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Laminated, microbially produced stromatolites within the rock record provide some of the earliest evidence for life on Earth.
The chemical, physical, and biological factors that lead to the initiation of these organosedimentary structures and shape their
morphology are unclear. Modern coniform structures with morphological features similar to stromatolites are found on the sur-
face of cyanobacterial/microbial mats. They display a vertical element of growth, can have lamination, can be lithified, and ob-
servably grow with time. To begin to understand the microbial processes and interactions required for cone formation, we deter-
mined the phylogenetic composition of the microbial community of a coniform structure from a cyanobacterial mat at Octopus
Spring, Yellowstone National Park, and reconstituted coniform structures in vitro. The 16S rRNA clone library from the coni-
form structure was dominated by Leptolyngbya sp. Other cyanobacteria and heterotrophic bacteria were present in much lower
abundance. The same Leptolyngbya sp. identified in the clone library was also enriched in the laboratory and could produce
cones in vitro. When coniform structures were cultivated in the laboratory, the initial incubation conditions were found to in-
fluence coniform morphology. In addition, both the angle of illumination and the orientation of the surface affected the angle of
cone formation demonstrating how external factors can influence coniform, and likely, stromatolite morphology.

Stromatolites, laminated organosedimentary structures, pro-
vide some of the earliest evidence for life on Earth (1, 2) and

date back to �3.5 billion years ago (1, 3–5). Stromatolites found in
the rock record can have a range of shapes from conical to domical
to branching to columnar (6). Understanding how these different
structures could form can provide a window into Earth’s early
history, including the physiological capabilities and diversity of its
biota. Modern stromatolitic structures are one type of analog to
help interpret how ancient stromatolites may have formed (7–9).

There has been much interest and study of modern stromato-
lites (7–15). Modern stromatolites are found in both carbonate-
and silica-rich environments, have well-developed laminations,
and harbor complex microbial communities that contain cyano-
bacteria, an abundance of Proteobacteria, Planctomycetes, Acido-
bacteria, and many other types of microbiota from all three do-
mains (7, 13, 14, 16–20). The filamentous cyanobacteria are likely
to be the main architects of modern stromatolites, performing
such roles as trapping and binding sediment in an adhesive matrix
of exopolymeric substances which aid in the precipitation of silica
or carbonate (9, 14, 21, 22). The heterotrophs, which can be more
abundant than the cyanobacteria (23), are thought to be impor-
tant in the degradation of the exopolymeric substances, which in
carbonate systems can promote calcium carbonate precipitation
(24, 25).

Although the biogenicity of many stromatolites is uncertain,
the conophyton cone-like stromatolites are less likely to form in
the absence of biotic processes (26–28). Modern coniform struc-
tures can exist in various stages of lithification, likely caused by
cooling and evaporation of silica-rich waters (15), can be lami-
nated (15, 27), and can strongly resemble the conophyton found
in the rock record (4). Modern coniform structures can be found
in various siliceous springs in Yellowstone National Park (YNP)

(14, 15, 27, 29, 30) at temperatures from 22 to 59°C (15, 29). These
coniform structures are different from modern stromatolites, and
yet understanding the microbial diversity in both stromatolites
and cones may help to identify a core community, metabolisms,
and physiological processes that can lead to vertical growth and
lithification analogous to those in the rock record.

Lau et al. (30) examined the cyanobacterial diversity in micro-
bial mat columns and cones from Black Sand Pool, YNP, by de-
naturing gradient gel electrophoresis (DGGE) of amplified 16S
rRNA genes and subsequent DNA sequencing of extracted bands.
These researchers found no difference between the cyanobacterial
community in the cones and columns. Six different cyanobacteria
were identified in the structures: one Leptolyngbya sp., one Syn-
echococcus sp., and four sequences with no similarity to cultured
cyanobacteria. Bosak et al. (29) also examined cyanobacterial di-
versity in cones and mats in four springs in YNP using similar
techniques and found similar filamentous cyanobacteria (Lep-
tolyngbya), as well as Synechocystis-like and Synechococcus-like
species in the cones. Both studies (29, 30) found that filamentous
cyanobacteria were more common in the cones and unicellular
cyanobacteria were more common in the adjacent mats.

Cyanobacterial enrichment cultures have been shown to de-
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velop cone-like forms (herein referred to as cones or coniform
structures) from a mat growing on an agar or sand surface in the
laboratory (14, 27, 29, 31). Laboratory-grown cones have been
used as a model to examine diffusion limitation controlling cone
spacing (31), the effect of light intensity on morphology (27), and
both the effect and the preservation of oxygen bubbles formed by
oxygenic photosynthesis (27, 32). However, despite the relative
simplicity of the physical coniform structure, the mechanism be-
hind vertical movement out of a surface microbial mat to form a
vertical cone remains uncertain. It may be driven by filament en-
tanglement, gliding motility, phototaxis toward light (14, 15),
bubble formation at ridges and mounds (8, 27, 32), diffusion lim-
itation (31, 33), or more rapid accumulation of biomass in the
upper part of the cone (26, 27, 33).

To understand the biogenesis of a coniform structure, we have
investigated partially lithified cones from a living microbial mat at
Octopus Spring, YNP. By characterizing the microbial diversity of
a coniform community, this study builds on previous work to
implicate the important role of Leptolyngbya in coniform forma-
tion and suggests that through its abundance, it is likely to be the
primary architect of cones in Octopus Spring, YNP. In addition, to
determine how environmental factors may shape coniform mor-
phology, we quantitatively tested the hypothesis that phototaxis
drives cone formation and found that phototaxis alone cannot
explain the orientation of in vitro grown cones.

MATERIALS AND METHODS
Sampling site. Coniform mat samples were obtained from Octopus
Spring, YNP (Fig. 1). Octopus Spring has been well described (34–38). A
couple of the orange, partially lithified, nonbranching coniform struc-
tures present on the mat surface (height � 2 to 3 cm) of the Octopus
Spring outfall were removed under aseptic conditions. Temperatures in
the cone-growing region were 17 to 35°C, and the laminar spring water
flow was continuous at the time of sampling. The samples for culturing
and microscopy were stored with spring water from the same site in a
sterile 50-ml conical tube at 4°C. Samples were obtained in June 2008 and
June 2010. Only the orange coniform structure was used for analysis.
None of the analyses included the underlying green mat. The sample for
16S rRNA gene analysis was stored at �20°C prior to DNA extraction
which occurred within 1 week of sample collection. This sample was ob-
tained in June 2010.

16S rRNA gene clone library. Environmental DNA was extracted by
using a Mo Bio Powersoil DNA isolation kit, and 16S rRNA genes were

amplified using the bacterial primers 8F and 1492R (39) and the archaeal
primers 21Fa (40) and 1492R with standard thermocycling conditions of
94°C for 2 min, followed by 30 cycles of 94°C for 30 s, 55°C for 1 min, and
72°C for 1.5 min, with a final 10-min extension at 72°C. Amplified prod-
uct was cloned into TOPO PCR 2.1 (Invitrogen/Life Technologies) ac-
cording to the manufacturer’s protocol. Individual colonies were picked,
and the clones were sequenced by rolling-circle amplification (Sequetech)
using the M13 forward primer. Approximately 400 to 800 nucleotides (nt)
of the sequence were obtained from 87 clones and used for analysis. Most
sequencing reads were over 700 nt in length. Sequences were checked for
possible chimeras with Pintail (41). Phylogenetic classification and se-
quence identity was based on the Ribosomal Database Project classifier
(42) and by the basic local alignment search tool (BLAST) against the
NCBI GenBank database. The Shannon-Wiener diversity index (43, 44)
was calculated with operational taxonomic units defined as a �3% differ-
ence in 16S rRNA gene sequence. Representative sequences were depos-
ited in GenBank with accession numbers KC236901 to KC236911.

Microscopy. For confocal microscopy, a small, single coniform struc-
ture from Octopus Spring was extracted aseptically with a razor blade.
Autofluorescence and staining with DAPI (4=,6=-diamidino-2-phenylin-
dole) for DNA were used for the identification of chlorophyll a-contain-
ing cells and all cells, respectively. Mat sections were observed with a �63
1.2 numerical aperture (NA) Plan Apochromat water-immersion objec-
tive lens, under an excitation beam from a Diode laser at 405 nm for
chlorophyll a autofluorescence and at 543 nm for DAPI. Fluorescence
emission was detected with band-pass filters at 412 to 590 nm and 604 to
691 nm, respectively.

For scanning electron microscopy (SEM), a 3- to 4-mm piece of the
coniform structure from the tip was placed into a mix of 2% formalde-
hyde–2% glutaraldehyde in 50 mM sodium phosphate (pH 7.2) solution
for 1.5 h. The samples were then washed twice with deionized water. The
sample was dehydrated for 10 min each time with increasing percentages
of ethanol (30, 40, 70, and 100%), covering the entire specimen with the
solution. The sample was critically point dried in liquid carbon dioxide
and sputter coated with 300 Å of gold palladium with a Pelco Model 3
sputter coater. Samples were examined on a Hitachi 2400 SEM.

Bacterial enrichment and culturing. Cyanobacteria were enriched
using both liquid and solid D media (45). Cyanobacteria enrichments
were incubated under constant cool white fluorescent lamps or with a
12-h light/dark cycle at 32°C. Filaments grown on plates were transferred
to fresh plates multiple times, followed by a dilution series in liquid me-
dium. 16S rRNA genes were amplified with 8F and 1492R as described
previously (39). The sequences were determined using the same primers.
Gene sequences from cyanobacteria and heterotrophic isolates (see Table
S1 in the supplemental material) were deposited in GenBank under acces-
sion numbers KC182742 to KC182752.

The coniform structures were grown as described by Walter et al. (14).
Briefly, 50 ml of agar containing D medium was added to a 250-ml Erlen-
meyer flask. The Leptolyngbya sp. strain C1 enrichment was streaked onto
the agar surface. After 10 to 20 days at 28°C and constant light, 100 ml of
liquid D medium was added to flood the well-developed mat. The culture
was then incubated in a light/dark cycle or in constant light at 32°C. For
structures incubated at an angle of �0° from the horizontal, 20 ml of solid
medium was added to 50-ml tubes, the agar was solidified horizontally,
and the initial culture was incubated horizontally to form a mat. After
flooding of the culture with 30 ml of liquid D medium, the tubes were
incubated at 34° from horizontal, and constant light was applied at 0°
from horizontal (the side). A cardboard shade was placed horizontally on
top of the tubes to decrease reflected light from above. Cultures were
incubated for 130 days at 28°C, and then the cone orientation was deter-
mined. The number of cones at acute, normal, and obtuse angles from the
agar surface was determined for more than 500 cones by five independent
individuals, and the results were averaged. The approximate angle of the
cones was measured from digital photographs.

FIG 1 Coniform structures found in Octopus Spring, YNP. (A) Modern cones
in their natural setting. Note the tip of plastic knife for scale. (B) Extracted
2.5-cm cone attached to underlying green mat material. The scale markers
represent 1 mm.
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Nucleotide sequence accession numbers. Gene sequences were de-
posited in GenBank under accession numbers KC182742 to KC182752
and KC236901 to KC236911.

RESULTS AND DISCUSSION
Filamentous morphology abundant in coniform structures.
Confocal microscopy was performed along the entire length of the
coniform structure from Octopus Spring to better understand the
morphology of the cone on a microscopic level and to identify
the relative qualitative abundance and location of cells with or
without chlorophyll a. Representative images are shown in Fig. 2.
Filamentous cyanobacteria, identified by autofluorescence from
chlorophyll a, were found throughout the structure from the tip to
the base with greatest abundance in the vertical midsection of the
cone and a low abundance in the base of the cone. Surprisingly, the
tip of the cone contains relatively low levels of chlorophyll a but
relatively abundant filaments that exhibit a common directional-
ity that may be indicative of phototaxis. The base of the cone also
contains filamentous features but with lower amounts of chloro-
phyll a. These filamentous sheaths may be heterotrophs, bacterio-
chlorophyll containing phototrophs, low chlorophyll a-contain-
ing cyanobacteria, or empty sheaths of the primary cyanobacterial
builders (9), which can be colonized by heterotrophs. Nonfila-
mentous chlorophyll a-containing cells were also observed. This
pattern of a low density of autofluorescing cyanobacteria at the tip
and a high density of autofluorescing cyanobacteria below the tip
(middle) with decreasing density of cells with depth toward the
mat is similar to the profile of carbon uptake and biomass in a
cone (29). DAPI staining was used to observe non-chlorophyll
a-containing microbes. DAPI staining identified microbial cells in
all regions of the cone. Laboratory-grown cyanobacterial cones
observed after several months of growth have abundant chloro-
phyll a autofluorescence in all regions of the cone (data not
shown). The reason for the difference in chlorophyll a abundance
in laboratory-grown cones and cones grown in situ has not been
determined, but it may be related to the age of the cones, differ-
ences in nutrients between the growth media and the natural
spring water, the loss of a microbial partner as a result of enrich-

ment, or any other number of environmental conditions present
in situ but absent in vitro.

A sample from the tip of the cone was also observed by SEM
(Fig. 3). The filaments characteristic of cyanobacteria dominate
with what appears to be collapsed EPS (Fig. 3B). Some views (such
as Fig. 3B) showed a common directionality of the filaments, but
this was not found in all areas. Few nonfilamentous cells were
observed in the sections examined. Both types of microscopy sug-
gest the structures are dominated by filamentous cyanobacteria.

Leptolyngbya sp. dominates the 16S rRNA clone library. To
describe the microbial community present in the cones and po-
tentially identify microbes playing a role in the formation and
lithification of the coniform structures, the community members
were identified by 16S rRNA gene analysis. Previous studies (29,
30) had looked closely at the cyanobacterial diversity in cones
present in other YNP springs, but no studies had examined the
community as a whole. 16S rRNA was amplified using bacterial
primers and no amplification was achieved using the archaeal spe-
cific forward primer. Similarly, archaea were either not detected
(13) or were present as a small percentage of clones in clone librar-
ies from stromatolites (16, 46) and microbial mats in YNP (47,
48). The bacterial amplified product was cloned and 87 clones
were sequenced. This number of clones was deemed sufficient
because the dominant organism was identified, and it gave a snap-
shot of the low-abundance, yet diverse, community of noncyano-
bacteria that had not been previously examined in coniform struc-
tures. As shown in Fig. 4, the majority of the clones, 67, contained
the 16S rRNA sequence of the cyanobacterium Leptolyngbya. This
sequence is 99% identical to the sequenced cyanobacterial DGGE
band R2A from cones from Black Sand Pool, YNP (30). This same
sequence was also identified in several other coniform-forming
environments in alkaline ponds and coniform structures in other
YNP hot springs (29) and a cone-forming enrichment culture
(27). Finding this same sequence in multiple studies of different
cones in YNP suggests that this filamentous cyanobacterium may

FIG 2 Confocal microscopy of coniform structures from Octopus Spring. (A)
Tip of cone; (B) middle of cone; (C) bottom of cone. Chlorophyll a autofluo-
rescence is shown in red; DAPI staining is shown in blue.

FIG 3 SEM images from the top portion of a cone. (A) Directional filaments;
(B) filaments with potentially collapsed exopolymeric substances.
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be one of the primary architects of these cone structures. The
dominance of Leptolyngbya in a coniform structure clone library
from Octopus Spring is also significant since Leptolyngbya was not
abundant in the Synechococcus- and Chloroflexis-dominated Oc-
topus Spring mats (36, 47–49), although the mats were not sam-
pled at the same location or time. Leptolyngbya has also been
found (i) in phototrophic layers of microbial mats in Fairy Falls,
West Thumb, Obsidian Pool, and in the La Duke Hotspring areas
of YNP (47, 50), (ii) in high abundance in the clone library from
stromatolites from Ruidera Pools, Spain (13), (iii) the cyanobac-
terial fraction of “button” mats from Highborne Cay, Bahamas
(51), and (iv) and in a microbial mat with tower features in Aus-
tralia (52). Although not in high abundance, Leptolyngbya was
also identified in Shark Bay and Bahamanian stromatolites (17–
19). A siliceous stromatolite from Obsidian Pool Prime, YNP, was
also found to be dominated by cyanobacteria (7, 9) but not by a
Leptolyngbya sp. Another cyanobacterial clone in the library shows
98% identity to sequences retrieved from Fairy Springs water and
glass rod biofilms (53) and Octopus Spring mat samples (49). The
sequence was not found in other studies of coniform structures
(29, 30).

The Acidobacteria were the next most abundant clone present
in the library, comprising 7% of the sequences, with similarity to
clones from Fairy Springs (53). The Acidobacteria phylum has
recently been shown to contain photosynthetic organisms, and
their presence in the cones is thus not surprising; however, the role
they may play in the structure of the cones is uncertain and in-
triguing (35). Including Leptolyngbya, 92% of the clones had clos-
est identity to sequences from YNP, including Fairy Springs (53),
Octopus Spring (49), and Mammoth Spring (accession number
AF445706). One of the clones was 99% identical (720 nt) to an
aerobic bacteriochlorophyll a-containing alphaproteobacterium,
Sandaracinobacter sibiricus (54), an orange-yellow microbe con-
taining abundant carotenoids. This microbe may contribute to the

orange pigment of the cones, although it was not identified in
similarly pigmented phototrophic mats in YNP (47). Although
most of the clones identified did show high similarity to other
sequences from YNP, these similar sequences were not obtained
from microbialites, suggesting that the lifestyle of these microor-
ganisms may not be directly related to coniform formation.

The low abundance of non-Leptolyngbya sequences found in
the coniform structure does bring into question the role of non-
cyanobacterial microbes in cone formation. A metagenomic study
(55) of a freshwater microbialite identified an abundance of genes
involved in regulation and cell signaling, suggesting that there may
be significant coordination between microbialite community
members such as cyanobacteria and heterotrophs. In the stroma-
tolites of Highborne Cay, Bahamas, and Shark Bay, Australia, the
microbial community was in fact dominated by alphaproteobac-
teria (7, 13, 14, 16–20). The role of heterotrophs in carbonate and
silicate systems are likely different, but it would not be surprising
to find that noncyanobacteria play a role in silica precipitation and
cone morphogenesis in this system. However, if non-Leptolyngbya
do play an important role in cone formation, it is not likely
through their high abundance, which makes identifying their po-
tential role more challenging. Such important but low-abundance
contributors very well could have been missed in this library; how-
ever, our rarefaction analysis of this limited sequence data set in-
dicates a reasonable plateau of community coverage. If stromato-
lites develop in a similar manner to the cones described here, it
suggests initiation by a single builder species, followed by the de-
velopment of a secondary community through an ecological suc-
cession pattern. If microbial species richness is related to lithifica-
tion, as suggested by Baumgartner et al. (16), it may explain why
cones can be found without any lithification at this same site. The
Shannon-Wiener diversity index of the partially lithified cone was
only 1.01, which is substantially less than the diversity indices
determined for very well-lithified stromatolites (19, 51, 56, 57). It
is possible that Leptolyngbya may be the initiating microorganism,
but actual lithification may be driven by a secondary “inhabitant”
community.

Enrichment of Leptolyngbya sp. strain C1 from Octopus
Spring cones. A cyanobacterial enrichment culture was obtained
by multiple transfers of filaments from plates combined with liq-
uid medium serial dilutions. The cyanobacterium in the enrich-
ment (Leptolyngbya sp. strain C1) was filamentous, gliding, and
capable of positive phototaxis. It also had the same 16S rRNA gene
sequence of the Leptolyngbya sp. that dominated the clone library
and is morphologically similar to the cyanobacteria identified by
confocal microscopy (Fig. 1). The congruence of these techniques,
as well as the presence of Leptolyngbya-like sequences in many
cones and stromatolites (13, 18, 19, 29, 30, 51), suggests that the
Leptolyngbya sp. strain C1 enrichment is relevant for mechanistic
studies. The enrichment also contained Pseudomonas sp. strain
OS4 (see Table S1 in the supplemental material). Based on micros-
copy, plate morphology, and 16S rRNA gene sequencing, the en-
richment consists primarily of these two microbes. Several hetero-
trophic microbes with close relatives found in association with
cyanobacteria were also isolated (see the supplemental material).

Factors affecting in vitro cone morphology. The enrichment
culture containing Leptolyngbya sp. strain C1 was tested for in
vitro cone formation and found to form cones when grown on
agar medium flooded with liquid medium as described previously
(14) (Fig. 5). This cone forming enrichment culture was then used

FIG 4 Abundance of phylotypes in the 16S rRNA gene clone library (n � 87
clones). Leptolyngbya sp. clones dominated the clone library.
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to identify growth conditions that affected cone morphology. Two
different morphologies have been identified: cones and more-
rounded nobs (Fig. 5). Cones form when a lawn of the enrichment
culture is pregrown on agar medium prior to flooding. In this
condition and prior to flooding, the lawn of the enrichment cul-
ture forms reticulated mats such as those described by Sumner
and Shepard (58). When medium flooding occurs at the time of
inoculation, aggregates of cells form in the liquid medium that
eventually fall upon the agar surface. This may be one mechanism
for the formation of the rounded nobs but may not explain all of
the nobs that are formed. The shape (cone versus nob) may be an
indicator of environmental conditions during formation.

To test whether cone formation is driven by the biological pro-
cess of phototaxis or the physically driven release of cyanobacte-
rially formed gases (i.e., O2) as bubbles, we examined how the
angle of illumination and surface orientation affected morphol-
ogy. Cones were grown in tubes with the agar surface slanted at an
angle of 34° with respect to horizontal and with the light source
directed along the horizontal axis (Fig. 5). Under these growth
conditions, cones took approximately twice as long to grow, and
only very small peaks grew out of the mat surface farthest from the
light. Cones grown under these conditions were classified as grow-
ing perpendicular to the agar surface, growing at an acute angle to

the surface (toward the light), or growing at an obtuse angle to the
agar surface (in the opposite direction of gravity). Of 500 cones
examined, ca. 88% of the cones were oriented at angles roughly 58
to 75° from the agar surface toward the light source, and ca. 12%
were oriented perpendicular to the surface. The cones did not lean
directly toward the light source (34° from the agar surface) but
were at an intermediate angle, suggesting that phototaxis toward
the light may be playing a role, but another factor that would drive
the cells to form cones oriented perpendicular to the agar surface
is also at play. Cones leaning toward the light are consistent with
previous observations (27), and individual cyanobacterial fila-
ments have also been shown to orient normal to the surface (31).
Additional experiments with angled agar surfaces have ruled out
gravitational effects that could be pulling the cones down, leading
to an acute angle of inclination (data not shown). No cones were
oriented at obtuse angles. Awramik and Vanyo (59) have reported
heliotropism in stromatolites from thermal springs in YNP and
Hamelin Pool, Australia. In contrast, Petryshyn and Corsetti (60)
and Mata et al. (8) examined stromatolites from Walker Lake and
YNP, respectively, and, in both cases, surface normal growth
dominated regardless of the angle of inclination which did not
support a strong phototactic response toward light. In our cyano-
bacterial vertical structures, which are not stromatolites, we see a
greater potential influence of phototaxis, and yet we still see an
influence of factors that tend toward surface normal growth. If
cyanobacterially produced oxygen bubbles are driving the initial
formation of the cones from ridges or high points or driving the
formation of tube-like structures (27), which should result in
growth perpendicular to the true horizon and obtuse angles in our
experimental setup, that orientation is not well preserved under
these growth conditions and thus is less likely to be recorded from
an environment in the rock record.

Laboratory-grown cones did not become lithified, and the ad-
dition of sodium silicate to the overlying medium at 0.1 g/liter and
at saturation prevented cone formation. Cycling between wet and
dry conditions is likely to be important for silica deposition (15),
and such conditions were not replicated with these laboratory
conditions. In addition, when the heterotrophic isolates (see Table
S1 in the supplemental material) were added to the Leptolyngbya
enrichment, there was no change in cone morphology, suggesting
that under these conditions the heterotrophic isolates do not af-
fect morphology.

Microscopy, molecular analysis, and enrichment cultures
point to the filamentous cyanobacterium Leptolyngbya sp. strain
C1 as the primary architect of the coniform structure from Octo-
pus Spring, YNP. Laboratory-grown structures were used to iden-
tify factors that may affect the morphology of the cones including
the presence of overlying liquid upon inoculation and the direc-
tion of light and surface orientation. To our knowledge, this is the
first quantitative assessment using laboratory-manipulated con-
ditions to determine the potential role of phototaxis, surface in-
clination, and bubble formation on cyanobacterial coniform ori-
entation.

Future studies aimed at understanding the molecular mecha-
nism that leads to surface normal growth should provide impor-
tant insight into the biogenesis of coniform structures. These
structures may share growth mechanisms similar to other vertical
structures such as stromatolites and can provide important infor-
mation about the complexity of life on early Earth.

FIG 5 (A) Newly formed cyanobacterial enrichment cones 4 weeks after me-
dium flooding. (B) Older cones 6.5 months after flooding. The matured struc-
tures become more similar to the structures found at Octopus Spring. (C)
Cones grown in medium that was flooded upon inoculation instead of after
formation of the mat on the agar surface, 3 months postinoculation. (D) An
aggregate that has landed on the mat appears to be lifted up. (E) Cones formed
on agar incubated at a 34° angle from horizontal. The arrow indicates the
direction of light. “X” indicates the angle of cone inclination from the surface.
Scale bars are approximate and are based on external flask markings. Potential
magnification due to the liquid medium is not accounted for.
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