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In extreme thermal environments such as hot springs, phages are the only known microbial predators. Here
we present the first study of prokaryotic and phage community dynamics in these environments. Phages were
abundant in hot springs, reaching concentrations of a million viruses per milliliter. Hot spring phage particles
were resistant to shifts to lower temperatures, possibly facilitating DNA transfer out of these extreme envi-
ronments. The phages were actively produced, with a population turnover time of 1 to 2 days. Phage-mediated
microbial mortality was significant, making phage lysis an important component of hot spring microbial food
webs. Together, these results show that phages exert an important influence on microbial community structure
and energy flow in extreme thermal environments.

Phages, viruses that infect and kill bacteria, are important
components of all known microbial food webs. The influences
of phages on ecosystem dynamics are best understood in the
context of the marine microbial food web, the consortium of
heterotrophic and autotrophic prokaryotes, as well as their
predators that inhabit the Earth’s oceans and seas. The marine
microbial food web regulates the transfer of energy and nutri-
ents to higher trophic levels and greatly influences global car-
bon and nutrient cycles (6, 32, 43). Heterotrophic production
by prokaryotes within the marine microbial food web accounts
for �50% of the oceanic carbon fixed by photosynthesis every
day (5). These heterotrophs, in turn, are controlled in a top-down
fashion by protozoa and phages (23, 44). Phages are also impor-
tant mediators of genetic exchange in the environment via gen-
eralized (29, 41, 42) and specialized (1, 21, 50) transduction.

In extreme thermal environments above the upper temper-
ature limit for eukaryotic life, phages are the only known
predators of prokaryotes. Despite their potential importance,
very little is known about the influences of phages on the
microbial communities in these ecosystems. Phage particles in
hot springs have been observed by electron microscopy (40),
and phages have been cultured on Bacteria and Archaea iso-
lated from these ecosystems (4, 8, 17, 35, 39, 45, 46, 56–58).
However, no effort has been made to determine the abundance
or dynamics of naturally occurring phage communities or to
quantify the effects of these phages on the microbial popula-
tions in extreme thermal environments.

Here we show that phages are abundant and active compo-
nents of hot springs capable of killing a significant proportion
of the resident microbial populations. In addition, the resistance
of the phage particles to temperature shifts implies that phages
can laterally transfer DNA from these extreme environments.

MATERIALS AND METHODS

Direct counts of prokaryotes and VLP. Prokaryotes (Bacteria and Archaea)
and virus-like particles (VLP) were counted by filtering samples fixed in 2%

paraformaldehyde onto a 0.02-�m Anodisc (Whatman), staining with SYBR
Gold (Molecular Probes, Inc.), and direct counting by epifluorescent microscopy
(37). Direct counts of viruses were performed at all the hot springs sampled.

Transmission electron microscopy of hot spring samples. Samples from Little
Hot Creek site 4 were fixed in 2% paraformaldehyde and absorbed onto Form-
var-coated copper grids for 2 h. The grids were then stained with 2% uranyl
acetate–1% acetic acid for 10 s. Images were collected on Kodak electron film
(SO-163) with a Phillips EM410A transmission electron microscope at an accel-
erating voltage of 60 kV.

Prokaryotic production rates. All prokaryotic production measurements were
performed on water samples from Little Hot Springs site 4 and the outflow of
Imperial Spa. Prokaryotic production rates were measured with both [4,5-3H]
leucine and [methyl-3H]thymidine incorporation methods (22, 30, 47). For each
experiment, triplicate 11-ml water samples were placed into warmed borosilicate
scintillation vials. The vials were incubated with 20 nM [4,5-3H]leucine or [meth-
yl-3H]thymidine (Amersham Biosciences) for 2 h in the spring from which they
were collected (i.e., ambient temperature). Experiments were also performed in
which the water samples were incubated at a lower temperature or with a 0.2%
glucose addition in order to determine the effects of temperature or energy
supplements on growth rate. Incorporation was stopped by adding trichloroacetic
acid (TCA) to a final concentration of 5%. Carryover controls to which 5% TCA
was added prior to incubation with the radiolabeled compounds were also per-
formed. The carryover controls were used to determine how much unincorpo-
rated radiolabeled [4,5-3H]leucine or [methyl-3H]thymidine was still associated
with the samples after processing in the absence of cellular assimilation. At the
Imperial Spa site, salmon sperm DNA was added to the samples at the same time
as the TCA as a carrier to facilitate precipitation. The TCA precipitates were
stored on ice until they were returned to the laboratory, where they were pelleted
and washed once with cold 5% TCA and once with 80% ethanol. The washed
TCA precipitates were resuspended in scintillation cocktail, vortexed vigorously,
and radioassayed. Production rates were calculated with average conversion
factors of 2 � 1018 cells per mol of [methyl-3H]thymidine incorporated and 1.5 �
1017 cells per mol of [4,5-3H]leucine incorporated (15, 22, 31). The turnover time
of the prokaryotic population was calculated by dividing the average number of
prokaryotic cells by the production rate.

Phage production rates. Phage production was measured at Little Hot Creek
sites 3 and 4 and Imperial Spa with fluorescently labeled viruses as tracers (36).
Phage particles were concentrated directly from each hot spring site by using
100-kDa tangential flow filters (Amersham Biosciences). Prokaryotes were then
removed by filtering the concentrate through a 0.2-�m Sterivex filter (Millipore).
The final concentrates contained between 400,000 and 1,600,000% of the natural
concentration of viruses (200 to 1,000 liters were concentrated to �50 ml). An
aliquot of the concentrated viruses was labeled with SYBR Gold (Molecular
Probes, Inc.) at a final concentration of 2.5% (vol/vol) for 3.5 h in the dark. After
labeling, the fluorescently labeled viruses were diluted into 1 liter of 100-kDa
filtrate from the hot spring and reconcentrated with tangential flow filters. This
process was repeated three times to ensure that all unbound SYBR Gold was
removed. The fluorescently labeled viruses were then added at tracer levels
(�10% of the original total virus concentration) to triplicate dark Nalgene
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bottles containing 1 liter of unfiltered hot spring water. In addition, fluorescently
labeled virus tracers were added to a bottle containing 1 liter of 100-kDa-filtered
hot spring water that was incubated in the same manner in order to determine
the decay rate of fluorescently labeled viruses in the absence of a microbial
community. The bottles with fluorescently labeled virus tracers were then incu-
bated in the hot spring to maintain natural temperatures. Samples were collected
at 0, 4.5, and 20.5 h, fixed in paraformaldehyde, and stored in the dark at 4°C
until viruses were counted by epifluorescent microscopy. In a pilot experiment,
we determined that fluorescently labeled viruses stained with SYBR Gold can be
stored in this manner for at least 2 weeks without a noticeable decline in particle
number (data not shown). Phage production and decay rates were calculated as
described by Noble and Fuhrman, with an average burst size of 20 (36).

Phage stability at different temperatures. The stability of the phage commu-
nities at different temperatures was determined by incubating water samples
collected from various hot springs at lower temperatures, on ice (�0°C), or in a
pot of boiling water (�105°C). Before the various incubations, the water samples
were filtered (0.2 �m) to remove the prokaryotes, thus preventing the production
of new phage particles. The number of phages in controls that were fixed at time
zero were counted, and this value was set at 100%. The experimental samples
were incubated for �20 h, fixed in 2% paraformaldehyde, and stored in the dark
at 4°C until phages were counted by epifluorescent microscopy.

Mitomycin C experiments. To determine if extremophilic microbes in the hot
springs carried prophages that could be induced by DNA-damaging agents, water
samples from Little Hot Creek sites 3 and 4 were incubated at their natural
temperatures for 1 h with 100 �g of mitomycin C ml�1. Negative control samples
without mitomycin C addition were prepared and incubated in parallel. After the
incubations, samples were fixed in 2% paraformaldehyde and kept at 4°C until
the viruses were counted by epifluorescence microscopy.

RESULTS AND DISCUSSION

Sampling sites. All of the hot spring study sites were located
in California (Fig. 1). The Long Valley caldera is a 15- by

30-km oval, volcanically active depression located along the
east side of the Sierra Nevada (Fig. 1, inset). The caldera was
originally formed 760,000 years ago when the roof above the
underlying magma chamber collapsed. Approximately 100,000
years after that eruption, increasing pressure within the magma
chamber formed a resurgent dome. The area around the re-
surgent dome is geothermally active, with a number of hot
springs, including Little Hot Creek and Casa Diablo (Fig. 1
and 2). Casa Diablo (37o38.776� N, 118o51.489� W) is a large,
deep pool with a temperature of 82°C and pH of 8.16. The pool
is disturbed every 10 to 15 min by a geyser-like release of water
in the deepest part of the spring. The Little Hot Creek site
(37o41.465� N, 118o50.633� W) consists of numerous springs
that flow together to form a stream (Fig. 2). The hottest water
(79 to 84°C) is found in four different pools with black bottoms
(sites 1 to 3 and 10). One of these pools, Little Hot Creek site
10, was not present when Little Hot Creek was first sampled in
July 2001. The pH, temperature, and bottom color (Fig. 2)
change as the water flows away from these pools.

Most of the work described below was performed at Little
Hot Creek sites 3 (82 to 84°C, pH 7.50) and 4 (73 to 74°C, pH
7.70), which are separated by �3 m. The surface flow rate
between these two sites was �0.2 m s�1. A small stream of
input water from an independent source also joined the springs
right before Little Hot Creek site 4. Shepherd’s Pool, located
southeast of Little Hot Creek, is a 45°C, �1.5-m2 pool that is
about 0.5 m deep and contains very large algal mats (Fig. 2).

FIG. 1. California hot springs sampled in the study: Travertine Springs (Bridgeport), several hot springs located in the Long Valley caldera
(Little Hot Creek, Casa Diablo, and Shepherd’s Pool), and Imperial Spa (part of the Desert Hot Springs geothermal field). The line drawing of
the caldera was adapted from an image at http://lvo.wr.usgs.gov/images/maps/index.html.
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FIG. 2. Photographs of the hot springs sampled in this study. Direct counts of viruses and prokaryotes were performed at all sites (Imperial Spa,
Travertine Springs, Casa Diablo, Shepherd’s Pool, and Little Hot Creek). Different sampling sites along the Little Hot Creek system are indicated
by numbers on the central overview map, with lines leading to expanded pictures detailing each site. Viral and microbial production measurements
were performed at Little Hot Creek sites 3 and 4 and the spigot at the Imperial Spa where the water was emerging from the ground (not the pool).
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Travertine Springs (38°14�N, 119°12�W) is located near
Bridgeport, Calif., and consists of a long stream that runs down
the center of the formation to enter a large bathing pool
(Fig. 2).

The second major sampling area was Desert Hot Springs
geothermal field, located in the Imperial Valley just east of the
Salton Sea (Fig. 1 and 2). The shallow aquifer supplying the
hot springs is fed by a deep convection system (1.2 to 1.7 km
and temperatures of �135°C) (28). The Imperial Spa site was
63°C, with a pH of 7.2. Flow rates at the Imperial Spa site were
�100 liters min�1.

VLP abundance in hot springs. Upon staining with SYBR
Gold, prokaryotes and viruses were seen in each of the hot
spring samples (Fig. 3, SYBR Gold stained). Controls were
performed by filtering down an aliquot of each sample and
looking for autofluorescence. No signal was observed in the
absence of SYBR Gold stain when slides were examined by
epifluorescence microscopy (Fig. 3, unstained panel). The phase-
contrast panel in Fig. 3 shows that there were cells in the
unstained sample and that the filter was in focus. The presence
of free viruses in the hot springs was also confirmed by electron
microscopy (Fig. 4). VLP were present in every hot spring pool
examined, with concentrations ranging from 0.07 � 106 to
7.0 � 106 VLP ml�1 (Table 1). There were statistically fewer
VLP in hot springs with temperatures above the upper limit for
eukaryotic life (i.e., �62°C) (12, 13) than in the cooler springs
(P � 0.05, Mann-Whitney U test). However, there were a
number of exceptions to this general trend, and several high-
temperature springs displayed high VLP counts (e.g., �3 � 106

VLP ml�1 at Casa Diablo at 82°C and Little Hot Creek site 4
at 73°C). Since the temperature of these springs was greater
than the known upper temperature limit for eukaryotic life, the
VLP present are probably phages and not viruses that infect
eukaryotes.

There was great temporal variation in the numbers of VLP
observed in some of the hot springs. The number of VLP in
Casa Diablo varied by 6.5-fold at the two time points that were
sampled (Table 1). On average for all the hot springs, there
were 5.2 VLP per prokaryotic cell, which is similar to the

range observed in many other environments (2, 3, 7, 9, 10,
14, 18–20, 25–27, 34, 38, 54, 55).

Phage particle stability at different temperatures. Phage
communities from the hottest pools were placed in 50-ml tubes
and moved to cooler pools or onto ice. Greater than 75% of
the hot spring VLP remained intact even when incubated on
ice (Fig. 5). The particles were more sensitive to boiling, with
only 18 to 30% of the VLP remaining intact after treatment.
The overall resistance to temperature shifts shows that phages
can be transported from hot springs to cooler ecosystems. As
phages move between these biomes, they may be efficient shut-
tles of genetic material via transduction. In support of this
hypothesis, Chiura has demonstrated that VLP from a hot
spring were capable of generalized gene transfer to Escherichia
coli and Bacillus subtilis (16).

Production of phages in hot springs. Phages were produced
at a rate of 1.0 � 109 to 1.5 � 109 VLP liter�1 day�1 at both
the Imperial Spa and Little Hot Creek sites (Table 2). At these
rates, the turnover time for the phage communities was 1.2 to
2.2 days (Table 2). These turnover times are comparable to
those of nearshore marine and freshwater lake phage commu-
nities (36, 51). Combined with the direct counts, these results
show that phage communities are abundant, active, and im-
portant components of hot springs.

Induction of prophages by mitomycin C. To determine if the
extremophilic prokaryotes contained prophages that could be
induced with DNA-damaging agents, samples were incubated
with mitomycin C. This treatment increased the number of
VLP by 1.2- and 1.4-fold at Little Hot Creek sites 3 (82°C) and
4 (74°C), respectively, suggesting that lysogeny may be a viable
lifestyle in hot springs. By assuming a burst size of 20, an
estimated 1 to 9% of the microbes were carrying a prophage.

TABLE 1. Number of VLP and prokaryotes in hot springs as
determined by epifluorescence microscopya

Sample site Date
(mo/day/yr)

Temp
(°C)

No. of phages
ml�1 (105)

No. of
prokaryotes
ml�1 (105)

Casa Diablo 7/15/01 82 30 5.7
7/21/02 82 4.6 ND

Imperial Spa* 1/8/03 63 10.8 1.0
LHC site 1 7/15/01 79 2.0 0.63

7/21/02 79 1.3 ND
LHC site 10 7/21/02 78 2.8 ND
LHC site 2 7/21/02 80 2.2 ND
LHC site 3* 7/15/01 84 3.6 1.8

7/21/02 82 6.6 ND
LHC site 4* 7/15/01 73 34 3.9

7/21/02 74 7.0 1.4
LHC site 5 7/15/01 68 19 5.3

7/21/02 68 5.8 ND
LHC site 7 7/15/01 55 13 3.4
LHC site 8 7/15/01 40 17 1.9

7/21/02 57 7.1 ND
LHC site 9 7/15/01 29 68 ND

7/21/02 39 30 ND
Travertine site 1 7/15/01 59 9.4 ND
Travertine site 2 7/15/01 59 6.8 1.5
Travertine site 3 7/15/01 67 0.70 0.59
Shepherd’s Hot Spring 7/15/01 45 70 12

a Study sites are shown in Fig. 1 and 2. Prokaryotic and phage production
experiments were performed at the sites marked with an asterisk. LHC, Little
Hot Creek; ND, not determined.

FIG. 3. Example of SYBR Gold staining of prokaryotic cells and
VLP in the hot springs samples. SYBR Gold stained, typical sample
from Little Hot Creek site 4, which was fixed with 2% paraformalde-
hyde, filtered onto a 0.02-�m Anodisc, stained with SYBR Gold, and
viewed by epifluorescent microscopy. Unstained, aliquot of the same
sample viewed under epifluorescent microscopy in the absence of
SYBR Gold staining. No autofluorescence of the samples was ob-
served. The phase-contrast panel was the same field of view as the
unstained sample, viewed under phase contrast to show that the filter
was in focus and contained cells.
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Future studies with longer incubation times need to be per-
formed in order to determine the significance of lysogeny in
these environments (53).

Prokaryotic production in hot springs. While the overall
numbers of prokaryotes at both sampling sites were similar
(1.0 � 108 to 1.8 � 108 cells liter�1), prokaryotic production at
Little Hot Creek site 4 (average, 1.75 � 108 cells liter�1day�1)
was approximately 20-fold higher than at the Imperial Spa site
(average, 8.0 � 106 cells liter�1 day�1), as determined by
[4,5-3H]leucine and [methyl-3H]thymidine incorporation (Ta-
ble 3). The turnover time for the prokaryotic community at
Little Hot Creek site 4 was less than 1 day (0.73 to 0.86 day),
while the turnover time for the prokaryotic community at Im-
perial Spa was 9.28 to 19.98 days (Table 3). The low microbial
production rates measured in the Imperial Spa samples may
reflect the rapid decrease in temperature as the water moves to
the surface, yielding an underestimate of microbial growth

(e.g., see the effect of temperature shifts in Table 3). Alterna-
tively, the different values may simply reflect variations be-
tween the sampling sites, or it is possible that a portion of the
prokaryotic community was unable to incorporate the radiola-
beled compounds, leading to an underestimation of prokary-
otic production. Energy supplements in the form of D-glucose
(0.2%, wt/vol) had no measurable effects on prokaryotic pro-
duction at the Imperial Spa site. Shifting the community to a
lower temperature (66 to 39°C) reduced prokaryotic produc-
tion by 86%, demonstrating that the microbial community was
adapted to growth at higher temperatures. This suggests that
the necessary incubations may have underestimated microbial
production because the communities were better adapted to
grow at higher temperatures and/or pressures.

Viral effects on hot spring microbial communities. Phage-
mediated killing accounted for 26 to 32% of the microbial
community production at Little Hot Creek site 4 and 490 to

FIG. 4. Representative electron micrographs of VLP observed in the hot spring water from Little Hot Creek site 4.

VOL. 70, 2004 HOT SPRING PHAGES 1637



1,500% of the total prokaryotic production at Imperial Spa
(Table 4). It is typical for these estimates to range widely,
reflecting the Lotka-Volterra (predator-prey) behavior of
phage-host relationships (49). As mentioned above, prokary-
otic production may have been underestimated at the Imperial
Spa site. Additionally, we measured prokaryotic production
only at the beginning of the fluorescently labeled virus incu-
bations. At the end of the Imperial Spa fluorescently labeled
virus experiment, a noticeable increase in the number of pro-
karyotic cells was observed in the sample. Therefore, it is
possible that prokaryotic production increased during the fluo-
rescently labeled virus incubation due to bottle effects. This
would result in an overestimation of phage versus bacterial
production, explaining the higher phage-mediated mortality
observed at this site. For future experiments, we recommend
modifying the fluorescently labeled virus technique to measure
prokaryotic production throughout the phage production in-
cubations.

This study constitutes the first examination of thermophilic
phage ecology and provides data that support the conclusion
that these phages replicate and are released in geothermal
environments. Based on this evidence, we propose that phages
are important components of thermophilic communities. A
possible source of these phages are the prokaryotes within the

microbial mats. However, our data suggest that both bacteria
and phages are also replicating in the water. Given the flowing-
stream nature of the environments studied, some of the phages
may have originated from the subsurface. Future efforts should
be aimed at differentiating between these possibilities. To-
gether, these results indicate that phages can play an important
role as predators of hot spring microbial communities and
influence carbon and nutrient cycling in these extreme envi-
ronments.

Possible implications for microbial dynamics in the deep
hot biosphere. The results presented here show that phages are
important components of surface hot springs. We propose that
phages may also be major players in the microbial ecology of
all extreme thermal ecosystems, including the deep hot bio-
sphere. Gold estimated that this biome contains �1019 liters of
pore space (24). If the production rates measured in this study
are representative of this biome, then 3.7 � 1029 prokaryotic
cells and 3.7 � 1030 phages would be produced in this bio-
sphere every year. These rates are similar to those estimated
by a completely independent approach based on data from
groundwater (52). Our calculated rates of phage and prokary-
otic production are probably an underestimation of the in situ
rates (e.g., the source aquifers and/or associated biofilms).
Although there are undoubtedly great variances in the pH,
temperature, nutrient, and microbial composition of the ter-
restrial subsurface, at the rates observed in this study, carbon
released as a result of new phage production in the deep hot
biosphere would be 3.7 gigatones of C year�1. This value is
similar to the estimated impact of phages in the world’s oceans
(�5 to 10 gigatones of C year�1) (11, 48). Thus, the phage
communities found in extreme thermal environments may be
important components of global carbon cycles.

FIG. 5. Temperature shift experiments demonstrated that hot
spring phage particles were relatively resistant to lower temperatures
but sensitive to boiling. Water samples collected from Little Hot Creek
site 3 (82°C) were incubated for �20 h at various temperatures to
determine the stability of the phage particles at different temperatures.
Similarly, samples from Little Hot Creek site 4 (74°C), Little Hot
Creek site 8 (55°C), and Little Hot Creek site 9 (39°C) were incubated
in a pot of boiling water (�105°C) for �20 h. The number of intact
phage particles observed by epifluorescent microscopy in the samples
that were fixed immediately was set at 100%, and the number of intact
VLP after the incubations is expressed as a percentage of that control
value.

TABLE 2. Phage production and decay rates in the Little
Hot Creek (LHC) and Imperial Spa hot springsa

Site
(temp, °C)

Viral production
rate (109 VLP
liter�1 day�1)

Viral decay/
removal rate (109

VLP liter�1 day�1)

Viral community
turnover time

(days)

LHC site 3 (82) 1.3 1.9 1.2
LHC site 4 (74) 1.0 1.5 1.7
Imperial Spa (66)

Expt 1 1.1 1.9 2.2
Expt 2 1.5 2.1 1.7

a Two independent experiments were performed at the Imperial Spa site.

TABLE 3. Prokaryotic production in the Little Hot Creek
and Imperial Spa hot springsa

Site
(temp, °C)

Prokaryotic production
rate (107 cells liter�1

day�1) with:

Prokaryotic community
turnover time (days)

with:

Leucine Thymidine Leucine Thymidine

LHC site 4 (74) 16 19 0.73 0.86
Imperial Spa (66)

Expt 1 1.1 0.5 9.28 19.98
0.2% glucose 1.1 ND 9.28 ND
Shifted to 39°C 0.15 ND 8.81 ND

a [methyl-3H]thymidine and [4,5-3H]leucine incorporation was measured in
separate samples. All samples were measured in triplicate. ND, not determined.

TABLE 4. Effects of phages on prokaryotic populations
and carbon cycling in hot springsa

Site
(temp, °C)

% of prokaryotic
community killed

Carbon released by
phage predation
(�g of C liter�1

day�1)Leucine Thymidine

LHC site 4 (74) 26 31 1.0
Imperial Spa (66)

Expt 1 490 1,055 1.0
Expt 2 711 1,532 1.5

a For these calculations, a burst size of 20 and value of 20.0 fg of carbon
prokaryotic cell�1 were assumed (33, 54).
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