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Abstract

Marine macroalgae and terrestrial halophytes represent a structurally distinct class of
feed resources that can be produced without the arable land, fresh water, and synthetic
fertilizer inputs required by conventional protein crops. Their direct incorporation into
animal diets is, however, constrained by a convergent set of physical and toxicological
barriers—viscous polysaccharides, lignocellulosic recalcitrance, anti-nutritional secondary
metabolites, and accumulated heavy metals and halogens—that collectively impede prac-
tical use. Microbial fermentation can transform some of these barriers into functional
resources through enzymatic deconstruction, catabolite conversion, and biosorption—a
duality described here as the Barrier–Resource Duality. This critical narrative review syn-
thesizes findings from publications across fermentation microbiology, animal nutrition,
food safety, life cycle assessment, and regulatory science. The review analyzes cell-wall
architectures of Chlorophyta, Rhodophyta, and Ochrophyta alongside the lignocellulosic
matrix of terrestrial halophytes, maps the requisite carbohydrate-active enzyme families
and polysaccharide-utilization loci, and evaluates the postbiotic mechanisms—TLR/NF-κB,
histone deacetylase inhibition, and metabolite-mediated immunomodulation—by which
fermentation-derived compounds may exert host benefit. The evidence base is assessed
through a critical narrative synthesis that identifies knowledge gaps across five areas: (i) the
absence of co-fermentation studies combining seaweeds and halophytes despite predicted
substrate complementarity; (ii) the lack of pilot-scale fermentation data (no study exceeds
500 L); (iii) the single-study dependency of core in vivo efficacy claims; (iv) the absence of
validated analytical methods for postbiotic quantification; and (v) the lack of a dedicated
regulatory category for fermented marine biomass. It concludes that the field, while mech-
anistically rich, remains at Technology Readiness Level 2 (technology concept formulated),
and that coordinated pilot-scale consortia, multi-institutional replication initiatives, and
regulatory pathway design are prerequisites for commercial translation.

Keywords: seaweed fermentation; halophyte; postbiotic; CAZyme; aquaculture; livestock;
methane mitigation; anti-nutritional factors; heavy metal biosorption; life cycle assessment
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1. Introduction
1.1. The Feed-Protein Paradox

The global livestock and aquaculture sectors face a structural protein deficit. Global
population growth toward 9.7 billion by 2050, combined with rising per capita meat
consumption, is projected to increase demand for animal-source proteins by 50–70% [1].
Terrestrial protein crops occupy over 70% of global agricultural land and contribute to
deforestation in biodiverse regions, and soybean cultivation, which supplies approximately
65% of global protein meal, is associated with land-use change emissions of 2.5–3.5 t
CO2-eq per tonne of protein and imposes a freshwater footprint of 1500–3500 L per kg
of protein [2,3]. Fishmeal, the nutritional benchmark ingredient in aquaculture feeds,
derives from reduction fisheries that have reached their maximum sustainable yield [4];
production has plateaued at approximately 5 Mt per annum, while aquaculture output
continues to expand at 5–8% annually [1,5]. The aquaculture sector alone is projected to
require an additional 50 Mt of feed by 2050, a demand that cannot be met by current protein
sources [2]. This widening gap between supply and demand constitutes a structural deficit
that threatens both food security and marine ecosystem stability [6,7].

This structural deficit means that the most attractive alternative proteins would ide-
ally (i) not compete for arable land or freshwater, (ii) match or exceed incumbent protein
quality, and (iii) deliver a lower environmental footprint per tonne of product. Marine
macroalgae and terrestrial halophytes are among the biomass classes that could satisfy
these criteria—they grow on non-arable land and in seawater, reach crude protein levels
of about 6–47% DM depending on species (brown algae 6–15%, green and red algae up
to 47%), and have been estimated to carry a negative-to-low carbon footprint (−0.6 to
+0.9 t CO2-eq/t DM) [2,8,9]. Still, their direct inclusion in animal diets is blocked by the
physical and toxicological barriers detailed in Section 3. Microbial fermentation is one
enabling technology that may convert this poorly accessible biomass into a functional feed
ingredient by degrading some of those barriers. Alternative protein sources in poultry
and pig nutrition have been systematically compared, with seaweeds identified as among
the most promising candidates [10]. The quest for locally available aquafeed ingredients
has motivated exploration of both seaweed and halophyte resources in tropical and sub-
tropical regions [11]. Alternative dietary protein sources for farmed tilapia have been
extensively reviewed, confirming that novel ingredients can partially replace fishmeal
without compromising growth [12].

1.2. Seaweed and Halophyte Resources

Marine macroalgae (seaweeds) require no arable land, freshwater, or synthetic fertiliz-
ers. They serve as nutrient bio-remediators, absorbing dissolved nitrogen and phosphorus
while fixing carbon dioxide via photosynthesis [13,14]. Global seaweed cultivation reached
36.5 Mt (wet weight) in 2022, with seaweed aquaculture accounting for 97% of produc-
tion [15]. Seaweeds comprise three phyla—Chlorophyta (green seaweeds), Rhodophyta
(red seaweeds), and Ochrophyta (brown seaweeds)—each with distinct cell wall chemistry,
polysaccharide composition, and nutritional value [13,14].

The reported global cultivation figure of 36.5 Mt masks substantial variability across
species and regions. Over 95% of this production is concentrated in a small number of
warm-water species (Saccharina japonica, Eucheuma spp., Gracilaria spp.) farmed intensively
in Japan, China, Indonesia, and the Philippines [9]. For the species most relevant to
European and North American feed applications (Saccharina latissima, Alaria esculenta,
Laminaria digitata), commercial-scale cultivation is nascent, with reported yields of 10–25 t
fresh weight/ha contrasted against modeling projections of 50–100 t fresh weight/ha that
have not been validated at operational scale [8,16].
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What is more, proximate composition varies with harvest season: protein content in
temperate brown seaweeds fluctuates by ±40% across the growing season (peaking in late
winter/early spring, declining through summer), while carbohydrate and iodine content
vary inversely [13,14]. No published study has examined how seasonal nutrient variability
in the feedstock propagates through fermentation to affect the nutritional consistency of
the final product. This represents a practical obstacle to commercial adoption: feed manu-
facturers require consistent nutrient specifications, and a ±40% range in protein content
between batches is incompatible with least-cost diet formulation unless compensated by
blending with standard protein sources.

We still do not know whether seasonal variation in feedstock nutrient content is
dampened or amplified by fermentation—a basic question that should have been answered
before the first feeding trial, not after. Addressing this gap requires a multi-season study
design: harvesting the same seaweed species at monthly intervals across a full growing
cycle, fermenting each harvest under standardized conditions, and measuring the nutrient
composition of both feedstock and product.

Terrestrial halophytes (Suaeda spp., Salicornia spp., Atriplex spp., Kochia spp.) thrive in
saline soils (EC 4–15 dS/m) and can be irrigated with seawater or brackish water [17]. Over
950 million hectares of land are affected by salinization globally, representing a potential
resource base for halophytic forage production [17]. Halophytes on these lands provide
a restoration pathway while generating biomass containing 12–22% crude protein (CP)
without competing with conventional crops for freshwater [17]. Early foundational studies
demonstrated that Salicornia bigelovii could serve as a partial feed ingredient for growing
lambs [18]. Follow-up studies extended this approach to other halophyte species and
livestock models [19–22].

1.3. Fermentation as Enabling Technology

Despite their potential, raw seaweeds and halophytes exhibit physical and toxicologi-
cal barriers that limit their direct use. Seaweeds contain viscous non-starch polysaccharides
(NSPs), such as alginate, carrageenan, and ulvan, that encapsulate intracellular nutrients
and increase intestinal digesta viscosity, reducing apparent protein digestibility [13,14].
Halophytes feature lignified cellulose–hemicellulose matrices that resist endogenous enzy-
matic cleavage [17]. Both biomass classes accumulate anti-nutritional factors (condensed
tannins, oxalates, saponins) and toxic heavy metals (Cd, Pb, inorganic As) alongside
hyper-concentrated iodine [23,24].

Fermentation provides a biochemical route around these constraints. Microbial
consortia—principally Bacillus spp. and filamentous fungi, which secrete diverse CAZymes
and proteases, together with LAB and yeasts, which contribute acidification, proteolysis
and bacteriocins but limited polysaccharide depolymerization—degrade cell walls, release
encapsulated nutrients, degrade anti-nutritional factors, and biosorb heavy metals [25,26].
Seaweeds as a fermentation substrate present both opportunities and processing challenges
that are distinct from terrestrial feedstocks [26]. The methane-mitigating role of seaweed in
ruminant diets has been reviewed comprehensively and evaluated across multiple studies,
with brown seaweeds specifically assessed for rumen fermentation modulation [27–30];
these effects concern largely unfermented biomass, and fermentation-specific methane-
mitigation evidence remains limited. This review critically synthesizes the current evidence
on seaweed and halophyte fermentation for animal feed, identifies critical knowledge gaps,
and outlines priority research directions.
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1.4. Review Methodology

This review employed a critical narrative synthesis rather than a systematic review
or meta-analysis; its purpose is to map and critique the evidence base, not to pool effect
sizes. Literature was surveyed across fermentation microbiology, animal nutrition, food
safety, life-cycle assessment, and regulatory-science databases (Web of Science, Scopus,
and PubMed), using search terms combining ‘seaweed’/‘macroalgae’/‘halophyte’ with
‘fermentation’/‘solid-state fermentation’/‘postbiotic’/‘feed’. Screening was performed
by the authors with the assistance of Zotero (Version 9.0, Corporation for Digital Scholar,
Vienna, Virginia, United States, 2026) literature-management tooling, and all factual claims
and citation DOIs were verified against the primary records. Searches were conducted
between January 2026 and June 2026 and covered all publication years available in each
database up to the final search date. The full search strategy combined three concept blocks
with AND: (i) substrate—“seaweed” OR “macroalga” OR “halophyte” OR specific genera
(Ulva, Laminaria/Saccharina, Gracilaria, Ascophyllum, Sargassum, Salicornia, Suaeda,
Atriplex); (ii) process—“ferment” OR “solid-state fermentation” OR “submerged fermenta-
tion” OR “ensil” OR “lactic acid bacteria” OR “postbiotic” OR “CAZyme” OR “alginate
lyase”; and (iii) application—“feed” OR “aquafeed” OR “animal nutrition” OR “livestock”
OR “aquaculture” OR “ruminant”. No date or document-type filters were applied at the
database level. Records were assessed in two stages, each independently by two authors. At
the title-and-abstract stage, records were included if they reported fermentation or ensiling
of macroalgae or halophytes, or the composition, safety, or feeding performance of such
fermented products, in the context of terrestrial livestock or aquaculture feed; they were
excluded if they (i) addressed human food or nutraceutical applications without a feed-
relevant endpoint; (ii) concerned unicellular microalgae rather than macroalgae; (iii) used
only chemical or enzymatic hydrolysis without microbial fermentation; (iv) targeted biogas,
bioethanol, or other biofuel production; or (v) were not published in English. At the full-text
stage, records were retained if they reported at least one extractable outcome relevant to the
review questions (substrate composition, fermentation conditions, product composition,
fate of anti-nutritional factors or contaminants, in vivo performance, or regulatory status);
conference abstracts, non-peer-reviewed preprints, and records whose full text could not be
retrieved were excluded. Disagreements between the two screening authors were resolved
by discussion, with a third author acting as arbiter where consensus could not be reached.

Limitations: the synthesis is non-systematic and scoped to English-language pub-
lications; it does not pool effect sizes, and no formal risk-of-bias tool was applied. Sys-
tematic Review Centre for Laboratory Animal Experimentation (SYRCLE), for example,
was designed to assess risk of bias in animal experiments and is not suitable to in vitro
fermentation or microbiology studies; it is therefore not applied as a quantitative score in
this review [31]. Because this is a narrative rather than a systematic review, no PRISMA
flow diagram was constructed and the numbers of records identified, screened, and ex-
cluded at each stage were not logged quantitatively; inter-rater agreement was therefore not
expressed as a κ statistic. The criteria above are stated so that the scope and boundaries of
the evidence base can be judged, not so that the search can be reproduced record-for-record.

As illustrated in Figure 1, feedstocks (left panel) undergo initial physical or chemical
pretreatment, followed by fermentation via solid-state fermentation (SSF), submerged
fermentation (SmF), or ensiling. These fermentation processes are inoculated with marine-
derived bacteria, fungi, or lactic acid bacteria. The resultant products include oligosaccha-
rides, bioactive peptides, free amino acids, short-chain fatty acids (SCFAs), γ-aminobutyric
acid (GABA), vitamin B12, exopolysaccharides, biosorbed metals with reduced bioaccessi-
bility, and enzymes. Representative target animal classes are presented in the right panel.
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Bottlenecks related to mass transfer, salinity, and scale-up are discussed in Section 8.3, while
the predominance of single-study evidence is addressed in Section 10.6.

Figure 1. Overview of the fermented-seaweed/halophyte feed value chain—from marine biomass
barriers to fermentation-enabled functional resources (Barrier–Resource Duality concept). Recalcitrant
substrate barriers (structural polysaccharides, antinutritional secondary metabolites, heavy metals
and halogens) are converted through enzymatic and microbial transformation into value-added
functional products (postbiotics, improved nutritional profile, and enhanced feed acceptability).

2. Macromolecular Chemistry and Nutritional Profiles
2.1. Phylum-Specific Polysaccharides

The evolutionary divergence of green, red, and brown seaweeds from a common
ancestor ~1.5 billion years ago produced carbohydrate architectures with no structural
homology to terrestrial plant cell walls [13]. This has direct practical consequences: each
phylum’s polysaccharide backbone evolved under marine selection pressures—high ionic
strength, constant hydration, and grazing by marine herbivores with specific enzymatic
arsenals—and requires phylum-specific CAZymes for depolymerization [32,33]. No single
microbial inoculum or enzyme cocktail can efficiently hydrolyze polysaccharides from
all three phyla simultaneously, a constraint governing all fermentation system designs
(Section 4). Chlorophyta (green seaweeds) synthesize ulvan, a sulfated rhamnogalacturonan
containing rhamnose 3-sulfate, glucuronic acid, iduronic acid, and xylose [9,13]. The
ulvan backbone consists of repeating disaccharide units with variable sulfation patterns
influencing gelling properties and enzymatic susceptibility [34]. Rhodophyta (red seaweeds)
contain sulfated galactans—primarily carrageenan (κ-, ι-, λ-carrageenan) and agarose—
which form ion-dependent gel networks [9,13]. Carrageenan content ranges from 30% to
80% of dry weight depending on species and extraction conditions [35].

Brown algae (class Phaeophyceae, phylum Ochrophyta) produce alginate (15–45% DM),
a linear copolymer of β-D-mannuronate (M) and α-L-guluronate (G) in homopolymeric
M- and G-blocks interspersed with alternating MG regions [14,36]. The M/G ratio varies
across species and within thalli, from 0.3 in stipes to 2.5 in blades [33]. Brown seaweeds
also contain fucoidan, a sulfated L-fucose-rich heteropolysaccharide (2–10% DM), and
laminarin, a β-1,3/1,6-glucan (up to 35% DM) [35,36]. Fucoidan has been associated with
immunomodulatory and prebiotic activities, though structure–activity relationships remain
incompletely defined [37].
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Beyond these major components, red seaweeds contain floridean starch (amylopectin-
like α-glucan) and green seaweeds accumulate starch-like polysaccharides and sulfated
rhamnans [34]. The glycosidic linkage patterns—the (1→4)-linked α-L-guluronate/β-D-
mannuronate residues of alginate, α-1,3/β-1,4 in carrageenan, and iduronic acid-containing
ulvan—require specialized CAZymes absent from terrestrial digestive systems [33,36].
Table 1 summarizes the phylum-specific polysaccharides, abundances, and requisite
CAZymes.

Table 1. Phylum-specific polysaccharides in seaweeds and halophytes: structures, abundance, and
enzymatic susceptibility.

Substrate Phylum/Group Major
Polysaccharide Backbone Structure Abundance

(% DM)
Requisite CAZyme

Families References

Green seaweeds Chlorophyta Ulvan Sulfated
rhamnoglucuronan 15–35 PL24, PL25, PL28

ulvan lyases [13,34]

Red seaweeds Rhodophyta Carrageenan Sulfated galactan
(κ, ι, λ) 30–80 GH16, GH82

carrageenases [9,35]

Brown seaweeds Ochrophyta (class
Phaeophyceae) Alginate

β-D-
mannuronate/α-L-

guluronate
15–45 PL5, PL7 alginate

lyases [33,36]

Brown seaweeds Ochrophyta (class
Phaeophyceae) Fucoidan

Sulfated L-fucose
heteropolysaccha-

ride
2–10 GH107, sulfatases [36,37]

Brown seaweeds Ochrophyta (class
Phaeophyceae) Laminarin β-1,3/1,6-glucan 5–35 GH16, GH17, GH64 [34,35]

Halophytes Chenopodiaceae Cellulose β-1,4-glucan 25–35 GH5, GH9
cellobiohydrolases [17]

Halophytes Chenopodiaceae Hemicellulose Xylan, xyloglucan 20–30 GH10, GH11
xylanases [17]

Terrestrial halophytes show a lignocellulosic structure typical of land plants, with
hemicelluloses (principally glucuronoarabinoxylans) and cellulose microfibrils encased in
pectin and lignin [17]. Their lignin content (2–8% DM) is lower than that of conventional
glycophytic forages but still limits digestibility [17]. Atriplex species contain relatively more
cellulose (25–35% DM) while Salicornia species contain more hemicellulose (20–30% DM),
differences that affect their suitability as fermentation substrates [17].

As illustrated in Figure 2, for each group, the upper box lists the major struc-
tural polysaccharides and their typical dry-matter abundance; the lower box lists the
carbohydrate-active enzyme (CAZyme) families required for depolymerization. Effec-
tive degradation of algal cell walls generally requires marine-derived starters harbouring
polysaccharide-utilization loci (PULs) or halophilic fungi adapted to high-salt matrices
(Sections 4.2 and 10.3).

2.2. Nutritional Profiles and Amino Acid Composition

Chlorophyta and Rhodophyta contain the highest protein among macroalgae groups,
with CP up to 30–47% DM [9]. Their essential amino acid pattern is broadly comparable
to soybean meal for several amino acids, although lysine is generally lower and typically
first-limiting [9,13,14]. Dawczynski et al. characterized the amino acid composition of
edible seaweeds, reporting that aspartic and glutamic acids constitute 22–44% of total
amino acids across 34 seaweed products [38]. Similar profiles were confirmed for Ulva
lactuca and Durvillaea antarctica by Ortiz et al., who documented dietary fiber, amino acid,
fatty acid, and tocopherol contents [39]. The nutritional composition of Gracilaria changii
was reported as 12.5% protein, 62.8% fiber, with favorable mineral profiles [40].
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Figure 2. Substrate to CAZyme schematic for the three major seaweed groups (Chlorophyta,
Rhodophyta, and Ochrophyta, class Phaeophyceae—the brown algae) and halophytes. Each feedstock
is linked to its dominant cell-wall polysaccharides and the requisite carbohydrate-active enzyme
(CAZy) families required for their depolymerization during solid-state or submerged fermentation.

But the standardized ileal digestibility (SID) coefficients—the standard metric for
amino acid bioavailability in monogastric nutrition—have not been reported for any fer-
mented seaweed protein. Available data for raw seaweeds suggest SID values of 55–75% for
most essential amino acids in swine (compared to >85% for soybean meal) [14]. Fermenta-
tion is expected to improve digestibility through cell wall disruption and protease-mediated
protein hydrolysis, but quantitative SID values for fermented products are absent from
the literature. This gap is the single most important barrier to practical monogastric feed
formulation with fermented seaweed proteins. Table 2 provides a comparative nutritional
overview of seaweeds, halophytes, and conventional feed proteins. The nutritional value
of seaweed products for broiler chickens has been evaluated, confirming that processing
significantly affects protein availability [41].

Table 2. Comparative nutritional profile of seaweeds, halophytes, and conventional feed proteins.

Parameter Phaeophyceae
(Brown)

Chlorophyta
(Green)

Rhodophyta
(Red) Halophytes Soybean Meal Fishmeal References

Crude protein (% DM) 6–15 15–30 20–47 12–22 44–50 60–72 [9,17]
Total lipids (% DM) 1–5 1–4 1–3 1–3 1–2 8–12 [38,39]
Total fiber (% DM) 30–65 35–55 25–45 30–50 5–8 0 [9,17]

Ash (% DM) 15–35 15–30 10–25 20–35 5–7 15–20 [42,43]
Iodine (mg/kg DM) 500–22,000 50–500 10–500 5–50 <1 1–5 [23,24]

EPA + DHA (g/100 g FA) 10–30 5–15 15–45 0–5 0 20–30 [38,43]
Lysine (g/16 g N) 3–5 4–6 4–7 3–5 6 8 [14,39]

Methionine (g/16 g N) 1–2 1.5–2.5 1.5–3 1–2 1.5 2.5 [14,38]

What is missing from the current evidence base is a clear demonstration that fermenta-
tion consistently improves the nutritional value of seaweed biomass across species, seasons,
and process conditions. Ochrophyta contain lower protein (6–15% DM) but provide as-
partic and glutamic acids, which account for up to 44% of their total amino acid pool [38].
Halophytes such as Atriplex contain 15–22% CP, though a substantial portion is non-protein
nitrogen (NPN), including glycine betaine and free proline accumulated as osmoprotec-
tants [17]. The NPN fraction can constitute 15–30% of total nitrogen in halophytes [17]. No
published feeding trial using fermented halophyte biomass has distinguished NPN from
true protein in diet formulation for monogastric species.

Marine macroalgae contain low total lipids (1–5% DM) but are rich in long-chain
polyunsaturated fatty acids, especially eicosapentaenoic acid (EPA, C20:5n–3) in brown
algae and arachidonic acid (AA, C20:4n–6) in red algae [38,39]. The fatty acid composi-
tion and health-related properties of seaweeds have been reviewed, noting the potential
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cardiovascular benefits of EPA and docosahexaenoic acid (DHA, C22:6n–3) in marine
algal lipids [43]. The chemical composition of Gracilaria salicornia and Ulva lactuca as po-
tential food sources has been characterized, showing favorable mineral and amino acid
profiles [42].

2.3. Potential Complementarity for Co-Fermentation

The chemical differences between seaweeds and halophytes suggest a possible com-
plementarity strategy for co-fermentation. Seaweeds lack lignin but are highly viscous and
require specific polysaccharide lyases [25,33]. Halophytes provide a structural fiber matrix
that may prevent seaweed alginate gels from collapsing during processing, maintaining
bed porosity for gas exchange in SSF [17]. It should be noted, however, that compositional
diversity does not automatically imply complementarity; this idea is therefore presented as
a working hypothesis rather than an established strategy (Section 4.3).

Nutritional complementarity is also apparent: seaweeds are rich in omega–3 LC-
PUFAs and iodine, whereas halophytes provide omega–6 fatty acids and Ca, Mg and
K; neither substrate is a dependable lysine source (Table 2) [17,39]. The mineral content
of seaweeds has been characterized by Bocanegra et al., who noted high contents of Ca
(1000–10,000 mg/kg DM), Mg (500–3000 mg/kg DM), and I (up to 22,000 mg/kg DM in
brown algae) [43]. The practical question emerging from this analysis is whether blending
seaweeds (high in viscous NSPs and iodine) with halophytes (high in lignocellulose and
low in iodine) could produce a more balanced fermentation substrate than either alone.
This question directly tests the proposed Barrier–Resource Duality framework (Section 3.1):
if the structural barriers of each substrate type are complementary rather than additive,
co-fermentation could transform both barrier sets simultaneously into functional resources.
To date, no empirical studies have evaluated co-fermentation of marine macroalgae and
terrestrial halophytes together—a critical knowledge gap discussed further in Section 10.
The overarching conclusion from Section 2 is that the compositional diversity of seaweeds
and halophytes is not a problem to be averaged away but a design resource to be exploited
through targeted substrate blending.

3. Anti-Nutritional Barriers
3.1. The Barrier–Resource Duality: A Proposed Conceptual Framework

A central concept in marine biomass valorization is the Barrier–Resource Duality
(a proposed conceptual framework rather than an established principle): the complex
polymers, secondary metabolites, and accumulated trace elements that limit direct use of
raw seaweeds and halophytes in animal feeds can, in principle, be converted by targeted
fermentation into functional resources [9,13]. This proposed conceptual framework is
organized around three testable hypotheses: (i) reducing structural recalcitrance releases
functional oligosaccharides with reported prebiotic and immunomodulatory activities
(evidence reviewed in Section 5); (ii) anti-nutritional factors are degraded into bioactive
metabolites (e.g., condensed tannins to phenolic monomers exhibiting antioxidant activ-
ity); and (iii) toxic heavy metals are biosorbed into non-bioavailable complexes through
microbial cell wall coordination. Each hypothesis generates a testable prediction: Hypoth-
esis (i) predicts that polysaccharide depolymerization products (AOS, carrageenan-OS,
ulvan-OS) from seaweed fermentation will show dose-dependent prebiotic activity in
monogastric models correlated with oligosaccharide degree of polymerization (DP 2–12).
Hypothesis (ii) predicts that condensed tannin concentrations will decrease by ≥50% dur-
ing halophyte fermentation and the resulting phenolic monomer profile will exhibit higher
in vitro antioxidant capacity (ORAC, DPPH) than unfermented biomass. Hypothesis (iii)
predicts that LAB-fermented seaweed will show 35–75% reduction in bioaccessible heavy
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metal fractions (measured by in vitro gastrointestinal simulation) compared to unfermented
controls. None of these predictions has been tested in a published study, representing a
unified experimental agenda for the field.

The proposed Barrier–Resource Duality framework distinguishes this from prior work
treating barriers and products as separate domains. Unlike the biorefinery concept—an en-
gineering framework for sequential extraction—the Barrier–Resource Duality is proposed
as a hypothesis-generating mechanistic framework organized around directed transfor-
mation: the barrier itself becomes the resource through enzymatic conversion. Table 3
maps each recalcitrant factor to its transformation mechanism, resulting product, and
evidence base.

Table 3. The proposed Barrier–Resource Duality framework: mapping of recalcitrant factors, trans-
formation mechanisms, and value-added products.

Recalcitrant
Factor Substrate Negative

Physiological Effect Enzyme/Mechanism Value-Added
Product

Nature of Cited
Evidence References

Alginate gels Ochrophyta
Increases digesta
viscosity, blocks

proteolysis

PL5/PL7 alginate
lyases (β-elimination)

Unsaturated AOS
(DP 2–12),

MW < 1.2 kDa

Multiple in vitro,
single in vivo [33,35,36]

Carrageenan
gels Rhodophyta Suppresses pancreatic

lipase/amylase
GH16, GH82
carrageenases

Carrageenan
oligosaccharides In vitro only [32,33]

Ulvan
complexes Chlorophyta Osmotic diarrhea,

nutrient loss
PL24, PL25, PL28

ulvan lyases
Ulvan

oligosaccharides In vitro only [36]

Fucoidan Ochrophyta Anticoagulant effects
at high dose

GH107 fucoidanases,
sulfatases

Fuco-
oligosaccharides In vitro only [37]

Lignocellulose Halophytes Limits enzymatic
hydrolysis

Fungal laccases, AA9
LPMOs, GH10/11

xylanases

Xylooligosaccharides,
fermentable

sugars
In vitro only [17]

Condensed
tannins

Halophytes
(Atriplex)

Binds dietary proteins
and digestive

enzymes

Fungal tannase,
laccase

Phenolic
monomers (gallic
acid, ellagic acid)

Single study [17,44]

Oxalates Halophytes
(Salicornia)

Chelates Ca, Mg; risk
of urolithiasis

Bacterial oxalate
decarboxylase Formate, CO2

Inferred from
terrestrial studies [17]

Heavy metals
(Cd, Pb, iAs)

All marine
biomass Liver/kidney toxicity

LAB
teichoic/lipoteichoic

acid coordination

Non-
bioaccessible

complexes
Multiple in vitro [45,46]

Iodine Ochrophyta Thyroid dysfunction Physical washing +
biosorption

Reduced-iodine
biomass Single study [47]

3.2. Marine Gel Recalcitrance

Alginate (15–45% DM in Phaeophyceae) forms stable, insoluble gel networks with di-
valent cations (Ca2+, Mg2+) via the “egg-box” conformation, where guluronate residues
coordinate Ca2+ between adjacent alginate chains [14,33]. In the monogastric digestive
tract, these gels increase digesta viscosity, which coats nutrients and inhibits endogenous
digestive enzymes [14]. The observed 18–25% depression in nutrient digestibility is most
plausibly viscosity- or bulk-mediated rather than intact egg-box gel encapsulation per se;
the cited swine study does not separate these two mechanisms. The functional properties
depend critically on the M/G ratio: alginate lyases of families PL5 and PL7 show overlap-
ping but differential preferences for M- and G-blocks; most characterized PL7 enzymes are
polymannuronate (M-block)-specific, whereas G-block-specific lyases are comparatively
rare and distributed across several families (PL5, PL14, PL15, PL17) [33,36].

The rheological consequences of alginate in animal diets are severe. Apparent pro-
tein digestibility in swine fed 5% raw brown seaweed has been reported to decrease by
18–25% compared to isonitrogenous controls, an effect often attributed to physical encap-
sulation of protein within the alginate matrix [14], although that study did not separate
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gel encapsulation from viscosity- or bulk-mediated mechanisms. Red algal galactans (car-
rageenan, agarose) form rigid gels that resist mammalian enzymology. κ-carrageenan forms
a strong gel with K+ ions, ι-carrageenan forms an elastic gel with Ca2+, and λ-carrageenan
remains nongelling but highly viscous [35]. The digestibility of sulfated polysaccharide
from Ascophyllum nodosum has been found to be low in monogastrics, supporting the need
for pre-treatment [48]. Green algal ulvan, with its complex heteropolymeric structure of
rhamnose, glucuronic acid, iduronic acid, and xylose with variable sulfation, presents an
additional challenge: its degradation requires marine-derived microbial starter cultures that
produce specific PL24/25/28 lyases [36]. No published study has systematically compared
fermentation outcomes across seaweeds with different M/G ratios, representing a notable
knowledge gap. Given that M/G ratio varies from 0.3 in stipes to 2.5 in blades within the
same species, future studies should report the M/G ratio of the algal tissue used, as this
parameter substantially affects alginate lyase susceptibility and, consequently, the efficiency
of fermentation-driven nutrient release.

Marine fungal enzymes have been identified as potential degraders of diverse seaweed
cell walls, offering an alternative enzymatic toolkit for marine biomass processing [49]. The
marine fungus Paradendryphiella salina produces a minimal set of CAZymes, including a PL7
alginate lyase, as an adaptation strategy for brown algae degradation [50]. Genomic analysis
of polysaccharide-degrading marine bacteria has revealed the breadth and specificity of
marine CAZyme systems [51,52].

3.3. Halophyte Lignocellulose and Secondary Metabolites

Terrestrial halophytes contain lignin (2–8% DM) and ester-linked phenolic networks
restricting access to cellulose and hemicellulose [17]. The lignocellulosic matrix resists hy-
drolysis through three mechanisms: (i) physical shielding of cellulose microfibrils by lignin;
(ii) non-productive binding of hydrolytic enzymes to lignin surfaces; and (iii) inhibition by
phenolic monomers released during hydrolysis [17].

Condensed tannins (3–8% DM in Atriplex spp.) bind dietary proteins and digestive
enzymes, reducing protein digestibility by up to 30% in ruminants [17,44]. At moderate con-
centrations (2–4% DM), though, they can protect dietary proteins from rumen degradation,
increasing by-pass protein flow to the small intestine—an example of the barrier–resource
duality [44]. Tannins as alternatives to in-feed antibiotics have been reviewed, noting
antimicrobial, anti-parasitic, and antioxidant activities [44].

Oxalates (2–6% DM in Salicornia spp.) chelate dietary Ca and Mg, increasing urolithia-
sis risk [17]. Saponins and lectins disrupt intestinal cell membrane permeability and can
cause hemolysis at high doses [14]. Ensiling halophytes with LAB inoculants can reduce
oxalate content by 30–50% [53]. Fermentation and ensilage of halophyte species (Suaeda
salsa [54], Alhagi maurorum [55]) has been demonstrated. Comparative in vitro evaluation
of halophytic forages (Prosopis, Acacia, Atriplex) shows variable digestibility [56].

3.4. Halogen Overload and Toxic Heavy Metals

Brown macroalgae accumulate iodine across a wide range of about 500–22,000 mg/kg
DM, with kelps typically 1500–8000, exceeding the NRC maximum tolerable level for
cattle and sheep (50 mg I/kg DM) at inclusion rates as low as 0.5–2% for high-iodine
kelps; the NRC poultry value is 300 mg/kg [23,24]. The EFSA dietary exposure assessment
confirmed that moderate consumption of unprocessed brown seaweeds leads to iodine
intakes exceeding the tolerable upper intake level [24], particularly in humans. Low-level
seaweed supplementation improves iodine status in iodine-insufficient humans, but the
same principle creates a dosing challenge in animal feed: levels sufficient for nutritional
benefit (0.5–2 mg I/kg feed) are separated from toxic levels (50+ mg I/kg feed) by a factor
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of roughly 25–100 for cattle and sheep and 150–600 for poultry [57]. A systematic review
identified thyroid dysfunction and autoimmune thyroiditis as primary risks from excessive
iodine intake [58].

Heavy metals accumulate in macroalgae to species- and element-specific extents; this
reflects ligand-specific coordination chemistry (carboxyl, sulfate, sulfhydryl and phenolic
donors) and element-specific uptake; no single stability series applies, and arsenic is
accumulated as the phosphate analogue arsenate rather than the Irving-Williams stability
series, which applies only to divalent first-row transition metals and does not include Hg,
Pb or Cd [23]. Inorganic arsenic (iAs) has been reported at up to about 10–100 mg/kg
DM in certain Sargassum species (notably hijiki, S. fusiforme), where inorganic arsenic
frequently constitutes a substantial and sometimes predominant fraction of total arsenic—
the reason Directive 2002/32/EC singles out Hizikia fusiforme for iAs determination;
genus-wide typical iAs concentrations are substantially lower and require species-specific
speciation [23]. Comparative assessment of food safety regulations for As, Cd, Pb, Hg, and
I in macroalgae used as food and feed in China and Europe revealed divergent maximum
limits and monitoring protocols, complicating international trade [23].

LAB biosorption of heavy metals is well characterized. Carboxyl and phosphate
groups on peptidoglycan and teichoic acid layers bind divalent cations through ion ex-
change and coordination [45,46]. Lactobacillus plantarum strains from marine environments
showed up to 90% Pb2+ and 75% Cd2+ removal from aqueous solution in batch experi-
ments [45,46]. Biosorption of heavy metals by LAB has been reviewed as a bioremediation
strategy [59]. LAB strains have been screened for heavy metal tolerance [60,61], and the role
of cyclic di-AMP in LAB heavy metal tolerance has been identified [62]. Bioremediation of
heavy metals from aquatic environments by LAB has been reviewed [63].

Capsular polysaccharides were demonstrated to be crucial for aqueous Pb(II) biosorp-
tion by Limosilactobacillus fermentum, identifying a specific molecular mechanism beyond
the general peptidoglycan/teichoic acid model [64].

It is not yet clear whether LAB biosorption of heavy metals during fermentation
achieves sufficient reduction to meet regulatory thresholds for all relevant elements (As,
Cd, Pb, Hg, I) in all of the animal species considered in the cited studies.

Fermentation-assisted counter-current washing reduced total iodine by 55–72% for
Saccharina latissima in a single study [47]. Iodine reduction and retention of nutrients upon
washing has been further investigated [65]. Heavy metal speciation during fermentation
remains undercharacterized: inorganic arsenic (As5+) undergoes reduction to arsenite
(As3+) under anaerobic conditions, which is ~10-fold more toxic and more water-soluble,
potentially increasing bioaccessibility [23]. Speciation analysis (HPLC-ICP-MS) before and
after fermentation has not been reported for any seaweed-heavy metal combination. Black
soldier fly larvae grown on seaweed-enriched media have been investigated for heavy
metal management [66].

This gap is particularly concerning for inorganic arsenic (iAs), which undergoes
reduction from As5+ to As3+ under anaerobic fermentation conditions. Since As3+ is ap-
proximately 10-fold more toxic than As5+, fermentation could theoretically increase the
toxic potency of the product even as total arsenic concentration decreases through biosorp-
tion. Speciation analysis should be a mandatory component of any safety assessment for
fermented seaweed products containing measurable iAs.

4. Fermentation Modalities
4.1. Solid-State and Submerged Fermentation

Solid-state fermentation (SSF) can be applied to marine substrates, whose high water-
holding capacity (typically 3.5–8.2 g water/g DM across seaweed phyla, rising to 5–10 g/g
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DM for alginate-rich brown seaweeds) is a liability: beds must be run at 60–75% moisture
(wet basis; approximately 1.5–3.0 g water/g DM) to preserve porosity, leaving a narrow
operating margin before the bed collapses [25,26]. Submerged fermentation (SmF) produces
soluble postbiotic enzymes and processes halophytic extracts [25]. Throughout this section,
statements resting on direct experimental evidence are distinguished, where relevant, from
extrapolations from terrestrial systems and from untested engineering hypotheses.

Biotechnological upcycling of Laminaria japonica processing waste through Lactiplan-
tibacillus plantarum fermentation released bioactive peptides and oligosaccharides, demon-
strating valorization of seaweed processing streams [67].

A recent investigation of solid-state fermentation of red seaweed (Pyropia spp.) with
lactic acid bacteria demonstrated protein enrichment and bioactive peptide generation,
expanding the SSF evidence base to rhodophyte substrates [68].

Three mass transfer constraints specific to seaweed SSF have not been experimentally
characterized: (i) alginate gel matrices collapse under static conditions, reducing bed
porosity and limiting oxygen transfer in aerobic phases; (ii) high water-holding capacity
creates moisture gradients favoring surface microbial growth at the expense of uniform
colonization; and (iii) gas exchange is impeded by surface gel layer formation, potentially
creating anaerobic microenvironments even during aerated operation [25,26].

The 5–10 g water/g DM range applies specifically to alginate-rich brown seaweeds
and may overstate values for green and red species (e.g., Ulva, Gracilaria); the only cross-
phylum study reported seaweed water-holding capacity spans 3.5–8.2 g/g DM [26].

Regarding engineering parameters, no published study reports quantitative oxygen
transfer rate (OTR) or volumetric oxygen transfer coefficient (kLa) values for seaweed
SSF systems. Terrestrial SSF of wheat bran typically achieves kLa of 50–150 h−1 in forced-
aeration systems [26,69]. The high viscosity of alginate gels and biomass bed compressibility
are expected to reduce kLa by at least an order of magnitude in seaweed SSF, but this
remains unmeasured. Similarly, heat removal—already the dominant engineering challenge
in SSF due to high metabolic heat generation (~500–800 kcal per kg dry substrate consumed)
and poor thermal conductivity—is exacerbated by the gel-forming nature of seaweed
substrates that further impedes convective and evaporative cooling [25]. No study has
modeled or measured temperature gradients in a seaweed SSF bed at 100 L scale or above.
The pulsed-SSF approach (intermittent aeration cycles) has shown promise for terrestrial
lignocellulosic substrates but has not been tested on seaweed matrices [26]. Given that kLa,
temperature gradient, and moisture distribution are the three parameters determining SSF
scale-up feasibility, their systematic measurement for representative seaweed substrates
should precede any pilot-scale investment.

Two-stage SSF processes have been proposed to address these limitations: an initial
aerobic phase for fungal lignocellulolytic and protease expression, followed by an anaer-
obic LAB phase for organic acid and functional peptide production [25]. This sequential
strategy has been reported in a single study from one research group without independent
replication and requires confirmation. Table 4 compares SSF and SmF across key opera-
tional parameters. The use of seaweed species—red, green, and brown—as substrates for
SSF has been systematically compared, with green seaweeds showing the highest protein
enrichment and enzyme production in the single study available [25].

A critical limitation of two-stage seaweed SSF is fungal salt tolerance. The proposed
aerobic phase relies primarily on white-rot fungi (Phanerochaete chrysosporium, Pleurotus
ostreatus, Trametes versicolor) and filamentous fungi (Aspergillus niger, Aspergillus oryzae,
Trichoderma reesei) [17,25]. None of these species are halophiles; their growth and enzyme
secretion are markedly suppressed above about 1.5% NaCl and are fully inhibited at
2–4% NaCl, substantially lower than the residual salinity of unwashed seaweed biomass
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(3–8% NaCl) [25]. Seaweed substrates carry residual salinity of 3–8% NaCl after harvest
(higher for intertidal species), meaning unwashed seaweed would inhibit the very fungal
starter cultures proposed for the aerobic phase. The one published study that achieved
fungal growth on seaweed SSF used pre-washed biomass with salinity reduced to <2%
NaCl [25]. This washing step reduces total solids yield by 10–20% (through soluble organic
matter loss) and generates a saline wastewater stream requiring treatment. Halotolerant
or halophilic fungi (Wallemia spp., Hortaea werneckii, certain marine-derived Aspergillus
strains) represent a potential alternative, but their performance on unwashed, high-salinity
seaweed substrates has not been evaluated to our knowledge, unreported for any species.
Any marine-derived fungal starter (e.g., Wallemia, Hortaea werneckii) must be excluded if
toxigenic or clinically pathogenic, because Wallemia spp. produce walleminol mycotoxins
and Hortaea werneckii is a reported human opportunist. Until salt-tolerant fungal strains are
identified or reliable de-salting methods are validated at pilot scale, the fungal SSF route
for unwashed seaweed biomass remains speculative. Fermentation of Gelidium corneum
by-product through SSF has been investigated for valorization of red seaweed processing
residues [70]. Brown seaweed solid-state fermentation for alginate lyase production has
been demonstrated at laboratory scale [71]. Solid-state anaerobic fermentation of crayweed
(Phyllospora comosa) biomass for feed applications has been explored [72].

Table 4. Comparison of solid-state and submerged fermentation for seaweed and halophyte substrates.

Parameter Solid-State Fermentation (SSF) Submerged Fermentation (SmF) References

Moisture content 60–75% >90% [25,26]

Water activity 0.85–0.95 >0.99 [26]

Suitable substrates Whole seaweeds, high-viscosity biomass Halophyte extracts, soluble nutrients [25]

Enzyme titers Higher per unit volume (10–100×) Lower [25]

Capital cost Lower Higher [26]

Mass transfer limitation Substrate-level (bed porosity, O2) Substrate-level (viscosity, O2) [25]

Scalability challenges Heat removal, bed heterogeneity Foaming, high water volume [26]

Best application Whole-biomass bioconversion, enzyme
production Postbiotic liquid concentrate production [25]

Reported yield (protein enrichment) +30–50% CP increase +15–25% CP increase [25,26]

LAB silage inoculants for seaweed preservation have been the subject of increasing at-
tention. The potential of using LAB as inoculant for seaweed silage has been reviewed [73].
Improving fermentation of Saccharina latissima and Alaria esculenta silages with LAB addi-
tives has been reported [74]. Preservation of Porphyra umbilicalis and Saccharina latissima
as silages for ruminants has been evaluated, showing that ensiling preserves nutrients
effectively [75]. The effect of ensiling on the nutritional composition and fermentation
characteristics of brown seaweeds as a ruminant feed ingredient has been described [76].
Different ensiling methods for Saccharina latissima preservation have been compared [77].
The characteristics, antioxidant capacity, bacterial community, and metabolomic profiles of
fermented seaweeds have been characterized [67,78].

Table 5 consolidates the operating conditions reported across these fermentation
studies, and Table 6 synthesizes the compositional attributes actually documented for the
fermented products. Together, the two tables show that “fermented seaweed/halophyte
biomass” is not a homogeneous category: full proximate, mineral, residual anti-nutritional-
factor, microbial, and water-activity (aw)profiles are reported in a minority of studies, so
any cross-study comparison must be qualified by substrate identity, inoculum, and the
endpoints actually measured.
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Table 5. Comparative fermentation operating conditions across the cited seaweed and halophyte studies.

Study (Ref) Substrate Inoculum/Strain Mode Temp (◦C) Duration pH Moisture/aw Salinity Pretreatment Key Outcome

Ferreira et al.
2022 [25]

Red/green/
brown seaweed

(mixed)

LAB + filamentous
fungi

SSF (two-stage:
aerobic fungal→
anaerobic LAB)

NR NR NR 60–75%;
aw 0.85–0.95 Marine (natural) None stated

CP +30–50% (SSF);
enzyme titers 10–100×

vs. SmF

Ferreira et al.
2024 [70]

Gelidium corneum
by-product

(+cakes/bran/Ulva)

Aspergillus ibericus,
A. niger

Flask→tray
bioreactor

(SmF→SSF)
NR NR NR NR NR By-product

mixing

Valorization of
red-seaweed

processing waste

Luo et al. 2025 [68] Pyropia spp. (red
seaweed)

LAB (unspecified
strain) SSF (laboratory) NR NR NR NR NR None stated

Protein enrichment +
bioactive peptide

generation

Petchimuthu et al.
2024 [71] Brown seaweed

Marine bacterium
(alginate lyase

producer)

Laboratory
(enzyme-assisted) NR NR NR NR Marine (natural) Alginate-lyase

treatment
Targeted alginate
depolymerization

Somasundaram
et al. 2025 [72]

Phyllospora comosa
(crayweed, brown)

Anaerobic
consortium SSF (anaerobic) NR NR NR NR Marine (natural) None stated

Anaerobic SSF of
brown seaweed
demonstrated

LAB
silage/ensiling

[20,74]

Saccharina latissima,
Alaria esculenta;

Salicornia/Atriplex
spp.

Lactobacillus
plantarum and other

LAB silage
inoculants

Silage (anaerobic
SSF) Ambient (NR) NR NR Ensiled (high

DM)

Low for
terrestrial

halophytes

Wilting/
additives

Iodine −55–72% [47];
oxalate −30–50% [53]

Fungal SSF [17,25]

Hypothetical
co-substrate blend

(no published
study; see

Section 4.3)

White-rot/
filamentous fungi (P.

chrysosporium, P.
ostreatus, T. versicolor,
A. niger, A. oryzae, T.

reesei)

SSF (aerobic,
two-stage) NR NR NR 60–75% Inhibited > 2–4%

NaCl None stated
Lignocellulolytic +

protease expression
(salt-limited)

SSF vs. SmF
comparison [25,26]

Whole seaweeds vs.
halophyte extracts LAB/fungi (generic) SSF vs. SmF NR NR NR

SSF 60–75% (aw
0.85–0.95);
SmF > 90%

(>0.99)

SSF whole
biomass; SmF

extracts
—

SSF: higher enzyme
titers, lower capital

cost; SmF: postbiotic
liquid concentrate

NR = not reported in the primary paper; aw: water-activity. Conditions are highly heterogeneous: fermentation mode and moisture/water activity are the
only consistently documented parameters, whereas temperature, duration, and pH are almost universally unreported—a reporting gap that itself limits cross-
study comparison.
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Table 6. Documented compositional attributes of fermented seaweed/halophyte biomass reported in
the included studies, by substrate group.

Substrate Group
Representative

Fermentation System
(Mode/Strain)

Documented
Post-Fermentation

Compositional Attribute
Quantitative Range Reported Reporting

Completeness *

Brown seaweed
(Ochrophyta: Saccharina,

Laminaria, Alaria)

LAB silage/SSF (e.g.,
Lactobacillus

plantarum [74])

Crude protein (baseline
6–15% DM, Table 2)

+30–50% (SSF)/+15–25% (SmF);
absolute CP of fermented product

NR for most strains
Partial

Brown seaweed Counter-current washing
+ LAB fermentation [47] Iodine −55–72% total iodine

(Saccharina atissimi) Partial

Brown/red/green
seaweed

LAB or fungal
fermentation [23] Arsenic speciation iAs5+→iAs3+ shift (more toxic);

full speciation profile NR in most
Partial

Red seaweed
(Rhodophyta: Gracilaria,

Bangia)

LAB fermentation (L.
plantarum) [78,79] GABA (postbiotic) 500–2000 mg/kg DM Partial

Green seaweed
(Chlorophyta: Ulva spp.)

LAB fermentation
(shrimp/quail trials)

[80–82]

Crude protein (baseline
15–30% DM) + cell-

wall→oligosaccharides

CP enrichment +30–50% (SSF);
AOS produced Partial

Halophytes (Salicornia,
Atriplex, Suaeda) LAB ensiling [17,20] Oxalate (baseline 2–6%

DM, Salicornia)/tannins

Oxalate −30–50% by ensiling;
tannin ↓ ≥ 50% is a stated

hypothesis, not yet measured
Partial

All groups SSF/SmF [25,26]

Cell-wall polysaccharides
(alginate, agar,
carrageenan,

glucuronarabinoxylan)

Degraded by CAZymes/PULs; %
degradation NR for most Partial

All groups LAB/fungal [34,35]
SCFAs +

exopolysaccharides
(postbiotics)

Produced; concentrations method-
and inoculum-dependent, not

standardized
Partial

All groups SSF [26] Water activity/pH of final
product

aw 0.85–0.95 (SSF); full profile
(microbiome + aw + pH) NR

in majority
Mostly NR

* Completeness assessed across the fermentation studies surveyed: fewer than half report a full proxi-
mate + mineral + residual-ANF + microbial + water-activity profile. NR = not reported; ANF = anti-
nutritional factor [70,83,84]. ↓: symbol for “decrease/decline”.

4.2. CAZyme and Polysaccharide Utilization Loci

Marine CAZymes represent evolutionarily distinct catalytic machinery compared to
terrestrial homologs, supported by structural and phylogenetic evidence [32,33]. The key
difference is substrate stereochemistry: alginate contains α-L-guluronate (G)—a sugar acid
with L-configuration absent in terrestrial polysaccharides; carrageenan has α-1,3/β-1,4
alternating linkages between D-galactose and 3,6-anhydro-D-galactose; and ulvan contains
L-iduronic acid. These configurations require active site architectures with different enan-
tioselectivity than endo-β-1,4-xylanases and cellulases optimized for terrestrial β-1,4-glucan
backbones [32,33]. Marine bacteria (Zobellia galactanivorans, Formosa agariphila, Pseudoal-
teromonas carrageenovora) have co-evolved with algal polysaccharides, producing CAZyme
families without terrestrial equivalent [32]. Alginate lyases (PL5/7) are a paradigm: no land
plant produces polyuronates with alginate’s stereochemistry, so terrestrial lineages rarely
carry alginate lyases, although PL5, PL7, PL15 and PL17 occur in some soil bacteria [33].
The three-dimensional structures and catalytic mechanisms of alginate lyases have been
characterized in detail [85–87].

Polysaccharide Utilization Loci (PULs) in marine Bacteroidetes are organized around
algal polysaccharides, whereas terrestrial Bacteroidetes PULs target xylan, cellulose, and
pectin [32,36]. The diverse and extensive plant polysaccharide degradative apparatuses
of the rumen microbiome have been characterized, showing PULs specialized for terres-
trial fiber degradation but lacking marine polysaccharide specificity [88]. A CAZyme-rich
genome of a novel rhodophyte-associated carrageenolytic marine bacterium has been se-
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quenced, revealing an expanded repertoire of GH16 and GH82 carrageenases [89]. Genomic
analysis of Planctomycetes inhabiting Porphyra umbilicalis blades revealed multiple sulfa-
tase and glycoside hydrolase genes adapted to red algal cell walls [90]. Deep-sea bacterium
Flammeovirga pacifica WPAGA1 possesses a complex polysaccharide-degrading enzyme
system including multiple alginate lyases and fucoidanases [91]. Cross-habitat distribution
of Bacillus communities with hydrolytic enzyme capacities has been documented in marine
environments [92].

The specific CAZyme families relevant to seaweed–halophyte fermentation include:
Glycosyl Hydrolases (GHs): GH10 and GH11 endo-β-1,4-xylanases degrade halo-

phytic hemicellulose; GH16 and GH82 endo-carrageenases depolymerize sulfated galac-
tans [32,33]. The application range of κ-carrageenase OUC-FaKC16A has been expanded for
the preparation of neo-κ-carrageenobiose [93]. GH107 fucoidanases from marine bacteria
degrade the fucose-rich backbone of fucoidan [37].

Polysaccharide Lyases (PLs): PL5 (M-M/M-G cleavage) and PL7 (G-G/G-M cleavage)
alginate lyases depolymerize alginate via β-elimination [33,36]. PL24, PL25, and PL28
degrade ulvan [36]. Structure-function relationships of AOS from different lyase families
have been systematically characterized [94]. A new PL6 alginate lyase (Aly94) was recently
cloned from a marine bacterium, expanding the characterized PL family repertoire for
alginate depolymerization beyond the previously documented PL5 and PL7 families [95].

Carbohydrate Esterases (CEs): CE1, CE3, and CE15 de-acetylate hemicellulose [32];
sulfate removal is instead catalysed by polysaccharide sulfatases (see below).

Auxiliary Activities (AAs): AA9 lytic polysaccharide monooxygenases disrupt crys-
talline cellulose in halophytes through oxidative cleavage [32,33] (Figure 2).

Sulfatases: Polysaccharide-specific sulfatases (S1 glycosulfatase family) remove sulfate
groups from carrageenan and fucoidan, a prerequisite for complete backbone degrada-
tion [36,89].

The finding that horizontal gene transfer of a marine bacterial porphyranase enabled
gut microbiota in Japanese individuals to digest red seaweed polysaccharides underscores
the biotechnological potential of marine CAZyme systems [32]. The practical implication
for fermentation is that terrestrial fermentation inocula may be limited in their ability
to degrade marine polysaccharides without marine-derived starter cultures or enzyme
supplementation [33,49,50].

In a recent comprehensive mapping study, microbial carrageenan foraging pathways
were shown to be widely distributed across global marine microbiomes, revealing pre-
viously unrecognized diversity in carrageenan-degrading bacterial lineages [96]. The
distribution of microbial carrageenan foraging pathways reveals a widespread but taxo-
nomically structured distribution, with implications for selecting starter cultures for red
seaweed fermentation [96].

4.3. Co-Fermentation as an Unexplored Research Direction

To date, no empirical studies have evaluated the co-fermentation of marine macroalgae
and terrestrial halophytes. This gap reflects structural disciplinary barriers rather than
a simple technical oversight. The evidence reviewed in Section 2.3 suggests synergies:
seaweeds provide polysaccharides that require PL families; halophytes provide lignocel-
lulose requiring GH10/11 xylanases and fungal laccases; the combined enzyme system
might degrade both substrate types more efficiently than either alone [17,25]. At least three
explanatory hypotheses for this research gap are proposed: (i) disciplinary silos—marine
biologists study seaweeds while agronomists study halophytes, with little cross-citation
between the literatures [9,14,17]; (ii) funding path dependency—national programs pri-
oritize single-substrate valorization; and (iii) experimental complexity—co-fermentation
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introduces substrate × microbe × condition interactions requiring larger experimental
designs [13,25].

Whether co-fermentation of seaweeds and halophytes produces synergistic effects is
an open question that no published study has attempted to answer, despite the intuitive
chemical rationale.

The practical significance of this gap is substantial. If co-fermentation were to produce
a nutritionally balanced, safe product from a mixed marine–terrestrial substrate blend, the
environmental footprint per tonne of feed could be reduced through shared processing
infrastructure. The quantitative metabolic modeling required to predict co-fermentation
outcomes at scale has not been attempted for these substrate combinations.

A minimal experimental design to test the co-fermentation hypothesis would involve
a 2 × 2 factorial arrangement (seaweed alone, halophyte alone, seaweed + halophyte, and a
conventional terrestrial substrate control) with triplicate fermentation vessels per treatment,
measuring at minimum: (i) substrate degradation kinetics (DM loss, polysaccharide disap-
pearance); (ii) microbial community dynamics (16S rRNA sequencing); (iii) fermentation
end-products (SCFA, ammonia, pH, lactate); and (iv) nutritional value (crude protein, lipid
fractions, mineral content). This design would generate the first empirical evidence on
whether co-fermentation produces synergistic effects.

5. Postbiotic Mechanisms: From Compounds to Mode of Action
5.1. ISAPP Definition and Marine Postbiotics

The International Scientific Association for Probiotics and Prebiotics (ISAPP) defined
a postbiotic as “a preparation of inanimate microorganisms and/or their components
that confers a health benefit on the host” [97]. Vinderola et al. refined this, emphasizing
deliberate inactivation and documented health benefit in the target host [98]. Frequently
asked questions about the ISAPP definition were addressed subsequently [99]. Postbiotics
in the medical field under the ISAPP definition have been discussed including regulatory
and marketing considerations [100]. The postbiotic potential of microalgae has also been
proposed [101].

In seaweed and halophyte fermentation, bioactivity arises from both substrate-derived
fragments (alginate oligosaccharides, sulfated oligomers) and microbial metabolites (short-
chain fatty acids, GABA, exopolysaccharides) [35,36]. Per ISAPP, only inanimate prepa-
rations (microorganisms and/or their components) conferring a demonstrated benefit in
the target host qualify as postbiotics; live fermented biomass and its metabolites are more
precisely termed postbiotic-like or fermentation-derived bioactive fractions. Critically, the
ISAPP definition requires that the health benefit be demonstrated in the target host. For
fermented seaweed postbiotics in livestock and aquaculture, the evidentiary bar has not
been met for any specific compound: no compound has been isolated from a fermented
seaweed matrix, characterized structurally by 2D NMR, and shown to confer a health
benefit in the target host species in a dose–response study [35,97].

5.2. Mechanism I: Cell-Signaling Pathways (TLR, NF-κB, Nrf2)

Alginate lyase depolymerization yields unsaturated alginate oligosaccharides (AOS,
DP 2–12, MW < 1.2 kDa) that resist gastric digestion. AOS have been reported to activate
TLR4-mediated NF-κB and Nrf2 signaling in murine macrophage cell lines, with associ-
ated upregulation of mucosal IgA secretion—however, this finding is limited to murine
cell models and has not been validated in any target livestock species [35,36,102]. The
biological activities of AOS have been extensively reviewed: they exhibit antioxidant,
anti-inflammatory, antimicrobial, and prebiotic effects in various model systems [35,94].
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The preparation, biological activities, and applications of AOS in livestock and poultry
have been reviewed [103].

But several caveats apply to extrapolating these findings to livestock species:
Species-specific TLR4 biology. Chicken TLR4 does not function as a direct LPS sensor—

chickens rely on TLR4/TLR2 heterodimers with structurally distinct MD-2/CD14 accessory
proteins [35]. In teleost fish, TLR4 is structurally and functionally distinct and does not
recognize LPS [104]. The AOS-TLR4 signaling mechanism identified in murine cell lines
therefore cannot be extrapolated to poultry or fish without species-specific validation.

Fish immunology: IgT, not IgA. Teleost fish do not produce IgA. Instead, they use
immunoglobulin T (IgT) as the primary mucosal immunoglobulin [105]. The AOS-mediated
sIgA upregulation reported in murine models has no direct mechanistic counterpart in fish;
IgT responses to dietary AOS have not been studied.

Prebiotic effects. AOS have been shown to selectively stimulate the growth of bifi-
dobacteria and lactobacilli in vitro, and to modulate gut microbiota composition in an-
imal models [35,103]. In vitro fermentation of Bangia fusco-purpurea polysaccharide by
human gut microbiota demonstrated prebiotic potential [106]. Seaweed polysaccharides
as potential prebiotics have been reviewed comprehensively [107]. The health effects
of seaweed polysaccharides via gut microbiota modulation have been characterized in
recent reviews [108]. Alginate oligosaccharides have been shown to modulate gut mi-
crobiota in vitro, with bifidogenic effects [109]. Beneficial effects of three brown seaweed
polysaccharides on gut microbiota and their modulation of the gut–brain axis have been
demonstrated [110]. Table 7 summarizes the postbiotic compounds and their documented
modes of action.

Table 7. Postbiotic-like and fermentation-derived compounds reported in fermented seaweed and
halophyte systems: mode of action and evidence.

Compound Source Molecular
Mechanism

Reported Bioactivity
(Assay Model) Evidence Base References

Alginate
oligosaccharides (AOS)

Brown seaweed
fermentation

TLR4/NF-κB; Nrf2
signaling

Anti-inflammatory,
prebiotic, antioxidant

In vitro (murine); no
farm-animal validation [35,36,102,111]

Carrageenan
oligosaccharides

Red seaweed
fermentation

NF-κB inhibition;
MAPK modulation

Anti-inflammatory,
antiviral In vitro only [35]

Fuco-oligosaccharides Brown seaweed
fermentation P-selectin inhibition Anti-inflammatory,

anticoagulant In vitro only [37]

Short-chain fatty acids
(SCFAs) All fermentation HDAC inhibition;

GPR41/43 signaling
Immunomodulatory,

gut barrier
Multiple species
(correlational) [35]

GABA LAB fermentation GABA_A receptor
modulation

Stress reduction,
feed intake Single farm study [78]

Exopolysaccharides
(EPS) LAB fermentation TLR2/Decitin-1

signaling Immunomodulatory Characterized
in vitro only [62]

Vitamin B12 Ulva fermentation Coenzyme in
methionine synthase

Cobalamin
enrichment Single study, same group [35,112]

Phenolic monomers Halophyte
fermentation Radical scavenging Antioxidant Inferred from

terrestrial studies [17,44]

5.3. Mechanism II: Metabolite Signaling (SCFA, GABA, Vitamin B12)

Fermentation-derived acetate, propionate, and butyrate (reported range: 50–200 mmol/kg)
enter intestinal epithelial cells via monocarboxylate transporter 1 (MCT1) and inhibit
histone deacetylases, suppressing inflammatory cytokine expression (IL-1β, IL-6, TNF-
α) [35,97]. Fermented seaweed diets have been associated with increased hindgut butyrate
in vivo, but butyrate is not a lactic-acid-bacteria end-product; any butyrate measured in
the feed itself requires identification of the producing organism, while halophyte fermenta-
tion tends to favor propionate, suggesting substrate-dependent SCFA profiles [35]. This
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substrate-dependent SCFA profile mirrors the disciplinary silo problem documented in
Section 10.5: seaweed studies and halophyte studies are conducted by separate research
communities that rarely cross-cite or cross-compare, meaning the observed SCFA differ-
ences could reflect methodological variation (inoculum, duration, analytical method) rather
than genuine substrate effects. LAB-fermented wheat bran has been shown to enhance
growth and health in fish as an economic feed ingredient [79]. The effect of dietary pea fiber
on the microbial community and fermentation patterns has been characterized in pigs [113].

To make substrate-dependent SCFA differences interpretable rather than artefactual,
a minimum reporting standard for SCFA studies is needed: a full substrate mass bal-
ance (input dry matter versus recovered product and losses); inoculum identity and load
(CFU g−1); fermentation duration and pH/time curves; SCFA quantification by GC–FID or
ion chromatography with an internal standard; and separate reporting of branched-chain
fatty acids (BCFAs) from straight-chain acetate/propionate/butyrate, because BCFAs reflect
branched-chain amino-acid fermentation rather than the profile relevant to epithelial HDAC
inhibition. Adopting this standard would let genuine substrate effects be distinguished
from methodological variation.

Gamma-aminobutyric acid (GABA). Microbial glutamate decarboxylase (GAD) con-
verts free glutamic acid to GABA (reported range: 500–2000 mg/kg DM) [78,114]. The
upper end of this range (2000 mg/kg) has been reported in a single study of Lactobacil-
lus-fermented seaweed and requires replication. GABA concentrations from published
studies derive from HPLC-based methods following pre-column derivatization with o-
phthaldialdehyde (OPA), whose derivatives are unstable (half-life < 30 min at room tem-
perature). LC-MS/MS with stable isotope dilution (SID-LC-MS/MS) has not been applied
in any seaweed fermentation study for GABA quantification.

Vitamin B12 (cobalamin) enrichment has been reported in Ulva species fermented with
Propionibacterium sp. or Pseudomonas sp., which possess the complete biosynthetic pathway
for cobalamin [35]. Reported enrichments of 10–50 µg/kg DM have been measured by
microbiological assay using Lactobacillus leichmannii, which detects all corrinoids, including
inactive pseudo-B12 analogues. LC-MS/MS confirmation of bona fide cobalamin has not
been reported for any fermented seaweed product.

5.4. Analytical Chemistry Limitations

An AOAC Official Method (2026) has been established for bromoform quantification
in seaweed, oil, and animal feed by GC-MS/MS, representing the first validated regulatory-
grade analytical method for any seaweed-derived feed compound [115].

Three specific analytical limitations should be acknowledged. First, GABA concen-
trations require corroboration by mass spectrometric methods—current HPLC-based ap-
proaches with OPA derivatization cannot distinguish GABA from co-eluting amino acids
or ensure quantitative recovery [78,114]. Second, reported cobalamin enrichment from Ulva
fermentation has been measured exclusively by microbiological assay, which detects all
corrinoids including inactive pseudo-B12 analogues (common in photosynthetic organisms).
LC-MS/MS with stable isotope dilution is required to confirm bona fide cobalamin [35].
Third, no open-access reference materials exist for any seaweed-derived postbiotic com-
pound, preventing inter-laboratory method validation. The methylation-GC-MS/FID-
based glycosidic linkage analysis of unfractionated polysaccharides from seaweeds has
been advanced as a method for structural characterization [116]. Metabolomic analysis
of the seaweed Asparagopsis taxiformis has been conducted to characterize its bioactive
metabolite profile [117].
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6. In Vivo Evidence
Most outcomes derive from single studies. Each finding is annotated: “Single study”

(one trial), “Multiple trials, same group” (≥2 studies, same lab), “Multiple trials, indepen-
dent” (≥2 independent groups). Interpret single-study findings as hypothesis-generating.

Monogastric-specific limitations. The following additional constraints apply to swine
and poultry studies reviewed in this section: (i) all reported feeding levels represent single
data points without dose–response characterization; (ii) standardized ileal digestibility
(SID) and net energy (NE) values—the foundation of precision diet formulation—have not
been reported for any fermented seaweed product; (iii) gastrointestinal immune mechanism
claims (e.g., AOS-TLR4-IgA) are extrapolated from murine models and lack species-specific
validation in chickens, whose TLR4 does not function as a direct LPS sensor; (iv) Ca:P ratio
interactions with high-Ca seaweed additions have not been evaluated in any poultry trial;
and (v) no long-term feeding study (>12 weeks) has been conducted for laying hens or
breeding stock. These limitations mean that the existing findings should be considered
hypothesis-generating.

16S rRNA resolution: Nearly all microbiome studies use 16S rRNA amplicon se-
quencing (V3–V4), resolving only to genus level—insufficient to distinguish species- or
strain-level differences. Functional mechanisms (CAZyme utilization, butyrate production)
are inferred from taxonomy rather than directly measured. Shotgun metagenomics has not
been applied to any fermented seaweed feeding trial.

Shotgun metagenomics would provide species-level resolution, enable functional
gene annotation (CAZyme profiling, butyrate kinase detection), and allow metagenome-
assembled genome reconstruction. The absence of such data means that correlations
between specific taxa and fermentation outcomes are at best genus-level hypotheses.

6.1. Swine: Gut Health and Antimicrobial Reduction

Weaned piglets fed 2.5% fermented brown seaweed showed improved gut health and
reduced post-weaning diarrhea (PWD), with upregulated tight junction protein (ZO-1 and
occludin) expression and increased villus height-to-crypt depth ratio [82,118]. However, no
dose–response data exist: the single reported 2.5% DM level represents a single data point,
not an optimum. For swine, dose–response studies spanning at least three inclusion levels
(0, 1.5, 3.0, 4.5% DM) with intermediate measurement points (days 7, 14, 28) are needed to
establish the therapeutic window and detect potential non-linear effects.

A critical gap is the absence of standardized ileal digestibility (SID) coefficients for
fermented seaweed protein—the standard metric for amino acid bioavailability in mono-
gastric diet formulation. For raw seaweeds, SID values of 55–75% have been reported (vs.
>85% for soybean meal) [14], but the effect of fermentation on ileal digestibility has not
been quantified. Net energy (NE) values are also absent, meaning precision feeding is
impossible and diets must be formulated with crude total amino acid values that overesti-
mate bioavailable supply. Determining SID coefficients for the most promising products
should be the highest analytical priority for swine nutrition on this topic, ahead of further
growth trials.

For the swine and poultry nutrition communities, the single highest-impact contri-
bution would be a coordinated multi-laboratory determination of SID coefficients for the
most promising fermented seaweed products (e.g., LAB-fermented Saccharina latissima
or Ulva lactuca at 2.5% DM) using standardized protocols appropriate to the metric (e.g.,
ileal digesta collection with endogenous-loss correction in broilers for poultry SID, and
ileal cannulation in swine). This recommendation should take priority over additional
growth performance trials, which cannot inform feed formulation without accompanying
digestibility data. Table 8 summarizes the in vivo feeding trials reviewed here; several
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entries (for example the Asparagopsis methane trials, purified-oligosaccharide and raw-
seaweed comparisons) employed unfermented or purified materials and should not be
read as evidence for fermented products.

Table 8. Summary of in vivo feeding trials with fermented seaweed and halophyte biomass.

Animal Species Substrate Inclusion Level Key Outcomes Study Design Evidence Base References

Weaned piglets Fermented brown
seaweed 2.5% DM

↓ PWD,
↑ ZO-1/occludin,

↑ butyrate

Controlled trial
(n = 96) Single study [82,118]

Broiler chickens Brown seaweed
products 1.0% DM ↑ Feed efficiency,

↑ IgA
Controlled trial

(n = 120)
Single study, heat

stress model [118,119]

Japanese quail Fermented green
seaweed (Ulva) 1–2% DM ↑ Body weight, ↑ FCR,

↑ egg quality
Controlled trial

(n = 80) Single study [120]

Grazing beef
cattle

Asparagopsis
taxiformis 0.5% DM 38% ↓ CH4, no ∆

growth Field trial (n = 60) Single controlled
study [121,122]

Dairy cows Asparagopsis
taxiformis 0.5–1.0% DM 50–67% ↓ CH4, ↓ DMI

at high dose Multiple trials
Multiple studies,

directionally
consistent

[80,81]

Pacific white
shrimp

Fermented Ulva
meal 2–4% DM ↑ Weight gain,

↑ Vibrio resistance Challenge trial Single study [123,124]

Atlantic salmon Alginate
oligosaccharides 0.5–1.0% DM Altered gut

microbiota Controlled trial Single study [125]

Gilthead
seabream

Ulva lactuca
(IMTA) 10–20% DM Maintained growth,

no adverse effects
Feeding trial

(n = 180) Single study [126]

European seabass Gracilaria gracilis +
AOS 15% DM Improved FCR,

↑ digestive enzymes Controlled trial Single study [127]

Note: Studies listed in Table 8 span both teleost fish and crustacean (shrimp) species. These taxonomic
groups differ in adaptive immune organization (IgT vs. variable immunoglobulin classes), branchial
versus cutaneous routes of off-flavor compound accumulation, and dietary lipid utilization pathways.
↑: symbol for “increase/rise”; ↓: symbol for “decrease/decline”.

6.2. Poultry: Feed Efficiency and Immune Modulation

Ca/P interactions: Seaweeds contain high Ca (1000–10,000 mg/kg DM) largely bound
in cell wall alginate gels, while halophyte P includes substantial phytate-bound P (30–50%
of total P) requiring exogenous phytase [17]. Poultry diets use tight Ca:P ratios (1.2–1.5:1),
and Ca-rich seaweed additions without adjustment could disrupt this balance [128]. No
published trial has reported Ca:P ratios in fermented seaweed diets or evaluated compati-
bility with supplemental phytase. Future trials should report total and available P, Ca:P
ratios, and phytase status as standard parameters.

In broiler chickens, a brown-seaweed product (unfermented; 1.0% DM) has been
associated with improved feed efficiency and increased intestinal IgA secretion [118,119].
The IgA upregulation attributed to AOS-mediated TLR4 activation is speculative because
chicken TLR4 does not function as a direct LPS sensor [119]; alternative pathways include
SCFA-mediated HDAC inhibition and flagellin-TLR5 signaling. A systematic review of
dietary seaweed in broilers noted moderate improvements in weight gain but substantial
heterogeneity (I2 > 70%) [128]. No publication bias assessment was reported, and the meta-
analysis of dairy seaweed studies [129] likewise omitted I2 values for methane estimates
and meta-regression, meaning pooled effect sizes may conflate different species, inclusion
levels, and diets. Brown seaweed effects on broilers under heat stress have been evalu-
ated, showing partial amelioration of performance decline [119]. (The full species-specific
TLR4/IgT divergence is developed in Section 5.2).

In laying hens, fermented seaweed has been associated with improved eggshell quality
and reduced yolk cholesterol in one study [130], requiring independent replication.
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6.3. Aquaculture: Off-Flavor Mitigation and Omega-3 Constraints

EPA/DHA enrichment: Measured EPA + DHA content (Table 2: 5–45 g/100 g FA)
must be interpreted in context of total lipid: at 1–5% DM lipid, even the most favorable
red seaweeds contribute only roughly 0.5–15 g EPA + DHA per kg DM (red seaweeds
1.5–13.5 g/kg; brown 1–15 g/kg). A typical aquafeed target for functional omega-3 en-
richment is 15–30 g/kg feed, which is impossible with seaweed lipids alone at practical
inclusion levels (<20% DM). Claims of “omega-3 enrichment” refer to improvements rela-
tive to unsupplemented plant-based diets, not functional enrichment comparable to fish oil.

Geosmin and 2-methylisoborneol (2-MIB) are semi-volatile cyclic alcohols produced
by cyanobacteria and actinomycetes that accumulate in lipid-rich tissues of freshwater
fish, causing muddy off-flavors [131–134]. A critical immunological distinction is that
teleosts use immunoglobulin T (IgT) rather than IgA as the primary mucosal immunoglob-
ulin [104]. Postbiotic mechanisms proposed through mucosal IgA upregulation (e.g.,
AOS-mediated TLR4 signaling) cannot be extrapolated to fish without demonstrating IgT
involvement—the IgT system operates through different B-cell subtypes and secretory com-
ponent interactions [104]. (The full species-specific TLR4/IgT/IgA divergence is developed
in Section 5.2).

Non-immune mechanisms for off-flavor reduction should also be considered: alginate
oligosaccharides (AOS) and other fermentation-derived oligomers may directly adsorb
geosmin and 2-MIB through hydrophobic interactions, alter gill and intestinal epithelial
permeability to reduce compound uptake, or modulate the branchial and renal excretion
pathways of these volatile compounds. These alternative pathways have been hypothesized
in the literature but remain untested in fermented seaweed contexts.

Supplementation with 3.0% fermented seaweed containing alginate and carrageenan
oligomers reduced muscle geosmin and 2-MIB levels by >90% in a single catfish study
requiring independent confirmation [133,134]. If validated, this could eliminate the need
for freshwater depuration phases, which cause weight losses of up to 15% and operational
costs of $0.20–0.50/kg fish [133]. Crustaceans lack immunoglobulins entirely and rely on
the innate prophenoloxidase (proPO) cascade rather than the IgT-based mucosal immunity
of teleosts [105]; immuno-nutritional inferences should therefore not be pooled across
these taxa.

The following studies combine crustacean (shrimp) and teleost fish (salmon, seabream,
seabass) species, which differ fundamentally in immune system organization, lipid
metabolism, and off-flavor compound accumulation mechanisms. Readers should interpret
results separately by taxonomic group rather than as a unified body of evidence.

In Pacific white shrimp, 2–4% fermented Ulva meal improved weight gain and Vibrio
parahaemolyticus resistance in a single study [123]. Atlantic salmon fed alginate oligosac-
charides showed altered intestinal microbiota (increased Lactobacillus, decreased Photobac-
terium) in a single study [125]. Gilthead seabream maintained growth at 10–20% DM Ulva
lactuca [126], and European seabass fed Gracilaria gracilis with AOS showed improved feed
utilization [127].

6.4. Ruminants: Methane Mitigation

Asparagopsis taxiformis (unfermented biomass; 0.5% DM) reduced enteric methane
emissions by 38% in grazing beef cattle in a single controlled study [122]. In vitro reductions
exceeding 96% have been reported under dose-dependent conditions with A. taxiformis sup-
plementation [121,122]. The methane mitigation mechanism involves bromoform (CHBr3)
acting as a structural analog of the Ni-cofactor F430 in methyl-coenzyme M reductase
(MCR), competitively binding to the active site and blocking the terminal step of methano-
genesis [121,122,135]. The microbiome-informed study of the mechanistic basis of methane
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inhibition by A. taxiformis in dairy cattle confirmed that bromoform specifically targets
methanogens without broadly disrupting the rumen bacterial community [136]. Brown
seaweeds other than Asparagopsis have also demonstrated methane reduction potential
in rumen simulation systems, though with lower efficacy (10–30% reduction) [137]. New
temperate seaweed targets for mitigation of ruminant methane emissions have been investi-
gated [138]. The temperate seaweeds Himanthalia elongata and Fucus vesiculosus significantly
reduced methane in vitro [139]. The anti-methanogenic potential of seaweeds and their
impact on feed fermentation and rumen microbiota have been reviewed [140]. The methane
reduction potential of brown seaweeds and their influence on nutrient degradation and
microbiota composition has been characterized in the rumen simulation technique [137].

Several critical limitations must be noted. First, bromoform is an IARC Group 2B
carcinogen [135]. Second, the NOAEL for bromoform transfer to milk (~33 mg CHBr3/kg
DMI) is comparable to the therapeutic dose (~49.8 mg/kg DMI), the ranges overlap within
a factor of only 1.5, indicating a narrow therapeutic window that warrants caution in dose
setting [80,81]. Third, Asparagopsis cultivation carries a carbon footprint of +0.8 to +1.5 t
CO2-eq/t DM that must be subtracted from methane credits [135]. Fourth, palatability
reduction at >0.5% DM may reduce dry matter intake [80,81]. A recent controlled study
confirmed that Asparagopsis taxiformis supplementation quantitatively depressed dry matter
intake (approximately 8–12%) and milk production in dairy cows, reinforcing the narrow
therapeutic window concern [141]. Fifth, methanogen adaptation to bromoform has not
been evaluated in any published study. The single-enzyme target (MCR F430) is historically
vulnerable to resistance [135,136]. Horizontal gene transfer of MCR operons and sequence
variation in the F430-binding pocket across Methanobrevibacter strains suggest variable
bromoform sensitivity could exist [136]. No long-term (>12 weeks) feeding study has moni-
tored methane emissions weekly to detect recovery from inhibition. In vitro serial passage
experiments with stepwise bromoform increases—standard for probing resistance—have
not been reported. If adaptation occurs, the economic case weakens substantially. The field
urgently needs long-term feeding trials with weekly methane measurement and metage-
nomic tracking of MCR allele frequencies. Recent evidence partially addresses this gap: a
2026 metagenomic study of dairy cows fed Asparagopsis taxiformis revealed that methane
reduction is mediated by altered vitamin B12-dependent methanogenesis precursor path-
ways, providing the first microbiome-informed mechanistic analysis of sustained methane
suppression [142]. However, it remains unknown whether the methanogen adaptation
observed in continuous culture experiments will occur in commercial-scale rumen systems,
and if it does, on what timescale. Such long-term studies should include weekly methane
measurement, metagenomic tracking of MCR allele frequencies, and parallel in vitro sen-
sitivity assays to detect shifts in bromoform minimum inhibitory concentration against
rumen methanogens. A 16-week crossover design with 4-week washout periods would
allow detection of both adaptation and reversibility. This narrow therapeutic window,
combined with the absence of long-term methanogen adaptation data, should be explicitly
flagged as a risk factor for commercial adoption. The apparent digestibility of the basal
diet when Asparagopsis is included has also been neglected: whether digestibility is affected
independently of the observed intake depression at 1.0% DM has not been separately
evaluated, precluding accurate ration formulation. The interaction between Asparagopsis
inclusion level and basal diet digestibility should be systematically evaluated using total
faecal collection or indigestible marker methods across at least three inclusion levels (0,
0.25, 0.5, 1.0% DM), with separate measurement of fiber, protein, and lipid digestibility
coefficients. Notably, the milk-transfer NOAEL (~33 mg CHBr3/kg DMI) and the derived
therapeutic window are extrapolated from in vitro and short-term in vivo kinetic data;
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confirmatory full-lactation in vivo dose–response studies in dairy cattle remain lacking and
should precede commercial dose setting.

Post-harvest stability is a further constraint: in freeze-dried Asparagopsis biomass,
bromoform loss reached 74% at 40 ◦C, 53% at 25 ◦C [143,144], and 6% at 4 ◦C over 24 weeks,
whereas oil-based formulations retained bromoform far better. These data argue for oil-
immersion stabilization in feed supply chains; bromoform stability after fermentation has
not been evaluated.

7. Safety and Regulatory Frameworks
7.1. Heavy Metal and Halogen Safety

Heavy metals (Cd, Pb, Hg) and inorganic arsenic pose safety risks in macroalgae
cultivated in industrialized near-shore regions [23,24]. During fermentation, LAB mitigate
these risks via three mechanisms: (i) biosorption—carboxyl and phosphate groups on pepti-
doglycan and teichoic acid layers bind divalent cations [45,46,145]; (ii) biotransformation—
principally methylation of inorganic arsenic to methylated species (MMA, DMA), although
the net effect on toxicity during fermentation is unresolved, because reduction of As5+ to
As3+ increases toxicity approximately 10-fold (Section 3.4) and the trivalent methylated in-
termediates formed en route are themselves highly toxic [45]; and (iii) physical separation—
post-fermentation centrifugation isolates metal-microbe complexes, reducing bioavailable
heavy metals by 35–60% (batch lab estimates; not validated at pilot scale) [45,145]. Of these
three, only biosorption and physical separation are supported by measurements in model
systems; the biotransformation route is retained here as a reported mechanism whose net
effect on toxicity is unresolved and may in fact be adverse, and it should not be relied upon
as a detoxification pathway (Section 3.4).

Adopt HPLC-ICP-MS arsenic speciation (iAs5+, iAs3+, MMA, DMA, AsB) as the
field standard for fermented-seaweed safety assessment, because total-As metrics alone
cannot map fermentation-driven iAs-organic shifts [23,45]. For authentic, matrix-correct
quantification, species-specific isotope-dilution LC-MS/MS (SID-LC-MS/MS) should be
established as the gold-standard benchmark, extending the method already recommended
for GABA in Section 5.4 [146].

LAB cell wall components—teichoic acids, lipoteichoic acids, peptidoglycan—provide
carboxyl, phosphate, and hydroxyl groups that coordinate metal ions [46]. Biosorption of
heavy metals by LAB for detoxification has been reviewed [59,147–149].

Iodine toxicity remains a primary concern for brown seaweeds. Direct ingestion
of unprocessed kelp by laying hens can transfer iodine to egg yolks at levels exceeding
human daily recommended intakes [23,24]. Fermentation-assisted counter-current washing
reduces total iodine by 55–72% for Saccharina latissima [47]. Iodine reduction and retention
of nutrients upon washing of seaweeds has been further studied [65]. The nutritional
composition, bioactive potential, and in vitro rumen fermentation of seaweeds have been
characterized, including their mineral safety profiles [150]. Table 9 compiles the heavy-
metal and halogen concentrations against their safety thresholds.

Table 9. Heavy metal and halogen concentrations in marine macroalgae: safety thresholds and
fermentation effects.

Contaminant Maximum Tolerable
Limit (mg/kg feed)

Typical in Brown
Seaweeds

(mg/kg DM)

Typical in
Halophytes
(mg/kg DM)

Reported
Reduction in

Model Systems (%)
Evidence Level References

Inorganic
arsenic

40 (EU max, total As,
seaweed meal; iAs <

2 mg/kg on request—Dir.
2002/32/EC)

10–100 <1 35–55 (batch lab) Single lab study [23,45]
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Table 9. Cont.

Contaminant Maximum Tolerable
Limit (mg/kg feed)

Typical in Brown
Seaweeds

(mg/kg DM)

Typical in
Halophytes
(mg/kg DM)

Reported
Reduction in

Model Systems (%)
Evidence Level References

Cadmium 0.5–1 (EU feed) 0.5–15 <0.5 40–70 (batch lab) Multiple in vitro [24,46]

Lead 5–10 (EU feed) 0.5–10 0.1–2 50–75 (batch lab) Multiple in vitro [45,46]

Mercury 0.1–0.5 (EU feed) 0.01–0.5 <0.01 30–50 (batch lab) Single lab study [46]

Iodine 50 (poultry, NRC) 500–22,000 5–50 55–72
(washing + ferm.) Single study [24,47]

Bromoform Not established
0.1–5 (in

Asparagopsis:
500–5000)

<0.1 Not applicable Multiple studies [81,135]

7.2. Comparative Regulatory Analysis

This comparative regulatory analysis (CJEU/GMO) is forward-looking and specula-
tive: it maps opportunities and regulatory scenarios rather than findings supported by the
fermentation evidence base [151,152].

EFSA published an external scientific report (2025) containing a formal risk assess-
ment of Asparagopsis and bromoform as feed additives for ruminants, establishing the
first regulatory-grade safety evaluation for any seaweed-derived methane mitigation
product [153].

The commercialization of fermented seaweed feed ingredients is constrained by the ab-
sence of a harmonized regulatory category for fermented marine biomass and its postbiotic-
like fractions. Five distinct regulatory systems currently govern this space, with no mutual
recognition between them:

European Union: The EU’s Novel Food Regulation (EU 2015/2283) [154] covers human
food rather than animal feed, creating a regulatory gap for feed applications [23,135]. This
distinction is consequential: a fermented seaweed product could be authorized as a novel
food for human consumption yet remain unregulated for animal feed, or vice versa—there
is no mechanism for mutual recognition of safety data between the two regulatory tracks.
Feed additives fall under Regulation (EC) 1831/2003 [155], which requires a full dossier
submission to EFSA, including efficacy, safety, and environmental risk assessment—a
process that typically requires 2–4 years and costs €0.5–2 million per application. The EFSA
Panel on Contaminants has published a risk assessment on the presence of heavy metals
and iodine in seaweeds used as food and feed [24]. Many seaweed products nevertheless
enter the EU market as feed materials under Regulation (EC) 767/2009 [156] without a full
additive dossier; whether fermentation alters this classification is unresolved. No fermented
seaweed product has completed the additive authorization process for animal feed.

Implications of the CJEU GMO ruling for fermented seaweed: The Court of Justice
of the European Union (CJEU) ruling of July 2018 (Case C-528/16) [157] determined that
organisms obtained by directed mutagenesis techniques (including CRISPR-Cas9 and
other new genomic techniques) are subject to the GMO Directive 2001/18/EC [158]—the
same regulatory framework that applies to transgenic organisms [23]. This ruling has
indirect but significant implications for seaweed fermentation: (i) if genetically modified
marine microorganisms (e.g., engineered Zobellia galactanivorans with enhanced CAZyme
production) are used as starter cultures for fermentation, the resulting biomass would
likely fall under GMO labeling requirements; (ii) the ruling creates uncertainty for any
Asparagopsis strain improved through mutagenesis for higher bromoform content—such
strains might be classified as GMOs, restricting their cultivation and use in the EU; and
(iii) the EU’s strict GMO traceability requirements (Regulation (EC) 1830/2003) [159] would
apply to the supply chain, adding compliance costs that are not currently included in any
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techno-economic model for fermented seaweed feed. These implications have not been
discussed in the seaweed fermentation literature, representing a regulatory blind spot that
should be addressed before strain development investments are made. A case study on
Norwegian commercial harvesting and production of Saccharina latissima has documented
the practical food safety considerations [160].

United States: The FDA Center for Veterinary Medicine (CVM) regulates feed ingre-
dients under the Federal Food, Drug, and Cosmetic Act. Novel ingredients require either
a Food Additive Petition (FAP) or generally recognized as safe (GRAS) notification. A
novel fermented product may follow an AAFCO ingredient definition (often <2 years)
or GRAS notification if a feed material, or a Food Additive Petition if a feed additive;
commonly quoted industry estimates of 1–5 years and $200,000–$500,000 per ingredient are
illustrative, not guaranteed [161]. No fermented seaweed postbiotic has achieved AAFCO
ingredient definition.

Japan: Japan’s Feed Safety Law (Act on Safety Assurance and Quality Improvement of
Feeds) requires pre-market approval for new feed additives. The Ministry of Agriculture,
Forestry and Fisheries (MAFF) publishes a list of officially approved feed additives, but the
list has no dedicated postbiotic category [135]. Seaweed-derived products could theoreti-
cally be approved under existing additive categories, but no application for a fermented
seaweed postbiotic has been submitted. The Japanese regulatory pathway is, in practice,
untested for this product class.

China: China’s Ministry of Agriculture and Rural Affairs (MARA) publishes feed
additive catalogs under GB/T standards. Seaweed-based feed additives are not currently
listed in China’s national Feed Additive Catalog; GB/T 22141-2018 [162] sets general
requirements for blended feed additives but is not itself the catalog. They therefore cannot
be legally marketed as feed additives in China without individual approval [23]. The
regulatory pathway for seaweed-derived additives remains ambiguous, and the recent
reform of China’s feed additive approval system has not clarified the status of fermentation-
derived products [23].

New Zealand: The New Zealand regulatory context for Asparagopsis as a methane
mitigation compound is the most advanced globally, with health and regulatory consider-
ations formally assessed and published [163]. New Zealand’s Environmental Protection
Authority has evaluated bromoform as a veterinary medicine active ingredient, creating a
potential precedent for a regulatory pathway specific to seaweed-derived methane mitiga-
tion products—but this pathway applies only to Asparagopsis and bromoform, not to the
broader class of fermented seaweed feed ingredients.

The limitations of feeding red seaweed Asparagopsis for enteric methane mitigation
have been reviewed from a graduate student literature review perspective [164]. Seaweed
as a feed additive to mitigate enteric methane emissions in ruminants has been reviewed,
identifying opportunities and challenges for industrial application [165]. Enteric methane
mitigation strategies using Asparagopsis taxiformis supplementation and potential algal
alternatives have been comprehensively reviewed [166]. Cultivation opportunities for
Asparagopsis species have been critically evaluated for commercial scalability, though no
commercial-scale seaweed cultivation facility currently supplies biomass specifically for
methane mitigation [167].

7.3. Mycotoxin Risk and HACCP Framework

A mycotoxin risk dimension absent from the current literature concerns the suscepti-
bility of sun-dried seaweed to toxigenic fungi, particularly in tropical production regions
that account for 97% of global seaweed biomass [9]. Seaweeds harvested in Southeast Asia
and East Africa are commonly sun-dried on open racks or ground surfaces for 2–7 days,
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reaching moisture contents of 15–25%—well within the range that supports growth of
Fusarium spp., Aspergillus spp., and Penicillium spp. [9,24]. Fusarium species, in particular,
are documented contaminants of dried plant materials in tropical environments and pro-
duce trichothecenes (deoxynivalenol, T-2 toxin) and fumonisins under warm (25–30 ◦C),
humid (>85% RH) conditions that prevail during tropical sun-drying [24].

A survey of mycotoxin contamination in commercial dried seaweed products from
Chinese markets detected quantifiable levels of aflatoxins and ochratoxin A in a subset
of samples, providing the first direct evidence that partially addresses the mycotoxin
knowledge gap identified in this review [168].

No published study has surveyed mycotoxin contamination in sun-dried seaweeds
intended for feed use, nor has any study examined the fate of mycotoxins during fermen-
tation. This is a critical gap because fermentation can either degrade mycotoxins (e.g.,
LAB-mediated enzymatic detoxification of deoxynivalenol to de-epoxy-DON) or partition
them into the residual solids [24,46].

Water activity (aw) as a critical control point: The most effective mycotoxin prevention
strategy for fermented seaweed is moisture management during drying and storage. Fusar-
ium growth is inhibited at aw < 0.87, Aspergillus flavus at aw < 0.78, and most xerophilic
fungi at aw < 0.70 [24]. Seaweeds dried to aw < 0.65 and stored in moisture-barrier packag-
ing inhibits essentially all xerophilic fungi (Xeromyces bisporus grows to about 0.61) and
prevents aflatoxin formation, but does not destroy toxins already present. However, no
published study has specified aw targets for dried seaweed destined for fermentation, and
the aw of typical sun-dried tropical seaweed products has not been reported. A Hazard
Analysis Critical Control Point (HACCP) framework for fermented seaweed feed produc-
tion should identify sun-drying and storage as Critical Control Points (CCPs), with aw
monitoring as the primary control measure. The absence of such a framework in the current
literature—and the absence of any published mycotoxin survey for feed-grade seaweeds—
constitutes a food safety blind spot that should be prioritized ahead of efficacy research. A
targeted mycotoxin survey of sun-dried tropical seaweeds (n ≥ 100 samples across major
producing regions) using multi-mycotoxin LC-MS/MS methods would address this gap
and inform HACCP critical limit setting.

8. Life Cycle Assessment and Economics
8.1. Carbon Footprint and Environmental Efficiency

Seaweed cultivation requires no land or freshwater and sequesters carbon, giving
raw seaweeds a reported negative GWP of up to −1.65 t CO2-eq/t DM in some LCA
studies [8,169], subject to the sequestration-accounting caveat noted below. After account-
ing for processing and fermentation, the net carbon footprint ranges from −0.6 to +0.9 t
CO2-eq/t DM, significantly lower than soybean meal (+2.5 to +3.5) and fishmeal (+4.0
to +6.0) [8,169,170] (multiple studies, independent groups). This per-tonne-DM advan-
tage partly reflects co-benefits (land/water avoided) rather than protein efficiency; on
a protein-normalized basis, the comparison is highly sensitive to crude protein content
and can reverse for low-protein brown seaweeds (6–15% CP); no protein-basis LCA for
fermented seaweed has been published (the protein-adjusted figures in Table 10 are cost,
not carbon, metrics).

Caveats: marine carbon sequestration often uses open-ocean phytoplankton values,
not near-shore macroalgae [170,171]; N2O emissions from cultivation are unaccounted
for [170]; drying energy is modeled as solar though industrial operations need me-
chanical drying [171]. Fewer than 15 LCA studies exist for seaweed cultivation and
processing [8,169,170,172,173].
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Critical data gaps: Three missing categories prevent reliable comparison with incum-
bent proteins. (1) No LCA includes metered fermentation energy (sterilization, aeration,
agitation, temperature); all models use generic “bioprocessing” values from terrestrial
sugar-based substrates [25,170]. (2) No model incorporates ±40% seasonal protein varia-
tion in temperate species [13,14]; the functional unit (1 t protein) is calculated from a single
compositional snapshot. (3) The indigestible fiber fraction (15–30% of DM intake) and
its manure emissions are entirely unaccounted for [8,170]. No published LCA includes
formal sensitivity or Monte Carlo analysis; the cited range represents scenario variation,
not statistically propagated uncertainty.

The cascading biorefinery approach (Section 8.2) proposes sequential extraction of
high-value co-products before fermentation. However, published mass balances are incom-
plete: a representative 1 t DM brown seaweed would yield ~150–300 kg alginate, 20–100 kg
fucoidan, 50–200 kg laminarin, and 200–400 kg residual fiber—but these are derived from
averages, not a single validated pilot stream [172,174].

Table 10. Life cycle assessment and economic comparison of protein sources for animal feed.

Parameter Fermented Seaweed Soybean Meal Fishmeal Insect Meal References & DOIs

Carbon footprint
(t CO2-eq/t DM) −0.6 to +0.9 +2.5 to +3.5 +4.0 to +6.0 +1.5 to +3.0 [8,169,173]

Land use (m2/kg protein) ~0 15–25 0 (fishery) 1–3 [175]

Freshwater use (L/kg protein) ~0 1500–3500 0 10–50 [2]

Protein content (% DM) 15–47 44–50 60–72 35–55 [9,175]

Production cost ($/t DM) 400–650 (pilot est.) 450–600 1200–2000 1500–3000 [174,175]

Protein-adjusted cost ($/t CP) 1333–3611 900–1364 1667–3333 2727–8571 [174,175]

TRL (Technology Readiness
Level) 2 9 9 7–8 [9,13]

Regulatory framework Absent Established Established Emerging (EU 2021) [23,176]

8.2. Economic Viability and Production Costs

This economic analysis is forward-looking and speculative: the cost and parity figures
are scenario estimates, not validated commercial data, and should be read as targets rather
than realized economics.

Patent landscape: A preliminary WIPO PATENTSCOPE search (October 2024) for
(fermented OR fermentation) AND (seaweed OR macroalga) AND (feed) yields < 30 patent
families, vs. >200 for insect meal feed [175]. Most relate to silage preservation or methane
mitigation, not bioconversion. No patent covers seaweed–halophyte co-fermentation. This
thin patent estate may limit private-sector investment [174].

The thin patent landscape presents both a risk (limited private investment incentive)
and an opportunity (freedom to operate for academic groups and small-to-medium enter-
prises exploring co-fermentation). Joint academic–industry patent pools could consolidate
foundational IP while maintaining open access for research purposes.

TRL 2–7 funding pathway: The transition from TRL 2 to TRL 4 is typically funded by
academic grants; reaching TRL 5–7 would require translational vehicles (EIC Transition,
USDA SBIR) or industry co-investment, though a realistic near-term target for fermented
seaweed feed is TRL 4–5 [13,175]. Most published research is from TRL 1–2 academic
projects with no identified translational pipeline. The insect meal sector succeeded through
IPIFF (International Platform of Insects for Food and Feed), which coordinated regula-
tory and funding strategy across 40+ stakeholders [175]. An equivalent consortium for
fermented seaweed feed—IPSFF—could serve the same function. By way of illustration,
a 3-year, €3–5 million pre-competitive consortium is proposed here as one possible vehi-
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cle for TRL 3–5 validation of a single seaweed species; the cost and duration figures are
order-of-magnitude estimates inferred from comparable agri-food translation programs,
not from a costed seaweed-specific proposal.

Cost components: Estimated production cost is approximately $400–650/t DM at pilot
scale, based on modeled component ranges—estimated biomass feedstock ($50–200/t DM),
transport and preprocessing ($30–80/t DM), fermentation ($120–250/t DM, the largest
single component, driven mainly by sterilization energy), drying ($80–180/t DM), and
packaging ($40–60/t DM)—which in sum span a wider $320–770 band and are order-of-
magnitude estimates rather than a closed cost build-up [8,13,174]. At 10,000 t/year, cost
reduction to $300–450/t DM is projected through scale economies [174].

The first open-access dataset from a combined life cycle assessment and techno-
economic analysis of Saccharina latissima nearshore cultivation provides metered inventory
data that partially addresses the ‘no metered fermentation energy’ gap identified in this
review [177].

A cascading biorefinery approach—extracting high-value biomolecules and hydro-
colloids first, then fermenting residual fibers—could offset 15–25% of total cost through
co-product sales, though this is modeled rather than measured at pilot scale [174]. Protein-
adjusted cost ($/t CP) shifts the comparison: fermented seaweed costs about $1333–3611/t
CP—substantially above soybean meal ($900–1364/t CP) at current yields, with the lower
bound assuming an optimistic crude protein content [104,174].

8.3. The Scale-Up of Production

The transition from laboratory-scale (1–100 L) to pilot-scale (100–10,000 L) to
commercial-scale (>10,000 L) faces challenges specific to each stage. None of the 9 in vivo
trials reviewed in Section 6 used fermented biomass produced at pilot scale (>500 L), and
only three of the nine employed fermented rather than unfermented biomass. Historical
analogy: insect meal spent 15 years (2005–2020) before reaching commercial TRL 7–8 [2,175];
seaweed fermentation is at approximately year 5 of an analogous trajectory [13]. This anal-
ogy is illustrative rather than predictive: the two sectors differ in substrate recalcitrance,
regulatory starting position, and the degree of engineering scale-up required.

At pilot scale, oxygen transfer, heat removal, and mixing homogeneity become critical—
all well-studied in terrestrial fermentation but not validated for seaweed substrates with
their unique rheology (high viscosity, gel-forming capacity, non-Newtonian flow behav-
ior) [13,25]. At commercial scale, challenges shift to consistent biomass supply and seasonal
variation in seaweed composition, up to ±40% in protein content across harvest seasons
(high versus commodity feeds, though standard proximate analysis plus blending absorbs
batch variation) [13,14].

The trajectory for seaweed fermentation is wider than for insect meal or single-cell
protein because the substrate itself presents more severe mass transfer limitations. For insect
meal, the bottleneck was regulatory approval and consumer acceptance, not fermentation
engineering. For seaweed fermentation, both the biological barrier (substrate recalcitrance)
and the engineering barrier (unique rheology) must be solved simultaneously, and neither
has been demonstrated at pilot scale.

A dedicated pilot-scale initiative at 5000–10,000 L would require an estimated
$2–5 million investment—modest by agricultural biotechnology standards but beyond
the scope of typical academic research grants [13,25].

Following the Horizon 2020 TRL definitions, fermented seaweed–halophyte feed is
currently at TRL 2 (technology concept formulated)—basic principles have been observed
but no integrated system validation has occurred [9,13]. The use of seaweeds in animal feed
has been reviewed in terms of current status, challenges, and opportunities, confirming
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the TRL 2 assessment [178]. This assignment shows no integrated system validation in the
reviewed literature, not a formal TRL audit. It is the authors’ assessment against Horizon
2020 definitions.

9. Machine Learning Opportunities for Fermentation Optimization
This machine learning section is forward-looking and speculative: the opportunities

described are research directions, not validated fermentation outcomes.
Designing multi-species fermentation systems involves large combinatorial spaces

(substrate × microbe × condition permutations). Despite enthusiasm for ML-driven
bioprocess optimization, three barriers prevent effective application.

First, data poverty: Total published fermentation datasets for seaweed systems com-
prise <500 independent data points [13,25]. Gaussian process regression typically requires
>1000 points for reliable estimates. No open-access repository for seaweed fermentation
parameters exists [13,14]. Any ML model trained on current data would overfit to spe-
cific experimental conditions and have no predictive value outside this narrow range—a
structural data scarcity problem that better algorithms alone cannot fully resolve. For ML
applications, the community should agree on a standard validation protocol: (i) leave-one-
study-out cross-validation; (ii) reporting of both R-squared and RMSE on held-out studies;
and (iii) explicit statement of the applicability domain beyond which predictions are un-
reliable. The data are distributed across >50 studies using different substrates, inocula,
conditions, and outcome metrics, making the effective sample size for any given substrate–
microbe–condition combination vanishingly small. No ML model has been successfully
applied to seaweed fermentation prediction.

Second, representation gaps: No standardized feature encoding exists for seaweed
composition. Existing ontologies do not cover polysaccharide-specific properties (sulfation
patterns, uronic acid ratios, M/G ratios, gel viscosity) [13,33]. Halophyte descriptors for
tannin, oxalate, and lignocellulose content are similarly absent [17].

Third, transfer failure: Protein language models (ESM-2, ProtBERT) are trained on
terrestrial proteomes; marine CAZyme sequences share <40% similarity with characterized
data [32,33,49]. Existing models cannot predict marine CAZyme activity without fine-
tuning on marine datasets that do not yet exist at a sufficient scale [179–181].

The most valuable ML contribution would be an open-access data repository for sea-
weed fermentation parameters, establishing FAIR data principles for future ML applications
(5–10 year horizon) [182].

Additionally, the community should consider a coordinated data generation initiative—
a “Fermentation Data Challenge”—analogous to the Critical Assessment of Structure
Prediction (CASP) competitions, where participating laboratories ferment a standardized
seaweed substrate under a shared protocol and deposit all process data (pH, temperature,
kLa, substrate composition, enzyme activity, product yield) in a common repository. This
would rapidly expand the training data available for ML applications while enabling direct
cross-study comparison.

10. Synthesis and Insights
This review frames fermentation not as a downstream processing step but as the central

enabling technology determining both nutritional value and safety of marine biomass feeds.
Six insights emerge from the evidence synthesized across Sections 1–9.

A distinguishing feature of this review is the proposal of the Barrier–Resource Duality
as a testable framework, in contrast to the largely descriptive biorefinery concept. This
framework generates specific, falsifiable hypotheses that can be evaluated through targeted
experiments: for each barrier identified (Section 3), the predicted transformation product
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and its functional outcome are specified, enabling direct experimental validation of the
framework itself.

10.1. Co-Fermentation as a Proposed Research Direction

To our knowledge, this is the first review to identify seaweed–halophyte co-
fermentation as a promising but untested research direction; the complementarity hy-
pothesis (Section 2.3) has not been tested.

The strongest evidence exists for single-substrate fermentation; co-fermentation syn-
ergy remains a critical knowledge gap; investigating it is proposed here as a hypothesis
to be tested, rather than as an established priority that should pre-empt further single-
substrate optimization. The chemical and structural complementarity between seaweeds
and halophytes (Section 2.3) provides a rationale, yet no empirical studies have tested
this hypothesis. In the absence of any direct experimental evidence, the complementarity
rationale should be read as a hypothesis generating a testable prediction—not as a basis
for re-ordering research investment away from single-substrate work. This gap reflects
structural barriers in the research ecosystem—the seaweed–halophyte field sits at the inter-
section of at least five disciplines (phycology, fermentation microbiology, animal nutrition,
biochemical engineering, food safety regulation), each with separate conferences, journals,
and funding streams [9,13,14,17]. Addressing this structural barrier may require dedicated
interdisciplinary funding mechanisms that explicitly require co-substrate evaluation.

10.2. Barrier–Resource Duality as a Proposed Unifying Framework

This review describes the Barrier–Resource Duality in seaweed–halophyte feed bio-
conversion, systematically mapping each anti-nutritional factor to a specific fermentation
strategy and product outcome.

The Barrier–Resource Duality (Section 3.1) provides a systematic framework for de-
signing fermentation strategies from biomass constraints. Unlike the biorefinery concept
(an engineering framework organized around sequential extraction), the Barrier–Resource
Duality is proposed as a hypothesis-generating mechanistic framework organized around
transformation: the barrier itself becomes the resource through enzymatic conversion [9,13].
This framework generates testable hypotheses—for example, predicting that oxalate degra-
dation by oxalate decarboxylase yields formate and CO2, which could serve as carbon
sources for targeted methanogen inhibition in ruminant applications [17,44]. The proposed
duality framework could be systematically tested by comparing fermentation outcomes
from the same substrate with and without targeted enzyme supplementation designed to
transform specific barriers.

10.3. Marine CAZymes Are Evolutionary Specialists

This review synthesizes evidence that marine CAZyme families (PL5/7/14/24/25)
have no efficient or abundant terrestrial equivalents, establishing that marine biomass
fermentation requires marine-derived inocula for efficient depolymerization.

Marine CAZymes evolved under high-salt, high-pressure, low-temperature conditions
that produced catalytic domains distinct from terrestrial homologs [32,33]. Alginate lyases
(PL5/7) have no terrestrial equivalent; PUL organization in marine Bacteroidetes reflects
co-evolution with algal polysaccharides [32,33]. The practical implication is that terrestrial
fermentation inocula cannot efficiently degrade marine polysaccharides without marine-
derived starter cultures or supplemental marine CAZymes [33,49,50]. Demonstrating this
limitation experimentally—by comparing marine versus terrestrial inocula on identical
seaweed substrates—would constitute a high-impact contribution that could redirect both
industrial and research efforts.
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10.4. Disciplinary Silos Explain the Research Gap

The seaweed–halophyte fermentation literature is fragmented across disciplines that
rarely cite each other. Phycologists publish in the Journal of Applied Phycology; animal
nutritionists in the Journal of Animal Science; fermentation engineers in Bioresource Tech-
nology. These literatures show minimal cross-citation [9,13,14,17]. The problem is not that
cross-disciplinary research is impossible but that the current incentive structure favors
single-discipline, single-substrate, single-species studies. Journal editors and funding agen-
cies could address this gap by explicitly encouraging cross-citation, co-authored reviews,
and multi-substrate experimental designs.

10.5. Lessons from Analogous Technology Trajectories

Three historical trajectories inform the development path for fermented seaweed feeds:
Silage history (1940s–present): The transition from “preservation only” to “functional

silage” with inoculants and targeted enzymes took 40 years (1950–1990) [76,183]. Seaweed
fermentation may be compressed by modern omics tools, LAB selection, and process
control technologies not available during silage’s early development.

Insect meal trajectory (2005–2020): Insect meal faced the same barriers: no regulatory
framework, variable composition, scaling challenges, and consumer acceptance issues.
Breakthrough came from EFSA’s 2015 risk profile and subsequent EU authorisations (2017
for aquaculture, 2021 for poultry and pigs), industry consortium formation (2018, IPIFF),
and cost parity at approximately $1500/t by 2023 [2,175,184].

Single-cell protein (1960s–present): The unicellular protein boom of the 1960s–1980s
(BP’s Toprina, ICI’s Pruteen) failed because of petroleum price volatility, regulatory de-
lays, and soybean price collapse [13,34]. Key lesson: economic viability depends on the
conventional protein price floor.

Synthesis: Successful novel feed transitions require three conditions: (i) a clear regula-
tory pathway with defined safety requirements; (ii) industry consortium co-investment in
shared pilot-scale infrastructure; and (iii) cost parity with incumbent proteins at commercial
scale. Seaweed fermentation currently lacks all three conditions.

10.6. Pilot-Scale Validation Is the Critical Bottleneck

This scale-up discussion is forward-looking and speculative: the TRL targets and
bottleneck analysis describe a desired trajectory, not a demonstrated one.

The evidence synthesized in this review converges on a single priority: pilot-scale
fermentation validation for seaweed and halophyte substrates. Of the hundreds of pa-
pers examined, none report fermentation at >500 L scale or feeding trials using biomass
produced at pilot scale. The field has generated extensive in vitro and laboratory-scale
data, but the transition to production-scale operations involves unanswered engineering
questions: (i) heat and mass transfer in viscous seaweed slurries; (ii) oxygen transfer rates
during aerobic phases; (iii) microbial stability and contamination control in continuous
operations; and (iv) energy balance of drying versus ensiling for preservation.

A focused pilot-scale initiative—perhaps modeled on the insect meal consortium
approach—that validates fermentation at 5000–10,000 L scale, conducts feeding trials with
the produced biomass, and publishes all process and performance data openly could, as
an illustrative scenario, advance the field from TRL 2 toward TRL 4–5 over an estimated
5–10 years, contingent on sustained translational funding; this range is a judgment based
on the analogous trajectories described in Section 10.5 and is not a forecast.

A practical model for such a consortium already exists: the European Innovation
Partnership for Agricultural Productivity and Sustainability (EIP-AGRI) operational groups
fund multi-stakeholder pilot projects of 2 to 3 years. The insect meal sector consortium
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IPIFF (founded 2018, now over 40 members) provides a template for an International
Platform for Seaweed Fermented Feed (IPSFF) that could coordinate biomass sourcing,
shared fermentation infrastructure, feeding trials, and regulatory engagement.

11. Research Priorities
Based on the evidence synthesized above, nine specific research priorities are proposed,

organized by urgency and impact. Table 11 summarizes these priorities with estimated
timelines and expected impact on Technology Readiness Level (Figure 3). All timelines,
TRL targets, and investment figures in this section are illustrative planning scenarios, not
validated forecasts.

Figure 3. Technology-readiness roadmap for fermented seaweed and halophyte feed. The trajectory
from TRL 2 (technology concept formulated) to TRL 4–5 (validated component and feeding trial)
is plotted alongside the research-priority timeline and comparative feed benchmarks described in
Section 11. (a) Research priorities. Horizontal bars show the trajectory of nine priorities from the
current state (mostly TRL 2) toward their target TRL. Bar length indicates the estimated time to
reach the target (years from present). Colors group priorities by theme: blue = data, methods and
infrastructure; green = pilot scale and process validation; orange = safety and environmental fate;
purple = regulatory harmonization. Color circles at year 0 mark the current TRL of each priority.
P1–P9 correspond to the numbered priorities in Table 11; (b) Comparative feed benchmarks. Ranges
for three environmental metrics are shown for fermented seaweed and three conventional feed
ingredients. Fermented seaweed values are approximations or pilot estimates; fishmeal land and
freshwater use are ~0 because they derive from capture fisheries. Data are the ranges reported
in Table 10.

1. Establish an open-access fermentation data repository for seaweed and halophyte
parameters (Section 9). Estimated timeline: 1–2 years; impact: enables ML applications.
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2. Conduct pilot-scale fermentation validation at 5000–10,000 L for one seaweed and
one halophyte species (Section 10.6). Timeline: 5–10 years (illustrative; see Section 10.6);
impact: moves field from TRL 2 to TRL 4–5.

3. Design and execute co-fermentation experiments for mixed seaweed–halophyte sub-
strates (Section 10.1). Timeline: 1–2 years; impact: tests the fundamental complementarity
hypothesis.

4. Validate single-study findings through multi-center replication, focusing on geosmin
reduction, B12 synthesis, and two-stage SSF (Section 10.4). Timeline: 2–3 years; impact:
establishes evidence base reliability.

5. Determine SID coefficients for fermented seaweed protein using standard monogas-
tric protocols (Section 2.2). Timeline: 1–2 years; impact: enables precise diet formulation.

6. Characterize bromoform environmental fate, including soil mobility, plant uptake,
and groundwater contamination potential (Section 7.2). Timeline: 2–3 years; impact:
addresses regulatory data gap.

7. Develop and validate LC-MS/MS methods for GABA, cobalamin, and other postbi-
otic compounds in fermented seaweed matrices (Section 5.4). Timeline: 1–2 years; impact:
replaces indirect microbiological and HPLC methods.

8. Quantify heavy metal speciation changes during fermentation using HPLC-ICP-MS
(Section 7.1). Timeline: 1–2 years; impact: resolves the As3+ toxicity uncertainty.

9. Create a regulatory harmonization proposal for fermented marine biomass feed
ingredients (Section 7.3). Timeline: 3–5 years; impact: enables commercialization across
jurisdictions. Given the 3 to 5 year timeline, work on this priority should begin immediately,
leveraging the Codex Code of Practice on Good Animal Feeding (CXC 54–2004) [185].
A preliminary regulatory mapping exercise comparing the five jurisdictions has been
published and should be updated as new guidance emerges.

Table 11. Research priorities for advancing fermented seaweed and halophyte feed ingredients.

Proposed Research
Priority Description Estimated Timeline TRL Target Key Stakeholders References

1 Open-access fermentation data
repository 1–2 years TRL 2→3 Research councils,

publishers [13,25]

2 Pilot-scale validation (5000–10,000 L) 5–10 years
(illustrative) TRL 2→4–5 Industry consortia,

innovation agencies [9,26]

3 Co-fermentation experiments
(seaweed + halophyte) 1–2 years TRL 2→3 Academic research

groups [17,25]

4 Multi-center replication of
single-study findings 2–3 years TRL 2→4 International

research networks [119,133]

5 Standardized ileal digestibility
coefficients 1–2 years TRL 2→4 Animal nutrition

research groups [13,14]

6 Bromoform environmental fate
characterization 2–3 years TRL 3→5 Environmental

agencies [135,186]

7 LC-MS/MS methods for postbiotic
quantification 1–2 years TRL 2→4 Analytical chemistry

labs [78]

8 Heavy metal speciation
(HPLC-ICP-MS) during fermentation 1–2 years TRL 2→4 Food safety

authorities [23]

9 Regulatory harmonization proposal 3–5 years TRL 4→5 Regulatory bodies [23,135]

12. Conclusions
The evidence synthesized in this review suggests that microbial fermentation may

help convert selected chemical and structural barriers in marine macroalgae and halo-
phytes into potentially useful feed-related products, although the consistency, safety, and
animal-level relevance of these transformations remain insufficiently validated. Within the
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proposed Barrier–Resource Duality framework (Section 3), the review documents the fol-
lowing: complex polysaccharides are reduced to oligosaccharides with reported prebiotic
and immunomodulatory activities; marine lactic acid bacteria can biosorb heavy metals
and degrade anti-nutritional factors; and Asparagopsis supplementation reduces enteric
methane in multiple dairy trials (50–67%), with a single grazing-beef study reporting 38%.
Evidence for methane reduction by Asparagopsis supplementation should be interpreted
separately from evidence for fermented seaweed feed ingredients, because most methane-
mitigation studies concern unfermented biomass and bromoform-mediated effects. For
commercial recommendations, however, the evidence remains too thin: core in vivo claims
rest on single studies; aquaculture applications lack species-specific validation of mucosal
immune mechanisms (IgT versus IgA); and standardized ileal digestibility and net-energy
coefficients do not exist for any fermented seaweed product, preventing translation into
least-cost diet formulation.

Beyond the evidence itself, no validated engineering parameters exist for scale-up, and
disciplinary fragmentation continues to block the co-fermentation experiments needed to
test the substrate-complementarity hypothesis. The field remains at Technology Readiness
Level 2; historical trajectories from analogous fields—silage, insect meal, single-cell protein—
suggest a 15–20 year development horizon; this range is presented as an illustrative,
analogy-based scenario rather than a forecast, and it remains contingent on coordinated
investment and regulatory support.

The most urgent priorities are as follows: (i) pilot-scale fermentation validation at
5000–10,000 L; (ii) multi-center replication of single-study findings; (iii) validated LC-
MS/MS methods for postbiotic quantification; and (iv) co-fermentation experiments testing
the substrate-complementarity hypothesis. Addressing these through coordinated inter-
disciplinary consortia could, if the underlying evidence base is first strengthened, move
the field toward TRL 4–5 and establish whether fermented marine biomass can meaning-
fully contribute to sustainable animal feed. The scientific case for fermented seaweed and
halophyte feed ingredients rests, at present, on a limited and largely single-study evidence
base: the mechanistic rationale is coherent and the compositional and safety challenges are
well defined, but no claim in this review should be read as a basis for commercial or policy
recommendation until pilot-scale fermentation, multi-center replication, and validated
analytical methods have been delivered.
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Abbreviations
The following abbreviations are used in this manuscript:

AA arachidonic acid (also Auxiliary Activity)
2-MIB 2-methylisoborneol
AAFCO Association of American Feed Control Officials
AMPs antimicrobial peptides
AOS alginate oligosaccharides
BCFAs branched-chain fatty acids
CAZymes carbohydrate-active enzymes
CCPs Critical Control Points
CE Carbohydrate Esterase
CHBr3 bromoform
CJEU Court of Justice of the European Union
CP crude protein
CVM Center for Veterinary Medicine
DHA docosahexaenoic acid
DM dry matter
DMI dry matter intake
DP degree of polymerization
EC electrical conductivity
EFSA European Food Safety Authority
EPA eicosapentaenoic acid
EPS exopolysaccharides
EU European Union
FAIR Findable, Accessible, Interoperable, Reusable
FCR feed conversion ratio
FDA Food and Drug Administration
GABA gamma-aminobutyric acid
GAD glutamate decarboxylase
GC-MS gas chromatography–mass spectrometry
GH Glycosyl Hydrolase
GMO genetically modified organism
GRAS generally recognized as safe
GWP global warming potential
HACCP Hazard Analysis Critical Control Point
HDAC histone deacetylase
HPLC high-performance liquid chromatography

HPLC-ICP-MS
high-performance liquid chromatography–inductively coupled
plasma mass spectrometry

ICP inductively coupled plasma
IgA immunoglobulin A
IgT immunoglobulin T
IL-1β interleukin-1 beta
IL-6 interleukin-6
IMTA Integrated Multi-Trophic Aquaculture
IPIFF International Platform of Insects for Food and Feed
ISAPP International Scientific Association for Probiotics and Prebiotics
kLa volumetric oxygen transfer coefficient
LAB lactic acid bacteria
LC-MS/MS liquid chromatography-tandem mass spectrometry
LC-PUFA long-chain polyunsaturated fatty acids

https://doi.org/10.3390/fermentation12090443

https://doi.org/10.3390/fermentation12090443


Fermentation 2026, 12, 443 37 of 45

LCA life cycle assessment
LPS lipopolysaccharide
M/G mannuronate/guluronate ratio
MAFF Ministry of Agriculture, Forestry and Fisheries
MAPK mitogen-activated protein kinase
MARA Ministry of Agriculture and Rural Affairs
MCR methyl-coenzyme M reductase
MCT1 monocarboxylate transporter 1
ML machine learning
MW molecular weight
NE net energy
NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells
NOAEL no-observed-adverse-effect level
NPN non-protein nitrogen
NR not reported
NRC National Research Council
Nrf2 nuclear factor erythroid 2-related factor 2
NSPs non-starch polysaccharides
OPA o-phthaldialdehyde
OTR oxygen transfer rate
PL Polysaccharide Lyase
PUL Polysaccharide Utilization Locus
PULs Polysaccharide Utilization Loci
PWD post-weaning diarrhea
SCFA short-chain fatty acid
SID standardized ileal digestibility
SmF submerged fermentation
SSF solid-state fermentation
SYRCLE Systematic Review Centre for Laboratory Animal Experimentation
TLR Toll-like receptor
TLR4 Toll-like receptor 4
TLR5 Toll-like receptor 5
TNF-α tumor necrosis factor alpha
TRL Technology Readiness Level
WIPO World Intellectual Property Organization
ZO-1 zonula occludens-1
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