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3.1 INTRODUCTION

Algae are a phylogenetically diverse assemblage of organisms ranging from single-celled plankton
to giant kelps. The term algae itself is neither unequivocally defined nor taxonomically useful.
Algae are sometimes characterized as eukaryotic, aquatic, photosynthetic, and lacking a sterile
jacket of cells around their reproductive structures. However, some authors consider prokaryotic
cyanobacteria to be algae (Lee 1999). Other algae have lost the ability to conduct photosynthesis,
as also seen in parasitic embryophytes (i.e., land plants), and live as parasites, saprophytes, or
predators (e.g., dinoflagellates). A number are mixotrophic, capable of both feeding and photosyn-
thesizing. Terrestrial algae are common in humid microclimates or live symbiotically within or
on terrestrial organisms (e.g., lichens). Some Charophytes, traditionally included as green algae
(errantly in Division Chlorophyta historically), protect their reproductive cells within sterile jackets
(Graham et al. 2008).

35
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Euglenoid algae Fungi Animalia Green algae Land plants Diatoms Brown algae

Red algae Dinoflagellates
Amoebozoa Rhizaria

FIGURE 3.1 Major extant eukaryotic lineages, with well-known algal taxa emphasized. Only the unikont
branch (animals, fungi, and amoebozoans) lack algal representatives. Excavates, represented by the eugle-
noid algae (but including non-photosynthetic flagellates as well), are the earliest branching eukaryotes. The
archaeplastid lineage (including red algae, green algae, and land plants) comprise all organisms that gained
plastids via primary endosymbiosis of a cyanobacterium, with other groups secondarily taking up a red or
green alga. The chromalveolate lineage (leading to brown algae) includes water molds, Apicomplexa, brown-
ish or yellowish algae (including many groups not shown) and is sister to the rhizarians (Foraminifera and
Chorarachniophyta, the latter an algal group represented by photosynthetic amoebae). Branch lengths are not
drawn to scale of genetic differences. (Based on del Campo et al. (2014).)

Similarly vexing, algae are not monophyletic, and the term has no taxonomic utility. Most obvi-
ously, some authors and most phycology textbooks consider cyanobacteria to be algal and thus
clearly different from eukaryotic algae (e.g., see Lee 1999). Even among eukaryotic algae, secondary
endosymbiotic events lead to diverse nuclear and mitochondrial genomes associated with the ability
to conduct photosynthesis. Representatives are found in the Excavata (e.g., euglenoids), Alveolata
(e.g., dinoflagellates), Stramenopila (e.g., kelps and diatoms), and Archaeplastida (i.e., organisms
that obtained a plastid via a primary endosymbiosis, including red and green algae as well as land
plants), as well as several groups that remain challenging to place in deep eukaryotic phylogenies
(Adl et al. 2012) (Figure 3.1). Williams (2014) notes that the Excavata have less genetic similarity
to land plants than animals do. The remaining eukaryotic algae (and land plants) are as genetically
distinct from each other as animals are from fungi or true amoebae.

The closest algal relatives of land plants, the green algal phyla Charophyta and Chlorophyta,
include several species producing neurotransmitters or receptors for known neurotransmitters
(Table 3.1). The Charophyta were recently removed from a single Phylum Chlorophyta, commonly
called green algae, so that the remaining Chlorophyta represented a more nearly monophyletic
group. Among the green algae, the Charophyta are sister to the land plants but are themselves a
paraphyletic collection leading to multiple taxonomic schemes with various classes and orders being
promoted to phylum status (Laurin-Lemay 2012) (Figure 3.2). Land plants are a sister group to the
Zygnematales/Desmidiales lineages (Guiry 2013) which are included in the Charophyta sensu lato.
Two species of charophytes have been associated with neurotransmitters; of these, Micrasterias
denticulata, a member of the Desmidiales, would presumably be the closest relative of land plants
(Schiechl et al. 2008; Beilby et al. 2015b).

Unlike the freshwater charophyte species, the remaining algae associated with neurotransmit-
ters are all multicellular marine algae, that is, seaweeds (Table 3.1). Many of these species are large
enough to contribute substantial structure and productivity to shallow water benthic communities.
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Chlorophyta Desmidiales  Zygnematales Land plants
sensu stricto Charales Coleochaetales

FIGURE 3.2 Diversity of algae formerly included in the Phylum Chlorophyta and their descendant land
plants. Chlorophyta sensu stricta are still regarded as a Phylum today, with the former members of Class
Charophyceae (shown here as Charales, Coleochaetales, Desmidiales, and Zygnematales) split out and
referred to as a single paraphyletic Phylum Charophyta or with the orders (-ales) indicated in the figure rep-
resented at various taxonomic levels. Branch lengths are not drawn to scale of genetic differences. (Based on
Laurin-Lemay, S. et al., Curr. Biol., 22(15), R593-R594, 2012 and Guiry, M.D. et al., Algae, 28, 1-29, 2013.)

TABLE 3.1
Algae that Produce Acetylcholine, Dopamine, Epinephrine, Histamine, Norepinephrine,
and Serotonin

Species Location Neurotransmitter Reference

PHYLUM CHAROPHYTA
C. australis Sydney, Australia Serotonin M.J. Beilby et al. (2015)
M. denticulata Unknown Acetylcholine Schiechl et al. (2008)

PHYLUM CHLOROPHYTA

Caulerpa cupressoides Pacheco Beach, Cumbuco, Brazil Histamine de Alencar et al. (2011)
Caulerpa mexicana Pacheco Beach, Cumbuco, Brazil Histamine de Alencar et al. (2011)
Caulerpa prolifera Pacheco Beach, Cumbuco, Brazil Histamine de Alencar et al. (2011)
Caulerpa sertularioides Pacheco Beach, Cumbuco, Brazil Histamine de Alencar et al. (2011)
U. obscura San Juan Island, Washington, USA Dopamine Tocher and Meeuse (1966)

PHYLUM OCHROPHYTA

Desmarestia aculeata Helgoland, Germany Phenethylamine Steiner and Hartmann (1968)
Dictyopteris delicatula Pacheco Beach, Cumbuco, Brazil Histamine de Alencar et al. (2011)
obophora variegata Pacheco Beach, Cumbuco, Brazil Histamine de Alencar et al. (2011)
Sargassum tenerrimum Okha, India Acetylcholine Gupta et al. (2013)

PHYLUM RHODOPHYTA

Botryocladia occidentalis Pacheco Beach, Cumbuco, Brazil Histamine de Alencar et al. (2011)
Bryothamniuon seaforthii Pacheco Beach, Cumbuco, Brazil Histamine de Alencar et al. (2011)
Bryothamnion triquertum Pacheco Beach, Cumbuco, Brazil Histamine de Alencar et al. (2011)
Ceramium rubrum Helgoland, Germany Phenethylamine Steiner and Hartmann (1968)
Cryptonemia crenulata Pacheco Beach, Cumbuco, Brazil Histamine de Alencar et al. (2011)
(Continued)
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TABLE 3.1 (Continued)

Algae that Produce Acetylcholine, Dopamine, Epinephrine, Histamine, Norepinephrine,

and Serotonin

Species
Cystoclonium purpureum

F. lumbricalis

Gelidium crinale
Gracilaria bursa-pastoris
Halymenia floesii
Laurencia obtusata
Phyllophora crispa
Polyides rotunda
Polysiphonia morrowii

Polysiphonia tripinnata

Location

Helgoland, Germany
Kimmeridge, Dorset, England;
Koster Fjord, Sweden
Sile, Black Sea, Turkey
Sogandere, Aegean Sea, Turkey
Kepez, Aegean Sea, Turkey
Bembridge, Isle of Wight, England
Sile, Black Sea, Turkey
Helgoland, Germany
Kepez, Aegean Sea, Turkey
Sile, Black Sea, Turkey

Neurotransmitter

Phenethylamine
Histamine

Phenethylamine
Phenethylamine
Phenethylamine
ACh

Phenethylamine
Phenethylamine
Phenethylamine
Phenethylamine

Reference

Steiner and Hartmann (1968)

Andersson and Bohlin (1984);
Barwell (1979, 1989)

Percot et al. (2009)

Percot et al. (2009)

Percot et al. (2009)

Barwell (1980)

Percot et al. (2009)

Steiner and Hartmann (1968)

Percot et al. (2009)

Percot et al. (2009)

Polysiphonia urceolata Phenethylamine Steiner and Hartmann (1968)

Kelps (Ochrophyta; Phaeophyceae, Laminariales) form highly complex and productive habitats for
a variety of others plants and animals (Dayton 1985). Macroalgae may limit phytoplankton blooms
via competition for nutrients (e.g., Fong et al. 1993), thus serving as a buffer against excessive eutro-
phication. Tropical macroalgae also stabilize sediments via rhizoids (e.g., seen in Caulerpa spp.;
Reise 2002) or by consolidating substrata in reef systems (e.g., seen in coralline red algae; Goreau
1963). In contrast to these ecosystem services, several marine seaweeds may form harmful blooms
(Nelson and Lee 2001; Pifién-Gimate et al. 2008) or overgrow in eutrophic conditions, leading to
localized anoxia (Solidoro et al. 1997).

3.2 DISTRIBUTION OF POTENTIAL NEUROTRANSMITTERS IN MARINE
AND FRESHWATER ALGAE

Acetylcholine (ACh), dopamine, serotonin, histamine, and phenethylamine occur in marine and
freshwater algae (Table 3.1). In a recent literature search, we found no reports of algae producing
adrenaline or noradrenaline. This may be a result of algae not producing these compounds or a lack
of studies on the topic, as literature on the production of neurotransmitters by algae other than the
charophytes is limited.

Based on the available data, there are no discernable trends in the production of different neu-
rotransmitters among major macroalgal taxa. Histamine is the most widely reported compound
taxonomically and occurs in a higher proportion of tropical than temperate macroalgae. It is
reported from one temperate European red alga, Furcellaria lumbricalis (Barwell 1979; Andersson
and Bohlin 1984), and numerous tropical algae from Brazil (de Alencar et al. 2011). Six green
(Phylum Chlorophyta), 31 brown (Phylum Ochrophyta, Class Phaeophyceae) and 38 red (Phylum
Rhodophyta) macroalgal species surveyed in England did not contain detectable levels of histamine
(Barwell 1979). In contrast, histamine was found in five out of six green macroalgal species, four
out of four red macroalgal species, and two out of three brown macroalgal species from Brazil (de
Alencar et al. 2011). To our knowledge, there are no reports of histamine from charophytes.

Acetylcholine has been identified in one species each in the charophytes, ochrophytes, and
rhodophytes (Table 3.1) using either chromatography or NMR spectroscopy. Phenethylamine
(phenylethylamine) has only been reported from brown and red macroalgae (Table 3.1). It was
absent from seven green algal species surveyed in England and Turkey (Steiner and Hartmann 1968;
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Percot et al. 2009). In the same surveys, only 1 of 16 brown algae contained the compound, whereas
it was present in 12 of 22 red algae. Serotonin and dopamine are less widely distributed among
algae. Serotonin has only been reported from the charophyte Chara australis (Beilby et al. 2015b),
and dopamine has only been reported from the green alga Ulvaria obscura (Tocher and Meeuse
1966b). Dopamine does not occur in detectable concentrations in two related green algal species in
Washington, USA (Van Alstyne et al. 2006).

3.3 PHYSIOLOGICAL AND ECOLOGICAL FUNCTIONS OF ALGAL
NEUROTRANSMITTERS

3.3.1  ACETYLCHOLINE: PossIBLE ELECTRICAL SIGNAL TRANSMISSION IN CHAROPHYTES

Virtually all eukaryotic cells maintain a membrane potential across their plasma membranes. The ion
gradients responsible for these potentials are established by electrogenic pumps driven by ATP hydro-
lysis. In plant cells, the main pumps are Ht-ATPases that move protons out of the cell creating at once
an electrochemical gradient and a pH gradient (Chasan and Schroeder 1992). The resting membrane
potential (RMP) of animal cells is determined largely by passive diffusion of potassium ions (K*) out
of the cell and is, therefore, sensitive to changes in external K+ concentration. Animal nerve cells have
RMPs of about —70 mV (inside relative to external medium). Outward diffusion of K+ also contributes
to the RMPs of plant cells in conjunction with outward proton pumping; thus, plant cells are sensi-
tive to both external K* concentration and external pH. The RMP of most plant cells ranges between
—120 and —180 mV. The electrochemical and pH gradients associated with the RMP facilitate co-transport
processes across the membrane and in certain cells the altering of the membrane potential is important
for transmitting signals in the form of action potentials (Hartmann and Gupta 1989; Roshchina 2001).

Electrically excitable cells of animal and plant cells are characterized by the presence of
voltage-gated ion channels on their plasma membranes. When opened, these populations of ion
channels can generate an action potential (AP), an all-or-none depolarizing pulse that rapidly
changes the membrane voltage. In animal nerve cells, APs are often generated by the opening of
voltage-gated cation (sodium or calcium) channels when a stimulus causes membrane depolarization
that exceeds a certain threshold voltage. The resting potential is then reestablished when K+ exits
the cell through delayed opening of voltage-gated K+ (rectifier) channels. During the transmission
of electrical impulses in nerve cells, depolarization proceeds down the axon until reaching its ter-
minus, where neurotransmitters are stored in synaptic vesicles. For the signal to be transmitted to an
adjacent neuron, voltage-gated Ca?* channels are opened in axon terminals causing an inward Ca?*
flux. The intracellular Ca®* concentration shift facilitates the exocytosis of neurotransmitters from
vesicles into the synaptic cleft, where they diffuse from the pre-synaptic neuron to receptors on the
post-synaptic neuron. The binding of the neurotransmitter initiates either an excitatory or inhibitory
response in the post-synaptic cell. The neurotransmitter is then either enzymatically broken down
(in the case of ACh) or moved back into the pre-synaptic terminals.

Charophytes, and possibly other algae, may transmit electrical signals using a similar system.
The generation of action potentials in charophytes has been particularly well studied because they
produce large, multinucleate cells that are amenable to experimental methods typically used in neu-
robiology, such as perfusing individual membranes and patch clamping (Beilby 2016). In fact, the
first measurements of action potentials were made in Nitella mucronata, a freshwater charophyte
(Umrath 1930).

There are several differences in the production of action potentials in animals and charophytes.
For example, the transmission of electrical signals in charophytes is about 1000 times slower than
in animal nerve cells (Dettbarn 1962). Another difference is the mechanism that causes depolariza-
tion. In Chara coralline, and Nitellopsis obtusa, depolarization results when CI- exits cells through
ion channels, rather than Na* entering cells (Beilby and Coster 1979; Shiina and Tazawa 1987). In
C. corallina, exogenous ACh increases Cl~ channel activation and the addition of nicotine to the
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ACh solution, but not muscarine, further increases the probability of the channels opening (Gong
and Bisson 2002). The addition of ACh also slows the rate of repolarization of the action potential
in N. obtusa and C. corallina, (Gong and Bisson 2002; Kisnierien¢ et al. 2009), but it does not affect
the rate of depolarization in C. corallina (Gong and Bisson 2002).

In animals, two types of cholinergic receptors (receptors that respond to ACh) occur (Sargent
1993). Nicotinic receptors, which respond to nicotine as well as ACh, occur in neurons and skeletal
muscles. Muscarinic receptors, which respond to muscarine, a mushroom natural product, are found
in the brain and other tissues (Caulfield 1993). Gong and Bisson (2002) suggest that the charophyte
ACh receptor is sufficiently different from animal nicotinic receptors that it must have evolved
independently. They argue that the differences in the receptors include the fact that charophyte
receptors are anion channels and animal receptors are cation channels; in charophytes, the receptor
binding site is on the inside (vacuolar side) of the membrane, whereas in animals, it is external; and,
in animals, ACh and nicotine bind to a single site, whereas in charophytes the two ligands appear
to bind to different sites. However, whether ACh actually binds to a receptor protein has recently
been questioned. Work on Chara braunii internodal cells suggests that ACh does not bind to the
channels. Rather, it is hydrolyzed by acetylcholinesterase to form hydrogen ions (H*), choline, and
acetate (Fillafer and Schneider 2016). The resulting hydrogen ions are then responsible for trigger-
ing the depolarization of the membrane.

Do similar transmission systems exist in other algal phyla? Well-characterized cholinergic systems
only exist for the charophytes; they have not been described for other algal phyla. Nonetheless, there
is evidence that similar systems may exist. ACh occurs in at least one brown and one red algal spe-
cies (Barwell 1980; Gupta et al. 2013) and cholinesterase has been reported in four species of green
algae, one brown alga, and five red algae (Gupta et al. 1998), as well as in Nitella obtusa (Dettbarn
1962). While the occurrence of these compounds alone does not prove the existence of cholinergic
transmission systems, they are suggestive of their presence. Given the diverse evolutionary history of
the major algal phyla, similarities and differences in the functioning of these compounds in different
algal phyla may lead to a better understanding of the evolution of electrical signaling systems

3.3.2  SEROTONIN: CIRCADIAN PATTERNS IN CHAROPHYTES

Serotonin in charophytes may be involved in alleviating the effects of temporally varying oxidative
stresses or in regulating growth. The compound can be a precursor of melatonin, a strong antioxidant
that may be involved in setting or stabilizing circadian patterns (Beilby et al. 2015a, 2015b; Beilby
2016). Its concentrations in C. australis undergo daily patterns that differ in the summer and win-
ter (Beilby et al. 2015b). When C. australis were maintained on a summer light cycle (12/12 light/
dark), serotonin concentrations peaked at 11 a.m. and were approximately 400 ng g-!. Small peaks
also occurred at 3 a.m. and 8 a.m. The large midday serotonin peaks in the summer corresponded
with peaks in melatonin and preceded peaks in auxin. When plants were maintained on a winter
light cycle (9/15 light/dark), the 11 a.m. peak was not present, but small peaks still occurred at about
3 a.m. and 8 p.m. Midday auxin peaks were also absent, and the melatonin peaks were reduced.
The lower melatonin concentrations in the evening and in the winter may occur because reductions
in photosynthesis at these times result in a reduced production of reactive oxygen species (ROS),
reducing the need for high concentrations of antioxidants.

3.3.3 HistamiNe: Lire History AND TisSUE VARIABILITY IN FURCELLARIA LUMBRICALIS

The function of histamine in marine algae is not known, but its concentrations in the red alga
FE. lumbricalis differ among parts of the thallus and among life history stages (Barwell 1989). Like
many red seaweeds, F. lumbricalis produces three distinct macroscopic stages, an asexual tetraspo-
rophyte, a male gametophyte, and a female gametophyte. Average histamine concentrations ranged
from 60 to 1190 pug g! of algae. Although they varied among different parts of the algal thalli, they
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were generally higher in male gametophytes than in female gametophytes or tetrasporophytes. In
male gametophytes, concentrations were highest in the outer branchlets (ramuli) and lowest in the
middle of the thallus. In female gametophytes, concentrations were lowest in the branchlets and
highest in the bases of the algae. In tetrasporophytes, they were also lowest in the branchlets but
highest in unbranched parts of the thallus.

3.3.4 PHENETHYLAMINE

Phenethylamine and related compounds produced by terrestrial plants can be feeding deterrents
(Harley and Thorsteinson 1967) and are a component of blends of volatile compounds that serve
as oviposition cues in butterflies (Nishida 2014). In macroalgae, phenethylamine has been hypoth-
esized to be a feeding deterrent (Smith 1977), but no definitive assays have been conducted to
determine whether this is the case.

3.3.5 DoraMINE: ProDUCTION AND EcoLocicAL FUNCTIONS IN ULvAria OBSCURA

Dopamine is only known to be produced by one alga, U. obscura (Figure 3.3a—c; formerly
Monostroma fuscum). The compound was initially identified in the 1960s in U. obscura from
Washington State, USA (Tocher and Craigie 1966a). A phenolase enzyme that oxidizes dopamine to
form dopamine quinone was also identified from U. obscura at the same time (Tocher and Meeuse
1966b). Subsequent work on the production of dopamine by U. obscura has focused on its ecologi-
cal, rather than physiological, relevance to the alga (Van Alstyne et al. 2015) and to the dynamics
of green tides, large growths or accumulations of green seaweeds (Figure 3.3a) that are becoming
increasingly abundant worldwide (Charlier 2008; Ye et al. 2011; Smetacek and Zingone 2013).

3.3.5.1 Basic Structure of Ulvaria Thalli

Catecholamines have been found in many plants, but few specifically produce dopamine at high con-
centration, and the organs or cells where such production occurs varies by species (Kulma and Szopa
2007). Thus, the relatively high concentrations of dopamine found in U. obscura make it a potential
model system for studying plant catecholamine synthesis at the cellular level. In contrast to the vari-
ous cell types that form the complex multilayer tissues of higher plants, the thalli of U. obscura have
monostromatic blades consisting of a single layer of tall, closely packed vegetative cells. As shown in
Figure 3.4a, the cell walls of the alga are thick at each end but are thinner laterally. A large central vac-
uole occupies much of the cell volume, displacing organelles such as chloroplasts to more peripheral
locations within the cortical cytosol. Each chloroplast contains one to three pyrenoids and multiple
starch grains that vary in number, size, and position. The single nucleus is positioned nearer to one
pole, and the perinuclear cytosol contains many dictyosomes (Golgi bodies) and associated vesicles.

3.3.5.2 Histochemical Localization of Dopamine in Ulvaria Thalli

Indirect immunofluorescence experiments using anti-dopamine monoclonal antibodies on thin sec-
tions cut from plastic-embedded U. obscura thalli show strong immunoreactivity associated with
chloroplast thylakoids in stromal areas adjacent to starch grains and pyrenoidal starch sheathes
(Figure 3.4b—e). In whole-mount specimens, we occasionally found anti-dopamine staining of
vesicles located in the cortical cytosol between the chloroplasts and plasma membrane (Ridgway,
unpublished data). Such vesicles are rarely seen in sections of plastic-embedded specimens, how-
ever, suggesting that most are lost during sample processing steps. This conclusion is supported by
our attempts to localize dopamine using the glyoxylic acid histofluorescence technique (De Le Torre
1980), which requires incubation of samples in a buffered glyoxylic acid solution followed by a des-
iccation step and heating to 80°C-90°C. This processing releases significant amounts of dopamine
across the cell walls primarily from cortical cytosol vesicles, but also from chloroplasts, creating
a haze of fluorescent product (Figure 3.5a). Quenching cell wall fluorescence with Toluidine Blue
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FIGURE 3.3 (a) A moderate bloom of ulvoid green macroalgae revealed during low tide at Pleasant Beach,
Bainbridge Island (Kitsap County, Washington, USA) on July 9, 2009. (b) A closer view of the algal bloom in
(a) showing the dense accumulation (up to 12 cm thick in some areas) of various ulvoid algae species in the
mid-intertidal zone of the beach. (c) A solitary specimen of U. obscura in about 8 cm of seawater in the lower
intertidal zone of Pleasant Beach on the same day as (a) and (b). Measure bar in (c) = 10 cm. (d—f) Solubility
of heat-induced dopamine oxidation products formed within cells of U. obscura. (d) Bright field microscopy
of cells within a whole-mounted thallus sample that was blotted to remove excess seawater and then incubated
in a 95°C oven for 5 min. Brown or black oxidation products are seen within vesicles of many of the cells. For
reference, four cells that had undergone dopamine release prior to field collection of the thallus sample are
denoted (asterisks). (e, f) The same thallus region as in (d) photographed after 1 min exposure (¢) and 3 min
exposure (f) to filtered seawater demonstrating the solubility of many of the oxidation products. Reference
cells marked (asterisks) are the same as in (d). All measure bars = 20 um. (g—h) U. obscura thallus prior to
(g) and after (h) 3 h of desiccation on an overcast day. The brown coloration is due to the formation of melanins
from dopamine. Measure bar = 5 cm. (i) Bowl containing filtered seawater that had been added to desiccated
U. obscura. The U. obscura were removed 5 min after the seawater was added and the reddish coloration
developed within 30 —60 min. Measure bar = 5 cm.
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FIGURE 3.4 (a—e) Cell structure and immunohistochemical localization of dopamine in U. obscura.
(a) Thallus cross-sectional view using brightfield microscopy showing key structural features of cells as
stained by Stevenel’s Blue. The thallus consists of a single layer of elongated vegetative cells with relatively
thick cell walls (CW) at the surface. Chloroplasts are located within the cortical cytosol at the poles of the cell;
these contain pyrenoids (P) that are readily identified by their shell-like starch sheathes, as well as adjacent
ellipsoidal starch grains (seen as white voids). A central vacuole (CV) occupies most of the volume of the
cell, relegating the cytosol to a thin layer between the tonoplast and cell membrane except in the region of the
nucleus (N) where rough endoplasmic reticulum and Golgi bodies predominate. (b—e) Thallus cross-sectional
view using epifluorescence microscopy. The color channels shown include: (b; blue channel) CalcoFluor White
staining of cell wall cellulose, (c; red channel) chlorophyll autofluorescence, (d; green channel) dopamine
immunofluorescence staining via a commercial monoclonal primary antibody (Gemacbio S.A., Saint-Jean
d’Illac., France) generated against dopamine conjugated to bovine serum albumen via glutaraldehyde, and (e) a
merged image combining the three channels at higher magnification. Note the strong immunofluorescence
signals associated with stromal regions around pyrenoids and starch grains. All measure bars = 10 um. (f—i)
Whole-mount preparations of U. obscura thalli. (f) The typical distribution of dopamine using the glyoxylic
acid (GA) histofluorescence method shows staining (bluish white) associated with cell walls, pyrenoids (Pyr),
and starch granules (SG), plus significant haze due to released dopamine. (G) When cell wall fluorescence is
blocked by applying 0.05% Toluidine Blue O prior to glyoxylic acid staining, some thalli show strong histofluo-
rescence of vesicles (V) clustered within cortical regions of the cytosol just below the plasma membrane, and
lighter staining associated with pyrenoids (Pyr) and starch granules (not labeled). (Continued)
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FIGURE 3.4 (Continued) (h) Differential interference contrast microscopy of living, non-stained cells
at a focal plane just below the cell surface. Pyrenoids (Pyr) are seen within chloroplasts and clusters of
small vesicles (V) are apparent in the cytosol. (i) Spinning disk confocal fluorescence microscopy of living
cells photographed at a focal plane just below the cell surface showing the distribution of acidic vesicles

(V) stained with the fluorescent probe LysoSensor Green DND-189 (Molecular Probes, Eugene, OR). All
measure bars = 10 pm.
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FIGURE 3.5 Proposed cellular pathways for dopamine synthesis, storage, and release in U. obscura.
Histochemical evidence suggests dopamine is produced in chloroplast stromal regions adjacent to starch grains
(SG) and pyrenoidal (Pyr) starch sheathes (stippled areas). Dopamine appears to be transported to the cytosol
where it is taken up and stored in vesicles derived from two possible pathways. In Pathway 1, dopamine is trans-
ported across chloroplast membranes (1a) to the cytosol and is uploaded into acidic vesicles (1b) derived from
the endomembrane system (1d), which includes the perinuclear endoplasmic reticulum (ER) and Golgi appa-
ratus (GA). The dopamine-containing vesicles, which vary in size due to fusion events, migrate to the cortical
regions of the cytosol (1c) adjacent to the plasma membrane and cell wall (CW). In Pathway 2, dopamine trans-
ported across the chloroplast membranes (2a) to the cytosol is taken up by the cortical endoplasmic reticulum
(2b) and loaded into acidic vesicles produced by the ER membrane; these vesicles are then distributed within the
cortical cytosol (2¢). Since the cortical ER can directly communicate with the perinuclear ER (2d), convergence
between the two pathways may occur. Regardless of the pathway, this model infers that dopamine release could
be either a regulated (exocytotic) process or, if plasma membrane integrity is lost, a non-regulated process.

Cortical ER
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O dye improves contrast and enables dopamine histofluorescence to be localized in any remaining
vesicles (Figure 3.5b). Cortical cytosolic vesicles can often be seen in freshly collected thallus speci-
mens in the focal plane just below the cell wall (Figure 3.5¢). Vesicles in this plane can be stained in
living thallus samples using the pH-sensitive dye LysoSensor Green DND-189 (Molecular Probes,
Eugene, Oregon, USA), indicating the lumen of these putative dopamine-containing vesicles is
acidic (Figure 3.5d) (Ridgway, unpublished data).

3.3.5.3 Proposed Cellular Pathways for Dopamine Storage and Release

Taken together, these dopamine localization studies suggest possible routes for dopamine synthesis,
transport, storage, and release by U. obscura (summarized in Figure 3.6). The main site of dopamine
synthesis appears to be in thylakoid membranes, particularly in areas of the chloroplast stroma near
pyrenoidal sheathes and surrounding starch grains. The chloroplasts do not seem to be the main site
for dopamine storage, however. Instead, dopamine appears to be transported across the chloroplast
membranes to the cytosol where it is either (1) directly taken up by acidic vesicles derived from the
endoplasmic reticulum (ER)-to-Golgi pathway, which are then stored in the cortical cytosol before
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FIGURE 3.6 Concentrations of dopamine (Lmol dopamine-g fresh mass™) in U. obscura from sites on three |AQ 4
islands in the Salish Sea, Washington, USA. At all sites, dopamine concentrations peak in the mid-summer

despite high levels of inter-island and inter-annual variability. The three islands are within 40 km of one
another, and the sites on the islands are located less than 5 km away from one another. (a) Blakely Island,

(b) Fidalgo Island, (c) Whidbey Island. Algae were collected during the summer growing season by hand

during low tides and dopamine measurements were made by HPLC as described in Van Alstyne et al. (2006).

Data are means + 1 SD (N = 1-24).
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release or (2) moved into the cortical ER and later enclosed in acidic vesicles budded from the ER
membrane. The latter pathway is of interest because it suggests a route by which dopamine might be
moved throughout the cell for storage while being protected from the more oxidative environment
of the cytosol. In addition to acidic vesicles, further dopamine storage may be associated with cyto-
solic invaginations into the central vacuole. These invaginations involve the tonoplast and resemble
those described for phenol-storing cells of banana roots (Beckman and Mueller 1970; Mueller and
Beckman 1974). Storage in the acidic vesicles and/or cortical endoplasmic reticulum would facili-
tate regulated release of dopamine through plasma membrane signaling events, whereas loss of
membrane integrity would result in unregulated (catastrophic) release of dopamine.

3.3.5.4 Comparisons with Dopamine Production in Animals and Higher Plants

It is interesting to compare the proposed pathways for dopamine synthesis and release in U. obscura
with other cellular systems known to involve catecholamines. In the dopaminergic neurons of ani-
mals, for example, dopamine is synthesized from tyrosine in a two-step process occurring in the
cytosol (Meiser et al. 2013; Segura-Aguilar et al. 2014). In the rate-limiting first step, tyrosine is
hydroxylated to L-dihydroxyphenylalanine (L-DOPA) in an oxygen-requiring reaction catalyzed
by tyrosine hydroxylase (TH). In the second step, L-DOPA is decarboxylated to dopamine in a
reaction catalyzed by aromatic amino acid decarboxylase (AADC). Dopamine does not accumu-
late in the cytosol, however, since TH and AADC form a complex with vesicular monoaminergic
transporter 2 (VMAT?2), a membrane protein that efficiently moves dopamine into synaptic vesicles
(Cartier et al. 2010). The uptake by synaptic vesicles removes free dopamine from the potentially
oxidizing environment of the cytosol (pH ~7.4) and into the reducing environment (pH 2.0-2.4) of
the vesicle interior (Guillot and Miller 2009). The low pH is the result of VMAT?2 being coupled to
a Ht-ATPase on the vesicular membrane that creates a proton gradient to drive dopamine uptake
(Segura-Aguilar et al. 2014). Dopamine is stored in synaptic vesicles within presynaptic terminals
until released to the synaptic cleft via calcium-dependent exocytosis. Although the site of dopamine
synthesis differs from that found in U. obscura, the uptake of dopamine into acidic vesicles for stor-
age and regulated release may be similar.

Dopamine synthesis, storage, and release in higher plants differs in several key aspects from
that just described for animal neurons but provides clues to how these stages are carried out by
U. obscura. Some plant cells, such as those of Scotch broom (Cytisus scoparius), resemble animal
cells in using TH to convert tyrosine to L-DOPA and AADC (also known as DOPA decarbox-
ylase) to convert L-DOPA to dopamine (Tocher and Tocher 1972). In other plants, such as red
banana (Musa sapientum), an alternate pathway is utilized in which tyrosine is decarboxylated to
tyramine in a reaction catalyzed by tyrosine decarboxylase followed by tyramine hydroxylation to
produce dopamine in a reaction catalyzed by monophenol hydroxylase (Nagatsu et al. 1972; Kulma
and Szopa 2007). The route that gives rise to tyrosine in both cases is the shikimate pathway, a
metabolic pathway localized to plastids and therefore not found in animals. In this pathway, phos-
phoenolpyruvate (from glycolysis) and erythrose-4-phosphate (from the oxidative pentose phos-
phate pathway) are brought together and converted in a series of enzyme-catalyzed steps first to
shikimate, then to chorismate, and then to the aromatic amino acids tyrosine and phenylalanine
(Soares et al. 2014). Most phenylpropanoids, including alkaloids, flavonoids, phenolic acids, and
lignin are produced in biosynthesis pathways that branch from the shikimate pathway (Cheynier et
al. 2013). The cellular compartment for production of these phenylpropanoids shifts away from the
plastids in many cases. In U. obscura and a few other notable plants, such as banana (Kanazawa and
Sakakibara 2000), dopamine is the main end-product whereas in other plants, such as the opium
poppy (Panaver sominifer), it is merely a key intermediate metabolite in a complex pathway lead-
ing to diverse end-products (Facchini and De Luca 1995; Facchini 2001). Storage of dopamine in
at least one poppy species, Papaver bracteatum, has been localized to small (<3 pum diam.) round
vacuoles that differed from vacuoles in which the morphinan alkaloids, thebaine and morphine,
were localized (Kutchen et al. 1986).
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3.3.6 EcorocicaL FUNCTIONS

3.3.6.1 Bloom Formation and Feeding Deterrence

U. obscura is one of several species of green seaweeds in the Order Ulvales that commonly occurs
in green tides (Figure 3.3a) in Washington State, USA (Nelson et al. 2003b, 2008). Typically, it
is found in deeper waters and is more abundant in the winter and spring than Ulva lactuca, the
other abundant ulvoid in many blooms (Nelson et al. 2003b). U. obscura is not as well adapted for
growing in intertidal environments as U. lactuca. In the intertidal zone, it grows more slowly than
U. lactuca, but growth rates of the two species are similar in the subtidal zone (Nelson et al. 2008).
It dries more quickly than U. lactuca and, for a given amount of drying, has a lower photosynthetic
yield (Nelson et al. 2010). It also has lower growth rates in hyposaline waters (Nelson et al. 2008).

The ability of U. obscura to dominate subtidal blooms despite not being able to outgrow U. lactuca
is due to its ability to resist grazing (Nelson et al. 2008). When given a choice of U. obscura versus
other ulvoid species in choice assays, herbivorous snails (Littorina sitkana), crustaceans (Idotea
wosnesenskii), and urchins (Strongylocentrotus droebachiensis) eat significantly less U. obscura
(Van Alstyne et al. 2006; Nelson et al. 2008). A related urchin (Strongylocentrotus purpuratus)
has lower absorption efficiencies when fed U. obscura (reported as M. fuscum) as compared to
other common algal species (Vadas 1977). Using a bioassay-guided fractionation, Van Alstyne
and coworkers (2006) demonstrated that in U. obscura, dopamine is the primary feeding deterrent
towards S. droebachiensis. It also deters feeding by /. wosnesenskii and L. sitkana when incorpo-
rated into artificial diets.

The degree of protection provided by dopamine may vary spatially and temporally. In Ulvaria
from the Salish Sea, dopamine concentrations vary seasonally with peaks occurring in mid-
summer (Figure 3.6). Concentrations differ among islands but tend to be consistent among sites
on a given island. Inter-annual variation also occurs. Dopamine concentrations measured over a
three-year period were consistently higher in 2006 than in 2007 and 2008. Within sites, dopamine con-
centrations in Ulvaria tend to be consistent among depths (Figure 3.7), suggesting that seasonal,
inter-annual, and among-island variability is not caused by either light or temperature, as light
levels and temperatures should be higher at the shallow sites than the deep sites.
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FIGURE 3.7 Concentrations of dopamine (umol dopamineg fresh mass™) in U. obscura from two sites on
Fidalgo Island (LM: Lovric’s Marina, SH: Ship Harbor) and two sites on Blakely Island (AB: Armitage Bay,
WB: West Beach) along 50 m transect lines running from the mid intertidal zone (shallow) to the subtidal
zone (deep). Data are means + 1 SD (N = 2-17). Lines below the graph connect data that are not significantly
different from one another (P > 0.05 from post hoc Tukey’s tests following analyses of variance. With the
exception of the West Beach site in July 2006, dopamine concentrations did not differ significantly with depth.
ND: no data (U. obscura was not found in shallow algal collections at the Blakely Island sites in September).
Dopamine measurements were made as described in Van Alstyne et al. (2006).
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3.3.6.2 Release of Dopamine in Seawater

Intertidal and shallow subtidal U. obscura can become stranded on beaches during low tides, where
the algal thalli can become desiccated. Desiccated U. obscura often develop brown-colored patches
on the surface of the thallus (Figure 3.3g—h). This discoloration is also seen at the microscopic level
when U. obscura is heated briefly in the lab. Within minutes, damaged U. obscura cells produce
colored, water-soluble oxidation products (Figure 3.3d—f) that are released into seawater. These
oxidation products are likely to be the same products (Figure 3.8) that are produced from dopamine
in animal cells at synapses (Meiser et al. 2013; Tan and Chen 1992). In animals, dopamine is first
oxidized to form dopamine quinone, which results in the release of ROS (Figure 3.8). This reac-
tion can be catalyzed by enzymes, such as the phenolase enzyme produced by U. obscura (Tocher
and Meeuse 1966b), or by metals. Dopamine quinone is then cyclized to form aminochrome (2,3
dihydroindole-5,6 quinone). Following several additional reactions, the quinones polymerize to
produce melanins (also referred to as neuromelanins). UV spectra of both commercially obtained
dopamine-HCI and exudates released by U. obscura in a phosphate buffer solution containing
sodium meta-periodate (which accelerates the oxidation of dopamine to aminochrome) show very
similar changes in spectra over time (Figure 3.9). This provides strong evidence that the discolor-
ation produced by U. obscura exudates in seawater is due to the oxidation of dopamine.

Several lines of evidence point to the occurrence of large-scale releases of dopamine by U. obscura
blooms when stranded algae are rehydrated. On beaches where large biomasses of U. obscura occur,
discolored water can be observed at the edge of an incoming tide that is rehydrating desiccated algae
(Nelson et al. 2003a). Similar discolorations are observed when desiccated U. obscura is rehydrated
with seawater in laboratory experiments (Figure 3.31). Experimental work that simulated U. obscura
being stranded at low tide then rehydrated by an incoming tide found that seawater dopamine con-
centrations following rehydration were positively correlated with solar radiation during emersion
and could be as high as 1340 uM (Van Alstyne et al. 2011). The loss of dopamine was due to the
algae becoming desiccated; it was not impacted by UV or visible light levels, water temperature, or
exudates from neighboring U. obscura (Van Alstyne et al. 2013).
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FIGURE 3.8 Reactions that are proposed to occur when dopamine is in an aqueous solution. (From Tan,
T.C. and Chen, Y., Int. J. Chem. Kinet., 24, 1023-1034, 1992.)
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FIGURE 3.9 UV-visible spectra of oxidation products seen after the addition of sodium meta-periodate to
either (a) a 2 mM dopamine-HCI sample in phosphate buffer (pH 7.4) or (b) a sample of U. obscura exudate

in the same phosphate buffer. In both cases, the solid lines are overlaid spectra taken at different time points
(corresponding to 2, 5, 10, 15, 20, 25, and 30 min) after periodate addition. These spectra reveal a similar time
evolution of the two peaks (4,,,, = 300 and 475 nm) associated with production of 2,3-dihydroindole-5,6 qui-

none (also known as aminochrome). These peaks gradually decay (downward arrows) as the oxidation con-

tinues, giving rise to products that increase in absorbance throughout the visible spectrum (upward arrows)

as melanins are formed. For reference, in (a) a single spectrum of a 2 mM dopamine-HCI sample in distilled

water (dashed line) is provided showing the characteristic peak absorption at 280 nm.

3.3.6.3 Waterborne Dopamine as a Toxin and Allelochemical

Ulvoid algae can affect the survival and growth of nearby benthic and planktonic organisms (Magre
1974; Johnson and Welsh 1985; Wang et al. 2009; Tang and Gobler 2011). Exudates of U. obscura
inhibit the germination and growth of embryos of the brown alga Fucus distichus and the growth
of U. obscura and U. lactuca. They also inhibit the growth of benthic microalgae (Nelson et al.
2003a). Dopamine in seawater at concentrations similar to those found in exudates inhibits the
germination of F. distichus embryos and slows the growth of U. lactuca (Van Alstyne et al. 2014);
however, the specific mechanisms underlying these effects are not known. Because dopamine in
seawater rapidly oxidizes to form quinones, which bind to DNA (Graham et al. 1978) and inacti-
vate proteins (Stokes et al. 1999), the quinones generated by dopamine released from U. obscura
may be the toxic agents. Dopamine oxidation also produces ROS, which cause damage to lipids,
protein, and DNA (Halliwell and Gutteridge 1989). Desiccated U. obscura releases ROS at a rate
of about 0.3 umol'g™! of algae when rehydrated (van Hees and Van Alstyne 2013). These ROS may
be byproducts of photosynthesis, cellular respiration, and oxidative stress responses, in addition to
being reaction products of dopamine oxidation.

U. obscura exudates also affect the survival and development of invertebrate larvae. Nelson and
coworkers (2003a) found that U. obscura exudates caused 100% mortality in oyster (Crassostrea
gigas) larvae using densities of algae typically found in blooms (14 g fresh mass per L). Using
a range of dilutions of U. obscura exudates, it was estimated that half of the C. gigas larvae
would fail to develop properly to the D-hinge stage within 24 h after being exposed to exudates
from U. obscura at densities of 0.21g1™! (Nelson and Gregg 2013). In similar experiments, Rivera
Véazquez et al. (2017) found that two-hour-old exudates from U. obscura at threefold higher densi-
ties did not affect the germination of C. gigas zygotes or increase larval mortality after 25 min
and one h of exposure, respectively. However, exposure to exudates did increase shell lengths and
widths of C. gigas larvae at the straight-hinged veliger stage. The differences in the results of these
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studies may be due to differences in the exposure times to the exudates, the ages or concentrations
of the exudates, or to differences in the amounts of toxins being produced by U. obscura from dif-
ferent sites or collected at different times of the year.

The effects of U. obscura exudates and dopamine on invertebrate larvae differ among species
and stages. Dopamine decreases the survival of Dungeness crab (Metacarcinus magister) zoeae
but does not affect the survival of shore crab (Cancer oregonensis) megalopae and juveniles (Van
Alstyne et al. 2014). Ten and 100 uM dopamine has no effect on the fertilization success of sand
dollar (Dendraster excentricus) eggs, but exudates of U. obscura reduce it, suggesting that the exu-
dates contain other toxins (Rivera Vazquez et al. 2017). The same concentrations of dopamine have
no impact on the frequency of development to the gastrula stage; however, when larvae are exposed
to 10 and 100 uM dopamine, they develop smaller archenterons (primitive guts). Dopamine is also
responsible for regulating arm length, which affects foraging efficiency in the pluteus stage of sea
urchins (Stronglylocentrotus purpuratus) (Adams et al. 2011). A week after six-armed D. excentri-
cus plutei were exposed to 10 and 100 uM dopamine for an hour, they had shorter arms than control
larvae suggesting that dopamine released by U. obscura may alter the development of planktonic
invertebrate larvae in nearby waters (Rivera Vazquez et al. 2017).

3.3.6.4 The Benefits and Costs of Producing Dopamine

The protection that dopamine provides against a taxonomically wide range of herbivores likely
contributes to the alga’s ability to form large blooms. However, it may also limit the distribution of
the alga. By causing damage to U. obscura’s tissues when the alga is desiccated, dopamine could
limit U. obscura’s distribution in the intertidal zone to times of the year when solar irradiances are
reduced at low tide or to lower on the shore where it is exposed for shorter periods of time when
the tide is out (Nelson et al. 2003b). This hypothesis assumes that the presence of dopamine either
causes tissues to become damaged more easily when they are desiccated or that the release of dopa-
mine further damages desiccated tissues. It is also possible that U. obscura is more susceptible to
desiccation for reasons unrelated to dopamine and the release of dopamine is a response to fatally
stressed cells losing membrane integrity. Because ulvoid algae have diffuse growth (cells through-
out the thallus can divide), loss of a desiccated part of the thallus does not necessarily cause the
death of the entire individual, but it is associated with losses of tissue mass and poorer survival
rates (Van Alstyne et al. 2013). Using nitrogen to produce dopamine is also likely to be costly to
U. obscura because nitrogen is generally a limiting nutrient to algal growth in waters where the alga
is found (Nelson et al. 2003a).

3.4 CONCLUSION

Many marine and freshwater algae produce compounds that are important neurotransmitters in
animals. In most cases, the functions of these compounds are unknown and studies are needed to
determine their basic physiological and/or ecological roles. Similarities in neurotransmitters among
such evolutionarily disparate groups as animals, terrestrial plants, green and red algae, and brown
algae suggest evolutionary convergences in the production of these compounds, though the synthetic
pathways used to produce them and their functions may differ among major taxonomic groups. Our
current understanding of the synthesis and use of neurotransmitters by algae is limited and even for
the best-studied systems critical information is still missing. For example, although ACh-like signal
transmission in the charophytes has been studied since the 1930s, to our knowledge, ACh has yet to
be identified from this group.

Algae may be good model systems for studying the production and function of neurotransmitters.
Because of their large, readily accessible cells, charophytes have been used as models for studying
electrical signal transduction. The production of dopamine by U. obscura is another potential model
system. Recent studies have demonstrated many parallels in U. obscura and animals in terms of
how dopamine is synthesized, stored, and released, and in the subsequent conversion of dopamine
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to quinones and melanins, processes that may be important human cognition and neurological dis-
eases (e.g., Meiser et al. 2013; D’Esposito and Postle 2015). Because U. obscura is abundant, easily
maintained and manipulated in the laboratory, and produces copious amounts of dopamine, it may
be a model system for understanding these processes in all organisms.
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