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Abstract 

 Solid waste pollution continues to be a problem that threatens our environment.  One 

potential method of removing solid waste pollution is through bioremediation using bacteria.  It 

has been estimated that there are billions of bacterial species on Earth and most have not been 

isolated or studied (Locey and Lennon, 2016).  Many bacteria could exist that can degrade 

diverse materials as energy sources.  Prior to the Spring 2017 Microbiology course, 

environmental samples were incubated for two weeks with several unusual carbon sources and 

bacteria were isolated from these enrichments.  From this course, nine organisms that were 

potentially novel were selected for further research.  These nine organisms were tested for 

utilization of different carbon sources and one organism was selected to be the focus of future 

studies.  The organism that was selected was Flavobacterium sp. WLB, which can utilize paper 

as a sole carbon source and has the ability to solubilize this material.  After genomic 

comparisons, it was determined that F. sp. WLB was actually a member of the same species as 

Flavobacterium sp. NLM which was a novel isolate from the Spring 2015 Microbiology course. 

Background 

One of the biggest problems facing the environment is the large amount of solid waste that 

exists due to human dependence on non-biodegradable materials.  Plastic is an example of a 

non-biodegradable material, and not many effective methods exist to remove this pollutant.  As 

of 2015, it was estimated that there were approximately 6,300 megatons that had accumulated 

in the environment.  Of all the plastic produced by humans, about 21% of it is recycled or 

incinerated.  This means that 79% of all the plastic produced still exists in landfills or the 
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environment (Geyer et al., 2017).  A potential solution for this plastic epidemic is through 

bioremediation using bacteria.  Bacteria are microorganisms found everywhere on the planet 

and they have extremely diverse metabolic capabilities.  This metabolic diversity makes bacteria 

a potential solution for degrading the plastic that is polluting the environment. 

In 2013, Americans produced 254 million tons of solid waste and recycled about 87 million tons.  

This means that on average each person in the U.S. was producing 4.4 pounds of solid waste 

per day.  Of this solid waste, about 55% is organic matter which is defined as paper, yard 

trimmings and food, 13% is plastic, 9% is metal, 9 % is rubber, 6% is wood, 5% is glass and 3% is 

miscellaneous waste.  Recycling may be increasing, but so is the amount of solid waste we are 

producing.  In 1980 the amount of solid waste produced was 152 million tons and that number 

has almost doubled in about thirty years (EPA, 2016). 

Several species of bacteria have been discovered in recent years that have been responsible for 

degrading pollutants such as oil from oil spills (Golyshin et al., 2003).  One such species is 

Alcanivorax borkumensis which uses petroleum as its sole source of carbon.  This metabolic 

capability makes A. borkumensis efficient at degrading oil pollution.  A. borkumensis becomes 

highly abundant in the environment when oil spills occur (Golyshin et al., 2003).  If scientists are 

able to determine what genes are responsible for oil metabolism, these genes could be added 

to other species of bacteria to increase the effectiveness of this bioremediation.  When the 

Deepwater Horizon oil spill occurred in 2010, scientists found twenty-four species of bacteria 

on the shores that had the capabilities to degrade oil.  This number makes up approximately 

13% of the known bacteria that have the ability to degrade this hydrocarbon (Kostka et al., 

2011). 
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If a carbon source like plastic is in the environment, then bacteria could potentially be selected 

that can metabolize this carbon source.  An example of this type of bacteria was found by Yang 

et al. (2015a,2015b) in the gut of a mealworm.  This bacterium has the ability to degrade a 

polymer known as polystyrene (Yang et al., 2015a,2015b).  Another species of bacteria, 

Ideonella sakaiensis, was discovered in Japan that can assimilate polyethylene terephthalate 

(PET), which is a type of plastic frequently used in plastic bottles and containers.  The genome 

of I. sakaiensis contained a putative lipase designated PETase, which is capable of hydrolyzing 

PET.  The hydrolysis process results in the production of mono(2-hydroxyethyl) terephthalic 

acid, which the bacterium quickly metabolizes using MHETase.  Confirmation of degradation 

was made via imaging with a scanning electron microscope that showed the bacterium creates 

divots in a PET film (Yoshida et al., 2016).  Using the PETase produced by I. sakaiensis, Austin et 

al. (2018) tried to understand how this enzyme uses PET as the substrate.  PETase activity was 

also seen with polyethylene furanoate (PEF) as the substrate, which is a sugar-derived, cleaner 

version of plastic that is not biodegradable.  A mutated version of PETase was created by 

mutating the active site, which exhibited improved degradation of PET.  When I. sakaiensis was 

initially classified, the study was using a PET film that did not have a crystallinity, which refers to 

the structure of the polymer, that is similar to what is found in mass market plastics.  Austin et 

al. (2018) found that PETase causes 10.1% crystallinity loss of a film and the double mutant 

causes losses of 4.13% more than the original PETase (Austin et al., 2018). 

The degradation of styrene has only been reported by one metabolic pathway that utilizes a 

styrene monoxygenase, styrene oxide isomerase, and a phenlacetaldehyde dehydrogenase.  

Analysis of the organism Gordonia rubripertincta revealed a novel pathway for the breakdown 
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of styrene.  The pathway utilized by G. rubripertincta was described as a hybrid pathway that 

was a result of horizontal gene transfer.  Styrene degradation in G. rubripertincta uses 

pathways that first degrade the styrene sidechains, and the resulting isoprene is degraded to 

phenylactic acid, which is the metabolite the bacterium utilizes.  Understanding the pathways 

and enzymes involved in degradation of a nonconventional carbon source can lead to practical 

applications in the field of biotechnology (Heine et al., 2018). 

Locey and Lennon (2016) estimate that approximately one trillion species of bacteria live on the 

planet.  Of this trillion, only about 15,000 species have been officially named and fewer than 

100,000 species have been cultured and studied in the laboratory (Locey and Lennon, 2016).  

According to their estimates, there is great diversity within all of the bacteria that exist on 

Earth.  The huge diversity that exists suggests that there are species that possess the 

capabilities to degrade diverse carbon sources.  Soil and a local freshwater creek are good 

sampling sources due to the high diversity of bacteria that exist in these environments and the 

low percentage of bacteria that have been cultured (Findlay, 2010; Schloss and Handelsman, 

2004; Logue, Buergmann and Robinson, 2008). 

DNA sequencing is an effective way to classify a bacterium based on genome similarities and 

differences when compared to other species of bacteria.  The current gold standard in terms of 

genetic similarity is DNA-DNA Hybridization, but advancements in technology have allowed for 

more accurate forms of genomic comparisons like digital DNA-DNA Hybridization (dDDH) and 

Average Nucleotide Identity (ANI) (Meier-Kolthoff et al., 2013, Yoon et al., 2017).  These are 

effective tools for determining a bacterium’s taxonomic classification, but fewer than 50% of 

named species have a published whole genome sequence.  This is not the case for 16S rRNA 
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where all named species have a sequence published.  16S rRNA analysis allows for an effective 

starting point in determining an organism’s potential to be novel, but should not be the only 

method utilized.  If the organism’s 16S rRNA similarity is below 98.7% then a new species is 

confirmed, but values above the 98.7% can still mean the organism is a novel species.  This 

metric only uses one gene and is not a definitive metric (Chun et al., 2018). 

In order to have a comprehensive analysis of every organism that is going to be published as 

novel, a minimal set of standards are required for organisms being published.  The first is that 

the DNA sequencing method meets an acceptable standard.  This includes technologies by 

Illumina, Ion Torrent and Pacific Biosciences.  Genome quality is also important when 

determining how accurately a species can be compared and identified.  Assessing the number 

of contigs generated and the coverage is important in determining the quality of a sequence.  

Contigs are the number of contiguous sequences generated by assembly of the small reads and 

the coverage refers to the average number of times each base was read during sequencing.  If a 

new species is indicated, genomic comparison should be done to determine how related this 

species is to other organisms.  Genomes also must be deposited in databases that are publicly 

accessible (Chun et al., 2018).   

One of the first analyses that should be done to establish an identity is 16S rRNA analysis.  This 

involves amplifying and sequencing the 16S rRNA gene and comparing it to a database that has 

the sequences of all validly named species.  This 1,500 base pair long gene is a good starting 

point because of its conservation among bacteria and its slow evolution in organisms.  16S rRNA 

offers a good baseline for genus level comparisons, but should not be the only metric used to 
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classify an organism.  Similar sequences can be found in different organisms, but the entire 

genome may vary more than the 16S rRNA sequences suggest (Janda and Abbott, 2007).   

To have a better understanding of how organisms are related, several genomic comparisons 

can be used.  One of the earliest forms of genome comparisons used a technique called DNA-

DNA hybridization (DDH).  This physical comparison method is based on the hydrogen bonding 

that occurs between complementary strands of DNA.  Using these hydrogen bonds, this 

technique is able to determine how similar DNA molecules are between different organisms.  

The microbiology community has established a 70% threshold value for a species to be 

considered novel (Goris et al., 2007).  Physical analysis of DNA-DNA hybridization involves 

heating up the DNA of two organisms to create single stranded DNA for each organism.  These 

strands are then cooled to allow hydrogen bonds to form between the strands of DNA (Brenner 

et al., 1969).  An online tool has been developed to estimate DDH based on genome sequences, 

dubbed digital DDH (dDDH) (Meier-Kolthoff et al., 2013).  DDH analysis is the current gold 

standard, but with the advancement in new databases and techniques, this method has been 

demonstrated to be less reproducible than computational methods.  With this, the need to 

establish a new gold standard in genomic comparisons is necessary for coherence across the 

discipline (Rossello-Mora and Amann, 2015). 

Average Nucleotide Identity (ANI) is a metric that uses pairwise whole-genome sequence 

comparisons.  This comparison method has a threshold of 95%, by using an algorithm to 

compare the sequences of the organisms, which is equivalent to dDDH’s 70% value 

(Konstantinidis and Tiedje, 2005).  A weakness of this technique is that it lacks the ability to 

compare species that are distantly related because distantly related organisms have low 
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similarity between their genomes (Kim et al., 2014).  This form of genome sequence 

comparison should be used to determine species-level designations while other forms, like 

Average Amino Acid Identity (AAI), can be used for higher-level classification.  ANI should not be 

used for genera that are distantly related due to low sequence complementation causing only 

small portions of the genome sequences actually being compared (Rossello-Mora and Amann, 

2015).   

Average Amino Acid Identity (AAI) is the average sequence similarity of orthologous proteins in 

two different organisms.  AAI works well because there are twenty amino acids compared to 

four nucleotides which allows for a broader range of similarities between different sequences.  

The species threshold for AAI, like ANI is 95% which is based on the threshold for dDDH 

(Konstantinidis et al., 2006).  An Average Amino Acid Identity (AAI) calculator was developed in 

the Newman lab (Krebs, Gale, Peluso & Newman, unpublished) and uses the output from the 

RAST Sequence Based Comparison Tool to calculate AAI of orthologous proteins as determined 

by bidirectional best hits.  AAI calculation is useful because it is valid at higher taxonomic levels 

such as genus and family (Konstantinidis and Tiedje, 2005).  If the AAI of two organisms is below 

95%, they are different species; below 70%, they are different genera; below 50%, they are 

different families.  This method improves upon the limitations that are generated by ANI 

(Rossello-Mora and Amann, 2015). 

With the different metrics available to determine genome similarities, it is important to have a 

complete genome.  A tool called CheckM is used to determine the completeness and 

contamination of a genome sequence by comparing it to its hypothesized lineage that can be 

found within a reference tree.  Genome completeness can be estimated by using marker genes 
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that are lineage-specific compared to marker genes that typically are universal or domain-level.  

A marker gene is a gene that is orthologous and identifiable for specific taxonomic 

classifications.  CheckM uses sets of marker genes to determine completeness because these 

were shown to be spread across the genomes of bacteria which allows for accurate 

determination of quality.  A marker gene is identified by it being a single copy found in 97% of 

the genomes in the descendants.  Aside from using the sequences of the marker sets, a marker 

set tree is used to also evaluate the quality of the genome.  The tree is generated using 43 

conserved marker sets and includes almost 2100 completed genomes and about 3600 draft 

genomes, all of which have been identified as having low contamination.  The tree identifies 

which marker sets to use by comparing the parental nodes at the insertion point to the root of 

the tree.  The parental branch to the query genome was used to produce marker sets that 

generated various degrees of completeness and the set that generated the highest 

completeness value was used as the primary marker set for the query genome’s branch and any 

subsequent branches for the continuation of the lineage (Parks et al., 2015). 

The quality of completion calculation is going to be affected by how many related genomes the 

query has.  Organisms that have very limited reference genomes will use the more common 

domain-level markers instead of the lineage-specific markers that CheckM claims are superior 

for determining genome completeness.  Necessary improvements to this tool include adding 

more genomes that can act as references to underrepresented lineages.  More reference 

genomes will mean that CheckM can use the lineage-specific marker sets for a variety of 

organisms.  This tool also focuses primarily on bacterial and archaeal genomes, so plasmids and 

eukaryotes cannot be effectively analyzed in CheckM (Parks et al., 2015). 
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This project is a continuation of the Lycoming College Spring 2017 Microbiology class.  The lab 

portion of the class focused on identifying bacteria from a freshwater creek or soil samples.  

Soil and creek sediment were incubated for two weeks with a variety of carbon sources, 

including shredded paper, shredded plastic grocery bag, polystyrene foam, or methanol in 

flasks filled with a carbon-free growth medium.  Samples were taken from the flasks and spread 

on agar plates to grow organisms that can survive in the presence of only these carbon sources. 

Organisms that grew on the plates were then given to students to use during the lab portion of 

the Microbiology class.  This project continues the research on the organisms that were 

enriched with one of the carbon sources, specifically nine organisms that appeared to be novel.  

It is hypothesized that these organisms possess the ability to degrade one of the unusual 

carbon sources. 

Once an organism of interest has been selected based on phenotypic properties, genome 

analysis is required to fully understand how this bacterium is capable of degrading one of the 

carbon sources.  If the organism is capable of degrading one of the carbon sources, it must 

possess the genes necessary to breakdown the specific carbon source.  Understanding what 

genes are responsible will potentially allow for the use of this organism or its genes to assist 

with bioremediation practices.  Today, genome sequencing is becoming a more feasible and 

relatively inexpensive way to effectively analyze an organism.  This methodology is advancing 

and becoming a staple in microbial analysis (Ng and Kirkness, 2010; Loman and Pallen, 2015).  

The microbiology community wants to create a mandatory database entry that will accompany 

every newly published organism in the hopes of making genomic information easy to access to 

everyone and in a central location.  To accomplish this, a digital protologue database (DPD) is 
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being developed and with this, a mandatory submission will be necessary when an organism 

becomes named.  This type of database will hold the taxonomic data for published organisms 

and allows for use in online supplementary material that will accompany organisms that are 

moving to publication (Rossello-Mora, Trujillo, and Sutcliffe, 2017). 

Methods 

Genome Assembly and GenBank Upload 

 Genomic DNA was isolated from the nine strains using the Qiagen Blood and Tissue kit 

and quantified using the Qubit fluorimeter using standard protocols.  Genome sequences were 

determined using an Illumina MiSeq at the Indiana University Center for Genomics and 

Bioinformatics with funding from the Joanne and Arthur Haberberger Fellowship Program.  The 

reads were then filtered, trimmed and assembled using NextGene (SoftGenetics) and the 

assemblers available on the PATRIC website (https://www.patricbrc.org/; Wattam et al., 2017).  

The assembled sequences were uploaded to the Rapid Annotation with Subsystem Technology 

(RAST) website (http://rast.nmpdr.org/; Aziz et al. 2008; Overbeek et al., 2014; Brettin et al., 

2015).  Once the sequences were assembled using PATRIC the contig files were edited before 

depositing in the GenBank database (https://www.ncbi.nlm.nih.gov/genbank/) at the NCBI.  

Contig files were opened in Microsoft Word and the header of each contig was edited so that 

they were numbered consecutively with contig01; contig02, etc.  After the contig files were 

edited, they were converted to a FASTA file and saved. 

 

 

https://www.patricbrc.org/
http://rast.nmpdr.org/
https://www.ncbi.nlm.nih.gov/genbank/
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Organism Selection 

Nine organisms were selected from the Spring 2017 Microbiology class that showed the 

potential to be novel or had interesting growth patterns.  All of these organisms were isolated 

from either soil or water samples after enrichment for utilization of unusual carbon sources.  

These nine organisms were originally identified as follows: Comamonas sp. JNW, Acinetobacter 

sp. ATS, Acinetobacter sp. AM, Pseudomonas sp. SDI, Flavobacterium sp. HTF, Acinetobacter sp. 

DRN, Stenotrophomonas sp. SPM, Pseudomonas sp. NDM, and Flavobacterium sp. WLB.  All 

organisms were recovered from bead vials in the Lycoming College Culture Collection that is 

stored in the -80°C freezer.  A bead was selected from each vial and placed on a Reasoner’s 2A 

Agar (R2A) plate (DSMZ medium #830).  The bead was rolled across the medium to allow for 

increased growth.  The plates were routinely incubated at 22°C for two to three days.  After 

initial growth was observed, each organism was streaked for single colonies onto a new R2A 

plate.  After the organisms were fully grown, the plates were stored in a standard refrigerator 

at 4°C.  These bacteria cultures are usable for up to one month. 

16S rRNA PCR and Gel Electrophoresis 

To confirm the identity of the recovered strains, the 16S rRNA gene was amplified by the 

polymerase chain reaction (PCR) and the DNA sequence was analyzed.  The universal primers 

used for PCR were 27f (5' – AGAGTTTGATCMTGGCTCAG) and 1492r (5' – 

TACGGYTACCTTGTTACGACTT).  To prepare the template, a small amount of cell mass was 

added to 100 µL of water and subjected to a freeze (-80°C) – thaw (80°C) – freeze (-80°C) – 

thaw (80°C) sequence to lyse the cells.  The PCR tubes contained a total of 26 µL of solution 
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which was made up of 12.5 µL of 2x Taq PCR Premix (IBI Scientific), 12.5 µL of the two rRNA 

primers (27f and 1492r) and 1 µL of the lysed cell solution.  The first stage of PCR denatured the 

DNA and was two minutes long at 94°C.  The second stage was repeated thirty-five times and 

underwent a three stage cycle.  The first stage denatured the DNA and lasted for thirty seconds 

at 94°C.  The second stage annealed the primers to the template for thirty seconds at 50°C.  The 

final stage was extension of the primers for ninety seconds at 72°C.  The final phase was an 

extra extension for nine minutes at 72°C. 

The PCR products were analyzed on a 1% agarose gel containing 1x Tris acetate-EDTA (TAE) 

buffer and 75 ng/mL ethidium bromide. The gel ran at about 100 volts for approximately 25-35 

minutes.  The concentration of DNA was estimated by comparison of the brightness of the PCR 

product bands to those of a 2 Log Ladder (New England Biolabs).  Sanger DNA sequencing with 

primer 27f was conducted by the University of Arizona core facility. 

Tube Growth Methodology 

In order to test whether the bacteria can utilize methanol, shredded paper, shredded 

polyethylene plastic bag or polystyrene foam beads as a carbon source, each bacterium was 

added to tubes that contained M9 minimal medium (DSMZ medium #382) and one of the 

carbon sources.  The negative control only contained the M9 media while the positive control 

contained the M9 and glucose (20%).  The paper, plastic and polyethylene foam was soaked in 

ethanol for 24 hours or autoclaved with the media to sterilize them.  Approximately 3 mL of 

media was added to each tube and the tubes were autoclaved using the “Media” setting.  All of 

the carbon sources could be autoclaved except for methanol which needed to be added after 
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autoclaving.  Steps were not taken to fully sterilize the methanol before it was added to the 

media tubes.  Liquid cultures were incubated at an angle in the shaker at 22°C.  Turbidity was 

measured for each tube using a Spectronic 20 spectrophotometer at 600 nm on days 0, 1, 3, 5, 

and 7. 

Serial Dilution Preparation 

 To determine the concentration of bacteria in each of the growth tubes, a serial dilution 

experiment was used.  Each of the original tubes (100) was vortexed and 20 µL was added to 

1980 µL of sterile dH2O.  This tube was then identified as the 10-2 dilution.  From the 10-2 tube, 

20 µL was taken and added to another 1980 µL tube of sterile dH20.  This tube was labeled as 

the 10-4 dilution.  To make the 10-6 dilution tube, 20 µL of the 10-4 dilution was added to 

another 1980 µL of sterile dH2O.  To plate the cells, 50 µL of each tube was spread onto an R2A 

plate and incubated at 22°C for approximately four days.  After the growth period, the colony 

forming units for each set of dilutions was calculated. 

Data Analysis 

Scatter plots were used to compare the turbidity measurements of each organism to each of 

the carbon sources used in each trial.  A plot was made to compare all nine organisms’ turbidity 

measurements for one of the carbon sources.  In order to observe the turbidity measurements 

for one specific organism, scatter plots were made to compare the change in turbidity for each 

carbon source.   

Calculation of the serial dilution data required that colonies needed to be counted on one plate 

for each of the dilution sets.  Appropriate plates to be counted needed to have between 30 and 
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1000 colonies.  The number of colonies was multiplied by twenty and divided by the dilution 

factor, (# of colonies x 20)/dilution factor.  This generated a number that represents the colony 

forming units per mL in the original. 

Construction of Phylogenomic Matrix 

 Developing a phylogenomic matrix involves comparing ten organisms to the one 

reference organism.  The reference organism is the organism of interest and in this case was F. 

sp. NLM.  The comparison organisms were selected based on AAI values and the type species of 

the genus was also used.  The matrix includes comparison values for 16S rRNA, ANI, AAI, and 

dDDH.  16S rRNA values were acquired from EzTaxon or by performing a nucleotide BLAST 

search between F. sp. NLM’s 16S rRNA sequence and one of the ten comparison organism’s 16S 

rRNA sequence.  The percentage was then calculated by taking the identities values and 

dividing them (https://blast.ncbi.nlm.nih.gov/Blast.cgi). 

 To generate the files to calculate the AAI values, the sequence based comparison tool 

on RAST was utilized.  To use this tool, one reference organism and ten comparisons organisms 

are selected.  Under the reference organism, the first organism is selected then under 

comparison organisms, the ten other organisms are selected in alphabetical order.  Once all 

organisms are selected, the compute button is clicked and the files are exported after the 

“BlastDotPlot” icon appears behind the names.  The files are then exported as tsv files.  This 

comparison was performed reciprocally with each of the organisms as a reference.  The .tsv 

files were then uploaded to the Newman Lab online ROSA tool and the results were pasted into 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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a Microsoft Excel document.  In the document the only section that should be included in the 

matrix is the AAI table that appears at the bottom of the data (Newman et al. 2013). 

 ANI values are calculated using the OrthoANI tool that is found on the EzBioCloud 

website (https://www.ezbiocloud.net/tools; Yoon et al., 2017).  This tool is like most ANI 

algorithms, but this version also considers orthology.  In order to generate values, FASTA files of 

each organism’s genome are downloaded and then input into the program.  The program will 

compare two organisms at a time and produce a similarity value.  These similarity values are 

then added to the document that contains the matrix (Lee et al., 2015). 

EzTaxon was used to compare the 16S rRNA sequences of organisms and the value that 

determines similar species is about 98.6%.  EzTaxon compares the sequence that the user 

inputs and runs a search on all the 16S rRNA sequences in a database (Yoon et al., 2017).  To 

identify a sequence, the 16S rRNA small subunit sequence needs to be taken from the 

organism’s gene browser after it has been submitted on RAST.  To access this sequence, the 

SEED Viewer for the specific organism needs to opened and the organism’s name needs to be 

selected under the “Browse” box.  Locate the “Small Subunit Ribosomal RNA; ssuRNA; SSU 

rRNA” function and select the feature ID.  From here the sequence icon is selected and the 16S 

rRNA sequence is copied and pasted under the Identify tab on EzTaxon 

(https://www.ezbiocloud.net/; Yoon et al., 2017).  

To determine the DNA-DNA hybridization for the eleven organisms, the Genome-to-Genome 

Distance Calculator developed by the DSMZ was used (http://ggdc.dsmz.de/; Meier-Kolthoff et 

al., 2013).  FASTA files are uploaded to the online tool and the dDDH values are taken from the 

https://www.ezbiocloud.net/tools
https://www.ezbiocloud.net/
http://ggdc.dsmz.de/


18 
 

Formula 2 dDDH column in the spreadsheet that is sent once the comparison is completed 

(Meier-Kolthoff et al., 2013). 

Venn Diagram Construction 

 To construct a Venn diagram that shows shared and unique genes between five 

organisms, reciprocal sequence based comparisons were done on RAST.  Each .tsv files then 

need to be opened in excel and the data is copied and pasted into a Venn Diagram Data 

Generator that was developed in the Newman lab.  The data generated in the “Gene Counts” 

tab is then transferred to the Venn Diagram Output Converter file.  This process is done for 

each of the five .tsv files that are downloaded from RAST.  After all five sets of gene counts have 

been pasted to the converter, the spreadsheet will generate gene counts for each of the Venn 

diagram’s sections.   Using a template, the gene counts are then added to the locations in the 

diagram. 

Paper Degradation Quantification 

 To determine how much of the paper the bacteria utilized, a quantification experiment 

was used.  This involved growing several of the bacteria in M9 minimal media with a pre-

weighed sheet of paper in each flask.  Each organism was grown in its own 125mL Erlenmeyer 

flask at 22°C in a shaker.  The paper was weighed on an analytical balance before being added 

to the flasks and after.  To weigh the paper after the growth period, the paper was removed 

from the flasks, vortexed in water and allowed to dry in a laminar flow hood.  This experiment 

had a total of eight flasks, one blank and seven that had a different member of the genus 

Flavobacterium.  The seven organisms used were Flavobacterium sp. NLM, Flavobacterium sp. 
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WLB, Flavobacterium johnsoniae, Flavobacterium aquatile, Flavobacterium denitrificans, 

Flavobacterium resistens, and Flavobacterium chilense. 

Results 

Genome Sequence Statistics 

 After a genome has been sequenced and assembled, the quality should be assessed.  

This involves examination of the number of contiguous sequences (contigs), average coverage, 

and the number of base pairs in the sequence.  The data from the sequencing run and 

subsequent assemblies can be found in Table 1. 

Strain Average 
Coverage 

NextGene 
Contigs 

NextGene 
Genome 

Size 

PATRIC 
Contigs 

PATRIC 
Genome 

Size 

CheckM 
Completeness 

CheckM 
Contamination 

Acinetobacter sp. AM 48x 127 3,381,569 59 3,411,436 99.726 1.096 
Acinetobacter sp. ATS 35x 2033 5,332,985 1718 6,766,136 100 68.245 

Acinetobacter schindleri DRN 74x 320 3,089,920 105 3,157,970 100 0.274 
Comamonas sp. JNW 39x 88 4,962,144 39 4,972,088 99.381 0.358 

Flavobacterium sp. HTF 35x 816 4,937,383 187 5,140,637 99.647 1.673 
Flavobacterium sp. WLB 27x 881 5,365,137 211 5,490,768 99.529 1.143 
Pseudomonas sp. NDM 29x 832 5,852,438 337 5,906,836 100 0.108 
Pseudomonas sp. SDI 35x 125 4,829,542 74 4,840,575 99.675 0.654 

Stenotrophomonas sp. SPM 43x 329 4,298,509 218 4,331,056 99.684 0.345 

 

The coverage ranged from 27x-74x with an average of 41x.  Because our targeted average 

coverage was 50x coverage the range that was by this sequencing run is sufficient.  When using 

the PATRIC software, the contig numbers dropped for all nine organisms and the genome size 

increased for all nine.  The CheckM columns correspond to the program that is designed to 

determine how complete a genome sequence is and how much contamination is in the 

Table 1:  NextGene and PATRIC assembly statistics. 
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sequence (Parks et al., 2015).  The completeness shows that all nine genomes are complete 

assemblies with each being over 99% and A. sp. ATS, A. sp. DRN, and P. sp. NDM all being 100% 

complete.  An issue with A. sp. ATS arises when the data from the contamination column is 

examined and the contamination value is 68.245 which is a clear indication that contamination 

is present in this sample.  The DNA samples used for this sequencing run were purified during 

the Spring 2017 Microbiology class, so it is likely that for the contamination occurred then.  No 

further work could be done with this genome sequence. 

 Table 2 contains all of the data that was generated when comparing the sequences to 

databases of known species, these types of comparisons allows for the determination of 

whether or not the organism is novel.  The complete 16S rRNA gene of strain DRN was 99.64% 

identical to that of Acinetobacter schindleri type strain and the ANI was 96.7%, confirming the 

identity of this strain.  Strain AM did not have any 16S rRNA matches above the 98.7% 

threshold value and ANI results showed the closest match, Acinetobacter tandoii had a value of 

91.2% confirming this is a novel species.  The closest 16S rRNA match to strain JNW was 

Comamonas koreensis with 99.03%.  ANI could not be calculated because the closest 16S rRNA 

matches did not have published genomes therefore this organism has the potential to be novel, 

but further analysis and genome sequencing is necessary.  Strain WLB’s closest 16S rRNA match 

was Flavobacterium resistens at 97.77% and the closest ANI matches did not have values above 

95% confirming this species is novel.  Strain NDM had several matches that ranged from 99.79% 

- 99.45%, but none of these matches were above the 95% ANI threshold.  There was another 

organism that was above the threshold and that was Pseudomonas fluorescens at 98.3%, so it is 

concluded that NDM is Pseudomonas fluorescens.   The closest 16S rRNA matches for strain SDI 
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all have values of 99.11, but there is no ANI match that is above the 95% threshold therefore 

SDI is a novel organism.  Strain SPM had a 16S rRNA match that was 99.32, but lacked ANI 

matches above the threshold, so strain SPM is a novel organism. 

Organisms A. sp. AM, P. sp. NDM, P. sp. SDI, and S. sp. SPM had 16S rRNA matches above the 

98.6-98.7% threshold, but the ANI results were below the 95% threshold, meaning these 

organisms are novel.  ANI is the better species determining metric because it examines all of 

the shared genes, not just a single highly conserved gene.  One organism had its identities 

confirmed using these metrics, A. sp. DRN is actually Acinetobacter schindleri.  Out of the nine 

organisms, five are considered novel and one has the potential to be novel.  The organism that 

potentially is novel is C. sp. JNW and this is because its closest 16S rRNA matches do not have 

their whole genomes sequenced which prevents the usage of ANI to determine its closest 

relatives. 
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Strain 16S rRNA Best Matches OrthoANI dDDH Conclusion 

Acinetobacter sp. 
AM 

Acinetobacter beijerinckii; 
Acinetobacter bouvetii; 
Acinetobacter tandoii; 

Acinetobacter proteolyticus 

98.15; 
97.94, 
97.88 

Acinetobacter tandoii 91.2 

Acinetobacter beijerinckii; 
Acinetobacter bouvetii; 
Acinetobacter tandoii; 

Acinetobacter proteolyticus 

20.9; 
21.1; 
20.8; 
43.2 

Novel Species 

Acinetobacter sp. 
ATS 

Acinetobacter oryzae; 
Acinetibacter johnsonii 

99.44 
99.38 Bad Genome - Bad Genome - Bad Genome 

Acinetobacter 
schindleri DRN Acinetobacter schindleri 99.64 Ancinetobacter schindleri 96.7 Acinetobacter schindleri 75.8 Acinetobacter 

schindleri 
Comamonas sp. 

JNW Comamonas koreensis 99.03 Closest matches are not 
sequenced - Closest matches are not 

sequenced - Potentially 
Novel Species 

Flavobacterium sp. 
HTF 

Flavobacterium 
branchiicola 98.34 CF108; fv08; NLM; 

Flavobacterium oncorhynchi 

81.93; 
81.75; 
81.46; 
81.34 

CF108; fv08; NLM; Flavobacterium 
oncorhynchi 

25.4; 
25.5; 
25.3; 
24.6 

Novel Species 

Flavobacterium sp. 
WLB Flavobacterium resistens 97.77 

CF108; fv08; Flavobacterium 
johnsoniae; Flavobacterium 

oncorhynchi 

93.0; 
92.64; 
85.2; 
84.0 

CF108; fv08; Flavobacterium 
johnsoniae; Flavobacterium 

oncorhynchi 

48.5; 
48.7; 
30.2; 
28.0 

Novel Species 

Pseudomonas sp. 
NDM 

Pseudomonas koreensis; 
Pseudomonas moraviensis; 

Pseudomonas reinekei; 
Pseudomonas jessenii; 

Pseudomonas granadensis; 
Pseudomonas baetica 

99.79 
- 

99.45 

Pseudomonas koreensis; 
Pseudomonas moraviensis; 

Pseudomonas reinekei; 
Pseudomonas jessenii; 

Pseudomonas granadensis; 
Pseudomonas baetica 

79.50; 
79.44; 
79.10; 
79.34; 
79.54; 
79.12 

Pseudomonas koreensis; 
Pseudomonas moraviensis; 

Pseudomonas reinekei; 
Pseudomonas jessenii; 

Pseudomonas granadensis; 
Pseudomonas baetica 

33.7; 
32.8; 
28.0; 
28.4; 
34.2; 
32.9 

Potentially 
Novel Species 

Pseudomonas sp. 
SDI 

Pseudomonas 
alkylphenolica; 
Pseudomonas 

plecoglossicida; 
Pseudomonas japonica 

99.11 

Pseudomonas donghuensis; 
Pseudomonas alkylphenolica; 

Pseudomonas vranovensis; 
Pseudomonas japonica; 

Pseudomonas plecoglossicida 

84.12; 
83.42; 
83.31; 
83.07; 
81.61 

Pseudomonas donghuensis; 
Pseudomonas alkylphenolica; 

Pseudomonas vranovensis; 
Pseudomonas japonica; 

Pseudomonas plecoglossicida 

27.8; 
27.1; 
26.5; 
26.8; 
25.4 

Novel Species 

Stenotrophomonas 
sp. SPM Stenotrophomonas pavanii 99.32 

Stenotrophomonas pavanii; 
Stenotrophomonas maltophila; 
Stenotrophomonas geniculata; 

87.77; 
87.63; 
87.61 

Stenotrophomonas pavanii; 
Stenotrophomonas maltophila 

34.0; 
34.2 Novel Species 

  
Table 2:  Sequence comparisons between the nine organisms with different comparison tools. 
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Genome comparisons were performed using F. sp. WLB as the reference and many other 

species of Flavobacterium, many of which were isolated in our laboratory, but have not been 

published.  The closest match to F. sp. WLB was Flavobacterium sp. NLM, an as yet unnamed 

strain isolated in 2015.  The values for AAI, ANI, and dDDH were 99.74%, 99.78%, and 98.8% 

respectively.  All of which are above the species threshold suggesting that F. sp. WLB is a 

member of the same species as F. sp. NLM.  16S rRNA comparison also shows how similar these 

two organisms are to each other, the two sequences have a 99.93% similarity. 

16S rRNA Sequencing and Gel Electrophoresis 

After recovering the strains of interest from frozen permanent vials, the 16S rRNA sequence 

was determined to confirm the identity of the organism by comparing the results to the Spring 

2017 Microbiology results.  The 16S rRNA gene was amplified by PCR and the PCR product was 

analyzed by gel electrophoresis (Figure 1) to estimate the DNA concentration for sequencing.  

All samples had an excellent yield above 200 ng/µL. 
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Figure 1: Gel electrophoresis of 16S rRNA PCR products. 

1 – 2-Log Ladder, 2 – HTF, 3 – AM, 4 – JNW, 5 – SDI, 6 – WLB, 7 – SPM, 8 – ATS, 9 – DRN and 10 – NDM 

1          2         3           4         5         6          7         8           9         10    
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The best sequence match using the identify tool found on EZTaxon’s website (Yoon et al., 2017) 

is shown in Table 3.  It appears that the PCR tubes of WLB and SDI were switched because the 

organisms can clearly be distinguished on plates by visual appearance.  Flavobacterium sp. WLB 

forms yellow colonies that spread, while Pseudomonas sp. SDI form unpigmented colonies that 

do not spread. 

 

Liquid Medium Growth and Turbidity Measurements 

During the first trial of growth in liquid medium with several different carbon sources and 

turbidity measurements were only taken on days four and seven.  Most of the organisms did 

not successfully grow in the positive control (glucose) or the negative control with the 

exception of P. sp. SDI which successfully grew in the positive control tube.  P. sp. SDI, F. sp. 

WLB, A. sp. AM, F. sp. HTF and A. sp. ATS showed the most growth in the presence of paper.  A. 

sp. ATS, F. sp. HTF and A. sp. AM showed positive growth in the presence of plastic.  A. sp. DRN, 

Strain Spring 2017 Microbiology Fall 2017 
HTF Flavobacterium tructae Flavobacterium tructae 
AM Acinetobacter berijerinchii Acinetobacter sp. CIP 70.18 
JNW Comamonas koreensis Comamonas koreensis 
SDI Pseudomonas japonica Flavobacterium ginsenosidimutans 

WLB Flavobacterium ginsenosidimutans Pseudomonas graminis 
SPM Pseudomonas beteli Stenotrophmonas maltophilia 
ATS Acinetobacter oryzae Acinetobacter oryzae 
DRN Acinetobacter schindleri Acinetobacter schindleri 
NDM Pseudomonas koreensis Pseudomonas koreensis 

Table 3:  EzBioCloud 16S rRNA best matches for each organism.  The first column contains the strain 
designation, the second column indicates the original best matches and the third column contains the 
matches from identity confirmation when the strains were recovered from frozen permanent stocks. 
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A. sp. AM and A. sp. ATS all showed very positive growth in the presence of polystyrene foam 

with absorbance near one.  The data from this trial can be found in Table 4. 

 

 

Table 4:  This table displays the turbidities that were collected during the first test tube 
trials.  The more positive changes in turbidity and displayed in green, while lower turbidity 
values are displayed in the red color.  The last column of this table contains the original 
source of each bacterium and what they were initially enriched with.  The positive control in 
this experiment was glucose.  Several organisms display positive turbidity changes for 
different carbon sources.  Values need to be compared to the negative control to determine 
if growth actually occurred.  Measured at OD600. 

4 Days 7 Days 4 Days 7 Days 4 Days 7 Days
SDI 1 0.562 0.604 0.118 0.116 0.161 0.540 Plastic/Creek
SPM 2 0.074 0.064 0.130 0.092 0.070 0.294 Paper/Soil
JNW 3 0.047 0.040 0.063 0.074 0.195 0.359 CH3OH/Soil
DRN 4 0.084 0.078 0.092 0.095 0.155 0.263 Plastic/Soil
NDM 5 0.207 0.229 0.051 0.057 0.177 0.260 Plastic/Soil
WLB 6 0.253 0.263 0.067 0.061 0.808 0.760 Paper/Creek
AM 7 0.082 0.192 0.090 0.070 1.045 1.200 CH3OH/Creek
HTF 8 0.047 0.090 0.074 0.063 0.572 0.726 Plastic/Creek
ATS 9 0.089 0.074 0.078 0.092 0.840 0.758 Styrofoam/Creek

4 Days 7 Days 4 Days 7 Days 4 Days 7 Days
SDI 1 0.041 0.129 0.063 0.108 0.120 0.130 Plastic/Creek
SPM 2 0.050 0.136 0.075 0.130 0.096 0.088 Paper/Soil
JNW 3 0.107 0.106 0.028 0.065 0.111 0.078 CH3OH/Soil
DRN 4 0.128 0.135 1.130 1.110 0.074 0.105 Plastic/Soil
NDM 5 0.110 0.111 0.130 0.373 0.050 0.055 Plastic/Soil
WLB 6 0.114 0.233 0.085 0.077 0.073 0.062 Paper/Creek
AM 7 0.355 0.331 1.140 1.130 0.082 0.073 CH3OH/Creek
HTF 8 0.103 0.344 0.098 0.109 0.065 0.060 Plastic/Creek
ATS 9 0.640 0.624 0.950 0.930 0.101 0.119 Styrofoam/Creek
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Original Isolation 
Location/Condition

Original Isolation 
Location/Condition
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Plastic Styrofoam CH3OH
4 5 6

Positive Control Negative Control Paper
1 2 3
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Table 5 displays data that was collected from the second round of liquid medium growth trials.  

This time, turbidity was measured every other day and an uninoculated tube was included to 

see if the carbon source would affect the turbidity measurements.  The positive control tube 

had similar growth patterns with P. sp. SDI and P. sp. NDM.  No growth was observed in the 

negative control tubes for any organism.  The tubes with paper as a carbon source had the most 

growth of P. sp. SDI, F. sp. WLB, F. sp. HTF and A. sp. ATS.  All four of these are consistent with 

the first trial’s data.  Figure 2 is a scatter plot for the tubes with paper as the carbon source and 

displays the turbidity values for seven days of incubation.  A. sp. AM’s growth was increasing 

and then decreased on day seven.  The only organism to show any growth in the tubes with 

plastic as the carbon source was A. sp. DRN.  Both the tubes with polystyrene foam as the 

carbon source and methanol as the carbon source did not have any observable growth in them, 

based on the measured turbidity. 

Table 6 displays the data from the third and final liquid medium growth trial.  No organisms had 

any visible growth in the negative control tubes.  S. sp. SPM was the only organism to grow in 

the presence of methanol.  In the tubes with polystyrene as the carbon souce, P. sp. SDI and C. 

sp. JNW showed the greatest increase of turbidity.  Tubes with paper as the carbon source had 

positive growth for F. sp. WLB, P. sp. NDM, F. sp. HTF, A. sp. DRN and C. sp. JNW.  Tubes with 

plastic as the carbon source did not show any signs of growth or progressive change in 

turbidity.  The melted polystyrene foam and polyethylene powder did not have any turbidity 

changes that suggest an organism was growing in the tubes. 
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Days 0 1 3 5 7 Days 0 1 3 5 7
1 SDI 0.344 1.070 1.160 1.180 1.200 SDI 0.285 0.217 0.195 0.191 0.185 Plastic/Creek
2 SPM 0.195 0.112 0.113 0.115 0.111 SPM 0.173 0.110 0.088 0.092 0.085 Paper/Soil
3 JNW 0.165 0.101 0.116 0.125 0.133 JNW 0.264 0.175 0.071 0.067 0.069 CH3OH/Soil
4 DRN 0.223 0.177 0.151 0.157 0.154 DRN 0.301 0.301 0.378 0.253 0.248 Plastic/Soil
5 NDM 0.129 0.540 0.682 0.744 0.786 NDM 0.110 0.062 0.055 0.041 0.033 Plastic/Soil
6 WLB 0.135 0.288 0.314 0.232 0.322 WLB 0.180 0.181 0.062 0.078 0.072 Paper/Creek
7 AM 0.205 0.164 0.152 0.136 0.124 AM 0.189 0.140 0.110 0.115 0.107 CH3OH/Creek
8 HTF 0.119 0.262 0.282 0.264 0.372 HTF 0.120 0.091 0.062 0.073 0.061 Plastic/Creek
9 ATS 0.190 0.149 0.116 0.121 0.106 ATS 0.183 0.149 0.127 0.124 0.128 Styrofoam/Creek
10 Sterile 0.093 0.044 0.030 0.032 0.040 Sterile 0.081 0.047 0.024 0.035 0.043 None

1 Days 0 1 3 5 7 Days 0 1 3 5 7
2 SDI 0.297 0.306 0.850 0.860 0.990 SDI 0.296 0.245 0.251 0.254 0.290 Plastic/Creek
3 SPM 0.188 0.240 0.530 0.412 0.490 SPM 0.172 0.121 0.135 0.153 0.213 Paper/Soil
4 JNW 0.164 0.143 0.235 0.335 0.358 JNW 0.147 0.118 0.159 0.149 0.263 CH3OH/Soil
5 DRN 0.212 0.289 0.316 0.340 0.396 DRN 0.176 0.356 0.442 0.448 0.450 Plastic/Soil
6 NDM 0.127 0.285 0.292 0.212 0.257 NDM 0.132 0.120 0.116 0.143 0.156 Plastic/Soil
7 WLB 0.141 0.975 1.240 1.260 1.999 WLB 0.127 0.102 0.086 0.081 0.092 Paper/Creek
8 AM 0.197 0.204 0.714 0.724 0.510 AM 0.190 0.163 0.135 0.144 0.168 CH3OH/Creek
9 HTF 0.111 0.622 0.728 0.740 0.860 HTF 0.124 0.146 0.143 0.236 0.140 Plastic/Creek
10 ATS 0.191 0.223 0.603 0.498 0.600 ATS 0.179 0.241 0.230 0.246 0.255 Styrofoam/Creek

Sterile 0.063 0.117 0.264 0.180 0.278 Sterile 0.070 0.089 0.080 0.090 0.092 None

Days 0 1 3 5 7 Days 0 1 3 5 7
1 SDI 0.301 0.247 0.208 0.198 0.207 SDI 0.339 0.266 0.252 0.250 0.247 Plastic/Creek
2 SPM 0.176 0.094 0.083 0.078 0.081 SPM 0.165 0.096 0.088 0.085 0.081 Paper/Soil
3 JNW 0.150 0.129 0.106 0.073 0.080 JNW 0.152 0.081 0.067 0.067 0.057 CH3OH/Soil
4 DRN 0.205 0.191 0.250 0.205 0.223 DRN 0.232 0.184 0.174 0.174 0.181 Plastic/Soil
5 NDM 0.098 0.084 0.069 0.076 0.072 NDM 0.166 0.087 0.072 0.049 0.061 Plastic/Soil
6 WLB 0.125 0.082 0.071 0.067 0.069 WLB 0.125 0.074 0.065 0.060 0.042 Paper/Creek
7 AM 0.195 0.155 0.117 0.106 0.108 AM 0.191 0.112 0.115 0.123 0.117 CH3OH/Creek
8 HTF 0.122 0.086 0.093 0.095 0.099 HTF 0.110 0.069 0.063 0.056 0.052 Plastic/Creek
9 ATS 0.189 0.199 0.128 0.130 0.120 ATS 0.193 0.147 0.139 0.132 0.135 Styrofoam/Creek
10 Sterile 0.066 0.060 0.043 0.057 0.055 Sterile 0.080 0.038 0.022 0.032 0.039 None
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Original Isolation 
Location/Condition

Original Isolation 
Location/Condition

3 4

Styrofoam CH3OH
5 6

Positive Control Negative Control
1 2
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Paper Plastic

Table 5: This table displays all of the data collected for the second test tube growth set.  All nine 
organisms are organized underneath each of the six growth conditions used during this experiment.  
Original isolation location and enrichment are given at the end of the table.  Positive control is this 
experiment was glucose.  In order to determine if an organism grew, the values for each carbon source 
need to be compared to the values measured for the negative control.  Measured at OD600. 
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Figure 2: These scatter plots display the data from the second test tube trial and the 
polyethylene and melted polyethylene foam data from the third test tube trials.  These 
graphs represent all of the turbidity data collected for each of the carbon sources used.  
Each organism’s growth is represented by a line on each graph.  The days are found on the 
x-axis and the turbidity is on the y-axis.  Take note of scale differences amongst each graph. 

Positive Control (20% Glucose) 
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Days 0 2 4 6 7 Days 0 2 4 6 7
1 SPM 0.155 0.115 0.096 0.112 0.104 SPM 0.145 0.140 0.172 0.263 0.270 Plastic/Creek
2 WLB 0.079 0.059 0.039 0.026 0.026 WLB 0.059 0.050 0.033 0.021 0.018 Paper/Soil
3 NDM 0.084 0.067 0.053 0.037 0.038 NDM 0.092 0.079 0.054 0.037 0.036 CH3OH/Soil
4 ATS 0.085 0.075 0.078 0.089 0.084 ATS 0.066 0.070 0.061 0.069 0.077 Plastic/Soil
5 HTF 0.069 0.044 0.038 0.024 0.025 HTF 0.067 0.040 0.033 0.024 0.019 Plastic/Soil
6 DRN 0.092 0.092 0.106 0.107 0.105 DRN 0.085 0.097 0.095 0.102 0.103 Paper/Creek
7 JNW 0.056 0.055 0.049 0.045 0.049 JNW 0.049 0.051 0.047 0.032 0.033 CH3OH/Creek
8 SDI 0.116 0.112 0.112 0.119 0.113 SDI 0.103 0.100 0.100 0.097 0.100 Plastic/Creek
9 AM 0.086 0.077 0.075 0.068 0.069 AM 0.094 0.091 0.078 0.068 0.077 Styrofoam/Creek

Days 0 2 4 6 7 Days 0 2 4 6 7
1 SPM 0.107 0.130 0.152 0.145 0.166 SPM 0.236 0.245 0.195 0.231 0.253 Plastic/Creek
2 WLB 0.076 0.107 0.135 0.155 0.163 WLB 0.150 0.510 0.522 0.488 0.496 Paper/Soil
3 NDM 0.102 0.112 0.105 0.114 0.113 NDM 0.249 0.338 0.370 1.015 1.740 CH3OH/Soil
4 ATS 0.087 0.120 0.139 0.150 0.154 ATS 0.301 0.250 0.337 0.388 0.482 Plastic/Soil
5 HTF 0.067 0.101 0.115 0.145 0.146 HTF 0.227 0.650 0.722 0.664 0.782 Plastic/Soil
6 DRN 0.075 0.106 0.118 0.134 0.136 DRN 0.341 0.335 0.512 0.900 1.120 Paper/Creek
7 JNW 0.060 0.084 0.096 0.190 0.188 JNW 0.334 0.322 0.500 1.210 1.720 CH3OH/Creek
8 SDI 0.115 0.167 0.207 0.239 0.243 SDI 0.240 0.230 0.285 0.331 0.394 Plastic/Creek
9 AM 0.117 0.127 0.146 0.169 0.181 AM 0.320 0.331 0.335 0.384 0.426 Styrofoam/Creek

Days 0 2 4 6 7 Days 0 2 4 6 7
1 SPM 0.103 0.081 0.087 0.100 0.123 SPM 0.209 0.202 0.256 0.230 0.107 Plastic/Creek
2 WLB 0.068 0.035 0.024 0.025 0.023 WLB 0.160 0.101 0.062 0.146 0.136 Paper/Soil
3 NDM 0.081 0.066 0.047 0.045 0.046 NDM 0.168 0.081 0.081 0.066 0.068 CH3OH/Soil
4 ATS 0.073 0.052 0.051 0.050 0.056 ATS 0.138 0.153 0.107 0.072 0.068 Plastic/Soil
5 HTF 0.073 0.060 0.088 0.048 0.058 HTF 0.067 0.049 0.030 0.025 0.026 Plastic/Soil
6 DRN 0.093 0.106 0.100 0.096 0.102 DRN 0.220 0.174 0.183 0.189 0.201 Paper/Creek
7 JNW 0.093 0.050 0.040 0.044 0.051 JNW 0.091 0.069 0.038 0.036 0.029 CH3OH/Creek
8 SDI 0.132 0.130 0.132 0.127 0.135 SDI 0.186 0.184 0.216 0.238 0.216 Plastic/Creek
9 AM 0.102 0.089 0.078 0.155 0.079 AM 0.133 0.074 0.080 0.053 0.052 Styrofoam/Creek

Days 0 2 4 6 7
1 SPM 0.890 0.875 0.860 0.875 0.860
2 WLB 0.865 0.890 0.985 0.905 0.880
3 NDM 0.880 0.880 0.845 0.835 0.905
4 ATS 0.810 0.870 0.804 0.855 0.865
5 HTF 0.380 0.450 0.458 0.400 0.414
6 DRN 0.760 0.835 0.935 0.855 0.895
7 JNW 0.855 0.875 0.940 0.920 0.885
8 SDI 0.770 0.915 0.920 0.945 0.960
9 AM 0.855 0.845 0.835 0.900 0.875

Plastic/Soil

Styrofoam/Creek
Plastic/Creek
CH3OH/Creek
Paper/Creek
Plastic/Soil

Original Isolation 
Location/Condition

Original Isolation 
Location/Condition

Original Isolation 
Location/Condition

Original Isolation 
Location/Condition

Plastic/Creek
Paper/Soil

5 6

Polyethylene
7
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Table 6: This table displays all of the data collected for the second test tube growth set.  All nine organisms 
are organized underneath each of the seven growth conditions used during this experiment.  Original 
isolation location and enrichment are given at the end of the table.  Several values were higher than 
expected suggesting that some contamination occurred during this experiment.  Measured at OD600. 
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Serial Dilutions  

 To determine whether the bacteria were actually growing with the various carbon 

sources, the viable cell densities were determined.  Figure 3 displays all of the calculated 

cfu/mL for each organism when enriched with each carbon source.  F. sp. WLB had the highest 

value at 1.3 x 109 cfu/mL.  F. sp. HTF also had positive growth when enriched with paper, but 

this value is still not as high as F. sp. WLB.  During the liquid medium trial three, C. sp. JNW, P. 

sp. NDM, and A. sp. DRN all had growth in the tube that had paper as the carbon source which 

was not consistent with the first two trials.  Contamination was confirmed with the dilution 

plates because colonies that had F. sp. WLB’s colony morphology were found on these plates.  

In the paper as a carbon source plates for F. sp. HTF, a second colony morphology was observed 

suggesting contamination.  Contamination was also found in A. sp. ATS plastic as the carbon 

source plates.  Multiple colony morphologies were found growing on these plates.  Aside from 

the paper as the carbon source tubes for P. sp. NDM, this organism also had contamination on 

the melted polyethylene foam as the carbon source plates.  Since F. sp. WLB had the most 

growth compared to the other eight organisms, this made it a good candidate to focus the rest 

of the study on.
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Figure 3: This figure displays the number of colonies counted for each of the dilutions made from 
the third set of test tube data.  The organism that showed the highest number of colonies was F. 
sp. WLB when enriched with paper.  Note scale differences amongst each graph. 
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Because F. sp. WLB and F. sp. HTF both grew with shredded paper as a carbon source, and F. sp. 

NLM is a member of the same species, F. sp. NLM and several closely related species were 

tested for the ability to solubilize paper.  The approach was a flask growth test to determine if 

and how much paper the bacteria are breaking down.  Table 7 contains the masses on Day 0, 

Day 7 and the differences between the masses.  After the seven days of growth all but one tube 

had the paper appear to be breaking down.  The flask that had a solid piece of paper was F. 

resistens.  This flask also had the smallest difference at a value of -0.00340 grams.  All of the 

tubes had a slight yellow color to them leading me to believe that there was some bacterial 

growth in all, even the blank flask.  The organism with the largest difference in paper mass was 

F. aquatile with a value of -0.1201 grams.  F. sp. NLM and F. sp. WLB had values of -0.0458 

grams and -0.0596 grams respectively.  From this data it appears that F. resistens does not have 

the ability to degrade paper like the other Flavobacterium that were used in this experiment. 
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Organism Day 0 Paper Mass (g) Day 7 Paper Mass (g) Mass Difference (g) 
Blank 0.4878 0.4100 -0.0778 

Flavobacterium 
sp. NLM 0.3649 0.3191 -0.0458 

Flavobacterium 
sp. WLB 0.3409 0.2813 -0.0596 

Flavobacterium 
chilense 0.3382 0.2657 -0.0725 

Flavobacterium 
resistens 0.3276 0.3242 -0.0034 

Flavobacterium 
aquatile 0.3680 0.2479 -0.1201 

Flavobacterium 
johnsoniae 0.3300 0.2585 -0.0716 

Flavobacterium 
denitrificans 0.3691 0.3390 -0.0301 

 

 

WLB and NLM as Novel Species 

For the novel species represented by strains NLM and WLB, NLM was chosen as the type strain 

because it was discovered first and the genome assembly was better.  To determine the closest 

relatives for comparative studies, the 16S rRNA sequence and whole genomes were compared 

to other type strains in the genus (Table 8).  While F. resistens has the most similar 16S rRNA 

sequence, the 16S tree showed that NLM and WLB formed a distinct lineage, as there were no 

other specific organisms clustering with them (Figure 4).  F. delfuvii and F. johnsoniae have the 

most similar genome sequences.  The phylogenomic matrix contains 16S rRNA, ANI, AAI and 

dDDH comparisons.  The closest AAI, dDDH and ANI relative to F. sp. NLM is Flavobacterium 

defluvii with an ANI value of 86.8, dDDH value of 31.9, and an AAI value of 90.7.  All of these 

Table 7: Results from an experiment where each bacterium was grown in a flask of M9 
medium with a square piece of paper.  Before and after masses were taken. 
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values fall below the thresholds that are given for each respective metric.   The most distant 

organism in this metric is Flavobacterium aquatile which has the lowest values for all of the 

comparisons.  Flavobacterium resistens and Flavobacterium chilense have the highest 16S rRNA 

values at 97.70 and 97.75, respectively, suggesting they have very similar 16S rRNA sequences 

to F. sp. NLM, but their genomes are more dissimilar. 

Organism Accession Number 16s ANI AAI DDH 
Species Threshold   98.6 95.0-96.0 95.0 70.0 
Flavobacterium sp. NLM LIAC00000000         
Flavobacterium sp. WLB QCWV00000000 99.93 99.8 99.7 98.8 
Flavobacterium defluvii DSM 17963T FQWC00000000 96.94 86.8 90.7 31.9 

Flavobacterium johnsoniae ATCC 17061T CP000685.1 96.87 85.1 87.1 29.9 

Flavobacterium oncorhynchi CCUG 59446T MUHA00000000 96.94 83.8 85.4 27.8 

Flavobacterium resistens DSM 19382T   97.70 83.2 85.2 27.1 

Flavobacterium denitrificans DSM 19382T AUDL00000000 96.58 82.4 85.2 25.8 

Flavobacterium plurextorum CCUG 60112T MUHD00000000 97.35 83.6 84.9 27.7 

Flavobacterium cutihirudinis DSM 25795T jgi.1108034.1 97.42 82.8 84.6 26.4 

Flavobacterium chilense LMG 26360T LSYT00000000 97.75 82.7 84.5 26.5 

Flavobacterium aquatile LMG 4008T JRHH00000000 94.89 73.2 67.8 20.1 
 

  

Table 8: Phylogenomic Matrix displaying 16S rRNA, ANI, AAI, and dDDH comparison values for 
ten comparison organisms and one reference organism.  Each method of comparison has its 
species threshold value in its column. 
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   Flavobacterium denitrificans ED5 AJ318907 96.58

 Flavobacterium kyungheense THG-107 JN196130 96.51

 EU599190 s JS14-1 EU599190 96.74

 Flavobacterium ginsenosidimutans THG 01 GU138377 97.41cterium

 Flavobacterium nitrogenifigens NXU-44 KP711654 96.52

 Flavobacterium ginsengiterrae DCY55 HM776706 97.1

 Flavobacterium defluvii DSM 17963 jgi.1107695 96.94

 Flexibacter aurantiacus DSM 6792 jgi.1107683 96.94

 Flavobacterium johnsoniae UW101 CP000685 96.87

 Query Flavobacterium sp. NLM

 Flavobacterium sp. WLB

 Flavobacterium aquicola TMd3a3 LC120818 96.8

 Flavobacterium resistens BD-b365 EF575563 97.7

 JQJY s Fl JQJY01000019 97.14

 AM934643 s WB2.3-3 AM934643 96.73

 Flavobacterium glaciei 0499 DQ515962 96.6

 Flavobacterium reichenbachii LMG 25512 JPRL01000002 97.28

 Flavobacterium psychrolimnae LMG 22018 AJ585428 96.87

 Flavobacterium limicola DSM 15094 jgi.1107685 96.66

 Flavobacterium chilense LMG 26360 LSYT01000001 97.49

 Flavobacterium cutihirudinis DSM 25795 jgi.1108034 97.01

 Flavobacterium chungangense LMG 26729 JASY01000008 97.01

 Flavobacterium plurextorum CCUG 60112 MUHD01000037 97.08

 Flavobacterium oncorhynchi CCUG 59446 MUHA01000002 96.94

 Flavobacterium saccharophilum DSM 1811 jgi.1107675 97.21

 Flavobacterium hercynium DSM 18292 MUGW01000033 97.14

 JSYO s JRM JSYO01000045 96.8

 Flavobacterium hydatis ATCC 29551 MUGY01000017 96.45

 Flavobacterium pectinovorum DSM 6368 jgi.1107681 96.73

 Flavobacterium xueshanense Sr22 HQ436466 96.47

 Flavobacterium branchiicola 59B-3-09 HE612102 97.76

 Flavobacterium panaciterrae DCY69 JX233806 97.05

 Flavobacterium tructae CCUG 60100 MUHH01000012 97.42

 Flavobacterium spartansii ATCC BAA-2541 MUHG01000041 97.42

 Flavobacterium araucananum DSM 24704 jgi.1107731 97.42

 Flavobacterium aquidurense DSM 18293 jgi.1107986 97.28

 Flavobacterium piscis CCUG 60099 LVEN01000016 97.08

 Flavobacterium frigidimaris DSM 15937 jgi.1107687 97.01

 JARP s KJJ JARP01000001 96.73

 Flavobacterium aquatile LMG 4008

 Chryseobacterium gleum ATCC 35910
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Figure 4: Neighbor-joining tree 
comparing F. sp. NLM to its 
closest 16S rRNA relatives.  
This organism is clustering 
with F. sp. WLB which is 
expected because of how 
similar their 16S rRNA 
sequences are and the 
likelihood they are the same 
species. 
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The Venn diagram, Figure 5, reveals that all five organisms share a total of 1915 genes.  

Interestingly, there are 632 genes shared by F. sp. NLM and F. sp.WLB that are absent from the 

other three genomes.  These species-specific genes will be a good starting point for future 

students to predict useful species-specific phenotypes, like sucrose utilization that is only found 

in F. sp. WLB.  The 56 and 141 unique genes in F. sp. WLB and F. sp. NLM respectively, will be a 

good source of information that may explain or predict phenotypic differences between the 

strains. 

 

Phenotypic Similarities and Tests 

 Both F. sp. NLM and F. sp. WLB have very similar colony morphologies.  They both form 

yellow colored, flat colonies that will spread when streaked onto an R2A plate.   Both 

organisms are gram negative bacteria that are rod-shaped cells.  Phenotypic characterization of 

Figure 8: Venn diagram comparing F. sp. NLM with four different organisms to determine the 
unique and shared genes found in all five organisms. 
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these two organisms with Biolog GenIII and comparison to other members of the 

Flavobacterium genus are shown in Table 9.  Notable differences between F. sp. WLB and the 

other bacteria, including strain NLM is the utilization of stachyose, raffinose and melibiose.  All 

of these carbohydrates have α1-6 linkages between galactose and glucose, suggesting that WLB 

has an alpha galactosidase not present in the other strains. 

  

Table 9: BiOLOG GenIII results for multiple species of Flavobacterium.   
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A01 neg control 20 15 20 24 26 28 36 C01 α-D-glucose 99 77 99 98 98 98 100

A02 dextrin 99 95 99 98 100 99 73 C02 D-mannose 99 98 99 97 98 97 75

A03 D-maltose 98 75 99 98 100 98 99 C03 D-fructose 11 99 99 89 43 19 8

A04 D-trehalose 98 80 99 98 16 17 20 C04 D-galactose 99 100 99 97 98 98 61
A05 D-cellobiose 98 52 99 98 98 93 15 C05 3-methyl glucose 10 6 10 13 16 11 6

A06 gentiobiose 97 64 99 98 99 99 24 C06 D-fucose 11 6 10 16 7 8 8

A07 sucrose 10 94 10 11 14 14 100 C07 L-fucose 17 10 10 20 16 85 10

A08 D-turanose 9 8 10 12 22 19 15 C08 L-rhamnose 10 16 50 96 95 98 8

A09 stachyose 10 57 10 13 13 19 18 C09 inosine 7 6 10 8 13 12 12

A10 pos control 97 99 99 97 99 99 100 C10 1% Na-lactate 87 12 10 93 46 14 7
A11 pH 6 96 98 99 96 98 99 33 C11 fusidic acid 9 12 10 10 11 9 9
A12 pH 5 12 15 20 67 19 19 17 C12 D-serine 10 17 10 15 15 15 15
B01 D-raffinose 14 51 10 14 19 15 20 D01 D-sorbitol 11 11 10 15 21 16 17

B02 α-D-lactose 13 9 10 21 20 14 18 D02 D-mannitol 11 7 10 11 14 9 13

B03 D-melibiose 14 61 40 13 20 17 14 D03 D-arabitol 6 7 10 12 11 9 10

B04 β-methyl-D-
glucoside

10 5 10 17 16 15 9 D04 myo-inositol 8 5 10 10 17 10 12

B05 D-salicin 9 5 10 98 14 10 7 D05 glycerol 8 5 10 8 10 7 7

B06 N-acetyl-D-
glucosamine

96 97 99 97 95 98 6 D06 D-glucose-6-PO4 28 9 10 16 82 67 23

B07 N-acetyl-β-D-
mannosamine

9 7 10 16 14 13 7 D07 D-fructose-6-PO4 36 19 10 21 14 77 14

B08 N-acetyl-D-
galactosamine

98 100 20 97 98 94 10 D08 D-aspartic acid 5 5 10 7 7 88 6

B09 N-acetyl 
neuraminic acid

7 8 10 97 15 18 13 D09 D-serine 5 4 10 7 7 7 6

B10 1% NaCl 55 13 20 92 31 22 16 D10 troleandomycin 9 11 10 10 10 9 6
B11 4% NaCl 9 11 10 13 16 16 17 D11  rifamycin SV 93 99 99 94 95 98 55
B12 8% NaCl 20 14 10 16 17 20 25 D12 minocycline 12 21 10 13 13 15 17
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 As part of polyphasic chemotaxonomy to publish new species, fatty acid methyl ester 

(FAME) analysis is required (Tindal et al., 2010).  This test showed more differences the two 

novel species and the comparison organisms.  Data for FAME analysis is found in Table 10.  F. 

sp. NLM has trace amounts of C10:0 and iso-C17:0 which were not seen in another organism.  Both 

F. sp. NLM and F. sp. WLB had trace amounts of C17:1 w8c which were not found in the other 
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E01 gelatin 97 98 40 99 99 99 75 G01 p-hydroxy-
phenylacetic acid

12 11 10 12 11 9 6

E02 glycyl-L-proline 95 96 99 95 97 94 33 G02 methyl pyruvate 15 8 10 71 9 8 6

E03 L-alanine 32 7 10 83 25 10 6 G03 D-lactic acid 
methyl ester

19 9 10 14 22 10 17

E04 L-arginine 80 11 10 87 39 17 20 G04 L-lactic acid 10 8 10 13 11 7 6
E05 L-aspartic acid 96 14 60 97 88 90 32 G05 citric acid 31 9 10 14 7 13 6

E06 L-glutamic acid 98 87 99 97 98 98 80 G06 a-keto-glutaric acid 19 7 10 10 10 8 12

E07 L-histidine 41 8 10 71 43 42 6 G07 D-malic acid 19 7 10 11 7 8 11

E08 L-pyroglutamic 
acid

14 7 10 9 13 10 9 G08 L-malic acid 19 8 10 13 7 8 13

E09 L-serine 92 15 50 89 31 34 7 G09 bromo-succinic 
acid

6 6 10 8 8 7 6

E10 lincomycin 91 15 10 11 10 9 8 G10 nalidixic acid 13 17 10 13 11 10 58
E11 guanidine HCl 10 25 10 18 10 12 10 G11 LiCl 9 19 10 11 9 9 14
E12 niaproof 4 15 14 20 14 16 15 11 G12 K-tellurite 20 22 10 18 17 15 20
F01 pectin 23 77 80 45 75 81 73 H01 tween-40 89 47 80 97 62 49 66

F02 D-galacturonic 
acid

98 54 99 98 99 99 17 H02 γ-amino-butyric 
acid

18 14 10 12 14 8 6

F03 L-galacturonic acid 
lactone

11 66 10 8 99 98 6 H03 α-hydroxy-butyric 
acid

15 11 10 11 12 8 6

F04 D-gluconic acid 17 7 10 14 19 10 12 H04 β-hydroxy-D,L-
butyric acid

16 12 10 11 13 8 10

F05 D-glucuronic acid 72 17 10 47 72 93 13 H05 α-keto-butyric acid 11 8 10 8 7 7 6

F06 glucuronamide 24 13 10 21 20 16 8 H06 acetoacetic acid 89 11 10 31 7 10 7

F07 mucic acid 15 8 10 10 8 8 6 H07 propionic acid 9 7 10 10 7 7 27

F08 quinic acid 19 7 10 12 10 9 12 H08 acetic acid 98 53 80 91 27 23 76

F09 D-saccharic acid 14 8 10 10 9 11 11 H09 formic acid 10 12 10 11 7 7 10

F10 vancomycin 95 45 30 94 97 68 8 H10 aztreonam 96 99 99 96 98 98 100
F11 tetrazolium violet 99 100 80 99 99 90 52 H11 Na-butyrate 14 23 10 14 12 10 17
F12 tetrazolium blue 99 95 99 99 97 97 44 H12 Na bromate 15 25 10 14 14 10 19

Table 9 cont.: BiOLOG GenIII results for multiple species of Flavobacterium. 
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species of bacteria.  F. sp. WLB also has some of its own differences, including the lack of iso G-

C15:1, C15:0 and iso-C17:0 3OH. 
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 C10:0 1.3 - - - - - -

iso-C12:0 - - 1.6 1.3 - - -

iso-C13:0 - - - - - 1.1 -

iso-C14:00 - - - - - - 3.8

C14:00 - - - 1.1 - - -

iso G-C15:1 3.7 - 5.0 3.5 4.0 6.3 8.7

iso-C15:0 28.3 15.4 30.6 28.1 25.9 36.2 21.6

anteiso-C15:0 2.2 5.8 3.3 2.3 3.2 3.0 3.2

C15:1 ω6c 2.4 6.3 3.1 1.9 - 5.0 2.6

iso H-C16:1 - 2.3 - - - 1.1 6.5
Summed feature 2 - - - - 1.2 - -

iso-C16:0 - - - - - - 14.3
Summed feature 3 8.7 28.9 9.8 20.6 22.7 8.6 5.8

C16:0 1.6 3.2 1.2 4.3 6.8 1.2 1.8

iso-C15:0 3-OH 9.1 4.9 8.9 8.2 6.1 5.5 4.2
Summed feature 9 11.4 11.4 10.1 4.9 4.7 12.2 4.0
Summed feature 4 2.3 1.6 2.3 1.5 1.4 2.8 -

C15:00 3.8 - 5.4 5.4 2.2 6.2 10.1

iso-C17:0 1.0 - - - - - -

anteiso-C17:1 ω9c - - - - - - 1.4

C17:1 ω8c 1.0 1.0 - - - - -

C17:1 ω6c 2.6 7.4 2.2 1.6 - 3.1 1.0

iso-C16:0 3-OH - - - 1.1 - 1.4 6.5

C16:0 3-OH 1.2 - 1.3 4.5 5.0 - -

iso-C17:0 3-OH 12.2 - 10.5 7.0 8.3 5.2 5.1

Table 10: FAME results for multiple species of Flavobacterium. 
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Discussion 

 The sequencing data confirmed that there were novel species isolated during the 

Microbiology class and eight of the nine organisms chosen had their genomes successfully 

sequenced.  The DNA preparation from the one organism that did not, F. sp. ATS was 

contaminated, which was first suggested by the large number of contigs, then confirmed by the 

CheckM software (Parks et al., 2015).  PATRIC was shown to be a better assembly tool than 

NextGene because the contig numbers decreased compared to the NextGene software and the 

assembled genome sizes also increased.  This would mean that any comparisons done with the 

sequences discussed earlier, should be accurate.  It also raises the issue of whether better 

assemblies could be obtained with much of the older data generated from our laboratory, 

which was assembled with NextGene.  Genomic analysis also revealed one organism being an 

isolate of an already named species.  F. sp. DRN is an isolate of Acinetobacter schindleri.  This 

conclusion was made after ANI results showed that the percentages were above the 95% 

threshold.  C. sp. JNW did not have an identity confirmed nor was the potential to be novel 

confirmed, this was due to the lack of sequenced genomes in the genus Comamonas and the 

most closely related 16S rRNA matches did not have their genomes sequenced.  Efforts in the 

field of bacterial taxonomy and systematics to sequence the genomes of all new type strains 

(Mukherjee et al., 2017) should clarify whether this is a new species in the next year or two.  

New guidelines by the editors of the three journals that publish new bacterial species state that 

genome sequences are now expected for all new species descriptions (Chun et al., 2018). 

Since F. sp. WLB showed the most consistent growth, and the initial 16S rRNA had a best 

match to a validly published species of 97.77% which is below the 98.7% species threshold, this 
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organism was the focus of the genomic comparisons.  The most similar organism to F. sp. WLB 

was Flavobacterium sp. NLM with a value of 99.74%.  Since F. sp. WLB and F. sp. NLM had a 

percentage that was above the 95% threshold, the hypothesis that F. sp. WLB was another 

isolate of F. sp. NLM was formed.  The ANI comparison yielded a 99.78% match and the dDDH 

produced a 98.8% match which further supports the idea that both are the same species. 

More in-depth genomic analysis has revealed more details about F. sp. NLM, F. sp. WLB 

and related organisms.  Table 8 is a phylogenomic matrix that shows genomic similarities 

between F. sp. NLM and ten reference organisms.  F. aquatile is the most distant organism and 

should not be included because of the distance, but since this organism is the type species for 

the genus Flavobacterium it is included.  The organism that is most closely related to F. sp. NLM 

is F. defluvii with a 16S rRNA value of 96.94, ANI value of 86.8, AAI value of 90.7, and a dDDH 

value of 31.9.  Since all of the values are below their respective thresholds, F. sp. NLM should be 

considered a novel species.   Even though F. defluvii had the highest genomic similarity, it did 

not have the highest 16S rRNA similarity.  The organism that did have the highest 16S rRNA 

similarity was Flavobacterium branchiicola with a value of 97.76.  F. branchiicola was not 

included in these metrics because it does not have its genome sequenced yet and only its 16S 

rRNA gene has been sequenced.  The failure of F. sp. NLM and F. sp. WLB to cluster with F. 

branchiicola in the phylogenetic tree and the low bootstrap values for the branches are a 

reflection of the nearly equal evolutionary distance of many of these other species. 

Since F. sp. WLB and F. sp. NLM had such similar AAI, ANI, and dDDH values, the next 

metric to compare their 16S rRNA with each other.  A nucleotide BLAST was utilized for this and 

revealed a 99.93% similarity which can be seen in Table 8.  The 16S rRNA similarities can also be 
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seen in a neighbor-joining tree, Figure 4, constructed from the matches acquired through 

EzTaxon.  Both F. sp. WLB and F. sp. NLM cluster together suggesting close relationship 

between the two. 

Another way to analyze the genes found in each organism was through a Venn diagram 

(Figure 5) that compared the shared and unique genes of five organisms.  F. sp. NLM, F. sp. 

WLB, F. aquatile, F. defluvii, and F. johnsoniae.  F. johnsoniae and F. defluvii were included 

because of how similar they were to F. sp. NLM and F. aquatile was included because it is the 

type species of the genus Flavobacterium.  The numbers that seem to be most significant are 

the low number of the unique genes for both F. sp. WLB and F. sp. NLM with only 56 and 141, 

respectively and the 632 shared genes that the other organisms do not have.  Table 11 and 

Table 12 display all of the predicted unique genes for F. sp. NLM and F. sp. WLB.  These genes 

are determined during the process of constructing the Venn diagram.  Only genes that have 

known functions were included in the tables and the hypothetical proteins were deleted.  Table 

13 displays the shared genes between F. sp. NLM and F. sp. WLB that have predicted functions. 

 Results from the first liquid medium growth trial with all nine organisms suggested that 

several were capable of growing in the presence of paper, especially WLB which was able to 

solubilize the paper.  F. sp. WLB growth was confirmed because the liquid in the tube was the 

same yellow color as the colony morphology of F. sp. WLB.  The more interesting growth 

patterns occurred with A. sp. DRN, A. sp. AM and A. sp. ATS which all had high turbidity values 

for tubes with polystyrene foam.  A. sp. ATS also produced high turbidity values for the tube 

with plastic as a carbon source.  To decide which organism to pursue, multiple trials were 

necessary to replicate results. 



44 
 

In trial two, a positive control of glucose, a negative control, paper, plastic, polyethylene 

foam and methanol were used as carbon sources and the turbidity was measured on days zero, 

one, three, five and seven.  Similar turbidity measurements were observed in F. sp. WLB 

enriched with paper because the tube’s liquid was yellow and the paper was solubilized.  With 

paper as the carbon source, F. sp. WLB had the largest increase in turbidity, P. sp. SDI and A. sp. 

AM also had high turbidity values for paper but this did not match up with trial one.  In the 

tubes with polystyrene foam as the carbon source, no substantial changes in turbidity were 

observed compared to trial one.  Besides the nine organisms being studied, a sterile tube was 

also added in this trial to compare normal carbon source breakdown in the tubes of media with 

actual bacterial growth.  All values of turbidity were below 0.100 for all of the sterile 

measurements except for the paper tubes. These sterile tubes provided a good baseline to 

compare actual growth and normal breakdown of the different carbon sources. 

In trial three, the carbon sources used were a negative control (no carbon source), 

methanol, polyethylene powder, polystyrene foam, plastic paper, and polyethylene foam that 

was melted in acetone.  The turbidity was measured on day zero, two, four, six, and seven.  In 

this trial, the tubes with paper as a carbon source had the highest changes in turbidity.  For 

three of these organisms, P. sp. NDM, A. sp. DRN and C. sp. JNW, the turbidity measurements 

were unusual.  Their tubes were pigmented yellow, but the organisms themselves do not 

produce pigments.  It is predicted that these tubes were contaminated by either F. sp. WLB or 

F. sp. HTF which are both yellow and can grow in tubes enriched with paper.  This was later 

confirmed during the serial dilution experiment.  The usual F. sp. WLB shredding was observed 

in this trial, but the turbidity measurements were a little lower.  Most of the polyethylene 
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powder measurements were very high, but this is due to the powder not dissolving in the liquid 

and just remaining out of solution.  No substantial increase in turbidity was observed for these 

tubes.  No major turbidity changes were observed in any of the other tubes which the 

exception of S. sp. SPM in methanol.  S. sp. SPM showed a positive turbidity progression when 

enriched with methanol.  This was not observed with any of the earlier test tube trials. 

To determine the number of colony forming units for each test tube, a serial dilution 

experiment was performed.  Each graph represents an organism and each of the bars 

represents a different carbon source.  The organism that had the most growth was F. sp. WLB 

when enriched with paper.  The number of cfu/mL was at least an order of magnitude greater 

than any other organism that was tested.  Contamination was observed on several plates 

suggesting that some that the inconsistent turbidity measurements were due to growth of the 

contaminating organism.  This experiment further supports that F. sp. WLB is capable of 

growing when enriched with paper. 

In order to confirm the identity of the organism for this research, 16S rRNA isolation and 

sequencing was utilized.  The values and identification that was achieved during this research 

was compared to the Spring 2017 Microbiology data which can be found in Table 3.  Most of 

the organisms matched up with the previous sequencing except for S. sp. SPM, F. sp. WLB, P. 

sp. SDI, and AM.  The matches for P. sp. SDI and F. sp. WLB are flipped when compared to the 

spring’s identification.  The matches from Spring 2017 Microbiology class are being used as the 

standard and either the Fall 2017 samples were mixed up when being sequenced or when the 

sequencing plate was being prepared.  The matches for A. sp. AM and S. sp. SPM are unusual, 
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but the match could be for an unnamed species of bacteria that has had its genome sequenced, 

but has not been published yet. 

Phenotypic analysis revealed that F. sp. NLM and F. sp. WLB did have some phenotypic 

differences.  F. sp. NLM used arginine, aspartate, serine, glucuronic acid, and acetocetic acid, 

but F. sp. WLB did not.  F. sp. WLB used sucrose, stachyose, raffinose, melibiose, and 

galacturonic acid, but F. sp. NLM did not.  The sucrose utilization can also be seen in the unique 

genes table (Table 12).  This carbon source utilization is found in an operon that from gene 

2114 to gene 2121 (Figure 9).  Other gene differences between F. sp. NLM and F. sp. WLB are 

genes 1388 to 1404 and genes 3562 and 3563 (Table 11).  These genes are responsible for the 

production of o-antigens that are unique to F. sp. NLM.  O-antigens are a polymer that are 

found on lipopolysaccharides. 

The last experiment performed on several organisms involved growing them in a flask of 

M9 medium with a sheet of paper for seven days.  Before the paper was added to the flask its 

mass was measured and the mass was measured again after the seven days of incubation.  The 

results can be found in Table 7.  The paper that had the smallest difference in mass was with F. 

resistens.  When this paper was taken out of the flask, it was still in the square form that it was 

when added on day zero.  This could mean that this organism does not have the ability to use 

paper as a carbon source.  The blank flask had a pretty large difference at -0.0778 grams.  These 

blank flask characteristics could be due to contamination because all eight flasks had a yellow 

color to the liquid which is consistent with the pigmentation of all eight organisms.  One of the 

organisms must have been added to the flask by mistake.  The seven flasks that did not contain 

F. resistens showed the usual breaking apart of the paper that was seen at the start of the 
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growth trials with F. sp. WLB.  This experiment needs to be redone because prior research 

showed that a chitinase gene has the ability to also degrade cellulose.  This gene has been 

found in a few of the organisms from this experiment and does not support the findings from 

this experiment.  The gene was initially found in F. johnsoniae and after sequence comparisons, 

it was also found in F. sp. WLB, F. sp. NLM, and F. resistens.  This liquid medium experiment had 

growth with F. aquatile, but not F. resistens even though F. resistens has the capabilities to 

degrade cellulose.  Sequence comparisons also revealed that F. aquatile does not have this 

chitinase genes and should not be able to degrade paper like the experiment’s results suggest 

(Larsbrink et al., 2016). 

Potential explanations for the difference of breakdown with F. resistens could be found 

with a sequence comparison using RAST.  Comparing that organism with F. sp. WLB, F. sp. NLM 

and F. johnsoniae showed a few genes that were not found in F. resistens.  Genes lacking in F. 

resistens are for proteins like pectate lyase which is gene numbers 673, 679, and 681 in F. sp. 

NLM.  These genes are also surrounded by other hypothetical proteins that do not have 

assigned functions.  Other genes lacking in F. resistens include circadian oscillation regulators 

and circadian clock protein KaiC which correspond to genes 734-736 in F. sp. NLM.  F. resistens 

also lacks trehalase which is found in the other three organisms.  The lack of this is also 

supported by the Biolog data found in Table 9.  F. resistens also lacks several phage genes which 

are found in F. johnsoniae, F. sp. NLM and F. sp. WLB.  These phage genes and genes encoding 

hypothetical proteins span the region from genes 2848 to 2878 in F. sp. NLM. 

 With the presented genomic and phenotypic differences, the novel species 

Flavobacterium sp. NLM and Flavobacterium sp. WLB should be classified as different strains of 
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the same species with F. sp. NLM being the type species.  In order for these organisms to be 

published, there are still several tests that must to be performed to meet the criteria set by the 

International Journal of Systematic and Evolutionary Microbiology.  Analysis also needs to be 

done to determine what gene is responsible for degrading the paper which was observed 

during the test tube trials and the flask tests. 
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Unique genes found only in F. sp. NLM.  Of the 141 unique genes, 117 do not have predicted 
functions. 

Gene # Predicted Function 

90 cAMP-binding proteins - catabolite gene activator and regulatory subunit of cAMP-
dependent protein kinases 

261 putative lipoprotein/thioderoxin 
349 MSHA biogenesis protein MshQ 
352 Outer membrane lipoprotein omp16 precursor 
360 Isoquinoline 1-oxidoreductase alpha subunit (EC 1.3.99.16) 
361 Putative Isoquinoline 1-oxidoreductase subunit, Mll3835 protein 
362 Isoquinoline 1-oxidoreductase beta subunit (EC 1.3.99.16) 
367 DNA helicase IV 
428 Transcriptional regulator 

1388 Acetyltransferase 
1389 Methyltransferase type 11 
1391 alpha-1,3-fucosyltransferase 
1402 Maltose O-acetyltransferase (EC 2.3.1.79) 

1404 Lipid carrier : UDP-N-acetylgalactosaminyltransferase (EC 2.4.1.-) / Alpha-1,3-N-
acetylgalactosamine transferase PglA (EC 2.4.1.-); Putative glycosyltransferase 

1505 Phage protein 
2785 Leucine-rich repeat containing protein 
2846 Lanthionine biosynthesis protein LanB 
2921 Transposase and inactivated derivatives 
2942 Cytochrome c-type biogenesis protein ResA 
3285 DinB family protein 
3562 O-antigen biosynthesis protein rfbC 
3563 glycosyl transferase family 2 
3712 Transposase and inactivated derivatives 
3943 Mucin 5B precursor 

 

  

Table 11: Table displaying the unique genes of F. sp. NLM that have predicted functions.  The 
genes that do not have predicted functions are identified as “hypothetical protein” and were not 
included in this table. 
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Unique genes found only in F. sp. WLB  Of the 56 unique genes, 40 do not have 
predicted functions. 

Gene # Predicted Function 
2068 TonB-dependent receptor, putative 
2069 Sulfatase family protein 
2078 Nonspecific acid phosphatase 
2086 daunorubicin C-13 ketoreductase 
2114 Fructokinase (EC 2.7.1.4) 
2115 Sucrose-6-phosphate hydrolase (EC 3.2.1.26) 
2117 putative outer membrane protein, probably involved in nutrient binding 
2118 SusC, outer membrane protein involved in starch binding 
2119 Sucrose-6-phosphate hydrolase (EC 3.2.1.B3) 
2120 D-xylose proton-symporter XylE 
2121 DNA-binding response regulator, AraC family 
2786 Conjugative transposon protein TraB 
2787 Conjugative transposon protein TraB 
3797 Glucosamine-6-phosphate deaminase (EC 3.5.99.6) 
3889 Formiminotetrahydrofolate cyclodeaminase (EC 4.3.1.4) 
3893 Probable DNA methylase 

 

 

  

Table 12: Table displaying the unique genes of F. sp. WLB that have predicted functions.  The 
genes that do not have predicted functions are identified as “hypothetical protein” and were not 
included in this table. 
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Figure 9:  Six of the genes found in the operon that allows F. sp. WLB to utilize sucrose 
as a carbon source. 
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Of the 632 shared genes between F. sp. WLB and F. sp. NLM, only 244 had predicted functions. 
Gene # Predicted Function Gene # Predicted Function 

61 
cAMP-binding proteins - catabolite gene activator 
and regulatory subunit of cAMP-dependent 
protein kinases 

2275 transcriptional regulator, XRE family 

62 ThiJ/PfpI family protein 2299 INTEGRAL MEMBRANE PROTEIN (Rhomboid 
family) 

69 N-ethylmaleimide reductase 2323 N-acetyltransferase 

79 NAD-dependent protein deacetylase of SIR2 
family 2393 hypothetical protein-transmembrane prediction 

87 Glyceraldehyde-3-phosphate dehydrogenase, 
putative 2516 Putative esterase 

95 
cAMP-binding proteins - catabolite gene activator 
and regulatory subunit of cAMP-dependent 
protein kinases 

2527 3-oxoacyl-[acyl-carrier protein] reductase (EC 
1.1.1.100) 

132 Alkylhydroperoxidase AhpD core domain 2528 
cAMP-binding proteins - catabolite gene activator 
and regulatory subunit of cAMP-dependent 
protein kinases 

133 membrane protein ykgB 2542 Death on curing protein, Doc toxin 
134 Transcriptional regulator, AraC family 2556 Death on curing protein, Doc toxin 

135 Peptide methionine sulfoxide reductase MsrA (EC 
1.8.4.11) 2656 Pentapeptide repeat family protein 

136 transcriptional regulator, AraC family 2675 TonB-dependent receptor 

137 tRNA-specific adenosine-34 deaminase(EC3.5.4.-) 2676 Optional hypothetical component of the B12 
transporter BtuN 

139 NADH:flavin oxidoreductase/NADH oxidase 2718 Gll3595 protein 

140 
Type III secretion thermoregulatory protein 
(LcrF,VirF,transcription regulation of virulence 
plasmid) 

2757 Probable DNA polymerase III epsilon chain 

141 
NAD(P)H oxidoreductase YRKL (EC 1.6.99.-) @ 
Putative NADPH-quinone reductase (modulator 
of drug activity B) @ Flavodoxin 2 

2762 
cAMP-binding proteins - catabolite gene activator 
and regulatory subunit of cAMP-dependent 
protein kinases 

148 Transcriptional regulator, TetR family 2810 CHAP domain containing protein 
149 probable oxidoreductase 2813 Putative Gp2 

150 

Bifunctional protein: zinc-containing alcohol 
dehydrogenase; quinone oxidoreductase ( 
NADPH:quinone reductase) (EC 1.1.1.-); Similar to 
arginate lyase 

2820 D-alanyl-D-alanine carboxypeptidase (EC 
3.4.16.4) 

153 Putative formate dehydrogenase oxidoreductase 
protein 2821 Internalin-like protein (LPXTG motif) Lmo0331 

homolog 
154 Formate dehydrogenase chain D (EC 1.2.1.2) 2826 ATP-dependent DNA helicase RecQ 
155 Glucanase C 2832 ABC transporter ATP-binding protein 
159 secretion protein 2843 DNA-binding response regulator, AraC family 
160 Phenazine biosynthesis protein PhzF like 2845 Protease 

 

Table 13: Table displaying the shared genes of F. sp. WLB and F. sp. NLM that have predicted functions.  The 
genes that do not have predicted functions are identified as “hypothetical protein” and were not included in this 
table. 
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Of the 632 shared genes between F. sp. WLB and F. sp. NLM, only 244 had predicted functions. 
Gene # Predicted Function Gene # Predicted Function 

161 

Bifunctional protein: zinc-containing alcohol 
dehydrogenase; quinone oxidoreductase ( 
NADPH:quinone reductase) (EC 1.1.1.-); Similar to 
arginate lyase 

2846 Lanthionine biosynthesis protein LanB 

165 
cAMP-binding proteins - catabolite gene activator 
and regulatory subunit of cAMP-dependent protein 
kinases 

2884 

Dimethylallyltransferase (EC 2.5.1.1) / (2E,6E)-
farnesyl diphosphate synthase (EC 2.5.1.10) / 
Geranylgeranyl diphosphate synthase (EC 
2.5.1.29) 

168 NADH:flavin oxidoreductase/NADH oxidase 2913 blr0122; hypothetical protein 
173 Transcriptional regulator, GntR family domain 2914 Transcriptional regulator, HxlR family 

174 Histone acetyltransferase HPA2 and related 
acetyltransferases 3023 Serine acetyltransferase (EC 2.3.1.30) 

175 FMN-dependent NADH-azoreductase 3031 Arylsulfatase (EC 3.1.6.1) 

176 
cAMP-binding proteins - catabolite gene activator 
and regulatory subunit of cAMP-dependent protein 
kinases 

3032 arylsulfatase (aryl-sulfate sulphohydrolase) 

177 
4-carboxymuconolactone decarboxylase 
domain/alkylhydroperoxidase AhpD family core 
domain protein 

3035 Nitrate/nitrite transporter 

186 Alpha-1,2-mannosidase 3036 Nitrate/nitrite transporter 
190 alpha-rhamnosidase 3037 Nitrate/nitrite transporter 

191 Beta-galactosidase (EC 3.2.1.23) 3038 Assimilatory nitrate reductase large subunit 
(EC:1.7.99.4) 

192 Beta-glucosidase (EC 3.2.1.21) 3039 Formate dehydrogenase O beta subunit (EC 
1.2.1.2) 

205 Ferric siderophore transport system, periplasmic 
binding protein TonB 3040 Rieske (2Fe-2S) domain protein 

213 Uncharacterized protein conserved in bacteria, 
NMA0228-like 3074 

Bifunctional protein: zinc-containing alcohol 
dehydrogenase; quinone oxidoreductase ( 
NADPH:quinone reductase) (EC 1.1.1.-); Similar 
to arginate lyase 

231 negative regulation of sporulation, septation and 
degradative enzyme genes (aprE, nprE, phoA, sacB) 3126 Sterol desaturase 

236 protein of unknown function DUF1130 3216 Transcriptional regulator, MecI family 
250 Two-component system response regulator 3303 TonB-dependent receptor, putative 
264 Adenylate cyclase (EC 4.6.1.1) 3485 bacterial regulatory protein, DeoR family 
267 hypothetical membrane spanning protein 3507 Possible Pirin family proteins 
268 Multidrug resistance efflux pump 3575 HigA protein (antitoxin to HigB) 
269 Outer membrane protein 3576 HigB toxin protein 
295 DNA-binding response regulator, AraC family 3598 Outer membrane protein 

296 D-xylose proton-symporter XylE 3599 Urea carboxylase-related ABC transporter, 
permease protein 

297 Sucrose-6-phosphate hydrolase (EC 3.2.1.B3) 3600 Sulfate and thiosulfate import ATP-binding 
protein CysA (EC 3.6.3.25) 

 

 

 

Table 13 cont.: Table displaying the shared genes of F. sp. WLB and F. sp. NLM that have predicted 
functions.  The genes that do not have predicted functions are identified as “hypothetical protein” 
and were not included in this table. 
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Of the 632 shared genes between F. sp. WLB and F. sp. NLM, only 244 had predicted functions. 
Gene # Predicted Function Gene # Predicted Function 

298 SusC, outer membrane protein involved in starch 
binding 3601 AAA ATPase, central region 

299 putative outer membrane protein, probably 
involved in nutrient binding 3618 transcriptional regulator, XRE family 

301 Sucrose-6-phosphate hydrolase (EC 3.2.1.26) 3739 Acetyltransferase (EC 2.3.1.-) 
303 Quinone oxidoreductase (EC 1.6.5.5) 3748 membrane protein, putative 
311 Transcriptional regulator, TetR family 3834 Alkaline phosphatase (EC 3.1.3.1) 
313 Membrane-fusion protein 3839 Glycosyl transferase, group 2 family protein 
318 Phage protein 3841 Glycosyltransferase (EC 2.4.1.-) 
319 D-alanyl-D-alanine carboxypeptidase (EC 3.4.16.4) 3843 Methyltransferase (EC 2.1.1.-) 
320 Signal transduction histidine kinase 3884 Transcriptional regulator, AraC family 

321 Response regulator receiver 3886 NADPH-dependent methylglyoxal reductase (D-
lactaldehyde dehydrogenase) 

323 Phytochrome, two-component sensor histidine 
kinase (EC 2.7.3.-); Cyanobacterial phytochrome B 3893 Bll7858 protein 

327 Probable Co/Zn/Cd efflux system membrane 
fusion protein 3901 PHP N-terminal domain protein 

328 RND multidrug efflux transporter; Acriflavin 
resistance protein 3919 Catalase (EC 1.11.1.6) 

329 Outer membrane efflux protein 3966 Rhomboid family protein 

332 Phospholipase A1 precursor (EC 3.1.1.32, EC 
3.1.1.4); Outer membrane phospholipase A 4056 Von Willebrand factor type A domain protein 

333 NADH dehydrogenase (EC 1.6.99.3) 4087 Transcriptional regulator, HxlR family 
341 Signal transduction histidine kinase 4147 Transcriptional regulator, AraC family 
354 Arylsulfatase (EC 3.1.6.1) 4177 Phosphohydrolase (MutT/nudix family protein) 
355 Transcriptional regulator, AraC family 4233 Ribonuclease HI-related protein 3 

359 oxidoreductase, short-chain 
dehydrogenase/reductase family 4240 G:T/U mismatch-specific uracil/thymine DNA-

glycosylase 
417 8-amino-7-oxononanoate synthase (EC 2.3.1.47) 4256 putative exported protein 

419 Transcriptional regulator, AraC family 4342 
Flavohemoprotein (Hemoglobin-like protein) 
(Flavohemoglobin) (Nitric oxide dioxygenase) (EC 
1.14.12.17) 

443 Hypothetical Nudix-like regulator 4354 Glucose-1-phosphate thymidylyltransferase (EC 
2.7.7.24) 

445 Probable Co/Zn/Cd efflux system membrane 
fusion protein 4356 Beta-galactosidase (EC 3.2.1.23) 

449 Transcriptional repressor of the fructose operon, 
DeoR family 4357 Endo-1,4-beta-xylanase A precursor (EC 3.2.1.8) 

 

  

Table 13 cont.: Table displaying the shared genes of F. sp. WLB and F. sp. NLM that have predicted functions.  The 
genes that do not have predicted functions are identified as “hypothetical protein” and were not included in this 
table. 
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Of the 632 shared genes between F. sp. WLB and F. sp. NLM, only 244 had predicted functions. 
Gene # Predicted Function Gene # Predicted Function 

500 RelE/StbE replicon stabilization toxin 4380 Molybdopterin oxidoreductase subunit, 
predicted; chaperone protein HtpG 

503 Molybdopterin oxidoreductase (EC 1.2.7.-) 4388 Tsr1131 protein 
513 Uncharacterized protein y4jQ 4397 Sensor histidine kinase 
556 Transcriptional regulator, AraC family 4398 response regulator 
557 Alcohol dehydrogenase (EC 1.1.1.1) 4415 RNA polymerase ECF-type sigma factor 

632 protoglobin 4469 Ferric siderophore transport system, periplasmic 
binding protein TonB 

634 Transcriptional regulator, AraC family 4531 EstC 
827 DNA-3-methyladenine glycosylase II (EC 3.2.2.21) 4532 salicylate esterase 
842 Na+-driven multidrug efflux pump 4533 salicylate esterase 

846 diguanylate cyclase/phosphodiesterase (GGDEF & 
EAL domains) with PAS/PAC sensor(s) 4534 Hydrolase, alpha/beta fold family functionally 

coupled to Phosphoribulokinase 

976 kyphoscoliosis 4536 
cAMP-binding proteins - catabolite gene 
activator and regulatory subunit of cAMP-
dependent protein kinases 

982 Putative fibronectin domain-containing lipoprotein 4537 Carboxypeptidase-related protein 
983 internalin, putative 4574 Peroxidase (EC 1.11.1.7) 

984 Fibronectin type III domain protein 4607 putative outer membrane protein, probably 
involved in nutrient binding 

988 cell surface protein 4608 Beta-mannosidase (EC 3.2.1.25) 
1045 Carbonic anhydrase (EC 4.2.1.1) 4609 putative large secreted protein 

1147 
cAMP-binding proteins - catabolite gene activator 
and regulatory subunit of cAMP-dependent protein 
kinases 

4611 Uncharacterized protein YphG, TPR-domain 
containing 

1151 Transcriptional regulator, AraC family 4612 sugar-proton symporter 
1182 Glyoxalase family protein 4613 Transcriptional regulator, AraC family 
1190 Thioredoxin reductase (EC 1.8.1.9) 4614 Aldose 1-epimerase (EC 5.1.3.3) 
1205 NAD-dependent epimerase/dehydratase 4615 Alpha-glucosidase (EC 3.2.1.20) 
1206 Inositol-1-monophosphatase (EC 3.1.3.25) 4620 Transcriptional regulator, AraC family 
1207 Transcriptional regulator, AraC family 4622 Aldo-keto reductase 
1227 Short-chain dehydrogenase/reductase SDR 4623 Transcriptional regulator, AraC family 
1264 Protein yqjC precursor 4624 aldo/keto reductase 

1355 N-Acetylneuraminate cytidylyltransferase (EC 
2.7.7.43) 4625 Transcriptional regulator, HxlR family 

1633 transcriptional regulator, XRE family 4629 Osmotically inducible protein 
1636 Jumonji domain containing 5 4630 Thiol peroxidase, Bcp-type (EC 1.11.1.15) 

 

  

Table 13 cont.: Table displaying the shared genes of F. sp. WLB and F. sp. NLM that have predicted functions.  The 
genes that do not have predicted functions are identified as “hypothetical protein” and were not included in this 
table. 
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Of the 632 shared genes between F. sp. WLB and F. sp. NLM, only 244 had predicted functions. 
Gene # Predicted Function Gene # Predicted Function 

1655 putative outer membrane protein probably involved in 
nutrient binding 4631 Thioredoxin domain-containing protein 

1732 23S rRNA protein 4632 Peptide methionine sulfoxide reductase 
MsrA (EC 1.8.4.11) 

1847 transcriptional regulator, XRE family 4633 Peptide methionine sulfoxide reductase 
MsrB (EC 1.8.4.12) 

1888 TonB-dependent receptor 4634 
Cytochrome c-type biogenesis protein 
DsbD, protein-disulfide reductase (EC 
1.8.1.8) 

1889 DNA-binding domain of ModE / Molybdate-binding 
domain of ModE 4686 Muc19 precursor 

1905 unknown 4698 miscellaneous; unknown 

2124 Internalin-like protein (LPXTG motif) Lmo0331 homolog 4728 D-alanyl-D-alanine carboxypeptidase (EC 
3.4.16.4) 

2129 transcriptional regulator, XRE family 4733 Sodium-Choline Symporter 

2130 Hydroxymethylglutaryl-CoA reductase (EC 1.1.1.34) 4734 Transcriptional regulator of fucose 
utilization, GntR family 

2144 putative outer membrane protein, probably involved in 
nutrient binding 4735 Alpha-galactosidase (EC 3.2.1.22) 

2235 Transcriptional regulator, HxlR family 4736 Sialic acid-specific 9-O-acetylesterase 
2237 Short chain dehydrogenase 4737 Alpha-galactosidase (EC 3.2.1.22) 
2239 bll5259; hypothetical protein 4738 Alpha-galactosidase (EC 3.2.1.22) 

2240 cAMP-binding proteins - catabolite gene activator and 
regulatory subunit of cAMP-dependent protein kinases 4752 short-chain dehydrogenase 

2254 Trehalose-6-phosphate hydrolase (EC 3.2.1.93) 4753 Transcriptional regulator, AraC family 
2256 membrane protein, putative 4765 Short chain dehydrogenase 
2257 COG2152 predicted glycoside hydrolase 4766 Transcriptional regulator, AraC family 

2259 TonB family protein / TonB-dependent receptor 4810 Very-short-patch mismatch repair 
endonuclease (G-T specific) 

2260 DNA-binding response regulator, AraC family 4811 Type II restriction endonuclease 

2272 Regulatory sensor-transducer, BlaR1/MecR1 family / 
TonB-dependent receptor 4812 DNA-cytosine methyltransferase (EC 

2.1.1.37) 

Table 13 cont.: Table displaying the shared genes of F. sp. WLB and F. sp. NLM that have predicted functions.  The 
genes that do not have predicted functions are identified as “hypothetical protein” and were not included in this 
table. 
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