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Unique phenotypes of clock deletion mutants of Synechocystis
sp. PCC6803
Pascal van Alphen, Wei Du, Filipe Branco dos Santos, Klaas J. Hellingwerf
Abstract
The circadian clock of cyanobacteria controls many cellular processes and confers a
fitness advantage in diel light (LD) conditions. We have recently shown that
Synechocystis sp. PCC6803 has a robust, circadian clock with a long correlation
time, based on the functioning of the KaiAB1C1 proteins. The additional kai genes
in Synechocystis (kaiC2B2, kaiB3 and kaiC3) are speculated to be involved in the
circadian clock, though no evidence for this has been shown so far. Here, we knock
out the essential clock genes, kaiA, kaiB1 and kaiC1, which leads to a severe
growth-impaired phenotype even in continuous light and abolishes circadian
rhythms. Interestingly, growth of the clock deletion mutant population is
eventually restored to wild type rates in continuous light, while becoming
insensitive to diel light conditions. Experimental evidence gathered from the
characterization of isolates from these ‘rescued’ populations suggests that the
underlying mechanism is genetically encoded. A single deletion of kaiB1 leads to an
‘hourglass’ phenotype in which growth rate decreases in continuous light and
recovers in LD. The lack of circadian regulation in the rescued clock deletion strain
may be of relevance to biotechnological applications in artificial lighting reactors.
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7.1

Introduction

The circadian clock is used in a multitude of organisms to keep time, in order to cope with
daily variation in the environment due to day and night and to separate mutually
incompatible processes in time, thereby conferring a fitness advantage (224, 225, 279). A
circadian clock is defined as a timing mechanism that shows periodicity of around 24 h in
the absence of external stimuli, (almost) independent of temperature, but with the ability
to be entrained to a synchronizing signal (zeitgeber). Contrary to eukaryotes,
cyanobacteria possess a uniquely simple clock, consisting of a core posttranslational
oscillator of only 3 proteins: KaiA, KaiB and KaiC. KaiC is a kinase/phosphatase that forms a
hexamer that auto-phosphorylates through stimulation by KaiA and dephosphorylates
when KaiA is displaced by KaiB (20). The cyanobacteria are the only phylum of prokaryotes
known to harbor such a clock, though recently a pseudo-clock has been described in the
purple non-sulfur bacterium Rhodopseudomonas palustris (280). This pseudo-clock, also
known as an ‘hourglass’, was previously described for the ubiquitous marine
cyanobacterium Prochlorococcus (281, 282) and deviates from the classical circadian clock
due to the absence of KaiA. It requires a period of darkness to reset the ‘hourglass’ and
thus does not display free-running oscillations in constant conditions.
The model organism for clock research in cyanobacteria, Synechococcus elongatus
PCC7942 (Synechococcus), has been shown to possess a transcriptional-translation
feedback loop in addition to the posttranslational oscillator, required for intercellular
synchronization within a population (232). We have recently shown that our glucosetolerant, non-motile wild type of Synechocystis harbors an authentic circadian clock, with
remarkably stable oscillations and long correlation time (148). Interestingly, Synechocystis
does not appear to possess the transcriptional-translation feedback loop by virtue of
lacking a transcriptional start site in between kaiA and kaiB1 (235), but has additional kai
genes that have been postulated to tune the core oscillator (233).
Deletion of the complete kai operon was previously shown to cause impaired growth in
both mixotrophic and diel growth conditions, though deletion of kaiC3 showed no
phenotype (245). Interestingly, this particular wild type of Synechocystis (glucose-tolerant,
motile) appears not to have a classical circadian clock, but rather one that more closely
resembles an hourglass (240).
It was postulated that the Prochlorococcus hourglass is an example of a ‘de-evolved’
circadian clock (283). In an effort to reduce the circadian clock to an hourglass and to test
whether kaiB2 or kaiB3 can substitute for kaiB1, kaiB1 was knocked out (283). Because
KaiC1 has been shown not to autophosphorylate in the absence of KaiA (246), it is unlikely
that an hourglass clock can be reproduced in Synechocystis by deletion of kaiA. By deleting
kaiB1, phosphorylation of KaiC1 is unhindered whereas dephosphorylation cannot be
stimulated except via lowering the ATP/ADP ratio, which indeed does occur in the night
(284).
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Here, we show that deletion of the complete kai operon causes impaired growth, even in
continuous light, in a photobioreactor operated in turbidostat mode. Growth eventually
recovers but circadian rhythms are abolished. Deletion of solely kaiB1 leads to impaired
growth in continuous light, with faint circadian rhythms remaining and requires light/dark
cycles to maintain growth (i.e. resembling an hourglass function).

7.2

Materials and Methods

7.2.1
Plasmid construction
For each markerless gene knockout mutant construction, two plasmids were needed. One
contains only the directly upstream and downstream 0.8~1 kb homologous regions of the
gene(s) to be knocked out. The other plasmid contains an extra selection cassette,
including both the kanamycin resistance gene cassette and nickel-induced mazF
expression cassette. To construct the plasmids, the homologous regions were amplified
from Synechocystis genomic DNA by PCR and fused together through pfu DNA Polymerase
(Thermo Scientific). After gel extraction and purification (ISOLATE II PCR and Gel Kit,
Bioline), extra adenosine (“A”) was added to the 3’ overhang of each fused fragment using
Taq DNA Polymerase (Thermo Scientific). Then, the DNA fragment with extra “A” was
ligated to the BioBrick “T” vector pFL-AN (285). Due to the incorporated restriction site in
between the homologous regions, the selection cassette is inserted resulting in the
plasmid used in the first round of transformation. The plasmid without selection cassette
is used in the second round of transformation.
Table 7.1. Primers used in this study.
Primers

Sequence (5’ to 3’)

kaiB-up-Fwd

TTGCCCATAGACTCAGGT

kaiB-up-Rev
kaiB-down-Fwd
kaiB-down-Rev
KAI-up-Fwd
KAI-up-Rev
KAI-down-Fwd
KAI-down-Rev

TATTGGTCTTCTGCTTCCCactagtTTTACGGGTTTACTAGAACGAG
CTCGTTCTAGTAAACCCGTAAAactagtGGGAAGCAGAAGACCAATA
GCATTGGAAGACCTCTGG
ATGCCTGCTCGTAATCC

CCAACCAAGATTCGGATGactagtGAATTTGTGCTCCCCATCT
AGATGGGGAGCACAAATTCactagtCATCCGAATCTTGGTTGG
CTCAACAAGTGCTTACTTCC

7.2.2
Mutant construction
The ΔkaiAB1C1 mutant was created in two ways. An initial insertional disruption mutant
was obtained by transforming our wild type Synechocystis sp. PCC6803, a glucose-tolerant
(GT), non-motile derivative of the Williams GT strain obtained from D. Bhaya, Stanford,
USA with pJET1.2-ΔkaiABC::KmR (kindly provided by A. Wilde of the University of Freiburg,
Germany (245)). The inserted kanamycin resistance gene cassette leads to the deletion of
the majority of kaiA and all of kaiB1 and kaiC1. Full segregation of the mutant strain was
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achieved by restreaking on plates with increasing concentrations of kanamycin up to
200 µg mL-1 and was verified by PCR.
Markerless ΔkaiAB1C1 and ΔkaiB1 mutants were obtained using a previously reported
method (286). This method takes two rounds of transformation to markerlessly delete a
single gene in the Synechocystis chromosome. The first transformation is required to
create a fully-segregated mutant with the counter-selection cassette inserted into the
chromosome, replacing the genes to be deleted, while the second round of
transformation is to completely remove the selection cassette. Briefly, for the first
transformation, Synechocystis wild type cells were collected either directly from plate or
from liquid culture. The cells were washed twice with fresh BG-11 medium by centrifuging
at 5000 rpm for 5 min and resuspending in a total liquid volume of 200 µl. Plasmid
containing the selection cassette was added and mixed with cells to a final concentration
of 10 μg mL-1. After illumination under moderate light for 4 to 6 hours, the mixture was
spread on a membrane (Pall Corporation) resting on a BG-11 plate without kanamycin.
After further illumination for another 16~24 hours, the membrane containing the mixture
was transferred to another BG-11 plate with kanamycin. Colonies appeared in
approximately a week and were re-streaked simultaneously on a new BG-11 plate with
kanamycin and with nickel, respectively. Colonies which grow on the BG-11 plate with
kanamycin but not on the one with nickel are candidates for PCR confirmation. Further
segregation in liquid culture with high concentration (> 50 µg ml-1) of kanamycin was
applied if necessary.
In the second round of transformation, the selection cassette was removed by
transforming with a plasmid containing only the upstream and downstream homologous
regions of the targeted gene(s). Colonies of mutants in which the counter-selected
cassette was successfully removed appeared after about one week on BG-11 plate
supplemented with nickel sulfate and were re-streaked simultaneously on BG-11 plates
with either kanamycin or nickel. The colonies which grew on the BG-11 plate with nickel
but not on BG-11 plate with kanamycin were chosen for further PCR confirmation.
7.2.3
Growth conditions
Synechocystis and its mutant derivatives were grown in modified BG-11 medium (BG-11PC, Chapter 2) supplemented with 10 mM NaHCO3 in a photobioreactor (PBR) as
described in Chapter 5, with slight modifications to the PBR as described in Chapter 2.
Briefly, light intensity was set to 100 µmol photons m-2 s-1 orange-red and 25 µmol
photons m-2 s-1 blue, temperature was maintained at 30 ±0.1°C and the PBR was sparged
using 1 % CO2 (v/v) in N2. Pre-culturing in 100-mL flasks in a shaking incubator (Innova 44,
New Brunswick Scientific) was also done as described in Chapter 2.
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7.3

Results and Discussion

7.3.1

Deletion of the kaiAB1C1 operon severely impacts growth in
Synechocystis
The core oscillator, encoded in the operon kaiAB1C1, was knocked out using the construct
provided by Annegret Wilde (245) and the resulting mutant strain (complete knockout)
was subjected to a standard entrainment protocol of 12 h/12 h light/dark (LD) as
described in Chapter 5. This led to progressively slower growth as the turbidostat regime
was entered, even before entrainment was started (Fig. 7.1). This was repeated multiple
times from independent replicates of mutant strains and consistently produced the same
result in which growth ‘crashes’ shortly after turbidostat is started. Interestingly, during
preculture to batch growth in a PBR, no phenotype could be observed to distinguish it
from wild type except for a slightly yellower coloration (data not shown), until turbidostat
was started (i.e. periodic dilution to maintain a certain biomass density). Even though
growth is eventually restored to pre-crash levels, no circadian rhythms remain.
Importantly, attempting to entrain this ‘recovered’ culture fails, yet does not cause growth
impairment as described in Dörrich et al (2014).

Fig. 7.1. Phenotype of a clock deletion mutant of Synechocystis in a turbidostat. Shortly after starting
the turbidostat regime (first arrow), indicated by the ‘zig-zag’ pattern of the OD720 (black line, left
axis), the growth rate crashes and recovers slowly as shown by the decrease in pump cycles and
dissolved oxygen (dO2, red line, right axis). No circadian rhythms are present despite entrainment
with 12 h dark / 12 h light on day 9 and 10 (second arrow), as evidenced by the flat OD680/OD720 ratio
(green line, right axis, compare Chapter 5).

The markerless complete knockout mutant with cleanly excised kaiAB1C1 operon was
constructed to verify that the remaining part of kaiA did not cause the observed
phenotype. The exact same phenotype could be observed in this markerless mutant (data
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not shown). The recovery phenotype suggests that a suppressor mutant may be taking
over the culture. If the hampered growth phenotype can indeed be overcome by mutation
of one or more genes, this would be apparent by picking isolates of such a recovered
population. These isolates were re-tested and did not show the crashing and recovery
phenotype again, confirming that most likely genetic changes underlie the phenotype.

Fig. 7.2. Synechocystis lacking kaiB1 shows a phenotype resembling an hourglass-like clock. Disruption
of the kaiAB1C1 operon by markerless knockout of kaiB1 shows normal growth with circadian
rhythmicity in light/dark regime and decreased growth rate and damped oscillations in continuous
light. Black line, dissolved oxygen, left axis; red circles, growth rate, left axis; green line, OD680/OD720,
right axis. Note the scale of the right Y-axis. Periods of darkness are signified by zero dissolved oxygen
(black line).

The fact that the recovered strain appears to cope with LD regimes, without a lag phase or
any other indication of being burdened by having to deal with a period of darkness is
surprising. If the clock is not necessary, even in LD, what then is the advantage of having
one? It has been shown in Synechococcus that mutants with aberrant clock periodicity are
defeated by the wild type in direct competition experiments, provided that the imposed
rhythm matches the wild type clock (279). In other rhythms the wild type was actually
outcompeted if it synchronized with the mutants rhythm, or in continuous light. This was
tested in a direct competition experiment in LD. In contrast to wild type, the disruption
mutant carries a kanamycin resistance cassette, which allows plating on +/- kanamycin
plates to quantify the respective populations. After inoculation with a great majority
(90 %) of the ‘recovered’ strain versus wild type Synechocystis, the fraction of the wild
type increased to become the great majority of the population (data not shown). Clearly,
the clock still provides a fitness advantage in rhythmic conditions.
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7.3.2

Deletion of kaiB1 generates an hourglass-like clock phenotype in
Synechocystis
The genes kaiAB1C1 are part of a polycistronic operon (i.e. they are part of mRNA
transcribed from a single transcription start site (235)), and therefore, any single-knockout
mutants of kaiA or kaiB1 must be precisely excised such that transcription of the
remaining genes remains unaffected. Using the markerless deletion method (286), a kaiB1
in-frame knockout mutant (that leaves kaiC1 expression unaffected) was constructed, and
subsequently subjected to both LD and continuous light (Fig. 7.2.). In LD, the mutant
displays a phenotype close to WT with similar arc-shaped chlorophyll content (indicated
by OD680/OD720) and growth rate over the course of the light period (compare Chapter 5).
In continuous light, however, growth rate slowly declines and loses rhythmicity. This is
also reflected in the chlorophyll content. Growth rate increases and subsequently declines
again when repeating this pattern of light conditions.

7.4

Conclusions

Here, we have shown that deletion of the kaiAB1C1 operon leads to the complete absence
of circadian rhythms in Synechocystis. The remaining putative kai genes, kaiC2B2, kaiB3
and kaiC3 could not rescue the wild type phenotype. Additionally, the deletion of the kai
operon led to a growth-impaired phenotype with subsequent recovery of growth when
cells were subjected to a turbidostat regime. This was not observed in the work of Dörrich
et al. (2014), which may be a consequence of different growth conditions. Their use of
spot assays resembles a considerably different environment than the continuous
cultivation system used in this study. Evidence gathered here strongly suggests that this
recovery is rooted in a genetic change rather than being a metabolic adaptation. The
nature of this presumed genetic change remains to be unraveled. In any case, while the
rescued strain is insensitive to a diel regime, it remains at a disadvantage compared to the
clock-harboring wild type in diel regimes. In continuous light, however, it may prove an
advantage. The lack of circadian regulation may also prove to be an advantage to
biotechnological applications due to non-varying levels of expression of genes of interest,
even in LD (254).
It is of great interest for future computational modelling of the clock that deletion of
kaiB1 leads to a different type of clock in Synechocystis, resembling an hourglass like that
in Prochlorococcus (282). Surprisingly, continuous light actually leads to lower growth
rates (Fig. 7.2). Importantly, this reduction in growth rate can be reverted by returning to
an LD regime, suggesting it is not similar to what happens in the full operon knockout. The
lack of KaiC, which is the protein that carries the output signal of the clock, disrupts
downstream signaling as well in the complete operon knockout mutant. This latter effect
most likely is the cause of the ‘crashing’ phenotype in the complete operon knockout,
compared to the single kaiB1 knockout which does not show this phenotype. The current
state of clock research in Synechocystis cannot fully exclude a clock-related function of the
putative additional kai genes, though no substantial evidence exists that assigns them a
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function and only negative results have been published on the function of these additional
kai genes (245, 246). While additional knockouts are required to fully exclude their
involvement in the circadian clock, these results indicate that the clock operon should be
renamed to kaiABC and kaiC2B2, kaiB3 and kaiC3 should be not be associated with this
physiological process.
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