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Abstract
Current taxonomic classification approaches employ a polyphasic approach to characterize novel species. Most study morphological and biochemical characteristics along with chemotaxonomic characteristics to aid in the general assignment of species to the correct taxa. Numerous clinically isolated species benefit from such studies. One of them is the microbial community in the human gastrointestinal tract (GIT). Specifically, one of its dominant phyla, the phylum Firmicutes. 
Over the years, polyphasic studies have tried to obtain characteristics to correctly classify them taxonomically and to understand their relationship in the GIT, and so far 16S rRNA gene sequencing has caused significant taxonomic changes. Two important groups, the Clostridia and the Gram-positive anaerobic cocci (GPAC), will be discussed though out this thesis. The current taxonomic changes each one of them is currently undergoing are addressed and further changes proposed. 
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63
Literature Review: Firmicutes and The Human Gastrointestinal Microbiome.

Abstract
The microbial community of the human gastrointestinal tract (GIT) is dominated by Bacteroidetes and Firmicutes. Specifically, the phylum Firmicutes accommodates species who can have beneficial relations with their host, or some commonly isolated pathogens. Over the years, studies have tried to obtain characteristics using polyphasic approaches to correctly classify them taxonomically and to understand their relationship in the GIT.  Specifically, to understand their involvement in plant fiber digestion, carbohydrate digestion, gut microbiome development, immune system modulation, protection against colonization by pathogens, etc.  
16S rRNA gene sequencing has caused significant taxonomic changes of the families and genera within the phyla Firmicutes. One of these genera is the genus Clostridium. Historically, molecular methods emphasized the genus diversity of taxa with a very broad range of morphological and physiological characteristics. These taxonomic changes will be discussed throughout this thesis and for the purpose of this investigation, specific members of two important groups, the Clostridia and the Gram-positive anaerobic cocci (GPAC), will be examined.













Firmicutes and The Human Gastrointestinal Microbiome.

The human gastrointestinal tract (GIT) is colonized by a complex community of microbes, which can have major impacts on the host health and disease processes. Representatives of the phyla Bacteroidetes, Firmicutes, Proteobacteria and Actinobacteria normally dominate this ecosystem with Verrucomicrobia, Fusobacteria and Cyanobacteria present in lower numbers. 16S rRNA analyses have revealed that more than 90% of bacterial species found within the gut are Bacteroidetes and Firmicutes [1,2,3,4,]. Functionally, members of these phyla are involved in plant fiber digestion, carbohydrate digestion, gut microbiome development, immune system modulation, and protection against colonization by pathogens [5,6]. Previous case studies reported chronic infections by some commonly isolated pathogens belonging to the Firmicutes phylum because of their virulence factors antibiotic resistance. For the purpose of this thesis investigation, specific members of two important groups belonging to the phyla Firmicutes will be examined. The first group is found within the genus Clostridium located in the family Clostridiaceae. The second group is the Gram-positive anaerobic cocci (GPAC) located in the family Peptophiliaceae. These families belong to the order Clostridiales, phylum Firmicutes [7]. 
In 1968 Murray separated the Procatyotae kingdom into three divisions. Each division was based on characteristic cell wall structures which were thought to make them distinct from each other. The Gracilicutes diviso nov. was composed of Gram-negative cell wall bacteria, the Firmacutes diviso nov. of all Gram-positive cell wall bacteria and the Mollicutes diviso nov., of organisms lacking a true cell wall.  Since the initial proposal, the divisions have been a topic of interest for many microbiologists who have challenged them over the years [8]. In Gibbons and Murray’s 1978 description, the Firmacutes division was made up of aerobic, anaerobic or facultative anaerobic Gram-positive bacteria known to reproduce using binary fission. Their cell shape encompassed a broad range: spheres, rods and branched, or nonbranched filaments. Some produce endospores, and, if motile, they employ flagella for movement; a large portion are capable of both [9]. The broad description, the differences in mol% G+C and the inclusion of the Mollicutes division using an unfounded name led Garrity and Holt in 2001 to propose a novel phylum of Gram-positive bacteria with low DNA mol% G+C, the Firmicutes. The novel phylum replaced the older name “Firmacutes” and further divided it into three classes based on 16S rRNA gene sequence data: the Clostridia, Bacilli and Mollicutes, although the latter was somewhat controversial [10]. 
The phylogenetic relationships of the Clostridia, Bacilli and Mollicutes classes were initially based solely upon 16S rRNA gene sequence and phosphoglycerate kinase (PgK) amino acid sequences reinforced the 16S data [11,12]. Both chronometers agreed on the monophyletic origin the Mollicutes have with the Firmicutes. Although they shared a common ancestor, the Mollicutes were separated because they are phenotypically and morphologically different. An early edition of Bergey’s Manual of Systematic Bacteriology placed class Mollicutes within phylum Firmicutes, whereas in the 2nd edition, they were moved to a separate phylum Tenericutes. The change was motivated by "their unique phenotypic properties, in particular, the lack of rigid cell walls and the general low support by alternative markers". In the more recent Bergey’s publication Taxonomic Outline of Bacteria and Archaea (2007), Mollicutes were retained within the phylum Tenericutes to accommodate small wall‐less prokaryotes with small (usually 0.5–1.5 Mb) genomes and low (typically 25–30 mol%) G + C DNA [13,14, 15]. 
Although Firmicutes represent many different taxa, Clostridium and close relatives make up a significant proportion of organisms found in the GIT. [16]. Upon the application of molecular methods, and in particular 16S rRNA gene sequencing, the genus Clostridium was found to contain an extraordinary diversity of taxa with a very broad range of morphological and physiological characteristics and will be discussed further in Chapter 2.  The Gram-positive anaerobic cocci (GPAC) have also undergone some significant taxonomic changes due to 16S rRNA sequencing and will be discussed in Chapter 3.	Comment by Saavedra, Liz: Add reference
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Reclassification of Clostridium cocleatum, Clostridium ramosum, Clostridium spiroforme and Clostridium saccharogumia to a novel genus, Thomasclavelia gen. nov.

Abstract
Historically, the genus Clostridium was a repository for organisms that were Gram-positive staining, anaerobic and spore-formers. Consequently, the genus embraced a huge phylogenetic and physiological diversity that was more clearly revealed by the application of molecular methods. Although this diversity had been reported by several studies it, was not until Collins and co-workers (1994) that the large range of taxa was finally revealed by identifying 19 16S rRNA clusters, with cluster I representing the true Clostridium. However, it was not until 2016 that Lawson and Rainey formally proposed to restrict the genus to include only the type species of the genus, Clostridium butyricum, and its nearest relatives in rRNA cluster I as Clostridium sensu stricto. Consequently, species located outside this group are regarded as misclassified Clostridium. Efforts are underway to identify these organisms to continue the taxonomic revision of this important genus. One such group identified by comparative 16S rRNA gene sequencing, biochemical and physiological characteristics are a group of species located in clostridial rRNA cluster XVIII, Clostridium cocleatum, Clostridium ramosum, Clostridium spiroforme and Clostridium saccharogumia. These organisms are far removed from rRNA cluster I, Clostridium sensu stricto. In this study, all isolates were Gram-stain positive, non-motile, obligate anaerobes. The dominant long-chain fatty acids were C16:0 (Clostridium cocleatum, 27.9%; Clostridium ramosum, 23.8%; Clostridium spiroforme, 23.1%; Clostridium saccharogumia, 15.9%) and C18:1 w9c (Clostridium cocleatum, 29.6%; Clostridium ramosum, 15.1%; Clostridium spiroforme, 15.4%; Clostridium saccharogumia, 15.4%), while glucose and ribose were the carbohydrates present within the cells and in the cell walls. The characteristic cell wall murein was meso-2,6-diaminopimelic acid (meso-DAP). Further biochemical profiles derived from BiOLOG were also consistent with closely related species. Based upon phenotypic and phylogenetic findings the creation of a novel genus, “Thomasclavelia”, accommodating Clostridium cocleatum, Clostridium ramosum, Clostridium spiroforme and Clostridium saccharogumia as “Thomasclavelia cocleatum gen. nov. comb. nov.”, “Thomasclavelia ramosum comb. nov.”, “Thomasclavelia saccharogumia comb. nov.” and “Thomasclavelia spiroforme comb. nov.” is proposed. The type species of the genus is Thomasclavelia cocleatum DSM 1551T (Kaneuchi, Miyazato, Shinto, and Mitsuoka 1979). Furthermore, the genera Coprobacillus, Catenibacterium, Eggerthia, Kandleria, Longibaculum, Sharpea and Thomasclavelia share a phylogenetic ancestry. Based on phylogenetic, biochemical and chemotaxonomic information the designation of Coprobacillaceae fam. nov., a sister family to Erysipelotrichaceae, was proposed.	Comment by Saavedra, Liz: Fox, G.C.A., Stackebrandt, E., Hespell, R.B., Gibson, J., Maniloff, J., Dyer, T.A., Wolfe, R.S., Balch, W.E., Tanner, R.S., Magrum, L.J. and Zablen, L.B., 1980. The phylogeny of prokaryotes. Science, 209(4455), pp.457-463.
Lawson 1993
Tanner







Introduction
[bookmark: OLE_LINK31][bookmark: OLE_LINK32]Prazmowski first described the genus Clostridium in 1880. Since then, it has become a depository for non-sulfate-reducing, spore-forming, obligate anaerobes with Gram-positive type cell walls [1]. Over time the morphological, physiological and chemotaxonomic features of the genus expanded resulting in the discovery and description of over 200 species (http://www.bacterio.net/clostridium.html, 15th of June, 2018). This range of characteristics is observed in the different phenotypes which include psychrophiles, thermophiles and acidophiles along with organisms that synthesize cytochromes and quinones and whose G+C content of chromosomal DNA ranges from approximately 21 to 54% [2]. Still, the application of molecular methods in addition to older cultivation methods, have emphasized the need for revision. 16S rRNA gene sequencing revealed a broad diversity range between species and over the past 43 years researchers have worked to identify species that should be within the Clostridium genus, while properly reclassifying those which should not.
The genetic relationships of Clostridium were first studied by Johnson and Francis in 1975. They utilized rRNA homologies to demonstrate that 56 clostridial species had low homologies between them. These homology patterns were employed to establish RNA groups within the genus [3]. Six years later, Tanner et al. (1981) and Woese (1987) continued this work with oligonucleotide cataloging in which short 5 to 7 nucleotide long fragments were used to provide some preliminary insight into the phylogenetic relationships of different species within the genus Clostridium [4,5]. Their work oficially questioned the validity of the taxonomic distinctions in the genus Clostridium.	Comment by : 
In 1994, Collins and colleagues used 16S rRNA gene sequencing to more precisely demonstrate the phylogenetic diversity present within the genus [6]. Nineteen distinct phylogenetic clusters were defined and cluster I was reserved for the ‘true’ members of the genus. Additionally, Collins and colleagues proposed 5 new genera and 11 novel species combinations [7]. Gupta and Gao reinforced these relationships in 2009 by demonstrating that cluster I species contained unique protein signatures specific to this cluster [8]. Their results supported the separation of cluster I organisms as true clostridia. Subsequently, in 2016, Lawson and Rainey (2016) formally proposed the restriction of the Clostridium genus to include only Clostridium butyricum and related species within cluster I while recognizing Clostridium senus stricto as the true clostridial species [9,10]. In their proposal member of cluster I held 16S rRNA gene sequence similarities and conserved three unique indels within three highly conserved proteins: a 1 aa deletion in ATP synthase  subunit, a 4 aa insert in DNA gyrase A and a 1aa insert in the S2 ribosomal protein.
The genus remains in a state of taxonomic transition with many organisms still retaining the designation Clostridium and thus requiring further taxonomic restructuring. One such group in need of reclassification identified using phylogenetic studies based on the 16S rRNA gene. Four species from cluster XVIII, Clostridium saccharogumia, Clostridium ramosum, Clostridium cocleatum and Clostridium spiroforme, were investigated due to their significance in clinical microbiology. Particularly, species in cluster XVIII have specific roles in clinical microbiology, including gut communities. Clostridium saccharogumia impacts the gut microbiome as it aids in the digestion of lignans found in Western diets [11]. Clostridium cocleatum is a known mucin utilizer when colonizing the digestive tract of mice [12]. Clostridium ramosum is known to enhance diet-induced obesity in mice and in 2014 was proposed to have a similar effect in a simplified human intestinal (SIHUMI) microbiota [13]. Clostridium spiroforme has been associated with spontaneous antibiotic-associated diarrhea and colitis [14]. 
In this study a polyphasic approach including phylogenetic, phenotypic and chemotaxonomic methods were applied to augment 16S rRNA gene studies. The analysis demonstrated the shared phylogenetic ancestry between the genera Coprobacillus, Catenibacterium, Eggerthia, Kandleria, Longibaculum, Sharpea and Thomasclavelia that warrants a new family designation for which the name Coprobacillaceae fam. nov. is proposed.













Materials and Methods
Strain isolation
The strains in this study were isolated in multiple locations around the world and deposited at the Culture Collection at the University of Göteborg (CCUG), Sweden. Clostridium cocleatum  strain CCUG 46310T was initially isolated from a mouse cecum in Japan in 2002. Clostridium spiroforme strain CCUG 46510T was initially isolated from human feces in 1993 in the United States. Clostridium saccharogumia strain CCUG 51486T was initially isolated from human feces in Germany in 2005. Clostridium ramosum strain CCUG 24038T was deposited in the Prévot collection in 1927 without an indicated source. Strains CCUG 46310T and CCUG 46510T were isolated and purified in chocolate agar while strains CCUG 51486T and CCUG 24038T were isolated and purified in Brain Heart Infusion agar amended with 5% defibrinated sheep blood and chopped meat medium, respectively.  All strains were grown under anaerobic conditions at 37oC.

Culture conditions and cultivation
Clostridium ramosum (CCUG 24038T), Clostridium saccharogumia (CCUG 51486T), Clostridium cocleatum (CCUG 46310T) and Clostridium spiroforme (CCUG 46510T) strains were provided as lyophilized cultures. The strains were initially grown in BD BactoTM Brain Heart Infusion (Sparks, MD, USA) broth amended with vitamin K and rumen fluid at 37oC with 10 psi anaerobic headspace (N2:H2:CO2, 70:20:10). After seven days, 100 L samples were transferred onto BD BactoTM Brain Heart Infusion (Sparks, MD, USA) agar amended with 5% defibrinated sheep’s blood (pH 7.4) and incubated under the same conditions (Table 2.1). 

Morphological, physiological and biochemical characterization 
Colonies used for analyses were grown anaerobically for seven days at 37oC on BD BactoTM Brain Heart Infusion agar with 5% defibrinated sheep’s blood, unless stated otherwise. Gram-stains and wet mounts were performed in accordance with previously described methods to analyze cell wall characteristics and motility (15,16). Cells were examined with an Olympus CX41 microscope using phase contrast at 1000X magnification. 
Biochemical characterization was performed using BiOLOG AN MicroPlate GEN II (Hayward, CA, USA) following the manufacturer’s instructions. The plates were incubated anaerobically, read after 24 hours and reviewed after 48 hours; all tests were performed in duplicate. In addition, the API Rapid ID 32A  system (bioMérieux, France) was used to determine additional biochemical and enzymatic reactions following the manufacturer’s instructions. All tests were performed in duplicate. 

16S rRNA gene sequence and phylogenetic analysis 
DNA isolation, 16S rRNA gene sequencing and phylogenetic analysis were used to examine and establish phylogenetic relationships with nearest neighbors. The complete 16S rRNA gene sequence was obtained from DNA extracted using a PowerSoil® DNA Isolation Kit (MoBio Laboratories, Inc.). Primers corresponding to positions 8-28 (universal pA forward primer) and 1522-1542 (universal pH reverse primer) of the Escherichia coli numbering were used to amplify the 16S rRNA gene [17]. 
 	Amplicons were purified using ExoSAP-IT (USB Corporation) and sequenced with primers specific to the conserved positions of the rRNA gene; 522-539 (pD, reverse primer),anti forward primer, 1090-1109 (3*, forward primer) and 1510-1492 (1492R, reverse primer) [17]. 16S rRNA gene sequencing was carried out at the University of Oklahoma’s Biology Core Molecular Laboratory. Approximately 1,440 bases of the 16S rRNA gene were determined for all strains. Nearest phylogenetic relatives were identified using the EzTaxon server (http://eztaxon-e.ezbiocloud.net/) [18]. The 16S rRNA gene sequences of all strains and the type strains of their nearest relatives were aligned in MEGA using Muscle according to the maximum-likelihood method and the stability of the groupings was estimated by bootstrap analysis (1000 replications) [19-21]. 	Comment by Lawson, Paul A.: Correct this

Chemotaxonomic characterization
Chemotaxonomic analyses were used to examine characteristics of the cell membrane components. Whole cell sugars and diagnostic diamino acids features were analyzed as previously described [22,23,38]. Fatty acid methyl esters were extracted from lyophilized cell material and analyzed by gas chromatography in accordance to the Sherlock Microbial Identification System  protocol (MIDI Labs Inc., Newark, DE) version 6.1 [24,25]. Fatty acid concentrations were expressed as percentages in the QBA1 peak naming databases, and a value of 10% as the threshold for major and minor fatty acids.


Table 2.1: BD BactoTM Brain Heart Infusion medium components. Formula per liter of deionized water.
	Formulae
	
	

	BD BactoTM Brain Heart Infusion
	 
	 

	Calf brains, Infusion from 200 g
	7.7
	g

	Beef Heart, Infusion from 250 g
	9.8
	g

	Proteose Peptone
	10.0
	g

	Dextrose
	2.0
	g

	Sodium Chloride
	5.0
	g

	Disodium Phosphate
	2.5
	g

	 
	 
	 

	Agar
	15.0
	g


Final pH 7.4 +/- 0.2 at 25 oC.
Autoclave at 121 oC.











Results
Morphological, phenotypic, and biochemical characterization studies
The morphological, phenotypic, and biochemical results obtained in this study were concordant with previously established data [26].
All strains recovered from solid media required seven days of growth under strictly anaerobic conditions. Clostridium ramosum (CCUG 24038T) and Clostridium saccharogumia (CCUG 51486T) produced round colonies, with slight convex elevation, white pigmentation and smooth, entire margin. Clostridium ramosum (CCUG 24038T) cells were straight rods, 0.5-0.8 x 2-10 m in size and occurring singly, in pairs or short chains arranged as “V”. Clostridium saccharogumia (CCUG 51486T) cells were helically coiled rods, 0.8 x 2 m in size and occurring as single cells. Clostridium cocleatum (CCUG 46310T) colonies were round, with slight convex elevation, light yellow pigmentation, and a smooth, entire margin. Cells were semicircular rods, 0.4 x 5 m in size and occurring singly. Clostridium spiroforme (CCUG 46510T) produced small, round colonies with convex elevation, off-white pigmentation, and a smooth, entire margin. The cells were tightly coiled rods, 0.4-0.5 x 3.0-8.0 m in size occurring as long chains. Under microscopic examination all cells contained a thick peptidoglycan layer and a thin cytoplasmic membrane as evident by a Gram-positive staining result. Motility was not observed.	Comment by : 	Comment by : 
BiOLOG AN MicroPlate II (Hayward, CA, USA) analysis at 24 hours provided evidence that all strains utilized D-fructose, but L-fucose and palatinose were used only by three of the four strains (Clostridium ramosum; CCUG 24038T, Clostridium cocleatum; CCUG 46310T and  Clostridium saccharogumia; CCUG 51486T ) (Table 2.2). The results correspond with previously published data for Clostridium cocleatum, Clostridium ramosum, Clostridium spiroforme and Clostridium saccharogumia with minimal differences [17]. N-acetyl-D-galactosamine, N-acetyl-D-glucosamine, N-acetyl--D-mannosamine, arbutin, dextrin, gentibiose, -D-glucose, glucose-6-phosphate, lactulose, matotriose, 3-methy-D-glucose, and turanose were utilized by Clostridium ramosum; CCUG 24038T and Clostridium saccharogumia; CCUG 51486T. D-galacturonic acid, D-glucosaminic acid, and L-rhamnose were utilized by Clostridium cocleatum; CCUG 46310T and Clostridium saccharogumia; CCUG 51486T. Glucose-1-phosphate was utilized by Clostridium cocleatum; CCUG 46310T and -methyl-D-galactoside, -methyl-D-galactoside, -methyl-D-glucoside, turanose, pyruvic acid, pyruvic acid methyl ester, L-methionine, L-phenylalanine, L-valine, inosine and uridine were utilized by Clostridium ramosum; CCUG 24038T.	Comment by : 	Comment by Saavedra, Liz: Cite bergey
API RapidID 32An test system (bioMérieux, France) analysis at 24 hours provided evidence that all strains produced acid from -galactosidase. CCUG 51486T, CCUG 24038T and CCUG 46310T produced acid from -glucosidase, but only CCUG 51486T and CCUG 24038T produced acid from mannose. CCUG 51486T and CCUG 46310T produced acid from -galactosidase. Additionally CCUG 46310T produced acid from alkaline phosphatase and CCUG 24038T produced acid from -galactosidase-6-phosphate.




Table 2.2: Metabolic fingerprint as derived from  BiOLOG AN MicroPlate (GEN II for anaerobic bacteria). 


	Test
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10


	-galactosidase
	-
	+
	-
	+
	-
	-
	-
	+
	-
	+

	-galactosidase
	+
	+
	+
	+
	+
	-
	-
	+
	+
	+

	 -galactosidase-6-phosphate
	+
	-
	-
	-
	+
	+
	w
	-
	-
	-

	 -glucosidase
	+
	-
	-
	-
	-
	-
	+
	+
	-
	+

	 -glucosidase
	+
	w
	-
	+
	+
	+
	+
	+
	-
	+

	 -glucuronidase
	-
	-
	-
	-
	-
	-
	-
	-
	+
	-

	Mannose
	+
	-
	-
	+
	+
	+
	-
	+
	-
	+

	Raffinose
	-
	-
	-
	-
	+
	-
	-
	-
	-
	-

	Alkaline phosphatase
	-
	+
	-
	-
	-
	-
	-
	-
	-
	-

	Arginine arylamidase
	-
	-
	-
	-
	+
	-
	+
	+
	-
	+

	Leucine arylamidase
	-
	-
	-
	-
	-
	-
	w
	w
	-
	w

	Pyroglutamic acid arylamidase
	-
	-
	-
	-
	+
	+
	+
	-
	+
	-

	Glycine arylamidase
	-
	-
	-
	-
	+
	-
	w
	+
	-
	w

	Histindine arylamidase
	-
	-
	-
	-
	+
	-
	-
	+
	+
	w




Clostridium ramosum CCUG 24038T this study; 2., Clostridium cocleatum CCUG 46310T this study; 3., Clostridium spiroforme CCUG 46384T this study; 4., Clostridium saccharogumia CCUG 51486T this study; 5., Catenibacterium mitsuokai JCM 10609T [27]; 6., Coprobacillus cateniformis JCM 10604T; [28]; 7., Eggerthia catenaformis OT 569T[29]; 8., Kandleria vitulina DSM 20405T; [29]; 9., Longibaculum muris DSM 29481T[30]; 10., Sharpea azabuensis JCM 14210T[31].  +, positive; -, negative; w, weak positive. 	Comment by Saavedra, Liz: Add references
Profiles were established using cultures grown in Brain Heart Infusion Agar + 5% sheep blood at 37oC and a N2:H2:CO2 gas mix for 24 hours. Results for strains within Clostridium cluster XVIII are emphasized in bold.

Phylogenetic studies
A phylogenetic tree constructed by the maximum-likelihood method based on 16S rRNA sequencing depicting the phylogenetic affinity of these organisms (Clostridium saccharogumia, Clostridium ramosum, Clostridium cocleatum and Clostridium spiroforme) and close relatives are shown in Figure 2.1. The results confirmed that Clostridium saccharogumia, Clostridium ramosum, Clostridium cocleatum and Clostridium spiroforme belong to the clostridial rRNA cluster XVIII as previously reported with Coprobacillus cateneformis being somewhat more distantly related (91.4 %) [9,10]. These values support the proposal that these species represent a novel genus based on the accepted value of 94.0% now routinely used to demarcate this rank [32].	Comment by Lawson, Paul A.: Do you have 2 phylogentic trees?	Comment by Saavedra, Liz: Check reference order and add Kim’s paper
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Figure 2.1: Unrooted tree showing the phylogenetic inter-relationships of members of the genus Thomasclavelia gen. nov.  with its nearest relatives. Phylogenetic analyses were performed on 1300 nucleotides using the maximum-likelihood algorithm. Bar = 1% sequence divergence. Cluster XVIII species with new names are emphasized in bold.




Chemotaxonomic studies
The dominant fatty acids of all the species were C16:0 (17.0%), and C18:1 w9c (13%) (Table 2.3).  Additionally, Clostridium ramosum (CCUG 24038T) contained C18:1 w7c (14.8%) and C16:1 w9c (12.1%), Clostridium saccharogumia (CCUG 51486T) contained C16:0 aldehyde (29.2%) and C18:1 w7c (13.1%), Clostridium cocleatum (CCUG 46310T) contained C14:0 (10.2) and C18:0 (11.1%), and Clostridium spiroforme (CCUG 46510T) contained C15:0 iso (10.3%). Whole-cell sugar analysis revealed the sugars present within the cells of each isolate were glucose and ribose. In addition rhamnose was also present in Clostridium ramosum (CCUG 24028T) and Clostridium saccharogumia (CCUG 51486T) (Figure 2.2). Meso-2,6-diaminopimelic acid (meso-DAP) was present as the diagnostic diamino acid in the third position of the stem peptide chain along with the universal L-alanine and D-glutamic acid. Lastly the interpeptide bridge appeared to contain L- lysine (Figure 2.3). 	Comment by Saavedra, Liz: Species name









Table 2.3: Fatty acid profiles of Clostridium ramosum (CCUG 24038T), Clostridium cocleatum (CCUG 46310T), Clostridium spiroforme (CCUG 46510T) and Clostridium saccharogumia (CCUG 51486T).	Comment by Saavedra, Liz: Strain number
	Fatty acida
	1
	2
	3
	4

	C14:0 
	6.3
	10.2
	9.3
	5.3

	C15:0 
	
	1.0
	
	 

	C15:0 iso
	
	
	10.3
	 

	C16:0 aldehyde  
	9.1
	1.1
	1.7
	29.2

	C16:1 w9c    
	12.1
	
	
	3.6

	C16:1 w7c   
	6.2
	3.3
	
	3.6

	C16:0            
	23.8
	27.9
	23.1
	15.9

	C17:0            
	
	1.3
	
	 

	C17:1 w8c   
	1.9
	
	
	6.4

	C18:2 w6,9c  
	3.2
	5.1
	2.5
	 

	C18:1 w9c     
	15.1
	29.6
	15.4
	15.4

	C18:1 w7c  
	14.8
	2.8
	
	13.1

	C18:0          
	6.1
	11.1
	6.4
	3.8



Clostridium ramosum (CCUG 24038T) this study; 1., Clostridium cocleatum (CCUG 46310T) this study; 2., Clostridium spiroforme (CCUG 46510T) this study; 3. and Clostridium saccharogumia (CCUG 51486T) this study; 4.	Comment by Saavedra, Liz: Strain number
Profiles were established using cultures grown in Brain Heart Infusion Agar + 5% sheep’s blood at 37oC and a N2, H2, CO2 gas mix. aMajor fatty acids were analyzed in the QBA1 library under 10% standard percentage abundance and bolded for emphasis. 




[image: ]

Figure 2.2: Whole-cell sugar analysis of species within clostridial rRNA cluster XVIII: Clostridium ramosum (CCUG 24038T), Clostridium cocleatum (CCUG 46310T), Clostridium spiroforme (CCUG 46510T) and Clostridium saccharogumia (CCUG 51486T).	Comment by Saavedra, Liz: Strain number
Profiles were established using lyophilized cell material from cultures grown in Brain Heart Infusion Agar + 5% sheep’s blood at 37oC and a N2, H2, CO2 gas mix.
Lane 1 to 8: sugar standards. 
Lane 9 and 13: Controls (Lawsonella clevelandensis, CCF-01T)
Lanes 14 to 17: CCUG 51486T, CCUG 24038T, CCUG 46310T, CCUG 46510T




[image: ]
Figure 2.3: Diagnostic diamino acids analysis of species within clostridial rRNA cluster XVIII: Clostridium ramosum (CCUG 24038T), Clostridium cocleatum (CCUG 46310T), Clostridium spiroforme (CCUG 46510T) and Clostridium saccharogumia (CCUG 51486T).	Comment by Saavedra, Liz: Strain number
Profiles were established using lyophilized cell material from cultures grown in Brain Heart Infusion Agar + 5% sheep’s blood at 37oC and a N2, H2, CO2 gas mix.
Lane 1 to 8: amino acid standards. 
Lane 9 to 11, 16: Controls
Lanes 12 to 15: CCUG 51486T, CCUG 24038T, CCUG 46310T, CCUG 46510T
Based on the data, we propose the reclassification of Clostridium cluster XVIII species into a novel genus, Thomasclavelia gen. nov., and the creation of a novel family, Coprobacillaceae fam. nov.. Their new descriptions are as follows:

Description of Coprobacillaceae fam. nov.

Coprobacillaceae fam. nov. (Co.pro.ba.cil.la.ce'ae. N.L. masc. n. Coprobacillus, type genus of the family, -aceae ending to denote a family, N.L. pl. fem.n. Coprobacillaceae the Coprobacillus 
family). 
Type genus: Coprobacillus Kageyama and Benno 2000. 
The description of the family is based on that given by Verbarg et al. [15]. The family falls within the order Erysipelotrichales and its delineation is primarily based on 16S rRNA gene sequence phylogeny which is supported by morphological, biochemical and chemotaxonomic characteristics. The family includes the genera Catenibacterium, Coprobacillus, Eggerthia, Kandleria, Longibaculum, Sharpea and Thomasclavelia. Strictly anaerobic, spores may be present. Peptidoglycan contains meso-DAP as the diagnostic diamino acid, but one species has been reported to contain L-lysine. The predominate fatty acid is C16:0. Phylogenetically a sister clade of Erysipelotrichaceae, phylum Firmicutes. Isolated from human and horse feces, human infections, rumen of cattle. The DNA G + C content is between 26-39 mol%. The type genus is Coprobacillus.




Description of Thomasclavelia gen. nov.
Thomasclavelia gen. nov. (Tho.mas.cla.vel'i.a. N.L. fem. n. Thomasclavelia, in honor of the contemporary Germany microbiologist Thomas Clavel in recognition of his many contributions to gastrointestinal microbiology).
Cells are Gram-positive staining, non-motile and exhibit various degrees of coiling although some strains are seen as straight rods. All species are anaerobic and nonhemolytic. Spores are round and located both centrally and terminally. Cell wall murein is based on meso-DAP as the diagnostic diamino acid, and glucose, ribose and xylose are the major whole cell sugars.  Isolated from animal and human sources. The G + C content of the DNA is 27-32 mol %. The type species of the genus is Thomasclavelia cocleatum and belongs to the family Coprobacillaceae.

Description of Thomasclavelia cocleata comb. nov.
Thomasclavelia cocleata (co.cle.a'ta. L. n. coclea a snail shell or whirlpool; referring to the cell morphology of the type strain).
Basonym: Clostridium cocleatum Kaneuchi et al. 1979.
The description of Thomasclavelia cocleata is identical to that proposed for Clostridium cocleatum [16] with the additional details. Using the BiOLOG AN Microplate (GEN II for anaerobic bacteria), positive reactions are given with D-fructose, L-fucose, D-galacturonic acid, D-glucosaminic acid, glucose-1-phosphate, glucose-6-phosphate, palatinose and L-rhamnose. Using the API RapidID 32An test system, acid is produced with alkaline phosphatase, -glactosidase,galactosidase, and -glucosidase (weak). The major fatty acids are C14:0, C16:0, C16:0 aldehyde, C16:1ω9c and C18:1ω9c. Cell wall murein is based on meso-DAP as the diagnostic diamino acid. The type strain is CCUG 46310T ( = ATCC 29902T = DSM 1551T = NCTC 11210T) [29].

Description of Thomasclavelia ramosa comb. nov.
Thomasclavelia ramosa (ra.mo'sa. L. fem. adj. ramosa much-branched).
Basonym: Clostridium ramosum Veillon and Zuber 1898; Holdeman, Cato and Moore 1971.
The description of Thomasclavelia ramosa is identical to that proposed for Clostridium ramosum Holdeman, Cato and Moore 1971) with the additional details. Using the BiOLOG AN Microplate (GEN II for anaerobic bacteria), positive reactions are obtained with N-acetyl-D-galactosamine, N-acetyl-D-glucosamine, N-acetyl--D-mannosamine, amygdalin, arbutin, D-cellobiose, dextrin, D-fructose, L-fucose, D-galactose, gentibiose, -D-glucose, glucose-6-phosphate, -D-lactose, lactulose, maltose, matotriose, D-mannitol, D-melibiose,  3-methyl-D-glucose, -methyl-D-galactoside,  -methyl-D-galactoside,  -methyl-D-glucoside, palatinose, D-raffinose, salicin, sucrose, D-trehalose, turanose, pyruvic acid, pyruvic acid methyl ester, L-methionine,  L-phenylalanine, L-valine, inosine, uridine. Using the API RapidID 32An test system, acid is produced with -galactosidase, -glactosidase-6-phosphate, -glucosidase, -glucosidase and mannose. The type strain is CCUG 24038T (= ATCC 25582T = DSM 1551T = NCTC 11210T).




Description of Thomasclavelia saccharogumia comb. nov.
Thomasclavelia saccharogumia (sac. cha. ro. gu' mi.a. Gr. neut. n. saccharon sugar, L. fem. n. gumia eater, N. L. fem. n. saccharogumia sugar eater
Basonym: Clostridium saccharogumia Clavel et al. 2007. 
The description of Thomasclavelia saccharogumia is identical to that proposed for Clostridium saccharogumia Clavel et al. 2007. The type strain is SDG-Mt85-3DbT (=CCUG 51486T = DSM 17460T). Using the BiOLOG AN Microplate (GEN II for anaerobic bacteria), positive reactions are obtained with N-acetyl-D-galactosamine, N-acetyl-D-glucosamine, N-acetyl--D-mannosamine, amygdalin, arbutin, D-cellobiose, dextrin, D-fructose, L-fucose, D-galacturonic acid, gentibiose, D-glucosaminic acid, -D-glucose, glucose-6-phosphate, -D-lactose, lactulose, maltose, matotriose, D-mannose,  3-methy-D-glucose, -methyl-D-glucoside, palatinose, D-raffinose, D-rhamnose, salicin, sucrose, D-trehalose, turanose, pyruvic acid methyl ester. Using the API RapidID 32An test system, acid is produced with -galactosidase, -galactosidase, -glucosidase, and mannose. The type strain is SDG-Mt85-3DbT (CCUG 51486T = DSM 17460T).

Description of Thomasclavelia spiroformis comb. nov.
Thomasclavelia spiroformis (spi.ro.for'mis. Gr. n. spira a coil; L. n. forma shape; N. L. fem. adj. spiroformis in the shape of a coil).
Basonym: Clostridium spiroforme Kaneuchi et al. 1979.
The description of Thomasclavelia spiroformis is identical to that proposed for Clostridium spiroforme Kaneuchi et al. 1979. Using the BiOLOG AN Microplate (GEN II for anaerobic bacteria), positive reactions are obtained with amygdalin, D-cellobiose, D-fructose, D-mannose and salicin. Using the API RapidID 32An test system, acid is produced with -galactosidase. The type strain is CCUG 46510T (= ATCC 29900T = DSM 1552T = NCTC 11211T) [29].




































Discussion

The human intestinal tract harbors an enormous diversity of microorganisms which play a decisive role in the health and physiology of the host [33-35]. One of the genera found to be a major component of this diversity is Clostridium, but throughout the years the taxonomy of this large group has been debated. Presently, only species found in cluster I are recognized as true members of the genus Clostridium; those located outside this cluster are regarded as misclassified clostridia [1-10, 34]. With the objective of improving the taxonomic structure of the genus Clostridium, a polyphasic approach was employed in this study, and the results confirmed the need for reclassification of Clostridium cocleatum, Clostridium saccharogumia, Clostridium ramosum and Clostridium spiroforme.
Based on the results presented, Clostridium cocleatum, Clostridium ramosum, Clostridium spiroforme and Clostridium saccharogumia, possess consistent characteristics that strongly support their inclusion into a novel genus. 16S rRNA gene sequencing shows relatedness between the species greater than 96.0% and places them into cluster XVIII, demonstrating that they are well removed from Clostridium sensu stricto. This rRNA cluster is adjacent to cluster XVI containing the organism Erysipelotrix and related organisms and was the nuclei of the family Erysipelotrichaceae established to accommodate the genera Erysipelothrix, Holdemania, Bulleidia, Solobacterium and some misclassified members of other genera, Clostridium innocuum, Streptococcus pleomorphus and Eubacterium biforme [6] . Chemotaxonomic analysis utilizing fatty acids, sugars and peptidoglycan composition of each species, as well as the presence or absence of a wide variety of enzymes confirmed the close association between these species. Therefore, it is proposed that a novel genus should be created for which the name Thomasclavelia gen. nov. is proposed to include Clostridium cocleatum, Clostridium saccharogumia, Clostridium ramosum and Clostridium spiroforme. Characteristics that serve to distinguish members of Thomasclavelia are given in Figures 2.1, 2.2 and 2.3, and Tables 2.1, 2.2 and 2.3.
Furthermore, the genera Coprobacillus, Catenibacterium, Eggerthia, Kandleria, Longibaculum, Sharpea and now Thomasclavelia share a phylogenetic ancestry within the Firmicutes and form a robust group. Based on phylogenetic, biochemical and chemotaxonomic information the designation of Coprobacillaceae fam. nov., a sister family to Erysipelotrichaceae was proposed. It is important to note this family is based upon that of the same name as proposed by Verbarg et al., [37] but due to technical reasons, improper proposal to create a genus with a family name, validation was not allowed in IJSEM.
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Isolation and characterization of novel species belonging to the genera Parvimonas, Ruoffiella gen. nov. and Liuella gen. nov. of the family Peptoniphilacea.
Abstract
The Gram-positive anaerobic cocci (GPAC) are part of the commensal flora of humans and animals. They account for approximately 30% of all isolated anaerobic bacteria from clinical specimens. Historically identification of these anaerobes has been limited in the diagnostic laboratory, mainly due to requirements for prolonged incubation times, slow developing genotypic identification and common isolation from polymicrobial infections in which known pathogens may take precedence. However, more recent developments in molecular methods have resulted in considerable changes to the taxonomy of GPAC enabling the reclassification of many existing taxa in addition to the description of novel species originating from clinical material. The present study employed a polyphasic investigation that included phylogenetic, phenotypic and chemotaxonomic methods to characterize three novel organisms belonging to the GPAC group. The consistent chemotaxonomic features shared by the three species included L-ornithine as the diagnostic diamino acid, glucose as the common sugar present in the cell wall, and an inability to utilize carbohydrates.  In addition to low 16S rRNA similarity values, the biochemical profiles of  Ruoffiella abscessiensis sp. nov., CCUG 66799T, and Liuella johnsonii sp. nov., CCUG 65098T, differed from those of their nearest relatives, but that of Parvimonas asscharolyticus sp. nov., CCUG 667360T, showed concordance with other species of the genus Parvimonas. 16S rRNA gene sequencing shows sequence similarity between Parvimonas asscharolyticus sp. nov., CCUG 667360T, and Parvimonas micra  was  less than 95.3%, lower than the 98.8% threshold value used to delineate novel species. The additional two organisms examined demonstrated sequence similarities below the 94% value routinely used for delineation of novel genera. Therefore, based on phylogenetic, phenotypic and chemotaxonomic results, two novel genera, Ruoffiella gen. nov. (CCUG 66799T) and Liuella gen. nov. (CCUG 65098T) are proposed. The type species of the genera are Ruoffiella abscessiensis sp. nov. and Liuella johnsonii sp. nov.  Furthermore, a novel species belonging to the genus Parvimonas is proposed, Parvimonas asaccharolyticus sp. nov. (CCUG 67360T).















Introduction
An important group known as the Gram-Positive Anaerobic Cocci (GPAC) bacteria is often found as part of the commensal microbiota in the respiratory and gastrointestinal tracts, the female genitourinary system and  skin.  Consisting of obligately anaerobic non-spore-forming cocci, species in this group have been reported to make up as much as 30% of pathogenic isolates recovered from clinical material, but their etiology remains unclear. However, antibiotic resistance and some other virulence factors have been identified [1-4]. Typically, commensal bacteria don’t breach the protective immunological barriers, but under certain conditions (wounds, immune-compromised systems, abscesses, etc.) infections caused by these opportunistic pathogens have the potential to cause severe damage. Body locations of most GPACs are located in the oral flora (Parvimonas micra) and the skin flora (Finegoldia magna and Peptinophilus asaccharolyticus) [5]. However, transfer or carry-over mechanisms to sites of infections are not well understood. The gap in our knowledge is due mainly to the long periods of growth required for GPACs recovery during which carry-over/transfer is hypothesized to take place in addition to difficulties isolating species from polymicrobial infections. In severe cases, isolates of Finegoldia magna can often be associated not only with skin infections, but also with soft tissue, bone and joint infections. Therefore it is almost impossible to precisely identify the original location of the infection.  	Comment by Saavedra, Liz: Need to reword sentence. Also reword the following sentence in order to flow.	Comment by Saavedra, Liz: reference!!!!!!
The GPACs are part of the order Clostridiales and have undergone extensive taxonomic changes including reclassification and the formation of a new family Peptoniphileace. The changes embrace a number of genera (Anaerococcus, Anaerosphaera, Helcoccus, Finegoldia, Gallicola, Parvimonas and Murdochiella) that were previously classified under Family XI Incertae sedis denoting their unknown precise taxonomic affiliations [6]. 	Comment by Saavedra, Liz: LOOK FOR THE CORRECT REFERENCE! NICKI
The background of this group is long and complex. In 1936 Kluyver and van Niel described two genera, Peptostreptococcus and Peptococcus, separated solely by morphological characteristics. Species belonging to Peptococcus were arranged in clumps and placed in the Micrococcaceae family while those in Peptostreptococcus were in chains and placed in the genus Streptococcus  [7]. In 1948, Prévot further divided them into eight genera when more microscopic morphological characteristics were observed. In 1971 he reclassified half of them, Peptococcus, Peptostreptococcus, Sarcina and Ruminococcus, into the family Peptococcaceae [8, 9]. The new family was composed of strictly anaerobic Gram-positive cocci or coccobacillus. Peptococci and peptostreptococci were differentiated from  ruminococci and sarcinae due nutritional requirements derived from protein as the sole energy source rather than carbohydrates [10]. Rogosa’s study led Holdeman and Moore to transfer all microaerophilic species to the genus Streptococcus based on their ability to withstand and grow under low oxygen levels in addition to oxidase and catalase negative reactions, and the transfer was later supported by Wexler’s cell wall structure analysis and nucleic acid analysis as described by Huss et al. [11-13].
The increasing application of DNA hybridization techniques in the 1980’s began to emphasize discrepancies in older classification systems [14]. Ezaki et al. (1983) shed light on the nucleic acid and biochemical properties that again revealed discrepancies with the original classification. The G+C content differences they obtained allowed them to reclassify four Peptococcus species into the Peptostreptococcus genus leaving Peptococcus niger as the sole species of the Peptococcus genus while also disposing of the original cellular arrangement distinction between peptococci and peptostreptococci [15]. Still, these observations were not without controversy as in 1984 Huss et al. challenged their nucleic acid analysis. The study by Huss et al. detected no DNA homology between certain strains as well as different G+C content values at the genus level [16]. The discrepancies  were not initially accepted, but additional studies over time, 1984, confirmed the results of Huss et al. case for a more in-depth restructuring of the GPAC [17, 18].
More recently, 16S rRNA gene sequence data have confirmed the distant relationship of Peptococcaceae’s type species, Peptococcus niger, to GPAC species while emphasizing the relatedness between the type species of the genera Peptostreptococcus and Clostridium [19, 20, 21, 22]. In 1994 Collins et al. compared over 100 reference strains and created nineteen 16S rRNA gene clusters within the Clostridium genus. Cluster XIII contains eleven species from the Peptostreptococcus genus in addition to Helococcus kunzii;  cluster XI contains one GPAC species, Peptostreptococcus anaerobius, Eubacterium tenue and eighteen Clostridium species [17,23]. The location of various Peptostreptococcus species in different clusters, along with varying biochemical results led Huss et al. to propose further revisions of the genus. 
Murdoch and Shah (1999) reanalyzed 16s rRNA gene sequences and showed that Peptostreptococcus anaerobius, the type species of the genus Peptrostreptococcus, was phylogenetically distinct from other species in the genus and therefore represented a subgroup within clostridia. Furthermore Peptostreptococcus anaerobius contained higher mol% G+C reinforcing its separateness. Peptostreptococcus micros and Peptostreptococcus magnus were closely related to each other, but distinct from the type species and were reclassified into novel genera, Micromonas gen. nov. and Finegoldia gen. nov.,  respectively [22]. Murdoch and Shah’s only error was nomenclature because of the usage of a homonym when naming the Micromonas genus. Tindall and Euzeby believed Manton and Parke’s 1960 algal genus name Micromonas took precedence and in 2016 proposed replacing Micromonas with a new genus name, Parvimonas [23]. 
Ezaki continued working on the reclassification of GPAC and in 2011 further phylogenetical analysis using 16S rDNA sequences allowed reclassification of the remaining members to Peptoniphilus gen. nov., Anaerococcus gen. nov. and Gallicola gen. nov. [24]. The application of molecular methods continued to demonstrate the diversity of the GPAC within the polymicrobial biofilm communities found in various wound types [25, 26]. Such diversity has gathered importance due to the increase of clinical manifestations in our growing geriatric and/or immunocompromised populations. Cases with abscesses or necrotic tissue following the introduction of implants suggest that a wound’s development is caused initially by aerobic bacteria. Aerobic bacteria promote anaerobic growth through induction of tissue hypoxia, reduction of redox potential and finally through the production of essential nutrients (amino acids, peptides and proteins). The ability of GPAC to use the amino acids, peptides and proteins exacerbate  the condition of the wounds and in some cases lead to chronic infections containing polymicrobial communities resistant to a wide range of antibiotics. Additionally, metabolites produced during the infection cycle may impair normal wound-healing processes (inflammation, remodeling of extracellular matrix, etc.) [27].
In this study, three Gram-positive, obligately anaerobic non-spore-forming cocci originating from bodily abscesses were characterized using a polyphasic approach. Phylogenetic and phenotypic analyses demonstrated the strains represented one novel species of Parvimonas and two novel organisms not phylogenetically related to any currently described taxa, therefore representing novel GPAC genera for which the names  Liuella gen. nov. and Ruoffiella gen. nov. are proposed.

















Materials and Methods
Strain isolation
The strains in this study were isolated in multiple locations around the world and deposited at the Culture Collection at the University of Göteborg (CCUG), Sweden. Strain CCUG 67360T was initially isolated in 2005 from a clinical blood sample at the Sahlgrenska University Hospital’s department of microbiology. Strain CCUG 65098T was initially isolated from human tissue (ankle) at the General Diagnostic Department in Göteborg, Sweden. Strain CCUG 66799T was initially isolated from human feces. Strains CCUG 65098T and CCUG 66799T were deposited in the Culture Collection at the University of Göteborg (CCUG) without specified isolation dates. All strains were isolated and purified in chocolate agar under anaerobic conditions at 37oC.

Culture conditions and cultivation
Following initial isolation, the strains were received at the Lawson laboratory as lyophilized cultures and grown in Hardy Diagnostics Peptone Yeast Glucose (PYG) broth (Santa Maria, CA, USA) at 37oC for  48 hours under anaerobic headspace (N2:H2:CO2, 70:20:15; 10 psi). At 48 hours, 100L samples were transferred onto Hardy Diagnostics Peptone Yeast Glucose (PYG) agar (Santa Maria, CA, USA)  amended with 5% defibrinated sheep blood (pH 7.3) and incubated under the same conditions (Table 3.1). 	Comment by Lawson, Paul A.: Make sure symbol is inserted

Morphological, physiological and biochemical characterization 
Gram-stain and catalase production were determined for all provided species as previously described [28, 29]. Biochemical characterizations of each strain were carried out at the Culture Collection at the University of Göteborg (CCUG) in Sweden via API (Analytical Profile Index) Rapid ID32A (bioMérieux, France). 

Imaging
An Olympus CX41 using phase contrast at 1000X magnification and Zeiss NEON 40 EsB high resolution scanning electron microscope were used to determine cell morphology in accordance to Huang et al., 2000 [30]. Cells for scanning electron microscopy were fixed with equal volumes of 2.5% glutaraldehyde in 0.1 M cacodylate buffer and attached to polylysine coated glass coverslips usinh 0.1% polylysine. Dehydration was carried out through a 30-100% ethanol series (30,50,70,90, 100x3) followed by critical point drying, attachment to SEM stubs and sputter coated using iridium.

16S rRNA gene sequence and phylogenetic analysis 
Chromosomal DNA was extracted and purified using the PowerSoil® DNA Isolation Kit (MoBio Laboratories, Inc.). The 16S rRNA gene fragments were amplified via PCR using universal primers corresponding to positions 8-27 (8F, forward primer) and 1521-1542 (pH*, reverse primer)  of the Escherichia coli numbering system [29]. 
 Unincorporated primers and dNTPs were removed from resulting amplicons with ExoSAP-IT (USB Corporation). Purified amplicons were sequenced at the University of Oklahoma’s Biology Core Molecular Laboratory with primers directed towards conserved regions of the rRNA gene: 522-539 (pD), anti , 1090-1109 (3* ) and 1510-1492 (1492R) [29].  Approximately 1,460 bases of the 16S rRNA gene were determined for all strains. Nearest relatives were identified by a calculated pairwise sequence similarities alignment algorithm in the EzBiocloud server (http:// eztaxon-e.ezbiocloud.net/) [30]. The sequences of the nearest relatives were retrieved and aligned using Muscle. A phylogenetic tree was re-constructed in MEGA according to the maximum-likelihood method and TREEVIEW (31,32). The stability of the groupings was established via bootstrap analysis employing 1000 replicons.	Comment by Lawson, Paul A.: Correct this

Chemotaxonomic characterization
Chemotaxonomic analyses were used to examined characteristics cell membrane components. Whole cell sugars and diagnostic diamino acids were analyzed as previously specified (33,34). Cellular fatty acid methyl ester (FAME) products were extracted using the Sherlock Microbial Identification System (MIDI Labs Inc., Newark, DE) version 6.1, analyzed with an Agilent Technologies 6890N gas chromatograph (GC). The GC was  coupled with a phenyl methyl silicone fused silica capillary column (HP-2 25m x 0.2 mm x 0.33 m film thickness), hydrogen as the carrier gas and a flame ionization detector (35,36). Fatty acids’ concentrations were expressed as percentages in the QBA1 peak naming database, and 10% cut off value was used as the threshold for major and minor fatty acids.




Table 3.1. Hardy Diagnostics Peptone Yeast Glucose (PYG) medium components. Formula per liter of deionized water.
	Formulae
	
	

	Hardy Diagnostics Peptone Yeast Glucose (PYG)
	 
	 

	Pancreatic Digest of Casein
	20.0
	g

	Yeast Extract
	10.0
	g

	Glucose
	10.0
	g

	L-Cysteine
	0.5
	g

	Sodium Bicarbonate
	0.4
	g

	Sodium Chloride
	0.08
	g

	Monopotassium Phosphate
	0.04
	g

	Dipotassium Phosphate
	0.04
	g

	Calcium Chloride, Anhydrous
	0.008
	g

	Magnesium Sulfate, Anhydrous
	0.008
	g

	Hemin Solution, 0.1%
	5.0
	ml

	Vitamin K Solution, 1%
	0.1
	ml

	
	
	

	Agar
	15.0
	g


Final pH 7.2 +/- 0.2 at 25 oC.
Autoclave at 121 oC.










Results
Morphological and phenotypic studies
All organisms required 48 hours of growth under strictly anaerobic conditions and were Gram-positive, non-motile, non-spore forming cocci. CCUG 65098T and CCUG 66799T produced small, round, off white colonies while CCUG 67360T produced small, round, light yellow colonies with spreading edges. Individual cells had the following diameters. CCUG 67360T cells were 0.50 m in diameter. CCUG 66799T cells were 0.70 m in diameter. CCUG 65098T cells were 0.50 m in diameter. All cell walls were uneven, but only extracellular material secreted by CCUG 66799T or CCUG 65098T cells connected individual cells to each other after seven days of incubation.

Figure 3.1: Scanning electron microscopy of novel GPAC isolates. At lower magnification, extracellular material was observed connecting Ruoffiella or Liuella cells (D,F), but was not seen in the cells of Parvimonas (B). A, B: Parvimonas sp. nov., CCUG 67360T; C,D: Ruoffiella sp. nov., CCUG 66799T; E,F: Liuella sp. nov., CCUG 65098T.A
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Biochemical studies
Biochemical characteristics are listed in Table 3.2. Using the Rapid ID32A kit, all isolates were positive for arginine arylamidase and leucine arylamidase. Additionally CCUG 65098T and CCUG 67360T were positive for histidine arylamidase. CCUG 67360T was also positive for phenyl arylamidase, proline arylamidase, tyrosine arylamidase and serine arylamidase. CCUG 66799T was weakly positive for indole. All remaining tests were negative. 
















Table 3.2. Biochemical characteristics of novel GPAC species.
	Biochemical Characterization
	1
	2
	3

	Rapid ID32AN

	Urease
	-
	-
	-

	Arginine dihydrate
	-
	-
	-

	-galctosidase
	-
	-
	-

	-galactosidase
	-
	-
	-

	-gal-6-phospate
	-
	-
	-

	-glucosidase
	-
	-
	-

	-glucosidase
	-
	-
	-

	-arabinosidase
	-
	-
	-

	-glucuronidase
	-
	-
	-

	N-acetyl--glucosamine
	-
	-
	-

	Mannose
	-
	-
	-

	Raffinose
	-
	-
	-

	Nitrate
	-
	-
	-

	Indole
	-
	W+
	-

	Alkaline phosphatase
	-
	-
	-

	Arginine arylamidase
	S+
	S+
	S+

	Proline Arylamidase
	-
	-
	S+

	Leucyl gly arylamidase
	-
	-
	-

	Phenyl arylamidase
	-
	-
	S+

	Leucine arylamidase
	S+
	S+
	S+

	Pyroglu acid arylamidase
	-
	-
	-

	Tyrosine arylamidase
	-
	-
	S+

	Alanine arylamidase
	-
	-
	-

	Glycine arylamidase
	-
	-
	-

	Glutamic acid decarboxylase
	-
	-
	-

	-fucosidase
	-
	-
	-

	Histidine arylamidase
	S+
	-
	S+

	Glycine arylamidase
	-
	-
	S+

	Serine arylamidase
	-
	-
	S+


W+ weakly positive
S+ strongly positive
- Negative
CCUG65098T in this study; 1., CCUG66799T in this study; 2. and CCUG67360T in this study; 3.

Phylogenetic studies
Maximum-likelihood tree analysis demonstrated the organisms belonged to the order Clostridiales. A pairwise comparison revealed CCUG 66799T had approximately 89.5% sequence similarity to the type strain of its closest valid species, Finegoldia magna, CCUG 17636T. CCUG 65098T had approximately 90.71% sequence similarity to the type strain of its closest validly named species, Peptoniphilus ivorii, DSM 10022T, while CCUG 67360T had approximately 95.30% sequence similarity to the type strain of its closest validly named species, Parvimonas micra, ATCC 33270T. A phylogenetic tree, constructed by maximum-likelihood method, depicting the phylogenetic affinity of all species and their close relatives, is shown in Figure 3.2.	Comment by Saavedra, Liz: Below 94% cut off value new genus














[image: ]Figure 3.2: Unrooted tree showing the phylogenetic inter-relationships of a novel member of the genus Parvimonas and the novel genera Liuella gen. nov. and Ruofiella gen.nov.  with their nearest relatives. Phylogenetic analyses were performed on 1300 nucleotides using the maximum-likelihood algorithm. Bootstrap values expressed as a percentage of 1000 replications, are given at branching points. Bar = 1% sequence divergence. Three  novel clinical species Liuella johnsonii sp. nov, Ruoffiella abscessiensis sp. nov. and Parvimonas asaccharolyticus sp. nov. were identified. 	Comment by Lawson, Paul A.: New names required here





Chemotaxonomic studies

The dominant fatty acids shared by all species examined were C16:0 and C18:1 w6c/C18:1 w7c (both >13.0%). In addition, CCUG 65098T contained C13:0 anteiso (11.0%), CCUG 67360T contained C17:0 cyclo/ Unknown17.975/C18:0 (10.3%) and CCUG 66799T contained C10:0 (28.4%) and C15:1 w8c (13.2%) as major fatty acids (Table 3.3). Whole-cell sugar analysis using TLC plates revealed glucose to be the common sugar present within the cells and in the cell walls of all species. Xylose was also present in CCUG 67360T and CCUG 66799T. The N-acetylmuramic acid’s crosslinked peptide chains found in the peptidoglycan contained relativeness between all species. L-ornithine was present as the diagnostic diamino acid in the third position of the stem peptide chain with L-alanine and glutamic acid which correspond with a type A4 peptidoglycan structure (34). Differences were observed between species. CCUG 65098T contained L-lysine in the stem peptide chain while CCUG67360T and CCUG66799T contained glycine. HPLC analysis of fermentative end products revealed that CCUG65098T produced isobutyrate and butyrate under anaerobic conditions, while CCUG67360T and CCUG 66799T produced acetic acid (Table 3.4, Figure 3.3, Figure 3.4). 







Table 3.3. Fatty acid profiles of novel GPAC species.
	aFatty acid
	 1
	2
	3

	
	QBA1

	C9:0
	-
	-
	-

	C10:0
	-
	-
	28.4

	C12:0
	4.2
	2.3
	4.8

	C13:0 anteiso
	11.0
	8.1
	4.2

	C14:1 w5c
	-
	-
	0.7

	C14:0
	9.1
	4.1
	2.0

	C14:0 2OH
	5.8
	-
	2.2

	C15:1 w8c
	3.8
	-
	13.2

	C16:0
	13.3
	25.2
	13.2

	C16:0 2OH
	-
	-
	0.5

	C17:0 anteiso
	-
	-
	0.5

	C17:1 w8c
	-
	-
	3.0

	C17:1 w6c
	-
	-
	1.0

	C17:0
	-
	1.6
	1.4

	C17:0 2OH
	-
	-
	0.6

	C18:2 w6,9c
	-
	-
	-

	C18:1 w9c
	-
	-
	-

	C18:0
	-
	-
	-

	Summed Feature 3
	-
	-
	4.2

	Summed Feature 4
	-
	2.2
	1.5

	Summed Feature 5
	-
	8.2
	9.0

	Summed Feature 8
	43.4
	38.0
	16.7

	Summed Feature 10
	9.4
	10.3
	2.8

	Summed Feature 13
	-
	-
	0.6


Profiles were established using cultures grown in Hardy Diagnostics Peptone Yeast Glucose agar + 5% sheep’s blood at 37oC and a N2:H2:CO2 gas mix. aMajor fatty acids were analyzed in the QBA1 library under 10% standard percentage abundance( emphasized in bold). Summed feature 3: C16:1 w7c/C16:1 w6c. Summed Feature 4: C15:0/Unknown15.040. Summed Feature 5: C18:0 ante/ C18:2 w6,9c. Summed Feature 8: C18:1 w6c/C18:1 w7c. Summed Feature 10: C17:0 cyclo/ Unknown17.975/C18:0. Summed Feature 13: Unknown 16.612/C17:0 iso.CCUG65098T in this study; 1., CCUG67360T in this study; 2. and CCUG66799T in this study; 3.
Table 3.4. Chemotaxonomic characteristics of novel GPAC species.

	Characteristics
	1
	2
	3

	Diagnostic Diamino Acids
	
	
	 

	Meso-Diamino acid
	-
	-
	-

	L,L-Diamino acid
	-
	-
	-

	L-Ornithine
	+
	+
	+

	L-Lysine
	+
	-
	-

	Glutamine
	+
	-
	-

	Glycine
	+
	+
	+

	L-Alanine
	+
	+
	+

	Leucine
	+
	-
	-

	Whole Cell Sugars
	
	
	 

	Galactose
	-
	ND
	-

	Glucose
	+
	ND
	+

	Arabinose
	-
	ND
	-

	Manose
	-
	ND
	-

	Xylose
	-
	ND
	+

	Rhamnose
	-
	ND
	-

	Ribose
	-
	ND
	-

	Fucose
	-
	ND
	-

	End Products
	
	
	 

	Pyruvate
	-
	-
	-

	Lactate
	-
	-
	-

	Formate
	-
	-
	-

	L-Aspartic Acid
	-
	-
	-

	Isobutyrate 
	+
	-
	-

	Butyrate
	+
	-
	-

	Acetic Acid
	-
	+
	+


Profiles were established using cultures grown in Hardy Diagnostics Peptone Yeast Glucose agar + 5% sheep’s blood at 37oC and a N2:H2:CO2 gas mix.
- Negative
+ Positive
ND Not Determined
CCUG65098T in this study; 1., CCUG67360T in this study; 2. and CCUG66799T in this study; 3.


[image: ]
Figure 3.3: Whole-cell sugar analysis of GPAC species.
Profiles were established using cultures grown in Hardy Diagnostics Peptone Yeast Glucose agar + 5% sheep’s blood at 37oC and a N2:H2:CO2 gas mix.
Lane 1 to 6: sugar standards. 
Lane 7-9 and 13: Controls
Lanes 10 to 12: CCUG 66799T, CCUG 67360T, CCUG 65098T


[image: ]Figure 3.4: Diagnostic diamino Acids analysis of GPAC species.
Profiles were established using cultures grown in Hardy Diagnostics Peptone Yeast Glucose agar + 5% sheep’s blood at 37oC and a N2:H2:CO2 gas mix.
Lane 1 to 8: amino acid standards. 
Lane 9 to 11: Controls
Lanes 12 to 18: CCUG 65801T, CCUG 33539T, CCUG 67360T, CCUG 65098T, CCUG 46555T, CCUG 66876T, CCUG 66799T



Description of Liuella  gen. nov.
N.L. fem. dim. n. liuella, in honor of Chengxu Liu, a microbiologist from the United States for his contributions to microbial taxonomy. 
Cells are Gram-stain- positive cocci. The predominant fatty acids are C13:0 anteiso, C16:0 and summed features8 ( C18:1 w6c/C18:1 w7c). The end products from PYG are isobutyrate and butyrate. Positive for: arginine arylamidase, leucine arylamidase and histidine arylamidase. The type species is Liuella johnsonii.	Comment by Lawson, Paul A.: Insert predominant fatty acids
Description of Liuella johnsonii sp. nov.

N.L. fem. dim. n. johnsonii, in honor of Crystal N. Johnson, a microbiologist from the United States for her contributions to the taxonomy of Gram-positive anaerobic cocci. 
Cells are Gram-positive cocci 0.5 m in diameter. After 7 days of incubation, colonies are small, round, and off white. Urease, nitrate and indole are negative. They are sacchrolytic. Using the API Rapid ID32 AN kit, cells were positive for arginine arylamidase, leucine arylamidase and histidine arylamidase. Cells were negative for arginine dihydrate, -galctosidase, -galactosidase, -gal-6-phospate, -glucosidase, -glucosidase, -arabinosidase, -glucuronidase,  N-acetyl--glucosamine, alkaline phosphatase, leucyl gly arylamidase, pyroglutamic acid arylamidase, alanine arylamidase, proline arylamidase, leucyl gly arylamidase, glycine arylamidase, phenyl arylamidase, tyrosine arylamidase, glutamic acid decarboxylase and -fucosidase. The isolate is from a human clinical specimens; abscess. The type strain is Liuella johnsonii (CCUG 65098T). 



Description of Ruoffiella gen. nov.

N.L. fem. dim. n. ruoffiella, in honor of Kathryn L. Ruoff, a microbiologist from the United States for her contributions to the taxonomy of Gram-positive anaerobic cocci. 
Cells are Gram-positive staining cocci, carbohydrates are not normally utilized. Predominant fatty acids are C10:0, C15:1 w8c, C16:0 and a summed feature 8 (C18:1 w6c/C18:1 w7c) and major end product from PYG is acetic acid. Cells are positive for enzymes: arginine arylamidase, and leucine arylamidase. The type species is Ruoffiella abscessiensis.	Comment by Lawson, Paul A.: Insert predominate fatty acids
Ruoffiella abscessiensis sp. nov.

ab.sce.ssien’sis, from abscesses from where the organism was first isolated.

Cells are Gram-positive staining cocci 0.7 m in diameter. After 7 days of incubation, colonies are small, round and off white. Indole is positive, but urease and nitrate are negative. They are asacchrolytic. Using the API Rapid ID32 AN kit, cells were positive for arginine arylamidase and leucine arylamidase. Cells were negative for arginine dihydrate, -galctosidase, -galactosidase, -gal-6-phospate, -glucosidase, -glucosidase, -arabinosidase, -glucuronidase,  N-acetyl--glucosamine, alkaline phosphatase, leucyl gly arylamidase, pyroglutamic acid arylamidase, alanine arylamidase, proline arylamidase, leucyl gly arylamidase, glycine arylamidase, phenyl arylamidase, serine arylamidase, tyrosine arylamidase, glutamic acid decarboxylase and -fucosidase. The isolate is from a human clinical specimen; abscess. The type strain is Ruoffiella abscessiensis sp. nov (CCUG 66799T). 
Description of Parvimonas asscharolyticus sp. nov. 
a.sac.cha.ro.ly’ti.cus. Gr. N. sakchar sugar; N.L. fem. adj. lytica (from Gr. fem. adj. lutike) able to loosen, able to dissolve; N.L. fem. adj. asacharolytica not digesting sugar.
Cells are Gram-positive cocci 0.5 m in diameter. After 7 days of incubation, colonies are small, round and light yellow with spreading edges. Urease, nitrate and indole are negative. They are asacchrolytic. Using the API Rapid ID32 AN kit, cells were positive for arginine arylamidase, proline arylamidase, leucine arylamidase phenyl arylamidase, histidine arylamidase, glycine arylamidase and serine  arylamidase. Cells were negative for arginine dihydrate, -galctosidase, -galactosidase, -gal-6-phospate, -glucosidase, -glucosidase, -arabinosidase, -glucuronidase,  N-acetyl--glucosamine, alkaline phosphatase, leucyl gly arylamidase, pyroglutamic acid arylamidase, alanine arylamidase, glycine arylamidase, glutamic acid decarboxylase and -fucosidase. The isolate is from a human clinical specimens; abscess. The type strain is Parvimonas asaccharolyticus sp. nov. (CCUG 67360T).








Discussion
The commensal microbiota of humans contain a group known as the Gram-positive anaerobic cocci (GPAC) that account for 30 % of clinically isolated anaerobes Over the years, significant taxonomic reclassification with the objective of correct and comprehensive identification has addressed the differences between GPAC species and their nearest relatives [1-4]. In doing so, more effective antibiotic treatments have been and will be ensured along with potential data that understands GPAC pathogens’ transfer or carry-over mechanisms from colonization sites to infection sites. 
Polyphasic studies are essential when classifying or reclassifying species within the GPAC because they provide a wide range of characteristics connecting phenotypic and genotypic data[33]. This study has focused on an approach to mimic effective taxonomic reclassification standards and contains an equivalent objective; proper taxonomic classification and characterization of three novel GPAC species using a polyphasic approach.  Based on the results presented, Ruoffiella gen. nov. sp. nov, and Liuella gen. nov. sp. nov, possess consistent characteristics that strongly support their inclusion into the novel genera. These characteristics are the ~ 90% sequence similarity of each novel genera’s type species to their closest valid specie, cell wall characteristics (fatty acid and whole-cell sugar composition) and end product profiles. Ruoffiella abscessiensis sp. nov. and Liuella asaccharolyticus sp. nov. sequence similarities are below the 94% value routinely used for delineation of novel genera [37]. Parvimonas asscharolyticus sp. nov. possesses characteristics that are consistent for its inclusion in the genus Parvimonas. 16S rRNA gene sequencing shows sequence similarity between Parvimonas assachrolyticus sp. and other species of the genus is less than 95.3%  which is less than the threshold value (98.8%) used to delineate novel speciesFurthermore, the results of the phylogenetic analysis clearly indicate that Peptoniphilus ivorii and Peptoniphilus coxii should now be regarded as misclassified members of the genus Peptoniphilus as they form a cluster with Liuella johnsonii sp. nov. while separating themselves from other members of their current genus.
Chemotaxonomic analysis utilizing the fatty acid composition, end products and peptidoglycan structure of each organism, as well as the presence or absence of a wide variety of enzymes, confirmed their unique characteristics. Therefore, the creation of two novel genera, Ruoffiella gen. nov. and Liuella gen. nov. along with the description of Parvimonas asscharolyticus sp. nov. are proposed.
Further, ongoing work, will address the identification of known GPAC virulence factors from these species’ annotated genomes. These factors include, but are not limited to, capsule formation, adherence, ability to form hydrogen sulphide from gluthathione, etc (38-41). This work will also be completed with the objective of publication and validation of two novel genera and a novel Parvimonas specie in the International Journal of Systematic and Evolutionary Microbiology.
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Murdochiella asaccharolytica 9403326

T

 (HG529490)

Peptostreptococcus anaerobius ATCC 27337T (NR118652)

Peptoniphilus coxii RMA 16757T (GU938836)

Parvimonas asaccharolyticus sp. nov.  CCUG 67360T

Peptoniphilus methioninivorax NRRL B-23883T (GU440754)

Peptoniphilus duerdenii WAL 1998LT (EU526290)

Peptoniphilus harei DSM10020T (Y07839)

Peptoniphilus gorbachii WAL 10418T (DQ911241)

Peptoniphilus tyrrelliae RMA 19911

T

 (GU938835)

Anaerococcus pacaensis 9403502

T

 (HM587325)

Tepidimicrobium ferriphilum SB 91T (AY656718)

Ezakiella peruensis M6.X2

T

 (KJ469554)

Peptoniphilus ivorii DSM 10022T (Y07840)

Anaerosphaera aminiphila WN 036

T

 (AB298735)

Parvimonas micra ATCC 33270T (ABEE02000013)

Peptoniphilus indolicus ATCC 29427T (D14147)

Ruoffiella abscessiensis sp. nov CCUG 66799T

Peptoniphilus catoniae M6.X2D

T

 (KR911910)

Clostridium ultunense DSM 10521T (AZSU01000006)

Peptoniphilus lacrimalis DSM 7455T (KB900386)

Sedimentibacter hydroxybenzoicus JW/Z-1

T

 (L11305)

Helcococcus ovis CCUG 37441T (Y16279)

Dethiosulfatibacter aminovorans C/G2

T

 (AB218661)

Anaerococcus octavius NCTC 9810T (Y07841)

Helcococcus kunzii ATCC 51366T (JH601088)

Caloranaerobacter ferrireducens DY 22619T (MDJR01000022)

Brassicibacter thermophilus cel2fT (KM277820)

Peptoniphilus stercorisuis SF-S1T (KF705042)

Gottschalkia acidurici 9a

T

 (CP003326)
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