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ABSTRACT
Cyanobacteria promote marine biofouling with significant impacts. A qualitative proteomic ana-
lysis, by LC-MS/MS, of planktonic and biofilm cells from two cyanobacteria was performed.
Biofilms were formed on glass and perspex at two relevant hydrodynamic conditions for marine
environments (average shear rates of 4 s�1 and 40 s�1). For both strains and surfaces, biofilm
development was higher at 4 s�1. Biofilm development of Nodosilinea sp. LEGE 06145 was sub-
stantially higher than Nodosilinea sp. LEGE 06119, but no significant differences were found
between surfaces. Overall, 377 and 301 different proteins were identified for Nodosilinea sp.
LEGE 06145 and Nodosilinea sp. LEGE 06119. Differences in protein composition were more
noticeable in biofilms formed under different hydrodynamic conditions than in those formed on
different surfaces. Ribosomal and photosynthetic proteins were identified in most conditions.
The characterization performed gives new insights into how shear rate and surface affect the
planktonic to biofilm transition, from a structural and proteomics perspective.
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Introduction

Marine biofouling causes several ecological problems
and severe economic impacts on aquatic environ-
ments and marine industries (Carvalho 2018). Biofilm
formation on submerged equipment containing
optical and electrochemical sensors (which are used
for on-site monitoring with continuous measuring)
can affect readings and lead to incorrect measure-
ments (Delauney et al. 2010). Cyanobacteria and dia-
toms are responsible for the initiation of biofilm
formation by the production of large amounts of
extracellular polymeric substances (EPS), and they
also represent the major components of marine bio-
films (Bharti et al. 2017). Additionally, these microfo-
uler organisms can promote the adhesion of
macrofouler organisms such as invertebrate larvae,
mussels, seaweeds and barnacles (Mieszkin
et al. 2013).

Physico-chemical factors related to the surface
being colonized (Crawford et al. 2012) and flow vel-
ocity and shear rate (Allen et al. 2018) are some of

the most critical parameters that affect biofilm com-
position, structure and development. Moreover, these
factors can also impact EPS production, energy
metabolism and induce molecular changes in biofilms
(Moreira et al. 2015). The development of novel anti-
fouling strategies for marine applications is of para-
mount importance (Telegdi et al. 2016). Therefore,
molecular studies capable of identifying the agents
and pathways affecting the settlement of biofouling
organisms are necessary to obtain new targets and
develop more effective biofilm mitigation strategies.

Omics approaches such as genomics, transcriptom-
ics, proteomics and metabolomics have been widely
used to characterize bacterial virulence factors
(Alexova et al. 2011; Babele et al. 2019) and provide
new information about biofilm development and
regulation (Leary et al. 2014; Parnasa et al. 2016).
Specifically, proteomic studies have also been used to
understand the molecular mechanisms involved in
important cellular processes such as cell division,
metabolism, transport, stress response and motility in
these microbial communities (Parnasa et al. 2016;

CONTACT Filipe J. M. Mergulh~ao filipem@fe.up.pt
Supplemental data for this article can be accessed at https://doi.org/10.1080/08927014.2020.1795141.

� 2020 Informa UK Limited, trading as Taylor & Francis Group

BIOFOULING
2020, VOL. 36, NO. 6, 631–645
https://doi.org/10.1080/08927014.2020.1795141

http://crossmark.crossref.org/dialog/?doi=10.1080/08927014.2020.1795141&domain=pdf&date_stamp=2020-09-08
http://orcid.org/0000-0002-1094-5425
http://orcid.org/0000-0002-5211-972X
http://orcid.org/0000-0002-9874-933X
http://orcid.org/0000-0002-4190-0959
http://orcid.org/0000-0003-4621-885X
http://orcid.org/0000-0003-3585-2417
http://orcid.org/0000-0001-5233-1037
https://doi.org/10.1080/08927014.2020.1795141
https://doi.org/10.1080/08927014.2020.1795141
http://www.tandfonline.com


Wang et al. 2020). Furthermore, proteomic analysis
allows the study of interspecies interactions on bio-
films (Herschend et al. 2017) and how biofilm devel-
opment is affected by physiological and
environmental factors (Chen et al. 2019). In a stress-
ful condition, the long-term adaptation is governed
by mechanisms of cellular regulation as the synthesis
and/or modified expression of proteins. The identifi-
cation of these proteins using high throughput prote-
omic tools has provided new insights into the cellular
response to a defined stress condition and also
regarding the cell signaling and stress response path-
ways that are activated under different conditions
(Muthusamy et al. 2017; Battchikova et al. 2018).
Since modifications in the proteome are associated
with physiological and metabolic rearrangements at
the genotype level during stress adaptation and toler-
ance, qualitative proteomic studies lead to the identifi-
cation and characterization of these stress-responsive
proteins (Babele et al. 2019). Therefore, qualitative
proteomic experiments can provide a general picture
of the physiological state of a given organism through
the identification of proteins which are translated
under different conditions.

The isolation and purification of stable and high-
quality proteins is the most challenging task in cyano-
bacterial proteomic experiments (Pandhal et al. 2009),
since cyanobacteria contain several proteases, oxida-
tive enzymes, phycobiliproteins and other pigments
which hinder the effective extraction, purification and
recovery of less abundant proteins (Ow et al. 2011).
In this context, novel extraction protocols have been
developed and were a major step for today’s high
throughput proteomic workflows (Anderson et al.
2006). The development of high-resolution liquid
chromatography (LC) and more advanced tandem
mass spectrometry (MS/MS) enabled the development
of shotgun proteomics (Babele et al. 2019). Since pro-
teomes are directly digested and analyzed in situ by a
combination of liquid chromatographic separation
and analysis using high-speed tandem mass spectrom-
etry, shotgun proteomics opened up opportunities to
perform fast and reliable identification of cyanobac-
terial proteins (Anderson et al. 2006). Furthermore,
LC–MS/MS data acquisition is nearly fully automated,
which enables analysis in a high throughput mode
leading to low variations, thus, improving the confi-
dence of the results.

Although several studies investigated the proteome
of planktonic and sessile forms, only a few address
marine biofilms (Leary et al. 2014). The data available
on cyanobacteria are sparse (Babele et al. 2019) and

focus on well-studied model cyanobacteria, such as
the unicellular cyanobacterium Synechocystis sp. PCC
6803 (Jahn et al. 2018). Moreover, the small number
of proteomic studies performed on filamentous
cyanobacteria is rather old and restricted to the
cyanobacterial genera Nostoc, Anabaena and Spirulina
(Anderson et al. 2006; Kurdrid et al. 2011).

The main aim of this study was to perform a quali-
tative proteomic analysis on filamentous cyanobac-
teria under planktonic and different conditions of
biofilm development. To the best of the authors’
knowledge, there are no proteomic studies evaluating
the impact of different surfaces and different hydro-
dynamic conditions on cyanobacterial biofilm behav-
ior. Since no proteomic analysis of the genus
Nodosilinea is available, this represents the first work
that investigated the proteome obtained from different
conditions of biofilm development of this ubiquitous
cyanobacterial genus. Cyanobacterial strains from the
genus Nodosilinea are present in dissimilar geogra-
phies, including different continents (Europe,
Antarctica, Asia and America), and specimens can
also be found in different ecologies, such as brackish
water, freshwater, marine and even terrestrial environ-
ments (Heidari et al. 2018; Ramos et al. 2018;
V�azquez-Mart�ınez et al. 2018; Radzi et al. 2019). This
cosmopolitan distribution highlights the importance
of studying biofilm formation by these organisms.
Moreover, the relevance of studying these filamentous
cyanobacterial strains is even more critical given the
biofouling potential of these organisms. Indeed, some
studies showed the high biofouling potential of the
genus Nodosilinea on different surfaces. Additionally,
cyanobacterial strains from this genus were recovered
from biofilms on a house wall (Perkerson Iii et al.
2011), from a benthic mat in a thermal spring with
very high natural radioactivity (Heidari et al. 2018)
and even from mats collected in Antarctica (Radzi
et al. 2019). Nodosilinea strains were also found on
subaerial biofilms, which develop on mineral surfaces
and on archaeological stone monuments experiencing
extended periods of heat, insolation and dehydration
(V�azquez-Mart�ınez et al. 2018). These biofilms have
been widely studied due to their impact on deterior-
ation of cultural heritage.

Materials and methods

Organism and inocula preparation

Two cyanobacterial strains were used in this study,
and both were obtained from the Blue Biotechnology
and Ecotoxicology Culture Collection (LEGE-CC)
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located at CIIMAR, Portugal (Ramos et al. 2018).
Nodosilinea sp. LEGE 06145 was isolated from a sam-
ple scraped from a wave-exposed rock in a tide pud-
dle collected at Moledo beach, Portugal (41.84963N
8.866717W). Nodosilinea sp. LEGE 06119 was isolated
from a seawater sample collected in the surf zone at
Burgau beach, Portugal (37.07156N 8.774722W)
(Ramos et al. 2018). Cells from an initial 50ml cul-
ture were grown for 30 days in 750ml of Z8 medium
(Kotai 1972) supplemented with 25 g l�1 of synthetic
sea salts (Tropic Marin) and vitamin B12 (Sigma
Aldrich, Merck, St Louis, MO, USA). Cultures were
performed under 14 h light (10–30lmol photons m�2

s�1)/10 h dark cycles, at 25 �C.

Biofilm formation

Biofilm formation was assessed on agitated 12-well
microtiter plates (VWR International, Carnaxide,
Portugal), since this platform was shown to mimic
the hydrodynamic conditions found in marine envi-
ronments (Romeu et al. 2019). In order to assess the
effect of the surface on protein expression, biofilms
were developed on glass (Vidraria Lousada, Lda,
Portugal) and perspex (Neves & Neves, Lda,
Portugal) coupons (1 cm2). These represent com-
monly submerged artificial surfaces found on differ-
ent equipment in aquatic and marine environments
(Taylor 1996; King et al. 2006). Moreover, these sur-
faces present different hydrophobicity (perspex is
relatively hydrophobic compared with glass) (Romeu
et al. 2019). Surface preparation was performed as
described in Romeu et al. (2019). All coupons were
aseptically pre-weighed. Transparent double-sided
adhesive tape was used to fix the coupons and once
the tape was placed in the wells, all coupons and the
plates were subjected to UV sterilization for 30min,
after which the sterile coupons were fixed. Since
chlorophyll a concentration is commonly used as
biomass indicator in aquatic environments, prior to
inoculation each cyanobacterial suspension was
adjusted to a chlorophyll a concentration of 1.5 mg
ml�1. Briefly, 2ml of each suspension were incu-
bated for 24 h at 4 �C in the dark for a maximal
chlorophyll a extraction. The samples were then cen-
trifuged at 3,202 g, for 5min 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)
was determined using a V-1200 spectrophotometer
(VWR International China Co., Ltd, Shanghai,
China). The chlorophyll a concentration (mg cm�2)

was calculated by the following Equation (1) (Porra
et al. 1989):

Chla lg ml�1
� �

¼ 16:29 � A665– 8:54 � A652

(1)

These measurements were performed in triplicate
and the dilutions were performed using Z8 medium
supplemented with 25 g l�1 of synthetic sea salts and
vitamin B12. After cyanobacterial suspension adjust-
ment, planktonic samples for proteomic analysis were
collected and kept at �80 �C.

A volume of 3ml of adjusted cyanobacterial sus-
pension in Z8 medium (prepared as described above)
supplemented with nutritional factors, which support
the growth and cyanobacteria maintenance (Kotai
1972), was inoculated in each well. In order to assess
the hydrodynamic effect on protein expression,
cyanobacterial biofilm formation at different shear
rates was tested. In order to attain the shear rate val-
ues that can mimic aquatic environments, such as
those found on a ship hull in a harbor and in par-
tially submerged or even moored equipment and
devices (as underwater cameras, flotation spheres,
sensors and even transparent hulls of boats or their
windows), microtiter plates were incubated at 25 �C
in an orbital shaker with a 25mm orbital radius
(Agitorb 200ICP, Norconcessus, Portugal) at 185 rpm
(achieving the average shear rate of 40 s�1, Romeu
et al. 2019). Moreover, since lower fluid velocities can
promote marine biofouling (Flemming et al. 2009),
biofilm development was also assessed at lower shear
rate conditions (average shear rate of 4 s�1, achieved
at 40 rpm). Biofilm development was followed for
seven weeks (49 days) since it is accepted that a two-
month interval for maintenance is the minimum dur-
ation for economically viable underwater monitoring
systems, as previously reported (Romeu et al. 2019).
During this incubation time, the medium was
replaced twice a week. In order to mimic real light
exposure periods, a photoperiod of 14 h light
(8–10 mmol photons m�2 s�1)/10 h dark cycles)
was applied.

Biofilm analysis

Sampling was performed every seven days and at each
sampling day, three coupons for each surface and
hydrodynamic condition were analyzed for both
cyanobacteria. The culture medium was carefully
removed and the wells were filled with 3ml of sterile
sodium chloride solution (8.5 g l�1) to evaluate the
cyanobacterial biofilm structure and thickness by
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optical coherence tomography (OCT). In order to
complement the characterization of cyanobacterial
biofilms, the determination of their wet weight and
chlorophyll a content was performed.

Optical coherence tomography
Images from cyanobacterial biofilms developed on
both surfaces and under the different hydrodynamic
conditions were captured as reported in Romeu et al.
(2019). Briefly, the captured volume was �4� 4 �
3mm3 (509� 313� 1,024 pixels3) and since biofilms
are mainly composed (90%) of water (Bakke et al.
2001), the refractive index was set to 1.40. For each
coupon, 2-D imaging was performed with a minimum
of three fields of view, to ensure the accuracy and
reliability of the results 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, MA,
USA). The processing steps include image denoising,
detection of the surface layer/biofilm bottom and seg-
mentation of the biofilm structure by the upper con-
tour line of the biofilm. The acquired image is
denoised using Haar wavelets (Mayer et al. 2012). The
method used for the detection of the biofilm bottom
consists of edge detection, using the Canny edge filter
(Canny 1986) and straight-line detection, using the
Hough line transform (Duda and Hart 1972). The
highest peak in Hough space corresponds to the sur-
face layer and biofilm bottom. For the segmentation
of the biofilm structure, a Sobel operator is applied,
and the result is thresholded. Then, the resulting bin-
ary image is dilated, using a vertical structuring elem-
ent and a horizontal structuring element and the
holes inside the biofilm are filled in. Finally, the con-
tours of the resulting binary image are smoothed, by
eroding the image with a diamond structuring elem-
ent. In this way, a binary "mask" that covers the bio-
film region is obtained. The biofilm is delimited by
the upper boundary of this "mask" and by the surface
layer/biofilm bottom. The mean of biofilm thickness
was calculated based in the distance between the bio-
film bottom and the upper contour line according the
following Equation (2):

LF ¼ 1
N

XN

i¼1

LF, i (2)

where LF, i is a local biofilm thickness measurements
at location i and N equals the number of thickness
measurements and LF is the mean biofilm thickness.

Wet weight determination and chlorophyll a
quantification

The determination of the wet weight and chlorophyll
a content of cyanobacterial biofilms was performed as
reported in Romeu et al. (2019). Briefly, to determine
the wet weight, coupons were detached from the wells
and weighed. Biofilm wet weight was obtained as the
difference from the initial coupon weight (determined
prior to inoculation). Afterward, cyanobacterial cells
were detached from the coupons by immersing each
coupon in 2ml of 8.5 g l�1 sodium chloride solution
and vortexing, and the suspensions were incubated
for 24 h at 4 �C in the dark for a maximal chlorophyll
a extraction, as previously described through
Equation 1.

Proteomics analysis

Protein extraction and sample preparation
Biomass of 40 biofilm samples comprising four repli-
cates from each biofilm condition of Nodosilinea sp.
LEGE 06145 and Nodosilinea sp. LEGE 06119 and
four samples consisting of two replicates from plank-
tonic samples of both the cyanobacterial strains were
kept at �80 �C until protein extraction. Biomass for
biofilm samples was obtained as previously described.
Briefly, cyanobacterial biofilms were detached from
the coupons by immersing each coupon in 2ml of
8.5 g l�1 sodium chloride solution and vortexing. The
total protein extraction was performed into sodium
dithionite (SDT) buffer (2% SDS, 100mM Tris/HCl
pH 7.6, 0.1M DTT) þ protease inhibitors (PIs,
Roche, 11697498001), as a variant of the method car-
ried out by Campos et al. (2016). Briefly, the biomass
from each replicate was weighed and a proper volume
of SDT buffer was added to the samples (0.5 g ml�1

SDT), sonicated 5� 4 s and 23 kHz � 105 mm (ampli-
tude) and incubated at room temperature overnight.
Afterward, samples were sonicated 5� 4 s and 23 kHz
� 105mm (amplitude), heated for 3min at 95 �C and
subsequently centrifuged at 16,000 g for 20min.
Finally, the supernatant was collected, and total pro-
tein concentration was measured indirectly by optical
density (OD) at 280 nm using a microplate reader
(PowerWave; Biotek, VT, USA). Samples containing
the extracted protein were stored for 24 h at �20 �C.

The extracted proteins were processed using the
Filter Aided Sample Preparation (FASP) protocol
described by Wi�sniewski et al. (2009). In summary,
this approach comprised the alkylation and digestion
of 30 mg of the extracted proteins with trypsin
(recombinant, proteomics grade, Roche, Basel,
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Switzerland) at an enzyme to protein ratio of 1:100
(w/w) for 16 h at 37 �C using centrifugal filter units
with a nominal molecular weight limit (NMWL) of
30 kDa (MRCPRT030, Millipore, Billerica, MA, USA).
Through centrifugal filtration, peptides were recov-
ered and acidified with trifluoracetic acid (TFA) (10%
v v–1). Samples were desalted and concentrated by
reversed-phase extractions (C18 Tips, 100 ml, Thermo
Scientific, Bremen, Germany, 87784) with acetonitrile
(ACN) (50% v v–1) and TFA (0.1% v v–1) for peptide
elution. Before LC-MS/MS analysis, samples were
dried in the speed-vac and resuspended in formic
acid (FA) (0.1% v v–1) to a final concentration of
0.04–0.06lg ll�1.

LC-MS/MS analysis

FASP protein digests were processed using a nano
LC-MS/MS, composed by an Ultimate 3000 liquid
chromatography system coupled to a Q-Exactive
Hybrid Quadrupole – Orbitrap mass spectrometer
(Thermo Scientific). Samples were loaded onto a trap-
ping cartridge (Acclaim PepMap C18 100A˚, 5mm �
300 mm i.d., 160454, Thermo Scientific) in a mobile
phase of 2% ACN, 0.1% FA at 10 ml min�1. After
3min loading, the trap column was switched in-line
to a 15 cm by 75 lm inner diameter EASY-Spray col-
umn (ES800, PepMap RSLC, C18, 3 lm, Thermo
Scientific) at 300ml min�1. Separation was generated
by mixing A: 0.1% FA and B: 80% ACN, with the fol-
lowing gradient: 5min (2.5% B to 10% B), 60min
(10% B to 35% B), 5min (35% B to 99% B) and
5min (hold 99% B). Subsequently, the column was
equilibrated with 2.5% B for 12min. Data acquisition
was controlled by Xcalibur 4.0 and Tune 2.8 software
(Thermo Scientific). The mass spectrometer was oper-
ated in data-dependent (dd) positive acquisition mode
alternating between a full scan (m/z 380–1,580) and
subsequent HCD MS/MS of the 10 most intense
peaks from full scan (normalized collision energy of
27%). ESI spray voltage was 1.9 kV and capillary tem-
perature was 275 �C. Global settings: use lock masses
best (m/z 445.12003), lock mass injection Full MS,
chrom. peak width (FWHM) 15 s. Full scan settings:
70k resolution (m/z 200), AGC target 3e6, maximum
injection time 50ms. dd settings: minimum AGC tar-
get 8e3, intensity threshold 7.3e4, charge exclusion:
unassigned, 1, 8, >8, peptide match preferred, exclude
isotopes on, dynamic exclusion 20 s. MS2 settings:
microscans 1, resolution 35k (m/z 200), AGC target
2e5, maximum injection time 110ms, isolation

window 2.0m/z, isolation offset 0.0m/z, spectrum
data type profile.

Protein identification

The raw data were analyzed and processed using the
Proteome Discoverer 2.2.0.388 software (Thermo
Scientific) and searched against the UniProt database
for Bacteria taxonomic selection (2018_07 release). The
Sequest HT search engine was used for protein identifi-
cation. The ion mass tolerance was 10 ppm for precur-
sor ions and 0.02Da for-fragment ions. The maximum
allowed missing cleavage sites was set to 2. Cysteine
carbamidomethylation was defined as a constant modi-
fication. Methionine oxidation and protein N-terminus
acetylation were defined as variable modifications.
Peptide confidence was set to high. The processing
node Percolator was enabled with the following set-
tings: maximum delta Cn 0.05; decoy database search
target FDR 1%, validation was based on q-value.

Protein distribution among different conditions of
biofilm development

The distribution of protein identified among repli-
cates and among the different conditions was ana-
lyzed by Venn diagram using an online free tool,
available at the webserver of the Bioinformatics and
Evolutionary Genomics Center (BEG/Van de Peer
Lab site), Ghent University, Belgium, http://bioinfor-
matics.psb.ugent.be/webtools/Venn/. For comparison
purposes, the identified proteins from all replicates of
each treatment were merged into a single file and
duplicates removed. Finally, the corresponding distri-
bution of unique and shared proteins among different
conditions were reported.

Statistical analysis

All experiments were performed in triplicate. Data
analysis was performed using the statistical program
GraphPad PrismVR for Windows, version 6.01
(GraphPad Software, Inc., San Diego, CA, USA) and
results were compared using unpaired t-tests with a
confidence level of 95% (��; p ˂ 0.05) and 90% (�; p
˂ 0.1).

Results and discussion

Biofilm development analysis

Monitoring of cyanobacterial biofilm development
was done for 49 days (progress of wet weight,
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chlorophyll a and biofilm thickness), as shown in
Figures 1 and 2. For both cyanobacterial strains and
both surfaces, biofilm development was higher at the
lowest shear rate. Compared with the values obtained
at higher shear rate (40 s�1), the biofilm mass
obtained on a glass surface under lower shear condi-
tions (4 s�1) was on average 63.9% and 48% higher
for Nodosilinea sp. LEGE 06145 (Figure 1a) and
Nodosilinea sp. LEGE 06119 (Figure 2a), respectively.

Likewise, on perspex, the biofilm wet weight was on
average 40.6% higher for Nodosilinea sp. LEGE 06145
(Figure 1b) and 29.6% for Nodosilinea sp. LEGE
06119 (Figure 2b). The chlorophyll a content at 4 s�1

and on glass was, on average 64.6% and 98.8% higher
for Nodosilinea sp. LEGE 06145 (Figure 1c) and
Nodosilinea sp. LEGE 06119 (Figure 2c), respectively,
whereas on perspex it was, on average, 35.7% higher
for Nodosilinea sp. LEGE 06145 (Figure 1d) and

Figure 1. Evaluation of Nodosilinea sp. LEGE 06145 biofilm development. The parameters analyzed refer to wet weight (A, B),
chlorophyll a (C, D) and biofilm thickness (E, F). Biofilms were formed in glass (A, C, E) or perspex (B, D, F), at two average shear
rates, 4 s�1 (closed circles) and 40 s�1 (open circles) for 49 days. SDs from two biological assays with three replicates each are rep-
resented. Symbols � and �� indicate statistically different values for p< 0.1 and p< 0.05 (respectively) at each incubation time.
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97.4% for Nodosilinea sp. LEGE 06119 (Figure 2d)
compared with higher shear conditions. Since a cor-
relation between chlorophyll a production and biofilm
wet weight was observed (Supplementary material,
SM1), chlorophyll a content monitorization was dem-
onstrated to be a useful tool to follow cyanobacterial
biofilm growth, as previously reported (Romeu
et al. 2019).

Although some differences in biofilm development
at different shear conditions were noticed in the early
stages, major differences were found in the matur-
ation phase of biofilm development (on general from
day 28 and mainly in wet weight quantification),
which corroborates previous results obtained with dif-
ferent cyanobacterial strains (Romeu et al. 2019). The
increased shear rate during biofilm development may

Figure 2. Evaluation of Nodosilinea sp. LEGE 06119 biofilm development. The parameters analyzed refer to wet weight (A, B),
chlorophyll a (C, D) and biofilm thickness (E, F). Biofilms were formed in glass (A, C, E) or perspex (B, D, F), at two average shear
rates, 4 s�1 (closed circles) and 40 s�1 (open circles) for 49 days. SDs from two biological assays with three replicates each are rep-
resented. Symbols � and �� indicate statistically different values for p< 0.1 and p< 0.05 (respectively) at each incubation time.
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promote sloughing events and erosion, affecting bio-
film cohesion. Moreover, this difference in biofilm
development between the two hydrodynamic condi-
tions was more noticeable for Nodosilinea sp. LEGE
06119 (Figure 2a–d).

The biofilm thickness obtained on the glass surface
under lower shear conditions was on average 54.5%
and 64.2% higher for Nodosilinea sp. LEGE 06145
(Figure 1e) and Nodosilinea sp. LEGE 06119 (Figure
2e), respectively, when compared with those obtained
at 40 s�1. On perspex, the biofilm thickness was, on
average 42.9% higher for Nodosilinea sp. LEGE 06145
(Figure 1f) and 54.3% for Nodosilinea sp. LEGE 06119
(Figure 2f). The highest value of biofilm thickness
was observed at 4 s�1 on glass for Nodosilinea sp.
LEGE 06145 (� 800lm; Figure 1e, 49 days). Values
of biofilm thickness obtained for Nodosilinea sp.
LEGE 06119 were significantly lower, achieving a
maximum of 120 lm at 4 s�1 on glass (Figure 2e).
Indeed, all parameters analyzed showed that biofilm
development by Nodosilinea sp. LEGE 06145 was sub-
stantially higher than by Nodosilinea sp. LEGE 06119
(Supplementary material, SM2).

Despite the different properties of glass and per-
spex, the latter of which is the most hydrophobic sur-
face (Romeu et al. 2019), similar values of wet weight,
chlorophyll a content and biofilm thickness were
obtained for the biofilms formed on different surfaces
at the same hydrodynamic conditions (Supplementary
material, SM3). These findings, which show that the
effect of surface hydrophobicity was less important

than the hydrodynamic effect on cyanobacterial bio-
film development, had previously been shown for
other cyanobacterial strains (Romeu et al. 2019; Faria
et al. 2020).

Figures 3 and 4 show representative 2-D cross-sec-
tional images of Nodosilinea sp. LEGE 06145 and
Nodosilinea sp. LEGE 06119, respectively, obtained
from OCT at the end of the experiment (49 days).
From these OCT images, the difference in biofilm
development between the cyanobacterial strains is
clear. Again, the differences in biofilm structure
between hydrodynamic conditions were also more
noticeable than between the two surfaces. Despite the
lower biofilm biomass obtained at a higher shear rate
(40 s�1) for Nodosilinea sp. LEGE 06119 (Figure 4b,
d), it is possible to observe that cyanobacterial bio-
films obtained at 4 s�1 were less homogeneous in
their structure, presenting three-dimensional stream-
ers on the biofilm surface. The appearance of these
structures was previously reported for other cyano-
bacterial biofilm formed under different hydro-
dynamic conditions (Romeu et al. 2019). Instead,
biofilms formed under the higher shear rate presented
a more compact structure. While a compacted struc-
ture may be relevant in biofilms formed under higher
shear conditions to increase the biofilm cohesion and
avoid biofilm sloughing and erosion, a lower degree
of compaction in biofilms formed under lower shear
rates is an appropriate adaptation to improve the
mass transfer to the inner layers of the biofilm
(Teod�osio et al. 2011).

Figure 3. 2-D cross-sectional OCT images of Nodosilinea sp. LEGE 06145 biofilms formed after 49 days on glass and perspex at
two different shear rates, 4 s�1 (A, C) and 40 s�1 (B, D). Scale bar ¼ 200lm.
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Proteomic analysis

A qualitative proteomic analysis by LC-MS/MS was
performed, and the number and the distribution of
proteins found for both cyanobacterial strains in dif-
ferent conditions is shown in Figure 5. The number
of cyanobacterial proteins identified from all plank-
tonic and biofilm samples is available in
Supplementary material, SM4. A total of 377 and 301
different proteins were identified for Nodosilinea sp.
LEGE 06145 and Nodosilinea sp. LEGE 06119,
respectively, of which 108 were found in both cyano-
bacterial strains (Figure 5a). Among the 16 common
proteins identified in the cyanobacterial planktonic
samples (Figure 5b), none is exclusive to the plank-
tonic form because they were identified in an add-
itional biofilm condition. A previous quantitative
proteomic study performed on the marine bacterium
Pseudoalteromonas lipolytica TC8 also aimed at high-
lighting specific metabolic shifts between planktonic
and biofilm cultures. This study showed that 90% of
proteins were present in the proteomes of both plank-
tonic and biofilm samples (Favre et al. 2018).
Moreover, the percentage of proteins found in the
four different biofilm conditions and which were
identified in both cyanobacterial strains was similar
and below 22%. Amongst the four possibilities tested
for biofilm development, biofilms that were formed
on perspex and at 40 s�1 showed a higher percentage
of common proteins between the two cyanobacterial
strains (21.1%, Figure 5f). Conversely, biofilms that
were formed on perspex but at 4 s�1 showed a lower

number of common proteins between the two cyano-
bacterial strains (7.8%, Figure 5d). A broad diversity
in the protein expression profiles of each strain was
observed. Similarly, substantial differences in protein
expression among cyanobacterial strains at the same
conditions were also observed in a study of
Microcystis aeruginosa (Alexova et al. 2011) and only
29–43% of the identified proteins were found to be
expressed in all six strains analyzed in this study.
Moreover, a study performed with the marine cyano-
bacterium Prochlorococcus spp. showed that the elem-
ental composition of their proteomes was strongly
influenced by their site of isolation and the nutritional
availability at that site (Lv et al. 2008). Since
Nodosilinea sp. LEGE 06145 was isolated from a sam-
ple scraped from a wave-exposed rock in a tide pud-
dle collected at Moledo beach and Nodosilinea sp.
LEGE 06119 was isolated from a seawater sample col-
lected in the surf zone collected at Burgau beach, the
observed proteome diversity supports the view that
strains should be considered as ecotypes adapted to
survival in a particular environmental niche (Otsuka
et al. 2001). For the same cyanobacterial strain, a
higher number of proteins was identified on glass
rather than on perspex, and comparing the two
hydrodynamic conditions, a higher number of pro-
teins was obtained at 4 s�1 for both cyanobacteria
(Figure 5C–F). This lower shear condition corre-
sponds to the scenario in which a higher amount of
biofilm formation was observed (Figures 1–4). For
both cyanobacterial strains, differences between the
number of proteins identified from biofilms formed

Figure 4. 2-D cross-sectional OCT images of Nodosilinea sp. LEGE 06119 biofilms formed after 49 days on glass and Perspex at
two different shear rates, 4 s�1 (A, C) and 40 s�1 (B, D). Scale bar ¼ 200lm.
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under different hydrodynamic conditions were more
noticeable than those obtained for different surfaces
(77.8% and 48.5% higher at 4 s�1 than 40 s�1 for
Nodosilinea sp. LEGE 06145 and Nodosilinea sp.
LEGE 06119, 28.1% and 33.4% higher on glass than

perspex, for Nodosilinea sp. LEGE 06145 and
Nodosilinea sp. LEGE 06119, respectively
(Supplementary material, SM4). Except for the bio-
films on glass at 40 s�1 in which the number of pro-
teins found in Nodosilinea sp. LEGE 06119 was 41.2%
higher compared with Nodosilinea sp. LEGE 06145, in
all biofilm samples, a higher number of proteins were
identified in Nodosilinea sp. LEGE 06145. The com-
plete list of identified proteins and their frequencies
in different biofilm conditions is available in
Supplementary material, SM5.

The identification and description of common pro-
teins obtained from biofilm samples and for both
cyanobacterial strains are presented in Table 1. While
from biofilms formed on glass only one protein was
identified in both cyanobacterial strains, 10 common
proteins were identified from biofilms on the perspex
surface. Additionally, 12 and 10 proteins for both
cyanobacterial strains were identified in biofilm sam-
ples formed at 4 s�1 and 40 s�1, respectively. It should
be noted that despite biofilm development being sub-
stantially lower in Nodosilinea sp. LEGE 06119 than
Nodosilinea sp. LEGE 06145 (Supplementary material,
SM2), these proteins were also found in this strain.
The 50S ribosomal protein L7/L12 was identified in
all biofilm conditions of the two cyanobacterial
strains. This protein forms part of the ribosomal stalk,
which helps the ribosome interact with guanosine tri-
phosphate (GTP)-bound translation factors and it is
responsible for accurate translation (Diaconu et al.
2005). This is an essential protein in the core meta-
bolic functions and it was identified in all biofilm
samples (Table 1 and Supplementary material, SM5).
This result demonstrates the relevance and validity of
the proteomic analysis performed in the present
work. Additional cyanobacterial proteomic studies
have revealed that 50% of proteins found could be
assigned to core metabolic and transport functions
(Anderson et al. 2006). However, a proteomic study
performed with Halorubrum lacusprofundi, an
extreme halophile archaeon, showed a decrease in the
proteins involved in protein synthesis and folding in
biofilms when compared with planktonic cells, includ-
ing a large number of ribosomal proteins (Liao
et al. 2016).

Proteins related to photosystems I and II and with
allophycocyanin were found in three of the four bio-
film condition groups (Table 1 in dark grey shading).
The specific conditions in which these proteins were
identified can be found in the Supplementary material,
SM5. Photosystem I (PS I, plastocyaninferredoxin oxi-
doreductase) and photosystem II (PS II,

Figure 5. Venn diagrams obtained from the distribution of
proteins identified among different conditions for the two
cyanobacterial strains. The total of proteins for each condition
is represented by (N¼). The composite figure shows the
unique and common proteins identified in both cyanobacterial
strains at each condition represented from each Venn diagram:
(A) total proteins identified on Nodosilinea sp. LEGE 06145 cells
vs proteins identified on Nodosilinea sp. LEGE 06119 cells; (B)
proteins identified on planktonic Nodosilinea sp. LEGE 06145
cells vs proteins identified on planktonic Nodosilinea sp. LEGE
06119 cells; (C) proteins identified on Nodosilinea sp. LEGE
06145 cells vs proteins identified on Nodosilinea sp. LEGE
06119 cells derived from biofilms formed on glass at 4 s�1; (D)
proteins identified on Nodosilinea sp. LEGE 06145 cells vs pro-
teins identified on Nodosilinea sp. LEGE 06119 cells derived
from biofilms formed on perspex at 4 s�1; (E) proteins identi-
fied on Nodosilinea sp. LEGE 06145 cells vs proteins identified
on Nodosilinea sp. LEGE 06119 cells derived from biofilms
formed on glass at 40 s�1; (F) proteins identified on
Nodosilinea sp. LEGE 06145 cells vs proteins identified on
Nodosilinea sp. LEGE 06119 cells derived from biofilms formed
on perspex at 40 s�1.
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waterplastoquinone oxidoreductase) are multisubunit
protein complexes located in the thylakoid membranes
of cyanobacteria, algae and higher plants (Nelson and
Yocum 2006). Although in the present study the PsaF
protein was only identified in biofilms of both the
cyanobacterial strains formed at 40 s�1 (Table 1), this
protein is also related to photosystems (Photosystem I
subunit III). A study performed by Huang et al. (2002)
also identified proteins related to photosystems in the
plasma membrane of Synechocystis PCC 6803. A prote-
omic study with different strains of M. aeruginosa
showed that the majority of proteins shared among all
strains were involved in photosynthesis and respiration
(Alexova et al. 2011). Thus, the distribution of protein
identification obtained in the present study is typical
for cyanobacteria.

Allophycocyanin is a protein from the light-har-
vesting phycobiliprotein family, along with phyco-
cyanin, phycoerythrin and phycoerythrocyanin, which
may be found in the phycobilisome core complex
(Sonani et al. 2015). Although proteins related to allo-
phycocyanin were found in three of the four biofilm

conditions, a protein fragment of phycocyanin beta
chain and an additional non-specific phycobilisome
protein were identified in both cyanobacterial strains
for biofilms formed at 40 s �1. Phycobilisomes are
present in cyanobacteria and red algae and are
formed by phycobiliproteins and also linker proteins
(MacColl 1998). Allophycocyanin is considered an
accessory pigment to chlorophyll and exhibits unique
absorbance and fluorescence characteristics due to a
lack of susceptibility to internal and external fluores-
cence quenching. Due to these features, allophycocya-
nin is ideal for highly sensitive studies such as flow
cytometry and immunoassays (Manirafasha et al.
2016). Indeed, phycobiliproteins are regularly found
in high abundance and they may constitute up to
50% of the total cellular protein of a cyanobacterium
(Anderson et al. 2006). Previous proteomic studies
with other cyanobacterial strains (Synechocystis PCC
6803) also identified proteins related to this phycobili-
protein family in their plasma membrane (Huang
et al. 2002; Pisareva et al. 2007). In another study,
which aimed to evaluate proteomic changes after heat

Table 1. Enumeration of proteins obtained from different biofilm samples in both cyanobacterial strains.

Biofilm development
condition

Number of proteins
found on both

cyanobacterial strains Accession number Description

Glass 1 A0A1Z3HSI0 50S ribosomal protein L7/L12

Perspex 10 A0A077JIC2 Elongation factor Tu
A0A0N7LBT2 Alkyl hydroperoxide reductase/thiol specific antioxidant/Mal allergen
A0A1U7J348 Photosystem II CP43 reaction center protein
A0A1U7J7J4 Allophycocyanin subunit beta
A0A1U7JAP1 Allophycocyanin subunit beta
A0A1U7JAR5 Photosystem I reaction center subunit X
A0A1U7JAT3 Allophycocyanin
A0A1Z3HSI0 50S ribosomal protein L7/L12
A0A2P8ZU54 Photosystem I P700 chlorophyll a apoprotein A2
I4HUB3 Carbon dioxide-concentrating mechanism protein CcmK

4 s�1 12 A0A073CH81 Photosystem I reaction center subunit XI
A0A0N7LBT2 Alkyl hydroperoxide reductase/thiol specific antioxidant/Mal allergen
A0A120MWU4 Transketolase
A0A1U7J348 Photosystem II CP43 reaction center protein
A0A1U7J7J4 Allophycocyanin subunit beta
A0A1U7J8S7 Photosystem I reaction center subunit II
A0A1Z3HSI0 50S ribosomal protein L7/L12
A0A2P8VVE3 Allophycocyanin subunit beta
A0A2P8W6V3 Amino acid ABC transporter substrate-binding protein
A0A2P8ZWG1 HU family DNA-binding protein
A0A2P8ZXU5 Phycobilisome rod-core linker polypeptide CpcG
I4HUB3 Carbon dioxide-concentrating mechanism protein CcmK

40 s�1 7 A0A073CM30 PsaF
A0A0U1Z975 Phycocyanin beta chain (Fragment)
A0A1U7JAP1 Allophycocyanin subunit beta
A0A1U7JAT3 Allophycocyanin
A0A1Z3HSI0 50S ribosomal protein L7/L12
A0A2P8ZU54 Photosystem I P700 chlorophyll a apoprotein A2
K9F192 Phycobilisome protein

Note: For each protein, the frequency of appearance among the four biofilm conditions (glass, Perspex, 4 s–1 and 40 s–1) is indicated by different shaded
colors (black – appearance in all four conditions; dark grey – appearance in three of four conditions; light grey – appearance in two of four conditions;
without shading – appearance in only one of the four conditions).
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shock in Synechocystis PCC 6803, a decreased expres-
sion level for phycobilisome was observed (Slabas
et al. 2006).

For both cyanobacterial strains, in biofilms formed
on perspex and also at 4 s�1 a protein from the per-
oxiredoxin superfamily was identified (alkyl hydroper-
oxide reductase/thiol specific antioxidant/Mal
allergen). This protein protects cells against mem-
brane oxidation through glutathione (GSH)-depend-
ent reduction of phospholipid hydroperoxides to
corresponding alcohols (Wood et al. 2003). A study
performed with Spirulina platensis, which focused on
comparative proteome analyses at low- and high-tem-
perature stresses, indicated that low-temperature
stress is tightly linked to oxidative stress as well as
photosynthesis (Kurdrid et al. 2011). A quantitative
proteomic study to define pathways and cellular proc-
esses involved in forming biofilms of H. lacusprofundi
showed that these proteins associated with responses
to oxidative stress are also related to biofilm forming
ability (Liao et al. 2016). Although in the present
study this protein was only found on perspex and
also at 4 s�1, this hydrodynamic condition resulted in
greater biofilm development, which may have facili-
tated its detection.

Moreover, for both cyanobacterial strains, in bio-
films formed on perspex and at 4 s�1 a protein
involved in the formation of the carboxysome (carbon
dioxide-concentrating mechanism protein CcmK) was
also found. Carboxysomes are polyhedral inclusion
where the ribulose-1,5-bisphosphate carboxylase/oxy-
genase (Rubisco; the central enzyme in photosynthetic
carbon assimilation) is sequestered. The CO2 concen-
trating mechanism (CCM) is an adaptive and effective
strategy evolved in cyanobacteria and also in eukary-
otic microalgae for carbon acquisition, and it enables
these organisms to survive when the CO2 concentra-
tion limits photosynthesis (Wang et al. 2015). Baba
et al. (2011) also studied this mechanism in the uni-
cellular green alga Chlamydomonas reinhardtii. When
the CO2 concentration was elevated from the ambient
air level to 3%, the algal growth rate increased 1.5-
fold, and the amount and the composition of extracel-
lular proteins clearly changed. However, significant
changes were not found in intracellular proteins
(Baba et al. 2011). In a study performed by Slabas
et al. (2006), a decrease in Rubisco proteins was
observed after heat shock in Synechocystis PCC 6803.
Moreover, the CCM is a fundamental aspect of
photosynthesis, metabolism, growth and biomass pro-
duction in photosynthetic organisms and understand-
ing this process provides guidance for potential

molecular manipulation to improve biomass yield for
commercial applications (Badger and Price 2003).

Despite the fact that in the present study, the
elongation factor Tu and the amino acid ABC trans-
porter substrate-binding protein were only identified
for both cyanobacterial strains on biofilms formed on
perspex and at 4 s�1, respectively (Table 1), these pro-
teins were found in other cyanobacterial studies, such
as in the plasma membrane of Synechocystis PCC
6803 (Huang et al. 2002). Moreover, a higher abun-
dance of elongation factors and ABC transporters in
Enterococcus faecalis (Qayyum et al. 2016) and H.
lacusprofundi (Liao et al. 2016) biofilms, respectively,
was observed when compared with those obtained in
planktonic cells.

Concluding remarks

In this study, standard methodologies for following
cyanobacterial biofilm development were comple-
mented with a qualitative proteomics approach. The
results showed greater biofilm development at a lower
shear rate (4 s�1) and it was also shown that hydro-
dynamic effects may be more important than surface
properties in the formation of cyanobacterial biofilms.
Moreover, the analysis of cyanobacterial biofilms by
OCT is a useful methodology for understanding bio-
film structure and dynamics under differ-
ent conditions.

Cyanobacterial proteome analysis revealed that the
strains under study had highly variable protein
expression profiles, which may be a result of the
adaptation of these organisms to the specific environ-
mental niche that they occupy. Although this prote-
omic analysis was performed using a widely employed
methodology and the proteome reported was biased
on proteins expressed at higher levels, it is well
known that there are limitations in the present tech-
nology for resolution and identification of proteins.
Since none of the proteins identified in planktonic
samples were exclusive to this form, that is, they were
identified in an additional biofilm condition, the
majority of the proteins were detected in both physio-
logical states. The qualitative proteomic analysis
investigated in this work was extremely relevant,
given the few studies performed in this research field
on filamentous cyanobacteria. Analyses of protein
expression could provide an essential understanding
of how cyanobacteria adapt to different environmental
settings. However, in addition to studying which pro-
teins were synthesized in the different conditions, it
would be crucial to study the expression level of these
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proteins, since biofilm development in these different
conditions may be associated with quantitative differ-
ences in their proteome. Therefore, future work
should focus on quantitative proteomic studies in
order to allow the establishment of a relationship
between the relative expression level of the identified
proteins under different conditions. Moreover, due to
their particular characteristics, cyanobacteria are
promising organisms to be used in biotechnological
processes. Vitamins, amino acids, fatty acids, lipopep-
tides and pigments belong to a broad spectrum of
secondary metabolites and added-value compounds
produced by cyanobacterial strains (Lau et al. 2015).
For example, the allophycocyanin identified in two
biofilm conditions of the present work is a valuable
molecule to be applied in several biotechnological
applications as fluorescent probes in flow cytometry
and microarray assays, but also in the cosmetic, feed
and food industries (Manirafasha et al. 2016).
Moreover, as phycobiliproteins have been associated
with antioxidant, anticancer and anti-inflammatory
capacities, these compounds can also be used for
medical purposes (Pagels et al. 2019). Improvements
in cyanobacterial molecular biology are urgently
required, since the omics tools available for these
organisms are limited compared with heterotrophic
model organisms (Sun et al. 2018).
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