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Abstract

Light-induced sensory responses are among the oldest scientific observations on bacterial behavior. Various types
of response have been characterized physiologically in detail. However, the molecular basis of this type of response
is only slowly emerging. In many of these systems photosynthetic pigments absorb the light. This then generates
a signal via electron transport, feeding into a canonical chemotaxis signal transduction pathway. Nevertheless,
several examples have been identified in which dedicated photoreceptor proteins do play a role. The intrinsic
complexity of some of these signal transduction systems is overwhelming, in part because of the significant
apparent redundancy. The genomics information that is now available for several model organisms (in particular
Rhodobacter sphaeroides and Synechocystis sp. PCC6803) facilitates obtaining an increasingly detailed view of the
molecular basis of the partial reactions that jointly form the basis of this type of elementary behavioral response.

Introduction

Initial development of the field

It was over a century after the very early descrip-
tions by van Leeuwenhoek before bacteria were again
studied and these were usually photosynthetic spe-
cies, probably because they are often large and easily
isolated from rivers and ponds. The first recorded ob-
servation of flagella in vivo was by a German traveler
and observer, Christian Ehrenberg, most certainly of
the purple sulfur bacterium Chromatium. He described
‘wave-shaped’ organelles that he thought were prob-
ably required for motility (Ehrenberg 1883). Thomas
W. Engelmann isolated bacteria from the river Rhine
outside his laboratory window and identified both
aerotactic and chemotactic behavior, documenting the
changes in swimming behavior of cells near oxygen
and near carbonic acid. He suggested that bacteria

could sense the difference between oxygen and car-
bon dioxide; something that he thought indicated the
‘unity of organic nature.’ In 1881 he showed that ‘bac-
terium photometricum,’ probably again a species of
Chromatium, could accumulate in a light spot created
on a darkened, sealed slide under certain conditions
(Ehrenberg 1883; Engelmann 1883). He measured
cells swimming at 20–40 µm s−1, rotating around
their long axis at about 3–6 revolutions s−1 primar-
ily in one direction but occasionally briefly reversing.
When he shone a spectrum of intense light from a
gas flame through a layer of Chromatium, they accu-
mulated in specific regions of the spectrum. A major
accumulation was outside the visible region, at 850
nm, with a second weaker accumulation at 810 and
570 nm and a third in the region 550–510 nm. There
were almost no bacteria in the blue and the visible red
to orange regions. Watching the bacteria, he described
how the bacteria appeared ‘frightened’ and reversed
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when they swam over either the light/dark boundar-
ies of the light spot, or the yellow/red or far-red/red
boundaries, but they showed no reaction when moving
in the opposite direction. The accumulations matched
the spectrum of the pigmented cells and he inferred
from the coincidence of the accumulation pattern and
absorption in the visible regions that these bacteria
must also absorb in the invisible infrared region. This
was arguably the first description of the absorption
spectrum of bacteriochlorophyll.

Engelmann produced the first really detailed ana-
lysis of the behavior of a photosynthetic species,
showing the coincidence between the absorption spec-
trum of the photopigments and the behavioral re-
sponse, but the field more or less stood still for the
next 50 years. Manten (Clayton 1977) re-examined
photoresponses, but this time in a purple non-sulfur
species: Rhodospirillum rubrum. By this time the
basis of bacterial photosynthesis and the absorption
spectrum of bacteriochlorophyll was known and he
confirmed that the photosynthetic spectrum and that
for the behavioral responses were coincident.

Roderick Clayton carried out the major study in
the 1950s (Clayton 1953a–c, 1958). He was to go on
to make great contributions to the world of photosyn-
thesis (see Clayton 2002), but his career started with
the first quantitative study of photoresponses in the
phototroph, R. rubrum. He provided the first quant-
itative data for the ‘step-down’ response, showing
that phototrophically grown R. rubrum reversed re-
peatedly when the light intensity was reduced. But
the size and duration of the response depended not
only on the size of the step-down, but also on the
background light intensity and the carbon source. He
also examined the interaction between chemotactic re-
sponses and photoresponses and found that the extent
of their interaction and the response also depended on
the carbon source, suggesting a strong link to meta-
bolic state. As Engelmann had decided motility and
responses were linked to the identified energy source
of the day, starch, so Clayton decided the responses
probably depended on changes in the levels of ATP.

Then again, the field remained more or less static
for the next 25 years. While our knowledge of the mo-
lecular basis of chemotaxis in Escherichia coli reached
the point where it is now probably the best under-
stood behavioral system in biology, the study of not
only bacterial photoresponses, but that of the beha-
vior of photosynthetic species in general, more or less
stood still. Although some descriptive work on the

behavior of certain species in response to light was
published in this period, very few genetic or quantitat-
ive studies were included. Norbert Pfennig produced
some excellent video film of photoresponses in C.
vinosum (Pfennig 1968). He confirmed the observa-
tions of Engelmann that the cells reversed direction,
by reversing the direction of flagella rotation, when
moving from a light to a dark environment, but showed
no response when moving from a dark to light, again
suggesting that the response is to a step-down in light
intensity. However, there was little more quantitative
investigation into the behavior of phototrophs, ex-
cept for cyanobacteria, until the late 1980s. Why was
this the case, and why do we still know a great deal
more about photoresponses of an archaeon, Halob-
acterium salinarium, than we do of the much more
common groups of phototrophic bacteria? The prob-
lem, we now know, lies in the complex interconnection
between photo-behavior and metabolic activity and the
extremely complex sensory pathways of the photo-
trophic species in general. In addition, it seems that, as
with aerotactic responses, different species have found
different mechanisms for signaling changes in light
intensity to the flagellar motor. We were also, to some
extent, side tracked by the assumption in the 1980s
that the behavior of phototrophs would be a simple
variation on the theme of E. coli. When it was shown
that chemotaxis in E. coli did not require transport or
metabolism and was therefore not affected by growth
conditions, the findings made by Clayton were to a
large degree, very mistakenly, dismissed.

The Escherichia coli paradigm

E. coli has four different chemoreceptors, clustered at
the cell poles. These control responses to a narrow
range of metabolites. They are not involved in trans-
port or metabolism and are constitutive (although two
sugar binding proteins, the maltose- and the galactose
binding protein, that interact with two of the chemore-
ceptors, are inducible). A change in the binding of
a chemoeffector to one of the membrane spanning
chemoreceptor proteins (MCPs or methyl accepting
chemotaxis proteins) causes a structural change to be
transmitted across the membrane and alter the inter-
action of a linker protein, CheW, with a histidine
protein kinase (HPK), CheA. CheA is somewhat dif-
ferent from the majority of HPKs as it controls the
activity of two proteins, neither of them transcription
factors. One is a small single domain response reg-
ulator, CheY, which, when phosphorylated by CheA,
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can bind the flagellar motor and cause a change in dir-
ection of rotation and thus swimming direction. The
other, CheB, is a methyl esterase that, with a methyl
transferase, CheR, alters the methylation-state of the
cytoplasmic domain of the chemoreceptor. CheR is
consitutively active while phosphorylation of CheB by
CheA, in response to a reduction in effector binding,
increases its enzymatic activity 100-fold. The methyl-
ation state of the cytoplasmic domain is altered by a
change in relative activity and the structure reset to a
non-signaling state (Falke et al. 1997; Armitage 1999).

In addition to resetting the signaling state of the
chemoreceptors, the CheY-P signal to the motor must
also be terminated. Although the E. coli CheY-P has
a relatively rapid dephosphorylation rate compared
to transcriptional response regulators, it is not fast
enough for bacterial chemotaxis, which requires re-
setting the path of migration every second or so. This
means the CheY signal needs terminating within this
time span. Dephosphorylation is accelerated by the
interaction of CheY-P with a protein, CheZ. In addi-
tion, E. coli responds to sugars transported through
the PEP-dependent phosphotransferase system with
evidence suggesting a direct control by the pathway
of CheA phosphorylation (Lengeler and Jahreis 1996;
Lux et al. 1999). Less well understood are the effects
of dicarboxylic acids on the chemotactic response,
both in E. coli (Prasad et al. 1998) and in halobacteria
(Montrone et al. 1996). This may constitute a separate
link to cellular physiology, the so called ‘energy taxis’
(Taylor and Zhulin 1998; Taylor et al. 1999).

Escherichia coli does respond to changes in light
intensity, even though it is not by any stretch of the
imagination a photosynthetic species. A pulse of in-
tense blue light results in a tumbling, or repellent,
response that lasts for several seconds. If the intense
illumination is maintained this is followed by the
permanent loss of motility (and eventual cell death).
Although the light intensities involved may not be
physiological, these data show that light can alter the
behavior of the flagellar motor. The signal involved
in the blue light response is uncertain, but it seems
possible that it is caused by photoexcitation of non-
heme porphyrins. Whether this allows E. coli to escape
intense blue light is unclear. An amplified response
is seen in mutants impaired in the heme biosynthetic
pathway (Yang et al. 1996); at moderate intensit-
ies of blue light this latter response even shows the
phenomenon of adaptation.

Molecular basis of light-induced behavioral
responses in purple bacteria

Rhodobacter sphaeroides

All the early data suggested that photoresponses were
linked to photosynthesis. Mutants with full photosyn-
thetic pigment complements, but no reaction center
proteins, showed chemotaxis but not photoresponses
(Armitage and Evans 1981). Inhibitors of electron
transfer chain activity inhibited changes in membrane
potential (�φ) and photoresponses in the related R.
rubrum (Harayama and Iino 1976; Harayama 1977).
More recent experiments in which specific inhibitors
were used to slow photosynthetic electron transport,
while cells remained motile, showed that photosyn-
thetic electron transfer is essential for photoresponses
(Grishanin et al. 1997). Measurement of responses to
changes in light intensity in cells grown under high
and low light showed that the primary signal comes
from a change in photosynthetic activity. The response
only occurs when the reduction in light intensity res-
ults in the final intensity being below that needed
to saturate photosynthetic electron transport. As had
been seen by Clayton, the response depends not only
on the size of the change in light intensity but also
on the starting intensity, and it must, therefore, de-
pend directly on photosynthetic activity rather than
any specific receptors.

Photosynthetic electron transport shares compon-
ents with both aerobic and anaerobic respiratory path-
ways. Early behavioral studies had shown that pho-
tosynthetic bacteria moved away from air bubbles
when illuminated, suggesting some sort of integ-
ration between respiration and photosynthesis. R.
sphaeroides shows a positive response to the anaer-
obic electron acceptor dimethyl sulphoxide (DMSO)
but only if incubated anaerobically in the dark. The
response depends on the enzyme DMSO reductase,
but even when the enzyme is present and functional,
if oxygen or light is present, electron transport to the
DMSO reductase and thus chemotaxis to DMSO is
lost (Gauden and Armitage 1995). As suggested in the
very early experiments, signals from light and oxygen
interact. Photosynthetic R. sphaeroides shows a stop
response to a step-down in light intensity. However,
if oxygen is present, the response is greatly reduced,
suggesting that electron transfer to the terminal oxi-
dases reduces the photosynthetic electron transfer rate
and thus the tactic signal. Similarly, the addition of
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oxygen to light incubated cells will cause a brief re-
sponse, suggesting that the oxygen has briefly reduced
the rate of photosynthetic electron transfer and this
has resulted in a response. This interaction of electron
transfer chains should result in bacteria only being at-
tracted to environments supporting the maximum rate
of electron transfer, whatever that environment may
be. Physiologically it could mean that bacteria would
not move up a light gradient into an aerobic (and there-
fore toxic) environment as the oxygen would reduce
the rate of electron transfer and result in a reversal or
stop, and reorient the cells back to a light, but anoxic,
environment (Armitage 1997).

Whether free-swimming cells would be able to
move far enough given their inherent curved swim-
ming paths and spontaneous direction changing every
second, to sense a change in light intensity in open
waters is unclear. Experiments examining the behavior
of R. sphaeroides and Rhodospirillum centenum when
resuspended in liquid medium suggest that while R.
centenum can sense the direction of light in a dense
colony, it is not able to do that in clear liquid media
(Sackett et al. 1997). As with R. centenum, the gliding
cyanobacterium Synechocystis strain PCC6803 can
sense the direction of light (see below), suggesting
that the changes in light intensity may be sensed in
colonies and possibly therefore also in microbial mats.

What signal is sent from the electron transport
chain to the bacterial flagellar motor? Over the years
there has been speculation as to whether the signal
for so-called ‘energy taxis’ might be a change in
the �p, via a ‘protometer’ sensing changes in the
proton motive force directly (Taylor 1983; Glagolev
1984), or a change in rate of electron transfer, i.e.,
a redox sensor. In E. coli aerotactic behavior is
signaled primarily via the Aer protein, which has the
C-terminal domain of a membrane-spanning chemo-
sensory MCP (Bibikov et al. 1997, 2000; Rebba-
pragada et al. 1997) and an FAD-binding PAS domain
at the N-terminus. This suggests a mechanism for
sensing the changes in rate of respiration (i.e., rate
of electron transfer). There is some evidence for ad-
ditional �p sensing though an MCP, Tsr. The Aer
receptor signals directly to the chemosensory path-
way to control the flagellar motor. The chemosensory
pathway of R. sphaeroides is also required for its
photoresponses, suggesting the existence of a receptor
to detect changes in (the rate of) photosynthetic elec-
tron transport. Indeed, measurement of the response
kinetics to either a 200 ms step up or step down

in light intensity, shows a classical response pro-
file. This stimulus elicits a change in motor bias for
200 ms, followed by a return to normal behavior,
with a brief overshoot during about 2 s (Berry and
Armitage 2000). This profile is the classical profile
modeled on chemoreceptor-dependent responses by
D. Bray and co-workers and points to the involvement
of a receptor responding to changes in photosynthetic
activity (Morton-Firth et al. 1999). Interestingly, the
study also measured the bias of the R. sphaeroides
motor and showed that unlike E. coli, which has a
bias of 0.5 and therefore shows strong responses to
both addition and removal of attractant, the bias in R.
sphaeroides is 0.85. This explains why the strongest
responses are observed to the removal of attractant.

The genome of R. sphaeroides has been sequenced
and annotation is ongoing. The sequence has revealed
that there are three complete sets of chemoreceptor
genes, encoding a total of 13 chemoreceptor proteins
(4 of them putative cytoplasmic proteins): 4 CheWs,
4 CheAs, 7 CheYs, 3 CheRs, 2 CheBs and not a
single CheZ. In addition there is a gene encoding
a CheRBA fusion protein with a putative PAS do-
main (Figure 1). Initial studies involving in-frame
gene deletions suggest that CheA2 and CheW2 are es-
sential for photoresponses (Romagnoli and Armitage
1999). We have also shown that CheW3 in the same
operon is only required for chemotaxis under photo-
heterotrophic conditions. Interestingly, expression of
the operon encoding CheA2, CheW2 and CheW3 is
regulated by the Prr (Reg in R. capsulatus) system.

PrrA, a response regulator whose activity is dir-
ectly controlled via histidine protein kinase PrrCB, in
response to electron flow through the constitutive ter-
minal cytochrome cbb3 (for further details, see Oh et
al. 2000; Oh and Kaplan 2001), binds to the Che Op-
eron 2 promotor, increasing expression under aerobic
conditions. PrrB is directly involved in aerotactic re-
sponses, but not phototactic responses (S. Romagnoli
and J.P. Armitage, unpublished). The requirement for
the chemosensory pathway and the response kinetics
of the flagellar motor to a transient step down in light
suggests that a sensory protein must signal from the
electron transport chain to the chemosensory system.
Work is continuing to identify this link.

Mechanism of light sensing in Rhodospirillum
centenum

Colonies of R. centenum grown on an agar surface
do show real movement towards and away from light
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Figure 1. Chemosensory loci of Rhodobacter sphaeroides. For details of genes see text. (Tlp = transducer-like protein, receptors lacking
transmembrane domains, soj = homologue of partitioning protein identified in B. subtilis). Expression of the second operon is regulated by the
Prr (Reg) system responsive to respiratory electron transport).

Figure 2. Photoresponses of R. centenum. Positive movement of the
colony towards infra-red light, negative responses to visible light
(thanks to C.E. Bauer and H. Gest, reproduced with permission).
For a color version of this figure, see color section in the front of the
issue.

(Ragatz et al. 1994, 1995) (Figure 2). Liquid grown R.
centenum has a single sheathed flagellum, whose ro-
tational direction reverses to change swimming direc-
tion. When grown on a surface, however, R. centenum
becomes highly peritrichously flagellate, and, if the
agar surface is dry enough, the colony of growing
R. centenum will swarm slowly over the agar sur-
face. Such colonies show both positive and negative

photoresponses (called scotophobic by the authors) in
a true sense, with the colony moving in a direct line
towards the source of infra-red light, of wavelengths
around 800–850 nm, and away from visible light of
550–600 nm. The observation that light wavelengths
involved in positive and negative responses both in-
clude wavelengths absorbed by bacteriochlorophyll
suggests that the sensory system involved must be
complex, as absorption in both regions would res-
ult in increased photosynthetic activity. This colony
response certainly looks like a true ‘phototactic’ re-
sponse as described for the oriented movement of
some gliding cyanobacteria. When confronted with
two attractant beams of light at 90◦ to each other the
colonies moved in a direction 45◦ between the two
sources, suggesting that the directional signals were
being integrated. The chemosensory pathway is es-
sential for such photoresponses, as in R. sphaeroides,
suggesting that the receptor signal must feed into the
chemosensory pathway (Jiang and Bauer 1997; Jiang
et al. 1997, 1998).

A potential photoreceptor, with strong similarity
to a chemoreceptor MCP, which probably controls
the signalling to the chemosensory pathway, has been
identified in R. centenum. This is Ptr, which is essen-
tial for both the positive (infra-red light) and negative
(white light) photoresponses of the moving colonies.
Ptr is structurally closely related to an MCP, and con-
tains the highly conserved cytoplasmic signalling do-
main, including the conserved glutamates required for
CheB/CheR dependent methylation (Jiang and Bauer
2001). Deletion of ptr results in the loss of light-



150

induced methanol release associated with adaptation,
as well as light dependent behaviour, but chemotaxis
remains normal in such mutants. Sequence analysis
identified a putative b-type heme-binding sequence in
the periplasmic domain of Ptr. This suggests a model
for photoresponses similar to that observed in the ar-
chaea, with an MCP-like protein transducing a change
in light intensity and/or wavelength to the chemo-
sensory system. In R. centenum, however, the light
signal is converted into a change in photosynthetic
electron transport, which in turn controls the redox
state of the heme-binding protein and/or the putative
b-type heme itself. The question remains, however,
as to how this can produce both a negative and pos-
itive response to different wavelengths of light. Unlike
the Aer protein of E. coli, Ptr has a large periplasmic
domain; whether or not a second (light-sensitive) sys-
tem can interact with Ptr remains to be discovered.
Interestingly, analysis of the R. sphaeroides genome
has identified two putative chemoreceptors, one mem-
brane spanning, the other cytoplasmic, with a related
motif. Experiments are under way to identify whether
a similar signal relay pathway exists in this latter
species.

Light-induced avoidance responses in purple
bacteria

As mentioned above, in many organisms that respond
to light, opposite responses are observed to intens-
ities and/or wavelengths that are beneficial and/or
detrimental to the cells, respectively. This is also
true for the cyanobacteria, and even for the com-
plex phototrophic consortia in which a central motile
non-phototrophic bacterium responds to light via the
surrounding phototrophic epibionts (Frostl and Over-
mann 2000).

Whereas in most analyses the mechanism by which
purple bacteria are attracted by light is the central
theme of investigations, in some organisms the avoid-
ance response has also been characterized in detail. In
R. centenum, this led to the discovery of a new type
of MCP (i.e., Ptr, see above), involved in the light-
initiated signal transduction pathway. In Ectothio-
rhodospira halophila (or Halorhodospira halophila)
detailed analysis of the blue-light induced avoidance
response, at the single-cell level, and its adaptation
to continuous illumination, has led to the identifica-
tion of an entirely new class of photoreceptor proteins
(Sprenger et al. 1993). The lead to this discovery was

Figure 3. Accumulation pattern of cells of E. halophila in response
to continuous blue light illumination. Every white spot is a single
cell. The blue light was focused to cover the spot indicated by the
dashed circle, prior to taking the photograph. For further details, see
Sprenger et al. (1993).

the observation that – in contrast to red and infrared
light, which attracts the organism – blue light acts
upon it as a repellent (see, e.g., Figure 3). The un-
derlying photoreceptor responsible for this response is
the photoactive yellow protein, the primary member of
the new family of the xanthopsins (Kort et al. 1996).
This protein uses photochemistry based on trans to
cis isomerization in its chromophore p-coumaric acid.
This photoactive yellow protein has subsequently be-
come a model system for photobiophysical studies
(e.g., Hellingwerf et al. 2002), although the additional
components that mediate signal transfer between the
yellow protein and the flagella have not as yet been
identified.

Various purple bacteria contain a pyp gene (en-
coding a photoactive yellow protein homologue) that
is similar in sequence to the photoactive yellow pro-
tein from H. halophila. This also applies to various
strains of R. sphaeroides. However, in the latter organ-
ism the photoactive yellow protein does not appear to
play a role in blue-light induced avoidance responses,
because knockout mutants in the pyp gene appear to
retain this response (Kort et al. 2000). Rather, in this
purple non-sulfur bacterium the avoidance response
that is observed shows similarity to the light-induced
responses in E. coli, including the moderate adapta-
tion.
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Light-induced behavioral responses in
halobacteria

The mechanisms involved in responding to light are
probably the best understood in the archaeon H. sa-
linarium, which combines the mechanisms used for
proton translocation of bacteriorhodospin (BR) with
the conserved signaling domain of an MCP. H. sa-
linarium grows in saturating salt concentrations and
when the oxygen levels are low it induces BR, a
retinal-based light-driven proton pump. In addition to
BR H. salinarium has three other retinal based light
absorbing pigments; halorhodopsin, HR, uses light to
drive a chloride pump, but the other two are sensory
rhodopsins. SR II is a constitutive retinal-containing
sensory protein that absorbs blue light and undergoes
a fast photocycle, generating a signal to control the fla-
gella bundle. Increasing intensities of blue light cause
the cells to reverse direction and keep the cells out
of damaging blue light. Under anaerobic conditions
when BR is induced, an additional sensory rhodopsin
called SR I is also induced. SR I acts to produce both a
positive signal in orange light and a negative repellent
signal in blue light (Spudich 1985). The photopigment
undergoes a fast transformation to a blue-absorbing
form in orange light. If blue light is present there is a
fast transformation back to the orange-absorbing form,
but if blue light is not present the transformation is
slow. Therefore in orange light, which is useful for
BR activity, the SR I is in the blue form and sends
a positive signal, but when blue light is present the
orange form predominates and this sends a negative
signal (for reviews see Hoff et al. 1997; Spudich
1998). Each SR protein has an accompanying sensory
protein, Htr I and Htr II, respectively. These proteins
turn out to have cytoplasmic domains homologous to
those of the highly conserved domains of MCPs (Yao
and Spudich 1992; Ferrando et al. 1993). If both of
the Htrs are deleted from H. halobium the SR pro-
teins are able to pump protons, just like the Schiff’s
base driven BR, but the presence of Htr prevents pro-
ton pumping (Bogomolni et al. 1994). Absorption of
light of the appropriate wavelength leads to an elec-
tron redistribution and a configurational change in the
retinal chromophore. This is transmitted to the trans-
membrane alpha helices of the Htr proteins, and thus
to the signaling domain which controls the activity
of CheA and CheY. Recent 2D crystallization studies
suggest that the archaeal rhodopsins found in transport

and signaling systems all use the same retinal-driven
changes in protein conformation (Spudich 1998).

It was assumed for a time that this retinal based
sensing system was only to be found in the extremo-
philic archeal species. Recently, however, a gene
encoding a retinal-containing integral membrane pro-
tein was identified in a marine eubacterium (Beja et
al. 2000). Further investigations (Beja et al. 2001)
have suggested that this protein may be widespread
amongst a diverse population of oceanic bacteria, and
while a great deal more investigation is required,
these data suggest that retinal based sensory systems
may allow marine bacteria to maintain themselves in
optimum environments in the open oceans.

Light-induced behavioural responses in
cyanobacteria

Phototactic diversity

Perhaps the most complex variety of light-induced
behavioral responses is seen in the cyanobacteria.
This is in part based on the large variety in cellular
morphology and is coupled to the various modes of
cyanobacterial motility. Bacteria migrate using sev-
eral different mechanisms (for a review see McBride
2001): Many species can use (a) flagella(um) to swim
through aqueous media or swarm over surfaces with
relatively high humidity. In addition, several species
use Type IV pili to twitch or glide over a relatively dry
surface, like glass, polystyrene, etc. This latter form of
motility is seen e.g., in surface growing Pseudomonas
aeruginosa and in ‘adventurous gliding’ in Myxo-
coccus xanthus. Synechocystis PCC6803 also glides
using Type IV pili. Isolation of a range of phototaxis
mutants in this species identified three loci encoding
chemotaxis-like proteins. Two of these were shown to
be involved in photoresponses and in pili-dependent
motility. One gene was identified which would en-
code a protein with the C terminus homologous to the
conserved cytoplasmic signaling domain of an MCP
and an N terminus with two putative phytochrome
binding domains. These findings are the first to link
chemotaxis-like sensory transduction in cyanobacteria
with Type IV pilus-mediated phototaxis (Bhaya et al.
2001a, b). Both in the Cytophaga-Flavobacterium
group and in some cyanobacteria, a second form of
gliding motility is observed that appears not to make
use of Type IV pili. Instead it is speculated that mo-
bile outer membrane proteins and/or polysaccharide
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extrusion are used to propel such cells (or even en-
tirely different mechanism as in Mycoplasma mobile).
Different types of cyanobacteria make use of these dif-
ferent types of migration (and even additional modes
like circadian reorientation with respect to the earth’s
surface (Ramsing et al. 2000) and flotation in the water
column, but these are beyond the scope of this review).

Based on this diverse range of mechanisms of lo-
comotion cyanobacteria carry out a wide range of
behavioral responses that are elicited by changes in the
illumination conditions, be it intensity, wavelength,
direction and/or its degree of polarization. Many of
these responses have been characterized in the 1960s
and 1970s and have been authoritatively reviewed by
Häder (1987). Three different types of responses have
been distinguished. The first is photokinesis, which
is the light-induced alteration of the speed of migra-
tion of an organism. The second is the photophobic
response, which is a reversal of movement, a tempor-
ary stop or a directional change upon a sudden change
in illumination regime (e.g., the fluence rate) and the
third is phototaxis, which is the directional migration
with respect to the direction of light perceived. The
latter type of response is observed in organisms like
Phormidium autumnale (Nultsch 1961). Although it
is likely that in many of these light-induced behavi-
oral responses in cyanobacteria the photosynthetic an-
tenna and reaction center pigments play an important
role, the molecular mechanisms underlying these pho-
toperception and signal transduction processes have
remained enigmatic. To a large part this may have been
due to the redundancy in the responses to illumination
conditions that cyanobacteria can make use of (Choi
et al. 1999; Kondou et al. 2001).

Involvement of bacteriophytochromes

An exception to this general lack of insight into
underlying molecular mechanisms is now emerging.
This development started with the sequencing of the
genome of Synechocystis sp. PCC6803. In the se-
quences obtained, a number of ORFs were identified
that showed homology to plant-type phytochromes.
Subsequent biochemical characterisation has led to
the conclusion that the products of these ORFs (e.g.,
Cph1; see Hughes et al. 1997) are members of an
entirely new sub-family of the phytochromes, the
so-called bacterio-phytochromes (for a review, see
Vierstra and Davis 2000). Various subtypes can be
distinguished in this family and its members appear

to be abundantly present in both phototrophic and
chemotrophic bacteria.

Deletion of the genes encoding the three proteins
from Synechocystis with the highest similarity with
phytochromes (i.e., Cph1, Cph2 and PlpA) has re-
vealed only a putative function for PlpA, a requirement
of PlpA function for growth in blue light (Wilde et
al. 1997). However, after genetically decreasing the
redundancy in photoresponses in the organism (Choi
et al. 1999), extensive genetic screens have resulted
in several mutants specifically impaired in phototaxis
(Yoshihara et al. 2000; Chung et al. 2001; Bhaya et al.
2001b). Characterization of some of the mutants ob-
tained has revealed that this light-induced phototaxis
response is based on twitching motility. Presumably
a signal transduction cascade is involved that shows
similarity with the chemotaxis cascade of E. coli (just
like in a set of behavioral responses in the complex
chemosensory system of P. aeruginosa controlling
twitching motility (Mattick et al. 1996)). Furthermore,
one of the genes involved (sll0041, pisJ or taxD1) en-
codes a bacteriophytochrome, which is a/the photore-
ceptor in this behavioral response, a conclusion that is
based on its light-modulated protein histidine protein
kinase activity.

UV light-induced avoidance response in Bacillus
subtilus

Very recently, it was discovered (Delprato et al. 2001)
that a combination of UV-A and UV-B light (ranging
from 310 to 400 nm) reversibly induces an initially
homogeneously distributed population of B. subtilis
cells to migrate into a specific ring-shaped pattern.
This is observed at low light intensities, when harm-
ful effects are not yet dominating. The strength of this
response appears to correlate with the number of func-
tional DNA repair enzymes in the cell (Delprato et al.
2001). The authors speculate that the response is me-
diated via chemotaxis towards waste products that the
B. subtilis cells would excrete. It is relevant to note that
this organism has a protein with sequence similarity to
UV-A/blue light photoreceptors. Akbar et al. (2001)
have shown that one of the upstream components in
the stress-signaling pathway in B. subtilis that activ-
ates sigma factor B, YtvA, has considerable sequence
identity with the chromophore-binding domain of the
phototropin photoreceptors from plants. Upon het-
erologous overexpression in E. coli the YtvA protein
indeed turned out to carry a flavin-type chromophore.
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Figure 4. Judith P. Armitage (left) and Klaas J. Hellingwerf (right).

The photochemical basis of photoreceptors involved
in bacterial taxis

The involvement of the photosynthesis machinery in
the tactic responses in both oxyphotobacteria and
anoxyphotobacteria allows for a straightforward ex-
planation of the intimate interaction of light-induced
behavioral responses and chemotactic responses (e.g.,
through the involvement of electron transfer and/or
common redox components, see above) in many bac-
teria. Surprisingly, all known dedicated photorecept-
ors that are involved in signal generation for beha-
vioral responses in bacteria base their photochem-
istry on the E/Z-isomerisation (Hellingwerf 2000) of
their color-generating chromophore. This holds for the
sensory rhodopsins (which now also appear to have
been discovered in cyanobacteria, see for instance:
http://www.grc.uri.edu/programs/2002/photos en.htm),
for the bacteriophytochromes, and also for the pho-
toactive yellow protein, a member of the Xanthopsin
family.

In recent years, in eukaryotic microorganisms,
plants and animals, new families of blue-light photore-
ceptors have been discovered in which cofactors that
cannot photoisomerize, like different flavin derivat-
ives, play a role. The best-known examples of these
are the members of the cryptochrome and the pho-
totropin family. Although scarce, a representative of
these families has recently been described in the cy-
anobacterium Synechocystis sp. PCC6803 (Hitomi et
al. 2000). As the flavin chromophore in cryptochrome
can take on various redox states, this opens up the
possibility that redox regulation of light wavelength

sensitivity of these photoreceptor proteins may occur
through coupling to the (intra) cellular redox condi-
tions and hence to cellular physiology. Clearly, further
interesting investigations lie ahead.
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