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evident, as GWAS-level density would have 
failed to separate these signals.

There was a trend toward lower frequencies 
in the fine-mapped SNPs but not a dramatic 
change. The highest odds ratio (1.7) was 
obtained for the second signal at the SOCS1-
PRM1-PRM2 locus on chromosome 16 
(MAF = 0.004), lending support to the 
expectation that a considerable proportion 
of complex disease loci may be explained by 
strong biological effects from variants with 
very low MAFs. Because the resequencing 
used to design the Immunochip would have 
missed more than three-quarters of the SNPs 
at that frequency, it is possible that a few more 
such signals remain to be discovered at the 39 
loci associated with celiac disease. If samples 
from individuals with celiac disease had been 
included in the resequencing, fewer such 
variants would have been missed, as their 
MAFs would be higher (1.7 times higher 
in this particular example). In general, the 
higher the odds ratio of risk alleles for these 
low-frequency SNPs, the lower their MAFs in 
controls and the higher the likelihood they 
would be missed by sequencing only controls. 
Although just one of the reported signals was 
discovered by locus-specific resequencing, 
only 3 of the 186 loci were resequenced 

in a cohort of case samples with sufficient  
power (80 cases).

Finally, the claim that Immunochip fine 
mapping reduced the size of the associated 
regions by a factor of 12.5 will need to 
be examined carefully. It is based on the 
observation that at many loci there is tight 
physical clustering of SNPs highly correlated 
with the independent signal (r2 > 0.9), 
often at or near gene-regulatory regions. In 
some cases, this results from refining the 
recombination intervals. In many examples, 
however, tight clustering occurs within a 
much wider region of limited recombination. 
Within these regions of zero genetic distance, 
an unexamined, low-frequency causal 
variant could be anywhere in the interval 
and be detected by a remote cluster of 
highly correlated SNPs. Some caution must 
therefore be exercised before undertaking 
major investment in functional studies based 
on these findings.

Moving forward
This first report of Immunochip-based fine 

mapping is an excellent step forward. Are its 
results the final word on these loci? For the 
reasons noted above, additional work will be 
needed, especially the genotyping of lower-MAF  

SNPs by resequencing a larger number of 
cases. Some of these SNPs may be imputed, but 
imputation of such low-MAF SNPs using the 
genotypes of more common SNPs is likely to be 
problematic. In addition, as the Immunochip 
is entirely based on European variants, it will 
need to be supplemented with SNPs from 
other ancestral groups. Finally, one can catch 
a first glimpse of an answer to the question 
of whether fine mapping will help identify 
some of the ‘missing heritability’ of complex 
traits6. The small shift in odds ratios seen here 
is not encouraging, and any increases seen in 
future studies are likely to be accompanied by 
a decrease in MAFs that will minimize their 
effects on heritability.
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B. dolosa, during an outbreak among indi-
viduals with cystic fibrosis. The authors 
sequenced whole genomes of this pathogen 
isolated from 14 subjects over the course of 
16 years. They identified 17 bacterial genes in 
which mutations arose independently in sev-
eral individuals, suggesting that these changes 
were important for adaptive evolution of the 
bacteria to the host environment. The time 
series of samples from multiple patients pro-
vided ideal material for analyses combining 
genomic, epidemiological and evolutionary 
approaches, and the bacteria that infect indi-
viduals with cystic fibrosis are well suited for 
this type of research1–4.

The ancient Greek philosopher Democritus 
said that “everything existing in the universe 
is the fruit of chance and necessity.” In biology,  
random mutation and adaptation by natural 
selection give rise to an evolutionary tug of 
war between chance and necessity. On page 
1275 of this issue, Roy Kishony and colleagues1 
use the repeatability of some evolution-
ary changes to identify genes under posi-
tive selection in an opportunistic pathogen,  

Chance and necessity in the evolution of a  
bacterial pathogen
richard e lenski

The combination of genomic, epidemiological and evolutionary analyses provides a powerful toolbox for 
understanding how pathogens adapt to their human hosts. By sequencing 112 Burkholderia dolosa genomes from an 
outbreak among patients with cystic fibrosis, a new study documents evolution in action and identifies a set of genes 
that contributed to the pathogen’s adaptation.

Richard E. Lenski is at the BEACON Center for 
the Study of Evolution in Action, Michigan State 
University, East Lansing, Michigan, USA.  
e-mail: lenski@msu.edu   

Evolving lineages typically diverge from 
one another over time, and that divergence 
has produced the tree of life. But against this 
background of divergence, nature occasionally 
generates striking examples of parallel and con-
vergent evolution5–12, such as the camera-type 
eyes of vertebrates and cephalopod mollusks. 
The improbability that such features would 
arise repeatedly by chance alone provides 
strong evidence that they are adaptive and 
have been shaped by natural selection. With 
microbes, one can observe mutation and selec-
tion in real time and thereby directly watch the 
interplay between chance and necessity. In the 
field of experimental evolution13, this scenario 
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B. dolosa genome. The authors asked whether 
these mutations were randomly distributed or 
whether a subset of genes  harbored a higher 
than expected number. To address this ques-
tion, they generated a null distribution by ran-
domly assigning the total number of mutations 
to sites in the genome, counting the hits in each 
gene and repeating this procedure 1,000 times. 
In the actual data, 17 genes acquired three or 
more mutations, whereas the randomization 
test indicated that only one gene would be 
expected to have accumulated this many muta-
tions by chance. This finding suggests that the 
17 identified genes were targets of selection. 
The authors also asked whether the ratio of 
non-synonymous to synonymous mutations 
(dN/dS) indicated positive selection on the 
genes containing three or more mutations. 
The expectation is that synonymous muta-
tions are neutral and should thus accumulate 
by drift alone, whereas a ratio significantly 
>1 suggests that non-synonymous mutations 
accumulated because they conferred a fitness 
advantage (Fig. 1b). For the genome as a whole, 
the authors found a dN/dS ratio of ∼1, whereas 
for those genes with three or more independent 
mutations the ratio was much higher, providing 
further evidence that these genes were under 
positive selection.

Among the 17 genes identified by Lieberman 
et al.1 as likely targets of selection were some 
that encode familiar disease-related traits 
and others not previously associated with 
disease. The former include genes encoding 
anti biotic resistance and factors involved in 
outer membrane synthesis and antigen pre-
sentation. Genome-wide association tests 
provided additional evidence of the connec-
tion between these mutations and phenotypic 
traits. Included among the newly identified 
pathogenicity-related genes were three encod-
ing factors involved in oxygen-dependent regu-
lation as well as three coding for proteins of 
unknown function. As Lieberman et al.1 note, 
these genes should be studied to elucidate their 
functions in the context of the host-pathogen 
interaction and, perhaps, to suggest new thera-
peutic strategies.

Future opportunities
Tests for parallel changes and excess non-
 synonymous mutations have been widely used 
to identify likely targets of selection. In experi-
mental systems, one can perform an additional 
test of selection by making isogenic strains 
and competing them to verify that the derived 
mutations are beneficial in the environment 
where they evolved8,13,14. Although such tests 
cannot ethically be performed in individuals 
with cystic fibrosis, one could construct such 
B. dolosa strains and examine their growth and 
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Positive 
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plays out in replicate populations that are set up 
to evolve independently from the same ances-
tor and in the same environment. In my labora-
tory, for example, 12 populations of Escherichia 
coli have been evolving for over 20 years and 
50,000 generations. We are measuring pheno-
types and sequencing genomes to study the 
repeatability of evolution, and we have seen 
substantial divergence as well as many paral-
lel changes8,10,14. In principle, one could also 
obtain such information by watching evolution 
in action in nature, given a system with multi-
ple populations derived from the same ancestor 
and living in similar environments. A critical 
consideration in the study by Lieberman et al.1  
is that the evolving B. dolosa populations came 
from the same outbreak and were related by 
transmission among the affected individu-
als. Thus, the authors first had to understand 
the history of transmission events in order to 
then infer which mutations were shared by a  

common ancestor and which arose indepen-
dently in multiple individuals (Fig. 1a).

Transmission history
In the 1990s, a total of 39 patients with cystic 
fibrosis in the Boston area became infected 
with B. dolosa1,15. Over the course of 16 years, 
bacterial samples were taken during regular 
care and stored in freezers. Lieberman et al.1  
sequenced the complete genomes of 112  
B. dolosa isolates obtained from 14 of the 
affected individuals, including “patient zero,” 
as well as isolates from both the airways and 
blood of several subjects. The authors used 
the Illumina Genome Analyzer II× sequenc-
ing platform and achieved an average coverage 
of 37×. The resulting reads were aligned to the 
reference B. dolosa genome, which has three 
chromosomes that total 6.42 Mb in size. The 
authors scored SNPs generated by point muta-
tions but did not analyze insertions, deletions 
or other rearrangements.

The spread of infection has long been traced 
using molecular markers, and whole-genome 
sequences provide ideal data for such analysis 
over short periods of time when relatively few 
mutations accumulate. Lieberman et al.1 used 
B. dolosa sequences to identify several impor-
tant features of the outbreak. First, they found 
that all isolates were derived from the strain 
that infected patient zero. They estimated that 
SNPs accumulated in the evolving genomes 
at the rate of ~2.1 mutations per year and 
constructed a strain phylogeny based on the 
relation ships between the sequences. They used 
this phylogeny to infer the history of transmis-
sion between subjects, although they could not, 
from this analysis, determine whether trans-
mission events were direct (between the study 
subjects) or indirect (involving other indivi-
duals with cystic fibrosis, healthcare workers 
or medical equipment). When multiple iso-
lates from a subject’s blood were examined, 
these strains were found to often derive from 
different lineages in the subject’s lung. Thus, 
the movement of the pathogen within a host 
was analyzed in the same way that transmis-
sion between hosts was tracked. Finally, the 
authors used the phylogeny and transmission 
network to infer the genome sequence of the 
last common ancestor of the pathogen in each 
subject. They then determined which bacterial 
genes had independently acquired mutations 
in multiple individuals.

Targets of selection
Lieberman et al.1 used two interwoven lines 
of reasoning to search for genes under strong 
positive selection. They identified 561 indepen-
dent mutations that arose during the epidemic, 
distributed among 304 of the 5,014 genes in the 

Figure 1  Two approaches to identify targets 
of selection in the B. dolosa genome during 
an outbreak among cystic fibrosis patients. 
(a) By using genome sequences to build a 
strain phylogeny, one can infer which mutations 
occurred along various branches of the tree. 
In this hypothetical example, two mutations, 
A→a and B→b, each occurred once, and a third 
mutation, C→c, arose twice, thus indicating 
parallel evolution. (b) The ratio of non-
synonymous (N) to synonymous (S) mutations 
expressed relative to the number of sites at risk 
for each class of mutation provides information 
about selection on a gene. Under neutral 
evolution, the dN/dS ratio is expected to be 1. 
Under negative (or purifying) selection (dN/dS < 1),  
some non-synonymous mutations reduce fitness 
and are removed (red X). Under positive  
selection (dN/dS > 1), some non-synonymous 
mutations enhance fitness, and these mutants  
are reproduced at a higher rate (green pairs).
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individual hosts, it might also reflect evolution 
in action, in which the pathogen evolves to 
better exploit its host. To test this hypothesis, 
one could resequence microbial isolates from 
replicate hosts and perform another round 
of experimental inoculations. Such studies 
promise further insights into the importance 
of evolutionary processes in infection.
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other phenotypes in animal models and under 
other conditions, such as at different oxygen 
levels, to investigate how the mutations affect 
this pathogen.

The study by Lieberman et al.1 beautifully 
shows the value of sequencing collections of 
related pathogen strains from a defined epi-
demic, a value that rises as the cost of genomic 
analyses declines. This approach also sug-
gests related opportunities that have not yet 
been pursued. For example, it is common to 
observe substantial variation in the densities of 
microbes after experimental infections in stud-
ies of host-pathogen interactions. Although 
this variation may reflect differences between 

world, with an exponentially rising prevalence 
after age 60 leading to worrying predictions 
for future healthcare and the human costs of  
this disease.

Complement-mediated disease model
Until the first GWAS showed the association 
of variants in and around CFH with AMD, 
the factors driving AMD pathogenesis were 
not well understood. The CFH protein is an 
abundant, secreted glycoprotein containing 
20 structurally similar complement-control 
protein (CCP) domains (Fig. 1) and is the 
major soluble regulator of the alternative 
complement pathway (ACP)2. The finding 
of a substantially increased AMD risk in 
carriers of certain common variants in the 
CFH gene (for example, the rs1410996 SNP 
and variations resulting in I62V and Y402H 
amino acid substitutions)3 immediately sug-
gested a role for the ACP in AMD patho-
genesis, an idea that is consistent with earlier  
histopathological findings4.

The complement-mediated disease model 
has been supported by follow-up studies 
showing that variants in or near other genes 
encoding ACP components, such as C3, 
CFB and CFI, are also associated with AMD  

The results of genome-wide association studies 
(GWAS) carried out in 2005 led to the identi-
fication of an unexpected disease pathway in 
AMD1 and more generally showed that fre-
quently occurring variants can have important 
influences in common disease.

AMD results from late-onset degeneration 
of a region of the human retina called the  
macula, the middle of which (the fovea) is 
densely populated by cone photoreceptors, 
which are essential for high-resolution and 
color vision. AMD is associated with extra-
cellular deposits within or adjacent to Bruch’s 
membrane, which separates the retinal pig-
mented epithelium (RPE) and photoreceptors 
from their choroidal blood supply. Death of 
macular RPE cells and their associated photo-
receptors occurs in the late stages of AMD, 
sometimes accompanied by retinal invasion 
by fragile new blood vessels that can leak 
and cause devastating sight loss. AMD is the 
commonest cause of blindness in the Western 

a rare variant in CFH directly links age-related macular 
degeneration with rare glomerular nephropathies
alan F Wright

a careful analysis of risk haplotypes in relation to age-related macular degeneration (aMd) susceptibility has led 
to the identification of a rare, high-penetrance variant in the complement factor H (CFH) gene that is also causally 
associated with atypical hemolytic uremic syndrome (aHUs) and related glomerulopathies. This finding provides a 
convincing causal mechanism linking the two diseases and develops a paradigm for the genetic architecture of a 
common and complex disease.
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susceptibility5. However, a closer examination 
revealed a more complex story. A common 
deletion affecting two neighboring genes, 
CFHR1 and CFHR3 (encoding complement 
factor H–related proteins 1 and 3, respec-
tively), was protective against AMD (odds 
ratio = 0.35), raising the question of whether 
one or several complement-related genes 
influence AMD risk6. Furthermore, GWAS 
analyses are rarely powerful enough to iden-
tify specific causal variants. In spite of this, 
at least two common CFH variants associated 
with AMD risk were found that encoded pro-
teins with altered functions, such as reduced 
binding to macular polyanions (Y402H 
substitution)7 or reduced factor I cofactor 
activity, which is needed for the dismantling of 
the convertase (I62V substitution)8. However, 
it has been surprisingly difficult to pin down 
a clear causal mechanism underlying AMD 
pathogenesis.

Rare haplotypes identified
On page 1232 of this issue, Raychaudhuri  
et al.9 have now resolved several of these issues 
by showing that a rare variant in the CFH gene 
that is associated with a high AMD risk encodes 
a protein that is both functionally defective and 




