (BD Biosciences, 2000). FL1, also 

known as FITC, is a fluorochrome (fluorescein isothiocyanate) with a peak emission 

wavelength detection detected at 530 nm, while the SYBR™ Green II RNA stain has a 

fluorescence emission at 520 nm (BD Biosciences, 2000, Molecular Probes Inc., 2001). 

 

2.4.2 DNA and RNA extraction and cDNA synthesis 

 

DNA and RNA was extracted from cod larvae and water samples from the gnotobiotic fish 

experiment. DNA and RNA was also extracted from the growth experiment samples of RD5-

30 and BB120 in their stationary and exponential phases of growth. For the cod larvae samples, 

the larvae were transferred into the initial lysis tubes used in the DNA or RNA isolation 

protocols. For the water samples, the fibers of the DynaGard® filters were removed and used as 

sample in the initial tubes. For the growth experiment samples, the pellets were transferred to 

the initial lysis tube for DNA and RNA extraction. 
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For DNA extraction, the Mo Bio Laboratories Inc. PowerSoil® DNA Isolation Kit was used, 

following the accompanying protocol (Appendix C). For RNA extraction the 

PowerMicrobiome™ RNA Isolation Kit from Mo Bio Laboratories Inc. was used, and the 

accompanying protocol followed (Appendix D). Both the DNA and RNA isolation kits used 

bead beating lysis protocols. 

 

The RNA extracted was used as template for cDNA synthesis using a Prime Script 1st Strand 

cDNA Synthesis Kit (TaKaRa) (Appendix E). The DNA and cDNA was used in PCR 

amplifications. All DNA and cDNA was stored at -20°C until analysis.  

 

2.4.3 Polymerase chain reaction (PCR)  

 

Parts of the 16S rRNA gene was amplified by polymerase chain reaction (PCR) from the DNA 

and cDNA templates. A nested PCR protocol with an external and internal amplification was 

used to avoid co-amplification of eukaryotic DNA when amplifying the V3-region of samples 

from the gnotobiotic fish experiment. For external amplification, forward primer EUB8F and 

reverse primer 984yR were used (Table 2.1). For the internal amplification of the V3-region of 

the 16S rRNA gene, primers 338F-GC and 518R were used (Table 2.1). For PCR amplification 

of the V1-region, forward primer EUB8F-GC and reverse primer 179rev (Table 2.1) were used. 
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Table 2.1: Primer names and sequences for all primers used in PCR reactions in this thesis.  

Primer name Sequence(5’-3’) 

EUB8F AGAGTTTGATCMTGGCTCAG 

984yR GTAAGGTTCYTCGCGT 

338F-GC CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGG 

ACTCCTACGGGAGGCAGCAG 

338F-GC-M13 CAGGAAACAGCTATGACCCGCCCGCCGCGCGCGGCGGGCGG

GGCGGGGGCACGGGGGG ACTCCTACGGGAGGCAGCAG 

518R ATTACCGCGGCTGCTGG 

EUB8F-GC CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGG 

AGAGTTTGATCMTGGCTCAG 

179rev TGCGGTATTAGCCATCGTTTCC 

Vibrio48F-Ill TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNNCTAAC

ACATGCAAGTCGAGC 

Vibrio510R-Ill GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNTTAG

CCGGTGCTTCTTCTG 

M13R CAGGAAACAGCTATGACC 

 

PCR reactions were performed with Taq polymerase and reaction buffer from Qiagen, a total 

MgCl2 concentration of 2 mM, 0.2 mM of each dNTP and 0.3 µM of each primer (Table 2.2).  

In the external PCR reactions, 0.3 µg/µL purified Bovine Serum Albumin (BSA) 100X (New 

England BioLabs Inc.) was also added.  
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Table 2.2: PCR components used in the PCR protocol for amplification of the 16S rRNA gene.  

PCR Reagent Amount per 

reaction (µL) 

Final concentration 

PCR buffer 10x 2.5 1x (Tris-Cl, KCl, (NH4)2SO4 and 1.5 mM MgCl2) 

10 mM dNTPs 0.5 200 µM each dNTP 

MgCl2 0.5 2 Mm* 

Forward primer 0.75 0.3 µM 

Reverse primer 0.75 0.3 µM 

Taq DNA Polymerase 0.125 0.025 U/µL 

Template 1  

Filtered H2O (Milli-

Q®) 

~18.875  

*Total MgCl2  concentration – 1.5 mM MgCl2 from the buffer with an additional 0.5 mM MgCl2 added 

 

The temperature cycles used for the external PCR amplification of the V3-region is presented 

in Table 2.3. The program for the internal PCR was identical, except the annealing temperature 

which was increased to 53°C. Furthermore, the number of cycles were increased up to 24 cycles 

for samples with a low yield after 20+20 cycles. The PCR program used for amplification of 

the V1-region was similar to the program presented in Table 2.3, except the annealing 

temperature, which was 53 °C, and the number of cycles, which was 35. 

 

Table 2.3: Temperature program used for PCR amplification of the V3-region of the 16S rRNA gene.  

Step Length Temperature (°C)  

Denaturation 3 minutes 95  

Denaturation 30 seconds 95  

         20 cycles 

 

Annealing 30 seconds 50 

Elongation 1 minute 72 

Final elongation 10 minutes 72  

Cooling 5 minutes 4  

Storage ∞ 10  
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2.4.4 Agarose gel electrophoresis 

 

The yield and quality of all PCR amplicons was inspected by agarose gel electrophoresis. 

Agarose gels (1%) were made by adding SeaKem® LE Agarose (Lonza) to 1 x TAE buffer 

(Appendix A, Table A.4) and the solution was homogenized by boiling. The solution was 

subsequently cooled to a temperature of approximately 65 °C and 5 µL GelRed (Qiagen) per 

100mL 1% agarose solution was added to stain the DNA in the gel. The gel was then poured 

into a gel chamber and combs were inserted to make wells for application of samples. Once the 

gel had polymerized, the gel chamber was filled with 1 x TAE buffer. GeneRuler 1 kb Plus 

DNA Ladder (Thermo Scientific) was applied to the gel. Prior to application to the gel, 5µL of 

PCR product was mixed with 1 µL of 6X DNA Loading Dye (Thermo Scientific). Small 1% 

agarose gels were run at 95 Volts for 1 hour and larger gels were run at 140V for 45 minutes. 

The agarose gels were then transferred to a SynGene G:BOX GelDoc for visualization of the 

DNA, and pictures of the gel were taken using GeneSnap from SynGene software.  

 

2.4.5 Denaturing gradient gel electrophoresis (DGGE) 

 

DGGE is a method used in microbial ecology, where how far a DNA molecule migrates down 

the linear denaturing gradient of the gel is dependent on its sequence (Muyzer, 1999, Fukuda et 

al., 2016). Forward primers with long Guanine-Cytosine rich sequences (“GC-clamps”) 

attached were used for the PCR of samples to be analyzed by DGGE, to avoid complete 

denaturation of the two strands of the DNA molecules (Fukuda et al., 2016, Nübel et al., 1996). 

In this project the “GC-clamp” containing forward primers 338F-GC and EUB8F-GC (Table 

2.1) were used; 338F-GC for amplification of the V3-region, and EUB8F-GC for the V1-region.  

 

To cast the gel, two 8% acrylamide solutions with 0% and 80% denaturing reagents were 

prepared where 100% corresponds to 7 M urea and 40% formamide (Appendix A, Table A.5 

and Table A.6). Acrylamide solutions with variable denaturing percentages were made by 

mixing these two solutions (Table 2.4), corresponding to the relevant denaturing gradient of the 

gel to be casted. The DGGE gels analyzing the V3-region of the 16S rRNA gene had a 

denaturing gradient of 35% to 55%, while the gels for the analyses of the V1-region had a 35% 
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to 50% denaturing gradient. The 80% denatured solution was filtered through a 0.45 µm pore 

size filter (VWR) prior to mixing with the 0% denatured solution. TEMED and 10% ammonium 

persulfate (APS) were added to the two solutions to initiate the polymerization process directly 

prior to casting of the gel (Table 2.4).  

 

Table 2.4: Composition of solutions used for casting DGGE gels with different denaturing gradients. 

Denaturing 

% 

0% denatured 

solution (mL) 

80% denatured 

solution (mL) 

TEMED 

(µL) 

10% APS 

(µL) 

Total 

volume (mL) 

35 13.5 10.5 16 87 24 

50 9 15 16 87 24 

55 7.5 16.5 16 87 24 

0 “stacking 

gel” 

8 0 40 10 8 

 

A gradient mixer was used for casting the gel between two glass plates to generate a denaturing 

gradient. A 0% denatured “stacking gel” solution was casted on the top of the gel (Table 2.4). 

A 48-toothed comb was inserted on top of the gel. The gel was set to polymerize for one hour. 

It was then placed in an INGENY phorU heating tank containing approximately 18 L of 0.5 x 

TAE buffer preheated to 60°C. The PCR products (3 to 15µL) were mixed with 5µL loading 

dye and applied to the wells. The amount of the PCR product added was determined by the 

brightness of their respective bands in the 1% agarose gels, in an attempt to get relatively similar 

amounts of DNA in each sample applied. A marker was also applied to about every tenth well 

of the gel. This marker consisted of V3-region 16S rRNA PCR products pooled together. In 

this marker, the templates used were pure cultures of Staphylococcus aureus, Ruminococcus 

obeum, Eubacterium formicigenerans, Ruminococcus productus, Fusobacterium prauznitzii, 

Clostridium celerescans, Eubacterium plutii, Eubacterium halii, and Bifidobacterium longum.  

 

The gel was then run for a minimum of 22 hours. After running, the gel was transferred from 

the glass plates onto a plastic sheet and stained with a solution containing 30 mL Milli-Q® 

water, 600 µL 50 x TAE buffer and 3 µL SYBR™ Gold Nucleic Acid Gel Stain (Invitrogen). 

The gel was incubated in darkness with the staining solution for an hour, before it was rinsed 
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with Milli-Q® water and placed in the SynGene G:BOX GelDoc to visualize the band patterns 

and GeneSnap from SynGene was used to take pictures. 

 

2.4.6 Reamplification and Sanger sequencing of bands from DGGE gels 

 

DGGE bands were excised by using pipette tips, and the gel material was transferred to 

Eppendorf tubes containing 20µL of filtered Milli-Q® water. These tubes were then vortexed 

and used as template in PCR reactions. The protocol was as described in Section 2.4.3 (Table 

2.2 and Table 2.3), but with forward primer 338F-GC-M13 and reverse primer 518R (Table 

2.1), 53°C annealing temperature and 38-40 cycles. The PCR products were examined on 1% 

agarose gels and then purified with QIAquick® PCR Purification Kit (Qiagen). The procedure 

was followed as described in the manufacturer’s protocol (Appendix F). Finally, 5 µL of each 

purified sample along with 5 µL of 5 µM primer M13R (Table 2.1) were added to 1.5 mL 

Eppendorf tubes marked with bar codes and sent to GATC Biotech for Sanger sequencing. 

 

2.4.7 Design of primers spanning the V1- and V3-regions for Illumina sequencing 

 

For Illumina sequencing, we aimed to generate amplicons spanning the entire V1- and V3-

regions of the 16S rRNA genes of the Vibrio strains. The amplified fragments should be as 

small as possible while still spanning the entirety of both the V1- and V3-regions, to keep them 

within the maximum  read length for 300 bp paired end MiSeq Illumina sequencing. For primer 

design, 16s rRNA sequences for different Vibrio species, including V. campbellii, V. 

anguillarum and V. harveyi, were downloaded from the RDP database (Michigan State 

University, 2016). The GenBank accession numbers of the Vibrio strains used in the alignment 

were: X74711, AJ421444, X74690, AJ002566, X74724, X74706, X74692, AJ293802, 

AJ316181, AJ312382, AJ316205, Z21731, X71818, AJ514917, AY662308, DQ980029, 

AY257971 and AY257974.  

 

An alignment of all these sequences as well as the sequences acquired from the Sanger 

sequencing of DGGE gel bands (Section 2.4.6) was made with CloneManager (Scientific and 

Educational Software). Primers were designed to target regions conserved in all the Vibrio 
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species. GC content of the primers was checked to ensure suitable annealing temperatures. The 

designed primers covered an area of the 16S rRNA gene spanning from nucleotide (nt) 48 to 

510, according to E. coli numbering (Figure 1.1). Adapter sequences necessary for their use in 

Illumina sequencing were added to the primers. Sequences for the resulting primers (Vibrio48F-

Ill and Vibrio510R-Ill) are given in Table 2.1.  

 

2.4.8 Preparation of amplicon library for Illumina sequencing 

 

Samples from the gnotobiotic fish experiment performed for this thesis (referred to as the 2016 

experiment) and the gnotobiotic experiment described in Section 1.7 (the 2014 experiment) as 

well as samples from the growth experiment were sequenced by MiSeq Illumina sequencing by 

the Norwegian High Throughput Sequencing Centre (NSC). For a full overview of the 76 

samples in the library submitted for Illumina sequencing, see Appendix G. Before sequencing, 

an amplicon library was made according to the description below.  

 

Amplification of the 16S rRNA V1-V3 region 

The target region was first amplified for all samples using primers spanning the V1- and V3-

regions; Vibrio48F-Ill and Vibrio510R-Ill (Table 2.1). A high fidelity DNA polymerase with a 

low error rate, Phusion Hot Start DNA Polymerase (Thermo Scientific) and a 5X Phusion HF 

BufferTM from the same producer  was used in the reaction mixture. The full composition of the 

PCR reactions is given in Table 2.5. The thermocycling program used for the PCR is presented 

in Table 2.6. The number of cycles was increased to 35 for samples showing weak bands on 

1% agarose gels after 33 cycles. 
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Table 2.5: PCR components for amplification of the V1-V3 region of the 16S rRNA gene for Illumina 

sequencing.  

PCR Reagent Amount per 

reaction (µL) 

Final concentration 

5X Phusion HF Buffer™ 4.0 1x (1.5 mM MgCl2) 

10 mM dNTPs 0.5 200 µM each dNTP 

MgCl2 0.4 2.5 mM*  

BSAx100 (10 mg/mL) 0.8 0.4 mg/mL 

Forward primer 0.6 0.3 µM 

Reverse primer 0.6 0.3 µM 

Phusion Hot Start DNA 

Polymerase 

0.15 0.015 U/µL 

Template 1  

Filtered H2O (Milli-Q®) 11.95  

*Total MgCl2 concentration – 1.5 mM MgCl2 from the buffer with an additional 1 mM MgCl2 added 

 

Table 2.6: Temperature cycles used for PCR amplification of the V1-V3 region of the 16S rRNA gene 

for the Illumina amplicons.  

Step Length Temperature (°C)  

Denaturation 1 minute 98  

Denaturation 15 seconds 98  

         33 cycles 

 

Annealing 20 seconds 53 

Elongation 20 seconds 72 

Final elongation 5 minutes 72  

Cooling 1 minute 4  

Storage ∞ 10  

 

After the PCR amplification of the V1-V3 region of the 16S rRNA gene, the PCR products 

were purified and normalized by use of SequalPrep™ Normalization Plate (96) kit (Invitrogen) 

following the accompanying protocol (Appendix H).  
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Indexing PCR 

After normalization, the samples were tagged with sequencing indexes that were incorporated 

into the forward and reverse primers, so each sample had a unique combination of index 

sequences in the 5’- and 3’-end of their PCR product. The indexes used were from the Nextera® 

XT Index Kit v2 Set D and the Nextera® XT Index Kit (96 indexes), both from Illumina. The 

PCR reaction mixture is given in Table 2.7. 

 

Table 2.7: PCR components used in the indexing PCR reaction for amplification of the V1-V3 region 

of the 16S rRNA gene. 

PCR Reagent Amount per 

reaction (µL) 

Final concentration 

5X Phusion HF Buffer™ 5.0 1x (1.5 mM MgCl2) 

10 mM dNTPs 0.625 250 µM each dNTP 

MgCl2 0.5 2.5 mM*  

Index 1 2.5  

Index 2 2.5  

Phusion Hot Start DNA 

Polymerase 

0.188 0.015 U/µL 

Template 2.5  

Filtered H2O (Milli-Q®) 11.187  

*Total MgCl2 concentration – 1.5 mM MgCl2 from the buffer with an additional 1 mM MgCl2 added 

 

The PCR program used for the amplification of Illumina amplicons with indexes was as 

described in Table 2.6, but with only 12 cycles and a 50°C annealing temperature. After the 

indexing PCR, the PCR products were purified and normalized through the SequalPrep™ 

Normalization Plate (96) kit (Invitrogen) protocol (Appendix H).  
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Pooling and concentration of amplicons 

 

After normalization, equal volumes of the PCR products were pooled into one amplicon library 

and concentrated through AmiconUltra 0.5 centrifugal filter devices (30K membrane, Merck 

Millipore) following the manufacturer’s protocol (Appendix I). The purity and concentration 

were measured by NanoDrop and Qubit, respectively. The Illumina sequencing requirements 

set by The Norwegian High Throughput Sequencing Centre was minimum 50 ng (5 µL) DNA 

with a A260/280 ratio in the range 1.8-2.0 and a 260/230 ration within the 1.8-2.4 range (The 

Norwegian High Throughput Sequencing Centre, 2016). The purity was found to be 2.32 for 

the A160/280 ratio and 0.42 for the 260/230 ratio through NanoDrop measurements. These low 

measurements were due to the use of TE buffer as an elution buffer, as this buffer contains 

EDTA which absorbs at 230 nm. Qubit measured the concentration at 13.2 ng/µL.  Finally, 30 

µL of the amplicon library was sent to The Norwegian High Throughput Sequencing Centre for 

Illumina sequencing.  

 

2.4.9 Analysis of Illumina amplicon sequencing data 

 

The sequencing data were processed by Ingrid Bakke using the Usearch pipeline (version 

8.1.1825; http://drive5.com/usearch/features.html). The major steps in the pipeline included 

demultiplexing, quality trimming, chimera removal, and clustering to obtain Operational 

taxonomic units (OTUs) at 99% similarity level. The subsequent taxonomy affiliation was 

based on the Utax script implemented in the Usearch pipeline with a confidence value threshold 

of 0.8 and the RDP reference data set version 15. 

 

For the statistical analyses of the resulting OTU table, the program package PAST version 2.17 

was used (Hammer et al., 2001). Principal coordinate analysis (PCoA) was based on Bray-

Curtis similarities. In PCoA analysis, a distance matrix is generated based on the OTU profiles 

for the samples, and a plot is generated to visualize the distances between samples (Di Bella et 

al., 2013). In this two-dimensional plot, one axis represent the first coordinate, which is the 

direction that most separates the samples while the other axis represent the second coordinate, 

which is the direction separating the samples second best (Di Bella et al., 2013).  
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One-way permutational multivariate analysis of variance (PERMANOVA) tests were done in 

PAST to investigate whether groups of samples were different from each other in a statistically 

significant way. These tests were based on Bray-Curtis dissimilarities. The test assumes a null 

hypothesis of there being no differences between groups. If the test yields a p-value below the 

0.05 threshold, the null hypothesis is void and the two groups are found to be significantly 

different (Anderson, 2001, Hammer et al., 2001). 

 

Similarity percentage (SIMPER) tests, once again based on Bray-Curtis dissimilarities, were 

used to identify which OTUs were contributing the most to the differences found between 

sample groups (Poretsky et al., 2014). 

 

CloneManager (Scientific and Educational Software) was used to generate sequence alignments 

for comparing representative OTU sequences.  

 

Secondary structures for the various V1- and V3-region sequences identified by the Illumina 

sequencing was predicted using an online tool provided by Mathews group (2017) found at 

https://rna.urmc.rochester.edu/RNAstructureWeb/Servers/Predict1/Predict1.html. The 

sequence stretch used in these analyses correspond to the defined secondary structures including 

H6 (V1) and H17 (V3) as determined for E.coli (Kitahara et al., 2012). The most likely 

secondary structure was identified based on the lowest free energy. 
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3  RESULTS 

 

3.1 Gnotobiotic cod larval experiment: distribution of Vibrio 16S rRNA 

intragenomic sequence variants in cod larvae and rearing water 

 

To investigate whether the distribution of 16S rRNA intragenomic variants for the three strains 

of Vibrio varied when the bacteria lived planktonic in rearing water versus when they were 

colonizing fish, a gnotobiotic fish experiment was conducted with bacteria free larvae of 

Atlantic cod (G. morhua). These fish larvae were exposed to either V. anguillarum strain HI610, 

V. Campbellii strain BB120, Vibrio sp. isolate RD5-30 or no bacteria as a control treatment. 

Flasks containing only one of the Vibrio strains but no cod larvae were also used in the 

experiment.  

 

3.1.1 Survival and microbial status in gnotobiotic cod larvae experiment 

 

Fish mortality was monitored every day during the experiment, as sampling at least twenty 

living larvae per flask was desirable. Each flask started with approximately 30 fish at day 0 

post-hatch. The survival curves of the fish reared in the flasks containing HI610, BB120, RD5-

30 or axenic FASW as a control treatment, are shown in Figure 3.1. In the flasks containing a 

pathogenic strain (HI610 or BB120) survival dropped already at 3 days post-hatch (dph) (Figure 

3.1). These flasks were therefore sampled at 3 dph to ensure enough live fish for sampling. At 

6 dph, the flasks with the axenic cod larvae control treatment and those exposed to RD5-30, 

had an average survival of about 26 and 27 respectively, and all these flasks were sampled at 

this point in the experiment. 
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Figure 3.1: Curves tracking the survival of Atlantic cod larvae as a function of days post-hatch in the 

flasks in the gnotobiotic fish experiment in a) the axenic (Ax) control treatment flasks, b) the flasks 

containing HI610, c) the flasks containing BB120 and d) the flasks containing RD5-30. For each 

treatment, four parallel flasks were used (a-d). 

 

Flow cytometry analysis of the rearing water was applied to evaluate the microbial status in the 

flasks, and indicated all axenic control flasks seemed to be bacteria free (example of plot in 

Appendix J,  Figure J.1) and that the flasks exposed to the Vibrio strains appeared to contain 

mono-populations of bacteria (Representative plots shown in Appendix J, Figure J.2). The 

water from the axenic fish experiment flasks that was plated on MA also showed no signs of 

growth after two weeks incubation. 
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3.1.2 DGGE analysis and Sanger sequencing of V1- and V3-regions of 16S rRNA 

amplicons from gnotobiotic cod larvae experiment samples 

  

To map how many different 16S rRNA sequence variants in variable regions V1 and V3 were 

present for each of the Vibrio strains in the gnotobiotic fish experiment samples, a DGGE 

analysis was used. DGGE was also used to investigate whether the distribution of these variants 

varied between the rearing water and fish samples, as well as the water samples from the flasks 

containing one of the bacterial strains but no cod larvae.  

 

The DGGE profiles of all samples were investigated from extracts on both the DNA and RNA 

level. All PCR reactions resulted in amplification products of the expected size, with a few 

exceptions: PCR amplification of the DNA and RNA extracted from the BB120 cod larvae 

samples gave little or no PCR products. This trend was the same for both the V1- and V3-region 

of the 16S rRNA gene, indicating low amounts of the BB120 strain in the fish samples. As there 

was a lot of amplification product for the BB120 water samples, for both the DNA and RNA 

extracts, these results indicate that BB120 had not managed to colonize the cod larvae during 

the experiment. 

 

The V1-region of the 16S rRNA was first analyzed through DGGE analysis of PCR products 

amplified from DNA isolated from fish and water samples (Figure 3.2).  
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Figure 3.2: DGGE gel with 16S rRNA V1-region PCR products amplified from DNA isolated from 

cod larvae and water samples in the gnotobiotic fish experiment. Bacterial strain and sample type 

(water or fish) is indicated for each well. F1 through F4 indicates the replicate flask that the samples 

were obtained from, whereas lanes named just “water” indicates flasks that were added a Vibrio strain 

but no cod larvae. The four rightmost samples contain negative controls from FASW, fish samples 

from axenic flasks (Ax a and b) and a negative PCR amplification control. M indicates wells with 

DGGE markers. 

 

All three Vibrio strains exhibited band profiles with more than a single band for all samples. 

Many of these bands were, however, closely positioned on the gel, indicating relatively small 

variations in sequence between the different variants the bands represent. HI610 samples had 

three to four bands, positioned very closely on the gel. Water and fish samples for the RD5-30 

strain seemed to have slightly different band profiles, which indicates that the fish and water 

samples have different abundances of the V1-region sequence variants at the DNA level. BB120 

fish and water samples had very different band profiles, but upon further inspection it seemed 

that the band profiles of the BB120 fish samples were identical to the axenic control fish 

samples. Along with the weak PCR amplification results, this further supports the theory that 
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BB120 did not manage to properly colonize the fish, and that these band profiles do not 

accurately represent BB120 in fish. 

 

A DGGE analysis was also conducted for 16S rRNA V1-region amplified from RNA isolated 

from water and fish samples from the same gnotobiotic cod larvae experiment (Figure 3.3). 

This was done to investigate whether intragenomic V1-region sequence variants were expressed 

differently in the water and fish samples. 

 

 

Figure 3.3: DGGE gel with 16S rRNA V1-region PCR products amplified from RNA isolated from cod 

larvae and water samples in the gnotobiotic fish experiment. Bacterial strain and sample type (water or 

fish) is indicated for each well. F1 through F4 indicates the replicate flask that the samples were obtained 

from, whereas lanes named just “water” indicates flasks that were added a Vibrio strain but no cod 

larvae. The two rightmost wells contain negative controls from water (Ax a) and fish (Ax b) samples 

from axenic flasks. M indicates wells with DGGE markers. 
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In this analysis, there was no clear difference between the band profiles of the fish and water 

samples within either the HI610 or RD5-30 strain. Once again, fish and water samples from 

BB120 exhibited different band profiles. The fish band profiles again seem more similar to the 

axenic fish sample than any other band profiles, indicating the PCR amplification products used 

for the analysis did not properly represent fish colonized by BB120. Similar to the DNA V1-

region DGGE gel, the bands were mostly clustered close together on the gel, indicating only 

minor deviations in sequence for the different sequence variants the bands assumedly represent. 

 

We further investigated potential intragenomic sequence variation in the V3-region of the 16S 

rRNA gene, first by using DNA isolated from the gnotobbiotic fish experiment. Earlier DGGE 

analyses of RD5-30 (see Figure 1.3) indicated such intragenomic variation was present in the 

V3-region of this Vibrio strain. 

 

 

Figure 3.4: DGGE gel with 16S rRNA V3-region PCR products amplified from DNA isolated from 

cod larvae and water samples in the gnotobiotic fish experiment. Bacterial strain and sample type (water 

or fish) is indicated for each well. F1 through F4 indicates the replicate flask that the samples were 

obtained from, whereas lanes named just “water” indicates flasks that were added a Vibrio strain but no 

cod larvae. Bands marked with red squares were reamplified and analyzed by Sanger sequencing. The 

two rightmost wells contain negative controls from FASW and a negative PCR amplification control. 

M indicates wells with DGGE markers. 
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The HI610 16S rRNA V3-region PCR products based on DNA isolates all showed two distinct 

DGGE bands, though they were not far apart in the DGGE profile. The PCR products obtained 

for the RD5-30 samples showed as many as 15 distinct bands distributed throughout the 

denaturing gradient. This indicates intragenomic variants within the V3-region of this strain 

with big differences in nucleotide sequence. Some possible differences between the band 

profiles of fish and water samples were observed for the RD5-30 samples. The band marked 

number 15 seemed generally somewhat brighter in fish samples than in the rearing water 

samples, though it was also bright for the sample from the flask without cod larvae (Figure 3.4). 

 

For the BB120 samples a similar trend as in the V1-region analyses was observed, with different 

DGGE profiles for water and fish samples (Figure 3.4). All the PCR products representing the 

water samples each had band profiles containing about eight distinct bands, indicating large 

V3-region sequence diversity, while the fish samples had entirely different band profiles. 

Though less clear in this gel than the previous V1-region gels, the BB120 fish samples seem 

like they might again be more similar to the band profiles of the negative controls. This is more 

difficult to determine for this gel because of the smiling effect on the edge of the gel skewing 

the band profiles of the negative samples. This result does again seem to reflect that BB120 did 

not manage to efficiently colonize the cod larvae.  

 

RNA from all the gnotobiotic fish experiment samples then had their V3-regions amplified by 

PCR and were then run on a DGGE gel (Figure 3.5) to investigate if the sequence variants were 

differently expressed in the Vibrio strains depending on whether they were colonizing fish or 

living planktonic in rearing water or seawater.  
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Figure 3.5: DGGE gel with 16S rRNA V3-region PCR products amplified from RNA isolated from cod 

larvae and water samples in the gnotobiotic fish experiment. Bacterial strain and sample type (water or 

fish) is indicated for each well. F1 through F4 indicates the replicate flask that the samples were obtained 

from, whereas lanes named just “water” indicates flasks that were added a Vibrio strain but no cod 

larvae. Bands marked with red squares were reamplified and analyzed by Sanger sequencing. The 

rightmost well contain a negative control from a water sample from an axenic control flask. M indicates 

wells with DGGE markers. 

 

The resulting DGGE gel again revealed two bands for all HI610 samples (Figure 3.5). The band 

profiles representing the water samples all seemed to have an additional, weak band higher up 

on the gel compared to the band profiles representing the fish samples. The band profiles for 

the RD5-30 samples all showed band patterns similar to those obtained for the DNA-based 

amplicons. There might also have been some differences in the relative abundance of some of 

the upper bands when comparing samples from fish and rearing water, which indicates a 

potential difference in the expression of the different 16S rRNA variants in these two different 

environments. The V3-region RNA DGGE analysis of BB120 once again revealed very 

different band profiles for fish and water samples. 
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A number of bands from the V3-region DGGE profiles were excised from the DGGE gels (see 

Figure 3.4 and 3.5) and subjected to Sanger sequencing to investigate which sequence variants 

the different bands represented. The results are presented in Figure 3.6. Bands 17, 27 and 32 

(Figure 3.4) yielded sequences that were of too poor quality and were excluded from further 

analysis. 

 

 

Figure 3.6: Alignment of DNA sequences for eluted and reamplified bands from DNA and RNA 16S 

rRNA gene V3-region DGGE gels. The numbers in the parentheses represent the sequenced bands 

corresponding to the RD5-30 variants (Figure 3.4 and 3.5).  

 

Surprisingly, many of the DGGE bands that had migrated differently in the DGGE denaturing 

gradient appeared to represent identical sequences. The RD5-30 sequences yielded only four 

different sequence variants, while they represented 14-15 distinct bands in the DGGE gels 

(Figure 3.4 and 3.5). All three HI610 bands sequenced yielded identical sequences, as did all 

of the BB120 bands. 

 

3.2 Growth experiment with RD5-30 and BB120 in exponential and 

stationary growth 

 

Next, an additional experiment was conducted to investigate the possible differences in 

abundance of the potential intragenomic 16S rRNA gene sequence variants in different growth 

phases. The V. anguillarum strain HI610 was excluded from further analyses, as there were no 

indications of extensive intragenomic 16S rRNA gene sequence variation in the DGGE 

analyses. Samples from this experiment were subsequently subjected to Illumina amplicon 

sequencing together with samples from the gnotobiotic fish experiment, and the results are 

presented in Section 3.3. 
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Firstly, growth curves were established for the Vibrio strains RD5-30 and BB120 in the liquid 

growth medium M65 (Figure 3.7). Growth experiments were then performed to generate 

samples representing the strains in their exponential and stationary phases of growth for 

Illumina 16S rRNA amplicon sequencing. OD measurements indicated somewhat slower 

growth than what was shown by the growth curves (Figure 3.7), and sampling was performed 

accordingly. For details regarding OD measurements and sampling time points, see Appendix 

K. 

 

Figure 3.7: Growth curves for a) the Vibrio strain RD5-30 and b) the Vibrio strain BB120, in M65-

medium.  
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3.3 Illumina sequencing of 16S rRNA amplicons 

 

After the somewhat surprising results of the DGGE analyses, which showed few rRNA 

sequence variants for the RD5-30 and BB120 in spite of them having band-rich DGGE profiles, 

we wanted to investigate the sequence variation in more detail through the use of Illumina 

amplicon sequencing. Included in the Illumina sequencing were samples from the gnotobiotic 

cod larvae experiment (Section 3.1), the growth experiment (Section 3.2) and samples from day 

13 of the gnotobiotic fish experiment performed prior (2014) to this master project (Section 

1.7). The amplicons analyzed covered both the V1- and V3-regions of the 16S rRNA gene. An 

overview of all samples included in the amplicon sequencing is given in Appendix G.  

 

After quality filtering and chimera removal, the total number of sequence reads varied between 

35 075 and 232 434 among samples. A minor fraction of the sequence reads represented Salmo 

salar and chloroplast sequences, and were subsequently excluded from the data set. Most OTUs 

were classified as bacteria, and specifically Vibrio as expected – however, a large number of 

rare OTUs were classified as other bacterial taxa. These OTUs might be a result of the 

amplification of bacterial DNA fragments found in FASW.  

 

3.3.1 HI610 sequence variants 

 

For all HI610 samples, one OTU dominated, on average making up 99.48% of the sequence 

reads in each sample. Because of this lack of variation, no further analyses were done for the 

HI610 samples. The predicted secondary structure of this HI610 OTU is presented in Figure 

3.8. 
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Figure 3.8: The secondary structure of the V1- and V3-regions of the 16S rRNA gene for the most 

common HI610 sequence as predicted by the RNA secondary structure predictor by Mathews group 

(2017). 

 

3.3.2 BB120 sequence variants 

 

For BB120, the nine most common OTUs made up about 92.39% of the average sequence reads 

per sample. Among these nine sequences, however, were OTU 2 and OTU 1 - the most common 

sequence variants in HI610 and RD5-30, respectively. As these OTUs also differed a lot in 

sequence from the remaining BB120 variants, they probably represented a contamination, from 

either the rearing flask or the PCR reaction. The seven remaining common OTUs constituted 

an average of 90.48% of the BB120 sequence reads. However, these sequences differed by only 

a few nucleotides, and very little of this sequence variation was located in the variable regions 

V1 and V3. Because of the lack of sequence variation in the two variable regions examined, as 
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well as the problems BB120 had colonizing cod larvae, no further analyses were done for 

comparisons between different sample groups. The predicted secondary structure in the V1- 

and V3-regions for the most common sequence variant, OTU 3, is shown in Figure 3.9. 

 

 

Figure 3.9: The secondary structure of the V1- and V3-regions of the 16S rRNA gene for the most 

common BB120 sequence as predicted by the RNA secondary structure predictor by Mathews group 

(2017). 
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3.3.3 RD5-30 sequence variants and secondary structure variants 

 

For the RD5-30 samples, 22 sequence variants with a minimum average abundance of at least 

0.1% in the samples were identified. These sequences were aligned, and differences in the V1- 

and V3-regions of these sequences were identified. Most of the sequence variance between 

these OTUs were located in hypervariable regions of the V1- and V3-regions (Figure 3.10 and 

Figure 3.11). OTU 1 was by far the most common OTU and constituted on average 50.8% of 

all sequence reads in the RD5-30 samples (Table 3.1). OTU 2 and OTU 14 had average 

abundances of 0.4% and 0.1% respectively, and were classified as bacteria other than Vibrio. 

Since they were rare and classified as other species, they were excluded from further analyses. 

OTU 51 (average abundance 0.12%) was identical to OTU 1 except it lacked a nucleotide 

stretch of approximately 120 nt. It probably represented a PCR artifact, and was also excluded 

from further analyses. One of the OTUs (OTU 53) was classified as the genus Lucibacterium 

but was included in further analyses, as it showed high sequence similarity to the other RD5-

30 variants.  

 

The sequence variants found for the V1-region of the RD5-30 samples were aligned (Figure 

3.10). The hypervariable part of the V1-region in RD5-30 seems to encompass an area from 

about nucleotide (nt) 76 to 93, according to the E.coli 16S rRNA numbering (Figure 1.1). This 

area of hypervariability corresponds to the stem-loop structure found in the V1-region of E. 

coli. Compensatory mutations were observed on complimentary strands of stem structures for 

some of the V1-region sequence variants (Figure 3.10). Such compensatory mutations will 

ensure preservation of the secondary structure of the gene.  
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Figure 3.10: Sequence variants identified for the V1-region of the 16S rRNA gene in the RD5-30 

samples. The OTUs containing the respective variant are listed in parentheses. Dots symbolize 

nucleotide positions that are identical to the reference sequence.  

 

The different sequence variant found for the V3-region were also aligned (Figure 3.11). The 

alignment showed that the hypervariable part of the V3-region in the RD5-30 samples includes 

two stretches of the stem parts of the V3-region stem-loop secondary structure (Figure 1.1).    

 

 

Figure 3.11: Sequence variants identified for the V3-region of the 16S rRNA gene in the RD5-30 

samples. The OTUs containing the respective variant are listed in parentheses. Dots symbolize 

nucleotide positions that are identical to the reference sequence. 

 

The combinations of V1- and V3-sequence variants in the most abundant RD5-30 OTUs 

together with the average OTU abundances are presented in Table 3.1. The highly similar V1A 

and V1B variants were present in about 66% of the sequence reads (Table 3.1). For the V3-

region, the very distinct V3G and V3A sequence variants accounted for approximately 61.1% 

and 14.3% of the reads, respectively (Table 3.1). OTUs 5 and 785 accounted for 1.66% and 
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0.32% of the reads in all samples, respectively, but were practically non-existent among the 

2016 fish experiment samples.  

 

Table 3.1: Common sequence variants for RD5-30 showing OTU name, their V1- and V3-region 

sequence variants and their average abundance among all RD5-30 samples as well as just among the 

samples from the 2016 gnotobiotic fish experiment.  

OTU 

 

16S rRNA 

sequence variant 

Average 

abundance % 

(all samples) 

 

Average abundance % 

(2016 fish experiment) 

OTU 1 V1A-V3G 50.83 49.82 

OTU 29 V1B-V3A 12.58 12.71 

OTU 4 V1F-V3G 10.14 11.21 

OTU 10 V1C-V3H 7.35 7.94 

OTU 11 V1E-V3C 3.85 4.10 

OTU 13 V1D-V3I 3.53 4.58 

OTU 12 V1E-V3G 2.11 2.17 

OTU 5 V1H-V3D 1.66 0.00007* 

OTU 23 V1E-V3J 1.55 1.69 

OTU 18 V1E-V3A 1.44 1.41 

OTU 34 V1A-V3B 0.82 0.78 

OTU 8 V1A-V3F 0.77 0.55 

OTU 7 V1A-V3K 0.55 0.51 

OTU 785 V1A**-V3D 0.32 0.00006* 

OTU 53 V1A-V3A 0.26 0.23 

OTU 61 V1E-V3G 0.17 0.21 

OTU 48 V1D-V3F 0.13 0.09 

OTU 9 V1G-V3E 0.12 0* 

OTU 30 V1C-V3K 0.10 0.07 
*Low average abundance in this experiment, but relatively abundant in 2014 fish sample, where  

OTU 5 = 22.7 %, OTU 785 = 4.4 and OTU 9= 1.6 

** This OTU had a single nucleotide deletion in a non-variable part of the V1-region 

 

The four V3-region 16S rRNA sequence variants found for RD5-30 through Sanger sequencing 

of DGGE bands (Figure 3.6) all corresponded to V3-region sequence variants found through 

Illumina sequencing (Figure 3.11). The Sanger sequencing variants V3I, V3II, V3III and V3IV 

corresponded to Illumina variants V3G, V3I, V3A and V3H respectively. V3G was found in 

OTUs 1, 4 12 and 61, which constituted more than 60% of the RD5-30 sequence reads. In 

addition to V3G, variants V3A and V3H were also found among the four most common RD5-

30 OTUs (Table 3.1). V3I was found in OTU 13, which represented 3.5% of the total RD5-30 

sequence reads. 
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Secondary structures were predicted for the most abundant RD5-30 V1- and V3-region 

sequence variants by the RNA secondary structure predictor by Mathews group (2017). Among 

the V1-region, mainly four different types of secondary structure were suggested (Figure 3.12). 

Predicted secondary structures for the remaining V1-region sequence variants are shown in 

Appendix L. V1A, V1E and V1F were found to have highly similar structures, as were V1B 

and V1C, and V1H and V1G (Figure 3.12, Appendix L). The predicted secondary structure of 

V1D is dissimilar to the other variants (Figure 3.12). 

 

Figure 3.12: The four main types of suggested secondary structures suggested by the RNA secondary 

structure predictor by Mathews group (2017) among the sequence variants from the V1-region of the 

RD5-30 16S rRNA gene.  

 

For the V3-region secondary structures, most sequence variants fell into one of four categories 

(Figure 3.13). The secondary structures not displayed in Figure 3.13 can be found in Appendix 

M. Variants V3G, V3A, V3H, V3I, V3D and V3E were suggested to all have highly similar 

secondary structures. These were the most energetically favorable structures out of the four 

different categories of secondary structures (Figure 3.13, Appendix M). V3C and V3K shared 
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similar suggested secondary structures, as did V3J and V3B, all less energetically favorable 

than the previously mentioned structures. V3F had a different looking structure than the others 

(Figure 3.13). 

 

 

Figure 3.13: The main types of secondary structure suggested by the RNA secondary structure predictor 

by Mathews group (2017) for the sequence variants from the V3-region of the RD5-30 16S rRNA gene.  

 

3.3.4 Comparisons of 16S rRNA gene variant profiles between groups of RD5-30 

samples  

 

Principal coordinates (PCoA) analysis based on Bray-Curtis similarities was performed to 

compare the RD5-30 16S rRNA OTU profiles among samples (Figure 3.14a). The fish samples 

from the 2014 cod larvae experiment were very distinct from all other sample groups in the plot 

(Figure 3.14a). Therefore, these samples were excluded to allow for better comparisons of the 

remaining samples in a new PCoA plot (Figure 3.14b). In this plot, all samples seem to cluster 

together according to sample type, seen most clearly for the 2016 fish experiment DNA and 

RNA water samples, and M65 cultured samples from the exponential phase. 
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Figure 3.14: Principal coordinate analysis (PCoA) plots based on Bray-Curtis similarities for 

comparison of RD5-30 16S rRNA OTU profiles for a) all samples except water samples from flasks 

without cod larvae in the 2016 cod experiment, and b) all samples with the exception of the fish samples 

from the 2014 cod larvae experiment. Samples labels: F: fish; W: rearing water; M65: from M65 cultures 

(growth experiment), M65-exp: exponential growth phase, M65-sta: stationary growth phase. RNA 

indicates amplicons based on RNA extracts and DNA indicates amplicons based on DNA extracts. 
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One-way PERMANOVA tests also using the Bray-Curtis dissimilarity indices were conducted 

to test whether there were significant differences in the RD5-30 OTU profiles between groups 

of samples (Table 3.2). These tests revealed significant differences between most groups 

(P<0.5). These exceptions included DNA extracted from the 2014 cod larvae experiment when 

compared with several different groups of samples, RNA extracted from M65 stationary phase 

samples compared with RNA extracted from M65 exponential phase samples, as well as RNA 

extracted from water samples from the 2016 cod larvae experiment compared with some 

different sample groups (Table 3.2). 

 

Table 3.2: One-way PERMANOVA for testing differences in the Bray-Curtis dissimilarities between 

groups of samples. P-values indicating significant differences (p<0.05) are written in bold. 

  
F-16-
DNA 

 
F-16-
RNA 

 
W-16-
DNA 

 
W-16-
RNA 

M65-
EXP-
DNA 

M65-
STA-
DNA 

M65-
EXP-
RNA 

M65-
STA-
RNA 

 
W-14-
DNA 

 
F-14-
DNA 

F-16-DNA  0.028 0.029 0.085 0.031 0.030 0.031 0.030 0.116 0.027 

F-16-RNA 0.028  0.029 0.056 0.029 0.026 0.029 0.029 0.059 0.032 

W-16-DNA 0.029 0.029  0.030 0.028 0.029 0.027 0.026 0.029 0.027 

W-16-RNA 0.085 0.056 0.030  0.028 0.025 0.028 0.028 0.120 0.030 

M65-EXP-
DNA 

0.031 0.029 0.028 0.028  0.033 0.029 0.029 0.086 0.027 

M65-STA-
DNA 

0.030 0.026 0.029 0.025 0.033  0.028 0.028 0.172 0.028 

M65-EXP-
RNA 

0.031 0.029 0.027 0.028 0.029 0.028  0.801 0.028 0.031 

M65-STA-
RNA 

0.030 0.029 0.026 0.028 0.029 0.028 0.801  0.031 0.029 

W-14-DNA 0.116 0.059 0.029 0.120 0.086 0.172 0.028 0.031  0.096 

F-14-DNA 0.027 0.032 0.027 0.030 0.027 0.028 0.031 0.029 0.096  

 

Comparison of OTU profiles between fish and water samples from the 2016 gnotobiotic 

cod larvae experiment 

The PCoA plot (Figure 3.14b) indicated differences in the RD5-30 OTU profiles between water 

and fish samples based on DNA from the 2016 cod larvae experiment, and a PERMANOVA 

test confirmed that there were significant differences (Table 3.2). To further investigate which 

OTUs contributed the most to this difference, a SIMPER analysis was conducted (Table 3.3). 

The SIMPER analysis showed that the OTUs 29, 11, 13, 1 and 4 contributed the most to the 

difference between the two groups of samples. Those five OTUs combined accounted for 81.8% 
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of all the dissimilarity found between the groups. OTU 29 was more common in water samples 

(15.9%) than in fish samples (10.2%) and this was the biggest contributing factor to the 

difference between the two groups (32.1%, Table 3.3). OTUs 11, 13 and 1 all also contributed 

to more than 12% of the dissimilarity, and while OTU 11 was more common in water samples, 

OTUs 13 and 1 were more common in fish samples (Table 3.3). 

 

Table 3.3: SIMPER analysis based on Bray-Curtis dissimilarities for identification of the OTUs 

contributing most to the differences in the RD5-30 16S rRNA OTU profiles between fish and water 

samples from the 2016 gnotobiotic cod larvae experiment. 

Taxon 

Average 

dissimilarity 

Contributing 

% 

Cumulative 

% 

Mean abundance 

% F-16-DNA 

Mean abundance 

% W-16-DNA 

OTU 29 2.938 32.08 32.08 10.2 15.9 

OTU 11 1.372 14.97 47.06 2.6 5.3 

OTU 13 1.19 12.99 60.04 5.8 3.5 

OTU 1 1.14 12.44 72.49 51.9 49.7 

OTU 4 0.8529 9.312 81.8 11.4 9.7 

 

In the fish samples from the 2016 cod larvae experiment, the RNA- and DNA-based samples 

seemed distinct on the PCoA plot (Figure 3.14b) and showed significant differences in the 

PERMANOVA tests (Table 3.2). A SIMPER test was conducted to examine the differences 

between these two groups in more detail (Table 3.4). Between the fish DNA and RNA based 

samples, OTU 1 contributed the most to the dissimilarity between the groups this time (31.9%), 

while OTU 29 contributed the second most (18.2%). OTU 1 was more abundant in samples 

based on DNA than RNA, while the opposite was true for OTU 29 (Table 3.4). 

 

Table 3.4: SIMPER analysis based on Bray-Curtis dissimilarities for identification of the OTUs 

contributing most to the differences in the RD5-30 16S rRNA OTU profiles between 2016 gnotobiotic 

cod larvae experiment fish DNA and RNA based samples. 

Taxon 

Average 

dissimilarity 

Contributing 

% 

Cumulative 

% 

Mean abundance 

% F-16-DNA 

Mean abundance 

% F-16-RNA 

OTU 1 2.374 31.88 31.88 51.9 47.4 

OTU 29 1.358 18.23 50.11 10.2 12.2 

OTU 13 0.7936 10.66 60.77 5.8 4.8 

OTU 11 0.71 9.534 70.3 2.6 4.0 

OTU 4 0.5463 7.337 77.64 11.4 11.4 
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Comparison of OTU profiles between fish and water samples from the 2014 gnotobiotic 

cod larvae experiment 

PCoA analysis (Figure 3.14b) indicated that the OTU profiles for water and fish samples from 

the 2014 gnotobiotic cod larvae experiment were different, but according to the PERMANOVA 

test (p>0.05) the two groups were not significantly different (Table 3.2). A small number of 

replicates (3 each for water and fish) and big differences in OTU profiles within the fish samples 

could explain this. A SIMPER analysis was conducted on these two sample groups as well 

(Table 3.5).  

 

Table 3.5: SIMPER analysis based on Bray-Curtis dissimilarities for identification of the OTUs 

contributing most to the differences in the RD5-30 16S rRNA OTU profiles between water and fish 

samples from the 2014 gnotobiotic cod larvae experiment. 

Taxon 

Average 

dissimilarity 

Contributing 

% 

Cumulative 

% 

Mean abundance 

% W-14-DNA 

Mean abundance 

% F-14-DNA 

OTU 5 11.79 35.71 35.71 0 22.7 

OTU 1 8.326 25.22 60.93 52.3 36.2 

OTU 29 2.689 8.144 69.08 13.5 8.3 

OTU 785 2.267 6.867 75.94 2.2·10-04 4.4 

OTU 4 2.187 6.623 82.57 10.2 6.7 

 

In this SIMPER analysis, OTU 5 contributed most to the difference between the groups (35.7%) 

and was by far most common in fish samples (22.7%) as it was not observed in the water sample 

profiles (0%). OTU 1 (25.2%) and OTU 29 (8.1%) contributed the second and third most to the 

dissimilarity, and were both more abundant in water samples. OTU 785 contributed the fourth 

most to the difference (6.9%) and was most commonly found in fish samples (4.4%) and only 

barely found in water samples (2.2·10-04 %). OTU 4 was most common in water samples and 

had the fifth biggest contribution to the dissimilarity between the water and fish sample groups 

(6.6%). Interestingly, OTUs 5 and 785 are almost only present in the fish DNA based samples 

from the 2014 experiment.   
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Comparison of OTU profiles between RNA and DNA based samples from the growth 

experiment 

In the growth experiment using as the M65 growth medium, RNA and DNA based samples 

were taken from both the exponential and stationary stages of growth. The PCoA plot (Figure 

3.14b) indicated that the two groups of samples from this experiment with the biggest 

differences were between the OTU profiles based on RNA and DNA. The exponential and 

stationary samples were therefore grouped together, so that all RNA based samples could be 

compared with all DNA based samples from the growth experiment by way of SIMPER 

analysis (Table 3.6). The five OTUs contributing the most to the difference between the two 

groups are the same as seen in Table 3.3 and Table 3.4. The two most common OTUs, 1 and 

29, in the two sample groups are also the two OTUs contributing the most to the difference 

between the groups with 34.5% and 27.5% respectively. OTU 1 is more abundant in the RNA 

based samples than the DNA, indicating a higher expression level of this OTU compared to its 

abundance in the genome.  

 

Table 3.6: SIMPER analysis based on Bray-Curtis dissimilarities for identification of the OTUs 

contributing most to the differences in the RD5-30 16S rRNA OTU profiles between DNA and RNA 

based samples from the growth experiment. 

Taxon 

Average 

dissimilarity 

Contributing 

% 

Cumulative 

% 

Mean abundance 

% M65-DNA 

Mean abundance 

% M65-RNA 

OTU 1 2.857 34.47 34.47 51.6 57.2 

OTU 29 2.279 27.49 61.96 15.2 10.7 

OTU 11 0.7647 9.223 71.18 4.6 3.1 

OTU 13 0.6627 7.993 79.17 2.6 1.8 

OTU 4 0.5545 6.688 85.86 9.8 9.4 
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4  DISCUSSION 

 

4.1 The use of denaturing gradient gel electrophoresis (DGGE) and Illumina 

sequencing to map sequence heterogeneity 

 

DGGE was chosen as a method to investigate intragenomic heterogeneity in the 16S rRNA 

gene of Vibrio as a previous DGGE analysis suggested extensive sequence variety in the 16S 

V3-region of Vibrio strain RD5-30 (Figure 1.3). In a DGGE analysis, DNA molecules with 

different sequences are separated according to their denaturation in a denaturing gradient 

(Muyzer et al., 1993). It was therefore assumed that different bands in the denaturing gradient 

(Figure 1.3) represented different DNA sequences. The Sanger sequencing of the 16S rRNA 

V3-region DGGE bands from the 2016 gnotobiotic fish experiment, however, revealed that the 

three sequenced HI610 bands shared the exact same sequence, as did the eleven bands 

sequenced for BB120. The 18 RD5-30 bands sequenced yielded only four different sequence 

variants, with most bands again sharing one identical sequence (Figure 3.6). Even bands located 

far apart in the denaturing gradient represented the same sequence, such as bands 4 and 14 and 

bands 19 and 25 (Figure 3.4). The four RD5-30 16S rRNA sequence variants that were found 

through Sanger sequencing of DGGE bands were also present in Illumina sequencing results, 

which indicates they are actual V3-region 16S rRNA variants found in RD5-30. DGGE is 

already known to be an unreliable method for directly estimating species diversity because of 

intragenomic sequence heterogeneity, which leads to an overestimation of diversity (Dahllöf et 

al., 2000, Vadstein et al., 2013). The findings of these DGGE analyses – different bands 

representing the same sequence – might indicate there is an even bigger overestimation of 

species diversity when using DGGE as a method, caused by DNA molecules of identical 

sequences giving rise to several DGGE bands. The reason for this is unclear. 

 

The distribution of the bands seem to be replicable, as all band profiles were very similar in 

both gels based on both DNA and RNA extracts for any given strain, as can be seen in the two 

V3-region 16S DGGE gels (Figure 3.4 and 3.5). As argued by Dahllöf et al. (2000), this 

reproducible band pattern indicates that the many bands representing the same sequence was 

not a result of random PCR-related errors. One possible explanation might be that DNA 

molecules with a specific sequence might fold into several alternative, stable secondary 

structures that exhibit different behavior in the denaturing gradient. This has previously been 
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suggested by Neilson et al. (2013). In summary, the DGGE-profiles of PCR products that can 

fold into secondary structures do not necessarily reflect sequence variation in the PCR product.  

 

In the case of Illumina amplicon sequencing to map sequence heterogeneity, the problems 

encountered using DGGE analyses were avoided. The secondary structures of the 16S rRNA 

sequence variants did not have any impact on the sequences found by Illumina sequencing, and 

the method gave a detailed description and overview over the different gene variants found 

within the three Vibrio strains. The method does however have its drawbacks, as hundreds of 

OTUs classified as other taxa than Vibrio were also included in the resulting OTU table. These 

OTUs might occur because of contamination from the water – the FASW used in the fish 

experiment as well as the M65 medium has been autoclaved, but while this heating process 

destroys bacteria, it does not necessarily degrade all DNA in the seawater. Some of that DNA 

or RNA might be extracted along with the desired Vibrio DNA or RNA. Rare OTUs that were 

classified as species other than Vibrio were likely to represent such contaminations.  

 

4.2 Presence of different 16S rRNA gene variants in the three Vibrio strains 
 

The DGGE and Illumina sequencing analysis of the three Vibrio strains revealed that only one 

16S rRNA gene variant was abundant for both HI610 and BB120. In RD5-30, 8 different V1-

region sequence variants and 11 different V3-region variants of the 16S rRNA gene were found 

(Figure 3.10 and 3.11). There were 19 different OTUs with average abundances above 0.10% 

in RD5-30, each with a novel V1- and V3-region sequence variant combination (Table 3.1). In 

all three Vibrio strains, the suggested secondary structures included G-T base pairs – while not 

one of the regular base pairings, the G-U wobble pair is common and important in RNA (Varani 

and McClain, 2000) and as such does not discredit the validity of these 16S rRNA sequences. 

These two regions exhibited quite extensive sequence variation between the variants, with up 

to 18 variable nucleotide positions for both the V1- and V3-region. The conservation of gene 

copies as divergent as this indicates that they have different biological functions, which has 

previously been suggested by Jensen et al. (2009). This biological function is likely be related 

to ribosome assembly and structure, and might be relevant for recruitment of ribosomal proteins 

(Mayerle and Woodson, 2013). Both the V1- and V3-regions of the 16S rRNA gene have been 

found to interact with protein S4, which is among the first two proteins to interact with 16S 
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rRNA during protein assembly (Sapag et al., 1990). This interaction causes conformational 

changes in the 16S rRNA, potentially affecting its secondary and tertiary structure (Mayerle 

and Woodson, 2013). In E. coli there was not found much sequence variation between 16S 

rRNA gene copies, yet the promoters of the eight different rRNA operon promoters were still 

differentially regulated when the bacteria was living with different lifestyles (Maeda et al., 

2015).  

 

The Vibrio genome has already shown a high degree of plasticity, as well as having two 

chromosomes, and is often a target of recombination (Thompson et al., 2010). Many species of  

Vibrio have a high 16S rRNA gene copy number (Regents of the University of Michigan, 2017). 

The genome of RD5-30 has not been sequenced, but since 19 different OTUs were found 

through Illumina sequencing (Table 3.1), this would indicate 19 copies of the rRNA operon. 

This is more than has been seen in Vibrio, where the highest recorded operon copy number 

seems to be 14 (Regents of the University of Michigan, 2017). This seems to indicate an 

overestimation of 16S rRNA copy number in RD5-30, meaning that not all of the sequence 

variants represent existing functional gene variants, which is something that will be discussed 

further below. Furthermore, all observed OTUs might not all exist in the same bacterial genome 

- there might be a different composition of OTUs in different RD5-30 cells - which might 

especially be true for the OTUs with the lowest abundance, which might not be present in all 

RD5-30 bacteria. The different 16S rRNA variants in Vibrio sp. RD5-30 might have originated 

from recombination by horizontal gene transfer from other Vibrio species mediated by 

bacteriophages that are abundant in the marine environments they live in, as discussed by Harth 

et al. (2007).  

 

When looking into the predicted secondary structures of the V1- and V3-region sequence 

variants, it became apparent that some sequence variants had quite different structures, such as 

V1-region variant V1A when compared to V1D (Figure 3.12) or even more noticeable in the 

V3-region with e.g. sequence variant V3G compared to V3C, V3J or V3F (Figure 3.13). From 

the V3-region secondary structures especially, it became apparent that some sequence variants 

had deviating structures because they were lacking base pairings in the stem-regions, causing 

their predicted secondary structures to look unusual, while also being less energetically 

favorable. When looking closer into the nucleotide sequences of the deviating secondary 
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structures (Figure 3.10 and Figure 3.11) it became apparent that some of the V1- and V3-region 

sequence variants found in RD5-30 seemed to be composed of two different template sequences 

that had combined into one sequence. These potential chimeras could be spotted by their lack 

of complimentary base pairings in the stem regions of the hypervariable sections of V1 and V3. 

This can most clearly be seen for sequence variant V3F, where it seems half of the sequence is 

identical to variant V3A, while the other half is identical to e.g. V3G, leaving this sequence 

variant with many nucleotides lacking complimentary base pairings in their secondary structure 

(Figure 3.11 and Figure 3.13). This same trend was apparent in two (V1C, V1D; Figure 3.10) 

of the V1-region sequence variants and four (V3B, V3C, V3J, V3K; Figure 3.11) other V3-

region 16S rRNA gene variants of RD5-30. These potentially chimeric sequence variants were 

found in 9 (OTU 10, 11, 13, 23, 34, 8, 7, 48, 30; Table 3.1) of the 19 most common OTUs for 

RD5-30, on average accounting for around 18.7% of the reads.  

 

Chimeras are known to be synthesized during PCR due to the polymerase shifting from one 

template DNA molecule to another during the elongation step (Smyth et al., 2010). It is worth 

noting that none of the four sequence variants found during Sanger sequencing of RD5-30 V3-

region 16s rRNA corresponded to any of the potentially chimeric sequences, which might mean 

the differences in PCR protocols combined with the much higher resolution of the Illumina 

sequencing method led to the chimeras only being observed here. There is a possibility that 

these are genuine biological sequence variants found in RD5-30, potentially caused by the 

recombination of 16S rRNA genes between bacterial cells, as mentioned above (Harth et al., 

2007). If bacteria benefit from changing the abundance of different 16S sequence variants while 

living with different lifestyles, the chimeras might just be intermediate recombination products 

caused by the selection for more beneficial sequence variants in their current environments. All 

of the OTUs with potentially chimeric sequence variants only have either a chimeric V1-region 

or V3-region variant, never both. Some of the OTUs with potentially chimeric sequence 

variants also have a unique non-chimeric variant, such as OTU 10 with a potential chimeric 

sequence variant V1C and unique sequence variant V3H (Table 3.1). Because of the potential 

biological legitimacy of these chimeric sequences, all 19 common RD5-30 OTUs were included 

in all analyses performed.   
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4.3 Distribution of 16S rRNA gene variants in different lifestyles of RD5-30 
 

Statistical analyses showed that there was a significant difference in the distribution of different 

RD5-30 16S rRNA sequences between different sample types – including differences between 

samples representing different life strategies and differences between PCR products based on 

DNA and RNA extractions (Table 3.2). Firstly, there were significant differences at the RNA 

level between different sample types, such as between 2016 gnotobiotic experiment fish 

samples and samples for RD5-30 grown in M65 medium (Figure 3.14b). These differences 

indicate that the bacteria regulate gene expression of the different sequence variants depending 

on which sequence variants are needed in a given environment or lifestyle.  

 

Differences were also observed in the abundances of different sequence variants when 

comparing gene variant profiles based on DNA and RNA. This was seen when comparing DNA 

and RNA based gene variant profiles from the 2016 gnotobiotic fish experiment (Table 3.4) 

and the growth experiment (Table 3.6). In both cases some OTUs were found to have a higher 

mean abundance in RNA based profiles than in those based on DNA, indicating upregulation 

of the expression of these RNAs. This also indicates that the expression of the gene variants are 

regulated at the RNA level. Different OTUs appeared to be upregulated in these two sample 

groups, indicating a difference in gene expression in the two different lifestyles. A regulation 

of 16S rRNA variants at the RNA level has been found in e.g. E. coli (Maeda et al., 2015) and 

will result in a rapid response in the bacterial cell. 

 

An interesting finding was that there were significant differences between sample groups at the 

DNA level (Table 3.2). For example, a difference in the mean abundance of different sequence 

variants were found when comparing fish and water DNA based gene variant profiles from the 

2016 gnotobiotic fish experiment (Table 3.3). There was at the most about a 5.7% difference in 

the mean abundance of the same OTU between the two sample groups. This indicates that the 

Vibrio species living in different environments may regulate the abundance of different 16S 

rRNA gene variants at the DNA level. A possible mechanism for this could be horizontal gene 

transfer and recombination of the 16S rRNA copies, changing the abundances of the 16S rRNA 

gene variants of the bacterial cells. This could have happened through gene conversion by 

homologous recombination within the genome of a RD5-30 bacterium, potentially increasing 
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the abundance of some sequence variants and decreasing the abundance of others by copying 

parts of the 16S rRNA gene from one sequence variant to another, making them identical 

(Gonzalez-Escalona et al., 2005).    

 

Another example of differing gene variant profiles at the DNA level was observed when 

comparing the rearing water and fish samples based on DNA from the 2014 gnotobiotic fish 

experiment. Interestingly, the gene variant profiles these fish samples contained high 

abundances of two OTUs (5 and 785) that were barely found in any other sample group, 

including the 2016 fish experiment (Table 3.1). There is a possibility that these two OTUs are 

contaminants. When compared with the other common RD5-30 OTUs, OTU 5 along with OTU 

9, which was also almost exclusively found in these fish samples, has as many as twelve 

nucleotides differing from the remaining OTUs outside of the hypervariable regions of V1 and 

V3. This makes these OTUs likely to represent contaminating bacteria, which would also mean 

there has been found 17 and not 19 legitimate, common RD5-30 sequence variants. 

Disregarding these two OTUs also leaves 6 V1-region variants and 10 V3-region variants, and 

the highest number of observed variable nucleotide positions is then 16 nucleotides for both the 

V1- and V3-region variants (Figure 3.10 and Figure 3.11).  

 

OTU 785, on the other hand, is more similar to the other RD5-30 16S rRNA gene variants with 

a near identical sequence as the other gene variants outside of the variable regions and a V1-

region highly similar to the most common V1-variant, but with a single nucleotide deletion. 

However, it does have a V3-region variant shared only with OTU 5. It is possible that the 

acquisition of the OTU 785 sequence variant is a result of recombination by RD5-30 with 

bacteria containing OTU 5, maybe as a form of adaption to its lifestyle of colonizing the fish. 

There is also a possibility it might be a chimeric PCR artifact, though its unique V1A sequence 

variant makes this somewhat less likely. The 2014 gnotobiotic cod larvae experiment samples 

were from day 13 of that experiment, while the 2016 experiment ended at day 6 post-hatch. A 

longer fish experiment might lead to an increase in the differences in sequence variant 

abundances between RD5-30 living in fish versus rearing water.  
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It is worth noting that all experiments conducted and analyzed in this project only used a small 

number of replicates (3-4) per sample group. Moreover, even when the groups were found to 

be significantly different these differences were often minor and generally due to relatively 

small variations in abundances. More replicates would therefore help in verifying the validity 

of the findings in this thesis. 

 

4.4 Future work 
  

The results from this project showed that Vibrio sp. RD5-30 has several distinct 16S rRNA 

gene variants, and indicate that these gene variants may be regulated at both the DNA and RNA 

level, according to lifestyle. Future work should attempt to confirm these findings. One way to 

do this is to conduct another gnotobiotic fish experiment with RD5-30 over a longer period of 

time, which might allow for larger differences in 16S rRNA gene variant abundances between 

fish and rearing water. In addition, the inclusion of more replicates of each sample group allow 

for more robust statistical analyses. Other lifestyles could also been studied, such as biofilm 

growth. More research should be done on why the V1- and V3-regions of the 16S rRNA gene 

in RD5-30 exhibit such a high level of variability, and what the biological significance of these 

hypervariable regions is. The possible biological significance of the potentially chimeric 

sequences should be investigated also. Possible mechanisms to control the expression of 16S 

rRNA gene variants at both the DNA and RNA level would be interesting to investigate. A 

potential approach could be to genetically manipulate RD5-30 e.g. by knocking out some 16S 

sequence variants and then observe how the growth and 16S sequence variant abundance 

changes in the bacteria. However, this might not be so easy for the Vibrio sp. RD5-30, where 

the appropriate tools for gene manipulation are limited. Furthermore, it could be interesting to 

investigate how bacteria in genera other than Vibrio regulate the expression of their 16S rRNA 

gene variants. One candidate for this is Photobacterium profundum strain SS9, which has been 

found to have 15 rRNA operons distributed between two chromosomes and a high intragenomic 

sequence variation within the 16S rRNA genes (Vezzi et al., 2005). Another alternative is 

Clostridium paradoxum DSM 7308, which has 15 V1-region 16S rRNA gene sequence variants 

(Rainey et al., 1996).  
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5  CONCLUSION 

 

DGGE turned out to be a poor method for investigating intragenomic 16S rRNA sequence 

variation, as many distinct bands within DGGE profiles represented identical sequences. No 

intragenomic 16S rRNA V1- or V3-region heterogeneity was observed for HI610 or BB120, 

neither through Sanger sequencing of DGGE bands nor Illumina amplicon sequencing. The 

Illumina sequencing of RD5-30 16S rRNA amplicons revealed a large degree of intragenomic 

variation, located in hypervariable nucleotide stretches in stem-regions of the V1- and V3-

regions. Sequencing of RD5-30 revealed 6 V1-region and 10 V3-region sequence variants in 

the 16S rRNA gene. There were found 17 relatively abundant OTUs (i.e. gene variants) for 

RD5-30, each with unique combinations of V1- and V3-region sequence variants. Based on 

inspection of suggested secondary structures, some of the RD5-30 16S rRNA sequence variants 

appeared to be chimeric combinations of different sequences. It is difficult to determine whether 

these sequences are biologically relevant or artifacts from the PCR amplification. The various 

gene variants might have different functions, mediated by variations in secondary and tertiary 

structure of the 16S rRNA, and in interaction with ribosomal proteins (e.g. S4), which can affect 

ribosome assembly. If the 16S rRNA gene variants do have different functions, a differential 

expression in distinct environments and lifestyles seems plausible. There were found significant 

differences in the abundance of gene variants between sample groups at both the DNA and 

RNA level. This applied to comparisons between fish and water samples (gnotobiotic fish 

experiment) and between growth experiment samples. The expression of rRNA sequence 

variants seemed to be regulated at the RNA level, and seemed to be regulated differently 

depending on the lifestyle of the bacteria, such as in RD5-30 colonizing fish versus growing in 

M65 medium. There were also significant differences in gene variant abundances at the DNA 

level between fish and rearing water samples from the gnotobiotic fish experiments. A possible 

explanation for this observation is that RD5-30 adjusts the abundance of 16S rRNA variants in 

a cell population at the DNA level, e.g. through some sort of recombination. Future research 

should focus on determining the biological function of hypervariable, intragenomic 16S rRNA 

variation. More research is needed to understand the mechanism for creation of this 

intragenomic hypervariability and for the regulation of the abundance of the different sequence 

variants at the DNA and RNA level. 
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Appendix A  Preparation of cultivation media, FASW, buffers and DGGE 

solutions 

 

Two media were primarily used for cultivation of bacteria. These were the growth media marine 

broth (MB) (Table A.1) and M65 (Table A.2). 

 

Table A.1: Recipe for 1 L Marine Broth (MB) liquid medium and Marine Agar (MA). Ingredients were 

mixed together, boiled for one minute and autoclaved at 120°C, 20 minutes. 

Content Amount 

Marine broth DifcoTM, 2216 37.4 g 

Distilled water (dH2O) 1 L 

Agar noble* 15 g/L 

*only included in Marine Agar recipe 

 

Table A.2: Recipe for 1 L of M65 liquid and agar media. Ingredients were mixed together and 

autoclaved at 120°C, 20 minutes. 

Content Amount 

Peptone 0.5 g 

Tryptone 0.5 g 

Yeast extract 0.5 g 

Distilled water (dH2O) 200 mL 

FASW 800 mL 

Agar noble* 15 g/L 

*only included in M65 agar recipe  

 

Filtered autoclaved seawater (FASW) was made by vacuum filtrating seawater through two 

filters – first a glass microfiber filter with a 1.0 µm particle retention (VWR), then an Aqueous 

Solution Filter Capsule with a 0.2 µm pore size (Polycap 36 AS). The filtered seawater was 

autoclaved at 120°C, 20 minutes.  

 



 

The two main buffers used in this project were TE buffer (Table A.3) and TAE buffer (Table 

A.4). The 50 x TAE buffer was diluted to 1 x TAE or 0.5 x TAE buffer by adding distilled 

water (dH2O) to the correct dilution was reached. The same was done to make 1:10 TE buffer. 

Table A.3: Recipe for 500 mL of 1 x Tris-EDTA (TE) buffer. Buffer was autoclaved. 

Content Amount 

2M Tris-HCL pH 7.5 2.5 mL 

0.5M EDTA pH 8.0 1.0 mL 

Distilled water (dH2O) 496.5 mL 

 

Table A.4: Recipe for 500 mL of 50 x TAE buffer. Buffer was autoclaved. 

Content Amount 

Tris-base  242 g 

0.5M EDTA pH 8.0 100 mL 

Distilled water (dH2O) To 1 L total 

 

For DGGE analysis, 0% and 80% denatured solutions were made (Table A.5 and Table A.6). 

The deionized formamide used in the 80% denaturing solution was made by adding 7.5 g 

DOWEX RESIN AG 501X8 to 200 mL formamide and stirring for 1 hour at room 

temperature. 

 

Table A.5: Recipe for 250 mL 0% denaturing solution. Final solution consists of 8% acrylamide in 0.5 

x TAE buffer. Solution was stored at 4°C, shielded from light. 

Content Amount 

40% acrylamide solution (BioRadLab Inc.)  50 mL 

50 x TAE 2.5 mL 

Distilled water (dH2O) To 250 mL total 

 

 

 



 

Table A.6: Recipe for 250 mL 80% denaturing solution. Final solution consists of 8% acrylamide, 5.6M 

urea and 32% formamide in 0.5 x TAE buffer. Solution was stored at 4°C, shielded from light. 

Content Amount 

40% acrylamide solution (BioRadLab Inc.)  50 mL 

50 x TAE 2.5 mL 

Urea 84 g 

Deionized formamide 80 mL 

Distilled water (dH2O) To 250 mL total 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Appendix B  Recorded temperatures gnotobiotic fish experiment (2016) 

 

Table B.1 shows recorded temperatures of the room where the gnotobiotic fish experiment 

was conducted. Table B.1 shows the days prior to the Atlantic cod eggs hatching, while Table 

B.2 shows the recorded temperatures from the day of hatching and the days after. 

 

Table B.1: The temperatures recorded during the 2016 gnotobiotic cod larvae experiment before the 

eggs hatched. All temperatures are given in degrees Celsius (°C). The abbreviations “avg” and “temp” 

stand for “average” and “temperature”, respectively. Min and max temperatures represent minimum 

and maximum temperatures, respectively. 

                   Days after arrival of eggs 
 

0 1 2 3 4 5 6 7 

Avg temp water N/A 4.1 5.4 5.9 5.9 5.9 5.9 5.9 

Avg temp air 6.4 5.1 5.9 6.2 6.1 6.2 6.4 6.9 

Temp air max N/A 6.8 7.3 7.5 7.3 7.3 7 7.3 

Temp air min N/A 2 3.3 4.2 4.3 4.3 4.7 4.4 

Temp water max N/A 21 5.6 6.1 6.1 6.1 6.1 6.2 

Temp water min N/A 3.6 4 5.4 5.7 5.7 5.7 7.2 

 

Table B.2: The temperatures recorded during the 2016 gnotobiotic cod larvae experiment after 

hatching of the eggs. All temperatures are given in degrees Celsius (°C). The abbreviations “avg” and 

“temp” stand for “average” and “temperature”, respectively. Min and max temperatures represent 

minimum and maximum temperatures, respectively. 

Days post-hatch 

 0 1 2 3 4 5 6 

Avg temp water N/A 6.9 7.6 8.8 9.5 10.6 10.4 

Avg temp air N/A 7.7 8.4 9.9 10.5 11.4 11.5 

Temp air max 11.3 8.9 10 10.3 10.9 11.8 12 

Temp air min 6 5.8 6.4 8.2 9.2 10.5 10.2 

Temp water max 11.3 7.2 8 8.8 9.7 10.8 10.6 

Temp water min 6 6.7 6.9 7.6 8.8 9.5 10.1 



 

Appendix C  PowerSoil® DNA isolation protocol  

 The protocol for the PowerSoil® DNA Isolation Kit by Mo Bio Laboratories Inc. 

 



 

 

 

 

 

 

 

 

 

 

 

 



 

Appendix D  PowerMicrobiome™ RNA isolation protocol 

The protocol for the PowerMicrobiome™ RNA Isolation Kit from Mo Bio Laboratories Inc. 

 



 

 



 

 

 

 

 

 

 

 

 

 

 

 



 

Appendix E  PrimeScriptTM 1st strand cDNA Synthesis protocol 

The protocol for the PrimeScriptTM 1st strand cDNA Synthesis Kit from TaKaRa Bio Inc. 

Random 6 mers were used and not an oligo dT primer. 

 



 

Appendix F  QIAquick ® PCR purification protocol 

The protocol for the QIAquick ® PCR Purification Kit by Qiagen. One modification was made 

to the protocol, as 22µL filtered Milli-Q® water was used for the elution in step 7 instead of 

50µL EB buffer. 

 



 

Appendix G  List of Illumina amplicon sequencing samples 

 

Table G.1: Sample name and type of all 76 samples sent in for Illumina amplicon sequencing.  

Sample Nr. Name Sample type 

1 HI610A-V-DNA  
 

 

 

    DNA water gnotobiotic cod larvae experiment (2016) 

2 HI610B-V-DNA 

3 HI610C-V-DNA 

4 HI610D-V-DNA 

5 RD5A-V-DNA 

6 RD5B-V-DNA 

7 RD5C-V-DNA 

8 RD5D-V-DNA 

9 BB120A-V-DNA 

10 BB120B-V-DNA 

11 BB120C-V-DNA 

12 BB120D-V-DNA 

13 HI610MIN-DNA*  
    DNA water without fish gnoto. fish experiment (2016)  14 RD5MIN-DNA* 

15 BB120MIN-DNA* 

16 HI610A-F-DNA  
 

 

    DNA fish gnotobiotic cod larvae experiment (2016) 

17 HI610B-F-DNA 

18 HI610C-F-DNA 

19 HI610D-F-DNA 

20 RD5A-F-DNA 

21 RD5B-F-DNA 

22 RD5C-F-DNA 

23 RD5D-F-DNA 

24 RD5-30-REN* Pure culture 

25 D13-G2-V-DNA  
    DNA water old gnotobiotic cod larvae experiment day 13  

   (2014) 
26 D13-G9-V-DNA 

27 D13-G11V-DNA 

28 D13-G2-F-DNA  
    RNA water old gnotobiotic cod larvae experiment day 13 

   (2014) 
29 D13-G9-F-DNA 

30 D13-G11F-DNA 

31 RD5A-V-RNA  
 

 

   RNA water gnotobiotic cod larvae experiment (2016) 

32 RD5B-V-RNA 

33 RD5C-V-RNA 

34 RD5D-V-RNA 

35 BB120A-V-RNA 

36 BB120B-V-RNA 

37 BB120C-V-RNA 

38 BB120D-V-RNA 

39 RD5MIN-RNA*  
   RNA water without fish gnoto. fish experiment (2016) 40 BB120MIN-RNA* 



 

41 RD5A-F-RNA  
 

   RNA fish gnotobiotic cod larvae experiment (2016) 
42 RD5B-F-RNA 

43 RD5C-F-RNA 

44 RD5D-F-RNA 

 

45 RD5P1EXPDNA  
 

    DNA growth experiment, exponential phase  
46 RD5P2EXPDNA 

47 RD5P3EXPDNA 

48 RD5P4EXPDNA 

49 RD5P1STADNA  
 
    DNA growth experiment, stationary phase 

50 RD5P2STADNA 

51 RD5P3STADNA 

52 RD5P4STADNA 

53 BB120P1EXDNA  
 
   DNA growth experiment, exponential phase  

54 BB120P2EXDNA 

55 BB120P3EXDNA 

56 BB120P4EXDNA 

57 BB120P1STDNA  
 

   DNA growth experiment, stationary phase 
58 BB120P2STDNA 

59 BB120P3STDNA 

60 BB120P4STDNA 

61 RD5P1EXPRNA  
 
   RNA growth experiment, exponential phase  

62 RD5P2EXPRNA 

63 RD5P3EXPRNA 

64 RD5P4EXPRNA 

65 RD5P1STARNA  
 
   RNA growth experiment, stationary phase 

66 RD5P2STARNA 

67 RD5P3STARNA 

68 RD5P4STARNA 

69 BB120P1EXRNA  
 
   RNA growth experiment, exponential phase  

70 BB120P2EXRNA 

71 BB120P3EXRNA 

72 BB120P4EXRNA 

73 BB120P1STRNA  
 
   RNA growth experiment, stationary phase  

74 BB120P2STRNA 

75 BB120P3STRNA 

76 BB120P4STRNA 
* Not included in the PCoA, PERMANOVA or SIMPER analyses 

 

 

 

 

 



 

Appendix H  Normalization Plate (96) Kit protocol 

 

The protocol for the SequalPrepTM Normalization Plate (96) Kit by InvitrogenTM. 

 

 

 

 

 



 

Appendix I  Amicon® Ultra-0.5 Centrifugal Filter Devices protocol 

The protocol for the Amicon® Ultra-0.5 Centrifugal Filter Devices by Merck Millipore Ltd. In 

step 4, the device was spun for 10 minutes. After of step 4, 500 µL of TE-buffer was added and 

the device spun at 14 000 x g for 10 minutes and eluate was discarded. This process was 

repeated once more before continuing on to step 5. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Appendix J  Flow cytometry plots 

Figures representing trends seen in flow cytometry of 2016 cod larvae experiment water 

samples can be seen in Figure J.1 and Figure J.2. 

 

 

Figure J.1: Flow cytometry plot of a bacteria free sample from an axenic flask. 

 

 

Figure J.2: Flow cytometry plots of samples from flasks containing HI610, BB120 and RD5-30. 

 

 

 

 

 

 



 

Appendix K  Growth experiment OD-measurements for RD5-30 and BB120 

 

In the growth experiment, the overnight culture of RD5-30 had its optical density (OD) 

measured to 0.516 at 660nm. After 2 hours and 15 minutes the flasks were sampled for the 

exponential phase samples, but these samples did not form any pellets when spun. New samples 

were taken from all four flasks, and the OD of these samples measured about 4 hours and 5 

minutes after the start of the experiment (Table K.1). 

 

Table K.1: OD measurements taken after 4 hours and 5 minutes at 660 nm for each of the four parallel 

RD5-30 flasks for the exponential phase samples. 

OD measurement at 660 nm 

Parallel  1 2 3 Average 

P1 0.351 0.358 0.361 0.357 

P2 0.403 0.401 0.396 0.400 

P3 0.353 0.351 0.347 0.350 

P4 0.370 0.369 0.366 0.368 

 

After 9 hours the four parallel RD5-30 flasks were sampled for the stationary phase samples, 

and the OD of each sample was measured (Table K.2). 

 

Table K.2: OD measurements taken after 9 hours at 660 nm for each of the four parallel RD5-30 flasks 

for the stationary phase samples. 

OD measurement at 660 nm 

Parallel  1 2 3 Average 

P1 0.622 0.610 0.606 0.613 

P2 0.672 0.662 0.652 0.662 

P3 0.564 0.562 0.558 0.561 

P4 0.584 0.576 0.562 0.574 

 



 

The BB120 overnight culture had an OD of 1.164 when measured at 660 nm. The four BB120 

flasks were sampled after 6 hours and 48 minutes for the exponential phase samples, and OD 

was measured (Table K.3).  

 

Table K.3: OD measurements after 6 hours and 48 minutes at 660 nm for each of the four parallel 

BB120 flasks for the exponential phase samples. 

OD measurement at 660 nm 

Parallel  1 2 3 Average 

P1 0.952 0.954 0.958 0.955 

P2 1.052 1.052 1.050 1.051 

P3 0.998 0.996 0.996 0.997 

P4 0.938 0.928 0.926 0.931 

 

 

After 10 hours and 39 minutes, samples from all BB120 flasks were sampled for the stationary 

phase samples and the OD of these samples were measured (Table K.4). 

 

Table K.4: OD measurements after 10 hours and 39 minutes at 660 nm for each of the four parallel 

BB120 flasks for the stationary phase samples. 

OD measurement at 660 nm 

Parallel  1 2 3 Average 

P1 1.268 1.268 1.268 1.268 

P2 1.232 1.232 1.232 1.232 

P3 1.292 1.292 1.284 1.289 

P4 1.260 1.260 1.264 1.261 

 

 

 

 

 

 



 

APPENDIX L  Suggested secondary structures 16S rRNA V1-region  

The remaining RD5-30 V1-region 16S rRNA sequence variant secondary structures as 

suggested by the RNA secondary structure predicting tool found at 

https://rna.urmc.rochester.edu/RNAstructureWeb/Servers/Predict1/Predict1.html are presented 

in Figure L.1. 

 

 

Figure L.1: Suggested secondary structures of RD5-30 16S rRNA V1-region sequence variants.  

 

 

 

 

 

 

https://rna.urmc.rochester.edu/RNAstructureWeb/Servers/Predict1/Predict1.html


 

Appendix M  Suggested secondary structures 16S rRNA V3-region  

The remaining RD5-30 V3-region 16S rRNA sequence variant secondary structures as 

suggested by the RNA secondary structure predicting tool found at the URL   

https://rna.urmc.rochester.edu/RNAstructureWeb/Servers/Predict1/Predict1.html are presented 

in Figure M.1.  

 

 

Figure M.1: Suggested secondary structures of RD5-30 16S rRNA V3-region sequence variants.  

https://rna.urmc.rochester.edu/RNAstructureWeb/Servers/Predict1/Predict1.html

