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University of Washington
ABSTRACT

Ecology, phylogeny and physiological adaptations of euryhaline and moderately
halophilic bacteria from deep-sea and hydrothermal-vent environments

Jonathan Zachary Kaye

Chair of the Supervisory Committee: Professor John A. Baross
School of Oceanography

The y-proteobacterial genus Halomonas is among the most abundant groups of
microorganisms in hydrothermal-vent and pelagic habitats. Characterization of six
novel Halomonas strains, including four new species isolated from hydrothermal
plumes, low-temperature seafloor vents and sulfide rock, revealed traits consistent with
other members of the genus, such as versatile heterotrophy, strong resistance to Cd*",
and growth with 0.5 to >22% total salts. The strains shared more phenotypic traits with
each other than with other Halomonas spp., including cold-shifted cardinal growth
temperatures. Selected Halomonas spp. were also strongly resistant to Co””, Cu*" and
Zn**. The strains tested precipitated 55-98% of Cd** from solution, possibly as CdS or
CdHPOy, but only during static (versus agitated) growth. Amplification of Halomonas
and Marinobacter 16S rRNA genes from low-temperature hydrothermal-vent and deep-
sea samples delineated a distinct biogeography for four clades within these genera and
revealed that certain cultured represenfatives cluster with environmentally relevant
groups. The distribution patterns revealed that Halomonas sub-group 2A comprised a
subseafloor population at Axial Seamount on the Juan de Fuca Ridge and suggested that
other clades may include members that are cold-adapted or associated with metal-
sulfide deposits. Growth curves produced using a range of hydrostatic pressures,
temperatures and salinities confirmed that the Halomonas strains tested would grow
well in cool to warm hydrothermal-vent and associated subseafloor habitats, but poorly

or not at all under cold deep-sea conditions. Elevated salinity enhanced growth under



certain high-hydrostatic-pressure and low-temperature conditions, highlighting a
synergistic effect on growth for these combined stresses. Profiles of cytosolic and
membrane proteins of H. Aydrothermalis obtained at 30°C under high and low salinity
and hydrostatic;pressure conditions indicated a variety of hydrostatic-pressure-salinity
effects, including proteins whose expression was induced by either elevated salinity or
hydrostatic pressure, but not by the combination of the two. The interplay between
salinity and hydrostatic pressure on microbial growth and physiology suggests that a
hydrostatic-pressure adaptation, not a salt adaptation, may explain the euryhaline
phenotype of members of the genus Halomonas living in deep-sea environments. These
versatile psychrotolerant bacteria may flourish in subseafloor habitats from which they

could seed the overlying water column.
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INTRODUCTION

Wherefore “stress”?

A microorganism endures stress when it encounters environmental conditions which are
near the periphery or outside of its genetically programmed n-dimensional region of
growth. The boundaries of this complex space that delineates when, and where, a cell
can persist or grow are measured on scales of temperature, water activity, hydrostatic
pressure, pH, radiation, reduction potential, and concentrations of nutrients, heavy
metals, antimicrobial compounds and oxygen. There exists a geometric point boxed
inside of this multifaceted zone that we define as “optimum,” or fastest, growth.
However, the probability that a microorganism experiences the conditions that permit it
to divide at its maximum empirical growth rate is low. For example, no known
microorganism experiences its maximum growth rate under the temperature and
hydrostatic-pressure conditions of the cold (<5°C) deep sea (658), thus excluding most
of the marine environment as a location in which a maximum growth rate can be
achieved. In the remainder of the marine ecosystem, maximum growth rates may occur
sporadically during colonization of particles, when pathogens initially invade animal
tissues (despite an uncertain nutrient supply and constant attack by host defense
systems), and during unusual warming of coastal surface waters, for example.
Additional exceptions may arise, especially given that most marine microorganisms
have yet to be cultured in the laboratory. But the current data strongly suggest that the
majority of microorganisms rarely divides at its fastest, or so-called “optimum,”

laboratory-determined growth rate in the environment.

The alternative, and arguably more informative approach to understanding microbial
behavior in situ, is to conceptualize microorganisms in marine environments as existing
in a sub-optimal, if not stressed, state. The conditions found in coastal oceans with
relatively high concentrations of nutrients (despite the potential for ultraviolet

irradiation at the very surface) are relatively benign — with different thermal (and light-



adapted) classes of microorganisms preferring high-latitude, temperate or tropical
waters. In the open ocean, however, nutrients (NO3, PO,>, trace metals and organic
carbon) are typically limiting, and those which are regenerated in surface waters are
rapidly consumed (28, 296, 392, 402, 403). With depth below the mixed layer, organic
nutrients become increasingly depleted; heterotrophic microorganisms mine sinking
particles and fecal pellets of the most nutritious organic-carbon compounds first (27,
403, 553). Hydrostatic pressure increases linearly and temperature decreases
asymptotically to less than —1 to 3°C with depth in most ocean basins, and organic
nutrients are typically in low concentration (0.2-2.0 mg C I'" and/or recalcitrant to
consumption in abyssal regions (403). The chemosynthetic communities at
hydrothermal vents along mid-ocean ridges create oases of organic carbon, but these
environments also typically expose microorganisms to ionizing radiation, heavy metals,
and extreme fluctuations in oxygen concentration and temperature. Subseafloor
habitats associated with mid-ocean ridges also host microbial communities, though the
full extent (including the stressful extremes) of the physicochemical gradients where
life exists beneath the seafloor is unknown (36, 148, 570). There are also deep-sea
brine environments — cold, cool, warm and extremely hot — associated with
dissolution of buried evaporite deposits or freshly produced by hydrothermal and
magmatic processes beneath the seafloor at mid-ocean ridges, but little i1s known about

the microbial communities which may (or may not) inhabit them.

The laboratory-based notion of fastest growth as “optimal growth” retains utility in
microbial ecology, primarily as a reference value or starting point for further scrutiny of
microbial physiology and potential behavior in the environment. In many instances,
linking “optimal growth” to the environment is in fact sensible: extreme halophiles
thrive in briny habitats and psychrophiles populate polar regions (Table 0.1). Further,
deviations from the fastest growth rate measured in the laboratory illustrate how certain
factors, such as temperature, hydrostatic pressure, salinity and oxygen concentration,

only act as stressors within the context of the physiology and evolutionary inheritance



of the microorganism in question. In other words, some like it hot; 90°C is well within
normal physiological parameters for a hyperthermophile but would completely
destabilize the essential macromolecules of a mesophile. Other stressors, however,
consistently inhibit or eliminate microbial growth. No known microbe is positively
tactic towards harmful levels of radiation, antibiotics that harm it, a total lack of
nutrients, or high concentrations of heavy metals (though an ability to cope with these

stresses can convey significant competitive advantage).

But the sum of the traits that comprise fastest “optimal growth” can be misleading if |
simplistically applied to the environment in an attempt to pigeonhole a microorganism
into a habitat. Microbial ecologists must be prudent with the broadly (and overly?)
swept tenet that the results of physiology and growth-rate experiments executed in the
laboratory can be used directly to characterize microbial behavior in the environment
and, in some cases, the environment itself; examples permeate the literature. While this
belief is based, in part, on the reasonable assumption that natural selection causes
necessary genes to be retained in proper working order, we must be careful when
divining the driving evolutionary force — lest we fall into the adaptationist trap and
metaphorically (and incorrectly) ascribe function to Gould and Lewontin’s majestic, but
structurally irrelevant, spandrels tucked between the arches that support the dome of the
Basilica di San Marco in Venice (224). The word “optimum” subversively implies

evolutionary fitness.

The seeming simplicity of the deterministic nature of microorganisms is an added
pitfall. Stimuli reproducibly induce distinct phenotypic responses in these microscopic
sacs of tightly regulated enzymes — how much more complicated can it be? The trick
is to determine which environmental stimuli are relevant and in combination with which
other environmental factors. The full complement of the genome-encoded capabilities
of a microorganism as probed in the laboratory dangerously — for ecologists —

subsumes which traits are actually expressed in situ.



One might ask: Why are there mesophilic bacteria in cold deep-sea sediments? Why
can a microorganism isolated 2000 km from a polluted or hydrothermal-vent site
tolerate millimolar levels of cadmium? Why are bacteria from marine environments
“optimized” to any salinity but that of seawater, and why can some marine species grow
well on media with 20% total salts while others cannot? Why are many piezophilic
bacteria “optimized” to a hydrostatic pressure more shallow than that of the depth of
capture? Moreover, why are these microorganisms typically “optimized” to
hydrostatic-pressure-temperature conditions not found in their immediate habitat (or
typically anywhere in the deep Pacific, Atlantic, Indian, Arctic or Southern Oceans
outside of hydrothermal-vent and subseafloor habitaté)? Why are heavy-metal-resistant

microorganisms also frequently found to be resistant to antibiotics?

We do have solid, ecologically grounded answers to some of these questions — for
example, sea-surface mesophiles hitch a ride to the seafloor on sinking particles — and
there is of course some fundamental phenotypic plasticity. But to solve other questions
we must envision novel habitats or modify our understanding of what a given

phenotype means in an evolutionary and ecophysiological context, or both.

As a first step, growth-rate data can be used to construct curves that standardize for a
given environmental factor (417), an adaptation of an approach used by Svante
Arrhenius to analyze rates of chemical reactions. The broad plateaus, rather than single
peaks, characteristic of these graphs (of growth rate versus the inverse of a given
physiological parameter on an absolute scale) reveal where, once the effect of
temperature, for example, is quantitatively removed from the growth rate, a
microorganism is dividing under presumably equal physiological conditions. The
increase in growth rate that is merely due to an increase in temperature — and thus an
increase in molecular vibrations and rates of chemical reactions — which gives

traditional curves (of growth rate versus temperature, for example) a higher-



temperature-leaning lopsidedness and peak, is erased. These Arrhenius graphs
essentially account for “Q;¢” values and highlight that a physical effect, not evolution,
is driving the response to temperature within the range that permits growth; the range
itself is, however, a consequence of natural selection. Arrhenius plots clarify why the
fastest growth rate does not suggest adaptation to a singular, precise temperature in the
environment and indicate that microorganisms grow at their evolutionary optimum over
a range of temperatures, which in some cases may span 20-40°C. Thus, for example,
we can understand why a psychrophile is evolutionarily adapted to permanently cold
environments yet still grows faster at warmer temperatures that it may never experience.
Arrhenius plots can theoretically also be constructed for growth over a range of

salinities, hydrostatic pressures, or any other environmental parameter.

But microorganisms in natural systems must cope simultaneously with an arréy of
environmental factors. At what point does an evolutionary optimum for growth cede to
evolutionary sub-optimal growth and stress? A stress response likely ensues beyond the
edges of the plateau of an Arrhenius plot, but it may also occur within the plateau given
that a single Arrhenius graph only takes one of many growth factors into account. It is
not possible to tease apart such complexities with a single curve, especially given that a
growth rate represents the summation of an incredibly large number of reactions and

Processes.

And it gets even more complicated. While Arrhenius plots help clarify conceptions of
microbial ecology by mitigating misleading inferences about microbial behavior in —
and characteristics of — the environment, microbial physiology can be sufficiently |
cryptic to warrant attribution of growth-rate patterns (both traditional peaks and
Arrhenius plateaus) collected with respect to one environmental parameter to an entirely
different environmental factor. For example, the extreme radiation resistance of
Deinococcus radiodurans evolved to repair extensive DNA damage suffered during

desiccation, an adaptation that also enables cells to withstand high levels of ionizing



radiation (41). In this case, growth-rate data plotted against water activity, not radiation

levels, best illuminate the ecology of this bacterium.

This thesis explores these two occasionally inconsistent aspects of microbial ecology,
here termed as “environmental” and “physiological” approaches. With the preceding
example, the “environmental” hypothesis would suggest that Deinococcus radiodurans
evolved highly efficient DNA-repair systems to cope with ionizing radiation present in
its natural niche (say, nuclear waste — hypothetically). The “physiological” hypothesis
would conjecture (correctly, in this case) that its potent DNA-repair mechanisms |
evolved for a purpose other than for the radiation resistance first observed in the
laboratory: that is, desiccation resistance. In this thesis, the model system used to
investigate the “environmental”-“physiological” dichotomy includes moderately
halophilic and euryhalihe bacteria (defined in Table 0.1) and focuses on the genus
Halomonas. These mesophilic bacteria were very abundant (sometimes culturable in
numbers >10% of the total microbial community) in hydrothermal-vent and pelagic
environments (304). The genus Halomonas contains species that are remarkably
resistant to salt and heavy metals, unusual phenotypic characteristics that make
understanding their diétribution, diversity, stress response, survival and success in
marine habitats so compelling. What exactly do euryhaline growth and strong rﬁetal
resistance mean for the ecology of Halomonas? Are they reflections of the environment

or some alternative cellular physiology, or both?

The remainder of the introduction is divided between descriptions of the geology,
chemistry and microbiology of hypersaline habitats (known and hypothesized) on the
one hand and, on the other, an exploration of the known physiological response of cells
to solitary and combined stresses of environmental relevance (temperature, hydrostatic
pressure, salinity and heavy metals, among others). Each route helps explain the
evolution of the salt- and metal-tolerance hallmarks of the genus Halomonas. For ease

of comparison with the literature, I use the traditional definition of “optimum” growth



as fastest growth in the following sections (except in Table 0.1 and where otherwise
noted). The chapters which follow include (i) characterization of novel species of
Halomonas isolated from hydrothermal-vent habitats that introduces the genus and its
currently known ecology; (i) 165 rRNA gene sequence phylogenies of populations of
moderately halophilic and euryhaline bacteria present in low-temperature hydrothermal
fluids and deep seawater that illustrate their diversity and the environmental relevance
of the isolates characterized in Chapter 1; (iii) growth curves, protein patterns and
phospholipid profiles obtained under selected hydrostatic-pressure, temperature and
salinity conditions that help constrain where in the ocean members of the genus
Halomonas might grow and if there may be an underlying stress response induced by
elevated salinity and/or hydrostatic pressure; and (iv) heavy-metal studies of selected
Halomonas and other hydrothermal-vent mesophiles that aim to understand how they
cope with and detoxify Cd*", Co*", Cu** and Zn*", thus further constraining permissive

habitats and investigating additional possible cross-regulated stress-response systems.

ENVIRONMENTS

The most accessible, and consequently the best studied, hypersaline habitats are located
along coast lines, on land, and in terrestrial subsurface environments that are tapped by
drill holes and wells (4, 5, 53, 67, 225, 278, 564, 628). Indeed, the majority of research
with moderately and extremely halophilic bacteria and archaea has transpired in
hypersaline lakes and salterns (278). The deep sea is far less explored, though it too
contains an array of brine environments that span a wide spectrum of temperature and

chemical characteristics.



Sea surface and lacustrine hypersaline habitats

Hypersaline habitats dot coastlines where evaporation causes salinity to rise in waters
partially or completely isolated from the sea. These environments include lagoons,
sabkhas and artificial solar salterns from which humans harvest salt. Landlocked
thalassohaline (derived from seawater) and athalassohaline (not derived from seawater)
lakes, such as the Dead Sea, Great Salt Lake, hypersaline Antarctic lakes and African
soda rift lakes, can reach saturation with respect to various salts including halite (NaCl)
and gypsum (CaSO42H,0). Typically these sites are located in low-latitude deserts and
thus the waters and associated sediments are usually warm. Antarctic hypersaline lakes
each have a unique chemistry and hydrography and are of course very cold. Deep Lake,
for example, was measured at —18°C in winter; this lake, along with numerous other

Antarctic hypersaline lakes, only attains a few degrees above zero during summer (376).

Sea ice accumulates interstitial brine as ice crystals grow and exclude seawater-derived
salt ions from the crystalline matrix (588). Growth of ice crystals similarly concentrates
microorganisms and dissolved and particulate organic material (325). These brines are
also very cold, liquid down to at least —30°C (128), and harbor diverse communities of
psychrophiles (147, 323).

Cold and cool deep-sea brines

Locally extensive, cold and cool seafloor brine pools, each deriving from dissolution of
buried evaporites, have been detected at the bottom of the Gulf of Mexico and
Mediterranean Sea (Table 0.2; 200, 377, 612, 645). While the geology and chemistry of
these environments have been explored in detail, very few microbiological studies have

been performed on samples from these systems.



The eastern Mediterranean region is characterized as a convergent plate boundary where
the African oceanic crust is actively subducting beneath the Eurasian continent (645).
The region is geologically complex, in part because the continental shelf of Africa has
begun colliding with an accretionary complex located atop the subduction zone (645).
Evaporite beds several kilometers thick were deposited in the late Miocene when sea
level in the Mediterranean Sea was several kilometers lower than today (the Messinian
salinity crisis), and these salt deposits are currently embedded in the accretionary prism
at a modern water depth of ~3 km (581). Numerous transform faults, which locally
transect the accretionary complex, have exposed buried evaporite layers to the deep sea
(98, 337, 338) and in some cases act as conduits to brine-spewing mud volcanoes

enriched with biogenic methane (109).

Five anoxic brine pools have been discovered in the castern Mediterranean (98, 634),
and the sediment record from other deeps indicates that some contained brine in the past
(285). The brine deeps typically cover <50 km” and are located along the
Mediterranean Ridge accretionary complex (133, 200, 285, 377, 535, 645). The brine-
seawater interface lies at a unique depth for each basin, indicating a different source
aquifer for each (65, 200, 377, 634). The temperature of the Tyro and Atalante Basins
was found to be similar to equivalent depths nearby in the Mediterranean Sea
(13-14°C), whereas the temperature in the Urania Basin was measured to increase from
17 to 28°C with depth (200, 377). The chemistry of the Urania Basin brine further
suggested that reactions at up to 45°C have occurred at >500 m below the seafloor
(109). The Tyro Basin has accumulated sapropelic organic-rich sediments (>2%
organic carbon), and brine chemistry indicates that the salt derived from halite
dissolution of a Messinian (5-6 Ma) salt deposit, as is inferred for all of the deeps (133,
285, 612). Differences in brine chemistry among the deeps are highlighted by varying
ion ratios, 8''B values and concentrations of Mg®* and K, as well as the unique
presence in the Bannock Basin of interlocking gypsum crystal masses up to 0.5 m in

width that encrust the seafloor; these differences are indicators of distinct evaporite beds
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for the salt in each brine pool (74, 132, 200, 377, 535, 612). The deeps are relatively
young as well. The Discovery Basin is estimated to have begun filling with brine only
7002000 years ago (634). An extrapolation of the extent of brine lakes in the eastern
Mediterranean Sea predicts a total coverage of ~1000 km” (200, 377).

The brine-seawatér interface of the Urania Basin was examined microbiologically
(524). High percentages of culturabﬂity (4-54% of the total microbial community)
using two heterotrophic media incubated aerobically or anaerobically were obtained
from above and in the brine-seawater interface (one sample each), resulting in the
exclusive isolation of flavobacteria, Alteromonas macleodii and Halomonas

aquamarina (524). Culturability success from brine inocula was <0.03% (524).

The serendipitously discovered Orca Basin in the Gulf of Mexico also contains an
anoxic brine (541). It is 400 km? in area, located on the continental slope, and slightly
warmer than the overlying water column (5.6°C versus 4.2°C) (541). Regionally
expansive salt diapirs have both forged the basin bathymetry and fed it with brine (541).
Hypersaline fluids bégan accumulating 7900 years ago by dissolution of a nearby
deformed Jurassic halite deposit, seepage onto the seafloor, and pooling into a

depression (2, 540).

Several characteristics of these cold and cool deep-sea brine pools are consistent
between the eastern Mediterranean Sea and Gulf of Mexico. For example, particles
become trapped at the brine-seawater interface of all of these deep-sea brine pools, a
potential site of enrichment for heterotrophic microorganisms (336, 540). The brines
are anoxic because density stratification prevents further supply of oxygen after
microorganisms have consumed it during respiration of organic matter (540). In the
Orca basin, microbial biomass and *H-uridine uptake rates were found to be lower at
and below the brine-seawater interface as compared with the overlying water column

(336). Also in the Orca Basin, enrichments in particulate ATP in the brine-seawater
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interface were attributed to the accumulation of trapped cells, increased ATP production
upon exposure to elevated salinity, and decreased ATP degradation in the brine — not
in situ growth (601). Depressed nutrient uptake rates and ATP enrichments should also
characterize the brine-seawater interface above the eastern Mediterranean Sea brine
pools. A striking difference, however, is that H,S, while indeed found in measurable
concentrations in the brine-seawater interface of the Orca Basin brine, is generally not
detected within brine itself (540, 649), whereas H,S is found at mM concentrations in
the eastern Mediterranean Sea brine pools in which it has been measured (200). A lack
of H;S is frequently attributed to inhibition of microbial anaerobic sulfate reduction due
to the high salt concentration and/or rapid precipitation of H,S with F e** as iron-sulfide

minerals (2, 540, 649).

The transient nature of these brines bears significantly on the microbial ecology since
most deeps appear to have filled with brine during the Holocene. The first denizens
could include euryhaline and moderately halophilic bacteria derived from the overlying
seawater. Increasing salinity would further restrict the habitat to microorganisms
capable of growth at the highest salt concentrations. As oxygen was depleted during
organic-matter respiration (and not refreshed due to intense density stratification), only
facultatively or obligately anaerobic microorganisms could subsequently survive. Itis
more difficult to envision extremely halophilic microorganisms (which require
>10-15% total salts for growth and have unknown or limited abilities to survive in
seawater) colonizing deep-sea brines given that they would have to navigate through a
potentially hostile seawater environment. Possible inocula for these habitats include
sinking particles containing cells that originally derived from hypersaline environments
on the Mediterranean Sea or Gulf of Mexico coastlines, or other nearby deep-sea anoxic
brines. Extremely halophilic microorganisms, as compared with moderate halophiles,
may have a lower probability of inoculating deep brines over short time scales because
the habitat from which they are known to derive is significantly more distant than the

adjacent overlying seawater in which moderate halophiles can grow. Alternatively,



12

there may be hypersaline subseafloor environments which can seed both the deep-sea

brine pools and deep seawater with high-salt-adapted microorganisms.

We only can observe brines that have accumulated in seafloor depressions. Other
brines emanating from the seafloor, which are not trapped by bathymetry, may
constitute small ‘streams’ flowing down-slope over sediment, locally affecting sediment
microbial communities, benthic animals and fish. The benthos may colonize solid
substrates within a few cm of a brine pool and salt-tolerant microorganisms (including
H,S-oxidizing bacteria) may thrive within the brine-seawater interface, as was observed
around and along the overflow of Gollum Lake (East Flower Garden brine seep), a

small, shallow brine lake located at 72-m depth in the Gulif of Mexico (78, 216, 335).

Warm deep-sea brines

There are twenty-five known warm brine pools beneath the Red Sea (137, 165, 356,
465). As in the Mediterranean Sea, these brines derived from Miocene evaporite
deposits, accumulated in depressions in the seafloor and may exist only periodically
(55, 285). Unlike the eastern Mediterranean Sea, however, the Red Sea is an active rift
valley that began undergoing a transformation less than 5 Ma from a continental to
oceanic rift (from south to north) with an axial trough (66). The deeps in the central
Red Sea (when oriented north-south) are mostly arranged en echelon in relation to the
nascent rift and are geothermally heated from below, often raising the temperature of
the brines — up to 67°C — well above that of the overlying water column at 22°C (66,
239). In the Atlantis II Deep, brine chemistry, sediment composition, Sr, S and O
isotopes, and anhydrite fluid-inclusion analyses indicated overlapping signatures of
brine boiling, hydrothermal circulation through basaltic (or proto-basaltic) rock, and
dissolution of evaporites exposed during tectonic extension of the seafloor (84, 120,
124, 479, 530, 670). It should be noted, however, that not all of the deeps contain

chemical signatures of hydrothermal circulation and high-temperature brine-rock
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reactions (670). These cooler deeps are therefore more similar to those located beneath

the eastern Mediterranean Sea.

Early explorations of the Red Sea brines focused on the Discovery Deep (which bears
the same name as the Mediterranean Sea brine basin), Atlantis II Deep and Chain Deep,
all located at ~2000 m depth (Table 0.2; 76). Fluids within the deeps are typically
highly enriched in heavy metals, and the Atlantis II Deep was modeled to be
continuously precipitating metal oxides and sulfides (512), leaving billions of dollar’s
worth of Zn, Cu, Pb, Ag and Au on the seafloor (56, 57, 530, 539, 635, 671). The
metalliferous sediments contain 4% organic carbon (when scaled according to the ratio
of the density of metalliferous to typical pelagic sediments) (639). Nephels peaks in
and just below the brine-seawater interface likely indicate layers of trapped organic
particles, as well as human garbage (512). A recent hydrographic survey revealed a
constant temperature-salinity structure in the anoxic Shaban, Kebrit and Discovery
deeps since 1965 (Table 0.2; 238, 239). The Atlantis II Deep, however, has steadily
increased in temperature (from 56 to 67°C) and has increased in volume since sampling

b'egan forty years ago (238, 239).

Hydrothermal circulation through buried evaporites occurs beneath the Red Sea deeps,
providing heat, salt and metals to the brine pools (120, 479, 530). The increase in
temperature in the Atlantis Il Deep over the past several decades is associated with
increased hydrothermal activity and increased concentrations of Mn and Fe in the brine
(though Cu slightly decreased in concentration) (530). Active hydrothermal vents have
yet to be filmed or photographed there, but hydrothermal mineral precipitates and
inactive massive sulfides comprised of pyrite, marcasite, sphalerite and galena (but
nothing with significant Cu) that formed at 110-450°C are present in sediments and
poking out of the seafloor (530, 671). Pb dating constrained the age of the deposits to
5000~28,000 years (530). The Atlantis IT Deep is essentially a bath of briny
hydrothermal fluid (76, 77, 389, 530). H,S is absent because metals are in excess molar
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concentrations, and thus metals remain in solution in the brine until diffusing into

upper, more oxidized brine layers where they oxidize and precipitate (530).

A handful of microbiological studies — all too few — have been performed on samples
from the Red Sea brine pools, including cultivation of a few novel euryhaline and
extremely halophilic mesophilic bacteria and community 16S rRNA gene fingerprints
(see later section on the combined effect of hydrostatic and osmotic pressures). There
are no reports of high-temperature-adapted microorganisms, yet there is clearly an
enormous potential for discovering novel thermophiles and hyperthermophiles from
these environments that grow with elevated levels of salt. Isoprenoid analysis of
sediments indeed indicated a contribution from methanogenic and thermophilic archaea
(387). One limiting factor, howeVer, may be the availability of oxidants in the majority
of the brine pool, but fermentation of sediment-derived organic compounds, reduction
of precipitated Fe oxides, and other novel metabolisms are entirely possible. These hot,
salty environments resoundingly contradict the assertion (130) that euryhaline and

moderately to extremely halophilic hyperthermophiles do not exist based on a lack of

niche.
Hot subseafloor brines

Extremely hot brines are created during subseafloor hydrothermal circulation in
association with active mid-ocean ridges or from cooling magmas in ridge or other
plutonic settings. The global reach of the mid-ocean-ridge system highlights the
importance of these brine-generating processes, but at the same time their extremely
high temperatures require that they be conductively cooled in order to be relevant to the
currently known — but ever expanding (298) — temperature spectrum within which

life exists.
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Phase separation is a widespread phenomenon believed to occur continuously at depth
in active, hot mid-ocean-ridge environments as fluids rise and decompress. When the
hydrostatic-pressure-temperature conditions for this decompression are below the
critical point of seawater — 407°C and 29.85 MPa for a 3.2% NaCl solution — sub-
critical phase separation (boiling) results in production of large quantities of fresh
vapor; the salinity of the remaining fluid increases only slightly over short time scales
(61, 623). Boiling is known to occur at the relatively shallow ASHES vent field atop
Axial Volcano (94, 371) and adjacent to shallowly emplaced dikes (351, 625).

In contrast, super-critical phase separation (condensation) generates briny fluid as a
discontinuous phase in a two-phase emulsion (58). Due to differing physical properties
of the vapor and brine (for example, density, viscosity and surface tension), the brine is
assumed to be sequestered within the oceanic crust and may accumulate during
prolonged periods of condensation (59, 62, 140, 188, 189,218, 310). For example,
brines are believed to be retained at depth beneath the Endeavour Segment of the Juan
de Fuca Ridge (95, 138). Chemistry of vigorously venting sulfide structures in the
Main Endeavour Field shows evidence for prolonged super-critical phase separation,
driven by heat extracted from a crystallized magma chamber (95, 138). Fresh fluids
along the Endeavour Segment are common in the highest temperature vents, while
fluids with salinities elevated relative to seawater are common in less vigorously
venting, lower temperature (~300°C) vents at the Salty Dawg and Mothra vent fields
(95, 138). Similarly, at the Lucky Strike vent field on the Mid-Atlantic Ridge,
relatively shallow vents above a deep reaction zone are characterized by the flushing of
evolved waters with a moderate condensation signature (622). Eruptive events (as
compared with cooled or cooling magma) may eventually lead to the release of even
saltier fluids when brines finally flush from the seafloor (92). For example, fluids with
a chloride content well above seawater have emanated from vents on the Cleft Segment

of the Juan de Fuca Ridge for at least seven years as the system ages and cools (92, 93,
621).
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In certain volcanically active mid-ocean-ridge environments, as in equivalent terrestrial
systems (117, 488), extremely saline fluids will exsolve from cooling magmas during
the final stages of melt crystallization (310, 312, 416). In ophiolites such as Troodos,
Cyprus, magmatic brines contain 40-60% NaCl at 450-600°C in the upper plutonic
gabbros and plagiogranites (310, 313, 314). Here, when the system is cooled to
200—400°C, progressively deeper cracking allowed the penetration of evolved seawater
(2-7% NaCl) into the upper plutonic sequence; brines with >20% NaCl were not found
in pillow lavas or the stockwork beneath the fossil vent system (310, 313, 314). Fluid
inclusion analyses of mid-ocean-ridge gabbros similarly reveal deep, exsolved
magmatic brines of >50% NaCl at >700°C followed by penetration of seawater-derived
fluids of 1-7% NaCl circulating at 300-400°C (312). Lastly, the presence of cooler,
more saline fluids derived from magmas and/or seawater containing up to 20% NaCl at
275-350°C were more recently discovered in gabbros from the Mid-Atlantic Ridge
(309).

Acidity generated by water-rock reactions in addition to elevated temperatures mobilize
heavy metals from minerals, resulting in metal-enriched fluids (538). Subseafloor
fluids decompress as they rise through the stockwork beneath a hydrothermal vent field,
and when this decompression crosses the two-phase curve of seawater (in hydrostatic-
pressure-temperature space), it results in fluids separating into distinct brine and vapor-
rich phases (58). Metals preferentially partition into brines, further increasing their
concentration (60, 155, 507, 598).

These brines, while extremely salty, are also extremely hot. Conductive cooling is a
possible mechanism to cool these brines without diluting the salt, thus creating novel
hypersaline habitats for microorganisms within the currently known temperature range
for life. These brines may remain for millions of years deep within the crust in gabbroic

rocks, which eventually transit to off-axis regions and cool conductively. But again,
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there is little evidence of brine-rock reactions in the oceanic crust (despite the
occurrence of hypersaline fluid inclusions), so the extent of these hypothesized brine

habitats remains difficult to constrain.
Sulfide structures

There is a pbssibility that sulfide structures contain microenvironments of elevated ionic
strength. Polymetallic sulfides precipitate from solution when reduced, acidic
hydrothermal fluid mixes with oxygenated, alkaline seawater. Sulfide structures grow
where hot fluids vent into the deep-sea water column through seafloor cracks and
fissures. They can grow rapidly and tall (494, 593), and the mineralogy changes as the
temperature and fluid chemistry drift or rapidly fluctuate over various time scales (592).
The interior pore spaces and cracks are characterized by a spectrum of gradients in
temperature, Eh, pH, metal concentration, and oxygen content (594). Centimeter-scale
chemical reaction and transport models show that pore fluid concentrations of CI” and
Na' in interior zones may be less than in both seawater and hydrothermal-fluid end
members (592, 594). Hypothetically, however, the ion content of fluids in micrometer-
scale cracks may increase as pore spaces re-heat or fill during mineral precipitation and
hydration reactions. Newly discovered minerals, including the Na- and Cl-bearing zinc
sulfate mineral, gordaite (NaZns[SO4][OH]sCI1-6H,0) (3, 75, 272, 415), also indicate
possible localized enrichments of seawater solutes during precipitation and dissolution

reactions.,

Moderately halophilic microorganisms have been cultured from sulfide-rock samples
(304, 577), but, more compellingly, a phylogeny based on 16S rRNA gene sequences
revealed the presence of numerous obligately halophilic haloarchaea in one sulfide
structure studied (577). Haloarchaea require >10-15% total salts in order to grow, thus

indicating a permanent brine habitat within this sulfide structure. This putative
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hypersaline environment could additionally harbor moderately halophilic bacteria, such

as members of the genus Halomonas. These tantalizing results clearly require pursuit.

Habitat summary

Moderately to extremely halophilic microorganisms are found in hypersaline
environments located along coastlines, in sea ice, and in other sea-surface locations, but
the significance of deep-sea brine habitats to these organisms is poorly understood.
Geographically disparate, anoxic cold, cool and warm brine pools exist beneath the Gulf
of Mexico, the eastern Mediterranean Sea and the Red Sea, though the number of
microbiological studies are incredibly few. These locations undoubtedly will eventually
provide novel microorganisms that are adapted to, or at least grow under, high-
hydrostatic-pressure and high-salt conditions. The possibility of isolating extremely
halophilic thermophiles and hyperthermophiles from the Red Sea brines and associated
subseafloor habitats is irresistible. The impact of these isolated brine environments on
the microbial ecology of the greater ocean ecosystem is unclear, however. Could these
brine pools serve as a source of moderately halophilic bacteria to the rest of the sea?
Anoxia is one mitigating factor, but, more importantly, the comparatively miniscule
volume of brine and the few locations in which it is found do not convincingly explain

the high abundance of salt-tolerant bacteria isolated in the Pacific Ocean (304).

Similarly, hot brines located along mid-ocean ridges, which exist to an extent
proportional to the ridge system itself, are insufficient to account for the high
concentrations of mesophilic moderate halophiles isolated from hydrothermal-vent and
pelagic environments because of the inaccessibility of the deepest crustal fluids and the
extremely hot temperatures. If the presence of moderately halophilic bacteria in
hydrothermal-vent habitats did reflect a subseafloor brine, one would predict the
existence of a metabolic array of moderately to extremely halophilic hyperthermophiles

emanating from similar systems. Bearing in mind the caveat of low culturability
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success, hyperthermophiles have not yet been cultured at salinities above ~10-11% total
salts (221, 303). The uncertainties and dynamic complexities of pore-fluid chemistry
within sulfide structures, which contain a temperature gradient from 2 to >350°C,
indicate that this niche may still yield some clues about salt-adapted microorganisms in

hydrothermal-vent environments.

DISPERSAL

The notion of passive dispersal of microorganisms from niches of enrichment through
seawater has been invoked to explain why various physiologies — for example, metal
resistance, salt tolerance and thermophily — are occasionally found in unexpected
locales (177). Dispersal in the direction of current flow, by rising within hydrothermal
plumes or megaplumes, or via sinking in association with particles (149) — not to
mention by wind at and above the sea surface — undoubtedly occurs, and one would
predict that the abundance of a given type of microorganism that was enriched at a
certain location would decrease with distance from that site due to predation, lysis and
cell degradation. Indeed, for example, metal-resistant bacteria are typically more
prevalent in metal-contaminated sites, with decreasing abundance correlated with

kilometer-scale distances (136, 258, 259, 391, 591)

The time scale of dispersal i1s an open question, however; clues are revealed in the
following examples. Halomonas aquamarina survived ninety-two-day starvation
experiments at 5 and 20°C (286). Similarly, hyperthermophiles can survive in cold,

. oxygenated seawater, at least over month time scales (276, 569). And contrary to the
prediction that psychrophilic microorganisms from Arctic and Antarctic environments
would be highly phylogenetically divergent (561), it is now known that closely related
strains are found in both polar environments (81, 85), presumably transported via cold

deep-sea currents over hundred-year or greater time scales during which time they could
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be growing in situ. Another example involves a report of aerobic thermophilic
microbial activity af 52°C in a cold deep-sea sediment sample obtained at a distance of
several hundred kilometers from both hydrothermal vents of the East Pacific Rise and
the nearest islands; it was unclear, however, which organisms were responding to the
warm incubation, impossible to pinpoint their true origin, and unknown how long the
microorganisms responsible for the activity signal had been present (156). Lastly,
sulfate reduction at up to 60°C was reported for a sediment collected from a
permanently cold (0-15°C) coastal site off the coast of Denmark; a thermophilic,
endospore-forming bacterium was also isolated from the sample (267). Indeed, spore-
forming microorganisms may have a much higher probability of being dispersed to

habitats in which they cannot grow given their evolved long-term survival strategies.

Dispersal of microorganisms in a direction other than that mediated by deep-sea
currents, rising plumes or sinking particles is more difficult to envision. An upward
flux of particulate organic matter was hypothesized as a means of transporting
positively buoyant materials from sediments and the deep sea to the surface of the ocean
(662). This phenomenon, though rarely studied, has been ddcumented solely for lipid-
rich, animal-associated particles, including eggs, larvae and gelatinous materials (127,
498, 555, 633). Microorganisms that attached to positively buoyant particles could
theoretically hitch a ride towards the sea surface, but even the ascending lipid-rich
particle flux associated with hydrothermal plumes contained only zooplankton, not

bacterial or archaeal, biosignatures (127, 633).

I find the dispersal hypothesis unsatisfying — primarily for microorganisms that do not
.form endospores — because a corollary hypothesis is that all microorganisms that can
survive in seawater would be found in all ocean environments. On land, comparisons of
multiple gene loci in hot-spring cyanobacteria suggested endemism and limited genetic
exchange between environments of appropriate conditions for growth (462). And in

marine ecosystems, hyperthermophiles are not cultured from all ocean samples, for
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example. In addition, invoking dispersal would predict that metal-resistant bacteria and
hyperthermophiles should both be culturable from hydrothermal plumes given that
plumes entrain low-temperature hydrothermal fluids from seafloor vents (340).
Hyperthermopbhiles and metal-resistant mesophiles thrive in warm to hot seafloor and
subseafloor hydrothermal-vent habitats, but only metal-resistant mesophiles, not
hyperthermophiles, are cultured from 2°C chronic hydrothermal plumes located several

hundred meters above the seafloor (257, 304, 569).

While certain data strongly suggest dispersal in particular cases (again, especially for
endospore-forming microorganisms), cross-regulated stress-response systems detailed
in the following sections, as well as those yet to be discovered, can also account for
unexpected physiologies. This idea rests at the conceptual core of my thesis: a given
laboratory-determined phenotype may actually reflect a physiological adaptation not
intended by evolution to manage the given stress. Among Halomonas spp., salt and
metal tolerance may actually reflect adaptations to hydrostatic-pressure and/or nutrient

duress.

STRESS PARAMETERS

It is tempting to render direct causal links between microbial physiology and the
environment from which a given microorganism was collected. This philosophy, while
often apt, may not always reflect ecological reality. As mentioned previously, a recent
illustration of this potential pitfall is the extreme radiation resistance of Deinococcus
radiodurans. This bacterium has evolved the capability to repair extensive DNA
lesions suffered during desiccation, an adaptation that coincidentally enables cells to
repair DNA damage incurred during exposure to high levels of ionizing radiation far
beyond those encountered in any natural environment (41). The complexities of the

microbial stress response thus require vigilance in their interpretation. Indeed, it may
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be a cryptic stress response — not necessarily a direct link to the physics and chemistry
of a given set of environmental conditions — that accounts for the salt- and metal-

tolerance phenotypes of the genus Halomonas and other moderately halophilic bacteria.

Geneticists invoke “directed” mutation to explain how, at the level of DNA base
changes, microorganisms can adaptively respond to and survive particular
environmental challenges. This phenomenon gives the appearancé that increased rates
of very specific mutations evolve in order to take advantage of precise beneficial
conditions (97). The underlying mechanism involves reverting from a hypermutable
state while under stress to a normal rate of mutation once an advantageous DNA base
change has been acquired (231-233). Stressors which induce a mutator phenotype in
Escherichia coli and other bacteria include starvation, stationary-phase growth and
oxygen stress (63, 187, 317). Sub-optimal growth conditions may expressly induce
increased mutation rates as a survival mechanism (or, alternatively, replication errors
may accumulate as a direct consequence of stress-induced DNA lesions or during the
elevated rates of DNA repair) (63). (I wonder if the observation that marine
microorganisms tend to form phylogenetic clusters [197, 198, 215] — here considered
as the result of a collective burst of mutations in the 16S rRNA gene — is a reflection of
an increased mutation rate throughout their genomes that was induced by environmental
stresses.) This notion also highlights the possible role of using stress as a parameter to
increase culturability success, as has been observed with nutrient limitation (482) and

salt stress (304).

Genome size correlates positively with the number of transcriptional regulatory and
signal-transduction genes, and indeed microorganisms that are non-symbiotic and not
restricted to stable, extreme habitats have the largest genomes and thus the greatest
ability to respond to dynamic environments (103). The chromosome of members of the
genus Halomonas ranges in size between 1.5 and 2.8 Mb, and species within the genus

commonly harbor several plasmids and megaplasmids, up to 600 kb (25, 181, 344, 379,
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611). The total genome size alone makes the genus Halomonas a candidate for

cosmopolitan success in a wide variety of marine and hypersaline habitats (25).

While at first glance it may appear that microorganisms face an overwhelming variety
of stresses in the environment, there are only a few generalized cell components that
may be damaged: nucleic acids, proteins and phospholipid membranes (245). Proteins
may dissociate, denature, lose functionality and aggregate; DNA can be cleaved or
chemically modified; and membranes can be disrupted. Stress causes simultaneous
down- and up-regulation of genes. Up-regulated genes may produce proteins that (i)
induce suites of other repair genes; (i1) directly enable a cell to repair damage by
renaturing proteins, mending DNA lesions, or adjusting membrane fluidity; and (iii)
proteolyze irreparably damaged polypeptides — and thus survive the stressor (see Table

18 in reference 352).
Hydrostatic pressure

For over a half century microbiologists have studied the influence of hydrostatic
pressure on entéric bacteria, foodborne pathogens and microbial isolates and
communities collected from shallow and deep oceanic environments. An early review
(prior to the discovery of hydrostatic-pressure-adapted bacteria) of the physiological
impact of exposing microorganisms to deep-sea hydrostatic pressures notes a multitude
of consequences, including effects on protein synthesis and folding, replication,
membrane transport, metabolism, enzyme activity and cell morphology (332). The
mechanisms by which hydrostatic pressure fundamentally affects cellular processes
include the change in volume associated with: (i) a given reaction or macromolecule-
macromolecule association; (i1) physicochemical effects on intra- and intermolecular
forces and bonds; (iii) alterations in the role of water molecules on macromolecular
stability and function; and (iv) modifications of phospholipid membranes to maintain

optimal fluidity and transmembrane transporter performance (1, 39, 68, 144, 145).
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Hydrostatic pressure does not cause a pressure differential across the membrane but
does affect macromolecular packing and interactions, and it promotes protein

- denaturation as water attempts to penetrate into the core of a folded polypeptide (365).
Recent hydrostatic pressure experiments on microorganisms obtained from the deep sea
aim to catalogue and characterize hydrostatic-pressure-induced proteins (38, 114, 264,
271,302,364, 567, 641, 642), decipher the genetic regulation of the physiological
response to hydrostatic pressure (113, 114, 299, 414), and determine how cells maintain

the function and fluidity of phospholipid membranes (13, 14).

Psychrophilic (429431, 653, 657, 661) and hyperthermophilic (468, 489) piezophiles
have been cultured from deep-sea sediments, animals, and hydrothermal vents (Table
0.1; 149). Obligate piezophiles from the very deepest reaches of the ocean (up to
11,000-m depth) have been cultured from animal guts (660) and sinking particles (151
and references therein) and have moderate growth rates under cold high-hydrostatic-
pressure conditions. Phylogenetic and lipid analyses of abyssal sediment microbial
communities reveal the presence of piezophilic bacteria and uncultured taxa with
unknown in situ activities, along with mesophilic bacteria that presumably are unable to
grow at the sample depth and temperature (176, 300). Cultured psychropiezophiles
currently belong to five groups within the y-Proteobacteria: members of the genera
Shewanella, Photobacterium, Moritella and Colwellia, plus a closely related unnamed
group (142). This narrow phylogenetic range of cultivated psychropiezophilic
microorganisms will undoubtedly expand with time and novel cultivation techniques
(149). Deep-sea microbial assemblages from sediments (150, 164, 655), particles (150),
and the deep regions of the water column (464) show a piezophilic response when

incubated at or near in situ conditions.

Deep-sea microorganisms have been observed to contain increased proportions of
polyunsaturated fatty acids (PUFA). The kinking produced by multiple double bonds in

the acyl hydrocarbon tails of the individual fatty acids is believed to increase membrane
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fluidity and counteract the “freezing” effects of hydrostatic pressure (quantified as the
membrane melting temperature) and/or maintain optimal membrane permeability (39,
144, 145, 658). The presence of PUFA is striking among piezophilic Shewanella
species obtained from the deep sea when contrasted with their PUFA-free
piezosensitive Shewanella cousins isolated from shallow marine environments (301).
Similarly, the proportion of monounsaturated fatty acids (MUFA) increases with
hydrostatic pressure for a given microorganism (39). It has been observed, however,
that at least in the psychropiezophile P. profundum strain SS9, MUFA, but not PUFA,
are required for growth under hydrostatic pressure (14). Many abyssal animals require
PUFA but cannot synthesize them, highlighting the importance of indigenous
hydrostatic-pressure-adapted microorganisms as part of the foundation of the deep-sea

ecosystem (423).

Other experiments have shown that, among Shewanella, increased hydrostatic pressure
tends to dissociate single-stranded DNA-binding protein from its substrate because the
protein-DNA complex occupies more volume than when the macromolecules are
separated (115). The dissociation of the protein-DNA complex and concomitant
volume change are more pronounced for piezosensitive relative to piezotolerant and

piezophilic species (115).

Lastly, it has been observed recently with thermophiles (50) and for several decades
with mesophiles, such as Escherichia coli and a variety of easily cultivated marine
bacteria, thét hydrostatic pressure causes cells to elongate, form filaments and contain
proportionally less DNA (579, 642, 672—674, 676). These morphologies are signs of
incomplete chromosome replication and cell division (642, 672-674, 676).
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Osmotic pressure

Microorganisms inhabit environments with salinities ranging from freshwater to
saturated salt solutions and typically display at least a small degree of phenotypic
plasticity with respect to growth over a salt range (Table 0.1). Different phylogenetic
groups occupy different salinity niches, including halophiles adapted to seawater,
moderate halophiles adapted to seawater and higher salinities, and obligate halophiles
adapted to salinities between 10-15% total salts and saturated conditions (32-37% total
salts) (19, 20, 106, 342, 407, 451, 452, 499, 613). Micyoorganisms able to grow in
hypersaline waters are found among most major taxonomic branches, including
heterotrophic aerobic Proteobacteria and Gram-positive bacteria (613), phototrophic,
heterotrophic, methanogenic and sulfate-reducing anaerobes (277, 330, 350, 382, 447,
492, 600), and haloarchaea (440).

When a microorganism is exposed to increased concentrations of external solutes, water
leaves the cell causing a temporary decrease in cell volume (652). In natural systems,
the only osmotic stress of relevance is that caused by inorganic salts, primarily NaCl.
Moderately halophilic bacteria, especially members of the genus Halomonas, are
osmotic masters, accumulating compatible solutes in response to osmotic duress in
order to reconstitute original cell size and water content (613, 650). Compatible solutes
are small, neutral (or zwitterionic) organic molecules, such as glycine betaine and
‘ectoine, that are typically derivatives of amino acids, sugars or alcohols (204, 450, 522,
537, 613, 650). Most halotolerant and halophilic bacteria, fungi, and algae utilize the
compatible-solute osmoadaptive strategy and can increase the concentration of these
molecules to remarkably high levels within the cell (327, 613). The internal
concentration of these compatible solutes tracks the external salt concentration as Na"

and K" are actively removed from cells (203).
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The osmosensory and osmoregulatory response in bacteria has been studied in great
detail. As most scrutinized in Escherichia coli, membrane-based turgor sensors, which
react to membrane flexure, first trigger the transport of K inside the cells to alleviate
the osmotic differential (288, 289). Further investigations with E. coli, Listeria
monocytogenes, Corynebacterium glutamicum and Lactococcus lactis revealed that a
suite of osmoregulatory genes, including glycine betaine and ectoine transporters, are
signaled into action directly by similar turgor sensors and by the primary products of
those sensors (609, 652). Like E. coli and L. lactis, the moderate halophile Halomonas
elongata resiliently accommodates osmotic shifts in the external environment by
simultaneously accumulating K'-glutamate and ectoine during a tightly regulated
response (324, 395). After a drop in osmotic pressure, these small organic compounds

are instantaneously released into the extracellular milieu or degraded intracellularly

(652).

Compatible solutes are hypothesized to function via “preferential exclusion,” whereby
osmolytes increase the surface tension of a fraction of the intracellular water;
consequently, higher-surface-tension water, which contains compatible solutes, is
expelled from the protein surface concomitantly as some lower-surface-tension bulk
water hydrates proteins (86, 652). The compatible solutes themselves do not interfere
with the structural and enzymatic functions of proteins, even at high concentrations
(203). In addition, the volume of cytoplasmic water is key to growth and survival, and
regulation of the concentrations of K™ and compatible solutes helps retain sufficient
numbers of water molecules inside the cell (105). The intricacies of the
thermodynamics of osmoregulation are profound, and it appears that compatible solutes
may serve multiple functions, including protein stabilization and of course maintenance

of cell volume (also see later section on compatible solutes).

Haloarchaea, unlike bacteria, most often achieve osmotic balance by importing high

concentrations of K into their cells with C1™ as anion (366). Differing from their
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bacterial counterparts, haloarchaeal proteins have evolved to function optimally under
high-potassium conditions and typically denature at seawater salinity (366).
Haloarchaeal polypeptides contain high proportions of acidic amino-acid residues,
reduced amounts of hydrophobic residues, and increased numbers of salt bridges,
ultimately coordinating a protective network of hydrated salt ions around protein
surfaces in order to maintain protein integrity and function (152, 334, 366). Though
haloarchaea cannot grow in seawater, in some instances they are able to tolerate and
perform certain functions at seawater salinity. These abilities may enable them to be
transported to new hypersaline habitats via seawatér conduits (129, 500). In vitro
studies reveal that at least some enzymes, such as nucleoside diphosphate kinase, retain
activity at low salt concentrations (268), though this haloarchaeal enzyme is exceptional
in this regard. The enzymes that are adapted to both low- and high-salinity conditions

may enable survival during transport through seawater environments.

There are a few examples of microorganisms that utilize an osmoadaptive strategy
entirely inconsistent with fellow members of their prokaryotic domain. For example,
the extremely halophilic, obligately anaerobic members of the bacterial family
Halanaerobiaceae and the obligate aerobe Salinibacter ruber accumulate high
intracellular concentrations of Na", K™ and CI” (but no detectable organic compatible
sblutes), contain proteins with a high content of acidic amino acids, and require high
salinity in order to function (449, 453455, 486). The intracellular and extracellular
concentrations of K" and CI” are equal, but Na" accumulates to levels sufficient to
balance any remaining osmotic differential (449). There are also halophilic,
methanogenic archaea that predominantly accumulate compatible solutes, or K salts of
organic osmolytes (450). Compatible solutes from hyperthermophilic bacteria and
archaea are typically negatively charged with K' as accompanying cation (di-myo-
inositol-1,1'-phosphate is the most common), whereas mesophilic bacterial compatible

solutes generally have no net charge (523).



29

Metabolic redox energetics evaluated in conjunction with the cost of salt-resistance
strategy — counted in the number of ATP molecules used per compatible-solute
molecule produced — appear to dictate the evolved osmoadaptation strategy within a
given microbial lineage (450). For example, members of the obligately anaerobic
Halanaerobiaceae utilize K to counteract high extracellular salt concentrations, the
least energetically costly osmoadaptive strategy, which is fitting with its relatively
energy-poor anaerobic lifestyle (450). The cell yield of a growing culture is expected to
be reduced at high salt concentrations due to the increased amount of ATP molecules

consumed during generation of compatible solutes (see Fig. 4 in reference 450; 451).

Haloarchaea show abnormal morphology at low salinities and supra-optimal growth
temperatures (212). Halomonas salina forms elongate cells and filaments at very high
salt concentrations (20%) and in stationary phase (606), presumably a sign of
incomplete chromosome replication. Hydrostatic-pressure-stressed cells of
piezotolerant bacteria also commonly show incomplete division (579, 642, 672674,
676), indicating a possible link of the microbial response to salt, hydrostatic-pressure

and stationary-phase stresses (see later section on multiple resistances).

Since the 1950s, there have been numerous studies investigating the impact of salinity
on phospholipid membranes. Consistent trends with increasing external salt
concentration, as monitored in £. coli, the euryhaline moderate halophiles
Flavobacterium halmophilum (reclassified as H. halmophila [157]), “Pseudomonas
halosaccharolytica,” Planococcus halophilus (reclassified as Marinococcus halophilus
[236]), H. salina, H. halophila and H. elongata, and halophilic bacteria and archaea in
general, include some or all of the following: (1) increased anionic lipids (perhaps to
increase cation permeability); (i) decreased neutral lipids; (ii1) decreased MUFA; (iv)
increased cyclopropane fatty acids (CFA); and (v) increased saturated fatty acids (SFA)
(243, 334, 396, 397, 441, 511, 605, 627). The proportions of MUFA, CFA and SFA
determine, in part, the degree of membrane flexibility, with the properties of CFA being
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intermediate between the respective MUFA and SFA from which they derive (243).
Accordingly, increased salinity causes decreased membrane flexibility, or “tightening of
the membrane” (605, 626, 627). In “P. halosaccharolytica,” CFA synthetase was
inhibited by NaCl and KCl but strongly stimulated by glycine betaine, thus allowing
membranes to decrease in fluidity with increasing external salt concentrations due to a

direct interaction of CFA synthetase with the intracellular compatible solute (400).

There is speculation that microorganisms and DNA can be trapped and preserved inside
halite crystals for millions, if not hundreds of millions, of years (631). A novel Bacillus
species (632), haloarchaeal isolates (478), and haloarchaeal 16S rRNA fragments (184)
have been cultured or amplified from Permian and Triassic halite crystals, though not
without dispute (226, 425). There is no controversy, however, over the finding that
haloarchaea can be preserved in natural brine samples taken from the Dead Sea and

stored at room temperature for over half a century (23).
Heavy metals

Microorganisms and metals profoundly influence each other in marine settings.
Numerous transition metals are required as micronutrients but are frequently in limited
supply in aquatic environments; these metals comprise the key reactive centers of
enzymes that carry out a broad range of biochemical electron-transferring reactions.
The genetics of metal uptake and homeostasis have been explored in great detail for Cu,
Zn, Co, Mo and Mn in cyanobacteria (104), Cu in Enterococcus hirae (557) and
Escherichia coli (191, 487), and Fe (17), Ni (410), Mn (308), Zn (64) in bacteria in
general (for a quick review, see Finney and O’Halloran [183]). Nutrient metals are
enriched to high concentrations (~10 uM to 0.1 mM) within cells (183, 457) and can be
sensed at extremely low concentrations, far less than one atom per cell (108, 183). The
integral role of metals in routine cellular function and their limited environmental

availability have resulted in the evolution of highly efficient, and highly competitive,
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metal-uptake systems. These uptake systems, when combined with efficient
extracellular metal-binding ligands, impose profound controls on biogeochemical

cycling of certain elements (223, 402, 421, 436).

Metals can also be utilized for metabolism, either as a source of or sink for electrons.
Aerobic chemoautotrophs and mixotrophs that oxidize Fe*", Mn®" and H3AsO;
(arsenite; As") are widely known, especially from hydrothermal-vent and acid-mine-
drainage habitats (30, 210, 516, 519), as are anaerobic heterotrophs that use Fe’", Mn*",
H,AsO, (arsenate; As”) and SeO4™ (selenate; Se®") as terminal electron acceptors
during dissimilatory metal reduction (169, 253, 320, 349, 520, 533). Numerous other
metals, including Hg”*, CrO4*~ (chromate; Cr®"), Co™, Pd*', Au*', Ag”, Mo®", V*" and
even the radionuclides UO,*" (uranyl ion; U%"), Pu** (yes, plutonium!), Np°* and TcO4
(pertechnetate; Tc'"), can be reduced — without necessarily generating metabolic
energy — either due to non-specific metal reduction and/or metal-specific
detoxification mechanisms (32, 80, 316, 346, 347, 373, 439, 526). Frequently, trace-
metal reduction-oxidation chemistry involves a change in metal solubility, further
highlighting the impact of microbial metal metabolism and detoxification on

biogeochemical cycles — not to mention the enormous potential for bioremediation.

Metals that are utilized as micronutrients or during metabolism — including highly
sought Fe (17, 73, 596) — are toxic at high concentrations. In addition, certain metals,
like Hg, have no known biological function and are considered toxic at any
concentration. Heavy metals can directly cause DNA lesions or catalyze the formation
of radical oxygen species with the same effect; perhaps most importantly, they also bind
irreversibly to thiol groups in polypeptides, rendering them inoperable (426, 544). The
degree of metal toxicity is typically highly correlated with the binding affinity of the
metal for H,S, for which the cellular provxy is the thiol group of proteins (see Fig. 1 in
reference 426). Intrinsic metal-resistance mechanisms include modifications of the cell

wall, production and release of exopolysaccharides, and an inability to transport a given
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dissolved metal inside the cell (201, 509). Extrinsic factors include (1) highly
specialized, membrane-bound, energy-dependent metal-ion efflux systems; (ii)
production of cytoplasmic, periplasmic and extracellular ligands and metal-transport
proteins; (iii) alteration of membrane-transport activities; and (iv) enzymatic reductive
or oxidative transformation of metals to less toxic species (90, 509, 545). Minor (and
easily mutable?) changes in the metal coordination sites of certain metal-sensing
regulatory proteins reveal a high level of precision in some metal-stress systems;
alteration of the metal recognition site results in either a change in the metal that is

sensed or a change in the subsequent regulatory cascade (90).

Completed genome sequences reveal the presence of numerous homologous metal-
resistance proteins among widely divergent bacteria and archaea, such as Bacillus
subtilis (558) and Methanococcus jannaschii (87). Resistance genes are commonly, but
not always, located on plasmids and may be transferred relatively easily between
unrelated taxa. Comparative genomics of dozens of bacteria spanning a range of metal
sensitivity and resistance, including the model metal-resistant bacterium Ralstonia
metallidurans with its 2.9-Mb plasmid (386), has shed further light on the complexities
of multiple and extreme metal tolerance. Intriguingly, it appears that the degree of
‘metal resistance is correlated with the number and specificity of partially overlapping
metal-resistance systems contained within a given genome (426, 544). Some systems
are common among several taxa and confer a general, low-level resistance, while other

systems are highly specialized and rare, enabling cells to tolerate exceptionally high

concentrations of toxic metals (426).

Despite the remarkable detail with which the genetics of metal regulation and resistance
have been elucidated, there remain several significant mysteries. First, why are some
microorganisms so strongly resistant to metals? Secondly, why can these organisms
sometimes be found distant from any conceivable metal-contaminated area?

Moderately halophilic bacteria, including Halomonas spp. isolated from seawater, deep-
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sea sediments and coastal hypersaline habitats, typically tolerate mM concentrations of
Cv?', Zn*, Cd*', SeO4*, Ni*" and Co*" (135, 428), but metal concentrations are at pM
to nM levels in pelagic environments and sediments (217, 436, 651). In experimentally
metal-amended and otherwise polluted soils, the growth of certain portions of the
microbial community may be inhibited (171, 196, 319, 517, 518) while the activity and
concentration of other sub-populations are enhanced (153, 196, 480, 481), indicating
both the initial presence of metal-resistant microorganisms in uncontaminated soils and
the ability of certain taxa to respond positively to metal stress. R. metallidurans
tolerates >10 mM Co®', Mn*" and Zn?*, 5-10 mM Ni*", Cd*", Pb*" and Cu**, and
0.01-0.1 mM Ag’ and Hg*" and is commonly cultured from polluted areas (386, 426).
Where did an organism like R. metallidurans originate? Due to its ability to oxidize
hydrogen and because of its extreme resistance to metals, researchers often invoke
metal-enriched hydrothermal-vent environments as its natural niche (386). Indeed,
hydrothermal vents are a source of bacteria and archaea resistant to 0.1-10 mM
concentrations of numerous metals (279, 280, 345). Lateral transfer of plasmids
encoding metal-resistance genes may account for widespread metal resistance among
hydrothermal-vent microorganisms, as has been demonstrated in soils (374, 420, 549)
and hypothesized in aquatic systems (89). But these degrees of metal resistance protect
far beyond any concentration that would be encountered in hydrothermal fluids of any
temperature. End-member hydrothermal fluids at >250°C contain 0.1-1000 mM Fe and
Mn, 1-1000 uM Zn, 1-20 uM Cu, 0.01-10 uM As, 0.1-10 uM Pb, 0.1-1 uM Cd and
0.01-1 uM Co (619), but these concentrations are greatly reduced by dilution and
precipitation when hydrothermal fluids mix sufficiently with alkaline, oxygenated
seawater to temperatures that would permit mesophiles or even (cultured)

hyperthermophiles to grow.

There are mechanisms to accumulate metals at growth-permissive temperatures in
hydrothermal-vent environments, however. Animal tissues, animal mucous secretions

and microbial biofilms concentrate many metals (110, 126, 202, 290, 291, 328, 501,
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502, 584, 607, 638, 667) well above the levels found in seawater (436) and low-
temperature hydrothermal fluids (619). Bioaccumulation of heavy metals, such as Hg
in animal tissues (237), is a widely documented phenomenon that affects marine food
chains in polluted environments. For example in hydrothermal-vent habitats, the clams
Vesicomya gigas from Guaymas Basin and Calyptogena magnifica from the East
Pacific Rise contained remarkably high concentrations of Cd, Fe, Hg, Mn, Zn, Cu and
Pb in various tissues (501, 502, 510). Fe, S, Zn, Cu, Cd, Hg, U and As, among other
heavy metals, were measured in high concentrations in association with intracellular
sulfur granules, symbiosis organs, organic tubes, soft tissues and mucous secretions of
- alvinellid polychaetes, vestimentiferans and mussels (110, 126, 202, 290, 291, 667).
Microbial biofilms, exopolymeric substances and external cell components also
accumulate heavy metals from solution (29, 47, 72, 88, 112, 190, 208, 326, 328, 505,
536, 584, 589, 607, 61’7, 664). It is this property that explains, in part, the functionality
of heavy-metal bioremediation bioreactors (52, 543, 582, 608). It would be ironic if the
stress-mitigating exopolymeric architecture of microbial biofilm communities, which
protects against high temperature, low nutrient concentrations and other stresses,

resulted in the requirement for a metal-resistance phenotype.

There remain significant open questions involving the existence of stress-response
systems that confer such high degrees of metal resistance to microorganisms. The
specificity of metal resistance and detoxification systems and the high correlation
between the degree of metal resistance and the number of overlapping metal-resistance
mechanisms strongly suggest a direct causal relationship between high heavy-metal |
concentrations and metal-resistance systems. However, given the inconsistency of
observations of microbial dispersal and a possible preference thereof to spore-forming
microorganisms, metal-polluted and metal-enriched sites do not appear to be
sufficiently widespread to explain the possible ubiquity of highly metal-resistant

bacteria from marine habitats (see later section on multiple resistances).
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COMBINATIONS OF STRESSES
Hydrostatic pressure and temperature

One of the first hydrostatic-pressure experiments in marine microbiology documented
that increased hydrostatic pressure enhanced growth at elevated temperature and
inhibited growth at low temperature among a variety of mesophilic marine bacteria
isolated from shallow and deep environments (675). This early work established an
important link between two fundamental aspects of living and surviving in the sea.
Recent studies of batch-culture growth characteristics are also often coordinated with
simultaneous temperature experiments and continue to show an inverse relationship
between the effect that hydrostatic pressure and temperature have on cellular growth
rates and, more recently, membrane fluidity (144). Hydrostatic pressures equivalent to
mid-ocean-ridge or abyssal depths have been shown to increase the cardinal growth
temperatures of hyperthermophiles isolated from hydrothermal-vent habitats (100, 247,
468), to increase the maximum growth temperature of a mesophilic Pseudomonas strain
isolated from the deep sea (293), and to increase the ability of psychropiezophiles
isolated from the cold deep sea to tolerate slightly warmer temperatures (151, 657, 659).
Stated another way, the higher the hydrostatic pressure, the higher the temperature
allowed (for Tpax) or required (for Tmin)‘ for growth.

Many hydrostatic-pressure-temperature experiments with batch cultures of
hyperthermophilic microorganisms query the nature of the upper temperature limit of
life because of the dynamic temperature regime and proximity to intensely hot fluids of
up to 400°C in deep-sea hydrothermal-vent and associated subseafloor environments.
Hydrostatic pressure was shown to increase growth rates and methanogenesis in
Methanococcus jannaschii at temperatures up to 90°C and to extend methanogenesis up
to 98°C (390). Hydrostatic pressure also raised Ty and Tpax for growth of

“Pyrococcus abyssi” by 4°C and raised the minimum lethal temperature by an



36

additional 6°C (363). It stimulated growth in M. thermolithotrophicus (50), Pyrococcus
spp. and other hyperthermophiles (276). In addition, hydrostatic pressure increased
Topts Tmax and the growth rate at temperatures above Top for certain Thermococcus
isolates (468). It also increased survival and the induction temperature of a heat-shock
response at super-optimal temperatures in Pyrococcus strain ES4 (255, 256). Lastly,
hydrostatic pressure enhanced survival of hyperthérmophiles at temperatures below Tpip
(100).

In vitro studies show that hydrostatic pressure also increases the thermostability of
thermophilic and hyperthermophilic proteins, such as certain DNA polymerases (571)
and hydrogenases (247). In one experiment, hydrostatic pressure was found to permit
protease activity to 130°C (388). (Amylopullulanase activity has been detected at
143°C without hydrostatic pressure but with the addition of 5 mM Ca” [534].) The
hydrostatic-pressure-enhanced thermostability of hyperthermophilic proteins is
primarily attributed to hydrophobic interactions (388, 491). Elevation in cardinal
growth temperatures of hyperthermophiles (50, 276) and Escherichia coli (673) and
enzyme thermostabilization (for example, of adenylate kinase) (321, 491) are not

always observed, however.

There are fewer experiments with mesophiles. Most mesophilic proteins dissociate or
denature under hydrostatic pressure regardless of temperature (39). Hydrostatic
pressure increased the survival of E. coli and Streptococcus faecalis (reclassified as
Enterococcus faecalis [527]) at temperatures below Tin (34). Staphylococcus aureus
showed a 100-fold increased survival rate under high hydrostatic pressure (200 MPa for
1 h) when pre-incubated at temperatures between —20 and 0°C for 15 min as compared
with cultures previously held at 5°C or 30°C (432). (See later section on multiple

resistances.)
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The combination of hydrostatic pressure and temperature, especially in the context of
the cold deep sea, synergistically imposes “freezing” of phospholipid membranes. Both
low temperatures and high hydrostatic pressures act to reduce the melting temperature
of membranes, rendering them more rigid under deep-sea conditions. To counteract this
double effect, membranes tend to have increased proportions of unsaturated fatty acids

(39, 658). (See previous section on hydrostatic pressure.)
Osmotic pressure and temperature

The synergistic dependence of microbial growth and nutrient uptake on temperature and
salinity has been noted for several decades (270, 404, 562, 563 and references therein).
It has even been proposed that more halophilic microorganisms are less able to grow at
low temperatures, based on contrasting the minimum growth temperatures of
Halomonas spp. and haloarchaea isolated from the same Antarctic hypersaline lakes
(376). For a given organism, cardinal growth temperatures may vary with salinity (and
vice versa), and lag times and maximum cell yield may also depend on the temperature-
salinity regime. Growth curves revealed that the optimum and maximum salt
concentrations of the moderate halophiles H. halophila and Vibrio anguillarum
(reclassified as Listonella anguillarum [354]) increased with increasing temperature
(228, 475). Likewise, a greater percentage of strains of H. halodurans and H. elongata
were able to grow at higher salinity only in conjunction with higher temperature (244,
629). “Pseudomonas halosaccharolytica” grew faster with elevated salinity at elevated
temperature (441). Growth curves of a facultatively halophilic coccoid bacterium
isolated from salted mackerel (ultimately classified as Marinococcus halophilus [236,
435]) showed that growth at temperatures less than Top: only occurred with decreased
NaCl (434). Similarly with haloarchaea, lower temperatures allowed growth at lower
salinities and higher temperatures permitted growth at higher salt concentrations (212,
266). With respect to just the maximum salt concentration that permitted growth,

experiments with Moritella marina (formerly V. marinus [604]) (404, 563), certain
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coliform bacteria (343), several foodborne pathogens (586), “Pediococcus homari,” and
a Lactobacillus sp. (219) showed that Tmax increased by a few degrees with increasing
salinity. By and large, elevated salinity raises both Ty and Tiax, While decreased

salinity allows growth at lower temperatures.

These results are not universal, however. Elevated salinity raised Tpax for the sea-ice
bacterium Shewanella gelidimarina, but no salinity effect was observed at temperatures
near or below Top (424). Elevated salinity enhanced growth at Ty for “P. homari” and
a Lactobacillus strain, but NaClmax was still found at Top (219). NaClyp,: and NaClpax
did not vary whatsoever with temperature for H. elongata (630). While decreased
temperature allowed the mesophile Micrococcus luteus to grow at lower salt
concentrations and higher temperatures permitted growth at higher salinity, no
temperature-salinity effects were seen in parallel experiments with “Mic. morrhuae”
(107). Certain microorganisms (identified as Brevibacterium and Flavobacterium
isolated from solar salterns) grew at lower salinities at lower temperatures, but the
dependence of the salinity optimum on temperature was inconsistent (269). Mor.
marina MP-1, a psychrophile, grew with elevated salinity (8.0%) only at low
temperatures between 0 and 10°C; at 20°C, it grew only with 2.5% salt (35). In this
case, lower temperatures enabled growth with elevated salinity. Finally, the salt range
that permitted growth shrank while the salinity optimum increased when H. salina was
grown at 42°C versus 32 or 22°C; growth at low salinity only occurred at lower
temperatures, but the maximum salt concentration that permitted growth was near the
Top: of 32°C, while the smallest salt range was found when cells were grown at 42°C

(606).

Elevated-salinity and low-temperature conditions appear to enhance survival of non-
growing or stressed cells. While low temperature (4°C) and high salinity (9% NaCl),
alone and when combined, decreased the growth rate and cell yield of L. sakei below

spectrophotometric detection limits, the combination dramatically increased survival
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times by a factor of seven to sixty-five relative to warmer (30°C) and/or less saline (0%
NaCl) conditions, respectively (357). Elevated salinity may also enhance the survival
of Escherichia coli at low temperature (266). The heat-shock response of H. halophila
is prolonged at elevated salinity (294); in this case, the physiological response of cells
to salt stress is tantamount to a thermoprotective adaptation. In this experiment, it was
unclear whether the factors regulating the production of heat-shock proteins were
produced in higher quantity at elevated salinity or merely stabilized by the

osmoregulatory response and consequent production of compatible solutes (294).

Common ground for the response to sub- or supra-optimal temperatures and salinities
may revolve around compatible solutes (521). In Listeria monocytogenes, compatible
solutes, such as betaine, carnitine and proline, accumulate both at sub-optimal
temperatures (—0.1°C) and in response to salt stress (10% NaCl) (547). Glycine betaine
in particular may prevent protein aggregation and help maintain membrane fluidity at
low temperature (111, 284, 383, 547). Thermophiles, hyperthermophiles, and all
thermal classes of methanogens also contain high concentrations (>1 M) of K salts of
unusual compatible solutes, such as di-myo-inositol-phosphate (DIP; the most common
among hyperthermophiles), di-mannosyl-di-myo-inositol-phosphate, di-glycerol-
phosphate, mannosylglycerate, mannosylglyceramide, and cyclic 2,3-
diphosphoglycerate, many of which specifically accumulate in response to increased
temperatures and/or salinity (116, 249, 368, 522, 523, 531). For example in Pyrococcus
furiosus, DIP increased by a factor of twenty at the supra-optimal temperature of 101°C
(523) and mannosylglycerate and DIP increased in concentration in response to
increases in both temperature and salinity (370). DIP also accumulated because of
elevations in both salinity and temperature in Methanococcus igneus (reclassified as
Methanotorris igneus [647]) (116). Likewise, di-glycerol-phosphate accumulated in
response to both temperature and salt stresses in Archaeoglobus fulgidus (369).
Thermococcus spp. and other hyperthermophilic archaea have variable responses, with a

variety of compatible solutes accumulating specifically in response to temperature or
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salinity (331, 369). In vitro studies reveal that potassium salts of the previously
mentioned compatible solutes (523), and even simple salts like KCl and MgCl, by
themselves (358), thermostabilize DNA. Similarly, salt thermostabilizes tRNA in
solution and also protects malate dehydrogenase collected from Haloarcula
marismortui against thermal stress when desiccated and trapped inside salt crystals
(583). The trend appears to be that certain salts and compatible solutes function as aids

to both temperature and salinity stresses.

Addition of the compatible solute glycine betaine to growth media enabled recombinant
protein expressed in E. coli to fold properly during osmotic stress. The responsible
mechanisms may include induction of heat-shock proteins following salt stress, salt-
stabilized periplasmic microenvironments, increased cell survival and function with
elevated salinity due to the presence of compatible solutes, and/or, of course, a direct
interaction of glycine betaine with the recombinant protein once the compatible solute
was transported inside the cells (37). An in vitro study concluded that -
hydroxyectoine and betaine not only achieved osmotic balance across the membrane,
but also stabilized bovine ribonuclease A against denaturing stressors, perhaps by
enabling preferential hydration of the protein (318). Similarly, the compatible solutes
glycine betaine and hydroxyectoine protected lactate dehydrogenase against damage by
heat, urea and freeze-thaw cycles (220). Ectoine, hydroxyectoine, sucrose, trehalose
and maltose all conferred significant protective effects upon lactic dehydrogenase and

phosphofructokinase against heat, freezing and desiccation (341).
Hydrostatic and osmotic pressures

There have been fewer studies that examine the combined effects of salinity and
hydrostatic pressure on microbial growth. The most obvious ecologically relevant sites
at which to study the combined effect of these two parameters on microbial activity are

deep brine pools found in the eastern Mediterranean Sea, Red Sea and Gulf of Mexico,
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but this has rarely been attempted. The Red Sea deeps were initially declared sterile
because early culturing efforts at the environmentally appropriate temperatures of
22-56°C, both with and without oxygen, largely failed to obtain any evidence of
microbial activity (599, 639). All nitrate-reducer media failed, and high-organic
sulfate-reducer media only provided two isolates from Discovery Deep sediment
samples collected within the brine-seawater interface and the brine itself (639). The
combination (but not any given variable alone) of high hydrostatic pressure, high
salinity, warm temperatures, anoxia and high concentrations of heavy metals was
thought to totally prevent life (639). A return to the Red Sea brines and brine-seawater
interface with updated molecular methods, novel cultural approaches and analysis of
potential biomarker molecules has begun to address the sterility hypothesis (21, 165,
166, 182, 387).

The first isolate described from the Red Sea brines was Flexistipes sinusarabici, an
anaerobic bacterium with a T of 45-50°C obtained from multiple locations at 2000-m
depth in the Atlantis II Deep (end-member brine characteristics: 25% salt, 64°C, pH 5.7;
Table 0.2) (182). The isolate grew over a 3—18% NaCl range (the optimum was not
determined) and at pH 6.0, but not pH 5.5 (182). The upper levels of the brine are less
salty and at or above pH 6.0 (239), and presumably this organism would be able to grow
in these environments but, given that its Ty, was 30°C, not in the overlying seawater at

22°C (182). Oxygen and hydrostatic-pressure sensitivities were not reported, however.

Most recently, culturing work from the Kebrit Deep brine-seawater interface in the Red
Sea (end-member brine characteristics: 26% salt, 23°C, pH 5.5; Table 0.2) led to the
isolation of moderately to extremely halophilic, mesophilic, heterotrophic anaerobes of
the bacterial genus Halanaerobium from 1468-m seawater depth (165). Their fatty
acids contained high proportions of monounsaturated fatty acids like other members of
Halanaerobium but with unusual double bond positions (165), perhaps a reflection of a

hydrdstatic-pressure adaptation. The novel Halanaerobium isolates grew anaerobically
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with 5-34% NaCl (optimum of 10-20% NaCl) and between 18 and 48°C (optimum of
30-45°C) at pH 6.5, fitting physiologically well with the conditions of the brine-
seawater interface (165). A 16S rRNA gene clone library of the Kebrit Deep brine-
seawater interface revealed sequences primarily very similar to the characterized
Halanaerobium 1solates and also to other cultivated bacteria such as Clostridium and
Propionibacterium (165). There is also a recent report of the isolation of a novel
facultatively aerobic genus within the y-Proteobacteria, Salinisphaera shabanensis,
obtained from the brine-seawater interface at 1325-m depth in the Red Sea (21). It was
found to be piezotolerant and grew with 5-20% NaCl at up to 15 MPa (but not at 20
MPa) (21). At 0.1 MPa, it grew over a 1-28% NaCl range (optimum of 10% NaCl) and
accumulated up to 4 M total of ectoine, betaine and small amounts of glycerol when
grown in a medium with 25% NaCl (21). (This is the first report of glycerol
accumulation among bacteria, though its concentration did not track the extracellular
salt concentration [21]). Optimal growth conditions matched the approximate
environment of the brine-seawater interface, though the organism would also be able
grow in other seawater habitats (21). No hydrostatic-pressure-salinity growth curves

have been reported yet for any of these brine-derived bacteria.

16S rRNA gene clone libraries of the sediment community in the anoxic Kebrit Deep at
1515-m depth included sequences of common uncultivated marine Group II and I1I
euryarchaeota, novel archaea, and novel bacteria that branch deeply between the
thermophilic Thermotogales and Aquificales (166). In addition, isoprenoid analysis of
sediment samples from the Kebrit and Shaban Deeps indicate a significant contribution
to the organic-carbon pool from anaerobic methanogens and acidothermophilic archaea,
though, interestingly, the archaeal isoprenoid signatures were not found in asphalt-
impregnated sulfide structures, and no haloarchaeal isoprenoids were detected in any

~sample (387).
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The combination of hydrostatic and osmotic pressures affects microbial growth in
various ways. Piezosensitivity was shown to depend on salt concentration for Moritella
marina MP-1, whereby a decreased salinity of 3.5 versus 0.8% decreased Ppax from 42
to 9 MPa at 9°C and from 33 to 6 MPa at 4°C in defined basal media (461). Low
concentrations of chloride salts of Ca®*, Mg?", Mn®" and Fe®" have likewise been shown
to decrease the piezosensitivity of Escherichia coli exposed to the extremely high
hydrostatic pressure of 270 MPa; in addition, increasing the Ca™" concentration
quantitatively further mitigated piezosensitivity (242). Addition of Mg®* or Ca*" salts
enhanced the piezotolerance of Streptococcus faecalis (reclassified as Enterococcus
faecalis [527]) — but not of E. coli or Saccharomyces cerevisiae — increasing the
growth rate at 41 MPa and boosting Pp,,x from 55 to 70 MPa (361). Elevated salinity
enhanced the piezoresistance of a halophilic, euryhaline strain of Micrococcus roseus
(reclassified as Kocuria rosea [560]) isolated from open seawater, whereby growth with
15% NaCl (versus 3% NaCl) enabled 97% cell survival at 138 MPa (580). Lastly,
ethanol, considered an agent of osmotic pressure at low concentrations, combined with
hydrostatic pressure alleviates inhibition of cell growth in E. coli caused by either
stressor alone; above 20 MPa, the combination reverted cell morphology from an

elongate shape to the canonical cell size (579).

The response to hydrostatic and osmotic pressures may be linked via compatible-solute
production. Hydrostatic pressure and salinity non-linearly augment intracellular solute
accumulation in the psychropiezophile Photobacterium profundum strain SS9, whereby
solutes such as glutamate and betaine can be considered both osmolytes and piezolytes
(see Fig. 5 in reference 365). The glutamine synthetase gene glnd is up-regulated in
response to hydrostatic pressure in the piezophile Shewanella violacea (264);
glutamine, glutamate, or some derivative thereof, may serve as a piezolyte in this deep-
sea bacterial species. In the animal realm, the concentration of unusual intracellular
solutes, including trimethylamine N-oxide (TMAQ), in muscle tissue is correlated with

the depth of capture among certain fish, skate, crab and shrimp specimens (213, 315). It
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has been shown that TMAO stabilizes proteins against hydrostatic pressure, increased

salt concentration and urea in vitro by helping refold misfolded polypeptides (656).

Additional in vitro studies show similar counterbalances between hydrostatic and
osmotic pressures. The dissociation of Arc repressor protein from DNA (its substrate)
decreased linearly with increasing glycerol concentration (446). Hydrostatic pressure
was also shown to reverse the effects of osmotic pressure (created with organic
compounds) on DNA site selection by the restriction endonucleases FcoRI, BamHI, Pvu
IT and EcoRYV, highlighting the opposing interplay that these two factors have on
hydration of proteins and protein-substrate complexes (495, 496).

Mechanistically, hydrostatic and osmotic pressures exert opposing influences on protein
hydration, and therefore they tend to cancel the deleterious effects of the other (365,
656). Hydrostatic pressure favors hydrated protein surfaces due to volume
considerations, but osmotic pressure, due to solutes like TMAO, glutamate and betaine,

favors folded proteins via preferential exclusion and the minimization of bound water
(365, 497, 656).

Heavy metals and antibiotics

Initial metal-resistance studies revealed that cells “infected with R factors,” later called
plasmids, contained not only genes for resistance to antibiotics and various other
stresses, but also genes encoding highly specific metal resistance (554). Metal-resistant
microorganisms are also typically antibiotic-resistant, though the genes for each type of
resistance may be located separately on the chromosome and on a plasmid (448). For
example, high correlations between Pb and general antibiotic resistance, Cu and
penicillin resistance, and Ni and ampicillin resistance were found among eighty-one
aerobic heterotrophic marine bacteria isolated near a polluted site (513). Similarly, Hg

and ampicillin resistance were co-selected in polluted coastal sediment microbial
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communities (591). There are few explanatory hypotheses for the apparent link
between antibiotic and metal resistance, in spite of how precisely tuned the metal- and

antibiotic-detoxification systems appear to be.

1 suggest that one connection, an “environmental” hypothesis, 1s that both heavy metals
and naturally produced antibiotics (released by fungi, actinomycetes, etc.) are
accumulated in exopolymeric substances produced by animals and in biofilms. If so, it
would be instructive to contrast metal-antibiotic resistance patterns from biofilm, free-
living and animal-associated populations of microorganisms. An alternative
“physiological” hypothesis is that there is some underlying link via a stress-response
system (as proposed in the following section for hydrostatic-pressure and salinity
stresses). Neither notion, however, explains the remarkable degree of resistance to
metals and antibiotics given the reduction in evolutionary fitness caused by maintaining
these genes in the genome nor why a particular antibiotic resistance is linked with a

particular metal resistance.

Multiple resistances, sigma factors, and the general stress response

Stressors typically induce both specific and general stress responses, such that exposure
to an environmental stress may engender increased resistance to it and to seemingly
dissimilar stressors (Table 0.3; 246, 466). The literature on food spoilage microbiology
and foodborne pathogens is replete with examples of how attempts to kill bacteria
usually result in increasing their resistance to other stressors, which is costly and
frustrating to the food industry (466). From the medical field, general stress proteins
are hypothesized to enable the opportunistic pathogen Mycobacterium tuberculosis to
exist in a latent state in billions of humans until the host is weakened by some other
cause (438). It is difficult to actually kill bacteria that have been pre-conditioned by
exposure to multiple stresses. For example, only the most severe combination of

conditions —— a very high hydrostatic pressure of 345 MPa, a temperature of 50°C, and
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a pH of 4.5 — destroyed cells of Listeria monocytogenes, Escherichia coli, and
Salmonella spp. (15). Less extreme conditions of hydrostatic pressure and temperature,
especially those relevant to the environment, are frequently insufficient to kill cells and

often induce a stress response equipping them to defend against subsequent stress.

There are numerous examples of multiple resistances among bacteria, which are
commonly induced during stationary-phase, starvation and osmotic stresses. In
Enterococcus faecalis, starvation stimulated resistance to heat, ethanol, acid, osmotic,
oxidative, bleach and bile-salt stresses (211). Similarly, salt stress induced increased
tolerance to ethanol, detergents, hydrogen peroxide and previously lethal temperature in
E. faecalis, as well as production of an array of stress proteins (185). Mg*" and Ca**
mitigated the deleterious effects of acidic pH on E. faecalis at high hydrostatic pressure
(361). Stationary-phase E. coli cells had enhanced resistance to heat, oxidative stress
and antibiotics relative to log-phase cultures; roughly one quarter of proteins induced
during salt shock were also produced during starvation (281). A proteomics/mass-
spectrometry investigation of L. monocytogenes, a common foodborne pathogen,
concluded that elevated salinity induced several general stress proteins in addition to
osmoregulatory genes, including those found in Bacillus subtilis under nutrient
starvation and ethanol, heat and salt stresses (159). As another example of a Gram-
positive bacterium, when B. subtilis was exposed to elevated salt or temperature, it
tolerated previously lethal levels of the respective stressor; in addition, heat shock
created tolerance to previously lethal levels of salt, though the converse was not quite as
robust (618). By and large, these examples do not immediately resonate with
combinations of stressors that would ever be encountered in the environment. Their
utility, however, is in highlighting the integrated stress response as a means to cope with

cellular damage regardless of cause.

Bacterial mutational studies paint the same theme of various multiple resistances that

are of questionable environmental relevance at first glance (Table 0.4). Mutants of E.
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coli that better survived exposure to 220-800 MPa of hydrostatic-pressure treatment
were also more heat resistant to 58-60°C at 0.1 MPa (241). Hydrostatic-pressure-
resistant mutants of E. coli were also found to have enhanced resistance to heat, acid,
oxidative and osmotic stresses and produced increased amounts of heat-shock proteins
(6). Transient heat-shock and salt stress in these mutants conferred increased
piezoresistance, suggesting that managing hydrostatic pressure is likely integrated with
the stress-response system (6). L. monocytogenes mutants with increased sensitivity to
high salinity were also more sensitive to alkaline pH (207). Heat-resistant strains of E.
coli 0157 tend to be more resistant to hydrostatic pressure and, in some instances, also
better able to withstand acid, oxidative and salt stresses (48). Again, the lesson from
these studies is that injury to proteins, membranes and DNA — regardless of stressor —
induces a stress response, which in turn activates cellular damage-control and repair

systems.

The cold-shock response provides a more ecologically relevant example of how one
stressor (low temperature) enhances the ability of cells to withstand other stressors that
would be expected to accompany cold environments. Generally speaking, cold-shock
proteins, detected after exposure to low temperature, can also be expressed
constitutively during optimal growth or induced by starvation and other stress
responses; they are often DNA-binding proteins and may serve as mRNA chaperones
(174). L. monocytogenes produces cold-shock proteins in response to both cold
temperatures (10°C at 0.1 MPa) and high hydrostatic pressure (50-200 MPa at 30°C);
cells had a 100-fold increased survival rate under high hydrostatic pressure if preceded
by exposure to sub-optimal growth temperatures (643). Similarly, hydrostatic-pressure-
induced proteins produced by E. coli included cold-shock and heat-shock proteins, with
the magnitude of the response positively correlated with the amount of hydrostatic
pressure applied (40, 642). (Another experiment showed that the gene recD, which
encodes for a DNA recombination and repair protein, must be expressed in the

psychropiezophile Photobacterium profundum strain SS9 for growth under deep-sea
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hydrostatic pressures [54].) As discussed earlier, low temperatures and high hydrostatic
pressures affect proteins and membranes in similar ways, such that this connection
between these two linked parameters is sensible. However, cold shock is not
synonymous with cold adaptation (not to mention that £. coli and L. monocytogenes are
not marine bacteria), so more research would shed light on how these deep-sea stressors
interact in the context of a stress response. A relevant experiment using a psychrophilic
marine Vibrio sp. found that starvation conditions significantly enhanced subsequent
exposure to hydrostatic pressure, which clearly would increase cell survival after
transport to the deep sea (433). Other experiments could include contrasting the cold-
shock and cold-adaptive responses, with and without hydrostatic pressure, of
psychrophilic microorganisms isolated from cold high-hydrostatic-pressure (deep-sea)

and low-hydrostatic-pressure (sea-ice) environments.

Sigma factors are small proteins that bind with RNA polymerase to regulate the
expression of specific suites of genes. There is evidence from mutational and genome-
enabled studies that sigma factors are induced by various environmental stresses and
therefore serve as the underpinning, overarching activators of certain generalized, cross-
regulated, stress-response systems (Table 0.5). The most studied sigma factors are o®in
Gram-negative bacteria and ¢® in Gram-positive bacteria (246). In E. coli, ¢° is
encoded by the rpoS gene and itself catalyzes the regulation of 50-60 other genes,
including certain catalases, proteases, ATPases, endonucleases, DNA-binding proteins,
trehalose-synthesis enzymes, osmoprotectant transporters, and proteins of unknown
function (see Fig. 2 in reference 245; 466). The factors o® and o respond both to
starvation experienced during stationary-phase growth and to elevated salt
concentrations in E. coli and B. subtilis, respectively (246; see Fig. 2 in reference 466).
The piezophile Shewanella violacea strain DSS12 contains a hydrostatic-pressure-
responsive sigma factor that is homologous to ¢”° in other Gram-negative bacteria (199,

413).
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There are numerous examples of the ways in which sigma factors are stimulated into
action. When E. coli is exposed to high concentrations of NaCl, forty-five genes are up-
regulated, including not only classic osmoregulatory genes, such as betaine and proline
transporters, but also a suite of genes normally active during stationary-phase growth
that are by and large regulated by o° (640). E. coli rpoS mutants are also more sensitive
to the very high hydrostatic pressure of 500 MPa (493). The factor o’ in L.
monocytogenes is required for tolerance of low pH (648) and is induced by high salmity
and low temperature (46). Production of &” in “Brevibacterium flavum™ is stimulated
by acid, salt, ethanol, heat and cold stresses (230), whereas, in Streptomyces coelicolor,
the relationship between stressor and induction of sigma factor 1s more so at a one-to-
one ratio (616). Two new sigma factors discovered in Deinococcus radiodurans are
induced by heat and ethanol stress (528). The sigma factor o™ is induced in Bacillus
subtilis in response to antibiotics that inhibit cell-wall synthesis, ethanol, heat shock and
acid pH (but not hydrogen peroxide, detergents or alkaline pH) and is required for
growth during salt stress (587). Among Vibrio spp., o plays a role in diverse stress and
virulence functions as well (263). Sigma factors are the premier regl_llators of the stress
response; it would be incredibly informative to investigate the degree to which they are

active in natural populations of microorganisms.

Compatible solutes represent one possible mechanism that links sigma-factor-mediated
multiple resistances. As discussed earlier, compatible solutes protect cell components
against numerous stressors, including desiccation, fréezing, dehydration, elevated
temperature and oxygen radicals; they can thus be considered general “stress
protectants” (523). The factor o in L, monocytogenes responds to both high salt
concentrations and low temperatures, enabling the uptake of compatible solutes which
appear to confer protection against both osmotic and low-temperature stresses (45, 46).
But there appears to be a different order of events in E. coli: the factor o° is stimulated
normally during stationary phase and in log phase during osmotic stress, heat shock or

acid shock, but, after osmotic stress, K+—glutamate accumulates and appears to stimulate
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o production via rpoS transcription (248). Another compatible solute, trehalose,
protects membrane structure (243) in addition to proteins (203). Further studies are
needed to decipher possible reciprocity between the sigma-factor and compatible-solute

systems.

Another compound that achieves protection against a variety of stresses is glﬁtathione
(y-GluCysGly), a tripeptide rich in thiol groups that is common among Gram-negative
bacteria (175). In E. coli, glutathione protects against toxic electrophiles (180), elevated
salinity (551) and oxidative stress (101, 552). Though rare among Gram-positive
bacteria (175), glutathione was also documented to provide protection against oxidative
stress in Lactococcus lactis (339). It seems likely as well that glutathione could aid in
heavy-metal detoxification via metal-cation sequestration with the thiol groups.
Metallothionein, a thiol-rich polypeptide comprised of ~55 amino-acid residues found
in Synechococcus spp. (602), yeast (595), plants and animals, protects against heavy-
metal stress by sequestering metals with sulfhydryl functional groups (229, 545, 603).
Though metallothionein has yet to be found in other bacteria (largely for a lack of
looking), it is possible that this compound also protects cells against multiple stresses, at

least in Synechococcus.

The synergistic behavior of sigma factors and compatible solutes has been documented
in additional studies. Low-temperature, heat-shock, salt, ethanol, acid, nutrient and
oxygen stresses each induced a o°-mediated general stress response involving over 150
general stress genes in B. subtilis, “preemptively” preparing cells for other stresses (79,
245, 246). Addition of glycine betaine to the growth medium significantly improved
growth in wild-type cells and rescued the wild-type phenotype in SigB-deficient
mutants, indicating that the o° response and accumulation of compatible solutes are
independent mechanisms for coping with low-temperature stress (79). Also indicative

of this overlap, glycine betaine was found to reduce osmotic-stress up-regulation of ¢°
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(and to increase temperature sensitivity) in Salmonella typhimurium and to inhibit

osmotically induced stress genes and multiple resistances (466).

SUMMARY

There are a variety of spatially discontinuous cold, cool, warm and hot metal-enriched
deep-sea brine environments along mid-ocean ridges and in selected pockets in the Gulf
of Mexico, the eastern Mediterranean Sea, and the Red Sea, and more undoubtedly will
be discovered with time. Detailed hydrologic and chemical models and analyses
constrain which microbial physiologies could exist in these environments, but little is
known about which microbes actually inhabit these niches (or even if the very hot
brines can be cooled while retaining their salt and become habitable). The cold, cool
and warm brine habitats are especially confounding given the following reaSons. First,
many deeps are relatively young, and I wonder how quickly anaerobic extreme
halophiles can find their way there. In contrast to anaerobic hyperthermophiles that
may colonize new hydrothermal-vent habitats via subseafloor routes or during transit
through seawater, anaerobic extreme halophiles may not be as durable when exposed to
seawater salinity. Some simple survival experiments would clarify the possibilities.
Alternatively, analogous to the possible hydrothermal-vent connectivity via the mid-
ocean-ridge subseafloor (570), brine deeps may be connected by subseafloor
hypersaline pathways in these regions. Secondly, microbial growth may be constrained
by both the thermodynamics of anaerobic metabolism and the energy expenditure
required to cope with elevated salinity, opening the question of which lifestyles are
possible in these environments. Lastly, how relevant are these isolated environments in
the broader marine perspective of the nearly ubiquitous genus Halomonas and other

moderately halophilic bacteria?
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While there is a solid framework outlining how marine microorganisms cope with
stressors relevant to the ocean and hydrothermal-vent ecosystems (for example,
temperature, hydrostatic pressure, salt and heavy metals), much of the modeling of the
microbial stress response is based on research with Escherichia coli and by the food
industry with non-marine foodborne pathogens. Some of the experiments with non-
marine microorganisms have direct applicability to the organism in question, such as
the starvation and desiccation response of the soil organism, Bacillus subtilis, or the
survival along the pathway that ingested pathogens like Listeria follow through an acid
stomach and a high-osmolarity, low-oxygen small intestine (548). But overall, salted
mackerel and rotting meat serve as oddball venues from which to extrapolate the nature
of microbial multiple resistances in marine environments. Potential mechanistic links
between a generalized stress response and heavy-metal resistance remain elusive, in part
because very few studies incorporate exposure to toxic metals along with other stress
conditions. Regardless, some key links have been forged between the microbial
response to temperature, hydrostatic pressure and salinity: (i) sigma factors that are
induced by a multitude of stressors prepare cells to cope with a multitude of other
stressors and catalyze the repair of damaged cell components; and (ii) compatible
solutes appear to act synergistically with sigma factors to accomplish the same
protective goals. These building blocks christen construction on a model that chips
away at the rationalization that the presence of Halomonas in the ocean may reflect

proximity to a briny habitat (304).

The specific motivating questions in this thesis include the following. Which salient
features of euryhaline and moderately halophilic bacteria contribute to their apparent
success in the deep sea? To what extent and in what manner do Halomonas spp.
tolerate an array of heavy metals? How does hydrostatic pressure constrain where in
the ocean Halomonas spp. can grow? Are Halomonas spp. restricted to hydrothermal-
vent ecosystems or can they proliferate in all deep environments? Do Halomonas

isolates from hydrothermal-vent environments represent distinct populations associated
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with vent and deep-sea ecosystems? What does the euryhaline phenotype of

Halomonas truly mean for the ecology of this and related genera?

The chapters that follow describe the ecology of the moderately halophilic genus
Halomonas in deep-sea and hydrothermal-vent habitats. Characterization of novel
isolates obtained from a variety of vent environments highlight the physiological
versatility of this group with particular regard to the organic compounds they consume,
Cd*" resistance, and the temperature and salinity ranges (at 0.1 MPa) over which they
grow. Phenotypic characteristics are consistent with inhabiting a cool to warm shallow
subseafloor environment associated with hydrothermal vents. Molecular-phylogenetic
analyses using novel primers designed to detect Halomonas and other moderately
halophilic bacteria were performed on low-temperature hydrothermal fluids and deep
seawater, and the results suggest a distinct biogeography for members of this group
(including some of the novel species) and indicate the existence of resident subseafloor
and deep-sea populations. The in situ activity of these poplilations initially remained an
open question, however, given the low minimum temperature for growth (-1 to 2°C) at
0.1 MPa of the novel hydrothermal-vent species and closely related taxa in conjunction
with hydrostatic-pressure-temperature synergism on cellular functions. It was thus
critical to perform hydrostatic-pressure-temperature experiments in order to constrain
where in the deep sea the Halomonas isolates can grow. These experiments also
provide an opportunity to examine the combined interaction of hydrostatic pressure and
temperature with salinity to investigate possible hydrostatic-pressure-salinity and
temperature-salinity synergies as a means to understand why euryhaline bacteria might
be found in deep-sea environments distant from known hypersaline habitats. Growth
curves and cytosolic and membrane protein patterns indicate hydrostatic-pressure-
salinity effects, particularly at low temperature and/or high hydrostatic pressure, that
may be connected via a microbial stress response. A linked stress response between
Cd*" and Zn®" resistance and nutrient limitation and/or reduced oxygen levels was also

suggested by the efficiency with which cells precipitated Cd** and Zn®" (possibly as
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CdS or CdHPO,; unknown for Zn) but only under static growth conditions with high
cell densities during late exponential-phase and stationary-phase growth. The ability of
Halomonas spp. to tolerate an array of heavy metals (Co®” and Cu”" as well) and to
impact hydrothermal-vent metal biogeochemistry may be especially relevant in biofilms
and in animal mucous secretions where heavy metals accumulate to levels far above the

surrounding fluids.
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CHAPTER ONE: Characterization of novel Halomonas species from hydrothermal-

vent environments

Halophilic and halotolerant microorganisms are typically isolated from hypersaline
environments such as lagoons, saline and haloalkaline lakes (the Dead Sea, Great Salt
Lake, thalassohaline Antarctic lakes, African rift soda lakes), artificial salterns, cured
and salty foods, briny petroleum reservoirs, hypersaline desert soils, and sea ice (5, 69,
70, 160, 161, 192, 273, 367, 405, 477, 485, 525, 606, 613, 614, 629, 666). They have
also recently been found in the very dry environment of the walls and murals of a
Medieval chapel (251). This skew in sampling has obscured the observation that
halophilic and halotolerant bacteria are easily isolated from marine sediments, the open
ocean, and low-temperature, seawater-dominated hydrothermal-vent environments (42,
43, 170, 186, 304, 456, 524, 578, 585, 615, 665), where the salinity does not change
significantly on the scale of microbial biochemistry. It remains an open question why
these halophilic and remarkably halotolerant bacteria inhabit surface seawater and the

deep sea distant from coastal hypersaline habitats.

Moderately halophilic bacteria are surprisingly abundant in surface seawater, at mid-
ocean depths, in deep water, and in low-temperature hydrothermal fluids and plumes,
sometimes comprising upwards of 10% of the total marine microbial assemblage (304).
Strains of Halomonas and Marinobacter as identified by 16S rRNA gene sequence

analysis were consistently found in these water-column and hydrothermal-vent samples
(304).

Twenty-four species of Halomonas have previously been described (22, 24, 251, 485,
504, 666). The strains described here are the first to be characterized from the deep sea
and from hydrothermal-vent habitats, and three isolates are also the first isolated using
oligotrophic quantities of organic carbon to be characterized. In addition, our results

show that four isolates represent new species of the genus Halomonas. The proposed
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names are Halomonas neptunia sp. nov., Halomonas sulfidaeris sp. nov., Halomonas

axialensis sp. nov. and Halomonas hydrothermalis sp. nov.

METHODS

Sample collection

In 1991, hydrothermal-plume femperamre and particle anomalies above the Main
Endeavour Field (MEF, 47°57'N 129°06'W) on the Endeavour Segment of the Juan de
Fuca Ridge were detected using a conductivity-temperature-depth-transmissometry
package. Plume water was procured with Niskin bottles from ~2000-m depth. In 1995
and 1998, sulfide rock and low-temperature hydrothermal-fluid seafloor emissions were
collected with manipulator arms, Niskin bottles or titanium syringe samplers (624)
mounted onto the Deep-Submergence Vehicle Alvin or the Remote-Operated Vehicle
ROPOS. These samples were obtained from Axial Seamount (45°56'N 129°59'W)
located on the Juan de Fuca Ridge during ROPOS dive 462 to Cloud vent (27°C), and
from the Southern East Pacific Rise (SEPR, 17°25'S 113°12'W) during Alvin dive 3300
at a 9°C vent site. The MEF, Axial Seamount and SEPR sites are located at seawater

depths of 2200 m, 1530 m and 2580 m, respectively.

Enrichment and isolation

For strains Eplumel”, Eplume? and Esulfidel”, the enrichment medium contained
synthetic seawater (SSB), 10 ml (per liter of SSB) of Trace Elements F solution, and
additional nutrients. SSB has (per liter deionized water) 19.6 g NaCl, 3.3 g Na;SOq4, 0.5
g KCl, 0.05 g KBr, 0.02 g H;BO; and 8.8 g MgClL-6H,0 (33). Trace Elements F
solution consists of (per liter of deionized water) 0.05 g AL(SO4)3, 0.1 g H3BO3,0.05 g
LiCl, 0.1 g Na;MoQO4-2H,0, 0.05 g KBr, 0.05 g KI, 0.05 g NaF, 0.1 g ZnSO47H,0,
0.005 g BaCl,, 0.005 g CoCl,6H20, 0.01 g CuS04'5H,0, 0.2 g MnCl,4H,0, 0.01 g
NiCl,-6H,0, 0.005 g Na,SeQ,, 0.005 g SrCl,-6H,0, 0.005 g HyWO, and 0.005 g
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VOSO04H,0 (33, 467). For strains Eplumel” and Eplume? the trace elements solution
also contained 0.015 g NiCl,-6H,0 but no NaF. The additional components of the
enrichment medium are (per liter of SSB) 1.605 g NaNOs, 5.0 g Na,S,03-5H,0, 0.02 g
yeast extract, 1.0 g PIPES buffer, 0.002 g FeSO47H,0, 0.15 g MnSO4+H;0, 0.1 g
CaCly, 0.430 g (NH4)2S04, 0.036 g KH;PO4 and 13 g purified agar. The Trace
Elements F solution, FeSO4 7H20, MnSO4-H,0, CaCl,, (NH4),S04, 0.605 g of the
NaNO; and KH,PO, were added to the medium after autoclaving via filter sterilization.

The pH was adjusted to 7.0.

Strains Eplumel” and Eplume?2 were obtained from plume water that was passed
through 0.2-pm polycarbonate filters, placed onto agar slants in stoppered serum
bottles, and incubated at 2°C with an air headspace into which CH, was injected. Strain
Esulfidel” was isolated from a sulfide rock sample that was smeared onto an agar

surface and incubated under an air headspace at 20°C.

Strains Althf1”, Slthfl and Sithf2" were enriched with the medium described above
except that it contained 160 g I"' NaCl and 1.0 g I'! trisodium citrate but no agar. Broth
tubes were incubated with an air headspace at 20°C onboard ship. These tubes were
part of quantitative enrichments using the Most Probable Number (MPN) technique
(227).

Growth experiments

The growth medium used to determine the temperature and pH ranges was a broth
containing SSB (3.2% total salts; 0.45 M Na"), 10 ml of Trace Elements F solution, the
additional components listed above (except for PIPES), and 1.0 g I"* trisodium citrate.
The pH range was performed at 20°C. For the temperature and salt growth curves, Tris
buffer (2.4 g 1) was added and the pH was adjusted to 8.0. Cells were tested for
growth at —5°C in this medium with 160 g 1" NaCl (18% total salts; 2.9 M Na"). For
the salt growth curves (performed at 30°C), the amouht of NaCl varied from 0 t0 250 g
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I, whereby the total amount of salt ranged from 21 t0 270 g I'(0.124.4 M Na").
Growth was also tested with 0.5% total salts and without any salt. Cd** tolerance (0.05,
0.5,1.0,2.0, 3.0, 4.0 and 5.0 mM) was assayed (20°C, SSB salt concentration, pH 7.0)
by adding a filter-sterilized solution of CdCl,-2.5H,0 dissolved in SSB, and the lowest
concentration that completely inhibited growth is reported. Anaerobic growth and
anaerobic nitrate reduction were tested (20°C, SSB salt concentration, pH 7.0) by
dispensing the growth medium into Balch tubes, purging and filling the tubes with Ar
four times while vortexing (31), reducing with Na;S-9H,0 (0.05% final concentration),
monitoring oxygen removal with resazurin (0.0002% final concentration), and
colorimetrically assaying nitrite production (550). Anaerobic growth was also checked
at 20°C with stabs of modified Hugh and Leifson medium With SSB and glucose as the
only carbon source (550). Under certain growth conditions when cell yield was low,
growth was noted as positive if the number of cells crested >10" ml™' from an initial

concentration of <10° mI™" as monitored by phase-contrast microscopy.

For growth rate calculations, 40 ml of media were dispensed into autoclaved 125-ml
flasks with foam stoppers or aluminum foil covers and inoculated. Growth rates were
determined by monitoring optical density at 600 nm using a Lambda2S UV/VIS
Spectrophotometer (Perkin Elmer). The slope of the log of the exponential-growth
portion of the growth curve was averaged from triplicate runs. In order to convert
optical density to cell number, growth rates were simultaneously determined in
triplicate by monitoring the increase in cell concentration obtained by direct counts with
DAPI (4',6-diamidino-2-phenylindole) (471) at pH 7.0, 20°C, and SSB salt

concentration, and the appropriate ratios were calculated.

Phenotypic characteristics
Tests for 121 characteristics, including morphological, cultural, physiological,
biochemical and nutritional features, were performed (Table 1.1). Test procedures have

been described previously (206, 477, 614).
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Transmission electron microscopy

Log-phase cells were harvested by centrifuging at 2,000-3,000 X g for 20 min at 4°C.
The pellet was resuspended in the growth medium and fixed with electron microscopy-
grade glutaraldehyde (3% final concentration) for 2 h at 2°C. For thin sections, cells
were pelleted, resuspended in 1% OsO4, dehydrated, embedded in Spurr’s low-viscosity
medium, thin sectioned, and stained with 6% uranyl acetate and lead citrate for 10 min
(Fig 1.1). For determination of flagellar arrangement, log-phase cells were stained with
phosphotungstic acid or ammonium molybdate and directly spotted onto copper grids.
Samples were photographed using a JEM 1200 EXII transmission electron microscope
(JEOL).

DNA extraction and purification

Cells from the strains included in Table 1.2 were harvested, washed, suspended in 0.15
M NaCl-0.1 M EDTA buffer at pH 8.0 (5 g wet weight in 50 ml of buffer), and lysed
with ~10 mg lysozyme at 37°C and with sodium dodecyl sulfate (2% final
concentration) at 60°C. The DNA was extracted and purified by standard procedure
(359). The purity was assessed from the Az¢0/Azso and Az3o/Aszeo extinction ratios (283).

DNA base composition

The mol% G+C content of the DNA was determined from the midpoint value of the
thermal denaturation profile (360) obtained with a model UV/VIS Lambda 20
Spectrophotometer (Perkin Elmer) at 260 nmy; this instrument was programmed for a
temperature increase of 1.0°C min~'. The G+C content was calculated from the thermal
denaturation temperature equation (458). The G+C content of reference DNA from
Escherichia coli NCTC 9001 was taken to be 51 mol% (459).
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Preparation of ’H-labeled DNA and DNA-DNA hybridization experiments

DNA was radioactively labeled by the multiprime system with a commercial kit (RPN
1601Y; Amersham), using (1',2',5-3H) dCTP (Amersham). The average specific
activity obtained with this procedure was 8.8 X 10° cpm DNA pg™'. The labeled DNA
was denatured before hybridization by being heated at 100°C for 5 min and then placed
onice. DNA-DNA hybridization was studied by the competition procedure (283).
Competitor DNA was sonicated (Braun Melsungen) at 50 W for two 15-s intervals.
Membrane filters (HAHY ; Miilipore) containing reference DNA (~25 ug cm %) were
placed in 5-ml screw cap vials that contained the labeled, sheared, denatured DNA and
the denatured, sheared competitor DNA. The ratio of the concentration of competitor
DNA to the concentration of labeled DNA was at least 150:1. The final reaction
concentrations were 2X saline-citrate solution (0.15 M NaCl-0.015 M trisodium citrate,
pH 7 + 0.2) and 30% formamide, and the final volume was 140 pl. The hybridization
experiments were carried out under optimal conditions with temperatures ranging
between 55.0 and 55.5°C, which is within the limits of validity for the filter method
(134). The vials were shaken slightly for 18 h in a water bath (Grant Instruments);
these procedures were done in triplicate. After hybridization the filters were measured
with a liquid scintillation counter (Beckman Instruments), and the percentage of
hybridization was calculated (283). At least two independenf determinations were
carried out for each experiment; the mean values are reported here. The overall
standard deviation was ~6%, and in the case of high DNA similarity values (>70%), it

was ~2%.

Comparative analysis of 16S rRNA gene sequences

Pure cultures of the novel isolates shown in Fig. 1.3 were grown in 500-ml flasks and
pelleted by centrifuging at 10,000 X g for 2040 min at 4°C. Genomic DNA was
extracted using the IsoQuick kit (Orca Research). Almost complete 168 rRNA gene
sequences were obtained by using the polymerase chain reaction with the bacterial

primers 8F (5'-AGA GTT TGA TCC TGG CTC AG), 519R (5'-GWA TTA CCG CGG
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CKG CTG), 515F (5'-GTG CCA AGC MGC CGC GGT AA), 907R (5'-CCG TCA
ATT CMT TTR AGT TT), 926F (5'-AAA CTY AAA KGA ATT GAC GG) and 1492R
(5'-GGT TAC CTT GTT ACG ACT T) (333). Gene fragments were sequenced with an
Applied Biosystems sequencer (ABI) Model 373 A or a MegaBACE 1000 (Molecular
Dynamics) at the University of Washington Marine Molecular Biotechnology
Laboratory or an ABI100 at the Molecular Genetics Instrumentation Facility at the
University of Georgia, Athens. Sequences of approximately 1300 base-pairs length
(bases 95-1406, E. coli numbering) were aligned with other sequences acquired from
the GenBank database after excising variable stem-loops (bases 201-216 and
1135-1139, E. coli numbering). A maximum-likelihood phylogenetic tree including
other members of the family Halomonadaceae was constructed with TREE-PUZZLE
version 5.0 (529, 568) and visualized with TreeView version 1.5 (460). GenBank
accession numbers are strain Eplumel” AF212202; strain Eplume2 AF212201; strain
Esulfide1” AF212204; strain Althf1® AF212206; strain Slthfl AF212217; and strain
Sithf2" AF212218.

RESULTS

Enrichment and isolation

All six strains derived from various hydrothermal-vent environments in the North or
South Pacific Ocean (Table 1.1). Strains Eplumel”, Eplume2 and Esulfide1” were
isolated from primary enrichment colonies, whereas strains Althf1”, Slthfl and Sithf2”
derived from 100-pl aliquots from three different most dilute MPN enrichment tubes
(1:50 to 1:500 dilutions) spread onto agar surfaces.

Phenotypic characterization
All strains were motile rods with peritrichous flagella, 2-3 um in length and 1 pm in

width (1.5-pm width for strain Slthf2"). Transmission electron micrographs are
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provided in Fig. 1.1. The cells maintained their shape under all growth conditions at
different temperatures and salinities, except for strains Eplume2 and Slthfl which
formed chains of incompletely divided cells at <2°C. Colonies were round, smooth and
cream-colored. Endospores were not observed for any strain under any condition. All
strains were psychrotolerant and either slightly or moderately halophilic (Fig. 1.2).
Temperature, salt and pH ranges and optima and other phenotypic data are summarized
in Table 1.1.

G+C content
The G+C content of the DNA of the six strains ranged between 56.0 and 57.6 mol%
(Table 1.2). These values are similar to those described for members of the genus

Halomonas (24, 158).

DNA-DNA hybridization

The percentage of DNA hybridization obtained between strains Eplume1”, Esulfidel”,
Althf1” and Sithf2" and with previously characterized Halomonas spp. was very low
(1-53%). Strains Eplume2 and Slthfl had >70% DNA hybridization with each other
and with H. meridiana DSM 5425, indicating that they are members of this species.

Hybridization data are summarized in Table 1.2.

Phylogenetic analysis

The almost complete 16S TRNA genes of the six isolates were sequenced and a
phylogenetic tree with other members of the family Halomonadaceae was constructed
(Fig. 1.3). All six strains were phylogenetically closely related to species in Group 2
(24) of the genus Halomonas. DNA-DNA hybridization data were consistent with the
16S rRNA gene phylogehy.
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DISCUSSION

Members of the genus Halomonas are found in a wide variety of habitats that
encompass a broad range in salinity, temperature, hydrostatic pressure, concentration of
organic carbon and pH (69, 170, 251, 304, 405, 443, 456, 485, 524, 577, 578, 585, 613,
665, 666). The numerical significance of members of this genus in hydrothermal-vent -
and pelagic environments (304) underscores why it is important to understand their
physiology, growth rates and metabolic capabilities. Their success in diverse marine
microbial ecosystems may be attributed to their metabolic and physiological versatility.
The Halomonas isolates described here and previously can oxidize an extensive variety
of organic compounds (42, 43, 304, 372, 613), which may directly contribute to their
survival in the marine environment by enabling them to take advantage of many forms
of transiently available nutrients. In addition, three of the novel strains were isolated
with oligotrophic quantities of organic carbon. This study augments previous reports
(384) of members of the genus Halomonas able to grow on the low levels of (albeit

high-quality) carbon relevant to most of the marine ecosystem.

The phenotypic data presented in Table 1.1 reveal the enzymological and metabolic
variability among the members of Halomonas 165 rRNA Group 2 (24). The percentage
of characteristics shared between the six novel isolates and their closest phylogenetic
relatives varied between 51 and 70% for strains Eplume2, Slthfl and Althf1" with H.
meridiana, H. aqguamarina and H. magadiensis, 51 and 78% for strains Eplumel” and
Esulfide1” with H. variabilis and H. glaciei, and 69% for strain Sithf2" with H. venusta.
Strains Eplume2 and Slthf1 each only shared 51% of traits in common with the type
species of H. meridiana, consistent with the phenotypic variability observed in this
species (273). One caveat of phenotypic comparisons, however, is that the conditions
and media used to determine these traits vary between studies, which may partially
explain why the phenotypic data poorly mirror the phylogeny. Yet when contrasting the
phylogeny based on 16S or 23S rRNA gene sequences (24) with phenotypic
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dendrograms (372) for which data were generated under identical conditions among the
species examined, the incongruity between hypothesized evolutionary history and

present-day phenotype is immediately apparent.

It is interesting to note that often the novel strains were more similar to one another than
to previously described species. For example, strains Eplume2, Slthfl and Althf 1"
shared 66-83% of traits in common, and strains Eplume1” and Esulfidel” gave 70% of
the same responses to physiological tests. Of particular note is that the novel strains
tolerated 0’.05~4.0 mM Cd** (and were inhibited by 0.5-5.0 mM Cd*"), reduced nitrate
to nitrite (strains Slthfl and Slthf2" also reduced nitrite), and grew weakly without
oxygen. Four strains also reduced nitrate anaérobically. These abilities are
hypothesized to be key adaptations for living in warm, heavy-metal-enriched
subseafloor habitats associated with hydrothermal vents, where oxygen may become
limiting at temperatures as low as ~10°C and nitrate and nitrite may become limiting at
~30°C (92, 261, 274, 378). The higher phenotypic similarity values among the
hydrothermal-vent isolates may indeed reflect their common (yet geographically

disparate) habitat of origin.

Another consistent difference with previously characterized Halomonas spp. was that
the cardinal temperatures for growth were more similar to Antarctic and sea-ice
Halomonas isolates (70, 192, 485), shifted cooler by 5-10°C, than to Halomonas strains
isolated at higher incubation temperatures and/or from higher temperature and surface-
pressure environments (613). This is not surprising given that cold temperatures can be »
analogous to high hydrostatic pressures with respect to their effects on proteins and
phospholipids (Introduction; 39). Strains Eplume1”, Eplume2, Esulfidel” and Sithf2”
were obtained from hydrothermal-vent samples at <10°C; the downshift in temperature
growth characteristics is presumed to reflect an adaptation to cold, pressurized deep-sea’

habitats. In addition, the isolation of cold-shifted strain Althfl’ from a warm (27°C)
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deep-sea hydrothermal vent indicates that the cold-shifted phenotype observed at 0.1

MPa may in fact reflect an overarching hydrostatic-pressure adaptation.

The cold-shifted temperature growth characteristics were also reflected in the
phylogeny. Isolates Eplume?2, Slthfl and Althf 1" showed a close phylogenetic
relationship with H. meridiana, which was isolated from a seasonally sub-zero
Antarctic hypersaline lake (273). H. glaciei, isolated from Antarctic fast ice, was a
close relative of strains EplumelT and Esulfidel” as well. (The depth and temperature
of the environment from which H. aquamarina was isolated was not reported [677]).
The phylogenetic link between Antarctic and deep-sea hydrothermal-vent bacteria has
been observed previously among numerous Halomonas isolates (443). However, given
that strain SIthf2" was closely related to H. venusta (isolated from tropical surface
seawater [42]) and given that H. variabilis (isolated from the Great Salt Lake at 22°C
[178]) was as close a cousin as H. glaciei to EplumelT and Esulfide1”, the phylogenetic
clustering of cold-shifted Halomonas was not as robust as the psychropiezophilic
monophyly observed among other y-Proteobacteria such as Colwellia and Shewanella

(142, 301).

It is interesting to find bacteria in the deep sea with optimal growth at a salt
concentration greater than seawater salinity and with the ability to tolerate up to
22-27% total salts. Low-temperature hydrothermal-vent fluids (<100°C) are a mixture
of seawater and hot hydrothermal or crustal fluid (92), the salinity of which can vary
between one-tenth to twice that of seawater (619). Typically seawater is the dominant
component of low-temperature hydrothermal fluids and its proportion varies inversely
with temperature (93, 123, 322). The fluids from which strains Althf17, Slthfl and
Sithf2" were obtained were comprised of >90% seawater and had salt contents
(measured as chlorinity) slightly less than the ambient deep-sea concentrations (91,
620). Hydrothermal plumes, from which strains Eplume1” and Eplume2 were isolated,

are even more dilute in hydrothermal component than low-temperature fluids and are
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>99.9% seawater (340). The pore-water salinity within sulfide structures, such as
where strain Esulfidel” was isolated, is poorly constrained, however. Takai et al. (577)
found evidence of obligately halophilic archaea within a sulfide structure based on an
environmental 165 rRNA gene sequence phylogeny, suggestive of a stable brine
environment. But without direct measurements, the salinity of the interstitial fluids in
this dynamic habitat remains unknown. Hot subseafloor brines have also been proposed
as a proximal hypersaline habitat (304). It is difficult to envision, however, that
conductive cooling of extremely hot hypersaline fluids deep within the oceanic crust
would be sufficient to create an accessible, extensive hypersaline habitat at a

temperature that would permit the growth of Halomonas spp.

Habitats such as sea ice, Antarctic hypersaline lakes, and saline alkaline waters confront
microorganisms with multiple physiological stresses. These environments also contain
Halomonas spp. Therefore it was not surprising to culture novel Halomonas 1solates
from deep-sea hydrothermal-vent habitats, where microorganisms are typically
responding to dynamic nutrient regimes and fluctuating temperatures and heavy-metal

~ concentrations, all while under moderate hydrostatic pressures (295). The novel
microorganisms described here comprise the first complete characterizations of
Halomonas strains isolated from deep-sea and hydrothermal-vent habitats, some of
which are also the first to be enriched with oligotrophic concentrations of organic
carbon. Based on the phylogeny, levels of DNA-DNA hybridization, and phenotypic
differences among the novel and previously described taxa, we conclude that four of the

strains represent novel species within the genus Halomonas.

NOVEL STRAIN AND SPECIES DESCRIPTIONS

The following novel Halomonas species names are used through the remainder of this

thesis.
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Description of Halomonas neptunia sp. nov.

Halomonas neptunia (nep.tu'ni.a. L. fem. adj. neptunia, Neptunian, pertaining to

Neptunus, Roman god of the sea).

Cells are rods with rounded ends, stain Gram negative, are motile with peritrichous
flagella and are found primarily as single cells and doublets. Individual cells measure
2-3 um in length and 1 pm in width under all growth conditions. No spores are
observed under any condition. Colonies are round, smooth and cream colored.
Facultative acrobic growth. Nitrate is reduced under aerobic and anaerobic conditions.
Nitrite is not reduced under aerobic conditions. Positive activity for cytochrome
oxidase and catalase. Negative activity for phenylalanine deaminase, lysine and
ornithine decarboxylase, and DNAse. No growth on Simmon’s citrate agar. Indole and

H,S are not produced. Negative reaction to methyl red and Voges-Proskauer test.

Psychrotolerant growth between —1 and 35°C, with an optimum of 30°C. No growth at
—=5°C (with 18% total salts) or 40°C. Growth from pH 5.0 to 12.0 with an optimum of
pH 7.0-8.0. No growth at pH 4.0 or 13.0. Halophilic, growing with 0.5-27% total salts
and optimally at 2-3% total salts. No growth without salt. Growth with up to 2.0 mM
cd™. |

Tween-80, starch, casein and gelatin are not hydrolyzed. Acid is produced from D-
galactose and D-glucose, but not from lactose, maltose, D-mannose, D-trehalose, D-
xylose, L-arabinose, D-fructose, glycerol or sucrose. Growth on L-arabinose, D-
cellobiose, D-fructose, D-galactose, D-glucose, lactose, maltose, D-mannose, D-
melibiose, L-raffinose, L-thamnose, D-ribose, sucrose, D-trehalose, D-xylose, erythritol,
ethanol, glycerol, D-mannitol, D-sorbitol, acetate, butyrate, citrate, fumarate, D,L-
glycerate, L-glutamate, D,L-malate, malonate, D-saccharate, succinate, tartrate, L-

alanine, L-arginine, L-asparagine, betaine, L-glutamine, L-lysine and L-proline. No
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growth on inulin, propanol, aconitate, a-ketoglutarate, propionate, creatine, glycine, D-
fucose, galactosamine, D-gluconolactone, D-glucosamine, adonitol, dulcitol, a-
aminobutyrate, a-aminovalerate, caprylate, lactate, oxalate, L-histidine, L-methionine,

L-ornithine, putrescine, sarcosine, L-serine, L-threonine or L-valine.
DNA G+C content is 57.3 mol% (7, method).

Type strain: Eplumel”, isolated from a hydrothermal plume at 2000-m depth above the
Main Endeavour Field of the Endeavour Segment of the Juan de Fuca Ridge, northeast
Pacific Ocean, has been deposited as ATCC BAA-805" = CECT 58157 = DSM 15720"
= CCM 7107".

Description of Halomonas sulfidaeris sp. nov.

Halomonas sulfidaeris (sul.fid.ae'ris. N.L. neut. n. sulfidum, sulfide; L. neut. gen. n.

aeris, of ore; N.L. neut. gen. n. sulfidaeris, from sulfide ore).

Cells are rods with rounded ends, stain Gram negative, are motile with peritrichous
flagella and are found primarily as single cells and doublets. Individual cells measure
2-3 pm in length and 1 um in width under all growth conditions. No spores are
observed under any condition. Colonies are round, smooth and cream colored.
Facultative aerobic growth. Nitrate is reduced under aerobic and anaerobic conditions.
Nitrite is not reduced under aerobic conditions. Positive activity for cytochrome
oxidase and catalase. Negative activity for phenylalanine deaminase, lysine and
ornithine decarboxylase, and DNAse. No growth on Simmon’s citrate agar. Indole and

H,S are not produced. Negative reaction to methyl red and Voges-Proskauer test.

Psychrotolerant growth between —1 and 35°C, with a broad optimum between 20-35°C.
No growth at —5°C (with 18% total salts) or 40°C. Growth from pH 5.0 to 10.0 with an
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optimum of pH 7.0-8.0. No growth at pH 4.0 or 11.0. Halophilic, growing with
0.5-24% total salts and optimally at 2—3% total salts. No growth without salt. Growth
with up to 0.05 mM Cd*",

Casein, but not Tween-80, starch or gelatin, is hydrolyzed. Acid is produced from D-
galactose, D-glucose, lactose, maltose, D-mannose and D-xylose, but not from D-
trehalose, L-arabinose, D-fructose, glycerol or sucrose. Growth on L-arabinose, D-
fructose, sucrose, D-trehalose, D-xylose, ethanol, D-mannitol, propanol, butyrate,
fumarate, D,L-glycerate, L-glutamate, D,L-malate, malonate, D-saccharate, tartrate, L-
arginine, L-asparagine, betaine and L-lysine. No growth on D-cellobiose, D-galactose,
D-glucose, inulin, lactose, maltose, D-mannose, D-melibiose, L-raffinose, L-rhamnose,
D-ribose, erythritol, glycerol, D-sorbitol, acetate, aconitate, a-ketoglutarate, citrate,
propionate, succinate, L-alanine, creatine, glycine, L-glutamine, L-proline, D-fucose,
galactosamine, D-gluconolactone, D-glucosamine, adonitol, dulcitol, a-aminobutyrate,
o-aminovalerate, caprylate, lactate, oxalate, L-histidine, L-methionine, L-ornithine,

putrescine, sarcosine, L-serine, L-threonine or L-valine.

DNA G+C content is 56.0 mol% (7}, method).

Type strain: Esulfidel”, isolated from a metal-sulfide rock at 2200-m depth from the
Main Endeavour Field of the Endeavour Segment of the Juan de Fuca Ridge, northeast

Pacific Ocean, has been deposited as ATCC BAA-803" = CECT 5817 = DSM 157227
=CCM 7108".

Description of Halomonas axialensis sp. nov.

Halomonas axialensis (a.xi.a.len'sis. N.L. masc./fem. adj. axialensis, pertaining to

Axial Seamount, Juan de Fuca Ridge, northeast Pacific Ocean).
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Cells are rods with rounded ends, stain Gram negative, are motile with peritrichous
flagella and are found primarily as single cells and doublets. Individual cells measure
2-3 um in length and 1 um in width under all growth conditions. No spores are
observed under any condition. Colonies are round, smooth and cream colored.
Facultative aerobic growth. Nitrate is reduced under aerobic conditions and slightly
under anaerobic conditions. Nitrite is not reduced under aerobic conditions. Positive
activity for cytochrome oxidase and catalase. Negative activity for phenylalanine
deaminase, lysine and ornithine decarboxylase, and DNAse. No growth on Simmon’s
citrate agar. Indole and H,S are not produced. Negative reaction to methyl red and

Voges-Proskauer test.

Psychrotolerant growth between —1 and 35°C, with an optimum of 30°C. No growth at
—~5°C (with 18% total salts) or 40°C. Growth from pH 5.0 to 12.0 with an optimum of
pH 7.0-8.0. No growth at pH 4.0 or 13.0. Moderately halophilic, growing with
0.5-24% total salts and optimally at 4% total salts. No growth without salt. Growth
with up to 0.05 mM Cd*".

Tween-80, starch, casein and gelatin are not hydrolyzed. Acid is produced from D-
glucose and D-trehalose, but not from D-galactose, lactose, maltose, D-mannose, D-
xylose, L-arabinose, D-fructose, glycerol or sucrose. Growth on L-arabinose, D-fructose,
D-glucose, maltose, sucrose, ethanol, butyrate, fumarate, L-glutamate, D,L-malate and
tartrate. No growth on D-cellobiose, D-galactose, inulin, lactose, D-mannose, D-
melibiose, L-raffinose, L-thamnose, D-ribose, D-trehalose, D-xylose, erythritol, glycerol,
D-mannitol, propanol, D-sorbitol, acetate, aconitate, a-ketoglutarate, citrate, D,L-
glycerate, malonate, propionate, D-saccharate, succinate, L-alanine, L-arginine, L-
asparagine, betaine, creatine, glycine, L-glutamine, L-lysine, L-proline, D-fucose,
galactosamine, D-gluconolactone, D-glucosamine, adonitol, dulcitol, a-aminobutyrate,
o-aminovalerate, caprylate, lactate, oxalate, L-histidine, L-methionine, L-ornithine,

putrescine, sarcosine, L-sering, L-threonine or L-valine.
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DNA G+C content is 57.6 mol% (T, method).

Type strain: Althfl”, isolated from low-temperature hydrothermal fluid (Cloud Vent) at
1530-m depth on Axial Seamount on the Juan de Fuca Ridge, northeast Pacific Ocean,

has been deposited as ATCC BAA-802" = CECT 58127 = DSM 157237 = CCM 7103".
Description of Halomonas hydrothermalis sp. nov.

Halomonas hydrothermalis (hy.dro.ther.ma'lis. N.L. masc./fem. adj. thermalis
pertaining to hot springs; N.L. masc./fem. adj. hydrothermalis, pertaining to

hydrothermal vents).

Cells are squat rods with rounded ends, stain Gram negative, are motile with
peritrichous flagella and are found primarily as single cells and doublets. Individual
cells measure 2-3 pm in length and 1.5 pm in width under all growth conditions. No
spores are observed under any condition. Colonies are round, smooth and cream
colored. Facultative aerobic growth. Nitrate is reduced under aerobic, but not
anaerobic, conditions. Nitrite is reduced under aerobic conditions. Positive activity for
cytochrome oxidase, catalase and DNAse. Negative activity for phenylalanine
deaminase and lysine and ornithine decarboxylase. No growth on Simmon’s citrate
agar. Indole and H,S are not produced. Negative reaction to methyl red and Voges-

Proskauer test.

Psychrotolerant growth between 2 and 40°C, with an optimum of 30°C. No growth at
~1 or 50°C. Growth from pH 5.0 to 12.0 with an optimum of pH 7.0-8.0. No growth at
pH 4.0 or 13.0. Moderately halophilic, growing with 0.5-22% total salts and optimally
at 4-7% total salts. No growth without salt. Growth with up to 0.05 mM ca*.
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Tween-80, starch, casein and gelatin are not hydrolyzed. Acid is produced from D-
glucose, but not from D-galactose, lactose, maltose, D-mannose, D-trehalose, D-xylose,
L-arabinose, D-fructose, glycerol or sucrose. Growth on L-arabinose, D-fructose, D-
galactose, D-glucose, inulin, maltose, D-mannose, sucrose, D-trehalose, glycerol, D-
mannitol, acetate, butyrate, a-ketoglutarate, citrate, fumarate, D,L-glycerate, L-
glutamate, D,L-malate, malonate, propionate, L-arginine, L-asparagine, L-glutamine, L-
lysine and L-proline. No growth on D-cellobiose, lactose, D-melibiose, L-raffinose, L-
rhamnose, D-ribose, D-xylose, erythritol, ethanol, propanol, D-sorbitol, aconitate, D-
saccharate, succinate, tartrate, L-alanine, betaine, creatine, glycine, D-fucose,
galactosamine, D-gluconolactone, D-glucosamine, adonitol, dulcitol, a-aminobutyrate,
a-aminovalerate, caprylate, lactate, oxalate, L-histidine, L-methionine, L-ornithine,

putrescine, sarcosine, L-serine, L-threonine or L-valine.
DNA G+C content is 56.3 mol% (7}, method).

Type strain: Sithf2", isolated from low-temperature hydrothermal fluid at 2580-m depth
at 17.5°S on the SEPR, South Pacific Ocean near Easter Island, has been deposited as
ATCC BAA-800" = CECT 58147 = DSM 157257 = CCM 7104".

Description of Halomonas meridiana strain Eplume2

Cells are rods with rounded ends, stain Gram negative, are motile with peritrichous
flagella and are found primarily as single cells and doublets. Individual cells measure
2-3 um in length and 1 pm in width under all growth conditions. Chains of
incompletely divided cells are common when grown at 2°C. No spores are observed
under any condition. Colonies are round, smooth and cream colored. Facultative
aerobic growth. Nitrate is reduced under aerobic conditions and slightly under
anaerobic conditions. Nitrite is not reduced under aerobic conditions. Positive activity

for cytochrome oxidase and catalase. Negative activity for phenylalanine deaminase,
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lysine and ornithine decarboxylase, and DNAse. No growth on Simmon’s citrate agar.
Indole is not produced. H,S is produced. Negative reaction to methyl red and Voges-

Proskauer test.

Psychrotolerant growth between 2 and 35°C, with an optimum of 30°C. No growth at
—5°C (with 18% total salts) or 40°C. Growth from pH 5.0 to 11.0 with an optimum of
pH 7.0-8.0. No growth at pH 4.0 or 12.0. Slightly halophilic to halophilic, growing
with 0.5-24% total salts and optimally at 2-3% total salts. No growth without salt.
Growth with up to 3.0 mM Cd*".

Tween-80, starch, casein and gelatin are not hydrolyzed. Acid is produced from D-
galactose, D-glucose and D-trehalose, but not from lactose, maltose, D-mannose, D-
xylose, L-arabinose, D-fructose, glycerol or sucrose. Growth on L-arabinose, D-
cellobiose, D-fructose, D-galactose, D-glucose, lactose, maltose, D-mannose, D-
melibiose, L-raffinose, L-thamnose, D-ribose, sucrose, D-trehalose, D-xylose, erythritol,
glycerol, D-mannitol, propanol, D-sorbitol, acetate, butyrate, citrate, fumarate, D,L-
glycerate, L-glutamate, D,L-malate, malonate, D-saccharate, succinate, tartrate, L-
arginine, L-asparagine, betaine, L-glutamine, L-lysine and L-proline. No growth on
inulin, ethanol, aconitate, a-ketoglutarate, propionate, L-alanine, creatine, glycine, D-
fucose, galactosamine, D-gluconolactone, D-glucosamine, adonitol, dulcitol, a-
aminobutyrate, a-aminovalerate, capryiate, lactate, oxalate, L-histidine, L-methionine,

L-ornithine, putrescine, sarcosine, L-serine, L-threonine or L-valine.
DNA G+C content is 56.7 mol % (7}, method).

New strain of H. meridiana: strain Eplume2, isolated from a hydrothermal plume at
2000-m depth above the Main Endeavour Field of the Endeavour Segment of the Juan
de Fuca Ridge, northeast Pacific Ocean, has been deposited as ATCC BAA-804" =
CECT 5816" =DSM 157217 = CCM 7106".
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Description of Halomonas meridiana strain Slthfl

Cells are rods with rounded ends, stain Gram negative, are motile with peritrichous
flagelia and are found primarily as single cells and doublets. Individual cells measure
2-3 pm in length and 1 pm in width under all growth conditions. Chains of
incompletely divided cells are common when grown at 2°C. No spores are observed
under any condition. Colonies are round, smooth and cream colored. Facultative
aerobic growth. Nitrate is reduced under aerobic, but not anaerobic, conditions. Nitrite
is reduced under aerobic conditions. Positive activity for cytochrome oxidase and
catalase. Negative activity for phenylalanine deaminase, lysine and ornithine
decarboxylase, and DNAse. No growth on Simmon’s citrate agar. Indole and H,S are

not produced. Negative reaction to methyl red and Voges-Proskauer test.

Psychrotolerant growth between —1 and 40°C, with a broad optimum of 20-35°C. No
growth at —5°C (with 18% total salts) or 50°C. Growth from pH 5.0 to 12.0 with an
optimum of pH 7.0-8.0. No growth at pH 4.0 or 13.0. Halophilic to moderately
halophilic, growing with 0.5-22% total salts and optimally at 2-7% total salts. Growth
with up to 2.0 mM Cd*".

Tween-80, starch, casein and gelatin are not hydrolyzed. Acid is produced from D-
galactose and D-glucose, but not from lactose, maltose, D-mannose, D-trehalose, D-
xylose, L-arabinose, D-fructose, glycerol or sucrose. Growth on L-arabinose, D-fructose,
D-glucose, inulin, maltose, D-ribose, sucrose, D-trehalose, ethanol, glycerol, acetate,
butyrate, citrate, fumarate, D,L-glycerate, L-glutamate, D,L-malate, malonate, propionate,
L-alanine, L-arginine, L-asparagine, L-glutamine and L-proline. No growth on D-
cellobiose, D-galactose, lactose, D-mannose, D-melibiose, L-raffinose, L-thamnose, D-
xylose, erythritol, D-mannitol, propanol, D-sorbitol, aconitate, a-ketoglutarate, D-

saccharate, succinate, tartrate, betaine, creatine, glycine, L-lysine, D-fucose,
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galactosamine, D-gluconolactone, D-glucosamine, adonitol, dulcitol, a-aminobutyrate,
a-aminovalerate, caprylate, lactate, oxalate, L-histidine, L-methionine, L-ornithine,

putrescine, sarcosine, L-serine, L-threonine or L-valine.

DNA G+C content is 56.5 mol % (T, method).

New strain of H. meridiana: strain Slthfl, isolated from a low-temperature
hydrothermal vent at 2580-m depth at 17.5°S on the SEPR, South Pacific Ocean near
Easter Island, has been deposited as ATCC BAA-801" = CECT 58137 = DSM 15724" =
CCM 7105".
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Figure 1.1 Transmission electron micrographs of (A) strain Eplumel’, (B) strain
Esulfidel”, (C) strain Althfl” and (D) strain Slthf2". Bars, 0.2 pm.
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Figure 1.2 Growth rates (p) at different temperatures and salt concentrations.
Symbols: O, strain Eplumel”; ®, strain Eplume2; [, strain Esulfide1”; B, strain
Althfl"; A, strain Slthfl; A, strain Slthf2".
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Figure 1.3 Maximum-likelihood 16S rRNA gene phylogeny of novel isolates

Z. palmae ATCC 51623T(D14555)

88

(Eplumel”, Eplume2, Esulfidel1”, Althfl”, Sithfl and Slthf2") and previously described

Halomonas (H.), Chromohalobacter (Ch.), Cobetia (C.) and Zymobacter (Z.) species

with accession numbers in parentheses. Quartet-puzzling support values are shown at

branch points. Z. palmae is used as the outgroup. Bar, nucleotide changes per site.
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CHAPTER Two: Phylogenetic analysis of moderately halophilic bacterial

communities from hydrothermal-vent and deep-sea environments

Easily cultivated microorganisms from marine environments, such as Pseudomonas and
Vibrio of the y-Proteobacteria, are rarely observed in bacterial phylogenies based on the
16S rRNA gene (143, 197, 198, 573). Though an emerging exception to this trend is in
polar sediments and sea ice where a high incidence of commonly cultivated bacteria
characterizes clone libraries (71, 81, 85), those derived from other marine habitats
continue to contain a dearth of gene sequences belonging to fast-growing, historically
cultivated bacteria. Less easily cultured microorganisms, as represented by the
ubiquitous bacterial SAR clades, have been shown to comprise up to 26% of pelagic
16S rRNA gene sequences in every ocean examined thus far (214, 215, 409, 483).
Numerically dominant bacteria have just begun to be enriched and characterized

physiologically with novel cultivation techniques (122, 292, 482).

Culture-independent community analyses of various hydrothermal-vent habitats
indicate the presence of diverse bacterial phylotypes. e-Proteobacteria are the most
frequently identified microorganisms and have been found as a significant or dominant
proportion of 16S rRNA gene sequences in clone libraries derived from almost all fluid,
sulfide-rock and animal-associated hydrothermal-vent environments (11, 102, 125, 261,
348, 408, 469, 490). Other significant populations of cloned 16S rRNA gene sequences
include members of the Cytophaga-Flavobacterium-Bacteroides group, Aquificales,
“Verrucomicrobia,” Xanthomonas, Desulfurobacterium and uncharacterized taxa, with
considerable variability depending on sample type (11, 348, 408, 490). Bacterial
culturing efforts have focused on heterotrophic (including Fe**-reducing), mixotrophic,
and autotrophic thermophiles and hyperthermophiles along with chemoautotrophic
mesophiles that oxidize Fe* or sulfur compounds (12, 18, 82, 83, 99, 163, 168, 172,
173, 275, 295, 297, 298, 362, 393,394, 412, 419, 514, 515, 542, 575, 576, 644).
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Successful cultivation of numerically significant taxa and culture-independent analyses
of marine microbial communities augment the importance and utility of each other. The
combination of laboratory-determined physiology and a map of the distribution of
bacterial clades, such as the SAR groups in pelagic environments and the ¢-
Proteobacteria in hydrothermal-vent habitats, reveals where and how microbial
metabolisms may be impacting transformations of organic compounds and inorganic
nutrients. There are still caveats, however, including the caution with which one must
infer phenotype from 16S tRNA gene sequence as well as the distinction between the

genotypic potential of a microorganism and the phenotype actually expressed in situ.

In between the rare, easily cultivated heterotrophic weeds and the numerically dominant
bacterial taxa in both pelagic and hydrothermal-vent environments lie groups such as
Halomonas and Marinobacter (304). These genera were commonly isolated from
enrichments on media with elevated Fe*" and Mn*" at 2 and 20°C and were the sole
representatives obtained with quantitative enrichments using the same medium
augmented with elevated salt and incubated at 20°C. Moderately halophilic and
euryhaline taxa, as represented by Halomonas and Marinobactervspp., comprised 0.01
to >10% of the total microbial community in North and South Pacific Ocean
hydrothermal-vent and water-column samples (304). Characterization of six novel
Halomonas strains revealed that they were psychrotolerant, heterotrophic, euryhaline,
slightly to moderately halophilic, Cd* -resistant, and facultatively aerobic, consistent
with a phenotype suitable for growth in hypothesized low-temperature hydrothermal-
vent (diffuse flow) and subseafloor environments (Chapter 1; 92, 261, 378). Partial
characterization of novel Marinobacter strains from vent habitats highlighted their
ability to oxidize Fe*" from sulfide minerals and basalt at low temperature (168). These
Marinobacter strains were closely related to the numerically significant euryhaline

strains isolated at 20°C from seawater and diffuse-flow environments (168, 304).
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Our goal in the present study is to understand the biogeography and diversity of
moderately halophilic and euryhaline bacterial communities in warm hydrothermal-vent
and nearby cold deep-sea environments given their numerical significance and possible
contribution to transformations of organic carbon and Fe. Though Halomonas and
Marinobacter spp. were abundantly represented in culturing efforts (304), they are not
generally detected using a molecular-phylogenetic approach. We designed specific
PCR primers to determine the species diversity of Halomonas and Marinobacter and to
ascertain whether certain sub-populations of these genera live in particular

hydrothermal-vent and deep-sea habitats.

METHODS

Sample collection

Low-temperature hydrothermal fluids and deep seawater were collected in the northeast
Pacific Ocean (Fig. 2.1; Table 2.1). Diffuse-flow fluids were collected at Axial
Seamount (282) and the Main Endeavour Field (MEF) (141) on the Endeavour Segment
of the Juan de Fuca Ridge with a suction sampler and either filtered on deck or in situ
using a hydrothermal fluid and particle sampler mounted on the Remote-Operated
Vehicle ROPOS or the Deep-Submergence Vehicle Alvin. In some instances, these
fluids were filtered first through cellulose membranes (3.0-um pore size; Millipore) and
then Sterivex-GP filters (0.2-um pore size; Millipore) and frozen in liquid nitrogen
(260). The former fraction was defined as “particle-attached” and subsequently
analyzed. Other diffuse-flow samples were filtered only with Sterivex-GP filters. Deep
seawater was collected at Axial Seamount, in the axial valley near the MEF, and near
Baby Bare (406) with Niskin bottles jointly mounted with a conductivity-temperature-
depth-transmissometry package onto a steel frame that was lowered over the side of the
ship. These deep seawater samples were filtered only through Sterivex-GP filters on

deck. Lastly, sections of sulfide structures measuring several meters in length were
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retrieved hot and fresh from the Mothra vent field (311) on the Endeavour Segment
during the Edifice Rex sulfide-recovery program (139), subsampled according to

mineralogical zonation, and frozen in liquid nitrogen (532).

DNA extraction
Community DNA was extracted from filters (260) and rocks (532) as previously

described.

Primer comstruction

Oligomeric polymerase chain reaction (PCR) primers were designed to amplify selected
euryhaline, halophilic and moderately halophilic bacterial taxa from the y- |
Proteobacteria. Thirty-six 16S rRNA gene sequences from the genera Halomonas (29
strains), Cobetia (2 strains) and Chromohalobacter (5 strains), the three genera that
comprise the family Halomonadaceae, were retrieved from the GenBank database via
the National Center for Biotechnology Information (NCBI) website and aligned with
other named and uncharacterized Halomonas isolates from hydrothermal vents (Chapter
1; 304). Ten Marinobacter 16S rRNA gene sequences from hydrothermal-vent isolates
and other ecosystems were included in the alignment. Segments with near consensus
among the Halomonadaceae were identified by eye and checked against the GenBank
database to ascertain specificity. Three DNA sequences were selected that matched
many, but not all, euryhaline, halophilic and moderately halophilic bacterial species
belonging to the genera after which the primers were designed with zero or one base
difference. All three oligomeric sequences also fortuitously matched numerous
Marinobacter 16S TRNA gene sequences with zero or one base difference despite the
phylogenetic distance between this group and the Halomonadaceae. (A primer specific
to the Marinobacter sp. 1C022 group from sea ice was recently reported [81].) The
oligomeric sequences were additionally checked for self-complementarity and tailored
to be approximately 20 bases in length and rich in guanine and cytosine residues at their

3" ends in order to facilitate DNA transcription during PCR. The sequences were named
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based on the first nucleotide position using Escherichia coli numbering: 115F (5'-GAG
TAA TGC ATA GGA ATC TGC C); 327F (5'-ACA CGG CCC GAA CTC CTA CGG
G); and 1446R (5'-TAG GCT AAC CACTTC TG). |

PCR optimization

Primers 115F (22-mer) and 1446R (17-mer) were chosen for subsequent PCR
optimization in order to cover as much of the 16S rRNA gene as possible. With
genomic Halomonas DNA from three species as template, the annealing temperature for
each primer was optimized with temperature-gradient PCR using the following
combinations of primers: 115F and the universal bacterial primer 1492R (5'-GGT TAC
CTT GTT ACG ACT T) (333); 1446R and the universal bacterial primer 8F (5'-AGA
GTT TGA TCC TGG CTC AG); and 115F and 1446R. The PCR cocktail for each 20-
ul reaction contained 1.5 mM MgCl,, 0.8 mM deoxynucleoside triphosphates, 0.25 uM
of each primer, 1 X PCR buffer (Promega), 1 U Tag DNA polymerase (Promega), and 1
ul template. The profile had an initial denaturation at 94°C for 5 min followed by 28
cycles of denaturation at 94°C for 30 s, annealing at 54—61°C for 45 s and extension at
72°C for 2 min, with a final 10-min extension at 72°C. A compatible optimum
annealing temperature of 56°C for both primers enabled a subsequent check for primer
species specificity by contrasting PCR amplifications of genomic DNA from
Halomonas (9 strains), Marinobacter (7 strains), Cobetia, Marinococcus, E. coll,
Desulfurobacterium thermolithotrophum, Salinisphaera, Vibrio (2 strains) and
Thermococcus (2 strains) using the primer pairs of 115F-1446R and 8F-1492R. The
same cocktail and profile as above were used, with a 56°C annealing temperature for

the 115F-1446R primer combination and 55°C annealing temperature for the 8F-1492R

pair.

Environmental DNA extracts were amplified using the primers 115F and 1446R again
over a temperature gradient to confirm that optimal performance was still at 56°C.

Diffuse-flow, sulfide-rock and deep seawater samples were optimized separately for
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cycle number if a band was obtained at all (Table 2.1). Multiple PCR reactions were
run with each sample using a cycle number that indicated product saturation had not yet
been reached (470, 572). Each product was reconditioned by running a three-cycle
PCR on a 1:10 dilution of the initial product using the same cocktail and profile (590).
The reconditioned products were pooled and cleaned with Qiaquick PCR purification
columns (Qiagen) and then further purified by running 10 ul on a 1% (w/v) agarose gel
and using the Qiaquick Gel Extraction Kit (Qiagen).

Clone libraries and sequencing

The final cleaned PCR products were then cloned into E. coli using the TOPO TA kit
(Invitrogen) and One Shot TOP10 competent cells (Invitrogen) according to the -
manufacturer’s instructions. White colonies were examined for vector insert by
growing transformed E. coli in Luria-Bertani broth with ampicillin (100 mg I'") for 75
min at 37°C on a shaker table at 200 rpm and running a 50-pl PCR (with 1 pl of cell
culture) using M13F (5'-GTA AAA CGA CGG CCA G) and M13R (5'-CAG GAA
ACA GCT ATG AC) vector primers. The cocktail consisted of 1 mM MgCl,, 0.4 mM
deoxynucleoside triphosphates, 0.4 pM of each primer, 1X PCR buffer (Promega), and
1.875 U Tag DNA polymerase (Promega). The profile began with denaturation at 94°C
for 2 min, followed by 30 cycles of 94°C for 30 s, 54°C for 45 s, and 72°C for 2 min,
and ended with a 10-min extension at 72°C. PCR products were cleaned with Qiaquick
PCR purification columns (Qiagen), and sometimes dried down in a Vacufuge™
(Eppendorf) and resuspended in deionized water. Sequences were obtained using the
sequencing reaction mix provided in the DYEnamic ET Dye Terminator kit
(Amersham) using the newly designed primers 115F and 1446R in addition to the
universal bacterial primers 515F (5'-GTG CCA AGC MGC CGC GGT AA), 519R (5'-
GWA TTA CCG CGG CKG CTG), 907R (5'-CCG TCA ATT CMT TTR AGT TT) and
926F (5'-AAA CTY AAA KGA ATT GAC GG) (333) and analyzed on a MegaBACE
1000 (Molecular Dynamics) at the University of Washington Marine Molecular
Biotechnology Laboratory.
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Phylogenetic analysis

Six unidirectional sequences from the 16S rRNA gene were obtained for each clone and
were cleaned and rendered as a contiguous sequence using Sequencher version 4.1.2
(Gene Codes Corp.). With SeqApp version 1.9a169, the novel sequences were then
aligned with each other and other Halomonas, Marinobacter, Chromohalobacter and
Cobetia gene sequences, including the closest BLAST matches (Table 2.2; 16, 355),
obtained from GenBank via the NCBI website and from Kaye and Baross (304).
Sequences were confirmed as non-chimeric by using the Chimera Check function of the
Ribosomal Database Projvect—II (RDP-II) website (119, 262), consistent with their
seamless fit into a master alignment of closely related taxa. Variable stem-loops at
bases 201-216 and 11351139 (E. coli numbering) were excised to facilitate the
alignment. Maximum-likelihood phylogenetic trees were constructed using a
Hasegawa-Kishino-Yano evolutionary model (240) with 10,000 puzzling steps and with
mutation rates estimated from the data sets using TREE-PUZZLE version 5.0 with
collapsed branches for quartet-puzzling support values of <50% (529, 568) and graphed
using TreeView version 1.5 (460). Trees were developed using bases 196-1361 (library
G), bases 197-1385 (library D), bases 179~1384 (library E), bases 179—-1369 (library F)
and bases 217-1352 (library H), E. coli numbering. Sequences of characterized and
unnamed Halomonadaceae and Marinobacter isolates were included on the trees (Table

2.2). A sequence identity matrix was generated with BioEdit version 4.7.8 (234).

16S rRNA gene sequence accession numbers
The 16S rRNA gene sequences from clone libraries D, E, F, G and H have been

submitted to GenBank. Accession numbers are forthcoming.
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RESULTS

Primer construction and preliminary PCR amplification

Three primers were crafted from regions of the 16S rRNA gene with near consensus for
forty-six halophilic to moderately halophilic and euryhaline bacterial taxa including
Halomonas, Chromohalobacter, Cobetia and Marinobacter. No single region of the
portion of the 16S rRNA gene examined was unique to these genera or to the genus
Halomonas alone. The probe-match function of the RDP-II website (119) revealed that
with one base mismatch the primers frequently hit phylogenetically disparate members
of the a-, B-, y-, 0- and e-Proteobacteria, cyanobacteria, Gram-positive bacteria,
spirochetes, the Cytophaga-Flavobacterium-Bacteroides group and some archaea.
Specifically, primer 115F matched identically to 16S rRNA gene sequences of thirty-
three members of the Halomonadaceae and twenty-one other species (including
members of Beggiatoa, Ehrlichia and Methylomonas); with one mismatch it hit the 163
rRNA gene sequences of an additional forty-two intended bacterial strains but also
hundreds of others, most notably strains of Pseudomonas, Helicobacter, Acinetobacter
and Moraxella. Primer 327F uniquely matched the 16S rRNA gene sequences of fifty-
one intended members of the Halomonadaceae and Marinobactef in addition to five
other strains; with one mismatch it hit the 16S rRNA gene sequences of six more
desired taxa as well as numerous others, including 4erococcus, Blastobacter,
Caulobacter and Lactobacillus. Lastly, primer 1446R matched identically to the 16S
rRNA gene sequences of thirty-eight strains within the Halomonadaceae and numerous
strains of Moraxella; with a single base mismatch this primer paired with the 16S rRNA
gene sequences of fifteen additional desired taxa but also with an extensive, broad
selection of seemingly random microorganisms. None of the probe-match results

reported here includes the hits of hundreds of clones without annotated affiliations in

the RDP-]1 database.
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Primers 115F and 1446R were selected for optimization with the notion that using two
novel primers would focus amplification on the desired taxa (since fewer undesired taxa
matched both primers) and because the combination of these two new primers provided
maximal coverage of the 16S rRNA gene. Overlapping named taxa matched by both of
these primers with zero mismatches included only certain Halomonas spp.; with one
base mismatch selected members of the genera Acinetobacter, Flavobacterium,
Marinobacter, Methylomonas, Moraxella, Pseudomonas, Thialkalimicrobium and
Vibrio, along with symbionts and additional Halomonas spp., also matched.
Temperature-gradient PCR using each primer in concert with a universal bacterial
primer and with each other (using genomic Halomonas and Marinobacter DNA as
template) revealed that the optimum annealing temperature for each primer was
56-57°C, the lower temperature being compatible with both of the new primers. The
primer pair amplified a DNA fragment of approximately 1300 base-pairs length from
genomic extracts of numerous strains of Halomonas, Marinobacter and Cobetia, but not
of Marinococcus (Gram-positive), Desulfurobacterium, Thermococcus (archaea) or

other strains of y-Proteobacteria including E. coli, Salinisphaera and Vibrio.

Amplification of environmental DNA extracts

The primers 115F and 1446R were used to attempt to amplify 16S rRNA genes from
DNA extracts from various diffuse-tflow, sulfide-rock and deep seawater samples (Table
2.1). Some samples never produced a band while others did so inconsistently. Five
samples amplified sufficiently consistently to undergo cycle optimization (31-35
cycles) and cloning, ultimately resulting in 12-44 16S rRNA gene sequences from each

clone library of approximately 1200-1250 base-pairs length.

Clone libraries
The 16S rRNA gene sequences identified in all of the clone libraries belonged
exclusively to the genera Halomonas (97% of clones) and Marinobacter (3% of clones).

The Halomonas 16S tRNA gene sequences fell among only three phylogenetic
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branches, all within 16S rRNA Group 2 of the genus (24) with high quartet-puzzling
support values (Fig. 2.2-2.7; Table 2.3). Within each of the three Halomonas (sub-
groups 2A, 2B and 2C) and one Marinobacter clades, clone sequences shared
approximately >99% sequence identity with each other and with the named and
unnamed isolates included in the given sub-group (except in cases of outliers like /.
magadiensis). Identity between a given sub-group and its closest neighboring sub-
group was appfoximately >98%. The closest BLAST matches and all 16S rRNA Group
2 Halomonas are included on the phylogenetic trees. The source of isolation of both
named and incompletely characterized Halomonas and Marinobacter taxa included in

the phylogenetic analysis is summarized in Table 2.2.

DISCUSSION

The newly designed PCR primers enabled detection of the moderately halophilic and
euryhaline genera Halomonas and Marinobacter in deep seawater and low-temperature
hydrothermal-fluid emissions. It is unknown if certain members of these genera were
excluded during amplification, nor can it be determined which other bacteria could have
been amplified but were not due to their possible absence from the fluids examined.
The 16S rRNA gene sequences obtained do indicate, however, clear population
delineations among the taxa that the primers could amplify. In addition, the dominance
of Halomonas phylotypes over Marinobacter sequences suggests that Halomonas spp.
are more abundant than Marinobacter in the environments sampled, although PCR 1s
not quantitative and previous enrichments of Halomonas spp. and Marinobacter spp. in
diffuse-flow, hydrothermal-plume and other deep-sea samples were in more equitable

proportions (304).

Library H from Easy vent (10°C) on Axial Seamount only contained clones that fell into

the H. meridiana-H. axialensis-H. aquamarina branch (sub-group 2A) of the
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Halomonas phylogeny. The other diffuse-flow sample, Library G from marker 33 (a
37-55°C hydrothermal vent) on Axial Seamount, also contained a high proportion of
clones (68%) from this Halomonas clade, as did the nearby background seawater
sample, Library F (42% of clones), collected 700 m to the southeast of marker 33. The
other two deep background seawater samples from sites 230260 km northeast along
the Juan de Fuca Ridge and onto the eastern ridge flank contained relatively few clones
from sub-group 2A. The observations that sub-group 2A were (i) dominant in diffuse-
flow fluids sampled in 1998, (ii) well represented in a seawater sample taken in 1999
located <1 km away, and (iii) poorly represented in two other deep seawater libraries
collected in 2000 and 2002, strongly suggest that the H. meridiana-H. axialensis-H.
aquamarina clade represents a resident subseafloor population at Axial Seamount and

that low-temperature vents may be seeding the nearby water column with these bacteria.

Members of sub-group 2A were present in all samples analyzed, but their significant
_enrichment in low-temperature vents indicates their growth in this niche. The
maximum temperature for growth within the genus Halomonas is 40-50°C (372),
though the maximum temperature for growth for most members of 16S rRNA Group 2
within the genus, including H. meridiana, H axialensis, H. aquamarina, H. variabilis,
H. neptunia, H. glaciei and H. sulfidaeris, is 30-40°C (Chapter 1; 372). The maximum
temperature for growth may increase by several degrees under hydrostatic pressures
equivalent to mid-ocean-ridge depths (100, 247, 293, 657, 659). While the marker 33
hydrothermal vent may be too warm (37-55°C) to permit growth of certain Halomonas
spp., members of sub-groups 2A, 2B and 2C may be growing in cooler nearby habitats
and flushed from the seafloor during the vigorous hydrothermal flow associated with
that vent (260). Easy vent at 10°C may be a more hospitable environment for growth of

Halomonas; mmdeed, 100% of clones from this library belonged to sub-group 2A.

The samples from which the low-temperature hydrothermal-fluid libraries were

generated derived from the >3.0-um, “particle-attached” fraction of the microbial
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population. Particle-attached bacteria and archaea are believed to represent subseafloor
populations because the subseafloor life style may be characterized by biofilm

communities attached to solid substrates (260, 261).

The cultured members sub-group 2A, H. axialensis, H. meridiana and H. aquamarina,
were isolated from a 27°C diffuse-flow vent on Axial Seamount in 1998, from an
Antarctic hypersaline lake, and from an unreported location and depth off the coast of
California, respectively (Chapter 1; 273, 677). Characterized H. meridiana strains
Sithfl and Eplume2 were cultured from a 9°C diffuse-flow site on the Southern East
Pacific Rise and from a 2°C hydrothermal plume above the MEF on the Juan de Fuca
Ridge, respectively (Chapter 1). (H. magadiensis, isolated from a warm, alkaline east
African rift lake [160, 161], is consistently a more distant cousin, phylogenetically and
phenotypically.) Hydrostatic-pressure-temperature growth experiments suggest that /.
axialensis and H. meridiana strain Slthfl can thrive in cool to warm pressurized habitats
(13-30°C, >25 MPa) but can grow only very slowly or not at all under cold (2°C) deep-
sea conditions (Chapter 3), another indicator of the likely endemism of this sub-group in
cool to warm subseafloor habitats. The uncharacterized Halomonas isolates belonging
to sub-group 2A primarily derived from cold deep seawater and sediments in the

Atlantic and Pacific Oceans, where they may or may not be active in situ.

Ninety-five percent of the clones from Library D, a deep seawater sample from the
eastern flank of the Juan de Fuca Ridge 4.6 km from the basaltic outgroup at Baby Bare,
fell into the H. variabilis-H. neptunia-H. glaciei sub-group 2B. This clade was also
moderately well represented in the marker 33 library but not detected in any other
sample. H. neptunia and H. variabilis were isolated from a 2°C hydrothermal plume
above the MEF and an Antarctic hypersaline lake, respectively. (H. variabilis, more
distantly related to the other members of this sub-group, was isolated from the Great
Salt Lake, USA [178, 179]). The remaining isolates in sub-group 2B were obtained

from a variety of cold environments: 2°C deep-sea hydrothermal plumes and basalt,
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Arctic seawater and various Antarctic habitats. One strain isolated from 194°C
hydrothermal fluid from a vent on the TAG hydrothermal mound on the Mid-Atlantic
Ridge clearly did not derive from that high-temperature environment (443). The clones

in sub-group 2B may represent a cold-adapted, deep-sea Halomonas lineage.

Library E, derived from a deep seawater sample procured in 2000 from within the axial
valley at the MEF without a detectable hydrothermal-plume signal, was comprised
almost exclusively of clones belonging to sub-group 2C with H. sulfidaeris as its only
characterized member. H. sulfidaeris was isolated from a sulfide-rock sample collected
from the MEF in 1995 (Chapter 1). The three incompletely characterized isolates in
this group were collected from a deep sediment layer, deep Arctic Ocean seawater and a
terrestrial Antarctic sample. The low clone diversity again implicates a resident
population that is locally enriched, which may be linked directly to the widespread
massive metal-sulfide deposits for which the MEF and the encompassing 15-km stretch
of the Endeavour Segment is known (141, 311, 494, 593). The presence of sub-group
2C clones in the marker 33 diffuse-flow and deep seawater samples from Axial
Seamount indicate that this group is not restricted to the MEF and may be found in
proximity to other metal-sulfide hydrothermal-vent structures and metalliferous
sediments. The ability of members of sub-group 2C to grow under cold deep-sea

conditions is unknown.

As mentioned previously, the deep seawater sample taken near Axial Seamount
contained members of sub-groups 2A and ZC, but it also was the only sample that
included Marinobacter spp. Like Halomonas, the genus Marinobacter is nearly
ubiquitous, contains moderately halophilic and euryhaline species, and includes strains
that have been isolated frequently from hydrothermal-vent environments (168, 304).
Partial characterization of Marinobacter spp. from Endeavour Segment and Middle
Valley samples of oxidized sulfide rock and metalliferous sediments revealed that some

species are psychrophilic Fe**-oxidizers, a phenotype consistent with success in cold,
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oxic hydrothermal-vent environments (168). Moreover, these and other F ¢*"-oxidizing
bacteria likely play a significant role in seafloor weathering of hydrothermal deposits
(167). Tt is possible that the Marinobacter strains found in the library generated from
the deep seawater sample near Axial Seamount may also be psychrophilic or
psychrotolerant Fe"-oxidizers, perhaps utilizing Fe** and iron-sulfide particles in

hydrothermal plumes (340) emanating from the caldera.

One must always be cautious when inferring phenotype from phylogenetic
relationships, especially for the genus Halomonas within which 16S rRNA gene
sequences of different species are typically >97% identical (24). Although it is not yet
possible to demonstrate the precise phenotype of the bacteria represented in the clone
libraries, the results suggest that certain sub-populations of Halomonas dominate over
other Halomonas sub-groups in different hydrothermal-vent, subseafloor and deep-sea
habitats. Intra-specific population delineations in marine environments are rarely
documented. We assume that the clones represent euryhaline species, but the exact
temperature ranges for growth (including possible psychrophily), especially under in
situ hydrostatic pressures, and possible mixotrophic or autotrophic growth on Fe**, have
yet to be determined. It would be instructive to attempt to isolate psychrophilic
Halomonas and Marinobacter spp. using cold temperatures, elevated salinity and in situ

hydrostatic pressure during enrichment.

Low-temperature hydrothermal-fluid emissions and eruption-induced releases of
subseafloor fluids have yielded microorganisms that grow only at high temperatures and
have a minimum growth temperature well above the sample temperature; these isolates
are very likely subseafloor residents (257, 569, 570). It is more difficult, however, to
constrain which psychrotolerant and psychrophilic microorganisms specifically inhabit
shallow subseafloor environments, given that they also may grow at the deep seawater
temperature of 2°C and that both seawater and crustal fluids comprise low-temperature

hydrothermal-vent emissions (92, 93, 123, 322, 463). The results from this study begin
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to characterize the biogeography of Halomonas and Marinobacter spp. and indicate the
presence of distinct deep-sea and subseafloor populations of moderately halophilic and

euryhaline bacteria.
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Figure 2.1 Map of the Juan de Fuca Ridge, associated ridge flanks and sampling sites.
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Figure 2.2 Halomonadaceae phylogeny from marker 33 vent, Axial Seamount (library

G), including Halomonas (H.), Cobetia (C.) and Chromohalobacter (Ch.) species.
Quartet-puzzling support values shown only at major tree nodes. Ch. marismortui is

used as the outgroup. Bar, nucleotide changes per site.
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Figure 2.4 Halomonadaceae and Marinobacter (M.) phylogeny from deep background
seawater near Axial Seamount (library F). Zymobacter (Z.) palmae is used as the

outgroup. Other features as in Fig. 2.2.
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Figure 2.6 Halomonadaceae phylogeny from deep background seawater near the Main
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CHAPTER THREE: The combined effects of temperature, hydrostatic pressure and
salinity on growth, phospholipid profiles and protein patterns of four

Halomonas species

Euryhaline bacteria, which can grow over an extremely wide salt range, are nearly
ubiquitous in marine environments and are often cultured from deep-sea sediments and
hydrothermal vents (304, 443, 578, 613). Microorganisms capable of growth on media
with 17% tofal salts, including primarily members of the genera Halomonas and
Marinobacter, were found to comprise a remarkably high percentage (up to >10%) of
the total microbial community in hydrothermal-vent habitats and the overlying water
column in the North and South Pacific Oceans (304). Several recently characterized
Halomonas strains isolated from low-temperature hydrothermal fluids, hydrothermal
plumes and sulfide rock, including those from 1:50 to 1:500 fluid-dilution enrichments,
were found to have a minimum growth temperature of —1 to 2°C at 0.1 MPa, similar to
Antarctic Halomonas isolates (Chapter 1; 372, 485, 613). This low minimum
temperature for growth closely matches the temperature of the deep sea below 1500 m
(and shallower towards the poles) and leaves open the question of whether Halomonas
spp. from the deep sea, despite their numerical sighiﬁcance, are able to grow in situ in

deep regions of the ocean outside of cool to warm hydrothermal-vent habitats.

Piezotolerant microorganisms grow more slowly as hydrostatic pressure increases
above the sea-surface pressure of 0.1 MPa, whereas the growth rate of piezophilic
microorganisms is fastest at hydrostatic pressures >0.1 MPa (146, 658). For both
groups of microorganisms, hydrostatic pressure and temperature act synergistically,
such that low temperatures and high hydrostatic pressures have analogous effects on
cellular proteins and membranes (39, 144, 145, 659). Hydrostatic pressures equivalent
to mtd-ocean-ridge or abyssal depths have been shown to increase the cardinal growth
temperatures of hyperthermophiles isolated from hydrothermal vents (100, 247), to

increase the maximum growth temperature of a mesophilic Pseudomonas strain isolated
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from the deep sea (293), and to increase the ability of psychropiezophiles isolated from
the cold deep sea to tolerate (or prefer [151]) slightly warmer temperatures (657, 659).
Stated another way, the higher the hydrostatic pressure, the higher the temperature
allowed (for Tyax) or required (for Tuin) to permit growth. Given that the mimimum
‘temperature for growth typically increases with increasing hydrostatic pressure, we
hypothesized that Halomonas spp. with a Tmin 0f —1 to 2°C would not be able to
multiply in cold deep-sea habitats.

Cardinal growth temperatures and salinities may also vary with respect to each other,
just as lag times and maximum cell yield may also depend on the temperature-salinity
regime. Growth curves revealed that the optimum and maximum salt concentrations for
growth of the moderate halophiles Halomonas halophila and Vibrio anguillarum
(reclassified as Listonella anguillarum [354]) increased with increasing temperature
(228, 475). Similarly, “Pseudomonas halosaccharolytica” grew faster with elevated
salinity at elevated temperature (441). Growth curves of a facultatively halophilic
coccoid bacterium isolated from salted mackerel (ultimately classified as Marinococcus
halophilus [236, 435]) likewise showed that growth at temperatures less than Ty only
occurred with decreased NaCl (434). This salinity-temperature relationship, however,
1s sometimes observed only for a single cardinal growth parameter, or not at all (35,

107, 219, 269, 424, 606, 630).

Moderately halophilic and euryhaline bacteria provide an opportunity to examine the
combined effects of salinity, hydrostatic pressure and temperature on microbial growth,
phospholipid profiles and protein expression. Very few studies examining the
interactions of these stresses have been performed thus far. Euryhaline and moderately
halophilic bacteria, including Salinisphaera shabanensis and Halanaerobium spp., have
been isolated from the brine-seawater interface above the Shaban and Kebrit brine
deeps (22-25°C) at 1325-m and 1466-m seawater depth, respectively, in the Red Sea
(21, 165). At 30°C, S. shabanensis grew with 1-28% NaCl at 0.1 MPa and with 5-20%
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NaCl at 15 MPa, but it did not grow at >20 MPa (21). At 0.1 MPa, this bacterium
accumulated up to 4 M of compatible solutes under salt stress (165), though production
of compatible solutes under hydrostatic pressure has not yet been reported.
Physiological experiments monitoring compatible solutes in the less haloversatile
psychropiezophile Photobacterium profundum strain SS9 revealed an additive effect of
hydrostatic pressure and salinity on production of compatible solutes, whereby the
combination of the two stresses resulted m a disproportionate increase in accumulation

of these compounds (365).

The current set of experiments utilizes four Halomonas strains, three isolated from
deep-sea hydrothermal vents and one isolated from surface seawater, and explores
several facets of the combined effects of temperature, hydrostatic pressure and salinity
on microbial growth. The selected parameters are modeled in part on the conditions
found at deep-sea hydrothermal vents and the surrounding cold deep sea in order to
delineate the marine habitats that (assuming adequate nutrients and energy sources)

permit the growth of Halomonas spp.

METHODS

Growth curves

Three deep-sea Halomonas strains isolated from hydrothermal vents, H. axialensis
ATCC BAA-802", H. meridiana strain Slthfl ATCC BAA-801" and H. hydrothermalis
ATCC BAA-8007, and H. pacifica ATCC 27122 isolated from surface seawater on the
Hawaiian coast (Table 3.1; 43) were grown over a range of conditions of temperature
(2, 13 and 30°C), hydrostatic pressure (0.1, 7.5, 15, 25, 35, 45 and 55 MPa) and salinity
(4, 11 and 17% total salts). The growth medium (4% total salts, pH 8.0) described in
Kaye and Baross (304) was augmented with NaCl to achieve higher salt concentrations.

Cells were inoculated into fresh media and kept at the relevant incubation temperature
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for 3—12.5 h (for the 30°C experiments), 22.25-27.5 h (for the 13°C experiments) or
2-5 d (for the 2°C experiments) to allow cells to acclimate to the temperature and
salinity conditions before pressurization. The inoculated media was then used to
completely fill 4.6-ml polyethylene transfer pipets (Samco Scientific) (113) which were
sealed by melting the tip in a Bunsen flame and crimping with needle-nose pliers. The
pipets were then placed into stainless steel pressure vessels (Tem-Pres Division of
LECO Corp.), topped off with distilled water of the appropriate temperature, manually
pressurized with an Enerpac 11-400 pump outfitted with a quick-connect coupling
device (663) using distilled water as the hydraulic fluid, and placed into an incubator.
The hydrostatic pressure inside the vessels was checked after final equilibration to the
incubation temperature and again before depressurization. The vessels remained within
+ 1 MPa of the target hydrostatic pressure at 7.5 and 15 MPa and within &+ 3 MPa of the
target hydrostatic pressure at >25 MPa. Vessels were sequentially sacrificed at five
time intervals and slowly depressurized (3060 s), and a triplicate set of pipets was
harvested for each time point and each organism. Growth was assessed at 0.1 MPa

using the same general protocol, with pipets submerged in distilled water.

Growth at 13 and 30°C was monitored by optical density using a Lambda UV/VIS
Spectrophotometer at 600 nm and at 2°C by direct counts by filtering and staining cells
with DAPI (4',6-diamidino-2-phenylindole) (471). Growth rates were calculated by
taking the slope of the log of the exponential portion of the growth curve. If the
exponential portion of the growth curve could not be clearly ascertained, a region of
maximal slope on a log plot from the beginning of the growth curve was used. For
growth curves measured by optical density, growth rates were converted into an
increase in cell number with time by calculating the ratio of growth rates determined
simultaneously by cell counts and optical turbidity at 20°C, 4% total salts and 0.1 MPa.
The 95% confidence intervals of the slope of the regression through the data points

were also calculated.
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Phospholipid fatty acid (PLFA) analysis

H. axialensis and H. hydrothermalis were grown at 30°C and 0.1 or 45 MPa in 23-ml
transfer pipets (Samco Scientific) using media with either 4 or 11% total salts. Cultures
were grown in pressure vessels as described above and harvested in early- to mid-
exponential-phase growth. Cells were centrifuged at 10,000 X g at 26-29°C
immediately following decompression; pellets were resuspended in a 50 mM Tris buffer
(pH 8.0) and frozen at —69°C. A subsample of each pellet was sent to Microbial
Insights Inc. (Rockford, Tenn.) for standard PLFA analysis using a modified Bligh and
Dyer method (646). Lipids were extracted in a one-phase chloroform-methanol-buffer
solution, recovered and dissolved in chloroform, and separated into neutral, glyco and
polar lipid pools. Polar lipids were additionally transesterified by exposure to mild
alkali. PLFA were identified and quantified by gas chromatography-mass spectrometry

(limit of detection, 7 pmol).

Protein analysis

Subsamples of the same cell pellets used for PLFA analysis were delivered to Kendrick
Laboratories Inc. (Madison, Wisc.) for fractionation into cytosolic and membrane-
bound proteins and subsequent 1-D gel electrophoresis. Samples were lysed with an
osmotic lysis buffer with nucleése and protease inhibitors and centrifuged for 30 min,
after which the supernatant was removed and the entire procedure repeated upon
addition of 100 pl of fresh lysis buffer and 100 pl of deionized water. A volume of 100
ul of sodium dodecyl sulfate (SDS) Boiling Buffer less 3-mercaptoethanol was added to
the remaining pellet, which was mixed by vortex and held in a boiling water bath for 5
min. The protein concentration for each fraction was then determined with a
bicinchoninic-acid assay (556). The samples were then lyophilized, resuspended in a
buffer solution comprised of 5.0% SDS, 10% glycerol, 5% B-mercaptoethanol and 63
mM Tris (pH 6.8) to achieve a final concentration of 5 mg protein ml™, and placedina
boiling water bath for 5 min. SDS slab gel electrophoresis (329, 437) was run for each

protein fraction in triplicate using a 10% acrylamide slab gel (125 mm long, 150 mm
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wide and 0.75 mm thick) overlaid with a 25-mm stacking gel at 15 mA for 3.5 h or until
the bromophenol blue front migrated to the end of the slab gel. Gels were stained with
Coomassie blue, destained in 10% acetic acid until the background clarified, and dried
between cellophane sheets. Lastly, gels were digitized with a laser densitometer
(Molecular Dynamics) and the stain density of individual protein bands was quantified
as a fraction of the total stain density per lane using Nonlinear Dynamics 1D Advanced
software (version 5.0). Triplicate runs were used to ensure consistency of protein band
patterns and to calculate standard deviations of band intensities. Images provided here
were obtained by re-running gels with a single lane devoted to each sample and each

protein fraction.

RESULTS

Growth curves

From previous studies, H. axialensis, H. meridiana strain Sithfl, H. hydrothermalis and
H. pacifica all exhibited psychrotolerant and euryhaline growth at 0.1 MPa (Table 3.1).
Thé three strains isolated from hydrothermal vents were able to grow at temperamres as
low as —1 to 2°C and grew significantly better at 2°C than H. pacifica. The previously
reported Ty at 0.1 MPa for H. pacifica is 4°C, though slight growth was found at 2°C
with the growth medium employed in this study.

Temperature-hydrostatic-pressure-salinity growth curves (Fig. 3.1-3.9) showed that
temperature had a dominant effect on the growth rate, whereby fastest growth
(0.17-0.74 h™") occurred at 30°C for each Halomonas strain regardless of the tested
combination of hydrostatic pressure and salinity. (Note that color coding on the growth
plots is reset for each bacterium, such that, for example, red indicates fastest growth for
each organism though the corresponding growth-rate value is different for each strain.)

In addition, increased hydrostatic pressure generally resulted in a decreased growth rate
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for each organism at any given salinity and temperature combination, indicating
piezotolerant growth for each strain. Growth of each strain was very slow or did not
occur above 25 MPa at 2°C at all salinities tested. Similarly, decreased temperature
generally resulted in a decreased maximum hydrostatic pressure for growth. For
example, at 30°C and 4% total salts, the highest hydrostatic pressure that permitted
growth for H. axialensis (Fig. 3.1) and H. meridiana strain Slthfl (Fig. 3.4) was 45 and
>55 MPa, respectively, but at 2°C these values dropped to 25 and 45 MPa, respectively
(Fig. 3.3 and 3.6).

The response to salinity in combination with different temperatures and hydrostatic
pressures provided some unexpected growth patterns. At 0.1 MPa, H. axialensis grew
fastest with 4% total salts at both 30°C (Fig. 3.1) and 2°C (Fig. 3.3) but equally well
with 4 and 11% total salts at 13°C (Fig. 3.2). Growth was favored by 11% total salts at
30°C at the higher hydrostatic pressures of 7.5-55 MPa (Fig. 3.1). Salt-enhanced
growth was not seen at 13°C (Fig. 3.2) or 2°C (Fig. 3.3). At 13°C, growth rates were
roughly equal at 4 and 11% total salts between 7.5 and 55 MPa (Fig. 3.2), whereas at

2°C growth rates declined with increasing hydrostatic pressure and/or salinity (Fig. 3.3).

H. meridiana strain Slthfl showed a consistently piezotolerant and psychrotolerant
response at 30°C (Fig. 3.4) and 13°C (Fig. 3.5), with fastest growth always occurring
with 4% total salts. In contrast, its growth at 2°C was markedly enhanced with 11%
total salts over the hydrostatic pressure range yielding growth (0.1 to >35 MPa) (Fig.
3.6). Similarly, culturing with 11% total salts increased the growth rate of A.
hydrothermalis at 2°C over the hydrostatic pressure range of 0.1 to >35 MPa (Fig. 3.9).
Growth curves of H. hydrothermalis at 13°C (Fig. 3.8) and 30°C (Fig. 3.7) had large

95% confidence intervals, masking any growth trends.

H. pacifica also showed salinity-enhanced growth, but only at 30°C and >45 MPa (Fig.

3.10). Growth was faster with 11 and 17% total salts under these conditions as
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compared with 4% total salts. (The local peak in growth rate observed at 30°C, 25 MPa
and 17% total salts was associated with a large 95% confidence interval.) At 13°C, the
growth rate decreased with both increasing salinity and hydrostatic pressure (Fig. 3.11).

No significant growth occurred at 2°C (Fig. 3.12).

Salt-enhanced growth with hydrostatic pressure and at low temperature did not appear
to correlate with whether the organism was halophilic (H. axialensis and H. pacifica) or

moderately halophilic (H. meridiana strain Slthfl and H. hydrothermalis).

PLFA analysis

Under the four conditions tested (30°C; 0.1 and 45 MPa; 4 and 11% total salts), the
predominant phospholipids for both strains examined, H. axialensis and H.
hydrothermalis, were 18:1w7¢, 16:0 and 16:1w7c¢, comprising 94.2-96.3% of the total
(Fig. 3.13; Table 3.2). H. hydrothermalis contained slightly more of the minor
components 18:1w9¢ and 18:1w7t than H. axialensis, lipids that decreased in
concentration with increased salinity in H. hAydrothermalis. H. axialensis contained
slightly more cy19:0 (0.6-1.0%) than H. hydrothermalis (0.0-0.2%). At 0.1 MPa, the
degree of lipid saturation in H. hydrothermalis increased with increasing salinity from
20.0 to 23.4%. The monounsaturated fatty acids (MUFA) 18:1w7c and 16:107¢
comprised 71.4-76.7% and 84.5-85.7% of the total at 0.1 and 45 MPa, respectively,
while the saturated fatty acid (SFA) 16:0 decreased in concentration from 17.5-24.1%
to 10.3-11.8% simultaneously as hydrostatic pressure and the proportion of MUFA
increased. The medium used to grow cells contained negligible quantities of lipids

(data not shown).

Protein patterns
The cytosolic- and membrane-protein fractions of the same samples of H. axialensis
and H. hydrothermalis as analyzed for lipids contained 1.2—6.7 mg protein ml™" and

0.94-14.5 mg protein ml™, respectively. Forty micrograms of protein were run in each
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gel lane in triplicate with computerized band matching (Fig. 3.16-3.19) and are

summarized for comparison (Fig. 3.14 and 3.15).

When grown at 30°C with 4% total salts at both 0.1 and 45 MPa, the overall protein
patterns for H. axialensis were similar within the respective cytosolic- and membrane-
protein fractions (Fig. 3.14 and 3.15), although a suite of proteins was slightly induced
or inhibited by hydrostatic pressure (Table 3.3). Two proteins were significantly
induced by hydrostatic pressure and are considered hydrostatic-pressure-induced

proteins (PIP; cytosolic band f; membrane band ¢; Table 3.3).

Overall, the protein profiles within each protein fraction for H. hydrothermalis at 30°C
were also similar to each other (Fig. 3.14 and 3.15) whether the strain was grown at
approximate seawater salinity (4% total salts) or elevated salinity (11% total salts) and
at sea-surface (0.1 MPa) or deep-sea (45 MPa) hydrostatic pressures. However,
comparison of individual bands did reveal a variety of interactions between salinity and
hydrostatic pressure (Table 3.4). Some proteins were induced only by elevated salinity,
including strongly enhanced salt-induced proteins (SIP; membrane bands g and k), and
some proteins were PIP (cytosolic bands I, m, n, o, p, v and w). However, in several
instances hydrostatic pressure and salinity had opposing effects — mostly on
membrane-protein production (cytosolic band g; membrane bands j, /, m, n and 0) —
resulting in no apparent net effect on protein expression with the combination of
hydrostatic pressure and salinity. Similarly, the induction of certain cytosolic proteins
by hydrostatic pressure was mitigated by elevated salinity (cytosolic bands [, m, n, o, p,
v and w). Other cytosolic proteins were inhibited only with the combination of elevated
salinity and hydrostatic pressure (cytosolic bands 7, s and ). One membrane protein
was significantly inhibited by hydrostatic pressure but enhanced with increased salt
concentration; when the two stresses were jointly imposed, the inhibition by hydrostatic

pressure was retained as the dominant control (membrane band 7). Intriguingly, some
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proteins that were induced by either elevated salt concentration or hydrostatic pressure

were not induced by the combination of the two (cytosolic band #; membrane band /).

DISCUSSION

The Halomonas strains tested were psychrotolerant and piezotolerant, able to grow only
slowly or not detectably under cold deep-sea conditions (2°C and >15 MPa) with the
medium employed. Halomonas spp. appear to be much more piezotolerant than the
moderate halophile S. shabanensis isolated from 1325-m depth in the brine-seawater -
interface above the Shaban Deep in the Red Sea (21). Growth rates for all of the
Halomonas strains were faster under the cool to warm conditions that characterize low-
temperature hydrothermal fluids and associated subseafloor environments (13-30°C,
>15 MPa). Halomonas spp. are therefore potential candidates as subseafloor
heterotrophs, and their growth may be restricted to these habitats in the deep sea. (Cool
deep basins, such as the Mediterranean Sea at 10—-15°C at depth, may also be conducive
to the growth of Halomonas spp.). Molecular-phylogenetic analyses of low-
temperature hydrothermal fluids and nearby deep seawater at Axial Seamount on the
Juan de Fuca Ridge in the northeast Pacific Ocean strongly in fact indicate than H.
axialensis i3 a subseafloor resident atop this volcano (Chapter 2). In addition, these
growth-rate data suggest that certain Halomonas spp. will grow or thrive in cold, cool
and warm hypersaline deep-sea environments, such as the brine-seawater interface
found above brine pools located in the Gulf of Mexico (540, 541), eastern
Mediterranean Sea (65, 98, 131, 132, 200, 285, 377, 535) and Red Sea (137, 239).
Indeed, H. aquamarina was one of only three taxa cultured from the brine-seawater
interface above the Urania Basin at ~3500-m depth in the eastern Mediterranean Sea
(524). The brine pools themselves are anoxic, however, and anaerobic growth at

elevated salinity and hydrostatic pressure was not tested in this study.



126

Elevated salinity appeared partially to compensate for the depression of the growth rate
caused by low temperature. Vent Halomonas isolates showed an increasingly
halophilic response at low temperature and >7.5 MPa. It is possible that a salinity
enhancement of growth at low temperature would be seen in H. pacifica if cells were
tested at a slightly warmer temperature, a few degrees above its Trin 0f 2-4°C (304,
372). Low temperature is analogous to elevated hydrostatic pressure in its effects on
proteins and membranes (39), and, indeed, the same salt-compensation effect was seen

at 30°C but only at >7.5 MPa for H. axialensis and >45 MPa for H. pacifica.

Mechanistically, hydrostatic and osmotic pressures exert opposing influences on protein
hydration and thus tend to cancel the deleterious effects of the other (365, 656).
Hydrostatic pressure favors hydrated protein surfaces due to volume considerations, but
osmotic pressure due to solutes like trimethylamine N-oxide, glutamate and betaine
favors folded proteins via preferential exclusion and minimization of bound water (365,
497, 656). It is important to bear it mind that within Halomonas cells the concentration
of compatible solutes, not salt, increases in response to osmotic stress induced by salt

ions or organic solutes (203, 613).

Antagonistic interactions between hydrostatic pressure and increased solute
concentrations have been observed in a variety of disparate experiments. Elevated
salinity was previously shown to increase the maximum hydrostatic pressure for growth
in the psychrophile Moritella marina (461, 604) and Streptococcus faecalis (reclassified
as Enterococcus faecalis [527]) (361) and to decrease the piezosensitivity of
Escherichia coli to an extremely high hydrostatic pressure of 270 MPa (242). Likewise,
15% NaCl (as compared with 3% NaCl) dramatically enhanced the survival of a
halophilic, euryhaline marine isolate of Micrococcus roseus (reclassified as Kocuria
rosea [560]) under a very high hydrostatic pressure of 138 MPa (580). Osmotic
pressure (created with low concentrations of ethanol) also mitigated the hydrostatic-

pressure-induced inhibition of cell division in E. coli, enabling reversion of cell
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morphology from an elongate form to its canonical rod shape (579). Additional in vitro
studies show similar counterbalances between hydrostatic and osmotic pressures. The
dissociation of Arc repressor protein from DNA, its substrate, decreased linearly with
increased glycerol concentration (446). Hydrostatic pressure was also seen to reverse
the effects of osmotic pressure (created with organic compounds) on DNA site selection
by the restriction endonucleases EcoRI, BamHI, Pvu Il and EcoRV, highlighting the
oﬁposing interplay that these two stresses have on hydration of proteins and protein-
substrate complexes (495, 496). Salt-induced enhancement of growth with elevated
hydrostatic pressure (at cold and warm temperatures) is consistent with the opposing

influence of salinity and hydrostatic pressure observed in a variety of systems.

In this study, hydrostatic pressure exerted the dominant control on phospholipid
profiles. Consistent with all previous hydrostatic-pressure stﬁdies, the degree of lipid
saturation decreased with increasing hydrostatic pressure (39, 658), presumably as a
means to maintain membrane fluidity. Consistent with previous studies of Halomonas
strains and other moderately halophilic and euryhaline species (396, 397, 399, 441, 605,
627), the proportion of MUFA decreased in concentration (and the proportion of SFA
concomitantly increased in concentration) with increasing salinity as was observed with
H. hydrothermalis at 0.1 MPa and 4 or 11% total salts. Elevated salinity slightly
decreased the degree to which hydrostatic pressure caused an increase in membrane
unsaturation. Cyclopropane fatty acids (CFA) were in very low abundance (0.0-1.0%),
and changes in their proportions were not apparent as previously documented with
Halomonas and other moderately halophilic and euryhaline bacteria (252, 396, 397,
400, 441, 605). While changes in the proportion of CFA with salinity are not always
observed among Halomonas spp. (411), the CFA cy17:0 and cy19:0 typically comprise
a much greater proportion of the phospholipids present (up to 37.2%) (194, 384, 546).
It should be noted as well that lipid profiles vary significantly with growth phase and
between the members of the family Halomonadaceae (51, 398). In this study, cells

were grown to early- to mid-exponential phase, whereas for the other lipid analyses
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cited, cells were usually harvested in late-exponential or stationary phase. This

difference may explain the very low concentration of CFA observed in this experiment.

The cytosolic- and membrane-protein patterns determined at 30°C showed overarching
consistency at low and high hydrostatic pressure and salinity, indicating that cellular
functions would be generally consistent between warm shallow and deep, marine and
hypersaline habitats. At a finer scale, however, the protein patterns revealed a variety
of hydrostatic-pressure and hydrostatic-pressure-salinity effects. H. axialensis was
grown at 0.1 and 45 MPa, and severzﬂ proteins were stimulated (including two PIP) or
repressed by hydrostatic pressure. H. hydrothermalis was grown under four
hydrostatic-pressure-salinity regimes, and while some proteins appeared to be salt- or
hydrostatic-pressure-specific and likely serve osmoregulatory or hydrostatic-pressure-
adaptation functions, frequently the combination of elevated salinity and hydrostatic
pressure illustrated that the two stresses mitigate the effect of the other. Salinity and
hydrostatic pressure were thus competitive, not synergistic, for these proteins. These
proteins may be involved in adaptation of phospholipid membranes given that salinity
and hydrostatic pressure exerted opposing influences on lipid saturation. These proteins
may also be expressed during salt- or hydrostatic-pressure-induced stress and function
to repair or chaperone damaged macromolecules and polypeptides. A link between a
salt- or hydrostatic-pressure-induced general stress response and/or salt- or hydrostatic-
pressure-adapted growth is possible given the behavior of the interaction of these
stresses. If so, it is possible that the euryhaline phenotype of deep-sea Halomonas spp.
and other bacteria may reflect an adaptation for growth in pressurized — in addition to
hypersaline — marine environments. The protein patterns also specifically indicate that
deep-sea brine-seawater interface environments may not induce expression of certain
genes during growth. Both the protein-expression and growth-rate data thus suggest
that deep-sea hypersaline habitats may be amenable to the proliferation and success of

Halomonas spp.
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Table 3.2 Phospholipid fatty acid (PLFA) profiles of Halomonas axialensis and H.
hydrothermalis grown at 30°C under different salinity and hydrostatic-pressure

conditions.
Total PLFA (%)
PLFA category H. axialensis H. hydrothermalis
and identity 4% total salts 4% total salts 11% total salts
0.1MPa 45MPa | 0.1 MPa 45MPa | 0.1 MPa 45 MPa

Terminally branched saturates
i15:0 0.0 0.4 0.1 0.0 0.0 0.0
als:0 0.0 0.0 0.0 0.0 0.0 0.0
i17:0 0.1 0.0 0.1 0.0 0.0 0.0
al7:0 02 0.3 03 0.3 0.3 0.4
Monoenoics
16:1w9%¢ 0.0 0.1 0.0 0.0 0.0 0.0
16:1w7c 9.1 8.8 11.2 12.2 10.9 8.2
16:1w7t 0.1 0.1 © 01 0.0 0.1 0.0
16:1w5¢ 0.1 0.2 0.1 0.0 0.1 0.1
17:1wbc 0.1 0.2 0.0 0.0 0.0 0.0
cyl7:0 0.4 0.2 0.2 0.2 0.2 0.4
18:1w9¢ 0.1 0.2 1.5 1.4 0.7 04
18:1w7¢ 62.8 75.7 65.5 73.5 63.5. 76.7
18:107t 0.0 0.0 0.5 0.3 0.4 0.0
18:1wsc 0.1 02 0.1 0.0 0.2 0.4
cy19:0 1.0 0.6 0.0 0.2 0.0 0.2
Normal saturates
14:0 04 0.2 0.3 0.0 0.3 0.0
15:0 0.2 0.2 0.2 0.0 0.2 0.0
16:0 24.1 11.8 17.5 103 21.1 10.3
17:0 0.6 0.5 1.0 0.7 0.9 0.9
18:0 0.5 04 1.0 0.9 1.0 2.0
20:1w7¢ 0.1 0.1 0.0 0.0 0.0 0.2
Polyenoic
18:2w6 0.0 0.0 0.1 0.0 0.1 0.0
Summary
Terminally branched saturates 04 0.8 0.6 0.3 0.3 0.4
Monoenoics 73.8 86.2 79.4 87.8 76.2 86.4
Branched monoenoics 0.0 0.0 0.0 0.0 0.0 0.0
Mid-chain branched 0.0 0.0 0.0 0.0 0.0 0.0
Normal saturates 25.8 13.1 20.0 11.9 23.4 13.2
Polyenoic 0.0 0.0 0.1 0.0 0.1 0.0
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Figure 3.1 Growth of Halomonas axialensis at 30°C, 4, 11 and 17% total salts, and
under 0.1, 7.5, 15, 25, 35, 45 and 55 MPa of hydrostatic pressure. Warm colors (red)
indicate faster growth. Note differences in z-axis scale among Fig. 3.1-3.12.



133

14

16 60 Pressure (MPa)

Total saits (%)

Figure 3.2 Growth of Halomonas axialensis at 13°C. Other features as in Fig. 3.1.
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Figure 3.3 Growth of Halomonas axialensis at 2°C. Other features as in Fig. 3.1.
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Figure 3.4 Growth of Halomonas meridiana strain Slthfl at 30°C. Other féatures as in
Fig. 3.1.
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Figure 3.5 Growth of Halomonas meridiana strain Slthfl at 13°C. Other features as in
Fig. 3.1.
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Figure 3.6 Growth of Halomonas meridiana strain Slthfl at 2°C. Other features as in
Fig. 3.1.
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Figure 3.7 Growth of Halomonas hydrothermalis at 30°C. Other features as in Fig.
3.1 '
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Figure 3.8 Growth of Halomonas hydrothermalis at 13°C. Other features as in Fig.
3.1
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Figure 3.9 Growth of Halomonas hydrothermalis at 2°C. Other features as in Fig. 3.1.
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Figure 3.10 Growth of Halomonas pacifica at 30°C. Other features as in Fig. 3.1.
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Figure 3.11 Growth of Halomonas pacifica at 13°C. Other features as in Fig. 3.1.
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Figure 3.12  Growth of Halomonas pacifica at 2°C. Other features as in Fig. 3.1.
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Figure 3.14 Cytosolic-protein patterns. Lanes 3 and 12, molecular weight markers;
lanes 5 and 6, Halomonas axialensis grown with 4% total salts at 0.1 and 45 MPa,
respectively; lanes 7-10, H. hydrothermalis grown with 4% total salts (lanes 7 and 8)
and 11% total salts (lanes 9 and 10), alternating with 0.1 MPa (lanes 7 and 9) and 45
MPa (lanes 8 and 10). Protein bands that change in intensity noted with letters.
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Figure 3.15 Membrane-protein patterns. Other features as in F ig. 3.14,
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Figure 3.16 Triplicate cytosolic-protein patterns with computerized band matching of

Halomonas axialensis grown with 4% total salts. Lanes 2-4, 0.1 MPa; lanes 6-8, 45

MPa.
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Figure 3.17 Triplicate cytosolic-protein patterns with computerized band matching of
Halomonas hydrothermalis. Lanes 10-12 (far right), 4% totals salts and 0.1 MPa; lanes
2-4, 4% total salts and 45 MPa; lanes 6-8, 11% total salts and 0.1 MPa; and lanes
10-12 (middle), 11% total salts and 45 MPa.
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Figure 3.18 Triplicate membrane-protein patterns with computerized band matching of
Halomonas axialensis. Lanes as.in Fig. 3.16.
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Figure 3.19 Triplicate membrane-protein patterns with computerized band matching of
Halomonas hydrothermalis. Lanes as in F ig. 3.17, except control lanes at 4% total salis
and 0.1 MPa are numbered 10, 11 and 13 (far right).
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CHAPTER FOUR: Heavy-metal resistance and precipitation by mesophilic bacteria

isolated from hydrothermal-vent environments

Deep-sea hydrothermal vents and associated subseafloor environments at mid-ocean
ridges and back-arc basins are among the most metal-enriched natural environments on
Earth (235). Massive polymetallic-sulfide deposits accumulate at the seafloor after
metal ions are extracted from the oceanic crust and transported by hydrothermal
circulation over tens to hundreds of thousands of years (57, 250, 506, 539, 668).
Hydrothermal fluids at >250°C contain approximately 0.1-1000 mM Fe and Mn,
1-1000 uM Zn, 1-20 pM Cu, 0.01-10 uM As, 0.1-10 uM Pb, 0.1-1 pM Cd and 0.01-1
uM Co (619). These metal concentrations are reduced by precipitation reactions and
dilution with seawater when dropped to temperatures that permit anaerobic
hyperthermophiles to grow; they are further reduced in low-temperature hydrothermal-
vent fluid emissions (<50°C) where vent fluids mix to an even greater extent with
alkaline, oxygenated ambient seawater (92, 93, 123, 322, 463). Conductive cooling of
hydrothermal fluids within the seafloor or locally trapped within sulfide structures is
also possible, which would maintain metal concentrations near their high-temperature

end-member levels.

Metals may act as toxins, nutrients, or electron donors or acceptors in hydrothermal-
vent environments (254). Indeed, metal-resistant microorganisms are frequently
isolated from these ecosystems. The minimum inhibitory concentration (MIC) for
numerous species of Bacillus, Thermococcales and Thermotogales was 0.1-10 mM for
Cd*", Zn*", Co** and Ni** (345). The thermophiles Methanobacterium
thermoautotrophicum and an unnamed methanogenic isolate were reported to tolerate
0.8 mM Cu*", 0.4 mM Cd*" and 3 mM Ni*" at 60°C (7). Among mesophiles, >50% of
299 strains of heterotrophic microorganisms that were isolated from ground alvinellid
worms and their tubes on metal-amended media proved to be resistant to 0.4 mM Cd*™",

0.6 mM Zn*", 0.6 mM Cu’", 0.05 mM arsenate (H,AsO4") and 0.05 mM Ag" at room
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temperature, typically with multiple metal resistances for a given strain (279, 280).
Euryhaline strains of Pseudoalteromonas that were resistant to and capable of reducing
tellurite (TeO;™) and selenite (SeO3®") were recently isolated from hydrothermal
plumes, sulfide rock and bottom seawater from the Main Endeavour Field (MEF) on the
Endeavour Segment of the Juan de Fuca Ridge (484). In addition, recently
characterized euryhaline Halomonas spp., isolated from similar samples as well as low-
temperature hydrothermal fluids from the MEF and vents along the Southern East
Pacific Rise, tolerated 0.05-4.0 mM Cd*" in liquid culture (Chapter 1; 304).

Moderately halophilic and euryhaline bacteria isolated from marine and hypersaline
habitats outside of hydrothermal-vent environments are also typically highly metal-
resistant. The MIC values for numerous strains of H. halophila, H. elongata and
Chromohalobacter marismortui were 1-10 mM for H,AsO4, Cd2+, C02+, chromate
(CrO47), Cu*", Ni*'", Pb*" and Zn*', though the same strains were sensitive to Ag' and
Hg’" (427, 428). An unnamed Halomonas sp. also tolerated mM concentrations of
uranyl ion (UO;") (190). The moderate halophile Vibrio costicola (reclassified as
Salinivibrio costicola [381]) had a similar resistance pattern to H. halophila but was
much more resistant to Ni**, CrO4*” and HyAsO4” (205). Resistance to 2 M selenate
(Se04”") was recently reported for an uncharacterized Halomonas strain isolated from a
Se-contaminated evaporation pond (135). Lastly, haloalkaliphilic strains of Halomonas

tolerated 2 mM pertechnetate (TcOy4 ) and reduced it at lower TcOQ4 concentrations
(316).

Microorganisms can sequester metal cations and oxyanions and remove them from
solution as sulfide, sulfate, phosphate or carbonate minerals, significantly affecting
biogeochemical cycling. For example, mineral precipitate crusts on the northern Gorda
Ridge were characterized by microbial trace fossils and selective precipitation of Ag-,
As- and Cu-sulfide minerals (669). Diverse additional examples include barite (BaSQOy)

precipitation by Myxococcus xanthus (222), accumulation of arsenite (H;AsO3) and
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ferric iron by Acidithiobacillus ferrooxidans i acid-mine-drainage environments (162),
anaerobic UO;™ precipitation as hydroxide and hydroxyphosphate minerals by a
Halomonas sp. (190), and SeO4>" reduction to and intracellular accumulation of Se’ by

sulfide-oxidizing bacteria (418).

Many bacteria isolated from hydrothermal-vent environments that were resistant to
multiple metals produced H,S from cysteine, an extremely efficient way of detoxifying
heavy metals (280) that also results in production of metal-sulfide minerals. For
example, a vent Pseudomonas sp. generated H,S under oxic conditions, resulting in
nearly complete removal of Cd*" from solution via pfecipitation of CdS (637).
Escherichia coli has been engineered for bioremediation purposes to express cysteine
desulfhydrase as a means to detoxify Cd>" and remove it from solution in the same
manner (636). Microbial biofilms, exopolymeric substances and external cell
components also accumulate heavy metals from solution (29, 47, 72, 88, 112, 190, 208,
326, 328, 505, 536, 584, 589, 607, 617, 664). It is this property which explains, in part,
the functionality of heavy-metal bioremediation bioreactors (52, 543, 582, 608).

Motivated by the ability of a vent Pseudomonas sp. to remove >99% of 5 mM Cd**
from solution and precipitate it as CdS (637), we desired to determine if other bacteria
isolated from hydrothermal-vent environments could similarly precipitate Cd and other
metals under aerobic conditions. In the present study, we determined the Cd*', Co¥,
Cu®" and Zn*" MIC patterns of nine mesophilic bacteria belonging to the genera
Halomonas, Marinobacter, Pseudoalteromonas and Vibrio and two unnamed taxa
1solated from hydrothermal plumes, sulfide rock, animal tissue and low-temperature
hydrothermal fluids using a citrate medium with elevated concentrations of Fe*" and
Mn®" (304). One of the uncharacterized taxa, isolate Eplume4, can oxidize Mn®** (154),
and Marinobacter sp. Aplumel can oxidize Fe*" (503). These microorganisms were
selected because they originated from environments that cover a range of heavy-metal

concentrations; hydrothermal plumes contain very low concentrations of dissolved



156

metals (340), whereas sulfide rock, low-temperature hydrothermal fluids and vent
animal tissues are typically enriched with heavy metals (110, 126, 202, 290, 291, 501,
502, 667). The heavy metals chosen for MIC determinations include the more abundant
metals (Cu, Zn) present in hydrothermal-vent ecosystems, several of which are
important for the mineralogy of massive metal-sulfide deposits. We monitored metal-
precipitate formation during growth under agitated and static culture conditions to
decipher possible metal-specific detoxification mechanisms and to examine if these
bacteria could play a role in production of metal-sulfide or other heavy-metal-

containing minerals in hydrothermal-vent environments.

METHODS

Minimum inhibitory concentration (MIC) determinations

H. pacifica ATCC 27122 (isolated from tropical surface seawater [43]) and nine strains
of bacteria, representing the genera Halomonas, Marinobacter, Pseudoalteromonas,
Vibrio and two uncharacterized taxa, isolated from various hydrothermal-vent habitats
(304), were grown in the presence of Cd*, Cu**, Co*" and Zn*" (Fig. 4.1). Organisms
were cultured on the solid growth medium described in Chapter 1 (4% total salts, pH
7.0) amended with chloride or sulfate salts of the desired metals at concentration
increments of 0.05, 0.1, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, and 11.0 mM.
Plates were inoculated in triplicate with a loop or toothpick from cultures freshly grown
on metal-free media of the same comﬁosition and incubated aerobically for at least three
weeks at 20°C. Colonies were transferred to the next three higher concentrations of
metals from the highest concentration that initially permitted growth. The concentration

that uitimately prevented colony formation (the MIC) is reported.
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Precipitate formation

For simplicity during an initial examination of precipitate formation, metal
concentrations that permitted strong growth for the less metal-resistant strains during
the MIC determinations were chosen to examine whether precipitates formed when
cells were grown in static liquid culture. The ten isolates were inoculated into broth
with either 0.5 mM Cu®", 0.1 mM Cd*", 0.1 mM Co?" or 0.05 mM Zn*" and incubated
for two weeks at 20°C (Table 4.1).

H,S production

Production of H;S was tested by stabbing cultures into Kligler iron agar (26) using
artificial seawater (SSB; Chapter 1) in place of NaCl. The medium was made without
metals or amended with 0.5 mM Cu2+, 0.1 mM Cd2+, 0.1 mM Co*" or 0.05 mM Zn**
(Table 4.1). Cultures incubated at 20°C for six weeks.

Growth curves and loss of dissolved metal

H. axialensis, H. sulfidaeris, H. hydrothermalis, Pseudoalteromonas sp. E-twtl and
Marinobacter sp. Aplumel were selected for further metal precipitation analysis
because they appeared to catalyze the precipitation of certain metals from solution,
tolerated high concentrations of heavy metals and/or derived from presumably metal-
enriched environments such as sulfide rock, low-temperature hydrothermal fluids and
animal tissue. Strains were grown in static culture with 30-40 ml broth in sealed 50-ml
Falcon tubes and while agitated at 100 rpm in 250-ml flasks with foam stoppers and
aluminum foil covers starting with metal concentrations a few mM below the MIC
values determined on solid media (Table 4.2). Cultures were also grown without
metals. As another control, the metal concentration of uninoculated media was
simultaneously monitored for abiotic precipitation. Growth was assessed by measuring
culture turbidity using a Lambda2S UV/VIS Spectrophotometer (Perkin Elmer) at 600
nm. The pH was checked periodically with test strips (Sigma). The 2-3 ml aliquots
used for turbidity measurements were then centrifuged at 13,000 X g for 3 min, and the
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supernatant removed for metal analysis. Supernatant samples with different metals
were sometimes pooled together and additionally diluted with deionized water.
Samples were frozen at —20°C until analyzed for Cd, Cu, Co and Zn using a 955
AtomComp inductively coupled plasma atomic emission spectrophotometer (JCP-AES;
Thermo Jarrell Ash Corp.) in the Chemistry Department at the University of
Washington. Standard deviations on triplicate ICP-AES metal analyses were typically
<7% for Cd, <13% for Cu, <8% for Co and <13% for Zn, with occasionally higher

values on the lowest metal concentrations measured (<0.1 mM).

Electron microscopy

During late-exponential-phase growth, 1 ml of media with precipitate was collected
from each static culture and preserved with 25% electron-microscopy-grade
glutaraldehyde (2.5% final concentration). Samples were fixed at 2°C for several days,
impregnated with Spurr’s low viscosity epoxy, thin sectioned, and spotted on copper
and nickel Formvar grids. Preliminary analysis of the precipitate was performed with a
Sirion X1.-30 Schottky Field Emission Gun (FEI) equipped with an Energy Dispersive
X-Ray Spectroscopy system (EDS; EDAX) at the Washington Technology Center,
University of Washington.

RESULTS

MIC values and preliminary observations of precipitation

All ten bacterial strains showed strong resistance to Cd**, Co?" and Cu*", though the
isolates were slightly less resistant to Zn>* (Fig. 4.1). The isolates had similar MIC
patterns for three metals (3.0-4.0 mM Cd**, 3.0-6.0 mM Cu”*" and 0.1-2 mM Zn*"). H.
pacifica, y-proteobacterium strain Elthfl, Pseudoalteromonas sp. Etwtl and
Marinobacter sp. Aplumel were inhibited only by 6.0-9.0 mM Co®*, much greater than
the 1.0-3.0 mM concentration that inhibited the other strains. No precipitate formed
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within several weeks of incubation with Co®", but a bright yellow precipitate formed
with each culture in the presence of Cd** (Table 4.1). Variable responses were found

with Cu®" (white, white-brown and brown precipitates) and Zn** (white precipitate).

H,S production

All strains produced H,S (Table 4.1) just below the agar-air interface of metal-free
Kligler iron agar stabs in a zone presumably depleted of oxygen. On occasion, the
presence of some metals appeared to inhibit H,S production. In Cu*"-amended Kligler

iron media, however, the amount of black coloration in the agar appeared to be

enhanced.

Cell growth and measurementsv of dissolved metal

Metal concentrations were considered to have changed significantly if the standard
deviations between any two time points did not overlap. Cell-free controls did not
change significantly in metal concentration under static conditions, but during agitation
some controls increased in metal concentration due to evaporation (data not shown).
The evaporation occurred late in the experiment and does not affect the interpretation of
the turbidity measurements or metal precipitation. The pH of cell-free controls
remained at 7.0-7.5 over the course of the experiment while the pH of cultures either

remained at 7.0-7.5 (Cd*" and Zn®") or increased to 8.5-9.0 (Co*" and Cu*").

During static growth, Cd*" was efficiently removed from solution in the presence of H.
axialensis, H. sulfidaeris, H. hydrothermalis, Pseudoalteromonas sp. Etwtl and
Marinobacter sp. Aplumel when cells had entered late-exponential and stationary-
phase growth (Fig. 4.2, 4.4, 4.6, 4.8 and 4.10; Table 4.2). H. sulfidaeris and
Pseudoalteromonas sp. Etwt] removed less Cd** than the other strains (54-55% versus
96-98%), with the metal precipitation only occurring during a secondary growth spurt,
perhaps by a more metal-resistant sub-population of cells. If these experiments had

continued, nearly complete Cd*" removal may have transpired for cultures of A.
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sulfidaeris and Pseudoalteromonas sp. Etwtl. In stark contrast, Cd** concentrations

never changed significantly for any bacterium during agitated culture growth.

Cu®" was removed from solution in only a few instances, and only during stationary-
phase growth or after the population had crashed (Fig. 4.2, 4.4, 4.6, 4.8 and 4.10).
Similarly, decreases in Co*" concentration (Fig. 4.3, 4.5 and 4.9) coincided with
reductions in cell numbers due to cell lysis. It does not appear that any of the bacteria
tested are able specifically to precipitate Cu?" or Co” under any growth condition
examined. Cells did not lyse during agitated growth with Cd*", nor was Cd** removed

from solution under this growth condition.

Zn*" typically displayed a two-phase response (Fig. 4.3, 4.5, 4.7 and 4.11). Zn™" was
partially removed from solution (26-48% loss by ~200 h) during late-exponential and
early-stationary-phase growth under static conditions for all organisms tested.
Subsequently, this metal was further lost from solution (ultimately 59-94% removal),
but only after cells begﬁn to lyse. Under agitated conditions, cell lysis coincided with

+ . +
Zn>" loss as in the case of Cu®" and Co*".

FElectron microscopy and elemental analysis
Preliminary results from two cultures grown in the presence of Cd* indicated the

presence of Cd and S in material associated with the cell surface (data not shown).

DISCUSSION

Hydrothermal-vent and other environments with elevated concentrations of heavy
metals pose a variety of challenges to resident microbial communities. Heavy metals
can cause DNA lesions or catalyze the formation of radical oxygen species that effect

the same result, and perhaps most importantly, they bind irreversibly to thiol groups in
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polypeptides, rendering them inoperable (426, 544). The degree of mefal toxicity 1s
typically highly correlated with the binding affinity of the metal for H,S, for which the
cellular proxy is the thiol group in proteins (426). Intrinsic metal-resistance
mechanisms found among bacteria include modifications of cell walls, production and
release of exopolysaccharides, and simply an inability to transport a given dissolved
metal inside the cell (201). Extrinsic factors include (i) highly specialized, membrane-
bound, energy-dependent, metal-ion efflux systems; (i1) production of cytoplasmic,
periplasmic and extracellular ligands and metal-transport proteins; (iii) alteration of
membrane-transport activities; and (iv) enzymatic reductive or oxidative transformation

of metals to less toxic species (90, 545)

In hydrothermal-vent environments, animal tissues, animal mucous secretions and
microbial‘biofilms concentrate many metals due to passive accumulation and
complexation (110, 126, 202, 290, 291, 328, 501, 502, 584, 607, 638, 667) well above
the levels found in seawater (436) and low-temperature hydrothermal fluids (619).
Bioaccumulation of heavy metals, such as Hg in animal tissues (237), is a widely
documented phenomenon that affects marine food chains in pollutéd environments. In
hydrothermal-vent ecosystems, the clam Vesicomya gigas from Guaymas Basin was
measured to contain remarkably high Cd (115 ppm), Fe (403 ppm), Hg (4.96 ppm), Mn
(18 ppm) and Zn (845 ppm) in gill tissue and Cu (29.7 ppm) and Pb (3.67 ppm) in its
mantle (510). Another clam, Calyptogena magnifica collected from the East Pacific
Rise, contained 760 ppm Fe, 148 ppm Cu, 2152 ppm Zn, and >5 ppm Cr, Mn, As, Mo,
Ag, Cd, Ba and Pb (dry weight) in its soft body parts (501, 502). Fe, S, Zn, Cu, Cd, Hg,
U and As, among other heavy metals, were measured in high concentrations in
association with intracellular sulfur granules, symbiosis organs, organic tubes, soft
tissues and mucous secretions of alvinellid polychaetes, vestimentiferans and mussels
(110, 126, 202, 290, 291, 667). Animal-associated metals, which include those bound
in sulfide minerals, indicate biologically mediated, localized metal precipitation and

sequestration (126, 290, 667). If the degree of metal resistance of a microorganism is
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directly correlated with the concentration of metals in the local environment where it is
growing, one would expect to find more metal-resistant bacteria and archaea associated

with animals, their secretions and microbial biofilms.

The majority of mesophiles and hyperthermophiles enriched from hydrothermal-vent
environments that have been exposed to heavy metals has been found to tolerate 0.1-10
mM concentrations of Cd*", Zn*", Co*", Ni*" and Cu*" and, to a lesser degree, Ag” and
H,AsQ4 (279, 280, 303, 345, 385). The heterotrophic mesophiles examined in this
study (including two from animal tissues) were resistant to similar levels of Cd*, Zn*",
Co*" and Cu*" as the more metal-resistant mesophilic strains isolated from ground
Abvinella pompejana and A. caudata worm specimens and their tube dwellings (279,
280). (One general caveat, however, is that it is difficult to compare exact metal
concentrations between studies given the various metal-binding efficiencies and
amounts of salts and organic compounds present in the different media employed.)
Co*" was less toxic to some species as would be predicted by its lower binding affinity
for H,S, though Zn** was the most toxic heavy metal for all strains tested, counter to the
prediction based on H,S affinity that Zn*" would only be as toxic as Co®* (426). The
hydrothermal-vent Halomonas spp. were as metal-resistant as H. pacifica (isolated from
tropical surface seawater [43]) and other members of the genus (427, 428), indicating
that among this group the degree of metal tolerance appears unrelated to the source of
isolate. Moreover, the nine hydrothermal-vent bacterial strains in this study showed
similar MIC patterns spare for Co”", such that no correlation was discerned between the
degree of metal resistance and the environment of origin within the hydrothermal-vent
habitat despite presumably wide variations in metal concentration between
hydrothermal plumes, sulfide rock, animal tissues, and low-temperature hydrothermal
fluids. It is also possible that the bacteria were locally dispersed from other
hydrothermal-vent environments before their capture, rendering correlations between

the degree of metal resistance and source of the isolate intractable.
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The importance of metal resistance and metal precipitation is challenging to address in
an ecological context, for this and many metal-resistance studies. A persistent
perplexing question is why bacteria are resistant to levels of metals far above those
encountered even in metal-enriched environments given that the degree of metal
resistance correlates with the number of metal-resistance genes (426, 544), which are
expensive to maintain in the genome if unused. While hydrothermal-vent environments
are among the most metal-enriched on Earth, heavy metals are only found in nM to pM
concentrations in high-temperature hydrothermal fluids, and even at lower
concentrations in low-temperature fluid emissions. Metals may accumulate to pM to
mM levels in animal tissues and mucous secretions and microbial biofilms, however
(110, 126, 202, 290, 291, 328, 501, 502, 584, 607, 638, 667). While two isolates tested
derived from samples of animal tissue, they were only as metal-resistant as those
isolated from low-temperature hydrothermal fluids, hydrothermal plumes and surface
seawater. Perhaps the bacteria isolated from samples other than animal tissue did
inhabit biofilms before their capture, but only those biofilms located in close proximity
to metal-enriched habitats would themselves be predicted possibly to contain greatly
elevated, millimolar concentrations of heavy metals. The persistent difficulty in this
and other studies of correlating the degree of metal resistance with the metal
concentration in the sample from which a given bacterium was isolated suggests that
metal resistance may actually reflect, in part, an adaptation to another stress, as

discussed below.

Analysis of metal loss from solution by ICP-AES during growth of five selected strains
revealed metal-specific responses. Removal of Cu®" and Co” under static and agitated
growth conditions, as well as loss of Zn®" during agitated growth and during culture
senescence under static growth conditions, can be explained as artifactual metal
sequestration due to cell lysis. Protein thiol groups and other intracellular material

exposed to the media upon cell lysis may explain the metal loss in these instances. The
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precipitates initially observed during static growth with Cu®" may be accumulated Cu®'-

enriched (in some instances) cell debris.

The role of pH in metal precipitation is key for discerning biologically enhanced from
abiotic, artifactual influences on metal solubility. In addition, biologically mediated
increases in medium pH may also incidentally enhance metal precipitation. For
example, efflux of metals by 4lcaligenes eutrophus CH34 (reclassified as Ralstonia
eutropha [654]) was hypothesized to increase the local extracellular pH and cause
precipitation of Cd*" and Zn*" from culture media (121). In the present study, the pH of
the medium did not measurably increase in Cd** and Zn*" treatments, both with and
without cells. The increase in pH to 8.5-9.0 in Cu®" and Co®" treatments, with and

‘without cells, may have enhanced metal precipitation.

Previous studies have examined the precipitation of Zn** via formation of ZnS (328)
and Cd*' via formation of CdS and CdHPOy, within cells or in the immediate vicinity of
the cell surface due, in some cases, to microbially mediated alterations in pH, release of
H,S and localized enrichments of HPO,* (8-10, 353, 401). (Some H,S-producing
bacteria also detoxify Hg®" by precipitating it as HgS [8].) Abundant sphalerite (ZnS)
deposits were found in biofilms of aerotolerant sulfate-reducing bacteria of the family
Desulfobacteriaceae in a flooded Pb-Zn ore-mining tunnel (328). A strain of P.
aeruginosa, isolated from a hydrothermal plume, precipitated >99% of 5 mM Cd** as
CdS during agitated aerobic culture (637). The bright yellow precipitate observed
during static growth by all ten bacteria examined in this study strongly suggests
formation of CdS, or possibly CdHPO,. All cultures were able to produce H,S on
Kligler iron agar, though the response was eliminated in the presence of Cd*" for H.
neptunia and Vibrio sp. E-limpetgutl. Similarly, the majority of mesophilic bacteria
1solated from hydrothermal-vent invertebrate inocula, including those resistant to heavy

metals, were able to produce H,S from cysteine (280, 473, 474).
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In this study, Cd*" removal during late-exponential and stationary-phase growth was
biologically mediated or biologically enhanced. Cd*" was consistently removed from
solution (54-98% loss) under static growth conditions; these cultures all produced H,S
in the presence of Cd**. (Preliminary SEM-EDS analysis of precipitated material
indicated the presence of Cd and S.) The lack of Cd*" precipitation during agitated
aerobic growth is intriguing. If the bright yellow precipitate was CdS, a possible
explanation is that any H,S produced was quickly oxidized under highly oxygenated
conditions. This is unlikely, however, given that P. aeruginosa produced H,S and
precipitated CdS under similar agitation conditions using an identical medium (637).
Alternatively, late-exponential and stationary-phase growth in conjunction with oxygen
and/or nutrient stress may have induced a generalized stress-response system enabling
these bacteria to express genes to produce H,S as a metal-detoxification mechanism.
‘Certain strains of “Klebsiella aerogenes,” grown in continuous culture with cd™,
accumulated CdS to an enhanced degree specifically under glucose limitation (10). In
this manner, a stress other than that imposed by high concentrations of heavy metals
may induce a general stress response that enables cell to catalyze metal precipitation

and to reduce the dissolved metal concentration.

Zn*" was also consistently removed from solution during late-exponential and
stationary-phase growth for all strains tested. The initial biologically mediated or
biologically enhanced Zn** removal (26-48% loss after ~200 h) was not as complete as
for Cd**. It is unknown if Zn®" was precipitated as ZnS given the white color of the
precipitate initially observed and if the same or a different mechanism as for Cd*"
precipitation was employed. Further elemental analysis of the metal-containing
precipitates is forthcoming. With both metals, it is impossible within the confines of the
current set of experiments to ascertain whether metal precipitation is due to a specific
metal-resistance mechanism or merely a byproduct of H,S production or locally

increased extracellular HPO,®™ concentration, for example.
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Additional experiments in progress seek to determine which other stress conditions may
enhance Cd*" and Zn®" precipitation in order to map out possible underlying cross-
regulated stress-response systems. The parameters include oxygen limitation, elevated
salinity (17% total salts) and elevated temperature, ~2°C below Trax for each strain.
Preliminary results indicate increased Zn*" sensitivity and reduced Cd* precipitation
when cells are exposed to other stresses in addition to high concentrations of these

metals.

Microbial production of metal-containing compounds, such as CdS, CdHPO, and ZnS,
may augment the abiotic precipitation reactions that dominate hydrothermal-vent
environments, as was suggested by microbially mediated, selective accumulations of
AgzAsS;, CuFeS; and other sulfide minerals in microbial trace fossils found in
metalliferous sediment on the northern Gorda Ridge (669). These processes may be
especially important in metal-enriched microenvironments in association with animal
secretions, seafloor and subseafloor microbial biofilms and within sulfide structures,

where metals are especially enriched in concentration.

Pore spaces within sulfide structures may contain micron-scale habitats of unknown
chemistry, including putative brine pockets as suggested by the presence of
haloarchaeal 16S rRNA gene sequences in one sulfide structure examined (577). These
results indicate that the evolution of salt- and metal-resistance phenotypes may be
linked due to their possible co-occurrence, not to mention that metals will preferentially
partition into hypersaline fluids. The persistence of heavy-metal (and salt?) stress in
conjunction with the moderate hydrostatic pressures and fluctuating temperatures and
oxygen concentrations associated with sulfide structures in particular (and
hydrothermal-vent environments in general) suggests that the success of moderately
halophilic and euryhaline bacteria, such as members of the genera Halomonas and
Marinobacter, may hinge on multiple resistances and cross-regulated stress responses.

A capacity for multiple resistances and possession of a complex stress-response system
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may enable species from these and other taxa to thrive in a wide variety of marine
habitats and may also explain the occurrence of unexpected microbial physiologies
(such as extremely high metal resistance) that, at a first glance, do not appear

necessartly to fit the niche from which a given microorganism was isolated.
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Figure 4.2 Halomonas hydrothermalis grown in the presence Cd** and Cu**. Cell
growth measured by spectrophotometric absorbance at 600 nm (primary y-axis; red
diamonds). Change in metal concentration measured by ICP-AES (secondary y-axis;
Cd”": yellow squares; Cu’": green triangles). Static cultures on left and agitated cultures
on right for each metal.
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Figure 4.3 Halomonas hydrothermalis grown in the presence of Co®" and Zn>*. Change
in metal concentration measured by ICP-AES (secondary y-axis; Co™": blue circles; Zn*":

black asterisks). Other features as in Fig. 4.2.



173

0.51 1.5 0.33 1.5
L
¢ ®

8 1.0 8 - 1.0

€ 3 £ s
(5] [

| -g E 'g £
k] -
2 O 8 O

« 0.5 < 0.5

: : : i 0.0 Y S—— 0.0

100 200 300 400 0 60 120 180 240 300 360
Hours Hours
0.90 3.0 0.60 3.0
L |

@ 0.60 [ 0 2.0

o ] - o .
€ = & s

© %

£ E 2 £
[ = o =
2 o 2 o

P < 1.0

, ‘ . ; 0.00 , ) ; , 0.0

0 100 200 300 400 0 60 120 180 240 300 360
Hours i Hours

Figure 4.4 Halomonas sulfidaeris grown in the presence of Cd*" and Cu™". Remaining
features as in Fig. 4.2.



174

Hours

i
i

0.30 2.1 0.12 15
@
@ 0.20 ° 14 o 0
§ ®| = 3 E
2 Gogn E 2 E
5 Qv o o [ ] Py
2 e o 3 $ o
2 s 2
< 0.10 ® <« 0.04 € 05
V4 © e
P L 2
L
0.00§ - 100 —— N Y
0 100 200 300 400 120 180 240 300 360
Hours Hours
0.45 0.3
&
8 030 & 02
g =
£ @ ¢ &, E
o Y
=4
H >% N
g 015 ¥ 0.1
oxXx X
X
X X
0.004> , ‘ : 0.0
0 100 200 300 400

Figure 4.5 Halomonas sulfidaeris grown in the presence of Co’* and Zn**, Remaining

features as in Fig. 4.3.



0.60 0.9
G
A £
8 0.40 +——y L 0.6
5 o
5 ®
< 020 L4 0.3
L
@

0,00 g g ok 0.0

6.0

0.45

Absorbance

0 100 200
Hours

400

Cd (mM)

Cu (mM)

Absorbance

Absorbance

0.42 0.9
0.28 0.5
=
i E
B
]
0.14 0.3
¢
0.00 G- ’ , , 0.0
0. 60 120 180 240 300 360
Hours
0.30 6.0
0.2
=
E
=1
(&
0.10 2.0
0.00® . , , : 0.0
0 60 120 180 240 300 360

Hours

175

Figure 4.6 Halomonas axialensis grown in the presence of Cd** and Cu”*. Remaining

features as in Fig. 4.2.
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Figure 4.7 Halomonas axialensis grown in the presence of Zn>*. Remaining features as

in Fig. 4.3.
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Figure 4.8 Marinobacter sp. Aplumel grown in the presence of Cd*" and Cu?*,
Remaining features as in Fig. 4.2.
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SUMMARY

The distribution patterns and physiology of members of the genus Halomonas and other
moderately halophilic, euryhaline, mesophilic microorganisms raise a variety of
questions for marine microbial ecology. The driving force behind this thesis was the
discovery that these organisms are abundant and nearly ubiquitous, sometimes
comiprising >10% of the microbial community in hydrothermal-vent and pelagic
environments (304). Beyond their distribution and abundance, very little is known
about their growth and physiological response under in situ deep-sea conditions, both

within and outside of hydrothermal-vent ecosystems.

Characterization of six novel Halomonas strains 1solated from hydrothermal plumes,
low-temperature seafloor vents and sulfide rock highlighted heterotrophic aerobic
growth using a wide variety of organic compounds, growth between 0.5 and 22-27%
total salts, and resistance to 0.5-4.0 mM Cd*". In addition, the new isolates grew over a
temperature range between —1 to 2°C and 35-40°C and grew anaerobically, albeit
slowly on media containing citrate or glucose and NO;~. Molecular-phylogenetic
characterization revealed that two of the new strains belonged to the species H.
meridiana and that the remaining isolates were new species, christened H. neptunia, H.
sulfidaeris, H. axialensis and H. hydrothermalis. Overall, their phenotypic
characteristics were consistent with other members of the Halomonas group and
suggested an ability to grow in metal-enriched, cool to warm hydrothermal-vent and
associated subseafloor environments. One significant difference, however, was that the
cardinal growth temperatures of the new isolates were shifted cooler by 5-10°C, similar
to Antarctic members of the genus (372, 485, 613). Given the synergistic effect of low
temperature and high hydrostatic pressure on microbial growth and physiology (39,
658), the cold-shifted growth range and optima indicated a possible adaptation to low-
temperature and/or pressurized marine habitats. While psychrotolerant growth and

versatile heterotrophy unequivocally implicated success in low-temperature
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hydrothermal-vent environments, the ability of the novel Halomonas spp. to grow in the
cold deep sea (<3°C) revolved around the minimum temperature for growth under deep-

sea hydrostatic pressures.

Further phenotypic characterization focused on the ability of the novel Halomonas spp.
to grow in situ-and the importance of their hallmark physiological traits, including
euryhaline growth and strong metal resistance. Metal-resistance experiments were
expanded to include the response of the four new Halomonas species, H. pacifica
(isolated from surface seawater) and five other hydrothermal-vent bacteria (isolated
from hydrothermal plumes, low-temperature hydrothermal fluids and animal tissues) to
Co®*, Cu® and Zn®" in addition to Cd*". Elemental analysis revealed partial Zn**
removal (26—48%) and often nearly complete Cd** removal (55-98%) from solution,
concurrent with late-exponential and stationary-phase growth, but only when cells were
not agitated during incubation. Any Co®" or Cu*" removal could be explained as
artifactual. The formation of a bright yellow precipitate when cells were grown with
Cd** strongly suggested metal removal via CdS or CdHPO, production, which in turn
implied microbial SO.4* reduction to H,S or localized HPO4>™ excretion as either a
direct or indirect metal-detoxification mechanism. All strains were strongly metal-
resistant to 0.1-8.0 mM concentrations of the metals tested and produced H,S, but only
in presumed low-oxygen regions of Kligler iron agar stabs. Further experiments are
required to understand why Cd*" was removed during static but not agitated growth and

if the observations reflect an underlying general stress response.

Four Halomonas isolates, H. axialensis, H. meridiana strain Slthfl, H. hydrothermalis
and H. pacifica, were selected for growth curves under an array of conditions that
included cold to warm temperatures, sea-surface to abyssal hydrostatic pressures, and
seawater to briny salinities. Overall, as expected, the strains showed a mesophilic,
piezotolerant and halotolerant response. Little or no growth occurred at 2°C and >15

MPa, suggesting that Halomonas spp. are unable to grow in the cold deep sea but would
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thrive in a warm deep-sea hydrothermal-vent and associated subseafloor habitats.
Under certain conditions of low temperature and/or elevated hydrostatic pressure,
growth was enhanced with elevated salinity (11% total salts). This synergistic effect on
growth indicates that deep-sea brine environments are amenable to the success of
Halomonas, especially the brine-seawater interface located above brine deeps in the
Gulf of Mexico, eastern Mediterranean Sea and Red Sea. The interaction between
salinity and hydrostatic pressure on growth also suggests, at a physiological level, that
the two stresses may be perceived and accommodated by a singular underlying stress-
response system. Accordingly, the euryhaline phenotype of Halomonas may actually

reflect a hydrostatic-pressure adaptation.

H. axialensis and H. hydrothermalis were grown under high and low salinity and
hydrostatic-pressure conditions and harvested for phospholipid and protein analyses.
Lipid profiles indicated that hydrostatic pressure was by far the dominant force on the
degree of membrane-lipid saturation and thus fluidity. Membrane- and cytosolic-
protein patterns revealed a variety of responses, including hydrostatic-pressure-induced
proteins, salt-induced proteins, and, intriguingly, proteins that were expressed under
either salt or hydrostatic-pressure stress, but not with the combination of the two. The
hydrostatic-pressure-salinity competition observed at the level of gene expression may

also reflect an integrated stress-response system.

To assess the importance of the Halomonas isolates that were examined for metal
resistance, metal precipitation, and growth under various hydrostatic-pressure,
temperature and salinity conditions, selected moderately halophilic and euryhaline
constituents of deep-sea and hydrothermal-vent waters were analyzed using a
molecular-phylogenetic biogeographic approach. PCR primers designed to amplify
members of the family Halomonadaceae and the genus Marinobacter successfully
allowed the detection of these taxa in low-temperature hydrothermal fluids (>3.0-pm

fraction) from Axial Seamount and in deep seawater (>0.2-pm fraction) located within a
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few kilometers of seafloor vents at Axial Seamount, the Main Endeavour Field of the
Endeavour Segment of the Juan de Fuca Ridge (JAFR), and on the eastern ridge flank of
the JAFR at the Baby Bare outcrop. Distinct populations of Halomonas spp. and
Marinobacter spp. were found to inhabit each site and typically had >99% sequence
identity in the 16S rRNA gene with other members of the same clade. Certain
characterized species were also found to cluster with environmentaliy relevant groups.
Halomonas sub-group 2A, which includes H. meridiana, H. axialensis and H.
aquamarina, dominated the clone libraries constructed from low-temperature

~ hydrothermal-vent fluids collected at Axial Seamount, indicating that this group
represents an indigenous subseafloor population atop the volcano. Moreover, these
libraries derived from the >3.0-um sample fraction, an indication of a substrate-attached
growth life style, which is hypothesized to be a key feature of inhabiting subseafloor
environments (260). Halomonas sub-group 2B (H. variabilis, H. neptunia and H.
glaciei) dominated the 16S rRNA gene sequences from a deep seawater sample
obtained near Baby Bare; this group may be adapted to cold habitats found at moderate
hydrostatic pressures. Halomonas sub-group 2C was the predominant phylogenetic
cluster from an on-axis sample taken near the Main Endeavour Field. The sole cultured
representative in this group is H. sulfidaeris, which was isolated from a sulfide-rock
sample at the same location several years earlier. The ecology and physiology of this
sub-group may be linked to sulfide structures. The final clone library, which was
generated from a deep seawater sample procured near Axial Seamount, contains
Halomonas sub-groups 2A and 2C and Marinobacter 16S rRNA gene sequences.
Marinobacter spp., which recently have been discovered to grow lithotrophically on
Fe?* and iron-sulfide minerals at low temperatures (168), may be capitalizing on
morganic energy sources dispersed via hydrothermal plumes into the water column.
These data also suggest that low-temperature hydrothermal vents on Axial Seamount —
and presumably elsewhere — are sites of enrichment of certain mesophilic and
psychrotolerant microorganisms, including those of Halomonas sub-group 2A, that

subsequently seed the overlying water column. The biogeography study succeeds in
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intra-specific mapping of the genus Halomonas in deep-sea and hydrothermal-vent

habitats,

One of the key points of this dissertation is to be vigilant in the interpretation of
microbial physiology in regard to what a phenotype expressed in a laboratory setting
means for the behavior of microorganisms in the environment and for environmental
characteristics themselves. For example, euryhaline growth of Halomonas spp. and
Marinobacter spp. may in fact reflect a hydrostatic-pressure adaptation. Similarly,
strong metal resistance and metal precipitation may also reflect, in part, an adaptation to
other physiological stresses. While both euryhaline growth and metal resistance clearly
promote success of these bacteria in hypersaline and metal-enriched environments
located along coastlines and likely in the brine-seawater interface above localized brine
deeps beneath various seas, these physiologies may also manifest as a stress response
induced by factors other than salt and heavy metals. The conclusions of this
dissertation, while not fully deciphering putative cryptic salt- and heavy-metal-stress
responses among moderately halophilic and euryhaline bacteria, signify the importance
of investigating both “environmental” and “physiological” hypotheses (as defined in the

Introduction) to fully explain how and why certain phenotypes are expressed in situ.
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