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Healthy seas are crucial for the protection of public health and to maximise the economic benefit from 

the use of the ocean for food production (including from aquaculture), resources, pharmaceuticals, 

and tourism. Sporadic occurrences of marine harmful algal blooms (HABs), however, can bring 

calamity to both the health and economic well-being of communities and businesses. In particular, 

toxigenic blooms can lead to significant harm to marine species and ecosystems, as well as human 

health and maritime industries. Pseudo-nitzschia is a genus of marine microalgae, belonging to the 

diatom group, which have been identified as a significant risk to human health and a contributor to 

ecological degradation from HABs. This is due to the production of domoic acid, a potent neurotoxin 

that is toxic to marine organisms and mammals. Early detection of domoic acid-producing blooms is 

necessary to minimise exposure. However, existing methods for discerning Pseudo-nitzschia 

abundance and the associated risks are long and protracted, labour-intensive and expensive. 

Implementing an early warning system using the state of the art in analytical methods will improve 

response times, improve accuracy and reduce cost; ultimately this will mitigate risk.  

Molecular analytical techniques, particularly those based on nucleic acid (DNA or RNA) sequence 

amplification, are widely adopted in food and water quality assessment, public health protection, and 

environmental monitoring. These methods can be coupled with portable or deployable 

instrumentation to provide high integrity, laboratory-quality or better metrology in resource-limited 

settings. In particular, microfluidic 'lab-on-a-chip' (LOC) technology is at the forefront of de-centralised 

nucleic acid testing and offers advantages such as reduced reagent and energy consumption, ease of 

use, rapidity, and stability, all while maintaining high levels of specificity, sensitivity, and precision. 

Automation of these systems makes analysis possible for non-specialist end-users, increasing their 

scope of application. 

This study was undertaken to explore new methods and technology for nucleic acid-based detection 

of Pseudo-nitzschia towards the provision of an integrated early warning system. It began with the 

design and testing of novel qPCR-based assay for Pseudo-nitzschia spp. detection and quantification. 

Then, the assay was combined with a reverse transcription step to investigate RNA-based (gene 

expression) responses in nutrient-depleted P. multistriata cells to the addition of essential nutrients 

phosphate, nitrate, and silicate. Nutrient availability was found to significantly influence domoic acid 

production, highlighting the relationship between nutrient availability and the toxic threat posed by 



 

 

Pseudo-nitzschia blooms. Subsequently, a suite of novel isothermal assays targeting the dabD gene of 

Pseudo-nitzschia spp., which is linked to toxin biosynthesis, were designed utilising the LAMP and RPA 

chemistries. The LAMP assay outperformed the RPA assay in sensitivity and specificity, and its 

potential use for statutory algal surveillance was demonstrated by measuring Pseudo-nitzschia DNA 

in seawater samples collected over six months from a known HAB hotspot. To support the potential 

integration of the novel assays with fieldable instrumentation, a novel ‘Vitrification’ technique was 

developed for the simple and fast preservation and dry storage of complete reaction mixtures.  The 

‘shelf-life’ of the preserved reactions was at least six months at room temperature and represents a 

host of improvements upon existing methods. There were no significant differences in quantification 

performance between the dry-preserved reagents and freshly prepared reactions that relied on cold-

chain-dependent, wet reagents. Finally, a new LOC system referred to as "LAMPTRON" was designed 

and fabricated from scratch, and developed for real-time detection and quantification of P. 

multistriata cells in a semi-autonomous fashion. LAMPTRON demonstrates a proof-of-concept for 

integrating automated DNA extraction with fully preserved DNA analysis, enabling the sensitive 

detection of toxigenic P. multistriata in a comparable timeframe to the leading commercial systems. 

These advances offer a faster, more sensitive, and simplified molecular analysis compared to existing 

statutory surveillance methods, which rely on costly reagents, sophisticated equipment, highly skilled 

personnel, and centralised laboratories. The ability to detect and quantify Pseudo-nitzschia cells using 

LOC technology could be modified towards a plethora of microbiological and eDNA targets for the 

surveillance and early warning of biohazards in aquatic environments. 
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Chapter 1 Introduction 

1.1 Harmful Algal Blooms (HABs) 

Harmful Algal Blooms (HABs) are naturally occurring events caused by the expansion of algal cell numbers 

in aquatic environments. They occur all around the world, impacting coastlines, the open ocean, 

freshwater lakes, rivers, and estuaries. They represent a serious threat to the environment, ecosystems, 

human health and water-associated industries (including aquaculture, tourism and leisure) (Anderson et 

al. 2012). These increases in algal populations deplete key nutrients and dissolved gases, causing harm 

to wildlife, and may alter the colour and appearance (tubidity) of water bodies, making them unattractive 

for recreational use. However, perhaps the greatest impact of HABs is due to the ability of some species 

to biosynthesise potent toxins. Herbivorous fin fish and shellfish ingest algal cells, leading to the 

bioaccumulation of algal toxins in their tissues. The ill effects are transmitted to humans from the 

consumption of seafood, and to a lesser extent from direct exposure to contaminated water and the 

inhalation of aerosolised toxins (e.g., from breaking waves) (Anderson et al. 2021). Algal toxin exposure 

causes a range of debilitating health issues, including gastrointestinal, neurological, and respiratory 

problems (Kouakou and Poder 2019). This combined with the aforementioned effect of HABs on 

nutrients and dissolved gases can lead to collapses in aquatic populations, impacting the food web 

structure and overall biodiversity (Kazmi et al. 2022). Recently, a HAB toxin has been responsible for 

mass poisoning and mortalities of marine mammals on the Californian coastline (Ramirez 2023). After a 

bloom has subsided, the dying algal cells contribute to the sudden and massive release of organic matter, 

which in turn is decomposed by oxygen-consuming bacteria, further depleting dissolved oxygen levels. 

The expansion of oxygen-depleted zones inhibits the respiration of various marine organisms, resulting 

in substantial mortality among marine life (Joyce 2000). Globally, there is a perceived increase in the 

frequency and severity of HABs, albeit the contribution of increased surveillance and media attention to 

this assumption remains unclear. Nonetheless, as aquatic environments are increasingly used for the 

production of food, as well as leisure, there will ultimately be greater exposure of humans to the risks 

posed by HABs, making the issue of the upmost importance.  

1.2 Pseudo-nitzschia Diatoms 

Diatoms are one of the most abundant groups of phytoplankton, found in every aquatic environment. 

They are a major contributor to biological productivity and nutrient utilisation within the oceanic 

ecosystem (Benoiston et al. 2017). Diatoms can survive in diverse environments, indicating that they may 
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possess unique capabilities to adapt to rapid and severe environmental changes including those caused 

by the activity of human beings (Armbrust 2009). Within the diatom group, certain species of the genus 

Pseudo-nitzschia are able to synthesise a potent neurotoxin, known as domoic acid (DA) (Lelong et al. 

2012). These species are consumed by a variety of marine fauna, which ultimately serve as vectors for 

trophic transfer (Bargu et al. 2002, Costa et al. 2005, Bates and Trainer 2006a, Mafra et al. 2010). Human 

exposure to DA is predominately through the consumption of contaminated seafood including 

herbivorous fin fish, bi-valve shellfish and gastropods; the most commonly contaminated food stocks in 

the UK are oysters, mussels and clams (Kvitek et al. 2008, Alves et al. 2019). DA can persist in the marine 

food web for days after biosynthesis (Sekula-Wood et al. 2009). In severe cases, the trophic transfer of 

algal toxins results in mass mortalities to diverse marine organisms including invertebrates, fish, birds 

and marine mammals (Trainer et al. 2012). In addition, human consumption of contaminated food can 

lead to a severe and sometimes fatal poisoning syndrome known as Amnesic Shellfish Poisoning (ASP), a 

condition that impacts the brain, leading to potential heart failure and permanent brain damage (Bates 

et al. 1989, Panlilio et al. 2023).  

1.3 Global Distribution of Pseudo-nitzschia Species 

The frequency of harmful algal blooms caused by Pseudo-nitzschia has increased in recent years (Bates 

et al. 2019). These events have been documented along coastlines and in open oceans, and within 

diverse environments ranging from the arctic circle to tropical waters, warm-temperate waters of both 

the Pacific and Atlantic Oceans, as well as the Mediterranean Sea (Quijano-Scheggia et al. 2008, Sahraoui 

et al. 2009, Hansen et al. 2011, Lim et al. 2012, Shuler et al. 2012, Downes-Tettmar et al. 2013, Husson 

et al. 2016, Lefebvre et al. 2016, Smith et al. 2018, Costa et al. 2019, Huang et al. 2019, Stonik et al. 2019, 

Arapov et al. 2020, Ajani et al. 2021, Kelchner et al. 2021, Anderson et al. 2022, Cook et al. 2022, 

Dzhembekova et al. 2022, Ramirez et al. 2022, Tankovic et al. 2022, Zheng et al. 2022).  The documented 

global distribution of known Pseudo-nitzschia species is shown in Figure 1.1 
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Figure 1.1    The global distribution of blooms caused by Pseudo-nitzschia. Strains known to produce DA 

are indicated in bold text, and non-toxic strains are presented in plain text. Coastal regions marked in 

orange indicate locations where shellfish and finfish harvesting have been historically closed due to 

elevated levels of DA (greater than 20 mg DA per g of the wet weight of shellfish tissue). The depicted 

Pseudo-nitzschia locations in this figure were derived from various studies including (Trainer et al. 2012, 

Bates et al. 2018, Bates et al. 2019, Huang et al. 2019, Arapov et al. 2020, Ajani et al. 2021, Kelchner et al. 

2021, Anderson et al. 2022, Cook et al. 2022, Dzhembekova et al. 2022, Ramirez et al. 2022, Tankovic et 

al. 2022, Zheng et al. 2022). 

1.4 Toxicity of Pseudo-nitzschia Species 

Pseudo-nitzschia spp. were historically considered to be non-toxic. This was revised following the first 

reported case of amnesic shellfish poisoning, which was documented in Canada, in 1987  (Wright et al. 

1989, Perl et al. 1990). It was caused by the consumption of shellfish contaminated with DA (Bates et al. 

1991). A team of scientists at the National Research Council Atlantic Regional Laboratory (NRC-ARL) 

identified the pennate diatom Pseudo-nitzschia multiseries (referred to as Nitzschia pungens f. 

multiseries at the time) as the source of the toxin. Their findings included high levels of DA (790 µg DA g-

1) in blue mussels (Mytilus edulis) with lower levels (38 µg DA g-1) in soft-shell clams (Mya arenaria) (Bates 

et al. 1989). In 2005, another amnesic shellfish poisoning incident was reported in France linked to the 
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consumption of clams (Donax trunculus) (Thebaud et al. 2005). The severity of DA poisoning is dependent 

on both the dose of the toxin and the health status of the affected individual. In the 1987 incident in 

Canada, elderly individuals were involved, resulting in fatalities (Teitelbaum et al. 1990). 

1.5 Impacts of Domoic acid Exposure 

1.5.1 Humans 

DA structurally resembles the neurotransmitter glutamic acid (Kumar et al. 2009). It has a strong affinity 

for glutamate receptors in the central nervous system and can drive the uncontrolled influx of sodium 

and calcium ions into neural cells (La Barre et al. 2014). This leads to ‘depolarisation’, swelling and 

dysfunction, along with the production of reactive oxygen species, DNA damage, lipid peroxidation, 

energy depletion, mitochondrial damage, and ultimately, cell death (Berman and Murray 1997, Ramsdell 

2007, Pulido 2008, Costa et al. 2010, Jia et al. 2016). As a result, DA poisoning often causes a range of 

debilitating syndromes including both neurological and gastrointestinal disorders. Typical symptoms 

include headache, loss of short-term memory, seizures, coma, vomiting, abdominal cramps and 

diarrhoea (Quilliam and Wright 1989, Teitelbaum et al. 1990). A study by (Petroff et al. 2019) showed 

that repetitive exposure to low levels of DA can cause chronic damage to the neurochemistry of the 

primate brain. Additionally, poisoning can affect various tissues and organs, leading to instability in blood 

pressure and arrhythmia (Pulido 2014) as well as kidney distress (Suzuki and Hierlihy 1993, Funk et al. 

2014). (Alves et al. 2019) found that DA is highly bioavailable in the gut, favouring absorption by human 

intestinal epithelia after ingestion. 

1.5.2 Ecosystems 

DA has the potential to cause substantial ecological harm through the death or illness of various marine 

species, including fish, seabirds, sea otters, sea lions, and whales (Fritz et al. 1992, Work et al. 1993, Van 

Dolah 2000, Lefebvre et al. 2002b). Pseudo-nitzschia is an important and abundant primary producer 

that establishes the foundation of marine food webs and is readily available for consumption by a range 

of marine organisms (Bates and Trainer 2006a). They serve as vectors that transfer the toxins up the food 

chain (Figure 1.2) Filter-feeders, such as mussels and shellfish, actively accumulate toxic Pseudo-nitzschia 

cells, concentrating the DA in their digestive gland and other tissues (Mafra et al. 2010). Zooplankton can 

also accumulate DA and serve as vectors to higher trophic levels (Tester et al. 2000, Leandro et al. 2010). 
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The main source of DA exposure for humans is the consumption of contaminated seafood products 

(Kvitek et al. 2008). 

Figure 1.2 A) Microscopic image of Pseudo-nitzschia cells, credit: Alyssa Gellene, University of 

California. B) The impact of DA neurotoxin in the food web. 

Wave action and turbulence enhance DA release from Pseudo-nitzschia cells (Sekula-Wood et al. 2009). 

However, it is a hydrophilic compound and this facilitates its rapid mixing (and therefore dilution) within 

the mass expanse of the ocean (Silver et al. 2010). Accordingly, more enclosed water bodies including 

coastal inlets, bays and estuaries are more likely to harbour dangerous levels of the toxin. It is also subject 

to photodegradation (Bouillon et al. 2006) and biodegradation processes (Hagstrom et al. 2007) that 

limit its longevity in the environment. 

1.5.3 Industry 

The occurrence of DA in water bodies has historically led to significant economic losses from the closure 

of fishing and tourism areas (Berdalet et al. 2016). For instance, the Dungeness crab industry on the West 

Coast of the United States suffered a significant financial loss in 2015 due to a Pseudo-nitzschia bloom, 

estimated at US$48 million (Brown 2016). Additionally, during 1998-1999 and 2002-2003, the long 

closure of the recreational razor clam fishery in WA, US resulted in an estimated direct loss of US$24 

million (Moore et al. 2020). Currently, there are key factors that contribute to the challenges associated 

with monitoring DA levels in the environment. Firstly, the vastness of the oceans, which cover 

approximately 71% of the Earth's surface, facilitates the ubiquitous expansion of HABs, including the DA-

producing blooms which can span remote areas from coastal regions to open waters. This expansive 

growth poses a logistical challenge for conducting routine monitoring and standard analysis. Additionally, 

the collection of samples from the rough seas, where rapid changes in weather, tides, and temperature 

are common, can introduce another challenge. To address these challenges, sustainable resources are 
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required to be allocated for conducting routine environmental monitoring at changing seas, through the 

deployment of specialised analytical equipment, research vessels, ongoing ocean sensors, autonomous 

vehicles, and trained operators. However, the existing constraints related to the availability of these 

monitoring technologies, expertise, and financial and logistical resources in regions affected by harmful 

algal blooms currently present a long-standing barrier to enabling effective monitoring to protect 

aquatic-based industries. 

1.6 Domoic Acid Chemical Properties 

 

Figure 1.3 Chemical structure of domoic acid. 

DA is a water-soluble amino acid with a molecular weight of 311 Daltons (Da). It contains a proline ring, 

one amino group, and three carboxyl groups (Figure 1.3). This structure has high hydrophilicity and 

polarity (Walter et al. 1992), which enables DA to persist in various marine organisms such as 

zooplankton (Leandro et al. 2010), crustaceans (Costa et al. 2003), and sediment (Burns and Ferry 2007, 

Sekula-Wood et al. 2009), and transfer stably through the food web. DA contains several polar functional 

groups, including carboxyl (COOH) and amino (NH2) groups, as shown in Figure 1.3. These polar groups 

make the DA molecule highly hydrophilic, allowing a strong affinity for water molecules, and enabling 

rapid dissolution in aqueous medium such as seawater. Additionally, the planar and rigid arrangement 

of DA atoms minimises nonpolar interactions with any hydrophobic medium including soft tissues and 

sediment. This prevents DA from partitioning into these non-aqueous phases, supporting its long-term 

persistence in viscera of many marine animals. This unique configuration enables DA to be readily 

absorbed in various media like seawater, tissue, and sediment (Costa et al. 2010, Blanco et al. 2021). 

DA has eight derivatives, known as isodomoic acid A-H (de La Iglesia et al. 2008). These are isomers and 

have been identified in various species including the red macroalga (a seaweed) Chondria armata 

(Maeda et al. 1986) and marine microalgae (diatoms) including Nitzschia navisvaringica (Romero et al. 

2011), Pseudo-nitzschia seriata (Hansen et al. 2011), Pseudo-nitzschia australis (Rhodes et al. 2003), 

Pseudo-nitzschia multiseries and Pseudo-nitzschia delicatissima (Kotaki et al. 2008). Structural 
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differences between the DA analogues may alter their toxicity; isodomoic acids may have lower toxicity 

than DA (Hampson et al. 1992, Munday et al. 2008). The degree of toxicity varies among different isomers 

of isodomoic acid, with some being less toxic than others (Kotaki et al. 2005). Due to different structural 

arrangements, isodomoic acids have a lower binding affinity for the same neural receptors compared to 

the DA (Saeed et al. 2017a). This causes weaker and less effective binding of DA analogues with the 

receptors in the nervous system, leading to lower toxicity. However, isodomoic acids can still be toxic, 

albeit at a lower level than DA (Munday et al. 2008). 

1.7 Domoic Acid Biosynthesis. 

Recent work by (Brunson et al. 2018) identified a cluster of four genes: dabA, dabB, dabC, and dabD that 

are involved in DA biosynthesis in P. multiseries. Subsequent studies have shown that this gene cluster 

is regulated in response to various stressors including consumption of Pseudo-nitzschia by zooplankton 

(Hardardottir et al. 2019), phosphate and nitrate limitation (Lema et al. 2019), phosphate depletion and 

increased pCO2 levels (Brunson et al. 2018). The biosynthesis of DA is initiated by the condensation of an 

L-glutamate starter unit, catalysed by the enzyme N-prenyltransferase encoded by the dabA gene to 

deliver the intermediate N-geranyl-l-glutamic acid (Brunson et al. 2018). N-prenylation conversion of 

glutamic acid into N-geranyl-l-glutamic acid requires a prenyl diphosphate donor such as geranyl 

pyrophosphate synthase (GPP) and farnesyl pyrophosphate synthase (FPP) to initiate the biosynthesis of 

DA (Chekan et al. 2020) (Figure 1.4). A cascade of biosynthetic reactions is regulated via Mevalonate 

(MEV) and Methylerythritol Phosphate metabolic (MEP) pathways. The current understanding of how 

this pathway is structured is illustrated in Figure 1.4. The dab gene cluster encodes four of the proteins 

involved in this pathway, including a predicted terpene cyclase (DabA), an α-ketoglutarate-dependent 

dioxygenase (DabC), a cytochrome P450 (DabD), and a protein of unknown function (hypothetical 

protein) (DabB). It has been shown that DabA generates N-geranyl-l-glutamic acid, which is converted by 

DabD cytochrome CYP450 enzyme into 7′-carboxy-l-NGG and cyclised by DabC into isodomoic acid 

(Brunson et al. 2018, Hardardottir et al. 2019). Interestingly, despite the genetic divergence between red 

algae and diatoms, DabA proteins found in Pseudo-nitzschia spp. (diatoms) are closely related to the 

KabA proteins from red algae (Chekan et al. 2020). The discovery of the DA biosynthetic genes may 

provide insight into the conditions that lead to toxin production and cessation and may prove to be 

valuable ‘biomarkers’ for monitoring the risks posed by Pseudo-nitzschia spp. blooms.  
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Figure 1.4 Biosynthetic pathway of DA in Pseudo-nitzschia. DA production is dependent on the availability 

of two precursor molecules, which are sourced through the mevalonate (MEV) pathway in the cytosol 

and the methylerythritol phosphate metabolic (MEP) pathway in the plastid. The transcription of the dab 

gene cluster is responsible for the encoding of DA biosynthetic steps. Redrawn from (Brunson et al. 2018, 

Hardardottir et al. 2019). 

 

1.8 Factors Influencing Domoic Acid Production 

DA production showed significant variability, extending not only across the Pseudo-nitzschia genus but 

also within strains of the same species. This variability has limited our understanding of the underlying 

factors that govern DA production. For example, both toxin and non-toxic strains of P. multistriata have 

been found in the same region of the Mediterranean sea (Quijano-Scheggia et al. 2010, Moschandreou 

et al. 2012, Pistocchi et al. 2012). In strains that do produce DA, the rate of production can also vary, for 

example with changing photoperiod. The influence of light:dark period on DA production was first 



Chapter 1 

9 

observed in P. multiseries under laboratory conditions (Bates et al. 1991). Interestingly, DA production 

can also vary between cells of the same genetic lineage and it has been reported that toxic cells can 

reproduce to form non-toxic ‘offspring’ in laboratory cultures (Bates et al. 1999). Overall, it is postulated 

that DA production is influenced by changes in a broad array of factors including nutrients, physical 

parameters, biological factors, and interspecies/strain variability within blooms (Mos 2001, Holtermann 

et al. 2010, Lelong et al. 2012). Coastal nutrients have been the focus of many studies due to the 

tendency of Pseudo-nitzschia blooms to form within coastal zones and the likely role of nutrient 

availability on bloom persistence and toxin production (Bates et al. 1998, Bates and Trainer 2006b, 

Schnetzer et al. 2007). Overall, the subject requires substantial further research. What is known about 

the factors that regulate DA production is summarised in the following sections. 

1.8.1 Nitrogen 

Nitrogen is an essential nutrient, and its availability is central to primary production (photosynthesis) 

(Kwon et al. 2022). The influence of nitrogen on DA production has been investigated in both 

environmental and laboratory studies. From these, it is known that low nitrate levels limit both growth 

rate and DA production in P. multiseries, probably due to the importance of N for photosynthesis and 

the biosynthesis of amino acids as precursors to DA (Bates et al. 1991). A two- to four-fold increase in DA 

production was observed in P. multiseries cells grown in elevated N concentration (as ammonium) (Bates 

et al. 1993). Members of the genus including P. multiseries, P. fraudulenta, and P. calliantha can utilise 

various nitrogen sources including nitrate, ammonium, urea, and glutamine (Thessen et al. 2009). 

Nitrogen sources may influence DA production (Kelly et al. 2021). For instance, P. australis showed a 

preference for using urea, leading to an increase in DA production, over other sources such as nitrate, 

ammonium, and glutamine (Howard et al. 2007, Cochlan et al. 2008). In contrast, P. multiseries 

demonstrates a preference for using arginine and glutamine (Martin-Jezequel et al. 2015), whilst, P. 

cuspidata and P. fryxelliana favour nitrate (Auro and Cochlan 2013).  

1.8.2 Silicon and Phosphorus 

Silicon and phosphorus are also essential nutrients and influence phytoplankton productivity, physiology 

and behaviour (including toxin production) (Sandoval-Belmar et al. 2023). A decline in silicate and 

phosphate concentration was found to elevate DA concentration in laboratory cultures of Pseudo-

nitzschia spp. (Fehling et al. 2004, Thorel et al. 2017). In P. multiseries, there was an increase in DA 

production when phosphorous was limited, which coincided with a reduction in chlorophyll (and 

therefore also photosynthesis rate and ATP production) (Pan et al. 1996a). Silicate limitation also 
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stimulates toxin production, however, also leads to an increase in chlorophyll content (Pan et al. 1996c). 

High DA levels have been measured in Pseudo-nitzschia spp. cultures deficient in phosphorus, compared 

to those replete in phosphorus (Sun et al. 2011). Conversely, high DA levels seem to correlate with 

relatively high phosphate concentrations in coastal waters affected by upwelling events (Palenzuela et 

al. 2019). Upwelling events refer to the process where cold, nutrient-rich water from the deep ocean 

rises to the surface waters. This process transfers nutrients to the surface water, which benefits 

phytoplankton (Abrahams et al. 2021). Overall, further research is necessary to determine the influence 

of phosphorus and silicate concentration on DA production. 

1.8.3 Iron 

Iron serves as a key trace metal to modulate a range of cellular functions, including photosynthesis, 

respiration, enzyme composition, electron transport and energy conversion (Schoffman et al. 2016). The 

function of iron in phytoplankton physiology has been studied in both environmental samples and 

laboratory cultures, revealing conflicting effects on DA production. Over the past 15 years, outbreaks of 

DA poisoning along the California coast have been linked with iron enrichment from upwelling events 

(Smith et al. 2018). This finding is in contrast to earlier reports of iron deficiency and toxic blooms during 

upwelling (Trainer et al. 2009). In high-nutrient, low-chlorophyll waters, where iron is limiting, the 

Pseudo-nitzschia species showed the highest DA levels upon the addition of iron in experiments (Boyd et 

al. 2007, de Baar et al. 2008). These experiments, known as SOFeX, IronEx II, and PAPA station 

experiments, were conducted in the Southern Ocean to study the effects of iron addition to the 

seawater. These experiments enabled researchers to understand how adding iron might change the 

phytoplankton population and the marine ecosystem (de Baar et al. 2005). These experiments indicated 

the production of 220, 45 and 200 pg DA L-1, respectively, through a sporicidal pulse of iron into the 

seawater (Silver et al. 2010, Trick et al. 2010). DA levels increased in P. delicatissima cells grown under 

iron-replete conditions (Prince et al. 2013). High iron concentrations were found to enhance DA 

production by P. multiseries (Sobrinho et al. 2017). These findings are supported by (Lelong et al. 2013), 

who observed no DA production by P. delicatissima under the limitation of iron.  

Pseudo-nitzschia species have been found to employ two physiological strategies in response to severe 

iron (Fe) limitation in the open ocean and HNLC waters, as reported by (Martin and Fitzwater 1988, 

Pfaffen et al. 2013). Pseudo-nitzschia cells produce iron-acquisition proteins, such as ferritin, 

plastocyanin and flavodoxin, which enable the cells to sequester and store large amounts of Fe. P. 

multiseries, P. australis, and P. granii use stored iron in their cells as a backup to maintain growth in an 

environment of limited iron availability (Marchetti et al. 2009, Groussman et al. 2015, Marchetti et al. 
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2015). There is some evidence that DA itself may serve an important role in the acquisition of Iron. 

(Maldonado et al. 2002) demonstrated that P. multiseries cells increased the amount of particulate DA 

by 95% to enhance their activity of iron acquisition in iron-depleted conditions. This suggests that iron 

availability governs the physiology of Pseudo-nitzschia cells, altering their tendency to produce DA. This 

observation aligns with the known mechanism of DA biosynthesis, in which metals like iron play a 

regulating role in activating the metabolic processes leading to the production of DA, as shown in Figure 

1.4 and discussed in section 1.7. 

1.8.4 Irradiance 

As photosynthetic organisms, Pseudo-nitzschia are particularly influenced by light intensity and 

photoperiod. Although Pseudo-nitzschia cells can survive for up to 6 weeks in darkness, a significant 

acclimatisation period is necessary for the cells to resume growth under normal light conditions (Mengelt 

2002). Changes in light exposure are known to influence DA production (Bates et al. 1991, Pan et al. 

1998). (Cusack et al. 2002) found that P. australis increased the DA production rate up to 24-130 times 

when these cultures were exposed to 115 μmol photons m-2 s-1 compared to those exposed to 12 μmol 

photons m-2 s-1. (Thorel et al. 2014) found that DA biosynthesis in a different strain of P. australis was 18 

times higher at 400 μmol photons m-2 s-1 than those P. australis cultures maintained at 35 μmol photons 

m-2 s-1. (Fehling et al. 2005) studied the effect of spring (9:15 h light: dark) and summer (18:6 h light: 

dark) photoperiods on the toxicity of P. delicatissima and P. seriata, in laboratory cultures, finding that 

long photoperiods increased DA level, compared to replicates experienced shorter photoperiods. In 

summary, light serves as a fundamental energy source for photosynthetic reactions, and both insufficient 

and excessive light can stress the growth and photosynthesis of Pseudo-nitzschia spp. These stressors 

have the potential to impact the overall integrity and performance of the Pseudo-nitzschia cell, including 

its capacity for DA production, albeit the underlying mechanism remains unclear. 

1.8.5 Temperature 

Pseudo-nitzschia spp. can survive and grow over a wide range of temperatures. The ability of Pseudo-

nitzschia cells to tolerate a wide range of temperatures allows them to thrive in diverse aquatic 

environments distributed across various regions (Ardyna et al. 2020, Roche et al. 2022). As with light 

exposure, the direct interplay between temperature and growth rate makes it difficult to determine if 

temperature has a direct influence on DA production, or if any link is predicated on the obvious 

correlation between temperature and cell growth rate. Temperature change is known to alter DA 

production (Lundholm et al. 1994). Increasing the temperature in P. multiseries cultures from 5°C to 25°C 
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led to a reduction in the growth rate of their cells and a simultaneous increase in the measured 

concentration of DA in the culture.  

P. multiseries was found to increase DA production when the temperature increases from 5°C to 25°C, 

coinciding with a reduction in growth rate (Lewis et al. 1993). This temperature-dependent increase in 

DA production was observed in controlled conditions within a time series study, demonstrating how P. 

multiseries responds to temperature variations over time and its impact on DA production and growth 

rate. More recently, P. multiseries showed maximum toxin levels of 8.8 pg DA cell-1 at 20°C (Lewis et al. 

2018). However, the toxin concentrations in P. multiseries were lower at 27°C than at 18°C (Amato et al. 

2010). Despite these observations, most studies have demonstrated the stimulating impact of warming 

on DA production in Pseudo-nitzschia species (Zhu et al. 2017, Trainer et al. 2020, Clark et al. 2022). These 

results suggest that Pseudo-nitzschia bloom and DA elevations may be indirectly related to global 

warming. These findings suggest that DA elevation during Pseudo-nitzschia bloom could potentially serve 

as an indirect indicator of global warming.  

1.8.6 pH 

pH value quantifies the concentration of hydrogen ions (H+) to measure the acidity or alkalinity of an 

aqueous solution. The pH values range from 0 to 14. pH of 7 indicates a neutral solution, while values 

below 7 demonstrate acidity and value above 7 indicates alkalinity (Nicolas et al. 2017). Changes in pH 

levels can significantly impact the growth of Pseudo-nitzschia spp., which, in turn, affects the production 

of DA (Wingert and Cochlan 2021b). For instance, a minor increase in alkalinity (from 8.8 to 9.1) was 

found to trigger an increase in DA production in P. multiseries, albeit a decline in its growth rate 

(Lundholm et al. 2004). Similar findings by (Trimborn et al. 2008) indicate that the highest DA 

concentrations (140 pg DA cell-1 in this case) were produced at pH 8.9. Conversely, lowering the pH from 

8.38 to 7.95 increased DA content (Sun et al. 2011). Additionally, P. fraudulenta and P. australis produced 

their highest levels of particulate DA at pH 8.07 (Ayache et al. 2021). These findings suggest the significant 

role of pH in regulating DA biosynthesis, as even minimal pH changes can induce DA production. 

However, since pH also substantially influences growth rate, the precise underlying mechanism remains 

to be elucidated. 

1.8.7 Carbon 

Carbon dioxide (CO2) is fixed into organic compounds through photosynthesis (Smith et al. 1983). The 

amount of carbon significantly impacts the carbon fixation rate and therefore the availability of energy 

sources and the organic compounds required for growth and cellular functions in all living organisms, 
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including phytoplankton (Moreno et al. 2022). Among the vital functions of toxigenic Pseudo-nitzschia 

cells is the production of DA. When the growth rate of Pseudo-nitzschia cells decelerated, and the cells 

entered the stationary phase, their consumption of carbon also reduced (Lundholm et al. 2004). This 

reduction in carbon utilisation leads to an elevation of both total inorganic carbon (TIC) and the partial 

pressure (Pa) of CO2 (pCO2) in the surrounding medium, leading to acidification. Pseudo-nitzschia cells 

may have evolved a mitigation strategy to cope with acidic environments by consuming excess carbon 

species in the process of DA biosynthesis (Trimborn et al. 2008, Sun et al. 2011). High levels of DA (at 5.5 

pg DA cell-1) were observed in P. fraudulenta cultures exposed to elevated pCO2 concentrations of 765 

ppm (Tatters et al. 2012b). Additionally, (Wohlrab et al. 2020, Wingert and Cochlan 2021b) demonstrated 

a significant increase in DA production as pCO2 levels rise, by simulating scenarios of ocean acidification 

in laboratory settings. Thus, DA production could potentially serve as an indicator of ocean acidification. 

1.8.8 Copepods 

Copepods are a diverse group of aquatic crustaceans that belong to the subclass Copepoda. Copepods 

are primary consumers that feed on phytoplankton and detritus, providing a food source for higher 

trophic levels within the food web (Pierce and Turner 1992). Within a stable marine food web, copepod 

zooplankton can actively consume phytoplankton, including Pseudo-nitzschia spp., thereby regulating a 

normal primary production process in the marine ecosystem. But when copepod predation on Pseudo-

nitzschia spp. is reduced, the abundance and dominance of Pseudo-nitzschia spp. is increased, leading to 

a disturbance in overall ecosystem balance. Conversely, increased copepod grazing activity lowers the 

competitive advantage of Pseudo-nitzschia spp., and indirectly influences the production of DA (Leandro 

et al. 2010, Tammilehto et al. 2015, Miesner et al. 2016, Hoffmeyer et al. 2020, Cook et al. 2022). This 

dynamic interplay between copepods and Pseudo-nitzschia constitutes a significant factor in regulating 

Pseudo-nitzschia dominance, and subsequently the patterns of DA production. (Haroardottir et al. 2015) 

reported an approximately 3300-fold increase in toxin production due to copepod grazing. In the 

presence of mixed diets, the ingestion rates of copepods varied depending on the diets, leading to a shift 

in copepod selection towards non-diatom prey that does not produce DA (Olson et al. 2006). The 

induction of DA production in response to grazers is linearly related to the presence of copepodamides, 

which are polar lipids excreted by copepods during predation (Lundholm et al. 2018). Overall, increased 

toxin production is suggested to be a defence mechanism for population survival that compensates for 

reduced growth and reproduction rates (Karban 2011, Selander et al. 2019). In summary, the presence 

of DA can indicate disruptions within the phytoplankton community, imbalances in primary production, 

and the subsequent potential for cascading effects throughout the marine ecosystem. 
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1.9 Removal and Inactivation of Domoic Acid 

Several physical, chemical and biological parameters influence Pseudo-nitzschia growth and DA 

production. Given the challenges in controlling and mitigating some of these factors, for example, rising 

sea temperature or sporadic nutrient release from anthropogenic sources, current management 

authorities and policymakers have struggled to establish effective strategies to reduce Pseudo-nitzschia 

blooms and their widespread ecological disruption, economic loss, and public health consequences. One 

approach might be to decontaminate seafood products prior to consumption either by cooking or 

freezing. However, heating (including autoclaving) has limited effectiveness in reducing DA 

concentration in contaminated mussels (McCarron and Hess 2006) and, similarly, boiling Pseudo-

nitzschia cultures has no impact on toxin concentration (Bajarias et al. 2006). This toxin compound 

cannot be destroyed even by strong solvents such as acetonitrile. DA remained stable in acetonitrile 

solution at 20°C for 9 months and in an aqueous solution (pH 5-7) at 4°C for a year (Quilliam 2003, 

Thomas et al. 2008). Freezing does not destroy the DA but ruptures harvested algal cells due to freezing 

and thawing, leading to the release of more toxin into the surrounding environment (Hatfield et al. 1995, 

Leira et al. 1998). Other potential approaches include the use of magnetic separation for clearing algal 

cells from the water column (Liu et al. 2013). This technique can also be employed to clear algal toxins 

like DA from seawater. To achieve this, a magnetic adsorbent is mixed with contaminated seawater, 

selectively binding to the DA toxin. A magnetic field is then applied to this mixture, directing the magnetic 

adsorbent nanoparticles, along with the bound DA, towards the magnet. After separating DA from the 

surrounding seawater, the DA is eluted and removed from the magnetic adsorbent by changing the pH 

of the solution (Lin et al. 2020). In practical applications for the removal of DA from large volumes of 

seawater, other methods such as adsorption onto activated carbon, membrane filtration, or chemical 

precipitation are more commonly employed (Pinto et al. 2023). 

Alternatively, approaches that utilise other microorganisms including bacteria, fungi and protozoa may 

offer a cost-effective and eco-friendly solution (Sun et al. 2018). Bacteria produce bioflocculants, such as 

polysaccharides, proteins, and lipids, which inhibit algal growth by blocking photosynthesis and 

destroying cell membranes (Sun et al. 2018). Bacteria also facilitate the decomposition of DA in seawater 

using photochemical reactions (Wright et al. 1990, Bates et al. 2003, Bouillon et al. 2006, Bouillon et al. 

2008, Gagez et al. 2017). The microbial degradation of DA decreases with salinity, leading to a longer 

residence time in the water column (Van Meerssche and Pinckney 2017). These findings suggest field 

solutions to directly remove the DA from seawater before it reaches human or their seafood (Djaoueda 

et al. 2008, Bandala et al. 2009, Caron et al. 2010, Robertson et al. 2012). As an example, bioreactors 

were used to physically separate and filtrate nutrients from seawater (Mao et al. 2020). Perhaps this can 
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be leveraged for large-scale field applications to be employed in tandem with existing water treatment 

facilities to ensure early removal of DA. Implementing these detoxification technologies will depend on 

their cost, efficiency, and capacity for DA removal. 

1.10 Challenges with the Detection of Harmful Algal Blooms 

Various strategies have been suggested and explored for detecting HABs, enabling local authorities to 

mitigate the associated hazards. The current statutory monitoring of HAB cells and toxins primarily 

involves the analysis of contaminated seafood and seawater samples. In response to HAB events, local 

authorities routinely collect samples of both water and shellfish and transport them to centralised 

laboratories for mandatory analysis, which typically includes: (i) the identification of HAB species and 

enumeration of HAB cells using microscopy. Typically, water samples are fixed on-site with Lugol’s 

solution to settle HAB cells for several hours to enable specialist taxonomists to identify and count the 

cells of HAB species by light microscopy (Hasle G 1978). In certain cases, electron microscopy is necessary 

for identification purposes, particularly when HAB species have similarities in their ultra-small 

morphometric cellular components, among different strains of the same species as Pseudo-nitzschia. 

Sample processing for electron microscopy-based identification is more complex compared to the 

procedures used in light microscopy (Accoroni et al. 2020).  

Alternatively, (ii) HAB toxins are measured in harvested shellfish extracts using liquid chromatography 

linked to fluorescence detection (LC-FLD), ultraviolet detection (LC-UV) or tandem mass spectrometry 

(LC-MS/MS), for Paralytic Shellfish Toxins (PST), Amnesic Shellfish Toxins (AST) and Lipophilic Toxins (LT), 

respectively (Turner et al. 2019). These methods require a centralised facility equipped with expensive 

instruments operated by highly trained personnel. Furthermore, these methods are not cost-effective 

since they rely on sophisticated equipment that must be operated by specialist personnel. Another 

disadvantage of these reference methods includes a long delay between sampling and results that can 

be extended up to 48 hours. When the toxin levels exceed a regulatory threshold group (also known as 

the Maximum Permitted Limit or MPL), the harvesting areas are temporarily closed. These closures 

remain in effect until toxin levels have consistently fallen below the MPL, in two consecutive analyses 

conducted at least 48 hours apart. In cases where food business operators have harvested shellfish from 

these closed sites without waiting for official control test results or without conducting their end-product 

testing (EPT), it becomes necessary to investigate the quantity of shellfish harvested since the last sample 

was taken. Depending on the findings, this may lead to further closure of shellfish harvesting sites and a 

recall of contaminated products across the food chains. 
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In certain cases, these food products may have already been consumed (Young et al. 2019). This is a risk 

for shellfish harvesters, public health and consumer confidence and creates challenges for businesses. 

These official regulatory techniques encounter challenges in accurately quantifying low algal cell counts 

per litre using microscopy and low toxin levels via HPLC technology. This limitation makes it challenging 

to identify early indicators of HAB, hindering proactive measures to mitigate their impacts. The following 

sections will explore potential improvements to existing analytical methods and practices to achieve 

early, rapid, and sensitive monitoring of HAB events, enabling authorities to effectively manage the 

collection and preparation of samples for laboratory analysis. 

1.11 Detection of Pseudo-nitzschia species and Domoic Acid 

The detection of Pseudo-nitzschia and domoic acid remains a significant challenge (Zabaglo et al. 2016, 

Bates et al. 2018, Smith et al. 2022). Remote sensing technology has been used to identify and track 

Pseudo-nitzschia through space and time. This is done using high-resolution satellite imagery to measure 

ocean colour and photosynthetic pigments associated with phytoplankton (Shen et al. 2012). This 

enables a wide-scale observation of the ocean and the dynamics and scale of phytoplankton blooms. 

However, there are a range of limitations such as difficulties in obtaining clear and accurate images over 

areas obscured by cloud cover, limited data access, and the necessity for proficient data analysts (Avtar 

et al. 2020). However, perhaps the greatest limitation is the poor resolution at a small spatial scale and 

a lack of specificity. To obtain high-resolution data for specific HAB species there are several methods 

which are predicated on the collection and analysis of samples. 

1.11.1 Microscopy-based Identification of Pseudo-nitzschia species 

Microscopic identification of Pseudo-nitzschia relies on a detailed examination of cell samples that 

require taxonomic expertise in distinguishing morphometric features. The cells are first settled in 

specialised chambers and then observed using light and electron microscopy (Kaczmarska et al. 2005). 

The cell wall of Pseudo-nitzschia includes structures known as frustules, which have a species-specific 

ultrastructural pattern that can only be distinguished at high magnification, as depicted in Figure 1.5, 

(Lundholm et al. 2002, Orlova and Shevchenko 2002). Preparing samples for electron microscopy 

involves a series of complicated and time-consuming steps (Arapov et al. 2023). Another challenge arises 

when the morphometric characteristics of frustules such as the number, dimensions, and geometry of 

fibulae, striae, and poroids, change due to environmental conditions, and may overlap among different 

species and strains (Cerino et al. 2005, Lundholm et al. 2006a, Amato et al. 2007, Hansen et al. 2011). 

Due to misidentification, toxic and non-toxic species can be identified as a single species, leading to both 
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false negative and false identifications. Accordingly, the taxonomic classifications of Pseudo-nitzschia 

species have significantly changed in recent years (Trainer et al. 2012). Despite current technological 

advances, taxonomic assessment using electron microscopy still presents challenges as it demands extra 

sample processing time, resources, and continuous training for taxonomists to accurately distinguish 

emerging cellular characteristics of Pseudo-nitzschia cells. Thus, electron microscopy should be 

complemented with other identification methods to ensure reliable and efficient characterisation. 

 

Figure 1.5 Scanning electron microscopy (SEM) images of DA-producing diatom, Pseudo-nitzschia 

delicatissima. A) View of whole cell B) Detail of the central part of the cell of (a), showing fibulae, striae 

and poroids. Scale bars: (a) 20 μm, (b) 1 μm. Updated from (Arapov et al. 2017).   

1.11.2 High-Performance Liquid Chromatography (HPLC) 

High-performance liquid chromatography (HPLC) has been routinely employed as a reliable, 

reproducible, sensitive and selective method for the detection of various marine toxins (Quijano-

Scheggia et al. 2008, Zapata et al. 2011, Brunet et al. 2014). HPLC involves a multistep process to separate 

and quantify marine toxins of HABs. Initially, the toxins are extracted by a continuous flow of a given 

sample through a column (Santana-Viera and Lara-Martin 2023). Each toxin interacts with the column 

material at varying degrees, based on their unique chemical signatures, which include size, formula, 

charge, and polarity. These properties influence how tightly the toxins adhere to the column material 

and how fast they move via the mobile phase (Li et al. 2014). For example, larger toxins may be 

temporarily trapped in the column's pores, leading to slower movement, while smaller toxins pass 
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through rapidly. Similarly, toxins with charges opposite to the column material may bind strongly, 

resulting in slower elution, whereas those with matching charges elute faster (Coskun 2016). As the 

sample exits the column, a detector records its presence, creating a unique chromatogram for each toxin. 

By comparing the elution or exit times and patterns to known standards, the toxins present in a given 

sample can be identified and quantified (Kang 2012). HPLC technique has enabled the quantification of 

DA extracted from various samples including seawater, cultures, and contaminated shellfish and fish 

homogenates (Quilliam et al. 1989, Lefebvre et al. 1999). 

Despite the HPLC utility in quantifying marine toxins, yet it has certain limitations. HPLC relies on 

reference standards for toxin identification, which may not cover all HAB toxins, potentially missing novel 

or less-studied compounds that are not covered by these standards (Etheridge 2010). Furthermore, HPLC 

was found not to be efficient in separating structurally similar toxins that can elute at similar times, 

leading to misidentification (Costa et al. 2009). To address this, a set of correction procedures becomes 

imperative to ensure the validity of spectral detection using HPLC. Variability in HPLC column 

performance and detector sensitivity can further impact the accuracy of toxin quantification among 

laboratories and regulation authorities (DeGrasse et al. 2011). Additionally, the sample preparation is a 

time-consuming process which prevents real-time monitoring of toxin levels, a crucial aspect for early 

warning systems (Vilarino et al. 2010). Moreover, the need for specialised equipment and trained 

personnel presents a challenge that restricts the readily accessibility of HPLC in resource-constrained 

settings. 

1.11.3 Antibody-based Assays 

Alternatively, ELISA (enzyme-linked immunosorbent assays) has been developed for rapid and simple 

detection of DA and other algal toxins (Briggs et al. 2004, Yu et al. 2004, Campas et al. 2008, Dubois et 

al. 2010). ELISA employs fluorescently labelled antibodies that exclusively target the specific structure of 

toxin protein known as epitope (Koivunen and Krogsrud 2006). The epitope is a specific region on the 

surface of an antigen, which serves as a unique identification tag, enabling immune system components, 

like T cells, to identify, distinguish and respond to foreign proteins, such as pathogens or harmful 

molecules (Suurmond and Diamond 2015). In the ELISA method, the binding event of the epitope triggers 

a series of enzymatic reactions, leading to the generation of a measurable signal, often visualised as a 

colour change (Wild 2013). DA ELISA assay relies on immobilising a DA-protein conjugate on plastic wells, 

exposing the sample to anti-DA-antibody-HRP conjugate, and measuring the binding reaction by 

incubating this sample with a substrate that produces a blue product upon reaction with the HRP enzyme 

(Figure 1.6). The colour intensity is measured spectrophotometrically and is proportional to the 
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concentration of DA in the sample (Kleivdal et al. 2007b, Tsao et al. 2007). This assay can be calibrated 

using standard solutions, offering low limits of quantification for DA in seawater and mussel 

homogenates, down to 10 µg l-1 and 0.003 µg g-1, respectively (Kania and Hock 2002, Kleivdal et al. 

2007a). The detection limits achieved by this method are lower than the regulatory threshold of 20 µg 

DA g-1, which is typically used to determine the need for routine flesh and water sampling (Wekell et al. 

2004). The sensitive quantification provided by the ELISA assay can significantly assist to minimise and 

prevent human exposure to DA. 

 

Figure 1.6 DA quantification by enzyme-linked immunosorbent (ELISA) assay. The ELISA kit is provided in 

strips of 12 microwells, each coated with DA protein conjugate. The anti-DA-HRP competes with the free 

DA in the sample to bind the conjugates. The unbound conjugates are removed during the rinsing steps, 

and the bound ones are quantified after the addition of substrate and acid to stop the reaction. This 

illustration was adapted from the user manual of the ELISA kit (ASP ELISA protocol-Biosense 

Laboratories). 

Immunoassays have the potential to enable the multiplexed detection of marine toxins, including DA, 

even in the presence of compounds that share a similar chemical structure (Campbell et al. 2011). A 

multiplex lateral flow immunoassay has been developed for the sensitive and specific detection of DA, 

okadaic acid, and saxitoxin. The assay has working ranges of 0.2–1.5 ng ml-1 for okadaic acid, 2.5–65.0 ng 

ml-1 for saxitoxin, and 8.2–140.3 ng ml-1 for domoic acid (Mills et al. 2022). Combining the ELISA assay 

with multi-channel surface plasmon resonance (SPA) technology allowed for highly sensitive 

quantification of DA levels with no cross-reactivity with structurally related compounds such as 



Chapter 1 

20 

tetrodotoxin, saxitoxin, and okadaic acid (Yakes et al. 2016). A multiplex SPR analyser achieved low 

detection limits ranging between 1.0 and 1.7 ng ml-1 for the simultaneous immuno-based analysis of four 

phycotoxins, including DA, okadaic acid, neosaxitoxin, and saxitoxin (Campbell et al. 2011). This coupling 

of technologies has also enabled the multiplex detection of DA, saxitoxin, and okadaic acid in seawater, 

achieving a limit of detection for DA of 1.7 ng DA ml-1 within 7 hours for 24 samples (McNamee et al. 

2013). However, ELISA has some limitations as it relies on the availability of specific antibodies that can 

selectively recognise the target molecule like toxins from its variants. If these antibodies are not readily 

available, performing ELISA testing of any particular target can be challenging (Li and Persson 2021). 

Additionally, cross-reactivity with structurally similar compounds can lead to false positives and difficulty 

in distinguishing between toxin analogues (Li and Persson 2021). Furthermore, the sensitivity of ELISA 

analysis can also be reduced by the sample matrix, particularly in environmental samples containing 

various non-target components (Gross et al. 2022). To address this, extensive sample preparation must 

be performed by skilled operators, which in turn, extending the analysis duration. 

Alternatively, the lateral flow immunoassay format offers the potential for rapid and simple toxin testing 

in the field. Lateral flow-based ELISA kits allow the observation of the results by the naked eye or using 

electronic scanners (Dillon and Campbell 2023). Two commercially available kits were manufactured by 

Neogen and Scotia Rapid Testing Ltd, and provided a simple and accurate qualitative detection of DA in 

shellfish within 10-60 minutes, with limits of detection of 20 and 10 mg/kg, respectively (Johnson et al. 

2016). A lateral flow immunoassay achieved 100% accuracy in quantifying DA levels from shellfish 

extracts at concentrations as low as 17.5 ppm, which is below the regulatory threshold levels of 20 mg 

DA/kg shellfish tissue (20 ppm) (Jawaid et al. 2013). This high level of accuracy highlights the potential of 

immunoassays for rapid and simplified on-site screening of shellfish harvesting sites. 

For on-site testing, the ELISA assay was integrated into the Environmental Sample Processor (ESP), an 

autonomous robotic system with electromechanical and fluidic components (Moore et al. 2021). This 

system has enabled near real-time surveillance of DA levels and Pseudo-nitzschia abundance during five 

deployments over three years. These data were then compared to parameters associated with bloom 

initiation parameters, such as nutrient loading, in order to better understand the mechanisms underlying 

bloom dynamics (Moore et al. 2021). The ELISA assay has previously conducted using the same system, 

enabled automated extraction and detection of DA in 2-3 hours with a limit of detection of 40 ng DA l-1 

(Doucette et al. 2009). The results compared well to standard bench-top ELISA procedures for detecting 

harmful algal toxins but experienced significant inefficiency during deployments in 2006 and 2007 in 

Monterey Bay, CA, USA, due to instability of the IgG antibody of DA under field conditions (Doucette et 

al. 2009). Furthermore, bench-top ELISA tests were found to slightly overestimate DA levels when 

compared to liquid chromatography methods (Kleivdal et al. 2007b). This may be due to the antibodies 
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of the ELISA reaction having an affinity for DA isomers that are also present in the sample and share 

similar structures and geometries with the DA (Saeed et al. 2017b). When the ELISA assay relies on a 

single epitope for antibody binding, there is a risk of cross-reactivity with structurally similar molecules, 

resulting false positives, reducing assay specificity (Mills and Campbell 2022). However, targeting 

multiple epitopes can significantly improve specificity by increasing the chances of selective and accurate 

target recognition (Mills and Campbell 2022). In summary, ELISA immuno-based assay can offer a rapid, 

sensitive, robust and promising tool for quantifying harmful algal toxins (HATs) in both laboratory and 

field settings. 

1.11.4 Nucleic acid Sequence Amplification Methods 

Molecular techniques have become a fundamental tool across various applications such as genetic 

testing, pathogen detection, gene expression analysis, forensic investigations, and environmental 

monitoring. These techniques rely on replicating genetic markers of nucleic acid sequence into a larger 

and detectable quantity of target genetic material at the end of the molecular reaction (Turner et al. 

2023). The replication of specific DNA or RNA sequence components involves the employment of a 

purified DNA, RNA or cDNA template, specific primers to bind to the target sequence, DNA or RNA 

polymerase enzymes, as well as a mixture of nucleotides (A, C, G, T; U for RNA) for synthesising new DNA 

or RNA strands (Lefferts and Lefferts 2017). The temperature of the amplification reaction is a key 

parameter to enable the near-exponential increase of the target sequence in each step (Ochman et al. 

1993). Therefore, precise management of reaction conditions such as temperature is required to ensure 

accurate and reliable amplification results.  

Molecular genetic amplification methods can offer several advantages, one of which is the ability to 

identify HAB cells based on genetic information rather than relying on their morphology (Penna and 

Galluzzi 2013a, Pearson et al. 2021). Molecular-based techniques ensure the specific identification by 

employing oligonucleotides including primers and fluorescent reporters which are identical or closely 

matched to the target sequences of algal cells. Through careful assay design, the analysis can be 

customised to target potentially any species or taxonomic group with a high degree of selectivity. 

Incorporating a fluorescent reporter into the analysis enhances this selectivity and allows for real-time 

detection of the genetic targets. To accurately quantify algal cells, a comparison between the number of 

amplification cycles required to achieve a threshold level of fluorescence with a range of DNA standards 

that contain known quantities of target sequence copies. The outcome of this comparison us to calculate 

the abundance of the target sequence within the original sample and estimate the cell number present. 

These molecular techniques are sensitivity enough to identify and amplify low abundance of target DNA 

or RNA target sequence, allowing rapid results by duplicating a large number of copies of the target 
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sequence in a short time (Bej et al. 1991). Highly sensitive quantification offers significant advantages, 

allowing the detection of a small number of cells per litre of the sample. This level of sensitivity is crucial, 

especially in scenarios where algal toxins in seafood can reach harmful levels even when the surrounding 

water has very low cell densities (Dyhrman et al. 2010). 

Molecular analysis techniques for detecting HAB taxa now allow for multiplexed or parallel quantification 

of multiple taxonomic marker sequences in a single reaction. Multiplexed assays offer several 

advantages, including a reduction in the time, reagents, and resources needed for individual tests. They 

also decrease the risk of cross-contamination and human error since all genetic markers are processed 

within a single reaction tube. Multiplexing allows for the rapid detection of a wider range of HAB taxa in 

a single test, enabling comprehensive monitoring of the algal community in each given sample and a 

better understanding of overall ecosystem health. These advantages make molecular genetic methods 

versatile and applicable across a wide range of genetic quantification, including HAB monitoring, gene 

expression analysis, genetic variation analysis, DNA sequencing, and forensic analysis (DeYoung and 

Honeycutt 2005).  

While molecular techniques offer advantageous characteristics, certain limitations have been identified. 

Firstly, to achieve molecular-based identification, a series of extensive and time-consuming procedures 

is required before these identifications can be conducted. These procedures involve the sample 

processing and purification of genomic DNA from algal cell samples. Fortunately, these procedures can 

now be completed in a shorter time by utilising commercially available user kits, modern 

instrumentation, and reagents, as discussed in section 1.13. Nevertheless, the quality of DNA or RNA 

templates, and rigorous sterile techniques are essential for successful amplification. Since the 

amplification reaction is highly sensitive to contamination and inhibitors, low-quality RNA or DNA 

templates can inhibit enzymatic activity during the amplification reaction, leading to false negative 

results.  

Secondly, factors like assay design, primer efficiency, assay specificity, and reproducibility can be 

challenging. In some cases, the target sequences may have challenging characteristics, such as 

palindromic (repetitive) regions or low GC content regions, which can prevent the design of highly 

efficient assays (van Pelt-Verkuil et al. 2008b). Thirdly, molecular amplification methods greatly depend 

on the availability of costly reagents, consumables, and technical expertise to operate specialised 

equipment, such as thermal cyclers (Oliver et al. 2014). Modern analysis workflows can now be carried 

out using automated processing equipment and commercially available user kits, reducing the level of 

molecular-biological training required and lowering costs for routine measurements. Considering both 

limitations and advantages, molecular techniques can still provide sensitive, specific and rapid detection 
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of harmful microorganisms including pathogenic bacteria and toxic microalgae (Medlin and Orozco 

2017). Nucleic acid-based amplification methodologies have been extensively used for the identification 

of various harmful algal bloom (HAB) species, including Pseudo-nitzschia, as illustrated in Table 1.1. 

1.11.4.1 RNA versus DNA 

Detecting RNA molecules can offer an assessment of cell viability and metabolic activity, as RNA degrades 

rapidly upon cell death, in contrast to DNA, which remains relatively stable. This presents challenges and 

opportunities in monitoring cellular activity, including responses to environmental conditions or 

stressors, through tracking changes in RNA levels (Cenciarini-Borde et al. 2009). DNA molecules can 

persist for extended periods after cell death. They are naturally stable, reflecting their purpose which is 

to carry the genetic information required for all cell functions (Sontag 2005). The decoding of genetic 

information starts with the transcription process, where protein complexes containing RNA polymerases 

and transcription factors synthesise RNA from a DNA template (Feklistov 2013). The transcription of 

genomic DNA leads to the formation of messenger RNA (mRNA), which carries the genetic information 

throughout the cell for the manufacture of proteins. Other forms of RNA such as transfer RNA (tRNA), 

ribosomal RNA (rRNA), and other small regulatory RNAs also have important functions in metabolism 

(Moore 1999). Ribosomes and tRNA in the cytoplasm translate messenger RNA into polypeptides, 

consisting of amino acids, ultimately forming protein structures that drive gene expression and 

coordinate functional processes in cells (R. Harwood and Wipat 2002, Kozak 2005, Laursen et al. 2005). 

Quantifying mRNA transcripts allows for studying gene expression profiling and determining which genes 

are active or inactive under different physiological or environmental conditions (Padovan-Merhar and 

Raj 2013, Tang and Amon 2013). However, mRNA molecules are prone to degradation by RNase enzymes, 

leading to a shorter lifespan compared to longer-lived, DNA, rRNAs and proteins (Hui et al. 2014). RNA, 

instead of DNA and proteins, provides a more accurate assessment of cell viability and physiology due to 

the higher number of RNA copies compared to DNA, even in cells with low expression levels (Lockhart 

and Winzeler 2000, Bustin and Mueller 2005). The molecular techniques developed for the detection of 

Pseudo-nitzschia using both RNA and DNA targets are summarised in Table 1.1. 
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Table 1.1 List of molecular assays targeting marker genes in species of Pseudo-nitzschia. (= “Yes”) indicates the ability to produce domoic acid in the given 
strain. (= “Not tested”) indicates that DA quantification was not performed. (“Yes/No”) indicates that the given species in the same study are toxic, 
whereas DA was not detected in other species. 

Species Toxicity Target gene Sample Location Assay Detection chemistry Detection limit References 

P. pungens not 

tested 

ITS culture, bloom various qPCR EvaGreen intercalating dye ≤350 cells l-1 (Kim et al. 2017) 

P. pungens, P. mannii, P. 

delicatissima, P. calliantha 

yes/no ITS culture, bloom Mediterranean Sea, 

Italy 

RT-qPCR SYBR Green intercalating 

dye 

1.2– 8.9 × 108 cells 

l−1 

(Penna et al. 2013) 

P. calliantha not 

tested 

ITS culture, bloom Mediterranean Sea, 

Italy, Spain. 

PCR Gel electrophoresis <10 cells l−1 (Penna et al. 2007) 

P. calliantha, P. delicatissima, P. 

multistriata, P. arenysensis, P. 

fraudulenta P.pungens,  P. 

galaxiae,  P. brasiliana 

not 

tested 

ITS-1, 5.8S, ITS-2 culture, bloom Mediterranean Sea, 

Spain. 

qPCR SYBR Green intercalating 

dye 

<200  cells l−1 - 

<480  cells l−1 

(Andree et al. 2011) 

P. cuspidate, P. australis, P. 

pseudodelicatissima, P. 

delicatissima, P. seriata, P. 

multiseries, P. granii, P. 

pungens, P. fraudulenta 

not 

tested 

18S rDNA culture, bloom San Pedro Channel, USA qPCR SYBR Green intercalating 

dye 

52 cells  l−1 - 445  

cells l−1 

(Fitzpatrick et al. 2010) 

Pseudo-nitzschia sp.  not 

tested 

rbcL,18S rRNA, 

ITS, COI 

bloom Shilaoren Bay, China PCR Gel electrophoresis Not determined (Guo et al. 2015) 

P. calliantha, P. delicatissima, P. 

arenysensis, P. pungens 

not 

tested 

LSU rDNA culture, bloom Mediterranean Sea, 

Italy 

qPCR MeltDoctor™ HRM  

intercalating Dye 

Not determined (Pugliese et al. 2017) 

P. pseudodelicatissima, P. 

delicatissima 

not 

tested 

LSU culture, bloom Mediterranean Sea, 

Italy 

PCR Gel electrophoresis 3.3 x 103 cells l−1 (McDonald et al. 2007) 
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P. delicatissima, P. multistriata, 

P. galaxiae, P. mannii, P. 

subfraudulenta, P. calliantha 

yes/no Prenyltransferase culture Various culture 

collection 

PCR Gel electrophoresis Not determined (Dermastia et al. 2022) 

P. australis, P. fraudulenta, P. 

pungens, P. multiseries 

not 

tested 

LSU culture, bloom Monterey Bay, USA Whole-cell 

fluorescent in 

situ 

hybridisation 

(FISH) 

Scanning electron 

microscopy (SEM) analysis 

500 cells l−1 (Miller and Scholin 

1998) 

P. australis, P. pungens, P. 

multiseries, P. heimii, P. 

fradulenta, P. pseudo-

delicatissima, P. delicatissima 

yes/no rRNA culture, bloom Monterey Bay, USA Sandwich 

hybridisation 

assay 

DNA probe  6 x 103 cells l−1 (Scholin et al. 1999) 

P.  pseudodelicatissima, P. 

cuspidata, P. cf. cuspidata, P. 

calliantha, P. delicatissima, P. 

fraudulenta P. hallegraeffii, P. 

hasleana, P. multiseries and P. 

multistriata, P. plurisecta, P. 

pungens var. pungens and P. 

simulans 

yes/no ITS,5.8S, ITS2, 

LSU 

culture, bloom Wagonga Estuary, 

Australia 

qPCR SYBR Green intercalating 

dye 

4 - 8 cells l−1 (Ajani et al. 2021) 

P.  calliantha, P.  multistriata, P.  

pungens 

no rRNA culture Various culture 

collection 

qPCR Hydrolysis probe 106 cells l−1 (Yarimizu et al. 2021) 

P. multiseries, P. calliantha, P. 

americana, P. calliantha, P. 

subpacifica, P. plurisecta, P. 

delicatissima, P. delicatissima, 

yes/no ITS1 bloom Narragansett estuary, 

USA 

PCR Gel electrophoresis Not determined (Sterling et al. 2022) 
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P. fraudulenta P. hallegraeffii, 

P. hasleana, P. galaxiae,  

P. australis, P. pungens, P. 

delicatissima P. fraudulenta, 

and P. multiseries 

yes/no LSU culture, bloom West Coast of Scotland, 

UK 

Whole-cell 

fluorescent in 

situ 

hybridisation 

(FISH) 

Scanning electron 

microscopy (SEM) analysis 

600 cells l−1 (Turrell et al. 2008) 

P. granii no FTN, ISIP2a, ACT culture, bloom Northeast Pacific 

Ocean, USA 

RT-qPCR SYBR Green intercalating 

dye 

Not determined (Marchetti et al. 2017) 

P. multiseries Hasle no cyclophilin, SLC6, 

PFK, Aldo-keto 

reductase, GDH, 

PEPCK, SHSP 

culture, bloom Prince Edward Island, 

Canada 

RT-qPCR SYBR Green intercalating 

dye 

Not determined (Boissonneault et al. 

2013) 

P. calliantha, P. pungens, P. 

delicatissima and P. 

fraudulenta, P. multiseries, P. 

seriata, P.  cf. cuspidata 

yes SSU bloom Oslofjorden, Norway RT-qPCR SYBR Green intercalating 

dye 

Not determined (Dittami et al. 2013) 

Isothermal amplification methods: 

P. pungens, P. multiseries, P. 

delicatissima, P. cuspidate, P. 

hasleana 

not 

tested 

rbcS culture Various culture 

collections 

NASBA Molecular beacon  103 cells l−1 (Delaney et al. 2011) 
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1.11.4.2 Polymerase Chain Amplification (PCR) 

The use of PCR has revolutionised the analysis of nucleic acids, making it a common method for 

monitoring microorganisms in water such as pathogens, biotoxins, and viruses (Su et al. 2011). PCR 

amplifies a specific fragment of nucleic acid by using a thermostable Taq polymerase enzyme and 

cyclic heating and cooling. This results in the production of several million DNA copies within a few 

hours, which can then be easily detected through electrophoresis or fluorescence methods (Livak 

et al. 1995, Green et al. 2015).  

The PCR reaction starts with a denaturation step, where the hydrogen bonds holding the double-

stranded DNA template together are broken by high-temperature exposure, leading to a separation 

of the secondary structure of the complex double-stranded DNA (dsDNA) into two complementary 

single strands of DNA (ssDNA). The length of this phase should be sufficient for the strands to be 

separated for priming, but not so long that the DNA is damaged. Since incomplete degradation of 

dsDNA molecules leads to decreased sensitivity in detection (Douglas and Atchison 1993). 

Oligonucleotides or primers are short stretches of DNA consisting of about 20 bases and are used 

to bind with the complementary sequences of the target region to be amplified on the DNA 

template. The reaction is then cooled to the primer annealing temperature, which is primer-

dependent and usually falls between 50°C and 65°C, allowing the primers to hybridise with the 

complementary sequence on every single strand of DNA. The annealing temperature can be 

estimated to be 5°C lower than the melting temperature of the primer-template DNA duplex (van 

Pelt-Verkuil 2008). 

The next step in the PCR reaction involves an extension, where the temperature is raised to 72°C 

for 20 seconds to one minute to enable replication of the template with the help of a thermostable 

DNA polymerase. The optimal extension temperature is determined based on the balance between 

the DNA polymerase activity and the primers' hybridisation specificity. With a 1-minute extension 

time, PCR amplicons up to 2 kilobases can be synthesised efficiently (Morrison and Gannon 1994). 

For amplifying larger amplicons, the extension step may be prolonged by an additional minute per 

kilobase (van Pelt-Verkuil 2008). Before the second cycle begins, two forms of the template are 

present in the reaction: fragments of original DNA strands and newly synthesised DNA strands that 

consist of the primer sequence followed by varying lengths of amplicon extended at the 3’ end 

(Green et al. 2015). Original DNA strands that were not primed and extended in the first cycle may 

be incorporated in the second cycle, resulting in molecules made up of primer and extension 
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products. On the other hand, the molecules from the first cycle that were primed and extended 

serve as the template for primers that are complementary to the newly synthesised material. By 

the third cycle, the newly generated target region DNA that resulted from the second cycle only 

comprises the amplicon and thus becomes the specific template (Green et al. 2015). The 

denaturation-annealing-extension cycle is repeated continuously, commonly between 25 and 40 

times, leading to exponential amplification of the copied sequences, as shown in Figure 1.7.  

 

Figure 1.7 Mechanism of the PCR reaction and hydrolysis probe. The DNA template undergoes 
cycles of three steps: denaturation at 95°C, annealing at 50-65°C, and extension at 72°C, leading to 
the amplification of the PCR amplicons. The Taq DNA polymerase extends the primer located on 
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the same strand as the probe until it reaches the position of the probe. The inherent exonuclease 
activity of the polymerase breaks down the probe from 5’ to 3’, freeing the reporter dye into the 
solution and resulting in an increase in fluorescence. The fluorescence signal, proportional to the 
amount of target DNA in the sample, is then measured. The schematic illustration was redrawn 
from (Auroux et al. 2004). 

The number of cycles required depends on the desired yield of the PCR product and is influenced 

by the initial starting copy number and amplification efficiency (Cha and Thilly 1993). This results in 

both linear amplification of the amplicons from the first cycle and exponential amplification of the 

amplicons from the second cycle. The linear amplification step may impact the total exponential 

amplification, although it produces smaller amounts of DNA. As the PCR reaction progresses, it 

continues to show exponential amplification until reaching a plateau phase caused by the 

nonspecific binding of the DNA polymerase to the DNA products (Kainz 2000, Mackay 2004). 

The use of SYBR Green dye in PCR reactions can negatively impact accuracy due to its indiscriminate 

binding to all double-stranded DNA in the reaction pool (Dragan et al. 2012a). A better approach is 

to analyse PCR products through the melting curve analysis. This technique involves gradually 

raising the temperature to denature double-stranded PCR products, producing a unique melting 

temperature for each product that corresponds to its length and GC content (Druml and Cichna-

Markl 2014). The melting curve can also detect nonspecific products that melt at different 

temperatures (Al-Robaiy et al. 2001). For real-time measurement, a fluorescent reporter probe is 

used, which is an indirect measure of the amount of nucleic acid present during each amplification 

cycle (Lee et al. 1993). The hydrolysis probe (also known as the TaqMan probe) is currently used for 

this purpose and is designed to hybridise to the internal region of the DNA template during the 

annealing phase. The hydrolysis probe is a single-stranded oligonucleotide labelled with a reporter 

dye and a quencher that is in close proximity. Upon specific hybridisation between the hydrolysis 

probe and DNA target, the probe becomes susceptible to the nuclease activity of DNA polymerase. 

The hydrolysis of the probe releases the reporter dye into the solution during subsequent cycles of 

the reaction, leading to an increase in fluorescent signal intensity that enables real-time 

fluorescence detection of the target (Livak et al. 1995), as shown in Figure 1.7. 

The quantification cycle (Cq), also known as the threshold cycle (Ct-value), is a defining characteristic 

of a PCR run and is determined by the cycle at which the real-time fluorescent signal first rises above 

a set threshold. The threshold is used to differentiate between low initial concentrations of the 

template and background noise, which are too low to be detected (Gibson et al. 1996). The amount 

of target present at the beginning of the PCR amplification affects the Ct value: higher initial target 
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amounts lead to amplification in earlier cycles and a lower Ct value, while lower initial amounts 

result in later amplification and a higher Ct value (Gibson et al. 1996). This correlation between 

fluorescence, Ct, and the amount of amplified product allows for accurate quantification of the 

template over a broad dynamic range. 

Microfluidic technology has enabled the miniaturisation of nucleic acid amplification via PCR 

methodology, despite the stringent operating conditions required such as stable thermal 

polymerase enzymes and precise thermal cycles (Zanoli and Spoto 2013, Ahrberg et al. 2016). The 

first PCR devices were developed by (Northrup et al. 1999) and (Wilding et al. 1994), with thermal 

cycling achieved by Peltier heater-coolers. Real-time detection of PCR products was achieved using 

TaqMan probes, followed by gel electrophoresis visual verification (Northrup et al. 1999). A 

handheld PCR device performing a faster reaction in less than 7 minutes was reported by (Belgrader 

et al. 1999). PCR in microstructures with real-time detection was demonstrated by detecting 

Erwinia herbicola and Bacillus subtilis in 16 minutes with detection limits of 102–104 cells ml-1 using 

thin-film resistive heaters in 10 silicon reaction chambers and solid-state optics (Belgrader et al. 

1998). (Neuzil et al., 2006) fabricated another silicon-based PCR device that performed 50 

amplification cycles within a few minutes. A microfluidic PCR system with rapid amplification in 1.3 

minutes was achieved by optimising primers, and reagents, and reducing cycles to 0.4 to 2.0 

seconds (Trauba and Wittwer 2017). Integrating microfluidic technologies with PCR analysis has 

demonstrated the potential for enabling sensitive detection. 

1.11.4.3 Isothermal Amplification Methods  

Isothermal amplification methods have become a popular alternative to the traditional PCR 

technique as they allow the detection of genetic target while avoiding thermal cycling (Zhao et al. 

2015). Furthermore, performing amplification reactions at a constant temperature eliminates the 

need for rapid heating and cooling mechanisms, reducing reaction time and energy consumption, 

and making it more suitable for use in portable, battery-powered systems. The amplification rate is 

determined here by the activity of the enzymes and suitability of primer sequences in the reaction, 

rather than being limited by heating and cooling steps as in PCR practice (Craw and Balachandran 

2012). The detection of DNA and RNA has been achieved through various isothermal amplification 

methods, including recombinase polymerase amplification (RPA) (Piepenburg et al. 2006), nucleic 

acid sequence-based amplification (NASBA) (Compton 1991), loop-mediated amplification (LAMP) 

(Notomi et al. 2000), helicase-dependent amplification (HDA) (Vincent et al. 2004), rolling circle 
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amplification (RCA) (Lizardi et al. 1998), and strand displacement amplification (SDA) (Shuler et al. 

2012); (Walker et al. 1992). 

1.11.4.3.1 Recombinase Polymerase Amplification (RPA)  

The recombinase polymerase amplification (RPA) method is a well-established and widely used 

isothermal amplification technique that operates at a single temperature of 37°C (Piepenburg et al. 

2006). It has been employed in the detection of various pathogens, including bacteria (Santiago-

Felipe et al. 2015, Liu et al. 2017), viruses (Zaghloul and El-shahat 2014, Moore and Jaykus 2017), 

fungi (Lau et al. 2016) and parasites (Crannell et al. 2016, Subbotin 2019). The RPA method is 

capable of amplifying low numbers of copies of DNA and RNA targets from both crude samples and 

in the presence of background DNA and inhibitors (Piepenburg et al. 2006, Ahmed et al. 2014, Silva 

et al. 2015, Yang et al. 2016). Furthermore, RPA can be performed without a dedicated heating 

device, so long as the ambient temperature is above a minimum of 10 oC  (Lillis et al. 2014). As a 

result, the mobile RPA assay is becoming a popular tool for enabling more portable genetic testing 

in point-of-care (POC) applications. 

The RPA reaction starts with the binding of the recombinase enzyme to primers through the help 

of loading factors, forming a recombinase filament. This filament initiates the amplification cycle by 

searching for homologous sequences in the duplex template and opening the double strands to 

allow for hybridisation with the primer and target sequence, leading to strand exchange and 

insertion of the primer onto the target (Harris and Griffith 1989). The non-template strand is 

displaced and forms a d-loop structure, where one side is double-stranded and the other remains 

single-stranded stabilised by ssDNA binding proteins (gp32) to prevent re-annealing (Yonesaki and 

Minagawa 1985, Harris and Griffith 1987). The recombinase disassembles from the recombinase–

primer complexes after strand exchange, allowing for the next pair of primers. The DNA polymerase 

extends primers from the 3′ end, causing the exponential accumulation of amplified duplex DNA 

through repetitive cycles (20-40 min) (Figure 1.8).  

The RPA products can be detected using gel electrophoresis, and SYBR Green dye (Piepenburg et 

al. 2008). TwistAmp® commercially provides fluorophore/quencher probes including exo probe, fpg 

probe, and nfo probe for real-time RPA analysis (TwistDx 2009) (Lobato and O'Sullivan 2018). The 

biochemistry of RPA is incompatible with hydrolysis-based probes such as TaqMan and molecular 

beacons due to the endonuclease activity of the RPA enzymes (Kaiser et al. 1999). The use of 

TaqMan probe or Taq polymerase in RPA reactions is not possible due to their 5′→3′ exonuclease 
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activity, which prevents DNA amplification by digesting the displaced strand during the RPA strand 

displacement process. Thus, the use of strand displacement polymerases like Bacillus subtilis DNA 

polymerase I (Bsu) or Staphylococcus aureus polymerase (Sau), which lack the 5′→3′ exonuclease 

activity is necessary for RPA-based detection (Lobato and O'Sullivan 2018). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 1.8 RPA reaction and the fluorescence generated by the exo probe for real-time detection. 
This process involves the formation of complexes between recombinase proteins and primers. 
These complexes cooperatively bind to primers in the presence of ATP, loading factors (such as 
UvsY) and crowding agents (such as Carbowax 20M). The recombinase/primer complex scans the 
DNA template for homologous sequences and inserts primers at the homologous site using strand-
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displacement activity, creating a D-loop structure. Single-stranded binding proteins (gp32) stabilise 
the displaced DNA chain in a D-loop structure. Then, the recombinase disassembles, leaving the 3′-
end of the primers accessible to a strand-displacing DNA polymerase, which elongates the primer. 
This process produces one complete copy of the amplicon in addition to the original template. The 
exponential amplification is achieved by the cyclic repetition of this process. Real-time fluorescence 
generation is enabled by the exo-probe, which anneals to the complementary sequence on the 
template DNA. When the probe binds, exonuclease III digests the THF spacer, leading to the 
generation of a fluorescence signal. Redrawn from (Li et al. 2019a). 

The RPA assay can be performed in either a liquid or solid phase format, each with its advantages. 

In the solid-phase approach, primers and other reaction components are bound to a substrate 

surface, facilitating bridge amplification (Shin et al. 2013). This solid-phase RPA approach eliminates 

the need for post-amplification treatments (Khan et al. 2008, del Rio et al. 2015), and also offers 

multiplexing potential (Chao et al. 2015) and the flexibility to combine RPA amplification with 

diverse detection techniques, such as electrochemical and colourimetric detection (Liu et al. 2016, 

Yamanaka et al. 2017). In contrast, liquid-phase RPA allows for faster template and primer 

extension using RPA enzymes, leading to quicker amplification and lower detection limits compared 

to solid-phase RPA. This is due to the free diffusion of primers and reaction reagents that enables 

rapid and efficient mixing of reaction components including primers, DNA template, nucleotides, 

and enzymes, promoting efficient DNA amplification (Daher et al. 2016). 

The RPA reaction has been adapted to allow the detection of multiple DNA/RNA targets in a single 

tube, a format known as multiplexing. Successful examples of multiplexing RPA assays include the 

detection of Staphylococcal mec junction targets and internal control using fluorescent detection 

by exo probes (Hill-Cawthorne et al. 2014). Another multiplex assay demonstrated the 

simultaneous amplification of five genes in two bacterial pathogens in food products using RPA, 

with the optical signal measurement using a DVD detector (Santiago-Felipe et al. 2016, Kim and Lee 

2017). The highest level of multiplexity achieved with RPA was demonstrated by (Song et al. 2017), 

who developed a 16-plex assay for pathogen detection. However, multiplex RPA amplification 

assays tend to be less sensitive compared to equivalent single-target assays due to the consumption 

and compromise of enzymes and reagents during the reaction (Polz and Cavanaugh 1998). This 

reduced sensitivity can be further exacerbated by the sequestration of reaction components by 

high-abundance targets, resulting in the masking of low-abundance targets in samples (Kanagawa 

2003, Okino et al. 2015). Therefore, further optimisation and validation are required to ensure the 

sensitivity and reliability of multiplex RPA amplification assays (Johnson and Loehr 2015).   
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The RPA reaction has demonstrated its ability to amplify target sequences in the presence of 

inhibitors and background DNA, making it a promising tool for in-field applications (Chao et al. 2015, 

Ng et al. 2015, Rohrman and Richards-Kortum 2015). Microfluidic RPA sensors have been developed 

by (Lutz et al. 2010) capable of detecting the mecA gene from Staphylococcus aureus with a limit of 

detection of 10 copies in less than 20 minutes. (Dao et al. 2018) also developed a microfluidic RPA 

sensor for the detection of Salmonella and Brucella pathogens, which indicated greater sensitivity 

than bench-top RT-qPCR assay. In addition, fully integrated RPA systems employed a 3D printed 

cartridge to perform the detection of specific genes in Chlamydia Trachomatis pathogenic bacteria. 

These systems can deliver results in as little as 10 minutes using a TwistAmp fpg probe (Ereku et al. 

2018). These advancements in microfluidic and integrated RPA technologies offer advantages for 

rapid and sensitive on-site detection. 

1.11.4.3.2 Loop-Mediated Isothermal Amplification (LAMP)  

LAMP was initially described by (Notomi et al. 2000) and offers specific nucleic-acid-based detection 

compared to other isothermal methods. LAMP achieve this specificity by employing three sets of 

primers that target six distinct sites within the DNA target sequence (Soroka et al. 2021). The 

method involves the use of a strand-displacing DNA polymerase and six primers; two outer primers 

(F3 and B3), two inner primers (FIP and BIP), and two loop primers (Loop F and Loop B) (Salamin et 

al. 2017).  

The LAMP reaction is conducted at a constant temperature typically between 60-65°C. It initiates 

with the hybridization of the inner primer (F2) to the target DNA, followed by an extension 

facilitated by a DNA polymerase enzyme. This is followed by the binding of the outer primer F3 to 

the same target strand and undergoes polymerase-mediated extension, leading to the 

displacement of the newly synthesised strand. The displaced strand forms a stem-loop structure at 

its 5' end due to the hybridisation of the F1c and F1 regions. At the 3’ end, the reverse primer set 

can then hybridise to this strand, generating a new strand with a stem-loop structure at both ends 

through polymerase extension. This continuous process creates a double-loop stem structure 

(dumbbell structure) which drives an exponential amplification where the target DNA is repeatedly 

extended and displaced. The amplified products consist of stem-loop DNAs with different inverted 

target repeats and complex cauliflower-like structures with multiple loops (Becherer et al. 2020). A 

detailed schematic of the LAMP amplification scheme is shown in (Figure 1.9).  
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Figure 1.9 Amplification reaction of loop-mediated isothermal amplification (LAMP).   

LAMP amplicons can be measured by a variety of techniques, including turbidity caused by 

magnesium pyrophosphate precipitate as a by-product (Huang et al. 2017b, Wachiralurpan et al. 

2017), gel electrophoresis (Liu et al. 2022, Warmt et al. 2022), melting curve analysis (Rolando et 

al. 2020, Shen et al. 2022), electrochemiluminescence (Yuan et al. 2014, Martinez-Perinan et al. 

2020), visually evaluating the solution colour change by naked-eye (Tanner et al. 2015, Lee et al. 

2017, Zhang et al. 2022b), fluorgenic probes (Gadkar et al. 2018, Bhadra et al. 2021),  intercalating 

fluorescent dyes (Tian et al. 2012, Lai et al. 2021), bioluminescence (Hardinge et al. 2018, Mirasoli 

et al. 2018), colourimetric detection (Roumani et al. 2022), metal calcium indicators (Wang et al. 

2017), and magnetic beads (Roy et al. 2016, Chen et al. 2018).  

The LAMP amplification reaction is characterised by the Time to Threshold (Tt) values, which 

indicate the moment when the real-time fluorescent signal first rises above the baseline 

background level (Diego et al. 2019). At the onset of the LAMP process, the fluorescence intensity 

is initially very low, falling below the detection threshold and within the system's "background 
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noise", due to the low initial concentration of the template. However, as the amplification reaction 

develops, a shorter Tt value is observed particularly in the earlier cycles when an abundant target 

sequence is present. In contrast, when the target sequence is present in fewer initial copies, the 

amplification occurs in later cycles, resulting in a longer Tt value (Yu et al. 2022).  

The LAMP method is a simple and versatile technique capable of amplifying a few copies of the 

target DNA to over 109 copies in less than an hour, without the need for thermocycling. The reaction 

occurs in a single step at a constant temperature, typically maintained between two high 

temperatures 60°C and 65°C, making it highly suitable for the detection of microorganisms, even in 

the presence of substantial amounts of non-target DNA (Moehling et al. 2021). At elevated 

temperatures, it denatures secondary structures between non-specific DNA sequences and 

primers, and reduces non-specific binding, ensuring specific extension by DNA polymerase during 

LAMP reaction. However, the major challenge of LAMP is the design of its primer sets, which require 

coverage of six distinct regions in the target DNA. To simplify this task, web-based software has 

been developed to aid in the design of LAMP primers and loop primers (Eiken 2023). The LAMP 

method is an effective tool for identifying single-nucleotide mutations in target sequences, due to 

the utilisation of six LAMP primers that recognise six unique sites within the target sequence 

(Varona and Anderson 2021). This results in a high level of specificity for target detection, 

outperforming conventional PCR (Hardinge and Murray 2019, Kamra et al. 2022), and RPA methods 

(Zou et al. 2020).  

The LAMP method demonstrated significant analytical sensitivity in quantifying HAB taxa, including 

Karenia mikimotoi (Wang et al. 2020c), Karlodinium veneficum (Huang et al. 2017a), Alexandrium 

catenella and Alexandrium minutum (Zhang et al. 2012), and  Prorocentrum minimum (Zhang et al. 

2014a). The reverse transcription loop-mediated isothermal amplification (RT-LAMP) method has 

been applied successfully in the detection of RNA sequences from various microorganisms, 

including the influenza virus (Nakauchi et al. 2014), zika virus (Wang et al. 2016), coronavirus (Huang 

et al. 2020, Tang et al. 2022), bacteria (Wu et al. 2018, Zhan et al. 2019), algae (Chen et al. 2013).  

The multiplexing capability of LAMP enables the quantitative amplification of multiple targets 

simultaneously within a single reaction. A multiplex LAMP detection system was developed by 

combining hybridisation probes of different colours and LAMP primers for identifying the 

Schistosoma target (Crego-Vicente et al. 2023). In under 60 minutes, a multiplex LAMP format was 

employed for quantifying three antibiotic-resistant genes, mcr-1, mcr-3, and mcr-4 (Zhong et al. 

2019). A multiplex digital LAMP assay was developed for the simultaneous detection of five targets 
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in a single reaction within a single fluorescent range (Malpartida-Cardenas et al. 2022). (Oscorbin 

et al. 2021) demonstrated the sensitivity of multiplexed RT-LAMP amplification for detecting as low 

as 20 copies of SARS-CoV-2 RNA per reaction in just 40 minutes. These examples highlight the 

multiplexing capabilities of LAMP that enhance its efficiency and utility in various applications. 

The versatility of the LAMP method extends to various applications in environmental monitoring, 

offering rapid, specific, and cost-effective genetic monitoring tools. For example, a colourimetric 

LAMP assay conducted on a handheld device enabled the direct detection of 5 copies of SARS-CoV-

2 per reaction from crude samples (Papadakis et al. 2022).  Simultaneous detection of two HIV RNA 

targets in plasma samples was achieved using a microcapillary LAMP (cLAMP) system (Zhang et al. 

2014b). Another colourimetric LAMP assay, developed by (Song et al. 2022a), used a smartphone 

camera to monitor the colour change of LAMP amplicons, facilitating the classification of SARS-CoV-

2 results as positive, negative, or false positive based on concentration levels. Additionally, (Wang 

et al. 2020d) demonstrated LAMP-on-a-chip for real-time detection of pathogenic bacteria 

Salmonella at a concentration of 14 CFU ml-1 within 1.5 hours, using preloaded lyophilized LAMP 

reagents in a heated polydimethylsiloxane (PDMS) microchamber at 65°C. Furthermore, a portable 

LAMP device was employed to rapidly detect a single cell of the toxic microalgae Alexandrium 

catenella per ml within 2 hours (Fujiyoshi et al. 2021). In summary, the LAMP method provides a 

rapid, specific, and cost-effective tool for genetic monitoring with a wide range of applications in 

environmental monitoring. 

1.12 Automation of Molecular Methods for in situ Nucleic Acid Sensing 

The demand for rapid analysis of small biological samples has led to significant advancements in 

miniaturisation and automation of nucleic acid detection technologies. The introduction of Micro 

Total Analysis Systems (µTAS), also known as "lab on a chip," has enabled the integration of sample 

preparation, nucleic acid amplification, and detection within microfluidic devices or at a microscale 

level (Dittrich et al. 2006, Chen et al. 2007a). Microfluidic lab-on-a-chip (LOC) devices mimic 

laboratory processes in a compact chip-sized format, with the aim of delivering high precision, 

portability, and reduced detection times by manipulating small volumes of samples and reagents, 

ranging from nano to picolitres within microchannels (Chang et al. 2013). 

Lab-on-a-chip (LOC) is becoming an important tool for executing biological assays at a microscale, 

offering several advantages such as reduced reagent consumption, minimised contamination risk, 
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quicker analysis times, and simplified sample handling. In response to these advantages, molecular 

detection systems have been developed to integrate with microfluidic systems, facilitating rapid 

and precise identification of harmful microorganisms, including pathogenic bacteria and toxic 

microalgae (McQuillan and Robidart 2017). The application of these systems is considered a key to 

improving healthcare and environmental monitoring, especially in the domains of Point-of-Care 

(POC) and Point-of-Harvest (POH) testing, respectively. Miniaturising genetic testing offers a range 

of benefits, including faster results, reduced risk of contamination, low reagent consumption, as 

well as cost and time savings (Asiello and Baeumner 2011, Foudeh et al. 2012). One of the key 

advantages of microfluidic genetic testing is the elimination of the need for sample transportation 

and labour-intensive sample preparation, leading to complete automation and a streamlined 

biosensing workflow (sample in - answer out), as illustrated in Figure 1.10.  

Ensuring the user-friendly operation of microfluidic systems is a paramount goal for any genetic 

analysis for both POC and POH applications. The adoption of the ASSURED standards is a widely 

accepted approach for evaluating the performance and operational adaptability of in-vitro 

molecular systems for end-users (Land et al. 2019). Furthermore, the United States Clinical 

Laboratory Improvement Amendment (CLIA) classifies molecular tests into three categories: high 

complexity, medium complexity, and waived (Ehrmeyer and Laessig 2007). 

Ideally, a molecular device is classified as 'CLIA waived' as it operates the detection steps in a highly 

simple manner, minimising the likelihood of user-introduced errors (Niemz et al. 2011). Currently, 

a few commercial nucleic-acid detection systems have received the CLIA-waived status, such as 

Piccolo Xpress (Abbott), Cobas® Liat® System (Roche diagnostics), and GeneXpert System (Cepheid). 

Most of these platforms support fully automated workflow that provides ‘DNA sample-in/answer-

out genetic testing. Therefore, the development of microfluidic systems has the potential to reduce 

operational complexity and minimise user intervention. However, the implementation of 

microfluidic systems faces challenges in incorporating multiple critical elements, including external 

actuators, valves, pumps, mixers, electromechanical interfaces, and detection modules (Farré et al. 

2012). These challenges can compromise the advantages of simplicity, speed, low cost, scalability, 

and portability. Therefore, careful design considerations are crucial to fully realise the benefits of 

Lab-on-a-Chip (LOC) technology, as discussed in section 1.15. 
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Figure 1.10 Miniaturised molecular devices simplify the operational procedures of genetic analysis. 

1.13 Sample Preparation and Nucleic Acid Extraction 

In recent years, various extraction procedures have been developed to obtain pure nucleic acids, 

including DNA and RNA, using either solution-based or column-based protocols. Achieving accurate 

molecular analysis depends on extracting high-quality nucleic acid samples. Complete disruption of 

target cells is important to efficiently recover their genetic material (Brown and Audet 2008). The 

proper preparation of a pure nucleic acid sample allows the success of downstream analyses, as 

the presence of other cellular components such as proteins and lipids can inhibit nucleic acid 

detection (McKiernan and Danielson 2017, Lee et al. 2019a). 

Typically, the genomic DNA extraction process starts with the homogenisation of cell samples in a 

lysis solution containing a chaotropic salt such as guanidinium thiocyanate and phenol/chloroform, 

followed by centrifugation to separate the lysate into three phases (Tan and Yiap 2009). To aid in 

cell lysis and the solubilisation of proteins and lipids, a lysis buffer consisting of phosphate-buffered 

saline (PBS) and a detergent such as sodium dodecyl sulfate (SDS), Triton X-100, or deoxycholic acid 

may be added (McKiernan and Danielson 2017). To achieve enzymatic digestion of cellular proteins 

and associated polysaccharides, Proteinase K is commonly used (Yuan et al. 2017). However, 

magnesium ions (Mg2+) can inhibit the activity of Proteinase enzymes and reduce protein 

degradation (Gueroult et al. 2010). To address this, the addition of a chelator agent such as 

Ethylenediaminetetraacetic acid (EDTA) sequesters the magnesium ions within the lysate, 
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improving enzymatic digestion. In the extraction process, RNase enzymes are introduced to 

facilitate RNA degradation in the lysate, while DNase enzymes are used to recover RNA selectively 

(Rezadoost et al. 2016). Following these steps, DNA/RNA is adsorbed onto silica columns, facilitating 

the removal of contaminants such as proteins, lipids, and polysaccharides. This purification protocol 

involves a series of sequential washing and elution steps (McKiernan and Danielson 2017). During 

the elution step, a hypotonic buffer (i.e., detergent-free solution, such as Tris-EDTA), is employed 

to solubilise DNA/RNA molecules, protecting them from degradation. 

1.13.1 Conventional Nucleic Acid Extraction Methods  

Traditional nucleic acids isolation protocols mostly consist of multi-step procedures involving the 

use of corrosive, and toxic chaotropic solutions such as phenol/chloroform, 

cetyltrimethylammonium bromide (CTAB), guanidinium thiocyanate (Mahalanabis et al. 2009). 

Chaotropic agents induce structural disruption of the cellular membrane by denaturing its proteins 

and other non-target cellular components (Salvi et al. 2005). These chaotropic agents precipitate 

nucleic acids by supporting the intra-molecular immobilisation of nucleic acids through 

hydrophobic linkages, hydrogen bonds, noncovalent bonds and van der Waals forces (Ali et al. 

2017b). The cell lysate is then resuspended in an organic solvent or detergent buffer such as CTAB 

or phenol/chloroform mixture which leads to emulsion (Tan and Yiap 2009). A series of 

centrifugation steps are then conducted to separate the aqueous from the organic phase. The 

cellular denatured materials remain in the organic phase, whilst DNA persist in the aqueous phase 

at an alkaline pH value (Tan and Yiap 2009). The aqueous phase containing DNA is purified through 

a new clean tube via multiple steps till the interface is transparent rather than thick and opaque in 

appearance. Crude DNA samples can be directly recovered from the aqueous part after ethanol or 

isopropanol precipitation (Moore and Dowhan 2002).   

These traditional purification methods are often combined with multiple buffer exchanges and 

washes to extract DNA/RNA (Chen et al. 2007b). However, the carryover of chaotropic agents like 

phenol can inhibit amplification reactions (e.g. PCR, RPA, HDA), reducing the sensitivity of those 

assays (Ye et al. 2018). Furthermore, buffer exchanges and multiple manual reloads of solutions 

between wash and elution steps affect the rapidity of extraction protocols and increase the risk of 

sample contamination (Marshall et al. 2012). Additionally, these labour-intensive procedures often 

require expensive and clean automated workstations as well as a high level of expertise to safely 

handle these hazardous chemical solutions. Integrating conventional DNA purification methods 
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with microfluidic platforms requires external actuation equipment (e.g. valves, actuators, pumps) 

to maintain an in-situ steady operation (Chin et al. 2007). This introduces further complications in 

the fabrication process due to the requirement for multiple materials, multi-level structures, bulky 

equipment and complicated assembly steps (Lim et al. 2019). 

1.13.2 Bead-Based Nucleic Acid Extraction Methods  

These purification techniques rely on a silica exchange system, which forms salt bridges between 

the negatively charged phosphorus groups of DNA and RNA and the positively charged silica 

membrane. Changing salt concentration within this system breaks the salt bridge and releases DNA 

or RNA molecules into an elution buffer, Figure 1.11 (Esser et al. 2006). This mechanism is known 

as the Boom principle, which employs silica magnetic beads for the extraction of RNA or DNA (Boom 

et al. 1990). Boom-based techniques are widely used in nucleic acid extraction from various 

biological mediums due to their ability to selectively bind and separate nucleic acids from other 

cellular components. Boom-based methods for nucleic acid extraction can be categorised as 

follows: 
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Figure 1.11 Binding of nucleic acid to a silica substrate. The purification process relies on the strong 

affinity between the negatively charged DNA molecule and the positively charged silica substrate 

(orange). In high salt conditions, the DNA binds tightly to the substrate, and thorough washing 

removes all non-target cellular components, purified DNA molecules can be eluted under low ionic 

strength conditions. 
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1.13.3 Solid-Phase Nucleic Acids Extraction  

Solid-phase extraction (SPE) is the most commonly used technique for nucleic acid purification. In 

this method, a solid material such as a filtration membrane with special properties is used to 

selectively capture the nucleic acids including DNA or RNA, from a complex mixture (Reedy et al. 

2010). By carefully controlling conditions such as pH and salt concentration, the nucleic acids bind 

to this solid material, while other cellular components like cell debris, lipids, and proteins are 

washed away. Following this process, the nucleic acids can be easily eluted from the solid phase in 

a solution, ensuring the integrity of the extracted DNA/RNA samples (Katevatis et al. 2017). Many 

commercial kits based on solid-phase silica extraction are available for extracting both DNA and 

RNA from various sources, including algal cells. These kits include DNeasy Plant Pro, DNeasy Plant 

Kits, RNeasy PowerWater (Qiagen), NucleoSpin Plant II, NucleoSpin TriPrep (Macherey-Nagel), 

easyMAG® (Biomérieux), Wizard® Genomic DNA Purification Kit, Maxwell® RSC simplyRNA kit 

(Promega), GenElute™ Water RNA/DNA (Sigma Adrich, UK), among others. 

However, SPE-based extraction comes with certain limitations. Firstly, SPE columns and membranes 

have limited capacities, which may not be sufficient for extracting DNA/RNA traces from large 

sample volumes, thus requiring sample concentration or dilution (Schlappi et al. 2016). Additionally, 

the efficiency of SPE-based extractions can be affected by the composition of the sample matrix, as 

highly complex samples comprising salts, and other contaminants can lead to column clogging (Chiu 

et al. 2010). Moreover, multiple centrifugation steps are necessary for executing SPE-based 

extractions, which can limit their speed and integration with microfluidic structures (Han et al. 

2009). 

1.13.4 Magnetic Nucleic Acids Extraction  

Magnetic bead extraction method has emerged as a versatile and efficient alternative method for 

isolating nucleic acids. These magnetic beads are usually coated with molecules that have a specific 

attraction to DNA or RNA, allowing them to selectively bind to genetic material through chemical 

interactions within the sample. A magnetic field is then applied to attract and immobilise the beads, 

along with the attached nucleic acids (Pezzi et al. 2018). By separating bead-bound nucleic acids 

from the rest of the sample using a magnet, the genetic material can be washed and eluted for 

further analysis, such as PCR, sequencing, or genetic testing.   
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However, the performance of magnetic-based extraction can be influenced by bead carryover and 

contaminants or impurities present in the sample matrix, which may interfere with nucleic acid 

binding with magnetic beads (Kovacevic 2016). Additionally, the yield of DNA/RNA depends on 

selecting magnetic beads of appropriate size and surface chemistry (Magnani et al. 2006). 

Furthermore, high-quality magnetic beads can be expensive, making them less accessible for some 

laboratories (Plouffe et al. 2015). While automation of magnetic bead extraction is possible and can 

increase throughput (Berensmeier 2006), it often requires specialised beards-trapping structures, 

magnetic-field control unit, and robotic parts, making it more complex for high-throughput testing 

applications (Ebrahimi et al. 2021). 

1.13.5 Microfluidic-based Nucleic Acids Extraction 

Recent microfluidic research has focused on miniaturising various extraction techniques, including 

solid-phase extraction (Kebede et al. 2022), magnetic beads extractions (Lee and Tripathi 2022) and 

paper-based extractions (Tang et al. 2017). To enable on-chip nucleic acid extraction, many 

microfluidic systems have been precisely designed to comprise fluid manipulations and automated 

control into a single system (Li et al. 2023). For example, the ProMagBot device enabled 

programmable magnetic-based procedures for extracting HIV RNA from pretreated blood samples 

(Politza et al. 2023). Similarly, (Bahi et al. 2011) utilised an on-chip technique that combined 

dielectrophoresis with magnetic beads for sample processing of dinoflagellates, K. brevis. The 

electroporated cells discharged their genetic material, including RNA which was later subjected to 

purification protocol using a commercial kit off-chip. (Easley et al. 2006) reported an integrated 

microfluidic device capable of conducting on-chip DNA-based purification of pretreated blood 

samples, followed by PCR amplification and enabled the electrophoretic detection of the amplified 

products in 30 min. Nevertheless, improving the tolerance of microfluidic systems towards crude 

samples remains a major challenge for achieving a fully automated sample-in-answer-out assay 

(Pattanayak et al. 2021, Wang et al. 2023). 

Alternatively, state-of-the-art extraction technologies have been investigated for integration into 

microfluidic systems in recent years. For example, a method based on dimethyl adipimidate (DMA) 

has been used to capture nucleic acids (DNA and RNA) from a variety of sources, including 

mammalian, bacterial, and plant samples (Yin et al. 2019). (Shin et al. 2014) used DMA as a 

capturing reagent to perform one-step DNA extraction on a microfluidic device. DMA-microfluidic 

extractions employed a non-chaotropic technique, resulting in significantly high-quality DNA 
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recovery within less time compared to conventional DNA purification kits (Shin et al. 2015). An 

alternative approach relies on the use of chitosan-coated metrics to achieve one-step purification 

with concentration procedures (Gan et al. 2017). Other porous chitosan membranes were 

fluorescently labelled to monitor changes in fluorescence resulting from captured DNA samples. 

The eluted DNA from this system was amplified via PCR off-strip (Byrnes et al. 2015). In summary, 

new technologies including lateral-flow and DMA-based extractions offer in-situ compatible 

systems, providing instrumentation-free settings for nucleic-acid-based sensing systems. 

1.13.6 Challenges with Nucleic Acid Extraction from Pseudo-nitzschia 

Pseudo-nitzschia cells are commonly sampled from the environment through two primary routes: 

directly from crude seawater, filtering seawater, and shellfish tissue homogenates (Lelong et al. 

2012). Ineffective processing of these samples can profoundly impact the performance of 

downstream molecular analysis (Ali et al. 2017a). To alleviate this, full disruption of cell membranes 

and walls is required to effectively collect the genetic material. The presence of other cellular 

components like proteins and lipids, however, can reduce the purity and integrity of extracted 

genetic material, which in turn, potentially interfere with downstream analysis.  

Pseudo-nitzschia cell has a rigid cell wall reinforced by numerous frustules composed of amorphous 

silica (hydrated silicon dioxide) (La Barre et al. 2014). Thereby, the thickness of this silica cell wall in 

Pseudo-nitzschia increases within a range of 3-8 μm, making it thicker than the cell walls of many 

other microorganisms (Ajani et al. 2018). By comparison, the cell wall of E. coli consists of a single 

layer of peptidoglycan, typically measuring around 2 to 3 nanometers (nm) in thickness (Norris and 

Manners 1993). In the case of dinoflagellate phytoplankton like K. brevis, their cell wall thickness is 

in a range of hundreds of nanometers (Chan et al. 2019), generally thinner than the silica wall found 

in Pseudo-nitzschia. The thick cell wall of Pseudo-nitzschia spp. hinders the penetration of 

extraction buffers, making it difficult to recover nucleic acids from their cellular contents. Thus, 

commercial extraction procedures, such as the DNeasy Plant and DNeasy Pro kits (Qiagen), involve 

a mechanical disruption of Pseudo-nitzschia cells using stainless steel beads and tungsten carbide 

beads (Panova et al. 2016). This grinding process ensures the complete breakdown of the silica cell 

wall of Pseudo-nitzschia, allowing for the recovery of their genetic samples. Moreover, these 

protocols require the use of additional expensive equipment, such as the "TissueLyser," to ensure 

efficient extraction of nucleic acids from rigid-walled cells. Due to these requirements along with 
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the complexity of the cell wall structure, conducting the on-chip extractions for in situ sampling of 

Pseudo-nitzschia cells becomes more challenging. 

There are additional limitations associated with sample processing of Pseudo-nitzschia, including 

challenges in handling, storing, and processing samples. These difficulties can lead to contamination 

by inhibitors, degradation of genetic samples, and the introduction of non-target genetic material 

(Hazen et al. 2013). On the other hand, the limited availability of representative sample sizes can 

also restrict the amount of genetic material for analysis and impact the sensitivity and reliability of 

the molecular assay (Demeke and Jenkins 2010). Moreover, the complexity of environmental 

samples, such as mixed microbial communities with a non-target genetic pool, can prevent the 

specific identification and sensitive quantification of target genetic markers (Theron and Cloete 

2000). Additionally, the choice of suitable sampling methodologies and tools is vital to guarantee 

that the collected samples accurately reflect the desired environmental target (Clarke and 

Ainsworth 1993). To mitigate those limitations, careful and standardised environmental sampling 

protocols should be optimised for the specific characteristics of cells, coupled with appropriate 

controls and quality control measures, to enable accurate and reliable molecular analysis of 

environmental Pseudo-nitzschia samples. 

1.14 Preservation of Analytical Reagents 

The preservation techniques have emerged to support easy-to-use molecular analysis, by pre-

loading necessary reagents onto portable and disposable devices, enabling cost-effective and 

simple testing in field applications (Primiceri et al. 2018). These easy-to-use, portable, affordable 

tools are convenient for non-skilled operators and have the potential to be used in environmental 

monitoring (Abbasi et al. 2019). Pre-loading reagents in microfluidic devices can extend the storage 

of primers, probes, and samples, and also eliminate the risk of contamination during the 

preparation of molecular testing (Von Lode et al. 2007, Stevens et al. 2008, Lutz et al. 2010, Liu et 

al. 2011). The integration of preserved reagents with state-of-the-art molecular assays can increase 

their utility and versatility on portable sensing devices. This allows for automated sample-to-answer 

molecular testing in remote areas, reducing the need for centralised laboratory equipment and 

saving time and cost for end-users (Yager et al. 2006). Many preservation techniques have been 

developed in the recent years. These are described below. 
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1.14.1.1 Freeze-drying  

Freeze-drying is a widely used method for storing reagents of several amplification methods 

including PCR, RPA and LAMP (Heeroma and Gwenin 2020, Wan et al. 2020, Yang and Wen 2021). 

However, freezing procedures have been found to have limitations in re-activating downstream 

amplification reactions. Due to the low moisture content in freeze-dried enzymes, makes them 

susceptible to interference from ambient humidity, leading to the loss of their enzymatic activity to 

re-activate amplification reactions (Wang et al. 2012, Malik et al. 2017, Xu et al. 2020). Therefore, 

introducing stabilising additives is preferable to ensure stable storage of reagents in a solid state. 

For example, common stabilisers including paraffin, trehalose, polyethylene glycol (PEG), mannitol, 

and dextran, were employed in the freeze-drying process to ensure stable storage of amplification 

reagents (Schaikhaev 2005, Ahlford et al. 2010). For additional protection, PCR reagents were 

encapsulated in a paraffin film following freeze-drying procedures, as demonstrated by (Kim et al. 

2009). When the amplicons were analysed through gel electrophoresis, their band intensities were 

found to be similar to those obtained from a PCR reactor without the paraffin layer. This efficient 

amplification performance was maintained for one to five months at room temperature without 

humidity control (Kim et al. 2009).  The set-up of freeze-drying typically requires bulky equipment 

to operate the pressurising process at extremely low temperatures, which can lead to reduced 

stability and shorter shelf life of the dried reagents (Oddone et al. 2020). These findings indicate 

that freeze-drying procedures require precise control of temperature and pressure conditions and 

involve the use of additional substances and refrigeration to maintain the integrity of preserved 

reagents in cool conditions. These requirements increase costs and time for preservation 

procedures, ultimately limiting accessibility for many research facilities. 

1.14.1.2 Gelification  

Gelification is another preservation technique for the storage of amplification reagents (Rosado et 

al. 2011, Franco De Sarabia Rosado Pedro et al. 2016). (Sun et al. 2013) found that gelified PCR 

reagents had a shelf life of at least three months, compared to freeze-dried reagents, and did not 

negatively impact the enzymatic performance or fluorescence intensity of PCR products. However, 

the gelified reagents required a stable refrigeration at 4°C to enable an efficient downstream 

molecular analysis (Tsaloglou et al. 2013). Nevertheless, the gelification process can be challenging 

to implement in various molecular laboratories due to its reliance on expensive equipment and 

proprietary gelifying agents (Høgberg et al. 2011). 
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1.14.1.3 Vitrification  

The vitrification technology has emerged as a promising alternative for preserving sensitive 

molecules in nucleic acid-based sensing systems. In comparison, the current lyophilisation 

technologies, require specialised technicians, and expensive lab equipment, and often result in 

process variability among laboratories (Roy and Gupta 2004, Emami et al. 2018).  Furthermore, high 

pressure and temperature required for drying and removal of water during these methods can 

reduce the activity of pre-stored reagents (Champagne et al. 1996, Karlsson et al. 2019, Oyinloye 

and Yoon 2020, Wang et al. 2020a). Thankfully, vitrification technology can address most of the 

limitations of current preservation methods. Unlike traditional preservation methods like freeze-

drying or gelification, the vitrification method eliminates the need for bulky equipment or vacuum 

incubators for stabilisation procedures and can be performed at room temperature with air 

exposure as the desiccant environment (Ahlford et al. 2010, Sun et al. 2013). This can enable a 

simple, cost-effective and energy-efficient preserving protocol, making it user-friendly for those 

without access to bulky vacuums and frozen storage facilities. The lack of a container in the closed-

system vitrification process also eliminates the risk of contamination (Rombach et al. 2014a, 

Hayashida et al. 2015, Hayashida et al. 2019). 

Vitrification technology has demonstrated broad compatibility in stabilising reaction mixtures of 

various nucleic acid-based amplification assays, including qPCR (Rombach et al. 2014a, Yu et al. 

2015), RT-qPCR (Hayashida et al. 2015), PSR (Liu et al. 2018), RPA (Udugama et al. 2017), LAMP and 

RT-LAMP (Hayashida et al. 2019, Phillips et al. 2019), and SDA (Lafleur et al. 2016). This technology 

offers several advantages for a point-of-need analysis, including reduced time and complexity of 

fabrication, low cost, and the ability to mass-produce miniaturised instruments for in-situ genetic 

testing. The fast and affordable manufacturing meets the current growing demand for mass 

production of genetic testing devices. 

During the vitrification process, liquid reagents are transformed into a glass-like state without 

forming ice crystals (Demirci and Montesano 2007). This strategy provides long-term preservation 

of enzyme and reagent function at ambient temperatures (Fox 1995). The process can also involve 

incubating the reagents with a vitrifying agent at a temperature equal to or lower than its glass 

transition temperature (Tg) (Figure 1.12). The Tg is the key parameter to solidify liquids without 

undergoing crystalline transformation (Roos and Karel 1991). At a temperature below Tg, the 

reagents experience a high viscosity that reduces their mobility and solidifies them into an 
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amorphous structure. While preventing any crystallisation of reagents but retaining them in a 

sticky, supercooled matrix, leading to stable and robust dry preservation of enzyme functions (Rossi 

et al. 1997). 

 

 

Figure 1.12 Schematic illustration of the temperature transitions during the vitrification process of 

glycerol. The thin line labelled Tm is the melting temperature of the solution, while the thick shaded 

line labelled Tg represents the glass transition temperature. The thick arrowed line shows the 

concentration of glycerol in the remaining unfrozen solution during slow cooling (approximately 

1°C per minute) and tracks the melting temperature until viscosity hinders further ice growth and 

equilibrium cannot be reached. Below the Tg line, the sample consists of a mixture of ice and glass. 

Adapted from (Fahy and Wowk 2015). 

The dehydration process allows mixing in vitrifying enzymes with stabilising agents to maintain the 

viscosity to further maintain the resulting glass structures (Colaco et al. 1992). For instance, 

trehalose (α-d-glucopyranosyl α-d-glucopyranoside), is a widely used non-reducing disaccharide for 

its preserving properties (Ohtake and Wang 2011). Trehalose has a high glass transition 

temperature (Tg = 106°C) compared to other disaccharides and remains in its glassy state even 

above room temperature (Roser 1991). Additionally, the end of the glucosyl residues in the 

trehalose structure prevents the Maillard reaction, which can damage proteins (Lins et al. 2004). 

Introducing trehalose during vitrification forms a highly viscous glass, which limits molecular 

mobility and protects the preserved reagents from processes such as crystallisation and 

degradation. The stabilising mechanism of trehalose is also reinforced due to its ability to replace 
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surrounding water molecules during hydration and drying, thereby preserving the native state of 

the enzyme molecule (Schebor et al. 1996). 

The vitrification process also can involve the use of a mixture of protectants and surfactant agents 

to induce water replacement and hydrogen bonding (Crowe et al. 1998, Mensink et al. 2017). 

Protectants form hydrogen and hydrophobic bonds to counteract the denaturing effect of water 

removal during dehydration (Emami et al. 2018). For instance, glycerol is a reliable protectant due 

to its carbohydrate-based head groups that protect the hydrophobic surfaces of proteins and its 

low glass transition temperature Tg of -92°C (Bell and Hageman 1996). The composite temperature 

of the vitrifying mixture is developed from the Tg values of individual components, with a mixture 

of trehalose and glycerol requiring a low Tg for vacuum desiccation and storage at 25°C (Cicerone 

and Soles 2004). Polyethylene glycol (PEG) is often used as an excipient to prevent denaturation by 

kinetic mechanisms, but its high molecular weight may increase the Tg temperature of the glass 

composite above the desired storage temperature (Chang and Pikal 2009, Zadeh et al. 2017). 

Additionally, the use of surfactants like bovine serum albumin (BSA) is required to maintain the 

tertiary structure of enzymes and proteins in the glassy state. BSA reduces the interfacial tension 

between the liquid and glassy matrix which can cause folding and distortion of protein structures 

(Guell et al. 2017). 

Many studies have explored special formulations comprising some of aforementioned stabilising 

substances, protectants and surfactants to enable the vitrified transformation of liquid reagents of 

nucleic acid amplification into a solid, glass-like state (Hayashida et al. 2015, Liu et al. 2018, 

Hayashida et al. 2019, Phillips et al. 2019). This process achieves reagent preservation without the 

need for extreme freezing conditions typically associated with conventional vitrification techniques. 

Instead of relying on low temperatures, it focuses on careful optimisation of ingredient 

combinations and a rapid air-cooling process that solidifies the reagents without the formation of 

traditional ice crystals. This method also offers the advantage of long-term storage for nucleic acid 

amplification reagents without the need for costly lyophilisation equipment and eliminates the risk 

of freezing-related damage (Lafleur et al. 2016). Furthermore, the vitrification technique ensures 

the stability of reagents at moderate temperatures without the constraints of cold storage, making 

them more convenient for transportation, and immediate use (Liu et al. 2018). 

The reconstitution of vitrified reagents can be achieved by mixing them with an elution sample 

before initiating the amplification reaction (Garcia et al. 2004). Multiple studies have shown that 

the activity of vitrified reagents can be recovered even after long-term storage of several months 
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(Cardona et al. 1997, Rossi et al. 1997, Less et al. 2013). This is due to the amorphous format of the 

vitrified reagents, which maintains their functionality in a glassy state without the need for 

lyophilisation or freezing (Green and Angell 1989). Vitrification offers simpler chemical formulations 

over comparable preservation methods such as lyophilisation, (Roy and Gupta 2004, Kasper et al. 

2013) and gelification, which requires complex and tedious protocol (Sun et al. 2013). Additionally, 

vitrified proteins were proved to be active and stable at ambient temperatures, with a shelf life 

ranging from 6 months to 2-5 years of functionality (Sun and Leopold 1994). 

On the other hand, a simple vitrification protocol can enable a more rapid and simpler preservation 

process compared to traditional methods. The simplified preserving procedures by vitrification also 

promise to simplify the routine application of molecular tests and the mass production of 

microfluidic devices. The combination of vitrification with microfluidic technology offers cost-

effective molecular tests with reduced handling steps, allowing the operation of nucleic-acid testing 

for unskilled users. The efficiency of vitrification on the stability and reactivity of enzymatic reagents 

for different amplification reactions was explored, as demonstrated in Chapter 5.  

1.15 Microfluidic Parameters 

We used a set of everyday forces involving capillary force, gravity, and suction for handling multiple 

reagents to perform routine bioassays in the laboratory. The concept of a microfluidic system is to 

implement and automate such routine laboratory procedures at the microscopic scale (Stone et al. 

2004). Thus, microfluidics can provide tools to miniaturise molecular methods, and improve 

response times by simplifying analysis steps (Anderson et al. 2000, Verpoorte 2002, Sia and 

Whitesides 2003, Whitesides 2006). Yet, microfluidic systems require careful developmental steps, 

including integrating multidisciplinary components such as external actuators, valves, pumps, 

mixers, and electromechanical interfaces, enabling scaling down and portability of biological assays 

(Dittrich et al. 2006). Therefore, certain considerations need to be taken into account when 

designing microfluidic detection systems. 

1.15.1 Microchip Substrate 

The properties of the polymer substrate play a crucial role in the reliability of the microfluidic 

system for conducting molecular detection assays. The hydrophilic or hydrophobic nature of the 

microchip material can affect nucleic acid-based analysis, as demonstrated in Table 1.2. PDMS 
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(polydimethylsiloxane) is a cost-effective option for the rapid prototyping of microfluidic chips, 

while poly-methylmethacrylate (PMMA) is more suitable for production versions of microfluidic 

chips due to its superior strength, optical, thermal, and chemical properties (Liang et al. 2018). 

Oxygen plasma treatment can change the surface properties of PDMS and PMMA from hydrophobic 

to hydrophilic (Tan et al. 2010), but these surfaces can quickly return to their hydrophobic state if 

exposed to air for long duration (Bhattacharya et al. 2005). Therefore, special treatment may be 

required to enable an efficient nucleic acid analysis through the microchannel, as listed in Table 1.2. 

It is advisable to avoid substrates that rely on thermal and solvent bonding techniques, to prevent 

the deformation of attached components on the microchip, which can inhibit on-chip molecular 

analysis (Ogilvie et al. 2010). To address this challenge, the adhesive-coated polypropylene film is 

currently available to provide a strong sealing, to maintain microfluidic structures (Temiz et al. 

2015). For example, ThermalSeal RTS™ (Sigma-Aldrich, UK) is compatible with nucleic acids and can 

be used to bond microchannels and microchambers by lamination before performing amplification 

reactions. Adhesive bonding, which involves applying glue to a flexible plastic film on a rigid 

substrate, is also an alternative to preserve the integrity of microfluidic substrate during molecular 

analysis (Becker and Gartner 2000, Rotting et al. 2002, Miserere et al. 2012). These commercially 

available polypropylene films, offer a simple and rapid bonding method due to their good adhesion 

and easy-to-use roll-based laminators (Miserere et al. 2012, Liang et al. 2018). The reversible 

adhesive bonding enhances the versality and robustness of the design for mass production of 

nucleic-acid-based microfluidic devices. 

 



Chapter 1 

53 

 

 

Table 1.2 A summary of microfluidic materials affinity to nucleic acid-based analysis. 

Material  Tolerated 

molecules  

Coating/Treatment  Bio-assay Detection Reference 

Poly-methyl methacrylate 

(PMMA) 

RNA Incubated in BSA overnight at 4°C NASBA Fluorescence (Tsaloglou et al. 2011) 

Cyclic-olefin copolymer 

(COC) 

RNA  No treatment, but the microchannels are 

sealed by polypropylene film. 

NASBA Fluorescence (Tsaloglou et al. 2013) 

Cyclic-olefin copolymer 

(COC) 

DNA No treatment, but the microchannels are 

sealed by polypropylene film. 

PCR Fluorescence (Sun et al. 2013) 

Poly-methyl methacrylate 

(PMMA) 

RNA No treatment Eectroporation Extraction N/A (Bahi et al. 2011) 

 Polydimethylsiloxane 

(PDMS)  

DNA No treatment PCR Fluorescence (Fukuba et al. 2011) 

Poly-methyl methacrylate 

(PMMA) 

Protein No treatment, but the chip was sealed 

with transparent plastic 

film 

ELISA Chemiluminescence (Zirath et al. 2016) 

Poly-methyl methacrylate 

(PMMA) 

RNA No treatment LAMP Fluorescence (Chang et al. 2013) 

Poly-methyl methacrylate 

(PMMA) 

DNA No treatment SPE extractions Fluorescence (Reedy et al. 2010) 
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Borofloat glass DNA No treatment SPE extractions/silica beads 

& PCR 

Fluorescence (Hagan et al. 2009) 

Poly-methyl methacrylate 

(PMMA) 

DNA No treatment DMA extraction & PCR Fluorescence (Han et al. 2016) 

Silicon DNA No treatment DMA Extraction & PCR Fluorescence (Shin et al. 2014) 

Thin-film DNA 

/RNA 

No treatment DPA extraction & PCRs Fluorescence (Jin et al. 2017) 

Hydrophilic polyester films DNA 

/Protein 

No treatment DMA extractions Fluorescence (Jang et al. 2019) 

Poly-methyl methacrylate 

(PMMA) 

RNA No treatment DMA extraction & PCRs Fluorescence (Yoon et al. 2018) 

Poly-methyl methacrylate 

(PMMA) 

RNA No treatment Magnetic beads extraction 

& RT-qPCRs 

Fluorescence (Zhang et al. 2019) 
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1.15.2 Fluid Manipulation 

Fluid manipulation in microfluidics can be either active or passive (Beebe et al. 2002). Active fluid 

manipulation relies on external power sources such as electrostatic, electromagnetic, pneumatic, 

hydraulic, or thermal energy to deliver reagents (Terray et al. 2002, Vestad et al. 2004, Bengtsson 

et al. 2018). However, the main limitations of active microfluidics are the high energy demand, 

movable parts, wiring connections, and complex and expensive fabrication processes (Gervais et al. 

2011). For instance, actuated valves require intricate chip fabrication and a bulky external 

instrument for operation (Unger et al. 2000). On the other hand, passive fluid manipulation is based 

on natural forces such as capillary force, surface tension, gravity, and air pressure (Narayanamurthy 

et al. 2020). Passive microfluidics enables autonomous, continuous, and steady fluid control 

without external power or fields (Haeberle and Zengerle 2007). However, the challenge remains to 

integrate nucleic acid purification and amplification into a simple detection platform that requires 

the timed delivery of reagents for extraction, to enable a robust amplification reaction at optimal 

temperatures while ensuring reproducible detection capabilities. 

Various techniques can effectively manage fluidic reagents for molecular analysis. To ensure 

accurate and consistent injection/withdrawal of different reagents on a microfluidic chip, it is 

important to coordinate the application of pressure and time delays. Additionally, the mixing of 

fluids is a fundamental operation in molecular-based microfluidics. Homogenisation of co-flowing 

streams in a single microfluidic chip requires the use of micromixers. There are two types of mixing 

schemes commonly used in microfluidic systems, active and passive (Bayareh et al. 2020). Active 

micromixers employ external energy sources, such as electrostatic, electromagnetic, or thermal 

power, to mix the fluids (Liu et al. 2002, Rida and Gijs 2004, Harnett et al. 2008). However, their 

reliance on external power sources and complex fabrication processes makes them unsuitable for 

disposable microfluidic platforms (Nguyen and Wu 2005). In contrast, passive micromixers 

eliminate any need for external energy and can be easily achieved through normal diffusion 

mechanisms, such as laminar flow (Bhagat et al. 2007), splitting-and-recombination (Chen and Shen 

2017), segmenting (Gunther et al. 2005) and chaotic advection (Nguyen et al. 2008). This layout can 

be produced by simple, low-cost fabrication techniques without the need for additional power or 

complex control units (Hessel et al. 2005). Passive micromixers are therefore more for integration 

with disposable microsystems due to their low-cost fabrication and stable operation (Bayareh et al. 

2020).  

 



Chapter 1 

58 

 

 

1.16 Temperature Control 

Maintaining temperature control for deployable molecular systems is currently a challenging goal 

due to the vast heat-absorbing capacity of the ocean. Therefore, isothermal amplification methods 

that operate at a constant temperature offer suitable options for in vitro molecular devices. In 

contrast,  the deployable execution of the gold standard PCR method is challenging because it relies 

on cyclic temperature changes (Gao et al. 2022). The operational information on PCR and other 

isothermal techniques can be found in sections 1.11.4.2 and 1.11.4.3. Management of temperature 

on microfluidic devices can be achieved by using micro heater and temperature sensor (Chon and 

Li 2008). Either Peltier or resistive heaters can control heating and cooling profiles in microfluidic-

based platforms (Dos-Reis-Delgado et al. 2023). Peltier operates by passing DC current through two 

dissimilar semiconductors, and by switching the direction of the electric current, heating and 

cooling can be achieved. When current is generated in one direction, heat is transferred from the 

bottom side to the top side of the Peltier to activate the amplification reaction. Conversely, cooling 

is achieved by reversing the current and thus the heat flow (Amasia et al. 2012). On the other hand, 

resistive heating provides faster heating with lower energy consumption than Peltier elements but 

requires the ambient temperature to be below 40°C to initiate an effective cooling process (Neuzil 

et al. 2006). In comparison, Peltier heaters provide faster heating and cooling rates, small thermal 

mass, and low thermal inertia, making them a suitable choice for PCR thermal cycling while resistive 

heaters are more suitable for high performance with isothermal methods (Zhong et al. 2009). 

Therefore, a microcontroller on the circuit board is a key heating component for regulating the 

input current to the microheater, adjusting it according to the temperature disparity between the 

measured value and the predetermined setpoint, which is determined by both the sensor and the 

microheater (Tseng et al. 2014). To ensure precise thermal control, it is recommended to 

incorporate a temperature sensor that provides feedback on thermal profiling during the 

amplification reaction (Jeroish et al. 2021). Therefore, optimising the performance of both the 

temperature sensor and the heater is important before conducting molecular analysis. To calibrate 

the Peltier heater with a temperature sensor, a calibration apparatus such as Fluke, Everett, WA or 

TSic™ or IST-AG, Switzerland can be used, and the temperature can be measured on the top of the 

coverslip in the amplification chamber. A precision threshold of ±0.5°C is considered suitable for 

thermal regulation (Miralles et al. 2013). 
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1.17 Detection Chemistries  

Fluorescence chemistry is the most frequent detection technology employed to monitor the 

amplification of target nucleic acids in real-time. Fluorometric measurement allows low-cost, 

specific and highly sensitive detection technology (Myers and Lee 2008). There are two main 

categories of fluorescence chemistries involving fluorogenic probes and double-stranded DNA 

(dsDNA) intercalating binding dyes such as SYBR Green and EvaGreen dyes. Using these dyes 

provides a simple and cost-effective method, eliminating the necessity for meticulous design 

considerations required for fluorogenic probes. 

However, there are disadvantages to using detection dyes as they have the potential to interact 

with various types of double-stranded molecules during amplification, leading to non-specific 

binding and false positive results. These limitations can be overcome by carefully optimising 

reaction conditions to minimise the non-specific binding associated with the use of dsDNA dyes. 

The reduced reaction efficiency caused by dsDNA dyes can be detected through post-amplification 

analyses such as gel electrophoresis and melting curve analysis (Yang and Rothman 2004). In 

comparison, fluorogenic probes provide highly specific and sensitive detection of genetic targets 

without any need for post-amplification analysis (Navarro et al. 2015). Fluorogenic probes are 

fluorogenic-labelled oligonucleotides such as TaqMan probes, Molecular Beacons, exo probes, and 

Scorpion probes (Ryu 2017).  

In PCR reaction, the fluorescence signal is measured at the end of the extension phase at 72°C after 

thermal cycling (van Pelt-Verkuil 2008). In isothermal-based reactions, the signal is produced by the 

amplified nucleic acid following a single temperature incubation with reaction enzymes and other 

reagents (Ozay and McCalla 2021). During the isothermal reaction, a fluorescent signal is generated 

in proportion to the number of target sequences present, and this signal is continuously monitored 

as the amplification reaction progresses over time (Chang et al. 2012). Hence, the development of 

the fluorescence signal is dependent on the enzymatic kinetics during the isothermal reaction 

compared to PCR, where the signal accumulates over multiple cycles (Jiang et al. 2023). Inefficient 

enzymatic kinetics can lead to a lag in the development of the fluorescence signal during isothermal 

reaction, reducing its sensitivity to detect low concentrations of the target. To address this, 

isothermal reactions may require longer incubation times to achieve detectable fluorescence 

signals, however, this usually delays the assay turnaround time. 

Alternatively, electrical detection monitors molecular interactions during the amplification reaction 

by measuring changes in electrical properties, such as impedance and current, (Wang 2002). Both 



Chapter 1 

60 

 

label-free and fluorescent-labelled detections are discussed in the following sections. This thesis 

focused on fluorescence-based detection as it provides reliable, robust, cost-effective and specific 

detection. In this research work, molecular detection was carried out using various detection 

chemistries including intercalating fluorescent dyes, hydrolysis probes, and exo-probes. 

1.17.1 Label-Free Detection 

Label-free detection strategy includes diverse techniques that offer versatile molecular analysis. 

For example, amperometric-based detection measures the electric current generated during a 

chemical reaction. By using an electrode to monitor variations in electrical current resulting during 

molecular binding between a target sequence and an amperometric surface (Chadha et al. 2022). 

When specific hybridisation occurs between the target sequence and the electrode surface, the 

electron transfer is increased, leading to a detectable electrochemical signal (Shanbhag et al. 2023). 

However, amperometric-based detection is susceptible to non-specific binding from other 

molecules present in the reaction, leading to signal interference, and a reduction in quantification 

performance due to an increased signal-to-noise ratio (Shanbhag et al. 2023). Additionally, 

calibrating non-specific amperometric assays can often be a complex and time-consuming process 

(Monosik et al. 2012). Addressing these limitations is required to ensure the successful application 

of electrical-based detection for molecular analysis. 

Another example of label-free detection is surface plasmon resonance (SPR), which relies on the 

functionalisation of a sensing surface to measure changes in physical properties resulting from 

molecular interactions (Ibrahim et al. 2019). This technique typically requires coating the glass 

substrate with a metal surface with specific chemical properties to facilitate its binding to the target 

nucleic acid sequence (Nguyen et al. 2015). Several SPR sensing platforms have emerged to enable 

molecular-based quantification of DNA sequence targets (Park et al. 2022). While SPR technology 

is highly sensitive and specific, incorporating labelling techniques to SPR, such as the use of antibody 

binders for marine toxins analysis, can further enhance its selectivity, sensitivity and multiplexing 

capabilities (Campbell 2014). 

However, biological samples that contain various components including proteins, lipids, and sugars, 

influence the SPR binding interactions, reducing the accuracy of results. Moreover, high 

temperatures can lead to the evaporation of the SPR reaction mixture, leading to a change in 

refractive index, and introducing noise into the SPR measurements (Nguyen et al. 2015). 

Additionally, performing SPR measurements at high temperatures can cause evaporation of the SPR 

reaction mixture including the sample. This evaporation can cause a change in the refractive index 
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of the sample, which in turn introduces noise into the SPR signal (Chen et al. 2023). Another 

disadvantage of using SPR is that it relies on expensive instruments, and extensive expertise is 

required to maintain the capture surface and operate the SPR measurement effectively (Ribeiro et 

al. 2022). Yet, SPR technology enables real-time detection with high specificity and sensitivity for 

nucleic acid targets and marine toxins. 

On the other hand, pH-based assays provide a sensitive detection to changes in pH value, indicating 

the acidity or alkalinity of the amplification reaction, reflecting molecular binding interactions 

between the amplified products from the target sequence with the pH electrode (Choi et al. 2023). 

This methodology presents a simple and affordable tool to monitor the real-time amplification 

process occurring throughout the reaction without the need for labels (Aoki et al. 2021). However, 

the specificity of pH-based detection methods can be influenced by inhibiting factors such as 

temperature changes, and interference from other ions present in the amplification reaction (Miao 

et al. 2020). Therefore, procedures for reaction calibration and electrode maintenance are required 

to ensure accurate and reproducible genetic measurements.  

Label-free detection offers attractive advantages for molecular analysis, providing accurate and 

dependable results. However, achieving these benefits depends on precise signal measurement 

optimisation, careful management of experimental variables, and the proficient use of specialised, 

often costly equipment, demanding a high level of expertise to effectively address the associated 

limitations. 

1.17.2 Intercalating Fluorescent Dye 

A fluorescent Intercalating dye is used to indirectly measure the quantity of nucleic acid amplifying 

during each PCR reaction cycle. SYBR Green provides a simple detection tool by binding to resulting 

dsDNA molecules during amplification. SYBR Green dye is a versatile fluorescent dye commonly 

used in various amplification reactions, including qPCR, RT-qPCR, NASBA, LAMP, and RCA 

amplification techniques for both DNA and RNA targets (Dragan et al. 2012b). It can emit 

fluorescence at low signal intensity which increases as more dye binds to the dsDNA amplicons 

during the PCR cycles, as shown in Figure 1.13. However, selectivity limitations associated with SYBR 

Green can bind to any double-strand DNA molecule present in the amplification reaction, leading 

to non-specific binding and false positives or overestimation of the target concentration. SYPR-

based detection is even more challenging in achieving specific and accurate quantification, when 

amplifying low DNA template concentrations, particularly from environmental complex samples 

(Andersen et al. 2006). Unlike sequence-specific probes like hydrolysis probes, SYBR Green is less 
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suitable for detecting specific variants and multiplex detection. In addition, the fluorescence signal 

of SYBR Green tends to reach saturation at high DNA concentrations, preventing accurate 

measurements of differences in DNA concentration among samples containing higher DNA levels 

(Farrar et al. 2010). Since SYBR Green fluoresces upon binding to the higher DNA concentration, 

any further increases in DNA content will inhibit the amplification reaction and will prevent the 

proportional increase in fluorescence signal, limiting the quantification range of the assay. 

 
Figure 1.13 Mechanism of fluorescent intercalating dye 

To address these limitations, post-amplification analysis is required to validate the specificity of the 

amplified product using SYBR Green. Melting curve analysis offers a robust validation method by 

gradually increasing the temperature, to dissociate the double-stranded DNA amplicon into single-

stranded DNA. The resulting fluorescence data are collected at each temperature increment during 

the dissociation process (Lunn et al. 2008). The reduction in fluorescence intensity at the melting 

temperature provides a qualitative indicator proportional to the size of the specific PCR product. 

Using fluorogenic dyes in amplification reactions offers several advantages due to readily 

availability and compatibility with the majority of fluorescence detectors equipped with filters in 

the 520 nm range (Njage and Buys 2020). An additional benefit of using intercalating dyes is 

eliminating the need for costly detection probes, which can otherwise lead to the risk of secondary 

structures forming between primers and probes, inhibiting amplification reaction (Yang and 

Rothman 2004).  

1.17.3 Hydrolysis Probe 

On the other hand, probe-based assays require careful design considerations and several 

optimisation procedures of reaction conditions to ensure successful amplification. Factors like 

bioinformatic requirements, secondary structures and annealing temperature are important 

parameters to enable the specificity and activity of the hydrolysis probe, improving the overall 

efficiency of the amplification reaction (van Pelt-Verkuil 2008). The hydrolysis probe or (TaqMan) is 

a linear oligonucleotide that contains a complementary region to the target sequence being 

amplified. The probe is designed to bind between the upstream and downstream primer binding 
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sites, incorporating a 5’ reporter fluorophore and a 3’ quencher. Prior to the amplification reaction, 

the quencher is close to the fluorophore, preventing fluorescence. As the DNA polymerase extends 

the upstream primer, it encounters the bound probe to the target sequence, separating the 

fluorophore from the quencher, and enabling fluorescence generation (Marras et al. 2002). The 5' 

to 3' exonuclease activity of the polymerase cleaves the probe and releases the fluorophore into 

the reaction solution. The resulting fluorescent signal is proportional to the amplicon yield, 

providing specific and accurate quantification of low-copy number targets, as depicted in Figure 

1.14. The release of the fluorophore is repeated in each subsequent amplification step, allowing 

real-time measurement of target levels at each cycle (Kalinina et al. 1997). Hydrolysis probes 

provide a high degree of specificity and precision for quantifying targets with low copy numbers, 

with the ability to identify specific genetic variations such as single nucleotide polymorphisms 

(SNPs) (Kim et al. 2016). Additionally, different probes can be multiplexed in a single reaction to 

detect multiple targets simultaneously, making them valuable in high-throughput genetic testing 

(Eckford-Soper and Daugbjerg 2015). Due to these analytical advantages, hydrolysis probes are 

commonly used in various nucleic acid amplification reactions including qPCR (Nagy et al. 2017), 

RT-qPCR (Wei et al. 2017) and (LAMP) (Bhat et al. 2019), facilitating real-time quantitative analysis. 

 

Figure 1.14 Mechanism of hydrolysis probe. 

1.17.4 Molecular Beacon  

A molecular beacon is a single-stranded probe that consists of a hairpin loop combined together by 

hydrogen-bonded stem sequences, with the loop part being complementary to the target DNA/RNA 

sequence. The 3' quencher suppresses the fluorescence of the 5' reporter when the molecular 

beacon is free in solution. However, when the hairpin loop hybridises with the target template, the 

fluorophore separates from the quencher, generating a quantifiable fluorescent signal, as shown in 

Figure 1.15 (Tyagi and Kramer 1996). Unlike TaqMan-based assays that rely on degradation, the 

detected fluorescent signal of molecular beacons is directly proportional to the amount of target 
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DNA in the reaction. The specificity of the assay can be improved through melting curve analysis. 

Molecular beacons are suitable for multiplex reactions and have been widely used in PCR, HDA, and 

NASBA amplification assays (Huang and Marti 2012). Molecular beacons were not used in the work. 

 

Figure 1.15 Mechanism of the molecular beacon. 

1.17.5 RPA Probes  

Real-time RPA-based detection traditionally uses two primers and one probe (Lobato and O'Sullivan 

2018). Recently, TwistDx™ Ltd has commercialised a range of RPA detection probes, including the 

TwistAmp™ exo probe, TwistAmp® exo RT, TwistAmp™ fpg probe, and TwistAmp™ nfo probe for 

RPA lateral flow applications (TwistDx 2009). To enable RPA amplification, these probes are 

required to be incorporated with a primer pair usually consisting of sequences that are 30–35 bases 

long with a GC content ranging from 40% to 60%. In some cases, shorter PCR primers with lengths 

of 18–25 bases can be used in RPA reactions, although this may result in reduced reaction speed 

and sensitivity (TwistDx 2019). 

 

Of these probes, exo-probe is a lengthy oligonucleotide consisting of 46-52 bases that are 

homologous to the target sequence. This probe incorporates unique modifications such as a 

fluorophore (e.g. FAM) and quencher (e.g. Black Hole Quencher 1 or 2) separated by a 

tetrahydrofuran residue. The probe also has a blocking group at the 3’ end, which encounters the 

synthesis of new DNA strands during the initial stages of the reaction, by preventing the polymerase 

from adding nucleotides. This blockage prevents any premature amplification until the probe 

specifically binds to its complementary target sequence. Once the exo probe recognises and binds 

to the target sequence, the blocking group is displaced and removed, allowing DNA synthesis by 
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polymerase which in turn will initiate the amplification process (Piepenburg and Armes 2018). After 

specific binding to the target sequence, the E. coli exonuclease III enzyme scans the exo-probe 

probe for a tetrahydrofuran abasic site, (THF) to digest it, revealing the 3’-OH end for 

polymerisation. This will lead to the separation of fluorophore from its quencher and produce a 

fluorescence signal that can be detected within 5-10 minutes during the RPA reaction, as 

demonstrated in Figure 1.16 (Hill-Cawthorne et al. 2014). The enzymatic cleavage of the RPA exo 

probe allows the DNA polymerases to extend and displace forward primer from the 3’ ends, leading 

to an exponential increase in amplicons over time of reaction for downstream use as a template in 

another phase of amplification (Piepenburg et al. 2006).  The enzymatic cleavage of the RPA exo 

probe triggers DNA polymerases to extend and displace the forward primer from the 3’ ends of the 

target sequence. As a result, a rapid and exponential increase in the production of amplicons occurs 

as the reaction progresses. These amplicons serve as templates for subsequent phases of 

amplification, allowing for the generation of a large quantity of target DNA for fluorescence 

detection. 

Figure 1.16 Mechanism of RPA exo-probe. 

The fpg probe is also a long oligonucleotide like the exo probe, consisting of approximately 30-35 

bases that specifically complement the target sequence. This probe is blocked at the 3' end to 

prevent immature elongation with a fluorophore and quencher separated by 4-5 nucleotides (with 

a maximum of 7). The fluorophore is attached to the ribose of an abasic nucleotide via a C-O-C 

linker, referred to as deoxyribose (dR)-fluorophore. Upon hybridisation between the target 

sequence and the fpg probe, the 8-oxo guanine DNA glycosylase enzyme digests the probe at the 

dR position, leading to the release of the fluorophore and the emission of the fluorescence signal 

(Piepenburg et al. 2011). 

The nfo probe also contains a tetrahydrofuran residue that separates the quencher and the 

fluorophore. Here, the Endonuclease IV enzyme (Nfo) cleaves this probe at the abasic site 
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(tetrahydrofuran), creating a 3′-OH group for the polymerisation process. In cases of amplicon 

degradation during RPA reaction, incomplete cleavage may occur, yet this can still generate 

detectable signals, which can be suitable, especially in applications involving lateral flow strips 

(Kersting et al. 2014). Previous studies have indicated that exo probes can offer greater sensitivity 

in RPA-based detection compared to fpg and nfo probes (Boyle et al. 2013, Bhat et al. 2022, Chen 

and Xia 2022). The unique design and mechanism of the exo probe significantly improve the 

specificity and accuracy of the RPA assay.  

1.17.6 Multiplexing Detection  

Fluorescence technology has the potential for multiplexing genetic analysis, allowing the 

simultaneous detection and quantification of multiple targets in a single reaction while maintaining 

assay sensitivity and specificity. This is achieved by using multiple reporter dyes with distinct 

wavelengths to identify various targets within the same reaction pot (Hodzic et al. 2023). The 

complex composition of these assays can increase the likelihood of miss-priming and non-specific 

hybridisation among oligos and target sequences, particularly when there are differences in target 

concentrations, preventing sensitive detection (Jet et al. 2021). To overcome these limitations, 

bioinformatic analysis is required to evaluate the potential formation of secondary structures 

among oligos in the reaction. This analysis identifies the stable secondary structures, including self-

dimers, hetero-dimers, and hairpin loop structures, which can inhibit the assay progress (Ahmad et 

al. 2004). Additionally, optimising the reaction conditions is important by involving iterative testing 

of assay on various samples to achieve the desired assay performance. 

In some samples, different target sequences may be present in varying abundances. As a result, the 

abundant target will outcompete the other target sequences to consume amplification resources 

including reagents and enzymes of multiplex reaction, leading to reduced sensitivity for detecting 

low abundant targets (Elnifro et al. 2000). To address this constraint, primer and probe 

concentrations are required to be carefully optimised, ensuring that both high- and low-abundance 

targets can be sensitively and specifically detected (Sint et al. 2012). Alternatively, blocking primers 

can be introduced to high-concentration targets by selecting broad emission spectra of reporter 

fluorophores (Nikiforova et al. 2015). Multiplexing can also reduce time, reagent consumption and 

operating costs but requires a precise optical configuration including multiple filters and precise 

mechanical assemblies, increasing both cost and complexity. Different techniques like molecular 

beacons, hydrolysis probes and RPA exo probes demonstrated the adaptability for multiplex 

fluorescence detection (Besson and Kazanji 2009, Li et al. 2019b, Rajagopal et al. 2019). However, 
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a unique optical configuration is necessary for multiplexing detection that needs precise alignment 

and lensing, increasing both cost and complexity for desired detection system.  

1.17.7 Optics configuration  

The detection of amplified products in real-time is achieved by exciting the fluorophore to emit 

light at a specific wavelength, which in turn is collected and passed through an optical detection 

module (Fu et al. 2006). The standard configurations rely on the precise alignment of the light 

source with an optical detector, where the emission filter and fluorescence detector are positioned 

at a 90° angle relative to the position of the excitation source  (Dandin et al. 2007). A schematic 

representation of fluorescence-based optical systems is depicted in Figure 1.17. Deploying these 

optical configurations in oceanic settings is impeded by various limitations, impacting the 

downstream molecular analysis. The sensitivity of these assays can be significantly reduced under 

high oceanic pressure conditions, changing the refractive index of the optical system, and 

decreasing the signal quality during molecular genetic testing (Mills and Fones 2012). A sturdy 

pressure housing for the optical detector can compromise the high pressures of deep seawater, 

accommodating pressure-tolerant molecular assays for environmental applications (Mowlem et al. 

2011).  

Moreover, the generation of air bubbles during the heating of reagents in molecular assays at high 

operating temperatures interferes with optical measurements, leading to gaps in the collected data 

(Lee et al. 2019b), and also observed in Chapter 6. The prolonged light exposure of molecular 

reagents bleaches the fluorophore, reducing the intensity of the optical signal. This can be avoided 

by lowering the exposure time, where the amplification microchamber should only be irradiated 

once every 1-30 seconds during the fluorescence measurement (Dimov et al. 2008).  
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Figure 1.17 A schematic CAD diagram demonstrates the concept of fluorescence optical 
configuration. 

There are additional challenges that limit the use of deployable optical systems. For example, 

optical sensitivity can be attenuated by the presence of background noise, originating from non-

target particles present in assay reagents or processed samples (Homola 2003). Furthermore, 

commercially available optical detection systems are expensive making them financially prohibitive 

to obtain for many testing facilities (Gotz and Karst 2007). Alternatively, building a bespoke optical 

system demands extensive knowledge and hands-on expertise in optical detection as well as 

incorporating costly components (Prikryl and Foret 2014). Several studies demonstrated the 

adaptability of both off-the-shelf optical detection systems and customised optical setups within 

molecular detection platforms (Kuswandi et al. 2007). The use of readily available optical units 

offers a simple design and low-cost prototyping. This can lead to installing a simple, affordable 

instrument, by reducing both cost and complexity for manufacturers. Overcoming these challenges 

is important for ensuring the integrity and reliability of optical data and improving the accuracy and 

robustness of molecular analysis in oceanic environments.  

1.18 State-of-the-Art 

The molecular analysis presents a highly accurate, sensitive, and reliable quantification of harmful 

microorganisms compared to conventional regulatory methods (Theron and Cloete 2000). The 

integration of molecular-based methods with microfluidic technology can automate nucleic acid 

amplification, enabling a sample-to-answer workflow (Hazen et al. 2013). However, microfluidic-

based integration is constrained by engineering challenges in accommodating various operations 

including fluid manipulation, sample processing, reagent preservation, precise temperature 
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management, and optical detection. Automating these functions mainly depends on specific 

designs, fabrication, and experimental characterization to enable the effective pumping, metering, 

and valving of fluids (Berlanda et al. 2021). These considerations introduce additional challenges in 

developing cost-effective, rapidly prototyped, and user-friendly instrumentation for environmental 

testing in low-resource settings. 

This technological bottleneck poses a significant challenge to implement the desired high-

throughput genetic analysis through integrated and on-site nucleic acid testing. Several integrated 

analytical systems are commercially available for automated molecular analysis such as Abbott's 

Afinion™ System, Qiagen's QIAxcel automatic DNA/RNA analyzer, and Siemens Healthcare's 

VERSANT® kPCR Molecular System. These systems are primarily designed as benchtop platforms 

and are larger in size compared to potential Lab-on-a-Chip (LOC) systems. Furthermore, these 

systems are expensive, and consume significant quantities of reagents, increasing operational 

expenses for running only a few tests per day. Additionally, these systems are non-reusable and 

require frequent maintenance, making them unsuitable for repeated usage between runs. The 

operation of these commercial systems demands intensive training, which greatly restricts their 

deployment for field testing, especially in resource-constrained environments and outbreak 

hotspots (Sin et al. 2011). These challenges have been addressed by customising several integrated 

LOC systems, allowing for the miniaturisation of molecular analysis processes. This has streamlined 

genetic detection procedures, resulting in substantial cost reductions for reagents, consumables, 

and equipment maintenance (Silva et al. 2022). This approach effectively addresses logistical 

challenges related to sample transportation and processing, eliminating the need for bulky desktop 

systems in centralised laboratories (Fiorini and Chiu 2005).  

This thesis has led to the development of an innovative bench-top lab-on-chip sensor designed for 

on-site genomic sampling and quantification of the toxic diatom P. multistriata. This project 

involved multidisciplinary work to achieve an semi-automated on-chip DNA extraction protocol and 

LAMP amplification, ensuring the preservation of reaction components within an integrated system 

(as demonstrated in Chapter 6, page 78). This represents a key step towards the realisation of a 

fully portable, cost-effective, versatile, and readily deployable technology for on-site nucleic acid 

testing of microorganism targets in environmental settings. 

1.19 Objectives and Structure of the Thesis  

The primary objective of this work is to develop methodologies and technologies aimed at achieving 

rapid and sensitive genetic monitoring for the DA-producing marine diatom Pseudo-nitzschia spp. 
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The overarching vision is to contribute to the development of automated, decentralised nucleic 

acid testing technologies in the form of robust, miniaturised, user-friendly and deployable sensors 

and samplers. These innovations are intended to save time and expenses whilst increasing data 

quality and spatial coverage of environmental surveillance. 

This work focuses on incorporating molecular assays with state-of-the-art microfluidic technologies 

to address a range of key research questions. These questions include identifying the current 

knowledge gaps related to the monitoring and detection of Pseudo-nitzschia diatoms. Additionally, 

the study aims to do the following: 

1. Assess the precision of existing biological assays in providing accurate estimates of Pseudo-

nitzschia cell concentrations. This includes the development of a molecular technique 

capable of providing specific and highly sensitive detection of Pseudo-nitzschia.  

2. Leverage molecular analysis methods to quantify transcriptional activity as a reliable proxy 

for tracking Pseudo-nitzschia toxicity. 

3. Investigate how gene expression changes in response to biological parameters, particularly 

nutrient fluctuations.  

4. Determine the specific conditions or thresholds that serve as the 'tipping point' for 

triggering the production of DA by Pseudo-nitzschia.  

5. Investigate the applicability of isothermal molecular analysis for quantifying the presence 

of the DA-encoding gene as an indicator of Pseudo-nitzschia toxicity in seawater samples 

from the environment.  

6. Address the challenges of extending the stability and lifetime of reagents used in molecular 

analysis.  

7. How to customise novel technologies to incorporate DNA purification, amplification, and 

detection to enable simple, cost-effective, and accurate quantification of Pseudo-nitzschia.  

a. Is it possible to provide an operational microfluidic instrument that is amenable to 

automation?  

b. Can a miniaturised lab-on-chip prototype for genetic analysis be produced?  

To address these cutting-edge questions, interdisciplinary research activities emerged in the 

following chapters as outlined below. 

Chapter 2: A novel assay for the quantification of Pseudo-nitzschia spp: In this chapter, a novel 

qPCR assay is developed to enable rapid, specific and sensitive quantification of Pseudo-

nitzschia spp. The analytical performance of this assay is compared with other techniques, 
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including previously developed PCR assays, as well as statutory methods such as microscopy-

based and immune-based detection methods. 

Chapter 3: Induction of toxin biosynthesis by nutrient depletion and addition in Pseudo-

nitzschia multistriata: 

This chapter explores the response of nutrients-depleted P. multistriata to the addition of a 

phosphate (P), nitrate (N), and silicate (Si). Experimental treatments are conceptually similar to 

the naturally occurring stressors in the coastal systems, which are driven by increased inputs of 

nutrients. The experiment aims to estimate the ‘tipping point for triggering DA production as a 

result of nutrient enrichment.  

Chapter 4: Detection of Pseudo-nitzschia spp. using Isothermal DNA-Based Amplification. 

Two amplification strategies under isothermal conditions are developed in this chapter: loop-

mediated isothermal amplification (LAMP) and recombinase polymerase amplification (RPA). A 

comparative analysis of both techniques is conducted in terms of their analytical specificity and 

sensitivities, focusing on the quantification of the dabD toxin-encoding gene found in the 

marine diatom of Pseudo-nitzschia spp. Additionally, the applicability of both assays for 

integration into microfluidic platforms is assessed, taking into account factors such as analysis 

duration, reproducibility, cost of reagents, and adaptability to environmental samples. This 

comprehensive assessment aims to provide a clear understanding of the most effective and 

feasible method for detecting the target gene under isothermal conditions. The optimised 

LAMP assay is employed to enable the quantitative assessment of toxin-encoding gene levels 

in a number of environmental DNA samples. This assessment provides a profile dataset of gene 

abundances at a sampling location that experienced frequent peaks of long-lived Pseudo-

nitzschia blooms. 

Chapter 5: Pre-storage of vitrified reagents for simple, precise and rapid molecular detection 

In this chapter, a preservation technique based on vitrification technology is developed and 

optimised to enable amplification detections using dried master mixtures with minimal assay 

preparation procedures. Custom-made formulations are tested to stabilise assay components 

in amplification assays at room temperature for long-term storage, for up to six months.  To 

evaluate of reactivity of vitrified master mixes, linearity and sensitivity of quantification are 

analysed at various time points of storage. Additionally, quantification specificity is also 

validated via gel electrophoresis and melting curve analysis of amplified products. The 
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preservation procedures are optimised through this chapter to reduce the handling steps of 

reagents and improve the portability of molecular detection for end-users. 

Chapter 6: LAMPTRON: a lab-on-a-chip system integrating DNA purification and loop-

mediated isothermal amplified quantification of toxic diatom Pseudo-nitzschia multistriata. 

This chapter focuses on developing a prototype of a microfluidic chip for DNA extraction using 

the dimethyl adipimidate (DMA) method from the Pseudo-nitzschia cells, to achieve non-

chaotropic extraction and obtain high DNA recovery in a shorter time compared to the recovery 

resulting from a commercial purification kit. To confirm the DNA extraction performance of the 

DMA method, downstream analysis of extracted DNAs will be performed using a newly 

developed isothermal assay (LAMP). This technique is applied to quantify the processed P. 

multistriata cells using both preserved and wet reagents. This explores the efficiency of 

vitrification technology for preserving amplification reactions to extend the shelf-life of assay 

reagents, to promote the routine use of genetic monitoring of toxic Pseudo-nitzschia blooms. 

Chapter 7: Conclusions and Future Work 

This chapter provides a concise summary of the key thesis findings obtained and their 

implications. It incorporates the future aspects of development and the work that could 

maximise the potential of the biosensor prototype.   
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Chapter 2 A novel assay for the quantification of 

Pseudo-nitzschia spp. 

2.1 Abstract 

Outbreaks of domoic acid-producing species are frequent in certain regions but are typically only 

known after shellfish harvest, by detecting the toxin in shellfish flesh. A quantitative Polymerase 

Chain Reaction (qPCR) method was developed here to quantify Pseudo-nitzschia cells through the 

amplification of the genetic marker of the geranyl pyrophosphate synthase gene (GPP). The assay 

was specific for the GPP gene across 10 isolated strains of toxic Pseudo-nitzschia species, with no 

detection of 8 other phytoplankton strains. Reliable quantification of 104 cells l-1 and 10.4 gene 

copies per reaction represent increased sensitivities compared to current statutory limit (1.5 × 105 

cells l-1). Cell concentrations calculated using qPCR showed a log-linear relationship with microscopy 

counts (R2 = 1.0). Copy numbers of the GPP gene were well correlated with toxin content in ten 

strains of toxic Pseudo-nitzschia species (R2= 0.9, P = 0.00007). The assay enabled the detection of 

Pseudo-nitzschia 35 minutes after the addition of DNA template. The developed assay offers the 

potential for rapid, high-throughput surveillance of toxic blooms.  This is of particular importance 

for routine monitoring of the marine environment by advancing a more scalable and rapid 

assessment of the potential risk of Pseudo-nitzschia blooms. 

2.2 Introduction 

Diatoms of the genus Pseudo-nitzschia are known to produce the neurotoxin domoic acid (DA), 

causing severe and lasting damage to marine industries and human and animal health. In 2015, a 

Pseudo-nitzschia bloom led to a prolonged and expansive closure of shellfisheries and finfisheries 

along the American northwest coast (McCabe et al. 2016, Anderson et al. 2021). The toxic effects 

of DA on wildlife are particularly striking, leading to the death or illness of fish, seabirds, sea otters, 

sea lions and whales (Lefebvre et al. 2002a, Bates and Trainer 2006a). The risk to humans is mostly 

associated with the consumption of filter-feeding shellfish, which are eaten before depuration 

(Mafra et al. 2010, Tasker 2016, Sauvey et al. 2021), leading to ‘Amnesic Shellfish Poisoning’ or ASP, 

damaging the brain, blood and liver cells (Gajski et al. 2020, Stuchal et al. 2020, Petroff et al. 2021), 

which could cause human fatalities (Bates et al. 1989). In addition to the detrimental effects related 
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to DA, Pseudo-nitzschia blooms can impact ecosystems through the sequestration of light, nutrients 

and oxygen (Trainer et al. 2020).  

Microscopic identification of Pseudo-nitzschia cells may represent a challenge because the 

morphometric characteristics of cells can vary in response to environmental conditions and at times 

overlap among different strains of the same species (Cerino et al. 2005, Lundholm et al. 2006a, 

Amato et al. 2007, Hansen et al. 2011). Toxic cells can be detected by measuring the DA 

concentration by High-Performance Liquid Chromatography (HPLC), with a limit of detection of 

approximately 25 ng ml-1 (Lopez-Rivera et al. 2005). Enzyme-linked immunosorbent Assay can be 

also used to measure DA levels with respective limits of detection of 10 µg l-1  in water (Kleivdal et 

al. 2007a) and 0.003 μg g-1 in seafood (Kania and Hock 2002). For comparison, the suggested 

regulatory limit of DA in shellfish for human consumption is 20 µg g-1, which is close to the statutory 

limit (O'Mahony 2018).  

PCR-based detection has been reported for the detection of Pseudo-nitzschia species, targeting 

conserved regions of the ribosomal RNA (rRNA) encoding genes or the internal transcribed spacer 

1 (ITS-1) and ITS-2 (McDonald et al. 2007, Trobajo et al. 2010, Penna and Galluzzi 2013b, Tan et al. 

2015, Kim et al. 2017). Most existing PCR methods target conserved regions of the ribosomal RNA 

(rRNA) encoding genes or the internal transcribed spacer 1 (ITS-1) and ITS-2 (Lundholm et al. 2006b, 

Penna and Galluzzi 2008). Others have targeted sequences within mitochondrial genes (cytochrome 

c-oxidase subunit 1; COI), and chloroplast genes (ribulose-1,5-biphosphate carboxylase/oxygenase 

large subunit; rbcL) (Amato et al. 2007, Tan et al. 2015). Recently, Pseudo-nitzschia genome 

sequencing was used to identify a cluster of four genes, dabA, dabB, dabC and dabD, implicated in 

the biosynthesis of DA in toxigenic Pseudo-nitzschia multiseries (Brunson et al. 2018). DabA 

performs the catalytic conversion of L-glutamate to N-geranyl-L-glutamic acid through N-

geranylation, using geranyl diphosphate/pyrophosphate synthase (GPP) as a prenyl donor (Brunson 

et al. 2018, Chekan et al. 2020). Geranyl pyrophosphate (GPP) is classified as an enzyme within the 

isoprenoid biosynthesis, polyprenyl synthetase, and prenyltransferase protein families (Savage et 

al. 2012, Athanasakoglou and Kampranis 2019b). GPP synthase activity was not detectable in the 

catalytic assays of prenyltransferases involved in DA biosynthesis (Badarou 2021). The undetectable 

activity was attributed to the presence of heterodimeric prenyltransferases which lack the essential 

catalytic residues for the GPP protein expression (Badarou 2021). Interestingly, different studies 

have reported GPP expression during DA production in strains of both P. multiseries and P. seriata 

(Brunson et al. 2018, Hardardottir et al. 2019, Chekan et al. 2020). 
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In this study, the development and evaluation of a method for the detection and quantification of 

GPP-containing Pseudo-nitzschia cells in an algal culture medium and natural seawater sample are 

described. A novel qPCR assay was developed to use the geranyl pyrophosphate (GPP) gene to 

provide specific quantification across 10 strains within the Pseudo-nitzschia genus. 

2.3 Methods 

2.3.1 Strains and culturing conditions 

Pseudo-nitzschia strains (listed in Table A1, Appendix A) were grown in f/2 growth medium, and 

cultures of non-Pseudo-nitzschia strains were maintained in L1 and BG11 growth media (Guillard 

1983). Growth media was prepared with artificial seawater and cultures were maintained at a 

temperature of 18°C, with a 12-hour light:dark photoperiod. An exponentially dividing culture was 

enumerated using a Sedgwick–Rafter cell counting slide (PYSER-SGI) and a compound light 

microscope (Carl Zeiss, Oberkochen, Germany), and dilutions were prepared in a fresh batch of f/2 

medium. 

2.3.2 Genomic DNA extraction 

Pseudo-nitzschia cells were harvested in 50mL polypropylene tubes, by centrifugation at 7,160 rpm 

for 10-12 minutes at 4°C, using a refrigerated centrifuge, to limit fluctuations in DA concentration 

over the growth phases for parallel domoic acid toxin analyses (see section 2.3.13 below) (Bates et 

al. 2018). The supernatant was removed carefully, without disturbing the cell pellet, which was 

washed twice in Phosphate Buffered Saline (PBS), and then stored at −80°C until further processing. 

DNA was extracted using the DNeasy Plant Mini Kit (Qiagen, Hilden Germany) following the 

manufacturer’s recommended protocol. DNA concentration and purity were measured 

fluorometrically using a Qubit fluorometer (Thermo Fisher Scientific Inc., UK) and NanoDrop 

spectrophotometer (ND-1000, Thermo Fisher Scientific Inc., UK) and stored at −20°C until use. 

2.3.3 Primer design for Pseudo-nitzschia species 

Primer design included Pseudo-nitzschia prenyltransferase sequences obtained from multiple 

sequence data repositories, as shown in Table A2, Appendix A. The sequences were collected from 

multiple Pseudo-nitzschia genomes via the National Centre for Biotechnology Information (NCBI) 
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GenBank database (https://www.ncbi.nlm.nih.gov/) and the Marine Microbial Eukaryote 

Transcriptome Sequencing Project (MMETSP) through (https://www.imicrobe.us/) (Keeling et al. 

2014), the SZN institute database (https://bioinfo.szn.it/), the Earlham institute's database 

(http://apollo.tgac.ac.uk/) (Basu et al. 2017), Ensembl portal (https://protists.ensembl.org/) and 

the Joint Genome Institute (JGI) (https://genome.jgi.doe.gov/portal/) (Boissonneault et al. 2013). 

Additional Pseudo-nitzschia sequences were obtained from previous publications including 

previous publications including (Lema et al. 2019), (Russo et al. 2018), (Di Dato et al. 2015), (Basu 

et al. 2017) and (Hardardottir et al. 2019). A total of 51 resulting sequences from multiple Pseudo-

nitzschia species were aligned using a ClustalW multiple sequence alignment algorithm with the 

default settings including a cost matrix at 85% similarity, gap open penalty of 12, gap extension 

penalty of 3, and refinement iterations of 2. ClustalW version 2.1 and Geneious R11 Bioinformatics 

Software (Biomatters Ltd, Auckland, NZ) were used for sequence alignment to identify the 

consensus regions of the target gene as shown in (Figure 2.1) (Larkin et al. 2007). 

PCR primers were designed to target the conserved region in the sequences from Pseudo-nitzschia 

species, using the 'Primer3' tool (Untergasser et al. 2012). The primers were designed to anneal 

within conserved regions of the target gene sequences, as determined by multiple sequence 

alignment. The primers were designed to meet the minimum design criteria as described by 

(Alvarez-Fernandez 2013). All primer sets were designed to amplify target gene fragments ranging 

from 100 to 300 bp in length. Primers were synthesised by Integrated DNA Technologies, Inc. 

(Germany).  

2.3.4 Screening for Pseudo-nitzschia-specific primers 

A SYBR-based PCR reaction was employed for an initial assessment of the newly designed primer 

pairs. 25μl PCR amplification reactions were carried out with 12.5 μL of IQ SYBR Supermix 

containing SYBR Green I DNA binding dye, 50 U ml-1 Taq DNA polymerase, 0.4 mM per each 

deoxynucleoside triphosphate (dNTPs; dATP, dCTP, dGTP and dTTP), 6 mM MgCl2, and reaction 

buffer (Bio-Rad Laboratories, Inc.). Genomic DNA of P. multiseries, strain ML-59 was added to the 

reaction mixture to achieve < 106 copies of the target gene as a positive control. Negative controls 

containing nuclease-free water were used in triplicate. 0.4 μM concentration of primers was used 

for the initial evaluation of qPCR reactions. qPCR amplification was performed using a Light Cycler 

2.0 real-time qPCR machine (Roche Molecular Systems, Germany) with an initial denaturation at 

95 °C for 120 s, followed by 40 cycles of 95 °C for 15 s, 62.5°C for 20 s, finishing with a final extension 

https://www.ncbi.nlm.nih.gov/
https://www.imicrobe.us/
https://bioinfo.szn.it/
http://apollo.tgac.ac.uk/
https://protists.ensembl.org/
https://genome.jgi.doe.gov/portal/
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at 72°C for 60s. PCR products were evaluated using agarose gel electrophoresis and a melting 

dissociation curve (software v.3.0.1; Applied Biosystem, USA). 

2.3.5 Sequencing of PCR products 

Amplified products from the best-performing PCRs were purified using a QIAquick PCR purification 

kit (Qiagen GmbH, Hilden, Germany). 3 µl of purified PCR products were cloned into pGEM®-T Easy 

Vector (Promega, Wisconsin, USA) and used to transform OneShot TOP10 competent cells 

(Invitrogen, Carlsbad, CA, USA). 4 clones each, carrying the target sequence were picked and grown 

overnight at 37ºC in a shaking incubator. Plasmids containing the target genes were purified from 

cultured cells after overnight growth in 10 ml LB medium with 15 µg/ml Ampicillin using the 

QIAprep® Spin Miniprep Kit (Qiagen, Valencia, CA, USA) per the manufacturer’s protocol. Purified 

and cloned PCR products were Sanger sequenced on ABI 3730XL (Applied Biosystems, Foster City, 

CA, USA) using the same primers for PCR products and the T7 sequencing primers for cloned 

products, according to the SmartSeq Kit manufacturer’s instructions (Eurofins Genomics, 

Ebersberg, Germany). The sequencing data was compared against target gene alignments used for 

designing qPCR primer pairs for the detection of Pseudo-nitzschia species.  

 

Both BLASTN and BLASTX analysis were conducted against the available Pseudo-nitzschia genomes 

in the non-redundant (nr/nt) databases of NCBI using the Basic Logical Alignment Search Tool 

(BLAST) (Altschul et al. 1990). To further examine the specificity, an additional BLASTN analysis was 

performed against the Pseudo-nitzschia multistriata genome available here 

http://protists.ensembl.org/Pseudonitzschia_multistriata/Tools/Blast. The BLAST analysis was 

performed using the following settings: E-value cutoff= 0.05-0.1, match/mismatch scores= 2-3, 

word size = 7-28, the gap costs of existence= 5, extension=2 and a threshold of 1–100 hits per query. 

The top hits of BLAST results are summarised in Table 2.2. The NCBI tool of the Conserved Domain 

Database (CDD) was used to identify the homologous protein domains (Marchler-Bauer et al. 2017). 

The web-based NCBI tool of iCn3D (I-see-in-3D) was employed to investigate the three-dimensional 

structure and function of protein molecules (Wang et al. 2020b).  

2.3.6 Hydrolysis probe design 

The consensus sequence derived from Sanger sequencing of the PCR and plasmid products for 

Pseudo-nitzschia species was used to design specific hydrolysis probes following standard design 

http://protists.ensembl.org/Pseudonitzschia
http://protists.ensembl.org/Pseudonitzschia_multistriata/
http://protists.ensembl.org/Pseudonitzschia_multistriata/Tools/Blast
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criteria (Van der Velden et al. 2001). Up to 5 probe candidates were generated between two PCR 

primers. Putative secondary structures of potential probes were analysed using the ‘Oligo Analyser’ 

online tool (https://eu.idtdna.com/calc/analyzer). The Gibbs free energy (ΔG) of any self-dimers, 

hairpins, and heterodimers of ≤–9.0 kcal/mole was considered thermodynamically stable and 

therefore these candidates were discarded (Van Pelt-Verkuil et al. 2008a). The probes were also 

checked using the primer-BLAST tool to confirm the target specificity (Ye et al. 2012). The hydrolysis 

probes that met the design criteria were synthesised using a FAM reporter associated with an 

internal ZEN-Quencher and a Black Hole Quencher®-1 (BHQ) near the 3’ end of the probe sequence 

to reduce any background signal and to increase probe intensity during amplification reaction 

(Integrated DNA Technologies, Inc., UK). Probe stock solutions were prepared at a concentration of 

100 µM, working stocks at 10 µM (Invitrogen, Carlsbad, CA, USA) and then stored at -20°C. 

2.3.7. Optimisation of hydrolysis probe-based qPCR reactions 

Probe-based assays were performed in triplicate on a LightCycler 96 real-time PCR machine (Roche), 

using a TaqMan™ Fast Advanced Master Mix kit (Applied Biosystems™, Foster City, CA, USA). 150 

nM and 250 nM concentrations of probes were tested with the optimised concentration of the 

forward and reverse primer at 1.5 µM and 1 µM, respectively.  The cycling protocol consisted of 1 

cycle at 95°C for 120 sec followed by 45-55 cycles at 95°C for 15 sec and 53°C-59°C for 60 sec. To 

ensure as high a reaction efficiency as possible, the annealing and elongation temperatures were 

combined into a single step to ensure that the probe remains bound to its target during primer 

extension (Langlois et al. 2021). The performance of reactions was assessed over a range of 

annealing/elongation temperatures from 53°C to 59°C for 60 sec. The optimal reaction conditions 

were selected by comparing Ct value, fluorescence rate and product specificity by running amplified 

sequences on 1.5-2% agarose-TAE gels. Contamination and primer/probe dimer formation were 

assessed by incorporating a triplicate of negative control reactions (No template control; NTC) in 

each qPCR run. 

2.3.8. qPCR reaction conditions 

Probe-based qPCR assays were performed in triplicate on a LightCycler 96 real-time PCR machine 

(Roche), using a TaqMan™ Fast Advanced Master Mix kit (Applied Biosystems™, Foster City, CA, 

USA). The qPCR reaction volumes were 25 µl and contained a 2 µl DNA template. 250 nM 

concentration of probe was used with the concentrations of the forward and reverse primer at 1.5 

https://eu.idtdna.com/calc/analyzer
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µM and 1 µM, respectively. The PCR conditions include 1 cycle at 95°C for 120 sec followed by 55 

cycles at 95°C for 15 sec and 59°C for 60 sec. Contamination was assessed by incorporating a 

triplicate of negative control reactions (No template control; NTC) in each qPCR run. 

2.3.9. Specificity testing 

The specificity of the qPCR probe was evaluated experimentally against a panel of 10 Pseudo-

nitzschia species and 8 non-target phytoplankton strains at equivalent cell concentrations of ~105 

cells l-1, listed in Table 2.3. The analytical specificity of the qPCR assay was estimated as a percentage 

of (true negatives)/(true negatives + false positives)×100 (Hashish et al. 2022).  

2.3.10. Sensitivity optimisation  

Assay sensitivity was evaluated based on the linear dynamic range of a dilution series spanning 

eight orders of magnitude, from amplicon standards were prepared as described (Stuken et al. 

2011, Savela et al. 2016, Mendoza-Flores et al. 2018). A separate set of standards was generated 

from DNA extracted from Pseudo-nitzschia-spiked seawater. Natural seawater was collected from 

Station L4 (50˚15’N, 4˚13’W) in the Western Channel Observatory, Plymouth, UK and then spiked 

with quantified P. multistriata SZN-B955 cultured cells to obtain the spiked standard concentrations 

of 1.02x1010, 2.1 x109, 1.6x108, 3.1x107, 1.1x106, 1.1x105, and 1.1x104 cells per litre. Each of the 

spiked seawater samples was vacuum filtered through a 0.2 µm pore size membrane (Fisher 

Scientific, UK) and transferred to a 2ml tube containing 700 μl of Lysis buffer AP1 (Qiagen, Hilden, 

Germany), then stored at -80°C. The filters were used to extract DNA with the DNeasy Plant Mini 

Kit (Qiagen, Hilden, Germany). Amplifications were performed on the triplicates of each 

concentration from amplicon copies and spiked seawater, to assess the linear regression between 

Ct values and standard concentrations using Origin software (OriginLab, Northampton, MA, USA).  

2.3.11. Quantification of Pseudo-nitzschia species 

The standard curve for geranyl pyrophosphate synthase (GPP) gene copies was created using a 10-

fold dilution series of a known concentration of fresh PCR product, ranging from 1.0 x 108 to 1.0 x 

100  amplicon copies. The fresh PCR product was purified using a QIAquick PCR purification kit 

(Qiagen), and then evaluated on a NanoDrop spectrophotometer (ND-1000, Thermo Fisher 

Scientific Inc., UK) and quantified using Qubit fluorometer (Thermo Fisher Scientific Inc., UK). GPP 
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gene copy numbers were calculated from the amplicon size and concentrations as in (Mendoza-

Flores et al. 2018). 

Three replicate qPCR reactions were performed as described above with fresh PCR standards to 

quantify GPP gene copy numbers from triplicate DNA templates extracted from P. multistriata SZN-

B954, P. multistriata SZN-B955, P. pungens CCAP 1061/44, P. multiseries NWFSC 713, P. multiseries 

NWFSC 714, P. multiseries NWFSC 715, P. multiseries ML-54, P. multiseries ML-55, P. multiseries 

ML-56, P. multiseries ML-59, and non-target algal species that are listed in Table 2.3. These cultures 

were maintained in a laboratory incubator and sampled on random days and at different growth 

phases. The number of cells in each sample was quantified by direct microscopy. Finally, the 

number of GPP gene copies in the samples was divided by the total cell count in the qPCR template 

to obtain the number of GPP gene copies per cell (Stuken et al. 2011). 

2.3.12. Statistical analysis  

The mean values and standard deviations of biological replicates, as well as the linear regression 

between Ct values and standard concentrations were determined using Origin software (OriginLab, 

Northampton, MA, USA). SPSS statistics software version 28.0 (IBM Inc., Armonk, NY, USA) was 

used for investigating the correlation between GPP gene copy numbers, and toxin concentrations 

by Pearson’s correlation test. All variables were tested for normality using the Shapiro–Wilk 

normality test. A p-value of 0.05 was chosen as the threshold of statistical significance. 

2.3.13. Domoic acid measurements 

All Pseudo-nitzschia species were screened for toxin production using an ELISA assay. Aliquots of 

each Pseudo-nitzschia culture were subject to sonication at 40W for 10 minutes within an ice bath 

(Ultrasonic processor, Sonics & Materials Inc., CT, USA). Cellular extracts were then filtered using a 

0.2 µm pore size filtration membrane and clarified by centrifugation at 7,100 x g for 10 min at 4ᵒC 

(Tatters et al. 2012b). Stored cell extracts were thawed and then diluted using 50% methanol 

(MeOH) prior to analysis. DA samples were quantified using a microplate reader (BMG FLUOstar 

OPTIMA reader, BMG LabTech, UK) following the manufacturer’s instructions described in the 

Biosense Domoic Acid ELISA kit (Bergen, Norway). Total DA concentration was measured in the 

whole algal samples including intracellular DA plus extracellular DA in the growth medium. Toxin 

levels were normalised to cell counts at harvest (Fehling et al. 2004).  
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2.4 Results 

2.4.1. Assay Design 

Short reads and those containing gaps were eliminated from the sequencing alignment. After 

trimming, homology ranged from 75-86%. A total of 29 Pseudo-nitzschia sequences were aligned 

(Figure 2.1). The alignment had an overall identity of 86.3% over a 161 bp fragment, which revealed 

conserved regions for designing primers and hydrolysis probes. A panel of six candidate forward 

and reverse primers were considered for %GC content between 40%-50% and melting temperature 

(Tm) between 57°C-63°C, to amplify a relatively conserved region at a size between 120-200 bp 

from the target gene within Pseudo-nitzschia genus. The primer sets were evaluated experimentally 

by amplifying a DNA template extracted from P. multiseries, strain ML-59, with nuclease-free water 

as a negative control in the presence of an SYBR-green reporter dye, as described in the materials 

and methods. Amplified targets were evaluated using agarose gel electrophoresis and a melting 

dissociation curve. Of the three pairs of primers designed generated a single, specific PCR product, 

with the lowest Ct value was selected for further study; the primer sequences of Psn-fw and Psn-rv 

are given in Table 2.1. 

To obtain the optimum assay performance, this primer set was tested over a variation of primer 

concentrations, annealing temperature and extension time until achieving the best results by gel 

electrophoresis and melting curve analysis (data not shown). Primer sequences not used for further 

study, but which efficiently amplified the target sequence, are given in Appendix A, Table A3. Figure 

2.1 shows a truncated version of the multiple sequence alignment results, focusing on the region 

selected as the target for the qPCR assay design. The primers were designed to anneal within 

conserved regions of aligned sequences, by setting the standard parameters. None of the primers 

shared complete identity with all of the 29 Pseudo-nitzschia sequences due to the sequence 

diversity of the gene (84% identity). However, the forward and reverse primers were identical to 

13/29 (~44%) and 24/29 (~82%) of the sequences, respectively, which were considered sufficiently 

inclusive for the assay to be useful for screening the presence of Pseudo-nitzschia spp..  

To confirm amplification specificity, PCR amplicons of the chosen primers were sequenced as 

described in section 2.3.5. The sequencing data was incorporated into the multiple sequence 

alignment previously used in the primer design process to facilitate the subsequent design of a GPP-

gene-specific hydrolysis probe. The probe annealing site is 100% identical to 18/29 (~62%) gene 
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sequences, without the incorporation of mixed (degenerate) bases, Figure 2.1. 150 nM and 250 nM 

concentrations of probes were tested with the optimised concentration of the forward and reverse 

primer at 1.5 µM and 1 µM, respectively. The inclusion of a hydrolysis probe could therefore reduce 

the overall inclusivity of the assay, however, the advantage in selectivity offered by using a gene 

probe in combination with specific primers was preferred. The binding region of the hydrolysis 

probe exploits additional nucleotide differences between Pseudo-nitzschia species and closely 

related marine algae, supporting the specificity of the qPCR assay for Pseudo-nitzschia species. 
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Figure 2.1 Multiple Sequence Alignment of Gene Sequence Fragments. Primer and probe binding sites are marked and detailed. The target region 
within the primer binding sites was 161 bp in length. 
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Table 2.1 Oligonucleotide Sequences 

Name Sequence (5’ - 3') 

Psn-fw CGACTACCAGAACGATCCCA 

Psn-rv GGTTCATCTTTCCGCCCTTG 

Psn_probe (FAM)-ACCTCCCGGCCAACTACGAACTCC-(BHQ1) 

FAM = Fluorescein; BHQ1 = Black Hole Quencher 1 

The BLASTN analysis demonstrated a 100% similarity between the target sequence and the 

PSNMU_V1.4_AUG-EV-PASAV3_0076010 gene, which is categorized under the Isoprenoid 

Biosynthesis superfamily in P. multistriata (Table 2.2). The BLASTX analysis additionally revealed 

that the protein products originating from the 161 bp target sequence yielded homologous matches 

with proteins having accession numbers VEU40706.1 and VEU44695.1 in the ENSMBL Protist 

genome database of P. multistriata (Table 2.2). The results of the NCBI Search Tool (CCD) found 

that the conserved domains of VEU40706.1, and VEU44695.1 are associated with classes of 

Isoprenoid Biosynthesis and Terpene synthase 2, C-terminal metal binding, respectively.  

Table 2.2 Top hits of BLAST analysis through Pseudo-nitzschia genomes. 

a NCBI; National Centre for Biotechnology Information GenBank, b Ensembl; Ensembl Genome Portal 

(Protists), cSZN; Genome database of the Stazione Zoologica Anton Dohrn.  

BLASTN 

Species Strain Percent 
Identity 

E- value Query 
Cover 

Accession Number Source 

P. multistriata 119-C4 89.7% 6e-05  18% MZ486440.1 NCBIa 

P. multistriata MS3 89.7% 6e-05  18% MZ486439.1 NCBIa 

P. multistriata 119-A4 89.7% 6e-05  18% MZ486438.1 NCBIa 

P. multistriata MS2 89.7% 6e-05  18% MZ486437.1 NCBIa 

P. multiseries 15091C3 100%  0.003 18% MH202990.1 NCBIa 

P. multistriata B856 100% 0.0004 100% PASAV3_0076010 SZNc 

   BLASTX    

P. multistriata B856 81.1% 1.3e-25 85.3% VEU40706 Ensemblb 

P. multistriata B856 56.5% 0.07 37.0% VEU44695 Ensemblb 

https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi?INPUT_TYPE=precalc&SEQUENCE=1572198945
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi?INPUT_TYPE=precalc&SEQUENCE=1572193299
https://www.ncbi.nlm.nih.gov/nucleotide/MZ486440.1
https://www.ncbi.nlm.nih.gov/nucleotide/MZ486439.1
https://www.ncbi.nlm.nih.gov/nucleotide/MZ486438.1
https://www.ncbi.nlm.nih.gov/nucleotide/MZ486437.1
https://www.ncbi.nlm.nih.gov/nucleotide/MH202990.1
http://jbrowse.bioinfo.szn.it/pmultistriata/?loc=PsnmuV1.4_scaffold_369-size_44239%3A12066..13590&tracks=DNA%2CPseudo_NITZSCHIA&highlight=
https://protists.ensembl.org/Pseudonitzschia_multistriata/Transcript/ProteinSummary?db=core;g=PSNMU_V1.4_AUG-EV-PASAV3_0076010;r=contig301:12066-13590;t=VEU40706;tl=xQfR3aauWFdeotWP-22517223-2484318317
https://protists.ensembl.org/Pseudonitzschia_multistriata/Transcript/ProteinSummary?db=core;g=PSNMU_V1.4_AUG-EV-PASAV3_0118210;r=contig301:12066-13590;t=VEU44695;tl=xQfR3aauWFdeotWP-22517223-2484318318
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The three-dimensional structure and catalytic sites of the VEU40706.1 protein were determined 

using iCn3D analysis, revealing residues of the substrate binding pocket, substrate-Mg2+ binding 

site, aspartate-rich region 1, and aspartate-rich region 2. These residues were found in a related P. 

multiseries prenyltransferase. Similarly, the VEU44695.1 has catalytic residues of 

Terpene_syn_C_2, a characteristic also observed in P. multistriata prenyltransferase. These 

observations agree with the gene alignments, where the majority of homologous sequences were 

specifically annotated as encoding prenyltransferase activities, including geranyl 

pyrophosphate/diphosphate synthase (GPP), Farnesyl pyrophosphate/diphosphate synthase (FPP), 

Prenyltransferases, Terpenoid cyclase, and Terpene synthase (Figure 2.1) (Savage et al. 2012, 

Athanasakoglou and Kampranis 2019a). Recent studies have highlighted the importance of these 

functional activities for the DA biosynthesis in Pseudo-nitzschia (Brunson et al. 2018, Hardardottir 

et al. 2019, Jiang 2019, Chekan et al. 2020, Badarou 2021).  

However, it is important to note that the majority of these functions have been assigned according 

to homology-driven automated annotations, rather than being confirmed through biochemical 

activities or experimentation.  Among the homologous sequences, PSN_contig_0003671 emerges 

as the closest relative (84% identity relative to this study’s PCR amplicon) with experimentally 

validated transcription in a study of toxigenic Pseudo-nitzschia seriata under toxin-producing 

conditions (Hardardottir et al. 2019) (Figure 2.1). The PSN_contig_0003671 gene sequence from 

(Hardardottir et al. 2019) encodes geranylgeranyl pyrophosphate synthase (GPP), which is thought 

to serve as an intermediate in DA biosynthesis in P. seriata. The selectivity and significance of the 

GPP gene were investigated here as a genetic marker through qPCR analysis using DNA samples 

extracted from both Pseudo-nitzschia strains and closely related microalgal species. 

2.4.2. Assay Selectivity 

The results of the DA immuno-assay and the qPCR assay selectivity testing are summarised in Table 

2.3. The GPP gene assay showed 100% analytical specificity for Pseudo-nitzschia species with no 

cross-amplification against other algal strains, as shown in Figure 2.2.  Ten Pseudo-nitzschia species 

tested positive for DA based on the ELISA analysis, but with a wide range of concentrations from 

3.8 to 172.3 µg L−1, corresponding to 4.3 to 2.4pg DA cell−1 (recorded for P. pungens and P. 

https://www.ncbi.nlm.nih.gov/Structure/icn3d/full.html?refseqid=VEU40706.1
https://www.ncbi.nlm.nih.gov/protein/AYD91073.1
https://www.ncbi.nlm.nih.gov/protein/VEU44695
https://www.ncbi.nlm.nih.gov/protein/UMB20797.1
https://bmcmolbiol.biomedcentral.com/articles/10.1186/s12867-019-0124-0
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multiseries ML-59, respectively). Neither DA nor the GPP gene could be detected in any of the non-

Pseudo-nitzschia algal cultures. Table 2.3 shows variable GPP gene copies across Pseudo-nitzschia 

species, with the lowest copy cell-1 at 0.2 ± 0.2 in P. pungens cells and the highest copies cell-1 at 1.2 

± 0.3 in P. multiseries ML-59 cells and P. pungens cells, respectively, corresponding to the minimum 

and the maximum toxin amount at 0.1 ± 0.001 pg DA cell-1 and 4.3 ± 0.2 pg DA cell-1. 

Table 2.3 Domoic acid concentrations and GPP qPCR results for a panel of marine algal species. 

Species Isolate 

Accession 

DA Concentration 

(pg DA cell−1) 

GPP copies 

 cell-1 

qPCR 

Amplification 

Pseudo-nitzschia multistriata  SZN-B954 2.4 ± 0.01 0.6 ± 0.001 + 

Pseudo-nitzschia multistriata  SZN-B955     4.1 ± 0.1 0.8 ± 0.1 + 

Pseudo-nitzschia pungens  CCAP 1061/44 0.1 ± 0.001 0.2 ± 0.2 + 

Pseudo-nitzschia multiseries  NWFSC 713 3.4 ± 0.1 0.7 ± 0.1 + 

Pseudo-nitzschia multiseries  NWFSC 714 3.6 ± 0.1 0.8 ± 0.04 + 

Pseudo-nitzschia multiseries  NWFSC 715 1.5 ± 0.01 0.4 ± 0.03 + 

Pseudo-nitzschia multiseries  ML-54 1.8 ± 0.06 0.5 ± 0.01 + 

Pseudo-nitzschia multiseries  ML-55 1.2 ± 0.01 0.3 ± 0.002 + 

Pseudo-nitzschia multiseries  ML-56 1.4 ± 0.02 0.4 ± 0.01 + 

Pseudo-nitzschia multiseries  ML-59 4.3 ± 0.2 1.2 ± 0.3 + 

Karenia brevis  CCMP2228 nd nd - 

Karenia mikimotoi  CCAP 1127/2 nd nd - 

Alexandrium tamarense  CCAP 1119/25 nd nd - 

Synechococcus sp  CCAP 1479/9 nd nd - 

Prorcentrum lima  CCAP 1136/12 nd nd - 

Alexandrium minutum  CCAP 1119/15 nd nd - 

Lingulodinium polyedra  CCAP 1121/7 nd nd - 

Prorcentrum cordatum  CCAP 1136/16 nd nd - 

(+) positive amplification, (-) no amplification, nd = not detected. 
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Figure 2.2 Specificity testing of GPP sequence amplification in Pseudo-nitzschia strains and other 

algal species. (A): Amplification plots of P. multistriata SZN-B954, P. multistriata SZN-B955, P. 

pungens CCAP 1061/44, P. multiseries NWFSC 71, P. multiseries NWFSC 714, P. multiseries NWFSC 

715, P. multiseries ML-54, P. multiseries ML-55, P. multiseries ML-56, P. multiseries ML-59. (B) 

Amplification plot of P. multistriata SZN-B954 (Positive control), and confirms no reactions for K. 

brevis CCMP2228, K. mikimotoi CCAP 1127/2, A. tamarense CCAP 1119/25, A. minutum CCAP 

1119/15, P. lima CCAP 1136/12, P. cordatum CCAP 1136/16, L. polyedra CCAP 1121/7, 

Synechococcus sp BG11. The results show the mean of triplicate reactions. The filled areas of 

amplification curves denote the standard error of the mean. 
 

Table 2.4 Inclusivity results of qPCR amplification of marine algal species used in the study. The Ct 
values were generated from the amplification reactions presented in Figure 2.2. 

Species Isolate Accession Amplification 

Plot 

Ct value 

Pseudo-nitzschia multistriata SZN-B954 Fig. 2.2-A 18.2 ± 0.004 

Pseudo-nitzschia multistriata  SZN-B955     Fig. 2.2-A 22.6 ± 0.04 

Pseudo-nitzschia pungens  CCAP 1061/44 Fig. 2.2-A 31.2 ± 0.3 

Pseudo-nitzschia multiseries  NWFSC 713 Fig. 2.2-A 30.1 ± 0.08 

Pseudo-nitzschia multiseries  NWFSC 714 Fig. 2.2-A 29.4 ± 0.04 

Pseudo-nitzschia multiseries  NWFSC 715 Fig. 2.2-A 31.5 ± 0.2 

Pseudo-nitzschia multiseries  ML-54 Fig. 2.2-A 30.8 ± 0.4 

Pseudo-nitzschia multiseries  ML-55 Fig. 2.2-A 30.7 ± 0.2 
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Pseudo-nitzschia multiseries  ML-56 Fig. 2.2-A 22.9 ± 2.3 

Pseudo-nitzschia multiseries  ML-59 Fig. 2.2-A 20.7 ± 3.4 

Pseudo-nitzschia multistriata  SZN-B954 Fig. 2.2-B 30.7 ± 0.02 

Karenia brevis  CCMP2228 Fig. 2.2-B nd 

Karenia mikimotoi  CCAP 1127/2 Fig. 2.2-B nd 

Alexandrium tamarense  CCAP 1119/25 Fig. 2.2-B nd 

Synechococcus sp  CCAP 1479/9 Fig. 2.2-B nd 

Prorcentrum lima  CCAP 1136/12 Fig. 2.2-B nd 

Alexandrium minutum  CCAP 1119/15 Fig. 2.2-B nd 

Lingulodinium polyedra  CCAP 1121/7 Fig. 2.2-B nd 

Prorcentrum cordatum  CCAP 1136/16 Fig. 2.2-B nd 

nd = not detected. 

2.4.3. Sensitivity, Linearity and Accuracy of Amplification for Predicting Pseudo-

nitzschia Cell Number 

The assay generated a PCR product from as few as an estimated 1.0 copies of the GPP sequence, 

and 104 P. multistriata cells, shown in Figure 2.3A, Figure 2.3C. The comparison of Ct values with 

the estimated GPP gene copy number generated a log-linear response relative to the copy number, 

when amplifying from between 1.0 x 100 and 1.0 x 108 estimated copies, as shown in Figure 2.3B, 

with a simple log-linear regression and R-squared of 1. The limit of detection (LOD) of the GPP gene 

assay was determined by the Ct value generated by the lowest number of target copies that can be 

amplified using triplicates of genomic DNA. The limit of Quantification LOQ was estimated from the 

lowest valid and consistently amplified Ct value from each amplification reaction of replicated 

standard dilutions (Kralik and Ricchi 2017). Accordingly, the LOQ and the LOD of the GPP gene qPCR 

assay were 10.4 copies.    
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Figure 2.3 Sensitivity and Linearity of the GPP gene qPCR Assay. (A) qPCR amplification of GPP gene 

amplicon standards, diluted to contain 1.0x100-1.0x108 number of copies. (B) A standard curve was 

generated using the data presented in panel A, by comparing Ct values with the estimated GPP gene 

copy number. (C) qPCR amplification from genomic DNA isolated from natural seawater spiked with 

between 107 to 10 cells of P. multistriata. (D) A standard curve was generated using the data 

presented in panel C, by comparing Ct values with cell concentrations. The filled areas of 

amplification curves and error bars of standard curves, where visible, are the standard deviations 

from triplicate qPCR reactions. 

The efficiency of the qPCR primers was calculated from the slope of the linear regression for each 

standard curve (Figure 2.3B and Figure 2.3D) according to the equation: Efficiency (E) = 10(–1/slope) 

(Rebrikov and Trofimov 2006, Amagliani et al. 2010). The relationship between Ct and GPP gene 

copy number, or between Ct and cell number, generated amplification efficiencies of 90%, and 89% 

for the concentrations ranging from 104 to 1010 cells, and 1.0 x100 to 1.0 x108 copies, respectively.  
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2.4.4. Utility of Quantitative qPCR analysis  

P. multistriata cells were enumerated from culture samples at random growth periods using direct 

microscopic counts. There was no consistent relationship between the GPP copy number per mL 

and cell concentration per mL in each culture and the number of GPP gene copies per cell varies 

across these strains (R2=0.1, Figure 2.4A). The number of GPP gene copies per cell in Pseudonitzschia 

strains was used to calculate a GPP gene copy number per cell for each culture (Figure 2.3B, y-axis). 

Figure 2.4 (A) the correlation between the number of the GPP gene copies mL-1and the cell 

concentration in cells mL-1 measured for each culture. The copy number was divided by cell 

concentration to calculate copies per cell for each strain in Figure 2.4B. (B) GPP gene copies per cell 

vs. domoic acid concentrations (pg DA cell-1) of Pseudo-nitzschia strains shows a positive 

relationship. The error bars where visible represent the standard deviation from replicate qPCR 

experiments performed on different days (n = 2). 

 

Cellular DA concentrations (pg DA cell-1) and GPP gene copy numbers per cell (R2 =0.9), (Figure 2.4B) 

were linearly correlated (Pearson correlation coefficient r = 0.9; n = 10; P = 0.00007). The significant 

relationship spanned 0.1±0.001 and 4.3±0.2 pg DA cell-1 toxin concentration and 0.2±0.2 and 

1.2±0.3 GPP gene copies cell-1 for P. pungens CCAP 1061/44 at the lowest concentration and P. 

multiseries ML-59 cells at the highest concentration, respectively. 
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2.5. Discussion 

A novel, real-time quantitative PCR (qPCR) assay was designed to target a fragment of the geranyl 

pyrophosphate synthase (GPP) gene sequence of Pseudo-nitzschia spp. The sensitivity of this PCR 

reaction was high, with a LOD of ~1.0x101 GPP gene copies per reaction (Figure 2.3). This high 

sensitivity of detection of a gene implicated in toxin production is the first to our knowledge and 

can be useful for monitoring toxic Pseudo-nitzschia blooms, though an equivalent sensitivity of ten 

copies per reaction was achieved previously for a Pseudo-nitzschia ribosomal DNA (rDNA) gene 

(Orsini et al. 2004, Penna et al. 2013). The calculation of qPCR-derived estimates of cell abundance 

is described in section 2.3.11. The log-linear trend was observed over the full range of cell 

concentrations tested, from 104 to 108 cells l-1, confirmed using direct cell counts by microscopy. 

Further dilution of cell concentrations indicated that GPP genes could be detected by qPCR 

amplification of DNA extracted from an estimated 103 cells l-1 P. multistriata cells. However, 

amplification was not reliable in replicate qPCR reactions (data not shown), while reliable 

amplification was achieved for 104 cells l-1. Therefore, the LOQ and LOD were found at 104 cells l-1. 

This suggests that the qPCR is an accurate method for enumerating P. multistriata in culture.  

 

A positive correlation was observed between GPP gene copy numbers and cellular toxin quota for 

ten Pseudo-nitzschia strains using the developed qPCR assay (R2 = 0.9) (Figure 2.4B). More 

predictably, previous studies have shown that the GPP transcription of Pseudo-nitzschia strains was 

correlated with toxin concentrations (Brunson et al. 2018, Hardardottir et al. 2019, Lema et al. 

2019). Under the culture conditions employed, it is suggested by the data that the number of gene 

copies per cell is correlated with the concentration of domoic acid across Pseudonitzschia spp. . 

While some variation does exist, the strong relationship suggests that the standard conditions 

under the maintained cultures  for this analysis do not induce or supress DA biosynthesis in the 

species tested, with a consistent background DA biosynthesis level perhaps based on constitutive 

expression. P. multistriata SZN-B955 sample in Figure 2.4B showed an unprecedented production 

of up to 4.1 ± 0.1 pg DA cell-1, corresponding to the reduced growth and lower cell concentration 

(39.3 ± 0.5 cells mL-1). Further comprehensive studies are required to provide insights into the use 
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of the assay for species-specific testing for the biosynthetic potential to produce domoic acid in 

Pseudo-nitzschia strains.  

Given that Pseudo-nitzschia blooms can exceed one million cells per litre within a few days following 

bloom initiation, reducing analysis time is critical (Du et al. 2016b). The bloom can occur when cell 

density ranges from 105 to 107 cells l-1  (Bates et al. 2018). UK HAB surveillance programmes set a 

threshold limit of 1.5 × 105 cells of Pseudo-nitzschia spp. per litre of seawater to enforce sampling 

and analysis of shellfish for algal bio-toxins (Downes-Tettmar et al. 2013). The qPCR assay generated 

in the current study can detect the target gene, shown here to relate to DA concentrations, from 

far lower abundances of Pseudo-nitzschia cells (approximately 102 cells per litre) in an hour and 35 

minute assay (including the time needed for DNA extraction, PCR preparation and qPCR), in contrast 

to requirements for most Pseudo-nitzschia assays, including qPCR assays, which take 1.5 hours for 

the qPCR alone (Andree et al. 2011, Pugliese et al. 2017). The new qPCR assay presented here 

demonstrated a LOD of 104 cells l-1 P. multistriata cells, fifteen times below the UK threshold for 

monitoring, which could provide early warning of toxic bloom events. In previous work, the 

detection limit of Pseudo-nitzschia from cultures via RNA microarray was 1.2 x 103 to 5 x 104  cells 

of Pseudo-nitzschia spp., which is below the current study’s limit of detection if cells are extracted 

from a litre of seawater (Medlin and Kegel 2014). Similarly, the amplification of a DNA sequence 

encoding the RuBisCO small subunit (rbcS) gene via PCR had a detection limit of 103 P. multiseries 

cells in a litre of seawater (Delaney et al. 2011). Later, (Kim et al. 2017) reported a qPCR assay with 

a LOD of less than one cell of P. pungens, targeting the internal transcribed spacer region (ITS). 

 

(Fitzpatrick et al. 2010) reported single-cell sensitivity by amplifying a fragment of the 18S rDNA 

gene. However, the rDNA assay tended to overestimate cell abundance below the 100 cells l-1 

threshold. Similarly, another rDNA assay overestimated cell concentrations during early bloom 

initiation (Andree et al., 2011). Overestimation by both assays may relate to the difference in rDNA 

copy number between the strain used for the standard curve and the environmental strains tested. 

In the current study, there was a strong correlation between calculated cell abundance (using GPP 

gene qPCR) and true cell number by microscopy, Figure A1, Appendix A. The method offers sensitive 

detection of Pseudo-nitzschia, thus providing a reliable tool for monitoring bloom development in 



Chapter 2 

 

 

94 

 

 

the early stages and presenting advantages in avoiding deleterious consequences for marine 

wildlife and seafood consumers.   

2.6. Conclusion 

A novel, real-time quantitative PCR (qPCR) assay was designed to target the genetic marker 

of the geranyl pyrophosphate (GPP) gene. This gene codes for geranyl pyrophosphate synthase, a 

putative precursor for DA production in Pseudo-nitzschia spp. (Brunson et al. 2018, Hardardottir et 

al. 2019, Chekan et al. 2020). The assay developed in this study can provide a quantitative proxy of 

Pseudo-nitzschia abundance, at pre- and early-bloom development. This is of particular importance 

for routine monitoring of the marine environment by advancing a more scalable and rapid 

assessment of the potential risk of Pseudo-nitzschia blooms.  
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Chapter 3 Induction of toxin biosynthesis by nutrient 

depletion and addition in Pseudo-nitzschia multistriata 

3.1. Abstract 

Anthropogenic nutrient loading in coastal waters supports the growth of phytoplankton, including 

harmful bloom-forming Pseudo-nitzschia species, which produce domoic acid (DA), a potent marine 

neurotoxin that causes amnesic shellfish poisoning (ASP). Nutrient enrichment can thereby 

indirectly exacerbate threats to public health, marine ecosystems, food production, and the 

economic well-being of coastal communities. At the same time, warming waters are more stratified 

and oligotrophic. It is important to understand the compounding effects of background nutrient 

stress with periodic increases in nutrients, on Pseudo-nitzschia toxicity. In this study, nutrient-

depleted P. multistriata cultures were exposed to a 48-hour pulse addition of phosphate (P), nitrate 

(N), and silicate (Si) to simulate natural stressors caused by increased nutrient input in coastal 

systems. The relationships between differential transcription of the geranyl pyrophosphate 

synthase (GPP) gene, toxin concentration, cellular growth, and nutrient consumption were 

investigated in this chapter. .  Significant induction of DA production was observed at 2 hours after 

Si-addition, 6 hours after N-addition, and 48 hours after P-addition. These inductions were 

accompanied by increases in GPP gene transcription, with fold changes of 3.9 after Si-addition, 4.0 

after N-addition, and 14.7 after P-addition, compared to the baseline before nutrient addition (0 

hours) in N-, P-, and Si-depleted cells. A strong correlation was found between GPP transcript 

abundance and DA content in P-depleted cells (r = 1.0, R2 = 1.0, P = 0.0004), with a weaker but 

significant correlation in Si-depleted cells (r = 0.9, R2 = 0.7, P= 0.03). The phosphate treatment 

resulted in the highest production of domoic acid compared to all other treatments, with a level of 

0.6 ± 0.2 pg DA cell-1 at t=48 h after the addition of phosphate. The novel assay was developed in 

Chapter 2 and provided sufficient sensitivity for early detection of toxic bloom development and 

detected all 10 toxigenic Pseudo-nitzschia strains tested, with potential environmental applications 

to avoid harmful effects of domoic acid in oligotrophic coastal regions on marine wildlife, seafood 

consumers and aquaculture industries.  
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3.2. Introduction 

Global coastal ecosystems have experienced a rapid increase in nutrient loading in recent decades, 

with an input rate of approximately 48 × 109 kg N yr–1, making them among the most rapidly 

changing regions on earth (Malone and Newton 2020). Certain species of the Pseudo-nitzschia 

genus have developed adaptive strategies that allow them to survive in a wide range of conditions 

(Trainer et al. 2012). Pseudo-nitzschia blooms can be stimulated by nutrient enrichment from 

various sources such as anthropogenic nutrient loads from agriculture and sewage, upwelling, and 

turbulence (Glibert 2020). While anthropogenic nutrient loading and eutrophication are major 

coastal sources of phosphate and nitrate (Trainer et al. 2012), the silicate input can originate from 

various sources, including coastal upwelling (Palma et al. 2010). Pseudo-nitzschia cells adjust toxin 

production in response to various abiotic and biotic environmental factors including changes in 

nutrient levels, pCO2, pH, salinity light, temperature, as well as interactions with bacteria and 

grazers. (Lelong et al. 2012, Bates et al. 2018). Though the function of domoic acid remains elusive, 

DA accumulation in marine organisms can result in mass mortalities of marine life and can 

potentially contaminate seafood consumed by humans, causing illness and in some cases fatalities 

(Bargu et al. 2002, Costa et al. 2005, Bates and Trainer 2006, Mafra et al. 2010). 

Toxic occurrences of Pseudo-nitzschia blooms have been associated with increased nitrogen and 

phosphorus enrichment in some coastal regions (Bates 1998, Van Meerssche et al. 2018). 

Conversely, a negative relationship between domoic acid and nitrogen and phosphorus 

concentrations has been found both in cultures (Schnetzer et al. 2007) and in the environment in 

Narragansett Bay (Sterling et al. 2022). Higher domoic acid (DA) was measured in cultures of 

Pseudo-nitzschia species under phosphorus-deficient conditions (Hagstrom et al. 2011, Sun et al. 

2011, Lema et al. 2017), while an increase was observed in P. multiseries cultures after addition of 

fresh f/2 + Si medium (however, it remains uncertain whether the increase was due to phosphorous 

supply or other factors in the medium (Lewis et al. 2018). Nitrate addition increased DA levels, and 

caused cells to reproduce rapidly (Bates et al. 1991). In other studies, the production of DA 

increased under nitrate-replete conditions (Ben Garali et al. 2016, Radan and Cochlan 2018, Kelly 

et al. 2021). Low DA content was observed in Si-depleted P. seriata cultures (Fehling et al. 2005) 

and in Si-depleted P. multiseries cells but only following silicate addition (Pan et al. 1996b). To fully 

http://bargu/


Chapter 3 

 

 

97 

 

 

understand the variation in DA production due to different nutrients, it is now possible to decouple 

measures of the transcriptional response from DA production among Pseudo-nitzschia species 

under simulated eutrophication.   

In the face of rapidly changing coastal regions, sensitive analysis of Pseudo-nitzschia toxic activity is 

now critical. However, conventional methods for Pseudo-nitzschia testing, such as light and 

electron microscopy, can be time-consuming and unreliable due to the morphometric variability of 

cells in response to environmental conditions and the overlap of characteristics between different 

strains of the same species (Cerino et al. 2005, Lundholm et al. 2006a, Amato et al. 2007, Hansen 

et al. 2011, Bates et al. 2018). To overcome these challenges, molecular methods such as qPCR and 

RT-qPCR have been widely adopted for specific and sensitive detection of Pseudo-nitzschia species 

(McDonald et al. 2007, Trobajo et al. 2010, Penna and Galluzzi 2013b, Tan et al. 2015, Kim et al. 

2017). The rationale behind choosing the geranyl pyrophosphate synthase (GPP) target was based 

on several factors. Firstly, studies suggest that GPP is an essential precursor for the N-geranylation 

process, which is catalysed by DabA during the biosynthesis of DA (Tran and Savage 2017, Chekan 

et al. 2020). Additionally, previous studies have experimentally measured expression of GPP in 

toxigenic Pseudo-nitzschia strains under toxin-producing conditions (Brunson et al. 2018, 

Hardardottir et al. 2019, Jiang 2019). Importantly, GPP synthase catalysis was undetectable in DA 

biosynthesis in a biochemical study, but this was attributed to potential heterodimeric 

prenyltransferases lacking the required residues for GPP catalytic activity (Badarou 2021). 

The impact of adding individual nutrients (nitrate, phosphate, or silicate, supplied approximating 

the Redfield-Brzezinski Ratio but at high concentrations to simulate eutrophication events) on 

domoic acid (DA) production in the P. multistriata SZN-B955 strain depleted of respective nutrients 

was investigated in this study.  The main objective of the current study was to identify the 

differential effects of nutrients on GPP gene transcription and DA production in P. multistriata, in 

simulated coastal eutrophication events. Consequently, this experiment followed changes in 

activities following nutrient addition to nutrient-depleted cultures. Therefore, a sensitive and 

specific RT-qPCR assay was employed to quantify the expression of the GPP gene as a potential 

marker for the activation of toxin production in P. multistriata cells in response to nutrient 

variability.  
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3.3. Material and methods 

3.3.1. Growth conditions  

P. multistriata SZN-B955 was grown in three growth media with varying phosphate, nitrate, and 

silicate concentrations, in triplicate, with a total of 12 cultures. Cultures were maintained in 500 mL 

flasks (Corning Erlenmeyer, Germany) with ~260 mL of media, and an initial cell concentration of 

500 cells mL-1, at 18±1°C under a 12:12 light:dark photoperiod. The control culture was maintained 

in a standard f/2+Si medium (Guillard 1983), whereas experimental cultures were grown in 

f/2+Simedium with diluted nutrient concentrations. The cultures underwent a one-month 

acclimation period to adapt to the experimental nutrient conditions through direct transfer before 

being divided into triplicates for control and experimental treatments. The control medium had a 

Redfield-Brzezinski Ratio of Si:N:P = 15:16:1 (400 µM nitrate, 25 µM phosphate, 375 µM silicate) for 

steady-state growth of Pseudo-nitzschia culture (Redfield 1960, Brzezinski 1985). Experimental 

cultures were adapted to 50 µM nitrate, 4 µM phosphate, and 46 µM silicate in three different 

nutrient-depleted media for 22 days. The concentrations of nitrate and silicate in the depleted 

cultures were 8-fold lower compared to the nutrient-replete cultures. Similarly, the concentrations 

of phosphate in the depleted cultures were 6.25-fold lower than those in the nutrient-replete 

cultures. Then, 400 µM of nitrate, 25 µM of phosphate, and 400 µM silicate were added, and cells 

were sampled in the middle of the daylight period at -2, 0, 2, 24, and 48h for RNA isolation and 

domoic acid measurements from the three experimental media of N-depleted, P-depleted, and Si-

depleted conditions (Figure 3.1).  Enumeration of P. multistriata cells was performed every 2-3 days 

using a glass Sedgwick–Rafter cell counting slide (PYSER-SGI, Kent, England) and a light microscope 

(Carl Zeiss, Oberkochen, Germany) (Woelkerling et al. 1976). To ensure statistically reliable cell 

counts, a specific threshold of 50 to 200 cells per field was established for counting in each replicate 

sample, accommodating variations in cell density (Lund et al. 1958). Additionally, cell counts were 

repeated for each sample until the standard error of the mean reached below ten percent (Venrick 

1978). Growth rates were calculated per day using linear regression of the natural log of cell 

concentration over time. The equation used is growth rate (µ): µ=(LnCt2−LnCt1)/(t2−t1) where C is 

cell concentration at the time point of t1 and t2 (Lundholm et al. 2004).   
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Figure 3.1 Schematic illustration of the experimental treatments to which three replicates of P. 

multistriata cultures were subjected over a 48-h duration following the nutrient additions. A total 

of 72 DA and RNA samples were isolated in triplicates across all experimental treatments across the 

time from -2 to 48 h post-addition of nutrients to the growth-depleted cultures. 

3.3.2. RNA extraction  

Total RNA was harvested from each biological replicate. Cells were centrifuged at 7,800 rpm for 10 

min at 4°C and the residual media were carefully removed. The resulting cell pellets were 

immediately immersed into liquid nitrogen to ‘snap freeze’ and then stored at -80°C. RNA extraction 

was performed using the RNeasy Mini kit (Qiagen, Hilden, Germany) with minor modifications to 

the manufacturer’s recommended protocol. Improving RNA extraction efficiency was necessary to 

compromise any reduction in the number of cultured cells in response to the stress of depleted 

nutrient conditions. Optimisation procedures are described in detail in Appendix B, section B1. The 

protocol chosen for RNA extraction involved a 10-minute incubation of glass-beaded cells at 56°C 

with RNeasy lysis buffer, and these procedures were used to extract RNA samples from both control 
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and experimental treatments. The RNA isolation protocol is not 100 % effective at removing 

genomic DNA contamination, and therefore any residual DNA was removed using a DNase I 

digestion set (79254, Qiagen, Hilden, Germany) according to the manufacturer's instructions 

followed by purification using the RNeasy Mini Kit (Qiagen, Hilden, Germany). 

The sampling was carried out at time points during the light phase to avoid any potential diurnal 

variability in gene expression (Depauw et al. 2012). Total RNA was harvested from each biological 

replicate prior to, and post-addition of nitrate, phosphate and silicate to respective depleted 

cultures as outlined in Figure 3.1. Triplicate samples are essential as some RNA samples can be 

difficult to recover after extraction procedures (Boissonneault et al. 2013, Lema et al. 2019). RNA 

yield was quantified spectrophotometrically using a NanoDrop 2000 (Thermo Fisher Scientific, 

Waltham, MA), 2100 bioanalyzer (Agilent, Santa Clara, CA, USA) and an Invitrogen Qubit 2.0 

Fluorometer (Life Technologies, Carlsbad, CA, USA) using the Qubit® RNA HS kit (Q32852, Thermo 

Fisher Scientific) following the manufacturer’s instructions. 50 µL of RNA was eluted in nuclease-

free water and then stored in a -80°C freezer till used. 

2.1. Reverse transcription of RNA samples 

In total, 72 RNA samples were collected from both control and nutrient-depleted cultures at all 

experimental time points. RNA samples were reverse transcribed using a QuantiTect® Reverse 

Transcription Kit (Qiagen, Hilden, Germany) into a hybrid of single-stranded cDNA and RNA 

fragments. QuantiTect reverse transcriptase is a multifunctional enzyme with 3 distinct enzymatic 

activities: an RNA-dependent DNA polymerase, RNase H, and a DNA-dependent DNA polymerase 

(QuantiTect Reverse Transcription kit, Qiagen, Hilden, Germany). RNA-dependent DNA-polymerase 

activity (reverse transcription) transcribes the RNA template into a hybrid of single-stranded cDNA 

and RNA fragments. The RNase H activity of Quantiscript reverse transcriptase allows the 

degradation of RNA hybridised to cDNA, without effect on pure RNA. DNA-dependent DNA 

polymerase activity enables the formation of double-stranded cDNA templates for downstream 

real-time qPCR. A genomic DNA elimination step was performed using gDNA Wipeout Buffer at 42°C 

for 2 min before reverse transcription. 20 µL master mix contained 0.3 units μL-1 Quantiscript® 

Reverse Transcriptase, 4 µL Quantiscript RT Buffer, 5x, and 1 µL RT Primer Mix and 14 µL gDNA 
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elimination reaction. The reverse transcription master mix is incubated at 42°C for 30 min and is 

then inactivated at 95°C. The RT Primer Mix (Qiagen, Hilden, Germany) combines oligo-dT and 

random primers for a comprehensive binding of RNA fragments. This ensured unbiased 

amplification of the entire target gene's 5' and 3' regions during PCR (Tichopad et al. 2009).  RNase-

free water was used instead of reverse transcriptase (˗RT control) as a negative control of the RT 

reaction to detect any genomic DNA contamination for the downstream PCR analysis. 

3.3.3. Selection of the reference gene for RT-qPCR analysis 

The tubulin gene (tubA) is widely used as a reference gene in qPCR analysis to normalise transcript 

quantification in Pseudo-nitzschia (Boissonneault et al. 2013, Adelfi et al. 2014, Basu et al. 2017). It 

encodes the tubulin α chain, a cytoskeleton component that was found to be stably expressed in 

most diatom cells (Siaut et al. 2007). The tubA gene was selected as the most stable reference gene 

for P. multistriata (Adelfi et al. 2014) and was used to normalise GPP gene transcription. 

3.3.4. Quantitative real-time RT-qPCR  

qPCR primers targeting GPP and tubA genes were designed using the 'Primer3' tool (Untergasser et 

al. 2012) and hydrolysis probes were designed following the standard design criteria (Van der 

Velden et al. 2001). qPCR assays were performed in triplicate on a LightCycler 96 real-time PCR 

machine (Roche), using a TaqMan™ Fast Advanced Master Mix kit (Applied Biosystems™, Foster 

City, CA, USA). The qPCR reaction volumes were 25 µl and comprised a 2 µl DNA template. 250 nM 

concentration of probe was used with the concentrations of the forward and reverse primer at 1.5 

µM and 1 µM, respectively. The PCR conditions include 1 cycle at 95°C for 120 sec followed by 55 

cycles at 95°C for 15 sec and 59°C for 60 sec. Contamination was assessed by incorporating a 

triplicate of negative control reactions (No template control; NTC) in each qPCR run. Optimized 

qPCR conditions are listed in Table 3.1.  

Reliable quantification of targets was ensured by including serial dilutions of known concentrations 

of the linearised plasmids containing GPP and tubA genes. PCR-amplified products of the GPP target 

gene and tubA reference gene were purified using the MinElute PCR Purification Kit (Qiagen, 

Valencia, CA, USA), then ligated into pGEM®-T Easy Vector (Promega, Wisconsin, USA) and cloned 
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into One Shot™ TOP10 Chemically Competent E. coli cells (Invitrogen, Life Technologies, Carlsbad, 

CA). 

To confirm successful cloning, a 'colony PCR screen' was conducted where a sample of the bacterial 

colony was subjected to PCR using primers flanking the multiple cloning site (MCS). The presence 

of the PCR product inserted into the MCS was verified through agarose gel electrophoresis (2% w/v) 

in 1× Tris-acetate-EDTA buffer, followed by ethidium bromide staining under a UV irradiation unit 

(Molecular Imager® Gel Doc™ XR System, Bio-Rad, Hercules, CA, USA). Bacterial colonies that were 

confirmed to contain the plasmid with the GPP and tubA gene sequences were cultured overnight 

in LB medium at 37 °C. The plasmids containing the expected target fragments were purified using 

the QIAprep® Spin Miniprep Kit according to the manufacturer’s instructions (Qiagen, Valencia, CA, 

USA). These purified plasmids were then linearised by overnight restriction digestion using the NdeI 

restriction enzyme (ER0582, Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania) and the 

successful linearisation was confirmed by gel electrophoresis with a high mass ladder. The 

linearised plasmids of the desired target size were quantified using a NanoDrop spectrophotometer 

(ND-1000, NanoDrop Technologies, Wilmington, DE) as well as a Qubit fluorometer with a dsDNA 

HS Assay Kit (Invitrogen, Carlsbad, CA, USA).  

To establish a standard curve for target quantification, the linear plasmid DNA was serially diluted 

to concentrations ranging from a minimum single copy to a maximum of 108 copies (Figure 3.5). 

The dilution series of linearised plasmids containing GPP and tubA genes were amplified in the same 

qPCR run with cDNA samples. Amplification of GPP and tubA genes was performed using a 

TaqMan™ Fast Advanced Master Mix kit (Applied Biosystems™, Foster City, CA, USA) and included 

triplicate negative control samples without the addition of the reverse transcriptase (-RT) to 

evaluate genomic DNA contamination. The efficiency of the qPCR primers was calculated from the 

slope of the linear regression for GPP and tubA gene standard curve according to the equation: 

Efficiency (E) = 10(–1/slope) (Rebrikov and Trofimov 2006, Amagliani et al. 2010). 

Gene expression was analysed using the relative ratio by comparing ΔCq of the target gene GPP 

and reference gene tubA and adjusting for differences in PCR efficiencies (Pfaffl 2001). The Cq 

values were determined by averaging technical triplicates of controls and experimental samples. 
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The difference in Cq values (ΔCq) between the target and reference genes was calculated for each 

sample between control and treatment (Derveaux et al. 2010). 

 

(Pfaffl 2001) 

The relative transcription ratio of a target gene, where: E is the efficiency calculated for GPP: tubA 

genes, CP is the Crossing Point for each gene in the different conditions, Etarget is the real-time PCR 

efficiency of the target gene (GPP), Eref is the real-time PCR efficiency of a reference gene (tubA), 

ΔCPtarget is the CP deviation of control - sample of the target gene transcript, and ΔCPref is the CP 

deviation of control - sample of reference gene transcript (Pfaffl 2001). Log2 transformation was 

applied to the mean expression ratios of GPP in response to nutrient additions from biological 

triplicates. 

3.3.5. Nutrient analysis  

15 mL of culture treatments were filtered using GF/F filters of 0.2 µm pore size (Whatman, UK) and 

stored at −80°C until analysis. To bring the concentration between the calibration range of the 

instrument, samples were diluted 10, 20 or 50 times. Concentrations of phosphate (PO4), 

nitrate+nitrite (NO3 + NO2) and silicic acid (Si(OH)4) were measured with a SEAL QuAAtro39 auto-

analyzer following standard protocols  (Becker et al. 2020)  and certified reference materials were 

used (KANSO, Japan). Six working standards were prepared in Milli-Q water and the concentration 

ranged as follows; NO3 1-60 µM, PO4 0.5-6 µM and Si(OH)4
  1-60 µM. 

3.3.6. Domoic acid quantification 

10 mL of culture were collected periodically at -2, 0, 2, 24, and 48 h post-nutrient addition. The 

domoic acid concentration was measured according to (Boissonneault et al. 2013). The method 

used for DA quantification in this study is ELISA (Enzyme-Linked Immunosorbent Assay). ELISA-

based methods are relatively low-cost, and can be used to measure water and seafood DA levels 

with high specificity and sensitivity at limits of detection of 10 µg L-1 (Kleivdal et al. 2007a) and 0.003 

μg g-1 (Kania and Hock 2002); for comparison, the suggested regulatory limit of DA in shellfish for 
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human consumption is 20 µg g-1 (O'Mahony 2018). The samples were sonicated at 50 % power on 

an ice bath for 2 min (Ultrasonic processor, Sonics & Materials Inc., CT, USA). The cell extracts were 

then gently filtered onto a 0.2 µm pore filter (S-PAK, Millipore, UK) via vacuum pressure. When 

preservation was necessary, the supernatant was stored at -80 °C until processing. In laboratory 

studies, measurable levels of domoic acid are only present during the stationary phase of cell 

growth, rather than during exponential growth (Bates 1998). DA samples were quantified using a 

microplate reader (BMG FLUOstar OPTIMA reader, BMG labTech, UK) following the manufacturer’s 

instructions described in the Biosense Domoic Acid ELISA kit (Bergen, Norway). Final Domoic acid 

(DA) concentrations were calculated and normalised by subtracting the average background level. 

Then, The cell quota of domoic acid was determined by dividing the total DA concentration by cell 

counts at harvest (Fehling et al. 2004). 

3.3.7. Statistical analysis 

Data for growth rates, nutrient levels, DA quotas, and GPP transcript abundance were analysed for 

normal distribution (Shapiro–Wilk normality test, p > 0.05). Values of nutrient levels and growth 

rates were log-transformed to address the non-normal distribution of data. Paired sample test was 

used to assess statistical differences between pre- and post-experimental time points for the data 

of growth rates, DA content, nutrient concentrations, and relative fold change of GPP expression 

between pre- and post-experimental time points. Pearson’s correlation test was performed to 

analyse linear relationships between relative GPP transcript levels and DA content. Statistical 

significance was determined at p<0.05 using SPSS statistics software version 28.0 (IBM Inc., 

Armonk, NY, USA). 

3.4. Results 

3.4.1. Growth at the experimental nutrient regimes   

The exponential growth of nutrient-replete control culture was observed to continue for several 

weeks, reaching its maximum rate of 1.3 ± 0.05 day-1 and 0.4 ± 0.2 day-1 on day 4 and day 11, 

respectively and transitioning to the stationary phase at a growth rate of 0.04 ± 0.02 day-1 on day 
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22 (Figure 3.2, Appendix B, Table B3). In contrast, the stationary growth phase for nutrient-depleted 

cultures was observed between days 14 to 22, resulting in a decline in growth rates. At day 22, the 

growth rates were measured at 0.003 ± 0.006 day-1, 0.08 ± 0.003 day-1, and 0.002 ± 0.008 day-1 for 

the P-starved, N-starved, and S-starved treatments at day 22, respectively (Figure 3.2). The 

transition period between the exponential and stationary growth phases for the control treatment 

occurred between days 16-18, during which growth rates declined within the range of 0.2 ± 0.01 

and 0.06 ± 0.02 day-1. In contrast, the transition between the exponential and stationary growth 

phases occurred earlier for the P-depleted treatment (days 9-11) with a growth rate of 0.1 ± 0.002 

- 0.3 ± 0.05 day-1, for the N-depleted treatment (days 11-14) with a growth rate of 0.1 ± 0.001 - 0.3 

± 0.4 day-1, and for the Si-depleted treatment (days 14-16) with a growth rate of 0.3 ± 0.1 - 0.02 ± 

0.06 day-1. The observed fluctuations in growth rate within the indicated time intervals can be 

attributed to various factors, such as temporal variations in nutrient availability, variations in 

metabolic activity, and the influence of cellular regulatory mechanisms such as sexual reproduction 

by P. multistriata cells (Annunziata et al. 2022). These fluctuations are commonly observed in 

Pseudo-nitzschia growth during the early stages of the stationary phase, where cells experience 

periodic bursts of growth followed by periods of reduced growth (Lelong et al. 2011). These findings 

suggest that the depletion of P, N, and Si led to an earlier onset of the stationary phase and 

decreased growth rates in P. multistriata cells. The P-depleted growth rate was 0.5-fold higher than 

the control cultures at the time of nutrient addition (day 22), while the N-depleted and Si-depleted 

growth rates were 5.4-fold and -0.9-fold lower, respectively. The growth rate decreased after 24 

hours of nutrient addition for P-starved, N-starved, and S-starved cultures by -0.04 ± 0.005 d-1, -

0.04 ± 0.01 d-1, and -0.01 ± 0.02 d-1, respectively (Figure 3.2). The addition of fresh nutrients to these 

growth-depleted cultures led to a significant increase in growth rates at t=48h compared to t=0h, 

with 12.7-fold, 15.5-fold, and 0.6-fold increases for P-, N-, and S-depleted treatments, respectively. 

Growth rates were significantly different between the control cultures and nutrient-depleted 

treatments throughout the experiment (P < 0.05), except for the Si-deficient growth rates (P = 0.2). 
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Figure 3.2 P. multistriata SZN-B955 growth in f/2 medium with varying nitrate, phosphate, and 

silicate concentrations in nutrient-replete (A; showing cell concentration (-  -), and growth rate 

(  ) of control treatment) and the depleted conditions (B; showing cell concentration ( ), and 

growth rate ( ) of phosphate-depleted treatment, and cell concentration ( ), and growth 

rate ( ) of nitrate-depleted treatment, and cell concentration ( ), and growth rate ( ) of 
silicate-depleted treatment, with growth curves and growth rate (d-1). The vertical line at (A & B) 
represents the time of nutrient addition. RNA and toxin analysis were performed at -2h, 0h, 2h, 
24h, and 48h after nutrient addition. Error bars represent standard deviations of triplicate samples 

for each treatment.  

3.4.2. Nutrient consumption 

P. multistriata cells grew exponentially in f/2 control media for 14-16 days due to high initial 

phosphate, nitrate, and silicate concentrations at 25 µM, 400 µM, and 375 µM respectively. In the 

nutrient-replete control, the levels of phosphate (P) remained stable between time points t=0h and 

t=48h, ranging from 6.6 ± 3.0 to 6.7 ± 3.2 µM. The level of nitrate (N) decreased from 199.7 ± 1.4 

µM to 145.9 ± 54.6 µM, while the level of silicate (Si) decreased from 236.7 ± 36.4 µM to 231.5 ± 

39.5 µM during the same period for the control treatment. These nutrient levels were observed to 

be relatively stable throughout the experiment (Figure 3.3A). The levels of phosphate, nitrate, and 

silicate decreased in P-stressed cells during the 48-hour study period (Figure 3.3B).  Specifically, the 

level of phosphate declined from 72.1 ± 1.9 µM at t=0 h to 3.2 ± 0.4 µM at t=48 h. Similarly, the 

level of nitrate decreased from 161.7 ±15.9 µM at t=0 h to 17.6 ± 0.4 µM at t=48 h, while the level 
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of silicate decreased from 258.3 ± 24.7 µM at t=0 h to 9.1 ± 0.7 µM at t=48 h. Under N-depleted 

treatment conditions, the initial levels of phosphate, nitrate, and silicate were determined to be 

145.3 ± 12.1 µM, 439.0 ± 36.8 µM, and 270.5 ± 19.2 µM, respectively, at (t= 0h). After 48 hours of 

exposure to added nitrate (t=48 h), the levels of phosphate, nitrate, and silicate decreased to 43.8 

± 30.6 µM, 62.6 ± 1.6 µM, and 11.7 ± 0.2 µM, respectively. In the Si-depleted treatment, the levels 

of phosphate, nitrate, and silicate were 3.5 ± 3.3 µM, 319.9 ± 38.0 µM, and 602.7 ± 51.3 µM, 

respectively, at t=0h. Following the addition of silicate, the phosphate level decreased to 0.7 ± 0.6 

µM, the nitrate level decreased to 19.6 ± 5.2 µM, and the silicate level decreased to 11.2 ± 0.7 µM 

at (t=48 h). These results indicate that starved P.multistriata cultures consume the added nutrients 

quickly and reach a plateau at 24-48h, despite variations in initial nutrient concentrations. 

 
Figure 3.3 Changes in key dissolved macronutrients of phosphate (P), nitrate (N), and silicate (Si) 
across control and experimental treatments. Mean values were computed from triplicate samples 
and shown as phosphate (solid black squares), nitrate (open grey circles), and silicate (solid grey 
triangle). Logarithmic transformations were used to expand the scale for clarity of wide-range 
concentrations. Error bars denote the standard deviations of triplicate treatments. 
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3.4.3. Domoic acid levels 

Domoic acid levels in nutrient-sufficient cells remained steady in control media, with a range of 0.1 

± 0.06 to 0.1 ± 0.06 pg DA cell-1 over the course of the experiment. As nutrient consumption 

remained steady in control cultures, domoic acid levels decreased slightly by 0.02-fold between 

pre- and post-experimental nutrient addition. All experimental treatments showed peaks in domoic 

acid values at varying times following the nutrient addition (Figure 3.4). Phosphate-driven increases 

in toxin production were more prominent in cultures re-supplied with nitrate and silicate. The 

highest peak value for domoic acid was 0.6 ± 0.2 pg DA cell-1, 3.7 times higher in P-depleted cultures 

than in nutrient-replete cells. Phosphate addition to low P-cultures induced a gradual increase of 

domoic acid by 1.3-fold during the experiment. The smallest increase was in N-depleted treatment 

at 0.3 ± 0.2 pg DA cell-1, 0.5-fold higher than the control. Nitrate addition resulted in a decline in 

toxin production at 2h and 24h time points, with a slight increase at 48h. An intermediate increase 

was reported for Si-depleted cultures at 0.5 ± 0.4 pg DA cell-1, 0.9-fold higher than the control. In 

the Si-depleted treatment, domoic acid reached its highest level at 0.5 ± 0.4 pg DA cell-1 at 2h after 

Si-addition, then decreased to 0.2 ± 0.07 pg DA cell-1 by the end of the experiment (t=48h). The P-

depletion treatment showed a statistically significant difference in domoic acid values compared to 

the control value (P= 0.009), while N- and Si-starved treatments showed an insignificant difference 

(P= 0.1 and P= 0.1, respectively). 
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Figure 3.4 Domoic acid (pg DA cell-1) levels were measured in P. multistriata SZN-B955 under control 

and nutrient-depleted conditions over two days (t=-2h: pre-experimental timepoint; t=0h: taken 

directly after nutrient addition; t = 48h: 48h after nutrient addition) for (A: nutrient-replete control, 

B: P-depleted treatment, C: N-depleted treatment, D: Si-depleted treatment). Error bars represent 

the standard deviation of triplicates for each treatment.   

3.4.4. Sensitivity, and efficiency of primer pairs 

The primer efficiency of the GPP qPCR assay was calculated at 102.5% when amplifying a 10-fold 

dilution series of GPP linearised plasmid standard, with a R2 value of 1.0, as summarised in Table 

3.1. However, efficiency decreased to 90% when amplifying standards of DNA extracted from 

seawater spiked with P. multistriata SZN-B955, as shown in Figure 2.3C & D, Chapter 2. These GPP 

assay standard types have Limits of Detection (LOD) of a single GPP gene copy and 104 cells L-1, 

respectively. Another standard curve was constructed using linearised tubA plasmid of target P. 

multistriata SZN-B955, with a R2 value of 1.0 and primer efficiency of 95.5%. Both GPP and tubA 



Chapter 3 

 

 

110 

 

 

gene assays were sensitive to a single copy per reaction and demonstrated good linearity over 

seven orders of magnitude for qPCR (Figure 3.5). 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 The sensitivity of both qPCR GPP and tubA gene novel assays is indicated using standard 
curves of GPP and tubA plasmids (A and B, respectively) were plotted with Ct values against the 
number of serially diluted copies. The standard dilution range was from a single copy to 107 copies. 
The error bars represent the standard deviation from triplicate qPCR reactions. Ct represents the 
threshold cycle or the cycle at which fluorescent signal first rises above the detection threshold. 

 

Table 3.1 Details of each qPCR assay used in this study. “LightCycler” refers to the thermal cycler 
(LightCycler96, Roche Diagnostics, Germany) that was used in this study for qPCR and RT-qPCR 
analyses. “NTC” or no template control indicates negative controls containing nuclease-free water 
were used in triplicate in qPCR reactions.  

  GPP gene tubA gene 

Primer & 
probes 

Forward 
primer 

5'-CGACTACCAGAACGATCCCA-3' 

(1500 nM) 

 

 

5'-GTTGCCGAAATCACCAGCAC-3' 

(1000 nM) 

Reverse 
primer 

5'-GGTTCATCTTTCCGCCCTTG-3' 

(1000 nM) 

5'-GACGACATCTCCACGGTACA-3' 

(1000 nM) 

Probe  5'-(FAM)-ACCTCCCGGCCAACTACGAACTCC-
(BHQ1)-3' 

(250 nM) 

5'-HEX-TCGAGCCTACCAACATGATGACCAAGTGC-BHQ1-3' 

(250 nM) 
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3.4.4. RT-qPCR analysis 

Normalised expression of GPP peaked at 2.7-, 3.5- and 3.2-fold within 2 hours of adding P, N, and 

Si, respectively. In the P-depleted cultures, a gradual increase in GPP gene expression was observed 

with a minor increase at 0 and 24 hours, culminating in the highest expression at 48 hours after P-

addition (Figure 3.6B). N-depleted cultures showed strong down-regulation 0 and 24 hours post N-

addition, increasing by 48 hours (Figure 3.6C). Si-addition led to moderate up-regulation, with a 4.1-

fold increase over 48 hours (Figure 3.6D). Overall, GPP gene expression showed a maximum 

increase of 9.6-fold under P-depletion, 6.5-fold for N-depletion and 4.1-fold for Si-depletion over 

the 48-hour time course. The Pfaffl method was used to determine the fold change in the target 

gene relative to the reference gene and control sample (Pfaffl 2001). P and Si addition significantly 

affected GPP expression in P. multistriata (p= 0.03 and p= 0.01, respectively). However, no 

significant difference was observed in response to N addition (p=0.2).  

 

 

 

 

Annealing 
temperature  

62.5 oC  59 oC 

Product  size 
(bp) 

161 111 

Assay 
reference 

developed & optimised in this study  developed & optimised in this study 

LightCycler 
results 

NTC No amplification No amplification 

Slope -3.2 -3.6 

Y-intercept 34.0 36.4 

qPCR 
efficiency 

102.5% 95.5% 

R2 1.0 1.0 
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Figure 3.6 Expression of the GPP gene in P. multistriata was examined before and after nutrient 
addition. GPP transcript levels were normalized to reference gene tubA. The log2 values of 
GPP/tubA transcripts show the differential expression in response to phosphate, nitrate, and 
silicate addition (B, C, and D) vs. control treatment (A). Nutrients were added at time 0h. The cutoff 
threshold between down and up-regulation is indicated by the horizontal line in A, C, and D. Error 
bars denote the standard deviation associated with the mean of triplicate incubations. 

3.4.5. Correlation analysis of GPP expression level with potential regulating factors 

The correlation between normalised GPP transcript abundance and domoic acid concentrations (DA 

pg cell-1) was evaluated using Pearson's correlation coefficient (Table 3.2). Analysis of both variables 

throughout the experiment was performed by determining the magnitude and direction of the 

correlation and the goodness of fit (R-Square value between 0-1). Pearson's analysis showed an 

inverse correlation between toxin concentrations and GPP transcript levels in nutrient-sufficient 

control cells (r = -0.8, P = 0.04, R2 = 0.7) (Table 3.2). The strongest direct positive correlation was 
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observed in P-depleted cultures (r = 1.0, P = 0.0004, R2 = 1.0), with a weaker positive correlation in 

Si-depleted cultures (r = 0.9, P = 0.03, R2 = 0.7).  

Table 3.2 Pearson's correlation test results between the relative expression ratio of GPP: tubA and 
the domoic acid concentrations (DA pg cell-1) in response to the addition of phosphate (P), and 
nitrate (N) in P. multistriata. The correlation results are presented with significant values 
highlighted in bold (P<0.05). 

 

 

 

 

 

 

3.5. Discussion 

This study investigated the effects of adding nutrients (phosphate, nitrate, and silicate) to nutrient-

depleted cultures of P. multistriata by monitoring the changes in growth rates, domoic acid 

concentration, and the GPP gene expression during a 48-hour experiment. Previous studies have 

demonstrated that nutrient influx in coastal regions could support sporadic blooms of domoic acid-

producing Pseudo-nitzschia for extended periods (Ryan et al. 2017, Van Meerssche et al. 2018, 

Kelchner et al. 2021). Anthropogenic nutrient loading, capable of causing blooms of Pseudo-

nitzschia species in coastal waters (Mengelt and Prézelin Barbara 2005, Olesen et al. 2020), was 

simulated in this study by exposing nutrient-depleted cells of P. multistriata SZN-B955 to a pulse 

addition of 25 µM phosphate (P), 400 µM nitrate (N), and 400 µM silicate (Si), approximating the 

Redfield Ratio inclusive of Si for diatom cell walls. Prior to nutrient addition, P. multistriata 

experimental cells were subjected to nutrient starvation of phosphate, nitrate, and silicate. 

Although the levels of the nutrients added are uncommon in marine waters, they have been 

reported in areas with recurring blooms, such as the English Channel (France) and North Atlantic 

Groups  Pearson 
correlation 
coefficient (r) 

P-value R2 

Control culture -0.8 0.04 0.7 

P-depleted culture 1.0 0.0004 1.0 

N-depleted culture 0.3 0.5 0.1 

Si-depleted culture 0.9 0.03 0.7 
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waters off the coasts of Rhode Island and the Gulf of Maine (USA) (Lelong et al. 2012, Husson et al. 

2016, Clark et al. 2019, Romero et al. 2022, Sterling et al. 2022). The physiological response to 

nutrient availability was studied, examining growth rates, nutrient consumption, and GPP 

transcription in toxic P. multistriata cells.  

A comparative assessment of growth rates among replicate cultures of control, P-depleted, N-

depleted, and Si-depleted groups indicates that growth rates showed a statistically significant 

change after nutrient addition for each nutrient treatment of P-, N-, and Si-depleted, as confirmed 

by paired t-tests (P= 0.001, P= 0.003, and P= 0.004, respectively). In contrast, the replicates of the 

control treatment did not demonstrate any significant difference in growth rates at this growth 

phase (P= 0.1).  

The transition period between the exponential and stationary growth phases were earlier in the 

nutrient-depleted conditions than the control, consistent with previous studies (Bates et al. 1991, 

Bates 1998, Fehling et al. 2004, Tatters et al. 2012a, Lewis et al. 2018). On day 22, before nutrient 

addition (i.e. t=0), the N-depleted treatment exhibited a higher growth rate of 0.08 ± 0.003 day-1 

compared to the P-depleted treatment at 0.003 ± 0.005 day-1 and the Si-depleted treatment at 

0.002 ± 0.007 day-1.  

Table 3.3 Domoic acid levels (pg DA cell-1) were measured in P. multistriata SZN-B955 under 
control and nutrient-depleted conditions.  

Timepoints   

(h)  

Control culture  Phosphate-depleted 

treatment  

Nitrate-depleted 

treatment  

Silicate-depleted 

treatment  

-2  0  0  0  0  

0  0.1 ± 0.06  0.2 ± 0.1  0.2 ± 0.05  0.1 ± 0.1  

2  0.02 ± 0.01  0.1 ± 0.1  0.1 ± 0.1  0.5 ± 0.4  

6  0.008 ± 0.03  0.1 ± 0.1  0.305 ± 0.2  0.4 ± 0.1  

24  0.08 ± 0.05  0.5 ± 0.3  0.147 ± 0.1  0.3 ± 0.2  

48  0.1 ± 0.06  0.6 ± 0.2  0.3 ± 0.1  0.2 ± 0.07  

There was no significant difference in DA concentration between cultures at (t = 0 h) (Table 3.3). 

The addition of 25 μM phosphate to P-depleted cultures resulted in a significant increase in the 

domoic acid concentration, which peaked in the last time points, coinciding with lowest growth 

rates (Figure 3.4B, Table 3.3; 0.006 ± 0.01 and -0.04 ± 0.006 day-1, respectively). This finding 
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supports previous results that indicate P-depleted cells prioritise domoic acid production over 

growth (Pan et al. 1998). Peak DA concentrations after 400 μM nitrate addition to N-depleted 

cultures were lower than P-depleted cultures (Table 3.3), and growth rates remained low. These 

findings are consistent with previous studies reporting reduced growth rates and toxin production 

under excess nitrate availability (Martin-Jezequel et al. 2015). 

Following the addition of 400 μM silicate to Si-depleted cells, the toxin concentration was variable 

but was similar to the control after 48 h (Table 3.3), coinciding with an increased growth rate (Figure 

3.2B). In contrast to N and P, Si is not required for domoic acid synthesis (La Barre et al. 2014, 

Brunson et al. 2018, Hardardottir et al. 2019) but it is critical for growth in diatoms (Martin-Jezequel 

et al. 2000, Sauvey et al. 2023). The findings of the current study found an inverse relationship 

between domoic acid levels and growth rates in the P- and N-treatments and nutrient-replete 

control. These results may elucidate the interplay between different nutrient sources in sustaining 

slow-growing Pseudo-nitzschia blooms in coastal waters relative to toxin production. 

Nutrient levels were compared to the variations in total toxin per cell in both control and 

experimental treatments over a 48-hour period. The control cultures maintained steady-state 

nutrient concentrations throughout the experiment from t=0h to t=48h (Figure 3.3A). In replete 

control cultures of P. multistriata, nutrient concentrations gradually decreased during the 

exponential growth phase (Appendix B, Table B2). Nutrient concentrations remained relatively high 

at the later time point (48h), consistent with the decrease in nutrient consumption during growth 

arrest in replete P. multistriata cultures (Annunziata et al. 2022). Different nutrient utilisation 

strategies were observed in response to nitrogen and silicon depletions of P. multistriata, with N-

starved cultures exhibiting a reduced demand for phosphate and higher phosphate concentrations, 

while Si-starved cultures demonstrated a higher demand for phosphate and lower phosphate 

concentrations. 

When nitrate was added at time point t=0h, N-starved cultures accumulated phosphate to 145.3 ± 

12.1 µM. Pseudo-nitzschia may prioritise the utilisation of nitrogen over phosphate when available 

nitrate can support growth and metabolic processes, resulting in higher phosphate concentration 

in N-starved cultures (Hagstrom et al. 2011). In contrast, the addition of silicate at the same time 

point (t=0h) in Si-starved cultures induced phosphate uptake, leading to lower phosphate 
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concentrations of 3.5 ± 3.3 µM. The uptake of phosphate in Pseudo-nitzschia is regulated by silicon 

metabolism, which plays a crucial role in cellular growth and the formation of cellular structures 

(Fuentes et al. 2014). These findings highlight the relationship between nutrient availability and the 

physiological responses of P. multistriata under nutrient-stressed conditions. No significant 

differences in nutrient levels were observed in the control treatment throughout the experiment 

(P < 0.05). This demonstrates the distinct and preferred nutrient utilisation strategies employed by 

P. multistriata in response to depletion of different nutrients. 

Previous studies have shown high production of domoic acid linked to the excessive consumption 

of phosphate (Hagstrom et al. 2011, Wingert and Cochlan 2021a). This is consistent with results 

from the P-depleted cultures, which consumed 95% of the added phosphate within 48 hours, 

coinciding with a significant increase in domoic acid from t=0h t= 48 h after phosphate addition 

(Table 3.3). In contrast, no significant change in domoic acid concentrations was observed between 

time points (t=0h) and (t= 48 h), after N-depleted cells consumed 85% of resupplied nitrate at 

(t=48h) post nitrate addition (Table 3.3). It is possible that an extended period of nitrate depletion 

would result in further increases in DA concentrations, as reported previously when the DA 

concentration in P. multiseries cells reached 10 pg DA cell-1 40 days after nitrate addition (Bates et 

al. 1991). Domoic acid levels remained steady between time points (t=0h) and (t=48h) when 

experimental Si-depleted cultures consumed 98% of the added silicate within 48h (Table 3.3). A 

previous study showed that extended silicate depletion in P. multiseries cells resulted in a modest 

increase in domoic acid production, reaching 0.1 pg DA cell-1 on day 35 (Pan et al. 1996b). Here, it 

is demonstrated that nutrient consumption was comparable in N and Si-depleted treatments, with 

no significant difference in N and Si concentrations across experimental time points in both 

treatments (P > 0.05). Conversely, a significant difference in phosphate concentration was observed  

from t=0h to t=48h in the P-depleted treatment (P < 0.05), resulting in the maximum concentration 

of domoic acid at 0.6 ± 0.2 pg DA cell-1 at 48 h across all experimental cultures of P. multistriata 

(Table 3.3). These results suggest that Pseudo-nitzschia cells invest excess nutrients towards DA 

production to reduce the high cost of photosynthesis and are unable to sustain optimal growth 

(Zabaglo et al. 2016). 

In comparison, the toxin level in the control treatment remained relatively constant between time 

points t=0h and t=48h (Table 3.3). This constant level of toxicity in treatments with stable nutrient 
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levels is consistent with previous results (Trainer et al. 2012, Bates et al. 2018). In this experiment, 

the control cultures were grown to reach a higher cell concentration (720333 ± 64.9 cells mL-1) 

under optimal growth conditions, resulting in a lower DA concentration (approximately 0.1 pg DA 

cell-1). These findings highlight a correlation between low cell density and increased production of 

DA (Lewis et al. 2018).  

The biosynthesis of domoic acid is dependent on the availability of phosphate and nitrogen 

substrates (Howard et al. 2007, Kudela et al. 2008, Thessen et al. 2009, Hardardottir et al. 2019, 

Lema et al. 2019). Geranyl pyrophosphate synthase (GPP) is a precursor for the N-geranylation 

process, a reaction catalysed by DabA during the biosynthesis of domoic acid (DA) (Brunson et al. 

2018, Hardardottir et al. 2019). In this study, relative GPP expression was normalised to the 

reference gene tubA (Pfaffl 2001, Adelfi et al. 2014). P-depleted cells showed a rapid and high 

increase in GPP transcription within 2 hours of P addition, reaching a peak within 48 hours (Figure 

3.6B). Pearson’s analysis showed that domoic acid production was more responsive to P addition 

than to N or Si additions (Table 3.2). The association between normalised GPP transcription and 

domoic acid levels was non-significant in the nitrate treatment (r = 0.3, R2 = 0.1, P = 0.5). 

Upregulation of GPP transcript peaked at 2 hours after N and Si addition (Figure 3.6C & Figure 3.6D). 

A positive correlation between domoic acid and GPP transcript levels (r = 0.9, R2 = 0.7, P= 0.03) was 

also observed after silicate addition, with a peak value of DA at t=2h (Table 3.2). Following the 

addition of nitrate and silicate, low concentrations of DA were observed after 24 hours, as depicted 

in (Table 3.3). Previous studies have reported undetectable levels of DA shortly after nitrate and 

silicate additions to Pseudo-nitzschia cultures (Bates et al. 1991, Pan et al. 1996b), indicating that 

the biosynthesis of DA may not be initiated by nitrate or silicate addition (Chekan et al. 2020).  

In the present study, a strong correlation was found between GPP transcript level and domoic acid 

production (r = 1.0, R2 = 1.0, P = 0.0004) in the phosphate treatment, exhibiting the highest level of 

domoic acid among all other treatments, with a level of 0.6 ± 0.2 pg DA cell-1 at t=48 h after 

phosphate addition. Phosphorous plays a significant role in domoic acid biosynthesis through the 

MEP pathway in plastids (Lichtenthaler 2010, Athanasakoglou and Kampranis 2019a). The role of 

phosphate was shown in modulating the toxin transcriptional profile through the MEP pathway 

(Hardardottir et al. 2019). Pseudo-nitzschia cells can store domoic acid intracellularly in the plastid 

reservoir and release it extracellularly under stress (Trainer et al. 2012, Quijano-Scheggia et al. 
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2020). Extracellular toxin secretion in P-depleted cells showed no significant change from t=0h to 

t=24, following P-addition (Table 3.3). However, variations in the timing of DA induction were 

observed among different nutrient additions (2 hours for Si, 6 hours for N, and 48 hours for P) which 

could be associated with the following factors: 1) Variations in the availability and concentration of 

the respective nutrients in the growth media may influence the metabolic pathways involved in DA 

production (Lema et al. 2017). 2) Differential uptake rates of specific nutrients by P. multistriata 

cells can affect the timing of DA production (Trainer et al. 2012). The observed variations of GPP 

transcription upregulation between different nutrient additions (Si vs N vs P) may be influenced by 

the following factors: 1) Differential gene regulation mechanisms specific to each nutrient, leading 

to variable expression levels (Boissonneault et al. 2013) and 2) Varied metabolic pathways related 

to the utilisation of Si, N, and P, which may indirectly affect the transcription (Lema et al. 2019), 3) 

The potential roles of post-transcriptional regulatory mechanisms are proposed and the 

extracellular release of domoic acid may account for the inconsistencies observed between the 

timing and magnitude of GPP expression and toxin levels across the experimental time points 

(Figure 3.4 & Figure 3.5) (Zabaglo et al. 2016, Cohen et al. 2018). These discrepancies warrant 

further investigations to reveal the underlying mechanism modulating the observed toxic activity 

in Pseudo-nitzschia cells in response to nutrient inputs occurring in coastal waters.  

The analysis of GPP gene expression was performed using a RT-qPCR method which is specific to 

the Pseudo-nitzschia species as discussed in Chapter 2. The qPCR assay was coupled with a reverse 

transcription step to examine the impact of nutrient addition on the genetic control of toxin 

production using normalised GPP expression. This method can provide an important tool for 

predicting and potentially mitigating harmful blooms of DA-producing Pseudo-nitzschia, which can 

reach high cell densities at 105 to 107 cells L-1, quickly during bloom initiation (Du et al. 2016a, Bates 

et al. 2018). UK HAB surveillance programs set a threshold of 1.5 × 105 cells per litre of seawater to 

trigger sampling and analysis of shellfish for algal toxins (Downes-Tettmar et al. 2013). The genetic 

marker for GPP in Pseudo-nitzschia is detected by our qPCR assay from low cell densities of 104 cells 

L-1 (i.e., times below the UK threshold for monitoring toxic blooms). Reducing analysis time is also 

crucial in detecting and monitoring Pseudo-nitzschia. This assay offers rapid detection, with the 

ability to identify a single copy of the target within 35 minutes of DNA template addition without 

post-analysis steps, in contrast to the majority of current Pseudo-nitzschia assays that need time-
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consuming post-PCR analysis involving gel electrophoresis or melting analysis of amplicons (Andree 

et al. 2011, Pugliese et al. 2017). 

These results provide insights into the use of assay for specific nucleic acid-based testing of Pseudo-

nitzschia species. However, the proposed qPCR assay lacks the analytical capability to differentiate 

between toxigenic and non-toxigenic Pseudo-nitzschia strains. The PCR analysis of the GPP in non-

toxic Pseudo-nitzschia species was not possible due to the limited availability of these algal cultures 

and their bioinformatic data. Thus, amplification of GPP using the qPCR assay can not necessarily 

serve as a proxy for the strain's DA biosynthesis potential. The GPP gene may be used in other 

biochemical pathways and the complete production of domoic acid necessitates the full activation 

of a gene cluster (Brunson et al. 2018, Chekan et al. 2020). Additional tests are required to establish 

the specificity and efficacy of GPP assay on non-toxigenic Pseudo-nitzschia strains for practical 

purposes. However, the GPP transcription approach shows promise in providing predictive 

capabilities regarding toxicity caused by anthropogenic nutrient enrichment.  

3.6. Conclusions 

This study provides a quantitative evaluation of growth, domoic acid production and the GPP 

transcription, in response to the addition of high concentrations of essential nutrients (phosphate, 

nitrate, and silicate) to nutrient-depleted P. multistriata cells. This study revealed that the addition 

of phosphate to P-depleted cultures resulted in a peak in both domoic acid concentration and GPP 

gene expression at 48 h. The regulation of nutrient consumption was observed to be governed by 

both cellular growth metabolism and toxin production in this chapter. . Notably, a novel assay has 

been successfully developed to study the regulation between nutrient availability and the 

physiology of Pseudo-nitzschia under nutrient-stressed conditions. The proposed method has the 

potential to enhance the routine monitoring of coastal waters by enabling a rapid and scalable 

assessment of the risk of Pseudo-nitzschia blooms in oligotrophic coastal areas. The current study 

has made a significant contribution towards improving our understanding of the environmental 

drivers resulting in the production of domoic acid (DA), thereby providing promising avenues for 

predictive capabilities, novel regulatory measures, and the deployment of early warning systems 
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for the optimum timing of aquaculture harvest. This innovative approach can effectively assist to 

safeguard public health while improving the sustainability and resilience of aquatic industries. 
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Chapter 4 Detection of Pseudo-nitzschia spp. using 

Isothermal DNA-Based Amplification  

4.1 Abstract 

Nucleic acid detection has proven useful in the field monitoring of Harmful Algal Blooms (HABs). The 

standard Polymerase Chain Reaction (PCR) technique offers precise and sensitive identification within 

centralised laboratories. However, PCR-based methods demand expensive laboratory equipment, 

advanced training and time-intensive protocols, making them unsuitable for on-site and decentralised 

HAB detection. The objective was to develop an isothermal assay that eliminates the need for thermal 

cycling, thereby simplifying the molecular analysis of HABs. This study focuses on providing simple, 

rapid, and precise identification of HABs that can be applied in environmental settings. Loop-mediated 

isothermal amplification (LAMP) and recombinase polymerase amplification (RPA) assays were 

developed to enable real-time, sensitive, and precise identification of Pseudo-nitzschia spp., 

microalgae responsible for producing the neurotoxin domoic acid.  

The analytical specificity and sensitivities of LAMP and RPA assays were compared to detect the 

cytochrome CYP450 dabD toxin-encoding gene of the marine diatom of Pseudo-nitzschia spp. Both 

the LAMP and RPA assays successfully amplified DNA from 100% and 90% of the tested cultures of 

Pseudo-nitzschia strains, respectively. Both assays demonstrated no cross-detection when analysing 

genomic DNA samples of non-target algal species. The optimised LAMP assay achieved a limit of 

detection down to a single copy, whereas the optimised RPA assay demonstrated a limit of detection 

of 103 copies μl−1. Of the two methods, the LAMP method showed high sensitivity, specificity, and 

performance. Therefore, LAMP analysis was used to quantify the Pseudo-nitzschia DNA target from 

environmental seawater samples. Environmental seawater samples were collected on an almost 

weekly basis over six months from three sites within known shellfish production areas located in a 

HAB hotspot, namely St Austell Bay in Cornwall, England. Among the 44 seawater samples, the LAMP 

assay positively detected 34 samples, resulting in a sensitivity rate of 77.3%. The LAMP measurements 

revealed an increase in the copy numbers of dabD Pseudo-nitzschia spp. during both the Autumn and 

Spring seasons. The findings were reported in the context of the prospective advantages and 
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constraints associated with isothermal amplification methods against conventional qPCR techniques, 

along with the promising applicability of LAMP in field-deployable systems for HAB surveillance. 

4.2 Introduction 

Harmful algal blooms (HABs) of the marine diatom Pseudo-nitzschia spp., are capable of producing the 

neurotoxin domoic acid (DA), posing a significant threat to both marine ecosystems and human health 

(Lelong et al. 2012). Exposure to domoic acid causes neurotoxic illness in both humans and marine 

organisms, known as amnesic shellfish poisoning (ASP), following the consumption of DA-

contaminated fish or shellfish (Bates et al. 2018). Acute exposure to DA can trigger mass mortalities 

of marine life for example, at the razor clam harvesting site on the coast of Washington, USA, which 

resulted in economic losses estimated at approximately US$ 40 million (Ferriss et al. 2017). These DA 

incidents have led to the closures of fisheries, and aquaculture sites, and the shut-down of tourism 

activities, resulting in substantial economic losses and damages to the well-being of coastal 

communities dependent on these activities (Trainer et al. 2012). 

The current assessment of human exposure to DA relies on the analysis of seawater or shellfish 

homogenates following the consumption of DA-contaminated seafood and after the sick individuals 

show neurotoxicity symptoms. However, enumerating Pseudo-nitzschia cells in seawater requires 

tedious and time-consuming sample preparation and taxonomic expertise for distinguishing 

morphometric characteristics of cells (Arapov et al. 2023). An alternative culture-based technique 

involves the use of competitive enzyme-linked immunosorbent assay (ELISA) and high-performance 

liquid chromatography (HPLC) to identify DA in shellfish homogenate samples (Kleivdal et al. 2007b, 

Quijano-Scheggia et al. 2008). However, the presence of DA analogues in the collected samples, which 

share structural similarities with DA, can result in non-specific and inaccurate detection (Smith and 

Kitts 1994). Those existing methodologies depend on a growth-based detection that permits 

quantification of cell number or DA level only at or above the management thresholds, limiting the 

prediction of DA-related risks in the future or near real-time scenarios. Thereby, current time-

intensive methods can significantly delay analysis and results, preventing timely interventions to avoid 

shell fishery and aquaculture closures and alleviating the consumption of DA-contaminated seafood. 



Chapter 4 

 

 

123 

 

In contrast, nucleic acid-based analysis provides precise, highly sensitive, and reliable quantification 

of harmful microorganisms compared to conventional regulatory techniques. Nucleic acids 

(DNA/RNA) are of great importance for encoding, transmitting and expressing genetic information 

(Moore 1999). Sensing technologies that rely on the detection and quantification of nucleic acid 

sequences are increasingly common to provide low-cost, rapid detection of biological hazards from 

diverse environments and sample matrices (Holland and Kiechle 2005, Yager et al. 2006). These 

technologies often operate through nucleic acid sequence amplification to accurately identify genetic 

sequences (genes and their mutations) that are unique and inclusive to a target group and quantify 

their concentration to infer gene expression levels (Ivnitski et al. 2003, Lauri and Mariani 2009, 

Sperança et al. 2016). The applications for molecular analytics are centred around in vitro diagnostics 

(IVD) and environmental surveillance and monitoring, including advanced early warning of bio-hazards 

in food and water supplies (Celis et al. 2000). With human population expansion and the associated 

challenges in healthcare, food production and environmental management there is an increasing need 

for rapid, low cost, specific and sensitive methods to capture the early signs of any increase in risk.  

Isothermal nucleic-acid-based amplification allows real-time detection at ambient or slightly elevated 

temperatures which eliminates the need for thermal profiling, and expensive and complex heating 

elements, resulting in simple, cost-effective and lower power consumption compared to conventional 

molecular techniques such as PCR (Chang et al. 2012). Isothermal methodologies can offer rapid, 

affordable, versatile tools for decentralised testing, tolerating inhibitors and crude samples collected 

from the environment (Li et al. 2019a). In contrast, PCR analysis requires highly purified DNA samples, 

and long comprehensive post-analysis procedures (Lefferts and Lefferts 2017). As a result, the PCR-

based analysis can be only achieved after the extensive extraction procedures of DNA from the 

collected samples, and followed by validation tests after the contaminated shellfish have been 

harvested and consumed. This delay in obtaining detection results will prevent the timely 

implementation of measures aimed at mitigating the toxic risks of HABs. Still, both PCR and isothermal 

techniques demand careful validation and statistical interpretation to account for inter-assay 

variability and technical differences, resulting from different thermal cyclers and varying laboratory 

conditions (Ozsolak and Milos 2011, Fang et al. 2012). Additionally, the lack of a denaturation step in 

isothermal reactions increases the possibilities of non-specific and off-target amplification, affecting 

the reproducibility of the results (Toley et al. 2015). Therefore, careful design of an isothermal assay 
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is critical to ensure the accuracy, reliability, and reproducibility of detection (Tsai et al. 2012, Ye et al. 

2019). Isothermal assays can offer versatile detection capabilities for both DNA and RNA targets at a 

constant temperature through diverse mechanisms, such as recombinase polymerase amplification 

(RPA) (Piepenburg et al. 2006), nucleic acid sequence-based amplification (NASBA) (Compton 1991), 

loop-mediated amplification (LAMP) (Notomi et al. 2000), helicase-dependent amplification (HDA) 

(Vincent et al. 2004), rolling circle amplification (RCA) (Lizardi et al. 1998), and strand displacement 

amplification (Walker et al. 1992, Shuler et al. 2012). The main mechanisms of RPA and LAMP 

processes are summarised in Chapter 1, sections 1.11.4.3.1 and 1.11.4.3.2, respectively.  

Two novel isothermal LAMP and RPA assays were developed for the rapid, inclusive, and highly 

sensitive detection of the DA-encoding gene (cytochrome, dabD) specific to the marine diatom 

Pseudo-nitzschia spp. This study aimed to evaluate the amplification specificity of both assays across 

a panel of target Pseudo-nitzschia spp., and non-target microalgae species. The sensitivity of both 

amplification chemistries was subsequently evaluated using a serial dilution of known concentrations 

of the target sequence spanning seven orders of magnitude. The LAMP assay described herein enabled 

the DNA-based quantification of the Pseudo-nitzschia target obtained from environmental samples 

collected in St Austell Bay, a well-known hotspot for HABs in Cornwall, England. 

4.3 Material and Methods 

4.3.1  Identification of Target Region. 

The gene of interest is the cytochrome P450 DabD gene, which plays a crucial role in the biosynthesis 

of domoic acid (DA) in Pseudonitzschia spp. (Brunson et al. 2018). In the term "Cytochrome P450" CYP 

stands for "Cytochrome", P for protein and 450 is a reference to the characteristic spectral absorption 

peak at 450 nanometers when the cytochrome is exposed to carbon monoxide. Cytochrome P450 

enzymes are a superfamily of enzymes that are involved in the oxidative metabolism of a wide range 

of compounds, including drugs, xenobiotics, and endogenous substances such as fatty acids and 

steroids (McLean and Munro 2016). The genetic sequence of the cytochrome P450 DabD gene was 

recently characterised in DA-producing diatom P. multiseries  (Brunson et al. 2018). BLAST analysis 

was performed using the following settings: E-value cutoff= 0.05-0.1, match/mismatch scores= 2-3, 
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word size = 7-28, the gap costs of existence= 5, extension=2 and a threshold of 1–100 hits per query 

(Altschul et al. 1990). This target sequence was then searched across available P. multistriata genomes 

in public databases such as the National Centre for Biotechnology Information (NCBI) GenBank 

database (https://www.ncbi.nlm.nih.gov/), the SZN institute database (https://bioinfo.szn.it/), the 

Earlham institute's database (http://apollo.tgac.ac.uk/), (Basu et al. 2017), (Di Dato et al. 2015) and 

the Ensembl database (https://protists.ensembl.org/). To identify conserved regions suitable for 

oligonucleotide binding, a set of 8 sequences was used from the highest-scored BLAST hits and then 

aligned using the ClustalW multiple sequence alignment tool, version 2.1 (Larkin et al. 2007). In order 

to validate the accuracy of amplifying the target sequence, additional verification measures were 

taken as follows; the consensus sequence was subjected to comparison with the reference protein 

sequences available in the GenBank database using BlastX (Camacho et al. 2009). Furthermore, 

protein domains were analysed to examine the translated protein sequence of the target conserved 

region (Marchler-Bauer et al. 2017). The bioinformatics analyses were conducted using either the NCBI 

website’s toolkit or Geneious Prime® v2019.2.3 software (Biomatters Ltd, Auckland, NZ). 

4.3.2 RPA Assay  

The RPA primers were designed following the guidelines provided by TwistDx Ltd., UK (TwistDx 2009), 

to amplify the identified target region. The RPA primers and exo-probe were designed using Geneious 

Prime® v2019.2.3 software (Biomatters Ltd, Auckland, NZ) as no other specific software was reported 

for the design of RPA assays. Five candidates of RPA primers were identified and screened for their 

efficiency using the 5x5 primer candidate matrix approach (TwistDx 2019). The amplification was 

performed using the TwistAmp® Liquid Basic kit (Catalogue ID: TALQBAS01, TwistDx Ltd., UK), followed 

by amplified products purification using the MinElute PCR purification kit (Catalogue ID: 28006, 

Qiagen, Hilden Germany) and visualised via 2% agarose gel electrophoresis using ImageJ software. The 

combinations of RPA primers were categorised based on specificity, product yield, and product/noise 

ratio. The RPA exo-probe was designed to bind to the region between the optimal primers, 

incorporating unique modifications like the tetrahydrofuran spacer, fluorescent 6-FAM dye (FAM-dT), 

tetrahydrofuran residue (THF), and black hole quencher 1 (BHQ1-dT), along with a 3'-modification 

group of C3-spacer, as per TwistDx's instructions for RPA exo probes design (TwistDx 2009). To 

optimise the RPA assay with the exo-probe, different reaction temperatures ranging from 36°C to 40°C 

https://www.ncbi.nlm.nih.gov/
https://bioinfo.szn.it/
http://apollo.tgac.ac.uk/
https://protists.ensembl.org/


Chapter 4 

 

 

126 

 

were tested. All RPA reactions were performed in triplicates and included negative controls (no 

template control; NTC) and control reaction mixtures supplied with the RPA TwistAmp™ exo kit 

(Catalogue ID: INLQEXO, TwistDx Ltd., UK). The real-time RPA assay was conducted in a total volume 

of 25 µL, comprising 400 nM of RPA primers, 150 nM of RPA exo-probe, 400 nM of each dNTP, and 1X 

TwistAmp Reaction components obtained from the TwistAmp™ exo Kit (Catalogue ID: INLQEXO, 

TwistDx Ltd., UK). To initiate the RPA reaction, the RPA mastermix was combined with 14 mM 

magnesium acetate and 1 µL of DNA template into the lids of 0.2 mL microcentrifuge tubes. The lids 

were securely closed and centrifuged before 36°C incubation for 30 minutes in the LightCycler 96 real-

time instrument.  

4.3.3 LAMP Assay  

The LAMP assay was designed using PrimerExplorer™ V5 software (Eiken Chemical Co., Ltd., Tokyo, 

Japan). The LAMP primers were synthesised by Integrated DNA Technologies Ltd and purified by HPLC, 

before being diluted to the appropriate concentrations using PCR-grade water. The sequences of 

LAMP primers are provided in Table 4.1. To prepare the LAMP reaction, 1X Warm Start LAMP master 

mix (New England Biolabs, Hitchin, Hertfordshire, UK), was mixed with 1X LAMP fluorescent 

intercalating dye (New England Biolabs, Hitchin, Hertfordshire, UK), and 2 µL of DNA template. 

Standard concentrations of 1.6 µM of forward inner primer and backward inner primer (i.e. FIP/BIP 

primers) and 0.2 µM of forward and backward (F3/B3) primers were used in all LAMP reactions. 

Different concentrations of loop primers ranging from 0.4, 0.8, and 1 µM were tested. To achieve a 

total volume of 25 μl, the reaction mixture was adjusted with nuclease-free water. The incubation was 

carried out at 65 °C for 1 hour. Real-time LAMP assays were performed using the LightCycler 96 real-

time PCR instrument by measuring fluorescence signals from LAMP Fluorescein (FAM) at 30-second 

intervals to generate real-time amplification curves. To evaluate the accuracy of the primers in 

detecting cytochrome P450 dabD target among Pseudo-nitzschia strains, both 2% gel electrophoresis 

and high-resolution melting (HRM) curve analysis were conducted following the LAMP reaction. The 

melting temperature of LAMP amplified products was determined using the LightCycler 96 Software 

(Version 1.1.0.1320, Roche Diagnostics, Germany). 
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4.3.4 Control Strains 

Control cultures of Pseudo-nitzschia species and non-target algal species were grown in sterile, filtered 

f/2, L1, and BG11 growth media prepared from artificial seawater, respectively (Guillard 1983, Keller 

et al. 1987). These cultures were maintained at a constant temperature of 18°C and subjected to a 12-

hour light-dark photoperiod using a self-contained incubator (LEEC Ltd, PL3, Nottingham, UK). Domoic 

acid quantification was undertaken for all microalgal strains in the study using the ELISA method as 

described by (Boissonneault et al. 2013). Details of the algal strains, their respective origin, and 

corresponding domoic acid levels (pg DA cell−1) can be found in Table 4.5. The cells were pelleted by 

centrifugation at 7,160 rpm for 10 minutes at 4°C, utilizing a refrigerated centrifuge. Following 

centrifugation, the supernatant was carefully removed, and the cell pellets were preserved at -80°C. 

Upon thawing, the cell pellets were homogenised with glass beads (0.5 mm diameter, catalogue 

number 110779105, Biospec Products, UK) and a vortex adapter (catalogue number 13000-V1-24, 

Qiagen, Germany) using a vortexer (Vortex-Genie 2, Mo Bio Laboratories, US). Subsequently, DNA 

extraction was carried out using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) in accordance 

with the manufacturer's instructions. The DNA concentration was then quantified using the Qubit 

fluorometer (Thermo Fisher Scientific Inc., UK) and NanoDrop 1000 spectrometer (Thermo Scientific, 

Wilmington, DE). The extracted DNA samples were subsequently preserved at -80°C until use. 

4.3.5 Specificity and Sensitivity Testing 

For specificity evaluation of the developed assays, the same genomic DNA samples extracted from 

control cultures were amplified by both RPA and LAMP reactions. The analytical specificity of the LAMP 

and RPA assays was calculated as a percentage using the following formula: (true negatives) / (true 

negatives + false positives) × 100 (Hashish et al. 2022). Furthermore, the inclusivity of both assays was 

further confirmed through agarose gel electrophoresis analysis. The electrophoresis analysis was 

conducted using a 2% (w/v) agarose gel in 1X TAE buffer (AppliChem GmbH, Germany). The gel was 

stained with 5 μl of SYBR-Safe (10,000x in DMSO) (Invitrogen, Carlsbad, CA) and run at 86 V and room 

temperature. After electrophoresis, the DNA bands were visualized using a UV transilluminator, and 

their sizes were determined by comparing them to a 50 bp DNA ladder (New England Biolabs, 

Hertfordshire, UK). Additionally, the positive control, which was a DNA plasmid containing the target 
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insert, and the negative control, consisting of nuclease-free water, were also tested in the 

electrophoresis analysis. Furthermore, LAMP amplified products were analysed by melting 

dissociation curve (Wong et al. 2018). This technique involves a controlled temperature increase to 

denature the double-stranded amplified products, resulting in the determination of a distinct melting 

temperature specific to on-target products. The melting temperature is determined by the properties 

of the products, including product length and GC content (Ozay and McCalla 2021). 

To assess the sensitivity of the designed assays, the genomic DNA sample of the P. multistriata SZN-

B954 strain was used as a template in a PCR reaction. A 265 bp fragment truncated from the target 

sequence of the cytochrome P450 (CYP450, dabD) gene was amplified using RPA_fw and RPA_rv 

primers in a PCR amplification reaction. The PCR reaction mixture consisted of 2 µl DNA template, 0.05 

units μl-1 One Taq DNA Polymerase (New England Biolabs, Hertfordshire, UK), 0.4 μM of each primer, 

2 mM MgCl2 (New England Biolabs, Hertfordshire, UK), 200 µM dNTPs mixture (New England Biolabs, 

Hertfordshire, UK), 1X One Taq Reaction Buffer (New England Biolabs, Hertfordshire, UK), 16.9 µl 

Nuclease-Free Water (Invitrogen), and 2 µl DNA template, resulting in a total reaction volume of 25 

µl. PCR amplification was conducted under the following thermal cycling conditions: 1 cycle at 95°C 

for 120 sec followed by 45 cycles at 94°C for 15 sec, 61°C for 20 sec and 72°C for 30 sec. The PCR 

reactions were carried out on a LightCycler 96 real-time PCR machine (Roche). 

The PCR product was purified using the QIAquick PCR purification kit (Qiagen GmbH, Hilden, Germany) 

and then employed directly for the cloning the target gene into a DNA plasmid using the pGEM®-T 

Easy Vector (Promega, Wisconsin, USA) following the manufacturer's protocol. Four recombinant 

plasmid clones were distinguished through blue-white colony selection. These identified specific 

colonies were subsequently introduced into Escherichia coli cells using OneShot TOP10 competent 

cells (Invitrogen, Carlsbad, CA, USA). The E. coli cells were cultivated in 10 ml LB medium 

supplemented with 15 µg ml-1 ampicillin and grown overnight at 37ºC. 

Plasmids containing the target gene were extracted from cultured cells through the QIAprep® Spin 

Miniprep Kit (Qiagen, Valencia, CA, USA) following the manufacturer's protocol. These purified 

plasmids were then linearised by overnight restriction digestion using the NdeI restriction enzyme 

(ER0582, Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania) and the successful linearisation was 

confirmed through gel electrophoresis with a high mass ladder. The linearised plasmids were analysed 
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through electrophoresis using a 2% (w/v) agarose gel in 1X TAE buffer (AppliChem GmbH, Germany). 

The gel was stained with 5 μl of SYBR-Safe (10,000x in DMSO) (Invitrogen, Carlsbad, CA) and run at 86 

V and room temperature. Following electrophoresis, the DNA bands were visualized using a UV 

transilluminator, and their sizes were determined by comparing them to a 1 kbp ladder (New England 

Biolabs, Hertfordshire, UK). After confirming the desired target size of linearised plasmid via PCR, 

quantification of plasmid was performed using both a NanoDrop spectrophotometer (ND-1000, 

NanoDrop Technologies, Wilmington, DE) and a Qubit fluorometer with a dsDNA BR Assay Kit 

(Invitrogen, Carlsbad, CA, USA). To construct a standard curve for precise target quantification, the 

linearised plasmid containing the target insert was subjected to serial dilution, generating 

concentrations spanning from a minimum of a single copy to a maximum of 107 copies. The copy 

numbers of the target sequence were calculated from the concentration of the recombinant DNA 

plasmid based on the equation previously described by (Hardinge et al. 2018). The same dilutes of 

linearised plasmids were amplified using both LAMP and RPA assays in triplicated reactions. The limit 

of detection (LOD) was determined based on the minimum detectable copy number of the target 

sequence in each amplification reaction of replicated genomic DNAs (Kralik and Ricchi 2017). The 

quantification accuracy of the isothermal assays was assessed by establishing a linear correlation 

between the copy number of the template sequence and the threshold time (Tt) values, using the 

goodness of fit (R-squared value) across seven orders of magnitude (Euler et al. 2012, Nguyen et al. 

2020). The Tt value is defined by the time point at which the fluorescence signal exceeds the threshold 

fluorescence level during the amplification reaction (Diego et al. 2019). 

4.3.6 Environmental Samples  

Coastal seawater samples were collected via boat from three offshore points in St Austell Bay, 

Southern England, UK. The collection sites are located within shellfish production areas, namely 

Ropehaven Outer (grid reference SX05744972), Porthallow North (grid reference SW80212383), and 

South Mevagissey Bottom (grid reference SX05214698), along the Southwest coast of England, as 

depicted in Figure 4.1. The sampling started from September 13, 2021, to March 28, 2022, with a 

temporary suspension during December and early January due to low temperatures and reduced 

phytoplankton levels in the water. Not all sites were sampled weekly during the duration of the study. 
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Figure 4.1 Samples collection from three shellfish production sites situated in St Austell Bay, Cornwall, 

UK, recognised as a hotspot for harmful algal blooms (HABs), during the period spanning September 

2021 to March 2022. 

A total of 44 filtered water samples were collected throughout the study for downstream molecular 

analysis. Water collection was carried out using a pole sampling technique (Suthers et al. 2009), 

followed by immediate filtration through a 0.2-micron pore size Sterivex filtration unit (Millipore, USA) 

(polyethersulfone membrane). A disposable 50 mL plastic syringe with a Luer lock was employed to 

filter seawater, followed by a brief air chase to facilitate membrane drying. The filtered units were 

securely sealed with parafilm tape (Sigma-Aldrich), cooled on dry ice, and transported back to the 

shore for storage at -80°C until subsequent processing. 

DNA extraction from the Sterivex filter units was performed using the Power Water DNA Isolation Kit 

(Qiagen, Hilden, Germany) in accordance with the manufacturer's protocol. The elution step involved 

Tris-EDTA (pH 8.0), yielding a final eluant volume of 100 μl from each Sterivex unit. Prior to LAMP 

analysis, the extracted DNA from each sample was quantified using a Nanodrop spectrophotometer. 

If necessary, additional DNA purification was conducted using the QIAquick DNA Purification Kit 

Ropehaven Outer

South Mevagissey

Porthallow

5 km
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(Qiagen) following the manufacturer's recommended protocol. The DNA samples were stored at -20°C 

until their intended use. 

The filter membranes were processed to extract DNA, which was subsequently analysed by LAMP 

amplification to estimate the CYP450/dabD copy numbers in the collected seawater. The LAMP 

method, which provided greater accuracy and linearity in comparison to the RPA assay when using 

DNA plasmid standards, was exclusively employed for the analysis of the collected seawater samples. 

The DNA plasmid standards synthesised in section 4.3.5 were employed to extrapolate the number of 

template sequence copies in each sample through simple linear regression analysis of line fitted to the 

standard curve data points. The averaged time threshold Tt values were obtained from triplicate 

independent LAMP reactions for each water sample. Full details of the sampling routine are provided 

in Table C1 in Appendix C. 

4.4 Results and Discussion 

Isothermal amplification methods have been widely used for the rapid and accurate detection of HAB 

species (Toldra et al. 2019). Among those isothermal techniques, the RPA method can amplify both 

DNA and RNA target sequences at a low and constant temperature of 37ºC, employing an enzyme 

mixture consisting of recombinase and exonuclease polymerase with two target-specific primers 

(Piepenburg et al. 2008). Real-time detection of RPA amplicons can be achieved by the incorporation 

of fluorogenic exo-probe in the reaction mixture (Lobato and O'Sullivan 2018). The RPA method has 

previously demonstrated high analytical performance for specifically amplifying low quantities of HAB 

target sequences from mixed genetic material. For example, the RPA technique has been used to 

detect toxic marine microalgae Karlodinium veneficum, Karlodinium armiger, and Chattonella marina 

(Toldra et al. 2018, Zhang et al. 2022a). While the real-time RPA method offers the advantage of highly 

sensitive and inclusive quantification of HABs’ genetic targets, developing a real-time RPA assay 

demands substantial design expertise and time-consuming steps to incorporate complex nucleotide 

modifications into the oligonucleotide sequence of the exo-probe (Daher et al. 2016). Subsequently, 

the generation of a fluorometric exo-probe will involve costly and time-consuming synthesis 

procedures. Although the specific amplification chemistry of exo-probe offers a targeted detection of 

DNA sequences, the inherent binding and extension process could potentially delay the positive 
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amplification results, especially when amplifying low target copy numbers from complex samples 

containing diverse genetic pools (Lobato and O'Sullivan 2018). Therefore, the use of exo probes in RPA 

reactions necessitates extra time for optimisation and labour-intensive procedures to adjust the 

reaction conditions to ensure optimal performance. 

Alternatively, the LAMP method offers a simpler and more rapid amplification process catalysed by a 

single polymerase enzyme responsible for both strand extension and displacement (Moehling et al. 

2021). Several LAMP assays have been developed for quantifying HAB-forming microalgal species 

including Karenia mikimotoi (Wang et al. 2020c), Karlodinium veneficum (Huang et al. 2017a), 

Alexandrium catenella and Alexandrium minutum (Zhang et al. 2012), and  Prorocentrum minimum 

(Zhang et al. 2014a). The specific LAMP amplification is supported by a set of six primers that are 

designed to anneal with six distinct fragments of the target sequence. As a result, the high specificity 

of LAMP primers enables their application in the detection of the target sequence from mixed and 

complex genetic samples. In contrast, some isothermal techniques lack such tolerance to complex 

DNA matrices in environmental samples. For instance, a NASBA assay was developed to amplify the 

rubisco small subunit (rbsc) mRNA transcript of viable cells from Pseudo-nitzschia multiseries (Delaney 

2010). However, this method showed reduced specificity due to the relatively low reaction 

temperature (41°C), resulting in false-positive results when assayed the related Pseudo-nitzschia 

species (Delaney 2010). The loss of enzymatic activity of NASBA enzymes can be caused by inhibitors 

present in environmental samples of RNA transcripts (Delaney 2010). The inhibition of the NASBA 

reaction could be also associated with the secondary structure formations between primer and 

molecular beacon, leading to oligonucleotide depletion during the amplification reaction. The reverse 

transcription loop-mediated isothermal amplification (RT-LAMP) method has demonstrated the 

successful detection of RNA sequences extracted from Prorocentrum donghaiense microalgae (Chen 

et al. 2013). A limitation of the LAMP methodology is the potential inhibition of amplification due to 

the formation of secondary structures among the multiple LAMP primers (Huang et al. 2022). To 

obviate this constraint, careful design considerations should be given to avoid regions in the target 

sequence that contain a likelihood of dimer formation in LAMP primers (Shirshikov and Bespyatykh 

2022). In addition, meticulous optimisation of LAMP conditions can ensure an efficient LAMP 

amplification. 
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Therefore, when designing RPA and LAMP assays, regions with excessive palindromic and extreme GC 

content sequences were avoided here to reduce the potential for secondary structure formation. Both 

RPA and LAMP assays were designed to target a sequence of minimal repeated stretches within the 

cytochrome P450 (CYP450, dabD) gene. The biosynthesis of domoic acid was recently described by 

(Brunson et al. 2018). This gene was selected as the target for the specific detection of Pseudo-

nitzschia species. The dabD gene encodes the cytochrome P450 (CYP450) enzyme, which catalyses a 

key biosynthetic step to yield the domoic acid (DA) (Brunson et al. 2018). In addition to its essential 

role in DA synthesis, this target gene is unique to Pseudo-nitzschia and absent in other microalgal 

species (Steele et al. 2022). Assessing the activity or abundance of such target genes through 

isothermal assays can offer rapid and valuable insights into the ecological risk of this neurotoxin in the 

marine environment. 

4.4.1 Development of RPA and LAMP Isothermal Assays for Pseudo-nitzschia spp. 

Detection 

For the detection of Pseudo-nitzschia species, RPA and LAMP DNA-based amplification methods were 

developed. The RPA and LAMP oligonucleotides flanked a consensus region of a total of 269 base pairs 

with a pairwise identity of 76% (Figure 4.2). Table 4.2 contains the ID numbers and functional 

annotations corresponding to the Pseudo-nitzschia sp sequences that were employed to determine 

the consensus target sequence. The consensus sequence obtained from the alignment analysis was 

employed for the design of the LAMP assay. The designed oligonucleotides shared approximately 

77.4% identity with all P. multistriata cytochrome P450 sequences (Figure 4.2). Likewise, when 

comparing the CYP450 (dabD) sequences of Pseudo-nitzschia multiseries isolate 15091C3 (NCBI Gene 

ID: MH202990) with those of Pseudo-nitzschia multistriata from (Brunson et al. 2018), a complete 

identity was not achieved, showing a pairwise identity of 83%. Nevertheless, both sequences from P. 

multistriata and P. multiseries were included to establish a local database for conducting alignment 

analysis. As a result, a consensus sequence was generated, covering the genetic diversity of the target 

cytochrome P450 (dabD) gene within the Pseudo-nitzschia genome, and served as a target for RPA 

and LAMP assay. 
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A novel RPA assay was developed on the consensus sequence obtained from the alignment analysis 

for the amplification of the cytochrome P450 dabD target, a toxin-encoding gene. Five sets of primers 

were designed for RPA assay using the ‘Primer3’ tool on Geneious R11 Bioinformatics Software 

(Biomatters Ltd, Auckland, NZ). During the screening of RPA primers, challenges were encountered 

related to the length of the primers (30-35bp), which increased the likelihood of hetero- and self-

dimerisation. Out of the five primer sets initially designed, only three sets showed successful 

amplification. The primer sets designed for RPA amplification in this study can be found in Appendix 

C, Table C2. To avoid further dimerisation issues, an additional screening step was performed using 

the ‘Oligo Analyser’ (https://eu.idtdna.com/calc/analyzer) to design the exo-probe. The selection 

process involved identifying exo-probe candidates with low self-affinity under predicted reaction 

conditions, and the probe with the lowest folding score was chosen for optimising real-time RPA 

amplification assay.  

 

LAMP primers were designed to target six distinct regions of the cytochrome P450 (dabD) gene in P. 

multistriata (Figure 4.2). Table 4.1 provides a list of the LAMP primers. BLASTN analysis was initially 

conducted against the P. multistriata genome available at 

http://protists.ensembl.org/Pseudonitzschia_multistriata/Tools/Blast. To validate the specificity of 

the target region used for LAMP primer design, all the available sequences of the cytochrome P450 

(dabD) gene were downloaded and aligned with the sequences of the dabD gene of the P. multiseries 

isolate 15091C3 (GenBank: MH202990) to reveal conserved regions for the primer set’s binding 

regions. The alignment analysis suggested percentage identities for the LAMP primer binding sites: 

77.9% for LAMP-F3, 77.4% for LAMP-B3, 73% for LAMP-FIP, 77.8% for LAMP-BIP, 74.3% for LAMP-LF, 

and LAMP-LB demonstrated the highest percentage identity of 81.3% (Figure 4.2). A concentration of 

0.8 µM of LP/LF loop primer pair was selected for further LAMP experiments based on gel 

electrophoresis analysis that yielded the correct product size and generated the highest fluorescence 

signals (Figure 4.5). 

Table 4.1 LAMP and RPA oligonucleotides were designed and used in this study. 

Primer name Sequence (5’ --- 3’) 

RPA_fw_primer GCATGTATCCCCAGCCGCCCCTCTTGATTC 

RPA_rv_primer ATCTCGTTCGGGTACAGCATTTTTGACCACTTTAC 

https://eu.idtdna.com/calc/analyzer
http://protists.ensembl.org/Pseudonitzschia_multistriata/
http://protists.ensembl.org/Pseudonitzschia_multistriata/Tools/Blast
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FAM-dT, Fluorescein modified deoxythiamine; BHQ1-dT, Black Hole Quencher 1 modified deoxythiamine; THF, 
tetrahydrofuran; C3-spacer, phosphate group. 
 

To evaluate potential secondary structures among LAMP primers, the Oligo Analyser folding tool 

(https://eu.idtdna.com/calc/analyzer) and PrimerExplorer™ V5 software (Eiken Chemical Co., Ltd., 

Tokyo, Japan) were employed. With a focus on the 3' end regions, as they are critical in promoting 

stable binding and elongation during the amplification process, achieving specific LAMP amplification 

(Shirshikov and Bespyatykh 2022). The selection of potential LAMP primer candidates was guided by 

a Gibbs free energy (ΔG) threshold of -7 kcal/mol. This criterion was employed to prevent mispriming 

among the six LAMP primers during the amplification process (Rychlik 1995). Therefore, primer pairs 

with lower ΔG values, which could result in thermodynamically stable heterodimers and non-specific 

LAMP products, were excluded. This strategy effectively prevented the formation of heterodimers, 

thus ensuring efficient and specific LAMP amplification (Figure 4.7).  

 

-

RPA_exoprobe 
GCCTATTCACTTGATTCATAGACATCCTGA-[FAM-dT]C[THF]T[BHQ1-
dT]-GGAAGGACCCCGAAG-[C3-spacer] 

LAMP-F3_primer 
 

CGGAAAACACCATGCCCAA 

LAMP-B3_primer TCTCGTTCGGGTACAGCA 

LAMP-FIP_primer GGCCAGAACCTTTCGTCTCTGTCAAGGGTGATTCGGGGAATG 

LAMP-BIP_primer AATCCCGACACTTTCGATCCCGTCGAAGCCCTTCCAGTCTG 

LAMP-LB_primer GGTTCACCCGACCCTACAAGA 

LAMP-LF_primer ATATTGTACAAGGGCAAAAAGATGT 

https://eu.idtdna.com/calc/analyzer
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Figure 4.2 Multiple Sequence Alignment of the P. multistriata Cytochrome CYP450 dabD gene sequences, revealing binding sites for the oligonucleotides used 
in the isothermal assays of LAMP (green annotations) and RPA (blue annotations). 

Table 4.2 List of Cytochrome CYP450 dabD gene sequences obtained from Pseudo-nitzschia genomes.  
 

 

 

 

 

 

 

 

 

 

 

a Ensembl Protists; European Nucleotide Archive for Protist Genomes, b SZN; Genome database of the Stazione Zoologica Anton Dohrn, c NCBI; National Centre for 

Biotechnology Information GenBank, d EarlHam; The genome portal of the Earlham institute, UK.

Species Strain Accession Number Functional annotation Source 

P. multistriata B856 CAACVS010000140 Cytochrome CYP450 Ensembl Protists a 

P. multistriata B857 PSNMU-V1.4_AUG-EV-PASAV3_0045820.1 Cytochrome CYP450 SZN b 

P. multiseries 15091C3 MH202990 Cytochrome CYP450  SZN b 

P. multistriata N/A Brunson et al., 2018 Cytochrome CYP450 (Brunson et al. 2018) 

P. multistriata B939 PsnmuV1.4_scaffold_84949_46006..60528 Cytochrome CYP450 (Basu et al. 2017) 

P. multistriata B936 PsnmuV1.4_scaffold_84949_46771..48096 Cytochrome CYP450 (Basu et al. 2017) 

P. multistriata B856 PsnmuV1.4_scaffold_84949_46771..48205 Cytochrome CYP450 EarlHam d 

P. multistriata B936 comp5102_c0_seq2 Cytochrome CYP450 (Di Dato et al. 2015) 

http://protists.ensembl.org/Multi/Search/Results?species=all;idx=;q=CAACVS010000140;site=ensemblunit
http://protists.ensembl.org/Pseudonitzschia_multistriata/Gene/Summary?db=core;g=PSNMU_V1.4_AUG-EV-PASAV3_0045820;r=contig140:46006-60528;t=VEU37775;tl=MiPDNP4oMnklzwuG-22352478-2459516732
https://seqserv.bioinfo.szn.it/pmultistriata/get_sequence
https://seqserv.bioinfo.szn.it/pmultistriata/b506dd00-94b9-4d8a-943b-355d26fdb7b6#Query_1_hit_1
https://www.ncbi.nlm.nih.gov/nuccore/MH202990.1/
https://www.ncbi.nlm.nih.gov/protein/1483976272
https://www.science.org/doi/suppl/10.1126/science.aau0382/suppl_file/aau0382-brunson-sm.pdf
https://www.ncbi.nlm.nih.gov/Structure/cdd/cl41757
http://jbrowse.bioinfo.szn.it/pmultistriata/?loc=PsnmuV1.4_scaffold_1-size_679566%3A57828..193741&tracks=DNA%2CPseudo_NITZSCHIA&highlight=
http://jbrowse.bioinfo.szn.it/pmultistriata/?loc=PsnmuV1.4_scaffold_222-size_84949%3A43098..63430&tracks=DNA%2CPseudo_NITZSCHIA&highlight=
http://jbrowse.bioinfo.szn.it/pmultistriata/?loc=PsnmuV1.4_scaffold_1-size_679566%3A70762..206675&tracks=DNA%2CPseudo_NITZSCHIA&highlight=
http://jbrowse.bioinfo.szn.it/pmultistriata/?loc=PsnmuV1.4_scaffold_222-size_84949%3A46771..48096&tracks=DNA%2CPseudo_NITZSCHIA&highlight=
http://jbrowse.bioinfo.szn.it/pmultistriata/?loc=PsnmuV1.4_scaffold_1-size_679566%3A57828..193741&tracks=DNA%2CPseudo_NITZSCHIA&highlight=
http://jbrowse.bioinfo.szn.it/pmultistriata/?loc=PsnmuV1.4_scaffold_222-size_84949%3A47876..49310&tracks=DNA%2CPseudo_NITZSCHIA&highlight=
https://static-content.springer.com/esm/art%3A10.1038%2Fsrep12329/MediaObjects/41598_2015_BFsrep12329_MOESM14_ESM.pdf
https://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?ascbin=8&maxaln=10&seltype=2&uid=cl41757
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Table 4.3 The hits of BLAST analysis for consensus region spanning both RPA and LAMP amplicons.  

a Ensembl Protists; European Nucleotide Archive for Protist Genomes. 

Due to the limited availability of annotated dabD sequences specific to the Pseudo-nitzschia 

multistriata in the National Centre for Biotechnology Information (NCBI, release date: 25 July 2023), 

the target fragment was compared that spanned a 259 bp across LAMP and RPA amplicons against 

ENSMBL Protist genome repository using both BLASTN and BLASTX analysis following default 

settings(http://protists.ensembl.org/Pseudonitzschia_multistriata/Tools/Blast).The BLASTN results 

revealed significant homologous matches with the PSNMU_V1.4_AUG-EV-PASAV3_0045820 gene 

of the Cytochrome P450 in Pseudo-nitzschia multistriata (Table 4.3). Furthermore, BLASTX results 

showed that protein products derived from a 259 bp consensus sequence exhibited 100% similarity 

to the complete Cytochrome P450 protein in P. multistriata of the ENSMBL Protist genome 

database. Despite the limited genetic information available on the species-specific DabD protein in 

the P. multistriata SZN-B954 strain, a bioinformatic search was undertaken to identify the domain 

composition of the protein of isothermally amplified products of the LAMP and RPA assays using 

the NCBI tool of the Conserved Domain Database (CDD)  (Marchler-Bauer et al. 2017). The results 

revealed that the 259 bp consensus sequence displayed an identical domain structure to the 

annotated Cytochrome P450 protein under NCBI accession number: cl41757. The Cytochrome P450 

(dabD) gene was found to play a crucial role in the biosynthesis of domoic acid within the P. 

multiseries species (Brunson et al. 2018). 

BLASTN 

Species Strain Percent 

Identity 

E- value Score Accession Number Source 

P. multistriata B856 100% 2.7e-145 259 PSNMU_V1.4_AUG-EV-
PASAV3_0045820 

Ensembl Protists a 

    BLASTX   

P. multistriata B856 100% 4.9e-60 86 VEU37775 Ensembl Protists a 

P. multistriata B856 53.8% 3.1e-20 52 VEU41686 Ensembl Protists a 

P. multistriata B856 43.3% 0.001  30 VEU45241 Ensembl Protists a 

P. multistriata B856 33.3% 0.02 39 VEU36549 Ensembl Protists a 

P. multistriata B856 36.1% 0.04 36 VEU36302 Ensembl Protists a 

P. multistriata B856 61.1% 3.1e-20 18 VEU41686 Ensembl Protists a 

P. multistriata B856 37.9% 0.06 29 VEU44693 Ensembl Protists a 

http://protists.ensembl.org/Pseudonitzschia_multistriata/
http://protists.ensembl.org/Pseudonitzschia_multistriata/Tools/Blast/GenomicSeq?r=contig140:37474-47475;tl=WCbkzV7RJZRO7ymH-22421694-2468634648
http://protists.ensembl.org/Pseudonitzschia_multistriata/Tools/Blast/GenomicSeq?r=contig140:37474-47475;tl=WCbkzV7RJZRO7ymH-22421694-2468634648
http://protists.ensembl.org/Pseudonitzschia_multistriata/Transcript/ProteinSummary?db=core;r=contig140:37474-47475;t=VEU37775;tl=clvyiAxafPpwOppI-22421695-2468634971
http://protists.ensembl.org/Pseudonitzschia_multistriata/Transcript/ProteinSummary?db=core;r=contig140:37474-47475;t=VEU41686;tl=clvyiAxafPpwOppI-22421695-2468634973
http://protists.ensembl.org/Pseudonitzschia_multistriata/Transcript/ProteinSummary?db=core;r=contig140:37474-47475;t=VEU45241;tl=clvyiAxafPpwOppI-22421695-2468634972
http://protists.ensembl.org/Pseudonitzschia_multistriata/Transcript/ProteinSummary?db=core;r=contig140:37474-47475;t=VEU36549;tl=clvyiAxafPpwOppI-22421695-2468634970
http://protists.ensembl.org/Pseudonitzschia_multistriata/Transcript/ProteinSummary?db=core;r=contig140:37474-47475;t=VEU36302;tl=clvyiAxafPpwOppI-22421695-2468634969
http://protists.ensembl.org/Pseudonitzschia_multistriata/Transcript/ProteinSummary?db=core;r=contig140:37474-47475;t=VEU41686;tl=clvyiAxafPpwOppI-22421695-2468634974
http://protists.ensembl.org/Pseudonitzschia_multistriata/Transcript/ProteinSummary?db=core;r=contig140:37474-47475;t=VEU44693;tl=clvyiAxafPpwOppI-22421695-2468634975
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4.4.2  RPA Assay Optimisation 

To identify optimal RPA primer combinations, 25 primer combinations from the RPA primers listed 

in Table C2 in Appendix C were tested for the amplification of the target gene in Pseudo-nitzschia 

spp. The RPA amplified products were detected using gel electrophoresis as shown in Figure 4.3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Gel Electrophoresis results of RPA primer screening experiment. The RPA-amplified 

products were purified prior to electrophoresis analysis. Panels A: C shows Lane L: 50 bp DNA 

ladder, Lane 1, Positive control; Lane 2, Primer Mix 1; Lane 3, Primer Mix 2; Lane 4, Primer Mix 3; 

Lane 5, Primer Mix 4; Lane 6, Positive control; Lane 7, Primer Mix 5; Lane 8, Primer Mix 6; Lane 9, 

Primer Mix 7; Lane 10, Primer Mix 8; Lane 11, Primer Mix 9; Lane 12, Positive control, Lane 13, 

Primer Mix 10; Lane 14, Primer Mix 11; Lane 15, Primer Mix 12; Lane 16, Primer Mix 13; Lane 17, 

Primer Mix 14; Lane 18, Primer Mix 15; Lane 19, Primer Mix 16; Lane 20, Primer Mix 17; Lane 21, 

Primer Mix 18; Lane 22, Positive control; Lane 23, Primer Mix 19; Lane 24, Primer Mix 20; Lane 25, 

Primer Mix 21; Lane 26, Primer Mix 22; Lane 27, Primer Mix 23; Lane 28, Primer Mix 24; Lane 29, 

Primer Mix 25; Lane 30-32, Negative control. 
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Only eleven primer combinations generated positive and specific RPA amplification as well as 

control reactions (Figure 4.3). None of the negative control reactions produced an amplicon using 

nuclease-free water. Based on gel band intensity and the concentrations (ng/µl) of the RPA 

amplified products, three combinations of forward and reverse primers (Primer Mix 3, Primer Mix 

21, and Primer Mix 22) were chosen for the subsequent optimisation with the designed RPA exo-

probe, which can be detected in real-time via fluorescence. The optimal RPA primers and exo-probe 

enabled the successful amplification of the target gene (Figure 4.4B). Further experiments to 

optimise conditions of real-time RPA reaction. Details of the optimal combination of RPA primers 

and probes can be found in Table 4.1. Among the various reaction temperatures tested varying 

from 36°C to 40°C, the highest amplification yield was obtained at 37°C , the shortest time of 

amplification onset, and the most significant change in fluorescence signals.  

 

Figure 4.4 Optimisation of RPA amplification for the cytochrome P450 (dabD) gene. A) The RPA 

results were obtained from three different reaction temperatures. B) RPA results obtained with 

various primer combinations combined with the RPA exo probe. The threshold background level is 

represented by the dashed line. 

 

A threshold level is set automatically by a thermocycler instrument (LightCycler 96, Roche), above 

the background fluorescence baseline to avoid premature amplifications occurring in the 

background fluorescence range. All the real-time RPA reactions were positive and exceeded the 

fluorescence detection threshold of the average background signal at 0.004 (Figure 4.4). An 

accurate threshold level is imperative for the reliable calculation of the time threshold value when 

the fluorescence of the RPA amplification reaction rises above the background threshold level 

(Lobato and O'Sullivan 2018). Using the time threshold value, the time taken for each primer/exo-



Chapter 4 

140 

 

probe combination to reach the threshold fluorescence value was compared . Among the 

combinations, the RPA reaction mixture containing the second primer/exo-probe combination 

(Primer Mix 2) at the reaction temperature of 37°C yielded the lowest time threshold value, with 

detectable fluorescence signals achieved in 15.0 ± 1.6 minutes and saturated at 3.5 ± 1.1 (A.U.). 

This combination was selected for downstream analysis. Details of the optimal primer/exo-probe 

combinations for the RPA assay are presented in Table 4.1. 

4.4.3 LAMP Assay Optimisation 

All LAMP reactions were performed at a relatively high annealing temperature of 65ºC, to facilitate 

the denaturation of any potential secondary structures, hairpins, and self-dimers among LAMP 

primers. This approach significantly contributed to robust, accurate and efficient amplifications 

during subsequent optimisation efforts. Loop primers served as the “core” primers that directly 

govern the performance of amplification reaction, enabling highly efficient LAMP assays (Shirshikov 

and Bespyatykh 2022). Efficient annealing of loop primers with target sequence leads to the 

creation of single-stranded loop structures that act as substrates for initiating the first stage of the 

LAMP amplification process (Shirshikov and Bespyatykh 2022). Therefore, a concentration gradient 

of LAMP Loop primers varying from 0.4, 0.8, to 1 µM, was tested to determine the optimal reaction 

condition for LAMP amplification. These primer mixtures were formulated by incorporating the 

varied loop primer concentrations (Loop F & Loop B) with inner primers (FIP & BIP), and outer 

primers (F3 & B3) at concentrations of 1.6 µM and 0.2 µM, respectively. All primer combinations 

consistently generated positive results, successfully yielding specific amplification products (Figure 

4.5). To assess the inhibitory effects of primer mixtures on the LAMP run, triplicate negative control 

reactions (No template control; NTC) were included. None of the reaction mixtures within the NTC 

replicates generated any amplification product.  
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To quantify the performance of each primer combination, the time to threshold (Tt) value was 

determined across all replicates of the reactions, and the results were presented as the mean ± 

standard deviation (SD) (Table 4.4). The Tt value is defined by the time at which the fluorescence 

signal crosses the threshold fluorescence level during the LAMP amplification (Diego et al. 2019). 

Among the tested primer combinations, primer mix 3 yielded the lowest Tt value at 14.3 ± 0.3, 

indicating the fastest LAMP amplification. This Tt value was accompanied by a high fluorescence 

signal observed at 14.9 ± 0.4 (A.U.) during the late phases of the LAMP reaction. The on-target 

amplification at the tested primer concentrations was further confirmed through gel 

electrophoresis analysis of all LAMP amplicons (Figure 4.5B). 

 

Figure 4.5 LAMP reaction optimisation A) Fluorescence results of amplification using varying LAMP 

primer concentrations. B) Gel electrophoresis results confirm the specificity of LAMP-amplified 

products through different primer concentration combinations. The gel includes a 50 bp DNA 

ladder, L1 lane: control or standard concentration of LAMP primers, L2 lane: primer mix 1, L3 lane: 

primer mix 2, L4 lane: primer mix 3, L5 lane: NTC. 

 

Table 4.4 LAMP amplification results with varying primer concentrations.  
 

Standard Primer Mix  Primer Mix 1 Primer Mix 2 Primer Mix 3 

Tt value   16.9 ± 0.7 28.4 ± 0.5 15.6 ± 0.2 14.3 ± 0.3 

Fluorescence end-point 12.8 ± 0.7 5.8 ± 0.06 14.1± 0.3 14.9 ± 0.4 

4.4.4 Specificity Testing of RPA and LAMP Assays 

The inclusivity of the newly developed RPA and LAMP assays was evaluated by employing an 

inclusivity panel comprising 10 different Pseudo-nitzschia species, with an exclusivity panel 

consisting of 8 non-target microalgal strains, as detailed in Table 4.5. The LAMP reactions 
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consistently and accurately detected all tested Pseudo-nitzschia strains, demonstrating 100% 

analytical specificity without any cross-amplification against other algal strains (Figure 4.7). On the 

other hand, the RPA reaction demonstrated a 90% identification efficiency for Pseudo-nitzschia, 

with no amplification observed for the P. pungens strain and other microalgae (Figure 4.6B). The 

specificity of RPA products was confirmed through the assessment of the specific fluorescence 

signals from the exo-probe (Figure 4.6). Similarly, the verification of LAMP amplified products was 

accomplished using fluorescence measurements, as well as through 2% agarose gel electrophoresis 

analysis (Figure 4.7).  

The melting curve analysis revealed specific LAMP products characterised by consistent melting 

temperature centred at Tm= 88 ± 0.08 °C (Figure 4.7C) and Tm= 87.9 ± 0.2 °C (Figure 4.7D). 

Additionally, specific bands at 222 bp were exclusively observed, confirming the 100% inclusivity of 

LAMP assay for testing Pseudo-nitzschia strains, while no bands were detected in other microalgal 

strains (Figure 4.7E & Figure 4.7F). Likewise, RPA fluorescence measurements indicated the absence 

of cross-amplification against other microalgal strains (Figure 4.6). Interestingly, all tested Pseudo-

nitzschia strains have positive results for DA according to the ELISA analysis. However, the detected 

concentrations ranged widely from 3.8 to 172.3 µg L−1, which corresponded to 4.3 to 2.4 pg DA 

cell−1, observed for P. pungens and P. multiseries ML-59, respectively. In contrast, neither DA nor 

the dabD target was detected in any of the non-Pseudo-nitzschia algal cultures. The results of the 

DA immuno-assay and the selectivity evaluation of LAMP and RPA methods are presented in Table 

4.5. 

Table 4.5 LAMP and RPA results for a set of Pseudo-nitzschia target species and closely related 

microalgal species. The concentration of domoic acid (pg DA cell−1) was measured through the 

ELISA method for all tested strains. 

Species Isolate Accession DA Concentration 

(pg DA cell−1) 

LAMP Amplification RPA Amplification 

Pseudo-nitzschia multistriata  SZN-B954 2.4 ± 0.01 + + 

Pseudo-nitzschia multistriata  SZN-B955     4.1 ± 0.09 + + 

Pseudo-nitzschia pungens  CCAP 1061/44 0.1 ± 0.001 + - 

Pseudo-nitzschia multiseries  NWFSC 713 3.4 ± 0.1 + + 

Pseudo-nitzschia multiseries  NWFSC 714 3.6 ± 0.1 + + 

Pseudo-nitzschia multiseries  NWFSC 715 1.5 ± 0.01 + + 

Pseudo-nitzschia multiseries  ML-54 1.8 ± 0.06 + + 

Pseudo-nitzschia multiseries  ML-55 1.2 ± 0.01 + + 

Pseudo-nitzschia multiseries  ML-56 1.4 ± 0.02 + + 

Pseudo-nitzschia multiseries  ML-59 4.3 ± 0.2 + + 

Karenia brevis  CCMP2228 nd - - 

Karenia mikimotoi  CCAP 1127/2 nd - - 
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Alexandrium tamarense  CCAP 1119/25 nd - - 

Synechococcus sp  CCAP 1479/9 nd - - 

Prorcentrum lima  CCAP 1136/12 nd - - 

Alexandrium minutum  CCAP 1119/15 nd - - 

Lingulodinium polyedra  CCAP 1121/7 nd - - 

Prorcentrum cordatum  CCAP 1136/16 nd - - 

(+) positive amplification, (-) no amplification, nd = not detected.    

 

Figure 4.6 The specificity of real-time RPA amplification was evaluated through an inclusivity set of 

Pseudo-nitzschia strains (A) and the exclusivity set containing other algal species (B). The strains 

tested in each panel are outlined in Table 4.5. Each amplification curve represents the average of 

two independent measurements. The shaded regions within the amplification curves indicate the 

standard error of the averaged measurement. 
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Figure 4.7 Evaluating the specificity of the LAMP assay. The LAMP reactions employed DNA 

samples isolated from Pseudo-nitzschia strains (Panel A) and closely related algal species (Panel 

B). The LAMP products obtained from the amplifications in Panels A and B were subjected to 

subsequent analyses using melting curve analysis (Panels C and D) and gel electrophoresis 
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(Panels E and F). Melting curve analysis was performed on the LAMP-amplified products from 

Pseudo-nitzschia strains (n=10) (Panels C and D). The vertical lines represent the mean specific 

melting temperature values derived from triplicate LAMP amplicons for each taxon. The 

melting curve error bars indicate the standard deviation (n=3). Gel electrophoresis of the LAMP 

amplicons (Panels E and F) confirms the on-target amplification, with Panel E, Lane 1, P. 

multistriata SZN-B955; Lane 2, P. multistriata SZN-B954; Lane 3, P. pungens CCAP 1061/44; 

Lane 4, P. multiseries NWFSC 713; Lane 5, P. multiseries NWFSC 714; Lane 6, P. multiseries 

NWFSC 715; Lane 7, P. multiseries ML-54; Lane 8, P. multiseries ML-55; Lane 9, P. multiseries 

ML-56; Lane 10, P. multiseries ML-59. Panel F shows gel results of Lane 11, K. brevis CCMP2228; 

Lane 12, K. mikimotoi CCAP 1127/2; Lane 13, A. tamarense CCAP 1119/25; Lane 14, A. minutum 

CCAP 1119/15; Lane 15, P. lima CCAP 1136/12; Lane 16, P. cordatum CCAP 1136/16; Lane 17, 

L. polyedra CCAP 1121/7; Lane 18, Synechococcus sp BG11; lane L, 50 bp DNA ladder. 

4.4.5 Sensitivity and Rapidity Testing of RPA and LAMP Assays 

The sensitivity of LAMP and RPA assays was evaluated by generating standard curves through the 

amplification of the same tenfold dilutions of linearised plasmids containing the target insert, 

spanning known concentrations from 1 to 107 copies µl-1. The LAMP assay revealed a higher 

sensitivity in comparison to the RPA assay (Figure 4.8 & Figure 4.9). The efficiency of RPA and LAMP 

quantifications was revealed by exploring the linear relationship between the threshold time (Tt) 

values (analogous to the threshold cycle in real-time PCR) of the fluorescence amplification plots 

(Figure 4.8) and the logarithmic value of the target sequence concentration (Figure 4.9). The 

quantification of RPA standards resulted in R-squared value (R2) of 0.8, reflecting a steep regression 

line with a slope of -1.9, leading to a weaker linear correlation and subsequently lower 

quantification efficiency. As a result, the detection limit increased to 103 copies μl−1 for RPA 

quantification. This could result from the variability in the enzyme kinetics of the three enzymes 

involved in the RPA reaction, which may compromise the sensitivity and robustness of RPA 

quantification (Li et al. 2019a).  

 

In contrast, the LAMP reaction employs a single DNA polymerase for strand displacement, enabling 

DNA synthesis from both single- and double-strand DNA templates through the annealing of 6 

primers at multiple sites (Shirshikov and Bespyatykh 2022). Therefore, the LAMP amplification relies 

on a single enzymatic activity, in combination with the optimal primer concentration and a constant 

reaction temperature. Consequently, LAMP demonstrated higher efficiency in terms of both 

detection time and sensitivity when compared to the RPA assay. The LAMP quantification of 

standards showed a stronger linear correlation (R2 = 1.0), the limit of detection at a single copy 

level, improving its sensitivity to 100-fold higher than RPA quantification. LAMP detected 103 copies 
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µl-1 within 14.0 minutes, while RPA required 34.5 minutes to quantify the same target 

concentration. 

 

Figure 4.8 Amplification plot of RPA (A) and LAMP (B) using serial dilutions of CYP450 DNA standard 

plasmids, ranging from 1 to 107 copies μl-1. 

 

Figure 4.9 A comparison of RPA (A) and LAMP (B) quantification for CYP450 DNA standard plasmid 

dilutions, spanning from 1 to 107 copies μl-1 across three independent assays. The standard curves 

show the mean threshold time values versus the template copy number. The error bars indicate 

the standard error of the mean derived from triplicate reactions. 
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4.4.6 LAMP Analysis of Environmental Samples 

Comparing the quantification performance through RPA and LAMP analyses suggested that LAMP 

provides a more precise method for determining DNA copy numbers. The fitting of a linear trendline 

to the logarithmic plot of the target copy number against the time threshold (Tt) value of the LAMP 

assay yielded R2 values exceeding 1.0. In contrast, the linearity of the relationship within the RPA 

dataset decreased to 0. 8, indicating a reduction in the sensitivity and efficiency of the RPA assay. 

As a result, the LAMP method was adopted for quantifying the unknown copy numbers of the target 

gene from the processed seawater samples through a series of LAMP reactions. 

For the first time, the LAMP technique was employed for a time-series measurement of Pseudo-

nitzschia spp. within a field survey in this region. The LAMP assay was successfully tested in three 

coastal shellfish production areas, demonstrating its effectiveness in early detection of Harmful 

Algal Blooms (HABs). This capability is crucial for protecting public health and the shellfish industry. 

The LAMP-based quantification involved 44 seawater samples to estimate copy numbers per 

microlitre from September 2021 to March 2022 at three coastal sites in Southwest England (Figure 

4.10).  

Pseudo-nitzschia spp. has previously been identified in the studied region of Southwest England, 

even outside of bloom events (Downes-Tettmar et al. 2013). Among the 44 samples, the CYP450 

LAMP assay yielded positive results in 34 samples (sensitivity = 77.3%). The estimated CYP450 copy 

numbers spanned a range, with the lowest value at 0.1 ± 1.1 copies/µl in samples collected between 

January and March, and the highest, around 5.1 ± 0 estimated copies/µl, recorded at the Porthallow 

site in mid-January. The levels of CYP450 copy numbers were highest in the early phase of the study, 

spanning from September to January. Towards the end of the study (late March), the LAMP tests 

revealed an increase in estimated copy numbers, ranging from 3.9 ± 0.2 to 4.9 ± 0 copies µl-1 across 

all sites.  
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Pseudo-nitzschia copy numbers followed a consistent pattern across all study sites, increasing 

during the beginning and end of the study, coinciding with elevated sea temperatures and sunlight 

intensity (Brown et al. 2022). An increase in estimated copy numbers was observed at all sites from 

late February, suggesting the onset of a potential 'spring' bloom. The only exception was the Outer  

Figure 4.10 Collection of water samples from three shellfish production regions followed by 
filtration to capture cells. The recovered filter membranes were then transported to the laboratory 
for DNA isolation, purification, and downstream LAMP analysis (A) to determine the CYP450 copies 
of Pseudo-nitzschia spp at each study site throughout the study timeframe. (B) the concentrations 
of Pseudo-nitzschia spp cells in terms of cells per litre of filtered seawater were estimated using 
qPCR analysis. 

Ropehaven site, where estimated copy numbers decreased below a single copy in November. The 

extremely low copy numbers observed at the Ropehaven site indicate the high sensitivity of the 

LAMP methodology for identifying the initial phases of the spring bloom. Thus, the proposed LAMP 

assay can offer an early-warning tool for tracking Pseudo-nitzschia trends across sampling locations 

and throughout monitoring time frames. 
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LAMP amplification of plasmid DNA standards revealed a detection limit (LoD) equivalent to a single 

copy per μl. However, when applied to DNA extracted from environmental samples, the LoD was 

determined as 0.1 ± 1.1 copies μl-1. Therefore, careful interpretation of LAMP-based LoD 

calculations from environmental samples is warranted, given the need for extracted samples to 

provide a sufficient and representative abundance of genomic copies to meet environmentally 

relevant levels. This presented a challenge due to the lack of available microscopy cell count data 

throughout the study duration. However, blooms of toxic Pseudo-nitzschia have been previously 

documented in the study region (Downes-Tettmar et al. 2013, Brown et al. 2022). On the other 

hand, achieving absolute quantification for measuring target gene sequences through the LAMP 

assay presents challenges, demanding more information on the genetic structure and diversity of 

local populations within the study region. This genomic dataset could elaborate on the correlation 

between cell abundance and CYP450 gene copies.  

Breaches in permissible levels of cells within St Austell Bay are common. Particularly, the 

Ropehaven site has experienced repeated HAB events since the site opened in 2010 (Ross Brown 

et al. 2022). Mean HAB frequencies in 2010-2017 (expressed as % of weeks throughout May-August, 

in which cell counts in surface water (2 m depth) exceeded advisory trigger levels) was 4% for 

Pseudo-nitzschia spp. The filter membranes were also processed to extract DNA, which was 

analysed by qPCR to estimate the levels of Pseudo-nitzschia spp. The results provided a comparison 

of the relative levels of Pseudo-nitzschia spp. in different samples. Then, the target gene copy 

number was estimated by extrapolating values from a standard curve to produce an estimate of 

the number of cells per litre of filtered water. Cell number was determined using cell number 

standards prepared from living cultures of Pseudo-nitzschia multistriata, as described in section C1, 

Appendix C. Figure 4.10B shows the results of qPCR-based quantification of Pseudo-nitzschia spp 

from September 2021 to March 2022 for the 3 sites, with the results expressed as estimated cells 

per litre. 

The estimated levels of Pseudo-nitzschia spp. were generally far higher than for both other groups, 

never falling below ~1,000 cells/L, and reaching more than 100,000 estimated cells/L at the Outer 

Ropehaven site during March, a trigger level of 150,000 cells/L was never breached (McQuillan et 

al. 2023). The significance of these results is unclear because, for reasons that are discussed below, 

the use of qPCR data for the estimation of cell numbers is subject to a number of assumptions. 

Nonetheless, the measurement of the comparative levels of target DNA sequences in LAMP analysis 

between samples (e.g. the identification of an upward or downward trend in phytoplankton cell 

number) is not subject to these assumptions and can be interpreted with greater confidence.  
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Quantitative PCR analysis revealed a more variable yet consistent pattern of Pseudo-nitzschia spp. 

abundance across the sampling timepoints when compared to the trends observed using LAMP 

estimation of the target gene. While LAMP accurately quantified extremely low concentrations of 

the target gene, qPCR exhibited a wider dynamic range, allowing for the quantification of a broader 

range of DNA concentrations, especially at very low and very high levels. The LAMP assay used in 

this study targeted the cytochrome encoding gene sequence, which can vary considerably in copy 

number between species and under changing conditions, potentially contributing to some 

inaccuracies. Both methods showed potential for providing early warnings of Pseudo-nitzschia 

blooms due to their significantly faster analytical processes compared to other regulatory methods 

such as cell counting by microscopy. However, neither qPCR nor the LAMP method can 

unequivocally discriminate between DNA obtained from living and dead cells; all DNA collected on 

the filter membranes will have contributed to the PCR amplification. 

Excluding extracellular DNA from qPCR and LAMP analysis can be achieved by treating samples to 

selectively degrade or digest nucleic acids not protected by an intact cell membrane (Nocker et al. 

2006, Champlot et al. 2010). However, implementing this approach adds complexity, cost, and 

delays, and introduces additional sources of error to the monitoring workflow. To reduce the DNA 

overestimation bias, Reverse Transcription qPCR (RT-qPCR) or Reverse Transcription LAMP (RT-

LAMP) can be used to quantify RNA, a labile analogue of DNA that is only synthesised by living and 

metabolically active cells and has a short environmental 'half-life' (Li et al. 2017). This is particularly 

relevant in scenarios where only the viable cell fraction is important, such as in the detection of 

infectious agents. However, as the RNA component of a cell can vary under changing conditions, 

interpreting quantitative results without a detailed understanding of how cellular RNA levels are 

regulated in the target group can be challenging. Therefore, both techniques, RT-qPCR and RT-

LAMP, can be employed for a time-series measurement of Pseudo-nitzschia spp. in this region, 

depending on the specific objectives and constraints of the analysis. 

LAMP results indicate sensitive quantification against potential inhibitors within environmental 

samples. LAMP amplification was found to be less susceptible to crude or complex samples 

compared to conventional molecular methods such as PCR (Poon et al. 2006, Inacio et al. 2008). 

While PCR methodology can provide higher sensitivity, its implementation demands costly thermal 

cyclers and involves time-consuming, labour-intensive procedures, and additional steps, such as 

agarose gel electrophoresis for amplification result confirmation (Yang and Rothman 2004). These 

challenges can significantly limit PCR practicality in field settings. In contrast, LAMP offers greater 

adaptability with minimal instrumentation, facilitating simple, real-world and affordable 

applications for HABs environmental surveillance (Wong et al. 2018, Huang et al. 2022). 
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4.5 Conclusions 

Two novel isothermal DNA-based assays, LAMP and RPA, were developed for the species-specific 

quantification of Pseudo-nitzschia spp. Real-time LAMP-based quantification demonstrated greater 

accuracy compared to RPA-based quantification. The LAMP assay was optimised to enable highly 

sensitive target detection in environmental water samples. The LAMP assay demonstrated a 77.3% 

accuracy in identifying the early stages of the spring bloom. This suggests significant potential for 

improving regulatory monitoring through early warning systems, thereby protecting public health 

and the shellfish industry. The LAMP method presents a simple, sensitive, and specific tool suitable 

for decentralised environmental testing. 
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Chapter 5 Pre-storage of vitrified reagents for simple, 

precise and rapid molecular detection 

5.1. Abstract 

Vitrification technology increases the potential to satisfy the current demand for enabling quick and 

simple nucleic acid-based tests in field settings. Here, a new storage method was developed for PCR 

and LAMP amplification reaction mixtures at ambient temperature. The technique relies on air-

drying all reagents of the amplification reaction for 45 minutes at 25ºC. The method was 

successfully applied to two different chemistries that perform real-time detection including PCR 

hydrolysis probes labelled with FAM and HEX fluorophores and LAMP intercalating dye. The storage 

stability of vitrified reagents was validated by measuring changes in limits of detection for tested 

molecular assays over a time span of six months. Both HEX-labelled qPCR and FAM-labelled LAMP 

vitrified assays yielded a limit of detection of a single copy after six months of storage at room 

temperature. However, the limit of detection of FAM-labelled qPCR vitrified assay decreased to 102 

copies per reaction after a six-month period of storage. 18% and 7% increase in amplification 

efficiency resulted from six months of vitrified HEX-labelled and FAM-labelled qPCR mixtures, 

respectively, compared to freshly prepared reaction mixtures. Real-time stability of both qPCR and 

isothermal-based vitrified assays revealed the functional stability of the dry-reagent amplification 

reaction mix at room temperatures, with a shelf life of six months. These results offer a versatile 

method for stabilising various molecular detection techniques, facilitating the deployment of 

nucleic acid testing in field conditions and low-resource locations where reliable, simple-to-use and 

cost-effective monitoring tools are critically needed. 

5.2. Introduction 

Early detection of biological hazards (bio-hazards) is important to protect public health and alleviate 

the economic losses associated with public health incidents, including for example, the 

contamination of food products with toxigenic or infectious microorganisms. Nucleic acid testing is 

able to provide rapid, and sensitive detection of these microorganisms, but the methods are usually 

confined to centralised and highly resourced facilities. This increases costs and causes delays 

between sampling and results, and these facilities are seldom available in remote or undeveloped 

regions. Field deployment of nucleic acid tests (NATs) is therefore a logical step towards addressing 

these challenges. In the environmental sciences, the ability to conduct NATs outside of the 
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laboratory would provide a platform for the rapid early warning of biological hazards in, for 

example, natural water systems. It would also alleviate the risk of ‘bottling artefacts’ that arise if an 

unstable biological sample is stored for transit.  

Developing fieldable nucleic acid testing faces two significant challenges: (i) the need to maintain 

test reagents at low temperatures and (ii) the requirement for precise formulation of reaction 

mixture immediately before use. In a laboratory setting, this process is typically accomplished by 

storing reagent stocks in a frozen state until needed, and then preparing reagent mixtures on ice 

using accurate 'micropipettors' with sterile, disposable plasticware. However, when working in the 

field, refrigeration is often unavailable, and performing prolonged procedures of reagent 

preparation outside controlled laboratory conditions becomes impractical. To overcome these 

challenges, a potential solution is to preformulate test reagents under controlled laboratory 

conditions and then preserve these mixtures until they are required. Thereby, pre-prepared 

aliquots can be transported to the sampling location at ambient temperatures and activated on-

site, offering a more practical approach to field-based nucleic acid testing. 

A range of reagent preparation and preservation strategies have emerged for this purpose. Of 

these, freeze-drying has been successful for the preservation of various NAT reagent mixtures 

including those for Polymerase Chain Reactions (PCR) (Arunrut et al. 2018, Xu et al. 2020) and 

isothermal loop-mediated isothermal amplification (LAMP) (Lim et al. 2021, Song et al. 2022b) and 

Recombinase Polymerase Amplification (RPA) (Davi et al. 2019, Khaliliazar et al. 2021). Freeze 

drying, also referred to as lyophilisation, involves the extraction of water from frozen mixtures by 

sublimation, utilising a vacuum and condenser (Ward and Matejtschuk 2021). Whilst freeze-drying 

can work well, there is a risk of damaging assay-critical enzymes and bio-components because the 

freezing process can lead to the formation of ice crystals, that may disrupt enzyme structure (Roy 

and Gupta 2004). This can be mitigated by the incorporation of cryoprotectants and lyoprotectants, 

which help to maintain the structural integrity of assay enzymes (Ward and Matejtschuk 2021). 

Another limitation of the technique is the requirement to pre-freeze the material prior to 

preservation as freezing protocols vary between laboratories and batches, leading to inconsistent 

outcomes (Patel et al. 2010). Freeze-drying can also be a time-consuming process, requiring 

overnight drying, and the need for costly vacuum and condenser equipment may be prohibitively 

expensive in resource-limited regions. 

Alternatively, gelification is a promising preservation and storage option for NAT reagents (Rosado 

et al. 2011, Franco De Sarabia Rosado Pedro et al. 2016). ‘Gelification’ relies on a partial dehydration 

process to preserve reagents by employing stabilising agents to convert a liquid solution to a semi-
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solid gelified state (Loukas et al. 2017). The ‘gelled‘ condition was found to prevent enzyme 

denaturation due to an entrapping mechanism, with the reagents supported by a viscous matrix 

(Loukas et al. 2017). The stability of gelified reagents was previously demonstrated in trials involving 

nucleic acid sequence-based amplification (NASBA) and PCR. In these studies, gelified reagents have 

demonstrated a shelf life of up to eight months when stored under refrigerated conditions at 4°C 

(Sun et al. 2013, Tasoglu et al. 2013). However, limitations of the technique include the requirement 

for a vacuum drying instrument and, since gelification remains a proprietary protocol (owned by 

Biotools (Biotools A/S, Spain) (Høgberg et al. 2011)), it is not currently widely available for 

experimentation, development and applications without a high economic cost. 

The limitations of the aforementioned storage techniques have driven the emergence of 

vitrification technology to fulfil the growing demand for a simple, reliable and rapid reagent 

stabilisation solution. Vitrification has been widely adopted for dry storage of qPCR (Rombach et al. 

2014b, Yu et al. 2015), qRT-PCR (Hayashida et al. 2015), PSR (Liu et al. 2018) and isothermal 

amplification assays including RPA (Udugama et al. 2017), LAMP (Hayashida et al. 2015), RT-LAMP 

(Hayashida et al. 2019, Phillips et al. 2019), and SDA (Lafleur et al. 2016). Vitrifying protocols depend 

on a combination of stabilisers and a rapid air-drying process to immobilise the assay components 

at ambient temperature into a glass-like state. The vitrification method takes advantage of the glass 

transition temperature (Tg) of stabilisers such as trehalose, glycerol, and sucrose to solidify reagents 

(Grasmeijer et al. 2013, Liu et al. 2018), as discussed in Chapter 1, section 1.14.1.3. For example, 

trehalose has a Tg of 106°C (Roser 1991) that acts as a temperature threshold governing its physical 

state, including its viscosity. When the temperature falls below the Tg, trehalose with mixed 

reagents undergoes a significant increase in viscosity, limiting their molecular mobility within an 

inactive state. This step is crucial in preparing the reagent mixture for the downstream air-drying 

process which is conducted at room temperature to remove water molecules, allowing stabilisers 

like trehalose to create a solid, glassy vitrified matrix around the NAT components without 

undergoing crystalline transformation (Aksan and Toner 2004). This eliminates the need to freeze 

the mixtures, avoiding ice crystal formation (Mensink et al. 2017). Stabilisation of vitrified reagents 

has addressed key problems associated with 1) temperature shocks; protein active sites are greatly 

influenced by extreme temperatures (Nolting 1996) and 2) pressure stresses; mechanical 

compression of proteins may result in shrinkage and collapse of their native structure during 

freezing or gelification (Bhatnagar et al. 2007), 3) humidity interference; due to the low moisture 

content of freeze-dried reagents which subject them to interference due to ambient humidity 

(Wang et al. 2012), 4) protein adsorption; denaturation of proteins can led to adsorption to ice 

crystal surfaces (Hedoux et al. 2012), and 5) pH changes; the structure of proteins is susceptible to 
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changes in pH, which can be triggered by freezing (Sundaramurthi and Suryanarayanan 2010). 

Perhaps the most significant advantage of vitrification is its requirement for a very basic apparatus 

to undergo the drying process, which can be completed in a few hours or less, making it an 

affordable and universally accessible choice for a wide range of NAT applications. 

In this study, a novel vitrification protocol was developed and tested for the dry storage of two PCR-

based methods and a LAMP assay over a 6-month experiment. The vitrification included all of the 

necessary reagents in a single step. The pre-storage of both vitrified qPCR and LAMP reagents 

simplified the preparation of amplification master mixes, alleviating requirements for expensive 

instruments, and well-trained personnel. Reducing multiple pipetting steps lowers the possibilities 

of analytical variability among end-users and minimises cross-contamination from repeated 

freezing and thawing of reagents prior to use. A ready-to-use format of vitrified assays offers the 

advantages of an inexpensive, simple and rapid application for low-healthcare systems and field 

monitoring. 

5.3. Materials and Methods  

5.3.1. Preparation of DNA Templates 

Plasmid DNA standards were prepared from amplified PCR products of target genes, as described 

in Appendix D, section D1. The resulting PCR product was then cleaned up with a QIAquick PCR 

purification kit (Qiagen, Hilden, Germany). 3 µl of purified PCR products were ligated into pGEM®-

T Easy Vector (Promega, Wisconsin, USA) and cloned into One Shot™ TOP10 Chemically 

Competent E. coli cells (Invitrogen, Life Technologies, Carlsbad, CA). Plasmid colonies were cultured 

in Luria Broth with an antibiotic additive of 15 µg/ml Ampicillin at 37oC. To confirm the presence of 

target sequences, plasmids were amplified following the cycling conditions as demonstrated in 

Supporting Information. The amplified plasmids were subjected to electrophoretic analysis using 

ethidium bromide-containing (2% w/v) agarose gel in a TAE buffer. Of bacterial colonies, the 

plasmids containing the expected target fragments were purified using the QIAprep® Spin Miniprep 

Kit according to the manufacturer’s instructions (Qiagen, Hilden, Germany). The purified plasmids 

were linearised by overnight restriction digest, using 10 units/µL NdeI restriction enzyme (Thermo 

Fisher Scientific, Vilnius, Lithuania) as per the manufacturer’s protocol. To explore a successful 

linearisation, both undigested and linearised plasmids were equivalently gel electrophoresed with 

a high mass ladder. The linearised plasmids of the desired target size were then quantified with a 

NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, USA). Quantification of 
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linearised plasmids was further verified using a Qubit fluorometer with a dsDNA HS Assay Kit 

(Invitrogen, Carlsbad, USA) to obtain accurate copy number estimates. A 10-fold serial dilution was 

executed in nucleases-free water to obtain a known concentration of copy number standards 

ranging from 100 copies to 107 copies and then stored at -80 oC. Finally, standard curves were 

created from a dilution series of linear DNA plasmid with gene inserts during the time course of the 

storage experiment.  

5.3.2. Selection of Vitrifying Agent 

A concoction of vitrifying excipients has been evaluated to facilitate the vitrification and drying 

process. To determine the optimal concentration of these vitrifying agents, different formulations 

were incorporated into a qPCR mixture which in turn stored at room temperature for two weeks. 

The stability of each formulation was tested by qPCR analysis against two experimental controls of 

freshly prepared vitrified reagents as well as freshly non-vitrified reagents, as described in Appendix 

D, section D2. Table 5.1 shows the concentration increments of vitrification-promoting substances 

used in five different formulations. The recovered amplicons from those reactions were compared 

based on the Ct values calculated by LightCycler 2.0 software (Roche Molecular Systems, Germany), 

and the intensity of gel bands and their expected size using Image Lab software (Version 6, Bio-Rad 

Laboratories, Inc.), following electrophoresis analysis using 2% agarose gel in TAE buffer stained by 

SYBR Safe (Invitrogen). 

Table 5.1 Concentrations of vitrifying agents 

 

 

 

 

5.3.3. Vitrification of qPCR and LAMP Reaction Mixtures 

Three replicates of the vitrified qPCR master mixture were prepared at a final volume of 50 µl 

containing, 2 mM each dNTPs (New England Biolabs, UK), 1X PCR buffer of 10 mM Tris-HCl and 50 

mM KCl (New England Biolabs, UK), 2mM MgCl2 (New England Biolabs, UK), 1 µM of each forward 

and reverse primer and 0.25 µM hydrolysis probe (Table 5.1), 2% (w/v) Trehalose, 0.5% (w/v) 

Constituents 

 Concentration sets (%w/v) 

1 2 3 4 5 

Trehalose 1.0 1.5 1.6 2.0 2.5 

Glycerol 0.05 0.25 0.25 0.5 1.0 

Polyoxyethylene glycol 0.001 0.005 0.005 0.01 0.1 

Bovine Serum Albumin 6.8 2 1.75 1.5 0.75 
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Glycerol, 0.01% (w/v) Polyoxyethylene glycol (PEG), 1.5% (w/v) Bovine Serum Albumin, and 0.025 

units/μL of One Taq DNA polymerase (New England Biolabs, UK).  

50 µl vitrified LAMP assays consisted of 1.4 mM each dNTPs (New England Biolabs, UK), 1X 

isothermal buffer of 20 mM Tris-HCl, 10 mM (NH4)2SO4, 50 mM KCl, 2 mM MgSO4 and 0.1% Tween® 

20 (New England Biolabs, UK), 6 mM of MgSO4 (8 mM in total) (New England Biolabs, UK), 1X LAMP 

Fluorescent dye (New England Biolabs, UK), 2% (w/v) Trehalose, 0.5% (w/v) Glycerol, 0.01% (w/v) 

Polyoxyethylene glycol (PEG), 1.5% (w/v) Bovine Serum Albumin, and 0.025 units/μL of One Taq 

DNA polymerase (New England Biolabs, UK). A primer mixture of 1.6 µM of dabD FIB/BIP primers, 

0.2 µM of dabD F3/B3 primers, and 0.8 µM of dabD Loop primers were added to the vitrified LAMP 

master mix (Table 5.1). 

The prepared reaction mixture was placed in an air introduction box connected with an air pump 

(M361-C; Charles Austen Pumps LTD, Surrey, England, UK) in a sterile biosafety cabinet. The air-

drying setting is depicted in Supporting Information. With lids of 0.2 ml tubes (LightCycler 8-tube 

strips, Roche Molecular Systems Inc.) opened, a continuous air flow at 0.45 m/s for 45 minutes at 

room temperature. The vitrified mixtures were stored at room temperature in Aluminium barrier 

film bags with MiniPax® Silica Gel Desiccant Sachet (Sigma-Aldrich, UK), until use.  

Later, the vitrified reaction mixtures of both qPCRs and LAMP assays were activated by adding a 

rehydration mixture consisting of DNA copy number standard and 5 mM dNTPs (total volume 8 ul), 

with a brief spin using VWR Galaxy mini PCR strip micro-centrifuge (VWR international LTD, UK) for 

one minute to allow for the reconstitution of vitrified reagents. Then, all amplification reactions 

were performed using a Light Cycler 2.0 real-time PCR thermal cycler (Roche Molecular Systems 

Inc.). The PCR thermal cycling comprised of an initial denaturing step at 95°C for 120 sec followed 

by 55 cycles at 95°C for 15 sec and 59°C for 60 sec. The change in fluorescence of the PCR amplified 

products was measured by capillary electrophoresis using an Agilent 2100 Bioanalyzer and the DNA 

1000 Kit (data not shown) (Agilent Technologies, UK). The LAMP mixture was incubated at 65oC for 

1 hour followed by a high-resolution melting (HRM) step. The melting analysis was used to 

determine the fluorescence intensity released by LAMP amplicons, ensuring the specificity of LAMP 

amplification. Later, the concentration of LAMP amplicons was also quantified using a Qubit 

fluorometer (Thermo Fisher Scientific Inc., UK). 

5.3.4. Performance of Vitrified qPCR and LAMP reactions  

The prepared DNA standards were amplified to create the standard curves using vitrified qPCRs and 

LAMP assays over the experimental timeline of dry storage. The standard curves were constructed 
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by plotting log 10 of the initial copy number of the target against the threshold cycle number (Ct). 

Wet reaction mixes of vitrified assays served as a reference control. Standard curves were also 

constructed from both fresh qPCRs and LAMP vitrified reagents. The efficiency of the qPCR and 

LAMP primers was calculated from the slope of the linear regression for each standard curve 

according to the Pfaffl equation: Efficiency (E) = [10(–1/slope) -1] x 100, whereby the slope of the linear 

fit of standard curves of the log of the target concentration against the Ct threshold values (Pfaffl 

2001, Nguyen et al. 2020). The efficiency of LAMP amplification was estimated using the equation 

of isothermal doubling times (IDT = - 0.301 x m), where: m = the slope of the graph of Tt value 

plotted against the copy number of target DNA and 0.301 corresponds on the base 10 logarithmic 

scale to twofold change in concentration at 2 (Nixon et al. 2014). The Tt value, analogous to the Ct 

value, is defined as the time point during the LAMP amplification reaction when the fluorescence 

signal exceeds the threshold fluorescence level (Diego et al. 2019). The fluorescence points used 

for linear fitting were within a linear exponential interval of the curve where amplification is more 

reproducible from sample to sample than at the endpoint (Kralik and Ricchi 2017). The endpoint 

fluorescence of vitrified qPCR and LAMP amplicons was measured over the timeline of the storage 

experiment across three classes of DNA standard concentration; high=107 copies; medium= 104 

copies; low=10 copies.   

5.4. Results and Discussion 

In this chapter, a simple procedure was developed to demonstrate the effectiveness of vitrification 

in the long-term preservation of reaction mixtures, employing different detection chemistries such 

as qPCR and LAMP amplification methods. The procedure involved a novel vitrification formulation 

consisting of stabilising agents, protectants, and surfactants to facilitate the transformation of 

liquid amplification reagents into a solid, glass-like state. This was achieved by rapid air-drying of 

reaction mixtures using a simple and cost-effective technique. This technique has eliminated the 

requirements for bulky lyophilisation equipment and refrigeration processing (Appendix D, Figure 

D3). 

A number of earlier studies have investigated the use of vitrification for the preservation of NAT 

reagents, however, to date no study has developed the method for the preservation of complete 

reaction mixtures (i.e., all reagents included in a single mixture) in a single step process. Others 

have described the vitrification of only a subset of reagents, adding the remaining essential reaction 

components immediately prior to use, or in some cases the components have been vitrified 

separately and then recombined. Nevertheless, previous studies have successfully achieved long-

term preservation of NAT reagents using the vitrification technique (Hayashida et al. 2015, Liu et 
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al. 2018, Hayashida et al. 2019, Phillips et al. 2019). However, these studies did not involve the 

complete assembly of all the components of the amplification reaction with vitrifying stabilizing 

agents during the drying process. Typically, the mixture of amplification reaction consists of 

enzymes, reaction buffer, dNTPs mixture, primers, fluorometric probe or dye, and DNA/RNA 

template. In the studies conducted by (Hayashida et al. 2015, Hayashida et al. 2019), the LAMP 

components were not included in a single step: they initially air-dried the LAMP primers with some 

vitrifying components (such as Trehalose and glycerol) (step 1), followed by air-drying the LAMP 

enzyme and dNTPs with additional Trehalose (step 2). To re-activate their vitrified LAMP reaction, 

the dried primers and enzymes were rehydrated by adding DNA samples, LAMP buffer, and MgSO4. 

Similarly, (Phillips et al. 2019), LAMP components were not vitrified simultaneously, and the 

procedure was conducted in two distinct steps. In Step 1, a mixture containing LAMP primers, 

glycerol, and Triton X-100 was air-dried. In Step 2, the LAMP enzyme, dNTPs, and sucrose were air-

dried on top of the previously dried primers. To reactivate the LAMP reaction, the dried primers 

and enzyme were rehydrated by adding a DNA sample, LAMP buffer, and Betaine. (Rombach et al. 

2014b) did not vitrify all the PCR components simultaneously. Instead, the PCR primers and probe 

were mixed with trehalose and xanthan, at final concentrations of 56 mM and 2.78 mM, 

respectively, before the air-drying process. Later, a mixture of PCR enzyme, buffer, and DNA sample 

was introduced to rehydrate the dried PCR primers and probe. In contrast, (Liu et al. 2018) focused 

on vitrifying reagents for the polymerase spiral reaction (PSR) by air-drying the enzyme, primers, 

and dNTPs in the PSR reaction tubes, sealed with paraffin wax. However, the detection dye specific 

to the PSR assay, cresol red-phenol red, was not included in the vitrifying mixture.  

In contrast to previous methods, this study introduced a novel combination of ingredients that 

allowed for the vitrification of all components of the reaction mixture in a single step. This was 

enabled by conducting a simple vitrification protocol that facilitated a rapid stabilising process 

compared to conventional vitrification techniques. Furthermore, this vitrification technique 

significantly decreased the number of handling steps required to assemble the amplification 

reaction, reducing the risk of contamination. The result was a ready-to-use format for nucleic acid 

testing that can be user-friendly and accessible for individuals with limited expertise in the field.  

To primarily test the effect of vitrification on enzyme activity, five formulations of vitrified agents 

of two weeks shelf-life were used against two controls of freshly-vitrified and freshly-made master 

mixes in qPCR reactions. Storage stability of vitrifying formulations was assessed in duplicate qPCR 

experiments against wet reaction mixes. All the vitrifying formulations generated positive qPCR 

amplifications and resulted in a specific amplicon size at 161 bp, Appendix D, Figure D2. The 

vitrifying agent 4 was found to generate the highest amplification rate with the lowest Ct value at 
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10.27±0.06, corresponding to the most intense gel band of vitrified amplicons upon agarose gel 

analysis, as shown in Appendix D, Figure D2, and Table D1. Based on these findings, vitrifying agent 

4 was used for downstream stability analysis. Following the recipe of vitrifying agent 4, trehalose 

was included in the master mix at a final concentration of 2% (w/v). Trehalose is one of the most 

common thermostabilisers that can form multiple hydrogen bonds with the hydration sites of the 

peptide chains replacing the enzyme-surrounding water molecules, allowing maintenance of the 

native state of the amplification enzymes (Lins et al. 2004). A vitrifying agent of trehalose and 

xanthan preserved a qPCR mixture for up to one year at room temperature (Rombach et al. 2014b). 

0.5% (w/v) glycerol was included in the vitrifying agent 4, to prevent freezing/crystalline formation 

due to its low glass transition temperature (Tg = −92°C) (Bell and Hageman, 1996). Similarly, 0.28% 

(w/v) glycerol was used to prevent freezing damage during the vitrification process (Phillips et al. 

2019). Polyethene glycol (PEG) was used as a surfactant with a final concentration of 0.01% (w/v) 

to generate a mesh structure of high interfacial tension, preventing the denaturation of reagents. 

PEG has a long-chain structure that provides a rigid glassy matrix for vitrified reagents (Chang and 

Pikal 2009). The addition of bovine serum albumin was found to enhance the fluorescence signal of 

the vitrified PCR mixture by 90% (Yu et al. 2015). At an optimised concentration of 1.5% (w/v), BSA 

was therefore added as a fluorescent signal protectant and served as an additional bulking agent 

to preserve the tertiary structure of the amplification enzyme in a glass state. The optimum 

conditions for vitrification were determined as a supplement of 2% trehalose, 0.5% glycerol, 0.01% 

polyethene glycol and 1.5% bovine serum albumin were chosen (Table 5.1).  

After reconstitution of the vitrified master mixes, the amplification reactions were performed in 

triplicates at 0 weeks, 2 weeks, 4 weeks, 6 weeks, 8 weeks, 4 months, 5 months and 6 months. 

Different detection chemistries of FAM and HEX hydrolysis probes and a LAMP assay labelled by 

FAM-intercalating dye were tested over the time course of the experiment. The HEX-labelled assay 

showed no loss in reactivity at any DNA concentration for 6 months (Figure 5.2) and with an increase 

of efficiency at 18% after 6 months of storage. The limit of detection for the HEX-labelled assay 

remained the same after six months at a single copy of the DNA target (Figure 5.2). However, the 

FAM-labelled qPCR master mix exhibited a significant decrease in activity at a lower range of 100-

103 copies after 2-4 months of storage (Figure 5.1). The limit of detection (LOD) changed for FAM-

labelled qPCR from a single copy of the target at a shelf-life of two weeks to 103 copies at a shelf-

life of two months (Figure 5.1). The LOD estimates of FAM-labelled qPCR assay at two months were 

two orders of magnitudes higher than the threshold of detection of the fresh assay. It was found 

that the activity of the LAMP vitrified master mix remained after 6 months, without any drop in 

detection limit over target concentrations tested compared to fresh LAMP assay (Figure 5.3). 
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Therefore, the detection limit of the LAMP assay was found at a single copy after 6 months of 

storage (Figure 5.3). This is in concordance with the results of the vitrified LAMP assay employed 

for the detection of M. tuberculosis bacterium after 2 months of storage (Liu et al. 2018). Similarly, 

vitrifying agent 4 enabled high retention of enzymatic activity of HEX-labelled qPCR and FAM-

labelled LAMP mixes after 6 months of dried storage at room temperature (Figure 5.1-Figure 5.3). 

 

Figure 5.1 Real-time qPCR amplification plots of fully premixed FAM-labelled vitrified assays at 

different storage times. A set of standards containing 100-107 copies of DNA target were amplified 

using A) fresh FAM-labelled qPCR vitrified master mix (the reference), B) 2 weeks old vitrified FAM-

labelled qPCR master mix, C) 4 weeks old vitrified FAM-labelled qPCR master mix, D) 6 weeks old 

vitrified FAM-labelled qPCR master mix, and E) 8 weeks old vitrified FAM-labelled qPCR master mix, 

F) 4 months old vitrified FAM-labelled qPCR master mix, G) 5 months old vitrified FAM-labelled 

qPCR master mix, and H) 6 months old vitrified FAM-labelled qPCR master mix. Each graph panel 

presents standard concentrations in a range, including 107 copies ( ), 106 copies ( ), 105 

copies ( ), 104 copies ( ), 103 copies ( ), 102 copies ( ), 101 copies ( ), 
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100 copies ( )  and negative control ( ). Each data point represents the average of 

triplicate reactions and the coloured areas indicate standard deviation. 

 

 

 

Figure 5.2 qPCR amplification data of fully pre-mixed HEX-labelled vitrified assay after storage at 

ambient temperatures. The fluorescence signals were measured upon amplifying a 10-fold dilution 

of standards containing 100-107 copies of DNA target using A) fresh HEX-labelled qPCR vitrified 

master mix (the reference), B) 2 weeks old vitrified HEX-labelled qPCR master mix, C) 4 weeks old 

vitrified HEX-labelled qPCR master mix, D) 6 weeks old vitrified HEX-labelled qPCR master mix, and 

E) 8 weeks old vitrified HEX-labelled qPCR master mix, F) 4 months old vitrified HEX-labelled qPCR 

master mix, G) 5 months old vitrified HEX-labelled qPCR master mix, and H) 6 months old vitrified 

HEX-labelled qPCR master mix. Each graph panel illustrates standard concentrations within a range, 

including 107 copies ( ), 106 copies ( ), 105 copies ( ), 104 copies ( ), 103 

copies ( ), 102 copies ( ), 101 copies ( ), 100 copies ( )  and negative control 

( ). Each data point represents the average of triplicate reactions and the filled areas indicate 

standard deviation. 



Chapter 5 

163 

 

Figure 5.3 Results of real-time amplification of fully pre-mixed vitrified LAMP reagents stored for 

different durations. A serial dilution of DNA target containing 100-107 copies was amplified using A) 

Fresh vitrified LAMP reagents (the reference), B) 2 weeks vitrified LAMP reagents, C) 4 weeks 

vitrified LAMP reagents, D) 6 weeks vitrified LAMP reagents, E) 8 weeks vitrified LAMP reagents, F) 

4 months vitrified LAMP reagents, G) 5 months vitrified LAMP reagents, and H) 6 months vitrified 

LAMP reagents. In each graph panel, the standard concentrations are demonstrated in a range of 

107 copies ( ), 106 copies ( ), 105 copies ( ), 104 copies ( ), 103 copies 

( ), 102 copies ( ), 101 copies ( ), 100 copies ( )  and negative control 

( ). Each data point denotes the average of triplicate reactions and coloured areas represent 

the standard error of the mean for each set of replicates per dilution. 
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Figure 5.4 Effect of vitrification on the reaction kinetics of qPCRs and isothermal LAMP reactions. 

Standard curves were constructed from serial dilution of target concentrations ranging from 100 to 

107 copies. A) FAM-labelled qPCR vitrified reagents, B) HEX-labelled qPCR vitrified reagents, and C) 

LAMP vitrified reagents. The quantification range of vitrified preserved assays was evaluated over 

a storage period ranging from 2 weeks ( ), 4 weeks ( ), 6 weeks ( ), 8 weeks ( ), 4 

months ( ), 5 months ( ), 6 months ( ) in comparison to a freshly-prepared control assay (

). Each data point shows the average of n = 3 reactions, with error bars representing standard 

deviation. 

The sensitivity of the vitrified assays (relative to freshly prepared wet reagents) was tested using a 

standard curve obtained from 10-fold serial dilution of DNA plasmid target concentration ranging 

from 100 to 107 copies. After six months of storage, the HEX-labelled qPCR and FAM-labelled LAMP 

assays successfully detected their target sequence across the range of concentrations examined 

(100 -107) copy number (Figure 5.4B & Figure 5.4C). Although both assays showed a reduced 

amplification rate (Figure 5.2 & Figure 5.3), they retained the ability to quantify down to a single 

copy following six months of dry storage. However, the time speed for LAMP detection of the single 

copy number decreased gradually from the week 2 storage, corresponding to the decrease of Tt 

from 25 to 41 (Figure 5.4). The delayed detection by vitrified LAMP assay has been previously 

reported (Thapa et al. 2019). These findings reflect the robust stability of qPCR polymerases 

compared to isothermal polymerases after a long time of dry storage.  

There was a significant loss in the activity of FAM-labelled PCR reagents after 6-8 weeks of storage 

and with only the DNA samples containing lower numbers of target sequence copies (103-100 per 

reaction) with null amplification as shown in (Figure 5.2). This observation raised some concerns 

about the possible contamination of the DNA template before addition to vitrified master mixes. 

DNA samples can be prone to degradation or carryover contamination due to repeating freeze-

thaw steps (Aeschbach and Dion 2017). To mitigate contamination risks of PCR standards in the 

downstream experiments, the stock solution of standards was re-quantified and then re-diluted 
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based on fluorometric estimation in a range between 107 and 100 copies/μl. After re-calibration of 

DNA standards, the sensitivity of the vitrified assay improved enabling detection as low as 102 copy 

numbers after 6 months of storage. This result indicates that long-term freezing of DNA plasmid 

standards can introduce the risk of template degradation, which consequently skewed the actual 

detection limit of the reaction. 

 

Figure 5.5 Stability assessment of qPCRs and LAMP amplified products using fully premixed vitrified 

reagents following long-term storage at ambient temperatures. The final fluorescent value 

(Arbitrary unit; A.U.) of vitrified amplicons over the time course of the storage experiment is plotted 

against the concentration of vitrified amplicons (ng/µl). Output measurements for vitrified 

amplicons using three final concentrations of DNA target at 107 copies (High), 104 copies (Medium), 

and a single copy (Low). A) FAM-labelled qPCR reagents, B) HEX-labelled qPCR reagents, and C) 

FAM-labelled LAMP reagents. Error bars denote the calculated standard deviations for the 

biological duplicates. 

The changes in recovered fluorescence signals and concentration of vitrified amplicons upon 6 

months of storage phase are compared to freshly-prepared wet assays in (Figure 5.5). The 

fluorescent signal of FAM-labelled qPCR amplicons dramatically decreased 6 months after drying, 

corresponding to the percentage signal recovered at 74%, 82% and 47% less than the fresh reagents 

from 107, 104 and 100 copies, respectively. The concentrations of FAM-labelled vitrified qPCR 

amplicons plateaued at 3.3 and 2.5 ng/µl after storage of six months for 107 and 104 copies number, 

respectively. Similarly, vitrification caused a reduction in the amount and the fluorescence signal of 

HEX-labelled qPCR amplified products (Figure 5.5B). A lower signal loss was observed at 34%, 30%, 

and 85% for HEX-vitrified reagents at concentrations of 107, 104 and 100 number of copies, 

respectively. Both HEX-amplicons of 104, 100 were 2 ng/µl, and 107 was 10 ng/µl after six months of 

storage. A similar trend was observed for 6-month stored LAMP assays compared with wet LAMP 

master mix at template concentrations of 107 104 and 100 copies with 23.3, 13.9 and 4.3 ng/µl, 

respectively. As shown in (Figure 5.5C), the fluorescence signal gradually decreased at a percent of 

33%, 27% and 21% for 107 and 104 copies number, respectively. However, the detection limit of HEX 

and FAM fluorescently labelled qPCR and LAMP assays remains at a single copy. These findings 
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indicate that fluorescent signal reductions did not impair the quantitative detection of both PCR-

based and isothermal vitrified assays after six months of dry storage.  

Table 5.2 Evaluation of amplification performance as a function of storage time (weeks) using air-

dried master mixes of vitrified qPCR and LAMP assays. 

 

 

 

 

 

 

 

 

Storage for up to six months enhanced the primer efficiency of FAM-labelled qPCR assay from 

87.8±3.1 to 94.6±3.6, with a 7% increase (Table 5.2). In the case of the HEX-labelled qPCR assay, the 

primer efficiency was increased by more than 18% from 88.7±1.2 to 104.9±5.3 upon storage for six 

months (Table 5.2). In another study, storage of vitrified qPCR assay for one year had no impact on 

the efficiency of reactions labelled by HEX and FAM hydrolysis probe (Rombach et al. 2014b). 46% 

decrease in Isothermal Doubling Time (IDT) value was observed for 6-months preserved LAMP assay 

compared to wet LAMP assay from 62.3±8.7 to 33.5±3.2, without any impact on the viability of 

vitrified LAMP reaction mix to detect as few as a single copy of the target. These observations are 

consistent with minimal degradation of HEX fluorophore and FAM intercalating dye of LAMP assay 

during the storage phase as was previously shown in (Figure 5.2 & Figure 5.3). Where vitrification 

supported high retention of enzymatic activity after six months of dried storage at room 

temperature, the off-the-shelf vitrified assays can provide an accurate estimation of target 

sequences. 

5.5. Conclusions  

In this study, a simplified protocol was employed to dry the amplification reaction mixtures and 

store them at ambient temperature. By vitrifying the assay components, the reactivity of the 

reaction remained stable, with reduced fluorescence signals observed over six months. The results 

Storage 
time 

(weeks) 

Primers efficiency %  

FAM-labelled qPCR 
assay 

(n=3) 

Primers efficiency %  

HEX-labelled qPCR 
assay 

(n=3) 

Isothermal Doubling Time 
(IDT)  

FAM-labelled LAMP assay 

 (n=3) 

0 87.84±3.1 88.7±1.2 62.3±8.7 

2 83.1±7.3 99.6±2.4 6.7±1.9 

4 96.5±7.4 90.7±5.3 55.5±15.6 

6 94.4±2.4 94.0±0.3 54.1±3.8 

8 123.4±13.2 93.3±1.3 31.0±3.4 

17 133.5±14.9 91.5±1.9 41.4±2.1 

22 85.2±18.8 91.5±9.1 42.7±5.9 

26 94.6±3.6 104.9±5.3 33.5±3.2 
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suggest that the long-term stability of vitrified assays depended on the detection chemistry of each 

assay. By shortening the steps for assay assembly, the vitrification technique reduced the risks of 

onsite contamination during multiple pipetting steps. Rehydration of the vitrified assays required a 

single pipetting step that would enable a ready-to-use format of nucleic-acid testing, that increases 

the resilience of the supply chain and allows stockpiling of assays for future outbreaks. Vitrified 

assays can overcome some major analytical challenges associated with limited healthcare settings 

by providing fast, cost-effective and simplified detection methods for end users. 
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Chapter 6 LAMPTRON: a lab-on-a-chip system 

integrating DNA purification and loop-mediated 

isothermal amplified quantification of toxic diatom 

Pseudo-nitzschia multistriata 

6.1 Abstract 

Microfluidic technology has enhanced the way nucleic acid testing is performed, by transforming 

the functions of bulky laboratory instruments and labour-intensive measurements into easy-to-use, 

and inexpensive miniaturised systems that offer rapid and sensitive analysis. However, the benefits 

of microfluidic technology in nucleic acid testing are often constrained by the complicated and 

expensive DNA purification prerequisites for downstream diagnostic analysis. To address this 

challenge, a genetic lab-on-a-chip (LOC) platform was developed that integrates a dimethyl 

adipimidate (DMA)-based functionalised silica extraction method with a simple, rapid, and real-

time loop-mediated isothermal amplification (LAMP) for quantitative DNA analysis and 

demonstrate its performance by detecting Pseudo-nitzschia cells. An optimised design of the 

extraction module enabled a maximum capture capacity of DNA at 61.7 ± 1.0 ng/µL on the 

functionalised available surface of silica beads, resulting in a DNA recovery efficiency of 75%, which 

is lower than the commercial extraction kit at 92%. While the DMA-based method reduced the cost 

per sample by 97% compared to a common commercial nucleic acid isolation kit. The subsequent 

on-chip LAMP process was capable of sensitively quantifying a target gene (the dabD gene, coding 

for a component of the domoic acid toxin production pathway in Pseudo-nitzschia spp), in the 

purified DNA sample, resulting in low limits-of-detection of 10 cells/mL. The detection chamber in 

the LAMPTRON system was preloaded with preserved air-dried LAMP reagents with a “shelf-life” 

of five months at ambient conditions, alleviating the need for multiple preparation steps for 

untrained users and allowing storage and transportation of the device without cold chains. There 

was no significant difference in assay performance between the preserved LAMP and freshly 

prepared LAMP mixtures using wet reagents. By integrating microfluidic extraction and 

amplification into the LAMPTRON system, the total analysis time for 10 cells/mL, from sample to 

answer, was achieved within one hour. The favourable long-term stability of assay reagents, , which 

are required for simple, fast, and robust genetic testing, is demonstrated in this chapter. Using cost-

effective extraction methodologies, a compact fluorescence detection system and eliminating the 
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need for thermocycling, this system has the potential for a simple and economical application in 

environmental monitoring and public health, providing a quick and accurate tool for the detection 

of harmful microorganisms. 

6.2 Introduction 

Rapid and accurate genetic testing is critical for the timely diagnosis and treatment of infectious 

diseases, harmful algal blooms, and food and environmental contamination (Li et al. 2023). Nucleic 

acid amplification methods provide several advantages over traditional methods for microorganism 

detection, being both specific and sensitive (Oliveira et al. 2021). Nucleic acid testing (NAT) allows 

for the detection and quantification of genetic markers, providing insight into the severity of an 

outbreak (Gao et al. 2022). The polymerase chain reaction (PCR) is the gold standard method for 

the detection of microorganisms, and it has been validated for the toxigenic diatom Pseudo-

nitzschia species (Kim et al. 2017, Pugliese et al. 2017). Pseudo-nitzschia cells produce the potent 

neurotoxin domoic acid, which can enter marine food webs and lead to mass mortalities in marine 

wildlife, posing a risk to human health (Bates et al. 2018). Recent research has identified the dabD 

gene, which encodes the cytochrome P450 protein performing specific oxidation reactions in the 

domoic acid biosynthetic pathway (Brunson et al. 2018). Harmful algal blooms (HAB) of Pseudo-

nitzschia have resulted in significant economic losses due to the closure of fishing and tourism 

regions (Berdalet et al. 2016). Current methods for detecting Pseudo-nitzschia, including 

microscopic and PCR techniques, are typically performed in centralised laboratories after sample 

collection and transport. A portable solution to enable field detection for faster response would be 

especially impactful in remote coastlines, developing countries and outbreak regions (Lelong et al. 

2012). 

Microfluidic technology provides an alternative approach to simplify and miniaturise complex 

laboratory procedures for molecular detection, allowing an automated testing workflow with short 

turnaround times in a small, single-lab-bench footprint (Pattanayak et al. 2021). The microfluidic 

platform provides critical information for rapid response to HAB outbreaks and management of 

threats to aquaculture and human health. In addition, the use of isothermal amplification methods, 

such as loop-mediated amplification (LAMP) (Notomi et al. 2000), recombinase polymerase 

amplification (RPA) (Piepenburg et al. 2006), nucleic acid sequence-based amplification (NASBA) 

(Compton 1991), helicase-dependent amplification (HDA) (Vincent et al. 2004), rolling circle 

amplification (RCA) (Lizardi et al. 1998), and strand displacement amplification (Shuler et al. 2012); 

(Walker et al. 1992), allows for molecular detection without the requirement of thermal cycling. 
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The LAMP technique is a widely used and established isothermal amplification method that 

operates at a single temperature of 65°C, allowing for flexible amplification product detection 

strategies using various chemistries at the endpoint of the reaction (Soroka et al. 2021). This greater 

flexibility in detection strategies compared to other isothermal techniques makes it suitable for 

simpler microfluidic installations and minimises maintenance needs. LAMP has shown potential for 

fast, accurate, and reliable quantification of various pathogens such as harmful algal blooms (Zhang 

et al. 2012, Huang et al. 2017a), viruses (Nakauchi et al. 2014, Wang et al. 2016, Huang et al. 2020, 

Tang et al. 2022), and bacterial pathogens (Wu et al. 2018, Zhan et al. 2019). However, no previous 

microfluidic devices have been applied to the DNA extraction or LAMP detection of Pseudo-

nitzschia cells.  

Preserving molecular assays on 'lab-on-a-chip' (LOC) platforms is important to maintain the stability 

and applicability of genetic testing in limited-resource areas (Sun et al. 2013, Lafleur et al. 2016, 

Phillips et al. 2019). Vitrification technology enables low-cost, fast, and stable preservation of 

reagents for the detection of nucleic acids, which is a significant improvement compared to 

evaporative storage techniques such as lyophilisation and gelification (Hayashida et al. 2015, Loukas 

et al. 2017, Hayashida et al. 2019, Phillips et al. 2019). Vitrified assays address the problems 

associated with prolonged lyophilisation procedures, refrigeration, centralised vacuum 

instruments, and proprietary licensed stabilising additives, which can limit broad-scale nucleic acid 

testing (Rombach et al. 2014b, Yu et al. 2015, Liu et al. 2018, Chen et al. 2020). 

In this study, a microfluidic system "LAMPTRON" was designed” which combines both DMA silica-

based DNA extraction and real-time LAMP amplification for the sensitive detection of toxigenic P. 

multistriata across a concentration range of 10–105 cells/mL. The vitrification technique was 

employed to maintain the stability of LAMP assay components of P. multistriata for up to five 

months, allowing for the storage and transport of LAMP reagents at ambient temperatures. The 

sample-to-sample variability of the LAMPTRON system was also assessed on the quantification of 

P. multistriata cells using fresh and vitrified LAMP assays. The goal of simplifying the operation for 

end-users was pursued by conducting on-chip vitrified LAMP reactions in a single step, thereby 

eliminating the requirement for multiple preparation steps and expensive equipment.  
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6.3 Experimental  

6.3.1 Principle of the LAMPTRON microfluidic system   

DNA detection from seawater involves cell concentration (optional but often required), cell lysis, 

DNA purification, amplification and ‘analysis,’ most often optical detection of amplified gene 

targets. The LAMPTRON prototype employs a combination of chemical cell lysis, DMA-based 

extraction techniques to purify DNA, and isothermal nucleic acid amplification (LAMP) to detect the 

target gene from P. multistriata cells that were achieved within approximately 49 min (Figure 6.1A, 

right). Cells were suspended in a lysis buffer and DMA mixture for the subsequent purification 

procedures which involved using amine-functionalised silica beads with dimethyl adipimidate 

(DMA) for capturing DNA. The methodology of using functionalised silica substrates for DNA 

extraction has been previously described (Shin et al. 2015, Han et al. 2016, Jin et al. 2017, Yoon et 

al. 2018, Jang et al. 2019). Previous studies have shown that functionalised silica substrates are 

effective for DNA extraction by hydrolysing the H-bonded silanol groups of the silica surface using 

ozone treatment with APTES solution, resulting in a hydrophilic surface enriched with positive 

charged amine-reactive groups that bind to negatively charged DNA molecules (Shin et al. 2015, 

Jang et al. 2019). The DMA chemical structure contains bifunctional imidoester groups, which 

enable the capture of DNA by both electrostatic interaction and covalent bonding (Jin et al. 2017, 

Yoon et al. 2018). The amidine bonds between imidoester groups of the DMA and the amine group 

of DNA molecules are pH-dependent, making it possible to capture and release DNA by altering the 

pH. The optimum pH for binding DNA and RNA molecules occurs at a pH of approximately 8 while 

releasing molecules requires a high pH (>10) (Shin et al. 2015, Yoon et al. 2018). The DMA protocol 

was implemented on a microfluidic chip. Phosphate-buffered saline (PBS) was adjusted to a pH of 

approximately 8 and used to maintain the binding of DNA molecules and wash cellular debris, non-

specific and unbound molecules (Jin et al. 2017, Yoon et al. 2018). 10 mM sodium bicarbonate (pH 

10.6) was used as an elution buffer to release DNA by breaking the interaction between the 

DNA/DMA complex and the amine-functionalised silica surface in the system (Shin et al. 2015, Jang 
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et al. 2019). The eluted DNA from cells was used for genetic analysis using a real-time LAMP 

amplification reaction (Figure 6.1). 

Figure 6.1 Schematic representation of the lab-on-a-chip system for rapid and simple DNA isolation 

using the DMA-based DNA extraction method on silica beads, followed by real-time LAMP analysis. 

(A) Surface treatment of silica beads with APTES: (1) substrate hydroxylation by UV ozone treatment 

for 10 min, (2) APTES solution hydrolyses the exposed silanol groups on silica substrate by liquid 

deposition at 65 °C for 1h, (3) Adsorption of the negatively charged DNA molecule on the positively 

charged amine-modified silica surface. (B) Schematic process of DMA-based extraction of DNA 

sample. The chemical lysis of cells was carried out off-chip, and the resulting cell lysate was injected 

onto a chip with DMA as a binding agent, where the DNA binds to the amine-modified silica beads. 

Non-specific molecules are removed by washing and elution. Amplification of DNA occurs on the 

chip with the LAMP reagents, while no amplification occurs on the chip with the negative controls. 

(C) Chemical structure of DMA. 

6.3.2 Design and fabrication of the LAMPTRON system 

The LAMPTRON system is comprised of two functional components. The first component is a DNA 

extraction module, which consists of a circular microfluidic chip (Ø = 119 mm) manufactured from 

two-layer dark polymethyl methacrylate (PMMA) with precision-milled microchannels using Datron 

Neo milling machine (DATRON Dynamics, Inc., Milford, England). A solvent bonding method was 

used to ensure the strong sealing of microchannels and minimal deformation of other microfluidic 

components (Ogilvie et al. 2010). The microfluidic chip was designed using AutoCAD™ and Fusion 

360 (Autodesk, Inc., San Rafael, CA) to form a network of microfluidic channels (approximately 950 
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μm wide × 950 μm deep) and two reservoirs (approximately 246 μL volume for the extraction 

microchamber and approximately 65 μL volume for the detection microchamber). Fluid control is 

achieved using five micro-inert solenoid valves (LFNA1250325H, The Lee Company, Connecticut, 

U.S.A.) mounted directly onto the chip. A custom-designed syringe pump unit is employed for 

pumping, comprising four glass barrels: one each for sample/lysis buffer mixture, first washing 

buffer, second washing buffer, and elution buffer (Figure 6.2). The fluid flow to and from each barrel 

is controlled by two solenoid valves through an isolated fluidic circuit, enabling them to function as 

individually addressable pumps (Figure 6.2A). Perfluoro-elastomer moving seals (Polymax Ltd., UK) 

are fixed on the pump plungers on a stainless-steel shaft. All pump plungers are mechanically linked 

to operate simultaneously and are driven by a size 11 torque stepper motor (Haydon Kirk, U.S.A.). 

Magnetic field sensors “hall effect” are incorporated into the pumping system that provide the 

pump with positional feedback. Sample and reagent solutions are pumped into the system from 50 

mL conical tubes (Falcon™) via tubing (poly(tetrafluoroethylene) (PTFE), 1.6 mm OD × 0.5 mm ID) 

mounted on the outside layer of the chip via 1/4 in.-28 fluidic fitting (LT-115X, IDEX Health and 

Science LLC, Washington, U.S.A.). A fluid storage bag (Flexboy, Sartorious) is hung behind the 

system to collect waste (Figure 6.2). Fluidic control is automated using a 32-bit microcontroller-

based electronics package with 16-bit analogue-to-digital inputs, which can stream raw data (1 Hz) 

over USB and store it on an 8 GB flash memory card, as previously described (Beaton et al. 2012). 

The second component of the LAMPTRON system was designed to conduct the LAMP amplification 

reaction and record resulting fluorescence measurements. To maintain the on-chip LAMP reaction 

temperature, a Peltier thermoelectric heater (ET-127-08-15, Adaptive JUNIOR Temperature 

Controller, European Thermodynamics LTD, Leicestershire, UK) was installed above the reaction 

microchamber. Temperature feedback control was achieved in real-time using a thermoelectric 

cooler controller (ADJ-48-450-UR, Adaptive JUNIOR Temperature Controller, European 

Thermodynamics LTD, Leicestershire, UK). A FluoSens integrated fluorescence detector (QIAGEN 

GmbH, Hilden, Germany) was mounted beneath the reaction chamber to measure fluorescence 

emission during the LAMP reaction. To improve the platform's optical performance and prevent 

external light from interfering with optical measurements, dark PMMA sheets were utilised to 

absorb stray light emitted by the light-emitting diodes (LEDs) (Floquet et al. 2011). The distance 

between the detector light output and reaction microchamber was optimised to 7 mm for all LAMP 

reactions. The fluorescence signals were sampled through an excitation wavelength of 465 nm and 
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a detection wavelength of 510 nm. The fluorescence data were streamed in real-time to a laptop 

connected via a USB interface (Figure 6.2). 

Figure 6.2 LAMPTRON system: A Lab-on-Chip analyser combines sample processing and LAMP-

enabled analysis of extracted DNA samples. A) Fluidic diagram shows the components that control 

the microfluidic working flow. B) Exploded schematic of the microfluidic chip (119 mm in diameter) 

showing the PMMA layers of the system. C) Assembled LOC system that integrates microfluidic, 

mechanical, electronic, electronic, and optical components that support automated DNA isolation 

and result interpretation. D) Oblique view of the extraction microchamber (depth= 3 mm) packed 

with silica beads. 

6.3.3 Preparation of amine-functionalised silica beads 

Silica beads with a diameter of 710 μm were purchased from Sigma-Aldrich, UK and were 

autoclaved prior to use. To activate silanol groups on the surface of beads, the silica beads were 



Chapter 6 

176 

 

treated with oxygen plasma for 10 min under 70 sccm of O2 flow rate using a plasma system (Diener 

electronic GmbH & Co. KG, Ebhausen, Germany). The beads were then immersed in a 2% H2O 

solution of 3-aminopropyltriethoxysilane (APTES, Sigma-Aldrich) for 60 minutes at 65°C, followed 

by washing with deionised water and drying under a nitrogen stream. The APTES-treated beads 

were stored in safe-lock tubes (Eppendorf, UK) at room temperature until use. The treated silica 

beads were packed into the extraction chamber from the exposed top side of the chip, which was 

designed with 150-μm-diameter access microchannels etched from both sides of the extraction 

chamber to trap the silica beads. The extraction chamber was sealed with PCR-compatible sealing 

tape for stable packing of the beads, and to enable the beads' convenient replacement, thus 

allowing reuse of the LAMPTRON. Glass fibre membranes (GF/F grade, Whatman™ GE Healthcare 

Life Sciences, Leicestershire, UK) were cut to pattern the layout of the extraction chamber using a 

CO2 based laser-cutting machine (Speedy 100 Laser Cutter, Trotec Laser GmbH, Boldon, UK), and 

then treated with ozone and APTES solution as described above.  

A preliminary trial was conducted to investigate an alternative silica substrate for DNA capture. 

The treated glass fibre membranes were loaded into the extraction reservoir to compare their 

efficiency in DNA purification with the silica beads. The findings of this experiment are detailed 

and discussed in Appendix E, section E1. 

6.3.4 Culture conditions and preparation of cell standards 

Pseudo-nitzschia multistriata SZN-B954 was obtained from the culture collection at Stazione 

Zoologica Anton Dohrn institute (SZN), Italy. The strain was cultured in a sterile filtered f/2 growth 

medium at 18°C, under a 12-hour light: dark photoperiod (Guillard 1983). Enumeration of cells was 

carried out using a light microscope (Carl Zeiss, Oberkochen, Germany) and a Beckman Coulter with 

a glass Sedgwick-Rafter cell counting slide (PYSER-SGI, Kent, UK). To obtain triplicates of standard 

concentrations, P. multistriata cells were serially diluted to obtain the concentrations of 1.07x101, 

1.3x102, 1.3x103, 2.3x104, 1.6x105 cells/mL in 10 mL of sterile filtered f/2 medium. Known numbers 

of cells were harvested by centrifugation at 7,100 rpm for 3 minutes at 4°C to obtain cell pellets in 

approximately ~200 µl supernatant and stored at -80°C until further processing. 

6.3.5 On-chip DNA isolation using DMA-based extraction on silica beads 

The microfluidic chip-based DNA extraction process for the current study involves four main steps: 

sample mixing, DNA binding, washing, and elution, as illustrated in Figure 6.1. All solutions used for 

DNA extraction were prepared in ultrapure DEPC-treated water (Thermo Fisher Scientific, UK). Cells 
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were pelleted by centrifugation at 7,100 rpm for 3 min, and the culture medium was discarded. To 

initiate the on-chip DMA-based DNA extraction protocol, the cell pellets were thawed and mixed 

with an equivalent volume of DMA lysis buffer (1:1). The DMA lysis buffer contains 100 mM Tris-

HCl (pH 8.0) (SERVA, Germany), 10 mM ethylenediaminetetraacetic acid (EDTA) (Invitrogen, UK), 

1% sodium dodecyl sulfate (SDS) (Sigma-Aldrich, UK), and 10% Triton X-100 (Sigma-Aldrich, UK), 0.1 

mg/mL Proteinase K enzyme (Qiagen, Germany), and 100 mg/mL dimethyl adipimidate (DMA) 

agent (Alfa Aesar, UK). The cell lysate in DMA solution was loaded into the microfluidic chip at a 

flow rate of 350 µL/min and then incubated for 5 min at room temperature in the extraction 

microchamber to increase the binding of released DNA to the silica beads. Silica beads were washed 

twice with 0.01 M PBS (Sigma-Aldrich) as washing buffer 1, and with 0.1M trisodium citrate (Alfa 

Aesar, UK) in a 10% ethanol solution as washing buffer 2 (Figure 6.2). The washing buffers were 

added to the extraction microchamber at a flow rate of 250 µL/min and incubated for 5 minutes. 

Finally, an elution buffer consisting of 10 mM sodium bicarbonate (pH 10.6) (Sigma-Aldrich, UK) was 

added at a flow rate of 150 µL/min through the silica beads, and the mixture was incubated for 3 

min to recover the DNA sample. The DNA samples collected from the platform were evaluated for 

integrity by assessing their concentration and purity using a NanoDrop 2000 (Thermo Fisher 

Scientific, Waltham, MA) and Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA). A 

commercial kit (DNeasy Mini Kit, Qiagen) was used as a positive control, following the 

manufacturer's protocols, to extract DNA from the same cell sample. 

To prevent any potential carryover of extraction between samples, a series of clean-up procedures 

were employed. These involved replacing the silica beads with freshly treated ones before each 

extraction, ensuring the removal of any bound debris, proteins, or other potential LAMP inhibitors. 

Subsequently, 80% ethanol (v/v) solution, DNA away solution (Thermo Fisher Scientific, UK), and 

1% w/v bovine serum albumin (BSA) (Sigma Aldrich, UK) in ultrapure nuclease-free water 

(Invitrogen, UK) were loaded into the chip using a 10 mL Luer slip syringe (BD Plastipak, UK). To 

completely dry the cleaned chip, it was dried in a convection oven (Heraeus, Thermo fisher 

scientific, UK) at 45°C for 1 h.  

Several modification steps to the DMA-based DNA purification protocol were assessed using a 

microfluidic device and APTES-treated silica beads. The following modifications were made: (i) 

optimisation of the volume of cells and DMA lysis buffer with input ratios of 1:1 and 1:2; (ii) testing 

of two washing buffers, 0.1 M trisodium citrate in 10% ethanol and 0.01 M PBS buffer; and (iii) 

evaluation of the impact of elution step detention times of 3 and 10 min on DNA yield and quality. 

Across these modifications, the methods described above were optimised for a DMA-based DNA 
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purification procedure employing the APTES-treated silica beads on the microfluidic LAMPTRON 

system.  

6.3.6 LAMP assay operation 

The LAMP primers utilised in this study were designed using PrimerExplorer™ V5 software (Eiken 

Chemical Co., Ltd., Tokyo, Japan), with additional support from Geneious R11 Bioinformatics 

Software (Biomatters Ltd, Auckland, NZ). The LAMP assay targeted a 222 bp region of the 

cytochrome P450 dabD gene, which is involved in the biosynthesis of the neurotoxin domoic acid 

in Pseudo-nitzschia species (Brunson et al. 2018, Hardardottir et al. 2019). The development of the 

LAMP assay is described in the Chapter 4, section 4.3.3. The LAMP amplification primers were 

synthesised by Integrated DNA technologies (IDT, Leuven, Belgium) and are listed in Table 6.1.  

Table 6.1 Sequences of LAMP primers. 

 

 

 

 

 

The fresh LAMP reaction was prepared using 1X Warm Start LAMP master mix (New England 

Biolabs, Hitchin, Hertfordshire, UK), 1X LAMP fluorescent intercalating dye (New England Biolabs, 

Hitchin, Hertfordshire, UK), 1.6 µM of FIB/BIP primers, 0.2 µM of F3/B3 primers, 0.8 µM of Loop 

primers LP/LF, 6 µL DNA template, and nuclease-free water (Invitrogen) to make a 50 μL reaction 

mixture. The vitrified LAMP mixture was prepared in a similar way to the fresh reaction, but the 

nuclease-free water was substituted with a solution containing 2% (w/v) Trehalose (Acros Organics, 

Belgium), 0.5% (w/v) Glycerol (Sigma-Aldrich, UK), 0.01% (w/v) Polyoxyethylene glycol (PEG) 

(Sigma-Aldrich, UK), and 1.5% (w/v) Bovine Serum Albumin (Thermo Fisher Scientific, UK). 

To prepare vitrified LAMP reaction mixtures, an air pump (M361-C; Charles Austen Pumps LTD, 

Surrey, England, UK) was used to air dry the reaction mixture with a continuous airflow of 0. 5 m/s 

for 45 minutes in a sterile biosafety cabinet. Fresh and preserved LAMP reaction replicates were 

both prepared off-chip in clean 0.2 mL non-transparent tube strips (Roche Molecular Systems Inc, 

UK). The freshly prepared LAMP reactions were used on the same day, whereas the tubes 

Primer name Sequence (5’ --- 3’) 

LAMP-F3 
 

CGGAAAACACCATGCCCAA 

LAMP-B3 TCTCGTTCGGGTACAGCA 

LAMP-FIP GGCCAGAACCTTTCGTCTCTGTCAAGGGTGATTCGGGGAATG 

LAMP-BIP AATCCCGACACTTTCGATCCCGTCGAAGCCCTTCCAGTCTG 

LAMP-LB GGTTCACCCGACCCTACAAGA 

LAMP-LF ATATTGTACAAGGGCAAAAAGATGT 
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containing vitrified LAMP reagents were stored at room temperature for up to five months in 

Aluminium film bags filled with MiniPax® Silica Gel Desiccant Sachet (Sigma-Aldrich, UK) before use. 

Vitrified preserved LAMP reagents were reconstituted by adding 5 mM dNTPs (New England 

Biolabs, Hitchin, Hertfordshire, UK) before being mix-pipetted with DNA sample extracted on-chip 

using the DMA-based method, resulting in a final reaction volume of approximately 50 µl. The 

reaction microchamber was then sealed with sealing tape (Applied biosystems, UK) and the mixture 

was subsequently incubated for 49 min at 65 °C using the heating element fixed above the 

amplification chamber. Negative controls were triplicated throughout the on-chip DMA protocol 

and then analysed by both fresh and pre-stored LAMP reactions (negative control is no template 

control where the DNA template is replaced by nuclease-free water). A compact detector (FluoSens 

integrated, QIAGEN GmbH, Hilden, Germany) was employed to measure the real-time LAMP 

fluorescence signals for amplified DNAs from triplicates of each cell standard concentration 

extracted using an on-chip DMA-based method. In total, 21 runs were performed on the 

LAMPTRON platform to evaluate the reproducibility of DNA analysis extracted from a tenfold serial 

dilution of P. multistriata cells ranging from 10 –105 cells/mL in tandem with the negative controls. 

DNA templates from triplicate samples of known cell concentrations were analysed by LAMP, and 

repeated in triplicates using both fresh and preserved vitrified LAMP reagents. Raw fluorescence 

intensities were extracted from time points over 49 min of all LAMP reactions and normalised by 

the average baseline fluorescence of the first ten cycles for each amplification reaction (Hardinge 

and Murray 2019). The Time to threshold (Tt) value of the LAMP reaction was determined as the 

time at which the fluorescence signal crosses the threshold fluorescence value (Diego et al. 2019). 

The LAMPTRON chip was cleaned between runs as described in the above section 6.3.5 to eliminate 

any potential effect from sample-to-sample carryover. 

6.4 Results and discussion 

6.4.1 Working process of the LAMPTRON LOC system 

The LAMPTRON system merged two fundamental functions: (1) DNA extraction and (2) real-time 

LAMP amplification. The sample-to-answer workflow of this LAMP detection device was enabled 

by the microfluidic flow that was driven by a custom electronics package equipped with eight 16-

bit ADC controller, a stepper motor driver for the syringe pump, hold circuits for the valve solenoids, 

a heater, a temperature sensor, and a real-time fluorescence detector (Figure 6.2). First, P. 

multistriata cells were processed off-chip by centrifugation to remove the liquid medium and mixed 

with a lysis buffer containing DMA reagent. The premixed solution of the sample and DMA was then 
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introduced onto the LAMPTRON platform, which was preloaded with silica beads that were pre-

activated with amine-reactive groups on their surface to electrostatically capture DNA-DMA 

reagent complexes. DMA reagent has previously been used as an amino-reactive cross-linking agent 

(Shin et al. 2015, Jang et al. 2019). The homobifunctional imidoesters (HIs) such as dimethyl 

adipimidate (DMA) provide a dual binding mechanism via (1) the bi-functional imidoester groups of 

DMA that directly bind with negatively charged DNA by electrostatic capture, and (2) DMA reagent 

forms with the amine groups of treated silica substrate that generates more positively charged 

amidine bonds that extensively attract negatively charged DNA (Shin et al. 2015). In this study, the 

DMA reagent was coupled with silica beads to increase the surface area available for amine 

functionalisation to enrich the amidine bonds between DMA and DNA molecules. Relatively large 

beads were also incorporated  (diameter 710 μm) to avoid handling-related issues related to 

trapping and controlling the movement of smaller microbeads. The use of nano and microbeads 

can pose significant handling challenges in DNA microfluidic extraction systems, which can 

eventually affect extraction performance (Wen et al. 2008). DNA was captured on bead-treated 

silica surfaces at pH 8, while the lysate solution flowed into the extraction microchamber and 

incubated for 10 min at room temperature. Cell debris such as proteins, lipids, and polysaccharides 

were removed via sequential washing for 10 min. Subsequently, increasing pH to (>pH 10) reverses 

the crosslinking bonds in 3 min and allows the release of DNA eluted with sodium bicarbonate 

buffer. 

In order to optimise the functionality of the LAMPTRON chip, various channel dimensions and 

microchamber geometries were evaluated to ensure laminar fluid flow. To do this, COMSOL 

Multiphysics 5.5 software was employed to simulate fluid flow in a 3D geometrical model of an 

extraction microchamber packed with silica beads. Initially, The potential challenge of bead slurry 

aggregation in microchannels, which could block fluid flow and delay reagent flushing during the 

extraction process, was investigated (Zhong et al. 2007). Simulation results demonstrated that the 

beads-packed reservoir remained structurally stable, and steady laminar flow was observed under 

current microchannel dimensions and operating conditions, as summarised in sections 6.3.1 and 

6.3.5 (Figure 6.3). The resulting Reynolds number (Re) was below the threshold of 2300, allowing 

for steady laminar flow through the beads-packed microchamber (Benz et al. 2001). Another 

functional limitation was the resistance to the fluid flow caused by packed glass beads into 

microchannels, which could resist the fluid flow and lead to backpressure, as demonstrated in 

similar beads-based systems (Oleschuk et al. 2000, Wolfe et al. 2002). This backflow could lead to 

a carryover of extraction reagents, inhibiting amplification reactions and impeding the automated 

DNA extraction process (Reinholt and Baeumner 2014). Figure 6.3. demonstrated a steady velocity 
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field that maintained the concentration profile through beads immobilised on the bed of the 

extraction chamber to ensure high DNA binding. Fluid retention was also sustained using a pair of 

solenoid valves mounted at the entry and exit port of the detection microchamber to stop any 

backflow that could contaminate and inhibit the LAMP reaction. By switching the flow via these 

valves, the eluted DNA was titrated to rehydrate the vitrified LAMP reagents that were manually 

loaded into the detection chamber. LAMP products were detected via a small and compact 

fluorescence unit aligned directly beneath the reaction microchamber. The use of a miniaturised 

and compact fluorescence unit provided the advantages of less complexity, cost savings, and quick 

assembly in an orderly manner at the functional interface of the LAMPTRON prototype. As a result, 

the on-chip DNA extraction protocol and LAMP detection can be adapted into a semi-automated 

workflow. 

Figure 6.3 Simulation results of velocity and concentration distribution show the transport of fluid 

at an average flow velocity of 0.03 m s-1 through the y-z slices (A) and the x-y plane concentration 

surface (B) of the microfluidic extraction chamber packed with silica beads.   

6.4.2 Optimisation of the LAMPTRON DNA purification module  

Five variations of the DMA-based extraction method were quantified using replicates harvested 

from the same P. multistriata cell number at 32,080 ± 240.5 cells/mL against a reference control 

labelled as DMA: Sample (2:1) (Figure 6.4). The modified protocol using a 1:1 DMA: Sample input 

ratio resulted in the highest extraction efficiency, with a DNA yield of 43.7 ± 0.7 ng/µL and an 

absorption ratio of 260/280 of 1.5 ± 0.02 (Figure 6.4A). DNA samples are prone to contamination 

during handling, which can lead to decreased yield and a reduced 230/280 ratio below 2 (Wang 

2012). To prevent sample carryover contamination, washing was employed using 0.1 M trisodium 

citrate and 0.01 M PBS. Multiple washing steps using 0.1 M trisodium citrate allowed for higher 
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DNA recovery, with a concentration of 38.5 ± 1.4 ng/µL and a 230/280 ratio of 1.6 ± 0.1, compared 

to 0.01 M PBS washing buffer, which yielded a DNA concentration of 31.1 ± 0.1 ng/µL and a 230/280 

ratio of 1.2 ± 0.06 (Figure 6.4). The duration of the elution process can have a substantial effect on 

the yield of DNA extracted (Ali et al. 2017b). Therefore, the impact of elution times ranging from 3 

to 10 minutes on DNA recovery was examined. A 3-minute detention time with 10 mM sodium 

bicarbonate (pH 10.6) elution buffer resulted in a DNA yield of 35.8 ± 0.4 ng/µL with a purity ratio 

of 1.7 ± 0.03. In contrast, a 10-minute detention time did not improve the quality of the eluted DNA 

samples, resulting in a concentration of 28.6 ± 0.5 ng/µL and a purity ratio of 1.3 ± 0.04 (230/280). 

Based on these results, a combination of three protocol modifications that improved DNA recovery 

was selected for further experiments using the on-chip DNA extraction module. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 Assessment of DNA integrity resulting from experimental extraction protocols as 

determined by DNA concentration and absorbance ratios of 260/280 (A), and capacity for DNA 

purification at different sample concentrations, revealing the DNA-beads binding capacity at 61.7 ± 

1.0 ng/µL (yellow). (B). Error bars denote the standard deviation of mean values between triplicate 

samples of the same P. multistriata culture. 

To assess the performance of an optimised protocol, the LAMPTRON extraction module was utilised 

to process P. multistriata samples with cell concentrations ranging from 1.0 x 106 to 1.1 x102 

cells/mL, following the extraction protocol described in section 6.3.5. The DNA yield for the lowest 

cell concentration was 18.0 ± 0.8 ng/µL. Results showed that DNA yield was no longer significantly 

increased when processing 4.4 x105 and 1.0 x 106 cells/mL. Previous studies have suggested that 

DNA efficiency is dependent on beads capacity and cell loading to the extraction microfluidic system 

(Price et al. 2009). The maximum DNA binding capacity of LAMPTRON was experimentally 

measured at an average of 61.7 ± 1.0 ng/µL when extracting DNA from cells at concentrations 

ranging from 1.0 x 106 to 1.2 x105 cells/mL. Results suggested that the available space on the surface 
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of APTES-treated beads was saturated with cell numbers above the range of 4.4 x105 to 1.0 x 106 

cells/mL, limiting any additional DNA binding above the threshold of 61.7 ± 1.0 ng/µL. The DNA 

capture efficiency between silica beads and glass fiber membrane was compared , which both 

received the same APTES treatment. The results indicated that silica beads led to higher DNA 

extraction efficiency than silica membranes, regardless of the sample source (Appendix E, Figure 

E1). As a result, I proposed that increasing the size of the extraction microchamber may enhance 

the loading capacity of silica beads and eventually improve DNA recovery beyond the current 

capacity of the LAMPTRON system. Alternatively, enhancement of DNA binding can be achieved by 

decreasing the size of silica beads and therefore increasing the surface area to volume ratio (Price 

et al. 2009).  However, technical limitations have been reported upon the incorporation of nano-

micro silica beads into a microfluidic system (Kebede et al. 2022).  

To confirm the functionality of the LAMPTRON, the DNA eluents were quantified of Pseudo-

nitzschia and Alexandrium cells using a silica-based extraction method with real-time PCR 

downstream analysis (Appendix E, section E2). Downstream qPCR analysis revealed no significant 

amplification inhibition from LAMPTRON DNA samples compared to the standard on-column 

commercial method (Qiagen), as shown by the comparison of cycle threshold (Ct) values in Figure 

E3, Appendix E). Based on the above data, an optimal DMA-based DNA purification protocol was 

identified and performed in subsequent experiments involving the APTES-treated silica beads, 1:1 

DMA and sample input ratio, 0.1M trisodium citrate washing buffer, and 3-min elution step as 

described in section 6.3.5. 

6.4.3 Evaluation of quantitative LAMP detection on the LOC system  

The performance of the LAMPTRON system in detecting and quantifying P. multistriata cells was 

assessed using on-chip DMA-based extractions for DNA templates that underwent LAMP analysis. 

Based on DNA binding capacity results (Figure 6.4), LAMPTRON was loaded with known cell 

numbers of the P. multistriata SZN-B954 strain ranging in concentration from 105 to 101 cells/mL. 

The LAMP results suggested that the reuse of the extraction module of LAMPTRON produced DNA 

of sufficient yield and quality across independent LAMPTRON runs, suggesting minimum run-to-run 

variability, as shown in (Figure 6.5 (fresh reagents) and Figure 6.6 (preserved and stored reagents)). 
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Figure 6.5 Fluorescence real-time detection of P. multistriata cell standards using freshly prepared 

LAMP reagents (A). Samples were analysed on the LAMPTRON system in triplicates for each 

concentration as represented by coloured datapoints; (black; 1.6x105 cells/mL, red; 2.3x104 

cells/mL, blue; 1.3x103 cells; green; 1.3x102, purple; 1.1x101 cells/mL; brown; non-template control 

(NTC). The LAMP reaction achieved a detection threshold of 1.1x101 cells/mL (n=3). Error bars are 

represented as coloured filled area mean ± SD (n = 3 independent experiments). B) Gel 

electrophoresis data of the fluorescent LAMP products produced from the reactions in panel A, 

confirming the size of the LAMP amplicon at 222 bp. Lane L: DNA ladder (50 bp), lanes 1, 2, and 3 

are replicates of 1.6x105 cells/mL amplicons, lanes 4, 5, and 6 are replicates of 2.3x104 cells/mL 

amplicons, lanes 7, 8, and 9 are replicates of 1.3x103 cells/mL amplicons, lanes 10, 11, and 12 are 

replicates of 1.3x102 cells/mL amplicons, lanes 13, 14, and 15 are replicates of 1.1x101 cells/mL 

amplicons, lanes 16, 17, and 18 are replicates of non-template control (NTC).  

A stepwise decrease in Tt value was observed when increasing cell number from 105 to 10 cells/mL, 

likely due to the relatively high abundance of nucleic acid recovered from high cell number 

compared to the lower cell number (Figure 6.5 & Figure 6.6). In accordance with these results, an 

improvement in DNA recovery was observed  with increased input of cells into the DMA-based 

extraction module (Figure 6.4B). The high yield of isolated DNA in the system enables reliable 

quantitative LAMP analysis of P. multistriata cells. LAMP standard curves were used to show the Tt 

value as a function of cell number in each reaction in log scale (Figure 6.7), which demonstrated a 

good linear relationship between Tt and known cell numbers in both fresh and preserved LAMP 
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methods, indicating diagnostic abilities of the current LOC system for detection and quantification 

of Pseudo-nitzschia cells. Target-specific amplification was successfully demonstrated by the 

device, as shown in the gel electrophoresis results (Figure 6.5B & Figure 6.6B). Furthermore, the 

efficiency of LAMP amplification was calculated based on standard curves and the equation of 

isothermal doubling times (IDT = - 0.301 x m), where m represents the slope of the graph of Tt value 

plotted against the amount of target DNA/cells and 0.301 corresponds to a twofold change in 

concentration at 2 (Nixon et al. 2014). Repetitive experiments of fresh and vitrified LAMP reactions 

resulted in primer efficiencies with an average value of 94.0 ± 7.4 and 129.3 ± 16.6, respectively. 

Equations and coefficient of determination (R2) values were derived from log-transformed copies 

number of cells and the mean values of Tt of LAMP reactions plotted on a linear scale (Figure 6.7). 

The fresh and preserved LAMP assays achieved strong correlation coefficients of 1.0 and 1.0, 

respectively, indicating suitable quantitative detection of P. multistriata cells under optimal 

conditions using the LAMPTRON system. 

Figure 6.6 Performance of pre-stored LAMP reaction of five months shelf-life. A) Amplification 

curves of amplified P. multistriata cell standards were represented by (orange; 1.6x105 cells/mL, 

grey; 2.3x104 cells/mL, yellow; 1.3x103 cells; cyan; 1.3x102, dark blue; 1.1x101 cells/mL; purple; non-

template control (NTC). Each data point represents the average of independent triplicate reactions, 

and the coloured areas indicate standard deviation. A limit of detection was determined at approx. 

1.1x101 cells/mL using vitrified LAMP reaction on LAMPTRON system (n=3). B) Gel electrophoresis 

results of the vitrified LAMP products produced from the reactions in panel A. The lanes of 

electrophoretic agarose gel confirmed the specificity of LAMP amplicon at a size of 222 bp. Lane L 
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represents DNA ladder (50 bp), lanes 1, 2, and 3 represent replicates of 1.6x105 cells/mL amplicons, 

lanes 4, 5, and 6 represent replicates of 2.3x104 cells/mL amplicons, lanes 7, 8, and 9 represent 

replicates of 1.3x103 cells/mL amplicons, lanes 10, 11, and 12 represent replicates of 1.3x102 

cells/mL amplicons, lanes 13, 14, and 15 represent replicates of 1.1x101 cells/mL amplicons, lanes 

16, 17, and 18 represent replicates of non-template control (NTC). 

 

The long-term stability and robustness of LAMPTRON analysis were tested by preserving LAMP 

assays using an off-chip vitrification method for five months at room temperature prior to use on 

the LAMPTRON system. The existing vitrification methods for preserving LAMP reagents entailed 

adding enzymes and primers at the rehydration step (Hayashida et al. 2015, Hayashida et al. 2019, 

Phillips et al. 2019). In contrast, A new approach was employed in which all LAMP reaction 

components, including enzyme, primers, and reaction buffer, were preserved at room temperature 

for up to five months (Figure 6.6). This protocol simplified the operating of LAMPTRON by 

eliminating the need for additional pipetting steps, reducing the risk of contamination, and making 

the operating procedure more user-friendly for non-specialists. To reconstitute the vitrified LAMP 

assays, DNA templates were added, as described in section 6.3.6. However, preserving LAMP 

reagents can lead to variability in diagnostic performance compared to freshly prepared assays, due 

to the decrease in enzyme reactivity of the reaction reactivity (Diego et al. 2019, Mohan et al. 2021). 

As demonstrated in the LAMP amplification curves (Figure 6.5A & Figure 6.6A), there was a 

performance variability when the fluorescence signals of fresh LAMP amplicons reached saturation 

level at an earlier Tt value than vitrified LAMP amplicons. Specifically, the detection of DNA 

templates extracted from the same sample (105 cells/mL) was delayed by approximately 10 min 

when vitrified LAMP reagents were used. Similarly, the time required for both fresh and vitrified 

LAMP reactions to amplify the lowest cell number varied between 20.2 ± 1.1 and 36.3 ± 1.6 min. 

Such discrepancies in Tt values have been previously reported for both fresh and preserved LAMP 

reagents (Hayashida et al. 2015, Diego et al. 2019, Mohan et al. 2021, Toppings et al. 2021). 

 

The robustness of the LAMPTRON analysis was tested by preserving LAMP assays for an extended 

period. The results revealed that LAMPTRON exhibited relatively stable performance with minimal 

variability in Tt values among replicates of the same preserved LAMP reaction, indicating low 

inhibitory effects from sample-to-sample carryover (Appendix E, Figure E4). The coefficient of 

variation (CV) of LAMP Tt values for triplicate measurements of 1.1 x 101 and 1.6 x 105 cells input 

using freshly prepared LAMP reagents were 0.05 and 0.05, respectively. Similarly, the CV of LAMP 

Tt values for triplicate measurements of 1.1 x 101 and 1.6 x105 cells input using preserved LAMP 

reagents with a shelf life of five months were 0.04 and 0.06, respectively. The detection of 1.1 x 101 
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cells/mL P. multistriata cells took less than 36.3±1.6 minutes (i.e., Tt value) following a sample 

processing time of approximately 25 minutes, resulting in a total analysis time of less than one hour. 

This is three times faster compared to conventional detection methods such as PCR, which takes 

about 1 hour excluding post-amplification analysis, and two hours for standard DNA extraction. 

LAMP assay also provided more sensitive detection of Pseudo-nitzschia cells compared to 

conventional detection methods. For instance, while PCR measurements have quantified Pseudo-

nitzschia cells at 103 per mL (Fitzpatrick et al. 2010), 1.2–8.9 ×107 cells/mL (Penna et al. 2013), 33 

cells/mL (McDonald et al. 2007), most of these measurements rely on post-amplification 

processing, which can prolong the time for an answer and result in complications in interpreting 

data. In contrast, LAMP analysis provided faster detection time, greater simplicity, and sensitivity 

by detecting the amplification of DNA template from 10 cells/mL of P. multistriata only in a 20-

minute assay (Figure 6.5A). The use of LAMP alleviates post-amplification processing, thereby 

providing faster detection time, greater simplicity, and sensitivity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7 Quantification curve of LAMPTRON system for quantifying P. multistriata cells in 

concentrations ranging from 1.6x105 to 1.1x101 cells/mL, as obtained using real-time fresh LAMP 

(black square) and vitrified preserved LAMP (red circle) methods. The data are expressed as the 

mean ± SM (standard error of the mean) of at least 3 independent samples for each standard 

concentration. The insets show slopes, intercepts, and correlation coefficients (R2) of linear 

regression of data for fresh LAMP (represented by the black text below the graph) and vitrified 

preserved reagents (represented by the blue text above the graph).   

The precision of LAMPTRON was evaluated by generating standard curves from LAMP Tt values of 

known cell numbers (Figure 6.7). The limit of quantification (LoQ) was determined using the lowest 

concentration on the standard curve that resulted in positive amplification over multiple LAMP 

amplifications, whereas the limit of detection (LoD) was estimated from the last concentration that 
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produced positive amplification in all replicates (Seo and Yoo 2020). The establishment of the LoD 

was based on a set of real-time LAMP amplification curves (Figure 6.5A & Figure 6.6A), and the last 

positive concentration from the standard curve over repeated LAMP amplification was used to 

estimate the LoQ (Figure 6.7). LAMPTRON was found to have LoD and LoQ below 1.1x10 cells/mL, 

using both fresh and vitrified preserved reactions. Fresh LAMP exhibited the best overall 

performance, detecting 1.1x10 cells/mL (LoD & LOQ) in less than 6 minutes. By increasing the 

reaction time of LAMP over 49 minutes, The limit of detection (LoD) of the on-chip LAMP assay was 

improved to detect low cell numbers at 1.1x10 cells/mL, as previously proposed in (Kaur et al. 2019). 

The quality of the DNA template is critical for determining LAMP reaction kinetics and may 

adversely affect the LoD and delay detection time (Mohan et al. 2021). The LAMPTRON chip was 

cleaned through multiple cleaning steps to remove sample-to-sample inhibitors/cross-

contamination by lipids, protein, DNA and reagents that may affect the LoD. The LAMPTRON 

platform provided a sensitivity that was nearly fifteen times greater than the statutory limit of 150 

cells/mL established by UK guidelines for conducting emergency statutory testing of seawater and 

shellfish to avoid human health risks (Downes-Tettmar et al. 2013). The quality of the DNA template 

was shown to be critical for determining LAMP reaction kinetics and could adversely affect the LoQ 

and LoD and delay detection time. 

The LAMPTRON system presents a simplified and cost-effective method for DNA purification 

compared to commercially available kits. The on-chip DMA purification method in LAMPTRON 

requires only three steps, including lysis-binding reaction, washing, and elution, which takes only 

25 min before LAMP analysis of DNA extracts from Pseudo-nitzschia cells. In contrast, the DNeasy 

Plant Mini kit (Catalogue number: 69104, Qiagen) requires 27 steps in approximately 2 hours to 

extract DNA from the same Pseudo-nitzschia cells. Moreover, the DNeasy Plant Mini method 

(Qiagen) involves an additional grinding step using TissueLyser (Qiagen) and a heating block for cell 

lysis that are not provided with the kit, increasing the time, cost, and complexity of the extraction 

protocol. Reagent costs per sample are estimated to decrease by 97.3% with the DMA-based 

extraction protocol, as summarised in Table E1, in Appendix E, providing a rapid and cost-effective 

alternative for DNA purification. Hence, the DMA-based technique is not only cost-effective but 

also demands minimal hands-on time for executing the streamlined analysis on LAMPTRON. 

6.5 Conclusions 

A microfluidic system that allows flexible customization for lab-on-chip DNA extraction and real-

time quantification was developed. The DNA extraction process leverages the high surface-to-
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volume ratios of silica beads, using a dimethyl adipimidate (DMA) method to achieve high-efficiency 

DNA capture. By automating the repetitive liquid handling operations during the DNA extraction 

process, high DNA yield was achieved using small reagent volumes, which reduces cost and 

minimises sample-to-sample cross-contamination. LAMPTRON prototype also achieved 

reproducible on-chip-based LAMP analysis of the Pseudo-nitzschia toxin-encoding target within 49 

min. The LAMP quantification method offers faster analysis than traditional methods that require 

costly reagents, sophisticated equipment and a centralised laboratory. The streamlined on-chip 

operations for automated DNA extraction and LAMP testing for detecting as low as 10 cells/mL 

were completed within less than one hour. Such early-stage detection of Pseudo-nitzschia blooms 

can mitigate human health risks and economic costs (Trainer et al. 2012). Additionally, the 

preserved LAMP assay allows for flexible testing workflows in decentralised settings with minimal 

user intervention, avoiding potential sources of contamination or human-introduced error. The 

reusable chip, fluorescence detector, thermal profiling unit, and electronics minimise the cost, 

waste, and consequently the environmental footprint of LAMPTRON. The study demonstrated the 

simplicity of performing quantification using dried LAMP and the versatility of the DNA capture 

method from a range of microbial cells, which make LAMPTRON potentially applicable in a variety 

of environmentally relevant settings. Future work will focus on engineering a multiplexable 

autonomous system that multiplies a number of simultaneous DNA extractions coupled with 

nucleic acid amplification testing which will be amenable for field-use settings to bypass sample 

transportation and lab processing. 
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Chapter 7 Conclusions and future work 

7.1 Conclusions  

The goal of this work was to develop nucleic acid-based amplification methodologies for the 

detection of the harmful microalgae species known as Pseudo-nitzschia. This particular diatom 

species poses a significant threat to both human health and aquatic organisms due to its production 

of a potent neurotoxin responsible for causing the life-threatening condition known as amnesic 

shellfish poisoning (ASP) (Trainer et al. 2012). The proposed molecular analysis was aimed to be 

integrated with a microfluidic device towards regular monitoring for rapid and accurate genetic 

analysis of Pseudo-nitzschia. The overarching aim was to demonstrate proof-of-concept for a 

genetic sensor, adaptable for on-site nucleic acid-based analysis of harmful algal blooms (HABs) 

caused by Pseudo-nitzschia with a focus on achieving high sensitivity. Although the autonomous 

use of a developed lab-on-a-chip device has yet to be fully realised, operational procedures were 

successfully optimised for semi-automated, fast, and miniaturised genetic analysis, offering the 

potential for future development steps towards a fully autonomous deployable genetic sampler. 

This thesis reports on (1) the development of a novel qPCR assay for quantifying the microalgae 

species Pseudo-nitzschia. The efficiency of this assay was evaluated by comparing its estimates of 

cell abundance with conventional microscopy cell counting. (2) The utilisation of a newly developed 

qPCR assay to investigate toxin production and transcriptomic responses of nutrient-depleted 

Pseudo-nitzschia treatment following exposure to the addition of phosphate (P), nitrate (N), and 

silicate (Si). (3) Developing and optimising novel isothermal amplification methods for rapid, simple, 

and sensitive detection of Pseudo-nitzschia spp. (4) the use of fully pre-prepared and preserved 

reaction mixtures to represent field-based assays, along with evaluating the long-term stability of 

various amplification chemistries at ambient conditions. (5) Developing a lab-on-a-chip system 

designed to automate DNA analysis of Pseudo-nitzschia spp via integrating processes of nucleic acid 

purification and real-time isothermal detection. These interconnected research avenues 

collectively contribute to a comprehensive exploration of molecular methodologies for monitoring 

the Pseudo-nitzschia microalgae. 

Nucleic acid amplification-based methodologies have been widely applied in food and water 

biosecurity, public health protection, and environmental monitoring (Nikiforova et al. 2015). These 

techniques can be automated and performed using portable or deployable instrumentation, 

thereby extending the reach of high-quality analytical capabilities to remote regions with limited 
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resources. However, the gold standard molecular method, PCR, has certain limitations due to its 

energy demands and the technical challenges of heating reagents to high temperatures. In contrast, 

isothermal reaction chemistries present promising alternatives, offering convenient operation of 

genetic analysis at constant and low temperatures, making them amenable for deployment on 

portable Lab-on-a-Chip (LOC) platforms. 

An isothermal technology (known as ‘LAMP’) was successfully applied here for the detection of 

Pseudo-nitzschia diatoms. Furthermore, a vitrification-based preservation protocol has been 

developed for the long-term stability of LAMP components, eliminating the need for cold-chain 

reagent delivery and storage. This approach can mitigate the potential errors associated with 

multiple reagent preparation steps, particularly when conducted by untrained users. As a result, 

the workflow has led to a reduction in handling time and a simplified analysis protocol. The 

development of integrated sensor technology has significantly progressed through thesis work by 

merging ‘front-end’ processes of sampling and preservation, and ‘back-end’ procedures of nucleic 

acid amplification and detection to provide in situ genetic analysis capability. Easy-to-use testing 

could be valuable for emergency and outbreak response, by facilitating the automated genetic 

analysis for end-users situated outside of centralised laboratory facilities. 

7.1.1 PCR-Based Early Detection of Harmful Pseudo-nitzschia Blooms for Enhanced 

Environmental Protection 

In Chapter 2, a PCR-based detection technique was developed for Pseudo-nitzschia detection. This 

method involved multiple denaturing, annealing and extension-based amplification cycles to 

provide specific and sensitive identification of Pseudo-nitzschia spp. The novel qPCR assay was 

inclusive to toxic Pseudo-nitzschia strains, without cross-amplification with non-target microalgal 

species. This assay was sensitive to quantify 104 cells l-1, providing a quantification of Pseudo-

nitzschia levels lower than the regulatory thresholds of 1.5 × 105 cells l-1. The qPCR was used for 

quantifying cell numbers from spiked natural seawater, resulting in a good agreement between 

qPCR-based cell enumeration and microscopic cell counts. This quantitative performance of the 

developed qPCR assay offers the potential for early detection of Pseudo-nitzschia blooms at low 

cell abundance, allowing for timely intervention before regulatory thresholds are breached.  The 

amount of Domoic Acid present in the Pseudo-nitzschia cultures was proportionally correlated with 

the target copy numbers of the geranyl pyrophosphate synthase (GPP) gene (R2= 0.9, P = 0.00007). 

Thereby, the application of this assay could facilitate risk management of harmful bloom of Pseudo-

nitzschia, protecting public health, marine wildlife, and aquatic industries. However, PCR-based 

amplification relies on cycling through different temperatures posing a barrier for on-site, simple 
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and fast molecular analysis of Pseudo-nitzschia blooms. Therefore, further work in the subsequent 

chapter 4 was conducted to investigate alternative amplification strategies that can be performed 

under simpler conditions for the Pseudo-nitzschia detection.  

7.1.2 RNA-Based Monitoring of Nutrient-Induced Domoic Acid Responses 

In Chapter 3, the capability of the newly developed quantitative PCR (qPCR) assay was extended by 

incorporating a reverse transcription step, enabling real-time RNA quantification to analyse 

metabolically viable cells. The separate reverse transcription step effectively maintained the labile 

nature of the RNA template for subsequent qPCR amplification reactions. RNA-based quantification 

by qPCR was employed to assess the gene expression of the geranyl pyrophosphate synthase (GPP) 

gene in P. multistriata, aiming to explore correlations between the accumulation of domoic acid 

(DA) and transcript abundance. To simulate natural stressors caused by increased nutrient input in 

coastal systems, The nutrient-depleted P. multistriata treatments were exposed to a 48-hour pulse 

addition of phosphate (P), nitrate (N), and silicate (Si). This study aimed to evaluate the response 

of stressed P. multistriata to variations in nutrient levels, cellular growth, and gene expression with 

regard to DA production. The RT-qPCR method was employed to genetically track the differential 

transcription of the geranyl pyrophosphate synthase (GPP) gene under different nutrient 

treatments between the pre-and post-experimental period. DA production was significantly 

induced at 2 hours after Si-addition, 6 hours after N-addition, and 48 hours after P-addition. These 

inductions were accompanied by increases in target gene transcription, with fold changes of 3.9 

after Si-addition, 4.0 after N-addition, and 14.7 after P-addition, compared to the baseline before 

nutrient addition (0 hours) in N-, P-, and Si-depleted cells. The phosphate treatment yielded the 

highest production of domoic acid compared to other treatments, reaching a level of 0.6 ± 0.2 pg 

DA cell-1 at t=48 h following the addition of phosphate. A strong correlation was found between 

transcript abundance and DA content in P-depleted cells (r = 1.0, R2 = 1.0, P = 0.0004), with a weaker 

but significant correlation in Si-depleted cells (r = 0.9, R2 = 0.7, P= 0.03). These findings suggest that 

the nutrient enrichment in coastal waters would induce domoic acid episodes, exacerbating 

intoxication threats to marine organisms within marine food chains towards humans. As a result, 

the RNA-based molecular technique offers an advantage as an indicator for tracking changes in 

toxin production in response to nutrient variability. However, several questions have still not been 

completely elucidated through this experimental study, including the environmental role of DA, and 

the impact of DA production on the whole marine ecosystem. Addressing these questions requires 

large-scale monitoring of Pseudo-nitzschia response to environmental fluctuations, enabling the 

reliable management of anticipated outbreaks in coastal regions. Despite the precise quantification 
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offered by the new RT-qPCR method, it presents multiple challenges due to the requirement for 

repeated and power-hungry thermocycling, affecting the integrity of short-lived RNA samples being 

analysed in a single amplification reaction. This also may require complex and expensive 

instrumentation for operating large-scale genetic monitoring. 

7.1.3 Isothermal Amplification for Pseudo-nitzschia Detection 

Chapter 4 focused on the development of isothermal amplification assays for DNA-based detection 

of the marine diatom of Pseudo-nitzschia spp. Two novel assays, loop-mediated isothermal 

amplification assay (LAMP) and recombinase polymerase amplification (RPA) assay were designed 

for Pseudo-nitzschia detection. LAMP and RPA assays amplified the cytochrome P450, dabD gene 

which plays a significant role in the DA biosynthetic route. These amplification strategies involve 

repetitive cleavage of nucleic acid template catalysed by thermal-labile enzymes such as DNA 

polymerase, nucleases, and exonuclease (Yan et al. 2014).  

Both the optimised LAMP and RPA assays demonstrated on-target amplification without off-target 

amplification when assaying the DNA samples of non-target algal species. To compare their 

sensitivities, a set of known concentrations of the target sequence was synthesised within DNA 

plasmids, subjecting them to LAMP and RPA amplification. The LAMP and RPA results were analysed 

by evaluating the time threshold (Tt) value, representing the time point at which the fluorescence 

signal crosses the threshold fluorescence level during the amplification reaction (Diego et al. 2019). 

A decrease in Tt value was observed when amplifying higher genetic target concentrations, in 

contrast to higher Tt values obtained when amplifying samples with lower genetic target 

concentrations. The linear relationship between the concentration of the target sequence and the 

Tt values allows for quantitative assessment of both isothermal assays (Euler et al. 2012, Nguyen et 

al. 2020). LAMP assay demonstrated superior quantitative linearity, yielded R2 values at 1.0 which 

is higher than the R2 value of 0.8 for the RPA assay. The LAMP reaction demonstrated greater 

sensitivity by detecting a single copy per µl of the target gene, compared to the RPA reaction which 

detected approximately 103 copies μl−1. This difference could be explained by enzymatic-assisted 

amplifications in the LAMP reaction provided by a single enzyme, the DNA polymerase, in the LAMP 

amplification reaction, in contrast to the variable kinetics among RPA enzymes involved in the RPA 

amplification reaction (Piepenburg et al. 2006, Li et al. 2019a).  

Given the superior performance of the LAMP assay, the LAMP-based amplification was further 

validated by quantifying unknown copy numbers of the target gene in real-world seawater samples. 

These environmental seawater samples were collected on an almost weekly basis over six months 
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from September 13, 2021, to March 28, 2022, from three sites in the known harmful algal bloom 

hotspot of St Austell Bay in Cornwall, England, where toxic Pseudo-nitzschia species had been 

previously reported (Downes-Tettmar et al. 2013, Brown et al. 2022). Among the 44 DNA samples 

extracted from seawater, the LAMP assay was positive for only 34 samples, achieving a sensitivity 

rate of 77.3%. Whilst LAMP assay showed a tolerance with potential inhibitors in environmental 

samples, LAMP-based quantification yielded environmentally irrelevant levels of the target 

sequence in one sample. Therefore, careful attention is needed to ensure environmentally 

representative and accurate genetic results, when quantifying targets from complex extracts. The 

LAMP analysis revealed an increase in the Pseudo-nitzschia target gene during both the Autumn 

and Spring seasons. With the high sensitivity of LAMP assay in environmental testing, it can offer 

an advantage for identifying the onset of blooms through time-series analysis of natural seawater. 

Additionally, rapid LAMP testing can be useful to avoid serious implications of Pseudo-nitzschia 

bloom for human health, the environment and industries, particularly before DA toxin levels breach 

safe regulatory levels. 

7.1.4 Vitrification for Long-Term Preservation of Nucleic Acid Amplification 

Mixtures 

Chapter 5 introduced an optimised procedure for preserving nucleic acid-based amplification 

mixtures. This preservation technique relies on vitrification technology that transitions the liquid 

status of molecular reagents into a viscous, coiled, and inactive status (Liu et al. 2018). This vitrified 

status was achieved by drying the wet reagents of the amplification reaction in a mixture of 

stabilisers such as trehalose, glycerol and Polyoxyethylene glycol. Various combinations of vitrifying 

components at different concentrations were evaluated to optimise the preservation protocol. 

Additionally, two different rehydration methods were assessed to re-activate the dried 

amplification master mixes at ambient conditions.  

The vitrification technology was effective in maintaining the reactivity of nucleic acid-based 

amplification reactions as demonstrated in this chapter. The standard amplification reaction 

mixture consists of key components: containing reaction buffer, primers, fluorescent reporter dye, 

nucleotides, and DNA sample. The commonly used vitrification method in the literature involves a 

separate drying of a single component of the reaction mixture (e.g., enzyme or primers or both) 

with a vitrifying agent, followed by an air-drying step and subsequent rehydration with the 

remaining components of the amplification reaction (Rombach et al. 2014b, Hayashida et al. 2015, 

Yu et al. 2015, Hayashida et al. 2019, Phillips et al. 2019). In contrast, the presented preservation 
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protocol here assembles all the reaction mixture components into a single sticky matrix which was 

rehydrated later with the addition of the DNA sample of the Pseudo-nitzschia. 

The optimised preservation technique was further evaluated using two different amplification 

chemistries of real-time detection including PCR hydrolysis probes labelled with the FAM and HEX 

fluorophores as well as LAMP fluorogenic dye. To evaluate the reduction in enzymatic activity of 

each amplification strategy, plasmid DNA standards were amplified using all vitrified reactions in 

comparison with freshly prepared reaction mixtures. The change in rapidity, sensitivity and 

performance of vitrified-based detections was monitored over a duration of six months.  

LAMP and Hex-labelled vitrified master mixes demonstrated stable sensitivity at a single copy of 

target DNA after 6 months of storage. In comparison, the FAM-labelled vitrified master mix showed 

lower sensitivity, detecting 103 copies per reaction after the same storage duration. LAMP vitrified 

reactions with a 6-month shelf life demonstrated faster and greater sensitive analysis compared to 

vitrified qPCR reactions with the same shelf life. However, a reduction in fluorescence signal and 

amplicon was observed in the vitrified reactions compared to wet reactions, suggesting a loss of 

reactivity of enzymes due to harsh vitrification storage at ambient conditions. Therefore, the 

functional reactivity of vitrified enzymes could be enhanced upon refrigeration storage at lower 

temperatures rather than ambient conditions. The refrigeration storage of PCR amplification 

reaction would also enable more rapid analysis of low abundant targets compared to vitrified 

reactions at ambient temperatures (Sun et al. 2013). In summary, long-term stabilisation of the full 

LAMP reaction mixture was achieved under ambient conditions for a minimum of six months 

without refrigeration. The vitrified reactions were activated upon the addition of an aqueous DNA 

sample. This procedure can be useful for ready-to-use amplification reactions, offering minimal 

preparation steps, alleviating risks of contamination due to frequent freeze-thawing of refrigerated 

reaction components and preventing potential human pipetting errors from non-trained personnel. 

Preserved assays can also enable simple, low-cost and fast molecular analysis in limited-resource 

areas and during bloom outbreaks, where sustainable cold-chain transportation of molecular 

reagents may not be logistically feasible. 

7.1.5 LAMPTRON: A Miniaturized Genetic Sensor for Rapid Pseudo-nitzschia 

Detection and Analysis 

Chapter 6 demonstrated the successful development of the lab-on-chip device, known as 

"LAMPTRON." This chapter presents the developmental process involved in creating this innovative 

genetic sensor, "LAMPTRON", which was designed to enable rapid and precise quantification of the 
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harmful microorganism Pseudo-nitzschia. The LAMPTRON prototype incorporates a state-of-the-

art Lab-on-a-Chip technology with isothermal nucleic acid detection using the Loop-mediated 

isothermal Amplification (LAMP) method. The initial prototype of LAMPTRON enabled a 

miniaturised LAMP-based detection by amplifying the DNA target in a single step. To operate real-

time measurement of the fluorescence signal at the reaction endpoint, a newly developed 

fluorescence detector was incorporated. The fluorescence signal is directly proportional to the 

quantity of DNA product generated during the LAMP reaction. A key innovation in LAMPTRON is 

the use of a prestored LAMP master mix at ambient temperatures, alleviating the need for multiple 

preparation steps and expensive instrumentation for reagent preservation. To initiate LAMP 

amplification, the DNA sample was used to reconstitute the vitrified reaction mixture. The ‘shelf-

life’ of the preserved LAMP reagents was extended up to 2 months, with no significant differences 

in assay performance compared to freshly prepared LAMP mixtures that relied on cold-chain-

dependent, wet reagents. To simplify the operation for end-users, real-time LAMP detection was 

achieved within 45 minutes using pre-stored reagents on a disposable, and reusable PMMA 

cartridge. The prototype of LAMPTRON was presented at the Marine Autonomy and Technology 

Conference in 2022 (available at https://techoceans.eu/resources/). This prototype serves as a 

proof-of-concept of an in-situ and reusable genetic analyser that could satisfy the requirements for 

simple, and fast environmental monitoring. 

The development of the second prototype aimed to interface with the existing autonomous single-

step LAMP analysis with a miniaturised nucleic acid extraction and purification method. To achieve 

this, a novel microfluidic system was designed to integrate two key components: the module 

responsible for DNA extraction, and the amplification-detection module. Each of these modules 

was independently optimised before being combined into a self-contained analyser, resulting in the 

LAMPTRON second prototype. The on-chip DNA purification protocol involved the utilisation of 

amine-functionalised silica beads and dimethyl adipimidate (DMA) to ensure efficient DNA capture. 

Firstly, the sample preparation step was initiated by pelleting the algal cells toward DMA-mediated 

DNA purification. DMA maximises the DNA capture through a dual binding mechanism when 1) the 

amino groups of DMA directly bind with negatively charged DNA by electrostatic capture, and 2) 

DMA reagent forms covalent bonds with functionalised silica substrate to generate extra positively 

charged amidine bonds that extensively attract negatively charged DNA (Shin et al. 2015, Jin et al. 

2017, Yoon et al. 2018). In addition, the DMA extraction method was coupled with small, 

functionalised silica beads to increase the available surface area for DNA capture. Subsequently, 

the purified DNA is amplified using downstream single-step LAMP analysis directly on the 

microfluidic chip.  

https://techoceans.eu/resources/
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LAMPTRON demonstrated a reproducible on-chip-based DNA extraction and LAMP analysis, with 

the capability to detect as low as 10 cells/mL within one hour. In addition, the sample-to-sample 

variability of the LAMPTRON system was evaluated by quantifying cell replicates using both fresh 

and vitrified LAMP assays. The analytical capacity of the LAMPTRON system was evaluated in 

analysing Pseudo-nitzschia samples ranging in concentration from 1.1 x102 to 1.0 x 106 cells/mL. 

Results indicated that the maximum DNA binding capacity of LAMPTRON was approximately 61.7 ± 

1.0 ng/µL when extracting DNA from cells in the concentration range from 1.0 x 106 to 1.2 x105 

cells/mL. The LAMPTRON demonstrated a limit of detection of Pseudo-nitzschia 10 cells/mL, 

representing the minimum number of cells enough for successful on-chip subsequent LAMP 

amplification. The OTE research group has a pipeline of next-generation hardware for enabling a 

wide range of Lab-on-a-Chip (LOC) applications. Continuous fluid actuation was effectively 

managed through an electronic rig, offering automated control of pumps, valves, and heaters via a 

custom user interface. The fluorescence measurements were recorded in the real-time during 

LAMP amplification of DNA using a compact detector. 

The vitrification technique was used to preserve the stability of LAMP assay components for up to 

five months, allowing storage of LAMP reagents at ambient temperatures. The LAMP amplification 

reactions were conducted at a constant temperature of 65ºC, which could increase the risk of 

bubble generation. The vitrified status of LAMP reaction mixtures was proven to reduce this risk by 

maintaining a gelifed matrix which was trapped in the reaction chamber during the amplification 

reaction, due to incomplete wetting. Consequently, the vitrification of the LAMP mixture effectively 

reduced the generation of bubbles and avoided a loss in reaction volume albeit under the 

challenging conditions of a 65ºC incubation during the LAMP amplification reaction. The preloading 

of the LAMP reaction mixture on a microfluidic system has also proven to be highly advantageous 

for expediting nucleic acid testing. 

The LAMPTRON system merged two fundamental functions: (1) DNA extraction and (2) real-time 

LAMP amplification, replacing the need for bulky and expensive laboratory instruments with an 

easy-to-use and affordable miniaturised system. LAMPTRON offers a significantly economical and 

simplified approach to molecular analysis in comparison to the commercial competitors, which rely 

on large, expensive instruments and consume excessive amounts of reagents and power such as 

the Afinion™ System (Abbott), the QIAxcel automatic DNA/RNA analyser (Qiagen), and the 

VERSANT® kPCR Molecular System (Siemens Healthcare). In contrast, LAMPTRON operated only 

three steps of DNA extraction, taking just 25 minutes before initiating LAMP analysis, reducing the 

cost of reagents per sample to £0.15. This represents 97.3% lower than a commercial DNA 

extraction kit which requires a labour-intensive 27 steps and takes approximately 2 hours to extract 
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a DNA sample. LAMPTRON also offers advantages of minimal instrumentation with low 

manufacturing and operating expenditures. The preloading of assay reagents onto the microfluidic 

chip of LAMPTRON eliminated the multiple preparation steps of the DNA extraction step and LAMP 

assay, decreased contamination risks, and eliminated the need for laboratory equipment. In 

summary, LAMPTRON has the potential to allow cost-effective and simple molecular detection and 

eventually portable genetic analysis.  

7.2 Future work:  

There are a number of suggestions for further improving this research as outlined in the following 

sections: 

7.2.1 Discriminating Toxigenic from Non-Toxigenic Pseudo-nitzschia species in the 

Domoic Acid Biosynthesis Pathway  

Despite significant research progress in understanding the genes and transcripts involved in the 

domoic acid (DA) biosynthesis pathway, challenges persist in discriminating between toxigenic and 

non-toxigenic Pseudo-nitzschia species using genetic molecular techniques. The limited genetic 

information available for the DA transcriptome library in non-toxigenic Pseudo-nitzschia species 

hinders the ability to determine the presence or absence of DA-biosynthetic genes in these strains. 

Additionally, non-toxigenic strains lack data on protein expression or enzymatic activity related to 

DA biosynthesis. To address this, further investigations employing sequencing analysis of DA-

encoding genes or their homologs in non-toxigenic strains are necessary. Moreover, experimental 

studies are required to assess the metabolic capabilities of non-toxigenic strains, including their 

potential to produce DA analogues or the final DA product. These comprehensive studies can lead 

to characterising and identifying a robust genetic marker for distinguishing between toxigenic and 

non-toxigenic Pseudo-nitzschia species, enabling the development of a highly discriminatory 

molecular assay. The development of a molecular tool capable of providing a simple "yes" or "no" 

answer regarding the genetic capability of a tested Pseudo-nitzschia strain to produce DA, would 

enhance the ability to rapidly and accurately assess the risk of harmful algal blooms and their 

potential impact on aquatic environments, industries and public health. This molecular tool has the 

potential to revolutionize the current environmental monitoring towards scalable point-of-

sampling testing, offering efficient, rapid and reliable information about the presence of DA-

producing strains. Such information can facilitate timely interventions when required, enabling the 

efficient protection of ecosystems, shellfish industries, and public well-being. 



Chapter 7 

200 

 

7.2.2 Ecological Role of Domoic Acid 

Further research is needed to address the existing gaps in our understanding of the regulation and 

function of DA in the environment. Previous studies proposed a range of potential functions for DA, 

including its possible role either as microbial signalling function, metal chelator, allelopathic 

toxicity, osmoprotectant, antagonist to nutrient loading, bacterial antibiotic, pheromone or waste 

product (La Barre et al. 2014). Multi-omics studies would be useful in providing valuable insights to 

confirm the function of DA by incorporating genetic sequencing (genomics), mRNA 

(transcriptomics), metabolites (metabolomics) and proteins (proteomics) (Bates et al. 2018). Whilst 

next-generation methods can provide high-throughput characterization of genome functions in 

Pseudo-nitzschia species,  they may be limited due to their high-cost, complex protocols and time-

consuming analysis. Alternatively, molecular assays offer an effective and affordable solution for 

point-of-harvest testing, enabling a cost-effective option for HABS monitoring.   

7.2.3 Complexity of Domoic Acid Production 

While significant research advances in elucidating the molecular pathways underlying DA 

production, several knowledge gaps remain. Previous studies identified various key genes 

associated with DA biosynthesis (Boissonneault et al. 2013, Brunson et al. 2018, Hardardottir et al. 

2019, Jiang 2019). However, the activation of DA-encoding genes depends on the intraspecific 

diversity of Pseudo-nitzschia and various parameters including biological and non-biological 

conditions (Hardardottir et al. 2019, Lema et al. 2019). This necessitates the testing of multiple 

strains of a species to comprehensively study DA production under diverse environmental 

conditions including pH, light, nutrients, temperature and the presence of zooplankton. Yet, it 

remains uncertain whether the genomes of non-toxigenic Pseudo-nitzschia species possess the 

encoding genes for DA production (Bates et al. 2018, Bates et al. 2019). In addition, another 

challenge was raised due to the presence of certain DA-encoding genes in non-Pseudo-nitzschia 

species (Chekan et al. 2020, Steele et al. 2022). Therefore, developing a highly discriminatory 

molecular method targeting DA-encoding genes could assist monitoring efforts by differentiating 

between non-toxigenic and toxigenic Pseudo-nitzschia species. The key challenge is to select an 

appropriate genetic marker for toxicity identification, as an excessively variable genetic marker 

could potentially lead to an overestimation of genetic diversity.  
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7.2.4 Isothermal mRNA-Based Analysis of Domoic Acid-Producing Pseudo-nitzschia 

Isothermal mRNA-based amplification assays can be further explored to enable the analysis of 

transcriptome activity within viable Pseudo-nitzschia samples. The analysis of RNA offers the 

advantage of quantifying viable and transcriptionally active cells compared to DNA which can be 

present in inactive or dead cells. Multiplex isothermal RNA-based detection can further enable the 

quantification of multiple DA-encoding genes in a single reaction, This approach can be used to 

provide gene expression levels of these genes in response to various toxin production conditions. 

Quantifying the transcriptomic responses of toxic cells can unveil patterns of DA-linked 

transcription of environmental samples, allowing high-resolution time-series data. Through lab-on-

a-chip (LOC) testing of RNA extracted from Pseudo-nitzschia field samples, more immediate data 

will be available to understand the seasonal dynamic and diel transcriptional changes of the DA 

biosynthetic machinery. By relying on genetic quantitative data rather than pure arbitrary 

observations such as satellite images of HABS, A dependable and fit-for-purpose model capable of 

predicting the toxic capability of blooms to protect public health and the environment can be 

developed.. 

7.2.5 Enhancing Stability and Sensitivity of Vitrified Assays for Pseudo-nitzschia 

Molecular Analysis 

While vitrification proved effective for molecular analysis of Pseudo-nitzschia in Chapter 4, there 

were instances of reduced sensitivity in certain amplification chemistries. To address this the 

stability of vitrified reagents can be improved through an optimised preservation protocol. This 

improvement involves exploring the use of different stabilizers and optimising the performance of 

vitrified assays across a range of ambient temperatures. Alternatively, investigating the 

refrigeration of vitrified reagents could extend their stability beyond the current six-month shelf-

life. Furthermore, it may be beneficial to compare vitrification with other pre-storage methods, 

such as freeze-drying, to determine the most effective preservation technique. 

7.2.6 Enhancing LAMPTRON for in-Situ Genetic Analysis in Environmental 

Monitoring 

While the LAMPTRON system featured in Chapter 6 demonstrated the integration of genetic 

extraction and LAMP isothermal testing into a simple, low-cost system, it currently lacks ideal 

capabilities for full in-situ deployment. The sample preparation module currently involves collecting 

and pelleting Pseudo-nitzschia cells off-device using centrifugation. This would significantly limit the 
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LAMPTRON's real-world applicability for environmental testing. The cell lysate was subsequently 

suspended in a DMA solution and loaded into a microfluidic chip for miniaturised DNA extraction. 

Further optimisation of this process could lead to a simpler, flexible, and automated protocol 

towards on-chip sample preparation and detection for untrained end-users without specialized 

training. Automation of the sampling program in the LAMPTRON system would allow the validation 

of a fully automated extraction module on real-world samples but also enable routine 

measurements in remote and challenging environments. 

7.2.7 Autonomous LAMPTRON System 

Enabling full autonomy in the operation of the LAMPTRON system would facilitate the continuous 

streaming of genetic data during field deployments outside centralised laboratories in the natural 

environment. Deploying LAMPTRON in natural waters would also serve to evaluate its robustness 

and performance in real-world applications. The integration of lab-on-chip molecular detection 

technologies with an autonomous sampler could be fully automated through the precise actuation 

of reagent dispensing using components such as pumps, valves, and mixers. Furthermore, this user-

friendly in-situ genetic sensor can be interfaced with water-ongoing platforms including moorings, 

remote-operated observatories and autonomous underwater vehicles. The resulting system has 

the potential to provide high temporal resolution in monitoring harmful algal blooms through field 

deployments at hotspot sites. By combining nucleic acid analysis with measurements of 

environmental parameters such as salinity, temperature, and nutrient concentration, the 

vulnerability of environmental sites to initiate harmful blooms can be comprehensively assessed. 

By developing a time-resolved genetic analysis using a deployable automated sensor, a paradigm 

shift can be introduced in the way we monitor the ubiquitous blooming of harmful algae in the 

environment. 

7.2.8 Enhancing LAMPTRON for Affordable Algal Bloom Detection and 

Environmental Monitoring 

Several modifications to the LAMPTRON hardware can be done to address the current complex 

design and to reduce the long time for fabrication and assembly. Simplifying the instrumentation 

of LAMPTRON could decrease fabrication costs by creating truly disposable devices, offering the 

ease of automation for untrained personnel. The flexible microfluidic platform is a feasible option 

to seemingly conduct molecular detection via manipulating amplification reagents through 

channels and voids between layers of adhesive and non-adhesive tape. These flexible fluidic 
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structures provide several advantages including low-cost materials, bioassays compatible materials, 

minimal manufacturing waste, and a reduced environmental footprint of sensors. This also 

facilitates the rapid prototyping for mass production. As a result, the fabrication of the LAMPTRON 

prototype in the future can be scaled up into large numbers. The simplicity and cost-effective 

fabrication process offers an opportunity to establish a network of sensors deployed across a broad 

spatial scale. The resulting quantitative genetic data can be used in a sensor-driven model to 

analyse the dynamics of algal blooms, providing a predictive tool for identifying new HABS hotspots. 

Implementing an intelligent monitoring network can enhance our understanding of ecological 

changes in high-risk areas, protecting public health, and enabling improved environmental 

management and regulations. 

In the application of molecular methods to cultured samples, both advantages and limitations 

emerged. Cultured samples afford controlled conditions, enhancing reproducibility, facilitating 

result verification, and ensuring the reliability of findings. Using cultured samples also allows the in-

depth analysis of specific biological processes, permitting precise manipulation of variables and 

providing metrics that may be challenging to observe in natural environments. However, drawbacks 

include the potential deviation of results from real-world scenarios while employing cultured 

samples with molecular methods. The controlled culture might not fully replicate the complexity of 

natural conditions, potentially limiting the validation of experimental results. Artificial conditions in 

cultured samples may induce responses differing from those in natural environments, challenging 

the broader applicability of these findings. As a result, the findings obtained from cultured samples 

may not be directly applicable to understanding the interactions in the natural environment, thus 

limiting the ecological relevance of the findings, and introducing uncertainties when translating 

laboratory results to real-world applications. 

Although, the integration of cultured samples with novel molecular techniques has the potential to 

significantly enhance sensitivity and specificity in detecting targets. Cultured samples facilitate 

quantitative data on specific sequence abundance, offering precise measurements crucial for 

understanding gene expression variations, as demonstrated in Chapter 3. Using complex and 

natural samples albeit the cultured samples in this study would pose challenges for molecular 

assays due to the risk of cross-contamination, which could potentially yield false-positive results, 

thereby impacting the accuracy of the obtained results. Nonetheless, the implementation of qPCR 

and isothermal amplification methods may require specialised equipment and ultra-clean reagent 

dispensing, increasing costs of molecular assay deployment, and thus limiting their accessibility in 

certain environmental settings. Addressing these considerations requires additional resources such 

as time, skilled labour, and equipment to ensure the practicality of molecular methodologies. 
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Furthermore, integrating data obtained through novel molecular techniques, such as qPCR and 

isothermal amplification methods, with established methods for detecting Pseudo-nitzschia spp. in 

the environment enhances the reliability and scalability of environmental assessments. Effective 

intercalibration between both methods involves applying them to independent sample sets, such 

as synthetic DNA sequences, to assess performance. This intercalibration requires stringent quality 

control measures for both methods, monitoring and addressing potential bias or variability in 

sampling protocols, DNA extraction methods, and data analysis pipelines. Identifying workflow 

discrepancies between novel molecular techniques, including qPCR or isothermal techniques, and 

established methods, such as microscopy morphological detection, and biotoxin quantification, 

would minimise the variations in sample processing, analysis, and downstream data. For instance, 

conducting cross-validation studies between microscopy cell count, and qPCR-based cell 

enumeration can ensure the validity of Pseudo-nitzschia quantification, as demonstrated in Chapter 

2 and (McQuillan et al. 2023). By addressing standardisation issues, intercalibrated data obtained 

through novel molecular techniques with established methods can provide a comprehensive 

assessment with higher temporal and spatial resolution of the presence and abundance of Pseudo-

nitzschia spp. in the real-world environment. Integrating these datasets allows for more detailed 

monitoring of the bloom dynamics over time and across different environmental locations. In 

navigating the use of cultured or environmental samples with molecular techniques, a balanced 

consideration of advantages, challenges, and intercalibration is essential for chosen methodologies. 

7.2.9 Sample processing for Field-Ready Genetic Analysis 

The LAMPTRON system features an innovative approach involving the continuous flow of liquid 

through functionalised silica beads, allowing the processing of large-volume samples. To facilitate 

this, the incorporation of a Sterivex filter capsule can be connected to the sample inlet to prevent 

particle clogging associated with large volumes of processed crude water samples. This approach 

could enable the concentration of hundreds of millilitres of seawater onto the microfluidic chip, 

enabling highly efficient capture of DNA targets from natural water. There is a potential to develop 

the current LAMPTRON into a multiplexable autonomous system capable of simultaneously 

performing multiple DNA extractions in parallel, coupled with existing LAMP amplification testing. 

This can be a step towards accommodating multiplexing extraction technology for field-use settings 

that bypass sample transportation and laboratory processing. The multiplexing function of 

LAMPTRON promises real-world applicability for different targets, delivering new-to-business 

capabilities from commercialisation and environmental monitoring perspectives. 
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7.2.10 Paper-Based Microfluidics for Discriminating Toxigenic and Non-Toxigenic 

Pseudo-nitzschia Species   

Paper-based microfluidic devices offer a range of advantages, including the detection of various 

analytes such as genetic markers and antibodies/antigens, employing both colourimetric and 

fluorometric detection chemistries. These platforms offer several benefits not typically found in 

traditional testing platforms, including rapid prototyping, low-cost, flexible material usage, 

amenable layouts, and the ability to perform multiple assays in a single device. By adapting the 

LAMP technique to target genetic markers associated with toxin production in Pseudo-nitzschia, 

the efficiency of current environmental monitoring can be enhanced. Furthermore, performing 

LAMP and ELISA testing in parallel on the same device opens up promising avenues for 

distinguishing between toxigenic and non-toxigenic Pseudo-nitzschia species using both genetic and 

metabolic techniques. Both LAMP and ELISA are known for their sensitivity and specificity, enabling 

the quantification of specific proteins or genes linked to domoic acid biosynthesis. Assay 

parallelization may enable the rapid, accurate, and cost-effective assessment of harmful algal 

bloom risks, offering a field-applicable tool for routine monitoring on a broader scale. 
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Appendix A  

Table A1. List of Pseudo-nitzschia species and various algal isolates used to evaluate the specificity 
of primers and probes designed in the present study, including strain, geographic origin, and 
references.  

Species Strains Origin Source/Reference 

Pseudo-nitzschia multistriata  SZN-B954 Gulf of Naples, Italy (Ruggiero et al. 2018) 

Pseudo-nitzschia multistriata  SZN-B955     Gulf of Naples, Italy (Ruggiero et al. 2018) 

Pseudo-nitzschia pungens  CCAP 1061/44 Argyll, Scotland, UK CCAP a 

Pseudo-nitzschia multiseries  NWFSC 713 NWFSC, NOAA, USA NWFSC, NOAA d 

Pseudo-nitzschia multiseries  NWFSC 714 NWFSC, NOAA, USA NWFSC, NOAA d 

Pseudo-nitzschia multiseries  NWFSC 715 NWFSC, NOAA, USA NWFSC, NOAA d 

Pseudo-nitzschia multiseries  ML-54 Monterey Bay, USA (Bowers et al. 2018) 

Pseudo-nitzschia multiseries  ML-55 Monterey Bay, USA (Bowers et al. 2018) 

Pseudo-nitzschia multiseries  ML-56 Monterey Bay, USA (Bowers et al. 2018) 

Pseudo-nitzschia multiseries  ML-59 Monterey Bay, USA (Bowers et al. 2018) 

Karenia brevis  CCMP2228 Sarasota, USA CCMP c 

Karenia mikimotoi  CCAP 1127/2 N/A b  

Alexandrium tamarense  CCAP 1119/25 Scallowy ,Scotland, UK CCAP a 

Synechococcus sp  CCAP 1479/9 Cumbria, England, UK CCAP a 

Prorcentrum lima  CCAP 1136/12 Lincolnshire, England, UK CCAP a 

Alexandrium minutum  CCAP 1119/15 Orkney, Scotland, UK CCAP a 

Lingulodinium polyedra  CCAP 1121/7 La Jolla Pier, USA CCAP a 

Prorcentrum cordatum  CCAP 1136/16 Loch Etive, Argyll, UK CCAP a 

a CCAP; Culture Collection of Algae and Protozoa, b N/A; not determined, c CCMP; Provasoli-Guillard National 
Center for Marine Algae and Microbiota (NCMA), d NWFSC & NOAA; Northwest Fisheries Science Center & 
National Oceanographic and Atmospheric Administration. 
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Table A2. List of sequences from Pseudo-nitzschia spp. 

a NCBI; National Centre for Biotechnology Information GenBank, b MMETSP; Marine Microbial Eukaryote 

Transcriptome Sequencing Project database, c JGI; The genome portal of the Department of Energy Joint 

Genome Institute, d SZN; Genome database of the Stazione Zoologica Anton Dohrn. 

Species Strain Accession Number Functional annotation Source 

P. multistriata SZN-B955 sequenced_PCR_amplicon Polyprenyl synthetase family/ 

Geranyl pyrophosphate  synthase  

This study 

P. multistriata B857 PASAV3_0076010.1 Geranyl pyrophosphate synthase SZN d, EarlHam e 

P. multistriata B856 CAACVS010000301.1 Isoprenoid Biosynthesis enzyme Ensembl b 

P. australis Pa2 comp56158_c0_seq1 Isoprenoid Biosynthesis enzyme (Lema et al. 2019) 

P. multistriata B857 PASAV3_0076010.1.CDS59316 Farnesyl pyrophosphate synthase SZN d 

P. multistriata B857 comp12171_c0_seq1 Polyprenyl synthetase family (Di Dato et al. 2015) 

P. pungens Pp1 comp33625_c0_seq1 Terpene synthase (Lema et al. 2019) 

P. australis 10249_10_AB MMETSP0139_2-20121125|15155   Terpenoid synthase MMETSP b 

P. seriata Disko 8 PSN_contig_0003671 Geranylgeranyl_pyrophosphate 

synthase 

(Hardardottir et al. 2019) 

P. multiseries CLN-47 jgi|Psemu1|216553|e_gw1.784.27

.1 

Isoprenoid biosynthesis enzyme JGI c, (Boissonneault et al. 2013) 

P. multiseries CLN-47 jgi|Psemu1|292053|fgenesh1_pg.

784_2 

Isoprenoid biosynthesis enzyme JGI c, (Boissonneault et al. 2013) 

P. australis 10249_10_AB MMETSP0140_2-20121125|10879 Terpenoid synthase MMETSP b 

P. pungens cf._pungens MMETSP1061-20121228|28325 Terpenoid synthases MMETSP b 

P. multiseries CLN-47 jgi|Psemu1|40832|gm1.40489_g Isoprenoid biosynthesis enzyme JGI c, (Boissonneault et al. 2013) 

P. australis 10249_10_AB MMETSP0140_2-20121125|16494 Terpenoid synthase MMETSP b 

P. multiseries CLN-47 jgi|Psemu1|216537|e_gw1.784.15

.1 

Isoprenoid biosynthesis enzyme JGI c, (Boissonneault et al. 2013) 

P. australis 10249_10_AB MMETSP0141-20121125|13125 Terpenoid synthase MMETSP b 

P. multiseries CLN-47 jgi|Psemu1|216534|e_gw1.784.29

.1 

Isoprenoid biosynthesis enzyme JGI c, (Boissonneault et al. 2013) 

P. delicatissima UNC1205 MMETSP0327-20121206|10681_1 Terpenoid synthase MMETSP b 

     

P. multistriata LV136_2_1 JKEI: 01412:05990 Prenyltransferase (Russo et al. 2018) 

P. fraudulenta WWA7 CAMNT_0045708103 Terpenoid cyclase/protein 

prenyltransferase 

MMETSP b 

P. multistriata LV136_2_1 HW69O: 08680:07798 Geranyl pyrophosphate synthase (Russo et al. 2018) 

P. multistriata LV136_2_2 2JKEI:06897:07147 Geranyl pyrophosphate synthase (Russo et al. 2018) 

P. multistriata LV136_1_2 HW69O: 05172:14811 Isoprenoid biosynthesis enzyme (Russo et al. 2018) 

P. delicatissima B596 MMETSP0327-20121206|10681_1 Terpenoid synthase MMETSP b 

P. multistriata LV136T3_1_1 JKEI: 02005:09227 Geranyl pyrophosphate synthase (Russo et al. 2018) 

P. fraudulenta WWA7 MMETSP0853-20130426|7932 Terpenoid synthase MMETSP b 

P. fraudulenta Pf2 comp22852_c0_seq1 Geranyl pyrophosphate synthase (Lema et al. 2019) 

P. fraudulenta WWA7 MMETSP0851-20130426|99388 Farnesyl diphosphate synthase MMETSP b 

https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi?INPUT_TYPE=live&SEQUENCE=VEU40706.1
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi?INPUT_TYPE=live&SEQUENCE=VEU40706.1
http://jbrowse.bioinfo.szn.it/pmultistriata/?loc=PsnmuV1.4_scaffold_369-size_44239%3A11710..13844&tracks=DNA%2CPseudo_NITZSCHIA&highlight=
http://jbrowse.bioinfo.szn.it/pmultistriata/?loc=PsnmuV1.4_scaffold_369-size_44239%3A12066..13590&tracks=DNA%2CPseudo_NITZSCHIA&highlight=
http://protists.ensembl.org/Pseudonitzschia_multistriata/Search/Results/sequence_region_protists?db=core;q=CAACVS010000301.1;species=Pseudonitzschia_multistriata;collection=all;site=ensemblthis;
https://protists.ensembl.org/Pseudonitzschia_multistriata/Transcript/ProteinSummary?db=core;g=PSNMU_V1.4_AUG-EV-PASAV3_0076010;r=contig301:12066-13590;t=VEU40706;tl=2lVpdPNzjsWAvR7K-22443862-2472788614
https://sextant.ifremer.fr/record/78bba5d5-2112-467c-b35c-722992ded656/
https://academic.oup.com/gbe/article/11/3/731/5332980
http://jbrowse.bioinfo.szn.it/pmultistriata/?loc=PsnmuV1.4_scaffold_369-size_44239%3A11762..13896&tracks=DNA%2CPseudo_NITZSCHIA&highlight=
http://jbrowse.bioinfo.szn.it/pmultistriata/?loc=PsnmuV1.4_scaffold_369-size_44239%3A12142..13401&tracks=DNA%2CPseudo_NITZSCHIA&highlight=
https://static-content.springer.com/esm/art%3A10.1038%2Fsrep12329/MediaObjects/41598_2015_BFsrep12329_MOESM14_ESM.pdf
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi?INPUT_TYPE=precalc&SEQUENCE=1572198945
https://sextant.ifremer.fr/record/78bba5d5-2112-467c-b35c-722992ded656/
https://academic.oup.com/gbe/article/11/3/731/5332980
https://www.imicrobe.us/#/samples/1733
https://de.cyverse.org/anon-files/iplant/home/shared/imicrobe/projects/104/samples/1733/annot/superfamily.gff3
https://bmcmolbiol.biomedcentral.com/articles/10.1186/s12867-019-0124-0
https://static-content.springer.com/esm/art%3A10.1186%2Fs12867-019-0124-0/MediaObjects/12867_2019_124_MOESM2_ESM.xlsx
https://static-content.springer.com/esm/art%3A10.1186%2Fs12867-019-0124-0/MediaObjects/12867_2019_124_MOESM2_ESM.xlsx
https://phycocosm.jgi.doe.gov/cgi-bin/browserLoad/?db=Psemu1&position=scaffold_784:19962-21200
https://phycocosm.jgi.doe.gov/cgi-bin/browserLoad/?db=Psemu1&position=scaffold_784:19962-21200
https://phycocosm.jgi.doe.gov/cgi-bin/dispGeneModel?db=Psemu1&id=216210
https://phycocosm.jgi.doe.gov/Psemu1/Psemu1.home.html
https://phycocosm.jgi.doe.gov/Psemu1/Psemu1.home.html
https://phycocosm.jgi.doe.gov/cgi-bin/dispGeneModel?db=Psemu1&id=216210
https://www.imicrobe.us/#/samples/1737
https://de.cyverse.org/anon-files/iplant/home/shared/imicrobe/projects/104/samples/1737/annot/superfamily.gff3
https://www.imicrobe.us/#/samples/1888
https://de.cyverse.org/anon-files/iplant/home/shared/imicrobe/projects/104/samples/1888/annot/superfamily.gff3
https://phycocosm.jgi.doe.gov/Psemu1/Psemu1.home.html
https://phycocosm.jgi.doe.gov/cgi-bin/dispGeneModel?db=Psemu1&id=40489
https://www.imicrobe.us/#/samples/1737
https://de.cyverse.org/anon-files/iplant/home/shared/imicrobe/projects/104/samples/1737/annot/superfamily.gff3
https://phycocosm.jgi.doe.gov/Psemu1/Psemu1.home.html
https://phycocosm.jgi.doe.gov/Psemu1/Psemu1.home.html
https://phycocosm.jgi.doe.gov/cgi-bin/dispGeneModel?db=Psemu1&id=216194
https://www.imicrobe.us/#/samples/1738
https://de.cyverse.org/anon-files/iplant/home/shared/imicrobe/projects/104/samples/1738/annot/superfamily.gff3
https://phycocosm.jgi.doe.gov/Psemu1/Psemu1.home.html
https://phycocosm.jgi.doe.gov/Psemu1/Psemu1.home.html
https://phycocosm.jgi.doe.gov/cgi-bin/dispGeneModel?db=Psemu1&id=216191
https://www.imicrobe.us/#/samples/1813
https://de.cyverse.org/anon-files/iplant/home/shared/imicrobe/projects/104/samples/1813/annot/superfamily.gff3
https://www.ncbi.nlm.nih.gov/sra?LinkName=biosample_sra&from_uid=10514204
https://www.ncbi.nlm.nih.gov/Traces/study/?acc=ERX2744481
https://www.imicrobe.us/#/combined_assemblies/85
https://datacommons.cyverse.org/browse/iplant/home/shared/imicrobe/annotations/Pseudo_nitzschia-fradulenta-WWA7.annot.tgz
https://datacommons.cyverse.org/browse/iplant/home/shared/imicrobe/annotations/Pseudo_nitzschia-fradulenta-WWA7.annot.tgz
https://www.ncbi.nlm.nih.gov/sra?LinkName=biosample_sra&from_uid=10514205
https://www.ncbi.nlm.nih.gov/Traces/study/?acc=ERX2744482&o=acc_s%3Aa
https://www.ncbi.nlm.nih.gov/sra?LinkName=biosample_sra&from_uid=10514205
https://trace.ncbi.nlm.nih.gov/Traces/?view=run_browser&acc=ERR2731254&display=metadata
https://www.ncbi.nlm.nih.gov/sra?LinkName=biosample_sra&from_uid=10514205
https://www.ncbi.nlm.nih.gov/Traces/study/?acc=ERX2744482&o=acc_s%3Aa
https://www.imicrobe.us/#/samples/1813
https://de.cyverse.org/anon-files/iplant/home/shared/imicrobe/projects/104/samples/1813/annot/superfamily.gff3
https://www.ncbi.nlm.nih.gov/sra?LinkName=biosample_sra&from_uid=10514207
https://www.ncbi.nlm.nih.gov/Traces/study/?acc=ERX2744484&o=acc_s%3Aa
https://www.imicrobe.us/#/samples/2058
https://de.cyverse.org/anon-files/iplant/home/shared/imicrobe/projects/104/samples/2058/annot/superfamily.gff3
https://sextant.ifremer.fr/record/78bba5d5-2112-467c-b35c-722992ded656/
https://academic.oup.com/gbe/article/11/3/731/5332980
https://www.imicrobe.us/#/samples/2052
https://de.cyverse.org/anon-files/iplant/home/shared/imicrobe/projects/104/samples/2052/annot/swissprot.gff3
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Table A3. Additional primers for Pseudo-nitzschia spp. 

 

 

 

 

Table A4. Cell concentration (cells mL-1) of Pseudo-nitzschia and non-target algal species.  

Species  Isolate Accession  Cell Concentration  
(cells/ml)  

Pseudo-nitzschia multistriata   SZN-B954  38.3 ± 0.9  

Pseudo-nitzschia multistriata   SZN-B955      39.3 ± 0.5  

Pseudo-nitzschia pungens   CCAP 1061/44  40.0 ± 1.6  

Pseudo-nitzschia multiseries   NWFSC 713  40.7 ± 2.5  

Pseudo-nitzschia multiseries   NWFSC 714  41.7 ± 1.7  

Pseudo-nitzschia multiseries   NWFSC 715  42.3 ± 2.6  

Pseudo-nitzschia multiseries   ML-54  43.0 ± 0.8  

Pseudo-nitzschia multiseries   ML-55  43.7 ± 1.2  

Pseudo-nitzschia multiseries   ML-56  42.7 ± 0.9  

Pseudo-nitzschia multiseries   ML-59  40.3 ± 2.9  

Karenia brevis   CCMP2228  137.3 ± 1.2  

Karenia mikimotoi   CCAP 1127/2  128.7 ± 2.6  

Alexandrium tamarense   CCAP 1119/25  324.7 ± 3.3  

Synechococcus sp   CCAP 1479/9  1058.7 ± 21.3  

Prorcentrum lima   CCAP 1136/12  531.0 ± 5.1  

Alexandrium minutum   CCAP 1119/15  410.0 ± 3.7  

Lingulodinium polyedra   CCAP 1121/7  218.7 ± 3.1  

Prorcentrum cordatum   CCAP 1136/16  338.0 ± 4.5  

 

 

 

 

 

 

 

Figure A1. The relationship between estimated P. multistriata cell abundances was calculated 
using the qPCR assay vs. direct cell counts by microscopy. 

Primer name Target  Sequence (5’----> 3’) 

Psn-fw1 GPP CAAGGGCGGAAAGATGAACC 

Psn-rv1 GPP AGGAGTCCATGATGTCGTCG 

Psn-fw2 GPP TCACCAAAATCTGCGACCTC 

Psn-rv2 GPP ATGCTGTCCTCGCCAATGAT 
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Appendix B  

Section B1: Optimization of RNA extraction protocol 

Due to nutrient stress conditions, the cell numbers in the treated cultures decreased, resulting in a 

significant reduction in RNA recovery at post-experimental time points. Therefore, the RNA extraction 

protocol was optimised to ensure the effective and reproducible collection of high-quality RNA 

samples during the experiment.  

To optimise RNA extraction protocol, modifications were made to the standard RNeasy Plant Mini Kit 

(Qiagen) as follows: 1) Frozen cell pellets were dissolved in three different lysis buffers, either in 

RNeasy lysis buffer which contains 10 µL β-Mercaptoethanol (β-ME) added to 1 mL Buffer RLT, or 

TriReagent (Sigma-Aldrich, Burlington, MA, USA) or TRIzol (Invitrogen, Carlsbad, CA, USA), prior to 

extraction with RNeasy protocol. 2) Incubation of RNA lysate with RNeasy lysis buffer at 56°C for 10 

min, then homogenised by disruption with 0.5 mm diameter glass beads for 7 min prior to standard 

extraction steps. 3) Addition of an RNA clean-up step using RNA Clean & Concentrator™-25 kit (Zymo 

Research, Irvine, CA, USA), intended to remove any residual phenol carryover from the RNA lysis step. 

Each RNA extraction protocol was performed in duplicate of the same cell density of approximately 

552,000 cells ml-1 P. multistriata SZN-B955.  

The first protocol utilized the glass beads and RNeasy lysis buffer at 56°C for 10 min, resulting in the 

highest extraction efficiency based on the Qubit RNA concentration, Nanodrop absorption ratios of 

260/280 and 230/280 and using the RNA Integrity Number (RIN) estimated by the Agilent Bioanalyzer 

as depicted in (Table B1). The bead-beating, TriReagent and TRIzol protocols improved the absorbance 

ratio 230/280 of the standard RNA method towards, 0.2 % and -0.2 %, 1.1 % and 0.3 %, respectively 

(Figure B1). The resulting RNA concentration of bead-beating and 56°C incubation increased up to 5.2-

fold compared to the standard extraction protocol (P= 0.01, n=2).  

 

 

 

 



Appendix B 

216 

 

Table B1. Quantification of duplicate RNA samples using five variations of the RNeasy extraction 
method. 

The RNA samples with potential ethanol and phenol contamination are known to reduce the 230/280 

ratio below 2 (Wang 2012). Therefore, the protocol employed for the additional clean-up was tested. 

The RNA Clean & Concentrator™-25 kit (Zymo Research) was included post the DNase digestion and 

yielded the lowest RNA recovery. Thereby, a customised protocol was developed to extract a total of 

72 RNA samples from control and experimental cultures as follows: cells were pelleted from 250 mL 

of culture by centrifugation at 7,800 rpm for 20 min at 4°C and were flash-frozen in liquid nitrogen 

until further use. Glass bead-beating was then performed on the thawed cell pellets in a mixture of 10 

µL β-mercaptoethanol (β-ME) and 1 mL Buffer RLT at 56°C for 10 min. RNA was then purified using 

RNeasy Plant Minikit (Qiagen) with RNAase-free DNAase digestion step (Qiagen). 50 µL of RNA was 

eluted in nuclease-free water and then stored in a -80°C freezer till used. 

 

 

 

 

 

 

Figure B1. Assessment of RNA integrity resulting from extraction protocols as determined by RNA 
concentration and absorbance ratios of 260/280 and 230/280. Error bars denote the standard 
deviation of mean values between duplicate samples of P. multistriata.

Protocol  Sample ID Concentration [ng 
µl-1] 

Abs ratio 
260/280 

Abs ratio 
230/280 

RIN 
value 

Standard RNeasy Plant Mini Kit 1 7.9 2.00 0.7 7.4 

 2 4.6 2.1 1.2 8 

TriReagent 3 20.9 1.6 0.5 6.6 

 4 3.9 1.7 1.6 7.1 

TRIzol 5 28.3 1.5 0.8 6.8 

 6 54.0 1.6 0.5 N/A 

Bead-beating & 56°C incubation 7 45.1 2.1 1.8 9 

 8 12.6 2 1.4 8.1 

Additional RNA clean-up (Zymo) 9 10.6 5.4 1.0 7.2 

 10 3.2 2.1 1.3 6.9 
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Table B2. Concentration of nutrients (µM) including phosphate (P), nitrate (N), and silicate (Si) across control and experimental treatments. 

Time 

points  

(h) 

Control culture Phosphate-depleted treatment Nitrate-depleted treatment Silicate-depleted treatment 

 Phosphate 

(µM) 

Nitrate 

(µM) 

Silicate 

(µM) 

Phosphate 

(µM) 

Nitrate 

(µM) 

Silicate 

(µM) 

Phosphate 

(µM) 

Nitrate 

(µM) 

Silicate 

(µM) 

Phosphate 

(µM) 

Nitrate 

(µM) 

Silicate (µM) 

-2 8.7 ± 3.5 194.1 ± 58.5 236.7 ± 

36.4 

1.1 ± 0.5 165.5 ± 

17.2 

265.8 ± 

20.2 

24.3 ± 1.4 114.2 ± 

39.4 

440.3 ± 

6.3 

7.0 ± 5.752 114.3 ± 

110.0 

274.1 ± 21.9 

0 6.6 ± 3.0 199.7 ± 71.4 250.2 ± 

35.6 

72.2 ± 1.9 161.7 ± 

15.9 

258.3 ± 

24.7 

145.3 ± 

12.1 

439.0 ± 

36.8 

270.5 ± 

19.2 

3.5 ± 3.3 319.9 ± 

338.0 

602.7 ± 51.3 

2 24.7 ± 22.1 201.2 ± 22.1 247.7 ± 

27.9 

3.5 ± 0.7 18.9 ± 0.2 9.8 ± 0.2 0.3 ± 0.04 62.0 ± 2.3 15.1 ± 3.8 2.3 ± 1.3 17.3 ± 2.7 12.0 ± 0.6 

6 11.4 ± 6.7 178.6 ± 47.0 244.9 ± 

32.9 

3.1 ± 0.4 18.1 ± 0.3 9.2 ± 0.8 0.3 ± 0.1 57.9 ± 3.5 10.9 ± 0.3 4.1 ± 0.7 18.1 ± 3.5 11.4 ± 0.7 

24 7.2 ± 3.8 170.7 ± 59.2 238.5 ± 

40.5 

3.2 ± 0.4 17.7 ± 0.2 9.0 ± 0.8 61.8 ± 4.8 65.4 ± 3.6 10.3 ± 0.3 0.7 ± 0.5 19.6 ± 5.4 10.1 ± 1.2 

48 6.7 ± 3.2 145.9 ± 54.6 231.5 ± 

39.5 

3.3 ± 0.4 17.6 ± 0.4 9.1 ± 0.7 43.8 ± 

30.6 

62.6 ± 1.6 11.7 ± 0.2 0.7 ± 0.6 19.7 ± 5.2 11.2 ± 0.7 
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Table B3. Changes of growth rates (d-1) in P. multistriata under different nutrient treatments 
between pre- and post-experimental time. The time of nutrient addition is highlighted in bold. 

 

 

 

 

 

 

 

 

 

 

 

 

Time 

(days)  

Control culture Phosphate-depleted 

treatment 

Nitrate-depleted 

treatment 

Silicate-depleted treatment 

2 0.3 ± 0.08 0.4 ± 0.08 0.3 ± 0.02 0.2 ± 0.02 

4 1.3 ± 0.05 0.1 ± 0.04 1.4 ± 0.01 0.1 ± 0.02 

7 0.3 ± 0.04 0.9 ± 0.003 0.4 ± 0.04 0.6 ± 0.4 

9 0.2 ± 0.1 0.1 ± 0.002 0.9 ± 0.05 1.0 ± 0.5 

11 0.4 ± 0.6 0.8 ± 0.05 0.09 ± 0.002 0.4 ± 0.2 

14 0.4 ± 0.08 0.3 ± 0.05 0.3 ± 0.4 0.3 ± 0.2 

16 0.2 ± 0.02 0.3 ± 0.6 0.08 ± 0.5 0.02 ± 0.005 

18 0.06 ± 0.02 0.8 ± 0.6 0.5 ± 0.7 0.03 ± 0.02 

22 0.04 ± 0.02 0.003 ± 0.005 0.08 ± 0.003 0.002 ± 0.007 

24 0.006 ± 0.02 -0.04 ± 0.007 -0.04 ± 0.01 -0.1 ± 0.02 

28 -0.008 ± 0.004 0.005 ± 0.009 0.004 ± 0.009 0.07 ± 0.005 

30 -0.04 ± 0.01 0.07 ± 0.02 0.06 ± 0.006 0.1 ± 0.006 

32 -0.07 ± 0.007 0.06 ± 0.02 0.04 ± 0.007 0.07± 0.01 
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Appendix C  

Section C1: qPCR Estimation of Toxigenic Pseudo-nitzschia spp Abundance 

Genomic DNA samples recovered from seawater samples were also analyzed using a qPCR assay 

targeting the 5.8S rRNA gene sequence of Pseudo-nitzschia spp. The qPCR was conducted following 

the protocols originally described by (Fitzpatrick et al. 2010), employing the forward primer 5’-

CTGTGTAGTGCTTCTTAGAGG-3’ and the reverse primer 5’-AGGTAGAACTCGTTGAATGC-3’. qPCR 

reaction was prepared in a dedicated PCR workstation with air filtration and Ultraviolet 

decontamination, using nuclease-free and DNA-free plastic consumables and reagents. Reactions 

were prepared on ice, using micro-pipettors with aerosol barrier tips. Each qPCR reaction was set-

up to contain 12.5μL of Sso Fast EvaGreen Supermix (Biorad Ltd, UK), 1 μL of each primer, and 9 μL 

of PCR-grade water; template DNA (1 μL) was added to a total reaction volume of 25 μL. The qPCR 

reactions were carried out using a LightCycler 96 real-time PCR instrument (Roche) according to the 

manufacturer’s recommended protocol. Each reaction was run for 40 cycles, followed by a high-

resolution dissociation (melting) analysis. The thermal cycling parameters were as follows. The 

thermal cycling conditions of the assay were: 95oC for 5 min, then 95oC for 30 sec, 61oC for 30 sec 

and 72oC for 30 sec per cycle. Each reaction was prepared in triplicate, and the average threshold 

cycle (Ct) value for each replicate was used for analysis and quantification. Cell number was 

calculated as cells per 100mL of sampled water after considering the amount of DNA sample added 

to each reaction, and the quantity of water passed through the Sterivex filter unit when the sample 

was collected. 

Quantification estimation for the Pseudo-nitzschia spp. was achieved using the cell number 

standard. This was prepared using a 10-fold dilution series of Pseudo-nitzschia multistriata (SZN-

B954, originally recovered from the Gulf of Naples, Italy), maintained at conditions as described in 

section 4.3.4. An exponentially dividing culture was enumerated using a Sedgwick–Rafter cell 

counting slide (PYSER-SGI) and a compound light microscope (Carl-Zeiss), and dilutions were 

prepared in f/2 medium. DNA was extracted using the DNeasy Power Water kit and the DNA 

samples were used as templates for a series of qPCR reactions. The mean Ct value obtained from 

triplicate qPCR reactions for each standard and dilution was used to plot standard curves, from 

which the number of template sequence copies in each analysis was extrapolated using a simple 

linear regression line of best fit of the standard curve data points. An estimated number of target 

sequence copies in the genome was factored in to estimate the number of cells in each sample.  
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qPCR estimation of Pseudo-nitzschia spp. cell number did not assume a gene copy number, rather 

a cell count was determined from a standard curve produced from cultured Pseudo-nitzschia sp. 

cells (P. multistriata). This approach could improve the accuracy of cell counts if the cell standards 

contain the same genomic composition as the environmental populations, but this was unclear in 

this case. Altogether, the issue of absolute quantification for HAB assays that measure ribosomal 

gene sequences requires more information on the genetic composition and variability of 

populations within the study area, which could be achieved with the preparation of genome 

sequencing datasets to assess the relationship between cell number and rDNA gene copies. 

Table C1: Sampling Plan 

 

Table C2. RPA primers were designed and tested in this study. 

 

 

 

 

 

 

 

 

 

 

Week 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Date 13/09/2021 20/09/2021 27/09/2021 04/10/2021 11/10/2021 18/10/2021 25/10/2021 01/11/2021 08/11/2021 15/11/2021 22/11/2021 29/11/2021

Locations PA and RH PA and MS PA and RH PA and MS PA and RH PA and MS PA and RH PA and MS PA and RH PA and MS PA and RH PA and MS 

Week 19 20 21 22 23 24 25 26 27 28 29 Total 

Date 17/01/2022 24/01/2022 31/01/2022 07/02/2022 14/02/2022 21/02/2022 28/02/2022 07/03/2022 14/03/2022 21/03/2022 28/03/2022

Locations PA and MS PA and RH PA and MS PA and RH PA and MS PA and RH PA and MS PA, RH and MS PA, RH and MS PA, RH and MS PA, RH and MS 100

No Sampling

PA = Porthallow

MS = Mevagissey South

RH =  Ropehaven

Primer name Sequence (5’ --- 3’) 

RPA_fw1 CATGTATCCCCAGCCGCCCCTCTTGATTCG 

RPA_fw2 CGCATGTATCCCCAGCCGCCCCTCTTGATT 

RPA_fw3 CGCATGTATCCCCAGCCGCCCCTCTTGATTC 

RPA_fw4 GCATGTATCCCCAGCCGCCCCTCTTGATTCG 

RPA_fw5 GCATGTATCCCCAGCCGCCCCTCTTGATTC 

RPA_rv1 AGGCAATCTCGTTCGGGTACAGCATTTTTGACC 

RPA_rv2 GGCAATCTCGTTCGGGTACAGCATTTTTGACCACT 

RPA_rv3 AGGCAATCTCGTTCGGGTACAGCATTTTTGACCAC 

RPA_rv4 CAATCTCGTTCGGGTACAGCATTTTTGACCACTTT 

RPA_rv5 ATCTCGTTCGGGTACAGCATTTTTGACCACTTTAC 
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Appendix D  

Section D1: Production of PCR amplicons for Standards Preparation 

The genomic DNA template was isolated from the Pseudo-nitzschia multistriata SZN-B954 strain 

using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s 

instructions. Genomic DNA samples were used to amplify genes of dabD, GPP and tubA, PCR 

reactions were carried out separately in 25 µl volumes containing 0.25 ng/µl DNA template, 200 

µM dNTPs (New England Biolabs, UK), 1X Standard Taq (Mg-Free) reaction buffer (New England 

Biolabs, UK), 2mM MgCl2  (New England Biolabs, UK), 0.4 µM of each forward and reverse primer 

(Appendix D, Table D2), and 0.025 units/μL of One Taq DNA polymerase (New England Biolabs, UK). 

The thermal cycle profile of PCR began with an initial denaturation at 95 °C for 120 s, followed by 

40 cycles of 95 °C for 15 s, 62.5°C for 20 s, finishing with a final extension at 72°C for the 60s. The 

specificity of PCR products was assessed by electrophoresis using SYBR safe-containing (2% w/v) 

agarose gel in a TAE buffer. 

Section D2: PCR Analysis for Selection of the Vitrifying Agent 

To prepare vitrified qPCR mixtures, a final volume of 50 µl reactions contained 2 mM each dNTPs 

(New England Biolabs, UK), 1X PCR buffer of 10 mM Tris-HCl and 50 mM KCl (New England Biolabs, 

UK), 2mM MgCl2 (New England Biolabs, UK), 1 µM of each forward and reverse primer and 0.25 µM 

hydrolysis probe (Table D2, Appendix D). A subsample of genomic DNA was extracted as previously 

described and then added to vitrified master mixes. The pre-set cycling conditions consisted of an 

initial denaturation step at 95°C for 120 sec followed by 45 cycles (denaturation: 95°C for 15 sec 

and final annealing-extension step at 59°C for 60 sec). Two different rehydration mixtures were 

tested by comprising a range volume of DNA template with 2, 4, 6, and 8 µl and 0, 2, 3, and 5 mM 

each dNTPs (New England Biolabs, UK) to reconstitute the vitrified PCR mixtures. 
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Figure D1. qPCR amplification following two weeks of shelf-lived vitrified master mixes with two 
freshly prepared experimental positive controls and negative control. A) qPCR amplification plots 
of vitrified agents (1-5) using rehydration mixture 1. B) qPCR amplification plots of vitrified agents 
(1-5) using rehydration mixture 2. Positive controls in Panels A & B were freshly prepared using a 
conventional qPCR master mix as described above in Supporting Information. Freshly prepared 
qPCR master mixes using vitrified agent 1 were either rehydrated by mixture 1 (Panel A) or mixture 
2 (Panel B). Nuclease-free water was included as a template in negative control reactions of two 
weeks of vitrified agent 1 following the addition of rehydration mixture 1 (Panel A) and using 
rehydration mixture 2 (Panel B). Filled areas of each amplification curve show the standard 
deviations. 

 

Table. D1. Comparison of Ct values measured for the vitrified qPCR master mixes by using vitrified 
agents 1-5 which were rehydrated by reconstitution mixture 1 and 2. The Ct values were 
extrapolated from the qPCR amplification curves that are plotted in Figure D1. 

 Positive 

Control 

Fresh Vitrified 

agent 1 

Vitrified agent 

1 

Vitrified 

agent 2 

Vitrified 

agent 3 

Vitrified agent 

4 

Vitrified 

agent 5 

Rehydration 

mixture 1 

Ct value 

(Average, 

n=2) 

9.4±0.02 10.7±0.2 10.5±0.2 10.3±0 10.4±0 10.3±0.06* 10.5±0 

Rehydration 

mixture 2 

Ct value 

(Average, 

n=2) 

10.6±0  12.0±0 13.0±0.7 ND ND 14.5±0 ND 

*The vitrified agent 4 resulted in the lowest Ct value and therefore was selected for the subsequent 
vitrification analysis (in bold). The positive control is prepared from a regular qPCR master mix as previously 
described without adding any vitrifying substances. ND: Not detected by PCR thermocycler Software 
(LightCycler 96, v1.1, Roche Diagnostics International Ltd). 
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Figure D2. Gel Electrophoresis Data of qPCR vitrified master mixes of two weeks shelf-life against 

two freshly prepared experimental positive controls and negative control.  The size of the amplicon 

is 161 bp. Lane L: DNA ladder (50 bp), Lane P: positive control of freshly non-vitrified reagents (i.e. 

using the regular qPCR master mix as described above in Appendix D, section D1). Lane H: freshly 

prepared vitrified qPCR master mix using vitrified agent 1 following the addition of rehydration 

mixture 1. Lanes 1-5: vitrified qPCR master mixes of two weeks shelf-life using rehydration mixture 

1. Lane 1: Vitrified agent 1 with rehydration mixture 1, Lane 2: Vitrified agent 2 with rehydration 

mixture 1, Lane 3: Vitrified agent 3 with rehydration mixture 1, Lane 4: Vitrified agent 4 with 

rehydration mixture 1, Lane 5: Vitrified agent 5 with rehydration mixture 1, Lanes 6-10: vitrified 

qPCR master mixes of two weeks shelf-life using rehydration mixture 2. Lane S: freshly prepared 

vitrified qPCR master mix using vitrified agent 1 following the addition of rehydration mixture 2. 

Lane 6: Vitrified agent 1 with rehydration mixture 2, Lane 7: Vitrified agent 2 with rehydration 

mixture 2, Lane 8: Vitrified agent 3 with rehydration mixture 2, Lane 9: Vitrified agent 4 with 

rehydration mixture 2, Lane 10: Vitrified agent 5 with rehydration mixture 2, Lane N: Negative 

control of two weeks vitrified agent 1 following the addition of rehydration mixture 1 and using 

nuclease-free water as a template. 
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Figure D3. Stabilisation steps of qPCR and LAMP master mixtures for dried format and real-time 

assays. Vitrified master mixes were air-dried in a sterile Class2 cabinet using an air pump (M361-C; 

Charles Austen Pumps LTD, Surrey, England, UK) directed to 0.2 ml tubes (LightCycler 8-tube strips, 

Roche Molecular Systems Inc.). Clean air was pumped at 0.5 m/s through a 0.2 µm filter unit 

(Millipore, UK) for 45 minutes at room temperature. The vitrified mixtures were then stored at 

room temperature in Aluminium barrier film bags with MiniPax® Silica Gel Desiccant Sachet (Sigma-

Aldrich, UK) at ambient temperature.  
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Figure D4. The transformation of qPCR and LAMP amplification reaction mixtures before (A & B) 

and after the vitrification process (C & D). All components of the amplification reactions were 

placed within DNase-free microtubes. (A) Depicts a side view of the tube, illustrating the fresh, 

liquid phase of the master mixtures, while (B) shows a top view of these tube wells. (C) 

demonstrates the transformation into a glass-like phase after drying, while (D) depicts a close-up 

top view of the vitrified mixtures. The variations in the appearance of vitrified mixtures are a result 

of optimising different formulations of vitrifying agents in microtubes (C & D), along with varying 

drying times involving a controlled flow of clean air on each microtube. 

Table D2. Oligonucleotide sequences 

 

 

 

 

 

 
 

FAM = Fluorescein; HEX = Hexachloro-fluorescein; BHQ1 = Black Hole Quencher 1 

 

Name Target  Sequence (5’----> 3’) 

Psn-fw GPP CGACTACCAGAACGATCCCA 
Psn-rv GPP GGTTCATCTTTCCGCCCTTG 
Psn_probe GPP (FAM)-ACCTCCCGGCCAACTACGAACTCC-(BHQ1) 
Psn-fw_2 tubA GTTGCCGAAATCACCAGCAC 
Psn-rv_2 tubA GACGACATCTCCACGGTACA 
Psn_probe_2 tubA (HEX)-TCGAGCCTACCAACATGATGACCAAGTGC-(BHQ1) 
LAMP-F3 dabD CGGAAAACACCATGCCCAA 
LAMP-B3 dabD TCTCGTTCGGGTACAGCA 
LAMP-FIP dabD GGCCAGAACCTTTCGTCTCTGTCAAGGGTGATTCGGGGAATG 
LAMP-BIP dabD AATCCCGACACTTTCGATCCCGTCGAAGCCCTTCCAGTCTG 
LAMP-LB dabD GGTTCACCCGACCCTACAAGA 
LAMP-LF dabD ATATTGTACAAGGGCAAAAAGATGT 
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Appendix E  

Section E1: Quality verification of DMA-based extraction techniques across a variety of 

sample sources  

The DMA extraction protocol was evaluated for the extraction of DNA from a variety of sources, 

including (Eukaryotic cells: Pseudo-nitzschia diatom, Bacteria: Escherichia coli and Dinoflagellates: 

Alexandrium minutum). The Pseudo-nitzschia cells were grown as previously described in section 

6.3.4. A. minutum CCAP 1119/15 was grown in L1 medium (Keller et al. 1987). A. minutum cells 

were enumerated and grown at the same incubation condition as Pseudo-nitzschia as previously 

described in section 6.3.4. The bacterial strain used in this study was Escherichia coli NCTC9001 type 

strain (E. coli) that was obtained from the UK National Collection of Type Cultures (NCTC). E. coli 

cells were counted as described by (Newton et al. 2016, Walker et al. 2019). Then, the cells were 

harvested by centrifugation at 7,100 rpm for 5 minutes at 4°C and stored later at −80°C until further 

processing. Each cell replicate was processed into a microfluidic chip prototype to perform the same 

DMA extraction protocol as described previously in section 6.3.5. Commercial kits were used per 

the manufacturer's protocols as a standard control to evaluate two proposed DMA-based 

techniques upon employing the same input volume of crude samples. DNeasy Mini Kit (Qiagen), 

DNeasy Plant Pro Kit (Qiagen), and GenElute Bacterial Genomic DNA Kit (Sigma-Aldrich) were used 

as standard methods to extract DNA from Pseudo-nitzschia, A. minutum, E. coli cells, respectively. 

The extraction capabilities of two different silica substrates were evaluated, incorporating beads 

and glass fibre membrane in the extraction microchamber against the commercial extraction kits. 

The efficiency of DNA recovery was determined using various types of samples following the 

method described in (Bruijns et al. 2018).  
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Figure E1. Performance assessment of DMA-based method for DNA extraction from various 
samples. The DNA capture efficiency was evaluated by comparing the proposed DMA microfluidic 
method using silica beads and glass fibre paper with the reference extraction by widely used kits 
processing the same volume of sample. 

The APTES-treated silica beads yielded higher DNA recovery than the APTES-treated glass 

membrane with recovery at 55%, 83%, and 75% for E. coli, A. minutum, and P. multistriata, 

respectively. The result indicated that the purification performance was improved by amine-

functionalised silica beads rather than glass fibre membrane, irrespective of the sample type (Figure 

E1). The capture of P. multistriata DNA on silica beads was approx. 75% which is lower than the 

value yielded by the commercial kit (92%), compared to another cell type such as A. minutum 

commercial DNA capture at 101% against silica beads DNA capture value (83%), and DNA capture 

of E. coli DNA using the commercial standard kit at 78% with DNA capture value by silica beads 

(55%). In contrast to bacterial cells (i.e. E. coli) and dinoflagellates (i.e. A. minutum), the cell wall 

formation is in diatoms (i.e. P. multistriata) forming a thick silicate structure that is armoured with 

hard features of the frustules, serving as predation defence, but impeding the release of DNA from 

the diatom cells (Hildebrand et al. 2018). It was observed that the quality and quantity of the DNA 

extracted using the DMA-based method depend on the number of cells (section 6.4.2, Figure 6.4). 

A high cell concentration of E. coli at 8 x 107 (colony formation unit) CFU/mL that was used in the 

DMA extractions using both functionalised silica beads and silica membrane was linked to the low 

efficiency of DNA capture. Overall, the DMA-based method provides a low-cost extraction 

technique (approx. > £1 per sample) compared to commercially available kits which cost hundreds 

of pounds per sample. This is of great interest for implementing DNA purification methods in field-

based analysis in low-resource areas. 
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Section E2: Evaluation of the DMA-based nucleic acid extraction performance by the 

qPCR analysis 

To further evaluate the use of extracted DNA using the DMA method employing the amine-

functionalised silica beads in downstream analysis, the sxtG and GPP genes were amplified in PCR 

assays to assess the presence of potential inhibitors (Figure E2). The PCR conditions include 1 cycle 

at 95°C for 120 sec followed by 55 cycles at 95°C for 15 sec and 59°C for 60 sec. Contamination was 

assessed by spiking the extracted DNA pool with non-target or background DNA versus both non-

spiked DNA samples and negative control reactions (No template control; NTC). Contaminated DNA 

will result in a higher Ct value than a clean DNA sample (van Pelt-Verkuil 2008). The qPCR conditions 

include initial denaturation of 1 cycle at 95°C for 120 sec followed by 40 cycles of 95 °C for 15 s, an 

annealing step of 59°C for 20 s, finishing with a final extension at 72°C for the 60s. 2 µL of DNA was 

used in a total volume of 25 µL containing 1X of IQ SYBR Supermix (Bio-Rad Laboratories, Inc.), 0.4 

μM concentration of each primer and deionised water. The forward primers (5’-

ACGTGCGGGACCCCTTCATCATGCT-3’) and reverse primer (5’- ACGGGAACGGCTACAACGGGAGGAT-

3’) were used to amplify the stxG gene (Wilson 2020). The forward and reverse primers for 

amplifying the GPP gene were (5’-CGACTACCAGAACGATCCCA-3’) and (5’-

GGTTCATCTTTCCGCCCTTG-3’), respectively. 

Figure E2. Real-time quantitative PCR of eluted DNA using the microfluidic DNA isolation chip using 

APTES-treated silica beads and on-column standard method. Targets 1 and 2 refer to the target 

genes of GPP and sxtG, respectively. A) Amplification plots are for 103 GPP plasmid standard (black) 

with Ct= 24.6 ± 0.2, Qiagen kit extracts spiked DNA template (blue) with Ct=25.9 ± 0.1, and DMA 

extracts spiked with 103 copies (red) with Ct=28.1 ± 0.2, Qiagen DNA template (non-spiked) (green) 

with Ct=26.8 ± 0.4 and DMA DNA template (Non-spiked) (purple) with Ct=28.9 ± 0.1. B) Amplification 

plots for ~103 sxtG copies DNA template of Alexandrium (black) at Ct= 29.2 ± 0.3, Qiagen kit P. 
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multistriata DNA spiked with 103 sxtG copies from Alexandrium DNA template (blue) with Ct=29.9 

± 0.2, and DMA extracts spiked with 103 sxtG copies from Alexandrium DNA template (red) at 

Ct=29.5 ± 0.6.  

 

 

Figure E3. Comparison of threshold cycles (Ct) between the proposed DNA isolation using APTES-

functionalised silica beads (DMA) and on-column reference method (Qiagen). The Ct values were 

extrapolated from the qPCR amplification data in Appendix E, Figure E2.A & Figure E2.B). The genes 

of GPP and sxtG are labelled as target 1 and target 2, respectively. 

qPCR reactions were performed in triplicates to investigate the inhibition of extraction carryover 

from the DMA-based method and Qiagen standard on-column method. Contamination was further 

assessed by incorporating a triplicate of negative control reactions (No template control; NTC, 

Nuclease-free water (Invitrogen) in each qPCR run. Positive controls were the DNA samples that 

were extracted from A. minimum and P. multistriata cultures using the Qiagen reference method. 

The same culture pool was used to extract DNA samples using the DMA and functionalised silica 

beads. The DNA samples of both cultures extracted by the DMA method were split into two groups. 

The first group involves pure and non-spiked DNA samples of P. multistriata and A. minimum. The 

second group serves as inhibition control which includes A. minimum DNA was spiked with DNA 

plasmid standard containing ~ 103 copies of the GPP Pseudo-nitzschia non-target gene, and P. 

multistriata DNA sample that was spiked with DNA plasmid standard containing ~ 103 copies of the 

sxtG Alexandrium non-target gene. All the qPCR reactions contained equivalent template volumes 

at 2 µL of triplicate DNA samples extracted using both the Qiagen kit and DMA method, along with 

the positive and inhibition controls. The cycle threshold (Ct) of qPCR was used as an indicator of the 
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quality of DNA samples where low Ct values indicate high DNA quality and vice versa (Demeke and 

Jenkins 2010). Figures E2 & E3 demonstrate the dependence of the cycle threshold (Ct value) of 

amplified DNA extracted from the DMA method compared with that obtained from the commercial 

Qiagen kit.  The Ct value of the spiked DMA DNA template of P. multistriata cells was 28.1 ± 0.2, 

compared to the Ct value = 25.9 ± 0.08 of Qiagen spiked DNA samples. Whilst the Ct values of spiked 

A. minutum DNA samples from Qiagen extraction and DMA-based extraction were 29. 9 ± 0.2 and 

29.5 ± 0.6, respectively, as shown in Figure E3. These results indicate a small shift in Ct of spiked 

DMA DNA samples of targets 1 and 2, compared to spiked Qiagen DNA samples, due to the reduced 

inhibition in DNA samples extracted by the DMA-based method of the amplification reaction. 

 

Section E3: Reproducibility of LAMPTRON analyser 

 

Figure E4. Reproducibility of DNA purification and fluorescence measurements by LAMPTRON 

analyser. A) Comparison of the quantity of the DNA isolated from 1.6x105 and 1.1x101 P. multistriata 

cells per mL from three independent experiments. B) The changes of Tt values of both P. 

multistriata cell numbers using both freshly prepared and pre-stored vitrified LAMP assays (5-

month shelf-life) that were obtained by three independent experiments on the LAMPTRON system. 
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Section E4: Autonomous pumping system 

The incorporation of the pumping system represents a step towards demonstrating the 

autonomous operation capability of the LAMPTRON system. This pump system has previously 

proved its utility in conducting in-situ chemical analyses at depths of up to 6,000 meters, as 

deployed in multiple oceanic locations by the Ocean Technology and Engineering Group (OTE) at 

the National Oceanography Centre (Mowlem et al. 2021, Beaton et al. 2022). For the first time, this 

system has been adapted to process biological samples, offering the potential for in-situ biological 

analyses in a wide array of environmental settings. 

To enable autonomous operation, a revised version of the OTE pumping system was developed, 

accommodating a configuration with four bespoke syringe pumps each equipped with solenoid 

valves (LFNA1250125H, Lee Co., United States), and ¼-28 outlets, as illustrated in Figure E5. This 

design allows for transitions between various pumping speeds within a single pumping cycle. The 

term "pumping cycle" here refers to the sequence of steps involved in moving fluids through 

microchannels when the valve changes from a closed to an open state (Woias 2005). Most 

importantly, this design supports a pumping sequence that involves the individual loading of each 

DNA extraction reagent its respective container, followed by transportation into channels, mixing 

with different fluids or components such as microbeads, or disposal into a waste container. This 

flexible pumping system enables the free exchange among extraction reagents, facilitating an 

automated on-chip DNA extraction process. 
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Figure E5. Autonomous Microfluidic pump system. i) A generic chip schematic demonstrating 

multiple individual fluidic routes, each connected to one of the four parallel syringe pumps (P1, P2, 

P3, and P4). ii) A schematic diagram shows the custom-made pumping system, which includes four 

syringe pumps, valves, and ¼-28 outlets for each pump, all actuated by a Haydon Kerk Size 11 

stepper motor linear actuator. iii) An image shows the setup of the individually addressable 

pumping system. 
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Section E5: Oxygen plasma treatment of glass beads 

 

Figure E6. Glass beads underwent oxygen plasma treatment to activate the surface silanol groups, 

employing a plasma activation system (Diener Electronic, Ebhausen, Germany). The effectiveness 

of the plasma treatment was assessed by observing the behaviour of water droplets on the beads. 

Resistance to wetting by beads indicated successful plasma treatment (Subeshan et al. 2020). 

 

 

Figure E7. The first prototype of LAMPTRON incorporated an Arduino circuit for electronic control 

of the heater, temperature sensor and data capture. 
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Figure E8. Optimisation of the DNA extraction module in LAMPTRON was conducted using a new 

transparent PMMA-built chip. Parameters such as reagent volumes, flow rates, and diffusion times 

were optimised within this experimental setup. Solenoid-operated valves were fixed on the test 

chip which was connected to syringe pumps for controlled injection of samples and reagents, 

controlled via a Windows-based software. 
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Table E1. Cost comparison for consumables and reagents between LAMPTRON extraction and 
Qiagen commercial methods. 

 

 

 

 

 

 
 
 
 

Items Description Component Cost (£), inc. VAT 
per sample 

Manufacturer Product 

Number 

Current extraction DMA-
based method: 

2% APTES (aminopropyl 

triethoxysilane) 

0.006 Sigma-Aldrich 741442-100ML 

95% Ethanol 0.005 Sigma-Aldrich 652261 

0.1 M Tris-HCl (pH 8.0) 0.002 SERVA 39792.01 

10 mM EDTA 0.009 Invitrogen 15575-038 

1% sodium dodecyl sulfate 
(SDS) 

0.005 Sigma-Aldrich L4390-100G 

10% Triton X-100 0.003 Sigma-Aldrich 93443-500ML 

0.1 mg/mL Proteinase K 0.00001 Qiagen 56304 

100 mg/mL Dimethyl 
adipimidate (DMA) 

0.07 Alfa Aesar L10515.09 

0.01 M Phosphate-
buffered saline (PBS) 

0.0004 Sigma-Aldrich P4417-100TAB 

0.1 M Trisodium citrate  Alfa Aesar 45558 

10 mM sodium 
bicarbonate 

0.0008 Sigma-Aldrich S7277-250G 

Glass beads 0.008 Sigma-Aldrich G1152-100G 

DEPC-treated water 0.005 Thermo Fischer R0601 

Total cost per sample £0.1 

Qiagen 

extraction method 

DNeasy Plant Mini kit 4.2 Qiagen 69104 

Total cost per sample £4.2 
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