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Species of the genus Trichococcus share high similarity of their 16S rRNA gene sequences
(>99 %). Digital DNA-DNA hybridization values (dDDH) among type strains of all described
species of the genus Trichococcus (T. flocculiformis DSM 20047, T. pasteurii DSM 23817,

T. collinsii DSM 145267, T. palustris DSM 91727, and T. patagoniensisDSM 18806") indicated
that Trichococcus sp. strain R210" represents a novel species of the genus Trichococcus. The
dDDH values showed a low DNA relatedness between strain R210" and all other species of the
genus Trichococcus (23—-32%). Cells of strain R21 0" were motile, slightly curved rods, 0.63—
1.40x0.48-0.90 pm and stained Gram-positive. Growth was optimal at pH 7.8 and at
temperature of 30 °C. Strain R210" could utilize several carbohydrates, and the main products
from glucose fermentation were lactate, acetate, formate and ethanol. The genomic DNA G+C
content of strain R210" was 47.9 mol%. Based on morphological, physiological and biochemical
characteristics along with measured dDDH values for all species of the genus Trichococcus, it is
suggested that strain R210" represents a novel species within the genus Trichococcus, for
which the name Trichococcus ilyis sp. nov. is proposed. The type strain is R210" (=DSM

22150"=JCM 31247").

Abbreviations: DDH, DNA-DNA hydridization; dDDH, digital DNA-DNA
hydridization.

The GenBank/EMBL/DDBJ accession number for the 16S rRNA gene
sequence of Trichococcus ilyis strain R210" is FJ374769. Whole
genome sequences of strain R210", 7. pasteuri DSM 23817, T. flocculi-
formis DSM 20947, T. collinsii DSM 14526", T. palustris DSM 9172" and
T. patagoniensis DSM 18806" were determined in this study and are
available at the European Nucleotide Archive (www.ebiac.uk/ena) under
accession numbers PRJEB12709, PRJEB12708, PRJEB12705,
PRJEB12704, PRUEB12707 and PRJEB13128, respectively.

Trichococcus sp. strain R210" was previously isolated from a
sulfate-reducing bioreactor treating municipal wastewater
mixed with an industrial stream containing citrate (Stams
et al., 2009). Isolation was performed in basal medium sup-
plemented with 10 mM citrate as sole energy and carbon
source (without sulfate). The main fermentation products
of citrate were acetate and formate, whereas the main prod-
ucts of glucose fermentation were lactate, ethanol, acetate
and formate. This product profile is typically observed in
heterolactic fermenters (Eiteman & Ramalingam, 2015).

At the time of writing, there are five species of the genus
Trichococcus with validly published names, Trichococcus
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flocculiformis (Scheff et al., 1984), T. pasteurii (Schink et al.,
1984), T. collinsii (Liu et al., 2002), T. palustris (Zhilina
et al., 1995), and T. patagoniensis (Pikuta et al., 2006). All
these species can use a broad range of sugars and polyols for
growth. A peculiar feature of members of the genus Tricho-
coccus is the ability to grow over a wide range of tempera-
tures, from close to 0°C to over 45°C. This makes such
strains particularly interesting for biotechnological applica-
tions at mildly low temperature. They are also tolerant to
oxygen, which is advantageous because it eliminates the
need of maintaining bioreactors completely oxygen-free.

Morphologically, members of the genus Trichococcus are
pleomorphic (regular cocci, olive-like rods) and may have
several cell arrangements (cells can grow individually, in
pairs, in long chains, or in grape-like conglomerates) (Liu
et al., 2002). The similarity of the 16S rRNA gene sequence
of described species of the genus Trichococcus (99-100 %) is
above the threshold for the definition of a new species (Kim
et al., 2014). However, DNA-DNA hybridization (DDH)
values among them are lower than 70 %, the threshold for
the delineation of new species (Pikuta et al, 2006). The
presence of highly conserved 16S rRNA genes in different
species is not so uncommon. Another example can be
found in the genus Bacillus, where some species can have a
16S rRNA gene sequence similarity of 97-100 % (Liu et al.,
2015). For these cases, DDH is accepted as the gold stan-
dard for complete taxonomic classification and proposal of
new species. Experimental DDH assays are based on optical
measurements and are prone to experimental errors
(Schleifer, 2009). The rapid progress in genome sequencing
allows utilization of computational methods for genome
comparison and taxonomic differentiation (Klenk & Goker,
2010). Genome BLAST Distance Phylogeny (GBDP)
approaches have been optimized for calculation of digital
equivalents for DDH values (dDDH), which are analogous
to DNA— DNA hybridization (Meier-Kolthoff et al., 2014).

To clarify the phylogenetic assignment of strain R210", the
genome was sequenced along with the genomes of all five
previously described species of the genus Trichococcus and
dDDH values were calculated between these species using
GBDP. Consequently, genome-guided physiological charac-
terization was performed.

T. flocculiformis DSM 2094", T. pasteurii DSM 23817, T. col-
linsii DSM 14526", T. palustris DSM 9172, and T. patago-
niensis DSM 18806" were obtained from the German
Collection for Microorganisms and Cell Cultures (DSMZ,
Braunschweig, Germany) and cultivated on DSMZ recom-
mended media. Strain R210" was previously isolated by
Stams et al. (2009), and since then was preserved in our lab-
oratory. Strain R210" was grown at 30 °C on an anaerobic
bicarbonate-buffered medium (Stams et al., 1993) supple-
mented with 0.1 g17" yeast extract and 20 mM D-glucose.

Genomic DNA of all the strains was extracted using Master-
Pure Gram-positive DNA purification Kit (Epicenter)
according to manufacturer’s instructions. The genomes of
strain R2107, T. pasteurii DSM 23817, T. flocculiformis DSM

2094", T. collinsii DSM 14526" and T. palustris DSM 9172"
were sequenced at the JGI (Walnut Creek, CA) using an Illu-
mina HiSeq2000 platform within the Genomic Encyclopae-
dia of archaeal and bacterial type strains, phase II (Kyrpides
et al., 2014). The genome of T. patagoniensis DSM 18806"
was sequenced at Baseclear (Leiden, The Netherlands) using
an [llumina Hiseq2500 platform.

The genomes of strain R210" (9 304 840 reads and 151 bp
read length), T. pasteurii DSM 23817 (10 101 940 reads and
151 bp read length), T. flocculiformis DSM 2094"
(10454276 reads and 151 bp read length), T. collinsii DSM
14526" (9948 768 reads and 151 bp read length), T. palust-
ris DSM 9172" (11006414 reads and 151 bp read length),
and T. patagoniensis DSM 18806" (5740601 reads and 126
bp read length) were assembled using a pipeline compris-
ing: Ray (Boisvert et al., 2012) to generate an initial assem-
bly, followed by Opera (Gao et al, 2011) for genome
scaffolding, and CAP3 (Huang & Madan, 1999) for assem-
bling optimization. For Ray assembler, the optimal kmer
size was calculated with KmerGenie (Chikhi & Medvedev,
2014). In addition, the genomes were assembled by JGI
(Walnut Creek, CA) using AIIPATHS-LG (Gnerre et al,
2011) and Velvet (Zerbino & Birney, 2008). Both assem-
blies were merged and improved with SSPACE (Boetzer
etal,2011).

The dDDH values [including confidence intervals (ClIs)]
between strain R210" and the type strains of established
species of the genus Trichococcus were measured using the
Genome-to-Genome Distance Calculator available at http://
ggdc.dsmz.de (Meier-Kolthoff et al., 2013).

Genome annotation of strain R210" was performed using
an in-house pipeline based on published tools and data-
bases: Prodigal (Hyatt et al., 2010), InterProsScan (Jones
et al, 2014), tRNAscan-SE (Lowe, 1997), RNAmmer
(Lagesen et al, 2007), UniRef50 (Suzek et al, 2007),
Swiss-Prot database (The UniProt Consortium, 2014), and
combined with RAST (Aziz et al., 2008). The merged
results from the in-house annotation pipeline and RAST
were used to curate the annotation of the genome by
completing the full description of the encoding regions.
The genomic sequences, as well the coding sequences,
were used as input for BRIG (BLaST Ring Image Genera-
tor) (Alikhan et al, 2011). Sequences were assigned with
KEGG orthology (KO) identifiers using KEGG Automatic
Annotation Server (KAAS) and further linked to metabolic
pathways (Moriya et al., 2007).

16S rRNA gene sequence analysis was performed with ARB
v6.0 (Ludwig et al., 2004) using the non-redundant SILvA
database (Quast et al., 2013). 16S rRNA gene sequences of
strain R210" and all the currently isolated species of the
genus Trichococcus were implemented in the all-species liv-
ing tree project (Yarza et al., 2008). Three phylogenetic trees
were generated based on maximum-likelihood (RAXML
algorithm), neighbour-joining (Jukes—Cantor correction)
and maximum-parsimony methods, and a consensus tree
was generated with the tool integrated into ARB v6.0.
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Fig. 1. Consensus tree of 16S rRNA gene sequences showing the phylogenetic affiliation of strain R210. Bar, 10 %

sequence divergence.

Cell morphology of strain R210" was observed using a
phase-contrast microscope (Leica DM2000; Leica Microsys-
tems) on glucose-grown cultures. Cell sizes were measured
using the software Fiji-Image] (Schindelin et al, 2012).
Growth was estimated by measurements of optical density
at 600 nm with a spectrophotometer (Hitachi U-1500;
Labstuff).

The cellular fatty acids of strain R210" were analysed at the
DSMZ (Braunschweig, Germany). The analysis was done
with the system of Sherlock MIS (MIDI) using previously
described methods (Kuykendall et al., 1988; Miller, 1982).
Cells for lipids analysis were cultivated in pre-reduced tryp-
tic soy broth (BD) as previously used for other Trichococcus
strains (Liu et al., 2002).

The growth of strain R210" was tested for a temperature
range from 0 to 45 °C and a pH range from 6.0 to 9.6. The
ability of strain R210" to utilize a set of substrates had
been previously tested (van Gelder et al, 2012). In this
study, the following additional substrates were tested (at a
concentration of 20 mM, unless otherwise mentioned):

L-lactose, sucrose, D-galactose, D-fructose, D-glucose,
D-arabinose, formate, D-galacturonate, D-glucuronate,
D-mannose, L-rhamnose, raffinose, L-sorbose, D-gluconate,
D-tagatose, D-xylose, starch, glycerol, methanol, ethanol,
D-sorbitol, inositol, D-dulcitol and H,/CO, [80/20 (v/v),
1.5x10° Pa]. Substrates for testing were selected based on
genomic information, i.e. the presence of genes potentially
encoding for the degradation of those substrates. Soluble
substrates and intermediates (sugars and volatile fatty
acids) were measured with a Thermo Electron HPLC sys-
tem equipped with an Agilent Metacarb 67H column
(300x6.5 mm) (Thermo) and a refractive index detector.
The mobile phase used was sulfuric acid (5 mM) at a flow
rate of 0.8 ml min~'. The column temperature was set at
45°C. Hydrogen and CO, were measured with a Shimadzu
GC-2014 gas chromatograph equipped with a Molsieve
13X column (2 mx3 mm) (Shimadzu) and a thermal con-
ductivity detector (TCD). Argon was used as carrier gas at
a flow rate of 50 ml min~', and temperatures in the injec-
tor, column and detector were 80, 100 and 130°C,
respectively.

Table 1. dDDH values (%) with confidence intervals between type strains of species of the genus Trichococcus

dDDH values were calculated using the GGDC tool, http://ggdc.dsmz.de/distcalc2.php. 16S rRNA gene sequence similarities are shown in

parentheses.
Strain R210" T. pasteurii T. flocculiformis T. collinsii T. palustris T. patagoniensis
DSM 2381 DSM 2094 DSM 14526" DSM 9172 DSM 18806"
R210" 100+0.0 (100) 3243.0 (99.5) 3043.0 (99.5) 3043.0 (99.7)  23%2.8 (99.1) 3142.5 (99.7)

T. pasteurii DSM 23817

T. flocculiformis DSM 2094
T. collinsii DSM 14526"

T. palustris DSM 91727

T. patagoniensis DSM 18806

3243.0 (99.5)
30+3.0 (99.5)
30+3.0 (99.7)
23+2.8 (99.1)
3142.5 (99.7)

100:£0.0 (100)
4243.1 (99.8)
40+3.2 (99.9)
2342.9 (99.1)
39+2.5 (99.9)

48+3.3 (99.8) 40%3.1
100£0.0 (100) 36£3.0
36%3.0 (99.7)
2342.8 (99.0) 23£2.0
36+2.4 (99.7) 41+2.5

99.9) 231+2.9 (99.1) 39+2.5 (99.9)

99.7) 23%2.8 (99.0) 36%2.4 (99.7)
100£0.0 (100) 2342.9 (99.3) 4142.5 (100)
99.3)  100+00 (100) 2342.5 (99.3)
(

100)  2342.5(99.3)  100+0.0 (100)

—~ o~ o~ o~ o~ —~

http://ijs.microbiologyresearch.org
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Phylogenetic analysis of species of the genus Trichococcus
based on 16S rRNA gene sequences indicates a high similar-
ity (>99 %) among all the species of the genus (Fig. 1 and
Table 1). The closest relative of strain R210" is T. pasteurii
DSM 23817 with a 16S rRNA gene sequence similarity of
99.5% (Table 1). The 16S rRNA gene sequence of T. pas-
teurii DSM 2381" is 99.9 % similar to the ones of T. collinsii
DSM 14526" and T. patagoniensis DSM 18806", while T.
patagoniensis DSM 18806" and T. collinsii DSM 14526"
have an identical 16S rRNA gene sequence (100 % similar-
ity). This indicates that the 16S rRNA gene of species of the
genus Trichococcus has not evolved and taxonomic differen-
tiation of species within this genus needs to be based on
DDH. In this work we calculated dDDH values of strain
R210" with type strains of other species of the genus

Trichococcus and values were all lower than 70 % (Table 1),
which is accepted as the threshold value for the definition
of new species (Meier-Kolthoff et al., 2013). Based on this,
strain R210” can certainly be classified as a novel species of
the genus Trichococcus.

Substrate utilization of strain R2107, and comparison with
other species of the genus Trichococcus, is presented in
Table 2. Strain R2107 can use several carbohydrates, which
is corroborated by the presence of numerous putative genes
from the Embden-Meyerhof-Parnas (EMP) pathway, pen-
tose phosphate pathway, and phosphoketolase pathway.
The main products of glucose fermentation by strain R210"
were acetate, formate, lactate and ethanol. An operon with
genes coding for rhamnulokinase (EC 2.7.1.6), L-rhamnose

Table 2. Morphological and physiological characteristics of described species of the genus Trichococcus

Strains: 1, R210%; 2, T. pasteurii DSM 2381%; 3, T. flocculiformis DSM 2094"; 4, T. collinsii DSM 14526"; 5, T. palustris DSM 9172%;
6, T. patagoniensis DSM 18806". Data are from this study unless otherwise indicated. All strains can grow on glucose and pyruvate, citrate (ND for
T. palustris) and cellobiose (ND for T. patagoniensis). All strains did not grow with H,/CO,. Strain R210" and T. pasteurii can grow on D-glucuron-
ate, D-mannose and raffinose and cannot grow on D-galacturonate, starch, D-tagatose, L-sorbose, inositol and dulcitol. +, Positive; —, negative; ND,

Not determined.

Characteristic 1 2 3 4 5 [3
Source Sulfate-reducing bioreactor*” Septic pit” Activated sludge” Hydrocarbon-spill site? ~ Swamp®  Guano penguin®
Gram stain + + +b +b +b Variable®
Cell length (um) 0.63-1.40 1.0-1.5° 1.0-2.5% 1.0-2.5" 1.0-2.5" 1.3-2.0°
Cell shape Cocci Short chain of cocci’  Long chain of cocci’ Rods” Cocci” Cocci®
pH range 6.0-9.6 5.5-9.0" 5.8-9.0° 6.0-9.0 6.2-8.4 6.0-10°
(optimum) (7.8) (7.5) (7.5) (8.5)
Temperature range 4-40 0-42" 4-40° 7-36" 0-33" —5-35°
(optimum) (°C) (30) (25-30) (25-30) (23-30) (28-30)
DNA G+C content
(mol%)
In vitro ND 45.0° 48.0" 47.0° 48.0" 45.8°
In silico 47.9 45.7 44.3 44.3 45.9 46.9
Substrate utilization
Formate — ND ND ND -
L-Lactate - b =1 - +¢ -
L-Malate + + — +b b +
D-Gluconate - + ND ND ND ND
Glycerol + - - — -
D-Arabinose +7 + a ND ND +€
D-Xylose — + “ ND ND ND
D-Galactose + + ND ND ND ND
L-Rhamnose + + ND ND ND ND
D-Fructose +9 + a ND ND +¢
D-Lactose + + b b b -
Maltose +7 + a b +b +€
D-Mannitol +7 + =1 +b b +¢
Sucrose +¢ + +2 ND ND +¢
Methanol - - ND ND ND -
Ethanol - - ND ND ND =
D-Sorbitol - + - +b +b ND

*Data from: a, van Gelder et al. (2012); b, Liu et al. (2002); ¢, Pikuta et al. (2006).
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isomerase (EC 5.3.1.14), rhamnulose-1-phospate aldolase
(EC 4.1.2.19) and lactaldehyde dehydrogenase (EC 1.2.1.22)
was identified in strain R210% (TR210_1063—1066). Lactal-
dehyde dehydrogenase is an essential enzyme for the con-
version of rhamnose to 1,2-propanediol (Petit et al., 2013),
which was observed as a main product in the experimental
growth tests of strain R210" on rhamnose (together with
acetate and formate). An additional operon potentially
linked to rhamnose metabolism (TR210_973-982) con-
tained genes encoding for L-rhamnose mutarotase, which
may play a role in the first steps of rhamnose degradation
(Petit et al., 2013), together with tripartite ATP-indepen-
dent periplasmic (TRAP) transporters, which may be
involved in substrate import to the cell (Mulligan et al.,
2011). A mannose-specific IIC component gene (EC
2.7.1.69, TR210_1375) from the phosphotransferase system
(PTS) is also present in the genome of strain R210". The
PTS system is responsible for the uptake of carbohydrates
and includes the mannose-specific [IC component, which
can catalyse mannose to mannose 6-phosphate, during
uptake (Okochi et al., 2007). Sucrose was also metabolized
by strain R201"; genes encoding for beta-glucuronidase (EC
3.2.1.31, TR210_689 and TR210_756,), maltose-6’—phos-
phate glucosidase (EC 3.2.1.122, TR210_416) and glycogen
operon protein (EC 3.2.1.-, TR210_2418) were identified.

Strain R210" is a citrate-fermenting bacterium and its
genome contains some, but not all, genes of the tricarbox-
ylic acid cycle (TCA). The gene encoding for isocitrate
dehydrogenase (EC 1.1.1.42), involved in the conversion of
isocitrate (via oxalosuccinate) to 2-oxoglutarate, is present
in the genome (TR210_2151), but also a NAD*-dependent
isocitrate dehydrogenase (EC 1.1.1.41, TR210_901). The
latter enzyme is capable of direct converting of isocitrate to
2-oxoglutarate.

Table 3. Cellular fatty acid compositions of members of the
genus Trichococcus

Strains: 1, R210" (data from this study); 2, T. pasteurii DSM 23817
(Liu et al., 2002); 3, T. flocculiformis DSM 20947 (Liu et al., 2002);
4, T. collinsii DSM 14526 (Liu et al, 2002); 5, T. palustris DSM
91727 (Liu et al, 2002); 6, T. patagoniensis DSM 18806" (Pikuta
et al., 2006). Values are presented as percentages of total fatty acids.

Fatty acid 1 2 3 4 5 6
Ciaco 0.7 0 1 12 0 0.7
Cuszo 16.1 14 28 57 21 11.2
Cis.o 0.6 0 0 0 0 0
Cis:1wW9¢ 35.5 46 0 18 20 0
Cis:0 19.7 15 16 14 15 16.5
Cig. 1w9¢ 19.7 18 6 0 22 21.8
Crg.1w7¢ 0.6 0 0 0 0 0
Cis:0 3.0 2 2 0 4 3.3
Cyo.1wW9¢ 0.8 0 0 0 0 0
Cao. w7c 0.8 0 0 0 0 0

T. pasteurii is the closest relative of strain R210", and it can
use some polyalcohols, such as glycerol and sorbitol. Strain
R210" does not grow with these substrates, it lacks the genes
encoding 1,3-propanediol dehydrogenase (EC 1.1.1.202)
and glycerol dehydratase (EC 4.2.1.30) required for the con-
version of polyalcohols (Wang et al., 2003).

Cells of strain R210" were slightly curved rods, 0.5-0.9 pm
in diameter and 0.6-1.4 pum in length, were motile and
occurred singly or in pairs. Growth was observed between 4
and 40 °C with optimum growth at 30 °C. The optimum pH
for growth was 7.8 with range between pH 6.0 and pH 9.6.
Major fatty acid methyl esters of strain R210" were C4.¢
(161 %), C16: 1w9C (355 %), C16:0 (197 0/0) and CIS: 10}96
(19.7 %). These were also the major fatty acids in the type
strains of T. pasteurii and T. palustris (Table 3). Membranes
of T. flocculiformis DSM 2094" and T. patagoniensis DSM
18806 " lacked the unsaturated fatty acid Cy¢. ;w9¢ (the most
abundant membrane fatty acid in strain R210" and T. pas-
teurii DSM 23817). Unsaturated fatty acids are normally
associated to increased membrane fluidity, and their relative
abundance can vary with environmental factors, e.g. tem-
perature (Zhang & Rock, 2008).

The data of dDDH analysis conducted for all species of the
genus Trichococcus indicated that strain R210" considerably
differs from other species of the genus Trichococcus. Therefore,
based on morphological, physiological and biochemical char-
acteristics along with measured dDDH values for all species of
the genus Trichococcus, it is suggested that strain R210" repre-
sents a novel species within the genus Trichococcus, for which
the name Trichococcus ilyis sp. nov. is proposed.

Description of Trichococcus ilyis sp. nov.

Trichococcus ilyis ('ly.is. Gr. fem. n. ilys, ilyos mud, sludge;
latinized Gr. gen. n. ilyis of sludge referring to the source of
isolation).

Cells are motile, slightly curved rods, 0.63—1.40x0.48-0.90
pm. Cells grow in a temperature range of 4 to 40 °C (optimum
30°C). The pH for growth is 6.0-9.6 (optimum pH 7.8). Uti-
lizes a broad range of carbon sources for growth, such as pyru-
vate, L-malate, D-arabinose, citrate, D-fructose, D-galactose,
D-glucuronate,  D-glucose, ~ D-mannitol, = D-mannose,
L-thamnose, cellobiose, D-lactose, maltose, sucrose and raffi-
nose. No growth was observed with formate, L-lactate
D-galacturonate, D-gluconate, L-sorbose, D-tagatose, D-xylose,
starch, glycerol, ethanol, methanol, inositol, D-dulcitol and
D-sorbitol. Does not grow autotrophically on H,/CO..

The type strain is R210" (=DSM 22150"=JCM 31247"), iso-
lated from sludge of a sulfate-reducing bioreactor with a cit-
rate-containing waste stream. The genomic G+C content of
the type strain is 47.9 mol%.
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