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ABSTRACT
Cyanobacteria can thrive at a wide pH range from neutral up to pH 11 depending on the species. Even though cyanobacteria 
are alkaliphilic, only limited information on the metabolic acclimation to alkaline pH is available. In this study, we conducted 
a mass-spectrometry-based comparative proteomic analysis of Synechocystis sp. PCC 6803 grown in BG-11 medium buffered at 
pH 7.5, pH 8.2, and pH 9.2 under ambient air. When comparing cells grown at pH 8.2 to those at pH 7.5, only minor changes in the 
proteome were observed, with most of the altered proteins originating from the plasma membrane. However, when comparing 
cells grown under pH 9.2 to those at pH 7.5, a total of 235 proteins were differentially expressed. Synechocystis cells growing at 
pH 9.2 seem to display a different composition of bicarbonate transporters. Subunits of the ATP-dependent bicarbonate trans-
porter BCT1 increased in abundance under pH 9.2 compared to pH 7.5 or pH 8.2, while the abundance of the sodium-dependent 
bicarbonate transporter SbtA was diminished. The increased contribution of the BCT1 complex to total bicarbonate transport 
at high pH was confirmed by evaluating the activity of different bicarbonate transporters. Furthermore, several changes in the 
abundance of ion transporters were observed, including upregulation of copper, potassium, and zinc efflux proteins. In contrast, 
the levels of several proteins involved in nitrogen assimilation and amino acid biosynthesis were reduced at pH 9.2. To conclude, 
the induction of several transporters indicates the cells' ability to regulate the internal ion and pH homeostasis as well as the 
carbon: nitrogen ratios under alkaline conditions.

1   |   Introduction

Cyanobacteria are often considered alkaliphilic photosynthetic 
micro-organisms, capable of thriving in environments ranging 
from neutral pH to around pH 10. Certain highly alkalitolerant 
cyanobacteria surviving in pH levels as high as 11 have been 
found in extreme alkaline environments such as soda lakes and 
alkaline soils (López-Archilla et  al.  2004; Singh et  al.  1996). 
Shallow freshwater bodies are particularly prone to pH fluctua-
tions, with high pH levels often observed during cyanobacterial 
blooms (López-Archilla et al. 2004).

In aquatic environments inorganic carbon (Ci) exists in three 
forms: dissolved carbon dioxide (CO2), bicarbonate ions (HCO3

−), 
and carbonate ions (CO3

2−). In natural aquatic habitats, the bi-
carbonate concentration is largely dependent on the pH. In 
marine surface environments, the pH is typically around 8.2, 
and the Ci concentration remains rather stable at around 2 mM 
(Price et  al.  2008), with the vast majority of dissolved Ci pres-
ent as HCO3

−, with much smaller fractions as dissolved CO2. In 
contrast, the total Ci concentration in lakes and rivers is vari-
able, ranging from 0.1 to 4.4 mM (Assayag et al. 2006; Cole and 
Prairie 2014). In soda lakes, the bicarbonate concentration can 
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reach up to 19 mM, accompanied by a high pH (Kupriyanova and 
Samylina 2015).

In slightly alkaline conditions (pH 7.5–pH 9), which is the typical 
growth range for cyanobacteria, HCO3

− ions are the dominant 
form of Ci (Table S1; Nguyen and Rittmann 2016). In acidic pH, 
the Ci equilibrium is shifted so that dissolved CO2 is the dom-
inant Ci species. In highly alkaline pH (≥ pH 10), the relative 
abundance of Ci species shifts towards CO3

2−, although the con-
centration of HCO3

− remains high (Mangan et al. 2016). In the 
current environment, with an atmospheric CO2 concentration 
of approximately 427 ppm, cyanobacteria still rely on a CO2 con-
centrating mechanism (CCM) to maintain high photosynthetic 
performance. The CCM operates through the active transport 
of bioavailable Ci species (HCO3

− and CO2) and subsequently 
accumulating a pool of HCO3

− within the cell. The import of Ci 
is mediated by specific bicarbonate transporters SbtA, BicA, and 
BCT1, as well as by the diffusion of CO2 into the cell. Specialized 
NADPH dehydrogenase (NDH) complexes, NDH-13 and NDH-
14, facilitate CO2 uptake and convert CO2 to HCO3

− within the 
cytoplasm. Accumulating charged HCO3

− in the cytoplasm is 
preferred over CO2 because HCO3

− is substantially less perme-
able through the cell membranes than the uncharged CO2 mol-
ecule (Price 2011). The accumulated HCO3

− is further used to 
actively concentrate CO2 near the primary CO2 fixing enzyme, 
ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), 
which is encapsulated in protein-shielded carboxysomes. Within 
the carboxysomes, carbonic anhydrase converts HCO3

− to CO2, 
ensuring a high CO2 concentration in the vicinity of Rubisco and 
thereby preventing it from using O2 as a substrate.

In cyanobacteria, cytosolic pH ranges between pH 7 in dark to 
pH 8.5 under intense light (Coleman and Colman 1981; Mangan 
et al. 2016). To maintain the proton motive force across the thyla-
koid membrane, the pH of the thylakoid lumen is typically about 
2 units lower than the pH of the cytosol (Belkin et al. 1987). It has 
been observed that cyanobacterial internal cytoplasmic pH in-
creases by 0.2–0.3 pH units when environmental pH increases by 
2 units (Coleman and Colman 1981; Jiang et al. 2013; Ritchie 1991). 
While thylakoid lumen pH is higher in the dark than in light, it 
responds negligibly to changes in external pH within the range 
of 7.0–8.0 (Belkin et al. 1987). Hence, maintaining pH gradients 
across the membrane systems is crucial for cyanobacterial growth, 
especially upon changes in environmental pH.

Although cyanobacteria are recognized for their alkaliphilic 
nature, most research involving the model cyanobacterium 
Synechocystis sp. PCC 6803 (hereafter Synechocystis) has been 
conducted with growth media buffered around pH 7.5–8. 
Transcriptomic data have provided insight into the initial re-
sponse of Synechocystis cells to alkaline pH after a few hours 
shift from pH 7.5 to pH 10 (Summerfield et al. 2013; Summerfield 
and Sherman 2008) and with the same pH range, but under a 3% 
CO2 atmosphere (Billis et al. 2014). Among the main findings 
were upregulation of certain Na+/H+ antiporters, ion transport-
ers, amino acid deaminases, and ATP synthase in response to 
elevated pH, which are in agreement with mechanisms detected 
in other bacteria (Krulwich et al. 2011). The function of Na+/H+ 
antiporters was shown to be important not only for salt toler-
ance but also for pH homeostasis, particularly in alkaline condi-
tions in cyanobacteria (Billini et al. 2008; Elanskaya et al. 2002; 

Tsujii et al. 2025). Moreover, upregulation of genes involved in 
cell wall biosynthesis and signal transduction has been detected 
in Synechococcus sp. PCC 7942 in response to a shift to high pH 
(Billis et al. 2014). There is also evidence that environmental pH, 
and thus the periplasmic pH, might affect the PSII biogenesis via 
thylakoid centers, where thylakoid and cytoplasmic membranes 
are in close contact (Morris et al. 2016). Furthermore, gel-based 
proteomics data have elucidated the importance of plasma 
membrane and periplasmic proteins for the pH response in 
Synechocystis (Kurian et al. 2006; Zhang et al. 2009). However, 
to the best of our knowledge, comparative proteomic profiling of 
cyanobacteria under high pH conditions, which could provide 
insights into metabolic rearrangements, is still lacking.

Considering that pH is tightly linked to Ci availability, sev-
eral studies have attempted to decouple these two parameters. 
Nguyen and Rittmann (2016) showed that the highest specific 
growth rate of Synechocystis was observed at pH 8.5, compared 
to pH 7.5 and pH 9.5, when comparable amounts of bioavailable 
Ci were maintained by adding NaHCO3 to reach concentrations 
between 0.3 and 3.4 mM. Their findings indicated that growth 
was saturated at about 1 mM bioavailable Ci. In another study, 
Synechocystis growth was monitored up to pH 11 in the presence 
of 3% CO2 (Touloupakis et al. 2016). Biomass productivity and 
biochemical composition remained relatively stable between 
pH 7 and 10, and photosynthetic activity remained constant 
up to pH 11. These studies highlight the remarkable capacity 
of cyanobacteria to acclimate to very high pH conditions when 
supplied with sufficient bioavailable Ci. However, careful and 
independent control of pH and Ci is rarely achieved in natural 
or standard laboratory conditions. In aquatic habitats, high pH 
typically coincides with high bicarbonate alkalinity. Therefore, 
the physiological state and proteomic responses of cyanobacte-
rial cells in different pH ranges remain to be elucidated.

In this study, we performed a physiological characterization 
and comparative proteomic analysis of Synechocystis to inves-
tigate the molecular acclimation responses of cyanobacterial 
cells grown under near-neutral (pH 7.5) and alkaline (pH 8.2 
and pH 9.2) conditions. To monitor pH acclimation, we used 
buffered BG-11 medium to maintain a stable pH, while allow-
ing the Ci in the liquid medium to equilibrate with ambient air. 
Using label-free liquid chromatography–tandem mass spec-
trometry (LC–MS/MS) for quantitative proteomic analysis, we 
identified more than 2000 proteins. The results revealed signif-
icant modifications in plasma membrane proteins at pH 8.2 and 
extensive changes in the whole proteome at pH 9.2, compared 
to cells grown at neutral pH. Notably, proteins with increased 
abundance at pH 9.2 included subunits of the BCT1 bicarbonate 
transporter complex. We further examined the activity of this 
transporter in comparison to the two other known bicarbonate 
transporters in Synechocystis under various pH conditions.

2   |   Material and Methods

2.1   |   Growth Conditions

The glucose-tolerant variant of Synechocystis sp. PCC 6803 was 
used in the present study. Cells were grown at 30°C in atmo-
spheric air under constant illumination of 50 μmol photons 
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m−2 s−1 with LED white light. Cultures (30 mL) were grown in 
100-mL Erlenmeyer flasks, agitated at 120 rpm in an AlgaeTron 
AG 230 growth chamber (PSI Instruments). BG-11 medium 
was buffered with 20 mM HEPES (pH 7.5), 20 mM TES-KOH 
(pH 8.2), or 20 mM N-Cyclohexyl-2-aminoethanesulfonic acid 
(CHES, pH 9.2 or pH 10.0), depending on the pH condition. 
Preexperimental cultures were grown for four days in 30 mL 
of BG-11 medium buffered to each of the three pH regimes. 
Experimental cultures were then inoculated at OD750 = 0.1 in 
BG-11 medium supplemented with the buffer corresponding 
to the preexperimental culture. For proteomics analysis, the 
cultures were grown under the experimental conditions until 
reaching OD750 ≈ 0.9. This process took 70, 84, and 85 h for cul-
tures grown at pH 9.2, pH 8.2, and pH 7.5, respectively. For chlo-
rophyll a (Chl a) determination, room temperature absorption 
spectra, and Membrane Inlet Mass Spectrometry (MIMS) analy-
sis, cells were grown for three days.

2.2   |   Analytical Methods

Room temperature absorption spectra were recorded as de-
scribed in Mustila et al. (2021). Chl a was extracted from cells 
using 90% methanol, and its concentration was assessed based 
on absorbance at 665 nm (Meeks and Castenholz  1971). Cell 
count was determined with a Cellometer Auto X4 (Nexcelom 
Bioscience). Samples were adjusted to OD750 = 0.2, brightfield 
images were captured, and the cell number was determined by 
the Nexcelom software.

2.3   |   Mass Spectrometry Data-Dependent 
Acquisition

For a liquid chromatography–tandem mass spectrometry (LC-
ESI-MS/MS) analysis, total proteins from Synechocystis were iso-
lated and digested as described previously (Mustila et al. 2021).

The LC-ESI-MS/MS analyses were performed on a nanoflow 
HPLC system (Easy-nLC1200, Thermo Fisher Scientific) cou-
pled to the Q Exactive HF mass spectrometer (Thermo Fisher 
Scientific) equipped with a nano-electrospray ionization source. 
Extracted peptides equivalent to 400 ng from four biological rep-
licates per condition were loaded in a randomized order onto 
the nLC column. An in-house packed 40 cm, 75 μm ID capil-
lary column with 1.9 μm Reprosil-Pur C18 beads (Dr. Maisch, 
Ammerbuch) was used. The column temperature was main-
tained at 60°C using an in-house-made column oven and in-
terfaced online with the mass spectrometer. The mobile phase 
consisted of water with 0.1% formic acid (solvent A) or acetoni-
trile/water (80:20 (v/v)) with 0.1% formic acid (solvent B). The 
MS data were acquired with the Thermo Xcalibur 3.1 software 
(Thermo Fisher Scientific).

The protein identification and label-free data-dependent acqui-
sition (DDA) method consisted of an Orbitrap MS survey scan 
with the mass range of 300–1800 m/z, followed by HCD frag-
mentation for the 10 most intense ions with charge ≥ 2. Spectra 
were detected with a resolution of 120,000 and 15,000 (at m/z 
200) for full scan and for fragment ions, respectively, and the 
HCD scan used a normalized collision energy of 27%. The 

automatic gain control (AGC) was set to 3e6 and 1e5 ions, and 
the maximum ion injection time was 100 and 250 ms for the MS 
and MS/MS scans, respectively.

2.4   |   Proteomics Data Analysis

Proteins in the raw files were identified according to the 
Synechocystis database retrieved from Cyanobase (Kaneko 
et  al.  1996; 3672 entries, 23.10.2012) using the Proteome 
Discoverer 2.5 software (Thermo Fisher Scientific) connected to 
an in-house server running the Mascot 2.6.1 (Perkins et al. 1999) 
search engine (Matrix Science). Precursor mass tolerance value 
was restricted to monoisotopic mass ±10 ppm and fragment 
ion to ±0.02 Da. For the validation of the identified spectra, 
the Percolator (Käll et al. 2007) algorithm was used with a re-
laxed false discovery rate (FDR) of 0.05. The mass spectrometry 
data and protein identification files data have been deposited 
to the ProteomeXchange Consortium via the PRIDE (Perez-
Riverol et al. 2025) partner repository with the dataset identifier 
PXD061233 and https://​doi.​org/​10.​6019/​PXD06​1233. Label-
free DDA quantification was conducted using the Progenesis 
(Waters) software with global normalization and using relative 
quantification of proteins with at least two unique peptides per 
protein. The statistical test analysis of variance (ANOVA) was 
used, and the statistical significance threshold was set to a p 
value ≤ 0.05. The threshold of Log2 fold change (FC) was set to 
0.58 for more abundant and −0.58 for less abundant proteins. 
Venn diagrams were made with a web-based tool (https://​www.​
inter​activ​enn.​net/​; Heberle et al. 2015).

2.5   |   Membrane Inlet Mass Spectrometry

The in  vivo gas fluxes of 16O2 (m/z = 32), 18O2 (m/z = 36), and 
CO2 (m/z = 44) were measured by an in-house built MIMS as 
described earlier (Mustila et  al.  2016). For assessment of the 
HCO3

− consumption rate, the cells were washed and then re-
suspended in modified BG-11 medium without added NaNO3 
or Na2CO2 and supplemented with 20 mM CHES-KOH pH 10.0. 
The cells were adjusted to 10 μg Chl a mL−1 and kept at 50 μmol 
photons m−2 s−1 at 30°C. Before the measurements, cells were 
supplemented with 18O2 at an equivalent concentration to 16O2 
and with 1.5 mM KHCO3 to provide sufficient Ci source without 
adding Na+. When indicated, cells were also supplemented with 
25 mM NaCl or with 25 mM LiCl. Gas exchange was monitored 
over a 5-min dark period, followed by a 5-min illumination pe-
riod under 500 μmol photons m−2 s−1 of white actinic light, and 
then another 5-min dark period. The gas exchange rates were 
calculated as in Beckmann et al. (2009). The gross O2 evolution 
rates were calculated as an average between 3.5 and 4.5 min 
under illumination.

2.6   |   Fluorescence Measurements

The Chl a fluorescence from intact cells was recorded with a 
pulse amplitude-modulated spectrophotometer (Dual-PAM-100; 
Walz). Harvested cells were resuspended in fresh BG-11 pH 7.5 
and adjusted to 10 μg Chl a mL−1. Before the measurements, cells 
were dark-adapted for 15 min. Then, 50 μmol photons m−2 s−1 
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was applied as actinic light. Saturating pulses of 5000 μmol pho-
tons m−2 s−1 (300 ms) and strong far-red light (720 nm, 75 W m−2) 
were applied to the samples when required. FmD was recorded 
upon the first saturating pulse, following darkness. FmFR was 
recorded by applying a saturating pulse at the end of 8 s of strong 
far-red illumination, and the maximal fluorescence during il-
lumination (Fm′) was recorded upon a saturating pulse during 
illumination.

Flash-induced fluorescence yield and subsequent relaxation was 
monitored using a fluorometer (FL3500, PSI Instruments). Prior 
to the measurement, cells were adjusted to 5 μg Chl a mL−1 and 
dark adapted for 5 min. When indicated, fluorescence relaxation 
was measured in the presence of 20 μM DCMU.

3   |   Results and Discussion

3.1   |   Characterisation of Synechocystis at High pH

To investigate the long-term response of Synechocystis to dif-
ferent pH levels, cells were cultivated in media at pH 7.5, 8.2, 
and 9.2 for four days. After the acclimation, experimental cul-
tures were inoculated at OD750 = 0.1 in BG-11 medium buffered 
to match the preexperimental pH. The cultures were grown 
under 50 μmol photons m−2 s−1 continuous light to OD750 ≈ 0.9 
and then harvested for the proteomics analysis (Figure  1A). 
Despite using buffered BG-11 medium to maintain specific pHs, 
moderate pH shifts were observed during growth (Table  S2). 
For the comparative proteomic analysis, we selected pH condi-
tions commonly used in laboratory settings. In addition to these 

three pH conditions, Synechocystis growth was also assessed at 
pH 10.0. Growth rates were similar between cultures buffered 
at pH 7.5 and pH 8.2, while growth was enhanced at pH 9.2 and 
pH 10.0, as measured by OD750. This observation is in line with 
previous studies (Chaves et al. 2015; Kurian et al. 2006), which 
show that alkaline conditions favor photoautotrophic growth 
in Synechocystis, at least under moderate light conditions. It is 
noteworthy that, under these conditions, cell growth is likely 
constrained by both light availability and Ci. Although the bi-
carbonate concentration in the cell-free medium increases with 
pH (Table S1), it is continuously consumed by the cells during 
growth (Carrasquer-Alvarez et  al.  2025). As total Ci was not 
measured in the cell-containing cultures, and the actual con-
centration of dissolved Ci depends on the rate of cellular uptake, 
the precise bicarbonate concentration encountered by the cells 
under each pH condition remains undetermined.

The total protein yield extracted from cells did not differ signifi-
cantly between samples grown at different pH levels (Figure S1). 
However, despite enhanced growth at alkaline pH, the Chl 
a content of cells grown at pH 9.2 or pH 10.0 was lower com-
pared to those cultivated at pH 7.5 after three days of cultivation 
(Figure 1B,C) and again after four days (Figure S2A). Similarly, 
carotenoid content was lower at pH 9.2 and 10.0 (Figure 1B). As 
carotenoids function as protective pigments, their lower accu-
mulation may suggest that cells grown at high pH experience 
reduced stress. To gain a more detailed view of cell physiology, 
we also determined the cell number at various pH levels, show-
ing a lower cell count per OD at higher pH (Figures  1D and 
S2B). Hence, the Chl a content per cell increased with higher 
pH (Figures 1E and S2C). Lower cell count may indicate bigger 

FIGURE 1    |    Characterization of Synechocystis growth and pigment content under different pH conditions. (A) Growth of Synechocystis measured 
by OD750. The time point for collection of cells for proteomics (OD750 = 0.9) is indicated with black circles. (B) Room temperature absorbance spectra, 
(C) Chl a content, (D) number of cells in 1 mL at the OD750 of 1 and (E) the Chl a amount per 107 cells were determined after three days of cultivation 
at the corresponding pH. Absorbance spectra represent the average of three biological replicates. Error bars show standard deviations from 3 to 4 
biologically independent experiments. The asterisks represent significant differences between cells cultivated in medium with pH 7.5 and higher pH, 
as determined by Student's t test (*p < 0.05, **p < 0.01, ***p < 0.001).
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cell size; however, no detectable differences in cell size were ob-
served under the varying pH conditions (Table S3). It is also pos-
sible that altered pigment or glycogen content could affect light 
scattering and consequently, influence OD750 measurements. 
Identifying the underlying cause would require more detailed 
investigations.

3.2   |   DDA for Proteomic Profiling of Synechocystis

Using a label-free MS-based quantitative protein analysis, we 
identified 2049 proteins with at least two peptides for each, ac-
counting for approximately 56% of the predicted Synechocystis 
proteome (Table  S4). Among these, 2019 proteins were quan-
tified across all samples by label-free DDA mass spectrometry 
(Table S5). In cells grown at pH 8.2 and pH 9.2, 27 and 235 pro-
teins, respectively, showed a differential expression compared 
to the control (pH 7.5; Figure  2A,B). The volcano plot shows 
the distribution of up- and downregulated proteins in pH 8.2 
(Figure 2C) and pH 9.2 (Figure 2D) compared to pH 7.5.

Proteins quantified and compared between pH treatments were 
classified into functional categories following the main and sub-
categories defined by Jahn et al. (2018). Five main categories are 
shown in Figure 3 (Table S6). The highest fraction of differen-
tially expressed proteins was found in the categories of carbon 
metabolism (including CCM, transport and binding proteins, 
and amino acid biosynthesis) and maintenance and regulation 
(regulatory functions).

3.3   |   Global Evaluation of the Proteome at 
Alkaline pH

3.3.1   |   Transporter Proteins

Nearly half (13 proteins) of the proteins that show significant 
changes during growth at pH 8.2, compared with pH 7.5, are lo-
cated in the plasma membrane (Figure 2A,B). In addition, four 
of these proteins are predicted to be located in the periplasm. 
The impact of pH on these proteins emphasizes the importance 
of the cyanobacterial plasma membrane in maintaining cyto-
plasmic integrity and mediating interactions with the external 
medium. The majority of these proteins show a similar abun-
dance in pH 9.2, although growth in a more alkaline pH evokes 
widespread alterations in the entire Synechocystis proteome. 
Many of the differentially expressed membrane proteins are 
metal and ion transporters. The abundance of sulfate uptake 
proteins (CysA, SbpA) and a zinc efflux protein (ZiaA, a pu-
tative Zn-efflux PI-type ATPase) increased, while proteins in-
volved in zinc uptake (ZnuA) and magnesium transport (CorA) 
were diminished (Figure 4). It is worth noting, that many trans-
porters may exhibit affinity to more than one metal ion and the 
substrate specificity should not be evaluated solely based on 
sequence homology. Nonetheless, the function of transporters 
presented here are based on the current literature. For example, 
Cu+ has been shown to displace Zn2+ from the metal binding 
domain of ZiaA (Badarau and Dennison 2011). At pH 9.2, two 
subunits of the putative K+-transporting P-type ATPase, KdpA 
and KdpB (Nanatani et al. 2015), were less abundant, whereas 
the low-affinity K+-transporter, KirBac6.1 (Slr5078), showed 

an increased abundance (Paynter et al. 2010). In addition, two 
ATP-binding cassette (ABC) transporter proteins (Slr0615, 
Slr0864) with unknown substrates were differentially regulated. 
Furthermore, the outer membrane iron ABC transporter FutA1 
and the periplasmic iron-binding protein FutA2 were less abun-
dant at pH 9.2. The FutA2 has also been shown to play a role in 
copper import (Waldron et al. 2007).

Antiporters involved in alkaline homeostasis in many bacteria 
catalyze the extrusion of Na+ or K+ from the cells in exchange 
for H+ influx, leading to cytoplasmic acidification (Krulwich 
et  al.  2011). Synechocystis has six Na+/H+ antiporters (NhaS1 
to NhaS6), of which NhaS1, NhaS2, NhaS4, and NhaS5 are lo-
cated in the plasma membrane, while the other two reside on the 
thylakoid membrane (Tsujii et  al.  2025). However, Na+/H+ or 
K+/ H+ antiporters did not exhibit major changes when grown at 
alkaline pH. Among cation/H+ antiporters, only the amount of 
MrpA was slightly enhanced (Log2FC = 0.41, p = 0.049) at pH 9.2, 
while other subunits of the Mrp (Multiple resistance and pH or 
Mnh) antiporter system were not detected in this study. The 
hetero-oligomeric Na+/H+ antiporter Mrp has been shown to be 
important for pH homeostasis in alkaline environments for var-
ious heterotrophic bacteria (Ito et al. 2017; Krulwich et al. 2011) 
as well as in Anabaena sp. PCC7120 (Blanco-Rivero et al. 2005). 
In addition, cytoplasmic Ca2+ levels have been linked to in-
tracellular pH regulation in bacteria (Jiang et al. 2013; O'Hara 
et al. 1989) and plant cells (Behera et al. 2018). Summerfield and 
Sherman  (2008) reported increased transcript levels of nhaS3 
(Na+/H+ antiporter) and mrp-operon genes in Synechocystis 
following a shift to pH 10.0. However, (Billis et al. 2014) found 
no significant changes for cation/H+ antiporter transcripts after 
a 24 h shift from pH 7.5 to pH 10.0 under 3% CO2. Altogether, 
these data suggest that Synechocystis does not drastically alter 
its cation/H+ antiporter profile at moderately high pH but in-
stead maintains relatively stable protein levels. This constitu-
tive expression may represent an adaptive strategy for coping 
with rapid pH changes regularly experienced by Synechocystis 
and other alkalophilic cyanobacteria in their natural habitats. 
Furthermore, the cation/H+ antiporter activity may be regulated 
posttranslationally in a pH-dependent manner, as demonstrated 
for the E. coli NhaA Na+/H+ antiporter (Taglicht et  al.  1991). 
Therefore, while NhaS antiporter protein levels remain un-
changed, their activity may dynamically adjust in response to 
external pH.

CopS, part of the CopRS two-component system (also known 
as Hik31-Rre34) was found in higher abundance at pH 9.2. The 
Synechocystis genome harbors two copies of the copMRS operon; 
one copy is located in the chromosome and the other in the na-
tive plasmid pSYSX. The gene copies are almost identical, since 
the proteins encoded from these duplicated genes share 95%–
98% identity of the amino acid sequences. With the DDA method 
used here, we cannot distinguish whether the corresponding 
transcripts for the CopMRS proteins are encoded from the plas-
mid or from the chromosome. Intriguingly, the plasmid copMRS 
operon was shown to mediate alkaline pH homeostasis in the 
presence of glucose, and the Hik31-Rre34 system is involved in 
integrating photosynthetic, nitrogen, and carbon metabolism 
(Nagarajan et al. 2014). It has also been shown that the copMRS 
operon is induced by several conditions that alter the redox 
state of the cell in a copper-dependent manner (Giner-Lamia 
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et  al.  2012; Hihara et  al.  2003; López-Maury et  al.  2012). In 
accordance, the amounts of CopB and CopC proteins, which 
are part of the plasma membrane-localized CopBAC complex 
responsible for Cu2+ efflux (Giner-Lamia et al. 2012), were en-
hanced at pH 9.2. In fact, CopB, Hik31, and a copper-binding 
protein CopM showed a significant upregulation also at pH 8.2 
in comparison to pH 7.5 (Figure 3). Besides the response to cop-
per, the enhanced abundance of CopBAC could be explained 

by the interdependence of copper and iron homeostasis (Bernal 
et  al.  2012) or a hypothetical function of CopBAC as a low-
affinity Mn exporter (Reis et al. 2024).

In Synechocystis, either plastocyanin (PetE) or cytochrome c6 
(PetJ) may function as an electron carrier between cytochrome 
b6f and PSI depending on the copper availability. Under cop-
per depletion, plastocyanin is replaced by a haem-containing 

FIGURE 2    |    Protein abundance analysis under alkaline pH. (A, B) Venn diagram showing the differentially upregulated (A) and downregulated 
(B) proteins that are commonly or uniquely detected in each comparison. Heatmap specifies the up- and downregulated proteins at pH 8.2 and their 
corresponding change at pH 9.2. Localization of the shown proteins are indicated; Sol: soluble proteins, PM: plasma membrane and Per: periplasm. 
(C, D) Volcano plot displaying the extent and statistical significance of protein abundance alterations. The differential expression of proteins in (C) 
Log2FC of pH 8.2 versus pH 7.5 and (D) Log2FC of pH 9.2 versus pH 7.5. The −log10 (p-value) is plotted against the Log2FC. The two vertical dashed 
lines denote ±0.58 Log2FC while the dashed horizontal line shows p = 0.05 significance threshold. The most significantly altered proteins are high-
lighted with their gene names, red indicating upregulated proteins and blue indicating downregulated proteins.
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7 of 14

cytochrome c6. Here, cytochrome c6 was found repressed at high 
pH, while plastocyanin showed a slight increase (Log2FC = 0.55, 
p = 0.004). Along with cytochrome c6, a small protein with an 
unknown function, Slr0601, was significantly reduced in its 
abundance. The expression of petE, petJ, and slr0601-slr0602 
is regulated by the PetRP system (García-Cañas et  al.  2021). 
Overall, it is unlikely that the Cop complex, the CopRS two-
component system, and the switch from cytochrome c6 to plas-
tocyanin show a specific pH response. Instead, they appear to 
be connected to the redox status of the photosynthetic electron 
transport chain, contributing to a general stress response in 
Synechocystis.

3.3.2   |   Photosynthetic Proteins

Among the proteins involved in photosynthetic pathways, six 
proteins, Slr0144-Slr0147, Slr0149, and Slr0151, encoded by the 
genes in a Pap operon (Photosystem II Assembly Proteins), were 
found to be less abundant at pH 9.2. Pap proteins play an im-
portant role in the assembly of PSII and PSI (Kubota et al. 2010; 
Wegener et  al.  2008). Additionally, a phycobilisome “rod-core 

linker” protein, CpcG2, was also less abundant at pH 9.2. Unlike 
typical phycobilisomes containing CpcG1, which mainly trans-
fer light energy to PSII (Kondo et al. 2007), those with CpcG2 
lack the allophycocyanin core and preferentially transfer en-
ergy to PSI. The two-component system histidine kinase CcaS 
(Hik32) and the response regulator CcaR (Slr1584; Hirose 
et al. 2008) which regulate the expression of CpcG2, were also 
diminished. Even though the Chl a content per cell was slightly 
higher at pH 9.2, compared to cells grown at pH 7.5 (Figure 1E), 
no significant differential expression was detected for the core 
proteins of PSI or PSII. Although, one Chl a biosynthesis pro-
tein, ChlH, showed a slight downregulation (Log2FC = −0.53, 
p = 0.04). The lower abundance of CpcG2 and ChlH as well as 
assembly factors encoded by the Pap operon might indicate that 
less light energy is required for the distribution to PSI under al-
kaline conditions.

A strong decrease in flavodiiron proteins Flv2 and Flv4 was ob-
served at pH 9.2 compared to pH 8.2 or pH 7.5 (Figure 2D), which 
is in agreement with our previous findings (Santana-Sanchez 
et al. 2019). Flv2/Flv4 hetero-oligomers catalyze a steady light-
driven O2 photoreduction downstream of PSI (Santana-Sanchez 

FIGURE 3    |    Differentially expressed proteins at alkaline pH. Influence of the pH on basic cellular processes (pH 9.2 vs. pH 7.5) divided in selected 
categories according to (Jahn et al. 2018).
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8 of 14 Physiologia Plantarum, 2025

et al. 2019). Their downregulation at high pH might contribute 
to cytoplasmic proton retention, as the Flvs introduce protons 
to oxygen.

3.3.3   |   Protein Expression, Modifications, 
and Stress Response

Among the transcription-related proteins identified at high 
pH, the redox-regulated RNA helicase CrhR (Slr0083) was 
upregulated. CrhR is believed to regulate the expression of 
redox-responsive genes at the translational level (Kujat and 
Owttrim 2000; Ritter et al. 2020), and a role has been implicated 
in multiple abiotic stress responses (Klähn et  al.  2021; Ritter 
et al. 2020). Intriguingly, the ribosomal protein S12 methylthio-
transferase RimO (Slr0082), which is transcribed from the same 
operon as CrhR, showed reduced abundance. This suggests a 
role for posttranscriptional regulation, probably mediated by 
asRNA, as shown by Klähn et al. (2021). Furthermore, the trans-
lation elongation factor G2 (FusB, Sll1098) was more abundant 
at pH 9.2, indicating broader changes in protein synthesis under 
alkaline conditions.

Two carboxyl-terminal proteases, CtpA and CtpC, showed 
lower abundance, whereas the D-alanyl-D-alanine carboxy-
peptidase (Pbp7, Slr1924) accumulated more at pH 9.2. The 

CtpA is responsible for the proteolytic removal of a small ex-
tension at the carboxyl-terminus of a precursor form of D1 
during the maturation process (Satoh and Yamamoto  2007). 
The CtpC and Pbp7 have been isolated from the periplasmic 
fraction and therefore they could be involved in the process-
ing of periplasmic or cell wall-associated proteins (Fulda 
et al. 2000). Indeed, the Pbp7 has been implicated in peptido-
glycan biosynthesis, which is a key component of the cell wall 
(Marbouty et al. 2009).

Three oxidative stress proteins (type II peroxiredoxin PrxII, 
thioredoxins TrxQ and Sll0685) were found to be less abundant 
at pH 9.2 compared to pH 7.5. Moreover, the HspA chaperone 
was strongly reduced at pH 9.2, while the 33 kDa chaperone 
(Hsp33) was more abundant at pH 9.2. However, two proteins 
of unknown function, Sll1862 and Sll1863, that have been de-
scribed as general stress proteins (Klähn et al. 2021), exhibited 
increased abundance at pH 9.2. Thus, there is no evident stress 
response under either pH condition for Synechocystis.

3.3.4   |   Nitrogen Assimilation and Protein Synthesis

Inorganic nitrogen sources are converted to ammonium in the 
cell before amino acid biosynthesis. Nitrate imported from the 
medium to the cell is reduced by the nitrate reductase (NarB) 

FIGURE 4    |    Schematic representation of the regulation of metabolism in Synechocystis sp. PCC 6803 cells grown under alkaline pH. Differential 
protein expression (squares) is shown above the name of the protein reflecting the degree of down- (blue) or upregulation (red) at pH 8.2 or pH 9.2 in 
comparison to pH 7.5. More abundant proteins and pathways are marked with red, and less abundant proteins and routes are marked with blue. PM, 
plasma membrane; TM, thylakoid membrane.
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and further converted to ammonium by the action of nitrite 
reductase (NirA). Intriguingly, NrtC, part of the nitrate trans-
porter complex, was found upregulated at pH 9.2 while NirA 
diminished (Figure  4). The gene encoding NirA is putatively 
in the same operon as cyanase (CynS, Slr0899), which was 
also found less abundant. Cyanase catalyzes the reaction of 
cyanate (OCN−) with bicarbonate to produce ammonia and 
CO2 (Johnson and Anderson  1987). The glutamine synthe-
tase (GS) type III (glnN, slr0288), which is responsible for 
the condensation of ammonium and glutamate to form glu-
tamine (García-Domínguez et  al.  1997), was also found less 
abundant. The type I GS enzyme in Synechocystis, GlnA, was 
also slightly reduced (Log2FC = −0.52, p = 0.01). In line, IF17 
(GifB, Sll1515), an inhibitory protein for GS activity, was found 
strongly upregulated. Glutamate synthase (GOGAT) converts 
glutamine and 2-oxoglutarate to form two molecules of gluta-
mate. Synechocystis has two GOGATs: the NAD(P)H-dependent 
GOGAT formed by the GltB/GltD complex and the ferredoxin-
dependent GOGAT GlsF. The lower abundance of GltB and GlsF 
proteins indicated diminished content of both types of enzymes 
at pH 9.2. Consistent with the downregulation of nitrogen as-
similation, ArgD, an enzyme catalyzing amination steps in the 
arginine biosynthesis pathway, and threonine synthase (ThrC), 
involved in L-threonine biosynthesis, were both less abundant 
at pH 9.2. Accordingly, PirA (Ssr0692), a negative regulator of 
arginine synthesis (Bolay et al.  2021), was strongly enhanced. 
Arginine functions as a strong base at physiological pH due to its 
guanidine group, which readily accepts protons. Hence, specific 
downregulation of the arginine biosynthesis pathway may help 
maintain cytosolic pH homeostasis under alkaline external pH. 
Furthermore, 3-deoxy-D-arabinoheptulosonate-7-phosphate 
(DAHP) synthase (Sll0934), which functions in the early steps of 
phenylalanine and tyrosine biosynthesis (Brey et al. 2020), also 
showed a reduced content.

At alkaline pH, some bacteria upregulate amino acid deami-
nases or catabolic pathways to produce organic acids (Krulwich 
et al. 2011; Padan et al. 2005). This observation has also been 
made earlier in Synechocystis; L-threonine deaminase and sev-
eral genes involved in the biosynthesis of the branched-chain 
amino acids were upregulated in short-term shifts (up to 6 h) 
from pH 7.5 to pH 10.0 (Summerfield and Sherman  2008). We 
did not detect any changes in abundance for amino acid deam-
inases; however, the alternative group 2 sigma factor, SigE, was 
strongly upregulated. The SigE activates the expressions of genes 
in sugar catabolic pathways (Osanai et al. 2011) and has a role 
in acclimation to salt stress (Tyystjärvi et al. 2013) and nitrogen 
starvation (Muro-Pastor et al. 2001). It is worth noting that the 
Mg-chelatase subunit ChlH acts as an anti-sigma factor by bind-
ing SigE (Osanai et al. 2009) and was also slightly diminished.

Based on our results, longer-term acclimation to high pH in 
Synechocystis does not involve enhanced amino acid biosyn-
thesis and their catabolism into organic acids. However, the in-
creased abundance of SigE suggests a potential increase in sugar 
catabolism. Intriguingly, we found a widespread downregula-
tion of nitrogen assimilation and a specific reduction of the ar-
ginine biosynthesis pathway at higher pH. Several adjustments 
in metal uptake proteins might be connected to reduced protein 
synthesis, since up to one-third of all bacterial proteins contain 
metal cofactors (Murdoch and Skaar 2022).

3.3.5   |   Proteins Involved in CO2 
Concentrating Mechanism

Subunits of the ATP-dependent bicarbonate transporter BCT1-
complex, CmpB-D, increased in abundance at pH 9.2 compared 
to pH 7.5 or pH 8.2, while the sodium-dependent bicarbonate 
transporter SbtA showed a reduced abundance (Figures  3, 4). 
Accordingly, the abundance of the SbtA regulator, PII-type 
protein SbtB, was also decreased. The other sodium-dependent 
bicarbonate transporter in Synechocystis, BicA, was not de-
tected in this study. The SbtA and BCT1-complex are known 
to be strongly induced in ambient CO2 conditions, whereas the 
expression of BicA is constitutive or even increases in 3% CO2 
(Billis et al. 2014; Eisenhut et al. 2007; Muth-Pawlak et al. 2022). 
NdhR (CcmR) is a central regulator of carbon metabolism in 
Synechocystis and a repressor of sbtA and the ndhF3/ndhD3/
cupA/cupS operon. In accordance, the CupS, a subunit of NDH-
13 complex functioning in CO2 uptake, was found to be dimin-
ished at pH 9.2, as well as the NdhA, a core subunit present in all 
NDH-1 complexes.

3.4   |   Contribution of Different HCO3
− 

Transporters in Cells Grown at Alkaline pH

The pH induced changes in HCO3
− transporter abundance 

revealed by proteomics analysis prompted us to evaluate the 
HCO3

− uptake capacity in cells grown at various pH levels. To 
evaluate differences in the HCO3

− uptake, we measured the 
photosynthetic gross oxygen evolution using the Membrane 
Inlet Mass Spectroscopy (MIMS) technique. The experiments 
were performed by monitoring O2 evolution in modified BG-
11 medium without Na+ and buffered with 20 mM CHES-KOH 
pH 10.0, where practically all dissolved Ci exists as HCO3

− or as 
CO3

2− (Table S1). The absence of CO2 was confirmed by mon-
itoring CO2 (m/z = 44) during gas exchange measurements, 
ensuring that all Ci uptake relied on HCO3

− transporters, with 
no contribution from CO2 uptake via NDH-13 and NDH-14 
complexes, although these still contribute to internal Ci equili-
bration. We added 25 mM NaCl to enable sodium-dependent bi-
carbonate uptake by SbtA and BicA. The gross O2 evolution rate 
was determined after 3.5 min upon illumination, as it is known 
that HCO3

− -dependent O2 evolution takes up to 3 min to reach 
steady rates (Price et  al.  2004). The gross O2 evolution rate of 
Synechocystis did not differ between WT cells grown at pH 7.5 
and those grown at pH 9.2 (Figure  5A). However, at pH 10.0, 
the oxygen evolution rate was lower compared to pH 7.5, de-
spite the fact that cells exhibited faster growth at pH 10.0 than 
at the lower pH-7.5 (Figure 1A). This may be explained by the 
lower Chl a content per cell at pH 7.5 compared to cells grown at 
pH 10.0 (Figure 1E), since the oxygen evolution measurements 
were normalized based on Chl a content.

To evaluate HCO3
− uptake via the BCT1 complex, we added 

25 mM LiCl prior to the measurement, as lithium ions are known 
to inhibit sodium-dependent carbonate transport systems (Espie 
et al. 1988; Jiang et al. 2013; Sandrini et al. 2015). In the pres-
ence of lithium ions, the gross O2 evolution rate accounted for 
23% ± 2.7%, 30% ± 3.1%, and 32% ± 5.5% of the total rate in cells 
grown at pH 7.5, 9.2, and 10.0, respectively (Figure 5B). These 
results suggest an increased BCT1 activity at higher pH, in 
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accordance with elevated BCT1 protein levels and reduced SbtA 
levels observed at pH 9.2 (Figure 3).

To confirm the contribution of the bicarbonate transporters in 
photosynthetic activity, we measured the O2 evolution in the Δ4 
strain (ΔndhD3/ndhD4/sbtA/cmpA; Shibata et  al.  2002). This 
strain, which retains only the BicA transporter, was grown at 
pH 8.2, as it does not grow under other pH conditions at air-level 
CO2 used in this study. As expected, the gross O2 evolution rate 
in the presence of NaCl was slightly lower than in the WT, indi-
cating that the remaining BicA transporter was active and able 
to partially compensate for the loss of the other Ci sequestra-
tion systems (Figure  S3). Addition of LiCl further suppressed 
gross O2 evolution by inactivating BicA, resulting in a residual 
O2 evolution most probably driven by passive CO2 diffusion 
into the cells. However, it is difficult to draw firm conclusions 
about the activity of specific transporters based solely on the de-
letion strains, as cells can partially compensate for the loss of 
other transporters. In agreement with this, bicA expression was 
found to be constitutively upregulated in the Δ4 strain and the 
carboxysome content was increased compared to the WT (Orf 
et al. 2015).

There were two main reasons why we did not evaluate the con-
tribution of individual transporters by measuring CO2 exchange 
with MIMS at the pH range (7.5–10.0) used in this study: (1) 
when cells are adjusted to pH > 9, the CO2 concentration in the 
medium is negligible and falls below the measuring detection 
threshold of the MIMS method even upon addition of NaHCO3; 
(2) In pH < 10, it is not possible to exclude the activity of NDH-1 
complexes, as indicated by the gross O2 evolution rate, which 
showed no difference in the presence or absence of LiCl in cells 
adjusted to pH 7.5 (Figure S4A).

At pH 9.2 and 10.0, total Ci and bicarbonate concentrations are 
higher compared to pH 7.5 (Table  S1; Price  2011). Therefore, 
the cells can maintain faster growth at least up to pH 10.0, as 
tested in this study (Figure 1A). Even though total dissolved Ci 

is increasing with increasing pH, the BCT1 subunits were more 
abundant at high external pH and higher amount of the BCT1 
complex was reflected on the BCT1 activity (Figures 2 and 5). 
Previously, it has been observed on transcript level that the cells 
upregulate both sbtA and genes from the cmp-operon at pH 10.0 
in comparison to pH 7.5 (Summerfield and Sherman 2008). Both 
SbtA and BCT1 components are additionally posttranslationally 
regulated by multiple phosphorylations (Angeleri et  al.  2016; 
Spät et  al.  2021). CmpA, the periplasmic bicarbonate binding 
protein, and CmpB, the membrane integrated permease sub-
unit of BCT1, both showed significant changes in phosphory-
lation events upon the shift from 5% CO2 to ambient CO2 (Spät 
et al. 2021). The activity of HCO3

− uptake in Synechocystis has 
been shown to be induced within minutes, and this rapid induc-
tion can be inhibited by common protein kinase inhibitors, sug-
gesting that it is mediated by phosphorylation events (Amoroso 
et al. 2003). The response of the phosphorylation levels of bicar-
bonate transporters to changes in external pH is not known, but 
might play a role at least in rapidly changing pH environments.

It is also interesting that the ΔpH between the lumen and cyto-
sol increases with increasing environmental pH, thus increas-
ing ATP synthase activity (Belkin et al. 1987; Morris et al. 2016). 
Because BCT1 is ATP-dependent, it is plausible that the BCT1 
abundance is increased upon higher ATP levels, while the SbtA 
amount and activity are proportionally lower than in neutral 
pH. Moreover, given that the BCT1 complex is primarily found 
in freshwater cyanobacteria and it is absent in most marine 
strains (Klanchui et al. 2017), it is possible that Na+-dependent 
bicarbonate transport becomes less favorable in freshwater cy-
anobacteria at pH > 9 due to limited Na+ availability for main-
taining the ion gradient across the membrane. Both BicA and 
SbtA transporters require at least 1 mM Na+ concentration to 
function (Shibata et  al.  2002), whereas Na+ concentration in 
freshwaters may often remain below this threshold.

To evaluate the direct impact of LiCl on photosynthetic electron 
transport, gross O2 evolution was measured by MIMS, alongside 

FIGURE 5    |    Gross O2 evolution of Synechocystis grown at different pH. (A) The rate of the gross O2 evolution was used for indirect assessment of 
HCO3

− consumption. Cells were suspended in BG-11 medium without Na+ and buffered at pH 10.0. The gross O2 evolution rate was measured in the 
presence of 25 mM NaCl. To assess the activity of the BCT1 transporter complex, 25 mM LiCl was added to inhibit sodium dependent bicarbonate 
transporters SbtA and BicA. (B) Contribution of BCT1 activity to the gross O2 evolution rate, determined by the difference in oxygen evolution with 
and without LiCl treatment. Error bars indicate standard deviations (n = 5). The asterisks denote a significant difference between cells cultivated in 
medium with pH 7.5 and higher pH, as determined by Student's t test (*p < 0.05, **p < 0.01, ***p < 0.001).
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Chl a fluorescence induction and flash-induced fluorescence 
yield and its subsequent relaxation in darkness (Figure  S4). 
These measurements were conducted in Synechocystis cells 
grown at pH 7.5, a condition where dissolved CO2 is expected to 
fully compensate for Ci import. Therefore, no changes were ex-
pected when Na+-dependent bicarbonate transporters were in-
hibited by LiCl. Indeed, no significant differences were observed 
between control and LiCl-treated cells grown at pH 7.5 in any of 
the measured photosynthetic parameters (Figure S4), indicating 
that short-term exposure to LiCl does not directly affect photo-
synthetic electron transport. The significant reduction in gross 
O2 evolution rates upon LiCl addition at pH 10.0 is attributed to 
the inactivation of bicarbonate transporters, rather than alter-
ations in PSII performance.

4   |   Conclusions

This study revealed that while increasing the external growth 
medium from pH 7.5 to 8.2 induced only minor proteomic 
changes, primarily in plasma membrane-associated proteins, 
growth at pH 9.2 resulted in widespread differences in protein 
abundances in Synechocystis. Specifically, many transporters 
and regulatory proteins showed altered abundance compared 
to cells grown at pH 7.5 or 8.2. Intriguingly, the cation/H+ anti-
porters, which play a crucial role in pH homeostasis, remained 
largely unchanged. This suggests that their constitutive ex-
pression enables a rapid response to external pH fluctuations, 
with potential posttranslational regulation of their activity. 
Furthermore, the observed modifications in the composition of 
bicarbonate transporters, with an increased abundance and ac-
tivity of ATP-dependent BCT1-complex at pH 9.2, alongside a de-
crease in the Na-dependent bicarbonate transporter SbtA, may 
indicate a cyanobacteria-specific acclimation strategy to alka-
line conditions. Investigating whether the Na-dependent bicar-
bonate transporters exhibit pH-dependent expression in other 
cyanobacterial species could provide further insights into this 
adaptive mechanism. In addition, our observation of changes 
in pigment composition per cell at different pH conditions sug-
gests profound physiological adjustments at divergent pH levels. 
A deeper understanding of cyanobacterial acclimation to high 
pH has practical implications for applied research, as optimizing 
growth conditions and cultivation media is essential for many 
biotechnological applications. Furthermore, the natural pref-
erence of cyanobacteria for alkaline environments may offer a 
selective advantage in large-scale cultivation, as high pH can 
suppress the growth of heterotrophic contaminants that typi-
cally thrive at neutral pH.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Total protein concentra-
tion in a cell lysate. Figure S2: Properties of Synechocystis. Figure S3: 
Gross O2 evolution of WT and Δ4 strain. Figure S4: Characterization 
of PSII in the presence of LiCl in cells cultured and measured at pH 7.5. 
Table S1: Predicted pH and inorganic carbon species in cell-free BG-11 
medium adjusted to different pH. Table S2: The pH of the BG-11 used 
for the cultivations and the pH of the culture supernatant. Table S3: Cell 
size of Synechocystis. Table S4: Proteins identified in pH 7.5, pH 8.2, or 
pH 9.2 condition. Table  S5: Proteins quantified in pH 8.2 and pH 9.2 
conditions in comparison to pH 7.5. The statistically significant results 
(p < 0.05) with fold change threshold (−0.58 > Log2FC > 0.58) are high-
lighted with bold font. Table S6: Proteome data used for Figure 3. 
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