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Microbiology

The organism, designated Y4.1MC1, was one of several members of the Bacillus family 
isolated by Lucigen from Bath Hot Spring. The organism was rod-shaped and grew as 
a planktonic culture in YTP medium.

Methods

Samples from Yellowstone National Park hot springs were obtained during sampling 
trips in September 1993 and 1994. Enrichment cultures were performed in YTP medium 
containing (per liter) 2.0 g yeast extract, 2.0 g tryptone, 2.0 g sodium pyruvate, 1.0 g KCl, 
1.0 g KNO3, 1.0 g Na2HPO4.7H2O, 0.1 g MgSO4, 0.03 g CaCl2, and 1.0 ml centrifuged  
tomato juice. Enrichments were performed at 70°C, in flasks shaken at 250 rpm. Cultures 
were purified by selection of individual colonies on plates containing the above medium 
and 16.0 g/liter agar. 

For sequencing of whole genomes, cells were grown starting from a single colony in a 
clear medium and collected by centrifugation. The cell concentrate was lysed using a 
combination of SDS and proteinase K, and genomic DNA was isolated using a phenol/ 
chloroform extraction. The genomic DNA was precipitated, treated with RNase to remove 

Boiling thermal pools present a particularly attractive target for isolation of novel organisms 
as well as community genomic analysis. These pools are physically isolated from other 
ecosystems, contain relatively simple populations, and are among the most hostile 
environments known. Identifying and cultivating individual organisms and analyzing the 
genomic content of the entire microbial community from which they are isolated can provide 
insight into microbial ecology, biogeochemistry, and evolution. Lucigen Corporation and 
the Joint Genome Institute (JGI) of the US Dept. of Energy have begun a joint sequencing 
initiative to study the microbes of Bath Hot Spring, a boiling thermal pool in Yellowstone 
National Park. This project will provide the complete genomic sequence of 4 cultured 
organisms from Bath Hot Spring, as well as genomic sequence data from the mixed 
community inhabiting the spring. Pure cultures of aerobic organisms capable of growth at 
70°C and 80°C were cultivated from Bath Hot Spring. The first organism being sequenced 
showed unusual cellular morphology and produced protein-based biofilm in liquid culture, 
suggesting the organism possessed novel environmental adaptations. The organism 
showed 16S homology to Geobacillus tobeii, but identification by recN sequence indicated 
it was a novel species. Preliminary analysis of sequencing results indicates that lateral 
gene transfer is responsible for the introduction of a number of unexpected enzymes and 
biochemical pathways including the anaerobic carbon monoxide utilization pathway from 
Thermoanaerobacter tengcongensis into the organism. Isolation, growth, characterization, 
and sequencing of these organisms should give new insight into the  lifestyles of microbes 
under highly stressful conditions.

residual contaminating RNA, and fragmented by hydrodynamic shearing (HydroShear 
apparatus, GeneMachines, San Carlos, CA) to generate fragments of 2-4 kb. The frag-
ments were purified on an agarose gel, end-repaired, and ligated into a high-stability, 
low copy vector (Lucigen). The recombinant plasmids were then used to transform 
electrocompetent cells. The resultant libraries were sequenced by the DOE’s Joint  
Genome Institute.

Cultures were stained using the LIVE/DEAD® BacLight™ Bacterial Viability Kit (Molecu-
lar Probes, Eugene, OR). Samples were observed using a Nikon Eclipse TE2000-S 
epifluorescence microscope. Photographs were taken using a Diagnostics Instruments, 
Inc. Model 11.2 Color Mosaic digital camera and processed using Diagnostics Instruments, 
Inc. Spot Advanced software. 

Addition of glucose, cellobiose, or xylose to the culture resulted in formation of large 
quantities of biofilm by the bacteria. This material was visible to the naked eye as 
small, (1-2 mm) filaments. The biofilm was readily visualized using the LIVE/DEAD® 
BacLight™ Bacterial Viability Kit. The micrographs, below, show that biofilm is unusual 
in that it contains few entrapped cells. The biofilm is solubilized by 8M-Urea; the soluble 
material appears to be protein when analyzed by SDS-PAGE (data not shown).

Bath Hot Spring; Temp 93°C  pH 9.3; Elevation 7218 ft.  
Lower geyser basin YNP

Microbial Mat growing below the  
surface of Bath Hot Spring. 

RESULTS

Planktonic culture stained using the 
LIVE/DEAD® BacLight™ Bacterial Viability 
Kit; cells shown at 1000x magnification.

Sequence Analysis 

This organism is currently undergoing whole genome sequencing at the Joint Genome  
Institute. A total of 7997 reads were performed by JGI on the 2-4 kb library. From these 
7997 reads, JGI constructed a total of 1187 contigs. Identification of the species by 16S 
RNA indicated the organism was closely related to Geobacillus tobeii. Analysis of the 
partial  recN sequence was carried out by Dr. Dan Zeigler. The results, shown below, 
indicate that Y4.1MC1 may be a novel species, not Geobacillus tobeii.  
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The alignment and distance matrix were generated by ClustalW 1.8, and a phylogram was 
produced from the matrix using the UPMGA option of the Phylip Neighbor package, as visu-
alized by TreeView.

Many of Y4.1MC1 genes share identity with Geobacillus kaustophilus, a deep ocean  
microbe with a 3.5Mb genome and 52% GC content. Considering the pristine environment 
of the Yellowstone Hot Springs, one would expect the organism to have few or no antibiotic 
resistance genes. Preliminary analysis shows many antibiotic resistance genes are present 
in the organism (Table 1), with several appearing in multiple clones.

Table 1. Antibiotic Resistance Genes

Sequence ID Gene Source Score  
(bits) E Value

APNP412.b2 Bicyclomycin resistance protein Bacillus cereus 65.5 2e-009

APNP547.b2 multidrug resistance protein Bacillus halodurans 273 3e-072

ATYC1978.b2 macrolide-efflux protein Bacillus cereus 330 4e-089

APNP700.g2 Multidrug resistance protein B Bacillus cereus 364 2e-099

ATYC1926.b2 multidrug-efflux transporter Geobacillus stearothermophilus 304 2e-081

ATYC2063.g2 antibiotic resistance protein Oceanobacillus iheyensis 319
3e-088

ATYC2864.g2 acriflavine resistance protein Oceanobacillus iheyensis 147 2e-034

Along with the extremes of temperature and pH, Yellowstone Hot Springs contain a wide 
range of toxic gases and  metal ions. As expected, screening of the Y4.1MC1 genome 
sequences revealed a significant number of detoxification genes for arsenate and heavy 
metals (Table 2).

site specific recombinase (Geobacillus kaustophilus) 84% identity
hypothetical phage protein (Bacillus subtilis) 38% identity

bacteriophage protein gp37 (Cytophage hutchinsonii) 60% identity
hypothetical protein (Myobacterium tuberculosis) 27% identity

putative endonuclease (Bacillus subtilis) 33% identity
transcriptional regulator (Enterococcus faecalis) 35% identity

hypothetical protein (Listeria innocua) 58% identity
hypothetical protein (Geobacillus kaustophilus) 78% identity
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Y4.1MC1 contig 1178
resembles a phage-like element in the Geobacillus kaustophilus genome,  
but the best homologies are to a variety of species:

Table 2. Resistance Genes for Toxic Ions

Sequence ID Gene Source Score  
(bits) E Value

ATYC2694.b2 cadmium efflux pump protein Geobacillus 
stearothermophilus 183 4e-045

ATYC1812.g2 cadmium-transporting ATPase Oceanobacillus iheyensis 368
1e-107

ATYC4571.b2 cadmium efflux pump protein Geobacillus stearother-
mophilus 446 1e-134

ATYC3398.g2 arsenical-resistance protein Bacillus cereus 270 5e-071

ATYC4763.b2 arsenical pump membrane  
protein Bacillus cereus 246

1e-073

Contig81 arsenate reductase Geobacillus kaustophilus 289 2e-076

Contig468
chromate transporter Geobacillus kaustophilus

390   
1e-106

ATYC1830.b2 magnesium and cobalt efflux 
protein Bacillus cereus 358 1e-101

ATYC4880.g2 cobalt-zinc-cadmium  
resistance protein czcD Bacillus cereus 254

2e-066

Contig404
mercuric reductase Bacillus licheniformis 374 1e-102

Contig651 aluminum resistance protein Geobacillus kaustophilus 382 1e-104

Contig294 heavy metal-transporting 
ATPase Geobacillus kaustophilus 307 6e-086

Genes for the transport and utilization of simple sugars, hemicellulose, and starch were 
present in the genomic sequences, as were genes for the transport of amino acids, 
peptides, and a variety of organic nitrogen compounds. The organism also appears 
to possess a number of genes for autotrophic growth; genes for anaerobic utilization of  
carbon monoxide, hydrogen, and reduction of molecular nitrogen appear to be present 
in the organism (Table 3).

Table 3

Sequence ID Gene Source Score  
(bits) E Value

Contig127 hydrogenase maturation  
protein HypF Solibacter usitalus 255 2e-066

Contig27 nitrogen fixation protein NifU Geobacillus kaustophilus 130 1e-028

AWYY510.b3 carbon monoxide dehydrogenase 
subunit CooS

Thermoanaerobacter  
tengcongensis 426 1 e-118

Y4.1MC1 may have received many of these genes through lateral gene transfer.  Many 
phage and phage-like proteins are present in the genome of Y4.1MC1. A phage-like 
element was identified in contig 1178 by Dr. Guy Plunkett of U. Wisconsin.

CONCLUSION
Bath Hot Spring at Yellowstone National Park appears to be an inhospitable place for micro-
bial growth, with alkaline pH, boiling temperature, and lack of traditional nutrients. Aerobic 
attempts to obtain pure cultures from either planktonic or filamentous samples from Bath 
resulted in recovery of many different Bacillus and two Thermus species. The large number 
of Bacillus species present in the samples is surprising, since 16S analysis of water and 
sediment samples did not reveal the presence of any Bacillus species. The absence of 
Bacillus species in the 16S analysis may be the result of poor lysis and recovery of Bacillus 
DNA from the environmental samples. Enrichment and plating technologies select for hardy, 
fast-growing organisms; the recovery of mostly Bacillus species is probably the result of 
their out-competing other organisms on the medium used for selection.  

Whole genome analysis of two of the Bacillus species is underway; preliminary analysis 
of the data from one of the two genomes is presented here. The organism, Y4.1MC1,  
appears to be a new species, related to Geobacillus tobeii.  Production of a biofilm-like material 
was observed when the organism was grown in liquid culture, an unusual observation for a 
pure culture in a shaken environment. Structural chacterization of the biofilm-like material is  
underway. Preliminary results indicate the biofilm is protein-based; this would be the first 
reported protein biofilm produced by a pure culture of a thermophile.   

Y4.1MC1 possesses genes to allow metabolism of a wide range of organic materials, and 
may possess pathways allowing autotrophic growth on the gases present in the hot spring. 
The organism possesses a number of genes for detoxifying chemicals found in its environment 
including heavy metals and arsenate; the carbon monoxide genes may function in a similar 
manner, detoxifying carbon monoxide and allowing aerobic growth of the organism. Y4.1MC1 
possesses a significant number of antibiotic resistance genes; this is surprising when one 
considers both the pristine nature of the hot spring and the environmental conditions of 
temperature and pH which would rapidly degrade any antibiotic present. Based on the 
large number of phage and phage-like genes present in the genome, Y4.1MC1 may have  
obtained many of these metabolic activities from lateral gene transfers facilitated by phage.
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Lucigen Geobacillus Isolates -- recN Phylogeny

The hot springs of Yellowstone National Park have been a source of many novel 
microbes including Acyclobacillus acidocaldarius  (Darland,1971), Methanothermobacter 
thermautotrophicus (Zeikus, 1980), Acidothermus cellulolyticus (Mohagheghi, 1986), 
Chloroflexusaurantiacus (Pierson, 1974), and Thermoleophilum album (Zarilla, 1984).

Preliminary results obtained by Lucigen on genomic analysis of the mixed community of 
the hot spring indicated the existence of many novel species. Lucigen Corporation and 
the Joint Genome Institute (JGI) of the US Dept. of Energy have begun a joint sequencing 
initiative to study these microbes of Bath Hot Spring. This project will provide the complete 
genomic sequence of 4 cultured organisms from Bath Hot Spring, as well as genomic  
sequence data from the mixed community inhabiting the spring.

Biofilm-producing culture stained using the LIVE/DEAD® BacLight™ Bacterial Viability Kit; 
cells shown shown at 200x magnification.


