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Almost all microbiologists are familiar 
with either the bacterial flagellum (BOX 1) 
or type III secretion systems (T3SS), 
but most would have been surprised to 
hear these subjects feature prominently 
in a United States courtroom. Yet that 
is precisely what happened last year 
in the Kitzmiller versus Dover trial in 
Pennsylvania, where the term ‘flagellum’ 
and its cognates appeared 385 times in 
the transcripts of the 6-week trial. These 
topics were brought to the attention of 
the public, as the trial judge heard quota-
tions from eminent bacteriologists, such 
as David DeRosier, Carl Woese, Richard 
Lenski, Richard Losick and Lucy Shapiro. 
The chief findings of the trial judge, John 
E. Jones III, can be summarized by a few 
sentences: he found it “…abundantly clear 
that the board’s ‘intelligent design’ (ID) 
policy violates the establishment clause. 
In making this determination, we have 
addressed the seminal question of whether 
ID is science. We have concluded that 
it is not, and moreover that ID cannot 
uncouple itself from its creationist, and 
thus religious, antecedents.” In short, the 
‘Bacterial Flagellum Trial’ (as one 
of the defence lawyers called it) estab-
lished that the teaching of ID in American 
state schools was unconstitutional.

The myth of irreducible complexity
But why was microbiology discussed in this 
court case? The answer lies in the fact that 
members of the ID movement (including 
two witnesses for the defence in the Dover 
trial, Michael Behe and Scott Minnich) cite 
the bacterial flagellum as an example of an 
irreducibly complex system. This complexity, 
they argue, could not have arisen through 
gradual variation and natural selection, 

which were proposed as the mechanism of 
evolution in Darwin’s The Origin of Species 
(BOX 2). At the heart of the ID argument is 
the supposition that some biological systems 
are so complex that they can only function 
when all of their components are present, so 
that the system could not have evolved from 
a simpler assemblage that did not contain 
the full machinery — essentially a modern 
re-working of the old creationist argument 
‘what good is half a wing?’

Kenneth Miller, who appeared as a 
witness for the plaintiffs, elaborated, in 
non-technical terms, some of the arguments 
against the notion that the flagellum is 
irreducibly complex (see Further informa-
tion for links to trial material); he and others 
have also done so in print1,2. Crucially, Miller 
pointed out that the flagellum is modular, in 
that the T3SS that is responsible for flagellar 
protein export constitutes a functionally 
intact subsystem capable of performing a 
useful function (protein secretion) in the 
absence of the rest of the flagellar apparatus. 
However, there are additional arguments, 
which we elaborate below, in favour of 
viewing bacterial flagella as evolved — 
rather than designed — entities.

Beyond typology
As the great evolutionist Ernst Mayr noted, 
one of Darwin’s greatest achievements was 
to abolish typological or essentialist think-
ing from biology; instead, the emphasis in 
biology is on variation and individuality3. 
Therefore, when discussing flagellar evolu-
tion it is important to appreciate that there 
is no such thing as ‘the’ bacterial flagellum. 
Instead, there are myriad different bacterial 
flagella, showing extensive variation in form 
and function. The most well-studied bacte-
rial flagellar system is that of Salmonella 

enterica serovar Typhimurium (Salmonella 
typhimurium) (BOX 1). However, in Gram-
positive bacteria, flagella lack P- and 
L-rings4, and in spirochaetes the flagellar 
filaments rotate inside the periplasm5. 
Some flagella rotate using proton-motive 
force, others depend on a sodium-ion 
gradient6,7. In Sinorhizobium meliloti and 
Rhodobacter sphaeroides, the flagellum 
rotates unidirectionally, with a fast, slow or 
stop mechanism, whereas in S. typhimurium 
reversals in the direction of flagellar rotation 
are used to re-orientate the cell8,9. Flagellar 
filaments vary in their physical properties: 
some show right-handed helical packing, 
others left-handed; some are flexible, others 
rigid; some are straight, others curly10; some 
undergo post-translational modifications 
such as glycosylation or methylation, others 
do not11,12. In Escherichia coli alone there are 
over forty antigenically distinct flagellins, 
with good evidence that variation is driven 
by diversifying natural selection13. Indeed, 
flagellins in general provide a perfect illus-
tration of Darwin’s dictum14 that “nature 
is prodigal in variety, though niggard in 
innovation”, in that the surface-exposed 
domains are highly variable, ranging in 
length from effectively zero to 800 residues, 
yet the peripheral domains that mediate 
inter-subunit interactions are highly con-
served15. Furthermore, some systems deploy 
a single flagellin, whereas others, like the 
S. typhimurium model system, exploit two 
different flagellins, but never in the same 
filament. In other exceptional cases, up to 
six different flagellins are incorporated into 
a single flagellum16.

Many new flagellar systems have been 
discovered through genome sequencing — 
a trend that is likely to increase with time. 
For example, over three hundred flagel-
lin sequences were obtained in a single 
sequencing project that focused on samples 
from the Sargasso Sea17. By even the most 
conservative estimate, there must therefore 
be thousands of different bacterial flagellar 
systems, perhaps even millions. Therefore, 
there is no point discussing the creation or 
ID of ‘the’ bacterial flagellum. Instead, one 
is faced with two options: either there were 
thousands or even millions of individual 
creation events, which strains Occam’s razor 
to breaking point, or one has to accept that 
all the highly diverse contemporary flagel-
lar systems have evolved from a common 
ancestor.

Another line of evidence suggesting that 
flagellar systems are subject to the same 
evolutionary forces as other biological enti-
ties comes from the discovery of vestigial 

S C I E N C E  A N D  S O C I E T Y

From The Origin of Species to the 
origin of bacterial flagella
Mark J. Pallen and Nicholas J. Matzke

Abstract | In the recent Dover trial, and elsewhere, the ‘Intelligent Design’ 
movement has championed the bacterial flagellum as an irreducibly complex 
system that, it is claimed, could not have evolved through natural selection. Here 
we explore the arguments in favour of viewing bacterial flagella as evolved, rather 
than designed, entities. We dismiss the need for any great conceptual leaps in 
creating a model of flagellar evolution and speculate as to how an experimental 
programme focused on this topic might look.

P E R S P E C T I V E S

2 | ADVANCE ONLINE PUBLICATION  www.nature.com/reviews/micro

Nature Reviews Microbiology | AOP, published online 5 September 2006; doi:10.1038/nrmicro1493



© 2006 Nature Publishing Group 

 

Outer 
membrane

Peptidoglycan

Filament

Hook–filament
junction

Inner 
membrane

P ring

Hook

Tip

Motor 
complex

MS ring

L ring

Type III 
secretion 
system

systems. Darwin himself cited vestigial 
organs as evidence for evolution14 (or as 
he called it, descent with modification): 
“On the view of descent with modifica-
tion, we may conclude that the existence 
of organs in a rudimentary, imperfect and 
useless condition, or quite aborted, far 
from presenting a strange difficulty...might 
even have been anticipated and can be 
accounted for by the laws of inheritance.” 
Natural selection has clearly rendered 
flagellar systems non-functional when 
they are no longer needed — vestigial non-
functional remnants of flagellar genes or 
regulons have been discovered in several 
bacterial species18–21. This phenomenon is 
evident even in the model organism E. coli 
K-12, which possesses a two-gene remnant 
of an ablated flagellar system (Flag-2)21. At 
least one degenerate flagellar system (from 
Brucella melitensis) still has a cryptic role 
in infection, even though it is no longer 
capable of mediating flagellar motility 
— proof that flagellar systems can mediate 
a useful function other than locomotion22.

Beyond the common ancestor
Despite this diversity, it is clear that all 
(bacterial) flagella share a conserved core 
set of proteins. Of the forty or so proteins 
in the standard flagellum of S.typhimurium 
strain LT2 or E. coli K-12, only about half 
seem to be universally necessary (TABLE 1). 
This reduced flagellum is still a challenge to 
explain, but if one accepts that all current 
flagellar systems diverged from their last 
common ancestor (the ur-flagellum), why 
stop there? All flagellins show sequence 
similarity indicative of common ancestry 
(homology)15,23. But then all flagellins also 
share homology with another component 
of the flagellar filament, the hook-associ-
ated protein 3 (HAP3) or FlgL (as is evident 
from the application of InterProScan to 
FlgL from E. coli)15,24. Therefore, although 
the ur-flagellum contained flagellin and 
HAP3, these two proteins must have 
evolved from a common ancestor in a 
simpler system that contained only one 
flagellin-HAP3 homologue. Similarly, six 
proteins from the rod (FlgB, FlgC, FlgF and 
FlgG), hook (FlgE) and filament (HAP1/
FlgK) show sequence similarities indica-
tive of common ancestry25. Therefore, the 
flagellar rod–hook–filament complex has 
clearly evolved by multiple rounds of gene 
duplication and subsequent diversification, 
starting from just two proteins (a proto-
flagellin and a proto-rod/hook protein) 
that were capable of polymerization into an 
axial arrangement.

When examining homologies between 
flagellar and non-flagellar (NF) proteins, it 
becomes clear that several flagellar subunits 
share common ancestry with components 
from other biological systems. For example, 
at least two regulatory components are 
homologous to NF proteins: FliK resembles 
YscP from the Ysc–Yop NF T3SS, and the 
flagellar σ factor, FliA, shows clear sequence 
and structural homology to several other NF 
σ factors25–28. Similarly, FlgA, which has a role 
in the assembly of the P ring, has recently 
been shown to be homologous to CpaB, a 
protein involved in type IV pilus assembly29. 
More specifically, both proteins contain a 
pair of tandem β-clip domains that, it has been 
hypothesized, might bind to sugars in pepti-
doglycan29. On a similar theme, FlgJ contains 
a C-terminal amidase 4 domain, which 
mediates hydrolysis of peptidoglycan and is 

shared with many other bacterial proteins30.
What of the flagellar machinery itself? 

Three modular molecular devices are at the 
heart of the bacterial flagellum: the rotor-
stator that powers flagellar rotation, the 
chemotaxis apparatus that mediates changes 
in the direction of motion and the T3SS that 
mediates export of the axial components of 
the flagellum. In each module, the apparatus 
is fashioned from recycled parts that occur 
elsewhere in nature. Starting with the motor, 
MotA/MotB are homologous to components 
of the Ton and Tol systems (ExbB/ExbD and 
TolQ/TolR). These are systems which also 
exploit an ion-motive force, not for motil-
ity, but instead to drive active transport of 
substrates across the outer membrane31. FliM 
and FliN share a C-terminal SpoA domain 
with each other and with components of NF 
T3SSs (the YscQ-like proteins)25. The 

Box 1 | The bacterial flagellum

The flagellum is the main organelle for 
motility in bacteria. Despite bearing the same 
name, bacterial flagella are distinct in form, 
function and evolution from both archaeal 
and eukaryotic flagella. The archetypal 
bacterial flagellum from Salmonella enterica 
serovar Typhimurium (Salmonella 
typhimurium) consists of a basal body, 
embedded in the cell wall, and two axial 
structures, the hook and filament, which are 
joined at the hook–filament junction (see 
figure). The basal body consists of the MS 
ring, rod, and L- and P-rings. Components of 
the axial structures are exported from the cell 
by the flagellar type III secretion system, 
which consists of several proteins from the 
MS ring and a peripheral hexameric ATPase 
FliI that drives the export process. Exported 
proteins pass through a central pore in the 
axial structures — therefore, first the flagellar 
hook and then the filament grow by the 
incorporation of new subunits at the distal 
end of the filamentous structure.

Rotation of bacterial flagella is powered by a 
proton- or sodium-motive force. The flagellar 
motor converts electrochemical energy into 
torque through an interaction between two 
components: the stator and the rotor. The 
stator consists of multiple copies of two 
proteins, MotA and MotB, which assemble into 
a structure that is associated with the inner membrane and anchored to peptidoglycan, so that it 
remains stationary. The rotor consists of multiple copies of FliG, which together with FliM and FliN 
form the C ring, mounted on the cytoplasmic face of the MS ring. Torque is transmitted from the 
C-ring by the MS ring to the rod (a molecular drive shaft) and from there to the hook (a universal 
joint) and then on to the helical flagellar filament (a molecular propeller). Rotation of this helical 
filament converts torque into thrust, conferring motility on the cell. The chemotaxis apparatus (not 
shown) integrates diverse signals to modulate the behaviour of the motor so as to propel the cell 
towards nutrients. Several soluble factors are involved in coordinating the assembly of the flagellar 
apparatus, including the flagellar σ factor FliA and the hook-length control protein, FliK.

An excellent movie illustrating flagellar biosynthesis and structure is available, see Further 
information. L, lipopolysaccharide; MS, membrane/super membrane; P, peptidoglycan.
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chemotaxis system is clearly modular, in 
that the main components of the chemotaxis 
apparatus are shared between bacterial 
and archaeal flagellar systems even though 
these systems are otherwise completely 
unrelated (see below)32,33. Furthermore, some 
bacteria, such as Aquifex aeolicus, produce 
conventional bacterial flagella, but lack the 
equipment for chemotaxis33. Finally, many 
chemotaxis proteins contain domains (for 
example, response regulator domains), which 
are found in many other bacterial proteins.

At least nine core flagellar proteins share 
common ancestry with core components 
of NF T3SSs. However, the scientific com-
munity is divided on the nature of their 
common ancestor. Some have argued that 
the NF T3SS was derived from the flagellum, 
based on the eukaryote-specific function of 
known NF T3SS, and the apparently limited 
distribution of known NF T3SSs relative to 
the broad phylogenetic distribution of flag-
ella34. We, and others, have argued that the 
two systems are sister groups, as indicated by 
gene phylogenies and arguments based on 
parsimony, diverging through ‘descent with 
modification’ from a common, but simpler, 
ancestral secretion system35,36. Regardless of 
the conclusion of this debate, the existence 
of NF T3SSs is ‘proof of concept’ that a flag-
ellar subsystem can function for purposes 
other than motility.

There are hints at an even deeper ancestry 
for parts of this secretion apparatus. FliI, the 
ATPase that powers flagellar protein export, 
shows unequivocal homology to the catalytic 

subunits from F-type and V-type ATPases37. 
More recently, we have uncovered evidence 
of homology between FliH, a flagellar protein 
that interacts with FliI, and second-stalk 
components of the F-type and V-type 
ATPases that interact with the catalytic subu-
nits38. These sequence homologies allude to 
the existence of ancient structural and func-
tional similarities between these two types 
of molecular rotary motor, which we predict 
will become ever more apparent as work 
on these systems progresses. Given these 
homologies, it is also interesting to speculate 
whether the T3SS ATPase initially powered 
flagellar rotation, before the current more 
efficient motor components were recruited.

Many paths to motility
Although the evolution by random muta-
tion and natural selection of something 
as complex as a contemporary bacterial 
flagellum might, in retrospect, seem highly 
improbable, it is important to appreciate 
that probabilities should be assessed by 
looking forward not back2. For example, 
from studies on protein design it is clear 
that creating proteins from scratch that, 
like flagellin, self-assemble into filaments 
is not very difficult39,40. Furthermore, it is 
clear that there are many other filamentous 
surface structures in bacteria that show 
no apparent evolutionary relationship to 
bacterial flagella41,42. In other words, there 
are plenty of potential starting points for 
the evolution of a molecular propeller. 
Evolution of something like the flagellar 

filament is therefore far less surprising 
than it might at first seem. In fact, micro-
organisms have adopted other routes to 
motility besides the bacterial flagellum43. 
Most strikingly, although archaeal flagella 
superficially resemble bacterial flagella, in 
that they too are rotary structures driven 
by a proton gradient, they are fundamen-
tally distinct from their bacterial counter-
parts in terms of protein composition and 
assembly.

Intermediate forms
What about intermediate forms between 
bacterial flagella and other biological enti-
ties? Darwin encountered a similar argu-
ment about gaps in the fossil record, and in 
response he pointed out how improbable 
fossilization was, so that little of any extinct 
biosphere could ever be expected to appear 
in the fossil record14. Although fossils 
are of no use in reconstructing flagellar 
evolution, similar arguments might be 
made at the molecular level. Despite a 
decade of bacterial genome sequencing, 
we have scarcely begun to sample the 
molecular diversity of the biosphere. Yet 
even with the scant coverage of genome 
sequence data to date, several curiosities 
have already been revealed. For example, 
there is growing evidence that flagellin and 
the flagellar filament are homologous to 
the NF T3SS protein EspA and the EspA 
filament, respectively35,44–48. The EspA 
filament therefore provides a model for 
how the ancestral flagellar filament might 
have functioned for purposes other than 
locomotion (adhesion or targeted protein 
secretion). Furthermore, the EspA protein 
from E. coli initially seemed to be one 
of a kind. However, thanks to genome 
sequencing, related proteins have been 
identified in several bacteria occupying 
diverse niches, including: S. typhimurium, 
Edwardsiella ictaluri, Shewanella baltica, 
Chromobacterium violaceum, Yersinia 
frederiksenii, Yersinia bercovieri and Sodalis 
glossinidius. In addition, proteins that 
resemble flagellar components but that are 
encoded in the genomes of bacteria that 
do not engage in flagellar motility have 
also been identified. The first example of 
these potential ‘missing links’ came from 
the chlamydias49. More recently, flagel-
lar-related genes have been detected in the 
genome of the soil bacterium Myxococcus 
xanthus, which uses gliding rather than 
flagellar motility35. It seems likely that other 
examples of potential evolutionary inter-
mediaries will be found as we sequence an 
increasing proportion of the biosphere.

Box 2 | Of forelimbs and flagella

ID advocates say that their position is supported by discontinuities between the flagellum and 
the rest of the biological world, just as a designed entity like a watch differs from an 
undesigned entity, such as a stone. In support of this line of reasoning, Scott Minnich in his 
expert witness report claimed that “the other thirty proteins in the flagellar motor (that are 
not present in the type III secretion system) are unique to the motor and are not found in any 
other living system.” As our discussion shows, this is not true. Instead, we have detected 
sequence homologies linking flagellar components to the rest of the biological universe 
(TABLE 1). Furthermore, a fundamental evolutionary insight underlies the very principle of 
homology, whether in anatomy or amino-acid sequence: there are organizational similarities 
in biology that cannot be explained by ‘design’ for a particular function. Richard Owen first 
made this argument with tetrapod forelimbs, pointing out that they shared fundamental 
organizational similarities despite being used for digging, walking, swimming, flight, and in 
the case of humans, tool use. Darwin reiterated the argument, this time in defence of 
evolution, in The Origin of Species:

“What can be more curious than that the hand of a man, formed for grasping, that of a mole for 
digging, the leg of the horse, the paddle of the porpoise, and the wing of the bat, should all be 
constructed on the same pattern, and should include the same bones, in the same relative 
positions?... Nothing can be more hopeless than to attempt to explain this similarity of pattern in 
members of the same class, by utility or by the doctrine of final causes. The hopelessness of the 
attempt has been expressly admitted by Owen in his most interesting work on the ‘Nature of 
Limbs.’ On the ordinary view of the independent creation of each being, we can only say that so it 
is; that it has pleased the Creator to construct all the animals and plants in each great class on a 
uniform plan; but this is not a scientific explanation.”
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Table 1 | Homologies of flagellar proteins

Protein Location Function Indispensable? Homologies* Refs

FlgA P ring Chaperone? Absent from Gram-positive 
bacteria

CpaB‡ 25, 29

FlgBCFG Rod Transmission shaft Yes FlgBCEFGK§ 25

FlgD Hook Hook cap Yes 25

FlgE Hook Universal joint Yes FlgBCEFGK 25

FlgH L ring Bushing Absent from Gram-positive 
bacteria

None yet known 25

FlgI P ring Bushing Absent from Gram-positive 
bacteria

None yet known 25

FlgJ Rod Rod cap; muramidase FlgJ N-terminal domain absent 
from some systems

None yet known 25

FlgK Hook–filament 
junction

Hook-associated protein 1 Yes FlgBCEFGK§ 25

FlgL Hook–filament 
junction

Hook-associated protein 3 Yes FliC§ 25

FlgM Cytoplasm and 
exterior

Anti-σ factor Absent from Caulobacter None yet known 25

FlgN Cytoplasm Chaperone Undetectable in some systems None yet known 25

FlhA T3SS apparatus Protein export Yes LcrD/YscV|| 25

FlhB T3SS apparatus Protein export Yes YscU|| 25

FlhDC Cytoplasm Transcriptional regulator Absent from many systems Other activators‡ 25

FlhE Unknown Unknown Mutant retains full motility 25

FliA Cytoplasm σ factor Absent from Caulobacter RpoD, RpoH, RpoS|| 25

FliB Cytoplasm N-methylase Absent from Escherichia coli 25

FliC Filament Flagellin Yes FlgL§, EspA¶ 25, 78

FliD Filament Filament cap; hook-associated 
protein 2

Absent from Caulobacter None yet known 25

FliE Rod/basal body MS ring–rod junction Yes None yet known 25

FliF T3SS apparatus Protein export Yes YscJ§ 25

FliG Peripheral Motor Yes MgtE¶ 25

FliH T3SS apparatus Regulates FliI Mutant retains some motility YscL*, AtpFH¶ 38, 79

FliI T3SS apparatus ATPase for protein export Yes YscN||, AtpD||, Rho|| 38

FliJ Cytoplasm Chaperone Undetectable in some systems YscO¶ 25

FliK Hook/basal body Controls hook length Yes YscP¶ 25

FliL Basal body Unknown Mutant retains full motility None yet known 80

FliM T3SS apparatus Protein export Yes FliN‡, YscQ‡ 25

FliN T3SS apparatus Protein export Yes FliM‡, YscQ‡ 25

FliO T3SS apparatus Protein export Undetectable in some systems None 25

FliP T3SS apparatus Protein export Yes YscR|| 25

FliQ T3SS apparatus Protein export Yes YscS|| 25

FliR T3SS apparatus Protein export Yes YscT|| 25

FliS Cytoplasm FliC chaperone Absent from Caulobacter None yet known 25

FliT Cytoplasm FliD chaperone Absent from many systems None yet known 25

FliZ Cytoplasm Regulator Absent from many systems None yet known 25

MotA Inner membrane Motor Yes ExbB‡, TolQ‡ 25

MotB Inner membrane Motor Yes ExbD‡, TolR‡, OmpA‡ 25

*Homologies (as evidenced by expected values <1e05) can be confirmed by retrieving the relevant flagellar protein sequences for Escherichia coli K-12 or Salmonella enterica 
Typhimurium LT2 and carrying out the following: ‡performing multiple PSI-BLAST iterations at the NCBI site under default conditions; §performing multiple iterations of PSI–
BLAST at the NCBI site under default conditions, except for adjusting the threshold for inclusion to 0.05 and restricting the taxonomic scope to Enterobacteriaceae, starting with 
the protein sequences for FlgB, FlgL; ||performing a BLASTp search at the NCBI site under default conditions. ¶These similarities fail to achieve unequivocal significance using 
BLAST/PSI–BLAST under any of the above conditions, but are supported by other structural or functional considerations. T3SS, type III secretion system.
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Towards a plausible evolutionary model
From the above discussions of sequence 
homologies and modularity, it is clear 
that designing an evolutionary model to 
account for the origin of the ancestral flag-
ellum requires no great conceptual leap. 
Instead, one can envisage the ur-flagellum 
arising from mergers between several 
modular subsystems: a secretion system 
built from proteins accreted around an 
ancient ATPase, a filament built from vari-
ants of two initial proteins, a motor built 
from an ion channel and a chemotaxis 
apparatus built from pre-existing regula-
tory domains (FIG. 1). As we have seen, 
each of these function in a modular 
fashion and share ancestry with sim-
pler systems — thereby answering the 
question ‘what use is half a flagellum?’ 
Furthermore, it is not hard to envisage 
how an ancestral crude and inefficient 
flagellum, if it conferred any motility at all, 
could function as the starting material for 
natural selection to fashion today’s slicker 
flagellar apparatus.

However, one could still question how, 
from such bricolage, natural selection 
could lock on to an evolutionary trajectory 
leading to an organelle of motility in the 
first place, when none of the components 
alone confer the organism with a selective 
advantage relevant to motility. The key 
missing concept here is that of exaptation, 
in which the function currently performed 
by a biological system is different from the 
function performed while the adaptation 
evolved under earlier pressures of natural 
selection50. For example, a bird’s feathers 
might have originally arisen in the context 
of selection for, say, heat control, and only 
later have been used to assist with flight51,52. 
Under this argument, a number of slight but 
decisive functional shifts occurred in the 
evolution of the flagellum, the most recent of 
which was probably a shift from an organelle 
of adhesion or targeted secretion, such as the 
EspA filament, to a curved structure capable 
of generating a propulsive force.

An experimental research programme?
The famous evolutionist Theodosius 
Dobzhansky once stated that “nothing in 
biology makes sense except in the light 
of evolution”53. In recent years, flagellar 
biologists have made astonishing progress 
in understanding the structure, function 
and regulation of bacterial flagella54–64. 
In addition, they have moved beyond the 
S. typhimurium paradigm to embrace a 
richly diverse set of systems. For example, 
a recent review on flagellar regulation65 

highlighted the assorted regulatory path-
ways governing flagellar function in the 
peritrichous flagella of enteric bacteria, 
the polar flagellar systems of α-, γ- and ε-
proteobacteria, the lateral flagellar system 
of Vibrio parahaemolyticus, the endo-
flagella of spirochaetes and the flagella of 
Gram-positive bacteria.

However, the flagellar research com-
munity has scarcely begun to consider how 
these systems have evolved. This neglect 
probably stems from a reluctance to engage 
in the ‘armchair speculation’ inherent in 
building evolutionary models, and from 
a desire to determine how a system works 
before wondering how it got to be that way. 
However, there are several good reasons 
for adopting an evolutionary approach to 
flagellar biology. Assignments of homology 
can provide insights into function, and can 
provide a framework for interpreting the 
sequence data in the post-genomic era. The 
abundance of these data indicates that cur-
rent studies are looking at the ‘tip of an ice-
berg’. Recently, genome sequencing revealed 
that Desulfotalea psychrophila, a sulphate-
reducing bacterium from permanently cold 
Arctic sediments66, has the largest of all 
known flagellin genes, but without a ‘bigger-
picture’ view of flagellar biology, we have 
no idea why. Furthermore, an evolutionary 
comparative approach fits in perfectly with 
the current zeitgeist, with its emphasis on 
evolutionary systems biology67.

Notwithstanding the good scientific 
reasons for new forays in this direction, 
the lack of a scientific literature on flagellar 
evolution also has another undesirable 
consequence — it leaves open the suspicion 
among members of the public that maybe 
there is some mystery here, that maybe the 
ID proponents do have a point. Although 
all experts in this field agree that there is 
nothing to these claims, as Wilkins has 
recently pointed out68, in these politically 
charged times, it is no longer enough to 
say, for example, that bacterial flagella 
evolved and that is that. Instead, scientific 
experts have to engage with a sceptical 
public.

Scott Minnich speculated in his testi-
mony that studies on flagellar evolution 
need not be restricted to sequence analysis 
or theoretical models, but that instead this 
topic could become the subject of labora-
tory-based experimental studies. But obvi-
ously, one cannot model millions of years 
of evolution in a few weeks or months. So 
how might such studies be conducted? 
One option might be to look back in 
time. It is feasible to use phylogenetic 
analyses to reconstruct plausible ancestral 
sequences of modern-day proteins, and 
then synthesize and investigate these 
ancestral proteins. Proof of principle for 
this approach has already been demon-
strated on several NF proteins69–75. Similar 
studies could recreate plausible ancestors 

Glossary

β-clip domain
A fold found in a diverse group of protein domains typified 
by the presence of two characteristic waist-like constrictions, 
flanking a central extended region. The flagellar P-ring 
protein FlgA and type IV pilus assembly protein CpaB are 
two examples of β-clip-domain-containing proteins. 

Chemotaxis
A behavioural response by bacteria whereby a bacterial 
cell senses a chemical gradient and moves towards or away 
from the chemical stimulus.

Essentialism
Also referred to as typology. The idea that a specific kind of 
entity can be defined by an invariant essence. A triangle 
illustrates essentialism: all triangles have the same 
fundamental characteristics and are sharply delimited 
against quadrangles or any other geometric figures. An 
intermediate between a triangle and a quadrangle is 
inconceivable. Typological thinking is however unable to 
accommodate the profligate variation that occurs in biology.

Establishment clause
A clause from the First Amendment to the American 
Constitution that states that: ‘Congress shall make no law 
respecting an establishment of religion’. This is now 
interpreted to forbid any state funding of religious 
education in the United States.

Intelligent design
(ID). The concept that some aspects of the natural 
universe are better explained by an intelligent cause 
rather than by an undirected process such as natural 
selection.

Irreducible complexity
The notion that some biological systems are so complex 
that they could not function if they were any simpler, and 
so could not have been formed by successive additions to 
a precursor system with the same functionality.

Occam’s razor
The principle that the explanation of any phenomenon 
should make as few assumptions as possible.

Proton-motive force
Storage of energy as a combination of a proton and 
voltage gradient across the bacterial inner membrane. 
The proton-motive force is exploited by the membrane-
associated F-type ATPase to generate ATP, and by the 
flagellar motor to generate torque. In some bacteria, an 
analogous sodium-motive force drives flagellar rotation.

SpoA domain
A β-sheet domain found at the C terminus of flagellar 
proteins FliM and FliN and non-flagellar T3SS proteins 
such as YscQ and HrcQb.
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for various flagellar components (for 
example, the common ancestor of flagel-
lins and HAP3 proteins). These proteins 
could then be reproduced in the labora-
tory in order to examine their properties 
(for example, how well they self-assemble 
into filaments and what those filaments 
look like). An alternative, more radical, 
option would be to model flagellar evolu-
tion prospectively, for example, by creating 
random or minimally constrained libraries 
and then iteratively selecting proteins that 
assemble into ever more sophisticated arti-
ficial analogues of the flagellar filament. 
Another experimental option might be to 
investigate the environmental conditions 
that favour or disfavour bacterial motil-
ity. The fundamental physics involved 
(diffusion due to Brownian motion) is 
mathematically tractable, and has already 
been used to predict, for example, that 
powered motility is useless in very small 
bacteria76,77.

The final word
Like Darwin, we have found that careful 
attention to homology, analogy and diversity 
yields substantial insights into the origin of 
even the most complex systems. We close 
with a quotation from the closing chapter of 
The Origin of Species that applies as well to 
a bacterial flagellum as to any other evolved 
entity:

“When we no longer look at an organic 
being as a savage looks at a ship, as some-
thing wholly beyond his comprehension; 
when we regard every production of nature 
as one which has had a long history; when 
we contemplate every complex structure 
and instinct as the summing up of many 
contrivances, each useful to the possessor, in 
the same way as any great mechanical inven-
tion is the summing up of the labour, the 
experience, the reason, and even the blunders 
of numerous workmen; when we thus view 
each organic being, how far more interesting 
— I speak from experience — does the study 
of natural history become!”14.
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