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Abstract

Two strains of Gram-negative, anaerobic, rod-shaped bacteria, from an abundant but uncharacterized rumen bacterial group 
of the order ‘Christensenellales’, were phylogenetically and phenotypically characterized. These strains, designated R-7T and 
WTE2008T, shared 98.6–99.0 % sequence identity between their 16S rRNA gene sequences. R-7T and WTE2008T clustered 
together on a distinct branch from other Christensenellaceae strains and had <88.1 % sequence identity to the closest type-
strain sequence from Luoshenia tenuis NSJ-44T. The genome sequences of R-7T and WTE2008T had 83.6 % average nucleotide 
identity to each other, and taxonomic assignment using the Genome Taxonomy Database indicates these are separate species 
within a novel family of the order ‘Christensenellales’. Cells of R-7T and WTE2008T lacked any obvious appendages and their cell 
wall ultra-structures were characteristic of Gram-negative bacteria. The five most abundant cellular fatty acids of both strains 
were C

16 : 0
, C

16 : 0
 iso, C

17 : 0
 anteiso, C

18 : 0
 and C

15 : 0
 anteiso. The strains used a wide range of the 23 soluble carbon sources tested, 

and grew best on cellobiose, but not on sugar-alcohols. Xylan and pectin were fermented by both strains, but not cellulose. 
Acetate, hydrogen, ethanol and lactate were the major fermentation end products. R-7T produced considerably more hydrogen 
than WTE2008T, which produced more lactate. Based on these analyses, Aristaeellaceae fam. nov. and Aristaeella gen. nov., 
with type species Aristaeella hokkaidonensis sp. nov., are proposed. Strains R-7T (=DSM 112795T=JCM 34733T) and WTE2008T 
(=DSM 112788T=JCM 34734T) are the proposed type strains for Aristaeella hokkaidonensis sp. nov. and Aristaeella lactis sp. nov., 
respectively.

INTRODUCTION 

The rumen microbiota play a pivotal role in ruminant nutrition and metabolism. This complex microbial community is primarily 
responsible for the breakdown and fermentation of ingested plant-based feeds to generate substrates that are a primary energy 
source for the host. Despite decades of research, some of the dominant microbial groups in the rumen remain unstudied [1]. 
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One such example is the R-7 group, which cultivation-independent studies have demonstrated is one of the most abundant 
rumen bacterial groups, and part of a core rumen microbiota across different host species fed different diets [2]. Taxonomic 
placement of the group is currently unresolved; based on 16S rRNA gene phylogeny it was predicted to fall within the order 
Clostridiales [2] and family Christensenellaceae [3], while more recent phylogenomic analyses using the Genome Taxonomy 
Database (GTDB) framework instead assigns the group as belonging to a novel family and genus within the recently proposed 
[4] order ‘Christensenellales’ [5]. Two strains of the R-7 group are members of the Hungate1000 reference collection of rumen 
microbial strains for which draft genome sequences had been generated [6]. However, neither R-7 group strain had been formally 
classified taxonomically. This study reports the phylogenetic and phenotypic characterization of R-7T and WTE2008T, and formal 
descriptions of the new taxa that they represent.

HABITAT AND ISOLATION
Strain R-7T was isolated in Hokkaido, Japan, from the rumen of a sheep fed a Timothy hay-concentrate diet at a 9:1 ratio of dry 
matter. Rumen contents were incubated with cellulose powder for 10 min at 37 °C, before harvesting cellulose and the adherent 
bacteria by centrifugation (250 g for 10 min). After washing the cellulose pellet five times with phosphate-buffered saline, the pellet 
was resuspended in anaerobic dilution solution [7]. Serial dilutions of the resuspended pellet were then used as inoculum for 
isolations using the anaerobic roll-tube method with rumen fluid-glucose-cellobiose-maltose-starch-agar (RGCMSA) medium, 
as previously described [8].

Strain WTE2008T was isolated from rumen contents collected from a dairy cow grazing a ryegrass pasture in Waikato, New 
Zealand [9]. Isolation was achieved through a dilution-to-extinction approach [10], in which liquid batch cultures of RM02 media 
[11] were supplemented with glucose, cellobiose, xylose, l-arabinose, casamino acids, Bacto peptone and yeast extract [9], then 
reduced using titanium (III) nitrilotriacetic acid [12], and inoculated with serial dilutions of rumen contents.

16S rRNA GENE PHYLOGENY
Full-length 16S rRNA gene sequences for each strain were extracted from complete genome assemblies (see Genome Features 
section) using RNAmmer (version 1.2) [13]. Each genome possessed three copies of the 16S rRNA gene, and alignment using 
blastn (default settings) found that each copy was >99 % identical to each other. Within mega 11 [14], R-7T and WTE2008T 
sequences were aligned with 16S rRNA sequences of other validly named Christensenellaceae type strains available in the GenBank 
non-redundant (nr) database (as of 29/08/2022), using muscle (default settings) [15]. Maximum likelihood (ML), neighbor-
joining (NJ) and maximum parsimony (MP) trees were built using the default settings in mega 11, each calculated with 500 
bootstrap replicates. The resulting trees (Figs 1 and S1 available with the online version of this article) show that both R-7T and 
WTE2008T 16S rRNA gene copies fell within a distinct cluster, sharing 98.6–99.0% similarity to each other by pairwise blastn 
using default settings. Outside this cluster, the sequence of the closest type strain was from Luoshenia tenuis NSJ-44T [16], which 
clustered with R-7T and WTE2008T with moderate bootstrap support (Fig. 1) and had <88.1 % sequence identity to the R-7T and 
WTE2008T sequences.

GENOME FEATURES
Draft genome assemblies of R-7T and WTE2008T were generated as part of the Hungate1000 project [6], and they exhibited an 
average nucleotide identity (ANI) of 84 % to each other, in contrast to their highly similar 16S rRNA gene sequence identities. 
To confirm this unexpected observation, complete genome sequences of R-7T and WTE2008T were generated using methods as 
described previously [5]. The genome characteristics of the closed R-7T and WTE2008T genomes (Table S1) were near-identical to 
those of the draft assemblies [6] and were similar to those of the R-7 group strains XBB3002, FE2010 and FE2011 [5]. However, 
WTE2008T also possessed a ca. 44 kb linear extrachromosomal element. Alignment of this fragment against the phaster phage 
database [17] found no homology to known phage sequences, nor were any known replication origins detected using the DoriC 
10 database [18]. A phylogenomic tree based on the predicted proteomes of R-7T and WTE2008T and other Christensenellaceae 
type strains was reconstructed using the Type Strain Genome Server [19] with default settings. Consistent with their 16S rRNA 
gene sequence phylogeny, R-7T and WTE2008T clustered on a highly distinct branch from all other Christensenellaceae type 
strains (Fig. 2). However, the two strains were clearly separated from each other at the genomic level (Fig. 2), in contrast to the 
close relationships between their 16S rRNA gene copies (Fig. 1).

The GTDB framework (release 05-RS95) [4] had classified the draft genomes [6] of R-7T (sp900199385) and WTE2008T 
(sp900176495) as separate species belonging to an unclassified family (CAG-74) and genus (GCA-900199385). These designa-
tions were confirmed using the complete genome sequences, using GTDB-Tk [20]. The genus GCA-900199385 also contains the 
currently uncharacterized R-7 group strains XBB3002, FE2010 and FE2011 [5].

To compare the genomes of R-7T and WTE2008T to each other and to those of other type strains of Christensenellaceae, available genome 
data in GenBank (as of 25/08/2022) were downloaded and included in ANI, in silico DNA–DNA hybridization (isDDH), average amino 
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acid identity (AAI) and percentage of conserved protein (POCP) comparisons (Table S2). ANI alignments were carried out using 
fastANI version 1.32 [21] under default settings. R-7T and WTE2008T shared 83.6 % ANI, and alignment fractions of both R-7T and 
WTE2008T were below 20 % compared with all other Christensenellaceae type strains and could therefore not be computed. The isDDH 
values were calculated using formula 2 of the Genome-Genome Distance Calculator (https://ggdc.dsmz.de/), which showed that R-7T 
and WTE2008T shared only 25.5 % identity to each other, and ≤26.2 % to all other Christensenellaceae type strains. Two-way AAIs of 
protein sequences between R-7T and WTE2008T, and between these and other type strains of Christensenellaceae were calculated using 
an online server (http://enve-omics.ce.gatech.edu/aai/) under default settings. R-7T and WTE2008T shared 80.2 % AAI, and ≤44.5 % to 
all other Christensenellaceae type strains. The POCP between genomes was calculated with the open-source script described in Salvetti 
et al. [22]. R-7T and WTE2008T shared a POCP value of 77.9 %, with ≤27.7 % to all other Christensenellaceae type strains. These results 
collectively highlight the genetic distinctiveness of strain R-7T and WTE2008T from each other and other Christensenellaceae type 
strains, thereby supporting the GTDB classifications of R-7T and WTE2008T as separate species of a novel genus and family.

PHYSIOLOGY AND CHEMOTAXONOMY
Cell morphology was assessed using phase-contrast microscopy and transmission electron microscopy. In both instances, visual-
ized cells were grown anaerobically in basal medium with yeast extract (BY medium) [23] containing rumen fluid from a hay-fed 

Fig. 1. Maximum likelihood phylogeny based on 16S rRNA gene sequences from R-7T, WTE2008T and Christensenellaceae type strains. GenBank 
accession numbers given in brackets. The sequence from Ruminococcus albus 7T was used as an outgroup. The three full-length 16S rRNA sequences 
in each of the genomes of R-7T and WTE2008T are shown in red. The bootstrap values associated with branches are shown if ≥50 % from 500 bootstrap 
replications.
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cow, with 0.5 % (w/v) cellobiose overnight at 39 °C. For phase-contrast microscopy, cells were photographed with a DM2500 
microscope (Leica Microsystems), and cells of both strains were 1–3 µm in length and 0.2–0.5 µm in width, often in pairs (Fig. 3), 
or occasionally forming longer chains. Cells were also assessed using the Gram staining method [24] and both strains were 
Gram-negative.

Transmission electron microscopy (TEM) of negatively stained cells was performed by pelleting cells by low-speed centrifugation 
(2800 g), and resuspending in sterile water. Cell suspensions were processed and imaged at the Massey Microscopy and Imaging 
Centre (Palmerston North, New Zealand). Cells were fixed to a Formvar grid and stained in 2 % (w/v) uranyl acetate, and then 
viewed using an FEI Tecnai G2 Biotwin transmission electron microscope. Cells of R-7T and WTE2008T appeared similar, lacking 
any obvious appendages (e.g. pili or flagella), and exhibited electron-dense poles. Both R-7T and WTE2008T had thin electron-
dense rings around the mid-section of cell bodies (Fig. 3).

Fig. 2. Phylogenomic tree based on proteomes of R-7T and WTE2008T and Christensenellaceae type strains. The tree is inferred using FastME 2.1.6.1 [28] 
from whole proteome-based Genome blast Distance Phylogeny (GBDP) distances. Branch lengths are scaled via GBDP distance formula d5. The GBDP 
pseudo-bootstrap support values associated with branches are shown if >60 % from 100 bootstrap replications. The tree was midpoint-rooted [29].

Fig. 3. Cell morphology of R-7T and WTE2008T. Phase-contrast images (left), transmission electron microscopy images of negatively stained cells 
(centre), and thin-sectioned cells (right). Scale bars are shown bottom left.

http://doi.org/10.1601/nm.22787
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Thin cross-sections of cells were prepared for TEM by washing cell pellets three times in sterile water, then resuspending in modi-
fied Karnovsky’s fixative (2 % paraformaldehyde and 3 % glutaraldehyde in 0.1 M phosphate buffer (pH 7.4)) for processing and 
imaging. Resin-embedded thin sections of each sample were prepared using an EM UC7 ultra-microtome (Leica Microsystems, 
Weltzar, Germany), and viewed using an FEI Tecnai G2 Biotwin transmission electron microscope. Both R-7T and WTE2008T 
had cell wall ultra-structures characteristic of Gram-negative bacteria (Fig. 3).

To assess the cellular fatty acid compositions of strains, cultures were anaerobically grown overnight at 39 °C in 100 ml of BY 
medium [23] containing 0.5 % (w/v) cellobiose and harvested by centrifugation. Cellular fatty acid profiles (Table S3) were 
determined by gas chromatography with flame-ionization detection using the MIDI Sherlock Microbial Identification System 
(MIS), and the Anaerobic Bacteria Library (MOORE6) for peak identification. The five most abundant cellular fatty acids of R-7T 
and WTE2008T were C16 : 0, C16 : 0 iso, C17 : 0 anteiso, C18 : 0, and C15 : 0 anteiso. However, C17 : 0 anteiso and C16 : 0 iso were more abundant 
in R-7T, whereas C16 : 0 and C18 : 0 were more abundant in WTE2008T (Table 1).

Growth of R-7T and WTE2008T at various temperatures, pH, and NaCl concentrations were carried out over 72 h, in BY medium 
[23] containing 0.5 % (w/v) cellobiose as substrate. Both strains grew at 30 and 45 °C, but not at 25 °C or 50 °C. Tolerance to NaCl 
supplementation of BY medium was tested in 0.5 % increments from 0–3.0 % (w/v). Both strains grew at 0.5 %, but not at any 
greater concentrations. Tolerance to pH was measured by adjusting the pH of BY medium in increments of 0.2–0.5 over a range 
of pH 4.6–7.0. Both strains grew in a pH range of 5.9–7.0. WTE2008T could grow at pH 5.6 but not R-7T, and neither strain 
could grow at pH 5.1. Colonies did not form when incubated aerobically on BY agar (1.5 % w/v) plates at 39 °C compared with 
anaerobically grown controls, suggesting R-7T and WTE2008T as being anaerobic.

The growth of strains on 23 different soluble carbon substrates in BY medium [23] was assessed in triplicate using a Spectronic 200 
spectrophotometer (Thermo Scientific) with absorbance at 600 nm. Each strain was inoculated into anaerobic medium containing 
0.5 % (w/v) of the test substrate and incubated at 39 °C for 48 h. Both R-7T and WTE2008T grew well using l-arabinose, glucose, 
xylose, cellobiose, lactose, maltose, melibiose, sucrose, and trehalose as a carbon source. R-7T also grew well on galactose, but 
WTE2008T only weakly. Weak growth of both strains was observed on melezitose, raffinose, and aesculin. WTE2008T grew on 
fructose and weakly on mannose, but R-7T did not. R-7T grew weakly on rhamnose, but WTE2008T did not. Neither strain grew 
on ribose or any of the sugar-alcohols tested. Both strains grew best on cellobiose, however, WTE2008T grew to approximately 
half the optical density of R-7T.

The ability of strains to degrade a range of insoluble substrates, including major plant cell wall polysaccharides, was assessed. Each 
strain was incubated anaerobically in BY medium [23] with 0.5 % (w/v) of each insoluble substrate in Hungate tubes fastened 
horizontally on a shaker, and gently shaken at 39 °C for 5 days. Fermentation end products, including short-chain fatty acids 
(SCFAs) and alcohols, were quantified by gas chromatography as described in Della Rosa et al. [25]. Overall, SCFA production was 
highly variable between triplicate cultures for some strain-substrate combinations, and in some instances showed net decreases 
in concentrations, which suggested that SCFA utilization may have occurred (Table S4). R-7T and WTE2008T produced acetate, 
but not butyrate or propionate. Ethanol was also produced by both strains, with generally less variability between triplicates than 
SCFAs. Using ethanol production as an indicator of microbial growth, R-7T and WTE2008T could degrade and ferment xylan and 
pectin, suggestive of a role of these organisms in ruminal fibre degradation. However, neither strain could grow on crystalline 
cellulose (Table 1), despite R-7T having been originally isolated from a cellulose-adherent fraction of the rumen microbiota. 
Notably, R-7T cultures yielded greater ethanol concentrations growing on dextrin and salicin than on cellobiose (Table S4).

To further characterize fermentation end product formation during growth of R-7T and WTE2008T, 10 ml cultures of each strain 
were grown in BY medium [23] containing 0.5 % (w/v) cellobiose, rumen fluid from a pasture-fed sheep and 0.1 % (w/v) each 
of Bacto peptone and casamino acids at 39 °C for 24 h. Samples were taken at various time points to determine fermentation 
end product concentrations. Production of hydrogen was also measured by injecting 0.1 ml of headspace of each culture into an 
Aerograph 660 gas chromatograph (Varian Associates) fitted with a Porapak Q80/100 mesh column (Waters Corporation) and 
a thermal conductivity detector. To additionally assess the production of formate, succinate and lactate, sample supernatants 
were derivatized using the method described by Richardson et al. [26]. Optical densities and production of fermentation end 
products over time are shown in Fig. 4. Both strains produced acetate, ethanol, hydrogen and lactate. However, R-7T produced 
more hydrogen than lactate (11.8±0.4 mM l−1 hydrogen versus 1.5±0.2 mM lactate), whereas WTE2008T produced considerably 
more lactate and less hydrogen (4.1±0.3 mM l−1 hydrogen versus 6.5±1.1 mM lactate). Notable was the apparent switch to copious 
lactate production and cessation of hydrogen production by WTE2008T after 16 h of growth.

DESCRIPTION OF ARISTAEELLA GEN. NOV.
Aristaeella (​A.​ris.​tae.​el’la. N.L. fem. n. Aristaeella named after Aristaeus (Aristaios), a Greek god associated with animal husbandry 
and production of alcoholic beverages).

Cells are Gram-negative, obligately anaerobic, non-motile rods that do not form spores. Utilizes various sugars, hemicellulose 
and pectin to form short-chain fatty acids, lactate, hydrogen and ethanol. The type species is Aristaeella hokkaidonensis.
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DESCRIPTION OF ARISTAEELLA HOKKAIDONENSIS SP. NOV.
Aristaeella hokkaidonensis (​hok.​kai.​do.​nen’sis. N.L. fem. adj. hokkaidonensis pertaining to Hokkaido, Japan, where the type strain 
was isolated).

Cells are Gram-negative, obligately anaerobic non-motile rods ranging from approximately 1 to 3 µm long and 0.2 to 0.5 µm wide. 
Cells possess no obvious appendages and have cell walls characteristic of Gram-negative bacteria. Dominant cellular fatty acids 
are C15 : 0 anteiso, C16 : 0, C16 : 0 iso, C17 : 0 anteiso, C18 : 0 and C18 : 0 iso. Cells use arabinose, galactose, glucose, xylose, cellobiose, lactose, 
maltose, melibiose, sucrose and trehalose, with weak growth on rhamnose, melezitose, raffinose and aesculin, and no growth on 
fructose, mannose, ribose, glycerol, myo-inositol, mannitol, sorbitol, xylitol and amygdalin. Cells degrade and use the breakdown 
products of dextrin, pectin, starch, xylan and salicin, but do not degrade crystalline cellulose, glycogen, inulin and rutin. The 
major fermentation end products are ethanol, hydrogen, acetate and lactate.

The type strain, R-7T (=JCM 34733T=DSM 112795T), was isolated from sheep rumen contents in Hokkaido, Japan. The genome 
was determined to be 3.39 Mb with a G+C content of 53.0 mol%.

DESCRIPTION OF ARISTAEELLA LACTIS SP. NOV.
Aristaeella lactis (lac’tis. L. gen. n. lactis of milk, pertaining to lactate, due to the significant lactate production by the type strain).

Cells are Gram-negative, obligately anaerobic non-motile rods ranging from approximately 1 to 3 µm long and 0.2 to 0.5 µm wide. 
Cells possess no obvious appendages and have cell walls characteristic of Gram-negative bacteria. Dominant cellular fatty acids 
are C15 : 0 anteiso, C16 : 0, C16 : 0 iso, C17 : 0 anteiso and C18 : 0. Cells use arabinose, fructose, glucose, xylose, cellobiose, lactose, maltose, 
melibiose, sucrose and trehalose, with weak growth on galactose, mannose, melezitose, raffinose and aesculin, and no growth 
on amygdalin, glycerol, myo-inositol, mannitol, rhamnose, ribose, sorbitol or xylitol. Cells degrade and use the breakdown 
products of dextrin, pectin, starch, xylan, and salicin, but do not degrade crystalline cellulose, glycogen, inulin or rutin. The 
major fermentation end products are ethanol, lactate, acetate and hydrogen.

The type strain is WTE2008T (=JCM 34734T=DSM 112788T), which was isolated from bovine rumen contents from Waikato, New 
Zealand. The genome of the type strain is characterized by a size of 3.45 Mb and G+C content of 53.5 mol%.

DESCRIPTION OF ARISTAEELLACEAE FAM. NOV.
Aristaeellaceae (​A.​ris.​tae.​el.​la.​ce’ae. N.L. fem. n. Aristaeella type genus of the family; -aceae ending to denote a family; N.L. fem. 
pl. n. Aristaeellaceae the family whose nomenclatural type is the genus Aristaeella).

Fig. 4. Optical density and production of fermentation end products of R-7T and WTE2008T over 24 h of growth. Error bars denote SEM (n=3). *This data 
point represents the maximum absorbance limit of the spectrophotometer.
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The family is described on the basis of phylogenetic analyses of 16S rRNA gene sequences and whole genome analyses. Cells are 
rod-shaped, Gram-negative and anaerobic. Belongs to the order ‘Christensenellales’ [4] of the phylum Bacillota [27].
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