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ABSTRACT OF THE DISSERTATION

The Genetic Basis for Domoic Acid Biosynthesis
by

John Kilpatrick Brunson

Doctor of Philosophy in Marine Biology

University of California, San Diego, 2021

Professor Andrew E. Allen, Co-Chair

Professor Bradley S. Moore, Co-Chair

Domoic acid (DA), the causative agent of amnesic shellfish poisoning in humans, is a
potent neurotoxin produced by algal blooms of the diatom genus Pseudo-nitzschia. Due to its
bioaccumulation in shellfish, DA production must be closely monitored in the marine
environment. Despite extensive research on Pseudo-nitzschia toxicity, the basic biology
underlying DA production has remained unclear. Specifically, a genetically encoded

biosynthesis for DA has eluded chemists and algal bloom researchers. Such genetic information
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would provide a genetic basis for monitoring toxin production in the environment. This
dissertation describes the discovery of the DA biosynthesis (dab) genes and subsequent
application to environmental monitoring. Chapter 2 details the initial discovery of the dab genes
in Pseudo-nitzschia multiseries using comparative transcriptomics to identify candidate genes
upregulated under DA-inducing culturing conditions. Subsequent validation of enzyme activity
in vitro establishes the chemical transformations required to build the key structural features of
DA. Chapter 3 describes the identification of dab gene homologues in the red macroalgae
Chondria armata, a DA-producing seaweed from which the toxin was first isolated. The red
algal DA (rad) biosynthesis genes uncovered here suggest a biosynthetic pathway consistent
with the Pseudo-nitzschia pathway with only slight modifications to enzyme activity in vitro.
Similarities and differences between the rad genes and diatom dab genes suggest a complex
evolutionary history for toxin production in the two distantly related organisms. Finally, Chapter
4 describes a molecular approach to Pseudo-nitzschia and DA monitoring, focusing on the 2015
North American West Coast Pseudo-nitzschia australis bloom. In this study, RNA barcoding
and metatranscriptomics datasets were generated from weekly phytoplankton net tow samples
taken from Monterey Bay, California, a hotspot for DA production during the 2015 bloom.
Sequence barcoding improved description of Pseudo-nitzschia species composition in the
context of the larger microbial community. Meanwhile, metatranscriptomics enabled the
identification of dab transcripts simultaneous with detection of DA and toxic species, and also
provided insight into the shifting physiology of the P. australis bloom throughout its lifespan.
The combination of efforts describes herein establishes a paradigm for the genetic monitoring of

DA producing algal blooms.
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Chapter 1: Introduction to the Dissertation



1.1 Domoic acid (DA), a Harmful Algal Bloom (HAB) neurotoxin
1.1.1 A Brief Overview of HABs and Discovery of their Toxins

Harmful agal booms (HABs) pose a persistent threat to human and environmental health.
A HAB occurs when a given type of algae, often a single genus or species, grows far beyond its
normal bounds to dominate the local or regional ecosystem. While overgrowths of multicellular
seaweeds such as Sargassum can certainly wreak environmental havoc in their own right, the
vast majority of HAB-forming species are prokaryotic or eukaryotic unicellular algae.!> These
microalgal overgrowths, occurring in both freshwater and marine environments, earn their
“harmful” title by depleting local ecosystems of key nutrients and creating anoxic zones
following their ultimate demise and decay. Many HAB-forming species also produce potent
molecular toxins that accumulate in higher trophic levels and can poison fish, birds, and
mammals.>* Because of the broad-reaching negative impacts exerted by HABs, significant study
has been devoted to the environmental factors contributing to the formation of these frequently
toxic biological events.

Although many different types of diverse microalgae cause both freshwater and marine
HAB events, both are typically fueled by an influx of nutrients to the aquatic ecosystem. Many
freshwater HABs, commonly comprised of prokaryotic “blue-green” cyanobacteria, flourish
because of anthropogenic nutrient input from wastewater runoff and fertilizer.> Meanwhile, the
seasonal marine HABs occurring along the world’s coastlines are natural events fueled by wind-
driven upwelling of nutrient-rich water from the ocean depths. A plethora of stramenopile (ie:
diatoms, Aureococcus, Chattonella) and alveolate (ie: dinoflagellates) eukaryotic algae make up
the diversity of marine HABs.? Presently, it remains unclear whether or not seasonal marine

HAB events will increase in frequency and severity when faced with the impacts of climate



change on the world’s oceans over the coming decades.®® Recent oceanic temperature anomalies
have impacted the range and strength of notable bloom events, and as such, it is important to
understand emerging sources of HABs and their toxicity in an effort to protect human health
worldwide. 01!

Humans typically encounter HAB toxins in the form of contaminated seafood. As a
result, many of the pathologies caused by HAB toxins are referred to as “shellfish poisonings.”
Maladies such as amnesic shellfish poisoning, paralytic shellfish poisoning and diarrhetic
shellfish poisoning are characterized by acute neurotoxic effects and frequently involve
gastrointestinal distress.!>!3 In severe cases, these shellfish poisoning syndromes can impart
chronic neurological symptoms and even prove fatal. Regardless of their presentation, each of
the different shellfish poisoning syndromes can be linked back to consumption of a discrete
molecular toxin produced by algae. The potent bioactivity of these toxins has accordingly
inspired their longstanding study in chemistry, biology, and medicinal sciences. For example,
various ion channels and receptors have been discovered and further described thanks to studies
aiming to elucidate mechanisms of action and molecular targets of HAB toxins. 416

While the fascinating molecules produced by HABs have piqued the curiosity of modern
science in recent decades, their toxic effects have been understood by humans for centuries.
Indigenous peoples living along the North American West Coast were intimately aware of the
link between nighttime bioluminescent displays, now known to be caused by algae, and toxic
shellfish that was unsafe to eat.!” One of the first recorded European encounters with HAB-
tainted seafood comes from the logbooks of Captain George Vancouver.!® Sometime in June of

1793, several of Capt. Vancouver’s crew members harvested and consumed mussels from one of

the inlets along the coast of modern-day British Columbia, Canada. These crewmen were very



soon “seized with a numbness about their faces and extremities, (and) their whole bodies were
very shortly affected in the same manner, attended with sickness and giddiness.” One crew
member was so afflicted that he became unable to swallow water and before long had died as a
result of severe illness. Capt. Vancouver was convinced that the source of toxicity was in the
mussels, writing in his logbook, “There was no doubt that this was occasioned by a poison
contained in the mussels he had eaten about eight o'clock in the morning; at nine he first found

himself unwell, and died at half past one.”
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Figure 1.1 Structure of saxitoxin, paralytic shellfish poison and likely cause of illness among
Capt. Vancouver’s crew.

The mussel contaminant that caused the crewmember’s illness and subsequent death was
almost certainly a molecule called saxitoxin. Today, saxitoxin is well-understood as a potent
neurotoxin and the causative agent of paralytic shellfish poisoning, or PSP. Saxitoxin was first
isolated from Alaskan butter clams (Saxidomus gigangteus) in 1957.'° However, it would be
nearly two decades before a concrete molecular structure could be elucidated for the toxin.
Assigning the correct structure to saxitoxin was challenging due to its highly polar nature and
recalcitrance to crystallization, a prerequisite for the x-ray diffraction studies that allow chemists
to visualize the three-dimensional structure of a molecule. Nevertheless, the crystallographic

structure for saxitoxin was unveiled by two independent groups in 1975, revealing a highly



unusual, nitrogenous molecule with a unique tricyclic core that had not been observed
previously.?®?! Sure enough, this molecule proved exceedingly toxic, with a high propensity for
blocking the voltage-gated sodium channels used to generate action potentials in neurons.??> Two
classes of bloom-forming harmful algae are known make saxitoxin: cyanobacteria such as
Dolichospermum and Cylindrospermopsis as well as dinoflagellates including the widespread
genus Alexandrium.??

Another marine toxin with a storied history comes from the Hawaiian island of Maui.
According to local legend, fishermen from the village at Hana were plagued by bad luck and
frequently lost men at sea. Upon reaching the shore after yet another ill-fated seafaring
expedition, the remaining fishermen took out their rage on a local, hunchbacked hermit. Perhaps
this was not the best idea, as the hermit turned out to be a shark god, whom the fishermen
nevertheless killed and tossed into a local tidepool. Now sufficiently cursed, the tidepool began
to grow algae so toxic that the locals named it “limu-make-o-Hana”, or “deadly seaweed from
Hana.”**

When chemists finally got their hands on the “limu,” they found that it was not a seaweed
but was instead a soft coral invertebrate called a zoanthid. Nevertheless, this organism harbored
an exceptionally toxic molecule that was first isolated in 1971 by Dr. Richard E. Moore and Dr.
Paul J. Scheuer.?> This molecule was named palytoxin after the scientific name for the zoanthid
genus Palythoa that “limu-make-o-Hana” belongs to. Over ten years later, the exact structure of
palytoxin was elucidated independently and nearly simultaneously by Dr. Moore and by another
group led by Dr. Daisuke Uemura in Japan, a monumental achievement given the sheer structural
complexity and size of the molecule (Fig 1.2).2%?7 Further toxicity studies demonstrated that this

molecular behemoth was just as toxic as the Hawaiian legends claimed, targeting the ATP-



dependent sodium/potassium pumps that create the ionic gradients critical for maintaining
cellular homeostasis and supporting life.?® Although the presence of palytoxin in Palythoa
zoanthids is well-appreciated, chemists and biologists have suggested that microorganisms, such
as bacteria or algae, are likely the true producers of the compound.?* Notably, dinoflagellates
belonging to the genus Ostreopsis are known producers of ovatoxin, a molecule with striking
structural similarity to palytoxin (Fig 1.2).2° Blooms of Ostreopsis are common in the
Mediterranean off the Italian coast, and an ovatoxin-producing bloom of this dinoflagellate may

have contributed to cases of respiratory distress in Genoa during the summer of 2005.%*

Palytoxn: OH H OH CH; H H OH OH H OH
Ovatoxin-a: H OH H H CH; OH H H OH H

Figure 1.2. Structure of palytoxin, originally isolated from “limu-make-o-Hana”, and close
structural homologue ovatoxin-a, from Ostreopsis dinoflagellates.



1.1.2 The Surprising Culprit Behind a New Shellfish Poisoning Syndrome

In 1987, a new type of shellfish poisoning syndrome was identified in individuals from
Prince Edward Island (PEI), Canada. After consuming mussels harvested from PEI, many
people developed severe neurological symptoms, typical for a bout of shellfish poisoning.
However, these neurological symptoms were unique from the well-studied effects of PSP linked
to saxitoxin, with a dominant symptom being a notable loss of short-term memory rather than
paralysis. This novel syndrome was therefore named Amnesic Shellfish Poisoning (ASP), and a
total of 107 people contracted ASP from the PEI mussels in 1987, including 3 fatalities.>* The
United States Food and Drug Administration (FDA) promptly warned consumers to avoid eating
mussels sourced from PEI, and the incident left Canadian fisheries scientists scrambling to find a
molecular agent that could be linked to the symptoms of ASP.

After convening to solve the problem of the toxic PEI mussels, it took scientists a mere
five days to identify the structure of the contaminating molecule in the tainted seafood. The
effort, led by chemist Dr. J.C. Wright identified a known molecule, domoic acid (DA), as the
probably toxic agent.?! The relatively rapid identification of DA from the PEI mussels stands in
stark contrast to the storied histories surrounding the isolation and structural elucidation of
saxitoxin and palytoxin, wherein a familiar source of toxicity led scientists to excitingly potent
molecules with never-before-seen structures. This time, when faced with a new variety of
shellfish poisoning, scientists narrowed in on a molecule that had already been described in the
chemical literature. Before its identification in PEI mussels, DA was a relatively obscure
chemical product that had been described approximately 30 years prior from extracts of the red
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macroalgae Chondria armata. The discovery of DA in C. armata was made by Japanese

scientists, including chemist Dr. Koji Daigo, studying the chemical constituents of various



seaweeds. However, the presence of DA in PEI shellfish remained unexplained until researchers
noticed an unusually high abundance of diatoms, a variety of stramenopile eukaryotic microalgae
characterized by silica-laden exteriors, within the mussels. These diatoms, initially identified as
Nitzschia pungens, were verified as DA producing microalgae shortly after.’* After some time,
Nitzschia pungens was re-classified as a member of a new diatom genus, Pseudo-nitzschia, and

since then DA-producing species of Pseudo-nitzschia have been described around the world.3>-¢

1.1.3 From Natural Medicine to Neurotoxin: DA, the Amnesic Shellfish Poison

The apparent toxicity of DA, the causative agent of ASP, was almost as surprising as its
presence in PEI mussels as a diatom-produced metabolite. The original source of DA in the
macroalga C. armata, has its own interesting history, notable not for its toxicity but for its
medicinal properties. Seaweeds such as C. armata, referred to in Japan as “domot”, were of
particular interest to chemists due to their use as natural remedy for parasitic intestinal worms in
Japanese history. References to the anthelmintic properties of Japanese seaweeds can be found
in recorded history from over a thousand years ago.’” After DA was purified from C. armata, it
was indeed found to possess such an anti-parasitic bioactivity.>* The activity exhibited by DA
was similar to that of the structurally related molecule kainic acid, discovered just a few years
prior in the red macroalgae Digenea simplex, a seaweed called “kaininsd” in Japan, that was
particularly well-known as an anthelmintic agent for centuries.*® Kainic acid (KA) has even
been used in combination therapies treating infections implicating parasitic worms of the Ascaris
genus *. However, the acute neurotoxicity of these molecules was not appreciated until the
1990s when DA and KA had been well-characterized as potent agonists of ionotropic glutamate

receptors.



Both DA and KA bear strong structural homology to glutamic acid, an amino acid and
key neurotransmitter implicated in the proper functioning of the central nervous system in
vertebrates. Receptors for glutamate in neurons, known as ionotropic glutamate receptors
(iGluRs), are key players in signal transduction across neuronal synapses. Binding of glutamate
activates the receptor and opens an ion channel, allowing passage of sodium ions to enable
downstream signal transduction and synaptic transmission.*’ Like glutamate, DA and KA are
also capable of binding to iGluRs, but both tend to do so at a much lower concentration than the
native neurotransmitter and stay bound to the receptor for a longer period of time.*! This tight
association with glutamate receptors and prolonged receptor activation is the mechanism by
which DA exerts its toxicity, effectively holding open the associated ion channel and resulting in
mass influx of sodium ions into the neuron, a phenomenon that typically results in neuronal
swelling and apoptosis. The amnesic properties of DA poisoning are well explained by this
mechanism, as iGluR plays a key role in synaptic plasticity and is thought to be implicated in
learning and memory.** While DA is the more potent of the two molecules, KA has been used
extensively in neuroscience research to study neurodegenerative diseases such as Alzheimer’s in

biological models.*?
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Figure 1.3. Structures of domoic acid (DA, left), kainic acid (KA, center) and L-glutamate
(right).



The impacts of DA toxicity reach far beyond the acute poisoning exhibited by cases of
ASP in humans. Chronic consumption of seafood laden with DA has been linked to decreased
short term memory and cognitive deficits.**** Additional studies have also suggested that DA
may also impair proper kidney functioning and neonatal development in mammals.**#¢ Acute
DA toxicity is also not limited to humans, with marine mammals being one of the most
commonly impacted organisms. Poisoning with DA has been linked to an increased sea lion
mortality events, and the amnesic effects of the neurotoxin create an increased incidence in
stranding marine mammals, including whales.*’*® Sea birds are also affected by DA poisoning,
with many pelicans and Brandt’s cormorants falling victim to the toxin in Monterey Bay in the
early 1990s.* As such, algal bloom producing high quantities of DA have a wide range of

potential ecological and human health impacts.

1.2 Production of DA by a cosmopolitan, HAB-forming diatom genus
1.2.1 Pseudo-nitzschia in our world ocean

The discovery of DA production by the diatom Pseudo-nitzschia came as a bit of a
surprise. Up until that point, most HAB species described belonged to either cyanobacteria or
dinoflagellates. As such, diatoms were not recognized as a potentially toxic organism. Diatoms
are ubiquitous eukaryotic phytoplankton in the world’s oceans with one of their most
recognizable features being an external cell wall comprised of biomineralized silica, a cellular
structure called a “frustule.”® These microalgae are also key players in carbon fixation in
marine environments, contributing an estimated twenty percent of biological primary
productivity in the ocean.’! Diatoms are especially prolific in nutrient rich, upwelling regimes

where they form the base of the marine food web, providing key biomass to drive major fisheries
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around the world.>> The “bloom-and-bust” cycles of diatom activity fuels major geochemical
cycles wherein sinking diatom frustules export carbonate and silica to the seafloor, an effective

n.333* Diatoms inhabit a wide variety of marine

method of natural carbon sequestratio
environments, ranging from nutrient-rich coastal regions, the nutrient-poor open ocean and even

in the Arctic and Antarctic.>!

Figure 1.4. Overlapping chains of Pseudo-nitzschia spp. diatoms, photo courtesy of Dr. G. Jason
Smith (Moss Landing Marine Laboratories).

Diatoms belonging to Pseudo-nitzschia, the genus primarily responsible for oceanic DA
production and the culprit behind the 1987 PEI incident, are found in all of the world’s oceans.
In fact, DNA metabarcoding studies performed on samples from the transoceanic Tara Oceans
expedition revealed that Pseudo-nitzschia was one of the most cosmopolitan and diverse genera
of diatoms, being not only present but also abundant in all sequenced samples.>® Indeed,
individual species of Pseudo-nitzschia have been isolated from marine samples the world over,

with 52 species described as of 2018 and new species being discovered regularly.’®%¢ Of these
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described species, 26 are known to produce DA in culture. Species capable of producing DA can
also be found worldwide, although no toxicity has been demonstrated thus far for the Antarctic
species P. antarctica and P. subcurvata.’® Notably, Pseudo-nitzschia is unique in its ability to
produce DA. Only two species outside of the Pseudo-nitzschia genus have been described to
produce the neurotoxin, with both species currently classified within the genus Nitzschia. These
species, N. bizertensis and N. navis-varingia, are not bloom forming diatoms and typically
inhabit brackish waters.>”*® Furthermore, these diatoms don’t appear to be closely related to
other Nitzschia species according to recent molecular phylogenetics studies, making their
classification a bit of a mystery.>® No other diatom genus has been reported to produce DA in
culture or in the broader marine environment.

Ever since Pseudo-nitzschia was identified as a toxin producing HAB organism,
substantial research effort has gone into understanding the oceanographic conditions that cause
Pseudo-nitzschia to form large blooms and produce high quantities of DA. As it turns out, it has
been rather difficult to connect active DA production to a discrete environmental stimulus.
Culturing conditions ranging from light irradiance and nutritional limitation to growth phase and
inclusion of specific associated bacteria have all been connected to increased DA production in
some form or another, although heightened cellular stress seems to be a common theme among

3360 Generally, Pseudo-nitzschia appears to thrive

those conditions that increase DA production.
in coastal environments following nutrient addition via seasonal upwelling. Recent studies have
demonstrated that Pseudo-nitzschia has genus-specific adaptations for dealing with chronic, low

levels of iron in the marine environment and can outcompete other bloom forming diatoms once

iron is pulsed into the system.®! Indeed, Pseudo-nitzschia diatoms exhibit the strongest response
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and growth following open ocean iron fertilization experiments in high-nitrate, low-chlorophyll

regions where iron is the key limiting micronutrient.%%63

1.2.2 The 2015 Pseudo-nitzschia HAB spans the North American West Coast

While blooms of DA-producing Pseudo-nitzschia have been reported from around the
world, perhaps none have been as catastrophic as the HAB event that took place on the North
American West Coast during the spring and summer of 2015.!! Beginning in April 2015, a
nearly monospecific bloom of P. australis came to dominate the West Coast, spanning the
coastline from Point Conception, just north of Los Angeles, and northward to the Aleutian
Islands of Alaska. The bloom persisted throughout the summer for most of the coastline, with
some locations still experiencing a toxic HAB event during fall and winter of 2015. This gigantic
P. australis HAB produced record-setting levels of DA, prompting the closure of various
fisheries in California, Oregon, Washington State, and British Colombia. Affected fisheries
included Dungeness crab, razor clams, mussels and other bivalves, and many of these fisheries
were not able to open until early 2016.!! The economic losses as a result of this event were
humongous and difficult to fully estimate, with United States Dungeness crab fishery alone
accounting for nearly $100 million in economic damages. Fishing communities were hit
especially hard and economic damages rippled throughout these communities, extending from
fishing operations to the hospitality industry.%

The 2015 P. australis bloom was unprecedented in its range and toxicity. But what
factors led to the extreme distribution of this toxic HAB event? While blooms of P. australis are
common on the coast of California, HAB scientists believe that a persistent oceanographic

anomaly in the northeast Pacific increased the habitable range of P. australis northward along
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the North American coastline.!" This warm-water anomaly, termed “the Blob”, persisted from
late 2013 through the end of 2015 off the coast of Alaska, warming the North Pacific and
allowing the highly-toxic P. australis to migrate into regions beyond its normal range.!%-%
Additionally, strong seasonal upwelling began nearly simultaneously along the entire coastline,
bringing nutrient rich waters up from the ocean depths to the surface.!! Local nutrient anomalies
may have further impacted the toxicity of the P. australis bloom. In Monterey Bay, California,
exceedingly high DA concentrations resulting from the 2015 bloom were coincident with
historically low silica concentrations, one of the many nutritional limitations known to stimulate
DA production in culture.®® While many explanations now exist for the range and toxicity of this
monstruous bloom event, predicting the scope of the 2015 HAB ahead of time would have been

exceedingly difficult. However, predictive monitoring of toxic bloom events remains one of the

biggest goals in the HAB community.

L DS Portland.

Figure 1.5. Extent of the Pacific Northwest Pseudo-nitzschia bloom in late-spring 2015. Image
from Brunson et al 2018.
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1.3 Next-generation HAB monitoring using key toxin biosynthesis genes
1.3.1 Current Monitoring Approaches

The initiation and development of HAB events is currently monitored in a variety of
different ways. Local ecosystem monitoring involves the analysis of coastal water samples for
the proliferation of potentially toxic species and the presence of various HAB toxins. In
California, these activities are accomplished by the California Harmful Algal Bloom Monitoring
and Alert Program (CalHABMAP), wherein weekly water samples are taken from piers across
the state.®” In this sampling approach, HAB-causing algae are enumerated by light microscopy
and toxin analysis is performed using analytical chemistry methods such as liquid
chromatography-mass spectrometry (LC-MS). At the regional scale, wind and nutrient data are
extremely useful for detecting the onset of seasonal upwelling events and predicting their
impacts on phytoplankton growth.!! Satellite imagery is commonly used to measure decreased
sea surface temperature linked to active upwelling of cold, nutrient rich deep water.®
Additionally, satellite measurement of chlorophyll concentration can identify active
phytoplankton growth on the regional scale using detection modules such as the Visible Infrared
Imaging Radiometer Suite (VIIRS).® The synthesis of these various data points have informed
current predictive monitoring approaches that have proved valuable for forecasting potential
HAB events.”%”! However, further refinement of HAB forecasting models and methods is
required to increase the accuracy of predictive monitoring.

Recent years have witnessed the implementation of genetic approaches to enable rapid
identification of HAB species. Quantitative PCR (qPCR) is one such approach used to target the
amplification of diagnostic, species-specific sequences to enable the detection and quantification

of diverse HAB species in the environment.”? Sandwich hybridization assays (SHAs) represent a
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similar, powerful approach for the quantification of a given nucleotide sequence in a complex
sample. The detection and quantification of Pseudo-nitzschia using SHA probes has been well-
developed and can be performed on the benchtop or in situ onboard autonomous underwater
vehicles (AUVs) and environmental sample processors (ESPs).”> Both of these methodologies
are more rapid and precise than traditional light microscopy-based approaches for the detection
of potentially toxic organisms. However, the process of simply identifying HAB species does

not directly address the question of active toxin production in the marine environment.

1.3.2 Application of HAB toxin biosynthesis to genetic monitoring approaches

In order to use environmental genetics to detect the capacity for HAB toxin production,
the genes encoding the biochemical pathway for toxin synthesis must be identified and
understood. Such a biosynthesis of a given natural compound is carried out by a cascade of
enzymatic reactions to convert central metabolic precursors, such as amino acids or fatty acid
building blocks, into the mature specialized compound. Due to the structural novelty afforded by
HAB toxins, their representative biosynthetic pathways have been the source of intense interest
by chemists and geneticists for decades, with the ultimate goal being the ability to connect
molecules back to the genes encoding the biosynthetic pathway. However, this feat has been
accomplished for only a select few HAB toxins, with the majority being of unknown
biosynthetic origin.”*”®> The limited information available on HAB toxin biosynthetic genes is
due in part to the difficulties inherent in microalgal genomics.

Saxitoxin is one such HAB toxin with a known genetic basis for biosynthesis.”® The
biosynthetic genes encoding toxin production were identified by Dr. Brett Neilan and co-workers

studying the saxitoxin producing cyanobacteria Cylindrospermopsis using adaptor mediated PCR
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to explore the region around a previously identified gene thought to be involved in
biosynthesis.”” Their efforts identified a discrete gene cluster present in the genome of
Cylindrospermopsis that included 26 genes of putative biosynthetic function.”® Clustering of
biosynthetic genes is a common phenomenon in bacterial genomes.” More recent biochemical
analysis has assigned discrete biochemical transformations to several of the genes in the
cluster.8-82 Additionally, several homologs to the Cylindrospermopsis genes can be found in
dinoflagellates, suggesting a common biosynthetic pathway shared between the two divergent
clades.®>84 This genetic information has been implemented in gPCR-based environmental
genetics approaches currently being developed for the monitoring of saxitoxin-producing
HABs.7%8

Much of the progress on saxitoxin biosynthesis was made possible by the virtue of its
presence in cyanobacterial genomes. Unlike bacterial genomes, dinoflagellate genomes are
massive, containing up to 245,000,000,000 nucleotide base pairs (245 Gbp). Dinoflagellate
genomes also contain no obvious gene clustering and instead feature highly repetitive regions
that are difficult to sequence using modern genome sequencing approaches.®¢4” No biosynthetic
genes have been identified for strictly dinoflagellate HAB toxins, and structurally complex
molecules like palytoxin have evaded meaningful biosynthetic interrogation.

Meanwhile, the field of diatom genomics has exploded over the past 15 years.
Sequenced diatom genomes range in size from around 25 Mbp to nearly 100 Mbp and contain
considerably less repetitive elements than dinoflagellate genomes. Many diverse diatoms have
had their genomes sequenced, including model organisms, open ocean diatoms, Antarctic

88-93

diatoms and oleaginous diatoms with biofuels applications. Two publicly available Pseudo-

nitzschia genomes also exist for P. multiseries and P. multistriata, both of which have the

17



capacity to produce DA.** Beyond strictly genomic descriptions of diatoms, a variety of diatom
transcriptomes have been sequenced to understand the active transcriptional activity of diatom
genomes.” These transcriptomics studies have unraveled a wealth of information surrounding
diatom physiological adaptations to nutrient availability in culture, a key factor for understanding
the influence of nutrient inputs to diatom growth and bloom formation.’*!°! Taken together,
these genomic and transcriptomic resources putatively enable the identification of the genetic

basis for DA biosynthesis.

1.4 In This Dissertation
1.4.1 Chapter 2: Biosynthesis of the neurotoxin domoic acid in a bloom forming diatom

In Chapter 2 of this dissertation, I describe the discovery of the DA biosynthetic (dab)
genes in the diatom P. multiseries. This study utilizes a comparative transcriptomics approach to
identify genes that are “turned on” under culturing conditions that increase DA production. Our
comparative transcriptomics experiments focused on a combination of phosphorous (P)
limitation and increased carbon dioxide (CO2) bubbling previously shown to have a nuanced
effect on DA production in culture.!> We were able to identify a suite of approximately 40
genes upregulated under both P limitation and CO; enrichment, including three genes that had
predicted functions consistent with biochemical transformations hypothesized to build the DA
molecular scaffold. These genes also co-localized in a compact gene cluster in the P. multiseries
genome, suggesting a shared involvement in a common biological process. Heterologous
expression of the three dab genes in Escherichia coli and Saccharomyces cerevisiae enabled the
purification of the encoded enzymes and validation of their direct involvement in DA

biosynthesis in vitro, establishing a genetic basis for DA production.
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1.4.2 Chapter 3: Domoic acid biosynthesis in the red alga Chondria armata suggests a
complex evolutionary history for toxin production

In Chapter 3 of this dissertation, I describe the identification of DA biosynthetic genes in
the red macroalgae, Chondria armata, the originally described DA producer. Draft genome
sequencing of C. armata enabled identification of a DA biosynthesis gene cluster featuring a
highly similar genomic organization to the original dab gene cluster described in Chapter 2.
Biosynthetic function of two red algal DA (rad) biosynthesis genes was confirmed in vitro via
heterologous expression and purification of enzymes from E. coli. While slight differences in
enzyme activity encoded by the rad genes revealed new wrinkles to DA biosynthesis, the
reactions were overall consistent with what we observed initially in P. multiseries. Phylogenetic
analysis of the dab and rad genes suggests an interesting evolutionary history for toxin
production, whereby two of the three genes may have been acquired via separate horizontal gene
transfer (HGT) events. The third gene appears to have a clear red algal or diatom ancestry,
perhaps being neofunctionalized from native enzymology by the C. armata or P. multiseries

host, respectively.

1.4.3 Chapter 4: Metatranscriptomic sequencing and barcoding of a major harmful algal
bloom event in Monterey Bay, California

In Chapter 4 of this dissertation, we apply the dab genes to the broader marine
environment in an attempt to establish a paradigm for molecular monitoring and profiling of DA-
producing Pseudo-nitzschia HABs. Our study focuses on the progression of the 2015 North

American West Coast P. australis bloom in Monterey Bay, California. Samples were collected
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weekly throughout 2015 from Monterey Municipal Wharf II as part of routine monitoring
efforts. We generated RNA barcoding and metatranscriptomics datasets from phytoplankton net
tow samples to complement monitoring data also collected from the wharf including Pseudo-
nitzschia cell counts, particulate DA concentration, and chlorophyll concentration. Sequencing
the 18SV4 region and chloroplast 16S sequencing allowed us to visualize the Pseudo-nitzschia
bloom that dominated the bay from early spring to late summer. We also implemented novel
Pseudo-nitzschia-targeted ITS2 sequencing to describe the various species present throughout
the year and highlight the nearly monospecific P. australis bloom. Meanwhile,
metatranscriptomic sequencing enabled detection of dab transcripts coincident with DA
production throughout the bloom event. Notably, dab transcripts could be detected for P.
australis, P. multiseries and P. seriata, three species that could also be identified in the ITS2
sequencing data. Finally, gene networks analysis was implemented to analyze dab gene
expression in the larger context of P. australis transcriptomics, revealing functional clustering of
related transcripts that paints a picture of how bloom physiology shifts from inception to demise.
These environmental sequencing efforts establish a paradigm for using dab transcripts in genetic

monitoring of HABs.
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2.1 Introduction to Chapter 2
2.1.1 Chemical Studies on Domoic Acid Biosynthesis and Proposed Enzymology

Various efforts have been made over the past several decades to understand the
biosynthesis of domoic acid (DA) in the diatom Pseudo-nitzschia. However, the discrete genes
and corresponding enzymes responsible for DA production had remained elusive prior to our
pioneering work described in this chapter. In a biosynthetic pathway to a given molecule of
interest, various enzymes perform key chemical transformations on common metabolic
precursors to build the “natural product,” a name commonly applied to the unique specialized
molecules produced by different organisms across the tree of life. Discrete biosynthetic enzymes
can be identified either by activity-guided biochemical fractionation, wherein the enzyme(s) of
interest are separated from the thousands of other endogenous proteins present in the producing
organism based on their activity, or via heterologous expression of the candidate genes
potentially encoding relevant biosynthetic enzymes. Isolation of a single enzyme via biochemical
fractionation is typically a highly arduous undertaking, and identification of biosynthetic gene
candidates was similarly difficult prior to the introduction of full-genome sequencing over the
past several decades.!*

Despite these challenges, significant progress towards understanding natural product
biosynthesis can be made in the absence of genetic and biochemical information by using
chemistry-guided approaches. Incorporation of various atomic isotopes into a metabolite of
interest is a chemical approach that can give powerful insight into the biochemical pathways
feeding directly into biosynthesis. A natural products chemist can readily generate or purchase
isotopically labeled precursor molecules, such as glucose or acetate, with selected carbon or

hydrogen atoms replaced with the respective heavier 1*C or ?H nuclei. When these labeled
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precursors are fed to the producing organism, the natural products chemist can then use
analytical approaches such as mass spectrometry (MS) or nuclear magnetic resonance (NMR) to
ascertain whether the fed isotopic label is actively incorporated into the natural product.

The three-dimensional structure for DA contains several defining characteristics but may
be most recognizable for its cyclic pyrrolidine core.®* Pyrrolidines are defined as fully-saturated
5-membered rings containing one nitrogen and four carbons. The pyrrolidine core of DA is
further decorated with a carboxylate at C2, a methyl-carboxylate at C3, and an alkyl sidechain at
C4 containing two double bonds in conjugation and an additional terminal carboxylic acid at the
C7’ position. This pyrrolidine-dicarboxylic acid motif is commonly referred to as a “kainoid
ring” in the chemical literature, a feature named after the structurally similar algal metabolite

kainic acid (KA)(Fig 1).

Figure 2.1. The Red Algal Kainoids. Domoic acid (DA, left) and Kainic acid (KA, right).
Unified numbering scheme shown for DA

By simply looking at the DA structure, chemists have long hypothesized that the
biosynthetic precursors to DA include L-glutamate and a monoterpene. To test this hypothesis,

J.C. Wright and colleagues fed labeled [1,2-'*C,]acetate to cultures of Pseudo-nitzschia
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multiseries and extracted DA to determine the enrichment of the 13C isotope, measured by '*C
nuclear magnetic resonance (NMR), at various positions along the molecule.>® Feeding of *C-
labeled acetate is an especially powerful approach due to the wide-ranging incorporation of
acetic acid in diverse metabolic pathways such as the citric acid cycle and fatty acid biosynthesis.
Steroids and other terpenoids derived from the classic mevalonate (MEV) isoprenoid
biosynthetic pathway readily incorporate '3C from isotopically-labeled acetate, an expected
phenomenon considering the MEV pathway begins with the condensation of two molecules of
acetyl-coenzyme A (CoA) as its first committed step.’

As a result of these [1,2-13C:]acetate feeding studies, all carbons on the DA scaffold
exhibited increased incorporation of 13C, although at differing levels of enrichment based on
position >6, Positions C6 and C7 were the most highly enriched for 1*C (30.6% and 29.2%,
respectively), with a very high (~95%) probability of both positions being occupied by the heavy
isotope as evidenced by the elevated '*C-1*C coupling between the two positions revealed in the
IBC-NMR spectra. This is consistent with incorporation of an intact [1,2 '3C;]acetate unit.
Positions C3 (15.6%), C2 (17.4%), and C8 (14.5%) were all similarly enriched and at a lower
level than C6 and C7, with stronger *C-13C coupling between C2 and C8 than what was
observed between C3 and its adjacent carbons, C2 and C6. Taken together, these trends in 13C
enrichment and differences in '*C-!3C coupling between positions suggest a tricarboxylic acid
cycle (TCA)-derived metabolite. Further feeding studies with [1,2-1*C, ?Hs]acetate showed
deuterium enrichment at C6 but not at C2, suggesting that the TCA cycle-derived DA precursor
is likely derived from alpha-ketoglutarate. In this biosynthetic model, the TCA-derived C2 would
have been previously occupied by a carbonyl, erasing the 2H isotopic signature at the position

from the fed labeled acetate.® Indeed, alpha-ketoglutarate can be converted directly to L-
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glutamate, the predicted direct precursor to DA, through the transamination reactions commonly
found in amino acid catabolism.

With respect to the pyrrolidine alkyl sidechain, presumably derived from the
monoterpene geranyl pyrophosphate (GPP), Wright and colleagues noticed an [1,2 13C;]acetate
labeling trend unique from the expected labeling enrichment witnessed in other isoprene-derived
natural products. Every remaining carbon was enriched for 13C, consistent with the MEV
isoprenoid biosynthetic pathway, but at substantially lower levels than expected for a MEV-
derived terpenoid, ranging from 2.7 to 4.3-percent incorporation. The authors suggested that low
B3C incorporation may be due to a subcellular compartmentalized isoprenoid biosynthetic
pathway, perhaps hampering full uptake of the labeled acetate.® Because the MEV pathway is
generally cytoplasmic, the authors refer directly to the then-recently discovered methylerythritol
phosphate (MEP) pathway acting in plant chloroplasts as a compatible explanation for the low
levels of isotopic incorporation.®

However, labeling of every isoprenoid-derived carbon using [1,2-13C,]acetate is not
consistent with a strict MEP origin, either. The MEP pathway was originally identified by using
[1-13C]glucose and utilizes the glycolytic precursors glyceraldehyde-3-phosphate (GAP) and
pyruvate.® Acetate cannot be converted to either pyruvate or GAP in normal eukaryotic
metabolism, although there are rare exceptions in extremophilic prokaryotes employing the
enzyme pyruvate synthase.”!? Therefore, a MEP-derived isoprene should not have incorporated
any 13C from the acetate feeding experiment described here, creating quite the conundrum.
Despite these apparent inconsistencies, metabolic trans-compartmental crosstalk between the
MEYV and MEP pathways has been described in plants and subsequently proposed for algae.!!-!?

Such a phenomenon could explain the low rates of 1*C incorporation for the DA alkyl sidechain,
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and would therefore be consistent with a primarily chloroplastic, MEP origin for the DA
monoterpene precursor with only minimal input from MEV-derived isoprenes labeled by the

[1,2-13C;]acetate.

HO

+ L-Glu

OH
-
N N"opp

/E:EE CYP71AV1

Amorphadiene Artemisinic acid Artemisinin

Figure 2.2. Insight into DA biosynthesis from isotope labeling, chemical synthesis, and
homologous biosynthetic reactions. A) Labeling of 13C nuclei from [1,2-13C2]acetate feeding

experiments of P. multiseries.>® Numeric labels indicate percent incorporation of '*C, bold bonds
indicate *C-13C coupling suggestive of intact acetate incorporation. B) Feeding study of P

australis using [1-2H2]- geraniol to suggest an N-prenyltransferase mechanism in DA
biosynthesis.!* C) Biomemetic synthesis of kainoids using cobalt catalyst and iodinated synthetic

kainoid precursors (cite). D) Conversion of a methyl (-CH3) to a carboxylic acid (-COOH) in
artemisinin biosynthesis by a single CYP450 enzyme.?’

Besides these key efforts, very few studies have made progress in identifying or
suggesting the possible enzymatic activities involved in biosynthesizing DA from glutamate and
a monoterpene. In 2012, Savage et al provided deuterium-labeling evidence supporting GPP as
the likely monoterpene precursor to DA.!? By feeding cultures of Pseudo-nitzschia australis with
[1-2H,]-geraniol, assumed to be phosphorylated to [1-2H2]-GPP in vivo, the researchers were able

to observe enrichment of the DA [M+2] mass by gas chromatography mass spectrometry

(GCMS). The isotopic enrichment, although marginal, was reproducible and statistically
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significant compared to the controls. Despite the low enrichment of DA [M+2], a similar trend
was not observed with the DA [M+1] mass. This observation suggests that GPP is the direct DA
precursor and that an alternative pathway via oxidation of geraniol to geranial to enable L-
glutamate N-prenylation is unlikely. This conclusion is consistent with the lack of precedence for
such an aldehyde condensation in N-prenylations. On the other hand, there are known examples
of enzymes capable of performing N-prenylation using isoprene diphosphates as substrates,
although it appears that N-prenylation is exceedingly uncommon in nature.!*!*> These enzymes
can be generally referred to as N-prenyltransferases, and the formation of the C-N bond in the
final DA structure might be catalyzed by such an enzyme.

Complete biosynthesis of the characteristic pyrrolidine ring of DA also requires
formation of an additional C-C bond between C4, derived from GPP, and C3, derived from the
beta-position carbon of glutamate. This second transformation would require some sort of
chemical activation at C3 for the reaction to proceed. While several routes to activation and ring
formation could be envisioned, a radical cyclization mechanism as a potential route to kainoid
ring formation was proposed by J.E. Baldwin, whose massive contribution to the field of
chemistry includes “Baldwin’s rules” of molecular cyclization and numerous investigations into

16-19 Tn their work on kainoids,

the biosynthesis of penicillin and cephalosporin antibiotics.
Baldwin and co-workers were able to construct synthetic analogues of the proposed uncyclized,
N-prenylated precursors to kainic acid and domoic acid.?*?! Incorporation of iodine at the
position analogous to the precursor L-glutamate beta-position carbon allowed for the subsequent
cobalt (Co'*)-catalyzed abstraction of atomic iodine. Removal of iodine from this synthetic

analogue leaves behind a radical to react with the nearby olefin on the prenyl chain, forming the

new C3-C4 bond and completing kainoid ring formation.
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Conceivably, a single enzyme could remove the C3 hydrogen to enable this radical-
driven 5-exo-trig cyclization. Enzymes capable of this sort of hydrogen atom abstraction include
diverse transition metal-cofactor enzymes. Iron-dependent enzymes are especially notable for
their ability to catalyze this exact sort of oxidative hydrogen atom transfer (HAT) reaction, with
common examples including alpha-ketoglutarate and Fe**-dependent dioxygenases, heme-
containing oxidases, and in S-adenosyl-L-methionine (SAM)-dependent catalysis through
involvement in iron-sulfur [Fe-S] clusters.?>>> Although not technically a biosynthetic study, the
synthetic studies by Baldwin demonstrate the feasibility of a radical-driven oxidative cyclization
reaction in kainoid ring formation and make the above classes of enzymes tantalizing candidates
for a potential role in DA biosynthesis. Oxidative cyclization of natural products has been well
described in the chemical literature.?¢

The final defining structural characteristic of DA, the carboxylic acid at the C7’ position
of the pyrrolidine alkyl sidechain, has not received comparable study into its putative
biosynthetic installation. However, direct generation of carboxylic acids from an extant methyl
group is a well-studied reaction in natural products chemistry, especially in terpene biosynthesis.
In the biosynthetic pathway to the antimalarial artemisinin, a plant-derived sesquiterpene, such a
transformation is required to make artemisinic acid from the cyclic precursor amorphadiene.
Only one enzyme is required to perform the three hydroxylations to install a carboxylic acid: the
cytochrome P450 (CYP450) enzyme CYP71AV1.?7 Similar triple-oxidation reactions have been
observed in the biosyntheses for the plant-derived diterpene hormone gibberellin, the bacterial
terpene alkaloid xiamycin, and mammalian steroid-derived bile acid.?®3% All of these reactions

are catalyzed by single CYP450s, a large family of heme-containing metalloenzymes.?!
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2.1.2 Inducible Production of DA in Culture is a Roadmap to Biosynthetic Genes

Beyond these efforts offering chemical insight into DA biosynthesis, many of the studies
on DA production in Pseudo-nitzchia have focused on various conditions that can increase or
decrease production in culture. These conditions include physical factors, such as salinity,
temperature and irradiance, biological factors such as age of culture, growth phase, and presence
of associated bacteria, and also a wide range of nutritional limitation and supplementation
regimes.>2 Nutrient addition and limitation conditions have received an especially high amount
of attention to understand the influence of nutrient availability during bloom events on the
severity of Pseudo-nitzschia bloom toxicity. For example, silica limitation is linked to increased
DA production in culture and anomalously low silica concentrations were observed in Monterey
Bay, California during the 2015 North American West Coast Pseudo-nitzschia HAB event
coincident with historically high levels of DA detected in the water column.?*3* Other factors
including trace metal availability and dissolved CO2/HCO;™ have also been demonstrated to
augment DA production in culture.?? The sheer number of different conditions shown to impact
DA production makes drawing a discrete link between diatom physiological states,
oceanographic conditions, and levels of toxin production difficult, although increased DA
production does seem to be a hallmark of cellular stress.

Nevertheless, the inducibility of DA production provides a potential avenue to identifying
the enzymatic machinery responsible for toxin production. Although other means of biochemical
regulation could be envisioned, such as increased metabolic flux through primary metabolic
pathways leading to biosynthetic precursors, inducible production of natural products commonly
occurs at the level of biosynthetic gene transcription. With the advent of modern high-throughput

sequencing approaches, global transcript abundance can be readily measured using quantitative
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RNA sequencing. By generating transcriptomic datasets across different experimental
conditions, such as those conditions that may increase or decrease metabolite production, it is
possible to identify transcripts with higher or lower abundance between the experiments and
identify candidate genes that have a role in metabolite biosynthesis. This “comparative
transcriptomics” approach to identify biosynthetic genes has been leveraged to great success in
recent years, particularly in plant systems by the Elizabeth Sattely lab. By combining
transcriptomics experiments with untargeted metabolomics, Sattely and co-workers have
identified novel biosynthetic pathways to various plant natural products.®>>—* One such natural
product, 4-hydroxyindole-3-carbonyl nitrile (4-OH-ICN), was a previously undiscovered
molecule from Arabidopsis thaliana with an apparent role in pathogen defense. Treatment of A.
thaliana with different plant pathogens directly induced production of 4-OH-ICN and
upregulation of discrete transcripts that were subsequently demonstrated to encode enzymes
directly implicated in 4-OH-ICN biosynthesis.?®

Comparative transcriptomics has also been implemented in diatoms to understand
physiological responses to nutrient stress. Iron starvation, phosphate limitation, silica limitation,
and nitrogen source effects have all been explored using comparative transcriptomic approaches

3943 These efforts have

using either microarrays or, more recently, modern RNA sequencing.
yielded tremendous insight into the unique biochemistry found in diatoms, ranging from a
dynamically regulated ornithine-urea cycle to non-reductive iron uptake dependent on
phytotransferrin, a functional analogue to the well-studied mammalian transferrin present in
blood cells.*** The various transcriptomic and functional studies in diatoms have been enabled

4648

in large part thanks to substantial progress in diatom genomic sequencing. Currently, there

are two publicly available Pseudo-nitzschia genomes: P. multistriata and P. multiseries, with
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only the P. multiseries genome available at the outset of our study into DA biosynthesis.*
Various transcriptomic efforts had also been made in diverse Pseudo-nitzschia species, including
a study on the differential expression of transcripts at different phases of logarithmic growth, a
factor known to have an effect on DA production in culture.>%->2

In our present work, we implemented transcriptomic sequencing of P. multiseries grown
under a combination of phosphate (P) limitation and CO; enrichment regimes, two conditions
previously shown to have a combinatorial effect on the induction of DA biosynthesis in culture.>?
Our differential expression analysis revealed a suite of approximately 40 transcripts consistently
upregulated under the different DA-inducing conditions. Four of the upregulated genes co-
localized to a common genomic location in a “biosynthetic gene cluster”, a phenomenon
commonly associated with genes involved in a shared biosynthetic pathway. Of these four genes,
three had predicted functions consistent with the biosynthetic transformations required to build
DA from glutamate and monoterpene precursors. These three genes included a putatively
chloroplast-localized terpene cyclase (dabA), an alpha-ketoglutarate-dependent iron dioxygenase
(dabC), and a cytochrome P450 (dabD). In vitro characterization of the enzymes encoded by
each gene revealed the key chemical transformations of N-prenylation of L-glutamate by GPP
(DabA), installation of the carboxylic acid functionality at the GPP-derived C7’ position (DabD),
and 5-exo-trig cyclization to form the kainoid ring structure (DabC). These unique enzymatic

steps were sufficient to make isodomoic acid A, a major isomer of domoic acid, providing a core

biosynthetic pathway to the DA series of molecules in P. multiseries.
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Oceanic harmful algal blooms of Pseudo-nitzschia diatoms produce the potent mammalian
neurotoxin domoic acid (DA). Despite decades of research, the molecular basis for its biosynthesis
is not known. By using growth conditions known to induce DA production in Pseudo-nitzschia
multiseries, we implemented transcriptome sequencing in order to identify DA biosynthesis genes
that colocalize in a genomic four-gene cluster. We biochemically investigated the recombinant DA
biosynthetic enzymes and linked their mechanisms to the construction of DA’s diagnostic
pyrrolidine skeleton, establishing a model for DA biosynthesis. Knowledge of the genetic basis for
toxin production provides an orthogonal approach to bloom monitoring and enables study of
environmental factors that drive oceanic DA production.

Oceanic harmful algal blooms (HABs) are intensifying in frequency and severity in
association with climate change (1-3). This phenomenon was exemplified in the summer of
2015 when the North American Pacific coast experienced the largest HAB ever recorded,
spanning the Aleutian Islands of Alaska to the Baja peninsula of Mexico (fig. S1) (4). This
bloom caused widespread ecological and economic devastation, resulting in the deaths of
marine mammals and the closure of beaches and fisheries. The dominant algal species in the
2015 HAB were pennate diatoms of the globally distributed genus Pseudo-nitzschia, which
are often associated with high production of the excitatory glutamate receptor agonist
domoic acid (DA; 1). Mammalian consumption of DA-contaminated shellfish exerts its
toxicity at the AMPA and kainate ionotropic glutamate receptors of the central nervous
system (5, 6). In humans, a high, single-exposure dose of DA can cause amnesic shellfish
poisoning (ASP), which involves symptoms of amnesia, seizures, coma, and in extreme
cases, death. Even chronic, low-level consumption of DA may lead to kidney damage,
cognitive deficit, and impairment of fetal development, making DA outbreaks an important
human health problem (7-10). Similar neurotoxic symptoms have been observed in birds
and marine mammals such as sea lions, which suffer spatial memory impairment linked to
DA consumption, likely leading to increases in sea lion strandings (11).

Although abiotic (12) and biotic (13) factors have been shown to affect toxicity in culture,
the biological and physicochemical mechanisms underlying DA production in Pseudo-
nitzschia are unclear. Moreover, not all Pseudo-nitzschia blooms produce DA (12). An
understanding of the genetic basis of DA biosynthesis in diatoms would facilitate
determination of the cellular pathway that controls oceanic DA production and thereby di-
atom toxicity.

Stable isotope experiments (14, 15) suggest that DA is composed of glutamic acid (Glu) and
geranyl pyrophosphate (GPP) building blocks. No pathway that involves these starting
materials to construct the characteristic pyrrolidine ring of DA has been previously
characterized, and thus, our ability to predict candidate bio-synthetic genes using traditional
bioinformatic methods was limited. However, we postulated that a redox enzyme, such as a
cytochrome P450 (CYP450), generates the 7 -carboxylic acid of DA through three
successive oxidations, a reaction common in all branches of life (Fig. 1A) (16).

To identify putative DA biosynthetic genes, we examined patterns of transcriptional activity
under previously established conditions—phosphate limitation and elevated CO, (17)—that
stimulate DA production. We created a differential expression dataset for nearly 20,000
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Pseudo-nitzschia multiseries RNA transcripts (table S1). A small fraction (~500; 2.5%)
showed consistent up-regulation under phosphate limitation (fig. S2 and table S2), and
further refinement of this subset to include genes that were also up-regulated with increasing
partial pressure of CO;, (PCO,) highlighted only 43 (0.22%) transcripts (table S3). A
CYP450 gene showed the highest fold change of all analyzed transcripts under the high
PCO; and low-phosphate DA-inducing condition (Fig. 1B). This transcript was the only
annotated CYP450 gene out of 20 total within the P. multiseries genome (220 Mbp; Joint
Genome Institute accession no. PRINA32659) that showed increased transcription (fig. S3
and table S4). When mapped to the public P. multiseries genome, this CYP450 was localized
to a compact genomic island spanning ~8 kb that possesses three other similarly up-
regulated genes that are indicative of canonical gene clustering more typically observed in
bacterial- and fungal-specialized metabolism (Fig. 1C) (18). Genomic organization in
diatoms is not generally typified by clustering of metabolic genes (19, 20). However,
clusters of transcriptionally coregulated genes, sensitive to Fe and Si limitation, have been
reported (21, 22). The annotated gene functions suggest involvement in terpenoid and redox
biochemistry, which are two predicted hallmarks for DA biosynthesis. These gene
candidates for DA biosynthetic (Dab) enzymes were annotated as dabA (terpene cyclase),
dabB (hypothetical protein), dabC [a-ketoglutarate (aKG)—dependent dioxygenase], and
dabD (CYP450) (Fig. 1C). We independently sequenced this gene cluster from an
environmental isolate of P mulltiseries in order to validate its conservation (GenBank
accession no. MH202990).

Despite the rarity of the pyrrolidine kainoid skeleton in nature, the putative dab gene
functions enabled us to initially map our genes onto the suggested biosynthetic pathway (14,
15). We hypothesized that DabA catalyzes the first committed step of DA biosynthesis: /N-
prenylation of L-Glu with GPP to form N-geranyl-L-glutamic acid (L-NGG; 2). DabC and
DabD would perform subsequent oxidative reactions (Fig. 2).

‘We began in vitro validation of the dab genes with dabA, which contains a chloroplast
transit peptide sequence and an intron but low similarity to any characterized protein in the
National Center for Biotechnology Information (NCBI) database. Structural prediction by
using Phyre2 (23) suggested that DabA may possess a terpene cyclase—like fold, and
phylogenetic analysis intimated an evolutionary history related to red algal and bacterial
genes (fig. S4). Among diatoms, dabA appears restricted to Pseudo-nitzschia spp. We
expressed recombinant Hisg-DabA without the N-terminal transit peptide in Escherichia coli
and purified the enzyme using NiZ* affinity and size-exclusion chromatography (fig. S5). In
vitro, DabA catalyzes the N-geranylation of L-Glu to form L-NGG (2) in a Mg*2-dependent
manner (Fig. 3A). DabA interrogation with structurally similar substrates shows modest
promiscuity toward prenyl pyrophosphates but high specificity for Glu (fig. S6). Recently, L-
NGG was isolated in low abundance from the DA-containing red alga Chondria armata and
shown through labeling experiments in P, multiseries to be a precursor to DA (24). These
observations further implicate dabA as a gene that encodes a major step in DA biosynthesis.

To investigate the subsequent transformations of L-NGG, we individually interrogated the
activity of the DabC and DabD oxygenases toward this substrate. In the presence of Fe2*, -
ascorbic acid, and cosubstrate aKG, recombinant DabC purified from E. coli cyclized L-
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NGG to form three pyrrolidine ring—containing molecules: 7’ -methylisodomoic acids A, B,
and C, termed dainic acids A, B, and C (5a to 5¢), respectively (Fig. 3A and figs. S7 and
S8), of which 5a and Sb had been recently isolated from C. armata (24). DabC, however,
showed minimal cyclization of other similarly N-prenylated glutamic acids (fig. S7).
Enzymatic synthesis of the dainic acids was made more amenable through a one-pot coupled
assay using L-Glu, GPP, DabA, DabC, and their requisite cofactors and cosubstrates (fig.
S9). Despite DabC generating much of the structural diversity observed within the kainoid
metabolites (25), the slow rate of L-NGG consumption and failure to go to completion led us
to suspect that this enzyme may instead act on an oxidized substrate, placing DabD
oxidation ahead of DabC cyclization in the DA biosynthetic pathway. Incubation of L-NGG
with Saccharomyces cerevisiae micro-somes that possess coexpressed transmembrane
proteins DabD (fig. S10) and P. multiseries CYP450 reductase (PmCPR1) generated small
but reproducible quantities of 7’-hydroxy-L-NGG (6) and 7’-carboxy-L-NGG (3) (Fig. 3A
and fig. S11), which was validated through comparison with synthetic standards. Conversely,
the dainic acid isomers were not substrates of the DabD P450 (fig. S11). 7’-carboxy-L.-NGG
incubation with DabC showed rapid cyclization to the P. multiseries natural product
isodomoic acid A (4) (Fig. 3A), which did not occur in the presence of metal chelator
ethylenediaminetetraacetic acid (EDTA). When comparing both DabC in vitro substrates for
physiological relevance, 7”-carboxy-L-NGG was consumed at a much faster rate than L-
NGG, further suggesting that 7’-carboxy-L-NGG is an on-pathway intermediate (Fig. 3B
and fig. S12). Our cumulative in vitro biochemical results imply a DA biosynthetic pathway
that begins with the DabA-catalyzed geranylation of L-Glu to yield L-NGG, likely in the
chloroplast. DabD then performs three successive oxidation reactions at the 7’-methyl of L-
NGG to produce 7’-carboxy-L-NGG, which is then cyclized by DabC to generate the
naturally occurring isodomoic acid A (Fig. 2). A putative isomerase likely converts
isodomoic acid A to DA. We biochemically interrogated the coclustered dabB gene product
but did not observe isomerase activity (fig. S13). Further examination of additionally up-
regulated transcripts did not suggest an obvious candidate gene (fig. S14). We are actively
investigating this final isomerization reaction to complete the pathway to DA.

In addition to Pseudo-nitzschia spp., the kainoid structure has been observed in other
diatom, red macroalgal, and fungal compounds (fig. S15) (12, 26, 27). In silico application
of the dab genes as a kainoid ring biosynthetic query identified dabA and dabChomologs in
several red algal transcriptomes (28, 29), including the known kainic acid producer Palmaria
palmata (fig. S16). Like DA, kainic acid (26) is a structurally related glutamate agonist
constructed from a shorter terpene substrate without the need of the DabD P450 oxidation.

With the establishment of the DabACD-dependent biosynthetic pathway to isodomoic acid
A in P. multiseries, we next linked this discovery to the marine environment. We identified
dab genes with the same genetic organization and high sequence identity in the genome of
the known DA-producing Pseudo-nitzschia multistriata (fig. S17) (30). Moreover, of the
eight publicly available Pseudo-nitzschia transcriptomes, only the highly toxic DA-
producing species Pseudo-nitzschia australis expressed the dab genes (figs. S18 and S19)
(31). No dabhomologs were found in any other sequenced microalgal genera. By virtue of
its limited distribution, dabA thus presents an opportunity for genetic monitoring of the DA-
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producing capabilities of Pseudo-nitzschia blooms orthogonal to currently established mass
spectrometry—based and enzyme-linked immunosorbent assay—based identification
approaches. We anticipate that knowledge of the dab genes will allow for greater
understanding of the basis and diversity of Pseudo-nitzschia toxicity, the physiological
function of DA, and the environmental conditions that promote HAB formation so that we
may better anticipate risk of exposure to this toxic marine natural product.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Identification of domoic acid biosynthetic genes from transcriptomic and genomic data.
(A) Structure of DA (1) and its proposed biosynthetic building blocks (14, 15). (B) Ten most
up-regulated P. multiseries transcripts under previously reported DA-induction conditions
(17). Differential expression changes are each shown with reference to the Pco, conditions
listed across the top of the heatmap, with phosphate concentrations held constant. (C) DA
biosynthesis (dab) gene cluster in the P. multiseries genome.

Science. Author manuscript; available in PMC 2018 December 03.

54



1duasnuepy Joyiny 1duasnuepy Joyiny 1duosnuepy Joyiny

1duasnuepy Joyiny

Brunson et al.

L-Glu
+ —

GPP

Fig. 2.

Oy OH
)\/\)\Aﬁgw
o

DabC

Fe?*, aKG, O,,
L-ascorbate

¢}
>—0H

dainic acid A (5a)

Oy, OH
HO\H\/\/K/\ ugw
o o

7’-carboxy-L-NGG (3)

DabC
Fe2*, aKG, O,,

L-ascorbate

O>\70H

HO

isodomoic acid A (4)

acid (1)

Domoic acid (1) biosynthetic pathway based on dab gene annotations and in vitro enzyme

activities.

Science. Author manuscript; available in PMC 2018 December 03.

55



1duasnuepy Joyiny 1duasnuepy Joyiny duosnuepy Joyiny

1duasnuepy Joyiny

Brunson et al.

E=

5y

o &
+
°d
O

e

® Q0T

=

relative extracted ion intensity

! g

J
12 14 16 18 20 22
*5x magnified intensity

05 OH
Ho\)\/\)\/\NgOH
4 g0l

7’-hydroxy-L-NGG (6)  dainic acid B (5b) dainic acid C (5¢)

—— L-NGG (2)
=@ 7'-carboxy-L.-NGG (3)
~{li— isodomoic acid A (4)
== dainic acid A (5a)

% abundance in DabC
reaction mixture

P

re—y)

0 60 120 180 240 300 360
time (min)

Fig. 3. In vitro characterization of Dab enzymes.
(A) Relative intensities of negative ionization—extracted ion chromatogram liquid

chromatography—mass spectrometry traces [(282.1711,298.1660, 312.1453, 280.1554,
310.1296) + 0.01 mass/charge ratio] for in vitro Dab reactions. a, DabA, L-Glu (500 uM),
GPP (500 uM), MgCl, (10 mM); b, DabA, L-Glu(500 uM), GPP (500 uM), without MgCly;
¢, DabC, L-NGG (2; 500 uM), FeSO,4, aKG, L-ascorbicacid; d, DabC, 7/—carb0xy—L—NGG
(3; 500 uM), FeSOy4, aKG, L-ascorbic acid; e, DabC, 7'-Carb0xy-L-NGG (3; 500 pM),
FeSOy4, aKG, L-ascorbic acid, EDTA (1.0 mM); f, DabD and PmCPR1 containing S.
cerevisiae microsomes, L-NGG (2; 500 uM), NADPH; g, empty vector S. cerevisiae micro-
somes, L-NGG (2; 500 uM), NADPH; andh, synthetic 7'—hydr0xy—L—NGG (6) standard.
Additional enzyme and cosubstrate concentrations can be found in the supplementary
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materials. Asterisks indicate that relative extracted ion intensities for traces f and g have
been 5x magnified. (B) Comparison of in vitro DabC substrate consumption of L-NGG (2;
1.0 mM) and 7’—carb0xy—L»NGG (3; 1.0 mM) and relative formation of respective dainic
acid A (5a) and isodomoic acid A (4) products (22 = 3 replicate DabC experiments).
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General Materials and Methods

All chemicals and solvents were used as received from the commercial supplier (Sigma-
Aldrich or Fisher). PCR was carried out using standard thermocycling protocols using either
Phusion High-Fidelity DNA Polymerase (New England Biolabs), Prime Star MAX (TaKaRa) or
OneTaq 2X MM (New England Biolabs) using the templates and buffers as specified for each
reaction (detailed in experimental sections). All protein purification from E. coli was performed
on an AKTApurifier instrument (GE Healthcare) with the modules Box-900, UPC-900, R-900
and Frac-900 with all solvents filtered through a nylon membrane 0.2 pum GDWP (Merck) prior
to use. FPLC data was analyzed with UNICORN 5.31 (Built 743) software. Ultracentrifugation
was performed using a SW 55 Ti rotor (Beckman Coulter) on an Optima L-100 XP (Beckman
Coulter) using ultracentrifuge tubes from the manufacturer. All protein quantification was done
by method of Bradford using the Protein Assay Dye Reagent Concentrate (Bio-Rad) on protein
sample dilutions in MilliQ water.

General LCMS measurements were carried out on an Agilent Technologies 1200 Series
system with a diode-array detector coupled to a Bruker Amazon SL ESI-lon Trap mass
spectrometer in negative ionization mode. The LCMS data was processed by Bruker Compass
Data Analysis 4.2 SR2. Higher resolution liquid chromatography mass spectrometry (HRMS)
measurements were carried out on an Agilent Technologies 1200 Series system with a diode-
array detector coupled to an Agilent Technologies 6530 accurate-mass Q-TOF LCMS. In both
cases, compounds were separated by reversed-phase chromatography on a Phenomenex Luna
C18(2), 5 um-100 x 4.6 mm column with water + 0.1% formic acid (solvent A) and acetonitrile
+ 0.1% formic acid (solvent B) as eluents. We used two specific LC methods for separation of
compounds for both general LCMS as well as HRMS, both run at a flow rate of 0.75 mL/min.
LC Method A uses the following gradient: hold at 5% B for 1 minute, 5% to 100% B over 20
minutes, hold at 100% B for 1.5 minutes, 100% to 5% B over 2.5 minutes, hold at 5% for 2
minutes. LC Method B uses the following gradient: hold at 5% B for 5 minutes, 5% to 35% B
over 15 minutes, 35% to 100% B over 1 minute, hold at 100% B for 1.5 minutes, 100% to 5% B
over 2.5 minutes, hold at 5% B for 2 minutes.

For chemical synthesis, all anhydrous reactions were performed under argon atmosphere
in flame-dried glassware. Reactions were monitored by LCMS using previously described
conditions or TLC (Merck, silica gel 60 F254). Products were visualized by UV at 254 nm or
with KMnOy staining solution (1.5 g KMnOy, 10 g K,COs, 1.25 mL 10% NaOH in 200 mL
water). TLC R¢ values were rounded to the nearest 0.05. Products were purified by flash column
chromatography using silica gel (Alfa Aesar, 60 A pore size). Concentration under reduced
pressure was carried out by rotary evaporation. NMR spectra were recorded on a Bruker Avance
11T spectrometer (600 MHz) using either a 1.7 mm inverse detection triple resonance (H-C/N/D)
cryoprobe or a 5 mm inverse detection triple resonance (H-C/N/D) cryoprobe, or a JEOL
spectrometer (500 MHz) using D,O or CDCl; as solvents. Chemical shifts (8) are reported in
ppm and are referenced to internal sodium formate for D,O (8 = 8.44 ppm for 'H, 6 = 171.7 ppm
for 1C) or the solvent signal for CDCl; (8 = 7.26 ppm for 'H, 8 = 77.2 ppm for "*C). Data for
NMR spectra was reported as follows: s = singlet, d = doublet, t = triplet, ¢ = quartet, m =
multiplet, J = coupling constant in Hz. Infrared spectra (IR) were recorded on a Nicolet IR 100
FT-IR (Thermo) spectrometer. Absorption maxima are reported as wavenumbers in cm™.
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RNAseq and Differential Expression Analysis Methods

Biomass for Pseudo-nitzschia multiseries, cultured across a matrix of pCO; conditions
and phosphate concentrations, was obtained from experiments conducted by (/7). Total RNA
was extracted using Trizol reagent (Thermo Fisher Scientific), followed by genomic DNA
removal using TURBO DNA-free™ Kit (Thermo Fisher Scientific), and Agencourt RNA Clean
XP kit (Beckman Coulter) clean up the RNA. Suitable RNA quality was verified using an
Agilent 2100 Bioanalyzer.

In order to construct RNAseq libraries from total RNA, ribosomal RNA was removed
from 1.5 ug of total using Ribo-Zero Magnetic kits (Illumina). The composition of Removal
Solutions constituted a mixture of plant, bacterial, and human/mouse/rat Removal Solution at a
ratio of 2:1:1. An Agilent 2100 Bioanalyzer was used to evaluate the quality of rRNA removal. 5
ng of rRNA subtracted RNA was used for library construction using a Scriptseq v2 RNA-seq
Library Preparation Kit (Illumina). An Agilent 2100 Bioanalyzer was used to verify the mean
size of libraries was within a range of 360-370 bp.

PolyA mRNA transcriptomes were constructed using 300 ng of total RNA as input into
the TruSeq RNA Sample Preparation Kit (Illumina), followed by the manufacture’s Low-
Throughput protocol. The mean size of the final libraries was inspected using an Agilent
Bioanalyzer 2100 and confirmed to be within a range of 350-420 bp.

Transcriptomes were sequenced on the Illumina HiSeq platform (Illumina, San Diego,
CA, USA). Reads were trimmed of primer sequences and assembled de novo using CLC
Genomics workbench. Putative open ready frames on the assembled contigs were called using
FragGeneScan (32). Putative protein sequences were annotated using hidden markov models and
blastp against PhyloDB 1.02 (33). Pseudo-nitzschia multiseries RNAseq data have been
deposited at the NCBI sequence read archive under accession numbers SAMNO08773590-
SAMNO08773622.

Reads were trimmed for quality and filtered to remove primers, adaptors and rRNA
sequences using Ribopicker v.0.4.3 (34). CLC Assembly Cell (CLCbio) was used to assemble
contigs; open reading frames (ORFs) were predicted from the assembled contigs using
FragGeneScan (32) and additional rRNA sequences were identified and removed. The remaining
ORFs were annotated de-novo for function and taxonomy via KEGG, KO, KOG, Pfam, TigrFam
and the reference dataset PhyloDB 1.02 (33).

Reads were aligned to the Pseudo-nitzschia multiseries CLN-47 reference assembly
Psemul (https://genome.jgi.doe.gov/Psemul) using BWA MEM (35). Read counts per gene
were aggregated using featureCounts (36). Fragments per kilobase of transcript per million
mapped reads (FPKM) was calculated as 10° * reads / (total mapped_reads * gene length) and
was used for assessment of relative expression. Differential expression analysis was performed
using edgeR (37) with the exactTest function, with multiple testing correction by Benjamini-
Hochberg to give FDR adjusted p-values.

Next, the model CDS sequences with reads mapped to them were filtered for only those
sequences significantly upregulated under limited phosphate (log2FC > 0, FDR < 0.05), with
reference only to the rRNA-depleted libraries. Specifically, we looked for those transcripts which
were significantly upregulated under two phosphate and pCO, conditions: phosphate limited (0.5
uM) P. multiseries grown at 400 ppm pCO; and 730 ppm pCO,, as compared to cultures grown
with replete phosphorous (20 uM) at comparable pCO, levels. After requiring a cutoff of 50
FPKM for each CDS sequence, with FPKMs summed across all rRNA-depleted libraries (18
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libraries, an average of 2.78 FPKM per CDS per library), we were left with a set of 482 CDS
which correspond with upregulated transcripts under phosphate limitation.

Next, we looked for genes upregulated under both phosphate limitation and pCO; stress.
We took the set of 482 CDS upregulated under phosphate limitation and filtered for those CDS
which correspond to transcripts significantly upregulated (log2FC > 0, FDR < 0.05) under
increasing pCO; at low phosphate concentrations. Specifically, we looked for transcripts which
were upregulated when P. multiseries was grown under 400 ppm pCO, or 730 ppm pCO,, as
compared to P. multiseries grown under 220 ppm pCO,, with all cultures being grown under
limited phosphate conditions (0.5 uM). This yielded a total of 43 transcripts upregulated under
both pCO; stress and strictly phosphate limitation.

Molecular Biology/Biochemical Methods

Diatom Strains, DNA extraction, cDNA generation, and dab gene amplification

For amplification of dab genes, Pseudo-nitzschia multiseries isolate 15091C3 was
collected from a net tow at Monterey Wharf IT in Monterey, CA on April 1% 2015. Once purified
to unialgal culture, it was maintained in f/2 enriched sterilized Monterey Bay SW at 15-16 °C
and 75 umole photon m™ s PAR (38). The organism was also cultured in Natural Sea Water
Media, which is 0.22 uM filtered sea water from Scripps Pier supplemented with 880 uM
NaNOs, 55 uM NaH,POy4, 100 uM Na,Si03, and AQUIL trace metals and vitamins (38). These
cultures were also maintained at 15-16 °C and 75 umole photon m™ s PAR. RNA isolation was
performed using the Direct-zol™ RNA MiniPrep kit (ZymoResearch) on P. multiseries
harvested during late exponential/early stationary phase. cDNA was created using SuperScript™
IIT Reverse Transcriptase (ThermoFisher). Initial amplification of full-length dab4 and PmCPR1
was performed on cDNA samples using Phusion® High-Fidelity DNA Polymerase (New
England Biolabs) in Phusion® HF Buffer. Primer set DabA 001-2 was used for dabA
amplification while primer set PmCPR1_001-2 was used for PmCPRI amplification. Initial
amplification of dabC and dabD was performed from genomic DNA extracted from stationary
phase P. multiseries using Plant DNAzol™ Reagent (Invitrogen), again using Phusion®
High-Fidelity DNA Polymerase (New England Biolabs) in Phusion® HF Buffer. Primer set
DabC 001-2 was used to amplify dabC while primer set DabD 001-2 was used to amplify
dabD.

Verification of dab cluster in an environmental isolate of Pseudo-nitzschia multiseries

PrimeStar MAX polymerase (TaKaRa) and primer sets ampDabC-D _001-002 and
ampDabA-C_001-002 were used to amplify the intergenic regions between DabC and DabD and
between DabA and DabC, respectively, from gDNA extracted from P. multiseries isolate
15091C3. Overhangs for Gibson assembly were added using the primer sets OH_DabA-C 001-
002 and OH_DabC-D_001-002. These fragments were then individually assembled into PtGG, a
promoter-less vector used here for sequencing purposes (39) using Gibson assembly (40) and
transformed into TOP10 chemically competent E. coli. Following colony PCR verification using
primer set PtGG_co0l001-002, we used primer sets DabA-C seq001-010 and DabC-D_seq001-
004 for Sanger sequencing (Eurofins) to achieve full coverage. These sequencing reads, along
with reads from sequencing performed on dab gene expression vectors, were used to assemble a
contig which spans the 3’ end of dabA to the 3° end of dabD. Full cluster sequencing has been
deposited to GenBank, accession number MH202990.
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Cloning of dabA into pET28 backbone

The pET28a vector was linearized using PrimeStar MAX polymerase (TaKaRa) and
primer set pET28 BB _001-2. Truncated Ser26 — C terminus dabA4 gene was obtained by PCR
with PrimeStar polymerase and primer set DabA_p28 001-002 to incorporate the appropriate
Gibson assembly overhangs and remove the putative chloroplast transit peptide predicted by
SignalP 3.0 and ASAFind (41, 42). NEBuilder HiFi DNA Assembly mix was used to generate
the dab4 pET28a construct. Assembly of dabA into pET28a also incorporated the N-terminal
Hise tag for affinity purification. After confirming the dabA4 sequence by Sanger sequencing, the
plasmid was transformed into E. coli BL21 cells for subsequent expression.

Expression and purification of DabA

An overnight culture of DabA expressing BL21 E. coli cells was used to inoculate 1 L of
Terrific Broth in a 2.8 L flask. The flask was shaken at ~200 rpm at 37 °C until the cells reached
an ODggo of ~0.6. The incubator was then shifted to 18 °C and the flasks were allowed to shake
for an additional hour. The cells were then induced with 0.5 mM IPTG and were further
incubated for ~16 h at 18 °C. After harvesting by centrifugation, the cells were resuspended in 25
mL of buffer containing 500 mM NaCl, 20 mM Tris-HCI1 pH 8.0, and 10% glycerol. The cells
were either frozen or immediately used for protein purification.

The cells were lysed by sonication using a Qsonica 6 mm tip at 40% amplitude for 12
cycles of 15 sec on and 45 seconds off. The lysate was centrifuged at 15,000 xg for 30 min to
remove cellular debris. The cleared lysate was loaded onto a 5 mL HisTrap FF column (GE
Healthcare Life Sciences) that was pre-equilibrated with buffer A1 (20 mM Tris-HCI pH 8.0, 1
M NaCl, and 30 mM imidazole). After loading, the column was washed with 40 mL of buffer A1l
to remove any weakly bound protein. DabA was eluted using a linear gradient of 100% buffer
Al to 100% buffer B (20 mM Tris-HCI pH 8.0, 1 M NaCl, and 250 mM imidazole) over 40 mL
while collecting 5 mL fractions, keeping flow rate at 2 mL/min. Fractions were assessed for
purity using SDS-PAGE. The fractions that were at least 90% pure were combined. The protein
was concentrated to 2 mL using an Amicon Ultra-15 30 kDa cutoff concentrator and further
purified at a flow rate of 1 mL/min with a HiLoad 16/60 Superdex 75 prep grade column (GE
Healthcare Life Sciences) pre-equilibrated with 20 mM HEPES pH 8.0, 300 mM KCl, and 10%
glycerol. The protein was concentrated and either immediately used for assays or aliquoted,
frozen in dry ice, and stored at -80 °C.

DabA functional assays

DabA enzyme assays were conducted in 50 mM HEPES (pH 8.0), with 100 mM KCI,
10% glycerol, 10 mM MgCl,, 500 uM geranyl pyrophosphate (or other isoprenoid), 500 uM L-
glutamic acid, and 10 uM of purified DabA enzyme. Total reaction volume for small scale
assays was brought to 100 uL with MilliQ water. Small scale assays were run at room
temperature for ~6 hours. Reactions were quenched with 100 pL of ice cold HPLC-grade MeOH
and centrifuged in a table top centrifuge at 15000 xg and 4 °C for 20 minutes. Supernatant was
then removed and subjected to subsequent HPLC and/or LCMS analysis.

Scaled up DabA reactions
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Scaled up reactions for NMR characterization were run in 10 mL volume with 10 mg of
GPP and 10 mg of L -Glu added as dry weight, also in 50 mM HEPES (pH 8.0) with 100 mM
KCl, 10% glycerol and 10 mM MgCl,. Scaled reactions were allowed to run for ~8 hours at
room temperature with stirring and were quenched with 10 mL ice cold HPLC-grade MeOH,
followed by centrifugation at 10000 xg and 4 °C for 20 minutes. Supernatant was concentrated
in vacuo to remove methanol and the remaining aqueous reaction solution was frozen and
lyophilized overnight.

HPLC purification of DabA product N-geranyl-L-glutamic acid (2)

The lyophilized aqueous layer was resuspended in 0.1% aqueous formic acid and purified
by preparative RP-HPLC (Phenomenex Luna 5u C18(2), 10.0 x 250 mm) at a flow rate of 10
mL/min using the following method: 10% B (5 min), 10 — 30% B (5 min), 30 — 45% B (10 min),
45 — 95% B (1 min), 95% B (4 min), 95 — 10% B (2 min), 10% B (3 min), where A = 0.1%
aqueous formic acid, and B = 0.1% formic acid in acetonitrile. Fractions containing 2 (retention
time 15.2 minutes) were pooled, concentrated in vacuo and lyophilized, affording 2 as a white
solid. "H NMR (600 MHz, D,0): & 5.21 (t, J = 7.3 Hz, 1H), 5.12 (t, J= 6.7 Hz, 1H), 3.64 (t, J =
6.9 Hz, 2H), 3.57 (dd, J = 6.6, 5.7 Hz, 1H), 2.49 — 2.39 (m, 2H), 2.12 — 2.05 (m, 5H), 2.02 (ddt, J
=14.5, 6.8, 6.8 Hz, 1H), 1.66 (s, 3H), 1.64 (s, 3H), 1.57 (s, 3H); *C NMR (151 MHz, D,0): §
176.6, 171.9, 146.4, 132.5, 122.4, 111.5, 58.5, 42.5, 37.6, 29.7, 24.0, 23.9, 23.5, 15.7, 14.3;
HRMS (ESI) Calculated for C;sH4NO4 282.1711, found 282.1711 (M-H)".

Marfey’s Analysis of DabA assays

DabA reactions were set up as previously described except using 5 mM GPP and 5 mM L
-glutamic acid (Glu), D-Glu, or racemic DL-Glu (2.5 mM each enantiomer) and incubated at
room temperature for 24 h. Aliquots (10 uL) of the DabA reaction mixture were diluted with
MilliQ-water to a final concentration of 1 mM. Aqueous 1 mM standard solutions of L-Glu, D-
Glu, L-NGG, D-NGG, and 2 mM racemic Glu and NGG (1 mM each enantiomer) were also
prepared. Saturated sodium bicarbonate (20 uL) was added to aliquots (50 uL) of each DabA
reaction mixture or standard, followed by 100 uL of a freshly-prepared 1% w/v solution of 1-
fluoro-2,4-dinitrophenyl-5-L-alanine amide (L-FDAA) in acetone. Reactions were incubated at
37 °C for 90 minutes, then quenched by the addition of 25 uL of 1 N HCI. Reactions were
centrifuged (13000 x g, 2 min) and the clarified supernatant (10 uL for all assays except 20 uL
for DabA reaction with DL-Glu) was analyzed by analytical RP-HPLC (Phenomenex Luna 5u
C18(2), 4.6 x 150 mm) at a flow rate of 1 mL/min using the following method: 5% B (5 min), 5
—95% B (20 min), 95 — 5% B (1 min), 5% B (4 min), where A = 0.1% aqueous trifluoroacetic
acid, and B = 0.1% trifluoroacetic acid in acetonitrile.

Construction of vector PtpBAD-CTHF

PtpBAD-YFP was first built by amplifying the araC-pBAD region (70048-71265) and
the rrnB terminator (4171760-4171962) with primer sets PtpBAD-CTHF_001-2 and PtpBAD-
CTHF_003-4 from the K12 genome and assembled into PtpBAD-YFP by ligating the three
fragments with an opened portion of the PtPBR1 backbone (39). This PtPBR-1 fragment was
generated by amplifying the backbone with primer set PtpBAD-CTHF_005-6 in order to
eliminate the Amp resistance marker for replacement with the expression cassette. These four
fragments were Gibson assembled with a PCR-generated fragment encoding YFP (primers
PtpBAD-CTHF _007-8) and containing overhangs to the promoter and terminator fragments.
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These four fragments were assembled and after colony PCR and restriction mapping, the vector
was validated by Sanger sequencing. In order to generate PtpBAD-CTHF, a synthetic ultramer
(uCTHF) was designed based on pNIC-CTHF vector previously described (43) but replacing the
TEV cleavage site with thrombin. In order to open the backbone and eliminate the YFP gene,
primers PtpBAD-CTHF 002 and PtpBAD-CTHF 005 are used to amplify the entire backbone
as a single piece. Primer PtpBAD-CTHF 002 amplifies from the 3’end of the pPBAD promoter
and primer PtpBAD-CTHF 005 amplifies from rrB terminator and the reaction generates a
product of 8,239 bp. The two ultramers encoding the affinity tag region were duplexed according
to the manufacturer’s protocol (IDT) and the dsDNA fragment was then ligated with the
backbone fragment obtained with primers PtpBAD-CTHF 002 and PtpBAD-CTHF_005. This
vector was then validated via Sanger sequencing (Eurofins) and designated PtpBAD-CTHF.
This vector contains a Xhol site in the uCTHF region for linearization, and proteins assembled
into the Xhol site with appropriate overhangs are fused to a carboxy-terminal tag of 21 residues
(ALVPRS*GHHHHHHDYKDDDDK) including a thrombin cleavage site (marked with a *),
hexahistidine (Hise) and FLAG.

dabC cloning into PtpBAD-CTHF

PtpBAD-CTHF was digested with Xhol (New England Biolabs). Next, dabC was
amplified with Gibson overhangs with homology to PtPBAD-CTHF using primer set DabC-
CTHF _001-2 with Phusion® High-Fidelity DNA Polymerase (New England Biolabs) in
Phusion® HF Buffer. This amplicon was then assembled into the PtpBAD backbone in order to
introduce the C-terminal His¢-FLAG (CTHF) affinity tag and place the CDS under the control of
the arabinose-inducible promoter. The assembled vector was then transformed into TOP10
(ThermoFisher) chemically competent E. coli, which were then grown on LB plates with
tetracycline (10 ug/mL) Following colony PCR using primer set PtpBAD-CTHF co0l001-2 and
OneTaq 2X MM with standard buffer (New England Biolabs), plasmid isolation using the ZR
Plasmid Miniprep Classic Kit (Zymo Research) and Sanger sequencing (Eurofins) of PtpBAD-
DabC-CTHF, we transformed the vector into BL21 chemically competent E. coli (New England
Biolabs), plated on LB with tetracycline (10 ug/mL) and used these transformants for subsequent
DabC expression.

DabC expression in BL21 E. coli

We inoculated 1 L of Terrific Broth media containing tetracyclin antibiotic (10 ug/mL)
with 10 mL of PtpBAD-DabC-CTHF in BL21 grown overnight at 37 °C, 200 rpm to stationary.
Each liter of culture was grown in a shaking refrigerated incubator at 37 °C, 200 rpm until ODggo
reached ~0.6. At this time, the temperature on the refrigerated shaker was changed to 18 °C and
flasks were allowed to adjust to temperature for approx. 30 minutes, after which cultures were
induced by addition of 5g L-arabinose to a final concentration of 0.5% (w/v). Growth at 18 °C
was continued overnight (~12-18 hr) until cells were harvested by centrifugation at 8000 xg for 5
minutes.

DabC purification
Harvested DabC expression cells were resuspended and lysed using the same procedure

as DabA expression cells. Due to weak binding of this DabC construct, the cleared lysate was
loaded onto a 5 mL HisTrap FF column (GE Healthcare Life Sciences) that was instead pre-
equilibrated with resuspension buffer A2, which lacks imidazole (1 M NaCl and 20 mM Tris-
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HCI pH 8.0). After loading, the column was washed with 40 mL of buffer A2. The column was
further washed in a stepwise manner with 10 mL of increasing buffer B concentrations (2, 4, 6,
8, 10, 12, and 14% buffer B). DabC was then eluted using a linear gradient to 100% buffer B
over 40 mL while collecting 5 mL fractions. Fractions were assessed for purity using SDS-
PAGE. The fractions that were at least 90% pure were combined and 2 mM EDTA pH 8.0 was
added to remove any co-purified metals. DabC was concentrated, further purified by size
exclusion chromatography, and stored in an identical manner to DabA.

DabC assay with N-prenylated-L-glutamate substrates

DabC enzyme assays were conducted in 100 mM HEPES (pH 8.0) with 100 mM KCl,
10% glycerol, 1 mM L-ascorbate, and 6.25 mM a-ketoglutarate. N-geranyl-L-glutamate (2) was
added to 1 mM concentration, followed by 25 uM DabC purified as above and 25 uM FeSO4 and
allowed to run overnight (~18 hours). Total volume for the reaction is approximately 100 uL.
After 18 hours, additional L-ascorbate (approx. 1 mM), DabC (approx. 25 uM) and FeSO,
(approx. 25 uM) was added and allowed to continue for an additional 18-24 hours. The reaction
was then quenched with 1 eq. of ice cold MeOH and centrifuged at 15000 x g and 4 °C for 20
minutes. Reactions were set up in an analogous manner for 7’-carboxy-N-geranyl-L-glutamate
(3), but showed complete substrate consumption after 3 hours and didn’t require additional DabC
or FeSOy,.

DabA and DabC coupled assays to isolate 5a-c

DabA and DabC coupled assays were carried out at both the 100 uL and 1 mL scale.
Reaction contents for both were as follows: 100 mM HEPES pH 8.0, 100 mM KCl, 10%
Glycerol, 10 mM MgCl,, 1 mM ascorbate, 6.25 mM u-KG, 500 uM GPP, 500 uM L-Glu, 10 uM
DabA, 25 uM DabC, and 25 uM FeSO,. After 18 hours, additional ascorbate (approx. 1 mM),
DabC (approx. 25 uM) and FeSO, (approx. 25 uM) was added and allowed to continue for an
additional 18-24 hours. Both 100 uL and ImL reactions were quenched with 1 eq. of ice cold
MeOH and centrifuged at 15000 x g and 4 °C for 20 minutes. The clarified supernatant was
concentrated in vacuo to remove methanol and the remaining aqueous reaction solution was
frozen and lyophilized overnight. For scaled up reactions, we set up 10 x 1 mL reactions, as
larger volume incubations with light stirring (e.g. 1 x 10 mL as in DabA scale up reactions), were
less efficient as these “split up” scaled reactions.

Purification of Sa-¢ products from DabA and DabC coupled assays

The lyophilized aqueous layer was resuspended in 0.1% aqueous formic acid and purified
by preparative RP-HPLC (Phenomenex Luna 5u C18(2), 10.0 x 250 mm) at a flow rate of 10
mL/min using the following method: 10% B (5 min), 10 — 25% B (5 min), 25 — 40% B (10 min),
40 — 95% B (1 min), 95% B (4 min), 95 — 10% B (2 min), 10% B (3 min), where A = 0.1%
aqueous formic acid, and B = 0.1% formic acid in acetonitrile. Fractions containing 5a (retention
time 19.4 minutes), Sb (retention time 20.6 minutes), and 5S¢ (retention time 20.4 minutes) were
individually pooled, concentrated in vacuo and lyophilized. For improved purity, additional
separation of regioisomers was performed with analytical RP-HPLC (Phenomenex Luna 5u
C18(2), 4.6 x 150 mm) over a gradient of 25 — 40% B (15 min) in the same solvent system. All
products 5a-¢ were obtained as white solids following lyophilization.

Dainic acid A (5a): 'H NMR (600 MHz, D,0): & 5.43 (t, J = 7.2 Hz, 1H), 5.16 — 5.13 (m,
1H), 3.93 (d, /= 6.5 Hz, 1H), 3.63 (dd, J=11.8, 8.1 Hz, 1H), 3.55 (dd, /= 7.8, 7.8 Hz, 1H), 3.42
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(dd, J=11.8, 8.1 Hz, 1H), 2.95 (ddd, J = 9.0, 6.7, 6.5 Hz, 1H), 2.76 (ddd, J = 16.2, 8.0, 7.2 Hz,
1H), 2.62 — 2.58 (m, 1H), 2.40 (dd, J = 15.6, 6.7 Hz, 1H), 2.30 (dd, J = 15.6, 8.5 Hz, 1H), 1.69
(s, 3H), 1.68 (s, 3H), 1.62 (s, 3H); *C NMR (151 MHz, D,0): & 179.4, 173.5, 134.0, 130.2,
129.4, 122.2, 65.1, 46.8, 43.7, 40.3, 36.2, 26.3, 24.7, 21.4, 16.9; HRMS (ESI) Calculated for
C15H22NO4 2801554, found 280.1554 (M-H)

Dainic acid B (5b): '"H NMR (600 MHz, D,0): 8 5.19 (t, J = 7.2 Hz, 1H), 5.15 — 5.13 (m,
1H), 4.00 (d, J = 3.2 Hz, 1H), 3.55 (dd, J = 11.9, 7.5 Hz, 1H), 3.40 (dd, J= 11.4, 11.4 Hz, 1H),
3.01 (ddd, J = 8.8, 7.3, 2.5 Hz, 1H), 2.94 (dd, J = 7.9, 7.6 Hz, 1H), 2.78 — 2.75 (m, 2H), 2.20 (dd,
J =154, 6.5 Hz, 1H), 2.11 — 2.07 (m, 1H), 1.69 (s, 3H), 1.68 (s, 3H), 1.64 (s, 3H); *C NMR
(151 MHz, D,0): § 179.8, 173.4, 133.9, 129.8, 126.1, 122.3, 65.7, 47.0, 46.0, 42.2, 36.1, 26.4,
24.7,16.9, 15.9; HRMS (ESI) Calculated for C;sH»,NO4 280.1554, found 280.1555 (M-H)

Dainic acid C (5¢): "H NMR (600 MHz, D,0):  5.19 (t, J = 8.6 Hz, 1H), 5.04 (s, 1H),
4.77 (s, 1H), 4.06 (d, J = 2.4 Hz, 1H), 3.58 (dd, J = 11.9, 7.6 Hz, 1H), 3.42 (dd, J = 11.8, 11.8
Hz, 1H), 3.04 — 2.95 (m, 2H), 2.25 (dd, J = 15.5, 6.0 Hz, 1H), 2.22 — 2.09 (m, 4H), 2.09 — 2.06
(m, 1H), 1.68 (s, 3H), 1.61 (s, 3H); '*C NMR (151 MHz, D,0): & 179.8, 173.7, 144.1, 134.0,
123.4, 111.6, 65.7, 45.9, 43.9, 41.5, 35.9, 35.4, 25.4, 24.5, 16.6; HRMS (ESI) Calculated for
C15sH22NO4 280.1554, found 280.1556 (M-H)

Scaled up DabC assay with 7’-carboxy-N-geranyl-L-glutamic acid (3) substrate

DabC enzyme assays were conducted as previously described in a 5 mL volume using 1.8
mg of 7’-carboxy-N-geranyl-L-glutamic acid (3) as a substrate with light stirring. The reaction
was quenched as previously described after 5 hours, concentrated in vacuo and immediately
subjected to RP-HPLC purification.

HPLC purification of DabC product isodomoic acid A (4)

The lyophilized aqueous layer was resuspended in 0.1% aqueous formic acid and purified
by preparative RP-HPLC (Phenomenex Luna 5u C18(2), 10.0 x 250 mm) at a flow rate of 10
mL/min using the following method: 10% B (5 min), 10 — 30% B (15 min), 30 — 95% B (3 min),
95% B (2 min), 95 — 10% B (2 min), 10% B (3 min), where A = 0.1% aqueous formic acid, and
B = 0.1% formic acid in acetonitrile. Fractions containing 4 (retention time 12.3 minutes) were
pooled, concentrated in vacuo and lyophilized, affording 4 as a white solid (1.5 mg, 84%).

Isodomoic acid A (4): '"H NMR (600 MHz, D,0): & 6.67 (t, J = 7.2 Hz, 1H), 5.54 (t, J =
7.5 Hz, 1H), 3.97 (d, J= 7.3 Hz, 1H), 3.69 (dd, /= 11.7, 8.1 Hz, 1H), 3.63 (ddd, J=7.8, 7.6, 7.6
Hz, 1H), 3.46 (dd, J=11.7, 7.7 Hz, 1H), 3.01 (ddd, /= 12.7, 10.1, 5.4 Hz, 1H), 2.96 (ddd, 15.6,
7.7, 7.2 Hz, 1H), 2.87 (ddd, 15.8, 7.2, 7.0, 1H), 2.67 (dd, 16.5, 6.5 Hz, 1H), 2.50 (dd, 16.5, 8.6
Hz, 1H), 1.83 (s, 3H), 1.76 (s, 3H); *C NMR (151 MHz, D,0): 8 176.5, 172.9, 172.9, 141.0,
131.0, 128.1, 128.0, 65.1, 46.8, 42.4, 40.2, 34.1, 27.1, 21.3, 11.8; HRMS (ESI) Calculated for
C15H20NOg 310.1296, found 310.1294 (M-H)

Construction of vector pPBEVY-GL-dabD-CTHF-PmCPRI1

DabD and PmCPR1 were heterologously expressed in S. cerevisiae using the vector
pBEVY-GL, an expression vector featuring a bidirectional GAL1/10 promoter (44). pBEVY-
GL was a gift from Charles Miller (Addgene plasmid #51225). The gene dabD was first cloned
into PtpBAD-CTHF in order to introduce the C terminal His¢-FLAG affinity tag. Following
colony PCR with OneTaq 2X MM polymerase with standard buffer (New England Biolabs) and
primer set PtpBAD_col001-2, as well as Sanger sequencing (Eurofins), we then amplified dabD-
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CTHF from the assembled PtpBAD-dabD-CTHF vector using primer set pPBEVY-DabD 001-2
to incorporate Gibson overhangs specific to the pBEVY-GL vector. pBEVY-GL was then
linearized with BamHI (New England Biolabs) and the dabD-CTHF amplicon was assembled
into the linearized backbone using Gibson assembly in order to insert dabD-CTHF under the
GAL1 promoter. Assembled vector was then transformed into Top10 chemically competent E.
coli cells and plated on ampicillin selection (100 ug/mL). Colony PCR was performed using
primer set pBEVY-DabD co0l001-2 and OneTaq 2X MM polymerase with standard buffer.
Positive clones were sent for Sanger sequencing (Eurofins) to confirm assembly of pPBEVY-GL-
dabD-CTHF.

Following sequence validation of pPBEVY-GL-dabD-CTHF, we moved to clone PmCPR1
under the GAL10 promoter of pBEVY-GL. PmCPRI was PCR amplified with primer set
pBEVY-PmCPR1 001-2 to introduce Gibson overhangs specific to the vector pPBEVY-GL.
Following successful PCR amplification of PmCPRI, we used Gibson assembly to clone
PmCPRI into pBEVY-GL-dabD-CTHF linearized with Smal (New England Biolabs). This
assembled vector was then transformed into TOP10 chemically competent E. coli cells and
plated on ampicillin selection (100 ug/mL). Colony PCR was performed using primers pBEVY-
PmCPR1 _col001-2 and positive clones were sent for subsequent Sanger sequencing to confirm
successful assembly of pPBEVY-GL-dabD-CTHF-PmCPRI1.

Heterologous expression of DabD and PmCPR1 in Saccharomyces cerevisiae

The vector pPBEVY-GL-dabD-CTHF-PmCPR1 was then transformed into the protease-
deficient S. cerevisiae strain BJ5464 (45) using standard lithium acetate transformation protocols
(46). Transformants were then plated onto synthetic drop-out media (Sigma-Aldrich) without
amino acid leucine (Leu) to allow selection for transformed yeast colonies. The empty vector
pBEVY-GL was also similarly transformed into BJ5464 cells. Screening for DabD expression
was performed by growing 50 mL cultures of individual transformants to ~1.0 ODgg in -Leu
synthetic drop-out media with galactose as the only carbon source (47). Cultures were then spun
down (8000 xg, 10 minutes, 4 °C and protein was extracted using a mild alkali treatment
followed by resuspension in 200 uL of SDS sample buffer (48). Gels for western blots were run
using 10 uL of resuspended sample along with the MagicMark XP Western Protein Standard
(ThermoFisher) on NuPAGE 4-12% Bis-Tris protein gels (Invitrogen). Transfer to PVDF
membrane (Invitrogen) was conducted in an XCell II Blot Module (Invitrogen). Membranes
were then blocked and blotted with FLAG mouse monoclonal antibody (Invitrogen, 1:20000
dilution) using standard protocols, diluents and mouse secondary antibodies from the
manufacturer (Invitrogen).

For large scale expression, cells were grown according to established protocols for yeast
P450 expression (47). In short, a single colony was grown in 50 mL of synthetic dropout media
(-leu) to stationary phase. A 1:100 dilution of overnight culture was made into 500 mL of YPGE
media and cells were allowed to grow for 24-36 hours or until ODgyp = 1.0. When cells reached
the appropriate density, cultures were induced through the addition of 20% galactose (w/v) to a
final concentration of 2%. Cells were then induced for at least 24 hours prior to harvesting by
centrifugation (8000 xg, 5 minutes, RT).

Isolation of microsomes from S. cerevisiae
Following centrifugation of S. cerevisiae transformed with either pPBEVY-GL-dabD-
CTHF-PmCPR1 or empty pBEVY-GL, cells were lysed using the mechanical procedure from
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(47). 1In short, cells were incubated in TEK buffer for 5-10 minutes at room temperature and
then resuspended in a minimal volume of TES-B. An equal volume of 0.5 mm glass beads were
added to the resuspended yeast and were subjected to vortexer-driven bead-beating for a total of
15 minutes of active lysis, with 15 seconds of vortexing followed by 15 seconds of incubation on
ice, all performed in 50 mL conical tubes. Following confirmation of cell lysis by light
microscopy, the supernatant was decanted and beads were washed with 2-3 volumes of TES-B.
The supernatant fraction and bead washes were then combined and spun at 12000 xg for 30
minutes at 4 °C. The supernatant from the low speed spin was then subjected to
ultracentrifugation to collect microsomal fractions (130000 xg, 90 minutes, 4 °C). Microsomal
fractions were then resuspended in the smallest volume of TES-B possible to obtain concentrated
microsomal samples.

Microsomal assays

Enzyme assays using ~550 ug of microsomal protein isolated from S. cerevisiae strain
BJ5464 transformed with either pPBEVY-GL-dabD-CTHF-PmCPR1 or empty pBEVY-GL were
performed in 100 mM HEPES buffer (pH ~8.0) with 100 mM KCI, 10% glycerol, 1 mM
NADPH, 10 uM FAD, 10 uM FMN and 500 uM N-geranyl-L-glutamate as substrate. Total
reaction volume was brought to 100 uL through addition of MilliQ water. Assays ran for ~8
hours at room temperature, after which the reactions were quenched through addition of 100 uL.
of ice-cold HPLC grade methanol and centrifuged at max speed (~17000 xg) for 20 minutes at 4
°C. The supernatant was then removed for subsequent analysis.

DabC relative substrate consumption assay

DabC reactions were set up as previously described utilizing either 1 mM N-geranyl-L-
glutamic acid (2) or 7’-carboxy N-geranyl-L-glutamic acid (3) as a substrate. Assays were set up
in triplicate for each substrate in 500 uL volumes. At regular time intervals (0, 0.17, 0.5, 1, 2, 3,
and 6 h), an aliquot (25 uL) of each assay was removed and quenched with a 25 uL solution of
1.0 mM phenol red in methanol. Quenched aliquots were mixed thoroughly, centrifuged at 13000
x g for 2 min, and the clarified supernatant (10 uL) was analyzed by analytical RP-HPLC
(Phenomenex Luna Su C18(2), 4.6 x 150 mm) at a flow rate of 1 mL/min using the following
method: 10% B (5 min), 10 — 25% B (5§ min), 25 — 40% B (10 min), 40 — 95% B (1 min), 95% B
(4 min), 95 — 10% B (2 min), 10% B (3 min), where A = 0.1% aqueous trifluoroacetic acid, and
B = 0.1% trifluoroacetic acid in acetonitrile. The ratio of the peak integrations at 210 nm
corresponding to the substrates (2 or 3) or major products (5a or 4) to the phenol red internal
standard were compared at various time points to the t = 0 h substrate:phenol red ratio to
relatively compare substrate consumption and product accumulation over time.

dabB Cloning
The pET28-MBP (Maltose Binding Protein)-TEV vector was linearized using PrimeStar

MAX polymerase (TaKaRa) and primer set pET28-MBP BB 001-2. The dabB gene was
obtained by PCR with PrimeStar polymerase and primer set DabB_MBP_001-002 to incorporate
the appropriate Gibson assembly overhangs. NEBuilder HiFi DNA Assembly mix was used to
generate the dabB pET28-MBP construct yielding an N-terminal Hise-MBP-Hise-DabB fusion.
After confirming the dabB sequence by Sanger sequencing, the plasmid was transformed into E.
coli BL21 cells for subsequent expression.
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DabB Expession and Purification

DabB was expressed and purified by a 5 mL HisTrap FF column (GE Healthcare Life
Sciences) column using the same procedure as described for DabA. The DabB containing
fractions were collected and concentrated to 2 mL and purified by using a HiLoad 16/60
Superdex 200 prep grade gel filtration column (GE Healthcare Life Sciences) pre-equilibrated
with 20 mM HEPES pH 8.0, 300 mM KCl, and 10% glycerol at a flow rate of 1 mL/min. The
DabB containing fractions were collected and the MBP tag was removed by the addition of TEV
protease and incubated at 4 °C overnight. The cut DabB was separated from MBP using a
HiLoad 16/60 Superdex 75 prep grade gel filtration column (GE Healthcare Life Sciences) pre-
equilibrated with 20 mM HEPES pH 8.0, 300 mM KCl, and 10% glycerol at a flow rate of 1
mL/min. The DabB containing fractions were collected, concentrated, and aliquoted before
storage at -80 °C (Fig. S5b).

DabB Activity Assays

DabB activity assays were completed using 10 uM DabB and 500 uM substrate with a
buffer containing 100 mM HEPES pH 8.0, 100 mM KCl, and 10% glycerol in 100 uL of total
volume. The assays were incubated for 18 h at 23 °C and quenched with 1 equivalent of
methanol. After centifuged to remove precipitated protein, they were analyzed by LCMS method
B on the Agilent Technologies 1200 Series system with a diode-array detector coupled to an
Agilent Technologies 6530 accurate-mass Q-TOF LCMS. Assays containing DabD were
completed using the microsomal assay protocol with the addition of 10 uM DabB.
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Fig. S1.

Extent of the Pacific Northwest Pseudo-nitzschia bloom in late-spring 2015. Gradation of colors
purple-blue-green-yellow-red-pink in ocean areas shows increasing chlorophyll concentration
towards the coast. Land is filled with quasi-true color data from MODIS-Aqua. Ocean
chlorophyll is merged with data from MODIS-Aqua, MODIS-Terra and VIIRS-NPP and then
composited over 15 days (May 1% — May 15" 2015). White areas are clouds. Image was
processed using methods described previously (49). Satellite data courtesy of NASA Ocean
Biology Processing Group (OBPG) and LAADS-DAAC. Image courtesy of Dr. Mati Kahru,
Scripps Institution of Oceanography.
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High Low
Phosphate Phosphate

Fig. S2.

Heat map showing differential expression profiles of the 483 transcripts upregulated under
phosphate limitation. Log2FC values come from DE analysis of these transcripts with respect to
a variety of increasing pCO, conditions (low = 220 ppm, med = 400 ppm, high = 730 ppm) with
phosphate held constant (high phosphate = 20 mM , low phosphate = 0.5 mM). Ordering of the
rows on the heatmap is consistent with Table S2.
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Fig. S3.

Histogram for average expression (RPKM) of the top 7 most highly expressed CYP450 genes in
the P. multiseries transcriptome under the culturing conditions of high (20 uM) or low (0.5 uM)
phosphate as well as 220 ppm, 400 ppm, or 730 ppm pCO,. RPKM for each culturing condition
was averaged across n=3 rRNA-depleted libraries, with error bars representing standard error.
Of the other 13 CYP450 transcripts, trends in RPKM expression were either highly similar to
those transcripts represented above (with PID: 190182 dabD as an exception) or were not
expressed at a high enough level to be visualized on this chart. Full RPKM and differential
expression analysis is available in Table S4.
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Fig. S4.

Phylogeny for dabA, red algal homologues and several putative and characterized sesquiterpene
synthases. Due to the divergent amino acid sequence of DabA, candidate proteins were selected
to represent a variety of diverse putative sesquiterpene synthases and were not chosen based on
sequence similarity. Sequences were aligned using the CLUSTAL algorithm in frame of
SeaView program (50). Alignment was manually edited by exclusion of gaps and ambiguously
aligned regions. Maximum likelihood phylogenetic analysis was performed using IQTree v1.5.3
(51) under gamma-corrected LG4M matrix, determined as the best-fit model by the -TEST mode
of IQTree (Akaike information criterion). The best topology and branch support values were
inferred from 1,000 ultrafast bootstrap replicates (52). In parallel, Bayesian inference under the
gamma-corrected LG matrix (4 gamma categories) was performed in PhyloBayes v3.3b (53).
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The best topology was inferred after two independent Markov chain Monte Carlo (MCMC)
chains reached 0.2-level convergence and the minimum effective size of the model parameters
exceeded 100.
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Fig. SS.

12% SDS-PAGE loaded with a) EZ-Run Rec Protein Ladder (Fisher Bioreagents), DabA, and
DabC and b) EZ-Run Rec Protein Ladder and DabB.
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a) Summary of organic pyrophosphate experiments
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* traces shown at 10x magnification
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¢) Summary of amino acid experiments
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j) L-asparagine
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Fig. Sé6.

a-d) DabA reactions were set up as previously described using various organic pyrophosphates
(0.5 mM) and L-glutamic acid (0.5 mM) and incubated for 18 hours at room temperature.
Negative mode LCMS chromatograms of DabA pyrophosphate substrate specificities with L-Glu
using LC Method A, showing the reaction base peak chromatograms (BPC, black) and extracted
ion chromatograms for anticipated products (EIC + 0.2 m/z, red). e-m) DabA reactions were set
up as previously described using geranyl pyrophosphate (0.5 mM) and various amino
acids/amino acid analogues (0.5 mM) and incubated for 18 hours at room temperature. Negative
mode LCMS chromatograms of DabA amino acid/analogue substrate specificities with GPP
using LC Method A, showing the reaction base peak chromatograms (BPC, black) and extracted
ion chromatograms for anticipated products (EIC + 0.2 m/z, red). n) RP-HPLC (A = 340 nm)
analyses of L-FDAA derivatized DabA reactions with L-, D-, and racemic Glu, and comparison
to similarly derivatized Glu (blue box) and NGG (red box) standards. DabA has a ~4:1
preference for L-Glu over D-Glu when incubated with a racemic mixture.
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a) DabC stereochemical selectivity experiments
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d) N-neryl-L-glutamic acid e) 7’-carboxy N-neryl-L-glutamic acid
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Fig. S7.

DabC reactions were set up as previously described using N-prenylated glutamic acid analogues
(0.5 mM) and incubated for 18 hours at room temperature. Negative mode LCMS
chromatograms of DabC substrate specificities with various N-prenylated glutamic acids using
LC Method A, showing the reaction base peak chromatograms (BPC, black) and extracted ion
chromatograms (EIC + 0.2 m/z) for starting materials (red), cyclized (blue), or hydroxylated
(grey) products.
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Fig S8.

Proposed mechanism for DabC cyclization of N-prenylated glutamic acids 2 and 3 to major
products dainic acid A (5a) and isodomoic acid A (4) respectively. Following radical abstraction
of a glutamic acid B-hydrogen (intermediate I), a 5-exo-trig cyclization generates the pyrrolidine
ring and tertiary radical (intermediate II). This can be resolved via a hydrogen atom transfer
mechanism from the intermediate Fe(IlI)-OH species (54, 55) to form the cis-double bond of the
major products.
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Fig. S9.

DabA and DabC coupled reactions were set up as previously described using various organic
pyrophosphates (0.5 mM) or amino acids (0.5 mM) that showed individual activity in DabA
assays. Negative mode LCMS chromatograms of DabA and DabC coupled reactions after 36 h
using LC Method A, showing the reaction base peak chromatograms (BPC, black) and extracted
ion chromatograms (EIC + 0.2 m/z) for N-prenylated glutamic acid (red), cyclized (blue), or
hydroxylated (grey) products.
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Fig. S10.

Western Blot for DabD using anti-FLAG mouse antibody (Sigma Aldrich) on whole cell lysates
of S. cerevisiae BJ5464 encoding either pPBEVY-GL-dabD-CTHF-PmCPR1 (D-1 through D-5)
or an empty pBEVY-GL control (E.V). Ladder (L) is the Magic Mark XP Protein Standard
(Thermo Fisher)
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Fig. S11.

Negative mode LCMS chromatograms of DabD microsome assays using LC Method B, showing
the extracted ion chromatograms (EIC + 0.01 m/z) for a) 7°-carboxy-L-NGG and b)
7’-dihydroxy-L-NGG. ¢) Negative mode LCMS chromatograms of DabD microsome assays in
the presence of different reducing agents. Traces represent the extracted ion chromatograms (EIC
+ 0.01 m/z) for 7’-hydroxy-L-NGG. d) Negative mode LCMS chromatograms of DabD
microsome assays with dainic acid substrate. Traces represent the extracted ion chromatograms
(EIC + 0.01 m/z) in the presence or absence of DabD microsomes (red and black traces,
respectively). *The intensity of the 7’-carboxy-L-NGG standard trace was divided by 100 to
better scale it with the experimental results.
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Fig. S12.
Relative DabC substrate consumption of N-prenylated substrates 2 or 3 and their respective
accumulation of major products 5a or 4 over time.
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Fig. S13.

Negative mode LCMS chromatograms of DabB assays using LC Method B, showing the
extracted ion chromatograms (EIC + 0.1 m/z). The DabD containing assays were extracted for
the 7°-hydroxy-L-NGG product. In each case, there did not appear to be change in retention time
of the substrate, suggesting that no catalysis had occurred.
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JGI InterPro ID InterPro HMMER Pfam Phyre2 prediction Homologs in other
Protein description description non-Pseudo-nitzschia
1D diatoms?

190182 IPR0O0O1128 Cytochrome cytochrome p450 No

P450

311210 No hit Modeled on 3TAI: DNA No
double-strand break repair
nuclease NurA, manganese
binding (45.1% confidence,

35% coverage)
70420 IPR008949 Terpenoid No hit Modeled on 1PS1: No
synthase pentalenene (terpeneoid)
synthase (99.3% confidence,
59% coverage)

323819 No hit Terpene Synthase (same No
OREF as 70420)

300256 IPRO11876; Isopentenyl- NUDIX domain Modeled on 2PNY: Yes

IPRO15797 diphosphate isopentenyl-diphosphate
delta-isomerase, delta-isomerase 2 (100%
type 1; NUDIX confidence, 70% coverage)

317971 IPR000407 Nucleoside GDA1/CD39 Yes

phosphatase Nucleoside
GDA1/CD39 phosphatase
65021 IPR005123 20G-Fe(II) 20G-Fe(II) No
oxygenase oxygenase
superfamily

324484 IPR006025 Peptidase M, Peptidase M 11 Yes

neutral zinc
metallopeptidase
s, zinc-binding
site

323820 No hit Modeled on 6BLH: rsv g No
central conserved region
bound to fab cb017.5 (56.7%
confidence, 5% coverage)

300811 IPR0O00911 Ribosomal Ribosomal L11 Yes

protein L11

252742 IPRO17853 Glycoside No hit Modeled on 1H4P: exo-1,3- Yes

hydrolase, beta glucanase (99.3%
catalytic core confidence, 51% coverage)

305406 No hit Modeled on 5B5Y: metal- Yes
binding protein with carbonic
anhydrase activity, low CO2
inducible protein PtLCIB

211191 IPR006021 Staphylococcal Staphylococcal Yes

nuclease (SNase- | nuclease homolog
like)

25327 No hit Modeled on 4QS4: Minor No
Pilin CofB (25.3%
confidence, 20% coverage)

312725 No hit Modeled on 4IW3: prolyl-4- | Yes
hydroxylase (P4H) in
complex with elongation
factor Tu (EF-Tu) (98.7%
confidence, 46% coverage)

308281 IPR003959 AAA ATPase, AAA+-type Yes

core ATPase

300319 IPRO11046 WDA40 repeat- G protein beta Yes

like subunit-like protein

180541 IPRO13116 Acetohydroxy Acetohydroxy acid Yes

acid isomeroreductase,
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isomeroreductase

catalytic domain

, catalytic
193460 IPR002303 Valyl-tRNA tRNA synthetase Yes
synthetase, class class I
la
49425 IPR002013 Synaptojanin, N- | Sacl homology Yes
terminal domain
261779 IPRO11701; Major facilitator | Major facillitator Yes
IPR004737 superfamily
MFS-1; Nitrate
transporter
236889 IPRO13105 Tetratricopeptide | No hit Modeled on 2HR2: Yes
TPR2 tetraticopeptide repeat-like
protein (98.2% confidence,
34% coverage)
327114 IPR001709; Flavoprotein Flavodoxin; Yes
IPR001433 pyridine Oxidoreductase
nucleotide NAD-binding
cytochrome domain
reductase;
Oxidoreductase
FAD/NAD(P)-
binding
242377 IPR006271 Phosphoserine No hit Modeled on 3M5U: Yes
aminotransferase, phosphoserine
Methanosarcina aminotransferase (100%
type confidence, 82% coverage)
249540 IPR004769 Adenylosuccinat | Adenylosuccinate Yes
¢ lyase lyase C-terminus
301408 IPRO01650 DNA/RNA Helicase C Yes
helicase, C-
terminal
294204 IPR005484 Ribosomal Ribosomal L18 Yes
protein L18/L5
66239 IPR0O01344 Chlorophyll A-B | Chlorophyll A-B Yes
binding protein binding protein
198571 IPR0O01827 Homeobox No hit Modeled on SUOH: M. Yes
protein, tuberculosis serine protease,
antennapedia hydrolase activity (100%
type confidence, 71% coverage)
229110 IPR000086 NUDIX NUDIX hydrolase Modeled on SBON: human Yes
hydrolase, core protein with 8-oxo-dGTPase
activity (100% confidence,
84% coverage)
327386 IPR0O01841; Zinc finger, Ring finger domain; No
IPR0O14021 RING-type; Helicase conserved
Helicase, C-terminal domain
superfamily 1
and 2, ATP-
binding
247811 IPR006906 Timeless protein | TIMELESS Yes
251103 IPROO1611 Leucine-rich Leucine-rich repeat No
repeat
5808 IPR0O10918 AIR synthase AIR synthase- Yes
related protein, related protein, C-
C-terminal terminal domain
242642 IPR0O01816; Translation Elongation factor Yes
IPR002052 elongation factor | TS

EFTs/EF1B; N-6
adenine-specific
DNA methylase,
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conserved site
253335 IPR002035 von Willebrand von Willebrand Yes
factor, type A factor type A
domain
40563 IPR001623 Heat shock DnalJ domain
protein Dnal, N-
terminal
308790 No hit Modeled on 1PD7: madl, No
transcription related (42%
confidence, 12% coverage)
189252 IPR001451; Bacterial bacterial transferase Yes
IPR003307 transferase hexapeptide; elF4-
hexapeptide gamma/elF5/elF2-
repeat||elF4- epsilon
gamma/elF5/elF
2-epsilon
255556 IPR002048 Calcium-binding | No hit Yes
EF-hand
182348 No hit Modeled on 1CKQ: EcoRI Yes
endonuclease (43.1%
confidence, 5% coverage)
163723 No hit Modeled on 5VOS: Lgd- Yes
Shrub complex (transport
protein) (65.5% confidence,
16% coverage)
182666 IPRO0O1164 Arf GTPase Putative GTPase Yes
activating protein | activating protein
for Arf
Fig S14.

Further analysis of the 43 transcripts that display significant upregulation under low phosphate
and high pCO, in an attempt to identify a putative DA isomerase. The analysis platforms
InterPro (56), pHMMER (57), and Phyre2 (23) were used to further bioinformatically
characterize the translated peptide sequences. In addition, HMMER searches were able to
identify putative homologs in other diatom species for select sequences.
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domoic acid kainic acid acromelic acid A

Pseudo-nitzschia spp. diatoms Red macroalgae Terrestrial fungi
and red macroalgae

Fig. S15.
Kainoid-ring containing metabolites from diverse biological sources (12, 24, 26, 27).
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Organism dabA homolog dabC homolog
Grateloupia filicina GFLGO01011861 (incomplete) | GFLG01012884
Palmaria palmata GFTHO01004681 GFTHO01007334
Rhodophysema elegans | GFTJ01016989 GFTJ01013404
Palmaria hecatensis GFTG01026770, GFTG01010004
GFTG01025549,
GFTG01001319
(fragments)

Fig. S16.

Table of red algal RN Aseq transcript NCBI accession numbers with homology to dabA4 and
dabC.
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>DabA_PsnmuV1.4 scaffold 83-size 174963 PsnmuV1.4 scaffold 83-

size 174963:169768..169842,169986..171344 (+ strand) class=CDS length=1434
ATGAAATTTGCAACGTCCATTGTCGCCGCCCTCGCCACTACAGGTGCCGCATTCACCGCGATTCCAAAC
AAGAAGGTTTCTACCGCAGGATTTGGCKTGAAGCACCAGAATCCGCTCTATGCATCGAGTACCTCAGA
CTCCATCAGCAGCCTTACGGCGGAGAGCCCATCTGAAGTCCTTTCTCGAGTCAAAAATACTGGGCTCA
CGTTGACCAACCCCAACGACTTGTACTGGATGGTCGACTTCTGCAAGGAAAAATACTACAACAAAGGC
GACTACTACTACCCCATCAAGACCGTGTGTGATGGTGAGAGTATCGACGTSAAGTTTTATTGCCCATTC
GAGCCCARCCTCAGCCCTCATTATCTCGAGCTCTACGGCTCCCGCGATCAGCGTGCYTCGATGTATGAG
ACAACCATGGAAAAATAYAACCGCATCAACTGCGAAAAAACCTCTGCAATTTGCACMCCTTACTCCA
GTTATGGCGACACCCAGATTGTCGCATACTTTTACTCTATGATGTATTACATCAATGATCAAACCGCCC
ATCTCAAACTACCCGAGAATCAGATTGAAGCGGAKCTCGTCGACATTTTGAACGACGACATTTTGATT
TACTTGAACGAGTTTCTTTCTATCTTCGAACCYAAGAATGACGAAGACTTGGAACGTATTTGGGACTTC
TTGGATTTCTATCAGCCATATTACAACAAGGTTGACGGCAAGATTGTCTTGGACGAGAAATACCAART
CAGAACCCCATCTCAGATGCCCCTAATCAAGACAATCTGYGAGTACATCTCGGAAAAYTTTGCMARCG
AAAAGAATATCACCCAAGTGATTTGGGAGGTTATCCGGTACATCAAGGGAGTRAAGGACGAAATTCA
CATCAGAGGCGACAAGAGTTTCACTCTGTCCCTTCAAGAGTACGAYGACTTCCGTGACAAGGTTACTG
CRAGTCCAATGGCGCAYGCTGTGTCCGATTTGACGCACGAGCGCTTTACCTACAAGGCATACACCAAC
CCACTTTTYATGGAGTTGGAGRACAGGTGTTCCGAGATCATCACATACTTCAACGATGTGTGCACAAG
CGAYAGAGAGCGATTGGATGAAGATCCCTTCAACTCGGTCTTCATTCTCATGGATCTTGACCCCAGTTT
GAATTTCGCAAAATCCTGCGATCTCGTGGTTCARCATGCCYAYGACAAGATGCAGGCATTCTTGAAGC
TCAAGGATGAAATTCTCGAATCGGCCTCGGACGAAGAAGAACGTTTGGCACTTGCTCAGATGATCAAG
ACYAGAGAAGATTCCTTGATTGGATATGTGTTGCATGAAGTCTGCTGTGTCGAAGAGGGSTATGCTCG
TGATCACAAGCCTTTGATGAAAGCGTTTTTGGAGGAGGAATTGGCCAAGTCGCTCTCCGAAAAGGTAT
AA

>DabB_>LN865247.1 Pseudo-nitzschia multistriata strain B856 genome assembly, scaffold:

PsnmuV1.4 scaffold 83-size 174963:168137..168859
ATGTTGGTTTGCTTTGTTCCAGGTATTGAAGAAGGAAAATCCTATNCTGCAAAGGATCATTCTGGGCAC
TCAGGGAGCAGCTATCTGAAGAATTTTCTGGCTTTCTTCGCTGGCGCCGCATTCATGGCTGCGGCAATG
TATCTCAATAGTGGCAACTCCATTTCCGTTACCACTTCGGATTTAGTTGGTTCCTTCACCTCATCTGACT
CGCCTGCTATCGATATTGGAATCAATCCAACCCGTCCAAGTGTGGATGCCCGGCAAGACTTTACCAGT
GAAGGTTGGGGTAACCAAACGAGAAATGATGGGTGGCCGAGTTTTCATTTCGAAGTGTTTCACTTTTG
CCCTCACTTGATTAATTTTATGTACGAGAATCAGGTCCATCCACAGTCCCGTGTCGACCAAAGTAACGT
TCTTTATGATGCACAGCATCCTGGTGCTCTAGCGGAAGATGGTTTCGCCGAAGTCTTGCAACAAACNCT
CCCAAAATTCTATGATTACCCCGTAGGATACAGACTCAATGACCGACCCGCAGAAATCTCTGCATATT
GGACGCTCCACATGCGAATTGCACGCGGCAGCGAAGACTCGCATTGGCATGACTTTGCATCGTCTCTA
CCNGAAGGAATTAACAGAATTTATGTGAAAAAGCCCCTACGATGGAGTGGGGATCAGGTCACGCTCTT
CAGCAGCCAAACCGGCTATAATATTCTCGTGTACTAG

>DabC_PsnmuV1.4_scaffold_83-size 174963 PsnmuV1.4_scaffold_83-size_174963:166585..167709 (+ strand)
class=CDS length=1125
ATGACAATGAAAGTWGTTAACAACGAAACTGCCRCTTTGACCGCAAACGAGCACGATGTGCAGGTCA
ACAAGGGCAAAACTCTCGAGCAGAGATTTCCACCTCTCGATGGTGAAAAGTTGAAATGGTTTCCGAAG
TCATCTTTGCCTGATGAGATYCCTGCCATTGATATCAGCAAAGTCAACACGAAAGAAGAGCTGGAACA
ATTTTTGGTAGACATCCGCAAGTCAGGACTTTTCTACATCGTCAACCACGGTGTTCCCGAAGACGTCTC
AATTAACGTTTACAACGCCTTCAGAGAATTTCTCTCGTCCACCACCGAAGAAGAGAGAATGAAGTATT
ACACGGACACTCATTTCCAAAATGGTGGATACGTCCCCTTCCAAGGCTCTTCCATTCGCGGAGGAAAT
TTAGGCAAGCCGCAGAAGGACCACGTCGTGAAATACTTTTGGAGAGGGCCTCAAGTTGTTAATAGGAC
CCCMAGCGAGAAATTCACCAAGGCACACGATGYCCATCATACTGAGACCTTCAACGTAGCGGAGAAG
GTGATTAGAACCATTTTCAAGGCCTTAAAGCTTCGCTTCCCTGACTTCGATCCTATGGAATTCGAAGAC
ACTATTAATTCAAAGAAGATGTTCTTCACCAATCGTGTTTACCCTCAGGCTGAAAAGAGTGACGAAGA
AACTATYACTCATCGTCTCGTTCCCCACTTAGATACCAGCTTCATCACGTTAGCGAATCAAGTTCCTGC
CGACAATGGCTTCCAAGGTCTGTTCGTTGAGACTGGAGATGGGAAAAAGGTGAAGGTCCCTGGCATCC
GTAACAGCTATTTGGTCTTCATCGGTCAAAGTCTGTCTTTCCTTACGAAGAACTACCTTCCATCGGCTC
TCCATGGTGTCGACAAGCCTCCCAAGGAAATGTTCGAAGGAAGCGAAAGATCCTCGTTGATCACTTTT
TATGAACCTGCCGAAATCATTATTCCATCCAAGAACATCAATCCCAACCCAGATGAGACCACTGATTC
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GTGTCCGTTTTATGATTCTATTGGATTGGATGTAAATGATCCCAAGGGCACTACCTGGGATTTTGTGAA
GAACAAATTCATTACCGGATATTACGCGGATTAA

>DabD_PsnmuV1.4_scaffold_83-size 174963 PsnmuV1.4_scaffold_83-size_174963:164018..165697 (- strand)
class=CDS length=1680
ATGAACTTTGCGACAGCTACTTTATGTGCCGGACTMGCCGTGTCTGGGAAGTTCTTATCGAACTACTAC
CAATTCCTCTCTTCTTCACAGAGCGATGAAGTCGGCTTTCTCGAAACAGTTGACAAGCAGATGGCGAG
CAATGCTGCAGTCGCAGGCGTCGGTCTTGGTCTTATCTTCTACTGTGTCCTCAGCTTTGCAAGAAGCTA
CTACAAGTTTCGCTTCTCTCCCCTTCGTGACGCACCAGGATTTGGTCCGAAATCTTTTGTGTATGGAAT
GTTCTATGAATTCCTCGAGGCGCCATTCATGGAACCTCCAATCGAAGCCCTGAAGAAGCTACGTAAAG
GAGGCAAAGARGTCCCATTTCTTGCCTACACAACTCTTTTTGGAAGCCAAAGGCTTTTGTTATTGGACT
GCGACTTGGTGAAGCACGTCTTTACTTCGCCATCAGGTAGAGATCCAATGAGATACCCCAAGCACTAC
GTTTACTTGAGAGAGGTTGTGGGAGATGGTCTCGTCGTCGTTGAGGGCACTGAATGGAGTCGCCATCG
TCGAATCATCCAGCCKGCGTTTCAATCTGTTTTTCTGAAAGATGCTATRAGTATGGTCGTCCCCGCCTT
GGTAGAGAATCTTGTAGAGGTATGGAAGAAGACTGCTGGGGCAACGATCAATCTGAATGCCCATCTTT
CGCTAATCACTCTTGACGTGATTGGAAAAGTTGCTTTTTCGCACGAGTTCAATGCTTCCAAACTGCTCA
ACGAATGGGCCGAATGTCCRGATAAGGAARTGGGGGAGGTTGACGATCCGTTGATTTCATCCATCGGT
GATGCCTTTTCCTCYAGCCCTCTCAAATTAATGCTTACCGTGTTGAAGCAGCCATGGCTCGAGAAATAC
TTGAGTCCTGCCTTCAGAACTTCACGCAATTTACTGAACAAGGCAGCAGATGACATCGTACAGAATGC
CAAGAACATCGATGATCCTAAACGACGAAGCGTATTGAACCTGATGATGGAAGCTAAGGACGATGAA
TCCAGCAAGGCTCGCAATAAGTTGACAGACACCGAGCTCCGCGATGAAGTRAAAACATTTCTTGTTGC
TGGCCACGAAACAACYTCGACTTGGGTTCATTGGGCTTTATATGTACTTGCGATTCGCCCAGATCTCCA
AGATAAGGTACACGCTGACATCATGAAGCACGCGTCCGACGACAAGACTATTTTACTGGAACAAGCC
GATCAAATGGAATATCTGTGGGCCTTCATGAACGAAACTCTTCGTTTGTACTCACCTCTCGGATTGATC
AGCCGTGTCACTCACAAGGAAGAAAACTTCAAGGGCTACAKGATCCCAGTGGGAACGAATCTGAGAA
TTCCTATTCACTTGATTCATAGACATCCTGATCATTGGAAGGACCCCGAAGAGTTTCTACCCGAACGTT
GGTTCGACAAAGAAGAAACGAGCAAGAGACACAAGTTCGCTTTCGTCCCCTTTGCAGCAGGGGGAAG
AAACTGCATCGGTCAGCGTTTCGCTACGATGGAGGCCAAAATTATACTCGCAAATGTTGCCAAGAATT
TCGAAATCCATTTGGCTGATTCCATGAAGGGCAAGAAAATTACATTCAGTAATTTCATTTCTTTGAAGT
GCAAACCCGAGATTGAAATTCGGGTGACACCTCGAGAATAG

Terp. cycl. Hypo diox. P450
dabA dabB dabC dabD 1 kb
Fig. S17.

Sequences from the publicly available P. multistriata genome (30).
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>DabA_ Pseudo_nitzschia-australis-10249 10_AB-20140214/4053 1
CTACCCTTGCCACCACCGGTGCAGCATTCACTGCAAATCCCCAAAAGGCGTTCACCGCAGGAGCCAGC
GCTAGGCAACAGGTTTCGCTCAATGCATTGAGCACCCTTAGCTCCATCGGCAGCCTTACTGCAGAAAG
CAAATCGGAAATCCTTTCTCGTGTTAAGGAGAACGGACTGACCTTGACGAATCCTAAGGATTTGTACT
GGATGGTTGACCATTTTAAGGAGAATTACTACGACGAAGGTGACTACTACTATCCCATCAAGACGGTG
TGTGATGGTGAAAGCATCGATGTCAAGTTCTACTGTCCTTTCGAGCCCAGCCTCAGCCCGCATTACCTT
CAGTTGTACGGAAGTCGTGACGAGCGTGCTTCGATTTACGAAACGACCATGGCGAAATACAACAAGAT
CAACAGCGAGAAGACTTCCGCGATTTGCACTCCATACTCCAGTTATGGCGACACCCAGATTATCGCGT
ACTTTTACTCCATGATGTATTACATCAACGATCAAACCGCCCATCTCAAGCTTCCCGAAGGAGAGATC
GAAGCTGAACTCATTGACGTCTTGAACGACGATATTTTGATTTACCTCAACGAATTCTTGAGTGTCTTT
GAACCTGAGGACGACGCTGACTTTGAACGCATTTGGGATTTCTTGGAGTTTTACCAGCCATACTTTAAC
AAGGTTGACGGAAAGATTGTGTTGGACGAGAAATACCAGAAGGGAACCCCATCGCAGATGCCCCTGA
TCCAGACCATCTGTTCGTACATCGCCGAACAATTCGCCCCCAACAAGAACATCACTCAAGTAATTTGG
GAGGTCATCAGATACATCAAGGGTGTTAAGAATGAGATCCAGATCAGAGGCGATAAAGGTTTCACTCT
ATCCCTCCAAGAGTACGACGACTTCCGTGACAAGGTTACCGCCAGTCCAATGGCTCATGCGGTTTCTG
ACTTGACCCACAAACGCTTCACCTACGAAGCATACACCGACCCACTTTTCATGGAGTTGGAGAACCGT
TGCTCCGAAATCATCACCTACTTTAACGACGTGTGCACTAGTGATAGAGAGCGATTGGACGACGATCC
GTTCAACTCGGTCTTCATTCTCATGGATCTTGATCCCACTTTGAACTTTGCCGCTTCGTGCGACCTTGTC
GTTGGTCACGCTTACGAAAAGATGGAGAGATTCTTGGAGCTTAAGGAAGAAATTCTCGTATCCGCAAG
AAGCGAGAAAGAAAAGCTTGCCTTTGCCCAGATGATCAAGACCCGAGAAGATTCGTTGATTGGATATG
TTTTGCACGAAGTTTGCTGTGTCGAGGATGGGTATGCTCGTGATCACAAACCTTTGATGAAAGCATTTT
TGGAGGAGGAGTTGACCGAGGCCCTTGAGATGGCTTAA

>DabB Pseudo nitzschia-australis-10249 10 AB-20140214/210 1
ATGAGTGCTAGTAAAAATAGTTATCAGTCAGCTCATGTTGAGTCCTATCGCGTTGATGGAGAATACGT
TCCTACTGAAAGGCTTCGTGATGTGTCCTCGA
AAAGCCCTCTGCTCTTGAATTTCGTGACTTTTTTCATTGGCGCTGCATTCATGGCTATAATCAGTTCAAG
AGGGGAATCAGCTGAAGCTGCTATTGATTT
TGGAATCAATCCAACCCGTCCAGGAGTGGATGCCCGGCAAGGATTTAATACCAATGAAGGATGGGGG
AACCAAACTCGAGATGATGGTTGGCCAAGTTTT
CATTTCGAGGTATTTCACTTTTGCCCTCACATGATTAACTTCTTGTACGAGAACCAGGTTCATCCACAA
TCCAAGATCGACGAAAACAATGTTATTTATG
ACGCGCAGCACAATGGTGCTATAGCGGAAGACGGCTTTGCCGAGGTTTTGCAACAAACCCTCCCCAAG
TTTTATGATTATCCCGTAGGATACAGACTTAA
CGACCGCCCCGCAGAAATTTCTGCGTTTTGGACCCTCCACATTCGAATCGCACGTGGTAGTGCGGACTC
CAATTGGCACGACTTTGCATCCTC

TCTTCCC
GAAGGTATTACCAGAATTTACGTCAAAAGGCCCCTGCGATGGGATGGTGATGGTGATGATGTTGCX

>DabC_ Pseudo nitzschia-australis-10249 10 AB-20140214(55196 1
ATGACTGTCCAAGTAATTAACAACGAGACCAACGTGTTGACCCCCAACGAGGACGACGTCCAAATCA
ACAAGGGCAAAACCTTGGAGACGAGGTTCCCCCCCCTCAAAGCCGACGACCTCAAGTGGTTTCCCCAT
GATTCTCTGCCCGCAGAGATCCCTGCTATTGATATCAGCAAAGTAAACACGAAGGAGGAATTGGAACA
GTTTTTGGTTGACATCCGCAAATCGGGACTTTTCTACATTGTGAACCACGGTGTCCCCGAAGAGGTCTC
CATTAATGTTTACAACGCATTCAGAGAGTTTCTCTCCACCACCACCGAGGAAGAAAGGATGAAGTACT
ACACCGATACGCATTTCCAAAACGGTGGATACGTCCCCTTCCAGGGCTCCTCTATTCGCGGAGGAAAC
TTGGGAAAGCCGCAAAAGGACCACGTCATCAAGTATTTTTGGAGAGGACCACAGGTCGTCAACAGAA
CTCCTAGCGAGAGTTTCACCAAGGCCCATGACGATCACCACACCGAGACCTTCAACGTAGCTGAGAAG
GTTATTAGAACGATCTTCAAGGCTCTCAAACTTCGTTTCCCAGACTTCGACCCGATGGAGTTCGAGAAC
ACGATCAATTCCAAGAAGATGTTCTTCACCAACCGCATCTACCCGCAAGCCGAAAAGTCCGACGAGGA
AGAGCTCACCCATCGTCTTGTTCCCCACCTGGACACCAGTTTCATTACCTTGGCAAACCAGGTTCCCGC
CGATAATCGTTTCCAGGGTCTGTTCGTTGAGACCGGCGATGGGAAAAAGGTCCCCGTCCCGGGCATCC
GCAACAGTTACTTGGTCTTCATTGGTCAGAGTTTGTCGTTCCTCACCAAAAATTACCTTCCATCGGCTC
TTCACGGTGTGGACAAGCCACCCAAGGAAATCTTTGAGGGAAGCGAGAGATCCTCGTTGATCACTTTT
TACGAACCCGCGGAGATCATTATTCCATCTAAGAACATTAATCCCAACCCAGACGAGGTCACCGTGTC
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GTGTCCATTCTACGATTCCATCGGCTTGAATGTTAACGACCCAGAGGGTACTACGTGGGATTTTGTCAA
GAACAAATTCATTAAGGGATACTATGCGGATTAA

>DabD_ Pseudo_nitzschia-australis-10249_10_AB-20140214|13962_1
ATGAGCAGCATTAATGTTGTAACGGCTCTTGTATCCATCGGGCTGGCCGTATCCGCTAAATTCGCATCG
AGTTACCACGATTTCCTTTCTTCTCCCAAGAGCGACGAAGTTGGATTTTTGGAAACCCTGGACATCACG
AACACGACGAGCATCGATGCGGTTGCTCACGTCGTTCTCGGTCTTGTCTCGTACTTTGTCCTTAGCTTT
GCAAGGAGCTACTACAAGTTTCGCTTTTCTCCCCTGCGTGATGCTCCGGGCTTTGGTCCGAGATCCTTC
GTGTACGGAATGTTCTATGAATTTCTTGAGGCGCCATTCATGGAACCCCCCATCTTGGCCCTCAAGAAG
CTTCGAGAAGGAGGCAAAGAAATTCCGTTTCTGGCCTACACGACACTGTTTGGAAGCCAACGGCTCTT
GTTGTTGGACTGCGACCTGATCAAGCACGTCTTTACGGCACCGTCCGGGAAGGATCCCATGAGATACC
CCAAGCACTACGTTTACTTGAGGGAGGTAGTTGGAGACGGTCTCGTAGTCGTTGAAGGTCAGGAATGG
AGTCGCCATCGTCGTATCATTCAGCCGGCTTTCCAATCCATGTTTCTCAAAGATGCCATCGGTATGGTC
GTCCCCGCCTTGGTAGAAAATCTCGTGAACGTATGGAAGAAGACCGCTGGGACGACAATCAACATGA
ACGCCCACCTTTCGCTCATCACCCTCGACGTGATTGGAAAGGTAGCGTTTTCGCACGAATTCAACGCTA
GCAAGCTACTCAACCAATGGGCCGAGTCTCCCGACAAAGAATTGGGAGAGGTCGACGATCCCTTGATT
TCGTCCATTGGCGGTTCGTTTTCCTCCAGCCCCCTCAAATTGATGCTCACCGTACTGAAACTTCCGTGG
CTCGAAAAGCACCTCAGTCCCTCGTTCCGAACCACGCGCAACCTACTCAACAAAGCAGCTGACGATAT
TGTGCAAAATGCCAGGAATATCAAAGATCCCTCGAGGCGCAGTGTGTTGAACCTAATGATGGAAGCA
AAGGACGGCGAATCCAGCAAGGCCCGCAATCAGTTGACGGACACGGAGCTTCGAGACGAGGTCAAGA
CATTCCTGGTTGCAGGCCACGAAACAACCTCCACCTGGTCCCACTGGGCGCTCTACGTGCTCGCGATCC
GCCCGGATCTCCAAGAAAAGGTGTACGCCGATGTCATGAAGCACGCACCCCCTAACGATGAGACTATT
GTGCTGGAACAAGCCGACCAAATGGAATACATGTGGGCGTTCATGAACGAAACGCTGCGTTTGTACTC
GCCCCTCGGCCTGATCAGCCGCGTTACCCACCAGGAAGAAAACTTCAAGGGATACACGATTCCGAAAG
GCACCAACCTACGAATTCCGATCCATTTGATTCACAGACATCCCGATCACTGGAAGGACCCCGAGGTT
TTCCGACCCGAGCGTTGGTTCGACAAGGAAGAAACCAGCAAGAGACACAAGTTCGCGTTCATCCCATT
TGCTGCCGGTGGAAGAAACTGCATCGGTCAGCGTTTTGCTACCATGGAGGCCAAGATCATCGTCGCGA
ACGTTGCCAAGAATTTCAAGATTCACTTGGCGGATTCGATGAAGGGCAAGGAAATCACCTTTAGCAAC
TTCATTTCTTTGAAGTGCAACCCCGAGGTTGAAATTCGTGTCGAGGCCCGAAAATAA

Fig S18.
Sequences from the publicly available P. australis RNAseq dataset (31).
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Pseudo-nitzschia dab gene expression MMETSP Library IDs

species/strain/variety

Pseudo-nitzschia arenysensis | No MMETSP0329

Pseudo-nitzschia australis, Yes, dabA-D all expressed MMETSP0139,

Strain 10249 10 AB MMETSP0140,
MMETSP0141,
MMETSP0142

Pseudo-nitzschia No MMETSP0327

delicatissima B596

Pseudo-nitzschia No MMETSP1432

delicatissima, Strain

UNCI1205

Pseudo-nitzschia fraudulenta, | No MMETSPO0850,

Strain WWA7 MMETSP0851,
MMETSP0852,
MMETSP0853

Pseudo-nitzschia heimii, No MMETSP1423

Strain UNC1101

Pseudo-nitzschia pungens No MMETSP1061

Pseudo-nitzschia pungens cf. | No MMETSP1060

cingulata

Fig. S19.

Table of Pseudo-nitzschia transcriptomes analyzed for dab gene expression. All transcriptomes
were generated as a part of the Marine Microbial Eukaryote Transcriptome Sequencing Project
(MMETSP) and are available through https://www.imicrobe.us/ using the library IDs in the table
above (31).
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Primer Table

DabA 001 ATG AAG TTT GCA ACA TCC ATC GTC

DabA 002 TCA ATT GAG GCG AAC GGA CT

DabC 001 ATGACTGTGGCAATAAATAACGA

DabC 002 CTA ATC AGC GTA GTA TCC GG

DabD 001 ATG AAC ATT GCA ACA GCT AGTTT

DabD_002 CTA TCC ACG GGG TGT AAC ATA

DabA_p28 001 GGTGCCGCGCGGCAGCCATATG ATG TCG CAC CCA AGC

CAG CTC AAT GCC

DabA_p28 002

GCTCGAGTGCGGCCGCAAGCTT TCA ATT GAG GCG AAC
GGA CTC AGA CTC AAC CGG

DabB_MBP 001

CTGTACTTCCAATCCGGATCCATGATGGCTGGTAGAAAAGGA
TACCAATCAGTTATG

DabB_MBP_002

GGTGGTGGTGGTGCTCGAG
TCAGTAGACAAGAATGTTGTAGCCAGTTTGG

DabA seq 001

CTATATCAATGATCAAACTGCTCATCTCAAA

pET28 BB 001

CATATGGCTGCCGCGCGGCACCAGG

pET28 BB 002

AAGCTTGGATCCGAATTCCCCAGATCTAAAGTTTTGTCGTCT
TTCC

pET28-MBP BB 001

GGATCCGGATTGGAAGTACAGGTTCTCAGATCC

pET28-MBP BB 002

TGAGATCCGGCTGCTAACAAAGCCCGAAAGG

PtpBAD-CTHF 001

CTACGGGGTCTGACGCTCAGTTATGACAACTTGACGGCTACA
TCATTCAC

PtpBAD-CTHF 002

CCAAAAAAACGGGTATGGAGAAACAGTAGAGA

PtpBAD-CTHF_003

GGAACTGCCAGGCATCAAATAAAACGAAAG

PtpBAD-CTHF_004

ATTCTTGAAGACGAAAGGGCCTCGTGATACGCAAAAAGGCC
ATCCGTCAGGATG

PtpBAD-CTHF_005

AACAGAATTTGCCTGGCGGCGGAACTGCCAGGCATCAAATA
AAACGAAAG

PtpBAD-CTHF_006

TAGCCGTCAAGTTGTCATAACTGAGCGTCAGACCCCGTAGAA
AAGAT

PtpBAD-CTHF_007

ACCCGTTTTTTTGGATGGAGTGAAAATGGTGAGCAAGGGCG
AGGAGC

PtpBAD-CTHF_008

ATTTGATGCCTGGCAGTTCCTTACTTGTACAGCTCGTCCATGC
CGAG

PtpBAD-
CTHF _ultramer001

CTCCATACCCGTTTTTTTGGGCTAACAGGAGGAATTAACCTC
GAGCGCTGGTCCCTCGCGGTAGCCACCACCACCATCACCACG
ACTACAAGGATGATGACGATAAGTGAAACAGAATTTGCCTG
GCGGC

PtpBAD-
CTHF _ultramer002

GCCGCCAGGCAAATTCTGTTTCACTTATCGTCATCATCCTTGT
AGTCGTGGTGATGGTGGTGGTGGCTACCGCGAGGGACCAGC
GCTCGAGGTTAATTCCTCCTGTTAGCCCAAAAAAACGGGTAT
GGAG

PtpBAD-

AAACCAATTGTCCATATTGCATCAGACATTGCC
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CTHF col001

PtpBAD-
CTHF co0l002

CTTTCGTTTTATTTGATGCCTGGCAGTTCC

DabC-CTHF_001

GCTAACAGGAGGAATTAACCATGACTGTGGCAATAAATAAC
GAAACCGTTGT

DabC-CTHF_002

CTACCGCGAGGGACCAGCGCATCAGCGTAGTATCCGGTGAT
GAACTTGT

DabD-CTHF 001

GCTAACAGGAGGAATTAACCATGAACATTGCAACAGCTAGT
TTATGTGCCG

DabD-CTHF_002

CTACCGCGAGGGACCAGCGCTCCACGGGGTGTAACATAAAT
TTCAATCTCGG

DabCseq 001 AGAGAATGAAGTATTATACGGACACTCATT
DabCseq_002 CTCCGGTCTCAACGAAAAGAC

DabDseq 001 CGTTTCTCAGGGATGCTATCAC

DabDseq 002 AACAAGGAACGTTTTCACTTCGT

ampDabC-D 001

GAAGTATTATACGGACACTCATTTCC

ampDabC-D 002

CATAGAAGCGAAACGCTGAC

ampDabA-C 001

TTCTTCATGGTCGTCTCGTAA

ampDabA-C 002

CAACCCAGAAGAGACCTCTG

OH_DabC-D_001

TTTGTACAAAAAAGCAGGCTGAAGTATTATACGGACACTCA
TTTCC

OH_DabC-D 002

TTTGTACAAGAAAGCTGGGTCATAGAAGCGAAACGCTGAC

OH_DabA-C_001

TTTGTACAAAAAAGCAGGCTTTCTTCATGGTCGTCTCGTAA

OH_DabA-C 002

TTTGTACAAGAAAGCTGGGTCAACCCAGAAGAGACCTCTG

DabA-C seq001

CGCGAATTCGCATTAAGAATGACTCAC

DabA-C seq002

ATGTGAAGGGTCCAATATGCAGAA

DabA-C seq003

CGTTACAACTCAACTGGTAGGCGAT

DabA-C seq004

TACAGTAGATATGCACCAGCGAACG

DabA-C seq005

AATCAATCCAACCCGTCC

DabA-C seq006

GGAGTCTCGAGTGTTAATCGTC

DabA-C seq007

CGTTCGCTGGTGCATATCTACT

DabA-C seq008

GTGAGTCATTCTTAATGCGAATTCGC

DabA-C seq009

CCATTATTTCCGTAGACACTGCCAC

DabA-C seq010

CGCTAATACTCCGATGTGCT

DabC-D seq001

ATTCTCTCTTCCTCGGTGGT

DabC-D seq002

CGGCACATAAACTAGCTGTTGC

DabC-D seq003

CGAATCGGACTACGTGTACTAGATAATCTTAC

DabC-D seq004

CTTAAAGTTCCGACTTCAGCAGTAGGC

PtGG_col001 GCGCAACGTTGTTGCCATTGTCCCAGTCACGACGTTGTAAAA
CGAC
PtGG_col002 AATGTTGCAGCACTGACCCTTCACTATAGGGGATATCAGCTG

GATGG

pBEVY-DabD 001

AAAAAAAAGTAAGAATTTTTGAAAGCCACCATGAACATTGC
AACAGCTAGTTTA

pBEVY-DabD 002

GCCTGCAGGTCGACTCTAGATCACTTATCGTCATCATCCTTG
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pBEVY- TAACGTCAAGGAGAAAAAACGCCACCATGGTTAACGAAACC
PmCPR1 001 ACCG

pBEVY- AGTGTCGAATTCGAGCTCGGCTACGACCAAAGCTCTTGAACA
PmCPR1 002

pBEVY-DabD col001

TTAGGCTAAGATAATGGGGCTCTTTACATTTCCACAAC

pBEVY-DabD c0l002

GAGCCAAGGCTGTTTCAATACCGTAAGCATTAATT

pBEVY- GGGGTAATTAATCAGCGAAGCGATGAT
PmCPR1 col001
pBEVY- AGCGGCTTCTGTAGTTCTCC

PmCPR1 c01002

pBEVY-seq001

GAAACTTCGAACACTGTCATCTAAAGATGC

pBEVY-seq002

GAAGTGTCAACAACGTATCTACCAACG

PmultCPR1 seq001

GATCAGGAATCACCATCGTTGTCG

PmultCPR1 _seq002 TGACGGTGTACTATGCCACC
PmultCPR1 seq003 ACACGGACCCGTTGCTTTCT
PmultCPR_seq004 TTGGTGACGGCTACCGTCA
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Chemical synthesis

Synthesis of geranyl pyrophosphate

Geranyl pyrophosphate was prepared as a trisammonium salt using established protocols (58)
and matched literature characterization.

Synthesis of N-geranyl-L-glutamic acid (2)

1) L-Glu, NaOH,

MeOH:H,0 H
2) NaBHj, 0 °C

Oy OH 0. .0
3) HCI
g ~ 4) RP-HPLC M RP-HPLC
o 4>34°/ X X ~N OH —  » MN OH
o Aol N
2

N-geranyl-L-glutamic acid (2)

This molecule was synthesized via a modified synthetic procedure (59). A solution of citral
(0.100 g, 0.66 mmol) in methanol (3 mL) was added to an aqueous solution (3 mL) of L-glutamic
acid (0.193 g, 1.31 mmol) and sodium hydroxide (0.079 mg, 1.97 mmol) and stirred for 3 h at
room temperature. The reaction mixture was cooled to 0 °C, sodium borohydride (0.032 g, 0.85
mmol) was added at once and stirred for 1 h. 1 N HCl was added until pH 3, and the reaction
mixture was concentrated in vacuo. Allylic alcohols were removed by extraction with EtOAc (3
x 5 mL), and the aqueous layer was purified by preparative RP-HPLC (Phenomenex Luna 5u
C18(2), 10.0 x 250 mm) at a flow rate of 10 mL/min using the following method: 10% B (5
min), 10 —30% B (5 min), 30 —45% B (10 min), 45 — 95% B (1 min), 95% B (4 min), 95 — 10%
B (2 min), 10% B (3 min), where A = 0.1% aqueous formic acid, and B = 0.1% formic acid in
acetonitrile. Major regioisomer 2 eluted at 15.2 minutes, whereas minor cis-regioisomer N-neryl-
L-glutamic acid eluted at 14.7 minutes. Fractions were pooled, concentrated in vacuo and
lyophilized, affording a white solid (0.0664 g, 0.23 mmol, 36%, both regioisomers). Additional
separation of regioisomers was performed with analytical RP-HPLC (Phenomenex Luna 5u
C18(2), 4.6 x 150 mm). "H NMR (600 MHz, D,0):  5.21 (t,J= 7.8 Hz, 1H), 5.12 (t, /= 6.8 Hz,
1H), 3.64 (dd, J = 7.8, 5.7 Hz, 2H), 3.57 (dd, J = 6.9, 5.6 Hz, 1H), 2.47 — 2.42 (m, 2H), 2.13 —
2.07 (m, 5H), 2.01 (ddt, J = 14.4, 7.0, 7.0 Hz, 1H), 1.66 (s, 3H), 1.64 (s, 3H), 1.57 (s, 3H); "°C
NMR (151 MHz, D,0): § 176.3, 171.8, 146.4, 132.7, 122.5, 111.5, 58.5, 42.5, 37.5, 29.3, 23.9,
23.8,23.5,15.7, 14.4; HRMS (ESI) Calculated for C;sH24NO4 282.1711, found 282.1713 (M-H)
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Synthesis of 7°-carboxy-/N-geranyl-L-glutamic acid (3)

NaClO,, NaH,PO,

o SeO,, EtOH o] 2—metz1ByI—(23—'_b|utene o
)\A)MOJ\ A HMOJ\ "'4, HOMO J\
50% o 68%
[e]
SI-1

Sl-2
K,CO4
MeOH
Oy _OH 84%
1) L-Glu, NaOH, Dess-Martin
MeOH:H,0 periodinane
° CH,Cl,
HO. N Ny OH 2)NaBH,, 0°C o X NN HOM\V\OH
o H o 3) HCI o 66% )
4) RP-HPLC Si-4 Si3

23%
RP-HPLC

Oy OH
Hom)\/\)v HgOH
o 3 (0]

(2E,6E)-3,7-dimethyl-8-oxoocta-2,6-dien-1-yl acetate (SI-1)

This molecule was synthesized following a literature procedure (60). To a solution of selenium
dioxide (3.88 g, 35.0 mmol) refluxing in 95% ethanol (125 mL) at 89 °C was added a solution of
geranyl acetate (5.00 mL, 23.3 mmol) in ethanol (25 mL) over 75 minutes. The reaction mixture
was stirred under reflux for 16 h, filtered through a pad of silica, and concentrated in vacuo. The
crude reaction mixture was purified by silica flash chromatography (4:1 hexanes:EtOAc),
isolating aldehyde SI-1 as a light orange oil (2.48 g, 11.8 mmol, 50%). R¢ 0.7 (hexanes/EtOAc
2:1); 'TH NMR (500 MHz, CDCLy): 8 9.38 (s, 1H), 6.44 (td, J=7.3, 1.5 Hz, 1H), 5.37 (tq, J = 7.0,
1.4 Hz, 1H), 4.58 (d, /= 7.1 Hz, 2H), 2.49 (dt, J= 7.4, 7.4 Hz, 2H), 2.23 (t, /= 7.6 Hz, 2H), 2.04
(s, 3H), 1.74 (s, 3H), 1.73 (s, 3H); HRMS (ESI) Calculated for C;,H;sNaO; 233.1148, found

233.1147 (M+Na)".
o
o bt

o )

(2E,6E)-8-acetoxy-2,6-dimethylocta-2,6-dienoic acid (SI-2)

This molecule was synthesized following a literature procedure (67). To a solution of SI-1 (0.981
g, 4.67 mmol) and 2-methyl-2-butene (5.49 mL, 90%, 46.7 mmol) in fert-butanol (20 mL) at 0°C
was added an aqueous (20 mL) solution of sodium dihydrogen phosphate (2.24 g, 18.7 mmol)
and sodium chlorite (2.11 g, 80%, 18.7 mmol) over 30 minutes. Following addition, the reaction
mixture was stirred at 0 °C for 1 h, then warmed to room temperature and stirred for 18 h.
Organic compounds were extracted using EtOAc (3 x 25 mL), pooled organic layers were
washed with water (25 mL) and brine (25 mL), dried over MgSOQ,, filtered and concentrated in
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vacuo. The crude reaction mixture was purified by silica flash chromatography (4:1 to 2:1
hexanes:EtOAc + 0.1% AcOH), yielding SI-2 was a clear colorless oil (0.877 g, 3.88 mmol,
68%). Rs 0.24 (hexanes/EtOAc 2:1); '"H NMR (500 MHz, CDCL): & 6.86 (tq, J = 7.3, 1.5 Hz,
1H), 5.37 (tq, J = 7.2, 1.4 Hz, 1H), 4.59 (d, J = 7.1 Hz, 2H), 2.34 (dt, J = 7.4, 7.4 Hz, 2H), 2.18
(t, J = 7.6 Hz, 2H), 2.06 (s, 3H), 1.84 (s, 3H), 1.72 (s, 3H); HRMS (ESI) Calculated for
C1,HsNaO, 249.1097, found 249.1094 (M+Na)".

HOM/\OH

o
SI-3

(2E,6E)-8-hydroxy-2,6-dimethylocta-2,6-dienoic acid (SI-3)

This compound was synthesized following a literature procedure (62). To a solution of SI-2
(0.198 g, 0.88 mmol) in methanol (10 mL) at 0 °C, an aqueous (2 mL) solution of potassium
carbonate (0.242 g, 1.75 mmol) was added over 2 minutes. Following addition, the reaction
mixture was stirred at 0 °C for 5 minutes, then warmed to room temperature and stirred for 16 h.
CH,Cl, (10 mL) was added, followed by 1 N HCI until pH < 3. The layers were separated, and
organic compounds were extracted with subsequent CH,Cl, washes (2 x 10 mL). Pooled organic
layers were washed with water (10 mL), dried over MgSOs, filtered and concentrated in vacuo,
using toluene co-evaporations to remove trace water. Compound SI-3 was obtained as a light
yellow oil (0.136 g, 0.74 mmol, 84%) and was used without further purification. R¢ 0.45 (EtOAc
+0.1% AcOH); 'H NMR (500 MHz, CDCls): & 6.87 (tq, J = 7.3, 1.6 Hz, 1H), 5.49 — 5.39 (m,
1H), 4.17 (d, J= 6.8 Hz, 2H), 2.34 (dt, J="7.5, 7.4 Hz, 2H), 2.16 (t, J=7.6 Hz, 2H), 1.84 (d, J =
1.2 Hz, 3H), 1.69 (s, 3H). HRMS (ESI) Calculated for C;oH;sNaO3 207.0992, found 207.0991
(M+Na)".

HO Ay X
Sl-4

(2E,6E)-2,6-dimethyl-8-oxoocta-2,6-dienoic acid (SI-4)

Dess Martin periodinane (0.465 g, 1.10 mmol) was added to a solution of SI-3 (0.101 g, 0.55
mmol) in dry CH,Cl, (10 mL) at once and stirred at room temperature for 1 h. The reaction
mixture was quenched with an aqueous 10% sodium thiosulfate solution (10 mL), and washed
with water (10 mL). Organic compounds were extracted from pooled aqueous layers with
CH,Cl; (3 x 20 mL). Pooled organic layers were washed with brine (20 mL), dried over MgSOs,
filtered and concentrated in vacuo. The crude reaction mixture was purified by silica flash
chromatography (1:1 hexanes:EtOAc + 0.1% AcOH), yielding SI-4 as a white waxy solid (0.066
g, 0.36 mmol, 66%). R¢ 0.62 (EtOAc + 0.1% AcOH); IR (CHxCl, cast) 2934 (br), 2656, 1687,
1648, 1422, 1382, 1284, 1196, 1126 cm™'; 'H NMR (600 MHz, CDCls): 8 10.00 (d, J = 7.9 Hz,
1H), 6.83 (tq, J= 7.1, 1.5 Hz, 1H), 5.90 (dq, J = 7.9, 1.3 Hz, 1H), 2.45 — 2.41 (m, 2H), 2.40 —
2.34 (m, 2H), 2.19 (d, J = 1.3 Hz, 3H), 1.85 (d, J = 1.3 Hz, 3H); *C NMR (151 MHz, CDCl;): &
191.3, 172.8, 162.2, 142.5, 128.4, 127.7, 39.0, 26.5, 17.8, 12.3; HRMS (ESI) Calculated for
CioH,30; 181.0870, found 181.0870 (M-H)".
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7’-carboxy-N-geranyl-L-glutamic acid (3)

A solution of SI-4 (0.0309 g, 0.17 mmol) in methanol (5 mL) was added to an aqueous solution
(5 mL) of L-glutamic acid (0.050 g, 0.34 mmol) and sodium hydroxide (0.021 g, 0.52 mmol) and
stirred for 2 h at room temperature. The reaction mixture was cooled to 0 °C, sodium
borohydride (0.0083 g, 0.22 mmol) was added at once, and the reaction mixture was stirred for 1
h. 1 N HCI was added until pH 3, and the reaction mixture was concentrated in vacuo. Alcohol
SI-3 was recovered by extraction with EtOAc (3 x 5 mL), and the aqueous layer was purified by
preparative RP-HPLC (Phenomenex Luna 5u C18(2), 10.0 x 250 mm) at a flow rate of 10
mL/min using the following method: 10% B (5 min), 10 — 30% B (15 min), 30 — 95% B (3 min),
95% B (2 min), 95 — 10% B (2 min), 10% B (3 min), where A = 0.1% aqueous formic acid, and
B = 0.1% formic acid in acetonitrile. Major regioisomer 3 eluted at 13.7 minutes, whereas minor
cis-regioisomer 7’-carboxy-N-neryl-L-glutamic acid eluted at 14.2 minutes. Fractions were
pooled, concentrated in vacuo and lyophilized, affording a white solid (0.0123 g, 0.039 mmol,
23%, both regioisomers). Additional separation of regioisomers was performed with analytical
RP-HPLC (Phenomenex Luna 5u C18(2), 4.6 x 150 mm). 'H NMR (600 MHz, D,0): 8 6.71 (t, J
= 6.8 Hz, 1H), 5.27 (t, J= 7.6 Hz, 1H), 3.67 (t, J= 6.9 Hz, 2H), 3.57 (dd, /= 6.2, 6.2 Hz, 1H),
241 (dd, J=17.6, 7.4 Hz, 2H), 2.39 (td, /= 7.8, 7.1 Hz, 2H), 2.25 (t, J = 7.2 Hz, 2H), 2.10 (ddt, J
= 14.2, 7.0, 7.0 Hz, 1H), 2.03 (ddt, J = 14.5, 7.0, 7.0 Hz, 1H), 1.79 (s, 3H), 1.71 (s, 3H); "*C
NMR (151 MHz, D,0): 8 178.6, 173.3, 173.1, 146.8, 143.1, 128.3, 113.6, 60.1, 43.9, 37.4, 31.3,
26.1,25.4,15.5, 11.9; HRMS (ESI) Calculated for C;sH20NOg 312.1453, found 312.1452 (M-H)
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Synthesis of 7°-hydroxy-N-geranyl-L-glutamic acid (6)

Oy OH
SeO. 1) L-Glu, NaOH,
tBuOOQH MeOH:H,0
CH,Cly. 2) NaBH,, 0 °C
X S X0 ———— > HO S XN o 3)HC|4> HOM\ OH
55% sis 4) RP-HPLC N o
A 49%
RP-HPLC
Oy OH
HOMNgOH
H
6 (0]

HOM”§O

SI-5

(6F)-8-hydroxy-3,7-dimethylocta-2,6-dienal (SI-5)

This compound was synthesized following modification of a literature procedure (63). To a
suspension of selenium (IV) dioxide (0.089 g, 0.80 mmol) in CH,Cl, (5 mL), a solution of citral
(0.36 mL, 95%, 2.00 mmol) in CH,Cl, (5 mL), and aqueous #-butyl hydrogen peroxide (0.51 mL,
70%, 4.00 mmol) were sequentially added and stirred for 18 h at room temperature. The reaction
mixture was diluted with CH,Cl, (20 mL), filtered to remove particulates, and washed with
saturated aqueous NaHCO; (25 mL) and brine (25 mL). The organic layer was dried over
MgSO,, filtered and concentrated in vacuo. The crude reaction mixture was purified by silica
flash chromatography (1:1 hexanes:EtOAc), yielding SI-5 as a light yellow oil (0.184 g, 1.09
mmol, 55%) as an approximately 1:1 mixture of regioisomers. R¢ 0.15 (hexanes/EtOAc 2:1); IR
(CHCl; cast) 3408 (br), 2927, 2863, 1667, 1441, 1387, 1192, 1014 cm™; "H NMR (500 MHz,
CDCl3): 6 9.99 (d, J= 8.1 Hz, 1H), 9.89 (d, J = 8.1 Hz, 1H), 5.92 — 5.86 (m, 2H), 5.43 — 5.34 (m,
2H), 4.00 (s, 2H), 3.99 (s, 2H), 2.63 (t, J= 7.5 Hz, 2H), 2.33 — 2.25 (m, 6H), 2.18 (d, J= 1.3 Hz,
3H), 2.00 (d, J = 1.4 Hz, 3H), 1.67 (d, J = 1.4 Hz, 3H), 1.65 (d, J = 1.2 Hz, 3H);"’C NMR (125
MHz, CDCl3): 8 191.5, 191.2, 163.9, 163.8, 137.1, 136.3, 128.7, 127.5, 123.7, 123.1, 68.4, 68.3,
40.2, 32.3, 26.6, 25.3, 25.2, 17.7, 13.8; HRMS (ESI) Calculated for CioH;csNaO; 191.1043, found
191.1044 (M+Na)".

HO\)\/\/K/\N OH

H
6 o

7’-hydroxy-N-geranyl-L-glutamic acid (6)
A solution of SI-5 (0.100 g, 0.59 mmol) in methanol (2.5 mL) was added to an aqueous solution
(2.5 mL) of L-glutamic acid (0.175 g, 1.19 mmol) and sodium hydroxide (0.071 mg, 1.78 mmol)

and stirred for 3 h at room temperature. The reaction mixture was cooled to 0 °C, sodium
borohydride (0.029 g, 0.77 mmol) was added at once and stirred for 1 h. 1 N HCI was added
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until pH 3, and the reaction mixture was concentrated in vacuo. Allylic alcohols were removed
by extraction with EtOAc (3 x 5 mL), and the aqueous layer was purified by preparative RP-
HPLC (Phenomenex Luna 5u C18(2), 10.0 x 250 mm) at a flow rate of 10 mL/min using the
following method: 10% B (5 min), 10 — 17.5% B (15 min), 17.5 — 95% B (3 min), 95% B (2
min), 95 — 10% B (2 min), 10% B (3 min), where A = 0.1% aqueous formic acid, and B = 0.1%
formic acid in acetonitrile. Major regioisomer 6 eluted at 15.7 minutes, whereas minor cis-
regioisomer 7’-hydroxy-N-neryl-L-glutamic acid eluted at 16.5 minutes. Fractions were pooled,
concentrated in vacuo and lyophilized, affording a white solid (0.087 g, 0.29 mmol, 49%, both
regioisomers). Additional separation of regioisomers was performed with analytical RP-HPLC
(Phenomenex Luna 5u C18(2), 4.6 x 150 mm). "H NMR (600 MHz, D,0): & 5.35 (tq,J=5.5,15
Hz, 1H), 5.21 (tq, J= 7.8, 1.6 Hz, 1H), 3.91 (s, 2H), 3.65 (dd, /= 7.8, 3.4 Hz, 2H), 3.59 (dd, J =
7.4, 5.4 Hz, 1H), 2.51 — 2.44 (m, 2H), 2.16 (t, J = 6.9 Hz, 2H), 2.14 — 2.07 (m, 3H), 2.02 (ddt, J
=14.0, 7.0, 7.0 Hz, 1H), 1.66 (d, J = 1.3 Hz, 3H), 1.59 (d, J = 1.3 Hz, 3H); ’C NMR (151 MHz,
D,0): 6 175.3, 171.2, 145.8, 133.2, 124.9, 111.6, 66.2, 58.3, 42.5, 37.1, 28.7, 23.5, 23.5, 14.2,
11.5; HRMS (ESI) Calculated for C;sH24NOs 298.1660, found 298.1661 (M-H)".
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NMR and Compound Characterization

domoic acid
O+ _OH 1 O+ _OH
7 7
6’ 8 2
W .
1 , 'y , 4 1
SN HO75,\3,21\5N280H
H o) 0
N-geranyl-L-glutamic ac.a 7’-carboxy-N-geranyl-L-glutamic acid
2 3

dainic acid C
5¢

dainic acid A
5a

6’ 8

HO 7 x¢ ~ 24
5 N .

7’-hydroxy-N-geranyl-L-glutamic acid
6

Numbering scheme for synthetic and enzyme-isolated compounds 2-6 based on unified
numbering scheme for domoic acid (1). (64)
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'H NMR table for compounds 2 — 6

'H 2 2 3 4 Sa 5b Sc 6
(DabA) | (synth) | (synth) | (DabC) | (DabC) | (DabC) | (DabC) | (synth)

2 |357,dd |3.57,dd |3.57,dd |3.97,d |3.93,d |4.00,d |4.06,d |3.59,dd
(6.6,5.7) | (6.9,5.6) | (6.2,6.2) | (7.3) (6.5) (3.2) (2.4) (7.4,5.4)

3 [2.08,m |208m |2.10,ddt|3.01, 2.95, 3.01, 3.03,m |2.09,m
2.02,ddt | 2.01,ddt | (142, |ddd ddd (9.0, | ddd (8.8, 2.02, ddt
(145, | (144, [7.0,7.0) (127, |6.7,6.5) |7.3,2.5) (14.0,
6.8,6.8) | 7.0,7.0) | 2.03,ddt | 10.1, 7.0, 7.0)

(145, |54
7.0, 7.0)

4 [521,t |521,t |527,t |3.63, 355,dd |294,dd |2.97,m |521,tq
(7.3) (7.8) (7.6) ddd (7.8, | (7.8,7.8) | (7.9, 7.6) (7.8, 1.6)

7.6,7.6)

5a [3.64,t |3.64,dd |3.67,t |3.69,dd |3.63,dd |3.55,dd |3.58,dd |3.65,dd
(6.9) (7.8,5.7) | (6.9) (1.7, |18, |19, |19, |(7.8,3.4)
8.1) 8.1) 7.5) 7.6)

5b [3.64,t |3.64,dd |3.67,t |3.46,dd |3.42,dd |3.40,dd |3.42,dd |3.65 dd
(6.9) (7.8,5.7) | (6.9) (117, |18, |14, |(118, |(7.8,3.4)
7.7) 8.1) 11.4) 11.8)

6a |244,m |245m |241,dd |2.67,dd |240,dd |2.20,dd |2.25,dd |2.47, m
(7.6,74) | (16,5, | (156, | (154, |(155,
6.5) 6.7) 6.5) 6.0)

6b | 244, m |245m |241,dd |2.50,dd |230,dd |2.09,m |2.07,m |247,m
(7.6,7.4) | (16.5, | (15.6,
8.6) 8.5)

2’a [2.10,m |2.09,m |225t |554,t |543,t |514m |214m |2.12,m
(1.2) (1.5) (7.2)

2b [2.10,m |2.09,m |225t |- ; ; 212,m |2.12,m
(7.2)
3a|21L,m |2.10,m |2.39,td |296, 2.76, 276,m |2.16,m |2.16,¢
(7.8,7.1) | ddd ddd (6.9)
(156, | (162,

7.7,7.2) |8.0,7.2)

3p |2.11l,m |2.10,m |239,td |2.87, 2.60,m |2.76,m |2.16,m |2.16,t

(7.8,7.1) | ddd (6.9)
(15.8,
7.2,7.0)
4 [512,t |512,t |671,t |667,t |5.15m |519t |5.19,t |5.35,1q
(6.7) (6.8) (6.8) (7.2) (7.2) (8.6) (5.5,1.5)
6 |157,s |157,s |179,s |183,s |162,s |1.64s |16l,s |1.59.d
(1.3)
7 [164,s | 1.64s |- - 168,s | 1.69,s |1.68,s |391,s
8 |[166,s |1.66s |171,s |1.76,s |1.69,s |1.68s |504,s |1.66,d
477,s | (1.3)

all spectra were collected in D,O and referenced to sodium formate (d 8.44).
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13C NMR table for compounds 2 -6

Bc 2 2 3 4 5a 5b 5¢ 6
(DabA) | (synth) | (synth) | (DabC) | (DabC) | (DabC) | (DabC) | (synth)
2 | 585 58.5 60.1 65.1 65.1 65.7 65.7 58.3
3 1239 23.8 254 42.4 43.7 42.2 41.5 23.5
4 | 1115 111.5 113.6 40.2 40.3 47.0 43.9 111.6
5 |425 42.5 43.9 46.8 46.8 46.0 459 42.5
6 |29.7 29.3 313 34.1 36.2 36.1 35.9 28.7
7 | 176.6 176.3 178.6 176.5 179.4 179.8 179.8 1753
8 [1719 171.8 1733 172.9 173.5 173.4 173.7 171.2
1’ | 1464 146.4 146.8 131.0 129.4 129.8 144.1 145.8
2 |37.6 37.5 374 128.1 130.2 126.1 354 37.1
3 240 23.9 26.1 27.1 26.3 26.4 25.4 23.5
4 1224 122.5 143.1 141.0 122.2 122.3 123.4 124.9
5 | 1325 132.7 128.3 128.0 134.0 133.9 134.0 133.2
6 | 157 15.7 11.9 11.8 16.9 16.9 16.6 11.5
7 235 23.5 173.1 172.9 24.7 24.7 24.5 66.2
8 | 143 144 15.5 213 21.4 15.9 111.6 14.2

All spectra were collected in D,O and referenced to sodium formate (8 171.7). Carbon signals were derived from

HSQC and HMBC correlations.

HMBC correlations table for Dab enzyme-isolated compounds 2, 4, Sa-c

B¢ 2 4 5a 5b 5¢
(DabA) (DabC) (DabC) (DabC) (DabC)
2 3,5,6 6b 3,4, 5a, 5b, 6a, Sa, 6a, 6b 6a, 6b
6b
3 2,6 2,4, 6b 2,4, 5a, 5b, 6a, 4, 5a, 6a, 6b 5a, 6a, 6b
6b, 8’
4 52,8 Sa, 6a, 6b, 2,3, 5a, 5b, 6a, 2, 5b, 6a, 6b, 5b, 8’a, 8’b
2°, 8 6b, 2, 8’ 2,8
5 2,4 4 2,3,4 4 -
6 2,3 2,4 2,3,4 2,4 -
7 3,6 6a, 6b 3, 6a, 6b 6a, 6b 6a, 6b
8 2,3 2 2,3 2 2
1’ [5,2,3,8 4,5a,5b,2°, |3, 5a,5b 4,5b,3°, 8 4,5b,2’b
g
2 14,3,8 4,3%a,3’b, 4,3’a,3’b, & 4,3’ 8 8’a, 8’b
g’
3 |24 2,4 2,4 4’ -
4 12,3.,6°,7T 3’a,3’b, 6 2’,3’a,3’b,6°,7 |3°,6°, 7 6°,7
5 13,6, 7 6’ 3’a,3’b,6”, 7 6,7 6’,7
6 |7 4’ 4’7 4.7 7
7T 4,6 4.6’ 4.6’ 4,6 6’
8 4,2 4,2’ 4,2 4,2’ 4,2b
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HMBC correlations table for Dab synthetic compounds 2, 3, 6

Yc 2 3 6
(synthetic) (synthetic) (synthetic)

2 13,5,6 3,5,6 3,5,6

3 [2,6 2,6 2,6

4 |520.8% 52,8 52,8

5 12,4 2 2

6 (2,3 2,3 2,3

7 13,6 3,6 3,6

8 [2,3 2,3 2,3

1’ 52,3,% 5,2,3,8 52,3,8
2 14,3,% 4,3,8 4,3,8

3y |24 2 2

4 12,3,6,7 2,3,6 2,3,6, 7
5 |3,6,7 3,6 6,7

6 |47 4 4,7

7 14,6 4,6’ 4,6’

8 42 4,2 4,2
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NMR correlations for compounds 2 — 6

N-geranyl-L-glutamic acid — DabA product (2):
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dainic acid A (5a):
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N-geranyl-L-glutamic acid — synthetic (2):

N-geranyl-L-glutamic acid

(synthetic)

99T
mmcmm
€97

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1.0

9.0

100 95

10.5

1 (ppm)

TH NMR
(D20)
600 MHz

OH
OH
(o}

N
H

N-geranyl-L-glutamic acid
2

(synthetic)

I/

3.0 25 20

3.5
1 (ppm)

119



X X N OH (D;0)
H 600 MHz

N-geranyl-L-glutamic acid
2

(synthetic)

1

|
a
ﬂ
[
[
[
9

' oé’
T

e20)

& =

o .

T T T T T T T T T T T T T T T T T T T T T T T T T T
60 58 56 54 52 50 48 46 44 42 40 38 30 34 32 30 28 26 24 22 20 18 16 14 12 10
(ppM)

4,\_/;/,[—\ A
Oy OH
@0
S NN OH (D;0) ==} °
Aol 600 MHz P
N-geranyl-L-glutamic acid ES)
2 k=g
(synthetic)
L]
@
(=4
T T T T T T T T T T T
0 55 5.0 45 4.0 35 3.0 25 2.0 15 1.0
12 (ppm)

120

r2.0

r3.0

5.0

r5.5

r20

r30

r40

50

r60

r70

80

r90

100

r11o

r120

r130

r140

150

1 (ppm)

1 (ppm)



Oy OH

M/\ oo
N OH  (D,0)
H o 600 MHz

N-geranyl-L-glutamic acid

(synthetic)

®,
3 ]
L]
@
° °
a
en
L=
L

o2

o @
006
o0

°®

T T T T T T T T T T T T T T T T T T T T T T T T
50 58 56 54 52 50 48 46 44 42 40 38 3;.26( 3, 1'1 32 30 28 26 24 22 20 18 16 14 1.
PP

Oy _OH
N OH (0,0
H o 600 MHz
N-geranyl-L-glutamic acid
2 gjm_/#f\ fUL

(synthetic)

1]

. 4

=1

‘®

2

10

r2.0

r6.0

5.5

6.0 58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10

12 (ppm)

121

1 (ppm)

1 (ppm)



dainic acid A (5a):

TH NMR
(D20)
600 MHz

o

dainic acid A

zT

5a

——=090

90

10.5 10.0 9.5

20 15 1.0 05 0.0 -05 -1.0

2.5

70 65 60 55 50 45 40 35 3.0
1 (ppm)

7.5

8.0

8.5

9.0

|

[

I

/

THNMR
(Dz0)
600 MHz

(o}

dainic acid A

zT

5a

090

490

1.(

f1 (ppm)

122



cosy
OH _(D:0)
600 MHz

dainic acid A
5a

Q_LWMM

r6.0

o®

dainic acid A
5a

r100

ri1o

ri20

ri3o

r140

3.5
2 (ppm)

123

1.0

f1 (ppm)

1 (ppm)



HMBC

OH (D;0)
600 MHz

o
*

B4
Bé
o @
8
o 9of
88~
8
-0
L
3

oY @ ® F130

0g 9.
20 0

: ! F140
; : F150
F160
F170
b N F180

r190

T T T T T T T T T T T T T T T T T T T T T T T T T T T
6.2 6.0 58 56 54 52 5.0 48 46 4.4 42 4.0 3{82 (3.6 3.4 3.2 30 2.8 26 24 22 20 1.8 16 1.4 12 1.0
ppm.

)

W

9 : r5.5

r6.0

e e e L A
6.2 6.0 5.8 5.6 5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0 ng 3.6 3.4 3.2 3.0 2.8 2.6 2.4 2.2 2.0 1.8 1.6 1.4 1.2 1.0
m,

124

f1 (ppm)

f1 (ppm)



1.6 14 1.2 1.0

1.8

125

f1 (ppm)

dainic acid B (5b):

51 L2 89T L
89'T , i
69'T @1
20T [ n 202 i
0% < 207
80' w0
60' N 07 ]
60' L2 207
1% o0
e soz 1
st [ M e —_ _ Mo:
ot steft ——— —
612 i ]
612 [ o oz
122 2 ot
2T oz |
7 — i’ 1ee = Fo51
s X 122 ~— =
o T . & —~ =S
foe - =} SL'T ~~
s M 92T
567 . : 2 ]
00'€ — 2
e Fa £6'7
10°€ o2 ‘
10°€ . w?
20€ —_— [ o %2 |
20€ - = se W - el
00'€
wm [= tot h =Tt
ov W m T0°€E ~ srunl
& T0'E ~
v o 20
& - =or ¢ 20 [
ss
% o 13 m/
i [<E or'E L
. g et ~—
B Loz 1N - |
a -2y 70 4
s = =x750 5 m\
81 [ \
n
P -
[ 00'r~ -
© 0%
L L
©
N -
[~
n L
[~
)
[ oo
c ¥ ]
2.2 ™ \
o
EEF \ . ‘
B A “
)
L2 \ \
E [%}
3 [ . ‘
LF-] =
& = Sq
£ = 8a |
8 5
2 S
LS k4 ]
=

3.8 36 3.4 32 3.0 28 26 24 22 20

50 4.8 46 44 42 4.0

5.2

5.4

58 5.6

1.0



dainic acid B

‘ 0 . b

T T T T T T T T T T T T
4 3.2 30 2.8 26 24 22 20 1.8 16 14

T T T T T T T T T T
56 54 52 50 48 46 44 42 40 3.8 36 3
2 (ppm)

A

HsQC 30
OH (D0
600 MHz @ ®

dainic acid B
5b

r60

r70

r80

r90

T T T T T T T T T T T T T T T T T T T T T T T T T T 1
52 6.0 5.8 56 54 52 50 48 46 44 42 40 3?2 (3.6 )3.4 3.2 3.0 2.8 26 24 22 20 1.8 16 14 12 1.0
ppm.

126

r4.5

r100

ri1io

ri20

ri3o

1 (ppm)

f1 (ppm)



HMBC
(D;0)
600 MHz

dainic acid B
5b

-

ri3o

r170
r1so
r190

3.5 3.0
2 (ppm)

NOESY
(D;0)
600 MHz

N
H oo

dainic acid B M I I

5b
% @0 ‘
o
0p )
l d
|
[ 1

6.0 5.5

3.5
f2 (ppm)

127

T
3.0

r2.0

r2.s

r3.0

r3.s

r6.0

1 (ppm)

1 (ppm)



dainic acid C (5¢

75N
$0'S
TS

0z's/

T N
=T
233
88
T3

dainic acid C
5¢c

=917
859
0z
vS'Y
Ayt

Froe

=101
=161

=201

=580
=001

3.5

5.0 4.5

T T
6.0 5.5

T T T
85 80 75

9.0

0_OH
j/

10.5 10.0 9.5

0.0 -0.5 -1.0

0.5

4.0

1 (ppm)

7.0 6.5

TH NMR
(D20)
600 MHz

OH

9.7
859

Fozz
Frsv
H\wm T

TB.M

Fun

Fret

20T

=580

Foot

5.0

128



cosy
(Dz0)
600 MHz

dainic acid C
5c

=
==

' M

Iy
-
=

T T T T T T T T T T
6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5
f2 (ppm)

dainic acid C : o wo
5¢c

[T A .

r20

r30

ka0

r50

r60

r70

r80

r90

r100

rl1o

r120

ri30

r140

T T T T T T T T T T
4.0 3.5
2 (ppm)

129

f1 (ppm)

f1 (ppm)



HMBC
(D;0)
600 MHz

dainic acid C
5¢

- -gw o

ro

20
r30

r50
r60
r70
r80
r90
r100
ri1o
ri20
ri3o
r140
r1s50
r160
rizo
r180
r190

NOESY

OH _(D0)
600 MHz

dainic acid C
5c

|

r2.0

r3.0

r3.5

r4.0

r4.5

r5.0

r5.5

130

3.0

2.5

2.0

f1 (ppm)

f1 (ppm)



THNMR

(CDCly)
500 MHz

~o

Sl-4

HO.

(2E,6E)-2,6-dimethyl-8-oxoocta-2,6-dienoic acid (SI-4)

60 50 40 30 20 10

70

Le
S
Lw
S
oezL—
Lo wn—
o059z —
Lo
=o't Le8E—
Le
¢ N
=267
yree
= ‘U el 0
o
Le
@
Lo
@
Lo
<
L@
<
Lo
we
g
685 o
o o 69221~
>
podd sveeL
085 — — =0l o
©
oss 15 TpL—
165
289 [ o
289 ©
289
€89 — ——— =001
€89 Lo B
850 ~ wzer
89 -
89 o
89 M 82—
8
589
989 Le
@
eelel—
Lo
@
Lo
>
L@
)
6656~ - ol o
0o - Tworg
0
Fo

80

130 120 110 100 90
1 (ppm)
131

140

150

170 160

13C NMR

N
O (cpely)
500 MHz
190 180

Sl-4

HO.

240 230 220 210 200

S




N
R
=00°€
Le —— =6re
Le N
: — Fest
0
r A,U — Fozz
o _ Fsov
S
L@
S
)
L w

|
;
ML
T
ERERS
Sals
——

- — Fe60
—_ - == Faz

- 2660 -
= a2

7’-carboxy-N-geranyl-L-glutamic acid (3):

I

1 (ppm)

o

e
I
0
o
Q
©
©
I
<
<
w0
<
=4
5 -
szs =960
me Fa
8Cs
Le
s © ST
0L'9 Lw sess — -—= Fs60
Lo P @sf
e — —— =90 8es
(7 N
€29
Lw
r N ~
=T
£qs "
ag ©
=3 r N
=B — [0 51
] © Q53
S
T T 8 [o 28
Q Q L = ]
o 699
V|/'Nﬂ0_mu Fo T T g oo
4 £ L9
L B o O Q £ use — —= Fo0
M ro OE w9
e = £ o
z © © E
g° re zr ©
M
g S :
2 = Eo
X Le ]
H < o
£ 2
] Q 3
o8 [« 5
o & o s
I ro s
Q
~

HO.

35

4.0

4.5

132

1 (ppm)

7.0 6.5 6.0 5.5 5.0

7.5




O _OH
cosy
(D;0)
HOMN OH 530z
0 oo

7’-carboxy-N-geranyl-L-glutamic acid A
3

—_——

> e =

r3.0

r3.5

r4.0

r4.5

r5.0

r5.5

6.0

r6.5

r7.0

7.5 7.0 6.5 6.0

Oy OH
HsQC
HOM H
o
7’-carboxy-N-geranyl-L-glutamic acid
3

A

(D;0)
OH 600 MHz

55

5.0

45 4.0
12 (ppm)

35

75 7.0 6.5 6.0 5.5

T
5.0

45 40
12 (ppm)

133

100

1o

120

130

140

150

=160

1 (ppm)

1 (ppm)



Oy OH

HMBC
(D20)
HOMN OH  gooiz
0 Ao
7’-carboxy-N-geranyl-L-glutamic acid
3
N A
°
o )
° o g
o oo
. °
© o so
@ °
o
® 238
o 0 %
@ oo

r100
r110
r120
r130
r140
r150
160
r170
r180
r190

-200

e e
7.4 72 7.0 6.8 66 6.4 6.2 6.0 58 56 54 52 50 4.8 46 44 42 40 38 36 3.4 32 30 28 26 24 22 20 18 16 1.4 12 1

o
12 (ppm)
Oy OH
NOESY
(D20)
HOMN OH 500z
o )
7’-carboxy-N-geranyl-L-glutamic acid A
3
i
3 L A
. < “ o .
13
H
— [
E -
R 4 r4.5
I .
r5.0
i o
— e : ,
® 3 (6.5
& t6.0
r6.5
— - ?#:n . o
r7.0
).
i r7.5

T T T T T T T T T T T T
75 7.0 65 6.0 55 5.0 45 40
2 (ppm)

134

1 (ppm)

1 (ppm)



-1.0

67
FS0E

T
-0.5

o
<
~
T

0.0

8
~
1.0 0.5

1.5

=62°€

067 —_— = =s0¢€

2.0

662 - - 960 |
00°¢ D— M\ma.ﬁ

oT'T
20°€ r— WNm,o
66T

2.5

3.0

Fvor |
orE—f — 01 |
9v'E _— = v0'T
8v'E 201
19°€ —_ =260

o1
Teot

3.5

4.0

Tz60

4.5
f1 (ppm)

PEINS
e e ed n
/
|
T
55 5.0
T

=580

T
6.0

6.5

99'9
B.wW. —_— —— =001

7.0

[4%
- I-se0

/
;

SS°

TH NMR
(D20)
600 MHz
T
8.0
TH NMR
(D20)
600 MHz

8.5

OH

T
[}

T
9.0
0-_OH

= T

isodomoic acid A
4
isodomoic acid A
4

99'9~

— Foot
6997

T
10.5 10.0 9.5
~
1]
<

3.5

4.0

f1 (ppm)
135

4.5

5.0

6.0

6.5



cosy
(D:0)
600 MHz

isodomoic acid A
4

L

i 0 0 we It

[} 1) 0

r2.5

r3.0

r3.s

IS
G«
1 (ppm)

7.5 7.0 6.5

HsQc
(D;0)
600 MHz

isodomoic acid A
4

T T T T T T T T
5.5 4.5
f2 (ppm)

[=1-]

(o]

r20

r30

r40

r50

r60

r70

r80

r9o

r100

r110

r120

ri3o

r140

~150

136

1 (ppm)



HMBC
(Dz0)
600 MHz

isodomoic acid A
4

r100
r110
ri20

r1s0
rle0
r170
r18o
r190

4.5 4.0 3.5 3.0 2.5 2.0 15 1.0
2 (ppm)

NOESY

600 MHz

1 (ppm)

r2.0

r2.5

r3.0

r3.5

r4.0

r4.5

r5.0

r5.5

r6.0

r6.5

f1 (ppm)

7.5 7.0 6.5 6.0 5.5 5.0 3.5 3.0 2.5 2.0 1.5

4.5 4.0
2 (ppm)

137

r7.0



(6E)-8-hydroxy-3,7-dimethylocta-2,6-dienal (SI-5):

~. 'HNMR
O (cDely)
500 MHz

X,

SI-5

HO.

886

06'6: — -
866 —
oa.o_w

yLE
<eze

=187
=0v'E
E99

=207

=107

Fo6l

=6l

=180
=00

3.0 25 2.0 15 1.0 0.5 0.¢

35

100 95 9.0 85 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5

05

1 (ppm)

13C NMR
(CDCly)
500 MHz

NN

HO.

SI-5

8LEL—
69 11—

VST
7 mNW
8592

ogze”

vZor—

8289
ovee

EUEZIA
99°€zL—
oviT—
wean’
9T eI~
Loz

L8EOL
[ape

916~
€561

-10 -20

0

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
1 (ppm)

190

220 210 200

138



ic acid (6):

7’-hydroxy-N-geranyl-L-glutam

S8REgee
R e

TH NMR
(D;0)
600 MHz

Oy OH
gOH
(o]

N
H
7’-hydroxy-N-geranyl-L-glutamic acid

6

901
sel
=612

=960
=960

15 10 05 00 -05 -10

20

90 85 80 75 70 65 60 55 50 45 40 35 30
1 (ppm)

q

10.0 95
7’-hydroxy-N-geranyl-L-glutamic acid

10.5

TH NMR
(D20)
600 MHz

OH
OH

N
H

6

2

00
20t

Fu
ve'e
e

Hvo:

501
Fsel

e

Fos0

560

64 62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20

16 14 12 10

18

1 (ppm)

139



cosy
(D20)
“O\M\N OH 600 MHz
H
7’-hydroxy-N-geranyl-L-glutamic acid
6 A A
] 0 ) [
0 v

r2.0

r2.5

r3.0

r3.5

r4.0

ras

r5.0

r5.5

r6.0

100

r11o

120

r130

140

6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 15
2 (ppm)
Oy _OH
HSQC
(D,0)
HDMN OH 600" MHz
)
7’-hydroxy-N-geranyl-L-glutamic acid
6
®
==
<
@
®
@
=)
©
T T T T T T T
5 6.0 55 5.0 45 0 3.5 3.0 25 1.0
2 (ppm)

140

1 (ppm)

1 (ppm)



Oy OH

HMBC
(D:0)

OH 600 MHz

HOMN

H
7’-hydroxy-N-geranyl-L-glutamic acid
6

°

0w

r100
r11o
r120
r130
r140
r150
160
r170
r180
r190

-200

6.0 55 5.0 45

NOESY
(D,0)
600 MHz

HDMN OH

7’-hydroxy-N-geranyl-L-glutamic acid
o 6 9 A_h

4.0 35
2 (ppm)

3.0 25

00 o

=

20

1.0

r2.0

r2.5

r3.0

r3.5

r4.o0

r4s

r5.0

5.5

r6.0

6.5 6.0 5.5

5.0

45

4.0 35
12 (ppm)

141

1 (ppm)

1 (ppm)



Table S1. (separate file)

Table showing RPKM, annotation, TMM values for edgeR, and edgeR differential expression
(DE) analysis for all 19704 P. multiseries transcripts under the nutritional conditions described in
this manuscript and a previous publication (/9). Libraries prepared with either Ribo-Zero
Magnetic kits (Illumina) or TruSeq RNA Sample Preparation Kit (Illumina) are labeled as
“rRNA” or “truseq” respectively.

Table S2. (separate file)

Table showing RPKM, annotation, TMM values for edgeR, and edgeR differential expression
(DE) analysis for P. multiserieis transcripts upregulated under phosphate starvation. Expression
data (RPKM, TMM) is also shown for all of the nutritional conditions described in this
manuscript and a previous publication (/9). Libraries prepared with either Ribo-Zero Magnetic
kits (Illumina) or TruSeq RNA Sample Preparation Kit (Illumina) are labeled as “rRNA” or
“truseq” respectively.

Table S3. (separate file)

Table showing RPKM, annotation, TMM values for edgeR, and edgeR differential expression
(DE) analysis for P. multiserieis transcripts upregulated under phosphate starvation and under
increasing pCO, with constant low phosphate. Expression data (RPKM, TMM) is also shown
for all of the nutritional conditions described in this manuscript and a previous publication (/9).
Libraries prepared with either Ribo-Zero Magnetic kits (Illumina) or TruSeq RNA Sample
Preparation Kit (Illumina) are labeled as “rRNA” or “truseq” respectively.

Table S4. (separate file)

Table showing RPKM, annotation, TMM values for edgeR, and edgeR differential expression
(DE) analysis for all CYP450 annotated transcripts. Expression data (RPKM, TMM) is shown
for all of the nutritional conditions described in this manuscript and a previous publication (/9).
Libraries prepared with either Ribo-Zero Magnetic kits (Illumina) or TruSeq RNA Sample
Preparation Kit (Illumina) are labeled as “rRNA” or “truseq” respectively.
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Chapter 3: Domoic acid biosynthesis in red alga Chondria armata

suggests a complex evolutionary history for toxin production
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3.1 Introduction to Chapter 3

Domoic acid (DA) and the structurally related molecule kainic acid (KA) were originally
isolated from Japanese seaweeds in the 1950s.!® The chemical constituents of seaweeds were of
particular interest due to their historical use as de-worming, or anthelmintic, agents in Japan for
hundreds of years. Indeed, both DA and KA display potent activity against roundworm
infections, and both compounds were subsequently named after the common, Japanese names for
the anthelmintic seaweeds they were isolated from.!* The red macroalgal seaweed Chondria
armata, known colloquially in Japan as “domoi”, was the first described source of DA, and KA
was originally isolated from the red algae Digenea simplex, referred to locally as “kaininsd”
seaweed.’

After our initial discovery of DA biosynthesis in the diatom Pseudo-nitzschia multiseries,
as described in Chapter 2, our lab next turned to unraveling the biosynthesis of KA in seaweeds.
Fortunately, our work on DA biosynthesis revealed two unique enzymes involved in building the
characteristic pyrrolidine core shared by both DA and KA: a glutamate N-prenyltransferase and
an alpha-ketoglutarate dependent kainoid synthase.® Although the glutamate N-prenyltransferase
has substantial structural homology to known bacterial terpene cyclases, the enzyme appears to
be especially unique in its amino acid sequence with no clear homologous sequences found in
the standard NCBI database.” The kainoid synthase enzyme is also unique in amino acid
sequence space, displaying only limited homology to known bacterial biosynthetic enzymes
involved in penicillin (isopenicillin N synthase, IPNS) and cephalosporin
(deacetoxycephalosporin C synthase, DAOCS) biosynthesis.®® The novelty of the gene
sequences encoding glutamate N-prenyltransferase and kainoid synthase activities provide a

useful roadmap or “bioinformatic hook” for identifying DA and KA biosynthesis in other
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organisms (as described here, in Chapter 3) and in the broader marine environment (as described
in Chapter 4).

Our group leveraged this genetic information to identify candidate KA biosynthetic (kab)
genes in publicly available red algal transcriptomic datasets.!? To confirm the presence of these
candidate genes in KA-producing seaweeds, our group sequenced draft genomes for D. simplex
(aka “kaininsd”) and Palmaria palmata using Oxford Nanopore Technologies (ONT)
sequencing. The ONT approach has gained recent popularity for its ability to generate long reads
of nucleotide sequencing data at relatively low cost, an incredible boon for generating a draft
genome sequence and understanding genomic organization in various organisms.!!~!'* Following
assembly of ONT data, it was revealed that the kab genes also co-cluster in the D. simplex and P.
palmata genomes, a phenomena also reflected by the diatom DA biosynthetic (dab) gene cluster.
Functional characterization of purified KabA and KabC enzymes revealed a succinct two step
biosynthetic pathway to KA using L-glutamate and dimethyl-allyl pyrophosphate as precursors.!°
This pathway is highly reminiscent of DA biosynthesis in diatoms, featuring the key glutamate
N-prenyltransferase and kainoid synthase activities as inferred by bioinformatic analysis.®

Description of kainoid biosynthetic genes in both seaweeds and diatoms raises quite a
few questions regarding the evolution of DA and KA biosynthesis. With respect to DA
production, only a handful of red macroalgae have been described to produce the potent
neurotoxin, all within the family Rhodomelaceae.!>!'¢ In diatoms, DA biosynthesis appears to be
even more constrained. The diatom genus Pseudo-nitzschia contains a sizable number of DA
producing species, with 26 of 52 known species demonstrating toxin production in culture
according to a recent review.!” Besides Pseudo-nitzschia, the genus Nitzschia is the only other

taxonomic group containing species capable of DA production. Within Nitzschia, only N.
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bizertensis and N. navis-vargincia have been described to make DA.'®!° These two species do
not clade well with Pseudo-nitzschia or even other Nitzschia, and the latter genus now appears to
be polyphyletic according to recent molecular phylogenetics.?? Although KA production appears
to be more widespread than DA production in seaweeds, KA production is nevertheless sparse
among described red algal orders and families and is seemingly absent from the described pool
of diatom metabolites.!>!® Neither molecule has been described in any other macroalgal or
microalgal lineage besides red algae and diatoms, respectively.

At present, the evolutionary history of the kainoid molecules DA and KA remains
unclear. However, the similarity between the diatom and red algal enzyme activities and gene
sequences suggests a potential origin via horizontal gene transfer (HGT), especially considering
the large evolutionary divergence between these algal clades. While diatoms acquired many
genes directly from red algae through endosymbiosis events in deep evolutionary time, one
would expect a broader distribution of kainoid biosynthesis in both lineages if toxin biosynthesis
was inherited in this manner.?!?> An HGT-based hypothesis is further buoyed by the observation
that no clear ancestor of the glutamate N-prenyltransferase (DabA/KabA) or kainoid synthase
(DabC/KabC) exists in sequenced diatom and seaweed genomes. However, acquisition of
kainoid biosynthetic enzymes through HGT cannot be confidently assigned in the absence of
additional sequencing information. The “smoking gun” sequencing experiment would identify a
discrete bacterial host or viral intermediate capable of moving kainoid biosynthetic enzymes
between the disparate algal taxa. Such sequencing data has not been generated or described to
date.

Despite this apparent “missing link”, HGT is an established phenomenon in both diatoms

and reg algae. Approximately 3-5% of diatom protein-coding genes appear to be of relatively
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recent acquisition from bacteria.?*->* Perhaps the best illustration of diatom HGT is exemplified
by the presence of an ornithine-urea cycle.?> While this metabolic pathway is common in
metazoans for the purpose of excreting nitrogen in the form of urea, diatoms have leveraged the
pathway to redistribute organic nitrogen sources in response to nitrogen availability.?® Many of
the enzymes enabling the diatom ornithine-urea cycle have been acquired laterally from bacteria,
creating a “Frankenstein pathway” together with native host enzymology.?> Among red algae,
HGT has been suggested for the acquisition of bacterial carbonic anhydrases to aid in carbon
concentration.?” Notably, a few terpene cyclases have been described in red algae that appear to
be of bacterial origin.?® While the glutamate N-prenyltransferase reaction in DA and KA
biosynthesis is catalyzed by a terpene cyclase-like enzyme, these N-prenyltransferases appear to
be unrelated to the enzymes previously described in red algae.”

To better understand the evolution of DA biosynthesis, we sequenced the genome of the
originally-described DA-producer, Chondria armata (“‘domoi”) using a mix of ONT long-read
sequencing and Illumina short-read sequencing. To our surprise, we discovered a compact red
algal DA (“rad”) gene cluster encoding the three major steps DA biosynthesis: glutamate N-
prenylation (radA), kainoid ring cyclization (radC) and presumed CYP450 sidechain
hydroxylation (radD). While incomplete copies of this gene cluster exists elsewhere in the C.
armata genome, the complete rad! cluster is nearly identical to the cluster we originally
described in diatoms with respect to gene synteny, or the order that genes appear in the genome
along a strand of DNA.® Heterologous expression and purification of RadA1 and RadC1 proteins
from Escherichia coli yielded soluble enzymes capable of performing the key chemical
transformations required to make DA. Comparison of RadC1 activity to diatom DabC and D.

simplex KabC activity further implicates RadC1 in DA biosynthesis and begins to paint an
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interesting evolutionary picture. While RadC1 is more like the KA-producing KabC in terms of
amino acid sequence, the enzyme displays an activity much more like the diatom-derived DabC
enzyme involved in DA biosynthesis.

Phylogenetic analysis of the kainoid synthase enzymes further supports these sequence-
based relationships, and an HGT-derived origin for these enzymes is supported by monophyletic
cladding of the DabC/KabC/RadC sequences in spite of the evolutionary divergence of their
respective red algal and diatom hosts. Meanwhile, the RadD1 enzyme clades strictly with other
red algal CYP450 enzymes, while DabD clades nicely with other diatom CYP450 sequences.
This phenomenon suggests that host CYP450 enzymology was neofunctionalized and repurposed
for the installation of the characteristic 7’-carboxylic acid on the DA alkyl side chain. While the
true ecological role of DA remains unknown, the observation that neofunctionalization of native
biochemistry may have happened two times in the evolution towards DA biosynthesis in diatoms
and red algae underscores a potential advantage afforded by DA production in algae, shedding

additional light on the mysterious origins of this marine neurotoxin.
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3.3 Reproduction of manuscript submission: “Domoic acid biosynthesis in red alga

Chondria armata suggests a complex evolutionary history for toxin production”

3.3.1 Main Text
3.3.1.1 Abstract

Domoic acid (DA), the causative agent of amnesic shellfish poisoning, is produced by
select organisms within two distantly related algal clades: planktonic diatoms and red
macroalgae. The biosynthetic pathway to isodomoic acid A was recently solved in the harmful
algal bloom-forming diatom Pseudo-nitzschia multiseries, establishing the genetic basis for the
global production of this potent neurotoxin. Herein we sequenced the genome of Chondria
armata, the red macroalgal seaweed from which DA was first isolated in the 1950s and identified
several copies of the red algal DA (rad) biosynthetic gene cluster. The rad genes are organized
similarly to the diatom DA biosynthesis cluster in terms of gene synteny, including a cytochrome
P450 (CYP450) enzyme critical to DA production that is notably absent in red algae that produce
the simpler kainoid neurochemical, kainic acid (KA). Biochemical characterization of the N-
prenyltransferase (RadA) and kainoid synthase (RadC) enzymes support a slightly altered DA
biosynthetic model in C. armata via the congener isodomoic acid B, with RadC behaving more
similarly to the homologous diatom enzyme despite higher amino acid similarity to red algal
kainic acid synthesis enzymes. Phylogenetic analysis of the rad genes suggests unique origins for
the red macroalgal and diatom genes in their respective hosts, with native eukaryotic CYP450
neofunctionalization combining with horizontal gene transfer of N-prenyltransferases and

kainoid synthases to establish DA production within the algal lineages.
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3.3.1.2 Introduction

Harmful algal blooms of the diatom genus Pseudo-nitzschia produce high levels of
domoic acid (DA), a neurotoxic glutamate receptor agonist with far-reaching food web
implications due to its bioaccumulation in shellfish.! Consumption of seafood contaminated with
DA can cause acute amnesic shellfish poisoning (ASP) in humans, a malady characterized by
seizures, short-term memory loss, and even death.?? In 1987, the first recorded outbreak of ASP
occurred on Prince Edward Island, Canada, wherein 107 people contracted the illness from
eating mussels containing high levels of DA.*> While oceanic DA production is primarily linked
to the harmful algal bloom-forming diatom genus Pseudo-nitzschia, the compound was
originally discovered in the 1950s by Daigo and co-authors from the red macroalga Chondria
armata.’ The chemical constituents of C. armata, along with several other seaweeds, were of
particular interest due to the historical usage of algae as anthelmintic agents in Japan, with the
name ‘domoic acid’ deriving from the word ‘domoi’, the Japanese name for C. armata.%” Indeed,
both DA and the related red algal metabolite kainic acid (KA) display anthelmintic activity, with
the latter being used to treat roundworm infections until the 1990s.3° These two compounds are
commonly referred to as kainoids, sharing a homologous glutamate and isoprenoid-derived
pyrrolidine scaffold.

The evolutionary origin of kainoid biosynthesis in marine algae remains unclear.
Production of KA is limited to red algae (Rhodophyta), and while multiple orders within
Rhodophyta contain species capable of making KA, distribution of known kainoid producing
genera is sparse (Supplementary Information, Table S3.2 & Fig. S3.1). Meanwhile, DA
production in red algae is further constrained to just one family, Rhodomelaceae. After the initial

discovery of DA in C. armata, further chemical studies identified potential kainoid production in
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other red algae, including Alsidium corallinum,'>!'" Digenea simplex,'> Amansia glomerata,'?
Chondria baileyana,'® and Vidalia obtusiloba.'? The ability of diatoms (Bacillariophyta) to
produce DA is surprising considering no other taxa has been described to produce the neurotoxin
besides Rhodophyta and Bacillariophyta, two significantly divergent clades of algae (Fig. 3.1A).
Among diatoms, only the genera Pseudo-nitzschia and Nitzschia contain species that have been
demonstrated to produce DA, although it is possible that other understudied diatoms, such as
species belonging to the genus Amphora, may also produce the toxin.!*!® Understanding the
distribution and evolutionary history of DA biosynthesis may help identify understudied
emerging sources of toxicity in the marine environment.

The genes encoding DA (Fig. 3.1B) biosynthesis (dab) and KA biosynthesis (kab) were
recently elucidated (Fig. 3.1C).!7-!® Both pathways begin with the N-prenylation of L-glutamate
by either geranyl pyrophosphate (GPP) or dimethylallyl pyrophosphate (DMAPP) to establish
the linear precursors to DA and KA, respectively.!” Subsequent oxidative cyclization to build the
characteristic pyrrolidine ring of either molecule is catalyzed by an a-ketoglutarate (aKGQG)
dependent Fe?* oxidase, also known as a kainoid synthase enzyme (DabC/KabC). These two
unusual enzymatic transformations are diagnostic for kainoid biosynthesis in algae, forming a
core biosynthetic gene cluster and serving as bioinformatic hooks to probe sequencing data for
kainoid biosynthetic pathways (Fig. 3.1C). The biosynthesis of DA, unlike that of KA, requires
further oxidation to install the carboxylic acid functionality on the monoterpene-derived alkyl
side chain via a cytochrome P450-catalyzed (DabD) reaction occurring prior to oxidative
cyclization of the pyrrolidine. Additionally, the biosynthesis of DA also involves an
uncharacterized isomerization transformation, catalyzed by a yet to be identified enzyme.

Discovery of the various kainoid pathways was facilitated by transcriptomic and genomic
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sequencing of the DA producing diatom Pseudo-nitzschia multiseries,'” and of the KA producing
red algae Digenea simplex and Palmaria palmata.'® Notably, the kainoid biosynthetic genes
from all organisms sequenced thus far appear to co-cluster within each respective genome.
Follow-up sequencing efforts of red algae to date have focused exclusively on organisms
producing KA, leaving a gap in our understanding of the enzymology underlying DA
biosynthesis in red algae.

To address this fundamental question, we sequenced the genome of Chondria armata and
identified unique copies of a biosynthetic gene cluster suggestive of DA biosynthesis.
Subsequent in vitro characterization of the C. armata pyrrolidine-forming enzymes further
implicates their role in DA biosynthesis, leading to the designation of these sequences as red
algal domoic acid (rad) biosynthesis genes. Comparative enzyme-substrate assays, syntenic
comparisons of gene cluster organization, and phylogenetic analysis provide key insight into the
evolution of DA biosynthesis in diatoms and red algae. Our findings suggest a combination of
horizontal gene transfer (HGT) and neofunctionalization of native enzymology served to

establish neurotoxin production in the divergent algal lineages.

3.3.1.3 Results and Discussion

Genome Sequencing and Assembly

We collected C. armata from Kyushu Island, Japan and sequenced its genomic DNA
with a combination of Oxford Nanopore Technologies (ONT) and Illumina platforms. Genome
size was estimated to be 480 Mb using the 17-mer histogram generated by Platanus v1.2.4,
repeat content was estimated to be 45.49%, and kmer distributions were consistent with

tetraploidy (Supplementary Information, Fig. S3.2).2° Hybrid assembly using MaSuRCA v3.4.2
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yielded a genome with a total size, N50, and %GC of 507 Mb, 643 kb, and 45.34%, respectively
(Supplementary Information, Table S3.3).2! Notably, the longest assembled contig was 3.3 Mb in
length. Genome contiguity and completeness was assessed with the eukaryota benchmarking
universal single-copy orthologs (BUSCO v4.0.5) database.?? Due to a lack of thodophyta-
specific datasets, we assessed the ten publicly available red macroalgal genomes with the
eukaryota_odb10 BUSCO database.?*26 We found the C. armata assembly to be relatively
complete containing 69% of complete, single-copy eukaryotic gene orthologs, where current
published red macroalgal genomes contain on average 65% of complete, single-copy eukaryotic
gene orthologs (Supplementary Information, Table S3.4 & Fig. S3.3). To further assess overall
genome completeness, we mapped ONT reads to the assembled genome using minimap2, where
88% of ONT reads were present in the assembled genome, a clearer indicator of genome
completeness.?’” Genome sequences and assembly are deposited in NCBI, BioProjectID

PRINA762367.

Kainoid Cluster Identification and Comparison

To identify kainioid biosynthesis genes in the C. armata genome, we used the dab and
kab genes as genetic hooks.!”!8 tBLASTn searches with the highly conserved N-
prenyltransferase gene initially revealed three chromosomal copies of a kainoid biosynthetic
gene cluster. Notably, unlike previously characterized red algal kainoid gene clusters, two of the
C. armata clusters included a cytochrome P450 (CYP450), which is suggestive of DA
biosynthesis. We refer to these clusters as red algal domoic acid (rad) biosynthetic gene clusters.
The first rad cluster (radl, GenBank accession no. OK169902) is contained within a 7.9 kb

region, and complete coding regions for all three key DA biosynthetic genes were clearly
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identified (Fig. 3.2). The second copy of the rad cluster (rad2, OK169903) is contained within a
shorter 7.5 kb region, and complete coding regions of an N-prenyltransferase and kainoid
synthase were identified. However, this copy of the rad cluster appears to contain a degraded
CYP450 with premature stop codons. The third copy of the rad cluster (rad3, OK169904) is
contained within a 5.8 kb region, and completely lacks a CYP450. This cluster is located 271 kb
into an assembled contig, 443 kb in length. Further analysis did not reveal any DA CYP450 gene
homologs or general CYP450 enzymes within this assembled sequence space (Supplementary
Information, Fig. S3.4). Curiously, despite C. armata appearing to be tetraploid, only three
copies of the rad cluster were initially identified. To determine if one copy of the rad clusters
was a collapsed paralog, the coverage of each rad cluster copy was calculated using mapped
ONT reads. The mean coverage of radl was almost double (39X) that of rad2 (21X) and rad3
(21X) and is indicative of a collapsed paralog, supporting the presence of all four expected
genomic copies of the rad cluster.

Publicly available DA and KA gene clusters were used to construct a comparative
analysis with new rad gene clusters from C. armata (Fig. 3.2).28 Despite core kainoid
biosynthetic genes being more similar by amino acid percent identity to the KA producing red
alga D. simplex, a relative of C. armata also belonging to the family Rhodomelaceae, all-versus-
all global amino acid alignments revealed the overall structure and organization of the rad gene
cluster to be more like dab clusters from diatoms. Aside from a lack of the hypothetical ‘DabB’
protein found in the dab clusters, the rad and dab clusters surprisingly display nearly identical
gene organization and orientation (Fig. 3.2). Amino acid percent identity remains consistent

across the N-prenyltransferase (rad4/dabA) and kainoid synthase (radC/dabC) enzymes, at 54%
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and 56%, respectively. However, despite conservation of gene location and orientation, the

amino acid percent identity between the CYP450s, radD and dabD, decreased to 24%.

In vitro Validation of Biosynthetic Gene Function

Most of the known DA isomers were originally discovered in C. armata.?*=3! Although
production of isodomoic acid A, B, and C have all been described in Pseudo-nitzschia, these
isomers are found at substantially lower levels than DA in the diatom species and isolates studied
thus far.!#*32 A similar trend has also been observed in isolates of C. armata.’®> However, high-
resolution liquid chromatography-mass spectrometry (LC-MS) analysis of methanolic algal
extracts suggests that isodomoic acid B is an especially abundant DA isomer in our
independently collected C. armata isolate (Fig. 3.3A) (Supplementary Information, Fig. S3.5).
We hypothesized that the differential abundance of DA isomers in C. armata extracts is linked to
the activities of one or more kainoid synthase enzymes expressed by the seaweed, a hypothesis
consistent with our previous observations that the kainoid synthase DabC can generate structural
diversity.!”

Confirmation of kainoid synthase activity in C. armata was achieved by expressing full-
length RadC1 from the intact rad! cluster as a N-terminal hexahistidine (N-Hiss) soluble
construct in Escherichia coli (Supplementary Information, Fig. S3.6). After affinity
chromatography purification, RadC1 was observed to perform oxidative cyclization on the linear
precursor cNGG, similar to the previously described activity for DabC.!” Overnight RadC1 and
DabC reactions both proceed to near-complete substrate consumption when cNGG was added.
However, RadC1 makes isodomoic acid B as its major cyclization product, whereas DabC

produces isodomoic acid A (Fig. 3.3A). While isodomoic acid B production by RadC1 is
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consistent with the relative isomer abundance observed in our C. armata extracts, the presence of
isodomoic acid A and C in the algae remains to be explained biochemically, although trace
quantities of isodomoic acid C are observed from the RadC1 reaction. Initial expression,
purification, and enzymatic assay of RadC2, encoded in the rad?2 cluster, did not reveal
substantial activity towards cNGG, although exceedingly small quantities of isodomoic acid B is
produced. As the rad?2 cluster also contains a degraded copy of the co-clustered RadD CYP450
with several premature STOP codons, we suspect that this second cluster may be undergoing
pseudogenization and that the encoded enzymes may not function in vivo. The third copy of the
kainoid synthase enzyme, RadC3, displays 100% amino acid sequence identity to RadC2 and is
assumed to be similarly inactive.

Both RadC1 and DabC generate a similar series of dainic acid molecules from the less-
favored NGG substrate, although RadC appears to approach complete substrate turnover whereas
DabC does not (Supplementary Information, Fig. S3.7).!” Because RadC1 is more closely related
in amino acid sequence to the KA-forming KabC enzyme than the diatom DabC enzyme, the
substrate specificity of KabC from D. simplex (DsKabC) was also further investigated.
Intriguingly, DsKabC does not appear to catalyze cyclization on either the cNGG or NGG
precursor (Fig. 3.3A, Supplementary Information, Fig. S3.7). As demonstrated previously,
DsKabC efficiently cyclizes the shorter prekainic acid substrate to KA, and this activity can also
be seen in this study for RadC and DabC, although neither of the latter reactions proceed to
completion (Supplementary Information, Fig. S3.8).!8 This inability of DsKabC to catalyze
cyclization on the longer cNGG and NGG substrates represents a marked difference between the
DA isomer-forming RadC and DabC versus the KA-forming KabC. While no obvious single

residue can be attributed to these differences in substrate specificity, structural prediction via
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AlphaFold reveals all known KabC enzyme models to have an extended loop that pushes further
into the active site than in RadC or DabC models (Fig. 3.3B).>*% Quantification of active site
area and volume solvent accessible surface area using CASTp identified an overall decrease in
KabC modeled pocket volume (115 A3) when compared to RadC (208 A%) and DabC (262 A3)
models (Fig. 3.3C, Supplementary Information, Fig. S3.9).3¢ This follows an expected trend
according to each enzyme’s observed substrate specificities (Fig. 3.3A).

The glutamate N-prenyltransferase enzyme, RadA1l, was also expressed as a soluble
construct following a seven amino acid N-terminal truncation and fusion to maltose binding
protein (MBP) containing an N-Hiss- tag (Supplementary Information, Fig. S3.10). Initial
overnight assays with purified MBP-A7-RadA1 suggest both GPP and DMAPP can be accepted
as substrates to make NGG and prekainic acid respectively. This observation contrasts the
selectivity previously shown by DabA and to a lesser extent KabA.!”-!® Ongoing exhaustive
experiments on RadA kinetics and structure will provide additional information regarding
potential prenyl-group promiscuity to compare directly with previously described DabA and
KabA activity.!” Nevertheless, the ability of RadA1 and RadCl1 to produce DA intermediates and
isomers, similar to what was observed previously in diatoms, supports their role in overall

biosynthesis of DA in C. armata."”

Phylogenetic Analysis

Previous efforts have attempted to describe the evolutionary history of the glutamate N-
prenyltransferase enzyme present in both DA and KA biosynthesis.!® Despite structural
homology to known bacterial terpene cyclases, the enzyme does not clade well with any extant

terpene cyclase due to its unique amino acid sequence (Supplementary Information, Fig. S3.11).
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To further explore the evolutionary history of the remaining DA and KA biosynthetic genes,
maximum likelihood (ML)-phylogenetic trees were constructed for both the aKG-dependent
kainoid synthases (DabC/KabC/RadC) and the CYP450s (DabD/RadD). Beginning with RadC,
initial BLAST searches revealed few closely related homologs outside of known KA or DA
biosynthetic genes in the National Center for Biotechnology Information (NCBI) protein
database. The closest homologs were primarily from bacteria, including the well-studied aKG-
dependent oxidase deacetoxycephalosporin C synthase (cefE, UniProtKB/Swiss-Prot ID:
P18548.1) in Streptomyces clavuligerus, an enzyme that performs the penicillin to cephalosporin
ring expansion. To ensure a broad understanding of kainoid synthase enzyme phylogeny in
relation to other aKG-dependent Fe?*-containing oxidases, representative sequences of key
taxonomic groups were generated from the isopenicillin N synthase-like InterPro family
(IPR027443). These representative sequences, in addition to top BLAST hits and other known
kainoid synthases, were used to construct a ML-phylogenetic tree. This process of using BLAST
hits and representative InterPro family sequences to construct a ML tree was repeated with
RadD. Unlike RadC, BLAST searches using RadD revealed several significant alignments with
other red algal CYP450s. To ensure a well-populated phylogeny, representative sequences from
the cytochrome P450 InterPro family (IPR0O01128) were generated from the same taxonomic
groups as before. These sequences, in addition to representative diatom P450 sequences from
publicly available transcriptomics and top BLASTp hits for RadD and DabD, were used to
construct a ML-phylogenetic tree.?’

Based on our phylogenetic analysis, kainoid synthases form their own distinct branch
independent of taxonomic origin (Fig. 3.4A), a finding that is consistent with previous

phylogenetic studies on the N-prenyltransferase enzymes.!” Notably, the bacterial enzyme cefE is
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the only well-characterized close relative to RadC. The monophyletic cladding of both the N-
prenyltransferase enzymes and kainoid synthase enzymes from these distantly related taxa
suggests a possible horizontal gene transfer event. This observation is further supported by high
levels of overall sequence homology between the two enzymatic groups. On the other hand, the
CYP450 enzymes are independently nested within their respective taxonomic groups, an
observation that supports convergent evolution towards installation of the carboxylic acid on the
prenyl sidechain (Fig. 3.4B). Based on this taxonomic clustering, the presence of a CYP450
enzyme in DA biosynthesis may be a result of gene duplication and neofunctionalization of
extant P450 enzymes, a phenomenon that has been previously described in plants.’*-° This
hypothesis is further strengthened by the presence of additional CYP450s closely related to
RadD or DabD within the genome of C. armata or P. multiseries, respectively (Supplementary
Information, Fig. S3.12, Fig. S3.13). The evolutionary history of CYP450 families in diatoms
has been the subject of previous research, with diatoms displaying substantial P450 gene family
acquisition and loss despite encoding relatively few CYP450 genes compared to land plants.*
The diatom DabD protein bears the most homology to other CYP450 enzymes found in diatoms,
including, Thalassiosira pseudonana and Fragilariopsis cylindrus (bootstrap >99%), suggestive
of an ancient acquisition of this CYP450 family in the diatom lineage. The biochemical function
of these related enzymes is unknown, and the specific CYP450 family classification of DabD-

like enzymes remains to be determined (Supplementary Information, Fig. S3.12).

3.3.1.4 Conclusions and Discussion

Our discovery of the DA biosynthetic machinery within the genome of the red alga C.

armata, the first-described DA producer, provides crucial insight into the evolutionary history of
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kainoid biosynthesis in diatoms and red algae. The overall sparse distribution of kainoid
biosynthetic genes in these two distantly related taxa and conservation of gene synteny in C.
armata and Pseudo-nitzschia suggests a possible HGT event. However, direct HGT of the entire
gene cluster from red algae to diatoms, or vice versa, is not likely in modern ecological contexts.
Alternatively, many genes in diatoms and other microalgae were indeed acquired from red algae
in distant evolutionary history through endosymbiotic gene transfer (EGT). Endosymbiosis of
unicellular red algae played a major role in the evolution of the diatom clade, and several red
algal genes were transferred to the host nuclear genome via EGT to contribute to the diverse
origins of diatom genomes.*'**> However, an ancient EGT event moving the DA biosynthetic
gene cluster from red algae to diatoms is unlikely given the limited distribution of kainoid
biosynthetic enzymes in modern diatom genera, whereas genes acquired via EGT are typically
widespread in the diatom lineage. Nevertheless, the lack of clear homology of the glutamate N-
prenyltransferase (RadA, KabA, and DabA) and kainoid synthase (RadC, KabC, and DabC)
enzymes to known algal proteins suggests HGT from a potential third host as a mechanism for
the acquisition of these kainoid biosynthetic enzymes. Furthermore, the observation that the
enzymes RadD and DabD are most like native CYP450s within the red algal and diatom
genomes, respectively, supports a history invoking two modes of evolution towards DA
biosynthesis: HGT combined with gene duplication and neofunctionalization of native
biochemistry.

From our biochemically supported phylogenetic analysis, it appears that the glutamate N-
prenyltransferase and kainoid synthase genes form a core biosynthetic gene cluster and were
acquired via HGT from an unknown source. These specific chemical transformations are

unprecedented in biochemistry outside of diatom and red algal kainoid biosynthesis and do not
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seem to be repurposed enzymology from within the respective algal lineages, as evidenced by
their low similarity to terpene cyclases and aKG-dependent Fe?* oxidases from public algal
genomes and transcriptomes. These enzymes may be bacterial in origin due to the structural
homology of the N-prenyltransferase to bacterial terpene cyclases and the modest amino acid
sequence homology of the kainoid synthase to known bacterial enzymes, although no strong
candidates for bacterial kainoid biosynthetic enzymes have been found to date.!” Notably, HGT
from bacteria is well-described in diatoms and red algae. Diatoms especially have been the
subject of substantial genome sequencing efforts, revealing that approximately 5% of their
functional genes have been acquired from bacteria in relatively recent evolutionary history. >4
Acquisition of HGT-derived bacterial genes, such as urea cycle enzymes and proteorhodopsins,
has contributed to the unique biochemistry and subsequent ecological success of the diatom
lineage.*>*¢ Similarly, HGT is an important mechanism for the expansion of genes related to
both primary and secondary metabolism in red algae. The extremophilic red alga Galdieria
sulphuraria is estimated to have acquired at least 5% of protein-coding genes through HGT.¥
These HGT-derived genes typically confer an adaptive advantage to the organism, such as in the
genus Pyropia wherein a HGT-derived carbonic anhydrase (CA) gene acts as a key component
of the carbon-concentrating mechanism and aids in overcoming carbon limitations.*® Red algae
also seem to have acquired other terpene cyclases via HGT from bacteria, although these
enzymes appear unrelated to the N-prenyltransferase enzymes in DA and KA biosynthesis.*
Following acquisition of the core kainoid biosynthetic genes, both C. armata and Pseudo-
nitzschia spp. appear to have repurposed extant CYP450 enzymology to install the characteristic
carboxylic acid on the terpene-derived DA sidechain important for toxicity.>® Enzymes within

the CYP450 family catalyze a diversity of chemical transformations, and conversion of a methyl
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group to a carboxylic acid is a well-established biotransformation with precedence in diverse
eukaryotic and prokaryotic organisms.>! Although the activity of RadD1 remains to be confirmed
in vitro, the high degree of synteny between the dab and radl clusters suggests that the red algal
RadDl1 fulfills a similar role to DabD in diatoms. The observed activity towards the cNGG
substrate in the RadC1 and DabC systems also supports the hypothesis that a common sequence
of DA biosynthetic reactions is shared between diatoms and red algae, with CYP450-catalyzed
triple oxidation to a carboxylic acid occurring upstream of oxidative cyclization in both
organisms.!” Independent neofunctionalization of CYP450 activities has been previously
implicated in the evolution of the plant hormone diosgenin, a plant steroid saponin with a
distinctive CYP450-installed spiroketal motif that is not limited to a specific taxon of plants but
is instead broadly and sparsely distributed.’® An additional example of CYP450-driven
convergent evolution is seen in the furanocoumarin pathway, also in plants.?* The independent
selection for these enzyme activities in unrelated plants provides precedence for the
neofunctionalization of CYP450s to install similar chemical features in distantly related
organisms, a phenomenon that may have occurred in the evolution towards DA biosynthesis as
reflected by the red algal-derived RadD and diatom-derived DabD.

Evolution towards DA production is further supported by the apparent substrate scope of
the different kainoid synthases. Although RadCl1 is more like the red algal KabC in its amino
acid sequence, RadC1 displays an activity more similar to the diatom enzyme DabC in its ability
to convert both NGG and cNGG to DA-like molecules. These substrates are not similarly
cyclized by the KA-forming DsKabC. Despite the similar activities exhibited by the C. armata
and Pseudo-nitzschia kainoid synthases, the difference in DA isomers generated by RadC1

(isodomoic acid B) and DabC (isodomoic acid A) raises additional biosynthetic questions.
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Notably, the 1,3-olefin isomerization step required to make DA itself continues to remain
elusive.!”?° Because isodomoic acid B would require both a 1,3-isomerization and a separate
trans-to-cis isomerization of the second olefin closest to the kainoid ring, it is worth
reconsidering whether the key 1,3-isomerization occurs before or after kainoid synthase
cyclization to create the most abundant, canonical DA isomer in diatoms and red algae. A similar
1,3-isomerization step occurs immediately following triple hydroxylation of a methyl group to a
carboxylic acid in lysergic acid biosynthesis, a process thought to be carried out by one or more
CYP450 enzymes in the ergot fungus Claviceps purpurea.>* However, such an olefin
isomerization was not revealed by previous studies on DabD expressed in Saccharomyces
cerevisiae.'” Meanwhile, hypothetical protein DabB identified from the diatom biosynthetic
cluster is missing from the respective C. armata gene cluster and does not appear to be encoded
within the sequenced C. armata genome. In any case, the responsible isomerase remains
unidentified. Ongoing investigations of candidate genes present in these two distantly related
species, including further study of the activities exhibited by the co-clustered CYP450 enzymes
RadD and DabD, will shed additional light on this remaining piece of the DA biosynthetic
puzzle.

The apparent evolution of kainoid synthase substrate selectivity in combination with
evidence for CYP450 neofunctionalization and co-clustering suggests a potential advantage
afforded by DA biosynthesis over KA biosynthesis. While DA is chemically distinct from KA
and has enhanced bioactivity against ionotropic glutamate receptors, the true ecological function
of DA has remained elusive.>* Previous studies have demonstrated limited trace metal chelation
by DA, affording a potential selective advantage for diatoms thriving in iron limited coastal

regimes.>*> Other work has suggested a role for DA in grazer defense, particularly with respect
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to copepod grazing in the diatom system.>® However, no studies to date have provided a concrete
ecological mechanism beyond reasonable doubt in both diatoms and red algae. While DA could
conceivably serve different functions in the red alga C. armata and Pseudo-nitzschia diatoms,
the evolutionary history described here provides new insight to the ecological importance of this

marine biotoxin.

176



3.3.1.5 Main Text Figures

Eukaryota
Bacillariophyta Rhodophyta

Bacillariaceae Rhodomelaceae Palmariaceae
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Figure 3.1. Kainoid biosynthetic genes and producing organisms. (4) DA producing diatom P.
multiseries (Bacillariophyta) and KA producing red algae D. simplex and P. palmata with DA
producing red alga C. armata (Rhodophyta), two significantly divergent phyla of kainoid
producing algae. (B) Structure of domoic acid (DA). (C) Proposed DA and KA biosynthetic
pathways showing diagnostic kainoid biosynthetic enzymes in teal performing the two key
enzymatic transformations forming the core kainoid pyrrolidine scaffold. Verified activities and
major products from this work and previous studies shown with solid arrows.!”:!8
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Figure 3.2. Visualization of syntenic comparisons between dab, rad, and kab gene clusters. Blue
background highlights diatom sequences, and red background highlights red algal sequences.
Cladogram connects clusters based on taxonomic relationships of organisms, not to scale with
respect to evolutionary time. Intensity of shading between genes is relative to the similarity of
gene pairs by amino acid sequence percent identity, in agreement with discrete measures of
sequence percent identity as labeled. Retro transposable elements are abbreviated as RT
elements.
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Figure 3.3. Activities and predicted structures of the known kainoid synthase enzymes. (4)
Comparison of combined extracted ion chromatogram (EIC) profiles for cNGG substrate
(312.1453 +/- 0.2 m/z) and isodomoic acid (310.1293 +/- 0.2 m/z) from RadC1, RadC2, DabC,
and KabC assays and C. armata extract. Relative intensity of extracted ions is shown, and all
substrates and observed DA isomers are compared to purified standards (Supplementary
Information, Fig. S3.5). (B) AlphaFold2 predicted models for RadC1, DabC and KabC. (C)
Modeled pocket volume for RadC1 and KabC.
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Figure 3.4. Phylogenetic analysis of (4) kainoid synthase and (B) co-clustered DA CYP450
enzymes (yellow highlights, yellow circle denotes key branch points). The maximum likelihood
trees were built using representative sequences from key taxonomic groups (Supplementary

Information, Table S3.5 and Table S3.6). Kainoid synthase enzymes form their own distinct
branch, independent of taxonomic origin, while the DA CYP450s are independently nested

within their respective taxonomic groups.
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3.3.2 Supplementary Information including Materials and Methods

3.3.2.1 Methods: General Methods/Chemical Methods
General

All chemicals and solvents were used as received from the commercial supplier
(SigmaAldrich or Fisher). Domoic acid and kainic acid were purchased from commercial
suppliers (National Research Council of Canada or Chem-Impex, respectively). All protein
purification from Escherichia coli was performed on an AKTA Pure 25 L1 instrument (Cytiva)
with a fraction collector F9-C and sample pump S9 with all solvents filtered through a nylon 0.2
pum GDWP membrane (Merck) prior to use. FPLC data was analyzed with UNICORN version 7
software. All protein quantification was done by method of Bradford using the Protein Assay
Dye Reagent Concentrate (Bio-Rad) on protein sample dilutions in MilliQ water.

High resolution liquid chromatography mass spectrometry (HRMS) measurements were
carried out on an Agilent Technologies 1200 Series system with a diode-array detector coupled
to an Agilent Technologies 6530 accurate-mass Q-TOF LCMS run in negative ionization mode.
Compounds were separated by reversed-phase chromatography on a Phenomenex Kinetex 5 mm
C18 100 A 150 x 4.6 mm LC column with water + 0.1% formic acid (solvent A) and acetonitrile
+ 0.1% formic acid (solvent B) as eluents. Two LC methods were used for separation of all
compounds for HRMS. For LC Method A, the following gradient was applied at a flow rate of
0.75 mL/min: hold at 5% B for 1 minute, 5% to 35% B over 30 min, 35 to 100% B over 1
minute, hold at 100% B for 1.5 min, 100% to 5% B over 2.5 min, hold at 5% B for 2 min. For

LC Method B, the following gradient was applied at a flow rate of 0.75 mL/min: hold at 5% B
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for 1 minute, 5% to 35% B over 15 min, 35 to 100% B over 1 minute, hold at 100% B for 1.5

min, 100% to 5% B over 2.5 min, hold at 5% B for 2 min.

Preparation of substrates and standards

Preparation of all non-commercial substrates and standards has been described elsewhere
in the chemical literature.'-> Briefly, the chemical syntheses of N-geranyl glutamate (NGG), 7°-
carboxy-N-gernayl glutamate (cNGG), prekainic acid, dimethyl-allyl pyrophosphate (DMAPP),
and geranyl pyrophosphate (GPP) were performed as previously described.!? Enzyme
biocatalytic synthesis of dainic acid A, dainic acid C, and isodomoic acid A was performed as
previously described.! Purification of isodomoic acid B from Chondria armata was performed as
previously described.? Isodomoic acid C was co-purified with isodomoic acid B using the
previously described methodology for isodomoic acid B. The two compounds were separated
using a Mightysil RP-18 GP Aqua column (4.6 x 250 mm, 5 pm, Kanto Chemical, Tokyo,
Japan) with H;O-MeCN-HCOOH (90 : 10 : 0.1, v/v/v). Proton nuclear magnetic resonance (‘H-
NMR) measurement of isodomoic acid C was performed in D>O at 600 MHz (Fig. S3.14). The
signal of the residual MeOD was adjusted at & 3.30 ppm as the internal reference in D>20O. The
identity of isodomoic acid B was similarly confirmed by 'H-NMR by comparison to literature

spectra.>*

3.3.2.2 Molecular Biology/Biochemical Methods

DNA Extraction

Chondria armata was collected from Hanazezaki (31°11°40” N 130°30°30” E), Ibusuki

City, Kagoshima Prefecture, Kyushu Island, Japan. The sample was dried by lyophilization and
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finely ground. 1 g of this C. armata powder was used to extract DNA according to the previously
described protocol.? Extracted DNA was further purified using a Short Read Eliminator Kit,
XSRE (Circulomics) and size selected using the BluePippin system with a High Pass Plus 15 kb

cassette (Sage Science).

Oxford Nanopore Sequencing

Size-selected, high-molecular weight (HMW) DNA was sequenced using the Oxford
Nanopore MinlON and PromethION platforms (Oxford Nanopore Technologies (ONT), Oxford,
UK). Two one-dimensional (1d) libraries were prepared with 900 ng HMW DNA using the
Ligation Sequencing Kit (SQK-LSK109) (ONT, Oxford, UK). An initial library was loaded onto
a R9.4 flowcell and run for 48 hr, resulting in 6.9 Gb of sequence with a read length N50 of 15
kb. A second library was generated using the same method as before and loaded onto a R9.4.1
flowcell and run using the PromethION platform 24 (P24), yielding 46 Gb of sequence with a
read length N50 of 12.5 kb. The data from these two runs were pooled and used for assembly.

NCBI Sequence Read Archive accession: SRR15927349 and SRR15927348.

Illumina Sequencing

NEBnext sequencing libraries were generated to polish genome assemblies (New
England Biolabs, Beverly, MA, USA). NEBnext sequencing libraries were created with 100 ng
of DNA and quality-controlled on a bioanalyzer. Resulting libraries were sequenced on an
[llumina MiSeq 2x150 bp to check quality and quantity (Illumina, San Diego, CA). The libraries
were then sequenced on an [llumina NovaSeq S4 200 (PE100, 10x) run that resulted in 74 Gb of

sequence. NCBI Sequence Read Archive accession: SRR15927350.
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Genome assembly

[llumina reads were trimmed with Trimmomatic v0.3 and used for genome size
estimation and initial assembly by Platanus v1.2.4 using the following parameters: -k 17 -s 10 -u
0.2 -t 24 -m 500.>% Using the 17-mer histogram, C. armata genome size was estimated to be 480
Mb (Figure S3.2).

Raw pooled ONT and illumina reads were assembled using the MaSuRCA pipeline
v3.4.2.7 Configuration file parameter FLYE_ASSEMBLY=1 was used for final assembly of

corrected mega-reads. All other parameters were set to default settings.

Genome quality assessment

C. armata genome assembly contiguity and completeness were assessed with BUSCO
(v4.0.5) using the eukaryota benchmarking universal single-copy orthologs eukaryota odb10
dataset.® This method was applied to the ten publicly available red macroalgal genomes —
Agarophyton vermiculophyllum (AgarVerm_1.0), Asparagopsis taxiformis (ASM1839795v1),
Chondrus crispus (ASM35022v2), Digenea simplex (ASM479842v1), Gracilariopsis chorda
(GraChol.0), Gracilariopsis lemaneiformis (Glem_v01l), Kappaphycus alvarezii
(ASM220596v3), Neoporphyra haitanensis (ASM982973v1), Neopyropia yezoensis
(ASM982973v1) and Porphyra umbilicalis (P_umbilicalis_v1) — to establish a relative
comparison of C. armata eukaryotic gene orthologs. Raw ONT reads were mapped to the final
assembled genome using minimap2.” Mapped reads were processed, sorted, and indexed using

SAMtools with the sorted bam file reporting 88.32% of reads mapped to the assembled
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genome.!'? The average depth of read coverage for radl, rad2, and rad3 was calculated to be 39x,

21x, and 21x, respectively (Fig. S3.4).

PCR and cloning

Polymerase chain reaction (PCR) was carried out using standard thermocycling protocols
using Prime Star MAX (TaKaRa) using the templates and primers as specified for each reaction.
All reactions using plasmids as template were treated with Dpnl (New England Biolabs)
following PCR amplification to remove contaminating template DNA. Assembly of all PCR
fragments was performed using the NEBuilder HiFi DNA Assembly Mix (New England
Biosciences) following manufacturer protocols. Initial amplification of radA 1, radCl, and radC2
was performed using the primer sets RadA p28 N 001-002 and RadC p28 N 001-002 with C.
armata gDNA as template. The pET28a vector was linearized using the primer set p28-

N_BB 001-002. Assembly of radA and radC amplicons into the linearized pET28a vector
incorporated the N-terminal Hiss affinity tag, whereupon the assembled constructs were
transformed into E. coli DH5a chemically competent cells (ThermoFisher) and plated on
kanamycin (50 mg/mL) LB plates. Purification of plasmid DNA and subsequent Sanger
sequencing (GeneWiz) confirmed the presence of radA1, radCl, and radC?2 inserts. All
constructs were transformed into chemically competent E. coli BL21(DE3) (New England
Biolabs).

Following expression testing of constructs, further truncations and tags were screened for
radAl and radC?2 to yield soluble protein expression. A 7-amino acid N-terminal truncation was
generated for radA 1 using the primers RadA d7 MBP and p28 3prime Amp using the

construct generated above as a template. A modified pET28 vector containing an N-terminal
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maltose binding protein (MBP) with N-terminal Hise tag was linearized using the primer set
MBP_BB _001-002.!! Assembly of the truncated radA1 into the linearized MBP vector yielded
the construct N-Hise-MBP-A7-RadA1, which was transformed and purified, as described above,
and verified by Sanger sequencing.

An 11-amino acid N-terminal truncation was generated for radC2 using the primers
RadC2 D11 p28-C and RadC2_ CtermOH with the original RadC2 construct generated above as
template. The pET28a vector was linearized using the primer set p28-C_BB_001-002 to allow
the addition of a C-terminal Hise tag to the insert. Assembly of the truncated radC2 into the
linearized pET28a vector yielded the construct Al11-RadC2-Hises-C, which was transformed,

purified, and sequenced as described above to verify the construct.

Extraction of domoic acid isomers from C. armata

To extract domoic acid isomers from C. armata, 50 mg of dried algae was pulverized and
extracted with 500 pL of 50% methanol. This mixture was mashed and vortexed every 15 mins,
for 90 mins at 60°C. The mixture was then centrifuged for 15 mins at (21000 xg, 20 min, 20 °C)
to pellet debris. The supernatant was gently removed and filtered prior to injection (10 puL) on

LC-HRMS.

Protein Purification

Both DabC and DsKabC were purified as described previously.!? For the newly
generated N-Hise-MBP-A7-RadA1 (RadAl, hereafter), N-Hiss-RadC1 (RadC1, hereafter) and
A11-RadC2-Hiss-C (RadC2, hereafter) protein expression constructs, culturing and protein

purification was performed using standard methodology. Cultures of E. coli BL21 (DE3)
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chemically competent cells co-transformed with RadA 1, RadC1, and RadC2 protein expression
plasmids were shaken at 37 °C in 1 L of Terrific Broth (Fisher Bioreagents) to an ODgoo of ~0.6.
Then, cultures were chilled to 18 °C and induced with 1 mM of isopropylthio-b-galactoside
(IPTG). Flasks were shaken overnight (~16 hr) and cells were harvested by centrifugation (8000
xg, 10 min). Cell pellets were resuspended in 25 mL of lysis buffer (20 mM Tris pH 8, 500 mM
NaCl, 10 mM imidazole, 10% glycerol) and stored at -80 °C for future purification.

All frozen cell pellets were defrosted, and cells were lysed by sonication using a Qsonica
6 mm tip at 40% amplitude for 20 cycles of 15 seconds on and 45 seconds off, gently mixing
after 15 cycles. Cell lysate was then centrifuged for 30 mins at 20,000xg to pellet cell debris.
Initial immobilized metal-affinity chromatography (IMAC) purification of RadA1, RadCl1, and
RadC2 was performed similarly for all soluble protein constructs. Briefly: clarified lysate was
loaded at 2mL/min onto a SmL HisTrap FF column (Cytiva) using a pre-equilibrated with wash
buffer (20 mM Tris, 500 mM NaCl, 10mM imidazole, pH 8). The loaded column was washed
with 10 column volumes of 8% elution buffer (20 mM Tris, 500 mM NacCl, 250 mM imidazole,
pH 8). Protein was eluted using a linear gradient of 8-100% elution buffer over 15 column
volumes in 4 mL fractions. Fractions were assessed using SDS-PAGE, and target protein
containing fractions were pooled and concentrated using Amicon Ultra-15 50 kDa-cutoff
(RadA1) and 30 kDa-cutoff (RadC1 and RadC2) centrifugal filters (Millipore Sigma).

RadC1 and RadC2 were further purified by size exclusion chromatography. Briefly:
protein was concentrated to 1 mL using an Amicon Ultra-15 30 kDa-cutoff concentrator and
further purified at a flow rate of 1 mL/min with a HiLoad 16/60 Superdex 75 prep grade column

(GE Healthcare Life Sciences) pre-equilibrated with 50 mM HEPES pH 8.0, 250 mM NacCl, and
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10% glycerol. Purity was checked using SDS-PAGE and relevant fractions were pooled,
concentrated, and stored immediately at -80 °C.

Following IMAC purification, concentrated RadA1 protein was desalted and buffer-
exchanged using PD-10 columns (Sephadex G-25 M, Cytiva) pre-equilibrated with storage
buffer (50 mM HEPES pH 8, 250 mM NacCl, 10% glycerol) also containing 5 mM MgCl: to help
with RadA1 stability. The buffer-exchanged RadA1 was further concentrated, aliquoted, and
stored immediately at -80 °C. RadA1 was not stable upon attempted size exclusion

chromatography using 50 mM HEPES pH 8.0, 250 mM NaCl, 5 mM MgCl,, and 10% glycerol.

Enzymatic activity assays

Enzyme assays to demonstrate kainoid synthase (RadC1, RadC2, DabC, DsKabC)
function were carried out as previously described.! Assays were conducted in 100 mM HEPES
(pH 8.0), 100 mM KCI, 10% glycerol buffer with 1 mM ascorbate and 6.25 mM alpha-
ketoglutarate (aKG). Prenylated glutamate substrate (NGG, cNGG, prekainic acid) was added to
1 mM, followed by 50 mM of enzyme and 50 mM of FeSO4. Total reaction volume was 100 mL.
Reactions were allowed to incubate at room temperature (~25 °C) overnight (~18 hr) and were
then quenched with 100 mL of ice-cold methanol. Quenched reactions were centrifuged (21000
xg, 20 min, 4 °C) in a tabletop centrifuge and subsequently filtered with a nylon 0.22 mm pore
CA membrane (Costar Spin-X) prior to injection (10 mL) on LC-HRMS. LC Method A was used
for all kainoid synthase assays using the geranylated substrates (NGG and ¢cNGQG) and associated
standards, whereas LC Method B was used for kainoid synthase assays on pre-kainic acid and
associated standards. Substrates and products were identified using retention time and mass [M-

1] in comparison to injections of prepared chemical standards. A similar 10 mL injection of C.
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armata DA extract, prepared as described above, was also analyzed by LC-HRMS in comparison
with ctNGG enzyme assays and standards to ascertain relative DA isomer abundance in our C.
armata isolate.

Enzyme assays to demonstrate N-prenyltransferase function were carried out as
previously described, with modifications.!>!? Assays were conducted in 100 mM HEPES (pH
8.0), 100 mM KClI, 10% glycerol buffer with 5 mM MgCl. Isoprene diphosphate (DMAPP or
GPP) was added to 1 mM together with 20 mM of L-glutamate. Reactions were allowed to
incubate at room temperature (~25 °C) overnight (~18 hr) and were then quenched with 100 mL
of ice-cold methanol. Quenched reactions were centrifuged, filtered, and injected (10 mL) onto
LC-HRMS. LC Method B was used for all N-prenyltransferase assays described here. Substrates
and products were identified using retention time and mass [M-1] in comparison to injections of

prepared chemical standards.

Phylogenetic analysis

Kainoid synthase tree: Initial BLAST searches revealed few closely related homologs
outside of known KA or DA biosynthetic genes. These top tBLASTn hits were pooled with
representative sequences from the isopenicillin N synthase-like (IPNS-like) InterPro family
(IPR027443). Representative sequences were selected from UniProt using the UniRef50 function
to provide a clustered set of sequences. Select sequences were further clustered using the CD-
HIT suite, and a representative sequence from the largest 150 clusters was selected for further
analysis. A multiple sequence alignment was generated using kalign (v2.04).!3 A maximum-
likelihood (ML) phylogenetic tree was built using IQ-TREE, and the best-fit substitution model,

VT+RS3, was automatically selected.!* This process of using top BLAST hits and representative
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InterPro family sequences to construct a ML tree was repeated with RadD using the cytochrome
P450 InterPro family (IPR001128). In addition to top BLAST hits and representative sequences,
diatom P450 sequences were mined from publicly available transcriptomic datasets and a subset
of related P450s was seeded into the tree. The substitution model LG+R6 was automatically

selected. All trees were visualized in iTOL.!3
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3.3.2.3 Supplemental Tables

Table S3.1. Primers used in this study

RadA p28 N 00
1

GGTGCCGCGCGGCAGCCATATGAAGGTACTTGCAGAAGACGACCC

RadA p28 N 00
2

GGTGGTGGTGGTGCTCGAGTCAAGTCGCTGTACTAATTATTTTAACGAGCTCG

RadC _p28 N_00
1

GGTGCCGCGCGGCAGCCATATGTTTACGATCAAAGGAACGGAACTGAAC

RadC _p28 N_00
2

GGTGGTGGTGGTGCTCGAGCTAGTAGTAGCCATGAAGAAACTTGTATTTTACG

p28 3prime Amp

TGGTGGTGGTGGTGCTCGAG

RadA d7 MBP CTGTACTTCCAATCCGGATCCGACCCAAATGATGCACTAGCCCGTATCAAAACC
RadC2 d11 p28- | CTTTAAGAAGGAGATATACCATGGATTTTAATCCCTTGGAAGTAGAGAAGCTCA
C ATTG

RadC2 CtermOH

GCTCGAGTGCGGCCGCAAGCTTGTAGTACCCATGAGTAAACTTGTATTTTACGT
AAGTGA

MBP BB 001 GGATCCGGATTGGAAGTACAGGTTCTCAGATCC

MBP BB 002 CTCGAGCACCACCACCACCACCACTGAG

p28-N_BB 001 CATATGGCTGCCGCGCGGCACC

p28-N_BB 002 CTCGAGCACCACCACCACCACCACTGAG

p28-C_BB 001 CATGGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTCTAGAGGGGAATTG
p28-C_BB_002 AAGCTTGCGGCCGCACTCGAGC
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Table S3.2. Summary of known KA and DA red algal producers from the literature. Right
columns indicate if the study included chemical characterization of extracts and/or validation of
biosynthetic genes.!¢!” *A homolog for RadD was not found in the sequenced D. simplex
sample.

Kainic Acid

order family genus species extract  gene
Ceramiales Rhodomelaceae Digenea simplex yes yes
Ceramiales Rhodomelaceae Laurencia papiillosa yes no
Ceramiales Rhodomelaceae Vidalia obtusiloba yes no
Ceramiales Ceramiaceae Centroceras clavulatum yes no
Palmariales Palmariaceae Palmaria palmata yes yes
Palmariales Palmariaceae Palmaria hecatensis yes no
Palmariales Rhodophysemataceae Rhodophysema elegans yes yes
Halymeniales Halymeniaceae Grateloupia filicina yes yes

Domoic Acid

order family genus species extract  gene
Ceramiales Rhodomelaceae Digenea simplex yes no*
Ceramiales Rhodomelaceae Chondria armata yes yes
Ceramiales Rhodomelaceae Osmundaria obtusiloba yes no
Ceramiales Rhodomelaceae Amansia glomerata yes no
Ceramiales Rhodomelaceae Alsidium helminthochorton yes no
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Table S3.3. Quast statistics of the final assembled C. armata genome.

Statistics without reference CA_masurca_bothONT
# contigs 2991

# contigs (>= 0 bp) 2991

# contigs (>= 1000 bp) 2818

# contigs (>= 5000 bp) 2271

# contigs (>= 10000 bp) 2035

# contigs (>= 25000 bp) 1769

# contigs (>= 50000 bp) 1490
Largest contig 3292845
Total length 507692717
Total length (>= 0 bp) 507692717
Total length (>= 1000 bp) 507578445
Total length (>= 5000 bp) 506026847
Total length (>= 10000 bp) 504384905
Total length (>= 25000 bp) 499967534
Total length (>= 50000 bp) 489680988
N50 643002
N75 256360
L50 226

L75 532

GC (%) 45.34
Mismatches

#N's 19500

# N's per 100 kbp 3.84
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Table S3.4. BUSCO assessment of publicly available red macroalgal genomes

Scientific name Assembly Complete  Single-copy Duplicated Fragmented Missing n=255
Chondria armata 74.5 70.2 43 7.5 18.0 255
Agarophyton

vermiculophyllum AgarVerm 1.0 59.6 58.8 0.8 6.3 34.1 255
Asparagopsis taxiformis ASM1839795vl  78.0 69.4 8.6 5.5 16.5 255
Chondrus crispus ASM35022v2 72.2 71.0 1.2 8.2 19.6 255
Digenea simplex ASMA479842v1 71.4 69.8 1.6 7.5 21.1 255
Gracilariopsis chorda ~ GraChol.0 76.9 74.9 2.0 5.5 17.6 255
Gracilariopsis

lemaneiformis Glem_v01 753 74.1 1.2 6.7 18.0 255
Kappaphycus alvarezii ASM220596v3 59.6 41.6 18.0 11.8 28.6 255
Neoporphyra

haitanensis OUC_PyHait 52.6 514 1.2 133 34.1 255
Neopyropia yezoensis ASM982973v1 54.9 54.5 0.4 13.7 314 255
Porphyra umbilicalis ~ P_umbilicalis vl 424 42.0 0.4 14.1 43.5 255

200



Table S3.5. Kainoid synthase representative sequences. UniProt accession numbers of
representative sequences of key taxonomic groups from the isopenicillin N synthase-like (IPNS-
like) InterPro family (IPR027443). Sequences highlighted in grey represent NCBI accession
numbers of top BLAST hits.

D4Eg02 A0A2V3J2T9 A0A6S72546 AO0A6P4B8E0 AO0AOWOG3P1
A0A485B8P9 AOA6VOPIX2  AOA6VIFBNS = AO0A371EF89 AO0A094A4Z7
AOA1I2FBH3 M2WQWS5 AOA6V1IVUR4 | A0A4S4F1G2 A0A093Z4A8
AO0AO0QODE95 | R7QT26 A0A6S8Y206 AOASNSL5D4 AO0ATD7ZSX3
AO0A2X4YWX6 | AOASJAYHC7 | AOA6U4KKR1 | B9RI27 WP_075477798
AOA6M4ATNE8 | AOA6TSWS5I9 | KORCE9 AOA2UINEAS WP_112713920
W6RJX4 AOA6TO6N7U3  AOA6V3IGZM2 | AOA2G3D1B6 AO0A1R2C824
AO0A653YTM6 | A0AS5J47228 AO0A6U1BI44 AO0AS5SNSP4G6 AOA1R2CNO2
AO0A1H4S654 AO0A6T9YZV4  AOA6U3NAE4 = AO0ASJ9TMS2 P18548
AO0A3N1V457 | AOA6T6NYH4 | AOA6VONRI9 = AOA094HTES

A0A562MRU1 | AOA6VOMETI | AOA6UOGHJ2 | A0A135S57A4

A2WDT8 A0AS5J47328 AO0A6U6F6P8 AOAI139IR59

M5D0U2 AOA6T6LKSS  AOA6V3DN33 = AOA1S9RVI1

AOA663ASE4 | A0A2V3J2G5 | AOA6U2NKB2 = AOASN6J8W1

AO0A4R3ZW85 | AOA6T6KDA2 | A0A124SC96 AO0A2G8SRBY

AO0A2N3PWI13 | MIVKP3 A0A438J382 AO0A3M7LXI8

AO0AOP9P600 AOA6VOQHG! | AOA2UINH25  AOA1L9TCDA4

AOA387HMF6 | AOA1X6PK80 | AOA4VIWLVO = AO0A1X6MM30

AO0A286HD09 | A0AS5J47952 AOA6A2YIDO | AO0A444RNV4

AOAO021VNH7 | AOA6VILTB9 @ AOASB6VHCO = AOAOF2MS517

QI98N28 A0A6VI1I903 AO0A3S3QTW4  A0A4UOWWHS

I3UAA2 A0A6S8QUQO  WIQYP6 A0A395SJD4

Q3JLE9 AOA6U3NP22  A0A49817M4 AO0AO0G2FG99

AOA6P2CA42 | AOAG6UIFFP2 | MA4CSL2 AO0A2P2HFLO

C4WFH3 AOA6TONQR4 = A0A3Q71749 A0A364MXH3

AO0A6T6QOUY9 | AOA6TOLLCS | AOAS540MTIJS AOA135SK8&0

AOA6TONVT6 | AOA6VIY066 | AOA314KIM9 = AOA4P7NST2

R7QC14 A0A6S8GT773 AO0AS5J5BVO7 B8MRF9

AOA6T6CMLO | AOA6T2XKK6 | AOAOBOMG73 = W3WSK3

AO0AS5J4Z4R2 AO0A6TOK2C4 | AO0A1J6JTO00 AO0A1S9D541
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Table S3.6. CYP450 representative sequences. UniProt accession numbers of representative
sequences of key taxonomic groups from the cytochrome P450 InterPro family (IPR0O01128).
Sequences highlighted in grey represent the Protein ID of sequences from the JGI PhycoCosm.

AOA6VIGDWS | A0OA4R2CXHS8 | AOA094AXQ3 | A0A498I310 AOA6T6AFAS
AO0A6VIVTR0 A0A274V4B8  AOA2NINSW2 = A0A3Q7IZP9 M2VTT7
AOA3S7L8P2 AOAIHSYLD1 = A0A094J165 AOASN6QLC6 = M1VHIS
AOA6USMHZS  A0A4R4VQ17 = A0A2GT7FJ09 AO0A200RBS5 = A0A2V3IHK9
AO0A6V3IBWI7 | AO0A249PFW7 | A0A094HR63 AOA2G3C5P5 | 247725
KORTIJ9 AO0AOM4Q8A0  AOAI35TVVI AO0A6A1UQ32 202814
AO0A6S9PJ72 A0A290XS85 AOA2G7FQT3  AO0A6L2M770 | 130274
AO0A6U3SSW4 | A0OA498PLX0 | AOA0G4KS67 A0ASJ4ZT80 32491
AO0A6UOZEHO | X8CRZ0 WIoCUQI AO0A371HFRO
AOA6UIBAX8 | AO0A2G6CH09 | A0A2P4QZ99 AOAIR3I738
AO0A6U2T721 AO0A4DAL8P2 | A0A165K1U7 AOA6TS5VVSS
AOA6TOHIW2  AOA3N6E6F4 = AOAOG4NKU9 = AOA1X6P1P4
AO0A6UO0GZLY9 | AOAOPOR9V1 AO0A175W394 AO0A6VORYK1
AO0A6V0OY2P1 AOA1I4AUB2 | AOA4Y9ZEVY9 | AOA6T6MKES
A0A6V0Q6S54 AOA2I7TWCV3 | AOA4U9EEN7 | A0AS5J4YL64
AO0A6SSEW11 I7FQV2 AOA6N2LYY4  AOASJ4YNMO
AOA6TIBYY7 AOPL28 AOA5D2RYA7  AO0A2V3IWP3
AO0A6V2X6A8  AOA6HIIYS0 AOA2NOHUKG6 = AOAG6T6AE48
AO0A6V2E486 A0A3G2J7I5 AO0A2NI9HOF4 AOA6T6Q6L2
AOA1E7EPM2  AO0A1Q5HD23 | AOASNSLFD9 = AO0A1X6PCOS5
AOA6SSLNVY | AOA2U3ES828 A0A200Q069 AO0ASJAYWA9
AO0A6V2INDI A0A421J420 AO0A6A2XWI3 | R7QHS7

AO0A6V4QEM2 | AOAIS9DKVS | A0A498J2J3 AO0A6VORHZS
AOA6UIUVS9 | A0A484GA20 | AOA6N2LLDS | AOA6T6K777
A0A6U3S5297 A0A094D2J3 AO0A166FQl11 AO0A1X6P2TO
AOA6NOWX86 |« AOA2U3DT16 |« AOAIQ3CNA7  AO0A6VORF11

USELP1 AOA2NINTF4  AO0A6A3B2M2  R7QBAO

AO0A3L8C4K3 JAKML6 AOASBO6WXS83 | AOA6T6B6CS

C2W9Ko6 AOA4S9AE14 | A0A49812M7 AOA6TO6ATKT
AOA3Q8XTT3 | AOAISORMP3 | AO0A498KMK2 | AOA6VOMZHS
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3.3.2.4 Supplemental Figures

Cyanidiales
—— Stylonematales
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Rhodymeniales
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Figure S3.1. Cladogram of DA and KA producers by order in Rhodophyta. Blue and red dots
indicate KA and DA producing orders, respectively. See Table S3.1 for a list of producing
organisms.
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Figure S3.2. K-mer analysis of the Chondria armata genome. Tetraploid (41x), diploid (83x),
and haploid (166x) peaks are labeled. Sequences to the left of the dashed line were omitted.
Haploid genome size was estimated to be 480 Mb.
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Figure S3.3. BUSCO assessment of red macroalgal genomes. C. armata BUSCO assessment
highlighted in black box.
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Figure S3.4. The three copies of the rad cluster within the C. armata genome. Mean coverage
across each copy in parentheses. The sequences of radl, rad2, and rad3 are deposited in
GenBank, accession numbers OK169902, OK169903, and OK 169904, respectively.
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Figure S3.5. Domoic acid isomers in C. armata. Negative mode LC-HRMS chromatograms
using LC Method A of domoic acid (DA), isodomoic acids (isoA, isoB, isoC), and cNGG
standards compared with C. armata extract, showing extracted ion chromatograms for
anticipated DA isomer and cNGG masses (EIC 310.1293 m/z and 312.1453 m/z, respectively,
+/- 0.2 m/z).
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Figure S3.6. 10% SDS-PAGE gel. Sample order is as follows: Ladder, MBP-RadAl, RadCl,
RadC2. Note the additional band in the RadA lane is the MBP tag without RadA. RadA was
unable to be further purified by gel filtration due to instability of the construct.
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Figure S3.7. Kainoid synthase reactions were set up as previously described using NGG (1
mM). Negative mode LC-HRMS chromatograms using LC Method A of kainoid synthase
reactions are shown together with dainic acid standards, showing combined extracted ion
chromatograms for anticipated products and substrates (EIC 280.1554 m/z and 282.1711 m/z,
respectively, +/- 0.2 m/z).
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Figure S3.8. Prekainic acid substrate screen. Kainoid synthase reactions were set up as
previously described using prekainic acid (1 mM). Negative mode LC-HRMS chromatograms
using LC Method B of kainoid synthase reactions are shown together with prekainic acid and
kainic acid standards, showing combined extracted ion chromatograms for anticipated products
and substrates (EIC 212.0300 m/z and 214.0500 m/z, respectively, +/- 0.2 m/z).
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DabC RadC1 KabC
Area: 454 A2 Area: 367 A? Area: 260 A2
Volume: 262 A3 Volume: 208 A3 Volume: 115 A3

Figure S3.9. CASTp output of modeled pocket volumes for Pseudo-nitzschia multiseries DabC,
C. armata RadC1, and Digenea simplex KabC.?® Binding pockets are highlighted in red,
calculated enzyme pocket areas and volumes are labeled below protein models in terms of
solvent accessible surface area.
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prekainic acid NGG

,A RadA - DMAPP

A RadA - GPP

NGG standard

prekainic acid standard

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Counts vs. Acquisition Time (min)

Figure S3.10. Overnight assays with purified MBP-A7-RadA1. Substrate screening suggest both
GPP and DMAPP can be accepted as substrates to make NGG and prekainic acid, respectively.
RadAl N-prenyltransferase reactions were set up as previously described using L-glutamate acid
(20 mM) and DMAPP or GPP prenyl donors (1 mM). Negative mode HRMS chromatograms
using LC Method B of RadA1 reactions are shown together with prekainic acid and NGG
standards, showing individual extracted ion chromatograms for anticipated NGG and prekainic
acid products (EIC 282.1711 m/z and 214.0500 m/z, respectively, +/- 0.2 m/z).
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Tree scale: 1 ————

) N-prenyl transferase enzymes
@ Bacteria

@ Fungi

I Misc. eukaryotes

B Red algae

@ Plant

Figure S3.11. N-prenyltransferase enzyme maximum-likelihood phylogenetic tree. RadA
sequences mapped to previously reported tree.!? They clade with the other N-prenyltransferases
and are very distantly related to other terpene cyclases.
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Chapter 4: Metatranscriptomic sequencing and barcoding of a

major harmful algal bloom event in Monterey Bay, California
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4.1 Introduction to Chapter 4

The California Current is one of four major currents making up the North Pacific
Subtropical Gyre, together with the Kuroshio Current off the coast of Japan and East Asia, the
North Pacific Current to the north, and the North Equatorial Current to the south.!? Of these four
major currents, the California Current is the eastern boundary current, bounded by the North
American West Coast at the eastern edge of the North Pacific. In general, eastern boundary
currents are prime locations for strong, biologically relevant upwelling due to the action of
prevailing winds fueling Eckman transport of surface waters away from the coastline. Coastal
water transported in this manner is readily replaced by cold, high salinity deep water that is also
typically rich in nutrients required for phytoplankton growth and biological productivity.’ The
four major eastern boundary upwelling systems, characterized by especially strong upwelling
and high biological productivity include the Benguela Current off the southwest coast of Africa,
the Humboldt Current off the western coast of South America, the Canary Current off the
Northwest coast of Africa, and the California current. The effects of biologically-relevant
upwelling in the California current has been well studied within the California Current
Ecosystem (CCE) at a variety of trophic levels.*

Because the CCE is a major upwelling zone, the North American West Coast is
especially susceptible to the initiation and development of harmful algal blooms (HABs),
especially in the Spring and Summer months when seasonal, upwelling-favorable winds are
strongest.!® Many different types HAB events have been reported off the coast of North America
for the past several decades, with major HAB taxa including saxitoxin-producing dinoflagellates
and domoic acid (DA) producing blooms of the diatom Pseudo-nitzschia.'' The first recorded

DA outbreak occurred on the North American West Coast in 1991, just a few years after the
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biotoxin was identified as a shellfish poison in Prince Edward Island mussels in 1987. The 1991
outbreak resulted in the deaths of seabirds in Monterey Bay, California, including pelicans and
cormorants.!?!* Contamination of DA was also detected in razor clams and Dungeness crab in
Northern California and the Pacific Northwest.!'* While information suggesting DA outbreaks
pre-1991 is limited, diatoms belonging to the genus Pseudo-nitzschia have been described off the
North American West Coast as far back as 1920, although these diatoms were at the time
classified as Nitzschia seriata.’> A subsequent DA outbreak in 1998 resulted in the mass
mortality and stranding of sea lions and other marine mammals along the central California
coastline, with razor clam fisheries in the Pacific Northwest reporting high levels of accumulated
DA similar to the 1991 event.!5!7

Following these reports of toxic events in 1991 and 1998, DA-producing HABs have
been detected and described off the North American West Coast nearly every year since.!!:!8
Various “hotspots” for Pseudo-nitzschia HAB activity have emerged at discrete locations along
the North American West Coast, with the Juan de Fuca Eddy and the Santa Barbara Channel
serving as prime examples of hotspots off the coast of Washington and Southern California,
respectively.!*2! One of the major Pseudo-nitzschia and DA hotspots off the coast of Central
California is Monterey Bay, a large body of water just south of San Francisco and San Jose that
experiences regular periods of strong seasonal upwelling followed by dramatic relaxation of
upwelling every year, thereby driving phytoplankton bloom and bust cycles and contributing to
local primary productivity.??-2* Two major sources of nutrient rich, cold-water upwelling have
been identified: Point Afio Nuevo just north of Monterey Bay and Point Sur, immediately to the

)'22

south (see Fig. 4.1 in section 4.3).> Both upwelling centers lie outside of the bay itself and flow

into the mouth of Monterey Bay, with upwelling from Point Aflo Nuevo providing an “upwelling
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shadow” at the northern mouth of the bay contributing to retention of water masses.?* Upwelling-
favorable winds in Monterey Bay typically start in early spring and persist into the summertime.
Relaxation of these seasonal winds and subsequent relaxation of upwelling results in the
migration of low-salinity oligotrophic waters into the bay from offshore due to a “meandering”
California Current that is no longer bounded by the nearshore upwelling centers at Pt. Afio
Nuevo and Pt. Sur.?? These periods of upwelling and relaxation have been directly demonstrated
to influence phytoplankton populations in Northern Monterey Bay.?*

As one might expect, the seasonal cycles of nutrient-rich upwelling in Monterey Bay
have the potential to fuel HAB events, particularly those caused by DA-producing Pseudo-
nitzschia. However not all Pseudo-nitzschia blooms occurring within Monterey Bay are equally
toxic. One study by Bowers et al. focused on two specific bloom events in the bay: a fall 2013
bloom of Pseudo-nitzschia fraudulenta and the local spring 2015 bloom of Pseudo-nitzschia
australis that coincided with the larger North American West Coast P. australis event discussed
previously in Chapter 1.26 Despite both bloom events displaying similar concentrations of
Pseudo-nitzschia cells, the 2015 event produced orders of magnitude more DA per liter. While
this discrepancy in toxicity may be linked to the dominant species present, with P. australis
contributing to the bulk of DA regularly produced off the Central California Coast, local
oceanographic conditions may have also played a role. For example, the 2015 event was also
characterized by historically low concentrations of silica in Monterey Bay, a key nutrient
required for diatom growth that has also been demonstrated to induce DA production in culture
when supply of the nutrient is limited.?>?”-?8 Further study is required to fully understand
oceanographic inputs into bloom toxicity to better monitor and forecast toxic Pseudo-nitzschia

events in the future.
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Despite our limited understanding of the geochemical and physical drivers leading to DA
production in the marine environment, it is nevertheless apparent that some species of Pseudo-
nitzschia are more commonly toxic than others.?>3? As such, reliable, rapid identification of
Pseudo-nitzschia species is an area of substantial interest for the improved monitoring of DA-
producing HABs. Classical assignment of Pseudo-nitzschia species identity has been performed
using electron microscopy as a “gold standard” approach for describing the unique features of
diatom silica frustules in order to differentiate one species from another.?® Unsurprisingly, this
approach is time and resource intensive, especially in complex samples potentially containing
multiple species. Molecular probes have proven to be especially useful for the routine, rapid
identification of dominant Pseudo-nitzschia species from sample filters using a “sandwich
hybridization” approach.>! However, new molecular probes need to be developed to detect
additional species, and the approach lacks specificity and precision in some cases.

Meanwhile, high-throughput sequencing of 18S ribosomal regions has yielded enormous
insight into the diversity of diatoms in the world’s oceans, yielding genus-level identification and
relative abundance information comparable to what can be achieved by light microscopy.*?
Despite the clear advantages afforded by sequencing 18S ribosomal regions, the approach is
much better suited for genus-level taxonomic assignment and lacks sufficient resolution at the
level of individual species. To address these limits implicit in 18S sequencing information, the
field has begun to investigate new molecular “barcoding” regions for the species-level
identification of Pseduo-ntizschia isolates. One study by Lim et al demonstrated that the internal
transcribed spacer 2 (ITS2) region can reliably identify and delineate species of Pseudo-nitzschia
in a manner that is wholly consistent with classical species identification by electron

microscopy.®* We envision that a combination of high-resolution species identification via ITS2
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sequencing together with detection of our newly discovered DA biosynthesis (dab) genes
(described in Chapters 2 and 3) could form a robust basis for the molecular characterization of
toxic Pseudo-nitzschia HABs.

To demonstrate the potential of novel molecular approaches to inform Pseudo-nitzschia
HAB monitoring, we generated a robust molecular dataset to complement weekly pier-based
monitoring and sampling conducted during the major 2015 West Coast P. australis HAB event.
To better characterize the 2015 bloom in Monterey Bay, we extracted total RNA from weekly
phytoplankton net tow sample filters collected from the Monterey Wharf II (MWII) pier at the
southern mouth of Monterey Bay. This extracted RNA was then used to generate cDNA for
18SV4 and novel Pseudo-nitzschia-targeted ITS2 amplicon sequencing. High-throughput
sequencing of 18SV4 revealed a major Pseudo-nitzschia bloom event emerging in mid-April,
consistent with both microscopy-based enumeration of Pseudo-nitzschia at MWII and previous
studies on the bloom event in the larger bay. Novel ITS2 sequencing confirmed the dominance of
P. australis throughout the bloom event while also yielding additional insight into other toxic
and non-toxic species present before the monospecific bloom, some of which had been identified
previously in other parts of the bay. We also implemented polyA-enriched RNA-sequencing to
characterize dab gene transcription at the molecular level. Following de novo assembly of
metatranscriptomes, we were able to identify dab transcripts expressed by P. australis, P.
multiseries and P. seriata based on sequence homology to known dab sequences from all three
species.>*¥ As a further verification, all three species were also identified in the ITS2
sequencing libraries on the exact dates the respective dab sequences were detected in the
metatranscriptomics datasets. Notably, presence of dab transcripts in the metatranscriptomics

data neatly coincides with detection of particulate DA from pier samples, suggesting that
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monitoring for dab transcripts may serve as a valuable proxy for detecting active DA production.
Finally, we implemented weighted gene correlation network analysis (WGCNA) to place P.
australis dab transcription in the context of larger trends in relative gene expression by the
nearly monospecific bloom. This gene-networks approach has yielded valuable preliminary
insight into the shifting physiology of a Pseudo-nitzschia HAB throughout its life history. Taken
as a whole, our study represents the most robust molecular description of a major marine HAB
event described to date, and our molecular dataset thoroughly demonstrates the power of future
environmental molecular approaches for describing DA-producing Pseudo-nitzschia blooms and

HABsS in general.
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4.3 Draft manuscript for “Metatranscriptomic sequencing and barcoding of a major

harmful algal bloom event in Monterey Bay, California”

4.3.1 Main Text
4.3.1.1 Abstract

In 2015, the Northeast Pacific was host to the largest harmful algal bloom (HAB) ever
recorded. Dominated by the toxic diatom Pseudo-nitzschia australis, this bloom produced
extremely high levels of the neurotoxin domoic acid (DA). Monterey Bay, California was one of
the hotspots for this toxic event, with record-breaking levels of DA recorded throughout the bay.
We have leveraged samples from weekly plankton net sampling and monitoring from Monterey
Municipal Wharf II at the southern end of the bay to create metatranscriptomic and barcoding
datasets in order to characterize the shifting microbial community and profile the transcriptional
activity of the P. australis bloom. By implementing ITS2 sequencing, we are able to resolve
Pseudo-nitzschia community members at the species level, revealing that the 2015 event
implicated at least three toxic species, with P. australis as the most abundant species and P.
multiseries and P. seriata as minor contributors to toxicity. We are also able to identify active
transcription of domoic acid biosynthesis (dab) genes from all three species during 2015, with
one additional dab contig of unknown origin. Measurement of dab transcription coincides with
detection of particulate DA in all relevant samples. Furthermore, we implemented gene-network
analysis revealing clustering of functionally related transcripts providing insight into diatom
physiology during different phases of the HAB even. Taken together, these data are an important
contribution to HAB monitoring programs and will hopefully inform future predictive efforts in

HAB mitigation.
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4.3.1.2 Introduction

Harmful algal blooms (HABs) pose a significant threat to human health and the
environment. Many HABs also produce small molecule toxins, such as saxitoxin or domoic acid,
which bioaccumulate in seafood.! Because these toxins have severe human health impacts,
fisheries must often close operations in response to HAB events. For these reasons, successful
and robust HAB monitoring is of particular interest. HAB monitoring has classically been
accomplished via microscopy-based detection of HAB species and chemical detection of toxins
with satellite-based chlorophyll measurements lending additional information. These data, taken
together with macronutrient data and physical oceanographic parameters, inform predictive
monitoring approaches.>* While these models have proven extremely useful for bloom
prediction, they yield a significant false-positive results. A more complete understanding of toxin
producer physiology and the genetic basis of HAB toxin biosynthesis would improve forecasting
and enable rapid molecular monitoring approaches.

Domoic acid (DA) is one of the main HAB toxins threatening the North American West
Coast. Blooms of the DA-producing diatom genus Pseudo-nitzschia develop along the coastline
with near annual frequency.* In 2015, a bloom of Pseudo-nitzschia australis spanned the Gulf of
Alaska to Point Conception, California, making this the largest HAB ever recorded in the
Northeast Pacific Ocean. The toxic P. australis, a species common to the central California
coast, expanded its range northward due to the warm northeast pacific anomaly.’ In Monterey
Bay, California, the bloom of P. australis produced extremely high levels of DA, prompting
further study into the oceanographic mechanisms fueling the local event.®” Monterey Bay is a

well-studied body of water that experiences frequent phytoplankton blooms driven by the
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seasonal upwelling activity occurring outside the bay at Point Afio Nuevo to the north and Point
Sur to the south (Figure 4.1).371° In 2015, the especially toxic local P. australis HAB event
coincided with historically low silicate concentrations recorded throughout Monterey Bay.¢
Silicate limitation, among other abiotic and biotic factors, is a common method for inducing DA
production in the laboratory.!!'"!* However, the specific physiological mechanism by which
different stressors induce DA production remains unclear.

Recently, we elucidated the DA biosynthetic pathway in Pseudo-nitzschia multiseries.'*
By using an RNA-sequencing approach to guide comparative expression analysis, we identified
key DA biosynthetic (dab) genes that were upregulated under phosphate limitation and increased
pCO», two conditions which also increase DA production in laboratory cultures.!> The enzymes
encoded by dabA, dabC and dabD were demonstrated to perform the key biosynthetic steps to
make DA, namely glutamate N-prenylation, kainoid ring cyclization, and side chain
hydroxylation, respectively. In addition to P. multiseries, these DA biosynthetic (dab) genes
have so far been identified in P. multistriata, P. australis, and P. seriata.'*'®

Monitoring for Pseudo-nitzschia and DA, among other HAB species and toxins, has been
accomplished along the California coast by The California Harmful Algal Bloom Monitoring and
Alert Program (CalHABMAP) through weekly pier sampling.!” Microscopy-based monitoring
for harmful algae is time-intensive and making species-level identifications using light
microscopy alone is challenging. Environmental genetics, on the other hand, can enable rapid
identification of HAB species at significantly improved precision, and has been deployed to great
success for routine monitoring of Pseudo-nitzschia in Monterey Bay.!8 While current molecular
approaches for species-level identification of Pseudo-nitzschia has enabled highly informative

descriptions of HAB events, next-generation sequencing of amplicon libraries has been
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demonstrated to provide rich information regarding phytoplankton and microbial diversity
around the world and represents a crucial next step in describing the species composition of
Pseudo-nitzschia blooms in a rapid, high-throughput manner.!” Meanwhile, detection and
identification of HAB toxins is routinely accomplished via liquid chromatography-mass
spectrometry (LC-MS) or by enzyme-linked immunosorbent assays (ELISAs), two approaches
that have been implemented by CalHABMAP.

Although LC-MS is arguably the most accurate method of toxin detection and
quantification, analysis of samples is also time-intensive and both LC-MS and ELISA require
expensive laboratory equipment. On the other hand, the detection of toxin biosynthetic genes has
been proposed as a possible route for monitoring and forecasting HAB toxicity, and the
cyanobacterial HAB community is beginning to implement molecular monitoring guided by the
biosynthetic genes for toxins such as microcystin and saxitoxin.?’ Detection of dab transcripts
has not yet been developed for the monitoring of DA-producing Pseudo-nitzschia HABs, and at
present it is unclear how dab transcription is linked to DA production in the marine environment.

In this study, we combine 18S and novel ITS2 amplicon sequencing with polyA-enriched
RNA-sequencing to characterize toxic Pseudo-nitzschia species and dab gene transcription at the
molecular level. These new metabarcoding and metatranscriptomic resources were generated
from weekly phytoplankton net-tow samples collected from Monterey Municipal Wharf 11
(MWII) in Monterey Bay, California throughout the 2015 bloom event (Fig. 4.1). Analysis of
these datasets reveals the phytoplankton succession leading up to the HAB event as community
compositions transition from non-toxic diatom species to a near-monospecific bloom of DA
producing Pseudo-nitzschia australis. Our metatranscriptomics analysis is also able to link

discrete dab transcripts back to their producing species, combining ITS2 species identification
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with literature dab sequences. Finally, we use weighted gene correlation network analysis
(WGCNA) to identify suites of potentially co-regulated transcripts to contextualize dab
expression and provide physiological insight into Pseudo-nitzschia HAB inception, progression,
and demise. This study represents an important advance in the monitoring of eukaryotic HABs

and demonstrates feasibility for future environmental genetic approaches to describe DA events.

4.3.1.3 Results and Discussion

Amplicon Sequencing Reveals the Spring Phytoplankton Succession

Temperature and nitrate measurements taken from MWII in 2015 suggest cold, nutrient
rich upwelling beginning in late March and early April (Supplemental Information, Fig. S4.1).
This observation of upwelling is supported by previous geophysical and ecosystem dynamics
studies on the oceanographic conditions fueling the 2015 West Coast HAB in Monterey Bay,
CA.® Amplicon sequencing of the 18S-V4 region reveals a stark transition from a zooplankton-
dominant ecosystem to a diatom-dominant (Bacillariophyta) community in early to mid-March
following commencement of spring upwelling, an observation further reflected by increased
chlorophyll concentrations during this time period (Fig. 4.2A & Fig. 4.2B). Diatoms remained
the dominant members of the microbial community until mid-July when their relative abundance
briefly decreased. The diatom-dominated phytoplankton population returned once more in
August before its ultimate demise at the end of September, giving way to copepods and other
grazers in the autumn months.

Analysis of diatom classes and genera within phylum Bacillariophyta reveals that the
early spring bloom was dominated by non-toxic, centric diatoms (class Mediophyceae) prior to

transitioning to a community comprised almost entirely of pennate (class Bacillariophyceae)
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diatoms (Fig. 4.2B & Fig. 4.2C). Further analysis of the genera which comprise Mediophyceae
and Bacillariophyceae in our samples revealed that Chaetoceros and Pseudo-nitzschia were the
dominant centric and pennate diatoms, respectively (Supplemental Information, Fig. S4.2 & Fig.
S4.3). On April 22", when the highest MWII chlorophyll levels for the year were measured, the
diatom population was split between comparable relative populations of Chaetoceros and
Pseudo-nitzschia. Diatoms belonging to the Pseudo-nitzschia genus dominated the rest of the
bloom season through early autumn. These observations are further supported by sequencing of
16S chloroplast sequences (Supplemental Information, Fig. S4.4). Alpha-diversity analysis
revealed that diatoms indeed experienced a reduction in diversity during the bloom event. This
significant reduction in diversity was primarily driven by pennate diatoms resulting from
Pseudo-nitzschia dominance, with centric diatom diversity appearing largely unaffected

throughout the P. australis bloom (Fig. 4.2D & Fig. 4.2E).

ITS2 Sequencing reveals Pseudo-nitzschia species diversity prior to P. australis dominance

While we can confidently resolve the spring phytoplankton succession at the genus level
to correctly identify the presence of a large Pseudo-nitzschia bloom, resolution at the species
level was low for both 18S and 16S sequencing. To fully characterize which Pseudo-nitzschia
species were present throughout the year, we implemented amplicon sequencing of the ITS2
region. The ITS2 region has been demonstrated to offer good species-level resolution consistent
with classical methods of species delineation, such as electron microscopy.?! Our metabarcoding
experiments verified P. australis as the dominant species during the bloom event, as reported
previously.>’ Much of the early spring phytoplankton succession dominated by Chaetoceros

appears to also include low levels of various Pseudo-nitzschia species such as P. fraudulenta, P.
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cuspidata, P. americana, and P. pungens. All these species, barring P. americana, have been
demonstrated to produce low-to-modest amounts of DA in the lab, and their presence here
coincides with very low levels of DA production (~7ng/L, March 11", Fig. 3A-C).2>23
Beginning in late April, the community shifts to near-complete dominance of P.
australis, the species which was previously identified to be the main driver of the bloom in
Monterey Bay and along the entire NA West Coast.>”” However, we also identify a substantial
subpopulation of potentially toxic P. multiseries present throughout the month of April in
conjunction with modestly increased DA concentrations (~22 ng/L, April 15, Fig.
3A-C). Like P. australis, P. multiseries is also notable for its high levels of DA production
compared to most other species of Pseudo-nitzschia. Our detection of the P. multiseries
subpopulation is further corroborated by identification of P. multiseries during a similar time
period at the northern point of Monterey Bay at Santa Cruz Wharf by sandwich hybridization
assays and cellular isolation.” A third subpopulation of potentially high-toxicity Pseudo-
nitzschia, P. seriata, was also observed in early to mid-May, albeit at a much lower percent
abundance than P. australis. These data suggest that several species may have contributed to DA
production throughout different phases of the bloom season, and that a sizable population of P.
multiseries may have been a significant contributor to initial DA production at MWII prior to the

emergence of P. australis as the dominant species.

Expression of dab genes reflects toxin production by the Pseudo-nitzschia HAB

To detect and measure the expression of dab genes during the 2015 bloom event, we
performed RNA sequencing on polyA-enriched RNA extracted from sample filters taken from

weekly phytoplankton net tow monitoring. Following assembly and annotation, we were able to
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detect dab transcripts with near identical sequence to known dab genes from P. australis, P.
multiseries, and P. seriata, three species identified by ITS2 sequencing during the bloom
months.!*!6 Specifically, we were able to identify the full suite of core DA biosynthetic genes
(dabA, dabC, and dabD) as expressed by the dominant bloom species P. australis. These P.
australis dab transcripts could be detected throughout the entire bloom event (April 15" —
September 30™). Our assemblies also yielded P. multiseries transcripts for dabA and dabC, both
of which displayed expression profiles coinciding with the detection of the species through ITS2
amplicon sequencing (April 1% — mid May). Two additional dab genes were identified from the
de novo assembly: one could be confidently assigned to P. seriata (dabA, April 22" — June 10')
and the other of unknown origin (dabC, March 11" - April 8"). The unknown dabC transcript
was present early in the spring phytoplankton succession, coincident with the presence of various
low-toxicity Pseudo-nitzschia spp. and low-level detection of pDA. In fact, active dabA4 and
dabC gene transcription co-occurs with detection of pDA throughout most of the spring and
summer months (Table 4.1, Fig. 4.4).

Phytoplankton sampling and pDA measurements taken from MWII, combined with our
molecular barcoding and dab transcription measurements, suggests two phases to the persistent
P. australis bloom as observed from the wharf. The first phase involves proliferation of the
bloom and steady build-up of cellular DA quotas during April and May. Cellular DA (cDA),
calculated by dividing pDA by Pseudo-nitzschia cells per liter, steadily increases during April
and May coincident with consistent dab gene expression by the P. australis and P. multiseries
subpopulations during these months (Fig. 4A). The second phase of the bloom occurs after the
July disappearance of Pseudo-nitzschia and subsequent decrease in pDA and cDA (Fig. 4.3A-B

& Fig. 4.4B). Beginning in late July with the sudden resurgence of Pseudo-nitzschia cells and
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DA, periodic increases in cDA are mirrored by similarly increased abundance of P. australis
dabA and dabC transcripts, suggesting that a combination of intermittent increased P. australis
cell density and high levels of dab gene expression combine to periodic elevated DA production
during the late phase of the Pseudo-nitzschia HAB (Fig. 4.3A-B & Fig. 4.4B). In both early
(highlighted in blue) and late (highlighted in orange) phases of the bloom, increases in cDA
concentrations are neatly coupled with spikes in transcript abundance for dabA4 and dabC, the

two diagnostic DA biosynthetic genes (Fig. 4.4B-D).!4

An Upwelling Model for the Resurgence of P. australis in Late July

Mid-to-late summer resurgence of the bloom at MWII could be explained by resumed
upwelling from outside the bay, bringing in fresh nutrients to refuel the bloom event. The initial
decline in Pseudo-nitzschia cell counts in early to mid-July coincides with a period of rapid
freshening of the near-surface water column in the middle of the bay, as reported previously.¢
This is likely due to an influx of lower-salinity water from the California Current as it meanders
shoreward with the relaxation of upwelling favorable winds and therefore upwelling during this
period, a commonly described seasonal phenomenon in Monterey Bay.®” Indeed, relaxed
upwelling can be observed from satellite-measured surface temperature plots, showing no
substantially decreased sea surface temperature at the main upwelling locations of Point Afio
Nuevo and Point Sur on July 7" and July 11% (Fig. 4.5A & Fig. 4.5B).

The return of the bloom to MWII in late-July and early-August, an event that has not
been discussed in previous analyses of the 2015 bloom in Monterey Bay, could be explained by
resumed upwelling from outside the bay. In contrast to relaxation of upwelling in early July,

resumed upwelling can be detected in the satellite sea surface temperature scans as shown by
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masses of cold surface water located at Point Afio Nuevo and Point Sur on July 24" and July 27®
(Fig. 4.5C-D). On July 27", a cold water upwelling filament can be observed extending towards
the mouth of the bay from Point Afio Nuevo to the north, a phenomenon that nicely coincides
with a brief, sharp increase in subsurface salinity at the end of July recorded previously.® This
cold upwelling filament is also accompanied by a stark increase in chlorophyll-a concentration
on July 27" as measured by the satellite Visible Infrared Imaging Radiometer Suite (VIIRS),
indicative of active phytoplankton growth (Fig. 4.5E). Substantially elevated chlorophyll-a
concentrations measured at Pt. Afio Nuevo, along the upwelling filament, and to a lesser extent at
Pt. Sur. Additional, weaker upwelling can also be observed on August 14" at Point Afio Nuevo

and Point Sur (Fig. 4.5F).

Relative expression profiles of P. australis transcripts indicates shifting bloom physiology

In order to describe dab gene expression in the context of P. australis physiology and the
overall progression of the bloom event, we employed weighted gene correlation network analysis
(WGCNA) on a highly-expressed subset of the de-novo assembled P. australis HAB
metatranscriptome to define modules of transcripts with similar expression profiles.?* Out of
14873 contigs with P. australis species annotation, 437 contigs met statistical cut-offs for
WGCNA, wherein 80% of sequencing libraries contained at least 10 reads mapping to the
contigs of interest. Read counts were normalized to the sum of total reads mapping to P.
australis-annotated contigs in each library to account for both library size and P. australis
population size to approximate relative transcript abundance. From this analysis, we were able to

identify seven modules of similarly expressed transcripts (modules 1-7), including one module of
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contigs with low overall variance explained by the model (module 0) (Fig. 4.6, Supplemental
Information S4.5 & S4.6).

Both dabA and dabD were found in the smallest module (module 7), together with two
genes encoding key isoprenoid biosynthesis enzymes: 4-hydroxy-3-methylbut-2-enyl-
diphosphate synthase (HDS) and isopentenyl-diphosphate delta-isomerase (IDI) (Fig. 4.7A).
Both proteins are directly implicated in biosynthesis of the DA precursor geranyl pyrophosphate
and are known to be co-expressed with the dab gene products.'® Besides these key DA
biosynthetic reactions, most of the other contigs in the “black” module appear unrelated to toxin
production and are not known to indicate a specific diatom physiological state. Two additional
isoprenoid biosynthesis transcripts, 1-deoxy-D-xylulose-5-phosphate synthase (DXS) and 4-
hydroxy-3-methylbut-2-enyl diphosphate reductase (HDR), are found in modules 2 and 4,
respectively. All four isoprenoid biosynthesis genes included in this analysis are implicated in
the chloroplastic, non-mevalonate pathway thought to feed directly into DA biosynthesis.?®

The remaining key DA biosynthetic gene dabC was found in module 4, together with
HDR but separate from dabA and dabD (Fig. 4.7A). While dabC is co-expressed with dab4 and
dabD in P. multiseries and P. seriata cultures, it is conceivable that different steps of DA
biosynthesis might be differentially regulated.!*!® Module 4 also displays strong functional
clustering of photosynthetic machinery. Diatoms encode many copies of chlorophyll binding
proteins and light-harvesting protein complexes.?¢ Out of 19 contigs annotated as chlorophyll
binding proteins in the WGCNA dataset, 14 were present in module 4 (Fig. 4.7B). Other
photosynthesis and carbon fixation-related transcripts found in the module include the iron-sulfur

subunit of the cytochrome b6f complex, photosystem I reaction center subunit VIII, photosystem
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II stabilizing-protein PsbU, ferredoxin-NADP™ reductase, transketolase, and fructose-1,6-
bisphosphatase.

The largest WGCNA module, module 1, includes transcripts that display an increased
relative abundance at the beginning of the bloom and are among the first P. australis transcripts
detectable. Many of these transcripts are related to active cell growth and proliferation. Out of 16
ribosomal subunit transcripts in the WGCNA dataset, 8 were found in module 1 (Fig. 4.7B). Five
ribosomal subunits included in the dataset are predicted to reside in the chloroplast, all of which
were found in module 1, potentially indicating increased chloroplast ribosome biogenesis early
in the bloom progression. Transcripts for F-type ATP synthase subunits were also primarily
found in module 1, suggesting increased ATP production in conjunction with a contig encoding a
mitochondrial ATP/ADP carrier protein, also found in the module. One V-ATPase subunit was
found in this module along with clathrin, two proteins that play an important role in diatom cell
division and cell wall silicification.?”-?® However, most of the V-type ATPase subunits in the
analysis were found in module 2, perhaps implying dynamic regulation of V-type ATPase
subunits for different cellular functions throughout different phases of the bloom.

Modules 2 and 5 include transcripts with higher relative abundance at the end of the
bloom season, including some transcripts that may be linked to general physiological stress or
cell death. Subunits of the proteasome, required for protein degradation and turnover, are
enriched in these two modules. Out of 13 proteasome 20S/26S subunits in the WGCNA analysis,
8 were found in module 2 or 5 (Fig. 4.7B). Increased protein turnover versus new protein
translation has been described previously in diatom systems as a side effect of decreased growth,
cell division and proliferation, and may be associated with nutrient and temperature stress.?’ In

general, transcripts associated with protein turnover are enriched in these two modules, with 26
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of 46 transcripts of relevant KOG class annotation (“Posttranslational modification, Protein
turnover, Chaperones”) found in modules 2 and 5 (Fig. 4.7B). Additional transcripts from
modules 2 and 5 associated with protein turnover and related stress response include ubiquitin
ligases, aspartyl protease, glutaredoxin and thioredoxin, cyclophilin, and chaperones Dnal,
GroES, and GroEL.

The second-smallest module, module 6, includes select transcripts involved in diatom
response to nitrogen starvation. Urea transporters and specific ammonia transporters are known
to be upregulated in diatoms under nitrogen limiting conditions.>’ Both a urea transporter and the
P. australis homolog of AMT1 1, an ammonia transporter from P. tricornutum induced in low-
N conditions, can be found in this module. Nitrogen limitation in diatoms is also coupled to an
increase in fatty acid biosynthesis and accumulation. Three fatty acid desaturases, including a
A9-desaturase upregulated in P. tricornutum lacking functional nitrate reductase, were also
observed in this module.?! The remaining module, module 3, does not display obvious functional

clustering at present and lacks key diatom markers of physiological states.

4.3.1.4 Discussion and Conclusions

Our study provides a robust molecular framework for understanding the progression,
toxicity, and physiology of the 2015 P. australis HAB event in Monterey Bay, CA. Using 188,
16S and ITS2 sequencing, we can visualize the transition from a Chaetoceros-dominated
phytoplankton community to a nearly monospecific bloom of DA-producing P. australis. The
specific oceanographic mechanisms underlying the transition between the two genera remains
unclear. Pseudo-nitzschia has specific molecular adaptations allowing it to outcompete

Chaetoceros in low-iron conditions, and widespread iron-limitation is well-documented along
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the California coast, particularly in subsurface chlorophyll maxima.*?-** The role of iron
limitation in the development and toxicity of the 2015 HAB event remains undescribed. The
eventual dominance of P. australis over other toxic and non-toxic Pseudo-nitzschia species
present before the bloom, such as P. multiseries and P. fraudulenta, is also unexplained in terms
of competitive advantages and species adaptations.

Detection of dab transcripts in the metatranscriptomics dataset supports a molecular
monitoring approach to Pseudo-nitzschia HAB toxicity. Active dab transcription appears to be
inextricably linked to accumulation of pDA in monitoring samples, and consistent detection of
dab expression in multiple sampling timepoints may help predict severe bloom events.
Metatranscriptomic sequencing of additional Pseudo-nitzschia bloom events, including more
frequent sampling on the timescale of days rather than weeks, will be necessary to assess the
potential for dab detection to inform bloom forecasting. Additionally, the precise nucleotide
sequence of dab transcripts may lend insight into DA producing species. In this study, high
sequence similarity of de novo assembled contigs to literature dab sequences allows us to assign
toxin biosynthetic transcripts to discrete producing species. Given the paucity of dab transcripts
currently identified, further sequencing of dab genes and transcripts will be required to fully
explore this trend among all DA-producing Pseudo-nitzschia species and isolates.

Our metatranscriptomic approach has also enabled preliminary insight into the changing
physiology of Pseudo-nitzschia HABs from inception to demise. From our analysis, we were
able to describe trends in the relative expression of genes involved in active growth,
photosynthesis, toxin production, and environmental stress. The identification of modules
containing similarly expressed genes of comparable functions from our study was encouraging,

especially given the nature of our MWII sampling approach, conducted weekly from a fixed
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location on the shore. We expect that a more targeted, LaGrangian sampling of surface waters or
subsurface chlorophyll maxima throughout a bloom event will yield improved functional
clustering of gene expression by following discrete Pseudo-nitzschia subpopulations in the water
column. Models for Pseudo-nitzschia HAB physiology will be improved further if LaGrangian
sampling is conducted more frequently than the weekly timepoints employed by our study.

To our knowledge, this study represents the most comprehensive molecular description of
any eukaryotic marine HAB event. Our work connects routine monitoring data, such as toxin
measurements and phytoplankton cell counts, to molecular HAB species identification and toxin
biosynthesis gene expression. The synthesis of this data provides new avenues for Pseudo-
nitzschia HAB monitoring at the molecular level and will inform improved descriptions of HAB
physiology as it relates to nutritional and physical conditions. The continued study of molecular
physiology in HABs promises to lend essential insight into the nature of toxin production and

bloom formation in the changing world ocean.
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4.3.1.5 Main Text Figures and Table

r T
2374¢  2376% 237.8° 238+ 2382°  238.4°

Figure 4.1. Monterey Bay, California. Sampling location at Monterey Wharf II (MWII) is
marked together with the upwelling centers outside the bay, Pt. Afio Nuevo and Pt. Sur.
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Figure 4.2. 185-V4 Amplicon Sequencing of 2015 MWII Samples. (A) Chlorophyll A
concentration (mg/m?), (B) Relative abundance of phyla in 18S-V4 amplicon sequencing
libraries, (C) Relative abundance of diatom (Bacillariophyta) genera during the spring
phytoplankton succession, (D) Shannon alpha-diversity of pennate (Bacillariophyceae) diatoms
comparing P. australis bloom samples (Apr 22" — Sep 30™) with non-bloom samples (rest of
year), (E) Shannon alpha-diversity of centric (Mediophyceae) comparing bloom samples (Apr
22" — Sep 30™) with non-bloom samples (rest of year).
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Figure 4.3. Pseudo-nitzschia targeted I'TS2 Amplicon Sequencing. (A) Pseudo-nitzschia cell
counts from weekly MWII phytoplankton net tows, as reported previously by CalHABMAP
monitoring,’ (B) Particulate DA (pDA, ng/L) measurements from filtered seawater, as reported
by CalHABMAP monitoring (NA= data not available), and (C) Relative abundance of Pseudo-
nitzschia species as determined by ITS2 amplicon sequencing. Non-ITS2 sequences were
removed prior to analysis.
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Table 4.1. Contigs encoding dab genes from de novo metatranscriptomic assembly

orf _id dab gene Producing species Dates Detected
contig 392124 1 1473 + dabA P. multiseries 4/1 - 5/13
contig 469576 120 1547 - dabA P. australis 4/15 —9/30
contig 519263 1 1377 - dabA P. seriata 4/22 — 6/10
contig 390219 292 1467 - dabC unknown 3/11-4/08
contig 392175 3 581 -

contig 698932 2 493 - dabC P. multiseries 4/1 —5/20
contig 519989 125 1249 - dabC P. australis 4/15 —9/30
contig 383882 249 1943 - dabD P. australis 4/15 — 9/30
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Figure 4.4. Transcription of dabA and dabC throughout the bloom. (A) Normalized expression
of dabA and dabC transcripts plotted against cellular DA (cDA, pg/cell) during bloom initiation
in the spring. Assigned reads for P. australis or P. multiseries dab transcripts were normalized
by the total number of P. australis or P. multiseries-mapped reads per library to estimate relative
expression within each DA-producing species, (B) cDA values for the 2015 calendar year, (C)
Summed expression of all dabA transcripts, represented as library normalized per-million reads,
(D) Summed expression of all dabC transcripts, represented as library normalized per-million
reads.
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Figure 4.5. Satellite imaging of Monterey Bay to capture late July upwelling. (A) All surface
temperature profile (°C) of Monterey Bay on July 7, captured by NOAA AVHRR. (B) All
surface temperature profile (°C) of Monterey Bay on July 11", captured by NOAA AVHRR. (C)
All surface temperature profile (°C) of Monterey Bay on July 24", captured by NOAA AVHRR.
(D) All surface temperature profile (°C) of Monterey Bay on July 27", captured by NOAA
AVHRR. (E) Chlorophyll a concentration (mg/m?®) in Monterey Bay on July 27", captured by
NOAA VIIRS. (F) All surface temperature profile (°C) of Monterey Bay on August 14",
captured by NOAA AVHRR.
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Figure 4.7. Annotations of interest from WGCNA clustering analysis (4) Functional clustering
of DA biosynthesis (dab) and isoprenoid biosynthesis transcripts. (8) Enrichment of ORF
annotations in WGCNA modules. Chloroplast binding proteins, ribosomal subunits and
proteasome subunits were determined on the basis of PFam annotation, among other annotations.
“Protein turnover (KOG)” ORFs includes all proteins in the KOG class “Posttranslational
modification, Protein turnover, Chaperones”
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4.3.2 Supplementary Information including Materials and Methods

4.3.2.1 Materials and Methods

Routine Monitoring Data Availability and Visualization of Satellite Data

All routine monitoring data collected weekly from Monterey Municipal Wharf II (MWII)
during the study period, including Pseudo-nitzschia cell counts, DA measurements, local
chlorophyll concentration, temperature, and nutrient data, is made publicly available through the
Southern California Coastal Ocean Observing System (SCCOOS, https://sccoos.org/harmful-
algal-bloonm/) as part of the California Harmful Algal Bloom Monitoring and Alert Program
(CalHABMAP). Satellite data was acquired and visualized via the Environmental Research
Division’s Data Access Program (ERDDAP) data server from the National Oceanic and
Atmospheric Association (NOAA). All-surface temperature data was collected in Local Area
Coverage (LAC) format by the Advanced Very High Resolution Radiometer (AVHRR) scanner
onboard NOAA’s Polar Orbiting Environmental Satellite (POES). Satellite-measured remote
chlorophyll concentration (mg/m?®) was collected by the Visible Infrared Imaging Radiometer

Suite (VIIRS) onboard the Suomi National Polar-Orbiting Partnership (Suomi NPP) satellite.

Phytoplankton Net Tow and Sample Filtering

Weekly net tows from MWII were obtained using a 20 cm diameter, 20 pm mesh net to
concentrate surface waters to a depth of 5 meters, as is routine for monitoring at MWII. From the
net tows, 100 mL of concentrated phytoplankton samples were applied to 0.22 um polycarbonate

(PC) filters, which were then stored in 1 mL of TRIzol (Invitrogen) reagent in 15 mL conical
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tubes, mixed by vortexing, and kept at -80°C for future processing. A total of 53 samples were

processed and stored in this manner.

RNA extraction and cDNA generation

Samples were removed from -80°C storage. The PC filter was removed from the TRIzol
solution and samples were subsequently centrifuged for 20 minutes at 2500 xg and 4 °C to pellet
particulate matter. The supernatant was then transferred to a new tube. RNA extraction begins
with the addition of 200 pL of chloroform to each sample, which were then shaken vigorously
for 15 seconds and allowed to stand for 12—15 minutes at room temperature (~25 °C). The
resulting mixture was then centrifuged at 12,000 xg for 15 minutes at 4 °C. Next, the aqueous
phase was transferred to a new tube, adding an equal volume of 100% ethanol and mixing well.
The mixture was then transferred to a Zymo-Spin IIICG Column (Zymo Research), after which
the RNA extraction was completed using the Direct-zol RNA Miniprep Plus kit (Zymo
Research) following the manufacturer protocol, including an on-column DNA digestion step
using DNase I (New England Biolabs). Suitable RNA quality was verified using an Agilent 2100
Bioanalyzer.

Synthesis of cDNA to be used as template for generation of 18S-V4, 16S and ITS2
amplicons was preformed using the SuperScript III First-Strand Synthesis System (Life
Technologies). 100 ng of total RNA per sample was used with random hexamer primers to make

20 pL of cDNA following kit standard protocol.

Preparation and sequencing of 18SV4, 168S. and ITS2 amplicon libraries
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Amplicon libraries for 18SV4, 16S and ITS2 sequences were generated using the cDNA
libraries from above as template for the one-step PCR reactions to simultaneously amplify target
sequences and incorporate [1lumina adaptors, linker sequences, and unique barcoded indices. All
one-step PCR reactions were performed using the TruFi DNA Polymerase PCR kit (Azura). All
primers used in this study, together with attached adaptors, linkers and barcoded indices are
listed in Table S4.1. The 18SV4 region was amplified using the primer pair V4F and V4RB.!
The 16S(V4-V5) region was amplified using the primer pair 515F-Y and 926R.? The ITS2
region was amplified using an unpublished primer pair 5.8SF and 28SR. Primer pairs containing
unique combinations of barcorded indices, allowing downstream demultiplexing, are generated
in 10 uM concentration and stored in 96-well plates.

PCR reactions are then set up using 1 pL of cDNA as template, 0.4 uM of primer pair,
and TruFi DNA Polymerase and buffer mix per manufacturer protocol and brought to a total
reaction volume of 25 puL using molecular grade water. PCR reactions for 18SV4 and 16S
amplicon generation were performed with an initial denaturing step at 95°C for 1 minute
followed by 30 cycles of denaturing at 95°C for 15 seconds, annealing at 56°C for 15 seconds,
and extension at 72°C for 30 seconds. Initial PCR reactions for ITS2 followed a similar protocol,
however improved amplification was observed when the annealing temperature was decreased to
51-53°C. To confirm amplification and correct size of amplicon, 2.5 uL of each PCR reaction
was ran on a 1.8% agarose gel.

The PCR products were then cleaned up using AMPure XP beads (Agencourt) using the
standard PCR purification protocol per manufacturer recommendations and eluted in 35 pl of
elution buffer. Cleaned PCR products were then quantified using the PicoGreen Quant-IT

dsDNA Quantitation Reagent (Life Technologies). Equal quantities of 18SV4, 16S or ITS2
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amplicons (~10 ng per reaction) were pooled, cleaned, and concentrated using AMPure XP
beads using standard protocol, eluting in 45 pl of elution buffer. Final library quality was
assessed using a TapeStation (Agilent) and quantified on a Qubit fluorometer (ThermoFisher).
Respective pools were then sequenced on the MiSeq PE300 (Illumina) generating 250 bp paired
end reads for all amplicon libraries. Sequencing was performed at the UC Davis Sequencing

Core.

Assembly, taxonomic classification and visualization of amplicon sequencing

The 18SV4, 16S and ITS2 amplicon sequences were imported separately into Qiime?2
where the dada2 plug-in was used to merge, quality filter the reads, identify and remove chimeric
reads, and generate Amplicon Sequence Variants (ASVs) and count tables.>* Taxonomy was
assigned to the 18S ASVs using a qiime2 naive-bayes classifier trained on the PR2 version
4.11.1 database.’ The 16S ASVs were annotated first using a qiime2 naive-bayes classifier
trained on the Silva-132 database in order to differentiate bacterial and mitochondrial sequences
from chloroplast sequences.® Chloroplast ASVs were extracted in Qiime2 and further annotated
using a qiime2 naive-bayes classifier trained on the PhytoREF database.” Genus and species
classifications for ITS2 ASVs were assigned using the “classify-consensus-blast” feature
classifier, using a database of Pseudo-nitzschia ITS2 sequences as the reference BLAST
database.® Conglomeration of ASV counts by taxonomic level and subsequent generation of

stacked bar plots was performed in PhyloSeq v.1.34.0.°

Preparation and sequencing of polyA-enriched RNA
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Starting with 500 ng of total RNA per sample, we used the TruSeq Stranded mRNA prep
kit (Illumina) to make polyA-enriched libraries suitable for RNA sequencing, following
manufacturer protocols. Following preparation of polyA-enriched libraries, samples were
combined into two pools and ran on the HiSeq4000 PE150 platform (Illumina) at the UC Davis

Sequencing Core.

Assembly and annotation of RNA sequencing libraries

The resulting demultiplexed HiSeq4000 read libraries were processed via the RNAseq
Annotation Pipeline v0.4.!° Reads were first trimmed for quality and filtered to remove primers,
adaptors and rRNA sequences using Ribopicker v.0.4.3.!! CLC Genomics Workbench 9.5.3
(QIAGEN) was used to assemble contigs, first by library, then globally. Open reading frames
(ORFs) were predicted from the assembled contigs using FragGeneScan.!? The resulting ORFs
were annotated de novo for function and taxonomy via KEGG, KO, KOG, Pfam, TigrFam and
the reference dataset PhyloDB 1.02.!° Reads were mapped back to assembled contigs using

BWA MEM to generate read counts.!?

Defining expression modules for the P. australis bloom

The Weighted Gene Correlation Network Analysis (WGCNA) R package was
implemented to identify modules of P. australis ORFs with similar expression patterns to define
functional clusters.'* The bloom period for WGCNA analysis purposes was defined as April 15%
through September 30", P. australis ORFs were identified and filtered based on taxonomic
annotation above, leveraging the PhyloDB 1.02 database which contains a P. australis annotated

transcriptome.'®!> This yielded 14873 de novo assembled P. australis ORFs. To obtain
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statistically relevant results, only ORFs with 10 or more reads in 80% of the libraries comprising
the bloom period were considered, yielding 437 ORFs for WGCNA analysis.

Following the filtering step, expression was normalized by dividing reads mapped to a
given ORF by the total number of reads mapped to all assembled P. australis ORFs to account
for library and P. australis population size prior to WGCNA analysis and construction of a
correlation matrix. An adjacency matrix was built from the correlation matrix input by applying
a power function (AF(s)=s"b) to the input data, where “b” is defined as the soft-thresholding
parameter. A soft-thresholding parameter of b = 6 was found to be lowest value at which a scale-
free topology R? value exceeding 0.8 was achieved (Supplementary Information, Fig. S5). This
information was used to construct the consensus matrix and dendrogram using the function
“blockwiseConsensusModules” using the parameters: b = 6, TOMType = “signed”,
detectCutHeight = 0.995, reassignThreshold = 0 (Supplementary Information, Fig. S5). The
“moduleEigengenes” function was used with default parameters to select an “eigengene,” or the
ORF whose expression profile is most representative of the other profiles contained in the
module. The “eigengene” for each module is featured in Figure 6. No minimum module size was
set and no modules were merged to generate modules containing genes with the highest possible

similar expression profiles to one another, maximizing the variance explained by each eigengene.
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4.3.2.2 Supplemental Table and Figures

Table S4.1. Primers used in this study. Sequence in red and green represent [llumina sequencing
adaptors, black sequence represents library specific index sequences (8 nt), blue sequence
represents amplicon specific annealing sequence.

Amplicon | Primer | Primer Sequence
name
18Sv4 VA4F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
CTCTTCCGATCTNNNNXXXXXXXXCCAGCASCYGCGGTAATTCC
18Sv4 V4RB CAAGCAGAAGACGGCATACGAGATXXXXXXXXTGACTGGAGTTCAG
ACGTGTGCTCTTCCGATCTACTTTCGTTCTTGATYR

16S 515F- | AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
Y CTCTTCCGATCTNNNNXXXXXXXXGTGYCAGCMGCCGCGGTAA
16S 926R CAAGCAGAAGACGGCATACGAGATXXXXXXXXGTGACTGGAGTTCA
GACGTGTGCTCTTCCGATCTCCGYCAATTYMTTTRAGTTT
ITS2 5.8SF AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
CTCTTCCGATCTNNNNXXXXXXXXTGCTTGTCTGAGTGTCTGTGGA
ITS2 28SR CAAGCAGAAGACGGCATACGAGATXXXXXXXXGTGACTGGAGTTCA

GACGTGTGCTCTTCCGATCTTATGCTTAAATTCAGCGGGT
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Figure S4.1. (4) Temperature (°C) and (B) nitrate (WM) measurements collected from MWII.
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