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In this study, glass rods suspended at the air-water interface in the runoff channel of Fairy Geyser,
Yellowstone National Park, WY, were used as a substratum to promote the development of biofilms that
resembled multilayered mat communities in the splash zone at the geyser’s source. This approach enabled the
establishment of the temporal relationship between the appearance of Cyanobacteria, which ultimately formed
the outer green layer, and the development of a red underlayer containing Roseiflexus-like Chloroflexi. This is
the first study to define time-dependent successional events involved in the development of differently colored
layers within microbial mats associated with many thermal features in Yellowstone National Park. Initial
(1-month) biofilms were localized below the air-water interface (60 to 70°C), and the majority of retrieved
bacterial sequence types were similar to Synechococcus and Thermus isolates. Biofilms then shifted, becoming
established at and above the air-water interface after 3 months. During winter sampling (6 to 8 months),
distinct reddish orange microcolonies were observed, consistent with the appearance of Roseiflexus-like se-
quences and bacteriochlorophyll a pigment signatures. Additionally, populations of Cyanobacteria diversified to
include both unicellular and filamentous cell and sequence types. Distinct green and red layers were observed
at 13 months. Planctomycetes-like sequences were also retrieved in high abundance from final biofilm layers and
winter samples. Finally, biomass associated with geyser vent water contained Roseiflexus-like sequence types,
in addition to other high-abundance sequence types retrieved from biofilm samples, supporting the idea that
geothermal water serves as an inoculum for these habitats.

Biofilms are widely recognized as the way that most mi-
crobes exist in natural habitats (10–12), often developing into
thick mats on various substrata associated with geysers and
thermal springs in places such as Yellowstone National Park
(53). In the first published microbiological studies of near-boiling
pools in Yellowstone’s Lower Geyser Basin, an immersed glass
slide approach was used to recover biofilm-forming microbial
communities containing thermophilic Cyanobacteria, pink and
yellow filaments, and many colorless rods (7, 8). Dispersal of
microorganisms from biofilms has been investigated using 16S
rRNA studies of geothermal vent source water and down-
stream travertine deposit samples at Angel Terrace, a carbon-
ate spring in Mammoth Basin, Yellowstone National Park (18,
19). Using an artificial substrate and in situ kinetic apparatus at
Angel Terrace, Kandianis et al. recently demonstrated that
biomass serves as a catalyst in the precipitation of calcium
carbonate (27). Regrowth of cyanobacterial mat communities
after excision and removal at the alkaline Octopus Spring in
the Lower Geyser Basin was investigated by Ferris et al. (16).
In an effort to address how biofilms influence sinter formation,
Cady and Farmer (9) observed that the presence of hyperther-
mophilic biofilms influenced the development of spicular gey-
serite by providing a preferred substratum for opaline silica
precipitation. In a follow-up study, Blank et al. observed that
communities in the subaqueous environment of alkaline, silica-

depositing springs were similar to those associated with spicu-
lar geyserite at the air-water interface within the same spring
(3). However, none of these studies has examined biofilm
growth using artificial substrata to systematically evaluate com-
munity succession over time.

Fairy Geyser represents a constantly erupting alkaline geo-
thermal feature. Its vent waters (70 to 90°C) almost constantly
erupt and splash, supporting the growth of extensive multilay-
ered mat communities (35 to 60°C and pH 7.5 to 8.5) that form
just above the water, on top of the sinter which surrounds the
main geyser vent (5, 6). Fairy Geyser splash mats are composed
of a green surface layer of Cyanobacteria and a red underlayer
dominated by Roseiflexus-like Chloroflexi (5, 6). In monitoring
Fairy Geyser since 1998, we have regularly observed the for-
mation of similar multilayered photosynthetic microbial mats
in splash zones at the cooler air-water interface (35 to 40°C)
along the runoff channel or on debris that has fallen into the
runoff channel (S. Boomer, unpublished results). Consequently,
we hypothesized that solid substrata suspended in the Fairy
Geyser runoff channel should support biofilm development
and serve as a simple means for monitoring successional events
over time, including the development of multilayered commu-
nities. Because Roseiflexus-like Chloroflexi from comparable
red-layer communities in Yellowstone have been shown to be
nonsulfur photoheterotrophs that metabolize under low-inten-
sity light (6), we further hypothesized that red underlayer for-
mation would require the presence of a shielding green layer
and would thus form after initial colonization by Cyanobacte-
ria. In addition to decreasing the light intensity, the photoau-
totrophic Cyanobacteria would provide organic compounds for
the photoheterotrophic Chloroflexi, which typically consume
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cyanobacterial photosynthate in nature (40). Finally, we hy-
pothesized that Roseiflexus-like Chloroflexi would be present in
geothermal water at the vent source, providing an inoculum for
substrata in the runoff channel.

To test these hypotheses, we characterized the microbial
community that accumulated at the air-water interface of ster-
ile glass rods suspended in the thermal runoff at Fairy Geyser.
Owing to environmental resource impact and winter access
issues, this report encompasses two separate year-long studies.
The first study (2004-2005) investigated the succession of the
rod-associated communities during the first 3 months of colo-
nization in the summer season, while the second study (2006-
2007) investigated the succession after longer periods (6 to 8
months) of colonization during the winter season. In both
cases, some replicates were maintained for 13 months, produc-
ing thick and gelatinous mat-like biofilms with outer green and
inner red layering. For samples from all time points, we as-
sessed biofilm accumulation by using microscopy, pigment
analysis, and 16S rRNA studies, targeting both general bacte-
ria and Chloroflexi. Although aforementioned Yellowstone
biofilm studies have reported growing monolayers on artificial
substrates or performed disturbance and recovery studies of
existing mat systems in Yellowstone, this study represents the
first report of multilayered photosynthetic mats being gener-
ated and studied in this manner.

MATERIALS AND METHODS

Biofilm formation field methods. Our study site was at Fairy Geyser, Yellow-
stone National Park, WY (44°32�53�N, 110°51�68�W), a National Science Foun-
dation (NSF) Microbial Observatory site. Previously, only the splash mats at the
air-water interface (48 to 53°C, pH 8.0) around the vent source (Fig. 1A, panel
a) were described (5, 6). In accordance with low-impact requirements defined by
the Yellowstone Center for Resources (Christie L. Hendrix, Research Permit
Facilitator, personal communication), we selected a location 100 m downstream
from the vent source that provided adequate space for placing our artificial
substrata for colonization. Specifically, we deployed sterile glass rods (20 cm
long, 1 cm in diameter), suspending them partially in the geothermal runoff by
using a sterilized clothespin that was secured onto a dead branch placed across
the runoff channel (Fig. 1A, panels b and c). At the times of placement, 3 to 5 cm
of each rod was submerged in the runoff, leaving a 5- to 7-cm length between the
waterline and the point of attachment. We chose glass rods over slides because
a more uniform distribution of biomass was achieved with the former. Two
13-month studies were conducted between 2004 and 2007. For the first study, 12
rods were deployed on 30 May 2004; 4 rods were subsequently collected on 30
June 2004 (1 month), 14 September 2004 (3 months), and 8 July 2005 (13
months). For the second study, 12 rods were deployed on 9 June 2006; 4 rods
were subsequently collected on 20 December 2006 (6 months), 24 Feb. 2007 (8
months), and 18 July 2007 (13 months). For all 1- to 8-month-incubation sam-
ples, the portion of each rod containing visible biofilm was cut with a glass cutter
and transferred aseptically on-site to a sterile 50-ml conical plastic screw-cap test
tube, frozen at �20°C within 2 h of collection, shipped on dry ice to the labo-
ratory, and stored at �80°C. For all 13-month incubation samples, the biomass
associated with each rod was separated with sterile forceps and scalpels into
outer green and inner red layers while in the field. Separated layers were trans-
ferred to separate 1.5-ml microcentrifuge tubes, frozen at �20°C within 2 h of
collection, shipped on dry ice to the laboratory, and stored at �80°C. Temper-
ature and pH within the Fairy Geyser splash mat were measured on 9 June 2006
and 18 July 2007, and those within 13-month biofilms were measured on 18 July
2007 as described previously (5).

Water sampling and aqueous-phase chemistry. To assess biomass suspended
in the water emerging from the vent source, water samples were collected on 9
June 2006 using sterile, nitric acid-cleaned 2-liter Nalgene polypropylene Boston
Round bottles. Within 2 h of collection, six 1-liter volumes were filtered through
sterile Millipore Isopore polycarbonate membranes (37-mm diameter, 0.4-�m
pore size) and the membranes placed in a 50-mm-diameter tight-lid petri dish
(FisherBrand, Pittsburgh, PA), frozen at �20°C, shipped on dry ice to the

laboratory, and stored at �80°C. To assess aqueous-phase chemistry at the
source of the geyser and at the biofilm experimental site, water samples were
collected from these locations on 9 June 2006 and 18 July 2007 using sterile,
nitric acid-cleaned 2-liter Nalgene polypropylene Boston Round bottles. Nitrate
was determined by the Hach cadmium reduction assay using the AccuVac
NitraVer 5 reagent, sulfate by the Hach Sulfa Ver 4 method using Sulfa Ver 4
reagent, and sulfide by the methylene blue method using the Hach sulfide
reagents (Hach water analysis handbook, 3rd ed., 1997; Loveland, CO). A Hach
DR/890 portable colorimeter was used to measure color development in the
above-mentioned chemical assays. Water temperature and pH at both of
these locations were measured on 9 June 2006 and 18 July 2007 as described
previously (5).

Biofilm sample preparation and biomass determination. To compare similar
amounts of biofilm growth from each time point, efforts were made to measure,
resuspend, and aliquot defined amounts of each sample. For 1- to 8-month
samples, 10 ml of glucose-Tris-EDTA buffer (pH 7.5) was added to each tube,
followed by 5 to 10 min of vortex agitation and scraping using a sterile scalpel.
Biofilm resuspensions were homogenized and subdivided into 1-ml aliquots and
centrifuged at 10,000 � g for 4 min at room temperature to pellet cells, and wet
weight was determined following removal of the buffer supernatant. After 13-
month green- and red-layer samples previously dissected from the rods in the
field were weighed, each layer was separated into 0.1-g aliquots with sterile
forceps and scalpels.

Microscopy. All microscopy was performed using an Olympus BX41 micro-
scope equipped with a BX-URA2 fluorescence illuminator and a DP71 digital
camera system (Olympus America, Inc., Melville, NY). Biofilm sample aliquots
were examined under phase contrast light and fluorescence by using an Olympus
U-MWIB2 filter set (with excitation at 460 to 490 nm) to assess for red chloro-
phyll a (Chl a) autofluorescence. Biomass was removed from water filter samples
by combining each filter with 6 ml glucose-Tris-EDTA in a 15-ml conical tube
and gently rocking the tube overnight at 4°C. Buffer containing removed cells was
concentrated as described above for biofilm samples.

Pigment analysis. Total pigment was extracted from rod biofilm samples by
using 100% methanol as previously described (5). Biomass associated with each
biofilm homogenate (1- to 8-month samples) and each biofilm layer (13-month
green and red layers) was distributed into 0.02-g subsamples, and the absorbance
of the methanol extract from 200 to 1,000 nm was measured to determine the
presence of Chl a or bacteriochlorophyll c (Bchl c) (664 to 669 nm) and Bchl a
(768 to 771 nm). Pigments were quantified as previously described (43) and
reported in �g/g wet mat weight. There was insufficient biomass from the water
filter samples for an extraction to be performed, as pigment content was below
detection limits.

DNA extraction, PCR amplification, and cloning. Genomic DNA was isolated
from whole water sample filters, 0.02 g of each biofilm homogenate (for 1- to
8-month samples), and 0.02 g of each biofilm layer (for 13-month green and red
layers), as previously described (5), by using a Mini-Beadbeater (Biospec Prod-
ucts, Inc., Bartlesville, OK) at a setting of six for 60 s, and this process was
repeated two times. Two different primer sets were used to amplify portions of
16S rRNA genes: bacterial primers (8FPL and 1492 RPL) (45) and Chloroflexi-
specific primers (CCR-344-F and CCR-1338-R) (35). All PCR amplification
procedures and cloning steps were performed as previously described (5). Forty-
six to 59 bacterial clones generated with bacterial primers and 23 to 34 Chloroflexi
clones from each sample were subsequently sequenced.

Nucleotide sequence analyses. Nucleotide sequence analysis was performed at
Oregon State University’s Center for Genome Research and Biocomputing,
using an ABI Prism 3730 genetic analyzer with ABI Prism and DNA Sequencing
Analysis Software (version 5.2). One end read was determined for each clone,
with obtained sequences averaging 870 bp in length. Each data set was analyzed
using Bellerophone (25), with predicted chimeric sequences culled. In October
2008, the sequences of all final clones were compared with those in the GenBank
database by using the Basic Local Alignment Search Tool (BLAST) network
service (2) and with those in the Ribosomal Database Project (RDP) database by
using the RDP classifier (52).

Statistical analysis. Our screening process was tested by statistical analyses to
evaluate whether total diversity was covered by screening 355 bacterial clones
(the total number amplified and analyzed using bacterial primers). Two types of
analyses were used. Coverage values were calculated as described in references
44 and 55. In addition, rarefaction analysis was performed to determine the
number of unique operational taxonomic units (OTUs; phyla) as a proportion of
the estimated total diversity. Calculations were performed using Analytic Rar-
efaction version 1.3 software (http://www.uga/�strata/software/Software.html).

Phylogenetic analyses. Chloroflexi library-derived sequences were analyzed
with known Chloroflexi representatives from the NCBI taxonomy database. Two
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levels of phylogenetic analyses were performed: first, trees were generated from
all Chloroflexi library-derived sequences from each sampling time point and used
to select representatives from each library (data not shown); then, trees were
generated using representatives from across this study. In all analyses, datasets
were compiled using the San Diego Supercomputer Center’s Biology Workbench
(version 3.2; http://workbench.sdsc.edu/) (47) and aligned using CLUSTAL W
version 1.81 (49) with identity matrix settings that assigned equal weight to all
nucleotides. All phylogenetic trees were generated by parsimony methods using
PAUP 4.0b10 (48). All trees were tested for robustness with bootstrap resam-
pling methods. The final alignment was trimmed to correspond with the shorter
lengths of our Chloroflexi-like sequence (corresponding to bases 243 to 1249 of
Escherichia coli). Thermotoga hypogea (U89768) (15) was used as the outgroup in
the final analyses.

Website and database. Long-term monitoring data for Fairy Geyser can also
be found at the Red Layer Microbial Observatory Database (http://www.wou
.edu/rlmodb) (4).

Nucleotide sequence accession numbers. Sequence data have been submitted
to the GenBank database under accession numbers FJ206237 to FJ206805.

RESULTS

Biofilm modeling experimental site. To assess conditions at
the natural splash mats by the Fairy Geyser vent source and
those at our experimental site, we measured temperature and
pH as well as aqueous-phase chemistry in the water and within
the biofilm communities. When we compared water conditions
at the vent source and biofilm modeling site, we observed
predictable gradients involving temperature and pH (Table 1).
When we compared biofilm conditions at the air-water inter-
face, we observed that temperature and pH measurements
within 13 months of biofilm growth on the glass rod substrates
were most similar to those at the natural splash mats at the
vent source (Table 1). In terms of assessed aqueous-phase
chemistry, sulfide, sulfate, and nitrate levels in the runoff water

FIG. 1. Color plates showing macroscopic site and microscopic biofilm images. (A) Site images. Image a shows the natural splash mats located at the
air-water interface by Fairy Geyser; the arrow indicates the community that has previously been sampled and described. Image b shows glass rods
suspended in the Fairy Geyser runoff after 1 month (June 2004); the arrow indicates the air-water interface. Image c shows glass rods suspended in the
Fairy Geyser runoff after 13 months (July 2007); the arrow indicates the biofilm samples growing at and above the air-water interface. (B) Macroscopic
images of biofilm samples. Images a, b, c, and e show whole glass rod biofilm samples from 1 month (June 2004), 3 months (September 2004), 6 months
(December 2006), and 8 months (February 2007), respectively. For images b, c, and e, arrows indicate the location of air-water interface at the time of
collection. Image d shows the 13-month biofilm being homogenized during sample preparation; the arrow indicates notable reddish orange sheets that
began to appear at this time point. Image f shows a biofilm sample at 6 months that has been removed from the glass rod to reveal a cross-section of the
outer green and inner red layers; this entire sample grew at and above the air-water interface. (C) Microscopic images of biofilm and water samples. All
top row images show samples viewed under transmitted light; all bottom row images show samples viewed under fluorescence using an Olympus
U-MWIB2 filter set (excitation at 460 to 490 nm) to assess for red autofluorescence, indicative of Chl a; all bars measure 10 �m. Column a shows images
from 3-month (September 2004) biofilm samples, which also represented the 1-month biofilm samples; the arrow indicates a nonfluorescing filament.
Column b shows images from 6-month (December 2006) biofilm samples; the arrow indicates one of several notable reddish orange microcolonies, the
filaments of which did not exhibit autofluorescence. Column c shows images from 8-month (February 2007) biofilm samples; the arrow indicates one of
many filamentous cyanobacterial cell types that began to appear after 6 months. Column d shows images from 13-month green-layer samples; the arrow
indicates a heterocyst along one of many filamentous cyanobacterial cell types in these samples. Column e shows images from 13-month red-layer samples,
dominated by reddish orange filament masses that did not exhibit autofluorescence. Column f shows images from filtered water biomass; the arrow
indicates a nonfluorescing filament.
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dropped between the vent source and the biofilm modeling site
(Table 1).

Biofilm characteristics. Over the five time points assessed
during these two year-long studies, macroscopic biofilm growth
was apparent. Because a portion of the rods had to be sus-
pended in the water to generate a splashing effect that was
similar to that at the vent source, we could not avoid having
some biofilm growth in the submerged, hotter runoff water.
One-month (June 2004) samples (0.04 g) appeared as faint,
colorless films on the submerged region of each rod (Fig. 1B,
panel a). Three-month (September 2004) samples (0.24 g)
appeared as thicker (1-mm) green films that covered the sub-
merged region of the rod; at and above the air-water interface,
the biofilm appeared more greenish yellow (Fig. 1B, panel b).
Both 6- and 8-month biofilm samples (0.51 g [December 2006]
and 0.56 g [February 2007]) appeared as thin (1-mm) green
films that covered the submerged region of the rod; at and
above the air-water interface, a thicker biofilm (2 to 3 mm)
appeared more greenish yellow, with distinct reddish orange
patches visible during biofilm removal (Fig. 1B, panels c to e).
Thirteen-month (July 2007) biofilm samples (6.30 g) consisted
of a thin (1-mm) green film that covered the submerged region
of the rod and a large gelatinous mass (5 to 15 mm) at and
above the air-water interface; the latter appeared externally
green (3 to 5 mm), with a distinct red-layer inner core (3 to 5
mm) (Fig. 1B, panel f). The 13-month replicate sample from
July 2005 was similar (data not shown).

Over the five time points assessed, microscopic evidence of
some cell type shifts was also observed (Fig. 1C). In both 1
(June 2004)- and 3 (September 2004)-month biofilm samples,
the cell types included unicellular cyanobacterial rods that
exhibited red Chl a autofluorescence as well as thinner fila-
ments (0.5 to 1 �m in diameter) and unicells that did not
autofluoresce (Fig. 1C, panel a). In both 6 (December 2006)-
and 8 (February 2007)-month biofilm samples, the cell types
included unicellular cyanobacterial rods and filaments that
exhibited red Chl a autofluorescence as well as reddish
orange masses of thinner filaments that did not autofluo-

resce (Fig. 1C, panels b and c). In terms of 13-month sam-
ples (July 2007), outer-green-layer biofilm samples primarily
consisted of unicellular cyanobacterial rods and filaments,
some with heterocysts, that exhibited red Chl a autofluores-
cence (Fig. 1C, panel d); inner-red-layer biofilm samples
primarily consisted of reddish orange filament masses that
did not autofluoresce (Fig. 1C, panel e). The 13-month rep-
licate sample from July 2005 was similar (data not shown).
Filtered water biomass contained a variety of unicells and
thin filaments (0.5 to 1 �m in diameter), none of which
exhibited autofluorescence (Fig. 1C, panel f).

Over the five time points assessed, methanol extraction and
spectrophotometric absorbance profiles of same-sized biofilm
samples were used to characterize and compare the relative
levels of green (both Chl a and Bchl c) and red (Bchl a)
photopigments (Fig. 2A). Between 1 and 3 months (June to
September 2004), biofilm samples showed increasing levels of
green pigment. Between 6 and 8 months (December 2006 to
February 2007), biofilm samples showed decreasing levels of
green pigments as well as Bchl a peaks for the first time. In
terms of 13-month samples (July 2007), the outer green layer
showed levels of green pigments that were similar to levels in
the 3-month (September 2004) biofilm; the inner red layer
showed less green pigment and the highest levels of red pig-
ment. The 13-month replicate sample from July 2005 was sim-
ilar (data not shown).

General-bacterial-library analysis and community composi-
tion. In this study, we classified 355 16S rRNA clones from
biofilm samples over time and filtered water biomass by using
BLAST (2) and the RDP classifier (52). The library coverage
values, calculated as previously described (44, 55), were be-
tween 81 and 89% (Fig. 2B), and calculated rarefaction curves
showed a slight tendency to saturation (Fig. 2B), indicating
that diversity was not completely sampled. Using BLAST in-
formation, we selected 22 clones that represented observed
OTU diversity among 12 retrieved phyla (Table 2). We as-
signed an OTU to a division if it exhibited more than 75%
sequence similarity to a cultured representative. We also sum-
marized the retrieval frequencies of the 12 retrieved phyla in
each sample library (Table 2 and Fig. 2B). Given our interest
in understanding the specific dynamics of Cyanobacteria and
red Chloroflexi, we plotted retrieval for just these groups in Fig.
2A. As shown in Table 2 and Fig. 2B, most retrieved library
members from both 1-month (June 2004) and 3-month (Sep-
tember 2004) biofilm samples were Cyanobacteria-like. Al-
though 33% Thermus-like sequences were retrieved from the
1-month sample, these sequences were retrieved in only low
abundances (�10%) after 3 months. For both 6-month (De-
cember 2006) and 8-month (February 2007) biofilm samples,
most retrieved library members were Cyanobacteria-like. Al-
though 28% of the sequences retrieved from the 6-month
sample were Planctomycetes-like, these sequences were re-
trieved in only low abundances after 8 months. In terms of
13-month samples (July 2007), most retrieved library members
from the outer green layer were Cyanobacteria-like, and most
retrieved library members from the inner red layer were Chlo-
roflexi-like, nearly all Roseiflexus-like (Table 2 and Fig. 2A). In
both the outer green and the inner red layers, we retrieved
many Planctomycetes-like sequences. The 13-month replicate
sample from July 2005 showed similar trends, although the

TABLE 1. Site data for Fairy vent sources versus those for biofilm
experimental sites

Location and parameter
Value for indicated mo and yr

June 2006 July 2007

Fairy vent source
Mat pH 9.5 8.5
Mat temp (°C) 43.5 41.3
Water pH 8.0 7.6
Water temp (°C) 90 81.8
Sulfide level (mg/liter) 0.04 0.02
Sulfate level (mg/liter) 18.00 19.00
Nitrate level (mg/liter) 5.3 1.7

Biofilm experiment site
Biofilm pH Too thin to measure 9
Biofilm temp (°C) Too thin to measure 38.8
Water pH 8.3 8.1
Water temp (°C) 71.1 68.7
Sulfide level (mg/liter) 0.02 0.00
Sulfate level (mg/liter) 13.00 14.00
Nitrate level (mg/liter) 3.20 1.40
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analyzed libraries were not as large (data not shown). Finally,
the major sequence types retrieved from filtered water biomass
included Aquificae, Deinococcus-Thermus, and Firmicutes (Ta-
ble 2 and Fig. 2B).

Because Cyanobacteria-like sequences were the most readily
retrieved sequence type from general bacterial libraries for all
biofilm samples in this study, we further categorized each of
these 165 clones by using BLAST information. Specifically, we
selected 17 clones that represented observed diversity among
the five major cyanobacterial groups shown in Table 3; these
included four Cyanobacteria subsections (Chroococcales, Oscil-
latoriales, Nostocales, and Stigonematales) as well as OS types I
and P, both uncultured Synechococcus variants despite genetic
similarity to members of the Oscillatoriales (17, 53, 56). Abun-
dance data for Cyanobacteria-like representatives are also sum-
marized in Table 3. At both 1 (June 2004) and 3 (September
2004) months, the most abundant Cyanobacteria types were
most similar to other hot spring Synechococcus isolates from
Yellowstone National Park. At 6 months (December 2006), the
most abundant cyanobacterial types were most similar to OS
types I and P, both from Yellowstone hot springs. At 8 months
(February 2007), the most abundant cyanobacterial types were
most similar to OS type I and Fischerella sequences from other

hot springs around the world. At 13 months (July 2007), the
most abundant cyanobacterial types in the green layer were
most similar to hot spring Synechococcus isolates from Yellow-
stone, OS type I, and Fischerella isolates; the 13-month repli-
cate sample from July 2005 showed similar trends, although
the analyzed libraries were not as large (data not shown).
Finally, Cyanobacteria-like sequence types retrieved from fil-
tered water biomass were most similar to hot spring Synecho-
coccus isolates from Yellowstone as well as OS types I and P.

Chloroflexi library analysis and community composition.
Given our long-term interest in characterizing Chloroflexi ecol-
ogy and evolution, we also applied a Chloroflexi-targeted am-
plification strategy to biofilm samples over time and filtered
water biomass. All 208 Chloroflexi sequences could be placed
into one of five representative groups, based on BLAST hits
for the genus with the most-frequently cultured isolates: Chlo-
roflexus, Oscillochloris, Heliothrix, Roseiflexus, or Thermomicro-
bium (Table 4). Abundance data for Chloroflexi representatives
are also summarized in Table 4. Given our interest in under-
standing the specific dynamics of Roseiflexus-like sequences, we
plotted the retrieval for just these groups in Fig. 2A. As shown
in Table 4, retrieved Chloroflexi from the 1-month (June 2004)
and 3-month (September 2004) biofilms were dominated by

FIG. 2. Color plates showing graphs of pigments and bacterial retrieval rates. (A) Graphs showing pigment analysis and retrieval of pho-
totrophs. In the top graph, total pigment was methanol extracted from each 0.02-g biofilm homogenate (for 1- to 8-month samples) and biofilm
layer (for 13-month green and red layers). Absorbance was recorded for green Chl a or Bchl c pigment peaks (green bars) at 664 to 669 nm and
for red pigment Bchl a peaks (red bars) at 768 to 771 nm. Pigments were quantified and reported in �g/g wet mat weight. In the bottom graph,
the percentages of retrieved sequences for all Cyanobacteria-like sequences per general bacterial library (green), the percentages of retrieved
sequences for all red Chloroflexi-like sequences per Chloroflexi library (maroon), and the percentages of retrieved sequences for all red Chloroflexi-
like sequences per general bacterial library (red) are plotted over time. (B) Graph showing general-bacterial-library analysis, with rarefaction and
abundance data. In the top graph, rarefaction curves for total bacterial phyla are shown for each of the assessed water and biofilm samples;
coverage values (C) for each sample are indicated in the legend. In the bottom graph, the percentages of retrieved sequences for all phyla from
general bacterial libraries are shown for water and biofilm samples over time; each phylum has been color coded according to the key shown
adjacent to the graph.
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Chloroflexus-like sequences. Retrieved Chloroflexi from the
6-month (December 2006) and 8-month (February 2007) biofilms
included mixtures of Chloroflexus- and Roseiflexus-like sequences.
Retrieved Chloroflexi from the 13-month (July 2007) red layer
were dominated by Roseiflexus-like sequences; the 13-month rep-
licate sample from July 2005 showed similar trends, although the
analyzed libraries were not as large (data not shown). Finally,
retrieved Chloroflexi from filtered water biomass included se-
quence types that were similar to Chloroflexus, Heliothrix, Rosei-
flexus, and Thermomicrobium isolates (Table 4).

Because we were interested in the phylogenetic relationships
between Chloroflexi during biofilm formation and development,
we analyzed representative Chloroflexi from each sampling time
point (Fig. 3). The Chloroflexus-like representatives from all time
points formed a well-defined clade including Chloroflexus

strain 396 (AJ308498) (35). The Roseiflexus-like representatives
from all time points formed a well-defined clade with Roseiflexus
strain RS-1 (unpublished). Thermomicrobium-like representatives
formed a well-defined clade including Thermomicrobium roseum
(M34115) (37). The Heliothrix-like representative was most
closely related to Heliothrix oregonensis (42). The Oscillochloris-
like representative was a member of the clade that included green
Chloroflexi but was not in the cluster that included Oscillochloris
controls.

DISCUSSION

Our laboratory’s primary interest lies in understanding the
diversity and ecology of red filamentous Chloroflexi containing
only Bchl a and related to Roseiflexus castenholzii (24) and

TABLE 2. BLAST similarity and abundance data for general bacterial libraries

Top phyluma Representative
(GenBank accession no.)

Closest cultured hit
(GenBank accession no.) Scores (%)c

% of samples retrievede

1 mo 3 mo 6 mo 8 mo 13 mo
(G)

13 mo
(R) Water

Aquificae FwatB62 (FJ206275) Thermocrinis (AJ320219) 96, 98 2 39

Acidobacteria JulGB39 (FJ206621) Chloracidobacterium (EF531339) 96, 99 4
Srod37 (FJ206368) Acetobacteraceae (AM749787) 91, 91 4 9 2 2

Bacteroidetes JrodB9 (FJ206442) Rhodothermus (AB267450) 79, 99 2 2 2
JulGB23A (FJ206643) Chloroherpeton (CP001100) 86, 99 2 2
FwatB7 (FJ206241) Marinicola (AY739663) 86, 99 2

Chloroflexi JulRB68 (FJ206533) Roseiflexus (CP000686) 99, 99 2 32
JrodB5 (FJ206439) Chloroflexus (AJ308498) 98, 97 4 2 4.5 4 2.5
JulRB129 (FJ206567) Oscillochloris (AF093427) 91, 99 2 2.5
JulRB37 (FJ206528) None; all uncultured (top,

EF205466)
94, 97 2 4.5 4 2 6

Cyanobacteria �b �b �b 51 78 45 74 49 15 8

Deinococcus-Thermus FwatB66 (FJ206279) Thermus (L09663) 96, 98 33 6 3 8 2 20

Firmicutes FwatB32 (FJ206252) Bacillus (AB330404) 97, 100 8
FwatB39 (FJ206258) Clostridium (AM261414) 97, 98 5
FwatB45 (FJ206261) Dehalobacter (DQ777749) 93, 100 2

Nitrospirae FwatB36 (FJ206255) None; all uncultured (top,
DQ337083)

90, 100 4

OP10 JulRB138 (FJ206572) None; all uncultured (top,
EF205567)

99, 97 6 3 2 6

Planctomycetes FwatB58 (FJ206271) None; all uncultured (top,
EU135234)d

90, 94 2 28 6 31 22 6

JulGB15A (FJ206649) Isosphaera (X64372) 96, 96 4

Proteobacteria JrodB56A (FJ206475) Alysiosphaera (AY428766) 88, 100 2 2 6
JulRB120 (FJ206561) Sandaracinobacter (Y10678) 92, 99 3 2 2 2
SrodB13 (FJ206355) Polyangium (AJ233943) 85, 99 2
FwatB17 (FJ206246) Pantoea (AF227832) 97, 91 2

Thermatoga FwatB72 (FJ206283) Fervidobacterium (EF222229) 97, 100 2

a Based on the similarity data output from BLAST and RDP classifier searches. We assigned an OTU to a division if it exhibited 	75% sequence similarity to a
cultured representative.

b These results are given in Table 3.
c The first and second scores are BLAST maximum identity percentages and query coverage percentages, respectively.
d Top hits were typically uncultured soil isolates (as represented here), but hot spring and/or Gemmata-like isolates were often obtained or observed among secondary

hits.
e G, green layer; R, red layer.
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Roseiflexus strain RS-1 (unpublished). In this study, we tested
hypotheses about biofilm development downstream from pre-
viously described mat communities at Fairy Geyser (41.3 to
43.5°C), which contain both surface layers of green Cyanobac-
teria and underlayers of Roseiflexus-like Chloroflexi (5, 6). In
experiments for addressing our primary hypothesis, we ob-

served that multilayered biofilms readily established on par-
tially submerged sterile glass rods in the geothermal runoff
(Fig. 1). During the course of this study, we observed a gradual
transition in biofilm formation that initiated below the water
surface (60 to 70°C) but then expanded to the cooler (38.8°C)
glass substratum above the water (Fig. 1). Although we mea-

TABLE 3. BLAST similarity and abundance data for Cyanobacteria libraries

Top subsection (genus or
variant)a

Representative
(GenBank accession no.)

GenBank descriptorb

(accession no.) Sourcec Scores
(%)d

% of samples retrieved

1
mo

3
mo

6
mo

8
mo

13 mo
(Ge) Water

Chroococcales
(Synechococcus- or
Thermosynechococcus-
like)

JrodB13 (FJ206445) Synechococcus strain JA-3-
3Ab (CP000239)

Octopus HS* 96, 100 60 30.5 15 4

JrodB20 (FJ206451) UC cyanobacterium
(AF505962)

Heart HS* 98, 99 36 30.5 5

SrodB24A (FJ206384) Synechococcus strain TS-15
(AY884054)

Octopus HS* 99, 99 4 4.5 4

FwatB59 (FJ206272) Synechococcus strain C9
(AF132773)

Octopus HS* 98, 100 5 8.5 31 25

DrodB46 (FJ206786) Thermosynechococcus
elongatus (BA000039)

Japan HS 92, 100 5

Chroococcales (OS type
I- and P-like)f

SrodB47A (FJ206399) UC cyanobacterium OS-P
(L35331)

Octopus HS* 98, 99 11 15 4 50

SrodB41A (FJ206395) Cyanobacterium OS-I
(L04709)

Octopus HS* 98, 98 6 25

SrodB27 (FJ206361) UC cyanobacterium
(EF429514)

Philippines HS 98, 97 13 30 52 15

SrodB35A (FJ206391) UC cyanobacterium
(EF126240)

Indonesia mat 96, 99 4.5 5 4

Oscillatoriales
(Leptolyngbya-like)

JulGB7 (FJ206608) Leptolyngbya strain
Greenland_10
(DQ431005)

Greenland HS 95, 98 7

DrodB12 (FJ206763) Leptolyngbya badia
(EF429297)

alpine seeps 94, 96 5

JulGB8 (FJ206609) Leptolyngbya strain NB2a-
c2 (EU528665)

not stated 93, 89 4

Nostocales (Anabaena-
or Calothrix-like)

DrodB12A
(FJ206803)

UC bacterium (EF467518) cave biofilm 95, 94 5

DrodB50 (FJ206790) UC cyanobacterium
(AY862011)

Queens HS* 96, 92 10

Stigonematales
(Fischerella-like)

FrodB34 (FJ206706) Fischerella strain MV9
(DQ786169)

Costa Rica HS 99, 99 11 4

FrodB21 (FJ206699) UC bacterium (AF407696) Australia HS 98, 97 20 23
FrodB68 (FJ206726) UC cyanobacterium

(DQ471445)
Jordan HS 94, 98 8.5

a Based on similarity data output from BLAST searches.
b UC, uncultured.
c HS, hot spring; �, Yellowstone National Park.
d The first and second scores are BLAST maximum identity percentages and query coverage percentages, respectively.
e G, green layer.
f OS type I and P-like sequences were given their own category because they represent uncultured Synechococcus variants, despite genetic similarity to members of

the Oscillatoriales (17, 53, 56).
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sured some differences in temperature and aqueous sulfur
concentration at the vent source and experimental site (Table
1), variations were within the range that we have observed over
time at Fairy Geyser (4, 5).

In terms of successional events involving Chloroflexi, the first
evidence for Roseiflexus-like Chloroflexi determined by more
than one method occurred after a Cyanobacteria-dominated
biofilm had developed at and above the air-water interface.
Between 6 and 8 months (December 2006 to February 2007),
Roseiflexus-like sequence types were abundant in Chloroflexi
libraries (Table 4) and retrieved for the first time in general
bacterial libraries (Table 2 and Fig. 2). Concurrently, Bchl a
pigment signatures were also first detected (Fig. 2), along with
red filamentous microcolonies (Fig. 1). By 13 months, a visibly
distinct red underlayer had fully formed (Fig. 1), with Rosei-
flexus-like sequences representing the most-prevalent types in
both libraries assessed (Tables 2 and 4 and Fig. 2). Supporting
these trends, we detected the highest levels of Bchl a (Fig. 2)
and observed microscopic populations dominated by red fila-
mentous cells (Fig. 1).

Phylogenetically, the relationships among Roseiflexus-like
sequence representatives and Roseiflexus strain RS-1 (unpub-
lished) were largely unresolved (Fig. 3). However, Ferris et al.
observed at least two Roseiflexus-like denaturing gradient gel
electrophoresis bands that shifted as a function of time and
temperature in the mat community at Octopus Spring (16).
Likewise, studies in our laboratory have demonstrated that
Red Layer Microbial Observatory communities show site-spe-
cific genetic variants related to Roseiflexus (5). Given that these
previous reports involved established, complex communities,
we speculate that water dispersal and early biofilm formation
events define a founder effect; consequently, comparable red

Chloroflexi variants would be observed given more time follow-
ing red-layer community development. In contrast with Rosei-
flexus-like sequence types, Chloroflexus-like sequences were
more genetically variable. Notably, Chloroflexus-like sequences
from early, higher-temperature samples and geothermal runoff
water samples formed a distinct subcluster relative to those
retrieved from later, lower-temperature biofilm samples (Fig.
3). Given the importance of temperature-driven selection cya-
nobacterial systems (1, 31), it seems appropriate to speculate
that temperature variants also exist among Chloroflexus isolates.
In addition, we detected some low-abundance representatives
that were similar to those of genera typically not associated with
these mat systems (36), including Oscillochloris (28) and Heliothrix
(41, 42) (Table 4 and Fig. 3). Given that Nübel et al. have also
observed and suggested that there is greater genetic variation
among phototrophic Chloroflexi in what have historically been
considered Chloroflexus-dominated mats (36), further studies that
describe and cultivate green Chloroflexi are warranted.

In terms of our third hypothesis, Roseiflexus-like sequences
were retrieved from Fairy Geyser vent water, but only using a
Chloroflexi-targeted amplification approach (Table 4 and Fig.
2). Similar low-abundance Chloroflexi-like sequences were also
reported to occur in source water at Angel Terrace in Yellow-
stone National Park (18). Thus, while it seems that geothermal
runoff may provide a dispersal mechanism for red Chloroflexi,
these phototrophs do not represent an abundant sequence type
in the water. Moreover, the relative proportions of bacterial
sequence types retrieved from the source water did not resem-
ble those retrieved from any biofilm sample (Fig. 2), suggesting
that the rod substratum offers a different set of conditions that
selects for a community of bacteria different from those inhab-
iting the bulk aqueous phase. However, the source water con-

TABLE 4. BLAST similarity and abundance data for Chloroflexi libraries

Top genusa and representative
(GenBank accession no.) GenBank descriptorb (accession no.) Scores (%)c

% of samples retrieved

1 mo 3 mo 6 mo 8 mo 13 mo (Rd) Water

Chloroflexus-like Chloroflexus strain 396-1 (AJ308498) 100 85 48 70.5 10 73
JrodW5 (FJ206407) 98, 99
SrodW12 (FJ206319) 98, 99
DrodW3 (FJ206738) 98, 99
FrodW31 (FJ206667) 98, 99
JulRW41 (FJ206498) 98, 99
FwatW11 (FJ206291) 98, 99

Oscillochloris-like JulRW58 (FJ206511) UC bacterium (AY349542) 98, 98 2

Heliothrix-like FwatW29A (FJ206307) UC Chloroflexi (AY184449) 97, 99 4

Roseiflexus-like Roseiflexus strain RS-1 (CP000686) 9 52 29.5 88 11.5
SrodW25A (FJ206336) 99, 99
DrodW16 (FJ206745) 98, 99
FrodW4 (FJ206656) 98, 99
JulRW5 (FJ206486) 98, 99
FwatW1 (FJ206286) 99, 99

Thermomicrobium-like T. roseum (M34115) 6 11.5
SrodW7A (FJ206340) 96, 99
FwatW13 (FJ206292) 99, 99

a Based on the similarity data output from BLAST searches.
b UC, uncultured.
c The first and second scores are BLAST maximum identity percentages and query coverage percentages, respectively.
d R, red layer.
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tained many of the same groups of organisms found at different
times in the biofilm (e.g., Aquificae, Deinococcus-Thermus,
Cyanobacteria, and Planctomycetes), suggesting that source wa-
ter serves as an inoculum for the biofilm community that de-
veloped on the rods. Indeed, although our initial interest for
this project was Chloroflexi, many results provide insight about
diversity, population dynamics, and dispersal issues for other
key groups of microorganisms. Given these trends, the rest of
this discussion will focus on the dynamics of the following
microbial groups, with an emphasis on the issues described
above: Cyanobacteria and high-abundance sequences (	10%
in a given library) resembling those for Aquificae, Deinococcus-
Thermus, and Planctomycetes.

Cyanobacteria trends, diversity, and dispersal. Cyanobacte-
ria-like sequences were the most prevalent sequence type re-
trieved from all biofilms (Tables 2 and 3 and Fig. 2), consistent

with many well-studied Yellowstone communities (53) as well
as extreme community habitats worldwide (38). In this study,
we were able to correlate the microscopic emergence of fila-
mentous forms (Fig. 1) with molecular data over time (Table
3). Given that all Cyanobacteria express common Chl a pig-
ment (in methanol extracts, the absorbance peaks of which
overlap with green Bchl c, also expressed by green Chloroflexi),
pigment data were informative only in terms of general trends.
Notably, green pigment trends followed Cyanobacteria-like re-
trieval data at all time points (Tables 2 and 3 and Fig. 2), with
notable seasonal shifts in winter. In the seasonal study at Oc-
topus Spring by Ferris et al., Cyanobacteria-like bands showed
some similar trends (16). Consequently, additional studies dur-
ing this seldom-monitored season are warranted.

Over the course of this study, changes in retrieved Cyanobac-
teria-like sequences suggested a shift from a higher-temperature

FIG. 3. Maximum parsimony tree of Chloroflexi library clones. Known Chloroflexi are indicated in italics, with the GenBank accession numbers
in parentheses. Representative water and biofilm clones are signified by bold clone names and numbers (Table 4). The bar represents 10 nucleotide
changes. In this analysis, there were 1,000 total characters, and 370 were usable for parsimony analysis. A total of 100 bootstrap replicates were
performed, and the bootstrap values are indicated (those that were �50% are not shown).
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community characterized by Synechococcus-like members to a
lower-temperature community that contained both unicellular
forms and heterocyst-containing filaments (Table 3 and Fig. 1).
The earliest (1-month) sample contained Synechococcus-like
sequences related to higher-temperature isolates from Octo-
pus Spring (51 to 61°C) (1) and Heart Pool (56.5 to 58.3°C)
(39) (Table 3). This finding is consistent with the fact that these
earliest biofilms were located on the hotter, submerged portion
of the rods. All samples from later time points contained
increasing numbers of Cyanobacteria representatives, with
biofilms accumulating at and above the cooler air-water in-
terface. Although most Cyanobacteria-like sequence types
from the 3-month sample were most similar to the above-
mentioned Synechococcus strains, nearly the balance were
most similar to OS types I and P, both isolated from lower-
temperature (50 to 55°C) regions of Octopus Spring (17, 56)
(Table 3), consistent with the fact that more observed biofilm
was located at the cooler air-water interface. Although such
temperature differences may seem subtle, temperature-based
studies using Synechococcus models have demonstrated that
genetic variants are selected by comparable temperature zones
(1, 31).

Winter sample (6- to 8-month) Cyanobacteria representa-
tives built on previously described Synechococcus-like se-
quences, adding lower-temperature representatives similar to
Synechococcus strain C9 (from Octopus Spring, 50 to 55°C)
(17) and Thermosynechococcus isolates (from Beppu Hot
Springs in Japan, 55°C) (34) (Table 3). Although biofilm sam-
ples continued to contain unicellular Cyanobacteria, we also
observed filamentous forms for the first time (Fig. 1), corre-
lating with the emergence of sequence types that were most
similar to filamentous Oscillatoriales and Nostocales. Mixtures
of unicellular forms and filaments continued through this
study, with Fischerella-like sequences appearing after 8 months
(Table 3). Fischerella isolates, which generally grow at temper-
atures below 57°C, have also been shown to exhibit geographic
clustering and site-specific variation (32, 33).

Consistent with other studies of erupting vent water in Yel-
lowstone (18), levels of Cyanobacteria-like sequence types in
geothermal runoff were low (Fig. 2 and Table 3), similar to
Synechococcus strain C9 (17, 50) and OS types I and P (17, 53,
56) (Table 3). Although diverse cell types were observed in
filtered water biomass samples, microscopic assessments of
these samples were not informative, because we observed no
autofluorescing, Chl a-containing cell types (Fig. 1), perhaps
because temperatures are too hot for Cyanobacteria to be met-
abolically active during hypothesized runoff transport. That we
were unable to account for some cyanobacterial groups in
Fairy Geyser geothermal water suggests one of two possibili-
ties: (i) unrepresented genera are present, but in such limited
numbers that our use of bacterial primers for population
screening were inadequate; or (ii) these organisms were trans-
ported to the biofilm by alternative means. Fischerella isolates
have, for example, shown tolerance for freezing and desicca-
tion, suggesting that airborne dispersal is responsible for its
widespread distribution (32).

Diversity of chemotroph-like bacteria. Although the major-
ity of sequences retrieved in this study represented photosyn-
thetic Cyanobacteria and Chloroflexi with diagnostic features
that we could correlate with pigment and microscopic data, we

retrieved many sequence types that were similar to other phyla.
For the purposes of this discussion, we will be emphasizing the
following groups that were retrieved in high abundance (	10%
in a given library) during at least one sampling time or place:
Aquificae (all Thermocrinis-like), Deinococcus-Thermus (all
Thermus-like), and Planctomycetes (all most similar to un-
cultured sequence types) (Table 2 and Fig. 2).

Although Thermocrinis-like sequences were most readily re-
trieved from geothermal water, they were not retrieved from
any biofilm sample except that at 1 month (June 2004) (Table
2). All these sequence types were most similar to Thermocrinis
strain P2L2B, isolated from a hot spring (65°C) in Yellow-
stone’s Heart Lake Geyser Basin, although typical streaming
filaments were not reported and this site represents a low in
the reported temperature range for this genus (65 to 96°C)
(13). Aquifex-like sequences were also the most retrieved se-
quence type in two other studies of geothermal water, includ-
ing that from Angel Terrace (18) and borehole geothermal
fluid from Iceland (18, 30). Thermus-like sequences were the
second most prevalent type retrieved from geothermal water
(21%) and the 1-month (June 2004) biofilm sample (34%). All
biofilm-derived sequence types were most similar to Thermus
aquaticus YT-1, isolated from a hot spring (70°C) in Yellow-
stone’s Upper Geyser Basin, a high temperature in the 50 to
70°C range reported for this group (46, 57). Because the tem-
peratures at the submerged portion of the rods (60 to 70°C)
overlapped well with this range, we were not surprised that
Thermus-like organisms, given retrieval from geothermal wa-
ter, were present in early biofilms and maintained representa-
tion through 8 months (February 2006). Given that Thermus
isolates grow chemoheterotrophically (46, 57) and Thermocri-
nis isolates grow chemolithotrophically (13), it seems likely
that Thermus isolates would be more selected in the context of
a complex community biofilm with fixed carbon sources.

In contrast with Thermus- and Thermocrinis-like sequences,
retrieved Planctomycetes-like representatives were more prev-
alent only during later biofilm time points. In contrast with our
predictions, the majority of these sequence types were not
most similar to Isosphaera pallida, isolated from comparable
alkaline hot spring communities (41 to 55°C) in Oregon (22).
Rather, they were most similar to uncultured sequence types
from a diverse array of thermal and nonthermal habitats, in-
cluding Obsidian Pool in Yellowstone (26). RDP classifier and
preliminary phylogenetic analyses (data not shown) suggested
that our uncultured Planctomycetes-like representative is a
member of the Gemmata group (21). Both Gemmata obscuri-
globus (21) and our uncultured Planctomycetes-like represen-
tative show moderately high G�C contents (57 and 60%, re-
spectively) in the 135- to 228-bp region of the 16S gene (based
on E. coli 16S structure) (23), which is similar to that of
Isosphaera pallida. This is also consistent with previous findings
indicating that Gemmata and Isosphaera isolates are the most
closely related phylogenetic groups in the Planctomycetes phy-
lum (14, 21). In a Planctomycetes-focused study at Zodletone
Spring, a mesophilic sulfide spring in Oklahoma (14), Elshahed
et al. noted that the number of cultured Planctomycetes isolates
represents a minor fraction of Planctomycetes-like 16S rRNA
gene sequences available in the GenBank database; likewise,
we found over 3,000 by using the search phrase “uncultured
Planctomycetes,” with most either unpublished or secondary com-
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ponents of broad bacterial diversity studies like this project. Con-
sequently, despite some synthetic analyses of this phylum (14, 20,
21, 51, 54), additional efforts should be made to cultivate what
appear to be novel Planctomycetes in Yellowstone hot spring
systems and beyond.

Conclusion. In this study of biofilm development over time
in a geothermal environment, we have demonstrated that mul-
tilayered photosynthetic biofilms can be grown at the air-water
interface by using simple artificial substrata suspended in flow-
ing geyser runoff. The temporal pattern for biofilm develop-
ment in these communities involved the primary establishment
of autotrophic Cyanobacteria, followed by the appearance of
reddish orange microcolonies and Roseiflexus-like Chloroflexi
sequences, cell types, and photopigments after 6 to 8 months.
Given that Roseiflexus castenholzii and red-layer-associated rel-
atives are photoheterotrophs (6, 24), this finding is consistent
with their appearance after Cyanobacteria have been estab-
lished and are providing fixed carbon sources. Given that
Roseiflexus-like Chloroflexi from Fairy Geyser have eluded isola-
tion in pure culture (6, 29), this substrate-based approach
could provide a tool for studying and propagating these pho-
totrophs without heavily impacting upon natural splash mats.
A second temporal pattern observed in these communities
involved Cyanobacteria shifting from a more homogeneous,
higher-temperature Synechococcus-like community to a more
diverse, lower-temperature community that contained both
unicellular forms and heterocyst-containing filaments. Al-
though we observed some trends in terms of Thermocrinis- and
Thermus-like sequences, both retrieved from higher-tempera-
ture geothermal water and early submerged biofilms, the num-
bers of uncultured Planctomycetes-like sequences thriving in
established air-water interface biofilms were most intriguing to
us, given our specific goal of understanding red-layer commu-
nities. Finally, our assessment of biomass in geothermal water
at this site showed that Roseiflexus-like Chloroflexi sequences
are present, suggesting that water could provide an inoculum
for these and other high-abundance sequence types observed
in the biofilms.
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36. Nübel, U., M. M. Bateson, V. Vandieken, A. Wieland, M. Kühl, and D. M.
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