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Abstract

Over two million tons of feather waste is generated annually by the poultry industry, the
majority of which goes into landfills due to the difficulty of degrading its major component
keratin. Although a portion of feather waste is eliminated via incineration or chemical treatment,
the use of Feather Degrading Bacteria (FDB) has been proposed as a cheap and eco-friendly
alternative. FDBs have been consistently isolated from the feather microbiome of birds and
contain genes coding for the specialized protein keratinase which is able to degrade feathers. By
doing so, feather waste, which is rich in nutrients, can be repurposed as animal feed or fertilizer.
More research into FDBs is needed to determine whether or not this process is viable on a large
scale. In this study, I aimed to identify FDBs and conduct a search for keratinase genes within
their genomes. Bacterial swabs were collected from Saltmarsh and Seaside Sparrows in the state
of Connecticut which were then isolated and tested for feather degrading ability. Six FDBs were
then selected, their genomes sequenced and the raw reads assembled. Genomes were
taxonomically identified using NCBI BLAST and StrainSeeker and all six bacteria were
consistently identified as Bacillus pumilus, a known FDB. Primers for keratinase genes were
identified using Geneious and it was found that four of the six bacteria contained at least one of
the primers. Three of the samples contained multiple primers in the same area suggesting the

presence of a keratinase gene, however more research is needed for confirmation.



Introduction

The human body hosts over 100 trillion microbes, both beneficial and harmful (1). It is
these communities of microbes which comprise the human microbiome. The definition of the
term microbiome has been debated in recent years. Although some definitions refer to only the
genomic component of the microbes, in most cases the microbiome is treated as a “micro
biome”. In this definition, the microbiome refers to the community of microorganisms (including
bacteria, archaea, fungi and viruses), the genomes of these microorganisms and the environment
which they inhabit. The combined genetic material of all organisms within the microbiome is
then referred to as the Metagenome.

Microbiomes are abundant across all parts of the Earth from the soil beneath our feet to
the inside of volcanoes and even the buildings we create. One area of microbiome study which
has seen an explosive increase in research has been Host-Associated Microbiomes. Many
complex organisms contain vast amounts of bacterial cells which in some cases can even
outnumber their own eukaryotic cells (2). The trillions of bacteria in the human body contribute
an estimated 3.3 million protein coding genes which is over 100 times the number of protein
coding genes contained within our eukaryotic cells (2). By studying the bacterial communities
within host organisms, it is possible to determine which microorganisms are living within a
community, as well as what functions they provide. Using this information, methods can be
developed to manipulate the microbiome for benefits to health and conservation.

The human microbiome has been implicated in a wide array of human diseases and health
conditions. Gut microbes in particular play a significant role in metabolism (3), the gut-brain axis
(3), and immune development (4). Changes in diet and the development of a healthier and more

diverse microbial gut community can also improve the symptoms of cardiovascular disease (5),



inflammatory bowel disease (6), obesity (7), type 2 diabetes (8) and a variety of allergies (9).
Overall, research into the microbiome has demonstrated how the microbes that inhabit living
organisms can have a profound impact upon their health and well-being.

Study of microbes first began in the 1600s when Anton van Leuwenhoek first looked at
cells beneath a microscope, however, study of the microbiome proved to be a challenge.
Traditional microbial techniques such as bacterial cultures provided only a limited view of the
microbiome as the vast majority of microbes are unable to be grown in a laboratory setting (10).
In the 1990’s, new DNA sequencing technologies were developed which created new ways to
study the microbiome in greater detail. This technology made it possible to identify the
unculturable majority of bacteria by sequencing short segments of their DNA and matching them
to a database of known sequences (10). Common techniques involve sequencing marker genes
such as the 16s rRNA gene, or short DNA segments which are unigue to the organism from
which they are derived. This made it possible to identify a microbe by its genetic data without
having to sequence its entire genome (10). These developments led to the initiation of the first
phase of the Human Microbiome Project in 2007 with the goals of identifying the microbes in
the human microbiome and creating a database for researchers.

Although DNA sequencing greatly enhanced how we identify and study microorganisms,
early techniques did not allow for understanding the functions of these microbe. This gave rise to
the area of metagenomics which involves not only identifying the various microbes in a
microbiome, but also understanding their function to the overall host or environment (11). The
hope was that by documenting the role of microbes within the body, it could become possible to
use the microbiome to control health and disease. This desire to not only characterize, but also

understand the function of the microbiome led to the NIH initiating the second phase of the HMP



with the goal of understanding the role of the microbiome and the microbes within the
microbiome on human health and disease (11).

The development of High Throughput Sequencing (HTS) has greatly enhanced our
ability to quickly sequence large quantities of DNA and has facilitated Whole Genome
Sequencing (WGS). Instead of sequencing small markers and comparing them to known
databases, WGS compares much larger segments of the genome allowing for more accurate
identifications (12). Additionally, having the ability to assemble the complete genomes of
bacteria has enabled researchers to more closely study microorganisms and create annotations
with functions for the various parts of the genome (12). This in turn has enhanced our
understanding of the microbiome and the microbes which inhabit it.

Currently, there are several methods for whole genome sequencing. Most projects,
however, use shotgun sequencing: a method involving breaking the genome into a collection of
small DNA fragments which are sequenced individually. Programs have been developed to
assemble this collection of small reads through a process known as de Novo assembly. De Novo
assembly algorithms are particularly useful because they assemble the genome using overlapping
reads from within the sample thus eliminating the need for a reference genome. Many different
tools exist for de Novo assembly such as AByYSS (13), Soap De Novo (14) and Ray (15),
however the program SPAdes is known to be the best for assembly of short bacterial genomes
(16). SPAdes uses a de Bruijn algorithm and is capable of handling multiple types of sequence
reads such as Illumina, lon Torrent and PacBio (16).

The de Bruijn algorithm revolves around k-mers, or short DNA segments of length k.
Each sequenced segment is broken down into k-mers of a specified length and overlapping

sequences are placed next to one another creating a continuous sequence that will become the



assembly. An important aspect of this method of assembly is choosing the correct k-mer length.
Choosing a value for k which is too high can cause a loss of coverage over the entire genome due
to how specific the overlap must be. Conversely, choosing a k-mer value which is too low will
increase the coverage, but will also increase the amount of errors in the assembly due to a
decrease in overlap specificity. As a result, SPAdes uses a variety of k-mer values. By selecting
multiple values between 20 and 80 bp in length, the program is able to produce the longest error-
free contiguous sequences possible (16).

A number of software programs have been developed for the identification of genomic
data. One of the most accessible and commonly used programs is NCBI BLAST (Basic Local
Alignment Search Tool) (17). BLAST is an application which allows users to compare primary
biological sequence data, such as nucleotide sequences, amino acid sequences, or marker genes
such as the 16s rRNA gene, against a vast database of sequences to identify those which are
similar to the query sequence (17).

Although any section of a genome can be “BLASTed” and identified, the 16s rRNA gene
has become increasingly popular as a means to identify organisms. The 16s rRNA strand of RNA
makes up part of the ribosomal scaffold and is vital for proper protein synthesis in the human
body. Despite its importance, the 16s rRNA gene contains both highly conserved regions as well
as nine hypervariable regions (V1-V9) ranging from 30-100 bp long (18). These regions allow
the 16s rRNA sequence to model the evolutionary relationship between organisms as more
similar hypervariable regions indicate a closer evolutionary relationship. A number of universal
primers have been discovered which are common between many organisms. The most common
primers are the 8F and 27F primers which cover the hypervariable regions V1-V3 and can be

used to identify unknown genomes (19).



Alternative identification programs have also been developed to streamline the
identification of bacteria. The BLAST-Like Alignment Tool (BLAT) is very similar to BLAST,
however it significantly speeds up the search process at the expense of some sensitivity allowing
for more matches (20). A newer program called StrainSeeker (21) is a command-line program
which identifies raw genomic data without the need for a full assembly. Although the program
only works on small bacterial genomes, it provides a quicker and less memory-intensive method
of identification by cutting out the assembly step albeit at the potential cost of some accuracy
(22).

The human skin microbiome is known to contain a diverse group of microbes which
provide health and immune boosting benefits to the host (22). However, relatively little is
currently known about the feather microbiome and how these microbial communities contribute
to the health of birds. Birds play a vital role in ecosystems across the world. Feathers are
exceptionally important to the anatomy of birds since not only do they allow birds to fly, but they
also provide birds with insulation, camouflage from predators, and waterproofing (23, 24). Many
of these functions mirror the functions of human skin, further making the feather microbiome an
intriguing topic of study.

One group of microorganisms which has been consistently isolated from a variety of
feather samples including the feathers of wild birds, the feathers of domesticated birds and even
feather waste are Feather Degrading Bacteria (FDB). FDBs are microorganisms with the ability
to degrade Kkeratin, a fibrous structural protein which makes up over 90% of the composition of
feathers (25). Keratin is extremely difficult to break down. It is insoluble in water, weak acids
and inorganic solvents, and it is not broken down by common proteolytic enzymes such as

trypsin or pepsin (26). A high number of disulfide bonds, hydrogen bonds, salt linkages and



cross linkages means that a specialized group of enzymes, keratinases, are necessary to degrade
the protein (26). Keratinases vary greatly in their physical and chemical properties, however
most are optimally active between pH 6-9 and temperature 40-60 degrees Celsius (27). Feather
degradation is thought to occur in two steps. In the first step, disulfide bonds are broken using
disulfide reductase (28). The second step then involves keratinase hydrolyzing the keratin and
breaking the remaining bonds (29).

Bacteria of the Bacillus genus, specifically Bacillus licheniformis, are the most efficient
known FDBs and, as a result, have been the target of the most study (30). However, many other
bacteria such as Stenotrophomonas, Pseudomonas, Brevibacillus, Fusarium, Geobacillus,
Chryseobacterium, Xanthomonas, Nesterenkonia, and Serratia have been shown to degrade
feathers as have some species of fungi (30).

Feather waste has long been a by-product of the poultry industry and it is estimated that
two million tons of feathers are generated annually (31). Due to poor waste management, the
vast majority of feather waste either ends up in landfills or becomes a major pollutant due to how
difficult feathers are to degrade (31). This waste often plays host to pathogens such as
Salmonella and Vibrio and can also emit pollutants such as ammonia, nitrous oxide and
hydrogen sulfide which can have a negative impact upon human health (32). Despite this, the
main component of this waste, keratin, is a good source of peptides, amino acids and minerals
such as nitrogen, potassium, calcium, magnesium, iron, manganese, zinc and copper (33). These
nutrients alongside the desire to reduce pollution has increased interest in repurposing this
feather waste into animal feed or fertilizer.

A portion of this waste is already processed through chemical treatment and steam

pressure cooking (34). Although this treatment ultimately converts the waste into animal feed, it



costs a very large amount of energy and ultimately destroys many of the nutrients that would
make the process worthwhile (35). As a result, it is not a viable long-term solution for the
elimination of poultry feather waste. More recently, FDBs have been proposed as a cheap and
eco-friendly alternative to chemical methods. By adding FDBs, which can produce keratinase, to
feather waste, it can be degraded into nutrients to feed livestock. Although this theory has a great
deal of merit, it is still to be seen whether or not the use of FDBs is practical in real-life
application.

As an alternative to livestock feed, it has been suggested that feather waste could also be
broken down into a nitrogen-rich fertilizer for plant growth. Many FDBs have been found to
combat plant pathogens (36). As a result, introducing FDBs and feather waste into the agriculture
industry allows them to act as a feather waste degrader, organic fertilizer, growth promoter and
disease protectant all at once which can be hugely beneficial especially when compared with
common chemical-based fertilizers and disease protectants (36).

The overall goal of this study was to assemble the genomes of FDBs, identify their
species, and attempt to locate keratinase genes within the genome assemblies. Ventral and tail
feather samples were collected from Saltmarsh and Seaside Sparrows throughout the state of
Connecticut. Bacterial isolates were collected from each of the feathers, cultured, and then tested
for keratinolytic activity. Of the bacteria found to be FDBs, six isolates were chosen to be
sequenced. The sequences were analyzed for quality and assembled using the de Novo assembler
SPAdes on the university cluster. The bacterial genomes were then identified using two different
programs. NCBI BLAST was used on three separate parts of the assembled genomes: The first
10,000 base pairs of the longest node, the first 10,000 base pairs of the second longest node and

the 16s rRNA sequence which was identified using the 8F primer. Secondly, the program



StrainSeeker was used on the raw genomic data to confirm the BLAST identification. After
identification, a search was conducted using known keratinase primers in an attempt to determine

if the assemblies contain genes for keratinase.
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Methods
Sampling and Bacterial Isolation

Six bacterial isolates were selected from a previously established collection of FDBs
taken from Saltmarsh and Seaside Sparrow feathers at sampling localities in Hammonnasset
State Park in Connecticut, USA. Each isolate had been previously tested for its ability to degrade

feathers by Elizabeth Herder, a graduate student in the Hird lab (Unpublished data).

DNA Extraction and Sequencing

DNA from the bacterial isolates was extracted using the QlAamp PowerFecal DNA
(Qiagen, Hilden, Germany) kit. Manufacturer instructions were followed to produce a final
volume of 100 ul. Sequencing occurred using a MiSeq Illumina machine at the Center for

Genome Innovation (CGI) by Dr. Bo Reese.

Quality Control
Raw reads were first tested for quality using the R program DADAZ2 (37). A Phred score

of 20 was used as the threshold below which read quality was considered too low for analysis.
The quality control program Sickle (38) was then used to remove reads with very low Phred
scores so as to include only reads with low error rates in the final assembly. The resulting reads

were transferred to the UConn High-Power Cluster for assembly and analysis.
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Assembly

Assembly of raw reads was done using the genome assembler SPAdes. As a de Novo
assembler, scaffolds were created without the use of a reference genome using a de Bruijn
algorithm. In this method, the reads were separated into segments of a specified length known as
k-mers. These k-mers were then placed in a graph such that k-mers with overlapping reads were
placed next to one another. These reads were then joined together to create the assembly.
Assembly was performed using k-mers of length 22, 33, 55 and 77. These k-mer values were
chosen based on program recommendation and included a combination of short and long length
k-mers to offset problems with low coverage in the case of long k-mers, and potential errors in

the case of short k-mers.

Identification

Identification of the scaffolds produced in the assembly was first done using NCBI Blast.
Three analyses were conducted: [1] A BLAST search of the longest node assembled (Node 1),
[2] a BLAST search of the second longest node assembled (Node 2), and [3] a BLAST search of
the 16S rRNA region of the genome. The first 10,000 nucleotide bases from the top two nodes
were blasted against the nucleotide collection database and the top results along with statistics
were recorded. The 16S rRNA region was identified using the known 8F primer
(AGAGTTTGATCCTGGCTCAG) for which a perfect match was found in all six assemblies. A
BLAST search was performed on the ~30 base pairs following the primer which were aligned
against the 16s ribosomal RNA database. The top three BLAST results from each method for

each assembly were recorded.
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Identification of Keratinase Primers

Keratinase primers were obtained from primary literature on the topics of keratinase and

FDBs. Each primer is of a substantial length (at least 19 base pairs long) to reduce the probability

of a type 1 errors. The collection was uploaded to Geneious (39), as were each of the 6
assembled scaffolds. The program Geneious was used to identify primers within the assembled
genomes and indicate potential keratinase genes. Parameters were set such that matches must
match the primer specifically. A spreadsheet consisting of each instance of the primer in the

assembly was obtained from Geneious containing all instances in which the primer occurred as

well as its location.

Table 1: Keratinase Primers

Primer Name Sequence Primer Length
XMAL (40) CGACCCGGGATGATGAGGAAAAAGAGTTTTTGGC |34
XHOL (40) CGACTCGAGTTGAGCGGCAGCTTCGACATTGAT (33
Pker (40) GCACCCGGGGCCAAGCTGAAGCGGTCTATT 30
KPN (40) GTCAGGTACCCACCCGTTTTACCTTCGCAGTTACT (35
Kerl (41) GCGCAAACCGTTCCTTACGGCATTCCTCTCATTAA (66
AGCGGACAAAGTGCAGGCTCAAGGCTTTAAG
F1 Forward (41) [ TTAGAAGCCGCTTGAACGTTA 21
F1 Reverse (41) |ATGTGCGTGAAAAAGAAAAATGTG 24
F2 Forward (41) |[AAGTATTAGATCGTTACGGCGATGGAC 27
F2 Reverse (41) |CCAAGAACACCAATCGTGTTATCAAGG 27
BPI1 (41) GAACACGACCCTAGCATTGC 20
BPI2 (41) AGTACAGTACCAAGCAGTGG 20
BPE1 (41) TCAGGTCTACTCTTATTTGC 20
BPE2 (41) ATGATTCTCTCCATCATCG 19

13



Results and Discussion
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Figure 1: Quality plots representing the average Phred score of the reads over their entire length

were developed for [A] the forward reads for each of the six bacterial samples and [B] the

reverse reads for each of the six bacterial samples. The grey-scale heat map represents the

frequency of each Phred score at a given position and the continuous green line indicates mean

Score.
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Quality analysis was performed on raw reads using the R package Dada2. Quality plots
were developed representing the Phred Score of the reads over their entire length. A Phred Score
is a logarithmic value representing the prevalence of errors in a sequence. A Phred score of 10
will have an accuracy of 90%, a score of 20 will have an accuracy of 99% and so forth. Phred
scores above a threshold of 20 typically indicate a sufficient accuracy for use in assembly and
analysis and examination of the six plots shows that in general, the reads tend to be over 20 with
the exception of the very end when it dips slightly below in some cases. Additionally, the reverse
reads contain more errors than the forward reads over the entire sequence and especially towards
the end, however, this is expected with illumina reads. Since some reads had Phred scores lower
than 20, the reads were trimmed and the segments with extremely low quality scores were
removed. Trimming was performed with sickle on the UConn HPC and the altered reads were

ultimately used for analysis.
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BLAST Identifications

Table 2: BLAST Identification Results - Sample 243

Query |Percent

Section Bacteria/Strain Accession#  |Cover |ldentity
Node 1 Bacillus pumilus strain SH-B9 CP011007.1 60%| 89.87%
Bacillus altitudinis strain DF48 CP025643.1 37%| 94.69%
Bacillus pumilus strain SF-4 CP047089.1 67%| 86.20%
Node 2 Bacillus pumilus Strain 145 CP027116.1 99%| 98.04%
Bacillus pumilus strain ZB201701 CP029464.1 99%| 93.00%
Bacillus pumilus Strain PDSLzg-1 CP016784.1 99%| 92.93%
16s rRNA |Anaerococcus lactolyticus Strain JCM 8140 [NR_113565.1 100%| 91.20%
Anaerococcus degeneri Strain gpac104 NR_146834.1 100%| 90.74%
Anaerococcus mediterraneensis NR147392.1 100%| 89.35%

Table 3: BLAST Identification Results - Sample 244

Query |Percent

Section Bacteria/Strain Accession # |Cover |ldentity
Node 1 Bacillus pumilus Strain 145 CP027116.1 100%| 99.74%
Bacillus pumilus Strain PDSLzg-1 CP016784.1 100%| 95.59%
Bacillus pumilus Strain ZB201701 CP029464.1 100%| 95.54%
Node 2 Bacillus pumilus Strain 145 CP027116.1 93%| 99.26%
Bacillus pumilus strain SH-B9 CP011007.1 92%| 92.11%
Bacillus pumilus Strain SAFR-032 CP000813.4 92%| 91.33%

16s rRNA |Bacillus zhangzhouensis Strain MCCC 1A08372 |NR_148786.1| 100%| 99.59%

Bacillus australimaris Strain MCCC 1A05787 NR_148787.1| 100%| 99.59%
Bacillus pumilus Strain NBRC 12092 NR_113945.1| 100%| 99.59%

17



Table 4: BLAST Identification Results - Sample 247

Query |Percent
Section Bacteria/Strain Accession# [Cover [ldentity

Node 1 Bacillus safensis Strain PgKB20 CP043404.1 45%| 92.03%
Bacillus pumilus Strain 145 CP027116.1 51%| 94.53%
Bacillus safensis IDN1 AP021906.1 44%| 89.83%
Node 2 Bacillus pumilus Strain 145 CP027116.1 100%| 99.53%
Bacillus pumilus strain SH-B9 CP011007.1 96%| 92.03%
Bacillus pumilus Strain PDSLzg-1 CP016784.1 96%| 93.06%
16s rRNA [Xylanibacillus composti Strain K13 NR_159902.1 100%| 100.00%
Bacillus marinisedimentorum Strain NC2-31 |[NR_159293.1 100%| 100.00%
Lactobacillus allii Strain WiKim39 NR_159082.1 100%| 100.00%

Table 5: BLAST Identification Results - Sample 254

Percent

Section |Bacteria/Strain Accession # Identity
Node 1 [Bacillus pumilus Strain MTCC B6033 [CP007436.1 100% 99.38%
Bacillus altitudinis Strain GR-8 CP009108.1 100% 98.68%
Bacillus altitudinis Strain W3 CP011150.1 100% 98.67%
Node 2  |Bacillus pumilus Strain TUAT1 AP014928.1 100% 95.85%
Bacillus cellulasensis Strain GLB197 |[CP018574.1 100% 95.76%
Bacillus altitudinis Strain W3 CP011150.1 100% 95.71%
16s rRNA [Bacillus velezensis Strain FZB42 NR_075005.2 100% 100.00%
Bacillus subtilus Strain 168 NR_102783.2 100% 100.00%
Bacillus subtilus Strain IAM 12118 NR_112116.2 100% 100.00%
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Table 6: BLAST Identification Results - Sample 257

Query |[Percent
Section |Bacteria/Strain Accession # |Cover |ldentity

Node 1  |Bacillus pumilus Strain 145 CP027116.1 99%| 98.55%
Bacillus pumilus Strain ZB201701 CP029464.1 99%| 94.34%
Bacillus pumilus Strain PDSLzg-1 CP016784.1 99%| 94.34%
Node 2  |Bacillus pumilus Strain 145 CP027116.1 99%| 98.18%
Bacillus pumilus Strain ZB201701 CP029464.1 99%| 92.84%
Bacillus pumilus Strain NCTC10337 LT906438.1 99%| 91.44%
16s rRNA | Xylanibacillus composti Strain K13 NR_159902.1| 100%| 100.00%
Bacillus marinisedimentorum Strain NC2-31 NR 159293.1| 100%| 100.00%
Lactobacillus allii Strain WiKim39 NR_159082.1| 100%| 100.00%

Table 7: BLAST Identification Results - Sample 269

Query |Percent

Section |Bacteria/Strain Accession # |Cover |ldentity
Node 1  |Bacillus pumilus Strain 145 CP027116.1 100%| 98.80%
Bacillus pumilus strain SH-B9 CP011007.1 100%| 93.63%
Bacillus pumilus Strain ZB201701 CP029464.1 96%| 94.12%
Node 2  (Bacillus pumilus Strain 145 CP027116.1 100%| 98.80%
Bacillus pumilus strain SH-B9 CP011007.1 100%| 93.63%
Bacillus pumilus Strain ZB201701 CP029464.1 96%| 94.12%
16s rRNA |Bacillus zhangzhouensis Strain MCCC 1A08372 |[NR_148786.1| 100%| 99.83%
Bacillus safensis Strain 100820 NR_113945 100%| 99.83%
Bacillus pumilus String NBRC 12092" NR_115334.1| 100%| 99.83%
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Results of the BLAST Identification search were indicated in tables 2-7. In five of the six
bacteria BLASTed, Bacillus pumilus was the number one hit for both node 1 and node 2. In the
sixth sample, sample 247, Bacillus safensis was the top hit for node 1, however Bacillus pumilus
was the top hit for node 2. In most of these cases, Bacillus pumilus matched the genome with a
high query cover, meaning the sequences matched along most of their length, and high percent
identity, meaning that the segments which matched were very similar. The prevalence of
Bacillus pumilus as the identification for these bacteria is very surprising since many prior
studies have highlighted Bacillus licheniformis as the primary FDB found in birds. Recently
however, studies have been released which have highlighted the role of Bacillus pumilus as an
efficient feather degrading bacterium, especially for use with poultry waste (42), and have
isolated the bacteria from feathers (43) which supports it as the identity of the six bacteria.

In addition to Bacillus pumilus, several other forms of Bacillus were identified as hits
when BLASTing 10,000 bases of the two longest nodes. Bacillus altitudinis was suggested as
one of the top hits for both node 1 and node 2 of Sample 254 (hit 2 and 3 for node 1 and hit 1 for
node 2), and node 1 of Sample 243 (hit 3). For both node 1 and node 2 of Sample 254, the
sequence has a very high identity (<95%) and complete query coverage (100%) indicating that it
was a possible identity of the bacteria in addition to Bacillus pumilus. Conversely, the match
with Sample 243 was found to have a high sequence identity of 94.69%, but only a query cover
of 37% compared to the query cover of Bacillus pumilus were both above 60% indicating that it
was not a reliable match to the genome. Bacillus altitudinis is a species of bacteria that was first
isolated from air samples high in the air over Singapore (44). It was also isolated in lakes, soil
and silt (44) which when combined with having been found in high altitudes may suggest

methods by which it could be introduced into the feather microbiome of these sparrows. Another
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bacterium which was commonly identified by blasting the longest two nodes was Bacillus
safensis. This species was listed as a top hit of node 2 of Sample 254 (hit 2), and node 1 of
sample 247 (hit 1 and hit 3). Both hits for Sample 247 node 1 have relatively low query covers
(45% and 44%) indicating that they might not be reliable identifications. Conversely, the hit on
node 2 of sample 254 had full query cover and over 95% identity meaning that it is more likely
to be the true identity, however still unlikely due to the prevalence of Bacilus pumilus.

The BLAST results of the 16s rRNA region were far more varied than those of the nodes.
This was likely in part due to the number of base pairs after the primer being much lower (~30)
than those from the nodes. Ultimately, there was very little consistency among the top three 16s
rRNA BLAST hits for any of the six isolates, and only in Sample 244 and Sample 269 was
Bacillus pumilus among the top three hits. Sample 243 was particularly different since not only
the top three hits, but also the top 100 hits all had the genus Anaerococcus with very strong
association values. Anaerococcus is a genera of coccus shaped bacteria which are present in the
human microbiome. As both nodes from this sample were identified as Bacillus pumilus, this
identification is most likely incorrect. More likely, this identification is a result of one of several
alternate explanations. One possible explanation is contamination of the bacterial sample. Since
Anaerococcus is found in the human microbiome, the sample may have been contaminated
during collection or testing. Another explanation is horizontal gene transfer from an
Anaerococcus bacteria into Bacillus pumilus. Additionally, an error in sequencing may have
occurred which altered the 16s region to more closely match that of Anaerococcus, however this
is unlikely due to the strength of the alignment. Lastly, it could be due to an error in the database,

however this is also unlikely due to the number of Anaerococcus matches.
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Strain Seeker Identification

Table 8: StrainSeeker Identification Results - Sample 243

Read Direction ‘Bacteria/Strain
Forward Bacillus pumilus SAFR-032

Bacillus pumilus W3

Bacillus pumilus GR-8

Reverse Bacillus pumilus SAFR-032

Bacillus pumilus W3

Bacillus pumilus GR-8

Table 9: StrainSeeker ldentification Results - Sample 244

Read Direction ‘Bacteria/Strain

Forward Bacillus pumilus SAFR-032

Bacillus pumilus W3

Bacillus pumilus GR-8

Reverse Bacillus pumilus SAFR-032

Bacillus pumilus W3

Bacillus pumilus GR-8

Table 10: StrainSeeker Identification Results - Sample 247

Read Direction ‘Bacteria/Strain

Forward Bacillus pumilus SAFR-032

Bacillus pumilus W3

Bacillus pumilus GR-8

Reverse Bacillus pumilus SAFR-032
N/A
N/A
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Table 11: StrainSeeker Identification Results - Sample 254

Read Direction ‘Bacteria/Strain

Forward Bacillus pumilus GR-8

Bacillus pumilus W3
Bacillus pumilus MTCC B6033

Reverse Bacillus pumilus GR-8

Bacillus pumilus W3
Bacillus pumilus MTCC B6033

Table 12: StrainSeeker Identification Results - Sample 257

Read Direction ‘Bacteria/Strain

Forward Bacillus pumilus SAFR-032

Bacillus pumilus W3

Bacillus pumilus GR-8

Reverse Bacillus pumilus SAFR-032

Bacillus pumilus W3

Bacillus pumilus GR-8

Table 13: StrainSeeker Identification Results - Sample 269

Read Direction ‘Bacteria/Strain

Forward Bacillus pumilus SAFR-032
Bacillus pumilus NJ-M2

Bacillus pumilus W3

Reverse Bacillus pumilus SAFR-032

Bacillus pumilus NJ-M2

Bacillus pumilus W3

23



An additional attempt at identification was performed using StrainSeeker. The
StrainSkeeker results were much more uniform across all six bacterial samples than the BLAST
results. Both the forward and reverse sequence reads were matched against the database and each
of the twelve searches yielded exclusively different strains of Bacillus pumilus. This strongly
suggests that the identity of each of the six bacterial isolates is Bacillus pumilus. Of the different
strains implicated in the search, the SAFR-032 strain was the most common top hit and was the
closest match in five of the six isolates (Samples 243, 244, 247, 257 and 269). Interestingly, in
the sixth isolate (Sample 254), it was not listed at all as a strong match with the GR-8 strain
being the strongest match to the raw reads.

Also interesting was the fact that the SAFR-032 strain was only suggested as a match
once during the BLAST search and even that one time was as the third hit of the second node of
sample 244. The closeness in matches between the different strains to the assembled reads
suggests that the differences between strains are very minimal and it is therefore very difficult to

determine which strain the isolates are, or if they are a new strain altogether.
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Keratinase Gene Search

Table 14: Geneious Search Results

Sample ‘ Name Direction Length Node
243|BPE2 forward 19 3
254|BPE2 reverse 19 7
254|F1 Forward  |forward 21 7
254|BPI12 reverse 20 7
254|F2 Reverse  (forward 27 7
254|BPI1 reverse 20 7
254|F1 Reverse  |reverse 24 7
257|BPI2 reverse 20 4
257|F1 Reverse  |reverse 24 4
269(BPI12 reverse 20 5
269|F1 Reverse  [reverse 24 5

As a follow-up to the study above, Geneious was used to search for a group of known
keratinase primers (Table 1) within the assembled genomes. Only primers with a length of at
least 19 base pairs were chosen in order to reduce the possibility that a primer might match the
genomes by chance. Perfect matches to the primers were observed in four of the six assembled
genomes (Samples 243, 254, 257, and 269). The presence of these perfectly matching primers
suggests that the four samples contain genes coding for keratinase.

For samples 244 and 247, the search was re-run twice with slightly less stringent
conditions. For the first instance, one mismatch was allowed between the primer and the actual
sequence, however, no matches were found. A second search was then conducted allowing for

two mismatches, however no results were obtained from this search either. Although no matches
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were found, Bacterial samples 244 and 247 may still contain keratinase genes. Only a small
sample of primers were used in the search and the bacteria may contain undocumented or even
novel keratinase genes.

Of the eleven matches found, eight were in the reverse direction whereas only three were
in the forward direction. In the case of the F1 and F2 primers, both forward and reverse primers
were searched and in three of the four instances in which they were found the direction of the
sequence matched the direction of the primer. Additionally, the primers found in each sample
were all grouped together on the same node which may indicate that a keratinase gene was
identified in that area. More research is needed to confirm whether or not this is true and if any

novel genes were identified.
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Conclusion

The results of the BLAST identification found that the most common match to each of
the six sample genomes was Bacillus pumilus, a well-documented FDB with potential for use in
repurposing feather waste. This was further supported by the results of the StrainSeeker
identification which matched the raw genomic reads exclusively to strains of Bacillus pumilus.
Therefore, due to the evidence provided by the two tools we can safely conclude that Bacillus
pumilus is the identity of each of the six isolates, however, there is not enough evidence to
determine specific strains for any of the six isolates.

A follow-up study identified previously documented keratinase primers in four of the six
genomes (Sample 243, 254, 257, and 269). The primers in these samples were all found very
close to one another on the same node supporting the presence of a keratinase gene in all four
bacteria. Although no keratinase primers were identified in Samples 244 and 247, there is still a
possibility that the bacteria contain a different version of this gene since only a small sample of
primers was actually searched. Additionally, since keratinases refer to a range of proteins which
perform the task of degrading keratin, these bacteria may contain a gene for a slightly different
keratinase protein.

Overall, FDBs have the potential to reduce and repurpose tons of feather waste each year.
However, more study is still needed to determine the process by which keratinase degrades
feathers and which FDB or combination of FDBs is the most effective. Strategies must also be

developed to implement FDBs on a national scale.
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