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3-Methylindole and 4-methylphenol are cytotoxic and malodorant compounds
derived from tryptophan and tyrosine, respectively. Each is present in swine waste lagoons
and contributes to malodorous emissions from agricultural facilities. Clostridium
scatologenes ATCC 25775 produces both compounds and serves as a model organism to
study their metabolism and function. Through the repeated assembly and annotation of the
Clostridium scatologenes genome, we propose a novel pathway for tryptophan
degradation and 3-methylindole production by this organism. The genome of Clostridium
scatologenes was sequenced, and re-assembled into contigs. Key elements of the
tryptophan and shikimate pathways were identified. Contigs containing these elements
were extracted from assemblies and matched to the reference genome of Clostridium
carboxidivorans. Sequence for both pathways was then extended and defined using these
joined sequence fragments. This sequence could serve as a starting point for the isolation
of genes related to 3-methylindole synthesis using biochemical and enzyme analysis.
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Introduction
Malodorant compounds are known to cause significant discomfort to people kept
in close contact via their employment or residence, and lead to heightened industrial costs
through the decontamination of buildings in agricultural environments (4). Production of
malodorous compounds in animal wastes is a particularly troubling concern for
agricultural production facilities, as the economic and health costs involved in the
management of malodors are expected to increase, leading to more interest in the cause
and eventual reduction of emissions (2). Extensive analysis of the biochemical processes
behind malodorant production in microbes would provide insight into their importance in
the environment and how they may be reduced in the future.
Many of the compounds important in agricultural malodor production are in
manure (dairy and swine). Indoor swine farms use a lagoon system that collects the
manure after it is washed out of swine pens. Malodors produced from these lagoons are
particularly difficult to manage and contain with our present technology (1, 28, 29). These
malodors are of concern to communities that exist alongside large-scale animal production
facilities due to their link to pulmonary illness (3). Breathing in toxic and irritating
compounds can result in respiratory problems such as chronic bronchitis, occupational
asthma, and organic dust toxic syndrome. Such illnesses become more likely as the
concentration and length of exposure increases (2, 3).
Odors can be identified from agricultural and other environments by analyzing air
samples acquired via solid-phase micro extraction at varying distances from a possible
source to determine the concentration and therefore the diffusion of the odorant. Each
compound has a specific concentration profile within its environment, whether in the
headspace of swine lagoons or as far away as 2000m from cattle barns (4). To quantify the
1

concentration of odors, air samples are subjected to gas chromatography followed by mass
spectrometry (4, 26, 31). Another method that is commonly applied is the use of human
odor experts as sensory detectors in conjunction with standard scales of threshold,
frequency and offensiveness such as an R-index technique for the presence of specific
odors (5).
A main cause of odors within fecal matter is from bacterial metabolic byproducts.
Typically, these byproducts consist of waste compounds or signaling pheromones, but
their odor and toxicity may also serve as a protection mechanism for the organism that
produces them (6, 7). One of the metabolites rarely seen in anaerobic organisms is 3methylindole (3-MI), also known as skatole. This malodorous compound can be found
within manures, the liquid sediment of swine lagoons, and the gut of ruminants and monogastrics. It is synthesized from the amino acid tryptophan, and is one of many products
resulting from protein fermentation in swine manures, along with branched-chain volatile
fatty acids (8, 27). Defined medium studies have found that no exogenous tryptophan was
required to produce 3-MI, so it must be synthesized from within the organism for the
express purpose of 3-MI production (16). Therefore, production of 3-MI is either directly
rooted in the synthesis of tryptophan or one of its precursors. This cytotoxic and highly
pneumotoxic compound contributes to the odor of human and animal waste and is one of
the known causes of “boar taint” in pork production when it accumulates in boar adipose
tissue (5). Humans can perceive 3-MI as a characteristic fecal odor, with a low threshold
for detection (9).
Clostridium scatologenes, named for its production of skatole, is a rod-shaped
gram-positive acetogen, meaning it produces acetate as a byproduct of anaerobic
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fermentation. In solid media it forms convex, gray colonies with either entire or scalloped
edges. First isolated in 1922 in a spoiled food sample, C. scatologenes was discovered to
produce 3-MI, as indicated by the indole biochemical test expressing a violet-blue color
(10). It has been found to be closely related to C. carboxidivorans and C. drakei, two other
acetogenic clostridia found in swine lagoons, through 16S ribosomal RNA sequencing
(11). C. scatologenes is ideal as a model organism for the study of malodorant
compounds, since it is one of a few bacteria known to produce two malodorants, 3methylindole and 4-methylphenol (4-MP) (12), in addition to being non-pathogenic,
similar to gut microbiota, and readily available through the American Type Culture
Collection as Clostridium scatologenes ATCC 25775.
C. scatologenes produces 4-MP, also called para-cresol or p-cresol, from the
amino acid tyrosine. This compound evokes a characteristic “livestock” odor at a much
lower threshold for offensiveness and has long lasting effects in the environment (30). 4MP can possess an antimicrobial effect when produced in high abundance, similar to what
occurs with C. difficile in the digestive tract of an infected patient (13). This effect may
correlate with a similar role in the swine waste lagoon microbial community, because C.
difficile has been found to tolerate a concentration of 4-MP up to 0.2%, while other
organisms, such as Lactobacillus acidophilus, are sensitive to its effects (14). 3-MI shows
a similar inhibitory property as demonstrated on gram-negative bacteria of the intestine,
Escherichia coli, and fungal species (6, 7).
The hypothesized final step of microbial 4-MP production has been discovered
within both C. difficile (13) and C. scatologenes (15). First discovered in C. difficile, a set
of genes known as csdB codes for an enzyme called 4-hydroxyphenylacetate
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decarboxylase, which uses a highly reactive glycyl radical as a catalyst. There are three
enzyme subunits: the decarboxylase (A subunit), a pyruvate formate lyase-like/glycyl
radical subunit (B subunit), and its activating enzyme (C subunit). This enzyme catalyzes
the final step in a proposed tyrosine fermentation pathway which leads to the production
of 4-methylphenol. It is hypothesized that the same mechanism for conversion of 4hydroxyphenylacetate to 4-MP could be used to convert indoleacetate to 3-MI (11). A full
understanding of the enzymes and pathways involved in the production of these
malodorants may identify targets for possible inhibition.
My hypothesis is that there are novel variants in the biochemical pathways
responsible for the production of 3-MI and, similarly, 4-MP within C. scatologenes and
more specifically that the biochemical pathway by which 3-MI is produced in C.
scatologenes is altered from the pathway that has been previously hypothesized for 3-MI
(17, 18). The hypothesis in this study shows that, for this organism to produce skatole,
tryptophan is first deaminated by an ammonium lyase to yield 3-indole pyruvate which is
decarboxylated by a pyruvate decarboxylase to 3-indole acetic acid (indoleacetate), which
is then decarboxylated by an enzyme similar to the glycyl radical enzyme encoded by the
csdB gene to form 3-MI (Figure 1). Novel enzymes or regulation mechanisms would be
necessary for the production of these compounds, but the exact mechanisms have not yet
been defined. Two possible candidates for regulation, indole acetic acid and L-tryptophan,
were not found to regulate the production of 3-MI or 4-MP (16).
Since genes that are coexpressed are often found in single operons, the complete
sequence of regions surrounding the genes for tryptophan, tyrosine and csdB biosynthesis
may provide links to the genes needed for the production of 3-MI and 4-MP. An assembly
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Figure 1. Biochemical reaction hypothesized for 3-MI synthesis (Modified from
17, 18). The final step in this sequence has been found to be a three-subunit glycyl
radical enzyme coded by the csdB genes (11).
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of C. scatologenes sequences by Tiwari (22) resulted in a fragmented genome. He was,
however, able to identify contigs that contained many of the genes used in tryptophan
biosynthesis and was able to identify a contig that contained some csdB genes. The
inclusion of additional sequencing data and the optimization of sequence assembly will be
used to extend the tryptophan and csdB contigs. These assemblies will then be compared
to other related genomes through automated annotation and comparison programs such as
RAST (Rapid Annotation using Subsystems Technology)(20) in order to identify the
functions of all adjacent genes and search for linked genes that may support the novel
synthesis of 3-MI and 4-MP. To identify productive genome assemblies, syntenic analysis
will be used to compare similar regions from other closely related bacterial genomes.
Synteny is the co-localization of a group of similar genes on the chromosomes of
two different organisms. For prokaryotes, this is more prevalent since genes are often
clustered by metabolic pathway so that they can be transcribed as a polycistronic mRNA
and therefore regulated at a single promoter. For syntenic analysis, multiple species are
compared and scored for similar gene organization. Alignment of syntenic regions can
help identify groups of genes whose relative location and organization are conserved and
therefore may be co-expressed to support metabolic or other cellular processes. For this
study, the goal was to use syntenic analysis and sequence extension to help identify genes
coexpressing with tryptophan synthesis and the csdB genes that may contribute to the
biosynthetic pathways for 3-MI and 4-MP within the genome sequence of C.
scatologenes.
One way to extend the sequence of contigs is to add additional sequencing
information. Another way is to try different assembly methods and to optimize the
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parameters and order of sequence assembly. For example, a de novo assembler, like that
used by CLC Genomics Workbench, utilizes a set of variable parameters such as word
size, bubble size, and pre-treatment of the reads (21). Word size is related to the length of
the “words” that the assembler divides the reads into, which are typically 20 bases long
and dependent on the amount of data that is placed inside the assembler. Once divided and
organized, these words are kept in a table next to their similar neighbors, and compared to
each other through what is known as a De Brujin graph. The graph consists of matching
neighbors laid next to each other in a continuous fashion, until a mismatch or sequencing
error leaves a bifurcation in the graph. This is known as a bubble because the graph splits
where the error resides, then joins back into a single line. If the distance between errors is
smaller than the word size, the assembler will have to keep the break in the graph open for
a longer distance, which can make bubbles quite long. Bubble size thus relates to the
maximum length of a bubble that the assembler will try to fix using the amount of
corresponding words. The default setting for bubble size is typically enough for most
errors, but the recommended number is half the average read length that goes into the
assembly. Higher bubble resolution is needed for longer reads with multiple errors, while
lower resolution is best for shorter reads with fewer errors. The last parameter, treatment
of the reads, refers to how the assembler chooses eligible reads, which can be based on
quality scores and read length, and also the type of reads making up the assembly. Quality
scores are values attached to each read and shows whether the sequencer made any errors,
read length can choose the minimum length of the reads used in the assembler, while read
types include single reads which are sequenced in one direction upstream or downstream,
or mate-paired reads which are reads obtained from opposite ends of the same template.
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Using paired reads can help identify large gaps in the assembly, as mate-pairs give
concrete evidence for linking two contigs in which each contain one of the mate-pairs.
Another possible method for sequence extension is through genome sequence
walking. To acquire flanking DNA sequences around genes of interest, a PCR technique
called LaNe RAGE (Lariat- dependent Nested PCR for Rapid Amplification of Genomic
DNA Ends) was utilized (19). This process, illustrated in Figure 2, uses a nested PCR
framework with semi-random primers that consist of bases corresponding to sequence 3 at
the 5’ end and 5 random bases at the 3’end. This primer (3N5) binds to the genomic DNA
in many places beyond the known sequence, creating amplified products. One of the
possible binding events during the PCR amplification between Primer 1 and Primer 4
would allow the 3’ end of the PCR product that is complementary to Primer 3N5 and to
the internal sequence to bind internally and prime the lariat structure. The overlap of the
known sequence of the 3N5 primer end allows for the priming of an extension of the
sequence toward the 3’ end of the lariat. This would result in the “End product” shown in
Figure 3. As PCR 1 continues, long Primer 1-Primer 1 and shorter Primer 4-Primer 1
sequences would be amplified. A subsequent Primer 5 - Primer 2 amplification in PCR2
would allow short and specific sequences flanking the extended region to be amplified.
This Primer 5-Primer 2 product would then be sequenced to identify the extended region.
Each subsequent step in the genome walking process would require new sets of LaNe
RAGE primers in the same organization as illustrated in Figure 2. After sequencing, the
results would be reassembled with the genome in order to connect any newly associated
contigs to the extended region.

8

Figure 2. LaNe RAGE reaction process. Three PCR runs are necessary for acquiring
genomic DNA ends outside of a known sequence (19). Each change in color represents a
newly amplified strand of DNA. The box indicates the known sequence of genomic DNA,
with the numbers 1-5 to represent primer locations, where labels with c indicate the
reverse complement. Arrows indicate the primer and the direction of amplification. 3N5
represents the semi-random primer consisting of bases corresponding to sequence 3 at the
5’ end and 5 random bases at the 3’end. This primer is used to bind to genomic DNA and
begin the amplification process in a Pre-PCR stage. PCR 1 is accomplished by adding
primers 1 and 4 to the randomly primed template generated in the Pre-PCR (blue strand).
Site 1 primers will linearly amplify the Pre-PCR template and allow lariat formation and
9

extension from site 3 as indicated by the second line of PCR1. This product (green strand)
will be exponentially amplified by flanking primers 1 and 4 to produce the red strand
shown in PCR2. Primers 2 and 5 further amplify the extended region in PCR 2 and
discriminate against off-site products from the previous steps.

Once extended contigs are created, genes can be identified and functional
annotations can be added by programs such as RAST. Syntenic analysis can be performed
to confirm the completeness of genes and identify insertions and deletions that interrupt
open reading frames. Syntenic analysis can also identify operons by the conserved
grouping of genes, between two organisms, that belong to the same metabolic pathway.
By mapping contigs from C. scatologenes onto more complete genomes, the order of the
contigs will help identify gaps between the contigs that will aid in additional sequencing.
The ultimate goal for sequence extension, by refining the sequence assembly and by LaNe
RAGE, is to identify complete operons related to tryptophan synthesis in C. scatologenes
along with flanking regions that may specifically lead toward the production of 3-MI.
Materials and Methods
DNA sequencing and pre-assembly. In order to acquire the genetic sequence of
C. scatologenes ATCC 25775, two SOLiD sequencing (Life Technologies, Carlsbad, CA)
runs were performed at the Laboratory for Genomics & Bioinformatics at the University
of Oklahoma Health Sciences Center. Roche/454 sequencing was performed by the
University of Illinois at Urbana-Champaign. The resulting 454 data and both SOLiD runs
combined yield ~86 million reads and achieve a greater than 123-fold coverage of the
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3.8Mbp chromosomal genome (22). These reads were re-assembled using CLC Genomics
Workbench (CLC Bio, Arrhus, Denmark).
Automatic annotation. Assemblies were annotated using RAST (20) to produce
defined ORFs within the contigs.
KEGG analysis. Assemblies were compared via their RAST annotations for
KEGG (25) pathway representations focusing on the production of aromatic amino acids.
Syntenic analysis. The genome sequence from C. scatologenes and other close
relatives were aligned and compared using RAST(20). Close relatives with similar
synteny were considered for use as the reference genome in the contig alignment phase.
Multiple sequence alignment. Extensions of the known sequence produced by
assemblies under varying parameters were analyzed by BLAST (23) and Clustal (24)
before being aligned to the C. carboxidivorans reference genome using CLC Main
Workbench (CLC Bio, Arrhus, Denmark). The resulting matches were joined into longer
contigs by removing bases and attaching neighboring sequences. Proofreading of the final
sequence was performed based on fidelity to the reference while allowing for some singlebase differences.
DNA Cleaning. C. scatologenes chromosomal DNA was provided by Dr. Kinchel
Doerner for use in this study. After dilution in Tris buffer to a concentration of 3357.4
ng/µL, 62.95 ng of DNA was purified with the UltraClean PCR Clean-Up Kit (Part no.
12500-100, Mo Bio Laboratories, Carlsbad, CA, USA) by following the manufacturer’s
instructions. This removed traces of cell membrane, RNA, and protein from the sample,
leaving purified DNA. Two eluates of 50μl each were added together to provide a
working stock of chromosomal DNA. Another working stock was developed in a similar
11

manner by using the DyeX Dye Terminator Removal Kit (Part no. 63204, Qiagen, Hilden,
Germany). Concentrations of all DNA stocks were confirmed via the Nanodrop ND-1000
Spectrophotometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA).
LaNe RAGE PCR. Starting with the procedure outlined in Park 2005 (19), five
primers were designed, using CLC Main Workbench, to one csdB and two tryptophan
operon targets in C. scatologenes. The organization of the primers for each locus is shown
in Figures 3 and 4. The primers described in Table 1 were purchased from Integrated
DNA Technologies, Coralville, IA, USA; Eurofins MWG Operon, Huntsville, AL, USA
and diluted with water to a working concentration of 10 µM before performing the LaNe
RAGE PCR, as described in Park 2005 (19), using a MasterCycler pro thermocycler
(Eppendorf, Hamburg, Germany). Changes were made to the LaNe RAGE PCR protocol,
with the concentrations and volume of components as shown in Table 2. The PCR times,
temperatures, and number of cycles are shown in Table 3. This was done to provide a
more optimized PCR protocol for the C. scatologenes genome in advance. The products of
the LaNe RAGE PCR process were cycle sequenced using the BigDye Terminator v3.1
Cycle Sequencing Kit (Life Technologies Part no. 4337445) with 0.5μl each of Primer 2
and 5. The sequencing PCR product was then purified using the Qiagen DyeX kit, run
through a CentriVap Concentrator (Labconco, Kansas City, Missouri, USA) to remove the
liquid, reconstituted with 20μl HiDi Formamide buffer (Life Technologies Part no.
4311320), and sequenced using the ABI PRISM 3130 Genetic Analyzer (Life
Technologies, Carlsbad, CA). The quality control for this process consisted of locating the
sequence for primers 2, 3, and 5 along with adjacent sequence known to be attached to
these primers in contig 6771, shown by the green set of primers in Figure 3.
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Figure 3. Organization of LaNe RAGE primers within contig 6771. Green arrows
pointing downstream represent the first set of forward primers, while red arrows represent
the second set. The order and location of the primers help facilitate sequence extension via
their proximity to the edge of the known sequence.
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Figure 4. Organization of LaNe RAGE primers within contig 2661. Green arrows
pointing downstream and red arrows pointing upstream represent forward and reverse
primers, respectively. The order and location of the primers help facilitate sequence
extension into each of the left and right flanking regions beyond the known sequence.
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TABLE 1 Primer sets for LaNe RAGE technique.
Numbers 1-5 correspond to relative positions of the primers shown in Figures 3 and 4.
Name of set: 1T6771 (Tryptophan operon, control)
Primer name
Sequence
1T6771-1
GTCTTTCCTCCATCTCCTCC
1T6771-2
GTTCCGCAAGTATCAATAAC
1T6771-3
TTTCTTCTGTAGTTTNNNNNCTCAC
1T6771-4
AAGACCTGCAAGAAAAGC
1T6771-5
CCTATCTGAGAATTTGTTCC
Name of set: 2T6771 (Tryptophan operon)
Primer name
Sequence
2T6771-1
ACTTTACCATTTTCAGTAAG
2T6771-2
TCTGGATGAAATTGAAGTC
2T6771-3
GTTATAATAAGTTCNNNNNCTCAC
2T6771-4
CTCATAACTGTCATAGAAC
2T6771-5
CAAATCTTCAAACAACTT
Name of set:1CF2661 (csdB, forward primers)
Primer name
Sequence
1CF2661-1
TTGGGAGAAACAAAGTGG
1CF2661-2
GCTAGGAAAAGAGTACGAAT
1CF2661-3
GGAGCATCTTCAACNNNNNCTCAC
1CF2661-4
AGCTTGCTATATAGGTGA
1CF2661-5
TTTAATAGAGCTGGAGAGGAG
Name of set: 1CR2661 (csdB, reverse primers)
Primer name
Sequence
1CR2661-1
GTATTAAGATAATTTGAGCTGG
1CR2661-2
TCACCTATATAGCAAGCT
1CR2661-3
GTTGAAGATGCTCCNNNNNCTCAC
1CR2661-4
CGTACTCTTTTCCTAGCTG
1CR2661-5
CCACTTTGTTTCTCCCAA

15

TABLE 2 Volumes for LaNe RAGE protocol (in μl)
Master Mix
DNA (100ng/μl)
(Promega
Primer
or Previous
Run
#9PIM513) (10μM)
Reaction (PR)
Pre-PCR
12.5
2
DNA: 3

H2O
7.5

Total
25

PCR 1

12.5

1 each

PR.:10.5

N/A

25

PCR 2

12.5

1 each

PR: 2

8.5

25
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TABLE 3 Optimized temperature changes for LaNe RAGE protocol
Run
Temperature (°C)
Time (mins) Cycled
Pre-PCR
94
2
N/A
94
1
1
40
(5 sec)
1
72
9
1
72
1
N/A
PCR 1

94
94
47
72
72

2
1
1
2
5

N/A
36
36
36
N/A

PCR 2

94
94
55
72
72

2
1
1
1
5

N/A
35
35
35
N/A
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Clustal alignment. The sequenced products from LaNe RAGE and the primers
used to create them were aligned to their original contigs with the Clustal alignment tools
from CLC Main Workbench (CLC Bio, Arrhus, Denmark) (21). Sequences from the
unaligned extensions were used to search for matches in contigs with overlapping
sequence. The RAST tool was used to view syntenic comparisons of any extensions and
joined contigs.
Results
The purpose of this study was to complete and try to extend the sequences
surrounding the tryptophan and shikimate operons in C. scatologenes with the hope that
defining these regions would also reveal associated genes that may contribute to the
production of 3-methylindole (3-MI). The C. scatologenes genome had previously been
assembled by Tiwari (22) and he identified one fragment (contig 6771) that contained five
contiguous genes from the tryptophan operon. We have found these genes to be syntenic
with the tryptophan operon in other related bacteria (Figure 5). Similarly, we found a
syntenic region for the shikimate pathway (Figure 6). Based on these syntenic
conservations, we expect that the adjacent tryptophan and shikimate genes in C.
scatologenes will also be syntenic and will allow us to map contigs to closely related
operons such as found in C. carboxidivorans. In this study, we have done additional
assemblies and included another sequencing data set with paired end information in order
to improve fragment assembly and create contigs that will span the tryptophan and
shikimate operons.
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A

B

Figure 5. Synteny of tryptophan genes within C. scatologenes and C. carboxidivorans.
Each of the two organisms (A: C. scatologenes, B: C. carboxidivorans) were compared to
other conserved genomes centered around the red arrow, tryptophan synthase alpha. Grey
arrows are genes extending further to either end of the genome sequence. Grey boxes
represent conserved genes between species. Arrows 1A and 1B: Tryptophan synthase beta,
2A and 4B: Tryptophan synthase alpha, 3A and 5B: Indole-3-phosphate synthase, 4A and
6B: Anthranilate phopshoribo-transferase, 6A and 3B: Phosphoribosylanthranilate
isomerase, 7A and 7B: Anthranilate synthase amidotransferase component, 8A and 2B:
Anthranilate synthase aminase component.
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A

B

Figure 6. Synteny of shikimate genes within C. scatologenes and C. carboxidivorans.
Each of the two organisms (A: C. scatologenes, B: C. carboxidivorans) were compared to
other genomes centered on the red arrow, Shikimate kinase. Grey arrows are genes
extending further to either end of the genome sequence. Grey boxes represent conserved
genes between species. Arrows 1A and 1B: Shikimate kinase, 2A and 2B: Shikimate-5hydrogenase alpha, 3A and 3B: Chorismate mutase I, 4A and 4B: Chorismate synthase,
5A and 5B: 5-Enolpyruvylshikimate-3-phosphate synthase, 6A and 6B: Prephenate and/or
arogenate dehydrogenase, 7A and 7B: 3-Dehydroquinate synthase, 8A and 8B: 2-keto-3deoxy-D-arabino-heptulosonate-7-phosphate synthase I beta.
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Assembly of C. scatologenes genome. The 3.8 Mbp genome of C. scatologenes
was sequenced three times. Roche/454 sequencing provided 227,000 reads (referred to as
the 454 data) for a total of 70 Mb of sequence with an average fragment length of 200 bp.
Two separate ABI SOLiD sequencing runs provided 10,096 and 81,059866 reads
respectively, with an average fragment length of 495 and 49 bp respectively (referred to as
SOLiD1 and SOLiD2). The second (SOLiD2) run also provided mate-paired information.
Two de novo assembly programs were used for the set of assemblies, Newbler (454 Life
Sciences, Branford, CT, USA) and the CLC Genomics Workbench. Table 4 shows the
sequence source, the assemblers and parameters used in each of 11 assemblies. The 8267
contigs that make up the second C. scatologenes genome assembly were the result of
previous work by Tiwari (22) using two sequencing datasets, one from 454 and one from
SOLiD sequencers. It was believed that an improvement was possible by using an
additional SOLiD paired ends sequencing run and programs such as CLC Genomics
Workbench which allowed for options to be set in the assembly.
As shown in Table 4, Assembly 1 was the 454 data assembled by Newbler from
Tiwari (22). Assembly 2 had the additional SOLiD1 sequencing run assembled with the
454 data from Tiwari (22). The following assemblies involved the 454 and both SOLiD1
and SOLiD2 sequencing data sets, which we assembled in sequential order. Assembly 3
used the raw 454 reads, while Assembly 4 used Newbler processed 454 reads. Assembly 5
was made from Assembly 2 with frameshifts removed, and Assembly 6 was created by
first assembling the SOLiD1 read components (forward and reverse), then adding the
SOLiD2 and Newbler 454 read sets. Assemblies 7 and 8 had reads trimmed based on
quality scores, while Assemblies 8-11 were assembled with the addition of paired reads
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TABLE 4 Comparison of C. scatologenes sequencing assemblies
Sequence samples came from a 454 sequencer (454), and two runs on a SoLID sequencer
(S1 and S2). The S2 sequence also included paired end reads (PR) and quality scores (Q).
The sequences were assembled either by Newbler (N) or by the CLC Genomics
Workbench assemblers (C). Assemblies with multiple sources were combined in the order
listed. Length restrictions on reads were also used (L), along with the removal of
frameshifts (FS). N/A indicates that the feature was not available in the assembler run.
Trimming
Word Bubble Paired Quality Read
Assembly Workflow Contigs Mbp total N50 Size Size Reads Score Length
1. 454N
10304
5.89
572
N/A N/A
No
N/A N/A
2. 454NS1C
8267
5.83
706
N/A N/A
No
N/A N/A
3. 454CS1CS2C
10993
5.78
526
20
50
No
None None
4. 454NS1CS2C
4488 2.55
570
20
50
No
None None
5. 454NS1noFSC
8267 5.83
706
20
50
No
None None
6. S1CS2C454C
3152 3.25
1032
20
50
No
None None
7. 454NS1CS2noPRC 8462 4.55
539
20
50
No
0.2
None
8. 454NS1CS2noQC
7186 4.05
565
20
50
Yes 0.5
None
9. 454NS1CS2L5C
1527 1.97
1296
45
95
Yes N/A <5
10. 454NS1CS2L15C
2633 3.62
1378
45
266
Yes N/A <15
11. 454NS1CS2L15C(2) 2777 1.85
667
45
266
Yes N/A <15

22

Several criteria were used to evaluate the quality and utility of each assembly.
First, the assembly needed to have a high number of total base pairs, indicating that there
was a minimal amount of genomic data lost during the assembly process. The total base
pairs for assemblies 4, 6, 9, 10, and 11 all dipped below the estimated genome size of 3.8
Mbp (22), indicating potential data loss. Second, the N50 statistic, representing the mean
of the contig lengths weighted by their lengths, needed to be as large as possible. Based
on the number of base pairs per contig, Assemblies 3, 4, 7, 8, and 11 had an N50 smaller
than Assembly 2 from Tiwari (22), while Assemblies 6, 9, and 10 had an N50 number
significantly larger, with Assembly 10 having the largest. Finally, in order to determine
which contigs within the assemblies contained syntenic ORFs of interest, a tBLASTn
search was performed with both the tryptophan and shikimate operons from the closely
related C. carboxidivorans against each of the assemblies. Figure 7 shows the results for
the tryptophan operon while Figure 8 shows the shikimate operon. When these data were
assessed, most of the assemblies were represented in these BLASTs.
KEGG pathway analysis of C. scatologenes assemblies. KEGG analysis of gene
annotations provided another confirmation for the completeness of gene representation
within the C. scatologenes assemblies. KEGG diagrams for aromatic amino acid synthesis
pathways were compared between Assemblies 2 and 10 (Figure 9). Every enzyme in the
synthesis pathway regarding tryptophan was represented in both.
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Figure 7. tBLASTn of Assemblies 1-11 against the C. carboxidivorans tryptophan
operon. Gene annotations are shown above to indicate coverage of the operon. 1/2:
Anthranilate synthase, aminase component (EC 4.1.3.27), 3: Anthranilate synthase,
amidotransferase component (EC 4.1.3.27), 4: Anthranilate phosphoribosyltransferase (EC
2.4.2.18), 5: Indole-3-glycerol phosphate synthase (EC 4.1.1.48), 6:
Phosphoribosylanthranilate isomerase (EC 5.3.1.24), 7: Tryptophan synthase beta chain
(EC 4.2.1.20), 8: Tryptophan synthase alpha chain (EC 4.2.1.20). The leftmost column
shows the Assembly number and contig for each BLAST hit, represented by green lines
showing where they match against the operon sequence.
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Figure 8. tBLASTn of Assemblies 1-11 against the C. carboxidivorans shikimate operon.
Gene annotations are shown above to indicate coverage of the operon. 1: Hypothetical
protein, 2: 2-keto-3-deoxy-D-arabino-heptulosonate-7-phosphate synthase I beta (EC
2.5.1.54), 3: Prephenate and/or arogenate dehydrogenase (unknown specificity) (EC
1.3.1.12), 4: 3-dehydroquinate synthase (EC 4.2.3.4), 5: 5-Enolpyruvyishikimate-3phosphate synthase (EC 2.5.1.19), 6: Chorismate synthase (EC 4.2.3.5), 7: Chorismate
mutase (EC 5.4.99.5), 8: Shikimate 5-dehyrogenase I alpha (EC 1.1.1.25), 9: Shikimate
kinase I (EC 2.7.1.71). The leftmost column shows the Assembly number and contig for
each BLAST hit, represented by green lines showing where they match against the operon
sequence.
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Figure 9. KEGG diagram of aromatic amino acid synthesis in Assembly 2 and 10.
Enzymes within the pathway are labeled by their corresponding EC numbers. Boxes in
green indicate enzymes with representation in both Assembly 2 and 10. Red boxes
indicate enzymes found only in Assembly 2 while the blue box indicates the enzyme
found only in Assembly 10. Yellow dots represent where genes within the C.
scatologenes assemblies connect through their represented enzymes.
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Sequence extension of target operons. After mapping the contigs, for all of the
assemblies, to the tryptophan and shikimate operons for the reference genome C.
carboxidivorans (Figures 10 and 11), it was found that assemblies 2, 3, 5, 6, 7, 8, and 10
all contributed to extension of the base sequence from Assembly 2. While the operons for
tryptophan and shikimate are well defined, as proven through syntenic comparisons, there
are still gaps within their consensus sequence that remain to be closed. For tryptophan
there is an approximate 200 bp gap between contig 790 from Assembly 8 and contig 5618
from Assembly 5. The shikimate operon shows an approx. 450 bp gap between contig 221
from Assembly 10 and contig 7059 from Assembly 6, and an approx. 100 bp gap between
contig 2471 from Assembly 8 and contig 5920 from Assembly 7. There are also potential
gaps of interest on either end of each operon, consisting of unknown sequence. One way
to acquire this missing information is by copying it directly from the chromosome in a
targeted fashion, using a method such as the LaNE RAGE PCR technique.
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Figure 10. Alignment of C. scatologenes tryptophan operon with reference sequence. C.
carboxidivorans reference sequence containing the complete tryptophan operon, with C.
scatologenes sequence underneath that is connected based on gene annotations. 1/2:
Anthranilate synthase, aminase component (EC 4.1.3.27), 3: Anthranilate synthase,
amidotransferase component (EC 4.1.3.27), 4: Anthranilate phosphoribosyltransferase (EC
2.4.2.18), 5: Indole-3-glycerol phosphate synthase (EC 4.1.1.48), 6:
Phosphoribosylanthranilate isomerase (EC 5.3.1.24), 7: Tryptophan synthase beta chain
(EC 4.2.1.20), 8: Tryptophan synthase alpha chain (EC 4.2.1.20), 9: Hypothetical protein.
The coverage graph in red indicates overlapping by the contigs from C. scatologenes,
labeled with their assembly of origin and contig number. Arrows indicate enzyme coding
sequences, with the direction of translation, while green and red lines indicate whether or
not the section of sequence was found to match the reference.
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Figure 11. Alignment of C. scatologenes shikimate operon with reference sequence. C.
carboxidivorans reference sequence containing the complete shikimate operon, with C.
scatologenes sequence underneath that is connected based on gene annotations.
1: Hypothetical protein, 2: 2-keto-3-deoxy-D-arabino-heptulosonate-7-phosphate synthase
I beta (EC 2.5.1.54), 3: Prephenate and/or arogenate dehydrogenase (unknown specificity)
(EC 1.3.1.12), 4: 3-dehydroquinate synthase (EC 4.2.3.4), 5: 5-Enolpyruvyishikimate-3phosphate synthase (EC 2.5.1.19), 6: Chorismate synthase (EC 4.2.3.5), 7: Chorismate
mutase (EC 5.4.99.5), 8: Shikimate 5-dehyrogenase I alpha (EC 1.1.1.25), 9: Shikimate
kinase I (EC 2.7.1.71). The coverage graph in red indicates overlapping by the contigs
from C. scatologenes, labeled with their assembly of origin and contig number. Arrows
indicate enzyme coding sequences, with the direction of translation, while green and red
lines indicate whether or not the section of sequence was found to match the reference.
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Extensions of contig 6771 by LaNe RAGE PCR. In Figure 10 we see that contig
6771 from Assembly 2 lies at the 3’ end of the tryptophan operon. In order to extend
sequencing into the adjacent genome, the LaNe RAGE PCR protocol was employed
(Figure 2). Two sets of five primers were designed for contig 6771 (Table 1). The 1T6771
set was designed to capture sequence downstream of the primers but from within the 6771
contig, and served as a positive control. The 2T6771 primer set was designed to capture
sequence beyond the 3’ end of contig 6771 (Figure 3). C. scatologenes genomic DNA
provided by Dr. Kinchel Doerner was used as the template for the LaNe RAGE PCR runs
for each primer. Before use the DNA was processed through an UltraClean PCR Clean-Up
Kit and two eluates of chromosomal DNA (97.4 ng/, 28.5 ng/μL) were combined and used
as the template.
The quality of the DNA was assessed by electrophoresis (Figure 12a) and contains
degradation products as evidenced by the smear. To check the DNA for initial sequencing
viability, A LaNe RAGE PCR amplification of the csdB and tryptophan operons with
primer sets 1CF2661 and 1T6771 respectively was performed to generate amplified
fragments from Primer 5 and Primer 2 as shown in Figure 12b. Therefore, even though the
DNA contained degradation products, it was responsive to the LaNe RAGE PCR protocol.
LaNe RAGE was again performed with all four sets of primers (1T6771, 2T6771,
1CF2661, and 1CR2661) in duplicate in order to produce more DNA and improve the
visibility of the product in the electrophoresis gels. The results produced 11 bands which
were separated on a 2% agarose gel (Figure 13). Each band was excised from the gel,
extracted and purified using the QIAEX II Gel Extraction Kit (Qiagen #20021). The
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A

100bp
Ladder

B

28.4μg
DNA

5.7μg
DNA

100bp 1CF
1T
Ladder 2661-2/5 6771-2/5

Figure 12. Gel of C. scatologenes chromosomal DNA and the result of first LaNe RAGE
primers. (A) Genomic DNA test using 28.4 μg of DNA, then a 1/5 dilution to 5.7μg.
Electrophoresis was performed using 1% agarose, 1X TBE buffer, 110V/cm, and a 100bp
DNA Ladder (New England Biolabs #N3231S). (B) LaNe RAGE PCR result for the first
two primer sets (represented by Primer 1CF2661-2 /5 and 1T6771-2/5). Electrophoresis
was performed using 1% agarose, 1X TBE buffer, 110V/cm , and a 100bp DNA Ladder
(New England Biolabs #N3231S).
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100bp
Ladder

A
B
1T6771-2

A
B
2T6771-2

A
B
1CF2661-2

A
B
1CR2661-2

Figure 13. Gel of LaNe RAGE run involving four primer sets (1T6771, 2T6771,
1CF2661, 1CR2661). Size of each band is estimated using the 100bp ladder alongside the
gel. A and B designate the replicates for each set, with B representing where the PCR 1
and PCR 2 steps were performed twice. Electrophoresis was performed using 2% agarose,
1X TBE buffer, 90V/cm , and a 100bp DNA Ladder (New England Biolabs #N3231S).
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TABLE 5 Length of sequenced LaNe RAGE product bands, first attempt
Bands 1-11 are taken from Figure 13, with N/A representing bands that generated negative
results (NNNNN) from the sequencer.
Band
1
2
3
4
5
6
7
8
9
10
11

Base Pairs
181
111
N/A
194
321
N/A
N/A
325
156
81
N/A
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purified DNAs were sequenced from each end using Primer 5 and Primer 2 specific for
each sample. Sequence data was present for seven of these bands during this run (Table 5).
Positive Control LaNe RAGE Results. The primer set 1T6771 was designed to
amplify known sequence within contig 6771. Sequencing the LaNe RAGE PCR product
shown in Figure 13 as Band 1, using the 1T6771-5 primer gave the Clustal alignment
results compared with contig 6771 as shown in Figure 14, Seventy-six base pairs (out of
181) of sequence adjacent to the 1T6771-5 primer was confirmed using this method, thus
verifying that the method worked on the C. scatologenes genomic DNA. Re-sequencing of
the LaNe RAGE PCR product from Band 1 (Figure 13) gave a similar alignment with
about 111 bases matching the region adjacent to the 1T6771-5 primer (Figure 15).
LaNe RAGE Extension of Contigs. With the reproducible confirmation of
positive control results for the LaNe RAGE process, we were prepared to use the primer
sets close to the 3’ end of contigs in order to capture additional sequences. Therefore,
another LaNe RAGE PCR run was performed using sequences from the largest of these
derived bands, Band 3, (Figure 13) from primer set 2T6771. The results for this third resequencing run gave an 110bp extension of the contig 6771 sequence (Figure 16). BLAST
hits from this extension from all Assembly 2 contigs resulted in small matches within
other contigs that were scored based on their accuracy, with the largest score provided by
contig 5618 (Figure 17).
Paired end analysis of assemblies. While information from the chromosome itself
can close smaller gaps, the information provided by utilizing paired end reads to connect
contigs can be beneficial for spanning larger openings, such as those beyond the operon
sequences. A tBLASTn of the tryptophan and shikimate operons from C.
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Figure 14. Clustal alignment of first 1T6771-5 primed sequence, from the Band 1 (Figure
13) LaNe RAGE PCR fragment generated from the 1T6771 primer set, against contig
6771. Primer sequence is replicated above where it is found in the contig. Conservation of
sequence is shown via the differently sized letters and red bars, with the total length of
each sequence represented on the right. The alignment begins at base 4444 of the contig
6771 sequence and ends at base 4614.
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Figure 15. Clustal alignment of second 1T6771-5 primed sequence, from the Band 1
(Figure 13) LaNe RAGE PCR fragment generated from the 1T6771 primer set, against
contig 6771. Primer sequence is replicated above where it is found in the contig.
Conservation of sequence is shown via the differently sized letters and red bars, with the
total length of each sequence represented on the right.
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Figure 16. Clustal alignment of 2T6771-2 primed sequence, from the Band 3 (Figure 13)
LaNe RAGE PCR fragment generated from the 2T6771 primer set, against contig 6771.
This sequence can be divided into two parts. First is the sequence from Primer 2 through
Primer 3, which should be identical to sequence found in contig 6771 (Figure 2,
Sequenced product). Second, is the lack of conservation following the Primer 3 sequence,
which indicates new sequence. Conservation between these sequences is given by the
differently sized letters and red bars, with the total length of each sequence represented on
the right.
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Figure 17. BLAST of contig 6771 110bp extension from LaNe RAGE. The extension
created from the 2T6771-5 primer run is compared to other contigs in Assembly 2. Scores
for the hits are in the left column, while green sequences indicate matches.
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Figure 18. tBLASTn of Assemblies 9-11 of paired end reads against the C. scatologenes
tryptophan operon. Gene annotations are shown above to indicate coverage of the operon.
1/2: Anthranilate synthase, aminase component, 3: Anthranilate synthase,
amidotransferase component, 4: Anthranilate phosphoribosyltransferase, 5: Indole-3glycerol phosphate synthase, 6: Phosphoribosylanthranilate isomerase, 7: Tryptophan
synthase beta chain, 8: Tryptophan synthase alpha chain. The leftmost column shows the
Assembly number and contig for each BLAST hit, represented by green lines showing
where they match against the operon sequence.
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Figure 19. tBLASTn of Assemblies 9-11 of paired end reads against the C. scatologenes
shikimate operon. Gene annotations are shown above to indicate coverage of the operon.
1: 2-keto-3-deoxy-D-arabino-heptulosonate-7-phosphate synthase I beta (EC 2.5.1.54), 2:
Prephenate and/or arogenate dehydrogenase (unknown specificity) (EC 1.3.1.12), 3: 3dehydroquinate synthase (EC 4.2.3.4), 4: 5-Enolpyruvyishikimate-3-phosphate synthase
(EC 2.5.1.19), 5: Chorismate synthase (EC 4.2.3.5), 6: Chorismate mutase (EC 5.4.99.5),
7: Shikimate 5-dehyrogenase I alpha (EC 1.1.1.25), 8: Shikimate kinase I (EC
2.7.1.71).The leftmost column shows the Assembly number and contig for each BLAST
hit, represented by green lines showing where they match against the operon sequence.
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carboxidivorans were performed, using only paired end derived contigs from Assemblies
9-11 (Figures 18 and 19). They show that coverage is possible for most of these operons.
Discussion
This study was geared toward the definition and extension of the tryptophan and
shikimate operons within the C. scatologenes genome, in order to find genes that could
contribute to the production of malodorants. The starting framework for this task was
provided by the assembly and annotation of the 3.8 Mbp genome. This process resulted in
the acquisition of data from 11 assemblies. The contigs from each assembly were mapped
to the tryptophan and shikimate operons taken from the reference genome of C.
carboxidivorans (Figures 9 and 10) because it was closely related, as determined by a
comparison of the 16S ribosomal RNA (11). These mappings defined the operon
sequence beyond the original two contigs (6771 and 2661) discovered by Tiwari (22),
covering the complete tryptophan and shikimate operons as found within C. scatologenes.
Once the tryptophan and shikimate operons were mapped and defined, the
completeness of each operon was proven through syntenic similarities in the sequence to
C. carboxidivorans and other organisms (Figures 5 and 6), along with the representation
provided by matching RAST annotated genes to the KEGG pathways in which they
operate (Figure 8). There are representative genes in C. scatologenes for all of the steps in
the major biosynthetic pathways leading to not only the synthesis of tryptophan but also
tyrosine, and phenylalanine.
The contigs of C. scatologenes were mapped to the tryptophan and shikimate
operons of C. carboxidivorans in order to derive the C. scatologenes sequence for these
operons. It is possible that the true order of the genes within these operons in C.
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scatologenes might differ from the derived one and may also have additional genes that
may contribute to the production of malodorants, but the highly conserved synteny of
these operons as illustrated in Figures 6 and 7 gives us confidence that the overall order of
the derived assembly is correct. Therefore, a search for other genes associated with
malodorant production must be sought elsewhere. One possible location is in the regions
flanking the tryptophan operon. A method of direct sequencing, LaNe RAGE PCR, was
utilized to acquire the sequence within those flanking regions.
LaNe RAGE PCR was compatible with the C. scatologenes chromosome (Figure
15) and provided a 110 bp extension at the 3’ end of the tryptophan operon (Figure 16).
However, a search of the current assemblies does not identify contigs that strongly overlap
this sequence, other than contig 5618 (Figure 16). Contig 5618 was originally linked by
the mapping as upstream of contig 6771 (Figure 10), but this result infers that the
assembly maps could be incorrect and that the contig is actually directly downstream, with
its genes going in the reverse direction as the end of contig 6771 indicates. This reinforces
the fact that critical regions flanking the tryptophan operon are missing from the current
sequencing libraries and therefore do not allow these assemblies to extend into these
regions.
An additional site for extension is the csdB genes. Since it was hypothesized that
the same mechanism for conversion of 4-hydroxyphenylacetate to 4-MP could be used to
convert indoleacetate to 3-MI (11) the csdB genes that are responsible for the final steps in
the production of 4-MP were identified in C. scatologenes and their synteny compared to
C. difficile (Figure 20). C. carboxidivorans does not have a direct analog for these genes
but C. scatologenes has all three of the major genes needed for these conversions.
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Figure 20. Synteny of csdB genes within C. scatologenes. Other organisms were chosen
for comparison based on the conservation of gene 1, red arrow. Grey arrows are genes
extending further to either end of the genome sequence. Grey boxes surrounding the
colored arrows represent conserved genes between species. The colored arrows represent
conserved genes between species. 1: Pyruvate formate lyase activating enzyme (EC
1.97.1.14), 2: Pyruvate formate lyase (EC 2.3.1.54), 3: 4-hydroxyphenylacetate
decarboxylase, regulatory subunit (EC 4.1.1.83).
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Using the LaNE RAGE PCR technique on the csdB region in C. scatologenes did
not produce a viable sequence for extension on the edges of this operon. The primers
possibly did not produce sequence due to the degraded condition of the genomic DNA
template, which might also explain the missing and undefined sequence observed within
the tryptophan operon region. While the forward set of primers for the csdB region were
intended as an extension beyond the 3’ end of the region (Figure 4), the reverse set of
primers were an attempt to discern whether any genes could be found on the reverse strand
of the 3’ end. Since these primers were placed within the same area, a deficit of original
template would impact both primer sets.
For the paired end derived assemblies of C. scatologenes, they alone can possibly
provide coverage of the tryptophan and shikimate operons, if they clearly possess
representative contigs containing each individual gene. Each BLAST result shown in this
study showed the strongest hits first and lesser hits further down, with multiple lines for
many contigs as they provided multiple hits of differing sizes. Once the hits were read
and assessed in full, there was much potential for seemingly underrepresented regions of
the operons to have coverage. For example, contig 5618 from assembly 5 was found
further down in the BLAST results for the C. carboxidivorans tryptophan operon (Figure
7), which can possibly cover the beginning quarter of the operon as shown in Figure 10.
To summarize our findings, the tryptophan and shikimate operons were mapped
and defined through multiple assemblies and verified as having the correct order based on
their synteny to C carboxidivorans and other organisms. The operon sequences did,
however, contain small gaps and unknown flanking regions that could be acquired by
direct sequencing. The original tryptophan contig 6771 from Assembly 2 was linked to
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contig 5618 from Assembly 5 via the 110bp extension provided, possibly changing the
true positions for these contigs in the operon. The primer sets used for the csdB region
were found to have problems with the amount of template provided by the genome and
were not viable. Finally, paired end derived assemblies were checked to find more
potential contigs to connect to the operon sequences and close remaining gaps.
As stated previously, results from the C. scatologenes assemblies created thus far
could be further utilized and expanded upon using their paired end information. Paired end
sequences from the same template that are assembled into different contigs can allow us to
map more adjacent contigs to the genome. Because paired end reads have partners that
reside on opposite ends of a length of sequence, the average length of contigs can indicate
how close two separate contigs can possibly be within the assembly, if the sequence that is
generated is derived from the same source. When the assemblies with paired end
sequences contributed to the operons, they show that Assembly 10 provided both the
second longest contig in the tryptophan operon, behind 6771 itself, and the longest contig
in the shikimate operon, residing at the 3’end. tBLASTn results from the C.
carboxidivorans tryptophan and shikimate operons (Figure 18 and 19) show contigs that
were derived with paired end information, such as contig 713 from Assembly 9, contig
627 and 224 from Assembly 11, and contigs 461 and 646 from Assembly 10. Beyond the
assemblies provided by paired end reads, the reads themselves could be mapped to a
reference like C. carboxidivorans, with the resulting map used to find the mate pairs
within and infer adjacent contigs by their association.
Given the evidences of assembly, extension and gaps that remain in the sequence
of the shikimate operon, the tryptophan operon and the flanking regions on the genome,
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additional direct sequencing would be needed to finish these gaps and allow walking of
the sequence down the genome. Such finishing and genome sequence walking should take
advantage of the adjacent contigs identified by paired end association. Primers in adjacent
contigs would allow amplification of gap regions before sequencing. The LaNe RAGE
PCR method, although functional, did not lead to long sequences. Adding an additional
round of cycling to the Pre-PCR phase of the LaNe RAGE procedure (Figure 2) seemed to
increase the length of the resulting sequence. If this method is used further it will require
additional optimization to extend the sequence length enough for gap closure.
In the pursuit of the complete tryptophan and shikimate operon sequences, the
most important factor for determining success was the syntenic analysis results. The
syntenic comparison of C. scatologenes was important because it predicted which genes
were adjacent to others in their expected arrangement. With this information it was
possible to match the annotated ORFs provided by RAST to the extended sequence of
hypothesized genes, thus reassembling the complete operon. When a reference genome
like C. carboxidivorans is utilized, these findings were further corroborated when the
assembled contigs displayed a similar organization to the reference.
Having defined the tryptophan and shikimate operons, and worked toward
extending the sequence surrounding them, we have yet to fully establish the pathways that
contribute to the production of the malodorants 3-MI and 4-MP. For the discovery of
genes related to malodorant production to be realized, the sequences of the operons must
be extended by all available means, and the sequence closely examined for hypothetical
genes and proteins. These genes, and the proteins they code, would contain clues for the
purpose of tryptophan and tyrosine within C. scatologenes. Using the RAST system, genes
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of interest were compared to matching genes within other organisms, focusing on closely
related species. There were numerous syntenic matches based on the organization of the
genes but there were not any genes specifically related to the synthesis of malodorant
compounds. However, each of the syntenic comparisons had yielded genes that coincided
with the operons of interest and could extend their contigs, by looking for similar ORFs
within the C. scatologenes sequence when it has been extended far enough to reveal them.
These new genes and how they could be used are grounds for further study.
Regardless, syntenic analysis had predicted that the downstream sequence of the
tryptophan operon would contain the rest of the AS amidotransferase component,
followed by the aminase component (designated as 7 and 8 in Figure 5a, respectively).
Other possible genes within the shikimate operon were those that code for chorismate
synthase and mutase, enzymes that contributed to the balance of tryptophan and tyrosine.
This can possibly infer that both malodorants can be adjusted within close proximity to
each other via their precursors. Overall, how these modified or hypothetical genes exist in
C. scatologenes will provide the answers for these mechanisms of malodorant production,
and how they can be utilized for the possible reduction and elimination of these
compounds in their environment.
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