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Abstract The majority of microorganisms in natural
environments resist laboratory cultivation. Sometimes
referred to as ‘unculturable’, many phylogenetic groups are
known only by fragments of recovered DNA. As a result, the
ecological significance of whole branches of the ‘tree of life’
remains a mystery; this is particularly true when regarding
genetic material retrieved from extreme environments.
Geochemically relevant media have been used to improve
the success of culturing Archaea and Bacteria, but these
efforts have focused primarily on optimizing pH, alkalinity,
major ions, carbon sources, and electron acceptor—donor
pairs. Here, we cultured thermophilic microorganisms from
‘Sylvan Spring’ (Yellowstone National Park, USA) on
media employing different trace element solutions, includ-
ing one that mimicked the source fluid of the inocula. The
growth medium that best simulated trace elements found in
‘Sylvan Spring’ produced a more diverse and faster growing
mixed culture than media containing highly elevated trace
element concentrations. The elevated trace element medium
produced fewer phylotypes and inhibited growth. Trace
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element concentrations appear to influence growth condi-
tions in extreme environments. Incorporating geochemical
data into cultivation attempts may improve culturing
success.
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Introduction

Only a small percentage of known Archaea and Bacteria
have been cultured, isolated, and at least partially charac-
terized. Surveys of environmental 16S rRNA gene sequen-
ces from waters, soils, sediments, biofilms, and other
biotopes indicate a far greater diversity than what exists in
the culture collections (Rappé and Giovannoni 2003;
Schleper et al. 2005; Handelsman and Tiedje 2007); recent
estimates indicate that uncultured phyla still outnumber
phyla with cultured representatives (M. Rappé, pers.
comm.). Efforts that examine the in situ ecological roles of
uncultured organisms in natural environments yield helpful,
but limited results (Fishbain et al. 2003; Boyd et al. 2009).
For example, environmental conditions may be isolated,
controlled for, and manipulated in culturing approaches,
whereas this is difficult or impossible in natural systems
(particularly those that are protected, such as Yellowstone
National Park). There are phylogenetically significant
groups of Archaea and Bacteria from which no cultured
representatives have been retrieved (Giovannoni et al.
1995; Takai and Horikoshi 1999; Takai and Sako 1999;
Ochsenreiter et al. 2003; Rappé and Giovannoni 2003).
Owing to difficulties in obtaining pure cultures (Adams
1995; Huber et al. 1995; Burggraf et al. 2001), many
organisms defined exclusively by 16S rRNA sequences
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have been labeled as “unculturable” (Barns et al. 1994,
Hugenholtz et al. 1998). These uncultured organisms may
represent minor constituents of complex microbial commu-
nities or organisms that grow as obligatory symbionts in a
mixed culture. However, they may also represent major or
ecologically important organisms that have not been pro-
vided with suitable growth conditions in the laboratory
(Huber et al. 1995, 2002).

Traditional enrichment techniques can be quite effective,
particularly when used at ambient or slightly elevated tem-
peratures (Guirard and Snell 1981; Kreig 1981; Robb et al.
1995; Burlage et al. 1998) and are often successful in pro-
ducing pure strains that represent the dominant species in the
inoculum, or the most capable of surviving the growth con-
ditions provided (Burnett et al. 1957; Kreig 1981; Ward et al.
2006; Caldwell et al. 2002). The challenges of culturing from
thermal habitats have long been recognized (Castenholtz
1988a, b; Robb et al. 1995). Some enlightened efforts to
culture thermophiles sometimes used filtered hot spring fluid
(Brock and Freeze 1969; D’Imperio et al. 2008) or used
analysis of in situ chemistry to develop a basal salts medium
for culturing thermophiles (Castenholtz 1969; Brierley and
Brierley 1973; Huber et al. 1998a, b). However, the majority
of early attempts to cultivate thermophiles made use of tra-
ditional growth media or trace element solutions, such as
“Medium D”, “Allen’s Medium”, or “SME Medium”
(Allen 1959; Castenholtz 1969; Stetter et al. 1983; Segerer
et al. 1986; Castenholtz 1988a, b; Boone et al. 1989;
Nakagawa et al. 2005; Boyd et al. 2007) that may have had
limited similarity to the host environments of the target
organisms (Guirard and Snell 1981; Kreig 1981). In partic-
ular, few records can be found of trace element (or trace
mineral) solutions based on thermal fluid chemistry (though
see Amend et al. 2003a, b; Osburn and Amend 2010), and
typically a traditional recipe such as “Wolfe’s Trace Element
Solution™ or “Trace Element Solution SL-7" is used (Wolin
etal. 1963; Atlas 2004). This practice is continued in modern
attempts to culture thermophiles (Eder and Huber 2002; Gotz
et al. 2002; Kashefi et al. 2002; Haouari et al. 2008). New
culturing techniques specifically targeting the ‘uncultura-
bles’ have been developed that vary nutritional and envi-
ronmental parameters (Johnson 1995; Kashefi et al. 2002;
Rappé et al. 2002; Amend et al. 2003a; Edwards et al. 2003;
Cho and Giovannoni 2004; Davis et al. 2005; Kopke et al.
2005; Lloyd et al. 2005; Osburn and Amend 2010). In
addition, sophisticated methods may be used to physically
separate individual cells or colonies from the mixed com-
munity (Huber et al. 1995; Huber et al. 1998a, b; Kaeberlein
et al. 2002; Zengler et al. 2002).

The chemistry of a growth medium is vital to the suc-
cess of culturing attempts. There is plentiful evidence that
terrestrial hydrothermal ecosystems boast a wide range of
chemical compositions, even within the same geothermal
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system (Allen and Day 1935; Brock 1978; White et al.
1988; Ball et al. 1998, 2001; Amend et al. 2003a, b; Meyer-
Dombard et al. 2005; Shock et al. 2005, 2010; Nordstrom
et al. 2009). In the present study, we had two goals. First,
we wanted to determine if trace element chemistry had an
affect on the growth of thermophilic consortia from ‘Syl-
van Spring’ geothermal fluid. To meet this goal, we
investigated the effects of elevated trace element concen-
trations on the growth of ‘Sylvan Spring’ consortia (stage
one of the study), and investigated the acclimatization and
response of these consortia to changing trace element
conditions (stage two of the study). The aqueous growth
media tested differed only in their trace element chemistry
and were based strictly on the in situ geochemistry of
‘Sylvan Spring’ (prior to the addition of complex carbon
substrate), or were entirely independent of the trace ele-
ment geochemistry of ‘Sylvan Spring’. Our second goal
was to incorporate our findings in the design of growth
media for various other Yellowstone environments. Geo-
chemical data (major ions and trace elements) collected
over 3 years from Yellowstone National Park (YNP)
were used as a template to design aqueous growth
media, including trace elements, explicitly for culturing
thermophiles.

Methods
Sample collection

Thermal fluid was collected from ‘Sylvan Spring’,' YNP
(0518359 Easting; 4949525 Northing, Universal Trans-
verse Mercator zone 12). Fluid was collected ~3 m from
the edge of the pool and ~0.5 m below the surface.
Sample was placed in a sterile 175-mL glass serum bottle,
sealed with a butyl stopper, and stored at 4°C. Samples of
other thermal features listed in Table 1 were collected
similarly.

Geochemistry

Analyses of redox-sensitive and major ions in fluid samples
were conducted as reported in Shock et al. (2010). Minor
and trace elements in these fluids were determined using a
Finnigan MAT (Thermo Electron) Element 1 single-col-
lector double-focusing magnetic sector inductively coupled
plasma mass spectrometer (ICP-MS). Uncertainties are one
standard deviation for minor (3%) and trace (5%) elements.
Accuracy and precision were determined by analyses of

' For information regarding the naming of this hydrothermal feature,
see Meyer-Dombard, et al., 2005.
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Table 1 Trace element concentrations (mM) in selected YNP locations

Element (mM) ‘Sylvan Spring’ Sylvan area Sylvan area Sylvan area Sylvan area Mound Spring Obs. pool area
000625G* 000625F* 000626A* 000626C* 000625A 990724A 990720D

Easting 0518347 0518446 0518384 0518575 0518577 0511112 0544528

Northing 4949528 4949592 4949579 4949713 4949675 4934624 4939786

T (°C) 81 80.9 71.5 74.3 87.0 93.9 81

pH 5.7 4.1 49 6.6 2.4 8.2 5.7

Ca 0.10 0.10 0.07 0.11 53 x 1072 40 x 1072 0.58

Fe 1.1 x 1073 0.01 93 x 1073 1.8 x 107 0.11 82 x 1070 62 x 107*

Mg ND 24x10* ND ND 9.6 x 1073 33 x 107* 0.42

Co 1.7 x 107° ND ND ND 51 % 107 42 x 1077 bdl

Cu 7.9 x 107° ND ND ND 1.9 x 107 bdl bdl

Al 0.013 0.08 0.28 38 x 1072 0.72 14 x 1072 8.5 x 1073

Zn 6.1 x 1074 ND 1.0 x 1073 ND 13 x 1073 1.2 x 107 28 x 107*

Mn 44 x 107 6.4 x 107 8.7 x 107* 24 x 107 1.6 x 1073 55 x 107° 12 x 1072

Mo 1.7 x 1073 13 x 1073 5.6 x 107* 2.0 x 107 3.6 x 1073 29 x 1074 9.1 x 107°

Rb 5.6 x 1073 27 x 1073 12 x 1073 1.8 x 1073 85 x 1074 13 x 1073 12 x 1073

Sr 2.1 x 1074 32 x 1074 1.4 x 107 2.1 x 107 29 x 1074 9.8 x 107° 1.8 x 1073

\ 1.8 x 107° 13 x 107 24 % 107° 1.6 x 107* 52 %x 1073 1.6 x 107° 9.4 x 107

Pb 45 x 107° 3.4 x 1077 1.0 x 107 bdl 1 x107° 27 x 107° 5.6 x 1077

Ba 9.1 x 107 3.1 x 107 34 x 107* 13 x 107 5% 107 9.4 x 107° 82 x 107*

Cd 1.7 x 107° 12 x 107° 1.7 x 107° 2.7 x 1077 1.1 x 107° 8.9 x 1077 1.8 x 1077

w 1.1 x 1073 89 x 1074 20 x 107* 6.3 x 107 6.5 x 1077 1.8 x 1073 8.6 x 107°

The naming convention for sample locations is given as “yymmddx”, where “yymmdd” represents the date of collection, and “x” is a simple
sample identifier. GPS coordinates given as Universal Transverse Mercator, zone 12

ND not determined, bdl below detection limit

% Used in formulation of media SS1

river water standard reference materials NIST 1640 and
NRC SLRS4: measured and certified values for standards
were within quoted uncertainties. Sixty milliliter Nalgene
sample bottles were soaked in 10% HNO; (trace metal
grade) for 1-3 days, rinsed with deionized water, and
sealed in the lab before traveling to the field. Samples were
filtered through a series of 1.0, 0.8, and 0.25 pm filters and
acidified to pH <2 with HNOj;. Results are reported in
Table 1.

Media design

Medium SS1 was based on the in situ geochemistry of
‘Sylvan Springs’ area hydrothermal features (Meyer-
Dombard 2004; Shock et al. 2010), and was used in both
experiments. The remaining media incorporate “Wolfe’s
trace element solution” (Wolin et al. 1963), which is
independent of the trace element geochemistry of ‘Sylvan
Spring’. One medium containing Wolfe’s trace element
solution, hereafter referred to as medium WTE, includes
the original Wolfe’s trace element solution recipe and was
only used in experimental stage two. In addition, a 200x
concentrated version of the WTE medium, simply known

here as medium WTE200, was used in both experimental
stages. Trace element concentrations in these three media
are given in Table 2.

Experimental stage one was designed to determine if
elevated trace elements affected cell growth. As can be
seen in Tables 1 and 2, the variability in trace elements
between media SS1 and WTE often falls within the natural
variation of fluids in the Sylvan Springs area. For example,
concentrations of Fe in SS1 and WTE differ by one order
of magnitude, but Fe varies by three orders of magnitude in
the Sylvan Spring area. Similar comparisons can be made
for Mg, Ca, Al, Zn, and Mo. Trace element solution
WTE200 was arrived at specifically to reach concentrations
that were equal to or exceeding trace element concentra-
tions in the SS1 medium to allow us to evaluate effects of
elevated trace element concentrations. In essence, the ele-
vated trace element concentrations in medium WTE200
were chosen to eliminate doubts that may have arisen from
a medium with lower trace element concentrations.

Experimental stage two further queried the acclimation
and response of the stage one enrichments to changing
environmental conditions. As geothermal systems in Yel-
lowstone National Park have been shown to undergo
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Table 2 Trace element concentrations (mM) in experimental and reference trace element solutions

Element (mM) SS1 WTE WTE200 medium D OBP? SS82° LGB?*

Ca 0.11 0.003 0.68 0.034 0.56 0.025 0.025

Fe 3.6 x 1074 29 x 1073 0.59 1.7 x 1073 13 x 1073 0.07 5.4 x 1073
Mg 0.008 0.074 14.73 0.04 0.41 82 x 1073 0.25

Co 3.4 x 1077 2.1 %1073 0.42 1.9 x 107* 8.5 x 1077 1.7 x 107° 1.7 x 107°
Cu 32 x 107 2.0 x 107* 0.04 1.0 x 107* 24 x 1076 7.1 x 107° 4.7 x 107°
Al 0.015 1.1 x 107 0.02 0.0 82 x 1073 0.86 0.012

Zn 3.5 x 1074 1.7 x 1073 0.35 1.7 x 1073 3.8 x 1074 9.6 x 107* 1.7 x 107*
Mn 4.6 x 107* 0.02 3.31 13 x 1072 87 x 1073 62 x 1074 1.8 x 107°
Mo 1.1 x 1073 2.1 x 107 0.04 1.0 x 107* 2.1 x 1073 1.6 x 1073 32 x 1074
Rb 29 x 1073 0.0 0.0 0.0 12 x 1073 59 x 1074 13 x 1073
Sr 2.1 x 107 0.0 0.0 0.0 1.7 x 1073 19 x 107* 23 x 107
\Y% 2.0 x 107 0.0 0.0 0.0 1.2 x 107° 3.9 x 107 1.8 x 107°
Pb 4.8 x 107¢ 0.0 0.0 0.0 7.2 x 1077 3.4 x 1073 48 x 107°
Ba 2.7 x 107* 0.0 0.0 0.0 7.7 x 107 58 x 1074 22 % 107
cd 1.8 x 107° 0.0 0.0 0.0 8.9 x 1077 8.9 x 1077 8.9 x 1077
w 6.4 x 107 0.0 0.0 0.0 1.1 x 1073 5.4 x 1077 1.7 x 1073

? Trace element solutions OBP, SS2, and LGB should be used with an appropriate basal salts medium, for example as reported in Meyer-
Dombard 2004. Alternatively, measured values of major ions can be found in various sources (Allen and Day 1935; Brock 1978; Ball et al. 1998,
2001; Meyer-Dombard 2004; Nordstrom et al. 2005; Shock et al. 2005, 2010). A basal salt medium for SS1 can be found in the methods of this

work. Medium D given as reported in Castenholtz, 1969

drastic changes in chemistry (associated, for example, with
changes in pH or dilution by increased meteoric water
input) over short time periods (Nordstrom et al. 2009;
Shock et al. 2010), the ability of microorganisms to cope
with environmental stresses such as increasing or decreas-
ing trace element concentrations is of interest. Here, we
tested the ability of the enrichment in SS1 to acclimate to
media WTE and WTE200, and the ability of the enrichment
in WTE200 to acclimate to medium SS1.

Basal salt media recipes

The basal salt solution for all experimental media,
including WTE and WTE200, is a pH buffered artificial
‘Sylvan Springs’ area thermal fluid; representative values
of ‘Sylvan Spring’ major ion concentrations were chosen
and the basal salts medium was formulated adjusting for
the molecular weight of the salts added and charge balance.
The ‘Sylvan Spring’ basal salts medium contains (per liter
of water): 1.67 mg MgCl,-6H,0O, 0.04 g KCI, 0.36 g
NaHCO3, 0.27 g Na,SOy, 0.5 g NaCl. All media were a
yeast-sulfur (YS) formulation, and received (per L) 3 g
yeast extract (Difco), which contributed additional trace
elements to the media (Grant and Pramer 1962). Also
added to all media were 10 mL N/P solution (containing
per liter of water: 444.8 mg NH,4CI, 34.2 mg NaNO3;, and
83.0 mg K,HPO,), 0.5 mL of a 2% resazurin solution
(redox indicator), and 3 g of MES (2-[N-morpholino] eth-
anesulfonic acid) as a pH buffer.
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Trace element solution recipes

The SS1 trace element solution (Table 2) was formulated by
selecting representative values (Table 1) then adjusted for
the molecular weight of the salts added and charge balance.
The following were added to 1L of ‘Sylvan Spring’
basal salt solution to obtain medium SS1: 15.77 mg CaCl,-
2H,0, 0.06 mg FeSO,4-7H,0, 6.89 mg AIK(SO,),-12H,0,
0.09 mg MnCl,-4H,0, 0.07 mg BaCl,-2H,0, 0.1 pg CoCl,-
6H,0, 0.8 pg CuSO4-5H,0, 0.12 mg H,WO,, 0.16 mg
Na,Mo0,4-2H,0, 4.0 pg VOSO4-3.5H,0, 0.1 mg ZnSOy-
7H,0, 0.5 pg CdSO,4-8/3H,0, 2.0 pg PbCrO,4, 0.36 mg
RbCl, and 0.06 mg SrCl,-6H,0.

Medium WTE was obtained by adding the following to
1 L of the ‘Sylvan Spring’ basal salt solution: 0.5 mg
CaCl,-2H,0, 0.5 mg FeSO,47H,0, 0.05 mg AIK(SOy),:
12H,0, 15 mg MgCl,-6H,0, 0.5 g MnSO,, 0.5 mg CoCl,-
6H20, 0.05 mg CHSO4'12H20, 0.05 mg Na2M004~2H20,
0.5 mg ZnS0O4-7H,0, 0.05 mg H3BO3, 7.5 mg nitriloacetic
acid and 5 mg NaCl (Wolin et al. 1963). Medium WTE200
was arrived at by concentrating the WTE recipe 200-fold.

Media preparation

The pH of all media was adjusted to 5.5, and the medium
was autoclaved at 121°C for 40 min. Trace element solu-
tions were then added. Anaerobic media were prepared by
heating and degassing under N,. Acid-washed glass serum
bottles containing ~2 g S° (sterilized for >3 days in an
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80°C oven) were filled with 60 mL of anoxic media
while under N,. Bottles were capped with butyl-rubber
stoppers, pressurized with N, to 3 bar, and media were
reduced with 1.8 mL of a 2.5% Na,S solution prior to
inoculation. Although precipitation reactions of sulfide or
sulfur within the growth media may have occurred,
mineralization was not observed microscopically, and all
experimental media received the same Na,S treatment
with equal potential effect on trace element concentra-
tions. Non-experimental media were formulated in a
similar fashion. Selected trace element solutions for other
Yellowstone hydrothermal features are given in Table 1;
full recipes for media OBP, SS2, and LGB are given in
Meyer-Dombard 2004.

Inoculation/incubation

To test the response of cultures to elevated trace element
concentrations, medium SS1 was used as a control against
medium WTE200 in experimental stage one. Both SS1 and
WTE200 media were inoculated with 1 mL of ‘Sylvan
Spring’ fluid and incubated at 80°C, resulting in cultures
1A (in SS1) and 1B (in WTE200). Incubations continued
for the same length of time in apparent exponential growth,
as indicated by direct cell counts verifying total cell
numbers doubling. The response of consortia 1A and 1B to
different growth media formulations was investigated in
stage two. Here, 0.5 mL of culture 1A (grown in medium
SS1 in experimental stage one) was used to inoculate 60 ml
of fresh WTE and WTE200 media, yielding cultures 2A
and 2B, respectively. A 0.5 mL aliquot of culture 1B
(grown in medium WTE200, in stage one) was introduced
into 60 mL of fresh SS1 medium (culture 2C). Incubation
conditions were identical to stage one.

Microscopy

Cultures were regularly observed by phase contrast and
epi-fluorescence microscopy to verify cell growth, were
subsampled as appropriate, and were preserved and DAPI
stained for whole cell counts as described (Amend et al.
2003a). Doubling times were determined by linear
regression of cell counts. Transmission electron micros-
copy (TEM) was done by Washington University’s
Molecular Microbiology Imaging Facility. Subsamples
were removed after 756 h in experimental stage one, and
449 h in experimental stage two. Samples were prepared
for ultrastructural analysis as previously described (Amend
et al. 2003a). Sections of 70-80 nm were cut, stained with
uranyl acetate and lead citrate, and viewed on a JEOL 1200
EX transmission electron microscope (JEOL USA, Inc.,
Peabody, MA).

DNA extraction and amplification

When total cell growth could be verified to be doubling
exponentially, cultures were allowed to grow for another
800 h, at which point aliquots of both cultures from
experimental stage one were removed for DNA extraction.
Ten milliliters of each culture was pelleted (per extraction),
and DNA was extracted by chemical extraction using the
QIAamp DNA Mini Kit (QIAGEN cat# 51306), and
mechanical extraction by bead-beating using the FastDNA
Spin soil extraction kit (Bio101) as described (Amend et al.
2003a; Meyer-Dombard et al. 2005). The 16S ribosomal
RNA gene was amplified with the polymerase chain reac-
tion (PCR) from all 4 DNA extractions, using primers 21F
and 1391R targeting Archaea, and 27F and 1492R targeting
Bacteria (Lane 1991), as described (Amend et al. 2003a). A
negative control sample (no added DNA) ensured that
products were not contaminated by the lab procedure.

Sequencing/phylogenetic inference

Amplified 16S rRNA genes (PCR products) from extrac-
tions of cultures 1A and 1B, and the negative control were
cloned as previously described (Meyer-Dombard et al.
2005). Initially, ~650 bp of each of 48 clones from each
library were sequenced using primers 21F or 27F, and
unique operational taxonomic units (OTUs), were identi-
fied for each library using a 95% similarity cut off. For
unique OTUs, 1300-1400 bp of the 16S rRNA gene were
sequenced and analyzed by phylogenetic comparison
as previously reported (Meyer-Dombard et al. 2005).
Sequences representing organisms in both cultures were
deposited in GenBank (accession numbers EF088324—
EF088326).

Results
Trace element geochemistry

The ‘Sylvan Spring’ area in YNP features a large thermal
pool (‘Sylvan Spring’, see Meyer-Dombard et al. 2005) and
a number of smaller thermal features of varying fluid
chemistry. ‘Sylvan Spring’ is 13 x 20 m in diameter, is
slightly acidic (pH ~35.5) and near boiling (7' = 85°C),
and has a high gas flux (Meyer-Dombard 2004; Meyer-
Dombard et al. 2005). Results of trace element analyses for
‘Sylvan Spring’ and selected other YNP hot springs are
presented in Table 1. These data include several thermal
features in the ‘Sylvan Springs’ area; four were used in
the formulation of medium SS1 (000625F, 000625G,
000626A, 000626C). Also shown for comparison in
Table 1 are data from an acidic feature in the ‘Sylvan
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Springs’ area, an alkaline chloride hot spring in the Lower
Geyser Basin, and a neutral pH, gas-dominated feature in
the Mud Volcano area. Among these locations, the con-
centrations of Co, Cu, Zn, Rb, and Cd were the least var-
iable, while variation of three or more orders of magnitude
was seen in Fe, Mg, Mn, Mo, Sr, and W.

Experimental stage one

In stage one, medium SS1 (the control), and medium
WTE200 were used to investigate the effects of elevated
trace element concentrations on consortia from ‘Sylvan
Spring’. Growth curves, diversity, and morphology are
presented in the following sections.

Cell growth

Direct cell counts in mixed cultures 1A (medium SS1) and
1B (medium WTE200) as functions of time are depicted in
Fig. 1. Cell densities at t;, of cultures 1A and 1B were
4.9 x 10° and 4.4 x 10’ cells/mL, respectively. It can be
seen that cell densities in culture 1A increased in three
distinct phases from 4.9 x 10° cells/mL at 7, to 1.5 x 108
cells/mL after 1056 h, at which point tubes were visually
turbid. Calculated generation times were ~42 h in the first
phase (090 h), ~233 h in the second phase (90-888 h),
and ~67 h during the final phase (>888 h). In culture 1B,
cell densities increased from 4.4 x 10° cells/mL at ty to
1.1 x 107 cells/mL after 1256 h, and growth trends are not
as well resolved. For the first 477 h (phase 0), cell densities
fluctuated, showing relatively limited growth. Calculated
generation times during phase 1 (477-524 h) and 2
(>524 h) were ~34 h and ~230 h, respectively—rates
comparable to those for intervals 1 and 2 of culture 1A. In
growth phase 2 (Fig. 1), total cell numbers of both cultures
1A and 1B increase steadily following a power law, dou-
bling over a fixed interval (in a pure strain, this would be
equivalent to the exponential phase). Because these are
mixed strain enrichments, we cannot be sure all strains are
actually growing exponentially in growth phase 2. Culture
1B was removed from incubation after growth phase 2
(1256 h total).

Molecular cloning and phylogenetic inference

DNA extracted by mechanical bead-beating from culture
1A was readily amplified using both archaeal and bacterial-
specific 16S rRNA gene primers, but DNA from culture 1B
was only amplifiable using the bacterial primer set. The
chemical extraction method yielded DNA amplifiable with
archaeal primers for culture 1A only; no bacterial products
were obtained from this extraction for either sample.
Archaeal library 1A, yielded four nearly identical sequences
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Fig. 1 Results of cell enumerations of cultures 1A (in medium SS1)
and 1B (in medium WTE200) as a function of time. Numbers indicate
stages of growth as discussed in the text. Dashed lines indicate growth
stages proposed for poorly resolved trends or trends with few data.
Cultures were grown at pH 5.5 and 80°C

(99.6% sequence similarity), which were grouped as a
single operational taxonomic unit (OTU) of Desulfurococ-
cales from ‘Sylvan Spring’ (SS1 Clone Group 1, Fig. 2). A
phylogenetic tree of the crenarchaeal order Desulfurococ-
cales (Fig. 2) shows the inferred phylogeny of SS1 Clone
Group 1, which is most closely related to Thermogladius
shockii (99%) and a previously published Sylvan Spring
environmental clone “YNP_SSp_A84” (98%) (Meyer-
Dombard et al. 2005). Cultures 1A and 1B also contained
taxa whose closest homologous relatives are uncultured
gamma Proteobacteria from environmental samples.
Sequences from the bacterial clones of both cultures shared
>99.5% sequence similarity, and one representative clone
from each was chosen for phylogenetic comparison (SS1
Clone Group 2 and WTE200 Clone Group 1 in Fig. 3). Both
representatives fall in the same clade, sharing 99.2%
sequence similarity. The closest cultured representatives to
this OTU are Thermomonas hydrothermalis (AF542054)
and T. haemolytica (AJ300185) (86% sequence similarity),
and Shewanella putrefaciens (U91553, 81% similar).

Cell morphology

Microscopy indicated that the original ‘Sylvan Spring’
inoculum consisted of coccoid-shaped and rod-shaped
organisms (not shown). Observations of enrichments 1A
and 1B also showed cocci and rod morphologies, and a few
filamentous organisms were observed (which disappeared
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Fig. 2 Phylogenetic tree showing Crenarchaeota, by maximum
parsimony analysis. The heuristic search of this dataset retrieved
the tree displayed in 973/1000 replications. Longbranch attraction
problems are not present, as indicated by branch lengths that are less
than 10% of the total number of nucleotides aligned. 100 bootstrap
repetitions. Other methods (Neighbor Joining, Maximum Likelihood)
yielded similar branching topologies

from both cultures by 477 h of incubation). In growth
phase one of culture 1A and putative growth phase one of
culture 1B (Fig. 1), the dominant cell morphology varied.
However, cocci became prevalent in 1A after 381 h of
incubation and in 1B after 644 h (growth phase two in both
cultures). Cell morphology at the end of the incubations
agreed with that seen in TEM images, below.

TEM images from 756 h of incubation in experimental
stage one (Figs. 4, 5) reveal marked differences in mor-
phology between the communities in 1A and 1B. Images
of culture 1A (Fig. 4) show regular cocci and disk-shaped
cells of 1-2 um diameter (Fig. 4a, b), and rarely, irregular
morphologies (Fig. 4a, c). The majority of the cells in 1A
display electron-dense cell envelopes (arrows labeled 2’
in Fig. 4), enlarged in Fig. 4e. Less common are cell
envelopes that are gram negative with an electron ‘light’
periplasmic space (arrows labeled ‘1’ in Fig. 4a, d). Both
morphologies exhibit a distinct cytoplasmic membrane
(Fig. 4d, e). In comparison, cells in culture 1B are

Thermotoga maritima (M21774)
50 changes

Fig. 3 Phylogenetic tree (maximum parsimony analysis) showing
isolates and environmental clones of y-Proteobacteria. The heuristic
search of this dataset retrieved the tree displayed in 998/1000
replications. Longbranch attraction problems were addressed by
removing individuals with branch lengths more than 10% of the total
number of nucleotides aligned, and Fig. 3 displays no longbranch
attraction artifacts. Numbers displayed at branch nodes are bootstrap
values, out of 100 repetitions. Other methods (Neighbor Joining,
Maximum Likelihood) yielded similar branching topologies

morphologically grotesque/irregular. These cells (Fig. Sa,
¢, d) have a thick (100-150 nm) cell envelope (enlarged
in Fig. 5b) with an expanded periplasmic space. The
cytoplasmic membrane is difficult to observe and the
outer surface is uneven (scalloped). A common feature of
cells in culture 1B is arm-like protrusions (Fig. 5c), which
can also occasionally be seen in culture 1A (Fig. 4a, c).
The cells of culture 1B vary from <l to 2 um, but the
irregular cells (Fig. 5d) are much larger and of complex
morphology.

Experimental stage two

In stage two, the response of the stage one cultures to
changing trace element concentrations was tested and
examined by epi-fluorescence microscopy and TEM. Cul-
tures 2A (medium WTE inoculated with culture 1A) and
2C (medium SS1 inoculated with culture 1B) had cell
densities at 7, of 3.3 x 10° and 7.8 x 10° cells/mL,
respectively. After 449 h, culture 2A reached a density of
3 x 107 cells/mL, and 2C a density of 1.9 x 10" cells/mL.
Culture 2B (medium WTE200 inoculated with culture 1A)
showed no growth even after 800 h of incubation.
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<« Fig. 4 TEM images of culture 1A, experimental stage one (756 h

incubation). Arrows labeled as / indicate irregular cells with electron
‘light’ (EL) cell envelopes. Arrows labeled as 2 indicate disks and
irregular cocci with electron-dense cell envelopes. CM cytoplasmic
membrane. a—¢ Scale bars 0.5 pm. d, e Scale bars 60 nm. a Assorted
cells, varying morphologies. b A typical disk found in culture SS1,
thin section through its concavity. ¢ Irregular cell, possibly dividing,
displaying arm-like appendage. d Enlargement of cell envelope,
enclosed in box in a, showing CM, electron ‘light” periplasmic space
and the outer membrane (OM). e Enlargement of cell envelope,
enclosed in box in b, showing CM and S layer

TEM analysis of cultures 2A and 2C after 449 h of
incubation are shown in Figs. 6 and 7. As with culture 1A,
2A consists of disk-like cells and irregularly shaped cells
(Fig. 6a—c), displaying two types of cell envelopes (labeled
1 and 2) with distinct cytoplasmic membranes (Fig. 6d, e).
However, culture 2A cells have different envelope mor-
phologies than 1A cells; all envelopes are electron dense in
comparison to those in culture 1A. The periplasmic space
of type-1 envelopes (Fig. 4a, d) is electron ‘light’ when
cells are grown in medium SS1 (culture 1A), but electron
dense when grown in medium WTE (culture 2A) though
the thickness is similar (~45 nm). In contrast, 1A type-2
cell envelopes (Fig. 2a—c, e) are ~20 nm thick, while 2A
type-2 cell envelopes (Fig. 6b, c, e) are twice that
(~40 nm) with a 20-30 nm diffuse layer external to the
electron-dense layer. Evidence of an outer membrane
cannot be seen in these images.

Cells in culture 2C are of comparable morphology to
those in 1B (Fig. 7d), sometimes with protrusions, and
0.5-1.5 um in diameter. However, 2C cells lack the
irregular morphologies seen in the original culture 1B
(Fig. 5d). Further, cell envelope structure was affected
when 1B was transferred to medium SS1. While still
~ 100 nm thick, the periplasmic space is electron ‘light’,
and has an empty appearance, lacking defining character-
istics (Fig. 7b). A sharp cytoplasmic membrane is visible
in 2C cells.

Discussion
Phylogenetic and ecological implications

Based on sequence similarity (~99%) and phylogenetic
interpretation (Fig. 2), SS1 Clone Group 1 represents a
close relative of Thermogladius shockii, of the order Des-
ulfurococcales isolated from the Washburn hot spring
group in Yellowstone (Osburn and Amend 2010), an
organism that appears to prefer acid-sulfate type hot
springs. The Desulfurococcales have been cultured from
environments that vary in pH from 5.5 to 7, and grow
optimally from 80 to 95°C—T. shockii’s optimum growth
range is similar to the culturing conditions in this study.
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Fig. 5 TEM images of culture 1B, experimental stage one (756 h
incubation). a Typical irregular cocci. Scale bar 0.5 pum. b Enlarge-
ment of cell envelope in a, shown in box. Top arrow notes scalloped
membrane. Bottom arrow notes cytoplasmic membrane. Scale bar

Cultured Desulfurococcales rely on several metabolic
strategies such as organoheterotrophy, and the reduction of
S either with H, or complex organic compounds (Zillig
and Stetter 1983; Bonch-Osmolovskaya et al. 2001). Sur-
veys of community structure have found 16S rRNA sig-
natures belonging to the Desulfurococcales in ‘Sylvan
Spring’ (Meyer-Dombard 2004; Meyer-Dombard et al.
2005), and of these, clone “YNP_SSp_AS84” is the most
closely related to SS1 clone group 1. Clone YNP_SSp_A84
represented only ~ 8% of the archaeal clone library in the
earlier study, thus culturing efforts presented here may
have succeeded in capturing a “rare” strain from ‘Sylvan
Spring’. At a pH of 5.5, a temperature typically near 80°C,
and high concentrations of H, and H,S, ‘Sylvan Spring’
appears to be an ideal habitat for these Desulfurococcales
(Meyer-Dombard 2004; Shock et al. 2010).

Phylogenetic inference of WTE200 Clone Group 1 and
SS1 Clone Group 2 (Fig. 3) suggests that ‘Sylvan Spring’
may host a new clade of thermophilic gamma Proteobac-
teria. This group was also identified in a ‘Sylvan Spring’
sediment sample (Meyer-Dombard 2004; Meyer-Dombard
et al. 2005). Other thermophilic members of the gamma
Proteobacteria have been cultured, and are typically het-
erotrophic (Hallberg and Lindstrom 1994; Beeder et al.
1995; Bodrossy et al. 1999; Busse et al. 2002; Alves et al.
2003). Members of the gamma Proteobacteria frequently
appear in 16S rRNA surveys that catalogue a wide range of

125 nm. ¢ Irregular cocci, displaying arm-like protrusion. Scale bar
0.5 pm. d View of assorted, extremely irregular (‘grotesque’)
morphologies. Scale bar 1 pm

environments including hot springs, forearc basins, deep-
sea hydrothermal vents, the Antarctic Dry Valleys, and
gold mines (Reysenbach et al. 2000a, b; Reed et al. 2002;
de la Torre et al. 2003; Dhillon et al. 2003; Elshahed et al.
2003; Ghosh et al. 2003; Inagaki et al. 2003). The geo-
chemical range of thermophilic gamma Proteobacteria in
extreme environments, and their apparent flexibility in the
range of media tested here, points to organisms capable of
adaptation to a variety of environmental stressors.

Cell growth

Differences in growth rates (Fig. 1), community phylogeny
(Figs. 2, 3), and cell morphology—especially membrane
structure—(Figs. 4, 5, 6, 7) document the effects of vari-
able trace element chemistry on laboratory culturing. This
study investigates the growth dynamics of mixed cultures
rather than pure strains, which has implications for growth
dynamics and reproducibility (Fig. 1). While a pure strain
may display characteristic lag/exponential/stationary pha-
ses, the growth dynamics of mixed cultures are more
complex. However, these data show that a medium with
trace elements that most closely mimics the inoculum’s
source fluid (SS1) yields a community that grows faster
and to a higher final cell density.

The trace element compositions of each medium
(Table 2) vary greatly; media WTE200 and SS1 differ by

@ Springer



326

Extremophiles (2012) 16:317-331

Fig. 6 TEM images of culture 2A, (culture 1A, grown in medium
WTE) during experimental stage two. Arrows labeled as / and 2
indicate irregular cells with cell envelope structures comparable to
those shown in Fig. 4. CM cytoplasmic membrane. a—c Scale bars
100 nm. d Scale bar 30 nm. e Scale bar 50 nm. a Typical cell of
morphology ‘type-1’. b Typical disk-like cell of envelope morphol-
ogy ‘type-2’, thin section through the cell’s concavity. ¢ Irregular
type-2 cell, as shown in Fig. 4c. d Enlargement of cell envelope,
enclosed in box in a. Note lack of ‘electron light’ periplasmic space,
as seen in Fig. 4d. e Enlargement of cell wall and membrane,
enclosed in box in b. CM is visible, and thickening S-layer can be
observed

three orders of magnitude in Fe and Zn concentrations, four
orders of magnitude in Mg, Mn and Cu, and six orders of
magnitude in Co. In addition, medium WTE200 did not
contain salts of Rb, Sr, V, Pb, Ba, Cd and W, some of
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Fig. 7 TEM images of culture 2C, (culture 1B, grown in medium
SS1) during experimental stage two. a—c Scale bars 100 nm. d Scale
bar 0.5 pm. a Typical irregular cocci, similar to Fig. 5a. b Enlarge-
ment of cell envelope enclosed in box in a. Left arrow notes the outer
membrane. The scalloped edge seen in Fig. 5b is apparently lacking.
Right arrow shows the cytoplasmic membrane (CM). ¢ Irregular cell,
displaying protrusion. d View of assorted irregular cells

which are essential to cell growth and survival (Adams
1998; Wackett et al. 2004). Addition of complex carbon
substrate in the form of yeast extract contributed trace
elements to the media, based on analysis of trace elements
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in “ashed” dry weight yeast extract (which can be assumed
to be greater on a per gram basis than the hydrated yeast
extract added to the experimental media) (Grant and
Pramer 1962). However, these additional trace elements
were incorporated into all the experimental media, so any
differences seen in these data are attributable to the addi-
tional trace elements in medium WTE200. The addition of
yeast extract may contribute Co, Cu, and Mg in excess
of the original SS1 trace element recipe, but not in excess
of the WTE200 recipe. Based on analyses by Grant and
Pramer 1962, the yeast extract contributed minimal addi-
tional Al, Ba, Fe, Mn, Mo, and Zn to the media (1-4 orders
of magnitude less than recipe concentrations).

While a number of trace elements are essential, some are
also known toxins (Brantley et al. 2001; Wackett et al.
2004), though our understanding of the toxin versus
nutrient distinction is tempered by the inherent inability to
precisely replicate complex natural systems in the labora-
tory. Microorganisms have developed many methods of
response to environmental stress (LaPaglia and Hartzell
1997; Silver 1997; Brantley et al. 2001; Rathgebar et al.
2002). As an example, some microorganisms are known to
sequester toxins within the periplasmic space between
membranes in the cell wall (Silver 1997). Chemical anal-
ysis of cell membranes of the cells in 1B was not carried
out in this study, however, the ultra-thick (~ 100 nm),
electron-dense cell envelopes in the 1B Bacteria appear to
result from elevated trace element concentrations, and this
major morphological difference between identical species
in different media may represent a physiological response
to environmental stress.

Total cell numbers of culture 1A, the control for stage
one of the experiment, grew quickly immediately after
inoculation, but culture 1B showed little growth over the
first 450 h. Complex and unresolvable data over this period
(growth phase 0) may represent a sluggish community in
culture 1B, or a long lag phase. The disk-shaped cells with
type-2 cell envelopes (Fig. 4) are morphologically similar
to members of the Desulfurococcales, and the type-2 cell
envelope morphology (Fig. 4e) is consistent with a typical
archaeal envelope, featuring an electron-dense S-layer. 16S
rRNA phylogeny of cultures 1A and 1B indicate that the
same bacterium grew in each medium, which is supported
by the TEM images: gram-negative, type-1 irregular cells
in Fig. 4 (culture 1A) are of comparable morphology to the
gram-negative cells shown in Fig. 5 (1B). However, the
cell envelope structures differ significantly in these two
cultures, and the absence of the thick, electron-dense
periplasmic space in culture 1A suggests that these mor-
phological differences are the result of differences in
medium chemistry.

The versatility and flexibility of cultures 1A and 1B
were tested in experimental stage two by introducing them

into reciprocal growth media. Culture 1A was able to grow
in medium WTE (culture 2A), but not in WTE200 (culture
2B). While less concentrated than medium WTE200, WTE
still exceeds SS1 in Fe, Mg, Co, Cu, Zn, Mn, and Mo by
1-4 orders of magnitude, and cell envelope morphologies
in culture 2A were affected by this switch in medium. The
periplasmic space thickened and grew more electron dense
in all cells seen. In contrast, when culture 1B was intro-
duced to medium SS1 (culture 2C), the ultra-thick, elec-
tron-dense periplasmic space became electron ‘light’ in all
cells, appearing empty and revealing the cytoplasmic
membrane.

Implications for growth media design

Our second goal in this study was to incorporate our
findings in the design of other growth media for various
Yellowstone environments. From the ‘Sylvan Spring’ cul-
turing experiment, several observations emerge. First,
introducing cells to a trace element-rich medium contain-
ing elevated Fe, Mg, Mn, Co, Cu, Zn, and Mo induces the
collection of material within the periplasmic space, in some
cases widening the space significantly. Second, this process
may be reversed when cells are transferred to a less con-
centrated medium. ‘Sylvan Spring’ derived consortia are
able to grow in medium SS1 (seen in stage one of the
experiment), and the mixed community resulting from this
enrichment is able to acclimate to the concentrations of
trace metals in medium WTE (though the cells show signs
of changes to the periplasmic space, as discussed above)
but not the elevated concentrations in medium WTE200.
Finally, enrichments obtained by inoculating medium
WTE200 did not produce as robust or as diverse a com-
munity, but these organisms were able to grow when
introduced into medium SS1, showing signs of membrane
alteration to more typical environmental conditions.
Trace element geochemistry in Yellowstone hot springs
varies widely and is dependent on the pH, temperature, and
residence time of the thermal fluids, as well as the geologic
unit hosting the system. The essential elements Fe, Mg,
Mn, Mo, V, as well as Sr, Pb, Ba, and W, are among the
most variable—up to 4 orders of magnitude—in the loca-
tions shown in Table 1. In these experiments, better results
were obtained when using a growth medium that more
closely resembles the natural environment of the inoculum.
A quick comparison of trace element solutions that are
part of WTE and “medium D”, commonly cited as the
chosen trace element solutions for both phototrophic and
chemotrophic thermophile culturing (Castenholtz 1969;
Wiegel 1986; Robb et al. 1995; Boyd et al. 2007), to
concentrations in natural Yellowstone hot spring samples
in Table 1 shows that these traditional media differ
drastically from the natural thermal environments. In

@ Springer



328

Extremophiles (2012) 16:317-331

particular, the concentrations of Co, Cu, Mn, and Zn are
typically far greater in these traditional media than in
many Yellowstone systems. The results shown here
emphasize that greater success may be obtainable by
using trace element solutions that more closely resemble
the natural environment.

Recipes for trace element solutions suitable for typical
locations in the Lower Geyser Basin (LGB), select loca-
tions at Obsidian Pool (OBP), and select acidic locations in
the ‘Sylvan Spring’ area (SS2) are also given in Table 1.
These solutions were successfully employed in the design
and use of growth media specific to these locations
(incorporating suitable major ion chemistry for these
locations, as given in Meyer-Dombard 2004; Shock et al.
2005, 2010). Culturing attempts using these and other
specially designed YNP media were >70% successful in
producing viable mixed cultures, and resulted in 18 isolates
from the greater Obsidian Pool and ‘Sylvan Springs’ areas,
and the Lower Geyser Basin (Meyer-Dombard 2004).
Major ion chemistry for various YNP locations has been
published elsewhere (Allen and Day 1935; Brock 1978;
Ball et al. 1998, 2001; Nordstrom et al. 2005; Shock et al.
2005, 2010), and these data can be employed in the design
of basal salts solutions (accounting for charge balance and
the molecular weight of the salts used). In addition, data in
Table 1 may be used to design conservative trace element
solutions for additional Yellowstone locations. If trace
element geochemistry is not available for a hydrothermal
system of interest, it would not be unreasonable to take a
conservative path and attempt enrichments with a diluted
‘traditional’ trace element solution, such as a diluted
“Wolfe’s” or “medium D” trace element solutions. An
alternative approach calls for using several different trace
element solutions that vary in concentration.

Conclusions

Cell counts, TEM images, and phylogenetic interpretations
indicate that the growth of the mixed communities in
experimental stage one cultures (1A and 1B) was affected
by the differences in trace element compositions. Both
cultures were supplied with the same base medium (arti-
ficial ‘Sylvan Spring’ thermal fluid), metabolic constituents
(complex organic compounds), inoculum (1 mL ‘Sylvan
Spring’ fluid), and incubation temperature (80°C); only the
trace element concentrations differed. It is concluded that
medium WTE200 inhibits the efficient growth of some
organisms originating from ‘Sylvan Spring’ thermal fluid,
and may specifically inhibit the growth of certain Desulf-
urococcales strains from this thermal system. Further evi-
dence that trace element concentrations affect cell growth
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was seen when cultures 1A and 1B were grown in their
reciprocal media.

It has been suggested that the study of extreme envi-
ronments necessitates growth media that reflect the geo-
chemical properties of the environments being studied
(Baross 1995). This study further shows that trace element
concentrations influence the growth of thermophiles, and
may help determine the stringency of growth conditions in
hydrothermal ecosystems. The results given here suggest
the utility of determining the specific effects of elevated
concentrations of individual trace elements, which could
lead to a ranked list of elements with the strongest effects
on culturing. Complementary investigations could identify
which elements are stored within the periplasmic space of
the cell membranes of thermophiles, and the capacity for
thermophiles to sequester trace elements. Additional
investigations comparing enrichments from hot springs of
variable chemistry or temperature could expand on this
dataset as well. Using growth media based on an envi-
ronmental template may encourage the growth of species
not normally culturable (such as some Crenarchaea) and
combining this strategy with other recently developed
culturing techniques (Zengler et al. 2002; Davis et al. 2005;
Kopke et al. 2005) could expand the collection of pure
isolates from extreme environments.

Acknowledgments This work was funded largely by a NASA
Graduate Student Research Program (GSRP) fellowship (NGTS5-
50348) to D.R.M.D., also NSF-LEXEN (OCE-9817730), and NASA
Astrobiology Institute (Carnegie Institution) to E.L.S., and a NSF-
CAREER grant (0447231) to J.P.A.

References

Adams MWW (1995) Thermophilic Archaea: an overview. In: Robb
FT, Place AR (eds) Archaea, a laboratory manual: thermophiles.
Cold Spring Harbor Press, New York, pp 3-7

Adams MWW (1998) The evolutionary significance of the metabo-
lism of tungsten by microorganisms growing at 100C. In: Weigel
J, Adams MWW (eds) Thermophiles: the keys to molecular
evolution and the origin of life. Taylor and Francis, Philadelphia,
pp 325-338

Allen MB (1959) Studies with Cyanidium caldarium, an anomalously
pigmented chlorophyte. Arch Microbiol 32:270-277

Allen ET, Day AL (1935) Hot springs of the Yellowstone National
Park. Waverly Press, Baltimore

Alves MP, Rainey FA, Nobre MF, da Costa MS (2003) Thermomonas
hydrothermalis sp. nov., a new slightly thermophilic gamma-
Proteobacterium isolated from a hot spring in central Portugal.
Syst Appl Microbiol 26:70-75

Amend JP, Meyer-Dombard DR, Sheth SN, Zolotova N, Amend AC
(2003a) Palaeococcus helgesonii, sp. nov., a facultatively
anaerobic, hyperthermophilic Archaeon from a geothermal well
on Vulcano Island, Italy. Arch Microbiol 179:394-401

Amend JP, Rogers KL, Shock EL, Inguaggiato S, Gurrieri S (2003b)
Energetics of chemolithoautotrophy in the hydrothermal system
of Vulcano Island, southern Italy. Geobiology 1:37-58



Extremophiles (2012) 16:317-331

329

Atlas RM (2004) Handbook of microbiological media. CRC Press,
Boca Raton

Ball JW, Nordstrom DK, Jenne EA, Vivit DV (1998) Chemical
analyses of hot springs, pools, geysers, and surface waters from
Yellowstone National Park, Wyoming, and vicinity, 1974-1975,
US Geological Survey: 45

Ball JW, Nordstrom DK, McCleskey RB, Schoonen MAA, Xu Y
(2001) Water chemistry and on-site sulfur-speciation data for
selected springs in Yellowstone National Park, Wyoming,
1996-1998, US Geological Survey: 41

Barns SM, Fundyga RE, Jeffries MW, Pace NR (1994) Remarkable
archaeal diversity detected in a Yellowstone National Park hot
spring environment. Proc Natl Acad Sci 91:1609-1613

Baross JA (1995) Isolation, growth, and maintenance of hypertherm-
ophiles. In: Robb FT, Place AR (eds) Archaea, a laboratory
manual: thermophiles. Cold Spring Harbor Press, New York,
pp 15-23

Beeder J, Torsvik T, Lien T (1995) Thermodesulforhadbus norvegi-
cus gen. nov., sp. nov., a novel thermophilic sulfate-reducing
bacterium from oil field water. Arch Microbiol 164:331-336

Bodrossy L, Kovaks KL, McDonald IR, Murrell JC (1999) A novel
thermophilic methane-oxidising gamma-Proteobacterium. FEMS
Microbiol Lett 170:335-341

Bonch-Osmolovskaya EA, Slesarev Al, Miroshnichenko ML,
Svetlichnaya TP, Alekseev VA (2001) Characterization of
Desulfurococcales amylolyticus n. sp.—a new extremely ther-
mophilic archaebacterium isolated from thermal springs of
Kamchatka and Kunashir Island. Mikrobiologiya 57:94-101

Boone DR, Johnson RL, Liu Y (1989) Diffusion of the interspecies
electron carriers H, and formate in methanogenic ecosystems
and its implications in the measurement of K,, for H, or formate
uptake. Appl Environ Microbiol 55:1735-1741

Boyd ES, Jackson RA, Encarnacion G, Zahn JA, Beard T, Leavitt
WD, Pi Y, Zhang CL, Pearson A, Geesey GG (2007) Isolation,
characterization, and ecology of sulfur-respiring Crenarchaea
inhabiting acid-sulfate-chloride-containing geothermal springs in
Yellowstone National Park. Appl Environ Microbiol 73:6669—
6677

Boyd ES, Leavitt WD, Geesey GG (2009) CO2 uptake and fixation by
a thermoacidophilic microbial community attached to precipi-
tated sulfur in a geothermal spring. Appl Environ Microbiol
75:4289-4296

Brantley SL, Liermann L, Bau M, Wu S (2001) Uptake of trace
metals and rare Earth elements from hornblende by a soil
Bacterium. Geomicrobiol J 18:37-61

Brierley CL, Brierley JA (1973) A chemoautotrophic and thermo-
philic microorganism isolated from an acid hotspring. Can J
Microbiol 19:183-188

Brock TD (1978) Thermophilic microorganisms and life at high
temperatures. Springer, New York

Brock TD, Freeze H (1969) Thermus aquaticus gen. n. and sp. n., a
nonsporulating extreme thermophile. J Bacteriol 98:289-297

Burggraf S, Huber R, Mayer T, Rossnagel P, Rachel R (2001)
Isolation of hyperthermophilic Archaea previously detected by
sequencing rDNA directly from the environment. In: Reysenbach
AL, Voytek M, Mancinelli R (eds) Thermophiles: biodiversity
ecology and evolution. Kluwer Academic/Plenum Publishers,
New York, pp 93-102

Burlage RS, Atlas R, Stahl DA, Geesey G, Sayler G (1998)
Techniques in microbial ecology. Oxford University Press,
Oxford

Burnett GW, Pelczar MJ Jr, Conn HJ (1957) Preparation of media. In:
Conn HIJ, Pelczar MJ Jr (eds) Manual of microbiological
methods. McGraw-Hill, New York, pp 37-63

Busse H-J, Kampfer P, Moore ERB, Nuutinen J, Tsitko IV, Denner
EBM, Vauterin L, Valens M, Rossello-Mora R, Salkinoja-

Salonen MS (2002) Thermomonas haemolytica gen nov., sp.
nov., a gamma-Proteobacterium from kaolin slurry. Int J Syst
Evol Microbiol 52:473-483

Caldwell DE, Wolfaardt GM, Korber DR, Karthikeyan S, Lawrence
JR, Brannan DK (2002) Cultivation of microbial consortia and
communities. In: Hurst CJ, Crawford RL, Knudsen GR, McIn-
erney MJ, Stetzenbach LD (eds) Manual of environmental
microbiology. ASM Press, Washington, DC, pp 92-100

Castenholtz RW (1969) Thermophilic blue-green algae and the
thermal environment. Bacteriol Rev 33:476-504

Castenholtz RW (1988a) Culturing methods for cyanobacteria.
Methods Enzymol 167:68-93

Castenholtz RW (1988b) Thermophilic cyanobacteria: special prob-
lems. Methods Enzymol 167:96-100

Cho J-C, Giovannoni SJ (2004) Cultivation and growth characteristics
of a diverse group of oligotrophic marine Gamma Proteobac-
teria. Appl Environ Microbiol 70:432-440

D’Imperio S, Lehr CR, Oduro H, Druschel GK, Kuhl M, McDermott
TR (2008) Relative importance of H2 and H2S as energy sources
for primary production in geothermal springs. Appl Environ
Microbiol 74:5802-5808

Davis KER, Joseph SJ, Hanssen PH (2005) Effects of growth
medium, inoculation size, and incubation time on culturability
and isolation of soil Bacteria. Appl Environ Microbiol 71:826—
834

de la Torre JR, Goebel BM, Friedmann EI, Pace NR (2003) Microbial
diversity of cryptoendolithic communities from the McMurdo
Dry Valleys, Antarctica. Appl Environ Microbiol 69:3858-3867

Dhillon A, Teske A, Dillon J, Stahl DA, Sogin ML (2003) Molecular
characterization of sulfate-reducing Bacteria in the Guaymas
Basin. Appl Environ Microbiol 69:2765-2772

Eder W, Huber R (2002) New isolates and physiological properties of
the Aquificales and description of Thermocrinis albus sp. nov.
Extremophiles 6:309-318

Edwards KJ, Rogers DR, Wirsen CO, McCollom TM (2003) Isolation
and characterization of novel psychrophilic, neutrophilic,
Fe-oxidizing, chemolithoautotrophic «- and y-Proteobacteria
from the deep sea. Appl Environ Microbiol 69:2906-2913

Elshahed MS, Senko JM, Najar FZ, Kenton SM, Roe BA, Dewers
TA, Spear JR, Krumholz LR (2003) Bacterial diversity and
sulfur cycling in a mesophilic sulfide-rich spring. Appl Environ
Microbiol 69:5609-5621

Fishbain S, Dillon JG, Gough HL, Stahl DA (2003) Linkage of high
rates of sulfate reduction in Yellowstone hot springs to unique
types in the dissimilatory sulfate respiration pathway. Appl
Environ Microbiol 69:3663-3667

Ghosh D, Bal B, Kashyap VK, Pal S (2003) Molecular phylogenetic
exploration of Bacteria diversity in a Bakreshwar (India) hot
spring and culture of Shewanella-related thermophiles. Appl
Environ Microbiol 69:4332-4336

Giovannoni SJ, Mullins TD, Field KG (1995) Microbial diversity in
oceanic systems: rRNA approaches to the study of unculturable
microbes. Molecular ecology of aquatic microbes. 1. Joint.
Springer, Berlin, G 38:217-248

Gotz D, Banta AB, Rushdi AI, Simoneit BRT, Reysenbach A-L
(2002) Persephonella marina gen. nov., sp. nov., and Persepho-
nella guaymasensis sp. nov., two novel, thermophilic, hydrogen-
oxidizing microaerophiles from deep-sea hydrothermal vents. Int
J Syst Evol Microbiol 52:1349-1359

Grant CL, Pramer D (1962) Minor element composition of yeast
extract. J Bacteriol 84:869-870

Guirard BM, Snell EE (1981) Biochemical factors in growth. In:
Gerhardt P, Murray R, Costilow R, Nester E, Wood W, Krieg N,
Phillips GB (eds) Manual of methods for General bacteriology.
American Society for Microbiology, Washington, DC, pp 79—
111

@ Springer



330

Extremophiles (2012) 16:317-331

Hallberg KB, Lindstrom EB (1994) Characterization of Thiobacillus
caldus sp. nov., a moderately thermophilic acidophile. Microbi-
ology 140:3451-3456

Handelsman J, Tiedje JM (2007) Revealing the secrets of our
microbial planet. NRC Committee on metagenomics: challenges
and functional applications. National Academy of Sciences,
Washington, DC, 158

Haouari O, Fardeau ML, Cayol JL, Casoit C, Elbaz-Poulichet F,
Hamdi M, Joseph M, Ollivier B (2008) Desulfotomaculum
hydrothermale sp. nov., a thermophilic sulfate-reducing bacte-
rium isolated from a terrestrial Tunisian hot spring. Int J Syst
Evol Microbiol 58:2529-2535

Huber R, Burggraf S, Mayer T, Barns SM, Rossnagel P, Stetter KO
(1995) Isolation of a hyperthermophilic Archaeum predicted by
in situ RNA analysis. Nature 376:57-58

Huber R, Dyba D, Huber H, Burggraf S, Rachel R (1998a) Sulfur-
inhibited Thermosphaera aggregans sp. nov., a new genus of
hyperthermophilic Archaea isolated after its prediction from
environmentally derived 16S rRNA sequences. Int J Syst
Bacteriol 48:31-38

Huber R, Eder W, Heldwein S, Wanner G, Huber H, Rachel R, Stetter
KO (1998b) Thermocrinis ruber gen. nov., sp. nov., a pink-
filament forming hyperthermophilic Bacterium isolated from
Yellowstone National Park. Appl Environ Microbiol 64:3576—
3583

Huber H, Hohn MJ, Rachel R, Fuchs T, Wimmer VC, Stetter KO
(2002) A new phylum of Archaea represented by a nanosized
hyperthermophilic symbiont. Nature 417:63-67

Hugenholtz P, Pitulle C, Hershberger KL, Pace NR (1998) Novel
division level bacterial diversity in a Yellowstone hot spring.
J Bacteriol 180:366-376

Inagaki F, Takai K, Hirayama H, Yamato Y, Nealson KH, Horikoshi
K (2003) Distribution and phylogenetic diversity of the subsur-
face microbial community in a Japanese epithermal gold mine.
Extremophiles 7:307-317

Johnson DB (1995) Selective solid media for isolating and enumer-
ating acidophilic bacteria. J Microbiol Meth 23:205-218

Kaeberlein T, Lewis K, Epstein SS (2002) Isolating “uncultivable”
microorganisms in pure culture in a simulated natural environ-
ment. Science 296:1127-1129

Kashefi K, Holmes DE, Reysenbach AL, Lovley DR (2002) Use of
Fe(IlI) as an electron acceptor to recover previously uncultured
hyperthermophiles: isolation and characterization of Geother-
mobacterium ferrireducens gen. nov., sp. nov. Appl Environ
Microbiol 68:1735-1742

Kopke B, Wilms R, Engelen B, Cypionka H, Sass H (2005) Microbial
diversity in coastal subsurface sediments: a cultivation approach
using various electron acceptors and substrate gradients. Appl
Environ Microbiol 71:7819-7830

Kreig NR (1981) Enrichment and isolation. In: Gerhardt P, Murray R,
Costilow R et al (eds) Manual of methods for general bacteri-
ology. American Society for Microbiology, Washington, DC,
pp 112-142

Lane DJ (1991) 16S/23S rRNA sequencing. In: Stackebrandt E,
Goodfellow M (eds) Nucleic acid techniques in bacterial
systematics. Wiley, Chichester, pp 115-175

LaPaglia C, Hartzell PL (1997) Stress-induced production of biofilm
in the hyperthermophilic Archeoglobus fulgidus. Appl Environ
Microbiol 63:3158-3163

Lloyd KG, Edgecomb VP, Molyneaux SJ, Boer S, Wirsen CO, Atkins
MS, Teske A (2005) Effects of dissolved sulfide, pH, and
temperature on growth and survival of marine hyperthermophilic
Archaea. Appl Environ Microbiol 71:6383-6387

Meyer-Dombard DR (2004). Geochemical constraints on microbial
diversity in Yellowstone National Park. Thesis, Doctor of
Philosophy, Washington University in St. Louis

@ Springer

Meyer-Dombard DR, Shock EL, Amend JP (2005) Archaeal and
bacterial communities in geochemically diverse hot springs of
Yellowstone National Park, USA. Geobiology 3:211-227

Nakagawa S, Shtaih Z, Banta A, Beveridge TJ, Sako Y, Reysenbach
A-L (2005) Sulfurihydrogenibium yellowstonense sp. nov., and
extremely thermophilic, facultatively heterotrophic, sulfur-oxi-
dizing bacterium from Yellowstone National Park, and emended
descriptions of the genus Sulfurihydrogenibium, Sulfurihydro-
genibium subterraneum, and Sulfurihydrogenibium azorense. Int
J Syst Evol Microbiol 55:2263-2268

Nordstrom DK, Ball JW, McCleskey RB (2005) Ground water to
surface water: chemistry of thermal outflows in Yellowstone
National Park. In: Inskeep W, McDermott TR, McDermott TR
(eds) Geothermal biology and geochemistry in Yellowstone
National Park. Thermal Biology Institute, Montana State Uni-
versity, pp 71-94

Nordstrom DK, McCleskey RB, Ball JW (2009) Sulfur geochemistry
of hydrothermal waters in Yellowstone National Park: IV Acid-
sulfate waters. Appl Geochem 24:191-207

Ochsenreiter T, Selezi D, Quaiser A, Bonch-Osmolovskaya L,
Schleper C (2003) Diversity and abundance of Crenarchaeota
in terrestrial habitats studies by 16S RNA surveys and real time
PCR. Environ Microbiol 5:787-797

Osburn MR, Amend JP (2010) Thermogladius shockii gen. nov., sp.
nov., a hyperthermophilic crenarchaeote from Yellowstone
National Park, USA. Arch Microbiol 193:45-52

Rappé MS, Giovannoni SJ (2003) The uncultured microbial majority.
Annu Rev Microbiol 57:369-394

Rappé MS, Connon SA, Vergin KL, Giovannoni SJ (2002) Cultiva-
tion of the ubiquitous SAR11 marine bacterioplankton clade.
Nature 418:630-633

Rathgebar C, Yurkova N, Stackebrandt E, Beatty JT, Yurkov V
(2002) Isolation of tellurite- and selenite-resistant Bacteria from
hydrothermal vents of the Juan de Fuca Ridge in the Pacific
Ocean. Appl Environ Microbiol 68:4613-4622

Reed DW, Fujita Y, Delwiche ME, Blackwelder DB, Sheridan PP,
Uchida T, Colwell FS (2002) Microbial communities from
methane hydrate-bearing deep marine sediments in a forearc
basin. Appl Environ Microbiol 68:3759-3770

Reysenbach AL, Banta AB, Boone DR, Cary SC, Luther GW (2000a)
Microbial essentials at hydrothermal vents. Nature 404:835

Reysenbach AL, Longnecker K, Kirshtein J (2000b) Novel bacterial
and archaeal lineages from an in situ growth chamber deployed
at a Mid-Atlantic Ridge hydrothermal vent. Appl Environ
Microbiol 66(9):3798-3806

Robb FT, Place AR, Sowers KR, Schreier HJ, DasSarma S,
Fleischmann EM (1995) Archaea, a laboratory manual: thermo-
philes. Cold Spring Harbor Press, New York

Schleper C, Jurgens G, Jonuscheit M (2005) Genomic studies of
uncultivated Archaea. Nat Rev Microbiol 3:479-488

Segerer A, Neuner A, Kristjansson JK, Stetter KO (1986) Acidianus
infernus gen. nov., sp. nov., and Acidianus brierleyi comb. nov.:
facultatively aerobic, extremely acidophilic thermophilic sulfur-
metabolizing Archaebacteria. Int J Syst Bacteriol 36:559-564

Shock EL, Holland M, Meyer-Dombard DR, Amend JP (2005)
Geochemical sources of energy for microbial metabolism in
hydrothermal ecosystems: Obsidian Pool, Yellowstone National
Park, USA. In: Inskeep W, McDermott TR (eds) Geothermal
biology and geochemistry in Yellowstone National Park. Ther-
mal Biology Institute, Montana State University, pp 95-112

Shock EL, Holland ME, Meyer-Dombard DR, Amend JP, Osburn
GR, Fisher T (2010) Quantifying inorganic sources of geochem-
ical energy in hydrothermal ecosystems, Yellowstone National
Park, USA. Geochim Cosmochim Acta 74:4005-4043

Silver S (1997) The bacterial view of the periodic table: specific
functions for all elements. In: Banfield JF, Nealson KH (eds)



Extremophiles (2012) 16:317-331

331

Geomicrobiology: interactions between microbes and minerals.
Mineralogical Society of America, Washington, DC, 35:345-360

Stetter KO, Konig H, Stackebrandt E (1983) Pyrodictium gen, nov., a
new genus of submarine disc-shaped sulfur reducing Archae-
bacteria growing optimally at 105 C. Syst Appl Microbiol
4:535-551

Takai K, Horikoshi K (1999) Genetic diversity of Archaea in deep-sea
hydrothermal vent environments. Genetics 152:1285-1297

Takai K, Sako Y (1999) A molecular view of archaeal diversity in
marine and terrestrial hot water environments. FEMS Microbiol
Ecol 28:177-188

Wackett LP, Dodge AG, Ellis LBM (2004) Microbial genomics and
the periodic table. Appl Environ Microbiol 70:647-655

Ward DM, Bateson MM, Ferris MJ, Kuhl M, Wieland A, Koeppel A,
Cohan FM (2006) Cyanobacterial ecotypes in the microbial mat
community of Mushroom Spring (Yellowstone National Park,
Wyoming) as species-like units linking microbial community

composition, structure, and function. Philos Trans R Soc Lond B
361:1997-2008

White DE, Hutchinson RA, Keith TEC (1988) The geology and
remarkable thermal activity of Norris Geyser Basin, Yellowstone
National Park, Wyoming. Washington, US Geological Survey: 84

Wiegel J (1986) Methods for isolation and study of thermophiles. In:
Brock TD (ed) Thermophiles: general molecular and applied
microbiology. Wiley, New York, pp 17-37

Wolin EA, Wolin MJ, Wolfe RS (1963) Formation of methane by
bacterial extracts. J Biol Chem 238:2882-2886

Zengler K, Toledo G, Rappe M, Elkins J, Mathur EJ, Short JM, Keller
M (2002) Cultivating the uncultured. Proc Natl Acad Sci
99:15681-15686

Zillig W, Stetter KO (1983) In Validation of the publication of new
names and new combinations previously effectively published
outside the IJSB. List No. 10. Int J Syst Evol Microbiol
33:438-440

@ Springer



	Effects of trace element concentrations on culturing thermophiles
	Abstract
	Introduction
	Methods
	Sample collection
	Geochemistry
	Media design
	Basal salt media recipes
	Trace element solution recipes
	Media preparation
	Inoculation/incubation
	Microscopy
	DNA extraction and amplification
	Sequencing/phylogenetic inference

	Results
	Trace element geochemistry
	Experimental stage one
	Cell growth
	Molecular cloning and phylogenetic inference
	Cell morphology

	Experimental stage two

	Discussion
	Phylogenetic and ecological implications
	Cell growth
	Implications for growth media design

	Conclusions
	Acknowledgments
	References


