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Preface

This brief e-book is the result of the personal motivation of two researchers,
Johana Marcela Concha Obando and Thalisia dos Santos, who worked in
close collaboration throughout their Master's and Ph.D. studies over
approximately eigth years. Their research focused on brown algae of the
Dictyotaceae family as model organisms—species that have also been the
subject of extensive investigation by the ALGAMAR research group at
Fluminense Federal University (UFF), a group with a solid and longstanding
trajectory in studying the chemical profiles and potential bioactives of brown
seaweeds. This work also serves as a tribute to this remarkable group of
algae, which provided us with a specific and scientifically rich focus that
contributed significantly to our growth as natural products researchers—
particularly through the exploration of diterpenes, a class of compoun
deepened our understanding of the natural products found in@Di
menstrualis and Canistrocarpus cervicornis, two native spemes ?

coast. \_J H' ;i 1;"- .

With this e-book, we aim to provide an updated &Qtﬁ/% gfe\v;/\ df the
scattered literature on the chemical ecology of thesé\alga,é the, rale f
various abiotic factors in shaping their metabolite prod&tlon N qS‘rk o] gs
together  ecological, biochemical, and _environmental | {pe@pectlve

consolidating knowledge that is often fragme% e(\%ss (deferent sources— 7

particularly for some of the most studied gehera* fit mlctyatapeae family

that are part of Brazilian biodiversity. Q_ '\\ 1% M

f

The authors believe that the publication of \txesmble SC/I-(:IntIfIC material
through open access platforms, such agEQ!fb(‘a tena, is a powerful tool for
both scientific communication and national ac demlc dissemination. This
initiative is intended not only to support rgsearchers and students, but also to
broaden the visibility of marine chemical ecology as‘an evolving and
interdisciplinary field. i
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ABSTRACT

The Dictyotaceae family is one of the most representative families of brown
algae and includes several important genera, such as Dictyota, Dictyopteris, Padina,
Stypopodium, and Lobophora, all of which play crucial roles in marine ecosystems. Due
to their high chemical diversity and relevant bioactivity of their primary and secondary
metabolites, such as terpenes, polyphenols, steroids, fatty acids, and pigments, these
macroalgae have become promising sources of bioactive molecules. With a wide
range of effects at the molecular and cellular levels, these molecules are intrinsically
linked to the metabolic complexity of algae, which manifests through interactions
with various environmental pressures present in the complex marine ecosystem.
Thus, the intrinsic chemistry of algae plays a fundamental role in modulating two
essential aspects of its ecology: (1) reproduction and (2) survival. This work provides
an up-to-date overview of the classification and diversity in addition to ecological
and environmental significance of the Dictyotaceae family's metabolites. Drawing
from relevant studies on this algae family, we delve into aspects of its chemical
ecology in terms of life cycles and reproduction along with abiotic factors (such as
light, temperature, and hydrodynamics). Additionally, we describe the molecules
involved in these processes and emphasize their biotechnological potential as
significant ecosystem services.

KEYWORDS: Macroalgae, Chemical Interactions, Abiotic Factors influence,
Dictyotales-Phaeophyta



CONTENTS

MARINE MACROALGAE: DICTYOTALES AND THEIR TAXONOMIC
AND PHYLOGENETIC CONTEXTS 1

LIFE CYCLES, CHEMISTRY, AND REPRODUCTIVE BEHAVIOR IN

THE DICTYOTACEAE 9
Life cycles Of DICEYOTACERAE ... sasssseas 9
The Chemistry of Dictyotaceae and their ecological implications................... 10

Chemotaxis of Dictyotaceae GamMELES ...t sassssens 1

CHEMICAL MEDIATORS IN PHYSICAL INTERACTIONS IN THE

MARINE ENVIRONMENT 14
Hydrodynamics as a selective pressure for adaptive metabolite
OFOTUCTION. ...ttt bbb bbb bbb s s bbb snnbnen 14
Irradiance and and the biosynthesis of protective metabolites..........cccoeuuue.e. 20
Nutrient availability and the production of adaptive Metabolites.................... 24
Temperature as a regulator of adaptive metabolite production................... 28
Other abiotic affecting the chemical Profiles ... 30

CONCLUSION 32

REFERENCES 33

AUTHORS 47




CHAPTER 1

MARINE MACROALGAE: DICTYOTALES
AND THEIR TAXONOMIC AND
PHYLOGENETIC CONTEXTS

The ocean is home to various marine organisms with diverse physiologies
and adaptations. Both macro and microalgae include between 30,000 and one
million different species, all of which exhibit a vast array of shapes and sizes (Akram
et al. 2022). Most algae inhabit aquatic environments and possess unicellular
gametangia and a thallus as vegetative bodies (Driss, 2021). The term “algae”
includes both prokaryotic organisms (cyanobacteria) and eukaryotic organisms
that form a combined polyphyletic group. Thus, “algae” is essentially an ecological
term that applies to organisms of various origins (Gololobova and Belyakova, 2022).
Currently, numerous uncertainties are present regarding which organisms should
be classified as algae and whether a species may encompass two different phyla
and classes thus rendering algae evolutionarily diverse. Such diversity means that
algae do not represent a single taxonomic entity as seen in the case of vascular
plants. Recognizing the challenges in the systematics of these organisms, recent
years have witnessed extensive efforts to generate a more precise estimate of the
number of algal species (Cavalier-Smith, 2016; Menaa et al., 2020; Guiry and Guiry,
2023). Presently, depending on their systematics and molecular phylogeny, algae
are classified into approximately four kingdoms: (1) Kingdom Plantae (for instance,
Chlorophytes, such as green algae, and Rhodophytes, such as red algae); (2) Kingdom
Protozoa (formerly Protista; for example, Euglenozoa, formerly Euglenophytes); (3)
Kingdom Chromista (for instance, Phaeophytes, such as brown algae, encompassing
dinoflagellates and diatoms); and (4) Kingdom Eubacteria (cyanophytes, also known
as blue-green algae) as described by Adl et al., (2005). It is essential to clarify that
the term “algae” for cyanobacteria is considered erroneous by many authors in
biology because algae should strictly refer to eukaryotic organisms. However, some
definitions of algae also include prokaryotic organisms (Gololobova and Belyakova,
2022) as shown in Figure 1.
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KINGDOM ALGAE

Supergroup: Excavata
Phylum: Euglenozoa

0
1

PROTOZOA

Flagellated euglenoids or euglenophytes

Supergroup: Chromalveolata
Phylum: Ochrophyta, Phaeophyta e
Crysophyta.

Brown algae, golden algae, diatoms.

Supergroup: Archaeplastida

\ Phylum: Rhodophyta, Chlorophyta. Charophyta e
Glaucophyta

0

3 PLANTAE

Green and red algae, freshwater algae.

Figure 1. Classifying seaweed into kingdoms (Gololobova and Belyakova, 2022).

Algae are best defined as oxygenic photosynthetic organisms that are not
terrestrial embryophyte plants (Cavalier-Smith, 2016). Specifically, marine macroalgae
are macroscopic aquatic organisms (capable of measuring up to 65 min length) that
naturally inhabit predominantly rocky coastlines. A solid attachment point is crucial
for their survival, although they can also float. Species of marine algae are found in
aquatic systems that contain certain levels of salinity (above 3 practical salinity unit
[PSU]) and sunlight for photosynthesis, both of which are environmental conditions
that govern their ecology (Garcia-Poza et al., 2022; Cotas et al., 2023). Seaweeds,
as primary producers, form the foundation of the marine food chain thus fulfilling
a crucial ecological role.

Seaweeds contribute significantly to oxygen production, offer habitat to diverse
marine species, and serve as a vital food source for various herbivores, including
invertebrates, such as certain sea urchins and gastropods and vertebrates, such as
herbivorous fish.

Additionally, seaweeds provide shelter from predators and by doing so, enhance
marine ecosystems’ overall biodiversity and stability (Randall et al., 2020). The
active and interesting metabolism of marine macroalgae makes these organisms
producers of many chemical molecules that mediate each of their interactions with
their natural environment thus forming an essential key in the trophic chain of
the marine complex. On the other hand, seaweeds’ biomass and diversity provide
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several ecosystem services (ES). ES are the human gains obtained from ecosystems
and are divided into four categories: (1) support, (2) provisioning, (3) regulatory,
and (4) cultural services according to the Millennium Ecosystem Assessment and
the Common International Classification of Ecosystem Services (MEA and CICES,
respectively). This perspective is reinforced by the fact that seaweed and humanity
have been interconnected since the beginning of time, since humans in coastal
communities have always used seaweed as a source of food, fiber, biochemicals,
natural medicine, ornamental resources, artistic inspiration, and aesthetic values
(Cotas et al., 2023). Most of the seaweed supply to humans (97.1%) is obtained
from coastal water agriculture (Buschmann etal., 2017). In recent decades, seaweed
cultivation has rapidly expanded. Seaweed cultivation represents 51.3% (34.7
MMT, wet weight) of total global marine aquaculture for which China and eight
other Asian countries lead production (Troell et al., 2023; Chopin and Tacon, 2021).
Seaweed is currently being studied in different areas, such as green carbon, carbon
sequestration, and as a possible source of ingredients for the biomedical, cosmetic,
and pharmaceutical sectors (Cotas et al., 2023).

Based on their pigment profile in addition to morphological, anatomical, and
reproductive structures, marine macroalgae are generally categorized into three
taxonomic groups: (1) Chlorophyceae (green algae), (2) Phaeophyceae (brown
algae), and (3) Rhodophyceae (red algae). Based on the group, algae contain large
amounts of carbohydrates (4% to 70% of their dry matter), lipids (1% to 20% of
their dry matter), proteins (7% to 47% of their dry matter), and many other valuable
chemicals (Abdel-Kareem and ElSaied, 2022). Brown algae (Phaeophyceae) are a
group of multicellular heterokonts (or Stramenopiles) that are widely distributed in the
oceans and play fundamental roles in the functioning of coastal marine ecosystems,
arole that extends to the Arctic and tropical regions. Large brown algae, particularly
those in the orders Laminariales, Tilopteridales, Fucales, and Desmarestiales, act as
ecosystem engineers (Teagle et al., 2017; Bringloe et al., 2020). Approximately 2,000
species have been described for this group, and they are one of the few lineages
of eukaryotic algae that have developed complex multicellularity (Charrier et al.,
2008). These seaweeds form underwater forests that provide structural complexity
to marine ecosystems (Bringloe et al., 2020).

Phylogenetically, the photosynthetic heterokonts share a common endosymbiotic
event, namely phagocytosis of red alga from which the heterokonts’ plastids evolved.
In other words, the chloroplasts of brown algae evolved through a secondary
endosymbiosis in which the red algae were absorbed by a non-photosynthetic
eukaryote (Keeling, 2010), which formed the Ochrophyta, a lineage of mainly
unicellular and mainly photosynthetic lineages (such as diatoms, chrysophytes,
sinurophytes, and xanthophytes). Thus, brown algae, which belong to the
Phaeophyceae class, independently evolved complex multicellularity in the
heterokonte lineage (Terauchi et al., 2017). They evolved as a separate lineage from
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groups possessing a primary plastid, such as green algae, land plants, rhodophytes,
and glaucophytes (Dorrell et al., 2017).

The class Phaeophyceae currently has around 2120 species distributed in
around 350 genera (Guiry and Guiry, 2024) that are divided into four subclasses:
(1) Discosporangiophycidae, (2) Dictyotophycidae, (3) Fucophycidae, and (4)
Ishigeophycidae (Silberfeld et al., 2014). The subclass Dictyotophycidae encompasses
the orders Sphacelariales, Syringodermatales, Dictyotales, and Onslowiales (Silberfeld
etal., 2014). This subclass is quite heterogeneous but can be characterized by terminal
polycystic growth (from a single or a group of cells, which form a meristem), cells
with many discoid plastids, absence of pyrenoids, isomorphic life cycle, and isogamy,
except Dictyotales, which presents oogamy (Silberfeld et al., 2010; Silberfeld et al.,
2014). The order Dictyotales is highly diverse among brown algae and has a global
distribution. Although cooler regions harbor the greatest diversity and are dominant
in the Northern Hemisphere, tropical and subtropical areas are also important
habitats for these algae. Traditionally, the classification of brown algae has relied
on factors, such as thallus morphology, life history traits, spore and gamete types,
and cytoskeletal features. However, the advent of DNA sequencing is reshaping
our understanding of brown algae relationships and leading to new perspectives
in classification. Molecular data (such as the molecular markers, 18S, 5.8S, 28S, atp
B, psb A, psa B, psa A, rbc L, psb C, cox 1, cox 3, and nad) indicate that the global
phylogenetic structure of brown algae presents two orders that resulted from
early divergence events: (1) a large clade composed of four orders (Sphacelariales,
Syringodermatales, Dictyotales, and Onslowiales, coined the SSDO clade) and (2) a
large and initially poorly resolved clade comprising all remaining orders of brown
algae, which are referred to as brown algal crown radiation (BACR). Ectocarpales
with 756 species, Fucales with 570, Dictyotales with 363, and Laminariales with 126
species, represent the most abundant orders of brown algae (Bringloe et al., 2020;
Guiry and Guiry, 2024).

The Dictyotales emerged from an early divergence event in the evolution of
brown algae as they originated in the tropical southern Tethys during the Middle
Jurassic period. Their current peak species diversity is found in the tropical Indo-
Pacific region. This diversity is primarily attributed to two significant bursts of
diversification in Lobophora and Dictyota, particularly in tropical regions. Today,
genera such as Dictyota, Lobophora, and Padina play crucial roles as benthic
components in tropical and subtropical reef ecosystems (Vieira, 2020; Vieira et al.,
2021) (Figure 2). Traditional taxonomic treatments recognized three families: (1)
Dictyotopsidaceae Allender (1980), (2) Scoresbyellaceae Womersley (1987), and
(3) Dictyotaceae Lamouroux ex Dumortier (1822), the latter being divided into
two tribes: (a) Dictyoteae Greville (1830) and (b) Zonarieae De Toni (1895). Recent
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molecularinvestigations have revealed that several genera within the Dictyotaceae
do not form distinct monophyletic clades. Consequently, the subdivision into two
tribes is most likely irrelevant (De Clerck et al., 2006; Bittner et al., 2008). Thus, the
Dictyotales currently comprise a single family Dictyotaceae JV. Lamouroux, which
includes 21 genera and about 350 species (Guiry and Guiry, 2024). In this family,
morphological plasticity is quite pronounced, which explains why its species are
complex in taxonomy, especially in the genus Dictyota Lamouroux, which is quite
sensitive to human impact, which can often lead to population reduction or local
extinction (De Paula et al., 2020).

S. sperum S. gumeense

D. polypodioides

\7,\“9 D. adnata
D. fucoides L
D. crenulata
yv.Lamouro,, | Spatoglossum JV.L8MOUrDy,
D. pacifica .\/\ (22) ; D. dichotoma
D. undulata ! Dictyopteris il Dictyota

(91)

D. menstrualis

(35)

P. gymnospora DICTYOTACEAE

‘ | L. variegata
Padina Lobophora !
P. arborescens (51) (91) L. ceylanica
A
. %, .
P. crispata O 7 L. abaculusa
. reschoud
. ® ‘
P. fasciata i Canistrocarpus ' L. nigrescens,
3\ @ @
3 s g
. 4 S\
s P %>
- — %,
R. okamurae e— '509 Clefc\“\. |:: C. cervicornis
R. radicans e—— C. crispatus

Figure 2. Illustrates the most representative genera of the Dictyotaceae family:
Dictyota (91), Lobophora (91) Dictyopteris (35) Padina (51), Spatoglossum
(22), Rugulopteryx (4), Canistrocarpus (3) (Gury an Gury 2024).

The genus Dictyota consists of parenchymal algae that occur predominantly
in tropical to warm temperate waters. The species typically grows in intertidal rock
pools and subtidal areas. The thallus is characterized by one or more lenticular
apical cells that are divided into layers of cortical and medullary cells. These algae
are parenchymal with flat, ribbon-like axes that grow from well-defined apical

Marine Macroalgae: Dictyotales and their taxonomic and phylogenetic contexts

CHAPTER 1




meristems that differentiate into an outer cortical layer and aninner medullary layer.
Thallus branching in Dictyota occurs through dichotomous primary branching and is
driven by longitudinal cell divisions of apical meristem cells. Additionally, adventitial
branching can occur in which cortical cells or other cortical differentiations, such as
male paraphyses and dedifferentiated reproductive cells, undergo dedifferentiation
to facilitate branching (Bogaert, Delva and De Clerck, 2020). Species are recognized
by discontinuities in morphological characters, but the inability to distinguish
morphological plasticity from diagnostic features that separate the various species
is evident. However, the use of molecular markers has made it possible to clarify
intra- and inter-specific relationships, which has resulted in identification of several
new species (Lozano-Orozco et al.,, 2015). However, the lack of genomicinformation
for Dictyotales still limits our understanding of the taxonomic status and evolution
of this group.

The genus Lobophora is a pantropical-temperate genus that commonly occurs
in tropical and subtropical seas and has been previously documented in the Atlantic
(including the Gulf of Mexico), the Indian and Pacific oceans, and in both hemispheres
(Vieiraetal., 2016). Its species are found in a multitude of habitats, including shallow
and deep-water coral reefs, rocky coasts, mangroves, seagrass beds, and rhodolite
beds (Camacho et al.,, 2019). They typically feature a procumbent, decumbent, or
erect stem and form clusters of leaves that may resemble a rosette. The fronds
widen at the apex and gradually tape towards the base. They exhibit a fan-shaped
or lobed appearance with a smooth surface that contains concentric rings, which
form distinctive zones. Stalks divide and give rise to irregular branches, while tangled
rhizoids assist in anchoring; these rhizoids can be filamentous or moniliform. Frond
margins are complete with a thickness of 6-9 layers. The intermediate portion
consists of cells ranging from large squares to rectangles. A single central layer of
cells is surrounded by rows of uniformly sized cells in the cortical portion with one
pair of peripheral cells per cortical cell. Sori, which are dispersed on both surfaces,
lack paraphyses and are arranged in concentric zones (Aisha and Shameel, 2012).
Recent molecular studies have shown that the biodiversity of this genus has been
greatly underestimated. Vieira et al. (2017) applied several algorithmic methods to
delimit species in a mitochondrial dataset consisting of 598 specimens and arrived
atan estimate of 98-121 species. This diversity exceeds traditional estimates based
solely on morphological data.

The genus Padina has a global distribution in warm temperate and tropical
waters and can be found in intertidal and subtidal zones to a depth of 110 meters
(N'yeurt and Payri, 2010). It is one of the only two calcareous generates of brown
algae, the other being Newhousia (Kraft et al., 2004). The thalli are generally fan-
shaped and have a curled margin surrounding a marginal meristem from which
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growth is initiated. However, in some species, prostate rhizomes, the so-called
Vaughaniella stages, develop from a single apical cell from which new erect thalli
subsequently arise and become several cells thick (Win et al., 2013). Species of Padina
are traditionally delineated based on the following morphological characteristics: (1)
gross morphology, (2) thallus calcification, (3) number of cell layers, (4) presence or
absence of Vaughaniella stage, (5) position and arrangement of hairs, (6) position
and arrangement of tetra sporangial sori relative to the hairline, and (7) presence
or absence of an indusium, which is a hyaline covering over tetra sporangial sori)
(Huisman and Abbott, 2004; Win et al., 2013).

Evenin the presence of several morphological characters in a specific specimen,
identification becomes challenging due to subtle morphological differences and
morphological plasticity that appear under the influence of certain environmental
factors, such as grazing and intertidal stress. The global diversity of species and their
distribution ranges remains largely unknown. In recent years, species-level diversity
has been re-evaluated using DNA-based algorithmic delineation techniques with
cox3 and rbcL sequence data from 221 global specimens. This new evaluation
has led to estimates of 39 to 61 evolutionarily significant units (ESUs) of species.
Subsequently, these units have been assigned to 31 known species and six unknown
species, labeled as Padina spp. 1-6 (Silberfeld et al., 2013). Four of these six species
were later assigned to P. moffittiana, P. calcarea, P. ogasawaraensis, and P. boryana
(Ni-Ni-Win et al., 2018). Hanyuda and colleagues (202 1) have substantially expanded
information on the diversity of Padina species based on the combination of DNA
sequences and worldwide morphological data. Forty-three known species and 13
unknown lineages are likely independent taxa, indicating the probable existence
of at least 56 Padina species.

The genus Dictyopteris exhibits a wide distribution across oceans in tropical,
subtropical, and temperate regions. Its species feature flattened thalli that typically
branch dichotomously and feature a prominent central vein. Thalli are anchored by
atangled rhizoid support, which can extend up to 60 cmin length. Branching occurs
subdichotomously with lateral branches that range from 0.5 to 25 mm wide. Growth
is facilitated by a row of meristematic cells located within a shallow depression at
the branch apex (Zatelli et al., 2018). The presence of a multilayered midrib is the
sole generic feature distinguishing Dictyopteris from all other genera of Dictyotales.
Dictyopteris’ midrib is formed by derivatives of central apical cells that continue
dividing considerably behind the apex (Phillips, 2000). Taxonomic classification
within Dictyotales is challenging due to its morphological variability (Tronholm
et al.,, 2010). In addition,the taxonomic classification and global species diversity
within the genus Dictyopteris pose significant challenges due to its morphological
variability as seen in other genera in the family. It is anticipated that the utilization
of molecular markers will aid in clarifying intra- and inter-specific relationships,
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potentially leading to the identification of numerous new species. However, a notable
research gap exists due to limited studies addressing hypotheses concerning the
biogeography of this genus. Some characteristics of the four previously described
genera are shown in Figure 3. These characteristics offer valuable insights into their
morphology, reproductive strategies, and ecological roles within marine ecosystems.

Figure 3. Images of representative species of the four genera of the Dictyotacea family.
(1) Detail of the distal portions of Dictyopteris polypodioides (A. P. De Candolle) J. V.
Lamouroux; (2) Fronds with sporocystic buttons; (3) Sporocytes details, (4) Appearance
of Dictyota dichotoma (Hudson) J. V. Lamouroux, (5) Mainly isolated sporocysts, (6)
Sori on the oogonium, (7) Appearance of the thallus of Lobophora variegata (J. V.
Lamouroux) Womersley ex E. C. Oliveira, (8) Sporocystic Sori., (9) Radial longitudinal
section at the level of the sporocyst sori, (10) Herbarium specimen of Padina pavonica
(Linnaeus) Thivy, (11) Detail of the marginal area, and (12) Radial longitudinal section in
the middle area of the foliage. https://www.sma.unifi.it/upload/sub/catalogo_alghe/
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CHAPTER 2

LIFE CYCLES, CHEMISTRY, AND
REPRODUCTIVE BEHAVIOR
IN THE DICTYOTACEAE

Life cycles of Dictyotaceae

The haplo—diplontic isomorphic life cycle of species in the order Dictyotales
was theorized over a century ago (Williams, 1904), based on studies of Dictyota
dichotoma (Hudson) Lamouroux, as well as affirmed later by Hoyt (1910) in the
same species and by Wolfe (1918-1919) in Padina vickersiae Hoyt. Subsequently,
this life cycle was acknowledged as a common characteristic across all taxa within
the order Dictyotales. Thus, the life cycle of algae in the family Dictyotaceae may
vary among different genera and species within the family, but the general pattern
remains similar. It is important to note that algae life cycles are often complex and
can be influenced by environmental factors, such as water temperature, sunlight,
and nutrient availability.

In many species of Dictyotales, sexual individuals are much rarer than sporophytes,
and in some cases, these species are unknown (Garreta et al., 2007). Specifically, sexual
reproduction is always oogamous, and male gametes are generally uniflagellated,
except in some species of Zonaria, which are characterized by biflagellated
spermatozoids (Phillips, 1997). The diploid sporophyte typically produces unilocular
sporangia with four non-flagellated meiospores (tetraspores), but some genera
produce eight aplanospores per sporangium (such as Lobophora and Zonaria), a
characteristic that is considered primitive. The gametophyte plants of most species are
dioecious with the exception of a few species that have been studied as monoecious
individuals (such as P. pavonica [Linneaus] Thivy) as described by Garreta et al. (2007).

The genus Dictyota exhibits the capacity for propagation through fragmentation
(Herren, Walters and Beach, 2006). This capability enables the species to maintain
biomass even under high grazing pressures and plays a crucial ecological role in
benthic communities within subtropical and temperate ecosystems. Their capability
to propagate via fragmentation makes them particularly valuable for suspension
cultures. Specifically, the life cycle is isomorphic and diplo-haplontic and involves
alternating between haploid gametophytes and diploid sporophytes. In other words,
two free-living phases occur: (1) haploid (gametophyte) and (2) diploid (sporophyte).
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Meiosis takes place during the formation of spores (Figure 4). The gametophytes of
Dictyota are dioecious. Their reproductive structures are tetrasporangia, oogonial sori,
and spermatangial sori, which are located on the sporophyte, female gametophyte,
and male gametophyte, respectively. Female and male individuals can be easily
distinguished by the presence of oogonia and antheridia, respectively, on the
thallus surface, but they do not exhibit sexual dimorphisms beyond the reproductive
structures. Similarly, the life cycle is isomorphic and differs morphologically only
in terms of the reproductive structures (Bogaert, Beeckman and De Clerck, 2016).
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Figure 4. Schematic representation of the life cycle of algae of the genus Dictyota.

The Chemistry of Dictyotaceae and their ecological implications

Specialized metabolites participate in a diverse range of ecological functionsin
macroalgae, particularly in chemical communication with other marine organisms.
However, the underlying sources of variation and the mechanisms regulating these
metabolites remain largely unknown. Currently, studying metabolomic variations
on the inter- and intra-specific scales, including across space and time, is crucial for
understanding species ecology, community structure, and ecosystem functioning
(Reverter et al., 2018). Tropical and subtropical benthic marine algae are richest in
the production of these substances.
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Tropical macroalgae exhibit a rich diversity of metabolites, such as halogenated
compounds, phenolics, terpenoids, and acetogenins, which are small molecules
that are regulated by genetic, developmental, and environmental factors. These
metabolites evolved under natural selection and have adaptive roles in macroalgae,
including chemical communication and various ecological activities. In addition
to deterring competitors and herbivores, they act as a defense against pathogens
(bacteria, fungi, viruses) and epibionts, offer protection from ultraviolet (UV) radiation,
and even behave as sexual pheromones. These compounds also play a role in
competition for space with other benthic organisms by adapting to the different
physicochemical pressures of the marine environment (Wink et al., 2003; Kooke and
Keurentjes, 2011; Gaubert et al.,, 2019).

The concentration of these metabolites in macroalgae varies within and among
species due to environmental factors. However, many studies focus on specific
compound families and neglect other crucial metabolites for ecological functions.
Understanding natural parameters shaping macroalgae metabolomes is crucial
for predicting ecological success in a changing ocean. Alterations in defensive
metabolite production will significantly impact biological interactions and global
marine ecosystems. Current studies addressing macroalgae’s chemical composition
and spatial environmental changes should focus on bioactivities associated with
specific compounds.

Chemotaxis of Dictyotaceae Gametes

Sexual reproduction in brown algae encompasses three forms: (1) isogamy, (2)
anisogamy, and (3) oogamy (Wynne and Loiseaux, 1976). The swimming by male
gametes in all three forms is facilitated by two heterokont flagella, known as the
anterior) and the posterior flagella (AF and PF, respectively). Dictyotales sperm lack
a PF. Typically, the AF exhibits a sinusoidal waveform and moves rhythmically. In
response to chemical (chemotaxis) and light (phototaxis) signals, these heterogeneous
flagella in male gametes or sperm are crucial for reproductive success (Kinoshita,
Nagasato and Motomura, 2017).

Male gametophytes of brown algae are attracted by chemical signals released
by female gametes. In oogamous species, such as Dictyotales, Laminariales, and
Fucales, eggs begin to secrete sexual pheromones shortly after being released from
the oogonium. Once spermatozoids fuse with these eggs, the zygotes settle on the
substrate and initiate development (Kinoshita, Nagasato and Motomura, 2017).

Compounds such as unfunctionalized, acyclic, and/or alicyclic unsaturated
hydrocarbons have been studied in this biological function derived from the aliphatic
terminal of C20 polyunsaturated fatty acids (PUFAs) by oxidative cleavage. Several
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functions have frequently been described for these molecules: (1) synchronized
mating of male and female cells by the controlled release of male spermatozoa,
(2) increased mating efficiency by attraction, and (3) chemical defense of the plant
due to the presence of large quantities of pheromones that are released from the
stalk into the environment (Boland, 1995)

The first marine pheromone isolated was from the cultivation of fertile female
gametophytes of the brown alga Ectocarpus siliculosus. The biological function of
this pheromone is to enhance mating efficiency by attracting flagellated and motile
males. The chemical structure of the signaling compound was established as 6-(12)-
(butenyl)cyclohepta-1,4-diene, also known as ectocarpene (1) as described by several
researchers (Boland et al., 1983; Rui and Boland, 2010). The occurrence of ectocarpene
was first confirmed in the fragrant essential oils of D. prolifera and D. undulata.
Furthermore, the “ocean smell” of the essential oils from both species consisted
mainly of non-isoprenoid C11 hydrocarbons called dictyopterenes A (2) and B (3). It
has been demonstrated that the eggs of the species D. dichotoma produce n-butyl-
cyclohepta-2,5-diene, referred to as dictyotene (4), as an attractant for pheromones/
spermatozoa (Muller et al., 1981; Phillips et al., 2000). These volatile compounds
have been primarily reported in D. diemensis, D. dichotoma, D. membranacea, and
D. delicatula (Rathod Bhushan and Mantri, 2023). The alkylbenzenes, (1-ethylnonyl)-
benzene (5), (1-methyldecyl)-benzene (6), and (1-pentylheptyl) benzene (7), have
been detected in P. pavonica and may play a role as pheromones in these species
and other brown algae (El Shoubaky and Salem, 2014). Some of the molecules
involved in reproduction processes are presented in Figure 5.
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Figure 5. Pheromones accountable for gametic orientation
within species of the Dictyotaceae family.
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CHAPTER 3

CHEMICAL MEDIATORS IN
PHYSICAL INTERACTIONS IN
THE MARINE ENVIRONMENT

In the natural environment, seaweeds are constantly exposed to variations in
biotic (such as herbivory, competition) and abiotic (such as temperature, irradiance,
UV radiation, nutrients, air exposure) conditions in an air-water ecosystem interface
imposed by the influence of tidal fluctuations. At the upper limit of the intertidal zone,
physical factors, such as temperature, irradiance, and UV radiation can determine algal
distribution, while the lower limits are generally defined by biological interactions,
such as herbivory and competition (Urrea et al., 2020).

Hydrodynamics as a selective pressure for
adaptive metabolite production

The vast majority of marine macroalgae reside firmly attached to substrates
in coastal areas in which environments are notably variable. The hydrodynamics
of the sea, which focuses on the movement of water in oceans and seas, explores
phenomena, such as tides, waves, and currents, and plays a crucial role in the dynamics
and behavior of macroalgae populations. The adaptations of these algae to coastal
hydrodynamics are remarkable as they optimize their attachment to the substrate
to leverage water dynamics and ensure sufficient exposure to the sunlight, which
is necessary for photosynthesis (Lalegerie et al., 2020). Hydrodynamic variations
occur not only between areas with different wave exposures but also along depth
gradients within the same area. Generally, increasing depth leads to a reduction
in turbulence and light availability. These differences in hydrodynamics along
depth gradients can influence both macrophytes and their epiphytic communities.
Such variations can appear on various spatial scales and range from meters within
different sectors of a rocky shore (mesoscale) to kilometers across different beaches
(Jacobucci et al., 2018)

Nutrient absorption is also influenced by marine currents and can impact both
algae growth and distribution. These characteristics, both individually and collectively,
affect the production of primary and secondary metabolites, which are essential
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for their adaptation to different conditions. Some species of macroalgae inhabit
intertidal zones and emerge from the water during certain periods of the day, while
others remain submerged in the subtidal zone or in tide pools and are affected by
significant changes in abiotic factors during tidal cycles. This cycle of alternating
between immersion and emersion expose macroalgae to important variations in
abiotic parameters, such as light, temperature, and salinity, in addition to biotic factors,
such as grazing, fouling, and pathogens. During high tide, submerged macroalgae
face suitable environmental conditions; however, during low tide, these species may
be exposed to high UV radiation and desiccation, which leads to an overproduction
of reactive oxygen species (ROS) that causes oxidative stress (Lalegerie et al., 2020).

Recent studies have investigated how some metabolites found in algae from
the Dictyotaceae family undergo changes in their concentration when exposed to
hydrodynamic-related changes. Rodrigues et al. (2020) investigated the antioxidant
activity and its relation to local tide variations (low and high tide) in three species: (1)
Canistrocarpus cervicornis, (2) D. delicatula, and (3) L. variegate, all retrieved from
two beaches on the northeastern coast of Brazil. They assayed and analyzed the
extractyield in relation to phenolic content and noted that the aqueous extracts of
C. cervicornis from Jaguaribe (with 3.47% dry mass) likely contained other water-
soluble compounds, such as alginic acid and fucoidans, in addition to the phenolics
from the cellular matrix of these algae (sulfated polysaccharides). This content
resulted in lower antioxidant potentials due to lower phenolic content compared to
extracts of C. cervicornis from Ponta de Pedras (with 1.97% dry mass). On the other
hand, the results from the extracts of D. delicatula and L. variegata may correlate
with the intrinsic characteristics of their variable chemical compositions and their
respective antioxidant defense strategies. However, it isimportant to highlight that
interpretations are challenging, so the authors therefore recommend carrying out
additional studies to reach more definitive conclusions. These tropical reef species
are interesting biological study models that can be useful when attempting to
understand responses to stressful conditions as they are subject to large variations
during tidal fluctuations. The biomass of these algae can be considered a potential
source of raw material for obtaining natural products with antioxidant properties.
This finding is based on evidence suggesting that the evolution of these algae
helped develop an effective antioxidant defense system, probably as an adaptive
response to more intense sun exposure.

Researchers measured the antioxidant and antimicrobial activities of 26 species in
tenintertidal zones in eastern Guangdong, China. For the first time, they demonstrated
the effect of abiotic factors caused by emersion on the antioxidant and antimicrobial
activities of intertidal seaweeds. Higher antioxidant capacity was reported for brown
algae that is found in low-tide zones, among which two representatives of the
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Dictyotaceae family stood out. The first, P. arborescens, exhibited a high content of
phenolic compounds (102.6 + 3.6 mg gallic acid equivalent [GAE]/g dry extract) and
good antioxidant activity followed by Pachydictyon coriaceum (54.0 £ 2.2 mg GAE/g
dry extract). However, an analysis of the three groups of algae collected in low-tide
belts revealed higher antibacterial activity than antioxidant activities similar to those
collected in high or mid-tide belts (Xu et al., 2018). In this way, high UV-B radiation
always leads to a rapid accumulation of phenols and pigments in seaweeds, which
is related to their strong antioxidant protective capabilities (Fariman et al., 2016).
The authors also discuss how nutrient availability can result in variations in phenol
concentrations in some seaweeds after observing in seaweeds living in high-tide
zones that were exposed to more extreme stresses, including high irradiance levels,
desiccation, lower nutrition, and fluctuations in air temperature and salinity when
compared with those living in low-tide zones.

In these studies, phenolic compounds took center stage as the primary focus.
These molecules are prevalentin marine algae, particularly within the brown algae
group, because of their significant role and contribution to organismal growth
and survival. These compounds can be synthesized using the pentose phosphate,
shikimate, or phenylpropanoid pathways (Figure 6). Regarding their chemical
structure, all phenolic compounds comprise at least one aromatic phenolic ring with
one or more hydroxyl substituents that gives them the capability of capturing free
radicals, ROS, and chelated metal ions. Phenolic compounds that have more than
one phenolic ring in their structure are known as polyphenols.
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http://southafrseaweeds.uct.ac.za/descriptions/brown/lobophora_variegata.php

The different classes and subclasses of polyphenols are generally based on the
number of phenolic rings they possess and the structural elements attached to these
rings. In this context, the main groups of phenolic compounds are: phenolic acids,
coumarins, flavonoids, stilbenes, tannins, lignans, and lignin (Jimenez-Lopez, 2021).
The discovery of secondary cell walls and lignin within the cells of the intertidal red
algae Calliarthron cheilosporioides has been reported. Until now, these specialized
cell walls in development have only been described in vascular plants (Martone
et al., 2009). Of particular note are phlorotannins, which are exclusively found in
algae, particularly in brown algae. Chemically defined as polymers of phloroglucinol
(1,3,5-trihydroxybenzene), they are synthesized in algae through the acetate-
malonate pathway (also known as the polyketide pathway) to yield compounds
with a wide range of molecular sizes (126—-650 kDa) as described by Agregdn et al.
(2017). The total content of phenolic compounds is quantified using colorimetric
methods, such as the Folin—Ciocalteu, Folin-Denis, and Prussian Blue assays. However,
these assays mask the chemical diversity of individual compounds present as they are
based on colorimetric reactions that detect structurally related molecules. The lack of
more sophisticated analysis methods has led to significant gaps in the differentiation
of phenolic compound types and has made it challenging to establish a specific
and suitable standard for quantification. Currently, phenolic content is expressed
in results in milligrams of some standard compounds, such as GAE, phloroglucinol
equivalents (PGE), pyrocatechol equivalents (PCE), phlorotannin content (PTC), and
catechin equivalents (CE), which are based on dry algae extracts or dry algae weight
(Subbiah et al., 2023)

Gallic (8), caffeic (9) and ferulicacids (10) are phenolic carboxylic acids that were
identified in P. boergesenii (Figure 7). In addition, using high-performance liquid
chromatography/diode array detector (HPLC/DAD) chromatography, this research
detected the presence of rutin (11) and quercetin (12) in the methanolic extract of
this alga (Rajamani and Thirugnanasambandan 2018), although the presence of
flavonoids in macroalgae is often questioned. It is important to highlight that the
standards and colorimetric techniques used to detect phenolic metabolites still
require refinement so as to provide conclusive data regarding the presence and
characterization of these and other groups of phenolic compounds. Additionally,
ferulic acid (10) was reported for D. dichotoma (Generali¢ et al., 2018) along with
other derivatives of dihydroxybenzoic acid (13) as reported by Castillo et al. (2023).
For Z. tournefortii, Acylphloroglucinol derivatives 1 (14) were reported (Hamiche et
al,, 2021) in addition to Spiralisones A (15) for the alga Z spiralis. Many halogenated
compounds, such as bromophenols, have been detected in members of the Padina
genus.

Chemical mediators in physical interactions in the marine environment

CHAPTER 3




HO ®) o &)
o OH
o J\/\C[o Hojfj:ori
OH o~ Yo  OH
(10) OH
HO

H

HO OH
HO

(13)
OH ©

Chemical mediators in physical interactions in the marine environment

CHAPTER 3

OH

(15)

Figure 7. Phenolic Compounds in Species of the Dictyotaceae Family. 10



Irradiance and and the biosynthesis of protective metabolites

Asignificant source of stress for algae is solar radiation. Both high and low levels
of radiation can negatively impact the performance of these organisms (Gomez,
Orostegui and Huovinen, 2007). The reduction in light availability significantly
affects the energy balance of algae in addition to the amount of carbon available
for vital processes and production of defensive metabolites (Pavia and Toth, 2000).
In particular, excessive solar radiation can cause DNA damage via formation of
pyrimidine dimers, lipid peroxidation, photodamage, and delayed mitosis. Such
daily underwater radiation, consisting of both photosynthetically active radiation
and ultraviolet radiation (PAR and UVR, respectively) is affected by oceanographic
conditions, which are determined by the amount of dissolved and particulate
material in the water column that affects both the quality and intensity of irradiance
(Schmitz et al., 2018).

Macroalgae have developed various adaptive strategies to mitigate the effects
of radiation control, including vertical movement in the water column, mechanisms
to repair damage caused by photoreactivation, and synthesis and accumulation of
compounds that absorb UV radiation. Among the brown algae of the Dictyotaceae
family, several metabolites, including phenolic compounds and pigments, such as
chlorophyll a (16), chlorophyll ¢ (17), carotenoid like B-carotene (18), and fucoxanthin
(19), have been investigated (Cikos et al., 2022). Furthermore, xanthophyll group
metabolites, such as zeaxanthin (20), antheraxanthin (21), violaxanthin (22) and
amino acids similar to mycosporines (MAAs), such as MAA porphyra-334 (23), have
been identified (Hegazi, 2002; Uhrmacher, Hanelt and Nultsch., 1995, Groniger et
al., 2020) as shown in Figure 8. Additionally, brown algae are known to be sources
of laminarin and/or mannitol, which are the most abundant compounds in these
macroalgae and whose synthesis is directly or indirectly related to solar radiation
levels (Zubia et al., 2009; Schmitz et al., 2018).
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In 1992, Peckol and Ramus made a significant contribution to the literature
by performing an in situ evaluation of the photosynthetic performance and dark
respiration rates of abundant macroalgae found between 27 and 49 meters deep.
Their results highlight species belonging to the family Dictyotaceae, which are
predominantly presentin all deep-water areas with S. zonale being the most prevalent
species. Under extremely low irradiance conditions (< 0.01 maximum lo), all species
showed net photosynthesis. However, L. variegata exhibited low productivity across
all irradiance ranges.

On the other hand, Dictyota spp. (D. bartayresii, D. dichotoma, D. divaricata)
and S. zonale demonstrated a high photosynthetic capacity of approximately
400 pmol O, gdw" h™", without showing light saturation even at higher ambient
irradiance levels (300 pE m~'s™"). The fucoxanthin:chlorophyll-a ratio for all species
measured in this study was approximately 0.7. This observation suggests an inverse
correlation between irradiance and fucoxanthin concentration, indicating that even
under low light conditions, similar proportions of these pigments in acclimated
algae emphasize the importance of fucoxanthin in light capture. Furthermore, this
relationship suggests the existence of an optimal concentration of fucoxanthin in
the Dictyotales algae that inhabit deep water.

One aspect worth highlighting is the superior photosynthetic performance of
species, such as Dictyota spp. and Stypopodium, which have thin and flat thalli that
are characterized by a high ratio of surface area (SA) to volume (V) across all levels
of ambient irradiance. This advantage can be attributed to the thallus structure
since the highly branched thalli of Dictyota species has only three cell layers in their
cross-section (< 150 um), while the lobed thallus of Lobophora is thicker and usually
has up to seven cell layers when sectioned (up to 300 um). The recurrent presence
and photosynthetic efficiency of these species in subtropical and tropical habitats
of deep waters underscore their successful adaptation to environments with low
light and scarce nutrients (Peckol and Ramus, 1992).

As mentioned earlier, intertidal macroalgae have developed protective
mechanisms against high UV-B radiation in their habitats thus allowing for their
survival. Studying the effects of this increased radiation on algae can provide insights
into their defense strategies against solar stress. Some recent studies have investigated
the profile of photoprotective compounds present in brown algae based on the
hypothesis that the most significant amounts of these compounds are found in
tropical areas with higher solar radiation incidence when compared with meridional
latitudes along the Brazilian coast (Schmitz et al., 2018).
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Species from the family Dictyotaceae, including Canistrocarpus cervicornis, D.s
delicatula, D. justii, D. plagiogramma, D. ciliolata, L. variegata, P. boergesenii,and P.
gymnospora, generally exhibit variations in the quantities of UV and PAR-absorbing
compounds. In this study, seven main peaks were identified in the absorption spectrum
of marine brown algae extracts that were characterized by high concentrations of
phenolic compounds in the UV region and represent up to 30% of their dry weight.
Specifically, two bands in the absorbance spectrum of phenolic-pholorotannins
were described. One was between 240 and 280 nm. The other one was between
358 and 377 nm and contained coumarin. Additionally, other regions and peaks
of absorbance, such as those of chlorophylls, carotenoids, and an absorption peak
that could be attributed to amino acids similar to mycosporines were detected, even
though finding these compounds in large quantities in brown algae is rare (Harker
et al., 1999; Schmitz et al., 2018).

On the other hand, it is important to emphasize the xanthophyll cycle, which
is a key metabolic pathway found in brown algae and plays a fundamental role in
photoprotection regulation and adaptation to light stress. This cycle involves a series
of biochemical reactions involving the reversible conversion of xanthophylls, which
are carotenoid pigments present in algae, into different forms with photoprotective
properties. Under conditions of high light intensity, brown algae face increased
oxidative stress due to excessive absorption of light energy. To mitigate these effects,
the xanthophyll cycle becomes active and involves the conversion of the xanthophylls,
zeaxanthin and violaxanthin, into different forms that adjust the efficiency of the
photosynthetic apparatus and dissipate the excess absorbed energy (Gevaert et
al., 2002). Photoinhibition of photosynthesis in the brown alga D. dichotoma was
investigated by analyzing changesin photosystem Il fluorescence, oxygen production,
and the xanthophyll pool (zeaxanthin, antheraxanthin, and violaxanthin) as shown
in Figure 9. After photoinhibition, a reversible increase in zeaxanthin content and
a concomitant reversible decrease in violaxanthin content were reported in D.
dichotoma (Uhrmacher, Hanelt and Nultsch, 1995).
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Figure 9. Schematic representation illustrating the synthesis pathway
from lycopene to carotenoids such as a-carotene, lutein, B-carotene, and
zeaxanthin, alongside the interconversions of zeaxanthin, antheraxanthin, and

violaxanthin within the xanthophyll cycle (adapted by Krings et al., 2007).

Nutrient availability and the production of adaptive Metabolites

Several previous studies focused on understanding the influence of nutrient
availability (nitrogen, phosphorus, and carbon) on the growth and biochemical
quality of marine algae (Xu et al., 2024; Wang et al., 2018; Yu et al., 2022). Generally,
nitrogen availability primarily affects the biosynthesis of amino acids and proteins
(Yu et al.,, 2022). However, the presence of these nutrients can lead to increased
levels of other biotechnologically relevant metabolites, such as pigments, sterols,
phenolic compounds, and others (Mukherjee et al., 2020; Xu et al., 2024). This
increase is related to an adaptive characteristic of algae in which the turgor pressure
necessary to maintain ionic balance during osmotic stress induced by high nutrient
availability is enhanced (Kumar et al., 2010; Mukherjee et al., 2020).
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Recently, the influence of nutrient enrichment in laboratory cultivation systems
on the diterpenoid profile of the species D. menstrualis and C. cervicornis using
sterilized seawater enriched with Provasoli/2 as the medium was studied (Obando et
al., 2023). Itis noteworthy that the Provasoli culture medium is adequately enriched
to support the growth of a wide variety of algae; hence, it has been applied in a broad
range of studies (Obando et al., 2022a). The production of the compound fucosterol
in D. menstrualis was favored in enriched medium with a relative abundance of
40.12% = 1.52% after 56 days of cultivation; the results draw attention to fucosterol
as one of the most abundant metabolites among brown algae. On the other hand,
in a medium containing only sterilized seawater, the investigation revealed an
abundance of 24.19% + 1.16% (Obando et al., 2023). Obando et al. (2022b) recorded
an increase in the relative abundance of sterols compared to diterpenes after 90
days of cultivation in sterilized seawater. Considering that steroids and terpenes
share the common precursor, farnesyl diphosphate, in the metabolic pathway, the
production of these metabolites may vary due to the metabolic needs of the algae
(Obando et al., 2022b; Vallin et al., 2005).

The production of a guanine prenylated skeleton and xenia diterpenes in this
species was favored in the non-enriched medium. The compound, pachydictyol A
(24), was detected with higher relative abundance after 14 days (38.30% =+ 3.48%)
in sterilized seawater medium. For the macroalga, C. cervicornis, no significant
differences were observed in terms of the relative abundances of key diterpenes,
including acetoxy isolinearol (26), 4,7 diacetoxi-14-hidroxidolastano-1,8-dieno
(27), and 4-acetoxi-9,14-diidroxi-1,9-dolastano-1,9-dieno (28) over the 21-day
experimental period. It is noteworthy that compound 28 exhibited the highest
abundance levels during the cultivation period with an abundance of 29.57% +
2.92% after seven days in the medium enriched with Provasoli/2.

The diterpenes produced by the species D. menstrualis and C. cervicornis have
demonstrated several important biological activities: (1) antiviral activity (Human
Immunodeficiency Virus [HIV], Zika, Dengue, Chikungunya, and Herpes) as described
by several researchers (Cirne-Santos et al., 2019; Cirne-Santos et al., 2020a; Cirne-
Santos et al., 2020b), (2) antioxidant activity (Santos et al., 2024), (3) antifungal
activity (Santos et al., 2024), (4) anticoagulant activity (Camara et al,, 2011), (5)
anti-inflammatory activity (Avila et al., 2019), and (6) others. The biosynthetic
pathway for diterpene production proposed for the Dictyotaceae family indicates
the formation of three skeletons: (1) prenylated guaiane (group 1), (2) dolastanes and
secodolastanes (group I1), and (3) xeniane and dichotomane (group Ill) as described
by Vallim et al. (2005). Below are some compounds identified in D. menstrualis and
C. cervicornis (Figure 10).
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Figure 10. Diterpenes identified in Dictyota menstrualis and Canistrocarpus
cervircornis under laboratory cultivation conditions with and without
added nutrients (Obando et al., 2022b; Obando et al., 2023).

Biochemical modulation in the algae after the addition of carbon via the process
of CO, aeration and nitrogen (NO?*") addition in Von Stock medium in D. menstrualis
bioreactor cultures and its influence on the fatty acid profile was investigated by
Martins, Yokoya and Colepicolo (2016). Palmitic acid was the main fatty acid found
in the D. menstrualis biomass after all treatments. For monounsaturated fatty acids,
the concentration of C16:1 was higher in treatments containing added NO,_without
CO,. The PUFA was stearidonic acid (C18:4) followed by arachidonic acid (C20:4).
Overall, the concentration of PUFAs was higher when NO3*- had been added.

It should be noted that PUFAs, especially omega-3 and -6 (Figure 11), are
precursors to important metabolites and hormones related to human health. These
PUFAs play a crucial role in the regulation of inflammation (Santos et al., 2023; Wall
etal., 2010). Therefore, they have a very high market value that exceeds $35 billion
(Martins, Yokoya, and Colepicolo, 2016). Moreover, these products can be applied
for various biotechnological purposes, including biofuel production (Gosch et al.,
2012). In summary, it is evident that variations in nutrient availability interfere with
the production of primary and secondary metabolites in the Dictyotaceae family.
Thus, research focusing on understanding this biochemical modulation based on
cultivation techniques is essential for comprehending ecological aspects but also
for understanding the bioprospecting of commercially valuable compounds.
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Temperature as a regulator of adaptive metabolite production

Temperature is an important environmental factor that affects the growth,
development, and productivity of macroalgae. Additionally, temperature is a key
factor that controls the biogeography and reproductive capacity of seaweeds
through its effects on metabolic rates. Moreover, changes in metabolic pathways
can contribute to the tolerance and adaptability of seaweeds to high-temperature
stress. Studies have indicated that the chemical composition of algae varies with
temperature and other environmental stressors (Hamid et al., 2018). For instance,
a reduction in the number of secondary metabolites was observed in seaweeds
found in urban environments along the southern coast of Brazil compared to more
pristine environments (Martins et al., 2014). This difference further underscores the
relevance of the metabolic profile of aquatic plants as sensitive indicators of climate
change (Betancor et al., 2014).

Some studies concerning brown algae have indicated that thermal stress
suppresses chlorophyll content with a concurrent and significant alteration in a total
of 31 metabolites in Sargassum fusiforme that was exposed to thermal stress at 27 °C
compared to the control. Eighty metabolites were found to be significantly altered
when the plants were subject to thermal stress at 32 °C. Strong modulation of various
metabolic pathways, including organic acids, amino acids, sugars, sugar alcohols,
esters, and amines, was also observed (Liu and Lin, 2020). Another study using the
same brown algae model evaluated the algae’s physiological vulnerability and
sensitivity after exposure to five different temperatures by analyzing photosynthetic
performance and chemical composition related to carbon and nitrogen metabolism.
Photosynthetic pigments (carotenoid content) are a key point in algae adaptation
to thermal stress (Urrea-Victori et al., 2020).

Regarding algae of the Dictyotaceae family, an ongoing and important study is
assessing spatial and temperature variations in the composition of total fatty acids
(TFA) in the species D. bartayresii and D. australis in Australia. The results demonstrate
ageneral seasonal pattern in total fatty acid (TFA) content as Dictyota had its highest
TFA contentin summer when water temperature and light availability were at their
annual maximu. In contrast, Dictyopteris had a higher TFA content during the same
winter sampling period when water temperature and light availability were at their
annual minimum. D. bartayresii consistently had a higher proportion of PUFA (n-3)
and a less saturated fatty acid composition during winter, a result that suggests
that the elevated PUFA (n-3) content in winter could be a physiological response to
cooler water temperature and lower light availability (Gosch et al., 2015). The same
study group clearly identified seasonal variations in TFA content and composition
related to morphology and extensive seasonal changes in water temperature in the
species Spatoglossum macrodontum (Gosch et al., 2014).
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Tropical marine calcified macroalgae play an important role as primary producers
inthe marine food chain through photosynthesis. The production of calcium carbonate
(CaC0,) through calcification leads to an increase in reef sediment formation,
promotion of accretion and stability, and facilitates coral larvae recruitment. Elevated
temperatures associated with global climate change significantly impact various
aspects of these calcified macroalgae, including photosynthesis, calcification, growth,
and biochemical processes. Buapet and Sinutok (2023) showed that stress responses
were primarily induced by high temperatures, which could be observed as reduced
rates of photosynthetic carbon uptake, photoinhibition, and decreased calcification
rates in the macroalga P. boryana. The extreme temperature of 42 °C also led to
CaCO, dissolution and a reduction in antioxidant capacity (Buapet and Sinutok,
2023). Thus, high temperatures promote a decline in calcified macroalgae coverage,
reef accretion, and net ecosystem calcification on reefs, all of which pose a potential
threat to macroalgae health. Findings regarding high temperatures, metabolites,
and climate change contribute valuable information toward conservation and
management of coastal ecosystems and emphasize the need to address the impacts
of climate change on macroalgae.

-
High temperature

Higth Temperature
global warmin or seasonal reason

Calcium carbonate

Heat stress

Padina boryana ..

Aminoacid seaweed Sugar alcohol
- Reduced photosynthesis.

. - Decreased calcification.
- Calcium carbonate dissolution.
- Compromised antioxidant ca

Aminoacid synthesis for cellular repair processing
Aminiacyl-tRNA biosynthesis
Sugar synthesis for energy consumption

Figure 12. Influence of temperature. A) Diagram representing the responses
of marine algae at high temperature adapted from Park et al 2023 (Liu
and Lin, 2020; Urrea-Victoria et al., 2020) B) High temperatures in the
calcification processes of Padina boryana (Buapet and Sinutok, 2023)
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Other abiotic affecting the chemical profiles

In addition to the factors addressed throughout this chapter, other abiotic
parameters such as salinity, seasonality, and pH, can affect the production of
metabolites in macroalgae of the Dictyotaceae family (Cagalj et al., 2022; Deyab et
al. 2017; Gaubert et al., 2019; Praiboon et al., 2018). Cagalj et al. s study (2022) with
the species P. pavonica evaluated the effect of seasonal variations on the chemical
composition and antioxidant activity aiming at its application as a functional film.
The highest content of total phenolics (26.69 + 1.86 mg GAE equivalent/g) and
antioxidant activity were found for the hydroethanolic extract of P. pavonica algae
collected in June. Additionally, fatty acids such as oleic acid, stearidonic acid, and
eicospenaenoic acid (EPA) were detected.

The effects of metabolomic variations over time and space were evaluated for four
species of Lobophora (L. monticola, L. obscura, L. rosacea, and L. sonderii) as described
by Gaubert et al. (2019). The authors managed to identify nine chemomarkers that
belonged to the classes of fatty acids and polyolefins, which varied over the course
of the 13-month investigation. Additionally, a significant correlation between
variations and with temperature and salinity was found. The algae’s metabolome
adapted and evolved to fit a dynamic environment. Overall, the authors indicate that
seasonality influences the variation of metabolites produced by macroalgae that
highlight greater diversity during certain times of the year (Praiboon et al., 2018).

The world’s oceans are becoming more acidic due to anthropogenic CO,
emissions, which have produced multiple physiological and ecological responses
(Dupont, Moya and Bailly, 2012). Seaweeds exhibit various responses to ocean
acidification with some species benefiting from higher levels of CO,, which enhance
their growth (Riebesell et al., 2007). However, certain algae possess skeletal mineralogy
that readily dissolves at predicted levels of calcium carbonate saturation (Martin
and Gattuso, 2009).

Betancor et al. (2014) assessed the natural acidification effect from volcanic
eruption that can affect the production of phenolic compounds and antioxidant
activities of the brown algae P. pavonica and L. variegata. The increase in CO,
concentrations due to a chemical equilibrium reaction leads to the release of carbonic
acid, which produces a decrease in the pH of the surrounding water (Figure 13).
The study revealed that this CO, release led to a decrease in the number of phenolic
compounds in the studied species. Overall, it was observed that the content of
phenolic compounds can be severely reduced in an acidic scenario (Arnold et al., 2012).
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Figure 13. Diagram representing the responses of CO, release into the ocean.
The reaction of water (H,0) and carbon dioxide (CO,) forms carbonic acid
(H,C0O,) which dissociates in the sea, forming carbonate (CO, ?) and hydrogen
(H*) ions, leading to a decrease in pH. Low pH in the phenolic compounds
production of P. pavonica and L. variegata (Betancor et al 2014)

Due to the distribution of Dictyotaceae species, they have developed different
strategies to survive in adverse environments and changes in salinity (Andrade et al.,
2006; Munoz et al., 2023a; 2023b). However, the relationship of this parameter with
the algae’s metabolome in this family is still unknown. Nevertheless, the literature
indicates that an excess of Na* and Cl- ions in the extracellular environment can
cause cellular dehydration, disruption of ion exchange, and overproduction of
ROS (Kumar et al., 2014). This phenomenon can cause the macroalgae to produce
metabolites, especially phenolic compounds, with antioxidant properties that are
known to protect against abiotic stressors, such as UV radiation and salinity (van
Hees et al., 2017).
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CONCLUSION

The e-book discussion of marine biology focuses on the exploration of the
Dictyotaceae family, highlighting genera, such as Dictyota, Dictyopteris, Padina,
Lobophora, and Canistrocarpus. Offering an updated perspective on the taxonomy,
diversity, and ecological significance of metabolites in the Dictyotaceae family, the
findings we discuss reaffirm brown algae as pivotal constituents that are thriving
within marine ecosystems. Their remarkable array of primary and secondary
metabolites, including terpenes, polyphenols, steroids, fatty acids, and pigments,
underscores their metabolic intricacies. The effects of these compounds are intricately
entwined with the algae’s metabolism and their interactions with diverse biotic
factors, such as light, temperature, hydrodynamics, and nutrients in marine habitats.
This intrinsic chemical diversity not only emphasizes the ecological indispensability
of these algae but also plays a critical role in modulating crucial aspects of their life
cycles, including reproduction and survival.

While many of the studies discussed are prompted by the search for fundamental
insights into algae’s ecological dynamics, a notable trend has emerged, investigating
abiotic factors and metabolites with the aim of extracting biotechnologically relevant
bioactive molecules, This trend underscores a dual purpose as it broadens our
comprehension of algae’s ecological relationships and also accentuates their pivotal
role in providing ecosystem services through the production of valuable bioactive
compounds.

Conclusion
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