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INTRODUCTION

Cyanobacteria are prokaryotic organisms that perform ox-
ygenic water- splitting photosynthesis, which is the most 
efficient way to convert sunlight energy into energy for 
biomolecule synthesis. Light- driven electron transfer from 

water through photosystems I and II (PS I and PS II) results 
in NADP reduction and proton gradient formation, which 
in turn drives ATP synthesis.1,2 Cyanobacteria and photo-
synthetic eukaryotes share the same oxygenic evolution 
mechanism and kind of photosystems. To maximize light 
capture and minimize damage caused by excessively strong 
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Abstract
Cyanobacterium Phormidium lacuna filaments move from dark to illuminated 
areas by twitching motility. Time- lapse recordings demonstrated that this photo-
phobotaxis response was based on random movements with movement reversion 
at the light–dark border. The filaments in the illuminated area form a biofilm 
attached to the surface. The wild- type and the pixJ and cphA mutants were in-
vestigated for photophobotaxis at diverse wavelengths and intensities. CphA is a 
cyanobacterial phytochrome; PixJ is a biliprotein with a methyl- accepting chem-
otaxis domain and is regarded as a phototaxis photoreceptor in other species. The 
cphA mutant exhibited reduced biofilm surface binding. The pixJ mutant was 
characterized as a negative photophobotaxis regulator and not as a light direc-
tion sensor. 3- (3,4- dichlorophenyl)1,1- dimethylurea (DCMU) blocks electron 
transfer in PS II. At concentrations of 100 and 1000 μM DCMU, photophobotaxis 
was inhibited to a greater extent than motility, suggesting that PSII has a role in 
photophobotaxis. We argue that the intracellular concentrations of regular pho-
toreceptors, including CphA or PixJ, are too small for a filament to sense rapid 
light intensity changes in very weak light. Three arguments, specific inhibition 
by DCMU, broad spectral sensitivity, and sensitivity against weak light, support 
photosynthesis pigments for use as photophobotaxis sensors.
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light, sessile photosynthetic organisms adapt their growth 
speed or direction to light conditions, whereas motile pho-
tosynthetic organisms move toward the light if the light is 
weak or away from the light if the light is strong and delete-
rious.3,4 Two principal modes of movement toward light can 
be distinguished: phototaxis and photophobotaxis. During 
phototaxis, directional movement is driven by the direction 
of light, that is, light comes from the side, and the organisms 
move to this side or away from it. During photophobotaxis, 
light comes from above or below, and cells move toward or 
away from the illuminated area perpendicular to the light 
direction. In cyanobacteria, phototaxis has been described 
in single- celled species,5 whereas photophobotaxis has been 
described in filamentous Oscillatoriales.6 Both the cyano-
bacterial phototactic and photophobotactic movements are 
mediated by type IV pili,7,8 a transmembrane multiprotein 
complex that generates a moving force by expelling and re-
tracting PilA protein threads.

Both directional light responses require one or more 
photoreceptors for light perception. Additionally, a 
mechanism that forms a signal gradient of activated pho-
toreceptors within the cell, filaments, or over time is re-
quired. For single- celled Synechocystis sp. PCC68039 and 
Synechococus elongatus UTR10 phototaxis, it has been 
demonstrated that unilateral light was focused within the 
cell onto the light- avoiding side by light refraction during 
the transition into the optically dense cell interior. An 
uneven light distribution within the cell leads to an un-
even, gradual photoreceptor stimulation, given that the 
photoreceptor does not fluctuate. This can lead to a polar 
distribution of type IV pili on one side of the cell which 
can mechanistically elucidate how unilateral light induces 
directional motion.11 In photophobotaxis of filamentous 
cyanobacteria, light direction is probably sensed by a dark 
avoidance reaction,8 but details are yet not clear.

The photoreceptor responsible for light direction sens-
ing in cyanobacteria remains obscure. Several chromopro-
tein knockout mutants exhibit changes in phototaxis. If a 
single photoreceptor is responsible for light direction sens-
ing, knockout of the respective gene would result in non- 
phototactic movement. However, such a clear response was 
generally not found. In the single- celled cyanobacterium, 
Synechocystis sp. PCC 6803, wherein most experiments 
on phototaxis have been performed, knockouts of PixJ,12 
Cph2,13 PixD/E,14,15 and UirS16 typically result in changes 
in phototaxis from positive to negative, or under special 
conditions, in phototaxis weakening. Only in pixJ- knockout 
Synechococcus elongatus UTEX 3055, phototaxis was lost 
under certain conditions. A switch from positive to negative 
phototaxis cannot be regarded as a phototaxis loss but rather 
as an increase in sensitivity. PixD is a BLUF protein,7 and 
PixJ, Cph2, and UirS are cyanobacteriochromes with one or 
more bilin- binding GAF proteins. PixJ proteins contain an 

additional methyl- accepting chemotactic sensor domain. 
In bacterial chemotaxis, this domain is responsible for ad-
aptation of the substrate receptors sensitivity by methyla-
tion and demethylation.17 Any photoreceptor for which an 
effect on phototaxis is observed could act through signal 
transduction cascade modulation. Additionally, it has been 
suggested that photosynthesis could play a role in cyanobac-
terial phototaxis.18,19 In photophobotaxis of the filamentous 
cyanobacterium Phormidium uncinatum, the light reac-
tion was inhibited by DCMU, which blocks the photosyn-
thetic electron transfer at PS II.18 However, in phototaxis of 
Synechocystis sp PCC 6803, no DCMU effect or a weak effect 
was observed.5,20

We studied photophobotaxis of the filamentous cyano-
bacterium Phormidium lacuna HE10DO. This strain was 
isolated from a marine rock pool in the North Sea island 
Helgoland.21 Like other cyanobacteria, P. lacuna moves 
in the direction of their longitudinal axis by twitching 
on surfaces. Filaments of Oscillatoriales also undergo a 
second type of motion that takes place in liquid medium, 
where filaments oscillate against each other in transverse 
direction with respect to their longitudinal axis.8 Through 
natural transformation, several genes encoding type IV 
pili components have been knocked out in P. lacuna. In 
all mutants, twitching motility along the agar surface and 
lateral/transverse movement in the liquid medium were 
inhibited, indicating that both types of movement were 
mediated by type IV pili.

When we irradiated P. lacuna filaments on agar with 
light from the side to induce phototaxis, we found no di-
rectional movement toward the light.8 However, light from 
below induced photophobotaxis, that is, the filaments col-
lected within the light spot. This response was accompanied 
by the attachment of the filaments to the Petri dish surface 
at the position of the light spot. In all type IV pili gene mu-
tants, photophobotaxis was drastically reduced or lost, as 
expected.8 In a cyanobacterial phytochrome cphA mutant, 
photophobotaxis and surface attachment were reduced.8

In this study, we performed extended photophobotaxis 
studies on the wild type, the cphA knockout, and a newly 
generated pixJ knockout of P. lacuna. We verified that 
CphA modulates surface attachment and biofilm forma-
tion. PixJ has been found to act as a negative photophobo-
taxis regulator, and photosynthesis inhibitor studies have 
suggested that PS II could be involved in photophobotaxis.

MATERIALS AND METHODS

Strains and mutants

The P. lacuna HE10DO strain was used for all experi-
ments. The genome of this strain has been sequenced.21 
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The filaments were cultivated in f/2+ seawater me-
dium21,22 in 20-  or 50- mL culture flasks under continuous 
200 μmol m−2 s−1 white LED light under agitation at 25°C. 
The generation of cphA mutant has been described previ-
ously.8 The gene was interrupted at position 1103 of the 
2532 bp open reading frame.

The pixJ mutant was generated by homologous inser-
tion of a kanamycin (Kn) cassette into the coding region, 
60 bp downstream of the start codon. To this end, a 1067 
bp sequence was amplified by PCR using the primers 
pixJ_fwd and pixJ_rev (primers in Table S1) and cloned 
into the pGEMT vector (Promega). Primers SS_KpnI_
pixJ_fwd and pixJ_SS_PacI_rev were utilized for a PCR 
reaction to linearize the new vector. The Kn resistance 
cassette was amplified using the primers SS_PacI_KanR_
fwd and KanR_SS_KpnI_rev. Both PCR products were di-
gested with PacI and KpnI and ligated with each other. 
The final circular product contained approximately 500 bp 
upstream and downstream of position 60 of the pixJ cod-
ing sequence, interrupted by a Kn cassette.

Phormidium lacuna transformation was performed as 
previously described8,23,24 with slight modifications. P. la-
cuna was cultivated in f/2 medium until A750 nm = 0.35. The 
cell culture was concentrated 20- fold via centrifugation. 
Ten microgram vector DNA were mixed with 100 μL cell 
suspension and pipetted in the center of an f/2 agar plate 
(1.5% Bacto agar and 75 μg/mL Kn). This procedure was 
repeated eight times (800 μL cells). After 2 weeks, the fil-
aments were transferred to agar plates with 500 μg/mL Kn 
and kept for another 2 weeks on this medium. Thereafter, 
single growing filaments were isolated and cultivated on 
fresh agar plates with 500 μg/mL Kn. After ca 1 week, prop-
agation was continued in liquid medium with 100 μg/mL 
Kn. To test for integration into the homologous site and 

the completeness of segregation, we performed PCR using 
inner and outer primer pairs (Table S1). The inner primer 
pair binds at the 5′ and 3′ ends of the integrated sequence, 
and the outer primer pair binds only 5′ and 3′ outside the 
integrated sequence. For cultivation, mutants were always 
grown in medium with 100 μg/mL Kn, for experiments 
the cells were transferred into medium without antibiot-
ics. Complete segregation into all chromosomes was tested 
by PCR,8 see Figure S1 as example for several tests. A gel 
with PCR of the pixJ insertion mutant and outer primers 
demonstrating homologous insertion and complete segre-
gation at the expected position is depicted in Figure S1.

Phototaxis and photophobotaxis

cphA and pixJ cultures were maintained in f/2+ medium8 
containing 250 μg/mL Kn. For phototaxis and photopho-
botaxis experiments, strains were cultivated in medium 
without Kn for 10–20 days on a shaker at 25°C in plastic 
flasks in white light (100 μmol m−2 s−1) until OD750 nm was 
0.3 or higher. Before phototaxis or photophobotaxis, the 
cultures were treated with UltraThurrax (Silentcrusher M 
von Heidolph) for 3 min at 10,000 rpm. The OD750 nm was 
measured and adjusted to 0.25 (for most experiments) or 
0.2 (for inhibition experiments). The OD was measured 
using a Uvikon XS photometer (Goebel Instrumentelle 
Analytik, Au, Germany).

For photophobotaxis irradiation, 8 mL P. lacuna 
Ultraturrax- treated filaments were brought into a 5 cm Petri 
dish, which was placed on a plastic holder from a 3D printer 
with a 5- mm LED (Figure 1C,D).8,24 The LEDs were fixed 
at the end of a 15- mm- long vertical tunnel. Each LED was 
mounted to shine upward toward the center of the Petri 

F I G U R E  1  Experimental arrangements for phototaxis and photophobotaxis. A and B arrangement for unilateral irradiation, C and D 
arrangement for photophobotaxis, light from below, E and F design for ditch experiment. On either side of the ditch there is one LED, in f 
one LED is drawn, the other is dark.
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dish (see Figure 1C,D). For phototaxis, the same holder was 
placed vertically so that the Petri dish was irradiated from the 
side (Figure 1A,B). Light intensities were measured using a 
Skye photometer SKP 215 (Skye Instruments Ltd., Wales). 
The intensities of far- red and weak light were determined 
by measuring the resistance of the photoresistor PDV- P5003 
(Luna Optielectronics), which was calibrated by comparison 
with a Skye photometer. The irradiation time in steady- state 
photophobotaxis experiments was usually 2 days.

In photophobotaxis experiments, a biofilm formed 
within the irradiated area. The Petri dish was photo-
graphed using a smartphone camera without moving the 
dish away from its original position. The Petri dish was 
gently shaken manually for 3 s and photographed again. 
The diameters and areas of the circles were measured 
using the ImageJ software (NCBI). The comparison be-
fore and after shaking is a measure for the stability of 
the biofilm. For the 3- (3,4- dichlorophenyl)1,1- dimethylu
rea (DCMU) and methylviologen (MV) inhibition exper-
iments, self- programmed Python 3.9 algorithm was uti-
lized to determine biofilm areas. The algorithm detects 
the number of pixels in the biofilm central area. To this 
end, each image was converted into a black and white 
image to distinguish the pixels in the biofilm area from 
the background. All images were first cropped to a small 
square area in the middle to remove unwanted light reflec-
tions. The number of black pixels (i.e., biofilm) were inte-
grated, and the mm2 area was computed using the entire 
Petri dish area as a reference. The filaments that gathered 
outside the central circle were often above the threshold. 
These pixels were manually excluded. Wild- type samples 
from both evaluation modes had slightly different mean 
values, and the values of the second evaluation were nor-
malized accordingly. Other data evaluation and statistical 
analyses were performed with the OriginPro 2023 soft-
ware. For the significance of differences, we always chose 
the Mann–Whitney test (MW) for different mean values25 
of the program OriginPro 2023 (www. origi nlab. com). An 
error probability of <0.05 was considered as significant.

Infrared time lapse recording

For time lapse studies on motility, 8 mL of a Ultrasound- 
treated filament suspension (OD750 nm = 0.1) were 
poured into a 5 cm Petri dish. The Petri dish was 
placed on a holder containing a 650 nm LED adjusted 
to 5 μmol m−2 s−1, which was placed in the center of 
the Petri dish and which illuminated the sample from 
below. This light was also used for camera recordings 
in that region. The region around the red light was illu-
minated with infrared light from six 850 nm LEDs from 
below through an opaque glass for even illumination. 

Images were captured every 2 s, and videos were made 
at 25 images per second. A conventional microscope 
with a Bresser (Rhede, Germany Deep Sky) telescope 
camera was used. The TOUPview (www. toupv iew. com) 
software was used for inspection, and movies were built 
using Kdenlive (http:// kdenl ive. org).

Mobility assays

For motility assays that were performed after the inhibitor 
treatments, ca. 100 μL filaments were transferred to a new 
Petri dish containing agar medium (1% Bacto agar with 
f/2 medium). Images of filaments were taken at 1 min in-
tervals through 10× objective as above for ca. 30 min. Two 
subsequent images in false red or false green color were 
combined using ImageJ software (NCBI). The moving dis-
tance was determined by the extension of red or green at 
the end of a filament. For each treatment, the average of 
ca. 50 cells was taken.

Inhibitor treatment

The herbicide 3- (3,4- dichlorophenyl)1,1- dimethylurea 
(DCMU) was used to block the electron transfer in PS II. 
This compound binds to PS II at the plastoquinone B (PQ_B) 
binding site.26 DCMU stock solutions were prepared in eth-
anol at 100 mM and 100 μM concentrations. From here, f/2+ 
solutions were prepared with final concentrations of 0.01–
1000 μM DCMU. Ethanol controls were prepared with 1% 
ethanol, the highest concentration in the DCMU series.

Methyl viologen (paraquat, MV) is a PS I electron 
transfer quencher.27 Stock solutions were prepared in f/2+ 
medium and the solutions containing 0.01–1000 μM MV 
were prepared by dilution.

RESULTS

The P. lacuna genome contains one 
phytochrome gene, one PixJ gene, and 28 
other cyanobacteriochrome genes

We investigated photophobotaxis using two different 
knockout mutants, cphA and pixJ. Phytochromes are in-
volved in many plant and bacterial light responses. CphA 
is the only cyanobacterial phytochrome identified in P. 
lacuna, and the cphA mutant showed a moderate pheno-
type in earlier photophobotaxis analyses.8 Phytochromes 
have a characteristic PAS- GAF- PHY domain arrangement 
and the majority of phytochromes have a C- terminal his-
tidine kinase (Figure  2C). In bacteria, genes within an 
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operon and their neighboring genes share common func-
tions. The gene 5′ of cphA encodes for a phosphopantoth-
enoylcysteine decarboxylase, which is a part of coenzyme 
A biosynthesis. The gene further 5′ encodes a hypothetical 
protein (Figure 2A). The gene 3′ of cphA encodes a response 
regulator. Response regulators are signaling proteins phos-
phorylated by histidine kinases. The co- arrangement of 
phytochromes and response regulators genes is often ob-
served in bacterial systems.28 Further 3′ there is a gene en-
coding a protein with a diguanylate cyclase (GGDEF) and a 
phosphodiesterase (EAL) domain. Both domains act antag-
onistically in the synthesis or degradation of cyclic di- GMP, 
a second messenger for biofilm formation.29 The genes are 
separated by a 300- bp promoter sequence.

PixJ belongs to a group of cyanobacteriochromes 
that comprise one or more bilin- binding GAF domain(s) 
combined with other domains of diverse types. PixJ pro-
teins have a methyl acceptor chemotaxis domain (MCP) 
at their C- termini and an N- terminal HAMP domain 
at the MCP. In other cyanobacteria, PixJ is regarded 
as photoreceptor for phototaxis.7,10,30,31 Like T. elonga-
tus PixJ,31 P. lacuna PixJ has four GAF domains; GAF 
domains 2, 3, and 4 have a chromophore- binding cys-
teine at a position homologous to other cyanobacterio-
chromes or phytochromes, whereas GAF domain 1 has 
no cysteine at this position. The domain arrangement of 
PixJ is depicted in Figure 2D.

The genes 5′ of pixJ encode dihydroorotase, an en-
zyme in the pyrimidine metabolism, a response regulator, 
a response regulator receiver, a hypothetical protein, and 
a chemotaxis sensor histidine kinase (Figure  2B). The 
genes 3′ of pixJ encode an enzyme of the cell wall biosyn-
thesis, a CheA like histidine kinase, and a protease.

In addition to cphA and pixJ, the P. lacuna genome 
contains 28 other genes that encode proteins with GAF 

domains. Each of these proteins can have more than one 
GAF domain, the number of 4 is however only reached 
by pixJ. The overall number of GAF domains was 52, of 
which 20 contained chromophore- binding Cys. We con-
structed a phylogenetic tree, wherein all P. lacuna GAF 
domains and the PFAM seed32 had additional 438 GAF 
domains from cyanobacteria, other bacteria, and eukary-
otes (Figures S1,S2). In this tree, GAF 2, 3, and 4 of PixJ 
clustered closely together with other cyanobacterial GAF 
domains of cyanobacteriochromes, whereas N- terminal 
GAF 1 of PixJ belonged to another cluster that appeared 
next to the cluster above. As expected, CphA GAF domain 
clustered with GAF domains of other phytochromes. 
Cyanobacterial GAF domains with chromophore- binding 
Cys are located close to the phytochromes, which strength-
ens the hypothesis that cyanobacterial GAF domains orig-
inate from phytochromes.33

Unilateral light induced a weak 
phototactic response in wild type and 
cphA and a strong response in pixJ

We previously observed that filaments on agar medium 
that were irradiated with light from the side did not move 
toward or away from the light.8 Here, we found that fila-
ments in Petri dishes with liquid medium (without agar) 
and irradiated from the side (Figure 1A,B) showed a di-
rectional response. Some wild- type and cphA filaments 
migrated toward the light, and a weak accumulation of fil-
aments was observed along the light beam (Figure 3A–C). 
The pixJ mutant exhibited a significantly (Mann–Whitney 
test, MV) stronger response, in line with the higher pixJ 
sensitivity observed in other experiments described 
below. These results show that P. lacuna can undergoes 

F I G U R E  2  CphA and PixJ of Phormidium lacuna. (A) Gene arrangement around cphA. From left to right: phospholipase, hypothetical 
protein, cphA, response regulator, diguanylate cyclase. (B) Gene arrangement around pixJ, from left to right: dihydroorotase, response 
regulator, response regulator receiver, hypothetical protein, pixJ, CheA- like histidine kinase, PAD- 1 protease. (C) Domain arrangement 
of CphA with PAS, GAF PHY domains and the C- terminal histidine kinase. The red bar indicates the chromophore binding cysteine. (D) 
Domain arrangement of PixJ. The red bars indicate the chromophore binding cysteines.
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phototaxis, although the response was weak. Subsequent 
photophobotaxis experiments were performed with light 
shining perpendicular on the surface.

Filaments gather as a biofilm within 
illuminated areas by photophobotaxis

For photophobotaxis assays, a solution with filaments was 
poured into a Petri dish that was placed on a holder with 
a light- emitting diode. This LED shines light from below 
through the bottom of the Petri dish at the center of the 
solution (see outline in Figure 1C,D; see also Ref. 8). The 
standard illumination time was 2 days; however, under 
ambient light, the directional response could be observed 
after several hours. A biofilm with high filament density 

was formed within the illuminated area. A comparison be-
fore and after shaking provided an impression of the sta-
bility of the biofilm. Examples of red light irradiated wild 
type before and after shaking are shown in Figure 3D,E.

Irradiations at two positions

Biofilm stability was also evaluated by subsequent irradia-
tion at diverse positions in the container. In one series of ex-
periments, the filaments were first irradiated for 2 days in the 
center of a Petri dish and then for another 2 days at a position 
1 cm outside the center of the Petri dish. After the first irradi-
ation, a round biofilm was observed in the center, as expected 
(Figure 3G, left). After the second irradiation, the biofilm at 
the first position was lost, and another round biofilm was 

F I G U R E  3  Phototaxis and photophobotaxis of Phormidium lacuna. (A–C) Phototaxis experiment, unilateral irradiation with red light 
coming from the upper side of the pictures (plates are horizontal, see Figure 1A,B), 10 μmol m−2 s−1 for 2 days. (D, E) photophobotaxis 
experiment with wild type, red light from below, 10 μmol m−2 s−1 for 2 days, before (D) and after (E) shaking. Note the reduction in the 
biofilm area. (F) Irradiation in a container with a ditch, outline as in Figure 1E,F. From left to right: after 24 h irradiation at position 1 with 
red light of 10 μmol m−2 s−1 (note the ring formation); after removal of excess filaments in the container, LED at position 1 was switched off 
and LED at position 2 was switched on; 6 h after start of irradiation at second position; 24 h after switch on of second light; 48 h after switch 
on; 72 h irradiation at position 2. Experiment was repeated three times with qualitatively identical results. (G) Wild- type filaments irradiated 
as in d (left photo), and for another 2 days outside the center (right photograph). The experiment was repeated 10 times with same outcome. 
(H) example for ring formation with pixJ filaments irradiated in presence of 100 μM DCMU, red light from below, 10 μmol m−2 s−1 for 2 days.
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formed at the second position (Figure  3G, right). The fila-
ments had moved from the first to the second position.

Twitching motility is based on surface attachment. 
However, the oscillations of filaments in a liquid8 led 
us to assume that filaments could also move forward in 
a liquid solution without surface contact. We therefore 
tested whether the filaments required a surface to move 
from one position to another. We constructed a container 
with LEDs at two positions and with a ditch in between 
(Figure 1E,F). To migrate from one position to the other, 
filaments could either move across the ditch, thereby los-
ing surface contact, or migrate down and up the vertical 
walls of the ditch. The container was filled with filaments 
in the medium, and the LED on one side was switched 
on. After 24 h, a biofilm was formed at the LED position. 
Thereafter, the medium was replaced with fresh medium 
so that only the biofilm filaments remained and the second 
LED was switched on. After another 3 days, the filaments 
migrated to the second light spot. The filaments first dis-
appeared in the ditch before appearing on the other side, 
where they moved toward the 2nd light spot (Figure 3F). 
There were no indications of movement across the ditch. 
The complete migration from the first to the second posi-
tion took 3 days, and direct movement took approximately 
2 days, indicating that filaments needed longer because 
they moved down and up the walls. This experiment 
demonstrated that the filaments could move forward only 
through surface contact.

Time lapse recordings demonstrated that 
filaments are captured in the light spot

In order to find out the mechanism how the filaments 
move to the light, we established time- lapse recordings 
under red and infrared light. We used a red LED to induce 
photophobotaxis. The LED- light was also used for the 
recordings by the camera. The area surrounding the red 
light (dark area) was illuminated by infrared light, which 
had no impact on the filament responses. The following 
observations were made from 11 videos, each covering 
8–10 h. An example is shown in Video S1.

All filaments moved along their longitudinal axes in 
random directions (Video  S1). Typically, the filaments 
switched their moving direction from forward to backward 
on a minute timescale. In earlier experiments, wherein 
movement was studied on agar surfaces, the same back 
and forth movement was observed,8 but in the present 
experiments, the reversion frequency was lower and the 
movement speed was faster. Two hours after onset of light, 
an increased filament density was observed in the illumi-
nated area and the filament density increased further in 
the subsequent hours. This increase was anticipated from 

the steady- state experiments. In the time- lapse videos it 
became clear that also all filaments within the illuminated 
area moved, although biofilm formation suggested that 
the filaments became immobile. A biofilm is thus formed 
by a dynamic filament network with multiple transient 
connections to the plastic surface.

When a filament moved from the illuminated area to 
the edge of this area and crossed the light–dark border, 
it reverted its movement direction and moved back into 
the illuminated area. Many examples for such reversions 
can be seen in Video S1. Due to this effect, the filaments 
can move from the dark area into the illuminated area, 
but not in the other direction, as also outlined in the car-
toon of Figure 4. In one video, we counted 43 light–dark 
crossings that resulted in a reversion back to the light, and 
the estimated mean time that the filament tip was outside 
the illuminated area was 110 ± 10 s (mean ± SE). A large 
number of reversions was probably overseen because only 
a fraction of the filaments was in focus. In all 11 videos, we 
found no filament that escaped from the illuminated area. 
Thus, photophobotaxis is based on movements in random 
directions and a reversion of movement upon the light–
dark transition back to light.

Irradiation from below and above at 
different wavelengths

In most settings, the filaments were irradiated from below, 
which is the preferred direction for time lapse microscope 
studies. However, in the natural environment, the sunlight 

F I G U R E  4  Photophobotaxis light capture of Phormidium 
lacuna. Cartoon to summarize results of time lapse video 
recordings. The red circle stands for the illuminated area, filaments 
are drawn in green. The arrows indicate movement directions, the 
multi- arrows symbolize random movements within and outside the 
illuminated area. Filaments that cross the edge between light and 
dark from the lighted side (arrows denoted 1) turn their movement 
direction and return into the illuminated area (arrows denoted 2).
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   | 1297SCHWABENLAND et al.

comes rather from above or from the side. We now inves-
tigated the response of P. lacuna toward light from above 
and compared it with the response to light from below. 
We used LEDs of six different wavelengths between 467 
and 750 nm to get information about the spectral sensitiv-
ity of the response. The distances between LED and fila-
ments were larger than in the other experiments, resulting 
in illuminated areas of 65 mm2. The results are depicted 
in Figure  5. With the wild- type filaments, irradiation 
from above and below yielded comparable biofilm areas. 
Blue, green, yellow, and far- red (700 nm) light produced 
30–60 mm2 biofilm areas. The biofilm area under red 
light from below with 40 mm2 was also within this range, 
whereas irradiation with red light from above yielded a 
biofilm area of only 20 mm2. The difference between the 
red light from above and below was significant (MW test). 
With long- wavelength far- red light (750 nm), no response 
was found. The photophobotaxis response of the cphA 
mutant was comparable to that of the wild type, and the 
blue, green, red, and far- red biofilm areas were between 25 
and 35 mm2. However, under two illumination conditions, 
yellow light from below and red light from above, large 

biofilm areas of approximately 130 and 180 mm2, respec-
tively, were obtained; the filaments accumulated inside 
and outside the illuminated area. Most likely, filaments 
have escaped the light, but remained next to the light. The 
large- area effect was specific to cphA, and the differences 
between the wild type and cphA were significant (MW 
test). After shaking, the cphA biofilm area was zero in 
eight out of 12 cases and that of the wild type was zero in 5 
out of 12 cases. The attachment of cphA to the surface was 
thus weaker than that of the wild type.

Results with the pixJ mutant were different from 
those of the other strains, as also 750 nm light induced 
a clear response (Figure  5). This light was inactive in 
wild type and cphA. With light from above, the bio-
film areas were larger than those of the wild type for 
most wavelengths. Light from below between 467 and 
700 nm induced weaker responses in pixJ as compared 
to light from above and as compared to wild type. There 
was thus a clear effect of light direction on the extent of 
photophobotaxis. Shaking diminished the pixJ biofilm 
areas to a smaller extent than in the wild- type or cphA 
(Figure 5).

F I G U R E  5  Photophobotaxis of Phormidium lacuna wild- type, cphA and pixJ irradiation with different wavelengths from above and 
from below. Mean values ± SE of 7–10 independent measurements. The illuminated area was 65 mm2 for both directions of irradiation, the 
duration of illumination was 2 days. Light intensities were 10 μmol m−2 s−1, wavelengths are given in the panel.
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1298 |   PHOTOCHEMISTRY AND PHOTOBIOLOGY

Photophobotaxis between 467 and 750 
nm and over 4 decades of light intensity

We then tested photophobotaxis of wild type, pixJ, 
and cphA at diverse light intensities between 0.01 
and 10 μmol m−2 s−1 with light from below, the irradi-
ated area was 25 mm2. The same six wavelengths as in 
Figure 5 were utilized. The variation in light intensities 
and the more focused light beam provided additional 

information about the effect and about mutant pheno-
types. The results are represented in Figure 6, and the 
significance of the differences between the wild type 
and mutants are represented in Table 1. All wavelengths 
induced a response in all three strains, at least at high 
light intensities. Under red light (650 nm), a typical in-
tensity response curve over the range of four decades 
was obtained for wild- type filaments. The mean biofilm 
area at the light spot was 3 mm2 at 0.01 μM m−2 s−1 and 

F I G U R E  6  Photophobotaxis with Phormidium lacuna wild- type, cphA and pixJ, irradiations with different wavelengths and light 
intensities. Irradiation from below for 2 days. The illuminated area was 20 mm2. Mean values ± SE of 7–12 independent measurements for 
each data point. Significances are given in Table 1.
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   | 1299SCHWABENLAND et al.

increased continuously to 24 mm2 at 10 μmol m−2 s−1. 
The green light (526 nm) intensity- response curve was 
slightly above that of red light, but otherwise compa-
rable; at 10 μmol m−2 s−1 the area was 31 mm2. The re-
sponses to blue (467 nm) and yellow light (591 nm) were 
weaker than those to red or green light, and the biofilm 
areas were 14 and 8 mm2 at 10 μmol m−2 s−1, respec-
tively. With far- red light at 700 and 750 nm, only very 
weak responses with mean biofilm areas of 3 mm2 or 
less were obtained. Shaking reduced the biofilm areas in 
these wild- type experiments more than in comparable 
earlier experiments8 or in experiments described below. 
The largest areas after shaking were 6.4 and 6.1 mm2 for 
green and red light at 10 μmol m−2 s−1, respectively. The 
reason for this difference was probably due to the di-
verse preculture conditions used. However, qualitative 
differences between the mutants (see below) and the 
wild type remained unaffected.

Biofilm formation is affected in 
cphA mutants

The cphA- mutant biofilm areas were smaller than those 
of the wild type at all wavelengths, except for 700 nm 
(Figure  6). For single wavelengths, the differences be-
tween the wild type and cphA were not significant (MW), 
but when data at 10 μmol m−2 s−1 under the inclusion of 
all wavelengths were taken, the values of cphA were sig-
nificantly (MW test) smaller than those of the wild- type 
(Table  1). This finding aligns an earlier study, in which 
the cphA biofilm under red light was significantly (MW 
test) smaller than that of the wild type.8

After shaking, cphA and the wild- type were signifi-
cantly (MW) different for 10 μmol m−2 s−1 at 700 and 
467 nm. For cphA, in all treatments up to 1 μmol m−2 s−1 
intensity, no filaments remained attached after shaking. 
When a significance test was performed including all data 
between 0.01 and 1 μmol m−2 s−1, the difference between 
cphA and wild type was significant (MW) (Table 1). The 
reduced attachment of cphA compared with the wild type 
is again in line with an earlier study8 and other experi-
ments reported above and below.

PixJ is a negative 
photophobotaxis regulator

The responses of pixJ mutants were unexpected. The 
proposed role of PixJ as a receptor for phototaxis sug-
gested a weaker response of the mutant than that of the 
wild type. However, under most conditions, the pixJ 
responses were stronger than those of the wild type 

T A B L E  1  Significance of differences between strains based on 
the data shown in Figure 6.

Before shaking

μmol m−2 s−1

Wavelength 0.01 0.1 1 10

wt/cphA 467 nm
wt/pixJ 467 nm * * *
pixJ/cphA 467 nm * * *
wt/cphA 526 nm
wt/pixJ 526 nm * *
pixJ/cphA 526 nm * *
wt/cphA 591 nm
wt/pixJ 591 nm * * * *
pixJ/cphA 591 nm * * *
wt/cphA 650 nm
wt/pixJ 650 nm * *
pixJ/cphA 650 nm * * *
wt/cphA 700 nm
wt/pixJ 700 nm * * * *
pixJ/cphA 700 nm * * *
wt/cphA 750 nm
wt/pixJ 750 nm * * *
pixJ/cphA 750 nm * * *
wt/cphA1 All wavelengths nt nt nt *

After shaking

μmol m−2 s−1

Wavelength 0.01 0.1 1 10

wt/cphA 467 nm *
wt/pixJ 467 nm * * *
pixJ/cphA 467 nm * * * *
wt/cphA 526 nm
wt/pixJ 526 nm * * *
pixJ/cphA 526 nm * * * *
wt/cphA 591 nm
wt/pixJ 591 nm * * *
pixJ/cphA 591 nm * * * *
wt/cphA 650 nm
wt/pixJ 650 nm * * *
pixJ/cphA 650 nm * * *
wt/cphA 700 nm *
wt/pixJ 700 nm * * * *
pixJ/cphA 700 nm * * * *
wt/cphA 750 nm
wt/pixJ 750 nm * * *
pixJ/cphA 750 nm * * *
wt/cphA All wavelengths *

Note: Same wavelengths were compared between strains. Significance 
was determined by Mann Whitney test.25 * stands for error of probability 
of p < 0.05. We did not distinguish between p < 0.01 and p < 0.05. In the 
last line under “before shaking,” 10 μmol m−2 s−1 of all wavelengths were 
compared between wild type and cphA. In the last line under “after shaking,” 
irradiations between 0.01 and 1 μmol m−2 s−2 of all wavelengths were 
compared between wild type and cphA. For each wavelength, all single values 
were normalized to the mean values out of both strains of this wavelength.
Abbreviation: nt, not tested.
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1300 |   PHOTOCHEMISTRY AND PHOTOBIOLOGY

(Figure 6 and Table 1 for significant differences). The bi-
ofilm area of pixJ was always between 15 and 25 mm2. The 
lowest light intensity that was used, 0.01 μmol m−2 s−1, is 
so weak that the light could not or barely be seen by 
eye. We expected this light to be too weak to induce 
strong photophobotaxis. However, the responses of pixJ 
to 0.01 μmol m−2 s−2 of any light color were in the same 
range as the responses to 10 μmol m−2 s−1. Additionally, 
the responses at 700 and 750 nm at low and high in-
tensities, respectively, were unexpectedly high. The 
750 nm response was stronger at 1 μmol m−2 s−1 than 
at 10 μmol m−2 s−1. This reduction at high light intensi-
ties is probably the result of overstimulation. In 750 nm 
light, the response of pixJ at low light intensities was 
1000–10,000 times more sensitive than that of the wild 
type, as 750 nm light with 0.01 μmol m−2 s−1 yielded a 
much larger response in pixJ than the strongest 750 nm 
light with 10 μmol m−2 s−1 in wild type. These data show 
that PixJ is a negative photophobotaxis regulator in P. 
lacuna. The weak 0.01 μmol m−2 s−1 light is probably 
too weak to induce significant PixJ photoconversion. In 
this low- intensity range, the inhibitory effect of PixJ was 
therefore light- independent.

After shaking, pixJ biofilm areas were usually larger 
than those of wild type (Figure  6). At 10 μmol m−2 s−1 
intensity, wild type and pixJ were significantly different 
(MW) before and after shaking in 4 and 3 of 6 colors, re-
spectively. At 1 μmol m−2 s−1, wild type and pixJ biofilms 
were significantly different before and after shaking in 3 

and 5 colors, respectively. We did not perform a more de-
tailed statistical analysis of such differences. However, the 
overall impression was that pixJ had the strongest attach-
ment to the surfaces of all three strains.

Photosynthesis blockers inhibit 
photophobotaxis

The broad spectral range of photophobotaxis indicated 
the possible role of photosynthesis in this effect, be-
cause the spectral range of photoreceptors is consider-
ably narrower. Therefore, we investigated the effects of 
3- (3,4- dichlorophenyl) 1,1- dimethylurea (DCMU) and 
methylviologen (MV) on photophobotaxis. DCMU binds 
to the D2 subunit of PS II and blocks the electron transfer 
chain to plastoquinone B (PC_B),34 and MV transfers PS I 
electrons to water.35

Before testing for photophobotaxis, we performed 
growth assays using P. lacuna wild type to determine the 
relevant concentration ranges (Figure 7). In these assays, 
DCMU inhibited growth partially at a concentration of 
0.01 μM and almost completely at 0.1 μM (Figure  7 left 
panel). The 1% ethanol control reduced growth to approx-
imately 2/3. The 1000 μM DCMU solution also contained 
1% ethanol, the other DCMU solutions 10× or 100× less, 
and the reduction in growth was therefore largely a DCMU 
effect. There was no significant effect of MV on growth 
for concentrations of 0.1–1 μM, whereas 10 μM inhibited 

F I G U R E  7  Growth of Phormidium lacuna wild type in presence of DCMU or MV. Cultures with a start OD750 nm = 0.1 were cultivated 
for 1 week in the growth room under agitation. Mean values of 3 experiments ± SE. [Color figure can be viewed at wileyonlinelibrary.com]
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   | 1301SCHWABENLAND et al.

growth slightly. At 100 and 1000 μM, almost complete or 
complete inhibition was observed, respectively.

DCMU inhibits photophobotaxis in a 
specific manner

As in the growth experiments, solutions containing DCMU 
contained 0.01%, 0.1%, or 1% ethanol. We therefore made 
controls with 0.1% and 1% ethanol for photophobotaxis 
and motility experiments. With 1% ethanol, photopho-
botaxis was reduced from 23 to 14 mm2 (Figure 8). With 
0.1% ethanol, there was no significant effect on photopho-
botaxis. In all strains, the biofilm that was formed in 1% 
ethanol was stable after shaking, unlike under conditions 
without ethanol. Ethanol can increase biofilm formation 
in other bacteria.36 In the DCMU experiments, we con-
cluded that the inhibitory effects were predominantly 
based on the inhibitor and not on ethanol.

The range of 0.01–1000 μM DCMU was tested for pho-
tophobotaxis of wild type, cphA, and pixJ in red light of 
10 μmol m−2 s−1 (Figure  8). In wild- type filaments, up to 
10 μM DCMU had almost no effect on photophobotaxis. 
At 100 and 1000 μM DCMU, photophobotaxis was partially 
and completely inhibited, respectively. The inhibition of 
photophobotaxis occurred thus at higher concentrations 
as the inhibition of growth. The high concentration of 
DCMU required for growth inhibition could indicate that 
a small fraction of uninhibited PS II is sufficient to induce 
photophobotaxis, but could also point to an unspecific 
effect. To distinguish between both possibilities, the fila-
ments from the photophobotaxis assays were subsequently 
subjected to motility tests. These experiments showed that 
all filaments were motile up to 1000 μM DCMU, although 
in case of the mutants, a reduction was observed with 
increasing DCMU concentrations (Figure  9). With the 
7 μm min−1 migration speed observed with wild- type fil-
aments at 1000 μM DCMU, a visible fraction of filaments 

F I G U R E  8  Photophobotaxis of Phormidium lacuna wild type, cphA and pixJ in presence of DCMU or MV. All samples were irradiated 
for 2 days with red light of 10 μmol m−2 s−1. Strains are given in the panels; inhibitor compound is given in the x- axis legend. Mean values ± 
SE of 10 independent measurements each.
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1302 |   PHOTOCHEMISTRY AND PHOTOBIOLOGY

could reach the light zone, sind with 12 μm min−1 of the 
control, a high portion of filaments entered the light The 
2 μm min−1 obtained with the mutants at 1000 μM DCMU 
would be equivalent to a distance of 5 mm in 2 days. Some 
accumulation of filaments in the light cone should have 
been detected if light sensing were functional.

The biofilm areas in the cphA control experiments 
without DCMU were significantly smaller than those 
in the wild type. Otherwise, the cphA DCMU concen-
tration pattern was comparable to that of the wild type. 
After shaking, the biofilm was lost in the cphA samples. 
Differences between wild type and cphA were significant 
at 0, 0.01, 0.1, 1, and 10 μM. This finding emphasizes the 
effect of CphA on biofilm stability.

The pixJ biofilm areas were larger than the wild 
type at 0.01 and 0.1 μM DCMU and larger than the con-
trol (Figure  8), but the differences were not significant. 

However, at 10 and 100 μM DCMU, the biofilm areas were 
significantly smaller than those of the wild type, as if 
PixJ protected the wild type against DCMU. With 100 μM 
DCMU, we observed that pixJ filaments moved out of the 
illuminated area and formed a ring surrounding this area 
(Figure 3H, Table 2). (For such cases, the biofilm area was 
considered 0.) This ring formation was observed in all 10 
pixJ experiments with 100 μM DCMU, whereas for the 
wild- type, only 2 out of 10 followed this pattern. For cphA, 
one open ring was observed (Table 2).

We tested for correlations between motility/photopho-
botaxis or growth/photophobotaxis by the linear fit func-
tion of the Origin software. These analyses are summarized 
in Table  3 and graphically presented for two examples 
in Figure  10. If photophobotaxis were directly depen-
dent on motility, there should be a high correlation be-
tween both parameters. A significant correlation between 

F I G U R E  9  Motility of Phormidium lacuna after treatment with DCMU or MV. Mean values ± SE of 50 or more single measurements 
for each bar. After 2 days photophobotaxis (Figure 7), a fraction of the filaments was transferred to agar plates and the motilities estimated as 
described in the Materials and Methods section. Asterisks (*) indicate significant differences between control and sample, the delta symbol 
(Δ) indicates significance of difference between wild type and respective strain. Significance was estimated by the non- parametric Mann–
Whitney test and p < 0.05.
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   | 1303SCHWABENLAND et al.

photophobotaxis and motility was not found for wild type 
or pixJ, but between motility and growth of the wild type. 
The correlation for cphA between motility and photopho-
botaxis of cphA was significantly different from zero, but 
the correlation coefficient of 0.43 was low. As a summary 
of all DCMU results and these comparisons one may con-
clude that there were many conditions under which the 
filaments were motile but where photophobotaxis was 
blocked. We conclude from these analyses that photosys-
tem II could act as photosensor of photophobotaxis.

DCMU inhibits Synechocystis sp. PCC 6803 
photophobotaxis

To determine how the photophobotaxis of other species is 
affected by DCMU, we performed studies using the unicel-
lular cyanobacterium, Synechocystis sp. PCC 6803. We used 
the same approach as for P. lacuna: a 5 mm LED irradiated 
a cellular culture in a Petri dish from below (Figure 1C,D). 
As depicted in Figure 11, the cells accumulated in the illu-
minated area 2 days after the onset of light. The cells in the 
center remained connected by a slimy matrix. With 0.01 and 

0.1 μM DCMU, a comparable photophobotactic response 
was obtained. With 1 μM DCMU and higher concentrations, 
no photophobotaxis was seen. The experiment was per-
formed four times with similar outcomes. Synechcystis sp. 
PCC 6803 underwent photophobotaxis, and the response 
was inhibited by DCMU at much lower concentrations than 
P. lacuna photophobotaxis.

Inhibition by MV is unspecific

Methylviologen (MV) blocks the photosynthetic electron 
chain of PS I. P. lacuna growth was inhibited at 100 μM 
MV and more, that is, at much higher concentrations as 
compared to DCMU (Figure  8, correlation data are also 
presented in Table 3). The photophobotaxis of wild- type 
filaments was not affected by up to 100 μM MV, a concen-
tration at which growth was already inhibited (Figure 7). 
Only at the highest concentration of 1000 μM, no photo-
phobotaxis response was observed. As motility was also 
inhibited at this concentration (Figure  9), we assumed 
that the cells did not survive. Thus, P. lacuna responds 
differently to MV than to DCMU. We conclude that PS I 

T A B L E  2  Ring formation in experiments with DCMU and MV.

0 0.01 μM 0.1 μM 1 μM 10 μM 100 μM 1000 μM

wt DCMU – – – – – 2 –

cphA DCMU – – – – 3 1 –

pixJ DCMU – – – 1 2 10 –

wt MV – – – – – 10 10

cphA MV – – – – – 8 10

pixJ MV – – – – – 7 6

Note: See Figure 3H for ring formation. The numbers indicate the number of Petri dishes in which rings were observed (out of 10 circles).

T A B L E  3  Linear fit analysis with DCMU and MV data.

Photophobotaxis Motility

Wild type cphA pixJ Wild type cphA pixJ

DCMU

Growth Wild type No 0.02 Yes 0.43 No 0.21 Yes 0.61 No 0.28 No 0.11

Motility Wild type No 0.11

cphA Yes 0.31

pixJ No 0.40

MV

Growth Wild type No 0.02 No 0.60 Yes 0.88 Yes 0.96 Yes 0.89 Yes 0.80

Motility Wild type No 0.02

cphA Yes 0.88

pixJ Yes 0.81

Note: Data pairs for growth/motility, growth/photophobotaxis and motility/photophobotaxis for the different inhibitor concentrations were subjected to the 
test. “Yes” indicates that the slope of the curve is significantly different from zero, “no” indicates that the slope is not significantly different. The number gives 
the correlation coefficient R- square which can be between 0 and 1 (no and high correlation).
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1304 |   PHOTOCHEMISTRY AND PHOTOBIOLOGY

inhibition does not directly affect photophobotaxis of the 
wild type in a specific manner. However, ring formation 
was observed for all strains at 100 μM MV.

The cphA biofilms in the MV experiments were smaller 
than the wild- type biofilms (Figure  8), although only at 
1 μM these differences were significant. We observed that 
shaking reduced biofilm formation in the cphA strain 
more than in the other two strains. For pixJ, an unexpected 
response pattern was observed in the MV experiments. 

In most previous experiments, pixJ biofilms were larger 
than or equal to wild- type biofilms, whereas in the MV 
experiments, the pixJ biofilms were significantly smaller 
than wild- type biofilms in all cases where MV was pres-
ent. With increasing MV concentrations up to 100 μM, the 
biofilm areas increased in the wild type but decreased in 
pixJ. PixJ appeared to protect filaments against photopho-
botaxis inhibition by MV.

DISCUSSION

By twitching motility, cyanobacteria can move toward light 
if the light is weak, or away from light if the light is too strong. 
In this study, movement toward unilateral light, phototaxis, 
and toward a light spot, photophobotaxis, were observed. 
The latter response was further characterized by different 
wavelengths, light intensities and by inhibitor studies. It has 
been demonstrated earlier that type IV pili are involved in 
the gliding movement of P. lacuna photophobotaxis.8 Here, 
we demonstrate that movement toward light always pro-
ceeds along the surface and not through the liquid medium 
(Figure  3F), although filaments can move against each 
other in a liquid through oscillatory movements.8

We observed by time lapse recordings (Video S1) that 
filaments accumulate in the light by a combination of 
random movement and the reversion of movement upon 
light- to- dark transition. By random movement, a filament 
can find the light and by the reversion, it remains in the 
light (Figure 4). The reversion must be triggered by a tem-
poral or spatial difference of the light signal at the level of 
each filament. Although it takes several hours for an en-
richment of filaments in photophobotaxis to be observed, 
a phobic change in movement direction takes place within 
approximately 2 min, the time when a filament reaches 
out of the light until it returns to the light. The long time 
that it takes until the biofilm is formed results from the 
distance between the original positions of the filaments 
and the light and the fact that the movement is not straight 
but in random directions.

Whereas the light trap model can explain photopho-
botaxis under standard conditions, some experimental 

F I G U R E  1 0  Data of Figures 8 and 9 are plotted against each 
other.

F I G U R E  1 1  Synechocystis sp. PCC 6803 photophobotaxis with varying concentrations of DCMU. The cells were brought into the 5 cm 
Petri dishes and placed on a 5- mm red LED with 10 μmol m−2 s−1 for 2 days. The DCMU concentrations are given in each panel. The left 
panel shows a dark control without DCMU. The experiment was repeated four times with qualitatively same outcome.
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findings require additional assumptions and more research 
for clarification. Under some conditions, biofilm areas were 
found that are larger than the illuminated area. An expla-
nation could be that outer filaments exit the illuminated 
area as there is not enough space in the illuminated area. 
Because the light trap model suggests always movement 
up to the light–dark border, biofilm areas that are smaller 
than the illuminated area are also not compatible with the 
model. These small biofilms are obtained at low light inten-
sities. Possibly, the relevant photoreceptor is not activated 
enough by the weak light. This could allow an escape of a 
fraction of the filaments from the light field. Additionally, 
filaments in the center of the illuminated area must stick 
together such that the biofilm does not cover the entire 
light area. Ring formation (Table 2) does also not fit with 
the light trap model. If we assume that filaments change 
their movement direction upon light–dark transition and 
also dark–light transition, we can explain such a pattern. 
Note that in other experiments, not reported here, we ob-
served ring formation more frequently, especially under 
very strong light. A switch between positive and negative 
light responses that is dependent on the light intensity is 
often found in phototaxis and many other responses.

There is a general mechanistic difference between pho-
tophobotaxis and the phototaxis of single- celled cyano-
bacteria. The basis for photophobotaxis is a light intensity 
gradient along the filament or a gradient over time, and the 
basis for phototaxis is a light intensity gradient within a 
single cell along the light direction. Effects that are related 
to the light direction were also found for P. lacuna: light 
from above and light from below gave different results, and 
unilateral light- induced phototaxis also in P. lacuna.

If the filaments gather in a light area, they form a 
biofilm that is resistant to shaking. However, the bio-
film is a dynamic formation of filaments. We observed 
that not only those filaments outside a biofilm but also 
all filaments within a biofilm moved steadily. Moreover, 
in experiments, wherein the samples are subsequently 
irradiated at two different positions (from below), the 
filaments moved from the first to the second light spot, 
indicating that they were not irreversibly attached to the 
first position (Figure 3F,G). The biofilm must result from 
an interfilamentous network formed as a consequence of 
higher filament density. Interconnected filaments bind to 
the surface by multiple transient contacts.

CphA is involved in biofilm formation

The major characteristics of the cphA mutant were its re-
duced biofilm area in photophobotaxis and its reduced 
binding to the irradiated area under several conditions 
(Table  4). Both effects are likely coupled. The reduced 

biofilm area of cphA may be due to reduced attachment 
to the surface. If biofilm stability is induced by light via 
CphA in the wild type, one would expect a dependency 
of biofilm stability on the wavelength, for example, strong 
binding under red light, the maximum of phytochrome 
absorbance, and weak binding under green light, which 
is not absorbed by phytochromes. Such an effect was not 
observed in the wild- type P. lacuna. Moreover, in pixJ 
mutants, very low light induced significant biofilm for-
mation. CphA appears to affect pili attachment in a light- 
independent manner.

The gene next to cphA and the response regulator gene 
encodes a multidomain protein (Figure 2A). According to 
domain predictions, the protein comprises a PAS, GGDEF, 
and an EAL domain. The GGDEF domain catalyzes the 
formation of the second messenger c- di- GMP, and the 
EAL domain catalyzes c- di- GMP degradation.37 c- di- GMP 
is often involved in regulating cell adhesion and biofilm 
formation by cyanobacteria and other bacteria.37 Several 
links between phytochromes and GGDEF/EAL have been 
reported in bacteria. The cyanobacterial phytochrome- 
like protein Cph2 has two GGDEF domains and one 
EAL domain38 while a phytochrome from Rhodobacter 
sphaeroides has both GGDEF and EAL domains.39 The 
cphA phenotype suggests that CphA regulates either 
diguanylate cyclase activity or its expression in P. lacuna. 
Another explanation could be that cphA gene interruption 
affects diguanylate cyclase expression level. However, we 
would presently rule out this possibility as the di- guanylate 
cyclase gene is separated by a 300 bp non- coding sequence 
from the 3′ end of the response regulator gene (Figure 2A) 
and is thus expressed separately from CphA.

PixJ is a negative 
photophobotaxis regulator

In other cyanobacteria, PixJ is often considered a pho-
totaxis photoreceptor, but in P. lacuna, PixJ does not 
function as a light- direction sensor. In the pixJ mutant, 
photophobotaxis was enhanced compared to that in the 
wild type under low light intensities and far- red light at 
700 and 750 nm (Table 5). Therefore, PixJ acts as a nega-
tive regulator for photophobotaxis. According to the PixJ 

T A B L E  4  Phenotype of cphA mutant.

Photophobotaxis: smaller biofilm as 
compared to wild type

Figures 5, 6 and 8

No or weak attachment to surface after 
photophobotaxis and shaking

Figures 5, 6 and 8

Reduced motility after photophobotaxis in 
DCMU, MV

Figure 9
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of other species, the GAF domains of PixJ incorporate phy-
cocyanobilin chromophores and undergo light- induced 
absorbance changes.39 Like PixJ of Anacystis nidulans, 
PixJ of P. lacuna has four GAF domains (Figure 2D), three 
of which have a cysteine for chromophore attachment and 
can incorporate a bilin chromophore and undergo photo-
conversion. GAF domains bound to PCB chromophores 
absorb light between 400 and 760 nm.40–42 The PixJ GAF 
domain of Thermosynechococcus elongatus and the sec-
ond of the five PixJ GAF domains of Synechococcus elon-
gatus absorb light in the green (530 nm) and blue ranges 
(430 nm),10,43 but the full- length protein could absorb in 
diverse wavelengths regions.

PixJ also contains an MCP domain, which is known 
to be involved in chemotaxis in other systems.44 Here, 
the MCP domain is part of the sensor of a chemical sub-
stance and modulates the sensitivity of this sensor toward 
the concentrations of the relevant chemical compound. 
Methylation and demethylation through CheR and CheB 
render the receptor less or more sensitive, respectively.45 
The signal is transmitted from the sensor to CheA histi-
dine kinase. The role of PixJ as a negative photophobo-
taxis regulator can be utilized in this scheme. P. lacuna 
genome contains one cheA, two cheR, and one cheB genes. 
The cheA gene is located close to pixJ (Figure 2B). All pro-
teins for adaptation by methylation and onset of signal 
transduction are thus present in P. lacuna. The questions 
of what triggers the adaptation and where PixJ stands in 
the context of photophobotaxis remain to be resolved.

Broad spectral activity points to 
photosynthesis pigments as sensor

PixJ and CphA, have an inhibitory or a weak positive effect 
on photophobotaxis, respectively. Neither of these must 
be regarded as photoreceptors for photophobotaxis, that 
is, a molecule that is responsible for light direction sens-
ing. P. lacuna photophobotaxis was induced by a broad 
range of wavelengths, from 467 to 750 nm. The wild- type 

response to long- wavelength light (700 and 750 nm) was 
weak, but clear responses were obtained with the pixJ mu-
tant (Figure  6). This broad spectral range indicates that 
different pigments are involved in light- direction sens-
ing, because the spectral range of single photoreceptors 
is considerably narrower. P. lacuna has 28 cyanobacte-
riochromes and some of these could act together for the 
broad spectral activity of photophobotaxis. However, 
photosynthesis with its broad spectral absorbance seems 
a more likely candidate as photophobotaxis sensor. The 
DCMU effects and the sensitivity discussed below speak 
in favor of photosynthetic pigments.

The role of photosynthesis in light 
direction sensing

DCMU, a PS II electron flow inhibitor, inhibits photopho-
botaxis at 100 and 1000 μM concentrations. After 2 days of 
illumination at all DCMU concentrations, the wild- type 
filaments remained motile (Figures  8 and 9). Although 
motility was restricted in many cases, accumulation in the 
light cone would still be possible, if light sensing would 
work. Therefore, we concluded that DCMU could act spe-
cifically on light direction sensing and not in a general 
manner, for example, by cell death. This in turn could 
mean that photosynthesis pigments are used for sensing 
the light in photophobotaxis. The rather high concentra-
tion of DCMU required to achieve complete inhibition 
could indicate that only a small subfraction of PS II is re-
quired for light direction sensing.

MV also inhibited photophobotaxis but at higher con-
centrations than DCMU. The effect of MV concentration 
on photophobotaxis was comparable to that on motility. 
Therefore, we assume that MV inhibits photophobotaxis 
in a more general manner than DCMU by affecting fil-
ament vitality. Thus, light direction sensing is mediated 
through PS II rather than PS I. However, the photophobo-
taxis differences observed between the MV results of the 
three different strains suggest that PS I has some impact 
on photophobotaxis. For example, pixJ was more sensitive 
to inhibition by MV, which could be the result of photo-
phobotaxis dysregulation. The impact of MV could occur 
via feedback from PS I on PS II.

In addition to the DCMU inhibition experiments and 
the broad spectral sensitivity of photophobotaxis, the 
sensitivity of the system to low- intensity light indicated 
that photosynthetic pigments could act as light direction 
sensors. In the eyes of animals, high rhodopsin pigment 
densities allow vision down to low light intensities.46 
The concentration of photosynthesis pigments in cya-
nobacteria is similarly high, whereas the concentration 
of standard photoreceptors such as phytochromes is 

T A B L E  5  Phenotype of pixJ mutant.

Response to unilateral light stronger 
than wild type or cphA

Figure 3B

Significant photophobotaxis at low 
light 0.01 μmol m−2 s−1

Figure 6

Significant photophobotaxis with 
700 nm and 750 nm light

Figures 5 and 6

Ring formation with 100 μM DCMU in 
photophobotaxis experiments

Figure 3H and Table 2

Biofilm in MV photophobotaxis 
experiments smaller than wild type

Figure 8F
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much lower. We calculated for a standard photorecep-
tor system, how many photoreceptors would be con-
verted at a light sensitivity of 0.01 μmol m−2 s−1, which 
induced a clear response in pixJ, and an irradiation 
time of 2 min. The parameters used for our calculation 
are cell dimensions of 4 × 4 × 4 μm3,21 a photoreceptor 
extinction coefficient of 100,000 M−1 s−1, a photocon-
version quantum yield of 0.15, and a photoreceptor 
concentration of 0.1 μM. This value was taken from phy-
tochrome concentrations of etiolated maize seedlings47 
and Agrobacterium fabrum,48 which both were reported 
to have phytochrome concentrations of 0.1 μM. With 
these parameters, we estimated the number of pho-
toconverted photoreceptors per cell to 4. It is unlikely 
that such a low number can regulate the reversal of 
movement direction. The concentration of chlorophyll 
in P. lacuna as determined by UV–vis spectroscopy was 
7 mM. Even if only a small fraction of chlorophyll were 
used for light direction sensing, many more molecules 
are converted by the light than the four molecules for 
a standard photoreceptor. Note that in plants very low 
fluence responses {Casal, 1998 #19816} are even more 
sensitive. The role of phytochrome in these responses is 
clear, but plant cells are much larger than P. lacuna cells 
and will have more photoreceptors per cell.

The specific inhibition of photophobotaxis by DCMU, 
broad spectral sensitivity, and the photophobotactic ef-
fect of very low light intensities all favor photosynthesis 
as a photoreceptor. We would like to mention that with 
our present knowledge a role of photoreceptor is not com-
pletely ruled out, and it is also possible that photoreceptors 
and photosynthesis act together in light direction sensing. 
The DCMU requires rather high concentrations which 
still could act in a non- specific manner. The sensitivity 
to low light can be explained by higher photoreceptor 

concentrations. The broad spectral activity could be ex-
plained by different photoreceptors.

Nevertheless, we aim to consider additional details, 
particularly if photosynthesis serves as the light sensor. 
Photosynthesis is based on light induced electron trans-
fer driven by PS II and PS I. The first molecule along the 
photosynthetic electron transport path that leaves PS II is 
plastoquinone B (PQ_B). The PQ_ B- binding site is also a 
binding site for DCMU. Within PS II, PQ_B receives elec-
trons from PQ_A, and the reduced form, PQ_B_H2, disso-
ciates from PS II and delivers electrons to the cytochrome 
b6 f complex. A PQ_B_H2 sensor can then transmit the 
light signal to the next step in signal transduction (model 
in Figure  12). PQ_B is a transition from highly concen-
trated photosynthetic proteins to a low concentration 
signaling protein. Only a small fraction of the reduced 
PQ_B was expected to be utilized for sensing. Adaptation 
by PixJ could occur at this level, for example, by interfer-
ence with the PQ_B sensor. We note that the adaptation 
of photosynthesis- based light sensing, mediated through 
a chromoprotein/photoreceptor, can change spectral sen-
sitivity of this sensing. The fact that only a low fraction of 
activated PS II is enough for light direction sensing could 
elucidate why high DCMU concentrations are required 
for inhibiting photophobotaxis, whereas growth is inhib-
ited at much lower concentrations.

General role of photosynthesis in light 
direction sensing of cyanobacteria

The high likelihood for photosynthesis in light- direction 
sensing raises the question whether photosynthesis can 
sense the direction of light in other cyanobacteria. We 
also performed photophobotaxis experiments using the 

F I G U R E  1 2  Cartoon of photosystem electron transport chain and proposed signal output. Black arrows indicate the flow of electrons, 
violet arrows indicate molecule flow. Gray boxes stand for small molecules, green boxes for PS I and PS II. PQBH2 stands for PQB in the 
reduced form.
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single- celled cyanobacterium Synechocystis sp. PCC 6803. 
This species is probably the most used cyanobacterium 
in research, and most phototaxis experiments have been 
performed with it.5,7,49,50 According to our expertise with 
P. lacuna, we performed photophobotaxis instead of pho-
totaxis experiments. We found that Synechocystis sp. PCC 
6803 also undergoes photophobotaxis and that this effect 
is inhibited by DCMU. Thus, photophobotaxis in this 
species could also be mediated by photosynthesis. Since 
the mechanisms of photophobotaxis and phototaxis dif-
fer, both are not necessarily mediated by the same light 
sensors. Wilde5 reported a DCMU effect on phototaxis 
under blue light, but no effect under red or white light; 
in another work, Choi et al.20 found no DCMU effect on 
phototaxis. However, it is also possible that these authors 
used concentrations that were not sufficiently high; in 
our experiments, the inhibitory concentration was quite 
high. All in all could the role of photosynthesis as light di-
rection sensor in light direction sensing of cyanobacteria 
play a more prominent role that was overseen for several 
reasons.

PixJ was the linking element between species and re-
sponses. This protein affects phototaxis or photophobotaxis 
in all evaluated cyanobacterial species. If PixJ modulates 
light direction sensing in P. lacuna, this could also be true 
for other cyanobacteria. Although in our system, PixJ is 
not the photoreceptor itself for light direction sensing, the 
clue for the molecular mechanisms of PixJ will clarify the 
light direction sensing by photosynthesis.
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