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To date, the behavior of hyperthermophilic microorganisms in their biotope has been studied only to a limited degree; this is
especially true for motility. One reason for this lack of knowledge is the requirement for high-temperature microscopy— com-
bined, in most cases, with the need for observations under strictly anaerobic conditions—for such studies. We have developed a
custom-made, low-budget device that, for the first time, allows analyses in temperature gradients up to 40°C over a distance of
just 2 cm (a biotope-relevant distance) with heating rates up to ~5°C/s. Our temperature gradient-forming device can convert
any upright light microscope into one that works at temperatures as high as 110°C. Data obtained by use of this apparatus show
how very well hyperthermophiles are adapted to their biotope: they can react within seconds to elevated temperatures by starting
motility— even after 9 months of storage in the cold. Using the temperature gradient-forming device, we determined the temper-

ature ranges for swimming, and the swimming speeds, of 15 selected species of the genus Thermococcus within a few months,
related these findings to the presence of cell surface appendages, and obtained the first evidence for thermotaxis in Archaea.

he discovery of microorganisms by Antonie van Leeuwenhoek

in 1676 (published in 1684 by the Royal Society in London,
England) was made possible only by the development of his hand-
made single-lens microscope. Although this discovery has often
been called into question, it has been shown unambiguously, by
taking pictures through an original Leeuwenhoek microscope,
that his device could resolve structures of 700 nm (just a factor of
4 below the resolution of light microscopy) using the biconvex or
planoconvex lenses that he fabricated himself (1). Over the centu-
ries, light microscopy has been optimized, e.g., by the use of two-
lens microscopes and the introduction of phase-contrast micros-
copy, and has developed into new, very special fields (for reviews,
see references 2 to 4). Special superresolution fluorescence mi-
croscopy techniques today overcome the resolution limit of light
microscopy (~200 nm) by a factor of 3 to 20.

Hyperthermophilic microorganisms have attracted much at-
tention because they live in very unusual habitats, often display
exotic physiology, and may represent a lifestyle of ancient organ-
isms (5). Physiological studies of such hyperthermophiles are
complicated by their often strictly anaerobic nature and the fact
that very often, high temperatures (100°C or higher) are needed
for experimentation.

Hyperthermophiles occur in naturally heated habitats, such as
solfataric fields, self-heating coal refuse piles, or hydrothermal
vents. In particular, marine biotopes result in potentially deadly
conditions: the vent fluids within black smokers, with tempera-
tures as high as 400°C, would kill any form of life immediately; the
surrounding seawater, at ca. 3°C, would not support the physio-
logical needs of hyperthermophiles. The presence of hyperther-
mophiles in the walls of black (and white) smokers has been
proven by 16S rRNA analyses (terminal restriction fragment
length polymorphism [T-RFLP] and rRNA gene sequencing) (6).
Proof that the organisms found there actually are alive comes from
the fact that they can be isolated from wall samples taken from
such chimneys (see, e.g., reference 7; for a review, see reference 8).
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Such pure cultures, then, can be used to study their physiology.
However, important questions as to their behavior in the biotope,
e.g., their motility, can be answered only to some extent. To over-
come these limitations at least partially, a thermomicroscope was
developed at our institute (9), which enabled our groups to obtain
substantial results, e.g., on the mechanism of formation of the
cannulae of Pyrodictium occultum (hollow tubes connecting the
periplasm of cells [9]), and to study the motility of hyperthermo-
philes. The latter studies indicated that some hyperthermophiles
can swim very fast and identified Methanocaldococcus villosus as
the fastest organism on earth (10), if speed is measured in the
relative unit bodies per second (bps). We characterized the swim-
ming behavior of hyperthermophiles as a “relocate-and-seek”
strategy: they swim very fast and almost linearly over (relatively)
long distances, but close to surfaces, they can change to a much
slower, zigzag movement. The “seek” movement was discussed as
a prerequisite for attachment to surfaces (10), a hypothesis sub-
stantiated by the fact that hyperthermophiles, such as the ar-
chaeon Pyrococcus furiosus (11) or M. villosus (12), use their fla-
gella not only for motility but also for adhesion to various surfaces,
including their natural substrates.

Nevertheless, many basic questions on the biology of hyper-
thermophiles, especially with respect to their motility, remain un-

Received 22 March 2014 Accepted 17 May 2014

Published ahead of print 23 May 2014

Editor: R. M. Kelly

Address correspondence to Reinhard Wirth, reinhard.wirth@ur.de.
M.M.and A.B. contributed equally to this article.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AEM.00984-14.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/AEM.00984-14

August 2014 Volume 80 Number 15


http://dx.doi.org/10.1128/AEM.00984-14
http://dx.doi.org/10.1128/AEM.00984-14
http://dx.doi.org/10.1128/AEM.00984-14
http://aem.asm.org

Temperature Gradient-Forming Device

TABLE 1 Temperature ranges of growth and swimming for 15 selected species of the genus Thermococcus

Avg/maximal swimming

Temp range (°C) for:

speed [pm/s] at 85°C*

Thermococcus species Culture collection no. Growth® Swimming

In SMES In MAYTP

TEM analysis of cell appendages”

T. acidaminovorans ~ DSM 11906" 55-90

T. aegaeus DSM 12767" 70-90  40-95 16/35
T. alcaliphilus DSM 103227 56-90  40-95 16/27
T. atlanticus DSM 15226" 70-90 25-95 21/36
T. celer DSM 2476" 50-90 25-95 46/83
T. celericrescens DSM 17994" 50-85 25-95 83/177
T. chitonophagus DSM 101527 60-95  55-95 213/343
T. coalescens DSM 16538" 57-90  40-95 19/32
T. gorgonarius DSM 10395" 68-95

T. guaymasensis DSM 11113" 56-90  25-95 67/165
T. kodakarensis JCM 12380* 60-100 25-95 72/166
T. pacificus DSM 10394" 70-95

T. radiotolerans DSM 15228" 55-95 25-95 20/30
T. stetteri DSM 5262" 55-98  25-95 65/108
T. thioreducens DSM 149817 55-94 50-95 21/43

No cell appendages

1-5 flagella (width, 10-11 nm)

1-10 flagella (width, 911 nm) per cell

1 to 5 flagella (width, 11-13 nm) per cell plus rarely
thinner filaments (8 nm) in SMES; no cell
appendages in MAYTP

Polar tuft of flagella (width, 11-12 nm) in MAYTP;
1-5 flagella in SMES

Polar tuft of flagella (width, 9-12 nm)

Polar tuft of flagella (width, 11-12 nm)

1-5 flagella (width, 12 nm) in SMES; no cell
appendages in MAYTP

Many polytrichous cell appendages (width, 5-8 nm)

Polar tuft of flagella (width, 10-11 nm) plus rarely
thinner filaments (67 nm) in SMES; in MAYTP
only the thin filaments

Polar tuft of flagella (width, 10-12 nm) in MAYTP;
in SMES 1-5 flagella

1-5 polytrichous appendages (width, 6-7 nm) plus
additional thinner cell surface structures

1-3 curled flagella (width, 11-12 nm), plus thinner
filaments (5-6 nm) in MAYTP

Polar tuft of flagella (width, 10-12 nm) plus
additional thinner filaments

Polar tuft of flagella (width, 10-12 nm) plus thinner
filaments (67 nm)

No growth in MAYTP
13/24

110/175

52/182
113/182

68/153

19/34

155/322

15/27

@ Determined at least in triplicate for cells grown in poor SMES medium and rich MAYTP medium. Swimming speeds at temperatures other than 85°C may be found in Fig. S1 in

the supplemental material.

® TEM analyses used at least 15 cells for each species; examples are given in Fig. S3 in the supplemental material.

¢ Data taken in part from the literature (14-29).

answered. Such questions include the following. How fast do hy-
perthermophiles react to changes in temperature? How fast can
various species swim? Do they stop swimming at low tempera-
tures? Do they swim away from temperatures too hot or too cold
for them? (In other words, do they show thermotaxis?) Can cells
experiencing low temperatures for a prolonged period react
quickly to high temperatures by active motility?

We show here how simple light microscopy using our newly
developed, low-budget device—the temperature gradient-form-
ing device (TGFD)— can help to answer such very basic questions
on the biology of anaerobic, hyperthermophilic microorganisms.
For a systematic study of these questions, we have chosen 15 spe-
cies of the archaeal genus Thermococcus that differ in growth re-
quirements and in the number of cell appendages and for which,
to some extent, data on motility were available. Additionally, we
analyzed M. villosus for its reaction to a rapid increase in temper-
ature, a typical situation that hyperthermophiles experience in
their biotope.

MATERIALS AND METHODS

Microorganisms and growth conditions. The various Thermococcus spe-
cies that we studied are listed in Table 1; they were obtained from the
DSMZ and JCM and represent the corresponding type strains. For
growth, two different media were used: the “poor medium” (called SMES
below) was a modified SME medium (13) containing 0.1% yeast extract
and 0.1% peptone with the addition of elemental sulfur. The “rich me-
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dium” (called MAYTP below) was a modified MA-YT medium (14) sup-
plemented with 0.5% (each) yeast extract, tryptone, and pyruvate. Cells
were grown at 85°C; the temperature ranges for the growth of the various
thermococci are given in Table 1. The particular species of the genus
Thermococcus selected for this study were chosen for the following rea-
sons. Thermococcus acidaminovorans can use amino acids as the sole car-
bon and energy source and has been described as motile (15). Thermococ-
cus aegaeicus has been reported to be immotile at room temperature but to
possess a single flagellum (16) (this species has been renamed Thermococ-
cus aegaeus [http://www.bacterio.net/]). Thermococcus alcaliphilus was
chosen for its growth at high pHs and its description as possessing a single
flagellum (17), while Thermococcus atlanticus has been reported to be
immotile and to possess no cell appendages (18). Thermococcus celer is the
type species for the genus Thermococcus (19). Thermococcus celericrescens
has been described as a fast-growing species that forms cell fusions and is
motile, with a polar tuft of flagella (20). Thermococcus chitonophagus has
an unusual physiology, in that it can use chitin as the sole energy and
carbon source (21), and has been described as motile. Thermococcus co-
alescens has been reported to have two different cell types and to be motile,
with a polar tuft of flagella (22). Thermococcus gorgonarius has been de-
scribed as motile and as possessing “very thin, 5 nm flagella” (23). Ther-
mococcus guaymasensis was described as motile in 1994 and as immotile in
1998 (24, 25). Thermococcus kodakaraensis was chosen because it has been
described as highly motile, with a polar tuft of flagella (14) (this species has
been renamed Thermococcus kodakarensis [http://www.bacterio.net/]),
and because of its genetics (26). Thermococcus pacificus was of interest for
its flagella, which differ in diameter from those of T. gorgonarius (23).
Thermococcus radiotolerans, with its gamma-irradiation tolerance, has an
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unusual physiology (27), while Thermococcus stetteri shows an unusually
high maximum growth temperature and has been described as “non-
motile or motile with a polar tuft of flagella” (28). Finally, Thermococcus
thioreducens was chosen due to its description as an obligate S° reducer
(29). All these strains were analyzed for motility after growth at 85°Cin the
rich MAYTP medium or in the poor SMES medium (7. aegaeus did not
grow in MAYTP medium).

It should be noted that the classification of three species is ambiguous.
First, 16S rRNA gene analyses placed T. chitonophagus as a close relative of
Pyrococcus furiosus. Second, T. guaymasensis possesses exactly the same
16S rRNA gene sequence as T. kodakarensis (our own data, not shown),
but the two species differ with respect to motility (Table 1). Third, during
the course of this study, T. radiotolerans was removed from the official
DSMZ list of thermococci.

M. villosus was grown as described recently in MGG medium at 80°C
under an H,—CO, (80:20) atmosphere (12).

High-temperature light microscopy. The original thermomicro-
scope (9) was used as described previously (10), including data acquisition
and handling. Briefly, cells in the logarithmic growth phase were trans-
ferred to rectangular glass capillaries (order no. 5010-100; VitroCom,
Mountain Lakes, NJ, USA), which were closed by cyanoacrylate glue (Pat-
tex Uni-Rapide [Henkel AG, Diisseldorf, Germany] or UHU Super Power
[UHU Gmbh, Biihl, Germany]), and motility was analyzed using an
Olympus BX50 microscope. Movies were recorded with a pco.1600 cam-
era (2-GB internal memory) and were analyzed using the open-source
software Image] (version 1.410) with the add-on modules ParticleTracker
and Manual Tracking. Tracks of at least 20 consecutive frames were used
for calculations. The speeds of at least 10 different cells from one sample
were averaged, and experiments were run in at least 3-fold repetitions in
order to reduce experimental variation.

TGEFD. The temperature gradient-forming device (TGFD) is de-
scribed in detail in Results. It can be placed on the XY stage of any (up-
right, phase-contrast) light microscope and therefore is generally applica-
ble. The TGDF, including the controlling unit, will be made available at a
price of ca. €3,000; details are available upon request. The system was
calibrated by filling glass capillaries with solid chemicals, such as azoben-
zene and naphthalene, and observing their melting behavior in tempera-
ture gradients. For swimming analyses, a rectangular glass capillary was
filled aerobically with cells grown to logarithmic phase and was placed in
the milled groove of the TGFD. Movies were recorded and analyzed as
described previously (10).

A minor disadvantage of the TGFD in its present form is its limitation
to the use of air objectives. Experiments are under way to overcome this
limitation so as to allow the use of electrically heated oil immersion ob-
jectives also, as in the original thermomicroscope (9). Such a high mag-
nification will be needed, however, only for very special experimental
setups. All the data given here were obtained with an unheated 40-fold
magnifying objective.

Electron microscopy. We used established procedures for electron
microscopic investigations (30). Cells in the logarithmic growth phase
were fixed with glutardialdehyde, carefully concentrated (at a maximum
of 3,000 X g), and dropped onto copper grids (400 mesh). After washing
and negative staining with uranyl acetate, specimens were analyzed for the
presence of cell appendages by transmission electron microscopy (TEM).

RESULTS

The TGFD. The original thermomicroscope (9) has worked reli-
ably for more than 15 years, but experiments are quite time-con-
suming (ca. 30 min of heating time to reach the maximum tem-
perature of 95°C) and are restricted to one preset temperature. In
cooperation with the electronic workshop of the Faculty for Biol-
ogy of the University of Regensburg, we developed a new appara-
tus, replacing the thermomicroscope. We call this low-budget de-
vice a “temperature gradient-forming device,” because it allows
one to establish a temperature gradient of ca. 40°C over a distance
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of just 2 cm within a few minutes. The maximum temperature is
110°C; therefore, in the TGFD, we can mimic temperature gradi-
ents found in the natural habitat.

The TGFD itself (Fig. 1) is made from a stainless steel plate into
which a rectangular groove is milled, to hold a rectangular glass
capillary with alength of 3 cm and an inner width of 100 pm. After
the capillary is filled with cells in growth medium by capillary
action, it is closed at both ends by super glue. Anaerobiosis during
filling was not necessary, since the redox indicator resazurin, pres-
ent in the media, never changed its color to pink, which would
have indicated aerobiosis. The rectangular groove of the TGFD
has 5 observation holes over a distance of 2 cm. Temperature
sensors are placed at the back side of the steel plate close to the
holes to allow determination of the actual temperature at each
observation hole. An electronic controller allows the setting of the
two independent working heating elements, located to the left and
right of the groove holding the capillary, to various temperatures.
The actual temperature at the observation holes is measured by
the heat sensors. Two larger holes allow the placement of the glass
capillary (with a drop of super glue at both ends) directly into the
groove to achieve optimal heat transfer. The whole setup is con-
tained in a circuit board, which can be placed on the XY stage of a
normal light microscope to convert it to a thermomicroscope.

Swimming speed and temperature range for swimming ob-
served for various thermococci. The data obtained for the 15
selected species are given in Table 1. We want to stress especially
the following points.

(1) The temperature ranges for swimming differ greatly among
the various species. Most species exhibited swimming within an
extremely broad temperature range, with 25°C as the lowest and
95°C as the highest temperature. The swimming speed at the low-
est temperature, however, was severely reduced from that at
higher temperatures in all cases (see Fig. S1 in the supplemental
material).

(ii) For the four species T. aegaeus, T. alcaliphilus, T. coalescens,
and T. thioreducens, the temperature range of swimming resem-
bled the temperature range of growth more closely than for the
other motile species (Table 1).

(iii) Our data clearly prove that no universal statement can be
made regarding a temperature dependence of the swimming
speed. Cells of T. stetteri exhibited such dependence in a very pro-
nounced way, as did T. celer in MAYTP medium. Very interest-
ingly, however, T. celer did not show such dependence in SMES
medium (see Fig. S1 in the supplemental material).

(iv) Swimming speeds differ greatly among the various species.
T. aegaeus is one of the slowest swimmers, and T. stetteri is a fast
swimmer (at 85°C), with average velocities of 16 and 155 wm/s,
respectively (Table 1). As mentioned above, the very fast swim-
ming species T. chitonophagus (213 pum/s) might be reclassified in
future work as a species of the genus Pyrococcus.

(v) The growth medium had a strong influence on swimming,.
Very interestingly, the motility of the three species T. atlanticus, T.
coalescens, and T. guaymasensis was completely repressed in
MAYTP medium. On the other hand, MAYTP medium led to
>2-fold increases in the swimming speeds of T. celer and T. stet-
teri.

(vi) We noted, furthermore, that species with a lower motility
limit of ca. 50°C showed a preference for “zigzag movement”
(which we have argued earlier is a seeking mode of cells [10] en-
abling them finally to adhere to surfaces) at this low temperature;
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Temperature Gradient-Forming Device

FIG 1 The temperature gradient-forming device, including the control unit. This low-budget custom-made device consists of a stainless steel plate (A) located
on a circuit board (B). Two independently working heating elements (C) located at the left and right ends of the steel plate allow heating up to 110°C. A
rectangular glass capillary containing the cells to be analyzed is placed into the rectangular groove milled into the steel plate; the five small holes (the middle one
is indicated by the arrow) for observation of cells are 5 mm apart each. On the back side of the circuit board, five temperature sensors are located close to the
observation holes. The control unit (D) shows the actual temperatures at the left- and rightmost observation holes (here 74 and 110°C). The temperatures of the
three middle observation holes (here 88°C for the middle hole indicated by the arrow) can be accessed using the black switch (E). The placement of the circuit
board onto the xy-stage of any conventional upright light microscope converts it into a thermomicroscope.

these species were swimming in straight lines only to a limited
degree. The zigzag swimming at low temperatures was observed
not only for cells located close to the walls of the glass capillaries
but also for cells in the middle focus plane of the capillary, i.e., ata
distance of ca. 50 wm from the glass wall.

(vii) Since a temperature gradient can be established in the
TGED, we were able to ask if cells would actively swim to certain
temperature regions, i.e., if they would show thermotaxis. The
first data obtained for T. stetteri indicated such behavior (see Fig.
S2 and accompanying text in the supplemental material).

Numbers and kinds of cell appendages in the selected Ther-
mococcus species. In addition to the swimming studies, cells of all
selected species of the genus Thermococcus were grown to logarith-
mic phase in SMES and MAYTP media and were analyzed by
transmission electron microscopy. We found that all of them pos-
sess cell appendages (except for T. acidaminovorans), which dif-
fered in number from one single filament (e.g., T. radiotolerans) to
multiple filaments, as in T. stetteri (Table 1; see also Fig. S3 in the
supplemental material). The diameters of the cell appendages
were either in the range of 9 to 12 nm, corresponding to the width
of archaeal flagella, or in the range of 5 to 8 nm. We continue here
to call these motility structures archaeal flagella. It has been sug-
gested recently to rename them archaella (31), but this has been
called into question (32). The thinner filaments were the only kind
of cell appendage in T. gorgonarius (as many as 30 polytrichous
appendages) and T. pacificus (1 to 5 appendages) or were, rarely,
discovered together with flagella (representing at most 10% of
total cell appendages) in T. atlanticus, T. guaymasensis, T. radio-
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tolerans, T. stetteri, and T. thioreducens. Interestingly, the occur-
rence/number of cell appendages differed for some species de-
pending on the growth medium; T. atlanticus, for example,
possessed cell appendages in SMES medium but not in MAYTP
medium.

Reactions of hyperthermophilic Archaea, especially Metha-
nocaldococcus villosus, to changes in temperature. To investi-
gate the direct reactions of thermococci to high temperatures, we
preheated the TGFD to 85°C, loaded a glass capillary into it, and
immediately conducted light microscopic analysis. From those
experiments, it became clear that cells reacted within less than 5 s
to a shift from room temperature to 85°C by starting to swim (data
not shown). Considering that the heating of the liquid in the glass
capillary takes a short time, we feel confident in stating that the
exposure of cells to their optimal growth temperature results in
their immediate ability to move.

In addition to the various species of the genus Thermococcus,
we used M. villosus to study the reaction to changes in temperature
in more detail. An experiment in which the glass capillary was
heated from ca. 20°C (a temperature supporting neither motility
[10] nor the growth of this hyperthermophile [12]) to 90°C (a
temperature supporting motility and growth) is presented in
Movie S1 in the supplemental material. At a heating rate of ca.
5°C/s, the first motile cells are observed after ca. 10 s, i.e., at ca.
70°C. We conclude from these data that cells can react immedi-
ately to temperatures supporting their life, by starting motility.
We extended these studies, not only using freshly grown cells but
also “ageing” a culture of M. villosus for various times via storage
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at 6°C. This treatment was taken as a proxy for the conditions that
cells experience in the ocean: after being swept away from their
biotope, e.g., hydrothermal vents or black smokers (at high tem-
peratures), cells are thought to stay in normal (low-temperature)
seawater in a kind of hibernating stage. How fast then, would they
react to high temperatures, indicating their presence in new, life-
supporting surroundings?

It turned out that cells can react immediately to such high
temperatures, even after 9 months of storage in the cold. Movie S2
in the supplemental material shows the reaction of M. villosus cells
that had been stored in the cold for 6 months to heating from ca.
20°C to 90°C. For a culture in which ca. 50% of all cells showed
good motility at 80°C, “cold ageing” resulted in ca. 30% motile
cells after 1 day, ca. 20% motile cells after 7 days, ca. 10% motile
cells after 1 and 3 months, and 5% motile cells after 6 and 9
months. Movie $3 in the supplemental material shows the motility
of cells in a temperature gradient from 90 to 140°C (the highest
temperature we could reach using a “zero model” of the TGFD),
in the same capillary as that analyzed in Movie S2 in the supple-
mental material, after an additional incubation for 5 min at 90°C.
Interestingly, not only the percentage of motile M. villosus cells but
also their swimming speeds increased (from ~100 pm/s at 90°C to
~375 wm/s at 140°C) when they were subjected to such nonphysi-
ologically high temperatures.

DISCUSSION

Microorganisms living in hydrothermal vent systems encounter
special problems: the vent fluids, with temperatures as high as
400°C, are far too hot to allow growth, but the surrounding sea-
water, at 2 to 3°C, is far too cold to support the physiological needs
of these microorganisms. Furthermore, the vent fluids emanate
from the sea ground at a velocity of ca. 1 m/s; for a microorganism
with a diameter of 1 pm, this translates into ca. 10° body lengths/s.
If a hyperthermophile were translocated for just 1 s in such a fluid
stream and could swim directionally back to its original location at
aspeed of 100 wm/s, it would need 10,000 s (nearly 3 h) to reach its
original location. Such movement, however, would take place in
aerobic, cold seawater, which is detrimental to its physiology.
How then can hyperthermophiles cope with these conditions?

Reactions to changes in temperature. We have shown here
that hyperthermophiles can react very rapidly to changes in tem-
perature. In particular, their ability to start active movement the
moment they encounter temperatures close to their growth tem-
perature is advantageous. These temperatures can indicate to the
microorganisms their presence in a habitat potentially supporting
life. But as outlined above, such surroundings also pose two po-
tential risks for the life of hyperthermophiles: temperatures might
rise so high as to be lethal, or cells might be swept away into cold,
aerobic seawater. We have shown here that at least M. villosus can
react to extremely high temperatures, such as 140°C, by very fast
swimming for a short time. We cannot determine whether this
“hypermotility” represents a thermodynamic effect (the cellular
machinery works faster at a higher temperature) or a true emer-
gency escape reaction. In either case, however, the result would be
the same, namely, the ability to swim away from deadly high tem-
peratures.

The ability to move actively via flagella in hot surroundings is
obviously advantageous for hyperthermophiles. Their motility or-
ganelles can be used for two different swimming modes (10): ei-
ther rapid, more or less straight movements to cover long dis-
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tances or a slow “zigzag seeking mode.” In addition, flagella can
also be used for adhesion to surfaces (11, 12). Taking the data
together, we argue that hyperthermophiles can react rapidly to
their (novel) presence in hot surroundings by actively swimming
to a region with a temperature that supports their life and staying
there via adhesion.

Swimming speeds and temperature ranges of swimming ob-
served for various species of the genus Thermococcus. The genus
Thermococcus, consisting exclusively of hyperthermophilic spe-
cies, is very abundant in marine habitats. Its members are charac-
terized as strictly anaerobic obligate and facultative sulfur respir-
ers occurring in marine and, less frequently, terrestrial thermal
environments. The cocci are described as nonmotile or motile
with polar tufts of flagella and as exhibiting optimal growth at
temperatures between 75 and 88°C (33). Indeed, a total of 25
validly described Thermococcus species were available in 2012
from the DSMZ alone, while ca. 260 isolates and 782 ribotypes
have been described (http://www.bacterio.net/). Hence, the 15
species selected for this study represent the physiological spec-
trum of this genus over its complete range. Their average swim-
ming speeds, 16 to 155 pwm/s, are in a medium range for Archaea.
The slowest Archaea (ca. 5 um/s) have been reported to be Halo-
bacterium salinarum (10) and Haloferax volcanii (34), while the
fastest Archaea (500 to 600 wm/s) belong to the genus Methano-
caldococcus (10).

The temperature ranges of swimming for the various species of
the genus Thermococcus differ considerably, with some species
showing slow, but clearly measurable, motility even at 25°C. The
cells swim fastest at very high temperatures, and the upper limit
for motility, 95°C, is above the maximum growth temperature.
Even faster, but only short-term (1 to 3 min), motility was ob-
served for M. villosus at the extraordinarily high temperature of
140°C; thereafter, cells died off.

In our view. both the swimming speed and the temperature
range of swimming that we observed are advantageous for hyper-
thermophilic microorganisms. The ability to swim fastest at very
high temperatures would allow them to escape from deadly high-
temperature surroundings. Swimming at temperatures lower
than those required for cell division can also “make sense,” since it
enables cells to return to temperatures supporting life. Very fast
swimming at low temperatures, on the other hand, would be very
costly energetically and would deprive cells of ATP, which—in
contrast to the swimming of Bacteria—is used to rotate archaeal
flagella (35). It seems to us that energy (ATP) limits the swimming
speed in some, but not all, thermococci. For example, we argue
that temperature limits ATP availability in T. stetteri but notin T.
celer, resulting in the temperature-independent speed of T. celer in
SMES medium (see Fig. S1 in the supplemental material). In the
case of T. stetteri, an increase in temperature leads to an increase in
ATP production and therefore in swimming speed. Indeed, an
Arrhenius plot (data not shown) clearly shows a linear relation-
ship between In[speed] and 1/T for T. stetteri, indicative of the
dependence of its swimming speed on temperature.

In addition, we note that the number of “true flagella” per cell
correlates with the ability of the species tested to move and, to a
certain extent, with the swimming speed. For cells of T. gorgo-
narius and T. pacificus, which possessed only appendages with
diameters of 5 to 8 nm, no swimming motility was detected in any
experiment. T. atlanticus, T. coalescens, and T. guaymasensis ex-
pressed flagella in SMES medium but not in MAYTP medium, in
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agreement with the observation that swimming was detected only
in SMES medium. Species for which we observed the presence of a
polar tuft of flagella (more than ca. 20 flagella/cell) were found to
be faster than species possessing 1 to 5 flagella per cell.

Conclusions. The TGFD presented here has the following ad-
vantages for the study of the behavior of hyperthermophiles: (i) it
can be added to any upright light microscope; (ii) the device can
be heated up to 110°C; (iii) cells can be analyzed in parallel at 5
different temperatures differing by as much as 40°C; (iv) heating
rates allow analyses at rapidly changing temperatures; (v) the time
required for motility analyses is more than 5-fold shorter than that
with the original thermomicroscope.

Our data obtained with the TGFD show clearly that statements
on motility should not and cannot be made if cells are analyzed
under nonphysiological conditions. Light microscopy at 20°C un-
der aerobic conditions would have indicated that all 15 species of
the genus Thermococcus analyzed here were immotile. Our swim-
ming studies, performed anaerobically at the appropriate temper-
atures, identified only 3 of them as truly immotile. For other rea-
sons also, caution should be exercised in making absolute
statements regarding motility. Very clearly, for example, T. guay-
masensis was motile only in SMES medium (SME medium with
added S°), not in MAYTP medium or in MAYTP medium with
added S°.

Furthermore, we argue that to describe cell appendages as fla-
gella simply because long, thin filaments are present on cells is
inaccurate. Without functional studies—i.e., light microscopic
observation at high temperatures under anaerobic conditions—
the presence of such cell appendages can be misleading. We have
shown here that the thin filaments of T. gorgonarius described
previously (24) are not used for swimming. According to our mea-
surements, they have a diameter of ca. 5 to 8 nm, much too small
for true archaeal flagella. Even a diameter of 10 to 14 nm, consid-
ered characteristic of archaeal flagella (in contrast to archaeal fim-
briae, with a diameter of ca. 5 nm [36]), is not sufficient to define
cell appendages as motility organelles. The fibers of Ignicoccus hos-
pitalis, e.g., have a diameter of 14 nm, but this archaeon was dem-
onstrated to be immotile (37).

Finally, and most importantly, our data prove that anaerobic
(hyper)thermophiles are extremely well adapted to their special
biotopes because they can react immediately to a rise in tempera-
ture by starting motility; they are able to swim rapidly to a region
of adequate temperature; and they show two different swimming
modes (10), enabling them to use their motility organelles for
adhesion as well. Differences in temperature ranges of motility
and swimming speeds might very well reflect the various strategies
used by different species to meet the requirements for survival in
their biotopes. In this respect, it might be interesting to conduct
further experiments to analyze the colonization of an artificial
biotope under various conditions, such as a temperature gradient,
by a mixture of Thermococcus species.
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