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ABSTRACT  
 

Countries’ economies, social values, ecosystem functioning and biodiversity are heavily 

impacted by marine non-indigenous species (NIS), mostly unintentionally transported via 

vessels’ ballast water and hull biofouling. Costing billions of dollars annually, national and 

international conventions and legislations have been adopted to address this major threat but 

rely strongly on scientifically-validated data that can be applied to management plans. High-

throughput molecular techniques using environmental DNA and RNA promise to be faster, 

more specific and have greater standardization for NIS monitoring than traditional surveillance 

programs based on morphology. However, remaining technical challenges may hinder reliable 

results. This thesis investigated novel molecular techniques for the use in marine NIS 

surveillance to implement an optimized molecular workflow into current NIS surveillance 

strategies. Three technical studies were undertaken, ranging from a broad metabarcoding 

screening of biofouling communities, to a close investigation of these communities for 

potential NIS, and finally to a species-specific targeted approach to better characterize 

erroneous detections. The differences among a range of biofouling communities were 

characterized using 16S rRNA, 18S rRNA and COI metabarcoding. Biofouling samples were 

taken from settlement plates simulating different ship hull conditions to attract NIS. The results 

were different patterns of change between bacterial and eukaryotic communities on artificial 

surfaces predicting their impacts on marine ecosystems. The same data were screened for NIS 

and bioinformatics pipelines were adjusted to explore different reference databases. The results 

were compared with the traditional morpho-taxonomic approach. The screening revealed 

considerable variation in potential NIS detections between 18S rRNA and COI metabarcoding, 

PR2, BOLD and NCBI databases, and when compared to the morpho-taxonomic approach. To 

address the issue of false positive and negative detections, target-optimized sampling was 

performed using species-specific droplet digital PCR. The focus on one NIS organism, Sabella 

spallanzanii, revealed detection errors through inhibition from the type of sampling matrix. 

Individually-designed sampling strategies are strongly advised. Overall, for molecular NIS 

surveillance, it is recommended to start with broad screening of multiple-marker 

metabarcoding data, filtered for potential NIS. Dependent on the risk assessment, further 

monitoring data and species-specific diagnostic tests may be needed to verify true detections. 

This thesis provides considerable base knowledge for managers and stakeholders to integrate 

molecular NIS surveillance and to evaluate the results for response plans. 
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1 

 

CHAPTER 1 GENERAL INTRODUCTION 

1.1 The risks of marine bioinvasions and potential of molecular tools 

 

With an accelerating increase in global shipping trade, the spread of marine non-indigenous 

species (NIS) is now recognized as a major threat to many countries’ economies, social values 

and ecosystem functioning and biodiversity (Seebens et al., 2013). A limited number of NIS 

are able to establish outside their native habitats and become invasive through displacing native 

species, in the process changing community structure and food webs, diminishing fisheries, 

fouling ship hulls, and clogging intake pipes or directly impacting human health by causing 

diseases (Molnar et al., 2008). The most common pathways for the introduction of marine NIS 

are their unintentional transport via vessels’ ballast waters and biofouling (Katsanevakis et al., 

2013). A range of national, regional and international conventions and legislation have been 

adopted to address the threats of NIS, but rely strongly on scientifically validated data for the 

development of management plans and the evaluation of their efficacy (Lehtiniemi et al., 

2015). Australia and New Zealand have established some of the world’s most comprehensive 

biosecurity approach with defined standards for pre-border quarantine systems, as well as post-

border incursion response and continued management (Hewitt and Campbell, 2007). Current 

NIS surveillance programs are conducted using taxonomic identification based on the 

organisms’ morphology which relies on a decreasing number of experts, can be time-

consuming, costly, and difficult for the detection of early life stages such as eggs and larvae, 

or cryptic organisms (Pochon et al., 2013). 

Molecular techniques have been extensively explored for biomonitoring purposes and promise 

to be faster, more specific and have greater standardization potential (Aylagas et al., 2014; 

Pawlowski et al., 2011; Wood et al., 2013). In the context of marine biosecurity surveillance, 

techniques such as quantitative real time Polymerase Chain Reaction (qPCR) (Smith et al., 

2012) or High-Throughput Sequencing (HTS) in combination with metabarcoding (Brown et 

al., 2016; Pochon et al., 2013) promise high sensitivity and, therefore, the chance for earlier 

detection of NIS in environmental samples. Metabarcoding for example enables the 

identification of organisms without taxonomic expertise by matching short diagnostic 
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(barcoding) markers from HTS data to a reference sequence library. However, to achieve this 

potential, technical challenges need to be fully understood and optimized in order to minimize 

false positives (target species is absent, but its DNA is recovered) and false negatives (target 

species is present but its DNA is not detected) (Cristescu and Hebert, 2018; Xiong et al., 2016). 

Many uncertainties arise in the molecular workflow, for example, through insufficient 

sampling, sequence artefacts or primer biases, as well as through incomplete reference 

databases and the lack of universal primers or insufficient taxonomic resolution (Zaiko et al., 

2018). Addressing these caveats is essential for improving confidence in the interpretation of 

molecular-based data derived from marine environments. If interpreted appropriately, these 

data can provide reliable detections of NIS from various environmental matrices, and enable 

the implementation of molecular tools into routine marine biosecurity surveillance. 

 

1.2 Overall aims of the thesis 

 

This thesis aims to investigate the comparative benefits of novel molecular techniques for the 

detection of marine NIS, and to identify and minimize the source of possible false positive and 

false negative errors. Because it is generally impossible to completely eliminate these errors 

from any given methodology, the final goal was to establish a molecular workflow to 

complement traditional morpho-taxonomic approaches and that offers a degree of confidence 

in reliably detecting NIS, enabling an early warning system for routine marine biosecurity 

surveillance. 

This was addressed by three technical studies (Chapter 3 – 5), each developed on the key 

findings of the previous one, in order to answer some of the fundamental questions about 

molecular NIS detections. 

First, metabarcoding using multiple marker genes were explored as an efficient and sensitive 

tool to describe biofouling communities. Biofouling on ship hulls are one of the main sources 

for NIS introduction and the organisms are believed to find an opportunistic environment to 

spread on the artificial structures of harbor areas. It is critical that the metabarcoding data 

describe the community at the finest possible scale to understand NIS settlement and which 

biotic and abiotic factors are influencing it. 

Second, it is important to directly compare the effectiveness of molecular methods and 

traditional morpho-taxonomy in the early detection and identification of marine NIS. It is 
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questionable if molecular methods can already replace traditional methods completely, or if a 

combined approach is required in order to achieve comprehensive monitoring. Furthermore, 

there are many methodological choices in undertaking molecular identification, and it is 

important to assess how well they each deal with false positives and false negatives errors. 

Third, species-specific molecular assays for NIS detection are a major alternative to the multi-

species approaches addressed above. Although these methods usually provide higher 

confidence in true detections, they are still not immune to e.g. inhibition errors that can also 

alternate between the native biota of the sampling matrix. The focus on only one model 

organism enables a more detailed analysis of the rates of false positive and false negative errors, 

and can also provide helpful insights for the metabarcoding workflow. 

Finally, the investigation of several molecular tools was expected to provide the knowledge for 

recommendations on implementing the most effective molecular methodologies for future NIS 

surveillance strategies. 

 

1.3 Specific chapter objectives 

 

The overall aims of this thesis were addressed by collecting biofouling samples from polyvinyl 

chloride (PVC) settlement plates simulating different ship hull conditions, such as surface 

texture, orientation (shading), and different layers of anti-fouling coating designed to 

specifically attract NIS. The work formed part of a broader study, funded by Biosecurity NZ 

that aimed to optimize arrays of settlement plates for sampling NIS associated with vessel 

biofouling. Fieldwork was conducted during a winter and a summer season in Auckland 

Westhaven Marina (New Zealand). Metabarcoding libraries were prepared for three distinct 

genes to explore marine environmental communities and their response to the simulated 

conditions: the nuclear ribosomal 16S rRNA gene targeting bacteria, the nuclear ribosomal 18S 

rRNA gene targeting eukaryotes, and the mitochondrial Cytochrome c Oxidase I (COI) gene 

targeting eukaryotes but especially metazoans. The settlement plates were then specifically 

screened for NIS, and a range of bioinformatics pipelines and sequence databases were 

explored and their reliability for NIS detection was assessed. Finally, another study focused on 

target-optimized sampling of filtered water and settlement plates in the Viaduct Harbour of 

Auckland (New Zealand) to explore species-specific assays using novel droplet digital PCR 

(ddPCR) technology. False positive and negative detections were investigated using the 



 4  

 

Mediterranean fanworm, Sabella spallanzanii as NIS model organism. These studies are 

covered in three technical chapters, each exploring a specific objective as follows: 

 

 Examination of biofouling micro- and macro-communities on artificial marine 

structures using 16S rRNA and 18S rRNA metabarcoding 

 

The study described in Chapter 3 aimed to use 16S rRNA and 18S rRNA metabarcoding to 

characterize and distinguish the biofouling communities that established on a range of types of 

settlement plates in Auckland’s Westhaven Marina. A variety of different PVC settlement 

plates were deployed and treated to simulate the conditions expected on a diversity of ship hulls 

and other marine structures, such as surface texture, orientation and different layers of anti-

fouling coating. The passive sampling design aimed at characterizing biodiversity shifts in 

response to the experimental parameters. As the presence and activity of bacteria is known to 

influence higher order processes such as invertebrate settlement, predator/prey interactions and 

nutrient cycling, the composition of bacterial micro-communities may be correlated with that 

of eukaryotic macro-communities. I hypothesized that 1) anti-fouling coating would have the 

greatest treatment effect on the diversity and structure of biofouling communities due to its 

toxicity, 2) the treatment effects would be more pronounced on bacterial communities, due to 

their short life-cycle and potentially greater responsiveness, 3) key bacteria and eukaryotic taxa 

with specific adaptations would become abundant within each treatment, and play a key role 

in structuring their respective community, and 4) there would be significant interacting 

relationships between specific bacterial and eukaryotic taxa, and these relationships would vary 

in complexity and structure among the tested factors. Understanding complex biofouling 

community interactions can help optimize sampling methodologies for NIS derived from ship 

hulls and other marine structures. 

 

 Optimization of NIS detections through combining traditional morpho-taxonomy 

and 18S rRNA and COI metabarcoding  

 

The study described in Chapter 4 compared the detection of NIS on PVC settlement plates 

between traditional morpho-taxonomic methods and currently-accepted molecular methods, 
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specifically using 18S rRNA and COI metabarcoding. The goal was to compare methods and 

assess their ability to capture the broadest range of species and taxonomic coverage. The 

reliability of molecular NIS detections in case of false positive and negative errors was also 

evaluated using two distinct bioinformatics pipelines and three sequence reference databases, 

including the Protist Ribosomal Reference database (PR2), the Barcode of Life Database 

(BOLD), and the nucleotide collection of the National Centre for Biotechnology Information 

(NCBI). The hypotheses were that (1) morphological and molecular approaches would show 

varying efficiency in identifying micro-, meio- and macrofaunal NIS communities, and (2) the 

performance of the two molecular markers (18S rRNA and COI) would differ due to 

differences in the taxonomic resolution and coverage of the reference databases. A detailed 

understanding of different NIS detection performance between morphological and molecular 

approaches is essential for enabling the uptake of molecular tools and improving marine 

biosecurity surveillance in the future. 

 

 Assessment of a Sabella spallanzanii species-specific droplet digital PCR (ddPCR) 

assay with optimal detection sensitivity 

 

Following up on false positive and negative errors using metabarcoding for broad NIS 

screening, is essential for identifying the source of errors and for optimizing the molecular 

sampling and processing workflows. This was addressed in Chapter 5, where a species-

specific ddPCR assay was explored to improve detection levels and gain quantitative 

information on the non-indigenous Mediterranean fanworm Sabella spallanzanii. 

Environmental DNA and RNA was co-extracted from biofouling and filtered water samples 

taken over a four month period in Auckland’s Viaduct Harbour. I hypothesized that (1) S. 

spallanzanii copy numbers in environmental DNA (eDNA) samples will be a good but simpler 

predictor of eRNA signal, and that the detection signal will vary between water and settlement 

plate samples; and (2) that molecular biodiversity in eDNA and eRNA samples differ between 

water and plate biofilm samples, and will influence the ability to detect S. spallanzanii. The 

focus on a specific target NIS using species-specific assays enables the evaluation of sources 

for false positive and negative errors for more reliable detections. 

In the general discussion (Chapter 6), the outcomes from Chapters 3-5 were summarized and 

integrated into a recommended optimal molecular workflow, in order to optimize marine 
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biosecurity programs in the future, and to provide marine management stakeholders with 

improved biosecurity surveillance tools, both in New Zealand and internationally. 

This thesis has been divided into six chapters including this introduction (Chapter 1), a 

literature review (Chapter 2), three stand-alone scientific papers (Chapter 3, 4 and 5), which 

have been published or are submitted, and a general discussion (Chapter 6). 
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CHAPTER 2 LITERATURE REVIEW 

The 21st century is also called the era of globalization (Ehrenfeld, 2003). The key driving force 

behind global interactions usually has economic foundations. A good example demonstrating 

how complex and international these actions can become is given by Grammenos (2013): “A 

Greek owned vessel, built in Korea, may be chartered to a Danish operator, who employs 

Philippine seafarers via a Cypriot crewing agent, is registered in Panama, insured in the UK, 

and transports German made cargo in the name of Swiss freight forwarder from a Dutch port 

to Argentina, through terminals that are concessioned to port operators from Hong Kong to 

Dubai”. It is now estimated there are close to 100 thousand registered shipping vessels 

including oil tankers, bulk carriers, general cargo, container ships, and unspecified vessels 

(UNCTAD, 2019). This dramatic increase results in many social and environmental issues 

including greenhouse gas emissions, acoustic and oil pollution and damage to ecosystems 

through the spread of NIS (Ehrenfeld, 2003, 2005; Occhipinti-Ambrogi, 2007).  

The following literature review explores the impact of the spread of marine NIS caused by 

global shipping traffic (Hulme, 2009). Marine species are accidentally spread through many 

mechanisms including the transport of fouling assemblages, ballast sediment and water, sea 

chests, for aquaculture and through aquarium trade (Ruiz and Carlton, 2003b). The impact of 

marine NIS degrading ecosystems, threatening public health, and costing billions of dollars 

annually have been more intensely studied since the 1990s (Lowry et al., 2012). A number of 

global, national and regional strategies and regulations starting to include guidelines for ballast 

water and hull biofouling such as in the International Maritime Organization (IMO) that 

regulates marine NIS is the International Convention for the Control and Management of Ships' 

Ballast Water and Sediments (BWM). However, the spread of marine species is extremely 

problematic to manage due to the complexity and connectivity of the marine ecosystem (Rilov 

and Crooks, 2009). Once a marine NIS establishes in a system, effective mitigation and 

management strategies are limited and extremely challenging and therefore an early detection 

is essential (Occhipinti-Ambrogi and Sheppard, 2007). 

The following chapter reviews the varied issues that marine NIS can create, national and 

international legislations and framework, past and current surveillance strategies, and 

highlights the need for new and more effective monitoring techniques that use cutting-edge 
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technologies. The latter is the basis for the experimental chapters 3, 4 and 5 of this thesis which 

seeks to further develop and validate new molecular techniques for improving marine NIS 

surveillance strategies. 

 

2.1 Background on marine non-indigenous species 

 

The following section provides an insight into the problematic terminology of NIS. This is 

followed by an overview of economic, social, and biological problems caused by NIS. Finally 

a summary of the recent and most important NIS (worldwide and regional) is presented 

including the globally invasive model organism Sabella spallanzanii. A subsection highlights 

New Zealand’s vulnerable endemic ecosystem, and its bioinvasion history. 

 

2.1.1 Ambiguities around NIS definitions  

 

Many definitions for NIS exist and vary greatly among authors. Interdisciplinary research leads 

to a mix of different terms and several reviews tried to address this topic by compiling all the 

terms employed in publications (Colautti R. I. and MacIsaac H. J., 2004; Occhipinti-Ambrogi 

and Galil, 2004). Terms like “exotic, invasive, alien, non-native, allochthonous, naturalized, 

adventive, neozoa or further introduced, non-indigenous, pest” were the most commonly used 

over the years. While many terms can be employed interchangeably to describe the same 

concept (e.g. non-indigenous, exotic, alien), their given definition was often inconsistent 

(Colautti R. I. and MacIsaac H. J., 2004). Given definitions are often subjective associations 

due to the motivational forces or the field of study. 

Other reviews try to systemize the terminology after specific criteria (Bax et al., 2003; 

Chapman and Carlton, 1991; Cranfield et al., 1998), where the invasion process is broken down 

into stages, and depending on the number and frequency of invasions. For example, the 

successful transport through a vector would define them as “exotic, alien or non-indigenous” 

while ”introduced” refers already to a stage in the invasion process. The stage to local dispersal 

as self-maintaining a founder population, that most of the introduced species fail, would define 

them as “invasive”. However, some definitions of “invasive” require that the species also 



 9  

 

causes significant harm. This methodology recognizes biological invasion as a process instead 

of a dichotomous classification between invasive or not (Lockwood et al., 2005).  

Complex questions raised by the framework of Colautti and MacIsaac (2004) can often not be 

answered and largely reflect the fact that we still know relatively little about invasive impacts 

on marine habitats (Colautti and Richardson, 2008; Lockwood et al., 2013; Ruiz and Carlton, 

2003b). An exhaustive list of traits characterizing NIS are; a wide distribution, common 

occurrence across their native range; capability for major recruitment and settlement events; 

generalist life history, capable of securing and ingesting a wide range of food; tolerance to a 

broad range of physical conditions, including temperature and salinity; and possession of a 

tough or quiescent developmental stage that is well-adapted for dispersal (Hilliard, 2004; 

Hutchings et al., 2002). Carlton (2002) specifies then the harmful aspect of NIS as “any 

invasive species which has demonstrably, reduced native biodiversity via infection, predation, 

competition, habitat alteration or diverting food-chains; infected, parasitized or otherwise 

directly or indirectly damaged an important fishery or aquaculture stock; caused gross fouling 

to hulls, intakes, jetty piles, navigation aids, mariculture nets, etc.; increased public health risk 

by direct infection or indirectly by the production of toxins that may also disrupt aquaculture 

operations; and/or has degraded locally important public amenity or aesthetic values.” 

As the goal for this thesis is the contribution towards optimized surveillance for marine NIS, 

their explicit impact on the environment might not be proven at the time of detection. The 

terminology in this thesis is therefore oriented toward the definition of “unwanted species” 

after the Biosecurity Strategy 2003 (MPI, 2003). This definition is “any organism that a chief 

technical officer believes is capable or potentially capable of causing unwanted harm to any 

natural and physical resources or human health.” The significant aspect here is that they are in 

any way unintentionally introduced and therefore not native in New Zealand. This thesis 

therefore names any non-native species that have expanded their geographic range within the 

last century as “non-indigenous species (NIS)” for more general lists of taxa (Ojaveer et al., 

2018; Zaiko et al., 2018) and “invasive” when there is more emphasis on their harmful impact 

(Colautti and MacIsaac, 2004). 
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2.1.2 Negative economic, social and biological impacts of NIS 

 

As discussed above, NIS may cause significant harm to the global environment. These negative 

impacts can be divided into three categories: economic, social and biological. 

Perrings et al. (2002) highlight invasive impacts as primarily having intended or unintended 

consequences on economic activities like production, consumption or movement of goods, and 

that these impacts are increasing due to globalization. The public good of trade across borders 

is strongly affected by rising costs that the society has to carry (Perrings et al., 2002; Ruiz and 

Carlton, 2003b). Almost every country has examples of expensive consequences of NIS 

introduction and associated damage or loss of ecosystem-based services (Daily, 1997). Selected 

studies provide empirical estimates of impacts on the economy such as, for example, 30% 

increase of fuel costs per year through hull fouling (Lovell et al., 2006; Younqlood et al., 2003). 

One of the most studied examples is the Zebra mussel with calculations of their economic 

impact ranging up to US$ 6.5 billion over 10 years (Lovell et al., 2006). Several factors make 

it challenging to accurately estimating the overall economic impact of NIS (Perrings et al., 

2002; Pimentel et al., 2005). For example, invasion impacts may vary depending on the 

location, where eradication treatments may be different (e.g. use of biocides) and indirect cost 

through mitigation measures and ecosystem management are also involved. Nonetheless, some 

of the few estimates of the overall costs of biological invasions were made by Pimentel et al. 

(2000) and Pimentel et al. (2005) where economic consequences in the United States could add 

up to US$ 120 billion per year. 

Social impacts include the focus on human health and safety, but can also cover quality of life, 

recreational opportunities, cultural heritage, and other social structures. An example of social 

consequence comes from the rising living costs associated with damages and low productivity 

caused on primary goods production, such as fisheries (Green et al., 2012). The conservation 

and clearance of places of cultural interest or rather for tourism represents another monetary 

aspect (Hall, 2011). The management of introduced toxic or harmful algae blooms, and 

associated decreasing water quality, are prominent examples (Antonio, 2016). 

 

Economic and social losses through the destruction of ecosystem functions are strongly 

connected with biological impacts. These include decreased biodiversity, with possible 

repercussions across the entire ecosystem. Mack et al. (2000) summarize the complex 
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biological impacts of NIS through the disruption of community and ecosystem processes across 

taxonomic groups. These processes may include extinction of local species through predation, 

grazing, competition, and habitat alteration, which can lead to changes in nutrient cycling, 

hydrology and energy budgets in a native ecosystem. The invasive oyster, Crassostrea gigas, 

is known worldwide to impact habitat structure of soft sediments, influencing trophic dynamics 

and water quality and leading to extinctions of native populations by outcompeting native 

oyster species (Melo et al., 2009). 

If one invasion was successful in setting up a self-sustaining population, a series of other NIS 

may follow as a result of ecosystem changes (Mooney, 2005). These effects are often described 

as “invasional meltdown” in combination with habitat degradation and destabilization of the 

native ecosystem (Simberloff, 2006). Ricciardi (2001) verified this theory for NIS in the Great 

Lakes by investigating all publications about NIS-NIS interactions in this area. In about one 

third of the cases of invasion, the newcomer benefited from the presence of a previously 

established invader as, for example, the presence of zebra mussel populations likely facilitated 

the establishment and spread of the round goby Neogobius melanostomus. 

One potential immediate consequence of invasion is novel selective pressure on the invaded 

ecosystem, with potential alterations of evolutionary trajectories (Mooney and Cleland, 2001). 

NIS are able to hybridize with native counterparts or cryptic species where speciation has 

already broken the gene flow between populations (Suarez and Tsutsui, 2008) . Genetic barriers 

may be more easily overcome in marine ecosystems than in terrestrial ecosystems, simply due 

to the fact that the world’s oceans and seas are all physically connected (Suarez and Tsutsui, 

2008). Anthropogenic actions like shipping and aquaculture increase these effects on marine 

biodiversity (Molnar et al., 2008). Johnson and Woollacott (2015) conclude that multiple 

introduction events led to significant genotypic differentiation of an invasive bryozoan 

Tricellaria inopinata. 

The economic, biological and social impacts of NIS are strongly connected, as they affect the 

quality of our environment and natural surroundings. The resulting direct and indirect costs are 

very hard to evaluate, as there are many unknown effects and variables from the 

interconnectivity between ecosystem services, harvest losses and management costs (Perrings 

et al., 2002). 
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2.1.3 Most important worldwide NIS 

 

Molnar et al. (2008) assert that the most harmful species are also the best documented ones. 

Several databases of NIS exist, each emphasizing different characteristics of those species (e.g. 

native ecosystem, spreading region, taxonomic information, morphological close relatives, 

genetic information etc.), and are often divided by terrestrial, aquatic and marine organisms 

(e.g. Table 2-1). Detailed information for the hundred world’s worst NIS is publicly available 

under www.iucngisd.org/gisd (ISSG, 2016). They are selected on “their serious impact on 

biological diversity and/or human activities and their illustration of important issues 

surrounding biological invasion” such as the northern pacific sea star Asterias armurensis and 

the Japanese kelp Undaria pinatifida. Another platform, Invasivenet (www.invasivesnet.org) 

recently facilitates a global sustainable network on open NIS data. Specific databases for 

marine NIS exist at international and regional levels. Examples include the Baltic Sea Alien 

Species Database (http://www.corpi.ku.lt/nemo/), NEMESIS for the United States 

(http://invasions.si.edu/nemesis/browseDB/intro.html) (Delaney et al., 2007) or the marine 

biosecurity porthole for New Zealand (www.marinebiosecurity.org.nz) (Seaward et al., 2015). 

Table 2-1 provides a short list of established international databases of NIS. 

 

Table 2-1: Overview of most popular international databases on non-indigenous species. 

Abbreviation URL Specificity 

AquaNIS www.corpi.ku.lt/databases Introduction events, impacts 

DNIS www.fao.org/fishery/dNIS Extent of introductions 

GBIF www.gbif.org 
General biodiversity, invasive 

information 

GISD www.issg.org/database Management, bibliography 

Invasivenet www.invasivesnet.org 
Global network of networks on 

invasive species 

USDA www.invasivespeciesinfo.gov/aquatics Collection of specific databases 

WRIMS www.marinespecies.org/introduced Exact source location 

WoRMS www.marinespecies.org 
General Marine Species, invasive 

information 

 

http://www.iucngisd.org/gisd
http://www.invasivesnet.org/
http://www.corpi.ku.lt/nemo/
http://invasions.si.edu/nemesis/browseDB/intro.html
http://www.marinebiosecurity.org.nz/
http://www.invasivesnet.org/
http://www.invasivespeciesinfo.gov/aquatics


 13  

 

The current top 5 international marine NIS extracted from the above databases are Asterias 

amurensis (Northern Pacific seastar), Carcinus meanas (European green crab), Caulerpa 

taxifolia (aquarium green algae), Eriocher sinensis (Chinese mitten crab) and Potamocorbula 

amurensis (Asian clam). In New Zealand, some of the worst considered NIS include Arcuatula 

senhousia (Asian date mussel), Eudistoma elongatum (Australian droplet tunicate), Sabella 

spallanzanii (Mediterranean fanworm), Styela clava (stalked sea squirt) and Undaria 

pinnatifida (Asian seaweed). However, due to the dynamic nature of invasive events and the 

constant influx of new information, these lists are regularly updated. 

 

2.1.4 History of NIS in New Zealand  

 

Especially vulnerable to the problem of NIS are island ecosystems with their endemic 

biodiversity (Dalmazzone and Giaccaria, 2014). Due to its long geographical isolation from 

other continents, New Zealand is particularly affected. That isolation process started 65 million 

years ago, when New Zealand separated from Gondwana, the ancient supercontinent of the 

southern hemisphere. The resulting geographical isolation supported vicariant speciation 

processes as taxa were geographically split. In addition, since this tectonic separation, many 

dispersal events have brought new species to New Zealand. Founder populations have 

gradually diverged from their source populations through genetic drift and natural selection. 

Both processes have resulted in New Zealand’s endemic marine biota (Lockwood et al., 2013).  

The geographic range of a species is a dynamic and never completed process (Rilov and 

Crooks, 2009). Natural range expansion due to habitat changes are accelerated through human 

mediated expansion. The first human pathway that influenced these processes for New Zealand 

were the first wave of Polynesian settlers at least 700 years ago. The Maori brought 

domesticated plants and animals as well as non-domesticated species like the Polynesian rat. 

Many species from Polynesia started to influence the native biosphere at that stage. The next 

introduction event occurred when the European James Cook arrived in 1769. Considerable hull 

fouling on his ship has been described, that was cleaned on New Zealand’s coast. European 

and American whalers and sealers arrived in the mid-1860s, introducing domesticated plants 

and animals for agriculture and other unintentionally introduced species, including marine taxa 

(Cranfield et al., 1998).  
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This long history of different introduction events makes it difficult to distinguish between 

native and introduced species (Rilov and Crooks, 2009). One of many examples is the red alga 

Chondria harveyana, known only from Porirua Harbour and from Tasmania, Australia. It is 

documented that Porirua Harbour contained a whaling station in the 19th century that was 

regularly supplied from Tasmania (Nelson, 1994). This historical fact may explain its current 

distribution, suggesting its introduction to New Zealand from Australian waters. 

Because of its long geographical isolation and colonization history, New Zealand has a high 

proportion of invasive terrestrial species, having the largest number of introduced mammals 

and second highest introduced birds (Williams and Timmins, 2011). Approximately 2200 

naturalized plant species exist of which only 140 are used for agriculture, horticulture and 

forestry. On average, there has been one new species naturalized every 39 days since Cook 

arrived in New Zealand (Williams and Timmins, 2011). The total economic costs of weeds and 

pest animals, including control and production losses were estimated at NZ$840 million per 

year in 1999, increasing to NZ$3424 million in 2008 (Born et al., 2005). There are currently 

no general numbers available for marine invasion impacts, but the example of the 1999 AU$ 

2.2 million eradication of the black striped mussel (Mytilopsis sp.) from three Darwin marinas 

(Bax et al., 2003) and the dependency on shipping trade justify New Zealand’s major efforts to 

manage and eradicate these invasions. 

The European fanworm, Sabella spallanzanii, is, according to the Invasive Species Specialist 

Group (ISSG), one of the 100 World's Worst Invasive Alien Species, as it “has the potential to 

alternate marine ecosystems and compete with native organisms for food and space. It may 

also inflict economic damage by competing with mussels and oysters in aquaculture farms” 

(ISSG, 2016). Due to its strong presence in Australia, it was already registered as an “Unwanted 

organism” under New Zealand’s Biosecurity Act in 2000 before its arrival (Read et al., 2011). 

First detected in Lyttelton Port, New Zealand in 2008, the Ministry for Agriculture and 

Forestry/Biosecurity New Zealand (MAFBNZ, now included in the Ministry of Primary 

industries [MPI]) set up a 5 year local program to attempt the elimination of Sabella 

spallanzanii, supported by an originally NZ$3.5 million budget. However, new populations of 

this species are still being detected. For this reason, and because S. spallanzanii fulfils many 

typical invasive criteria (Chapman and Carlton, 1991; Cranfield et al., 1998), it is considered 

as a model organism of unwanted NIS under the Biosecurity Act 1993 for New Zealand (MAF, 

1993). New reports of S. spallanzanii, ranging from single organisms to whole new 

populations, have come from scientific surveys of New Zealand harbors. These include reports 
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from Whangarei Harbour in 2012, Coromandel Harbour in 2013, Tauranga Harbour in 2013 

and 2014, Nelson Marina in 2013 and 2014 and Waikawa Bay/Marlborough Sounds in 2014. 

As the first sighting of S. spallanzanii was documented in Lyttelton Port in 2008, and 

afterwards in different harbors, scientists have concluded that it has dispersed within NZ 

predominantly through shipping vessels (Fletcher, 2014). Numerous anthropogenic pathways 

guarantee its dispersal attached to shipping hulls as biofouling, as larval stages in ballast water, 

or via fishing vessels (Currie et al., 2000; Hilliard, 2004), when they dispose of fishing debris. 

Especially helpful for their range expansion is the fact that they have the ability to regenerate 

damaged body parts anteriorly and posteriorly (Hilliard, 2004; ISSG, 2016). Once introduced, 

dense colonies of up to 100 individuals per m2 can be found in sheltered, nutrient-rich waters 

between 1-30m depth, favoring solid surfaces including artificial materials (pontoons, wharves, 

aquaculture structures, boat hulls). The filtering capacity of this tube worm filter feeder is 

estimated at about 12m³ per day per m² of habitat (Stabili et al., 2006). Outcompeting native 

organisms for food and space, it removes plankton, bacteria and larvae from the water column, 

affecting nutrient cycling processes through oxidation of soft sediments (Murray and Keable, 

2013). Due to these effects, S. spallanzanii is responsible for changes in the whole ecosystem 

(Holloway and Keough, 2002). Large females (>300 mm body length) can produce 50 000 

eggs during the annual spawning season and need around 6 months for breeding (Read et al., 

2014; Read et al., 2011). The spawning occurs during autumn and winter and the larvae begin 

to settle after about 2 weeks. Metamorphosis occurs 10 days after settlement, when mucus is 

secreted abundantly and an external tube is formed (Giangrande et al., 2000). Their impressive 

reproductive potential and their relatively long dispersive larval stage give them considerable 

ability for wide range expansions. 
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Figure 2-1: Sabella spallanzanii (the Mediterranean fanworm), Meola Reef Waitemata 18.10.2012. 

Photo taken by R. B. Taylor. 

 

To eliminate this NIS from New Zealand waters, the MPI uses early detection methods such 

as the Marine High Risk Site Surveillance program. Divers from the National Institute for 

Water and Atmospheric Research (NIWA) undertake these surveys and physically remove 

individuals. Nonetheless, sightings of this aggressive NIS are reoccurring because large 

populations, for example in Auckland harbors, have been unmanaged (Inglis et al., 2009; Inglis 

et al., 2008). To develop more efficient methods to detect and eradicate this organism, more 

advanced research is required. 

 

2.2 Factors of NIS expansion 

 

The arrival of NIS in a new region is the culmination of a set of different factors, including the 

invader’s initial association with a human mediated or natural pathway and vectors, its survival 

upon entering its new ecosystem and its tolerance of environmental abiotic and biotic 

conditions (Rilov and Crooks, 2009). Marine environments are ideal for the spread of NIS as 
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for the open nature of the seascape, the spatial and temporal variation of life histories and 

dispersal capabilities of marine biota and the type and frequency of “propagule pressure” 

through shipping (Rius et al., 2015). Such relevant factors and how they influence NIS will be 

discussed in this section. 

 

2.2.1 Human mediated and natural pathways and vectors 

 

Before an organism can establish in a new environment, it must survive the first filter of being 

successfully transported along a specific route. Here there are already two factors involved: 

The first is the vector, defined as the means or agents by which species are carried. The second 

is the pathway, which has been defined once as the geographic path with starting point and 

destinations over which a species is transported (Mooney, 2005; Ruiz and Carlton, 2003a). 

These factors delimit the potential of a species’ range expansion even before the arrival, as 

most species won’t survive the conditions of transport. Another distinction has to be made 

between natural and human mediated vectors and pathways.  

Ruiz and Carlton (2003a) summarize the natural vectors responsible for long distance dispersal 

as wind, ocean and river currents. These vectors can be directional and dynamic. Another 

obvious natural vector is that of migrating animals, such as birds, who might carry several 

hitchhikers and disperse them. Marine organisms have a wider potential for dispersal due to 

the interconnectivity of their habitat, and thus their successful colonization is limited mainly 

by their own ability to travel long distances. 

These long distance dispersal vectors and pathways are strongly influenced by human actions 

(Cain et al., 2003). Such actions are either direct products of intentional transport or 

unintentional by-products of global activities in the aquatic and terrestrial environments, like 

transoceanic shipping and canals. These new, human mediated pathways provide the 

opportunity for species to move between continents (Ruiz and Carlton, 2003a). More rapid 

transit in recent times also enables species to be transported as actively growing organisms, 

which extends the list of spreading taxa as there is no need for special survival stages like seeds, 

spores or zygotes. Some of the wide variety of human vectors are products of trade in agri-

/horticulture, zoos, botanical gardens, aquaculture, aquariums and pets or other by-products of 

trade, commerce, travel and tourism (Bax et al., 2003). An example here is the solid, sediment 

or water ballast of shipping vessels that provides highly heterogeneous material (Zaiko et al., 
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2015b). Different taxa show considerable variation in terrestrial and aquatic pathways such as 

vertebrate pathways that tend to be characterized by deliberate releases, invertebrates by 

contaminants and plants by escapes (Hulme et al., 2008). Another notable pathway is the 

intentional introduction of biological control species that are released and can no longer be 

controlled. The human influence on a species range expansion is not limited to the vectors and 

pathways for introduction events. In fact, the modification of the environment is an important 

filter as well (Hulme, 2009). The introduced species may have an advantage over natives when 

human activities have provided empty ecological niches. Range shifts can be associated with 

habitat alterations, for example through man-made structures like pontoons, changes in 

microclimates through industrial cooling water release in rivers, or global climate change (Bax 

et al., 2003; Preuss et al., 2014; Wittenberg and Cock, 2001).  

 

2.2.2 Influence of propagule pressure on invasions 

 

Many theories assert that the pathway to introduce species is more defined by the tempo and 

mode of transport rather than by complex, system-specific biotic interactions (Hulme et al., 

2008). The tempo and mode of transport is under consideration as the crucial factor underlying 

the ecology of invasions, and has been termed “propagule pressure” (Colautti et al., 2006). 

A simpler expression for propagule pressure is perhaps “introduction effort”, which already 

includes the basic definition as a measure of the number and size of individuals that are released 

into their non-native region (Ruiz and Carlton, 2003a). Estimations of the absolute number of 

individuals involved in any one release event (propagule size) and the number of discrete 

release events (propagule number) have to be considered (Lockwood et al., 2005). The vectors 

and pathways involved in propagule dispersal may create extremely stressful environments for 

the organisms, enhancing selective pressure such that most of the introduced organisms will 

fail to survive (Simberloff, 2009). In order to properly assess propagule pressure, it is necessary 

to have detailed information about pathways, vectors and distributions which is problematic, 

particularly in the case of long distance dispersal. Propagule pressure represents the potential 

for a successful introduction rather than a realized introduction by “settlement” or 

“recruitment” (Johnston et al., 2009). The few studies that provide experimental measurements 

reveal an obvious positive effect of propagule pressure on successful invasions (Hedge et al., 

2014). There are a number of different theories on propagule pressure and how it influences 
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invasion success, summarized in several reviews (Britton-Simmons and Abbott, 2007; 

Johnston et al., 2009; Lockwood et al., 2005; Lockwood et al., 2009; Simberloff, 2009; Verling 

et al., 2005). 

One major understanding about propagule pressure is that the larger a population is, the more 

successful it will likely be in establishing in a new environment (propagule size) (Simberloff, 

2009). Another principle of propagule number is that the repeated release of individuals into 

one location essentially functions as an ongoing source pool of immigrants. This pool sustains 

an incipient population even if the initial release was of insufficient size (or bad timing) to 

facilitate long-term establishment. The propagule number serves to reduce the influence of 

negative forces that are spatially structured (e.g. climate or biotic interactions), even if they 

still have to be considered (Johnston et al., 2009). A population can be founded by adults but 

the probability of success might be higher if founded by early life-history stages, due to their 

better adaptability and tolerance to biotic and abiotic stressors (Johnston et al., 2009). Clark 

and Johnston (2009) undertook an experiment for a controlled dose-response relationship of 

larval settlement on Watersipora subtorquata. Three levels of propagule size were introduced 

into larval dosing containers with settlement plates. Additionally, disturbance was simulated 

by regular clearing of the plates. Both factors (propagule size and disturbance as demographic 

stochasticity) increased initial recruitment. Furthermore, they could show over a temporal 

resolution of days that the establishment phase of invasion was usually a greater obstacle than 

germination. 

The amount of genetic variation within the invasive population may also be important in 

resisting novel selection pressures (Roman and Darling, 2007). A few founders represent just 

a fraction of the total heterozygosity of their original population and a possible short term 

consequence could be extinction due to inbreeding depression (Roman and Darling, 2007). 

Genetic drift in a small founder population can lead to more loss of genetic diversity in the first 

few generations, decreases establishment chances in the longer term (Neiman and Linksvayer, 

2006). Increasing propagule pressure (or different native sources of introduction) can increase 

the variability of the gene pool (Lockwood et al., 2005). A genetic bottleneck can be erased 

through multiple invasions that enhance the establishment success and the potential for range 

expansion and ecological harm (Rius and Darling, 2014; Simberloff, 2009). 

Different recipient locations or spatially disjoint releases help invasive species find suitable 

environmental conditions, adding another aspect to the importance of propagule pressure 

(Lockwood et al., 2005). Molnar et al. (2008) have identified high levels of invasion in the 
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following coastal ecoregions, based on the presence or absence of 329 marine NIS: Northern 

California, including San Francisco Bay (n = 85 species, 66% of which are harmful), the 

Hawaiian Islands (73, 42%), the North Sea (73, 64%), and the Levantine Sea in the eastern 

Mediterranean (72, 50%). Realms that feature the highest degree of invasion are the Temperate 

Northern Atlantic (240, 57%), Temperate Northern Pacific (123, 63%), and Eastern Indo-

Pacific (76, 45%). The least invaded realms are the Southern and Arctic Oceans (1, 100%, and 

9, 56%, respectively). These introductions may be influenced through synergistic or mutualistic 

interactions, as biotic and abiotic factors may have been changed to more suitable conditions, 

called “invasional meltdown” (Simberloff, 2006). Thus demographic stochasticity can play a 

large factor in invasion success including factors such as body mass, geographical range size, 

fecundity, degree of diet specialization, degree of habitat specialization, dichromatism, 

migratory tendency, latitudinal difference between source and target and whether the target is 

an island or mainland (Simberloff, 2009). 

Even if scientists agree about the importance of propagule pressure  as an explanatory factor in 

successful marine invasion and its potential to help illuminate management options, it is a hard 

to predict parameter (Johnston et al., 2009). 

 

2.2.3 Importance of micro-organisms and biofilms to NIS settlement 

 

As mentioned previously, the first wave of invasive species can have the effect of inducing 

ecosystem changes, and thus laying down suitable conditions for secondary waves of invasion. 

A special case of these meltdown events is the interaction of microorganisms in biofilms and 

the larval settlement of macro-fouling organisms (Dobretsov et al., 2013a; Roberts et al., 1991). 

Biofilms are formed on natural or artificial marine substrata, on which organic particles are 

absorbed and then colonized chiefly by multiple bacterial species, diatoms, fungal filaments, 

protozoans and other microorganisms (Dobretsov et al., 2009). Bacteria in particular are able 

to produce quorum sensing signals as a form of communication, of which the best investigated 

are N-acyl homoserine lactones (AHLs) (Dobretsov et al., 2009). These chemicals can induce 

or inhibit settlement and growth of other fouling organisms. 

For example, Hadfield et al. (2014) demonstrated that larvae of the marine invertebrate 

Hydroides elegans are attracted specifically to the marine bacterium Pseudoalteromonas in 

biofilm components, and their presence might provide cues for appropriate settlement. Rao et 
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al. (2007), in contrast, showed the inhibition of fouling organisms (Bugula neritina) through 

epiphytic bacteria (Pseudoalteromonas tunicata and Phaeobacter sp.) on the macroalgae Ulva 

australis. Similar results of selective larval settlement on specific biofilms have been frequently 

investigated for polychaetes, sponges, corals, mollusks, ascidians and others (Dobretsov et al., 

2013a; Hadfield, 2011). 

High-throughput sequencing can now help to investigate the diversity and function of complete 

biofilm-/microorganism communities and their interaction with larval settlement. Additionally, 

the isolation of compounds from multispecies mats and complex biofilms represents a potential 

new way of obtaining novel antifouling compounds, also because some bioactive compounds 

are only produced by microorganisms occurring in mixed cultures or consortia (Holm et al., 

1997; Qian et al., 2007). It is therefore important for management strategies to consider the 

complex interaction of micro- and macro-organisms in biofouling, for example anti-fouling 

coatings. 

 

2.3 Marine biosecurity framework 

 

As NIS represent a trans-boundaries issue, their management requires a comprehensive 

regulatory framework at global, national and regional levels (Clout et al., 2009; Rilov and 

Crooks, 2009). This necessitates close collaborations between countries when implementing 

policy and regulatory frameworks for risk assessment and management across borders. 

Biosecurity is therefore a strategic term defined as the protection against any risk posed to 

economy and health through “biological harm” caused by introducing or spreading NIS and 

encompasses policies and regulations of a broad range of activities including the management 

of introduction and safe movement of NIS (Hewitt et al., 2009). This section provides an 

overview of relevant biosecurity measures adopted in international conventions, agreements 

and treaties. It focuses on legal agreements relevant to New Zealand and marine NIS. 

 

2.3.1 International organizations, conventions and agreements 

 

The following section provides an overview of treaties and binding and non-binding 

agreements from conventions and intergovernmental organizations in which governments can 
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be either members or contracting parties. New Zealand is an active member in all of the treaties 

discussed (Hewitt and Campbell, 2007). The first subsection refers to trade related frameworks 

(international and regional). This is followed by marine specific policies, related to NIS and of 

relevance for New Zealand. 

 

 World Trade organization (WTO) Agreement on the Application of Sanitary and 

Phytosanitary Measures (SPS) 

The importance of trade in the globalized world was discussed in the introduction to this 

Chapter 2. This interconnectivity of countries and cultures clearly demonstrated why the WTO 

needs to play a key role in biosecurity (WTO, 2016). The Agreement on the Application of 

Sanitary and Phytosanitary Measures (SPS Agreement) contains the WTO’s agreed rules for 

the protection of public health, animals and plants, while facilitating trade between member 

states. The relevant parts for NIS management are mentioned under article 5 and 6. These cover 

the “protection of animal or plant life or health from risks arising from the entry, establishment 

or spread of pests, diseases or disease-carrying organisms; the protection from risks arising 

from diseases carried by animals, plants or products thereof, or from the entry, establishment 

or spread of pests; or prevention or limitation of other damage from the entry, establishment or 

spread of pests.” (WTO, 1994). 

 

 Food and Agriculture Organization of the United Nations (FAO) 

The International Plant Protection Convention (IPPC) sets out regulations for the prevention 

of the spread of pests, related to the movement of pests and diseases of plants. The World 

Organization for animal health (OIE) is the equivalent set of regulations for animals. These 

two quarantine agreements are overseen by the FAO. The latter includes a section that 

specifically refers to marine NIS in the International Aquatic Animal Health Code (Fish Code). 

This contains standards on diseases of fish, mollusks and crustaceans. The Diagnostic Manual 

for Aquatic Animal Diseases provide further complementary regulations (IPPC, 2005; 

Manzella and Vapnek, 2007). The New Zealand Ministry for Primary Industries (MPI) is a 

member and is responsible for reporting risks or breaches to FAO. 
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 Convention on Biological Diversity (CBD) 

Another relevant agreement indirectly related to trade, but relevant to marine NIS, is the 

Convention on Biological Diversity (CBD). This contains binding actions for the protection of 

native species from aquaculture, and for collaborative support to address transboundary 

impacts from marine aquaculture NIS. Article 8(h) of the CBD states that, “Each contracting 

party shall, as far as possible and as appropriate, prevent the introduction of, control or eradicate 

those alien species which threaten ecosystems, habitats or species” (CBD). A work plan 

offering protection against marine NIS from ballast water and biofouling, and supporting 

general obligations such as the Global Invasive Species Program (GISP), which has also been 

developed under the CBD (GISP, 2007). 

 

 The Convention on International Trade in Endangered Species of Wild Flora and Fauna 

(CITES) 

In cases where traded animals or plants have the potential to become invasive in the importing 

country, some CITES procedures involve NIS management. However its principals are about 

restricting trade in rare or endangered species. The convention makes recommendations to 

parties considering importing NIS when developing national legislations and regulations and 

recommends they cooperate with the CBD on the issue of NIS (CITES, 2011).  

 

 The United Nation Convention on the Law of the Sea (UNCLOS) 

Established in 1982, the UNCLOS currently has 167 active member states including the EU. 

Although the United States are not part of the convention, they hold an observatory position. 

The convention provides a legal basis for all subsequent marine legal regimes. It assigns an 

Exclusive Economic Zone to each party which, as stated by article 196, “shall take all measures 

necessary to prevent, reduce and control pollution of the marine environment […] or the 

intentional or accidental introduction of species, alien or new, to a particular part of the marine 

environment, which may cause significant and harmful changes thereto”  . 
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 International Maritime Organization (IMO) 

The IMO seeks to limit impacts on the marine environment from trading activities. It has 

developed guidelines to enable potential NIS transport vectors for a globally consistent 

approach. The IMO includes regulations for the management of ballast water and guidelines 

for the control and management of ships' biofouling (resolution MEPC.207(62)) (MEPC, 

2012). The main IMO convention that regulates marine NIS is the International Convention for 

the Control and Management of Ships' Ballast Water and Sediments (BWM). 

 

 The International Council for the Exploration of the Sea (ICES) 

Focusing on the north-east Atlantic, the ICES investigates marine legal regimes from a 

scientific point of view. More than 1600 marine scientists from research institutes and 

universities provide scientific research for the council (ICES, 2005). Two working groups 

address marine NIS: The Working Group on Introductions and Transfers of Marine Organisms 

(WGITMO), and the Marine Environmental Protection Committee (MEPC) of ICES/IMO and 

the International Oceans Commission (IOC). Both groups assisted in the development of ballast 

water management guidelines (ICES, 2015). 

 

 The Antarctic Treaty 

The International Maritime Organisation’s (IMO) Marine Environment Protection Committee 

(MEPC) (Resolution MEPC.163 (56); July 2007) set specific legislations for ballast water 

management in Antarctic waters. However, biofouling management standards are not defined 

for polar locations but are considered as the main introduction pathway (Hughes and Ashton, 

2017; Hughes and Pertierra, 2016).  

 

At a regional scale there are numerous commissions and working groups involved in marine 

NIS management. Reviewing all of these is beyond the scope of this chapter and the most 

relevant to marine NIS management are discussed; The European Commission oversees the 

governance of the EU Biodiversity Strategy and the Marine Strategy Framework Directive 

(Lehtiniemi et al., 2015). They have agreed that to enforce greater controls to reduce the spread 

and impacts of NIS by 2020 (target 5) and to establish a dedicated legislative instrument on 

NIS by filling policy gaps (target 5, action 16). In 2014, the European Council adopted 

http://www.imo.org/en/OurWork/Environment/Biofouling/Documents/RESOLUTION%20MEPC.207%5b62%5d.pdf
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regulations to assist in preventing and managing the introduction and spread of NIS. Specific 

conventions within the EU addressing this topic are the Barcelona Convention (Mediterranean 

Sea), Helsinki Convention (Baltic Sea), OSPAR Commission (North-East Atlantic & North 

Sea) and several regional programs such as the Management of bioinvasions in the 

Mediterranean (MEDBINV). 

Many guidelines related to NIS have been developed for national frameworks and are 

administered through national mechanisms, implemented by different sectors of government 

and are therefore not necessarily applied in a unified or coordinated manner internationally 

(Clout et al., 2009). National priorities tend to guide the effort that a government places of NIS 

prevention and management. Australia and New Zealand led the world in establishing 

management strategies for NIS (Hayes et al., 2005; Hewitt and Campbell, 2007; Jay et al., 

2003). The Australian National System for the Prevention and Management of Marine Pest 

Incursions (DAFF 2011) is a governmentally controlled institution that deals just with the 

prevention and management of NIS. As Australia is a federation of states, there are State 

government departments and legislation with responsibility for marine pests and a 

Commonwealth government department with national responsibility.  

New Zealand has only one layer of government, with the Ministry of Primary Industries (MPI) 

responsible for biosecurity at the border and incursion response. Regional Councils also have 

responsibilities for pest management. These structures are discussed in more detail below. 

 

2.3.2 New Zealand marine biosecurity governing organizations and legislations 

 

One of the world’s first legal legislation in biosecurity control was initiated by New Zealand 

in 1993 with the ‘Biosecurity Act 1993’. This was “an act to restate and reform the law relating 

to the exclusion, eradication, and effective management of pests and unwanted organisms” 

(MAF, 1993), which was later adopted by the FAO in 2007 (Goldson et al., 2010). This new 

legislation brought together the Animals Act 1967, the Plants Act 1970 and the Apiaries Act 

1969 into a single legislative framework (Goldson, 2011). The then Ministry for Agriculture 

and Forestry (MAF), was responsible for the integrity of New Zealand’s biosecurity systems. 

In 2012, MAF merged with the Department for Fisheries and Food Safety and the New Zealand 

Food Safety Authority (NZFSA) to form the Ministry for Primary Industries (MPI) which is 

now in charge of this legislation (Goldson, 2011). 
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The organizational structure of MPI has subsequently reformed specific branches that include 

Biosecurity New Zealand. Different departments are involved in managing and developing 

policy for human health, animals, plants, forests, marine and conservation work within MPI. 

There has been uncertainties related to competences on NIS management between the 

Biosecurity Act and the Environmental Risk Management Authority (ERMA NZ), now 

represented by the Environmental Protection Authority (EPA), which are now clearly 

separated. 

The EPA now oversees legislation that prevents importation of intentional introduced 

organisms based on the Hazardous Substances and New Organisms Act (HSNO, 2001). The 

Biosecurity Act is specific to the unintentional introduction standards for pre-border quarantine 

systems and post-border incursions, responses and on-going management (Hewitt et al., 2009). 

A working plan exists in form of the Biosecurity Strategy for release in 2025 and seeks to better 

engage all New Zealand citizens in the biosecurity process (MPI, 2012), and  include advanced 

science and technology into the surveillance workflow. 

The Operations and Biosecurity New Zealand branch of MPI builds on a range of policies and 

legislations. One is the National Biosecurity Capability Network which assures an aligned and 

consistent framework for regional councils and pest management agencies. Then there is the 

Government Industry Agreement as a partnership between industry groups and the 

government. Primary industry groups contribute as signatories or partners to better manage 

pests and diseases and are sharing decision-making and responsibilities in managing 

biosecurity threats. Iwi or other community groups as well as landowners and occupiers may 

also get involved with MPI to manage or eradicate harmful organisms that are of concern to 

them. The biosecurity system is established to protect New Zealand's economy, environment, 

human health, and a range of social and cultural values from any imported pest or disease by 

implementing the following tasks always under the Biosecurity act 1993 (MPI, 2018): 

 

(1) The pre-border risk management and standard setting:  

This section focuses on screening for risk such as imported goods offshore to prevent pest 

incursions before they arrive. This allows risk assessments, imposed import health standards 

and shared expertise as part of international trade agreements and bilateral arrangements 

aligned with international standards under the World Trade Organization (WTO). 

(2) The border management:  



 27  

 

This section focuses on imported goods or any vessels that require clearance before being 

allowed into New Zealand. 

(3) The readiness and response:  

The aims are to manage and eradicate pests and diseases and dealing with any if they do enter 

the country. The Government industry agreement for biosecurity readiness and response (GIA) 

formulates the aims and allows MPI and agencies to enter property, impose movement controls, 

destroy infected property and give directions to destroy risk goods.  

(4) The long-term pest management 

Established pests underlie national and regional pest management plans conducted by industry 

organizations and regional councils. This is undertaken by governmental funded baseline 

evaluations which may be processed by private institutes. the Department of Conservation 

operates a number of internal biosecurity barriers mainly for terrestrial organisms (MPI, 2003), 

and The National Institute for Water and Atmospheric Research (NIWA) undertakes 

surveillance in marine and fresh water environment (Inglis et al., 2012). Since 2002, the New 

Zealand government has funded a nationwide program of targeted surveillance for high-risk 

marine pest species at a selection of New Zealand’s ports and marinas (“Marine High Risk Site 

Surveillance”, MHRSS) (Floerl et al., 2012). Early reporting of risk organisms is encouraged 

by compensation plans under the Biosecurity Act. 

 

2.3.3 New Zealand marine biosecurity monitoring strategies 

  

Marine biosecurity started to receive increasing attention in the 1990s with the discovery of 

toxic fish-killing harmful algae including Pseudo-nitzschia species (Scholin et al., 1997). These 

findings led to increased governmental funding of this sector (Whakamaru, 2007). MPI acts 

through various national institutions and research companies and oversees on a number of 

national survey programs such as the ‘Marine High Risk Site Surveillance’ (Woods et al., 

2015). Samples obtained in these surveys are compared with scientific research e.g. the 

consolidated inventory of all non-indigenous and cryptogenic species recorded from New 

Zealand marine environments (Cranfield et al., 1998). The 2003 Biosecurity Strategy (Tiakina 

Aotearoa: Protect New Zealand) is being replaced by a new Strategy, Biosecurity 2025 and will 
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further require all surveillance activities to be based upon the best available science and most 

appropriate technology (MPI, 2003). 

The main practical part in marine biosecurity surveillance programs include the following 

surveys and collections: the national Port Biological Baseline Surveys (PBBS) (Inglis et al., 

2005), Marine High Risk Site Surveillance (MHRSS), the Marine Invasive Taxonomic Service 

(MITS) and other verified observations (Seaward et al., 2015). The current monitoring 

strategies, accomplished by the National Institute for Water and Atmospheric Research 

(NIWA), are detailed below: 

 

 New Zealand Port Biological Baseline Survey (PBBS) 

Between 2001 and 2005, the New Zealand Government implemented a nationwide program of 

biological surveys in ports and marinas with a particular emphasis on the presence and location 

of NIS. Previous studies had shown a strong correlation between shipping intensity and with 

the risk of NIS introductions (Seebens et al., 2013). In 2001 surveys were completed in Opua, 

Whangarei (port and marina), Gulf Harbour, Auckland (Waitemata), Tauranga, Gisborne, New 

Plymouth, Napier, Wellington, Picton, Nelson, Lyttelton, Timaru, Otago, Bluff and the 

Taharoa Iron Sands Terminal, Port of Onehunga (Manukau Harbour), Milford Sound, Kaipara 

Harbour Golden Bay Marina (Takaka), Kaikoura, Port Underwood, Stewart Island and the 

Chatham Islands. Information about species present was collected and any new incursions 

documented. A measure of border control success was provided for pest management actions. 

PBBS are broad-based investigations whose primary purpose is to identify and inventory the 

whole range of species present in a port. A complete list of survey methods is given in Table 

2-2 (http://marinebiosecurity.org.nz/programme-information-port-survey/): 

 

 

 

 

 

 

http://marinebiosecurity.org.nz/programme-information-port-survey/
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Table 2-2: Current Port Survey methods (MPI, 2014). 

Species for monitoring Methodology  

Sedentary, encrusting organisms Quadrat Scrapes  

Diver Visual Search  

Video Transects 

Benthic Infauna Benthic Grab  

Hand Corer  

Anchor Box Dredge  

Dinoflagellates Gravity Corer  

Phytoplankton Net Tow  

Mobile epifauna Benthic Sled Tow  

Starfish Trap  

Shoreline Visual Search  

Diver Visual Search  

Box Crab Trap  

Shrimp Trap  

Video Transects 

Fish Opera House Fish Trap  

Beach Seine  

Poison Station  

Plankton Zooplankton Drop Net  

Phytoplankton Net Tow  

 

 

 Marine High Risk Site Surveillance Programme (MHRSS) 

This involves bi-annual surveys for marine pests in 11 of New Zealand ports and marinas which 

provide first entry for international vessels. These surveys have three objectives: (1) detect 

incursions of high risk non-indigenous organisms listed in the Unwanted Organisms Register 

for New Zealand, (2) detect incursions of unlisted non-indigenous and/or cryptogenic 

organisms, and (3) document range extensions of established non-indigenous or cryptogenic 

organisms exhibiting pest characteristics (Woods et al., 2015). According to their demonstrated 

ecological, economic and social impacts in other countries, and based on New Zealand 

environmental conditions and invasion vectors, invasive organisms are given primary and 
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secondary importance status impacts (Wotton and Hewitt, 2004). In New Zealand, the invasive 

species of most importance are: Asterias amurensis (northern Pacific seastar), Caulerpa 

taxifolia (aquarium green algae), Carcinus maenas (European shore or green crab), Eriocheir 

sinensis (Chinese mitten crab), Potamocorbula amurensis (Asian clam). Secondary target 

species include: the Australian droplet tunicate (Eudistoma elongatum), the Asian date mussel 

(Arcuatula [previously-Musculista] senhousia), the Mediterranean fanworm (Sabella 

spallanzanii) and the clubbed tunicate (Styela clava) (MPI, 2012; Woods et al., 2015; Wotton 

and Hewitt, 2004). 

 

 The Marine Invasive Taxonomic Service (MITS) 

MITS was established in November 2005 to provide a centralized service for the identification 

of marine organisms relevant to New Zealand biosecurity. MITS was funded by MAF 

Biosecurity New Zealand and managed by NIWA. Accurate identification is crucial for any 

management response (Wotton and Hewitt, 2004). Approximately 68,000 samples have been 

processed through MITS, with about 1,200 individual species and over 260 (20%) NIS 

identified. 

The programs described above represent the main traditional strategies and are based on active 

port monitoring via dive surveys, sediment and water sampling taken from pontoons or other 

artificial and natural hard substrates such as stones and rocks (Hayes et al., 2005). Additionally, 

MPI commissioned an evaluation of the utility of passive sampling devices (settlement PVC 

plates) to complement current sampling methods (Floerl et al., 2012; Tait and Inglis, 2014). 

Passive sampling devices are primarily used to study sessile marine organisms in harbors and 

can provide valuable complementary information on biofouling communities (Lehtiniemi et 

al., 2015). Advantages of such methodology are the ability to sample at locations inaccessible 

to either divers or other sampling methods, and the capacity to sample juvenile (pre-

reproductive) stages of sessile pest species and they are less dependent on specialist expertise 

than active sampling as unknown organisms can be sent to the MITS taxonomists (MPI, 2014; 

Tait and Inglis, 2014). Nevertheless, there still remain many issues relating to the sensitivity of 

this form of data capture (Hayes et al., 2005). As it is a passive surveillance strategy, organisms 

can settle very selectively on these devices depending on abiotic environmental conditions and 

the experimental designs of the deployment strategy. Larval stages of species as well as the 

vast majority of the micro community, may settle on the plates and affect the macro diversity. 
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Unless specialist taxonomic expertise is used, there is danger that pest species may be confused 

with their native counterparts, morphologically similar to pest species (Pochon et al., 2013). 

Furthermore, this strategy remains very time consuming, requires strong taxonomic expertise 

and is, therefore, an expensive option. 

 

 

2.4 Prospective techniques in DNA-based Surveillance Strategies 

 

The following section provides a brief overview of molecular techniques that have been used 

for NIS monitoring. Emphasis is placed on the current methods in use, including environmental 

DNA High-Throughput Sequencing (HTS) and real time Polymerase Chain Reactions (qPCR) 

technologies and example studies are given. Critical steps of the molecular workflow, from 

environmental sampling, and the choice of molecular markers to the adjustment of 

bioinformatics parameters are summarized. Finally, the advantages and disadvantages of 

molecular tools are weighed to lead into the motivation for this thesis. 

 

 

 

2.4.1 Molecular methods for monitoring 

 

Conventional morphological NIS surveillance methods can be time-consuming, and require 

expert taxonomists (e.g. difficulties in distinguishing cryptic and morphologically similar 

species). For many marine microorganisms, early life stages, including eggs and larvae, are 

extremely difficult to distinguish. A variety of DNA-based techniques have been developed in 

the last decades. These molecular techniques enable bacterial and eukaryotic biodiversity to be 

determined from ‘environmental’ samples. These techniques can be used to estimate species 

abundance and allow early detection of specific target organisms (e.g. potential NIS). A 

complex mixture of cellular and extracellular DNA (environmental DNA, eDNA) can be 

extracted from soil, sediment, air, water, faeces or other environmental samples without 

isolating a single target taxon (Taberlet et al., 2012). Recent studies also started to explore the 

use of environmental RNA (eRNA) to derive information about living organisms and 
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eliminating signals from free-floating or ‘legacy’ DNA debris (Laroche et al., 2017; Pochon et 

al., 2017; Visco et al., 2015). The synthesis of RNA is directly linked to metabolic active 

organisms and degrades quickly in dead cells due to its more fragile molecular structure than 

DNA (Barnes and Turner, 2015). 

The following subsection provides a list of molecular genetic tools for investigating 

environmental samples and that are or have been used for marine monitoring purposes (Bott et 

al., 2010; Darling and Blum, 2007; Taberlet et al., 2018; Wood et al., 2013; Zaiko et al., 2018). 

Earliest applications worked with Fluorescent in situ hybridization (FISH) and sandwich 

hybridization that use labelled DNA or RNA probes that bind to the complementary sequence 

of a target specimen. Several target species can be detected simultaneously. These cytogenetic 

techniques were used for the development of an early detection tool of the Northern Pacific 

Seastar Asterias amurensis and for direct analysis of environmental water samples in 

surveillance programs (Mountfort et al., 2007; Smith et al., 2011). Another early technology 

was Ribosomal Intergenic Spacer Analysis (RISA) and other fingerprint methods, which 

amplified the varying non-coding regions between the small and large subunits of ribosomal 

DNA (Ranjard et al., 2001). Heterogeneity was visualized via electrophoresis and provides a 

community fingerprint. Other fingerprint methods like Terminal Restriction Fragment Length 

Polymorphism (RFLP), Single Strand Conformation Polymorphisms (SSCP) and Denaturing 

Gradient Gel Electrophoresis (DGGE) provide a genetic signature for groups of targeted taxa, 

based on small variation in a common genetic region (Darling and Blum, 2007). Many studies 

used these fingerprinting techniques for the detection of invasive microbes to gain first 

information about native and introduced species and how they affect macro-organisms 

(Litchman, 2010). Livi et al. (2006) used SSCP on a partial 18S rRNA region to identify 

different bivalve larvae with planktonic life stages. 

Not a novel but still powerful technique is Sanger sequencing in combination with DNA 

barcoding based on the selective incorporation of chain determining dideoxy-nucleotides 

(ddNTPs). Standard PCR methods are used but combined with the random integration of 

ddNTPs which terminate the DNA strand elongation during PCR. DNA fragments of all sizes 

end with one of the four fluorescently labelled ddNTPs, which can then be electrophoretically 

separated, visualized on polyacrylamide gels, and translated into sequence reads using laser 

technology. Sanger sequencing is used widely in NIS research and management. When used to 

sequence a standard DNA fragment (such as mitochondrial COI) from many species using 

“universal” primers, it is commonly known as DNA barcoding (Ratnasingham and Hebert, 
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2013; Ratnasingham and Hebert, 2007). As Sanger sequencing methods are usually performed 

on single species, the aim is to obtain one specific target sequence (haplotype) per sample. 

These sequences can be stored in general sequence reference databases such as Genbank 

(ncbi.nlm.nih.gov/genbank) or the Barcode of Life Data Systems (BOLD), 

a database specifically devoted to DNA barcoding and providing an online platform for 

analyzing DNA (Ratnasingham and Hebert, 2013; Ratnasingham and Hebert, 2007). Strict end-

point PCR and Sanger sequencing studies have been proved very useful in identification studies 

of biodiversity and NIS, but in recent years have been mostly used for phylogenetic or 

population genetic studies, which can provide insightful information about the dispersal, spread 

and evolution of NIS (Alcaraz et al., 2005; Candek and Kuntner, 2015; Lambertini et al., 2010; 

Riis et al., 2010; Wong et al., 2016) or on cultures isolated from environmental samples to 

identify, for example toxin producing strands (Wood et al., 2010). 

The further technological development from Sanger sequencing is High-Throughput 

Sequencing (HTS) in combination with DNA metabarcoding. With the recent introduction of 

HTS, the potential to further extend the use of DNA information for routine biomonitoring has 

drastically expanded (Baird and Hajibabaei, 2012; Hajibabaei et al., 2011; Pochon et al., 2013). 

The major advance of HTS is the ability to produce enormous numbers of sequences (DNA or 

RNA) relatively cheaply and rapidly, including entire genomes or transcriptomes. It can also 

be used to characterize the whole biodiversity from environmental samples through DNA 

metabarcoding (Pompanon et al., 2012; Zhan and MacIsaac, 2014). DNA metabarcoding 

combines two technologies for biodiversity assessment: DNA based identification and high-

throughput DNA sequencing. Universal PCR primers are used to mass-amplify DNA barcodes 

from environmental samples which are then sequenced in mass using a high-throughput 

sequencer. 

A range of high-throughput sequencers have been developed since 2005 (Shokralla et al., 

2012), of which the most commonly used are Roche 454TM, Ion TorrentTM and IlluminaTM. 

Roche 454TM detects pyrophosphate signals released by the DNA polymerase reaction when 

adding a nucleotide to a single template (Wood et al., 2013). Although there are still studies 

being published that use Roche 454TM (Brown et al., 2016; Hajibabaei et al., 2011; Zhan et al., 

2013), the technology is already obsolete and the company is shutting down its development. 

Ion TorrentTM follows the same principle but in real-time as it produces sequence data by 

directly sensing ions produced by template directed DNA polymerase synthesis on a massively 

parallel semiconductor sensing device. There are several examples of marine NIS studies that 

https://en.wikipedia.org/wiki/Sequence_database
https://en.wikipedia.org/wiki/DNA_barcoding
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have used 454TM technology (Ardura et al., 2015; Mountfort et al., 2012; Pochon et al., 2013), 

but relatively few have used Ion TorrentTM (Zaiko et al., 2015a). 

IlluminaTM uses a slide (flow cell) on which individual DNA molecules can attach and get 

amplified in several PCR reactions (Figure 2-2). For metabarcoding, short fragments are 

amplified in the first instance. Adapters are added on either end of the fragments, then both 

sequence ends attach to complementary oligonucleotides onto the flow cell making the DNA 

fragments form bridges. A polymerase produces a reverse strand. The newly formed double 

strand straightens and is denatured and the amplification process starts all over again, 

eventually forming clusters of the initial fragments. Modified and fluorescently labelled 

nucleotides have reversible 3’ blockers that allow just one nucleotide to be added at a time 

which is then detected through wavelength related image acquisition. Leftover nucleotides and 

blockers are then washed away and the next round of modified nucleotides can be added. This 

process is called sequencing by synthesis (SBS). This facilitates massive sequence high-

throughput compared to other sequencing platforms and provides the capacity for multiplexing 

(simultaneous measurement of multiple heterologous genes). Due to its efficiency, relatively 

low error rate and affordability, most current studies are now using the IlluminaTM platform. 
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Figure 2-2: IlluminaTM dye sequencing process (Lu et al., 2016). 

Several countries, including the USA, Canada, New Zealand, and Australia have already 

adopted molecular techniques to survey marine NIS and support management decisions. 

Ardura et al. (2015) used metabarcoding of eDNA to test ballast water for the potentially 

invasive European mudsnail, Peringia ulvae along a transect in the Atlantic. Zaiko et al. 

(2015c) identified four NIS from plankton samples collected from Baltic Sea coastal zones 

based on metabarcoding. Brown et al. (2016) targeted the V4 regions of 18S and investigated 

the community composition of zooplankton samples of 16 Canadian ports, from which they 

successfully identified 24 non-indigenous species. Zaiko et al. (2016) also provide one example 

of passive surveillance using environmental samples and HTS from settlement plates in port 

Littleton. 

Wood et al. (2013) advocated the use of Roche 454TM GS Junior pyrosequencer for a cost-

effective and user-friendly assessment of international marine pests following a multiplexing 

approach. Using this method, Pochon et al. (2013) demonstrated the possibility to detect DNA 

of individual species present in low abundance (< 0.64 %) and to detect single Asterias 

amurensis larvae from water and sediment samples. Later, environmental DNA from marine 
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biofilms was assessed using 18S rRNA metabarcoding on the Illumina MiSeqTM platform to 

characterize eukaryotic communities and identify potential NIS in the Nelson Marina, New 

Zealand (Pochon et al., 2015b). Similar studies were undertaken successfully for the 

surveillance of NIS from ballast water (Zaiko et al., 2015b) and has potential to be implemented 

into policies for New Zealand as a signatory of the IMO’s Ballast Water Convention. 

Quantitative real time PCR (qPCR) also works with incorporation of fluorescent dyes or other 

reporters into the PCR amplification process and allows this approach to monitor a target 

amplicon in real time. The thermocycler has the capacity to detect the intercalating dye for the 

amplified DNA through light of a specific wavelength. There are different variants of qPCR 

based on different methods of fluorescence labelling. One option is working with a probe (e.g. 

TaqManTM technology). This mechanism uses fluorescence resonance energy transfer (FRET). 

A fluorescence of a reporter fluorophore is transferred to a quencher. It is not emitted whenever 

reporter and quencher are linked to the same short oligonucleotide (probe). When the two are 

dislocated during PCR elongation, the reporter molecule freely emits the fluorescence which 

can then be detected. Another qPCR option uses an intercalating fluorophore. Special 

intercalating dyes like SYBRTM Green are used that strongly increase emission of fluorescence 

whenever they are intercalated into double stranded DNA. As the amount of the fluorescence 

released during amplification is directly proportional to the amount of amplified DNA, and as 

it is monitored during the whole PCR process, it enables quantitative information about the 

number of copies in a sample. The method is sensitive for extremely low concentrations of 

DNA/RNA and could be extremely useful in the detection of early stage marine NIS incursions 

and effective management (Smith et al., 2012). Several research groups have developed qPCR 

assays for marine NIS species. For example, the South Australian Research and Development 

Institute (SARDI) is developing a series of qPCR assays on behalf of the Australian 

government for port surveys (Arthur et al., 2015). The efficiency of qPCR was proven for many 

NIS, including the mussels Perna perna, P. canaliculus, P. viridis (Dias et al., 2013), the 

invasive clam Corbula amurensis (Smith et al., 2012), the invasive sea squirt Styela clava 

(Gillum, 2014), and most recently for two ascidian species Didemnum perlucidum and D. 

vexillum (Simpson et al., 2017) In New Zealand, qPCR techniques have been proven 

successfully for the detection of the mussel Potamocorbula amurensis and bacteria like Vibrio 

cholera in the water column (Mountfort et al., 2012) and the fanworm Sabella spallanzanii 

(Wood et al., 2018; Wood et al., 2017). 
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The most recent technology in real time PCR methods is droplet digital PCR (ddPCR), where 

environmental DNA is randomly allocated into discrete oil droplets via microfluidics. Each 

droplet should then contain a single molecule and is then PCR amplified. Fluorescence 

measurement capture positive amplifications and provide quantitative information about the 

presence of target DNA. Poisson statistics very accurately calculate the quantitative results 

(Hindson et al., 2011; Pinheiro et al., 2012). No calibration via standard curves or inhibition 

tests are needed. At least similar sensitivities between a comparative application of qPCR and 

ddPCR for detecting NIS in the Laurentian Great Lakes were shown but with higher time and 

cost-efficiency demonstrated for ddPCR (Nathan et al., 2014). Droplet digital PCR is also able 

to multiplex samples with at least two fluorescence filters in the same run which increases its 

efficiency even more (Tsuji et al., 2018). Assays designed for qPCR are usually easily 

transferable to the ddPCR platform without adjustments. 

 

2.4.2 Pros and cons of molecular tools in monitoring 

 

As shown by recent reviews (Comtet et al., 2015; Darling and Mahon, 2011; Geller et al., 2010; 

Rius et al., 2015; Tepolt, 2015; Viard and Comtet, 2015; Zaiko et al., 2018) novel molecular 

tools are increasingly being used for the detection and management of marine NIS worldwide. 

However, these are mainly based on barcoding methods targeting single species in isolation 

(Darling and Mahon, 2011). With the recent arrival of HTS, active research is being conducted 

to assess the applicability of metabarcoding for regular marine surveillance strategies (Darling, 

2015). Collectively, these studies demonstrated the tremendous potential of HTS for regular 

NIS surveillance. However, many efforts are yet to be made to solve and optimize practical 

and technical issues and to provide useful and reliable data (Bott et al., 2010; Xiong et al., 

2016; Zhan et al., 2013; Zhan and MacIsaac, 2014). 

In a period of dwindling taxonomic expertise, it is important that complementary methods to 

morphological identification be implemented rapidly (Geller et al., 2010). There are benefits 

and limitations associated with using metabarcoding for marine surveillance (Table 2-3). One 

important benefit of the IlluminaTM technology for example is the capability for simultaneous 

detection of a variety of target taxa based on actual DNA sequences (Briski et al., 2010). It is 

able to produce several tens of millions of sequence reads per analytical run, enabling in-depth 

screening of all organisms present in a sample, including those at juvenile or cryptic stages. 
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Recent advances in real time PCR enable the verification of certain NIS of interest and even 

provide quantitative numbers (Nathan et al., 2014). These methods can be automated and 

hundreds of samples or genes can be analyzed simultaneously through multiplexing, 

significantly reducing the cost per sample. Furthermore, standardized protocols can be 

developed and the results are defendable and auditable (Ji et al., 2013; Valentini et al., 2009). 

These qualities make novel molecular tools a cost-effective, reliable and rapid option to meet 

the increasing need for improved pre- and post-border screening surveys (Valentini et al., 

2009). 

 

Table 2-3: Overview of benefits and limitations of molecular tools for non-indigenous species (NIS) 

monitoring. 

Benefits Limitations 

Less reliance on taxonomic expertise Incomplete reference databases  

Identification of juvenile and cryptic stages No universal markers among all taxa 

Broad surveillance of NIS Lack of standardized protocols  

Potential for standardization Potential PCR and sequencing errors 

Potential lower rate of false negative signal Higher risk for false positive signal 

Massive increase in sample throughputs Detection of legacy DNA 

Time and space community information  

Specific NIS quantitative information Specific primers/protocol development 

 

 

Despite the numerous advantages offered by these molecular tools, many challenges remain 

and have to be considered when applying the technology to marine biosecurity (Table 2-3). 

The biggest limitation in the use of HTS metabarcoding for accurately identifying marine NIS 

is the current limited availability of fully annotated sequence reference databases (Comtet et 

al., 2015; Cristescu, 2014; Cristescu and Hebert, 2018). Choosing appropriate genetic markers 

is of primary importance each requires interspecific conserved regions at the primer binding 

sides, but enough variability to differ between the broadest range of bacterial and eukaryotic 

species (Pochon et al., 2013). The most voluminous component of public databases and most 

commonly used metabarcoding marker, is the nuclear Small Sub-Unit (SSU) of the 18S 

ribosomal RNA gene. Although the succession of conserved and hypervariable DNA regions 

along this gene provide ample opportunities for the design of universal primer sets, it has 
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limited resolution for species-level assignments across all groups (Zaiko et al., 2016). For 

example, the 18S rRNA gene region does not enable differentiation between the invasive South 

African brown mussel (Perna perna) and the New Zealand green lipped mussel (P. 

canaliculus) (Pochon et al., 2013). Furthermore, different research groups typically use 

different variable regions along the 18S rRNA, making comparative assessment difficult. The 

Cytochrome c Oxidase I (COI) gene is one of the most popular markers for population genetics 

and phylogeographic studies across the animal kingdom (Miller, 2007), and a ca. 650 bp 

fragment known as the Folmer region (Folmer et al., 1994) has been shown to be an efficient 

species-level identification tool for a variety of metazoan species from terrestrial, marine and 

freshwater environments (Hajibabaei et al., 2006). The Barcode of Life COI database (BOLD) 

contains sequences for more than 6.7 million specimens from over 286,000 species. Until 

recently, the use of COI has been impractical for metabarcoding as its ‘universal region’ is too 

large for HTS applications. Recently, a set of promising versatile primers have been published, 

targeting a short fragment (313 bp) of the COI region and which enable the capture of the entire 

diversity of metazoans from fish guts (Leray et al., 2013). However, these primers have never 

been tested in a marine biosecurity context. Other gene candidates with increased species 

resolution include the mitochondrial 16S rRNA for metazoans (Cristescu, 2014; Stoof-

Leichsenring et al., 2012) and rbcL and matK for plants (Chesters et al., 2015; Verling et al., 

2005; Zaiko et al., 2015a). 

The millions of reads produced with HTS technologies require specific bioinformatics skills, 

especially when the focus lies on rare taxa detections. A plethora of bioinformatics tools have 

been and are currently being developed including demultiplexing, merging and denoising steps. 

Denoising has to be computed to remove low quality sequences, artefacts and chimeras 

(erroneously combined sequence fractions of different biological samples). Critical steps 

include the grouping of similar sequences into e.g. Operational Taxonomic Units (OTUs), 

based on the assumption of intraspecific variation within taxa. Different clustering algorithms 

include UCLUST, where a cluster is defined by one sequence as a centroid to which sequences 

of defined similarity are assigned. However, the centroid might change after repetition as it is 

dependent on the input order (Edgar, 2010). Another clustering algorithm is SWARM, which 

is independent of the input order and uses a threshold representing the maximum number of 

differences between two amplicons (Mahe et al., 2014). The chosen percentage of clustering 

similarity (90-99%) can greatly influence reproducibility and the amount of data output. During 

the completion of this thesis, another new and powerful tool (DADA2) spares any OTU 
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clustering steps as it corrects amplicon errors without constructing OTUs and divides amplicon 

reads into partitions within which variation is supposed to be artefactual (Callahan et al., 2016). 

Another pool of algorithms are for taxonomy assignment such as the Basic Local Alignment 

Search Tool (BLAST) employing a measure of well-designed mutation scores (Altschul et al., 

1990), UBLAST using a heuristic design to identify one rather than all homologous sequences 

(Edgar, 2010) or the Ribosomal Database Project (RDP) Classifier providing confidence 

estimates for each level of assignment (Wang et al., 2007). These bioinformatics tools are 

continuously being updated and become more and more precise over time and also easier to 

use for non-computer scientists. 

However, the lack of international standardized protocols is limiting for the practical 

application as potential artefactual sequences (base-pairs errors, chimeras, miss-tags, etc.) can 

be introduced during the PCR and sequencing steps. There is currently no international 

agreement on the sequence quality and filtering thresholds that should be set in order to exclude 

the possibility of wrongly identifying an NIS sequence resulting from such artefacts. These 

technical challenges can be overcome by investigating multiple independent markers in parallel 

and/or combining HTS and qPCR approaches. 

Using real time PCR as a cross-verification tool of HTS metabarcoding presumes that species-

specific assays, including specific primers, have been developed or at least that sufficient 

information about the target organism is available to progress these. Insufficient knowledge 

can make the real time PCR approach time and resource intense, and, therefore, not applicable 

to an immediate biosecurity workflow.  

To summarize this chapter; to manage an unwanted organism, which "the Chief Technical 

Officer believes are capable or potentially capable of causing unwanted harm to any natural 

and physical resources or human health" (MAF, 1993), a preliminary risk assessment is 

undertaken and response actions by technical advisory groups may be carried in collaboration 

with stakeholders and communities (Wotton and Hewitt, 2004). An example for successful 

management through early detection strategies was the eradication of the invasive Perna perna. 

This invasive alien mussel was recovered on an oil rig in 2007 in Tasman Bay soon after 

incursion. The species identity included already positive verification by DNA barcoding 

(Darling and Mahon, 2011). This was followed by an immediate reaction by dredging the 

seafloor erasing the NIS from this area (Hopkins et al., 2011). The increasing use of novel 

molecular tools, such as mentioned above, for marine surveillance, in combination with 

traditional passive sampling methods, is highly anticipated and likely to play a key role in 
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improving our ability to detect marine pests rapidly and cost-effectively (Bott et al., 2010; 

Darling, 2015; Roman and Darling, 2007; Wood et al., 2013) and is topic of the next chapters. 
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CHAPTER 3 THE IMPACT OF ARTIFICIAL SURFACES ON MARINE 

BACTERIAL AND EUKARYOTIC BIOFOULING ASSEMBLAGES: A 

HIGH-THROUGHPUT SEQUENCING ANALYSIS 

Published as: von Ammon, U., S. A. Wood, O. Laroche, A. Zaiko, L. Tait, S. Lavery, G. Inglis 

and X. Pochon (2018). "The impact of artificial surfaces on marine bacterial and eukaryotic 

biofouling assemblages: A high-throughput sequencing analysis." Marine Environmental 

Research 133: 57-66. 

 

3.1 Introduction 

 

Biofouling is the accumulation of marine organisms on submerged structures, and occurs on 

almost all natural and artificial surfaces in marine environments. It is a complex multi-stage 

process that starts rapidly with biofilm formation (Dobretsov et al., 2013a; Meier et al., 2013). 

Underwater surfaces accumulate organic particles and are gradually colonized by a variety of 

bacteria, diatoms, fungal filaments, protozoans and other microorganisms, whose settlement 

and growth are influenced by the physical and chemical properties of the substrate (Cooksey 

and Wigglesworth-Cooksey, 1995; Singh et al., 2006). Because of their small size, short life 

cycles and ubiquity in seawater, bacteria usually play a major role as the dominant primary 

colonizers of early marine biofilms, and influence which taxa subsequently establish and grow 

on a substrate (Dang and Lovell, 2000). In addition to  biotic factors (e.g., presence or absence 

of particular bacteria or other microorganisms), abiotic conditions (e.g., presence of chemical 

compounds, substrate texture, light conditions) can also have a substantial influence on the 

biofouling composition by initiating or inhibiting larval settlement (Dobretsov et al., 2013b; 

Dobretsov and Qian, 2006; Hadfield, 2011; Roberts et al., 1991). 

When excessive biofouling occurs, or it is comprised of non-indigenous species (NIS), these 

communities can have adverse effects on the economy and ecology of coastal regions (Yan and 

Yan, 2003). For example, on harbor pontoons, pipes and offshore platforms, excessive weight 

and clogging of exchange systems caused by biofouling can result in expensive mitigation 
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actions (Apolinario and Coutinho, 2009). In aquaculture, biofouling communities can 

overgrow cultured organisms, thereby reducing space and food and causing a deterioration of 

farm infrastructure (Fitridge et al., 2012; Fletcher et al., 2013). Biofouling also has significant 

economic ramifications in the marine transport sector. The increase in drag or fluid friction 

through hull fouling can account for approximately US$ 1.15M per ship per year in additional 

fuel consumption (Schultz, 2007; Schultz et al., 2011). Furthermore, significant indirect costs 

may be inflicted on the receiving countries from the spread of NIS transported on ship hulls. 

Once established in a new environment, these taxa can severely affect native species and 

ecosystem functioning (Mack et al., 2000; Simberloff, 2006). It is well known that the artificial 

conditions of marine infrastructure and urbanized areas shape their associated biofouling 

communities towards opportunist species that are often more tolerant to anti-fouling strategies 

(Macleod et al., 2016). These shifts from native ecosystems can intensify the impacts of 

biofouling. Further understanding of factors affecting the settlement, composition and growth 

of biofouling assemblages is required to improve engineering design and maintenance of 

marine infrastructure, and assist biofouling prevention and management strategies (Hellio and 

Yebra, 2009). 

The interaction between an initial biofilm and subsequent colonizing macrobiota is important 

in the developing biofouling community (Xie et al., 2017). Most empirical studies of this 

interaction to date have focused on single macro-species (e.g. bryozoans or nematodes) and 

how their settlement is affected by biofilm composition  (Dobretsov and Qian, 2006; 

Dworjanyn and Pirozzi, 2008; Rao et al., 2007; Roberts et al., 2007; Shikuma and Hadfield, 

2006). Other studies have identified abiotic factors on substrates such as ship hulls and 

pontoons that attract specific biofouling organisms. The preferential selection of macro-fouling 

species can be attributed to a range of variables including geographic location, light 

availability, substrate texture, and the presence of chemicals applied to the substrate, for 

example copper in anti-fouling paint (Floerl et al., 2004; Mineur et al., 2012; Piola and 

Johnston, 2008; Tait and Inglis, 2014; Tait et al., 2016). The focus on macro-organisms is easily 

explainable as these are mainly responsible for costly maintenance strategies. However, the 

biotic interaction with micro-organisms likely influences their presence, abundance and 

growth, but little is known about community-wide relationships between prokaryotes and 

eukaryotes in marine biofouling assemblages, and whether these are also influenced by 

chemical and physical factors (Hadfield, 2011; Qian et al., 2007). 
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Molecular tools can now enable micro- and macro communities to be characterized, and are 

increasingly being used to analyze complex environmental samples. Recent development in 

high-throughput sequencing (HTS) technologies offers unprecedented potential for 

characterizing biological assemblages across the tree of life (Metzker, 2010). Environmental 

DNA (eDNA) metabarcoding (Shokralla et al., 2012; Taberlet et al., 2012) allows species 

diversity to be assessed rapidly from many different types of environmental samples (water, 

sediment, biofilm, biofouling). Studies on marine surfaces  have used eDNA metabarcoding 

on biofilm/biofouling samples for characterizing eukaryotic (Leary et al., 2014; Muthukrishnan 

et al., 2014; Pochon et al., 2015b; Zaiko et al., 2016) or bacterial assemblages (De Tender et 

al., 2015; Flach et al., 2017; Lawes et al., 2015, 2016; Xue et al., 2014), but few studies have 

described both bacteria and eukaryotes in the same samples, or investigated relationships 

between these groups (Dobretsov et al., 2013b; Sanli et al., 2015). 

The aim of this study was to examine the community composition of micro- and macro-fouling 

organisms and the interactions between them under the impact of a range of abiotic conditions 

that are found on surfaces of artificial marine structures. We assessed the effects of surface 

texture, orientation and anti-fouling coating treatments on the diversity of bacterial and 

eukaryotic communities on settlement plates using DNA metabarcoding. Sixty settlement 

plates were deployed in a New Zealand port, following a crossed treatment experimental 

design. We hypothesised that: 1) anti-fouling coating would have the greatest treatment effect 

on the diversity and structure of biofouling communities due to its toxicity, 2) the treatment 

effects would be more pronounced on bacterial communities, due to their short life-cycle and 

potentially greater responsiveness, 3) key bacteria and eukaryotic taxa with specific adaptations 

would become abundant within each treatment, and play a key role in structuring their 

respective community, and 4) there would be significant interacting relationships between 

specific bacterial and eukaryotic taxa, and these relationships would vary in complexity and 

structure among the tested factors. 
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3.2 Material and Methods 

 

3.2.1 Field sampling 

 

The experiment took place in the Auckland Westhaven Marina (New Zealand) between 23 

June and 20 October 2015. The experimental setup was comprised of five settlement plate 

arrays which were a subset of a larger experiment described in Tait and Inglis (2014) and Tait 

et al. (2016). Each settlement plate array consisted of 12 Polyvinyl chloride (PVC) plates (14.5 

cm2) attached to PVC pipes (Figure 3-1A). The settlement plate arrays were installed at two 

metres depth, and secured at the surface of pontoons and on the seafloor with cinder-blocks 

(Figure 3-1B). Each settlement plate array included twelve settlement plates with three 

different treatments in a crossed experimental design; 

i. two different orientations to simulate the role of shading (the undersides of horizontal plates 

[H] and vertical plates [V]), 

ii. two levels of surface texture to simulate habitat heterogeneity (smooth [S] and rough/pitted 

[R]), and 

iii. two levels of cupreous anti-fouling coating (International Micron Extra™ of grey colour; 

50% diluted anti-fouling coating to simulate erosion [A1] and full concentration [A2]).  

Four control (C) plates were included in each settlement plate array, which were coated with 

commercially available paint (PrimoconTM of grey colour, Figure 3-1A). 
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Figure 3-1: (A) Plan of settlement plate treatment array Squares indicate horizontal plates and rectangles 

the vertical plates. Dark grey shading denotes the smooth surface and light grey the rough surface. A1 

= 1 layer (50%) of anti-fouling coating, A2 = 2 layers (100%) anti-fouling coating; C = controls. (B) 

Vertical deployment of a settlement plate array in the water column. 

 

This experimental design resulted in a total of 60 PVC plates, with five replicates per individual 

experimental treatment (Figure 3-1A). Sterilized sponges (Whirl-pak™, Speci-sponges™, 

Nasco, WI, USA) were used to collect biofouling samples by thoroughly rubbing all material 

from the surface of each plate (Pochon et al., 2015b). The sponge and collected material were 

placed in individually sealed sterile plastic bags provided by the manufacturer, and stored at -

70°C until further processing. 

 

3.2.2 Laboratory analysis 

 

DNA extraction and high-throughput sequencing 

Sponges were placed in new sterile plastic bags containing 40 mL RNA/DNA-free water 

(UltraPureTM, Life Technologies, Carlsbad, USA) and macerated (Colworth 400; AJ Seward, 

London, UK) for 2 mins at maximum speed. Sponges were squeezed to remove excess liquid 

and the resulting biofouling suspensions pelleted by centrifugation (4,000 × g, 15 min) and the 

supernatant discarded. The DNA extraction was performed on the pelleted material using the 

PowerMax® Soil DNA Isolation Kit (QIAGEN, MOBIO, Carlsbad, USA), following the 
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manufacturer’s protocol. The quantity and quality of the extracted DNA were assessed using a 

NanoPhotometer (Implen, Munich, Germany). 

The V3-V4 regions of the bacterial 16S ribosomal DNA (16S rRNA) gene and the V4 region 

of the eukaryote nuclear 18S ribosomal DNA (18S rRNA) gene were amplified by Polymerase 

Chain Reaction (PCR), using the bacterial-specific primers 341F: 5’-CCT ACG GGN GGC 

WGC AG-3’ and 805R: 5’-GAC TAC HVG GGT ATC TAA TCC-3 (Herlemann et al., 2011; 

Klindworth et al., 2012), and eukaryotic-specific primers Uni18SF: 5’-AGG GCA AKY CTG 

GTG CCA GC-3’ and Uni18SR: 5’-GRC GGT ATC TRA TCG YCT T-3’ (Zhan et al., 2013). 

The primers were modified to include IlluminaTM overhang adaptors following the dual-

indexing method described in Kozich et al. (2013). PCR reactions were performed in 50 µL 

volumes with the reaction mixture containing 45 µL of Platinum PCR SuperMix High Fidelity 

(Thermo Fisher Scientific, Massachusetts, USA), 10 uM of each primer and 3 µL of template 

DNA. The reaction mixture was held at 94◦C for 3 min followed by 35 cycles of 94◦C for 30 s, 

52◦C for 30 s, 72◦C for 1 min, with a final extension step at 72◦C for 7 min. 

PCR amplicons were purified by magnetic separation following the Agencourt® AMPure® 

XP protocol (Agencourt Bioscience Corporation, Beverly, USA), quantified (Qubit® 20 

Fluorometer, Invitrogen, Carlsbad, USA) and diluted to 3 ng µL-1. The two amplicons (16S 

rRNA and 18S rRNA) from each sample were pooled together at equimolar concentrations of 

3 ng µL-1. Two samples of 20 μL of RNA/DNA-free water (UltraPure™) were added as 

negative controls. Pooled amplicons were sent to New Zealand Genomics Limited, University 

of Auckland for library preparation. Sequencing adapters and sample-specific indices were 

added to each amplicon using the NexteraTM Index kit (IlluminaTM). Amplicons were pooled 

into a single library and paired-end sequences (2×250) generated on a MiSeq instrument using 

the TruSeqTM SBS kit (IlluminaTM). Sequence data were automatically demultiplexed using 

MiSeq Reporter (v2), and forward and reverse reads assigned to samples. 

 

 Bioinformatics analyzes 

Initial quality filtering was performed using the bioinformatics toolkit implemented in QIIME 

(Caporaso et al., 2010), using the software package VSEARCH v2.3.0 (Rognes et al., 2016) 

with commands for primer trimming, merging paired-end sequences (forward and reverse, 

truncqual 3, min 200, maxdiff 10), quality filtering (fastq_maxee 1.0) and dereplication 

(minuniquesize 1). Unique sequences were clustered into operational taxonomic units (OTUs) 
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using the SWARM v2.1.9 algorithm (Mahe et al., 2014) with the fastidious option. Removal 

of bacterial and eukaryotic OTU chimeras was performed with VSEARCH using the RDP 

database (Cole et al., 2014) and the PR2 database (Guillou et al., 2013), respectively. 

Taxonomy was assigned using the QIIME package (Caporaso et al., 2010) and the Uclust 

assigner (Edgar, 2010). The program was modified to perform searches to the aforementioned 

databases, matching a minimum of 97% of each query entry (OTU), and assign the most 

specific taxonomic label according to a minimum consensus fraction (0.51 by default) of the 

matches. This approach enabled taxonomic assignment of poorly represented taxa in reference 

databases. Unclassified OTUs were removed from downstream analyses (Table A1). 

Operational taxonomic unit rarefaction curves were calculated (Figure A1 and A2) using 

QIIME (Caporaso et al., 2010) on bacterial and eukaryotic samples after discarding OTUs 

represented by five or less sequences over the entire dataset to minimize the potential 

introduction of false signals caused by artefacts generated during PCR and sequencing steps. 

Archean and chloroplast OTUs were removed from the bacterial dataset. Subsampling was 

undertaken in QIIME to normalise read counts among all samples as described in Aguirre de 

Carcer et al. (2011). Briefly, random subsampling of OTU datasets was performed 100 times 

to the median number of reads among samples (30,359 for bacteria, 29,344 for eukaryotes), 

averaged and rarefied to a selected minimal threshold of reads per sample of >11,191 for 

bacteria and >11,572 for eukaryotes. 

 

 Biostatistics 

The QIIME pipeline (Caporaso et al., 2010) was used to calculate the alpha-diversity metrics 

on OTU level; species richness (S), Shannon-Wiener Index (H’) and Simpson’s evenness Index 

(J). The effect of treatment on these metrics was then examined in QIIME using a 

nonparametric t-test with 999 permutations and the Bonferroni α-correction was applied for 

multiple pairwise tests. Differences in bacterial and eukaryotic community composition at 

OTU level between treatments were assessed using distance-based permutational analysis 

(PERMANOVA, Anderson 2001) implemented in the software Primer 7 (PRIMER-E Ltd, UK; 

(Clarke and Gorley, 2015), and were performed on Bray-Curtis similarity matrices of the 

fourth-root transformed read counts data (OTU level). In the PERMANOVA design, all 

experimental factors (orientation, surface texture and anti-fouling coating) were treated as fixed 
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factors and were mutually crossed. The ten most abundant taxa (averaged across replicates) 

were visualized using bar plots in Primer 7. 

Distance-based redundancy (dbRDA) analyses were performed in Primer 7 on fourth root 

transformed OTU counts data for each dataset, each with OTU overlays of the Pearson 

correlation vectors (r ≥ 0.3) from the same dataset, summed at the phylum level for bacteria 

and subphylum level for eukaryotes. 

Preliminary PERMANOVA analysis showed that the only treatment with a significant effect 

on both bacterial and eukaryotic community structure was ‘anti-fouling coating’ which was 

therefore selected to investigate relationships among these two taxonomic groups. The strength 

and statistical significance of the relationship between bacterial and eukaryotic taxa were 

assessed at genera levels, by extracting those present in at least ten samples (50% of each 

subgroup) and merging them into three datasets of the ‘anti-fouling coating’- subgroups C, A1 

and A2. A correlation network was generated for each subgroup using the SparCC software 

(Friedman and Alm, 2012) with five iterations and 100 bootstraps to assign P-values. The 

network was filtered to include only those correlations with a two tailed P-value ≤ 0.005 and 

the results displayed with Cytoscape V3 (Shannon et al., 2003). To assist in interpreting the 

network data, a suite of descriptive network parameters were calculated using Cytoscape V3 

(Table 3-1). 

 

Table 3-1: Statistical parameters calculated in this study used to assist in interpreting network structures 

and dynamics Modified from Boccaletti et al. (2006). OTU = operational taxonomic units. 

Network parameters Description 

Node count (N) Number of considered units (OTUs) 

Highly correlated edges Direct links between the nodes 

Clustering coefficient 

Proportion between edges of neighbors and the maximum 

number of edges that could possibly exist between 

neighbors 

Shortest path 
Expected distance between two connected nodes = N × 

(N-1) 

Average number of 

neighbors 
Mean for direct edges of each node 

Network density 
Normalized measure of  the edge population of the 

network 
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Network heterogeneity 
Reflection of present hub nodes, negatively correlated to 

evenness 

Relation of 

positive/negative edges 
Division of positive and negative correlations 

Relation of 

bacterial/eukaryotic nodes 
Division of bacterial and eukaryotic nodes 

 

 

3.3 Results 

 

3.3.1  High-throughput sequencing 

 

Raw sequence data from the 60 bacterial and eukaryotic PCR amplicons (hereafter bac/euk), 

resulted in 3,171,663 and 3,531,165 sequence reads, respectively. Six bacterial amplicons and 

six eukaryotic amplicons did not reach the 11,191 and 11,572 rarefaction sequence thresholds 

and were therefore discarded from downstream analyses. After quality filtering, the total 

number of bac/euk sequence reads retained for analysis were 2,442,190 and 2,269,297 with an 

average sequence length of 415 and 422 base pairs, while the two negative controls for 

sequencing contained no reads. The original number of SWARM-derived OTUs were 137,781 

and 47,561. Following subsampling and the removal of OTUs represented with five or less 

reads across the entire datasets, the numbers of bac/euk OTUs decreased to 6,927 and 2,653. 

These OTUs were kept for downstream statistical analyses. Rarefaction curves indicated that 

most samples, maintained in the final analysis, approached a plateau, indicating that the reads 

come close to an accurate representation of the bacterial and eukaryotic diversity (Figure A1 

and A2).  
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3.3.2 Differences in alpha- and beta diversity between bacterial and eukaryotic communities 

and among treatments 

 

Bacteria 

Nonparametric t-tests of the alpha diversity indices showed that bacterial species richness (S), 

Shannon-Wiener Index (H’) and Simpson’s evenness Index (J) varied significantly (p ≤ 0.01) 

between the ‘anti-fouling coating’ subgroups A1 (50%), A2 (100%) and the controls (C), but 

did not differ significantly between the ‘surface texture’ subgroups (smooth and rough) and 

between the ‘orientation’ subgroups (horizontal and vertical; Table 3-2).  

PERMANOVA analysis of the bacterial community composition on the settlement plate 

treatments resulted in significant p-values for both ‘orientation’ (p-value < 0.001) and ‘anti-

fouling coating’ treatments (p-value < 0.001; Table A4), both individually and via their crossed 

interaction (p-value < 0.001; Table A4). 

Further assessment of the bacterial taxonomic composition was undertaken for the treatments 

with significant PERMANOVA results. The most notable difference among the ‘orientation’ 

subgroups was the higher abundances of Cytophagia for vertical plates (V = 1.1%, H = 0.3%) 

while the overall community composition was similar between horizontal and vertical plates 

(Figure 3-2A and S3). Proteobacteria dominated the community composition of all treatments. 

At a class level, the relative abundance of Alphaproteobacteria and Gammaproteobacteria 

differed among the anti-fouling and controls (C). In the C treatments, Alphaproteobacteria were 

most abundant, followed by Gammaproteobacteria (Figure 3-2A). Verrucomicrobiae, 

Deltaproteobacteria, Acidobacteria, Cyanobacteria and Actinobacteria were almost exclusively 

associated with the controls (C). In A1 and A2 treatments, Gammaproteobacteria was the most 

abundant class, followed by Alphaproteobacteria, Flavobacteria and Planctomycetia (Figure 

3-2A). 

 

Eukaryotes 

The non-parametric t-tests on the eukaryotic alpha-diversity indices showed the only 

significant difference was for the Shannon index between controls (C) and A2 samples (p-value 

= 0.006; Table 3-2). 
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PERMANOVA analysis of the eukaryotic community composition resulted in significant p-

values for ‘anti-fouling coating’ and for its crossed interaction with ‘orientation’ (p-value < 

0.001; Table A4). 

There was a progressive shift in the eukaryotic community composition from controls (C) to 

‘anti-fouling coating’ treatments (A1, A2; Figure 3-2B). Among controls (C) and particularly 

for horizontal plates, Urochordata dominated the community composition, while the protist 

taxa Oligohymenophorea, Dinophyceae and Spirotrichea were much more abundant in  A1 and 

A2 treatments compared to controls (C) (Figure 3-2B). Molluska were highly abundant in 

controls (C) while Bryozoa showed highest abundances in treatment A1 on rough surfaces and 

Nematoda were most dominant in A2 (Figure 3-2B). 

 

Table 3-2: Non-parametric t-tests on the alpha-diversity metrics species richness, Shannon index and 

Simpson evenness between the subgroups ‘surface texture’ (S - smooth, R - rough), ‘orientation’ (H - 

horizontal, V - vertical) and ‘anti-fouling coating’ (A1 – 50% coating, A2 – 100% coating, C – controls) 

for the bacterial and eukaryotic datasets. P-values were considered to be significant for p ≤ 0.01 after 

Bonferroni correction. OTU = operational taxonomic unit. 

Factors 

 

Surface 

texture 

Orientation Anti-fouling coating 

Subgroups S - R H - V A1 - A2 C - A2  A1 - C 

Bacteria 

Species richness 

[S] 

t-test                           

(p-value) 

-0.36     

(0.74) 

-1.53  

(0.13) 

4.01 

(0.006) 

12.91 

(0.003) 

-9.99 

(0.003) 

Shannon index 

[H’] 

t-test                                   

(p-value) 

-0.63     

(0.53) 

-1.30  

(0.16) 

7.58 

(0.003) 

21.28 

(0.003) 

-17.70 

(0.003) 

Simpson 

evenness [J] 

t-test                                   

(p-value) 

-1.53     

(0.12) 

-0.70  

(0.48) 

8.35 

(0.003) 

11.33 

(0.003) 

-8.27 

(0.003) 

Eukaryotes            

Species richness 

[S] 

 t-test                                  

(p-value) 

1.83      

(0.07) 

-1.75  

(0.08) 

-0.56 

(1.00) 

-0.48 

(1.00) 

-0.14 

(1.00) 

Shannon index 

[H’] 

t-test                                   

(p-value) 

2.03      

(0.04) 

-0.90  

(0.38) 

0.00 

(1.00) 

-3.28 

(0.006) 

2.57   

(0.05) 

Simpson 

evenness [J] 

t-test                                   

(p-value) 

0.55    

(0.58) 

-1.05  

(0.31) 

0.68 

(1.00) 

-2.23 

(0.08) 

2.64   

(0.02) 
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Figure 3-2: Relative abundances of the 10 most dominant bacterial taxa on class level (A), and 

eukaryotic taxa on phylum level (B) among the different treatments (x-axis). Data are an average among 

the replicates (n = 5), based on fourth root transformed and standardized data. 
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3.3.3 Multivariate effects of orientation and anti-fouling coatings on bacterial and eukaryotic 

communities 

  

The visualization of the beta-diversity through distance-based redundancy analyses (dbRDA) 

revealed clustering of ‘anti-fouling coating’ samples in both bacterial and eukaryotic datasets, 

indicating clear differentiation in community structure compared to the controls (C) in both 

taxonomic groups (Figure 3-3). 

The overlaid vectors of the bacterial dataset were well aligned with the x-axis (Figure 3-3A), 

indicating a strongly polarized gradient in community structure between controls (C) and ‘anti-

fouling coating’ samples. Twelve bacterial phyla (Proteobacteria, Planctomycetes, 

Bacteroidetes, Verrucomicrobia, Acidobacteria, Firmicutes, Chloroflexi, Actinobacteria, 

Latescibacteria, Armatimonadetes, Ignavibacteriae and Deinococcus-Thermus) demonstrated 

strong positive correlation with the controls (C). In contrast, just one bacterial phylum, 

Chlamydiae, strongly correlated with the ‘anti-fouling coating’ treatments (A1 and A2).  

The overlaid vectors of the eukaryotic dataset (Figure 3-3B) were separated into those that 

correlated with the controls (C) and the ‘anti-fouling coating’ treatments (A1, A2). Metazoa 

correlated with the horizontal controls [C(H)], while Archaeplastida as Rhodophyta and 

Chlorophyta as well as  parasitic protists of Mesomycetozoa, showed strong association with 

the eukaryotic vertical controls [C(V)]. Fungi and a diverse group of other protists such as 

Cryptophyta, Dinophyta, Choanoflagellida, Cercozoa, Ciliophora and Lobosa were correlated 

with the ‘anti-fouling coating’ samples (A1, A2). 
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Figure 3-3: Distance-based Redundancy Analysis (dbRDA) plots illustrating the differences in 

community composition among horizontal (H) and vertical (V), controls (C) and ‘anti-fouling coating’ 

treated (A1, A2) settlement plates for (A) bacterial assemblages, with vector overlay of the most 

strongly correlated bacterial phyla (Pearson correlation >0.3), and (B) eukaryotic assemblages, with 

vector overlay of the most strongly correlated eukaryotic subphyla (Pearson correlation >0.3). 

 

3.3.4 Correlations within and between bacteria and eukaryotes 

 

The selection of genera that were present in at least ten samples of each subgroup reduced the 

bacterial and eukaryotic taxa to 158, 118 and 104 nodes for controls (C), A1 and A2 samples 

respectively. This resulted in a greater number of highly correlated edges (p ≤ 0.005), average 

number of neighbors and shortest path values for the controls (C) (Table 3-3). Among the 

normalized parameters, that are independent of total node counts and edges, A1 displayed the 

highest values for the clustering coefficient (0.43), and therefore displayed the strongest 

connectivity of the averaged nodes in the network. The A1 samples also displayed the highest 

network density (0.26) and network heterogeneity (0.5). The A2 samples showed the lowest 

values for the clustering coefficient (0.27), the network density (0.16) and network 

heterogeneity (0.37; Table 3-3). 

A visual assessment of the networks (Figure 3-4) showed that the controls (C) contained many 

more bacterial nodes (n = 126, grey rectangles on the left) than eukaryotes (n = 32, grey circles 

on the right). The majority of the correlations within bacteria and eukaryotes were positive 

(Figure 3-4 A, green edges dominating). The total negative and positive correlations between 

bacteria and eukaryotes were equal (Table 3-3). The factors ‘anti-fouling coating’ gradually 
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increased from 32 eukaryotic nodes on controls (C) to 53 and 54 eukaryotic nodes in A1 and 

A2, respectively, while bacteria progressively decreased from 126 on controls (C) to 65 and 50 

nodes (Table 3-3, Figure 3-4). For A1, relationships were mainly positive within the bacterial 

and eukaryotic nodes and strongly negative between the bacterial and eukaryotic nodes (Fig. 

4B), supported by the lowest value for the Relation of positive versus negative edges in A1 

(Table 3-3). For A2, fewer visible correlations were observed while positive relations 

dominated (Relation of positive versus negative edges = 1.1). 

To assist in visualizing relationships among a small subset of key taxa, the most abundant 

eukaryotic node (by read counts) was chosen in each network and its closest neighbors (yellow 

nodes, Figure 3-4). These were; the ascidian genus Chelyosoma in controls (C) with 22 directly 

connected nodes, the bryozoan genus Callopora in A1 with seven directly connected nodes, 

and the nematode sub-order Chromadorina for A2 with 24 directly connected nodes (Figure 

3-4). 

 

 

Table 3-3: Network statistics of the three undirected networks for the bacterial and eukaryotic genera , 

present in at least ten samples of each subgroup for the ‘anti-fouling coating’ treatments (A1 and A2) 

and controls (C). 

Network parameters C A1 A2 

Node count 158 118 104 

Nodes Bacteria/Eukaryotes 126/32 65/53 50/54 

Highly correlated edges 2777 1805 866 

Clustering coefficient 0.41 0.43 0.27 

Shortest path 24806 13806 10712 

Average number of neighbors 35.1 30.5 16.65 

Network density 0.22 0.26 0.16 

Network heterogeneity 0.49 0.50 0.37 

Relation of positive versus negative edges 1.05 0.99 1.1 

Relation of bacterial/eukaryotic nodes 3.93 0.98 1.3 
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Figure 3-4: Domain attributed circular networks depicting putative relationships between key taxa, 

assigned to genus level (italic) or to their lowest assigned taxonomy and present in at least 50% of the 

bacterial (grey squares, on left) and eukaryotic (grey circles, on right) subgroup samples among A) 

controls (C), B) anti-fouling A1, and C) anti-fouling A2 plates. The node size relates to the number of 

reads within each treatment. Orange edges indicate negative correlations and green edges positive 

associations (only edges of p ≤ 0.005 are displayed). In each panel, the yellow nodes indicate a selected 
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example of a highly abundant taxa of each treatment and its closest neighbors. Node size and edge 

thickness are correlated to their relative read abundances and calculated p-values, respectively. 

 

3.4 Discussion 

 

This study used DNA metabarcoding, in combination with an experimental design simulating 

man-made abiotic conditions on ship hulls and artificial harbor structures, to test the effects of 

anti-fouling coating, orientation and surface texture on biofouling communities. It also 

characterized biological interactions among species, to improve knowledge on factors 

potentially affecting the development of successive biofouling communities. 

 

3.4.1  The effect of treatments on bacterial communities 

 

A range of  factors such as surface color, depth, and substratum topography have been shown 

to influence micro-biofouling, or rather biofilm adhesion (Dobretsov et al., 2013b; Li et al., 

2016; Qian et al., 2007), which is the first step in biofouling formation (Dobretsov et al., 

2013a). In the present study, surface texture did not significantly affect the microfouling 

communities, but orientation (horizontal and vertical) had a small effect on overall bacterial 

community structure. Possible explanation for this include; vertical plates created a brighter 

environment, which likely favored the growth of photosynthetic bacterial strains, whereas the 

horizontal plates were characterized by decreased light availability but also different shear 

stresses to currents exposure (Tait et al., 2016). A longer deployment time or an increase in 

light (e.g., during the summer months) may provide a stronger effect, further contrasting the 

differences in community structure observed here. 

The varying anti-fouling conditions simulated the typical application of a cupreous anti-fouling 

coating (using the manufacturer’s suggested 2 layers - treatment A2), a deteriorated coating 

(simulated by one layer – treatment A1), and the absence of the copper containing anti-fouling 

coating (controls [C]). The presence of anti-fouling coating strongly influenced the bacterial 

community, most likely due to its toxicity which represents the strongest environmental 

intervention compared to the other tested factors ‘orientation’ and ‘surface texture’. The 

bacterial data showed decreasing richness and diversity under increasing copper exposure. The 
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phyla Proteobacteria, Planctomyctes, Bacteroidetes, Verrucomicrobia, Acidobacteria, 

Firmicutes and others dominated the community structure on the controls (C), and are known 

as ubiquitous taxa found in biofilms from different environments, where they vary in 

appearance and abundances (Chen et al., 2013; McNamara et al., 2009; Muthukrishnan et al., 

2014). Although bacterial biofilms are very heterogeneous, the consistent trends observed 

among subgroups C, A1 and A2 confirmed that biofilms are not randomly composed, but are 

strongly influenced by abiotic factors and biotic interactions (Chen et al., 2013). 

In contrast to most other bacterial taxa, Gammaproteobacteria increased and dominated in both 

tested levels of anti-fouling coatings consistently with findings of Flach et al. (2017). These 

bacteria have been reported as being particularly tolerant to copper-based coatings (Chen et al., 

2013; Sun et al., 2010), and are often associated with stressed environments (Lawes et al., 2016; 

McKew et al., 2011; Webster and Negri, 2006). For example, marine methanotrophs (Oshkin 

et al., 2015) are able to utilize copper from the environment for their metabolic functions 

(Balasubramanian et al., 2011). The phylum Chlamydiae had the strongest positive association 

with the anti-fouling coating treatments. Members of this phylum are principally intracellular 

pathogens of marine metazoa (Couch and W., 1992) or symbionts of ubiquitous protozoa (Sixt 

et al., 2013). This suggests that the bacterial community composition of the anti-fouling coating 

treatments may be more strongly influenced by synergistic interactions with eukaryotes than 

simply by the direct influence of the abiotic factor copper. 

Given the relatively short three month deployment time, the short life cycle and rapid 

generation times of bacteria might be responsible for a more rapid and significant response 

observed in this dataset compared to most eukaryotes. 

 

3.4.2 The effect of treatments on eukaryotic communities 

 

It was hypothesized that the longer generation time or other differences in the life cycle of 

eukaryotes would result in the experimental treatments having a weaker effect on these 

organisms compared to the bacterial communities. Neither surface texture nor orientation had 

a significant impact on the eukaryotic communities which might strengthen our hypothesis. 

Another possibility is that differences in the phylogenetic resolution of markers (16S rRNA 

versus 18S rRNA) resulted in the weaker alpha-diversity responses observed for eukaryotes 

(Caporaso et al., 2011; Sanli et al., 2015). Further research is required to test this hypothesis. 
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This trend of absence or weaker significance between treatment subgroups was also observed 

for the anti-fouling coatings. However, contrary to bacteria, eukaryotic diversity increased 

under higher copper exposure and was significantly higher in the A2 copper treatment. This 

may appear to contradict previous studies that reported copper to negatively impacting 

settlement and growth of eukaryotes (Madoni and Romeo, 2006; Van Mooy et al., 2014). 

However, although copper may decrease the total abundance of eukaryotes, our results suggest 

their diversity increased. The controls (C) were visibly more overgrown by macro-organisms 

such as the ascidians Ciona savignyi, Chelyosoma siboja, Styela sp., and the oyster Ostrea sp. 

compared to the copper exposed plates (Tait et al., 2016). Consistent with these observations, 

metazoan taxa such as Urochordata and Molluska detected in our HTS data, were positively 

correlated with the controls C (Figure 3-2B and Figure 3-3B). The high amount of cell-less 

biomaterial from macrofauna (e.g., calcium carbonate shells of bivalves) might be responsible 

for the visibly dominant biofouling material on controls (C). In contrast, the higher genetic 

diversity of opportunist micro-taxa on copper exposed plates might be the result of the limited 

ability of macro-species to colonize these environments (Piola and Johnston, 2008). 

Photosynthetic algae within Chlorophyta and Rhodophyta appeared to have an additional effect 

on the eukaryotic community composition, as they were strongly associated with vertically-

oriented controls (C), likely due to more light availability. This may largely explain the 

significant anti-fouling and orientation interaction effect. However, the effect of light 

availability could not be observed on the copper treated samples, where photosynthetic taxa 

appeared inhibited. 

On A1 and A2 plates, the metazoan community showed increased numbers of bryozoans (C = 

7%, A1 = 27%, A2 = 12%) and nematodes (C = 3%, A1 = 14% , A2 = 29%), some of which 

have been shown to be copper tolerant (Bugula neritina, Watersipora subtorquata and 

nematodes in general) (Bongers and Ferris, 1999; Piola and Johnston, 2006). The bryozoans in 

biofouling communities often consist of invasive taxa, which have undergone toxic selection 

pressure from anti-fouling coatings and have developed a high tolerance against copper (Piola 

et al., 2009; Piola and Johnston, 2008). Nematodes have previously been shown to be severely 

impacted by heavy metals (Yeates et al., 2003). As observed in our experiment, some 

opportunistic nematode species can increase their abundance in copper enriched environments, 

perhaps due to selection of tolerant genotypes and a rapid recovery rate under stressful 

conditions (Bongers and Ferris; Millward and Grant, 1995). 
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Our results indicated that the protist taxa such as Ciliophora, Cercozoa, Lobosa and others 

showed the strongest positive association with the anti-fouling coating treatments. Although 

some of these species may possess copper tolerance, another possibility is that this micro-

community may indirectly gain advantage through the absence of copper-sensitive predators. 

Factors such as grazing (Groendahl et al., 2017; Wey et al., 2008) and refuge effects of bacterial 

biofilms, undisturbed by copper-intolerant macro-organisms (Van Mooy et al., 2014), may 

have contributed to the diverse protist community observed here. 

 

3.4.3  Relationships between bacteria and eukaryotes 

 

Synergistic effects within and between bacterial and eukaryotic communities are common, and 

likely influence species niche preferences (Burmolle et al., 2006). This may be especially so in 

the dense assemblages of biofouling communities, where the eukaryotic community 

composition relies on bacterial pioneers (Hadfield, 2011). The calculation of positive and 

negative correlations within and between bacteria and eukaryotes provides new insights into 

possible direct biotic interactions; this is supported by evidence that species do not vary 

independently of each other and that responses of species to abiotic factors may not be 

monotonic (Somerfield and Clarke, 2013). 

The network analysis highlighted the previous findings of decreasing bacterial and increasing 

eukaryotic diversity as copper exposure increased. This resulted in a higher number of overall 

nodes and correlated edges for the controls (C) than for the anti-fouling coating treatments. 

Natural biofouling communities in the surrounding environment generally develop complex 

and stable interactions over long spatial scales (Smith et al., 2014), and are likely to colonize 

the controls (C) since this most closely represent the same environmental conditions. However, 

these communities have been shaped over years by artificial selection towards opportunist and 

including non-native taxa, and therefore the controls (C) are not necessarily representative of 

truly native/indigenous communities. The communities on these panels might also be affected 

by the chemicals in the Primocon anti-corrosion paint. An example set of interactions from the 

control community is that of the highly abundant eukaryote Chelyosoma sp., which is 

connected to a number of direct neighbors. It possibly represents a key species because of the 

stability of the community network, which increased with more connections among nodes. It 

is notable that Chelyosoma sp. interactions reduce with increasing copper concentration. 
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To allow for the node and edge independent comparisons between the different subgroups, 

normalized interconnectivity parameters were computed which revealed A1 as the most 

complex network. These values (e.g. clustering coefficient) might relate to the visibly high 

number of negative correlations between bacteria and eukaryotes. A possible explanation of 

this observation is that the applied copper concentration in A1 may create a niche that some 

sensitive species are still able to tolerate. They may also profit from the absence of other more 

copper sensitive taxa due to grazing pressure. The anti-fouling A1 network may therefore 

represent a disturbed community, where there are strong negative interactions between 

bacterial and eukaryote taxa. High fluctuations in taxa abundance among the A1 plates are also 

indicated by the highest heterogeneity values and might relate to an unstable system due to 

competitive interactions (Bastolla et al., 2009). The bryozoan Callopora sp. may gain an 

advantage on these treatments, as it has been shown that some bryozoans prefer biofouling-

free substrate for settlement (Wieczorek and Todd, 1997). The lower bacterial diversity and 

reduction in eukaryote macro-species found on cupreous settlement plates may assist this 

bryozoan in becoming highly abundant, although with comparably weak interactions. 

Callopora sp. might also fit the ‘intermediate disturbance hypothesis’, suggesting that local 

species diversity is maximized with an intermediate ecological disturbance (Lenz et al., 2004). 

The higher alpha-diversity obtained on A1 treatments may support this hypothesis (see Table 

A3). 

In contrast, it appears that under the highest copper exposure (treatment A2), a highly 

specialized community has established, with strong positive interactions but low complexity. 

Such networks are more easily disturbed by the removal of any one node as they consist of 

exclusively associated key species (Muthukrishnan et al., 2014). Such highly specialized 

networks are often characteristic of stressed environments (Lawes et al., 2016; Steele et al., 

2011; Williams et al., 2014). The abundant nodes such as the highlighted Chromadorina node 

(Figure 3-4C), represent opportunist taxa that gain competitive advantage within metal polluted 

environments (Piola et al., 2009) due to their tolerance to copper. Synergistic relations with 

other biota are displayed by several strong, positive correlations (Muthukrishnan et al., 2014). 

Although it is difficult to discern between co-occurrence through similar niche preferences or 

through ‘real’ biological interactions (Bascompte, 2007), community network analysis remains 

a valuable tool for analyzing patterns of ecological diversity (Proulx et al., 2005), and enabling 

insights into species coexistence and the inhibitory or synergistic effects between them. 
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3.4.4 Conclusions 

 

In this study we successfully used high-throughput sequencing to comprehensively 

characterize the diversity of micro- and macro-organisms in dense biofouling assemblages. 

Bacterial and eukaryotic biofouling communities responded significantly to cupreous coatings, 

but in opposite directions: with increasing copper concentration, bacterial diversity decreased 

while eukaryotic diversity increased. On plates with the highest copper concentration, a micro-

community established that was less taxonomically diverse, but which still maintained strong 

positive interactions between bacterial and eukaryotic species favoring copper tolerant macro-

organisms such as Callopora sp. or Chelyosoma sp.. These opportunist taxa may lead to 

homogenized communities especially on artificial marine structures. Complex biotic 

interactions are known to be important in maintaining stable natural communities, and 

inhibiting opportunist taxa, but are rarely understood. However, it would be important to use 

further network calculations in similar studies, specifically among time scales, to better 

interpret patterns and reasons behind the gradual processes in biofouling formation. These 

network analyses make it obvious that abiotic or biotic changes such as the introduction of a 

new species can affect the whole community structure as all individuals are interconnected. 
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CHAPTER 4 COMBINING MORPHO-TAXONOMY AND 

METABARCODING ENHANCES THE DETECTION OF NON-

INDIGENOUS MARINE PESTS IN BIOFOULING COMMUNITIES 

Published as: Ammon, U. V., S. A. Wood, O. Laroche, A. Zaiko, L. Tait, S. Lavery, G. J. Inglis 

and X. Pochon (2018). "Combining morpho-taxonomy and metabarcoding enhances the 

detection of non-indigenous marine pests in biofouling communities." Sci Rep 8(1): 16290. 

 

4.1 Introduction 

 

Biological invasions NIS can cause severe economic and environmental impact contributing to 

biodiversity loss (Ricciardi et al., 2017; Trebitz et al., 2017). One of the major vectors 

responsible for the transfer of marine NIS is global shipping via ballast water (Zaiko et al., 

2015b) and hull fouling (Seebens et al., 2013). The ports and marinas where these vessels berth 

often act as hubs for the spread of NIS (Borrell et al., 2017; Olenin et al., 2016). Artificial 

substrata such as wharf piles and pontoons, which might be less attractive for native taxa, 

provide opportunistic NIS with vacant niches where they can settle and establish thriving 

populations (Dafforn et al., 2015; Olenin et al., 2016). 

Early detection of NIS is a critical factor to inform timely implementation of measures and 

allow the greatest chance of successful management (Ricciardi et al., 2017). Current marine 

surveillance programs largely rely on traditional morphological identification of NIS during 

visual surveys by divers and from biological samples collected by a variety of methods, 

including grabs, benthic sleds, trawls, and passive sampling devices such as settlement plates 

(Campbell et al., 2007; Chan et al., 2016; Tait et al., 2016). Morpho-taxonomy is particularly 

well suited for conspicuous organisms, such as macrofauna or macroalgae that can be readily 

identified. However, the identification of cryptic or small juvenile life stages in situ or within 

complex samples remains challenging (Abad et al., 2016; Harvey et al., 2009). 

Recent advances in molecular technologies, in particular the emergence of high-throughput 

sequencing (HTS), are rapidly changing the way biomonitoring programs are undertaken 

(Baird and Hajibabaei, 2012). For example, metabarcoding is increasingly being used for 

biodiversity assessments from a range of aquatic ecosystems (Cowart et al., 2015; Darling and 
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Mahon, 2011; Darling and Piraino, 2015; Dowle et al., 2016; Laroche et al., 2016; Lejzerowicz 

et al., 2015; Pawlowski et al., 2016). The potential for high sensitivity, accuracy and 

standardizing and automating these methods make metabarcoding a particularly well-suited 

approach for use in marine biosecurity surveillance programs (Comtet et al., 2015; Darling et 

al., 2017; Pochon et al., 2015b; Zaiko et al., 2016; Zhang et al., 2013). 

Nonetheless, metabarcoding approaches have limitations (Cowart et al., 2015; Ficetola et al., 

2015; Groendahl et al., 2017; Zaiko et al., 2015b). For example, databases of reference DNA 

sequences are incomplete (Brown et al., 2016) and are often tailored for certain genetic markers 

or taxonomic groups (e.g. Protist Ribosomal Reference [PR2] database for the nuclear small 

ribosomal subunit 18S rRNA) (Guillou et al., 2013). GenBank (Coordinators, 2017) contains 

reference sequences from many different genetic markers and includes all domains of life but 

is prone to erroneously identified sequences (Lopez-Escardo et al., 2018). Another limitation 

of metabarcoding is a lack of ‘universal’ markers across phyla (Borrell et al., 2017), therefore 

not all taxa can be equally detected due to primer selectivity and resulting amplification biases 

(Xiong et al., 2016). Recent studies have highlighted the advantage of using multiple barcode 

regions, including mitochondrial Cytochrome oxidase c subunit 1 (COI) for discriminating 

between many metazoan species, and 18S rRNA that enables detection of a much broader range 

of taxa (Borrell et al., 2017; Chesters et al., 2015; Wangensteen et al., 2018). 

Appropriate bioinformatics pipelines can improve the robustness of molecular biodiversity 

assessment, and derived taxonomic assignment may vary based on the parameters applied 

(Scott et al., 2018). One of the critical steps in a pipeline is the grouping of similar sequences 

into Operational Taxonomic Units (OTUs), to count for intraspecific variation within taxa and 

sequencing error. Although a 97% similarity threshold is commonly applied for general 

biodiversity assessments, a higher threshold may increase rare taxa detection, which may be 

particularly well suited when targeting NIS (Callahan et al., 2017). 

Combining the use of conventional morpho-taxonomic and metabarcoding approaches may 

enhance detection sensitivity (Deiner et al., 2017) and lead to the minimization of Type-I errors 

(false positives) and Type-II errors (false negatives) in marine NIS surveillance programs 

(Trebitz et al., 2017). In this study, an integrated morpho-taxonomic and metabarcoding 

approach was used to characterize biodiversity on settlement plates, with a focus on the 

detection of NIS within the samples. The overall goal was to investigate the benefits of 

integrating molecular methods such as metabarcoding into conventional marine NIS 

surveillance programs to collectively enhance the likelihood of early detections. The 
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metabarcoding approach comprised two molecular marker regions, the V4 region of 18S rRNA 

and a small region of COI. Taxonomy was assigned against three sequence databases (The 

Protist Ribosomal Reference database [PR2], The Barcode of Life Database [BOLD] and the 

nucleotide collection of the National Centre for Biotechnology Information [NCBI]). The 

following hypotheses were tested: that biofouling diversity and NIS detection would differ 

significantly (1) between morphological and molecular approaches due to varying efficiency 

in identifying micro-, meio- and macrofaunal communities, and (2) between molecular markers 

(18S rRNA and COI) due to differences in the taxonomic resolution and coverage of sequence 

reference databases. 

 

4.2 Material and Methods 

 

4.2.1 Experimental design 

 

This research was implemented as a companion study to a project that used morpho-taxonomic 

identification to investigate the optimal design of settlement arrays for sampling non-

indigenous biofouling species (Tait et al., 2018; Tait et al., 2016). Five settlement arrays each 

consisting of twelve polyvinyl chloride (PVC) settlement plates (14.5 cm × 14.5 cm) attached 

to PVC pipes were deployed at randomly chosen pontoons in Westhaven Marina, Auckland, 

New Zealand. Separate deployments were made in winter (June to October 2015) and summer 

(November 2015 to February 2016) months. Each settlement array was placed horizontally at 

two meters depth and comprised of three different treatments in a crossed experimental design. 

The design included assessing the effect of different antifouling coatings, light intensities and 

surface textures on NIS detection as previously described in von Ammon et al. (2018) and Tait 

et al. (2018). The present study does not address the effect of these treatments but considers 

combined data from all five arrays. Each plate was considered as an individual sample while 

most downstream analyses (apart from rarefaction curves) were processed on combined data 

of all 60 samples for summer and winter each. 
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4.2.2 Morpho-taxonomic approach 

 

All plates were retrieved after three-month deployment periods and immediately transported to 

the laboratory on ice and in individual bags filled with seawater. Visible taxa were identified 

and species richness was determined under a light microscope at 10× magnification as in Tait 

et al. (2018). Abundant species from the upper layer of biofouling were partially removed to 

identify biofouling organisms in secondary cover. Voucher specimens of unknown species 

were preserved in ethanol and sent to taxonomic specialists for identification. During this 

handling, care was taken to ensure that a portion of each morphologically identified taxon 

remained on the plate for subsequent metabarcoding analyses. All specimens were identified 

to the lowest possible taxonomic level, and categorized as either indigenous to New Zealand, 

non-indigenous, cryptogenic (undetermined geographic origin), or unresolved. Unresolved 

individuals accounted for less than 10% of taxa and were excluded from downstream NIS 

analyses, as their biosecurity status could not be determined. 

 

4.2.3 Metabarcoding approach 

 

Following the morpho-taxonomic screening, the five identical arrays (n = 60 plates) were 

sampled for metabarcoding analysis. All biofouling material was removed from the plate 

surface using sterile stainless steel surgical blades (Swann-MortonR, Sheffield, UK) and 

transferred into a 10 mL sterile tube (Merck KGaA, Darmstadt, Germany) in February 

(Summer) or sterilized sponges (Whirl-pak™, Speci-sponges™, Nasco, WI, USA) stored in 

individual sterile plastic bags in October (winter). All samples were stored immediately at -

70°C until further processing. The sampling technique varied between summer and winter 

samples due to the high amounts of calcifying organisms on the summer plates which could 

not be removed with the sponge method used for winter samples. 

The summer samples were centrifuged (4000 × g, 15 min) and the supernatant discarded. The 

winter samples (sponges with biofilm samples) were macerated using a stomacher (Colworth 

400; AJ Seward, London, UK) for 2 min at maximum speed, then squeezed to remove excess 

liquid. The resulting biofouling suspensions were pelleted by centrifugation (4000 × g, 15 min) 

and the supernatant discarded. DNA was extracted from the resulting pellets using the 

PowerMax® Soil DNA Isolation Kit (QIAGEN, CA, USA) following the manufacturer’s 



 68  

 

protocol. The quantity and quality of extracted DNA were measured using a NanoPhotometer 

(Implen, Munich, Germany). 

For the characterization of eukaryotic communities, a segment (approximately 400 base pairs 

[bp]) of the V4 region of the 18S rRNA gene and an approximately 300 bp fragment of the 

mitochondrial COI gene were amplified by Polymerase Chain Reaction (PCR). For the 18S 

rRNA gene, the eukaryotic-specific primers were Uni18SF: 5’-AGG GCA AKY CTG GTG 

CCA GC-3’ and Uni18SR: 5’-GRC GGT ATC TRA TCG YCT T-3’ (Zhan et al., 2013) 

modified to include IlluminaTM overhang adaptors following von Ammon et al. (2018). 

Thermocycling PCR conditions were: 94°C for 3 min followed by 35 cycles of 94°C for 30 s, 

52°C for 30 s, 72°C for 1 min, with a final extension step at 72°C for 7 min. For the COI gene, 

the eukaryotic-specific primers mlCOIintF: 5’ –GGW ACW GGW TGA ACW GTW TAY 

CCY CC -3’ and jgHCO2198: 5’ –TAI ACY TCI GGR TGI CCR AAR AAY CA -3’ were 

used (Leray et al., 2013). PCR amplification was undertaken in a total volume of 50 μL using 

25 μL of MyTaq™ Red Mix (Bioline, USA), 2 μL of each primer, 16 μL of DNA-free water, 

3 μL of BSA (0.2 mg/mL) and 2 μL of template DNA. Thermocycling conditions were: 95 °C 

for 3 min, followed by 40 cycles of 95 °C for 30 s, 50 °C for 30 s, 72 °C for 90 s, and a final 

extension of 72 °C for 10 min. Two samples of 20 μL of ddH2O were used as negative controls 

following the same protocol as described above. 

Purification and quantification of amplicons were performed following the Agencourt® 

AMPure® XP protocol (Beckman Coulter, USA), using magnetic beads and a Qubit® 2.0 

Fluorometer (Invitrogen). Purified amplicons were diluted to 3 ng μL-1 and libraries sent to 

New Zealand Genomics Limited at the University of Auckland for sequencing. Paired-end 

sequences (2×250) were generated on a MiSeq instrument using the TruSeqTM SBS kit v3 

(IlluminaTM). 

 

4.2.4 Bioinformatics analyses 

 

The raw sequence files were demultiplexed using fastq-multx (version 1.3.1) and bi-directional 

reads were paired using SolexaQA++ (Cox et al., 2010). By running the following pipeline on 

QIIME 1 (Caporaso et al., 2010), the reads were truncated on the 3’ end from the first base 

where the Phred score dropped below 3 and which explains, along with differences in sequence 

length among taxa, the variation in the overlap size and when paired-end reads were assembled. 
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For quality filtering, merging and dereplication, the software package VSEARCH was used 

(Rognes et al., 2016). Merged reads with more than five bp expected error were discarded. 

Sequence chimeras were detected using VSEARCH Uchime de novo method by mapping 

unique 18S rRNA sequences against the PR2 database (Guillou et al., 2013) and COI sequences 

against the combined MIDORI (Machida et al., 2017) and Barcode Of Life Database (BOLD; 

Ratnasingham and Hebert (2007)) that were trimmed using the COI primers of this study. 

Sequence reads were clustered into OTUs at 99% similarity to retain maximum sensitivity for 

NIS detection. OTUs found in negative controls were discarded across all samples. Singletons 

and all low read OTUs were kept. Taxonomy was assigned using the QIIME package 

(Caporaso et al., 2010), and the default UCLUST classifier with 0.9 minimum sequence 

identity (Edgar, 2010), with the PR2 and BOLD databases for 18S rRNA and COI clusters, 

respectively. 

For cross-validation, both 18S rRNA and COI sequence datasets were also aligned against 

NCBI’s nucleotide collection (nr/nt) database (NCBI) using Megablast (Morgulis et al., 2008), 

searching for a maximum of 10 best-matching sequences (Megablast+, default e-value of 

0.001, word size 28). Using hits with the lowest e-value, query sequences were assigned at 

species level if similarity of the hit was greater or equal to 97%. Otherwise, if sequences did 

not fulfill the 97% or above threshold, the naïve Last Common Ancestor (LCA) and default 

parameters in MEGAN v.5 (Huson et al., 2016) among the best hits was used for assignment 

to higher taxonomic ranks. This process separates reads that align specifically to a single taxon 

and assigns these together and less specific reads that were aligned to different taxonomies by 

the 10 best matching hits in Megablast. In the latter case, if less than 75% of the hits share the 

same taxonomy, no assignment is made at this specific taxonomic rank and the algorithm 

repeats the process to the next level. 

Sequences for the COI region have been deposited in the NCBI’s Sequence Read Archive 

under BioProject ID PRJNA478269, sample accession SAMN09508561-679 and for the 18S 

rRNA region in the European Nucleotide Archive (ENA) under BioProject PRJEB25036, 

sample accession SAMEA104599381-499. 
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4.2.5 Statistical analyses 

 

The phyloseq R package and associated tools (McMurdie and Holmes, 2013) were used for the 

following diversity analyses. Read abundance of metabarcoding data was rarefied to 5,000 

reads. Ten samples were below this threshold and were discarded for the diversity analysis. 

The datasets were then filtered for Eukaryotes and merged at a genus level to be consistent 

with the morpho-taxonomic data and presence/absence transformed. Overall taxonomic 

richness (genus level) of samples from each dataset was visualized using boxplots. 

Unrarefied OTU tables were filtered for Metazoa, Chlorophyta, Ochrophyta and Rhodophyta 

(taxonomic groups commonly identified in biofouling by morpho-taxonomic analysis). The 

abundance data were merged at the genus level. Bar plots for each approach were computed 

using standardized data from most abundant taxa. 

A general list of NIS for New Zealand was assembled by consulting the Marine Invasive 

Taxonomic Service (Seaward et al., 2015), and through comparison with the New Zealand 

Organisms Register (NZOR, 2011) and the Marine Biosecurity Porthole (Seaward et al., 2015). 

This list was used to filter non-indigenous taxa on genus and species levels from the 

metabarcoding and morpho-taxonomic datasets. Euler diagrams were constructed on the 

filtered data using the online Venn diagram creator at 

http://bioinformatics.psb.ugent.be/webtools/Venn/ to quantify overlaps in NIS detected using 

the different approaches and proportionally visualized using the R package ‘eulerr’ (Larsson, 

2017). For assessing performance of NIS detections, rarefaction curves were computed on the 

filtered datasets of all approaches combining the information of NIS from PR2/NCBI for 18S 

rRNA and BOLD/NCBI for COI  and their combinations using the iNEXT R package (Chao 

et al., 2015; Hsieh et al., 2016). 

 

4.3 Results 

 

4.3.1 Morpho-taxonomy 

 

The morpho-taxonomic assessment resulted in the total observation of 39 taxa in summer 

(average 6.4 per sample plate) and 31 taxa in winter (4.2 per sample) of which 35 and 27, 

respectively, could be identified down to at least genus level, and 33 and 24 to species level 

http://bioinformatics.psb.ugent.be/webtools/Venn/
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(Figure 4-1). The main phyla present were Bryozoa, Chordata, Molluska and Annelida. For 

winter samples, Annelida were less abundant while Cnidaria increased in abundance (Figure 

4-2). 

 

4.3.2 Metabarcoding 

 

The total paired-end, quality filtered and non-chimeric and de novo non-chimeric sequences 

obtained from combined summer and winter plates for 18S rRNA and COI PCR amplicons 

were 2,831,859 reads (95,751 unique OTUs) and 3,084,751 reads (211,164 unique OTUs), 

respectively (Table 4-1). Negative controls contained 41 reads assigned to 19 OTUs for 18S 

rRNA and COI, indicating insignificant background contamination, from which no new 

potential NIS were identified. 

The comparative analysis of three databases and related taxonomic assignment methods 

showed that assigning sequence data to the NCBI reference database resulted in fewer 

unassigned sequences for both genes. When only metazoan sequences are assessed, the use of 

the PR2 database resulted in 1,766 (i.e., 7%) less 18S rRNA sequences assigned to genus 

compared to NCBI, while the BOLD database enabled assignment of 18,579 (i.e., 34%) of COI 

NCBI assigned sequences. A similar ratio was also observed for sequences assigned to species 

(Table 4-1). 
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Table 4-1: Bioinformatics pipeline results, for 18S ribosomal RNA (18S rRNA) and Cytochrome c 

oxidase Subunit I (COI) across taxonomic assignment methods. In the de novo OTU picking process 

(*) reads are clustered against one another without any external reference sequence collection. 

Approach (target gene) 18S rRNA COI 

Raw sequences 15,235,416 10,638,458 

Merged reads 6,604,463 3,870,763 

Quality filtered 4,792,948 3,819,858 

Reference chimeras 65,497 671 

De novo* chimeras 68,230 57,700 

Non-chimeras 1,417,296 1,570,890 

De novo* non-chimeras 1,414,563 1,513,861 

Singletons 70,202 155,522 

No. of OTUs (99% similarity) 95,751 211,164 

 

Method (taxonomy assignment & database) 18S rRNA COI 

UCLUST 

-PR2 

Megablast/ 

LCA-NCBI 

UCLUST 

-BOLD 

Megablast/ 

LCA -NCBI 

Unassigned OTUs 7,839 2,203 198,138 2,571 

Assigned Eukaryota OTUs 87,912 93,548 13,026 205,617 

Assigned Metazoa OTUs 76,057 78,499 11,809 73,060 

Metazoa OTUs assigned to genus  

(unique genera) 

24,062 

(38) 

25,828 

(245) 

9,831 

(69) 

28,410 

(581) 

Metazoa OTUs assigned to species  

(unique species) 

12,084 

(114) 

23,999 

(210) 

2,977 

(27) 

24,209 

(75) 

 

 

 

4.3.3 Comparative taxonomic richness and diversity among metabarcoding data  

 

Metabarcoding data yielded up to 76 and 50 (18S rRNA; PR2 database; winter season) taxa 

per sample plate identified to genus and species level, respectively (Figure 4-1). 

Notable differences in the number of identified genera or species were observed between 

markers and seasons, and amongst the three databases (Figure 4-1). For example, the number 

of identified genera or species from 18S rRNA data was higher in winter samples regardless of 

the database used, whereas an opposite trend was observed in COI (BOLD and NCBI data). 
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Using BOLD, a large number of sequences remained unassigned (Table 4-1), resulting in fewer 

than 11 genera and species per sample being identified in summer and winter season. Using 

COI assigned to NCBI, up to 58 genera could be identified on average while the average 

number of COI NCBI assigned species was with 25 considerably lower (Figure 4-1). 

 

 

Figure 4-1: Boxplots displaying number of eukaryotic genera (left) and species (right) detected per 

summer and winter sample plates , using 18S ribosomal RNA (18S rRNA) and Cytochrome c oxidase 

Subunit I (COI) metabarcoding assigned to the three databases PR2 (18S rRNA), BOLD (COI) and 

NCBI (both 18S and COI) and morpho-taxonomy (morph). Molecular datasets were rarefied to 5,000 

reads, with all genus-level unassigned sequences removed. 

 

Assessment of the taxonomic diversity among all datasets showed that 80-90% of eukaryote 

OTUs were assigned to metazoan taxa, with the exception of the COI NCBI (35%; Table 4-1). 

The remainder of the latter data were unassigned eukaryotes (51,787 taxa) or belonged to algal 

groups (65,379). The 18S rRNA data showed a very similar diversity across PR2 and NCBI 

assignments (Figure 4-2), and was mainly comprised of Chordata (more abundant in summer), 

Nematoda (more abundant in winter) and Bryozoa (consistent across seasons). Cnidaria and 

Molluska OTUs were present predominantly in winter. There were more OTUs assigned to 

Metazoa in the COI NCBI data than in COI BOLD (Table 4-1). This is reflected in the 

differences between NCBI and BOLD COI databases in the proportions of the major taxa 

(Figure 4-2). Only NCBI identified the algal groups (Chlorophyta and Ochrophyta), and 

appeared to identify more Bryozoa and Molluska.  The taxa found using the COI marker gene 
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were more consistent between summer and winter seasons compared to the 18S rRNA marker. 

Overall, the metabarcoding analyses using COI assigned to NCBI appeared to identify highest 

diversity of all major taxa compared to the morphological taxonomy and other metabarcoding 

approaches. 

 

 

Figure 4-2: OTU proportions of the nine most abundant metazoan and algal taxa, standardized for all 

datasets ignoring the unassigned fraction: 18S ribosomal RNA (18S rRNA) and Cytochrome c oxidase 

Subunit I (COI) metabarcoding (PR2, BOLD and NCBI database assignments) and morphological 

taxonomy (morph) for summer and winter samples. Absolute abundance of OTU proportions is shown. 

 

4.3.4 Detection of putative non-indigenous taxa 

 

In total, there were 51 NIS genera and 48 NIS species identified across all approaches and 

assignment methods. The morpho-taxonomic screening for NIS identified three putative non-

indigenous genera and seven species (5% / 14%, respectively) that were not detected by either 

molecular markers or the database assignments (Figure 4-3; Table A6). These predominantly 

consisted of bryozoan taxa, e.g., Bugulina (flabellate), Schizoporella japonica, Celleporaria 

umbonatoidea and Tricellaria (inopinata). Overall, the dataset using 18S rRNA and PR2 

yielded the highest number of unique NIS detections with just two genera but 14 species (3% 

/ 29%, respectively). Three genera and three species were uniquely detected using 18S rRNA 

NCBI such as Styela clava. The dataset using COI and BOLD resulted in the detection of one 

unique species (Figure 4-3A, Figure 4-4C), while the dataset using COI and NCBI identified 
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two unique algal NIS (Striaria and Pzeudo-nitzschia; Figure 4-3B; Table A5). A complete list 

of the potential non-indigenous genera and species detected using morphological and 

metabarcoding approaches and the different databases is given in Table A5. 

A total of 21 genera (e.g.  Arcuatula) and 11 species (e.g. Ciona savignyi, Arcuatula senhousia, 

and Hydroides elegans) were detected by at least two of the metabarcoding approaches and 

database assignment but not by morpho-taxonomy. The combination of morpho-taxonomy 

with at least one metabarcoding approach led to the detection of 22 non-indigenous genera 

(e.g., Bugula, Ciona or Ectopleura) and 12 species (e.g., Ascidiella aspersa, Styela plicata or 

Sabella spallanzanii). Only nine genera (e.g. Botryllus, Styela and Hydroides) and two species 

(Botryllus schlosseri and Styela plicata) were detected by all approaches and database 

assignment methods combined. 
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Figure 4-3: Euler diagrams of non-indigenous taxa identified using the morpho-taxonomy (morph) and 

metabarcoding approaches, 18S ribosomal RNA (18S rRNA) and Cytochrome c oxidase Subunit I 

(COI). Comparisons at; A) genus level using the PR2 or BOLD databases for taxonomic assignment, 

B) genus level using NCBI for taxonomic assignment, C) species level using the PR2 or BOLD for 

taxonomic assignment, and D) species level using NCBI for taxonomic assignment. The size of circles 

is proportional to the number of genera/species identified by each method. 

 

Sample-based rarefaction curves for the detection of non-indigenous taxa (Figure 4-4) showed 

that, overall, morpho-taxonomy followed by COI, especially at species level, individually and 

in combination returned the poorest average per sample diversity, although COI required fewer 

samples to detect the complete suite of taxa detectable with that method. The 18S rRNA 

approach was individually the most successful method at detecting diversity with the fewest 
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samples. The different combinations of approaches displayed higher richness of detected NIS 

than the individual methods. The increase in richness of each combination was approximately 

equal to the sum of the individual component curves, indicative of the low overlap in detections 

between all approaches. 

In winter, all approaches required more sampling effort than in summer to detect all potential 

NIS present (Figure 4-4C, D). Overall, the combination of all approaches (morph + 18S + COI) 

resulted in highest detected richness with the fewest samples, although for summer the 

combination of 18S with COI at genus level and 18S and morpho-taxonomy nearly reached the 

same efficiency. 

 

 

Figure 4-4: Rarefaction curves of NIS diversity calculated from all detected non-indigenous taxa 

identified during summer at A) genus and B) species levels and during winter at C) genus and D) species 

levels. Detected using morpho-taxonomy and metabarcoding (18S ribosomal RNA [18S rRNA] and 

Cytochrome c oxidase Subunit I [COI]) approaches, individually and in combination. 
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4.4 Discussion 

 

The results of the present study add to the growing body of research advocating for the use of 

parallel morpho-taxonomy and metabarcoding to enhance biodiversity studies and for the 

sensitive detection of non-indigenous species (Borrell et al., 2017; Cowart et al., 2015; Deiner 

et al., 2017; Zimmermann et al., 2015). This study reinforced the finding that the effectiveness 

of metabarcoding is strongly influenced by the genetic marker targeted and by the completeness 

of the sequence databases used for taxonomic assignment (Berry et al., 2015). Nevertheless, it 

is also acknowledged that the use of different parameters or algorithms in the bioinformatic 

workflow may also influence the final results as observed in e.g. Hatzenbuhler et al. (2017).We 

assessed the efficiency of two markers (18S rRNA and COI) and three reference databases for 

taxonomic assignment; PR2 for 18S rRNA, BOLD for COI and NCBI for both for 

characterizing the biodiversity and detecting NIS in marine biofilms/biofouling. The results 

reveal clear benefits using some approaches, with the greatest success being derived from a 

combination of approaches. 

 

4.4.1 Molecular data analysis 

 

The bioinformatics pipeline used in this study clustered sequences into OTUs at a 99% 

similarity threshold and maintained all sequences including singletons. While the voluminous 

data produced from this approach are resource intensive to analyze, it enhances the likelihood 

of keeping rare, but potentially important sequences. The removal of singletons is usually 

employed to eliminate false positives (Scott et al., 2018). However, in the context of marine 

biosecurity surveillance, a false negative could be costly, e.g. the NIS is not detected prior to, 

or during the early incursion stage when management intervention might be possible. In 

contrast, a positive result (even if false) can be used to trigger a series of actions to confirm the 

presence of a NIS including; additional sampling/surveying, further analysis of technical 

replicates and the use of alternative species-specific molecular approaches such as qPCR 

(Alberdi et al., 2018; Leray and Knowlton, 2017; Wood et al., 2017). Nonetheless, the high 

number of potential false positives observed here and which were likely related to the available 

bioinformatics workflow, may have serious implications if interpreted in isolation as they 
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might also trigger the deployment of unnecessary and costly investigations. The process of 

quality control over the interpretation of sequence reads is important in determining its utility. 

Recent bioinformatics algorithms such as UNOISE (Edgar, 2016) or DADA2 (Divisive 

Amplicon Denoising Algorithm) (Callahan et al., 2017), which uses amplicon sequence 

variants or unique sequences instead of clustering sequences in order to retain as much 

information as possible, are becoming extremely efficient at denoising data (i.e. removing 

erroneous sequences). This approach represents an interesting research avenue for analyzing 

HTS data aimed at detecting rare taxa. 

Recent metabarcoding studies have highlighted the advantages of using sequences from several 

genetic regions to characterize biological communities. This may overcome issues such as 

limitations in the universality of primers, and extend the different taxonomic levels resolved 

(De Barba et al., 2014). In the present study, the COI analysis yielded over twice the number 

of OTUs compared to the 18S rRNA. A similar result was also reported by Borrell et al. (2018) 

who investigated the applicability of these two markers to detect NIS in estuaries. The most 

likely explanation for this result is that the rate of evolution in the COI gene is much faster than 

in the 18S rRNA and therefore there is greater sequence variability between species (Deagle et 

al., 2014). The use of the 99% similarity clustering (described above) contributed to the 

preservation of this effect (Brown et al., 2016; Scott et al., 2018). 

 

4.4.2 Biodiversity comparison between COI, 18S rRNA and morpho-taxonomy 

 

Taxonomy was assigned to OTUs using the PR2 database for 18S rRNA, and BOLD for COI. 

Additionally, all unique sequences were blasted directly against the NCBI database but using 

MEGAN’s LCA algorithm for taxonomy assignment when species hits were below 97%. This 

resulted in marked differences in the number of taxa detected. For the COI data, almost all 

OTUs remained unassigned when using the BOLD database, however this value was less than 

2% when blasted against NCBI. This was largely attributed to the high abundance of bacteria, 

protists and micro algal taxa in the samples that are not well represented in the BOLD database, 

which focuses on invertebrates and vertebrates (Borrell et al., 2017; Bucklin et al., 2011). When 

the COI data were interrogated at genus level, the number of assigned OTUs was also markedly 

different between the BOLD or NCBI database. The higher Megablast taxonomic assignment 

rates at genus and species level were reached using 97% species hits and the LCA algorithm 
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for the remaining assignments. The reason was to reach conservative results and to avoid 

similar false positive detections from both, the UCLUST and Megablast algorithms. However, 

the NCBI database contains a high number of non-curated data entries many of which come 

from environmental studies (Berry et al., 2015). BLAST searches often return these as the 

closest match and prevent the algorithm searching for reference sequences which are present 

in lower abundance but have more definitive taxonomic identity (Huson et al., 2007). 

Customized databases can largely avoid this problem as they contain exclusively curated data 

and therefore increasing taxon-specific resolution (Deagle et al., 2014; Guillou et al., 2013). 

However, the 97% similarity threshold and the LCA algorithm of lower assigned hits was 

applied to aim for the most conserved taxonomic level in case of several Blast hits of the same 

similarity threshold but different taxonomy (Huson et al., 2007). 

A similar pattern was observed for 18S rRNA data. About 8% of OTUs were unassigned using 

the PR2 database whereas this reduced to about 2% when using NCBI database. When only 

Eukaryotes and Metazoans were considered, the assignment using either database was 

comparable (Lopez-Escardo et al., 2018). When taxonomy was assigned at the genus level 

there were up to six times more uniquely assigned taxa in NCBI compared to PR2 while the 

overall genus assignments showed very little difference (7%); this again is likely related to the 

high abundance of non-curated data-entries or not further determined ‘sp.’ species in NCBI 

and the Megablast search on the highly conserved 18S region that can reveal several hits of the 

same similarity threshold. 

The morpho-taxonomic approach employed in the present study resulted in the lowest rate of 

identified taxa, a result which has been shown in many other studies (Berry et al., 2015; 

Fletcher et al., 2017; Zaiko et al., 2016). A plethora of factors likely contribute to the low 

detection rate of taxa including; an inability to detect micro-organisms, cryptic taxa, larval 

stages, and the presence of extracellular DNA which is only detected using molecular 

techniques (von Ammon et al., 2018). Morpho-taxonomy, however, is still the technique that 

results in the fewest false positive errors. Additionally, in the present study a number of taxa, 

most notably Bryozoan taxa, were detected using morphology but not metabarcoding. A search 

of the customized databases (PR2 and BOLD) used in the present study revealed that there 

were no representative sequences for most bryozoans detected by the morphological approach. 

However, NCBI has several entries for all these taxa (18S rRNA and COI regions). This 

suggests that amplification of bryozoan taxa failed possibly due to incompatible primer binding 

sites, primer affinity or degraded DNA within the bulk samples. Lejzerowicz et al. (2015) 
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targeted the same V4 18S rRNA region and also failed to identify bryozoans that were 

morphologically detected. Berry et al. (2015) identified a similar issue with the COI mini-

barcode, failing to detect most mollusk taxa. In the present study, the non-detection of some 

species using metabarcoding could also be due to the highly diverse communities found in the 

biofouling samples, as sensitivity and accuracy of metabarcoding has been shown to be 

influenced by taxon composition and abundance (Hatzenbuhler et al., 2017; Leray and 

Knowlton, 2017). Collectively, the present results and those from similar studies indicate that 

the greatest and most complete biodiversity inventories will be obtained using a combined 

metabarcoding and morphological approach, which has the additional benefit of enabling 

cross-verification of specific detections, such as rare or invasive species of interest 

(Hatzenbuhler et al., 2017). 

 

4.4.3 Identification of NIS using COI, 18S rRNA and morpho-taxonomy 

 

In addition to exploring biodiversity, this study aimed to evaluate each approach for its ability 

to identify potential NIS. Considering only the molecular approaches, the lowest NIS detection 

was obtained when taxonomic assignment was undertaken using NCBI and the LCA algorithm 

alone. To avoid the low assignment rates using LCA algorithm, we combined the taxonomical 

assignment for potential NIS retrieving direct best hits of at least 97% identity. With the 

exception of five algal genera uniquely identified using NCBI for 18S rRNA and COI, all other 

NIS were also identified when assignment was undertaken using the PR2 or BOLD databases 

(Table A5). It is usually anticipated that taxonomic resolution will be low when targeting the 

18S rRNA compared to COI (Deagle et al., 2014). However, in this study the greatest detection 

of potential non-indigenous species (n = 14) occurred when using the 18S rRNA and PR2 

database. These results should be treated with some caution due to the highly conserved nature 

of 18S that might result in assignment of an OTU to a closely related genus or species using 

less stringent algorithms such as UCLUST. However, a less stringent approach is still valid for 

flagging potential NIS. We recommend interrogating the flagged data more closely to assess 

the validity of the positive results prior to initiating further actions. For example, Asterias 

forbesi was identified only with 18S rRNA. A manual blast assigned it to the closely related 

species Asterias amurensis, the highly undesirable seastar, which is blacklisted in the World 

Register of Introduced Marine Species (WRIMS), and is not yet known to occur in New 
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Zealand. However, these uncertain observations likely represent a false positive detection. The 

sequence was only present in low abundance (8 reads in 20 samples) and when using the NCBI 

database and the LCA algorithm for the taxonomy assignment, these sequences were assigned 

taxonomically only to the family level, i.e., ‘Asteroidea’. It is most likely that this detection is 

not A. forbesi, but that of a closely related taxon whose sequence is absent from current 

databases. Even in this case, this result is valuable in the marine surveillance context as it might 

be effectively used for triggering the application of a species-specific A. amurensis diagnostic 

test (e.g. qPCR) possibly confirming the presence of this unwanted organism in these samples. 

A further example of the challenges associated with NIS detection using metabarcoding is the 

invasive marine fanworm Sabella spallanzanii, which was detected by three approaches (18S 

rRNA [PR2], COI [BOLD] and morpho-taxonomic data) but not when taxonomy was assigned 

using NCBI. When the NCBI database was used, taxonomy could not be assigned below the 

genus level i.e. ‘Sabella’. Overall, these examples highlight the on-going need for the 

development of regionally specific reference databases, and the requirement for additional 

markers that provide accurate species-specific resolution. By contrast, both molecular markers 

identified the presence of the invasive taxa Arcuatula senhousia, Ciona savignyi and Amathia 

gracilis. However, they were not identified using morpho-taxonomy. As noted above this is 

most likely because they were in their larval stage, the metabarcoding detected extracellular 

DNA, or a closely related species was present and taxonomy was incorrectly assigned (e.g., 

Ciona intestinalis). 

Rarefaction curves were used to explore how including additional approaches enhanced the 

detection of NIS. When the sequencing depth was kept similar among molecular data, the 18S 

rRNA gene resulted in the highest NIS detection, while metabarcoding of the COI and morpho-

taxonomy performed equally. In the present study, 25% of NIS taxa identified at species level 

were present in both morphological and metabarcoding datasets, a result which is similar to the 

20% shared by both methods in Lejzerowicz et al. (2015).  Eighty percent of NIS detections 

did not overlap between morphological and metabarcoding approaches, highlighting how using 

these approaches in parallel may enhance the detection of NIS. Interestingly, the number of 

NIS detected using metabarcoding did not reach diversity saturation in the winter samples. 

There is the possibility that some of the variation observed in this study between winter and 

summer datasets resulted from using different sampling techniques (swabbing versus 

scraping). It is also likely that the lower number of dominating macro-organisms in the winter 
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settlement plates favored the colonization of a more diverse microbial assemblage among 

biofouling meta-communities (von Ammon et al., 2018). 

 

4.4.4 Conclusions 

 

Bioinformatics pipelines are continually evolving and careful consideration must be given to 

the methodology applied, which should be based on the specific aims of the study. In the 

present investigation, we employed stringent clustering (99%) without denoising steps. 

Although this likely maintains some sequencing errors which may result in inflation of 

biodiversity values, and potentially the false positive detection of NIS, it increases the 

likelihood of NIS detection and the initiation of more stringent detection procedures. Further 

important considerations are the target gene and reference database used for taxonomic 

assignment. In this study, the taxonomy of the communities and levels of resolution varied 

markedly according to the gene and database used. Our results highlight the benefits of 

including at least two molecular markers when attempting to obtain a detailed overview of the 

diversity of highly complex marine biofouling communities. The results also highlight biases 

in each of the different databases and identification algorithms. Each method showed both 

strengths and weaknesses, suggesting that the most accurate results come from the use of a 

combination of methods. This allows for cross-validation and maximizes the coverage of NIS. 

While new markers are continually being developed and databases improved, caution should 

be applied when interpreting metabarcoding data due to primer bias and incomplete or 

incorrectly annotated references databases. This was evidenced in this study by the absence of 

most Bryozoa from the metabarcoding data, despite being highly abundant in morphological 

data, and the likely false detection such as the differing Asterias assignments. We therefore 

advocate for the use of metabarcoding as a screening method when aiming to detect NIS, with 

positive detections triggering the application of more targeted molecular methods or in-depth 

morphological analysis. The inclusion of data from the metabarcoding of two markers and 

morpho-taxonomy resulted in the highest number of potential NIS detections, suggesting that 

combining these methods will enhance marine biosecurity surveillance. 
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CHAPTER 5 LINKING ENVIRONMENTAL DNA AND RNA FOR 

IMPROVED DETECTION OF THE MARINE INVASIVE FANWORM 

SABELLA SPALLANZANII 

Submitted in shortened and revised form to Frontiers in Marine Science: von Ammon, U., S. 

A. Wood, O. Laroche, A. Zaiko, S. Lavery, G. J. Inglis and X. Pochon (2019). "Linking 

environmental DNA and RNA for improved detection of the marine invasive fanworm Sabella 

spallanzanii." 

 

5.1 Introduction 

 

The globalization of maritime trade has played a key role in the accelerated spread of marine 

NIS and their establishment (Seebens et al., 2013). Two of the most common vectors for marine 

NIS transport are ballast water and hull fouling, and marina and port habitats are often subjected 

to initial infestations. Due to the extreme conditions that organisms commonly experience 

during transport, successful NIS often show high tolerance levels that favor their ability to deal 

with human-induced pressure in harbor areas (Ojaveer et al., 2018). 

 

Rapidly developing molecular methods aimed at characterizing and quantifying DNA or RNA 

in environmental samples (eDNA/eRNA) are expected to contribute to the development of 

more accurate, sensitive and cost-efficient surveillance techniques for marine NIS. 

Environmental DNA is the genetic material extracted in bulk from an environmental sample 

such as soil, sediment, air or water. The eDNA in such samples originates from organisms’ 

body parts, or cells that may originate from a variety of sources including faeces, epidermal 

mucus, urine, saliva and gametes (Rees et al., 2014). Environmental DNA can be relatively 

stable, especially when bound to other organic particles (Lindahl, 1993; Strickler et al., 2015). 

As dead biomaterial or extracellular DNA may be transported into a sampling region from a 

significant distance, the detection of eDNA neither confirms the presence of living organisms, 

nor necessarily indicates that the organisms have settled in close proximity (Cristescu and 

Hebert, 2018; Macher and Leese, 2017). In contrast, eRNA is believed to deteriorate more 
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rapidly than eDNA due to the chemical composition (hydroxyl groups) of RNA which makes 

this molecule more prone to hydrolysis or degradation (Dowle et al., 2015; Guardiola et al., 

2016; Laroche et al., 2016; Laroche et al., 2017). Environmental RNA may therefore provide 

a better proxy for characterizing the living proportion of biological communities (Pochon et 

al., 2017; Sassoubre et al., 2016; Thomsen et al., 2012a). However, working with eRNA 

requires specialized storage of samples, and expensive and time-consuming workflow 

protocols, which limits its applicability to routine monitoring programs (Wood et al., 2018). 

 

A suite of different molecular techniques has been applied for analyzing eDNA/eRNA in 

marine samples which allow for either single species detection or community wide taxonomic 

characterization (Wood et al., 2013). For the latter, metabarcoding has predominantly been 

used to characterize biodiversity and exploring community shifts in response to natural or 

anthropogenic perturbations (Aylagas et al., 2018; Aylagas et al., 2014; Keeley et al., 2018; 

Langlet et al., 2013; Pawlowski et al., 2016; Stoeck et al., 2018). Metabarcoding utilizes 

universal primers that target taxonomically informative genes such as the nuclear small subunit 

ribosomal RNA (18S rRNA) or the mitochondrial Cytochrome c oxidase subunit I (COI) genes 

(Bista et al., 2018; Stat et al., 2017; Tanabe et al., 2016). In the context of surveillance for 

marine NIS, this approach holds great potential but has its own set of limitations, including 

challenges in identifying NIS at species level due to the lack of sufficiently resolved 

phylogenetic markers, incomplete reference databases, primer biases and sequencing artefacts, 

which all may result in false positive or negatives (Ammon et al., 2018; Brown et al., 2016; 

Cristescu and Hebert, 2018). In many instances, targeted methods e.g., quantitative PCR 

(qPCR), may offer a more sensitive approach for effective detection of marine NIS (Wood et 

al., 2017). However, species-specific assays need to be designed based on a priori knowledge 

of target organisms. Droplet digital PCR (ddPCR) is a novel PCR technology that represents a 

marked advancement over traditional qPCR approach. This method divides the eDNA/eRNA 

template into thousands of nanoliter droplets, each containing a single target molecule. Within 

each droplet, a PCR is conducted, and the outcome visualized via the presence or absence of a 

fluorescence signal. The number of target copies can be calculated on the positive-negative 

droplet relation, allowing direct quantification without the need for standard curves (Baker et 

al., 2018). When using ddPCR, the parallel processing of thousands of reactions enables the 

detection of very low target concentrations while minimizing PCR inhibition and removing the 

need for technical replicates, thereby reducing analysis costs and time (Doi et al., 2015; Nathan 
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et al., 2014). While these molecular tools are very promising and increasingly advocated for 

marine NIS surveillance, there is still limited knowledge of factors affecting detection 

probabilities. Specifically, there is a need for more research on the optimal sampling 

approaches, sampling matrices, on the magnitude of legacy signal and the effect of background 

(untargeted) biodiversity. Furthermore, additional information on the relationship between 

signals from eDNA and eRNA will assist in determining whether ‘eDNA-only’ samples can 

be used to accurately predict if living organisms are present, thus making novel marine 

biosecurity monitoring approaches more cost-effective. 

 

The Mediterranean fanworm Sabella spallanzanii is an infamous example of a marine NIS to 

New Zealand and Australia. It is thought to have been transported to the Southern hemisphere 

initially as biofouling on vessels from Europe, with severe consequences on native ecosystems 

(Read et al., 2011). High tolerance levels to anthropogenic stressors such as pollution and heavy 

metals, early maturity, high reproductive capacity and the ability to regrow from body parts 

contribute to its successful invasion (Lee et al., 2018). It can grow in dense aggregations, 

affecting oxygen and nutrient cycles, and therefore severely change ecosystem functions 

(Stabili et al., 2006). S. spallanzanii was first detected in Australia in 1965, where it rapidly 

spread across locations near Port Phillip Bay (Melbourne) affecting the natural environment 

through overgrowing subtidal habitats, and leading to changes in demersal fish populations 

(Currie et al., 2000). As a result, S. spallanzanii was designated an unwanted organism under 

the Biosecurity Act of New Zealand, and became the subject of targeted surveillance since 

2002 (Hewitt et al., 2004; Read et al., 2011). The species was detected in Lyttelton Harbor 

(Christchurch, South Island) in 2008, where eradication efforts were immediately initiated and 

the populations have been maintained at low densities (Fletcher, 2014; Inglis et al., 2009; Inglis 

et al., 2008). This example highlights how marine monitoring programs that allow for the 

detection of NIS prior to their widespread establishment can enable effective management 

strategies (Bax et al., 2003; Tait et al., 2018). Despite this initial success, S. spallanzanii has 

spread to other locations in New Zealand, likely due to multiple incursions and secondary 

spread via domestic pathways. Extensive populations are now established in the Auckland and 

Whangarei regions in the upper North Island, New Zealand. 
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The goal of the present study was to investigate S. spallanzanii detections in co-extracted 

eDNA and eRNA samples from water and biofilm samples and explore the effect of 

biodiversity and community composition on ddPCR detections using metabarcoding. Water 

and biofilm samples were collected from the Viaduct Harbor (Auckland, New Zealand), where 

dense S. spallanzanii populations are established along walls, pontoons and wharf piles (Jute, 

2015; Woods et al., 2018). The aims of the study were to determine: (1) if copy numbers of S. 

spallanzanii in eDNA samples (determined using ddPCR) are a good predictor of eRNA signal, 

and whether the relationship between the eDNA-eRNA signal varies between samples taken 

from water and settlement plates; and (2) how species diversity in eDNA and eRNA samples 

(determined using metabarcoding) differs between water and plate biofilm samples, and to 

what extent this may influence the detection of S. spallanzanii using ddPCR. 

 

5.2 Methods 

 

5.2.1 Field sampling 

 

Sampling took place in Auckland Viaduct Harbor, New Zealand (36.84° S, 174.76° E), 

between 19 July and 6 November 2018. Two PVC plates (15 × 15 cm) were attached in a 

vertical orientation to a rope 3 m above the seafloor at six sites spaced approximately 100 m 

apart.  

Plate sampling was undertaken every 4 weeks for 4 months times once per month (n=48). Plates 

were retrieved from the water and the biofilm material removed using sterile stainless steel 

surgical blades (Swann-Morton, Sheffield, UK) and isolated into sterile 1.5 ml tubes (Merck 

KGaA, Darmstadt, Germany) containing 1 ml LifeGuardTM Soil Preservation Solution 

(QIAGEN, CA, USA). Samples were frozen (-70°C) immediately after sampling until further 

processing. After sampling, each plate was thoroughly wiped and rinsed with seawater from 

the respective site and redeployed.  

Over the same 4 months period, water samples were collected fortnightly at the corresponding 

six locations (n=48). Seawater (in total 60 l) from three depths (one meter below surface, one 

meter above seafloor and the middle of the water column) was sampled using a 12V Seaflo 21 

Series Water Pressure Pump 3.8LPM (MarineDeals, Auckland, New Zealand), and pre-filtered 
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through a 20 µm plankton mesh. To condense all biomaterial for eDNA/eRNA extraction, local 

seawater (ca. 50 ml) was used to re-suspend the captured material on the mesh and the re-

suspended material was filtered onto nitrocellulose membrane filters (pore size 0.45 µm; Merck 

KGaA, Darmstadt, Germany). Filters were cut in half and each half stored individually in 1.5 

ml Eppendorf tubes as described for plate sampling. 

Between each sampling location, all sampling equipment was washed with 2% bleach (sodium 

hypochlorite) solution for at least 5 min and rinsed with water from the new sampling location 

to prevent cross-contamination.  

 

5.2.2   Laboratory analysis 

 

DNA/RNA extraction 

 

Biofilm from each of the 48 plate samples was centrifuged (18,000 × g, 2 min), and the 

supernatant discarded before extracting the nucleic acids from the resulting pellets. These were 

sub-sampled if the total mass exceeded 0.2 g. The filters from water sampling were transferred 

into ZR BashingBead Lysis Tubes (2.0 mm; Zymo Research, CA, USA) containing Lysis 

Buffer (1 ml) from the ZR-Duet™ DNA/RNA MiniPrep Kit Plus (Zymo Research, CA, USA). 

All samples were homogenized via bead beating for 2 min (1600 MiniG Spex SamplePrep NJ, 

USA), and centrifuged (18,000 × g, 5 min, 20°C; Eppendorf Centrifuge 5430R, Hamburg, 

Germany). Total DNA and RNA were then co-extracted from each sample using the ZR-

Duet™ DNA/RNA MiniPrep Kit Plus (Zymo Research, CA, USA), following the 

manufacturers protocol. Two extraction blanks were included as negative controls for all 

samples.  

The quantity and quality of extracted DNA were measured using a NanoPhotometer (Implen, 

Munich, Germany). Trace DNA in isolated RNA was eliminated by two sequential DNase 

(TURBO DNA-free™ Kit, Thermo Fisher Scientific, Massachusetts, USA) treatments 

following Langlet et al. (2013). Treated RNA was diluted to 10 ng/µl equimolar concentrations 

and reverse transcribed into cDNA using the SuperScript® III reverse transcriptase (Thermo 

Fisher Scientific, Massachusetts, USA). All extracted products were stored frozen (-20°C) for 

DNA and cDNA, and at -80°C for RNA backup samples until further analysis.  
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Droplet digital polymerase chain reaction 

 

Sabella spallanzanii-specific COI copy numbers were quantified using ddPCR for all 48 plates 

and water samples, including all negative controls (blanks from DNA and RNA extraction 

rounds, and the ‘no-template’ PCR negative samples) on a QX200 Droplet Digital PCR 

System™ (Bio-Rad, CA, USA). Sabella spallanzanii specific COI primers Sab3F: 5’-GCT 

CTT ATT AGG CTC TGT GTT TG-3’ and Sab3R: 5’-CCT CTA TGT CCA ACT CCT CTT 

G-3’ and Taqman probe Sab3 5’-FAM/AAA TAGT TCA TCC CGT CCC TGC CC/BkFQ-3’ 

were used as in Wood et al. (2017). Each ddPCR reaction included 450 nM of each primer and 

probe, 1 × BioRad ddPCR Supermix for probes, 3 µl DNA or 1.5 µl cDNA, and sterile water 

for a total reaction volume of 22 µl. The BioRad QX200 droplet generator partitioned each 

reaction mixture into approximately 20,000 nanodroplets by combining 20 µl of the reaction 

mixture with 70 µl of BioRad droplet oil. After processing, this resulted in a total nanodroplet 

volume of 40 µl, which was transferred to a PCR plate for amplification using the following 

cycling protocol: hold at 95°C for 10 min, 40 cycles of 94°C for 30 s, 60°C for 1 min, and a 

final enzyme deactivation step at 98°C for 10 min. Each sample of the plate was then 

individually analyzed on the QX200 instrument to establish the threshold value separating 

negative and positive droplets, and perform absolute quantification of target DNA or cDNA 

(hereafter referred to as RNA). 

The results were converted to copies per sample using the formula: number of copies per µl × 

22 (the initial volume of the PCR reaction (µl)) × 60 (the volume used to elute the DNA/RNA 

during extraction (µl)). 

 

Metabarcoding of Cytochrome c Oxidase I (COI) and bioinformatics 

Based on ddPCR results, a subset of DNA and RNA water and plate samples (n = 36) was 

selected for metabarcoding. The samples were selected to allow a balance of DNA/RNA 

detection and non-detection samples. A fragment of the COI gene (~ 300 bp) was amplified 

with the primers mlCOIintF: 5’-GGW ACW GGW TGA ACW GTW TAY CCY CC-3’ and 

jgHCO2198: 5’-TAI ACY TCI GGR TGI CCR AAR AAY CA-3’(Leray et al., 2013). 

Polymerase Chain Reaction was performed using fusion tag primers consisting of Illumina 

adapter sequences, indexes and the COI-specific primers as in Table A8. Amplifications were 

undertaken on an Eppendorf Mastercycler (Eppendorf, Hamburg, Germany) in a total volume 
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of 50 μl using 25 μl of MyFi™ Mix (Bioline, MA, USA), 2 μl of each primer, 18 µl of DNA-

free water, and 3 µl of template DNA. Thermocycling conditions were: 95 °C for 2 min, 

followed by 45 cycles of 95 °C for 20 s, 52 °C for 20 s, 72 °C for 20 s, and a final extension of 

72 °C for 10 min. Two samples containing 1 μl of ddH2O instead of DNA/cDNA were used as 

‘no-template’ negative controls.  

Purification was performed following the Agencourt® AMPure® XP protocol (Beckman 

Coulter, Brea, US), using magnetic beads, and products were quantified with the Qubit® 2.0 

Fluorometer (Invitrogen, Carlsbad, US). Purified amplicons were diluted to 3 ng µl-1 and 

pooled together. Sequencing was undertaken at the Trace and Environmental DNA (TrEnD) 

Laboratory at Curtin University (Perth, Australia); paired-end sequences (2×250) were 

generated using a 500 cycle MiSeq® V2 Reagent Kit and standard flow cell on an Illumina™ 

MiSeq and metabarcoding reads recovered by paired-end sequencing were merged using the 

Illumina MiSeq analysis software under the default settings. 

Sequences were deposited in the NCBI's Sequence Read Archive under the BioProject ID 

PRJNA 555091. 

The raw sequence files were demultiplexed with the adapters, and primers removed using fastq-

multx (Version 1.3.1). All further bioinformatics analysis was undertaken in QIIME2/2018.2 

(Caporaso et al., 2010). Sequences were quality filtered, denoised, merged and dereplicated 

into Amplicon Sequence Variants/sub-Operational Taxonomic Units (ASVs) using the Deblur 

program with default settings (Amir et al., 2017). Denovo and reference-based chimera 

detection and removal was performed using a customized database compiled from the MIDORI 

(Machida et al., 2017) and Barcode Of Life Database (BOLD) references (Ratnasingham and 

Hebert, 2007). Taxonomy was assigned using Megablast (Morgulis et al., 2008), and the 

NCBI’s nucleotide collection (nr/nt) database (Coordinators, 2017), with a maximum of 10 

best-matching sequences, e-value of 0.001 and minimum sequence coverage of 80%. Using 

hits with the lowest e-value, query sequences were assigned at species level if similarity of the 

hit was greater or equal to 97%. Otherwise, the last common ancestor among the ten best hits 

was used for assignment to higher taxonomic ranks. ASVs found in negative controls were 

proportionally discarded across all samples.  
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5.2.3  Statistical analysis 

 

The amount of ddPCR copy numbers per sampling time was visualized with boxplots and the 

relationship between ddPCR copy numbers of DNA and RNA data for the two different sample 

types (water and plate samples) were assessed using linear regressions. Regressions and 

corresponding F-statistic were performed on log(x+1) transformed data using the ‘lm’ function 

implemented in R (v 3.4.1. R Core Team, 2017). 

Receiver Operator Characteristics (ROC) analysis (Robin et al., 2011) was applied to verify 

predictive capacity of DNA signal strength for S. spallanzanii RNA detection (considered as a 

signal from living organisms). The principle of ROC analysis is to plot the relationship between 

the true positive rate (y-axis), against the false positive rate (x-axis). The true positive rate gives 

the sensitivity or probability of detection, while the false positive rate is the specificity or the 

probability of a false positive detection. The latter is calculated as 1 – specificity. The area 

under the curve (AUC) is a measure of the response to predictor, with 100% value indicating 

perfect prediction. The most sensitive and specific response (the most upper left value in the 

curve) indicates the optimal predictor threshold value. To generate a graphical plot illustrating 

diagnostic ability of the DNA signal, the AUC and the threshold values optimized for best 

prediction were computed. Droplet digital PCR DNA copy number data were used as a 

predictor and presence-absence of ddPCR RNA amplicons as a signal (binary classifier). The 

ROC analyses were run for water and plates data separately and resulting curves were 

compared undertaking the default (DeLong) test implemented in ‘pROC’ package in R (Robin 

et al., 2011). 

For metabarcoding analyses, singletons were discarded and samples were grouped into the 

water or plate datasets, from which two datasets were created: 1) ASVs found in ‘RNA-only’ 

and in the shared fraction of eDNA and eRNA samples, hereafter referred to as ‘living’, and 2) 

ASVs found in ‘DNA-only’ samples, hereafter referred to as ‘DNA-only’. Venn diagrams were 

created using Venny (Oliveros, 2007-2015) to visualize the proportion of overlapping ASVs 

within each dataset. Bar plots were created based on the relative abundance of the above 

mentioned datasets summed at the phylum level using the R package ‘phyloseq’ (McMurdie 

and Holmes, 2013). For alpha and beta-diversity analysis, metabarcoding datasets were rarefied 

to 10 000 reads per sample and alpha diversity indices (Margalef’s species richness, Shannon 

diversity and Pielou’s evenness) were calculated per sample. Significant differences between 

plate and water samples of each dataset were tested using Permutational Multivariate Analysis 
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of Variance (‘adonis’ function) test with 999 permutations based on square root transformed 

data and Bray-Curtis distance matrices of the rarefied tables in R (v 3.4.1. R Core Team, 2017). 

Principal coordinate analysis (PCO) was performed on the ‘living’ and ‘DNA-only’ datasets to 

visualize differences between plate and water samples (Primer-E Ltd v.7; Plymouth, UK; 

Clarke and Gorley (2015). Taxa summed at the phylum level and alpha diversity indices were 

overlaid as vectors on two-dimensional plots, if they showed a Pearson correlation r ≥ 0.5 with 

the datasets. The corresponding ddPCR copy numbers of S. spallanzanii were displayed as 

vectors regardless of their correlation value. 

 

Raw Illumina reads and the calculated alpha diversity parameters such as Margalef’s species 

richness, Shannon diversity and Pielou’s evenness index of each metabarcoding dataset were 

related to the corresponding ddPCR copy numbers of the ‘living’ and ‘DNA-only’ data using 

linear regressions with the ‘lm’ function and relations tested for significance implemented in 

R (v 3.4.1. R Core Team, 2017). 

 

5.3 Results 

 

5.3.1  Droplet digital Polymerase Chain Reaction 

 

DNA and RNA copy numbers varied over the study period (Figure A6). However, given the 

length time between samplings (2-4 weeks) temporal patterns were not explored further, rather 

the variability between DNA/RNA and its effect by community composition.  

Sabella spallanzanii was detected in 68% of all DNA samples (55% plate, 77% water). In 

contrast, S. spallanzanii was only detected in 35% of RNA samples (14% plate and 55% water). 

However, RNA samples showed 4 % S. spallanzanii detections with no detections in the 

corresponding DNA samples (1 sample on plates and 3 samples in water), while 44% samples 

had DNA detections but no corresponding RNA detections (20 samples on plates and 23 in 

water).  No significant relationships could be observed between S. spallanzanii DNA and RNA 

ddPCR copy numbers from settlement plate samples (R2 = 0.19, p = 0.99; Figure 5-1) but 

relationships of water samples were significant (R2 = 0.32, p < 0.001; Figure 5-1). When 

samples with no detections (zero counts) were excluded, the relationships were strong (R2 = 

0.98 and 0.95) and highly significant (p < 0.001) for both sampling matrices (Figure 5-1). 
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Figure 5-1: Linear regression (black line) between Sabella spallanzanii Cytochrome c oxidase subunit 

I (COI) copy numbers determined by droplet digital PCR in DNA and RNA samples from: A) settlement 

plates showing • = 27 DNA and RNA detections or no overall detections, ° = 20 DNA but no 

corresponding RNA detections and ◆ = 1 RNA but no corresponding DNA detections in each sample, 

and B) water samples showing • = 22 DNA and RNA detections or no overall detections, ° = 23 DNA 

but no corresponding RNA detections and ◆ = 3 RNA but no corresponding DNA detections in each 

sample.  The blue lines correspond to the linear regressions excluding samples were no S. spallanzanii 

was detected. Copy numbers were log(x-1) transformed. 

 

The ROC analysis for both plate and water datasets showed that the response of S. spallanzanii 

RNA signal to DNA copy numbers was strong, with a higher response detected for plate 

samples (AUC = 81%) compared to water samples (71.8%; Figure 5-2). However, there was 

no significant difference between the ROC values of plate and water samples (DeLong’s test, 

p = 0.428). The best sensitivity-specificity combination (optimal threshold) was reached at 404 

copies for plate samples, compared with 422 copies for water samples (Figure 5-2).  
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Figure 5-2: Receiver Operator Characteristics (ROC) with DNA copy numbers used as a predictor of 

Sabella spallanzanii RNA presence (binary classifier), for plate (A) and water (B) samples. The area 

under AUC curves represents a measure of the response to the predictor, where 100% represents a 

perfect predictor, and 50% a non-informative predictor. An estimate of an optimal threshold is 

indicated, showing the DNA copy number corresponding to the best specificity-sensitivity combination 

(specificity, sensitivity % in parentheses). 

 

5.3.2  Metabarcoding 

 

The total number of raw COI reads obtained for the 36 eDNA and 36 eRNA amplicons, were 

3,027,021 and 2,688,149, respectively. These resulted in 730,210 and 593,468 paired-end, 

quality filtered and non-chimeric sequences comprising 3671 and 1872 Amplicon Sequence 

Variants (ASVs) excluding singletons. 

The plate samples contained a higher proportion of ‘DNA-only’ ASVs (69.6%) compared to 

water samples (49.1%; Figure 5-3). 
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Figure 5-3: Venn diagrams displaying shared and unique Amplicon Sequence Variants (ASVs) between 

eRNA as ‘living’ and unique ASVs among eDNA datasets as ‘DNA-only’ for: A) plate samples, and 

B) water samples. 

 

Among plate samples, the majority of phyla present in the ‘living’ (RNA) component belonged 

to Molluska (74%) and Arthropoda (16%). These two phyla were also dominant in the ‘DNA-

only’ dataset but at a lower rate (34% and 27%, respectively; Figure 5-4). 

At phylum level, the taxonomic composition of the water samples was more diverse than the 

plate samples (see also Table S4). The majority of ‘living’ ASVs were Arthropoda (34%), 

Molluska (17%) and Porifera (17%). The ‘DNA-only’ dataset was dominated by Cnidaria 

(19%), followed by Arthropoda (17%), and Bacillariophyta (13%), and was characterized by a 

large proportion (37%) of unassigned taxa (Figure 5-4). 
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Figure 5-4: Percentage bar plots showing the relative abundance of sequence reads at the phylum level 

from ‘living’ (RNA) and ‘DNA-only’ metabarcoding data for plate and water samples. 

 

Biodiversity among ‘living’ vs. ‘DNA-only’ fractions was significantly higher in the plate 

samples, compared to the water samples (p ≤ 0.001; Table A9; Figure 5-5). 

The ‘living’ dataset displayed the strongest separation of samples along the x-axis but 73% 

variation could not be explained by the 2 dimensions of the ordination plot. (Figure 5-5A). 

Molluska were strongly correlated with the plate samples that were dispersed along the y-axis. 

Chlorophyta, Annelida, Bacillariophyta and Rotifera were most strongly correlated with the 

cluster of water samples. All alpha diversity parameters (Margalef’s species richness, Shannon 

diversity and Pielou’s evenness index) were also strongly associated with the water samples, 

indicating higher richness and diversity compared to those from the plate samples. In contrast, 

the displayed S. spallanzanii ddPCR copy number counts did not indicate a significant 
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correlation with the samples, however the S. spallanzanii ‘DNA-only’ vector was directed 

towards plate samples while the ‘living’ fraction vector of S. spallanzanii was directed towards 

the water samples (Figure 5-5). 

The ‘DNA-only’ data (Figure 5-5B) formed two separate clusters for plate and water along the 

x-axis but was markedly less variant than the ‘living’ x-axis. However, over 90% variation 

could not be explained by the two dimensions of the ordination plot. Similar to the ‘living’ 

sample fraction, the plate data were split along the y-axis into two clusters, one correlating with 

Porifera, and another strongly correlating with Molluska and S. spallanzanii ddPCR counts 

(Figure 5-5B). No phyla were strongly correlated (Pearson r>0.5) with the water samples. All 

alpha diversity vectors and Bacillariophyta were negatively correlated with water and one of 

the plate sample clusters, with the Pielou’s evenness index yielding an exactly opposite trend 

to the Molluska and S. spallanzanii vectors. 

 

 

 

Figure 5-5: Principal coordinate (PCO) plots generated from rarefied data of: A) eRNA/eDNA samples, 

and B) ‘DNA-only’ samples. Overlaid vectors show Pearson correlations (> 0.5) of phyla and/or alpha 

diversity parameters. The corresponding Sabella spallanzanni droplet digital PCR copy numbers were 

overlaid even if not significant (dark bold lines). 
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5.3.3  Correlation between metabarcoding data and droplet digital PCR detections 

 

The overall quality filtered Illumina reads as well as the calculated alpha diversity (including 

Margalef’s species richness, Shannon diversity, and Pielous evenness index) were compared 

to the corresponding ddPCR copy numbers for S. spallanzanii, to investigate the influence of 

community structure on the ability of the ddPCR assay to obtain positive detections. 

Relationships were weak and non-significant when zero ddPCR copy numbers were included, 

except for the ‘DNA-only’ data which showed significant correlations between ddPCR copy 

numbers and Shannon diversity, as well as with Pielou’s evenness (Table 5-1). When excluding 

no S. spallanzanii detections (zero ddPCR counts) from the datasets, both ‘living’ and ‘DNA-

only’ datasets showed significant negative correlations with Shannon diversity and Pielou’s 

evenness (Table 5-1, Figure A9).  

 

 

Table 5-1: Linear regressions between raw Illumina reads, alpha diversity indices of the subsampled 

metabarcoding dataset and corresponding droplet digital PCR (ddPCR) copy numbers as dependent 

variable for the ‘living’ and ‘DNA-only’ data (including and excluding no S. spallanzanii detections 

from the dataset). Corresponding regressions for the significant p-values (A-H) are displayed in Figure 

A9. Significant relations are displayed in italicized bold characters. 

 
raw Illumina 

reads 

Margalef's 

richness 

Shannon 

diversity 

Pielou's 

evenness 

ddPCR copy numbers R2 Pr(>F) R2 Pr(>F) R2 Pr(>F) R2 Pr(>F) 

‘living’ 

Including no detections 

0.002 0.701 0.012 0.365 0.016 0.3 0.003 0.68 

‘living’ 

excluding no detections 

0.008 0.584 0.047 0.168 0.26 <0.001A 0.42 <0.001B 

‘DNA-only’  

including no detections 

0.013 0.529 0.063 0.153 0.28 <0.001C 0.52 <0.001D 

‘DNA-only’  

excluding no detections 

0.017 0.504 0.110 0.081 0.49 <0.001E 0.79 <0.001F 
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5.4 Discussion 

 

Efforts to control invasive species depend on a good understanding of their distribution and life 

cycle. Therefore, efficient detection methods are critical and potential errors in the molecular 

workflow need to be identified to draw reliable conclusions. Although eDNA metabarcoding 

has shown promises for detecting marine NIS and, in particular, for characterizing community 

shifts in response to environmental or temporal gradients (Lejzerowicz et al., 2015; Pochon et 

al., 2013; Zaiko et al., 2016), recent investigations have also revealed that these molecular tools 

may still be less effective than traditional surveys using morpho-taxonomy when specific taxa 

are being targeted (Thomsen et al., 2012b; Ulibarri et al., 2017). Real time PCR is likely to be 

more sensitive for targeted detection of species, but in a recent study probabilities to detect S. 

spallanzanii in water samples reached just 66% (Wood et al., 2018). Further improvements in 

molecular technologies and sampling strategies are essential before they can be routinely used 

in monitoring surveys. 

 

5.4.1 Droplet digital PCR detections of S. spallanzanii in Auckland Viaduct Harbor 

 

The results from the present ddPCR study yielded surprisingly low detections of S. spallanzanii 

(68% of DNA samples and 35% of RNA samples), given their high density at the sampling 

sites. High species density has been shown to correlate with decreased DNA detections (Jo et 

al., 2019; Pilliod et al., 2014; Thomsen et al., 2012b). But while ddPCR technology is 

particularly sensitive, it is not entirely immune to inhibition (Goldberg et al., 2016; Racki et 

al., 2014). 

There are a suite of factors that may potentially influence detections, such as insufficient 

sampling strategies, effort or PCR issues (Goldberg et al., 2016). High intraspecific variations 

due to multiple sympatric invasions can lead to the failure of species-specific primers (Cowart 

et al., 2018). While new haplotypes might continuously arrive on transport vectors and 

contribute to intraspecific variation, genetic diversity among S. spallanzanii individuals has 

previously been found to be minimal (Ahyong et al., 2017). A target species’ morphology, life 

cycle and habitat can all impact the availability of its eDNA or eRNA for detection (Deiner et 

al., 2017; Sassoubre et al., 2016). Cell shedding from S. spallanzanii’s fragile tentacle crown, 
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and free-floating mucus and gametes released during several spawning events throughout the 

year, should both increase the amount of free-floating eDNA and eRNA (Jute, 2015; 

Lacoursiere-Roussel et al., 2016). However, rapid degradation of genetic material may limit 

the detection success (Deutschmann et al., 2018; Thomsen et al., 2012a). In a microcosm 

experiment on tadpoles, DNA concentration degraded by 22% within 3 days, with higher 

temperature and increased microbial activity accelerating this process (Strickler et al., 2015). 

The decay rate is likely enhanced in natural settings depending on additional biotic and abiotic 

parameters (Dell'Anno and Corinaldesi, 2004). These microcosm experiments dealt with 

artificially-controlled and removed organisms, whereas given the high density of S. 

spallanzanii in the sampling area of the present study, a continuous release of genetic material 

for detection was expected. The relatively low detection numbers in this study are therefore 

likely due to limitations of the sampling strategy or PCR inhibition. 

 

5.4.2 Effect of sample matrices on the sensitivity of targeted detections 

 

Most marine or freshwater studies that use eDNA for monitoring purposes currently focus on 

water as the preferred sample medium, as it provides a homogenously distributed sample 

matrix and, apart from dilution or dispersion effects from tides, rainfall or currents, DNA can 

be concentrated relatively easily through filtration (Rees et al., 2014; Smith, 2017; Thomsen et 

al., 2012b). Sampling other matrices such as sediments may reduce detection probability due 

to patchy distributions (Andersen et al., 2012). However, sampling strategies need to be 

adapted towards the target species’ life cycle and its habitat (Furlan and Gleeson, 2017; Harper 

et al., 2018; Rees et al., 2014).  S. spallanzanii has a very short free-swimming larval phase (2-

3weeks) but primarily lives attached to hard substrates, as typical of invasive hull foulers (Lee 

et al., 2018). Tait et al. (2018) therefore used settlement plates to increase NIS detections by 

conventional morpho-taxonomy methods. A further possible value of plates for molecular 

surveillance is their potential to accumulate free floating debris and thus enrich eDNA 

concentrations over time. However, in the current study DNA and RNA detections were on 

average higher in the water samples than in those collected from the adjacent settlement plates. 

This may be due to the more rapid degradation of DNA and RNA on settlement plates due to 

high microbial activity in the biofilm communities (Jo et al., 2019). For example,  Dell'Anno 

and Corinaldesi (2004) found accelerated DNA degradation rates in sediment than water 
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environments. Alternatively, a high density of organisms and contaminants may lead to 

amplification biases and interfere with specific PCR signals from some plate samples. Using a 

combination of sampling matrices to target living tissue and extracellular DNA is advisable 

especially given that varying habitats can reveal very different communities in molecular 

taxonomy studies (Hanfling et al., 2016; Hayes et al., 2005; Koziol et al., 2019; Macher and 

Leese, 2017; Port et al., 2016). This is consistent with findings by Wood et al. (2018), who 

suggested that plate and water matrices might accumulate different amounts of ‘legacy’ eDNA 

(i.e. non-viable biomaterial or extracellular DNA) and that the presence of specific organisms 

(e.g. a high diversity of mollusks with calcified shells) may affect the sensitivity of the ddPCR 

assay. 

 

5.4.3 Can eDNA detections provide indications of viability? 

 

From a managerial point of view, it can be critical to discriminate between the detection of 

“legacy” molecular signal that relates to non-viable biomaterial and signal from live organisms, 

for example when evaluating the success of an eradication program or compliance control 

(Pochon et al. 2017; Zaiko et al. 2018). An applied example is that of determining the efficiency 

of ballast water treatment for eliminating live organisms in response to the International 

Convention for the Control and Management of Ships’ Ballast Water and Sediments [BWM]) 

(Pochon et al., 2017; Zaiko et al., 2018). The signal from eDNA can derive from dead cells of 

shed body parts or floating extracellular DNA (Barnes and Turner, 2015). RNA is directly 

linked with active gene expression of metabolic pathways and deteriorates rapidly after cell 

death, potentially making it a better proxy for identifying living organisms (Darling et al., 

2017). 

Recent monitoring studies found eRNA responded more sensitively to abiotic changes, 

indicating that it may provide better measurement of living communities (Dowle et al., 2015; 

Hu et al., 2016; Laroche et al., 2017; Pawlowski et al., 2016; Pochon et al., 2015a; Visco et al., 

2015). Cellular RNA production can vary enormously (over 3 orders of magnitude), largely 

due to varying transcription rates of ribosomal RNA (Fegatella et al., 1998). The assays could 

target the protein-coding RNA by converting RNA into cDNA. However, this is a sensitive 

step requiring additional costs and processing time, making this methodological approach more 

challenging. Proving eDNA as a reliable proxy for living organisms could make the ddPCR 
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approach more cost and time efficient. Even if eDNA detects potentially non-viable organisms, 

it might be worth proving the actual presence, since a false negative could be costly in a marine 

biosecurity context (Ammon et al., 2018). Apart from the significantly faster RNA decay rates 

(Stoeck et al., 2018), RNA recovery rates for certain preservation and extraction procedures 

can yield as little as just 5% of the original concentration and should be tested individually for 

each study before drawing further environmental conclusions (Lebuhn et al., 2016). These 

factors might explain the results reported in our study, where the rate of positive DNA 

detections was roughly twice that of the co-extracted RNA detections. 

Proving eDNA as a reliable proxy for living organisms could make the ddPCR approach more 

cost and time efficient and thus more appealing for end-user uptake. The expectation that a 

stronger eDNA signal is more likely to relate to living organisms in the vicinity was supported 

by our findings in this study showing a high correlation of ddPCR copy numbers between DNA 

and RNA samples (after excluding no detections). When considering the strength of DNA 

signal (including no detections) as a predictor of non-quantitative RNA signals (ROC-curves), 

we found prediction power was between 70 and 80% for both water and plate samples. Despite 

this slight difference in predictive power of DNA signal between plates and water, for both 

media the optimal suggested threshold (at best sensitivity and specificity ratio) was around 400 

DNA copy numbers. At the current state of research where sources of eDNA and eRNA are 

not exactly identified, this may be a highly speculative use for eDNA-based surveillance. A 

tangible metric is needed to reach 100% prediction power, at which proximity of living S. 

spallanzanii populations can be inferred. 

The ability to relate DNA signal derived from water to a living S. spallanzanii population is 

expected to be in high demand by end-users, as it would allow higher detection rates at lower 

cost and effort than RNA approaches, increasing the efficiency of the surveillance programs. 

However, controlled experiments are still required to verify the thresholds and DNA/RNA 

correlations e.g. under different environmental conditions (temperature, pH, UV exposure, 

etc.). Considering the rapid advancements in molecular technologies, the use of RNA still has 

great potential once preservation and conversion methods are improved. 
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5.4.4 Using metabarcoding to investigate impact of community diversity on ddPCR detection 

signals 

 

The high variation in ddPCR detections between sampling matrices, within replicates and 

among sampling times in the present study suggests that the sampled community may affect 

the detection sensitivity. Metabarcoding was undertaken to further investigate the influence of 

these communities. As aforementioned, metabarcoding is a promising tool for passive 

surveillance but often fails to detect rare taxa due to primer biases and variable (taxa- or sample-

specific) amplification efficiency (Valentini et al., 2016). Interestingly, in the present study, S. 

spallanzanii was not detected at a species-level using the ‘universal’ COI primers. Other 

metabarcoding studies have used the same primers and did detect S. spallanzanii in complex 

environmental samples, albeit a slightly different DNA extraction protocol and bioinformatics 

pipeline was used (Ammon et al., 2018). Nevertheless, metabarcoding can reveal entire species 

assemblages and provide valuable information on their broad-scale distribution within an 

ecosystem (Harper et al., 2018). The co-extraction and high-throughput sequencing of DNA 

and RNA promises even more information by enabling the identification of ASVs from both 

living and non-living material (Laroche et al., 2017; Pochon et al., 2017). This study followed 

assumptions from the earlier studies, that ASVs identified from the ‘DNA-only’ portion likely 

originate from legacy eDNA while ASVs identified from RNA samples (including those shared 

by DNA and RNA) likely derive from nearby living organisms (Pawlowski et al., 2016).  

Higher numbers of legacy eDNA ASVs were identified on settlement plates compared to water 

samples, and these consisted mainly of calcifying taxa such as mollusks and barnacles. The 

presence of Mollusca metabarcoding sequences was strongly correlated with the ddPCR 

detection of S. spallanzanii in DNA-only samples, but negatively correlated with alpha-

diversity. Extracellular DNA may accumulate in the rough surfaces of the dominant calcifying 

organisms or otherwise be captured by these filter feeders. The metabarcoding data of the water 

samples showed higher numbers of ASVs in the ‘living’ fraction and with a more diverse 

community structure compared to the plates. There were no significant correlations between 

ddPCR RNA detections of S. spallanzanii and the diversity of the ‘living’ water fraction. 

Specifically, the subsampled positive ddPCR DNA and RNA detections of Sabella spallanzanii 

showed significant negative correlations with the Shannon diversity and Pielou’s evenness of 

the communities, independent of the sampling matrix. All quantitative measures of diversity 
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are a combination of species richness and evenness. Richness simply reflects the number of 

different species no matter how abundant they appear, while evenness emphasizes how equally 

individuals are distributed among species. Alpha-diversity metrics such as Margalef’s richness, 

Shannon diversity and Pielou’s evenness can be classified based on their sensitivity towards 

rare taxa, with Margalef’s richness being the most sensitive (Kang et al., 2016). In this study, 

the significance of the negative relationship between S. spallanzanii ddPCR detections and 

metabarcoding diversity increased for indices less affected by rare taxa, with the highest 

significance for Pielou’s evenness. More simply, there were lower ddPCR detection numbers 

when one taxon dominated the sampling matrix’s diversity. The strength of the negative 

relationship appeared to be driven by the presence of highly abundant shelled taxa such as 

mollusks. These organisms may provide rough surfaces supporting high microbial activity and 

thus increased RNA degradation (Jo et al., 2019), or alternatively lead to ddPCR inhibition due 

to the high calcium content of their shells (Racki et al., 2014). In general, greater presence of 

dominant taxa seemed to negatively influence ddPCR detections, but this hypothesis requires 

further experimental investigation. Specifically, more empirical evidence is needed on the 

inhibitive effect of specific taxa throughout the workflow of the species-specific assay 

(preservation-extraction-amplification). Including positive controls in the form of the target’s 

specific DNA among the different steps of sampling and laboratory workflow can add valuable 

information for further identifying the source of inhibition errors (Furlan and Gleeson, 2017).  

 

5.4.5 Conclusions 

 

Efforts to control invasive species depend on a detailed understanding of their distribution and 

life cycle, and thus efficient detection methods are critical. The present study revealed 

relatively low ddPCR detection levels of the targeted organism S. spallanzanii. Responsible 

factors and best workflow practices were therefore investigated for the species-specific assay. 

Sampling strategies need to be adapted towards the target species’ life cycle and its habitat, 

and S. spallanzanii is known to switch between a free floating and sessile phase. Therefore this 

study took samples from the water column and from settlement plates. Water samples provided 

on average higher DNA and RNA copy numbers than in those collected from adjacent 

settlement plates. However, a combination of different matrices is advisable to increase the 

overall detection sensitivity. Co-extracted eDNA and eRNA were compared as proxies for 
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signals from living S. spallanzanii individuals. While eRNA promises better information on 

actual living organisms, several challenges appeared during processing. The findings revealed 

a significant relationship between eDNA and eRNA ddPCR detection signals (after excluding 

samples with no detections) of S. spallanzanii. A required 100% correlation, required for 

reliable NIS surveillance applications, was not achieved. The results provide some supporting 

evidence for the successful detection of living individuals of a target species. Independent of 

sampling matrix or eDNA/eRNA detections, the ddPCR results showed significant negative 

correlations with metabarcoding diversity parameters, and revealed severe inhibition when taxa 

such as mollusks dominated settlement plates. The results obtained in this study significantly 

add to our understanding of monitoring complex ecosystems for target taxa using molecular 

technologies. A sampling design using ddPCR of eDNA from several different matrices (water 

and settlement plates) currently appears to be the most sensitive detection method for S. 

spallanzanii. 
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CHAPTER 6 GENERAL DISCUSSION 

6.1 Motivation 

 

The introduction of NIS has been recognized as a major threat to marine biodiversity, alongside 

the prominent human impacts of climate change and eutrophication (Molnar et al., 2008). 

Successful introductions can dramatically influence ecosystem functioning and displace native 

species, resulting in high socio-economic costs (Mack et al., 2000; Ruiz and Carlton, 2003b). 

Once established, NIS are extremely difficult and costly to eliminate. Therefore, their early 

detection is critical for effective management plans (Ardura, 2018; Hayes et al., 2005). 

Traditional monitoring relies on physical sampling and taxonomic expertise, which can be time 

consuming, expensive and may fail to detect eggs, larvae or cryptic organisms (Ficetola et al., 

2008). Molecular tools, such as environmental DNA metabarcoding combined with high-

throughput sequencing technology or targeted tools such as qPCR, are increasingly being used 

for environmental monitoring, and promise high specificity, sensitivity and standardizable 

results for biosecurity applications (Ficetola et al., 2008; Geller et al., 2010; Wood et al., 2013). 

As with any new technology, methodological impediments need to be addressed and resolved 

before they can be reliably applied (Bott et al., 2010). In this case, these include improvement 

and optimization of environmental DNA or RNA sampling strategies and laboratory 

processing, adequate choice of molecular markers, enhancement of reference databases for 

taxonomy assignment, and optimization of bioinformatics and statistical processing of data 

(Cowart et al., 2015; Ficetola et al., 2015). The overarching aim of this thesis was to optimize 

the molecular workflow to increase the reliability of monitoring results (Figure 6-2) and 

contribute to the improvement of biosecurity surveillance. 
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6.2 Synthesis 

 

 

 

Figure 6-1: Synthesis of the technical chapters 3, 4 and 5 and their main findings. 

 

Vessel hulls and underwater infrastructure provide suitable niches for NIS to settle and 

proliferate and can be severely impacted by marine biofouling. There is limited knowledge on 

which abiotic conditions of artificial structures most influence bacterial and eukaryotic 

community composition. The first technical chapter (Chapter 3) of this thesis assessed the 

applicability of using 16S rRNA and 18S rRNA metabarcoding to describe complex micro- 

and macro fouling communities. The aims of this chapter were to investigate which of the 

tested artificial conditions would lead to most sensitive micro- and macro-community shifts. 

Settlement plates with differing surface texture, orientation and copper-based anti-fouling 

coatings were deployed in a marina. This experimental design shall specifically attract 

organisms that survived the same conditions during the transport as ship biofouling. After three 

months, biofouling samples were collected and bacterial and eukaryotic communities 

characterized using DNA metabarcoding. Bacterial and eukaryotic responsiveness was 

compared and key taxa were assessed to understand their influence on community structures. 

Additionally, specific interactions within and between complex bacterial and eukaryotic 

biofouling communities were explored. The copper anti-fouling coating treatments incurred 
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the most significant compositional changes (p ≤ 0.001) within both domains. Bacterial diversity 

decreased, with Gammaproteobacteria becoming the dominant phylum. In contrast, protist 

diversity increased as well as the relative abundance of opportunist nematodes and bryozoans, 

while urochordates and mollusks became less common. Community networks were analyzed 

and compared in a number of ways: by total node counts, positive and negative interactions, 

and normalized parameters such as clustering coefficient (strongest connectivity), network 

density and heterogeneity. The analyses revealed more complex relationships on untreated 

plates, but more simple, disturbed and unstable community composition on the anti-fouling 

coated plates. The community networks on the copper treated plates displayed opportunist taxa 

that appeared to be key organisms in structuring the bacterial and eukaryotic communities. 

Overall, metabarcoding of the 16S and 18S rRNA genes revealed shifts in community structure 

between different artificial surfaces, which helps to understand and predict the human impact 

on marine ecosystems. Additionally, community studies like this deliver species inventories, 

which are critical for assessment and monitoring of established populations. As such, the 

information about key taxa driving the community structures can help improve ecosystem-

based marine management by better comprehending the complex interactions of natural and 

human pressures that drive invasions in marine ecosystems. 

Cryptic organisms or those in their early life stages can be difficult to identify by morphology. 

Metabarcoding may improve their detection. In Chapter 4, NIS monitoring through 

conventional morphological taxonomy was compared to metabarcoding (18S rRNA and COI 

genes) analyses undertaken by sensitive bioinformatics pipelines. The aims were to determine 

differences in the overall biodiversity and specifically in the NIS detection efficiency between 

the morphological and the molecular approaches. The samples were taken from 60 passive 

settlement plates, designed to specifically attract NIS arriving as hull biofouling. The PVC 

plates were deployed over summer and winter in a New Zealand marina. Different NIS 

detections between the molecular markers 18S rRNA and COI were also identified to increase 

the applicability of molecular tools in marine biosecurity. The additional molecular marker 

(COI) was used to avoid marker biases in the amplification and analysis of complex biofouling 

communities. The ability of morpho-taxonomy and metabarcoding using three reference 

databases (PR2, BOLD and NCBI), to characterize biodiversity and detect NIS in biofouling 

was tested. The highest resolution and number of metazoan taxa was achieved using 18S rRNA 

sequences assigned to the PR2 database. Higher assignment rates were obtained using 

MegaBlast and the NCBI reference database, but they had lower assignment confidence, which 
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led to poorer taxonomic resolution. Using all data sources and taxonomic assignment methods, 

48 potential NIS were identified. Metabarcoding detected the largest proportion of those: 77% 

of taxa were detected using 18S rRNA sequences assigned to PR2 and NCBI databases, while 

35% of taxa were detected using COI sequences assigned to BOLD and NCBI databases. 

Fourteen percent of NIS taxa were detected only by using morpho-taxonomy and comprised 

mainly of bryozoan taxa. How to optimize a workflow to avoid these obvious false negative 

detections resulting from the molecular approaches, will be discussed hereafter (see also Figure 

6.2 and 6.3). These results highlight several on-going challenges, including: effects of 

differential marker resolution, primer biases, incomplete sequence reference databases, and 

variations in bioinformatics pipelines. Given these results, it appears that combining morpho-

taxonomy and molecular analysis methods will likely enhance the detection of NIS from 

complex biofouling communities, at least until molecular methods improve further in their 

detection of certain taxonomic groups such as bryozoan. 

The results from Chapter 4 highlighted some of the potential problems of metabarcoding 

analyses for the detection of NIS. In particular, false negatives highlighted that some taxa (such 

as bryozoans) are not easily detected at present with common universal primers used in this 

thesis, while false positives (e.g. Asterias amurensis) highlight potential errors along the 

workflow. The work in Chapter 5 addressed these problems by examining the utility of an 

alternative molecular method of species detection. A species-specific diagnostic assay using 

droplet digital PCR (ddPCR) was used to monitor the highly abundant NIS Sabella spallanzanii 

in Auckland Viaduct Harbour. Detection levels were compared between co-extracted eDNA 

and eRNA samples from two sampling matrices, settlement plates and filtered water. The aims 

were to determine eDNA or eRNA as reliable proxies for a living targeted organism, in this 

study S. spallanzanii. Two sampling matrices according to the target’s life cycle were 

compared to examine whether water or settlement plates yield more sensitive detection signals. 

The effect of the environmental community composition on the specific detection of S. 

spallanzanii was also investigated using specific ddPCR detections and the universal COI 

primer metabarcoding approach. This was to test correlations between the different detection 

levels of the ddPCR eDNA and eRNA assays with each other and with the metabarcoding 

community measurements. Droplet digital PCR detected Sabella spallanzanii in 67% of all 

samples. Detection of S. spallanzanii in the eDNA was approximately double that of eRNA. 

After excluding zero count samples, there was high correlation in the number of sequence 

copies between eDNA and eRNA. When eDNA signals were considered as a non-quantitative 
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predictor of RNA signals, there was a high specificity (probability of true detections in form 

of a low false positive rate) of over 80%, but lower sensitivity (probability of true positives) of 

66 – 77%. Detection rates were highest from water samples. However, settlement plate samples 

appeared to display a greater accumulation of putative “legacy” DNA such as free-floating and 

extracellular debris. The comparison of signal from eRNA and eDNA samples provides 

valuable information about living and extracellular DNA of the target organism. The 

metabarcoding community data yielded significantly negative correlations between taxon 

diversity and rates of ddPCR detection. This finding indicates significant inhibition of the 

detection signal in diverse communities and might explain the relatively low detection rate of 

67% in waters known to have a large population of S. spallanzanii. Based on these results, the 

most appropriate sampling design for marine biosecurity surveillance (minimizing false 

negatives) and in terms of highest detection sensitivity, it appears to be one using a diversity 

of sampling matrices (water and settlement plates) and relying on eDNA rather than eRNA. 

However, sampling multiple matrices also increases costs and it might eventually be more cost 

efficient to simply take a greater number of samples and choose just one sampling design. 

Based on the conclusions from chapter 3, 4 and 5, Figure 6-2 summarizes the working steps 

that need to be considered when molecular methods are used for NIS monitoring. The first 

decision relates to the primary monitoring aim: Is the requirement to detect all potential NIS or 

simply to detect one (or a few) target taxa? When broad screening of all potential NIS is 

required, a metabarcoding approach is most appropriate. When just one NIS is the target of 

interest, a species-specific assay (such as ddPCR) is more efficient. However, the assay needs 

to be developed and verified first. In the long term, it is clear that a combination of both 

approaches is required; targeted approaches are more cost-efficient, allowing higher sensitivity 

and quantitative information, but they are limited to detecting only the NIS they target. 

The specific requirement of a targeted approach is that a geographically specific list of NIS 

needs to be assembled. Within chapter 4, such a list has been generated by consulting the 

Marine Invasive Taxonomic Service (MITS) in Wellington, New Zealand, the New Zealand 

Organisms Register (NZOR, 2011) and the Marine Biosecurity Porthole (Seaward et al., 2015). 

For countries with less specific information, international databases on marine invasive species 

such as AquaNIS, WRiMS and WoRMS can be used to collect the information needed. 

The next step in the workflow should be the decision about the appropriate sampling matrix 

(e.g. water, sediment, biofilm or biofouling), based on the targeted taxa and their individual 

life cycles. Recent studies underlined the importance of multiple substrate sampling to increase 
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sampling biodiversity and therefore the number of invasive species detections if the purpose is 

broad screening (Koziol et al., 2019; Stat et al., 2019). 

The choice of markers is also crucial. Using multiple markers is advisable, and the best 

combination depends on the range of taxa of most interest: 18S rRNA for maximum taxonomic 

coverage, particularly among microorganisms, COI for species-level resolution of the 

metazoan community (Borrell et al., 2017), 16S rRNA to identify specific fish and crustacean 

groups (Klymus et al., 2017; Koziol et al., 2019) or bacterial communities (Wang and Qian, 

2009), nuclear ribosomal ITS for fungi (Schoch et al., 2012) or matK and rbcL for plants and 

algae (Scriver et al., 2015) or in a future approach whole genome sequencing. Although still 

under investigation, using eRNA in combination with eDNA will derive additional information 

on the presence of living organisms for e.g. screening purposes in eradication programs 

(Pochon et al., 2017). However, working with eRNA alone is currently not recommended due 

to a significant loss of sensitivity through its rapid degradation and low recovery rates for 

certain preservation and extraction procedures (Lebuhn et al., 2016). 

After sampling design and laboratory methods are determined, sensitive, reliable and 

appropriate bioinformatics pipelines are required. These need to be continuously explored and 

improved to result in better algorithms that provide, for example, better confidence in the 

identification of low-copy sequence reads, and therefore true NIS detections (Deiner et al., 

2017). A common approach is to combine a taxonomic assignment algorithm such as the 

DADA2 implemented rdp-classifier, providing bootstrap values for each taxonomic level 

(Wang et al., 2007), with a broad Megablast search (Morgulis et al., 2008) against NCBI’s 

nucleotide collection database (Gerikas Ribeiro et al., 2018). The combination of two 

taxonomic assignment strategies cross-validates results, as reference databases are still 

incomplete and prone to erroneous entries (Cristescu, 2014). Projects such as PR2 (Guillou et 

al., 2013) and UniEuk (https://unieuk.org) work on more inclusive and expert-driven 

taxonomic frameworks for reference sequences, but these depend greatly on the expertise of 

classical morpho-taxonomists. 

Based on my results, this thesis justifies the recommendation to first use broad screening 

through metabarcoding, which is a cost-efficient method for early detection of a wide range of 

potential NIS. In combination with parallel morpho-taxonomic sampling, and also by 

evaluating the sequence read abundance of the metabarcoding data, false positives and 

negatives can be better evaluated. For example, for a singleton that was not detected by 

morphology, the probability for a false positive error may be high (Scott et al., 2018). However, 

https://unieuk.org/
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if an NIS is expected in an environment through early monitoring data from, for example, 

morphological assessments, and was also found through the metabarcoding approach, even 

with low sequence read counts, it is more likely to be a true positive. In this case, further 

monitoring can then rely on molecular data only. In cases where critical NIS are detected, these 

can be followed up by species-specific diagnostic tests. Due to the potential for low sensitivity 

of molecular techniques in NIS detection under certain conditions, I recommend using a 

combined approach with traditional morpho-taxonomy until further improvements are made. 

 

 

 

Figure 6-2: Summary of the working steps and methodological decisions to be considered in NIS 

monitoring using molecular methods. NIS = non-indigenous species, Illumina MiSeq = Next 

Generation Sequencer, 18S rRNA = small subunit 18S of ribosomal RNA, COI = Cytochrome c oxidase 

I, NCBI = National Center for Biotechnology Information’ reference sequence database, PR2 = The 

Protist Ribosomal Reference Database, BOLD = The Barcode of Life Database. 
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6.3  Future considerations and conclusions 

 

The overall goal of applying molecular tools for NIS detection is to provide timely and reliable 

baseline information for appropriate management decisions. Metabarcoding data of 

environmental samples can provide scientific guidance and support for managers and 

stakeholders, including lists of NIS detections, the relative magnitude of the signal, 

environmental community shifts that were provoked through e.g. anthropogenic pressure or 

related to a potential successful management response (EU-COM, 2008; Zaiko et al., 2018). 

While HTS technologies are applicable for pre-border or general screening, the focus in this 

thesis was to improve the post-border surveillance strategies. The first part of the project was 

implemented under NIWA Coasts and Oceans Research Programme 6, Marine Biosecurity and 

funded by MPI (Tait et al., 2016). Post-border surveillance strategies aim to detect species early 

in an incursion so that they can either be eradicated  or at least prevent high abundant NIS from 

secondary spread and expansion (Tait et al., 2018). Another important point is that, with 

conventional sampling, detection of an adult provides a geolocation for the population that is 

to be managed. When eDNA is used, a detection signifies that the species may be present, but 

the location of individuals for management has still not been determined. It is often emphasized 

in recent literature that metabarcoding is rather a tool for broad initial screening of 

environments from which NIS detections with low read abundance would need to be further 

investigated (Cristescu and Hebert, 2018). However, there needs to be differentiation between 

targeted searching for an organism that can be confidently confirmed as present in the 

environmental sample, and identification among a broad list of species. In the latter 

metabarcoding approach, there is likely a greater chance of false positive detections due to PCR 

and sequencing artefacts and low phylogenetic resolution, which can all lead to erroneous 

taxonomic assignments. When cross-contamination occurs during the sampling or laboratory 

workflow, targeted (e.g. ddPCR) detections are not necessarily 100% accurate. However, this 

can be remediated by including blank samples and negative controls. 

In chapter 4 of this thesis, a rare metabarcoding species identification provided an example of 

how to deal with such data in real-life management applications.  The species that triggered a 

series of actions was the flat oyster parasite Bonamia ostreae, which is a major pathogen that 

can disrupt entire aquaculture stocks (Lane et al., 2016). In has been in New Zealand since 

2015 in the Marlborough Sounds and Nelson and in May 2017, this parasite was found at a fish 

farm site in Stewart Island, in the south of New Zealand, during regular investigations from the 
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Ministry for Primary Industries. The consequence was the initiation of a response plan ordering 

the destruction of all regional oyster stocks, resulting in massive financial losses for oyster 

producers. As such, Bonamia ostreae presence is a highly sensitive topic in New Zealand, and 

of high public awareness (MPI, 2017). 

A year later, as part of the metabarcoding community investigation (Chapter 4), a list of 

relevant NIS for New Zealand was assembled, and the metabarcoding data were analyzed using 

specific bioinformatics pipelines for presence/absence detection of these species. One of the 

challenges here is to generate reference sequences from native taxa that might be genetically 

closely related to the NIS target barcodes. This problematic is illustrated in the following 

example; Bonamia ostreae was among the species identified in one sample, and a pre-review 

process by MPI members immediately triggered a re-investigation of the data. The 

identification belonged to a single 18S rRNA V1-V4 sequence from one sample. When 

manually inspected using BLAST to the NCBI sequence reference database, a match of 100% 

was made to another parasite of concern, Bonamia perspora which is not regarded as a 

significant risk to the shellfish industry as B. ostreae. However, if B. perspora would have been 

confirmed, it would be a new species to New Zealand. The National Institute of Water and 

Atmospheric Research (NIWA) had recently developed a species-specific ddPCR diagnostic 

test for Bonamia species, including two species of concern (B. ostreae and B. exitiosa). When 

analyzed using this diagnostic test, the same sample did not produce a positive detection signal. 

After these results, the MPI decided to accept the metabarcoding singleton sequence read 

identification as a false positive for Bonamia ostreae, and no further action was required apart 

from recording it as potential Bonamia sp.. This example, even though finally confirmed as 

negative, showcased a valuable response plan across institutions (between the Cawthron 

Institute, NIWA and MPI) to a molecular NIS identification. The follow-up of a positive 

detection can lead to early eradication strategies. For this species, a false negative can be 

significantly costlier than a false positive and prevent an outbreak of another B. ostreae 

infection of oyster. Figure 6-3 summarizes an ideal response plan for future molecular NIS 

detections. Briefly, the potential molecular workflow would start with the metabarcoding data 

that were filtered for potential NIS. If these were detected and are of high risk, other monitoring 

data from the same or previous sampling and morpho-taxonomic sceening can be compared to 

confirm the presence of the NIS. Importantly, if the molecular detected NIS are new in the 

surveyed environment, the raw sequence data need to be analyzed for its base pair quality, a 

100% taxonomic assignment rate as well as the sequence abundance among samples. If any of 
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these conditions applies, a species-specific diagnostic test using specific primers and ddPCR 

should be performed on the same environmental samples. If species-specific diagnostic tests 

are not available, too time intensive, costly and complicated to develop, more intense field 

sampling and replicated analyses would be required. In case any of these re-assessments come 

up as positive, final decision making about a response plan would then need to be developed 

by managers and stakeholders. 

 

 

 

Figure 6-3: Potential response plan for managers and stakeholders for molecular NIS detections. In case 

of ‘No’ as an answer to the proposed questions, the undertaking of the next step should still be critically 

considered, especially if the text boxes are mainly in the green field.  

 

 

Although eDNA metabarcoding is a powerful tool for biodiversity assessment and is gaining 

momentum in environmental monitoring (Cristescu and Hebert, 2018; Zaiko et al., 2018), the 

Bonamia example above highlights the previously mentioned caveats of current metabarcoding 

surveys. These limitations were already discussed in detail in the introduction section of this 
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thesis. Here, the focus is on the potential short and long-term solutions (Table 6-1). The 

interpretation of the results from molecular NIS surveys requires honest assessment of its 

current limitations, delineating existing challenges, and highlighting avenues for future 

research and improvement (Briand et al., 2018). At present, more calibration and validation are 

required to improve field and laboratory protocols, and post-laboratory steps influencing eDNA 

detection (Cristescu and Hebert, 2018). Improvements in molecular surveillance methods may 

include the strategies, outlines below. 

 

Reliable taxonomic identification of voucher specimens is the basis for any reference sequence 

database. For biosecurity purposes, the comprehensiveness of databases can be accelerated by 

focusing on NIS lists and collaborating internationally to acquire voucher specimens and 

deriving appropriate DNA sequences from these. In New Zealand for example, the Marine 

Invasive Taxonomic Service (MITS) at NIWA, provides an extensive collection of 

taxonomically identified marine NIS, including their close relatives. Tissue from these voucher 

NIS are currently being processed and sequenced for the most popular marker regions 18S 

rRNA and COI. Undertaking this effort in different countries and across laboratories will lead 

to the rapid assembly of a specialized NIS database. These data should be collected and 

published in either new or preferably existing databases. 

Targeting multiple markers is essential to increase the universal monitoring success. Granted 

technological improvements, it may be possible in the near future to sequence all whole 

genomes in a sample, overcoming the non-universal marker problem. Further improvements 

could be reached using PCR-free methods such as shotgun sequencing (Wang et al., 2012), 

mitochondrial enrichment (Zhou et al., 2013) and gene enrichment (Dowle et al., 2016). These 

methods could eliminate PCR-inherent biases that result in the preferential amplification of 

certain DNA templates leading to the over-representation of some taxa while potentially 

missing others. On the other hand, there is no clear evidence that e.g. shotgun sequencing can 

work on any kind of substrate. Seawater for example potentially holds very low concentrations 

of metazoan NIS in contrast to billions of bacterial genomes ‘diluting’ sequencing sensitivity 

for certain rare taxonomic groups. 

Understanding the sources of bias during sampling effort and processing, and increasing 

extraction efficiency and the sensitivity of analytical methods are critical to accurately address 

optimization steps (Furlan and Gleeson, 2017). General advancements of analytical tools will 
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certainly influence the sensitivity and specificity of molecular tools. These include better 

preservation buffers, higher DNA/RNA recovery rate through improved extraction kits or Taq 

polymerases, and improved bioinformatics tools that are more reliable in identifying 

sequencing artefacts. The bioinformatics and NIS screening steps could then be automated to 

become a rapid sequence screening tool. The raw metabarcoding data would simply be 

uploaded into an e.g. R or Python script and the final result would be a list of identified NIS. 

 

Table 6-1: Molecular benefits, limitations and their potential solutions for biosecurity applications. 

Extension of Table 2-3 in the Introduction. 

Benefits Limitations Solutions 

Less reliance on 

taxonomic expertise 

Incomplete reference 

databases 

NIS focused DNA sequencing of 

additional reference species 

Identification of juvenile 

and cryptic stages 

No universal markers 

among all taxa 

Multiple marker approaches and 

whole genomes 

Broad surveillance of NIS Lack of standardized 

protocols  

International collaborations and 

coordinated working groups 

Potential for 

standardization 

Potential PCR and 

sequencing errors 

Technological and bioinformatics 

improvements and standards 

Potential lower rate of 

false negative signal 

Higher risk for false 

positive signal 

Automatic sequence screening tools 

combined with species-specific 

assays 

Massive increase in 

sample throughputs 

Detection of legacy 

DNA 

Analyses for both eDNA and eRNA  

Specific NIS quantitative 

information 

Specific 

primers/protocols 

development 

International collaborations and 

coordinated working groups 

 

 

International collaborations are often cited as a means to overcome many of the current 

limitations, and to encourage the uptake of these techniques for management purposes (Zaiko 

et al., 2018). To be effective, biomonitoring needs to deliver comparable results across research 

groups and over time (Eckert et al., 2018). Therefore, the Quadrilateral Scientific Collaboration 

in Marine Biosecurity initiated in 2016 – a New Zealand government funded strategic 

partnership between New Zealand, Australia, Canada and the USA – aims for enduring 

scientific cooperation and information exchange to enhance marine biosecurity globally, with 
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a strong focus on molecular techniques. Within this collaboration, a cross-laboratory 

experiment was recently conducted focusing strongly on the consistency and robustness of an 

analytical pipeline for use in routine surveillance, and the consolidation of a NIS reference 

sequence databases was discussed and initiated. The future results from this cross-country 

partnership offer high potential towards a standardized and applicable pipeline for molecular 

tools in biosecurity. 

This thesis has contributed significantly towards the development of a molecular surveillance 

strategy, and demonstrated how molecular detections can be evaluated by end-users. In 

particular, my work has shown that metabarcoding is a useful tool to describe micro- and macro 

community changes induced through artificial conditions and to screen the data for key species, 

in this case NIS. This enables critical insights into NIS settlement and spreading behavior that 

can be further understood using targeted molecular tools. A comprehensive marine biosecurity 

program should integrate complementary scientific approaches including traditional surveys, 

modelling, risk assessment frameworks, and molecular techniques. Effective collaboration and 

communication between experts working in different fields of marine biosecurity will be 

essential to successfully protect native marine biodiversity, marine ecosystems and associated 

environmental, economic, social, and cultural values (NZ heritage document 2018). 
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APPENDICES 
 

 

Figure A1: Rarefaction curves on observed Operational Taxonomic Unit (OTU) merged among 

replicates for bacteria (16S rRNA gene) analyzed using high-throughput sequencing. Each factor per 

replicate is given in legend. 

 

 

Figure A2: Rarefaction curves on observed Operational Taxonomic Units (OTUs) merged among 

replicates for eukaryotes (18S rRNA gene) analyzed using high-throughput sequencing. Each factor per 

replicate is given in legend. 
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Figure A3: Relative abundances for Bacteria at genus level. 
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Figure A4: Relative abundances for Eukaryotes at genus level. 
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Figure A5: Boxplots displaying ddPCR copy numbers for water and plate and RNA (left) and DNA 

(right) samples. 

 

 

 

Figure A6: Boxplots displaying DNA or RNA ddPCR copy numbers for plate and water samples for 

the different sampling times. Same colours were chosen according to same sampling dates. 
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Figure A7: Venn diagrams displaying shared and unshared Amplicon Sequence Variants (ASVs) among 

DNA and RNA datasets for A) Plate samples and B) Water samples. Singletons were discarded from 

the datasets. This Figure includes Singletons. 

 

 

Figure A8: Rarefaction curves on the Illumina raw read output per sample. 
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Figure A9: Regression curves, showing significant correlations between metabarcoding alpha diversity 

parameters and ddPCR counts. A) Living (DNA and RNA) metabarcoding data excluding no detections 

for Shannon diversity, B) and Pielou’s evenness index. C) DNA-only metabarcoding data including no 

detections for Shannon diversity, D) and Pielou’s evenness index. E) DNA only metabarcoding data 

including no detections for Shannon diversity, F) and Pielou’s evenness index. 
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Table A1. Read counts along bioinformatics downstream analyses. OTU = Operational taxonomic unit; 

Swarm = Swarm: robust and fast clustering method for amplicon-based studies. 

 

Bioinformatics pipeline Bacteria Eukaryotes 

Raw sequences 3,171,663 3,531,165 

No. of Swarm derived OTUs 

137,781  

(largest 45880; max. generations 

17) 

47,561  

(largest 56,973; max. generations 

11) 

Singletons 122,776 (89%) 20,691 (43.5%) 

Chimeras 
35,320 chimeras (25.6%),  

101,723 (73,8%) non-chimeras 

13,975 chimeras (29.4%), 

32,604 (68,6%) non-chimeras 

Matching query sequences 2,408,315 of 2,442,190 (98.61%) 2,246,281 of 2,269,297 (98.99%) 

Filtered sequences 
2,442,190 seqs,  

min 227, max 448, avg 415 

2,269,297 seqs,  

min 206, max 453, avg 422 

Unique sequences 

745,550 unique sequences, avg 

reads per sequence 3.3, median 1, 

max 217,534 

543,464 unique sequences, avg 

read per sequence 4.2, median 1, 

max 124,219 

No. of OTUs after 

subsampling and removal 

under 6 reads 

6,927 (to 11,191 reads) 2,653 (to 11,572 reads) 

.  

 

Table A2. Bacterial alpha-diversity for observed Operational Taxonomic Units (OTUs), Shannon 

diversity and Simpson’s evenness for the factors copper treatment, surface texture and orientation. 

 

Bacteria 

Alpha-diversity Surface texture Orientation Anti-fouling coating 

Species richness [S] 

Group 1 S Group 1 H Group 1 A1 C A1 

Group 2 R Group 2 V Group 2 A2 A2 C 

Group 1 mean 844.66 Group 1 mean 777.61 Group 1 mean 706.08 1442.96 706.08 

Group 1 std 456.24 Group 1 std 407.88 Group 1 std 159.42 255.72 159.42 

Group 2 mean 890.51 Group 2 mean 967.49 Group 2 mean 484.48 484.48 1442.96 

Group 2 std 444.51 Group 2 std 475.43 Group 2 std 162.77 162.77 255.72 

Shannon index [H’] 

Group 1 S Group 1 H Group 1 A1 C A1 

Group 2 R Group 2 V Group 2 A2 A2 C 

Group 1 mean 6.16 Group 1 mean 6 Group 1 mean 5.96 8.58 5.96 

Group 1 std 1.68 Group 1 std 1.75 Group 1 std 0.43 0.42 0.43 

Group 2 mean 6.47 Group 2 mean 6.67 Group 2 mean 4.53 4.53 8.58 
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Group 2 std 1.79 Group 2 std 1.65 Group 2 std 0.64 0.64 0.42 

Simpson evenness [J] 

Group 1 S Group 1 H Group 1 A1 C A1 

Group 2 R Group 2 V Group 2 A2 A2 C 

Group 1 mean 0.04 Group 1 mean 0.04 Group 1 mean 0.03 0.09 0.03 

Group 1 std 0.03 Group 1 std 0.03 Group 1 std 0.01 0.03 0.01 

Group 2 mean 0.05 Group 2 mean 0.05 Group 2 mean 0.01 0.01 0.09 

Group 2 std 0.04 Group 2 std 0.04 Group 2 std 0 0 0.03 

 

 

Table A3.  Eukaryotic alpha-diversity for observed Operational Taxonomic Units (OTUs), Shannon 

diversity and Simpson’s evenness for the factors copper treatment, surface texture and orientation. 

 

Eukaryotes 

Alpha-diversity Surface texture  Orientation Anti-fouling coating 

Species richness 

[S] 

Group 1 S Group 1 H Group 1 A1 C A1 

Group 2 R Group 2 V Group 2 A2 A2 C 

Group 1 

mean 
304.12 

Group 1 

mean 
273.33 

Group 1 

mean 
282.71 285.7 282.71 

Group 1 std 56.69 Group 1 std 48.45 Group 1 std 68.15 52.06 68.15 

Group 2 

mean 
272.69 

Group 2 

mean 
303.45 

Group 2 

mean 
295.77 295.77 285.7 

Group 2 std 65.16 Group 2 std 72.29 Group 2 std 66.63 66.63 52.06 

Shannon index 

[H’] 

Group 1 S Group 1 H Group 1 A1 C A1 

Group 2 R Group 2 V Group 2 A2 A2 C 

Group 1 

mean 
3.91 

Group 1 

mean 
3.51 

Group 1 

mean 
3.91 3.04 3.91 

Group 1 std 0.89 Group 1 std 0.94 Group 1 std 1.15 0.75 1.15 

Group 2 

mean 
3.37 

Group 2 

mean 
3.76 

Group 2 

mean 
3.91 3.91 3.04 

Group 2 std 1.03 Group 2 std 1.04 Group 2 std 0.77 0.77 0.75 

Simpson evenness 

[J] 

Group 1 S Group 1 H Group 1 A1 C A1 

Group 2 R Group 2 V Group 2 A2 A2 C 

Group 1 

mean 
0.02 

Group 1 

mean 
0.02 

Group 1 

mean 
0.03 0.01 0.03 

Group 1 std 0.02 Group 1 std 0.01 Group 1 std 0.02 0.01 0.02 

Group 2 

mean 
0.02 

Group 2 

mean 
0.02 

Group 2 

mean 
0.02 0.02 0.01 

Group 2 std 0.02 Group 2 std 0.02 Group 2 std 0.02 0.02 0.01 
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Table A4. Permutational multivariate analysis (PERMANOVA) among ‘surface texture’, ‘orientation’ 

and ‘anti-fouling coating’ and crossed factors for the bacterial and eukaryotic datasets. Significant P-

values (p ≤ 0.01) are in bold. S = Surface texture, O = Orientation and A = Anti-fouling coating; df = 

degrees of freedom, SS = sum of squares, MS = mean square, Pseudo-F =  the ratio of between SS 

variance to within SS variance, P = p-value, perm = permutations.  

Bacteria       

Factor df SS MS Pseudo-F P(perm) 
Unique 

perms 

S 1 1055.5 1055.5 0.80955 0.861 997 

O 1 3242.9 3242.9 2.4872 0.001 996 

A 2 69920 34960 26.813 0.001 997 

O × A 2 4845.5 2422.7 1.8582 0.001 998 

O × S 1 1194.8 1194.8 0.91633 0.632 998 

A × S 2 2395.4 1197.7 0.91858 0.673 998 

O × A × S 2 2481.7 1240.9 0.95169 0.577 997 

Eukaryotes 
     

S 1 2530.8 2530.8 1.2542 0.147 998 

O 1 2762.8 2762.8 1.3692 0.084 999 

A 2 33295 16647 8.2501 0.001 999 

O × A 2 9708.8 4854.4 2.4057 0.001 997 

O × S 1 1711.6 1711.6 0.84823 0.754 998 

A × S 2 3852.3 1926.1 0.95455 0.596 997 

O × A × S 2 3762.2 1881.1 0.93222 0.629 997 
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Table A5: List of New Zealand non-indigenous taxa identified in this study. Non-indigenous status 

defined by reference to the New Zealand Organisms Register (NZOR, 2011) and Marine Biosecurity 

Porthole(Seaward et al., 2015). NIS detections are shown at genus and species levels for each approach: 

morpho-taxonomy, 18S ribosomal rRNA (18S rRNA) assigned against the Protist Ribosomal Reference 

database (PR2) and the National Centre for Biotechnology Information (NCBI), and Cytochrome c 

oxidase Subunit I (COI) assigned against the Barcode of Life Database (BOLD) and NCBI. 

 

  

genus   species 

18S rRNA COI morph 
 

18S rRNA COI morph 

PR2 NCBI BOLD NCBI   PR2 NCBI BOLD NCBI   

Alexandrium* x x    
  

Alexandrium minutum* x         

Amathia x x  x x   x Amathia verticillata    x x  x x 

      Amathia gracilis x  x   

      Amathia imbricata x     

Antithamnionella** x  x                   

Amphilectus         x Amphilectus fucorum         x 

Arcuatula x  x x  x   Arcuatula senhousia x  x x x    

Ascidiella x  x x x  x Ascidiella aspersa    x x x  x 

Asterias x x        Asterias forbesi*** x  x       

Avicennia** x x         
 

        

Balanus**     x x x             

Bonamia x  x       Bonamia sp. x         

Botrylloides    x x x x Botrylloides leachii    x x x x 

Botryllus x x x x x Botryllus schlosseri x x x x x 

Bougainvillia* x  x x x    
 

        

Bugula x   x x x Bugula neritina     x x x 

Bugulina         x Bugulina flabellata         x 

Celleporaria**       x  x Celleporaria nodulosa        x x 

            Celleporaria umbonatoidea         x 

Chaetomorpha x  x     x Chaetomorpha crassa x       
 

            Chaetomorpha linum*** x         

Chaetopterus* x  x        
 

        

Ciona x  x x  x x Ciona intestinalis x       x 

            Ciona savignyi x  x x x    

Clathria* x     Clathria prolifera* x     

Clytia* ** x  x x x                

Colpomenia**       x x             

Corella x x    x x Corella eumyota* x x    x x 

Corophium* x x                    
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Cryptosula 
 

x 
   

Cryptosula pallasiana 
 

x 
   

Diplosoma x x  x x   Diplosoma ooru*** x         

Dorvillea* ** x                     

Ecteinascidia*** x  x                   

Ectopleura x  x x x  x Ectopleura crocea 
 

 x x x    

            Ectopleura dumortierii*** x         

      
Ectopleura larynx x 

    
Electra** x      x               

Gymnodinium x  x    x               

Halecium** x  x    x   Halecium muricatum*** x         

Hydroides x x x x x Hydroides elegans x x x x   

Leucosolenia ** x  x     x  
 

        

Limaria** 
 

x 
   

 
     

Magallana x x x x x Magallana gigas x 
 

x x x 

Microcosmus** x x x x    Microcosmus squamiger*    x x x    

Molgula** x x     x Molgula complanata*** x 
 

    
 

      Molgula manhattensis  x   x 

            

Mya* *** x  x                   

Neosiphonia x   x  x   Neosiphonia harveyi     x     

Obelia x x x  x   Obelia geniculata x  x       

Polydora x x  x  x   Polydora haswelli x         

            Polydora hoplura x         

Pseudo-nitzschia*       x               

Sabella x x  x x  x Sabella pavonina***    x x  x   

            Sabella spallanzanii x   x   x 

Schizoporella    x     x Schizoporella japonica         x 

Striaria 
   

x 
 

Striaria attentuata 
   

x 
 

Styela x x x x x Styela plicata* x  x x x x 

      
Styela clava 

 
x 

   
Symplegma x x     x Symplegma viride*** x       

 

      
Symplegma brakenhielmi 

    
x 

Tricellaria         x Tricellaria inopinata         x 

Ulva 
 

 x     
 

Ulva intestinalis 
 

 x     
 

Watersipora    x x x x Watersipora subatra        x 

            Watersipora subtorquata    x x  x   

Σ 51 37 38 21 29 24 48 26 19 17 17 19 

* indeterminate/cryptogenic taxa for New Zealand but known to be non-indigenous elsewhere 
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**genus contains indigenous and non-indigenous species 

***not previously mentioned in NZ 

 

 

 

Table A6: List of non-indigenous species (NIS) considered in this study (Table A5) and their available 

reference sequences per database. Database versions were pr2_gb203_version_4.5 for PR2, 

taxo_bold_01_2018 and Midori_unique_20180221 for BOLD and NCBI updated version in May 2018. 

Reference sequences for the different taxa were indicated with ‘x’ when available and ‘o’ when missing. 

 

genus PR2 BOLD NCBI  

(18S) 

NCBI  

(COI) 

species PR2 BOLD NCBI  

(18S) 

NCBI 

(COI) 

Alexandrium x o x x Alexandrium minutum x o x x 

Amathia 

(Bowerbankia,  

Zoobotryon) 

x x x x Amathia verticillata x x x x 

     
Amathia gracilis x x o x 

     
Amathia imbricata x o x x 

Antithamnionell

a 

x o x x 
     

Amphilectus x o x x Amphilectus fucorum x o x x 

Arcuatula 

(Musculista) 

x x x x Arcuatula senhousia x x x x 

Ascidiella x x x x Ascidiella aspersa x x x x 

Asterias x x x x Asterias forbesi x x x x 

Avicennia x o x o 
     

Balanus x x x x 
     

Bonamia x o x o Bonamia sp. x o x o 

Botrylloides x x x x Botrylloides leachii o x x x 

Botryllus x x x x Botryllus schlosseri x x x x 

Bougainvillia x x x x 
     

Bugula x x x x Bugula neritina x x x x 

Bugulina o o o x Bugulina flabellata o o o o 

Celleporaria x o x x Celleporaria nodulosa o o x x 
     

Celleporaria 

umbonatoidea 

o o o o 

Chaetomorpha x o x o Chaetomorpha crassa x o x o 
     

Chaetomorpha linum x o x o 

Chaetopterus x o x x 
     

Ciona x x x x Ciona intestinalis x x x x 
   

x x Ciona savignyi x x x x 
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Clathria x o x x Clathria prolifera x o x x 

Clytia x x x x 
     

Colpomenia x o x x 
     

Corella x x x x Corella eumyota x x x x 

Corophium x x x x 
     

Cryptosula x o x x Cryptosula pallasiana x o x x 

Diplosoma x x x x Diplosoma ooru x o x o 

Dorvillea x x x x 
     

Ecteinascidia x x x x 
     

Ectopleura x x x x Ectopleura crocea x x x x 
     

Ectopleura dumortierii x x x x 
     

Ectopleura larynx x x x x 

Electra x o x x 
     

Gymnodinium x o x x 
     

Halecium x x x x Halecium muricatum x x x o 

Hydroides x x x x Hydroides elegans x x x x 

Leucosolenia  x o x o 
     

Limaria x x x x 
     

Magallana x x x x Magallana (Crassostrea) 

gigas 

x x x x 

Microcosmus x x x x Microcosmus squamiger x x x x 

Molgula x x x x Molgula complanata x o x o 
     

Molgula manhattensis x x x x 

Mya x x x x 
     

Neosiphonia x x x x Neosiphonia harveyi x x x x 

Obelia x x x x Obelia geniculata x x x x 

Polydora x x x x Polydora haswelli x x o x 
     

Polydora hoplura x o x x 

Pseudo- 

nitzschia 

x o x x 
     

Sabella x x x x Sabella pavonina x x x x 
   

x x Sabella spallanzanii x x x x 

Schizoporella x o x x Schizoporella japonica o o o o 

Striaria o o o x Striaria attentuata o o o o 

Styela x x x x Styela plicata x x x x 
   

x x Styela clava x x x x 

Symplegma x o x x Symplegma viride x o x o 
     

Symplegma brakenhielmi o o o x 

Tricellaria o o x x Tricellaria inopinata o o o x 

Ulva x o x o Ulva intestinalis x o x o 

Watersipora x x x x Watersipora subatra o o o o 
     

Watersipora subtorquata x x x x 
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Table A7: Overview of OTUs assigned to each species for 18S rRNA and COI datasets. Singletons = 

OTUs with only one read.  

 
18S rRNA COI 

Number of OTUs assigned to a species 546 106 

Number of species represented by only 

1 OTU 

221 52 

Number of species represented by a 

singleton 

36 26 

Median number of OTUs per species 4 36.5 

Median of singletons 1 25 

 

 

 

Table A8: Leray (mlCOIint/jgHCO2198) fusion primers consisting of Illumina adaptors and indexes 

unique to this study and the template specific oligonucleotide. 

Fusion 

Primer 

Flowcell 

Adapter (P5) 

5' - 3' 

FluPad 5' - 3' Index Template 

Specific 

Primer 

5' - 3' 

Primer to Order 5' - 3' Length 

COI_F1 MS_FSP5_MY

31_mlCOIint_F 

AATGATACGGCGACCA

CCGAGATCTACAC 

TGACGACATGGT

TCTACA 

CTGAG

A 

GGWACWGGWTGAA

CWGTWTAYCCYCC 
79 

COI_F2 MS_FSP5_MY

32_mlCOIint_F 

AATGATACGGCGACCA

CCGAGATCTACAC 

TGACGACATGGT

TCTACA 

CTGTCT GGWACWGGWTGAA

CWGTWTAYCCYCC 

79 

COI_F1 MS_FSP5_MY

33_mlCOIint_F 

AATGATACGGCGACCA

CCGAGATCTACAC 

TGACGACATGGT

TCTACA 

CAATC

G 

GGWACWGGWTGAA

CWGTWTAYCCYCC 

79 

COI_F2 MS_FSP5_MY

34_mlCOIint_F 

AATGATACGGCGACCA

CCGAGATCTACAC 

TGACGACATGGT

TCTACA 

AACGC

T 

GGWACWGGWTGAA

CWGTWTAYCCYCC 
79 

COI_F1 MS_FSP5_MY

35_mlCOIint_F 

AATGATACGGCGACCA

CCGAGATCTACAC 

TGACGACATGGT

TCTACA 

ATCGA

G 

GGWACWGGWTGAA

CWGTWTAYCCYCC 

79 

COI_F2 MS_FSP5_MY

36_mlCOIint_F 

AATGATACGGCGACCA

CCGAGATCTACAC 

TGACGACATGGT

TCTACA 

GAACC

A 

GGWACWGGWTGAA

CWGTWTAYCCYCC 

79 

COI_F1 MS_FSP5_MY

37_mlCOIint_F 

AATGATACGGCGACCA

CCGAGATCTACAC 

TGACGACATGGT

TCTACA 
ACTGTG GGWACWGGWTGAA

CWGTWTAYCCYCC 
79 

COI_F2 MS_FSP5_MY
113_mlCOIint_

F 

AATGATACGGCGACCA

CCGAGATCTACAC 

TGACGACATGGT

TCTACA 

ATCGA

CG 

GGWACWGGWTGAA

CWGTWTAYCCYCC 

80 

COI_F1 MS_FSP5_MY
114_mlCOIint_

F 

AATGATACGGCGACCA

CCGAGATCTACAC 

TGACGACATGGT

TCTACA 

TGAGA

CG 

GGWACWGGWTGAA

CWGTWTAYCCYCC 

80 

COI_F2 MS_FSP5_MY
115_mlCOIint_

F 

AATGATACGGCGACCA

CCGAGATCTACAC 

TGACGACATGGT

TCTACA 

TAGCA

CG 

GGWACWGGWTGAA

CWGTWTAYCCYCC 

80 

       

COI_R1 MS_FSP7_MY
321_jgHCO219

8_R 

CAAGCAGAAGACGGCA

TACGAGAT 

TACGGTAGCAGA

GACTTGGTCT 

TATATG

CG 

TAIACYTCIGGRTGIC

CRAARAAYCA 

80 
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COI_R2 MS_FSP7_MY
322_jgHCO219

8_R 

CAAGCAGAAGACGGCA

TACGAGAT 

TACGGTAGCAGA

GACTTGGTCT 

TGCTCG

CG 

TAIACYTCIGGRTGIC

CRAARAAYCA 

80 

COI_R3 MS_FSP7_MY
323_jgHCO219

8_R 

CAAGCAGAAGACGGCA

TACGAGAT 

TACGGTAGCAGA

GACTTGGTCT 

ATCGC

GCG 

TAIACYTCIGGRTGIC

CRAARAAYCA 

80 

COI_R4 MS_FSP7_MY
324_jgHCO219

8_R 

CAAGCAGAAGACGGCA

TACGAGAT 

TACGGTAGCAGA

GACTTGGTCT 

TAGTA

GCG 

TAIACYTCIGGRTGIC

CRAARAAYCA 

80 

COI_R5 MS_FSP7_MY
325_jgHCO219

8_R 

CAAGCAGAAGACGGCA

TACGAGAT 

TACGGTAGCAGA

GACTTGGTCT 

AGATA

GCG 

TAIACYTCIGGRTGIC

CRAARAAYCA 

80 

COI_R6 MS_FSP7_MY
326_jgHCO219

8_R 

CAAGCAGAAGACGGCA

TACGAGAT 

TACGGTAGCAGA

GACTTGGTCT 

TGTGA

GCG 

TAIACYTCIGGRTGIC

CRAARAAYCA 

80 

COI_R7 MS_FSP7_MY
327_jgHCO219

8_R 

CAAGCAGAAGACGGCA

TACGAGAT 

TACGGTAGCAGA

GACTTGGTCT 

TCACA

GCG 

TAIACYTCIGGRTGIC

CRAARAAYCA 

80 

COI_R8 MS_FSP7_MY

328_jgHCO219

8_R 

CAAGCAGAAGACGGCA

TACGAGAT 

TACGGTAGCAGA

GACTTGGTCT 

ACTGTA

CG 

TAIACYTCIGGRTGIC

CRAARAAYCA 

80 

COI_R9 MS_FSP7_MY
329_jgHCO219

8_R 

CAAGCAGAAGACGGCA

TACGAGAT 

TACGGTAGCAGA

GACTTGGTCT 

TGCGTA

CG 

TAIACYTCIGGRTGIC

CRAARAAYCA 

80 

COI_R10 MS_FSP7_MY
330_jgHCO219

8_R 

CAAGCAGAAGACGGCA

TACGAGAT 

TACGGTAGCAGA

GACTTGGTCT 

TCGCTA

CG 

TAIACYTCIGGRTGIC

CRAARAAYCA 

80 
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Table A9: Analysis of variance on plate and water datasets with ddPCR copy numbers of DNA as factor, 

and ddPCR copy numbers of RNA as response. Df = degree of freedom, Sq = square. Strong and highly 

significant relations are followed by two and three stars respectively. 

Plate including zero values Df  Sum Sq Mean Sq F value Pr(>F) 

DNA_Copies   1 1 1 0 0.9956 

Residuals   45 1952851 43397 
 

Water including zero values Df  Sum Sq Mean Sq F value Pr(>F) 

DNA_Copies 1 2.37E+12 2.37E+12 3004.3 < 2.2e-16 *** 

Residuals 46 3.63E+10 7.89E+08 
 

 

Plate excluding zero values Df  Sum Sq Mean Sq F value Pr(>F) 

DNA_Copies   1 723190 723190 14.456 0.008946 ** 

Residuals 6 300170 50028 
 

Water excluding zero values Df  Sum Sq Mean Sq F value Pr(>F) 

DNA_Copies 1 2.23E+12 2.23E+12 987.64  4.184e-15 *** 

Residuals 15 3.39E+10 2.26E+09 
 

 

 

 

 

Table A10: Permutational Multivariate Analysis of Variance using Bray-Curtis distance matrices on the 

rarefied metabarcoding datasets of DNA and RNA (Living), and DNA only with plate vs water samples 

as factor. Df = degree of freedom, Sq = square. Significant relations are followed by three stars 

respectively. 

 

 

 

  

 
Df SumsOfSqs MeanSqs F.Model R2 Pr(>F) 

DNA and RNA 1 4.4531 4.4531 12.631 0.20179 0.001*** 

Residuals 58 23.268 3.5255 0.79821 

Total 59 27.721 1 

DNA only 1 1.1540 1.1540 2.6772 0.09882 0.001*** 

Residuals 32 13.794 0.43105 0.90118 

Total 33 14.948 1 
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