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SUPPLEMENTARY NOTE 1 

Cultures used in this study 

The primary aim of the Hungate1000 project was to generate a reference set of rumen 

microbial genome sequences. The first step in this process was to compile a list of cultured 

rumen isolates in order to determine the range of cultures available. This identified 146 

rumen isolates held in culture collections, and reports of 88 different genera belonging to nine 

phyla160. The collection of rumen archaea and bacteria held at the AgResearch Grasslands 

Research Centre served as a starting point for this project, and members of the Rumen 

Microbial Genomics Network (http://www.rmgnetwork.org/) were surveyed and requested to 

provide cultures of interest. These were supplemented with additional cultures purchased 

from culture collections. The full list of cultures used in the project and their provenance is 

shown in Supplementary Table 1.  

The largest single group of bacterial cultures (113) used in this project was isolated from the 

fibre-adherent fraction of bovine rumen contents during a companion study designed to bring 

additional rumen bacteria into cultivation8. In this study rumen contents were sampled from 

five ruminally fistulated Holstein/Friesian dairy cows at five time points over the course of a 

year (four animals at each time point). The animals, feed, rumen sampling methods and the 

protocol used to separate digesta-adherent bacteria have been described previously161. 

Bacteria were isolated from the digesta-adherent fraction using the techniques and media 

described by Kenters et al25. Briefly, the plant-adherent fraction was obtained by washing the 

rumen digesta four times with basal RM02 medium25, followed by squeezing through 

cheesecloth. The retained fraction was then blended to release the bacterial cells from the 

plant material. All of these steps were done anaerobically under a stream of CO2. Serial 

dilutions of the blended digesta were made in order to obtain a range around a theoretical 

number of 0.2 viable cells/mL. Serial 10- and 100-fold dilutions were made down to 10-7-

Nature Biotechnology: doi:10.1038/nbt.4110



 
 

2 
 

fold. This dilution was then further diluted in a series of six four-fold dilutions. All dilutions 

were made in RM02 base media in sealed serum bottles using sterile CO2-flushed syringes 

and needles. A total of 0.1 mL of each dilution from the chosen range were inoculated into 60 

Hungate tubes containing RM02 + GenRFV25 and incubated at 39o C. Tubes that showed any 

turbidity were scored as positive for growth, subcultured into fresh RM02 media, examined 

microscopically for cell uniformity and morphology and stored at -85o C. This group of 

cultures included representatives of the unclassified R-7 and RC-9 gut groups as well as 

several bacteria that do not match currently described genera (Supplementary Table 1).  

The initial culture survey highlighted the under-representation of members of the phylum 

Bacteroidetes160, and targeted isolation experiments from samples of cow rumen contents 

were used to provide additional cultures specifically for this project. RM02 medium25 with 

cellobiose, cellulose, galacturonic acid or pectin as the carbohydrate source, or RM02 

medium supplemented with haemin and vitamin K (KH medium) were used to obtain 18 

additional cultures from the families Bacteroidaceae, Porphyromonadaceae and 

Prevotellaceae within the Bacteroidetes phylum. These isolation experiments also provided 

new strains from the phyla Actinobacteria (13), Firmicutes (42), Proteobacteria (5) and 

Spirochaetes (1). These strains are available from the AgResearch culture collection and are 

marked as targeted isolates (TI) in Supplementary Table 1.  

Overall the Hungate collection includes almost all the archaeal and bacterial cultures that 

have been described and named from the rumen. The only exceptions for which we were 

unable to obtain viable cultures or genomic DNA were rumen strains of Howardella 

ureilytica162, Syntrophococcus sucromutans163, Micromonospora ruminantium164, 

Clostridium sticklandii (Peptoclostridium)165, Mannheimia ruminalis166 and Oxalobacter 

formigenes167. Since this project began a small number of novel rumen bacteria have been 
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described including Treponema ruminis168, Megasphaera hexanoica169, Actinomyces 

succiniciruminis and Actinomyces glycerinitolerans170.  

While 86% (431) of the sequenced cultures were of established rumen origin a further 70 

cultures originated from either feces (68) or saliva (the 2 Alysiella isolates from sheep saliva). 

It is known that fecal isolates are not a good proxy for the rumen171,172 but this subset of 

cultures was included to provide additional information on the microbiota of the ruminant 

gastrointestinal tract. It is apparent that much of the human metagenome recruitment relates 

to this subset of fecal cultures. 

The origin of the fecal isolates was as follows: 

1. 16 were from newborn calf feces from before the rumen has developed and the animals 

are predominantly fed milk or a calf starter milk replacement. These cultures are probably 

a special case not truly representative of the rumen or the GI tract of an adult animal. 

2. 38 cultures came from a USDA study (NLAE-zl strains) that isolated bacteria from fecal 

enrichments from cows (21 isolates), and goats (17 isolates)10 . This is the only study that 

has attempted to isolate bacteria from ruminant feces in a systematic way. 

3. 7 isolates were from cow feces. These include the type strains of Methanobrevibacter 

thaueri (known to be present in the rumen from 16S rRNA gene studies but no rumen 

isolates available), Clostridium intestinale and Streptococcus equinus. 

4. 2 isolates were from horse feces included because they are representative of known 

rumen organisms for which no rumen isolates were available (Methanobrevibacter 

gottschalkii and Sharpea azabuensis, although we were later able to isolate rumen strains 

of the latter). 

5. 1 isolate from lamb feces (Peptoclostridium mangenotii). 

6. 1 isolate from deer feces (Peptostreptococcaceae bacterium with 99% match to 

Romboutsia sedimentorum). 
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7. 1 isolate from pig feces-the type strain of Methanobrevibacter gottschalkii (known to be 

present in the rumen from 16S rRNA gene studies but no rumen isolates available). 

8. 1 isolate from sheep feces-the type strain of Methanobrevibacter wolinii (known to be 

present in the rumen from 16S rRNA gene studies but no rumen isolates available-this 

culture is no longer available from DSM). 

9. 1 isolate from goose feces-the type strain of Methanobrevibacter woesii (known to be 

present in the rumen from 16S rRNA gene studies but no rumen isolates available). 

Cultures were grown according to referenced methods and media (see Supplementary Table 1 

for references) or routinely resuscitated from frozen stocks in RM02 medium25 and incubated 

at 39°C in the dark for up to 14 days or until turbid. All cultures were checked for purity by 

successive subculture from liquid culture to solid media. Individual colonies were purified by 

streaking onto fresh agar plates, and sub-cultured into liquid culture. If the cultures were true-

to-label they were catalogued and stored at -85°C.  Briefly, solid media were prepared by 

adding 7.5g agar to 500ml basal medium bubbled through with 100% CO2 gas, and 

autoclaved. Agar plates were poured in an anaerobic glove box (93% CO2, 7% H2), and dried. 

Inoculated plates were placed in stainless steel canisters pressurized with CO2 and incubated 

at 39°C for up to 14 days. 

To identify novel cultures or confirm culture identity, DNA was extracted from 10ml RM02 

cultures and subjected to partial 16S rRNA gene sequencing using the 27f and 1492r primers. 

Briefly bacterial cells were harvested, re-suspended in Tris EDTA (TE) buffer (pH 7.4). 

RNAse was added to give a final concentration of 140µg/ml. Bacteria were lysed using 

lysozyme (final concentration of 12.5mg/ml, 37°C for 45min), proteinase K (final 

concentration of 1mg/ml, 52°C for 60min) and SDS (final concentration 1% [w/v], 52°C for 

45min. Cellular proteins were removed by mixing the clear cell suspension with 

phenol:chloroform:isopropanol (25:24:1) and removing the upper aqueous layer after 
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centrifugation. This procedure was repeated and DNA precipitated with isopropanol, washed 

with 70% ethanol and resuspended in TE buffer.  

SUPPLEMENTARY NOTE 2   

Biosynthetic gene clusters 

Biosynthetic gene clusters produce a diverse range of small molecules believed to mediate 

microbe-microbe and microbe-host interactions and some have been shown to have 

antimicrobial activity. To determine if rumen microbes produce a novel range of secondary 

metabolites the 501 genomes were screened for biosynthetic gene clusters using the 

antiSMASH 3.0 program173. A total of 6,906 biosynthetic clusters were predicted from the 

Hungate genomes (Supplementary Table 7). Results for bacteriocins, lantipeptides and non-

ribosomal peptides (secondary metabolites known to have antimicrobial activity) are 

summarized in Supplementary Fig. 5. Of the 288 non-ribosomal peptide biosynthetic clusters 

detected, 251 were encoded by 153 Firmicute genomes belonging to 23 genera. Six out of 21 

Euryarchaeal genomes also encode 10 non-ribosomal peptide biosynthetic clusters, and these 

are believed to have been acquired by horizontal gene transfer148. Bacteriocins from rumen 

bacteria have been described previously174,175, and their use as rumen modifiers to reduce 

methane production in ruminants has been suggested176. It is not known if secondary 

metabolites from rumen bacteria have activity against rumen methanogens, but the 

bacteriocin nisin177, and synthetic antimicrobial peptides178 have been reported to be 

inhibitory to methanogens. 

SUPPLEMENTARY NOTE 3  

CRISPR-CAS system spacer analysis 

The Hungate CRISPR spacer collection (6,344 spacer sequences predicted from 241 

genomes) was searched against three databases: (i) IMG/VR179, (ii) global “spacerome” 

comprised of spacers predicted from all isolates and metagenomes in the IMG database, and 
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(iii) NBCI refseq plasmid database. Only 169 (2.7% of total) Hungate spacers had matches 

against IMG/VR, yielding novel linkages or association between 31 Hungate genomes and 83 

non-redundant viruses (Supplementary Table 8). Expectedly, the majority (94%) of these 

viruses were derived from mammalian host-associated samples. More specifically, ~61% 

were from human intestinal (fecal) samples, 26% from rumen, 7.6% from human oral, and 

5.7% from aquatic samples. The larger relative proportion of human intestinal viruses was 

primarily due to the preponderance of these types of samples relative to rumen samples, but 

the associated Hungate hosts were themselves of primarily ruminant fecal origin whereas 

rumen isolates were associated primarily with viruses predicted from rumen metagenomic 

samples.  

A total of 821 (~13% of total) Hungate spacers possessed hits in the spacerome collection 

from isolate genomes (Supplementary Table 8). We observed that 85% of all the spacer 

matches were found between different strains of the same species and 4.6% from spacer 

matches between different species of the same genus, reflecting a high host-specificity for 

these mobile genetic elements. The remaining 10.4% of the hits were found between spacers 

from members of Escherichia spp. and Shigella spp. A single instance of identical spacer 

sequence between two members of different orders (Enterobacteriales and 

Pseudomonadales) was detected. About 380 Hungate spacers were detected in the spacerome 

arising from metagenomes, and exploring the habitat metadata for these revealed similar 

patterns as discussed above in the IMG/VR results. The search against the NBCI refseq 

plasmid database resulted in no significant hits.  

SUPPLEMENTARY NOTE 4   

Metagenome recruitment 

About 129 Hungate isolates that were not detected in rumen metagenome samples (based on 

the recruitment constraints described in methods), did recruit other types of environmental 
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samples in the IMG database (Fig.4, Supplementary Table 9). For example, 

Pseudochrobactrum sp. AO18b, Bacillus cereus KPR-7A, Bacillus nealsonii AAU1_buffalo 

and Bordetella trematum HR18 recruited several different plant rhizosphere samples, and 

might represent plant-associated bacteria ingested by grazing animals. These could be 

expected to be transient members of the microbiota rather than true denizens of the rumen. 

Pediococcus acidilactici AGR20 was detected exclusively in an insect (Panchlora sp.) gut 

sample, but pediococci are also commonly associated with forage crops and used as silage 

inoculants in the production of animal feeds180.  Enterobacter sp. KPR-6, Escherichia coli 

PA-3, Citrobacter sp. NLAE-zl-C269, Shigella sonnei NLAE-zl-G496 were almost 

ubiquitously detected in hundreds of samples from aquatic, terrestrial, plant, insect, human 

and many other sources. Basfia succiniciproducens strains, Streptococcus henryi A-4, 

Actinobacillus succinogenes 130Z, and Actinomyces ruminicola strains were exclusively 

recruited by numerous human oral samples, Bifidobacterium longum AGR2137, B. breve 

RP2, and B. bifidum Calf96 were detected in human intestinal samples, and Staphylococcus 

epidermidis NLAE-zl-G239 recruited primarily nasopharyngeal and skin samples from the 

retroauricular crease. In all, 66 Hungate isolates were recruited by human samples 

(exclusively (20) or otherwise) and not detected in rumen samples. 

As further validation of the protein sequence-based recruitment results, we also performed a 

nucleotide-based recruitment of >15 billion unassembled reads from selected rumen (sheep 

(20) and bovine (3)) and human stool (4) metagenome samples against the Hungate isolates 

(Supplementary Table 9). Overall, these results reaffirmed protein recruitment results as 

stated in the main text, with no perceived contradictions or additional evidence of 

recruitment; indeed, the same isolates were recognized as top recruiters using both 

approaches.  
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