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Metabolic differences in tumors of different origins. Despite being driven by the same initiation mutations in KRas
and Trp53, NSCLCs and PDACs acquire nitrogen differently. NSCLCs induce pathways that allow for the use of BCAAs,
including up-regulation of the transporter Slc7a5 and the BCAA transaminase Bcat. PDACs, by contrast, increase
protein uptake through macropinocytosis and release nitrogen from nonessential amino acids. These cancers also
promote tissue protein breakdown. As a consequence, animals bearing NSCLCs show a depletion of circulating BCAAs,
whereas animals bearing PDACs show increased plasma BCAA levels.

the relative contribution compared to other
sources (such as glutamine) was increased.
Finally, the authors show that these metabolic changes have functionally important
consequences. Deletion of the cytosolic and
mitochondrial Bcat genes resulted in a profound defect in the ability of NSCLC cells to
form tumors but had much less impact on the
tumorigenicity of the PDAC cells. This effect
was not seen in cells grown in culture, where
both lung and pancreas cells were indifferent
to Bcat expression, most likely because under
these conditions glutamine is the preferred
source of nitrogen. Interestingly, the difference in tumor growth was seen whether the
cells were transplanted orthotopically (i.e.,
the NSCLC cells into the lung and the PDAC
cells into the pancreas) or subcutaneously,
suggesting that the difference in behavior is
truly a reflection of the origin of the tumor
rather than the tissue environment. The
work provides a nice counterpoint to previous studies showing that PDAC cells use
macropinocytosis to engulf protein and liberate the nonessential amino acids glutamine,
alanine, and serine that are preferentially
used to support nitrogen demand and other
requirements of these tumors (9, 10). In this
case, BCAAs were not used, again consistent with the increase in circulating BCAAs
detected in mice carrying these tumors. As
might be expected, much less macropinocytosis was seen in the lung cancer cells, which
presumably do not depend on this process.
Whether these metabolic changes are also
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seen in pancreatic or lung cancers driven by
different genetic drivers is an open question.
The work provokes the interesting possibility that, at least in the context of mutant
KRAS and TP53 tumors, NSCLC would be selectively sensitive to Bcat inhibitors, whereas
inhibitors of macropinocytosis would preferentially affect PDACs. Whether similar metabolic dependencies are manifest in early or
premalignant lesions—which might be more
easily treated—remains to be determined.
Furthermore, the observation that lung cancers deplete BCAAs from serum while PDAC
tumors are associated with increased circulating BCAA levels may even provide an
important and simple biomarker, especially
if changes in the levels of these amino acids
can be detected before a clinical manifestation of the tumor is evident (8). j
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ne of the greatest symbols of the birth
of evolutionary biology is Darwin’s
first sketch of an evolutionary tree,
above which he wrote: “I think.” Not
only are evolutionary trees central to
how scientists conceptualize evolutionary processes, Darwin’s words also capture a key aspect of evolutionary science: It
is difficult to observe, forcing researchers to
rely heavily on inference. In recent decades,
studies of fast-growing microorganisms have
allowed hypotheses about evolutionary processes to be tested experimentally (1). On
page 1147 of this issue, Baym et al. (2) report
a device for visualizing evolutionary branching as bacteria grow across a meter-scale agar
slab. The results offer important insights into
evolutionary dynamics in spatially extended
systems.
The device, the microbial evolution and
growth arena (MEGA) plate, is elegantly
simple in its construction. It consists of a
120- by 60-cm dish with regions of agar containing different antibiotic concentrations.
The plate’s large size enables an antibiotic
concentration gradient to be maintained for
the ~10 days it takes Escherichia coli to grow
and evolve across the plate. Furthermore, it
allows for sufficiently large population sizes
to maintain a supply of mutations.
The ancestral bacteria initially grow to occupy the inoculation area, where antibiotic
concentrations are low. When a more resistant mutant arises at the growing front, a fanshaped burst of growth occurs as the mutant
expands into areas of higher antibiotic concentrations, until it reaches concentrations
at which it can no longer grow. The process
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monotherapy, facilitating the evolution of
multidrug-resistant strains (8). The MEGA
plate could be used to test this prediction by
setting up different gradients of multiple antibiotics across the plate. Similarly, multiple
species could be added to the plate to explore
how interspecific interactions may help or
hinder the evolution of resistance.
The MEGA plate is much more than a
model of antibiotic-resistance evolution.
In a clinical context, the MEGA plate could
be criticized as merely a caricature of realworld environments, but such a perspective
misses its value as a tool to elucidate the
fundamental principles of evolution in a
spatial environment. The long-term evolution experiment (LTEE), in which E. coli have
been evolving in flasks containing a simple
glucose-based medium since the 1980s, could
be similarly criticized for being unrealistic
yet has provided key insights into the longterm bounds of evolutionary fitness (9) and
the dynamics of evolutionary innovations
(10), among many other discoveries.
The MEGA plate holds similar promise
as a tool for increasing our understanding
of evolution in a spatial context. Spatial microbial ecology is a rapidly expanding field
that has explored how defined competitive
interactions play out in spatial environments
(11). The MEGA plate provides the potential
to explore the evolutionary aspects of this
field, with mutants arising from population
genetic processes and competing in an iterated series of spatial contests. Adapting the
modeling techniques from microbial spatial
ecology to deal with the spatiotemporal data
generated from the MEGA plate will be critical to maximizing its value.
In addition to its scientific value, the
MEGA plate is a potentially powerful tool
for education and outreach. The principles
of population genetics and spatial ecology
are abstract and mathematical. By providing
a clear visualization of the evolutionary ecology of expanding and diversifying lineages,
the MEGA plate makes the abstract concrete;
it thus offers, as Baym et al. put it, a “seeing is
believing” insight into evolution. j
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crospatial environments, the genetic changes
underlying evolved resistance appear to be
highly reproducible; in contrast, evolution on
the MEGA plate showed a large diversity of
resistance mechanisms. As well as mutations
in pathways directly targeted by the antibiotic, putatively adaptive mutations were also
found in several other pathways, including
those involved in stress responses, transcription, and translation. Future experiments
should investigate how the size of the MEGA
plate (and thus mutational supply), choice of
antibiotic, and gradient steepness combine to
determine the diversity of evolutionary pathways by which bacteria can evolve resistance.
A key factor slowing the spread of antibiotic resistance is the cost of resistance;
resistance mutations generally
reduce growth in the absence
of the antibiotic. However, reWatching evolution through space
sistant bacteria often overcome
In Baym et al.’s experiment, bacterial cells are inoculated in a
this problem via “compensatory
region of low antibiotic concentration on the MEGA plate. Mutants
mutations” that reduce the cost
with greater resistance arise and spread into unoccupied areas
of the resistance mechanism (6).
with greater antibiotic concentrations, creating fanlike evolutionary
Baym et al. observed frequent
branching patterns.
compensatory mutations in their
experiments. However, they also
highlight a critical constraint
on compensatory adaptation:
Compensatory mutations could
only expand when they occurred
on the growing bacterial front.
Those behind the front were
“blocked” and starved of nutrients by their parental lineage.
Experiments moving “blocked”
compensatory mutants beyond
the growing front showed that
these compensatory mutants
could grow at antibiotic concentrations at which their parental
lineage could not. This result
highlights the importance of spatial structure and positioning in
evolution.
Evolutionary branching
Indeed, a recent experimental
evolution study suggests that in
dense microbial communities,
Mutants with highest resistance
there is very strong selection for
Blocked mutant
traits such as secretion producMutants with intermediate resistance
tion to help push bacteria to the
Original organism with low resistance
growing edge of a colony (7). An
exciting avenue for future work
experiments evolved to become 10,000 times
will be to explore how selection on traits that
more resistant to trimethoprim and 100,000
affect positioning during colony growth and
times more resistant to ciprofloxacin.
selection on traits that affect resistance inIn agreement with previous work using
teract to determine how quickly resistance
antibiotic gradients in microspatial environevolves.
ments on ~2-cm-long chips (5), a shallow
The MEGA plate device could be used
antibiotic gradient was necessary for the evoto explore several further aspects of druglution of resistance; without these gradients,
resistance evolution. For example, theomutants of intermediate resistance could not
retical models predict that variable rates of
expand, blocking off evolutionary routes to
drug penetration in the human body durresistance. However, in experiments in miing combination therapy effectively lead to
Increasing antibiotic concentration

then repeats, creating a pattern of branching
fans of growth down the plate (see the figure). The patterns are reminiscent of the abstract Muller plots (3) that are often used to
represent evolutionary dynamics. The advent
of evolutionary innovations via mutation and
the subsequent selection of these mutants
are thus imprinted on the plate, providing
an unprecedented visualization of evolution
through time and space.
The striking beauty of the images and videos of Baym et al.’s experiments belies the
gravity of the evolutionary problem that they
address. The unabated rise of antimicrobial
resistance is one of the greatest challenges
that society faces (4). The results illustrate
the scale of the challenge: The E. coli in the

