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Abstract 

Photosynthetic cyanobacteria exhibit phototaxis, utilizing type IV pili (T4P) to navigate either to war d or away from a light sour ce . The 
Tax1 system is a chemotaxis-like signal transduction pathway that controls the switch in cell polarity, which is crucial for positi v e 
phototaxis in Synechocystis sp. PCC 6803. The system consists of the b lue/gr een light sensor PixJ, which controls the histidine kinase 
PixL and two CheY-like response regulators, PixG and PixH. However, the molecular mechanism by which Tax1 regulates T4P activity 
and polarity is poorly understood. Here , w e investigated the phosphotransfer between PixL and its cognate r esponse r egulators in vitro 
and analyzed the localization and function of wild-type and phosphorylation-deficient PixG and PixH during phototaxis. We found that 
both PixG and PixH are phosphorylated by PixL but have different roles in phototaxis regulation. Only phosphorylated PixG interacts 
with the T4P motor protein PilB1 and localizes to the leading cell pole under directional light, thereby promoting positive phototaxis. 
In contrast, PixH is a negati v e r egulator of PixG phosphor ylation and inhibits positi v e phototaxis. We also demonstrated that the C- 
terminal r ecei v er domain of PixL is essential for positi v e phototaxis, and modulates the kinase acti vity of PixL. Our findings r ev eal the 
molecular basis of positi v e phototaxis regulation by the Tax1 system and provide insights into the division of labor between PatA-type 
and CheY-like response regulators in cyanobacterial chemotaxis-like systems. Furthermore, these findings highlight similarities in 

the regulation of movement direction during twitching motility in phototactic and chemotactic bacteria. 

Ke yw ords: phototaxis; histidine kinase; response regulator; phosphorylation; CheY; PA T AN 
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Introduction 

Man y bacteria contr ol their mov ements in r esponse to envir on- 
mental stimuli. Photosynthetic c y anobacteria respond to light 
b y migrating to w ar d their pr eferr ed light conditions or e v ading 
potentially harmful illumination, a behavior termed positive or 
negative phototaxis. In c y anobacteria, including the unicellular 
model organism Synechocystis sp. PCC 6803 (hereafter Synechocys- 
tis ), phototaxis r equir es type IV pili (T4P) (Bhaya et al. 2000 , Yoshi- 
hara et al. 2001 , Schuergers and Wilde 2015 ). T4P-dependent 
motility over wet surfaces relies on the extension, tethering, and 

r etr action of pilus fibers, working like gr a ppling hooks to pull the 
bacterial cell forw ar d (Merz et al. 2000 ). This so-called twitching 
motility is po w ered b y the secr etion ATP ases PilB and PilT, which 

dynamicall y inter act with the inner membr ane platform pr otein 

PilC to form motor complexes for the extension and r etr action of 
T4P filaments, r espectiv el y (Jak ovlje vic et al. 2008 , Takhar et al.
2013 , Bischof et al. 2016 ). Synechocystis is capable of directional 
phototactic movement because single cells act as spherical mi- 
crolenses, allowing them to detect the location of the light source 
(Sc huer gers et al. 2016 ). Focused light on the rear side of the cell,
a wa y from the light source, is suggested to lead to local excitation 

of photoreceptors or other signaling pathwa ys . T his cue activates 
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 signal transduction cascade that is thought to stimulate the po-
ar localization of the extension ATPase PilB1, thereby promoting 
symmetric T4P activity (Sc huer gers et al. 2015 , 2016 , Nakane and
ishizaka 2017 , Nakane et al. 2022 ). 
Cy anobacteria emplo y m ultiple r ece ptors to percei ve the spec-

ral composition of light (Wiltbank and Kehoe 2019 ). Signal in-
egr ation fr om these inputs determines phototactic responses 
Bhaya 2004 , Wilde and Mullineaux 2017 , Harwood et al. 2021 ).
e v er al of these signaling systems are homologous to the chemo-
axis signal transduction systems (Wuichet and Zhulin 2010 , Han
t al. 2022 ) ( Fig. S1 ). The canonical chemotaxis system of Es-
 heric hia coli , whic h contr ols fla gellar motility, utilizes a tr ans-

embr ane r ece ptor called methyl-acce pting c hemotaxis pr otein
MCP), which is connected to the histidine kinase CheA through
he adaptor protein CheW. Excitation of this signaling complex 
eads to autophosphorylation of a conserved histidine residue in 

he histidine phosphotransfer (Hpt) domain of CheA. The phos- 
horyl group is then transferred to an aspartate residue in the
 eceiv er domain (REC) of the r esponse r egulator CheY, whic h in-
eracts with the flagellar motor to induce changes in the direction
f flagellar rotation (Porter et al. 2011 ). Variations in this canonical
 hemotaxis system ar e used by man y bacteria to control cellular
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unctions other than fla gellar motility, suc h as twitc hing motility,
xopol ysacc haride pr oduction, and cellular a ggr egation (Bhaya et
l. 2001 , Whitc hurc h et al. 2004 , He and Bauer 2014 ). 

Wuichet and Zhulin ( 2010 ) classified c y anobacterial
hemotaxis-like systems under the T4P-based motility group,
hich contains systems that typically have two CheY-like re-

ponse regulators. Cyanobacterial systems frequently utilize
hotoreceptor modules, but lack proteins to modulate MCP
ethylation and adaptation. The absence of these methyla-

ion/demethylation enzymes is hypothesized to be a result of the
irectional light-sensing mechanism emplo y ed in c y anobacterial
hototaxis, which eliminates the need to adapt to fluctuating
ignals over time (Wuichet and Zhulin 2010 , Schuergers et al.
016 ). In contrast to chemotaxis-like systems that control twitch-
ng motility in heter otr ophic bacteria, the first CheY homolog
n operons that encode c y anobacterial systems is a PatA-type
 esponse r egulator comprising N-terminal P A T AN and C-terminal
EC domains (Makar ov a et al. 2006 , Han et al. 2022 ). In Synechocys-

is , the response regulators PixE, LsiR, and Slr1594, which are not
art of a c hemosensory system, shar e this domain arc hitectur e.
ixE forms a complex with the blue light sensor PixD, which
issociates upon illumination with blue light. Unbound PixE is
ble to elicit negative phototaxis (Ren et al. 2013 , Sugimoto et al.
017 ). LsiR triggers negative phototaxis in response to UV light,
hic h induces lsiR expr ession (Song et al. 2011 ). It has been shown

hat in Synechocystis , the P A T AN domain of these regulators local-
zes to the inner membrane and interacts with the N-terminal
ytoplasmic domain of PilC and the pilus assembly ATPase PilB1.
mportantl y, ov er expr ession of the truncated PixE containing only
he P A T AN domain is sufficient to switch phototactic orientation,
uggesting that the P A T AN domain is the principal output domain
f at least those P atA-type r egulators that control the direction
f mov ement (Jak ob et al. 2020 , Han et al. 2022 ). The second
heY-like r esponse r egulator of c y anobacterial chemotaxis-like
ystems consists of a single REC domain. In Synechocystis , they
ocalize mainly to the cytoplasm and do not interact with any
omponents of the pilus motor (K er a et al. 2020 , Han et al. 2022 ). 

Synec hocystis exhibits positiv e phototaxis to w ar d w avelengths
 anging fr om gr een to far-r ed, while negativ e phototaxis is elicited
y blue or UV light (Choi et al. 1999 , Ng et al. 2003 , Savakis et
l. 2012 ). Among the photoreceptors that control phototactic ori-
ntation, the c y anobacterioc hr ome PixJ (encoded by sll0041 and
ll0042 ) is essential for positive phototaxis (Yoshihara et al. 2000 ,
haya et al. 2001 , Ng et al. 2003 , 2004 ). This blue/green light sensor

s a part of the chemotaxis-like system Tax1 (Fig. 1 A), which com-
rises the CheA-like histidine kinase PixL (Sll0043), two CheW-like
da ptor pr oteins (Sll0040 and Sll0044), CheY-like r esponse r egu-
ator PixH (Sll0039), and PatA-type regulator PixG (Sll0038). Dis-
uption of genes in the tax1 operon, except for the cheW genes,
esulted in mutants that sho w ed negative phototaxis under light
onditions, whic h trigger ed positiv e phototaxis in wild-type cells
Yoshihara et al. 2000 , Bhaya et al. 2001 , 2004 ). Mor eov er, m utating
he phospho-accepting aspartate of PixG r e v erses the phototactic
rientation (Han et al. 2022 ). Hence, it is likely that the Tax1 sys-
em establishes positive phototaxis by transducing light signals
rom the photoreceptor to its response regulators via a phospho-
ylation cascade. Ho w e v er, it is unclear whether PixG and PixH
re phosphorylated and how these two regulators with disparate
ocalization patterns cooperate to modulate phototaxis in Syne-
hocystis . 

To shed light on the Synechocystis Tax1 signal transduction path-
ay and understand the molecular mechanism by which this sys-

em determines movement direction, we evaluated the phospho-
ransfer between the purified histidine kinase PixL and the regu-
ators PixG and PixH in vitro and studied the motility phenotypes
f phospho-acceptor site mutants in vivo . Our findings verified
hat both PixG and PixH are phosphorylated by PixL. Moreover, the
hosphorylation of PixG enhances the interaction of PixG with the
4P motor at the light-facing site of the cell, whereas PixH acts as
 phosphate sink that modulates PixG phosphorylation. 

aterials and methods 

rotein purification 

he plasmids used for ov er expr ession of 6xHis-ta gged pr oteins ar e
isted in Table S1 . These plasmids wer e gener ated by amplifying
ixL �REC (r esidues 1–1253), pixL_REC (r esidues 1274–1402), pixG , and
ixH via PCR with genomic DNA using primers ( Table S2 ) to intro-
uce BamHI and SalI restriction sites . T he amplified products were
ut and ligated into BamHI and SalI restriction sites of the pQE-
0 L vector. The resulting plasmids were verified by sequencing.
ixG and PixH v ariants wer e constructed using pQE- pixG and pQE-
ixH via oligonucleotide-directed mutagenesis using the primers
isted in Table S2 . 

Esc heric hia coli BL21(DE3) transformed with expression plas-
ids wer e gr own in 500 ml LB medium supplemented with

00 μg/ml ampicillin. Protein expression was induced by adding
00 μM isoprop yl- β- d -thiogalactop yranoside (IPTG) when the cells
 eac hed an OD 600 of 0.6, and the cultures were incubated at 18 ◦C
v ernight. Cells wer e harv ested by centrifugation at 4000 r pm,
 esuspended in l ysis buffer (150 mM NaCl, 50 mM Tris/HCl,
0 mM imidazole, and pH 8.0) containing 250 μg/ml lysozyme and
0 μg/ml DNase, incubated on ice for 30 min, and then disrupted
n a Fr enc h pr ess . T he lysate was centrifuged at 16 500 g at 4 ◦C for
0 min, and the supernatant was filter ed thr ough a 0.45- μm mem-
r ane to r emov e an y r emaining particulate material. The clear ed

ysate was loaded onto the column with 1 ml Ni-NTA resin at 4 ◦C.
he column was washed twice with 5 ml lysis buffer and eluted
ve times with 1 ml elution buffer (150 mM NaCl, 50 mM Tris-HCl,
00 mM imidazole, and pH 8.0). Eluted fractions were analyzed by
DS-PAGE, and the fractions with the highest yield were concen-
rated and further purified with a Superdex 200 10/300 GL column
sing reaction buffer (10 mM HEPES, 50 mM KCl, 0.1 mM EDTA,
 mM DTT, 5 mM MgCl 2 , 10% gl ycer ol (v/v), and pH 8.0). The puri-
ed proteins were stored at −80 ◦C. 

utophosphorylation and phosphotransfer 
ssays 

ll phosphorylation experiments were performed in reaction
uffer (see above). For autophosphorylation assays, 0.3 nmol pu-
ified PixL �REC were incubated in 60 μl reaction buffer contain-
ng 0.5 mM ATP and 1 μCi [ γ - 32 P]ATP at 30 ◦C. At the a ppr opriate
ime, 7.8 μl aliquots were removed from the reaction and mixed
ith 4.2 μl loading buffer (4xNuPAGE TM LDS sample buffer (Invit-

ogen) supplemented with 100 mM DTT). The samples were sepa-
ated on a 4%–12% Bis-Tris gel (NuPAGE TM ) using MES SDS running
uffer (50 mM MES, 50 mM Tris Base, 0.1% SDS, 1 mM EDTA-Na 2 ,
nd pH 7.3), stained with Coomassie, and dried under vacuum. An
utor adiogr a ph was obtained using a Phosphor Imager (Typhoon
L 9500). For phosphotransfer assays between PixL �REC and a sin-
le regulator, PixL �REC was incubated with [ γ - 32 P]ATP for 4 min as
escribed abo ve . At the same time , a 7.8- μl aliquot was diluted
ith 7.8 μl reaction buffer and quenched by adding 8.4 μl loading
uffer as the t0 r efer ence, and 35 μl of the r eaction mixtur e was
ixed with 35 μl reaction buffer containing an equimolar amount

https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae012#supplementary-data
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Figur e 1. T he REC domain of PixL is essential for positive phototaxis. (A) Schematic representation of gene organization of the Tax1 system in 
Synechocystis . Homology to chemotaxis systems is shown at the top, with gene names indicated within the arrows and locus names at the bottom. (B) 
Domain arc hitectur e of histidine kinase and its cognate r esponse r egulators according to the KEGG sequence similarity database. For PixL, the start 
and end positions of the truncated proteins used in this study are provided. (C) Phototaxis experiments of wild-type Synechocystis , a �pixL mutant, and 
str ains expr essing PixL, PixL �REC , or PixL D1326A in the �pixL bac kgr ound. Pr otein expr ession was induced using copper-fr ee medium. Cells wer e spotted 
on 0.5% (w/v) BG-11 motility agar and exposed to directional white light ( ∼50 μmol photons m 

−2 s −1 ) for ∼4 da ys . T he arrow indicates the direction of 
illumination, and the dotted line indicates the initial positions of the cells. 

 

 

 

 

D  

w
 

w
l  

P  

p  

m  

e
i  

a  

a

P
C  

o  

i  

b  

t  

h  

i
p  

m  

p

S
S
s  

a  

B  

0  

p  

T  

r  

h
l  

p  

(  

a  

N  
of the purified regulator. The phosphotransfer reaction was incu- 
bated at 30 ◦C, terminated at the indicated time points, and pro- 
cessed, as described abo ve . For phosphotransfer assa ys with both 

r egulators, PixL �REC was initiall y phosphorylated for 4 min. Sub- 
sequently, 20 μl of this reaction and a 20- μl aliquot containing 
equimolar amounts of both regulators were mixed, resulting in a 
2.5- μM concentr ation of eac h pr otein in the r eactions, and pr o- 
cessed in the same way as the other assays. 

Culture conditions and strains 

Synec hocystis sp. PCC 6803 substr ain PCC-M (Tr autmann et al. 2012 ) 
and mutant strains ( Table S1 ) were propagated on BG-11 agar 
plates (0.75% (w/v) supplemented with 0.3% (w/v) sodium thio- 
sulfate) at 30 ◦C under continuous white light illumination (Philips 
TLD Super 80/840) of 50 μmol photons m 

−2 s −1 . For strains encod- 
ing expression cassettes under the control of the petJ promoter,
CuSO 4 free BG-11 medium was used to induce protein expression,
whereas 2.5 μM CuSO 4 was added to repress it. Mutant strains 
were supplemented with appropriate antibiotics at concentra- 
tions of c hlor amphenicol (7 μg/ml), stre ptom ycin (10 μg/ml),
kanamycin (50 μg/ml), and gentamycin (10 μg/ml). 

Mutagenesis and plasmid construction 

The plasmids and primers used are listed in Table S1 and S2 , re- 
spectiv el y. The �pixL str ain was gener ated by tr ansforming Syne- 
chocystis cells with the plasmid pUC - �pixL , which was constructed 

using PCR-based seamless assembly cloning (Beyer et al. 2015 ).
For complementation, �pixL was transformed with plasmids con- 
structed as follows: genes pixL and pixL �REC were amplified from 

genomic DNA using primers to introduce EcoRI and BamHI re- 
striction sites and subsequently cut and ligated into the a ppr opri- 
ate restriction site of the pUR-expression vector harboring an N- 
terminal FLAG sequence (Wiegard et al. 2013 ). The pUR- pixL D1326A - 
fla g v ariant was gener ated using the Q5 Site-Directed Mutagenesis 
Kit (NEB). Response regulator variants harboring a mutant pixG or 
pixH gene were generated using the Q5 Site-Directed Mutagenesis 
Kit (NEB) and the primers listed in Table S2 . The resulting plas- 
mids were used to transform �pixGH or wild-type cells. To cre- 
ate �pixD + pixG-eyfp and �pixD + pixG 

D326A -eyfp , WT + pixG-eyfp and 

WT + pixG 

D326A -e yfp mutants w ere transformed with the genomic 
NA of the �pixD strain . Complete segregation of these mutants
as confirmed by colony PCR. 
To create pGBK- pixG 

D326A for the Y2H assay, the pixG gene
as amplified from Synechocystis genomic DNA using the primers 

isted in Table S2 and cloned into the pJET1.2 vector (CloneJET
CR cloning kit, T hermoFisher). T he resultant plasmid pJET1.2-
ixG was further used to create pJET1.2- pixG 

D326A by site-directed
 uta genesis . T he pJET1.2- pixG 

D326A was digested with restriction
ndonucleases BamHI and SpeI and ligated into the correspond- 
ng restriction sites of pGBKT7. All other plasmids used for Y2H
ssa ys ha ve been described pr e viousl y (Jak ob et al. 2020 , Han et
l. 2022 ). 

hototaxis assays 

ells fr om fr eshl y gr o wn plates w er e r esuspended and spotted
r dir ectl y r estr eaked onto 0.5% (w/v) BG-11 a gar plates contain-
ng 0.3% (w/v) sodium thiosulfate, 0.2% glucose, and 10 mM TES
uffer (pH 8.0). CuSO 4 was omitted from the medium to induce
he petJ promoter or was added at a concentration of 2.5 μM to in-
ibit expression. After 2–3 days of incubation under diffuse low-

ntensity white light, the plates were transferred to nontrans- 
arent boxes with a one-sided opening (15 or 50 μmol photons
 

−2 s −1 at the front of the boxes) for 4–13 da ys . For a detailed
r otocol, see Jak ob et al. ( 2017 ). 

ingle-cell tracking 

ingle-cell motility assays were performed as previously de- 
cribed (Jakob et al. 2017 ). Briefly, cells from the leading edge of
 colony on the phototaxis assay plate were resuspended in fresh
G-11 medium. A 3- μl droplet of the suspension was spotted on
.3% (w/v) BG-11 a gar ose plates and left to dry for 15 min. The petJ
romoter was induced by omission of copper from the medium.
he cells were carefully covered with a coverslip and a silicone
ing to pr e v ent e v a por ation and stabilize the surface. After a 2-
 dark incubation and 3-min lateral illumination under white 

ight (fluence rate ∼50 μmol photons m 

−2 s −1 , high luminous out-
ut golden white LED lamp (Yoldal) or RGB-LED (625/525/470 nm)

World Trading Net)), a 3–5 min time-lapse video w as recor ded
t room temperature with one frame every 3 s using an upright
ikon Eclipse Ni-U microscope fitted with a 40x objective (numer-

https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae012#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae012#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae012#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae012#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae012#supplementary-data
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cal a pertur e 0.75). Cell tr ac king was performed using Ima geJ and
he Tr ac kMate plugin (Ersho v et al. 2022 ). T he tr ac ks wer e further
nalyzed using a custom R script. Only cells tracked for at least 10
onsecutiv e fr ames wer e anal yzed. Additionall y, cells displaying
isplacement of at least 0.5 μm and a speed of at least 0.02 μm s −1 

ere classified as motile tracks. 

2H analysis 

he Y2H analysis was performed as previously described (Jakob
t al. 2020 ). Briefly, yeast transformants containing bait–prey
airs were selected on a complete supplement mixture dropout
edium lacking leucine and tryptophan at 30 ◦C for 4 da ys . Sub-

equentl y, the cells wer e scr eened for inter actions by str eaking on
r opout medium lac king leucine, tryptophan, and histidine sup-
lemented with 5 mM 3-amino-1,2,4-triazole (3-AT) at 30 ◦C for 6–7
a ys . 

onfocal laser scanning microscopy 

ells fr om fr esh phototaxis plates wer e r esuspended and spotted
nto 0.3% a gar ose BG-11 plates as described for single-cell motil-
ty assa ys . All plates and media were incubated at 30 ◦C prior to
xperiments. After the droplets had dried at 30 ◦C, the cells were
xcised with an a gar ose bloc k fr om the plate and car efull y flipped
nto a 35-mm glass bottom μ-Dish (ibidi GmbH) such that the cells
 ere positioned betw een glass and a gar ose. Confocal micr oscopy

maging was performed at room temperature with a Nikon A1
onfocal system on an inverted Nikon Eclipse Ti microscope us-
ng a 60x oil immersion (r efr activ e index 1.515) objective with a
umerical a pertur e of 1.4. Cells were exposed to dir ectional r ed

ight emitted by an RGB-LED (peak 625 nm, World Trading Net) at
 fluence rate of ∼75 μmol photons m 

−2 s −1 . The LED was fixed
o the micr oscope sta ge, and the emission angle was limited by
r a pping the LED bulb with a tape. After an incubation period of
10 min, the cell position in the scanned area and phototactic
ehavior were first assessed by ima ging c hlor ophyll autofluor es-
ence with the 640 nm laser line in a 3-min time-lapse series at
ne frame every 3 s. To visualize eYFP signal localization and allow
 esolution of differ ential signal distribution, a r egion of inter est
as then selected and magnified by an additional zoom factor of
.3 (scan area of 49.42 μm × 49.42 μm at 512 pixels × 512 pixels)
nd scanned with the 514-nm laser recording 3-min time-lapse
eries as before. 

To determine fluorescence polarity and intensity at the cell pe-
iphery, time-la pse series wer e anal yzed using a custom macr o in
ma geJ, whic h detects cells automatically and measures radial in-
ensity via the Radial Profile Extended plugin (Carl 2006 ). Here, the
ntensity was integrated as a function of the radius in 10 ◦ sectors
round the detected cells in each slice of the time-la pse stac k.
ell tr ac king information was obtained as pr e viousl y described

or single-cell motility assays using the Tr ac kMate plugin (Ershov
t al. 2022 ). Radial intensity and tr ac king data wer e then further
nal yzed and corr elated at the single-cell le v el with a custom R
cript using the circular pac ka ge (Agostinelli and Lund 2022 ). Con-
eptually, to identify the maximum fluorescence angle per cell,
e measured integrated intensities of 90 ◦ sectors, which were ro-

ated in 10 ◦ steps around the cell. Of the resulting 36 sectors, the
ean angle of the 90 ◦ sector with the highest total intensity was

efined as the maximum intensity angle. Radial fluorescence in-
ensity measur ements wer e assigned to tr ac ked cells using the
earest neighbor search function from the RANN package (Arya
t al. 2019 ). Finally, the mean of the maximum intensity angle
ver the first five time points was calculated to avoid introducing
dditional noise due to photobleaching over the full 3-min video.
he entire length of the video was used to calculate the displace-
ent angle as the angle of displacement between the first and

ast frames of the track. Scripts used for the acquisition of radial
ntensity measurements in ImageJ, as well as data processing and
nalysis in R (R Core Team 2023 ), are available in the GitHub repos-

tory https:// github.com/ jonas-hammerl/ Tax1 _ Synechocystis . 

esults 

he REC domain of PixL is involved in phototaxis
egulation 

he putative histidine kinase PixL of Synechocystis comprises two
-terminal Hpt domains, a catal ytic cor e, and a C-terminal REC
omain, which is absent in the histidine kinase of the E. coli
he system (Fig. 1 B). To elucidate the role of the REC domain
f PixL in phototaxis control, we complemented a �pixL mutant
n Synechocystis with plasmids for the expression of FLAG-tagged
ixL ( �pixL + pixL ) or truncated PixL without the REC domain
 �pixL + pixL �REC ; PixL �REC residues 1–1253). Consistent with previ-
us studies (Yoshihara et al. 2000 , Bhaya et al. 2001 ), �pixL exhib-

ted negative phototaxis under white-light illumination, which in-
uced positive phototaxis in the wild type (Fig. 1 C). Subsequently,
e investigated the phototaxis of the complementation strains.
xpression of the FLAG-tagged PixL variants from the petJ pro-
oter, which is induced under copper limitation, was confirmed
 y w estern blot anal ysis ( Fig. S2 ). Under inducing conditions, onl y
ild-type PixL r estor ed the positiv e phototaxis in the �pixL m u-

ant strain (Fig. 1 C). To determine whether the phosphorylation
f the REC domain is essential for its function, we attempted
o complement the �pixL mutant with a plasmid expressing the
hosphorylation-deficient PixL D1326A variant ( �pixL + pixL D1326A ).
lthough western blot analysis established that PixL D1326A was ex-
r essed at le v els compar able to those of full-length and truncated
roteins ( Fig. S2 ), the mutant protein was unable to restore posi-
ive phototaxis (Fig. 1 C), indicating that an intact phosphorylation
ite in the REC domain was r equir ed for positive phototaxis . T his
mplies that an additional phosphorylation step in the PixL REC
omain modulates the PixL kinase activity. 

ixL phosphorylates both PixG and PixH 

ext, w e w anted to confirm phosphotransfer between PixL and
ts cognate CheY-like response regulators PixG and PixH in vitro .
her efor e, we purified the recombinant proteins bearing a 6 ×His
ffinity tag at the N-terminus, which were expressed in E. coli
L21(DE3), and incubated them with [ γ - 32 P]ATP. Ho w e v er, we did
ot detect stable autophosphorylation of purified full-length PixL
r substantial phosphoryl transfer to its cognate response regula-
ors ( Fig. S3 ). Considering that the PixL REC domain might partici-
ate in intermolecular phosphotransfer and earlier reports that
he REC domain of chemosensory histidine kinases from other
acteria interferes with the autophosphorylation of their kinase
omain (Inclán et al. 2008 , Silversmith et al. 2016 ), we analyzed
he truncated variant of the histidine kinase PixL �REC . Recombi-
ant PixL �REC was shown to be capable of stable autophosphory-

ation in vitro upon incubation with [ γ - 32 P]A TP (Fig. 2 A). Further ,
e studied whether PixL �REC can phosphorylate the PixL r eceiv er
omain. Ther efor e, a separ ate PixL_REC domain (r esidues 1274–
402) was expressed in E. coli and incubated with phosphorylated
ixL �REC ( Fig. S4 ). PixL_REC can be phosphorylated by PixL �REC .
o w e v er, this phosphorylation e v ent is tr ansient, and phosphory-

ated PixL_REC can only be detected for around 1 min. Together

https://github.com/jonas-hammerl/Tax1_Synechocystis
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae012#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae012#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae012#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae012#supplementary-data
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Figure 2. Autophosphorylated PixL transfers phosphate to the response regulators PixG and PixH, and PixH modulates PixG phosphorylation. (A) 
Autor adiogr a ph (left) and Coomassie stain (right) of PixL �REC . 0.3 nmol protein was incubated in 60 μl reaction buffer containing 1 μCi [ γ - 32 P]ATP and 
500 μM ATP at 30 ◦C. Aliquots were quenched in loading buffer at the indicated time points . T he samples were separated on a 4%–12% Bis-Tris 
SDS-PAGE gel, stained with Coomassie, dried under vacuum, and visualized by autogr a phic exposur e. Lane M, molecular weight marker (kDa). 
His-PixL �REC , 138 kDa. (B, C) Autor adiogr a phs of phosphotr ansfer assays with PixL �REC and PixG or PixH, and the r espectiv e phosphorylation-deficient 
mutants. As described above, 0.3 nmol PixL �REC was incubated with [ γ - 32 P]ATP for 4 min. At t0, the PixL �REC phosphorylation reaction was mixed 1:1 
with equimolar amounts of wild-type or mutant PixG or PixH in reaction buffer. The phosphotransfer reactions were incubated at 30 ◦C and aliquots 
were sampled at 1, 2, 4, 6, 8, and 10 min. As a negative control, PixL �REC was omitted from the reactions. (D) Phosphotransfer assays containing 2.5 μM 

of PixL �REC and 5 μM PixH. PixL �REC was incubated with [ γ - 32 P]ATP for 4 min prior to the addition of the PixG or PixH variants at t0. The 
phosphotr ansfer r eaction w as incubated at 30 ◦C and aliquots w er e sampled at 1 min, after whic h 100x excess of unlabeled ATP was added at 2 min 
(arrowhead), and after 3, 7, and 10 min. The samples were processed as before. (E) Autoradiograph of tripartite phosphotransfer assays containing 
2.5 μM of PixL �REC , PixG, and PixH in the combinations listed. PixL �REC was autophosphorylated for 4 min and aliquots of the transfer reaction were 
sampled at 1, 3, 7, and 10 min and processed as before. 
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with the observation that full-length PixL is inactive, this sug- 
gests that the REC domain is a negative regulator of PixL ki- 
nase activity and facilitates the r a pid dephosphorylation of the 
protein. 

To investigate phosphotransfer from histidine kinase PixL to 
its cognate response regulators, purified recombinant PixG and 

PixH were incubated with [ γ - 32 P]ATP alone or in the presence of 
PixL �REC . Autor adiogr a phy r e v ealed that both PixG and PixH were 
phosphorylated in the presence of PixL �REC (Fig. 2 B and C). Quan- 
tification of the r adioactiv e signals indicated that in contrast to 
stable PixG phosphorylation, the phosphorylation le v el of PixH de- 
cr eased ov er time ( Fig. S5 ), suggesting that PixH had a higher rate 
of dephosphorylation. 

The potential phosphorylation sites of the PixG and PixH re- 
ceiver domains are aspartate 326 and aspartate 52, respectively 
(Han et al. 2022 ). To validate the specific phosphorylation sites,
we repeated the phosphotransfer assays with response regulator 
variants in which the conserved aspartates were replaced by ala- 
nine. Purified PixG 

D326A and PixH 

D52A were not phosphorylated in 

the presence of PixL �REC and radioactively labeled ATP, indicat- 
ing that D326 and D52 are the only sites that accept a phosphoryl 
gr oup fr om PixL (Fig. 2 B and C). Equal loading and protein stability 
er e v alidated via Coomassie staining after SDS-PAGE separation
 Fig. S6 A and B) 

To understand the low le v el of PixH phosphorylation, we aimed
o differentiate between the slow phosphorylation of PixH by 
ixL �REC and the r a pid (auto-)dephosphorylation of the response
 egulator. To ac hie v e this, we tr aced the r adioactiv el y labeled
hosphoryl groups in a phosphotransfer assay spiked with a 100
imes excess of unlabeled ATP after 2 min (Fig. 2 D). These results
learly show that PixL �REC autophosphorylation remained stable 
ver the observed 10 min in the absence of PixH. Ho w ever, when
ixH was present, the histidine kinase pr omptl y tr ansferr ed all
abeled phosphoryl groups to PixH, which was consequently de- 
hosphorylated in less than 4 min. Pr e vious studies hav e indi-
ated that additional CheY regulators in a chemosensory path- 
ay can facilitate the dephosphorylation of the main regulator 

Sourjik and Schmitt 1998 ) or indirectly counteract its phospho-
ylation (Kühn et al. 2023 ). Considering the marked dephosphory-
ation of PixH, we hypothesized that this regulator might modu-
ate PixG phosphorylation. To test this, we performed a phospho-
ransfer assay including the histidine kinase PixL �REC and both 

egulators PixH and PixG. Compared to the phosphorylation as- 
ays with single r esponse r egulators (Fig. 2 B and C), PixH displayed

https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae012#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae012#supplementary-data
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nhanced phosphorylation in the presence of PixG, which, in turn,
as phosphorylated to a m uc h lower extent (Fig. 2 E). In contrast,

he addition of the nonphosphorylatable cognate response regu-
ator to the assay had no detectable effect on the phosphorylation
f PixH or PixG (Fig. 2 E). The presence of proteins was verified us-
ng Coomassie-stained gels ( Fig. S6 C and D). 

hosphorylation is essential for the function of 
he response regulators PixG and PixH 

o investigate the role of phosphorylation in the regulation
f phototaxis by PixG and PixH, we analyzed the phototactic
ov ement of Synec hocystis str ains expr essing phosphorylation-

eficient PixH 

D52A or PixG 

D326A v ariants fr om the native tax1 lo-
us (Fig. 3 A). As pr e viousl y demonstr ated, onl y the �pixGH + pixGH
tr ain, whic h expr esses wild-type pixG and pixH in a �pixGH mu-
ant but not the strain expressing a pixG 

D326A variant, restored
ositive phototaxis (Han et al. 2022 ). In addition, w e sho w that the
pixGH + pixGH 

D52A mutant also displays negative phototaxis, as
pposed to the positive phototactic behavior of the �pixGH + pixGH
omplementation strain (Fig. 3 A), which is consistent with the pre-
iously shown negative phototaxis phenotype of the pixH mutant
Yoshihara et al. 2000 ). Moreover, we assessed the phototactic re-
ponses of the different strains at the single-cell level. We used
ateral white LED irradiation to illuminate Synechocystis mutant
tr ains fr eshl y spotted on 0.3% (w/v) BG-11 a gar ose plates and
ecorded 5-min time-lapse videos using an upright Nikon Eclipse
i-U microscope fitted with a 40x objective lens. Tracks of indi-
idual cells were measured, and the correlation between the di-
ection of movement and the position of the white light source
as calculated using a Rayleigh test (Fig. 3 B). In accordance with

he findings from the macroscopic phototaxis assay, the wild-type
 r = 0.588) and �pixGH + pixGH ( r = 0.896) cells moved to w ar d light,
hereas �pixGH ( r = −0.361), �pixGH + pixG 

D326A H ( r = −0.438),
nd �pixGH + pixGH 

D52A ( r = −0.310) strains exhibited negative
hototaxis . T hese results indicate that phosphorylation of both
ixG and PixH is essential for positive phototaxis of Synechocystis .
he single-cell tr ac king data ( Table S3 ) r e v eals no a ppar ent differ-
nce in cell speed between the wild type and the mutants exhibit-
ng negative phototaxis that could account for the slo w er spread
bserved in macroscopic colonies. Rather, this can be attributed
o a diminished orientation along the light vector as indicated by
maller absolute r values . T his observation aligns with the hy-
othesis that the photoreceptor PixJ enhances the directionality
f movement by increasing the polarization of pilus activity (Chau
t al. 2015 ). 

PixG was pr e viousl y r eported to inter act dir ectl y with the ex-
ension motor PilB1 and the T4P platform protein PilC (Han
t al. 2022 ). A y east tw o-hybrid a ppr oac h was used to inv esti-
ate whether mutating the phosphor-accepting aspartate of PixG
odulates this interaction. Yeast cells were transformed with

r ey v ectors expr essing PilB1 or the N-terminal cytoplasmic do-
ain of PilC and bait vectors expressing either wild-type PixG or

hosphorylation-deficient PixG 

D326A . The selective growth of the
r ansformants corr obor ates that PixG can inter act with PilB1 and
he N-terminus of PilC. Ho w e v er, these inter actions significantl y
iminished in the presence of PixG 

D326A (Fig. 3 C, Fig. S7 ). Heterol-
gousl y expr essed PixG is unlikely to be phosphorylated in yeast.
r awing par allels fr om E. coli CheY, which sho ws a lo w le v el of ac-

ivity in its unphosphorylated state (Barak and Eisenbach 1992 ),
e argue that PixG exhibits low affinity for its binding partner,
ilB1 and that the D326A mutation decreases this basal affinity,
r obabl y by hindering switching to a conformation that is inter-
ediate between inactive and active states (Dyer and Dahlquist
006 ). Taken together, the phenotypic loss of function of PixG 

D326A 

nd its lack of interaction with T4P motor components suggest
hat only phosphorylated PixG binds to the T4P motor to promote
ositive phototaxis. 

hosphorylated PixG localizes to the leading cell 
ole and promotes positi v e phototaxis 

n a pr e vious study, we observ ed that PixG was localized at the
ell membr ane, wher eas PixH was e v enl y distributed in the cy-
oplasm (Han et al. 2022 ). We speculated that phosphorylation-
eficient PixG and PixH might exhibit altered cellular localiza-
ion. Ther efor e, we cr eated fluor escentl y ta gged m utant v ariants
nd observed their cellular localization. Previous studies on PixE
ndicate that C-terminal tagging with GFP variants does not im-
air the function of P atA-like r egulators to switch the phototactic
rientation of Synechocystis (Jakob et al. 2020 ). To avoid any po-
ar effects on the expression of the tax1 operon and to clearly
how the fluorescence signal, an expression cassette consisting
f a copper-r epr essed petJ pr omoter contr olling the expr ession of
ither pixG or pixH variants fused to eYFP at the C-terminus was
nserted into a neutral locus on the c hr omosome of the wild-
ype Synec hocystis str ain. Epifluor escence ima ging r e v ealed that
he phosphorylation-deficient proteins did not change their lo-
alization patterns consider abl y. PixG 

D326A localizes to the cyto-
lasmic membrane, and PixH 

D52A was still distributed in the cyto-
lasm with a small fraction near the membrane ( Fig. S8 ). 

The phenotypes of str ains expr essing fluor escentl y labeled
ixG or PixG 

D326A were also assessed using phototaxis assays and
ingle-cell tr ac king (Fig. 4 A and B). Both mutants sho w ed the same
ositive phototactic response as the wild type under lateral white-

ight illumination regardless of the expression status. To evaluate
he effect of enhanced PixG le v els during negative phototaxis, we
r ansformed a �pixD m utant with the pixG expr ession cassette. A
pixD photor eceptor m utant shows constitutiv e negativ e photo-

axis under white or red illumination, because PixE is no longer
ound to PixD (Masuda et al. 2004 , Okajima et al. 2005 ). Ov er ex-
ression of pixG 

D326A in �pixD background cells led to negative
hototaxis a wa y from the white light source . In contrast, induc-
ion of the wild-type PixG fusion pr otein r estor ed positiv e photo-
axis in the �pixD bac kgr ound (Fig. 4 C). This phototactic response
as confirmed at the single-cell le v el; �pixD + pixG 

D326A -eyfp ( r =
0.110) behaved similarly to �pixD cells ( r = −0.087), whereas

he �pixD + pixG-eyfp strain ( r = 0.317) exhibited positive photo-
axis (Fig. 4 D). These findings corr obor ate that onl y phosphory-
ated PixG can promote positive phototaxis, and suggest that ele-
 ated le v els of phosphorylated PixG can counter act the effect of
he phosphorylation-independent PatA-type regulator PixE (Han
t al. 2022 ). 

Based on these results, we hypothesized that in order to trans-
uce light perception into polar T4P activity, phosphorylated
ixG might localize differ entiall y ar ound the cell body. Ther e-
or e, we anal yzed the distribution of membrane-bound PixG dur-
ng cell movement. WT + pixG-eyfp and WT + pixG 

D326A -eyfp cells re-
uspended from fresh, copper-free motility plates were spotted
nto 0.3% (w/v) BG-11 a gar ose and eYFP fluor escence was ima ged
y confocal laser scanning microscopy either in the dark or un-
er lateral, phototaxis-inducing red-light illumination. Single-cell
r ac king and r adiall y r esolv ed fluor escence intensity measur e-

ents from the time-lapse series revealed that without an ex-
ernal directional light stimulus, the displacement direction was
nbiased. Both PixG-eYFP and PixG 

D326A -eYFP signals were evenly

https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae012#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae012#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae012#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae012#supplementary-data
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Figur e 3. T he phosphorylation of PixG and PixH is essential for positive phototaxis. (A) Phototaxis experiments of wild-type Synechocystis , a �pixGH 

m utant, and str ains with both wild-type pixG and pixH ( �pixGH + pixGH ) or phosphorylation-deficient v ariants ( �pixGH + pixG 

D326A H and 
�pixGH + pixGH 

D52A ) r eintr oduced at the nativ e locus. Cells wer e spotted onto 0.5% (w/v) BG-11 motility a gar plates and placed under dir ectional white 
light ( ∼50 μmol photons m 

−2 s −1 ) for 5 da ys . T he arrow indicates the direction of illumination, and the dotted line indicates the initial positions of the 
cells. (B) Histogram of the angular distribution of single-cell displacement during phototactic movement. Wild-type and mutant Synechocystis cells 
from motility plates were spotted onto 0.3% (w/v) BG-11 agarose and illuminated with a lateral white light LED (fluence rate of ∼50 μmol photons 
m 

−2 s −1 ). Cells from 5-min time-lapse videos were tracked. n = number of cells; r = mean resultant length from a Rayleigh test. (C) Yeast two-hybrid 
(Y2H) interaction assay of wild-type or phosphorylation-deficient PixG and PilB1, or the N-terminal cytoplasmic domain of PilC (PilC N ). For auxotrophic 
selection, cells harboring prey and bait vectors were grown on restrictive growth medium lacking tryptophan ( −Trp) and leucine ( −Leu) ( Fig. S7 ). Plates 
lacking histidine ( −His) and supplemented with 5 mM 3-AT were used to test for specific interactions. Empty prey and bait vectors were included as 
negativ e contr ols and PilB1 self-inter action was used as a positiv e contr ol. 
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distributed along the cytoplasmic membr ane. Under later al r ed- 
light illumination, both WT + pixG-eyfp and WT + pixG 

D326A -eyfp 
strains exhibited positive phototaxis to w ar d the light, consistent 
with pr e vious r esults (Fig. 4 A and B). While PixG 

D326A -eYFP re- 
mained e v enl y distributed as without dir ectional light (W atson’ s 
U 

2 test, P > .10), PixG-eYFP sho w ed significant polarization to- 
w ar ds the light-facing side of the cell compared to the dark con- 
trol (W atson’ s U 

2 test P < .001). The distribution of the directions 
of maxim um PixG-eYFP fluor escence was highl y corr elated with 

the distribution of the displacement angles obtained from single- 
cell tr ac king [coefficient of ov erla pping ˆ �4 = 0.808 (wher e 1 means 
both functions are identical; Ridout and Linkie 2009 ), P < .0001],
similar to the pr e viousl y r eported localization of PilB1-GFP to w ar d 

the leading edge of motile cells (Sc huer gers et al. 2015 ). In sum- 
mary, these findings support the idea that phosphorylated PixG 

activates PilB1 at the light-facing side of the cell to promote T4P 
formation, thereby inducing positive phototaxis. Ho w ever, it re- 
mains unclear whether PixG activ el y r ecruits PilB1 to the T4P plat- 
form protein PilC or if it binds to PilB1, which has already been 

polarized through another mechanism. 

Phosphorylatable PixH can counteract PixG 

function and impede positi v e phototaxis 

The phenotype of the strains expressing fluorescently labeled 

PixH was examined at both the macroscopic and microscopic 
cales (Fig. 5 ). Even though the overall phototactic response was
e v er el y limited, the m utant str ains sho w ed the same movement
ir ection under later al white light as the wild type when PixH
xpr ession was r epr essed (Fig. 5 A). Ho w e v er, ov er expr ession of
he wild-type PixH fusion protein, but not the phosphorylation- 
eficient PixH 

D52A v ariant, switc hed the phototactic orientation of
he cells and resulted in negative phototaxis at the macroscopic
cale (Fig. 5 A). T his s witc hing was mor e r eadil y observ able at the
ingle-cell le v el, with WT + pixH-eyfp exhibiting a pronounced neg-
tive phototactic movement ( r = −0.310), whereas WT + pixH 

D52A -
 yfp sho w ed clear positive phototaxis ( r = 0.394) (Fig. 5 B). Together
ith the findings from the phosphotransfer assays (Fig. 2 D and E),

hese phototaxis experiments suggest that the enhanced expres- 
ion of phosphorylatable PixH may switch phototactic orientation 

y influencing PixG phosphorylation. These results further imply 
hat the PixG to PixH ratio in the cell is essential for phototaxis
egulation. 

iscussion 

n Synechocystis , the chemotaxis-like Tax1 system is crucial for
ositiv e phototaxis (Yoshihar a et al. 2000 , Bhaya et al. 2001 ).
o w e v er, how the signals perceived by the system’s MCP-like
r een/blue photor eceptor PixJ modulate polar pilus activity is not
nderstood. In this study, we demonstrated that the histidine ki-

https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae012#supplementary-data
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Figure 4. Phosphorylated PixG stimulates positive phototaxis and localizes to the leading pole of the cell (A) Phototaxis experiments of strains 
expressing either PixG or PixG 

D326A as eYFP fusion proteins in a wild-type background (WT + pixG-eyfp and WT + pixG 

D326A -eyfp). Cells were spotted on 
0.5% (w/v) BG-11 motility agar and placed under directional white light ( ∼15 μmol photons m 

−2 s −1 ) for 7 da ys . Protein expression was induced in 
copper-free medium or inhibited by adding 2.5 μM CuSO 4 . The arrow indicates the direction of illumination, and the dotted line indicates the starting 
positions of the cells. (B) Histogram of the angular distribution of single-cell displacement during phototactic movement of WT + pixG-eyfp and 
WT + pixG 

D326A -eyfp . Cells from motility plates were spotted onto 0.3% (w/v) copper-depleted BG-11 agarose and illuminated with white light (fluence 
rate of ∼50 μmol photons m 

−2 s −1 ). Cells from 5-min time-lapse videos were tracked. n = number of cells; r = mean resultant length from a Rayleigh 
test. (C) Phototaxis of strains expressing PixG or PixG 

D326A in a �pixD bac kgr ound ( �pixD + pixG-eyfp and �pixD + pixG 

D326A -eyfp ) . The cells were incubated 
under directional white light ( ∼50 μmol photons m 

−2 s −1 ) for 10 da ys . (D) Histogram of the angular distribution of single-cell displacement during 
phototactic movement. Wild-type and mutant Synechocystis cells were illuminated with a lateral RGB-LED at an intensity of ∼50 μmol photons m 

−2 s −1 . 
Cells from 3-min time-lapse videos were tracked. (E) Repr esentativ e confocal images of WT + pixG-eyfp and WT + pixG 

D326A -eyfp cells on 0.3% a gar ose 
BG-11. eYFP was excited at 514 nm with or without a preceding 10 min lateral red-light stimulus (75 μmol photons m 

−2 s −1 ). In addition, a smoothed 
false-color image is displayed. Scale bar = 2 μm. (F) Histogram of the angular distribution of displacement and maximum fluorescence of strains 
quantified from 3-min time-lapse series of experiments as shown in (E). The lateral light source was located at 0 ◦. n = number of tr ac ks anal yzed. 
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Figure 5. Ov er expr ession of phosphorylatable PixH switches phototactic 
orientation. (A) Synechocystis cells expressing PixH (WT + pixH-eyfp ) or 
PixH 

D52A (WT + pixH 

D52A -e yfp ) w ere spotted on 0.5% (w/v) BG-11 motility 
agar and placed under directional white light ( ∼50 μmol photons m 

−2 

s −1 ) for 13 da ys . Pr otein expr ession was induced in copper-fr ee medium 

or inhibited by adding 2.5 μM CuSO 4 . The arrow indicates the direction 
of illumination, and the dotted circles indicate the starting positions of 
the cells. (B) Histogram of the angular distribution of single-cell 
displacement during phototactic movement of WT + pixH-eyfp and 
WT + pixH 

D52A -eyfp. Cells from motility plates were spotted onto 0.3% 

(w/v) copper-depleted BG-11 a gar ose, illuminated with white light 
(fluence rate ∼50 μmol photons m 

−2 s −1 ), and 5-min time-lapse videos 
wer e acquir ed. n = number of cells; r = mean r esultant length fr om a 
Rayleigh test. 
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nase PixL phosphorylates both its cognate response regulators, 
PixH, and the P A T AN-domain containing PixG, whic h hav e dis- 
tinct roles in phototaxis r egulation. Fundamentall y, our experi- 
ments demonstrated that only phosphorylated PixG localized to 
the leading cell pole and promoted positive phototaxis, whereas 
PixH antagonized PixG function and pr e v ented positiv e photo- 
taxis. In Synechocystis , the P A T AN domain of the nonphosphory- 
latable response regulator PixE alone is sufficient to bind to the 
pilus motor and change the orientation of phototaxis (Han et al.
2022 ). Likewise, the truncated P A T AN domain of Anabaena PatA 

can complement a patA mutant (Young-Robbins et al. 2010 ). Con- 
sequentl y, we pr opose that PixG is the main output of the Tax1 
system that mediates downstream signaling, and that phospho- 
rylation of the PixG REC domain induces a conformational change 
that renders the P A T AN domain accessible for protein interac- 
tions. Confocal laser scanning microscopy revealed that PixG, but 
not the phosphorylation-deficient PixG 

D326A , was localized to the 
leading edge of moving cells under directional light. Hence, it is 
plausible that phosphorylated PixG stimulates positive phototaxis 
by interacting with the motility apparatus in a manner that leads 
to recruitment of PilB1 to the leading cell pole (Sc huer gers et al.
015 ). This pattern mirrors the distribution of response regula-
ors in chemotactic model organisms. For instance, in Pseudomonas 
eruginosa , PilG phosphorylation by the histidine kinase ChpA en-
ances PilG localization to the leading cell pole, stimulating polar- 

zation of the extension motor PilB (Kühn et al. 2021 , 2023 ). Simi-
arly, in M. xanthus, FrzZ is recruited to the leading cell pole upon
hosphorylation, and switches to the opposite pole during rever- 
als (Kaimer and Zusman 2013 ). 

Inter estingl y, ov er expr ession of the PixG–eYFP fusion protein
ounteracted the induction of negative phototaxis by unbound 

ixE in a �pixD bac kgr ound (Fig. 4 C and D). Ele v ated le v els of non-
hosphorylated PixG may compete with PixH for available phos- 
horyl groups or may prevent PixE from binding to pilus motor
roteins. Ho w ever, it is tempting to speculate that PixG could act
s a positive regulator of PixL kinase activity, similar to the M. xan-
hus Frz system, in which the FrzZ response regulator positively
egulates FrzE kinase activity (Kaimer and Zusman 2016 ). Regard- 
ess of the exact mechanism, we conclude that the regulation of
ixG le v els and the balance between differ ent r egulators ar e cru-
ial for determining phototactic orientation. In this context, the 
istinct subcellular localization of the response regulators is note- 
orthy . Specifically , the recruitment of PixG to the leading cell pole

hould alter the local PixG-to-PixH r atio, potentiall y r esulting in a
elf-amplifying signal. 

Our phosphorylation assays r e v ealed that the pr esence of
hosphorylatable PixH reduced the amount of radiolabeled 

ixL �REC and significantly diminished PixG phosphorylation 

Fig. 2 ). Although these experiments demonstrated that PixH di-
 ectl y r emov es phosphates fr om PixL, this explanation does not
ccount for the enhanced le v els of phosphorylated PixH in the
r esence of PixG. Consequentl y, we cannot exclude the possibility
f an (in-)direct phosphotransfer between the two response regu- 
ators. 

These in vitro experiments may not fully replicate the complex- 
ty of the intracellular environment and do not dir ectl y confirm
he phosphotransfer from PixL to PixG and PixH in vivo . Nonethe-
ess, our observations align with the hypothesis that PixH acts
s a phosphate sink in the Tax1 system in vivo . Such a mech-
nism, which allows rapid signal termination without the need 

or a phosphatase, has pr e viousl y been described in chemotaxis
ystems with two response regulators that control flagellar re- 
ponses (Sourjik and Sc hmitt 1998 , Dogr a et al. 2012 ). In the con-
ext of polarity control during twitching motility in P. aeruginosa ,
ilH has been suggested to act as a phosphate sink (Silversmith
t al. 2016 ) although it was r ecentl y shown that it can modu-
ate PilG phosphorylation independently of phosphotransfer to or 
rom PilH (Kühn et al. 2023 ). Hence, our findings could also suggest
hat Synechocystis PixH functions either as a negativ e r egulator, in-
ibiting PixL autophosphorylation, or as an enhancer of its de-
hosphorylation rate. Both models w ould allo w PixH to terminate
ax1 signaling and explain the negative phototaxis phenotype of 
T + pixH-e yfp (Fig. 5 A). Ho w e v er, the r equir ement of phosphory-

atable PixH for positive phototaxis, as indicated by the negative
hototactic phenotype of �pixGH + pixGH 

D52A (Fig. 3 A and B), is not
ir ectl y a ppar ent. We speculate that adequate dephosphorylation
f PixG is important for maintaining positive phototactic orienta- 
ion. 

The PixL REC domain is another intriguing player in the Tax1
ignaling cascade . T he REC domain of CheA homologs in other
acteria is known for its role in modulating kinase activity and its
otential for phosphorylation via intramolecular phosphotrans- 
er (Jiménez-Pearson et al. 2005 , Risser et al. 2014 , Silversmith et
l. 2016 , Kennedy et al. 2022 ). T hese studies ha ve suggested that
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Figure 6. Regulation of positive phototaxis by the Tax1 system. Initially, 
the vector of incoming light sets up a polarity axis within the 
Synechocystis cells . T he exact sensing mechanism is unknown, but it is 
assumed that light is sensed indir ectl y, potentiall y thr ough c hanges in 
the proton motive force by the Tax3 system (Harwood et al. 2021 ). The 
kinase activity of PixL is modulated by the quality of light perceived by 
PixJ1. PixL undergoes autophosphorylation and transfers phosphoryl 
groups to its cognate response regulators PixG and PixH, as well as to its 
own REC domain, that facilitates r a pid dephosphorylation. 
Phosphorylated PixG activates the extension motor PilB1 at the 
light-facing side of the cell, resulting in a switch from negative to 
positive phototaxis. PixH counteracts the function of PixG by reducing 
the phosphorylation of PixG. It pr obabl y serv es dir ectl y as a phosphate 
sink, but it may also adjust PixL kinase acti vity. Inacti vation of any of 
these Tax1 proteins solely inhibits positive phototaxis, underscoring that 
while the Tax1 system governs the reversal of cell orientation, it does 
not participate in the establishment of polarity itself. 
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he REC domain may act as a phosphate sink or may destabilize
he phosphoryl group on the Hpt domain. Notably, the role of the
EC domain as a phosphate sink has been proposed to be con-
erved, because genomes containing a single CheA with a REC
omain gener all y lac k c hemosensory phosphatases (Berry et al.
024 ). We found that only full-length PixL but not PixL D1326A or
ixL �REC facilitate positiv e phototaxis. Mor eov er, onl y the trun-
ated PixL �REC but not the full-length kinase exhibited detectable
utophosphorylation, whic h was r a pidl y diminished by the addi-
ion of its own REC domain in vitro . Based on these findings, we
ypothesize that the PixL REC domain functions as a phosphate
ink to eliminate phosphoryl gr oups fr om the Tax1 system for
hich no dedicated phosphatase has been identified. Ho w e v er, it
ay also shuttle phosphoryl groups to PixG or PixH or act through

nidentified protein interaction partners. 
While we have not yet delved into the activation of PixL by PixJ1

r the potential roles and affinities of the two Hpt domains of PixL,
hese ar eas pr esent pr omising dir ections for futur e explor ation.
ur current w ork, ho w ever, has successfully provided a more nu-
nced model of positive phototaxis regulation by the Tax1 system
n Synechocystis (Fig. 6 ), setting the stage for further in vestigations .

Synechocystis harbors two additional chemotaxis-like systems,
ach with two response regulators (Yoshihara et al. 2000 , Bhaya
t al. 2001 , Han et al. 2022 ). For the Tax3 system, which is essen-
ial for pilus assembly, the PatA-type regulator PilG, but not the
econd r esponse r egulator PilH, str ongl y inter acts with the cog-
ate histidine kinase PilL and T4P motor components (K er a et al.
020 , Han et al. 2022 ). Furthermore, pilH mutants are hyperpili-
ted (Yoshihara et al. 2002 ). Albeit PilG is not strictly needed for
ilus assembly (Bhaya et al. 2001 ), it seems plausible that Tax3
perates under the same regulatory principles as Tax1, with PilG
argeting the pilus apparatus for assembly, and PilH antagonizing
ts function. Another motile single-celled c y anobacterium, Syne-
hococcus elongatus UTEX 3055, has only one chemotaxis-like sys-
em for phototaxis (Yang et al. 2018 ). Inter estingl y, the inactiv ation
f the Synechococcus Tax1 operon components led to random motil-
ty, and phototactic r e v ersals wer e onl y observ ed in single GAF do-

ain mutants of the multidomain photoreceptor PixJ, suggesting
hat the multiple GAF domains in this c y anobacterioc hr ome en-
ble switching between positive and negative phototaxis . T he role
f the phosphorylation of response regulators of the Tax1 systems
n Synechococcus has not yet been studied. Howe v er, in line with
ur proposed model, it was shown that enhanced induction of
ixG expression supported positive phototaxis, whereas overex-
ression of PixH abolished phototactic motility (Yang et al. 2018 ).

Canonical chemotaxis systems in T4P-based motility typically
arbor two r esponse r egulators, eac h with a single r eceiv er do-
ain (Wuichet and Zhulin 2010 ). In P. aeruginosa , the Chp system

enses T4P attachment at one pole, leading to the phosphory-
ation of PilG by the histidine kinase ChpA. Phosphorylated PilG
einforces cell polarization by recruiting PilB to the sensing pole
nd locall y activ ating T4P extension (Kühn et al. 2021 , 2023 ). PilH
ecomes activated upon phosphorylation and disrupts the local
ositiv e feedbac k mec hanism established b y PilG, allo wing cells
o r e v erse. Our findings support the idea of a common r egula-
ory mechanism for these sensory pathwa ys . T he primary regu-
ator facilitates the polar activity of the pilus extension ATPase
ilB, whereas the second regulator has an antagonistic function
hat is r equir ed to r e v erse cell polarity and switc h mov ement ori-
ntation. While this leads to intermittent r e v ersals necessary for
hemotactic behavior in P. aeruginosa , it also leads to persistent
ositive phototaxis in Synechocystis . 

c kno wledgments 

e thank Sophia Engel and Werner Bigott for excellent technical
upport. 

upplementary data 

upplementary data is available at FEMSML Journal online. 

onflict of interest : None declared. 

unding 

his w ork w as funded b y the Deutsc he Forsc hungsgemeinsc haft
DFG, German Research Foundation)—Project-ID 403222702–SFB
381 to A.W . Y .H. w as supported b y the China Scholarship Coun-
il (CSC). J.H. was supported in part by the Ministry for Science,
esearch, and Arts of the State of Baden-Wuerttemberg We ac-
nowledge support from the Open Access Publication Fund of the
niversity of Freiburg. 

eferences 

gostinelli C , Lund U. R pac ka ge ‘cir cular’: Cir cular Statistics (version
0.4-95). CRAN, 2022. https://r -forge.r -pr oject.or g/pr ojects/cir cula
r/ (1 March 2024, date last accessed).

rya S , Mount D, Kemp SE et al. RANN: Fast Nearest Neigh-
bour Searc h (Wr a ps ANN Libr ary) Using L2 Metric (v ersion

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae012#supplementary-data
https://r-forge.r-project.org/projects/circular/


Han et al. | 11 

 

 

 

J  

 

J  

K

K  

 

K  

 

K  

K  

K  

M  

 

 

M  

 

 

M  

N  

N  

 

N  

O  

 

P  

R  

R  

R  

R  

 

2.6.1). CRAN, 2019. https://CRAN.R-pr oject.or g/package=RANN (1 
March 2024, date last accessed).

Bar ak R , Eisenbac h M. Corr elation between phosphorylation of the 
c hemotaxis pr otein CheY and its activity at the fla gellar motor.
Biochemistry 1992; 31 :1821–26.

Berry MA , Andrianova EP, Zhulin IB. Diverse domain architectures of 
CheA histidine kinase, a central component of bacterial and ar- 
c haeal c hemosensory systems. Microbiol Spectr 2024; 12 :e0346423. 
https:// doi.org/ 10.1128/ SPECTRUM.03464-23 .

Beyer HM , Gonsc hor ek P, Samodelov SL et al. A QU A cloning: a 
versatile and simple enzyme-free cloning approach. PLoS One 
2015; 10 :e0137652. https:// doi.org/ 10.1371/ journal.pone.0137652 .

Bhaya D . Light matters: phototaxis and signal transduction in uni- 
cellular c y anobacteria. Mol Microbiol 2004; 53 :745–54.

Bhaya D , Bianco NR, Bryant D et al. Type IV pilus biogenesis and motil- 
ity in the c y anobacterium Synechoc ystis sp. PCC6803. Mol Microbiol 
2000; 37 :941–51.

Bhaya D , Takahashi A, Grossman AR. Light regulation of type IV 

pilus-dependent motility by chemosensor-like elements in Syne- 
chocystis PCC6803. Proc Natl Acad Sci USA 2001; 98 :7540–5.

Bisc hof LF , Friedric h C, Harms A et al. The Type IV pilus assembly 
ATPase PilB of Myxococcus xanthus interacts with the inner mem- 
brane platform protein PilC and the nucleotide-binding protein 

PilM. J Biol Chem 2016; 291 :6946–57.
Carl P . Radial Profile Extended. 2006. http://questpharma.u-strasb 

g.fr/html/r adial-pr ofile-ext.html (1 March 2024, date last ac- 
cessed).

Chau RMW , Ursell T, Wang S et al. Maintenance of motility bias dur- 
ing c y anobacterial phototaxis. Bioph ys J 2015; 108 :1623–32.

Choi J-S , Chung Y-H, Moon Y et al. Photomovement of the gliding 
c y anobacterium Synechoc ystis sp. PCC 6803. Photochem Photobiol 
1999; 70 :95–102.

Dogr a G , Pursc hke FG, Wa gner V et al. Sinorhizobium meliloti 
CheA complexed with ches exhibits enhanced binding to CheY1,
resulting in accelerated CheY1 dephosphorylation. J Bacteriol 
2012; 194 :1075–87.

Dyer CM , Dahlquist FW. Switched or not?: the structure of unphos- 
phorylated CheY bound to the N terminus of FliM. J Bacteriol 
2006; 188 :7354–63.

Ershov D , Phan MS, Pylvänäinen JW et al. Tr ac kMate 7: integr ating 
state-of-the-art segmentation algorithms into tr ac king pipelines. 
Nat Methods 2022; 19 :829–32.

Han Y , Jakob A, Engel S et al. P A T AN-domain r egulators inter act with 

the Type IV pilus motor to control phototactic orientation in the 
c y anobacterium Synechoc ystis . Mol Microbiol 2022; 117 :790–801.

Harwood TV , Zuniga EG, Kweon H et al. The c y anobacterial taxis pro- 
tein HmpF regulates type IV pilus activity in response to light. Proc 
Natl Acad Sci USA 2021; 118 :e2023988118. https:// doi.org/ 10.1073/ 
pnas.2023988118 

He K , Bauer CE. Chemosensory signaling systems that control bac- 
terial survival. Trends Microbiol 2014; 22 :389–98.

Inclán YF , Laurent S, Zusman DR. The r eceiv er domain of FrzE, a 
CheA–CheY fusion pr otein, r egulates the CheA histidine kinase 
activity and downstream signalling to the A- and S-motility sys- 
tems of Myxococcus xanthus . Mol Microbiol 2008; 68 :1328–39.

Jak ob A , Nakam ur a H, K oba yashi A et al. T he (P A T AN)-CheY-like re-
sponse r egulator PixE inter acts with the motor ATP ase PilB1 to 
contr ol negativ e phototaxis in the c y anobacterium Synechoc ystis 
sp. PCC 6803. Plant Cell Physiol 2020; 61 :296–307.

Jak ob A , Sc huer gers N, Wilde A. Phototaxis assays of Synechocystis 
sp. PCC 6803 at macroscopic and microscopic scales. Bio Protoc 
2017; 7 :e2328. https:// doi.org/ 10.21769/BioProtoc.2328 
ak ovlje vic V , Leonardy S, Hoppert M et al. PilB and PilT are ATPases
acting anta gonisticall y in type IV pilus function in Myxococcus
xanthus . J Bacteriol 2008; 190 :2411–21.

iménez-Pearson MA , Delany I, Scarlato V et al. Phosphate flow in
the chemotactic response system of Helicobacter pylori . Microbiol- 
ogy 2005; 151 :3299–311.

aimer C , Zusman DR. Phosphorylation-dependent localization of 
the response regulator FrzZ signals cell reversals in Myxococcus 
xanthus . Mol Microbiol 2013; 88 :740–53.

aimer C , Zusman DR. Regulation of cell r e v ersal fr equency in Myx-
ococcus xanthus r equir es the balanced activity of CheY-like do-
mains in FrzE and FrzZ. Mol Microbiol 2016; 100 :379–95.

ennedy EN , Barr SA, Liu X et al. Azorhizobium caulinodans chemo-
taxis is controlled by an unusual phosphorelay network. J Bacteriol
2022; 204 :e0052721. https:// doi.org/ 10.1128/ JB.00527-21 

 er a K , Yoshizawa Y, Shigehara T et al. Hik36-Hik43 and Rre6 act as a
two-component regulatory system to control cell aggregation in 

Synechocystis sp. Sci Rep 2020; 10 :19405.
ühn MJ , Macmillan H, Talà L et al. Two anta gonistic r esponse r egula-

tors control Pseudomonas aeruginosa polarization during mechan- 
otaxis. EMBO J 2023; 42 :e112165. https:// doi.org/ 10.15252/embj.20 
22112165 

ühn MJ , Talà L, Inclan YF et al. Mec hanotaxis dir ects Pseu-
domonas aeruginosa twitching motility. Proc Natl Acad Sci USA 

2021; 118 :e2101759118. https:// doi.org/ 10.1073/ pnas.2101759118 
akar ov a KS , Koonin EV, Haselkorn R et al. Cyanobacterial re-

sponse r egulator P atA contains a conserv ed N-terminal domain
(P A T AN) with an alpha-helical insertion. Bioinformatics 2006; 22 :
1297–301.

asuda S , Hasegawa K, Ishii A et al. Light-induced structural changes
in a putative blue-light receptor with a novel FAD binding fold
sensor of blue-light using FAD (BLUF); Slr1694 of Synechocystis sp.
PCC6803. Biochemistry 2004; 43 :5304–13.

erz AJ , So M, Sheetz MP. Pilus r etr action po w ers bacterial twitching
motility. Nature 2000; 407 :98–102.

akane D , Enomoto G, Bähre H et al. Thermosynechococcus switches
the direction of phototaxis by a c-di-GMP-dependent process with 

high spatial resolution. eLife 2022; 11 :e73405. https:// doi.org/ 10.7 
554/eLife.73405 

akane D , Nishizaka T. Asymmetric distribution of type IV pili trig-
ger ed by dir ectional light in unicellular c y anobacteria. Proc Natl
Acad Sci USA 2017; 114 :6593–8.

g WO , Grossman AR, Bhaya D. Multiple light inputs control photo-
taxis in Synechocystis sp. strain PCC6803. J Bacteriol 2003; 185 :1599–
607.

kajima K , Yoshihara S, Fukushima Y et al. Biochemical and func-
tional c har acterization of BLUF-type flavin-binding pr oteins of
two species of cyanobacteria. J Biochem 2005; 137 :741–50.

orter SL , Wadhams GH, Armitage JP. Signal processing in complex
chemotaxis pathways. Nat Rev Micro 2011; 9 :153–65.

 Core Team . R: A Language and Environment for Statistical Computing .
Vienna: R Foundation for Statistical Computing, 2023. https://ww 

w.R-pr oject.or g/ (1 March 2024, date last accessed).
en S , Sato R, Hasegawa K et al. A predicted structure for the PixD-

PixE complex determined by homology modeling, docking simu- 
lations, and a m uta genesis study. Bioc hemistry 2013; 52 :1272–9.

idout MS , Linkie M. Estimating ov erla p of daily activity patterns
fr om camer a tr a p data. JABES 2009; 14 :322–37.

isser DD , Chew WG, Meeks JC. Genetic c har acterization of the hmp
locus, a chemotaxis-like gene cluster that regulates hormogo- 
nium de v elopment and motility in Nostoc punctiforme. Mol Mi-
crobiol 2014; 92 :222–33.

https://CRAN.R-project.org/package=RANN
https://doi.org/10.1128/SPECTRUM.03464-23
https://doi.org/10.1371/journal.pone.0137652
http://questpharma.u-strasbg.fr/html/radial-profile-ext.html
https://doi.org/10.1073/pnas.2023988118
https://doi.org/10.21769/BioProtoc.2328
https://doi.org/10.1128/JB.00527-21
https://doi.org/10.15252/embj.2022112165
https://doi.org/10.1073/pnas.2101759118
https://doi.org/10.7554/eLife.73405
https://www.R-project.org/


12 | microLife , 2024, Vol. 5 

Savakis P , De Causmaecker S, Angerer V et al. Light-induced alter- 
 

S  

 

S  

 

S  

S  

 

 

S  

 

S  

 

S  

 

 

T  

T  

 

W  

 

 

Wiegard A , Dörrich AK, Deinzer HT et al. Biochemical analysis of 
 

W  

 

W  

 

W  

 

Y  

 

Y  

 

 

Y  

 

 

Y  

 

 

Y  

 

 

Y  

 

R
©
A

m

ation of c-di-GMP le v el contr ols motility of Synec hocystis sp. PCC
6803. Mol Microbiol 2012; 85 :239–51.

c huer gers N , Lenn T, Kampmann R et al. Cyanobacteria use micro-
optics to sense light direction. eLife 2016; 5 :e12620. https://doi.or
g/ 10.7554/ eLife.12620 

c huer gers N , Nürnber g DJ, Wallner T et al. PilB localization corr e-
lates with the direction of twitching motility in the c y anobac-
terium Synechocystis sp. PCC 6803. Microbiology 2015; 161 :960–6.

c huer gers N , Wilde A. Appendages of the c y anobacterial cell. Life
2015; 5 :700–15.

ilversmith RE , Wang B, Fulcher NB et al. Phosphoryl group flow
within the Pseudomonas aeruginosa Pil-Chp chemosensory system:
differential function of the eight phosphotransferase and three
r eceiv er domains. J Biol Chem 2016; 291 :17677–91.

ong J-Y , Cho HS, Cho J-I et al. Near-UV c y anobacterioc hr ome sig-
naling system elicits negative phototaxis in the c y anobacterium
Synechocystis sp. PCC 6803. Proc Natl Acad Sci USA 2011; 108 :10780–
5.

ourjik V , Schmitt R. Phosphotransfer between CheA, CheY1, and
CheY2 in the chemotaxis signal transduction chain of Rhizobium
meliloti . Biochemistry 1998; 37 :2327–35.

ugimoto Y , Nakam ur a H, Ren S et al. Genetics of the blue
light-dependent signal cascade that controls phototaxis in
the c y anobacterium Synechoc ystis sp. PCC6803. Plant Cell Ph ysiol
2017; 58 :458–65.

akhar HK , Kemp K, Kim M et al. The platform protein is essential for
type IV pilus biogenesis. J Biol Chem 2013; 288 :9721–8.

rautmann D , Voss B, Wilde A et al. Micr oe v olution in c y anobacteria:
re-sequencing a motile substrain of Synechocystis sp. PCC 6803.
DNA Res 2012; 19 :435–48.

hitc hurc h CB , Leec h AJ, Young MD et al. Char acterization of a
complex chemosensory signal transduction system which con-
tr ols twitc hing motility in Pseudomonas aeruginosa . Mol Microbiol
2004; 52 :873–93.
ecei v ed 15 February 2024; revised 14 May 2024; accepted 25 May 2024 
The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This is an O

ttribution Non-Commercial License ( https://creativecommons.org/licenses/by-nc/4.0/ ), w

edium, provided the original work is properly cited. For commercial re-use, please conta
thr ee putativ e KaiC cloc k pr oteins fr om Synec hocystis sp. PCC 6803
suggests their functional div er gence. Microbiolog y 2013; 159 :948–
58.

ilde A , Mullineaux CW. Light-controlled motility in prokaryotes
and the problem of directional light perception. FEMS Microbiol
Rev 2017; 41 :900–22.

iltbank LB , Kehoe DM. Diverse light responses of c y anobacteria
mediated by phytoc hr ome superfamil y photor eceptors. Nat Rev
Micro 2019; 17 :37–50.

uichet K , Zhulin IB. Origins and diversification of a complex signal
transduction system in prokaryotes. Sci Signal 2010; 3 :ra50. https:
// doi.org/ 10.1126/ scisignal.2000724 

ang Y , Lam V, Adomako M et al. Phototaxis in a wild isolate of the
c y anobacterium Synechococcus elongatus . Proc Natl Acad Sci USA
2018; 115 :E12378–87.

oshihara S , Geng X, Ikeuchi M. pilG gene cluster and split pilL genes
involved in pilus biogenesis, motility and genetic transformation
in the c y anobacterium Synechoc ystis sp. PCC 6803. Plant Cell Physiol
2002; 43 :513–21.

oshihara S , Geng X, Okamoto S et al. Mutational analysis of genes
involved in pilus structure, motility and transformation compe-
tency in the unicellular motile cyanobacterium Synechocystis sp.
PCC 6803. Plant Cell Physiol 2001; 42 :63–73.

oshihara S , Katayama M, Geng X et al. Cyanobacterial phytoc hr ome-
like PixJ1 holoprotein shows novel reversible photoconversion
between blue- and green-absorbing forms. Plant Cell Physiol
2004; 45 :1729–37.

oshihara S , Suzuki F, Fujita H et al. Novel putative photoreceptor
and regulatory genes required for the positive phototactic move-
ment of the unicellular motile c y anobacterium Synechoc ystis sp.
PCC 6803. Plant Cell Physiol 2000; 41 :1299–304.

oung-Robbins SS , Risser DD, Moran JR et al. Transcriptional regu-
lation of the heterocyst patterning gene patA from Anabaena sp.
strain PCC 7120. J Bacteriol 2010; 192 :4732–40.
pen Access article distributed under the terms of the Cr eati v e Commons 
hich permits non-commercial re-use, distribution, and r e pr oduction in any 

ct journals.permissions@oup.com 

https://doi.org/10.7554/eLife.12620
https://doi.org/10.1126/scisignal.2000724
https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com

	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgments
	Supplementary data
	Funding
	References

