
One of the trademarks of helium

droplets is their ability to trap high-

energy cluster structures behind

even small energy barriers to

rearrangement (7, 8). The con-

stituents come together in the

helium droplet one at a time,

steered toward one another by

long-range electrostatic inter-

actions during their approach,

with excess energy removed

quickly by the evaporation of

helium atoms from the droplet.

In such circumstances, even

small energy barriers could

prevent ion-pair formation and

rearrangement of the hydrogen-bonded net-

work of water molecules. Instead, just the op-

posite occurs. The calculations uncovered a

nearly barrierless pathway to formation of

the final separated ion pair H
3
O+(H

2
O)

3
Cl–

involving addition of a fourth water molecule

to cyclic HCl(H
2
O)

3
, facilitated by the step-

by-step cluster growth process. The single

acceptor–single donor water molecules present

in both starting and ending structures have been

implicated as required sites for attack by HCl

leading to ionization on ice surfaces (9, 10).

The remarkable ability of water to stabilize

and solvate ions is clearly exposed in this

cluster structure. The fact that a mere

four water molecules are suf-

ficient to drive proton transfer

and to stabilize the ion-pair

products testifies to water’s

unique assets both as a pro-

tonacceptor and as a medium

for forming strong hydrogen-

bonding networks that stabi-

lize the ions once formed. 

Much remains to be done

in studying acid-base reac-

tions in this small size limit.

We still need to gain a deeper

understanding of the devel-

opment of acid-base reac-

tivity as a function of cluster size. In the

HCl(H
2
O)

n
clusters, for instance, we would

hope to understand whether the turn-on of

ion-pair formation at n = 4 is complete, or

whether larger cluster sizes might support

certain initial structures as neutrals and oth-

ers as ion pairs. In those that are trapped as

one or the other, we would like to study their

temperature-dependent stability, or use laser-

initiated excitation to drive proton transfer.

Additional ways to characterize these clus-

ters are being developed, including measure-

ments of the vibrational transition moment

directions (8) and the use of double-resonance

spectroscopy (11) to identify and study in-

dividual structural isomers. In the helium

droplets, such double-resonance schemes

can also be used to measure the barriers to

isomerization or to the proton transfer reac-

tion itself (12). 

The goal ahead will be to squeeze these

clusters for every drop of new understanding

of acid-base chemistry in the small size limit. 
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Confine and separate. Calculated
structure for the H

3
O+(H

2
O)

3
Cl– sep-

arated ion pair in a helium droplet,
as deduced by Gutberlet et al.

F
luids containing ≥5% salt are classified

as brines and exclude most life on

Earth, but some microbes thrive at salt

saturation (35% salt, 10 times the salinity of

seawater). Recent findings of novel saline

habitats such as subsurface aquifer seeps,

deep-sea brine pools, and ancient subglacial

brine (1–4) extend our knowledge on the

limits of life on Earth and

beyond (5) and elucidate how

cycling of sulfur, methane,

and iron can support micro-

bial ecosystems in chemically

isolated habitats in the absence of light (2).

High salt requires microorganisms to min-

imize water loss and osmotic stress. They

accomplish this by concentrating intracellular

solutes and by adaptations of their enzymes,

which are hence of interest to biotechnology. 

The only animal known to tolerate high

salt is the “living fossil” brine shrimp Artemia,

a member of the Branchiopoda. A number of

salt lakes have an endemic variety, such as the

endangered species A. monica, which thrives

in Mono Lake, California (see the first figure,

panel A). The most famous halophilic algae,

Dunaliella salina, a very pink member of the

Chlorophyceae, survives up to 23% salt (see

the first figure, panel B). Dunaliella was first

Saline environments from polar glaciers to 

the deep sea floor contain a surprising variety 

of organisms.Thriving in Salt
Antje Boetius1 and Samantha Joye2
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A B C

Halophilic life. (A) The Mono Lake brine shrimp Artemia monica (~1.5 cm long). (B) The bright pink phototrophic alga
Dunaliella (each individual is ~5 µm long). (C) A ~5-µm-wide cluster of square archaea Haloquadratum walsbyi. 
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studied by Baas-Becking in 1931 (6) and was

the first life form documented in the Dead Sea

(7, 8). The extremely halophilic archaeon

Haloquadratum walsbyi, first found in a Red

Sea salt pond (9), has been cultivated and its

genome sequenced (10). It is <0.1 µm thick

and has an unusual rectangular shape (see

the first figure, panel C). This and other

halophilic archaeae form gas vesicles to float

in the sun-lit, aerobic, nutrient-rich brines.

Halophilic organisms are found in many

branches of the tree of life, and salt-adapted

enzymes occur in both archaea and bacteria.

These observations suggest either that similar

adaptation mechanisms arose numerous times

or that lateral gene transfer is an

important mechanism for halo-

phile evolution. Either mecha-

nism can account for the wide-

spread distribution of carotenoid

and rhodopsin pigments in halo-

philic bacteria and archaea. This

pigmentation explains the red

color of salt lakes, salterns, and

salt flats. 

Various mechanisms generate

the diverse hypersaline habitats

found on Earth. Salt lakes such

as the giant Aral Sea or Lake

Balkhash represent a substantial

fraction of inland water bodies.

They form when geological pro-

cesses create a basin in which

water evaporation exceeds water

input. Evaporation is also used to

precipitate salt commercially in

human-made shallow salt ponds

(salterns) retaining water from the

sea or from salt lakes. Salt has

been a valuable commodity since

the Bronze age, and many ancient

cities gained wealth from mining,

making, and marketing salt. 

Historically, the most intrigu-

ing salt lake is the Dead Sea (see

the second figure, panel A),

mentioned in the Book of Genesis

and in Pliny the Elder’s Natural

History as being free of life. The

tectonic isolation of the Dead Sea

basin from the ocean has con-

tributed to its slow salinization.

Today, this natural laboratory

is endangered because of ever-

decreasing freshwater inputs from

the Jordan River. Volcani first

described microbial life in Dead

Sea waters in his benchmark 1936 paper (8).

Many halophilic archaeae were isolated from

samples of Volcani 57 years after their collec-

tion (11), indicating low mortality in their

salty habitat. For the same reason, thick pho-

tosynthetic microbial mats can thrive at the

bottom of shallow salt lakes where their graz-

ers are excluded. 

Brines also occur in polar habitats. When

sea ice forms, 10 to 30% of its volume is com-

prised by brine channels. Sea-ice microbial

communities thrive inside the interconnected

brine channels that concentrate nutrients and

organic substrates (12). In Antarctica, sub-

glacial saline lakes and surficial brine lakes or

moats are common (1, 13). The Antarctic Dry

Valleys are home to one of the most intriguing

and spectacular microbial ecosystems known

(2): Blood Falls, where subglacial iron-rich

seawater-derived brine episodically drains

from Taylor Glacier (see the second figure,

panel B). This brine contains a low diversity of

microbes, mainly sulfur- and iron-using bac-

teria, including the Arctic species Thiomi-

crospira arctica (14). 

Finally, deep, dark, and remote hypersaline

habitats—such as mud volcanoes, brine lakes,

and anoxic basins—occur at the bottom of the

Black, Red, and Mediterranean seas and in the

Gulf of Mexico (see the second figure, panel

C). When subsurface fluids interact with

ancient salt deposits, they can form warm

brines, which migrate up through the sedi-

ments and are expelled at the sea floor or accu-

mulate in brine pools. The microbial eco-

systems associated with these brines vary with

fluid composition and flow rate (3). Hyper-

saline anoxic basins in the eastern Medi-

terranean Sea result from the dissolution of

Miocene salt deposits exposed to seawater

after tectonic activity (15). Brine microbial

ecosystems are associated with mud volcanoes

along the tectonically active Mediterranean

Ridge and on the passive Egyptian continental

margin, where subsurface fluids interact with

Messinian salt deposits as a result of gravita-

tional transport (16). 

The high density of hypersaline brine lim-

its mixing with overlying seawater, generating

a chemocline up to a few meters thick (3).

Viewing such habitats from a submersible is

like seeing a lake in the ocean (see the second

figure, panel C). These chemoclines host an

elevated biomass and diversity of microorgan-

isms relative to the overlying seawater and

underlying brine, including novel bacterial

and archaeal clades (17). Microorganisms

profiting from the redox gradients, such as

sulfide-oxidizing Arcobacter, leave visible

sulfur precipitates floating on the brine (16).

In Gulf of Mexico brines, which contain no

sulfate, specific microbial functions—such as

formation and consumption of acetate and

subsequent methane production—have been

observed for the first time at high salinity and

were found to vary across the chemocline (3). 

Saline habitats and their diverse halophilic

inhabitants will remain an important focus for

extremophile studies, furthering our knowl-

edge of their unique adaptations and provid-

ing novel enzymes for biotechnological appli-

cations. In addition, remote and isolated briny

A

B

C

Brine habitats. (A) The Dead Sea, where the first halophilic organisms were identified. (B)
Blood Falls at the base of the Taylor Glacier in Antarctica. (C) A bacterial mat–covered brine
pool on a deep-sea mud volcano in the Eastern Mediterranean.
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habitats such as those described in recent stud-

ies (1–4) are fascinating natural laboratories

to study the persistence, energetics, and com-

plexity of microbial life, with implications for

the evolution of biogeochemical cycles on

Earth and elsewhere. 
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C
hronic viral infections provoke a war

of attrition between cytotoxic T cells

(the CD8+ subclass) of the immune

system and infected host cells. Although the

CD8+ T cell response gradually whittles away

at the viral load, the cells progressively become

“exhausted” and lose function during a chronic

infection (1). This exhaustion becomes more

severe in the absence of helper CD4+ T cells,

potentially leading to viral persistence and loss

of virus-specific CD8+ T cells (1, 2). But how

do CD4+ cells help? Three reports in this issue,

by Elsaesser et al. on page 1569 (3), Yi et al. on

page 1572 (4), and Fröhlich et al. on page 1576

(5), suggest an unexpected role for a specific

cytokine produced by CD4+ T cells called

interleukin-21 (IL-21) in con-

trolling chronic viral infections. 

IL-21 is produced by multi-

ple CD4+ T cell subsets, promi-

nently T helper 17 (T
H
17) cells,

follicular helper T cells, and

natural killer T cells (6, 7). The

cytokine enhances differentia-

tion of some of these subsets,

but other immune cells, includ-

ing B, natural killer, and CD8+

T cells, also respond to IL-21.

The IL-21 receptor (IL-21R)

belongs to the γC family of

cytokine receptors (which in-

cludes receptors for IL-2, -7

and -15), and IL-21 can coop-

erate with other members of

that group to enhance CD8+ T

cell responses (8, 9). This lays

the groundwork for consider-

ing whether CD4+ cell “help”

for CD8+ T cell responses involves IL-21 as an

intermediary. 

The new reports show that in mice, IL-21

is produced by CD4+ T cells responding to

chronic lymphocytic choriomeningitis virus

(LCMV) infection. As the infection persists,

these T cells increase IL-21 production (while

decreasing IL-2 production) (3, 4) (see the

figure). To test the relevance of this response,

IL-21– or IL-21R–deficient mice were chron-

ically infected with LCMV. Surprisingly, the

studies found that both types of mice were

more susceptible than normal mice to chronic

infection, and had more dramatic exhaustion

of LCMV-specific CD8+ T cells. Further-

more, IL-21– and IL-21R–deficient mice

could not overcome chronic infection com-

pared to normal mice that were infected. By

contrast, the magnitude of the CD4+ T cell

response was normal [or even enhanced (3)]

in the IL-21– and IL-21R–deficient mice.

Antibody production by B cells to LCMV was

mildly impaired in IL-21– and IL-21R–defi-

cient animals (IL-21 simulates B cell func-

tion) (6, 7), but antibody is not thought critical

for controlling chronic LCMV infection. 

Because the sustained presence of viral

antigen during chronic infection reinforces

CD8+ T cell exhaustion, IL-21 might enhance

viral clearance by affecting other cells types

(e.g., CD4+ T cells). This might also relieve

CD8+ T cell exhaustion. The new studies

addressed this issue by assessing

the function of IL-21R–deficient

CD8+ T cells in normal recipient

mice. CD8+ T cells lacking IL-21R

had impaired self-maintenance,

suggesting an autonomous require-

ment for IL-21 sensitivity. Whether

IL-21 also acts on other immune

cell types to resolve chronic LCMV

infection remains to be determined. 

But is IL-21 the critical element

that allows CD4+ T cells to help

CD8+ T cells combat chronic viral

infection? Yi et al. report that in

response to injected IL-21, CD4+-

deficient mice with a chronic LCMV

infection showed enhanced num-

bers and function of CD8+ T cells

and reduced viral titers. Although

none of the new studies conclusively

show that IL-21 produced by CD4+

T cells is essential for helping CD8+

T cells during chronic LCMV infec-

tion, the prominence of CD4+ T cells

as a source for IL-21 is highly sug-

gestive. IL-21 shows promise in

A cytokine produced by helper T cells enables

CD8+ T cells to control viral infection. A Chronic Need for IL-21
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Help for the exhausted. During acute viral infection, IL-21 is produced by anti-
gen-specific CD4+ T cells, but is not required for the specific CD8+ T cell response
or control of the pathogen (solid curve). During chronic viral infection (dashed
curve), the CD4+ and CD8+ T cell responses become partially “exhausted,” but
CD4+ T cells eventually increase IL-21 production. This helps the CD8+ T cell
response, eventually leading to viral control. 
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