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ARTICLE INFO ABSTRACT

Keywords: Harmful algal blooms (HABs) are intricate ecological events caused by diverse algal species and are influenced by
HAB a myriad of biotic and abiotic factors. The urgently needed development of effective prevention and control

Molecular techniques face two primary challenges. The first challenge is the technical shortfalls in rapidly identifying and

gletecm;n . monitoring the causative species. The second challenge is the absence of research frameworks and technologies
oom namics . . . . . P .

Multi-onilics for accurately diagnosing the primary drivers of these blooms. Molecular techniques offer promising solutions to
Technology these issues, and research in this field has seen significant growth over the past two decades. Previous reviews

have predominantly focused on species identification and monitoring, leaving the status of bloom driver studies
less clear. This review provides a comprehensive overview of molecular techniques for HAB identification and
driver analysis. HAB-specific use cases of techniques and comparison between them based on technical speci-
fications are provided. Nucleic acid-based techniques presently dominate over antibody-based techniques due to
their tunable taxon-specificity and ease to prepare probes. In situ applications and monitoring platforms still
have a large room for improvement. The omics approach is the most promising choice for unraveling HAB drivers
but requires a framework and a quantitative model for estimating the contribution of potential responsible
factors. Future prospects relating to particular needs in HAB research and emerging technologies are also

discussed.

1. Introduction

Harmful algal blooms (HABs) occur in aquatic ecosystems when algal
species excessively proliferate due to specific environmental factors,
leading to unusually high algal biomass and/or toxins that adversely
affect the ecosystem or human health. According to the Global Ecology
and Oceanography of Harmful Algal Blooms science plan (GEOHAB,
2001), HABs include outbreaks of photoautotrophic (algae in the strict
sense) or heterotrophic protists (often harboring kleptoplastids or algal
symbionts), both toxin-producing and non-toxin-producing species, as
well as low-biomass but toxic and high-biomass species, regardless of
toxin production. Blooms exert harmful effects on the ecosystem and
human health in direct and indirect ways such as obstructing light for
benthic algae and plants, clogging animal gills, creating hypoxia in the
water, producing toxins, or emitting harmful gases (Backer and McGil-
licuddy, 2006; Hallegraeff, 1993). HABs cause devastating economic
losses (Anderson et al., 2012; Hallegraeff, 1993).

Most microalgal phyla contain species capable of forming harmful
algal blooms (HABs). The Dinoflagellata phylum is the largest contrib-
utor of HAB species in marine environments and Cyanobacteria in
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freshwater ecosystems (Anderson et al., 2021; Paerl et al., 2001). In
addition to these two phyla, common HAB species also originate from
haptophytes, raphidophytes, pelagophytes, and diatoms, which like di-
noflagellates, mainly form blooms in the coastal ocean. All three phyla
of macroalgae (rhodophytes, phaeophytes, and chlorophytes) have
species that can form blooms, ranging from harmful to benign (Gao
et al., 2010; Lapointe and Bedford, 2007; Rodriguez-Martinez et al.,
2019). The most infamous macroalgal blooms are caused by the chlor-
ophyte Ulva and the phaeophyte Sargassum (Robledo et al., 2021; Xiao
et al., 2020). Species from these two groups of seaweed are either
facultative (Ulva) or obligate (Sargassum) plankton, in contrast to most
seaweed species, which are attached to benthic substrates (Xiao et al.,
2020). Cyanobacterial and chlorophyte HABs may turn water green due
to their high levels of chlorophyll and accessory pigments like phyco-
cyanin (IOCCG, 2021). In contrast, HABs from other phyla may exhibit
various colors such as a reddish tint due to abundant carotenoids
(IOCCG, 2021). Notably, low biomass HABs typically do not alter water
color, hence are not visually detectable, exemplified by that of some
paralytic shellfish toxin producing HABs (Sidabutar et al., 2021).

Most HABs occur on the sea surface, but benthic HABs are not
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uncommon. Benthic HABs are primarily formed by toxic dinoflagellates
such as Gambiediscus spp. and Ostreopsis spp. and cyanobacteria such as
Planktothrix agardhii and Microcoleus spp. (Berdalet et al., 2017; Wood
etal., 2020). Some HAB species are native, while others are invasive and
introduced through natural processes (e.g. ocean currents) or human
activities (e.g. ship ballast water discharge, or by hitchhiking on traded
aquaculture stocks). The number of recognized HAB species has
increased over time, with the IOC-UNESCO taxonomic reference list of
harmful micro algae being among the most extensive records of HAB
species (doi:10.14284/362) (Lundholm et al., 2009). Additionally a high
level overview of HAB species is accessible in the "Harmful Algal Species
Fact Sheets" in Shumway et al. (2018).

It is generally believed that HABs have increased in recent decades,
due to climate change, rapidly expanding fertilizer use and cultural
discharges resulting from population growth. Although advances in
technology and increasing awareness have contributed to the increases
in HAB documentation (Hallegraeff et al., 2021), an uptick of HABs
seems true (Dai et al., 2023; Garcés and Camp, 2012; Gobler, 2020;
Gobler et al., 2017). This apparent increase in HAB proliferation ne-
cessitates an enhanced need for understanding the occurrence and
processes undertaken by these organisms.

For both understanding the physioecological drivers of HABs and
informing HAB management, two aspects are critical. One is to rapidly
diagnose the causative species, and the other is to understand the
intracellular driver(s) and environmental trigger(s) of HAB events. The
two objectives converge at the goal of preventing and predicting (fore-
casting) HABs. Diagnostic techniques have constantly been improved
thanks to the rapid advancement of molecular biological technologies.
Diagnostic techniques are not only crucial for microalgae, which often
lack distinct morphologies for accurate microscopic identification, but
also for macroalgae, which can be difficult to distinguish due to
morphological similarities in vegetative or spore stages. Furthermore,
unraveling the major metabolic processes and underlying molecular
regulatory mechanisms during the development, maintenance, and
demise of blooms is critical to the identification of environmental factors
responsible for the outbreak. The advent of metatranscriptomics and
metaproteomics has revolutionized this field of research.

Numerous reviews have been published on molecular techniques as
applied to HAB research. They have mostly focused on the identification
and monitoring of HABs. Efforts to develop and apply molecular tech-
niques to understand the crucial metabolic processes and environmental
drivers of HABs have been expanded exponentially in the last two de-
cades, but have been rarely reviewed. This present review aims to pro-
vide an analysis of the molecular techniques pertaining to HABs, both
those for species identification and abundance quantification and those
for bloom driver diagnosis. Comparisons of technical specifications of
these techniques, along with case studies, are presented in the hope of
guiding method selection. Current research needs and future directions
for the development of molecular techniques in the HAB field are also
discussed.

2. Techniques to identify species and quantify abundance

Table 1 provides an overview of molecular techniques used to
identify HAB species and quantify their abundance. These techniques
can generally be grouped into two major categories, those that are
antibody-based, such as ELISA and Immunofluorescence, and those that
are nucleic acid-based such as: CRISPR-Cas, FISH, LAMP, Barcoding/
Metabarcoding, Microarrays, NASBA, PCR, RCA, RPA and SHA.
Antibody-based techniques target antigens of interest such as cell sur-
face antigens, proteins, and occasionally nucleotide sequences when
coupled with other techniques. Nucleic acid-based techniques by
contrast, almost exclusively target oligonucleotide sequences of interest,
particularly in genus and species conserved sequences (Table 1). Sample
HAB species subjected to these methods are displayed in Table 1.
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Table 1
Molecular techniques for the detection of HAB species with select species for
which they are utilized.

Technique Selected Selected HAB Reference
Target Species
CRISPR-Cas ITS Karenia Wang et al., 2023,
mikimotoi 2025
Karlodinium
veneficum

Enzyme Linked Cell surface Alexandrium Gas et al., 2009,
Immunosorbant antigen minutum Penna and Magnani,
Assay (ELISA) rDNA: ITS- Alexandrium 2008, Xin et al., 2005

5.8S spp.
Gymnodinium
sp.

Fluorescent In Situ rDNA: LSU Alexandrium Eckford-Soper et al.,
Hybridization (D1-D2 spp. 2013, Greenfield
(FISH) domain) Alexandrium et al., 2006,

rRNA: LSU tamarense Hattenrath-Lehmann
Cocholodinium etal., 2016, Kim et al.,
polykrikoides 2005
Pseudo-nitzchia
australis
Immunofluorescence Cell surface Alexandrium Carrera et al., 2010,
antigen spp. Lin and Carpenter,
Proteins: Aureococcus 1996, Stauffer et al.,
Flavodoxin, anophagefferens 2008, Wang et al.,
p34cdce2, Emilania 2007
PCNA, huxleyi
Rubisco, Isochrysis
Tubulin galbana
Prorocentrum
minimum
Skeletonema
costatum
Thalassiosira
oceanica
Thalassiosira
weissflogii

Loop Mediated rDNA: 5.8S, Alexandrium Chen et al., 2013, H.
Isothermal LSU, LSU spp. 2020, Huang et al.,
Amplification (D1-D2), Chattonella 2017
(LAMP) ITS1-ITS2 marina Nagai et al., 2012,

Cocholodinium 2013, Qin et al., 2019,
polykrikoides Trinh and Lee, 2018,
Karenia Wang et al., 2019
mikimotoi

Karlodinium

veneficum

Prorocentrum

shikokuense*

Barcoding/ Amplicon Cyanobacteria Casero et al., 2019

Metabarcoding sequence Fukuyoa spp. Huang et al., 2021
variants Gambierdiscus Jacobs-Palmer et al.,
(ASVs) spp. 2021
COI Macroalgal @rberg et al., 2021
eDNA: 18S- assemblage Saunders and
V7, 185-V9 Phytoplankton McDevit, 2012Smith
rDNA: D1-D2 assemblage et al., 2017
LSU, D2-D3
LSy, ITS, V4
SSU
rRNA: 16S
Toxin
biosynthesis
genes: anakF,
mcyE, sxtl
Microarray Cell clones Alexandrium Ahn et al., 2006, Chen
mRNA: rbel spp. et al., 2016, Miranda,
rDNA: 18S, Gyrodinium 2009
288 instriatum
rRNA: Heterosigma
ITS1-2, LSU akashiwo
Karenia
mikimotoi
Prorocentrium
shikokuense*
Prorocentrium

(continued on next page)
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Table 1 (continued)

Nucleic Acid
Sequence Based
Amplification
(NASBA)

Polymerase Chain
Reaction (PCR)

Rolling Circle
Amplification
(RCA)

Recombinase
Polymerase
Amplification
(RPA)

Sandwich
Hybridization
Assay (SHA)

mRNA: rbel

cDNA: Ppcob,
sxtA4
domain
mRNA: rbel
rDNA: 58S,
ITS, LSU
rRNA: ITS-1,
5.8, ITS-2

rDNA: ITS,
LSU D1-D2

rDNA: 5.8S-
ITS, ITS-1,
LSU D1-D2

rRNA: LSU,
SSU

minimum
Pseudo-
nitzschia
australis

Ulva spp.
Karenia brevis
Karenia
mikimotoi

Alexandrium
spp.
Azadinium spp.
Chattonella
marina
Heterosigma
akashiwo
Karenia brevis
Pfiesteria
piscicida
Prorocentrum
minimum
Pseudo-nitzchia
spp.

Ulva spp.
Amphidinium
carterae
Chattonella
marina
Karenia
mikimotoi
Karlodinium
veneficum
Prorocentrum
minimum
Heterosigma
akashiwo
Karlodinium
spp.
Ostreopsis cf.
spp.
Alexandrium
catenella
Akashiwo
sanguineum
Chaetoceros
curvisetus
Gymnodinium
sp.
Heterosigma
akashiwo

Microcystis spp.

Phaeocystis
globosa
Pseudo-nitzchia
australis
Pseudo-nitzchia
spp.
Prorocentrium
spp.
Scrippsiella
trochoidea
Skeletonema
costatum
Thalassiosira
rotula

Casper et al., 2007,
Loukas et al., 2018,
Ulrich et al., 2010

Andree et al., 2011,
Duan et al., 2011,
Gray et al., 2003,
McGirr et al., 2021,
Murray et al., 2011,
Zhang and Lin, 2002,
Zhang et al., 2024

Chen et al., 2015, F.
2020, Liu et al., 2019
Qin et al., 2020,
Zhang et al., 2018

Fu et al., 2019, Toldra
et al.,, 2018, 2019,
Wang et al., 2021

Dearth et al., 2022,
Greenfield et al.,
2006, 2008, Miller
and Scholin, 1996,
Scholin et al., 1997,
Zhen et al., 2009, Zhu
2012a & b

* Formerly Prorocentrum donghaiense.

2.1. Antibody-based techniques

Antibody-based techniques rely on the specific binding of antibodies

to unique molecular motifs (antigens) on target organisms. Antibodies
can be monoclonal (mAb)—produced by clonal B cells in response to a
HAB-associated antigen—and bind a single epitope, or polyclonal
(pAb)—a mixture of antibodies from diverse B cells—binding multiple
epitopes in the antigen. While pAbs are more sensitive, they are also
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more prone to cross-reactivity. However, their production is less labor-
intensive than that of mAbs (Pohanka, 2009).

Antibodies are used in direct or indirect detection methods. In direct
detection, the primary antibody is labeled with a reporter molecule (e.g.,
a fluorophore or enzyme) to generate fluorescent or colorimetric signals.
In indirect detection, a labeled secondary antibody binds the primary
antibody, amplifying the signal due to multiple secondary antibodies
binding each primary, thus increasing sensitivity.

2.1.1. Engyme linked immunosorbent assay (ELISA)

While antibodies can be applied in various ways, ELISA is the prin-
cipal immunoassay for the detection of HABs. Furthermore, ELISA takes
different forms, including direct, sandwich, competitive and indirect
ELISA (Reen, 1994). The vast majority of HAB studies involving ELISA
use either direct or competitive techniques (Fig. 1). A direct ELISA, the
benchmark of all ELISAs, is completed in four major steps: coating,
blocking, detection and signaling. Between each step, buffer is removed
and washing step(s) are performed to remove unbound material. A
standard direct ELISA begins with coating the solid phase (usually a 96
well plate) with the antigen (Reen, 1994). A blocking buffer is then
added to block all remaining binding sites on the solid phase. The
detection antibody conjugated to an enzyme is added and given the
opportunity to bind to the antigen. Finally, a signal is achieved by
adding a substrate which reacts with the enzyme conjugated to the
detection antibody. The result is usually a colorimetric or fluorometric
change that can be detected by a plate reader. The intensity of the
colorimetric or fluorometric signal can be interpreted as a concentration
of the antigen of interest.

An example of using ELISA for HAB detection is based on a mono-
clonal antibody targeting surface antigens of Alexandrium minutum (Gas
et al., 2009). In another study, the ELISA technique was combined with
PCR to target the internal transcribed spacer (ITS)-5.8S rDNA of the
genus Alexandrium (Penna and Magnani, 2008). While standalone PCR
can effectively detect Alexandrium species (Galluzzi et al., 2004; Penna
and Magnani, 1999), including saxitoxin-producing species (Murray
et al., 2011), its combination with ELISA enables high throughput
quantification of Alexandrium cells (Penna and Magnani, 2008). How-
ever, with quantitative PCR being easily accessible now, the advantage
of the PCR-ELISA technique is no longer so clear.

As direct ELISA requires the immobilization of samples (antigen)
onto a solid substrate, its capacity is limited. To facilitate high-
throughput analyses, competitive ELISA (cELISA) has been developed.
In cELISA, the primary antibody is bound to multiwells of microplates,
which can be stored for extended periods. In experiments, samples
containing the antigen are added, allowing the antigen to bind the
antibody. After the unbound samples are removed with washes, a signal-
carrying secondary antibody is applied to bind the unbound primary
antibody. The resulting signal intensity is inversely proportional to the
abundance of the antigen in the sample. cELISA has frequently been used
in toxin detection (Meyer, 2010). This assay principle was used by Xin
et al. (2005) to create a competitive ELISA for the highly specific iden-
tification and quantification of Gymnodinium sp.

2.1.2. Immunofluorescence

Antibodies containing fluorophores can be used to stain the algal
cells, which are then analyzed microscopically or using flow cytometry
(Lin, 2008; Lin and Carpenter, 1996; Lin et al., 2003; Stauffer et al.,
2008). Immunofluorescent labeling of cells allows for the in situ visu-
alization of cells, discrimination between taxa, locating proteins of in-
terest, and visualizing cell morphology (Lin and Carpenter, 1996;
Stauffer et al., 2008; Wang et al., 2007).

A general protocol for immunofluorescent detection of phyto-
plankton as described by Lin and Carpenter (1996) is as follows. Samples
are first collected and fixed in paraformaldehyde (4 % for 2 h at 4 °C),
and transferred to —20 °C methanol for storage (between overnight to 9
months). Immunofluorescent staining then proceeds with incubations
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Fig. 1. Schematic of ELISA. Major types of enzyme-linked immunoassay (ELISA) used for HAB studies. A basic ELISA and competitive ELISA are differentiated
anchoring of antigens to the test vessel and primary antibodies in the case of competitive ELISA.

with primary and then secondary antibodies. If the primary antibody
targets intracellular molecules, cells need to be permeabilized using
detergents for penetration by antibodies, a step not required for
detecting cell surface antigens. Three washes with the buffered phos-
phate saline (PBS) are carried out in between steps. A counterstain is
then applied to increase contrast. Cells are then mounted onto a slide (if
not already) with a coverslip and examined under an epifluorescence
microscope to visualize and quantify stained cells.

Immunofluorescence can also be coupled with flow cytometry, often
referred to as immunologically based flow cytometry (IFCM), as a
simpler and more rapid alternative to traditional immunofluorescence
(Stauffer et al., 2008). To begin, algal cells are placed in a preservative
until the time of analysis. Subsequent processing is similar to what is
described above, but without mounting the cells onto slides. The
resultant fluorescently labeled cells are analyzed by a flow cytometer.
This method has been successfully applied to field samples using
monoclonal antibodies specific to Alexandrium minutum (Carrera et al.,
2010). These antibodies targeted intracellular antigens of A. minutum
and allowed for the discrimination of this species from other Alexan-
drium species via flow cytometry.

A common challenge presented by techniques involving the use of
fluorescence and phytoplankton is the autofluorescence from chloro-
plasts and some other molecules in many of these organisms (Wang
et al., 2007). Techniques to mitigate this include ethanol washes to
extract pigments and calibration to account for autofluorescence (Wang
et al., 2007). An additional consideration in the design of immunoflu-
orescence techniques is antiserum dilution. For example, at a 1:5 dilu-
tion, an antiserum specified for Prorocentrum shikokuense (formerly
P. donghaiense) cross-reacted with three other members of the genus
Prorocentrum while discriminating against other members of the genus
as well as more distant genera (Wang et al., 2007). Diluting the anti-
serum to 1:100 preserved the fluorescent intensity of P. shikokuense
while discriminating against all other tested species.

2.2. Nucleic acid-based techniques

Nucleic acid-based techniques offer several advantages over
antibody-based approaches. First, the specificity of probes or primers
required in the techniques is highly customizable, ranging from uni-
versal to strain-specific, depending on research needs. Second, probe
and primer syntheses are rapid and cost-effective. Finally, nucleic acid-

based methods are versatile and can be adapted to various formats and
platforms.

2.2.1. CRISPR/CAS

Originally developed as a genome editing technique, CRISPR-CAS
takes advantage of the prokaryotic immune system. CRISPR first em-
ploys CRISPR RNA (crRNA) or guide RNA (gRNA) to target a gene
sequence (Pickar-Oliver and Gersbach, 2019). The spacer of the crRNA
hybridizes to the target allowing for the protein Cas to selectively cleave
the target oligonucleotide (Pickar-Oliver and Gersbach, 2019).

Progress in the CRISPR-Cas field has allowed for the detection of
specific oligonucleotide sequences (Zhou et al., 2018). This has allowed
for the application of the CRISPR-Cas technique to HAB detection. Re-
searchers have developed a CRISPR-Cas based technique for detecting
Karenia mikimotoi (Wang et al., 2023). Their technique utilized Cas12a
from Lachnospiraceae bacterium ND2006 (LbCasl2a) to target and
cleave the internal transcribed spacer (ITS) of K. mikimotoi, guided by
RNA (Fig. 2). They leveraged the target-activated non-specific
single-stranded deoxyribonuclease cleavage activity of LbCasl2a to
generate signals detectable by a fluorescence detector or lateral flow
devices (LFDs). By combining recombinase polymerase amplification
(RPA) and LbCas12a with reporters, they significantly enhanced sensi-
tivity, enabling the detection of ITS-harboring plasmids at concentra-
tions as low as 9.8 aM and genomic DNA of K. mikimotoi at levels as low
as 3.6 x 10° ng/pl. Additionally, they simplified the genomic DNA
extraction technique using cellulose filter paper (CFP) by directly
eluting the DNA into RPA reactions, reducing the extraction time to less
than 30 s. The entire process, from genomic DNA extraction to result
reporting, takes less than an hour, allowing for the identification of
nearly a single cell. CRISPR also shows promise as a field deployable
method, with a crude DNA extraction protocol having been shown to
enable the detection of Karlodinium veneficum (Wang et al., 2025). These
examples indicate that the CRISPR/Cas technique is promising to pro-
vide an easy, specific and sensitive approach for detecting HAB species,
offering potential for efficient monitoring and management of harmful
algal blooms.

To assess the toxin production capacity of a HAB population, toxin
production genes are promising candidates for CRISPR-Cas analysis
(Duran-Vinet et al., 2021). Select target genes implicated in toxin pro-
duction are summarized in Tables 1 and 2 of Duran-Vinet et al. (2021).
These genes include dabA in Pseudo-nitzschia spp. implicated in domoic
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Fig. 2. Schematic of LbCas12a-based detection. The genomic DNA of K. mikimotoi is extracted, followed by RPA pre-amplification. By identifying and digesting
specific target DNA, the “collateral activity” of LbCas12a is activated, which will digest bystander non-specific ssDNAs. The released signals are detected by lateral
flow strips or fluorescence readers such as a real-time PCR machine or blue light transilluminator. Reproduced from Wang et al. (2023).

acid synthesis (Brunson et al., 2018) and sxtA in Alexandrium sp.
implicated in saxitoxin synthesis (Murray et al., 2011). By targeting
these genes for analysis, discrimination between toxic and nontoxic
strains in a population could be achieved, enhancing predictive capacity
of HAB impacts.

2.2.2. Fluorescent in situ hybridization (FISH)

Fluorescent in situ hybridization, FISH, utilizes fluorescently labeled
oligonucleotides which hybridize to a target ribosomal nucleotide
sequence in situ where the resultant fluorescence post-hybridization is
detectable and, in some cases, quantifiable (e.g. % cells showing the
hybridization signal). Like antibody-based techniques, FISH involves
washing to remove unbound materials between steps. Traditional FISH
techniques begin with the preparation of the hybridization target (a RNA
or DNA sequence), resulting in the fixation and permeabilization of cells
(Bari and Yeasmin, 2014). The fixed cells are then incubated with a
fluorescently labeled oligonucleotide probe. Successful hybridization
can then be viewed by fluorescence microscopy (Tonnies, 2010). A
standard schematic of a FISH reaction is shown in Fig. 3.

The first application of FISH came in 1980, in which a rhodomine-

bound RNA probe was used to visualize mitochondrial DNA of try-
panosomes (Bauman et al., 1980). Improved probe specificity and la-
beling have advanced FISH to be applicable for the detection of diverse
HAB species (Table 1). Several challenges had to be overcome to apply
FISH to HAB species. First, the requirement of probes to traverse cell
walls and membranes while preserving cellular integrity has proven
challenging for some algal species (Medlin and Orozco, 2017), although
nucleic acid probes are much smaller than antibodies and hence less
difficult to enter cells. Techniques covering diverse phytoplankton
groups have been developed (Groben and Medlin, 2005). Second,
autofluorescence of HAB cells stemming from pigments or unknown
molecules has also proven challenging for FISH visualization (Zeller
et al., 2016), as in the case of immunofluorescence. Pretreatment of cell
samples with methanol (—20 °C) removes chlorophylls and facilitates
cell permeabilization (Lin and Carpenter, 1996), whereas pretreatment
with Hy0,, ethanol, or CuSO4 suppresses autofluorescence (Cohen et al.,
2021; Zeller et al., 2016). Additionally, tyramide signal amplification
(TSA) can be used to amplify FISH signal, which can overcome auto-
fluorescence, as demonstrated in cyanobacteria (Schonhuber et al.,
1999).

Fig. 3. Illustration of fluorescent in situ hybridization (FISH). A pair of Alexandrium catenella cells are used as an example. The fluorescent micrograph of their
propidium iodide-stained horseshoe-shaped nuclei was superimposed on a brightfield micrograph.
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FISH is used for a wide array of HAB detection techniques. A FISH
assay for the detection of resting cysts of Cochlodinium polykrikoides
facilitated the first identification and mapping of these cysts
(Hattenrath-Lehmann et al., 2016). Effective discrimination between
species of the ciguatoxin-producing dinoflagellate Gambierdiscus spp.
allows for characterization of complex community samples via FISH
(Pitz et al., 2021). FISH has also shown promise in combination with
other analytical techniques. Traditional FISH results must be read via
epifluorescence microscopy. When combined with an automated
enumeration technique such as flow cytometry, greater testing effi-
ciency can be achieved (Toebe, 2013). For example, the use of FISH and
flow cytometry has proven effective at rapidly quantifying and
discriminating between toxic and non-toxic Microcystis (Gan et al.,
2010).

FISH for HABs is time-intensive, and probes need to be custom-
designed as they are typically commercially unavailable (Huber et al.,
2018). Time-to-result in FISH protocols for HAB detection often requires
several hours (Gan et al., 2010; Hattenrath-Lehmann et al., 2016; Pitz
et al., 2021). Outside of the HAB field, FISH time-to-result has been
shown to be achievable in as little as 1-hour for bloodborne bacteria
(Peters et al., 2006). These rapid FISH assays rely on commercially
available assay kits, specialized lysis mixtures specific for the rapid lysis
of bacterial cells and the feasibility of replacing the water bath incu-
bation with a microwave oven. No such commercially available kit or
microwave protocol currently exist for HABs.

2.2.3. Sandwich hybridization assay (SHA)

Sandwich Hybridization Assay (SHA) is a technique in which a
species-specific probe immobilized on a membrane or glass slide binds
to, and pulls down, rRNA of the target species, and a second species-
specific probe that carries a signal molecule binds to the captured
rRNA (Fig. 4). SHA has proven to be a robust technique for the detection
and quantification of numerous HAB species (Table 1). The first probe,
the capture probe, acts as a structural support for the target sequence
and enables the subsequent binding of the second probe, the signal
probe. The signal probe, usually consisting of fluorescent molecules (ex.
Cy5-, Cy3-) or colorimetric compounds (ex. DIG-), can be used to detect
and potentially quantify a target sequence (Gong et al., 2022). Since its
initial uses in the 1970's for the detection of viral DNA (Dunn and
Hassell, 1977), SHA has since expanded to be applied to the detection
and quantification of HAB-forming species. Extensive catalogues of
probes for HAB- forming species have been developed, allowing for
enhanced probe selection (Bowers et al., 2017; Diercks et al., 2008;
Haywood et al., 2007).

Traditional SHA has targeted genus or species specific rRNA (Gong
et al., 2022). Advancements in understanding the gene clusters impli-
cated in biotoxin synthesis in HAB species has allowed for more effective
targeting of these species. Zhu et al. (2012a) employed an SHA targeting
mcyj, a gene cluster implicated in the production of microcystin by
members of the genus Microcystis, allowing for discrimination between
toxin-producing and non-toxin producing species of Microcystis. Other
genes implicated in toxin production such as sxtA found in several

Signal
Target probe

rRNA
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dinoflagellate species could also be candidates for SHA detection of
toxin producing HAB species (Stiiken et al., 2011).

Typical SHAs are read via a plate reader that interprets colorimetric
or fluorometric signals. Developments outside the HAB field have shown
the capacity of a variety of instrument types to be used for the detection
of SHA. Surface enhanced resonance and Raman scattering has been
combined with sandwich hybridized target sequences to detect DNA
concentrations as low as 107 1° M (Feuillie et al., 2011). Additional
alternative detection instrumentation applicable to SHA include
microarray scanners, liquid scintillation counters, capillary electropho-
resis (Clancy et al., 2017; Goldman et al., 2013; Zammatteo et al., 1997).
These alternative techniques are discussed at length in Gong et al.
(2022).

2.2.4. Polymerase chain reaction (PCR)

Polymerase chain reaction (PCR) uses a heat-stable polymerase
enzyme (e.g., Taq) to extend oligonucleotide primers (specific to spe-
cies) based on the species’ sequence as the template. The result of this
process is the amplification of the template DNA by extending primers
bound on templates (Bartlett and Stirling, 2003; Wood et al., 2013). A
pair of primers is designed such that they have similar annealing tem-
peratures (typically 55-60 °C), and will produce appropriate lengths of
amplicons (~100-300 bp for quantitative PCR and up to ~3 kbp for
non-quantitative PCR). Generally, three temperature-defined steps are
undertaken in a PCR protocol (Khehra et al., 2023). First, in the dena-
turation step, hydrogen bonds between base pairs in double-stranded
template DNA are denatured at 95 °C. In the subsequent annealing
step, typically at between 50 °C-60 °C, the denatured template DNA is
cooled to allow oligonucleotide primers to anneal to their complemen-
tary template DNA strands forming a double-stranded, template/primer
complex. Finally, elongation occurs at an optimum activity temperature
for the polymerase enzyme (typically 72 °C). The result is an exponential
growth of the initial template DNA sequence.

Generally, PCR analyses should always include a positive and
negative control. The positive control uses a template known to be
amplified by the experiment’s primers. Failure to generate a detectable
amplicon suggests an issue with the chemical system or the PCR ma-
chine. The negative control contains all PCR components except the
template and should produce no amplicon; if it does, the system is
contaminated with DNA from the study organism or other sources (e.g.,
human, bacteria, fungi). If the positive control generates an amplicon
correctly and both the negative control and experimental samples do
not, the experimental samples might be truly negative, or the template
DNA might be too impure for amplification. Diluting the DNA template
with pure water by 10- or 100-fold can reduce inhibitory impurities and
often results in more efficient amplification. Usually, amplification
failure is due to poor quality rather than absence or low quantity of the
DNA template.

PCR can be subdivided into two major categories: end-point PCR and
real-time quantitative PCR (QPCR). The more traditional technique, end-
point PCR, permits the PCR reaction to continue to saturation. Because
amplification efficiency decreases as polymerase loses activity or free

—O5

Fig. 4. Schematic of sandwich hybridization assay (SHA). Capture probe is immobilized to substrate by biotin. HRP, horseradish peroxidase. The final signal can be

fluorescent or colorimetric depending on the technique of detection.
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nucleotide runs low, the end-point PCR technique is suitable for deter-
mining presence or absence of, but not for quantifying, the target species
or DNA molecule. In contrast, qPCR continuously monitors the ampli-
fication product (amplicon) as the reaction proceeds, and the increase in
amplificon abundance over time is mapped. Absolute quantification is
achieved based on a standard curve constructed with a dilution series of
a known number of cells equivalent DNA (Lin et al., 2006; Zhang and
Lin, 2005) or a known quantity of extracted DNA subjected to the same
PCR run as the experimental samples (Antonella and Luca, 2013). It is
preferable to use known number of cells for the standard because gene
copy number within algal cells varies considerably between species and
between growth stages (Galluzzi et al., 2009). Given this variation, the
use of DNA for the standard can potentially lead to overestimations or
under-estimations (Galluzzi et al., 2009). Therefore, when extracted
DNA is used as the standard, qPCR results must be interpreted in light of
species-specific gene copy number variations.

Considering the importance of quantification, multiple techniques
are available to quantify the starting templates (Fig. 5). SYBR-Green
relies on a DNA binding dye that emits green fluorescence under blue
light excitation when bound to nucleic acids. The Tagman technique is
based on a fluorescent probe added to PCR reaction to allow specific
binding to the amplicon. The third technique is molecular beacon, which
utilizes a probe with a signal molecular on the one end and a signal
quencher on the other end. Without binding to DNA, the quencher is
physically close to the signal molecule and prevents fluorescence. When
the probe binds to DNA, the two ends are separated, relieving the
inhibitory effect of the quencher, and the signal molecule emits fluo-
rescence under blue light excitation (Lin, 2008).

As portable PCR machines are becoming available, HAB species in
situ detection via PCR will be a reality. For instance, a fast, battery-
powered, portable device for PCR amplification and end-point detec-
tion was developed (Jie et al., 2020). The device comprised a PCR
thermal control system, a PCR reaction chip, and a fluorescence detec-
tion system. The thermal control system included a thermal control chip
with thin-film heaters and resistance temperature detectors (RTDs),
providing an average heating rate of 32 °C/s and a cooling rate of 7.5
°C/s. Such devices are promising for the future of HAB research.

A: SYBR Green
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2.2.5. Loop-Mediated isothermal amplification (LAMP)

Loop-mediated isothermal amplification (LAMP) is an isothermal
DNA amplification technique in which Bst DNA polymerase reacts with a
series of 4 to 6 primers to amplify 6-8 distinct DNA sequences from the
target (Toldra et al., 2020). First described by Notomi et al. (2000),
LAMP relies on the strand-displacing action of Bst DNA polymerase in
concert with forward inner primers (FIP) and backward inner primers
(BIP) to synthesize a DNA “loop” structure. This process results in an
amplified oligonucleotide mixture containing stems and loops of DNA.
Detection of amplification is generally conducted by one of two distinct
techniques. The first technique is based on a perceptible change in color
or fluorescence via the addition of a dye or a reaction byproduct such as
magnesium pyrophosphate (white). Alternatively, detection can be
achieved by the use of antibody-based lateral flow tests. Both color-
imetric/fluorometric and lateral flow LAMP techniques have been
applied to many HAB species. These include Alexandrium spp. (Wang
et al., 2008, 2019) and Karenia mikimotoi (Huang et al., 2020; Zhang
et al., 2009). Regardless of detection technique, the internal transcribed
spacer (ITS) of ribosomal DNA is often targeted for amplification.

LAMP provides a faster, less technically complex alternative to
traditional PCR. The most significant technical advantage is that it does
not require temperature modulations. Furthermore, as the technology
improves, LAMP can operate at room temperature and a diverse array of
DNA extraction methods for use in LAMP are available (Lee et al., 2021;
Nagai et al., 2012). This renders LAMP suitable for field-based deploy-
ment. LAMP field techniques exist for Alexandrium catenella (Fujiyoshi
et al., 2020; Wang et al., 2019), Chattonella marina (Qin et al., 2019)
Cochlodinium polykrikoides (Trinh and Lee, 2018), Karlodinium veneficum
(Huang et al., 2017), and Prorocentrum shikokuense (Chen et al., 2013). A
LAMP technique was also developed to detect and discriminate between
six species of Alexandrium (Nagai, 2013). Potential drawbacks of LAMP
include the elevated risk of primer-primer hybridizations (leading to
false positives) and LAMP products having less secondary uses as
opposed to PCR amplification (Wong et al., 2018). False-positive results
have been reported from LAMP assays due to the increased number of
primers elevating the risk of primer-primer hybridizations. This process
is known as template-free amplification (Wong et al., 2018). Unlike PCR
products which can form singular bands for examination in gel elec-
trophoresis, LAMP products in contrast form a ladder-banding pattern
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which is less commonly used for definitive identification (Sahoo et al.,
2016). Additionally, LAMP products cannot be used for cloning like PCR
products (Sahoo et al., 2016).

2.2.6. Nucleic acid sequence-based amplification (NASBA)

Nucleic acid sequence-based amplification (NASBA) is used to
amplify single-stranded RNA or ssRNA (Fig. 6). A typical NASBA pro-
tocol begins with the binding of the first primer to the template RNA.
AMV (avian myeloblastosis virus) reverse transcriptase catalyzes the
synthesis of a complementary DNA (cDNA) strand, resulting in an RNA-
c¢DNA hybrid (Toldra et al., 2020). RNase-H then digests the template
RNA from the cDNA, leaving behind a single stranded cDNA to which
primer 2 binds. AMV reverse transcriptase catalyzes the synthesis of a
new DNA strand complementary to the cDNA, resulting in the creation
of double-stranded DNA (dsDNA). From this dsDNA, T7 RNA polymer-
ase synthesizes new copies of the original template RNA and starts the
next cycle of producing dsDNA from ssRNA. The procedure leads to
exponential growth of the original template RNA. NASBA has been used
for field detection and quantification of Karenia brevis and Karenia
mikimotoi (Casper et al., 2007; Ulrich et al., 2010). The field deploy-
ability of NASBA has been highlighted as being of particular interest to
areas frequently affected by blooms of Karenia such as the state of
Florida (Ulrich et al., 2010).

2.2.7. Rolling circle amplification (RCA)

Similar to LAMP, rolling circle amplification (RCA) is an isothermal
oligonucleotide amplification technique reliant on polymerases with
strand-displacement activity (Fig. 7). RCA begins with the hybridization
of a target sequence to the 5 and 3' segments of a C-probe (padlock
probe) sequence, typically 40-60 nt linear DNAs or RNAs. The hybrid-
ization triggers the ligase-based circularization of the padlock probe. A
polymerase with strand displacement activity (e.g., Bst, Bsm, Vent,
Phi29, and T7 RNA polymerase) catalyzes the synthesis of a new strand
by displacing the old strand while moving along the padlock probe as the
template. The long complementary ssDNA or RNA strands, i.e., tandem
repeats of the target, resulting from the synthesis, can be detected using
a detection probe. RCA can be adapted to various detection platforms
(liquid, solid substrate) for various molecules (Garafutdinov et al.,
2021). RCA has been used to detect a variety of HAB species including
Amphidinium carterae, Karenia mikimotoi, Karlodinium veneficum and
Prorocentrum minimum (Chen et al., 2015; 2020; Liu et al., 2019; Zhang
et al., 2018). Lateral-flow dipstick technology, similar to LAMP has been
applied to RCA to simplify detection (Liu et al., 2020; Qin et al., 2020;
Zhang et al., 2019a).

Like LAMP and other isothermal amplification techniques, RCA is
free from the requirement of thermocyclers and target-specific primer
development as in PCR. Furthermore, the RCA technique is particularly
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Fig. 6. Schematic of Nucleic acid sequence-based amplification (NASBA). The
enzymatic process by which NASBA occurs results in the exponential amplifi-
cation of a target sequence, allowing for its detection.
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useful for amplifying short targets such as microRNA (Xu et al., 2023).
The other advantage of RCA is its single-nucleotide specificity, because
only exact complementarity between the target and the complementary
5'and 3' segments of the padlock sequence induces the circularization of
the padlock sequence. Potential limitations of RCA include relatively
lower sensitivity associated with the linear amplification instead of
exponential amplification in PCR. A major consideration with RCA is the
impact of template length on amplification efficiency bias in RCA re-
actions (Joffroy et al., 2018). To avoid this impact, the same length of
template should considered when the assay is designed, particularly
when multiple targets are to be compared.

2.2.8. Recombinase polymerase amplification (RPA)

A relative of the RCA, RPA (recombinase polymerase amplification)
requires a forward and reverse primer, utilizing the strand-displacement
activity of a polymerase in combination with single-stranded DNA-
binding protein (SBB) and a recombinase to amplify target DNA (Daher
et al., 2016). First, the recombinase binds to the primers to form a
recombinase-primer complex (Lobato and O’Sullivan, 2018). This
recombinase-primer complex searches for homologous sequences. Upon
locating its homologous sequence, the strand-displacing polymerase
inserts the primers at the cognate site which is then stabilized by SBB.
Following this insertion, the recombinase dissociates, permitting the
polymerase to elongate the primer, ultimately resulting in amplification.
RCA has been applied to HAB species including Heterosigma akashiwo,
Karlodinium spp. and Osteopisis cf. spp. (Fu et al., 2019; Toldra et al.,
2018, 2019; Wang et al., 2021). RPA, like LAMP and RCA, has also
proven amenable to lateral-flow dip stick detection (Fu et al., 2019).

2.2.9. DNA barcoding/ metabarcoding

DNA barcoding is a diagnostic technique for species identification
that uses a short, standardized DNA region known as a barcode (Lahaye
et al., 2008). To qualify as a barcode, the DNA sequence must exhibit
significantly greater divergence between species than within species, be
easy to PCR-amplify, sequence, and analyze, and be “universal” (Lin
etal., 2014). Practically, the inter-specific genetic distances based on the
barcode should be markedly greater than the intra-specific distances,
with a detectable gap. The sequence should be relatively short so one
sequencing read can cover it completely, and it should be flanked by
highly conserved sequences, allowing the design of a "universal" set of
primers to amplify as many taxa as possible. This universal attribute of
the primers is highly desirable for analyzing microalgal communities
(metabarcoding). A practical application can be seen in the use of
metabarcoding for the detection of microalgal resting cysts. By using
either a single PCR amplification with genus- or species- specific primers
or a “nested” PCR reaction using eukaryotic “universal” primers fol-
lowed by the use of genus- or species- specific primers, a great diversity
of resting cysts could be detected (Penna et al., 2010).

In practice, DNA is extracted from species or environmental samples
(eDNA), subjected to PCR to amplify the barcode, and then sequenced. A
phylogenetic tree is used to compare the genetic distance between taxa.
According to the "easy" requirement of DNA barcoding, the simplest
evolutionary model, UPGMA (Unweighted Pair Group Method with
Arithmetic Mean) should be used. In contrast, if the barcode is used to
address evolutionary questions, more sophisticated models are needed
to account for uneven mutation rates of different nucleotides. Further-
more, a highly variable DNA region is required if barcoding is aimed to
resolve intra-specific strains. The internal transcribed spacer (ITS) of the
rRNA cistrom and some functional genes are suitable. For instance,
intra-specific genetic diversity based on the functional genes for saxi-
toxin production (sxt) within Alexandrium minutum are believed to un-
derpin the variability in toxicity and toxin composition (Mary et al.,
2022).

Currently, no fully universal barcodes are available for all algae, let
alone all eukaryotes. Multiple gene regions have been explored and
found to provide different resolving power. Overall, nuclear ITS, the
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Fig. 7. Schematic of rolling circle amplification (RCA). A padlock probe allows for the circularization of a target oligonucleotide sequence. The combination of a
polymerase and a primer allows for the creation of ssDNA. Based on Giuffrida and Spoto (2017).

large subunit of rubisco (rbcL), and mitochondrial cytochrome C subunit
1 (COI) are most commonly used, with COI originally proposed as the
model barcode (Hebert et al., 2003). The use of dual barcodes has been
suggested for macroalgae (Saunders and McDevit, 2012), with the 28S
D2/3 region barcode serving as the common secondary barcode along-
side the more group-specific primary barcode (e.g., ITS for di-
noflagellates). For more technical details and precautions about DNA
barcoding and metabarcoding, readers are referred to existing reviews
(Bartolo et al., 2020; Burki et al., 2021).

2.2.10. Microarray

Microarrays are immobilized oligonucleotide sequences (e.g. probes
printed on microscopic glass slides) that hybridize to target gene (DNA
or RNA) sequences in the samples (Heller, 2002). In essence, micro-
arrays are large-scale probe hybridizations on solid substrates. The hy-
bridized probe-cDNA complex can be detected and quantified with the
inclusion of a reporter molecule such as a chemiluminescent or fluo-
rescent molecule.

To apply the technique to HAB research, when the genome or tran-
scriptome is available for a HAB species, probes of genes are designed
and printed in an array on a glass slide or membrane. This places the
microarray method at the intersection of techniques to detect HAB
species and techniques to characterize bloom drivers. A microscope slide
can carry multiple arrays, and each array can consist of tens of thou-
sands of probes. Arrays can be made in large batches and stored for
future use. Microarrays can be applied for biodiversity research, in
which probes are designed for many microbial organisms and hybrid-
ized to eDNA samples. When applied to RNA samples, the method re-
veals gene expression profile. In this case, samples from experiments or
bloom events are subject to RNA extraction. mRNA will be collected and
reverse-transcribed to cDNA libraries. CDNAs in the libraries will be
transcribed, in vitro, to cmRNA, with labeled nucleotides. This labeled
cmRNA will be hybridized to the immobilized probes. Signals from a
specific probe indicates expression of the gene from which the probe is
designed for. The intensity of the signal is proportional to the expression
level of the gene.

A noteworthy application of microarray has been its use with Alex-
andrium catenella (Miranda, 2009). In this work, a custom cDNA
microarray with 1512 features was developed to investigate gene
expression at various growth stages and during cell cycle progression of
strain CCMP1719. Approximately 2 % of the array showed differential
expression between cultures in the exponential and stationary phases.
Through time-series analysis of samples over a 25-hour period, 7 % of
the array exhibited differential expression during cell cycle progression.

Three genes, including actin, a putative "toxin-related" gene, and a
functionally known gene (clone 8), showed a positive correlation in
expression levels with the percentage of the cell population in the G2+M
stage. This suggests their involvement in cell cycle progression and in-
dicates that these genes could serve as potential cell cycle markers for in
situ growth rate studies. Furthermore, the probe array was used to
analyze a diel transcriptional profile for a natural bloom of A. catenella.
Results showed that 10 % of the array features were differentially
expressed during the light-dark and dark-light transitions, coinciding
with the S and G2+M phases of the cell cycle, indicating that the
expression of these genes was entrained by these transitions. Some of
these genes (DNA damage protein, histone-like protein, and major basic
nuclear protein) showed up-regulation only in the G2+M phase, indic-
ative of potentials as cell cycle markers.

2.3. Comparison of techniques to detect species and quantify abundance

Table 2 compares molecular techniques to detect HAB species and
quantify their abundance based on lowest reported limit of detection,
time to result (TOR) and applicable use cases. This review will not
discuss costs in detail due to the highly variable nature of pricing re-
agents, labor, and set up costs. Overall, DNA sequencing is more
expensive than nucleic acid-based techniques, but the difference has
been decreasing, and in some cases where a high number of samples are
involved, may reverse.

A challenge in quantifying HAB cells using nucleic acid-based tech-
niques involves the copy number variability of the commonly used gene
marker rDNA. rDNA copy numbers vary greatly between algal genera,
species, population (strain) and life stage (Kawaguchi et al., 2023;
Ruvindy et al., 2023). Tables of rDNA copy numbers have been reported
for selected HAB species (Casabianca et al., 2017; Yarimizu et al., 2021).
It is therefore preferable to use known numbers of cells for standards, as
mentioned earlier. For instance, consider two populations of Alexan-
drium catenella, one strain, AC—Chile has an average copy number of 46,
719 copies cell ! while another strain of the same species, AC02-Japan,
has an average copy number of 73,100 copes cell™! (Yarimizu et al.,
2021). The same signal intensity of detection for the two strains repre-
sents a higher abundance for AC—Chile than AC02-Japan. Result
interpretation without considering the difference in copy number be-
tween these two populations would underestimate the abundance of
AC—Chile or overestimate that of AC02-Japan, depending which
strain’s DNA is used as the standard. For this reason, limits of detection
(LOD) reported in this review should only be interpreted as being
pertinent to the species examined in that publication. Alternatively, it
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Table 2
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Comparison of technical specifications of techniques to identify HAB species. Limit of detection based on lowest reported LOD pertinent to HABs.

Detection technique

Limit of
detection (LOD)

Time to result (TOR)

Applicability

Source

Wang et al., 2023, 2025

Gas et al., 2009, Penna and Magnani, 2008, Xin et al., 2005

Eckford-Soper et al., 2013, Greenfield et al., 2006, Hattenrath-Lehmann
et al., 2016, Kim et al., 2005

Casero et al., 2019

Huang et al., 2021

Jacobs-Palmer et al., 2021

@rberg et al., 2021Smith et al., 2017

Ahn et al., 2006, Chen et al., 2016, Miranda, 2009

Carrera et al., 2010, Lin and Carpenter, 1996, Stauffer et al., 2008, Wang
et al., 2007

Chen et al., 2013, Huang et al., 2017, 2020,

Nagai et al., 2012, 2013, Qin et al., 2019, Trinh and Lee, 2018, Wang
et al., 2019

Casper et al., 2007, Loukas et al., 2018, Ulrich et al., 2010

Andree et al., 2011, Duan et al., 2011, Gray et al., 2003, McGirr et al.,
2021, Murray et al., 2011, Zhang and Lin, 2002, Zhang et al., 2024

Chen et al., 2015, Liu et al., 2019, 2020,
Qin et al., 2020, Zhang et al., 2018

Fu et al., 2019, Toldra et al., 2018, 2020,
Wang et al., 2021

CRISPR-Casl2a 3.6 x 10> ng <1h-1.5h Species detection (in vitro)
gDNA pl~!
ELISA 3 cells >10.5 h* - >12.2 h* Species detection and
quantification
Detection of PCR products
FISH 1 cell <1h->17.5h* Species detection and
quantification
Onboard environmental
sample processor
Barcoding/ N/A Highly variable due Species detection
Metabarcoding to Determination of community
bioinformatic composition
processing needs
Microarray 0.5 ng gDNA 0.75h - >9 h* Species detection
Detection of differential gene
expression
Immunofluorescence 1 cell >1h->6h Species detection and
quantification
Detection of antigens of
interest (e.g. proteins)
LAMP 3.4 x 10 ™% ng <l1h-2h Species detection
gDNA pL~! Amplification of gene of
interest
NASBA 0.01 cells mL™! 0.33h-15h Species detection and
quantification
PCR 1.0 *10 3 ng <1h->25h Species detection and
gDNA pL ™! quantification
Amplification of gene of
interest
RCA 8.0 “ 10 % ng >0.75h-3h Species detection
gDNA pL ™! Amplification of gene of
interest
RPA 3.37 10 “ng 0.75h - >9 h* Species detection and
gDNA pL ™! quantification
Amplification of gene of
interest
SHA 0.47 cells mL™* ~1h-4h Species detection and

quantification

Dearth et al., 2022, Greenfield et al., 2006, 2008, Miller and Scholin,
1996, Scholin et al., 1997, Zhen et al., 2009, Zhu 2012a & b

" Indicates an overnight incubation. Assumed to be 8 h.

has recently been shown that rRNA gene copy number is significantly
correlated with cellular carbon content, suggesting a potential solution
to circumvent gene copy variation effects when carbon is used as the
proxy of cell abundance (Zhou et al., 2025). RNA-based applications of
the nucleic acid-based methods face the same challenges as
DNA-applications, because rRNA abundance varies with physiological
conditions of the cell. In addition, RNA molecules are highly liable to
degradation. However, if applied in whole-cell formats (e.g., FISH), the
variability of rDNA copy number or rRNA abundance is less problematic
because quantification will be based on the number of cells stained by
the probes rather than the signal intensity.

While all methods are shown to be capable of species identification,
other factors vary considerably. These factors include limit of detection
(LOD), time to result (TOR) and applicability as displayed in Tables 1
and 2. One other factor is cost, which is highly variable and goal
dependent, as mentioned earlier. Detection sensitivity and specificity
are crucial consideration when a technique is considered. Clearly,
methods targeting abundant molecules in a cell are more sensitive than
those targeting single copy genes or low-abundant molecules. Specificity
depends on how the methodology is developed. These differences
highlight the need to consider a multitude of factors when selecting a
method to detect and quantify HABs.

Perhaps the most amenable to field usage, techniques employing
lateral-flow dip sticks (LAMP, RCA, RPA) are all isothermal nucleic acid
amplification techniques. A major difference between these techniques
is the number of primers required, with 4-6 for LAMP, 1 for RCA and 2

10

for RPA (Lobato and O’Sullivan, 2018). While increasing primer re-
quirements adds additional layers of technical complexity, specificity is
likewise enhanced. Additionally, while RCA and RPA can detect both
DNA and RNA, LAMP can only be used to detect DNA (Lobato and
O’Sullivan, 2018).

As opposed to nucleic acid-based techniques, a major constraint on
the use of antibody-based techniques is the necessity of using animals to
produce antibodies. This presents ethical and replicability concerns. The
use of nanobodies and antibody expression systems present alternatives
to traditional antibody production techniques and serve to alleviate
these concerns. Nanobodies, fragments of antibodies, comprising a sin-
gular monomeric variable antibody domain, hold promising applica-
tions for HAB research (Harmsen and De Haard, 2007). Similar to
antibodies used in ELISA, nanobodies can specifically target antigens of
interest, allowing them to be used to detect HABs. At the time of writing,
nanobody usage in immunoassays for HABs has yet to become a main-
stay of detection techniques, however, current efforts to screen for
candidate nanobodies for HAB detection have shown promise (Zu et al.,
2022). A second alternative is the use of expression systems to generate
antibodies. By cloning antibody coding gene regions into expression
vectors, such as plasmids in Escherichia coli., antibodies targeting algal
species have been created (Jiang et al., 2014; Mazzega et al., 2019).
These expression systems would remove the requirement for the use of
animals to generate antibodies, potentially breathing new life into the
field of antibody-based techniques.
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3. Techniques to characterize metabolic processes and identify
bloom drivers

Understanding of HAB species at the physiological level has been
dramatically enhanced over the past decades thanks to extensive
research with rapidly improving technologies. Ecological insights have
also constantly emerged from increasing temporal and spatial coverage
of field studies and remote sensing. Gaps exist, however, in under-
standing the connection between the physiologies documented in lab-
oratory studies and the phenomics from field observations. This
connection is crucial for identifying the critical metabolic processes and
environmental factors driving HAB blooms.

Metaomics, including metatranscriptomics, metaproteomics and
metagenomics can not only provide an effective avenue to make the
afore mentioned connection, but also allows for holistic searches in the
metabolic landscape to identify all potentially important metabolic
processes. This avoids framing the analysis within a “box” that has the
potential to miss previously unrecognized critical metabolic processes.
This advantage of metaomics is it can be incubation-free (truly in situ)
and complements physiological and ecological measurements. The
greatest advantage of the metaomics approach lies in the ability to
characterize the metabolic profiles on individual species coexisting in
the sampled community. This ability is crucial for unraveling how a HAB
microalgal species outperforms other species in the assemblage to form a
bloom or how grazers and microbes interact with the HAB species
influencing HAB dynamics. The metaomics approach mainly involves
metatranscriptomics and metaproteomics. They deserve some elaborate
discussion.

3.1. Metatranscriptomics

Metatranscriptomics refers to the study of gene expression (via
mRNA transcripts) in microbiota (Cooper et al., 2014; Yu et al., 2023;
Zhi et al., 2014). The metatranscriptome is a rich repository of data that
can be used to elucidate metabolic responses to environmental factors by
microbiota. The resulting profile of total mRNA provides a complete
profile of gene expression at a set time point under set conditions
(Aguiar-Pulido et al., 2016). In the context of HABs this mRNA profile
can provide insight into the mechanisms driving the proliferation of
blooms. A typical metatranscriptomic workflow is shown in Fig. 8.

The sequencing of mRNA transcripts generally occurs via RNA-Seq.
RNA-Seq always begins with the extraction of RNA. For RNA-Seq, an
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Fig. 8. Typical metatranscriptomic workflow.
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appropriate library preparation protocol must be selected based on
study requirements. A synopsis of library preparation protocols can be
found in Table 1 of Kukurba and Montgomery (2015). mRNA is con-
verted into cDNA, processed via the selected library preparation pro-
tocol and sequenced, resulting in a readout of mRNA transcripts in the
sample (Hrdlickova et al., 2016). Next, a general data processing
workflow begins with the alignment of reads against a reference genome
or transcriptome, then assembly of reads into discrete transcripts that
can be annotated de novo or against a reference. Total transcript
abundance is also determined. Transcript abundance is indicative of the
net outcome of gene expression (transcription) and mRNA degradation
(Kukurba and Montgomery, 2015).

Traditional understanding of how HAB species respond metaboli-
cally to a set of conditions has relied on laboratory exposure assays or
field observation. These studies generally relate a set condition to an
observable change in the HAB. Due to logistical limitations, these studies
often can only focus on a singular or limited number of conditions.
Metatranscriptomics allows in situ analysis of a multitude of variables
impacting HAB metabolism and elucidation of the molecular pathways
underpinning them. For instance, Yu et al. (2023) correlated environ-
mental conditions and nutrient regime to changes in the community
composition of a HAB event. The resulting metatranscriptome profile
allowed for the creation of a matrix relating nutrient regimes (N, P, C, Si)
to HAB species abundance. As with any biological process, no singular
variable bares sole responsibility for the metabolism of a HAB. There-
fore, in situ, multivariable analysis of factors impacting HAB metabolism
is of great utility for the wealth of data it generates and the relative
simplicity of the technique as opposed to traditional laboratory exposure
assays.

In addition to allowing for multivariable analysis, metatran-
scriptome profiling has made significant contributions to an increased
understanding of the metabolic pathways driving HAB events (Yu et al.,
2020,; 2023; Zhang et al., 2019b; Zhuang et al., 2015). For example,
Zhuang et al. (2015) identified genes allowing Alexandrium catenella to
bloom under N-limited conditions. Under N-limitation, A. catenella was
shown to have diverse genetic mechanisms for N-utilization, allowing it
to utilize diverse sources of dissolved organic nitrogen (DON) and dis-
solved inorganic nitrogen (DIN). This utilization was enabled by the
upregulation of genes for the creation of enzymes needed to uptake and
assimilate dissolved organic nitrogen (DON) and dissolved inorganic
nitrogen (DIN). This utilization was enabled by the upregulation of
genes for the creation of enzymes need to uptake and assimilate N.

A major challenge in metatranscriptomics is to trace a gene transcript
to its source species. This requires a complete database covering all
species, which does not exist, the species covered in the database has
increased steadily. Compromises have to be made by matching tran-
scripts to those of the closest species in the database. For dinoflagellate
blooms, a specific feature is useful such as DinoSL. This spliced leader is
unique to dinoflagellate nucleus-encoded transcripts (Zhang et al.,
2007), which can be used as a hook to separate dinoflagellate transcripts
from transcripts of other organisms (Lin et al., 2010; Zhang et al., 2013).
Recently this technique was applied to analyze the metabolic profile of
dinoflagellate cysts in sediment (Deng et al., 2025). Results revealed a
broadly active metabolic landscape in the dormant cysts, and that sali-
cylic acid is important in regulating the timing of cyst germination. With
the database rapidly growing, the challenge of tracing transcripts to
source species is increasingly being relieved.

3.2. Metaproteomics

Metaproteomics is the study of all protein expression at a given time
point (Wang et al., 2014). Two major techniques of metaproteome
analysis are commonly employed for marine samples. The first is the
coupling of sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) with mass spectroscopy (either matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF
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MS) or electrospray ionization source tandem mass spectrometry
(ESI-MS/MS). In this workflow, samples are loaded onto a PAGE gel for
size-based separation. This PAGE gel is then selectively extracted at
desired protein bands and extracted. The SDS-PAGE technique then di-
verges based on the type of MS used. For MALDI-TOF MS, the extracted
proteins are combined with a MALDI matrix then analyzed by
MALDI-TOF MS to measure protein mass spectra. These mass spectra are
then compared to a database for protein identification. For ESI-MS/MS,
the gel extracted proteins are further digested into smaller peptides
which are analyzed by ESI-MS/MS to obtain detailed sequence infor-
mation based on patterns of fragmentation. The second major technique
of metaproteomic analysis is the coupling of liquid chromatography (LC)
to ESI-MS/MS. In this technique, proteomic analysis is directly per-
formed in liquid samples without the step of gel-based separation.

Environmental factors conducive to HAB formation have been
determined from metaproteomic analysis. Comparisons between sam-
ples of blooms of Heterosigma akashiwo and Prorocentrum shikokuense and
non-bloom samples highlighted the critical metabolic processes facili-
tating these blooms (Zhang et al., 2019c). While both species highly
expressed light-harvesting proteins, likely as a response to their turbid
environment, H. akashiwo showed greater expression, particularly dur-
ing its dominant bloom period, conferring an advantage over
P. shikokuense (Zhang et al., 2019c). This is consistent with the major
findings of the metatranscriptomic study referred to earlier (Ji et al.,
2018). In addition, another metaproteome investigation of a
P. shikokuense bloom suggests that inorganic carbon uptake and carbon
concentration were important in the maintenance of the bloom (Zhang
et al., 2021).

Broadly, the ability of these species to modulate protein expression in
response to variable environmental conditions highlights the ability of
metaproteomics to provide a molecular explanation for HAB events.

3.3. Comparison of techniques to characterize metabolic processes and
identify bloom drivers

Metagenomics, metatranscriptomics, and metaproteomics are supe-
rior in some ways and inferior in others. The genomics approach ana-
lyzes whole genomes or pathways in a species, revealing the genetic
potential of the species to regulate growth and toxin production. A high-
quality genome assembly provides comprehensive data for the species,
including genes and regulatory elements. These provide insights into the
evolution of the species that may be related to the ability to form HABs
and produce toxins. However, genome sequencing and analysis is time
and capital intensive. Additionally, while genes may serve as a template,
their presence does not directly relate to levels of expression. Therefore,
except for microbial metagenomics able to shed light on what potential
impact of microbes in the community may have on HAB algae, meta-
genomics is not as useful as the other two omics.

In comparison, metatranscriptomics generates genome-wide gene
expression profiles, providing data on what genes are active at time of
sampling. This approach is much more temporally and financially effi-
cient because non-coding DNA sequences, which account for most parts
of genomes (Hou and Lin, 2009), are not sequenced. Furthermore,
transcriptomic information is one step closer to the physiology of the
cells and more useful for explaining what molecular functions or
metabolic processes are associated with HAB development and toxin
synthesis. However, for genes that are regulated at translational or
post-translational levels, transcriptional data would not be as useful. In
addition, genes not expressed or expressed at low levels at time of
sampling would likely be missed.

The theoretically most useful of the omics, proteomics, profiles
protein repertoire expressed at time of sampling, which is closest to cell
physiology. However, a major limitation of proteomics is the low effi-
ciency of the gel-based technique and strong dependence of a high-
quality genome or transcriptome as database for gel-free techniques.
The gel-based technique typically only allows for identification of about
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two thousand proteins (Abdallah et al., 2012). The number of proteins
that can be identified through gel-free mass spectrometry depends on
the genomic or transcriptomic database. With this protein repertoire,
molecular mechanisms regulating HAB development, growth, and
decline can be better understood.

4. Future prospect

4.1. The need to expedite detection and quantification of the causative
species

Perhaps the most pressing, and longest standing issue pertinent to
HABs lies in the need to rapidly identify and quantify the causative
species. For this reason, several state, federal, and nonprofit initiatives
have been established to regularly monitor for HAB events and HAB
causing species. These include the Alaska Harmful Algal Bloom Network
(AHABN, 2025), the Harmful Algal Event Database (HAEDAT), Phyto-
plankton Monitoring Network (PMN) and Soundtoxins. Many of these
programs take a citizen science approach to collect phytoplankton
samples and send them to a partner laboratory for analysis. The lag time
between sample collection and laboratory analysis is often highlighted
as a cause for concern due to the rapid changes in bloom dynamics.
Another major challenge is the lack of an easily accessible high-quality
database linking event characteristics, clinical symptoms, and DNA
sequence to species identities. For instance, many HAEDAT entries are
clinical manifestations of HAB intoxication that lack a causative or-
ganism. So called “Dock-side” techniques could serve to overcome the
challenges of lag time between sample collection and result delivery as
well as be useful in resource-limited areas. A dock-side eDNA method for
the detection of Asparagopsis armata, for instance, used a simplified
end-point PCR to engage stakeholders in the detection of this invasive
species in Spanish ports (Ibabe et al., 2024). This technique is designed
for implementation by port authority workers. Among the methods most
amenable to dock-side HAB detection is LAMP. This is because of its
isothermal nature, production of colorimetric results and short duration.
A “suitcase lab” employing a simplified DNA extraction and LAMP re-
action has allowed for dock-side detection of Alexandrium catenella
(Fujiyoshi et al., 2020). A lateral flow dipstick (LFD) LAMP method,
displaying results similar to a COVID-19 home test kit with a control and
test line enabled the rapid detection of Karenia mikimotoi in only four
steps (excluding DNA extraction) involving only simple pipetting and
temperature control (Wang et al., 2020). A similar LAMP-LFD method
exists for Alexandrium catenella (Wang et al., 2019). Major hurdles
include the need to extract genomic DNA prior to the use of a LAMP
method and the need to maintain isothermal temperature control.
Simplifying DNA extraction and increasing the thermal range of the
assay would facilitate easier use.

Autonomous and semi-autonomous instruments for the in situ
detection of HABs represent a major breakthrough as they can detect
HABs in near real-time and potentially sample more logistically difficult
locations. To date, three such devices have been tested. Among the most
widely used, Environmental sample processor (ESP) platforms have
proven remarkably successful at the detection of both HAB species and
HAB toxins (Doucette et al., 2009). Competitive ELISAs run onboard the
ESP are sent via satellite to a user who processes the luminosity of arrays
which allows for toxin detection and quantification against a standard
curve. HAB species detection can also be conducted onboard the ESP
using SHA adapted from Scholin et al. (1996). Custom ESP arrays can be
printed for a variety of HAB species as described in NOAA Processed
Report NMFS-NWFSC-PR-2025-01 (Moore et al., 2025). Surface plas-
mon resonance (SPR) technology has recently been added to ESP sys-
tems for the detection of quantification of particle-associated
cyanobacterial microcystins (Ussler III et al., 2024). SPR targeting
discreet HAB cells is thus a logical next step and would allow users to
circumvent array printing. An often overlooked use of the ESP is to
recover samples from difficult to access environments to aid in the
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recovery and identification of HAB species. For instance, remnants of
Pseudo-nitzchia frustules left behind on ESP arrays for toxin analysis have
aided in correlating cell abundance to HAB toxin (Bowers et al., 2015).
The ability of the ESP to collect samples in situ for later analysis could
allow existing monitoring programs to access hard to reach locations
with greater ease and potentially preserve samples for multi-omic
analysis. The ability of ESPs to be configured for a wide variety of
HAB species, report data in near real time and access remote locations
makes it among the most promising techniques to expedite HAB testing.

The second system is the IISA-Gene system, which also shows the
capacity to detect HAB species on an autonomous craft. This system has
been used primarily for the detection of deep-sea microbes such as hy-
drothermal vent microbial assemblages using onboard PCR to detect 16S
rRNA (Fukuba and Fujii, 2012). While this technology has yet to be
applied to HABs, it holds promise as another autonomous detection
method. The final autonomous in situ sampling device for the detection
of HAB species is the autonomous microbial genosensors (AMG). This
prototype instrument has conducted onboard RNA isolation for the use
of RT-NASBA to detect Karenia brevis (Fries et al., 2007). This particular
device is noteworthy for detecting mRNA instead of DNA, preventing the
detection of dead, and thus non-transcriptionally active cells (Paul et al.,
2007).

4.2. The need to expedite HAB multi-omics

To go beyond the identification of the particular species responsible
for a HAB event, multi-omic analysis is required. Multi-omic analysis
combines metatranscriptomics and metaproteomics for the analysis of
HABs to provide a comprehensive picture of the molecular un-
derpinnings of these events. The combined analysis of these provides
what can be summarized as, what gene codes are expressed (the meta-
transcriptome) and how those codes manifest as a functional product
(the metaproteome). The sum of these omic studies provides a
comprehensive picture of the molecular underpinnings of HABs.

The result of multi-omic analysis could assess the potential of a
bloom, what environmental triggers may prompt it, and the mechanisms
allowing for the physical manifestation of bloom actions. The combined
metatranscriptomic and metaproteomic facilitated discovery of meta-
bolic pathways by which P. shikokuense can utilize dissolved organic
carbon to bloom under otherwise dissolved inorganic carbon poor re-
gimes is useful in this regard (Zhang et al., 2021). Shi et al. (2024)
effectively used a multi-omic approach to explain the molecular mech-
anisms allowing for increased blooms of Karenia brevis under reduced
salinity. Both works have direct implications for HAB prediction and
management. As salinity and dissolved organic carbon regimes change,
these multi-omic findings should be considered. Further multi-omic
analysis of HABs is thus crucial to understanding the molecular nature
of their occurrences. Impediments to multi-omics analysis of HABs
include challenges in both sequencing platforms and bioinformatic
pipelines. The diverse processing techniques to extract oligonucleotides
and proteins also require variations in methodology. Costs associated
with multi-omic analysis also form a significant barrier (Hayes et al.,
2024).

Implementation of multi-omic analysis to understand the causes of
HABs can be used to create so-called, “Molecular Forecasts”. For
instance, the study of a 2015 Pseudo-nitzschia australis bloom provided
several key insights with major implications to HAB prediction and
management (Brunson et al., 2024). These include that changes in gene
transcription can provide a one week notice prior to the detection of
toxins, that adaptations to iron limitation facilitate the success of Pseu-
do-nitzschia over non-toxic diatoms, and that three members of this
genus are the primary toxin producers (Brunson et al., 2024). Addi-
tionally, multi-omic analysis of cyanobacterial assemblages in waste-
water treatment facilities has been presented as a promising
advancement to HAB management (Romanis et al., 2021; Nagarajan
et al., 2022). For instance, culturing the cyanobacterium Pseudanabaena
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galeata in wastewater demonstrated significant reductions in total bac-
terial content and total nitrogen (Ouhsassi et al., 2020). While a po-
tential HAB itself, the results nonetheless could potentially be applied
elsewhere using insights from multi-omic analysis. For instance, precise
changes in community composition could be characterized meta-
genomically, potential toxin production in P. galeata could be monitored
with metatranscriptomics and potentially functional proteins produced
by P. galeata could be identified to explain the mechanisms by which it
aids in water purification.

Lastly, multi-omic analysis may provide insight into the use of algi-
cidal bacteria for HAB management. The algicidal ability of some bac-
teria has long been observed but molecular characterization has proven
challenging (Coyne et al., 2022; Doucette et al., 1999; Shi et al., 2013).
The co-culturing and multi-omic analysis of the bacterium, Enterobacter
hormaechei F2 alongside the cyanobacterium, Microcystis aeruginosa
served to characterize the algicidal process at a molecular level (Zhang
et al., 2023). Extrapolating this data, the characterization of the algi-
cidal activity of this bacterium could serve to screen candidate algicidal
bacteria for HAB management. For instance, examining a library of
bacterial genomes could screen for only bacteria with the prerequisite
genes for algicidal activity, streamlining laboratory analysis.

4.3. The need for an integrative approach to address drivers of HABs

As discussed earlier, each HAB outbreak may be unique. The envi-
ronmental trigger as well as intracellular metabolic driver varies be-
tween HAB events, even if the same species causes the outbreak in
different ecosystems or separate outbreaks. Therefore, in situ analyses
are imperative. In addition, to unravel the intracellular regulatory
mechanisms, multi-faceted analytical techniques may be required. More
importantly, the studies should be conducted on an integrative frame-
work that includes multiple potential contributing elements. For
instance, in the past several years, a framework including acquisition of
energy (E) and nutrients (N), defense (D), and sexual and asexual
reproduction (S), has been initiated and applied to several blooms
(Wang et al., 2023,; 2023; Yu et al., 2020; Zhang et al., 2019b). Results
revealed different metabolic processes significantly influencing bloom
dynamics. However, this, or similar frameworks, still need to be further
developed with crucial genes regulating each of the processes identified
and a quantitative model constructed.

Ideally, with proper parameterization of such a model, input of
expression of crucial genes regulating each of the contributing compo-
nents (e.g. E, N, D, and S) will provide population growth rate. Alter-
natively, with net population growth rate measured, the model would
allow the estimation of how much each component contributes to the
bloom. Such models are challenging to construct because they require
extensive omic research to identify the key metabolic processes crucial
to HAB development. Both laboratory experiments and field work are
needed, with the latter being particularly challenging as sample
collection and on-site processing need to be quick and sample preser-
vation requires liquid nitrogen or RNA protecting reagents (e.g. Trizol,
RNALater). Furthermore, subsequent sample sequencing and bio-
informatic analysis are technically demanding. These hurdles, however,
are becoming less insurmountable. Analysis of a variety of HAB specific
DNA/RNA preservation methods show progress towards simplifying
protocols (Eckford-Soper and Daugbjerg, 2015; Harlow et al., 2006). A
growing body of high throughput omic methods are presented by Dai &
Shen (2022). High throughput omics have facilitated ever increasing
speed of data acquisition; however, data analysis remains a major
bottleneck (Vitorino, 2024). Artificial intelligence holds promise to
address this Issue.

4.4. The potential of machine learning and AI to enhance molecular
techniques

Recent advancements in machine learning and artificial intelligence
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(AI) present several use cases for the molecular detection of HABS. While
most Al applications for HABs involve spectral techniques, molecular
detection can also be enhanced by AL

Given the immense diversity of HAB species, their relatively short
generation time and potential mutations, genetic programming (GP),
the use of an Al model to predict genetic shifts over time, holds promise
for enhancement of HAB detection and forecasting. Current GP models
for HABs use ecological parameters such as chlorophyl concentration to
predict changes in HAB population (Muttil and Lee, 2005; Sivapragasam
et al., 2010). GP utilizes a parse tree model with genetics operators such
as crossover, fitness and mutation to predict the response of a HAB to
selection pressures. While the GP technique looks at a HAB population as
a whole, this technique could be narrowed to examine specific genes
implicated in HAB proliferation. For example, differential gene expres-
sion could be predicted with a GP model given sufficient empirical data
on factors influencing the expression of the gene of interest.

Machine learning and Al show significant promise at enhancing
existing molecular techniques such as CRISPR and PCR (Metsky et al.,
2022; Perez-Romero et al., 2023). For example, All-inclusive Patrolling
of Targets (ADAPT) has revolutionized the use of CRISPR based detec-
tion technologies. By screening diagnostic target-pairs ADAPT facili-
tated a lower limit of detection than non-Al assisted CRISPR techniques
while maintaining similar specificity and sensitivity (Metsky et al.,
2022). Selection of primers for RT-qPCR for emerging variants of
SARS-CoV-2 was also assisted by an Al primer design tool
(Perez-Romero et al., 2023).

A majority of HAB detection techniques require the interpretation of
spectral data to determine a result. This process can be laborious and
potentially introduce human error. Advancements in spectral interpre-
tation via machine learning/Al have been shown to rapidly and accu-
rately interpret spectral data in a variety of formats. Many of these
advancements have occurred in the medical field. For instance, Al
interpretation of FISH fluorescence to determine gene amplification
status has proven a rapid and reliable technique in oncology (Xue et al.,
2023). Subjectivity of LAMP results has been reduced with Al image
interpretation (Rohaim et al., 2020). Result interpretation of field
deployed ELISAs has been enhanced by Al to remove effects of ambient
lighting (Duan et al., 2023). These advancements could likewise be
applied to HAB based detection techniques.

5. Conclusion

At present, a great diversity of techniques exists to detect HAB-
causing organisms with 12 such techniques being covered in this re-
view. These techniques can be broadly categorized as being either
antibody or nucleic acid-based with advantages and disadvantages to
each. Multi-omic techniques including metatranscriptomics and meta-
proteomics have been shown to enhance the understanding of the mo-
lecular underpinning of HAB events and provide novel insights. Future
prospects highlight needs in HAB research field as well as offering in-
sights into how these needs may be addressed. Two major advancements
addressing the most pressing need, the rapid detection of HAB species,
include the use of Dock-side techniques and autonomous/semi-
autonomous HAB detection instruments. Multi-omic analysis shows
promise in enhancing the ability to predict and respond to HAB events.
Integrating detection, multi-omics and in situ techniques will be an area
of further research. Al has also been shown to be a powerful tool for the
enhancement of current techniques as well as the interpretation of re-
sults by end users. Overall, this review highlights the diversity of tech-
niques to detect HABs and understand their causes, providing a resource
of technical options for use in HAB research and monitoring, and
shedding light on areas further research and technical development are
warranted.
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