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Abstract
Cyanobacteria are among the few microbes that have the ability to grow in elevated
pH. The cyanobacterial acclimation to high pH involves the upregulation of
mechanisms targeting pH homeostasis (such as Na+/H+ antiporters) as well as a more
general stress response e.g. production of chaperone or heat shock proteins that
maintain cellular homeostasis. Previous analysis of the transcriptional response to high
pH in the model cyanobacterium Synechocystis sp. PCC 6803 (hereafter, Synechocystis
6803) identified the genes slr1501 (hypothetical) and sll1392 (pfsR) as upregulated at
high pH. This study investigated the roles of these genes in relation to high pH
acclimation by making mutant strains lacking each of these genes. Experimental data
indicates that neither slr1501 nor sll1392 are essential for acclimation to high pH.
However, the application of multiple stressors (salt, high light, osmotic stress) did
reveal growth phenotypes in the absence of slr1501. Results were consistent with a
role for slr1501 in the negative regulation of Synechocystis 6803 growth under certain
stressful environment conditions, including combinations of ionic, osmotic and high
light stress. The gene sll1392 has been previously shown to have a role in the
regulation of high light and iron deprivation response in Synechocystis 6803. In this
study the response to high light and iron deprivation was found to be also dependent
on the pH of the culture medium. Neither slr1501 nor sll1392 were required for growth
at pH 7.5 or pH 10, however, both genes appear to be involved be in stress response
and that the pH of culture medium can impact on this response. This research
advances the understanding of the cellular mechanisms of acclimation to high pH and
other environmental stresses in cyanobacteria.
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1. Introduction

1.1.1 The importance of pH as an environmental factor
The ability of organisms to acclimate to and grow in high pH environments allows
alkaliphilic microbes to survive and utilise resources in otherwise inaccessible
ecosystems. Many cyanobacteria are able to grow in environments with elevated pH
(Pikuta et al. 2007). For example, during cyanobacterial blooms the increased
photosynthetic rate can deplete CO2 in the water, resulting in elevated pH (Gao et al.
2012). Alkaliphilic microbes, including cyanobacteria, prosper in natural soda lakes
where pH values may reach as high as 12 (Duckworth et al. 1996) and in industrial runoff
where the pH can also be highly alkaline due to chemical pollution.
In an elevated pH environment organisms maintain their intracellular pH at a lower level
than the external pH to enable metabolic activity to continue, e.g., because many
essential proteins have narrow ranges of pH for optimal function. The pH gradient across
cellular membranes is also essential to generate the proton motive force, enabling
energy capture via ATP synthase action (Krulwich et al. 2011). Nutrient uptake is also
altered as pH increases, with lower carbon and trace metal availability found in high pH
environments (Chenl and Durbin 1994). Some mechanisms of cellular acclimation to
elevated pH have been identified, but the full description of prokaryotic control of
internal pH is far from complete, especially in cyanobacteria (Padan et al. 2005). This
project investigates genes that may be involved in the acclimation response to high pH
in cyanobacteria.

1.1.2 Mechanisms that prevent high pH-derived cellular damage
Prokaryotes employ mechanisms for maintaining pH homeostasis in alkaline conditions
such as specialised Na+/H+ antiporters. These are transmembrane proteins that catalyse
the exchange of extracellular Na+ for intracellular H+, maintaining appropriate proton
levels inside the cell (Padan and Schuldiner 1993). Many responses induced in high pH
are also involved in a more general stress acclimation response to conditions such as
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osmotic, high salt and oxidative stresses, and these serve to maintain cellular function
(Summerfield et al. 2013).

General stress response mechanisms includes carbon

concentration mechanisms to utilise bicarbonate; these are characteristic of
cyanobacteria, and act to minimise carbon starvation caused by the decreased carbon
for uptake at high pH (Kaplan and Reinhold 1999). Such responses result in increased
growth and cell density at high pH in many alkaliphilic microbes (Padan et al. 2005).
Cyanobacteria are a globally distributed and diverse phylum of prokaryotes capable of
oxygenic photosynthesis (Stanier and Bazine 1997). They include facultative alkaliphiles
such as Synechocystis sp. strain PCC 6803 (hereafter, Synechocystis 6803), which is a
common model organism for cyanobacterial and photosynthesis research.
Synechocystis 6803 is well characterised and easy to genetically manipulate and grow in
the laboratory (Ikeuchi and Tabata 2001). It naturally takes up DNA into its cells and
through homologous recombination can incorporate exogenous DNA with its
chromosome, allowing targeted gene replacement. Synechocystis 6803 is known to have
a wide growth range from neutral to high pH (~pH 10), making it a good model organism
to examine high pH tolerance. It displays a range of high pH tolerance mechanisms such
as Na+/H+ antiporters that act to correct cellular internal sodium/high pH imbalance
(Inaba et al. 2001), carbon concentration and uptake processes, and high pHneutralising acetolactate accumulation (Maestri and Joset 2000)

1.1.3 High pH and changes to mRNA levels in Synechocystis 6803
Response to environmental change in microbes is often mediated at the level of gene
expression (López-Maury 2008). The response of Synechocystis 6803 to many
environmental stimuli has been shown to involve genome wide transcript level changes
(Singh et al. 2010). Summerfield and Sherman (2008) performed a microarray
experiment to examine transcript level changes in Synechocystis 6803 cells following a
transition in environmental pH from pH 7.5 to pH 10. This study showed significant
changes in mRNA levels of ~12% of chromosomal genes 1-6 h after transfer to elevated
pH. Exposure of Synechocystis 6803 cells to pH 10 resulted in the increased expression
of a number of general stress response genes, including genes encoding heat shock
proteins and DNA repair chaperones (Summerfield and Sherman 2008). In addition, a
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range of transcripts involved in the maintenance of cellular homeostasis were
upregulated at pH 10, in a similar manner to high pH response in other bacteria. Genes
with increased transcript levels at pH 10 included cation/H+ antiporters, an ATP
synthase, a chloride extrusion protein and a hexose/proton symporter that all act to
maintain pH homeostasis and avoid cellular damage (Summerfield and Sherman 2008).
In addition, several hundred genes with unknown or hypothetical functions were found
to be differentially regulated under pH transition, highlighting the extent of unknown
mechanisms involved in pH homeostasis in Synechocystis 6803.

1.1.4 A gene cluster with increased mRNA levels at pH 10
Included in the genes showing pH associated-altered transcript levels was an
uncharacterized cluster of genes that all showed increased messenger RNA levels at pH
10. The greatest change in gene expression found in the microarray experiment was a
6.4 fold increase in transcript level for the gene slr1501 6 h after transfer from pH 7.5
medium to pH 10 medium. In addition, slr1501 showed a down-regulation of 40.6 fold
after cells were transferred from pH 10 to pH 7.5 medium (Summerfield and Sherman
2008). This gene is a part of a gene cluster that includes slr1113, slr1114 and sll1392
(Figure 1), that all show a similar expression pattern (if on a lesser scale) in response to
change in medium pH (Table 1). This level of change in transcriptional activity suggests
the gene cluster may play a role in the cellular mechanisms of pH acclimation.
Uncovering the function and regulation of these genes could lead to further
understanding of how cyanobacteria maintain pH homeostasis in extremely alkaline
conditions.
The organisation of the gene cluster containing slr1501 and sll1392 shown in Figure 1 is
based on the Synechocystis 6803 genome annotated with protein coding genes available
on Cyanobase (http://bacteria.kazusa.or.jp/cyanobase, Kaneko et al. 1996).

3

Table 1. Expression of selected Synechocystis 6803 genes under different stress
conditions. Measured by mRNA transcriptional assays undertaken by several studies.
Gene

slr1501

sll1392

Treatment
0.5 M NaCl
(salt stress)
0.5 M sorbitol
(osmotic
stress)
0.5 M NaCl
(salt stress)
pH 7.5-6.5
(acidic stress)
pH 7.5-10
(alkali stress)
pH 10- 7.5
(removing
alkali stress)
pH 7.5-10
(alkali stress)
pH 10- 7.5
(removing
alkali stress)
Ethanol stress

slr1113

slr1114
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10 mM 2,29dipyridyl (Iron
deprivation)
pH 7.5-6.5
(acidic stress)
pH 7.5-10
(alkali stress)
pH 7.5-10
(alkali stress)

Treatment
time

Fold change in
transcript level

Reference

30 min

7x (up)

Kanesaki et al. 2002

30 min

1.4x (up)

Kanesaki et al. 2002

20 min

5.2x (up)

Shoumskaya et al.
2005

24 h

-0.32 (down)

Zhang et al. 2012

1 h-6 h

3.9-6.4x (up)

Summerfield and
Sherman 2008

2h

-40.6x (down)

Summerfield and
Sherman 2008

1h-6 h

1.3-1.8 (up)

Summerfield and
Sherman 2008

2h

-3.9 (down)

Summerfield and
Sherman 2008

72 h

5x (up)

Wang et al. 2012

3h

33x (up)

Cheng and He 2014

24 h

-0.36 (down)

1 h-6 h

1.4-2.0 (up)

1 h-6 h

1.3-1.6 (up)

Zhang et al. 2012
Summerfield and
Sherman 2008
Summerfield and
Sherman 2008

Figure 1. The coordinately regulated gene cluster that include genes slr1501 and sll1392
knocked-out in this study. The orientation and location of the genes within the Synechocystis
sp. PCC 6803 chromosomal DNA is shown, with start and finish nucleotide positions within the
Synechocystis sp. PCC 6803 genome below each gene and relative to the other genes in the
cluster (figure to scale). All genes in the cluster have increased mRNA transcript copy levels at
pH 10.

1.2 Potential roles of the investigated genes
1.2.1 The gene slr1501
The gene slr1501 has been predicted to encode an acetyltransferase protein, based on
analysis of sequence similarity to other known genes and their coded protein functions
(Cyanobase - http://bacteria.kazusa.or.jp/cyanobase). The sequence similarity between
slr1501 and its closest genetic homolog is 50%, but the dissimilarity between
acetyltransferases of similar function has been noted before in Tanka (1989). Acetylation
is a mechanism of post-translational modification of proteins mediated by
acetyltransferase enzymes that catalyse the transfer of an acetyl group to an acceptor
molecule. This can have a wide range of possible effects in the organism, depending
upon the translational context (Cain et al. 2014). In prokaryotes, acetylation has been
demonstrated to be involved in post transcriptional modification, often of proteins
involved in transcript regulation and signal transduction (Ma and Wood 2011).
The increase in slr1501 transcript levels on transfer to pH 10 and the 40x down
regulation of the gene as the cells are returned to neutral pH (Table 1) indicates that
slr1501 could be involved in the down regulation of some energetically costly high pH
acclimation response. This hypothesis is supported by the rapid downregulation of
slr1501 at pH 7.5, where after 1 h slr1501 transcript could not be detected. This rapid
5

transcriptional response, was not observed in other pH-responsive genes in the
Synechocystis 6803 genome and may indicate a key function of slr1501 at elevated pH
that is not required at lower pH. These transcriptional changes for slr1501 under the
transition from pH 7.5 to 10 are among the highest in the Synechocystis 6803 genome
and shows the highest downregulation seen in the transition from pH 10 to 7.5
(Summerfield and Sherman 2008).
Acetylation via acetyltransferase proteins like Slr1501 has been established by Ma and
Wood (2011) as a means of inducing the transcriptional stress response genes in
bacteria. It was found that acetylation plays a significant role in controlling a broad range
of stresses by altering expression of genes related to stress resistance in E. coli, including
osmotic, acid, cold, carbon starvation, oxidative stress and heat resistance. This provides
precedent for the regulatory role that Slr1501 may provide.
Consistent with a role in regulating stress response, transcript levels of slr1501 were
increased under salt and osmotic stress in two separate studies of salt stress by Kanesaki
et al. (2002) and Shoumskaya et al. (2005, Table 1).The slr1501 expression increased
considerably in the first 20-30 min of incubation under 0.5 M NaCl salt stress, with a
smaller increase in gene expression under osmotic stress of 0.5 M sorbitol (Kanesaki et
al. 2002, Table 1). These two environmental stresses require maintenance of cellular
homeostasis as a common general response, as does elevated pH. The relationship
between the pH and salt physiological parameters was noted by Buck and Smith (1995)
where the importance of Na+/H+ antiporters in managing a high pH environment in
Synechocystis 6803 cells are observed. Wang et al. (2002) also observed that several
Na+/H+ antiporters played a role in both high pH and high salt tolerance.
It is also shown in Padan et al. (2005) that the connection between alkaline exposure
and salt stress is supported by an increase in the Na+ cytotoxicity as the pH rises, and
combined stress on cell membrane stability and repair. The increased expression of
slr1501 under both high pH and high salt stress could mean that the activity of the
acetyltransferase enzyme encoded by this gene could have an effect on the Na+/H+
pumping (through membrane antiporters) that has impacts on responses to both these
environments. Kopf et al. (2014) showed the upregulation of slr1501 under several
environmental conditions, but most notably under high light of 470 μE.m-2.s-2. This could
6

also indicate the potential role of slr1501 in a more general Synechocystis 6803 stress
acclimation response, rather than only a high pH-related function.

1.2.2 The gene sll1392 (pfsR)
Adjacent to slr1501 in the gene cluster but transcribed in the opposite direction (Figure
1) is the gene sll1392 that also shows and increase of transcript levels on transfer to pH
10 of 1.8-fold and a decrease on transfer to pH 7.5 of 3.3-fold (Summerfield and
Sherman 2008). This gene differs from slr1501 in that it has been previously
characterised as being involved in stress response, although not in relation to elevated
pH. Jantaro et al. (2006) studied sll1392 in the context of suppression of the high light
sensitivity of a strain of Synechocystis 6803 (4Xhli) lacking four hli genes known to
contribute to survival under high light stress. Mutagenesis of and deletion of sll1392
from the 4Xhli strain both resulted in the restoration of viability under high light
conditions. The inactivation of sll1392 was found to result in tighter control of iron
availability, leading to decreased generation of damaging reactive oxygen species and
enabling growth under high light. On the basis of this evidence, sll1392 was
characterised as ‘pfsR - photosynthesis, Fe homeostasis and stress-response regulator’
based upon its role in iron homeostasis and stress response.
Wang et al. (2012) identified gene targets that were related to ethanol resistance in
Synechocystis 6803 for utilisation in biodiesel production. Cells were subjected to 1.5%
ethanol treatment, and sll1392 was found to have a 5-fold rise in transcript levels under
ethanol exposure of 72 h (Table 1). A knockout mutant lacking sll1392 was created and
performed poorly in an ethanol challenge growth test compared to the wild type. This
ethanol exposure response results in general damage to the cell that may involve a
general stress response regulator. Upregulation of many other genes involved in the
general stress response was also found under ethanol stress
Analysis of the predicted PfsR protein sequence revealed it shares sequence similarity
with the superfamily of TetR regulators. This is further support that Sll1392 is a
regulatory factor for a general stress response, which comes from the fact that TetR
proteins are generally involved in the transcriptional control of various stress response
mechanisms (Ramos et al. 2005).
7

The Fe homeostasis role of sll1392 links to pH tolerance through the relationship
between the two physiological parameters. Iron availability to the cell is decreased as
pH is increased (Straus 2004). The biological uptake of the Fe3+ iron present in oxic
aqueous conditions that photosynthetic cyanobacteria create is greatly reduced at
higher pH, due to the formation of insoluble hydroxides. This creates a Fe intake
deficiency at pH 10. Iron is particularly essential to photosynthetic organisms due to its
role in photosynthetic apparatus assembly and electron transport (Keren et al. 2004).
The essential role of sll1392 in the regulation of iron homeostasis was confirmed by
Cheng and He (2014). The increased survival of the ∆sll1392 mutant under low Fe
conditions may suggest the role of the gene as a negative regulator of the stress
response genes under its control, which lacking their control mechanism express the
acclimation response to low Fe conditions. They show that under iron deprivation,
sll1392 plays a critical role in increased Synechocystis 6803 growth rate, photosynthetic
pigment accumulation and maintenance of Photosystem I and Photosystem II levels to
maintain normal cellular photosynthetic capabilities. This was found to be linked to the
increased expression of several iron stress-associated genes that include feoB, bfr genes,
isiA, furA and fut genes in a ∆sll1392 (pfsR) deletion mutant grown in iron-limiting
conditions. These genes are involved in iron membrane transport and iron storage and
release cellular mechanisms, as well as other iron demand reduction and photosystem
protection. The sll1392 mRNA production was also found to be upregulated 33x after 3
h under iron-deprivation stress in this study (Table 1).
Further evidence for the role of sll1392 in stress response regulation comes from a paper
by Singh et al. (2010) where the genetic response to numerous environmental
conditions was investigated by integrating 163 Synechocystis 6803 transcriptome data
sets. It was found that that a large number of genes (12% of the chromosomal genes),
defined as the core transcriptional response (CTR), are commonly regulated under
environmental challenges to the cell. The gene sll1392 was found to be one of the six
regulatory and sensory genes in the CTR. This increases support for the function of
sll1392 in overall stress response regulation to the cell and indicates the gene may have
central role in the regulatory network of stress detection and response. Response to
environmental pH appears to be included in the general response of the sll1392 gene.
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The connection of the multiple distinct stress responses of high pH, ethanol, high light
and especially iron deprivation to sll1392 makes it likely that the gene has a multi-stress
acclimation capability, and is involved in the regulation of a general stress response that
helps to manage cellular homeostasis over a range of stress parameters. However the
specific role of sll1392 in pH acclimation has not been previously investigated.

1.2.3 Additional genes in the pH-regulated cluster
Two additional Synechocystis 6803 genes slr1113 and slr1114 are similarly upregulated
under high pH. The gene slr1113 is predicted to code for an ATP-binding protein of an
ABC transporter. At high pH one-third of the enhanced/induced plasma membrane
proteins are transport and binding proteins of ABC transporters (Zhang et al. 2009),
which may be involved in maintaining pH homeostasis. The other gene slr1114 is
predicted to encode a large membrane bound permease protein, with 13
transmembrane segments (according to Cyanobase protein prediction) that indicates
activity of the protein in a membrane. This protein could also potentially affect the pH
acclimation response through membrane transport of some sort, potentially even the
active transport of H+ ions to maintain a level of intracellular pH for optimal cell function
and growth.
These last two genes in the gene cluster are less prevalent in the literature than slr1501
and sll1392 (Table 1). This is perhaps a reflection of the increased specificity of their
respective gene function. The predicted regulatory functions of both slr1501 and sll1392
may have a greater role in more general responses to cellular stress under a wide range
of environmental variables. This may be reflected at the transcript level, where slr1502
and sll1392 are more frequently reported to show transcript level changes in response
to environmental stresses than either slr1113 or slr1114.
Aside from the upregulation in high pH media seen in both slr1113 and slr1114 (Table
1), both genes also show increased transcript levels of around 3 fold during disruption
to the cellular photosynthesis redox state in Synechocystis 6803 (Hihara et al. 2003).
How this relates directly to pH tolerance is unknown, although changes in pH have been
shown to have an effect on redox states in the cell (Ayer et al. 2013).
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1.3 Aims of this study
The aim of this project is to investigate the role that the Synechocystis 6803 genes
slr1501 and sll1392 have on cellular acclimation to high pH. These were selected
because they showed some of the greatest changes in transcript level in the
Synechocystis 6803 genome following the transition from pH 7.5 and 10 media. Both
genes have also shown significant changes in regulation under a large range of other
environmental conditions (Table 1). This potential role in the Synechocystis 6803 general
stress response might indicate their importance in cellular response to changing and
combined environmental conditions. The growth of Synechocystis 6803 under the
influence of multiple stressors known to alter the regulation of slr1501 and sll1392 may
be maintained by the function of these genes. The hypothesis was that the genes slr1501
and sll1392 play a role in acclimation of Synechocystis 6803 cells to elevated pH.
To test this hypothesis, mutant strains of Synechocystis 6803 lacking slr1501 or sll1392
were generated. The impact of knocking out these genes was measured via the study of
physiological changes in the gene knockout strains as compared to the wild-type
Synechocystis 6803. Initially, the project focus was on the design and production of these
mutant Synechocystis 6803 strains using overlap extension PCR. Physiological
examination of these mutant strains was then carried out in an effort to determine gene
function, in relation to pH and other environmental variables.
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2.0 Materials and Methods
2.1 General techniques and solutions
2.1.1 Solutions
100x BG 11 (without iron, phosphate or carbonate, 1 L)
149.6 g NaNO3, 7.49 g MgSO4, 3.6 g CaCl2.2H20, 0.60 g citric acid, 1.12 mL 0.25 M NaEDTA
pH 8.0, 100 mL trace minerals (below), made up to 1 L with Milli-Q water.

Trace minerals (1 L)
2.86 g H3BO3, 1.81 g MnCl2.4 H2O , 0,222 g ZnSO4 H2O, 0.39 g Na2MoO4.2H2O, 0.079 g
CuSO4.5H2O, 0.0494 g Co(NO3)2.6H2O, made up to 1 L with Milli-Q water.

BG-11 liquid medium (1 L)
10 mL 100x BG 11 without iron, phosphate, carbonate. 1 mL 1000x ferric ammonium
citrate, 1 mL 1000x Na2CO3, 1 mL 1000x K2HPO4, made up to 1 L with Milli-Q water. pH
7.5 BG-11 was buffered with 25 mM HEPES and pH 10 BG-11 was buffered with 25 mM
3-(cyclohexylamino)-1-propanesulfonic acid (CAPS). The pH of the liquid medium was
adjusted by adding 10 M HCl or 10 M NaOH to the solution before autoclaving. Solution
pH was monitored using a HD 3405.2 pH meter (Delta OHM, Italy) until desired pH was
reached (+/- pH 0.001).

BG-11 solid medium (1 L)
10 mL 100x BG-11 without iron, phosphate, carbonate. 1 mL 1000x ferric ammonium
citrate, 1 mL 1000x Na2CO3, 1 mL 1000x K2HPO4, 10 mL 1 M TES/NaOH buffer pH 8.2, 3
g Na-thiosulfate, 15 g Bacto-agar, Select agar or equivalent. Both liquid and agar BG-11
medium were autoclaved for 20 min to ensure sterility.
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TAE buffer 50x (1 L)
242 g Trizma base, 57.1 mL glacial acetic acid, 100 mL 0.5 M EDTA pH 8.0, made up to 1
L with Milli-Q water.

DNA loading buffer (20 mL)
0.05 g bromophenol blue (0.25%), 0.05 g xylene cyanol FF (0.25%), 6.0 mL glycerol (30%),
made up to 20 mL with Milli-Q water

SOC medium (1 L)
20 g bactotryptone, 5 g yeast extract, 0.584 g NaCl, 0.186 g KCl in 1 L Milli-Q water.
Solution was autoclaved, cooled and 10 mL filter-sterilised solutions of 1 M MgCl2 and 1
M MgSO4 was added, and finally 20 mL sterilised 1 M glucose.

LB medium (1 L)
10 g tryptone, 5 g yeast extract, 10 g NaCl, 15 g agar (agar for solid medium only) was
mixed into 1 L Milli-Q water. Antibiotics specific to the transformed plasmid and DNA
insert were added after medium has been autoclaved and cooled to 50°C. For example,
if a gene fragment with a spectinomycin-resistance cassette was ligated into a pGEM-T
Easy plasmid (that already includes an ampicillin-resistance gene) both spectinomycin
and ampicillin would be added to the medium at 50 μg/mL.

Solution 1 -Alkaline lysis miniprep (100 mL)
5 mL 1 M glucose, 2.5 mL 1 M Tris (pH 8), 2 mL 0.5 M EDTA (pH 8), made up to 100 mL
with Milli-Q water. Stored at 4°C.

Solution 2 -Alkaline lysis miniprep (25 mL, made fresh before use)
0.5 mL 10 M NaOH, 23.25 mL Milli-Q water and 1.25 mL 20% SDS.

Solution 3 -Alkaline lysis miniprep (500 mL)
147 g potassium acetate, 57.5 mL glacial acetic acid, made up to 500 mL with Milli-Q
Water. Store at 4°C.

12

TE buffer (500 mL)
5 mL 1M Tris-HCl pH 8, 1 mL 0.5 M EDTA, made up to 500 mL with Milli-Q water and
autoclaved and stored at room temperature.

RNase A (10 mg/mL)
25 mg RNase A, 2.25 mL 0.01 M sodium acetate (pH 5.2), boiled for 15 min, and added
250 μL 1 M Tris-HCl (pH 7.5). Store at -20°C.

N.A.E.S solution.
4.11 g/L sodium acetate pH 5.1 (DEPC treated), 2.92 g/L EDTA, 1% SDS (made with
autoclaved DEPC treated Milli-Q.

2.1.2 Synechocystis 6803 growth and maintenance
A glucose-tolerant strain of Synechocystis 6803 designated GT01 (Morris et al. 2014) was
used as the wild type in this study. Synechocystis 6803 cultures were grown and
maintained on BG-11 liquid medium and solid agar plates. To maintain the cultures, a
single colony from a previous plate was checked for contamination under a dissecting
microscope and restreaked onto a fresh plate with a sterilised bacteriological loop
approximately every 2 weeks. Growth plates were sealed in plastic wrap and incubated
in a growth cabinet (Sanyo MH-351, Panasonic, Japan) at 30°C with a light intensity of
~30 μE.m-2.s-2.

Liquid cultures of Synechocystis 6803 were grown in modified 300 mL Erlenmyer flasks
(cyanoflasks) containing 150 mL liquid BG-11 medium in a Sanyo growth cabinet at 30°C
and a light intensity of ~30 μE.m-2.s-2. Cyanoflasks with 150 mL of BG-11 were inoculated
with cells by sterile 1 mL stripettes and incubated for 4 h for cell acclimation before
filtered air was bubbled through the flask via aquarium pumps for the remainder of the
growth period. Liquid cultures took ~3 days in these conditions to grow to an optical
density sufficient for starting physiological characterisation. When mutants with
antibiotic-resistance cassettes where grown in BG-11, appropriate antibiotics were
added to the growth medium at 25 μg/mL final concentration.
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Long term freezer stocks of wild-type and mutant strains of Synechocystis 6803 were
made from a 3 day old Synechocystis 6803 liquid culture, with 50 mL of this culture
centrifuged for 10 min at 3,500 g, and the cell pellet was re-suspended into 3 mL BG-11
medium with 15% glycerol. This was then divided into 4x 750 μL aliquots and stored in
the -80°C freezer.

2.1.3 Synechocystis 6803 DNA Isolation
DNA from wild-type Synechocystis 6803 was extracted using a DNeasy Plant Mini DNA
extraction kit (Qiagen, Netherlands), this DNA was used as a template for PCR. DNA was
extracted from Synechocystis 6803 cells grown in a 150 mL BG-11 liquid culture for 3
days and 50 mL was centrifuged for 10 min at 3,500 g in an Eppendorf 5430 centrifuge
(Eppendorf, Germany). Approximately 100 mg of cell pellet was vortexed in a 1.5 mL
microcentrifuge tube with 50 mg 0.5 mm zirconia/silicon beads. Buffer AP1 (400 μL) and
4 μL RNase A were added to the cell mix, vortexed and then incubated for 10 min at 65°C
with several inversions. Buffer P3 (130 μL) was added and mixed, with incubation on ice
for 5 min. The lysate was centrifuged (using an Eppendorf Centrifuge 5415 R) for 5 min
at 16,100 g for 5 min, and lysate was pipetted into a QIAshredder spin column placed in
a 2 mL collection tube. This was centrifuged for 2 min at 20,000 g, and flow-through
transferred into a new tube where 1.5 volumes of buffer AW1 was added and mixed by
pipetting. This mixture (650 μL) was transferred into a DNeasy Mini spin column placed
in a 2 mL collection tube, and centrifuged for 1 min at 20,000 g. Flow-through was
discarded and the step was repeated with the remaining mixture. The DNeasy spin
column was placed in a new 2 mL collection tube and 500 μL buffer AW2 was added and
centrifuged for 1 min at 6,000 g. Flow-through was discarded and another 500 μL buffer
AW2 is added and centrifuged for 2 min at 20,000 g. The spin column was removed and
placed in a new 1.5 mL microcentrifuge tube and 100 μL buffer AE was added to the top
of the spin column for elution. This was incubated for 5 min at room temperature and
centrifuged for 1 min at 6,000 g. The Synechocystis 6803 DNA was measured using a
Nanodrop 2000 spectrophotometer (Thermo Scientific, U.S.A) to determine DNA quantity
and quality, and stored at -20OC.
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2.1.4 Polymerase Chain Reaction
DNA was amplified using PCR to generate gene fragments for overlap extension PCR.
These fragments were used to create knockout constructs to enable replacement of
target genes in the Synechocystis 6803 genome with antibiotic-resistance cassettes.

PCR reagents: For a single 20 μL reaction the following was added from a KAPA HiFi PCR
Kit (KAPA Biosystems, U.S.A), 13.4 μL sterile Milli-Q H20, 4 μL 5x KAPA PCR buffer, 0.6 μL
10 mM KAPA dNTP mix, 0.6 μL of 10 mM forward/reverse primer mix (designed for the
specific reaction), 0.4 μL 1 U/μL KAPA HiFi DNA Polymerase and 1 µL of 30 ng/μL genomic
DNA or cDNA template. The PCR reaction mixes were all prepared in a laminar flow
hood. A negative control was included with each set of PCR amplifications: this
contained an aliquot of the prepared master mix and Milli-Q water was added in place
of template DNA.

PCR conditions:

(1) initial denaturing step at 95°C for 3 min, (2) 30 cycles of

denaturation at 98°C for 20 s, annealing at 55-65°C (each PCR reaction has an optimal
annealing temperature specific for the primer pairs) for 15 s, extension at 72°C for 30
s/kb of target fragment, (3) and a final extension phase of 1 min/kb at 72°C.
Amplifications were performed in an Eppendorf Gradient Mastercycler (Eppendorf,
Germany). Following the reaction PCR products were stored at -20 OC until used.

Touchdown PCR components: The final round of PCR for the generation of each
knockout construct generation where the component overlapping fragments were
combined into one construct, had PCR conditions that were different. This procedure
uses PCR product fragments generated in previous reactions as the templates instead of
Synechocystis 6803 gDNA or plasmid stocks as before. One microliter each of the three
purified PCR products specific to the knockout construct were added to the solution
before amplification. A touchdown PCR was used where the initial annealing
temperature was higher and was gradually reduced over subsequent cycles.
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Touchdown PCR conditions: (1) initial denaturing step at 95°C for 3 min, (2) 1 cycle of
denaturation at 98°C for 20 s, annealing at 60°C for 15 s and extension at 72°C for 30
s/kb of target fragment, (3) 14 repeats of step 2 with a 1°C decrease in annealing
temperature each cycle, (4) 14 repeats of step 2 with annealing at 52°C, (5) and a final
extension phase of 5 min at 72°C. Amplifications were performed in an Eppendorf
Gradient Mastercycler (Eppendorf, Germany). Following the reaction PCR products were
stored at -20 OC until used. The change in PCR annealing temperatures accommodated
the range of different optimal annealing temperatures for each individual component of
the nested PCR.

2.1.5 DNA Gel Electrophoresis
The amplified PCR products and plasmids were separated using agarose gel
electrophoresis. Samples to be loaded were mixed with 10% (v/v) DNA loading buffer
prior to loading on a 40 mL 1% agarose gels with 1x TAE buffer, with 1 μL ethidium
bromide (10 mg/mL) to enable sample visualisation under UV light. Gels were immersed
in 1x TAE buffer and run at 70 V for 60-80 min (dependant on DNA fragment size), until
fragments of different sized DNA could be easily distinguished from another. A 1 kb-plus
DNA ladder (Invitrogen, U.S.A) was also run on the gels to provide a size reference. The
negative control for each PCR reaction was included in each gel visualisation to check no
DNA amplification had occurred, indicating no contaminating DNA was present in the
PCR master mix.

Gels were visualised and documented using a Kodak UV

transilluminator and Kodak Molecular Imaging software.

2.1.6 DNA Purification and gel extraction
DNA fragments from PCR amplifications and excised gel electrophoresis DNA fragments
were isolated and purified for use in other applications. PureLink Quick PCR Purification
and Quick Gel Extraction Kits (Invitrogen, Germany) was used to purify DNA or PCR
products as per the manufacturer’s instructions. DNA was eluted in a final volume of 30
μL, DNA was quantified and stored at -20°C.
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2.2 ∆slr1501/∆sll1392 knockout construct design and creation
2.2.1 Primer Design
Primers for the creation of knockout constructs were designed by using Geneious
(Biomatters Limited NZ), with the target of creating primers ~20 bp long (or 30 bp with
additional overlapping sections for overlap extension PCR), ~50% GC nucleotide content
and no long single base repeats (more than three). Primers designed were tested for
potential dimerization with itself or its paired primer in Amplify (Bill Engels, University
of Wisconsin). Primers were ordered from Integrated DNA Technologies (Singapore).
Table 2 shows primer names and sequences used in this study, all were designed in this
study apart from the commercial pGEM-T Easy universal M13 and CloneJet primers.

Primers were designed for the creation of the slr1501 and sll1392 gene knockout
constructs, using overlap extension PCR (Steffan 1989). Approximately 1 kb regions
flanking the genes of interest were retrieved from the Synechocystis 6803 genome on
Cyanobase (http://bacteria.kazusa.or.jp/cyanobase). These were used as the template
for design of the flanking primers. Primers for each construct were designed to amplify
~1000-800 bp of the left (LF-F1/R1 primers) or right flanking (RF-F1/R1 primers)
sequence up and down stream of the gene of interest (2 A and 3 A). This flanking
sequence acted as the site for double homologous recombination for the insertion of
each knock-out construct into the wild-type Synechocystis 6803 genome. Primers were
also designed to amplify the spectinomycin (slr1501 MID-SPEC F/R1) or erythromycin(sll1392 MID ERY-F1/R1) resistance cassettes from a pUC19 plasmid template.
Overlapping sections of 10 bp were designed between the LF-R1 and MID-F1, and the
MID-R1 and RF-F1 primer sets for each knockout construct. This allowed amplification
of a combined single genetic fragment in the overlap extension PCR stage, the final step
of the knockout construct generation. In this process, the left flank, the antibioticresistance cassette and the right flank fragments were added as the template strands
and NEST primers were used for the amplification of the overlap extension PCR (2 C and
3 C). The overlapping sequence shared between the fragment ends allowed the
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continuous amplification from each template fragment to the next, from the left flank,
to antibiotic-resistance gene, to the right flank.

Table 2. Primers designed and used in this study. Primers were designed for the
creation of the slr1501 and sll1392 gene knockout constructs, to be used for the
amplification of the component fragments for overlap extension PCR (Steffan 1989)
construct assembly.

Primer
Group

slr1501
knockout
construct

sll1392
knockout
construct

pGEM-T
Easy
CloneJet
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Primer Name

Sequence (5’ to 3’)

slr1501 LF-F1

TTGAACGATGTACATAGAGGC

slr1501 LF-R1

TCAATCACCGTTGACATCACGACCCCTTGG

slr1501 MIDSPEC F1
slr1501 MIDSPEC R1

955 bp

CGTGATGTCAACGGTGATTGATTGAGCAAG
1732 bp
AAAGCCAGCCAGTGCTTAGTGCATCTAACG

slr1501 RF-F1

CACTAAGCACTGGCTGGCTTTAATCATTGG

slr1501 RF-R1

CCTGGTCATAGTTTATCTGC

slr1501 NEST-F1

CTAACCGTAGTGATGATGCC

slr1501 NEST-R1

CCTGCAATTGCTCTACTCCCT

sll1392 LF-F1

AACCGCTATCAGGAGCCTCTATG

sll1392 LF-R1

GCAATTCGATGTTCGTAATCCAAACCGTTC

sll1392 MID
ERY-F1
sll1392 MID
ERY-R1

Amplicon
size

882 bp

3277 bp

797 bp

GGATTACGAACATCGAATTGCATCTGACCG
1456 bp
ATACTGTCTGGCAAGCTTATCGATTCACAA

sll1392 RF-F1

ATAAGCTTGCCAGACAGTATGTATCTTGAC

sll1392 RF-R1

TAACCACAGCGGCCTTGGTTTCAG

sll1392 NEST-F1

ATTGCGTCGAGCTAATCCTACC

sll1392 NEST-R1

TAAAGCCAGCCAGTTTCACC

Universal M13F

TGTAAAACGACGGCCAGT

Universal M13R

AGGAAACAGCTATGACCAT

pJet1.2F

CGACTCACTATAGGGAGAGCGGC

pJet1.2R

AAGAACATCGATTTTCCATGGCAG

929 bp

2949 bp

3015 bp

2974 bp

2.3 Construct manipulation and transformation
2.3.1 A-Tailing of slr1501 knockout construct PCR components
This process adds adenine nucleotides to blunt-ended 3’ ends of DNA fragments that
result from PCR amplification using high-fidelity DNA polymerase. This A-Tailing was
required because the thermostable Kappa HiFi DNA polymerase used in the PCR
amplification generates amplicons with blunt ends that cannot be ligated into the pGEM
T-Easy plasmid. An A-tailing reaction is necessary for blunt-ended PCR amplicons to bind
to the 3´terminal thymidine (T) complement binding site at each end of the pGEM-T Easy
plasmid. This reaction contained: 12 μL Purified DNA (as from 2.1.6) in a total volume of
20 μL with 0.4 μL 10 mM dATP, 2 μL 10x PCR buffer, 0.1 μL Taq DNApolymerase and 5.6
μL Milli-Q water. This was then incubated at 70°C for 20 min.

2.3.2 Ligation into pGEM-T Easy and CloneJET plasmids
The ligation of the slr1501 amplicon containing the spectinomycin-resistance cassette
into the pGEM-T Easy plasmid (Promega, U.S.A) was accomplished as follows. Aliquots
of 5 μL 2x ligation buffer, 0.5 μL pGEM-T Easy plasmid, 1 μL ligase and 3.5 μL purified Atailed slr1501 amplicon were combined in a microcentrifuge tube and incubated
overnight at 4°C. The ligation reaction was then stored at -20 °C until use.

The ligation of the sll1392 knockout construct in the CloneJet pJet1.2 plasmid
(ThermoFisher Scientific, U.S.A) was carried out by setting up the following 20 μL
reaction on ice. This 10 μL included 2x reaction buffer, pJET 1.2/blunt cloning vector (50
ng/μL), 1 μL T4 DNAse ligase, and 1 μL purified PCR product which were combined and
made up to 20 μL with nuclease free water. The ligation solution was vortexed briefly
and centrifuged for 5 s, and incubated in room temperature for 5 min.
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2.3.3 Preparation of competent E. coli cells and heat shock transformation
of E. coli
Competent DH5α E. coli cells for heat shock transformation were prepared using same
protocol as in Inoue et al. (1990). Competent DH5α E. coli cells prepared using this
method were snap-frozen in liquid nitrogen and stored in -80° to maintain competent
state.

Transformation of pGEM-T Easy and pJet ligation reactions with the knockout construct
inserts into competent DH5α E. coli cells was carried as follows. Competent DH5α E. coli
cells were removed from the -80°C freezer and thawed on ice for 10 min. One hundred
microliters of cells per transformation was transferred into chilled microcentrifuge
tubes, with extra 100 μL aliquots for the positive (transformed with known amount of
plasmid DNA) and negative (transformed with no DNA added) controls. 5 μL of
transforming DNA (up to 50 ng/100 μL of cells) was added to the cells. Tubes were
carefully flicked to mix cells and incubated on ice for 30 min. Tubes were then heat
shocked in a 42°C water bath for 1 min, and placed on ice for 2 min. Eight hundred
microliters of SOC medium was added to each tube and incubated at 37°C with 250 rpm
shaking (on a Ratek orbital mixer) for 45 min. Cells were pelleted by a 30 s quick-spin,
resuspended in 200 μL SOC and plated out onto LB agar medium plates containing
appropriate antibiotics at 100 μL per plate under standard microbiological aseptic
technique. Plates were inverted and incubated overnight at 37°C.

2.3.4 Alkaline lysis miniprep
Transformed E. coli colonies grown on appropriate antibiotic LB agar medium plates
were picked with a sterile pipette tip and added to 3 mL LB medium with the same
antibiotics. These were incubated overnight at 37°C with 250 rpm shaking. Two 1.5 mL
aliquots of this culture was then transferred into 1.5 mL microcentrifuge tubes and
centrifuged at 13,200 rpm for 30 s (on a Eppendorf Centrifuge 5415 R). Supernatant was
removed and the cell pellets were resuspended in 100 μL ice cold Solution 1 and
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vortexed. Two hundred microliters of Solution 2 (made fresh) was then added and tube
was mixed by inversion and incubated on ice for 5 min. 150 μL of ice cold Solution 3 was
then added, and tube was mixed by vigorous inversion and incubated on ice for 5 min.
Samples were centrifuged at 4°C for 5 min at 16,100 g, and 350 μL of the supernatant
was transferred to a fresh tube. 350 μL of freshly made 1:1 chloroform/TE equilibrated
phenol mix was added to the tube and vortexed vigorously. This was then centrifuged
at 4°C for 5 min at 16,100 g, and 300 μL of the upper liquid phase was pipetted into a
fresh tube, where 300 μL chloroform was added and vortexed vigorously, centrifuged at
4°C for 1 min at 16,100 g and the upper liquid phase was transferred to a fresh tube.
DNA was precipitated with 2 volumes of ice cold 100% ethanol, vortexed and incubated
at room temperature for 2 min. The samples were centrifuged at 4°C for 10 min at
16,100 g, and supernatant removed to leave the DNA pellet. This ethanol precipitation
and centrifuging process was repeated to leave only the cell pellets washed in the tube.
800 μL ice cold 70% ethanol was added to the tube, and centrifuged for 1 min at 16,100
g. All ethanol was removed by pipetting and pellet dried in an open tube placed in a 37°C
incubation block for 10 min or until all ethanol is gone. Thirty microlitres of TE buffer
containing 20 μL/mL RNase A was added to the tube and vortexed to resuspend DNA.
Sample was then frozen at -20°C until use.

2.3.5 Restriction digestion
The restriction enzymes EcoR1 and HindIII were used to digest plasmid DNA samples to
confirm correct knockout amplicon insertion into the target plasmid. 2.5 μL of target
plasmid DNA (500-100 ng/μL), 1.5 μL 10x H buffer (Roche Surecut) and 1 μL restriction
enzyme was added to 10 μL Milli-Q water, and incubated at 37°C for 45-60 min. Digested
samples were then analysed through gel electrophoresis to determine the correct size
of cut DNA fragments was present (Figure 4).

2.3.6 Sequencing
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Sanger sequencing of the knockout constructs in the pGEM-T Easy and pJet plasmid was
performed by the Department of Anatomy and Structural Biology, The University of
Otago, Dunedin. Individual sequencing reactions consisted of 2 μL plasmid DNA
template at 1 ng per 100 bp, 2 μL Milli-Q purified water and 1 μL M13F/R or pJet1.2F/R
paired primer mixes (3.2 pmol/ μL).

2.3.7 Transformation of Synechocystis 6803
A liquid culture of GT01 wild-type Synechocystis 6803 was grown in BG-11 medium for
2-3 days (as 2.1.2) to mid log phase (~0.6 OD730 nm at 730 nm). In a laminar flow hood,
50 mL of culture was poured into a sterile Falcon tube, centrifuged at 1,880 g for 10 min
and supernatant removed.

Cells were resuspended in 2 mL BG-11, and optical density was measured at 730 nm.
Cells were then diluted to an optical density (OD730 nm) at 730 nm of 2.5, and 0.5 mL
aliquots were used for transformation. Ten microlitres of 770 ng/μL transforming
plasmid DNA was added to each aliquot of cells (with 1 tube left without DNA as a
negative control), and tubes were incubated in at 30°C for 6 h at a light intensity of ~30
μE.m-2.s-2, with gentle shaking for 3 h. Twenty microlitres of these cultures were spread
over a 47 mm sterile 0.2 μm membrane filter (Pall Life Sciences, U.S.A) on BG-11 agar
plates and incubated for 12 h at 30°C and a light intensity of ~30 μE.m-2.s-2. Inoculated
filters were then transferred to new BG-11 plates containing appropriate antibiotics for
segregation.

2.4 Post Transformation Procedures
2.4.1 Segregation of Synechocystis 6803 mutants
After transformation of Synechocystis 6803 cells, cultures were grown on BG-11 plates
containing appropriate antibiotics at 30°C and a light intensity of ~30 μE.m-2.s-2. Every
week, plates were examined for microbial contamination under the dissecting
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microscope, and uncontaminated colonies were picked and restreaked onto fresh plates
of the same medium under sterile conditions. This was repeated over ~6 weeks of
growing and re-streaking. This is carried out to ensure that the knockout strain of
Synechocystis 6803 is fully segregated, that it only contains copies of the DNA that
includes our knockout construct rather than the original DNA sequence. This is necessary
because Synechocystis 6803 cells contain multiple copies of its circular genome, and
continued antibiotic selection will mean if any wild-type copies of the genomes still exist
in the cell, they are selected against over multiple generations under antibiotic stress.

2.4.2 Colony PCR
The segregation state of the Synechocystis 6803 genome copies was assessed by colony
PCR of the transformed Synechocystis 6803 cells. Colony PCR reactions were performed
that amplifies target DNA in a diluted 1 μL cell sample (used as the DNA template in the
PCR reaction). The cell samples were created by picking a colony of transformed
Synechocystis 6803 and diluting in Milli-Q until only faint tinge of green can be seen. One
microliter of this diluted cell sample is used as the DNA template, all other reagents in
the 20 μL reaction were standard as in 2.1.4. The PCR temperature cycle conditions were
as followed: 95°C for 10 min, followed by 13 cycles of 95°C for 20 s and 60°C x 13 cycles,
56°C x 12 cycles, 52°C x 12 cycles, 72°C for 2 min, 72°C for 5 min. The resultant PCR
products were analysed using gel electrophoresis to check that only the interrupted
gene was present. Both genes interrupted with antibiotic-resistance genes were larger
than the original genes, so a smaller gene fragment than the correct interrupted gene
size would indicate that the original gene was still present in the genome.

2.4.3 ∆slr1501 and ∆sll1392 growth experiments
Growth experiments under different environmental conditions and with different
growth medium were carried out to compare the growth of the ∆slr1501, ∆sll1392 and
the wild-type strains of Synechocystis 6803. These experiments were performed in order
to detect physiological differences and changes in growth patterns that may have
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occurred due to the loss of the gene of interest. Cultures were incubated in 150 mL BG11 liquid medium in cyanoflasks (as in 2.1.2), buffered at either pH 7.5 or pH 10. Cultures
were bubbled with air, and incubated over a total time of 134 h – enough time to reach
near-maximum culture density for normal wild-type growth and enable characterisation
of cultures with delayed growth rates. Cultures were sampled every ~12 h up to 72 h
while in logarithmic growth phase to detect fine changes in growth. The cell density of
each culture was measured at each time point by taking a sample aliquot from each flask
and measuring the cell density using an Ultrospec 2000 spectrometer (Pharmacia
Biotech, Sweden) set to measure optical density at 730 nm. High light in growth
experiments used a light intensity of ~300 μE.m-2.s-2 and other variables remain
unchanged. Short term cellular density experiments were carried out in test tubes with
15 mL of BG-11 medium. Cultures were inoculated into the test tubes at the starting OD
730 nm

of ~0.3. Cultures were mixed by shaking before each optical density measurement

and incubated in standard Synechocystis 6803 growth conditions between
measurements.

For each separate growth experiment a positive control of strains and the growth
conditions they were known to grow well in was included. This was done to ensure the
cultures were healthy and uncontaminated, and the media was correctly made each
time. This usually involved 4 flasks with the wild type and the currently used mutant
strain grown at pH 7.5 and 10 with no medium additives.

2.5 RNA Extraction and Analysis
2.5.1 Wild-type Synechocystis 6803 pH 7.5 +/- 0.5 M sorbitol RNA
extraction and purification
Wild-type Synechocystis 6803 RNA was extracted in order to test the effect that 0.5 M
sorbitol has on the transcript levels of the slr1501 at pH 7.5, where it is usually
undetectable. Two starter cultures of wild-type Synechocystis 6803 were grown in 350
mL BG-11 pH 7.5 until ~0.5 OD730 nm culture density was reached. Two aliquots of 40 mL
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of cell samples were removed for the starting point RNA extraction, which were
immediately spun down at 4,000 g for 10 min and frozen in liquid nitrogen to minimise
RNA transcript changes. The remaining cells in the starter cultures were spun down in
250 mL Nalgene bottles and resuspended in 10 mL BG-11 pH 7.5. This concentrated cell
solution was used to inoculate two new cyanoflasks with 350 mL pH 7.5 BG-11, one
supplemented with 0.5 M sorbitol. These cultures were incubated in standard
Synechocystis 6803 growth conditions, with 2x 40mL samples removed from each flask,
spun down and frozen as before at 12, 24, 48 h intervals. Samples were stored in -80°C
freezer to await RNA extraction. Optical density measurements were also taken at all
the extraction time points to compare cell growth rates with the corresponding RNA
transcripts.

Frozen cell samples from each +/- 0.5 M sorbitol cultures were extracted using the
phenol-chloroform precipitation protocol. Each 40 mL frozen cell pellet was
resuspended in 1 mL 65°C phenol and mixed, then 1 mL N.A.E.S solution was added and
solution vortexed. RNA extraction solution was kept on ice between all protocol steps
to minimise RNA degradation. For each sample, two 1.5 mL screw capped microfuge
tubes were filled with 100 mg sterile 0.5 mm zircon/silica glass beads and kept on ice.
Two millilitres from each sample was split into two tubes with beads, and agitated in a
Retsch MM 301 mixer mill (U.S.A) for 2 min at 30 Hz. Tubes were centrifuged at 4°C for
10 min at 14,000 g to separate phases and leave a 500 μL aqueous RNA-containing upper
phase solution. Two phenol-chloroform extractions were performed on the samples,
and then one chloroform extraction. For each extraction, solution was vortexed then
put on ice for 5 min, spun at 14,000 g at 4°C for 10 min, the top phase was transferred
to a new tube containing 1:1 phenol-chloroform solution or chloroform. Samples were
then ethanol precipitated for 20 min at -20°C with 2x volume cold ethanol and
centrifuged at 14000g at 4°C for 10 min. Ethanol was then removed, centrifuged through
a quick spin and any remaining ethanol in tube was removed. The pellet was dried in an
open tube on ice.
RNA was precipitated by resuspending the samples in 250 μL DEPC – treated water with
62.5 μL 10 M LiCl added and left overnight on ice at 4°C. The samples were then spun
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for 15 min at 4°C at 14,000 g, the pellet rinsed and broken up in in 0.5 mL 2 M LiCl and
spun again as before. The pellet was dissolved in 400 μL DEPC-treated water, and
precipitated for 20 min at -20°C with 2x volume cold ethanol and 1/10 volume sodium
acetate pH 6.0, quick spun and removed all ethanol. The pellet was then dried in an
open tube on ice for 10 min and resuspended in 50 μL DEPC-treated water to store in 80°C freezer long term.

2.5.2 Wild-type Synechocystis 6803 and ∆slr1501 pH 10 +/- 0.5M sorbitol
RNA extraction
To provide a comparative analysis between the RNA transcripts of the wild type and the
∆slr1501 mutant under 0.5M sorbitol at pH 10, the following RNA extraction experiment
was carried out. Two 350 mL parental starter cultures of both WT and ∆slr1501 strains
were set up in BG-11 pH 10 under standard growth conditions. These cultures were both
split into two fresh 150 mL flasks 4 h before they would reached ~0.5 OD730 nm, to
minimise changes in background cellular RNA transcript levels that could occur when
splitting into fresh flasks immediately before taking RNA extraction samples. At ~ 0.5
OD730 nm (~31 h after starting parental cultures at 0.05 OD730 nm) the two 150 mL cultures
for each strain had 15 mL Milli-Q water negative control or 5 M sorbitol (to make a 0.5
M sorbitol culture solution) added, and were incubated for 30 min. Two 40 mL samples
were then aliquoted from each culture at this point and immediately spun down at 4,000
g for 10 min and frozen in liquid nitrogen. This experiment was repeated in triplicate to
provide statistical confidence to future results. RNA samples were stored in the -80°C
freezer to await RNA extraction and purification, which was carried out exactly as for
the phenol–chloroform precipitation RNA extraction and purification in 2.5.1.
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3.0 Results
3.1 Use of overlap extension PCR to generate amplicons to knock
out slr1501 and sll1392
To investigate whether the genes slr1501 and sll1392 have a role in acclimation to
elevated pH, a main focus of this project was to produce mutant strains of Synechocystis
6803 which lacked each of these genes. This would enable physiological characterisation
of these mutant strains compared to the wild type to investigate the function of these
genes.
Targeted gene knock-out mutants were achieved using overlap extension PCR (Ho et al.
1989). This technique results in the creation of a DNA construct that matches the target
genomic DNA, except that the gene of interest is replaced by an antibiotic-resistance
selection cassette. This DNA construct can then be transformed into Synechocystis 6803
cells where, under selective pressure from the appropriate antibiotic, it was inserted
into the genome by double homologous recombination replacing the original gene.

3.1.1 Amplification and assembly of slr1501 knockout construct
components
Three PCR amplicons were generated for the production of the slr1501 overlap
extension template. Three sets of paired primers (Table 2) were designed and used in
three separate polymerase chain reactions to generate the gene knockout construct.
This includes the PCR amplification with the slr1501 LF-F1 and slr1501 LF-R1 primers,
and a second amplification with the slr1501 RF-F1 and slr1501 RF-R1 primers using wildtype Synechocystis 6803 genomic DNA as the template (Figure 2 A).
These two amplicons formed the slr1501 left and right flank fragments of the final
construct, respectively. The slr1501 MID-SPEC F1 and slr1501 MID-SPEC R1 primers were
used to amplify the spectinomycin-resistance cassette using the pUC19 spectinomycinresistance plasmid as template DNA. This created a spectinomycin-resistance gene
fragment that can be used to replace slr1501 (Figure 2 A). The PCR amplicons were
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visualised using agarose gel electrophoresis with ethidium bromide staining to confirm
correct size DNA fragments were generated (Figure 2 B). The size of the slr1501 left flank
amplicon was 955 bp, the mid SpecR amplicon 1732 bp and the slr1501 right flank
amplicon 882 bp (Figure 2 B), and fragments appeared to be approximately the correct
size for all three reactions.
After PCR product purification of the MID (SpecR) and RF fragments and gel extraction
of left flank fragment (carried out to remove extra nonspecific amplification bands for
the PCR reaction), the three gene fragments (Figure 2 B) were combined and used as the
template in a single PCR reaction (Figure 2 C) using the slr1501 NEST F1/R1 primers
(Table 1). These primers amplify within the original PCR products; 238 bp downstream
of the 5’ end of the left fragment and 54 bp from the end 3’ end of the right flank
fragment to create a single combined gene amplicon consisting of the slr1501 genomic
left flank, to the spectinomycin- resistance gene, to the slr1501 right flank. This is the
overlap extension part of the process where the slr1501 NEST left and right primers
amplify from the left and right flanks towards the MID (SpecR) section and create a single
combined amplicon. This is possible because of the specifically designed overlapping
sections between the ends of the left and right flanks and the ends of the Mid (SpecR)
fragment (Figure 2 A). The resultant PCR product was visualised using agarose
electrophoresis gel (Figure 2 D) and PCR product appeared to be the approximate
correct size (from an exact predicted size of 3227 bp). This fragment size corresponded
to the combined size of the three constituent PCR fragments, minus 292 bp due to the
NEST F/R1 primer binding site being downstream of the ends of the left and right flanks.
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Figure 2. The use of overlap extension PCR strategy to knock-out the gene slr1501 from
Synechocystis sp. PCC 6803 (genes in diagrams are to scale, overlapping sections and primers
arrows are not to scale). A) The DNA templates with location of primers used for overlap
extension PCR (primer sequences in Table 2). Orientation of 3’ to 5’ primer binding sites are
shown by primer arrow direction and approximate location in the construct. Template DNA and
their corresponding primer binding sites for Synechocystis 6803 chromosomal DNA and the
spectinomycin-resistance cassette are shown in blue and red, respectively. This shows the
overlapping extension primer binding sites contained in the construct that match 10 bp of the
other target amplicon. B) Visualisation of PCR amplicons using 2% agarose gel electrophoresis
stained with ethidium bromide. Lane 1 shows the slr1501 left flank (expected size of 955 bp)
amplified using the LF-1 and LR-1 primers, lane 2 shows the spectinomycin-resistance cassette
amplicon (expected size of 1732 bp) amplified using the MID-F1 and MID-R1 primers, and lane
3 shows slr1501 right flank (expected size of 882 bp) amplified using the RF-F1 and RF-R1
primers. C) Visualisation of the PCR amplicon from the combined slr1501 knockout construct
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(lane 1) using 2% agarose gel electrophoresis stained with ethidium bromide. This resulted from
the three fragments being amplified using the NEST-F1 and NEST-R1 primers. The amplicon size
is 3277 bp. D) Representation of the final combined gene construct. NEST F1/R1 primers (purple
arrows) were used to amplify from the slr1501 left and right flanks with all 3 gene fragments
(shown to scale) as templates. This forms a single construct via the 10 bp overlapping sections
in each fragment (not to scale), shown in red and blue.

3.1.2 Amplification and assembly of sll1392 knockout construct
components
The sll1392 knockout construct was generated using the same method as used for the
slr1501 knockout construct. The three amplicons for the overlap extension template
were generated by PCR. The first two were using the sll1392 LF-F1 and sll1392 LF-R1
primers, and the sll1392 RF-F1 and sll1392 RF-R1 primers for amplification of the sll1392
left and right flank fragments, respectively. Wild-type Synechocystis 6803 genomic DNA
was used as the PCR template for these reactions (Figure 3 A). The erythromycinresistance gene (the sll1392-knockout mid fragment) was amplified from pUC19
erythromycin-resistance plasmid template DNA using the sll1392 MID-ERY F1 and MIDERY R1 primers (Figure 3 A).
The three amplicons were visualised using agarose gel electrophoresis with ethidium
bromide staining in Figure 3B. The size of the sll1392 left flank amplicon was 797 bp, the
mid EryR amplicon 1456 bp and the sll1392 right flank amplicon 929 bp (Figure 3 B). All
three fragments appeared to be the appropriate size. These three sll1392 amplicons
were used in an overlap extension PCR reaction, using the specific sll1392 NEST F1/R1
primers (Figure 3 D. These primers amplify 123 bp downstream from the 5’ end of the
left and 110 bp downstream from the right flank fragments to create a single amplicon
consisting of the sll1392 genomic left flank, the EryR antibiotic-resistance gene, and the
sll1392 right flank. The resulting 2949 bp PCR product was visualised in Figure 3 C and
appeared to be the appropriate size.
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Figure 3. The use of overlap extension PCR strategy to knock-out the gene sll1392 from
Synechocystis sp. PCC 6803 (genes in diagrams are to scale, overlapping sections and primers
arrows are not to scale). A) The DNA templates with location of primers used for overlap
extension PCR (primer sequences in Table 2). Orientation of 3’ to 5’ primer binding sites are
shown by primer arrows (not to scale) direction and approximate location in the construct.
Template DNA and their corresponding primer binding sites for Synechocystis 6803
chromosomal DNA and the erythromycin-resistance cassette are shown in blue and green,
respectively. This shows the overlapping extension primer binding sites contained in the
construct that match 10 bp of the other target amplicon. B) Visualisation of PCR amplicons using
2% agarose gel electrophoresis stained with ethidium bromide. Lane 1 shows the sll1392 left
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flank (expected size of 797 bp), amplified using the sll1392 LF-1 and LR-1 primers, lane 2 shows
the erythromycin-resistance cassette amplicon (expected size of 1456 bp) amplified using the
sll1392 MID-F1 and MID-R1 primers, and lane 3 shows sll1392 right flank (expected size of 929
bp), amplified using the sll1392 RF-F1 and RF-R1 primers. C) Visualisation of the PCR amplicon
from the combined sll1392 knockout construct (lane 1) using 2% agarose gel electrophoresis
stained with ethidium bromide. This resulted from the three fragments being amplified from the
sll1392 NEST-F1 and NEST-R1 primers. The amplicon size is 2949 bp, the approximate size of the
band shown in Figure 3 C D) Representation of the final combined gene construct. NEST F1/R1
primers (purple arrows) were used to amplify from the slr1501 left and right flanks with all 3
gene fragments (shown to scale) as templates. This formed a single construct via the 10 bp
overlapping sections in each fragment (not to scale), shown in red and green.

3.2 Manipulation of knockout construct and transformations
3.2.1 Plasmid ligation and transformation into E. coli
The slr1501 knockout amplicon was A-Tailed using Taq polymerase to add
deoxyadenosine triphosphate (A) to the 3´ ends of PCR product (2.3.1), allowing PCR
inserts to ligate with the pGEM T-Easy plasmid. The sll1392 knockout amplicon was
ligated into the CloneJet pJet 1.2 plasmid, which is a blunt ended plasmid and therefore
the PCR product does not need A- tailing. These plasmids both include an ampicillinresistance gene to act as a selection agent for transformation into E. coli.
Each of the two ligation reactions that contained either the slr1501 and sll1392 knockout
amplicons were then transformed into competent DH5α E. coli cells using heat shock
transformation (as in 2.3.3), and the E. coli was grown on LB agar plates with ampicillin
and the antibiotic specific to each amplicon, spectinomycin for slr1501 and
erythromycin for sll1392. The two antibiotics enabled selection for the E. coli colonies
containing both the plasmid containing ampicillin-resistance and the successfully
inserted knockout amplicon. These colonies were then grown in liquid media with the
same antibiotics to further screen for correct plasmid insertion and increase the copies
of the desired plasmid for extraction. The extraction and purification of the plasmid DNA
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from the transformed E. coli cells was carried out using the alkaline lysis miniprep
described in 2.3.4.

(A)

(B)

Figure 4. Agarose electrophoresis gel image of the restriction digest of slr1501 and sll1392
knockout constructs. A) slr1501 knockout construct plasmid digested with EcoR1 restriction
enzyme (lanes 1/2, two repeats) and uncut (lane 3). DNA fragments appear to be the correct
sizes (expected sizes 3522 and 3011 bp) . B) sll1392 knockout construct plasmid digested with
HindIII restriction enzyme (lane 1) and uncut (lane 2). DNA fragments appear to be the correct
sizes (3553 and 2775 bp).

3.2.2 Plasmid EcoRI digestion
The slr1501 plasmid DNA extracted from E. coli was digested with EcoRI restriction
enzyme to identify plasmids containing the correct size insertion (as in 2.3.5). If the
knockout amplicon had ligated correctly into the plasmid, EcoRI should have cut the
plasmid into the 3 fragments of 3522, 3011 and 173 bp. The digested plasmid fragments
were visualised on an agarose electrophoresis gel (Figure 4 A) and the predicted bands
of approximately 3 kb were seen corresponding to the 3522 and 3011 bp expected from
the digest. The small 173 bp fragment was not visualised but this may have been because
the smaller fragment binds less ethidium bromide than the larger fragment and
therefore may not be sufficiently concentrated to be visualised on the gel. This
demonstrates an insertion of the knockout amplicon has been made into the pGEM-T
Easy plasmid, as the original plasmid only has one EcoRI binding site which would only
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results in one band on the electrophoresis gel. sll1392 knockout plasmid DNA was
similarly digested with HindIII to determine if the amplicon ligation had been successful.
The plasmid DNA fragments were expected to be 3553 and 2775 bp, and bands
corresponding to these were visualised using gel electrophoresis shown in Figure 4 B
lane 1. This indicates insertion the sll1392 knockout amplicon into the CloneJet plasmid,
as the second HindIII binding site was on the sll1392 knockout construct, and without
this insert only one band could be expected.

3.2.3 Plasmid sequencing
The correct ligation of the slr1501 and sll1392 knockout amplicons was confirmed using
Sanger sequencing of the plasmids as in 2.3.6. The slr1501 knockout construct was
sequenced using M13 forward and reverse primers, and the sll1392 construct was
sequenced using the CloneJet pJET1.2 forward and reverse primers (Table 2). This
ensured that the flanking sequences in the knockout constructs did not contain any PCR
errors, therefore the only DNA altered when transformed into Synechocystis 6803 was
the gene of interest. This means that changes to physiological characteristics of the
knockout strains can be reliably attributed to the removal of the gene of interest.
The slr1501 knockout construct in pGEM-T Easy was found to show exact sequence
match with wild-type Synechocystis 6803 genome in the left and right flanks of slr1501.
The majority of the spectinomycin-resistance gene was not sequenced as the growth of
the transformed E. coli cells on spectinomycin-containing medium demonstrates the
presence of the gene in the knockout construct. An exact sequence match was also
shown for the sll1392 pJet plasmid in the left and right flanks of the sll1392 gene and
growth in erythromycin-containing medium showed the presence of the erythromycinresistance cassette.

3.2.4 Transforming the slr1501 and sll1392 knockout plasmids into
Synechocystis 6803
After establishing the correct PCR product has been cloned and it contained no
mismatches in the Synechocystis 6803 slr1501 and sll1392 left and right flanking
sequences, the knockout constructs were transformed into wild-type Synechocystis
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6803 cells as in 2.3.7. The transformed strains were grown on filters on BG-11 agar plates
with no antibiotics for the first 24 h to enable cellular acclimation, and moved to
spectinomycin or erythromycin-containing BG-11 medium plates (for ∆slr1501 or
∆sll1392, respectively) to enable segregation of the inserted DNA into all copies of the
Synechocystis 6803 genome.
The knock-out constructs had sequence homology with the Synechocystis 6803 genome
this enabled double homologous recombination of the knockout constructs to the
genomic flanking regions of the genes of interest. This allowed replacement of the
original genes (either slr1501 or sll1392) with an antibiotic-resistance cassette to
remove gene function from the cells.

3.2.5 Generation of fully segregated mutant strains
The ∆slr1501 and ∆sll1392 transformed strains of Synechocystis 6803 were grown under
antibiotic selection for at least six weeks (as in 2.4.1). This step was to select for
transformed strains of Synechocystis 6803 with copies of the genome that contain the
replacement of the specific antibiotic-resistance cassette instead of the original wildtype gene. This is necessary because Synechocystis 6803 can have more than 12 copies
of its circular genome per cell (Labarre et al. 1989).
Segregation was confirmed by taking a colony of each mutant strain and from the wildtype Synechocystis 6803. These were amplified using the appropriate (gene specific)
NEST-F/R primers. The results of this PCR can be seen using agarose gel electrophoresis
in Figure 5. The expected size of the NEST-primer amplified slr1501 knockout strain was
3277 bp, a band of approximately this size is shown in lane one of Figure 5 A. This was
amplified from the ∆slr1501 Synechocystis 6803 strain, which shows segregation of the
genome copies has taken place. This is confirmed by comparison to the wild-type
Synechocystis 6803 DNA in lane 2 which has an unaltered Nest primer-amplified genetic
region where the slr1501 gene, resulting in a amplicon size of 678 bp, instead of the
larger spectinomycin-resistance cassette of 1732 bp. This accounts for the 1,054 bp
difference in amplicon size for the wild-type DNA in lane 2 down to 2,223 bp. This was
similarly tested for the sll1392 deletion mutant where the size of the knockout genetic
construct inserted into the wild-type genome should have been 2949 bp. The gene
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fragment is visualized in Figure 5 B lane 1. The wild-type comparison DNA is not shown,
but presence of the smaller sll1392 gene in the genome would create amplified gene
fragments of 2105 bp, which is not seen in the gel.

(A)

(B)

Figure 5. Agarose electrophoresis gel image of the colony PCR of ∆slr1501 and ∆sll1392
deletion strains and wild-type Synechocystis sp. PCC 6803. A) ∆slr1501 (lane 1) and a positive
control of wild-type Synechocystis sp. PCC 6803 genomic DNA (lane 2) under amplification from
slr1501 NEST-F1 and NEST-R1 primers. The ∆slr1501 Synechocystis sp. PCC 6803 DNA in lane 1
shows the correct NEST-F1 to NEST-R1 amplified DNA band size of approximately 3277 bp,
where the wild-type DNA is approximately 2,223 bp. B) ∆sll1392 mutant DNA under
amplification from sll1392 NEST-F1 and NEST-R1 primers (lane 1). Gene fragment size seen is
approximately 2949 bp.

3.3 Investigating the impact of removing slr1501 on growth of
Synechocystis 6803 under different conditions

3.3.1 Impact of medium pH on growth of a strain lacking slr1501
The slr1501 transcript levels have been shown to be upregulated following transition
from pH 7.5 medium to 10, and downregulated on transfer from pH 10 to 7.5
(Summerfield and Sherman 2008). The effect of growth in different pH media on the
wild-type and ∆slr1501 strains was examined to test the possibility that slr1501 is
important in acclimation to pH 10 conditions. There was no difference in the ∆slr1501
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mutant growth compared to the wild type when cells were grown photoautotrophically
in medium buffered at either pH 7.5 or pH 10, in standard Synechocystis 6803 growth
conditions (Figure 6 A). Increased growth of Synechocystis 6803 wild-type strain at pH
10 compared to pH 7.5 has been previously reported (Summerfield et al. 2013). This was
also observed in this study where small increase in OD730 nm in pH 10 cultures compared
to pH 7.5 can be seen in later growth stages.
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Figure 6. Effect of low and high light on Synechocystis sp. PCC 6803 wild-type and ∆slr1501
strains in pH 7.5 or 10 growth medium. Photoautotrophic growth of Synechocystis sp. PCC 6803
wild-type GT01 (circles) and the ∆slr1501 strains (squares) in pH 7.5 (filled symbols) and pH 10
BG-11 buffered medium (open symbols). Cultures were measured by the optical density at 730
nm. A) Cultures were illuminated with 30 μE.m-2.s-2 constant white light. Data shown is the mean
of 12 independent biological replicates ± standard error. B) Cultures were illuminated with 300
μE.m-2.s-2 constant white light. Data shown is the mean of 3 independent biological replicates ±
standard error. Error bars not visible are smaller than the symbols.

3.3.2 The effect of high light on the growth of the ∆slr1501 mutant
High light has been shown to be a factor that alters the transcription of both slr1501 and
sll1392 (Kopf et al 2014). This indicated these genes may play a role in acclimation to
high light; to investigate this growth of the ∆slr1501 strain was examined under high
light conditions. While the excess light at 300 μE.m-2.s-2 stresses the cellular
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photosynthetic apparatus, the extra energy and carbon fixture provided still allows rapid
cellular proliferation (Kopecná et al 2012). The growth of the wild-type and ∆slr1501
strains was tested under high light of 300 μE.m-2.s-2 (compared to the standard light
intensity of 30 μE.m-2.s-2) in both pH 7.5 and 10 medium (Figure 6 B). The growth of both
the wild-type and ∆slr1501 strains is increased in high light and the loss of slr1501
appears to have little effect on Synechocystis 6803 growth under high light.
The absence of slr1501 in cells grown at pH 10 where there was increased slr1501 RNA
levels (Summerfield and Sherman 2008) has little effect on cellular growth under
standard growth conditions or different light intensities.
Standard growth conditions used in the lab rarely mimic the complex mix of
environmental factors and nutrient composition that cyanobacteria encounter in the
external environment. The increased RNA levels of slr1501 at pH 10 indicate there may
a role for this gene in cell growth while under the influence of combined pH, medium
and environmental conditions that are more similar to the natural range of stresses and
challenges of growth outside the lab. Therefore, other variables that have been shown
to increase the production of slr1501 mRNA from various microarrays data (Table 1)
were also tested to see how Synechocystis 6803 wild-type and ∆slr1501 mutant cells
would respond to the combination of stresses known to change the regulation of the
gene that was now missing.

3.3.3 The effect of NaCl stress on growth of the strain lacking slr1501
The presence of 0.5 M NaCl has been shown to significantly upregulate slr1501 mRNA
levels in studies by Kanesaki et al. (2002) and Shoumskaya et al. (2005). This suggests a
potential role of slr1501 in the cellular acclimation of Synechocystis 6803 to the ionic
and osmotic stress of high NaCl. As 0.5 M NaCl was the concentration commonly used
to generate Synechocystis 6803 cellular response in microarray studies (Kanesaki et al.
2002, Shoumskaya et al. 2005), this was used as a starting point to investigate the effect
of this stress on ∆slr1501. A series of growth experiments between the wild-type and
∆slr1501 strains in media supplemented with NaCl were performed in an effort to
discover how the lack of slr1501 effected culture growth.
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In addition, several concentrations of NaCl were tested to determine the range of NaCl
tolerance for the wild-type and ∆slr1501 mutant strains. The impact of 0.5 M and 0.75
M NaCl were tested on growth of the wild type and the ∆slr1501 mutant. Both strains
showed decreased growth with increased concentrations of NaCl (Figure 7), and cultures
incubated in 1.0 M NaCl concentrations (not shown) did not grow. This shows the upper
limit for Synechocystis 6803 survival under NaCl stress is below 1.0 M, at least under the
growth conditions used for this experiment. Reed and Stewart (1985) has shown
Synechocystis 6803 to grow under 1.2 M NaCl medium concentrations, although in a
lower temperature of 25°C and a lower illumination of 20 μE.m-2.s-2
When grown in BG-11 medium with 0.5 M NaCl, the wild-type and ∆slr1501 strains grew
similarly (Figure 7 A, B). At pH 7.5 no difference was observed between the two strains
(Figure 7 C). At 0.75 M NaCl, the ∆slr1501 mutant showed a small increase in growth
compared to the wild type at pH 10 (Figure 7 D). These data indicate the absence of
slr1501 may have a positive effect on Synechocystis 6803 growth under NaCl stress at
pH 10.
High light (300 μE.m-2.s-2), NaCl and pH treatments were combined to examine the effect
of multiple slr1501-upregulating environmental stresses (Figure 8 C, D) on Synechocystis
6803. The potential role of slr1501 in the general Synechocystis 6803 stress response
may be determined by the ∆slr1501 mutant growth when influenced by multiple
stressors. High light and salt conditions produced some ∆slr1501 mutant-specific
phenotypes. At the lower concentration of 0.5 M NaCl, both strains grow similarly.
However, when compared to growth in high light without NaCl, growth reduced. The pH
10 cultures at high light both show a decrease in OD730 nm in the later stage of the
experiment that is not seen in the pH 7.5 cultures (Figure 8 A).
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Figure 7. The effect of different concentrations of NaCl on the growth of Synechocystis sp.
PCC 6803 wild-type and ∆slr1501 strains in pH 7.5 or 10 medium. Photoautotrophic growth of
Synechocystis sp. PCC 6803 wild-type GT01 (circles) and the ∆slr1501 strains (squares) in pH 7.5
(filled symbols) and pH 10 BG-11 buffered medium (open symbols). All cultures were illuminated
with 30 μE.m-2.s-2 constant white light. Cultures were measured by the optical density at 730
nm. Data shown is the mean of 3 independent biological replicates ± standard error. A) Cultures
were incubated in medium supplemented with 0.5 M NaCl at pH 7.5. B) Cultures were incubated
in medium supplemented with 0.5 M NaCl at pH 10. C) Cultures were incubated in medium
supplemented with 0.75 M NaCl at pH 7.5. D) Cultures incubated in were medium supplemented
with 0.75 M NaCl at pH 10.
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This effect can be seen to a reduced extent under high light without NaCl stress,
although the increase was not maintained until the end of the experiment (Figure 6 B).
At 0.75 M NaCl with high light the ∆slr1501 strain exhibits steady growth unlike the wild
type which does not grow (Figure 8 B). Decreased growth for the wild type compared to
the mutant was observed in the low light experiment (Figure 7 D). This difference
between strains was more marked in the high light.
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Figure 8. The effect of different concentrations of NaCl on ∆slr1501 growth in pH 7.5 or 10
medium in high light. Photoautotrophic growth of Synechocystis sp. PCC 6803 wild-type GT01
(circles) and the ∆slr1501 strains (squares) in pH 7.5 (filled symbols) and pH 10 BG-11 buffered
medium (open symbols). Cultures were illuminated by of 300 μE.m-2.s-2 constant white light
(high light). Cultures were measured by the optical density at 730 nm. All data shown is the mean
of 3 independent biological replicates ± standard error. A) Cultures were incubated in medium
supplemented with 0.5 M NaCl. B) Cultures were incubated in medium supplemented with 0.75
M NaCl.

The ∆slr1501 culture that has been grown at pH 7.5 with salt and high light is shown in
Figure 9, where the culture did not show the green colour typical for ∆slr1501 when
grown in medium buffered at pH 7.5 under high light conditions without the addition of
salt. Although the strain lacking slr1501 appeared stressed following incubation at pH
7.5 under high light with salt it was able to grow, unlike the wild type. This indicated loss
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of the slr1501 gene plays a role in enabling growth under these conditions. At 0.75 M
NaCl pH 10 medium and high light conditions, both strains decrease in growth reaching
a final OD730 nm of ~0.030 and did not recover (Figure 8 B). The growth conditions with
high light and the osmotic and ionic stresses of NaCl, combined with high pH inhibited
growth of both the wild type and mutant.

Figure 9. The effect of 0.75 M NaCl and high light on wild-type and the ∆slr1501 strains
Synechocystis sp. PCC 6803 growth in pH 7.5 or 10 medium. Cultures were photographed 86 h
after inoculation and incubated in standard Synechocystis sp. PCC 6803 growth conditions with
illumination by 300 μE.m-2.s-2 constant white light. From left to right, culture flasks contain the
wild type at pH 7.5, ∆slr1501 mutant at pH 7.5, wild type at pH 10, and ∆slr1501 mutant at pH
10.

3.3.4 Changes in growth of the ∆slr1501 mutant deletion in sorbitol stress
Sorbitol-induced osmotic stress was another medium variable tested on the wild-type
and ∆slr1501 Synechocystis 6803 strains. Like NaCl, sorbitol has been shown to increase
the transcript levels of slr1501 (Table 1). Sorbitol stress differs from NaCl in that it is
osmotic, not a combined ionic and osmotic influence on cellular homeostasis (Marin et
al. 2006). This allows differentiation to be made between the effects of ionic and
osmotic stress on slr1501 and showed how the mutant and the wild-type strains are
affected by each. A range of sorbitol concentrations in BG-11 medium was initially tested
to determine the range of Synechocystis 6803 osmotic stress tolerance for analysis of
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Figure 10. The effect of increasing concentrations of sorbitol on ∆slr1501 mutant growth in
pH 7.5 or 10 medium. Photoautotrophic growth of Synechocystis sp. PCC 6803 wild-type GT01
(circles) and ∆slr1501 strains (squares) in pH 7.5 (filled symbols) and pH 10 BG-11 buffered
medium (open symbols). Cultures were illuminated by of 30 μE.m-2.s-2 constant white light.
Cultures were measured by the optical density at 730 nm. Data shown is the result of a single
biological replicate for each concentration of sorbitol tested. A) Cultures were incubated in
medium supplemented with 0.25 M sorbitol. B) Cultures were incubated in medium
supplemented with 0.375 M sorbitol. C) pH 7.5 cultures were incubated in medium
supplemented with 0.425 M sorbitol. D) pH 10 cultures were incubated in medium
supplemented with 0.425 M sorbitol.
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the ∆slr1501 mutant (Figure 10). When BG-11 medium was supplemented with 0.25 and
0.375 M sorbitol, cultures grew slower than those in standard medium without sorbitol,
but there was little difference between ∆slr1501 and the wild-type strains (Figure 10 A,
B). There was a larger difference between pH 7.5 and 10 culture growth rates, but this
follows the same trend of increased growth for pH 10 as when grown in standard BG-11
(Figure 6).

At 0.425 M and 0.5 M sorbitol, significant growth phenotypes can be seen between the
∆slr1501 and the wild-type strains. Initial growth experiments in 0.5 M sorbitol medium
showed increased OD730 nm for the Δslr1501 strain at pH 7.5 and an initial decrease in
OD730 nm for the wild type at pH 10 (Figure 11 A, B). This experiment was performed in
triplicate. At a later time, another three replicates of the same experiment was carried
out to confirm phenotypes seen (Figure 11 C, D). However, these later experiments
showed a reversed phenotype for the strains grown in pH 7.5 and 0.5 M sorbitol
medium, where the wild type showed increased OD730 nm measurements compared to
the Δslr1501, the opposite of previous experiments. These experiments were repeated
in triplicate with similar results, despite efforts to keep all experimental variables the
same as the first triplicate. The data from the six total 0.5 M Δslr1501 mutant sorbitol
growth

experiments are

split

into

these

chronologically-divided

triplicates

corresponding to the two sets of experiments shown for the pH 7.5 treatments. Data
from these 0.5 M sorbitol pH 7.5 experiments therefore cannot be used until the
variability in results are understood.

In contrast, the data from the 0.5 M sorbitol pH 10 growth experiments were more
consistent for the 6 replicates, particularly in the first 38 h. The wild-type cultures show
a repeatable decrease in OD730 nm at the first measurement at 14 h. Wild-type cultures
begin to recover after 38 h and return to exponential growth. The Δslr1501 cultures
under the same conditions did not show the same decrease in OD730 nm as the wild type
in the first 38 h of incubation. These cultures either decreased slightly or remained a
similar OD730 nm to the starting OD730 nm in this initial period.
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Figure 11. The effect of 0.5 M sorbitol on Synechocystis sp. PCC 6803 wild-type and ∆slr1501
strains optical density in pH 7.5 or 10 medium. Photoautotrophic growth of Synechocystis sp.
PCC 6803 wild-type GT01 (circles) and ∆slr1501 strains (squares) in pH 7.5 (filled symbols) and
pH 10 BG-11 buffered medium (open symbols). Cultures were illuminated by 30 μE.m-2.s-2
constant white light. Cultures were measured by the optical density at 730 nm. Cultures were
incubated in medium supplemented with 0.5 M sorbitol. Data shown is generated from the same
experimental conditions in A/B and C/D, and each are a separate mean of 3 independent
biological replicates ± standard error. The data from A/B and C/D were collected from two
groups of 3 consecutive experiments performed a month apart. The collected data were split in
this way to highlight the variable results seen in the pH 7.5 cultures.
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Figure 12. The effect of 0.5 M sorbitol on the wild-type and ∆slr1501 Synechocystis sp. PCC
6803 strains growth in pH 7.5 or 10 medium. Cultures were photographed 14 h after inoculation
and incubated in standard Synechocystis sp. PCC 6803 growth conditions. A/B) Wild-type
Synechocystis sp. PCC 6803 0.5 M Sorbitol pH 10 cultures with visible cellular aggregations, more
easily observed from below as in B. C) ∆slr1501 culture photographed after the same setup and
incubation. Some aggregation was present, but noticeably less than the wild-type.

3.3.5 The short term effect of sorbitol stress on changes in cell volume of
the Δslr1501 mutant strain
Sorbitol-induced osmotic stress has been shown to have an immediate effect on the
cytoplasmic volume of Synechocystis 6803 cells (Marin et al. 2006). In fact it has been
shown to cause a decrease in Synechocystis 6803 cell volume of more than half after 120
min of exposure (Kanesaki et al. 2002). This experiment involved measuring the light
scattering of the wild-type and Δslr1501 strains at OD730 nm over 300 min. This light
scattering can detect changes in culture-wide Synechocystis 6803 average cell size and
other characteristics, which are not detected in the long term sorbitol growth
experiments.
Decrease in wild-type OD730 nm was seen after 14 h in 0.5 M sorbitol pH 10 medium
(Figure 11), but it was not known what was causing this early decrease. The short term
effects of 0.5 M sorbitol on the wild-type and Δslr1501 strains at pH 7.5 and 10 was
therefore examined in order to see if initial acclimation to osmotic stress vary between
the wild type and the Δslr1501 mutant. This differs from the other long term growth
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Figure 13. The short term effect of 0.5 M of sorbitol on wild-type and ∆slr1501 Synechocystis
sp. PCC 6803 strain growth in pH 10 medium over 300 min. Change in OD730 nm of Synechocystis
sp. PCC 6803 wild-type GT01 (circles) and ∆slr1501 strains (squares) in pH 10 BG-11 buffered
medium (open symbols). Cultures were illuminated by 30 μE.m-2.s-2 constant white light and
measured by the optical density at 730 nm. Data shown is the mean of 2 and 3 independent
biological replicates ± standard error for the ∆slr1501 and the wild-type strains respectively. A)
Cultures were incubated in pH 10 medium. B) Cultures were incubated in medium supplemented
with 0.5 M sorbitol at pH 10.

experiments as it examines the time where the cells have to acclimate rapidly to the
sudden presence of osmotic stress, without yet going through energetically costly cell
proliferation. To capture this acclimation period, the OD730 nm of the both strains was
measured over 300 min incubation in standard growth conditions.
In the control for the short term experiments without sorbitol there was an increase in
OD730 nm for both the wild-type and the Δslr1501 strains (Figure 13 A). The wild type
showed increased OD730 nm in the pH 10 as compared to the mutant, although both show
a total increase in OD730 nm after an initial small decrease. When 0.5 M sorbitol is added
as a variable (Figure 13 B) in pH 10 medium, both strains show an immediate decrease
in OD730 nm at 5 and 15 min. After this initial decrease in OD730 nm both strains continue
to decrease in OD730 nm as time passes, both with mostly overlapping error bars that
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indicate a fairly similar trend. This is contrary to the first 14 h measurement in the long
term 0.5 M sorbitol pH 10 experiments, where it showed the most stable differences in
growth between the mutant and the wild type.

3.4 Investigating the impact of removing sll1392 on growth of
Synechocystis 6803 under different conditions

3.4.1 The impact of high pH and high light on the ∆sll1392 mutant strain
The gene sll1392, designated pfsR by Jantaro et al. 2006 (photosynthesis, Fe
homeostasis and stress-response regulator) is adjacent to slr1501 in the Synechocystis
6803 genome. sll1392 is the other gene with a potential role in high pH acclimation, it is
upregulated in cells following transition from medium buffered from pH 7.5 to pH 10
and is downregulated when returned to pH 7.5 medium (Summerfield and Sherman
2008). In addition, a number of other environmental variables effect its level of mRNA
copies. Little is known about how high pH relates to the activation or function of this
gene, alone or in conjunction with other variables.
When grown in medium buffered at pH 7.5 the ∆sll1392 strain showed a small decrease
in growth compared to the wild type (Figure 14 A - in this figure error bars are smaller
than the symbols). This difference in growth between the mutant and wild type was not
observed when grown in BG-11 medium buffered at pH 10 (Figure 14 B).
High light has been shown to be a factor in sll1392 function, given that the deletion of
sll1392 led to a return of viability under high light to a high light sensitive strain of
Synechocystis 6803 (Jantaro et al. 2006). Under high light conditions in medium buffered
at pH 7.5, the same trend can be seen as under normal light conditions, with the ∆sll1392
mutant growth showing inhibited growth compared to the wild type. In medium
buffered at pH 10 and high light, the wild-type cells showed an initial similar trend to pH
7.5 with increased growth as compared to the ∆sll1392 strain, but wild-type cell density
begins to plateau at around 60 h. The ∆sll1392 strain continued to grow and had a
substantially higher final OD730 nm than the wild type.
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Figure 14. Synechocystis sp. PCC 6803 wild-type and ∆sll1392 mutant growth in pH 7.5 or 10
medium under high or low light. Photoautotrophic growth of Synechocystis 6803 wild-type
GT01 (circles) and ∆sll1392 strains (triangles) in pH 7.5 (filled symbols) and pH 10 BG-11 buffered
medium (open symbols). Cultures were measured by the optical density at 730 nm. Error bars
not visible are smaller than the symbols. Data shown is the mean of 3-4 independent biological
replicates ± standard error. The smaller inserts in the graphs is the same data plotted on a nonlogarithmic y axis scale to more clearly show large changes in late-phase growth. A) pH 7.5
cultures illuminated with 30 μE.m-2.s-2 constant white light. B) pH 10 cultures illuminated with
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30 μE.m-2.s-2 constant white light. C) pH 7.5 cultures illuminated with 300 μE.m-2.s-2 constant
white light. D) pH 10 cultures illuminated with 300 μE.m-2.s-2 constant white light.

Late stage differences in OD730 nm between strains are more clearly seen in the small
non-logarithmic y-axis inserts in each graph. These phenotypes indicate that the sll1392
gene may play a role in maintaining growth at pH 75. This effect is amplified by high light
growth conditions, consistent with the gene functioning to maintain photosynthesis
function as suggested by Jantaro et al. (2006).

3.4.2 The effect of salt stress on growth of the strain lacking sll1392
Given the growth phenotype seen for the slr1501 mutant compared to the wild-type
Synechocystis 6803 under NaCl stress, the adjacent gene sll1392 was also examined to
determine if high salt had any effect on the strain lacking this gene. Following the
addition of either 0.5 M or 1.0 M NaCl to the medium, the wild-type and ∆sll1392 strains
responded similarly, both showing slow but constant growth at 0.5 M NaCl or no growth
at 1.0 M NaCl (Figure 15 A, C). However, in the presence of 0.75 M NaCl, differences
between the wild type and mutant were observed (Figure 15 B). In medium buffered at
pH 7.5, the ∆sll1392 strain showed an increased OD730 nm compared to the wild type. In
contrast, the ∆sll1392 mutant at pH 10 grew slower and have a lower OD730 nm for the
majority of the growth curve compared to the wild type. These two mutant phenotypes
show different responses at low and high pH in the presence of 0.75 M NaCl, in contrast
the wild type at both pH 7.5 and pH 10 responded in a similar way, although there was
a small decrease in growth at high pH.
These results indicate that sll1392 may have an effect on the high salt tolerance which
is influenced by the pH of the culture medium. It should be noted that unlike the
majority of growth curves included in this study which were performed in triplicate,
these results were from single experiments performed for each NaCl concentration. This
experiment should be repeated to at least triplicate level for more substantial
conclusions to be drawn.
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Figure 15. The effect of NaCl on the Synechocystis sp. PCC 6803 wild type and ∆sll1392 mutant
growth in pH 7.5 or 10 medium. Photoautotrophic growth of Synechocystis 6803 wild-type GT01
(circles) and ∆sll1392 (triangles) strains in pH 7.5 (filled symbols) and pH 10 BG-11 buffered
medium (open symbols). Cultures were measured by the optical density at 730 nm. Data shown
is the result of a single independent biological replicate. A) pH 7.5 and 10 cultures were
illuminated with 30 μE.m-2.s-2 constant white light and medium was supplemented with 0.5 M
NaCl. B) pH 7.5 and 10 cultures were illuminated with 30 μE.m-2.s-2 constant white light and
medium was supplemented with 0.75 M NaCl. C) pH 7.5 and 10 cultures were illuminated with
30 μE.m-2.s-2 constant white light and medium was supplemented with 1.0 M NaCl.
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3.4.3 The impact of iron deprivation and pH of culture medium in the
absence of sll1392
The role of sll1392 in control of the cellular response to free iron deprivation in
Synechocystis 6803 has been previously shown (Cheng and He 2014). However, no
research has been carried out to determine the role of pH and how this changes the way
that Synechocystis 6803 responds to the stress of iron deprivation. Cheng and He (2014)
showed that a range of 10-50 µM of the iron chelator 2, 2’-bbipyridyl provided enough
binding of free iron in modified BG-11 media that lacks ferric ammonium citrate, to
stress wild-type cultures and cause growth reduction or death.
The effect high pH would have on ∆sll1392 strain under iron deprivation was examined
in an effort to understand the upregulation of sll1392 RNA transcripts levels at pH 10
(Summerfield and Sherman 2008). Having a high pH medium decreases the availability
of free iron (Leadbetter 2005), which may explain the upregulation of sll1392 at pH 10.
In addition, sll1392 showed an upregulation in mRNA of 3.3-fold when exposed to 10
µM of 2, 2’-bipyridyl (Cheng and He 2014).
At 10 µM of 2,2’-bipyridyl, all cultures are stressed compared to iron-replete
experiments, but there were no differences between strains or when comparing strains
in medium buffered at pH 7.5 or pH 10, apart from a late stage decrease in OD 730 nm for
the wild-type pH 7.5 culture (Figure 16 A). This may be explained by the iron levels in
the medium having been totally exhausted at this point.
At 10 µM of 2, 2’-bipyridyl and under high light (Figure 16 C), the cultures showed a
similar growth pattern as lower light conditions, although a small increase in OD730 nm
was observed for pH 10 cultures. Also, a decrease in the OD 730 nm of the wild-type cells
in medium buffered at pH 7.5 was seen later in the experiment, this may be a more
marked version of the small drop in OD730 nm seen in the low light experiment. This
suggests that high light acts in combination with iron deprivation stress to make it more
difficult to survive, or perhaps that the minimal free iron in the media was depleted
faster because of the higher photosynthetic activity of cells in high light and increased
culture density.
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Figure 16. The effect of high and low iron deprivation on the Synechocystis sp. PCC 6803 wild
type and ∆sll1392 mutant growth in pH 7.5 or 10 medium, in low or high light.
Photoautotrophic growth of Synechocystis 6803 wild-type GT01 (circles) and ∆sll1392 (triangles)
strains in pH 7.5 (filled symbols) and pH 10 BG-11 buffered medium (open symbols). All minimal
iron BG-11 medium was made without ferric ammonium citrate. Cultures were measured by the
optical density at 730 nm. A) Cultures were illuminated with 30 μE.m-2.s-2 constant white light
and BG-11 medium was supplemented with 10 µM of the free iron chelator 2,2’-bipyridyl. Data
shown are from a single biological replicate. B) Cultures were illuminated with 30 μE.m-2.s-2
constant white light and BG-11 medium was supplemented with 50 µM of the free iron chelator
2,2’-bipyridyl. Data shown are the mean of 3 independent biological replicates ± standard error.
C) Cultures were illuminated with 300 μE.m-2.s-2 constant white light (high light) and BG-11
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medium was supplemented with 10 µM of the iron chelator 2,2’-bipyridyl. Data shown is from a
single biological replicate. D) Cultures were illuminated with 300 μE.m-2.s-2 constant white light
(high light) and BG-11 medium was supplemented with 50 µM of the iron chelator 2,2’-bipyridyl.
Data shown are the mean of 3 independent biological replicates ± standard error.

It should be noted that these 10 µM 2, 2’-bipyridyl experiments only consists of a single
biological replicate each, and replication of the experiment should be carried out.
At 50 µM 2, 2’-bipyridyl in culture medium (- ferric ammonium citrate), a different effect
can be seen on the strains. In cultures with medium buffered at pH 7.5 and incubated in
low light (Figure 16 C, D), with the wild type showing a slight initial increase in OD 730 nm
over the ∆sll1392. At high light both strains did not grow. For cultures in medium
buffered at pH 10, both strains manage to grow poorly in both low and high light setting.
In low light, the cultures increase their OD730 nm for the first ~40 h, and growth plateaued
for the remainder of the experiment. Wild-type and ∆sll1392 strains both showed a
similar growth pattern. The effect of pH on Synechocystis 6803 growth with low iron
availability can be seen (Figure 16 C, D). Culture growth at pH 7.5 with 50 µM 2, 2’bipyridyl is severely arrested, in both wild-type and the ∆sll1392 strains.
In high light and pH 10, the overall trend is very similar to low light. However, a more
immediate and severe reduction in growth of the ∆sll1392 strain was seen, with OD730
nm

increasing only for the first ~20 h and then growth stopping. The wild type continues

to slowly grow after the initial ~20 h, and although it showed some variation in response
between experiments, it consistently performed better than the mutant under these
conditions.
With some iron deprivation (10 µM 2, 2’-bipyridyl), the only effect seen is the late-stage
decrease in OD730 nm for the wild type at pH 7.5, which is amplified by high light. Under
high iron deprivation (50 µM 2, 2’-bipyridyl), the wild-type cultures grow better than the
∆sll1392 strain. While small increases in OD730 nm are seen, this consistently showed a
decrease in growth without sll1392 and deprived of free iron.
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3.4.4 The effect of ethanol and high light on the ∆sll1392 mutant
Exposure to 2% ethanol stress has been shown to increase the mRNA levels of sll1392
5-fold in a study by Wang et al. (2012). Therefore the effect of adding ethanol to culture
was examined for the ∆sll1392 mutant and the wild type in order to determine if loss of
the gene alters ethanol stress response.
When the wild-type and ∆sll1392 Synechocystis 6803 strains were grown in pH 7.5 BG11 medium supplemented with 2% ethanol under high light, increased culture OD730 nm
can be seen for the wild type as compared to the mutant (Figure 17 A). This growth trend
is similar to the previous high light experiment (Figure 14) where the wild type finishes
the incubation at about twice the OD730 nm of the mutant. The growth of both strains
was reduced when 2% ethanol was present. At pH 10 the same general trend of
increased OD730 nm for the wild type is seen, with a high pH-specific initial decrease in
OD730 nm that is greater for the ∆sll1392 strain (Figure 17 B). This was characterised by
initial clumping of the cells in both cultures into a single floating mass (Figure 18) that
was not seen at pH 7.5. Cell aggregations from both strains began to disperse into the
medium and growth continued after the initial 14 h measurement.
Increasing the medium ethanol to 4% in medium buffered at pH 7.5 showed a similar
increase in wild-type growth compared to the mutant as the addition of 2% ethanol
(Figure 17 C). The ∆sll1392 strain also had a lag growth for the first 24 h where the wild
type continued to increase in OD730 nm. At pH 10 and 4% ethanol, this initial growth lag
was increased to 62 h for the wild type and 86 h for the ∆sll1392 strain (Figure 17 D).
Cultures increased in OD730 nm rapidly after the initial lag phase. These ethanol and high
light experiments were only carried out once, so while an overall trend of increased
OD730 nm and decreased lag phase for the wild type can certainly be seen, more biological
replicates of the experiments must be carried out to make more reliable observations.
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Figure 17. The effect of ethanol and high light on the Synechocystis sp. PCC 6803 wild type and
∆sll1392 mutant growth in pH 7.5 or 10 medium. Photoautotrophic growth of Synechocystis
6803 wild-type GT01 (circles) and ∆sll1392 (triangles) strains in pH 7.5 (filled symbols) and pH
10 BG-11 buffered medium (open symbols). Cultures were measured by the optical density at
730 nm. Data shown is from a single biological replicate. A/B) Cultures were illuminated with
300 μE.m-2.s-2 constant white light and BG-11 medium was supplemented with 2% ethanol. B/C)
Cultures were illuminated with 300 μE.m-2.s-2 constant white light and BG-11 medium was
supplemented with 4% ethanol.
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Figure 18. The aggregation effect of 2% ethanol and high light on Synechocystis sp. PCC 6803
strains. The initial effect of pH 7.5 (top) and pH 10 (bottom) on wild-type (left) and ∆sll1392
strains (right). Synechocystis sp. PCC 6803 cultures grown with 2% medium ethanol and under
high light. Cultures were photographed 14 h after inoculation (the first data point from Figure 4
B) and were incubated in standard Synechocystis sp. PCC 6803 growth conditions, with
illumination by 300 μE.m-2.s-2 constant white light.
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4.0 Discussion
4.1 Overview
The aim of this project was to investigate the role of the genes slr1501 and sll1392 in
response to high pH in Synechocystis 6803. The hypothesis was that the genes slr1501
and sll1392 play a role in acclimation of Synechocystis 6803 cells to elevated pH. This
project presents the first production of a ∆slr1501 mutant strain and the first
investigation of the impact of high pH on a ∆sll1392 strain. No previous research has
investigated the function of slr1501, which is predicted to encode an acetyltransferase
protein. The gene sll1392 has been previously characterised and named pfsR
(photosynthesis, Fe homeostasis and stress-response regulator) by Jantaro et al (2006);
however, the role of this gene in response to environmental pH has not been examined
before.
After generation of these gene knockout strains growth experiments were performed
to investigate the roles of these genes in a high pH environment. The characterisation
of these genes and other high pH regulated genes will help to advance the
understanding of the cellular mechanisms and regulation of high pH acclimation in
cyanobacteria. Response to alkaline environments are of interest because of the
widespread ecological importance of cyanobacteria in these conditions and the
potential for application of cyanobacteria as production platform for renewable fuel.

4.2 Characterisation of a strain lacking slr1501
4.2.1 The absence of slr1501 did not alter the ability to grow at elevated
pH
The Δslr1501 knockout mutant did not exhibit any difference in growth compared to the
wild type when grown in medium buffered at pH 7.5 or 10 (Figure 6 A). This growth of
the ∆slr1501 mutant in standard growth conditions shows the gene is not essential for
Synechocystis 6803 growth under non-stressful conditions. The rapid downregulation of
slr1501 (-40.6x in 1 h) when shifted from a highly alkaline environment to pH 7.5 may
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indicate the gene is not required at pH 7.5 or even that the gene has an undesired
function under these conditions. Therefore removal of slr1501 was not expected to alter
growth at pH 7.5.
Although increased transcript levels were observed for slr1501 mutant following
exposure to elevated pH (Summerfield and Sherman 2008) this study shows the gene
was not essential for photoautotrophic growth at pH 10. It is possible more in depth
physiological analysis of the wild type and the Δslr1501 mutant may show a difference
between the strains under these conditions. Transcriptional regulation is known to play
a major role in the prokaryote stress response (Picard et al. 2013). Even so, loss of the
gene in the knockout Δslr1501 strain had no effect on the growth rate of Synechocystis
6803 at pH 10 compared to the wildtype. A small increase in growth in the wild-type and
the Δslr1501 strains was seen in medium buffered at pH 10 compared to pH 7.5. The pH
10-specific increase in growth has been previously reported in Summerfield et al. (2013).
This indicates that high pH may not be a true stress condition for Synechocystis 6803
cultures.

4.2.2 High light showed minimal effect on the growth of a strain lacking
slr1501
Like pH, high light is an environmental variable shown to increase transcript levels of
slr1501 (Kopf et al. 2014). The addition of high light as an environmental stress increased
wild-type growth compared to low light (Figure 6 B). Under high light both strains still
showed increased growth in medium buffered at pH 10 compared to pH 7.5 (Figure 6 B).
The deletion of slr1501 did not alter growth under high light compared to the wild type.

4.2.3 Removal of slr1501 had a positive effect on growth in salt stress
High salt concentration is detrimental to cyanobacterial growth. The presence of salt
creates an ionic and osmotic negative potential in the medium that cells must acclimate
to in order to maintain growth (Hagemann 2011). The Synechocystis 6803 gene slr1501
is upregulated under high salt stress 7x (Kanesaki et al. 2002) and 5.2x (Shoumskaya et
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al. 2005). Investigation of the response of the wild-type and mutant strains showed no
growth phenotypes in the presence of 0.5 M NaCl (pH 7.5 or 10), which is the
concentration used in the literature to generate salt stress for microarray analysis. In
this case it appears that slr1501 can be upregulated under lower stress levels but its
absence not alter growth, much like at 10 (Figure 6). The addition of 1 M NaCl abolished
growth of both strains (data not shown), whereas 0.75 M NaCl appears to be the optimal
concentration for stressing Synechocystis 6803 cells to reveal more sensitive
phenotypes.
In medium with 0.75 M NaCl a small increase in growth of the ∆slr1501 mutant
compared to the wild type was observed in medium buffered at pH 10 (Figure 7 D). This
indicates that the absence of slr1501 may improve the ability of Synechocystis 6803
grow under these conditions. This could indicate that the slr1501 acts to initially
decrease growth in stressful conditions, perhaps enabling acclimation to the stress
rather than initiating metabolically costly cell division.

4.2.4 Removal of slr1501 enabled survival in combined high light and salt
stress
High light combined with high salt medium was used in growth experiments to
investigate the effect of multiple stressors on slr1501. Multiple different stress effects
may show a greater influence on slr1501 expression, given the gene’s possible role in
the general Synechocystis 6803 stress response rather than acting as a specific stress
tolerance mechanism. The ∆slr1501 mutant growth phenotypes previously seen with
only high salt were intensified when incubated in the combined high light and salt
conditions.

At

pH

7.5

in

these

conditions,

the

∆slr1501

mutant

grew

photoautotrophically whereas the wild type did not grow (Figure 8 B). This supports the
idea that slr1501 plays a role in slowing Synechocystis 6803 growth under stressful
conditions. It is important to note that while ∆slr1501 mutant culture grew in these
conditions, pigments were decreased, indicating the cultures were stressed (Figure 9).
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Because cells grown in medium buffered at pH 7.5 under high light without salt stress
did not show reduction growth of the wild type (Figure 6), it can be inferred that slr1501
function has a greater effect on salt stress mitigation than high light.
High light stress on Synechocystis 6803 cells results in cellular damage by reactive oxygen
species generated by the overexcitation of the light-capturing apparatus (Niyogi 1999).
High light also damages Photosystem II, requiring constant repair and upkeep for
function. Salt stress has been shown to inhibit the repair of high light-damaged
Photosystem II in Synechocystis 6803 (Allakhverdiev et al. 2002). Salt stress was found
to inhibit the transcription and the translation of Photosystem II genes like psbA. This
may be responsible for this decrease in wild-type growth when high light is combined
with high salt stress at pH 7.5. This decreased growth in response to stress may be
mediated through slr1501 as improved growth under these stress conditions was seen
in the ∆slr1501 mutant compared to the wild type.
In medium buffered at pH 10 under high light and high salt conditions, both strains did
not grow. When compared to the ∆slr1501 strain growth at pH 7.5 with the same stress
variables, this indicates that the addition of high pH acts to inhibit culture growth in a
way that is not recovered by the deletion of slr1501. While Synechocystis 6803 is capable
of acclimation to pH 10 (Figure 6), perhaps maintaining pH homeostasis at high pH and
acclimating to the high light and salt stress is too energetically demanding to enable
growth. The late stage decrease in growth at pH 10 seen in both strains at 0.5 M NaCl
and high light (Figure 8 A) supports the idea that high pH has a negative effect on
Synechocystis 6803 cell in combined high light and salt conditions.
It is likely that slr1501 is expressed under pH 10 and high light and salt conditions, given
its upregulation at high pH 10 seen in Summerfield and Sherman (2008). As slr1501 was
also found to be rapidly downregulated at pH 7.5 by Summerfield and Sherman (2008),
it is interesting to discover a pH 7.5 phenotype for ∆slr1501 in this experiment on salt
stress and high light. It is possible that the addition of either high light or NaCl could
prevent the downregulation of slr1501 otherwise seen at pH 7.5 in the wild type. This is
supported by the microarray study conducted by Kanesaki et al. (2002), where the 7x
increase in slr1501 transcript at 0.5 M NaCl was found in cells grown at pH 7.5.
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This could explain the loss of wild-type growth at 0.75 M NaCl pH 7.5 medium in high
light compared to the mutant seen in Figure 8 B. Expression of slr1501 in the wild type
in these conditions may result in the gene product being involved in inhibition of growth.
The decreased wild-type growth compared to the ∆slr1501 mutant was also seen at 0.75
M NaCl pH 10 conditions in low light, showing that high light is not necessarily required
for the slr1501-linked decrease in growth. This decrease in the wild-type growth with
the activation of slr1501 would be consistent with the involvement of slr1501 in the
negative regulation of Synechocystis 6803 growth under certain stressful environmental
conditions.
This regulation could be part of a mechanism inhibiting growth when an environmental
condition is stressful resulting in slowed growth and potentially maintaining the cells
alive but not growing until the stress is no longer present. This may perhaps be
reminiscent of the way Nostocales and Stigonematales cyanobacteria can create sporelike dormant akinete cells to survive harsh conditions and return to growth afterwards
(Kaplan-Levy 2010).
This potential explanation of slr1501 regulation and function still does not explain the
large changes in slr1501 regulation seen at pH 7.5 and pH 10 with no additional stresses
(Summerfield and Sherman 2008). If an increase in slr1501 acts to slow or stop
Synechocystis 6803 under certain stress conditions, it is it unknown why the gene is
upregulated at pH 10 where growth is increased for both the wild type and the ∆slr1501
mutant compared to pH 7.5.
The combined stress of 0.75 M NaCl and high light of 300 μE.m-2.s-2 perhaps displays
∆slr1501 mutant strain growth phenotypes due to its similarity to more realistic stress
conditions outside the lab that Synechocystis 6803 cells would encounter in their natural
environment and thus evolve to combat. Direct sunlight can reach up to levels of 2000
μmol m-2 s-1, so the standard light intensity of 30 μE.m-2.s-2 used in our lab for
Synechocystis 6803 incubation is very low in comparison. Our high light intensity is still
far lower than the highest light intensity that might be experienced by cyanobacteria
outside the lab. The NaCl levels commonly encountered in seawater can consist of ~0.6
M. Therefore the high salt concentration of 0.75 M is a reasonably stressful condition
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for Synechocystis 6803 experience outside the laboratory, given that it is a freshwater
organism with the ability to acclimate to seawater-levels of NaCl (Iijima et al. 2015)

4.2.5 Initial decrease in growth during osmotic stress was lost in the
absence of slr1501
While osmotic stress is a part of salt stress (Marin et al. 2006), it is useful to examine the
role of osmotic stress without the additional factor of ionic stress in an attempt to isolate
the function and regulation of slr1501. Osmotic stress has been show to upregulate
slr1501 transcript levels 1.4x (Kanesaki et al. 2002), to a lesser degree than NaCl stress
of 7x. Growth medium concentration of 0.5 M sorbitol was used to generate the osmotic
stress in that study. This is a common additive used to generate negative osmotic
potential for microorganism growth medium.
Results of testing growth of the wild-type and ∆slr1501 strains under sorbitol stress were
more variable than high salt stress. Six experiments were performed in two batches of
3 biological replicates a month apart (Figure 11 A, C). In the case of growth in medium
buffered at pH 7.5 in the presence of sorbitol, the trends of the two triplicates were
reversed, with the ∆slr1501 mutant growing better than the wild type in one set of
experiments and the opposite in other set. It is unknown why the growth trends changed
over time in these conditions. It is also possible that some factor changed the viability
of one of the strains between experiments, such as culture contamination. Alternatively,
the biological trigger for slr1501 mRNA production could be particularly unpredictable
or sensitive to small environmental changes in the specific experimental conditions.
It is an interesting point that differences were observed between the ∆slr1501 mutant
and the wild type in medium buffered at pH 7.5 with the additional of 0.5 M sorbitol,
regardless of variability in results. This supports the idea from the previous data from
the high salt experiments that the pH – mediated downregulation of the slr1501
transcript can be counteracted by the addition of an osmotic or ionic stress. If the
slr1501 transcript was not transcribed at pH 7.5 in the wild type, there should be no
difference in phenotype to the ∆slr1501 mutant.
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When cells are grown in pH 10 medium supplemented with 0.5 M sorbitol, the wild type
showed an initial decrease in growth in the first 14 h of the incubation (Figure 11 B, D).
This was a decrease to less than half of the starting OD 730 nm that was not observed in
the ∆slr1501 mutant strain. Removal of the slr1501 gene prevents this initial slowing of
growth. Given that the wild-type cultures are usually able to recover and increase in
OD730 nm after 38 h, this may be a response to reduce cell division until the cells are
acclimated to the stressful conditions that they have been suddenly exposed to. This is
consistent with idea that slr1501 plays a role in the negative regulation of growth under
stressful growth conditions.
Alternatively, the wild-type specific decrease in OD730

nm

may be due to cellular

aggregation of the initial cellular inoculation in the first 14 h (Figure 12). This aggregation
occurred in the ∆slr1501 mutant to a much lesser extent. After 38 h, the growth rates of
the wild-type and ∆slr1501 strains were more similar to each other but were variable
between experiments.

4.2.6 Short-term osmotic stress in the absence slr1501
Sorbitol-induced osmotic stress is known to have immediate effects on the cytoplasmic
volume (Marin et al. 2006). Decreases in Synechocystis 6803 cell volume to 30% of the
original was shown to occur within 10 min of exposure to 0.5 M sorbitol medium
(Kanesaki et al. 2002). The reproducible decreases in OD730 nm for the wild type in 0.5 M
sorbitol pH 10 (Figure 11 B, D) are first measured after 14 h. It was unknown what was
happening to the cell earlier than this under exposure to sorbitol and pH 10 conditions,
and if the later differences between the wild-type and ∆slr1501 strains were reflected
in early changes in cell volume caused by osmotic stress. The slr1501 gene has been
demonstrated to show rapid changes in transcript level that could potentially effect the
cell in the short term (Kanesaki et al. 2002). Optical density measurements can act as an
indication of culture-wide changes in Synechocystis 6803 cell volume (Marin et al. 2006).
Short term increases in the wild-type and ∆slr1501 OD730 nm measurements in pH 10
medium were observed in Figure 13 A, and OD730 nm decreases seen in both strains in 0.5
M sorbitol pH 10 medium (Figure 13 B). Both strains showed similar trends in each short
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term experiment. This may indicate that the absence of slr1501 has little effect on
acclimation to the initial changes in cellular volume that can occur in an osmotically
negative medium. This supports the idea that slr1501 plays a role in altering control of
Synechocystis 6803 growth, rather than acting to more directly contribute to acclimation
of specific environmental stresses.

4.3 Characterisation of a sll1392 deletion strain
4.3.1 The effect of sll1392 removal in different pH and high light
conditions
When grown in medium buffered at pH 7.5, the wild type showed increased growth
compared to the Δsll1392 mutant, especially at later growth phases (Figure 14 A). At pH
10 this trend is not seen and cultures grew similarly (Figure 14 B). This is interesting,
given that 3.4x downregulation of sll1392 is demonstrated at pH 7.5 by Summerfield and
Sherman (2008) and it might be expected to show less of an effect where transcript
levels are lower.
This difference between the wild type and the Δsll1392 mutant at pH 7.5 might be
explained if sll1392 provides some acclimation function in the comparatively lower
levels of sll1392 mRNA production at pH 7.5 and Synechocystis 6803. If so, it appears
that low levels of sll1392 mRNA have a positive effect on wild-type growth at pH 7.5. In
addition, the previously determined downregulation of sll1392 was from a short term
incubation experiment in Summerfield and Sherman (2008). Long-term regulation of the
sll1392 transcript levels may be different to the shorter 1-6 h time frame of study in the
previous microarray study. It appears that of sll1392 has a positive effect on wild-type
growth at pH 7.5. This is not the case at pH 10, where no difference in growth was seem
between strains. This could indicate sll1392 not required under these conditions at pH
10, or acts differently at pH 10.
When high light was used as an additional variable, the growth of the Δsll1392 mutant
at pH 7.5 is further decreased (Figure 14 C). This supports the idea that sll1392 plays an
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important role in Synechocystis 6803 high-light acclimation as first demonstrated by
Jantaro et al. (2006). The work of Jantaro et al. (2006) that showed the removal of the
sll1392 gene returned a high-light sensitive quadruple mutant to viability. This might
indicate that sll1392 can act as a negative regulator under specific circumstances. In this
study’s experimental conditions the single mutant lacking sll1392 did not appear to be
acting as a negative regulator of growth. The work of Jantaro et al. (2006) indicated
doubling times of their wild type and Δsll1392 deletion mutant were similar at high light,
at 8 and 7 h respectively (±1). This was in contrast to the observation in this study, of
increased growth for the wild-type Synechocystis 6803 compared to the mutant at pH
7.5. Differences might potentially be explained by changes in incubation conditions: the
Jantaro et al. (2006) study used pH 8.2 buffered growth medium and high light of 500
μE.m-2.s-2; compared to pH 7.5 buffered growth medium and light intensity of 300 μE.m2.s-2 in

this study.

At pH 10 and high light, the growth is different for the wild type compared to the
Δsll1392 deletion strain. While an initial increase in growth of the wild type is seen, the
wild-type culture density plateau at ~60 h (Figure 14 D). The Δsll1392 strain continued
to grow and reached a greater cell density than the wild type. This is evidence that lack
of sll1392 can contribute to the increased growth of Synechocystis 6803 under specific
conditions. This is more in line with the suggestion of Jantaro et al. (2006) that sll1392
might act as a negative regulator. This appears to be high light specific, under low light
conditions and pH 10 the mutant and wild type grew similarly.
One reason for the decreased wild-type growth compared to the mutant at pH 10 and
high light could be that the culture has become iron limited as it reaches a very high cell
density. Iron is a key component in photosynthetic apparatus (Ferreira and Straus 1994,
Keren et al. 2004) and low iron may limit cell growth due to photosystem degradation
in high light when less iron is available for photosystem repair. This may be observed at
pH 10 where there is increased growth compared to pH 7.5. In addition, iron is less
biologically available to the cells at high pH due to the formation of insoluble hydroxides
(Straus 2004). In the absence of sll1392 a number of iron transport and storage genes
have been shown to upregulated significantly and a sll1392 deletion mutant was found
to contain 240% more iron than the wild type in low iron conditions (Cheng and He
66

2014). At high light and pH 10, an “always on” iron scavenging Δsll1392 mutant may
have a late stage increase in growth over the wild type as seen in Figure 14 C.
This may also explain the decrease in Δsll1392 mutant growth seen at pH 7.5. Too much
free iron in the Synechocystis 6803 cell can cause damage though formation of harmful
radicals (Abdul-Tehrani et al. 1999). Perhaps the constant overregulation of iron
scavenging and storage genes by the knockout of sll1392 is detrimental to the cell. This
might slow Δsll1392 culture growth in conditions like pH 7.5 or low light.

4.3.2 The effect of NaCl stress on the sll1392 deletion mutant
The preliminary investigation on the effect of high salt stress on sll1392 function was
carried out to determine if the effect of high salt stress seen for the adjacent gene
slr1501 (Figure 7, 8) was also seen in for the Δsll1392 deletion mutant. Little difference
between the wild-type or Δsll1392 strains at pH 7.5 or 10 was seen at 0.5 M NaCl, and
all cultures died at 1.0 M NaCl (Figure 15). Strain and pH-specific growth phenotypes
were seen at 0.75 M NaCl however, which was also the concentration of salt that
revealed mutant phenotypes for the Δslr1501 strain. As this experiment was only carried
out once, conclusions on the effect of sll1392 on salt stress should wait until results are
replicated. However, it is an interesting connection to a type of stress that has a different
effect to the gene’s other known associations like high light and iron deprivation.

4.3.3 The impact of iron deprivation on the strain lacking sll1392
The function of sll1392 has been suggested to involve acclimation of Synechocystis 6803
to iron deprivation. This was initially postulated by Jantaro et al. (2006), and confirmed
in an extensive study by Cheng and He (2014). The role of high pH on this ability of
sll1392 to maintain growth in low iron conditions was unknown, and was tested in this
study by examining the growth of the wild type and the Δsll1392 mutant in moderate
and extreme iron deprivation conditions, in media buffered at different pH (Figure 16).
When grown in moderate iron deprivation conditions (10 µM 2, 2’-bipyridyl), the strains
grew similarly except for a small decrease in OD730 nm for the wild type at the end of the
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experiment. When low iron is combined with high light (Figure 16 C) the late-stage
decrease in wild-type OD730 nm was not seen in the Δsll1392 mutant. This effect is similar
to the decreased growth of Δsll1392 strain that was amplified by high light (Figure 14 A,
C). These results at 10 µM of 2, 2’-bipyridyl are unexpected, because the same amount
of 2, 2’-bipyridyl in the study by Cheng and He (2014) resulted in no growth for the wild
type. However, although both studies used BG-11 medium, in the study of Cheng and
He this was not pH-adjusted or buffered, this combined with other differences in
experimental setup such as a higher starting OD730 nm for the cultures in the Cheng and
He study may explain the difference in results. The wild type decreased in growth at
moderate iron deprivation and pH 7.5 (Figure 16 A, C), while the Δsll1392 strains did not.
This is same general trend seen in Cheng and He (2014), where their sll1392 knockout
mutant consistently grew and performed far better in iron-deprivation conditions than
the wild type.
At pH 7.5 with extreme iron deprivation (50 µM 2, 2’-bipyridyl), the wild-type and
Δsll1392 cultures do not grow. At pH 10, both strains slowly increase in OD730 nm until
they plateau at ~48 h. This was unexpected, given the general decrease of biologically
available species of iron in alkaline conditions (Leadbetter 2005). It is possible that the
high pH conditions are somehow reducing the action of the 2, 2’-bipyridyl iron chelator
provides most of the iron deprivation effect in the medium. At pH 10 the wild type also
shows a small increase in growth compared to the Δsll1392 in 50 µM of 2, 2’-bipyridyl
under high light conditions. This is in contrast to moderate iron deprivation and high
light, where the wild type shows a decrease in growth at pH 7.5 compared to the
Δsll1392 mutant. The addition of high light treatment appears to have resulted in the
more abrupt growth plateau for both strains after 14 h, where in low light the growth
decreases gently to stationary phase. This could perhaps be due to the increased
photosynthetic activity in high light conditions requiring additional iron from the media
for photosynthetic apparatus repair, resulting in faster depletion of any free iron in the
medium.
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4.3.4 Growth was decreased in ethanol stress and high light in the absence
of sll1392
Resistance to ethanol toxicity in cyanobacteria has been investigated due to their
potential to be used as a production platform for biofuels like ethanol (Dexter et al.
2015). Decreased growth rates of cyanobacteria in industrial scale photobioreactors
when producing an inhibitory substance such as ethanol can severely limit the economic
potential of future biofuel production. The gene sll1392 has been shown to play a role
in ethanol acclimation in two studies where ethanol tolerance of cyanobacteria
decreased growth of the Δsll1392 deletion strains when grown in 1.5% and 1.9% ethanol
(Wang et al. 2012, Zhu et al. 2015). Ethanol at 2% and 4% was combined with high light
for growth experiments in this study, and similar growth trends were found compared
to growth experiments in the literature. At both pH 7.5 and pH 10 and both ethanol
concentrations, the Δsll1392 mutant showed decreased growth compared to the wild
type (Figure 17).
The 2% ethanol stress at pH 10 and high light was characterised by initial aggregation of
the cells in both strains into a single floating mass (Figure 18) that is not seen at pH 7.5.
Cell aggregations from both strains begin to disperse into the medium and continue to
grow after the initial 14 h measurement. This aggregation of Synechocystis 6803 in
response to ethanol stress has been previously noted by Qiao et al. (2012) and Wang et
al. (2012), but it is unknown why this happens.
While there is a consensus that sll1392 plays a positive role in Synechocystis 6803
ethanol tolerance, how the gene is involved in acclimation to ethanol stress is unknown.
However, the ability of sll1392 to alter the regulation of multiple other stress response
genes (Cheng and He 2014) indicates this gene plays a role in a more general global
Synechocystis 6803 stress response, which could include mechanisms for ethanol
tolerance.
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4.4 Future research
4.4.1 Further physiological characterisation of the ∆slr1501 and ∆sll1392
strains
The measurement of additional physiological parameters such as photosynthetic oxygen
evolution, and pigment composition could also be examined to provide a more
comprehensive overview of the effect each gene has on the Synechocystis 6803 cell.
During the investigation of the impact of high salt stress on the strain lacking slr1501,
the addition of high pH to 0.75 M NaCl and high light stress appears to inhibit growth of
both strains, in contrast strain-specific changes were seen in the same conditions at pH
7.5 buffered medium (Figure 8 B). The use of an intermediary salt stress concentration
between 0.5 M and 0.75 M NaCl at high light in growth experiment could reduce overall
stress to the Synechocystis 6803 cells and help to determine any difference between the
wild-type and ∆slr1501 strains at pH 10 in these conditions.
As well as the two single gene knockouts generated, the production of a Synechocystis
6803 double mutant strain lacking both ∆slr1501 and ∆sll1392 in the future may further
increase the ability to discover more about the two genes. This double deletion mutant
was produced, but still undergoing gene segregation at the completion of this thesis.

4.4.2 Overexpression of slr1501 for phenotypic characterisation
The overexpression of specific genes is another approach to investigate the genes of
unknown function (Prelich 2012). This could be accomplished by the insertion of a
known strong promoter into the Synechocystis 6803 genome directly upstream of the
desired gene to increase transcription of the gene of interest. This increased expression
of the gene can also be placed under control of a promoter that produces the targeted
gene product outside of the normal expression conditions. This could include slr1501
production at pH 7.5 where is normally downregulated. This may help to answer the
question of why the slr1501 transcript levels are so strongly altered and controlled at
pH 7.5 and pH 10, where it appears to make no difference to the growth rate of the
Synechocystis 6803 cells if the gene is present or not.
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A possible promoter for use in this way could be the strong cyanobacterial promoter
discovered by Zhou et al. (2014) for use in biofuel production that has been shown to
increase gene expression and protein production dramatically. This promoter was
identified from the sequence upstream of cpcB in Synechocystis 6803, the gene encoding
the c-phycocyanin beta subunit. Initial steps were taken in the design and creation of
this mutant strain of Synechocystis 6803 but due to technical difficulties with overlap
extension PCR the construct was not completed.

4.4.3 slr1501 RNA transcript microarray to determine potential regulatory
function
One approach would be to examine the effect that the removal of slr1501 has on the
gene expression levels of other genes in conditions such as high pH and salt/osmotic
stress where the gene is upregulated. This would enable examination of the gene’s
potential role in regulation. This would be useful in the case of slr1501, which is
considered a potential regulator acting via the transfer of acetyl groups. This class of
gene has been shown to act as a means of inducing the transcriptional stress response
genes in bacteria (Ma and Wood 2011).
This would involve performing a RNA-sequencing comparison of the transcript levels in
the wild-type and the slr1501 deletion strains under control conditions and an
environmental stress. An experiment was performed on growing the wild type and
mutant at pH 10 in the presence and absence of 0.5 M sorbitol. RNA extracted was from
the wild-type and Δslr1501 strains in medium only and medium with 0.5 M sorbitol at
pH 10 (as in 2.5.2). This would examine if the loss of slr1501 alters the transcription of
other stress-related gene to create the initial decrease in wild-type growth seen in Figure
11 B, D. These RNA samples were still undergoing sequencing and data was not available
for analysis in time to include in this thesis.
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4.4.4 Investigation of Slr1501 DNA-binding activity
Depending on the data from other experiments listed above that may give some
indication of the regulatory action of the gene cluster (for example the increased growth
of a knockout strain under high pH may indicate a negative regulator role of a gene), it
may be beneficial to perform an experiment to determine the sequence-specific binding
of a potential regulatory protein such as Slr1501.
In Cheng and He (2014), the sll1392 (pfsR) gene product was shown to bind to its own
promoter in an auto regulatory function in an electrophoretic mobility shift assay
(EMSA). If slr1501 undergoes a similar regulation pattern or binds to any genes in the
rest of the gene cluster in regulatory function, a similar EMSA could be used to
determine its specific mechanism of regulation.

4.5 Implications of research
The principal aim of this research was to improve the understanding of the genetic
regulation of the high pH acclimation response that Synechocystis 6803 cells employ to
grow in generally microbe-inhibiting high pH environments around the world. The ability
of cyanobacteria to survive or to grow in alkaline and other stressful environmental
conditions is of great importance ecologically, given the wide range of species inhabiting
and creating environments around the world high in pH. It is also significant industrially
where any future use of cyanobacteria such as Synechocystis 6803 for biotechnological
applications like biofuel production must involve optimised growth medium
composition for maximum growth and yield.
Biofuel production by photosynthetic organisms such as cyanobacteria has massive
potential for driving the much needed rise of renewable and carbon neutral energy in
the future (Wijffels et al. 2013) and better understanding of these high pH associated
genes may prove to be useful in this area as well. The fact that wild-type Synechocystis
6803 photoautotrophic growth rate and maximum cell density is improved at higher pH
are further considerations of the importance of pH acclimation in increasing maximum
yields for use in commercial biofuel production.
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Given that generally only specialised alkaliphiles can usually grow at high pH levels, the
use of organisms like Synechocystis 6803 in photobioreactors with a high pH growth
medium may reduce the possibility of detrimental contamination of the media and
increase yield and purity of desired product (Touloupakis et al. 2016). The loss of sterility
is one of the most common causes of process failure in microbial bioreactor operation
(Chisti 1992), and the ability of cyanobacteria to grow in conditions most other microbes
cannot may help to minimise contamination of industrial operations (Singh 2013). This
will be especially relevant if more commercially viable and contamination-vulnerable
large open-pond style photobioreactors become widely used. It is important then, that
we understand the mechanisms used by the cyanobacteria to acclimate to high pH and
other environmental stresses, and determine how they are controlled though regulatory
genetic pathways.
The importance of slr1501 and sll1392 in the response to osmotic and ionic stress
examined in this study is also relevant to cyanobacterial bioreactor media composition.
The use of seawater for growth medium could massively reduce freshwater demand for
bioreactor growth medium, but the acclimation of the high salt stress of cyanobacteria
needs to be understood if growth of future cultures in this stressful condition is to be
optimised. The secretion of valuable by-products such as ethanol by cyanobacteria can
also raise the osmotic negative potential of the medium before extraction and can be
toxic to Synechocystis 6803 cells at low levels.

4.6 Conclusions
This project has investigated the function of the Synechocystis 6803 genes slr1501 and
sll1392 in relation to high pH and other environmental stress conditions. This is the first
production of a ∆slr1501 deletion strain of Synechocystis 6803. The hypothesis stated
that slr1501 and sll1392 would play a role in acclimation to high pH in Synechocystis
6803. Experimental data indicated that growth at pH 7.5 or 10 was not effected by loss
of slr1501. However, the application of multiple stressors did reveal growth phenotypes
in the absence of slr1501. These data were consistent with a role for slr1501 in the
negative regulation of the Synechocystis 6803 growth under certain stressful growth
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conditions. This model explains the increased growth of the ∆slr1501 mutant at high salt
at pH 10 compared to the wild type, as well as justifying the wild-type cultures displaying
no growth under combined high salt, high light and pH 10 conditions compared to
growth of the ∆slr1501 strain. This is also supported by the initial delay of wild-type
growth in osmotic stress at pH 10 that was not shown without slr1501 in the mutant
strain.
The gene sll1392 (pfsR) has been previously linked to a role in the regulation of high light
and iron deprivation response in Synechocystis 6803. Changes in the growth of a
∆sll1392 deletion strain were found to be dependent on the pH of the culture medium.
The decreased growth of the ∆sll1392 strain at pH 7.5 and the increased late-stage
growth of ∆sll1392 at pH 10 provide evidence for this pH-specific response. This supports
my hypothesis that sll1392 plays a role in acclimation of Synechocystis 6803 cells to
elevated pH. In addition, the pH of growth medium was found to alter the impact of the
iron chelator on the wild-type and the ∆sll1392 strains, resulting in increased growth at
pH 10 in the presence of 2, 2’-bipyridyl. Former research on the beneficial effect of
sll1392 in ethanol tolerance was supported by decreased tolerance to ethanol in the
∆sll1392 mutant in this study.
This study showed that while neither slr1501 nor sll1392 were required for growth at
pH 7.5 or pH 10, both genes appear to be involved be in stress response and that the pH
of culture medium can impact on this response.
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