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Abstract
Photosynthetic cyanobacteria are exposed to rapid changes in light intensity in their
natural habitats, as well as in photobioreactors. To understand the effects of such
fluctuations on Synechocystis sp. PCC 6803, the global proteome of cells grown under
a fluctuating light condition (low background light interrupted with high light pulses)
was compared to the proteome of cells grown under constant light with concomitant
acclimation of cells to low CO2 level. The untargeted global proteome of Synechocystis sp. PCC 6803 was analyzed by data-dependent acquisition (DDA), which
relies on the high mass accuracy and sensitivity of orbitrap-based tandem mass spectrometry. In addition, a targeted selected reaction monitoring (SRM) approach was

Edited by: C. Funk

applied to monitor the proteomic changes in a strain lacking flavodiiron proteins Flv1
and Flv3. This strain is characterized by impaired growth and photosynthetic activity
under fluctuating light. An obvious reprogramming of cell metabolism was observed
in this study and was compared to a previous transcriptional analysis performed
under the same fluctuating light regime. Cyanobacterial responses to fluctuating light
correlated at mRNA and protein levels to some extent, but discrepancies indicate that
several proteins are post-transcriptionally regulated (affecting observed protein
abundances). The data suggest that Synechocystis sp. PCC 6803 maintain higher
nitrogen assimilation, serving as an electron valve, for long-term acclimation to fluctuating light upon CO2 step-down. Although Flv1 and Flv3 are known to be crucial
for the cells at the onset of illumination, the flavodiiron proteins, as well as components of carbon assimilation pathways, were less abundant under fluctuating light.
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I N T RO DU CT I O N

robust strains for efficient bioproduction, it is necessary to understand
the basic physiological responses of cyanobacteria to their cultivation

Photosynthetic cyanobacteria are an important chassis for the direct

environment. Light intensity, quality and availability are vital factors

conversion of light and CO2 to value-added chemicals and fuels. In

affecting the growth and bioproduction of photosynthetic organisms.

recent years, there has been growing interest in utilizing cyano-

Indeed, changes in light intensity are generally able to occur (and thus

bacteria and algae for the blue bioeconomy. In order to develop

impact cells) far more rapidly than abiotic stress factors, such as
changing nutrient availability or temperature. Light changes can result

Dorota Muth-Pawlak contributed equally to this study.

from the mixing of water bodies and reflections of the sun, causing a
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lens effect on waves. As light focuses momentarily on a narrow spot

(CCM) (Peltier et al., 2016). All four NDH-1 types catalyze cyclic elec-

below a wave in the surface water, a high-frequency light fluctuation

tron transfer (CET) around PSI by distributing electrons between

may result (Schubert et al., 2001). Shallow coastal habitats are also

reduced

known to be particularly prone to sudden sunflecks (Macintyre

et al., 2020). Recently, functional redundancy between NDH-11,2 and

et al., 2000).

Flv1/Flv3 was suggested in Synechocystis; both complexes accept

Rapid fluctuations in light intensity are also characteristic of conditions

inside

industrial-scale

photobioreactors

(Andersson

ferredoxin

(Fdx)

and

plastoquinone

(PQ)

(Schuller

electrons from reduced Fdx and contribute to photoprotection of
photosynthesis (Nikkanen et al., 2020).

et al., 2019; Bonnanfant et al., 2019), where high-density phototropic

Recently various “omics” studies, such as transcriptomics or pro-

cultures are exposed to high light at the reactor surface and to com-

teomics, have been applied to understand the global cellular

plete darkness, due to the shading effect of cells, in the innermost

responses in cyanobacteria (Babele et al., 2019; Jahn et al., 2018;

area of the photobioreactor. Efficient mixing, which is necessary to

Zavřel et al., 2019). While changes in gene expression are important

ensure adequate nutrient availability, gas exchange, and light availabil-

to understand cell regulation at the transcript level, protein abundance

ity for the cells, exposes the cultures to light gradient and dark cycles.

can directly reflect the cell metabolism and regulation at a particular

Therefore, an understanding of the metabolic responses of photosyn-

point in time. Alterations in transcript levels are much faster than for

thetic cells to an irregular light supply is essential for building robust

proteins, and mRNA and protein levels for specific genes and path-

cell factories for cyanobacterial bioproduction.

ways are not always well correlated (Maier et al., 2009; Palenik, 2015;

An array of photoprotective mechanisms enables photosynthetic

Vogel & Marcotte, 2012). The existence of a large number of post-

organisms to survive in dynamic environments with changing light

translational modifications and the differences between turnover

intensities. Over longer time scales, cyanobacteria can reconfigure the

rates of proteins strongly suggests that monitoring global regulation

photosynthetic apparatus by modulating the expression level of

mechanisms and complex cell metabolism based on an integrated

the photosystems and by altering the phycobiliprotein pigment com-

omics approach provides a reliable and in-depth understanding of the

position. In faster time scales, cyanobacteria can functionally reorga-

cell metabolism.

nize their phycobilisome (PBS) antennae to regulate the light arriving

Previously, we showed that intermittent light induces a multitude

at the reaction centres (reviewed by Calzadilla & Kirilovsky, 2020).

of differential changes in the transcriptome of Synechocystis (Mustila

Moreover, strong radiation induces an energy dissipation as heat via

et al., 2016). In this study, we investigate the global proteome

non-photochemical quenching (NPQ) of Chl a fluorescence via a solu-

response of cells to intermittent light upon concomitant acclimation

ble orange carotenoid protein (OCP) (Wilson et al., 2006).

to air-level CO2 by applying a label free untargeted mass spectrometry

Alternative electron transfer routes such as additional electron

quantification by data-dependent acquisition (DDA) to Synechocystis

sinks provide another mode of protection for the photosynthetic

wild-type (WT) and, as a follow-up experiment, using targeted mass

apparatus. Cyanobacterial flavodiiron proteins (FDPs) are able to

spectrometry approach as selected reaction monitoring (SRM) to the

mediate electron transfer from PSI to O2, and thus alleviate the exci-

Δflv1/Δflv3 deletion mutant. We applied the same experimental setup

tation pressure of the photosynthetic electron transport chain. Upon

as in the previous transcriptome study (Mustila et al., 2016), allowing

transition from dark to light or during an increase in light intensity, a

us to determine how well the changes in transcript level are reflected

specific set of FDPs, a hetero-oligomer formed by Flv1 and Flv3, pro-

in protein expression. Application of both transcriptomics or proteo-

vides a rapid and powerful electron sink from the downstream of PSI

mics techniques simultaneously is advantageous to avoid misinterpre-

(Allahverdiyeva et al., 2013; Bulychev et al., 2018; Helman

tations. In this work, we show that Synechocystis modulate the carbon

et al., 2003). In Synechocystis sp. PCC 6803 (hereafter Synechocystis),

and nitrogen balance in response to rapidly changing light intensities.

Flv2/Flv4 heterodimer also catalyzes the light induced reduction of

As a long-term acclimation strategy to the intermittent light Syn-

O2, although with lower activity but by continuously sustaining O2

echocystis, WT maintains nitrogen assimilation pathways as an elec-

uptake at least for 5–10 min (Santana-Sanchez et al., 2019). Flv1/Flv3

tron sink, while the Δflv1/Δflv3 mutant is unable to apply WT

hetero-oligomers have shown to be crucial for photoreduction of O2

strategy to adjust to fluctuating light.

as a fast response to excessive reduction of PSI and enable cell survival under fluctuating light intensities when the growth light is
repeatedly

interrupted

by

high

light

pulses

(Allahverdiyeva

2

MATERIAL AND METHODS

|

et al., 2013; Santana-Sanchez et al., 2019).
Another versatile electron transfer component is a multi-subunit

2.1

|

Strains, culture conditions, and sampling

NAD(P)H dehydrogenase-like complex (NDH-1), mainly localized in
Δflv1/Δflv3

thylakoid membranes (Laughlin et al., 2020; Peltier et al., 2016).

The

NDH-1 plays a role as an alternative electron transport pathway con-

et al., 2011) of Synechocystis sp. PCC 6803 were cultivated in 30 ml

tributing to redox homeostasis and protection of photosynthesis. In

BG-11 (Rippka et al., 1979), supplemented with 20 mM Hepes-NaOH,

cyanobacteria, four NDH-1 types with specific subunits have been

pH 7.5 in 100 ml Erlenmeyer flasks in AlgaeTron AG 130-ECO growth

identified: NDH-11 and NDH-12 functioning in respiration and

chamber (PSI, Czech) at 30 C. Cultures were shaken at 150 rpm and

NDH-13 and NDH-14 functioning in carbon concentration mechanism

illuminated with LED white light. Pre-experimental cultures were

wild-type

(WT)

and

strain

(Allahverdiyeva
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grown under constant illumination of 50 μmol photons m

307

Pho-

the initial OD was adjusted higher (OD750 = 0.4) than for the constant

tosynthetically Active Radiation (PAR) and supplemented with 3%

light-grown cultures (OD750 = 0.2). Under constant light, WT cultures

CO2 (HC). After 2 days, pre-cultures were harvested, ODs of the

reached OD750 = 0.57 ± 0.02 in 48 h. It is known that the growth of

experimental cultures were adjusted, and the cells were shifted to

the Δflv1/Δflv3 mutant is completely inhibited by a small inoculum

2

1

s

ambient air level CO2 (LC). The cultures were grown either under fluc-

size (OD750 = 0.1) under FL20/500 fluctuating light (Figure S1A,

tuating light intensities (20 μmol photons m

Allahverdiyeva et al., 2013, Mustila et al., 2016). In order to create

2

s

1

background light

was interrupted every 5 min by 500 μmol photons m

2

s

FL20/500) or moderate constant light (50 μmol photons m

1

for 30 s,

comparable conditions and allow the Δflv1/Δflv3 cells to grow, the ini-

, CL)

tial OD750 was adjusted to 0.4 for both WT and Δflv1/Δflv3. The WT

for 48 h (Figure 1A, Table 1). Since Synechocystis WT cultures grow

grew to an OD750 of 0.77 ± 0.002, whereas the Δflv1/Δflv3 cultures

more slowly under the applied fluctuating light (Mustila et al., 2016),

reached only an OD750 of 0.50 ± 0.03 in 48 h (Figure S1B).

2

s

1

F I G U R E 1 The protein and gene expression analysis in Synechocystis WT grown under fluctuating light (FL20/500) compared with the WT
grown under constant light (CL) during CO2 step-down. (A) A schematic diagram describing the DDA and microarray experimental design.
(B) Differential protein and transcript expression divided in functional categories. The proteome was analyzed with DDA in this study, whereas
microarray data were published previously (Mustila et al., 2016). DDA analysis was done with cut-off threshold log2FC ≥ 0.58 or ≤ 0.58 (which
corresponds to FC = ±1.5) and transcript analysis with cut-off threshold 1 ≤ log2FC ≥ 1, both data sets with P-value ≤ 0.05
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TABLE 1

Summary of the growth conditions used in this study
Pre-culture conditions

Experimental culture conditions

Sample

Light

CO2

Light

CO2

Protein analysis

Transcript analysis

CL

Constant growth light:
50 μmol photons m 2 s

3%

Air

48 h

This study

1)

1

Constant growth light:
50 μmol photons m 2 s

Constant growth light:
50 μmol photons m 2 s

Air

48 h

This study

1)

1

FL

3%

Collection time

1

Fluctuating light:
5 min: 20 μmol photons m
30 s: 500 μmol photons m

2

s
2
s

1
1

Note: Synechocystis WT and Δflv1/Δflv3 strain were grown under constant light (CL) or under fluctuating light (FL) in BG-11 medium supplemented with
20 mM Hepes-NaOH (pH 7.5). Pre-experimental cultures were grown with 3% CO2, while experimental cultures were kept under air level of CO2. The
microarray data used in comparison here have been previously published in 1) Mustila et al. (2016)

Experimental cultures were cultivated under atmospheric CO2 level,

performed in HCD cell with normalized collision energy of 27%. The

and sodium carbonate was omitted from the BG-11 medium. After

automatic gain control (AGC) settings were set to a maximum fill time

48 h, the cells were harvested by centrifugation at 4 C. The cell pellet

of 100 ms and 250 ms and to obtain a maximum number of 3e6 and

was washed twice with 50 mM TES-KOH (pH 8.0) and then stored at

1e5 ions for MS and MS/MS scans, respectively. The raw files were

80 C for further treatment. The absence of contamination was

searched against Synechocystis protein database retrieved from

checked by spreading liquid culture on LB and R2A agar plates.

Cyanobase (Kaneko et al., 1996) supplemented with human and yeast
proteome retrieved from Uniprot database, using in-house Mascot
(v.2.4)—search engine (Perkins et al., 1999) and further analyzed using

2.2

|

Sample preparation

Proteome Discoverer™ (v.1.4) Software (Thermo Scientific™). The
Mascot search parameters were set to trypsin as an enzyme with two

The samples were prepared according to the protocol described in

miscleavages allowed, methionine oxidation as variable modification

Vuorijoki et al. (2016). The proteins extracted from Synechocystis cells

and carbamidomethylation as the fixed one. Precursor mass tolerance

were reduced by 5 mM dithiothreitol (DTT) and alkylated with 10 mM

was restricted to monoisotopic mass ±4 ppm and fragment ion to

iodoacetamide (IAA) before precipitation with 1:5 v/v of 50% ace-

±0.02 Da. For the validation of the spectrum identifications, Percola-

20 C. The proteins were digested on-

tor (Käll et al., 2007) algorithm was used with a relaxed false discovery

pellet with two portions of trypsin in 1:100 enzyme to protein added

rate (FDR) of 0.05. The mass spectrometry proteomics data have been

in 4 h interval. After overnight incubation with trypsin, peptides mix-

deposited to the ProteomeXchange Consortium (Deutsch et al., 2017)

ture was further desalted and injected on LC–MS/MS in biological

via the PRIDE partner repository with data-set identifier PXD023066

triplicate and technical duplicate.

and 10.6019/PXD023066 (Vizcaíno et al., 2016).

tone/50% ethanol o/n at

Label-free DDA quantification was performed using Progenesis
QI for proteomics, LC–MS 4.0 (Nonlinear Dynamics). Only proteins

2.3

|

DDA quantification

identified with ≥2 unique peptides were considered, and

ANOVA

P-value ≤0.05 was used as statistical significance threshold.
DDA was performed on an EASY-nLC 1000 nanoflow liquid chromatography coupled to a Q Exactive mass spectrometer (Thermo Fisher
Scientific). Extracted peptides equivalent to 250 ng were first loaded

2.4

|

SRM quantification

on a trapping column (0.3  5 mm PepMap C18, LC Packings) and
subsequently separated inline on a 15 cm C18 column (75 mm 

The SRM protein quantification was performed according to the pro-

15 cm, ReproSil 5 μm 200 Å C18, Dr. Maisch GmbH, Ammerbuch-

tocol described previously (Vuorijoki et al., 2016). Samples after pellet

Entringen, Germany). The mobile phase consisted of water/acetoni-

digestion and desalting (see Sample preparation) were injected into

trile (98:2 [v/v]) with 0.1% formic acid (solvent A) or acetonitrile/

the LC–MS in biological triplicate. The data were analyzed in Skyline

water (95:5 [v/v]) with 0.1% formic acid (solvent B). A stepped

(3.1.0.7382) (MacLean et al., 2010) software, and statistics were

110 min gradient (70 min 5–26% B, 30 min 26–49% B, 5 min

performed in the MSstats (3.1.4) package (Choi, Chang, Clough,

49–100% B and 5 min 100% B) was used to elute peptides. The Q

et al., 2014; Choi, Chang, & Vitek, 2014). Peptide abundances were

Exactive instrument was operated with Thermo Xcalibur software

measured using the nanoLC system (EasyNanoLC 1000, Thermo

(Thermo Fisher Scientific) in positive mode with a spray voltage

Fisher Scientific) coupled to a triple quadrupole mass spectrometer

of 2.3 kV. The survey scan (MS) with the detection range of

(TSQ Vantage, Thermo Scientific) equipped with a nanoelectrospray

300–2000 m/z was followed by MS/MS scan of up to 10 most

source. Samples were loaded onto a pre-column (75 μm  2 cm,

intense ions with charge higher than +2 with the resolution of

3 mm 120A C18, Reprosil-Pur, Dr. MaischGmbH), then eluted and

120,000 and 15,000 (m/z 200), respectively. The fragmentation was

separated on an analytical column (75 μm  15 cm, 3 mm, 120A C18,

MUSTILA ET AL.
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Reprosil-Pur, Dr. MaischGmbH) using a 60 min non-linear gradient at
a flow rate of 300 nl min
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the same experimental setup for microarray studies (Mustila et al., 2016),

(5–20% B in 35 min; 20–35% B in 50 min;

which allowed a complementary profiling of gene expression and proteo-

B-acetonitrile: water, 98:5). The transitions were measured with

mic responses. In both cases, the cells were sampled only after they had

a 2.0 s cycle time, 0.7-unit resolution for both quadrupoles

acclimated to the experimental conditions (48 h), enabling better compari-

(Q1 and Q3), and the isolation width of 0.002 m/z. The mass spec-

son with transcripts and proteins.

trometer operated in SRM positive mode with a spray voltage of


The MS-based quantitative protein analysis covered 1499 pro-

1600 V, 270 C capillary temperature, collision gas pressure of

teins, each with at least two peptides. In total, 128 proteins were

1.2 mTorr argon in Q2 and tuned at the S-lens value.

found to be downregulated and 78 upregulated upon exposure to
fluctuating light (cut-off log2FC ≥ 0.58 or ≤ 0.58 and P < 0.05). From
this group, there were five proteins with lower abundance and seven

2.5

|

Absorption spectroscopy

with higher abundance, which had not been included in our previous
DNA microarray analysis, which excluded plasmid encoded genes

In situ absorption spectra (370–750 nm) of cell suspensions were

(Mustila et al., 2016). The differentially expressed proteins and

recorded by the OLIS CLARiTY 17 UV/VIS/NIR spectrophotometer

genes responding to fluctuating light are visualized as volcano plots in

with the integrating cavity (On Line Instrument Systems, Inc.) that

Figure 2A,B. Of the differentially expressed proteins, 28 of the

allows correction for cellular scattering. The raw absorbance data

corresponding genes were significantly downregulated (23.1%) and

were converted into absorbance values by using Fry's method

seven genes upregulated (10.1%). Thus, on average, 16.6% of the

(Fry et al., 1992).

altered mRNA level showed the same response in protein level.
In general, proteins classified into functional categories of photosynthesis as well as transport and binding demonstrated notable

3

|

RESULTS

expression responses both as transcripts and proteins. These proteins
are specified and compared to their transcript abundances described

In order to understand major changes in cell metabolism under intermit-

in Mustila et al., 2016 (see Table 2). Proteins involved in nitrogen

tent light, we performed a global protein expression analysis in Syn-

assimilation, transport, and cellular processes also demonstrated nota-

echocystis WT grown both under fluctuating light intensities (FL20/500,

ble expression responses to the fluctuating light condition (Table 2).

20 μmol photons m

The relative portion of proteins and genes in separate functional cate-

2

s

1

(PAR) background light was interrupted every

5 min by 500 μmol photons m

2

1

for 30 s) and moderate constant light

gories showed different abundances under fluctuating light compared

s 1) for 48 h. It is important to highlight that

to constant light (Figure 1B, Tables S1 and S2). The functional catego-

pre-cultures were grown under 3% CO2; therefore, the effect of fluctuat-

ries in Figure 1B are based on the categories determined in

ing light is studied during the acclimation to air-level CO2. Unfractionated

Cyanobase; however, some of the proteins are reorganized to other

cell lysates were subjected to in solution digestion, and the peptides were

categories based on functionality determined in more recent litera-

quantified with nanoflow liquid chromatography–tandem mass spectrom-

ture. Many of the proteins and genes showing different abundances

etry (nLC-MS/MS). The total proteome of Synechocystis WT was analyzed

under fluctuating light compared to constant light are unknown or

using the label-free DDA technique (Figure 1A). We have previously used

hypothetical in their function (Figure 1B).

(CL, 50 μmol photons m

2

s

F I G U R E 2 Differentially expressed transcripts and proteins under fluctuating light. Volcano plots of fold change in protein (A) and transcript
(B) abundance in WT under fluctuating light (FL20/500) compared to constant growth light (CL) during CO2 step-down. The proteome was
analyzed with DDA in this study, whereas microarray data were published previously (Mustila et al., 2016). DDA analysis was done with cut-off
threshold log2FC ≥ 0.58 or ≤ 0.58 and transcript analysis with cut-off threshold log2FC ≥ 1 or ≤ 1, both data sets with P-value ≤0.05.
(C) Scatterplot of the correlations between protein and mRNA expression. Pearson's correlation between the differentially expressed proteins and
their corresponding mRNAs was r = 0.71
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Proteins quantified with the DDA compared to transcripts quantified with DNA microarray

Accession

Gene

Protein

RNA

Log2FC

Log2FC

This study

Mustila
et al.
(2016)

Photosynthesis and respiration

btpA

Gene

RNA

Log2FC

Log2FC

This study

Mustila
et al.
(2016)

Nitrogen assimilation

Photosystem I
sll0634

Accession

Protein

0.86

0.51

Photosystem II

sll0108

amt1

1.30

0.66

slr0447

urtA

2.28

0.77

slr1201

urtC

0.86

0.84

sll0764

urtD

0.86

0.57

sll0258

psbV

0.67

0.24

sll0374

urtE

1.14

0.20

slr0144

NA

0.74

0.30

sll0450

norB

4.12

1.82

slr0146

NA

0.67

0.69

sll1454

narB

1.57

1.68

slr0147

NA

0.70

0.30

slr0898

nirA

1.08

0.19

slr0149

NA

0.69

0.13

ssl1911

gifA, IF7

2.78

0.07

slr0151

NA

0.75

0.12

sll1515

gifB, IF17

4.26

1.07

slr1544

lilA

4.77

2.24

Phycobilisome

slr0288

glnN, GS

4.78

0.16

slr0899

cynS

1.10

0.77

slr2067

apcA

0.78

0.56

slr1898

argB

0.65

0.28

slr1986

apcB

0.66

0.52

slr2002

cphA

0.59

1.16

sll0928

apcD

0.90

0.63

ssl2667

nifU

1.78

0.64

slr1459

apcF

0.64

0.32

Soluble electron carriers
sll0199

petE

0.59

0.63

ssl0020

fdx1

1.14

0.65

FDPs
sll1521

flv1

sll0219

flv2

ND
3.22

Transport and binding proteins
sll0507

corA

1.04

0.19

sll0672

pacL

1.38

0.61

sll0689

nhaS3

0.99

0.99

sll1270

bgtB

0.65

0.46

0.14

slr0454

acrB

0.69

0.09

5.00

slr1046

tatB

0.67

0.08

sll0550

flv3

1.99

1.00

slr1247

pstS2

0.75

0.08

sll0217

flv4

3.86

5.93

slr1295

idiA

1.00

0.12

slr1452

sbpA

2.67

0.85

1.27

0.94

slr2043

znuA

0.85

1.65

hemA

0.88

0.47

NADH dehydrogenase
sll0519

ndhA

sll0223

ndhB

0.99

0.95

Translation

sll0522

ndhE

1.29

0.76

slr1808

sll0521

ndhG

1.65

0.99

sll1394

msrA

0.64

0.06

slr0261

ndhH

1.43

0.94

slr0955

NA

0.52

1.39

0.64

0.04

sll0520

ndhI

1.54

1.23

slr1281

ndhJ

1.54

1.68

Biosynthesis of cofactors
sll1091

chlP

slr1280

ndhK

1.43

1.29

sll1282

ribH

1.25

0.46

slr1623

ndhM

1.67

0.40

slr0118

thiC

0.65

0.43

sll1262

ndhN

1.51

0.82

slr0426

folE

0.73

0.37

ssl1690

ndhO

1.30

0.18

slr0502

cobW

0.59

0.05

sll0272

ndhV

1.49

0.14

slr0772

chlB

0.67

0.30

sll1733

ndhD3

2.08

3.15

slr0900

moeA

1.18

0.67

sll1732

ndhF3

2.30

3.40

slr1562

grxB

0.79

0.08

sll1734

cupA

1.91

2.70

slr1992

gpx2

0.60

0.69

sll1735

cupS

1.99

2.13

sll0027

ndhD4

1.56

0.49

sll0016

mltA

1.90

1.56

slr1302

cupB

2.16

0.54

slr1351

murF

1.77

1.16

Cell envelope
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(Continued)

Accession

Protein

RNA

Gene

Log2FC

Log2FC

Accession
slr1423

murC

0.68

0.17

ccmM

0.64

0.59

slr1924

pbp7

1.81

0.68

taxD2

0.63

0.55

Carbon assimilation
sll1031
sll1032

ccmN

0.93

0.63

slr0009

rbcL

0.95

0.52

Gene

Protein

RNA

Log2FC

Log2FC

Cellular processes
sll1294

slr0012

rbcS

1.22

0.88

sll1514

hspA

3.12

1.81

sll0834

bicA

4.18

2.18

sll1980

trxA

0.75

0.09

slr0040

cmpA

5.23

6.53

sll1987

katG

0.76

0.19

slr0041

cmpB

6.22

5.62

slr0904

comM

0.97

1.14

slr0043

cmpC

3.30

3.58

CRISPR2

slr0044

cmpD

6.38

3.55

sll7066

4.72

cas7

0.76

PE

PE

slr0042

porB

5.56

sll7069

NA

1.25

slr1512

sbtA

2.09

3.46

sll7070

NA

0.71

PE

slr1513

sbtB

1.27

3.66

slr7073

NA

0.64

PE

sll0221

prxQ2

1.02

0.03

sll6055

NA

2.02

PE

sll1224

hoxY

0.77

0.28

slr0006

NA

2.53

2.20

sll1268

urf

0.83

0.20

slr0427

NA

0.65

0.23

sll1483

NA

1.84

1.56

slr1261

NA

1.02

0.14

0.67

slr2004

NA

1.08

0.25

0.05

slr2032

ycf23

2.12

0.03

ssr1528

NA

2.64

1.74

Other functions

sll1507

NA

0.70

sll1951

HlyA

0.62

sll5075

NA

1.23

PE

Note: Synechocystis WT grown under fluctuating light (FL20/500) is compared to WT grown under constant light. Pre-experimental cultures were grown
under 3% CO2, while experimental cultures were kept under air level of CO2. Transcripts and proteins P ≤ 0.05 are shown with bold font, colored
background shows blue for downregulated and red for upregulated. Protein data analysis of DDA was treated with cut-off threshold P ≤ 0.05 and
log2FC ≥ 0.58 or ≤ 0.58.
Abbreviations: NA, not available; ND, not detected; PE, plasmid encoded.

3.1 | Fluctuating light induces expression of
proteins associated with photosynthesis

(FNR) and to alternative electron transport routes, a higher amount of
Fdx1 might alleviate the excitation pressure to PSI. Among the electron acceptors from reduced Fdx1, only NDH-14, nitrite reductase
with

(NirA), and nitrate reductase (NarB) showed significantly higher abun-

photosynthesis and the assembly of photosystems were in higher

dances at both the transcript and protein levels under fluctuating light.

abundance under fluctuating light. The transcripts of many of the pro-

Other electron acceptors downstream of PSI, such as flavodiiron pro-

teins identified here showed similar trends, but their induction was

teins (FDPs) and bidirectional hydrogenase (Hox) showed lower abun-

not recognized as statistically significant (Mustila et al., 2016). The fol-

dance. The Flv3 protein and heterodimer of Flv2/Flv4 proteins did

lowing proteins were identified to have differential expression:

show lower expression both at protein and transcript levels. The

(1) The PSI biogenesis protein BtpA, which post-transcriptionally regu-

downregulation of FDPs under fluctuating light has been previously

lates the translation of psaAB mRNA and stabilizes the reaction centre

verified with Western immunoblot analysis (Mustila et al., 2016).

core proteins PsaA/PsaB of PSI (Bartsevich & Pakrasi, 1997; Zak &

Moreover, the accumulation of the HoxY subunit of bidirectional

Pakrasi, 2000); (2) Cytochrome c550 (PsbV), a PSII extrinsic protein

hydrogenase was slightly diminished. (4) Intriguingly, several PBS core

required for stabilization of the Mn cluster of the oxygen evolving

proteins (ApcA, ApcB, ApcD and ApcF) were found in higher abun-

complex (Roncel et al., 2012; Shen et al., 1998); (3) Soluble electron

dance under fluctuating light, which was not visible at the transcript

carriers, ferredoxin 1 (Fdx1) and plastocyanin (PetE), which were

level. Typically, PBSs size and thus abundances of proteins associated

abundant at protein level under fluctuating light, while the transcript

with light harvesting diminished with increasing light intensity and

amounts were equal in constant and fluctuating light (Table 2). Since

growth rate (Zavřel et al., 2019). Downregulation of genes encoding

Fdx1 is a crucial distributor of electrons to both Calvin-Benson-

for phycobiliproteins and PSI has been reported also at transcript level

Bassham (CBB) cycle enzymes via ferredoxin-NADP+ oxidoreductase

upon exposure to constant high light (Muramatsu & Hihara, 2012).

As

shown

in

Table

2,

several

proteins

associated
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(5) PSII assembly factors Slr0144, Slr0147, and Slr0149 together with

low-affinity bicarbonate transporter, was strongly enhanced at tran-

two other PSII-related proteins Slr0146 and Slr0151, all encoded from

script and protein level under fluctuating light in comparison to con-

a Pap-operon (PSII assembly proteins), were induced (Heinz

stant light. It is of note that, unlike transcripts of the subunits of BCT1

et al., 2016; Wegener et al., 2008). One of the most enhanced in

and SbtA, the mRNA amount of bicA is not induced upon Ci depriva-

amounts, both at protein and transcript level, was LilA that is a mem-

tion (Klähn et al., 2015). It is highly possible that, as a consequence of

ber of the extended light-harvesting-like (Lil) protein family. LilA has

pre-experimental growth of the cells under 3% CO2, the experimental

been found to be associated specifically with PSII (Kufryk et al., 2008).

cultures shifted to air level CO2 under fluctuating light were not able

LilA and other members of the Hlips (high light-induced proteins) fam-

to induce as strong CCM as the constant light cultures due to the

ily are associated with photoprotection of photosystems against

dominance of abrupt changes signaled by the initiation of fluctuating

excess light energy (Muramatsu & Hihara, 2012). In addition, IdiA (Iron

light conditions. As a comparison, during the shift of Synechocystis cul-

deficiency induced protein A) was found in higher amounts under

tures from 3% to air level of CO2 under constant moderate light illu-

fluctuating light. IdiA has also been found associated with PSII in Syn-

mination, the majority of proteins, including those of CCM, were

echocystis (Tölle et al., 2002), and the IdiA homolog in Synechococcus

shown to reach a new steady-state expression level during 24–72 h

sp. PCC 7942 has been suggested to play a role in protecting the

(Battchikova et al., 2010). Abrupted low Ci induced CCM signaling

acceptor side of PSII under oxidative stress (Exss-Sonne et al., 2000)

under fluctuating light, in comparison to constant light conditions,

and under iron or manganese deficiency (Michel et al., 1996). High

would explain the repression of the low Ci inducible components of

levels of PSII assembly factors encoded by the Pap-operon suggest a

CCM (NDH-13, BCT1, and SbtA), and possibly also the higher abun-

faster turnover of PSII proteins. The enhancement of LilA and IdiA

dance of constitutively expressed CCM components (BicA and

proteins indicates possible protection mechanisms for both PSII and

NDH14) (Table 2).

PSI complexes under fluctuating light. In addition, geranylgeranyl
reductase ChlP functioning in Chl a and tocopherol biosynthesis pathway was found at higher levels under fluctuating light.

3.3 | Fluctuating light triggers limited
photoprotective mechanisms

3.2 | Expression of components in carbon and
nitrogen assimilation responds to fluctuating light

Intriguingly, among the multitude of proteins scavenging reactive oxygen species (ROS) in cyanobacteria (Latifi et al., 2009; Schmitt
et al., 2014), a catalase-peroxidase KatG and glutathione peroxidase

Two major metabolic pathways, carbon and nitrogen assimilation,

Gpx2 were found more abundant under fluctuating light (Table 2).

responded inversely to fluctuating light with concomitant CO2 step-

The KatG catalase-peroxidase is the only catalase present in Syn-

down. Fluctuating light conditions resulted in high amounts of most of

echocystis and able to detoxify H2O2 (Tichy & Vermaas, 1999). The

the components in nitrogen uptake and assimilation, including nitrate

NADPH-dependent glutathione peroxidases, Gpx1 and Gpx2, reduce

and nitrite reductases (NarB and NirA, respectively), glutamine syn-

unsaturated fatty acid hydroperoxides under normal and oxidative

thetase (GS) Type III encoded by glnN, ABC transporters for urea (Urt)

stress conditions to protect membrane integrity (Gaber et al., 2001,

and an ammonium translocator (Amt) (Table 2). Also, the amount of

2004). Besides the catalase and two glutathione peroxidases, Syn-

cyanophycin synthetase that is responsible for the accumulation

echocystis possess five thioredoxin-dependent peroxiredoxins, and

of the nitrogen reserve cyanophycin was observed at higher abun-

one of them, PrxQ2 (Sll0221), showed reduced content in fluctuating

dance. The amino acid L-arginine biosynthesis was also abundant

light as compared to constant light. Unlike the four other per-

based on upregulation of acetylglutamate kinase ArgB. Consistent

oxiredoxins, PrxQ2 is postulated to be a lumenal or periplasmic pro-

with other findings, GS inactivating factors IF7 and IF17 were found

tein (Pérez-Pérez et al., 2009). Heat shock proteins (HSPs) are also

in lower abundance. Intriguingly, the strong induction of GS and

typically induced by various stress reactions; however, we found only

repression of IF7 and IF17 was found only at protein level, while sub-

HspA strongly enhanced by fluctuating light.

units of the urea and ammonium transporters were more abundant as

It is noteworthy that the OCP-mediating NPQ (reviewed by
Kirilovsky & Kerfeld, 2016) or chaperonins encoded from the groESL

both transcripts and proteins.
Coordinated reduction of both transcripts and proteins was

operon were found not to be more abundant, in either the WT or

recorded for several components of carbon assimilation (Table 2).

Δflv1/Δflv3 strain under fluctuating light (Tables 2 and 3). These

Fluctuating light applied upon CO2 step-down led to reduced amounts

results are in agreement with findings by Muramatsu and

of low inorganic carbon (Ci)-inducible NDH-13, while NDH-14 func-

Hihara (2012), demonstrating that the expression of hspA is induced

tioning in constitutive CO2 uptake was more abundant at both the

by sensing the reduced state of the plastoquinone (PQ) pool, while

transcript and protein levels. Low Ci inducible HCO3

transporters

expression of certain stress responsive genes, including groESL and

BCT1 and SbtA in the plasma membrane and a probable porin (PorB)

ocp, is induced in response to sensing the reduced state of electron

in the outer membrane and corresponding transcripts were also less

transfer components located downstream of the PQ pool. Even

abundant. CcmM and CcmN, essential for carboxysome formation,

though OCP is thought to be important under high light, a short 30 s

and Rubisco subunits were found to be at lower levels. Only BicA, a

high light pulse was not enough to enhance its expression to a greater
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T A B L E 3 Proteins quantified with the SRM compared to
transcripts quantified with DNA microarray

Accession

Gene

Protein

RNA

Log2FC

Log2FC

This study

Mustila et al. (2016)

Photosystem I

313

measured for Synechocystis grown in a photobioreactor with highly
variable light intensity, with a lack of significant NPQ induction during
the day (Andersson et al., 2019).
CRISPR2-system associated proteins Slr7073, Sll7066 (Cas7),
Sll7069 and Sll7070 were among the proteins that showed higher relative abundance in response to fluctuating light. These proteins represent one of the three CRISPR-Cas systems in Synechocystis, all of the

slr1835

psaB

0.55

0.40

corresponding genes located in a native pSYSA plasmid (Scholz

slr1655

psaL1

0.70

0.96

et al., 2013). Clustered regularly interspaced short palindromic repeats
(CRISPR) and CRISPR-associated (Cas) protein systems are suggested

Soluble electron carriers
ssl0020

fdx1

2.42

1.54

to provide adaptive immunity against invading phages and resistance

sll0199

petE

0.53

0.55

to horizontal gene transfer in many bacteria and archaea; however,

sll0662

fdx7

1.35

0.05

the exact function of the CRISPR-Cas system is still elusive (reviewed
by Sontheimer & Marraffini, 2010; Hille et al., 2018). Transcription

FDPs
sll0219

flv2

0.78

1.36

sll0217

flv4

0.83

1.60

factor RpaB has been predicted to activate CRISPR2 genes among
many other redox responsive genes (Riediger et al., 2019). Whether
the upregulation of the CRISPR2-system noted here is a direct

NADH dehydrogenase

response to the fluctuating light remains still uncertain.

sll1733

ndhD3

1.43

0.02

sll1732

ndhF3

1.22

0.02

sll1734

cupA

1.45

0.40

under fluctuating light (Table 2). The membrane bound NorB uses

sll1594

ndhR

1.32

0.18

electrons provided by quinols to reduce nitric oxide (NO) to nitrous

slr0436

ccmO

0.74

0.67

(Büsch et al., 2002). It has been shown previously that the regulatory

sll0030

cmpR

0.93

0.15

protein CyAbrB2 negatively regulates both the norB and hox operon

slr1512

sbtA

2.99

1.08

(Leplat et al., 2013), while it acts as a positive regulator for several

Respiratory terminal oxidases

nitrogen-regulated genes such as urtA, amt1, narB, and the nrt operon

slr1136

coxB

0.80

0.21

(Ishii & Hihara, 2008). However, CyAbrB2 was also found to positively

slr1379

cydA

1.19

0.60

CCM

oxide (N2O) and putatively protects bacteria from the toxic NO

nrtB

regulate CCM-related genes (cmpABCB, sbtAB, and ndhF3/ndhD3/
cupA operons) and complement CmpR and NdhR transcription factors

Nitrogen assimilation
sll1451

Intriguingly, nitric oxide reductase (NorB) was present at a considerably lower amount and HoxY at a slightly lower amount in the WT

1.65

1.80

(Orf et al., 2016). In Synechocystis, NorB activity might be related to
detoxification of NO deriving from the endogenous nitrite reductase

sll1452

nrtC

0.99

1.82

sll1453

nrtD

1.06

2.25

sll1454

narB

0.62

2.02

intermittent light is not clear, but might be connected to the overall

slr0447

urtA

0.90

1.83

response of the CyAbrB2 regulon and CO2 step-down.

perR

1.04

1.01

activity or the nitrite reducing process of other phytoplankton. However, the reason for the strong repression of NorB in response to

Other functions
slr1738
sll0221

prxQ2

2.46

0.58

slr1198

1-cys prx

0.71

0.57

sll1223

hoxU

2.16

0.48

sll0891

citH

0.62

0.42

slr0884

gap1

0.74

0.70

Note: Δflv1/Δflv3 strain grown under fluctuating light (FL20/500) is
compared to WT grown under fluctuating light during CO2 step-down.
Transcripts and proteins P ≤ 0.05 are shown with bold font, colored
background shows blue for downregulated and red for upregulated.
Protein data analysis of SRM was treated with cut-off threshold P ≤ 0.05
and 0.53 ≤ log2FC ≥ 0.58.

3.4 | SRM provides quantitative insight into the
response of Δflv1/Δflv3 strain to fluctuating light
The function of Flv1/Flv3 hetero-oligomer was previously shown crucial for the viability of Synechocystis under fluctuating light
(Allahverdiyeva et al., 2013). Therefore, we also monitored the
changes in the proteome profile of Δflv1/Δflv3 under intermittent
light in comparison to WT. Here we applied a recently established
targeted MS-based SRM method to detect changes in protein
amounts (Vuorijoki et al., 2016). With SRM, we were able to quantify
certain photosynthetic proteins that were missing from the DDA
quantification: subunits for thylakoid membrane-localized cytochrome

extent than what was observed after a shift from 3% CO2 to air level

c oxidase (Cox) and bd-quinol oxidase (Cyd), the reaction centre pro-

CO2 under constant light (Battchikova et al., 2010). In agreement with

tein for PSII (PsbAII) and transcriptional regulators (CmpR and PerR).

our results, the maximum capacity for OCP-mediated NPQ was

In general, SRM offers better analysis for low abundant and
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membrane bound proteins. As the target peptides are selected, the

we did not detect the other subunits of the hydrogenase (Artz

instrument is focused on monitoring only the corresponding ion chan-

et al., 2020).

nels, thus omitting interfering signals and therefore enabling more
sensitive and accurate measurement than the DDA technology.

From the significantly abundant proteins in response to fluctuating light (Table 3), PerR, a peroxide-sensing repressor, was similarly

It is noteworthy that the Δflv1/Δflv3 mutant is unable to grow,

upregulated also as a transcript. PerR was shown to be induced by

from a low inoculum size (OD750 = 0.1), under FL20/500 fluctuating

H2O2 and function as a transcriptional regulator of peroxiredoxin PrxII

light under conditions of 3% CO2 (Figure S1A), air level CO2 (Mustila

(Li et al. 2004). Moreover, a cytosolic peroxiredoxin, 1-Cys Prx, was

et al., 2016), or during the shift from HC to LC (Allahverdiyeva

enhanced while the putatively lumenal PrxQ2 was diminished. Ferre-

et al., 2013). However, the Δflv1/Δflv3 cells can survive under

doxin 7 (Fdx7), playing a role in the protection against hydrogen per-

FL20/500 with a larger (OD750 = 0.4) inoculum size, although the

oxide (Cassier-Chauvat & Chauvat, 2014) and photooxidative stress

growth is slower compared to the WT (Figure S1B). In order to collect

(Mustila et al., 2014), was found in larger amounts.

enough biomass for current fluctuating light experiments, both WT
and Δflv1/Δflv3 cells were inoculated at OD750 = 0.4 and cultivated
for 48 h.
Altogether 86 proteins were targeted and quantified with the

3.5 | Changes in the pigment composition induced
by fluctuating light

SRM approach. From these, 20 proteins were significantly downregulated and seven upregulated in Δflv1/Δflv3 compared to WT

Enhanced allophycocyanin (ApcA,B,D,F) content detected in WT and

grown under intermittent light (Tables 3 and S3). Different from the

changes in the abundance of certain PSI subunits (PsaB, PsaL) in

acclimation strategy applied by WT under intermittent light, the

Δflv1/Δflv3 under FL20/500 intermittent light point out possible dif-

Δflv1/Δflv3 mutant demonstrated diminished levels of Fdx1 and

ferences in the cellular content of photosynthetic pigments (Tables 2

proteins of nitrogen assimilation pathway (NrtB-D) compared to

and 3). To analyze the pigment composition, in situ room temperature

WT, which is in accordance with microarray data described in the

absorption spectra were recorded from the cultures grown under con-

previous study (Mustila et al., 2016). Components of NDH-13

stant light or fluctuating light conditions for 48 h. While the WT cells

(NdhD3, NdhF3, CupA), SbtA, and transcriptional regulator NdhR

showed slightly elevated phycobilin content (peak at 626 nm), the

were also less abundant. However, these components were not as

Δflv1/Δflv3 cells showed a clear decrease in phycobilin and Chl

significantly lowered as transcripts in Δflv1/Δflv3 compared to the

a (peaks at 440 nm and 680 nm) content under fluctuating light com-

WT under fluctuating light (Mustila et al., 2016). Considering that all

pared to constant light (Figure 3). Carotenoid (peak at 480–490 nm)

of these CCM components were already significantly repressed in

ratio to Chl a remained unchanged for WT, while Δflv1/Δflv3 cells

the WT in response to fluctuating light during CO2 step-down

showed increased carotenoids under fluctuating light compared to

(Table 2), and further downregulated in Δflv1/Δflv3 compared to

constant light (Figure S2B,C). Importantly, the characteristics of the

WT, it is conceivable that low transcript and protein abundances

pigmentation were similar when precultures were cultivated under 3%

prevailed both in Δflv1/Δflv3 and WT cells under fluctuating light.
Very low transcript amounts might explain why microarray analysis
did not reveal changes for these genes, whereas at the protein level
the diminished abundance can be recorded by sensitive SRM
approach. In addition, NdhD2 and CmpA-C proteins were under the
detection limit and could not be quantified with SRM from either
WT or Δflv1/Δflv3 cells grown under fluctuating light conditions.
The cmpA-D operon was significantly downregulated also at the
transcript level in WT under fluctuating light (Mustila et al., 2016).
Interestingly, NdhD2 showed an opposite response at transcript and
protein level since downregulation was detected only at the protein
level.
The PsaB, Flv2, and Flv4 proteins showed lower content in Δflv1/
Δflv3 compared to WT under fluctuating light, which is all in accordance with earlier immunoblot detection (Table 3 and Mustila
et al., 2016). In addition, PsaL1, PSI protein, and plastocyanin were
less abundant. Surprisingly, the amounts of CoxB and CydA were also
diminished in Δflv1/Δflv3 cells in comparison to WT. These respiratory terminal oxidases can function as an electron valve under light,
although with low sink capacity (Ermakova et al., 2016). From possible
electron sinks only HoxU, the diaphorase subunit of the bidirectional
hydrogenase was enhanced in Δflv1/Δflv3 cells (Table 3). However,

F I G U R E 3 Whole cell absorption spectra of the wild-type
(WT) and Δflv1/Δflv3 strain. Cells were pre-cultivated under 3% CO2,
adjusted to OD750 = 0.2 or 0.4 for cultivating under constant light or
fluctuating light (FL20/500) for 48 h under ambient CO2, respectively.
Before recording the absorption spectra, OD750 was adjusted to 0.2
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(Figure 3) or air level of CO2 (Figure S2A-C), implying that the modifi-

Relatively weak correlations between the amounts of mRNA and

cations in the pigment composition were a response to fluctuating

protein abundances are commonly observed (Maier et al., 2009; Nie

light regardless of the CO2 level used for precultivations.

et al., 2007; Toyoshima et al., 2020; Wegener et al., 2010). Changes in
transcriptome might be very rapid and induced by the stress response,
while changes in protein abundances might take hours or days. In the

4

|

DISCUSSION

current study, the relatively high correlation observed between proteins and transcripts might be explained by the strong stress applied

The majority of omics studies addressing acclimation of cyanobacteria

and by the acclimation time. In general, a higher degree of correlation

to low or high light intensities have been performed under constant

of the global transcriptome in relation to the proteome has been

light regimes both for the analysis of transcriptomes (Hihara

observed after introducing strong stress, rather than upon mild stress

et al., 2001; Muramatsu & Hihara, 2012; Tan et al., 2018) and

(Halbeisen & Gerber, 2009; Waldbauer et al., 2012). Some of the

proteomes (Choi et al., 2000; Jahn et al., 2018; Zavřel et al., 2019).

inconsistency might be explained by methodological aspects and some

However, both in nature and in densely populated photobioreactors,

may be inherent with the sample. Expression of mRNA is a prerequi-

cyanobacterial cells will rarely experience a constant growth light con-

site for protein translation, but there are a variety of post-

dition. Our aim in this study was to mimic fluctuations in irradiance,

transcriptional regulations, for example, small regulatory RNAs and

although in a controlled manner, and to reveal strategies that cells

folding of secondary structures in RNA molecules, which affect the

may apply to cope during intermittent light. In addition, we compare

half-life of transcripts and ribosome accessibility to mRNA (Muro-

differences induced by fluctuating light in global protein expression to

Pastor & Hess, 2020).

previously described transcriptome results (Mustila et al., 2016).

Moreover, translation efficiency depends on translation initiation

Despite the transcriptomics study being performed earlier, the strain,

and bias in codon usage (Chemla et al., 2020; Maier et al., 2009). The

culture conditions, growth chamber, and sampling times were all iden-

third level is post-translational control, which affects the activity and

tical. This allowed for a reliable comparison of the two omics

half-life of proteins. For example, protein phosphorylation and inher-

data sets.

ent protein stability result in different protein turnover rates. In photosynthetic protein complexes in the model plant Arabidopsis thaliana,
certain subunits have shown very rapid protein degradation and sub-

4.1 | Correlation of proteome and transcriptome in
response to fluctuating light

sequent replacement with newly synthesized protein (Li et al., 2018).
These include the D1 protein of PSII and PetD in cytochrome b6f
complex, both supposedly linked to the photoprotection of these

The amount of common regulation observed between transcripts

complexes in photosynthetic electron transport. The current method-

and proteins varies among cyanobacterial studies, with our results

ology does not allow conclusions to be drawn regarding the dynamics

exhibiting a relatively high correlation (r = 0.71) (Figure 2C). As a

of conformational changes of the proteome, nor to measure activity

comparison, Frischkorn et al. (2019) studied phosphorous stress

or composition of the complexes. Both DDA and SRM approaches

and found that only approximately 10% of identified global pro-

have their limitations. While DDA is biased toward highly abundant

teins showed co-expression with genes identified in transcriptome

proteins, SRM is low throughput. Nevertheless, with both methods, it

analysis for the cyanobacterium Trichodesmium erythraeum. In a

is possible to gain insight into overall changes in protein abundances

similar (non-global) study, 37% of transcripts and proteins detected

in photosynthetic cells.

were significantly downregulated in a similar manner in response
to inorganic phosphorus stress in Anabaena sp. strain 90 (Teikari
et al., 2015). The Pearson's correlation coefficients between transcriptomics and proteomics results were 0.75, with a data-set size
of 47 identified protein spots on 2D gels. In a study analyzing the

4.2 | Enhanced nitrogen assimilation serves as an
electron valve under fluctuating light upon CO2
step-down

cyanobacterial response to high light stress, the proteomics analysis covered approximately half of the predicted proteins in the Syn-

Our global proteomic analysis revealed coordinated reprogramming of

echococcus sp. PCC 7002 proteome (Xiong et al., 2015). In their

the major metabolic pathways in WT Synechocystis in response to rap-

integrated analysis, the correlation of transcripts and proteins was

idly changing light intensities with concomitant CO2 step-down

observed to be rather low (Pearson's correlation r = 0.24). How-

(Figure 4). Overall, the proteins participating in nitrogen transport and

ever, considering all quantified proteins and their corresponding

assimilation were more abundant under the FL20/500 light regime.

mRNAs, while calculating the correlations only for differentially

Among the highly abundant nitrogen assimilation pathway compo-

expressed proteins, the correlation was higher (r = 0.41) (Xiong

nents, nitrite reductase (NirA) and nitrate reductase (NarB) use

et al., 2015). As a comparison to studies in Eukaryotic cells, the

reduced Fdx as an electron donor (Flores & Herrero, 2005). Nitrate

mRNA-protein correlation for Saccharomyces cerevisiae was found

reductase catalyzes a two-electron reaction to reduce nitrate to

to vary between studies (r = 0.36–0.76) as reviewed in Maier

nitrite, followed by a six-electron reaction catalyzed by nitrite reduc-

et al. (2009).

tase to produce ammonium (Flores et al., 1983). Accordingly, nitrate
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F I G U R E 4 Schematic showing changes in the metabolism of Synechocystis cells under fluctuating light (FL20/500) upon CO2 step-down.
Cells were pre-cultivated under 3% CO2, adjusted to OD750 = 0.2 or 0.4 for cultivating under constant light or fluctuating light (FL20/500) for
48 h, respectively. More abundant proteins and pathways are marked with red, and less abundant proteins and routes are marked with blue

reduction has been shown to function as an important electron sink

et al., 2013; Mustila et al., 2016). The repression of these electron

(Klotz et al., 2015). The data obtained in this study suggest that

transport components could, in part, be due to the low background

increased nitrogen assimilation could serve as a strong electron valve

light used in our fluctuating light set up, which would also explain the

under the fluctuating light regime.

enhancement of the antenna proteins. However, repression of FDPs

Nitrogen compounds are also important for PBS and maintenance

has previously been seen after a shift to FL50/500 fluctuating light

of the photosystems, and accordingly, under fluctuating light, the core

with a higher background intensity (50 μmol photons m

subunits of PBS and many PSII assembly proteins were more abundant

to a lesser extent (Mustila et al., 2016) compared to FL20/500 used in

2

s 1), although

than under continuous light after a shift from 3% to air level CO2. The

this study. In this study, we used 3% CO2 for pre-cultivation of cells and

elevated phycobilin content under fluctuating light was confirmed by the

the effect of fluctuating light is studied 48 h after a drop to air level CO2

whole cell absorption spectra (Figures 3 and S2). The Chl a content was

conditions. A significant increase in the abundance of FDPs (except Flv1)

equal in both light regimes for WT (Figure 3), and no changes in the sub-

along with CCM proteins upon a shift to LC has been shown previously

units of photosynthetic complexes were detected (Table 2), indicating

(Battchikova et al., 2010; Spät et al., 2021). Contrasting this, under the

that cells did not adjust the content of Chl a binding pigment complexes

studied fluctuating light intensities with CO2 step-down, WT Syn-

in response to fluctuating light. These findings are in agreement with pre-

echocystis cells demonstrated low abundances of CCM proteins and

vious observations (Allahverdiyeva et al., 2013), showing that the photo-

FDPs. Fluctuating light might interrupt signaling and prevent induction of

chemical quantum yield of PSII Y(II) and the yield of PSI Y(I) for WT were

certain low CO2 inducible proteins upon the shift from high to low CO2

similar both under fluctuating light and constant light. Thus, there were

conditions. However, this cannot fully explain the decline in amounts of

no major adjustments for photosynthetic electron transport in response

FDPs or NdhD3 under FL20/500, because a similar response was also

to fluctuating light. Instead, other cell metabolism acclimation processes

detected when cells were pre-cultured under air levels of CO2 prior to

occur (these are summarized in Figure 4).

transfer to fluctuating light (Figure 2A in Mustila et al., 2016). Recently,

Among the components of the alternative electron transport

Nikkanen et al. (2020) demonstrated functional redundancy between

route, three FDPs (Flv3 and the heterodimer forming Flv2/Flv4 pro-

Flv1/Flv3 and NDH-1 in PSI protection in Synechocystis. The close rela-

teins) did show lower expression level in the WT cells exposed to fluc-

tionship between FDPs and CCM is also supported by the fact that cyclic

tuating light (Table 2). This observation is counterintuitive, as we have

electron flow and FDP-mediated water–water cycle energize the CCM

previously demonstrated the crucial role of Flv1 and Flv3 proteins

through the generation of a trans-thylakoidal pmf in the green alga

under

Chlamydomonas reinhardtii (Burlacot et al., 2021). However, the

fluctuating

light

conditions

(Figure

S1,

Allahverdiyeva

MUSTILA ET AL.

Physiologia Plantarum

317

exact mechanism behind the decrease of FDPs under fluctuating light is

intensities upon CO2 step-down. Several components in carbon

not clear.

assimilation and CCM were found at lower amounts and nitrogen

Importantly, SRM analysis revealed that, unlike WT cells, the

assimilation pathways were found to be more abundant both at tran-

Δflv1/Δflv3 mutant is unable to maintain high nitrogen assimilation

script and protein level. We postulate that Synechocystis uses an

under the FL20/500 regime, demonstrating diminished levels of nitro-

enhanced nitrogen assimilation pathway as a long-term acclimation

gen transport and assimilation proteins (Table 3) and transcripts

strategy to intermittent light. This serves as an alternative electron

(Mustila et al., 2016). Moreover, the reaction centre protein PsaB

valve under fluctuating light and alleviates the excitation pressure on

showed reduced levels, accompanied by substantially reduced Chl

the photosynthetic apparatus. The lower abundance of FDPs is

a and phycobilin content under fluctuating light (Table 3, Figure 3).

applied as a long-term strategy since to rely only on the water-to-

Consequently, a lack of Flv1/Flv3 route and repressed nitrogen assim-

water-cycle as a safety valve would be energetically unfavorable (due

ilation increase the acceptor side limitation of PSI and lead to detri-

to the wasting of photosynthetic electrons) to the cells under these

mental effects on cell viability of the Δflv1/Δflv3 strain under long-

challenging conditions. Although overall global proteomic analysis cor-

term intermittent light (Allahverdiyeva et al., 2013, Mustila

related with earlier transcriptomic findings, individual components in

et al., 2016).

the pathways did not correlate in every instance, thus, suggesting

The different response of the WT and Δflv1/Δflv3 strain to nitro-

wide post-transcriptional and post-translational regulation. Taken

gen assimilation under fluctuating light and concomitant lowering of

together, label-free MS detection combined with SRM can serve as a

the CO2 level implies differences in signaling to regulate these path-

reliable approach for cyanobacterial protein quantification and allow

ways. As intracellular carbon:nitrogen (C/N) homeostasis is vital to

comprehensive evaluation of the cell metabolism.

optimal cell growth, the carbon and nitrogen metabolism is tightly regulated (reviewed in Forchhammer & Selim, 2019). 2-oxoglutarate
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