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Abstract

The toxicity of methyl viologen (MV) to organisms is mainly due to the oxidative stress caused by reactive oxygen species
produced from cell response. This study mainly investigated the response of Synechocystis sp. PCC 6803 to MV by combin-
ing transcriptomic and metabolomic analyses. Through transcriptome sequencing, we found many genes responding to MV
stress, and analyzed them by weighted gene co-expression network analysis (WGCNA). Meanwhile, many metabolites were
also found by metabolomic analysis to be regulated post MV treatment. Based on the analysis results of Kyoto encyclopedia of
genes and genomes (KEGG) of the differentially expressed genes (DEGs) in the transcriptome and the differential metabolites
in the metabolome, the dynamic changes of genes and metabolites involved in ten metabolic pathways in response to MV
were analyzed. The results indicated that although the oxidative stress caused by MV was the strongest at 6 h, the proportion
of the upregulated genes and metabolites involved in these ten metabolic pathways was the highest. Photosynthesis positively
regulated the response to MV-induced oxidative stress, and the regulation of environmental information processing was
inhibited by MV. Other metabolic pathways played different roles at different times and interacted with each other to respond
to MV. This study comprehensively analyzed the response of Synechocystis sp. PCC 6803 to oxidative stress caused by MV
from a multi-omics perspective, with providing key data and important information for in-depth analysis of the response of
organisms to MV, especially photosynthetic organisms.

Key points

» Methyl viologen (MV) treatment caused regulatory changes in genes and metabolites.

* Proportion of upregulated genes and metabolites was the highest at 6-h MV treatment.

* Photosynthesis and environmental information processing involved in MV response.

Keywords Synechocystis sp. PCC 6803 - Methyl viologen - Oxidative stress - Transcriptome - Metabolome

Introduction reactive substance, including peroxide, superoxide anion,

hydroxyl radical, and singlet oxygen (Hayyan et al. 2016).

Methyl viologen (MV), as a bipyridine salt, is a non-selec-
tive herbicide. As the most commonly used herbicide in
agricultural areas around the world, in freshwater ecosys-
tems, the concentration of this herbicide can reach 87 pg/L
in surface water and 11 pg/kg in sediments (Amondham
et al. 2006; Ikpesu 2015). The toxicity of MV is related to
oxidative stress caused by reactive oxygen species (ROS)
(Bus et al. 1976). ROS is an oxygen-containing chemically
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In photosynthetic organisms, MV competes with ferredoxin
for photosystem I (PSI) acceptor side electrons to form MV
cationic radicals, which immediately react with O, to form
superoxide, and then form other ROS (Cui et al. 2019). MV
is not only toxic for plants (Ding et al. 2018), but also has
obviously toxicity to animals (Gx et al. 2021) and humans
(Aloizou et al. 2020). MV contained in soil and water will
affect the soil ecosystem and the aquatic ecosystem. There-
fore, it is of great significance to study the effects on organ-
isms of MV.

Cyanobacteria, as an ancient organism, exist in almost
all land and aquatic habitats. The morphology of cyano-
bacterial cells ranges from single cells to filamentous
cells. As single-cell cyanobacteria, the Synechocystis sp.
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PCC 6803 (hereafter Synechocystis) genome, was the first
to be sequenced, and Synechocystis can autotrophically
and heterotrophically grow (Heidorn et al. 2011; Kaneko
et al. 1996). Because of its particularity, Synechocystis has
become a model microorganism for studying photosynthe-
sis, carbon and nitrogen assimilation, plastid evolution,
and adaptability to environmental stress (Niu et al. 2015;
Singh 2018). In addition, Synechocystis has also become a
good strain for producing metabolic products (Wang et al.
2016; Zhou et al. 2019).

The detoxification of MV by organisms includes ROS
detoxification and MV efflux (Hawkes 2014). Oxidative
stress causes various damages to cyanobacteria. The main
damage of oxidative stress to cyanobacteria is photoinhibi-
tion (Powles 1984). Oxidative stress damages DNA/RNA,
oxidize proteins (Nishiyama et al. 2005), lipids (He and
Héder 2002), and other cell components, thus affecting the
normal physiological function of cyanobacteria cells, and
even causing cell death. Another target of ROS in cyano-
bacteria is the phycobilisome, and ROS decomposes the
phycobilisome and even defunctions it (Liu et al. 2005).
To reduce or even avoid the effects of oxidative stress,
cyanobacteria have developed many strategies. One of the
major defense mechanisms is energy dissipation mainly
represented by non-photochemical quenching. In addi-
tion, non-enzyme antioxidants (such as carotenoids and
a-tocopherol) and antioxidant enzymes (such as superox-
ide dismutase and catalase) play a crucial role in protect-
ing cyanobacteria from a variety of ROS stresses (Latifi
et al. 2009). Previous studies have shown that cyanobac-
teria reduced the concentration of the intracellular MV by
increasing the efflux efficiency, so as to reduce the oxida-
tive stress caused by MV (Babykin et al. 2003; Prosecka
et al. 2009).

The research on the resistance of a single gene or multiple
genes to MV in cyanobacteria has always attracted much
attention, such as the gene sodB that encodes superoxide
dismutase (Moirangthem et al. 2015), the genes cpcF and
cpcG related to phycobilisomes (Oh and Montgomery 2019),
and the gene for the heat shock protein HtpG (Hossain and
Nakamoto 2003). With the development of omics, single
omics techniques have been used to study the effects of MV
on organisms. Proteomics showed that the level of proteins
involved in ROS detoxification was increased to improve the
tolerance to MV in Anabaena sp. PCC 7120 (Panda et al.
2014). The changes of genes in M V-treated Arabidopsis have
been analyzed using microarrays (Han et al. 2014). How-
ever, there were few studies on the response of organisms to
MYV using multi-omics. Therefore, in this study, transcrip-
tomics and metabolomics were used to study the regulation
of cell response after treatment with MV in Synechocystis,
which helps to reveal the intracellular regulatory network
of cyanobacteria in response to MV, and provides key data
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and important information for elucidating the response of
cyanobacteria to MV-induced oxidative stress.

Materials and methods
Strains and growth conditions

Synechocystis sp. PCC 6803 (ATCC 27184) strain was
grown in BG11 medium (Rippka et al. 1979) supplemented
with 0.18 g/L Na,CO; at 30 °C under constant illumination
(40 ~70 wmol photons m 2 s~!) in a shaker at 150 rpm. The
slr0927 disruptant (Aslr0927) and the 5110416 disruptant
(Asll0416) were grown under the same condition, except
that 10 pg/mL spectinomycin (Sp) was added.

Determination of chlorophyll a content

Aliquots of 2 mL of Synechocystis sp. PCC 6803 cultures
were centrifuged at 12,000 rpm for 2 min, then the superna-
tant was discarded. Then, 2 mL dimethylformamide (DMF)
was added into the cell precipitate, incubated for 5 min at
room temperature (RT), and recentrifuged at 12,000 rpm for
1 min. Subsequently, the densities of supernatants at 663 nm
and 645 nm (ODg4; and ODg,5) were determined. The con-
tent of chlorophyll a (Chla) was calculated as follows: Chla
(pg/mL)=12.7X ODgc; —2.35 X ODys.

Detection of ROS

Aliquots of 500 puL of Synechocystis sp. PCC 6803 cul-
tures were added into a 1.5-mL centrifuge tube, and 10 pM
2'.7'-dichlorodihydrofluorescein (DCFH-DA) was added.
After 30-min incubation, the centrifugation was performed
at 6000 rpm for 1 min. The supernatant was removed, and
the precipitated cells were washed with BG11 medium.
Finally, the cells were resuspended with 500 nL BG11
medium. Then, 200 L of bacterial solution was put into 96
well microplate. The fluorescence was measured at 488-nm
excitation wavelength and 525-nm emission wavelength by
a TECAN microplate reader (Tecan, Hombrechtikon, Swit-
zerland) (Rastogi et al. 2010).

RNA isolation

Thirty milliliters of Synechocystis sp. PCC 6803 cultures
were centrifuged at 8000 rpm for 1 min, and the supernatant
was discharged. Then, 250 uL of TRIzol was added to the
cells. Afterwards, the cells were lysed with Fastprep (MP
Biomedicals, California, USA) (Wang et al. 2019), and 1 mL
TRIzol was added. After shaking for 30 s at RT, samples
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were for 5 min incubated at 50 °C in a water bath. Then, 250
KL of chloroform was added. After shaking for another 30 s
at RT, the centrifugation was conducted at 12,000 rpm, 4 °C,
for 10 min. Then, 600 uL upper supernatant was added into
a new centrifuge tube, and the same volume of isopropanol
was added. After being shaken for 30 s at RT, the liquid was
centrifuged at 12,000 rpm, 4 °C, for 10 min. After removing
the supernatant, the precipitate was washed with pre-cooled
75% ethanol, and centrifugated at 12,000 rpm for 5 min at
4 °C. The operation was repeated once. The supernatant was
removed, and the precipitate was air-dried at RT. Subse-
quently, the RNA was dissolved in diethylpyrocarbonate-
treated H,O (DEPC H,0), and the quality of the extracted
RNA was detected using Nanodrop 2000 (Thermo Fisher
Scientific, Wilmington, USA).

cDNA library construction and sequencing

The libraries were constructed with an Illumina Truseq ™
RNA sample preparation kit (Illumina Inc., San Diego, CA,
USA) in accordance with the manufacturers’ instructions.
There were three independent biological repeats per sample
(a total of 12 samples). The libraries were sequenced based
on the Illumina HiSeq Xten platform using the second-gen-
eration sequencing technology (Next-Generation Sequenc-
ing, NGS).

RNA-seq analysis

First, the raw reads were filtered to obtain high-quality
clean reads. The clean reads were aligned against the ref-
erence genome (ASM972v1) using Bowtie2 (version
2.3.4.1) (Langmead 2010). We used HTSeq 0.6.1p2 statis-
tical analysis to obtain the Read-Count value of each gene
(Anders et al. 2015), and set this Read-Count value as ini-
tial gene expression. The fragments per kilobase of exon
model per million mapped fragments (FPKM) was used
to normalize the gene expression. Then, DESeq2 (version
1.18.0) (Love et al. 2014) was used to identify differentially
expressed genes (DEGs) with llog, (fold change) I> 1 and
g-value < 0.05 as screening standards. Gene ontology (GO)
enrichment and KEGG pathway analyses of DEGs were
conducted by using cluster Profiler Package in R (3.6.3) (
Young et al. 2010).

Quantitative real-time PCR analysis

The samples were treated with HiScript II Q RT SuperMix
for qPCR (+ gDNA wiper) (Vazyme, Nanjing, China) to
remove the residual DNA and obtain the complementary
DNA (cDNA), following the manufacturers’ instruction. The
gPCR was conducted as previously reported method (Shi
et al. 2007) with ChamQ™ universal SYBR qPCR Master

Mix (Vazyme, Nanjing, China). Each of gPCR samples of
three independent biological repeats was independently be
analyzed. The primers were designed by Beacon designer7.0
(Thornton and Basu 2015), and the rnpb was used as the
internal reference gene for qPCR (Pinto et al. 2012). The
specific sequences were shown in Supplemental Table S1.

Metabonomic sample preparation, liquid
chromatography tandem-mass spectrometry (LC—
MS/MS) detection, and data analysis

Sample pre-treatment Aliquots of Synechocystis sp. PCC
6803 cultures (30 mL) were collected by centrifugation and
frozen in liquid nitrogen until further use. Samples stored
in liquid nitrogen were thawed at 4 °C. Then, 1 mL of pre-
chilled methanol/acetonitrile/water (2:2:1, v/v) was added
into samples. After mixing, the samples were decomposed
by low-temperature ultrasound for 30 min, and then incu-
bated at—20 °C for 10 min. The protein was precipitated
and centrifuged at 4 °C for 20 min. The supernatant was
collected, dried in vacuum, and stored at — 80 °C. The sam-
ples were redissolved in 100 pL acetonitrile/water (1:1, v/v),
fully swirled, and centrifuged (14,000 rpm, 4 °C, 15 min).
The obtained supernatant was analyzed by LC-MS/MS.

LC—MS/MS analysis Sample separation was performed using
ultra-high-pressure liquid chromatography (UHPLC) (Agi-
lent Technologies, California, USA). The column tempera-
ture was 25 °C and the flow rate was 300 L/min. Samples
of 2 pL were loaded onto the column each time with an
autosampler at 4 °C. The mobile phase of chromatography
was composed of buffer A (water +25 mM ammonium
acetate + 25 mM ammonium hydroxide) and buffer B (ace-
tonitrile). The sample-loaded column was washed with dif-
ferent concentrations of the buffer B, first with 95% buffer
B for 1 min, then the buffer B concentration was linearly
reduced to 65% within 13 min. Subsequently, the buffer B
concentration was reduced to 40% within 2 min and main-
tained at 40% for 2 min. Finally, the buffer B concentration
was increased to 95% within 0.1 min, followed by a 5-min
re-equilibration period (95% buffer B) (Yang et al. 2020).
Samples were detected in both electrospray ionization (EST)
positive and negative modes. Samples were analyzed using
UHPLC coupled to a quadrupole time-of-flight mass spec-
trometer to mass—charge ratio (AB SCIEX TripleTOF 6600)
(AB SCIEX, Waltham, USA).

Metabolome data process The raw mass spectrometry (MS)
data (wiff. scan files) were converted to MzXML files using
ProteoWizard MS Convert (Holman et al. 2014). XCMS
(Domingo-Almenara and Siuzdak 2020) was used for feature
detection, retention time correction, and peak area extrac-
tion. The metabolites were identified by accuracy mass

@ Springer



8380

Applied Microbiology and Biotechnology (2021) 105:8377-8392

(<25 ppm) and MS/MS data which were matched with the
standards database. In the extracted ion features, only the
variables with more than 50% of the nonzero measurement
values in at least one group were maintained. SIMCA-P
14.1 (Umetrics, Umea, Sweden) was used for the princi-
pal component analysis (PCA) and the orthogonal partial
least squares discriminant analysis (OPLS-DA) (Elzaki
et al. 2020). In OPLS-DA model, variable importance for
the projection (VIP) was used to evaluate the influence of
the expression patterns of metabolites on the classification.
Differential metabolites were screened according to P <0.05
and VIP>1 (Li et al. 2018).

Weighted gene co-expression network analysis

Weighted gene co-expression network analysis (WGCNA)
package (version1.69) in R software was used to construct a
gene co-expression network (Langfelder and Horvath 2008).
The correlation between the module characteristic genes and
metabolites was estimated. Cytoscape software 3.7.2 was
used for network visualization of each module (Shannon
et al. 2003), and the threshold value of WGCNA weight
parameters was set to 0.3 (Jeong et al. 2001).

Growth stress experiment

The growth was determined after inoculating wild type
(WT), Aslr0927, and Asll0416 into BG11 medium contain-
ing 0 uM and 2 pM MYV, respectively. The initial inoculation
OD,3, was about 0.05, and the OD3, and Chla content of
2 mL samples were determined every 24 h.

WT, Asir0927, and Asll0416 were cultured until OD53,
reached about 0.5, and the initial OD;5, was about 0.05.
The cells were centrifuged at 6000 rpm for 3 min, and then
washed with anti-BG11 medium for 3 times. OD;, of
the bacterial solution was adjusted to 0.5 with anti-BG11
medium. The bacterial solution of Asl/r0927 was subjected to
4 gradient dilutions, while the OD-5, value in turn decreased
to 0.5/3, 0.5/9, 0.5/27, and 0.5/81. The bacterial solution of
Asll0416 was subjected to 3 gradient dilutions, while the
ODy;, value in turn decreased to 0.5/4, 0.5/16, and 0.5/64.
Of each dilution gradient, 3 pL of bacterial liquid was inocu-
lated onto a solid medium plate without MV and with 2 pM
MV.

Statistical analysis

All experiments were conducted with three independent
biological replicates. The error bar represented the standard
deviation (SD) of the three experimental results. The statis-
tically significant difference was investigated by Student's ¢

@ Springer

test. A single asterisk indicated a significant difference at the
level of P <0.05. A double asterisk indicated a significant
difference at the level of P <0.01.

Results
Phenotype of Synechocystis under MV treatment

In this study, the response of Synechocystis to MV was
analyzed by transcriptomics and metabolomics. To deter-
mine the transcriptome and metabolome samples, we
examined the phenotypic and physiological characteristics
of Synechocystis under 5 pM MV treatment. The results
of Chla content determination showed that when MV was
added to cultures with 6-h and 12-h incubation, the Chla
content of the experimental group was significantly differ-
ent from that of the control group without MV (Fig. 1a).
To accurately quantify the specific oxidative stress levels
at these time points, the ROS content at the corresponding
time points was detected (Fig. 1b). Also, when cultures
were treated with MV for 6 h and 12 h, their ROS content
was significantly different from the ROS content at 0-h
post MV treatment, and the ROS content was relatively
highest at 6 h. Since the superoxide dismutase (SOD)
enzyme is the first line of the defense of ROS (Latifi et al.
2009), we also tested the expression of slr/516 encoding
the SOD enzyme and the SOD enzyme activity at these
four time points. As shown in Fig. lc, the values of both
reached the maximum at 0.5 h after MV treatment, then
decreased, and reached the lowest value at 12 h. In conclu-
sion, the samples treated with 5 pM MV for O h, 0.5 h, 6 h,
and 12 h were selected as transcriptome and metabolome
samples.

Transcriptome analysis of the response to MV

A total of 454 million original reads were obtained by
transcriptome sequencing, with an average of 37 million
reads per sample in 12 samples (three biological repli-
cates at each time point). After removing some joints and
low-quality reads, a total of about 364 million clean reads
were obtained, with an average of about 30 million clean
reads per sample. The clean reads were aligned with the
reference genome (ASM972v1), and the matching rate
reached more than 98% (Supplemental Table S2). The raw
transcriptomic data were deposited into the NCBI SRA
database (SRP291661).

A total of 257 (132 upregulated and 125 downregu-
lated), 349 (159 upregulated and 190 downregulated),
and 363 (180 upregulated and 183 downregulated) dif-
ferentially expressed genes (DEGs) were identified from
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Fig. 1 Phenotypic characteristics of Synechocystis sp. PCC 6803 WT
under 5 pM MV. a Determination of Chla content in WT under 5 pM
MV. b Detection of ROS content in WT under 5 uM MV. ¢ Detection
of expression of slr/516 and SOD enzyme activity under 5 uM MV

WT-0.5/WT-0, WT-6/WT-0, and WT-12/WT-0, respec-
tively (Fig. 2a). Of these DEGs, 61 DEGs were shared by
these three groups (Fig. 2b). The DEG with the highest
fold change in induced expression was sl[1621 with its
log, (fold change) of 5.01, 5.39, and 4.87 for each group,
respectively. Relatively, the largest fold change of down-
regulated expression was found in ssr2016 with its log,

WT-0.5/WT-0 WT-6/WT-0

110 sll0846

i

C WT-12/WT-0

qPCR 7] o

Fig.2 Analysis of DEGs in the transcriptomes. a Number of upreg-
ulated and downregulated DEGs. b Distribution of DEGs shown
by Venn diagram. ¢ Verification of DEGs by qPCR. d Expressions
of DEGs shared by WT-0.5/WT-0, WT-6/WT-0, and WT-12/WT-0
groups

(fold change) of —6.32,—5.77, and — 6.01 for each group,
respectively (Fig. 2¢). To verify the accuracy of the tran-
scriptome data, 30 genes were randomly selected for gPCR
verification. The qPCR results were consistent with the
RNA-seq data, with an overall correlation coefficient of
0.84, indicating that transcriptomic data were reliable
(Fig. 2d).

We conducted the GO and KEGG analyses of DEGs.
GO enrichment analysis indicated that there were 46 com-
mon functional categories shared by three groups, mainly
including photosynthesis, thylakoid membrane, phycobili-
some, iron ion binding, protein-chromophore linkage, and
other functional categories (Fig. 3a). There were 28 com-
mon KEGG pathways shared by these three groups, mainly
including photosynthesis, oxidative phosphorylation, pho-
tosynthesis-antenna proteins, ABC transporters, fatty acid
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Fig.3 Analysis of GO enrichment and KEGG pathway of DEGs. a
Functional categories shared by three comparison groups (WT-0.5/
WT-0, WT-6/WT-0, WT-12/WT-0) identified through GO enrich-
ment analysis. b Metabolic pathways shared by the three comparison

biosynthesis, and other pathways (Fig. 3b). Among these
KEGG pathways, photosynthesis was a significant metabolic
pathway in the three groups. These shared GO enrichment
classifications and KEGG pathways were considered to be
important components involved in the response to MV. In
addition to these GO enrichment classifications and KEGG
pathways shared in these comparison group, each compari-
son group also had its own GO functional classifications
and KEGG metabolic pathways (Supplemental Fig. S1).
The specific GO enrichment functional categories of the
three comparison groups were mainly magnesium ion bind-
ing, methylation, and translation, respectively. Among the
unique metabolic pathways of WT-0.5/WT-0, glycolysis/
gluconeogenesis contained the most DEGs. For WT-6/
WT-0, the unique metabolic pathways involved in DEGs
were methane metabolism, glycolysis/gluconeogenesis, and
other metabolic pathways. Folate biosynthesis and nicotinate
and nicotinamide metabolism were the main unique meta-
bolic pathways in the WT-12/WT-0 group. These unique GO
functional classifications and KEGG pathways may not be
as widely involved in the response to MV as the shared GO
enrichment classifications and KEGG pathways, but they
would play their own roles at a specific time.
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WT-0.5/WT-0  WT-6/WT-0 WT-12/WT-0

groups identified through KEGG pathway analysis. The size of bub-
bles represents the number of DEGs, and the color represents signifi-
cant g-value

WGCNA of transcriptome under MV treatment

WGCNA is used to find clusters (modules) of highly cor-
related genes. These clusters are summarized by using the
characteristic genes or hub genes in the module to associ-
ate the module with the characteristics of external samples.
To determine the different co-expression modules of Syn-
echocystis under MV acted, a co-expression network of 909
DEGs was constructed by WGCNA with the weight value
set as 12, and three modules (blue, turquoise, and grey) were
successfully obtained (Fig. 4a). In these three modules, the
turquoise module was positively correlated with the WT-0.5
group with the correlation coefficient being as high as 0.98,
P-value=2e-0.6. The grey module was negatively corre-
lated with the WT-6 group with the correlation coefficient
of 0.92 and P-value=4e-0.4. There was a positive correla-
tion between the blue module and the WT-12 group, and
the correlation was 0.98 (P-value =3e-0.6) (Fig. 4b). The
results indicated that the genes of the blue module and the
turquoise module positively regulated the response to MV,
and the genes of the grey module had a negative response
to MV. We further investigated the DEGs of each module
by GO enrichment and KEGG pathway analyses, respec-
tively (Supplemental Fig. S2). The DEGs of the blue module
and the grey module were mainly involved in the metabolic
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Fig.4 Weighted gene co-expression network analysis. a Clustering
dendrogram of DEGs. b Correlation analysis between the clustering
modules and MV treatment time points (0.5 h, 6 h, 12 h). Each grid
contained the corresponding correlation and P-value. ¢ Number of

pathways such as ABC transporters and photosynthesis. The
major metabolic pathways involved in DEGs of the turquoise
module were photosynthesis and ribosome. The results indi-
cated that photosynthesis was the dominant metabolic path-
way in the three modules.

The hub gene is a highly connected gene in WGCNA
network analysis, and it plays an important role in this mod-
ule (Zhu et al. 2019). There were 276, 592, and 41 DEGs
in these three modules, respectively (Fig. 4c). Therefore, to
identify the hub gene in each module, DEGs were screened
from each module according to the standard of weight>0.3.
The network of DEGs of each module is constructed and
analyzed using Cytoscape (v3.7.2) software (Fig. 4d). The
analysis results showed that the genes with the highest
degree of the connection with other genes in each module
were slr5056 (probable glycosyltransferase), slr1295 (iron
uptake protein A1), and sl[1003 (sensory transduction his-
tidine kinase). We verified the expression of the three hub
genes by qPCR. The change trend was basically the same,
and the correlation coefficient reached 0.77 (Fig. 4e).

Metabolomic analysis of the response to MV

The transcriptome reflects the upstream biological informa-
tion, representing the intrinsic factors of biological activi-
ties. The metabolome indicates the downstream of biological
information, reflecting the phenotypic results of biological

WT-0.5/WT-0 WT-6/WT-0 WT-12/WT-0

DEGs per module. d Hub gene for each module. Yellow represents
the gene with the highest degree of connection with other genes in
each module. e Verification of hub gene by qPCR

activities. Therefore, the metabolomic analysis was con-
ducted by LC-MS/MS with six independent biological
repeats at each time point (a total of 24 samples). A total
of 4630 positive and 4041 negative metabolic peaks were
found in all samples, respectively. To achieve the purpose
of the data dimensionality reduction and reveal the overall
distribution of all samples, we conducted PCA (an unsuper-
vised data analysis method), and linearly recombined all the
initially identified metabolites (Supplemental Fig. S3a). We
also performed OPLS-DA to model the correlation between
metabolite expression and sample groups (Supplemental
Fig. S3b). The PCA analysis showed the obvious cluster-
ing between the three groups (WT-0.5/WT-0, WT-6/WT-0,
WT-12/WT-0). The groups of samples were distinguishable
in the OPLS-DA model with R2, Q22>0.5, indicating the
model was stable and reliable.

A total of 15, 35, and 38 differential metabolites were
screened from the three groups (WT-0.5/WT-0, WT-6/
WT-0, WT-12/WT-0), respectively (Fig. 5a). Of these dif-
ferential metabolites, there were 11 metabolites shared by
the three groups of which (+)-catechin had the largest fold
change (Fig. 5b). Then, we analyzed the KEGG pathways of
differential metabolites. The 14 metabolic pathways enriched
with differential metabolites were shared by these three
groups, including purine metabolism; ABC transporters; ala-
nine, aspartate, and glutamate metabolism; and other meta-
bolic pathways (Fig. 5¢). In addition to the shared metabolic

@ Springer



8384 Applied Microbiology and Biotechnology (2021) 105:8377-8392
WT-0.5/WT-0 WT-6/WT-0 C Zeatin biosynthesis . . .
Starch and sucrose metabolism . . .
2 1 10
Purine metabolism ) ° .
13 Phosphotransferase system (PTS) . . .
13 - Metabolic pathways ) ] [ ]
:
e Count
g Lysine degradation ° 5
WT-12/WT-0 8 ® 0
E Glutathione metabolism . . ° @
--- (+)_CateChin I 2 ~logso(qualue)
--Hyperoside 1 Cysteine and methionine metabolism . . ° ‘;
Guanosine 0 2
-2—Hy dr oxya denine . Biosynthesis of secondary metabolites. . ) ° 1
Adenosine
. —2 Biosynthesis of amino acids o ° °
Adenine R
Cellobiose Arginine and proline metabolism . . °
Theaflavin
--N —Formylmethionine Alanine, aspartate and glutamate metabolism ! o .
N—Acetyl-L—glutamate
I B D V6,N6,N6—Trimethyl-L-lysine ABC transporters X . .
ll? ll? l”?’
9 s ‘6}1’/ R &) 2—Oxocarboxylic acid metabolism . . .
B, T2, Ty
7] 4 N/} WT-0.5/WT-0 WT-12/WT-0 WT-6/WT-0

Fig.5 Overall analysis of differential metabolites. a Distribution of
differential metabolites shown by Venn diagram. b Changes of dif-
ferential metabolites shared by WT-0.5/WT-0, WT-6/WT-0, and
WT-12/WT-0 groups. The grid color varies with the change folds of

pathways, the two groups of WT-6/WT-0 and WT-12/WT-0
also had their own unique metabolic pathways (Supplemen-
tal Fig. S4). The unique metabolic pathways that contained
the most differential metabolites in these two groups were
the microbial metabolism in diverse environments. In addi-
tion to this metabolic pathway, the differential metabolites
in WT-6/WT-0 mostly focused on glyoxylate and dicarboxy-
late metabolism, and C5-branched dibasic acid metabolism.
However, the differential metabolites in WT-12/WT-0 were
mainly metabolized by amino sugar and nucleotide sugar
metabolism. The results showed that the metabolic pathways
involved in the metabolites in response to this stress were
different at different time of MV treatment.

Dynamic analysis of genes and metabolites
under MV treatment

The response of cells to MV should be a dynamic process,
which will change with the time of MV treatment. Based
on the KEGG analysis results of DEGs and differential
metabolites, we divided these metabolic pathways involved
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differential metabolites. ¢ Metabolic pathways shared by three com-
parison groups identified through KEGG pathway analysis. The size
of bubbles represents the number of differential metabolites, and the
color represents significant g-value

into the following categories: photosynthesis; carbohydrate
metabolism (citrate cycle, pyruvate metabolism, peptidogly-
can biosynthesis, amino sugar and nucleotide sugar metabo-
lism, starch and sucrose metabolism, 2-oxocarboxylic acid
metabolism); nitrogen metabolism; environmental informa-
tion processing (two-component system, ABC transport-
ers); energy metabolism (oxidative phosphorylation, sulfur
metabolism); fatty acid biosynthesis and metabolism; metab-
olism of cofactors and vitamins (porphyrin and chlorophyll
metabolism, biotin metabolism, terpenoid backbone bio-
synthesis); genetic information processing (RNA degrada-
tion, ribosome, aminoacyl-tRNA biosynthesis); amino acid
metabolism (arginine biosynthesis; cysteine and methionine
metabolism; alanine, aspartate, and glutamate metabolism;
arginine and proline metabolism; glutathione metabolism;
lysine degradation); and nucleotide metabolism (purine
metabolism). To investigate this dynamic response process,
we analyzed the dynamic changes of genes and metabolites
involved in these metabolic processes (Fig. 6a, b). The statis-
tical analysis results showed that when MV acted for 0.5 h,
more than half of the genes in other metabolic pathways were
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Fig.6 Dynamic changes in genes and metabolites under MV treat-
ment. a Proportion of genes upregulated and downregulated in
each metabolic pathway. b Proportion of metabolites upregulated

upregulated except for nitrogen metabolism and environ-
mental information processing, and up to 85% of the genes
in fatty acid biosynthesis and metabolism were upregulated.
At 6 h after MV treatment, most genes of other metabolic
pathways were still upregulated except for nitrogen metabo-
lism and genetic information processing, especially photo-
synthesis, which the upregulated genes accounted for 92%.
Photosynthesis was also the metabolic pathway in which
more than half of the genes were upregulated at 12 h after
MYV treatment. In addition, nitrogen metabolism and amino
acid metabolism were also metabolic pathways in which the
upregulated genes accounted for more than the half. In other
metabolic pathways, the proportion of the downregulated
genes was more than that of the upregulated genes.

Since more than half of the genes upregulated in pho-
tosynthesis were maintained, metabolites involved in pho-
tosynthesis were also consistently upregulated. Similarly,
since most of the genes in environmental information pro-
cessing were downregulated, the metabolites involved were
also downregulated. In addition, the upregulated ratio of
the metabolites involved in energy metabolism was always
higher than 50%, and all of them were upregulated at 12-h
post MV treatment. More importantly, the proportions of the
upregulated and downregulated metabolites of other meta-
bolic pathways were basically the same. However, when
MV was treated for 12 h, the proportion of the upregulated
metabolites in carbohydrate metabolism was 64%, and the
proportion of the downregulated metabolites in nucleotide

and downregulated in each metabolic pathway. ¢ Changes of DEGs
related to photosynthesis and environmental information processing.
The grid colors in heat map varies with change folds of DEGs

metabolism was 77%. The above results indicated that genes
and metabolites regulation acted together in response to MV,
and the proportion of the upregulated genes and metabo-
lites involved in these metabolic pathways were the most in
the MV treatment for 6 h. Secondly, photosynthesis always
responded positively to MV, while the regulation of envi-
ronmental information processing was inhibited by MV.
Other metabolic pathways had different emphases at differ-
ent moments of MV action. To further investigate the inter-
action between gene regulation and metabolic regulation
in response to MV, we analyzed the relationship between
DEGs and differential metabolites by WGCNA (Supplemen-
tal Fig. S5). Most of the differential metabolites had a high
correlation with the turquoise module with the most DEGs.
It was important that the metabolites related to carbohydrate
metabolism that had the largest number among the differen-
tial metabolites had the higher correlation with this module.

Next, the DEGs of photosynthesis and environmental
information processing were analyzed (Fig. 6¢). Among
the DEGs of photosynthesis, only s/r0150 was consistently
downregulated. The ATP synthase-related genes s/[1323
(ATP synthase subunit b"), sll1327 (ATP synthase gamma
chain), s/l1326 (ATP synthase subunit alpha), ssl2615
(ATP synthase subunit ¢), s/[/1322 (ATP synthase subunit
a), sir1329 (ATP synthase subunit beta), slr1330 (ATP syn-
thase epsilon chain), sl//1324 (ATP synthase subunit b), and
sll1325 (ATP synthase subunit delta) were upregulated at
0.5 h and 6 h after MV treatment, and downregulated at 12-h
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post MV treatment. However, the genes which were mainly
related to the synthesis of the D1 and D2 proteins were
downregulated at 0.5 h after MV treatment, and upregulated
when MV acted at 6 h and 12 h, including s/r0927 (PSII
protein D2), slr1181 (PSII protein D1), slri311 (PSII pro-
tein D1), sl11867 (PSII protein D1), and smI0008 (PSI reac-
tion center subunit IX). The expression of slr/452 (sbpA)
and slri453 (cysT), which encode sulfate transporters, was
downregulated in environmental information processing, and
the fold change increased with the increase of MV treatment
time. Similarly, the genes sl[1450 (nrtA), sll1451 (nrtB), and
sl11452 (nrtC) encoding nitrate transporters were also down-
regulated post MV treatment. In addition to the inhibition of
the expression of these genes encoding transporters by MV,
response regulators such as s//0797 (OmpR subfamily) and
slr0474 (CheY subfamily) were also downregulated in the
two-component system.

The fold change of DEGs and differential metabolites
of each metabolic pathway were shown in Supplemental
Table S3 and Supplemental Table S4. We verified the DEGs
in each metabolic pathway by qPCR with the correlation
coefficient of 0.86 (Supplemental Fig. S6). Moreover, L-glu-
tamine and L-glutamate were involved in nitrogen metabo-
lism, amino acid metabolism, carbohydrate metabolism, and
environmental information processing. L-Glutamine was

upregulated at 0.5 h and 6 h, and downregulated at 12-h post
MV treatment. The expression of its synthesis gene sirl756
(glnA) was always upregulated, and the fold change was the
largest when MV was treated for 6 h. However, L-glutamate,
which can be synthesized not only by 2-oxoglutarate (2-OG),
but also by glutathione, was consistently downregulated. In
addition, the changes of its synthesis and degradation genes
were not significant, and most of them were downregulated
(data not shown). Moreover, reduced glutathione (GSH)
was downregulated, but oxidized glutathione (GSSG) was
upregulated.

Phenotypic characteristics of mutants of DEGs
under MV treatment

To verify that these DEGs were involved in the response
to MV, we constructed deletion mutants of these DEGs.
This study successfully obtained Aslr0927 and Asll0416
with more obvious phenotypes than WT with MV applica-
tion. We replaced the target gene with the spectinomycin
resistance fragment to achieve the deletion of the target
gene, and verified the mutants by PCR and qPCR (Sup-
plemental Fig. S7). The absorbance and Chla content
detection results indicated that the significant differences
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Fig. 7 Phenotypes of Asl[0416 (a) and Aslr0927 (b) under MV treat-
ment. WT-0, Asll0416-0, and As/r0927-0 indicate that bacteria were
grown on liquid or solid medium without MV. WT-2, Asli0416-2,
and Aslr0927-2 indicate that bacteria were grown on liquid or solid
medium with 2 uM MV. The bacterial solution of WT and Asll0416
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was subjected to 4 gradient dilutions with OD5;3, value in turn
decreased to 0.5, 0.5/4, 0.5/16, and 0.5/64. The bacterial solution of
WT and Aslr0927 was subjected to 5 gradient dilutions with OD,3,
value in turn decreased to 0.5, 0.5/3, 0.5/9, 0.5/27, and 0.5/81
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in growth and Chla content were observed between WT
and mutants at 72 h and 96 h. The mutants were more
sensitive to MV than WT, which was consistent with the
results of the plate stress experiment (Fig. 7). The results
of the phenotype observation again indicated that s/r0927
and s//0416 were involved in the regulation of the response
to MV of Synechocystis.

Discussion

DEGs (s/l1621 and ssr2016) are involved in oxidative
stress response

In this study, we aimed to investigate the response of
Synechocystis to MV by combining transcriptomics and
metabolomics. Transcriptomic data indicated that 61
DEGs were shared by WT-0.5/WT-0, WT-6/WT-0, and
WT-12/WT-0 groups (Fig. 2b, d), of which sl[1621] was the
gene with the greatest fold change in the induced expres-
sion. The peroxidase encoded by sl/1621 has reported to
be the core component in the antioxidant defense sys-
tem and the dithiol-disulfide redox regulatory network
of cyanobacteria (Dietz 2011). This result was consist-
ent with the results of previous studies, and not only the
expression of sl11621 was upregulated under MV stress,
peroxidase was also highly accumulated in WT, AcpcF,
and AcpcG (Oh and Montgomery 2019). Nevertheless, the
expression of s/r1516 encoding the SOD enzyme and the
level of the SOD activity were the highest at 0.5 h and
decreased at 6-h and 12-h post MV treatment (Fig. 1c).
As an important antioxidant enzyme to resist oxidative
stress, the increase of the SOD activity effectively reduced
the oxidative damage caused by ROS. However, previous
studies have shown that Anabaena sp. PCC 7120 cells are
exposed to MV-mediated oxidative stress for a long time,
resulting in the loss of SOD activity (Raghavan et al. 2011;
Panda et al. 2014). In contrast, the peroxidase encoded
by sll1621 plays a more important role in the detoxifica-
tion of oxidative stress caused by MV. The SOD enzyme
encoded by slr1516 is not the main scavenger. The results
were consistent with previous studies (Moirangthem et al.
2015). Moreover, ssr2016, as the gene with the highest
inhibition folds, has been reported to be necessary for plas-
toquinone reductase (PQR) (Peltier et al. 2016; Yeremenko
et al. 2005). Plastoquinone is the terminal electron accep-
tor of the PSII reaction center. The oxidized plastoquinone
receives electrons outside the membrane and combines
them with hydrogen ions. The reduced plastoquinone
transfers electrons to cytochrome b6f inside the mem-
brane and releases hydrogen ions to the membrane cavity
during oxidation. This process plays an important role in

establishing the gradient of protons inside and outside the
membrane (De Causmaecker et al. 2019; Rappaport and
Diner 2008). The inhibition of ss72016 expression leads
to a decrease in reduced plastoquinone, thus impeding the
electron transfer of photosynthesis.

Differential metabolites ((+)-catechins
and N-formylmethionine) are involved in oxidative
stress response

We also discovered 11 differential metabolites shared by
three comparison groups in metabolomic analysis (Fig. Sa,
b). (+)-Catechins are polyphenolic compounds, belonging
to the flavonoid family, with potent antioxidant properties.
They are ROS scavengers and metal ion chelators. Moreo-
ver, they have indirect antioxidant functions, including the
induction of antioxidant enzymes, inhibition of pro-oxidase,
and generation of the second-stage detoxification enzymes
and antioxidant enzymes (Bernatoniene and Kopustin-
skiene 2018). N-Formylmethionine, as the metabolite with
larger accumulation amount in our analysis, has been rarely
reported to be related to the oxidative stress of cyanobac-
teria. N-Formylmethionine could be combined with the
translation initiation factor. In many species dominated by
photosynthesis, the translation initiation factor IF3 regulates
genes expression to control the different cellular responses in
cyanobacteria (Gutu et al. 2013; Nesbit et al. 2015; Szkarad-
kiewicz et al. 2000). Therefore, we proposed that N-formyl-
methionine may have a response to MV by regulating cell
physiological activities via binding to translation initiation
factors. This study discovered some new cyanobacterial
metabolites using metabolomic techniques.

Photosynthesis plays an important role in oxidative
stress response

The response to MV is a dynamic process. Based on the
results of KEGG analysis of DEGs and differential metabo-
lites (Figs. 3 and 5), these metabolic pathways which were
considered to be important for the response to MV were
classified into ten categories. Moreover, the changes of
genes and metabolites involved were analyzed (Fig. 6). The
results indicated that photosynthesis, the most significant
metabolic pathway, had always positively regulated the
response to MV. Meanwhile, the regulation of environ-
mental information processing was inhibited by MV. As an
autotrophic organism, its photosynthesis serves not only as
a source of endogenous ROS (Asada 1999; Fufezan et al.
2002; Krieger-Liszkay 2005), but also as a target of ROS
damage (Powles 1984). Importantly, it is an integral part
of Synechocystis to resist MV-induced oxidative stress.
Oxidative stress reduces the rate of PSII photoinhibition
repair, and mainly inhibits the synthesis of the D1 protein,
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as well as the synthesis of other proteins (Allakhverdiev and
Murata 2004; Nishiyama et al. 2001, 2004). This was in line
with our analysis results of DEGs related to photosynthesis
that the genes encoding the D1 protein (sll1867, slrl181,
and slri1311) were downregulated at 0.5-h MV treatment
(Fig. 6¢). It has been reported that ATP supplies energy
for the D1 protein synthesis and PSII repair (Hiroshi et al.
1992, 1996; Mattoo et al. 1984). Moreover, the appropri-
ate redox regulation is also necessary for ATP synthesis,
and ATP synthase becomes active to support the high-rate
ATP synthesis (Junesch and Grber 1987; Ponomarenko et al.
1999). The expression of ATP synthase was upregulated at
0.5-h MV treatment (Fig. 6¢). More energy was supplied by
ATP for synthesizing various proteins related to PSII repair.
Therefore, the genes synthesizing these PSII repair-related
proteins were upregulated at 6-h and 12-h MV treatments,
such as s/r0927 encoding the D2 protein (Fig. 6¢). Our data
confirmed for the first time that s[r0927 was related to the
tolerance of Synechocystis under MV treatment (Fig. 7). This
might be due to the fact that the D2 protein was a component
of the PSII reaction center, and was susceptible to oxidative
stress induced by PSII-generated ROS. Furthermore, ROS
leads to the D2 protein oxidation, cleavage, and aggregation
to a certain degree (Jansen et al. 1999; Yamamoto 2001).
Meanwhile, the results found that s/[0416 was also involved
in the response of Synechocystis to MV. The gene sll0416
encodes the 60kD chaperonin 2 (groEL-2), which is involved
in the process of RNA degradation (Nakao et al. 2010). Dur-
ing the development of cells and organisms, the selective
degradation of RNA plays an important role in the regula-
tion of genes expression, allowing organisms to adapt to
different environments (Lim et al. 2015). Therefore, another
study has shown that overexpression of the GroEL protein
in Anabaena sp. PCC 7120 could improve the tolerance to
heat stress, salt stress, and osmotic stress (Chaurasia and
Apte 2009). In addition, in Synechococcus sp. PCC 7942,
high radiation or MV significantly increased the expression
of the groEL gene in WT and AhtpG (Hossain and Naka-
moto 2003), which may restore intracellular homeostasis by
increasing the level of the chaperone proteins (Panda et al.
2014).

The regulation of environmental information
processing is inhibited by oxidative stress

Environmental information processing is divided into two
aspects: one is related to the signal transduction of the two-
component system, and the other is related to the membrane
transport of the ABC transporters and the phosphotrans-
ferase system. ABC transporters play an important role in
the tolerance of toxic compounds by mediating active trans-
port on the cell membrane. Therefore, the ABC transporters
participate in the entire process of MV outflow and response
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(Dubey et al. 2016). A two-component system is a signal
transduction system that exists in bacteria. By regulating
various physiological and biochemical processes in cells,
bacteria can sense changes in the external environment and
maintain their own survival (Stock et al. 2000). The func-
tion of s{I0797 relates to nickel tolerance, and the role of
slr0474 relates to light response, both of which are closely
related to oxidative stress. As the first metabolic pathway to
receive oxidative stress signals, the oxidative damage caused
by MV had an obvious effect on environmental information
processing, and the genes and metabolites involved were
downregulated.

Carbohydrate metabolism and nitrogen metabolism
are closely related to oxidative stress response

In addition, genes and metabolites related to the carbohy-
drate metabolism also actively responded to MV (Fig. 6a,
b). A previous study has shown that ROS mediates the modi-
fication of glycolytic enzymes and the occurrence of the
tricarboxylic acid (TCA) cycle, leading to complex changes
in the metabolite pool of the central carbon metabolism
(Dumont and Rivoal 2019). In addition, previous proteomic
results of Anabaena sp. PCC 7120 also showed that the lev-
els of the proteins related to the gluconeogenesis and the
pentose phosphate pathways increased under the action
of MV (Panda et al. 2014). Moreover, the analysis of the
omics results here showed that nitrogen metabolism and
oxidative stress were closely related. The genes involved
in this pathway were downregulated when MV was treated
for 0.5 h, and upregulated when MV was treated for 6 h
and 12 h (Fig. 6a). Previous reports have also shown that in
Synechocystis, oxidative stress caused by hydrogen peroxide
leads to the expression of the gene gif encoding glutamine
synthetase (GS) inactivation factor. GS is at the center of
nitrogen metabolism regulation (Kanesaki et al. 2007; Leigh
and Dodsworth 2007). Additionally, 2-OG, which is one of
the signals of nitrogen deficiency, may act as an antioxidant
in Synechocystis. Therefore, 2-OG is a key factor affect-
ing oxidative stress and nitrogen metabolism (Muro-Pastor
et al. 2005; Robles-Rengel et al. 2019). Interestingly, 2-OG
is also an intermediate product of the TCA cycle, indicat-
ing that the assimilation processes of nitrogen and carbon
are also interrelated (Muro-Pastor et al. 2005). Our analysis
results showed that L-glutamine and L-glutamate, which are
involved in multiple metabolic pathways, were important
signaling molecules of regulatory networks in response to
MYV. Furthermore, a previous study has shown that the ratio
of the reduced and oxidized glutathione (GSH: GSSQG) is
used as a representative indicator of the antioxidant capacity
of cells, and the reduction of glutathione expose cells to the
risk of oxidative damage (Fraternale et al. 2009). Our results
showed that the ratio of the reduced and oxidized glutathione
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reached the lowest level at 6 h after MV treatment (Supple-
mental Table S4). ROS also reached the highest level at 6-h
post MV treatment (Fig. 1b). These results indicated that the
oxidative stress was the strongest at this time point. Mean-
while, the results also showed that the proportion of the
upregulated genes and metabolites was also the most when
MYV was treated for 6 h (Fig. 6). Although ROS has oxidative
toxicity to organisms, under normal metabolic conditions, an
appropriate amount of ROS is a signal molecule to regulate
cell physiological activities in response to oxidative stress to
ensure cell homeostasis (Cui et al. 2019; Rahal et al. 2014).

In conclusion, we used transcriptomics and metabolomics
to analyze changes in the response of Synechocystis to MV
and screened out many important genes and metabolites in
response to MV. Among the metabolic pathways involved
in these genes and metabolites, photosynthesis positively
regulated the response to MV, while the regulation of
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pathway were downregulated. The blue arrow upward indicates that
most metabolites of the metabolic pathway were upregulated, and
the blue arrow down indicates that most metabolites of the metabolic
pathway were downregulated

environmental information processing was inhibited by
MV. In addition, the oxidative stress caused by MV was the
strongest when it was treated for 6 h, and the proportion of
the upregulated genes and metabolites involved in the meta-
bolic pathways were also the most. There was a strong inter-
action between the homeostasis of ROS and other metabolic
networks in vivo, and the response to MV was the result of
the interaction of multiple metabolic pathways. Therefore,
based on the results of our omics analysis, a preliminary and
comprehensive explanation of the response of Synechocys-
tis to MV was obtained (Fig. 8). This study provides key
data and important information for in-depth analysis of the
response to bipyridine herbicides such as MV of organisms,
especially photosynthetic organisms.
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