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Editorial on the Research Topic
Cyanobacterial biology in twenty-first century

Cyanobacterial Biology in the twenty-first century Research Topic gathers different
contributions high- lighting the cyanobacterial basic to advanced research going worldwide.
Cyanobacteria are ancient photosynthetic prokaryotes and sustained during evolution. This
sustainability is because of their fitness (stress adaptations) to the extreme environment
and ability to fix atmospheric carbon dioxide and nitrogen. These tiny creatures have
recently gained popularity due to their ability to produce biodegradable plastics (PHAs;
polyhydroxyalkanoates) and biofuel; carbon sequestration ability, and they are a natural
reservoir of various metabolites (alkaloids, ribosomal peptides, non-ribosomal peptides,
cyanotoxins, and polyketides), food additives and drug designing. Furthermore, their
universal presence, rapid growth, survivability under extreme conditions and minimum
growth requirements make them a popular resource for sustainable agriculture. The
cyanobacterial photosynthetic lamellae (thylakoid membranes) possess substantial amounts
of lipids and offer greater photosynthesis efficiency; hence these attributes could be
exploited to produce biofuel and bioplastic. The production of bioplastics uses the carbon
sink concept and cyanobacteria’s role in PHAs (polyhydroxyalkanoates) production as a
source of intracellular energy. It is warranted to mention that cyanobacteria are a great
source of biologically active compounds with anticancer, antifungal, antibacterial and
antiviral properties. However, the knowledge behind the mode of action associated with
these active compounds is still limited, even with advancements in the latest omics and
technologies. Henceforth, this Research Topic mainly aims to assemble the most recent
global cyanobacterial research to comprehend cyanobacteria’s metabolism and physiology
for better utilization for human welfare. In the current issue, nine articles have been
published, which empowers our understanding of cyanobacteria’s role in managing abiotic
and biotic stress, biostimulants, biofuel production, and molecular aspects associated with
cyanobacterial physiology.

Agarwal et al. emphasize different cyanobacterial species’ ability to produce
biodegradable plastics and their significance as green and clean energy sources. Future
generations can rely on cyanobacteria to reach sustainable environmental goals due to their
role in producing (PHAs) polyhydroxyalkanoates as a better alternative to conventional
plastics. Compared to other energy sources, such as green plants, Cyanobacteria shows a
more effective photosynthetic mechanism, which provides maximum output with limited
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affordable land resources. An unconventional solution for a
sustainable future is the synthesis of biodiesel from cyanobacteria,
which reduces the emission of hazardous sulfur and prevents the
addition of aromatic hydrocarbons with a high oxygen content and
excellent combustion potential.

Ding et al. investigated the molecular aspect of cyanobacterial
physiology—two  accessory CARF-domain proteins from
cyanobacterium  Synechocystis sp. PCC III-D type CRISPR
systems have been isolated and characterized. They found a model
organism, Synechocystis sp. PCC 6803 contains ring nuclease
proteins and a functional CARF-domain effector. SyCsx1, a cyclic
tetraadenylate (cA4)-dependent RNase with strong specificity for
cytosine nucleotides, is the homolog of Csx1. SyCsmé6, a second
CARF-domain protein that shares similarities with Csmé6 effectors,
broke down cOAs while attenuating SyCsx1 RNase activity. Their
findings imply that Synechocystis CRISPR systems provide a
multilayered cA4-mediated defense mechanism.

He et al. demonstrate Prochlorococcus global gene expression
changes due to low salinity stress and their expanding salinity
range. In this investigation, researchers discovered that
Prochlorococcus strain NATL1A, which is low-light adapted,
and strain MED4, which is high-light adapted, could acclimate
in the lowest salinities of 25 and 28 psu. While both strains were
grown in salinity more bass than 34 psu, the effective quantum
yield of PSII photochemistry (Fv/Fm) showed that both the
strains were stressed. To adapt to low salinity, the transcript of
genes involved in translation, biogenesis, ribosomal structure
and ATP generation was downregulated by NATLIA, whereas
MED4 upregulated genes linked to photosynthesis. Moreover, the
iron ABC transporter gene idiA was upregulated in both strains,
indicating that low salinity acclimated cells may be iron deficient.

Kar et al. reviewed the characteristics, potential uses, and
critical analysis of cyanobacterial metabolites and the mechanisms
of action associated with contributing to the hunt for novel
antimicrobials. Singh K.B. et al. addressed the limitations of
using tetrapyrrole rings and natural nutrient supplements as
therapeutic agents. Also, they demonstrated the various aspects of
tetrapyrrole rings in the food and pharmaceutical industries. Singh
R.P. et al. isolated several microalgae species from the wastewater
environment, and their lipid accumulation and maximum growth
rates were assessed. All isolated microalgae can adapt to a carbon
source evaluated by adding sodium bicarbonate to BG-11N-+
media. Further best Microalgal strains were chosen for biofuel
feedstock based on growth parameters and sodium bicarbonate
uptake rates among all the selected strains Scenedesmus sp. BHU1
strain was found to be highly efficient for biofuel production.

Srivastava et al. perform research to understand the
information gaps about how pretreatment affects cyanobacteria.
It is analyzed that the detrimental effects of salt can be reduced
in filamentous cyanobacteria after pretreatment with heat, hence
providing a basis for increased cyanobacterial tolerance to salt
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stress. Yalcin et al. examined the effects of kanamycin, ampicillin,
cefotaxime and tetracycline on photosynthetic capacity and
pigment fluorescence in Fremyella diplosiphon strains. Studies
on the hormetic effect of antibiotics on F. diplosiphon show
that excessive antibiotic concentrations significantly damage
cellular functionality, and appropriate antibiotic doses stimulate
cellular growth. Finally, Guo et al. identified a new microcystinase
(MIrC) enzyme that degrades microcystin toxins produced
by cyanobacteria.

It can be concluded that cyanobacteria show wide adaptability
to biotechnological uses. They have been employed in drug
development, bioremediation and medical diagnostics. In addition,
they are potent sources of bioplastics, bioactive substances, food
supplements, biofertilizers and energy. To enable their use,
the additional study must concentrate on the thriving axenic
culture of these microorganisms. In addition, new techniques
must be developed to allow the cultivation of previously
“uncultivable” strains.

We hope that the reader will find in this Research Topic a
valuable reference for the state-of-the-art in the emerging field of
tools rooted in information theory and applied to neuroscience.
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Responses of Bicarbonate
Supplementation on Biomass and
Lipid Content of Green Algae
Scenedesmus sp. BHU1 Isolated
From Wastewater for Renewable
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In the present study, different microalgae were isolated from wastewater environment and
evaluated for higher growth and lipid accumulation. The growth adaptability of all the
isolated microalgae were tested for carbon source with supplementation of sodium
bicarbonate in BG-11N* medium. Further based on the uptake rate of sodium bicarbonate
and growth behavior, microalgal strains were selected for biofuel feedstock. During the
study, growth parameters of all the isolates were screened after supplementation with
various carbon sources, in which strain Scenedesmus sp. BHU1 was found highly effective
among all. The efficacy of Scenedesmus sp. BHU1 strain under different sodium
bicarbonate (4-20mM) concentration, in which higher growth 1.4 times greater than
control was observed at the concentration 12 MM sodium bicarbonate. In addition, total
chlorophyll content (Chl-a+ Chl-b), chlorophyll fluorescence (Fv/Fm, Y(ll), ETR max, and
NPQmax), and biomass productivity were found to be 11.514 pg/ml, 0.673, 0.675, and
31.167 umol electrons m2s7", 1.399, 59.167 mg/L/day, respectively, at the 12mM sodium
bicarbonate. However, under optimum sodium bicarbonate supplementation, 56.920%
carbohydrate and 34.693% lipid content were accumulated, which showed potential of
sodium bicarbonate supplementation in renewable biofuel feedstock by using Scenedesmus
sp. BHU1 strain.

Keywords: Scenedesmus sp., sodium bicarbonate, chlorophyll fluorescence, molecular analysis, scanning
electron microscopy, biofuel
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Lipid Accumulation in Scenedesmus

HIGHLIGHTS

- The physiological and biochemical composition of microalgae
affected by sodium bicarbonate supplementation.

- Photosynthetic efficiency and microalgal biomass of isolate was
found to be maximum at the 12 mM bicarbonate concentration.

- At12mM sodium bicarbonate, the maximum total chlorophyll
contentand biomass productivity were reported tobe 11.514 g/
ml and 59.167 mg/L/day, respectively.

- 56.92% carbohydrate and 34.69% lipid accumulated under
optimum sodium bicarbonate supplementation.

- Strain Scenedesmus sp. BHUL can be used as a potent
renewable biofuel feedstock.

INTRODUCTION

In recent years, search of an alternative renewable energy
resource is of great concern worldwide. The rapid industrialization
and the needs of a burgeoning human population put extra
pressure on energy resources. However, the limited stock of
fossil fuels, regular price hiking of conventional energy resources,
and release of toxic effluents after utilization need an immediate
search of an alternative that must be economic, ecofriendly,
and renewable in nature. In this regard, biofuel appears as a
suitable alternative in terms of sustainability, reducing greenhouse
gas emissions, and controlling changing climatic conditions.
Generally, biofuels are classified into first, second, third, and
fourth generations and objectives of all these are to meet the
needs of global energy requirements in sustainable ways (Khoo
et al., 2020; Mat Aron et al., 2020).

In the recent past, different microalgal strains have been
frequently utilized as renewable energy feedstock with potential
to replace traditional fuels (Behera et al, 2015; Cheah et al,
2018). Microalgae are photosynthetic organisms that use CO,
and sunlight to develop and produce various value-added products
such as carotenoids, fatty acids, and natural antioxidants, which
are directly or indirectly utilized for human welfare (Borowitzka,
1992). However, for biofuel production, various higher plants
have been reported to date, but high photosynthetic rate, greater
nutrient uptake ability, short generation time, easy growth
conditions, higher biomass, and lipid content make microalgae
preferred over the higher plants (Karemore et al., 2013; Rawat
et al, 2013; Arenas et al., 2017). The biomass, carbohydrate, and
lipid productivity are crucial factors to optimize or enhance the
economic viability of microalgae-based biofuels. Changes in
medium ingredients or growing conditions can easily increase
the biomass content of microalgae resulting in a greater yield
of value-added products (Vijay et al., 2021; Siddiki et al., 2022).

Biofuel production from microalgal biomass is still in the
initial stages and the industrial growth is largely dependent

Abbreviations: Chl-a, Chlorophyll-a; Chl-b, Chlorophyll-b; Fv, Variable chlorophyll
fluorescence; Fm, Maximum chlorophyll fluorescence; Fo, Minimum chlorophyll
fluorescence; Fv/Fm, Maximum photochemical quantum efficiency; YII, Effective
photochemical quantum yield; ETRmax, Maximum electron transport rate; NPQmax,
Maximum non-photochemical quenching; PSII, Photosystem II.

on the viability of large-scale microalgal cultivation. To ensure
the economic feasibility of microalgal cultivation and biofuel
production, selection of suitable strain, cultivation methods,
nutrient supply, and feasible source of water (Borowitzka and
Vonshak, 2017). Even though microalgae have high oil content
in their biomass, their ability to synthesize substantial amounts
of lipid is often strain-specific and varies with surrounding
environmental conditions. In a study, Parichehreh et al. (2021)
evaluated several factors including light intensity, temperature,
salinity, NaHCO;, CO,, and other nitrogen sources on the
growth, biomass, and lipid production of Chlorella sp. Authors
reported light intensity and temperature have significant effects
on algal growth. However, bicarbonate as carbon and ammonium
as nitrogen source play significant roles in biomass and lipid
production compared to CO, and nitrate, respectively.

Wastewater microalgal strains are referred to as a promising
option for biofuel generation, due to their tolerance to climatic
and environmental changes (Priyadharshini et al., 2021; Renuka
et al, 2021). Several strains of freshwater microalgae
Scenedesmus and Chlorella have been documented as potential
candidates for the large-scale production of biofuel owing to
its high biomass productivity and favorable biochemical
composition. In addition, the ability to modulate their metabolic
productivity under varying nutritional conditions, which showed
significant morphological variability and phenotypic plasticity
in response to changing environmental factors (Chung et al.,
2018; Yun et al., 2019; Vijay et al., 2021). Microalgal biomass
production on a large-scale is difficult as is microalgal strains
that can develop robustly under stress conditions. Although
under ideal stress conditions, various microalgal species have
been examined and reported to produce 30%-50% lipid of
dry cell weight (Maheshwari et al., 2020; Han et al., 2021).
About 60 microalgal species have been thoroughly studied
to produce enormous amounts of biomass and high biofuel
yield (Tripathi et al., 2015).

The Scenedesmus sp. is a microscopic unicellular microalga
that can be found in both fresh and effluent streams. The
microalga Scenedesmus sp. is a significant biofuel feedstock
because of its capacity to grow in a variety of carbon-rich
habitat with high biomass yield and lipid content (Mata et al.,
2012). Previously, several species of Tetradesmus/Acutodesmus
which belong to the Scenedesmaceae family have been reported
as promising candidates for biofuel production due to their
high lipid content and suitable fatty acid profile (Ferrigo et al.,
2015; Ismagulova et al., 2018; Umetani et al., 2021). However,
limited information is available for Scenedesmus sp. Therefore,
we are selecting Scenedesmus sp. to evaluate its physiological
and biochemical responses to bicarbonate supplementation and
to use it for various biotechnological applications.

Therefore, the current research has been designed to isolate
different microalgal strains from wastewater environment.
Furthermore, screening of different microalgal strains have been
carried out under supplementation of different ranges of sodium
bicarbonate as a carbon source and determine the physiological
and biochemical responses in terms of biomass and lipid content
to bicarbonate supplementation from microalgae as a
biofuel feedstock.
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MATERIALS AND METHODS

Isolation and Cultivation of Microalgae

The samples of microalgae were collected aseptically from the
wastewater environment of Banaras Hindu University (BHU)
campus, Varanasi, India. A total of 10ml of microalgal culture
was inoculated in 250 ml Erlenmeyer conical flasks with 100ml
BG-11N* broth medium at pH 7.4 (Rippka et al., 1979). The
cultured samples were disseminated on BG-11N* agar plate
and incubated in an artificial photoperiod of 14h light and
10h dark, illuminated by white fluorescent tube light
(55p molm™s™") at 28+2°C and each flask was shaken at
50rpm continuously. The separate colonies that appeared on
agar plate were picked and transferred to a similar medium
for purification using BG-11N* broth and agar plates in a
sequential culture. The procedure was repeated until axenic
microalgal cultures were achieved.

Screening of Potential Microalgal Isolates

The microalgal isolates capable of using high inorganic carbon
as sodium bicarbonate from the aquatic environment were
screened. The selection of isolates was performed in BG-11N*
medium with 12mM sodium bicarbonate and the growth was
analyzed in terms of optical density (OD) every alternate day
until the 16days at 680nm wavelength by UV-2600 UV-VIS
Spectrophotometer, SHIMADZU (Japan). The microalgal isolates
that respond better at 12 mM sodium bicarbonate were transferred
to a 250-ml flask with a 100-ml working volume for further study.

Morphological Identification of Microalga
by Scanning Electron Microscopy

On the center of a coverslip (22mmx22mm Blue Star) a drop
of exponentially growing microalgal suspension (0.7 OD) was
placed and dried in air. It was then chemically fixed with 3%
(w/v) glutaraldehyde and left overnight before being rinsed thrice
in distilled water and dehydrated with a graded series of ethanol
(30%, 50%, 80%, 90%, 95%, and 100%) and air dried. In a
quorum Sc 7620 sputter coater air dried sample was coated with
a 30A thick gold palladium coating for 9min. Scanning electron
microscopy, EVO18 Research ZEISS (Germany) was used to
examine coated materials at 15 and 5kV (Sadiq et al., 2011).

Molecular Identification of the Potential
Microalgal Isolate

Based on a microscopic study the microalgal strain was initially
recognized morphologically. After that 18S rDNA sequencing
was used to confirm the identity of the microalgal isolate.
The manual DNA isolation technique was used to isolate
genomic DNA from a microalgal strain (Aboul-Maaty and
Oraby, 2019). The 18S rDNA was amplified using PCR with
forward 5-GCTTAATTTGACTCAACACGGGA-3" and reverse
3’-AGCTATCAATCTGTCAATCCTGTC-5’ primers (Gargas and
DePriest, 1996). A reaction mixture containing 0.2mM
deoxynucleoside triphosphates, 1.5mM MgCl,, 0.5mM of each
primer and 1.25units of Tag DNA polymerase were used for
amplification. The following polymerase chain reaction procedure

was used: 94°C for 3min, 35cycles of 1min at 94°C, 1min
at 59°C, and 1min at 72°C (Valiente Moro et al., 2009). The
400-900bp amplicon was gel eluted and the amplicon was
sequenced using the Sanger technique of DNA sequencing
(Sanger et al, 1977). The outcomes of the sequencing were
combined and compared with existing National Center for
Biotechnology Information (NCBI) data base of gene bank.

Phylogenetic Analysis

The 18S rDNA sequence of isolated microalga was matched
with previously reported sequences of other intimately related
microalgal species to determine its phylogeny. Using the
nucleotide BLAST tool, the 18S rDNA gene sequence obtained
in our study and NCBI reference sequences were downloaded
and aligned using Clustal-W multiple sequence alignment. The
Neighbor-Joining approach was used to create a phylogenetic
tree and the Maximum Composite Likelihood technique was
used to calculate the evolutionary distances (Saitou and Nei,
1987; Tamura et al., 2004). Bootstrap analysis based on 1,000
replications was used to determine the tree resilience. The
MEGA 11 software was used to conduct evolutionary analyses
(Tamura et al., 2021).

Growth Characterization

The growth was measured at 680nm OD and the pigment
content (chl-a, chl-b, and carotenoid), chlorophyll fluorescence,
and biomass of each culture growing in different concentrations
of sodium bicarbonate ranges from 4 to 20 mM were measured
in terms of their growth.

Determination of Photosynthetic Pigments
To assess pigment content, 2 ml microalgal culture was centrifuged
for 5min at 10,000rpm, the pellet was dissolved in 99.9%
methanol and kept at 4°C overnight in the dark. The absorbance
of the supernatant was taken at 470, 652.4, and 665.2nm using
a UV-2600 UV-VIS Spectrophotometer, SHIMADZU (Japan)
and the pigment content was calculated using the following
formulas (Lichtenthaler, 1987).

Chlorophyll a; Chl-a (,ug / ml) =16.72 Agg52—9.16 Ags24

Chlorophyll b, Chl-b (/Jg / ml) =34.09 A652.4 —15.28 A665.2

Carotenoid (g /ml) = (1000 A470 —1.63 Chl-a —104.9 Chl-b) /221

Chlorophyll Fluorescence Analysis

Chlorophyll fluorescence (ChlF) used as a non-destructive
marker of photosynthetic performance and various photosynthetic
parameters like the maximum photochemical quantum efficiency
(Fv/Fm), effective photochemical quantum yield [Y(II)], the
maximum electron transport rate (ETRmax), and maximum
non-photochemical quenching (NPQmax) of photosystem II
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(PSII). These parameters were measured using a KS-2500 pulse-
amplitude modulation (PAM) device (Heinz Walz GmbH
D-91090 Effeltrich, Germany) and computed using PAM software
(PamWin-3). The 0.5 ml aliquot of dark-adapted (20 min) culture
was poured into a glass cuvette attached to a PAM fluorometer
with a micromagnetic stirrer. Maximum chlorophyll fluorescence
(Fm) was measured using high intensity saturating pulses of
more than 3,000molm™ s™', while minimal chlorophyll
fluorescence (Fo) was measured using a light-emitting diode
providing 0.001 molm™ s™'. A range of photosynthetic active
radiation (PAR) (0-2,973molm™ s™') was used for light curve
analysis of samples. The maximum electron transport rate (ETR)

was determined to be 984molm™ s7'.

Biomass Productivity

At the 14th day, dry cell weight of each culture treated with
different concentrations of sodium bicarbonate (4-20mM) was
measured to estimate biomass. To achieve constant weight,
2ml of each microalgal culture was centrifuged and transferred
to pre-weighted Eppendorf tube for drying in the oven at
70°C. The biomass content (c) was calculated using formula
c=m/0.02L (Chen et al,, 2021), where m is the weight of the
dry cell pellet.

Determination of Protein, Carbohydrate,
and Lipid Content

The Lowry method was used to estimate the protein content of
the microalgal biomass (Lowry et al, 1951) and the anthrone
method was used to determine total carbohydrate content (Loewus,
1952). The anthrone reagent was prepared by dissolving 0.2g
anthrone in 100ml chilled 95% H,SO,. There was 1ml stationary
phase microalgal culture pelleted and treated with 1ml IN
NaOH. The total carbohydrate was determined using 100pl of
supernatant, 900 pl of deionized water, and 4ml anthrone reagent
and incubated at room temperature for 10min in the dark, a
greenish-blue color appeared, and absorbance was measured at
625nm. For the standard, glucose stock was used.

The Bligh and Dyer method was used to extract total lipids
content from microalgae (Bligh and Dyer, 1959). For lipid
extraction, stationary phage grown microalgal cells were collected,
after centrifugation for 6min at 8,000rpm. The extraction
solvent chloroform:methanol:water (2:1:1v/v/v) was added in
the microalgal cells and disrupted with a Sonics vibra cell
sonicator for 10min. The mixture sample was centrifuged and
the chloroform layer containing lipid fraction was isolated and
evaporated using a speed vacuum centrifuge evaporator and
the total lipid content was determined gravimetrically using
formula ¢ (%)= (m.—m.)/m,x100%, where m,_ is the weight
of the tube containing the dry total lipids, m, is the weight
of the empty collection tube, and m, is the weight of the dry
cell pellet used for extraction.

Qualitative Analysis of Lipid by BODIPY
505/515 and Nile Red Dyes

Two lipophylic dyes BODIPY 505/515 and Nile Red (NR-47353)
powder (0.250png) were dissolved in 1ml of acetone, which

was used as the stock solution to detect the presence of neutral
lipid in microalgal cells (Singh et al., 2019). Stationary phase
microalgal cells (2ml) were collected by centrifugation and
washed three times with 1x Phosphate Buffer Saline (PBS).
There was 5pl microalgal suspensions taken on the center of
slide and 2pl stock solution was added and incubated for
5min in the dark. The stained microalgal cells were observed
by fluorescent microscopy (Nikon ECLIPSE 90i, United States)
using 20x objective lens with a common exposure period for
all images, having NIS-Elements AR 4.0 microscope imaging
software (Nikon Instech Co. Ltd., Japan) at 465-495 and
590-650nm for green and red channel excitation emission
wavelengths, respectively.

Statistical Analysis

The consequences were presented as three replicate averages
with standard errors. Using SPSS software version 21, the
significance of differences between treatment was examined
using the Tukey’s-b post hoc test at a p <0.05 probability threshold.

RESULTS AND DISCUSSION

Isolation and Screening of Microalgal
Strains

Using standard microbiological procedures, five axenic microalgal
isolated strains namely BHU1, BHU2, BHU3, BHU4, and BHU5
capable of thriving in inorganic enriched environments were
identified from wastewater habitat. Among the five isolates,
the strain BHU1 grew vigorously after supplementation of
12mM sodium bicarbonate than BHU2, BHU3, BHU4, and
BHUS5 (Figure 1), which indicates that it can effectively absorb
excess inorganic carbon given as bicarbonate and sequester it
into increased biomass. Scenedesmus sp. along with other
microalgae is commonly found in wastewater environment
(Apandi et al., 2017; Lépez-Pacheco et al, 2021). At such
ecological niche, carbonate and bicarbonate ions are the primary
sources of inorganic carbon, hence microalgal group inhabitant

16

—o—BHU1

OD (680 nm)

0 2 4 6 8 10 12 14 16
Time (Day)

FIGURE 1 | Growth measurement in terms of optical density of different
algal strains grown in BG— 11 N* medium supplemented with 12mM
NaHCO,. The data represents mean+SE (n=3).
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FIGURE 2 | Scanning electron micrograph of isolated strain Scenedesmus sp. BHU1 from aquatic habitat of Banaras Hindu University. (A) 4.92 KX and (B) 31.00
KX magnifications were used to capture the image by scanning electron microscopy (EVO18 Research ZEISS).

of wastewater, naturally adopted to survive under high inorganic
carbon concentrations and possibly improve inorganic carbon
uptake as well as enhancement in biomass and lipid productivity
(Lee et al.,, 2014; Pandey et al., 2019).

Identification of Isolated Microalga Using
Microscopic and Molecular Techniques

The purity and shape of prospective microalgal strains were
revealed by scanning electron microscopy. The morphological
features of the isolate have confirmed its close relationship with
the genus Scenedesmus. The microalgal strain BHU1 showed
green, cylindrical cells with pointed ends that are joined laterally
into 2-4 cell colonies (Figure 2), pair-wise alignments and pointed
end gave the closest match with Scenedesmus sp. (Guiry and
Guiry, 2021), which was later confirmed by 18S rDNA sequence
analysis (Gene Bank Accession Number MZ788699) by confirming
99.77% phylogenetic identity with Scenedesmus sp. as described
in Figure 3. Scenedesmus belongs to Scenedesmaceae family,
which are already reported as a probable source for biofuel
production in recent years with limited information (Pancha
et al, 2015; Tripathi et al., 2015; Kumar et al., 2021).

Effect of Sodium Bicarbonate

Supplementation on Growth of Microalgae
The supplementation of sodium bicarbonate in the range of
4-12mM, significantly enhances the growth of Scenedesmus
sp. BHU1 as compared to control, while a higher concentration
(16-20 mM) of sodium bicarbonate significantly reduced growth
due to enhanced concentration of sodium ions in the growth
culture with increasing sodium bicarbonate supplementation
has been shown (Figure 4). The highest significant growth
was observed in the case of 12mM sodium bicarbonate
(2.331£0.179), which was almost 1.3 times higher than the
control grown culture (1.714+0.037). The previous research

so[ Scenedesimis sp. UMT-B22
631 = Scenedesnnis sp. QUCCCM40
wo| Scenedesnnis sp. MF2
Scenedesmuis sp. SB C1
47| .Scenedesnnis sp. SWJI-2019
Scenedesins rubescens IPPAS D-292
| Scenedesmus sp. DDVG I

Scenedesmuis acutiis

10

=

as| [ Scenedesimus vacuolatus AK1
80| " .Scenedesnnis sp. BHUL
0L Scenedesmus sp. BMACS
—Scenedesmus sp. KUBS17R-18F
0.10

FIGURE 3 | Phylogenetic tree and evolutionary relationships of microalga
Scenedesmus sp. BHU1 based on 18S rDNA gene sequence. The boot strap
consensus tree was created using the MEGA 11 software and multiple
sequence alignment with the neighbor-joining method.

with Chlorella vulgaris reported that adding sodium bicarbonate
(1g/L) in growing culture media increased the optical density
to 0.5 (Borowitzka, 2005).

The growth of algae was inhibited after higher supplementation
of sodium bicarbonate (16-20mM) and this may be because
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FIGURE 4 | Effect of different sodium bicarbonate concentrations with time (day) on growth pattern of microalga Scenedesmus sp. BHU1. Bars are mean + SE of
three replicates. Bars adhered with different alphabets (a, b, ¢, and d) are statistically significant at p <0.05 (Tukey’s-b post hoc test).

TABLE 1 | Effect of different concentration of sodium bicarbonate on photosynthetic pigment content of Scenedesmus sp. BHU1.

NaHCO, (mM) Chl-a* (pg/ml) Chl-b** (ug/ml) Caro*** (ug/ml) Chl a+b (pg/ml) Chl a/b Caro/Chla+b
0 5.416 £ 0.127¢ 1.307 + 0.134° 2.478 + 0.024° 6.723 +0.198° 4.265 + 0.588%° 0.369 + 0.003*
4 7.047 £ 0.105%° 1.424 +0.115° 2.520 + 0.036° 8.471 £ 0.010¢ 5.033 + 0.523° 0.297 + 0.004°
8 7.533 £ 0.183° 2.729 £ 0.248%° 2.940 £ 0.058° 10.263 + 0.068° 2.821 £ 0.336*° 0.286 + 0.007°¢
12 8.321 + 0.828* 3.192 + 0.9042 2.981 + 0.072a0 11.514 £ 0.7782 3.500 + 1.609%° 0.259 + 0.004°
16 7.149 £ 0.1322° 4.539 + 0.123° 2.986 + 0.0912F 11.687 + 0.043° 1.579 + 0.0722° 0.255 + 0.007¢
20 5.648 + 0.054°¢ 3.961 £ 0.311° 3.236 + 0.057° 9.609 + 0.286° 1.444 + 0.116° 0.337 £ 0.015°

Values are mean +SE, n=3. Values adhered with different alphabets (a, b, ¢, d, and e) are statistically significant at p<0.05.

*Chl-a: chlorophyll-a.
#*Chl-b: chlorophyll-b.
#kkCaro; carotenoids.

introducing sodium bicarbonate in such quantities causes a
rapid increase in pH, resulting in a slightly alkaline solution,
which is unfavorable for microalgal growth. Previous studies
have found that at the 75ppm bicarbonate the Chlorella sp.
grows at its fastest and has the highest lipid content suggesting
it could be used as a biodiesel feedstock (Devgoswami et al.,
2011). The result in terms of optical density revealed that
elevated concentration of carbon as bicarbonate to the microalgal
photosynthetic activity can boost the rate of microalgal
reproduction and ultimately growth. The maximum specific
growth rate was greater when 1gL™' bicarbonate was
supplemented to green microalgae C. vulgaris and Dunaliella
salina grown culture (Mokashi et al., 2016; Srinivasan et al,
2018). The photosynthetic rate, biomass yield, and fatty acid
production of a green microalga Tetradesmus wisconsinensis
were also improved by an inorganic carbon regime (Umetani
et al, 2021). Our research findings also suggest the
supplementation of optimum concentration of bicarbonate can
boost microalgal growth and biofuel production.

Effect of Sodium Bicarbonate
Supplementation on Photosynthetic
Pigment

Based on pigment content, the microalga Scenedesmus sp. BHU1
was examined for its growth response after different concentrations
of sodium bicarbonate supplementation. The addition of sodium
bicarbonate in the growth culture significantly enhanced the
photosynthetic pigments including Chl-a, Chl-b, and carotenoid
in the microalga Scenedesmus sp. BHU1 (Table 1). The Chl-a,
Chl-b, and carotenoid content was significantly (p <0.05) increased,
when the sodium bicarbonate concentration was increased from
4 to 12 mM, except with 20mM sodium bicarbonate
supplementation, where the Chl-a and Chl-b content was low
and carotenoid was high. The highest amount of Chl-a
(8.321+0.828 pg/ml) was found in 12mM sodium bicarbonate
supplied culture, which was almost 1.5 times higher than the
control grown culture 5.416+0.127 pg/ml (Pancha et al., 2015).
Similar to our result, Scenedesmus sp. CCNM 1077 had a higher
level of Chl-a (6.11+1.14pg/ml) in a 0.9g/L sodium bicarbonate
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enriched culture, which was almost 1.1 times higher than the
control grown culture. 5.18+0.32pg/ml (Pancha et al., 2015). In
another study, Nannochloropsis salina and Tetraselmis suecica were
cultivated with 1g/L bicarbonate supplementation, their Chl-a
concentration increased 1.9 and 2.2 times as compared to control
grown culture (White et al., 2013). The enhancement in carotenoid
was dose dependent with addition of sodium bicarbonate. The
highest amount of carotenoid (3.236+0.057 pg/ml) was found in
20mM sodium bicarbonate supplemented grown culture followed
by 16mM (2.986+0.091 pg/ml) and 12mM (2.981+0.072 pg/ml)
sodium bicarbonate supplemented cultures. Further, sodium
bicarbonate addition (up to 12mM) to the growing culture
increased the total chlorophyll (a+b) content (11.514+0.778 pg/
ml). In our study, addition of 20mM sodium bicarbonate to the
growing culture lowered the ratio of Chl a/b (0.3-fold) and
carotenoid/total Chl (0.9-fold) as compared to the control for
microalga Scenedesmus sp. BHU1L. The decreased pigment ratio
can be explained by the fact that adding sodium bicarbonate to
such amounts causes a rapid increase in pH, resulting in an
alkaline environment, which is unfavorable for microalgal growth.
In similar research, there was no discernible difference in pigment
ratio when T. suecica was cultured with sodium bicarbonate
supplementation, whereas N. salina, carotenoid/Chl-a ratio increased
when sodium bicarbonate in the growth culture was increased
(White et al., 2013). Because of this, alga could have CO,
concentrating mechanism, and contribute a role in the pH balance.
Previous research has found that at 75ppm bicarbonate, the
Chlorella strain grows at its fastest and has the highest lipid
content, suggesting that it could be used as a biodiesel feedstock

(Devgoswami et al., 2011). In our study, Scenedesmus sp. BHU1
grew optimally at 12mM sodium bicarbonate supplementation,
and it belongs to the same group of previously investigated
green microalgae.

Effect of Sodium Bicarbonate
Supplementation on Chlorophyll
Fluorescence and Photosynthetic
Performance

Pulse amplitude modulated (PAM) fluorometry is one of the
frequently used, non-invasive, and quick procedures that measure
the chlorophyll fluorescence variability and photosynthetic activity
in microalgae (Baker, 2008; White et al., 2011). The physiological
condition of the Scenedesmus sp. BHU1 with varied concentrations
of sodium bicarbonate was recorded significantly over the full
course of the studies using the PAM Flourometer with various
parameters such as Fv/Fm, Y(II), ETRmax, and NPQmax
(Figures 5A-D). Microalgal cells treated with varied concentrations
of sodium bicarbonate ranging from 4 to 12 mM showed a
gradually significant (p<0.05) raise in Fv/Fm and Y(II) as
compared to the control, showing a good photosynthetic
performance in these sodium bicarbonate concentration ranges.
The highest Fv/Fm and Y(II) were found in culture grown with
12mM sodium bicarbonate at 10 days (0.673 +0.006, 0.675+0.008)
which was 1.2- and 1.2-fold higher than the 12mM sodium
bicarbonate at 0 day of growth culture (0.558 £0.010, 0.558 £0.010),
respectively, and no discernible change (p<0.05) in Fv/Fm and
Y(II) was observed beyond 12mM sodium bicarbonate. In a
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similar study, the presence of sodium bicarbonate enhanced Fv/
Fm and Y(II) in the green alga Chlorella sorokiniana (Salbitani
et al., 2020). The Fv/Fm and Y(II) rising could suggest increased
photosynthetic carbon fixation and metabolic activity. The ETRmax
followed the same patterns as Fv/Fm and Y(II). Bicarbonate
(4-12mM) considerably enhanced the photosynthetic efficiency
of Scenedesmus sp. BHUI culture in exponential phase, but
elevated levels (beyond 12mM sodium bicarbonate) had little
effect. Several studies have been published describing the effects
of salinity on photosynthetic activity, which decreased after
increasing salinity (Salbitani et al, 2020), which led to the
conclusion that salinity induced suppression of Photosystem II
(PSII) activity is thought to be produced by impaired PSII repair
and lower D1 protein turnover (Allakhverdiev et al., 2002).
The maximum non-photochemical quenching (NPQmax) is
caused by excess excitation energy dissipation of the PSII
reaction center as heat (Ware et al., 2015). The present NPQmax
data show an initial increase in NPQmax with increasing
sodium bicarbonate supplementations up to 12mM followed
by a descending order in the range of 16-20mM sodium
bicarbonate. The highest NPQmax was found in culture grown
with 12mM sodium bicarbonate at 10days (1.399+0.014),
which was 2.1-fold higher than the 12mM sodium bicarbonate
at 0days grown culture (0.643+0.070). Salinity induced PSII
reaction center inactivation could explain a decrease in the
NPQmax at higher concentrations of sodium bicarbonate (Szabo
et al, 2005). Overall, the results suggest that Scenedesmus sp.
BHU1 with optimum bicarbonate dose results in a significant
and quick increase in cell proliferation. These beneficial and
dose-dependent positive effects on growth, photosynthetic
efficiency, and pigment content suggest that this salt could
be a good as inorganic carbon source for lipid accumulation.

Effect of Sodium Bicarbonate
Supplementation on Dry Cell Weight and
Biomass Productivity
Next to sunlight and water, the most prerequisite resource for
photoautotrophic cell growth and lipid synthesis is inorganic
carbon. In the present study, addition of sodium bicarbonate to
the growth medium significantly increased the dry cell weight
(DCW) and biomass productivity (BP) of the microalgae
Scenedesmus sp. BHUL. The dry cell weight and biomass productivity
of the microalga Scenedesmus sp. BHU1 has been demonstrated
in Figure 6. In general, photoautotrophic microalgae use ambient
CO, as a source of inorganic carbon. However, CO, has an
exceptionally low solubility rate in water, hence sodium bicarbonate
supplementation is used for microalga Scenedesmus sp. BHU1
which provide the inorganic carbon required to develop higher
biomass. It has been reported that adding sodium bicarbonate
as a carbon source to the microalgae growing in culture medium
enhances the DCW and biomass of microalgae (White et al.,
2013; Pancha et al., 2015). The sodium bicarbonate increased
biomass of the Scenedesmus sp. BHUI, substantially in this
investigation (Figure 6) suggests that supplementing microalgae
with sodium bicarbonate improves cell division and metabolism.
Addition of sodium bicarbonate (4-12mM) enhanced biomass
yields dose-dependently, with no considerable difference in
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FIGURE 6 | Effect of different sodium bicarbonate concentrations on
biomass yield and lipid content of microalga Scenedesmus sp. BHU1. Bars
are mean + SE of three replicates. Bars adhered with different alphabets (a

and b) are statistically significant at p <0.05 (Tukey’s-b post hoc test).

DCW and biomass content (p<0.05) detected beyond 12mM,
sodium bicarbonate supplementation because above which it
becomes intolerable to the microalgal cells. The DCW and
biomass productivity of the microalga Scenedesmus sp. BHU1
was significantly reduced in the range of 16-20mM sodium
bicarbonate growing culture. The decline in DCW and biomass
of microalgae can be due to the fact that addition of sodium
bicarbonate to growing culture leads to a sharp increase in
the pH, making the solution alkaline, which is not suitable
for growth of microalgae. The highest DCW and biomass
content was found with 12mM sodium bicarbonate
(1183.333+44.096 mg/L and 59.167 +2.205mg/L/day) which was
1.4- and 1.4-fold higher than the control grown culture
(833.333+33.333 mg/L and 41.667 + 1.667 mg/L/day). In a similar
investigation, the presence of sodium bicarbonate increased
biomass yield and lipid content in the green microalga
Scenedesmus sp. CCNM 1077, C. vulgaris, and the diatom
Phaeodactylum tricornutum (Peng et al., 2014; Pancha et al,
2015; Tu et al, 2018). When Scenedesmus sp. CCNM 1077
were treated with 0.6g/L supplemented sodium bicarbonate
the biomass yield was 28.32mg/L/day (Pancha et al, 2015).
In our study, the biomass yield of isolated microalga Scenedesmus
sp. BHUL is higher than that of earlier reported isolated strains
that have been proposed as greater possible biofuel feedstock.
The biomass productivity showed that adding an optimum
amount of carbon as sodium bicarbonate can boost the microalgal
photosynthetic performance and increasing the rate of
reproduction. This study shows that using bicarbonate at the
right concentration can boost microalgal development for CO,
reduction and biofuel generation.

Effect of Sodium Bicarbonate
Supplementation on Biochemical
Composition

In microalgal cells, a reliable supply of inorganic carbon is required
for regular photosynthesis, carbon fixation, and the production
of biochemical components such as protein, carbohydrate, and
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lipid. This can be accomplished by supplying CO, gas into the
media or adding salts such as sodium bicarbonate. Bicarbonate
has a higher solubility than CO, and, hence, has the potential
to be employed commercially. The effect of sodium bicarbonate
addition on the protein, carbohydrate, and lipid contents of the
microalgae Scenedesmus sp. BHU1 is shown in Figure 7. Protein
content of microalgae Scenedesmus sp. BHU1 increased in a
dose-dependent manner. In the present study, microalgal cells
cultured with 16mM sodium bicarbonate has the highest protein
content (33.782+0.900%), followed by 20mM (29.752+1.658%).
Changing protein content with different sodium bicarbonate
supplemented microalgal culture can be advantageous because
these proteins can also be utilized to produce biofuels, such
as biomethane.

Carbon availability and supply is a critical metabolic
regulator in microalgae, governing carbohydrate and lipid
synthesis (Fan et al., 2012). The addition of 16 mM sodium

70 ® Protein  m Carbohydrate Lipid
a
60 a a
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§ ® " il abfiab
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FIGURE 7 | Effect of different sodium bicarbonate concentrations on
biochemical composition of microalga Scenedesmus sp. BHU1. Bars are
mean + SE of three replicates. Bars adhered with different alphabets (a and b)
are statistically significant at p<0.05 (Tukey’s-b post hoc test).

TABLE 2 | The biochemical content of green microalgae Scenedesmus sp.

bicarbonate to the growth medium increased the carbohydrate
content from (25.787+2.366 to 56.920+6.390%), as shown
in Figure 7. In the microalgae Scenedesmus sp. BHUI1, the
results show a positive relationship between sodium bicarbonate
supplementation and cellular carbohydrate content. It is already
reported that high inorganic carbon availability has been
linked to increased activity of Ribulose-1, 5-bisphosphate
carboxylase/oxygenase (RuBisCO), a crucial enzyme in the
conversion of 3-phosphoglycerate, a substrate for carbohydrate
and fatty acid production in microalgae (Peng et al., 2014).
There was no significant difference (p<0.05) found in
carbohydrate content in cells cultivated with 8mM
(54.111+4.355%) and 20mM (55.047+2.844%) sodium
bicarbonate supplemented culture. Because of the high starch
content, which can be quickly turned into hexose sugar, several
recent studies demonstrate that microalgal carbohydrates are
superior to plant-derived carbohydrates. In the present study,
the carbohydrate content of leftover de-oiled microalgal biomass
was investigated, which was then utilized in biodiesel
coproduction, lowering the cost of value-added product
generation. In our study, Scenedesmus sp. BHUI has
carbohydrate content (56.920+6.390%) with 16 mM sodium
bicarbonate, indicating that this microalga could be a possible
source of carbohydrate for biofuel synthesis such as biomethane
or other value-added products.

In microalgae Scenedesmus sp. BHU1, sodium bicarbonate
addition also enhanced the total lipid content along with
carbohydrate as shown in Figure 7. There was no significant
difference (p< 0.05) in total lipid content of microalgal cells
cultivated with 8mM (30.971+4.548%) and 12mM
(31.973£2.336%) sodium bicarbonate supplementation. In the
present study, the microalgal cultures treated with 16 mM
(34.693+4.001%) sodium bicarbonate have the highest lipid
content. When bicarbonate is added to the culture medium,
the pH rises, and microalgae modify their membrane
composition to cope with the alkaline stress. The biochemical
content of green microalgae Scenedesmus sp. BHU1 has been
compared to previously reported microalgae as shown in Table 2

Microalgae strain Protein (%) Carbohydrates (%) Total lipid content (%)
Ankistrodesmus sp. 16.24-18.66 4.48-5.97 11.48-31
Chlamydomonas sp. 58.8 18.5 22.7
Chlorella minutissima 47.89 8.06 14-57
Chlorella sorokiana 40.5 26.8 22-24
Chlorella vulgaris 51-58 12-17 41-58
Dunaliella salina 57 32 6-25
Dunaliella tertiolecta 20-29 12.2-14 11-16
Nannochloropsis oculata 10-27 17-27 22-29
Scenedesmus dimorphos 8-18 21-52 16-40
Scenedesmus falcatus 3.37-7.83 2.73-6.83 6.41-9.6
Scenedesmus protuberans 25.4-45.05 20.95-29.21 17.53-29.30
Scenedesmus sp. CCNM 1077 50.12 25.56 20.91
Scenedesmus sp. 29-37 32.7-41 17-24
Scenedesmus obliquus 10-45 20-40 30-50
Scenedesmus sp. BHU1 33.782 56.920 34.69

BHUT1 has been compared to previously reported microalgae (modified from Sajjaci et al., 2018).
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(Sajjadi et al., 2018). The results suggest that the microalgae
Scenedesmus sp. BHU1 is a potential strain for biofuel feedstock
because of their high carbohydrate and lipid contents.

Lipid Analysis by BODIPY 505/515 and Nile
Red Staining at 16 mM Sodium

Bicarbonate Supplementation

BODIPY 505/515 and Nile Red are fluorescent dyes that preferentially
stain microalgal cellular lipids (Govender et al., 2012; Sitepu et al,
2012; Katayama et al., 2019). For many years, BODIPY and Nile
Red have been used as microalgal lipid probes and their mechanisms
are beginning to be understood. The use of BODIPY and Nile
Red fluorescence dye to monitor the neutral lipid content of
microalgae is a quick method. Under a fluorescence microscope,
microalgae labeled with BODIPY and Nile Red were examined
for the existence of intracellular lipid droplets. The green, red,
and merge channels show dye fluorescence in the presence of
cellular lipids of microalga Scenedesmus sp. BHU1 (Figures 8B-D)
while bright field image does not show any cellular lipid (Figure 8A).
The amount of lipid staining dye inside the cell and the size of
the neutral lipid droplet determine the degree of the fluorescence.
The occurrence of neutral lipids such as triglycerides and
hydrocarbons was indicated by a sizable number of algal cells
emitting red fluorescence in the field of the red channel between
590 and 650 nm wavelengths (Figure 8C). The presence of a
considerable number of significant lipids that synthesizes in the
cells of microalga Scenedesmus sp. BHU1 was confirmed by the
intensity of the BODIPY and Nile Red emitted fluorescence. A
remarkably similar study also showed that this fluorescence was
found to be significantly linked to neutral lipids in microalgae

like Tetraselmis suecica, Nannochloropsis oculate, and Scenedesmus
sp. ISTGA1 (Wong et al, 2014; Balduyck et al., 2015; Tripathi
et al,, 2015). Hence, based on all these observations, the microalga
Scenedesmus sp. BHULI is a rich source of lipid which is a good
indicator of biofuel feedstock.

CONCLUSION

The microalga Scenedesmus sp. emerged as a potential carbon
uptake aspirant in the form of inorganic carbon, excess
carbon is efficiently incorporated into the biomass for use
in lipid accumulation and biofuel production. In the current
study, the microalga isolated from wastewater habitat of
Banaras Hindu University was identified to be Scenedesmus
sp. BHU1. The growth of the strain BHUI in terms of an
optical density, pigments content, chlorophyll fluorescence,
and biomass content was maximum under a surplus inorganic
carbon, at 12mM, sodium bicarbonate supplementation. The
microalgal isolate Scenedesmus sp. BHUI accumulated a
significant amount of carbohydrate and intracellular neutral
lipid as compared to other earlier reported microalgal species.
As a result, it is an excellent aspirant for biofuel feedstock.
Finally, it can be concluded that microalgal strain from
wastewater environment can be beneficial in the field of
inorganic carbon uptake and biofuel production. When sodium
bicarbonate is added in the growing medium as a carbon
source, the pH of the medium rises, inhibiting the growth
of microalgae. Furthermore, investigation is required to
optimize the pH of a bicarbonate-supplemented medium
during Stage I cultivation and nutrient amelioration for Stage

Bodipy

Nile Red

Bright Field

465 — 495 nm

Green Channel

FIGURE 8 | BODIPY 505/515 and Nile Red stained cells of Scenedesmus sp. BHU1 under fluorescence microscope in different channels.

Red Channel
590 — 650 nm

Merge Channel
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IT cultivation to stimulate intracellular lipid synthesis, especially
when bicarbonate is employed as a partial replacement for
gaseous CO,.
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Antibiotic-Induced Changes in
Pigment Accumulation, Photosystem
Il, and Membrane Permeability in a
Model Cyanobacterium

Yavuz S. Yalcin, Busra N. Aydin, Mst Sayadujjhara and Viji Sitther*

Department of Biology, Morgan State University, Baltimore, MD, United States

Fremyella diplosiphon is a well-studied a model cyanobacterium for photosynthesis
due to its efficient light absorption potential and pigment accumulation. In the present
study, the impact of ampicillin, tetracycline, kanamycin, and cefotaxime on pigment
fluorescence and photosynthetic capacity in Fremyella diplosiphon strains B481-WT
and B481-SD was investigated. Our results indicated that both strains exposed to
kanamycin from 0.2 to 3.2 mg/L and tetracycline from 0.8 to 12.8 mg/L enhanced
growth and pigment accumulation. Additionally, B481-SD treated with 0.2-51.2 mg/L
ampicillin resulted in a significant enhancement of pigment fluorescence. A detrimental
effect on growth and pigmentation in both the strains exposed to 6.4-102.5 mg/L
kanamycin and 0.8-102.5 mg/L cefotaxime was observed. Detection of reactive oxygen
species revealed highest levels of oxidative stress at 51.2 and 102.5 mg/L kanamycin
for B481-SD and 102.5 mg/L for B481-WT. Membrane permeability detected by lactate
dehydrogenase assay indicated maximal activity at 0.8 mg/L ampicillin, kanamycin,
and tetracycline treatments on day 6. Abundant vacuolation, pyrophosphate, and
cyanophycin granule formation were observed in treated cells as a response to antibiotic
stress. These findings on the hormetic effect of antibiotics on £ diplosiphon indicate
that optimal antibiotic concentrations induce cellular growth while high concentrations
severely impact cellular functionality. Future studies will be aimed to enhance cellular
lipid productivity at optimal antibiotic concentrations to disintegrate the cell wall, thus
paving the way for clean bioenergy applications.

Keywords: cyanobacteria, fluorescence yield, Fremyella diplosiphon, hormetic effect, lactate dehydrogenase,
oxidative stress, g-lactams

INTRODUCTION

In recent years, increased antibiotic contamination in surface and groundwater has drawn
worldwide attention due to their potential consequences for the environmental ecosystem and
health. Globally, antibiotic consumption has increased by 64% and at the rate of 39% over the
past two decades (WHO, 2016; Browne et al., 2021). In the United States alone, about 10,000 tons
per annum of antibiotics are consumed and account for ~70% of the nation’s annual antimicrobial
consumption (U.S. Food and Drug Administration, 2019). Antibiotic residues excreted in urine and
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feces after metabolism are directly introduced to the aquatic
environments by poorly managed livestock that have direct access
to surface water or indirectly by animal manure (Kiimmerer,
2009; Bailey et al., 2015; Pan et al.,, 2021). While non-targeted
antibiotic exposure on eukaryotes is minimal compared to
prokaryotes, cyanobacteria are ten times more sensitive than
algae to the harmful effects of antibiotics because of fragile cell
structures (Norvill et al., 2016; Kulkarni et al., 2017). About
20 different kinds of antibiotics have been detected in the
range of 1.26-127.49 ng/L in various aquatic environments
(Kim et al, 2018). Of these, the B-lactam group, primarily
the penicillin and cephalosporins, constitutes 50-60% of the
most consumed antibiotics (Kapoor et al., 2017). Significant
amount of B-lactams are directly excreted without any structural
changes after metabolism (Snow et al., 2009). Besides, antibiotic
residues are detrimental to microbial communities in aquatic
ecosystems and are known to greatly impact cellular metabolism
in cyanobacteria (Gonzalez-Pleiter et al., 2013; Cui et al., 2020).
The hormesis phenomenon (biphasic effect) in response to
harmful environmental agents by low-dose stimulation and
high-dose inhibition has been extensively studied (Kouda and
Iki, 2010). Exposure of Microcystis aeruginosa to low dosages
(< 20 mg/L) of erythromycin has been reported to trigger
photosynthetic activity (Fv/Fm) (Wu et al., 2020).

Of the various cyanobacterial strains, Fremyella diplosiphon
is a widely studied model organism known for its adaptive
growth capability in varying light intensities. Besides, its ability
to produce lipids and desirable essential fatty acids make it
an ideal third generation biofuel agent. To our knowledge, the
impact of antibiotics on F. diplosiphon growth and cell membrane
permeability remains unknown. In this study, the impact of
ampicillin, tetracycline, kanamycin, and cefotaxime on pigment
accumulation, photosystem II (PSII) activity, reactive oxygen
species (ROS) formation, and cell membrane permeability in
F. diplosiphon strains B481-SD and B481-WT was investigated.
Morphological alterations in cells exposed to antibiotics were
observed by microscopic examinations.

MATERIALS AND METHODS

Cyanobacterial Strains and Growth

Conditions

F. diplosiphon strains, B481-WT obtained from the UTEX
algae repository (Austin, TX, United States), and B481-SD
(overexpressed strain with the sterol desaturase gene; accession
MH329183) were used in this study. Cultures were grown in
liquid BG-11/HEPES medium under wide-spectrum red light
(650 nm) with continuous shaking at 170 rpm at 28°C in an
Innova 44R shaker (Eppendorf, Hamburg, Germany) for 6 days.
Light fluence rate was adjusted to 30 jumol m~2 s ~! using the
model LI-190SA quantum sensor (Li-Cor, United States). These
conditions were kept constant during the study.

Antibiotic Treatment
Three classes of antibiotics: B-lactams (ampicillin, cefotaxime),
aminoglycosides (kanamycin), and tetracycline, were tested in

this study. Antibiotic stock solutions (25x-100x) were prepared
according to the manufacturer’s instructions and stored at -
20°C. Working solutions in the range of 0.2-102.5 mg/L for
ampicillin, kanamycin, cefotaxime and 410 mg/L for tetracycline
were used in this study (Dias et al.,, 2015; Shang et al., 2015).
Ampicillin, cefotaxime, and kanamycin working solutions were
prepared immediately before use and diluted in ddH,O to
the desired concentrations (Baselga-Cervera et al., 2019). Each
antibiotic concentration was mixed with 5 ml F. diplosiphon cells
adjusted to OD750 nm. Assays were performed in 96-well clear
polystyrene microplate (Corning®Inc., NY) and cultures grown
under conditions mentioned above. Three replicate treatments
were maintained and the experiment was repeated twice. In order
to minimize the effects of light scattering, every other well was left
blank. Plates were sealed with a Breathe-Easy sealing membrane
(Sigma-Aldrich, MO, Lot#MKCP8263) to prevent evaporative
water loss and decrease the risk of contamination.

Pigment and Photosynthesis Analysis in
Antibiotic-Treated Fremyella diplosiphon

Phycocyanin and chlorophyll a fluorescence in antibiotic-treated
and control F. diplosiphon were recorded every other day using
a microplate reader (BioTek Synergy H1 Microplate Reader,
Agilent, United States). While chlorophyll a fluorescence was
recorded at an excitation of 420 nm and emission of 680 nm,
phycocyanin was measured at an excitation of 590 nm and
emissions of 650 nm (Rohaicek and Bartaik, 1999). Fluorescence
Epi-RGB mode was used for macro evaluation in 96 well plates
on day 6 (Amersham Imager 680, GE Healthcare Bio-Sciences
AB, Uppsala, Sweden). Minimal and maximal fluorescence
yield (Fo and Fm) was measured using MINI-PAM (Walz,
Effeltrich, Germany) every 48 h for 6 days after incubation
in dark for 15 min. Based on these parameters PSII quantum
yield (Fv/Fo) was calculated using the equation Fv/Fo = (Fm —
Fo)/Fo (Wan etal.,, 2015).

Reactive Oxygen Species Assay

Oxidative stress in antibiotic-treated F. diplosiphon strains was
detected using 277’-dichlorofluorescein diacetate, also known as
H,DCEFDA (EMD Chemicals, United States) (Ajiboye et al,
2017). After growth of cells in varying antibiotic concentrations
for 6 days under conditions mentioned above, a fresh 20 mM
DCFDA stock was prepared, and 50 pL added to 150 pl cells
in a 96 well plate (Busch and Montgomery, 2015). Fluorescence
intensity was measured at an excitation of 529 nm and emission
of 495 nm using a microplate reader after incubation in the dark
for 45 min at room temperature (BioTek Synergy H1 Microplate
Reader, Agilent, United States). Three replicate treatments were
maintained and the experiment repeated once.

Lactate Dehydrogenase Assay and
Microscopic Observations

The toxicity of ampicillin, tetracycline, and kanamycin on
E. diplosiphon was assessed using the Pierce™ (LDH Cytotoxicity
Assay Kit, Thermo Fisher Scientific, United States) according
to the manufacturer’s protocol. Since cefotaxime resulted in
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cell death on day 6, it was not included for this assay. Strains
B481-WT and B481-SD were grown in liquid BG-11/HEPES
medium containing 0.2-102.5 mg/L ampicillin, tetracycline, and
kanamycin in 10 ml vented culture flasks. Cells at an optical
density of 0.2 at OD750 nm were grown under continuous
shaking at 70 rpm and 30 umol m~2 s~ ! at 28°C in an Innova
44R shaker. Cells grown in the absence of antibiotics served as
control. The flasks were placed in an incubator at 37°C in the
dark for 24 h prior to LDH measurement. On day 6, 50 pl
cultures were transferred to a 96 well plate, and 50 pL of the
reaction mixture (LDH Cytotoxicity Assay Kit, Thermo Fisher
Scientific, United States) was added. After incubation for 30 min.
at room temperature in the dark, 50 pL of stop solution was
added and mixed gently (Wejnerowski et al., 2018). Absorbance
was measured at 490 nm using a microplate reader (BioTek
Synergy H1 Microplate Reader, Agilent, United States) after 2 h
incubation in the dark at room temperature. Three replicates
per treatment were maintained and the experiment was repeated.
On day 6, microscopic observations were made using a cytation
5 Cell Imaging Multi-Mode reader (BioTek® Instruments, Inc.,
Winooski, United States).

Statistical Analysis

Repeated ANOVA and Tukeys multiple comparison tests
including Pearson’s correlation were wused to analyze
F. diplosiphon sensitivity to different antibiotic treatments
at each sampling point. SPSS 28.0 (IBM Corporation, Armonk,
United States) was also used to analyze and plot the data.

RESULTS

Antibiotics Impact Pigment Fluorescence

in Fremyella diplosiphon Strains
Phycocyanin and chlorophyll a pigment autofluorescence was
quantified to evaluate the effect of antibiotics on F. diplosiphon

growth. Strain B481-SD treated with ampicillin ranging from
0.2 to 25.6 mg/L exhibited significant increases in phycocyanin
and chlorophyll a autofluorescence; however, a significant
decrease was detected at 51.2 and 102.5 mg/L (p < 0.01)
(Figures 1A, 2A). By contrast, B481-W'T treated with ampicillin
exhibited a significant decrease in pigment autofluorescence
from 3.2 to 102.5 mg/L compared to the untreated control. We
observed a significant reduction of pigment autofluorescence
in B481-SD and B481-WT treated with cefotaxime ranging
from 0.8 to 102.5 mg/L and 0.2 to 102.5 mg/L respectively
(Figures 1B,F, 2B,F). A significant reduction in phycocyanin
and chlorophyll a autofluorescence was observed in both
strains exposed to kanamycin from 6.4 to 102.5 mg/L when
compared to the untreated control. However, a significant
increase in B481-SD autofluorescence at lower kanamycin
concentrations of 0.2-3.2 mg/L when compared to the control
was observed (Figures 1C, 2C). B481-SD treated with tetracycline
reduced phycocyanin and chlorophyll a autofluorescence at
concentrations ranging from 102.5 to 410 mg/L, while it ranged
from 25.6 to 410 mg/L for B481-WT. A significant increase
in pigment autofluorescence was observed in both strains
treated with tetracycline from 0.8 to 12.8 mg/L on day 6
(Figures 1D,H, 2D,H).

Photosynthetic Efficacy of Fremyella
diplosiphon Exposed to Varying

Antibiotic Concentrations

Quantification of photosynthetic efficiency (Fv/Fo) revealed a
significant increase in B481-SD strain treated with ampicillin at
0.2-3.2 mg/L on day 4 compared to the control (Figure 3A).
On the other hand, a significant reduction of Fv/Fo ratios
was observed in B-481-SD treated with 51.2 and 102.8 mg/L
ampicillin on day 6 (Figures 3A,B). A substantial reduction in
the Fv/Fo ratios in cefotaxime-treated cells was observed, with
no recovery of B481-SD and B481-WT at concentrations higher
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FIGURE 1 | Phycocyanin autofluorescense of B481-SD and B481-WT strains reflected by 590 nm excitation and 650 nm emission. B481-SD strain was exposed to
concentrations ranging from 0.2 to 102.5 mg/L ampicillin, cefotaxime, kanamycin, and tetracycline (A-D), and B481-WT strain to ampicillin and kanamycin
concentrations ranging from 0.2 to 102.5 mg/L; 0.05-102.5 mg/L for cefotaxime and 0.2-410 mg/L for tetracycline (E-H). Both strains were cultivated in antibiotics
for 6 days at 28°C with a light intensity of 30 pmol m2 s~ 1. Mean and standard deviations are indicated by error bars.

op oo uwo

g s e s - weo oy s T gfocogLEonREENE

Kanamycin Concentration mg/L Tetracycline Concentration mg/L

Frontiers in Microbiology | www.frontiersin.org

21

June 2022 | Volume 13 | Article 930357


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Yalcin et al.

Antibiotic-Mediated Stress in a Model Cyanobacterium

B481-SD
Chierophyll « Autoflueres

BAST-WT
Chiorophyil « Autofluorescence (Au)

Ampicillin Concentration mg/L

Cefotaxime Concentration mg/L

FIGURE 2 | Chlorophyll a autofluorescence of Fremyella diplosiphon strains B481-SD and B481-WT reflected by excitation of 420 nm and emission of 680 nm.
B481-SD strain was exposed to ampicillin, cefotaxime, kanamycin, and tetracycline concentrations ranging from 0.2 to 102.5 mg/L (A-D), B481-WT strain was
exposed to ampicillin and kanamycin concentrations ranging from 0.2 to 102.5 mg/L; 0.05-102.5 mg/L for cefotaxime and 0.2-410 mg/L for tetracycline (E-H). Both
strains are cultivated with four antibiotics for 6 days at 28°C with a light intensity of 30 wmol m~2 s~'. Mean and standard deviations are indicated by error bars.
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than 1.6 mg/L and 0.05 mg/L respectively (Figures 3C,D). While
we observed a significant decrease in Fv/Fo ratio in both strains
treated with kanamycin from 1.6 to 102.5 mg/L, a significant
increase in B481-WT at concentrations ranging from 0.2 to
1.6 mg/L kanamycin compared with the control group was noted
(Figure 3F). We also observed a decrease in Fv/Fo ratios in
both strains exposed to tetracycline concentrations higher than
102.5 mg/L (p < 0.05) (Figures 3G,H).

Detection of Reactive Oxygen Species in
Antibiotic-Treated Fremyella diplosiphon

Antibiotic-induced ROS measured using the
dichlorodihydrofluorescein  revealed  significantly  higher
levels (p < 0.01) in both strains treated with cefotaxime,
kanamycin, and tetracycline from 0.2 to 102.5 mg/L compared
to the untreated control (Figures 4A,B). While B481-SD
treated with 102.5 mg/L ampicillin exhibited significantly
higher ROS (p < 0.01), it ranged from 6.4 to 102.5 mg/L for
B481-WT (Figures 4A,B). Highest levels of oxidative stress were
observed at 51.2 and 102.5 mg/L kanamycin for B481-SD and
102.5 mg/L for B-481-WT.

Membrane Integrity in Antibiotic-Treated

Fremyella diplosiphon

B481-SD and B481-WT strains treated with ampicillin,
tetracycline, and kanamycin exhibited maximum LDH activity
at the concentrations of 0.8 and 0.4 mg/L. Specifically, enhanced
LDH activity (p < 0.05) was observed in B481-SD treated with
tetracycline, ampicillin, and kanamycin from 0.2 to 0.8 mg/L
(Figure 5A). The LDH activity of B481-WT was higher in
kanamycin and tetracycline at 0.4 mg/L compared to ampicillin
at the same concentration (Figure 5B). Microscopic observations
such as filament fragmentation and alteration of cell shape were

observed at concentrations higher than 25.6 mg/L ampicillin for
B481-WT and 51.2 mg/L kanamycin for B481-SD and B481-WT
(Figures 6B-D). In addition, cellular stress-related structures
such as pyrophosphate granules (Figure 6F, green rectangle),
akinetes (Figure 6A, yellow arrows), and cellular vacuoles
(Figures 6B-F, red arrows) were observed in the strains exposed
to higher antibiotic concentrations.

DISCUSSION

In the present study, we evaluated the effect of four different
antibiotics on pigment autofluorescence and photosynthetic
activity in two F. diplosiphon strains. Additionally, we observed
membrane permeability and intracellular ROS production to
determine the effect of antibiotic treatment on the strains.

Alterations of Pigment Autofluorescence

in Antibiotic-Treated Fremyella

diplosiphon

Of the four antibiotics tested in this study, ampicillin and
cefotaxime belonged to the P-lactam group and are known
to bind to the penicillin-binding protein of the prokaryotic
cell (Stokes et al., 2019). The structural resemblance of the
F. diplosiphon cell wall to gram-negative prokaryotes explains the
sensitivity of cyanobacteria to B-lactam antibiotics (Springstein
et al, 2020). Interestingly, phycocyanin and chlorophyll a
autofluorescence in B481-SD was enhanced at lower ampicillin
concentrations (0.2-25.6 mg/L); however, its growth was
significantly inhibited at concentrations above 51.2 mg/L. On the
other hand, a substantial decline in pigment fluorescence was
observed in B481-WT at concentrations higher than 3.2 mg/L
ampicillin. Thus, significantly higher pigment fluorescence in
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FIGURE 3 | Variance of Fv/Fo in B481-SD (A,C,E,G) and B481-WT (B,D,F,H) strains of Fremyella diplosiphon in response to ampicillin, cefotaxime, kanamycin, and
tetracycline exposure for 6 days. Mean and standard deviations are indicated by error bars.

B481-SD at these concentrations provide further evidence of
the sterol dehydrogenase gene overexpression associated with
ampicillin resistance. It is also known that the molecular
configuration against f-lactam antibiotics is a mechanism for
acquiring bacterial resistance (Alpay-Karaoglu et al, 2007;
Sanganyado and Gwenzi, 2019). The significant reduction of
pigment accumulation observed in cefotaxime at concentrations
above 1.6 mg/L for B481-SD and 0.2 mg/L for B481-WT

indicate the higher sensitivity of B481-WT to cefotaxime.
Additionally, enhanced fluorescence of the strains exposed to
kanamycin (0.2-3.2 mg/L) and tetracycline (0.8-12.8 mg/L)
on day 6 indicate the hormetic effect of these antibiotics on
stimulation and inhibition. Our results are in accordance with
the findings of Liu et al. (2015), who reported the toxic effect
of amoxicillin at concentrations higher than 6.88 pg/L in
Microcystis aeruginosa, while a growth-stimulating effect was
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observed at concentrations below. A similar biphasic effect was
reported in Skeletonema costatum where exposure to florfenicol
at < 2.0 mg/L enhanced growth while inhibition was reported
at > 2.0 mg/L (Liu et al, 2012). As noted in our study,
ampicillin, kanamycin, and tetracycline at higher concentrations
inhibited F. diplosiphon pigment autofluorescence (Figures 1, 2).
Despite lowering the cefotaxime concentrations to 0.05 mg/L
(Figures 1, 2B,F), we did not observe the hormetic effect in
B481-WT. Exposure to kanamycin and tetracycline resulted in
approximately twice more remarkable pigment fluorescence in
B481-SD than B481-WT, indicating higher tolerance of B481-
SD to harmful antibiotics regardless of $-lactam resistance. In a
previous study by Fathabad et al. (2019), a 27.2% enhancement
of total lipid content in B481-SD compared to B481-WT was
reported, which was attributed to gene overexpression. The
enhanced lipid production in B481-SD could be attributed to
sustained membrane integrity, due to increased fatty acids that
facilitates membrane repair in B48-SD (Sen, 2020). On the
other hand, kanamycin and tetracycline inhibit protein synthesis
by binding to the bacterial ribosomal subunit resulting in a
misreading of the t-RNA. The inhibition of RNA translation
could have resulted in protein-derived F. diplosiphon pigments as

observed in our study. In a report by Daghrir and Drogui (2013),
tetracycline at 100 mg/L was reported to be detrimental to aquatic
organisms. Although photocatalytic degradation of tetracycline
occurs in a few days, the byproducts anhydrotetracycline and
4-epianhydrotetracycline have been reported to be more toxic
than the primary compound (Halling-Serensen et al., 2002).
Thus, high concentrations of tetracycline ranging from 205 to
410mg/L were selected in this study. These residues might have
also contributed to the pigment fluorescence of F. diplosiphon, as
observed in our study.

Antibiotic Exposure Enhance Fremyella
diplosiphon Membrane Permeability

Assessment of membrane integrity as a measure of extracellular
LDH enzyme activity revealed a linear correlation (data not
shown). In both strains treated with antibiotics, LDH activity
correlated to phycocyanin and chlorophyll a accumulation in
a dose-dependent manner, indicating a positive correlation
between increased metabolic activity and membrane permeability
prior to complete cell destruction. Antimicrobial agents such
as ampicillin and cefotaxime that target prokaryotic cell walls
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FIGURE 6 | Morphological alterations of Fremyella diplosiphon strains in concentrations at 25.6 mg/L ampicillin (A,B), 51.2 mg/L kanamycin (C,D) and 102.5 mg/L
tetracycline (E,F) treatments. Representative sections of color bright field images were captured using a cytation 5 Cell Imaging Multi-Mode reader at 40x

are reported to be more effective in weakening membranes
than ribosomal inhibitor antibiotics such as kanamycin and
tetracycline (Stokes et al., 2019). These compounds are known
to trigger intracellular signaling via the shifting of metabolic
compounds such as glucose, glycerol, and pyruvate to lipid
synthesis. In a study by Liu et al. (2011) weakening of
the cell wall by ampicillin was reported to facilitate free
fatty acids (FFA) secretion by reducing feedback inhibition of
enzymes involved in the synthesis of fatty acid precursors,
thus resulting in an overall increase in FFA production
(Alpay-Karaoglu et al., 2007). Enhanced lipid production in
Synechocystis species was correlated to a loss in membrane
components as well (Oliveira et al., 2016). Thus, we hypothesize
that membrane damage could lead to permeability changes

as indicated by increased metabolic activity stimulating lipid
synthesis and accumulation.

Production of ROS is pertinent when antibiotic
concentrations above the threshold level can onset cellular
stress (Chen et al., 2019). In cellular metabolism, a dynamic
equilibrium between ROS generation and elimination is
maintained due to the operation of antioxidant defense systems.
In addition, a tremendous increase of ROS may cause oxidative
damage resulting in cell injury and ultimately cell death due
to protein and lipid damage and impairment of cyanobacterial
homeostasis (Du et al., 2018). The reactive oxygen radicals
generated have the potential to react with membrane lipids and
protein (phycocyanin, chlorophyll a) structures in cyanobacteria.
Our results revealed maximal ROS levels in both strains treated
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with ampicillin at 102.5 mg/L, with lower ROS levels in B481-SD
compared to B481-WT. While B481-SD treated with cefotaxime
at 0.2-102.5 mg/L exhibited higher levels of ROS, it was not
detected in B481-WT (Supplementary Figure 1D). It is possible
that a reduction in the number of viable cells could have
lowered ROS production in B481-WT. We hypothesize that
the detrimental effect of cefotaxime could have resulted in
higher ROS levels in the first few days of the experiment,
while the unstable structure of oxygen radicals due to easy
loss of unpaired electrons and elimination could be responsible
for lower ROS at the end of the testing period. Both strains
exposed to kanamycin at 102.5 mg/L revealed maximum ROS
on day 6 and exhibited a similar growth paradigm at the
concentrations tested. ROS production is generally caused by
the leakage of electrons from the photosystem electron transport
chain as part of the metabolism of photosynthetic organisms
and plays a dynamic equilibrium in the operation of antioxidant
defense system. A study on the analysis of the impact of
superoxide dismutase (SOD) enzymes in 149 cyanobacterial
strains has shown diverse SOD enzyme isoforms, indicating that
the antioxidant mechanism that eliminates ROS could vary in
different cyanobacterial strains (Boden et al., 2021).

Chlorophyll a is an important light-harvesting photosynthetic
pigment in cyanobacteria, which plays a crucial role in
energy absorption and transduction (Latifi et al., 2009). The
electron transport capacity of photosynthetic pigments such as
chlorophyll a is closely related to the quality of the photosynthetic
apparatus and indicated by PSII activity (Fv/Fo). As the pigment
content of cyanobacteria decrease, the thylakoid membrane
becomes the active site due to cell wall damaging antibiotics such
as penicillin and cephalosporins (Liu et al., 2015). The decrease
in PSII activity of both strains at higher ampicillin, cefotaxime,
and kanamycin concentrations of 51.2 and 102.5 mg/L on day
6 as observed in our study could be attributed to enhanced
ROS production. Therefore, it is possible that reduced pigment
functions could have occurred due to ROS-induced damage to
the thylakoid membranes, particularly chlorophyll a.

CONCLUSION

In this study, we investigated the effect of four antibiotics
at varying concentrations on phycocyanin and chlorophyll a
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Jayati Pandey, Shreya Singh and Garvita Singh*"

Department of Botany, Gargi College, University of Delhi, New Delhi, India

With the aim to alleviate the increasing plastic burden and carbon footprint on
Earth, the role of certain microbes that are capable of capturing and sequestering
excess carbon dioxide (CO») generated by various anthropogenic means was studied.
Cyanobacteria, which are photosynthetic prokaryotes, are promising alternative for
carbon sequestration as well as biofuel and bioplastic production because of their
minimal growth requirements, higher efficiency of photosynthesis and growth rates,
presence of considerable amounts of lipids in thylakoid membranes, and cosmopolitan
nature. These microbes could prove beneficial to future generations in achieving
sustainable environmental goals. Their role in the production of polyhydroxyalkanoates
(PHASs) as a source of intracellular energy and carbon sink is being utilized for bioplastic
production. PHAs have emerged as well-suited alternatives for conventional plastics
and are a parallel competitor to petrochemical-based plastics. Although a lot of studies
have been conducted where plants and crops are used as sources of energy and
bioplastics, cyanobacteria have been reported to have a more efficient photosynthetic
process strongly responsible for increased production with limited land input along with
an acceptable cost. The biodiesel production from cyanobacteria is an unconventional
choice for a sustainable future as it curtails toxic sulfur release and checks the addition
of aromatic hydrocarbons having efficient oxygen content, with promising combustion
potential, thus making them a better choice. Here, we aim at reporting the application
of cyanobacteria for biofuel production and their competent biotechnological potential,
along with achievements and constraints in its pathway toward commercial benefits.
This review article also highlights the role of various cyanobacterial species that are a
source of green and clean energy along with their high potential in the production of
biodegradable plastics.

Keywords: biodegradable, bioplastics, biofuel, biopolymer, clean energy, polyhydroxyalkanoates, sustainable
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INTRODUCTION

There is an unprecedented increase in carbon footprint due
to increased toxicant levels in the atmosphere and excessive
use of fossil fuels as well as their plastic derivatives, which
are being discarded in landfill sites and will persist in the
environment for more than the next 100 years. It has drastically
posed new environmental challenges for nature and the survival
of living organisms. Rapid climate change, along with ever-
increasing billions of tons of plastic products in almost every
inch of the planet, has posed serious threats to the Earth and
would contribute to a massive global environmental hazard
(Borrelle et al., 2020; Silva et al., 2020). The marine ecosystem is
facing severe impacts because of accumulation of plastic debris
with minimal degradation properties (Jambeck et al., 2015).
Continuous accumulation of plastics in various strata of water
bodies has led to the origin of a new ecosystem acknowledged
as the “plastisphere.” This is an outcome of the long shelf
life and hydrophobic nature of non-degradable plastics being
accumulated as debris, which could be the cause of replacement
of natural ecosystems leading to unknown natural disasters
(Zettler et al., 2013; Bergmann et al., 2017). Another outcome is
the fragmentation of plastics to microplastics to the level that they
mark a presence in the food chain imposing a threat to the whole
ecosystem (Chen, 2015; Giacovelli and Environment: Technology
for Environment, 2018). This is further being aggravated because
of the prevailing COVID-19 situation across the globe, which has
led to an uncalculated increase in single-use plastics in various
forms and is another upcoming threat we are going to observe
in the environment in the coming times (Ammendolia et al.,
2021; Mejjad et al.,, 2021). Moreover, the energy crisis that the
world is facing because of continuous depletion of fossil fuels
could spark a misbalance in the world economy and progress.
This further leads to new challenges to attain environmental goals
wherein an unfiltered usage of non-biodegradable plastics from
various unconventional resources is another major issue for a
sustainable future. A recent study from IPCC (2014), the Inter-
governmental Panel on Climate Change, projects a worrisome
image wherein climate change could result in more severe
impacts if we fail to abate GHG (greenhouse gas) emission in
the near future. Biodiversity is shrinking as a result of prominent
desert spread and choking of warmer oceans with plastic waste.
In reality, the plastic industry consumes around 6% of world
oil and is anticipated to grow up to 20% by 2050, as stated by
IEA (International Energy Agency, 2017), which needs attention
(Giacovelli and Environment: Technology for Environment,
2018). A continuous assessment conducted by World Economic
Forum has put up an image wherein plastic production across
the globe will further increase by 2-fold in the coming 20 years.
This production of plastic would be accompanied by generation
of enormous amounts of GHG emission. Combustion of fossil
fuels is estimated to have caused a rise in atmospheric CO; from
300 to 400 ppm in the past century (Jambeck et al., 2015). These
elevated carbon dioxide levels have led to a huge loss of glacial
mass in polar regions such as Greenland and Antarctic belts,
portraying unrequited human behavior toward the environment.
Apart from these alarming scenarios, climate change is likely

to be accompanied by rising sea levels that could cause higher
precipitation and submergence in various regions (Pachauri et al.,
2014).

There is an acute need to identify new sustainable substrates
that could pace up with both energy demands in the form
of biofuels as commercial products and biodegradable plastics
as clean and green resources. Thoughtful calculations to attain
carbon neutrality have predicted that cutting down on fossil fuel
usage by 6-7 percent every year until 2030 is the only way to
stop cataclysmic after-effects generated by fossil fuels and non-
degradable and non-recyclable plastics. The environmental and
economic costs associated with fossil fuel consumption both for
energy requirements and commercial resources such as plastics
have been garnering immense criticism, pushing a massive
interest in biofuels and bioplastics for a sustainable future.

With great success, biofuels and bioplastics have been
produced commercially from terrestrial plants (both monocots
and dicots). However, the cultivation of these crops for biofuel
or bioplastic derivation creates an immense competition for
agricultural land against edible crops. In contrast to terrestrial
plants currently being exploited for biofuel and bioplastic
production, bacteria, yeast, and cyanobacteria prove to be
more efficient and feasible alternatives. Bacterial cultivation,
being a heterotrophic model, entails higher expenses in lieu of
the costly input of organic nutrients required to accumulate
crucial metabolites. The rate-limiting usage of organic substrates
for the fermentation process in the production of bacterial
bioplastic is one of the major cost additions, the second-
largest expense is the energy-intensive procedures involved
in polyhydroxyalkanoate (PHA) extraction. The bacterial,
heterotrophic model for bioplastic production is therefore far
from becoming economically feasible (Markou and Nerantzis,
2013; Karan et al., 2019).

However, now, the world is not only talking about reducing
CO; but also about employing microalgae and cyanobacteria
for the biological fixation of atmospheric CO;, which provides
an efficient and feasible strategy to sequester excess carbon.
Cyanobacteria are being studied for biological life support
systems in various forms and means. Growth patterns, cell
assembly, and targeted genetic modulations are being conducted
in order to get the desired industrial products (Rosenboom
et al, 2022). Several common cyanobacterial species such as
Anabaena cylindrica, Anabaena muscorum, Anabaena doliolum,
and Synechocystis sp. have been tested for their potential
role in the production of various industrial compounds
including biofuel and bioplastics. Various identification measures
including phase contrast microscopy and scanning electron
microscopy (SEM) along with fluorescence microscopic images
(Figure 1) reveal their nature and alignment of cells and
elaborate autoflourescent compounds as phycobiliproteins and
chlorophylls. These organisms are quite promising, with
biofixation efficiency estimated to be ~10-fold more than that
of terrestrial plants (Cheah et al, 2015; Cuellar-Bermudez
et al., 2015). In the last 15 years, from the very first pivotal
steps of detecting chemicals of industrial assets expressed
from exogenous genes in cyanobacteria, algal biotechnology
has advanced in several prospects. Through robust studies on
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microscopic image showing auto-fluorescent pigments.

FIGURE 1 | Mic of Cyanobacterium Anabaena sp. (A) Phase contrast microscopic images, (B) scanning electron microscopic (SEM) images, and (C) fluorescence

photosynthetic pathways in cyanobacteria, desired products on
a commercial scale for understanding the metabolic machinery
of host organisms have been attained (Oliver et al., 2013).
Next, there is a need to overcome various challenges posed for
sustainable biofuel and bioplastic production by cyanobacteria.
Engineering cyanobacterial strains for enhancing yield is
challenging as the metabolic pathway involves oxygen-sensitive

enzymes. Selection and optimization of strains that possess the
ability to metabolize both fatty acid content and precursors, play
a significant role in commercializing cyanobacterium-derived
biofuels and bioplastics for a sustainable future. As mentioned
earlier, these organisms show a much higher photosynthetic
efficiency of up to 10% than terrestrial plants possessing an
efficiency of 4% (Lewis and Nocera, 2006); furthermore, they
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require minimal land and nutrient input. To attain a sustainable
economy, there is an urgent need for the replacement of fossil
fuel substrates for various commercial products such as plastics
and other polymers. An interdisciplinary approach involving an
understanding of synergistic actions and selection of feedstock
biomass to useful compounds like biofuels or bioplastics is
ultimately the only roadmap that could help in attaining a better
environmental prospect.

This review aims to highlight the potential role of
cyanobacteria as a green sustainable methodology for biofuel
and bioplastic production and enhance their yield by modifying
metabolic pathways by genetic engineering. This review also
features scope and constraints related to large-scale industrial
production of biofuel and bioplastics. The dynamic metabolic
versatility of cyanobacteria offers potential to overcome hurdles
related to first-generation biofuel that utilizes plant resources as a
substrate which has large land and water requirements. This has
put considerable trust and interest in exploring cyanobacteria,
a step toward sustainability for biofuels and bioplastics. The
purpose of this study, therefore, is to portray a suitable approach
toward the production of green energy as biofuels (generations
III and IV) and bioplastics for a sustainable environment
utilizing cyanobacteria as a biomass source.

CYANOBACTERIA: A SUSTAINABLE
BIOFACTORY FOR BIOFUEL AND
BIOPLASTIC PRODUCTION

Cyanobacteria, prokaryotic photosynthetic organisms and
ancestors of present-day chloroplasts, are extremely potential
microbes that are being selected for their efficiency for
production of biofuels and biodegradable plastics because
of their promising attributes such as mitigation strategy for
atmospheric CO;, absorption and fixation, utilizing it for its
growth in adverse climatic conditions such as saline water
and barren unfertile land, with a potential to fix atmospheric
nitrogen. Their high specific growth rate, abundant fatty acid
and oil content, and other active metabolites make them
a better-suited alternative to other resources (Gouveia and
Oliveira, 2009). Figure 2 illustrates a schematic representation of
the innate efficiency of cyanobacteria to convert nutrients and
CO; into high-value cell constituents that can be harnessed for
commercial-scale production of industrially and commercially
relevant chemicals like biofuels (especially bioethanol and
butanol) and materials like bioplastics (PHB and PHBV).

Thus, among various resources available for biofuel and
bioplastic production, cyanobacteria have long been considered
as energy-rich sources because of production of diacylglycerol
(DAG) and triacylglycerol (TAG) that can be utilized as
precursors of biodiesel. The availability of genetic sequence
information of these microbes further makes them efficient in
being utilized for generation of renewable biofuels (Wijffels et al.,
2013; Halfmann et al, 2014; Savakis and Hellingwerf, 2015).
According to research conducted in the past, cyanobacteria
and algae produce a wide range of chemical intermediates
and hydrocarbons that act as precursors for biofuels. As a

result, cyanobacterium-derived fuel holds a great promise as a
possible replacement for present fossil-fuel-derived goods (Nozzi
et al, 2013). The biomass obtained from cyanobacteria can
be utilized as a food source or as a variety of feedstock, and
antioxidants, coloring agents, medicines, and bioactive chemicals
are just a few of the significant biomolecules that may be
extracted from cyanobacteria. Various types of biofuels obtained
from cyanobacteria include bioethanol, isobutanol, ethylene, 1-
butanol, biomethane, biodiesel, and biohydrogen (Schenk et al.,
2008).

Cyanobacteria  also  possess the metabolism for
producing economically useful and sustainable biopolymer
polyhydroxyalkanoates, PHAs, and their various copolymers
including polyhydroxybutyrate (PHB). The biopolymeric
PHB exhibits material properties similar to polypropylene,
a conventional plastic derived from fossil fuels such as
petroleum. However, in contrast to conventional plastics,
PHB is biodegradable; therefore, its usage as an alternative
to conventional plastics can help in mitigating the severe
environmental impacts of fossil fuel overconsumption as well as
the non-biodegradability of plastics. Thus, cyanobacteria such as
Anabaena, Synechocystis, Nostoc muscorum, Spirulina and many
other species can act as biofactories for bioplastic and biofuel
production (Kiran et al., 2014).

Cyanobacteria as Source of Renewable

Energy: Tremendous Potential

Bioenergy is a form of energy that is obtained biologically
from biomass. Biofuel (either bioethanol or biodiesel) is the
only substitute source of energy that can currently replace the
transportation fuel in automobiles without requiring extensive
engine changes (Kaygusuz, 2009). Biofuel research must include
not only the determination of the best material to utilize and
its conversion to biofuel but also the ecologically safe and
economical use of by-products created during the processing and
production of these biofuels in a sustainable manner (Parmar
et al., 2011). Development of alternative energy fuel sources is
urgently needed, as majority of the world’s current fuel supply is
reliant on fossil fuels. One of the most challenging problems is the
creation of sustainable and clean energy supplies for the future,
which is ultimately linked to economic success and stability, as
well as higher standards of living on a global scale (Posten and
Schaub, 2009). The massive usage of non-renewable fuel sources
to meet energy requirements has prompted researchers to look
into alternative energy sources (Misra et al., 2013). As a result,
biofuels have gained a bigger share of the fuel industry, and their
future potential will pave the way for energy security.

Sunflower, rapeseed, switchgrass, peanuts, wheat, soybean,
and sesame are among the most popularly utilized feedstock for
the first and second generations of bioenergy. Vegetable oil and
alcohols (ethanol, butanol, and propanol) are among the liquid
forms of energy generated from these sources. As previously
stated, the primary restriction for these energy crops is the
competition for acreage and water with our food sources. To
alleviate this restriction, third-generation sources are considered
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FIGURE 2 | (A) Schematic representation of cyanobacterial metabolic pathways leading to biofuel (bioethanol) derivatives viz. ethanol, butanol, isobutanal,
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as a non-food biomass origin for energy supply (Quintana et al.,  output and growth rates. Cyanobacteria may grow readily if
2011) (Figure 3). given only the most basic dietary requirements: air, water,
Cyanobacteria can transform up to 10% of solar energy into  nitrogen, carbon dioxide, and mineral salts (particularly salts
biomass, in comparison to the 5% by eukaryotic algae and  having phosphorous) with photons of light as the sole source
the 1% by traditional energy crops like sugarcane and maize  of energy. As a result, cultivation is straightforward and
(Parmar et al., 2011). They also convert CO; into biological  economical (Quintana et al., 2011). Cyanobacteria have a
components that may be used to make foods, biofuels, feedstock, ~ comparatively short genome, and many of them have already
and highly valued biologically active substances throughout been entirely sequenced, making system biology methods less
this process (Pereira et al, 2011). Cyanobacteria are viewed  difficult in these species than in eukaryotic algae (Rittmann,
as a possible feedstock for carbon-neutral biofuels owing to  2008). Cyanobacteria have been genetically modified to create a
their high biomass production, quick growing capacity, and  variety of substances related to biofuel (Machado and Atsumi,
ability to manufacture and accumulate considerable quantities ~ 2012; Table 1). Synechococcus elongatus sp. strain PCC 7942
(~20-50% of dry weight) of neutral lipids deposited in  was effectively designed to make ethanol by adding a gene for
lipid bodies present in the cytosol (Halim et al, 2013).  enzymes, alcohol dehydrogenase, and pyruvate decarboxylase,
Overall, cyanobacteria outperform plants and algae in terms  diverting carbon from pyruvate to ethanol (Deng and Coleman,
of photosynthetic efficiency, although algae produce far more  1999).
oil. Cyanobacterial species viz. Synechococcus elongatus PCC Cyanobacteria are an excellent alternative for producing solar-
7942 and Synechocystis sp. PCC 6803 are widely utilized and  powered biofuels from water, sunlight, and CO,. However,
identified as a potential biofuel source. As a result, photosynthetic ~ several difficulties for biofuel generation and development in
microorganisms like cyanobacteria can better serve the goal of  cyanobacteria are investigated by extending natural biosynthetic
bioenergy generation in a more cost-effective and ecologically ~ pathways. Several initiatives have been undertaken to increase
friendly manner, potentially replacing a large amount of fossil ~ biofuel production by expanding natural biochemical routes,
fuel consumption (Farrokh et al., 2019). They have a high amount  including hydrogen, fatty acids, ethanol, isoprene, and butanol.
of lipids, mostly found in thylakoid membranes. In comparison ~ Currently, metabolic engineering techniques and synthetic
to higher plants and other algae, they have higher photosynthetic ~ biology are employed in cyanobacteria to produce high-level
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biofuels. Different types of biofuels obtained from cyanobacteria
are discussed below.

Ethanol

Glucose and sucrose are two of the major sugar moieties easily
obtained from cyanobacteria. Anaerobic fermentation of these
simple sugars in the dark produces ethanol or ethyl alcohol. It is
a colorless, flammable, and volatile liquid created by microbes by
sugar fermentation. The ethanol made from renewable sources
is a desirable source of energy, since it can be combined with
diesel and utilized without requiring further modifications to
present diesel engines (Kaygusuz, 2009). In the production of
ethanol, cyanobacteria have an advantage over conventional
energy crops, since they ferment naturally without any need
for yeast cultures (fermentation initiators) that are needed by
the latter, therefore making cyanobacteria better candidates for
ethanol generation. Most algae and cyanobacteria do not need
fermentation as their major source of energy. Fermentation
occurs at a low level in these species, thus helping them
to survive. Genetic modification may be a viable option for
overcoming this difficulty and increasing ethanol output from
engineered cyanobacteria that are a reliable source for ethanol
production (Quintana et al., 2011). Synechococcus sp. PCC 7942

was the first genetically engineered cyanobacterial species utilized
to produce ethanol. Coding sequences of Zymomonas mobilis
pyruvate decarboxylase (PDC) and alcohol dehydrogenase II
(ADH) were cloned in the pCB4 vector and utilized to transform
Synechococcus sp. strain PCC 7942. The promoter from the rbcLS
operon, which encodes cyanobacterial ribulose-1,5-bisphosphate
carboxylase/oxygenase, increased the expression of the PDC
and ADH genes (Deng and Coleman, 1999). Modifying various
abiotic parameters like light intensity, carbon source, CO,
concentration, pH, and medium composition can boost the
production of certain molecules (Gao et al, 2012). In many
situations, optimizing these abiotic and biotic elements together
has led to increased yields (Andrews et al., 2021). Carrieri et al.
(2010) evaluated the influence of salt stress on cyanobacterial
fermentation rate. High salt concentration in a medium led
to a 100-fold increase in ethanol production as compared to
low salt concentration. The amount of ethanol released by
cyanobacteria has a significant impact on two parameters, the
amount of energy used and GHG emission. Cyanobacteria
derived ethanol do not produce any remnant, ash, smoke and
greenhouse gases in any form therefore serves as an eco-friendly
fuel (Luo et al., 2010). Multiple ethanologenic cassette insertions
inside the Synechocystis genome have been shown to be a
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successful technique for increasing ethanol titers (Gundolf et al.,
2019; Wang et al., 2020). However, in cyanobacteria, plasmid-
based ethanol-generating systems have been highly effective and
have frequently resulted in rather large ethanol titers (Diihring
et al., 2017). Using a plasmid-based system, the patented strain
ABICyanoll has attained an ethanol output of 0.55 g/L/d (Piven
et al, 2015). According to an in silico study, the maximal
amount of ethanol produced by Synechocystis sp. PCC 6803
was found to be 235 percent more than what was produced
experimentally on the laboratory scale. The researchers were able
to do this by developing a combined ethanol/biomass system
(Lasry Testa et al, 2019). Cyanobacteria have the potential
to produce lipids, which may be utilized as biofuel feedstock
(Anahas and Muralitharan, 2018). Recently, Roussou et al. (2021)
investigated the combined effects of Calvin-Benson-Bassham
(CBB) enzymes like transketolase (TK), aldolase (FBA), and
fructose-1,6/sedoheptulose-1,7-bisphosphatase (FBP/SBPase) on
ethanol production in Synechocystis PCC 6803. The strain that
overexpressed a combination of FBA and TK CBB enzymes
produced the maximum amount of ethanol.

Butanol

Butanol (butyl alcohol) is a 4-carbon alcohol (C4Hy9OH) that
forms the main bulk chemical and an effective blend-in fuel
sourced from non-renewable fossil resources (Liu et al., 2021).
1-Butanol is gaining interest as a potential fuel alternative and
an important chemical feedstock. It can be produced by both
the coenzyme A (CoA)-dependent route (Ezeji et al., 2007)
and the ketoacid pathway (Shen and Liao, 2008) (Figure 2).
There are also biological pathways for fermentative butanol
synthesis (Wichmann et al., 2021). Natural cyanobacterial strains
do not synthesize isobutanol or 1-butanol, suggesting that
butanol metabolic genes and related pathways are missing. For
heterotrophic 1-butanol synthesis, the clostridial route, a natural
1-butanol-generating pathway from Clostridium, was introduced
into E. coli (Shen et al., 2011). In Synechococcus 7942, Atsumi
etal. (2008) created a synthetic isobutanol pathway that generates
isobutyraldehyde and isobutanol. Similarly, an alternative
acetoacetyl-CoA biosynthesis pathway (ATP-driven) has been
created in Synechococcus by overexpression of acetoacetyl-
CoA synthase (NphT?7) that condenses malonyl-CoA and acetyl
CoA. In Synechococcus, the overexpression of three enzymes
(phosphoglycerate mutase, enolase, and pyruvate kinase) from
the three stages between 3-phosphoglycerate and the pyruvate of
the Calvin-Benson-Bassham cycle boosted overall carbon output
by 1.8-fold and 2,3-butanediol synthesis by 2.4-fold (Oliver and
Atsumi, 2015). Miao et al. (2018) reported a maximum 1-butanol
and isobutanol production in Synechocystis PCC 6803 during a
long-lasting culture (0.9 g/L in 46 days). CRISPR interference
(CRISPRi) was conducted in another investigation to repress the
enzyme citrate synthase gltA, which arrests growth but increases
carbon partitioning leading to the production of 1-butanol in
Synechocystis (Shabestary et al., 2018).

Furthermore, the synthesis of 1-butanol was boosted by
overexpressing a heterogeneous phosphoketolase (PK) route, one
of the natural acetyl-CoA supporting routes in Synechocystis
(Xiong et al.,, 2015; Liu et al, 2019). Wichmann et al. (2021)

recently showed that photosynthetic butanol is created directly
from CO,, with a carbon partitioning of 60% to 1-butanol.

Biodiesel

Biodiesel, unlike petroleum diesel, is biodegradable and non-
toxic, and when burnt as a fuel, it considerably decreases
toxicants and other emissions (Yusuf et al., 2011). Cyanobacteria
are photosynthetic microorganisms that can convert solar energy
and CO; into biofuels in a single biological system. Synthesizing
fatty acid-based compounds using solar energy as the energy
source, CO, as the carbon source, and cyanobacteria as the
biological system would be a potential technique for developing
sustainable biofuels (Quintana et al., 2011). In combined liquid-
gaseous fuel-processing solutions, Spirulina also demonstrated
the greatest overall utilization efficiency. In cyanobacteria,
overproduction and transesterification of fatty acids to generate
fatty acid methyl esters, fatty alcohols, or fatty alkanes are
the two processes involved in the production of fatty acid-
based biofuels (Mata et al., 2010). These lipid feedstocks are
made up of 90-98 percent triglycerides and trace quantities of
monoglycerides and diglycerides, 1-5 percent free fatty acids,
and small amounts of phosphatides, phospholipids, carotenes,
sulfur compounds, tocopherols, and water (Chisti, 2007).
Because of their high fatty acid content, Hossain et al. (2020)
discovered that cyanobacteria represent a promising source for
the biodiesel sector. Cyanobacteria have high lipid content, with
Oscillatoriales having the greatest overall lipid concentration.
More studies are needed to improve the mass culture conditions
for increasing the lipid content of cyanobacterial biomass,
and research on value addition of residual biomass is also
required. Nagappan et al. (2020) evaluated numerous nitrogen-
fixing cyanobacteria for biodiesel production based on biomass
production, lipid productivity, lipid profile, and harvesting
capability. The evaluation resulted in the selection of Nostoc
sp. MCCA41, a nitrogen-fixing cyanobacterium and a promising
species. It contains a high proportion of palmitic acid, indicating
its applicability for biodiesel production. Nostoc sp. MCC41
can be regarded as a promising and eco-friendly resource for
efficient biodiesel production because of its ease of harvesting,
capacity to grow under mixotrophic conditions, and ability to
fix atmospheric nitrogen. To investigate the activity of certain
enzymes used in saturated fatty acid production in cyanobacteria,
genetically altered Synechococcus elongatus PCC 7942 was
generated by overexpression or deletion of genes coding for fatty
acid synthase system enzymes; its lipid profile was evaluated,
and it was found that the functioning of some of these enzymes
differed. Modifications resulting from gene overexpression or
deletion were then conducted to increase the production of
alpha-linolenic acid in cyanobacterium. When combined with
the overexpression of Synechococcus sp. desA and desB desaturase
genes, the mutant generated by fabF overexpression and fadD
deletion, PCC 7002, generated the most omega-3 fatty acids
(Santos-Merino et al., 2018).

Hydrogen
Because it is non-polluting and infinite, hydrogen (H;) is a more
appealing biofuel candidate for upcoming usage (Srirangan et al.,
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TABLE 1 | Different cyanobacterial strains genetically engineered for biofuel production.

S. Cyanobacterial strain  Organic Carbon Cultivation Specific growth Biofuel/biofuel Product Engineered status Reference
No. utilization conditions rate precursor concentration
1. Cyanothece sp. ATCC Oxygenic Chemostat Variable Hydrogen 400 mmol Ha/mg Chl. Disruption of uptake Masukawa et al., 2002
51142 photo-autotrophic culture-ASP-2 medium, H hydrogenase gene
Nitrogen deprivation,
Continuous white light
illumination
2. Synechococcus Photoautotrophic Modified BG-11 0.161 day~' Iso-butanol 450 mg/L Overexpression of Atsumi et al., 2009
elongatus 7942 Medium ribulose
1,5-bisphosphate
carboxylase/oxygenase
(Rubisco)
3. Synechocystis sp. PCC  Photo- BG11 medium 1.7~2.5 day™! Ethanol 55¢g/L pdc-adh genes set Dexter and Fu, 2009
6803 auto/heterotrophic expressed under
PpsbA2 promoter
4. Synechocystis sp. PCC - Dark, Nitrogen limiting 1.7~2.5 day™! Hydrogen 186 nmol/mg chl a/h nitrate reductase Baebprasert et al.,
6803 (AnarB), 2011
nitrite reductase (AnirA)
5. Synechococcus Photoautotrophic Modified BG-11 0.161 day~! 1-butanol 30 mg/L substitution of Lan and Liao, 2012
elongatus 7942 medium bifunctional
aldehyde/alcohol
dehydrogenase
(AdhE2) with separate
butyraldehyde
dehydrogenase (Bldh)
and
NADPH-dependent
alcohol dehydrogenase
(YghD)
6. Synechococcus Photoautotrophic BG-11 medium 0.161 day~! 2,3 butanediol 2.4 g/L Integrated alsS, alsD, Oliver et al., 2013
elongatus 7942 and adh
7. Synechocystis sp. PCC Mixoautotrophic BG11 medium 1.7~2.5 day™! Isobutanol 114 mg/L kivd and adhA gene set  Varman et al., 2013
6803 of Ehrlich pathway
expressed under Pigce
8. Synechococcus sp. Photoautotrophic Agar plates of medium 0.2h" Fatty acids 130 mg/L fadD gene knockout, Ruffing, 2014
PCC 7002 At overexpression of tesA
and rbclL.S
(Continued)
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TABLE 1 | Continued

S. Cyanobacterial strain  Organic Carbon Cultivation Specific growth Biofuel/biofuel Product Engineered status Reference
No. utilization conditions rate precursor concentration
9. Synechocystis sp. PCC  Photoautotrophic BG11 medium 1.7~2.5 day™! Fatty alcohol for 761 g /g dry cell Overexpression of fatty Qietal, 2013
6803 biodiesel weight acyl-CoA reductase
gene and disruption of
the native
glycogen/poly-f-
hydroxybutyrate
biosynthesis pathways
10. Synechococcus sp. Photolitho-autotrophic CO; enriched seawater 0.2 h~' Ethanol 0.25% (v/v) Pyruvate decaroxylase Kopka et al., 2017
PCC 7002 medium (PDC) gene from
Zymomonas mobilis
and Alcohol
Dehydrogenase (ADH)
gene from
Synechocystis 6803
11. Synechococcus sp. Photoautotrophic MAD, MAD2 medium. ~100 mgDW h-1 Fatty acids ~1.549 Lt tesA under Pgjaci43 Wiodarczyk et al.,
PCC 11901 promoter, fadD 2020
knockout
12. Synechocystis sp. PCC  Photoautotrophic BG11 medium 1.7~2.5 day~" 3-Methyl 1- 75 mg/L Keto-acid Kobayashi et al., 2022
6803 Butanol Decarboxylase (kdc)-

Alcohol
Dehydrogenase (adh)
gene set expressed
under CcaS/CcaR
system
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2011). According to Kruse et al. (2005), many cyanobacteria
spontaneously create hydrogen as a secondary metabolite that
balances redox energetics, and many other strains can create
hydrogen by the reversible action of hydrogenase. The most
significant impediment to cyanobacterial H, production is that
hydrogenases are particularly sensitive to the O, produced
during photosynthesis. Furthermore, the presence of reducing
agents like ferredoxin and NADPH is a barrier, since they
are involved in other processes such as respiration. To boost
hydrogen generation, it will be necessary to reroute some of the
electron flow to hydrogen-producing enzymes and to develop
hydrogenases tolerant to oxygen (Weyman, 2010). When
cyanobacteria are cultured under nitrogen-deficient conditions,
H, evolves as a by-product of nitrogen fixation. It was also
discovered that non-heterocystous cyanobacteria produce lesser
hydrogen than heterocystous species. Several studies have looked
at cyanobacterial species that can produce H; as a source of clean
biofuel (Abed et al., 2009). Multiple attempts have been made
to boost H, production rather than carbon flow to augment
electron flux. Nitrogenase-based generation systems of H, have
been created in Nostoc sp. PCC 7120 by inhibiting hydrogenase
(Hup) absorption, resulting in increased hydrogen (Masukawa
et al,, 2002). Synechococcus 7002 mutants deficient in lactate
dehydrogenase showed a 5-fold increase in total H, generation
when compared with the wild type (McNeely et al, 2010).
The production of an exogenous ferredoxin by Clostridium
acetobutylicumm during the fermentation process might boost
electron flow to the hydrogenase (HydA). In light-dependent
anoxic circumstances, Hy production was increased twice its
original amount (Ducat et al., 2011). Several initiatives have been
launched to hinder competitive pathways for reductant usage
and to promote H, production. As a consequence, the IdhA gene
was inactivated in Synechococcus sp. 7002, NADH/NAD ratios
were significantly increased, and H; production was significantly
enhanced when native bidirectional [NiFe] hydrogenase was
increased (five-fold in anoxic and dark circumstances) (McNeely
et al, 2010). Engineered Anabaena variabilis ATCC 29413,
Nostoc sp. PCC 7422, and Nostoc linckia HA-46 generated more
H; than Synechococcus sp. PCC 7002, Synechocystis sp. PCC 6803,
and Nostoc punctiforme ATCC 29133. In contrast, the lowest
H; producers have been found to be Synechococcus elongatus
PCC 7942, Synechococcus sp. PCC 7002, and Synechocystis
sp. PCC 6803d. It implies that during H, synthesis, oxygen
may function as an inhibitor in these cyanobacteria. As a
consequence, an artificial oxygen-consuming device for O,
consumption may be built in the near future, resulting in
enhanced H, production in Synechocystis sp. PCC 6803 and
Synechococcus sp. PCC 7002 (Srirangan et al., 2011). Khetkorn
et al. (2012) used multiple inhibitors to promote electron flow
toward nitrogenase and bidirectional Hox-hydrogenase in
Anabaena siamensis TISTR 8012 to study the downregulation
of those competing for metabolic pathways. Increased H,
generation produced by inhibitors corresponded to increase in
respective Hox-hydrogenase activity and nif D transcript levels
and decrease in hupL transcript levels. The NiFe-hydrogenase
HoxYH from the cyanobacterium Synechocstis sp. PCC 6803
was coupled with the photosystem I component PsaD. The

resultant psaD-hoxYH mutant grew photoautotrophically,
accumulated a large concentration of photosynthetically
produced hydrogen in the light under anaerobic conditions,
and did not consume hydrogen. According to the findings,
psaD-hoxYH photosynthetic hydrogen production is most likely
a mix of anoxygenic and oxygenic photosynthesis (Appel et al.,
2020).

Conversion and Downstream Processing for
Large-Scale Production of Eco-Friendly
Cyanobacterial Biofuels

Steps of Conversion of Cyanobacterial Biomass to Biofuels
The scientific community is continuously looking for alternatives
and optimizations to improvise and achieve an efficient, practical,
and economically viable bioenergy process (Figure 3). However,
the general pathway is as follows:

Selection and Screening of Cyanobacterial Strains With Desirable
Fatty Acid Profiles. It will determine the quality of the biofuel
produced eventually. Not only selection from among the existing
cyanobacterial strains but many promising strains designed by
genome modeling strategies have also been developed, especially
in a popular cyanobacterium, Synechocystis sp. PCC 6803
(Erdrich et al., 2014), to yield an economically feasible level
of biofuel.

Large-Scale  Growth  of Cyanobacterial ~ Strain. Multiple
approaches have been adopted for achieving high biomass
productivity (Jorquera et al., 2010) viz: (a) Open pond
systems where open waters with nutrients are supplied
for algal growth. However, such systems are prone to
bacterial and protest contamination. (b) Closed pond
systems that utilize closed chambers to provide round-
the-year cultivation owing to full control over light and
temperature conditions. (c) Photobioreactors that are high
on investment and need technology optimization but tend to
maximize the photosynthetic surface area. (d) Microbial biofilm
method wherein the microbial paste is applied on a suitable
substratum to directly produce the biomass, thereby omitting
the harvesting step.

A few prerequisites must be fulfilled to achieve viable biomass
and include sufficient nutrient inputs, maintenance of sterile
conditions to prevent contamination from other microbes,
and optimization and maintenance of strain-conducive
environmental conditions of light and temperature (Sitther et al.,
2020).

Harvest/Collection Through Concentration and Dry Mass
Production. Strategies  including  batch  centrifugation
(mechanical separation method), flocculation (inorganic vs.
organic separation methods), use of magnetic nanoparticles,
reverse and/or direct vacuuming (filtration-based method), and
flotation (natural formation of gas vesicles) have been constantly
employed for harvesting biomass (Parmar et al., 2011; Sitther
et al., 2020).

Drying/Dewatering/Dehydration. Dehydration is carried out to
prepare the biomass for extraction of biofuel using huge drums
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with oven dryers. This dewatering process can be performed
either by addition of bioflocculants (usually bacterial cells) in
the cyanobacterial culture, which saves the additional costs of
chemical flocculants, but increases the chances of contamination
and interference with cyanobacterial metabolic processes, or
another efficient technology of forwarding osmosis could be
employed that works on creating a pressure gradient across a
semi-permeable membrane. This method is highly efficient and
can recover cyanobacterial cells from dilute cultures as well
(Anyanwu et al., 2018).

Extraction and Purification. Extraction and purification of
third-generation biofuels are accomplished using multiple
techniques viz:

a. Transesterification for biodiesel production is the most
conventional process for optimized generation of lipid-based
biofuel. In this process, fatty acids (triglycerides) and methanol
are converted into glycerol and FAMEs (fatty acid methyl esters),
in the presence of a strong alkali or a strong acid (Bhatia
et al, 2021). Conventional 2-step transesterification, which
involves sequential lysis and transesterification, does not yield
ample FAMEs from cyanobacteria; therefore, a highly efficient
single-step method has been developed where cell lysis and
transesterification of fatty acids occur simultaneously, which
can be chemically separated by phase separation. This direct
transesterification (also called in situ transesterification) allows
for quantification and characterization of fatty acids without
involving a separate method of extraction (Wahlen et al,, 2011).

b. Fermentation for bioethanol production: cellular
fermentable sugars and polysaccharide glycogen are present in
cyanobacteria that can be optionally enzymatically hydrolyzed
and converted to ethanol and carbon dioxide in the complete
absence of oxygen (Lakatos et al., 2019).

c. Anaerobic digestion for biogas production: various
conversion pathways have been standardized to obtain gas-
based cyanobacterial fuels where cyanobacterial residual biomass
(post-liquid fuel extraction or direct from culture/sludge)
can be anaerobically digested by hydrolysis (conversion of
initial biomolecules into soluble sugars), fermentation (sugar
conversion to alcohol and intermediary biomolecules), and
methanogenesis (conversion to biogas mixture comprising up
to 70 percent methane using methanogens) (Fardinpoor et al.,
2021). Cyanobacterial biohydrogen is produced under nitrogen-
deficient conditions because of the reverse activity of enzyme
hydrogenase. Some strains of Anabaena spp. are known to
have a maximum potential to produce the highest amounts of
biohydrogen (Sadvakasova et al., 2020).

Analysis, Testing for Marketability and Approvals for
Commercialization of the Biofuel Product: In Terms of Rate
of Titer Production, Its Quality, and Steadiness. International
standards and specifications are continually being introduced
to harmonize the quality and testing methodologies of biofuel
products globally (Gadonneix et al., 2010). ISO (International
Organization for Standardization) keeps developing and
updating these standards to help in efficient development and
global acceptance of biofuel products.

Light-Mediated (Direct) Use of Cyanobacteria as Biofuels
Cyanobacteria have an upper hand over other biofuel candidates
because of their inbuilt efficiency to utilize sunlight and convert
biomass into fuels. Light-driven conversion works smoothly
without any additional processing steps. Therefore, by employing
multiple interdisciplinary approaches, we can alter and improvise
metabolic pathways directly achieving high yields of the fourth-
generation drop-in biofuels (Johnson et al., 2016). The basic raw
materials (carbon dioxide, water, and light) are provided, and
the modified genetic makeup leads to the direct production of
high-value biofuel derivatives such as ethanol and butanol. This
is a rapidly growing field of study where new ways of altering
the genetic makeup of cyanobacterial strains can be conducted
resulting in not only improved yields but also single step biofuel
production. Synechococcus sp. PCC 7002, with overexpression
of native sodium-dependent bicarbonate transporters SbtA and
BicA, yielded a 50% increase in growth/biomass and intracellular
glycogen yield (Gupta et al., 2020). Fan et al. (2022) worked
on Synechocystis sp. PCC 6803 and studied variations in the
efficiency of substrate conversion into aromatic alcohol by
optimizing permutations and combinations of parameters like
temperature, light, substrates, and cell concentrations. They
successfully achieved higher NADPH regeneration and, hence,
improved reaction rates in terms of alcohol production.

The advent of fourth-generation biofuels from inexhaustible
raw material sources like cyanobacteria, which are cheap and
easily available, has opened new hopes. A photosynthetic
mechanism involving water oxidation can lead to large-scale
fuel production either by an artificial photosynthetic process
(Ingands and Sundstrom, 2016) or by directly opting for methods
of solar biofuel production that is a much cleaner source
of energy. This will not just take up hydrogen production
but will certainly minimize the generation of reduced carbon-
based biofuels by concomitant atmospheric CO, fixation and
by designing synthetic pathways for enhanced biofuel outputs
(Mund et al, 2022; Sebesta et al, 2022). An approach
toward designer cyanobacterial strains with edited metabolic
pathways can troubleshoot many environmental concerns at the
industrial level for biofuel production. The biggest challenge
to be resolved is identifying controlled expression systems
in designer cyanobacteria. To sum up, the fourth generation
biofuels, which are a by-product of the designer microbes
including cyanobacteria, are utilized as photobiological solar
fuels designed to work in coalition with photovoltaics or
electro biofuels. Cyanobacterial strains having their metabolism
tailored specifically for enhanced biofuel production is going
to take up the mere future. Additionally, using computational
modeling methods for identification of the complex interplay
of potential pathways, the flux can be manipulated in order
to achieve higher and efficient biofuel yields (Misra et al,
2013).

Bioplastics: Bio-Based, Biodegradable,

and Eco-Friendly Plastics
Plastics are primarily composed of polymers and include a
wide range of semisynthetic and synthetic materials. Moreover,
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because of plasticity, plastic objects can be remolded into
a wide range of solid shapes by pressurizing them. Fossil
fuels such as natural gas and petroleum are used to make
plastics recently; however, industrial methods use renewable
materials, namely, corn or cotton derivatives. Flexibility and
other properties like being lightweight, durability, and low
production cost have led to their extensive use worldwide.
Plastic objects, having lower weight and cost, have an additional
advantage and wide applications in industries and markets (ACC,
2013; Lane, 2015). In industries, plastics are used to meet
numerous requirements that are very specific in having a high
strength-to-density ratio. In plastics, polymers have a high degree
of chain branching and cross-linking that makes them rigid;
and for transparency, polymers with variable glass transition
temperatures are used. Different polymers can be blended to
make products with desired properties. Therefore, depending
on density and high resistance under different ambient suitable
conditions, the most widely produced thermoplastics that have
multiple uses in industries are polyethylene terephthalate (PET),
low-density polyethylene (LDPE) and high-density polyethylene
(HDPE), polyvinyl chloride (PVC), polypropylene (PP), and
polystyrene (PS) (ACC, 2007). These properties and ability to be
remolded provide long shelf life to numerous plastic products;
therefore, plastic polymers can be used in packaging, storing, and
transportation of materials even to long distances. Production
of plastic polymers is increasing worldwide and was reported to
be more than 300 million tons in the past few years (Plastics,
2019). Conventional petrochemical-based plastics impose serious
environmental hazards. On the contrary, unrestrained usage of
non-durable goods made from plastic polymers generated a vast
amount of uncalculated waste in the environment. It also imposes
a severe threat to ecosystems because of their slow decomposition
process in the natural ecosystem, and it is one of the global
concerns that the world needs to address. However, plastic
polymers are non-biodegradable, they rely on the population
boom and demand. As minimum plastic waste is known to be
recycled therefore, reducing the demand at an individual level,
lowering human pressure on environment and creating interest
to develop the better disposal mechanisms can be the ways for
sustainable future.

Now, bioplastics are a better-known option, sustainable, and
a suitable alternative to conventional synthetic chemical-based
plastics and are well-recommended by the United Nations
(UN) recently. Because of environmental safety concerns,
many agencies including the UN Food and Agriculture
Organization (FAO) assessed the sustainability of bio-based
plastic materials and strongly recommended bio-based polymers
that can be biologically degraded over conventional non-
biodegradable polymers. Plant-based biodegradable bioplastics
can be an alternative sustainable source of plastics. However,
land requirement for proper plant growth can be a limitation in
developing nations where no well-equipped land use pattern is
followed (European Bioplastics, 2021).

Bioplastics (bio-based plastics) are synthesized at least
partially from biological matters as well as plastics that can be
biologically degraded. Biodegradable or biologically degradable
plastics are broken down or completely degraded or decomposed

by microbes under particular conditions in due space within
a certain period. As observed and based on composition,
it is a very interesting fact that every plastic product that
is bio-based cannot be biodegradable, and all biodegradable
plastics products cannot always be bio-based. Moreover, under
all environmental conditions, biodegradable plastics cannot be
degraded biologically. Renewable resources used for obtaining
bioplastics, are recycled via varied natural biological phenomena
and can help in reducing fossil fuel consumption (Ashter, 2016).

The potential studies conducted by “Organization for
Economic Co-operation and Development” (OECD) further
provided many definitions for plastic polymers such as
bioplastics are bio-based, and while their production generates
very less and cleaner residues, their decomposition mechanisms
are less detrimental than conventional chemical-based plastics to
the environment (Reis et al., 2003; Schlebusch and Forchhammer,
2010; Jim, 2014). Despite of their origin, bioplastics can also
be referred based on how they can be degraded by different
organisms namely, bacteria, fungi and algae (Rutkowska et al.,
2002). Polysaccharides, namely, cellulose and starch, and various
polyesters like polyhydroxyalkanoates (PHAs) are bioplastics
that can be the potential and most promising source of
environmentally safe polymers (Storz and Vorlop, 2013).

Until now, bio-based and non-biodegradable plastics are
being manufactured in the market; however, biodegradable
polymers are not leading; therefore, creating biopolymers with
high performance and reasonable cost is a matter of highest
environmental concern (Iles and Martin, 2013). Consequently,
because of an urgent need to find an alternative to conventional
plastics, and likely PHAs and PHBs, bio-based and biodegradable
polymers will require high production capacities at considerate
rates in the near future (Aeschelmann et al., 2016). As to
growing environmental safety concerns, industries are more
attracted to biodegradable plastics that are short-lived and
that can be suitably disposed of. In the degradation of plastic
polymers, various microorganisms decompose the polymers in
the following order as PHAs = PCL (polycaprolactone) > PBS
(polybutylene succinate) > PLA (polylactic acid) (Tokiwa et al.,
2009; De Paula et al., 2018). Among the plastic polymers, PCL
is fossil-based; however, PBS is not fully bio-based, and PLA has
gained a growing amount of interest (Lackner, 2015). However,
the production capacity of PHAs is still small but is speculated to
grow exponentially in the near future (Aeschelmann et al., 2016).

Among PHAs, PHBs are widely studied and comprise the
most common PHA. To date, PHBs are the only widespread
PHAs produced under photo-autotrophic conditions (Troschl
et al,, 2018). Polymers such as PHAs, and especially PHBs, have
physicochemical characteristics similar to those of petrochemical
plastic and can have wide applications. PHBs are crystalline and
are comparatively rigid having a methyl group as a side chain.
PHBs decompose at ~200°C, i.e., near their melting temperature,
show poor melt stability, and turn brittle within a few days of
manufacturing. Blending and incorporating other co-monomers
can change the chemical properties and other characteristics
like decreasing the aging process and, hence, increasing their
applications widely. PHBs display less resistance to solvents and
high natural resistance against photodegradation (Lane, 2015;
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Gomes Gradissimo et al.,, 2020). Therefore, it is an emergent
need to use microorganisms such as cyanobacteria that have low
nutritional requirements to produce useful, environmentally safe,
bio-based, and biodegradable PHAs.

PHA and PHB Structure

PHAs are linear polyesters having 3-6 hydroxy acids and more
than 150 monomers accounting for around 2 million Daltons
(Figure 4) (Chen and Wu, 2005; Gomes Gradissimo et al., 2020).
Alcohol, sugar, and alkane production can act as a substrate
for the formation of polymers. The varied physical properties
are due to the different chemical structures of PHAs produced
from different bacterial genera becoming more suitable for wide
applications (Raza et al., 2018). PHAs, however, are one of the
largest categories of natural bio-based polyesters composed of
more than 150 different monomers of PHAs (Pittman et al,,
2011). Varied changes in structural configurations and variations
of monomers can form homopolymers of PHAs and copolymers
of PHAs, and an example of a homopolymer is PHB and
a copolymer is poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHVB) (Chen, 2009). Based on polymerization, PHAs can be
of different lengths such as short-chain length (SCL) including
PHB, poly(3-hydroxyvalerate)-PHYV, and their copolymer PHBYV,
while another type of PHAs is medium chain length (MCL)
that includes poly(3-hydroxynonanoate)-PHN and poly(3-
hydroxyoctanoate)-PHO.

Properties of PHAs

Cyanobacterial PHAs exhibit thermostability and physical
properties like those of conventional plastics derived from fossil
origin (Gadgil et al., 2017). The physical and chemical properties
are determined by their chemical structure, i.e., the number
of monomers. The shorter PHA is brittle and shows high
crystallinity, while polymers with more number of monomers are
flexible and elastic. It covers biopolymers that are biodegradable
as well as biocompatible (Chen and Wu, 2005; Tokiwa et al.,
2009; Tan et al., 2014; Gomes Gradissimo et al., 2020). The
decomposition of PHAs under natural conditions or by bacterial
action depends on various factors like polymer composition,
humidity, and temperature of the surrounding. It also depends on
the type of decomposing microorganism, as it affects the duration
of degradation because different bacteria express diverse types of
PHA-depolymerase that degrades the biopolymer. Moreover, the
chemical and physical properties of bioplastics result in sinking
of these bioplastics in an aquatic environment that facilitates their
transformation into carbon and water by decomposers (Tokiwa
et al., 2009; Raza et al., 2018).

Interestingly, PHAs like synthetic plastics can be customized
and thus are attractive biomaterials, as they can be designed to
suit a specific function. Blending PHAs with other biodegradable
polymers can considerably improve the physical properties
like crystallinity, glass transition temperature, and mechanical
properties (Li et al., 2016). Owing to their unique versatility
and ecologically friendly biodegradable properties, PHAs are
of great use, as they have a wide range of applications and
show to be a promising substitute to petrochemical polymers.
Usually, petrochemical plastic wastes are either fragmented

into microplastics or are being collected into the oceans as
garbage patches. However, bioplastics have met the standard
specifications for marine degradability. Based on growing needs,
PHAs nowadays are most attractive to producers, and the
bioplastic market is expected to strongly increase the production
capacity of PHAs by many folds in the future (Aeschelmann et al.,
2016; Rosenboom et al., 2022). They are widely used in industries
to manufacture biodegradable water-resistant surfaces, for
controlled pesticide delivery, nanocomposite materials, mulch
films, medical devices, tissue scaffolding, plastic packaging, etc.
(Philip et al., 2007; Gomes Gradissimo et al., 2020).

PHAs producing organisms are categorized into two groups:
one group that produces PHAs during their growth period
and another group that synthesizes PHAs when they grow
under limited nutrient conditions (Basnett et al., 2017).
Cyanobacteria are the only prokaryotic species known to produce
the homopolymer of PHB naturally in photoautotrophic and
chemoheterotrophic environments (Rani and Sharma, 2021).
The unsteady growth during the fermentation process promotes
PHA production. The accumulation depends on the presence
of various elements in the growth medium as well as the ionic
strength of the medium (Chen, 2009). Recently, cyanobacteria
were genetically transformed with PHB and PHA synthesis
encoding genes (Noreen et al., 2016).

Biosynthetic Pathway for PHA Production in
Cyanobacteria

Three biosynthetic pathways are involved in the assimilation
of carbon into different polymers. The foremost well-described
pathway found in cyanobacteria for PHA production, especially
PHB, is similar to earlier documented pathways in heterotrophic
and other archaebacteria species (Lim et al., 2002; Lee et al., 2005;
Singh and Mallick, 2017). Among cyanobacteria, Synechocystis
PCC6803 is widely used as a model organism for gaining
insight into the generation of PHBs. PHB biosynthesis involves
majorly three enzyme-mediated steps: condensation, reduction,
and polymerization. Step one includes reversible condensation
(Claisen type) of the precursor, i.e., two molecules of acetyl-CoA
derived from the tricarboxylic acid (TCA) cycle with an enzyme,
ketothiolase, and produces acetoacetyl-CoA. The first step is
followed by reduction of acetoacetyl-CoA (encoded by gene
phaA) with NADPH-linked enzyme acetoacetyl-CoA reductase
(encoded by phaB) and produces d(-)-3-hydroxybutyryl-CoA.
Furthermore, in the last step, d (-)-3-hydroxybutyrate-CoA gets
polymerized by the PHA-synthase enzyme (encoded by genes
phaC and phaE) and finally produces poly(3-hydroxybutyrate)
biopolymer (PHB) (Figure 2). The four genes, slr1993- phaA,
slr1994- phaB, slr1830- phaC, and slr1829- phaE encoding the
three enzymes are involved in PHB synthesis. In anoxygenic
purple sulfur bacteria, the PHA synthase coding mediated by
genes phaC and phaE is similar to that in a cyanobacterium
(Lane and Benton, 2015). The role of Rubisco in CO; assimilation
is additionally observed in the production of PHB involving
the conversion of glycolate to 2-phosphoglycolate synthesis
under photosynthetic conditions. Along with the conjugation
of PHB synthesis, the substrate propionic acid is used in the
synthesis of PHBV copolymer (Balaji et al., 2013). Reportedly,
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different conditions showed different production rates of PHBs.
Under photo-autotrophic conditions in Synechocystis sp., the
production of these biopolymers was up to 20% (DCW, dry
cell weight); however, under heterotrophic conditions, acetate
supplementation, and phosphorus deprivation, the production
was 28.8% (DCW), and when genetically modified organisms
were supplemented with acetate, they showed a higher yield
of PHB at 35% (DCW). Interestingly, the highest yield of
55% was obtained when Synechococcus sp. MA19 was grown
with Ca3(POy4), (Panda et al., 2006; Khetkorn et al., 2016;
Kamravamanesh et al., 2017; Gomes Gradissimo et al., 2020).

However, another interesting biosynthetic pathway involves
metabolism of lipids and transformation of different alkanes,
alkenes, and alkanoates to generate MCL-PHA polymers.
Furthermore, PHA synthase enzymes polymerize different
hydroxyalkanoate monomers during the fatty acid oxidation
pathway (Hein et al., 2002; Lim et al., 2002).

In the next and third biosynthetic low production cost
involved pathway, MCL-PHAs are polymerized from monomers
that are produced from glucose, fructose, and sucrose (Philip
et al,, 2007). Here, with a glycolic precursor and intermediates of
the fatty acid biosynthesis pathway, lipids and carbohydrates are
used in the generation of PHAs. PHA generation, accumulation,
and growth of microbes are also affected by the availability
or deprivation of many nutrients and their concentrations,
mainly including nitrogen, phosphate, sulfur, and oxygen.
Optimum changes in carbon-to-nitrogen ratio are used for
culture optimization, whereas abundant carbon is favorable
for the production of biomass, and limiting the concentration
of phosphorus and/or nitrogen is found to beneficial for
the generation of polymers of PHAs (Salehizadeh and Van
Loosdrecht, 2004; Wen et al., 2010; Montiel-Jarillo et al., 2017).
In cells, nitrogen is required for manufacturing proteins and

nucleic acids, and the availability and deprivation of nitrogen
levels influence NAD(P)H concentration, NAD(P)H/NAD(P)
ratio, and, hence, the TCA cycle (Lee et al., 2005; Albuquerque
et al, 2010; Reddy and Mohan, 2015). In a balanced well-
supplemented nutrient culture, the TCA cycle is maintained as
the concentration of NAD(P)H, and NAD(P)H/NAD(P) ratio
remains constant. On the contrary, in nitrogen deficiency,
amino acid synthesis, a-ketoglutarate conversion into glutamate,
assimilation of ammonium ions, and NAD(P)H accumulation get
affected (Panda et al., 2006; Liu et al., 2011) and, hence, influence
PHB production.

In cyanobacteria, other than nitrogen, the availability and
deprivation effect of phosphorus are found to be more significant.
Despite the role in cell maintenance and lipid and carbohydrate
assimilation, mainly the inorganic form of phosphorous is a part
of protein and nucleic acid (Reddy and Mohan, 2015; Gomes
Gradissimo et al., 2020). Therefore, in well-balanced culture,
nutritional growth conditions with a suitable concentration of
phosphorous and high coenzyme-A (CoA-SH) concentration
inhibit the synthesis of PHA, whereas during phosphorous
deprivation, the Krebs cycle gets restricted (Montiel-Jarillo et al.,
2017). The deprivation metabolism of nitrogen and phosphorous
promotes the reducing factor, NADH accumulation; citrate
synthase concentration decreases and isocitrate dehydrogenase
and acetyl-CoA precursor concentration increases and, hence,
influence PHA biosynthesis (Singh and Mallick, 2017; Gomes
Gradissimo et al., 2020).

Genetic Engineering of Cyanobacteria for Enhanced
Bioplastic Production

Cyanobacteria serve as a promising and sustainable substitute
to produce biopolymers like PHB and offer several advantages
in comparison to heterotrophic bacteria (Khetkorn et al., 2016).

Frontiers in Microbiology | www.frontiersin.org

41

July 2022 | Volume 13 | Article 939347


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Agarwal et al.

Cyanobacterial Potential: Biofuels and Bioplastics

Despite various advantages, still, they have not found acceptance
in the market as cyanobacterial strains are still not optimized
for industrial processes. Genetic engineering is one of the
techniques that have been exploited to improve the production
of PHBs. There have been numerous research studies on genetic
engineering in plants for the production of bioplastics, which
are referred to as first- and second-generation bioplastics,
but now the third generation that is commonly known as
“algal bioplastics” is gaining immense importance as it offers
a substitute for sustainable production of bioplastics. Genetic
studies on cyanobacteria have a major advantage in terms of
genetic manipulation in comparison to plants as their genome
is less complex and, thus, is easy to manipulate (Koksharova and
Wolk, 2002; Koller, 2020). However, most studies on biosynthesis
and metabolic engineering of cyanobacterial PHB have been
conducted with restricted strains of cyanobacteria. Out of all,
Synechocystis sp. PCC 6803 is a largely applied model organism. It
was the first phototrophic organism to be completely sequenced
with mutant variants readily available and thus is largely used
in gene manipulation to improve PHA production. There are a
number of reports where it has been efficiently transformed for
the production of PHBs and for the synthesis of biohydrogen,
isoprene, and other compounds (Kaneko and Tabata, 1997;
Kamravamanesh et al., 2017; Yashavanth et al., 2021).
Photosynthetic prokaryotes can be genetically engineered by
transformation with genes encoding the enzymes required for
PHB biosynthesis like acetoacetyl-CoA reductase, p-ketothiolase,
and PHB synthase. The wild type cyanobacterial strains like
Aulosira fertilissima, Nostoc muscorum, and Synechocystis sp.
PCC 6803, which exhibit native PHB biosynthesis pathway,
can be genetically engineered for achieving high yield and
PHB productivity (Bhati et al., 2010). Mobilization of complete
operons or genes from some other microorganisms that
produce PHBs into the cyanobacteria can also boost PHB
biosynthesis. In addition to the genes associated with the
PHB pathway, the overexpression or deletion of other genes
has been found to amplify the level of acetyl-CoA and PHB
(Yashavanth et al., 2021). Takahashi et al. (1998) reported
that recombinant Synechococcus sp. PCC7942 obtained by
transformation with genes from Alcaligenes eutrophus that
encode poly-3-hydroxybutyrate (PHB)-synthesizing enzymes
showed improved PHB content in response to CO; enrichment
under photoautotrophic conditions and nitrogen starvation.
Moreover, the addition of acetate enhanced PHB content
by more than 25% under conditions of nitrogen starvation.
Miyake et al. (2000) found that inserting the PHB synthase
gene obtained from Ralstonia eutropha in Synechococcus sp.
MA19 resulted in the production of soluble PHB synthase that
led to the synthesis of PHB granules with no pigment. In
another study by Akiyama et al. (2011), Synechococcus PCC7002
was transformed with PHA genes from Cupriavidus necator
enhancing PHB production by up to 52% under heterotrophic
conditions. In another study by Wang et al. (2013), synthetic
metabolic pathways were constructed, and Synechocystis 6803
was standardized to synthesize (S)- and (R)-3-hydroxybutyrate
(3HB) using CO, directly. It was observed that Synechocystis
cells easily secreted both forms of 3HB molecules without

overexpressing the transporters. Furthermore, the competing
pathway was suppressed by deleting the genes coding for
PHB polymerase (sIr1829 and slr1830) from the genome of
Synechocystis, which led to enhanced production of 3HB. The
photosynthetic cultivation of recombinant Synechocystis TABd
(for 21 days) produced 533.4 mg/L of 3HB. The accumulation
of PHB is reported to increase under the conditions of nitrogen
deficiency, and sigE (the Sigma factor) is also found to induce
PHB synthesis and carbohydrate metabolic pathways. The sigE
overexpression in Synechocystis 6803 improved PHB biosynthesis
under nitrogen-deficient conditions. Interestingly, the monomer
units and molecular weight of produced PHB are identical
to those of PHB from the wild type (Osanai et al., 2013).
Similarly, in another report, the recombinant Synechocystis sp.
PCC 6803 obtained by transformation with the PHA synthase
gene from Cupriavidus necator displayed enhanced activity of the
PHA synthase enzyme; however, the total PHB content was not
found to increase (Sudesh et al., 2002; Katayama et al., 2018).
Synechocystis 6803 transformed with pha genes was found to
be effective, and the recombinant cells had higher PHB content
(12-fold high) in comparison to the wild type in response to
nitrogen stress (Hondo et al, 2015). In Synechocystis 6803,
phaAB overexpression and use of acetate (4 mM) were found to
increase PHB content by 35% (DCW) (Khetkorn et al., 2016). In
Synechocystis, overexpressing the acetoacetyl-CoA reductase gene
improved the production of R-3-hydroxybutyrate to 1.84g L™},
and maximum volumetrical production was 263 mgL~! day™!
in Synechocystis (Wang et al., 2018). In another study, deletion
of the agp gene encoding for ADP-glucose pyrophosphorylase
from Synechocystis sp. PCC 6803 altered the partitioning
of cellular carbon, and that consequently led to increased
PHB production (18.6%), titer (232 mg/L), and productivity
(7.3 mg/L/day) (Wu et al., 2002). Enzymes like acetyl-CoA
hydrolase, phosphotransacetylase, and phosphoketolase control
the level of acetyl-CoA in microbial cells. Acetyl-CoA can be
converted into a large number of compounds based on the
cell’s requirement by employing different enzymes, particularly
those that are used for PHB biosynthesis. Phosphotransacetylase
(pta gene) and acetyl-CoA hydrolase (ach gene) are enzymes
that convert acetyl-CoA into acetate. Phosphoketolase (encoded
by xfpk gene) is an enzyme that, on the other hand, increases
the level of acetyl-CoA in cells. Carpine et al. (2017) used
a different strategy to amplify the production of PHB. For
this experiment, recombinant Synechocystis PCC 6803 was
designed by engineering central carbon metabolism instead of
overexpressing or introducing PHB synthesis genes such that
the PHB synthesis pathway gets downregulated and acetyl-
CoA level increases. For this, seven diverse mutants were
constructed that harbored individually or in the arrangement
of three dissimilar genetic modifications to the metabolic
pathway of Synechocystis. These included deletions of acetyl-CoA
hydrolase-Ach and phosphotransacetylase-Pta and expression of
heterologous phosphoketolase-XfpK (Bifidobacterium breve). It
was observed that a strain having all the three recombinations in
consolidation, i.e., xfpk overexpression in a background of double
deletion (pta, ach), displayed a maximum PHB production of
12% PHB yield, titer of 232 mg/L, and productivity of 7.3

Frontiers in Microbiology | www.frontiersin.org

42

July 2022 | Volume 13 | Article 939347


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Agarwal et al.

Cyanobacterial Potential: Biofuels and Bioplastics

mg/L/day. Koch et al. (2020) engineered a strain that lacked PirC
(the regulatory protein, product of sll0944) that exhibited high
phosphoglycerate mutase activity and increased level of PHB in
response to nutrient stress. This was further modified to produce
more PHBs by transferring phaA and phaB (PHA metabolism
genes) from a PHB-synthesizing bacterium, Cupriavidus necator.
This strain was termed as PPT1 (ApirC-REphaAB), and the
production of PHB was found to be high (constant light as well
under day-night conditions). Under nitrogen- and phosphorus-
deficient conditions, it produced 63% of PHBs, and this level
further increased by 81 percent when acetate was added (under
identical culture conditions). The PHB production achieved
by PPT1 was the maximum ever documented for any known
cyanobacteria. Thus, the above studies indicate that genetic
modification can be a promising tool in cyanobacteria to achieve
sustainable and cost-effective PHB production on an industrial
scale. Some of the wild-type and recombinant cyanobacterial
strains used for biosynthesis of the polymer are listed in Table 2.

CHALLENGES AND CONSTRAINTS IN
PRODUCTION OF BIOFUEL AND
BIOPLASTICS FROM CYANOBACTERIA

Challenges at different steps in large-scale production appear,
because outdoor cultivation may vary from ideal indoor
conditions. These might occur at basic steps like insufficient
light or nutrients, contamination in open pond cultivation
systems, or the extraction, purification, and harvest stages. At
times, the harvest is not efficient enough to be scaled up
at a commercial level. Therefore, there is always a need for
competent cyanobacterial strains by manipulation of metabolism
to enhance fuel and bioplastic production and minimize raw
material inputs and cost. There are multiple bottlenecks at
various steps including operations and logistics, which need to
be addressed to get the desired quality and quantity of biofuel
and bioplastics.

High Inputs of Resources (Space, Nutrients
and Water)

The impact will directly be seen on land use pattern and
agricultural inputs if the acceptance of algal biofuels increases in
the near future. Preparedness for a future where acceptance of
eco-friendly fuels will become imperative needs a well-planned
cultivation model (Nozzi et al., 2013). Investment for setting up
the initial infrastructure for the development of cost-effective
scaling-up and harvest technology needs an upgrade.

Technical and Economic Limitations

These include maintenance of optimal growth conditions
throughout the culture until the harvest, fine-tuning the
metabolic needs of strains, various aspects of boosting
biosynthesis efficiency, biomass production (Lau et al., 2015),
and efficient pre-treatment optimization with least emissions
and high yield (Khan et al, 2018) along with the process of
dewatering (Anyanwu et al., 2018). Other issues include analysis
of nutrient consumption rate and its flux and continuous

mining of efficient indigenous strains with better photosynthetic
efficiency and higher productivity.

As discussed in many research studies, the use of native and
genetically engineered heterotrophic microorganisms (Bacillus
megaterium, Cupriavidus necator, Escherichia coli, Pseudomonas
aeruginosa, Ralstonia eutropha, and Saccharomyces cerevisiae)
has been the prime focus for producing PHAs (Pandian et al,
2010; Agnew et al., 2012; Ienczak et al, 2013). However, the
fermentation process normally involves high production costs
and hence limits their applicability for PHA production. This
elevated cost is primarily due to the carbon source that is
used to maintain the fermentation, productivity, downstream
processing, and purification processes. It has been found that
agricultural and industrial wastes along with other cheap carbon
sources can help in lowering the cost of production, but this
compromises the yield and requires redesigning of unit operation
(Ienczak et al., 2013). There are studies indicating that the
application of cyanobacteria in the production of industrial PHAs
can help in lowering the cost of nutritional inputs as they
have fewer nutritional requirements in contrast to heterotrophic
bacteria (Asada et al.,, 1999; Sharma et al., 2007). Thus, PHA
production via cyanobacteria would be effective in producing
biodegradable bioplastics by sequestering CO, as a costless
source of carbon and thus can significantly contribute in lowering
PHA production costs. However, these cyanobacteria normally
give lower yield than heterotrophic organisms. Therefore,
extensive inputs by research and development are required to
upscale the yield of using cyanobacteria for industrial purposes.

Transitioning From Pilot Phase to

Industrial-Scale Production

In the urge of rising global energy and economic crises,
cyanobacteria are emerging as a potential source for biofuels
and bioplastics. Various studies are going on to take these bio-
factories from laboratories to industries, and extensive research
is focused on industrial upscale of a large variety of products,
especially biofuels and bioplastics, from cyanobacteria under
outdoor conditions. Additionally, many products like pigments
can also be derived from the leftover residue after PHB extraction
and can be used in a wide variety of downstream processes
(Forchhammer and Koch, 2022). Along with industrial-level
advantages, using cyanobacteria can help in reducing the
cost related to production, increasing yield, managing waste,
and producing energy-rich livestock that can, therefore, lead
to sustainable production and environmental conservation
(Gomes Gradissimo et al., 2020). Many research studies have
strongly recommended the development and use of improved
recombinant strains of cyanobacteria that can accumulate high
levels of acetate and polymer either by gene silencing or gene
transfer. Additionally, whole production or reactor units are
required to be innovatively redesigned. By this, several challenges
related to low production of polymer can be solved (Drosg et al.,
2015). However, with increasing and uncertain demands and
supplies, industries are yet to report to derive maximum profits
as compared to their high operational costs, and greenhouse gas
emission and contamination during production of bioplastics
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TABLE 2 | List of wild-type and recombinant cyanobacterial strains used for the production of polymers.

Cyanobacterial strains

PHB content

Substrate and culture

PHA

References

(% DCW) conditions composition
Spirulina platensis 6.0 CO, PHB Campbell and Balkwill, 1982
Spirulina maxima 7-9 CO2, N and P limitation PHB De Philippis et al., 1992
Synechocystis PCC 7942 3.0 COo, N limitation PHB Takahashi et al., 1998
25.6 Acetate, N limitation
Synechocystis sp. PCC 6803 38 Phosphate deficiency, gas PHB Panda and Mallick, 2007
exchange limitation,
acetate, fructose
9.5 Photoautotrophic,
N-limitation
11.2 Photoautotrophic,
P-limitation
Arthrospira platensis UMACC 161 1.0 COy PHB Toh et al., 2008
10 Acetate, CO», N starvation
Nostoc moscorum Agardh 60 Acetate and Valerate, N PHB-co-PHV Bhati and Mallick, 2012
deficiency
Nostoc moscorum 22 COy, P starvation PHB Haase et al., 2012
Aulosira fertilissima CCC444 85 Citrate and Acetate, P PHB Samantaray and Mallick, 2012
deficiency
Aulosira fertilissima CCC 444 76.9 Fructose, Valerate P (3HB-co-3HV) Samantaray and Mallick, 2014
65.7 Fructose, Valerate, P
deficiency
Caltorix scytonemicola TISTR 8095 25 COy, N deficiency PHB Kaewbai-Ngam et al., 2016;
Monshupanee et al., 2016
Synechocystis sp. PCC 6714 16 CO,, N and P limitation PHB Kamravamanesh et al., 2017
Synechococcus elongates 17.2 COs, sucrose, N deficiency Not specified Mendhulkar and Laukik, 2017
Synechocystis sp. CCALA192 12.5 COo, N limitation PHB Troschl et al., 2018
Recombinant cyanobacterial strains used for the production of the polymer
Synechococcus sp. PCC 7942 25.6 Acetate, nitrogen limitation PHB Takahashi et al., 1998
Synechocystis sp. PCC 6803 1 Acetate, nitrogen limitation PHB Sudesh et al., 2002
Synechococcus sp. PCC 7942 1.0 CO» PHB Suzuki et al., 2010
Synechocystis sp. PCC 6803 14 Direct photosynthesis PHB Lau et al., 2014
Synechocystis sp. PCC 6803 7.0 COs, PHB Hondo et al., 2015
Synechococcus sp. PCC 7002 ~4.5% Light, CO» P (3HB-co-4HV) Zhang et al., 2015
(photoautotrophy)
Synechocystis sp. PCC 6803 26 COy, N deprivation, PHB Khetkorn et al., 2016
photoautotrophic
35 Acetate, N deficiency
Synechocystis sp. PCC 6803 12 CO», photoautotrophic PHB Carpine et al., 2017
Synechocystis sp. 35 COs PHB Wang et al., 2018

on a large-scale industrial level pose challenges in using
cyanobacteria for production of biopolymers (Priyadarshini
et al., 2022; Rosenboom et al., 2022; Samadhiya et al., 2022).
Interestingly, more focus on simultaneous degradation of
petrochemical plastics and production of biodegradable plastics
could be a promising approach (Priyadarshini et al., 2022).

Marketing and Acceptance

Once the product obtained manages the scope and
implementation inconsistencies, various hurdles need to be
surpassed in order to reach economically feasible quality and
quantity of biofuel (Gupta et al., 2020). These hurdles include
the cost barriers, trade limitations, and issues with engines’

fuel interface to meet the standards of global energy demand
(Rodionova et al., 2017).

ADVANCEMENTS, FUTURE
PERSPECTIVES, AND NOVEL
APPROACHES FOR ECO-FRIENDLY
CYANOBACTERIAL BIOFUEL AND
BIOPLASTIC PRODUCTION

To overcome the abovementioned challenges and scale up biofuel
production and use, strategies for overcoming each hurdle need
to be optimized. In comparison to terrestrial plants, their tiny
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genome size, short development cycle, and simple metabolic
activities have made their genetic manipulation more efficient
(Singh et al,, 2017). A huge amount of data on cyanobacterial
genome sequencing has aided in the building of genome-scale
models (GSMs) for a wide range of species, from model species
viz. Synechocystis sp. PCC6803 to industrially promising strains
like Arthrospira platensis NIES-39 (Yoshikawa et al., 2015). As
a result, cyanobacterial genetics and metabolic control systems
are elaborately characterized. This information has opened new
vistas for genetic engineering of cyanobacteria to make biofuels.
Cyanobacteria are employed as microbial model systems to
focus on production of various biofuel forms. Strategies and
improvements on genome-scale networks and modeling are
enhanced and used for efficient cyanobacterial-based biofuels
using the systems metabolic engineering method (Klanchui et al.,
2016).

Ever-progressing genomics and systems biology have
resulted in the recognition of new paradigms for systems
metabolic engineering. Because of breakthroughs in metabolic
engineering, the industrial production of cyanobacterial biofuels
has recently become a reality. To capitalize on the usage of
these organisms for better biofuel production, strategies to
improve lipid productivity, salt tolerance, and other value-
added parameters or design features have been devised
(Sitther et al., 2020). Cultivation efficiency is observed to be
maximized by the addition of waste paper (which enhances
degradation) and co-cultivation/co-culture of autotrophic
cyanobacteria with heterotrophic bacteria (which adds
secondary metabolites to the cultivation system) (Luan and
Lu, 2018).

Cyanobacteria have a great potential in the
of industrial biotechnology, which deals with
manufacture of a broad variety of bio-products
as hydrogen, isoprenoids, alcohols, and other
value bioactive substances. Several innovative strategies
have recently been applied the discovery and
development phases for the commercial application
of cyanobacteria.

The demand for polymers in developed countries is expected
to rise by 2-3 folds, and a lot of current studies are largely focused
on finding a substitute to synthetic plastics. Heterotrophic
bacteria produce 17-90% (DCW) of PHBs depending on
nutrient supply and growth conditions. However, heterotrophs
require carbon from heavily irrigated arable lands, and a huge
cost is involved in the fermentation of heterotrophic bacteria,
thus limiting their application in large-scale production of
PHBs (Balaji et al., 2013). Cyanobacteria possess the ability
to synthesize PHAs under mixotrophic and photoautotrophic
growth conditions when supplemented with substrates such
as acetate, propionate, and glucose. They can serve as an
alternative for the biosynthesis of PHB, as 50% of the biomass
of cyanobacteria is made of carbon and they utilize carbon
sources from industrial effluents that permit the assimilation
process by photo-biorefineries. The cyanobacterial cultivation
in open systems like the one conducted for Spirulina sp. may
further help in reducing the cost, as these systems are easy
to build and function (Klinthong et al., 2015; Slocombe and
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such
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Benemann, 2017; Meixner et al., 2018). The isolation and
purification of PHBs from cyanobacteria are almost same as those
conducted for PHA production via Gram-negative heterotrophic
bacteria. Thus, by simplifying the design of photobioreactors,
the applied material and decreasing the energy consumption
can help in reducing the cost of bioreactors and subsequently
will further lessen the cost of cyanobacterial PHB production
(Drosg et al., 2015; Singh and Mallick, 2017; Costa et al,
2018). Besides this, other factors that contribute to increased
cost of production are the cost involved in the procurement
of raw material and extraction and purification processes. The
method for PHAs recovery from the cell biomass plays a
considerable role in the quality of PHA materials obtained
as well as the cost involved in the process. Thus, various
innovative methods like quick extraction methods for biomass
disruption via enzymatic or chemical, mechanical methods, and
high temperature and pressure for cell disruption are required
for studying various PHA-synthesizing archaeal and eubacterial
species (Madkour et al., 2013; Riedel et al., 2013; Samori et al.,
2015). Moreover, the costs involved in the procurement of
raw materials for cyanobacterial cultivation surpass 50% of the
entire expenditure involved in the production of PHBs via
the heterotrophic method of production. The carbon source
corresponds to 60% of the total expenditure on nutrients
required for the cultivation of cyanobacteria under autotrophic
conditions. Thus, to decrease the expenditure, there is a need
to find a cheap alternative of carbon or nutritional sources like
agro-industrial waste, carbon enriched wastewater, CO; from
cement plants, oil refineries, and thermoelectric combustion gas
for cyanobacteria or heterotrophic bacteria. In addition to this,
the use of residues and cheap nitrogen sources for culture like
ammonium salts, urea, and nitrogen-enriched wastewater can
further decrease the cost of nutrients (Borges et al., 2013; Costa
et al., 2018).

Thus, there is a need to modify the cultivation, harvesting,
and extraction methods, develop improved photobioreactor,
find environment friendly and cost-effective recovery substitutes
or downstream processes for cyanobacterial PHAs that can
significantly boost PHA productivity and thereby would
facilitate lowering the price associated with it (Singh and
Mallick, 2017; Costa et al., 2018). In addition to this, the
application of metabolic inhibitors has also been recommended
to improve cyanobacterial PHA vyield. The optimization of
PHB production in cyanobacteria can be achieved by isolating
strains that exhibit high capability of PHB biosynthesis. Genetic
engineering is reported to be one of the promising methods
to achieve cost-effective and sustainable PHA production from
cyanobacteria. Cyanobacterial strains can be engineered with
PHB synthase, acetoacetyl-CoA reductase, 3-ketothiolase genes,
etc (Chen and Wu, 2005; Tao et al., 2008). Furthermore,
the identification of SigE (RNA polymerase sigma factor)
(Rre37), response regulator and presence of cyanobacterial
entire Krebs cycle is found to be of great value in increasing
the PHA synthesis in cyanobacteria (Singh and Mallick,
2017). Thus, cyanobacteria offer a promising photosynthetic
platform to enhance PHA production. This has received
immense attention as a result of current advancements in
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cultivation and metabolic engineering methods (Oliver et al.,
2016).

Exploring the cyanobacterial “omics” research and technology
is a current achievement that includes advancements in genetic
modification and synthetic biology. These methodologies aided
in the creation of complex metabolic engineering programs
aimed at creating strains tailored for specific industrial
biotechnology applications. Furthermore, emerging approaches
such as Clustered Regularly Interspaced Short Palindromic
Repeats associated protein (CRISPR/Cas) and CRISPRi (CRISPR
interference) study in cyanobacteria (Gale et al., 2019) hold
a lot of promise. To evaluate and design cyanobacteria
for increased production, a well-studied model system and
integration of synthetic biology approaches like metabolic
models and genomic models, omics approach and genetic
tools, and use of genetic manipulation are required to achieve
enhanced bioplastic production (Santos-Merino et al., 2019).
These models have emerged as a result of high-throughput
omics investigation in cyanobacteria, which includes the use
of practically applicable omics technologies in Synechocystis,
a representative strain for cyanobacteria. Strategy on a large
scale requires the expression of several genes that, in turn,
has led to the innovation of more competent genetic tools
in recent years like a system based on CRISPR (Santos-
Merino et al., 2019). With the completion of a CRISPRi-gene
repression library and a novel enhanced natural transformation
method in cyanobacteria, the prospective execution of research
advancements for production by biosynthesis can be hastened
(Pope et al., 2020). The results of more extensive techniques
and technology are encouraging in terms of establishing
efficient cyanobacterial production systems. CRISPR/Cas tools
are known to produce a large number of mutant knock-
in and knock-out strains with desired traits (Sreenikethanam
and Bajhaiya, 2021). These gene-editing tools are yet to be
extensively investigated in algal systems, predominantly in
the field of bioplastic research. It is also suggested that
increasing the basic understanding related to cellular structure,
metabolism, photosynthesis of cyanobacteria, and application
of molecular tools can help in increasing PHA biosynthesis
and productivity, as the Synechocystis sp. PCC 6803 genome
sequence is available and there are various molecular and systems
biology methods accessible to study this bacterium. Biosynthetic
pathway engineering requires an in-depth understanding of
cellular metabolism. High-throughput omics tools have been
applied to understand the dynamic process of Synechocystis
6803 in response to several physiological conditions (Yu et al.,
2013). Approaches based on synthetic biology to identify
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Cyanobacteria have attracted the attention of researchers because of their promising
role as primary and secondary metabolites in functional food and drug design. Due
to an ever-increasing awareness of health and the use of natural products to avoid the
onset of many chronic and lifestyle metabolic diseases, the global demand for the use of
natural drugs and food additives has increased in the last few decades. There are several
reports about the highly valuable cyanobacterial products such as carotenoids, vitamins,
minerals, polysaccharides, and phycobiliproteins showing antioxidant, anti-cancerous,
anti-inflammatory, hypoglycemic, and antimicrobial properties. Recently, it has been
shown that allophycocyanin increases longevity and reduces the paralysis effect at
least in Caenorhabditis elegans. Additionally, other pigments such as phycoerythrin and
phycocyanin show antioxidative properties. Because of their high solubility in water and
zero side effects, some of the cyanobacterial tetrapyrrole derivatives, i.e., pigments,
facilitate an innovative and alternative way for the beverage and food industries in
place of synthetic coloring agents at the commercial level. Thus, not only are the
tetrapyrrole derivatives essential constituents for the synthesis of most of the basic
physiological biomolecules, such as hemoglobin, chlorophyll, and cobalamin, but also
have the potential to be used for the synthesis of synthetic compounds used in the
pharmaceutical and nutraceutical industries. In the present review, we focused on
the different aspects of tetrapyrrole rings in the drug design and food industries and
addressed its remaining limitations to be used as natural nutrient supplements and
therapeutic agents.

Keywords: tetrapyrrole, antioxidants, phycobiliprotein, phycocyanin, therapeutic agent

INTRODUCTION

Cyanobacteria are the earliest inhabitants of the earth and flourish in almost every habitat such
as soil, rock, fresh water, and marine water, including some of the toughest environments such
as hot springs. The secret behind their universal distribution in each and every corner of the
globe lies in their ability to produce a wide range of bioactive compounds that evolved to
protect them from various exogenous and endogenous environmental insults. Recently, with the
advanced biotechnological route, humans have started to use the same cyanobacterial compounds
in agriculture, pharmacology, and formulation of functional foods because of their ability to be
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used as an alternative source of cytoprotective, nutritive, and
therapeutic compounds that may be present at suboptimal
levels in human body under certain pathological conditions
(Fernandez-Rojas et al., 2014a; Pagels et al., 2019). This is the
reason why researchers have started to pay attention to extracting
the novel bioactive components from cyanobacteria at a low cost
and in an efficient way. It has been established already that most
cyanobacterial compounds have tetrapyrrole rings in the heart of
their supermolecular structure. Tetrapyrrole pigments are closely
related to bilirubin molecules showing potent antioxidative and
anti-proliferative properties when used as food supplements
(Dillon et al., 1995; Konickova et al., 2014). There are several
reports that most of the cyanobacterial species are laden with
a higher quantity of essential amino acids, proteins, vitamins,
flavonoids, unsaturated fatty acids, vitamins, and minerals as
compared to traditional food such as milk, vegetables, fruits,
soybean, egg, fish, and meat (Pervushkin et al,, 2001; Khan
et al., 2005; Jin et al.,, 2021). Therefore, due to their enriched
nutritional value, the extraction of bioactive components from
cyanobacteria has been proven as a boon for health. They serve
as a sustainable source of raw material for drug development
for the cure of various diseases and nutrient-related deficiencies
(Ferris and Hirsch, 1991; Pyne et al., 2001; Soares et al., 2015).
In recent years, researchers are focused on the biocompatibility
of these compounds, especially with proteins in the nanosystem
of host cells, to maintain human’s cellular health along with the
correction of lifestyle and dietary-related diseases.

One of the most important natural antioxidant compounds
present in cyanobacteria is its pigment, a tetrapyrrole linear
derivative, along with a rich source of vitamins and minerals;
however, their primary biological role is to do photosynthesis,
thus contributing to the production of a major amount
of biomass in the ecosystem (Romay et al, 1998, 2003;
Romay and Gonzalez, 2000; Remirez et al., 2002; Eriksen,
2008; Thangam et al, 2013; Zhang et al, 2022). Among
the functional components identified in cyanobacteria, natural
pigments such as chlorophylls, carotenoids, and phycobilins have
received attention due to their linear tetrapyrrolic structure. The
tetrapyrrolic derivatives have many potential applications in the
cosmetics, pharmaceutical food, and textile industries. In fact,
the derivatives of tetrapyrrole form a battery of novel bioactive
compounds that may be used to improve the human health
as they show the antibacterial, antiviral, antiarthritic, cytotoxic,
and immunoregulative properties (Ou et al., 2010; Zheng et al.,
2013; Young et al., 2016). The aim of the present review was to
discuss the use of tetrapyrrole pigment of cyanobacterial origin
for nutraceutical and therapeutical purposes.

TETRAPYRROLE PIGMENT IN THE
NUTRACEUTICAL INDUSTRY

Due to the ever-increasing population throughout the entire
globe, it has become a challenging task to help the population
maintain a balanced nutritional state. Since agricultural
production cannot be increased with the pace of the increasing
population, researchers now have started to look toward

alternative food sources to fulfill the global demand for healthier
food products. They have started to focus on the cyanobacteria
being a rich source of proteins, the most important food
component for a balanced diet. One of the cyanobacterial species,
i.e., Spirulina, has made its way to the dining table because of its
high nutritional values. The other bioactive compounds present
in Spirulina show antioxidative, antimicrobial, anti-cancer,
antiviral, and anti-inflammatory activities (Hayashi et al., 1994;
Bath and Madyastha, 2000; Carmichael et al., 2000; Hirata
et al.,, 2000). There is scientific evidence that Spirulina’s is a
novel food supplement and is well-recognized for preventing
and managing certain diseases such as hypercholesterolemia
and cancer. A number of cyanobacterial species host a wide
range of secondary metabolites and natural pigments such
as P carotene, scytonemin, phycoerythrin, phycocyanin, and
phycobilisomes. These pigments have been proved as healthy
bioactive constituents of cyanobacterial species and are being
utilized by researchers’ disease diagnostics, supplementary food,
and herbal medicines (Sielaff et al., 2006; Tan, 2007; Gademann
and Portmann, 2008; Ghosh et al., 2016). Phycocyanin extracted
from S. platensis widely used as a cosmetic colorant and food
additive. Recently, researchers have moved their focus to the
use of cyanobacterial pigments such as phycobiliprotein as
food supplements in the nutraceutical industry. The dried
contents of Arthrospira platensis may play an important role in
functional foods because of the bioactive compounds showing
immunoregulative and antioxidative properties. A. platensis also
suppresses the inflammation, viral infection, cancer progression,
and maturity of cholesterol-related diseases (Jensen et al., 2001;
Matsui et al., 2012).

ANTITUMOR EFFECT OF
TETRAPYRROLE PIGMENT

Cancer is the worst result of harmful mutations in the
nuclear and mitochondrial genes along with the foul games
of free radicals in the cellular ecosystem, causing several
unwelcomed molecular changes. Many of the cyanobacterial
compounds are reported to check cancer and tumor progression.
Natural compounds obtained from Spirulina platensis exhibit
antiproliferative properties (Mysliwa-Kurdziel and Solymosi,
2017). The possible paths of this mechanism lie in the activity
of tetrapyrrole compounds, such as phycobiliproteins and
phycocyanin, being nucleophilic in nature and thus being able to
prevent the cellular damage by neutralizing the excess reactive
oxygen species. Thangam et al. (2013) investigated in detail
the effectiveness of phycobiliprotein in the inhibition of colon
cancer (HT-29) and lung cancer (A549). Gupta and Gupta
(2012) suggested that phycobiliprotein may have suppressive
effects on TPA-induced tumors on mice skin. Jiang et al. (2017)
reported that phycocyanin is effective in checking the entry
of HeLa cancerous cells into the G2 phase of the cell cycle.
Recently, Liu et al. (2012) noted that phycocyanin promotes
the release of cytochrome ¢ (Cyt ¢), which in turn repair
the damaged DNA and promote apoptosis in Hepal-6 cells.
A cyanobacterial tetrapyrrole pigment also ameliorates the
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cellular damage in normal cells done by chemotherapy and
radiotherapy by reducing the oxidative stress and enhancing the
antioxidative defense system.

NEPHROPROTECTIVE EFFECT OF
TETRAPYRROLE PIGMENT

Kidney disease and failure occur under several
pathophysiological conditions such as severe diabetes, pesticides,
and heavy metal contamination (nephrotoxins) and due to sepsis
syndrome, cardiorenal syndrome, and obstruction of the urinary
tract. Renal diseases are diagnosed by the Renal Function Test
in which abnormal serum creatinine level and urine output are
the most important parameters. It is reported that oxidative
load in such critical conditions acts synergistically enhancing
nephrotoxicity. The nephroprotective effects of phycoerythrins
and phycobiliproteins, which contain tetrapyrrole, play a key
role in lowering oxidative stress and minimizing damage to
renal cells. Spirulina and its extracted components have the
potential to improve the glomerular functions in renal cells by
maintaining the normal redox environment under oxidative
stress conditions. Natural pigments from cyanobacteria are
involved in the regulation of mitochondrial activity especially
in renal cells via energy production and control the apoptosis
progression. Experimental pieces of evidence suggest that
oxidative load is one of the major causes of nephrotoxicity and
renal dysfunction which can be determined by measurement of
biomarkers by the level of malondialdehyde, glutathione, and
activity of superoxide dismutase, and catalase. It is quite evident
that Spirulina extract can diminish the level of malondialdehyde
and glutathione while enhancing the biosynthesis and activity
of superoxide dismutase and catalase in mesangial renal cells
restoring the normal functions of the kidney. Phycocyanins from
Spirulina are reported to modify the physicochemical forces
such as oncotic and hydrostatic pressures which are suspected to
influence the pressure along with the glomerular filter (Europa
et al,, 2010; Lim et al.,, 2012; Fernandez-Rojas et al., 2014b; Liu
etal., 2017; Mysliwa-Kurdziel and Solymosi, 2017). Phycocyanins
from Spirulina also prevent the formation of oxalic acid which
may form the calcium oxalate in renal calculi. Additionally,
phycocyanins down-regulate the ROS production and lipid
peroxidation in kidney cells (Riss et al., 2007; Zheng et al., 2013;
Farooq et al., 2014).

HEPATOPROTECTIVE EFFECT OF
TETRAPYRROLE PIGMENT

Liver diseases are caused by different etiological conditions such
as viral infections, metabolic syndrome, alcohol and drug abuse,
autoimmune diseases, and toxins, including pesticides, heavy
metal contamination, and microplastics. The cyanobacterial
extract is reported to have excellent hepatoprotective bioactive
compounds that inhibit the kinases activity, a key protein
of the cell cycle that cures the hyperproliferative disease
without any chemical toxicity. Vadiraja et al. (1998) noted the

pharmacological activities of phycocyanin and reported that it
could neutralize the effect of ROS in liver cells. Cyanobacterial
phycocyanin is also branded to control the synthesis and activity
of many hepatic enzymes such as microsomal cytochrome
P450, aminopyrine-N-demethylase, and glucose-6-phosphatase.
Phycocyanin can suppress inflammation by blocking the
hepatocyte growth factor (Vadiraja et al., 1998; Riss et al., 2007).
Further, along with phycocyanin, phycocyanobilin also exhibits
free radical scavenging activity (Bath and Madyastha, 2000; Ou
etal., 2010).

CARDIO-PROTECTIVE EFFECT OF
TETRAPYRROLE PIGMENT

Arterial thrombotic stress such as myocardial infarction and
heart stroke is the foremost cause of cardiovascular diseases,
ranking at the first position in the list of causes of human
mortality worldwide. The platelet activity, particularly the
aggregation and activation of platelets, significantly controls the
debut of atherothrombotic disease. In traditional and modern
medical practices, cyanobacterial extracts, particularly from
Spirulina, are known to lower the serum cholesterol level as
phycocyanin is involved in regulating the cholesterol absorption
and the bile acid reabsorption process (Iwata et al., 1990; Shibata
et al., 2001; Nagaoka et al., 2005; Radibratovic et al., 2016).
Also, phycocyanin’s constituent compounds, a class of covalently
bonded open-chain tetrapyrrole derivatives, work as a pro-drug
after its break down due to gastrointestinal enzymes and extend
its therapeutic effects (Radibratovic et al.,, 2016). Tetrapyrrole
pigments are well-established in preventing redox environmental
disturbances, thus increasing the myocardial enzymatic activity.
On the one hand, phycocyanin downregulates the signaling
pathways, leading to inflammation by inhibiting the phospho-
NFkB p65 enzyme while decreasing the synthesis of mRNAs of
proinflammatory cytokines (Hao et al., 2018). On the other hand,
the same pigment is also known to promote the heme oxygenase-
1 molecular pathway enhancing the anti-inflammatory processes.
It also diminishes the activity of caspase, thus minimizing the cell
death but endorsing the synthesis of antioxidant enzymes (Gao
etal., 2016; Kim et al., 2018).

ANTIDIABETIC EFFECT OF
TETRAPYRROLE PIGMENT

Diabetes mellitus is a metabolic disorder in which lifelong
hyperglycemia is manifested due to a decline in glycogen
synthesis, leading to abnormal glucose levels in the blood.
Prolonged hyperglycemia leads to other chronic diseases such
as heart disease, kidney failure, and blindness. In 2010,
Ou et al. showed that cyanobacterial pigments, especially
phycocyanin, significantly enhance the muscular and hepatic
glycogen synthesis, restoring the glucose homeostasis. Insulin
secretion is directly related to the bio efficiency of o cells
whose hormonal synthesis and secretion decrease significantly
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under stress, hypertension, inflammation, obesity, and aging.
deKoning et al. (2008) reported that phycocyanin can control
the size of the endocrine portion of the pancreas, influencing
insulin secretion significantly (Yu et al., 2013). Ghosh et al.
(2016) found that glucose metabolism is influenced by oxidative
stress, which in turn is dropped off by the free radical
scavenging activity of cyanobacterial pigments. Further, extracted
pigments from Synechocystis, Lyngbya, and Microcoleus species
inhibit the o-glycosidase and o-amylase activities, leading
to hypoglycemic conditions. Additionally, the a-amylase and
a-glucosidase inhibitions also decline the occurrence of diarrhea
and flatulence, both of which are linked to indigestion of food
in the gastrointestine tract. Cyanobacterial pigments enhance the
digestion via fermentation done by lactic acid bacteria. The crude
as well as purified phycoerythrin and phycocyanin play a dual role
as hypoglycemic and antioxidative activities and could be used as
food additives in food industries.

CONCLUSION

The successful use of cyanobacteria in nutraceutical and
pharmaceutical applications will depend on its
tetrapyrrole-derived bioactive compounds which encompass
antiallergic, anticarcinogenic, antibacterial, anticoagulant,
antifungal, antihypertensive, anti-inflammatory, antinociceptive,
antioxidant, antipyretic, cholesterol-lowering, hepatoprotective,
and immune enhancement properties. Positive health effects have
been related to the fact that the structure of phycocyanorubin and

novel
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Prochlorococcus is an obligate marine microorganism and the dominant
autotroph in tropical and subtropical open ocean. However, the salinity range
for growing and response to low salinity exposure of Prochlorococcus are
still unknown. In this study, we found that low-light adapted Prochlorococcus
stain NATL1A and high-light adapted strain MED4 could be acclimated in the
lowest salinity of 25 and 28psu, respectively. Analysis of the effective quantum
yield of PSII photochemistry (F,/F,,) indicated that both strains were stressed
when growing in salinity lower than 34psu. We then compared the global
transcriptome of low salinity (28psu) acclimated cells and cells growing in
normal seawater salinity (34psu). The transcriptomic responses of NATL1A and
MED4 were approximately different, with more differentially expressed genes
in NATL1A (525 genes) than in MED4 (277 genes). To cope with low salinity,
NATL1A down-regulated the transcript of genes involved in translation,
ribosomal structure and biogenesis and ATP-production, and up-regulated
photosynthesis-related genes, while MED4 regulated these genes in an
opposite way. In addition, both strains up-regulated an iron ABC transporter
gene, idiA, suggesting low salinity acclimated cells could be iron limited. This
study demonstrated the growing salinity range of Prochlorococcus cells and
their global gene expression changes due to low salinity stress.

KEYWORDS

Prochlorococcus, transcriptome, low salinity acclimation, low salinity stress,
RNAseq

Introduction

Cyanobacterium Prochlorococcus is the smallest and most abundant photosynthetic,
oxygen-evolving organism on Earth, playing a significant role in carbon fixation and
biogeochemical cycles in the ocean (Guillard et al., 1985; Goericke and Welschmeyer, 1993;
Liu et al., 1997). The prokaryotic Prochlorococcus cells contain divinyl-chlorophyll a and
both monovinyl and divinyl-chlorophyll b as their primary photosynthetic pigments, which
are unique to other cyanobacteria that contain chlorophyll a and phycobiliprotein
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(Chisholm et al., 1992; Hess et al., 1996). Prochlorococcus is
believed to be an obligate marine organism that is predominantly
found in oligotrophic open oceans, as well as in some coastal
waters, but barely seen in low salinity estuarine waters (Flombaum
etal., 2013). Prochlorococcus thrives throughout the euphotic zone
in the tropical and subtropical oceans from 45° N to 40° S
(Scanlan et al., 2009). This genus of marine picocyanobacteria is
divided into high-light (HL) adapted and low-light (LL) adapted
ecotypes, which are also phylogenetically distinct (Ferris and
Palenik, 1998; Moore and Chisholm, 1999). HL ecotypes are
usually distributed in upper euphotic zone, while LL ecotypes are
generally distributed in the lower to bottom euphotic zone
(Johnson et al., 2006; Zinser et al., 2007). Besides the light-related
niche partitioning of HL and LL ecotypes, two HL ecotypes, HLI
and HLII, also display temperature-related niche partitioning that
HLII ecotypes dominate the warmer oceans between 30° N and
30° S while HLI ecotypes dominate the higher latitude oceans
(West et al., 2001; Rocap et al., 2003; Miihling, 2012; Voigt et al.,
2014). Despite comprising diverse phylogenetic lineages,
Prochlorococcus is monophyletic on the phylogenetic tree built on
16S rRNA sequences of cyanobacteria (Rocap et al., 2002).
Synechococcus is the sister genus of Prochlorococcus. However,
Synechococcus is a provisional genus containing polyphyletic
clusters which are scattering on the phylogenetic tree of
cyanobacteria (Robertson et al., 2001). Marine Synechococcus is
affiliated with cluster 5, which comprises subclusters 5.1, 5.2 and
5.3. In contrast to Prochlorococcus, marine Synechococcus is much
more widely distributed, existing from estuary to open ocean and
from equatorial to polar regions (Partensky et al, 1999;
Zwirglmaier et al., 2008).

Salinity is a crucial factor affecting the growth and
biogeography of cyanobacteria (Scanlan et al., 2009). There were
plenty of studies on cyanobacteria’s salt acclimation and salt stress
response (Hagemann, 2011). However, most of those studies were
conducted mainly on freshwater cyanobacteria such as the
euryhaline Synechococcus strain PCC 7002 and moderately
halotolerant Synechocystis strain PCC 6803 rather than typical
marine cyanobacteria such as Prochlorococcus or marine
Synechococcus (Hagemann, 2011). For example, when growing at
high salinity, Synechococcus PCC 7002 had increased expression
of genes involved in compatible solute biosynthesis and electron
transport, while only minor changes were observed when cells
were grown at low salinity (Ludwig and Bryant, 2012). It also has
been revealed that 200-300 genes were up-regulated and a
comparable number of genes were down-regulated after the
addition of salt in Synechocystis PCC 6803 (Kanesaki et al., 2002;
Marin et al., 2003). Secondly, very few studies focus on the
acclimation and stress response of marine cyanobacteria to low
salinity. Lastly, compared to Symechococcus, salinity-related
physiological studies on Prochlorococcus are even more seldom. A
recent study showed that Prochlorococcus strain AS9601 could
be acclimated to a high salt concentration of 5% (w/v; Al-Hosani
et al, 2015). The authors compared the growth rate and
transcriptome of AS9601 at salinities 3.8% (w/v) and 5% (w/v),
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and found that, under high salt concentration, approximately
one-third of the genome expressed differentially.

The strict biogeographic distribution of Prochlorococcus in
oceanic waters suggests that this organism cannot be adapted to
low salinity. However, what is the lowest salinity that
Prochlorococcus can survive and what is the stress response of
Prochlorococcus cells to low salinity are still unclear. In this study
we first tested the salinity range of two Prochlorococcus strains,
NATL1A and MED4, and then acclimatized the two strains under
different salinities. We found that the lowest acclimation salinity
is 25 psu for MED4 and 28 psu for NATL1A. Both NATLIA and
MED4 cells were stressed when growing in salinities lower than
34 psu. We also found that the transcriptomic response of the two
strains to low salinity stress were highly different.

Materials and methods
Strains and growth conditions

Prochlorococcus strains MED4 and NATL1A were obtained
from Jiao Nianzhi Lab, Xiamen University. Cultures were
maintained in Pro99 natural seawater medium with a salinity of
34 psu, at 21°C and under a constant light intensity of 10pEm s
We used canted neck polystyrene flasks (Corning Inc., Corning,
NY, United States) of different volumes to culture the
Prochlorococcus strains.

Experiment setup and growth rate
calculation

Preparation of Pro99 medium followed the protocol from the
Chisholm Laboratory.' The seawater from the South China Sea
basin was filtered through 0.22 um polycarbonate membrane, and
the salinity was pre-adjusted to 22psu~60psu with a 2psu
interval using ddH,O or NaCl. Salinity was measured using an
ATAGO PAL-06S refractometer (ATAGO, Japan). These seawaters
were autoclaved at 121°C for 15 min. Macronutrient (NH,CI and
NaH,PO,) stocks and the trace metal stock were prepared in
advance, and they were added into the above seawater base.
Prochlorococcus cultures growing in the Pro99 medium of salinity
34 psu were inoculated into the salinity gradient mediums. The
salinity was finally adjusted to 22 psu~ 60 psu using the ddH,O
with Pro99 nutrients. Prochlorococcus growth was monitored
every day for 2 weeks by measuring the OD440 absorbance using
a multimode plate reader (PerkinElmer, Waltham, MA,
United States) and measuring the cell abundance using a flow
cytometer (BD Accuri C6, BD Biosciences, CA, United States).
Three biological replicates were set up for the experiment. Growth
rate was calculated based on the two monitoring methods,

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1038136
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://chisholmlab.mit.edu

Heetal.

respectively. Growth rate was calculated according to Mackey et al.
(2013): Ty=Ln (N;,,/Ny), Ni,, is the number of cells on day i+1,
N, is the number of cells on day i, T; is the growth rate of cells. The
average growth rate of cells was calculated during the
logarithmic phase.

Low salinity acclimation

Prochlorococcus strains MED4 and NATL1A were acclimated
to different salinities (24 psu, 25 psu, 26 psu, 27 psu, 28 psu, 30 psu,
32psu, 34 psu) by consecutive transfers from exponential growing
cultures to fresh media. Three biological replicates were set up for
each salinity. Five rounds of transfer were conducted for each
strain. Using flow cytometry, cell abundance was monitored at day
0, day 5 and day 10. To assess the stress to low salinity, each strain’s
dark-adapted photochemical efficiency (F,/F,,) was monitored on
day 10 in each round, using a handheld fluorometer (AquaPen
AP 110/C, Photon Systems Instruments). To measure F,/F,,, 1 ml
culture was dark-adapted in the sample cuvette for 15-30 min. The
maximal fluorescence levels (F,,) were measured in the dark and
under bright purple light (455nm, 100 pEms™"), where F, is the
basal fluorescence level and F, is the variable fluorescence. The
PSII quantum yield was calculated as F./F,, = (F,,—F,)/F,,.

RNAseq analysis

To acclimate the Prochlorococcus strains, MED4 and NATL1A
were growing in the Pro99 medium of salinity 28 psu and 34 psu
for five rounds of inoculation. Then the acclimated cultures were
inoculated in fresh medium of salinity 28 psu and 34 psu, with
salinity 34 psu being the control. Three biological replicates were
set up. During the exponential growth phase, 100 ml cultures were
filtered onto 0.22 pm polycarbonate membrane to collect cells and
the membranes were immediately flash frozen in RNAlater by

10.3389/fmicb.2022.1038136

liquid nitrogen and stored at —80°C until RNA extraction. Total
RNA was extracted from the membrane using the MagZol
Reagent (Magen Biotech, Guangzhou, China). Sequencing
libraries were prepared using VAHTS™ Stranded mRNA-seq
Library Prep Kit for Illumina® (Vazyme biotech co., Ltd., Nanjing,
China) following the manufacturer’s instructions. Libraries were
multiplexed and sequencing was carried out on an Illumina HiSeq
system with the 2x150 paired-end (PE) configuration
(GENEWIZ). Cutadapt (v1. 9. 1) was used to remove adapters,
primers, and reads with a base quality <20 based on FASTQ files.
Clean data were aligned to the MED4 and NATLI1A genomes via
Bowtie2 software (v2. 1. 0). HTSeq (v0. 6. 1pl) was used to
estimate gene expression levels from clean data. Differential
expression analysis was performed using the DESeq Bioconductor
package, a model based on negative binomial distribution. After
adjusting using Benjamini and Hochbergs approach for
controlling the false discovery rate, differentially expressed genes
were considered significant at value of p <0.05. Highly induced or
suppressed genes were considered as meeting both false discovery
rate p <0.05 and magnitude of log2fold change with values greater
than 1 (highly induced) or less than —1 (highly suppressed). These
two different criterions were also used in a previous study
(Al-Hosani et al., 2015). Transcriptomic data have been deposited
in NCBI Gene Expression Omnibus (GEO) under the accession
number GSE195946.

Results and discussion

Salinity range and acclimation to low
salinity of Prochlorococcus

High-light adapted Prochlorococcus strain MED4 and
low-light adapted strain NATL1A were tested for growth in
different salinities ranging from 22 psu to 60 psu. Cell counting
through flow cytometry (Figure 1A) and absorbance measurement
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FIGURE 1

Growth rate of Prochlorococcus strains NATL1A and MED4 growing in Pro99 medium with salinities from 22psu to 60psu. Flow cytometry (A) and
absorbance (OD440) measurement of chlorophyll (B) were used to monitor growth.
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FIGURE 2
Acclimation of Prochlorococcus strains NATL1A and MED4 in different salinities. Five rounds of transfers were carried out and the growth (A,B)
were monitored by flow cytometry. The pictures (C,D) showed the last round of cultures.
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FIGURE 3
Dark-adapted photochemical efficiency (Fv/Fm) of Prochlorococcus strains MED4 (A) and NATLIA (B) growing in different salinities during acclimation.

at 440nm (Figure 1B) were used to monitor the growth of photochemistry (F,/F,,) was measured on the 10th day at the end
Prochlorococcus cells. MED4 could grow in the salinity range from of each incubation round (Figure 3). Both strains showed reduced
22psu to 50 psu and NATLIA could grow in the range from 26 psu yield when growing in low salinities from 24psu to 32psu,
to 50 psu. The optimal salinity ranges of MED4 and NATL1A were compared to the yield when growing in salinity 34 psu, and the
similar, from 30psu to 40 psu. This result came from the first lower the salinity resulted in lower yield. The yield of MED4
transfer of cultures from salinity 34 psu to other salinities. Under growing in salinity 24 psu was not detectable after round 4, while
the same growing temperature (21°C) and light intensity the yield of NATL1A growing in salinities 27 psu and below was
(10pEm™ s7"), the LL strain NATL1A grew faster than the HL not detectable after round 2. Together, these data showed that
strain MEDA4. Prochlorococcus MED4 and NATLIA could be acclimated in
During the acclimation experiment, NATLIA could grow in salinities 25 psu and 28 psu, respectively. Interesting, the high-light
salinities higher than 26 psu in the first round, but could not adapted strain MED4 and low-light adapted strain NATL1A
survive in salinity lower than 28 psu in the last round (Figure 2B). showed different tolerance to low salinity.
Interestingly, MED4 showed a gradually changing growth rate in It is well known that Prochlorococcus is an oceanic
the salinity gradient from 25 psu to 28 psu, while NATL1A showed microorganism (Partensky et al., 1999), although a few studies
a sharp change between salinity 27psu and salinity 28psu claimed that Prochlorococcus-like populations existed in estuarine
(Figures 2C,D). The effective quantum vyield of PSII and even freshwater environments (Corzo et al., 1999; Shang et al.,
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TABLE 1 Functional categorization of differentially expressed genes (p <0.05) in low salinity acclimated cells of NATL1A and MEDA4.

Total no.

Total no.
Function categories

differential
expressed

Prevalent

No. induced .
expression profile

No. repressed

NATL1IA MED4 NATL1A MED4 NATL1A MED4 NATL1A MED4

NATL1A MED4

Translation, ribosomal structure and 128 130 38
biogenesis

Transcription 26 27 10
Signal transduction mechanisms 26 24 7
Secondary metabolites biosynthesis, 18 22 4
transport, and catabolism

Replication, recombination, and repair 4 4 2
Posttranslational modification, protein 87 82 23
turnover, chaperones

Nucleotide transport and metabolism 48 50 14
Lipid metabolism 29 31 10
Intracellular trafficking and secretion 14 12 4
Inorganic ion transport and metabolism 58 57 8
Energy production and conversion 77 78 28
DNA replication, recombination, and 68 65 12
repair

Defense mechanisms 17 16 2
Coenzyme metabolism 105 101 20
Cell wall/ membrane/envelope biogenesis 1 2 1
Cell envelope biogenesis, outer membrane 93 91 30
Cell division and chromosome 14 16 4
partitioning

Cell cycle control, cell division, 2 2 0
chromosome partitioning

Carbohydrate transport and metabolism 46 48 10
Amino acid transport and metabolism 128 118 38
Function unknown 86 88 18
General function prediction only 137 132 44
Others 6 5 2
Not in COGs 1,021 841 196
Total 2,239 2042 525

25

19

(=)W S e ]

11

10

10
17
13
13

96
277

5 24 33 1 Repressed  Induced

7 5 3 1 Induced Induced

3 2 4 1 Equal Equal

3 2 1 5 Equal Repressed
2 1 0 0 Equal Equal

13 5 10 14 Induced Repressed
8 4 6 1 Equal Induced

3 3 7 3 Repressed ~ Equal

2 1 2 1 Equal Equal

5 2 3 4 Equal Equal

19 8 9 6 Induced Equal

7 5 5 2 Equal Induced

2 0 0 1 Equal Equal

6 4 14 7 Repressed  Repressed
1 0 0 1 Equal Equal

16 6 14 4 Equal Equal

3 1 1 2 Equal Equal

0 1 0 0 Equal Equal

4 6 6 4 Equal Equal

19 11 19 6 Equal Induced
10 4 8 9 - -
23 8 21 5 - -

0 0 2 0 - -

125 43 71 53 - -
286 146 239 131 - -

2007; Mitbavkar et al., 2012; Zhang et al., 2013). However, these
studies all only depended on flow cytometry investigation, and
could not confirm that those “populations” on the flow cytometry
diagram were indeed Prochlorococcus. Our acclimation study
suggests that Prochlorococcus cannot live in salinity lower than
25psu for a long time period (50 days in this study). This study
provides evidence supporting that Prochlorococcus is an
oceanic organism.

Differentially expressed genes in low
salinity acclimated Prochlorococcus cells

RNA-seq was performed to assess the response of

acclimated Prochlorococcus cells to low salinity (28 psu), with
the salinity 34 psu being the control. When the filter criteria of
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significance meet the value of p <0.05, there were 525
differentially expressed genes in the low salinity acclimated cells
of NATL1A, with 286 genes being induced and 239 genes being
repressed (Table 1). By contrast, MED4 appears to be less
fluctuant under low salinity stress, with only 277 differentially
expressed genes, among which 146 were induced and 131 were
1).

transcriptomes of Prochlorococcus AS9601 under high salt stress

repressed (Table A previous study compared the
(5.0%) and under normal salt concentration (3.8%), and found
627 differentially expressed genes (Al-Hosani et al., 2015).
Together, these results suggest that Prochlorococcus is sensitive
to salinity changes.

Subsequently, the differentially expressed genes of these two
strains were functionally classified according to Cyanobase
definitions (Fujisawa et al., 2014). Firstly, the numbers of induced
and repressed genes were equal for most functional modules
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(60-70%) in each of the two strains. Secondly, compared to the
control group, the changed prevalent expression profiles between
the two strains were different. In low salinity acclimated NATLIA,
some genes involved in translation, ribosomal structure and
biogenesis, lipid metabolism and coenzyme metabolism were
down-regulated, while genes involved in transcription,
posttranslational modification, protein turnover, chaperones and
energy production and conversion were up-regulated (Table 1).
However, in MEDA4, regulation profile of the functions mentioned

above is different from NATLIA, except for coenzyme metabolism.

Contrasting regulation between NATL1A
and MED4

Most interestingly, among the genes involved in translation,
ribosomal structure and biogenesis, five were up-regulated and 33
were down-regulated in low salinity acclimated NATL1A cells
compared to control (Tables 1, 2). However, in MED4, 24 genes of
those genes were up-regulated and only one was down-regulated
(Tables 1, 3). Strikingly, the regulation of genes involved in energy
production and conversion were also in distinct patterns between
NATL1A and MED4. In low salinity acclimated NATL1A cells, the
ATP-producing genes were down-regulated (atpA, atpC, atpD,
atpH and other ATP synthase genes), while many genes involved
in photosynthesis (psaC, psb27, rbcS), cytochrome oxidation
(cyoA, cyoB, ctaE), NADH dehydrogenase (ndhA, ndhH) were
up-regulated (Table 2). However, in low salinity acclimated MED4
cells, genes for photosynthesis were down-regulated, such as
photosystems II (psbA, psbB, psbD, psbN), cytochrome F (petA),
and electron transport chain intermediate (ndhD), while most
ATP-producing genes (acnB, atpG, atpF, atpH, atpD) were
up-regulated. This striking contrasting transcriptional regulation
indicated the two strains processed different response mechanisms
to low salinity stress. It is likely that, to respond to low salinity
stress, NATL1A enhanced photosynthesis but repressed ATP
production and translation and biosynthesis. In contrast, MED4
repressed photosynthesis but enhanced ATP production,
translation and biosynthesis. The reason is possible that NATL1A
and MED4 were in different stress level under the salinity 28 psu,
which appears to be slightly stressful for MED4, but extremely
stressful for NATL1A. This is the reason why the differentially
expressed genes of NATL1A were more than those of MEDA4.

It has been pointed out that the response of photosystem gene
expression to high salt stress might be dependent on the organism
under study, based on the investigations on Prochlorococcus strain
AS9601, Synechocystis PCC 6803 and Synechococcus PCC 7002
(Al-Hosani et al., 2015). In high salt acclimated AS9601 cells,
many genes coding for components of Photosystem I, Photosystem
IT and chlorophyll were down-regulated. By contrast, in high salt
acclimated PCC 7002, PSI genes were down-regulated but PSII
genes were not changed significantly (Ludwig and Bryant, 2012).
Similarly, in this study, NATL1A and MED4 also showed
heterogeneity in response to low salinity stress.
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Compatible solute and transporters

Cyanobacteria generally use the salt-out strategy for salt
acclimation, in which cells maintain low intracellular ion
concentration and accumulate compatible solutes to establish
2011).
low-molecular-weight organic compounds, with sucrose,

turgor (Hagemann, Compatible solutes are
glucosylglycerol (GG), glucosylglycerate (GGA) and glycine
betaine (GB) being the most common ones utilized by
cyanobacteria (Klihn and Hagemann, 2011). Prochlorococcus
cells probably use GGA and sucrose as their main compatible
solutes (Scanlan et al., 2009). In NATL1A, we observed
significant decrease in transcript abundance of the GGA
synthesis genes (gpgP, encoding glucosyl-phosphoglycerate
phosphatase, and gpgS, encoding glucosyl-phosphoglycerate
synthase) in the low salinity acclimated cells compared to
control cells (Table 4). However, we did not observe significant
change on the sucrose synthesis gene spsA (encoding sucrose
phosphate synthase). Moreover, in MEDA4, all the three genes
did not show significant change in transcript abundance. These
results suggest that, to cope with low salinity stress, NATL1A
probably reduced the concentration of intracellular compatible
solute GGA, while MED4 did not reduce the concentration of
the compatible solutes. Again, this different observations may
be due to that the two strains were at different stress level when
growing in the medium with salinity 28 psu. In another study,
high salt acclimated Prochlorococcus AS9601 cells up-regulated
the gpgS gene and a sodium transporter, suggesting that active
extrusion of sodium ions and accumulation of GGA are
involved in AS9601 acclimation to high salt stress (Al-Hosani
et al., 2015). Together, these results suggests that compatible
solute GGA may play an important role in the adaptation of
Prochlorococcus to salinity changes.

Na*/H* antiporter is closely related to plant salinity
tolerance, and it is one of the critical factors of plant salt
tolerance. To adapt to a high salt environment, plants will
reduce the plasma membrane Na® level through Na*/H*
antiporter (Apse et al., 1999; Hasegawa et al., 2000). Besides,
cyanobacteria cells involved in salt stress tolerance was
correlated with the activity of Na*/H" antiporter (Allakhverdiev
etal., 1999, 2000). However, in this study, the transcript level of
Na*/H* antiporter (nhaP) was increased under low salinity
stress in NATL1A cells (Table 2). It is not clear what is the
mechanism involved in this phenomenon. Perhaps the
increasing expression of Na*/H* antiporter would help to reduce
the cytoplasm Na* level which has already adapted to high
salinity level of seawater.

Iron transporter and molecular
chaperone

Interestingly, a periplasmic ABC-type Fe** transporter (afuA/
idiA/futA) was up-regulated in low salinity acclimated cells of

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1038136
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Heetal.

TABLE 2 List of a part of differentially expressed genes (p <0.05) in low salinity acclimated Prochlorococcus NATL1A.

10.3389/fmicb.2022.1038136

Gene ID Gene name Product p-Value log,FC
Energy production and conversion
gene-NATLI_05001 cyoA putative cytochrome c oxidase, subunit 2 <0.001 1.249
gene-NATL1_17081 acoA Pyruvate dehydrogenase E1 alpha subunit <0.001 0.979
gene-NATL1_04991 cyoB Cytochrome c oxidase, subunit I <0.001 0.897
gene-NATL1_06051 rbcS Ribulose bisphosphate carboxylase, small chain 0.010 0.780
gene-NATL1_02471 ndhH putative NADH dehydrogenase subunit <0.001 0.770
gene-NATL1_20041 NATL1_20041 NADH dehydrogenase I subunit N <0.001 0.723
gene-NATL1_05651 psb27 possible Photosystem II reaction center Psb27 protein <0.001 0.6925
gene-NATL1_05981 chIN Light-independent protochlorophyllide reductase subunit N <0.001 0.650
gene-NATL1_20591 psaC Photosystem I subunit PsaC 0.004 0.633
gene-NATL1_04561 pdhC Dihydrolipoamide acetyltransferase 0.001 0.607
gene-NATL1_04981 ctaE Cytochrome c oxidase, subunit III 0.002 0.580
gene-NATL1_20451 icd Isocitrate dehydrogenase 0.002 0.547
gene-NATL1_04171 petB Cytochrome b6 0.006 0.532
gene-NATL1_02331 ndhA putative respiratory-chain NADH dehydrogenase subunit 0.006 0.498
gene-NATL1_17231 NATL1_17231 FAD/FMN-containing dehydrogenases 0.024 0.484
gene-NATL1_03751 rub probable rubredoxin 0.0158 0.453
gene-NATL1_21811 acnB Aconitate hydratase B 0.0188 0.394
gene-NATL1_03311 psbl photosystem II reaction center Psbl protein 0.0263 —0.446
gene-NATL1_19381 NATL1_19381 Fe-S oxidoreductase 0.021 —0.482
gene-NATL1_18501 atpH ATP synthase, delta (OSCP) subunit 0.008 —0.497
gene-NATL1_18491 atpA ATP synthase F1, alpha subunit 0.006 —0.565
gene-NATL1_19601 psal photosystem I subunit VIII (Psal) 0.008 —0.574
gene-NATL1_00561 NATLI1_00561 Flavoprotein, FIdA 0.009 —0.647
gene-NATL1_18481 NATL1_18481 ATP synthase gamma subunit <0.001 —0.668
gene-NATL1_18511 NATL1_18511 ATP synthase B/B” CF(0) <0.001 —0.671
gene-NATL1_18381 atpD ATP synthase F1, beta subunit <0.001 —-0.723
gene-NATL1_14931 gldA putative glycerol dehydrogenase 0.004 —-0.755
gene-NATL1_18391 atpC ATP synthase, Epsilon subunit <0.001 —-1.089
Inorganic ion transport and metabolism
gene-NATL1_16181 afuA putative iron ABC transporter, substrate binding protein <0.001 1.208
gene-NATL1_19031 NATL1_19031 Ferric uptake regulator family <0.001 0.853
gene-NATL1_05281 nhaP putative Na*/H* antiporter, CPA1 family 0.005 0.597
gene-NATL1_20831 mgtE MgtE family, putative magnesium transport protein 0.009 0.501
gene-NATL1_03411 amtB Ammonium transporter family 0.022 0.414
gene-NATL1_03071 met3 ATP-sulfurylase 0.002 —0.582
gene-NATL1_15081 petH ferredoxin-NADP oxidoreductase (FNR) <0.001 —0.687
Molecular chaperone
gene-NATL1_09851 NATL1_09851 Molecular chaperone DnaK, heat shock protein hsp70 0.001 0.668
gene-NATL1_21861 NATL1_21861 Molecular chaperone DnaK2, heat shock protein hsp70-2 0.010 0.624
Translation, ribosomal structure and biogenesis
gene-NATL1_18631 NATL1_18631 Fts] cell division protein: S4 domain:Hemolysin A 0.001 0.837
gene-NATL1_04781 NATL1_04781 tRNA/rRNA methyltransferase (SpoU) 0.006 0.573
gene-NATL1_00131 NATL1_00131 tRNA-dihydrouridine synthase 0.040 0.566
gene-NATL1_04521 IrtA light repressed protein A-like protein 0.002 0.563
gene-NATL1_03171 ileS Isoleucyl-tRNA synthetase 0.016 0.425
gene-NATL1_04021 rpsla 308 ribosomal protein S1, protein A 0.036 —-0.379
gene-NATL1_17711 rplU 508 ribosomal protein L21 0.025 —0.445
gene-NATLI1_16641 rpsN 30S Ribosomal protein S14 0.011 —0.455
(Continued)
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TABLE 2 (Continued)

10.3389/fmicb.2022.1038136

Gene ID Gene name Product p-Value log,FC
gene-NATL1_05781 frr Ribosome recycling factor 0.022 —0.457
gene-NATL1_19971 rpsC 308 ribosomal protein S3 0.016 —0.480
gene-NATL1_07951 glyS Glycyl-tRNA synthetase beta subunit 0.013 —0.485
gene-NATL1_19921 rplX 508 ribosomal protein L24 0.022 —0.490
gene-NATL1_07891 rpsB 308 ribosomal protein S2 0.015 —0.497
gene-NATL1_02771 rplL 508 ribosomal protein L7/L12 0.004 —0.564
gene-NATL1_19481 rps] 30S ribosomal protein S10 0.001 —0.568
gene-NATL1_21621 aspS Aspartyl-tRNA synthetase 0.005 —0.570
gene-NATL1_19521 rpsL 30S ribosomal protein S12 0.001 —-0.582
gene-NATL1_19871 rpsE 30S ribosomal protein S5 0.001 —0.605
gene-NATL1_02781 rpl] 508 ribosomal protein L10 0.002 —-0.610
gene-NATL1_19991 psS 30S Ribosomal protein S19 0.001 —-0.616
gene-NATL1_19891 rplF 508 ribosomal protein L6 <0.001 —-0.623
gene-NATL1_09331 gatA Glutamyl-tRNA (Gln) amidotransferase A subunit 0.001 —-0.631
gene-NATL1_05331 map putative methionine aminopeptidase <0.001 —0.635
gene-NATL1_16221 ghQ glycyl-tRNA synthetase, alpha subunit 0.034 —0.637
gene-NATL1_20021 rplD 508 ribosomal protein L4 <0.001 —-0.705
gene-NATL1_19881 rpIR 508 ribosomal protein L18 <0.001 —-0.736
gene-NATL1_19951 rpmC 50S ribosomal protein L29 <0.001 —-0.752
gene-NATL1_00581 alaS Alanyl-tRNA synthetase 0.002 —-0.756
gene-NATL1_10481 fmt putative Methionyl-tRNA formyltransferase 0.008 —-0.777
gene-NATL1_17561 tyrS Tyrosyl-tRNA synthetase 0.026 -0.777
gene-NATL1_03281 pth Peptidyl-tRNA hydrolase 0.050 —0.785
gene-NATL1_20011 rplW 508 ribosomal protein 123 <0.001 —-0.791
gene-NATL1_07901 tsf putative Elongation factor Ts <0.001 —-0.821
gene-NATL1_19511 rpsG 308 ribosomal protein S7 <0.001 —0.868
gene-NATL1_21311 rplT 508 ribosomal protein L20 <0.001 —0.883
gene-NATL1_06131 tdcF Putative translation initiation inhibitor, yjgF family 0.001 —-0.939
gene-NATL1_10131 rpsR 30S Ribosomal protein S18 0.001 —-1.140
gene-NATL1_10191 cspR putative tRNA/rRNA methyltransferase (SpoU family) 0.009 -1.690

both NATL1A and MED4, compared to control cells. Moreover,
NATLIA also up-regulated a ferric uptake regulator
(NATL1_19031). It has been demonstrated that the transcript
levels of idiA gene in Synechococcus PCC 6301 and Prochlorococcus
MED4 were increased under iron deficiency conditions (Michel
et al., 1999; Webb et al.,, 2001; Thompson et al., 2011). This
suggests that cells may be iron-limited under low salt-stress.
Previously, afuA was found to be down-regulated in high salt
stressed cells of Prochlorococcus AS9601 (Al-Hosani et al., 2015).
The authors attributed this to the reduced expression of iron
required proteins under high salt condition. They also concluded
that AS9601 was not iron limited because no difference in
ferredoxin expression level was found between salt acclimated
cells and control cells. It has been also revealed that iron
requirement and siderophore production in cells is lower under
high salinity (Boyle et al., 1977; Ruebsam et al., 2018). Together,
these results indicates that there is a tight link between iron
requirement and salt conditions in Prochlorococcus. However, the
gene isiB (flavodoxin), which was induced in low iron stress
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(Erdner and Anderson, 1999; McKay et al., 1999), was not
observed to be up-regulated in this study (Table 3). Hence, the
specific relationship between low salinity stress and iron
homeostasis remains to be investigated.

Up-regulated expression of dnaK was observed in both MED4
and NATL1A, which suggests that this gene could play a role in
low salinity acclimation (Tables 2, 3). However, the molecular
chaperone dnaK is one of the key factors for salt stress tolerance
in halophiles, and over expression of dnaK can greatly reduce the
growth lag period of the bacteria, allowing them to grow normally
under salt stress (Sugimoto et al., 2003). Fukuda et al. (2001, 2002)
cloned the dnaK gene from Tetragenococcus halophila JCM5888
and introduced it into E. coli, and found that the dnaK transcript
abundance was increased approximately 3.5-fold under salt stress.
Meanwhile, dnaK was also found to be present in the halotolerant
cyanobacterium Aphanothece halophytica (Hibino et al., 1999).
The gene product of dnaK, heat shock protein hsp70, likely plays
an important role in stress resistance, no matter it is low salinity
stress or high salt stress.
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TABLE 3 List of a part of differentially expressed genes (p <0.05) in low salinity acclimated Prochlorococcus MEDA4.

10.3389/fmicb.2022.1038136

Gene ID Gene name Product p-Value log,FC
Energy production and conversion
gene-PMMO0930 pdhB Pyruvate dehydrogenase E1 beta subunit <0.001 0.691
gene-PMMO0317 psbM possible Photosystem II reaction center M protein (PsbM) 0.033 0.590
gene-PMMO0544 chlB Light-independent protochlorophyllide reductase subunit B 0.004 0.507
gene-PMM1452 atpH,atpD ATP synthase, delta (OSCP) subunit 0.042 0.476
gene-PMMO0785 prk,cbbP phosphoribulokinase 0.007 0.475
gene-PMM1700 acnB Aconitate hydratase B 0.009 0.460
gene-PMM1454 atpG ATP synthase B/B’” CF(0) 0.019 0.411
gene-PMM1453 atpF ATP synthase B/B’” CF(0) 0.038 0.392
gene-PMMO0223 psbA Photosystem II PsbA protein (D1) 0.018 —0.427
gene-PMM1157 psbD Photosystem II PsbD protein (D2) 0.008 —0.470
gene-PMMO0315 psbB Photosystem II PsbB protein (CP47) 0.014 —0.476
gene-PMMO0461 petA Cytochrome f 0.021 —0.477
gene-PMM1171 isiB Flavodoxin 0.045 —0.522
gene-PMM1229 PMM1229 Dehydrogenase, E1 component 0.009 -0.577
gene-PMMO0594 ndhD putative NADH Dehydrogenase (complex I) subunit (chain 4) 0.001 —0.663
gene-PMMO0252 psbN Photosystem II reaction center N protein (psbN) 0.001 —0.919
gene-PMMO0366 PMMO0366 Type-1 copper (blue) domain 0.002 —0.960
gene-PMMO0316 PMMO0316 possible ferredoxin <0.001 —1.358
gene-PMMO0926 psb28 possible Photosystem II reaction center Psb28 protein 0.041 —-1.707
Inorganic ion transport and metabolism
gene-PMM1032 PMM1032 ABC transporter, substrate binding protein, possibly Mn. 0.006 0.751
gene-PMM1164 SfutA/aful/idiA putative iron ABC transporter, substrate binding protein <0.001 0.950
gene-PMMO0808 PMMO0808 Rieske iron-sulfur protein 2Fe-2S subunit 0.019 —0.501
gene-PMMO0227 cysD ATP-sulfurylase <0.001 —0.893
gene-PMM1701 PMM1701 putative chloride channel <0.001 —0.984
gene-PMMO0504 PMMO0504 CutA1 divalent ion tolerance protein 0.004 —2.817
Molecular chaperone
gene-PMM1704 dnaK2 Molecular chaperone DnaK2, heat shock protein hsp70-2 0.047 0.360
Translation, ribosomal structure and biogenesis
gene-PMM1537 rps13, rpsM 308 ribosomal protein S13 0.001 1.774
gene-PMM1538 rpm], rpl36 50S Ribosomal protein L36 <0.001 1.081
gene-PMM1688 aspS Aspartyl-tRNA synthetase 0.002 0.952
gene-PMM1507 rps], rps10 308 ribosomal protein S10 <0.001 0.844
gene-PMMO0068 def putative formylmethionine deformylase 0.025 0.745
gene-PMM1661 rpl35, rpml 508 ribosomal protein L35 0.006 0.724
gene-PMM1534 rpl17, rplQ 508 ribosomal protein L17 0.002 0.697
gene-PMM1550 rpl29, rpmC 508 ribosomal protein L29 0.041 0.609
gene-PMM1545 rps8, rpsH 30S ribosomal protein S8 0.001 0.599
gene-PMM1191 pnp polyribonucleotide nucleotidyltransferase 0.003 0.592
gene-PMMO0597 thrS Threonyl-tRNA synthetase 0.016 0.561
gene-PMMO0312 rpsla, rpsAl 30S ribosomal protein S1, homolog A 0.002 0.560
gene-PMM1548 rpll4, rpIN 50S Ribosomal protein L14 0.047 0.539
gene-PMM1280 PMM1280 putative bifuntional enzyme: tRNA methyltransferase: 2-C-methyl-D-erythritol 2, 0.029 0.551
4-cyclodiphosphate synthase
gene-PMMO0202 rpl10, rpl] 508 ribosomal protein L10 0.002 0.507
gene-PMM1662 rpl20, rplT 508 ribosomal protein L20 0.017 0.498
gene-PMMO0870 rpl33, rpmG 508 Ribosomal protein L33 0.030 0.467
gene-PMM1706 rps6, rpsF 308 ribosomal protein S6 0.041 0.465
gene-PMM1508 tufA Elongation factor Tu 0.006 0.459
gene-PMMO0238 ileS Isoleucyl-tRNA synthetase 0.027 0.429
gene-PMM1532 rpl13, rpIM 508 ribosomal protein L13 0.044 0.425
gene-PMMO0203 rpll, rplA 508 ribosomal protein L1 0.021 0.420
gene-PMM1546 rpl5, rplE 508 ribosomal protein L5 0.028 0.384
gene-PMM1509 fusA Elongation factor G 0.030 0.370
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TABLE 4 Expression change on genes responsible for compatible
solute biosynthesis.

NATLI1A MED4
Locus p-Value log,FC Locus  p-Value log,FC
gpgP  NATL1_05721 0.001 —0.809 PMMO0515 0.367 0.214
gpgS NATL1_09131 0.012 —0.431 PMMO0962 0.476 —0.132
spsA NATL1_21951 0421  —0.147 PMMI711  0.143 -0.371

Highly differentially expressed genes

When the filter criterion was changed from only meeting
the value of p (p <0.05) to meeting both value of p and
log2fold change with values greater than 1 (high induction)
or less than-1 (high inhibition), there were 81 and 30 highly
differentially expressed genes in NATL1A and MED4,
respectively. These number are comparable to the previous
study on Prochlorococcus AS9601, in which 69 highly
differentially expressed genes were found in high salt
acclimated cells compared to control cells (Al-Hosani et al.,
2015). In NATL1A, 22 genes were down-regulated and 59
were up-regulated, while in MED4, 17 genes were down-
regulated and 13 were up-regulated. There was no apparent
gene enrichment pattern observed among these highly
differentially expressed genes (Supplementary Tables S1, 52).
For example, in low-salinity stress cells of NATL1A, many
genes were highly inhibited, which were related to
posttranslational (NATL1_02111
NATL1_13731), signal transduction mechanisms (typA), cell
envelope biogenesis, outer membrane (NATL1_08371 and
NATL1_04491),
biogenesis (rpsR), coenzyme metabolism (folE), energy

modification and

translation, ribosomal structure and
production and conversion (atpC), and amino acid transport
and metabolism (proA). Nevertheless, in salinity acclimated
cells of MED4, some other genes appear to be repressed,
which were those involved in energy production and
conversion (PMMO0316), secondary metabolites biosynthesis,
transport, and catabolism (PMMO0280), DNA replication,
recombination, and repair (ruvC), lipid metabolism (des,

yocE) and posttranslational modification (PMM1006).

Conclusion

Prochlorococcus is the most abundant phototroph in the
ocean. This organism has been adapted to open ocean areas with
stable salt concentrations, and barely found in nearshore and
estuarine waters with lower and variable salt concentrations. In
this study, we showed that the lowest salinities for acclimation of
high-light adapted Prochlorococcus strain MED4 and low-light
adapted strain NATL1A were 25 psu and 28 psu, respectively. The
optimal growing salinity of both MED4 and NATL1A were from
30 to 40 psu. Global transcriptome analysis showed that the two
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strains responded differently to low salinity stress. First, far more
genes of NATLIA were impacted than those of MED4 in low
salinity acclimated cells, suggesting NATL1A was more
intensively stressed than MED4 under salinity 28 psu. Second,
compared to control, low salinity acclimated cells of NATL1A
repressed the expression of genes involved in translation,
ribosomal structure and biogenesis and ATP production, but
enhanced photosynthesis, while MED4 regulated these pathways
in an opposite way. To cope with low salinity, NATLIA also
reduced the transcript abundance of genes involved in compatible
solute GGA, while MED4 did not. Interpreting from a previous
study and this study, a tight link between iron transportation and
salt condition was verified, with high salinity stressed cells
coupling with up-regulation of iron transporters and low salinity
stressed cells coupling with down-regulation of iron transporters.
This study demonstrated the regulations of global transcriptome
of Prochlorococcus under low salinity stress and the mechanisms
within those regulations warrant further investigation.
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Prokaryotic CRISPR-Cas (clustered regularly interspaced short palindromic
repeats and CRISPR-associated genes) systems provide immunity against
invading genetic elements such as bacteriophages and plasmids. In type
[l CRISPR systems, the recognition of target RNA leads to the synthesis
of cyclic oligoadenylate (cOA) second messengers that activate ancillary
effector proteins via their CRISPR-associated Rossmann fold (CARF) domains.
Commonly, these are ribonucleases (RNases) that unspecifically degrade both
invader and host RNA. To mitigate adverse effects on cell growth, ring nucleases
can degrade extant cOAs to switch off ancillary nucleases. Here we show that
the model organism Synechocystis sp. PCC 6803 harbors functional CARF-
domain effector and ring nuclease proteins. We purified and characterized the
two ancillary CARF-domain proteins from the Il1-D type CRISPR system of this
cyanobacterium. The Csx1 homolog, SyCsxl, is a cyclic tetraadenylate(cA4)-
dependent RNase with a strict specificity for cytosine nucleotides. The second
CARF-domain protein with similarity to Csm6 effectors, SyCsm6, did not show
RNase activity in vitro but was able to break down cOAs and attenuate SyCsx1
RNase activity. Our data suggest that the CRISPR systems in Synechocystis
confer a multilayered cA4-mediated defense mechanism.

KEYWORDS

CRISPR, cyclic oligoadenylate signaling, CARF, HEPN, cyanobacteria

Introduction

The majority of archaeal and almost half of all bacterial genomes encode CRISPR-Cas
(clustered regularly interspaced short palindromic repeats and CRISPR-associated genes)
systems which provide immunity against invading genetic elements such as bacteriophages
or plasmids (Makarova et al., 2020a). These systems acquire short sequences of foreign
DNA that are integrated as new spacers between repeat sequences of CRISPR loci. Once
transcribed and matured, CRISPR RNAs (crRNA) serve as guides for effector complexes
composed of a single or multiple Cas protein(s) that can recognize and degrade foreign
nucleic acids (Sorek et al., 2013; Marraffini, 2015; Mohanraju et al., 2016). CRISPR-Cas
systems, which show an exceptional diversity in gene composition and modular
organization, can be classified into two classes with six distinct types (Types I-VI) and over
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30 subtypes (Makarova et al., 2015, 2020a). Intriguingly, a single
organism can contain multiple and diverse CRISPR-Cas systems.

The hallmark of the widespread Type III CRISPR-Cas systems
is the presence of the large subunit Cas10 in the effector complex
that targets both invader RNA transcripts and invader DNA. Most
Cas10 proteins have two enzymatic activities related to the defense
function of CRISPR systems. A histidine-aspartate (HD) nuclease
domain was shown to provide immunity by degrading single-
stranded target DNA in a transcription-dependent manner (Samai
et al., 2015; Elmore et al., 2016; Kazlauskiene et al., 2016).
Moreover, using ATP as substrate, a pair of composite Palm
domains in Cas10 generates cyclic oligoadenylates (cOAs) with
various ring sizes, containing between three and six 3’-5" linked
AMP units (cA3-cA6). This polymerase/cyclase activity depends
on an intact GGDD motif in the Palm domain and is inhibited as
soon as the target RNA is degraded (Kazlauskiene et al., 2017;
Niewoehner et al., 2017; Rouillon et al., 2018).

The cOA molecules constitute key second messengers which
activate Type III ancillary proteins, typically Csm6 or related Csx1
family RNases. These RNases harbor a CRISPR-associated
Rossmann fold (CARF) nucleotide-binding domain, which upon
binding of the cOA ligand, allosterically activates the promiscuous
RNase activity of a nucleotide-binding (HEPN) effector domain
(Kazlauskiene et al., 2017; Niewoehner et al., 2017). Indiscriminate
RNA degradation of host and invader transcripts constitutes an
additional interference mechanism that boosts immunity and
invader DNA clearance by preventing invader replication,
arresting cell growth, and inducing cell dormancy or cell death
(Jiang et al., 2016; Foster et al., 2019; Rostel and Marraffini, 2019).
To switch off these RNases and limit self-toxicity, cOA must
be removed from the cell once the invading genetic elements have
been cleared. Several organisms evolved ring nucleases which are
CARF domain containing enzymes that cleave the cOA messenger
in a metal-independent mechanism and convert it into two
molecules of di-adenylate containing a 2’,3’-cyclic phosphate
(A2>P; Athukoralage et al., 2018; Molina et al., 2019). However,
not all prokaryotes that harbor Type III CRISPR-Cas systems
encode a dedicated CARF domain ring-nuclease. Several
organisms employ dual-function RNases with a CARF domain
that acts as a cOA sensor and has ring-nuclease activity
(Athukoralage et al., 2019; Jia et al., 2019b; Garcia-Doval et al.,
2020; Smalakyte et al., 2020). Others encode homologs of Csx3 in
their CRISPR III ancillary modules. This Mn-dependent
exoribonuclease has a structure which is distinct from the
Rossmann fold and has been characterized as a ring nuclease that
degrades cA4 (Athukoralage et al., 2020a).

About two thirds of all sequenced cyanobacterial genomes
encode a CRISPR-Cas system (Makarova et al., 2020a). The model
organism Synechocystis sp. PCC 6803 (from here on Synechocystis)
contains three CRISPR-Cas systems (named CRISPR1-3), which
are encoded on the stably transmitted plasmid pSYSA (Figure 1).
With the exception of CRISPR2 which has not been characterized
in detail, these systems were shown to efficiently mediate
immunity against invading plasmids (Behler et al., 2018; Shah
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et al., 2019). According to their gene composition, CRISPR1 can
be classified as a I-D system, whereas CRISPR2 and CRISPR3 are
type III-D and type III-B systems, respectively harboring two
Palm domains in the large effector complex subunits (Hein et al.,
2013; Scholz et al., 2013; Reimann et al., 2017). Adjacent to the
Type III-D interference complex, two accessory genes encoding
CARF domain proteins have been identified (Shah et al., 2019).
The last ORF (sl7062) in the CRISPR?2 effector complex operon
[transcriptional unit TU7058 (Kopf et al., 2014)] encodes a Csm6
family protein. This Csm6 homolog (hereafter SyCsm6) has an
N-terminal CARF domain of the CARF7 family fused to a RelE
domain, a nonspecific RNase found in numerous toxin-antitoxin
systems (Griffin et al., 2013; Makarova et al., 2020b). This domain
architecture is strongly linked to Type IIT CRISPR-Cas systems
(Shah et al., 2019). Next to sl[7062 on the opposite strand, sir7061
encodes a Csx1 family protein (SyCsx1) with a CARF-HEPN
domain structure, the most abundant ancillary protein
architecture associated with Type III (A, B, or D) CRISPR-Cas
systems (Shah et al., 2019; Makarova et al., 2020b). Furthermore,
a ¢sx3 homolog (slr7080) is encoded upstream of the CRISPR3
module. Deletion of the putative csx3 gene did not affect the ability
of the system to defend against an invader plasmid (Shah
etal., 2019).

Considering the presence of these genes, we hypothesize that
Synechocystis harbors a functional cOA-signaling pathway.
Therefore, we heterologously expressed and purified the CRISPR-
associated CARF-domain proteins from Synechocystis to
characterize their enzymatic properties. We show that SyCsx1, but
not SyCsm6, has a cA4-dependent RNase activity in vitro.
However, SyCsm6 was able to degrade cOA and abolished the
RNase activity of SyCsx1. Our results suggested that both CARF-
domain proteins orchestrate cOA-dependent ribonucleolytic
activity in tandem.

Results

SyCsx1 is a cA4-activated RNase with a
preference for cytosines

The gene csxI from the Synechocystis CRISPR2 locus
(Figure 1) encodes a CARF-domain protein whose function has
not yet been elucidated. Sequence comparison to biochemically
characterized Csx1 homologs showed that the distinct DxTHG
motive, which is part of the ligand-binding surface of the CARF
domain (Makarova et al., 2020b) and the HEPN active site
residues (RXXXXH; R-X4-6-H) (Anantharaman et al., 2013) are
conserved in SyCsxl (Figure 2A). To confirm that SyCsxl
functions as a cOA-dependent RNase, we expressed and purified
recombinant His-tagged SyCsx1 (49.3kDa). Size exclusion
chromatography revealed a monodisperse peak at around ~89kDa
(Figure 2B), suggesting that SyCsx1 forms a dimer in solution.
Dimerization is typically observed in solved CARF-domain
protein structures and is important for cOA binding and RNA
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SyCsx1 shows cA4-dependent ribonuclease activity. (A) Multiple sequence alignment of SyCsx1 and homologous Csx1 proteins showing the
conserved DXTHG motif from the CARF domain and the RxxxxH active site of the HEPN domain. An asterisk marks residues that were shown to
impact protein function. (B) His-tagged SyCsx1 (48.7kDa) was isolated from E. coli by affinity chromatography and further purified by size-
exclusion chromatography on a Superdex 200 10/300 column (upper panel). Elution fractions were analyzed by SDS-PAGE (lower panel, see
Supplementary Figure S1). (C) 400 ng of Synechocystis total RNA were incubated in the presence or absence of SyCsx1 and 300 nM cOAs for 1 h
and subsequently separated on a 12% denaturing PAA gel. The dotted line indicates a non-contiguous sample that was omitted from the gel. (D) A
fluorogenic ribonuclease activity assay measuring the cleavage of 40 nM RNaseAlert substrate by SyCsx1 depending on the addition of 300 nM
cA4 (excitation 490 nm; emission 520 nm). The cleavage of the RNaseAlert substrate separates a fluorophore/quencher pair, generating a
fluorescent signal. (E) Fluorogenic ribonuclease activity assay of SyCsx1 variants with point mutations in the ligand-binding site of the CARF
domain or the active site of the HEPN domain. All fluorogenic assays were performed in triplicates and mean values of relative fluorescence

normalized to the maximum substrate turnover are shown.

decay (Kim et al., 2013; Molina et al., 2019). We tested RNase
activity of SyCsx1 on Synechocystis total RNA in the presence or
absence of cA4 and cA6, which are the most common CARF-
domain ligands that activate effector domains (Athukoralage and
White, 2021). Analysis of RNA cleavage by denaturing
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polyacrylamide (PAA) gel 2C)
demonstrated that SyCsx1 without a specific activator does not
degrade total RNA. Only if it is stimulated by the second

messenger cA4, but not by cA6, it shows RNase activity that leads

electrophoresis  (Figure

to a substantial degradation of total RNA. Additionally, we assayed
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the cOA-dependent cleavage of a fluorogenic RNA substrate
(Figure 2D). SyCsx1 is clearly inactive in the absence of cOAs,
while the addition of cA4 leads to a significant increase of the
fluorescence signal and presumably the complete turnover of
the substrate.

To confirm the role of the ligand-binding CARF and the
HEPN effector domain for SyCsx1 function, we performed RNase
activity assays with recombinant protein variants in which
we exchanged conserved residues in the CARF and HEPN
domains (Figure 2E). In the presence of cA4, mutations in the
conserved DxXTHG motif (D114A, G118A) attenuated RNase
activity and replacement of residues (H117D, R120A) that are
known to participate in cOAs binding in other CARF domain
proteins (Molina et al., 2019), reduced RNA cleavage to barely
measurable levels. Furthermore, mutating an active site residue of
the conserved HEPN-associated RxxxxH motif (H388A)
completely abolished RNase activity of SyCsx1. Taken together,
these results confirm that cA4-binding by the CARF domain
allosterically regulates the nuclease activity of the C-terminal
HEPN domain in SyCsx1.

To narrow down the substrate specificity of SyCsx1, we analyzed
the cleavage of single (ss) and double-stranded (ds) RNA and DNA
substrates (Figure 3A). Denaturing PAA gel electrophoresis revealed
that in the presence of cA4 only the ssSRNA substrate but neither
dsRNA nor the DNA substrates were degraded. The accumulation
of a distinct ssRNA cleavage product hints at a sequence-specific
cleavage mechanism. To analyze the base specificity of SyCsx1,
we performed cleavage assays with the 25mer homooligonucleotides
poly(A/U/C/G). SyCsxl degraded poly(C) completely within

10.3389/fmicb.2022.1046388

120min, while the other three homopolymers were stable in the
presence of the protein (Figure 3B). These results demonstrate that
Csx1 is a cA4-dependent ssRNA RNase with strict specificity for
cytosine nucleotides.

SyCsm6 does not show RNase activity in
vitro

The other CARF domain protein found in Synechocystis is
SyCsmé. The respective ORF sll7062 is transcribed as part of the
CRISPR2 effector complex operon (Kopf et al, 2014). To
determine enzymatic activity, recombinant His-tagged SyCsm6
was expressed and purified from Escherichia coli. In size exclusion
chromatography, SyCsmé6 (43.5kDa) eluted at a volume
corresponding to around ~72kDa (Figure 4B), suggestive of dimer
formation similar to SyCsx1 and other CARF domain proteins.
First, we performed cleavage assays of purified SyCsm6 with
Synechocystis total RNA in the presence or absence of cA4 and
cA6. Separation of the reaction products on denaturing PAA gels
did not reveal any degradation of total RNA (Figure 4C), implying
that SyCsmé does not possess RNase activity under the tested
conditions. However, SyCsm6 does not encompass a HEPN
domain at its C-terminus but a putative RelE-like effector domain.
The E. coli toxin RelE and homologous proteins are ribosome-
dependent endoribonucleases that inhibit translation, leading to
growth arrest (Pedersen et al., 2003). Therefore, it is conceivable
that SyCsm6 can degrade actively translated mRNA in a
cOA-dependent manner in vivo.

A
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FIGURE 3
SyCsx1 is a single-strand-specific ribonuclease with a strict preference for cytosine bases. (A) Cleavage of 5 pM single- and double-stranded RNA
or DNA oligonucleotides (40 nt) by SyCsx1 at 30°C after the addition of 300 nM cA4. 10 ul aliquots of were sampled at indicated time points,
separated on 12% denaturing PAA gels, and stained with ethidium bromide. (B) 25 nt RNA-homopolymers were incubated with SyCsx1 and cA4 at
30°C and analyzed as before, except that SybrGold was used for staining.

Frontiers in Microbiology

73

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1046388
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Ding et al.

10.3389/fmicb.2022.1046388

FIGURE 4

shown.

A D
) ) ] cA4
Motif | Motif IA Motif Il ~
* * * * £1.0 N L
S. solfataricus (SSO1393) HYC SV, S--50- -RRA DSL - - 81- -EVY INARPEGLKPES = Ofo"‘ 066\ b\
S. islandicus (SiRe_0811) HMS AV S - -50- - KEA DSL - -81--EVY INARAGLKPET \;; %* c_ﬁ o?‘
S. tokodaii (ST1743) HMCAV, S - - 50- - KKA DSL--81--YVYINARSGLKPET e -+ - +
Synechocystis (SlI7062) | MSPC Q- -47--KKL NG| - - 82- -KR I FNLEGEBFKSVN 8 o5 -86 % — 4+ KI6TA +
J ] | @ -+ o+ o+
10 70 160 g s o+ -
B [ 2
o0
— o 0 25 50 175
51.0 SyCsmé oo time [min]
S cAd + - -+ -
— ~72 kDa
8 nt cA6 - + - - +
Sos 0w wewewew E
s 488: ' cFA4
o
© 200 - ’E 10
0.0 = S L
5 10 15 20 . = 329 l FF R
elution volume [ml] 100 3 % S Y &
%05 oL Ll
- - E - + o+ 4+
kDa 1] -+ o+ -
o
48 - —p— )
35 - )
0 25 50 175
13 135 14 145 ml time [min]

SyCsm6 has ring-nuclease activity but does not cleave RNA in vitro. (A) Multiple sequence alignment of SyCsmé (Sll7062) and homologous Csm6/
Crn1 proteins showing conserved CARF domain motives implicated in cOA-binding and cleavage. An asterisk marks residues that were shown or
predicted to impact ring nuclease activity. (B) His-tagged SyCsm6 (43.5 kDa) was isolated from E. coli by affinity chromatography and further
purified by size-exclusion chromatography on a Superdex 200 10/300 column (upper panel). Elution fractions were analyzed by SDS-PAGE (lower
panel, see Supplementary Figure S1). (C) 400 ng of Synechocystis total RNA were incubated in the presence or absence of SyCsm6 and 300 nM
cOAs for 1 h and subsequently separated on a 12% denaturing PAA gel. (D) A fluorogenic ribonuclease activity assay measuring RNA cleavage by
SyCsx1 after pre-treatment of 30 pmol cA4 with either wild-type SyCsm6, the putatively inactive K167A variant, or a control without protein. After
the pre-treatment for 60 min at 30°C and inactivation of SyCsm6 by heating to 95°C for 5 min, the reaction was started by adding SyCsx1 and 20
nm RNaseAlert substrate (excitation 490 nm; emission 520 nm). (E) The same assay as before using tetrafluoro-c-tetraAMP (cFA4) as the substrate.
All fluorogenic assays were performed in triplicates and mean values of relative fluorescence normalized to the maximum substrate turnover are

SyCsmé6 is a ring nuclease degrading cOA

Sequence- and structure-based classification revealed that the
CARF domain of SyCsmé6 is similar to the corresponding domains
of CRISPR ring nucleases 1 (Crnl) from crenarchaea of the genus
Sulfolobus (Makarova et al., 2020b). A direct sequence comparison
(Figure 4A) shows that critical residues in two motives implicated
in ligand-binding (K167) and ring-nuclease activity (E70, S12) of
cOA-degrading CARF-domain proteins are present in
Synechocystis SyCsmé6 (Athukoralage et al., 2018, 2019; Garcia-
Doval et al., 2020; Makarova et al., 2020b). Hence, we speculated
that SyCsmé6 might have ring nuclease activity. To evaluate cOA
degradation, we incubated cA4 with SyCsmé6 and tested whether
the pre-incubated cA4 could activate SyCsx1 in a cleavage assay.
Figure 4D shows that after denaturation and removal of SyCsmé,
the pre-treated cA4 sample activated SyCsx1 to a much lower
extent compared to a cA4 sample receiving only a mock treatment.
In contrast, complete SyCsx1 activation and therefore no putative
cleavage of cA4 was observed when the cyclic molecule was
pre-treated with the SyCsm6(K167A) variant. This lysine residue
is thought to be crucial for cA4 binding. This is in line with data
from Sulfolobus solfataricus showing that the corresponding
mutation in Sso1393 leads to a catalytic inactive enzyme
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(Athukoralage et al., 2018). To further validate that the differences
in SyCsx1 activation are linked to cA4 degradation, the assays
were repeated with the cA4 analog tetrafluoro-c-tetraAMP (cFA4)
that is resistant to cleavage. Overall, cFA4 is a less potent activator
of SyCsx1 as seen by the slower substrate turnover (Figure 4E).
This is consistent with data showing that the 2’-fluoro
modifications in hexafluoro-c-hexaAMP (cFA6) lead to a weaker
activation of Csmé from Enterococcus italicus, likely due to lower
binding affinity of the modified activator (Garcia-Doval et al,
2020). Importantly, pre-incubation with active SyCsm6 decreases
the ability of cFA4 to activate SyCsx1 much less when compared
to unmodified cA4 implying that the observed effect is caused by
cOA cleavage.

To identify potential cleavage products, we analyzed the
turnover of cOAs by liquid chromatography coupled with high-
resolution mass spectrometry. After incubating cA4 for 120 min
with SyCsmé6, the substrate peak was gone and cA4 was converted
to a product with a retention time of 7.8 min. This was identified
as a linear diadenylate with a cyclic 2,3 terminus (A2>P), as
we were able to show high agreement in the fragment pattern as
well as in the exact mass, drift time, collision cross-section (CCS)
standard
(Supplementary Figure S2). Similarly, cA6 was cleaved to A2>P

value and retention time compared to a
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and an additional product. This is likely a triadenylate as it has the
exact mass as well as drift time and CCS value as a c-tri-AMP
standard (Supplementary Figure S3). However, it differs in both
the retention time and fragment spectra and we speculate that it
is the linear form carrying a 2’,3"-cyclic phosphate group (A3>P).
No accumulation of these cleavage products of cA4 or cA6 were
observed when these substrates were incubated with the
SyCsm6(K167A) mutant (Supplementary Figure S4). Together,
these results indicate that SyCsmé6 catalyzes cOA cleavage
producing the same linear An>P forms that are generated by the
CARF domain of stand-alone ring nucleases and self-inactivating
Csm6 homologs (Athukoralage et al., 2018; Garcia-Doval et al.,
2020; Smalakyte et al., 2020).

Discussion

A new mechanism by which CRISPR systems provide
immunity against invading genetic elements has emerged in the
past few years. Studies in different bacteria and archaea have
shown how type III CRISPR-mediated cOA signaling activates
ancillary nucleases that enhance antiviral defense and how
enzymes with ring nuclease activity cleave cOA to switch off these
nonspecific nucleases to facilitate cell recovery (Athukoralage and
White, 2021). To our knowledge, cOA signaling via type III
CRISPR systems was not shown for cyanobacteria yet, though
these phototrophic bacteria are very rich in various type III
CRISPR systems (Makarova et al., 2015; Shah et al., 2019). Here
we characterized two ancillary CRISPR proteins in a
cyanobacterial model organism and showed that cyanobacteria
encode proteins that harbor enzymatic activities required for
cOA-mediated defense against invading genetic elements.

SyCsx1 is a CARF-family effector protein harboring a HEPN
domain with RNase activity specifically activated by cA4 but not
by cA6 (Figures 2C-E). While we cannot exclude activation by
cyclic nucleotides of different sizes, most characterized CARF
domain effectors specifically recognize one of these two second
messengers (Kazlauskiene et al., 2017; Niewoehner et al., 2017;
Rouillon et al., 2018; Molina et al., 2019; Garcia-Doval et al.,
2020; McMahon et al,, 2020). Although there is no experimental
evidence that cA4 is synthesized by the Cas10 homolog of the
CRISPR2 (III-D) system in Synechocystis, sequence analysis
indicates that it harbors conserved Palm1 and Palm2 domains
which are required for cOA synthesis (Supplementary Figure S5;
Kazlauskiene et al., 2017; Niewoehner et al., 2017; You et al,,
2019; Jia et al., 2019a). In addition, it is plausible that the Cas10
homolog of the CRISPR3 (III-B) system generates cOAs. Once
activated, SyCsx1 specifically degrades single-stranded RNA with
a stark preference for phosphodiester bonds involving cytosine
nucleotides (Figure 3). Such nucleotide-specificity is known from
other Csx1/Csm6-family effectors. For example, Molina et al.
(2019) reported that SisCsx1 exhibits a strong preference for
cleaving 5’-C-C-3’ dinucleotides. Other effectors like SthCsm6
and Staphylococcus epidermidis Csm6 showed a preference for

Frontiers in Microbiology

75

10.3389/fmicb.2022.1046388

cleaving after purines (Kazlauskiene et al., 2017; Foster et al,,
2019) or are specific for adenosines (e.g., PfuCsx1 and TonCsm6;
Sheppard et al., 2016; Jia et al., 2019b). Considering that SyCsx1
favors cytosine residues but cuts an ssRNA substrate that contains
no long C-stretches, we can assume that SyCsx1 cuts before/after
cytosine or in between CC dinucleotides. Favoring only one or
two nucleotides makes SyCsx1 a mostly sequence-unspecific
endoribonuclease that will target most cellular RNAs. We can
only speculate that the observed nucleotide preference of SyCsx1
and other effectors is related to a difference in base composition
of typically encountered invading genetic elements and essential
host mRNAs. As the Cas10 homolog of CRISPR2 is missing the
HD nuclease domain, which is cleaving single-stranded DNA
during interference in canonical type III systems, it is tempting
to speculate that the CRISPR2 system might depend on SyCsx1
activity for clearing invader sequences that are not
complementary to the targeting crRNA. S. solfataricus Csx1
which binds cA4 with a dissociation constant (KD) of
130+20nM has a multiple-turnover kinetic constant (k) for
cA4-activated RNA cleavage of 0.44 +0.03 min™' (Athukoralage
etal., 2020b). As we did not aim at measuring kinetic parameters
of SyCsx1 activity in detail, we are not able to compare the
activities of both proteins directly. However, we do not have
evidence that the cyanobacterial Csx1 behaves very different
from the archaeal one.

Our results clearly demonstrate that SyCsmé has ring-
nuclease activity and can degrade cOAs, similar to other Csmé6
family RNases that have a CARF domain and act as a dual cOA
sensor and ring nuclease (Athukoralage et al., 2019; Jia et al,,
2019b; Garcia-Doval et al., 2020; Smalakyte et al., 2020). While
SyCsxl1 is specifically activated by cA4, the CARF domain of
SyCsmé is apparently less specific as it binds and cleaves cOAs of
various lengths. Such indiscriminate activity by the CARF domain
was not observed in a previous study on Csmé6 from Streptococcus
thermophilus which showed specificity for cA6 (Smalakyte et al.,
2020). The homology of the SyCsm6 CARF domain to Crnl-like
ring-nucleases (Figure 4A) and the appearance of typical An>P
cleavage products (Supplementary Figure S3) suggest that the
CARF-domain catalyzes the cleavage of its cOA ligands.
Nonetheless, we cannot definitely exclude a role of the RelE
domain in cOA cleavage. As the CRISPR2 (III-D) system in
Synechocystis does not encode any other obvious ring nuclease,
SyCsmé6 activity is likely the main “off-switch” that controls
SyCsx1 activity by eliminating excess cOAs.

The absence of in vitro RNase activity in SyCsm6, should not
be generalized. Considering the ribosome-dependent cleavage
mechanism of E. coli RelE (Christensen and Gerdes, 2003;
Pedersen et al., 2003; Neubauer et al., 2009), one could speculate
that the SyCsm6 RelE domain can degrade actively translated
mRNAs in vivo in a cCOA-dependent manner. Nonetheless, this is
purely speculative, as no CARF-RelE domain proteins have been
characterized in vivo so far. Taken together, SyCsm6 is possibly a
bifunctional, self-inactivating effector protein that minimizes
self-toxicity.
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Gradient profiling experiments suggest that SyCsxl and
SyCsmb6 are part of the same complex (Riediger et al,, 2021). Both
proteins were shown to sediment together with crRNAs and
ancillary proteins from the CRISPR2-system after separation of a
whole cell extract in sucrose density gradient centrifugation.
Hence, we suspect that in Synechocystis, the CARF-domain
proteins are in close proximity to each other and to the Cas10
effector complex. Such a close association could facilitate invader
clearance by ensuring timely activation and termination of cOA
signaling and spatially limiting unspecific RNase activity.

The CRISPR2 (I1I-D) system of Synechocystis harbors required
enzymatic functions for a functional cA4-mediated defense
mechanism. Intriguingly, the CRISPR3 (III-B) system is a putative
source of additional cOA synthesis and encompasses a gene
(sIr7080) that encodes a putative metal-dependent Csx3/Crn3
ring-nuclease domain (Slr7080) fused to an AAA+ ATPase
domain with an uncharacterized cellular function (Shah et al.,
2019; Athukoralage et al., 2020a). While both systems could rely
on mutual exclusive cOAs, there is the potential for cross-talk
between both systems to coordinate defense against invading
genetic elements.

Materials and methods

Heterologous overexpression and
purification of SyCsx1 and SyCsm6 in
Escherichia coli

The gene sequences of slr7061 (SyCsxl) and sll7062
(SyCsm6) were amplified from Synechocystis genomic DNA,
ligated into the pQE-80 vector by T4 DNA Ligase (NEB), and
propagated in E. coli DH5a competent cells. Variants of SyCsx1
and SyCsm6 were generated by site-directed mutagenesis using
fast cloning (Li et al., 2011) and verified by sequencing. Primers
used in this study are shown in Supplementary Table S1. For
overexpression of His-tagged proteins, BL21 (DE3) E. coli cells
were transformed with the respective plasmids. Expression was
induced with 1mM isopropyl p-D-1-thiogalactopyranoside
(IPTG) at an ODggg,, 0f ~0.6. Proteins were expressed overnight
at 18°C in the case of SyCsx1 variants and 25°C for SyCsm6
variants. Cells were harvested by centrifugation at 4,000 x g at
4°C for 15min, and pellets were resuspended in lysis buffer
(50 mM Tris pH 8.0, 150 mM NaCl) supplemented with protease
(4mM 40 mM
6-aminohexaonic acid), and subsequently lysed by a French

inhibitors p-aminobenzamidine and
press. Cell lysates were centrifuged at 20,000 x g for 30 min at
4°C, and supernatants were filtered and loaded on Ni-NTA
gravity columns (QIAGEN). After washing with lysis buffer
supplemented with 10 mM imidazole, proteins were eluted with
lysis buffer containing 200mM imidazole. For further
purification, the elution fractions were applied to size exclusion
chromatography with a Superdex 200 10/300 column (GE

Healthcare) in lysis buffer supplemented with 5% glycerol.
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Finally, all proteins were concentrated, aliquoted, flash-frozen
with liquid nitrogen, and stored at —80°C.

Gel-based cleavage assays

Synthetic RNA and DNA oligos used in this study are listed in
Supplementary Table SI. To hybridize dsRNA and dsDNA
substrates, complementary oligos (RNA1/RNA2, DNA1/DNA2)
were mixed in a 1:1 molar ratio in annealing buffer (10mM
HEPES pH 7.5, 50mM NaCl, and 1 mM EDTA), heated for 5min
at 95°C, and cooled down (1°C per minute) to 25°C. Substrate
specificity was determined by incubating 300nM SyCsx1 with
5uM substrate in reaction buffer (50 mM HEPES pH7.5, 50 mM
KCl, ImM DTT, 300nM cA4) at 30°C. The reaction was stopped
at the indicated timepoints by adding 2 x RNA loading dye (New
England Biolabs). To investigate sequence specificity, 25 nt RNA
homoribopolymers (800 pmol with the exception of 25 pmol for
poly(G)) were cleaved in the same way. 20 pl of the samples were
heated for 10 min at 65°C and then separated by 12% PAA gel in
1x TBE (100 mM Tris borate pH 8.3, 20mM EDTA,) at 120V for
2h. Nucleic acids were visualized using either SYBR Gold or
ethidium bromide.

Fluorescence-based SyCsx1 activity assay

To measure SyCsx1 activity, 300nM SyCsx1 or its mutant
variants were mixed with 300nM cA4 (Biolog Life Science
Institute GmbH & Co. KG, Germany) in reaction buffer in a total
volume of 100 pl. The mix was heated to 30°C and the reaction was
started by adding 40 nM of RNaseAlert substrate (Integrated DNA
Technologies). The fluorescence signal (excitation at 490 nm,
emission at 520nm) was continuously measured in a TECAN
Infinite 200 plate reader.

The influence of SyCsm6 on SyCsx1 activity was determined
by pre-incubating 20nM cA4 or cFA4 (Biolog Life Science
Institute GmbH & Co. KG, Germany) with 500 nM SyCsm6 or its
mutant variant in reaction buffer at 30°C for 60 min. The reaction
was stopped by heating the sample to 95°C for 5min and
denatured SyCsm6 was removed by centrifugation (20,000 x g for
5min). Subsequently, the sample was used to activate the cleavage
of 20nM RNaseAlert substrate by 300nM SyCsx1 in a total
volume of 100 pl as before.

LC—-MS analysis of cOA degradation
products

The degradation of cA4 or cA6 (final concentration of
6671nM) was assayed by incubation of the substrates with 2 uM
SyCsm6 or the K167A mutant at 30°C for 2h in a total volume of
300pl. The degradation products were extracted in 1.2ml
extraction solution (50:50 (v/v) acetonitrile and methanol, HPLC
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grade). All samples were incubated for 15 min on ice, then heated
to 95°C for 10 min, and immediately placed on ice. Precipitated
proteins were removed by centrifugation (20,000x g, 10 min at
4°C). The resulting final supernatants were dried in a speed-vac at
42°C. The residual pellet was resolved in 200 pl HPLC grade water
(].T. Baker, Deventer, The Netherlands). Then, 40 pl of the sample
was mixed with 40 pl of water containing the internal standards
(200 ng/ml *C,0"°Ny-c-di-GMP, 200 ng/ml *C,0"°N,-c-di-AMP,
and 100 ng/ml Tenofovir) and transferred to measuring vials.

For the identification of the cA4 and cA6 products, a LC—
MS-IMS-qTOF experiment was performed on a ACQUITY UPLC
I-Class/Vion IMS-QTOF high resolution LC-MS system (Waters
Corporation, Milford, MA, USA). Therefore, a C18 column
(Nucleodur Pyramid C18 3 p 50 x 3 mm; Macherey Nagel, Diiren,
Germany) connected to a C18 security guard (Phenomenex,
Aschaffenburg, Germany) and a 2 pm column saver was used. The
column was kept at 50°C. A binary gradient of water containing
10 mM ammonium acetate (solvent A) and methanol (solvent B)
was applied to achieve chromatographic separation of the analytes
using a flow rate of 0.4 ml/min during the whole chromatographic
run. The eluting program was as follows: 0 to 4min: 0% B, 4 to
7.3min: 0 to 10% B. This composition was hold for 1 min. Then the
organic content was increased to 90% within 10.7 min followed by
a 6min re-equilibration step with 0% B. Total analysis run time was
25min. High resolution mass spectrometry data were collected on
a Vion IMS-QTOF mass spectrometer equipped with an
electrospray ionization source (ESI). The ESI was operating in
positive ionization mode using a capillary voltage of 2.5kV and the
cone voltage of 40 V. The source temperature and desolvation gas
temperature was set at 150°C and 600°C, respectively. Analyte
fragmentation was achieved using nitrogen as collision gas.
Collision energy of 10V was used to obtain a low collision energy
spectrum. For high collision energy spectrum, the collision energy
was ramped from 21 to 42 V. Mass to charge ratios between 50 and
2000 were collected. Data acquisition was controlled by the UNIFI
1.9.4.0 software (Waters). For metabolite identification, the
retention times, drift times, CCS value and fragment spectra of a
c-tri-AMP- and a A(3",5")pA(2’,3")cp-standard were collected as a
reference and compared to those of the suspected products in
the samples.
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Cyanobacterial species are ancient photodiazotrophs prevalent in freshwater
bodies and a natural reservoir of many metabolites (low to high molecular
weight) such as non-ribosomal peptides, polyketides, ribosomal peptides,
alkaloids, cyanotoxins, and isoprenoids with a well-established bioactivity
potential. These metabolites enable cyanobacterial survival in extreme
environments such as high salinity, heavy metals, cold, UV-B, etc. Recently,
these metabolites are gaining the attention of researchers across the globe
because of their tremendous applications as antimicrobial agents. Many
reports claim the antimicrobial nature of these metabolites; unfortunately, the
mode of action of such metabolites is not well understood and/or known
limited. Henceforth, this review focuses on the properties and potential
application, also critically highlighting the possible mechanism of action
of these metabolites to offer further translational research. The review also
aims to provide a comprehensive insight into current gaps in research on
cyanobacterial biology as antimicrobials and hopes to shed light on the
importance of continuing research on cyanobacteria metabolites in the
search for novel antimicrobials.

KEYWORDS

antimicrobial, bioactivity, cyanobacteria, metabolites, signaling

Introduction

Cyanobacteria are the photodizaotrophic, oxygen-producing microbes on earth
that have gained increasing attention in natural product research. Their ubiquity in
the light-exposed biosphere is based on a considerable repertoire of survival strategies
for withstanding challenging environments and protecting their niches against
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competitors. To this end, cyanobacteria produce a wide range
of secondary metabolites, often with a unique composition and
specialized functions, which mediate various processes, such
as chemical defence, preservation, and quorum sensing.
Moreover, various metabolites with diverse bioactivities have
been reported in cyanobacteria (Brilisauer et al., 2019). Some
of the known cyanobacterial metabolites exhibit antiviral,
antibacterial, antifungal, or herbicidal activities, promising
possible applications in human health, agriculture, or
industry.

The omnipresent nature of these organisms makes them
excellent material for investigation by physiologists, biochemists,
ecologists, molecular biologists, and pharmacists (Nagle and Paul,
1998). These metabolites’ productivity is highly species-specific
and even strain-dependent (Leflaive and Ten-Hage, 2007).
Because of their wide range of uses can be exploited to improve
human health and sustainable living practices.

Cyanobacteria metabolites can be a gold mine for the
modern healthcare industry and clinical applications. With the
onset of the global pandemic we are recently facing, we are also
facing the silent pandemic of antibiotic resistance. It has been
estimated that 1.27 million deaths in 2019 were directly due to
antibiotic-resistant infection (Murray et al., 2022). This can
be attributed to the excess use of antibiotics and insufficient
access to certain geographical locations (Laxminarayan, 2022).
Despite the presence of vaccines, overuse of antibiotics has led
to an alarming increase in antibiotic resistance among the
population in recent years. Humans are susceptible to microbial
pathogens such as Escherichia coli, Staphylococcus aureus,
Klebsiella pneumoniae, Pseudomonas aeruginosa, candida
albicans etc.

Furthermore, secondary infections are common in patients
hospitalized with viral infections both before and after
hospitalizations (Singh et al., 2011). Cyanobacteria, one of the
most primitive organisms with a rich array of bioactive
compounds, have evolved to protect themselves against various
pathogens. Exploiting cyanobacteria to find novel antivirals and
antibiotics has become more evident than ever, especially since the
onset of the pandemic of Covid-19, which showed our
ill-preparedness and the extreme burden on healthcare facilities
across the globe. Covid-19, like other viruses, can constantly
mutate, resulting in the formation of new variants such as alpha
(B.1.1.7), beta (B.1.351), gamma (P.1) variants, delta (B.1.617.2)
variant, Theta (P.3) variant, Lambda (C.37) variant and omicron
(B.1.1.529; Vasireddy et al., 2021). These new variants have critical
mutations which increase their transmissibility, infectivity,
contagiousness as well as their lethality, which further necessitates
the need for novel antivirals (Thakur et al., 2021).

Antibiotic-resistant microbial infections can be managed
by finding novel drug discoveries, and cyanobacteria
metabolites could be potential candidates (Adamson et al.,
2021). For example, diterpenoid noscomin, a terpene
compound isolated from Nostoc commune, has potent activity
against pathogenic microbes like Staphylococcus epidermidis

Frontiers in Microbiology

80

10.3389/fmicb.2022.1034471

and Escherichia coli (Jaki et al., 1999). Another example is
calothrixin A, an alkaloid isolated from Calothrix sp., which
inhibits different bacteria by inhibiting bacterial RNA
polymerase (Doan et al., 2000).

Considering the usability of cyanobacteria across various
industries, this review aims to focus on the findings on
cyanobacteria as a source of novel antimicrobials and their
mechanism of action against pathogens to mitigate to issue of
dwindling novel antimicrobial discovery.

Cyanobacterial metabolites as
novel antibacterial agents

The growing antibacterial resistance or bacterial
antimicrobial resistance (AMR), which has been declared a
silent pandemic, is one of the significant threats to public
health. If left unchecked, they can prove to be far more lethal
in coming years, so an urgent course of action needs to
be taken to control their spread and discover newer drugs that
can combat the growing resistance to the present (Murray
etal,, 2022). Cyanobacteria has emerged as a promising source
for novel antibacterials with many antibacterial compounds.
The antibacterial properties have been attributed to various
combinations, namely alkaloids, terpenes, polyketides, lipids,
peptides, etc. (Rojas et al., 2020). For example, Malyngolide, a
polyketide isolated from Lyngbya majuscule, has been found
to inhibit the growth of various pathogenic bacteria by
inhibiting the quorum sensing system in the bacteria
(Dobretsov et al.,, 2010; Kalia et al., 2019). Lipids like
Lyngbyoic acid, pitinoic acid A, and doscadenamide A could
also inhibit the quorum sensing system in Pseudomonas
aeruginosa (Kwan et al., 2011; Montaser et al., 2011; Liang
et al., 2019; Figure 1).

Alkaloids

Alkaloids are naturally occurring nitrogen-containing
compounds having a large structural diversity. Cyanobacteria-
derived alkaloids, mainly indole alkaloids, have been proven to
be potent antimicrobials. A large number of alkaloid compounds
were extracted from Fischerella sp. and are found to be effective
against pathogens like Staphylococcus aureus, Mycobacterium
tuberculosis, Mycobacterium smegmatis, Bacillus anthracis, Bacillus
subtilis, Staphylococcus aureus, Staphylococcus epidermis, etc.
(Ghasemi et al., 2004; Mo et al., 2010). The Hapalindole group of
alkaloids were also obtained from cyanobacteria like Hapalosiphon
fontinalis and Fischerella sp., which are effective against
Staphylococcus and Streptococcus species (Moore et al., 1987; Mo
et al, 2009a). Another example of a potent antibacterial alkaloid
is Calothrixin A obtained from Calothrix sp., which can inhibit
Bacillus cereus, Bacillus subtilis and Staphylococcus aureus,
respectively (Rickards et al., 1999).
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Shikimate pathway, which disrupts the translation process.

Mechanism of cyanobacterial metabolites action on bacteria. (i). Alkaloids derived from cyanobacteria inhibit the efflux pumps in bacteria (ii).
Peptides and lipids of cyanobacteria disrupt the cell membrane and cause inner content leakage (iii). Lipids also inhibit the electron transport chain
in bacteria disrupting the functioning of the cell (iv). Alkaloids inhibit DNA polymerase, which disrupts DNA replication (v). Alkaloids inhibit RNA
polymerase, which interferes with the transcription process (vi). Alkaloids also interfere with the translation process (vii). Polyketides prevent tRNA
binding to mRNA, which stops translation (iii). 7-deoxy-sedoheptulose, a sugar produced by cyanobacteria, acts as an analogue of NAPH in the

Polyketides

Polyketides are one of the most abundant secondary
metabolites distributed in plants, fungi, bacteria, insects, and
some marine organisms. Polyketide synthases (PKS) enzymes
produce them and have wide structural diversity due to
various building blocks. They are also known to have
significant bioactivity and the potential for novel natural
product drug discovery (Ridley and Khosla, 2009; Ma et al.,
2020; Yuzawa and Kuzuyama, 2020). Polyketides like
anaephenes A-C and Cylindrofridins effectively against
pathogens like Methicillin Resistant Staphylococcus aureus,
Bacillus cereus, Mycobacterium tuberculosis, Streptococcus
pneumonia (Preisitsch et al., 2015b; Brumley et al., 2018).
Other examples of polyketides isolated from cyanobacteria are
carbamidocyclophanes A — E isolated from Nostoc sp. CAVN
10 (Mundt et al., 2003), carbamidocyclophanes F and G
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isolated from  Nostoc sp. (Luo et al, 2014),
carbamidocyclophanes H-L from Nostoc sp. CAVN2
(Preisitsch et al.,, 2015a), Nostocyclyne A from Nostoc sp.
(Ploutno and Carmeli, 2000), and Cylindrofridins A-C from
Cylindrospermum  stagnale (Preisitsch et 2015b).

Polyketides like anaephenes A-C and Cylindrofridins

al.,

effectively against pathogens like Methicillin Resistant

Staphylococcus aureus, Bacillus cereus, Mycobacterium
tuberculosis, Streptococcus pneumonia (Preisitsch et al., 2015b;

Brumley et al., 2018).

Peptides

Peptides are abundantly extracted from cyanobacteria
metabolites; many of them have been proven to be potent
AK-3,
lobocyclamide B, nostocyclamide, and tolybyssidin A and B are

antimicrobials. calophycin, hormothamnin A,
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some cyclic peptides isolated from cyanobacteria. Ishida et al.
isolated three potent peptide compounds; Kawaguchipeptins A
and B and Norharmane-HCI [9H-pyrido (3,4-b)indole-HCI]
from Nodularia harveyana which have potent activity against
Escherichia coli, Pseudomonas aeruginosa, Staphylococcus
aureus and Bacillus subtilis (Ishida et al., 1997). Laxaphycin A,
Tiahuramide A-C, Hormothamnin A, [D-Leul] MC-LR are
some of the compounds extracted from cyanobacteria
(Gerwick et al., 1989; Ramos et al., 2015; Dussault et al., 2016;
Levert et al.,, 2018). A previous review by Swain et al. reported
an array of peptides isolated from various cyanobacteria (Swain
et al., 2017).

Lipids

Various lipids have been isolated from cyanobacteria having
antibacterial activities, such as Lyngbyoic acid, doscadenamide A,
and pitinoic acid A as quorum sensing inhibitors in Pseudomonas
aeruginosa (Carpine and Sieber, 2021) y-linolenic acid (GLA), a
potent antibacterial from Fischerella sp., was active against
(Asthana et 2006). A lipid
2-Hydroxyethyl-11-hydroxyhexadec-9-enoate isolated from

Staphylococcus — aureus al.,
Lyngbya sp. is also effective against Methicillin-Resistant
Staphylococcus aureus (MRSA). Another lipid (9Z,127)-9,12,15-
hexadecatrienoic acid obtained from Nostoc sp. was effective
against Bacillus subtilis, Staphylococcus aureus and Micrococcus
luteus (Oku et al., 2014). Another example of cyanobacterial lipid
is the Chlorosphaerolactylates family of fatty acids isolated from
Sphaerospermopsis sp. were also found to have antibacterial
activity against Staphylococcus aureus (Gutiérrez-del-Rio
et al., 2020).

Other classes of metabolites

Terpenes and polyphenols class of compounds has also been
isolated from cyanobacteria having a potent antibacterial activity
(Carpine and Sieber, 2021). For example, diterpenoid noscomin
isolated from Nostoc commune EAWAG 122b is effective against
three microbes: Bacillus cereus, Staphylococcus epidermidis, and
Escherichia coli (Mo et al., 2010). Polyhalogenated compounds
(PHCs) like Ambigols A, B, C, D, and E are also produced by
cyanobacteria which are effective against MRSA (Choi et al.,
2010). Recently 7-deoxy-sedoheptulose, an unusual sugar isolated
from Synechococcus elongatus, showed potent activity against
Anabaena variabilis, and its mode of action was via mimicking
3-deoxy-D-arabino-heptulosonate 7-phosphate (DAHP), an
enzyme in the shikimate pathway and inhibits the reaction
mechanism pathway that leads to a decreased level of aromatic
amino acids triggered by the metabolic perturbation. Further
studies on other pathogenic bacteria need to be conducted using
this deoxy sugar to understand their medical importance better
(Brilisauer et al., 2019).
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Mechanism of action of
cyanobacteria metabolites as
antibacterial agents

The mechanism of action of most novel metabolites has not
been explored and adequately established. However, they can
be theorized using previously established studies on chemical
classes and antibiotics similar to them. One of the metabolites’
most common mechanisms of action is quorum sensing
inhibition. Quorum sensing is an intercellular communication
system in bacteria playing an important role in virulence and
biofilm formation. Berberine, an alkaloid isolated from
cyanobacteria, was found to inhibit the expression of biofilm
genes (Sun et al., 2019). Various lipid compounds can also inhibit
the bacterial quorum sensing system of bacteria like Escherichia
coli and Pseudomonas aeroginosa (Carpine and Sieber, 2021).
Another mechanism of action is disrupting the cell membrane of
the target bacteria. It was found that most lipids and peptides
show antibacterial activity by disrupting membrane integrity and
the subsequent cell lysis, disrupting the electron transport chain,
and inhibiting important bacterial cell enzymes (Yoon et al.,
2018). Different bioactive compounds also interfere with the
bacterial cell’s important cellular pathways, such as the Shikimate
pathway, Electron Transport chain and cell wall biosynthesis.
Alkylphenols induce bacteriostasis by collapsing the proton
motive force, thus inhibiting ATP synthesis and active transport
(Denyer et al, 2011). A sugar isolated from Synechococcus
elongates acts as an analogue of NADH enzyme in the Shikimate
pathway, interfering with the Shikimate pathway (Brilisauer et al.,
2019). In addition, the secondary metabolites of cyanobacteria are
also able to the activity of various enzymes such as DNA
polymerase and RNA polymerase, which affects the DNA, RNA
and protein production. Alkaloids like 12-epi-hapalindole E
isonitrile from Fischerella sp. and calothrixin A from Calothrix sp.
showed their mode of action by inhibiting RNA polymerase
independent of DNA concentration (Doan et al, 2000).
Macrolides, a group of polyketides was found to interfere with
aminoacyl tRNA-ribosome attachment and prevent the
production of new proteins (Brumley et al., 2018).

Cyanobacterial metabolites as
antiviral agents

Viral outbreaks like Ebola, Swine influenza, and SARS-
CoV-2 are a huge burden on humanity, claiming millions of
human life. The emergence of new strains with mutations
making them resistant to standard antiviral drugs necessitates
the need for novel antivirals. Metabolites isolated from
cyanobacteria have proved to be significant antivirals. Deyab
and colleagues found cyanobacteria isolates: Arthrospira
platensis, Leptolyngbya boryana, Nostoc punctiforme, Oscillatoria
sp., Leptolyngbya sp., and Arthrospira platensis isolates showed
high antiviral activity against Coxsackievirus B3 and Rotavirus
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(Deyab et al,, 2019). Cyanobacterial metabolites have also been
tested as an antiviral agent against SARS-CoV2 with
encouraging results (Pradhan et al., 2022). While some have
been proven cytotoxic, many have shown their potential as less
cytotoxic to mammalian cells, which can be used as
antiviral therapeutics.

Proteins

Lectins, a carbohydrate-binding protein, is one of the most
commonly isolated proteins of cyanobacteria showing promising
antiviral activity (Carpine and Sieber, 2021). Cyanovirin, a lectin
isolated from Nostoc ellipsosporum, has neutralising activity
against various enveloped viruses such as HIV-1, feline
immunodeficiency virus, and human herpesvirus 6 well as
measles virus. A novel cyanobacterial protein, MVL, inhibited the
HIV-1 Envelope-mediated cell fusion with an IC50 value of 30 nM
(Bewley et al., 2004). Oscillatoria agardhii agglutinin (OAA), a
lectin compound isolated from Oscillatoria agardhii, inhibited
human immunodeficiency virus replication in MT-4 cells with an
EC50 of 44.5nM (Saad et al., 2022). Proteins griffithsin (GRFT)
and scytovirin (SVN) isolated from cyanobacteria Griffithsia sp.
inhibited HCV entry at nanomolar concentrations and showed
significant in vivo efficacy in the mouse model system (Takebe
etal., 2013). Cyanobacterial lectin scytovirin was demonstrated to
have the ability to bind to the envelope glycoprotein of Zaire Ebola
virus (ZEBOV), thus inhibiting its replication with a virus-
inhibitory concentration (EC50) of 50nM. Scytovirin is also
effective against other viruses like HIV, Marburg virus and SARS-
CoV2 (Garrison et al., 2014). Microvirin (MVN), isolated from
Microcystis aeruginosa, exhibited anti-HIV activity in peripheral
blood mononuclear cells with more minor cytotoxic effects than
anti-human immunodeficiency virus protein cyanovirin-N, which
is separated from Nostoc ellipsosporum (Huskens et al., 2010).
Galanthus nivalis agglutinin (GNA) against cell culture Hepatitis
C virus (HCV) was less toxic than its other lectin counterparts,
Microcystis viridis lectin (MVL) and cyanovirin-N (CV-N), which
were found to be potentially harmful due to their interaction with
cellular proteins (Kachko et al. 2013a; Figure 2).

Carbohydrates

Cyanobacteria, especially marine cyanobacteria, contain
abundant polysaccharides that are effective against various viruses
(Pradhan et al., 2022). Nostoflam, a polysaccharide extract of
Nostoc flagelliforme, showed potent and broad antiviral activity
against herpes simplex virus type 1 (HSV-1), human
cytomegalovirus, HSV-2, and influenza A virus (Kanekiyo et al.,
2005). Galactosides isolated from Agardhiella tenera are effective
against viruses such as HSV-1, HSV-2, HIV-1, HIV-2 and
Hepatitis A, respectively. A polysaccharide, Carrageenan obtained
from Chondrus, Gigartina, Hypnea, and Eucheuma was found to
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be capable of blocking the entry of Dengue virus (DENV) and
HPV into the host cell (Grassauer et al., 2008). Other
polysaccharides such as galactans obtained from species like
Callophyllis variegata, Agardhiella tenera, Schizymenia binderi, and
Cryptonemia crenulat, also have potent antiviral activity against
HSV-1, HSV-2, HIV-1, HIV-2, and DENV (Rodriguez et al,
2005). The effect of the polysaccharide Calcium Spirulan isolated
from Arthrospira platensis is also tested against Human
cytomegalovirus virus, Influenza Virus, Mumps virus, Herpes
Simplex Virus-1 (HSV-1) and Human Immuno Deficiency
Virus-1 with promising results (Rechter et al., 2006). Another
example is Phycobiliproteins isolated from Arthrospira platens
which have antiviral activity against Influenza A and the HIN1
virus (Chen et al., 2020; Figure 3).

Other classes of compounds

Other compounds like alkaloids, lipids, polyphenols and
polyketides have antiviral activity. Alkaloids, namely Bauerine A,
B and C, effectively eradicate Herpes simplex virus-2 (Larsen
etal., 1994). Other alkaloid compounds like Debromoaplysiatoxin,
Anhydrodebromoaplysiatoxin, and 3-Methoxydebromoaplysia-
toxin were also found to possess antiviral activity against
Chikungunya virus (Gupta et al., 2014). Some lipid compounds
were also found to have potent activity against Herpes Simplex
Virus-1 (Chirasuwan et al., 2009). Polyketides isolated from
Trichodesmium erythraeum were also found to be effective against
the Chikungunya virus (Gupta et al., 2014).

Mechanism of action of
cyanobacteria metabolites as
antivirals

Clinical studies on many cyanobacterial antivirals have been
conducted with promising broad-spectrum activity, lesser
cytotoxicity, and a wide range of mechanisms of action. One of
the most common modes of action is preventing infection by
inhibiting the binding of viral proteins to the host cell. Antiviral
metabolites like Scytovirin, Cyanovirin, and Microvirin bind to
viral envelope proteins of HIV like gp120, gp160 and gp41, which
prevents their binding from hosting cells like CD4, thus
preventing the entry of the virus (Dey et al., 2000; Bokesch et al.,
2003; Huskens et al., 2010). Scytovirin also block the entry of the
hepatitis C virus to the host by binding to the viral envelope
glycoprotein E1 and E2 (Takebe et al.,, 2013). A similar mode of
action was seen in Griffithsin (GRFT), a cyanobacterial lectin
isolated from Griffithsia sp., where it inhibited HIV-1 by blocking
the coreceptor binding process and exposing the CD4 binding
site of gp120 (Alexandre et al,, 2011), preventing HIV-1 capture
and transmission mediated by DC-SIGN receptor (Hoorelbeke
etal., 2013) and improved antibody response against virus where
communization with GRFT dramatically raised the anti-gp120
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increases the production of antibodies and increases the reactivity of IgG.

Cyanovirin and Mycovirin block the binding of CD4 infected cells to CCR5 receptors, which prevents the progression of infection (iv). Griffithsin

IgG reactivity (Banerjee et al., 2012; Lee, 2019). Griffithsin also
binds to the spike glycoproteins of MERS-CoV and SARS-CoV,
preventing host cell infection (O'Keefe et al., 2010). Another
mode of action is the inhibition of viral replication. This mode of
action is found to be exhibited by metabolites like Calcium
Spirulan, sulfoglycolipids, Oscillatoria agardhii agglutinin (OAA)
and Scytovirin against HIV-1 and HIV-2, HSV-1 and Zaire Ebola
virus (ZEBOV; Loya et al., 1998; Férir et al., 2014; Garrison et al.,
2014). Scytovirin inhibits viral replication by binding to the
mucin domain of the glycoprotein of the Ebola virus (Garrison
et al.,, 2014). Lipids like Sulfoquinovosyl diacylglycerol prevents
DNA replication by inhibiting HIV-reverse transcriptase and
DNA polymerases (Loya et al., 1998). The metabolites also
prevent further infection by binding to the host cell’s surface
receptors and other host cells. An example is Mycovirin which
prevents the binding of HIV-infected CD4 cells to host receptors
CCR5 (Dey et al,, 2000). One metabolite may have different
modes of action, and the mode of action may differ in different
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species of viruses. For example, cyanovirin blocks the fusion
pathway in HIV by blocking the binding of HIV envelope gp120
with CD4 disrupting the fusion between the host cell membrane
and the virus. Not only that, but cyanovirin can also block the
binding of CD4-activated gp120 to host membrane coreceptors
such as CCR5. However, in the feline immunodeficiency virus,
cyanovirin blocks the infection independent of CD4. They might
also have other modes of action, such as interaction with another
subunit of the virus envelope, such as gp41 or destabilization of
the envelope (Dey et al., 2000). The potent broad-spectrum
antiviral cyanobacterial-derived compounds can be explored to
combat variously transmissible enveloped and non-enveloped
viruses.

Arthrospira has shown potent antiviral activity in several
clinical studies against HIV-1. A study showed that Arthrospira
showed antiviral potential against SARS-CoV-2 using docking and
toxicity
phycoerythrobilin, phycocyanobilin, phycourobilin, and folic acid,

in  silico assessment. Four compounds, ie.,
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iii. Internalization of small
molecules due to loss of cell
surface integrity

displayed consistent binding energies from Autodock Vina and
SwissDock with low toxicity risks. Very few in vivo and in vitro
studies have been conducted on cyanobacteria metabolites as potent
antivirals against SARS-CoV-2. These in silico studies provide a new
way of research advancement towards clinical studies (Petit et al.,
2021). A clinical trial studied the potential use of Spirulina platensis
as a nutritional supplement in adults with HIV who are
undernourished in Sub-Saharan Africa. The results were promising,
where the nutritional status of malnourished HIV-infected patients
was improved by spirulina (Azabji-Kenfack et al., 2011). Spirulina
also blocked the entry of VSV-based pseudotyped viruses (PVs) of
SARS-, MERS-, and SARS-2 CoVs when preincubated with their
extracts. Understanding the core mechanism of how the compounds
can block the entry of viruses inside the host cells in future studies
will help
compound discovery.

expand this study toward significant novel
This shows that broad-spectrum antiviral cyanobacterial-
derived compounds can be explored to combat various

transmissible enveloped and non-enveloped viruses.
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Furthermore, more mechanisms of action-focused studies
need to be conducted on cyanobacteria metabolites as there
is an evident lack of them in the current research scenario.
Also, even after substantial results in pre-clinical and clinical
studies, the pharmaceutical community’s antiviral properties
of cyanobacterial extracts against the novel coronavirus and
other human viruses seem to go unrecognized. Therefore,
better approaches must be addressed to expand the research
beyond academia to industry-level research.

Cyanobacterial metabolites as
antifungal agents

Owing to major challenges faced by antifungal drug
development, primarily that many of the toxic molecules to the
fungal organism are toxic to the hosts, too, due to the cells’
eukaryotic nature, novel antifungal discovery is slower than that of

antibacterials (Seneviratne and Rosa, 2016). Nevertheless,
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cyanobacteria metabolites have been regarded as one of the potential
sources in the discovery of antifungals with a well-established mode
of action that can translate into pharmaceutical products.

Nodularia harveyana and Nostoc insulare exometabolites
(norharmane and 4'4’-dihydroxy biphenyl) were effective
against Candida albicans with a MIC value of 40 pg/ml and
32 pg/ml, respectively (Volk and Furkert, 2006). Furthermore,
10 strains of cyanobacteria were found to have bioactive
compounds inhibiting Candida albicans, and nine inhibiting
Aspergillus flavus in a disc diffusion assay conducted with 194
cyanobacterial strains showing a wide range of strains is
capable of producing antifungal compounds, which warrants
further research. In addition, the nine cyanobacteria species
inhibited the growth of seven phytopathogenic fungi, which
cause disease in hot pepper (Capsicum annuum L). Of them,
two species were of Oscillatoria, two were Anabaena, three
were Nostoc, one was Nodularia, and one Calothrix, which
were all retrieved from rice paddy field soil (Kim, 2018).

The fatty acids isolated from Synechocystis sp. successfully
inhibited the growth of Candida albicans (Najdenski et al., 2013).
Similarly, the Microcystis aeruginosa diethyl ether extract showed
potent antifungal activity against a number of Aspergillus species,
Fusarium verticillioides, Fusarium proliferatum, Penicillium
verrucosum (Marrez and Sultan, 2016). Soltani et al. (2005)
reported six cyanobacterial species and one cyanobacterium
species inhibited the growth of Candida kefyr and Candida
albicans, respectively (Soltani et al., 2005). A polyketide tolytoxin
isolated from Scytonema sp. and Tolypothrix sp. showed strong
antifungal activity against a wide range of fungi such Alternaria
alternate, Aspergillus oryzae.

Bipolaris incurvata, Candida albicans, Saccharomyees
cerevisiae, Penicillin notatum, etc. (Patterson and Carmeli,
1992). Glycosylated lipopeptide isolated from Tolypothrix
(basionym Hassallia) sp. exhibited antifungal activity against
Aspergillus fumigatus and Candida albicans (Neuhof et al.,
2005). Prasanna et al. (2008) evaluated the 35 Anabaena
strains and reported fungicidal potential against 74
phytopathogenic fungi (Prasanna et al.,, 2008). Similarly, the
Lyngbya aestuarii and Aphanothece bullosa showed antifungal
activity against Candida albicans (Kumar et al., 2013). In
another study conducted with Brazilian cyanobacteria crude
extracts, five isolated extracts showed potent antifungal
activity against Candida albicans. Antifungal macrolide
scytophycin was found in Anabaena sp. HAN21/1, Nostoc sp.
HAN11/1, Anabaena cf. cylindrica PH133, and Scytonema sp.
HANS3/2. In the same study, Anabaena species BIR JV1 and
HANY7/1, Nostoc species 6sf Calc, and CENA 219 all produced
the antifungal glycolipopeptide hassallidin. Hassallidins
obtained from Nostoc calcicula, Anabaena cylindrica, and
Hassallia sp. could also inhibit different Candida species
and Cryptococcus neoformans (Neuhof et al., 2005, 2006).
This shows the huge potential cyanobacteria has as a
potential source of antifungals having future therapeutic
applications.
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Mechanism of action of antifungal
activity

Most of the compounds extracted from cyanobacteria having
antifungal activity are cyclic peptides in nature. Recent studies
focused on their mode of action have shown that a majority of
them target the cell membrane of eukaryotic cells.

Hassallidins, cyclic glycolipopeptides isolated from Anabaena
sp., were found to affect the function of cell membranes, resulting
in lytic cell death with outer membrane disintegration and
increased internalization of tiny molecules, which implies loss of
cell surface integrity. It targets sterol-containing membranes, and
cholesterol is necessary for them to enter the membrane
(Humisto et al., 2019). Hassallidins production is not limited to
Anabaena and Cylindrospermopsis; Nostoc, Aphanizomenon, and
Tolypothrix are also known to produce them with great structural
diversity and antifungal activity. They are also known to protect
cyanobacteria from parasitic fungi (Vestola et al, 2014).
Balticidins (A-D) are also a group of hassallidin-like lipopeptides
isolated from Anabaena cylindrica which might have similar
modes of action.

Laxaphycins A and B, first isolated from cyanobacteria
Anabaena laxa (Patterson, 1992), have potent antifungal activity.
The mode of action behind it is poorly understood, but as they are
cyclic peptides in nature, it might be due to them targeting the
enzymes responsible for cell wall synthesis, such as 1,3-p-glucan
synthase (Zhang and Chen, 2022).

Tolytoxin, a diterpene lactone isolated from Scyfonema
ocellatum and Scytonema mirabilei. Has broad antifungal activity
at nanomolar concentrations, and it was hypothesized that they
inhibit a basic cell process exclusive to eukaryotes. Detailed modes
of action on how they inhibit fungal growth are yet to be studied.

Another unrelated study showed that tolytoxin targets
actin by preventing its polymerization and decreasing the number
of Tunneling nanotubes (TNT), which contribute to the
development of numerous diseases by facilitating the transfer of
pathogens and protein aggregates (Senol et al., 2019). Furthermore,
Puwainaphycins F and G, cyclic decapeptides isolated from
Cylindrospermum alatosporum, result in necrotic cell death due to
altered cell morphology and physiology, highlighting that not all
antifungal peptides might be suitable for human use (Hrouzek
etal, 2012). Understanding the mechanism of action behind their
antifungal activity will help pinpoint which compounds can
be further screened for clinical trials.

Other cyclic peptides which could be potent antifungal
activity are Calophycin (Moon et al., 1992), Tolybyssidin (Jaki
etal., 2001), and Schizotrin A (Pergament and Carmeli, 1994). In
addition, other compounds such as alkaloid Ambiguine isonitrile
(Smitka et al., 1992) and Carriebowlinol (Soares et al., 2015),
terpene Scytoscalarol (Mo et al., 2009b) are also known to have
potent antifungal activity. Indeed, further research on how they
alter biological processes and investigations of the link between
structure and activity is needed to find new application areas and
potential therapeutic leads (Fewer et al., 2021).

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1034471
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Kar et al.

Challenges of using cyanobacterial
metabolites

Only a few compounds of cyanobacteria have entered clinical
trials, and none of the compounds has not been approved by the
Food and Drug Administration (Singh et al., 2011). One of the main
reasons for this is the limited knowledge of the synthesis of
metabolites by cyanobacteria. The functions and regulations of the
enzymes involved in the cellular pathways and biosynthetic
processes were only partially known, thus complicating the use of
genetic engineering techniques to produce more metabolites (Jones
etal., 2009). Further investigation is also required to understand the
exact mechanism of the bioactive compounds to make them feasible
for pharmaceutical use (Xu et al., 2016). Another problem is the
stability and bioavailability of the bioactive compounds. For
example, the cyanobacterial peptides are highly unstable and require
different stabilising strategies like replacing amino acids with other
amino acids more resistant to hydrolysis, structural restriction,
cyclization or stapling (Skowron et al., 2019). Newer strategies will
greatly improve the stability and bioavailability of these peptides.
Although some cyanobacterial metabolites showed promising
antimicrobial activities, the cytotoxicity of some Dbioactive
compounds like microcystins, saxitoxins or anatoxins raised severe
concerns about deterring their use in the pharmaceutical and food
industry (Gademann and Portmann, 2008).

Conclusion

This review demonstrated the vast versatility of cyanobacteria
and its metabolites in medical applications. They are rich in several
bioactive compounds that can be explored to manage human health.
Furthermore, with the advent of genetic engineering, it has been
easier to manipulate a microorganisms genetic makeup to our
benefit. In the same way, metagenomics can be used to screen and
mass-produce anexic cultures of cyanobacteria to produce relevant
metabolites that we need and modify metabolic pathways so that
we can increase the quantity of bioactive compounds in the
cyanobacteria. Cyanobacteria, as a primitive organism, have a huge
potential for the benefit of human welfare in the 21% century as well
as in the coming century with the scientific tools we have in hand.
Even though they are a rich source of antifungals, antibacterials, and
antioxidants, several roadblocks hinder their usage on a large scale.
We need to find better ways to continue studying them to find strains
with more usability and reproducibility so that their research can
be forwarded to clinical trials and interdisciplinary research. It
should not be labour and energy-intensive, and there should
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This study was undertaken to bridge the knowledge gap pertaining to cyanobacteria’s
response to pretreatment. The result elucidates the synergistic effect of pretreatment
toxicity in cyanobacterium Anabaena PCC7120 on morphological and biochemical
attributes. Chemical (salt) and physical (heat) stress-pretreated cells exhibited
significant and reproducible changes in terms of growth pattern, morphology,
pigments, lipid peroxidation, and antioxidant activity. Salinity pretreatment showed
more than a five-fold decrease in the phycocyanin content but a six-fold and
five-fold increase in carotenoid, lipid peroxidation (MDA content), and antioxidant
activity (SOD and CAT) at 1 h and on 3rd day of treatment, respectively, giving
the impression of stress-induced free radicals that are scavenged by antioxidants
when compared to heat shock pretreatment. Furthermore, quantitative analysis of
transcript (QRT-PCR) for FeSOD and MnSOD displayed a 3.6- and 1.8-fold increase
in salt-pretreated (S-H) samples. The upregulation of transcript corresponding to salt
pretreatment suggests a toxic role of salinity in synergizing heat shock. However,
heat pretreatment suggests a protective role in mitigating salt toxicity. It could
be inferred that pretreatment enhances the deleterious effect. However, it further
showed that salinity (chemical stress) augments the damaging effect of heat shock
(physical stress) more profoundly than physical stress on chemical stress possibly by
modulating redox balance via activation of antioxidant responses. Our study reveals
that upon pretreatment of heat, the negative effect of salt can be mitigated in
filamentous cyanobacteria, thus providing a foundation for improved cyanobacterial
tolerance to salt stress.

cyanobacteria, Anabaena PCC7120, salinity, heat shock, pretreatments, stress

1. Introduction

Anthropogenic activities in agricultural fields such as overuse of chemical fertilizers and
improper irrigation practices increase the salt and metal contents in the soil. Furthermore, an
increase in greenhouse gas emissions leads to the accumulation of heat-trapping gases in the
atmosphere and thus warms the climate, which eventually disturbs the soil ecosystem as well as
soil microflora, particularly cyanobacteria. Thus, salinity and heat are considered agriculturally
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relevant abiotic stresses and are of particular interest. Cyanobacteria
are photosynthetic prokaryotes, present in extreme environments,
and serve as a dominant producer in paddy fields. They tolerate
unfavorable environmental conditions and thus have evolved various
responses to acclimatize to stresses (Wannigama et al, 2012).
Anabaena, a filamentous nitrogen-fixing cyanobacterium, is known
to fix a significant amount of nitrogen in Indian paddy fields.
However, in paddy fields, they are exposed to various abiotic stresses,
including heat and salinity. Salt stress is an abiotic element that has
a huge impact on cyanobacterial survival and growth. In cells of
photosynthetic organisms, salt stress leads to a decrease in cell volume
and an increase in osmotic stress (Yang et al., 2020). It also inhibits
processes like photosynthesis, protein synthesis, energetics, and lipid
metabolism. Changes in ion and water homeostasis due to salt cause
damage at the molecular level, arrest growth, and can even cause
death (Demiral and Tiirkan, 2006). The low concentration of Na*t
aids in the regulation of pH and nitrogen and carbon dioxide fixation
in plants and cyanobacteria (Karandashova and Elanskaya, 2005; Han
etal, 2012; Fan et al., 2019). Ion homeostasis is disrupted by excessive
Na™ and CI™ fluxes into the cell, resulting in the build-up of ROS
(Scarpeci et al., 2008; Feng et al., 2015; Song et al., 2020). ROS leads to
the breakdown of the photosynthetic machinery and membrane lipid
peroxidation, which has a negative impact on photosynthesis (Yang
et al,, 2020). Furthermore, high NaCl concentrations prevent the
de novo synthesis of proteins, including several photosystem-related
proteins like the D1 protein (Allakhverdiev et al., 2002).

However, heat damages the cellular membrane and leads to
oxidative damage, thereby producing ROS such as superoxide
anions, hydroxyl radicals, and peroxides (Liu and Huang, 2000).
Furthermore, it is also known to inhibit growth, photosynthesis,
metabolism, and RNA synthesis and induce protein denaturation
and aggregation causing post-translational modifications leading
to the loss of cell viability (Wen et al, 2005). Photosystem II
(PSI) is regarded to be one of the most sensitive locations in
photosynthetic machinery, and its activity is considerably reduced by
high-temperature stress (Zhao et al., 2008).

However, most of the studies concerning stress are of single
stress type (Rai et al, 2013). The pretreatment effect is distinctive
and cannot be extrapolated from the responses to each of them
when applied alone. It is reasonable to presume that the molecular
signaling pathway and the complex network of interrelated genes
may synergize and/or antagonize each other’s effects (Rai et al,
2013). Even though the pretreatment phenomenon has not yet been
reported to exist in the environment but it can be applied to various
biotechnological approaches, as mentioned in the study of Ellison
et al. (2019) in where they studied the effect of pretreatment for
enhanced lipid extraction. Pretreatment studies of salt, temperature,
and copper followed by UV stress in Anabaena doliolum (Srivastava
et al,, 2006), pretreatment of copper followed by UV stress in
Anabaena doliolum (Bhargava et al,, 2008), and heat pretreatment
followed by UV stress in Anabaena doliolum (Mishra et al., 2009)
are one of the very few reports on cyanobacteria pertaining to
pretreatment.

A thorough review of the literature has revealed the availability
of facts of cyanobacteria subjected to single stresses as well as in

Abbreviations: C, control; H, heat shock treatment; S, salinity; H + S, heat
shock and salinity combined; H-S, heat shock pretreatment followed by
salinity; S-H, salinity pretreatment followed by heat shock; SOD, superoxide
dismutase; CAT, catalase.
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combination (Narayan et al., 2011; Pandey et al., 2012; Rai et al., 2013,
2014; Agrawal et al., 2014; Panda et al., 2014; Shrivastava et al., 2015;
Singh et al., 2015; Teikari et al., 2015). However, studies pertaining
to pretreatments are very limiting. Furthermore, heat treatment has
been found to offer cross-tolerance to different abiotic stresses such
as salt (Mishra et al,, 2009) but studies pertaining to the effects of
salt (chemical stress) on heat shock (physical stresses) is limiting.
Therefore, this study was conducted to bridge the above-mentioned
gap in the knowledge regarding the response of cyanobacteria
subjected to pretreatment. In light of this and the physicochemical
characteristics of the relevant stresses, we postulated that salinity
pretreatment should enhance the heat effect while heat pretreatment
should counteract the salinity effect even if applied after 7 days. To
test the aforementioned hypotheses, experiments were conducted to
investigate the effect of pretreatment with salt and temperature on the
morphology, pigment content, lipid peroxidation (MDA content),
enzymatic (superoxide dismutase and catalase) modifications, and
expression pattern of antioxidative genes in Anabaena PCC7120.

2. Materials and methods

2.1. Organism and growth condition

Anabaena PCC7120 was grown axenically in BG-11 medium
(Rippka et al., 1979) buffered with 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid (HEPES) buffer (1.2 g L™!) at pH 7.5 in
Erlenmeyer flask of capacity 250 ml containing 100 ml of culture
at 24 £ 2°C under a day light fluorescent tube emitting 72 pmol

m~2 7!

photosynthetically active radiation (PAR) light intensity
and a photoperiod of 14:10 h. The flasks were plugged with non-
absorbent cotton and were shaken 2-3 times daily for proper
aeration. All experiments were performed under an exponentially

growing culture.

2.2. Experimental design and treatments

Anabaena PCC7120 culture (OD759 = 0.5) never exposed to stress
was taken as control strain. The single, combined, and pretreatment
of heat and salt treatment were given to the strain at LCsy (lethal
concentration). LCsp was determined through the colony count
method (Rai and Raizada, 1985).

2.2.1. For LCsgNaCl determination

Exponentially growing Anabaena containing 10* cells mL~!
was aseptically spread on agar plates supplemented with various
concentrations of NaCl (50-250 mM).

2.2.2. For LCsq heat shock determination

Exponentially growing Anabaena containing 10* cells mL~!
was aseptically spread on agar plates. The plates were shifted
to the temperature-controlled incubator for heat treatment under
continuous light of 72 jLmol photon m~2 s~! PAR provided by
fluorescent lamps throughout the heat treatment. The plates were
exposed to different temperatures (40-60°C) for 1 h.

Cells were counted after 3 weeks. LCsg was obtained at 150 mM
and 45°C for NaCl and heat, respectively.
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2.3. Experimental design

The experiments were performed in six sets: (1) cells never
exposed to stress (C), (2) cells exposed to heat at 45°C for 1 h (H),
(3) cells exposed to salt at 150 mM (S), (4) cells pretreated with heat
(45°C for 1 h) followed by recovery for 7 days and application of salt
at 150 mM (H-S), (5) cells pretreated with salt at 150 mM followed
by recovery for 7 days and application of heat at 45°C (S-H), and
(6) cells exposed to combined heat and salt stress at respective LCsg
(H + S) (Figure 1). All the parameters used in the present study
were analyzed from the aforementioned cultures. Experiments were
performed in triplicates and were repeated two times to confirm the
reproducibility.

2.4. Growth measurements

Growth was estimated by observing the optical density of the
culture at OD759 nm in a UV/visible spectrometer (Shimadzu, 2017)
on alternate days up to the 15th day using the basal medium as blank
(Kipper et al,, 2000). It was also measured by cell count through
a hemocytometer under a microscope (Olympus, 2019) at 40X on
alternate days up to the 15th day (Lawton et al,, 1999).

2.5. Morphological alterations

The morphological alteration was obtained by taking images
of the control culture and culture exposed to stress on 0, 3,
7, and 15 days using a light microscope (Olympus, 2019 model
no. CX21iLEDFS1) at 40X, and the image was processed through
a computer with Magcam DC-10 camera model and MagVision
software (Image calibration: 40X; X:50.000000/40 Micron/Pixel; Y:
50.000000/40 Micron/Pixel).

2.6. Pigments estimation

Pigment estimation was done by the protocol of Myers and Kratz
(1955). A known volume of cyanobacterial culture was centrifuged
and the pellet was incubated overnight at 4°C in 80% acetone. The
suspension was centrifuged and the supernatant was used to measure
chlorophyll a and carotenoid at 663 and 480 nm, respectively. The
pellet thus obtained was used for the estimation of phycocyanin.
The pellet was resuspended in 30 mM Tris-HCI and sonicated. The
suspension was centrifuged and the supernatant was used to measure
the phycocyanin content at 610 nm.

2.7. Phycobiliproteins spectrum

The supernatant obtained in the pigment estimation for
phycocyanin (Myers and Kratz, 1955) was used to study
phycobiliproteins spectra by measuring the absorbance from

the range of 400-700 nm (Adir and Lerner, 2003).

2.8. Malondialdehyde (MDA) estimation

The total content of 2-thiobarbituric acid (TBA) reactive
substances expressed as MDA (malondialdehyde) was used to

Frontiers in Microbiology

10.3389/fmicb.2023.1061927

measure lipid peroxidation. These reactive substances were extracted
by the protocol of Cakmak and Horst (1991). A known volume of
culture was centrifuged and the pellet was suspended in 0.1% of TCA
at 4°C. The suspension was sonicated and centrifuged. A total of 0.5%
TBA in 20% TCA was added to the supernatant and the solution was
incubated at 90°C, and then the reaction was terminated in ice-cold
water. The suspension was again centrifuged. The absorbance of the
supernatant was measured at 532 nm and corrected for non-specific
turbidity by subtracting the absorbance at 600 nm. The concentration
of MDA was calculated at its extinction coefficient (155 mM ™! cm?).

2.9. Antioxidant assay

Cell pellets of Anabaena PCC7120 suspended in lysis buffer (pH
7.0) were sonicated in ice-cold condition. Cell lysis buffer for enzyme
assay contained 1 mM EDTA and 1% PVP. The sonicated sample
was centrifuged at 4°C and the resulting supernatant containing
crude extract or antioxidant enzymes was used for further assay.
Total SOD activity was assayed by monitoring the inhibition of
reduction of nitroblue tetrazolium (NBT) according to the method
of Giannopolitis and Ries (1977). A 3 ml reaction mixture contained
50 mM potassium phosphate buffer (pH 7.8), 0.1 mM EDTA, 13 mM
methionine, 75 @M NBT, enzyme extract, and 2 M riboflavin. The
reaction mixture was illuminated for 20 min at a light intensity of
5,000 pmol photon m~2 s~ 1. One unit of SOD activity was defined
as the amount of enzyme required to cause 50% inhibition of NBT
reduction monitored at 560 nm. Catalase activity was estimated
by measuring the consumption of H,O, (extinction coefficient
39.4 mM~! cm™!) at 240 nm for 3 min (Aebi, 1984). A 3 ml
reaction mixture contained 50 mM potassium phosphate buffer (pH
7), 10 mM H;,0;, and enzyme extract. One unit of CAT activity was
defined as the amount of enzyme utilized to decompose 1.0 pM of
Hzoz.

2.10. Transcript analysis

Total RNA extraction using the RNeasy Micro kit (Qiagen)
was performed from 50 ml culture (OD750nm = 0.6) of Anabaena
PCC7120 grown in BG11 before and after stress treatment. Total
RNA (1 ng) was reverse transcribed in a 20 pl reaction mixture
using the iScript cDNA synthesis kit (BioRad). Transcript analysis
was performed using gene-specific primer for antioxidative genes,
FeSOD, MnSOD, and catalase (all0070, alr3090, and alr2938) as
well as reference gene rnpB (Table 1). For qRT-PCR using a CFX-
96 (BioRad), 15 ng of cDNA extracted from each sample was used
in 20 pl including 10 pmol of each forward and reverse primers,
and 1x Sso fast evagreen qPCR supermix (BioRad). Transcript
levels were normalized to rnpB transcript and calculated using the
27 AACt method to evaluate the relative quantities of each amplified
product (Livak and Schmittgen, 2001). The threshold cycle (Ct) was
automatically determined for each reaction by the system (default
parameters). The specificity of the PCR was determined by melting
curve analysis of the amplified products.

2.11. Statistical analysis

Values presented in the text indicate the mean & S.E. of the three
replicates. The experiments were done in triplicates and repeated
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FIGURE 1
Experimental design.
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TABLE 1 Oligonucleotide used for the analysis of the selected antioxidative
gene for qRT-PCR.

Gene Primers ‘
allo070 F: TGGTAGTGGTTGGGTTTGGT
R: AGCGTGTTCCCAGACATCAT
alr3090 F: AACGTGGATCAAACAGAGGC
R: TCGCTCTCAAATCCCGAACT
alr2938 F: TGATGATGGCGGTACACTGA
R: CTGGGCGAGCATTTCTGAAG
mpB F: AGGGAGAGAGTAGGCGTTGG
R: GGTTTACCGAGCCAGTACCTCT

two times to confirm the reproducibility. Results were statistically
analyzed using two-way ANOVA, followed by Dunnetts multiple
comparisons test to compare changes within groups. A p-value
of < 0.05 was considered statistically significant. All the statistical
analysis was performed using SPSS ver. 22.0 software.

3. Results

3.1. Growth measurements

The sharp decline in growth can be seen in cells subjected to S-H
as shown in Figure 2A, and S-H density declined by 71.57, 56.90, and
50.06% on the 4, 6, and 10th days, respectively. The H-treated sample
showed an appreciable decrease from the 6th day to the 10th day of
treatment, thereafter there was an increase in its growth. S showed
a decrease on the 10th day by 50.47%. However, H+S and pretreated
sample, i.e., H-S did not show any stark difference in their growth and
were always on par with the control sample. H, H+S, and H-S, did
not show any significant change in their cell density. Control bears a
sigmoid curve during its growth measurement.

Frontiers in Microbiology

Results pertaining to cell count (Figure 2B) portrayed that the
sample treated with S-H was severely affected and showed a sharp
decline in its number up to 15 days. H and H+S showed significant
cell death by 67.54 and 57.14%, respectively, on the 15th day. S
showed significant cell death from the 14th day onward. There was
a decline of 71.31 and 69.09% on the 14th and 15 days, respectively.
H-S showed a significant decrease on the 12th day by 53.35%, on the
14th day by 48.75%, and on the 15th day by 64.13%.

However, if a correlation has to be drawn between the optical
density and cell count, it can be concluded that an increase in cell
density does not correspond to an increase in live cell number. An
increase in cell density and a decrease in live cell count in a sample can
be attributed to the fact that optical density has included the density of
live and dead cells together as can be observed in the case of samples
treated with H, S, H-S, and H+S.

3.2. Morphological alterations

The morphological alterations of Anabaena PCC7120 were
investigated through light microscopy under various stresses. There
were significant differences in the morphological changes shown
by the organism under study. Light microscopic studies on the
interactions of the stress with Anabaena PCC7120 revealed extensive
breakage of cyanobacterial filaments.

Significant variation was not observed in samples after 1 h of
stress treatment sample and control. Slight yellowing of filaments
could be observed in cells subjected to salt stress. Comparative
shortening of filaments was observed in all samples on the 3rd day of
stress treatment. The akinete formation could be observed in cultures
exposed to H + S in order to survive stress conditions. Fragmentation
of filaments was observed in the pretreated samples (H-S and S-H).

Abnormality in cell shape and size within the filaments was
observed in treated cultures on the 7th day. The terminal akinete
formation was observed in filaments exposed to stresses. Moreover,
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FIGURE 2
Growth behavior of Anabaena PCC 7120 exposed to stress. (A) Growth measurement via optical density. (B) Growth measurement via cell count.

prominent intercalary cell death was observed in the culture treated
with H and in S-H. Abnormal bulging of cells in the filament
of cyanobacterium was observed in H + S. Intercalary cell death
appeared in H on the 15th day, whereas cell enlargement and
the terminal akinete cell were observed under salt treatment.
H + S treatment showed distinctive anomalous cell enlargement
in filaments owing to osmotic and heat stress. Fragmentation of
filaments was observed in H-S; 4-5 cells/filaments were observed.
A peculiar phenomenon of contraction of the protoplast of a plant
cell, which may be due to loss of water from the cells, was observed
in S-H which resulted in plasmolysis of cells in the filaments due to
salinity pretreatment (Figures 3A-D).

3.3. Pigment analysis
3.3.1. Chlorophyll a

No significant change was observed after 1 h of stress
exposure. The chlorophyll content of the culture subjected to
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treatment declined throughout the observation. On the 3rd day,
S showed a significant decline in its chlorophyll concentration
by 2.60-fold. Moreover, on the 15th day, cultures subjected
to S and H + S treatments showed a significant decrease of
2.73- and 3.02-fold, respectively, in the chlorophyll a content.
Nonetheless, pretreatment samples showed a decline in the content
(approximately 1-1.5-fold change) unlike the other stressed exposed
culture but it was on par with the control. It may be that
pretreatment had an antagonistic effect on the latter-induced stress
(Figure 4).

3.3.2. Carotenoid

An increase in carotenoid content was observed throughout all
cultures subjected to stress. However, H-S showed a significantly high
amount of carotenoid from 1 h up to the 15th day. It showed an
increase of 32.94, 33.98, 33.35, and 34.23% on 1 h and 3rd, 7th, and
15th day, respectively, in comparison to the control. Similarly, S-H
also showed a significant increase in the amount of carotenoid on
the 7 and 15th day (33.35 and 29.19%, respectively) after treatment
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FIGURE 3

(A) Images of Anabaena PCC7120 subjected to selected stresses after 1 h (Image calibration: 40X; X:50.000000/40 Micron/Pixel; Y: 50.000000/40
Micron/Pixel). (B) Images of Anabaena PCC 7120 subjected to selected stresses on 3rd day. (Image calibration: 40X; X:50.000000/40 Micron/Pixel; Y:
50.000000/40 Micron/Pixel. Red arrows or braces indicate a morphological alteration in the filaments. A. Akinete formation; B. and C. Fragmentation of
filaments; D. Bulging of cells in filaments). (C) Images of Anabaena PCC 7,120 subjected to selected stresses on the 7th day (Image calibration: 40X;
X:50.000000/40 Micron/Pixel; Y: 50.000000/40 Micron/Pixel. E. & I. Intercalary cell death; F. and H. Akinetes formation; G. Cell bulging). (D) Images of
Anabaena PCC7120 subjected to selected stresses on the 15th day (Image calibration: 40X; X:50.000000/40 Micron/Pixel; Y: 50.000000/40
Micron/Pixel. J. Intercalary cell death; K. Akinete formation; L. and M. Fragmentation of filaments; N. Plasmolysis of cells in filament).
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(Figure 5). The increase of carotenoids in pretreated samples can
be attributed as a positive strategy as it protects light-harvesting
pigments against photochemical damage.

3.3.3. Phycocyanin

Phycocyanin content was always low for the treated sample up to
the 15th day of observation in comparison to the control. There was
no significant decline in the phycocyanin content in the H-treated
sample. Significant changes were observed in all cultures subjected to
stress on 1 h and 15th day except in H, whereas the pretreated sample
also showed a significant decrease in the content on the 3rd and 7th
day. There was a decrease of 2. 45-, 2. 22-, 2. 29-, and 5.21-fold in S,
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H + S, H-S, and S-H, respectively, on 1 h after treatment, and 1. 13-,
3.15-,5.52-,and 3.74-fold in S, H + S, H-S, and S-H, respectively, on
day 15. S-H showed a decrease in content by 2.49- and 4.426-fold on
the 3rd and 7th day, respectively, and H-S showed a decrease of 3.15-
fold on day 7 (Figure 6). Pretreatment enhanced the degradation of
phycocyanin.

3.4. Phycobiliprotein spectrum

A study was conducted to assess the effect of stress on
phycobiliproteins of Anabaena PCC7120. It resulted in a large peak
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FIGURE 4

Effect of selected stresses on chlorophyll a content of Anabaena PCC 7120 up to the 15th day. Asterisk (*) indicates p < 0.05 and triple asterisk (***)
indicates p < 0.001. (H-S indicates heat pretreatment; S-H indicates salt pretreatment).
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FIGURE 5

Effect of selected stresses on carotenoid content of Anabaena PCC 7120 up to 15th day. Asterisk (*) indicates p < 0.05, a double asterisk (**) indicates
p < 0.01, and the triple asterisk (***) indicates p < 0.001. (H-S indicates heat pretreatment; S-H indicates salt pretreatment).
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FIGURE 6

Effect of selected stresses on phycocyanin content of Anabaena PCC 7120 up to 15th day. A double asterisk (**) indicates p < 0.01, the triple asterisk (***)
indicates p < 0.001, and the four asterisk (****) indicates p < 0.0001. (H-S indicates heat pretreatment; S-H indicates salt pretreatment).
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of allophycocyanin (620-660 nm) and phycocyanin (600-640 nm) in
control. Phycoeyrthrocyanin peak was also higher in control than in
stresses throughout the observation period. The peak area was least
affected in H, whereas S-H was severely affected in terms of peak area
except on the 15th day. Rest were showing intermediate results. H and
H + S showed similar absorption for phycoerythrin and S and H-S
also bear close resemblance in peak. A similar result was obtained
on the 3rd day with the exception that H + S showed a further
decrease in peak. On the 7th day, H was on par with control for
the phycoerythrin peak but there was a significant decrease in peak
in terms of allophycocyanin and phycocyanin. S and H-S samples
were on par with each other in terms of the peak for phycocyanin,
whereas the absorption of others remains almost the same as that of
the 3rd day. H + S and H-S showed a decrease in their phycocyanin,
allophycocyanin, and phycoerythrin peak but S-H showed a large
peak on the 15th day (Figure 7). The change in absorption spectra
of phycocyanin was similar to the change in the concentration of
phycocyanin.

3.5. Malondialdehyde (MDA)

The untreated sample showed a low level of MDA formation
throughout the observation, whereas the treated one showed a
comparatively high MDA level. MDA formation was significantly
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increased after 1 h of stress (4.25-fold increase) for H. The MDA
content for S gradually increased up to the 7th day (5. 25-, 2. 66-,
and 2.18-fold increase on 1 h and 3rd and 7th day, respectively).
H + S showed significant production after 1 h of treatment (5.88-
fold increases). H-S and S-H showed a significantly high content of
MDA throughout the observation period. In pretreatment, the salt-
pretreated sample showed the highest induction of MDA (Figure 8).
The high amount of MDA marks high oxidative lipid injury under
stress.

3.6. Antioxidant assay

3.6.1. Superoxide dismutase

S-H showed the highest increase in SOD activity throughout the
observation with 6. 04-, 5. 49-, 7. 53-, and 2.18-fold increase on 1 h,
and 3rd, 7th, and 15th day, respectively, in comparison with control
which was followed by H-S. SOD activity was the highest on the 0th
day (1-fold), followed by the 3rd day (3.58-fold), the 7th day (3.28-
fold), and the 15th day (1.05-fold) for H-S. The least SOD activity
among all the treatments shown by H. S showed an increase in activity
up to the 7th day (4. 45-, 1. 67-, and 3.12-fold, respectively). H + S
displayed an increase in its SOD activity on 1 h and 3rd day by 2.52-
and 2.43-fold, respectively (Figure 9).
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Effect of selected stresses on superoxide dismutase activity in Anabaena PCC 7120 up to the 15th day. Four asterisks (****) indicate p < 0.0001. (H-S

3.6.2. Catalase

No significant changes were observed in catalase activity after
1 h of treatment. Catalase activity showed maximum induction
throughout the observation in S-H. There were 5. 96-, 1. 79-, and
1.61-fold increase on 3rd, 7th, and 15th day, respectively. H-S showed
an increase in its activity up to the 7th day with a significant increase
on the 3rd day (3.97-fold). S and H + S showed similar activity to
that of heat pretreatment. However, no significant increase in catalase
activity was shown by H (Figure 10).

Frontiers in Microbiology

3.7. Transcript analysis

Expression of three genes of the antioxidative defense system
(FeSOD, MnSOD, and catalase) was observed in response to selected
stresses, which displayed differential accumulation as compared to
control. The expression of the genes alr2938 and all0070, which,
respectively, code for FeSOD and MnSOD, increased by 3.6- and
1.8-fold in salt-pretreated (S-H) samples, indicating activation of
stress defense pathways in response to ROS generation, supporting
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our biochemical findings. Likewise, cells exposed to H and S also
displayed accumulation of alr2938 and all0070. Transcript levels of
all0070 were downregulated under H-S and H + S samples. Similarly,
catalase (alr3090) expression was also downregulated in Hand H + S
samples, whereas increased in S, S-H, and H-S samples (Figure 11).

4. Discussion

The present study deals with the effect of heat shock, salinity, their
combination, and pretreatment stresses on growth, morphological
alteration, pigments, lipid peroxidation, and antioxidant enzymes of
Anabaena PCC 7120.

Morphological  alterations  through light  microscopy
demonstrated extensive shrinkage of cyanobacterial filament, cell
degeneration, and terminal akinetes formation. It further revealed
that the heat initially had no impact on the cellular structure,
however, significant cell degeneration was observed in later phases.
A similar result was observed under salinity stress, but anomalous
swelling of cells was a unique feature observed on the 15th day,
which could be due to osmotic stress leading to the accumulation of
osmoprotectant (Singh and Montgomery, 2013). Heat pretreatment
showed fragmentation of the filaments. H + S showed abnormal
bulging of the cells in the filaments, which could be attributed to
the fact that in addition to the cellular toxicity brought on by high
ion concentrations, high salt concentrations in the growth media
are known to reduce the water potential (Singh and Montgomery,
2013). Osmotic stress is thus caused by salt stress, and under these
circumstances, many organisms, including cyanobacteria, store or
synthesis suitable solutes or osmoprotectants to maintain reduced
water potential inside the cell (Singh and Montgomery, 2013). In
S-H, plasmolysis of cells in the filaments due to salinity pretreatment
followed by heat was observed, which may be due to the hypertonic
environment of the cyanobacterium. Similar to past observations

on the response of cyanobacteria to abiotic stress conditions,
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particularly nitrogen constraint, akinete formations were observed.
These findings require in-depth analysis because they are intriguing
(Mahawar et al., 2018).

The decline in the chlorophyll a content in stressed samples could
be attributed to the production of ROS that caused bleaching due to
active oxygen-mediated peroxidation (Rai et al., 2021). Moreover, the
comparative increase in the content of pretreated samples reflects the
occurrence of cross-tolerance of heat-pretreated and salt-pretreated
Anabaena to salt and heat stress, respectively. This result was
concordant with the study of Mishra et al. (2009), which reported
heat-mediated alleviation of UV-B toxicity in Anabaena doliolum.

The result of the pretreatment effect on carotenoid content
can be further supported by the study of Mishra et al. (2009),
where they reported an increase in carotenoid content on heat
shock pretreatment followed by UV-B treatment. An increase in
carotenoids in Anabaena PCC7120 under stress can be attributed
to a positive strategy (Nonnengiesser et al, 1996). It is due to
its role of protecting light harvesting pigments in the antenna
complex against photochemical damage by allowing triplet energy
transfer from chlorophyll a to carotenoid (Kim et al., 2005). They
exert photoprotective and antioxidative functions by dissipating
excess energy as heat by non-photochemical quenching (NPQ)
or by scavenging excess ROS (El Bissati et al,, 2000). Moreover,
carotenoids are potent non-enzymatic antioxidants, which scavenge
a variety of reactive oxygen species when cyanobacteria are exposed
to stress. They play a role of a modulator of membrane homeostasis
and photosynthetic apparatus against abiotic stress (Kirilovsky and
Kerfeld, 2016).

Phycocyanin content significantly decreased under all treatments
except heat up to the 15th day of observation compared to the
control. The decrease in phycocyanin under S, H + S, H-S, and
S-H may be due to the rapid entry of sodium ions leading to
the dismantling of phycobilisomes from the thylakoid membranes
causing photosynthesis inhibition and reduced energy transfers from
phycobiliproteins to the reaction center (Lu and Vonshak, 2002;
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Rafiqul et al., 2003). Similar results have been earlier reported by  (2000) on Spirulina platensis, thus supporting present findings.
Hemlata and Fatima (2009) on Anabaena NCCU-9, Singh et al.  Samples exposed to salt pretreatment were the most affected followed
(2012) on Anabaena sp. PCC 7120, and Verma and Mohanty by heat pretreatment. Moreover, an increase in the intracellular
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concentration of NaCl inactivates ATP synthase and decreases the
intracellular level of ATP (Murata et al., 2007). Moreover, ROS-
induced protein peroxidation may also cause a damaging effect on

phycocyanin.
Phycobiliproteins are water-soluble proteins that are covalently
bonded with phycobilins (Hu, 2019). Due to phycobilins,

phycobiliprotein have distinct absorption spectra from 460 to
670 nm (Adir and Lerner, 2003). Phycobiliproteins are divided into
three different classes based on phycobilin energy or absorption
spectra. Phycoerythrin (PEs) or phycoerythrocyanin (PECs) are of
higher energy with main absorption at 480-580 nm, phycocyanin
(PCs) of intermediate level with absorption at 600-640 nm, and
allophycocyanins (APCs) with absorption at 620-660 nm. The
change in the spectrum can be attributed to the fact that stresses led
to photosynthetic inhibition. Inside the photosynthetic apparatus,
the phycobilisome, which is involved in light capture, may be a target
of photodamage and oxidative toxicity. These results find support
from the studies of Wen et al. (2005) and Zhang et al. (2010) on
Spirulina platensis under salt and heat stress, respectively.

Lipids play an important role in the tolerance to several
physiological stressors in a variety of organisms including
cyanobacteria (Parida and Das, 2005). An increase in the level
of lipid peroxidation under various stresses can be attributed to the
increased production of reactive oxygen species indicating oxidative
stress in cyanobacteria, which can lead to cellular damage (Rai et al,,
2021). In cyanobacteria, the membrane contains a high amount of
polyunsaturated fatty acid (PUFA) (Halliwell, 1999), and increased
MDA content is due to oxidative degradation of PUFA (Girotti,
1990). Increased lipid peroxidation in salt pretreatment (S-H) could
be due to salinity-induced membrane damage, which was followed by
heat treatment and enhanced lipid peroxidation. This finds support

10.3389/fmicb.2023.1061927

from the work of Srivastava et al. (2006), where a similar increase was
reported in salt-pretreated samples followed by UV-B in Anabaena
doliolum.

In order to scavenge stress-induced ROS, cyanobacteria activate
their antioxidative defense system. SOD activity followed a general
trend of S-H > H-S > S > H > C except on the 15th day of treatment
suggesting recovery and suppression of the antioxidative defense
system on the 15th day. Cyanobacteria induce a complex antioxidant
defense system to combat the increasing level of ROS. SODs are the
first line of defense against ROS. Superoxide dismutase is induced by
a variety of cyanobacteria under stress and dismutates the superoxide
radical (Zutshi et al., 2008). Superoxide dismutase is a major oxygen-
free radical scavenger and it functions by disproportionating free
radicals into hydrogen peroxide which is further scavenged by
catalase (Machdekova, 1995).

A similar result was obtained for catalase, where pretreatment
enhanced the activity. Peroxide radical produced by SOD during the
scavenging of free radicals is further scavenged by catalase (Halliwell
and Gutteridge, 2015). Catalases belong to the category of well-
characterized antioxidant enzymes for hydroperoxide detoxification
that cleaves the peroxide bond in hydrogen peroxide (H-O-O-H)
to form molecular oxygen and water (Srivastava, 2010). Hence, it
appears that peroxide can be detoxified by CAT.

Biochemical findings were further strengthened after analyzing
the transcript levels of respective genes. Our findings imply that
salinity pretreatment has an impact on the transcriptional control
of genes involved in antioxidant production. Surprisingly, at heat
pretreatment, the transcript levels of FeSOD and MnSOD were
significantly downregulated. This may imply that the production of
FeSOD and MnSOD is not alarm-driven by ROS or other cellular
signals of temperature stress. Nevertheless, catalase gene expression
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more fragile.

Frontiers in Microbiology

102

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1061927
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Srivastava et al.

was elevated. However, enhanced FeSOD and MnSOD under salt
pretreatment (S-H), as compared with salinity, indicate an adaptive
strategy of Anabaena for scavenging excessive ROS produced by
the cyanobacteria.

5. Conclusion

The study was conducted to analyze the effect of stresses
on cyanobacteria with the main aim to examine the effect of
pretreatments on growth, development, pigment, lipid peroxidation,
and antioxidant activity. Cyanobacteria were chosen due to their
cosmopolitan nature, and particularly, Anabaena PCC7120 was
chosen as a model organism as it bears a close resemblance to higher
plant and easy maintenance of the culture in the laboratory. The
cyanobacterium was able to effectively detoxify the surplus reactive
oxygen species formed inside the cells of stressed Anabaena PCC7120
due to the enhanced expression of SOD in salt pretreatment. It
can be concluded that the salinity pretreatments enhanced the
deleterious effect. Salt was found to synergize the effect of heat on
cyanobacteria as it caused osmotic stress in the cells that affect the
cellular equilibrium whereas heat has been found to offer some cross
tolerance to abiotic stresses due to the production of heat shock
proteins. Heat shock proteins may be responsible for the protective
effect of heat against salt. Pretreatment at sublethal temperatures
increases the thermotolerance of cyanobacterial species, both
unicellular and filamentous, and suggests that heat shock genes
and proteins are involved in thermotolerance. Due to the constant
synthesis of the two Hsp60 proteins throughout the heat stress
and their great stability even after returning to normal growth
circumstances, Anabaena demonstrates exceptional recovery from
heat stress. On the other hand, salinity increased heat toxicity. The
cellular equilibrium of the cell is disturbed by salt. Pretreatment with
salinity impairs membrane permeability. In addition, it interferes
with the cell’s ideal environment, which hinders enzyme activity, and
is further hampered by heat shock (Figure 12). When exposed to
heat, such pretreated cells become more fragile. Hence, it can be
inferred that when physical and chemical stresses are superimposed
7 days apart, pretreatment chemical stress synergizes the deleterious
effect of physical stress but pretreatment physical stress offers some
tolerance to chemical stress. Therefore, this study is the first to
provide how cyanobacteria respond in the presence of physical and
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Removing microcystins (MCs) safely and effectively has become an urgent global
problem because of their extremely hazardous to the environment and public health.
Microcystinases derived from indigenous microorganisms have received widespread
attention due to their specific MC biodegradation function. However, linearized MCs are
also very toxic and need to be removed from the water environment. How MIrC binds to
linearized MCs and how it catalyzes the degradation process based on the actual three-
dimensional structure have not been determined. In this study, the binding mode of MIrC
with linearized MCs was explored using a combination of molecular docking and site-
directed mutagenesis methods. A series of key substrate binding residues, including E70,
W59, F67, F96, S392 and so on, were identified. Sodium dodecane sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) was used to analyze samples of these variants. The activity
of MIrC variants were measured using high performance liquid chromatography (HPLC).
We used fluorescence spectroscopy experiments to research the relationship between
MIrC enzyme (E), zinc ion (M), and substrate (S). The results showed that MIrC enzyme,
zinc ion and substrate formed E-M-S intermediates during the catalytic process. The
substrate-binding cavity was made up of N and C-terminal domains and the substrate-
binding site mainly included N41, E70, D341, S392, Q468, 5485, R492, W59, F67, and F96.
The E70 residue involved in both substrate catalysis and substrate binding. In conclusion,
a possible catalytic mechanism of the MIrC enzyme was further proposed based on the
experimental results and a literature survey. These findings provided new insights into
the molecular mechanisms of the MIrC enzyme to degrade linearized MCs, and laid a
theoretical foundation for further biodegradation studies of MCs.

MIrC enzyme, microcystins biodegradation, substrate-binding mode, catalytic mechanism,
active center, molecular docking

1. Introduction

Due to water eutrophication and global warming, the ecological crisis and public health
problems caused by harmful cyanobacterial blooms (HCBs) have become a global environmental
issue (Paerl et al., 2011; Paerl and Otten, 2013; Xu et al., 2015; Bullerjahn et al., 2016; Visser et al.,
2016; Huisman et al., 2018; Sadhasivam et al., 2019; Sehnal et al., 2019; Ji et al., 2020; Li et al.,
2020; Du et al., 2021). During the overgrowth of HCBs, toxin-producing cyanobacteria release
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various microcystins (MCs) into the water body, with MC-LR,
MC-RR, and MC-YR being the most toxic and widely distributed MC
variants (Hoeger et al., 2007; Atencio et al., 2008; Zeller et al., 2012;
Okogwu et al., 2014; He et al., 2018; Tao et al., 2018; Zhang et al,,
2021). MCs are potent liver toxins and tumor promoters (Fujiki and
Suganuma, 1994; Zhang et al., 2012; Tian et al., 2013; Wang et al,,
2014,2022; Hernandez et al., 2021). These cyanotoxins are extremely
stable and are not effectively removed by conventional methods. They
accumulate in aquatic animals and threaten human health and safety
through the food chain (Zurawell et al., 2005; Zhang et al., 2009;
Lance et al., 2010; Sotton et al., 2014; Pham and Utsumi, 2018; Kim
etal., 2019; Zamora-Barrios et al., 2019). Human health risks caused
by MCs may continue to increase in the future without effective
intervening measures (Chen et al., 2005; Tian et al., 2013; Zhao et al.,
2016, 2020; Janssen, 2019; Xiang et al., 2019; Weir et al., 2021; He
et al., 2022). Consequently, it is essential to find a safe and effective
MC treatment strategy.

Biodegradation is an especially promising means of MC removal
(Wu et al,, 2015; Li et al., 2017, 2021). Previous studies have reported
many indigenous microorganisms in cyanobacterial bloom water. These
microorganisms, which carry functional genes for specifically degrading
cyanotoxins (Tsuji et al., 2006), include Sphingomonas sp. ACM-3962
(Bourne et al., 1996), Sphingopyxis sp. USTB-05 (Dexter et al., 2018),
Sphingopyxis sp. IM-1 (Lezcano et al., 2016), Sphingopyxis sp. X20 (Qin
etal,, 2019), Sphingopyxis sp. YF1 (Yang et al., 2020), Novosphingobium
sp. THN1 (Jiang et al., 2011), and Novosphingobium sp. ERW19 (Zeng
etal, 2021). The genes involved in the MC degradation pathway, mirA,
milrB, mlrC, and mlrD, together form the mlr gene cluster, which encodes
the corresponding enzymes (Moron-Lopez et al., 2017; Zeng et al., 2020;
Zhang et al., 2020). Unfortunately, not all genes of the mir cluster can
be successfully transcribed and expressed (Jiang et al., 2011). Therefore,
it is necessary to separately study the heterogeneous expression and
detailed catalytic mechanisms of these genes for furthering MC
biodegradation. Among these enzymes, MIrA is responsible for the
linearizing process of converting MCs to linearized MCs (Dexter et al.,
2021). However, linearized MCs are still extremely toxic and must
be further degraded (Wei et al., 2021). MIrB can degrade linearized MCs
into tetrapeptides, but some reports show transcriptional silencing of
the mlrB gene. This phenomenon is extremely unfavorable for the
further detoxification of linearized MCs (Dziga et al., 2016; Li et al,,
2022). Fortunately, the MlrC enzyme has dual degradation functions.
MIrC can not only utilize the tetrapeptides obtained from the
degradation of MCs by MIrB as substrate but also directly degrade the
linearized MCs into the almost non-toxic Adda (Dziga et al., 2012).
Therefore, it is essential to study the MIrC enzyme from different angles
structural characteristics,

including the degradation activity,

biodegradation ~mechanism, and enzymatic improvements
and modifications.

Knowledge of the molecular biodegradation processes of
linearized MCs by the MIrC enzyme is limited. In previous studies on
the molecular mechanism of MIrC, the MIrC structure had to
be predicted first by homology modeling (Wei et al, 2021). The
predicted structure may cause uncertainty in the mechanism studies.
We obtained the actual three-dimensional structure of the MIrC
enzyme derived from Sphingomonas sp. ACM-3962 in a previous
study (PDB: 7YLQ), which laid the theoretical foundation for the
further study of the catalytic mechanism. The MIrC enzyme is a type

of metallopeptidase, and there is a zinc ion and four coordinated
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residues to form the catalytic center. The zinc ion plays a critical role
in the catalytic activity of linearized MCs. There is also an empty
position in the catalytic center next to the four residues and one water
molecule. The empty position may be used for substrate binding in the
subsequent degradation process. In addition, the two large domains of
MIrC form a large central cavity for better accommodation of
linearized heptapeptide substrates. Based on the actual three-
dimensional structure of MIrC and its structural characteristics,
we further explored the biodegradation molecular mechanism of the
MIrC enzyme.

This study aimed to investigate the catalytic mechanism of the MlrC
enzyme. The binding mode of MIrC and linearized MCs was obtained
by the molecular docking method, and a series of key substrate-binding
residues were found. They were further verified by site-directed
mutagenesis. At the same time, the relationship between the MlrC
enzyme (E), zinc ion (M), and substrates (S) was also studied in detail,
and the components of the MIrC active center were explained. Finally,
based on experimental studies and a literature survey, a possible catalytic
mechanism was proposed. This study provided a better understanding
of the catalytic mechanism of MIrC.

2. Materials and methods

2.1. Materials

Restriction enzymes Nde I and Xho I (Takara Biotech. Co. Ltd.,
Japan) were used to construct plasmids of wild-type MIrC and its
variants. Standard MC-LR with purity > 95% was purchased from
China)
—20°C. Phosphoric acid and acetonitrile were purchased from TEDIA
(HPLC/Spectro, United States) and used for high-performance liquid
chromatography (HPLC) analysis. The expression vector pET21b and
E. coli strain DH5a and BL21 (DE3) were purchased from Vazyme
(Nanjing, China). Invitrogen Platinum SuperFi II DNA Polymerase, T4

Taiwan Algal Science Inc. (Taiwan, and stored at

DNA ligase, and restriction enzymes Nde I and Xho I were obtained
from Thermo Fisher Scientific (United States).

2.2. Plasmid construction of MIrC and
variants

MIrC and variant plasmids were constructed in E. coli strain BL21
(DE3) for protein overexpression and activity testing. The mirC gene was
PCR-amplified from genomic DNA derived from Sphingomonas sp.
ACM-3962 and constructed into the pET21b vector (Invitrogen) with a
C-terminal 6 x His tag. All primers used in this study are shown in
Supplementary Table S2. Plasmid extraction was performed using the
Tiangen Plasmid Mini Kit, and all clones were verified by
DNA sequencing.

Site-directed mutagenesis was achieved by bridge PCR, and primers
are listed in Supplementary Table S2, which generated the restriction
enzyme sites Ndel and Xhol. pET21b-mirC was used as the template for
all mutants. The PCR program started at 95°C for 30s, followed by
35 cycles of 58°C for 30s and 72°C for 1.5 min. The plasmids containing
the genes with a site-directed mutation were transferred into the E. coli
strain BL21 (DE3). All mutants of pET21b-mlrC were verified by
DNA sequencing.
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2.3. Expression and purification of MlrC and
variants

Transformed E. coli BL21 (DE3) containing pET21b-miIrC and the
mutant vectors were cultured in liquid LB medium with 100 pgmL™"
ampicillin and shaken at constant conditions of 37°C and 220 rpm.
When the optical density at 600 nm was approximately 0.6, isopropyl-fp-
D-thiogalactoside (IPTG) was added at a final concentration of 0.2 mM
to induce protein expression. The induction conditions were 16°C,
210rpm for 12-16h. The E. coli cells were harvested by centrifugation
(8,000 xg, 10 min, 4°C), and the cells were resuspended in lysis buffer
(Tris-HCI, pH 7.0, 150 mM NaCl). Cells were lysed by high-pressure cell
disruption and then subjected to high-speed centrifugation (14,000 xg,
60min, 4°C). The crude enzyme solution was purified by Ni-NTA
(Qiagen), washed with buffer B (25mM Tris-HCI, pH 8.0, 150 mM
NaCl, 15mM imidazole), and eluted with buffer C (25 mM Tris-HCI,
pH 8.0, 250 mM imidazole). The MlrC enzyme was characterized by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) on a 12% polyacrylamide gel. The concentration of purified
MIrC protein was determined at 280nm using an ultra-micro
spectrophotometer (Nanodrop OneC, Thermo Fisher Scientific,
United States).

2.4. Molecular docking calculations

Molecular docking of the linearized MC-LR to the MlrC structure
was carried out with flexible zinc metalloprotein docking using
AutoDock Vina. The crystal structure of MIrC was used as the receptor
structure. The crystallized water molecules present in the structure
and the metal ions (except the zinc ion in the active site) were removed.
The ligand molecules of MIrC were prepared using Coot software, and
before docking, the nonpolar H atoms were merged into both the
ligands and the target by AutoDock Tools. Basic docking was
performed by AutoDock Vina 1.1.2. The grid box was centered at x:
9.683, y: —36.275, and z: —27.867 with grid sizes of 80, 80, and 80 A,
respectively. Nine conformations were generated, and the best docking
model of the linearized MC-LR with the lowest binding energy
(—9.2kcal mol™") was selected and used as an evaluation standard for
the subsequent calculations. Furthermore, the flexible zinc
metalloprotein docking was also performed by AutoDock Vina 1.2.3.
One zinc pseudo atom was added to the receptor. The grid box was
centered at x: 7, y: —33, and z: —30 with grid sizes of 26.25, 31.5, and
24 A, respectively. A total of 126 conformations were evaluated based
on the proper distances of the hydrolysis site to the zinc ion, and the
best conformation corresponded to the interactions between MlrC and
the linearized MC-LR with a binding energy of —15.78 kcalmol™
(from the AutoDock4 force field of AutoDock Vina 1.2.3). The docking
method and processing of the linearized MC-RR and MC-YR were
consistent with the linearized MC-LR. All figures representing the
structures were generated by PyMOL (PyMOL Molecular Graphics
System, Schrodinger, Inc.).

2.5. Enzyme activity assay

HPLC was used to determine the concentration of linearized MCs
and their degradation products in samples. Linearized MCs were
prepared by using MIrA to degrade standard MCs. The HPLC
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instrument was a DIONEX UltiMate 3000 (Thermo Fisher Scientific,
United States) with a diode array detector equipped with an Acclaim™
120 C18 column (4.6 mmx250mm, 5um particles, Thermo Fisher
Scientific, Sunnyvale, United States). Linearized MCs and their
degradation products were detected at a 238nm wavelength and
1.0mLmin™" flow rate. The injected volume was 50 pL, and the column
temperature was 30°C. The mobile phase consisted of a gradient of a
phosphoric acid solution (pH 3.84) containing 0.05% (V/V) of
phosphoric acid (solvent A) and acetonitrile (solvent B). The gradient
program was as follows: First, the column was balanced with 10% B for
3 min; then from 0 to 5min, B was increased from 10 to 40%; from 5 to
12 min, B was increased from 40 to 70%; and from 12 to 12.5min, B was
decreased from 70 to 10%, and 10% B was used for 0.5min. The
linearized MC concentration was calculated using a linearized MC
calibration curve method. The HPLC system had a detection limit of
0.1pugL™

2.6. Analysis of circular dichroism spectra

Far-UV (190-260nm) circular dichroism (CD) experiments for
MIrC and variants of the zinc ion coordinated residues were carried out
using a Chirascan CD Spectrometer (Applied Photophysics Ltd.,
Leatherhead, United Kingdom). Experiments were performed using
solutions of protein at a concentration of 0.5mgmL™" in a 1mm cell
(Hellma UK Ltd., Southend, United Kingdom). Each CD spectrum
represented the accumulation of three scans at 1 nm intervals with a
1.0 nm bandwidth and a time constant of 1 s. Protein secondary structure
content was determined using CDNN version 2.1 (Institut fir
Biotechnologie, Martin-Luther Universitdt Halle-Wittenberg, Halle,
Germany).

2.7. Fluorescence measurements

All fluorescence measurements were performed on a fluorescence
spectrophotometer (Agilent Cary Eclipse, Malaysia) equipped with a
xenon lamp source and a 1.0cm quartz cell. Fluorescence emission
spectra were recorded in the wavelength range of 285-420 nm upon an
excitation wavelength of 280 nm. The excitation and emission bandwidth
were 5nm. The fluorescence quenching experiments of MIrC (1 pM)
were performed at different concentrations of linearized MC-LR using
a 1 cm path length fluorescence cuvette.

3. Results and discussion

3.1. The substrate-binding mode of MlrC

To elucidate the substrate-binding mode of MIrC, we first
attempted crystallography to obtain its complex structure with
linearized MC-LR. However, neither co-crystallization nor soaking
was successful on the complex, probably because its low solubility
prevented us from using high concentrations of linearized
MC-LR. Alternatively, we analyzed the substrate-binding mode by
the molecular docking method using the crystal structure of MIrC
(PDB: 7YLQ). The two large domains together formed a long and
shallow cleft with dimensions of about 29 and 10 A, which were used
to accommodate the linearized substrates. The surface of the
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substrate-binding cleft was hydrophobic (Figures 1A,B). The amide
bond of the linearized MC-LR cleavage site was close to the zinc ion,
which was responsible for catalyzing the degradation of the substrate
(Figure 1C).

The binding mode between the substrate and MlrC was mainly
formed by the polar group of the linearized substrates. First, it was
observed that E70 formed a hydrogen bond with an amine group of the
linearized MC-LR (Figure 1E). Q468 formed a hydrogen bond with one
of the carboxyl groups, and $485 and N41 formed a hydrogen bond
with the other two carboxyl groups. R492 formed a hydrogen bond
with a carbonyl, and D341 and S392 interacted with the terminal

10.3389/fmicb.2023.1057264

guanidine group of the linearized MC-LR. The hydrophobic regions
formed by W59, F67, and F96 were used to accommodate the phenyl
ring of the substrates and formed n-= interactions (Figure 1D). For the
substrate-binding mode of MIrC and the linearized MC-RR and
MC-YR, the key binding residues were similar to the linearized
MC-LR. The only inconsistency was caused by the different
characteristic =~ groups  between  the  three  substrates
(Supplementary Figures 2, 7). The residue R261 of MIrC was the
binding site of the characteristic structure of linearized MC-RR. For the
characteristic structure of linearized MC-YR, the binding site of MIrC
was residue Y189 (Supplementary Figures 9, 10). The MlrC sequences

FIGURE 1

Interaction between MIrC and substrates. (A—D) The catalytic triad and the docking model of the reaction intermediate of linearized MC-LR in MUrC.

(E) Residues involved in the binding site of MIrC. The MIrC structure is presented as a cartoon diagram in gray. Residues involved in binding linearized MC-
LR are shown as a line model, and the amide bond that was cleaved by the enzyme is indicated with a star mark. The linearized MC-LR docking model is
shown as a yellow stick figure. The hydrogen bonds formed between the residues and the substrate are shown as black lines.
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of other microorganism species had high conservation according to
sequence alignment, and this high conservation indicated excellent
representativeness of the MIrC crystal structure from Sphingomonas sp.
ACM-3962 (Supplementary Figure 3).

3.2. Enzyme activity of wild-type MlrC and
variants

Based on the analysis of the binding mode results by molecular
docking, mutants were constructed, and their hydrolysis activities
were measured. The activity of MIrC variants was reduced by different
degrees (Figures 2A,B). It is worth noting that the Km and Kcat values
of E70 were both reduced. We suspected that E70 was not only
responsible for binding with the linearized substrates but also involved
in the catalytic process (Figure 2B; Table 1). F260, K464, H133, and
D332 residues were mentioned by Wang et al. (2020), but no data were
reported. We also tested the activity of the mutants, and the results
showed that F260A and K464A did not significantly affect the activity
of MIrC. However, H133A and D332A directly led to the unavailability
of the MIrC enzyme, so we suspected that the two residues were
critical for proper protein folding and stabilizing the structure of MlrC
(Figure 2B; Supplementary Figure 11). All mutants were identified by
circular dichroism experiments, except for the non-expressing mutants
H133A and D332A. The results showed that the secondary structure
of these mutants did not change, and the change in activity was
destruction of the

caused by the substrate-binding  site

(Supplementary Figure 6).

3.3. Analysis of the relationship between the
MlrC enzyme, zinc ion and substrate

Based on the analysis of the actual three-dimensional structure and
substrate-binding mode of MIrC, we knew that the active center

10.3389/fmicb.2023.1057264

comprised the catalytic site and substrate-binding site. However, the
relationship between the MlrC enzyme (E), zinc ion (M), and substrate
(S) were not clear. Hence, their relationship was analyzed in detail in
this study.

The activity of MIrC was closely related to the zinc ion, which is
located within the internal flexible region of the N-terminal catalytic
domain to form the catalytic center. The crucial role of the zinc ion had
been verified in our previous study. For the catalytic center of MIrC, the
zinc ion coordinated with four residues, E39, D167, H169, and H196, to
form a catalytic quadruplet, with a water molecule next to the zinc ion
(Figure 3A). The zinc ion coordination condition of the homologous
structure (PDB: 3IUU) was similar to that of MlrC, but the difference
was that the zinc ion in 3IUU was coordinated by three residues and an
exogenous imidazole group to form saturated coordination (Figure 3B).
In contrast, the zinc ion in MlrC had four residues and one water
molecule around it and left an unoccupied location for substrate
binding. In conclusion, the zinc ion of MIrC was unsaturated
coordination and left a redundant location that could be used to bind
the substrates. Hence, the zinc ion of the catalytic center might bring
MIrC and the substrate close to each other to guide the reactive group
to the correct position (Figures 3A,B).

Although the zinc ion was essential for the MIrC activity,
we questioned whether the absence of the zinc ion would affect MIrC
and substrate binding. That is to say, the compositional relationship
between the MIrC enzyme (E), zinc ion (M), and substrate (S) needed
to be further explored. In this study, we used fluorescence spectroscopy
experiments to research the relationship. Proteins have endogenous
fluorescent properties. When the MIrC enzyme interacted with its
specific substrates, the microenvironment around the fluorescent group
in the MIrC enzyme changed, resulting in a decrease in the fluorescence
intensity of the fluorescent molecule. If the MlrC enzyme could not
interact with its substrates, the MIrC enzyme would not produce a
significant fluorescence change. Therefore, mutants of residues D167
and H169, which made up the zinc ion catalytic center, were constructed.
The wild-type MIrC was used as the control group, which could bind

A B
100 p= T I
T
M123456¢6 7 891011121314 - 3 &
S 80+
— S I
— a
- :-;- 60 _
- s
55kDa—> g ©
W GGG W - W e g o
45kDa—> e =
K}
" [}
- X 20-
-~ P
0 ke
¥ ¥ ¥ T F ¥ F F ¥ F aF oF ¥
S FFFSTFEFFES
CIFEFFFECEFELTFLS
FIGURE 2
(A) Sodium dodecane sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) was used to analyze samples of the variants for their substrate-binding
residues. M, protein marker; Lane 1, wild-type MIrC; Lane 2, E70A; Lane 3, N41A; Lane 4, S485A; Lane 5, R492A; Lane 6, S392A; Lane 7, D341A; Lane 8,
W59A; Lane 9, F67A; Lane 10, F96A; Lane 11, F260A; Lane 12, K464A; Lane 13, H133A; and Lane 14, D332A. (B) Hydrolytic activities of MIrC and its variants
using linearized MC-LR as a substrate. Activities of MIrC and its variants were measured using a linearized MC-LR concentration of 0.25mgL~! and an
enzyme concentration of 0.12mgL™". The amount of Adda produced was monitored by HPLC analysis. The activities of the variants were compared with
wild-type MlrC.
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with substrates normally. The results showed that the two mutants
D167A and H169A did not display an obvious change in fluorescence
intensity, and only the wild-type MIrC did. We suspected that MlrC
could bind the substrates normally, as it showed a change in fluorescence
intensity. However, the D167A and H169A mutants directly prevented
the formation of the zinc ion catalytic center, so the substrate and MlrC
were not able to bind correctly, resulting in no significant change in

TABLE 1 Kinetic parameters of wild-type MIrC and variants.

10.3389/fmicb.2023.1057264

fluorescence intensity (Figures 3D-F). Combined with the above
analysis, we speculated that the MlrC enzyme (E), substrate (S), and zinc
ion (M) formed E-M-S intermediates during the catalytic process of
MIrC. The zinc ion acted as a metal bridge, which brought MlrC and the
substrates closer to each other and guided the reactive group of the
substrates into the correct position (Figure 3C). Therefore, MIrC and the
substrates could not bind once the zinc ion was absent.

3.4. Linearized MC degradation mechanism

Protein Ko (M) Koot (s — 1) Keat! Kim
(spMY by MlrC
MIrC W 0.24+0.12 2409.98 +345.10 10041.48 +345.10
Based on the results of the molecular docking and biochemical
E70A 0.88+0.55 1162.974397.00 1321.564397.00 experiments, a possible catalytic mechanism of MIrC was proposed
N41A 0.65+0.35 2276.20+696.78 3501.85+696.78 (Figure 4). The MIrC active center was mainly composed of two parts,
S392A 0.59+0.10 2258.16+203.15 3827.39+203.15 the Catalytic site and the Substrate—binding site. The Catalytic site was
composed of the zinc ion and the four coordinated residues E39, D167,
S485A 0.47+0.08 2072.21+222.69 4406.83+222.69 ; . ) ]
H169, and H191, with one water molecule involved in catalysis. The
R492A 0.84+0.24 2614.28 +420.62 3112.24+£420.62 . . . . .
coordination layer of the zinc ion was not saturated, leaving an extra
D341A 0.81+0.32 2730.61+664.75 3371.124664.75 position that combined with the substrate to form a saturated
W59A 0.70%0.22 2505.85 +460.63 3579.79 +460.63 coordination layer. The enzyme (E), substrate (S), and metal ion (M)
F6TA 0.7040.29 2549514627 57 364216462757 formed E-M-S intermediates during the catalytic process. The zinc ion
acted as a metal ion bridge, making the distance between MlrC and the
F96A 0.56+0.10 2167.43+216.98 3870.41+216.98 . . . . .
substrates closer, which is conducive to MIrC acting on the reactive
F260A 025£0.13 2464.32:+393.97 9857.28+393.97 group of the substrates. This meant that the MIrC enzyme and its
K464A 0.25+0.14 2503.41 +485.77 10013.64 + 485.77 substrate could not be combined once the metal ion was absent. This
D332A . . . was verified by fluorescence spectroscopy experiments (Figures 3D-F).
HI33A The substrate-binding cavity was made up of N-and C-terminal domains
(Figure 3A), and the substrate-binding site mainly included N41, E70,
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FIGURE 3
Analysis of the relationship between the MIrC enzyme, zinc ion, and linearized MC-LR. (A) Schematic model of the MIrC monomer structure and substrate.
The two domains, the zinc ion with coordinated residues and the substrate model, are indicated. (B) Alignment of the zinc ion and coordinated residues
between MIrC and 3IUU. (C) Schematic of the E-M-S model of the relationship between the MIrC enzyme, zinc ion, and linearized MC-LR, with the zinc ion
acting as a metal bridge connecting the MIrC enzyme and substrate. (D—F) Synchronous fluorescence spectra of MIrC and variants: (D) wild-type MIrC;
(E) D167A; and (F) H169A. The concentration of MIrC: 1uM, and the concentration of linearized MC-LR a-i: 0, 1, 2, 3, 4, 5, 6, 7, and 8uM, respectively.
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Proposed catalytic mechanism of linearized MC-LR biodegradation by MIrC. (A) The MlrC active center is composed of the catalytic site (the zinc ion, one
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(B) Residue E70 as a general base catalyst removing a proton of the metal-bound water to form zinc-OH-nucleophile for attacking the amide bond of the
substrate. (C) E70 as a general acid catalyst donating a proton to the amine. (D) Two products of linearized MC-LR biodegradation by MIrC.

D341, $392, Q468, $485, R492, W59, F67, and F96. These residues were  residue was responsible for forming hydrogen bonds with one amine
verified by site-directed mutagenesis and activity test experiments.  group of the substrate. On the other hand, it was responsible for
Among them, the E70 residue was very critical. On the one hand, this  activating the H,O molecule, which was next to the zinc ion to form
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zinc-OH-nucleophile to attack the substrate cleavage site. Activity
experiments also showed that the activity of residue E70A was
significantly reduced (Figure 3C; Table 1).

During the entire catalytic process, residue E70 acted as a general
base catalyst by removing a proton from the metal-bound water in the
first step, allowing the metal-bound hydroxide to attack the carbonyl
group of the substrate peptide, while the negative charge of E39 stabilized
the transition state (Figure 4A). The other substrate-binding residues,
N41, D341, $392, Q468, $485, R492, W59, F67, and F96, played a role in
binding substrates and helped locate the substrate to be catalyzed. In the
next step, E70 acted as a general acid catalyst by donating a proton to the
leaving amine (Figure 4B), which eventually led to the collapse of the
metal-bound tetrahedral intermediate (Figure 4C). The N-terminal
product left and water returned to the metal ion, while the C-terminal
product was still bound to E70 through a salt bridge. Through a series of
reactions, the substrate peptide bond was finally hydrolyzed (Figure 4D).
In conclusion, the nucleophilic attack on the substrate cleavage site was
mediated by the water molecule, and the water molecule cooperated with
the metal ion-zinc ion coordinated by multiple residues to complete the
catalytic process of MIrC.

4. Conclusion

Through molecular docking and site-directed mutagenesis
methods, the binding mode of MIrC with linearized MC-LR was
studied. A series of key substrate-binding residues were identified.
Among them, residue E70 was very specific and crucial for the
substrate degradation process by the MIrC enzyme. E70 formed a
hydrogen bond with one amine group of the substrates. More
importantly, E70 was responsible for activating the water molecule
near the zinc ion to attack the cleavage site of the substrates. The
importance of residue E70 was verified by biochemical experiments.
Other substrate-binding residues were also evaluated by site-directed
mutagenesis. Based on the analysis of the active center formed by the
catalytic site and substrate-binding site, the relationship between the
MIrC enzyme (E), zinc ion (M), and substrate (S) was analyzed in
detail. They formed an E-M-S intermediate during the catalytic
process. The zinc ion acted as a metal ion bridge, making the distance
between MIrC and the substrates closer, which is conducive to MIrC
acting on the reactive group of the substrates. Eventually, the catalytic
degradation mechanism of MlrC was proposed. The nucleophilic
attack on the substrate cleavage site was mediated by the water
molecule, and the zinc ion assisted in the catalytic process, which is
coordinated with multiple residues.

In conclusion, MIrC effectively promoted the degradation of
linearized MCs, which play a unique role in detoxifying MCs. This
study lays a foundation for the biodegradation mechanism of
linearized MCs. MIrC may be useful for the complete elimination of
cyanotoxins. This is of great significance for the research and
application of MCs decontamination. Finally, how to apply the
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