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Resumo 
 
As espécies incrustantes representam um problema económico para a indústria naval, bem 

como para o nosso ambiente, devido ao risco permanente de transporte destas espécies em 

cascos de navios e nas águas de lastro. A monitorização de espécies incrustantes permite 

uma melhor gestão e identificação precoce de espécies não indígenas (ENI). O trabalho 

realizado nesta tese descreve a monitorização efetuada em dois ambientes marinhos 

expostos constantemente a estas espécies incrustantes, o porto de Leixões e os estaleiros 

da LISNAVE S.A., utilizando como superfícies placas de aço inoxidável 316L. Enquanto no 

porto de Leixões as espécies colonizadoras dominantes pertencem aos crustáceos e aos 

moluscos, na LISNAVE os principais organismos responsáveis pelas camadas incrustantes 

são briozoários coloniais. A abordagem da Sequenciação de Nova Geração com quatro 

marcadores, i. e. 16S rRNA, 18S rRNA, 23S rRNA e COI, utilizada no Porto de Leixões 

permitiu um estudo de monitorização muito mais detalhado detetando 300 espécies de 

bactérias e 611 eucariotas. Em ambos os locais monitorizados, foram detetadas 25 espécies 

incrustantes ENI (espécies não indígenas), tendo sido elaborada pela primeira vez uma lista 

da presença dessas espécies em dois portos Portugueses.  

Muitas tintas com poder anti-vegetativo e anti- incrustante têm sido descobertas, no entanto, 

continuam a ser formuladas à base de compostos tóxicos e persistentes prejudiciais para o 

ambiente. As cianobactérias são uma fonte importante de moléculas bioativas para um 

grande número de aplicações diferentes, incluindo a atividade anti-incrustante. Neste estudo 

rastreámos 71 extratos brutos obtidos a partir de estirpes cianobactérias existentes na 

coleção de culturas LEGEcc em bioensaios de anti-aderência com Mytilus sp., de forma a 

investigar a sua potencial bioatividade. As estirpes de maior atividade foram cultivadas em 

larga escala, extraídas quimicamente, as suas frações analisadas por RMN e testadas 

novamente no mesmo bioensaio. Como resultado, o isolamento guiado pelo bioensaio da 

fração mais polar da estirpe LEGE 11248, permitiu-nos a identificação de duas subfrações 

com potencial bioativo. As análises de RMN e LC-HRMS sugerem que essas frações contêm 

na sua constituição moléculas de natureza peptídica. 

Palavras chave: Sequenciação de Nova Geração, multi-marcadores, LEGEcc 

cianobactérias, compostos com bioactividade anti-incrustante, bioensaios de anti-aderência 

de Mytilus sp., isolamento guiado por bioensaio. 
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Abstract  
 
Biofouling organisms represent an economical problem to shipping industry, implying also 

the risk of exotic species propagation which are transported in fouled ship hulls and ballast 

waters. Biofouling monitoring allows better fouling management and early identification of 

non-indigenous species (NIS). Here we show monitoring results of two biofouling-prone sites, 

Leixões Port and LISNAVE S.A. shipyards, using submerged stainless steel artificial 

structures. The dominant biofouling species found at Leixões are the hard foulers, barnacles 

and mussels, while at LISNAVE the main culprit are several species of colonial and 

arborescent bryozoans. At Leixões port, Next Generation Sequencing multi-marker 

approach, i. e. 16S rRNA, 18S rRNA, 23S rRNA and COI, allowed a much deeper monitoring 

study detecting 300 bacterial and 611 eukaryote species.  Furthermore, a list of 25 biofouling 

NIS present at both port environments was elaborated for the first time.  

 

Many coatings have been formulated to prevent biofouling, however, these are based on 

persistent and toxic compounds that may seriously harm the environment. Cyanobacteria 

represent an important source of bioactive molecules with a large number of different 

bioactivities, including antifouling activity. In this study we screened 71 crude extracts from 

LEGE Culture Collection in a Mytilus sp. antisettlement assay, in order to infer their antifouling 

bioactivity. The most active strains were cultured at a higher scale, chemically extracted and 

their fractions were analysed by NMR and tested against in the same bioassay. As a result, 

the bioassay-guided isolation of the most polar fraction of the cyanobacterial strain LEGE 

11248, allowed us to identify two antifouling bioactive subfractions. NMR and LC-HRMS 

analysis suggest that these fractions have as major compounds peptidic molecules.  

Keywords: Next Generation Sequencing, multi-marker approach, LEGE CC 

cyanobacteria, antifouling bioactive compounds, Mytilus sp. antisettlement assay, 

bioassay-guided isolation. 
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Chapter One - General Introduction 
 

1.1 Biofouling, Microfouling and Macrofouling 
 

The term fouling describes the development of living or non-living material on surfaces 

to the detriment of function. This material can be a complex mixture of living organisms, 

called biofouling, or an amalgam of inorganic substances. Biofouling is a very common 

phenomena and can take place in wet structures, natural or man-made, ranging from 

teeth (Sabtie et al., 2015) to pipelines (Opher et al., 2011) to healthcare medical material 

used in the human body such as catheters (Zhang and Chiao, 2015). In the marine 

environment, on which this thesis is focused, all kinds of submerged materials including 

those of vessels and of marine infrastructures (Gansel et al., 2015) are subject to 

biofouling. 

The process of biofouling can be divided in four different stages (Martín-Rodríguez et al., 

2015): 1) adsorption, occurring as soon as the surface is immersed, forming a 

conditioning film composed by dissolved organic matter that sponsors 2) the appearance 

of primary colonizers (motile bacteria within the first day, followed by a complex mixture 

of microorganisms dominated by polymeric bacteria and benthic diatoms), creating the 

so-called microfouling which in turn promotes the 3) settlement of secondary colonizers, 

such as zoospores of macroalgae, recruited by chemical cues produced by the marine 

biofilm. The fourth stage starts with the arrival of tertiary colonizers to the substrata, such 

as hard (e.g. mussel, barnacle, or tubeworms larvae) and soft foulers (e.g. sponges, 

anemones, tunicates or hydroids) that develop into a multispecies fouling community, or 

macrofouling, within just a few weeks after submersion. 
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1.2. Management of marine biofouling in ports 
 

The dynamic nature of marine environments makes the management of biofouling in 

ports, harbours and marinas a complex task. Baseline studies and frequent monitoring 

programs should be applied in all of those biofouling hotspots in order to develop better 

management procedures. All port structures have to be regularly cleaned and protected 

to continue normal functioning and the knowledge of the extent of the biofouling in these 

structures will improve the maintenance issues. 

Nuisance reports on the fouling issues associated with seaports exist from as early as 

the 1920s (Visscher, 1927), whereby the U. S. Navy Department, carried out a 

monitoring program in European and US ports, using submerged steel panels for one 

year and assessing the nature and extent of the fouling as well as the efficacy of “poison 

paints”. The same author states that fouling, at that time, had only been studied due to 

its costly effect on fuel consumption and corrosion but that much earlier, in 1853, the 

British naturalist Charles Darwin had listed fouling barnacle specimens through his 

outstanding observations from ship hulls. 

The major impact of marine fouling in ship hulls is the increased hydrodynamic drag on 

navigation (Evans et al., 2000). Costs inherent to hull maintenance including dry docking 

time, cleaning and recoating of a vessel can reach values of $56M per year (Schultz et 

al., 2011). The urgent need to prevent or decrease this high maintenance costs led to 

the development of biocidal Antifouling paints that have, however, detrimental effects on 

aquatic species (Dafforn et al., 2011). Also relevant is the important environmental cost 

associated with the threat to biodiversity from the transport of non-indigenous species 

(NIS) in fouled ship hulls (Godwin, 2010) and ballast waters (Bax et al., 2003). Modern 

global trading and the construction of bigger commercial ships are risk factors that are 

increasing the number of NIS. To address this global problem, the International Maritime 

Organization (IMO) established guidelines on the control of ship harmful Antifouling 

systems and for the control and management of ballast waters and sediments (IMO 2001 

and 2004). 
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1.3. Biofouling Prevention 
 

1.3.1. Antifouling paints  
 

The first Antifouling coatings were made of minerals such as salts of copper, mercury or 

arsenic (Visscher, 1927). In the yearly 1960s tributyltin (TBT) compounds became a 

common additive in antifouling paints, backed by research from the group of van der 

Kerk in the Netherlands (Readman et al., 2006). The design of their self-polishing 

formulations supported the release of toxic persistent molecules. The widespread use of 

this harmful biocide introduced high levels of contamination and toxicity to marine 

communities. The effects of this antifouling molecule caused shell malformations in 

oysters, a high commercial value shellfish, along the French coastline (Alzieu , 1991). A 

much more severe and irreversible worldwide problem caused by TBT was the imposex, 

an endocrine disruption that causes a superimposition of male characteristics in female 

marine gastropods, and the intersex which also implies female sterility (Sousa et al., 

2007). The first quantitative study of organotin contamination indicated that TBT was 

present in gastropod species living at ports with high marine traffic or in areas where ship 

hulls are painted (Bigatti et al., 2009). Studies confirmed the persistence TBT in 

harbours, even after being banned for small vessels, which emphasized the need of 

continual monitoring of TBT (Smith et al., 1996; Ruiz et al., 1998). 

The complete and global ban of TBT (IMO Resolution A. 895 21, 25/11/1999) motivated 

research and development of the alternative and reinforcing booster biocides (e.g. Irgarol 

1051, Sea-Nine 211, Chlorothalonil, Dichlofluanid, Zinc Pyrithione and Diuron). These 

biocides, believed to be less damaging to the aquatic enviroment, were approved by 

European Community to replace TBT in Antifouling formulations.  Nevertheless, around 

this period of time, studies pursued in UK coastal waters (Boxall et al., 2000) estimated 

that copper oxide was the more utilized biocide.  

Subsequently, however, some of the booster paints were banned or were the subject of 

regulation due to toxicity and persistence in coastal waters (Devilla et al., 2005; Dafforn 

et al., 2011; Guardiola et al., 2012). Against this backdrop, risk assessment of the fate 

of such molecules and development of natural non-toxic paints became urgently 

necessary. 



 

FCUP 

Natural Antifouling Strategies: from Cyanobacteria to Big Ship Hulls 

 

14 

 

 

Currently, there are only a few natural Antifouling paints available in the market and none 

that covers the entire fouling organism’s biodiversity. Examples are enzyme-based 

coating systems (Olsen et al., 2007) or hydrophilic antifouling (Xue et al., 2011). The 

latter are designed like a hydrogel effective only against microfouling. This technology 

consists on a water-like boundary layer that misguides fouling organisms. The latest 

successful coating to be authorized is the barnacle-repelling antifouling ingredient 

Selektope®. The molecule present in this formulation is medetomidine, which 

temporarily stimulates the octopamine receptor in larvae of molluscs, repelling them 

(Brooks et al., 2010). 

Nontoxic alternatives to prevent biofouling in ship hulls and to treat ballast waters are 

also under development. Ultrasonic and audio range wave emission systems and the so 

called acoustic sparkers are examples of acoustic antifouling methods alternative to the 

use of toxic coatings. However, the noise of the acoustic energy produced may also have 

negative impacts on non-targeted marine life (Selcuk et al., 2015). 

 

1.3.2. Antifouling surfaces from nature 
 

A biomimetic Antifouling surface should be developed considering properties such as 

self-healing and self-cleaning of natural surfaces and the ability to produce cell-to-cell 

cue signals inhibiting biofouling (Salta et al., 2013). Shark skin-inspired riblet structures, 

are one the most studied bio-inspired surfaces due to their fluid drag reduction (Pu et al., 

2016). Other surfaces are inspired in the microstructures of rice leaves and butterfly 

wings and lotus flowers (Bixler and Bhushan, 2012). A superhydrophobic surface, a 

liquid-infused omniphobic slippery surface (for polar and non-polar liquids) and an 

underwater oleophobic surface have been inspired on flower textures, the wetting of fish 

skin and the adhesion capacity of mussel byssus proteins, respectively (Higaki et al., 

2017). 
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1.4. Natural Antifouling strategies 
 

1.4.1. Antifouling bioactive compounds: sources and chemistry 

 
The fact that some organisms do not suffer from fouling is an evidence for the existence 

of natural Antifouling defence mechanisms, rendering biodiversity a promising source of 

Antifouling compounds (Fusetani et al., 2004).  Antifouling coating additives can be 

chemically modified by different natural molecules groups such as fatty acids, 

lipopeptides, amides, alkaloids, terpenoids, lactones, pyrroles and steroids (Badhuri and 

Phillip, 2004). Cyanobacteria produces a variety of bioactive metabolites that hold 

promise for various fields, most prominently as clinical applications (antibiotics, algicides, 

cytotoxins, immuno-supressants and enzyme inhibitors (Dahms et al., 2007)). Some 

cyanobacterial compounds have Antifouling potential, which is the case of the cyclic 

peptides portoamides, extracted from the cyanobacterium Phormidium sp. LEGE 05292, 

(Leão et al. 2010, Antunes et al., 2019). The portoamides show a broad-spectrum activity 

against settlers such as mussel larvae and bacteria. Macroalgae are also an important 

source of antifouling bioactive compounds, as is the case of halogenated furanones 

isolated from the red algae Delisea pulchra (Nys et al., 1995). The polymers of 3-

alkylpyridinium extracted from the marine sponge Reniera sarai were found to be an 

effective inhibitor of settlement in the barnacle Balanus amphitrite, acting on the 

cholinergic neurotransmission mechanism (Turk et al., 2007). One of the latest nontoxic 

antifouling bioactive compounds was pyrrolo[1,2-a]pyrazine-1,4-dione, extracted from 

Halobacillus kurosshimensis SNSAB01, bacterium associated with the sponge 

Halicolonal sp. (Nalini et al., 2019). 
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1.5. Biofouling monitoring and quantification 
 

1.5.1. Methods available and their limitations 
 

Biofouling surveys to assess overall condition of vessels can be done using visual 

observation and underwater videos. To score the biofouling extent, the Level of Fouling 

(LOF) can be ranked using a six-point scale (Floerl et al., 2005), i.e. from a clean surface, 

score zero, to a heavily fouled surface corresponding to a coverage of more than 41%, 

score five This method has been applied in numerous monitoring studies, especially on 

recreational yachts and slow-moving commercial vessels (Ashton et al., 2006; Davidson 

et al., 2010; Brine et al., 2013; Zabin et al., 2014). LOF it’s a rapid method to predict 

biofouling extension but of limited efficacy due to natural different visual interpretations. 

Image analysis software, such as Coral Point Count with Excel extensions (CPCe) 

(Kohler and Gill 2006) or ImageJ (Rueden et al., 2017), have become valuable, more 

accurate tools to quantify biofouling colonization. 

Risk assessment of Biofouling in port environments have been mainly assessed through 

morphological identification (Campbell et al., 2007; Hewitt et al.,1996; Hewitt et al.,1999; 

Riding et al., 2015). Contrarily to classical methodologies, Next-generation sequencing 

(NGS), high-throughput sequencing, massively parallel or deep sequencing allows for 

the processing and identification of a large number of specimens in complex 

environmental samples. These recent technologies allow us to sequence multiple 

individuals at the same time quickly and cheaply than the previously used Sanger 

sequencing. The platform used in this work was Illumina Miseq and a brief overview of 

sequencing protocol follows: after break up of DNA, a large number of short reads, i. e. 

short sequences of less than 300 base pairs, are obtained. Shorter sequences called 

adaptors are attached to those DNA fragments by a process of incubation with sodium 

hydroxide resulting into single stranded molecules. Those are applied across a flow cell 

where complementary DNA binds to the chosen primers on the cell surface. The DNA is 

then replicated forming small clusters of the same sequence. DNA polymerase will form 

“bridges” of double-stranded DNA between the primers, that are then broken by heating 

the cell, resulting in millions of clusters of identical DNA sequences. Terminators 

fluorescently labelled stop the DNA synthesis and primers are attaches to the DNA being 
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sequenced. The terminator group is then removed from the first base and added to the 

next base, continuing a process that generates the sequencing of millions of clusters. In 

Illumina technology, the DNA sequences are analysed base by base, making this method 

very accurate. After Illumina Miseq sequencing, a series of bioinformatics steps are taken 

to analyse data. Low-quality reads are removed by quality filtering; samples that run 

together are separated by demultiplexing; reads are overlapped or merged into a single 

read; dereplication its performed to eliminate duplicates and finally groups of similar 

unique reads are clustered into operational taxonomic units (OTUs). The last step is the 

species assignment checking all OTUs against databases as NCBI GenBank (Olds et 

al., 2016) 

 

There is a growing number of monitoring programs using NGS to report diversity and 

evolution of biofouling communities (Pochon et al., 2015; Evans et al., 2016; Tait et al., 

2017; Slijkerman et al., 2017; ICES, 2018; Miralles et al., 2018; Grey et al., 2018). The 

main advantage it’s the ability to early detect NIS and to find their routes throughout the 

globe.  

 

 

1.6. Aims and objectives 
 

The main aim of this work was to monitor the biofouling communities present in two very 

distinct big ship Ports: Leixões, a Port in the North of Portugal used for cargo, cruises, 

fishing and recreational activities and LISNAVE S.A. Shipyards in the South of Portugal 

used mostly as a shipyard for large size ships. In parallel, this work also aimed to screen 

cyanobacteria from LEGE CC for potential antifouling bioactive compounds.  

The specific goals to be pursued were: 

(1) to map and identify biofouling species at Leixões and LISNAVE S. A., as well as to 

assess species diversity, their evolution along the one-year monitor experience and to 

point the major fouling organisms as well as their native origin;  
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(2) to perform Mytilus sp. antifouling assays with several cyanobacteria crude extracts 

from LEGE culture collection; 

(3) to isolate potential antifouling natural compounds obtained from the selected 

cyanobacterial strains and to elucidate their structure. 
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Chapter Two - Monitoring biofouling in the Leixões Port using 

Next Generation Sequencing  

 

2.1. Introduction 
 

The establishment of new benthic biological communities in aquatic substrates 

(biofouling), represents a major economic issue in maritime industries and also raises 

important environmental concerns (Almeida et al., 2015, Antunes et al., 2018). Biofouling 

monitoring programs are essential to overcome such negative impacts. In this sense, 

there is a vast literature about biofouling monitoring, suggesting the design of artificial 

structures to simulate the submerged ships hulls, oil platforms, bridge pillars, fishing 

devices, among others, and assess their biodiversity (Zaiko et al., 2016; Lane et al., 

2018; Guerin et al., 2019; Lane et al., 2019). Different structure treatment types, i.e. 

painted and bare panels, have been used to mimic docked vessels and maximise their 

colonization by several biofouling taxa (Tait et al., 2018). The diversity of biofouling 

organisms present in these structures has been mainly assessed through morphological 

identification (Campbell et al., 2007; Hewitt et al.,1996; Hewitt et al.,1999; Zenetos et al., 

2015). However, in dynamic environments such as large cargo ports, it is desirable to 

implement methods that allow early and faster detection of several micro- and macro-

foulers (Pochon et al., 2015). Contrarily to classical methodologies, Next-generation 

sequencing (NGS) allows the processing and identification of a large number of 

specimens in complex environmental samples. Moreover, NGS studies can employ 

several molecular markers to minimize taxonomic bias (Evans et al., 2016; Valentini et 

al., 2016; Hänfling et al., 2016; Harper et al., 2018); and are very useful for helping to 

characterize the global routes of indigenous and non-indigenous species (NIS) 

(Slijkerman et al., 2017; ICES, 2018; Miralles et al., 2018; Grey et al., 2018). 

Remarkably, biofouling monitoring programs are still seldom used in Portuguese ports. 

In fact, to the best of our knowledge, such studies have only been conducted in southern 

Portugal (Sagres and Ria Formosa) and are related to the biofouling management of 

oyster aquaculture industries (e.g. www.crabproject.comm). This is especially worrying 

considering that the “European Marine Strategy Framework Directive” (EU-MSFD) 

requires solid knowledge about the presence and distribution of NIS in order to achieve 
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a good environmental status. Moreover, the “Ballast Water Management Convention”, 

adopted in 2004 by the “International Maritime Organization”, has only been endorsed in 

Portugal on January, 2018 (ICES, 2018). Adding to this, the existing Portuguese list of 

NIS does not include information about the north of Portugal, only comprising species 

(133 marine and brackish) monitored in central-southern estuaries (i.e. Ria de Aveiro, 

Sado, Guadiana, Ria Formosa) and archipelagos (Madeira and Azores) (Chainho et al., 

2015). 

Against this backdrop, this study aims to assess the growth and propagation of biofouling 

species (indigenous and NIS) in dynamic marine environments not monitored of Northern 

Portugal, such as the Cruise Terminal marina of the Port of Leixões 

(www.portodeleixões.pt), where the traffic, mainly from European and Asian countries, 

is increasing every year (3,000 vessels a year). We have conducted the first NGS-based 

monitoring study of biofouling in a Portuguese port. The molecular biofouling community 

screening was done using a deployed artificial stainless-steel structure (with both painted 

and bare panels) and the temporal succession and abundance of the fouling taxa present 

was evaluated with a complementary morphological assessment. Our results show that 

our 4 markers combination is advantageous to accurately assess biofouling diversity, 

since several phyla/taxa were only retrieved for a particular marker, thus being a powerful 

tool to assess biofouling communities’ biodiversity. Additionally, this study revealed by 

the first time a list of twenty possible invasive species in the north of Portugal. Overall, 

our study provides evidence that should help for future efforts in the management of 

fouling species. 

  

 

 

2.2 Materials and Methods 

 

2.2.1. Study site and Experiment Set-up 
 

In order to assess the evolution of biofouling recruitment on immersion panels in the 

Cruise Terminal of the Port of Leixões (north of Portugal), a pier (4110´39.32´´N, 
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842´8.78´´W) was selected as study site since it docks both large cruise passenger 

ships and freighter ships (Figure 1a, b and c). Biofouling colonization was monitored 

every month for a one-year period, from April 2016 to March 2017. During this period the 

environmental parameters intervals of the seawater were quantified: temperature (13-

21ºC), pH (7.0-7,5) and salinity (27-33 ppt). 

 

 

 

Figure 1. Sampling site: (a) Location of the Cruise Terminal of the Port of Leixões in the North of Portugal; (b) marina 

floating platform; (c) biofouling monitoring structure composed by ten stainless-steel panels. 

 

The experimental design for the detection of biofoulers was done according to the 

guidelines by Menchaca et al. (2014) and Canning-Clode et al. (2014), following the 

“Standard Test Method for Testing Antifouling Panels in Shallow Submergence” (ASTM 

D3626-78-a, 2012). The artificial structure was constituted by 10 stainless-steel (316 2B) 

square panels (20 cm  20 cm  2mm): two painted and eight bare panels, attached by 

carabineers and supported by a grey PVC tube (Figure 1c). The painted panels were 

professionally covered with a non-biocidal and anti-corrosive paint (Intersheen 579, 

International Paint Ltd, Gateshead, UK) by the Port Authority of Douro, Leixões and 

Viana do Castelo (APDL). The two panel rows were vertically submerged at constant 

depths, 1.00 m and 1.30 m (due to the floating system of the platform); placed within 10 

cm of each other (in order to avoid contact between them); and positioned with a 

northeast/southwest orientation (being the northeast facing side more exposed to 

sunlight).  
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2.2.2. Sample collection 
 

Random squares (16 cm2 each) from the two painted (n=6) and from four random bare 

panels (n=12) were scraped using a new stainless-steel surgical blade only at the 

northeast facing panel side; a total of 216 squares were scraped throughout the one-

year sampling period. The scraped biomass was placed into sterile five millilitre micro 

centrifuge tubes, placed in ice coolers and transported to the laboratory. In the last 

sampling month, bare panel labelled as P6, was totally scraped on both sides (n=2; 

southwest and northeast sides) making a total of 218 scraped samples. Aliquots of the 

scraped samples were used for morpho-taxonomic analysis and the remaining biomass 

was lyophilized and stored at -80C until DNA extraction procedures. All panels were 

photographed monthly for subsequent image analyses during the 12 months. 

 

2.2.3. Morpho-taxonomic analysis by microscopy 
 

In order to identify biofouling species, a qualitative analysis of the samples was 

performed by visual inspection and under a light microscope at 10×, 40× and 100× 

magnification. Photographs were acquired using a digital camera unit Olympus U-TV1X-

2 DP72 mounted either on an Olympus SZX10 microscope or an Olympus BX41 phase 

contrast microscope. Identification was done to the lowest possible taxonomic level, by 

consulting taxonomic guides (Kraberg et al., 2010; Hoppenrath et al., 2009), World 

Register of Marine Species (WORMS) and AlgaeBase databases. 

2.2.4. Monitoring of biofouling evolution using ImageJ 
 

The process of biofouling was evaluated by photographing all panels (with digital camera 

Canon PowerShot G11) in both facing sides. To quantitatively determine the colonization 

percentage of the panels, the image processing package Fiji that includes the ImageJ 

software v.1.46 was used (Schneider et al., 2012; Shindelin et al., 2015). The three-

dimensional images were converted to integrated single two-dimensional (2D) images 

through the process of “Maximum Intensity Projection (MIP)”. The biofouling coverage 

was calculated using the MIP 2D images converted to 8-bit grey images, processed into 

binary images through the “process-make binary” command. Noisy signals were 



 

FCUP 

Natural Antifouling Strategies: from Cyanobacteria to Big Ship Hulls 

 

30 

 

 

removed using the “Filters” process and biofouling colonization percentage was 

calculated using the “Analyze particles” option. 

 

2.2.5. Biofouling biomass per area determination 
 

Biofouling biomass was calculated by weighing individually wet-panels every month in a 

stainless-steel digital scale (Küchewaage PC-KW 1061) at the study site, always taking 

into account the preservation of the biofouling cover. The weight of the panels was 

corrected by subtracting the corresponding non fouled panel weight and divided by the 

panel area. The area where carabineers attach to the panel (4 × 16 cm2) was not 

considered resulting in a total area of 336 cm2.  

 

2.2.6. DNA extraction and molecular markers choice 
 

Lyophilized material from each scraped square sample (n=216) was homogenized using 

a pestle and mortar. Then, 2 to 25 mg (dry weight) were transferred to PowerSoil DNA 

Isolation Kit PowerBead tubes (MO BIO Laboratories Inc.). Six additional samples (three 

from each side) of the fully-scraped bare panel from the last sampling month, were 

subjected to the same DNA extraction protocol. All the material used in the weighing, 

was previously sterilized in a 10% bleach solution for 10 minutes and thoroughly rinsed 

with ultrapure water before used. To achieve physical lysis of cell material, samples were 

submitted to two cycles of 5600g during 15 seconds in a PreCellys®24 homogenizer 

(Bertin Technologies, France) and, subsequently, DNA was extracted according to the 

kit manufacturer’s instructions. In total 222 DNA extracts were obtained. Finally, DNA 

samples from the same panel were pooled to yield one painted and one bare panel 

sample per month and DNA aliquots of each side of the fully-scarped random bare panel 

were pooled together. In total, 26 DNA extract pools were obtained. DNA purity and 

quantification were performed using a multi-mode microplate reader (BioTek® 

Synergy™ HT, USA) and confirmed by visualization on a 1% agarose (w/v) gel. 
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In order to select different molecular markers to be used, preliminary polymerase chain 

reaction (PCR) tests were performed following conditions described in previous protocols 

(Froufe et al., 2014) and adjusting annealing temperatures as needed, for several gene 

regions. Individual samples from ten main taxonomic biofouling groups (i.e. green, brown 

and red algae; poriferans, bryozoans, ascidians, cnidarians, annelids, mollusks and 

crustaceans) previously collected (DNA extracted as above) were used as tested 

templates. Amplification was confirmed by agarose gel electrophoresis being the 16S 

ribosomal RNA (rRNA), 18S rRNA, 23S rRNA and the mitochondrial cytochrome oxidase 

subunit I (COI)-derived amplicons selected for the metagenomics approach (Table 1). 

 

Table 1. Summary of the primers used to amplify main taxa groups present on the monitoring structure. 

 

 

 

 
 

Metabarconding 
Assay 

Primer set Primer Sequence (5’-3’) Fragment 
size (bp) 

 

Reference 

16S rRNA  
341F 

CCTACGGGNGGCWGCAG 464 Klindworth et 
al., 2013 

 785R GACTACHVGGGTATCTAATCC 

18S   rRNA  
TAReuk454F

WD1 

CCAGCASCYGCGGTAATTCC 270 Stoeck et al., 
2010 

 

TAReukREV3 ACTTTCGTTCTTGATYRATGA 

COI 
 

 
COIintF 

 

TAAACTTCAGGGTGACCAAAR
AAYCA 

313 Leray et al., 
2004 

 

jgHCO 
 

GGWACWGGWTGAACWGTWT
AYCCYCC 

23S  rRNA  
p23SrVF 

 

GGA CAG AAA GAC CCT ATG 
AA 

377  
 

Sherwood et 
al., 2007 

 
 

p23SrVR TCA GCC TGT TAT CCC TAG 
AG 
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2.2.7. Bioinformatics analysis and Operational Taxonomic Units 
(OTUs) identification 
 

The 26 DNA extracts were sent to LGC Genomics GmbH (Berlin, Germany) for further 

processing. There, the primers described in Table 1 were used for PCR amplification 

and sequences were generated on the Illumina MiSeq platform in a 2 × 300 bp paired-

end run (MiSeq Reagent Kit v3. In short, FASTQ files received were previously subjected 

to base calling and demultiplexing (Illumina bcl2fastq v.1.8.4). Then, pairs of forward and 

reverse primer/adapter-trimmed sequences were overlap-combined using BBMerge 

34.48. 16S rRNA and 18S rRNA gene sequences were processed using the Quantitative 

Insights Into Microbial Ecology (QIIME, v1.8.0) software package (Caporaso et al., 

2010). Reads with a final length of less than 100 bp were discarded, and the quality of 

paired-end Illumina reads was filtered based on quality (Phred) scores per-nucleotide 

using the quality parameters recommended by Bokulich et al. (2013) with a maximum 

unacceptable Phred quality score of Q20. The chimeric sequences were filtered out 

using UCHIME v4.2.40. Reads were assigned to OTUs using UCLUST (Edgar, 2010), 

clustering at 97% sequence identity. Then 16S and 18S rRNA reads were classified 

using Greengenes release gg 13 5 (DeSantis et al., 2006) and SILVA 108 (Quast et al., 

2013) databases, respectively, as implemented in the QIIME pipeline.  

The 23S rRNA and COI gene sequences were treated by the quality filtering program 

USEARCH (Edgar, R. C., 2010). Afterwards, COI sequences were translated in 

Translator X server (Abascal et al., 2010), using variable genetic codes, following NCBI 

tables (Osawa et al., 1992; Jukes and Osawa, 1993). All the sequences without 

translation and/or with stop codons were removed. The sequences were searched 

against NCBI (Geer et al., 2010) and BOLD Systems (Ratnasingham & Hebert, 2007) 

databases using the BLASTn algorithm and the five top hit sequences were retrieved.  

Alpha-diversity indices for the four genes (Observed OTU Number, Chao1, Shannon and 

Simpson) were calculated using the Phyloseq package (McMurdie and Holmes, 2013) 

and the sample rarefaction curves were calculated with the vegan package (Oksanen et 

al., 2016), both in RStudio (RStudio Team, 2015).  

The retrieved sequences from 18S rRNA, 23S rRNA and COI genes were compared with 

the following reference databases: the Global Invasive Species Database (GISD: 

https://www.ncbi.nlm.nih.gov/pubmed/1579111?dopt=Abstract
https://www.ncbi.nlm.nih.gov/pubmed/8281749?dopt=Abstract
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Carnevali et al. 2018, http://www.iucngisd.org/gisd/), the  Invasive Species Compendium 

(CABI, 2019: www.cabi.org/isc), the Information system on aquatic non-indigenous and 

cryptogenic species (AquaNIS, 2015: www.corpi.ku.lt/databases/index.php/aquanis/) 

and National Exotic Marine and Estuarine Species Information System (NEMESIS: 

Fofonoff et al. , 2019, //invasions.si.edu/nemesis/) databases, all accessed in January 

2019. Taxonomic nomenclature of identified species was verified against the World 

Register of Marine Species (WORMS: Horton et al., 2019, www.marinespecies.org/) and 

AlgaeBase (Guiry, M.D. & Guiry, G.M. , 2019, http://www.algaebase.org/). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.algaebase.org/
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2.3. Results 
 

2.3.1. Morphological identification and monitoring of the 
biofouling community  
 

Macro- and microscopic inspection of the submerged panels led to the identification of a 

vast number of both fouler and non-fouler organisms that colonized the whole structure. 

A total of 28 different taxa, belonging to 14 phyla, 18 classes, 26 orders, 25 families, 27 

genera and 11 species were identified (Table 2). Within the first month, a vast number 

of diatom species were observed, as well protozoa, red and brown algae, copepods, the 

barnacle Chthamalus sp. and Mytilus sp. mussel larvae. A clear difference between the 

Southwest and Northeast facing panels concerning colonization rate and species 

composition was observed. The Northeast facing sides were completely covered by 

macroalgae, e.g. Ectocarpus sp. and Ceramium cilliatum while the panels facing 

Southwest were firstly colonized by juveniles of the crustacean Chthamalus sp., followed 

by the bivalve Mytilus sp. (Figure 2; Table 2). After the second month of deployment 

(May 2016), two hydroza genera, i.e. Ectopleura sp. and Obelia sp. as well as the red 

alga C. cilliatum were the most abundant taxa present at Northeast facing panels. During 

the summer period (June-August 2016) the most abundant taxa were, in turn, the green 

algae Ulva sp. and the bell-shaped ciliates Pseudovorticella sp. Diatoms, crustacean and 

mussel larvae were well represented during this season. From September to November 

2016, the solitary ascidian Ciona intestinalis, the red-ripple bryozoan Watersipora 

subtorquata, cnidarians and polychaetes were the main new colonizers. By December 

2016 the painted panels facing Southwest were dominated by bryozoans, especially by 

a colony of the star ascidian Botryllus schlosseri. In the last three months (January to 

March 2017) macroalgae and crustacean larvae were dominant again. Different diatom 

species were also observed and the hydrozoan Ectopleura sp. was once more observed 

(Figure 2 and 3; Table 2). 
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Figure 2. Temporal development of marine biofouling. Photographs of bare panel 6 (P6) and painted panel 1 (P1) facing 

Northeast (NE) and Southwest (SW).  

 

 

 

Figure 3. Main taxa observed in the biofouling monitoring stainless steel structure from April 2016 to March 2017.  
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Table 2. Morphological identification of the main taxa observed in the stainless steel structure deployed at Leixões marina 

harbor from April 2016 to March 2017. Values 0 and 1 indicate absence and presence, respectively.  

 Sampling months from April 2016 to March 2017 

Observed 
Genus/Species 

 
April 

 
May 

 

 
June 

 

 
July 

 

 
Aug 

 

 
Sept 

 

 
Out 

 

 
Nov 

 

 
Dec 

 

 
Jan 

 
Feb 

 
Mar 

Protozoa             

Amoeba sp. 0 0 0 0 0 0 0 1 0 0 0 0 

Pseudvorticella sp. 1 0 1 1 1 0 0 0 0 0 1 1 

Diatoms             

Asterionellopsis sp. 1 1 1 1 1 1 1 1 1 1 1 1 

Licmophora sp. 1 1 1 1 1 1 1 1 1 1 1 1 

Melosira artica 1 1 1 1 1 1 1 1 1 1 1 1 

Melosira 
nummuloides 

1 1 1 1 1 1 1 1 1 1 1 1 

Bacillaria sp. 1 1 1 1 1 1 1 1 1 1 1 1 

Striatella sp. 1 1 1 1 1 1 1 1 1 1 1 1 

Algae             

Ulva lactuca 0 0 0 1 1 1 1 0 0 0 0 0 

Gelidium sp. 0 0 0 0 0 0 1 1 1 1 1 1 

Ceranium cilliatum 0 1 1 1 0 0 0 0 0 0 0 1 
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Ectocarpus sp. 1 1 1 1 0 0 0 0 0 1 1 1 

Bryozoans             

Watersipora 
subatra 

0 0 0 0 0 1 1 1 1 1 1 1 

Bugula sp. 0 1 1 1 0 0 0 0 0 0 0 0 

Echinodermus             

Paracentrotus 
P. lividus  

1 1 1 1 1 1 1 1 1 1 1 1 

Ascidians             

Ciona intestinales 0 0 0 0 0 1 1 1 1 1 1 1 

Botryllus schlosseri 
0 0 0 0 0 0 0 0 1 1 1 1 

Dendrodoa 
grossulária 

0 0 0 0 0 0 0 0 0 0 1 1 

Didemnum 
vexillum 

0 0 0 0 0 0 0 0 0 0 1 1 

Cnidarians             

Actinia sp. 
0 0 0 0 0 0 1 1 1 1 1 1 

Ectopleura sp. 0 1 0 0 0 0 0 0 1 1 1 1 

Obelia sp. 0 1 1 1 0 0 0 0 0 0 0 0 

Polychaete             

Sabellastarte sp. 0 0 0 0 0 0 1 1 1 1 1 1 

Mussels             

Mytilus sp. 1 1 1 1 1 1 1 1 1 1 1 1 

http://www.aphotomarine.com/images/sea_mats_bryozoans/bryozoan_watersipora_subatra_01-10-14_1.jpg
http://www.aphotomarine.com/images/sea_mats_bryozoans/bryozoan_watersipora_subatra_01-10-14_1.jpg
https://pt.wikipedia.org/wiki/Paracentrotus
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Callochiton sp. 0 0 0 0 0 0 0 0 0 0 0 1 

Barnacles             

Chthamalus sp. 1 1 1 1 1 1 1 1 1 1 1 1 

Amphibalanus sp. 1 1 1 1 1 1 1 1 1 1 1 1 

 

The percentage of surface colonization, as assessed by computer-assisted image 

analysis, indicated clear differences between painted and bare panels was well as 

between the panels facing Northeast or Southwest (Figure 4a). As expected, the bare 

panels were the first to be colonized and at a higher extension when compared to the 

painted ones. A steep decrease in colonized surface was observed in June and 

September for the Northeast-facing panels (Figure 4a). Considering both facing 

directions, the top row bare panels, were in general more colonized than bottom row 

bare panels. This pattern was more evident for the Northeast bare facing panels with the 

exception of July and August, that also corresponded to the highest colonization 

percentage, i.e. more than 90%. The assessment of biofouling as biomass per area also 

shows the expected differences between painted and bare panels. The painted panels 

had an average biomass colonization per area of 0.2 g/cm2 while for the bare panels on 

the top and bottom row this value was of 0.6 and 0.3 g/cm2, respectively (Figure 4b).  
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Figure 4. Monitoring of biofouling evolution and biomass determination: (a) Surface colonization assessed by ImageJ on 

both panel facing sides; (b) biomass per area monitored during 12-months. 

 

2.3.2. NGS analysis of community biodiversity  
 

The four markers used in this NGS approach, namely the 16S rRNA, 18S rRNA, 23S 

rRNA and COI genes, were successfully amplified for all samples. The one exception 

was the COI gene, for one painted panel sample (February; data not shown). The fraction 

of combined usable reads for the four genes was very similar and ranged from 73% to 

82% (Table 3). The total number of sequences (after quality filtering) and the number of 

OTUs assigned were highly uneven, ranging from 926 OTUs for the 23S rRNA gene to 

37.144 OTUs for the 18S rRNA gene (Table 3). Bacterial taxa were identified for the 16S 

rRNA (7.329 OTUs), 23S rRNA (240 OTUs) and COI genes (25 OTUs). In turn, 

eukaryotic taxa were identified for the 18S rRNA (11.189 OTUs), 23S rRNA (153 OTUs) 

and COI genes (1.426 OTUs). The NGS approach allowed the identification of a total of 

909 different species, 285 for the 16S rRNA gene, 93 for the 18S rRNA gene, 8 for the 

23S rRNA gene and 523 for the COI gene. Among these 909 species, only six were 



 

FCUP 

Natural Antifouling Strategies: from Cyanobacteria to Big Ship Hulls 

 

40 

 

 

common between 18S rRNA and COI genes. The highest number of OTUs (11.189 

OTUS) was consistently retrieved for the 18S rRNA gene dataset (Table 3). The 

Greengenes database allowed for all 16S rRNA gene sequences to be assigned. 

However, for the 18 rRNA, 23S rRNA and COI genes, only 22%, 43% and 27% of the 

sequences were assigned to a taxon when using SILVA, NCBI and/or BOLD databases, 

respectively (Table 3).  

 

Table 3. Bioinformatic workflow results obtained for the Illumina Miseq V3 Sequencing (300bp paired-end read) of the 
16S rRNA, 18S rRNA, 23S rRNA and COI genes. 

 

TARGET GENE 16S 

rRNA  

18S rRNA  23S rRNA  COI 

RAW TOTAL READS 6.070.406 5.920.880 3.181.154 3.782.176 

RAW READ PAIRS 3.035.203 2.960.440 1.590.577 1.891.088 

MERGED READS 2.401.893 2.420.421 1.167.426 1.464.221 

NUMBER OF FILTERED 

SEQUENCES 

2.093.546 2.169.662 929 2.196 

NUMBER OTUS (97% 

SIMILARITY)  

7.329 37.144 926 1.614 

UNASSIGNED OTUS 0 28.902 528 241 

ASSIGNED BACTERIA OTUS 7.329 0 240 25 

UNASSIGNED BACTERIA OTUS 0 0 51 0 

BACTERIA OTUS 

(GENUS/SPECIES) 

601/300 0 88/9 11/12 

EUKARYOTA OTUS 0 11.189 153 1.426 

UNASSIGNED EUKARYOTA 

OTUS 

0 25.691 62 79 

EUKARYOTA OTUS 

(GENUS/SPECIES) 

0 265/100 27/0 507/511 
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When comparing the total OTU number obtained for each of the four markers (Figure 5 

a), only slight differences were observed with more OTUs retrieved for the painted panels 

with the 18S rRNA and COI genes and for the bare panels with the 16S and 23S rRNA 

genes. The principle advantage of the multy-marker approach it’s the exclusive phyla 

obtained: 9 for 16S rRNA; 11 for 18S rRNA; 3 for 23S rRNA and 8 for COI (Figure 5b).  

 

a 
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Figure 5. a) Overview of fouling communities in the painted and bare panels considering total OTUs obtained from 16S 
rRNA, 18S rRNA, 23S rRNA and COI; b) Venn diagram chowing exclusive and shared phyla between the four markers 
and c) The more abundant phyla retrieved from the four markers. 

 

The total number of phyla retrieved from the four markers were: 13 phyla from the 16S 

rRNA gene; 15 phyla from the 18S rRNA, 17 phyla from 23S rRNA and 27 phyla from 

COI. The more abundant phylum retrieved for each of the four markers was: 

Cyanobacteria (44%) from 16S rRNA; Chlorophyta (29%) from 18S rRNA; Actinobacteria 

(41%) from 23S rRNA, and Rhodophyta (20%) from COI (Figure 5 c). 

The number of assigned bacterial OTUs for 16S rRNA gene was the highest (601 genera 

and 300 species), followed by the 23S rRNA (88 genera and 9 species) and COI (11 

genera and 12 species) with only 3% and 0.3% of bacterial OTUs retrieved, respectively. 

On the other hand, retrieved assigned eukaryotic OTUs were higher for the COI (507 

genera and 511 species), with 23S rRNA (27 genera and no species) and 18S rRNA 

(265 genera and 100 species) only retrieving 13% and 1% of eukaryotic OTUs, 

respectively. 

 

 

2.3.3. Temporal variation of the most abundant groups 
 

Relative abundance of 16S rRNA gene-derived OTUs shows that Cyanobacteria, 

Proteobacteria, Actinobacteria and Bacteroidetes were the most abundant phyla 

throughout the monitoring study for both painted and bare panels (Figure 6).  
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Actinobacteria and Firmicutes were more prevalent in the bare panels, while the phylum 

Bacteroidetes was more abundant in the painted panels. There was a steady increase 

of Cyanobacteria (including chloroplasts) colonization until June and overall all panels 

showed a similar community compositon from the fourth month of submersion. The 

anaerobic phylum Fusobacteria was well represented within the 16S rRNA gene data  

(17 OTUs and 32.380 reads, 2% of the total reads), mainly on the painted panel sampled 

in October (Figure 6). Dominant phyla retrieved from the 16S rRNA gene dataset at the 

Northeast-facing side were Bactoroidetes and Cyanobacteria, while at the Southwest-

facing side the dominant colonizer was Proteobacteria.   

 

The 18S rRNA gene analysis revealed the phylum Ochrophyta has the dominant 

colonizer of the painted panels after the first month of the monitoring experiment, while 

Chlorophyta and Rhodophyta were the most abundant in the bare panels (Figure 6). Red 

(Rhodophyta) and green algae were more abundant in the summer, specialy in July, 

representing almost 40% of the 18S rRNA gene-associated communities. On the painted 

panels, Annelida was well represented on the second and third months, while Cnidaria 

was colonized later. Rhodophyta, Chlorophyta, Cnidaria, Arthropoda and Mollusca were 

the most abundant taxa in the bare panels while Protozoa and diatoms were more 

abundant in February, October and December. The phyla recovered (18S rRNA gene) 

from the Northeast-facing side were mainly Bacillariophyta, micro and macroalgae while 

from the Southwest-facing side the three main colonizers were Arthropoda, Mollusca and 

Cnidaria.   

Regarding relative abundance obtained from 23S rRNA gene, during the first six months, 

Bacillariophyta was the most abundant phyla being then partially substituted by green 

and red algae (Figure 6). Mollusca was not very abdundant in the 23S rRNA gene 

dataset, and was almost exclusively found in the painted panels (except in September, 

when these organisms were found in some bare panels). There were no marked 

differences observed between both sides of the panels for this particular  marker. 

Finally, the COI gene dataset revealed the painted panels were colonized mainly by the 

phyla/groups Ochrophyta, Rodhophyta, Protozoa and Fungi while the most abundant 

colonizer of the bare panels was Arthropoda (Figure 5 a). In the first sampling month 

(March 2016), Gastrotricha and Ochrophyta were the more representative phyla in the 



 

FCUP 

Natural Antifouling Strategies: from Cyanobacteria to Big Ship Hulls 

 

44 

 

 

bare or painted panels, respectively (Figure 5). In January, Rhodopyhta dominated the 

painted panels and Fungi was the dominant group in the summer (August 2016) on both 

painted and bare panels. The main phyla present in the Southwest-facing side were 

Amoebozoa and Mollusca whereas in the Northeast-facing side Arthropoda, 

Echinodermata, Annelida and Chordata were more prevalent. 

 

 

Figure 6. Phylum level relative abundance retrieved from the analyses of 16S rRNA, 18S rRNA, 23S rRNA and COI 

genes against the databases (total read count of the painted and bare panels). 
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2.3.4. NIS present in the 18S rRNA, 23S rRNA and COI gene 
datasets 
 

A total of 611 non-bacterial species were retrieved from the genes 18S rRNA, 23S rRNA 

and COI. Potential NIS were only present among the COI-derived OTUs. Nineteen 

species, representing 3.6% of the total retrieved COI gene OTUs, were found to be 

potential NIS (Table S2). Three of these species are in the list of Global invaders 

recognized by the Invasive Species Specialist (Carnevali et al., 2018) of the International 

Union of Conservation of Nature, namely the red algae Polysiphonia brodiei, the 

incrusting bryozoan Watersipora subtorquata, and the cnidarian Carijoa riisei. Two NIS 

species were also morphologically identified, i.e., the hydroid Ectopleura crocea and the 

bryozoan Watersipora subtorquata. All the NIS species found are tertiary colonizers and 

macrofoulers, except for four: the copepod Eurytemora pacifica, the naked-eyed medusa 

Nemopsis bachei, the tetrodotoxin-accumulating ribbon-worm Cephalothrix simula and 

the neurotoxic microalgae Chattonella marina. The solitary ascidian Styela clava, a 

native species from the Northwest Pacific and the only reported NIS for this port (Davis 

et al., 2005; Davis et al., 2007) was (only) visually detected (Figure 7).  

 

 

 

Figure 7. NIS identified morphologically at Leixões Port. 1) Amphibalanus improvises; 2) Austrominius modestus; 3) 

Watersipora subtorquata; 4) Ectopleura crocea and 5) Styela clava 
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2.4. Discussion 
 

In this work, we used both DNA-dependent and -independent techniques to monitor for 

the first time the biofouling dynamics in a Portuguese port during a one-year period. The 

DNA sequencing (NGS) approach employed used four different genes, nuclear small 

ribosomal 16S rRNA and 18S rRNA, the large ribosomal subunit 23S rRNA and COI, 

with the purpose of minimizing taxonomic bias (Evans et al., 2016; Valentini et al., 2016; 

Hänfling et al., 2016; Harper et al,. 2018). Several studies have applied multi-marker 

NGS approaches to reveal the identity of the highly diverse marine biofouling taxonomic 

groups (Gibson et al., 2014; Lobo et al., 2017; Stefanni et al., 2018;). Despite these 

promising and useful applications of NGS technologies for the monitoring of micro- and 

macro-foulers, there are still problems inherent to such approaches, e.g. from primer 

bias (Xiong et al., 2016) to differences in resolution among markers (Ficetola et al., 

2015), and the lack of reference databases and universal bioinformatics pipelines to deal 

with NGS-generated mega datasets (Zaiko et al., 2015). Nevertheless, our findings 

demonstrate that all markers used added important contributions to the biofouling survey. 

A high success rate of marine diversity detection was achieved by NGS: we retrieved 

7.329 OTUs (16S) 37.144 OTUs (18S), 926 OTUs (23S) and 1.614 OTUs (COI).   

In a recent study, the use of 18S rRNA allow to retrieve less eukaryote assigned OTUs 

than COI when using NCBI database (Von Ammon et al., 2018). Our results show the 

opposite, i.e. a much higher ratio of assigned eukaryote OTUs were obtained from 18S 

rRNA, which can reveal the advantage of using SILVA database to assign 18S rRNA 

taxonomy, as we did in the present study. Furthermore, previous studies demonstrated 

a markedly higher diversity of prokaryotic communities when compared to eukaryotic 

studies (Zaiko et al., 2016; Briand et al., 2017, 2018), further enhancing the advantage 

of using 18S rRNA.  However, here, COI retrieved more species than any of the other 

markers, being in fact the only gene contributing to the NIS list of Leixões Marina. 

Regarding 16S, the most notable feature of the results obtained by its use was the 

identification of the phylum Fusobacteria. This is not very common, due to their anaerobic 

nature those bacteria are present in deep waters (Gutierrez et al., 2016). This group of 

bacteria was mostly present in the painted panel in October. Curiously, this sampling 

month coincided with an oil spill episode at the Leixões Cruise Terminal Marina.  
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Overall, our multi-marker NGS data confirms that this 4 marker combination is a powerful 

tool to assess biofouling communities’ biodiversity, enhancing the resolution of taxa 

providing richer taxonomic information about the highly biodiverse Portuguese port. 

However, the deficiency of taxonomic coverage in reference databases is one of the 

major current barriers to large-scale application of metabarcoding in biodiversity 

research (Ratnasingham and Hebert 2013; Dowle et al., 2015; Pochon et al. 2015). 

Therefore, in this study we used four different databases (Greengenes, SILVA, BOLD 

and NCBI) to infer taxonomy from each of the 4 makers used. However, future 

improvements are needed to systematically use NGS methods as routine port species 

surveillance.  Therefore, we suggest the construction of a regional database library would 

enhance the NGS methodology precision. Moreover, marine ports biofouling 

communities can be successfully monitored by combining morphological and NGS 

approaches. In fact, the morphological approach applied here allowed the identification 

of important biofouling taxa as well as NIS.  

 

The NGS strategy applied revealed to be much more efficient in retrieving taxa at low 

taxonomic levels than the morphologic approach – we identified a total of 1.704 genera 

and 611 species (excluding bacteria) compared to 28 genera and 11 species 

morphologically identified. Nevertheless, important biofouling organisms, such as the 

macroalgae Ulva sp., solitary and colonial ascidians (Ciona intestinales, Dendrodoa sp. 

and Botryllus sp.) and the polychaeta Ficopomatus enigmatus were only visually 

detected. This was unexpected because their corresponding reference sequences are 

available in the databases used in this study (i.e. SILVA, BOLD and/or NCBI). Their 

absence in the NGS data could probably be explained by the natural complexity of 

marine biofouling matrices, which may not have allowed complete homogeneity before 

DNA extraction. Another explanation can lie in the randomly chosen square panel used 

in our sampling. Either way, our findings clearly indicate that morphological identification 

is still a valuable tool to be used in monitoring programs to identify fouling and NIS 

species, as previously recognized (Stefanni et al., 2018). The software-based image 

analysis carried out also proved very useful to quantify biofouling percentage 

colonization per area. However, other methods are needed when measuring height of 

the biofouling layer. For example, in the case of the barnacles found in the bare panel 
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surfaces facing Southwest, the area covered was lower than algae or bryozoan colonies; 

however, the sailing drag increases when hard-foulers are present. Nevertheless, our 

analysis strongly suggests that baseline studies of temporal fouling colonization by area 

can estimate valuable information to be applied in the maintenance of harbour structures, 

e.g., the need of recoating application after eighth months, when biofouling biomass per 

area reaches more than 0.1 g cm-2 (Figure 4b). Diversity of micro and macro fouling 

organisms in painted and bare panels was further investigated through rarefaction based 

on the OTU number retrieved from the four different markers. Almost all rarefaction 

curves reached the saturation plateau, suggesting that this study sampling effort resulted 

in sufficient sequencing coverage to accurately describe the bacteria and eukaryote 

biofouling communities. However, in the case of the 18S rRNA gene, which yielded the 

largest number of OTUs, the curve shows that sampling was sub-optimal (Figure S1 and 

S2). 

The structuring of fouling communities depends on environmental factors, such as 

substrate type, water currents, seasonal environmental variations, and vertical habitat 

zonation (Wood et al. 2000, Brown et al., 2003). Proteobacteria, Cyanobacteria and 

Bacteroidetes are known to be the dominant biofilm bacterial phyla growing in different 

surfaces and at the diverse sampling locations, particularly in the early stages of 

colonization (Dang and Lovell, 2000; Dang et al., 2002; Pollet et al., 2018). 

Proteobacteria in particular, are considered to be the global dominant phylum colonizing 

artificial surfaces (Dang and Lovell, 2016). The dominance of these taxonomic groups 

was also observed in our study, particularly for the communities growing in the painted 

panels. Usually, studies characterizing prokaryotic communities colonizing artificial 

surfaces normally involve sampling communities growing for weeks or for a few months 

(Salta et al., 2013; Antunes et al., 2018), while our work involved a longer sampling 

period of one year. In marine microbial biofilm communities, the shift from heterotrophic 

communities towards autotrophic communities, which is known to precede the 

establishment of macrofouling communities, is believed to happen some months after 

the establishment of marine biofouling communities (Hadfield, 2011). This could explain 

why for the bare panels such a strong prevalence of sequencing was classified as 

cyanobacteria (corresponding to phytoplankton communities in the Greengenes 

database). This also suggests that there is a strong colonization of phototrophic 

organisms in this specific type of stainless-steel plates, which is limited by the application 



 

FCUP 

Natural Antifouling Strategies: from Cyanobacteria to Big Ship Hulls 

 

49 

 

 

of antifouling paints, delaying the colonization of those organisms at a similar abundance 

for a period of approximately six months. Previous studies have demonstrated a 

significant effect of different antifouling coatings in the colonization of bacterial taxa in 

artificial surfaces (Camps et al., 2014; Briand et al., 2017). Particular dominance of 

cyanobacteria in the panels exposed to the Northeast confirms the effect of sunlight in 

the growth on these phototrophic organisms. It should be mentioned that comparative 

studies on biofilm composition is challenging because different locations are always 

associated with different environmental conditions (Carvalho 2018; Antunes et al., 2018). 

Regarding eukaryotic communities, Rhodophyta, Chlorophyta, Ochrophyta, 

Cnidaria, Arthropoda and Mollusca were the most abundant taxa along the year, 

consistent with previous macrofouling studies (Briand et al., 2018). The data from the 

18S rRNA and 23S rRNA genes suggests a community stabilization that starts on the 

fourth month of the deployment of the panels, whereby the main groups show little 

variation. In terms of seasonal patterns, and as revealed by the 18S rRNA gene data, 

green algae (Clorophyta) are dominant in Spring and in Summer in the bare panels when 

compared to other algae (Rhodophyta or Ochrophyta). This is in agreement with previous 

studies that have demonstrated the dominance of green algae in warmer seasons in 

temperate waters (Saloni, 2011). Green algae are known to have the ability to colonize 

bare space rapidly and to be tolerant to environmental stressors (Gledhill et al., 1997; 

Mamboya et al., 2009). The pioneer species Ulva spp. in particular, detected by our 

morphological analysis along the whole study period, are considered to be dominant 

interference competitors and can restrain the colonization of substrates by other 

organisms (Sousa , 1980). In fouling situations Rhodophyta are believed to settle after 

hard-foulers and filamentous algae (Railkin, 2004), and in our study the settlement of 

these organisms initiated after a few months. In general, the coverage of brown and red 

algae in surfaces is considered to be more sensitive to stressors (Railkin, 2004). Despite 

being less common than green algae, we idenfied these algal groups in most months 

either through the NGS  data (18S rRNA and 23S rRNA genes), or through visual 

observation with no major differences between bare and painted panels.  

Regarding hard-foulers colonization, a higher presence of barnacles in the Southwest-

facing plates compared to the Northeast facing plates (with direct exposition to the 

sunlight) was observed. On the other hand, there was a more abundant and earlier 
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colonization of algae in the surfaces exposed to Northeast (See Figures 2 and 4). This 

can be explained by the photosynthesis-able fouling biomass is usually limited to well-

irradiated areas whereas barnacle larvae are typically found to be negatively 

phototrophic (Railkin 2004). This was also revealed by the 18S rRNA data, where the 

surfaces exposed to the Northeast had a higher colonization of Ochrophyta, while the 

surfaces exposed to the Southwest had a higher colonization of Cnidaria. The COI gene 

data revealed more extensive colonization by the phototrophic taxonomic group 

Bacillariophyta in the Northeast panels, with the Southwest panels presenting a 

predominance of Arthropoda. Visual inspection indicated that barnacles (Chthamalus sp.  

and Amphibalanus sp.), and mussels (Mytilus sp.) were dominant during all year. Lower 

representation of these taxa in the NGS data may be associated with problems of DNA 

extraction from calcareous organisms (Zaiko et al., 2016). Other hard fouler organisms 

like bryozoans are more reported in temperate climates during the warmer seasons of 

Spring or in Summer (Railkin 2004; Zaiko et al., 2016). Our findings are in line with this, 

as observed in our 18S RNA dataset, particularly in early Spring when these organisms 

were more common. Regarding polychaetes, their abundance is believed to be higher 

during the Winter and Autumn seasons and they are often absent during the warmer 

seasons (Osma 1977; Castric-Fey 1983; Bianchi 1981). In agreement with this, our 

visual inspection of panels revealed that Sabellastarte sp. only appeared in the colder 

seasons (Autumn and Winter). The lower abundance of Cnidaria and Chordata in painted 

panels compared to bare panels demonstrates an effect of antifouling coatings in their 

settlement (Johnston et al., 2002). Sponges and ascidians in particularly are scarcely 

observed in fouling panels and are believed to be susceptible to the antifouling coatings 

or to at least show pronounced variation among different surfaces (Field et al., 2007; 

Cifuentes et al., 2010). The results from the 18S rRNA and COI gene markers reveal a 

stronger colonization of Cnidaria in the Summer, with increased abundance from the 

Spring season. A similar succession of fouling communities has been previously reported 

in panels immersed in the Aegean Sea (Eastern Mediterranean Sea, Greece) with 

dominant filamentous algae coexisting with bryozoans in warmer seasons (Antoniadou 

et al., 2011). No significant presence of sponges was detected in our results, a group 

which is known to be often reported in biofouling assemblages in warm water ports and 

marinas (Turner et al.,1997; Field et al., 2007; Cifuentes et al., 2010).  
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Panels facing NW showed a total coverage of around 100% in the fifth month, with a 

decline of coverage afterwards. Panels facing NE never reached a total coverage, 

reaching close to 90% coverage in a nine-month period. Data from temperate areas 

suggest a rapid increase in species cover reaching 75–100% in one year, whereas at 

higher latitudes the process is much slower (Bowden et al., 2006). The relatively fast 

colonization that we observed can be explained by the fact that the sampled port waters 

reaches relatively high temperatures during the warmer season (~21ºC), despite being 

in the North Atlantic Ocean. Regarding the colonization of biomass per area, there was 

a much higher coverage of bare panels, with a higher access to light, also likely due to 

the importance of phototrophic organisms in the structuring of the fouling community. In 

general, no consistent seasonal patterns of abundance were identified among taxa in 

our data confirming that temporal changes of macrofouling communities during 

succession are highly variable and unpredictable (Underwood and Chapman, 2006). 

Despite the effect of seasonality in the colonization process, it is believed that this effect 

diminishes as succession proceeds (Pacheco et al., 2011), and the period of immersion 

has a substantial effect in the taxa and the succession of communities (Antoniadou et 

al., 2010; Cifuentes et al., 2010). Our data, showing a stabilization of communities after 

the early months of immersion, supports that epibiotic communities tend to converge 

towards a relatively stable condition (Svane and Petersen, 2001). 

Currently, baseline studies of biofouling monitoring programs are being globally 

conducted at Ports (Slijkerman et al., 2017; ICES, 2018). Measuring the colonization and 

identifying biofouling species of protected (painted) and non-protected (bare) stainless 

steel structures will facilitate the development of antifouling strategies to be applied at 

big ships Ports (Hewitt et al., 2001). Comparison between panel type showed higher 

read values and lower number of phyla retrieved from 16S rRNA and 18S rRNA genes 

on the painted panels. Some studies have demonstrated that antifouling paints can have 

a significant effect on microorganisms after roughly one month of immersion (Briand et 

al., 2017) but with a limited effect on the macrofouling assemblages (Briand et al., 2018).  

Our results are in contrast with these observations, since we found lower read values 

and more diverse taxa retrieved from 23S rRNA and COI genes on the painted panels 

Nevertheless, our data clearly shows that, as expected, bare panels harbour much more 

diverse phyla than the painted panels.  
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A list of 20 NIS for Leixões Port was for the first time compiled, after comparing our 

outputs with the ICES, ISSG, GISD, CABI, AquaNIS and NEMESIS databases 

(accessed in January 2019). Unfortunately, a NIS list for comparison purposes is not 

available, making the results obtained here a valuable baseline information for future 

studies in this area. All the detected NIS species could had been introduced at Leixões 

Port via ship hull transport. The native range for the species on the new list elaborated 

is mostly the Atlantic and Pacific Oceans and other parts of the world, such as, the 

Mediterranean, Red and Black Sea (Table S1). Non-indigenous species may benefit 

from reduced competition in early biofouling assemblages. Our work suggests that the 

use of NGS methods, in particular employing the COI marker, in combination with 

morpho-taxonomy assessment will allow for a better surveillance of invasive species.  

To sum up, the use of artificial structures its essential to biofouling monitor big ships 

ports.  The knowledge of fouling communities’ diversity and abundance will help better 

port structures maintenance programs. NGS methods, with different markers, in 

particularly, the results from the COI marker in our work suggests that the combination 

of morpho-taxonomy and NGS will allow a better surveillance of NIS. Finally, there’s an 

urgent need to continue a biofouling monitoring and publish a regional NIS list. 
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Chapter Three - Biofouling Monitoring at LISNAVE Shipyards 
(Setúbal) 
 

3.1. Introduction 
 
     

LISNAVE shipyards are located in the Sado estuary, in Setúbal, Lisbon, Portugal. The 

yard occupies a large area (1 500 00 m2) that is very well sheltered by the peninsula of 

Tróia. The Port is characterized by performing repair work to any kind and size of vessel, 

having three Panamax size dry docks, carrying out maintenance and cleaning services, 

and receiving traffic from all geographies (http://www.lisnave.pt). All these characteristics 

are potential risk factors to propagate biofouling species (indigenous and non-

indigenous). Frequent monitoring programs, in order to evaluate the dynamic 

environment of this Port, will likely allow for better management of biofouling. However, 

there have been no studies of Port biofouling monitoring in the Portugal. As such, we 

decided to carry out a detailed, baseline investigation of the biofouling community 

present at LISNAVE, using a morphology-based approach for the identification of 

biofouling species. To this end, the deployment of stainless steel panels (with or without 

antifouling treatment) as part of artificial structures was used to monitor the evolution of 

biofouling communities. Biodiversity assessment of micro and macrofouling taxa present 

in the submerged structures was carried by morpho-taxonomy. The biofouling monitoring 

was done between October 2016 and September 2017. 

 

The main objective of this study was to establish an overview of the fouling community 

diversity in LISNAVE, in order to study the temporal succession of the fouling taxa in 

both protected (painted) and non-protected (bare) stainless steel structures. Biofouling 

composition, succession as well as the main differences/similarities among taxa found 

in Leixões and LISNAVE ports were reported. 

 

 

http://www.lisnave.pt/
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3.2. Materials and Methods  

 

3.2.1. Experimental setup 
     

In order to assess the evolution of the biofouling in the artificial structure containing the 

stainless steel panels, a pier in LISNAVE S. A. shipyards (3828´15.79´´N, 

847´35.14´´W) was selected because it docks large freighter ships and due to its 

proximity to the dry docks (Figure 8), both of these characteristics are likely to maximize 

the establishment of biofouling communities. Additionally, this study site represents 

transitional waters due to the proximity of Sado estuary. Biofouling colonization was 

monitored every month for a one-year period, starting in October 2016 and ending in 

September 2017. During this period, environmental parameters intervals of the water 

were found to be within the following ranges: temperature (10-21ºC), pH (6.5-8.0) and 

salinity (23-30 ppt). 

  

Figure 8. Sampling site: (a) Location of LISNAVE S.A. Shipyards; (b) biofouling monitoring structure composed by ten 

stainless-steel panels. 
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In accordance with what was performed for the Leixões Porto study (Chapter 2), the 

experimental design for the detection of biofoulers in LISNAVE was done according to 

the guidelines by Menchaca et al (2014), following the Standard Test Method for Testing 

Antifouling Panels in Shallow Submergence (ASTM D3626-78-a, 2012) and other 

authors (e.g. Canning-Clode et al, 2009). The artificial structure, engineered by LISNAVE 

(Figure S3), was constituted by 15 stainless-steel (316 2B) square panels (20  20 cm  

2mm) attached by carabineers. The structure included three painted and nine bare 

panels. The painted panels were professionally covered with primary epoxy based 

coating and a non-biocidal (no organic-tin compounds), Antifouling paint (Hempel AF 

Globic 9000, Hempel A/S Lyngby, Denmark) by LISNAVE. The two panel rows were 

vertically submerged at a constant depth of 5 m; placed within 20 cm of each other and 

in front of each other (in order to avoid contact between them); and positioned with a 

north/south orientation (the North facing side is more exposed to sunlight).  

 

3.2.2. Sample collection   
 

Random squares (16 cm2 each) from the three painted (n = 9) and from four random 

bare panels (n = 12) were scraped using a stainless steel surgical blade at the north-

facing panel side; a total of 216 squares were scraped throughout the one-year sampling 

period. The scraped biomass was placed into sterile five milliliter microcentrifuge tubes, 

placed in ice coolers and transported to the laboratory. Aliquots of the scraped samples 

were used for morpho-taxonomic analysis and the remaining biomass was lyophilized 

and stored at -80C. All panels were photographed monthly, on both North and South 

facing sides, for subsequent image analyses during 12 months. 
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3.2.3. Morpho-taxonomic analysis by stereomicroscopy 
 
In order to identify biofouling species, a qualitative analysis of the samples was 

performed by visual inspection and under a light microscope at 10×, 40× and 100× 

magnification. Photographs were acquired using a digital camera unit Olympus U-TV1X-

2 DP72 mounted either on an Olympus SZX10 microscope or an Olympus BX41 phase 

contrast microscope. Identification was done to the lowest possible taxonomic level, by 

consulting taxonomic guides (e.g. Kraberg et al., 2010; Hoppenrath et al., 2009), as well 

as the World Register of Marine Species (WORMS) and AlgaeBase databases. 

 

3.2.4. Monitoring of biofouling evolution using ImageJ 
 

The process of biofouling was evaluated by photographing all panels (with digital camera 

Canon PowerShot G11) in both facing sides. To quantitatively determine the colonization 

percentage of the panels, the image processing package Fiji that includes the ImageJ 

software v.1.46 was used (Schneider et al., 2012; Shindelin et al., 2015). The three-

dimensional images were converted to integrated single two-dimensional (2D) images 

through the process of “Maximum Intensity Projection (MIP)”. The biofouling coverage 

was calculated using the MIP 2D images converted to 8-bit grey images, processed into 

binary images through the “process-make binary” command. Noisy signals were 

removed using the “Filters” process and biofouling colonization percentage was 

calculated using the “Analyze particles” option. 

 

3.2.5. Biofouling biomass per area determination 
 

Biofouling biomass was calculated by weighing individually wet-panels every month in a 

stainless-steel digital scale (Küchewaage PC-KW 1061) at the study site, always taking 

into account the preservation of the biofouling cover. The weight of the panels was 

corrected by subtracting the corresponding non fouled panel weight and divided by the 

panel area. The area where carabineers attach to the panel (4 × 16 cm2) was not 

considered, resulting in a total evaluated area of 336 cm2.  
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3.2.6. NIS present in Lisnave Shipyards 
 

The taxa detected on the panels deployed at LISNAVE were compared with the following 

reference databases: the Global Invasive Species Database (GISD: 

http://www.iucngisd.org/gisd/), the  Invasive Species Compendium (CABI: 

www.cabi.org/isc), the Information system on aquatic non-indigenous and cryptogenic 

species (AquaNIS: www.corpi.ku.lt/databases/index.php/aquanis/) and National Exotic 

Marine and Estuarine Species Information System (NEMESIS: 

//invasions.si.edu/nemesis/ ) databases, all accessed in March 2019. Taxonomic 

nomenclature of identified species was verified against the World Register of Marine 

Species (WORMS: www.marinespecies.org/) and AlgaeBase 

(http://www.algaebase.org/). 

 

3.3. Results  

 

3.3.1. Morphological identification of fouling community 
 

Microscopy and photographic methods allowed the identification of the more 

representative taxa present at the biofouling monitoring panels. The initial number of 

panels was 15, however on the second and third months of monitor experience a total of 

five bare panels were damaged or lost due to some structural problems. For that reason, 

results are only taking into account 3 painted panels and 7 bare panels.  A total of 15 

different taxa, belonging to 11 genera and 6 species were identified (Table 1). The 

diatoms Triceratium sp., Melosira artica and Nitzschia sp., six species of bryozoan, 

namely the arborescent bryozoans Bugula simplex, Bugula neritina, Bugula flabellate 

and Bugula sp., and the encrusting bryozoans Watersipora subtorquata and Cryptosula 

pallasiana, the crustacean Amphibalanus sp. and the polychaeta Spirorbis sp. were the 

first colonizers at the bare panels. The crustacean Austrominius sp. and the oyster 

Crassostrea sp., were only visually detected in the last three months of the monitoring 

program, i.e. July to September 2017. All species remained settled at the panels during 

the whole monitored year, with the exception of Bugula simplex and B. flabellate, which 

were virtually absent during April and May (Figure 9 and Figure 10; Table 4).  

http://www.algaebase.org/
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Figure 9. Temporal development of marine biofouling. Photographs of bare panel 4 (P4) and painted panel 3 (P3) facing 

North (N) and South (S). 

 
 

 
 

Figure 10. Main taxa observed in the biofouling monitoring stainless steel structure from October 2016 to September 

2017.  
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Table 4. Morphological identification of the main taxa observed in the stainless steel structure deployed at LISNAVE 

Shipyards from October 2016 to September 2017. Values 0 and 1 indicate absence and presence, respectively.  

 

 Sampling months from October 2016 to September 2017 

Observed 
Genus/Species 

Out Nov Dec Jan Feb Mar April May June July Aug Sept 

Cyanobacteria             

Spirulina sp. 1 1 1 1 1 1 0 0 0 0 0 0 

Diatoms             

Triceratium sp. 1 0 0 0 1 0 0 0 0 1 0 1 

Melosira artica 1 1 0 0 1 0 1 1 1 1 1 0 

Nitzschia sp. 1 1 1 1 1 1 1 0 0 0 1 1 

Protozoans             

Pseudvorticella 
sp. 

0 1 1 1 1 0 0 0 0 0 1 1 

Bryozoans             

Watersipora 
subatra 

1 1 1 1 1 1 1 1 1 1 1 1 

Cryptosula 
pallasiana 

0 0 1 1 1 1 1 1 1 1 1 1 

Bugula simplex 1 1 1 1 1 1 0 0 1 1 1 1 

Bugula neritina 0 0 0 0 0 0 0 1 1 1 1 1 

Bugula flabellate 0 1 1 1 1 1 0 0 1 1 1 1 

Bugula sp. 1 1 1 1 1 1 1 1 1 1 1 1 

Polychaete             

Spirorbis sp. 0 0 0 0 1 1 1 1 1 1 1 1 

http://www.aphotomarine.com/images/sea_mats_bryozoans/bryozoan_watersipora_subatra_01-10-14_1.jpg
http://www.aphotomarine.com/images/sea_mats_bryozoans/bryozoan_watersipora_subatra_01-10-14_1.jpg
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Mussels             

Crassostrea sp.  
0 0 0 0 0 0 0 0 0 1 1 1 

Barnacles             

Amphibalanus sp. 
1 1 1 1 1 1 1 1 1 1 1 1 

 

The total amount of biomass formed on the three painted panels after the 12 months was 

approximately 34 g whereas 654 g were measured for the seven bare panels. The 

painted panels had a medium biomass colonization of 34 mg/cm2 while the average 

biomass colonization for the bare panels was 278 mg/cm2. Figure 11 illustrates the 

observed linear increase of area colonized with time. However, when comparing the bare 

panels at different distances of the dock wall the average biomass colonization of the 

panels closest to the wall was 0.5 g/cm2 while the less protected panels from sea current 

was 0.1 g/cm2 (Figure 11).  

 
 
 

 
 
 

Figure 11. Monitoring of biofouling evolution and biomass determination: (a) Surface colonization assessed by ImageJ 

on both panel facing sides; (b) biomass per area monitored during 12-months. 
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Figure 12. NIS identified morphologically at Lisnave monitoring structure. 1) Austrominius modestus; 2) Watersipora 

subtorquata; 3) Bugula neritina 4) Bugula simplex and 5) Bugula flabellata. 

 

 

Figure 13. Photograph of a completely fouled ship hull at dry dock at LISNAVE shipyards. The main responsible for the 

fouling advance state were the arborescent bryozoans Bugula sp. species. 
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3.4. Discussion 
 

The microscopic and visual inspection of the submerged panels of LISNAVE samples 

showed a very different pattern of fouling organisms when comparing with the Leixões 

site, explored in Chapter 2. The more abundant macro foulers present at LISNAVE were 

six species of bryozoans Bugula simplex, Bugula neritina, Bugula flabellate and Bugula 

sp., and two encrusting bryozoans, Watersipora subtorquata and Cryptosula pallasiana.. 

B. neritina and B. simplex were detected by previous monitoring studies from 2015 and 

both were considered as established NIS introduced through fouling (Chainho et al., 

2015). Those Bugula especies were first recorded in the mainland and Azores from 2004 

and 2001, respectively (Marchini et al., 2007). 

The number of specimens of hard foulers present on both painted and bare panels was 

very low. During the entire monitoring study and on both, painted and bare panels, we 

only detect two oyster and less than 40 Balanus spp. specimens. That can be explained 

considering the depth of the panel’s submersion and on the structure design. While at 

Leixões the panels were constantly at maximum depth of 1.30 m, the LISNAVE structure 

design allowed approximately 5 m of submersion. In addition, environmental parameters 

could have also influenced the colonization rate, especially the observed lower values of 

water salinity. The sudden absence of Bugula simplex and B. flabellate, during April and 

May could have been due to a ship spill contamination. In fact, from June those two 

species became dominant, mainly on the North facing panels (Figure 9). Figure 13 shows 

the fouling power of Bugula sp. species in a ship hull after being docked for repair at 

LISNAVE shipyards for a year.  

 

The panels at LISVANE site did not show clear differences on the type of colonizers or 

colonization rate between the South and North facing directions. Actually, colonization 

percentage, as assessed by ImageJ, indicated the same rate of colonization between 

painted and bare panels as well as between facing North or South directions (Figure 11). 

However, from our temporal evolution analysis we clearly conclude that bare panels start 

being colonized since the first month while painted panels remain free of macrofoulers 

until February, i.e. for 5 months. 
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Regarding the colonization of biomass per area, there was a much less coverage of 

painted and bare panels and a lack of a clear pattern when comparing with the results 

from Leixões. This fact is also likely due to the deeper position of panels and can also 

be related to the drack muddy sediment always present at the LISNAVE site. 

 

After comparing our outputs with the ICES, ISSG, GISD, CABI, AquaNIS and NEMESIS 

databases (accessed in January 2019) a list of five NIS for the LISNAVE Shipyards 

(Figure 5) was, to the best of our knowledge, compiled for the first time. As in the case 

of the Leixões Port, no NIS list was found for comparison purposes, rendering the results 

obtained here a valuable baseline information for future NIS studies of this area. The 

native range for the species on the LISNAVE list corresponds mostly to the Atlantic and 

Pacific Oceans but also to other parts of the world such as the Gulf of Mexico and 

California (Table S1).  

 

 

Unfortunately, it was not possible to proceed with NGS analysis on the Lisnave material 

scraped from stainless panels. Such a study would increase vastly the knowledge about 

this site and would allow to better compare fouling communities present at both study 

sites, especially on the temporal evolution of species.  

 

To sum up, this baseline macrofouling monitoring study was essential to characterize the 

main biofoulers at LISNAVE S.A.. In general, the biofouling community here was less 

diverse than Leixões site. Even in the absence of a more complete characterization 

employing NGS, the results obtained from the biofouling monitoring at LISNAVE S.A. 

allowed the identification of important biofouling taxa as well as NIS. As for the Leixões 

Port, there is a pressing need to regulalry monitor this site and to elaborate frequent 

reports of NIS. 
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Chapter Four - Screening the LEGE Culture Collection (LEGE 
CC) for Antifouling compounds   
 

4.1. Introduction 

Biofouling of big ship hulls or any underwater infrastructure represents one of the most 

problematic issues in the marine environment, leading to large investments worldwide in 

order to mitigate its effects (Callow and Callow, 2002). Besides the costly problems of 

excessive consumption of fuel, materials corrosion or an increased frequency of hull 

cleaning in dry-docking there is an increase of marine fouling non-indigenous species 

(NIS) in Portugal (Canning-Clode et al, 2013). The efficient but extremely toxic antifouling 

compound tributyltin (TBT) is now banned in 27 countries by the International Maritime 

Organization (IMO 2008). The majority of anti-biofouling substances currently in use are 

booster biocidal agents that induce general toxic responses associated with heavy metal, 

antibiotic toxicity, among others (Konstantinou and Albanis 2004, Thomas and Brooks 

2010). Thus, there is a need to develop active natural compounds as alternatives to 

control biofouling that may act with a more specific mode of action. In this context, 

inhibitors of biological adhesion, with antifouling or detachment properties, are being 

considered as promising candidates (Chambers et al., 2006). 

Several bioassays have been developed to test compounds for their antifouling 

properties, including settlement inhibition and adhesion strength assays, toxicity assays, 

enzymatic inhibition assays and behavioral assays (Briand 2009; Maréchal and Hellio, 

2009; Fusetani, 2004). Discovery efforst for new biocides for use in antifouling paints 

frequently takes advantage of antifouling assays with dominant biofouling species, viz. 

marine bacteria, diatoms, algae, mussels and barnacles. In this work, one of the most 

important organisms responsible for macro-fouling at Leixões Port, Mytilus sp., was used 

both in the adult and larval stages. 

Cyanobacteria can form extended mats covering living and non-living structures, and 

there is clear evidence that this dominance is not only caused by physical processes or 

better competition for nutrients, but also is due to chemical compounds with allelopathic 

properties (Leão et al., 2012). Cyanobacteria are prolific producers of secondary 

metabolites with wide chemical and function diversity; some recently showed antitumor 
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activity like hierridin B (Leão et al., 2013) however many of them are toxic to animals 

(cyanotoxins). Among cyanotoxins, microcystins (Vasconcelos et al., 1996), anatoxin-a 

(Osswald et al., 2009), saxitoxins (Pereira et al., 2004) and cylindrospermopsin (Saker 

et al., 2004) are the most commonly studied all over the world due to their implications 

in terms on human and environmental health. Many of the known secondary metabolites 

show toxic properties against a variety of organisms, including marine invertebrates 

(Martins et al., 2007; Frazão et al., 2010). Previous work has also shown that 

cyanobacteria extracts and other marine toxins may affect invertebrate species 

development (Lopez et al., 2005; Martins et al., 2007). A recent investigation found 

cyanobacteria secondary metabolites with antifouling properties, such as hantupeptin, 

isomalyngamide A, majusculamide A and dolastatin, all extracted from the marine 

cyanobacterium Moorea producens (formely Lyngbya majuscula) (Tan et al, 2010).  

 

This previous knowledge led us to consider the hypothesis that these secondary 

metabolites may have the potential to inhibit marine invertebrate adhesion processes 

and may represent promising tools in controlling biofouling. The LEGE Culture Collection 

(LEGE CC) has more than 500 strains of cyanobacteria and has been a valuable tool for 

the search for bioactive compounds performed by our group (e.g. Martins et al., 2007; 

Frazão et al., 2010, Leão et al., 2013).  LEGE CC strains have been isolated from 

freshwater, estuarine and marine environments and their main orders are 

Chrocoococcales, Pleurocapsales, Oscillatoriales and Nostocales (Ramos et al., 2018) 

Despite that, its actual biological diversity and its putative richness in secondary 

metabolites is still far from being fully studied, which can be viewed as an unexplored 

potential for the discovery of new antifoulants. 

 

4.2. Materials and Methods 
 

4.2.1. General experimental procedures 
     

Silica gel 60 (0,015-0,040 mm) and Sephadex LH-20 were used for Vacuum Liquid 

Chromatography (VLC) and classical chromatography colunms. Solid Phase Extraction 

(SPE) was done in Strata®Silica, 5 g / 20 mL cartridges and fraction monitoring by Thin 

Layer Chromatography (TLC) aluminum sheets in silica gel 60, F254. HPLC fractionation 
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was carried out using a Waters Alliance e2695 HPLC coupled with a Photo Diode Array 

(PDA) 2998 equipped with an Aeris Peptide C18 chromatographic column from 

Phenomenex (4.6 mm by 150 mm; particle size, 3.6 µm). Empower 2 Chromatography 

Data Software was used for reporting peak information. All solvents used were HPLC 

gradient grade or LC-MS grade for HPLC-PDA and LC-MS fractionation/analysis and 

ACS grade for extraction, VLC, SPE and TLC. LC-HRMS analysis of fractions from LEGE 

11248 were acquired in an Ultimate 3000 HPLC (Thermo Scientific, Germany) monitored 

at 230 and 254 nm. The system, coupled with a Q Exactive Focus Orbitrap spectrometer 

and controlled by Xcalibur 2.1.0, operated in switch ion mode. The chromatography 

column used was an Aeris Peptide C18 (Phenomenex; 4.6 mm by 150 mm; particle size 

3.6µm). Capillary voltage of source ESI was set at 3.8 KV and the tube lens voltage 50 

V. The capillary temperature was 320⁰C. Sheath gas and auxiliary gas flow rate were at 

35 and 10. Full scan was done from 200 to 3000 m/z. 1H NMR data was acquired on a 

400 MHz Bruker Avance III. The samples were dissolved in deuterated water, methanol 

or chloroform purchased from Alfa Aesar and BDH Prolabo (VWR).  

 
 

4.2.2. Cyanobacteria Strains Screening 
 

A selection of 71 cyanobacteria strains from the LEGE Culture Collection at CIIMAR 

(www.ciimar.up.pt/lege) were cultured in an appropriate medium (Z8 medium (Kotai J, 

1972) for freshwater strains; the same Z8 medium was supplemented with 25 g/L NaCl 

and 10 µg/ml vitamin B12, for marine strains. The small scale culturing was carried out 

in 6L flasks under a temperature of 25°C with a light–dark cycle of 14:10 h and 25 μE 

m−2 s −1 of photon irradiance. After approximately a 60-day period the cells were collected 

by centrifugation and freeze-dried. Strains selected for large-scale growth were cultured 

under the same conditions in multiple 20 L Nalgene carboys. All reagents used in Z8 

media were pro analysis grade or superior. 

 

http://www.ciimar.up.pt/lege


 

FCUP 

Natural Antifouling Strategies: from Cyanobacteria to Big Ship Hulls 

 

76 

 

 

4.2.3. Extraction, fractionation and purification of potentially 
bioactive substances  

Freeze-dried biomass samples from each of the 71 selected cyanobacterial strains was 

extracted accordingly to Edwards et al., (2004). Briefly, biomass from each strain (0.5 g-

1 g) was extracted with a 2:1 (v/v) mixture of CH2Cl2/MeOH at ambient temperature, 

followed by three extractions with the same mixture of solvents. The slurry was 

centrifuged (4495 g) Supernatants were pooled together, the solvent was completely 

removed under vacuum and the extraction yield calculated. All extracts were dissolved 

in DMSO at a concentration of 30 mg/mL in order to be used in biological assays. 

The strains cultured at a higher scale were fractionated by vacuum liquid 

chromatography (VLC) according to Edwards et al. (2004). To perform the VLC a filter 

funnel was prepared with Silica Gel 60. Crude extracts were dissolved in a small volume 

of Hex:EtoAc (9:1) and applied carefully to the funnel. Fractions were obtained following 

a solvent gradient from 90% hexane to 100% EtOAC, from 90% EtOAC to 100% MeOH 

resulting in nine fractions (A-I) of 250 mL each. The solvents were then evaporated in a 

rotary evaporator, the residue resuspended and transferred to 20 mL vials. The solvent 

in these vials was again removed under vaccum and the residues weighed. The samples 

were then kept at -20°C. Further purification steps included different types of column 

chromatography and/or semi-preparative HPLC-PDA. Each purification step lead to a 

new set of fractions to be tested in the anti-settlement bioassay that was guiding the 

isolation. This process was carried out until maximum spectroscopically pure compounds 

were obtained. For size exclusion chromatography 6.5 g of Sephadex were swollen 

during 3 hours to give a 20 mL column.  The chromatography proceeded by gravity flow 

at approximately 0.55 mL/min with a 3:7 mixture of MeOH:H2O as eluent. A portion of 

each chromatographic fraction was dissolved at 10 mg/mL in DMSO for future use in 

bioassays. 
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4.2.4. Inhibition of Mytilus sp. plantigrade settlement 
 

 

Plantigrade larvae of Mytilus sp. mussels were used for in vivo Antifouling assays to 

evaluate the effect of cyanobacteria extracts on the production of adhesive structure: the 

byssus threads. The larvae were collected in the intertidal area of Memória beach 

(4113´45.44´´N, 843´19.86´´W) during low tide and transported in close containers 

filled with seawater. Plantigrades with a size of ca. 0.5 m were separated under a 

stereomicroscope and transferred to a glass Petri dish, before being placed in 24-well 

microplates (Figure 14). 

 

 

Figure 14. Antisettlement bioassay with Mytilus sp. plantigrade larvae (n=5) in a 24-well microplate. 

 
Each well contained five plantigrades, 2.5 ml of filtered sea water solution containing the 

extract or fraction to be tested. Each extract/fraction was tested in quadruplicate and 

CuSO4 (15 M) was used as an anti-settlement positive control. Two negative controls 

(filtered seawater and a DMSO 0.1% solution) were used in the assays. All extracts, 

fraction and sub-fractions were dissolved in DMSO and were added at 0.1% (v/v) to the 

wells. The crude cyanobacteria extracts were tested at a final concentration of 30 g/mL 

while the VLC fractions and SPE sub-fractions were tested at a concentration of 10 

g/mL. The microplates were kept in the dark for a period of 15 h before the number of 

byssus threads formed or absent were recorded by observation in a microscope in order 

to assess inhibition/non inhibition. The main criteria to consider a potential antifouling 

effect is the lack of byssus formation. Mytilus sp. larvae settlement assay data were 



 

FCUP 

Natural Antifouling Strategies: from Cyanobacteria to Big Ship Hulls 

 

78 

 

 

statistically treated by using one-way ANOVA in order to compare the settlement of 

control larvae and those exposed to each extract or fraction. 

 
 

4.2.5. LC-HRMS Orbitrap analysis of fractions E 17163_I7_D6 
and E 17163_I8_2 

 
The two fractions from the LEGE 11428 strain, E 17163_I7_4 and E 17163_I8_2, were 

analyzed by LC-HRMS. Chromatography separation was performed with MeCN (eluent 

A) and 5% MeOH (eluent B), both acidified with 0.1 % formic acid. A linear gradient 

program from 0% to 30% of eluent A during 15 minutes with a flow of 0.5 mL/min. 

Xcalibur QualBrowser software was used to visualize chromatograms and spectra and 

annotate the data.  

 

4.3. Results 
 

4.3.1. Antifouling bioactive compounds screening 
  

Seventy-one crude cyanobacterial extracts were first tested against Mytilus sp 

settlement assay at a concentration of 30 µg/mL. A set of eight cyanobacteria crude 

extracts showed anti-settlement activity (Table 5). However, for the anti-bacterial and 

diatom assays the results, done by others at BBE group (data not shown), exhibited a 

much larger number of worthwhile strains to further investigate. In that sense, we 

cultured at higher scale and VLC extracted a total of seven cyanobacteria strains (Table 

6). 
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Table 5.  Cyanobacteria crude extracts tested for Antifouling bioactivity in vivo tests using Mytilus sp.. Symbol + means 
no byssus were formed; Symbol - means that byssus was formed; Symbol ± means that at least one byssus of twenty 
plantigrades was formed. 

 
LEGE code 

 

 
Strain origin 

 
Microphotographs 

 
Anti-

settlement 
Result 

 

LEGE 
00246 

 
Dolichospermum sp. 

Portugal 
Fresh water 

 
 

 
± 

LEGE 
03273 

 
Unidentified filamentous 

Oscillatoriales 
Portugal 

Fresh water 
  

 
+ 

 
LEGE 
00060 

 

Unidentified cyanobacterium 
Morocco 

Fresh water 
 

 

 
+ 

 
LEGE 
07221 

 

 
Tychonema sp. 

Portugal 
Fresh water 

 
 

 
+ 

 
X-002 

 

 
Anabaena sp. 

Finland 
Fresh water 

 
 

 
+ 

 
LEGE 
07197 

 

Tychonema sp. 
Portugal 

Fresh water 

 

 
± 

LEGE 
91342 

 

 
Microcystis aeruginosa 

Portugal 
Fresh water 

non-MC producing strain 
  

+ 
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LEGE code 

 

 
Strain origin 

 
Microphotographs 

 
Anti-

settlement 
Result 

 

LEGE 
06134 

 

 
Cyanobium sp. 

Portugal 
Sabellaria sp. reef, intertidal, 

epipsamic 
  

+ 

LEGE 
91342 

 

 
Microcystis aeruginosa 

Portugal 
Fresh water 

non-MC producing strain 
  

+ 

LEGE 
00247 

Cuspidothrix issatschenkoi 
Portugal 

Fresh water 
ANTX-a producing strain 

 

- 

LEGE 
11428 

Synechococcus sp. 
Portugal 

subtidal sample 
marine 

 

- 

LEGE 
XX280 

Planktothrix sp. 
Fresh water 

 

- 

LEGE 
07075 

unidentified filamentous 
Synechococcales 
Portugal Brackish 

 

- 
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Table 6. Cyanobacteria strains grown at large-scale and VLC extracted.  

Cyanobacteria Strain LEGE CC 
code 

Biomass 
(g) 

Crude 
Extract 
Yield (%) 

VLC A-I 
fractions 
Yield (%)   

unidentified filamentous 
cyanobacterium 

LEGE 00060 
E 16156 

16.3 22 89 

Cuspidothrix issatschenkoi LEGE 00247 
E 17159 

11.2 14 76 

Dolichospermum sp. LEGE 00246 
E 17162 

17.4 17 98 

Synechococcus sp. LEGE 11428 
E 17163 

31.6 22 80 

Oscillatoria sp. LEGE 03273 
E 17166 

24.1 13 96 

Planktothrix sp. LEGE XX280 
E 17178 

31.3 38 41 

unidentified filamentous 
Synechococcales 

LEGE 07075 
E 18180 

14.0 27 52 

 

 

 

 

From the VLC strain extracts, 63 fractions were obtained, documented by  1H NMR 

(400MHz) and further tested in the antifouling bioactivity, at a concentration of 10 µg/mL. 

Fractions that i) caused a low percentage of Mytilus sp. settlement (≤30%) and ii) were 

obtained in sufficient mass for futher purification (≥50 mg), were further investigated. 

 

4.3.2. Antifouling bioassay-guided fractionation 
 
The unidentified filamentous cyanobacterium strain LEGE 00060 was the first to be 

investigated. The VLC fraction E 16156_E, eluting in the VLC fractionation with 60% 

EtOAC: 40% Hexane showed a positive result for Antifouling assay (25% ± 2.5) at a 

concentration of 10 µg/mL. This fraction was further purified by normal phase gravity 

chromatography using a gradient from 75% hexane to 25% EtOAC, resulting in six 

fractions (E1-E6) of 300 mL each. The new fractions were tested against Mytilus sp. 

assay and two subfractions, E 16156_E3 and E 16156_E4, eluting with 50% EtOAC: 

50% Hexane, inhibited settlement significantly (39% ± 26%). The complex 1H NMR 

spectrum of these fractions showed the presence of chlorophylls and/or their derivatives 
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(characteristic resonances in the δ 8-10 regions) and of other metabolites (Figure S4 and 

S5). In addition, both fractions yielded masses below 10 mg, meaning that isolation of 

pure compounds in enough amounts for structural characterization was unlikely to be 

achieved. Therefore, these samples were not processed any further. 

The cyanobacteria strains Cuspidothrix issatschenkoi, Dolichospermum sp. and 

Oscillatoria sp. also showed antifouling activity in the following VLC fractions: E 17159_ 

A (20% ± 16%); E 17162_B (20% ± 14%) and E 17162_G (20% ± 16%); and E 17166_D 

(25% ± 10%). All of these were analyzed by 1H NMR (Figure S3 to S6). Fraction E 

17163_I, from Synechococcus sp. was active against Mytilus sp. assay (25% ± 10%). 

This VLC methanolic extract was the selected to proceed other chromatography 

purification methods due to the following reasons: it formed a white crystal a large mass 

was obtained (~1,8g, 25%) and its 1H NMR spectrum contained diagnostic chemical 

shifts characteristic of the functional group amino (characteristic exchangeable 

resonances in the δ 8-8.5 regions), the presence of aromatic groups (characteristic 

resonances in the δ 6.5-7.5 regions) and probable sugar protons (characteristic 

resonances in the δ 3.5-4 regions), as well as probable acetyl groups (characteristic 

resonances in the δ 3.5-4 regions δ 2.0 to δ 2.1), anomeric protons (characteristic 

resonances in the δ 3.5-4 regions δ 4.4 to δ 5.5) (Figure S6).  

 

The fraction E 17163_I was then submitted to normal phase SPE following a stepwse 

gradient of Methanol:H2O (10%-75% MeOH) and EtoAC:MeOH (10%-50% EtoAC). The 

volume used for each eluent mixture was 60mL and 15 fractions were collected. Those 

fractions were concentrated by rotavapor and pooled according to their TLC (Silica Gel) 

profiles, which reduced the number of fractions to nine i.e. E17163_I_1-9. All fractions 

were tested in the Mytilus sp. settlement assay. The potential Antifouling bioactivity was 

present in all the of SPE fractions (E17163_I_1-9) (Figure16).  

Due to the presence of a slurry in fraction E17163_I_I8, separation by cold methanol 

precipitation was attempted. Both the precipitated (29.9 mg, 32%) and soluble fractions 

(28.4 mg, 31%) were analyzed by 1H NMR (Figure S10 and S11) which suggested that 

the separation did not occur effectively. Fractions were then pooled together and further 

purified by Sephadex LH-20. This preparative size exclusion chromatography resulted in 

ten fractions and an overall yield of 90%. 1H NMR analysis showed that the fractions 

E17163_I8_A_1; A_2 and A_ 4-6 were the purest and worthy of further investigation. 
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These three fractions had masses of 9.2 mg, 25.4 mg and 3.8 mg respectively and were 

fractionated by HPLC-PDA. After gradient optimization and tests of two different column 

chemistries, normal and reversed phase, the best separation was achieved with a 

Peptide C18-RP chromatographic column running a linear gradient of acetonitrile and 

ultrapure water (1-30% ACN) (Figure 17).  

 

 

Figure 15. Anti-settlement activity of a) VLC fractions of E17163_A-I and b) SPE fractions of E17163_I_1-9 towards 

plantigrade larvae of the mussel Mytilus sp. 
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Figure 16. Chromatograms and PDA contours of: a) Multi-display of fractions E17163_I8_A1 and A2 and b) Pool of 

E17163_I8_A (4-6). 
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The fist HPLC-PDA peaks of E17163_I8_A1 and A2 yielded 4 and 19 mg, while for 

E17163_I8_A (4-6) (Figure 17) the obtained fractions had less than 1 mg. Investigating 

E17163_I7 (1.6 g, 73%) that was also purified by Sephadex LH-20 resulting in 11 

fractions. Fraction E17163_I7_D (237 mg, 35%) formed a white crystalline solid after 

being evaporated, however, it became amorphous when a later crystallography analysis 

attempt was made. This fraction was further purified by HPLC-PDA (Figure 18). 

Chromatographic purification resulted in a total of 9 fractions (E17163_I7_D(1-9)) with a 

very low yield of 17%. The entire HPLC run and additional washing eluent were collected 

what made us suppose that a large amount of the injected fraction was not 100 % soluble 

or some compounds bonded irreversibly with the chromatographic sorbent column. 

Nevertheless, we were able to obtain a much less convoluted 1H NMR (Figure S8) 

spectra of the HPLC fraction E17163_I7_4_D6 (~0.42 mg, 10%) witch was also analyzed 

by COSY NMR (Figure S9).  Both spectra indicate the presence of an aromatic moiety 

substituted in a para fashion (characteristic double duplet resonances in the δ 6.5-7.5 

regions) and showing still the characteristic signal for an amino group, which could 

indicate the presence of a tyrosine residue. 

 

 

 

Figure 17. HPLC-PDA Cromatogram and PDA contour of E17163_I7_D. 
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LC-HRMS full scan analysis of fraction E17163_I7_D6 confirmed the presence of several 

different compounds, the majority corresponding likely to nitrogen-containing 

compounds (Figure 19). Masses of the most resolved peaks (at 230 and 254 nm), and 

on both positive and negative modes were searched in the Dictionary of Natural Products 

with an error of 5 ppm. Peak 1 (3.91 min), Chemical formula: C32H25O2N; observed: 

455.18814 m/z [M-H]+; Peak 2 (6.88 min), Chemical formula: C30H24O2; observed: 

416.17712 m/z [M-H]+; Peak 3 (7.51 min), Chemical formula: C16H24O2N5; observed: 

414.16148 m/z [M-H]+; Peak 4 (8.21 min), Chemical formula: C34H34O4N3; observed: 

537.16820 m/z [M-H]+ and Chemical formula: C34H24O4N4; observed: 552.17913 m/z [M-

H]+; Peak 5 (8.72 min), Chemical formula: C34H23O2N3; observed: 505.17844 m/z [M-H]+.  

Only mass 552.17913 m/z had hits in the compound search at the Dictionary of Natural 

Products. From the other masses 184 hits were obtained from various sources, since 

bacteria, fungi to plant seeds, however all matches contained sugar units. 

 

LC-HRMS full scan analysis of fraction E17163_I8_A2 showed a less complex fraction 

when compared with E17163_I7_D. Peaks at 7.27 min and 8.52 minutes are found in 

both fractions. A peak at 18.81 minutes (Peak 6) its only present in the fraction 

E17163_I8_A2: Chemical formula: C21H37O6N6; observed: 469.27717 m/z [M-H]+ (Figure 

20). Seven hits were obtained for this mass of molecules, such as cyclic esters, methyl 

esters and sterols, extracted from proteobacteria, soft corals, and plants. 

 

Overall, the 1H NMR and HRMS data signatures for the major compounds obtained from 

E17163I subfractions seem to be consistent with either glysosidic and peptidic moiteies, 

or both (e.g. glycopeptides). 
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Figure 18. A) Total Ion Chromatogram (UV/VIS and positive and negative modes) and B) mass spectra of the peaks 

(Peak 1 to 5) of interest present in fraction E 17163_I7_D6 
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Figure 19. A) Total Ion Chromatogram (UV/VIS and positive and negative modes) and B) mass spectra of the peak 6 

present in fraction E 17163_I8_A2. 
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4.4. Discussion 
 

Cyanobacteria are a source of various secondary metabolites, including glycopeptides 

such as the serine protease inhibitory aeruginosins 205 A and B isolated from Oscillatoria 

agardhii (Shin et al, 1997) and UDP-N-acetylmuramylpentapeptide from Anabaena 

cylindrical (Kadoni et al, 1999). The contribution to antifouling bioactivity of 

glycopeptoids, a family of glycopeptide synthetized by biomimetics, its attributed to the 

high number of hydrogen bonds with water molecules (Ham et al, 2013). Glycopeptoids, 

compose by a N-substituted glycine or β‐alanine oligomer backbone linked to one or 

more carbohydrate moieties at the amide nitrogen atoms, are of high importance due to 

their improved proteolytic stability and greater conformational flexibility relative to 

glycopeptides (Szekely et al, 2014). 

Other secondary metabolites produced by cyanobacteria are peptides, in particular cyclic 

peptides such as the cyclic hexapeptides Tenuecyclamides A-D, from the 

cyanobacterium Nostoc spongiaformae (Banker et al., 1998; Moore et al., 1998). In 

addition, cyanobacteria, especially strains belonging to Nostocales and Oscillatoriales 

orders, are also producers of antibiotic substances with antifouling potential, such as 

nostocyclamide (Dahms et al., 2007).  

The search of the masses on the Dictionary of Natural Products resulted in a total of 191 

hits among the masses of the main peaks. However, none of the molecules hits 

presented were originated from Cyanobacteria. Nevertheless, some of the molecules of 

that list were sucrose sugar molecules having as biological source the sweet potato 

(Ipomoea batatas) or small peptides extracted from plants and from marine organisms, 

such as the soft corals, Lobophytum depressum and Sarcophyton ehrenbergi. 

Cyanobacteria can live in symbioses with some of those organisms and are a large 

biological source of bioactive natural compounds.   

 

To summarize chapter four, the bioassay-guided screening of seventy-one LEGE CC 

cyanobacterium directed us to five strains that have in their composition compounds with 

antifouling activity. 1H NMR and LC-HRMS analysis showed that candidates responsible 

for that activity may be molecules bearing sugar units and small peptides or even a 

mixture of those moieties. Additionally, there was also other not assigned less 

representative compounds that may be responsible for the activity observed. Various 
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factors, such as the presence of compounds labile to easy degradation or the very small 

amount of fraction to continue purification did not allow the so wanted full structure 

elucidation of some of the bioactive fractions. For all those reasons we will pursue the 

purification and structure elucidation of these compounds from Synechococcus sp. 

LEGE 11248.  
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5. Conclusions 
 

The aim of these theses has been to perform a biofouling monitoring study in two different 

sites, Leixões Port and LISNAVE S.A. shipyards as well as to screen potential antifouling 

activity of cyanobacteria compounds.  

 

Chapter one provided an overview of the biofouling problem history, some natural 

strategies to prevent biofouling and methods to monitor and quantify biofouling. 

 

Chapter two was devoted to present a NGS Miseq Illumina approach as a tool to monitor 

biofouling at Leixões Port. We have reported an analysis of biofouling diversity in Leixões 

Cruise Terminal Marina using morphological and multi-marker NGS approaches. These 

two methodologies showed to be complementary to each other due to the fact that some 

NIS were only detected visually. On the other hand, the success of the NGS methodology 

is reflected in the high number of retrieved OTUS and the identified 911 species. Our 

results showed the importance and efficiency of combining four different target genes 

and reference databases allowing greater diversity and more accurate taxonomic 

identification, which has the additional benefit of enabling cross-verification of specific 

detections, such as rare or invasive species of interest. This study reports the first NIS 

list of Leixões port which can be a comparing start point for future hotspot biofouling 

monitoring programs.  Considering all these results, we suggest that the use of artificial 

structures and a combination of morphological and NGS methodologies (using 16S, 18S, 

23S rRNA and COI) is a very advantageous strategy in biofouling monitoring programs. 

In addition, the large quantity of NGS data obtained can be further explored to lead us to 

others findings in ecology or even bioinformatics. Two of those possible future projects 

can involve the study of commercial marine and toxic species present at Leixões and the 

study of the novel sequences present at our NGS data. 
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Chapter three described the biofouling monitoring at Lisnave S.A. Shipyards with the 

help of morphological approaches and a comparison between both study sites. 

The biofouling monitoring allowed to conclude that LISNAVE S.A. shipyards fouling 

communities are less diverse. Hard foulers, such as barnacles and mussels, were 

dominant at Leixões Port while at LISNAVE arborescent bryozoans was the prevailing 

species. NGS data would increase massively information about LISNAVE communities, 

however, 5 NIS were identified morphologicaly making once again the results obtained 

a valuable baseline information for future NIS studies of this area. As a future suggestion, 

biofouling monitoring programs ought to be done frequently and to validate its findings 

molecular methods should be involved. 

 

Charpter four was dedicated to the screening of potential antifouling bioactive 

compounds from 71 strains of LEGE CC cyanobacteria.  

 

The screening of cyanobacteria from LEGE culture collection showed that the strains 

LEGE 11248, LEGE 00060, LEGE 00247 and LEGE 00246 have in their composition 

bioactive compounds with antifouling potential. The bioassay-guided isolation showed 

that LEGE 11248, a marine subtidal sample collected in Portugal being identified as 

Synechococcus sp. was the more active strain. Chemical analysis results point to a 

mixture of compounds bearing sugar units and small peptides or even a mixture of those 

molecules. Since antifouling bioactive compounds can have such a chemical scaffold the 

more polar LEGE 11248 fractions may be the responsible for the bioactivity against the 

macrofouler Mytilus sp. The fact that we were not able to isolate this compounds its 

maybe due to low chemical stability of molecule, since HPLC and NMR analysis showed 

inconsistent results.  Molecule chemical stability it’s one of the main requisites to proceed 

formulation of new antifouling molecules. Nonetheless, other negligible synergetic action 

between complex mixtures of compounds, due to low amounts or chemical nature, could 

had also underwrite the obtained results. For all those reasons, the composition of 

Synechococcus sp. LEGE 11248 strain should be further investigated, in order to reach 

structure elucidation of the compounds that confer antifouling bioactivity. 
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6. Attachments 
 

 

 

 

Figure S 1. Sampling-month based rarefaction of observed OTUs for both painted and bare panels and for each of the 

four markers sequence numbers. 
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Figure S 2. Sampling-month based rarefaction curves of Chao 1 for both painted and bare panels and for each of the 

four markers sequence numbers. Dashed lines indicates 95% confidence intervals. 
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Figure S 3. 400MHZ 1H NMR spectrum of fraction E 16156_E3. 

Figure S 4. 400MHZ 1H NMR spectrum of fraction E 16156_E4. 
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Figure S 5. 400MHZ 1H NMR spectrum of fraction E 17159_A. 

 

Figure S 6. 400MHZ 1H NMR spectrum of fraction E 17162_B. 
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Figure S 7. 400MHZ 1H NMR spectrum of fraction E 17162_G. 

 

Figure S 8. 400MHZ 1H NMR spectrum of fraction E 17166_D. 
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Figure S 9. 400MHZ 1H NMR spectrum of fraction E 17163_I. 

 

Figure S 10. 400MHZ 1H NMR spectrum of fraction E 17163_I7_D6. 
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Figure S 11.  1H  NMR COSY spectrum of fraction E 17163_I7_D6. 

 

Figure S 12. 400MHZ 1H NMR spectrum of fraction E 17163_I8 (supernatant). 
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Figure S 13. 400MHZ 1H NMR spectrum of fraction E 17163_I8 (precipitate). 

 

Figure S 14. 400MHZ 1H NMR spectrum of fraction E 17163_I8_A1. 
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Table S 1. List of Non Indigenous Species detected by both approaches (morphological and by NGS) in Leixões Port. 

 

Taxa Common Name Phylum Native Range Reference 

Austrominius modestus Balanus Arthropoda Pacific 
 http://www.corpi.ku.lt 

 

Amphibalanus improvises Bay barnacle Arthropoda NW Atlantic http://www.corpi.ku.lt 

Eurytemora pacifica Copepode Arthropoda NW Pacific http://www.corpi.ku.lt 

Amathia gracilis Moss animal Bryozoa NE Atlantic http://www.corpi.ku.lt 

Watersipora subtorquata Moss animal Bryozoan Gulf of Mexico http://www.corpi.ku.lt 

Nemopsis bachei Naked-eyed Medusae Cnidaria NW Atlantic http://www.corpi.ku.lt 

Aiptasia pulchella Glass anemone Cnidaria NW pacific http://www.corpi.ku.lt 

Carijoa riisei Branched pipe coral Cnidaria W Atlantic http://issg.org 

Ectopleura crocea Pink-mouth hydroid Cnidarian NW Atlantic https://animaldiversity.org 

Mytilus edulis Common mussel Mollusca Atlantic http://www.corpi.ku.lt 

Ruditapes philippinarum Japanese cockle Mollusca China and Japan http://www.corpi.ku.lt 

Mytilus trossulus Bay or foolish mussel Mollusca 

East and West Bering Sea, 

Gulf of Alaska, California 

Current, Oyashio Current 

http://www.corpi.ku.lt 
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Brachidontes exustus Scorched Mussel Mollusca 
NW, SW Atlantic and W 

Tropical 
http://www.corpi.ku.lt 

Cephalothrix simula 
TTX accumulating 

ribbon-worm 
Nemertea NW N Pacific, off Japan http://www.marinespecies.org 

Chattonella marina 

Brevetoxins -

Neurotoxic 

microalgae 

Ochrophyta Indo-Pacific http://www.corpi.ku.lt 

Callyspongia siphonella Tube_sponge Porifera Red Sea http://www.marinespecies.org 

Dasya baillouviana Red algae Rhodophyta Mediterranean NE Atlantic http://www.corpi.ku.lt 

Polysiphonia brodiei Red algae Rhodophyta UK and Scandinavia https://www.cabi.orG 

Styela clava Stalked sea squirt Chordata Northwest Pacific 
Davis et al., 2005; Davis et 

al., 2007 
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Table S 2. List of Non Indigenous Species detected visually at present at LISNAVE S.A. Shipyards. 

 

Taxa Common Name Phylum Native Range Reference 

Austrominius modestus Balanus Arthropoda Pacific http://www.corpi.ku.lt 
 

Watersipora subtorquata Moss animal Bryozoan Gulf of Mexico http://www.corpi.ku.lt 

Bugula neritina Brown bryozoan 
 

Bryozoan Southern California to Monterey Bay http://www.corpi.ku.lt 

Bugula simplex Moss animal Bryozoan W Atlantic http://www.corpi.ku.lt 

Bugula flabellate Moss animal Bryozoan North Sea 
Celtic-Biscay  

http://www.corpi.ku.lt 

 

 

 


