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that lead to adaptation and selection—the
“differences that make a difference™ (17—
13). Denef and Banfield speculate that phe-
notypic selection in the Leptospirillum pop-
ulations may be due to differences of only
a few nucleotides, but there are some cave-
ats. Their approach captured major homolo-
gous recombination events, but nonhomolo-
gous gene acquisitions from HGT may have
gone undetected, because the Leptospiril-
lum population analyses relied on compari-
sons of genes present in reference genomes.
Without complete and contiguous genome
assemblies from the population genomes,
large blocks of newly acquired foreign
genes could be invisible to this approach.

Recent studies suggest that HGT and ille-
gitimate recombination can be common and
frequent in native microbial populations
(13-15).

It turns out that “genome” is a verb, not
a noun—a process, not a product. Current
and emerging microbial population genomic
studies that capture this dynamic (2, 6, 7, 9,
13-15) promise to help paint a more inte-
grated motion picture of microbial ecology
and evolution in action.

References

1. W. B. Whitman, D. C. Coleman, W. ). Wiebe, Proc. Natl.
Acad. Sci. U.S.A. 95, 6578 (1998).

2. V.). Denef, ). F. Banfield, Science 336, 462 (2012).

3. G.W.Tyson et al., Nature 428, 37 (2004).

4. G.W.Tyson et al., Appl. Environ. Microbiol. 71, 6319
(2005).
5. ). E. Barrick et al., Nature 461, 1243 (2009).
6. N.A. Moran, H. ). McLaughlin, R. Sorek, Science 323,
379 (2009).
7. L.Yang etal., Proc. Natl. Acad. Sci. U.5.A. 108, 7481
(2011).
8. V.). Denef et al., Environ. Microbiol. 11, 313 (2009).
9. T.D. Lieberman et al., Nat. Genet. 43, 1275 (2011).
10. ). W. Drake, Proc. Natl. Acad. Sci. U.S.A. 88, 7160 (1991).
11. G. Bateson, Steps to an Ecology of Mind: Collected Essays
in Anthropology, Psychiatry, Evolution, and Epistemology
(Univ. of Chicago Press, Chicago, 1972).
12. C. Fraser, E. ). Alm, M. F. Polz, B. G. Spratt, W. P. Hanage,
Science 323, 741 (2009).
13. B.]. Shapiro et al., Science 336, 48 (2012).
14. ]. H. Hehemann et al., Nature 464, 908 (2010).
15. C.S. Smillie et al., Nature 480, 241 (2011).

10.1126/science.1221822

ASTRONOMY

Complex Protostellar Chemistry

Joseph A. Nuth lll and Natasha M. Johnson

wo decades ago, our understanding of
Tthe chemistry in protostars was sim-

ple—matter either fell into the cen-
tral star or was trapped in planetary-scale
objects. Some minor chemical changes might
occur as the dust and gas fell inward, but such
effects were overwhelmed by the much larger-
scale processes that occurred even in bod-
ies as small as asteroids. The chemistry that
did occur in the nebula was relatively easy to
model because the fall from the cold molecu-
lar cloud into the growing star was a one-way
trip down a well-known temperature-pressure
gradient; the only free variable was time.
However, just over 10 years ago it was sug-
gested that some material could be processed
in the inner nebula, flow outward, and become
incorporated into comets (/, 2). This outward
flow was confirmed when the Stardust mis-
sion returned crystalline mineral fragments
(3) from Comet Wild 2 that must have been
processed close to the Sun before they were
incorporated into the comet. On page 452 of
this issue, Ciesla and Sandford (4) demon-
strate that even the outermost regions of the
solar nebula can be a chemically active envi-
ronment. Their finding could have conse-
quences for the rest of the nebula.

Outward flow in the nebula is the natural
result of conserving the total angular momen-
tum of the star-forming system as mass con-
tinues to accrete onto the rotating disk feed-
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ing the growth of the central star (5-7). As
mass flows inward along the flared accre-
tion disk, additional mass flows slowly out-
ward along the midplane (see the figure). As
an additional complication, because the mid-
plane is hotter than the outer boundary of the
disk, convection will also mix materials verti-
cally in the nebula. Ciesla and Sandford show
that ice-coated dust grains, moving outward
and subject to convection, will be exposed
to cosmic radiation that is sufficient to cause
the same chemical effects seen in dark cloud
cores—that is, the conversion of simple car-

Numerical models show that protoplanetary
nebulae are sites of chemical activity even
in the cold outer disk.

bon- and nitrogen-containing molecules into
more complex organic species—and so will
have consequences for nebular chemistry.

It has been nearly 40 years since the discov-
ery that the oxygen in solid bodies throughout
the solar system is mass-independently frac-
tionated (8). It appears as if '*O were added or
subtracted from the bulk composition of the
dust independently of either 7O or '*0. While
the first explanation for this observation was
the addition of '*O-rich supernova grains to
the forming solar system (8), the currently
favored explanation is known as chemical
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Complex reactions. Large-scale motion driven by conservation of angular momentum, together with more
local convective cells above and below the hotter nebular midplane, dynamically mix products of chemical
reactions from many different environments throughout the nebula.
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film populations contained six distinct Lep-
tospirillum genotypes (types I to VI). The
time series was dominated by Leptospiril-
fum genotype III, which appeared to be a
recombinant hybrid of genotypes I and VL.
Time-series population DNA sequencing of
Leptospirillum genotype III biofilms sam-
pled over the course of 5 years yielded a sin-
gle-nucleotide substitution rate of 1.4 x 107
substitutions per nucleotide per generation.
This rate estimate, along with evolutionary
history reconstructions, suggested that the
six Leptospirillum genotypes diverged from
a common ancestor in a matter of decades.
The data also indicated that the major
recombinations reflected single events that
led to the domination of specific recombi-
nant genotypes. Population genomic anal-
yses suggested that Leptospirillum geno-
type evolution (see the figure) consisted of
a complex menu of immigration, horizontal
gene transfer (HGT), homologous recom-

o Recombination in Recombinant 1
creates Recombinant 2

@ Recombinant 2

bination, fixation, and selective sweeps that
successively generated and replaced differ-
ent genotypes and, presumably, phenotypes.

The AMD Leptospirillum nucleotide
substitution rate of 1.4 x 107 per nucleo-
tide per generation is at the high end of pre-
vious estimates, which have ranged from
7.2x 107" to 4.0 x 107 (5-7). One reason
may be the use of a different approach. In
perhaps the most elegant and comprehen-
sive study of its kind to date, Denef and
Banfield performed cultivation-indepen-
dent population genomic analyses. In addi-
tion, they leveraged a unique combina-
tion of data that included in situ proteomic
data sets (&), three distinct Leptospirillum
population genotypes (assembled directly
from natural populations) and a population
genomic time series.

Unlike Denef and Banfield’s study, other
estimates of bacterial evolutionary rates
have relied on isolation, propagation, or
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Microbial microevolution in a biofilm. This hypo-
thetical scenario of evolutionary events in AMD bio-
films illustrates some of the processes observed and
inferred by Denef and Banfield. The white circles do
not necessarily represent the same biofilm. The dot-
ted black arrows do not imply direct succession in
the same biofilm; rather, different amounts of time,
and different spatial locations, may be involved in
the transitions, which could take years to decades.

comparison of pure cultures or laboratory
populations (3, 7, 9). These approaches may
be selective and may not reflect native com-
munity complexity. On the other hand, the
AMD habitat is itself unique; its unusual
conditions and low biological complexity
may affect the evolutionary rate estimates.
Denef and Banfield point out, however, that
their estimates are consistent with indepen-
dent theoretical predictions of a universal
mutation rate (10).

A central goal in microbial population
biology is to identify key genomic changes
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self-shielding (9—11). The principle is similar
to that of laser isotopic separation of gases, but
uses either interstellar ultraviolet (UV) radia-
tion or the light of the growing Sun. In either
case, UV radiation dissociates CO molecules.
However, owing to the abundance of C'O
molecules, the radiation penetrating the sys-
tem runs out of photons capable of breaking
up this isotopic combination before it runs out
of photons that dissociate C'"O or C'*0. The

result is that in such regions, 70 and '*0 are .

free to react, either directly with dust grains
or with H atoms to form H,0 that eventually
reacts with the dust. Meanwhile, the extremely
stable C'%0 sequesters the 'O in the gas phase
and prevents it from reacting with silicates. As
long as CO remains stable, the self-shielding
mechanism remains a viable explanation for
the mass-independent fractionation of oxygen
isotopes throughout the solar system.
Unfortunately, Ciesla and Sandford dem-
onstrate that CO is not a stable sink for 90,
and that such molecules will be converted
into complex organics even in the cold outer
reaches of the solar nebula, just as they are in
cold molecular cloud cores. If CO is converted
into.organic molecules by radiation process-
ing in icy grains in the outer nebula, just as it

is via Fischer-Tropsch-type reactions (12—14)

on the surfaces of warmer grains in the inner
nebula, and if such organics are free to react
with silicate dust or to react with the bulk sili-
cate in planetesimals, then the effects of pho-
tochemical self-shielding will be minimized
or even completely erased. A new mechanism
may be needed to explain the oxygen isotopic
fractionation observed in the solid bodies of
the solar system.

Our understanding of the chemistry in pro-
tostellar systems has made enormous prog-
ress over the last few decades, fueled by an
increased awareness of the complex dynam-
ics of these evolving energetic nebulae. We
can no longer consider just the simple local
environment (15) to explain the composition
of a planet, asteroid, or comet as was done in
the past, but must now consider chemical pro-
cesses that might take place within the nebula
as a whole as well as the probability of trans-
port and mixing the products of such reactions
throughout the system. Just as we now find it
impossible to explain the complex chemistry
of'the terrestrial atmosphere without reference
to detailed transport models that interconnect
highly dissimilar chemical environments,
so chemical models of protostars and of the

PERSPECTIVES I

solar nebula must eventually treat these envi-
ronments as tightly coupled, interactive sys-
tems. The demonstration that the chemistry
on the surfaces of outward-flowing, dynami-
cally mixing icy grain surfaces both mimics
the chemistry in cold cloud cores and strikes
at the central assumption of the photochemi-
cal self-shielding model for oxygen isotopes
in solar system solids only adds emphasis to
this conclusion.
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CELL BIOLOGY

Using Cell-to-Cell Variability—
A New Era in Molecular Biology

Lucas Pelkmans

very cell biologist who has used
Ea microscope knows that single

cells in a population display vari-
able behavior (/). Although heterogeneity
between single cells is obvious in tissues
and organisms, it can also be observed in
populations of monoclonal cells that have
been cultured under identical conditions.
Besides having stochastic sources (2, 3),
phenotypic cell-to-cell variability among
genetically identical cells can be determin-
istic and regulated, in both prokaryotic and
mammalian cells (4, 5). Molecular and cell
biologists have traditionally ignored this
phenomenon, in part because of technical
limitations, but also because, historically,
research has focused on mechanisms and
processes that are common between cells.
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However, the mechanisms that make them
different are likely to be equally important.
Embracing this cell-to-cell variability as a
fact in our scientific understanding requires
a paradigm shift, but it will be necessary. In
fact, it may be a strong boost for the field
by uncovering novel and previously over-
looked mechanisms of regulation at the cell
population level.

Uncovering a novel mechanism, struc-
ture, or organelle that is generally observed
in all cells is still regarded as the ultimate
goal for most scientists in the field. Although
clearly important, this fixation on results that
can be generalized while dismissing other,
conflicting findings has hindered progress.
Fortunately, the field is slowly accepting that
multiple mechanisms often exist for a par-
ticular cellular behavior or activity and that
these mechanisms can vary between individ-
ual cells, even within the same monoclonal
population (6-8). '

Studying the phenotypic differences between
genetically identical cells rather than their
general features can reveal novel regulatory
mechanisms for diverse celtular processes.

The great value of cell-to-cell variabil-
ity for uncovering novel cellular processes
comes from its being a natural source of “per-
turbation.” A similar approach is applied in
the social sciences and economics, where
relationships between individual factors are
inferred through the analysis of variabil-
ity in these factors in dynamically changing
social and economic systems (9). However,
these sciences can generally only make use
of naturally occurring perturbations to test
hypotheses. In contrast, the tools available
to the molecular cell biologist provide some
unique advantages, such as combining the
analysis of cell-to-cell variability with inten-
tional, targeted molecular perturbations. In
addition, with the advent of high-throughput
image-based technologies and computational
image analysis (10, 11), large data sets can be
constructed comprising measurements from
multiple molecular and phenotypic states
in large numbers of single cells within their
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Above average. Single, genetically identical (monoclonal) cells
(circle, half circle, pentagon, and square) are not the same as the
average cell (triangle). Individual cells may display many cell-to-cell
variabilities, such as in the signaling kinases mitogen-activated pro-
tein kinase (MAPK: half circle) and mammalian target of rapamycin
(mTOR: pentagon), and in clathrin-mediated (circle) or caveola-
mediated (square) mechanisms of endocytosis, making each indi-

vidual cell clearly different.

microenvironment over long periods of time.
These data sets are particularly well suited
for statistical approaches to find physiologi-
cally relevant connections, such as causality
and feedback (/2). Once such approaches
become mainstream, we may find that cell-
to-cell variability is fundamental to most, if
not all, molecular cellular processes, from
the number of ribosomes in a cell or its meta-
bolic capacity to cytoskeletal properties and
the activity of signaling pathways. One con-
sequence of this will be the realization that
the concept of a single “textbook-model” cell
does not factually exist (see the figure).

We all struggle with the amount and the
complexity of molecular information avail-
able on the regulation of cellular processes, as
well as the layers of cross talk between them.
Most of this knowledge has been obtained
with cell population-averaging techniques or

from a relatively few single cells
and then generalized to all cells.
However, it is likely that when
these processes are studied at the
single-cell level, it becomes clear
that not all parts of a complex
pathway (e.g., of signal transduc-
tion) or all existing alternative
routes (e.g., of endocytosis) act
together in an individual cell, but
rather in different subsets of cells
within one population. Thus, we
may find that this molecular com-
plexity manifests itself in part at
the cell population level and can
be explained by studying patterns
of cell-to-cell variability.

A rich hunting ground for
molecular cell biology is to find
out the molecular mechanisms by
which regulated cell-to-cell vari-
ability emerges in a population.
Quantitative measurements of
how cells spatially organize them-
selves in a growing population
will reveal how heterogeneity in
the single-cell microenvironment
is created (5). Integrating this
with molecular measurements of
important signal transducers will
explain how cell-to-cell variabil-
ity patterns of cellular signaling
emerge. This, in turn, may affecta
wide range of cellular processes.
For instance, it may cause het-
erogeneity in transcription factor
activity and subsequently in gene
transcription (/3, /4), and it may
affect signaling pathways that
control protein translation (15) or
metabolic rate (16). At a higher
level, this may cause variation in the state of
the cytoskeleton, lipid composition of mem-
branes, and membrane trafficking (3), as well
as in intrinsically cycling cellular states, such
as the cell cycle (17, 18). On top of this, we
may expect different cellular states to affect
the type and level of soluble factors secreted
by individual cells (/9) and how other indi-
vidual cells respond to them (20, 217). Because
the activity and state of these diverse cellular
processes influence each other and are deter-
mined by—but also define how—cells spa-
tially organize themselves, there exists exten-
sive feedback at both the single-cell and the
cell population level.

Remarkably, although a large amount of
knowledge exists for individual cellular pro-
cesses, very little is known about how they act
together to determine cell-to-cell variability.
Specifically, quantitative assessment of how

information flows from one cellular prop-
erty to the next is almost completely absent.
I expect that a particularly intriguing class of
molecular regulators, namely those that con-
trol and establish cell-to-cell variability, will
emerge and become important for studying
this. When such regulators are perturbed,
there may be no change in overall cellular
activity, but the pattern of cell-to-cell variabil-
ity of the activity will be different (22). These
regulators could represent an entirely missed
concept in molecular cell biology. Another
fascinating topic will be the molecular mech-
anisms by which cells control their intrinsic
variability. For clathrin-mediated endocyto-
sis, we have shown that cells that are sparsely
growing display more cell-to-cell variability
than cells growing in more crowded regions
(3). This suggests that local cell density can
regulate intrinsic variability.

Finally, hypothesis-driven statistics and
causal inference from large sets of accurate
measurements may allow us to overcome
one of the greatest problems in molecular
cell biology: the fact that genetic and phar-
macological perturbations have a variety of
indirect effects, obscuring the fine detail of
the molecular causality underlying cellular
activities. Ironically, it is exactly the biologi-
cally determined variability in such measure-
ments, whether of single cells in a population
or subcellular structures within a cell (23),
that will enable us to reveal this.

References
. H. Eagle, E. M. Levine, Nature 213, 1102 (1967).
. A. Raj, A. van Oudenaarden, Cell 135, 216 (2008).
. A. Eldar, M. B. Elowitz, Nature 467, 167 (2010).
. F. St-Pierre, D. Endy, Proc. Natl. Acad. Sci. U.S.A. 105,
20705 (2008).
. B. Snijder et al., Nature 461, 520 (2009).
6. S.). Altschuler, L. F. Wu, Cell 141, 559 (2010).
7. B.Snijder, L. Pelkmans, Nat. Rev. Mol. Cell Biol. 12, 119
(2011).
8. A. Loewer, G. Lahav, Curr. Opin. Genet. Dev. 21, 753
(2011).
9. 1. Pearl, Causality: Models, Reasoning, and Inference
(Cambridge Univ. Press, Cambridge, 2000).
10. M.V. Boland, R. F. Murphy, Trends Cell Biol. 9, 201 (1999).
11. A.E. Carpenter, Methods Mol. Biol. 486, 193 (2009).
12. G. Danuser, Cell 147,973 (2011).
13. R. Pires das Neves et al., PLoS Biol. 8, ¢1000560 (2010),
14. S. Fukuhara et al., Nat. Cell Biol. 10, 513 (2008).
15. T.L.Yuan et al, Curr. Biol. 21, 173 (2011).
16. P.Tsou, B. Zheng, C. H. Hsu, A. T. Sasaki, L. C. Cantley,
Cell Metab. 13, 476 (2011).
17. R.F Brooks, P. N. Riddle, J. Cell Sci. 90, 601 (1988).
18. A.Tzur, R. Kafri, V. S. LeBleu, G. Lahav, M. W. Kirschner,
Science 325, 167 (2009).
19. D. Lietal., Proc. Natl. Acad. Sci. U.S.A. 108, 21063
(2011).
20. S. L Spencer, S. Gaudet, ). G. Albeck, ]. M. Burke,
P. K. Sorger, Nature 459, 428 (2009).
21. S.Tay et al., Nature 466, 267 (2010).
22. B. Snijder et al., Mol. Syst. Biol. 8, 579 (2012); 10.1038/
msh.20129.
23. C. M. Welch, H. Elliott, G. Danuser, K. M. Hahn, Nat. Rev.
Mol. Cell Biol. 12, 749 (2011).

B N

w1

10.1126/science.1222161

27 APRIL 2012 VOL 336 SCIENCE www.sciencemag.org



