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Abstract

As annual human production and intake of synthetic compounds surges alongside an ever-
growing industrialized world population, anthropogenic contaminants become harder to ignore.
Some, like sucralose and nitrilotriacetic acid (NTA), are thought to be of concern due to the
possibility of health impacts including genotoxicity. This is exacerbated by a resistance to
degradation in the environment, leading to proliferation into waterways used for drinking water
among other things. This research is centered around the physiological response from microbial
communities such as those found in wastewater treatment plants which consistently encounter
these compounds and focuses on the isolation and characterization of three strains of two novel
bacterial species, 9S™ and NTA5 of Purgationimicrobium sucraloseivorans gen. nov. sp. nov. and
NTALT of Quisquiliimicrobium normanense gen. nov. sp. nov., taken from wastewater enrichment
media with sucralose or NTA as a sole carbon source. Comprehensive morphological,
biochemical, and genetic analyses confirmed these organisms' classification within the
Azonexaceae and Actinomycetaceae families, respectively. Identification of bacteria capable of
metabolizing anthropogenic contaminants like these is a step towards understanding how microbial

degradation takes place and if it might be a tool for bioremediation.



Chapter 1

Anthropogenic Contaminants in Our Waterways and the Search for a Microbiological

Solution

Introduction to Xenobiotics and Bioremediation

The term “xenobiotic” has gained popularity to describe any exogenous chemical found
within an ecosystem or organism. While these compounds are not solely anthropogenic,
centuries of innovation in mass-production alongside a modern understanding of chemistry have
thrust humanity’s role in the synthesis and proliferation of xenobiotic contaminants to the
forefront. Decades ago, the first studies on the nascent effects of xenobiotics on microbiota
began to reveal what would become a disturbing trend of negative effects [1], made more drastic
by a recalcitrant nature for some of the most problematic [2]. As annual human production and
intake of synthetic compounds surges alongside an ever-growing industrialized world
population, anthropogenic contaminants become harder to ignore. A possible solution or tool is
the application of microbial degradation of these chemicals as a means to remove or at least
reduce the presence of these compounds [3]; however, a first step requires the identification of

organisms with a suitable physiological toolset.



The Contaminants Targeted for Use as a Sole Substrate in this Study

Microbial degradation has been reported for some xenobiotic contaminants such as the
chelator and detergent additive Nitrilotriacetic acid (NTA), for which environmental persistence
and toxicology of this anthropogenic compound has been the subject of study [4-5]. Meanwhile,
other contaminants have a relative dearth of information about how natural degradation may
occur, such as in the case of sucralose. Being the most commonly used artificial sweetener across
the globe, sales of sucralose make up nearly a third of the entire multibillion-dollar artificial
sweetener market [6]. Problematic findings surround the sweetener including effects on body
weight regulation hormones, potentially negative changes to gut microbiota, and a weakly
mutagenic nature [7]. As recently as 2023 sucralose-6-acetate, a common impurity and
intermediate in the manufacturing process with its own list of troubling properties including
genotoxicity, was found to be present in commercial sucralose samples at levels up to 0.67% -
enough that an individual ingesting one daily beverage sweetened with sucralose may exceed the
threshold for toxicological concern [8]. In addition to known issues surrounding anthropogenic
contaminants and their environmental persistence, it is likely that still worse problems will be
uncovered over time with prolonged exposure.

After ingestion and passage through the human gastrointestinal tract, sucralose remains
relatively unchanged with an estimated 85-95% being excreted via feces and urine [9]. Upon
excretion it sequentially finds its way into wastewater treatment plants (WWTPSs), where
effluent wastewater is returned to surface waters still carrying the contaminant. These surface

waters may in turn be used as source water for drinking water treatment plants (DWTPSs) in



many places. Sucralose remains present before processing at DWTPs, in the effluent finished
drinking water, and finally, in water making its way through distribution systems in amounts up
to 2.4 ug/L (Fig. 1) [10-12]. While some studies show a decrease in concentration, such as when
diluted in existing surface waters, sucralose is thought to make it back into homes through the
recycling effect of water distribution systems - reappearing in domestic and commercial
properties [11-12]. Because of this, even those individuals who do not personally use artificial
sweeteners may still encounter the compound. Without the advent of remediation methods levels
of sucralose and other recalcitrant xenobiotics will continue to rise, possibly alongside healthcare
issues on a global scale.

To exacerbate matters, there is yet another set of possible issues concerning sucralose —
thermal degradation into other polychlorinated compounds. Sucralose is purported to degrade
entirely upon release of its final chlorine group at a temperature of up to 550°C [13], although
such temps are unlikely to be experienced in waterways or the natural environment, some studies
suggest degradation begins at a much lower temperatures, with hazardous byproducts forming as
low as 98°C [14]. To be clear, this is a subject of ongoing debate, but of 28 publications
discussing the matter from 1990-2020, 21 of them indicated an instability of sucralose at these
lower temperatures [15]. For a product upon which a multibillion-dollar market has been built,
this fact appears very telling [6].

Furthermore, among the products which are thought to occur from baking with sucralose
or even heating in the presence of common cooking ingredients, polychlorinated aromatic
hydrocarbons (PCAHS), chloropropanols, polychlorinated dibenzofurans (PCDFs), and
polychlorinated dibenzo-p-dioxins (PCDDs) are thought to be of concern [14, 16-17]. It stands to

reason that in places where sucralose is present in distribution system water, and this water is



subsequently used to cook, people may be unknowingly exposing themselves to these extremely
toxic compounds. Although initial concentrations of sucralose suggest exposure to hazardous
byproducts would be in small doses, the Maximum Contaminant Level for dioxin, for example,
in drinking water set by the EPA under the Safe Drinking Water Act is 0.00003 parts per billion
(ppb), and bioaccumulation is a known and problematic phenomenon for those undergoing
repetitive exposure to PCDDs and PCDFs [18-19]. In the case of individuals who are unaware of
their possibly repeated exposure, finding the cause of symptoms which could range from

reproductive effects to carcinogenesis may be challenging [20].

Screening for Organisms Capable of Novel Metabolism

Increasing evidence associated with sucralose, and other anthropogenic contaminants like
it, suggests a proactive approach towards bioremediation is prudent. It follows, that the microbial
life which lives in wastewater undergoes consistent exposure to the recalcitrant chemicals which
find their way down the sink in urban areas. In screening for organisms which are already
mounting a response and evolving new mechanisms to degrade xenobiotics or adapting old ones,
science can identify species which might shape the chemical landscape of tomorrow and
appreciate the full range of tools with which environmental issues may be addressed.

The primary aim of this research was the pursuit of identifying organisms for future use
in the bioremediation of sucralose and NTA. Few organisms have been identified which can
metabolize these compounds, indeed on a review of the literature no organisms can utilize these

compounds under anerobic conditions. An added complication is that sucralose has been shown



to have a bacteriostatic effect in some cases [21]. From the outset this work was high risk and
proved to be so as days turned into weeks, turned into months with little signs of life as observed
via microscopy, but eventually three isolates were cultivated and characterized as presented in
Chapters 2 and 3.
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Fig 1. Diagram showing measurements of sucralose concentrations in three studies, taking place
in the United States and China, showing the persistence of the compound as it cycles through
managed water systems [9-12]. This diagram was created using BioRender. (BioRender.com)
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Chapter 2

Purgationimicrobium sucraloseivorans gen. nov. sp. nov., isolated from an anaerobic wastewater

enrichment with an anthropogenic contaminant as the sole carbon source.

Abstract:

Two facultatively anaerobic, Gram-negative-staining, rod-shaped bacteria were isolated
from enrichments conducted on a local wastewater sample, taken from Norman, Oklahoma,
USA. The strains, designated NTA5 and 9ST, were isolated from enrichment cultures containing
nitrilotriacetic acid or sucralose as a sole substrate and have been shown to grow on either
substrate in pure culture under anaerobic conditions. 16S rRNA gene sequences analysis
revealed that the strains NTA5 and 9ST were closely related with 98.9% sequence similarity.
Furthermore, the ANI and dDDH values were 96.26% and 69.0% demonstrating that the two
strains represented a single species. Strain NTA5S is most closely related to Azonexus hydrophilus
(94.9%), Azonexus caeni (94.9%), and Azonexus fungiphilus (94.4%), while strain 9ST shows the
greatest similarity to Azonexus caeni (95.1%), Azonexus fungiphilus (94.9%), and Azonexus
hydrophilus (94.8%). Strain NTA5 and 9ST have a G+C mol% content of 63.16% and 63.20%
respectively. Based on biochemical, phylogenetic, and genotypic criteria, these isolates constitute
a novel species within a novel genus within the family Azonexaceae. The proposed name for this
novel organism is Purgationimicrobium sucraloseivorans gen. nov., sp. nov., and the proposed
type strain is 9ST (=CCM 9401"=NRRL B-657127). A second strain NTA5 (=CCM
9400"=NRRL B-657107) was isolated from an enrichment from the same source but containing

nitrilotriacetic acid (NTA) as the sole substrate.



1. Introduction:

The family Azonexaceae, located within the order Rhodocyclales, is currently composed
of four genera of Gram-stain-negative, non-spore-forming bacteria. However, these genera,
grouped on the basis of 16S rRNA similarity, show a diverse range of metabolic capabilities.
They include obligate aerobes which are capable of fixing nitrogen, strict anaerobes which can
respire ferric iron, and facultative anaerobes which make use of (per)chlorate for respiration [1].
Members of Azonexaceae have notably been isolated from samples taken from a wide variety of
ecosystems under pressure from human activity. These range from soil used for the commercial
production of rice, [2] freshwater lake sediment impacted by nearby mining, [3] industrial waste
from paper production, [4] and activated sludge undergoing chlorination [5]. Both of the
anthropogenic contaminants used as substrates in this study are substances consistently supplied
to urban wastewater systems due to human use. In the case of sucralose, the overwhelming
majority (as much as 96.7%) of the ingested compound is thought to be excreted by humans in
an unchanged form [6]. This suggests that the communities of microorganisms which are already
in use to treat wastewater come into frequent contact with the chemical, facing ecological and
evolutionary pressure to adapt to its presence as humans consume more of it [7].

Utilizing a polyphasic taxonomic approach, two novel strains representing a novel
species and genus with strain designations 9S™ and NTA5 were isolated from anaerobic
enrichment of a wastewater sample taken from the City of Norman Water Reclamation Facility
in Norman, OK, USA. The two closely-related strains represent a novel genus for which the

name Purgationimicrobium sucraloseivorans gen. nov., sp. nov. is proposed.
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2. Materials and Methods

2.1 Media:

The enrichment medium was prepared consisting of a basal medium, a stock solution of
20% (w/v) sucralose or 20% (w/V) nitrilotriacetic acid (NTA), and 1M NaSOq for half of the
replicates. The basal medium contained (L™): 10 mL of mineral solution made without NaCl
with the aim of promoting dechlorination of sucralose (an organochlorine sweetener), 8.75 mL
vitamin solution, 5 mL Trace Metal solution, 5 g of TES buffer, 100 mg of yeast extract, and 2 g
of sodium bicarbonate [8]. This basal medium was brought to a pH of 7 using H2SOa4 before
boiling for 1 minute to remove dissolved oxygen, and then transferred into chemically clean 160
mL serum bottles at a volume of 30 mL inside an anaerobic chamber before replacing the
headspace with a 40 kPa atmosphere of 5% hydrogen, 10% carbon dioxide, and 85% nitrogen.
The serum bottles this basal medium were then sterilized using an autoclave.

After cooling, half of the enrichment replicates received a 0.6 mL of a 20% (w/v) NTA
stock solution and the other half received an equivalent volume of a 20% (w/v) sucralose stock
solution, delivered through a butyl septum by way of needle and syringe with the addition of a
25 mm Puradisc 0.2 pm-pore filter for sterility. The solutions of these unbuffered substrates
were adjusted to pH 7 before undergoing the process of boiling out dissolved oxygen. In the
case of sucralose, for which evidence [9] suggests thermal degradation into harmful byproducts
may occur at boiling water temperatures, the temperature was raised to 70°C before subjecting
it to a vacuum of -25 psi for one minute to facilitate a low-temperature boil. In a similar
fashion, 0.6 mL of a 1 M solution of NaSO4 without dissolved oxygen and at a pH of 7 was

added to half of both the replicates containing NTA and those with sucralose.
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2.2 Isolation and Ecology:

Strains 9ST and NTAS were isolated from a wastewater sample taken on January 17th,
2023 from the City of Norman Wastewater Reclamation Facility at 3500 Jenkins Avenue,
Norman, Oklahoma 73072 (35.176910, -97.441420). The sample was immediately transported
on ice to the Lawson Lab (University of Oklahoma), where 40 mL aliquots were centrifuged at
5000 RCF for 20 minutes before decanting all but 2.5 mL of the supernatant. The remaining
solution and resultant pellet were homogenized through the pulsed use of a vortex, before
injecting 0.25 mL of this condensed inoculum into each bottle of the array of enrichments
described above, and incubated at 30°C. Identical serum bottles for each condition were made
and left uninoculated to serve as negative controls for assessing turbidity and the presence of
microbial growth.

Successive enrichment ensued with transfers to new tubes containing a chemically
identical medium taking place monthly, until signs of microbial activity were confirmed
through phase contrast microscopy. Although somewhat expected due to the documented
bacteriostatic nature of sucralose [10], the growth of microorganisms was extremely slow, with
several initial transfers taking place monthly with only the slightest evidence of microbial
activity observed. Solid media was made by incorporating noble agar into each of the sole-
substrate broths +/- sulfate at an amount equal to 1.8% (w/v) noble agar. 0.1 mL of each
enrichment culture was plated and incubated anaerobically at 30°C for 1 month using an Oxoid
Anaerobic Jar with a headspace of 85% nitrogen, 10% carbon dioxide, and 5% hydrogen, with
regular inspection for growth. Isolated colonies were streaked onto BHI agar medium,
incubated at 30°C for 5-11 days, and stained to assess Gram reaction. Transfers took place

biweekly due to the slow-growing nature of the strains on the given substrates, which would go
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on to be a consistent theme even after isolation was achieved and the use of more nutritious
media such as BHI and later TSA supplemented with 0.5% L-malic acid was implemented. All
strains with a distinct morphology were preserved in 50% (v/v) glycerol and stored at -80°C.
Upon 16S rRNA gene sequencing confirmation, novel organisms were then preserved using

Microbank CryoBeads stored at -80°C for future use.

2.3 16S rRNA Gene Phylogeny

All strains with distinct morphology were processed and sent to GENEWIZ by Azenta
(Genewiz.com, South Plainfield, NJ, USA) where nucleic acid extraction and Sanger
sequencing of the 16S rRNA ribosomal subunit gene was performed. 16S rRNA gene
similarities were compared to the most closely related taxa using the online database
EZBioCloud [11]. The sequences of the nearest relatives were downloaded and aligned using
MUSCLE [12] in MEGA 11 version 11.0.13 [13]. Phylogenetic relationships were inferred
using both the maximum-likelihood method (Fig. 1) and the neighbor-joining method (Fig. 2)
within MEGA 11, applying the Tamura—Nei substitution model. Bootstrap analysis with 1000

replicates was performed to assess the robustness of the phylogenetic trees.

2.4. Genome Features

Both potentially novel strains were then cultivated to a biomass exceeding 40mg. The
biomass for each was transferred to a 1.5mL Eppendorf tube, washed in phosphate-buffered
solution (1x PBS) before pelleting, decanting the supernatant of PBS, and resuspending each
sample in 500uL of Zymo 1x DNA/RNA Shield and sent to Plasmidsaurus (Plasmidsaurus.com)

for whole-genome Oxford-Nanopore sequencing.

13



2.5 Metabolic Feature Characterization

Gram stain reactions were determined by the use of the Advanced™ Gram Stain Kit with
Stabilized lodine (Hardy Diagnostics) and confirmed through the use of the KOH test [14].
Endospore-formation was determined through the process of an endospore stain [15]. Motility
was determined using a needle stab inoculation of motility test medium [16]. The presence of
catalase and oxidase were assessed for both strains by carrying out catalase and oxidase tests
according to their respective protocols as written by the American Society for Microbiologists
[17-18].

Metabolic function was assessed through the use of a BioLog Gen 111 MicroPlate™
(www.BioLog.com). Cultures of both strains were grown on fresh TSA + 5% (v/v) defibrinated
sheep blood. Metabolically active cells of 9ST were swabbed and introduced, at an amount
calculated to 95% transmittance by a BioL.og turbidimeter, to a tube containing Inoculating Fluid
A (IF-A). The cell suspension was vortexed to ensure homogeneity, before being pipetted to a
volume of 100uL into each well of a 96-well MicroPlate, covered, and incubated at 30°C for 36
hours. This process was repeated for strain NTAS.

Optimum temperature and temperature range for each strain were determined through
cultivation in Tryptic Soy Broth (TSB) supplemented with 0.5% (w/v) malate at 4°C, 25°C,
30°C, 37°C, and 45°C, with growth being measured via optical density using a
spectrophotometer (Spectronic 20D+, Milton Roy) set to 600 nm wavelength. Optimum and
ranges for salinity and pH were also assessed by eye on a solid medium made from TSB
supplemented with 0.5% malate and 1.5% agar, at increments of 1 pH in a range from 6 to 10 pH

and increments of 1% NaCL (w/v) in a range from 1% NaCl to 10% NaCl in addition to the
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previously used baseline 0.5% NaCl found in TSB. All characterization tests were carried out in

triplicate.

2.6. In-silico Prediction of Polar Lipid Production

The glycerophospholipid metabolisms of strains 9ST and NTA5 were assessed through
the application in-silico methods, with particular attention paid to the polar lipid production
predicted by the Kyoto Encyclopedia of Genes and Genomes (KEGG) database [19]. Amino
acid profiles (.faa) were created through the use of the tool Prodigal [20] before submission to
KEGG Mapper and analysis of gene prediction [19].

In this study, an in-silico approach was used to investigate glycerophospholipid metabolism,

and the production of polar lipids was performed using the KEGG database [19]. An in-silico
approach is now encouraged and routinely utilized for polar lipid profiling [21-25], and along

with biochemical traits, these methods are now frequently used for species descriptions [26-27].

3. Results

3.1 16S rRNA Gene Phylogeny

Strains NTA5 and 9ST were determined to be closely related with 98.9% sequence
similarity, the nearest phylogenetic neighbors were Azonexus hydrophilus (94.9%), Azonexus
caeni (94.9%), and Azonexus fungiphilus (94.4%). The cut off value routinely used to designate
species into separate genera is approximately 6% sequence similarity [28]. Therefore, based on
sequence comparisons, combined with the topology of the phylogenetic trees generated by the
maximume-likelihood and neighbor-joining approaches, strongly support the classification of
strains 9ST and NTA5 as members of a novel species and genus within the family Azonexaceae.
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Figure 1. Maximume-likelihood phylogenetic tree based on 16S rRNA gene sequence similarity,
demonstrating that Purgationimicrobium gen. nov. belongs to the family Azonexaceae. Bootstrap
values at branch nodes were calculated from 1000 repetitions. Burkholderia cepacia serves as an

outgroup.
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Figure 2. Neighbor-joining phylogenetic tree based on 16S rRNA gene sequence similarity,
demonstrating that Purgationimicrobium gen. nov. belongs to the family Azonexaceae. Bootstrap
values at branch nodes were calculated from 1000 repetitions. Burkholderia cepacia serves as an

outgroup.
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3.2 Genome Features

The resultant genome sequences were each a single contig, suggesting no plasmids or
contamination present. Both strains had an estimated genome size of 3.1 Mb with 2,888 genes
annotated for strain 9ST and 2,917 genes annotated for strain NTAS. To further investigate the
relationship between the two strains, their genomes were submitted to EZBioCloud and the
Type-Strain Genome Server (TYGS) [11][29]. The Average Nucleotide Identity (ANI) value
between the two novel strains, as determined by EzBioCloud’s OrthoANIu, was 96.26% [11].
G+C contents for 9ST and NTA5 were determined to be 63.20% and 63.16% respectively,
confirmed by both TYGS and EZBioCloud. Digital DNA-DNA Hybridization (dDDH, d4in %)
between the strains was assessed by TYGS to be 69.0% [29]. A phylogram based on the genome
similarity between strains 9S™ and NTA5 was made by TYGS analysis (Fig. 3).

These ANI and dDDH values demonstrated that strains 9S™ and NTAS5 represent a novel
species within Azonexaceae as ANI and dDDH values higher than 95%-96% and 70%,
respectively, are established as the boundary for defining a prokaryotic species [30-31, 28]. The
phylogenomic tree generated (Fig. 2) agreed with the phylogenetic placement of 9ST and NTA5
from the 16S rRNA gene sequence tree (Fig 1). As seen below (Fig. 3) and with the data taken
from these in-silico analyses, the two strains are predicted to fall within the taxonomic

parameters used to describe a single species.

18



Type species?

B W Speciesclwster

—? -
NTAS-Genome'

Ectothiorhodosni i DEM 243

Dechloramonas agitata DEM 13637

Azonexus fungiphilus DEM 23841

il Azomeus hydrophilus DSM 23864

Dechloromonas desitrificans ATCC BAA-841

| Dechloromonss horteasis DEM 15637

‘Candidatos Dechloromenas occultata GT-UBC

Azoapira aryzme DEM 21723

| Azovibria restrictus DEM 23864

EEEEENE

I Rhodocyclus gracilis DSM 110 ERE BN
1 Flhodseyclus temis DEM 108 iml B |
Aznspira restricta DSM18626T Bl EEE B

Candidaus Propionivibel 2 Il TN

=| ‘Candidams Accomulibacter aalborgensis 3' ey f |
| ionivibrio pelophifus DSM 12018 i § |
. Propionivibrio limicola DSM 6832 minl B |

ilis discipulorum FAM] BE R EEE N

Paeudothauera nastitermitis OC-YHHE3 By b

Figure 3. Phylogram computed by whole-genome sequence analysis of strains 95T, NTA5, and
closely-related species by TYGS. Legend shows predicted species clusters, subspecies clusters,
G+C%, delta statistics, relative genome size, relative protein count, user strains, and current type
species [29].

3.3 Metabolic Feature Characterization

Both strains were found to be Gram-negative-staining rods through the use of an
Advanced™ Gram Stain Kit with Stabilized lodine (Hardy Diagnostics) and confirmed through
the use of the KOH test [14]. 9ST and NTA5 were assessed to be non-endospore-forming through
the process of an endospore stain [15]. Both strains were subjected to a needle stab inoculation of
motility test medium, the results of which suggested 9S™ and NTA5 were both nonmotile [16].

9ST and NTA5 were each determined to be catalase- and oxidase-positive through the

19



administration of the slide (drop) catalase test method and filter paper oxidase test method [17-
18].

Metabolic function was characterized using a BioL.og Gen 111 MicroPlate™
(www.BioLog.com). In both strains, L-malic acid was the only substrate of seventy-one tested to
show metabolic activity after 36 hours of incubation at 30°C. For the chemical sensitivity portion
of the assay, no wells showed activity for strain 9S'. Cells of strain NTA5 retained metabolic
function in the positive control and in the presence of Rifamycin SV, Lincomycin, Vancomycin,
and Aztreonam.

Optimum temperature and temperature range for each strain were determined through
cultivation in Tryptic Soy Broth (TSB) supplemented with 0.5% (w/v) L-malic acid disodium
salt at 4°C, 25°C, 30°C, 37°C, and 45°C, with growth being measured via optical density using a
spectrophotometer (Spectronic 20D+, Milton Roy) set to 600 nm wavelength. Both strains
showed an optimum of 30°C for their temperature, and growth in a range of temperatures from
25 - 37°C, with NTA5 showing a greater tolerance to 37°C with growth approaching that of its
optimum temperature. Optimum and ranges for salinity and pH were also assessed by eye on a
solid medium made from TSB supplemented with 0.5% malate and 1.5% agar, at increments of 1
pH in a range from 4 to 10 pH and increments of 1% NaCL (w/v) in a range from 1% NaCl to
10% NaCl in addition to the previously used baseline 0.5% NaCl found in TSB. Optimum pH for
both strains was shown to be 7 pH with no growth present at any other level. Optimum salinity
was shown to be 0.5% NaCl, with a range from 0.5 - 1% NaCl for both strains. All

characterization tests were carried out in triplicate.
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3.4. In-silico Prediction of Polar Lipid Production

As seen below (Fig. 4) both strains are predicted to possess identical glycerophospholipid
metabolism. The results indicate that strains 95T and NTAS5 synthesize phosphatidylglycerol
(PG) and diphosphatidylglycerol (DPG; cardiolipin), respectively. In addition, the strains also
contain phosphatidylserine synthase (EC 2.7.8.8) used in the synthesis of phosphatidyl-L-serine
(PS), an intermediate compound that the enzyme phosphatidylserine decarboxylase (PSD) (EC
4.1.1.65) further catalyzes in the production of phosphatidylethanolamine (PE) from
phosphatidyl-L-serine (Fig. S2). Based on this analysis, the major polar lipids predicted to be
produced by strains 9ST and NTAS5 are PE, PG, PS, and DPG consistent with other members in

the family Azonexaceae [32].
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Figure 4. Glycerophospholipid metabolism map for both strains made with KEGG Mapper [19].

In the figure, genes for enzyme production found in the genome of 9ST are denoted by green, and
those of NTAS by red.
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Strains 9ST and NTAS5 were nonmotile Gram-stain-negative rods which exhibited facultatively
anaerobic growth. Sporulation was not observed. Morphology, phenotypic, phylogenetic and
genotypic analysis demonstrated that both strains represent a novel species and genus for which

the name Purgationimicrobium sucraloseivorans gen. nov. sp. nov. is proposed.
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Table 1. Table showing physiological properties of strains 9ST, 1, and NTAS5, 2, as well as seven
close relatives of the proposed genus Purgationimicrobium. From left to right, the top row of
numbers correlates to Azonexus fungiphilus, 3, Dechloromonas agitata, 4, Ferribacterium
limneticum, 5, Quatrionicoccus australiensis, 6, Aromatoleum aromaticum, 7, Propionivibrio
limicola, 8, and Azospira oryzae, 9. An oxygen tolerance value listed as +/- denotes an organism

which exhibits facultatively anaerobic growth.

| 2 [ 3 | a] 5 | 6] 7 | 8 |

Catalase + + + + + + -

Oxidase + + + + + - +

Gram-stain ) ) ) ) ) ) ) ) )
Reaction

Endospore i i i i : i i i i
Production

Motility - - + + + - + + +
o | e e
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Table 2. Table showing genomic data of strains 9ST, 1, and NTAS5, 2, as well as seven close
relatives of the proposed genus Purgationimicrobium. From left to right, the top row of numbers
correlates to Azonexus fungiphilus, 3, Dechloromonas agitata, 4, Ferribacterium limneticum, 5,
Quatrionicoccus australiensis, 6, Aromatoleum aromaticum, 7, Propionivibrio limicola, 8, and
Azospira oryzae, 9. Asterisks denote data which were unavailable to the author. Where
applicable, comparisons were made to strain 9S'. Digital DNA-DNA hybridization percentages
(dDDH%) were calculated using the d4 formula and accessed through the use of TYGS along
with G+C%, genome size, and predicted proteins [29][21]. 16S rRNA gene similarity was

assessed using EZBioCloud’s online database [11].yy

1 | 2| 3| a | s | 6 | 7 | 8 | 9
16S%Sim | 100% 99.8% 94.88% 94.17% 93.96% 92.90% 92.91% 93.6% 92.90%
dDDH% | 100% 69.0% 22.4% 213%  * *  195% 19.1% 19.9%

G+C% 63.2% 63.1% 65.58% 62.94% 66.40% 67.10% 64.70% 60.3% 66.33%

Culture CcCM CCM DSM DSM ATCC CIP DSM DSM DSM
Collection ID | 9401 9400 23841 13637 700589 107055T 19018 6832 21223

No. proteins | 2,824 2,850 3,322 3,799 3,883 * 4,504 2,845 3,131
Base pairs
(Mb) 3.10 3.14 3.55 3.96 4.15 * 4.73 3.10 3.45
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Description of Purgationimicrobium gen. nov.

Purgationimicrobium (Pur.ga.ti.o.ni.mi.cro’bi.um. L. fem. n. purgatio, a cleaning out,
cleansing; N.L. neut. n. microbium, a microbe; N.L. neut. n. Purgationomicrobium, a microbe
from a (water) purification facility).

The cells are facultatively anaerobic, nonmotile, Gram-stain-negative rods in which
sporulation is not observed. Optimal growth was observed at 30°C with 0.5% (w/v) NaCl at 7.0
pH. Growth was seen at temperatures ranging from 25°C to 37°C, at no other pH but 7, and at
salinity ranging from 0-1% (w/v) NaCl. Isolate was taken from a wastewater enrichment with the
sole substrate of sucralose. The cells can grow in anaerobic conditions on minimal medium
containing noble agar and only either nitrilotriacetic acid or sucralose as a substrate. In-silico
analysis predicts that PE, PG, PS, and DPG are produced.

The original wastewater sample was taken from the City of Norman Water Reclamation
Facility in Norman, OK, USA. The G+C content is 63.2%. The proposed type species is
Purgationimicrobium sucraloseivorans, for which the proposed type strain is 9ST (=CCM

9401"=NRRL B-657127).

Description of Purgationimicrobium sucraloseivorans gen. nov. sp. nov.
(su.cra.lo.si.vo’rans. N.L. neut. n. sucralose; L. pres. part. vorans, devouring; N.L. part.
adj. sucralosivorans, sucralose-devouring).

The description is the same as for the genus. Strain 95" (=CCM 9401"=NRRL B-65712")
was isolated from a wastewater sample was taken from the City of Norman Water Reclamation
Facility in Norman, OK, USA. A second strain NTA5 (=CCM 9400=NRRL B-65710) was

isolated from an enrichment from the same source but containing Nitrilotriacetic acid (NTA) as
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the sole substrate. Accession numbers for the strain 9ST 16S rRNA gene and whole genome
sequences are PP889578 and CP171215. Accession numbers for the strain NTAS5 16S rRNA

gene and whole genome sequences are PP935231 and CP171214.
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Chapter 3

Quisquiliimicrobium normanense gen. nov., sp. nov. isolated from an anaerobic wastewater
enrichment with Nitrilotriacetic acid (NTA) an anthropogenic contaminant as the sole

carbon source.

Abstract:

A facultatively anaerobic, Gram-positive-staining, non-acid-fast coccobacillus-shaped
bacterial strain was isolated from an enrichment conducted on a local wastewater sample, taken
from Norman, Oklahoma, USA. The strain, designated NTA1T, was isolated from an enrichment
culture containing nitrilotriacetic acid (NTA) as a sole substrate and has been shown to grow
under anaerobic conditions. 16S rRNA gene sequence analysis revealed that NTA1T shared a
16S rRNA gene similarity to its closest phylogenetic relative, Scrofimicrobium canadense of
94.15%, and a similarity ranging from 90.26% - 91.16% for the next ten closest relatives. Strain
NTALT has a G+C mol% content of 64.0%. Based on biochemical, phylogenetic, and genotypic
criteria, this isolate constitutes a novel genus and species within the family Actinomycetaceae.
The proposed name for this novel organism is Quisquiliimicrobium normanense gen. nov., sp.

nov., for which the type strain is NTALT (=CCM 9399'=NRRL B-65709").
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1. Introduction:

The clade Actinobacteria is a populous and heavily studied phylum of bacteria with a diverse
set of physiological and morphological characteristics that make classification of its child taxa
challenging [1]. However, this same extensive physiological toolset has garnered attention for
some member species as a possible tool for use in bioremediation of contaminants, frequently
anthropogenic in nature, such as pesticides, polycyclic aromatic hydrocarbons, or heavy metals
[2-4]. The proliferation of these compounds accompanies increasing urbanization,
industrialization, and agriculture [5], anthropocentric phenomena which are unlikely to stop or
reverse in trend. Due to this trajectory, an emphasis must be placed on detection and reduction of
the presence of contaminants in water systems in order to curb the impact on health which comes
with community exposure [6-7]. With this goal in mind, identifying organisms capable of
breaking down organic contaminants or sequestering heavy metals and understanding how to
apply them to address contamination appears to be a natural step towards a solution [8-9].

In the case of the aminopolycarboxylic acid known as nitrilotriacetic acid (NTA),
environmental exposure to the compound may entail exposure to trace amounts of heavy metals
as well. NTA is used as a builder or bulking agent in detergents to replace phosphates in hopes of
avoiding eutrophic effects of the latter on aquatic environments [10-11]. NTA works as a
chelating agent which solubilizes Ca?*, Co?*, Cu?*, and Fe3* ions by forming metal-chelator
complexes, effectively bringing metal ions into solution in waterways [12]. Unsurprisingly, both
heavy metals and NTA have been linked to carcinogenicity [13-15].

In hopes of identifying bacteria capable of metabolizing this contaminant a polyphasic

taxonomic approach was utilized, yielding a strain designated NTA1T which belongs to the
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family Actinobacteriaceae. NTA1" was isolated from an anaerobic enrichment medium featuring
NTA as the sole carbon source, inoculated with a wastewater sample taken from the City of
Norman Water Reclamation Facility in Norman, OK, USA. The strain represents a novel species

and genus for which the name Quisquiliimicrobium normanense gen. nov., sp. nov. is proposed.

2. Materials and Methods
2.1 Media

The enrichment medium was prepared consisting of a basal medium, a stock solution of
20% (w/v) nitrilotriacetic acid (NTA), and 1M NaSOu for half of the replicates. The basal
medium contained (L™): 10 mL of mineral solution, 8.75 mL vitamin solution, 5 mL Trace Metal
solution, 5 g of TES buffer, 100 mg of yeast extract, and 2 g of sodium bicarbonate [16]. This
basal medium was brought to a pH of 7 using H2SO4 before boiling for 1 minute to remove
dissolved oxygen, then transferred into chemically clean 160 mL serum bottles at a volume of 30
mL inside an anaerobic chamber before replacing the headspace with a 40 kPa atmosphere of
5% hydrogen, 10% carbon dioxide, and 85% nitrogen. The serum bottles of basal medium were
then sterilized using an autoclave.

After cooling, the enrichment replicates received a 0.6 mL of a 20% (w/v) NTA stock
solution, delivered through a butyl septum via needle and syringe with the addition of a 25 mm
Puradisc 0.2 um-pore filter for sterility. The solution of this unbuffered substrate was adjusted to
pH 7 before undergoing the process of boiling out dissolved oxygen. In a similar fashion, 0.6 mL
of a 1 M solution of NaSO4 without dissolved oxygen and at a pH of 7 was added to half of the

replicates containing NTA.
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2.2 Isolation and Ecology:

Strain NTA1T was isolated from a wastewater sample taken on January 17th, 2023 from
the City of Norman Wastewater Reclamation Facility at 3500 Jenkins Avenue, Norman,
Oklahoma 73072 (35.176910, -97.441420). The sample was immediately transported on ice to
the Lawson Lab (University of Oklahoma), where 40 mL aliquots were centrifuged at 5000 RCF
for 20 minutes before decanting all but 2.5 mL of the supernatant. The remaining solution and
resultant pellet were homogenized through the pulsed use of a vortex, before injecting 0.25 mL
of this condensed inoculum into each bottle of the array of enrichments described above, and
incubated at 30°C. Identical serum bottles for each condition were made and left uninoculated to
serve as negative controls for assessment of turbidity and the presence of microbial growth.

Successive enrichment ensued with transfers to new tubes containing a chemically
identical medium taking place every month, until signs of microbial activity were confirmed
through phase contrast microscopy. The growth of microorganisms was extremely slow, with
several initial transfers taking place with only the slightest evidence of microbial activity
observed. Solid media was made by incorporating noble agar into media with NTA as the sole
substrate +/- sulfate at an amount equal to 1.8% (w/v) noble agar. 0.1 mL of each enrichment
culture was plated and incubated anaerobically at 30°C for 1 month using an Oxoid Anaerobic
Jar with a headspace of 85% nitrogen, 10% carbon dioxide, and 5% hydrogen, with regular
inspection for growth. Isolated colonies streaked onto BHI and BHI + 5% defibrinated sheep
blood agar media, incubated at 30°C for 5-11 days, and stain to assess Gram reaction. Strain
NTALT stood out for bucking the trend of a slow-growing nature that was seen with most other

isolates, as well as for only growing on media supplemented with blood. All strains with a
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distinct morphology were preserved in 50% (v/v) glycerol and stored at -80°C. Upon 16S rRNA
gene sequencing confirmation, novel organisms were then preserved using Microbank

CryoBeads stored at -80°C for future use.

2.3 16S rRNA Gene Phylogeny

All strains with distinct morphology were processed and sent to GENEWIZ by Azenta
(Genewiz.com, South Plainfield, NJ, USA) where nucleic acid extraction and sanger sequencing
of the 16S rRNA ribosomal subunit gene was performed. 16S rRNA gene similarities were
compared to closest taxa using the online database EZBioCloud [17]. The sequences of the
nearest relatives were downloaded and aligned using MUSCLE [18] in MEGA 11 version
11.0.13 [19]. Phylogenetic relationships were inferred using both the maximum-likelihood
method (Fig. 1) and the neighbor-joining method (Fig. 2) within MEGA 11, applying the
Tamura—Nei substitution model. Bootstrap analysis with 1000 replicates was performed to assess

the robustness of the phylogenetic trees.

2.4. Genome Features

This potentially novel strain was then cultivated to a biomass exceeding 100mg. The
biomass was transferred to a 1.5mL Eppendorf tube, washed in phosphate-buffered solution (1x
PBS) before pelleting, decanting the supernatant of PBS, and resuspending the sample in 500uL
of Zymo 1x DNA/RNA Shield and sent to Plasmidsaurus (Plasmidsaurus.com) for whole-

genome Oxford-Nanopore sequencing.
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2.5. Metabolic Feature Characterization

Gram stain reactions were determined by the use of the Advanced™ Gram Stain Kit with
Stabilized lodine (Hardy Diagnostics) and confirmed through the use of the KOH test [20].
Endospore-formation was determined through the process of an endospore stain [21]. Motility
was determined using a needle stab inoculation of motility test medium [22]. Acid-fastness was
assessed through the application of the Kinyoun method of acid-fast staining [23]. The presence
of catalase and oxidase were tested according to according to their respective protocols as written
by the American Society for Microbiologists [24-25]

Metabolic function was assessed through the use of a BioLog Gen 111 MicroPlate™
(www.BioLog.com). A culture of NTALT was grown on fresh TSA + 5% (v/v) defibrinated
sheep’s blood. Metabolically active cells were swabbed and introduced, at an amount calculated
to 95% transmittance by a BioLog turbidimeter, to a tube containing Inoculating Fluid A (IF-A).
The cell suspension was vortexed to ensure homogeneity, before being poured into a pipet
reservoir. This cell suspension was then pipetted to a volume of 100uL into each well of a 96-
well MicroPlate, covered with the lid, and incubated at 30°C for 36 hours.

Optimum temperature and temperature range for each strain were determined through
cultivation on Tryptic Soy Agar (TSA) supplemented with 5% (v/v) defibrinated sheep’s blood
at 4°C, 25°C, 30°C, 37°C, and 45°C. Optimum and ranges for salinity and pH were also assessed
on a solid medium made from TSB supplemented with 5% (v/v) defibrinated sheep’s blood and
1.5% agar, at increments of 1 pH in a range from 6 to 10 pH and increments of 1% NaCL (w/v)
in a range from 1% NaCl to 10% NaCl in addition to the previously used baseline 0.5% NaCl

found in TSB. All characterization tests were carried out in triplicate.
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2.6. In-silico Prediction of Polar Lipid Production

Glycerophospholipid metabolism of strain NTAL1T was assessed through the application
in-silico methods, with particular attention paid to the polar lipid production predicted by the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database [26]. An amino acid profile (.faa)
was created through the use of the tool Prodigal [27] before submission to KEGG Mapper and
analysis of gene prediction [26].

In this study, an in-silico approach was used to investigate glycerophospholipid metabolism,
and the production of polar lipids was performed using the KEGG database [26]. An in-silico
approach is now encouraged and routinely utilized for polar lipid profiling [28-32], and along

with biochemical traits, these methods are now routinely used for species descriptions [33-34].

3. Results

3.1 16S rRNA Gene Phylogeny

Phylogenetic analysis of the 16S rRNA gene sequences revealed that NTALT is most
closely related to Scrofimicrobium canadense (94.15%), Boudabousia marimammalium
(91.16%), and Schaalia meyeri (90.94%). The next ten phylogenetic relatives give similarity
values ranging from 90.26% - 91.16%. The value of 6% sequence similarly is routinely used for
the rank of genus. Based on sequence comparisons, combined with the phylogenetic trees
generated by the maximume-likelihood and neighbor-joining approaches, the data strongly
support the classification of strain NTALT as a member of a novel species and genus within the

family Actinomycetaceae.
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Figure 1. Maximum-likelihood phylogenetic tree based on 16S rRNA gene sequence similarity,
demonstrating that Quisquiliimicrobium gen. nov. belongs to the family Actinomycetaceae.
Bootstrap values at branch nodes were calculated from 1000 repetitions. Gordonia phthalatica

Serves as an outgroup.
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Figure 2. Neighbor-joining phylogenetic tree based on 16S rRNA gene sequence similarity,
(Maximum Composite XXXX model)demonstrating that Quisquiliimicrobium gen. nov. belongs

to the family Actinomycetaceae. Bootstrap values at branch nodes were calculated from 1000
repetitions.
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3.2 Genome Features

The genome sequence was a single contig, suggesting no plasmids or contamination
present. The isolate had a genome size of 2.3 Mb with 2,126 genes annotated at a coverage of
100x. To further investigate the relatedness between the NTALT and its closest relatives, its
genome was submitted to the Type-Strain Genome Server (TYGS) [35]. Digital DNA-DNA
Hybridization (dDDH, d4in %) between NTA1T and its closest relative as determined by whole
genome comparison, Gordonia phthalatica of the family Mycobacteriaceae, was shown to be
31.0% (Table 2) [36]. This prompted a submission of genomes belonging to NTALT, G.
phthalatica, and the isolate’s closest relative according to 16S rRNA gene similarity —
Scrofimicrobium canadense - to EZBioCloud for OrthoANIu analysis [17]. This showed an
ANI% value of 71.45% for NTAL1"and G. phthalatica, and one of 69.65% between NTA1" and
S. canadense. A phylogram based on the genome similarity between strain NTAL1" and other
close relatives was made by TYGS analysis (Fig. 3). However, one must be careful of the
interpretation, dDDH and ANI should only be used for closely related taxa, of the data. A 16S
rRNA gene similarity value of 84.10% shared between NTA1T and G. phthalatica demonstrates
that these organisms are not closely related, subsequently dDDH and ANI are not suitable tools

to use.
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Figure 3. Phylogram computed by whole-genome sequence analysis of strain NTALT and its
nearest relatives by TYGS. Legend shows predicted species clusters, subspecies clusters, G+C%,
delta statistics, relative genome size, relative protein count, user strains, and current type species
[35].

3.3 Metabolic Feature Characterization

NTALT was found to be a Gram-positive-staining coccobacillus through the use of an
Advanced™ Gram Stain Kit with Stabilized lodine (Hardy Diagnostics) and confirmed through
the use of the KOH test [20]. The strain was determined to be non-endospore-forming through
the process of an endospore stain [21]. Cells were subjected to a needle stab inoculation of
motility test medium, the results of which suggested NTA1T was nonmotile [22]. Due to the

relatedness between the whole genome sequences of Gordonia phalatica and NTALT (Table 2),
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an acid-fast stain was performed in triplicate, finding the strain to be non-acid-fast [23]. NTALT
was assessed to be catalase- and oxidase-negative through the administration of the slide (drop)
catalase test method and filter paper oxidase test method [24-25].

Metabolic function was characterized using a BioLog Gen Il MicroPlate™
(www.BioLog.com). Cells of strain NTA1T showed metabolic function for 14 of the 71 tested
substrates (Table 3). For the chemical sensitivity assay portion of the MicroPlate™, cells of
strain NTALT showed metabolic activity in the positive control and in the presence of 10 of the
other 23 chemical conditions (Table 4).

Optimum temperature and temperature range for the isolate was determined through
cultivation on Tryptic Soy Broth (TSB) supplemented with 5% (v/v) defibrinated sheep blood at
4°C, 25°C, 30°C, 37°C, and 45°C, with growth being measured by eye. Strain NTA1" showed an
optimum temperature of 45°C, and growth in a range of temperatures from 25 - 45°C. Optimum
and ranges for salinity and pH were also assessed by eye on a solid medium made from TSA
supplemented with 5% (v/v) defibrinated sheep blood, at increments of 1 pH in a range from 4 to
10 pH and increments of 1% NaCL (w/v) in a range from 1% NaCl to 10% NacCl in addition to
the previously used baseline 0.5% NaCl found in TSA. Optimum pH was shown to be 7 pH with
growth at a pH range of 6-7. Optimum salinity was shown to be 0.5% NaCl, with a range from

0.5 - 1% NaCl. All characterization tests were carried out in triplicate.

3.4. In-silico Prediction of Polar Lipid Production
As seen below (Fig. 4) NTA1T is predicted to possess a glycerophospholipid metabolism which
differs from the strains discussed in Chapter 2. The results of a KEGG-based polar lipid analysis

(Figure 3) indicate that strain NTALT contains the enzymes phosphatidylglycerophate synthetase
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(E.C. 2.7.8.5) and but lacks phosphatidylglycerophate phosphatase (E.C. 3.1.3.27) required to
synthesize phosphatidylglycerol (PG). However, it is likely that PG is present as this is an
intermediate of DGP (Cardiolipin) and the enzyme cardiolipin synthase (E.C. 2.7.8.41) is
present. Two explanations are possible (i) the lack of phosphatidylglycerophate phosphatase
(E.C. 3.1.3.27) can be an annotation problem with KEGG or (ii) an otherwise unknown enzyme
is taking the place of phosphatidylglycerophate phosphatase (E.C. 3.1.3.27). Strain NTAL" also
lacks phosphatidylserine synthase (EC 2.7.8.8) used in the synthesis of phosphatidyl-L-serine
(PS), an intermediate compound that the enzyme phosphatidylserine decarboxylase (PSD) (EC
4.1.1.65) further catalyzes in the production of phosphatidylethanolamine (PE) from
phosphatidyl-L-serine. Therefore, the predicted polar lipids produced are PG and DGP,

consistent with other members in the family Actinomycetaceae [36].
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Figure 4. Glycerophospholipid metabolism map for three novel organisms made with KEGG
Mapper [26]. In the figure, enzymes found in the genome of NTALT are shown in green.
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Strain NTA1T was a Gram-stain-positive coccobacillus that was facultatively anaerobic and
nonmotile. Sporulation has not been observed. Morphology, phenotypic, phylogenetic and
genotypic analysis demonstrated that the strain represents a novel species and genus for which

the name Quisquiliimicrobium normanense gen. nov. sp. nov. is proposed.
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Table 1. Table showing physiological properties of strain NTA1T, 1, as well as seven close
relatives of the proposed genus Quisquiliimicrobium. From left to right, the top row of numbers
correlates to Scrofimicrobium canadense, 2, Actinomyces hominis, 3, Boudabousia
marimammalium, 4, Schaalia odontolytica, 5, Actinomyces bovis, 6, Microbacterium lacticum, 7,
and Gordonia phthalatica, 8. An oxygen tolerance value listed as +/- denotes an organism which

exhibits facultatively anaerobic growth, and a value of u+ correlates to a microaerophile.

1 2 3 4 s | e | 7 | s
Catalase - + + - + - + +
Oxidase - + - + - - . +
Gram-stain
. + + + + + + + +
Reaction
Endospore i i ) ) ) _ ) )
Production
Acid-fastness - - - - - - - +
Motility - - = - - - - -
Oxygen +/- + u+ u+ - +/- - +
Tolerance
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Table 2. Table showing physiological properties of strain NTA1T, 1, as well as seven close
relatives of the proposed genus Quisquiliimicrobium. From left to right, the top row of numbers
correlates to Scrofimicrobium canadense, 2, Actinomyces hominis, 3, Boudabousia
marimammalium, 4, Schaalia odontolytica, 5, Actinomyces bovis, 6, Microbacterium lacticum, 7,
and Gordonia phthalatica, 8. Asterisks denote data which were unavailable to the author. Digital
DNA-DNA hybridization percentages (ADDH%) were calculated using the d4 formula and
accessed through the use of TYGS along with G+C%, genome size, and predicted proteins [36-

37].16S rRNA gene similarity was assessed using EZBioCloud’s online database [17].

1 | 2| 3| 4| 5 | 6 | 7 | s

165%Sim | 100% 94.58% 89.70% 91.36% 90.73% 89.67% 90.39%  84.10%
dDDH% 100% 263% 21.6% 232% 20.1% 203%  185%  31.0%
G+C% 64.0% 53.52% 49.60% 54.19% 64.88% 64.08% 70.53%  68.00%

Culture CCM DSM DSM DSM  NCTC DSM NBRC DSM
CollectionID | 9399 105338T 22168 15383 9935 43014 14135 108671

No. proteins | 2072 2497 1546 1518 2061 2167 2724 3902
Base pairs (Mb)| 2.30 2.59 1.72 1.84 245 2.60 2.85 4.43
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https://www.dsmz.de/collection/catalogue/details/culture/DSM-105338
https://www.dsmz.de/collection/catalogue/details/culture/DSM-105338
https://www.dsmz.de/collection/catalogue/details/culture/DSM-22168
https://www.dsmz.de/collection/catalogue/details/culture/DSM-22168
https://www.dsmz.de/collection/catalogue/details/culture/DSM-15383
https://www.dsmz.de/collection/catalogue/details/culture/DSM-15383
https://www.phe-culturecollections.org.uk/products/bacteria/detail.jsp?collection=nctc&refId=NCTC%2B9935
https://www.phe-culturecollections.org.uk/products/bacteria/detail.jsp?collection=nctc&refId=NCTC%2B9935
https://www.dsmz.de/collection/catalogue/details/culture/DSM-43014
https://www.dsmz.de/collection/catalogue/details/culture/DSM-43014
https://www.nite.go.jp/nbrc/catalogue/NBRCCatalogueDetailServlet?ID=NBRC&CAT=00014135
https://www.nite.go.jp/nbrc/catalogue/NBRCCatalogueDetailServlet?ID=NBRC&CAT=00014135
https://www.dsmz.de/collection/catalogue/details/culture/DSM-108671
https://www.dsmz.de/collection/catalogue/details/culture/DSM-108671

Table 3. Table showing metabolic activity of NTA1T on assorted substrates.

Metabolic . Carbon
Well Substrate Activity (+1-) Descriptor Number
Al Negative Control = Control N/A
A2 Dextrin + Oligosaccharide Variable
A3 D-Maltose + Disaccharide C12
A4 D-Trehalose - Disaccharide C12
A5 D-Cellobiose + Disaccharide C12
A6 Gentiobiose - Disaccharide C12
A7 Sucrose - Disaccharide C12
A8 D-Turanose - Disaccharide C12
A9 Stachyose = Oligosaccharide C24
Bl D-Raffinose - Oligosaccharide C18
B2 a-D-Lactose - Disaccharide C12
B3 D-Melibiose - Disaccharide C12
B4 B-Methyl-D-Glucoside = Glucoside c7
B5 D-Salicin - Glucoside C13
B6 N-Acetyl-D-Glucosamine + Amino sugar C8
B7 N-Acetyl-p-D-Mannosamine - Amino sugar c8
B8 N-Acetyl-D-Galactosamine = Amino sugar C8
B9 N-Acetyl Neuraminic Acid + Sialic acid Cl11
C1 a-D-Glucose + Monosaccharide (Hexose) C6
Cc2 D-Mannose + Monosaccharide (Hexose) C6
©3 D-Fructose + Monosaccharide (Hexose) C6
c4 D-Galactose + Monosaccharide (Hexose) C6
@©5! 3-Methyl Glucose = Methylated Monosaccharide C6
C6 L-Fucose + Monosaccharide (Deoxyhexose) C6
c7 L-Rhamnose = Monosaccharide (Deoxyhexose) C6
c8 Inosine + Nucleoside N/A
c9 1% Sodium Lactate = Control N/A
D1 D-Sorbitol - Sugar alcohol C6
D2 D-Mannitol = Sugar alcohol C6
D3 D-Arabitol - Sugar alcohol C5
D4 myo-Inositol + Sugar alcohol C6
D5 Glycerol + Sugar alcohol C3
D6 D-Glucose-6-PO4 = Phosphorylated sugar C6
D7 D-Fructose-6-PO4 - Phosphorylated sugar C6
D8 D-Aspartic Acid = Amino acid C4
D9 D-Serine - Amino acid C3
El Gelatin = Protein Variable
E2 Glycyl-L-Proline - Dipeptide Variable
E3 L-Alanine = Amino acid c3
E4 L-Arginine - Amino acid Cc6
E5 L-Aspartic Acid - Amino acid Ca
E6 L-Glutamic Acid - Amino acid C5
E7 L-Histidine = Amino acid C6
E8 L-Pyroglutamic Acid - Amino acid derivative Cc5
E9 L-Serine = Amino acid c3
F1 Pectin - Polysaccharide Variable
F2 D-Galacturonic Acid = Sugar acid C6
F3 D-Galactonic Acid Lactone - Sugar acid Cc6
F4 D-Gluconic Acid = Sugar acid C6
F5 D-Glucuronic Acid - Sugar acid C6
F6 Glucuronamide = Amide C6
F7 Mucic Acid - Sugar acid Cc6
F8 Quinic Acid = Cyclic polyol c7
F9 D-Saccharic Acid - Sugar acid C6
Gl p-Hydroxy-Phenylacetic Acid = Aromatic acid c8
G2 Methyl Pyruvate - Ketone c4
G3 D-Lactic Acid Methyl Ester = Organic ester C4
G4 L-Lactic Acid - Organic acid C3
G5 Citric Acid = Organic acid C6
G6 a-Keto-Glutaric Acid - Organic acid C5
G7 D-Malic Acid = Organic acid Cc4
G8 L-Malic Acid - Organic acid Cc4
G9 Bromo-Succinic Acid = Organic acid C4
H1 Tween 40 - Surfactant Variable
H2 y-Amino-Butyric Acid = Organic acid Cc4
H3 a-Hydroxy-Butyric Acid - Organic acid C4
H4 B-Hydroxy-D,L-Butyric Acid = Organic acid C4
H5 a-Keto-Butyric Acid - Organic acid c4
H6 Acetoacetic Acid + Ketone body c4
H7 Propionic Acid - Organic acid C3
H8 Acetic Acid = Organic acid c2
H9 Formic Acid - Organic acid C1l
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Table 4. Table showing metabolic activity of NTALT in the presence of chemical conditions.

Well Chemical Condition MEtab?ﬂf_¢Ct'V'ty Descriptor
A10 Positive Control + Control
All pH 6 + pH condition
Al2 pH 5 — pH condition
B10 1% NaCl + Salt condition
B11 4% NaCl = Salt condition
B12 8% NaCl - Salt condition
C10 1% Sodium Lactate — Antimicrobial
Cl1 Fusidic Acid - Antibiotic
C12 D-Serine — Amino acid
D10 Troleandomycin - Antibiotic
D11 Rifamycin SV = Antibiotic
D12 Minocycline - Antibiotic
E10 Lincomycin = Antibiotic
Ell Guanidine HCI + Chaotropic agent
E12 Niaproof 4 = Surfactant
F10 Vancomycin + Antibiotic
F11 Tetrazolium Violet + Redox indicator
F12 Tetrazolium Blue - Redox indicator
G10 Nalidixic Acid + Antibiotic
G11 Lithium Chloride + Salt condition
G12 Potassium Tellurite + Selective agent
H10 Aztreonam + Antibiotic
H11 Sodium Butyrate + HDAC inhibitor
H12 Sodium Bromate - Oxidizing agent
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Description of Quisquiliimicrobium gen. nov.

Quisquiliimicrobium (Quis.qui.li.i.mi.cro’bi.um. L. pl. fem. n. quisquiliae, waste; N.L.
neut. n. microbium, a microbe; N.L. neut. n. Quisquiliimicrobium, a microbe from waste).

The cells are facultatively anaerobic, nonmotile, non-acid-fast, Gram-stain-positive
coccobacilli in which sporulation is not observed. Optimal growth was observed at 45°C with
0.5% (w/v) NaCl at 7.0 pH. Growth was seen at temperatures ranging from 25°C to 45°C, at a
pH of 6-7, and at salinity ranging from 0-1% (w/v) NaCl. Isolate was taken from a wastewater
enrichment with the sole substrate of NTA. Isolate can grow in anaerobic conditions on minimal
medium containing noble agar and only nitrilotriacetic acid as a substrate. In-silico analysis
predicts that the predicted polar lipids produced are PG and DGP, consistent with other members
in the family Actinomycetaceae.

The proposed type species for Quisquiliimicrobium is Quisquiliimicrobium normanense,
for which the proposed type strain is NTAL" (=CCM 9399"=NRRL B-65709"). The original
wastewater sample was taken from the City of Norman Water Reclamation Facility in Norman,

OK, USA. The G+C content is 64.0%.

Description of Quisquiliimicrobium normanense gen. nov. sp. Nov.

Quisquiliimicrobium normanense (nor.man.en’se. N.L. neut. adj. normanense, pertaining
to the city of Norman, OK, USA, where the organism was first isolated.)

The description is the same as for the genus. The proposed type strain, NTA1T (=CCM
9399"=NRRL B-65709"), was isolated from an enrichment containing nitrilotriacetic acid (NTA)

as the sole substrate, inoculated with a wastewater sample taken from the City of Norman Water
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Reclamation Facility in Norman, OK, USA. Accession numbers for the strain NTA1T 16S rRNA

gene and whole genome sequences are PP935230 and CP171213.

51



References:

[1] Nouioui, I. et al. Genome-Based Taxonomic Classification of the Phylum Actinobacteria.
Front. Microbiol. 9, (2018).

[2] Mawang, C.-1., Azman, A.-S., Fuad, A.-S. M. & Ahamad, M. Actinobacteria: An eco-
friendly and promising technology for the bioaugmentation of contaminants. Biotechnology
Reports 32, e00679 (2021).

[3] Alvarez, A. et al. Actinobacteria: Current research and perspectives for bioremediation of
pesticides and heavy metals. Chemosphere 166, 41-62 (2017).

[4] Behera, S. & Das, S. Potential and prospects of Actinobacteria in the bioremediation of
environmental pollutants: Cellular mechanisms and genetic regulations. Microbiological
Research 273, 127399 (2023).

[5] Morin-Crini, N. et al. Worldwide cases of water pollution by emerging contaminants: a
review. Environmental Chemistry Letters 20, 2311-2338 (2022).

[6] Zulkifli, S. N., Rahim, H. A. & Lau, W.-J. Detection of contaminants in water supply: A
review on state-of-the-art monitoring technologies and their applications. Sensors and Actuators.
B, Chemical 255, 2657 (2017).

[7] Levin, R. et al. US drinking water quality: exposure risk profiles for seven legacy and
emerging contaminants. J Expo Sci Environ Epidemiol 34, 3-22 (2024).

[8] Pande, V., Pandey, S. C., Sati, D., Bhatt, P. & Samant, M. Microbial Interventions in
Bioremediation of Heavy Metal Contaminants in Agroecosystem. Frontiers in Microbiology 13,
824084 (2022).

[9] Igiri, B. E. et al. Toxicity and Bioremediation of Heavy Metals Contaminated Ecosystem

from Tannery Wastewater: A Review. Journal of Toxicology 2018, 2568038 (2018).

52



[10] World Health Organization. Nitrilotriacetic acid in Drinking-water. Background
document for development of WHO Guidelines for Drinking-water Quality.
WHO/SDE/WSH/03.04/30 (2003). https://cdn.who.int/media/docs/default-source/wash-
documents/wash-chemicals/nitrilotriaceticacid.pdf?sfvrsn=cd479867 4

[11] Gilbert, P. A. & DeJong, A. L. The use of phosphate in detergents and possible
replacements for phosphate. Ciba Found Symp 253-268 (1977)

doi:10.1002/9780470720387.ch14.

[12] International Agency for Research on Cancer. Nitrilotriacetic Acid and its Salts. Some
Flame Retardants and Textile Chemicals, and Exposures in the Textile Manufacturing Industry.
Monographs on the Evaluation of Carcinogenic Risks to Humans, No. 48, 1990.
https://mwww.ncbi.nlm.nih.gov/books/NBK519184/

[13] Kim, H. S, Kim, Y.J. & Seo, Y. R. An Overview of Carcinogenic Heavy Metal:
Molecular Toxicity Mechanism and Prevention. Journal of Cancer Prevention 20, 232 (2015).
[14] Anderson, R. L., Bishop, W. E. & Campbell, R. L. A review of the environmental and
mammalian toxicology of nitrilotriacetic acid. Crit Rev Toxicol 15, 1-102 (1985).

[15] National Industrial Chemicals Notification and Assessment Scheme (NICNAS).
Nitrilotriacetic acid and salts: Human health tier 11 assessment.
https://www.industrialchemicals.gov.au/sites/default/files/Nitrilotriacetic%20acid%20and%20sal
ts_Human%?20health%20tier%2011%20assessment.pdf

[16] Tanner, RS. Cultivation of bacteria and fungi. In: Manual of Environmental

Microbiology. 3rd Edition. Washington, D.C: ASM Press; 2007. p. 69-78.

53


https://doi.org/10.1002/9780470720387.ch14
http://www.ncbi.nlm.nih.gov/books/NBK519184/
http://www.industrialchemicals.gov.au/sites/default/files/Nitrilotriacetic%20acid%20and%20sal

[17] Yoon, S.-H. et al. Introducing EzBioCloud: a taxonomically united database of 16S
rRNA gene sequences and whole-genome assemblies. Int J Syst Evol Microbiol 67, 1613-1617
(2017).

[18] MUSCLE alignment Edgar RC. MUSCLE: multiple sequence alignment with high
accuracy and high throughput. Nucleic Acids Res 2004;32:1792—-1797.

[19] MEGA Tamura K, Stecher G, Kumar S. MEGA11: molecular evolutionary genetics
analysis version 11. Mol Biol Evol 2021;38:3022-3027.

[20] Halebian, S., Harris, B., Finegold, S. M. & Rolfe, R. D. Rapid method that aids in
distinguishing Gram-positive from Gram-negative anaerobic bacteria. J Clin Microbiol 13, 444
- 448 (1981).

[21] Hussey, M. A. & Zayaitz, A., Endospore Stain Protocol. American Society for
Microbiology. 2016. https://asm.org/ASM/media/Protocol-Images/Endospore-Stain-
Protocol.pdf

[22]  Shields, P. & Cathcart, L. Motility Test Medium Protocol. American Society for
Microbiology. 2016. https://asm.org/ASM/media/Protocol-Images/Motility-Test-Medium-
Protocol.pdf

[23] Hussey, M.A. & Zayaitz, A., Acid-Fast Stain Protocols. American Society for

Microbiology. 2008. https://asm.org/ASM/media/Protocol-Images/Acid-Fast-Stain-

Protocols.pdf

[24] Reiner, K. Catalase Test Protocol. American Society for Microbiology. 2010.
https://asm.org/getattachment/72a871fc-ba92-4128-a194-6f1bab5c3ab7/Catalase- Test-

Protocol.pdf

54


https://asm.org/ASM/media/Protocol-Images/Acid-Fast-Stain-Protocols.pdf
https://asm.org/ASM/media/Protocol-Images/Acid-Fast-Stain-Protocols.pdf

[25] Shields, P. & Cathcart, L. Oxidase Test Protocol. American Society for Microbiology.
2010. https://asm.org/getattachment/00ce8639-8e76-4ach-8591-0f7b22a347c6/oxidase-test-
protocol-3229.pdf

[26] Kanehisa M, Furumichi M, Tanabe M, Sato Y, Morishima K. KEGG: new perspectives
on genomes, pathways, diseases and drugs. Nucleic acids research 2017;45(D1):D353-D361.
[27] Hyatt D, Chen G-L, LoCascio PF, Land ML, Larimer FW et al. Prodigal: prokaryotic
gene recognition and translation initiation site identification. BMC bioinformatics 2010;11(1):1-
11.

[28] Vandamme, P. & Sutcliffe, 1. Out with the old and in with the new: time to rethink
twentieth century chemotaxonomic practices in bacterial taxonomy. International Journal of
Systematic and Evolutionary Microbiology 71, 005127 (2021).

[29] Madhaiyan, M., Wirth, J. S. & Saravanan, V. S. Phylogenomic analyses of the
Staphylococcaceae family suggest the reclassification of five species within the genus
Staphylococcus as heterotypic synonyms, the promotion of five subspecies to novel species, the
taxonomic reassignment of five Staphylococcus species to Mammaliicoccus gen. nov., and the
formal assignment of Nosocomiicoccus to the family Staphylococcaceae. Int J Syst Evol
Microbiol 70, 5926-5936 (2020).

[30] Zheng, J. et al. A taxonomic note on the genus Lactobacillus: Description of 23 novel
genera, emended description of the genus Lactobacillus Beijerinck 1901, and union of
Lactobacillaceae and Leuconostocaceae. Int J Syst Evol Microbiol 70, 2782-2858 (2020).

[31] Fotedar, R. et al. Reclassification of Facklamia ignava, Facklamia sourekii and
Facklamia tabacinasalis as Falseniella ignava gen. nov., comb. nov., Hutsoniella sourekii gen.

nov., comb. nov., and Ruoffia tabacinasalis gen. nov., comb. nov., and description of Ruoffia

55



halotolerans sp. nov., isolated from hypersaline Inland Sea of Qatar. Antonie Van Leeuwenhoek
114, 1181-1193 (2021).

[32] Doyle, D. A, Smith, P. R., Lawson, P. A. & Tanner, R. S. Clostridium muellerianum sp.
nov., a carbon monoxide-oxidizing acetogen isolated from old hay. International Journal of
Systematic and Evolutionary Microbiology 72, 005297 (2022).

[33] Patel, N. B. & Lawson, P. A. The Strength of Chemotaxonomy. Trends in the
systematics of bacteria and fungi 141-167 (2021) doi:10.1079/9781789244984.0141.

[34] Lawson, P. A., Saavedra Perez, L. & Sankaranarayanan, K. Reclassification of
Clostridium cocleatum, Clostridium ramosum, Clostridium spiroforme and Clostridium
saccharogumia as Thomasclavelia cocleata gen. nov., comb. nov., Thomasclavelia ramosa
comb. nov., gen. nov., Thomasclavelia spiroformis comb. nov. and Thomasclavelia
saccharogumia comb. nov. Int J Syst Evol Microbiol 73, (2023).

[35] Meier-Kolthoff, J. P., Carbasse, J. S., Peinado-Olarte, R. L. & Goker, M. TYGS and
LPSN: a database tandem for fast and reliable genome-based classification and nomenclature of
prokaryotes. Nucleic Acids Research 50, D801-D807 (2022).

[36] K.P. Schaal, A.F. Yassin, E. Stackebrandt, The Prokaryotes, Volume 3: Archaea.
Bacteria: Firmicutes, Actinomycetes, Springer New York, 2006. https://doi.org/10.1007/0-387-
30743-5_21.

[37] Meier-Kolthoff, J.P., Auch, A.F., Klenk, H.P., Géker, M. Genome sequence-based
species delimitation with confidence intervals and improved distance functions. BMC
bioinformatics 14 (2013) 1-14.

[38] Richter, M., & Rossell6-Mora, R. Shifting the genomic gold standard for the prokaryotic

species definition. Proceedings of the National Academy of Sciences 106 (2009) 19126-31.

56



Chapter 4

Discission: Regarding the Isolation of Fastidious and Otherwise Unique Microorganisms

with Catabolic Effects on Anthropogenic Contaminants

The goal of this study was to isolate and identify organisms exhibiting interesting
metabolic capabilities, specifically demonstrating the ability to degrade the anthropogenic
contaminants sucralose and nitrilotriacetic acid (NTA) under anoxic conditions. Unravelling the
causes for concern which have been and are still being documented by the scientific community
added a sense of justification to these investigations. There is no misconception that a one-stop
solution to all contamination is at hand, but a positive outlook is maintained on the incremental
progress outlined by the work included in this thesis. From a personal perspective, witnessing
bacteria capable of performing some unique metobolic activities is something truly wonderful.

Of these, three novel strains of two proposed genera and species were discovered. Strains
9ST and NTAS of Purgationimicrobium sucraloseivorans gen. nov. sp. nov. share the greatest
16SrRNA gene similarity with Azonexus caeni (95.1%), Azonexus fungiphilus (94.9%), and
Azonexus hydrophilus (94.8%), while NTAL1T of Quisquiliimicrobium normanense gen. nov. sp.
nov. shares the greatest 16SrRNA gene similarity with Scrofimicrobium canadense (94.15%),
Boudabousia marimammalium (91.16%), and Schaalia meyerii (90.94%).

Both strains of the P. sucraloseivorans grew anaerobically on media containing either
sucralose or NTA as a sole substrate, while the single strain of Q. normanense only grew
anaerobically on media containing NTA as the sole carbon source, but not that with sucralose.

While it is assumed these are not the only bacteria capable of this metabolism, identifying
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members of wastewater microbial populations which determine the fate of these compounds in
the environment could be an important part of remediation efforts as fears about the
accompanying effects of these chemicals’ effects are confirmed by on-going investigations [1-8].
If the day comes when rising levels of NTA, sucralose, or other xenobiotic compounds which
accompany industrialization, urbanization, or agricultural practices are to be addressed,
manipulating an existing microbial response may be a component of strategies contributing to an
effective solution with a minimal environmental impact.

Given the increasing prevalence of recalcitrant xenobiotic compounds in wastewater
systems, the potential health risks associated with their persistence in drinking water sources
warrant attention [9-12]. Microbial bioremediation offers a promising avenue for mitigating
these risks and safeguarding public health [13-15]. It is hoped that policymakers prioritize
research funding for bioremediation techniques and enforce regulations on the discharge of
anthropogenic contaminants into wastewater systems. Establishing guidelines for acceptable
levels of sucralose and NTA in treated effluents could help protect both natural ecosystems and
human health.

Future research could focus on community-level interactions which might facilitate the
growth of the organisms described here, the dechlorination of organochlorine carbohydrates, or
the sequestration of heavy metals. Another focus of future research could be elucidating the
specific metabolic pathways employed by which P. sucraloseivorans and Q. normanense
conduct these catabolic functions. In addition to enriching our understanding of bacterial
biochemistry, if individual genes for this metabolism could be identified and introduced into E.
coli, or a similar species, the slow-growing nature of these organisms could be circumvented in
the application of the genes which are responsible for the degradation of the anthropogenic

contaminants in question.
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As urbanization and industrialization continue to escalate, innovative solutions like
bioremediation using microorganisms could be important in maintaining ecosystem integrity and
promoting sustainable practices. The findings presented herein highlight the potential tools at our
disposal, should harnessing the ongoing microbial response be chosen as a tool in the fight
against chemical contamination such as this. The ability of Purgationimicrobium gen. nov., sp.
nov. sucraloseivorans and Quisquiliimicrobium normanense gen. nov., sp. nov. to degrade
persistent contaminants in wastewater may contribute towards global sustainability. The
introduction of species such as these to wastewater treatment plants where they are undetected
through the use of molecular methods may allow for incremental reduction in the contaminants
they have been found to degrade before they become a cause for concern. By addressing the
challenge of emerging pollutants, these organisms could contribute to more resilient and

sustainable water management practices.
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Appendix A: Authored Publications During Graduate Studies

1. Bacteroides vicugnae sp. nov., isolated from the fecal material of an alpaca
e Authors: Samuel Miller, Meredith Hendry, Jacobey King,
Krithivasan Sankaranarayanan, Paul A. Lawson
e Journal: Anaerobe, Vol. 88, 2024, Article ID 102862
e Summary: This study reports on the isolation and characterization of
Bacteroides vicugnae from the alpaca gut microbiome, detailing its
phylogeny, genome characteristics, and potential functional roles
within mammalian microbiomes.
2. Clostridium tanneri sp. nov., isolated from the fecal material of an alpaca
e Authors: Samuel Miller, Meredith Hendry, Jacobey King,
Krithivasan Sankaranarayanan, Paul A. Lawson
e Journal: International Journal of Systematic and Evolutionary
Microbiology, Vol. 74, 2024, Article ID 006372
e Summary: This publication describes Clostridium tanneri, a novel
strictly anaerobic species isolated from alpaca feces, including detailed
taxonomic classification and genomic analysis.
Appendix B: Teaching Experience and Responsibilities
1. Instructor of Record — Water Microbiology (University of Oklahoma)

e Term: Fall 2024
e Responsibilities: Lectured on microbial aspects of water safety, and assessed

students' laboratory notebooks for practical understanding of microbiological
techniques in water quality testing, prepared and oversaw the implementation of

class experiments, including methane-producing bioreactors.
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Instructor of Record — Microbiology Capstone Lab (University of Oklahoma)
Terms: Spring 2023 — Spring 2024

Duties: Supervised student experiments including environmental isolation of
targeted taxa, provided instruction in advanced microbiological techniques,

including aseptic techniques and molecular biology methods, and offered mentorship

on scientific reporting and data analysis.

Awards: 2024 SBS Award for Excellence in Graduate Student Teaching

. Teaching Assistant — Techniques in Microbiology
Term: Fall 2022

Duties: Media preparation, assistance with course materials, proctoring exams and
assisting in advanced microbiological techniques like transformation by

electroporation.
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Bacteroides yjcugnge sp. noy, 1solated from the fecal material of an alpaca

Sammuel Miller 7, Meradith Hendry *, Jacobey King *, Erithirasan Sankaranzrayanan *™', Paul

A Lawson™

* Sehcel of Slalegleal Felracer, T5E oad 773 Vo Wine Sval, Normaw, OF, 75313 Ui

" Labararertis of Melacular Aniirepalops and Micralowms Aondarca, Farpianras Fecaarcy and Tocanelegy Caangr, JO) Danvid L Sovem Sivd. Narmaw, OF, 7i30]7, US4

ARTICLE INF O ABRSTRACT

pretes Two stricily anaemba, G
Alpaca freet an enrschment of Gecal meter
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Clensma

R Bactersides were less thas 41

FEIV and AL-P5 was 999 %, The prodessingsd cellular oty
sl The G+C % content of the iolals: was 41.7 %, Based o

viis, fhe melules were wsigned 1o the genus Bacteestder with the kighest segeence son
Bacterstder Barapga, ¥ 5-1MI9T A2- FAIT 977 %0 amd A1-F5 07.0 %y Additesally, the averge ss
identity and digial DMA-DNA hybrdizaties values berwees these i

secpalive mod-shaped hecteriel isolales, A2-P5IT and ALFS, wers izelaied

| from twe alpacas | Ficugma poca). Based ee & comparative 165 (AN A gees

tes and their chedest selalives wethin

and 4%.1 %, respectively. The average seclentide idenliy berw cen s
il for seelates AI-FSET and AT-P5 was O

bischemical, phylogesetic, genntypss, and

chemalaionomic crilerm, hese soletzs AZ-PSAT and A1-P5 represent two smdividus] sirasss of o novel specics

withes the genus Basrerorder fea which the nefe Bazieratder yeuanag 50, Qi = proposed. The Lpe sirass of Bhis
specses m sl AL-FRITQOCUG TTITAT m OOR 93770 = WRRL B-a56037).

1. Imtreduction

There is am inherest bacterial culiivation bias tewards bumans as
440 % more bacteria have been isolated from humans than frons the res:
of the class Masmalis (hips: becdive. dsmzde). Farthermore, there is
a paucity of microbiome data regarding the alpaca ( Fizugna geegs), and
minimal microbiome studies have been exclusively focused om culiure-
imdepenident methads [1-4). These molecular invemtories have pro-
wided tremendous insights into the microbial diversity and taxa richness
within the gut of these modified ruminanis. Similary 1o the human gat,
the alpaca gut presents itself as an environmen? for microbial discovery,
as many phylotypes likely represent uncultured bacteria [4]. There is
mierest in pursaing culture-dependent approaches e recovening mi-
CARRAEMHARRs, and charcterizing their physiological amd metzholic
properties that may he a source of bisactive compounds [6.7]. One such
metabolic property of interest is the ability to degrade raw plant mate-
rials inte products destined for human utilization. The consartivm of
mammalian namen microbicta is uniquely poised 1o degrade this plan:
biomass [8-107 through the wtilization of enzymes designated as

R
Eamay! adderrees:
1K, Seskacasarayanan), pesl lewsesdl ou.eda (P4 Lawson).

sammiller@eacdu (8.

Miller), sbercditheadey@ganilesss (M. Headey), cobey@ousdn (L.

carbohydrate-active  emzymes  {LAfmes). o5 descnibed i the
carbohydrate-active enzyme database (www.cazy.org) [11]. The poeyc
wlrrng o f Cadxes within the genus Sacieraidar is noiably significant
[L2,13). drenomic amalyses of numercus Saciereiddr species have
revealed an impressive amay of Ggdgmes [14]. While most of the saudies
fercused on human gut-associated LS 0mEs recently, other mammals,
such as goats [15), catibe [16.17), yaks [18], sheep [19]. and baffalo
[Li,20) have heen studied for their (8 composition. {4 0mngs are
classified into six broad categories: glycoside hydrolases (GHs), poly-
saccharide lyases {PLs), carhohydrate gglarases. (CEsh glycosyl frans-
{Rmags 10 Ts ), carbobydrate-binding modules [CEMs), and auxiliary
activities {AAs)

In a continuing study of mammalian micrebiomes within our kg
ARG Using a polyphasic taxonamic approach. two sirains of a novel
Baeferoider species, designated as straing A2-PA5" and A L-P3, were
recoversd from separate, anoxic pectin enrichments of fecal materials
from two alpacas (Ficugns paced), for which the name Fociaroides
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2. Mlarerials amd methad:
I.i. Bactarisi strdies

Sirains A2-F33" and A1-PS were isolated from freshily voided alpaca
fecal samples obtined from two domesticated alpacas (a male, gug,
alpaca and a female, lyppasa alpacal, herein demoted by AL or A2, from
the same privaiely owsed alpaca ranch mear Mewcasile, Oklaboma, USA
(3524 N 9759 WL The freshly voided fecal samples were collected and
immediately placed into an anacrobic jar (ggaill with an anaerobic gas
pack (BD) The jar was placed on ice and transpomied to the Lawson
Microbial Systematics Laboratory at the University of Oklahoma, Mor-
man, for further processing. Multiple anoxic enrichments, using gglag-
pectin, and cellulose as sole subsirates, were prepared using 1A m fecall
slurry in a sealed serum bonle comaining 100 ml modified Medium 2
fper D00 ml distilled waterk: Gagidane (1.0 gl veast extract (0235 g),
minerals solutiva (A7 (150 mi), minerals sedution (B {030 ml). clarified
rumen faid (20 mly [21], resazurin (00000 gh, sodium lactate (70 %
wivd (L0 g}, sole subsmate (0.2 g}, cysteine HOL (0,05 g), sedium bi-
carbonate (0.4 gl distilled water (1o JO0 mly. Minerals solution (A)
contained (per LOB mly: KHPO (5.0 g). Minerals selution (B} con-
takagd (per LUOD naly KH POy (30 gh, (NH 0500 (6.0 g). Nal'l (6.0 g),
MghOTH O {06 gl Cally (06 g) as previously described [22]. The
enrichment was incubated at 57 =0 for 14 days with a headspace of 3 %
hydrogen, 10 % carbon dicxide, and 85 % nitrogen to maintain anoxic
Adter imcubation, samples were moculated onio Medium 2
agar, as previously deseribed above, containing an additional 15.0 g of
agarose per 1000 ml of media, containing the same sole carhan spunce as
their onginal ennichment. lsolates were then sub-culbared onie BIF
Bepin'™ Hrain Hean Infusion (BHI (Sparks, M0, USA)} agar plases sup-
elammsnied, with 3 % defibrinated sheep®s blood via multiple plase
streaks until pure isolaves were ohiained as determined by (rram staim
reactbon and phase contrast microscopy (CX41, Clympus). Twe of the
resulting isolates were designated A2-P53" and A L-P5. Strains A2-P53

conditi

B sy gt DR FRAT

s alarea s COL BT (F O TR

Ay s g

Ancereke 3 (25047 103063

amd A L-P3 were independently isolated from enrichments of different
alpaca fecal material in modified Medium 2 supplemented with pectin.
After primary isolation, AZ-P83" and A1-PS were maintained under
amoxic conditions on BHI plus 3 % sheep®s bloed medium at 57 O and

preserved in BHI plus 5 % clarified romen Guid with 20% {viv ] glyoenol

at —E0 =,

2.1 165 rBNA guce seguecsd difdrmicatisn and phylogdnciie analis

Strains AZ-P337 and A1-P3 were sent o GEMEWIZ |fienewiz.com),
where near fall-lengith 165 rRNA gene sequences were chinined using
Sanger sequencing [23]. The nearest phylogenetic neighbors of strains
AZPS3" and AL-P3 were determined by a BLAST search against the
GienBank dambase and Eziipilsuuds Mentify [24-30]. The 168 rRNA
geme sequences for the simins nearest neighbors, in addidon o the bope
strain for Bastereider, Factarsides fragiis MOTC 93543 (GenBank:
KP22e374), were downloaded from Eplipbled, and these sequesces,
alomg with the newly derived sequences, were aligeed wsing MLUSCLE
[27] and trimmed in MEGA 11 version 11005 [28]). Bharaciaie
ahiaitieg, COUG 35027 (GrenBank: BLSSH176) was used as an oul-group.
A phylogenetic  iree  was  recoastructed  according o the
maximum-likelisood method [297(Fig. |} and neighbor-joining metlod
[34] {Fig. 511 using MECGA 11 software; the Tamera-Nei substitation
medel [31] and bootstrap amalyses were performed using 1000
replications.
Z.3. Drdidrceai

af whele amd dnegilive analvei

Cell biomass for A2.F53" and A 1-P5 wos harvested from overnight
culiures, and genomic DNA was extracted using the [Udessy A
extraction kit (Qlagen) following the manufactarer's proqecol. The MA
yiekls were guamtified wing o Qubit 3400 Duorometer, and 100 ng of DMA
was used os imput for each genomic library construction. Briefly, the
M was sheared using o {3k S00R. followed by bead cleanup 1o

B lermies tevwmse. VB aAMAT KXFME]

Barmreraion ariis Wb B OO
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Fig- 1. Maximes-likelihood phylegenetic ee hasel se 165 cRNA gene

showing the relstinonships b B: Tt CAERaEET el A P57 and AL

B within the Bacterotder genus Hoolsiras valacs (%) were obained with 1000 replicales sed are Siplayed al their branch nodes . Bhasenireis sdimmmss [0 110 55021

TEUTAT4E THY was used as the oul-greup. Bar, 002 substililions per siks.
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remove shart fragments (<1530 bpl Nexd, PCR sequencing libramies were
generated using Illumina-specific barceded primers and pooled from
triplicate reactions. Fimally, sequencing libraries were purified wsing
bead cleamup (13X ), quantified using a Tape Station, pocled in g
molar proportions, and sequenced on an lluming Mi500.

Using SEades v3.12.0 [32], the gemomes Ffor AZ-P55" and AL-PS
were assembled and annotated using the Hacterial and Vil Bl
WL Resource Cemter [33] (AV-RRC) (hitps:fwow by-breorgi) [n
addition, genomic sequences of close relatives for strains A2-P33" and
Al-P3, im additeon to the e strain for Facfaraides, Sacfdroides frapiiis
MOTC 53437 (GUA_ O00025985.1), were downloaded from BV -BRG.The
evolationary  relativaship  between  strains A2P33" and AL-PS
(GCA 34291805 10 and (GOA 034291205.1) and their nearest neigh-
bggs, were  evaluated with o phylogenetic  approach. A whale
gemnme-hased phylogenetic wee was generated using the Solrmbas
method within BV-BRC (23], The Ladpndaes method wsed the amino
acid sequences from a deflined number of BY-BRC's protein families
(B Ltaus) [34] o budld an alignment. & tree was gencrated based om
the differences within those selected sequences. The proein sequences
were used for each sebected gene from the Edliubams The aligmed
proteins from single-copy genes were used for rapid Biddl,. analysis
wh1.11 [3536]. The support vabses for the phylegenctic imee are
gemerated using 1P roumds of the “Rapid bootstrapping’ option of
Bawidd, and visualizaivon was accomplished with the Interactive Tree {uf
Life w3 [37). Ehosaddcals sbiefitel, CCUG 356207 (GenBank:
GOUA D003 1244510 was wsed as an out-group. The muonomic status of
sirmins A2-P3% and A1-P5 was confirmed by comparing AMI and digital
dOU, values between the strains AZ-P35" and AL-PA, in additios to
their elose relatives. Yalues for AMI between strains A2-P33" and AL-P3
and close relatives were caleulated wing EzBipiolnnas AN Calealator,
which wses the Quhgddiby olgorithm [2558). The Gesome-to-Gennme
Dvistance Caleulazor [39,40] w50 was wsed o desermine @i, Prod-
Rak [41] detenuined the DMA G+C (%) content. Je-silice (00
amalysis was performed wsing the dbCAMNI meta server [42,41] and

gl VB it wr w oz y org ).
2.4, Phanefipie dhdrddideindiisng

Thee Grram stain reaction was determined wsing the Advamced Gram
Stain Kit {Hardy [ragmostics, CA) Following the manufscbarer’s in-
SRR Acrotolerance was determined by placing culiures on media
under aerehic conditions for one week at 57 =0, Cells were inspected for
mility and endespore production by phase contrast microscopy (CX41,
CHympus) at x V00 magnification. Temperatare ranges for growth were
determined in BHI broth supplemented with 3 % clarified rumen fluid at
4 =0, 20 w0, 57 =0 48«0, 50 =, and 33 +C salt iolerance was desermized
in BHI supplemiented with & % clarified rumen Muid at 0.8 % [w/v ) and
between 1.0 % (arv) and 100 % (w'v], in increments of 10 % {wiv)
pH ranges for growth were determined betweea 3.0 and 9.0 _in s,
crnmgRiE ol 1.0, and all fesis were performed in duplicase. For the pH
ramges. the following buffers were prepared at a final concentration of
L mM: sodium scetate (pH 500, potassium phosphae (pH &.0-83.0),
and Tris-HCl{pH %04 Optimal growih conditions were determined by
eptical deasity {0M00) using a specirephotmeter (Spesinonic 200+,
Ailion Boy). An iscrease in QD600 greater than 0.1 after fve days of
imcuhation was considered growth. Additional kiechemical traits were
determined using the APLZY M and A1 rapid ID32A test systems (bio-
M “grigpp) omnd performied in duplicate usimg the manafscturer's
msiructions.

2.3, Celfwlar fatty ssids anaijdir

Chemotaxonomic features were determined at the Center for Mi-
hihigk ldentification and Taxenomy |Uaiversity eof Oklahoma, ¥omman,
Oklabomal. The cellular fatnty acids of strains A2-P33° and A 1-P3 were
liarvested, extracted, and analyzed using the Microbial Identification

dacereke 88 (2004; J0JEE2

System (MIDD) [44,43]. Analysis was performed with an Agilest Tech-
Rt N gas chromatograph equipped with o phenyl methyl
silicose fmed silica capillary column (HP-Ulira 2.23m 3 (002 moa X (L33
U, fil thickness) coupled with a flame ionization detector. Hydrogen
was wsed as the carvier gas. The temperabare program was preset a
170 «C and increased at 3 *C min—1 i a final femperature of 270 =,
Farty acids were identified and expressed in percentages using the QBAL
peak naming datahase within the M1 system.

3. Eesult and discozzion

3.0, Phylagedens analiad:

Phylogenetic analyses based on 168 rRMA gene sequences demaon-
Sk that strains AZ-P33° and AL-P3 were most closely related to
Baetercider bapddasia ¥ o-oM 30" (GenBank: KXOI5135) (5706707 %),
Bacfaraidas dvafus ATCC 84867 {GenBank: DS264555) (9745976 %),
and Baetervides [phaogabaui HF-3 1417 (GenBank: MESS4138) (97,20
6.1 % ). These values, along with the phylegenetic rees constructed by
the Maximum Likelihood metsod [29] (Fig. 1) and the Meighbor-loining
methad [30] {Fig. 51}, sapport the proposal that siraing A2-P53" and
Al-P3 were potentially novel and may represent a novel species based
en the |65 rRNA gene perceat similarity aceeptance threshaold of 95,8 %
roufinely used to demarcate this ramk [46]. To determine if the isolates
were indesd novel species, whele genome metrics such as AN and

GhLLH, were alse performed.
3. Gangmis aralhads

Omee assembled, the draft genome sequence for strains A2-P33 " and
Al-P5 consisted of 49 and 46 contigs, with genome lengths of 6.2 3ba,
M50 lengihs of approximately 358 B bp, and an average G+ content of
41.7 %, Annotation of the A2-P533° dralt genome sequence in BY-BRC
revesled 4741 protein-coding sequences, 63 tRNA genes, and 3 TRMA
genes. whereas, fellowing deposition in GenBank 4451 prosein-coding
genes, 63 (RN As genes, and 2 TRMA genes were observed for A2.P33"
The Quthadiby values between strains A2-P33" and AL-P3, and their
chose relatives were €921 % (Takle 1) Values I'nrmhmwmn siraing
ALY, AL-PA, and their close neighhors were <490 % {Table 1). The
Omhednly and AL between sirains A2PAY amd AL-PS wese =98 %
(Table 1). These AMI and QEURH values indicated that strains A2-P33'
and AL-P3 represest a novel species within Baciaredder o AN amd QUL
walwes lower tham $3%-96 % and T %, respectively, are established as
the baandary for defining & prokaryotic species [3947). The phaloge
BElip, tree generated (Fig. 2) agreed with the phybogenetic placement of
AZPAY and AL-PS from the LGS rRNA gene sequence tree (Fig. 1). The
main genotypic chamcieristics of strains A2-P33" and A 1-P5 and close
relatives are given in Table L.

In this study, an fn-séfice approach was used to investigate gloen
appshnlnid metabolism, and the production of polar lipids was per-
fermed using the KEGEG dotabase [48]. An fn-dilice approach is mow
encouraged and roatinely wtilized for polar lipid profilisg [49-32], and
aloag with biochemical wraits, these methods are now routinely wsed for
species descriptions [$4,55). The results (Fig- §2) indicate that strains
AP35 and AL-P3 do not contain the enzymes papapiniidelalone:
Gheabe synthetase (EC 29857 or cardiolipin synthase (EC 2.7.8.41)
reguired to synthesize phosphatidvlglyceral (PG) and Jipospbasidel:
glycern] (PG cardiolipin), respectively. Coaversely, strains A2-P53'
and AL-P5 alse contain phosphatidylsenine symthase (EC 2.7.8.8) used in
the synibesis of phosphatidyl-c-serine (PS8}, an imtermediote eompoand
that the enzyme phosphatidylserine decarboxylase (PEDN (EC 4.1.1.05)
further catalyzes in the production of phosphatidylethanolamine (PE)
from pliosphatidyl-v-serine (Fig. 52). Based on this analysis, the major
polar lipids predicted to be produced by strains A2-P33" and AL-P5 is
PE, consisteat witl other species in Sagteraddar [56-58]. The jdeniibls
cation of PS is interesting s this phosphalipid is commaonly abseat from
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Fig. 1. Muasimum-ldkeldeed phylopenetic leee Based on 445 sspgle-cepy geses showing the relalionshegs beltween Baererorder glmemna 4p. gags AL-F530 and A1-P5

within the Bastorordes genus, These genes wers shaged hetween all 31 genomes. A total of 447153 aliged meclestides were wed i buzld this res. Bookslraps wers

gencraied witk 100 soseds of the “Rapid” hoststapping optive witkin Bagidd.

chromatography plates dwe 1o the conversion efficiency of PAD. A tar-
gl LC-MS study recently deseribed PR as part of a “stable core™ of
lipids within Basferoides [59].

There were 486 LA Anikes detectied using at least two of three pre-
scribed search algorithms for A2-P337 and AL-PS, where 325, 60, 42, 28,
and 23 Functions were assigned o their respective GH, GT, PL, CHM, and
CE Gl fomilies. These numbers are within the usually detennimed
ramges of fbfumg amilies for other aztaraidas 1axa as fn-silice deter-
mined wsing similar pipelines [607.

3.3. FPhanolpic shdrdefarizdtisng

The cells of A2-P33" and A1-P3 are Gram-stain-negative rods that ame
simictly anaerobic. Cultures did not grow when the organisms were
exposed 1o air. Coelonies on BHI with 5 % sheep’s blood medium were
pimk, circular, and muceid oa the agar surface afer 48hrs a1 27 <0, Cells
were pon-motile, and endospore production was not observed. A2-P33'
aed A 1-P3 could grow between 20«0 and 45 «C, with optimum growih
at 37 =, Additicmally, both sirains could grow at MaCl concentratioas up
to 3.0 % (wiv) with optimal growth occurring at (0.3 % (w/v) NaCl:
sirains grew at pH values between pH 6.0 to 9.0 with an eptimam pH of
TAk The APLEYM test system produced positive reactions for Alkaline
phosphatase, Esterase (C4), Esterase lipase (O30 Trypsing Acid gl
BlHeAas Maphthol-AS-Bl-phosphobydrolase, @-Galactosidase, F-Lrakig:
tasilpse. N-Glucuronidase, fi-Glucosidase, M-acetvl-Pilpsasmnimidass.
O-Mannosidase. and E-Eppasidass, Negative reactions were ohtained for
Lipase {C14), Lewcine aolapdaas. Valine aoolamidass. Uvstine aoila-
kg O-Chymotrypsin, and O-Cilueesidase. Additonally, the APL rapid

13324 test system gave positive reactivas for the @ -Galacosidase,
|b-traloctosidase. Erlucosidase, fi-frlucosidose. Ne-acetyl-[-(lpeasmiiai
B Maonmose, Kaflinose, Indole, Alialing phesphatase, Leucyl glycine
wodsmidiaes, Aanine  goglapidass, Crlatamic acid decorbosylase, o
- Epbpsilaeg, and Glutamyl glatamic acid grelanpdiss, aheress neen-
L, reactions were obiained for Urease. Argimine diigdoplasg. fi-6-gal-
phosphatase, C-4rabioeidass. [-Glucuronidase, MNitrate meduction,
Arginine golasdess Proline grlamdiss. Fhenylalanine golanbidos
Leucine golasridess. Pyroglutamic acid goulamidese. Tyrosine goolar
Badaas, Glyveine golamidase. Histidine goglazidass. and Serine gryla,
widaag, Straing AZ-P33' amd A1-PS exhibited identical physiological
profiles in addition to identical profiles with the APLZYME and AFL
rapid 32A4 systems. Differences between these strains and their close
relatives are demoted by positive reactions for E-Eyposase. (APLZYME
and APl rapid 3240 and Glutamyl glutamie scid gpdamidass (AP mpid
3240 (Table 2.

I.d. Celfuclar fast aside

Major farty acids {=10.0 %) for sirains A2-P53° and AP35 were

anteisn-Cig, o (42.7 % and 3935 %), respectively (Table i), which is
consistent with the genus description of Bagietiaides [63] and supporis
their placement within this gemus.

Hased on hischemical, phylogenetic, genotypic, and glgmassac
momic criteria, strains A2-PA3° and A1-P3 represent a novel species
within Bazteraides. |m addition 1o the phylogenetic analyses (Figs. | and
2 amd Fig- 513, phenotypic and chemotaxonomic traits demonstrate the
separateness of strains A2-P33° and A1-P5 from their close relatives
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Taklz I

Muephalogical and physiological charscieristics of strazes AL-PS3T, ALPS, wnd their closeil relatives.
Chancizriaiic 1 b 3 4 L [
Tamparaters spomum E e o ki o 1337 T 3531 °C 1531 °C 1531 °C
a1l rasge B0-80 BeD-80 Lp-1048 +0-10% ip-1048 ip-104
Sahl range W oo-10 oo-10 [ EErE ] D20 D20 [ EEE ]

Inclazlan Scarce Alpaca Faces Alpaca feces

Hemaa feces Henaa fSoces Henaa Sccas Hemaa foces

AFL-IVMIE

Alkaliae pheaghatass + + R R +
Azl phorphstas + + HE HE

O-FARARAR + +

O-Galyzisaldaee + + + HE HE

O-Grzandaes + +

O-Mannealdaes + + HE HE

E~Galctoaidaas + + R R

E-Gluzaaldane + + HE HE

E~Glecmraaldane + + + R R

Eackraas Lipass (€ 5) + + +
Heacazrl-f- GlARATARMAL. + + MR MR

Trypea + + R R

AFI rapid IDG14

E~Gloczaldane + + + +
DA SR + +
P + + +

Alkaliaw pheaghatane + + + +
Lancyl zivcin s aamkmbias, + + + +
Alanine LEREEALE, + + + +
Glutamlc acld decarbexyiace + + + + +
O-ERRARAR + +

Glatamyl glutamic acld + +

Strainss 1, A2-F517 {data v

thiz study); 1, AL-PS {dals frees (hs sbedy) 3, Bacreroider avmiuz oM SEI47 [57,61]; 4, Socieroider bRl POM 303917 [57 62]; 5,

Bacicestder fmpsmag JUM 130 5761 6, Basteoides (nbengmhame HF-50417 [57). The APL rapid IDA2A dals fix Bactcroides avans JOM 58247 was taken from B

et logue-cr ciar fr. The folbswing ch

{=1, pH eptimum (71,
Wnzase (=~} Arginine W\"-:' -l e msidase [+, f-la
[+, p-fksuronidess (+1, K-
PFhenylalanine Wﬁ"

S ), and Sevine yrylamatige (—1

Takle ¥
Falry seid grofile of stming A2-FEI ead A 1-PS and close relatives.
Faity acil 1 1 2 3 4 5 &
Cgwiem 13 13
Ciia 43 33 44 1K 5 | Ll
T a4 e 114 54
mmiglsa-Ciee EES s17 s0a e S0 14
T e [ 13
Cise 30 ir 11 32
T 18 17 57 54 73
Caia 1-0H T8 3 a5 e a3 52
[T L1
14 LE 14 Ll
92 " 152 z1a
4 ] 24 11 ] a4
Sammed St 4 41 - |
Sammed featere § 5% 44
Sammed Seatere 12 224 57
Sammed Seatere 19 1 %

Strinz 1, A2-PSAT {dets frees this stedyvlk 2, AL-PS qdata feom the snudyi; 3
Bacicrovder cumiur

JOM SR241 [44]; 4, Bacteroider bk FOM 313017 [44]. 5, Beciorasdes bapssaas.
IO 3130

[44]; &, Bazerstder inknrriam HF-51417 [44); MR, Bt reserted. The buldlace
indssles major Gy acils (710 %5 Ldelecied. *Sefmed feeluncs are [y
seitds that cannot ke resolved reliahly feom another Gy acil Wb dige
kAR, condilions chosen. The MIDI sysless groups these @iy acids
tegether 15 GelRakggs with a sigle perecatage of the il

Sumsned feapare 4, T andler unknewn C g e'C o0 setumed Tealure B, (O g
o e andioe O g
Cosat o, sammed Teapare 15, Uskaswna O 5 jogin =0 30H asdior C 1
ROH.

m7el sumeed featurs 12, Unknows Cme'C e s and or

§ise

racierialics were shared hetween all isslaies, where dakn wers eeporled: G
Ioplimes % (0,55, a-Chymoleypsin (=}, Esterase O 41 [+, Lipase (O 1431+, Haphthol- A5-B Lphaospl
spaciitlase |+, fede
cetyb-f-linidass, 1+, Mannose [+, Refl
., Leucine W i=% Pyroglulamic aesd Wﬁ. (=} Tyvrosess m =1, Glyeine WL-:. Hislid spe m

1 Slain Reaclion.

iyidrelase {41, Valine glamidis, (=
|-phosphaiase (=1, 0-Glusesidise.

s [+ Mitrale seduction (=), Arginiee galunidags (-1 Proline gylamidess (-1

(Tables | amd 2). It is proposed 1o name the novel strains A2-P33° and
AL-PS as Bacteraidar YekBREESD- it

Description of Bacorreides Yignpmaeg sp. BeF Sacieroidds gizugasg,
Updrhiids ML gen. . giangass peraining 1o alpaca [ Ficug=a gaces)
where the organism was first isolated).

The cells are Gram-smin-negative, stricilly anaerobic rods. Moa-
motile and spores are not phserved. Optimal growth was observed a
370, with 003 % (wiv) NaCl, a2 pH 8. Positive for growtlyat 37, 410, and
45 o, Growth with 5 %, bui ot 10 % {wiv) Nall Using the APFLZY M
test sysiem, positive reactions for alkaline phosphatase, esterase (04),
lipase (CH). trypsin, acsd phosphaase, naphtsol-AS-HI-
phosphohydrolase, O-Galecisidase, Plralactosidase, fi-Glucuronidase,
b-febsensidage  Woacetyl-f-lpppsiauiniigse.  C-Mannosidase,  amd
O-Eipiiiaag are obtained. Megative reactions are obtaimed for Lipase
(C14), Lewcine goolaldass. valine aodasnidlnngs ovstine aoolamides,
Q-Chymotrypsin, and @-Glueosidase. Additionally. wsimg the AL rapid
13324 pest system, positive resctions are obtained for K-Galaciosidase,
-dralactosidase, Blrlecosidase, | -flecosidase, M-ocetyl-[-{lucosmm
Wiz Manncse, Raffinose, Indole, Alkalime phosphatase, Leucyl
glycine guambdags. Alanine gpgemidass, Glutamic acid decarboxylase,
O-Epppaidaae. and Glutamyl glutamic acid gylagmidnse,. Hegative e
actions were ohserved for Urease, Arginine difaaonhise. B-0-gal-phos-
pheiss  CAbRAAdeR. | P-Clecuronidase,  Mimate,  Arginine
wohemadass. Proline goapuddaas. Phenylalamine aoolamddaas. Leucine
wodemilips.  Fymghoamic acid  axlgpidan, Tyrosioe  aoluiiden,
Gilyeine glssudnae. Histidine aogamddass. and Senne goulmmidase.
The predominant cellular fatty acids were ameiso-C g and iso-Cyy g 3.
O, The type strain is AZ-P8" (CCUG 77273 = OCM 93777 = NRRL B-
bbb'?.l':.ﬁs isolated from the feces of a domesticated. male, gyg
alpaca, an sdditional straim AL-PS (UL 77271 = COM G375 = MRERL
B-63692), was dsolated from the Teces of 2 domesticated, female,

ERIETARE
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Ipeags alpeca, which come from the same privately owned alpaca
ranch mear Mewcastle, Oklahoma, USA (3524 N 47.3% Wi The G=C
coatent of the isolates was 41.7 %, The 165 rRNA gene and genome
sequences of strains A2.P33" and A1-PS have heen deposited i Gren-
BanLEMBL/DDE) under accession sumbers (M) 724030 and Q0725027
respectively (168 rENA gene sequences) amd (CA_ 034200875 land
GUA 242915631 fwhole genome sequences).
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Clostridium tanneri sp. nov., isolated from the faecal material of
an alpaca

Samuel Miller'?, Meredith Hendry", Jacobey King', Krithivasan Sankaranarayanan and Paul A. Lawson™*

Abstract

A sirictly anasrobic, Gram-stain-negative nod-shaped bacterium, designated A1-XYCY, was isclated from the fasoes of an alpacailana
pacos) Onthe basis of the results of a comparative 145 rRNA gene sequenca analysis, the isolate was assigned to the genus Clostrid-
iwm with the highest saquence similarities to Jostidiim magoum D5M 37877 (WEB%), Jostridum carbavdivorans P77 (96.3%) and
Clostridum acditolerans WINJIL-BI' (4. 1%)L The average nucleolide identity batwean ATXYCT, O magnum, © carbauidvorans and
[ soinfitalerans was T7.4, T&1 and T4.6% mspectively. The predominant components of tha cellular fatty acids of & 1-XYC3 wera C
[ oo 3nd summed feature 10 containing T,/ C . cyclo The ONA G+C contant weas 32.46mel 3. On the basis of biochemical phylogenatic,
genoiypic and chemotaconomic criteria, this isolate represents a novel species within Clostadivm sensr snicho for which the name
Clostrigium lavned sp.nav. is proposad. The type strain of this spacies & strain AT-XYC3' (=CCM %3T4=NRRL B-£54917).

INTRODUCTION

The genus (lostridiem within the Gmiby Clostridiacene historically encompassed Gram-stain-posttive, rod-shaped, anserohic and spore-
forming bacterta [1]. However, some species of the genus Closfridiiem display Gram-stain negattve or Gram-stain-variable reactions as
stated in the current genus description [2]. Currently, there are more than 150 species of the genus Clostridium with validly

names according to the 115t of Prodaryotic Mames with Standing in Nomencature (LSPNittpss/ipsn dsmz. defgenus/dostridium, Apal
024). The genus Closiridinm 1s a genus with historically well-documented tavonomic ksswes [ 1-3], alhmnamlgmamusdl.-splmngawbie
range of ohservable phenotypes and metaholic properties. With the application of molecular methods and whole-genome sequencing, the
sheer depth of phylogenetic diversity within organisms designated as members of the genus Clostridfiom began to be uncovered [2-4]. In
H016, Lawson and Ratney proposed restricting the genus Clostridium to Clostridiun butyricum and its close relatoves [ 2], now recognised
as Clostridim sensu stricto. Members of Clostridiim sensu stricto can be found throughouwt the collective mammalian gastrointestinal
environment [5-8], & well s modified rummants (sheep and alpaca). Upon examining the hterature, 1t was evident that the majorty of
non-human mammaltan microbiomes are understudied, and recent studies have revealed that other understudied mammalian species,
s.dlmt-ais['g]aﬂpmdaa|1I]].mwwhmmm&miwﬂmm&ﬂwmgﬂmmma
continuing study of mammelien microblomes, using a polyphasic tavonomic approach, & novel spectes of the genus Clostridiiem belonging
to Clostridiern sensi stricto, designated as strain A1-XYC37, was recovered during the ennchment of faecal matenal from an alpaca ( Limna
pacos). Stran A1-XYC3 represents a novel species of the genus Clostridis for which the name Clostridiomn tammeri sp.nov. 15 proposed.

ISOLATION AND ECOLOGY

Strain AL-XYC3" was lsolated from a freshly volded alpaca faecal sample obtained from a domesticated alpaca on a privately owned
alpeca ranch near Newcastle, Oklahoma, USA (3524 N, 97.59 W), The freshly votded faecal sample was collected, processed end trams-
ported anodcally on iz to the Lawson Microbial Systematics Lshoratory at the Untversity of Ofidahoma, Morman, for further processing.

Buthor affiliatiors: "School of Hiological Sciences, 730-770 Van Viest Oval Norman, OK 73017, USA; Laborataries of Malecular Anthropology and
Microbiome Ressarch, Stephenson Research and Technology Center 101 Dawid L Boren Bled. Norman, 0K 73017, USA; Wiadsaorth Cender, NYS
Department of Health, 170 New Scotland Awe. Albary, New York 12208, USA.

*Correspondence: PaulA. Lavson, paul s scriiou.edu

Keyweords: 165 rRNA; Clostridiom tanner;, penome; in-silioo; novel speces; phylogeny; t2eonomy.

Abbreviations: AN|, average nuclectide identity; EV-BRC, Bacterial and Viral Bicindermatics Resource Center; dDDH, digitad DMA-DHA by beidisation;
orthodNlu, crthologous AN using vSEsaCH

Thi 165 rANA g=ne and genome sequences of strain A1-XYC37 have besen deposited in GenBank under the accession numbers DO72L631 and
GCA_D3ILETIEE. 1, respectively.

Thres supplementary figures and cre supplementary table ane aeailable with the onlire wersion of this artide.
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Fig. 1. Maximum- [Se=Ehood phylogenetic iree based on 155 rRMA gene sequences showing the relationships beteeen Qostridiom tannerd sp. now. Al-
¥ within Dostridium senm stricto. Bootsirap values (percentages) were obtained with 1000 rephcates and are displayed at their branch modes.
Fubaderum mosm ATOC 484" (MET170) was used as the oubgroup. Bar, 0.0Z substitutions per sibke

Multtple anomc enrtchments, using xylan, pectin and cellubose as sole substrates [all edded to 2% (wiv]]. were prepared using 1.0ml
faecal slurry in a sealed serum beitle contaiming 100ml modified Mediom 2 (per 100ml distilled water): casitone (1.0g), yeast extract
(0.25 g}, minerals solution (A} 15.0ml), minerals solution (B) [IS.Dml).darLﬁaf:;Jmlhnd[lﬂmﬂ.mazm (00001 g), sodiem lactate
(70 wiv) (L0g), xylan (0.2 g), cystemne HCL (0,05 g), sodium bicarbonate (0.4 g) and distlled water (to 1000ml). Minerals solution (4]
contained (per 1000ml}; K, HPO, (3.0g). Minerals solution (B) contamed (per 1000ml}; KH,PO, (30g), (NH,)50, (6.0g), NaCl{s0g)
MgS0, =7TH, 006 g) and CaCd, (0.6 g) as described previously [ 11]. The ennichment was incubated at 37°C for 14days with a headspace
of 5% hydrogen, 10% carbon dioxdde and 5% nitrogen to matntain anoxdc conditions. Afier imcubation, samples were inoculated onto
Medium 2 Agar containing the same sole carbon source as their orginal enrichment. Isolates were then sub-cultured onto BD Bacto
Bratn-Heart Infusion (BHI; BIY) agar with 5% defibrinated s blood via m streaks unitil Isolates
mzd:lmed.aﬁdela'mtmdb}'G&%WMMMM%{CHLWM%EEM g solates
was destgnated A1-XYC37 A1-XYC3I" was isolated from an enrichment of madified Medum 2 supplemented with xylan. After
tolation, A 1-XYC3" was maintained under anodc conditions on BHI phus 5% sheep's blood medium et 37°C and preserved in BHI plus
5% clartfied rurmen flusd with 30% (viv) glycerol at —B0°C.

165 rRNA gene phylogeny

AL-XYC3" was sent to GENEWIZ, (Genewiz.com, South Plainfield, NI, USA), where a near full-length 165 rRMA gene sequence (1399
bps) was ohtaimed using Sanger sequencing. The nearest phylogenetic netghbours of A 1-XYC3 were determined by a BLasT search against
the GenBank datshase and ExBioClowds Identify [ 12-14]. The 165 riRNA gene sequences of A1-XYC37, its nearest nelghbours, in addition
to the type strain of the type species of the genus Clostridim, Clostridiuem butyricum DSM 107027 (ACCF] 1000149), were downdoaded
from EzBioCloud, and these sequences were aligned using siuscas [15] and trimmed 10 seca 11 version 110,13 [ 18], Exbacterium
limosum ATCC 84867 (M591 20) was used as an outgroup. Phylogenetic trees were reconstructed according to the medmum-likehhood
method [17] (Fig. 1) and netghbor-jolning method [18] (Fig. 51, avatlable in the online version of this artide) using meca 11 software and
the the Tamura- Net substitutton mode] [ 19] mdbuut;trﬁmmhm were performed using 1000 replications. The results of

analyses based on 165 rRMA gene sequences indicated AL-XYCI was most closely related to Clostridium muapnum DEM 27677
(96.8%), Clostridinm carboxidivorans P77 (96.3%) and Clostridium aciditolerans TW/YTL-B37 (96.1%). These 165 rRMA gene similarity
values, along with the phylogenetic trees reconstructed using the maxdmum-tikelthood method [17] (Fg. 1) and the netghbor-joining

72



Miller et al , dnt { Syst Evol Microbid, 2024;74:006372

mﬂmd.[lﬂ]{l"lgSl the proposal that AL-XYC3 represents a novel species. Addittonally, the 165 rRNA pene sequence strilarity
a:;?m dlose relattves 1s below the currently accepted threshold of 98.8%, whidh 15 now routinely used to demarcate
I:]'ll.stamlmlcrmk [20).

GENOME FEATURES

Cell biomass for A 1-XYC3" was gathered from an overnight cubture, and genomiac DINA was extracted using the DNeasy DNA extraction
ot (Qtagen] following the manofacturer’s protocol. The IVHA yield was quantified using a Qubit 3.0 fluorometer, and 100ng of DNA
was used as input for genomic library construction. Briefly, the DA was sheared wang & sonicator (B00R, (tSonica), followed by bead
deanup to remove short fragments (< 150bp]. Mext, PCR sequencing libraries were generated using llumina-spectfic barcoded primers
and pooled from triplicate reactions. Finally, sequencing libraries were purtfied using bead cleanup (1.5:), quanttfied using a Tape Station,
pooled in equimolar proportons and sequenced on a MiSeq (umina).

Using 5PAdes v3.13.0 [21], the genome for A 1-XY (3" was assembled and annotated using the Bacterial and Viral Bioinformatics
Resource Centre [22] (BV-BRC) thttps:/fwww.bv-brc.ong/). In additton, genomic sequences of close relatives of 4 1-XYC3™ and
the type strain of the type species of Clostridium sensu sivicto, Clostridium butyricum DEM 107027 (GCA_932751065.1), were
downloaded from BV-BRC.

The evolutionary relationships between A 1-XYC3 (GCA_033655955.1) and its nearest netghbours were evaluated usinga

approach. A whole-genome-based phylogenetic tree was reconstructed using the CodonTree method within the Bacterial and Viral
Eiotnformatics Resource Center (BV-BRC) [22] and rapsd randomised sccelerated maximum likelihood (RAxML) analysis vB2.11
[23. 24]. The support values for the phylogenetic tree were generated using 100 rounds of the 'rapid bootstrapping’ option of RaxML,
and visualisation was accomphshed with the Interactive Tree Of Life v3 [25]. Exbacterium limosum ATCC 84867 (GCA_D00BIT675.2)
was used as an outgroup. The taxonomic status of A1-XYC3 was confirmed by compartng average nuclestide identaty (AMI) and digital
DAA-DNA hybridisation [ dDTH) valwes between A 1-X¥C37 and its dose relatives. Valwes for ANTbetween A1-XYC3 and dose relatives
were caloulated using ExBioCloud's ANI Caloulator, which wses the orthologous ANI wsing vsearca (OrthoANIu) dporthm [13, Za].
The Genome-to-Genome Distance Caboulstor [27, 28] v3.0 was used to determine digital DMA-DRNA hybndisation. Prodigal [29]was
used to determine the DNA G+ (mol %) content.

Omie assembled, the draft genome sequence of A1-XYX3" consisted of 91 contigs, with a genome length of 3.9 Mbp, an N50 length
of 150735 bp and an average DMNA G+C content of 324 mol%. Annotation in BV-BRC revealed 3857 protein-coding sequences,
&5 tRMNA genes and 8 rRNA genes. The Ortho ANIn values between A 1-XYX3" and close relatives were 75.6-77.4%. Values for
dDIDH between A1-XYX37 and the six nearest netghbours were less than 23.5% (Table 1 ). These ANI and dDDYH values indicated
that A1-XYX3" represents a novel species within the genus Clostridium sensu siricto, as ANI and dDDH values lower than
95-96% and 70%, respectively, are established as the boundary for defining a prokaryotic speaies |27, 30]. The phylogenetic tree
(Fig. 2) was conststent with the phylogenetic placement of A1-XYX3" from the 165 rEMA gene tree (Fig. 1). The main genotyplc
characteristics of A1-XYC37 and dose relatives are given in Table 1.

In this study, an in-silico approach was used to investigate glycerophospholipid metabolism, the production of polar lipids was
performed using the Kyoto Encyclopaedia of Gene and Genomes (KEGG) database [31]. An in-silice approach 1s now encouraged

Table 1. Genaty pic differential characieristios ofd 1-XYC3 and doss relatives

Straires 1, AT-XYC3% 2, Oostridion draked SL1T; 3, Oostn dom scatologeness ATCC FRITET; &, Clostridam carbovidivoran s P77 &, O ostridiam magnum DS
ITATY, &, Closridiam nitrophenabioum 10 7, Dlostidium scidiolsrans WIYIL-BY", uR, Not reported

Characteristic 1 F 3 4 5 6 7
DA G 324 »7 HE ol 3l 355 3.8
comtent {mol% )

165 sequence HTI463 1 MBUN2NHETT CFHE933 ACVIDIMHETS LWAEDI D00 L ABMIsE414 3114945
arcession

mumbrer

165 sequence 1800 WS 967 97e 564 6.8 1
similarity (%)

GEmnme OCA_D336399:5.0 GCA_DMGDSE1TS.] GCA_MM9GISTE] CGICA_DDI0EE2S.] CICA_S001 29955 KR GUA_DIE3IETIS.]
arcession

mumber

DrthosNlu (%) 120.0 758 756 Tal 74 HE TE.B
dDDH (%) 1300 L9 218 T i) KR .1
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Fig. 2. Masimum-likelihood phylogenetic ree based on &05 single-copy genes, showing the relatiorships beraeen Dostridiam tannen spnoe A1-XYCT
and members af the genus Clostidwn sans siicte. A total of 810587 aligred nudisotides and 20352% amino acids bo reconstruct this tree. Bocksiraps
were generated with 100 rounds of the "Hapid’ bootsirapping option within RaxML. Fubacteriom lmosum ATCC BLABST [GCA_DDDA0TATE 7] was used as
the outgrowp. Bar indicates the mean number of substitutions per site, 02

and routinely utilised for pelar lipid profiling [32-36], and along with biochemical traits, these methods are now routinely used
for spectes descriptions [37-39]. The results (Fig. 52) indicate that A1-XYC3" contains the enzymes phosphatidylglycerophate
synthetase (E.C. 2.7.8.5) nmuﬁhwd}'lghcmphate phosphatase (E.C. 3.1.3.27) required to synthesise phosphatidylglyeerol
(PG from the essential b g block cytidine diphosphate diacylglycerol. In addition, the enzyme cardiohipin synthase (E.C.
17.8.41) ts present; this enzyme 15 required to produce diphosphatidylglycerol (DPG; cardiobipin). Furthermore, the genome of
AL-XYC3 also contans ﬁl:ﬁsphaﬁd‘flszime synthase (E.C. 2.7.8.8) used in the synthesis uthusphntld}'l-l-senne (P5) an inter-
mediate compound that the enzyme phosphatidylserine decarboaylase (PSD) (E.C. 4.1.1.65) further catalyses in the production of
phosphatidylethanolamine (PE) from phosphatidyl-1L-serine (Fig. 52). The sdentificatton of P5 15 interesting as this phospholipid
ts commonly ahsent from chromatography plates due to the conversion efficiency of PSD. Therefore, on the basts of the results
of this analysis, the major polar lipids predicted to be uced by A1-XYC3" are PE, PG, PS and DPG, consistent with those of
other closely related spectes (Fig. 52) and other members of the genus Clostridium sensu stricto [40] determined using in-silico
[38, 41] and wet lab methodologtes [42]. The results of additional in-silico analysis of the cell wall of AL-XYC3™ indicated the
presence of UDP-N-acetylmuramoyl-1-alanyl-p-glutamate-2,6-diaminopimelate ligase (MurE) (E.C. 6.3.2.13), which 15 used
to insert diaminopimelic acid (DAP) into the stem pephide of the peptidoglycan (Fig. 53) [43]. The presence of the diagnostic
diamino acid DAP 1s consistent with the phenotypes of other members of the genus Clostridiim sensus stricto [1, 2]

PHYSIOLOGY AND CHEMOTAXONOMY

The Gram stain reactton was determined using the Advanced Gram Stzin Kit (Hardy Magnostics) following the manufacturer’s
instructions. Aerotolerance was determined by placing cultures on media exposed to s Cells were inspected for motility and
endospore production by phase contrast microscopy (CX41, Olympus) at 1000 magnification.

Temperature ranges for growth were determined in BHI broth (supplemented with 5% (viv) clantfied rumen flusd) at 4, 30, 37, 45,
S and 55°C. Salt tolerance was determined in BHI [supplemented with 5% (v/v) clarified rumen fluld] and tested at 0.5% (wiv)
MaCl and between 1.0% (wiv) and 10.0% (w/¥), in increments of 1.0% (wiv}; pH ranges for growth were determined between
5.0 and 9.0, in increments of 1.0, and all tests were performed 1n duplicate.

For determination of the pH ranges. the following buffers were prepared at a final concentration of 10mM; sodium acetate
(pH 5.0), potassium phosphate (pH 6.0-8.0) and Tris-HCI (pH 9.0). Optimal growth conditions were determined from 0D,
using a spectrophotometer (Spectronic 200+, Milton Roy). An increase in 0D greater than 0.1 after 5days of incubation was
considered growth. Additional bMochemical traits were determined using the AP1 Z¥YM test systems (bioMérteux) according to the
manufacturer’s instructions and performed tn duplicate. Additionally, end products of metaboltsm for AL-XYC3™ were measured
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Table 2. Morphaological and physiclogical differential characteristics of AT-XYCI and doss relatives

Straire- 1, Al XYCY |data from this studyl: 2, Clostidium drake SL17 [47, 48]; 3, Dostridium scatologenss ATOC 287757 |47, 4B) & Clostridium
carhoxidivorans PT' [4T]; &, Clostridium magnum DSM 27677 [49]; &, Clostridium nitrophenolicum 107 [42]; 7, Clostridiumn aciditol erans WY IL-B3' [50],
wit, Mot reported.

Characteristic 1 2 3 4 5 & 7
Gram-siain reaction - - - + - + -
Endospore produdion - s + + ¥ * %
sntility - s + + ¥ * %
Temperalure range 20-45"C LE-42"C LE-42°C 42N 15-45°C 204500 20-45"C
Temperahre oplimem kT 30-37°C FF-A0MC IF-A0MC 337 307 355
pH range &0-T.0 +4.6-T.B 4.6-8.0 44-T.6 BO-T5 6580 3E-39
pH optimuom T S54-T5 5870 50-7.0 7.0 72 TO-T5
Salindty ange (%) Q.0-20 MR MR HR HE 00-12 @015
Cptimum salinity (%) s HR R HR HE WE o
Source Alpaca [aeors Adidic mine addicmine  Settbng ligoon Emriched Suhsurface sil ‘Wetland
sadtment pond sediment sediment

from cultures grown in basal medium with glucose at 37°C. Analysis was performed 1n duplicate from duplicate cultures using
GC {Agilent 6830 N GC, Agilent Technologles) as described by Liu et al. [44].

The cells of A1-X¥C3" are Gram-stain-negative rods {Table 2). A1-XYC3" was strictly anaerobic. Cultures did not grow when
the media was exposed to air. Colontes on BHI with 5% sheeps blood medium were opague and circular on the agar surface
after 24h at 37°C. Cells were negative for motility and endospore production, vistble with phase-contrast microscopy: A1-XYC3
could grow at between 20°C and 45°C with optimum growth at 375C. A1-XYC3" could grow at NaCl concentrattons between
0.5 and 2.0% (wiv) with optimal growth occurring at 0.5% (wiv) MaCL A1-XYC3" grew at pH values between pH 6.0 to 8.0 with
an optimum pH of 7.0. A1-XYC3" produced ethanol and acetate from glucose fermentation. The APLZYM test system detected
positive reactions for esterase (C4), esterase lipase (C8), acid phosphatase and naphthol- AS-BI-phosphobydrolase. Negative reac-
ttons were obtatned for alkaline phosphatase, lipase (C14], leuctine arylamidase, valine arylamidase, cysetine arylamidase, trypsin,
a-chymotrypsin, a-galactosidase, B-galactosidase, f-glucuronidase, a-glocosidase, f-glucosidase, N-acetyl-f-glucosaminidase,
a-mannosidase and a-fucosidase.

Chemotaxonomic features were determined at the Centre for Microbial Identtficatton and Taxonomy (Untversity of Oklahoma,
Morman, Oklahoma). The cellular fatty actds of A1-XYC3 were harvested, extracted and analysed using the Microbial Identifica-
ttom System (MIDM) [45, 46]. Analysis was performed with a 690N gas chromatograph (Agilent Technologies) equipped with
a phenyl methyl silicone fused silica capillary column (HP-Ultra 2.25me0.2 mme.33 pm film thickness) coupled with a flame
tomisatton detector. Hydrogen was used as the carrier gas. The temperature programme was preset at 170°C and increased at 5°C
min ' to a final temperature of 270°C. Fatty actds were dentified and expressed in percentages using the QBAL peak naming
database within the MIDI system.

Major components of the fatty acids profile (=10.0%) were CwC and summed feature 10 {consisting of C C, cyclo).

Addittonally, summed features 3, 4 and 12 represented the fatty acids present in moderate amounts (5.0%-9.9%) (Tabke 51,
available in the online version of this article, which 1s consistent with the phenotypes of the members of Clostridium sensu stricto.

Om the basis of biochemical, phylegenetic, genotypic and chemaxonomic criteria, A1-XYC3 represents a novel spectes within
the genus Clastridium sensu stricto. In additton to the phylogenetic trees (Figs 1 and 2 and 51), phenotypic and chemotamonomic
traits indicate the separateness of strain A1-XYC3" from its close relatives (Tables | and 2). It 1s proposed to name the novel strain
AL-XYC3" as Clostridum tanneri sp. nov.

DESCRIPTION OF CLOSTRIDIUM TANNERI SP. NOV.

Clostridinm faneri (tan'ne.rt ML gen. n. tanner, of Tanner, in honour of Ralph 5. Tanner, a contemporary American microbiolo-
gist for his many contributions to the held of anaerobic microbial cultbvation).
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The cells are strictly anaerobic, motility-negative, Gram-stain-negative rods in which sporulatton was not observed.
growth was observed at 37°C, with 0.5% (w/v) NaCl, at pH 7. Positive for growth at 25, 30, 37 40 and 45°C and 1n 1 and 3%,
but not 10% (wiv) MaCl. Using the API ZYM test system positive reactions are observed for esterase (C4), esterase lpase (CB),
acld phosphatase and naphthol- AS-Bl-phosphohydrolase. Ethanol and acetate were produced as fermentative end products.
Megative reactons were obtained for alkaline phosphatase, lipase (C14), leucine arylamidase, valine arylamidase, cysteine
trypsin, a-chymotrypsin, a-galactosidase, f-galactosidase, f-glucuronddase, a-glucosidase, B-glucosidase, N-acetyl-
f-glucosaminidase, a-mannostdase and a-fucosidase. The major components of the fatty acids profile are C,, C, | and summed
feature 10 {contaming C,/C,_ cyclo).

The type strain ts Al-XYC3T (=CCM 9376"=NRRL B-656917), which was 1solated from the faeces of a domesticated alpaca in
Mewcastle, Oklahoma. The DNA G+C content of the type strain 15 32.4mol¥. The 165 rRNA gene and genome sequences of
Al-XYC3" have been deposited in GenBank under the accesston numbers 00724631 and GCA_033659955. 1, respectively.
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