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ABSTRACT

Cyanobacteria are new sources of value-added compounds but also ubiquitous and harmful
microfoulers on marine biofouling. In this work, the isolation and identification of two
cyanobacterial strains isolated from Cape Verde and Morocco, as well as their biofilm-
forming ability on glass and Perspex under controlled hydrodynamic conditions were
performed. Phylogenetic analysis revealed that cyanobacterial strains isolated belong to
Leptothoe and Jaaginema clade (Leptothoe sp. LEGE 181153 and Jaaginema sp. LEGE
191154). From quantitative and qualitative data of wet weight, chlorophyll a content and
biofilm thickness obtained by Optical Coherence Tomography (OCT), no significant
differences were found in biofilms developed by the same cyanobacterial strain on.different
surfaces (glass and Perspex). However, the biofilm-forming potential of Leptothoe sp. LEGE
181153 proved to be higher when compared to Jaaginema sp. LEGE. 191154, particularly at
the maturation stage of biofilm development. Three-dimensional biofilm images obtained
from Confocal Laser Scanning Microscopy (CLSM) showed different patterns between both
cyanobacterial strains and also among the two surfaces. Since standard methodologies to
evaluate cyanobacterial biofilms formation;, as ‘well as two different optical imaging
techniques were used, this work also“highlights the possibility to integrate different

techniques to evaluate a complex-phenomenon like cyanobacterial biofilm development.

Keywords:  filamentous / cyanobacteria, cyanobacteria  isolation, cyanobacteria

characterization, marine‘biofouling, cyanobacterial biofilms, surface effect
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INTRODUCTION

Cyanobacteria are a widespread and significant group of photosynthetic prokaryotes
responsible for the accumulation of oxygen in the Earth’s environment (Lyons, Reinhard and
Planavsky 2014) and the evolution of eukaryotic organisms, according to the widely accepted
endosymbiotic theory (Ku et al 2015). They contribute to the nitrogen and carbon
biogeochemical cycles, and can persist in harsh conditions due to their high adaptability
(Berg and Sutula 2015; Anderson 2016). The metabolic flexibility between oxygen
photosynthesis and respiration (Vermaas 2001; Mullineaux 2014) allows them tothrive=in
diverse environments. While some cyanobacteria can be associated with/ heterotrophic
organisms in the desert to facilitate the productivity of soil crust (Pointing:and Belnap 2012),
some of them are the primary colonizers of ice sheets (Vincent 2000)." Therefore, these
particular bacteria are common in many habitats such as lakes,\ponds, springs, wetlands,
streams, rivers, soil crust, microbial mats, sands, and tocks (Ramos et al 2018).
Cyanobacteria strains present a considerable morphological diversity, comprising distinct
degrees of complexity (Schirrmeister, Antenelli and Bagheri 2011). When compared with
unicellular coccoid morphology, filamentous  phenotype can be beneficial since it has a
higher resistance to stress and predation,’as well as improved resource acquisition (Claessen
etal. 2014).

Cyanobacteria have been'considered promising organisms for biotechnological processes due
to the broad spectrum of secondary metabolites produced by some strains (Lau, Matsui and
Abdullah 2015; Manirafasha et al. 2016). These added-value compounds can be applied to
enhance'theysustainable production of food and green energy sources (Singh et al. 2017), and
theyncan also be used for medical purposes due to their antioxidant, anticancer, and anti-

inflammatory properties (Pagels et al. 2019). However, cyanobacteria can also have a
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detrimental impact on human purposes due to their ability to produce toxins (Breinlinger et
al. 2021), promote cyanobacterial blooms (Huisman ef al. 2018), and participate in the
biofouling processes (Carvalho 2018). Marine biofouling consequences include
environmental, economic, ecological, and health concerns (Caruso 2020). The corrosion of
different facilities and equipment may lead to incorrect measurements of submerged sensors
and measuring devices, and high costs related to cleaning and/or repainting (Delauney,
Compare and Lehaitre 2010), contributing to the industrial and economic consequences
associated with biofouling. Moreover, the introduction and spread of invasive non-indigenous
pathogens on marine vessels between different ecosystems (Davidson et al. 2009; Georgiades
et al. 2021) and the contamination of aquaculture facilities (Bannister ef al. 2019) may.-impact
the ecology and global health. In the environmental field, marine biofeuling can lead to
increased fuel consumption by ships and consequently, enhaneed “air pollution and
greenhouse gas emissions (Hunsucker et al. 2018).

Marine biofouling is a complex process and it has been“suggested that the adhesion and
biofilm development by microfouler organisms may affect the continuous biofouling process,
particularly for larval recruitment and settlement of macrofouler organisms (Antunes, Ledo
and Vasconcelos 2019; Dobretsov and Rittschof 2020). Although their prevalence depends on
the surface, geographical area and‘environmental settings, cyanobacteria are microfoulers and
the major constituents of marine biofilms together with diatoms (Bharti, Velmourougane and
Prasanna 2017; Antuneswet/al. 2020; Papadatou et al. 2021).These organisms produce
extracellular polymeric” substances (EPS), which are essential compounds of biofilm
communities'for, maintaining their cohesion, structure, and stability (Limoli, Jones and
Wozniak,2015; Rossi and De Philippis 2015; Anderson 2016).

Marine’biofilms are affected by several factors, including physical, chemical, and biological

drivers (Caruso 2020; Faria et al. 2020b, 2021b). After the formation of the conditioning film
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comprising the adsorption of molecules (proteins, carbohydrates, etc.) from the surrounding
environment, the second step in the biofouling process involves cell adhesion. Surface
binding is considered a critical survival mechanism for enhancing organism interactions and
accessing nutritional resources (Dang and Lovell 2016). Different materials are used in
marine submerged man-made equipment, like aquaculture facilities (King et al. 2006; Cai
and Arias 2017), underwater windows, sensors and measuring devices (Roy 1994; Taylor
1996; Davies and Rajapakse 2013), protective equipment, swim platforms, ship and boat
structures, and anchors (Taylor 1996; Mansour and Liu 2008; Molland 2008; Davies and
Rajapakse 2013), which are susceptible to biofouling. Therefore, studies focused om the
effects of substrate properties and organisms’ variability in the growth stages of biofilms, and
their composition, structure and behaviour are of great importance (Faria ¢t,al., 2021a, 2021c;
Faria et al.,, 2020a). Indeed, previous studies showed a broad “diversity in the protein
expression profiles of cyanobacterial biofilms isolated from different sites (Romeu et al.
2020), which may be a result of the adaptation of these organisms to the specific
environmental niche that they occupy, such astheir site of isolation and the nutritional
availability at that site (Bragg, Thomas and‘Baudouin-Cornu 2006; Lv, Li and Niu 2008).
Through the simultaneous analysis of physielogical characteristics, the distribution in the
environment, and the genome -and/or proteomic profiles, it is possible to identify the
environmental factors that are most important to drive evolution and shape populations. For
instance, greater depths are associated with lower light intensity and temperature, but also
with higher content, of phosphorus (Coleman and Chisholm 2007). For instance, to
cyanobacterium ‘Prochlorococcus, phosphorus availability is a key ecological factor and a
potential, driver of evolution (Lv, Li and Niu 2008). Different Prochlorococcus strains
possess” distinct physiological adaptations for dealing with the low phosphorus availability,

including the replacement of phospholipids with sulfolipids (Van Mooy et al. 2006), growth
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in a more limited range of phosphorus sources (Moore et al. 2005), and the upregulation of
known phosphorus-assimilation genes and novel genes, which may enable them to tolerate
phosphorus starvation periods (Martiny, Coleman and Chisholm 2006). Moreover, recent
metagenomic studies showed that the abundance of phosphate transport genes is also
correlated with phosphorus availability (Rusch et al. 2007). In the low-phosphorus waters of
the Caribbean, the gene encoding a phosphate-binding protein is more abundant compared
with the higher-phosphorus waters of the Pacific.

The main novelty of this study is the isolation, identification (morphological
characterization), and assessment of the biofilm-formation potential of cyanobacterial strains
isolated from underexplored marine environments and locations across the coast of Cape
Verde and Morocco. These are locations with unknown biodiversity that will provide new
knowledge and tools to understand the impact of global changes in temperate areas.
Cyanobacterial strains from these genera seem to be quite frequent at least in the Atlantic
Ocean, North Aegean Sea, and Mediterranean Sea (Foster et al. 2009; Konstantinou et al.
2018, 2019; Ramos et al. 2018). Since they are distributed around dissimilar geographies,
including different continents and port areas, thisycosmopolitan distribution highlights the
importance of studying biofilm formation by these organisms, which in turn, presents a
significant concern in the public _health, environment, and aquatic ecology. Given the
relevance of cyanobacteria On marine biofouling, their biofilm-forming ability was assessed
for the first time in a long-term assay under controlled hydrodynamic conditions, which
mimics marine_environments (Romeu et al. 2019), and using two different surfaces as the
substratum for biofilm formation (glass and Perspex). These materials represent submerged
artificial\surfaces typically found on different aquatic apparatus such as sensors, flotation
spheres; moored buoys, underwater cameras, aquaculture equipment, measuring devices, or

even in underwater windows of boats (Taylor 1996; Blain et al. 2004; King et al. 2006) that
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can be affected by biofouling. Additionally, given the broad spectrum of promising secondary
metabolites and value-added compounds produced by cyanobacteria (Lau, Matsui and
Abdullah 2015) that can be used in biotechnological applications, cosmetics, feed, and food
industries (Manirafasha et al. 2016), and medical purposes (Pagels et al. 2019), this kind of

study can also be useful in different research fields.

MATERIALS AND METHODS

Sampling and Isolation

Environmental samples were collected on July 11, 2019, near Mrizika Beach, Mortoco
(32°57'31.3"N 8°46'34.1"W) from a dried soil crust and on April 24, 2019, at"Calhau; Cape
Verde (Sao Vicente Island - 16°51'07.6"N 24°51'58.8"W) scraping from,a port boat ramp
with the help of a previously cleaned knife (Figure 1). Samples were transferred to 15 ml
tubes with Z8 medium (Kotai 1972) supplemented with 25 g 17! ofi§ynthetic sea salts (Tropic
Marin) and B, vitamin (Sigma Aldrich, Merck, Saint Louis, MO, USA) (Croft, Warren and
Smith 2006; Helliwell et al. 2016) until further analysis. Isolation of cyanobacterial isolates
was performed using the streak plate method,(Rippka 1988). Briefly, using a sterile plastic
Pasteur pipette, a homogeneous drop-from‘each environmental sample was inoculated in
different agar plates with Z8 medium, and with a loop, each sample was spread, making
successive smears in the different'quadrants of the plate. After approximately 1 month of
growth under 14 h light (1030 pumol photons m > s ')/10 h dark cycles, at 25 °C, isolated
cells or filaments were picked up using a sterile surgical blade and transferred to 50 ml
culture flasks.with a liquid medium, growing in the previously described conditions. After 2-

3 weeksof growth, isolation was confirmed by checking samples under the microscope.
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DNA Extraction, 16S rRNA Gene Amplification (PCR), and Sequencing

The two filamentous cyanobacterial isolates obtained in this work were grown in 50 ml flasks
in the conditions previously described and harvested by centrifugation (5,000 g for 5 min at
4° C) after 2-3 weeks. Total genomic DNA was extracted using the commercial PureLink
Genomic DNA Mini Kit (Invitrogen, USA), according to the manufacturer’s instructions
provided for Gram-negative bacteria. To obtain the 16S rRNA gene sequence, PCR
amplification was performed using the oligonucleotide primers set 27F and 23S30R (Table
1). PCR reactions were performed in a final volume of 20 pl containing 1% Green GoTaq
Flexi Buffer, 2.5 mM of MgCl,, 125.0 mM of each deoxynucleotide triphosphate, 1.0-aiM of
each primer, 0.5 U of GoTaq Flexi DNA Polymerase (Promega, MadiSon, WI, USA), 10
mg.ml” of bovine serum albumin (BSA), and 10-30 ng of template DNA; on a Veriti™ 96-
Well Thermal Cycler (Applied Biosystems™, USA). The PER conditions were as follows:
initial denaturation at 94 °C for 5 min, followed by 10 cycles of denaturation at 94 °C for 45
s, annealing at 57 °C for 45 s, and extension at 72°°C for 2 min, followed by 25 cycles of
denaturation at 92 °C for 45 s, annealing at,54 °C fot 45 s, and extension at 72 °C for 2 min
with a final elongation step at 72 °C for 7. min. The PCR reactions were performed in
duplicate. PCR products were separated by 1.5% agarose gel stained with SYBR® safe
(Invitrogen, Waltham, MA, USA);"and DNA fragments with the expected size were excised
and purified using NZY Gelpure (NzyTech, Genes and Enzymes, Lisbon, Portugal) according
to the manufacturer'siinstructions. Since the sequences were obtained by direct sequencing of
purified amplicons, CYA359F, CYA78IR, and 1494R internal primers (Table 1) were used
to improyveythe quality of the sequences. Sequencing was performed at GATC Biotech
(Ebersberg, Germany) and the nucleotide sequences obtained were manually inspected for

quality and assembled using the Geneious 11.1.5 software (Biomatters Ltd., Auckland, New
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Zealand). Possible chimera formation during the sequences was checked using the software
DECIPHER (Wright, Yilmaz and Noguera 2012). The sequences obtained were inserted in
the BLASTn (Basic Local Alignment and Search Tool for Nucleotides) database and the
results were analysed. The sequences associated with this study were deposited in the

GenBank database under the accession numbers ON311284 and ON311285.

Phylogenetic Analysis

A total of 58 sequences were used in the final analysis, including 2 strains of Gloeobacter
violaceus as an outgroup, 56 sequences of cyanobacteria, including type, reference and
related strains belonging to the orders Pseudanabaenales and Synechococcales werewettieved
from GenBank (National Center for Biotechnology Information, NCBI, Bethesda, MD,
USA), and 2 sequences of isolates obtained in this work. Multiple”sequeénce alignment was
carried out using ClustalW in MEGA7 (Thompson, Higgins and ‘Gibson 1994; Kumar,
Stecher and Tamura 2016), and sequences were manually proofread and edited. The best fit
model was assessed using jModelTest 2.1.10 (Darriba et al. 2012) according to the Bayesian
information criterion (BIC) and Akaike information criterion (AIC) scores. Maximum
likelihood (ML) analysis was carried”out using substitution model GTR+G+I with 1000
bootstrap resampling replicates using the MEGA7 software (Kumar, Stecher and Tamura
2016). The final phylogenetic trée*was visualized and edited on iTOL (Interactive Tree of

Life) (Letunic and Bork 202 1).

Light Microscopy and Morphological Characterization
Morpholegieal features (e.g., cell dimensions, shape, colour, sheath, constriction at cross
walls,.specialized cells, or shape of apical cells) of cyanobacterial strains isolated in this work

were examined and imaged using a Leica DMLB light microscope coupled to a Leica ICC50
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HD digital camera (Leica Microsystems, Germany). For each strain, microphotographs were
taken using 400x and 1000x magnifications. Morphometric measurements were then
performed using the image analysis software Leica Application Suite version 4.2.0 (Leica
Microsystems). Cell dimensions were determined by measuring at least 20-30 cells for each

strain along different positions of the slide preparation.

Biofilm Formation Assay

Cyanobacterial isolates were grown in 750 ml of Z8 medium (Kotai 1972) supplemented with
25 g.1"! of synthetic sea salts (Tropic Marin) and B, vitamin (Sigma Aldrich, Merck\Saint
Louis, MO, USA), under 14 h light (10-30 pmol photons m > s ')/10 h dark cycles«at-25 °C.
To assess the biofilm-forming ability of both strains on different surfaees, biofilms were
developed on commercial Perspex (Poly(methyl methacrylate)) surfaces“(Neves & Neves,
Lda, Portugal) and glass (Vidraria Lousada, Lda, Portugal) ¢dupons (1 cm?). Surface
sterilization and preparation were performed as previously. described (Romeu et al. 2019).
Biofilms were formed on agitated 12-well microtiter,plates (VWR International, Carnaxide,
Portugal) since this platform was shown te“mimie“the hydrodynamic conditions found in
marine environments (Romeu et al ~2019),-To attain the shear rate values of aquatic
environments, such as those found in.a’ship hull in a harbor (Bakker et a/. 2003) and in
partially submerged or evenmoored equipment and devices (average shear rate of 40 s™),
microtiter plates were incubated at 25 °C in an orbital shaker with a 25 mm orbital diameter
(Agitorb 200ICP, Norconcessus, Portugal) at 185 rpm (Romeu et al 2019). Biofilm
formation in\this system was shown to predict the biofouling behavior observed upon
immersion in the sea for prolonged periods (Silva et al. 2021). Prior to inoculation, the
eyanobdcterial suspensions were adjusted to a chlorophyll @ concentration of 1.5 pg.ml™

since chlorophyll a is commonly used as a biomass indicator in aquatic environments
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(Romeu et al. 2019, 2021). Briefly, 2 ml of cyanobacterial suspension were incubated at 4 °C
in the dark for maximal chlorophyll a extraction. After 24 h, the samples were centrifuged at
3,202 g (Eppendorf Centrifuge 5810R, Hamburg, Germany) for 5 min at room temperature,
and the supernatant was transferred to a glass cuvette. The absorbance at 750 nm (turbidity),
665 nm (chlorophyll a), and 652 nm (chlorophyll b) were determined using a V-1200
spectrophotometer (VWR International China Co., Ltd, Shanghai, China). The chlorophyll a
concentration was calculated through the following equation (Porra, Thompson and

Kriedemann 1989):

Chla (pg.mlmg")=1629 x A®* —8.54x A®?  (])

These measurements were assessed in triplicate, and dilutions were performed using Z8
medium supplemented with 25 g.I"! of synthetic sea salts and vitamin By, (Sigma Aldrich,
Merck, Saint Louis, MO, USA). Then, a volume of 3 ml of €ach cyanobacterial suspension
(previously adjusted to chlorophyll a concentration“of 1.5 pg.ml™") was inoculated in each
well, in which coupons of each surface were'previeusly fixed with transparent double-sided
adhesive tape. Biofilm development was)followed for 49 days (seven weeks) since it is
accepted that a two-month interval is”the minimum duration for economically viable
underwater monitoring systems (Blain e al. 2004; Romeu et al. 2019). During this incubation
time, the medium was replaced twice a week. Moreover, to mimic real light exposure periods,

a photoperiod of 14 hJight (8-10 pmol photons m > s ')/10 h dark cycles was applied.

Biofilm Analysis
Biofilm" analysis was performed every seven days, in which two coupons of each surface

were analysed. The culture medium was carefully removed by gentle pipetting, and the wells
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were filled with 3 ml of sterile sodium chloride solution (8.5 g.I™") (Romeu et al. 2019). The
solution was carefully removed to eliminate loosely attached cyanobacteria and subsequently,
the wells were filled again with 3 ml of sterile sodium chloride solution to evaluate the
thickness and structure of the cyanobacterial biofilms by Optical Coherence Tomography
(OCT). To complement the characterization of cyanobacterial biofilms, the determination of
their wet weight and chlorophyll a content was also performed over the seven weeks. At the
last sampling point (49 days), cyanobacterial biofilms of both strains formed on both surfaces

were also analysed by Confocal Laser Scanning Microscopy (CLSM).

Optical Coherence Tomography (OCT)

Images from cyanobacterial biofilms developed on both surfaces were captured as reported in
Romeu et al. (2019). For each coupon, 2D imaging was performed. with"a minimum of 3
fields of view to ensure the reliability and accuracy of the résults obtained. Image analysis
was performed using a routine developed in the Image Processing Toolbox from MATLAB
8.0 and Statistics Toolbox 8.1 (The MathWorks, Inc., Natick, Massachusetts, USA) as
described in Romeu et al. (2020). The mean-of biofilm thickness was calculated based on the
distance between the biofilm bottom and‘the,upper contour line according to the following

equation (2):

T N
o= L @
where Lg; is atlocal biofilm thickness measurement at location 7, N equals the number of

thickness-measurements, and Ly is the mean biofilm thickness.
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Wet Weight Determination and Chlorophyll a Quantification

After OCT analysis, the determination of the biofilm wet weight and chlorophyll a content
was performed as previously reported (Romeu ef al. 2021). To determine the wet weight,
sterile sodium chloride solution (8.5 g.1"") was carefully removed from the wells, and coupons
were detached and weighed. The biofilm wet weight was obtained as the difference from the
initial coupon weight, which was determined prior to inoculation. Subsequently,
cyanobacterial cells were detached from the coupons by immersing each coupon in 2 mliof
8.5 g.I"" sodium chloride solution and vortexing (Romeu et al. 2019). The suspensions\were
incubated for 24 h at 4 °C in the dark, and chlorophyll a determination was_performed

through Equation 1.

Confocal Laser Scanning Microscopy (CLSM)

At the last sampling point (day 49), additional coupons were removed from the microplates,
washed with saline solution, and the biofilms were, stained for 10 min with 6 uM cell-
permeant nucleic acid markers: biofilms formed by the cyanobacterial strain isolated from
Morocco (Jaaginema sp. LEGE 191154y were stained with SYTO®™9 (a green fluorescent
stain; Thermo Fisher Scientific, Waltham, Massachusetts, USA), whereas biofilms formed by
the cyanobacterial strain isolated from Cape Verde (Leptothoe sp. LEGE 181153) were
marked with SYTO®61 (as/red fluorescent stain; Thermo Fisher Scientific, Waltham,
Massachusetts, USA). Both stains were chosen to match the colours of cyanobacteria
pigments visible\by optical microscopy, as well as have minimal interference. Each stained
biofilm wasymounted on a microscopic slide and image acquisition was performed using a
Leica. TCS SP5 II Confocal Laser Scanning Microscope (Leica Microsystems, Wetzlar,

Germany). All biofilms were scanned using a 40x water objective lens (LEICA HCX PL
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APO CS 40.0x/1.10WATER UYV) using a protocol previously described (Faria et al., 2021a;
Faria et al., 2020a) with some modifications. Given the used stains, Jaaginema sp. LEGE
191154 biofilms were observed with a 488-nm argon laser, whereas Leptothoe sp. LEGE
181153 biofilms were imaged with a 633-nm helium-neon laser. A minimum of five stacks of
horizontal-plane images (512 x 512 pixels, corresponding to 387.5 um x 387.5 um) with a z-
step of 1 um were acquired per sample.

Three-dimensional (3D) projections of the biofilms were constructed from the CLSM
acquisitions using the “Easy 3D” function of the IMARIS 9.1 software (Bitplane, Zurich,
Switzerland). Biovolume (um’.um™) was extracted from confocal image series with.the'plug=
in COMSTAT?2 (Heydorn et al. 2000) run in ImageJ 1.48v software (National Institutes of

Health, Bethesda, Maryland, USA).

Statistical Analysis

A total of four replicates (two biological assays with two, teéchnical replicates each) were
analysed. Data analysis was performed using the.statistical program GraphPad Prism® for
Windows, version 6.01 (GraphPad Software, Inel, San Diego, California, USA). The
D'Agostino-Pearson and Shapiro-Wilk“normality tests were performed to check if the data
distribution presented a normaltdistribution. Differences between biofilm wet weight,
chlorophyll a quantification, biofilm thickness obtained by OCT, and biovolume obtained by
CLSM were evaluated using the unpaired, non-parametric Mann-Whitney test since the
variables were not normally distributed. The error bars shown in the graphs correspond to the
standard deviation of the mean. Statistically significant differences were considered for p-
values < 0.05 (corresponding to a confidence level greater than 95%; and asterisks * and **

denote significance where p < 0.1 and p < 0.05, respectively).

€20z fienuep g uo Jasn Ajisianiun ouod Aq | 5Z9869/F00PE/08SWaY/EE0L "0 L/I0p/a]0IB-80UBAPR/O8SWS)/W00 dno olwapeoe//:sdijy Woly papeojumo(]



RESULTS AND DISCUSSION

Phylogenetic Analysis

The phylogenetic analysis of the 16S rRNA gene (Figure 2) showed that the sequence from
the cyanobacterium isolated from Cape Verde (Leptothoe sp. LEGE 181153) belongs to
Leptothoe clade, a recent genus described by Konstantinou et al. (2019), a clade with
previous Leptolyngbya members but not related to the true (sensu stricto) Leptolyngbya clade.
Sequence from the cyanobacterium isolated from Morocco (Jaaginema sp. LEGE 191154)
fits in Jaaginema clade, which consists of Jaaginema litorale LEGE 07176, a strain isolated
from a wave-exposed rock on the Portuguese Coast (Ramos et al. 2018), Jaaginema
geminatum SM S13 isolated from a hot spring in Iran (Heidari et al. 2018), Jaaginema sp.
PsrJGgm14, from Psoroneria, a hot spring in Greece, Jaaginema sp,BMC)1079.18 and
Jaaginema sp. PMC 1080.18, isolated from a dense periphytic biofilm covering immersed
branch fragment, Guadeloupe (Duperron et al. 2019), Jadginema’ sp. TAU-MAC 1418
(Panou and Gkelis 2022), Jaaginema sp. ThrJGgm18 fromThermopyles Thermal Springs in
Greece and Jaaginema sp. IkpSMP32 isolated from*Apolon hot spring, also in Greece. The
two cyanobacterial isolates obtained in this/work were deposited at the Blue Biotechnology
and Ecotoxicology Culture Collection(LEGE-CC) located at CIIMAR, Portugal (Ramos et
al. 2018), under the names of Leptothoe sp. LEGE 181153 (cyanobacterial strain isolated
from Cape Verde) and Jadginema sp. LEGE 191154 (cyanobacterial strain isolated from

Morocco).

Morphological Description
Leptothoe sp. LEGE 181153 filaments present a single trichome per sheath, unbranched,
straight to curved, occasionally wavy, densely, and irregularly entangled. Sheaths are

colourless, thin, and slightly distinct. Trichomes are cylindrical, slightly constricted at the
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cross walls, and pinkish. Cells are typically barrel-shaped, isodiametric to longer than wide,
2.0 £ 0.3 pm in length and 1.5 + 0-2 um in width. Cell content is homogeneous. Apical cells
are rounded (Figures 3A and 3C).

Jaaginema sp. LEGE 191154 presents blue-green filaments, unbranched, straight to curved,
and entangled in clusters. Without sheaths (sometimes with a fine mucilaginous layer around
the trichomes). Trichomes can vary from not constricted to slightly constricted at the cross
walls. Cells are cylindrical, longer than wide, 4.6 £ 1.1 pum in length and 2.7 + 0.3 pm in
width. Cell content is homogeneous. Apical cells are narrowed or rounded, without calyptra

(Figures 3B and 3D).

Biofilm Development

The biofilm-forming capacity of the Jaaginema sp. LEGE 191154 ‘and Leptothoe sp. LEGE
181153 strains on two different surfaces (glass and Perspex)was ‘dssessed. Results obtained
for wet weight, chlorophyll a content, and biofilm thickness for both cyanobacterial strains
over 49 days are presented in Figure 4. The values tegarding the biofilm thickness (Figures
4E, F) are indicated from day 21 since the biofilm thickness was below the OCT range on the
first two sampling days. Biofilm development-was similar for both cyanobacteria, regardless
of the surface material, and the major differences between the strains were observed for the
biofilm thickness parametet (Figures 4E, F). This tendency was more evident in biofilm
thickness values obtained\for'glass (Figure 4E) from 35 to 49 days, which corresponds to a
maturation stage of\biofilm development. Interestingly, previous studies performed with
filamentous (Romeu et al. 2019, 2020, 2021) and coccoid cyanobacteria (Faria et al. 2020b)
also-showedmajor differences in biofilm development in their maturation phase. The effects
of different conditions may be less noticeable in the initial steps of biofilm formation, while

the maturation stage promotes significant variances in biofilm composition and structure.
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Also noteworthy is the behaviour of both cyanobacterial biofilms developed on glass
(Figures 4A, C, E). While for wet weight and biofilm thickness, the values were similar up to
28 days and increased on Leptothoe sp. LEGE 181153 biofilms from 35 to 49 days, for
chlorophyll @ quantification, a different trend between cyanobacterial strains was observed
over the 49 days. Indeed, biofilm mass and thickness obtained from 35 to 49 days for
Jaaginema sp. LEGE 191154 was on average 29% and 54% lower, respectively when
compared to the values obtained for Leptothoe sp. LEGE 181153 strain on the same period
(Figures 4A, E). In turn, chlorophyll a quantification obtained from 7 to 28 days.{for
Leptothoe sp. LEGE 181153 was on average 77% lower when compared to the values
obtained for Jaaginema sp. LEGE 191154 (Figure 4B), but from 35 to 49 days chlorophyll a
amount of Jaaginema sp. LEGE 191154 biofilms was on average 58% lower when compared
to the values obtained for Leptothoe sp. LEGE 181153 (Figure “4B), Which supports the
results obtained for wet weight and biofilm thickness on the same days (Figures 4A, E).
Chlorophyll a monitorization has been used to follow cyanobacterial biofilm growth (Romeu
et al. 2019, 2020, 2021). Considering the similaritysof yalues obtained for wet weight and
biofilm thickness up to 28 days, and the opposite trend of chlorophyll a quantification on this
period, two hypotheses arise. First, Leptothoe'sp. LEGE 181153 biofilms developed from 7 to
28 days may contain a higher percentage'of EPS and/or of void spaces/porous structure filled
with water, which can contribute“to the higher values of biofilm biomass and thickness,
having no impact on chlorophyll a level. In turn, cyanobacterial cells in these initial stages of
biofilm developmentimay be metabolically less active, contributing to the low chlorophyll a
amount detected) Additional analysis of empty spaces from 2D cross-sectional OCT images
obtained\ for Leptothoe sp. LEGE 181153 biofilms formed on glass (Supplementary Data,
Figure-1. Evaluation of biofilm empty spaces) revealed that the percentage of empty spaces in

biofilms developed in the initial stage (21 and 28 days) was similar to the values obtained for
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the later stages of biofilm development (35 and 42 days), and even lower than those obtained
for the last day (49 days). Hence, a porous architecture was not detected in the early biofilm
growth stage. Moreover, previous studies on filamentous (Romeu er al. 2019, 2020, 2022)
and coccoid (Faria et al. 2020b) cyanobacterial biofilms also showed that in the initial stages
of biofilm development, the chlorophyll a amount is lower than those detected in the later
stages of biofilm development. Therefore, it is more reasonable that Leptothoe sp. LEGE
181153 biofilms developed from 7 to 28 days presented metabolically less active cells and
consequently low chlorophyll a production.

For both cyanobacterial strains, the biofouling potential on the two surfaces (glass and
Perspex) was similar (Supplementary Data, Figure 2. Evaluation of biofilm developmeént on
different surfaces). The major difference was observed for biofilm thickness obtained for the
Leptothoe sp. LEGE 181153 strain at day 42 (Supplementary Data, Figur¢ 2E). On this day, a
69 % decrease in biofilm thickness was achieved on Perspex in'Comparison with biofilms
developed on glass. Although Perspex is relatively more hydrophobic than glass (Romeu et
al. 2019), previous studies which comprise ~different genera of cyanobacteria and
cyanobacteria isolated from different locations also'showed that surface hydrophobicity on its
own may not have a significant impact‘onicyanobacterial biofilm development (Romeu et al.
2019, 2020; Faria et al. 2020b).

Comparing the behavior of'the cyanobacterial strains used in this study with strains
isolated from the Portuguese coast (through laboratory experiments performed under the
same conditions), it'was possible to observe that the present cyanobacterial strains revealed
higher biofilm development potential (Romeu ez al. 2019, 2020, 2021). Indeed, based on the
results obtained for wet weight, chlorophyll a quantification, and biofilm thickness, among
thevsix” filamentous cyanobacterial strains isolated from the Portuguese coast, only two,

Nodosilinea sp. LEGE 06020 (Romeu et al. 2019) and Nodosilinea sp. LEGE 06145 (Romeu
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et al. 2020), showed enhanced biofilm development ability. While both cyanobacterial strains
used in this study presented biofilm wet weight, chlorophyll a content, and biofilm thickness
values between 5 - 40 mg, 0 - 6 pg.cm™ and up to 150 um, respectively, over the 49 days, the
values achieved by Nodosilinea sp. LEGE 06020 (Romeu et al. 2019) and Nodosilinea sp.
LEGE 06145 (Romeu et al. 2020) were between 5 — 50 mg, 0 — 15 pg.cm™ and up to 600
pm.

Figure 5 shows representative 2D cross-sectional images obtained by OCT at 35 and
49 days. This period corresponds to a maturation phase of biofilm development and the time
at which major differences in biofilm thickness between the two cyanobacterial strains\were
observed (Figures 4E, F). The representative 2D cross-sectional images obtaineduby” OCT
confirmed the quantitative results obtained from wet weight, chlorophyll-@,quantification and
biofilm thickness over these days (Figure 4). Indeed, thicker biofilms“were formed by
Leptothoe sp. LEGE 181153 and the major difference betwéen both cyanobacterial strains
was observed for the last day of the experiment (49 days). Alterations in biofilm structure
along this maturation stage can also be noted through a qualitative analysis. For instance,
biofilms at 35 days appear to be denser than/biofilms’developed after 49 days, in which some
void spaces are visible (Figure 5). Moreovery this finding is more evident for Leptothoe sp.
LEGE 181153 biofilms, in which%a densér structure can be noted at the biofilm bottom and
streamers structures are shown at'the biofilm top. An adjustment of biofilm structure may be
required over time since,\with the gradual biofilm growth, the inner layers of biofilms can
have limited access to mutrients, oxygen and light (Teodoésio et al. 2011; Najmuldeen et al.
2019; Gloag et al. 2020; Peterson et al. 2021). Therefore, this can be a vital adaptation
strategy'to énsure continuous cyanobacterial biofilm development.

At the end of the experiment, the structural differences between the two

cyanobacterial biofilms developed on glass and Perspex were also evaluated using CLSM.
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Examples of 3D biofilm images are presented in Figure 6 and biovolume values, which
provide an estimate of the biomass in the biofilm (pm3 . um'z), are shown in Figure 7. Once
again, it is possible to observe that denser and thicker biofilms were formed by Leptothoe sp.
LEGE 181153, regardless of the surface used. Indeed, biovolume obtained for Jaaginema sp.
LEGE 191154 was on average 71% and 58% lower, respectively, when compared to the
values obtained for Leptothoe sp. LEGE 181153 strain on glass and Perspex, respectively.
These results corroborate the quantitative values obtained from biofilm wet weight,
chlorophyll a concentration and biofilm thickness (Figure 4), as well as the qualitative.2D
images obtained from OCT on day 49 (Figure 5). Moreover, 3D biofilm images.-obtainied
from CLSM showed different patterns between cyanobacterial strains but also among.the two
surfaces. While on biofilms formed by Jaaginema sp. LEGE 191154 extended and oriented
filaments were detected, tangled and contracted filaments were formed by Leptothoe sp.
LEGE 181153 (Figure 6). In turn, filaments of biofilms formed on glass appeared
individualized and distanced from each other, while on Perspex'the filaments have a cohesive
architecture (Figure 6). Moreover, biovolume values,obtained on glass range from 23 to 80
um3.pm'2, and on Perspex from 47 to 112 um3.pm'2 (Figure 7). Unlike the porous structure of
the biofilms developed on glass, the biofilmsyef both strains formed on the Perspex seem to
have some organic matter such as\EPS filling the voids (Figure 7). Previous studies showed
that the EPS abundance is”more“dependent on the environmental conditions (Mota et al.
2015) or the intrinsic characteristics of the organisms rather than on the physical and
chemical features of, the substratum (Del Mondo et al. 2018). However, a recent paper
revealed that\EPS amount can also be related to biofilm production on different surfaces
(Maruthanayagam et al. 2020). Indeed, Maruthanayagam and his coworkers showed that
cyanobacteria produced higher amounts of EPS on hydrophobic polymethyl methacrylate

than on the hydrophilic glass surface.
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The isolation and characterization of cyanobacterial strains are an important
endeavour, due to their potential as new sources of added-value compounds, as well as their
adverse and harmful impact on marine biofouling. In this work, two different cyanobacterial
strains from under-explored locations in Morocco and Cape Verde were isolated and
identified. Both strains showed the capacity to form biofilms, but Leptothoe sp. LEGE
181153 proved to be a better biofilm former than Jaaginema sp. LEGE 191154 under the
hydrodynamic and nutritional conditions tested. Although no significant differences were
found in biofilms developed by the same cyanobacterial strain on different surfaces, images
obtained by CLSM denoted that biofilms formed on Perspex were denser. Thus, the-biofilms
of Leptothoe sp. LEGE 181153 may be more harmful in marine environments_where this
surface material is present. Additional assays may evaluate the expression jof virulence,
adhesion and biofilm development factors by the use of omics approachesto complement the
present study (Babele, Kumar and Chaturvedi 2019; Romeu' et al. 2022). Additionally, to
consider the biofilm forming potential of these cyanobacterial strains in real marine
environments, it would be interesting to immerse, these surfaces in the sea water for
prolonged periods, as already performed by‘the grotp for other promising coatings against

marine biofouling (Silva et al. 2021).
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Figure 1. Sampling locations: A) dried soil crust near Mrizika Beach, M
on ramp port for boats at Calhau, Sao Vicente Island, Cape Verde



100~ EF110975 Leptothoe sp. FLKBBD1 "Leptolyngbya sp."
-EF372581 Leptothoe sp. P2b-2 "Leptolyngbya sp."
- EU249128 Leptothoe sp. HBC2 "Leptolyngbya sp."
-KU951663 Leptothoe sp. LEGE 11473 "Leptolyngbya aff. ectocarpi™
100/~ KU951732 Leptothoe sp. LEGE 11479 "Leptolyngbya cf. ectocarpi”
-KU951733 Leptothoe sp. LEGE 11474 "Leptolyngbya ectocarpi”
- JF518829 Leptothoe sp. RSO3 "Leptolyngbya sp."
-KY744809 Leptothoe sithoniana TAU-MAC 0915
68~ - KY744810 Leptothoe spongobia TAU-MAC 1015
-KY744811 Leptothoe spongobia TAU-MAC 1115
- ON311285 Leptothoe sp.LEGE 181153*
-JX481735 Leptothoe sp. RS02 "Leptolyngbya sp."
-KC469578 Leptothoe sp. SAG 60.90 "Leptolyngbya ectocarpi”
92}- AB039011 Leptothoe sp. PCC 7375 "Leptolyngbya sp."
- EF654085 Leptothoe sp. SAG 80.79 "Pseudanabaena persicina"
- KY744812 Leptothoe kymatousa TAU-MAC 1215
-MH982247 Leptothoe kymatousa TAU-MAC 1615
-HMO018679 Nodosilinea epilithica Kovacik 1990/52
- EU528669 Nodosilinea bijugata KOVACIK1986/5a
-HMO018678 Nodosilinea sp. F12-2HA2
- AB039012 Nodosilinea nodulosa PCC 7104
- EF122600 Nodosolinea nodulosa UTEX 2910
- KX375342 Toxifilum mysidocida MYSIDO1
-KF761586 Oculatella coburnii WJT66-NPBG6A
-KY098843 Oculatella ucrainica KZ-5-4-1
-KF761581 Oculatella atacamensis ATA3-4Q-CV5
-MN243147 Oculatella crustae-formantes PJ S28
-MG652616 Oculatella kazantipica KZ-19-s-2
-KR676347 Calenema singularis LEGE 06188
100 - LC314120 Pseudanabaena cinerea Ak1349
-LC314118 Pseudanabaena cinerea NIES-4065
-LC506589 Pseudanabaena yagii NIES-4238
1001 - KM386855 Pseudanabaena limnetica CHAB786
-LC085884 Pseudanabaena limnetica PG
100|- KF246495 Alkalinema pantanalense CENA529
- KF246496 Alkalinema pantanalense CENA530
100|- GQB59645 Planktolyngbya limnetica PMC271.06
- KF487299 Planktolyngbya limnetica S14
- KF246483 Pantanalinema rosaneae CENA516
- KF246484 Pantanalinema rosaneae CENA517
1007 - KP688588 Scytolyngbya timoleontis XSP1
-KP688589 Scytolyngbya timoleontis XSP2
0L310663 itos pantisii TAU-MAC 4318
- KF417430 Stenomitos rutilans HA7619-LM2 T
84~ KR676348 Lusitaniella coriacea LEGE 07157
100|'- KR676349 Lusitaniella coriacea LEGE 07167
-KR676346 Lusitaniella coriacea LEGE 06111
96~ MF351541 Jaaginema geminatum SM S$13
100/ '- KM438189 Jaaginema sp. PsrJGgm14
55~ OL310628 Jaaginema sp. TAU-MAC 1418
-KM438187 Jaaginema sp. ThrJGgm18
-MNB823185 Jaaginema sp. PMC 1079.18
-MN823186 Jaaginema sp. PMC 1080.18
- KR676350 Jaaginema litorale LEGE 07176
- KM438182 Jaaginema sp. lkpSMP32
- ON311284 Jaaginema sp. LEGE 191154*

100 - AF132790 Gloeobacter violaceus PCC 7421 0.05
- AF132791 Gloeobacter violaceus PCC 8105 —

56,

Leptothoe clade
Konstantinou, D. et al. 2019

68/

Jaaginema clade

Figure 2. Maximum likelihood (ML) phylogenetic tree based on 58 partial 16S rRNA gene
sequences of cyanobacterial  strains) belonging to the orders Pseudanabaenales and
Synechococcales. Gloeobacter. violaceus PCC 7421 and Gloeobacter violaceus PCC 8105
were used as outgroupsi, Phylogenetic positions of Leptothoe sp. LEGE 181153 and
Jaaginema sp. .LEGE, 191154 are indicated in bold and with a black star. Bootstrap values
over 50% are_indicated at the nodes. Strains labelled with quotes indicate that names

correspond to Genbank labels.
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Figure 3. Light microscopy of A) Leptothoe sp. LEGE 181153 ); B) Jaaginema sp.
LEGE 191154 (400x); C) Leptothoe sp. LEGE 181153 x); D) Jaaginema sp. LEGE

191154 (1000x). Scale bars = 10 pm.
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Figure 4. Evaluation of cyanobacterial biofilm development. The parameters analysed refer
to wet weight (A, B), chlorophyll a (C, D), and biofilm thickness (E, F). Biofilms of
Jaaginema sp. BEGE 191154 (closed circles) and Leptothoe sp. LEGE 181153 (open circles)
were formed.on glass or perspex at an average shear rate of 40 s~ for 49 days. Symbols * and
** Andicate ‘statistically different values for p < 0.1 and p < 0.05 on each incubation time,

respectively.
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Jaaginema sp. LEGE 191154 Leptothoe sp. LEGE 181153

Glass Perspex Glass Perspex

Figure 5. 2D cross-sectional OCT images of cyanobacterial biofilms formed at 35 and 49

days on glass and perspex. Scale bar = 200 pum.

€20z fienuep g uo Jasn Ajisianiun ouod Aq | 5Z9869/F00PE/08SWaY/EE0L "0 L/I0p/a]0IB-80UBAPR/O8SWS)/W00 dno olwapeoe//:sdijy Woly papeojumo(]



»
(]
[=9
7]
=
L
=B

-

Glass

Downloaded from https://academic.oup.com/femsec/advance-article/doi/10.1093/femsec/fiad004/6986251 by Porto University user on 13 January 2023

vS1161 4097 ds pwawrsooy  ¢G1181 4O “ds 20ypo1day

Figure 6. CLSM images of cyanobacterial biofilms“formed after 49 days on glass and

perspex. Scale bar = 50 um.
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Figure 7. Biovolume obtained from CLSM z-stacks of Jaaginema sp. LEGE 1911154 (gréen
bars) and Leptothoe sp. LEGE 181153 (red bars) biofilms formed after 49 days on,glass and
perspex. Symbols * and ** indicate statistically different values for p'< Osl"and p < 0.05

between both cyanobacterial strains on the same surface, respectively.
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Table 1. Oligonucleotide primers used for 16s rRNA amplification.

Primer Sequence 5°-3° Reference
27F AGAGTTTGATCCTGGCTCAG (Lane, 1991)
359F GGGGAATYTTCCGCAATGGG (Niibel et al., 1997)
781R GACTACWGGGGTATCTAATCCCWTT  (Niibel et al., 1997)

1494R TACGGCTACCTTGTTACGAC (Lane, 1991)

23S30R CTTCGCCTCTGTGTGCCTAGGT (Lepere et al., 2000)
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