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Abstract: Freshwater Synechocystis sp. PCC 6803 has been considered to be a platform for the
production of the next generation of biofuels and is used as a model organism in various fields.
Various genomics, transcriptomics, metabolomics, and proteomics studies have been performed
on this strain, whereas marine Synechocystis sp. PCC 7338 has not been widely studied despite its
wide distribution. This study analyzed the proteome profiles of two Synechocystis strains using a
liquid chromatography–tandem mass spectrometry-based bottom-up proteomic approach. Proteomic
profiling of Synechocystis sp. PCC 7338 was performed for the first time with a data-dependent
acquisition method, revealing 18,779 unique peptides and 1794 protein groups. A data-independent
acquisition method was carried out for the comparative quantitation of Synechocystis sp. PCC 6803
and 7338. Among 2049 quantified proteins, 185 up- and 211 down-regulated proteins were defined
in Synechocystis sp. PCC 7338. Some characteristics in the proteome of Synechocystis sp. PCC 7338
were revealed, such as its adaptation to living conditions, including the down-regulation of some
photosynthesis proteins, the up-regulation of kdpB, and the use of osmolyte glycine as a substrate in C1
metabolism for the regulation of carbon flow. This study will facilitate further studies on Synechocystis
7338 to define in depth the proteomic differences between it and other Synechocystis strains.

Keywords: Synechocystis 6803; Synechocystis 7338; proteomics; global identification; LC-MS/MS;
marine; freshwater; data-independent acquisition; photosynthesis

1. Introduction

Cyanobacteria, the only prokaryotes that perform oxygenic photosynthesis, have been considered
as an attractive source for the direct production of chemicals and bioenergy from carbon dioxide
(CO2) [1–5]. Various studies on cyanobacteria have been conducted to date, and Synechocystis species
are frequently used as model organisms [6–8]. Synechocystis is widely distributed across the Earth,
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with approximately 2000 species in about 150 genera. Cyanobacteria Synechocystis comprise the base of
the food chain of the marine ecosystem [9]. Synechocystis has the potential to become a platform for
biofuel production due to its fast growth, ability to fix CO2, and high lipid content [10–13]. A number
of studies have been conducted on Synechocystis to investigate its photosynthesis, stress reaction
and evolution processes [14,15]. One of the most used Synechocystis strains in recent studies is
freshwater Synechocystis sp. PCC 6803 (hereafter, Synechocystis 6803) [16–18]. The gene functions and
transformation mechanisms of Synechocystis have been studied at the genome level after the genome of
Synechocystis 6803 was fully sequenced in 1996 [19]. It also produces various commodity chemicals such
as ethanol, alkanes, fatty alcohol, fatty acids, ethylene, isoprene, and lactic acid [20–23]. Besides the
freshwater strain, marine Synechocystis sp. PCC 7338 (hereafter, Synechocystis 7338) is also an alternative
organism that has the potential to be used in various fields. Although it was first isolated in 1970,
only a few studies have been performed on this marine strain [24]. Interest in producing various
physiologically active substances derived from this marine cyanobacteria has emerged so far [25,26].
Recently, the metabolic and lipidomic profiling of Synechocystis 7338 has been carried out. Furthermore,
a quantitative comparison between the freshwater and marine strains was performed, revealing that
the diacylglyceryltrimethylhomoserine group existed only in the latter strain. The study revealed
metabolic differences of the marine strain under long-term exposure to salinity [27].

A comparative proteomic study of Synechocystis 6803 and 7338 could enhance the understanding
of the differences between the strains at the protein level. Previously, a comparative proteomic
analysis of two strains of the same species was able to reveal their different biological behaviors
and particular distinctions between them [28,29]. Proteomic research on cyanobacteria has been
accompanied by the development of mass technology [30,31]. The combination of two-dimensional
gel electrophoresis (2-DE) and liquid chromatography–tandem mass spectrometry (LC-MS/MS) has
been used in various proteomic studies on Synechocystis 6803 [32–36] and has found up to several
hundreds of proteins. A two-dimensional (2D) separation was used to increase protein identification
to approximately 2000 [37]. A label-free LC-MS/MS proteomic approach identified 1736 proteins
and quantified 812 proteins, which revealed global proteome changes of this species to an extreme
copper environment [38]. Another quantitative proteomic study performed dimethylation labeling
and 2D separation to determine the proteome and phosphoproteome changes in Synechocystis 6803
during resuscitation and identified 2461 proteins [39]. In a recent study, Baers and coworkers
used tandem mass tags (TMT) 10-plex labeling and 2D separation to identify 2445 proteins and
reveal distinct compartment organization in this species [40]. A similar strategy was conducted to
determine the alterations in the proteomic expression of Synechocystis 6803 induced by the antibiotics
sulfamethoxazole and tetracycline [41]. In addition, other studies performed shotgun bottom-up
proteomic approaches for the identification and quantification of peptides and proteins in the freshwater
strain. These studies utilized label-free quantification [42,43] and isobaric tags for relative and absolute
quantitation (iTRAQ) [44–49]. Proteomic studies on Synechocystis 6803 have contributed to a better
understanding of Synechocystis species, such as the critical roles of FtsH1/3 complex in acclimation to iron,
phosphate, carbon, and nitrogen starvation in Synechocystis [50], the regulatory role of cytochrome cM
in photomixotrophy [51], and changes in its proteome and phosphoproteome under photoautotrophic,
mixotrophic, heterotrophic, dark, and nitrogen-deprived conditions [52]. However, there has been
no available report on the proteomic analysis of Synechocystis 7338. Thus, in this study, we carried
out comparative proteomic profiling of the marine and freshwater Synechocystis strains using the
data-independent acquisition (DIA) method. The study aimed to investigate characteristic proteomic
profiles of Synechocystis 7338. By comparing the protein expression differences between the freshwater
and marine Synechocystis, the study deepened our understanding of the metabolic mechanisms of the
marine strain.
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2. Materials and Methods

2.1. Materials

Synechocystis 6803 and 7338 were purchased from Pasteur Culture Collection (Paris, France).
Tris (2-carboxyethyl)phosphine (TCEP) was obtained from Thermo Fisher Scientific (Rockford, IL, USA).
Iodoacetamide (IAA), formic acid (FA), trifluoroacetic acid (TFA), and trimethylamine (TEA)
were supplied by Sigma-Aldrich (St. Louis, MO, USA). Trypsin was purchased from Promega
(Madison, WI, USA). High-performance liquid chromatography (HPLC)-grade water and acetonitrile
(ACN) were obtained from JT Baker (Phillipsburg, NJ, USA).

2.2. Culture Conditions

Synechocystis 6803 and 7338 were grown photoautotrophically at 30 µE m−2 s−1 from fluorescent
lamps (Dulux L 36W/954, Osram, Munich, Germany). CO2 was controlled at 2%, and the temperature
was maintained at 30 ± 1 ◦C. Synechocystis 6803 was cultivated in a 1 L flask with 400 mL of
blue–green medium (BG-11, Sigma-Aldrich), K2HPO4 (30.5 mg/L), Na2CO3 (20 mg/L), ammonium
iron citrate (6 mg/L), and trace metal mixA5 with cobalt (1 mL/L, Sigma-Aldrich). Synechocystis
7338 was cultivated in a 0.5 L bubble column photobioreactor with 0.4 L artificial seawater nutrient
medium (ASN-III), which consisted of NaCl (25 g/L), MgCl2·6H2O (2 g/L), MgSO4·7H2O (3.5 g/L),
CaCl2·2H2O (0.5 g/L), KCl (0.5 g/L), NaNO3 (0.75 g/L), citric acid (3 mg/L), K2HPO4·3H2O (20 mg/L),
ethylenediaminetetraacetic acid (EDTA)·Na·2H2O (5 mg/L), ammonium iron citrate (3 mg/L), and trace
metal mix A5 with cobalt (2 mL/L, Sigma-Aldrich). The initial cell density was 0.1 g/L in each flask.
When the cells reached the mid-exponential phase of each strain (days 5 and 8 for Synechocystis 6803
and 7338, respectively), they were harvested using centrifugation, lyophilized, and stored at −80 ◦C
until use [27]. The experiment was conducted in triplicate. Cells from three flasks per strain were
pooled, and one final sample per strain was used for proteomic analysis.

2.3. Whole-Cell Protein Tryptic Digestion

Samples were thawed at 4 ◦C prior to whole-cell protein tryptic digestion. Stabilizer T1 (Denator
AB, Uppsala Science Park, Sweden) was used to apply an instantaneous high temperature (95 ◦C)
for heat stabilization to stop degradation [53]. For cell lysis, each sample was dispersed in 3 mL of
lysis buffer (8 M urea, 0.1 M Tris-HCl, pH 8.5), and a focus sonication was conducted for 15 min
at 18 ◦C using Covaris S2 (Covaris, Woburn, MA, USA). Proteins were precipitated with acetone
(−20 ◦C) for 18 h. The samples were centrifuged at 4000 rpm and 4 ◦C for 10 min using a Centrifuge
5810 R (Eppendorf, Hamburg, Germany) to collect the protein pellet. After evaporating the solvent
at 1800 rpm for 3 h with the Speed-Vac (Bio-Rad, Hercules, CA, USA), the proteins were washed
with acetone (−20 ◦C) and then dissolved in the lysis buffer. After quantifying each sample with a
Pierce BCA (bicinchoninic acid) Protein Assay kit (Thermo Fisher Scientific), the protein concentration
was adjusted to 1 mg/150 µL using lysis buffer. Proteins were reduced with 1.5 µL of 500 mM TCEP
(300 rpm, 37 ◦C, 45 min) and alkalized with 4.5 µL of 500 mM IAA in the dark (300 rpm, 37 ◦C, 45 min)
using a Thermomixer comfort (Eppendorf, Hamburg, Germany). Trypsin was added for digestion at
an enzyme:protein ratio of 1:50 (w/w) (300 rpm, 37 ◦C, 16 h). After the incubation, 0.1% formic acid
(FA) was added to stop the action of trypsin. Samples were then stored at −20 ◦C until the desalting
step. Sep-Pak Vac 1cc (50 mg) C18 cartridges (Waters Corporation, Milford, MA, USA) were used
for desalting [54]. The solvent was evaporated at 1800 rpm for 3 h with the Speed-Vac. The sample
was then dissolved in 0.1% FA, followed by centrifugation at 12,000× g for about 1 min to remove
any pellets.

2.4. High pH RP Fractionation

Peptide mixtures from each Synechocystis strain were subjected to high pH reversed-phase (RP)
fractionation [55]. A series of 16 eluting solutions consisting of 0.1% TEA in an ACN:water mixture
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was prepared. The amount of ACN was increased stepwise from 2.5% to 50% (v/v). The fractionation
was performed using Sep-Pak® Vac 1 cc tC18 cartridges (Waters, Milford, MA, USA). The column
conditioning steps were as follows: 1 mL of methanol, 1 mL of ACN (twice), and 1 mL of 0.1% TFA
(twice). The sample was then loaded into the column, followed by 16 stepwise elution steps with
increasing ACN levels. Sixteen fractions (numbered from 1 to 16) were pooled to obtain five final
high pH RP fractions (1–6–11, 2–7–12, 3–8–13, 4–9–14, and 5–10–15–16) [56]. After drying with the
Speed-Vac (1800 rpm, 3 h), the samples were dissolved in 0.1% FA for analysis.

2.5. Mass Spectrometric Acquisition

Dionex Ultimate 3000 nanoUPLC coupled with Q-Exactive™Hybrid Quadrupole-Orbitrap MS
(Thermo Scientific, San Jose, CA, USA) was used for the analysis of peptides. An Acclaim™ PepMap™
100 C18 nano-trap column (75 µm × 2 cm, 3 µm particles, 100 Å pores, Thermo Fisher Scientific) was
used to load the sample with the help of 0.1% FA in water (solvent A) at a flow rate of 2.5 µL/min for
5 min. The peptides were separated using an Acclaim™ PepMap™ C18 100A RSLC nano-column
(75 µm × 50 cm, 2 µm particles, 100 Å pores, Thermo Fisher Scientific) at a flow rate of 300 nL/min.
The mobile phase solvent consisted of solvent A and 0.1% FA in ACN (solvent B). A 185 min gradient
set up for solvent B was used as follows: 4% (0–14 min), 4–40% (14–155 min), 40–96% (155–157 min),
96% (157–169 min), 96–4% B (169–170 min), and 4% (170–185 min). The nano-electrospray ionization
source was operated under the positive mode. MS parameters included the following: spray voltage,
2.0 kV; capillary temperature, 320 ◦C; isolation width, ±2 m/z; scan range 400–2000 m/z; resolution in
full-MS scans, 70,000; resolution in MS/MS scans at 200 m/z, 17,500; and dynamic exclusion, 20 s.
Precursor ions were isolated in the quadrupole and fragmented via the higher-energy collisional
dissociation with 27% normalized collisional energy. In the data-dependent acquisition (DDA) method,
samples obtained from the high pH RP fractionation (five fractions per each Synechocystis strain) were
analyzed, and the top 10 precursor ions with the highest intensity were selected for fragmentation.
In the DIA method, the proteome digest of one biological replicate for each Synechocystis strain was
analyzed. Each sample was analyzed four times for technical replicates. Twenty non-overlapping 20
m/z-wide windows between 500 and 900 m/z were set for the analysis.

2.6. Mass Spectrometric Data Analysis

The proteomics data were deposited with the ProteomeXchange Consortium via the PRIDE
partner repository [57], with the dataset identifier PXD019340. For the identification, raw MS/MS files
of 10 analyses in DDA MS were converted to mzXML format with MSConvert followed by analysis with
Comet (Version 2018012) [58]. The MS/MS spectra were searched against the Synechocystis 6803 proteome
database (a Uniprot/Swissprot fasta file of 3507 reviewed proteins, downloaded on 13 November 2017).
Identification settings were as follows: maximum missed cleavage, 2; precursor mass tolerance, 10 ppm;
fragment mass tolerance, 0.02 Da; static modification, carbamidomethylation of cysteine (+57.012 Da);
variable modifications, oxidation of methionine (+15.995 Da) and carbamylation of protein N-term
(+43.006 Da). The files obtained from the Comet search were imported into the Trans-Proteomic
Pipeline (TPP) [59]. PeptideProphet [60] and ProteinProphet [61] were performed with a false discovery
rate (FDR) of ≤1%. Only proteins identified with at least two peptides were selected. Decoys and
duplicates in identified data were removed.

DDA data were also used to build a library for DIA data analysis using Skyline (ver. 4.2.0),
which is open-source software [62]. The cut-off score was fixed at 0.99. Acquisition method settings
were as follows: start m/z, 500; end m/z, 900; window width, 20 m/z; configured transition settings
and configured full-scan setting were the same as MS settings; precursor charge, 1–4; ion charge, 1–2;
ion types, y, b, p; ion match tolerance, 0.05 m/z; number of product ions picked, 5; maximum missed
cleavages, 2; and minimum number of peptides per protein, 2 [63]. The fasta file from Uniprot of
Synechocystis 6803 was input as a database. After analysis, the obtained data were processed with
MSstats (ver. 3.13.6) [64]. Quantile normalization was applied. Student’s t-test was used and the
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p-value was corrected using Benjamini–Hochberg correction. DEPs were identified with a |log2FC|of
≥1 (fold change) and an adjusted p-value of ≤0.05.

2.7. Bioinformatics Analysis

Gene ontology (GO) analysis of DEPs was performed using GO enrichment analysis provided by
the Genontology Consortium (http://geneontology.org) [65]. Classification using Panther included
biological processes, cellular components, and molecular functions. Kyoto Encyclopedia of Genes
and Genomes (KEGG) metabolic pathways with the KEGG Mapper tool were also identified [66].
Protein–protein interactions were analyzed using String [67] with the database of Synechocystis 6803.

3. Results and Discussion

3.1. Data-Dependent Acquisition (DDA) for Proteomic Profiling of Synechocystis 6803 and 7338

DDA is used for global proteomic profiling and comparative proteomics [68]. In this study, a DDA
method was first performed to identify peptides and proteins in two Synechocystis strains as well as
to build a spectrum library for the DIA analysis, whereas a DIA method was carried out for protein
quantification and the comparison of protein abundance between two strains. To increase peptide and
protein identification in DDA, a chromatographic separation following the pre-fractionation of high pH
reverse-phase (RP) fractionation and low pH RP LC was utilized since it allows the deep profiling of the
proteomes and its effectiveness had been previously reported [69,70]. In this study, the global proteomic
profiling of Synechocystis 7338 was conducted for the first time, whereas Synechocystis 6803 was used as
a reference. Proteome digests of Synechocystis 6803 and 7338 were simultaneously fractionated into five
fractions for each sample followed by LC-MS/MS analysis with a DDA method. The proteomes of
Synechocystis 6803 and 7338 were searched against a database of Synechocystis 6803 using TPP since the
RNA sequencing of Synechocystis 7338 has not yet been published. After an MS/MS search with Comet,
PeptideProphet and ProteinProphet were used for peptide and protein identification, respectively.

The lists of peptides identified with PeptideProphet and protein groups identified with
ProteinProphet at an FDR of ≤0.01 are presented in Tables S1 and S2, respectively. Figure 1 shows the
results of proteomic profiling using the 2D-LC system. First, as presented in Figure 1a, the numbers
of MS/MS spectra acquired in each run were similar among 10 fractions. Each fraction (MS/MS time
~185-min) resulted in approximately 64,000 acquired MS/MS spectra, equivalent to 320,000 MS/MS
spectra per sample. However, the number of assigned MS/MS spectra in Synechocystis 6803 was higher
than that of Synechocystis 7338 (21,732 ± 1383 vs. 15,214 ± 1178). In addition, the numbers of unique
peptide IDs in Synechocystis 6803 and 7338 were 10,763 ± 1258 and 7658 ± 667, respectively. Thus, the
numbers of assigned MS/MS spectra and unique peptide IDs in Synechocystis 6803 were about 1.4-fold
higher than those in Synechocystis 7338. It is obvious that, in each strain, the numbers of assigned
MS/MS spectra and unique peptide IDs were similar among the five fractions, which indicates the even
distribution of peptides following high pH RP fractionation. Furthermore, when using ProteinProphet
to identify protein groups in each fraction of two samples, the numbers were similar among fractions
(1326, 1468, 1446, 1346, and 1433 for Synechocystis 6803; 1013, 1078, 1090, 1031, and 1174 for Synechocystis
7338). Figure 1b presents the cumulative numbers of identified peptides and protein groups (single
hit included) against the number of fractions. The number of peptides increased gradually with the
number of fractions for both samples. However, the number of protein groups increased slowly after
two fractions as a result of the redundancy of protein groups in the later fractions.

http://geneontology.org
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(c,d) Venn diagrams that present the numbers of peptides identified with PeptideProphet and protein
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In total, 29,507 and 18,779 unique peptides were identified in Synechocystis 6803 and 7338,
respectively, whereas the numbers of identified protein groups were 2184 and 1794 (Figure 1c,d).
Synechocystis 7338 showed slightly fewer identified protein groups due to the use of the Synechocystis 6803
database, whereas there may be significant genetic differences between the two strains. The database
used for analysis contains a total of 3507 protein groups. Thus, the number of protein groups identified
covered 62.3% for Synechocystis 6803 and 51.1% for Synechocystis 7338. Compared to recent studies,
the numbers of identified protein groups were similar [47,48]. As shown in Figure 1d, a total of 168
proteins were not identified in Synechocystis 6803 but only identified in Synechocystis 7338 as unique
proteins for this strain (Table S3). Some of them were factually identified in Synechocystis 6803 with one
unique peptide and thereby cut off.

The physicochemical properties of the identified peptides in two Synechocystis strains were also
evaluated. The molecular weight (MW), isoelectric point (pI), and retention time (Rt) of peptides
were obtained from TPP. The pI value of a peptide is the value of pH at which the peptide has a
net charge of 0. At a pH above pI, the peptide carries a negative charge, and vice versa. The grand
average of hydropathy (GRAVY) values of the peptides were calculated using the GRAVY calculator
(http://gravy-calculator.de/) [71]. Positive GRAVY values demonstrate hydrophobicity, and negative
values indicate hydrophilicity. Figure S1a–d presents the distribution of the MW, pI, GRAVY, and Rt of
identified peptides, respectively. Overall, the identified peptides in two Synechocystis strains show
similar distribution patterns regarding MW, pI, GRAVY, and Rt. For both strains, the majority of the
identified peptides have MW values in the range of 800–2200 Da (78–82%), a pI of <7.0 (77–80%),
and a GRAVY value of <0.5 (92–93%). The effectiveness of tryptic digestion is shown in Figure S1e.
Above 80% of the identified peptides in two strains had two tryptic termini. About 10–12% of the
peptides contained 1–2 missed cleavages. Figure S1f exhibits the distribution of proteins by the number
of unique peptides. Interestingly, Synechocystis 7338 had more proteins with 1–2 unique peptides
than Synechocystis 6803, which may have resulted from using the Synechocystis 6803 database. Figure
S1g presents the distribution of proteins by their length, with similar patterns between two strains.
About 88% of the proteins were identified with <600 amino acids. The distribution of proteins by
coverage (Figure S1h) shows different patterns between Synechocystis 6803 and 7338. Synechocystis 7338
had more proteins with low coverage (<30%) than Synechocystis 6803, which was probably due to an
issue with the database.

3.2. Comparative Analysis of Quantification Data

DDA selectively chooses and fractionates ions with high intensities, whereas in the DIA method,
all of the peptide ions are fragmented. The accuracy, dynamic range, and sensitivity of DIA are similar
to those of DDA. However, compared to DDA, DIA can increase the detection of low-abundance
proteins [72]. Thus, DIA was utilized to quantify proteins and compare the protein abundance between
two Synechocystis strains. Four biological replications were used per strain, and Synechocystis 7338 was
compared against Synechocystis 6803. Using Skyline and MSstats, a total of 2049 proteins were quantified
and compared (Figure S2). Among them, 396 proteins were defined as differentially expressed proteins
(DEPs) and are listed in Table S4 with an adjusted p-value of ≤0.05 and |log2FC|of ≥1. As shown in the
volcano plot (Figure 2a), 211 DEPs were down-expressed and 185 DEPs were up-expressed.
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Figure 2. (a) Volcano plot illustrating differentially expressed proteins in Synechocystis 7338.
(b) Comparison of kdpB intensities between Synechocystis 6803 (left) and 7338 (right). (c) Expression of
some down-regulated proteins in Synechocystis 7338 relating to photosynthesis and their interactions
(via String database). Continuous line: interactions from curated databases; dashed line: interactions
from experimental determination.

One of the critical environmental differences between freshwater and sea-based organisms is
the osmolality difference depending on the salt concentration. In Synechocystis, proteins related
to the salt environment adaptation can be assigned into five categories: hypo-osmotic shocks
(aqpZ, nhaS, kdp), ion homeostasis (ktr, nhaS, kdp), compatible solute biosynthesis (ggpS, ggpP,
sps, spp), compatible solute transport (ggt), and bioenergetics processes (photosynthesis and
respiration) [73]. Some proteins were found in the quantification data (Figure S2), such as nhaS1 (P73863),
nhaS2 (P74393), nhaS3 (Q55190), nhaS5 (Q55736), kdpB (P73867), ggpS (P74258), sps (Q55440), and ggt
(P74181). Among them, kdpB, corresponding to the potassium-transporting ATPase ATP-binding
subunit, was significantly up-regulated in Synechocystis 7338 (Figure 2b) with a log2FC value of 4.27.
The high-affinity ATP-driven potassium transport system containing this protein is known to facilitate
the delivery of potassium into the cytoplasm [74]. In other words, it can be seen as an adaptation of
Synechocystis 7338 to high-salt-osmotic conductivity under large ion influx. This is probably one of the
potential indicators that can be used to distinguish between freshwater and marine Synechocystis species.
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A number of down-regulated proteins in Synechocystis 7338 correspond to the photosynthesis
function. In detail, they include 4/6 proteins of plasma membrane-derived photosystem I (psaA-P29254,
psaB-P29255, psaD-P19569, and psaL-P37277), 7/14 proteins of photosystem I (psaA, B, D, L,
psaE-P12975, psaK1-P72712, and psaK2-P74564), 10/39 proteins of photosystem (seven proteins of
photosystem I, psbF-P09191, psbU-Q55332, and psbW-Q55356), and 17/113 proteins of photosynthetic
membrane (10 proteins of the photosystem, petB-Q57038, petD-P27589, atpA-P27179, ftsH1-P73179,
ftsH2-Q55700, slr1949-P74511, and sll0412-Q55115). The down-regulation of these proteins suggests
a reduced photosynthesis function in Synechocystis 7338 as compared to that in Synechocystis 6803.
Figure 2c shows the expression of some down-regulated proteins in Synechocystis 7338 relating to
photosynthesis and their interactions (from the curated database and experimental determination).

3.3. Bioinformatics Analysis

Bioinformatics analysis was conducted using GO and KEGG. The GO database provided by the GO
consortium presents a comprehensive computer model of biological systems ranging from molecular
levels to larger pathways (cell- and organism-level systems). One of its main functions is the enrichment
analysis of units of the gene set. GO analyses of up- and down-regulated proteins are exhibited in
Table 1. In addition, the GO analysis of all DEPs was also performed and is presented in Table S5. The
down-regulated proteins in Synechocystis 7338 relate to various binding functions and several metabolic
processes. However, the up-regulated proteins do not reveal any particular GO terms. This is probably
due to the use of the Synechocystis 6803 database, which does not enable the identification of characteristic
proteins in Synechocystis 7338. Photosystem I is one of the cellular components corresponding to
down-regulated proteins, indicating the reduction of photosynthesis activity in Synechocystis 7338.
Six proteins in plasma membrane-derived photosystem I are listed in Table 2 with their description,
log2FC, and adjusted p-value. Except for photosystem I reaction center subunit III (log2FC=−0.263),
four proteins (photosystem I reaction center subunit II, XI, photosystem I P700 chlorophyll a apoprotein
A1, and A2) were down-regulated, whereas the iron stress-induced chlorophyll-binding protein
was up-regulated in Synechocystis 7338. Marine cyanobacteria, as aerobic organisms, have several
mechanisms for their adaptation to an iron-constrained environment, among which the ATP-binding
cassette (ABC) transport system has been known to mediate iron absorption and reduce the function of
iron-rich photosystem I [75]. This finding is in agreement with previous studies. During salt stress,
the efficiency of photochemistry in Synechocystis 6803 decreased due to the down-regulation of almost
all genes in the main subunits of photosystem I and II [76,77].

A KEGG analysis was also conducted using the DEPs to reveal metabolic pathways relating to
them (Table S6). Table 2 lists the DEPs related to photosynthesis, ABC transporter, and one carbon
by folate. The locus names and gene names are expressed as those of Synechocystis 6803. NrtB, NrtC,
and urea transport system permease proteins (urtC) related to the membrane permeation of nitrogen
in Synechocystis 7338 were down-regulated, whereas the iron (III) transport system substrate-binding
protein was up-regulated. In addition, four down-regulated proteins and two up-regulated proteins
were involved in one carbon pool by folate for nitrogen assimilation. Firstly, protein expression related
to photosynthesis and amino acid synthesis in Synechocystis 6803 was higher than that in Synechocystis
7338. This suggests that Synechocystis 6803 grows faster than Synechocystis 7338 under similar culture
conditions because of the increases in protein expression involved in carbon metabolism, photosynthesis,
and amino acid synthesis. Differences in protein expression between freshwater and seawater species
were also seen in transport metabolism. Synechocystis 6803 is known to have a high affinity for N and P
in the case of severe nutrient limitations [78]. Nitrate is a nitrogen source for photosynthetic microalgae.
It is used for nitrate assimilation by sequentially acting with nitrate reductase and nitrite reductase
after uptake by nitrate transport [79]. NrtB encodes a hydrophobic protein with a structural similarity
to essential membrane components of ABC transporters. NrtC is known to encode proteins similar
to ATP-binding proteins of ABC transporters [80]. Marine cyanobacteria, unlike freshwater species,
have been reported to use nrtP or nap permease rather than nrtABCD operon [81]. Transport protein
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expression to a nitrogen source showed high urtC expression in the urea uptake system as well as
in nitrate transport. Urea is also an important nitrogen source for microalgae. Synechocystis 6803 has
been reported to be able to take up even small concentrations of urea [82]. Marine cyanobacteria
have also been reported to use urea as a nitrogen source [83,84]. However, urtC protein expression of
Synechocystis 7338 was significantly lower in this study.

Table 1. Gene ontology (GO) analysis of differentially expressed proteins in Synechocystis 7338.

GO Term Description p-Value

Down-Regulated Proteins

Biological Process

GO:0008152 Metabolic process 1.31 × 10−6

GO:0071704 Organic substance metabolic process 2.29 × 10−3

GO:0009987 Cellular process 1.26 × 10−3

GO:0044237 Cellular metabolic process 1.21 × 10−2

Cellular Component

GO:0030094 Plasma membrane-derived photosystem I 3.54 × 10−2

GO:0005737 Cytoplasm 4.83 × 10−2

GO:0044424 Intracellular part 1.93 × 10−2

Molecular Function

GO:0016462 Pyrophosphatase activity 4.54 × 10−2

GO:0046872 Metal ion binding 3.15 × 10−2

GO:0043168 Anion binding 6.92 × 10−3

GO:0000166 Nucleotide binding 2.00 × 10−2

GO:0036094 Small molecule binding 1.41 × 10−2

GO:0003824 Catalytic activity 1.28 × 10−7

Up-Regulated Proteins

Biological Process

GO:0044238 Primary metabolic process 4.06 × 10−2

Cellular Component

GO:0005737 Cytoplasm 4.58 × 10−2

GO:0005623 Cell 2.52 × 10−2

Table 2. Comparison of differentially expressed proteins (DEPs) between Synechocystis 6803 and 7338
using GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis.

KEGG
Pathway Locus Name Gene Name Protein Description log2FC Adjusted

p-Value

Photosynthesis

slr1834 psaA Photosystem I P700 chlorophyll a apoprotein A1 −1.761 1.90 × 10−7

slr1835 psaB Photosystem I P700 chlorophyll a apoprotein A2 −1.592 1.79 × 10−8

slr0737 psaD Photosystem I reaction center subunit II −2.287 6.07 × 10−7

sll0819 psaF Photosystem I reaction center subunit III −0.263 4.43 × 10−3

slr1655 psaL Photosystem I reaction center subunit XI −1.816 4.14 × 10−7

sll0247 isiA Iron stress-induced chlorophyll-binding protein 7.719 2.43 × 10−5

ATP-binding
cassette (ABC)
transporters

sll1451 nrtB Nitrate transport protein −1.527 2.41 × 10−3

sll1452 nrtC Nitrate transport protein −2.396 2.44 × 10−2

slr0513 sfuA Iron (III) transport system substrate-binding protein 5.747 8.82 × 10−4

slr1295 3.228 1.17 × 10−6

slr1201 urtC Urea transport system permease protein −3.068 2.38 × 10−3

One carbon
pool by folate

sll0753 folD Bifunctional NADP-dependent methylene
tetrahydrofolate cyclohydrolase/dehydrogenase −1.271 3.12 × 10−2

slr0212 metH Methionine synthase −2.040 3.24 × 10−2

sll1635 thyX Thymidylate synthase 3.642 2.41 × 10−3

sll0171 gcvT Aminomethyltransferase 9.540 1.25 × 10−4

slr0861 purT Hosphoribosylamine-glycine ligase −7.698 6.82 × 10−6

slr0477 purN −4.239 1.23 × 10−2
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C1 metabolism showed the protein expression using different pathways in one metabolism
process. C1 metabolism plays a major role in the supply and reproduction of methyl groups.
It is essential to produce amino acids such as methionine, glycine, and serine, as well as purine
and thymidylate [85]. As shown in Figure 3, Synechocystis 6803 converted 5,10-methylene-
tetrahydrofolate (5,10-methylene-THF) to 5,10-methenyl-THF through methenyltetrahydrofolate
cyclohydrolase, and 5,10-methenyl-THF was converted to 10-formyl-THF by methylenetetrahydrofolate
dehydrogenase, while 10-formyl-THF was converted to formate by reproducing THF. In comparison,
aminomethyltransferase (GDC) and thymidylate synthase in Synechocystis 7338 are known to convert
5,10-methylene-THF into glycine. GDC in Synechocystis 6803 has been reported as a non-essential
gene since the GDC-deleted mutant did not hinder its growth using C1 metabolism without GDC [86].
GDC is located in the mitochondria of eukaryotic cells and is known to be involved in photorespiration
and nitrate assimilation [85,87]. In plants, GDC also acts as a feedback signal that regulates carbon
flow in photosynthesis and photorespiration while being regulated by glycine levels [88,89]. Moreover,
GDC deficient plants are known to cause an over-reduction and over-energizing of chloroplasts due
to their dysregulation of photorespiration [90]. In marine organisms, glycine is known to be an
amino acid-based osmolyte that is produced to control intracellular osmotic pressure [91]. Therefore,
Synechocystis 7338 seems to use osmolyte glycine as a substrate for C1 metabolism to regulate carbon
flow, unlike Synechocystis 6803.
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Figure 3. Comparison of protein expressions in one-carbon metabolism between Synechocystis 6803
and 7338. The enzymes are (1) 10-formylTHF synthetase, (2,3) bifunctional NADP-dependent
methylene THF cyclohydrolase/dehydrogenase, (4) NADH-dependent methyleneTHF reductase,
(5) methionine synthase, (6) serine hydroxymethyltransferase, (7) aminomethyltransferase (GDC),
(8) phosphoribosylamine-glycine ligase, and (9) serine hydroxymethyl transferase. Abbreviations: THF,
tetrahydrofolate; HCy, homocysteine; SAH, S-adenosyl-homocysteine; SAM, S-adenosyl-methionine.

4. Conclusions

In this study, proteomic profiling of Synechocystis 7338 was performed for the first time.
Through qualitative and quantitative analyses, proteomes of Synechocystis 6803 and 7338 were
compared. Our findings revealed some characteristics of the proteome, such as its adaptation to living
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conditions. Synechocystis 7338 differed from the freshwater strain by the reduced expression of some
photosynthesis proteins as well as the up-regulation of kdpB. In C1 metabolism, Synechocystis 7338 may
use osmolyte glycine as a substrate to regulate carbon flow. Further studies should be conducted on
Synechocystis 7338, particularly regarding its genomics and transcriptomics. As its genome is available,
the proteomic data in this study can be re-analyzed to obtain an insight into its proteomic profile and
reveal the in-depth proteomic differences of this marine strain in comparison with the freshwater strain.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-1312/8/10/790/s1,
Figure S1: Comparison of features of peptides and proteins identified in DDA MS between Synechocystis 6803 and
7338, Figure S2: Protein intensities quantified using Skyline, Table S1: List of identified peptides (PeptideProphet)
in Synechocystis 6803 and 7338 using DDA MS, Table S2: List of identified proteins (ProteinProphet) in Synechocystis
6803 and 7338, Table S3: List of unique and shared proteins (ProteinProphet) of Synechocystis 6803 and 7338,
Table S4: Differentially expressed proteins in Synechocystis 7338 compared with Synechocystis 6803, Table S5:
Gene ontology analysis of differentially expressed proteins in Synechocystis 7338, Table S6: KEGG pathways
relating to differentially expressed proteins in Synechocystis 7338. The proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD019340.
Reviewers may access it using username reviewer96059@ebi.ac.uk and password jNWAtQQM.
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