
degrees of saturation reveals that, of the longer-
chain molecules, only mono unsaturated mol-
ecules can bind. In other words, the acyl group 
found on Wnt can form a complex with Notum, 
whereas lipids with different configurations 
cannot. In parallel with their binding assays, 
Kakugawa and colleagues show that Notum 
enzymatically removes the acyl group from 
Wnt, thereby rendering the protein in active. 
Such an extracellular deacylase activity has 
never been previously reported.

Hedgehog is another signalling molecule 
whose activity is modified by lipids. But the 
authors demonstrate that, unlike Wnt, Hedge-
hog is not a substrate for Notum. The specific-
ity of Notum for monounsaturated acyl groups 
provides an explanation for this discrepancy, 
because the acyl group attached to Hedgehog 
contains saturated carbon bonds throughout. 
Kakugawa and co-workers also provide genetic 
evidence that, in flies, Notum does not interact 
with Hedgehog signalling in vivo. Finally, they 
show that Notum contains binding sites for 
polysaccharides such as glypican sugar chains, 
inviting speculation that glypicans bring 
together Notum and Wnt — thus modulating 
the enzymatic interaction of Notum with Wnt, 
rather than acting as a substrate for Notum to 
cleave GPI anchors. 

Kakugawa and colleagues’ discovery adds 
greatly to our understanding of Wnt signal-
ling, and of the central role of the Wnt lipid 
group. The authors’ results demonstrate how 
acquisition or loss of the acyl group from pal-
mitoleic acid can adroitly control the activation 
or deactivation of Wnt signals. The transmem-
brane protein Wntless conveys Wnt molecules 
that have been palmitoleoylated by Porcupine 
through the cell for secretion10. Once secreted, 
Wnt proteins bind to Frizzled on other cells 
through the acyl group (Fig. 1). 

All of these lipid-related pathway compo-
nents, including Notum, evolved at around 
the same time as Wnt. The Wnt protein itself 
contains a lipid-binding motif called a saposin 
fold, and it has been speculated11 that, when 
Wnt signals initially evolved, they consisted of 
a lipid–protein complex, with the two becom-
ing covalently linked at a later date. Lipids lie 
at the heart of Wnt signalling, and can even 
be viewed as a primordial cell-fate signal 
because they are also used by organisms such 
as choano flagellates, which are located at the 
base of the animal evolutionary tree12. 

Because enzymes are often good targets for 
drugs, it might be possible to identify molecules 
that inhibit the activity of Notum, thereby 
increasing the strength of Wnt signalling. Wnt 
proteins can stimulate stem cells to proliferate, 
so such an approach could have therapeutic 
value for treating degenerative diseases. Col-
lectively, these findings explain how Notum 
prevents tissues from growing abnormally or 
adopting aberrant identities — it shoots the 
messenger in the Wnt pathway by stripping 
Wnt proteins of their crucial lipid group. ■
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E V O L U T I O N

Fitness tracking for 
adapting populations 
A method for tracking the descendants of hundreds of thousands of yeast cells in 
an evolving population reveals that thousands of individuals contribute to early 
increases in population-wide fitness. See Article p.181

 D A V I D  G R E S H A M

Positive selection for genetic variants 
that benefit an organism in a particular 
environment, a process called adaptive 

evolution, affects all species. As such, know-
ing how frequently beneficial mutations occur, 
and quantifying the selective advantage they 
confer — their fitness — has been a long-
standing goal for evolutionary biology1. On 
page 181 of this issue, Levy et al.2 describe a 
method for tracking individual genetic vari-
ants in an evolving population, and measuring 
their fitness and fate as the population adapts 
to the environment. 

Individuals descended from a common 
progenitor are said to be of the same genetic 
lineage. Levy and colleagues tracked indi-
vidual lineages in yeast (Saccharomyces  
cerevisiae) with extremely high resolution by 
introdu cing hundreds of thousands of unique,  
random DNA sequences into individual yeast 
cells that have otherwise-identical genomes. 
These sequences, called barcodes, have no 
impact on the cell, but can be used to distin-
guish between different individuals by means 
of DNA sequencing. Individuals that have the 
same barcode are part of the same lineage, 
allowing estimation of how many cells in the 
population are descended from a common 
ancestor.

After barcoding the yeast cells, the authors 
studied the population as it underwent adap-
tive evolution over many generations in a 
simple environment. In the evolving popu-
lation, each daughter cell is born through  
cell division and so is a clone of its mother. 

Thus, sexual reproduction plays no part in the 
population’s evolutionary dynamics. Although 
all cells in the population start out with identi-
cal genomes (apart from the barcodes), genetic 
diversity is introduced by random mutations 
that arise spontaneously when DNA is rep-
licated during cell division. If a mutation is 
beneficial in the environment, allowing the cell 
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Figure 1 | Get fit or die trying. Levy et al.2 
labelled hundreds of thousands of individual yeast 
cells, and tracked the population as it evolved. 
Each lineage is initially present in approximately 
equal numbers. In the first, predictable phase 
of evolution, thousands of lineages that acquire 
beneficial mutations (blue, red) expand, increasing 
the fitness of the population and leading to the 
decline of lineages that did not acquire beneficial 
mutations (black). In a second, less predictable 
phase of evolution, even lineages with beneficial 
mutations can decline (blue), as those containing 
mutations that confer an exceptionally high degree 
of fitness, and that arose early enough, continue 
to expand (red), further increasing population 
fitness. (Adapted from Fig. 1a of ref. 2.)
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50 Years Ago
The completion of the Flora 
URSS is a scientific event of great 
significance not only to botanists 
of the Soviet Union … During 
the War work was almost entirely 
suspended as most of the authors 
were evacuated from Leningrad. 
However, incredible efforts were 
made to continue the work. Thus, 
late in the autumn of 1941 in the 
besieged city … an attempt was 
made to print Volume 11.  
B. A. Tikhomirov … obtained  
the necessary amount of paper and 
… this volume was printed.  
N. F. Goncharov, already desperately 
weakened by starvation, proceeded 
with the account of the genus 
Astragalus which made up Volume 12.  
Later that winter this account 
was defended as his thesis for the 
degree of doctor of biology, and 
in February 1942 Goncharov died 
of hunger … Thus, thirty-three 
years of work and the participation 
of about a hundred authors were 
required for the completion of … a 
Flora of 30 volumes. We remember 
all our colleagues, many of them 
long dead, who contributed to its 
achievement. We have done what 
we could. We welcome the young 
botanists and wish them success. 
From Nature 13 March 1965

100 Years Ago
Insects Injurious to the Household 
and Annoying to Man. By Prof. G. 
W. Herrick; The House-Fly, Musca 
domestica, Linn. Its Structure, Habits, 
Development, Relation to Disease and 
Control. By Dr. C. G. Hewitt — In 
addition to insects in the zoological 
sense of the term, spiders, mites, 
ticks, solpugids, scorpions, and 
centipedes are passed in review, and 
the British reader cannot but feel 
that some compensation for not 
being an American is afforded by the 
comparatively scanty house-fauna of 
his native land.
From Nature 11 March 1915

and its descendants to proliferate more rapidly, 
that lineage will begin to increase in relative 
abundance in the population. By sequencing 
the cells’ molecular barcodes at different time 
points throughout the experiment, beneficial 
lineages can be identified.

Levy and colleagues used their high- 
resolution lineage-tracking technique to  
quantify the fitness of each beneficial lineage,  
and to determine when the correspond-
ing mutation occurred in the population’s  
history. They found that, in evolving yeast 
populations containing 70 million cells, about 
25,000 lineages showed fitness increases of 
more than 2% after just over 100 generations. 
Many of these lineages were present at frequen-
cies lower than 0.001%. This means that there 
are initially many more competing lineages 
containing beneficial mutations in evolving  
populations than previously revealed by 
whole-population sequencing3–5. 

The aggregate effect of these thousands of 
beneficial lineages is to push the population 
fitness higher and higher. In doing so, a process 
of sequential purging occurs. First, the lineages 
that did not acquire a beneficial mutation 
are removed from the population. Then, as 
population fitness continues to increase, even 
lineages that contain beneficial mutations are 
purged once their individual fitness is less than 
that of the population as a whole. 

Levy and colleagues’ study shows that there 
are two distinct phases in the adaptive evolu-
tion of a large cell population (Fig. 1). In the 
first phase, population fitness increases in a 
predictable manner. This increase is attribut-
able to the cohort of thousands of different  
lineages with beneficial mutations, and 
depends on the size of the population and the 
fitness associated with each mutation. The 
second phase is less predictable. The ultimate 
‘winners’ must have higher fitness than the 
overall population and the mutations must 
have been introduced early enough in the 
popu lation’s history to establish themselves 
— this phase is unpredictable because such 
mutations are rare. 

The ability to quantify the fitness of each 
beneficial mutation in a population enabled 
Levy and co-workers to measure the range of 
fitnesses conferred by beneficial mutations. 
Theory predicts6,7 that the distribution of 
fitness effects associated with new mutations 
has a particular mathematical shape, known 
as an exponential distribution. However, the 
authors find that this is not the case, at least 
not in this environment. Instead, they observe 
a complicated distribution of fitness effects 
that seems to be composed of a mixture of 
distributions, which may reflect beneficial 
mutations in different genes. The nature 
of the distribution of fitness effects of ben-
eficial mutations is central to understanding 
and simulating adaptive evolution in future 
experiments. As such, the ability to empiri-
cally measure this distribution with precision 

provides opportunities to reconcile theory 
and data.

Despite the power of Levy and co-workers 
technique, several limitations remain. First, 
the method does not actually identify the 
beneficial mutations, a key requirement for 
understanding the molecular basis of adapta-
tion8,9. Second, it tells us about the distribu-
tion of fitness effects for beneficial mutations, 
which are most relevant to the evolution of 
large asexual populations, but not those for 
neutral or deleterious mutations, which may be 
important in populations that are small, sexual 
or have high mutation rates. Last, and crucially, 
the method in its current form allows identi-
fication of only the earliest stages of adaptive 
evolution. Once a single lineage has swept to 
high frequency in the population, its barcode 
will be abundant.  Loss of barcode diversity 
limits the ability to detect a second beneficial 
mutation within these lineages, a problem that 
could be overcome by somehow regenerating 
the diversity of barcodes during the course of 
the experiment.

The ability to track hundreds of thousands 
of individual lineages in a population is an 
exciting tool that allows us to address many 
questions in adaptive evolution. Levy et al. 
performed their experiment using enormous 
populations, ensuring an ample supply of 
mutations. However, studying the dynamics 
of adaptation in much smaller populations 
would also be informative, and will probably 
result in less-predictable outcomes in the early 
stages of adaptation. Furthermore, studying  
adaptation in different environments and dif-
ferent genetic backgrounds will be crucial for 
assessing the generality of the results. Appli-
cation of high-resolution lineage tracking in 
other organisms may be useful for understand-
ing the evolutionary dynamics of antibiotic 
resistance in pathogens and the evolution of 
human tumours. The ability to observe evolu-
tion in action with high resolution is certain to 
reveal unanticipated features of the universal 
force of adaptive evolution. ■
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