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a b s t r a c t

Potassium (Kþ) is the most abundant cation in phytoplankton cells, but its impact on Microcystis aeru-

ginosa (M. aeruginosa) has not been fully documented. This study presents evidence of how Kþ avail-

ability affects the growth, oxidative stress and microcystin (MC) production of M. aeruginosa. The iTRAQ-

based proteomic analysis revealed that during Kþ deficiency, serious oxidative damage occurred and the

photosynthesis-associated and ABC transporter-related proteins in M. aeruginosa were substantially

downregulated. In the absence of Kþ, a 69.26% reduction in cell density was shown, and both the

photosynthesis and iron uptake were depressed, which triggered a declined production of ATP and

expression of MC synthetases genes (mcyA, B and D), and MC exporters (mcyH). Through the impairment

of both the MC biosynthesis and MC transportation out of cells, Kþ depletion caused an 85.89% reduction

of extracellular MC content at the end of the study. However, with increasing in the available Kþ con-

centrations, photosynthesis efficiency, the expression of ABC-transporter proteins, and the transcription

ofmcy genes displayed slight differences compared with those in the control group. This work represents

evidence that Kþ availability can regulate the physiological metabolic activity of M. aeruginosa and Kþ

deficiency leads to depressed growth and MC production in M. aeruginosa.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Harmful algal blooms (HABs) represent a worldwide environ-

mental issue in freshwater ecosystems across the world and are

generally caused by cyanobacteria (Sheng et al., 2019; Yan et al.,

2017). HABs are harmful because of toxics production (Smith and

Daniels, 2018). Microcystin (MC), the most commonly detected

cyanotoxin produced byMicrocystis, can promote tumor production

in both liver and pancreatic tissues (Du et al., 2019; He et al., 2018).

MC is synthesized non-ribosomally by 10 proteins (mcyA-J) enco-

ded by themcy gene cluster, inwhichmcyA encodesMC synthetase,

andmcyD is involved in the synthesis of the b-amino acid Adda that

underlies the toxicity of all variants of MC, andmcyH is linked to the

MC biosynthesis pathway and is considered as an transporter for

MC release (Zhou et al., 2017). The synthesis of MC requires energy

and is regulated by a variety of factors such as light intensity and

available iron concentration (Fontanillo and K€ohn, 2018).

The increasing frequency of HABs worldwide is pushing au-

thorities to find solutions for new mitigation avenues, including

those related to cell growth management (Barros et al., 2019).

Cyanobacteria growth can be severely affected by the environ-

mental parameters such as temperature (Knutson et al., 2018),

dissolved oxygen levels (Chen et al., 2016), pH (Beklioglu and Moss,

2010) and key nutrient availability (Fu et al., 2019). For decades, the

limnologists made great endeavor in studying the role on nutrients,

mainly focused on nitrogen, phosphorus and iron on the growth of

cyanobacteria (Bai et al., 2017; Seip, 1994; Wang et al., 2014).

However, the impact of potassium (Kþ), a physiologically unique
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metabolic cofactor and osmolyte (Jaworski et al., 2003), on phyto-

plankton growth has scarcely been investigated (Talling, 2010).

Nevertheless, previous studies have demonstrated that the varia-

tions in the available Kþ concentration can cause severe physio-

logical changes in phytoplanktonic cells. For example, Kþ

concentrations below 383.65 mM and 76.73 mM substantially in-

hibits the growth of Chlorella pyrenoidosa and Synurophytes,

respectively (Plato and Denovan, 1974; Sandgreen, 1988). In

contrast with the above results, no significant differences in the

growth rate and final biomass of the diatoms Asterionella formosa

and Diatoma elongatum were observed at Kþ concentrations of

0.7e3.2 mM (Jaworski et al., 2003). The response of phytoplankton

to Kþ exposure seems to be dose- and species-dependent, which

could be due to both the Kþ requirement of phytoplankton and the

Kþ concentration in the environment (Winter et al., 1987). With

respect to Microcystis, a previous study demonstrated that a Kþ

concentration of 6 mM induced a 50% reduction in Microcystis

biomass, likely because Kþ was involved in the rapid extrusion of

sodium from Microcystis cells which subsequently led to a distur-

bance in osmosis (Shukla and Rai, 2006). The above-mentioned

literatures clearly indicated that potassium availability may

impact the growth of phytoplankton in terms of growth rate, while

the physiological and metabolic responses within the phytoplank-

tonic cells is lacking.

In this study, toxin-producing Microcystis aeruginosa

(M. aeruginosa), which is the most widespread HABs species

recorded in freshwater, was used to assess the role of Kþ in growth

regulation, oxidative response, morphological and physiological

alternation, with special attention to MC biosynthesis, during

which quantitative Real-time PCR (qRT-PCR) and isobaric tagging

for relative and absolute quantification (iTRAQ)-based quantitative

proteomics methods were used. The objectives of this study are to

identify the influence of available Kþ concentrations on

M. aeruginosa growth, evaluate the impact of different Kþ concen-

trations on the toxin-producing capability of M. aeruginosa, and

identify the potential mechanism underlying these changes.

2. Materials and methods

2.1. Cultivation of M. aeruginosa

M. aeruginosa (FACHB-905) was provided by the Freshwater

Algae Culture Collection at the Institute of Hydrobiology (FACHB-

Collection, Wuhan, China). To thrive, cultured M. aeruginosa re-

quires concentrations of Kþ above critical concentrations in culture

media (Brdjanovic et al., 1996). In BG-11 medium, which is

commonly used for the isolation and culture of freshwater micro-

algae, the Kþ concentration is set at 0.46 mM (Qiu et al., 2013). In

this study,M. aeruginosawas cultured in BG-11medium in a growth

chamber for 30 days until reaching the stable growth stage. To

evaluate the dose-dependent response to varied Kþ concentration,

5 mL of the culturedM. aeruginosawas incubated in flasks of BG-11

medium containing Kþ concentrations of 0, 0.23 mM, 0.46 mM, and

0.92 mM, with triplicates for each concentration. During the

preparation of the mediums, K2HPO4 was used as both a Kþ and

phosphorus source to generate final Kþ and phosphorus concen-

trations of 0.46 mM (used as the control) in BG-11 medium. With

respect to the absence of Kþ (Kþ ¼ 0 mM), Na2HPO4 instead of

K2HPO4 was used to generate a favorable concentration of phos-

phorus that equal to that in the BG-11 medium. To incubate the

M. aeruginosa in mediumwith Kþ ¼ 0.23 mM, half of the amount of

K2HPO4 relative to that in BG-11 medium was added, and the

excessive phosphorus was provided by Na2HPO4. For the medium

in which Kþ ¼ 0.92 mM, an amount of K2HPO4 equal to that in BG-

11 medium was used, and then the excessive Kþ was added with

KCl. The initial density of M. aeruginosa of all the treatments was

maintained at approximately 3.29 � 105 cells/ml. Incubation tests

were performed in triplicate under controlled laboratory condi-

tions (25 ± 1 �C, 40 mmol photons/(m2/sec) and a 12 h/12 h (light/

dark) cycle). During the study, the flasks were shaken manually

every day.

The cell density of M. aeruginosa was assessed every 3 days.

Briefly, 0.1 mL of each phytoplankton samples was placed in a

20 mm � 20 mm settling chambers and enumerated by light mi-

croscopy at 400 magnification (Zeiss Axiovert 200M). Specific

growth rate (m) was calculated by using the following equations:

m¼ðin X2 � inX1Þ = ðt2 � t2Þ

X2 and X1 represent the cell density at times t2 and t1,

respectively.

To evaluate the dynamic change of the M. aeruginosa growth,

pulse-amplitude-modulated fluorometer AquaPen-C AP-C 100

(Photon Systems Instruments, Czech Republic) equipped with a

FluorPen 1.0 software was employed to measure the maximal

photochemical efficiency of PSII (Fv/Fm) of M. aeruginosa every 6

days during the experiment.

2.2. Detection of superoxide dismutase (SOD) activity and

malonaldehyde (MDA) content

The intracellular SOD activity andMDA content and total protein

content were examined every 6 days using SOD assay kit, MDA

assay kit and total protein content assay kit according to the

manufacturer’s protocol of Nanjing Jiancheng Bioengineering

Institute (Nanjing, China), respectively. Briefly, 20 mL algal cell

cultures were centrifuged at 8000 rpm for 15 min at 4 �C. Cell

pellets were resuspended in 2 mL PBS (pH7.8) and then disrupted

by freeze-thawing with liquid nitrogen. The homogenates were

used for total protein content assay and were then centrifuged at

12,000 rpm for 15 min at 4 �C. The supernatants were collected for

enzyme activity assays. The SOD activity, MDA content and total

protein content in algal cells were determined using a Multiskan

spectrum (ELX808, BioTek, USA) at wavelengths of 450 nm, 532 nm

and 562 nm, respectively. Finally, the SOD activity andMDA content

were normalized with total protein content. Moreover, the content

of intracellular Ferredoxin (Fd) and triphosadenine (ATP) synthase,

which were closely related to the energy supply of the MC-

producing process (Buckel and Thauer, 2013), were synchronously

measured with the supernatants from the homogenates using

Ferredoxin ELISA Kit and ATP synthase ELISA Kit (Camilo biological

ELISA Kit) according to the manufacturer’s protocol of Nanjing

Camilo biological engineering co.LTD (Nanjing, China).

2.3. Measurement of extracellular and intracellular MC

concentrations

MC within M. aeruginosa cells is called intracellular MC (IMC).

MC within M. aeruginosa cells will be released into surrounding

waters and become extracellular MC (EMC) when cells grow or lyse.

Following the same interval of enzyme activities measurement,

20 mL of algal solution were firstly centrifuged at 8000 g at 4 �C for

10 min and the supernatant was filtered through a 0.22 mm glass

fiber membrane. The filtrate was used for the assay of the EMC. The

cell pellets were re-suspended in 1mL ddH2O, frozen-thawed three

times, and then centrifuged at 4000 g for 15 min, and the super-

natant was used for the determination of the concentration of IMC.

The concentrations of MC in the samples were measured by the

Microcystin ELISA Kit produced by Jiangsu Meimian industrial Co.,

Ltd (Jiangsu, Chian).
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2.4. Morphological response and qRT-PCR assay

After 30 days of incubation,M. aeruginosa cells were collected by

centrifugation at 8000 rpm (10min) formorphological observation,

toxin-gene quantification, and iTRAQ assessments. The superna-

tants were used for three-dimensional excitation emission matrix

fluorescence spectroscopy (EEM) analysis to explore the extracel-

lular secretion of Microcystis aeruginosa. The cell morphological

properties were determined using transmission electron micro-

scopy (TEM, FEI, Tecnai G2 Spirit, USA) and scanning electron mi-

croscopy (SEM, HITACHI, S4800, Japan), as previously described

(Mao et al., 2018). The transcriptional abundance of four mcy genes

(mcyA, mcyB, mcyD and mcyH) were assessed using quantitative

Real-time PCR (qRT-PCR). Primer sets used for the amplification of

mcy genes are summarized in Table S1. The relative gene expression

data from qRT-PCR were evaluated by the 2�△△Ct method (Livak

and Schmittgen, 2001). More details concerning the qRT-PCR as-

says are provided in the Supporting Information (SI).

2.5. iTRAQ analysis

2.5.1. Protein digestion and iTRAQ labeling

iTRAQ is a multiplexed protein quantitative strategy that pro-

vides relative and absolute measurements of proteins in complex

mixtures. The approach is capable of simultaneously identifying

and quantifying proteins from multiple samples (Yang et al., 2013).

Description of M. aeruginosa protein extraction was supplied in SI.

Then the protein digestion was performed and the resulting pep-

tide mixture was labeled using the 8-plex iTRAQ reagent, following

the manufacturer’s instructions (Applied Biosystems, Foster City,

CA, USA). More details of the iTRAQ labeling are provided in the SI.

2.5.2. Mass spectrometry analysis

Experiments were performed on a Q Exactive mass spectrom-

eter coupled with an Easy-nLC 1200MS. A volume of 4 ml of each

sample was injected for nanoLC-MS/MS analysis. More details of

the nanoLC-MS/MS analysis are provided in the Supporting

Information.

2.5.3. Sequence database searching

MS/MS spectra were searched using ProteinDiscoverer TM

Software 2.1 against the transcript database of M. aeruginosa

(http://www.uniprot.org/uniprot/?query¼microcystis%

20aeruginosa&sort¼score). The highest score for a given peptide

mass (best match to that predicted in the database) was used to

identify parent proteins. The following parameters for protein

searching were set: tryptic digestion with up to two missed

cleavages, the carbamidomethylation of cysteines as a fixed modi-

fication, and the oxidation of methionines and protein N-terminal

acetylation as variable modifications. Peptide spectral matches

were validated based on q-values at a 1% false discovery rate. To

display the overall trends of the specific functional categories

regulated in the experimental groups, gene ontology (GO) category

enrichment analysis was conducted using all differentially

expressed proteins with significant differences categorized ac-

cording to GO Slim classification for M. aeruginosa NIES-843.

2.6. Data analysis

Statistical analysis was performed using SPSS 18.0 software

(SPSS Inc., Chicago, IL, USA), and data are presented as the

mean ± standard deviation. Significant differences were deter-

mined using ANOVA one-way analysis of variance followed by

Dunnett post hoc test for comparing the data of treatment groups

against the control, and p < 0.05 was considered significant.

3. Results

3.1. M. aeruginosa growth and photosynthesis

In the absence of Kþ, although the density of M. aeruginosa

increased from 3.29 � 105 to 3.32 � 106 cells/ml, the dynamics of

Microcystis density exhibited slight variations from day 18 (Fig. 1a).

With increasing available Kþ concentrations, dual responses were

observed. The Kþ concentration of 0.23 mM favored M. aeruginosa

growth more, and the cell density was 2.31 times higher than that

observed in the absence of Kþ. The Kþ concentration of 0.46 mM

(control) was the optimal concentration for M. aeruginosa growth

among the tested treatments, as M. aeruginosa density showed a

linear increase during the 30 days of incubation and reached the

final density of 1.08 � 107 cells/ml, which was 3.23- and 1.39-fold

higher than the densities achieved under Kþ concentrations of

0 and 0.23 mM, respectively. However, a higher Kþ concentration

(0.92 mM) tended to inhibit the growth of M. aeruginosa, as the

final cell density in the control samples was 1.25-fold higher than it.

Moreover, in comparison to the normal Kþ concentration present in

the BG-11 medium, the specific growth rates observed with the

other three Kþ concentration treatments were relatively slower at

day 3. In the Kþ absence treatment, a negative specific growth rates

was recorded since day 27 (Fig. 1b). The Fv/Fm values found in this

study indicate the ability of M. aeruginosa cells to perform photo-

chemistry reactions with significant reduction during consecutive

days of being cultured in the Kþ absence treatment (Fig. 1c). In the

control group, the maximum Fv/Fm value (0.71) was noted at day

18, while the minimum Fv/Fm value (0.31) was noted in the Kþ

absence treatment at the same day.

3.2. Oxidative stress

In comparison to the control group, the SOD activity of

M. aeruginosa in the Kþ absence treatment showed a significant

increase during the consecutive incubation and the highest SOD

activity was noted at day 18 (Fig. 2a), which was 2.58 times of that

of the control, relative less significant increase of SOD activities

were shown in the Kþ ¼ 0.23 mM and 0.92 mM treatments, and it

should be noted that SOD activities at day 24 were not significantly

different from the control but increased again at day 30 in the

Kþ ¼ 0.23 mM and 0.92 mM treatments. To further investigate the

degree of membrane damage caused by oxidative stress, the MDA

content was evaluated. As shown in Fig. 2b, significant increase in

MDA level of M. aeruginosa was observed with varied available Kþ

concentration, among which Kþ absence treatment caused the

most serious MDA accumulation and the highest MDA content was

noted at day 30, which was 3.87 times of the control.

3.3. Biosynthesis of MC, MC-producing related proteins, and MC-

related gene transcriptions response

EMC concentrations (Fig. 3 a) tended to increase with time, but

in the Kþ absence treatment, EMC concentration tended to be

stable since day 18 and was detected at 0.78 mg/l at day 30, the

greatest amount of EMCwas released in the control group (5.53 mg/

l). During the experimental period, the IMC concentrations (Fig. 3 b)

in all groups started to behave differently since Day 6. It is noted

that the IMC concentration remained relatively constant in Kþ

absence treatment while it increased significantly (p < 0.05) in

other 3 groups. The IMC in all treatments reached asynchronous

peaks of 46.14, 72.02, 65.86 and 58.73 mg/109 cells in 0 mM,

0.23 mM, 0.46 mM and 0.92 mM groups, respectively. The relative

Fd and ATP synthetase level were shown in Fig. 3 c-d, the Fd level at

day 30 was in accordance with the iTRAQ analysis, and the highest
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Fd level was noted at day 12 in the 0.92 mM treatments, which was

14% higher than then control. With respect to the ATP synthetase

level, the highest ATP synthetase level was noted at day 12 in the

0.23 mM treatments, and the final ATP synthetase level in the Kþ

absence treatment reached 50% of that in control.

At the genetic level, the relative transcriptional abundance of

MC-producing genes showed a similar pattern to those of the MC

concentrations. Without the addition of Kþ, the relative transcrip-

tional abundance reached approximately 0.37, 0.72, 0.75 and 0.54

for mcyA, B, D and H, respectively. The gene expressions in the Kþ-

added groups was significantly enhanced (P < 0.05, Fig. 3 e), which

was consistent with the MC concentration pattern. It should be

noted that when the Kþ concentrations were increased to 0.92 mM,

mcy gene expression was augmented.

3.4. Proteomic responses to Kþ exposure

3.4.1. Protein identification and quantification in M. aeruginosa

iTRAQ-based quantitative proteome characterization of

M. aeruginosa cells under different Kþ exposure levels was con-

ducted to reveal the proteomic response of the cyanobacteria. Here,

25009 unique peptides that corresponded to 3263 proteins were

identified. In comparison to theM. aeruginosa cells incubated in BG-

11 medium, 530 proteins were upregulated and 266 proteins were

downregulated in the absence of Kþ, 61 proteins were up-regulated

and 88 proteins were down-regulated with 0.23 mM Kþ, and 144

and 127 proteins were up- and downregulated, respectively, in cells

cultured in the medium containing 0.92 mM (Fig. 4). Between

samples, the proteins with fold-change ratios �1.20 or �0.83 and a

p < 0.05 were considered differentially expressed proteins (DEPs, t-

test).

3.4.2. GO annotation of the affected proteins s and those associated

with signaling KEGG pathways

iTRAQ analysis of the M. aeruginosa proteome revealed that

among the 3263 identified proteins, 2768 proteins were annotated

in the GO database, which could be categorized into diverse func-

tional classes related to biological processes, cellular components

and molecular functions (Fig. S1). KEGG analysis results showed

that proteins associated with ABC transporter and photosynthesis

were evidently regulated (Fig. S2). Meanwhile, numerous DEPs

were mapped to ABC transporter pathways in KEGG, and it should

be noted that the ABC transporter pathways in both the Kþ ¼ 0 vs.

Kþ ¼ 0.46 mM (Fig. S3 a) and Kþ ¼ 0.92 mM vs Kþ ¼ 0.46 mM

(Fig. S3 b) incubated M. aeruginosa cells were down-regulated;

meanwhile, the DEPs in these experimental groups were similar.

For instance, bicarbonate transport system substrate-binding pro-

tein (CmpA), iron (III) transport system substrate-binding protein

(AfuA), and the associated osmoprotectant transport system

substrate-binding protein (OpuBC) were all down-regulated.

Table S2 shows the specific regulating-folds of the ABC

transporter-related DEPs, which revealed that AfuA was down-

regulated by approximately 34% and 31% in Kþ¼ 0 vs Kþ¼ 0.46mM

and in Kþ ¼ 0.92 mM vs Kþ ¼ 0.46 mM, respectively.

Moreover, the DEPs related to photosynthesis showed signifi-

cant differences both qualitatively and quantitatively. In the

absence of Kþ, the expression patterns of most DEPs related to

photosynthesis were much more complicated than those in the

Kþ ¼ 0.92 mM groups. Table S3 lists the photosynthesis-related

DEPs in the absence of Kþ vs Kþ ¼ 0.46 mM and in

Kþ ¼ 0.92 mM vs Kþ ¼ 0.46 mM (19 and 2 DEPs, respectively). The

DEPs in each photosynthesis subsystem in the Kþ absence groups

are shown in Fig. S3 c, among which ferredoxin (which functions as

an electron carrier between the membrane-bound iron-sulfur

centers in photosystem I (PSI) (Inda and Luisa Peleato, 2003), was
Fig. 1. Dynamics of M. aeruginosa growth (a, b) and Fv/FM (C) under the studied Kþ

concentration gradients.
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down-regulated by 48%. Meanwhile, 4 proteins related to photo-

system II (PSII) (photosystem II D2 protein, photosystem II protein

D1, photosystem II 12 kDa extrinsic protein and photosystem II li-

poprotein Psb27) were downregulated by nearly 25% (Table S3).

4. Discussion

4.1. Kþ regulates M. aeruginosa growth and cell integrity

Potassium stimulates enzyme reactions associated with the

synthesis of cell materials (Brdjanovic et al., 1996). A previous study

suggested that Kþ is not an essential element limiting the growth

rates and biomass yields of the diatom Asterionella formosa

(Jaworski et al., 2003). The opposite was found in this study, which

confirmed that in the Kþ-free medium, though the proliferation of

M. aeruginosa was indeed observed, the growth rates were sub-

stantially depressed in comparison to those observed with incu-

bation in BG-11 medium (Fig. 1a). A possible reason for the

contradictory results between the previous study and our findings

may be attributed to the different Kþ requirements of Asterionella

formosa andM. aeruginosa. Additionally, the abovementioned study

was performed with Kþ concentrations in the range of 0.3e6 mmol/

l, which probably met the critical requirement of Kþ for the studied

diatom. The role of Kþ in supporting M. aeruginosa can also be

evidenced by the algal density dynamics and growth rate achieved

in Kþ ¼ 0.46 mM medium, which had the maximum values among

the studied Kþ gradients. However, upon further increasing the Kþ

level, the M. aeruginosa density was reduced by nearly 20%. Our

results are in agreement with those of a previous study, which

confirmed that higher Kþ concentrations depressed the growth and

reduced the biomass of the chrysophyte Dinobryon (Talling, 2010).

Nevertheless, our study showed the dual role of the available Kþ

concentration in regulating the growth ofM. aeruginosa for the first

time.

The impact of the available Kþ concentration on M. aeruginosa

can also be indicated by the morphological response of the

M. aeruginosa cells, which clearly revealed that in comparison to

M. aeruginosa in the control culture, the damage to cell integrity

was largely enhanced without Kþ supplementation but was

impaired to some extent under higher Kþ concentrations (Fig. S4).

Moreover, the M. aeruginosa cell disruption levels produced under

varied Kþ concentrations (Fig. S5), as determined by flow cytom-

etry, showed that the population of damaged cells increased with

reduced Kþ concentrations, but the negative effects seemed to be

impaired by higher ambient Kþ exposure, and this observation was

fully consistent with the growth dynamics and morphological

response. Moreover, the results of EEM analysis, which provided

insight into the variation of M. aeruginosa cell constitution after

discharge plasma oxidation (Zhang et al., 2014), revealed an

obvious increase in fluorescence intensity from tryptophan-like

substances (Ex/Em 275/320e335 nm) with the depletion of Kþ

(Fig. S6). The release of extracellular proteins substantially indi-

cated lysis of M. aeruginosa cells, which may be helpful for the

formation of colonial M. aeruginosa.

4.2. Kþ effects on antioxidant condition in M. aeruginosa

Generally, SOD plays a vital role in cellular antioxidant defense,

which is able to convert superoxide radicals into molecular oxygen

or hydrogen peroxide (Hassan and Scandalios, 1990). In our study,

in comparison to the control, the increase of SOD activity in all

groups at the early stage of the experiment implied that the

oxidative stress has occurred, indicating the superoxide radicals

have accumulated in cells under Kþ variation. A precious study also

demonstrated that Kþ starvation could induce oxidative stress in

solanum lycopersicum (Hernandez et al., 2012). Aside from SOD,

MDA also involves in the redox state in cells as it is a by-product of

lipid peroxidation (Vanhoudt et al., 2011), In our study, higher MDA

level co-occurred with damaged cellular surface morphology and

increased cell disruption levels under Kþ-limited and exceed con-

dition, suggesting the membrane lipid peroxidation and change of

membrane fluidity and permeability (Melegari et al., 2013).

4.3. Kþ deficiency impacts ABC transporters and photosynthesis

ABC transporters are members of a protein superfamily, which

includes trans-membrane proteins that use the energy of adeno-

sine triphosphate (ATP) binding and hydrolysis to carry out certain

biological processes (Hu et al., 2017). Previous studies showed that

ABC transporters can translocate monomers across diffusion bar-

riers and regulate plant development by transporting plant hor-

mones (Do et al., 2018); hence, they are imperative for the normal

functioning of cell physiology. In this study, iTRAQ analysis

demonstrated changes of the DEPs involved in ABC transporters

(Fig. S3 a, b and Table S2). In comparison to control, the AfuA, an

iron (III) transport system substrate-binding protein, was down-

regulated by 33% and 30% in the Kþ ¼ 0 and Kþ ¼ 0.92 mM treat-

ments, respectively. Iron is necessary for the transformation of

coproporphyrin into protoporphyrin (Demirel et al., 2009) and is

required for various cellular processes, including photosynthesis

and electron and oxygen transfer (Kobayashi et al., 2019). There-

fore, with the downregulation of iron transportation, the physio-

logical function of the cells would be seriously affected. It has been

found that ABC transporters are also involved in the export of MC

Fig. 2. Intracellular SOD activity (a) and MDA content (b) in M. aeruginosa cells.
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Fig. 3. Concentration of extracellular MC (a), intracellular MC (b), ferredoxin content (c), ATP synthetaseontent (d) and the relative transcriptional abundance of MC-producing

genes (e) of M. aeruginosa exposed to varied Kþ concentrations.
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(Pearson et al., 2004). This study observed the downregulation of

several ABC transporters in Kþ-absent treatments relative to the

control group; hence, this effect might contribute to the decreased

release of EMC (Fig. 2 a).

Photosynthesis plays a vital role as the energy source for cya-

nobacteria metabolism, and its efficiency can be significantly

affected by the surrounding environment. The photoreaction sys-

tem incorporates photosystem II (PS II), photosystem I (PS I), the

light harvesting system, cytochrome b6f and ATP synthase (Zheng

et al., 2018). SEM results showed that in the Kþ ¼ 0.46 mM

groups, the THY structure, wherein the primary reactions of

photosynthesis in algae cells occur (Rochaix, 2007), was severely

damaged (Fig. S4). Hence, the destroyed THY structure could cause

retrogression of light energy capture and transmission capability,

leading to amassive decrease in photosynthesis capability and even

cell death. Fv/Fm is a sensitive indicator of stress in oxygenic

photosynthetic organisms (H.A. Baumann et al., 2009). In this study,

we found that the Fv/Fm value was decreased under Kþ stressful

conditions. On the other hand, Kþ deficiency can also significantly

down-regulate several proteins in both PS I and II (Fig. S3 c). ATP

synthases display specialized features that represent adaptations to

specific environments encountered (Lu et al., 2014). Our results

showed that the content of ATP synthase was reduced over 50% in

the Kþ absence treatment at the end of the experiment (Fig. 3 d). In

particular, ATP synthases from photosynthetic organisms carry an

inserted sequence of approximately 35 amino acids in subunit g,

which allows for redox regulation to adjust the enzyme’s activity to

the available light intensity (Evron et al., 2000). In most bacteria,

three different subunits are arranged with a stoichiometry of

ab2c9-15, in which a ring of multiple c-subunits sits at the bottom

of the central stalk and is held against subunit a by the peripheral

stalk, which itself is composed of two copies of subunit b (Guo and

Rubinstein, 2018) and is quite sensitive to Kþ stress. M. aeruginosa

incubated without Kþ addition caused 28% and 24% down-

regulation of ATP synthase subunit a and ATP synthase subunit

delta. Meanwhile, excessive Kþ exposurewas responsible for an 18%

downregulation of ATP synthase subunit b, which could restrain

the production of ATP and the photosynthesis capability. Moreover,

when culturing M. aeruginosa in the Kþ ¼ 0.92 mM medium, the

photosystem I reaction center subunit XII was also down-regulated

by 22%. Table S3 shows altered protein expressions related to

photosystems were associated with PS II, indicating the greater

sensitivity of PS II than PS I, an observation supported by the first

investigation of the role of Kþ in M. aeruginosa growth (Shukla and

Rai, 2006). Therefore, we can infer that deficient or excessive

available Kþ can restrain photosystems of M. aeruginosa.

4.4. Kþ stress regulates the MC-producing ability of M. aeruginosa

It has been found that MC contributes to photosynthesis, envi-

ronmental adaptation, and nutrient metabolism and storage for

M. aeruginosa (Omidi et al., 2018). Meanwhile, MC-producing

capability can be regulated by a wide range of factors such as

available nutrient concentrations, light and temperature (Otten

et al., 2012). Moreover, it was found that the oxidative damage of

M. aeruginosa may impel the cells to synthesis more intracellular

MC and facilitated the release of MC to the surrounding environ-

ment throughmembrane leakage (Merel et al., 2013). In the present

study, similar phenomena appeared at day 6, the MDA level of the

0.23mM treatment showed a distinct increase, meanwhile the EMC

and IMC were significantly up-regulated, among which the EMC at

day 12 was even 1.11 times of the control. However, EMC and IMC

level failed to increase with the oxidative stress in the Kþ absent

treatment, we assume that this is mainly because of the severe

intracellular energy deficiency, which limited the MC-producing

ability of M. aeruginosa, which can be supported by the result of

ATP synthase assay. At the end of the experiment (day 30), the EMC

level showed a dramatic increase with elevated Kþ concentrations

(Fig. 3 a), and the expression of MC-producing genes displayed

almost the same trend as the MC profile. It was worth noting that

despite the transcriptional levels of mcyA, B and H in the

Kþ ¼ 0.92 mM treatment group were significantly higher than

those in the Kþ ¼ 0.46 mM group (p < 0.05) (Fig. 3 e), and the final

algal density accounted for approximately 80% of that in the control

(Fig. 1 a), which may consequently have led to an insignificant

difference in the yield of the EMC level. Additionally, mcyH is

considered to be the ABC transporter gene and is responsible for

MC release (Zhou et al., 2017). In the current study, the transcrip-

tional levels of mcyH in M. aeruginosa incubated without Kþ

amendment was approximately 50% less than the control, which

would significantly reduce the MC release and further decrease the

EMC level. Besides, the decrease of Fd and ATP synthetase level

might also contributed to the inhibition of energy supply and

inhibit the biosynthesis and transportation process of MC. Never-

theless, little literature is available on the specific mechanisms by

which Kþ causes variation of the MC-producing capability of

M. aeruginosa.

It has been proven that iron limitation has a negative effect on

photosynthetic capacity and mcy gene expressions (Wang et al.,

2018). Under the favorable Kþ scenario (Kþ ¼ 0.46 mM), the iron

(III) transport system substrate-binding protein (AfuA), an impor-

tant iron transport protein that directly determines the cellular

uptake of iron (III) (Alvarez Hayes et al., 2013), can transport the

aqueous Fe3þ into the cyanobacterial cells (Fig. 5 a1). Moreover, Fd,

a photosynthetic protein that serves as an electron donor in the

photosynthetic electron transport chain (Buckel and Thauer, 2013)

(Fig. 5 a2), is also essential for ATP production. Additionally, it was

previously demonstrated thatMC biosynthesis requires energy that

is mostly contributed by ATP produced by photosynthesis activities

(Fig. 5 a3) (Wilson et al., 2006). As a result, the alternation of

photosynthetic efficiency may influence the mcy genes expression

and, consequently MC biosynthesis, which can be regulated by the

mcy gene cluster. The mcyA and mcyB encode the extension of the

dipeptidyl intermediate to the heptapeptidyl step and subsequent

peptide cyclization in MC chemical construction, in which iron

availability can benefit the transcription ofmcyA (Wang et al., 2018)

(Fig. 5 a4). The gene mcyD encodes the formation of the

pentaketide-derived L-amino acid Adda and its linkage to D-

glutamate (Tillett et al., 2000), and the expression of mcyH, a pu-

tative ABC transporter, was proposed to function as an exporter of

the intracellular MC (Qian et al., 2012). Briefly, the expression of

mcyA, B and D is imperative for the biosynthesis of MC (Fig. 5 a5),

while mcyH influences the MC releasing capability (Fig. 5 a6).

In our study, it was proven that Kþ deficiency decreased both

MC release (Fig. 2 a) and photosynthetic efficiency (Fig. S3 c), and a

hypothesis regarding the relationship between available Kþ con-

centration and MC biosynthesis in M. aeruginosa was proposed

(Fig. 5 b). With the absence of Kþ, several iron-related proteins,

including AfuA, Ferredoxin and Ferredoxin-1, were remarkably

down-regulated (Table S2 and 3). In particular, AfuA was down-

regulated by 34%, which lead to a severe inhibition of the uptake

of iron (III) ions in M. aeruginosa cells (Fig. 5 b1). As a result, down-

regulation of Fd (Fig. 5 b2) was triggered, which broke the photo-

synthesis electron transport chain and induced a decrease in ATP

production, as revealed by the down-regulated ATP synthases (a

and delta) (Fig. 5 b3). This was in good agreement with previous

literature, which found that iron limitation has a negative impact

on growth rate and energy metabolism in M. aeruginosa due to the

down-regulation of photosynthesis proteins and pigments (Wang

et al., 2010). Hence, with the impairment of AfuA expression and
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photosynthesis activity, the down-regulation of mcy genes was

observed. Depleted Kþ availability caused the synchronous varia-

tion of iron assimilation, which was responsible for the down-

regulation of mcyA (Fig. 5 b4), associated with the negatively

impacted the expression ofmcyB and D (Fig. 5 b5), the biosynthesis

of MC was substantially depressed (Fig. 5 b6). Moreover, as the

downregulation of mcyH (which functions as an exporter of the

intracellular MC), the release of the intracellular MC was inhibited

(Fig. 5 b7), which explained the minimum concentration of EMC in

the absence of Kþ in BG-11medium (Fig. 2 a). Based on the available

Fig. 4. Venn diagrams and histogram of regulated proteins detected under the studied Kþ concentrations. a, c: upregulated proteins compared with M. aeruginosa incubated in BG-

11 medium, b, d revealed proteins that were downregulated.
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data, we found that both MC synthesis and MC transport were

depressed in the scenario of Kþ absence, which jointly led to the

reduced MC concentration in the solution.

4.5. Environmental implications

In our study, the growth dynamics of M. aeruginosa (Fig. 1), the

alternation ofM. aeruginosa cell integrity (Fig. S4) and the response

ofMicrocystis physiology (Fig. S3) jointly confirmed the dual role of

Kþ in the growth of M. aeruginosa; demonstrating that

M. aeruginosa incubated in the absence of Kþ or in Kþ-deficient

medium (in comparison to Kþ ¼ 0.46 mM medium) led to a sub-

stantial decreases of bothM. aeruginosa density andMC production.

Thus, Kþ appears to hold excellent potential for the control of

Microcystis biomass and MC content in fresh water. The range of Kþ

concentrations in natural fresh water is wide (0.1e1000 mM)

(Jaworski et al., 2003), which is close to the studied Kþ concen-

trations here (0e920 mM). Previous study indicated that Kþ can be

used as an indicator for potential sources of contamination,

attributed mainly to anthropogenic activities including agricultural

land use and discharge of treated wastewater, and Kþ losses from

agroecosystems may lead into higher Kþ concentration in the sur-

face waters (Skowron et al., 2018). Based on the observation that Kþ

deficiency exhibited a negative impact on M. aeruginosa growth,

and the precedent of the success of Phoslock™, which was devel-

oped to remove phosphorus compounds in eutrophic waters and to

reduce algae growth (Kasprzyk et al., 2018). Therefore, controlling

cyanobacterial HABs through the regulation of Kþ concentration in

natural waters would likely be effective if “Potassium-lock” could

be successfully developed. However, this requires further system-

atic investigation in both laboratory and field conditions.

5. Conclusion

This study examined the impact of Kþ concentration on the

growth, oxidative stress and toxin-producing ability of

M. aeruginosa. In comparison to M. aeruginosa incubated with

favorable Kþ concentrations (control, Kþ ¼ 0.46 mM), varied Kþ

concentration stress posed negative impact on growth and oxida-

tive stress of M. aeruginosa in different degrees, among which Kþ

depletion exhibitedmost severe inhibition toM. aeruginosa growth.

This was achieved through the downregulation of photosynthesis

and ABC-transporter proteins such as Ferredoxin, AfuA, and ATP

synthase subunits. Moreover, in the Kþ-absent treatment, serious

oxidative damage was noted and the biosynthesis of MC in

M. aeruginosa cells was remarkably impaired. In addition, the

transcription of mcyH, which functions as an exporter of the

intracellular MC, was reduced by 85.89% in comparison to the

control. However, with increasing Kþ concentration (double that of

the favorable dose), photosynthesis efficiency, the expression of

ABC-transporter proteins, and the transcription of mcy genes of

M. aeruginosa seemed to display slight differences relative to the

control. This study showed for the first time the role of the available

Kþ concentration in regulating the growth and oxidative stress of

M. aeruginosa and explore the possible pathway of how the Kþ-

absent condition inhibit the MC biosynthesis ability of

M. aeruginosa.
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