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Preface to ”Marine Biologically Active Compounds as

Feed Additives”

The marine environment consists of a wide variety of organisms with beneficial properties.

Among them, a special role is played by macroalgae (seaweeds), which are amongst the first

multicellular organisms and, as such, the precursors to land plants. The growing scope of

seaweed-based applications in food, agricultural fertilizers, animal feed additives, pharmaceuticals,

cosmetics, and personal care is expected to boost market demand. Agriculture and animal feed

applications have held the second largest seaweed market share in 2017, and the combined market

is anticipated to reach much higher values by 2024 due to the impacts of current research and

development targeting enhanced animal health and productivity.

Seaweeds have a long tradition of being used in animal feed, especially in coastal areas. They

are a rich source of biologically active compounds (pigments, proteins, amino acids, phlorotannins,

polyunsaturated fatty acids, vitamins, and carbohydrates such as agar, alginate, and carrageenan)

and minerals (iodine, zinc, sodium, calcium, manganese, iron, selenium) and are thus considered

as natural feed additives. In most cases, seaweeds are mixed with animal feed because when

consumed alone, they can have a negative impact on animals. The nutritional value of seaweeds

and their effect on different species of animals were described in the reviews of Tiago Morais et

al., Garima Kulshreshtha et al., Izabela Michalak and Khalid Mahrose, and Melania L. Cornish et

al. Tiago Morais et al. presented, in detail, seaweeds as a valuable nutritional and nutraceutical

animal feed additive, including fish and oyster farming, poultry (laying hen and broiler chickens),

and in ruminant feed with an emphasis on the reduction in methane emissions from ruminants.

In this Special Issue, particular attention was paid to animal health. In the reviews of Garima

Kulshreshtha et al. and Izabela Michalak and Khalid Mahrose, seaweeds as sustainable feed sources

for poultry health and production were discussed. The effect of seaweed-supplemented diets on

growth, performance, gastrointestinal flora, disease, immunity, and overall health of laying/broiler

hens was presented. Melania L. Cornish et al. highlighted the extensive prebiotic effects of selected

macroalgae. Due to their unique properties, seaweeds can serve as an alternative to antibiotic

growth promoters. In the research article of Garima Kulshreshtha et al., it was shown that red

seaweeds Chondrus crispus and Sarcodiotheca gaudichaudii and their selected, purified components

can be used to increase the lifetime of existing, patented antibiotics and can also help in reducing

the costly (economic and environmental) therapeutic and prophylactic use of antibiotics in poultry.

Red seaweeds have demonstrated antimicrobial properties against the poultry pathogen Salmonella

enteritidis. An interesting aspect was raised by Izabela Michalak and Khalid Mahrose – inclusion

of seaweeds in animal feed can enrich animal-derived products with active compounds, such as

micro- and macroelements, polyunsaturated fatty acids, and pigments, and decrease the content of

cholesterol. Michalak Izabela et al. tested the effect of green macroalga Enteromorpha sp. enriched

with Zn(II) and Cu(II) ions on the daily amounts of feces and urine excreted by growing pigs,

apparent fecal nutrient digestibility, and daily nitrogen balance and retention, meat quality, and the

slaughter value of carcasses. It was suggested that Enteromorpha sp. may be introduced into pig

nutrition as a feed material providing an alternative to inorganic salts due to enrichment of meat

with microelements, proteins, decrease in fat content, lower water absorption and drip loss from

meat, and a slight darkening of meat. Seaweeds have the potential to be commonly used as feed

additives not only thanks to their properties but also due to the fact that the search for new, cheaper,

ix



safe feed additives is a priority of animal husbandry.

I would like to thank all the contributors for their hard work, commitment, and enthusiasm,

which made it possible to accomplish this Special Issue.

Izabela Michalak

Editor
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Abstract: Poultry and its products are an economical source of high-quality protein for human
consumption. In animal agriculture, antibiotics are used as therapeutic agents to treat disease in
livestock, or as prophylactics to prevent disease and in so doing enhance production. However, the
extensive use of antibiotics in livestock husbandry has come at the cost of increasingly drug-resistant
bacterial pathogens. This highlights an urgent need to find effective alternatives to be used to treat
infections, particularly in poultry and especially caused by drug-resistant Salmonella strains. In this
study, we describe the combined effect of extracts of the red seaweeds Chondrus crispus (CC) and
Sarcodiotheca gaudichaudii (SG) and compounds isolated from these in combinations with industry
standard antibiotics (i.e., tetracycline and streptomycin) against Salmonella Enteritidis. Streptomycin
exhibited the higher antimicrobial activity against S. Enteritidis, as compared to tetracycline with a
MIC25 and MIC50 of 1.00 and 1.63 μg/mL, respectively. The addition of a water extract of CC at a
concentration of 200 μg/mL in addition to tetracycline significantly enhanced the antibacterial activity
(log CFU/mL 4.7 and 4.5 at MIC25 and MIC50, respectively). SG water extract, at 400 and 800 μg/mL
(p = 0.05, n = 9), also in combination with tetracycline, showed complete inhibition of bacterial growth.
Combinations of floridoside (a purified red seaweed component) and tetracycline (MIC25 and MIC50)
in vitro revealed that only the lower concentration (i.e., 15 μg/mL) of floridoside potentiated the
activity of tetracycline. Sub-lethal concentrations of tetracycline (MIC50 and MIC25), in combination
with floridoside, exhibited antimicrobial activities that were comparable to full-strength tetracycline
(23 μg/mL). Furthermore, the relative transcript levels of efflux-related genes of S. Enteritidis, namely
marA, arcB and ramA, were significantly repressed by the combined treatment of floridoside and
tetracycline, as compared to control MIC treatments (MIC25 and MIC50). Taken together, these
findings demonstrated that the red seaweeds CC and SG and their selected, purified components can
be used to increase the lifetime of existing, patented antibiotics and can also help to reduce costly
(economic and environmental) therapeutic and prophylactic use of antibiotics in poultry. To our
knowledge, this is the first report of antibiotic potentiation of existing industry standard antibiotics
using red seaweeds and their selected extracts against S. Enteritidis.

J. Mar. Sci. Eng. 2020, 8, 511; doi:10.3390/jmse8070511 www.mdpi.com/journal/jmse1
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1. Introduction

Poultry and their products are an economic source of high-quality protein for human consumption.
A range of feed additives including antibiotics, phytogenics or phytobiotics, probiotics and prebiotics,
have been used by the poultry industry in order to improve both feed efficiencies and also the health
and productivity of layer hens and broilers [1–3]. In livestock, the use of antibiotics for growth
promotion was phased out in Canada [4] but is widely used in many parts of the world.

Despite these developments, it is currently estimated that over 60% of all antibiotics produced are
used in livestock production, including poultry [5–7]. In 2012, it was estimated that 14.6 million kg
of antibiotics were sold for use in animal agriculture [8], which was four times (3.29 million kg) the
amount of antibiotics used for human use [9]. Currently, commercial poultry farms have higher rearing
densities and the scale of production has dramatically increased to meet consumer demand. This has
increased the frequency of outbreaks of infectious disease within flocks and therefore disease outbreaks
which has required further interventions with antibiotics. In North America, antibiotics including
chlortetracycline, lincomycin, oxytetracycline, penicillin, tylosin and virginiamycin are approved for
use in poultry [4,10]. Antibiotics exert their effect by reducing the colonization of bacteria, increasing
the metabolism of beneficial bacteria and reducing the total load of bacteria in the gut, thus reducing
the overall bacterial load [11]. Sub-therapeutic levels of antibiotics also enhance immune responses
of the host to an invading pathogen. Roura et al. (1992) showed that inclusion of streptomycin and
penicillin in the diets of chicks resulted in preventing immunological stress by lowering cytokines [12].

However, the overuse of antibiotics in livestock came at a cost of increasing numbers of
drug-resistant, bacterial pathogens. In 1951, Starr and Reynolds first reported a case of antibiotic
resistance in bacteria in turkeys. The use of streptomycin as a growth promoter in turkey poults
resulted in drug-resistant coliforms within three days of application [13]. In 1994, sixty-two isolates
of vancomycin-resistant Enterococcus faecium were obtained from non-human sources in the United
Kingdom (UK), amongst which 22 were from farm animals. This indicated that farm animals served as
a reservoir for the development of drug-resistant bacteria [14]. Following this report, avoparcin was
the first antibiotic to be banned in Europe in 1995. Consequently, the European Union (EU) banned
the use of antibiotic growth-promoters in 2006 [15]. The selection pressure caused by antibiotics on
gut microbes resulted in the development of resistant genes, which are transferred amongst species
of pathogenic bacteria by horizontal gene transfer. This resulted in the excessive growth of resistant
bacterial pathogens such as Clostridium, Salmonella and Campylobacter in the host, resulting in harmful
diseases. In addition, changes in the microbial population within the gut can make the host more
vulnerable to infections by other environmental pathogens [16].

In the United States, the Food and Drug Administration (FDA) controls the use of cephalosporin
in animal agriculture. Also, there is increased interest to exclude the use of fluoroquinolones and
tetracyclines in animal production. This is because these antibiotics are commonly used in treating
bacterial infection in humans. In the EU and North America there is a heightened public awareness
of the negative effects of antibiotics in livestock production. Therefore, there is increasing interest to
develop alternatives to antibiotics [17]. Other control measures, such as competitive exclusion and
vaccination, have contributed significantly to reduce pathogen (especially Salmonella) infections in layer
production [18]. According to the U.S. Centers for Disease Control and Prevention, every year more
than 2.8 million humans are infected with antibiotic-resistant bacteria, which leads to approximately
35,000 deaths [19]. It is clear that drug-resistance in pathogenic bacteria has developed since the middle
of the last century, an era when antibiotics were used extensively to treat both human and animal
diseases. It is likely that the emergence of drug-resistant strains of pathogenic bacteria is due to the
flagrant large-scale overuse of antibiotics in medicine and agriculture [20].
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Bacteria acquire antibiotic resistance by several mechanisms, including (i) drug inactivation/
modification, (ii) alteration of the target site (iii), bypass pathways and (iv) decreased membrane
permeability. In addition, antibiotic resistance develops due to formation of biofilms and the inactivation
of antibiotics by bacterial enzymes, modification in the outer membrane lipid bi-layer and porin
permeability and sequestration of antibiotics within the bacterial biofilms [21–24]. Therefore, there is an
urgent need to find effective alternatives that can be used to treat infections caused by drug-resistant
Salmonella strains in humans and farm animals.

Some antimicrobial therapies involve the use of antimicrobial peptides, cell membrane
permeabilizers, molecular chaperones, DNA synthesis and efflux-pump inhibitors. However, despite
being effective in in-vitro studies, none of these strategies have advanced to clinical trials [25].
An alternative approach to finding new antibiotic classes is to potentiate the activity of already
existing, registered/patented antibiotics using combined therapies. Several antimicrobial peptides,
molecules, plant extracts and essential oils have been shown to enhance the activity of antibiotics,
such as chloramphenicol, ciprofloxacin and tetracycline against Gram-positive and Gram-negative
bacteria [26,27].

Tetracyclines are broad-spectrum bacteriostatic antibiotics that interfere with protein translation
by inhibiting the attachment of aminoacyl-tRNA to the ribosomal acceptor (A) site. Tetracycline forms
a complex with Mg2+ and blocks aminoacyl-tRNA binding and thus inhibits protein synthesis [28].
Essential oils from Salvia species (Lamiaceae) have been shown to potentiate the efficacy of tetracycline
by inhibiting efflux pumps in Staphylococcus epidermis. The inhibition of the Tet (K) efflux pump of
tetracycline resistant S. epidermidis by essential oils from three salvia species [29]. Moreover, organic
extracts of pomegranate, myrrh and thyme significantly increased the efficacy of tetracycline against
both Gram-positive and Gram-negative pathogens. This suggested that combinations with natural
compounds could be used to enhance the efficacy of “fading” antibiotics [26].

Floridoside 2-O-α-D-galactopyranosylglycerol is a neutral heteroside found in red algae. It plays
an important role in osmotic acclimation and provides resistance to osmotic stress in red algae [30].
Floridoside also has potent medicinal properties and has been shown to possess anti-viral and antitumor
activities [31]. Earlier, Khan et al. (2012) reported alginate, a polysaccharide found in brown seaweeds,
potentiated the antimicrobial activity of antibiotics against pathogens such as Pseudomonas, Acinetobacter
and Burkholderia spp. [25]. Here, we describe the combined effects of selected extracts of two red
seaweeds, i.e., Chondrus crispus and Sarcodiotheca gaudichaudii, and along with two well-used antibiotics
(i.e., tetracycline and streptomycin) against Salmonella Enteritidis.

2. Materials and Methods

2.1. Bacterial Strain, Chemicals and Antibiotics

Nalidixic acid-resistant Salmonella Enteritidis was provided by the Laboratory for Foodborne
Zoonoses, Public Health Agency of Canada, Guelph, Ontario. Half strength tryptic soy agar (TSA)
medium (Difco) supplemented with nalidixic acid (32 μg/mL) was used for bacterial growth [32,33].
The antibiotic discs (BBL™ Sensi-Disc™), of tetracycline (TE30; 30 μg), streptomycin (S10; 10 μg),
erythromycin (E15; 15 μg), novobiocin (NB30; 30 μg), penicillin (P10; 30 μg) and triple sulfa (SSS25;
15 μg) were purchased from Becton (BBL™ Sensi-Disc™), Dickinson and Company Franklin Lakes,
NJ, USA. Acadian Seaplants Limited, kindly donated the two seaweeds which were cultivated on
land in Charlesville, Nova Scotia, Canada. The extracts were prepared as described previously by
Kulshreshtha et al. (2016) [34]. Tetracycline and streptomycin were obtained from Sigma Aldrich
(Oakville, ON, Canada). Stock solutions of antibiotics and seaweed extracts were prepared and stored
at −20 ◦C. Other chemicals and media used in this study were purchased from Difco Laboratories,
Baltimore, MD, USA.
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2.2. Antibiotic Sensitivity Assay

Susceptibility of S. Enteritidis to antibiotics was determined using the disc diffusion method, as
described by the Clinical and Laboratory Standards Institute (CLSI) with some modifications [32,33].
Briefly, the bacterial culture (OD600 = 0.1, 1 × 108 cells/mL) was spread on a tryptic soy agar plate,
before placing the antibiotic discs. Plates were incubated at 37 ◦C for 16–18 h and the diameter of the
zone of growth inhibition was measured. The diameter of the paper disc was subtracted giving the
growth-free zone of bacterial inhibition.

2.3. Determination of MIC of Antibiotics

The susceptibility of S. Enteritidis to the antibiotics tetracycline and streptomycin was tested by a
broth inoculation method [32,33]. The testing of MICs (MIC25 and MIC50) was performed in triplicate
with an inoculum of 1 × 108 cells/mL. MICs were determined as the lowest concentration of antibiotics
required for complete inhibition of bacteria after incubation at 37 ◦C for 16–18 h in an incubator shaking
at 200 rpm. The MATLAB R2010a (curve fitting tool) was used to determine minimum inhibitory
concentrations (MIC25 and MIC50) of the antibiotics.

2.4. Combined Effect of Seaweed Extracts (SWE) and Antibiotics on Salmonella Enteritidis

The combined effect of extracts of C. crispus and S. gaudichaudii and antibiotics (tetracycline
and streptomycin at MIC25 and MIC50) were evaluated in-vitro using a broth inoculation method
as described previously by Kulshreshtha et al. [34]. To 10 mL of tryptic soy broth, seaweed extract
(SWE) and 100 μL Salmonella Enteritidis (OD600 = 0.1, 1 × 108 cells/mL) were added so that the final
concentrations of SWE in 10 mL with tryptic soy broth were 200, 400, 800 μg/mL. Culture tubes were
incubated at 37 ◦C for 24 h. The growth of S. Enteritidis was determined by plating the serially diluted
culture on TSA plates to enumerate the colony forming units (CFU).

2.5. Extraction of Seaweed and Isolation of Floridoside

Water extracts of both seaweeds (SWE) were prepared as described previously by Kulshreshtha
et al. (2016) for antibacterial test [34]. The proton nuclear magnetic resonance (1H NMR) spectra of
SWE were measured on a Bruker Advance III spectrometer (Bruker Biospin, Switzerland) operating
at 700 MHz spectrometer with deuterated water to characterize major component. One of the major
component of SWE, i.e., floridoside, was further purified from 80% EtOH extract, as shown in Scheme 1.
Other seaweed components, including isethionic acid, citrulline and taurine were commercially
obtained to test for their antibacterial activity.

2.6. Antimicrobial Effects of Seaweed Components on Salmonella Enteritidis

Floridoside, isethionic acid and taurine were identified in both CC- and SG-SWE extracts (Figure S1).
L-Citrulline was also detected in SWE of C. crispus. Pure compounds (i.e., isethionic acid, taurine,
L-Citrulline and floridoside) were tested in-vitro against S. Enteritidis by the broth inoculation method,
as described in above Section 2.4. Fifteen μg/mL of pure compound was added to TSA broth and
inoculated with S. Enteritidis. Antimicrobial activity was determined as a measure of log CFU/mL.

4
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Scheme 1. Extraction and purification process of floridoside from 80% EtOH extract of C. crispus.

2.7. Combined Effects of Floridoside and Tetracycline on Salmonella Enteritidis

Synergistic interactions of floridoside and tetracycline (MIC25 and MIC50) were evaluated in-vitro
using the liquid culture inhibition test, as described in above Section 2.4. Briefly, bacterial cells
were grown in the presence of different combination of floridoside (15 μg/mL) + tetracycline (MIC25,
4 μg/mL), floridoside (15 μg/mL) + Tetracycline (MIC50, 7.9 μg/mL). Tetracycline (MIC25 and MIC50)
and floridoside (15 μg/mL) were used as controls. Antimicrobial activity was determined as a measure
of log CFU/mL.
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2.8. Effects of Floridoside and Tetracycline on the Expression of Efflux-Pump-Related Genes

Gene expression analysis was carried out at time intervals of 45, 90 and 180 min to understand
the mechanism of the combined effects of tetracycline and SWE. Briefly, bacterial cells from different
treatments were centrifuged at 12,000× g for 10 min and total RNA was extracted using Trizol
(Invitrogen), as described by the manufacturer. The RNA quality was assessed by agarose gel
electrophoresis and quantified by NanoDrop ND-2000 spectrophotometer (NanoDrop Technologies
Wilmington, DE). The relative transcript abundance of multi-drug efflux-pump genes were quantified
using the StepOne Plus Real time PCR system (Applied Biosystems, ON, Canada), as described
previously by Kulshreshtha et al. (2016) [34]. The gene specific primers used for this experiment are
listed in Table 1. 16SrRNA and tufA genes were used as internal control and the relative expression
levels were calculated using the ΔΔCt method.

Table 1. The efflux-pump-related genes and primer sequences used in RT-qPCR.

Gene Primer Sequence (5′ → 3′)

ramA CGTCATGCGGGGTATTCCAAGTG
CGCGCCGCCAGTTTTAGC

marA ATCCGCAGCCGTAAAATGAC
TGGTTCAGCGGCAGCATATA

acrB TTTTGCAGGGCGCGGTCAGAATAC
TGCGGTGCCCAGCTCAACGAT

16SrRNA GCGGCAGGCCTAACACAT
GCAAGAGGCCCGAACGTC

tufA TGTTCCGCAAACTGCTGGACG
ATGGTGCCCGGCTTAGCCAGTA

2.9. Statistical Analyses

A completely randomized design was followed for all assays. The experiments were performed
three times, each with three biological replicates. Data were analyzed using ANOVA one-way analysis
of variance with a p value of 0.05 using the statistical software Minitab and SAS. Log transformation
was applied to the non-homogenous data before analysis. If significant main effects were found with
ANOVA, the Tukey’s procedure was used to compare differences among the least-square means. The
standard deviation (SD) was reported with the mean. Differences were considered significant when
p was <0.05.

3. Results

3.1. Screening of Antibiotics against Salmonella Enteritidis

The efficacy of antibiotics against S. Enteritidis was determined by the disc diffusion method via
determination of the zone of growth inhibition. The antibiotics tetracycline, streptomycin, penicillin,
erythromycin, triple sulfa and novobiocin were tested against S. Enteritidis. Amongst the antibiotics
tested, tetracycline (30.0 μg) and streptomycin (10.0 μg) exhibited zones of inhibition of 22.5 and
18.0 mm, respectively). On the basis of the zone of inhibition interpretation chart, tetracycline and
streptomycin were chosen for further studies.

3.2. Determination of Minimum Inhibitory Concentrations (MIC25 and MIC50)

The minimum inhibitory concentrations (MIC25 and MIC50) of the selected antibiotics (tetracycline
and streptomycin) were determined using the MATLAB curve-fitting tool. For tetracycline, an MIC for
50% of the strain (MIC50) was 4 μg/mL and 25% of the strains (MIC25) was 7.9 μg/mL. Streptomycin
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exhibited a higher antimicrobial activity against S. Enteritidis, as compared to tetracycline with an
MIC25 and MIC50 of 1 and 1.63 μg/mL, respectively.

3.3. SWE Potentiated the Effect of Antibiotics on Salmonella Enteritidis

The combined effects of SWE (both CC and SG), with antibiotics, was determined by a liquid
culture inhibition test. Antibiotics (tetracycline and streptomycin) at MIC50 and MIC25 were combined
with 200, 400, 800 μg/mL SWE (SG and CC) (Figure 1). The combination of tetracycline and CC at
400 μg/mL (log CFU 5.4 at MIC50, p = 0.01, n = 9) and 800 μg/mL (log CFU 6.1 at MIC25 and 5.8 at
MIC50, p = 0.01, n = 9) did not affect the growth of S. Enteritidis, as compared to the tetracycline alone
(log CFU 6.1 and 5.5 at MIC25 and MIC50 respectively, p = 0.01, n = 9). However, the combination
of tetracycline at MIC25 and 400 μg/mL of CC-SWE were effective in reducing S. Enteritidis growth.
Moreover, the lowest concentration of CC-SWE (200 μg/mL) and tetracycline (MIC25 and MIC50) were
the most effective in reducing bacterial growth (log CFU 4.7 and 4.5 at MIC25 and MIC50, respectively)
(Figure 1a). For SG-SWE, the response was dose-dependent, e.g., the higher concentration of SG-SWE
(800 μg/mL, p = 0.05, n = 9) in combination with tetracycline showed complete inhibition of bacterial
growth (Figure 1b). With 200 μg/mL of SG SWE bacterial growth was significantly reduced (log CFU
4.8 and 4.5 at MIC25 and MIC50, respectively), compared to the MIC controls (log CFU 5.5) (Figure 1b).
The antimicrobial effects of the SWE (both CC and SG) and streptomycin (MIC25 and MIC50) were
similarly tested. Trends were observed for streptomycin and SWE (CC and SG) against S. Enteritidis
(Figure 1c,d). The combination treatments with the lowest concentration of CC-SWE (200 μg/mL, log
CFU 4.1 and 4.3 at MIC50 and MIC25, respectively, p = 0.05, n = 9) and the higher concentration of
SG-SWE (800 μg/mL, log CFU 0 at MIC50 and MIC25, respectively, p = 0.05, n = 9) were found to be the
most effective (Figure 1c,d). In a comparison to the inhibitory effects of both antibiotic combinations
with SWE, tetracycline showed the best combined effects and was used in further experiments.

 

Figure 1. Cont.
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Figure 1. Combined effects of antibiotics and seaweed extracts (SWE) on S. Enteritidis. Tetracycline
(Tetr) and streptomycin (Strep) at MIC50 and MIC25 were tested in combination with seaweeds Chondrus
crispus (CC) and Sarcodiotheca gaudichaudii (SG) at three different concentrations (200, 400 and 800 μg/mL)
(a) CC and Tetr; (b) SG and Tetr; (c) CC and streptomycin (Strep); (d) SG and Strep. Values with
different superscript letters were significantly different (p < 0.05). Values represented mean ± standard
deviation from three independent experiments (n = 9).

3.4. 1H Nuclear Magnetic Resonance Spectroscopy of Seaweed Water Extracts

The NMR analysis identified three major compounds, namely isethionic acid, taurine and
floridoside, in the water extracts of CC and SG (Figure S1). The 1H NMR spectrum of floridoside
isolated from 80% EtOH extract of C. crispus is shown in Figure S2.

3.5. Floridoside Affected the Growth of S. Enteritidis

The susceptibility of S. Enteritidis to purified seaweed compounds (i.e., isethionic acid, citrulline,
taurine and floridoside) were tested using the liquid culture method. Floridoside and isethionic acid
(15 μg/mL) reduced the colony count (log CFU/mL 6.21 and 6.33, respectively, p = 0.09, n = 9), as
compared to control (log CFU/mL 6.5, p = 0.09, n = 9). However, higher colony counts (Log CFU/mL)
of S. Enteritidis were observed on treatment with citrulline and taurine (Figure 2). Of the two most
effective seaweed compounds (i.e., floridoside and isethionic acid), floridoside showed the highest
antimicrobial activity and was selected for further evaluation.
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Figure 2. Antimicrobial effects of pure compounds from seaweed water extract (SWE) of CC on the
growth of S. Enteritidis. Values with different superscript letters were significantly different (p < 0.05).
Values represented mean ± standard deviation from three independent experiments (n = 9).

3.6. Floridoside Potentiated the Activity of Tetracycline against S. Enteritidis

Different concentrations of floridoside (15–100 μg/mL) in combination with tetracycline (MIC25

and MIC50) were tested for their antimicrobial activity using a broth dilution method (Figure 3).
Floridoside at 15 μg/mL potentiated the activity of tetracycline at both MICs (log CFU 4.3–5.2, p < 0.05,
n = 9). Sub-lethal concentrations of tetracycline (MIC50 and MIC25; 4 and 7.9 μg/mL, respectively) in
combination with floridoside (15 μg/mL) exhibited antimicrobial activity which was comparable to full
strength tetracycline (23 μg/mL). Compared to MICs alone, the combination of tetracycline (MIC25 and
MIC50) and 25 μg/mL of floridoside inhibited the growth (log CFU/mL 6.05 and 4.7, p < 0.05, n = 9) of
S. Enteritidis (Figure 3). The number of bacterial aggregates, at higher concentrations of floridoside
(i.e., 50 and 100 μg/mL), in combination with tetracycline, were not significantly different from the
control (p > 0.05, n = 9).

Figure 3. Cont.
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Figure 3. Combined effects of floridoside and tetracycline on the growth of S. Enteritidis. (a) MIC25

(b) MIC50. Values with different superscript letters were significantly different (p < 0.05). Values
represented mean ± standard deviation from three independent experiments (n = 9). F + MIC25:
combination of floridoside and tetracycline at MIC25; F: floridoside; MIC 25: tetracycline at MIC25; F +
MIC50: combinations of floridoside and tetracycline at MIC50. MIC 50: tetracycline at MIC50.

3.7. Floridoside and Tetracycline Suppressed the Expression of Efflux-Pump-Related Genes

Gene expression analysis was conducted to understand the inhibitory mechanism of the
combined effect of tetracycline and floridoside on S. Enteritidis. Real-time PCR analysis showed
that the combination of floridoside and tetracycline (MIC25 and MIC50) suppressed the expression of
efflux-related genes after 90 min of treatment (Figure 4). The relative transcript level of marA, which
encodes a global regulator of multi-drug efflux-pumps was repressed by 2–15-fold, as compared to
the control MIC treatments (Figure 4). Similarly, the arcB gene encoding the transporter component
of the main efflux-pump (AcrAB) and ramA, a transcriptional activator of protein ramA involved in
multi-drug efflux-pumps, were down-regulated by 18–25 fold and 14–20 fold, respectively (p < 0.001,
n = 9) (Figure 4). This indicated that floridoside might favor the accumulation of tetracycline in the cell
by repressing the expression of efflux-pump genes.

Figure 4. Cont.
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Figure 4. Effect of floridoside (F) on the expression of efflux-pumps related genes of S. Enteritidis.
(a) marA (b) ramB (c) acrA after 45, 90 and 180 min of treatment with floridoside (15 μg/mL and
Tetracycline (MIC25 and MIC50, 4 and 7.9 μg/mL)). Values with different superscript letters were
significantly different (p < 0.05). C: control; F: floridoside; MIC 25: tetracycline at MIC25; MIC25 +
F: combination of tetracycline at MIC25 and floridoside; MIC 50: tetracycline at MIC50; MIC50 + F:
combinations of tetracycline at MIC50 and floridoside. Values represented mean ± standard deviation
from three independent experiments (n = 9).

4. Discussion

Antimicrobials used in food animals contribute in the selection and dissemination of drug-resistant
zoonotic, food-borne pathogens such as Salmonella Enteritidis. Non-typhoid Salmonella has become
resistant to drugs, including ampicillin, chloramphenicol, quinolones and sulphonamide [35]. The
main aim of the present study was to identify compounds from two specific red seaweeds (CC and SG)
that improved the efficacy of existing, commercial antibiotics, in order to reduce their therapeutic and
prophylactic use in poultry.

Microbes have utilized their innate genetic resistance and lateral gene transfer to acquire resistance
to several antibiotics used in clinical and agricultural practices. This indicates that since the time
antibiotics have first been employed, their success was compromised by over-usage and development
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of tolerance or resistance. Thus, in the era of diminishing activity of available antibiotics, an additive
effect such as using combined therapies could enhance the life time of existing antibiotics [26,27].

Bacterial resistance to antimicrobial drugs can be related to their ability to form biofilms and secrete
virulence factors. Previously, it has been shown that, among other functions, the matrix of biofilms
prevents the access of antibiotics to the bacterial cells by sequestering them in the periplasm [24].
Furthermore, several studies also indicated the co-selection of virulence traits with antimicrobial drug
resistance by integration of virulence and resistance plasmids. Up-regulation of virulence improves the
fitness of the pathogen and has been shown to contribute to drug resistance [36]. In the present study,
we determined the ability of SWE (from CC and SG) to potentiate the activity of existing antibiotics (i.e.,
tetracycline and streptomycin) by using well-established broth dilution and MIC assays. We observed
that combinations of CC and SG water extracts with antibiotics significantly reduced the growth of S.
Enteritidis by 3–6 fold, as compared to the antibiotics alone (Figure 1). Previously, we showed that
SWE (CC and SG) reduced biofilm formation and down-regulated virulence gene expression of S.
Enteritidis [34]. Therefore, the increase in bacterial susceptibility to antibiotics was most likely due to
the effect of SWE (from both CC and SG) on biofilm formation and secreted virulence factors. This
finding is beneficial as there is a lack in the discovery of new antibiotics. According to the most recent
report from the Infectious Disease Society of America (ISDA), the numbers of antibiotics approved
by FDA for marketing or in late-stage clinical development in the US has increased since IDSA’s
2013 update [37]. However, a major concern is that a majority of these approved agents have been
developed by modification of existing chemical classes of antibiotics, rather than new chemical classes.
More importantly, large pharmaceutical sponsors continue to abandon the field and ISDA predicts that
a sustainable antibiotics production will be bleak without further economic incentives for antibiotic
development. Also, these drugs in the development pipeline might not be approved by the FDA and
are not guaranteed to work against resistant human pathogens. It is suggested that new approaches
to therapeutics other than small-molecule antibiotics that target resistant bacterial pathogens are
desirable [38]. Hence, the current finding of the ability to revive ineffective doses of antibiotics by using
natural, seaweed-derived compounds such as floridoside could be a suitable alternative. Currently,
due to reduced financial incentives, pharmaceutical companies have limited their research on the
development of new antibiotics. In this scenario, an alternative strategy to increase the efficacy of
existing antibiotics could save the cost of production and development of new antibiotics. Thus, the
implementation of combined therapies, i.e., the use of compounds such as floridoside, might improve
existing antibiotic performance.

Floridoside is a neutral heteroside isolated from red algae and serves as a soluble carbon
reserve. Floridoside from red seaweeds has also been researched for its potential medicinal
and pharmaceutical applications. Park et al. (2007) [39] isolated floridoside from the red alga
Ahnfeltiopsis flabelliformis and discovered its anti-quorum sensing activity. They identified that
a mixture of seaweed compounds containing betonicine, floridoside and isethionic acid was
capable of inhibiting AHL signaling in the quorum-sensing inhibition assay [39]. A year later,
the same research group isolated the individual compounds and tested their effects on cell
growth and quorum sensing using a reporter strain Agrobacterium tumefaciens. They observed that
although the isolated floridoside had no effect on cell growth and quorum sensing, its combination
with other isolated seaweed compounds significantly inhibited AHL activity [40]. In another
study, Janssens et al. (2008) tested the effects of some red seaweed-derived compounds, i.e.,
furanones with tetracycline on the viable cell count of Salmonella biofilms. They concluded that
pre-treatment of furanones reduced the viable cells in Salmonella biofilms by 50–2,100-fold [41].
Synthetic brominated furanones (Z)-4-bromo-5-(bromomethylene)-3-methylfuran-2(5H)-one
(BF8) have been demonstrated to revert the antibiotic tolerate of Pseudomonas aeruginosa PAO1
persister cells. Treatment with BF8 at growth non-inhibitory concentrations (0.1–2 μg/mL)
increased the susceptibility of persister cells to ciprofloxacin (Cip). Interestingly, BF8 was effective
against both planktonic and biofilm forms of P. aeruginosa PAO1 [42]. In another study, a novel

12



J. Mar. Sci. Eng. 2020, 8, 511

3-chloro-5(S)-[(1R,2S,5R)-2-isopropyl-5-methylcyclohexyloxy]-4-[4-methylphenylsulfonyl]-2(5H)-furanone
(F105) increases the efficacy of aminoglycosides (amikacin, gentamicin and kanamycin) and
benzalkonium chloride with fractional inhibitory concentration index values of 0.33–0.44 and 0.29
against Staphylococcus aureus. Moreover, low concentrations (0.5–1.3 mg/mL) of F105 restored the
antimicrobial efficacy of gentamicin and ampicillin against S. aureus biofilms [43]. This indicated
that application of furanones increased the susceptibility Salmonella to the antibiotics. In the present
study, we tested the effects of floridoside and tetracycline against S. Enteritidis. Results showed that
floridoside potentiated the activity of tetracycline against S. Enteritidis (Figure 3). Interestingly, in
Pseudomonas aeruginosa quorum sensing has been shown to regulate efflux pumps (i.e., demonstrated
mediators of antibiotic resistance). Accumulation of quorum sensing, auto-inducers (C4-HSL)
in the medium has been shown to increase the transcription of the multi-drug-resistant-pump
MexAB-OprM [44]. Relatedly, in the present study, floridoside might have inhibited quorum sensing
in Salmonella, which could have repressed efflux-related gene expression. Interference with efflux
activity would have resulted in the accumulation of tetracycline within the cell, eventually leading
to cell death. Thus, this finding demonstrated that selected seaweed compounds can be used as
effective alternatives, in combination, to increase both the useful life and reduce the rates of effective
concentrations of over-used antibiotics. Despite the significant progress in several pathogen control
strategies, the incidence of Salmonella Enteritidis in poultry and its subsequent transmission to the
human food chain has continued to be a food safety issue [45]. More importantly, the worldwide
emergence of several resistant strains of Salmonella emphasizes a major food safety hazard. In poultry,
Salmonella is responsible for either clinical diseases or asymptomatic subclinical infections, the latter is
referred to as “carriers” [46]. In earlier poultry studies, it has been shown that subclinical infection
in chickens can be persistent for >22 weeks. Thus, carriers play a vital role in the perpetuation of
Salmonella transmission in the livestock and environment, specifically by shedding the pathogen in
their feces without demonstrating any clinical disease symptoms [47]. Other means of Salmonella
transmission include vertical and horizontal transmission. Vertical transmission, which involves
passage of pathogen from parents to progeny, is critical in poultry production especially related to
Salmonella infections caused by S. Enteritidis. It has been demonstrated that Enteritidis has higher
affinity to the reproductive system of the layer hens as compared to other serovar [48–50]. Though
several antimicrobials can be used as therapeutics against such zoonotic pathogens, an increasingly
high resistance towards such antimicrobials point out the need to find natural alternatives for use in
animal feeds and supplements.

In Esherichia coli (E. coli), the quorum sensing regulator SdiA was shown to control
multi-drug-resistance by functioning as a positive regulator of the multi-drug-resistance-pump AcrAB.
Over-production of SdiA was shown to increase the levels of AcrAB leading to multi-drug-resistance [51].
Previously, we have shown that crude seaweed extracts down-regulated the expression of SdiA [34]
and floridoside was previously reported as a quorum sensing inhibitor [39]. Therefore, the possible
mode of action of floridoside could be the inhibition of bacterial quorum sensing resulting in increased
susceptibility of Salmonella to the antibiotics. Moreover, as quorum-sensing inhibitors do not cause
bacterial cell death, the selection pressure for development of resistance could be immensely reduced
in the pathogenic bacteria.

Tetracycline inhibits protein synthesis in bacteria by binding to the 30S subunit of the ribosome.
Bacteria can acquire tetracycline resistance by enzymatic inactivation of the drug or by increasing
efflux-pump activity. Multi-drug-efflux-pumps are membrane proteins that utilize cellular energy to
transport antibiotics from the cells to the external environment [52]. In the present study, the relative
transcript level of efflux-related genes of Salmonella Enteritidis, namely marA, arcB and ramA, were
significantly repressed by the combined treatment of floridoside and tetracycline, as compared to
control antibiotics alone (Figure 4). Reduced expression of efflux-related genes indicated a decrease in
the efficiency of Salmonella to efflux tetracycline from the cells [53]. Thus, in the presence of floridoside,
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the efflux of tetracycline would have been reduced, resulting in the accumulation of tetracycline to a
level which could potentially inhibit protein synthesis in the cell, thus eventually leading to cell death.

5. Conclusions

To conclude, this research indicated that extracts and pure compounds from the cultivated red
seaweeds Chondrus crispus and Sarcodiotheca gaudichaudii could be used to enhance the activity of
antibiotics which are most commonly used in poultry production. The extracts and compounds can
work in combination with the sub-lethal doses of tetracycline and streptomycin in order to potentiate
their antimicrobial activity. The proposed mode of action for the combined effects was that floridoside
could inhibit the quorum sensing of Salmonella, repressing the efflux-related gene expression, resulting
in cellular accumulation of tetracycline, ultimately leading to bacterial cell death. Taken together, these
findings showed that specific seaweed compounds can be used to increase the lifetime of existing
antibiotics. Further research needs to be carried out to understand the structure-activity relationship of
floridoside and tetracycline, which enhanced the antimicrobial activity against Salmonella. This will
further help to determine specific targets of floridoside in Salmonella that result in cell death and verify
the role of quorum sensing in the inhibitory activity of floridoside and tetracycline. Our previous
studies identified the antimicrobial activity of red seaweeds Chondrus crispus and Sarcodiotheca in vitro
and its successful translation into in vivo in chickens [34,54,55]. In layer hens, since red seaweed
responses were comparable to antibiotic (aureomycin) action, some red seaweeds can be used either as
an organic feed alternative to antibiotics or in combination with reduced rates of antibiotic inclusion.
As the CC and SG red seaweeds potentiated the activity of antibiotics in-vitro, it would be worthwhile
to try various combinations of antibiotics and these seaweeds at different dosages in chickens. A
feed additive that could lower the effective required dose of antibiotics could be extremely useful
in decreasing the consumption of antibiotics in commercial poultry farms and may assist with the
reduced incidence of further bacterial resistance to antibiotics.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-1312/8/7/511/s1,
Figure S1: 1H NMR spectrum of SWE A) Sarcodiotheca gaudichaudii B) Chondrus crispus. 1H NMR. signals correspond
to F—floridoside, I—isethionic acid, T—taurine and C—L-Citrulline, Figure S2: 1H NMR spectrum of floridoside
isolated from Chondrus crispus.
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Abstract: In the present study, the effect of macroalga Enteromorpha sp. enriched with Zn(II) and Cu(II)
ions on daily amounts of feces and urine excreted by growing pigs, apparent fecal nutrient digestibility
and daily nitrogen balance and retention, meat quality and the slaughter value of carcasses was
examined. The duration of feeding experiments was 87 days. In the control group, the requirement
for zinc and copper was covered by inorganic salts, whereas in the experimental group algae enriched
with these elements via biosorption were supplemented. No effect of Enteromorpha sp. on the increase
in digestibility of dry matter, dry organic matter, crude protein, crude fat and nitrogen-free extractives
was observed. Statistically significant differences concerned only the digestibility of crude ash.
The daily amount of excreted feces and urine did not differ significantly between groups. Meat from
pigs in the algal group was characterized by a lower water absorption and drip loss and contained
less fat and more protein than meat from the control group. Furthermore, a slight darkening of
the meat was observed. The weight of the liver was lower in pigs from the algal group. Enriched
macroalga Enteromorpha sp. may be introduced into pig nutrition as a feed material as an alternative
to inorganic salts.

Keywords: green macroalgae; microelements; feed additive; feeding experiment; growing pigs

1. Introduction

Seaweeds (called also macroalgae) have been used for millennia as a feed supplement in order to
improve animal nutrition and productivity [1]. Macroalgae are recognized as a valuable raw material
for the production of feed additives due to their enormous biodiversity, which can be exploited, and the
fact that seaweeds are widely used as foods, fertilizers, components of pharmaceuticals, cosmetics,
etc. [2,3]. Limited animal studies suggest that seaweeds may be also used in pig nutrition in order to
ameliorate gut health, to boost the immune system and growth performance. In the present paper,
the application of marine green macroalgae as a feed additive for pigs is proposed. In the review papers
of Makkar et al. (2016) [4], Angell et al. (2016) [5], Corino et al. (2019) [6] and Øverland et al. (2019) [7],
it was shown that seaweeds can serve as a source of active compounds for pigs, such as polysaccharides,
proteins and amino acids (lysine, histidine, isoleucine, leucine, arginine, methionine, phenylalanine,
threonine, tryptophan, valine, tyrosine, alanine, glutamine, asparagine), lipids including omega 3
and 6 fatty acids, vitamins (E, A, C, B1, B2, B3), minerals (Ca, Mg, P, K, Na, Mn, Zn, Fe, Cu, I, Se,
Co), phenolic compounds (e.g., phlorotannins) etc. [4–7]. These compounds demonstrate positive
health effects, such as prebiotic, antibacterial, antioxidant, anti-inflammatory and immunostimulant
effects. [4,6]. Seaweeds in pigs’ nutrition show a beneficial influence on the digestibility of feed
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(nitrogen, polysaccharides, fiber, dry matter, organic matter), health and welfare of pigs [6]. Due to
the presence of sulfated polysaccharides, such as alginates, ulvans and fucoidans, seaweeds also play
prebiotic functions and positively modulate the intestinal microbiota [6,8]. Seaweeds can be also
considered as potential antibiotic replacers in pigs [4,6]. Healthy and valuable feed is responsible for
animal health and thus the high quality of animal products such as meat.

Seaweeds in pig feed are used in different forms—as a dried biomass, as extracted compounds
(mainly polysaccharides—alginates, laminarin and fucoidan), or seaweed extracts [6]. Among brown
(Phaeophyceae), red (Rhodophyceae) and green seaweeds (Chlorophyceae), brown algae dominate in pig
nutrition (e.g., Ascophyllum nodosum [4,9,10], Fucus vesiculosus [4], Laminaria japonica [11], Laminaria
sp., as well as laminarin and fucoidan extracted from Laminaria [4,8]). In this work, we propose to
utilize the valuable composition and properties of marine green macroalgae (Enteromorpha sp.) for the
production of feed additives with microelements. Dry seaweeds are able to bind efficiently metal ions
from the aqueous solutions to the functional groups that are present on the surface of biomass [12–14].
In the present study, we enriched the algal biomass with microelements—Cu(II) and Zn(II)—using a
rapid and reversible process called biosorption [13,14]. These two elements were chosen, since they
are crucial for animals and are known to exert positive influence on growth performance of young
pigs [15]. On the other hand, there are some concerns associated with the increase in Cu and Zn load in
the environment, derived mainly from piggery effluents, which could have adverse effects on the soil
microbiota and potentially cause a decline in soil fertility and pasture, as well as on crop yields [16].
Therefore, there is a need to reduce the level of copper and zinc in the diet of growing pigs without
detrimental effects on the production and mineral status. The solution is to replace traditionally
used inorganic salts, which are not easily absorbed by organic form of minerals that can increase the
mineral absorption and retention in pigs [17]. In our previous work, we evaluated the effect of the
enriched with Zn(II) and Cu(II) ions macroalga Enteromorpha sp. on the mineral composition of blood,
meat, liver, feces and urine of growing pigs, production parameters, as well as biochemical markers
such as crude protein, albumins, glucose, urea, liver enzyme: aspartate aminotransferase, alanine
aminotransferase, gamma-glutamyl transpeptidase, total cholesterol and its fractions: high density
lipoprotein (HDL), low density lipoprotein (LDL) and triglycerides. It was found that the bioavailability
of microelements to pigs from algae was higher than from inorganic salts that were supplemented in
the control group [18]. Moreover, Dierick et al. (2009) suggested that brown seaweed—Ascophyllum
nodosum—may be introduced into pigs’ diets as a feed material with a double role: the improvement of
pig gut health and performance, and the iodine enrichment of porcine tissues [9].

The aim of the present study was to examine the effect of enriched with Cu(II) and Zn(II)
ions Enteromorpha sp. on the daily amount of feces and urine excreted by growing pigs, apparent
fecal nutrient digestibility, daily nitrogen balance and retention, meat quality and slaughter value
of carcasses.

2. Materials and Methods

2.1. Raw Material

The alga Enteromorpha sp. was collected from the Baltic Sea (Niechorze—Poland) and identified in
the Department of Botany and Plant Ecology of Wrocław University of Environmental and Life Sciences
(Poland). This macroalga dominates in the macrophytobenthos on the Polish coast. Large quantities
of seaweeds result from eutrophication. The touristic attractiveness of the seaside resorts nearby is
therefore reduced [19]. On the other hand, this edible macroalga is characterized by a high nutritional
value. It has been shown that Enteromorpha sp. is rich in lipids (in % of dry mass (DM)): from 3.47 ± 1.76
to 4.36 ± 2.17 [20], in proteins: from 9.42 ± 4.62 to 20.6 ± 5.0 [21], in carbohydrates: from 29.1 ± 6.44 to
39.8 ± 11.2 [21] and minerals [18,22]. The examined Enteromorpha sp. from the Baltic Sea contains micro-
and macroelements in the amounts: Co 1.18 ± 0.18 mg/kg, Cu 2.17 ± 0.33 mg/kg, Fe 705 ± 106 mg/kg,
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Mn 51.0 ± 7.6 mg/kg, Zn 15.2 ± 2.3 mg/kg, Ca 9040 ± 1810 mg/kg, K 15,400 ± 3100 mg/kg, Mg
20,500 ± 4100 mg/kg, Na 19,400 ± 3900 mg/kg [18].

2.2. Production of Algal Feed Additives

Baltic macroalga was enriched with Cu(II) and Zn(II) ions through biosorption. The solutions of
microelements were prepared in 40 L of tap water (by dissolving appropriate amounts of CuSO4·5H2O
and ZnSO4·7H2O (Avantor Performance Materials Poland S.A., Gliwice, Poland). Biosorption was
carried out at room temperature for 4 h and the pH of solutions with a concentration of Cu(II) and
Zn(II) equal to 300 mg/L was 5. The content of dry biomass was 1 g/L [18]. The best process parameters
were established in our previous research [12]. After biosorption, the biomass of macroalgae was dried
in air and then crushed in a blender. The content of Cu and Zn in the enriched algal biomass was
determined using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) and was
equal to 51.6 g of Cu/kg of dry mass (DM) and 56.4 g Zn/kg, respectively [18].

Three types of complete mixtures for growing pigs—“Starter”(S), ”Grower” (G) and ”Finisher”
(F)—were produced and added to the standard feed, composed of ground wheat (S: 35%, G: 40% and
F: 40%), ground barley (S: 41.7%, G: 43.4% and F: 47.9%), soybean meal (S: 15.5%. G: 11.5%, F: 8%),
canola oil (S: 3.3%, G: 1.8%, F: 1.4%) and acidifier Lonacid Max (1017) (S: 0.5%, G: 0.3%, F: 0.2%),
supplementary feed (S: 4.0%, G: 3.0%, F: 2.5%) [18,23]. The produced enriched algal biomass was sent
to the company LNB Poland Ltd. (Poland), which was responsible for the preparation of premix—a
source of trace elements and vitamins for growing pigs. The detailed chemical composition of the feed
mixture is presented in Table 1.

Taking into account the content of Cu and Zn in the standard feed, the coverage of the requirement
for these elements according to the Feeding Standards for Poultry and Swine (2005) [24] was calculated.
The difference in the standard feed was supplemented by enriched algae (premix)—Table 2. The
limiting factor was copper—the content of this microelement in the feed for growing pigs should not
exceed 25 mg/kg feed.

The mineral composition of the feed used in the feeding experiments on growing pigs, both for
the control group—microelements supplemented by inorganic salts (C), as well as for the experimental
groups—microelements supplemented by enriched macroalga (MA) is presented in Table 3 [18].

2.3. Feeding Experiments on Growing Pigs

The feeding experiments on growing pigs were approved by the Second Local Ethical Committee
on Animal Testing at Wrocław University of Environmental and Life Sciences. This work was carried
out in accordance with EU Directive 2010/63/EU for animal experiments. These experiments were
conducted at the Experimental Station of the Poznań University of Life Sciences in Gorzyń (Poland)
and lasted for 87 days. The general scheme of these studies is shown in Figure 1.

The buildings where pigs were housed were cleaned and disinfected before experiments.
The temperature inside the buildings was 16–18 ◦C. Natural and artificial lighting illuminated the whole
area. Growing pigs originated from the following breeds: sow—the Polish Landrace/Polish Large White
cross and boar—Hampshire/Pietrain cross. The study was conducted on two groups—the control and
experimental. There were 12 piglets (eight barrows and four gilts) in each group. Both groups were fed
with feed mixtures, which were characterized by the same content of nutrients, but in a different form.
The control group received Zn and Cu as inorganic salts—CuSO4·5H2O and ZnSO4·7H2O—and the
experimental group Enteromorpha sp. enriched with Cu and Zn (from the basic mixture, inorganic
forms of Zn and Cu were removed and replaced by enriched algae). Before the start of the study, each
pig was marked by ear tagging and also dewormed (Dectomax®or Ivomec®). Animals were kept in
individual pens in order to control the feed mixture intake [18,23].
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Table 1. The chemical composition of feed mixtures for growing pigs (Reproduced with permission
from Saeid et al., J. Appl. Phycol.; published by Springer, 2013 [23]).

Ingredient (in 1 kg of Mixture) Unit
Type of Mixture

”Starter” ”Grower” ”Finisher”

Net energy kcal 2340 2280 2281
Metabolizable energy MJ 13.6 13.2 13.2

Dry mass % 87.3 87.2 87.1
Crude protein % 17.4 15.7 14.5

Crude fiber % 3.00 2.80 3.50
Crude fat % 5.00 3.10 3.20
Crude ash % 5.10 4.30 3.70

N-free extractives % 56.8 61.3 62.2
L-Lysine % 1.17 0.93 0.85

Methionine % 0.39 0.29 0.26
Methionine+Cysteine % 0.71 0.60 0.55

L-Threonine % 0.75 0.59 0.54
Tryptophan % 0.23 0.20 0.16
Isoleucine % 0.66 0.59 0.51

Calcium (Ca) total % 0.73 0.68 0.60
Phosphorus (P) total % 0.55 0.50 0.43

Mineral phosphorus (P) % 0.16 0.15 0.13
Digestible phosphorus (P) % 0.34 0.30 0.25

Phytase FTUa 500 510 425
Sodium (Na) % 0.20 0.20 0.14

Iron (Fe)b mg 198 183 172
Manganese (Mn)b mg 91 82 73

Copper (Cu)b mg 167 25 22
Zinc (Zn)b mg 157 148 126
Iodine (I)b mg 1.66 1.49 1.26

Cobalt (Co)b mg 0.88 0.81 0.68
Selenium (Se)b mg 0.49 0.48 0.44

Vitamin Ac I.U. 16,000 12,000 10,000
Vitamin D3

c I.U. 2000 1998 1665
Vitamin Ec mg 150 124 104

Vitamin K3
c mg 4.00 1.80 1.50

Vitamin B1
c mg 2.40 1.80 1.50

Vitamin B2
c mg 6.40 4.80 4.00

Vitamin B3 (Niacin)c mg 32.0 24.0 20.0
Vitamin B5 (Pantothenic acid)c mg 16.0 12.0 10.0

Vitamin B6
c mg 4.8 3.6 3.0

Vitamin B12
c mcg 40.0 30.0 25.0

Vitamin Cc mg 100 100 83.3
Biotinc mcg 160 120 100

Folic acid c mg 3.20 2.40 2.00
Cholinec mg 350 250 208

a One ”Phytase Unit” (FTU) is defined as that quantity of enzyme that will liberate inorganic phosphate at one
micromole per minute from sodium phytate based on a 30-minute hydrolysis of sodium phytate at 37 ◦C and pH 5.5;
b Microelements supplemented: Fe as FeSO4·H2O 30%; Mn as MnO2 60%; Cu as CuSO4·5H2O 25%; Zn as ZnSO4·H2O
35%; I as Ca (IO3)2·H2O 62%, Co as CoCO3 21%; Se as Na2SeO3 5%; c Vitamins supplemented: retinyl acetate
(A), cholecalciferol (D3), DL α-tocopherol acetate (E), menadione sodium bisulfite (K), thiamine mononitrate (B1),
riboflavin (B2), nicotinic acid; niacin (B3), pantothenic acid; D-calcium pantothenate (B5), pyridoxine hydrochloride
(B6), cyanocobalamin(B12), ascorbic acid (C), D-biotin (biotin), folic acid, choline chloride (choline).
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Table 2. Enriched with microelements Enteromorpha sp. added to the mixtures in order to cover the
requirement for Cu and Zn (%).

Microelement Requirement ”Starter” ”Grower” ”Finisher”

Cu
Requirement for Cu in the standard feed that should be

covered by the feed additive 25% 84% 84%

The coverage of the requirement by enriched algae
(as a premix) 26% 100% 100%

Zn
Requirement for Cu in the standard feed that should be

covered by the feed additive 28% 15% 15%

The coverage of the requirement by enriched algae
(as a premix) 32% 18% 18%

Table 3. The mineral composition of the feed for pigs in the control and experimental groups (Data
from Michalak et al., Open Chem., De Gruyter Open, 2015 [18]).

Element

”Starter” ”Grower” ”Finisher”

C MA C MA C MA

mean ± SD (mg/kg DM)

Ca 4412 ± 1484 4476 ± 698 4038 ± 787 3819 ± 581 3611 ± 595 2872 ± 732
Cu 13.3 ± 7.6 4.08 ± 0.62 9.06 ± 2.16 5.54 ± 1.06 11.3 ± 3.7 6.16 ± 4.9
Fe 206 ± 141 166 ± 87 149 ± 79 193 ± 56 205 ± 9 91.2 ± 63
K 3550 ± 716 3216 ± 444 3459 ± 593 3461 ± 566 3721 ± 270 2854 ± 576

Mg 788 ± 156 728 ± 107 767 ± 125 750 ± 118 846 ± 72 674 ± 123
Mn 82.0 ± 29.7 61.3 ± 16.3 66.4 ± 21.0 77.0 ± 15.5 63.7 ± 12.8 52.0 ± 16.7
Na 999 ± 187 909 ± 111 866 ± 118 890 ± 136 841 ± 84 745 ± 222
Zn 91.4 ± 22.9 73.0 ± 9.8 78.1 ± 17.5 76.0 ± 14.3 86.5 ± 11.4 62.3 ± 14.8

Figure 1. General scheme of feeding experiment on growing pigs.

During the production test, 12 barrows (six in each group) with a body weight of approximately
50–60 kg, were tested in balance and digestibility trials. Exactly 31 days after of feeding with ”Grower”
mixture, barrows were placed in individual metabolism cages, where they were fed with the same
mixtures as during the whole experiment. The amount of the feed mixture was the same for all animals
and it was ca. 2.5 kg per day. Every morning, the uneaten remains of the mixture were determined
by weighing. The period of the first 3 days was treated as preliminary—the preparatory period after
changing the living conditions. Over a further 4 days (proper period), the amount of ingested mixture
and the quantity of feces and urine was recorded each day. Pigs urine flew into a special plastic tanks
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placed under the cages. Into these tanks, every day, 10 mL of 10% sulfuric acid was poured in order
to bind the ammoniacal nitrogen. Pigs’ feces were stopped on a grid placed under the grill of the
pens. The daily collections of 10% pig feces and urine were collected in special jars with ground glass
stoppers (urine) and in plastic bags (feces). The collected samples were stored in a refrigerator at
3–4 ◦C. Urine and feces collected during the period were thoroughly mixed.

At the end of fattening (after about 105 kg of body weight), from each group, 10 pigs (seven barrows
and three gilts) were selected for slaughter, according to the standards in the meat industry—Minister
of Agriculture and Rural Development dated April 2, 2004 (Polish Journal of Laws 2004.70.643).
The slaughter procedure was carried out in a slaughterhouse by persons entitled to professional
slaughter and by using acceptable methods of slaughter and killing of animals. The approved
procedure involved the use of electronarcosis and the exsanguination of the pigs [23]. The post
slaughter evaluation was also performed, which concerned hot carcass weight, carcass yield, slaughter
yield, loin eye area, backfat thickness and the weight of the liver.

2.4. Analytical Methods

Nitrogen was determined by Kjeldahl’s method, according to PN-EN ISO 5983–1:2006/AC:2009
(animal feeding stuffs—determination of nitrogen content and calculation of crude protein content—part
1: Kjeldahl method). In the wet fecal samples, the content of dry matter and nitrogen was determined.
In dried fecal samples, crude fat, crude fiber, crude ash was measured and in the urine samples, the
concentration of nitrogen was measured.

The content of meat in the carcass was measured with the use of an optical needle device—CGM
apparatus (France). The measurement of pH was performed 1 and 24 hours after slaughter with the
use of a Radiometer Copenhagen PHM80 Portable pH Meter with combined electrode. Electrical
conductivity in the muscles after 24 h was determined by conductometer MP–03. The color of the meat
was measured by Minolta Chroma Mater CR 300 (Konica Minolta Sensing, Inc., Japan) to detect the
L*a*b* values (where: L—color lightness, a—color value red, b—color value yellow).

The content of fat, water and protein in meat samples (longissimus dorsi muscle) was determined
according to standard chemical methods [25]. The drip loss was calculated from the difference between
the initial and final mass of the sample, and was placed in foil sack at a temperature of 4 ◦C for 48 h.
IM-03 Pig Carcass Grading Apparatus was used to analyze the physical parameters of the meat such
as the area of the loin eye and backfat thickness.

2.5. Statistical Methods

In our paper, two independent groups of pigs were compared: the first fed with inorganic salts
as feed additive (the control group) and the second fed with enriched macroalgae (the experimental
group). At first, we checked whether our dataset was well modeled by a normal distribution or not with
the use of Shapiro–Wilk normality test. If the distribution of the dependent variables was non-normal,
then the non-parametric Mann–Whitney U test was used. If the distribution of the dependent variables
was normal, then for the two compared groups (of which the size was smaller than 30) the homogeneity
of variance was checked with the use of the Brown–Forsyth test. If the variances were homogeneous,
then the t test was chosen, if not, we used the Cochran–Cox test. The results were elaborated statistically
by Statistica ver. 9.0. Results were considered significantly different when P < 0.05.

3. Results

The animals remained healthy throughout the experiment, as shown in our previous work,
in which we examined the effects of enriched macroalgae on the growth performance of growing
pigs—average feed intake, average weight gain and feed conversion ratio, as well as biochemical
markers in the serum of examined pigs and mineral composition of blood, meat, liver, feces and urine
of growing pigs. All the examined parameters were comparable in both examined groups and were
not statistically significant [18].
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3.1. Balance and Digestibility Trials

Balance and digestibility trials were conducted only in male individuals, which allowed for the
separate collection of feces and urine. These trials usually start when the body weight reaches about
65 kg, which corresponds to the finishing feeding with “Grower” mixture. In this period, the best
indicators, which concern protein, fat and mineral balance, are usually achieved. After this period of
fattening, more intensive protein deposition and an increase in fat storage is observed. During the
balance and digestibility trials, a ”Grower” mixture in the control and experimental group contained
the following components: dry weight (872 g/kg feed), total protein (157 g/kg), crude fat (31 g/kg), crude
fiber (28 g/kg), crude ash (C—43 g/kg, MA—45 g/kg), nitrogen-free extractives (613 g/kg), minerals:
Ca (68 g/kg), P total (50 g/kg), P digestible (30 g/kg), Cu (25 mg/kg), Zn (148 mg/kg), Mn (82 mg/kg),
Fe (183 mg/kg), I (1.49 mg/kg), Co (0.81 mg/kg) and Se (0.48 mg/kg) [18].

3.2. Daily Amounts of Feces and Urine Excreted by Growing Pigs

Table 4 summarizes the results concerning the daily amount of feces and urine excreted by pigs
during the collection period, which lasted 4 days. There were no statistically significant differences
between the control and algal group, but the experimental group excreted 13% more feces and 20%
less urine when compared with the control group. The nitrogen concentration in urine was 34% higher
in the experimental than in the control group. Other differences were lower than 5%. These results are
in agreement with data presented by Saeid et al. (2013) in analogous experiments carried out with
microalga Spirulina maxima enriched with Cu(II), Zn(II) and Fe(II) ions as a feed additive [23].

Table 4. Daily amounts of feces and urine excreted by growing pigs in the collection period (4 days).

Specification
C MA

p Value Statistical Test
Mean ± SD

Feces

Feces excreted (g) 765 ± 74 865 ± 254 0.749 Mann-Whitney
Dry matter (%) 32.7 ± 3.0 31.8 ± 5.9 0.750 Test t

Excreted dry matter (g) 249 ± 11 264 ± 29 0.251 Test t

Urine

Urine excreted (g) 5 095 ± 1 035 4 079 ± 1 276 0.161 Test t
N (%) 0.427 ± 0.116 0.572 ± 0.154 0.0956 Test t

N excreted in urine (g) 20.8 ± 1.9 21.8 ± 2.7 0.483 Test t

3.3. Apparent Fecal Nutrient Digestibility (%) and Daily Nitrogen Balance and Retention

Table 5 presents the apparent fecal nutrient digestibility (%) and daily nitrogen balance and
retention. No effect of enriched macroalgae on the increase in digestibility of dry matter, dry organic
matter, crude protein, crude fat and nitrogen-free extractives was observed. A statistically significant
difference concerned the digestibility of crude ash, which, in the experimental group, was 15% lower
than in the control group. In the case of nitrogen retention and retention in relation to N intake (%),
these parameters were lower by 5% in the algal group compared to the control.

3.4. Meat Quality and Slaughter Value of Carcass

In Table 6, the results, which concern the meat quality and slaughter value of carcasses are
presented. A statistically significant difference was observed only for the liver weight, which, in the
experimental group, was 14.5% lighter than in the control group. Beside this, groups of pigs were not
significantly different in the characteristics of meat quality and slaughter value of their carcasses.
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Table 5. Apparent fecal nutrient digestibility (%) and daily nitrogen balance and nitrogen retention.

Specification
C MA

p Value Statistical Test
Mean ± SD

Apparent Fecal Nutrient Digestibility (%)

Dry matter 86.2 ± 1.3 84.9 ± 1.8 0.184 Test t
Dry organic matter 88.1 ± 1.2 87.0 ± 1.6 0.208 Test t

Total protein 87.4 ± 1.8 86.9 ± 3.7 0.689 Mann-Whitney
Total fat 77.0 ± 3.4 78.9 ± 8.6 0.630 Test t

Crude fiber 22.0 ± 8.2 18.8 ± 5.3 0.443 Test t
Crude ash 50.2 ± 4.4 42.5 ± 6.3 0.0330 Test t

Nitrogen-free extractives 91.9 ± 0.8 90.8 ± 1.1 0.0731 Test t

Daily Nitrogen Balance and Nitrogen Retention

Nitrogen taken in the feed (g) 50.2 ± 0.0 50.2 ± 0.0 - -
Nitrogen excreted (g) in:

Feces 6.32 ± 0.90 6.53 ± 1.86 0.689 Mann-Whitney
Urine 20.8 ± 1.9 21.8 ± 2.7 0.486 Test t

Nitrogen retention (g) 23.1 ± 2.0 21.9 ± 2.0 0.331 Test t
Retention in relation to N
intake (%)—absorption 45.9 ± 3.9 43.5 ± 3.9 0.311 Test t

Statistically significant differences (p < 0.05) were written in Italics.

Table 6. Assessment of slaughter value of carcass and meat quality.

Specification
C MA p Value Statistical Test

Mean ± SD

Assessment of Slaughter Value of Carcass

Hot carcass weight (kg) 90.7 ± 2.8 88.3 ± 4.1 0.143 Test t
Carcass yield (%) 54.7 ± 2.3 53.6 ± 3.5 0.408 Cochran-Cox

Loin eye area (cm2) 38.9 ± 4.8 37.5 ± 5.0 0.548 Test t
Weight of liver (g) 1 724 ± 227 1 474 ± 200 0.0284 Mann-Whitney

Average backfat thickness (mm)

Over the shoulder 38.7 ± 6.7 37.7 ± 5.6 0.721 Test t
On the midback 20.2 ± 5.1 21.9 ± 5.7 0.489 Test t
On the rump I 20.2 ± 3.1 21.0 ± 5.3 0.650 Mann-Whitney
On the rump II 13.8 ± 2.6 14.3 ± 4.4 0.762 Test t
On the rump III 16.2 ± 3.6 16.2 ± 4.7 1.000 Test t

Assessment of meat quality

pH 1 (after 45 minutes) 6.28 ± 0.24 6.26 ± 0.23 0.854 Test t
pH 24 (after 24 hours) 5.51 ± 0.0944 5.50 ± 0.0860 0.733 Test t
Water absorption (%) 32.9 ± 0.9 30.7 ± 3.4 0.0686 Cochran-Cox

Drip loss (%) 5.46 ± 2.13 5.05 ± 2.43 0.694 Test t
Marbling (degrees) 1.75 ± 0.26 1.70 ± 0.42 1.000 Mann-Whitney

Electrical conductivity (mS/cm2) 3.97 ± 1.15 4.04 ± 1.08 0.890 Test t
The content in muscles (%)

Water 72.4 ± 1.1 72.5 ± 0.9 0.893 Test t
Fat 3.24 ± 0.89 2.62 ± 0.65 0.0821 Mann-Whitney

Protein 23.3 ± 0.7 23.8 ± 0.7 0.106 Test t

Color

L (color lightness) 50.8 ± 1.7 51.1 ± 3.0 0.838 Test t
a (color value-red) 4.49 ± 0.72 4.52 ± 0.82 0.932 Test t

b (color value-yellow) 0.265 ± 0.806 0.0340 ± 1.38 0.653 Test t

Statistically significant differences (p < 0.05) are written in italics.
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4. Discussion

In the present study, green seaweeds—Enteromorpha sp.—were examined in terms of their potential
application in pig feed. Several parameters such as the daily amount of feces and urine excreted,
apparent fecal nutrient digestibility, daily nitrogen balance and retention, meat quality and the slaughter
value of carcasses were evaluated. It was shown that the digestibility of crude ash in the experimental
group was 15% lower than in the control group. This difference was statistically significant. This may
result from the naturally high level of this component in the biomass of Enteromorpha sp. collected from
the Baltic Sea, which ranges from 19% to 32% [21], while the ash content in the dry matter in cereals
ranges from 1.4% in maize to 2.7% in oats [26]. Moreover, crude fiber digestibility was 14.5% lower.
Similar results (the same trend) were obtained by Saeid et al. (2013), who used microalga Spirulina
maxima enriched with Cu(II), Zn(II) and Fe(II) ions as a feed additive for growing pigs [23]. Moreover,
Dierick et al. (2009) found that the overall digestibility of nutrients in the pigs’ diet seemed not to be
negatively affected by seaweed supplementation (10 and 20 g/kg of feed). However, the apparent fecal
nutrient digestibility of dry matter, dry organic matter, crude protein and crude ash in the experimental
group was slightly higher than in the control group (for seaweed content 20 g/kg of feed it was: 3.2%,
3.5%, 14.7% and 21%, respectively). Only the digestibility of crude fat was 8.4% lower in the algal
group than in the control group [9]. In the paper of Lynch et al. (2010), the digestibility coefficient of
dry matter and dry organic matter in the control group and in all experimental groups (the content of
Laminaria hyperborea extract was 0.7 g/kg; 1.4 g/kg; 2.8 g/kg and 5.6 g/kg) was the same and equal 89%
and 91%, respectively [8].

We have also found that nitrogen retention and retention in relation to N intake (%) was lower
in the algal group when compared to the control. Increased nitrogen excretion in the urine (control
group—20.8 g, experimental group—21.8 g), required much more metabolic effort on the part of the
pigs, as was seen in slightly weaker daily gains (by about 4% lower in algal than in control group)
and in the greater feed conversion per kg of gain (about 2% lower in algal than in control group) [18].
In the control group, pigs excreted slightly less nitrogen (6.32 g) than in the experimental group
(6.53 g). This can result in improved protein digestibility in the control group, which was 87.4%,
while in the experimental group the protein digestibility was 86.9%. Moreover, Gardiner et al. (2008)
observed that the nitrogen retention was 31% lower in the experimental group (addition of 2.5 g of
Ascophyllum nodosum extract) than in the control group [10]. In our study, in the urine from both groups,
significantly higher amounts of nitrogen were excreted when compared with feces. These results were
also confirmed in the paper of Gardiner et al. (2008) who noted that the nitrogen content in urine in
the control group was 29 g per day and in the experimental group 37 g per day (addition of 2.5 g of
Ascophyllum nodosum extract), and in feces 8.7 g per day and 9.4 g per day, respectively [10]. Moreover,
Lynch et al. (2010) examined the effect of dietary Laminaria-derived laminarin and fucoidan on nitrogen
utilization in pigs. There was a quadratic response to seaweed extract on urinary nitrogen excretion,
total nitrogen excretion and nitrogen retention [8].

Since meat and meat products are considered vital components of a healthy diet, increased
consumer demand for food with reduced fat levels and cholesterol and an enhanced fatty acid profile
is observed [27]. In the present work, it was shown that the meat quality and slaughter value of the
carcass was comparable in both tested groups—control and enriched macroalgae. The only difference
concerned the liver weight, which in the experimental group was 14.5% lighter than the control
group. These results also confirm the values of liver enzymes (aspartate aminotransferase (AST),
gamma-glutamyl transpeptidase (GGT)), which, in the experimental group, had lower values than
the control group [18]. Saeid et al. (2013) also noted 5% lighter liver in the experimental group, in
which pigs were fed with Spirulina maxima enriched with Cu(II), Zn(II) and Fe(II), when compared
to the control group—microelements supplemented as inorganic salts [23]. Moreover, Svoboda et al.
(2009) did not observe a difference in the hot weight of carcass in the group of pigs, which were fed
with the addition of inorganic sodium selenite (78.6 ± 7.1 kg), and in the group fed with organic Se
from Se-enriched alga—Chlorella spp. (78.5 ± 5.0 kg) [28]. The same applied in the case of two other
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microalgae, Chlorella and Scenedesmus, which were compared with pigs’ diets containing fish meal.
Carcass characteristics was comparable and the digestibility studies indicated that algae were low in
digestible energy, but their protein was 70% digestible [29].

In our study, there was no statistically significant effect of algal additive on the average value
of pH1, pH24 (acidity of meat), water absorption, drip loss (respectively lower by 7.0% and 7.5% in
the experimental group than in the control group—the smaller the leakage, the better). A decrease in
water absorption by 5% and drip loss by 34 % was also noted by Saeid et al. (2013) in the case of the
application of Spirulina maxima in the experimental group of pigs [23]. In the research of Suzuki et al.
(2002), the influence of dried seaweed on meat production and its quality was examined. The cooking
loss in the first group—dried seaweeds and breadcrumbs mixed with feed at a rate of 0.3% and
5%—and the second group—dried seaweed as an additive—was significantly lower than in the third
group—breadcrumbs used as an additive—and the fourth group, where neither additive was used.
The obtained results showed that the addition of dried seaweeds improved the meat quality [30].
Our results also confirmed data obtained by Svoboda et al. (2009) [28]. The pH of the meat (24 h
after slaughter) was 5.66 in the group with inorganic Se and 5.68 in the group with Se-enriched alga.
However, the leakage in the experimental group was 12.5% higher than in the control group [28].

The average values of carcass yield of the growing pigs in both groups did not differ from the
average carcass yield of pigs in the national population, which in 2011 was 55.4% [31]. This indicates
that they meet the current standards for carcass yield and can be used in the meat industry. However,
the carcass yield of pigs in the control group (55%) was slightly higher than in the experimental group
(54%). The reason may be greater nitrogen excretion from the body (both in feces and urine) in the
experimental group. The control group was characterized by a better utilization of nitrogen, which was
used to build muscle tissue, hence the higher carcass yield. Moreover, Sardi et al. (2006) found that
the lean meat (%) in the control group of pigs (a maize/soybean diet) was slightly higher (49.1%) than
in the experimental groups: the first (macroalgae added at 2.5 g/kg over the last 8 weeks prior to
slaughtering) was 48.1%, the second (5 g/kg over the last 4 weeks prior to slaughtering) was 48.6%,
and the third (2.5 g/kg over the last 4 weeks prior to slaughtering) was 48.7% [32].

Loin eye area is also related to the carcass yield, and in the experimental group it was lower than
in the control group. The content of fat in muscle was by 19% lower in the experimental group than
in the control group, which may be approved by consumers who are looking for products low in fat.
The reduced content of fat in pigs from the algal group is associated with marbling (increased fat tissue),
which was also lower in the experimental group. In the group of growing pigs fed with algae, a positive
change in terms of reducing fat content and the growth of the desired protein was observed. Moderate
marbling (the amount and distribution of intramuscular fat in muscle cross section) that is uniformly
distributed is a desirable property [33]. The backfat thickness on the midback of growing pigs from the
algal group was 8.4% higher than in pigs from the control group. There is a tendency for a decrease
in thickness towards the rear of pigs’ bodies. The average backfat thickness from 5 measurements
(over the shoulder, on the midback and on the rump I, II, III) was greater in the experimental group
(22.2 mm) than in the control group (21.8 mm). Other differences were lower than 5%. Moreover, a
slight darkening of meat from pigs in the experimental group was observed. Choi et al. (2012) also
reported an improvement in the color and sensory characteristics of reduced-fat pork patties as a result
of the supplementation of pig feed with Laminaria japonica powder extract [11]. Nowadays, the meat
color is one of the most important properties taken into account by consumers [34].

5. Conclusions

In the present study, the effect of macroalga Enteromorpha sp. enriched with Zn(II) and Cu(II)
ions via biosorption on the daily amounts of feces and urine excreted by growing pigs, apparent fecal
nutrient digestibility and daily nitrogen balance and retention, meat quality and slaughter value of
carcasses was examined. There were no statistically significant differences between the control and
experimental group when taking into account the listed parameters. The average value of carcass yield
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of growing pigs in both groups did not differ from the average carcass yield of pigs from the national
population. This indicates that the microalgae meet current standards for carcass yield and can be used
by the meat industry. In the algal group, a positive change in terms of reducing fat content in meat,
and the growth of the desired protein, was observed. The meat of pigs in the experimental group was
characterized by lower water absorption and drip than in the control group. Furthermore, a slight
darkening of the meat from pigs in the experimental group was observed. On the basis of conducted
experiments, it was found that the enriched algal biomass had no negative effect on the examined
parameters and therefore may be introduced in pig nutrition as a feed material as an alternative to
inorganic salts.

Author Contributions: Conceptualization, I.M., K.C. and D.K.; methodology, I.M., K.C. and D.K.; formal analysis,
I.M., K.C. and D.K.; investigation, I.M., K.C. and D.K.; writing—original draft preparation, I.M.; writing—review
and editing, I.M., K.C. and D.K.; visualization, I.M.; supervision, K.C. and D.K.; project administration, K.C.;
funding acquisition, K.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Polish Ministry of Science and Higher Education, grant number
N R05 0014 10.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Craigie, J.S. Seaweed extract stimuli in plant science and agriculture. J. Appl. Phycol. 2011, 23, 371–393. [CrossRef]
2. Hurst, D. Marine functional foods and ingredients. A briefing document. Mar. Fores. Ser. 2006, 5, 1–72.
3. McHugh, D.J. A Guide to the Seaweed Industry; FAO Fisheries Technical Paper; Food and Agriculture

Organization of the United Nations: Rome, Italy, 2003; p. 441.
4. Makkar, H.P.S.; Tran, G.; Heuzé, V.; Giger-Reverdin, S.; Lessire, M.; Lebas, F.; Ankers, P. Seaweeds for

livestock diets: A review. Anim. Feed Sci. Technol. 2016, 212, 1–17. [CrossRef]
5. Angell, A.R.; Angell, S.F.; de Nys, R.; Paul, N.A. Seaweed as a protein source for mono-gastric livestock.

Trends Food Sci. Technol. 2016, 54, 74–84. [CrossRef]
6. Corino, C.; Modina, S.C.; Di Giancamillo, A.; Chiapparini, S.; Rossi, R. Seaweeds in pig nutrition. Animals

2019, 9, 1126. [CrossRef]
7. Øverland, M.; Mydland, L.T.; Skrede, A. Marine macroalgae as sources of protein and bioactive compounds

in feed for monogastric animals. J. Sci. Food Agric. 2019, 99, 13–24. [CrossRef]
8. Lynch, M.B.; Sweeney, T.; Callan, J.J.; O’Sullivan, J.T.; O’Doherty, J.V. The effect of dietary Laminaria-derived

laminarin and fucoidan on nutrient digestibility, nitrogen utilisation, intestinal microflora and volatile fatty
acid concentration in pigs. J. Sci. Food Agric. 2010, 90, 430–437. [CrossRef]

9. Dierick, N.; Ovyn, A.; De Smet, S. Effect of feeding intact brown seaweed Ascophyllum nodosum on some
digestive parameters and on iodine content in edible tissues in pigs. J. Sci. Food Agric. 2009, 89, 584–594.
[CrossRef]

10. Gardiner, G.E.; Campbell, A.J.; O’Doherty, J.V.; Pierce, E.; Lynch, P.B.; Leonard, F.C.; Stanton, C.; Ross, R.P.;
Lawlor, P.G. Effect of Ascophyllum nodosum extract on growth performance, digestibility, carcass characteristics
and selected intestinal microflora populations of grower–finisher pigs. Anim. Feed Sci. Technol. 2008, 141,
259–273. [CrossRef]

11. Choi, Y.S.; Choi, J.H.; Han, D.J.; Kim, H.Y.; Kim, H.W.; Lee, M.A.; Chung, H.J.; Kim, C.J. Effects of Laminaria
japonica on the physico-chemical and sensory characteristics of reduced-fat pork patties. Meat Sci. 2012, 91,
1–7. [CrossRef]

12. Michalak, I.; Chojnacka, K. Edible macroalga Ulva prolifera as microelemental feed supplement for livestock:
The fundamental assumptions of the production method. World J. Microbiol. Biotechnol. 2009, 25, 997–1005.
[CrossRef]

13. Michalak, I.; Chojnacka, K.; Witek-Krowiak, A. State of the art for the biosorption process—A review.
Appl. Biochem. Biotechnol. 2013, 170, 1389–1416. [CrossRef]

14. Michalak, I.; Witek-Krowiak, A.; Chojnacka, K.; Bhatnagar, A. Advances in biosorption of microelements—the
starting point for the production of new agrochemicals. Rev. Inorg. Chem. 2015, 35, 115–133. [CrossRef]

29



J. Mar. Sci. Eng. 2020, 8, 347

15. Jacela, J.Y.; DeRouchey, J.M.; Tokach, M.D.; Goodband, R.D.; Nelssen, J.L.; Renter, D.G.; Dritz, S.S. Feed
additives for swine: Fact sheets—high dietary levels of copper and zinc for young pigs, and phytase. J. Swine
Health Prod. 2010, 18, 87–91. [CrossRef]

16. McGrath, S.P.; Chaudri, A.M.; Giller, K.E. Long-term effect of metals in sewage sludge on soils microorganisms
and plants. J. Ind. Microbiol. 1995, 14, 94–104. [CrossRef]

17. Hernández, A.; Pluske, J.R.; D’Souza, D.N.; Mullan, B.P. Levels of copper and zinc in diets for growing and
finishing pigs can be reduced without detrimental effects on production and mineral status. Animal 2008, 2,
1763–1771. [CrossRef]

18. Michalak, I.; Chojnacka, K.; Korniewicz, A. New feed supplement from macroalgae as the dietary source of
microelements for pigs. Open Chem. 2015, 13, 1341–1352. [CrossRef]

19. Dederen, L.H.T. Marine eutrophication in Europe: Similarities and regional differences in appearance. In
Marine Coastal Eutrophication: Proceedings of an International Conference; Vollenweider, R.A., Marchetti, R.,
Viviani, R., Eds.; Elsevier: Bologna, Italy, 1992; pp. 21–24.

20. Haroon, A.M.; Szaniawska, A.; Normant, M.; Janas, U. The biochemical composition of Enteromorpha spp.
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Abstract: Poultry production is an important area of the agricultural economy. Nowadays, there is an
interest in novel sources of feed additives that will improve production performance and poultry health.
As an easily available and renewable biomass rich in biologically active compounds, seaweeds can
meet this demand. Different forms of seaweeds–seaweed powder from naturally occurring biomass,
cultivated or waste biomass, extracted compounds, post-extraction residues or liquid extracts–may
be used in poultry feeding. Inclusion of this unconventional material in the poultry nutrition can
positively influence the poultry performance along with its health and enrich poultry products with
active compounds, such as micro- and macroelements, polyunsaturated fatty acids and pigments.
Seaweeds also reduce lipids and cholesterol in eggs. Moreover, due to their unique properties,
they can serve as an alternative to antibiotic growth promoters. This review presents the latest
developments in the use of seaweeds in poultry nutrition, as well as its limitations.

Keywords: poultry; seaweeds; active compounds; poultry performance; health status; food enrichment

1. Introduction

Poultry production is an important agricultural subsector in many countries. Poultry are birds
which render economic services to humans as a primary supplier of meat, egg and raw materials for
different industries (feather, waste products, etc.), source of income and employment to people when
compared to other domestic animals [1]. According to USDA (2020), the world chicken meat production
in 2020 increased than previous years. In July 2020, the total production of meat reached 100,026 metric
tons, whereas in July 2019 it was 99,027 metric tons–an increase of nearly 1%. The demand for
poultry meat will increase because in the face of the economic crisis customers are looking for cheaper
animal protein. The total world consumption of chicken meat reached 97,908 metric tons in July 2020,
whereas in July 2019–97,127 metric tons [2]. Poultry is efficient in converting feed into high-value
products within a comparably short period [3–5]. Eggs and poultry meat are beginning to make a
substantial contribution to relieving the protein insufficiency in many countries [6,7]. In today’s poultry
industry, practices regarding management and feeding (composition, systems) are among the most
important factors [8–14].

Currently, there is an interest in the application of seaweeds in poultry nutrition. Seaweeds (called
also macroalgae), which include green (Chlorophyceae), brown (Phaeophyceae) and red algae
(Rhodophyceae), are a naturally occurring source of the biomass that develops in variable environments
(results also from eutrophication) and is easily cultivated [15]. Seaweeds as a rich source of bioactive
compounds when included into feed can improve poultry health and performance as well as increase
the quality of poultry products (eggs, meat) [16,17]. According to the Commission Regulation (EU)

J. Mar. Sci. Eng. 2020, 8, 620; doi:10.3390/jmse8080620 www.mdpi.com/journal/jmse31



J. Mar. Sci. Eng. 2020, 8, 620

No 575/2011 of 16 June 2011, algae in different forms are listed in the catalog of feed materials,
which contains: “algae-live or processed, regardless of their presentation, including fresh, chilled or
frozen algae”, “dried algae-product obtained by drying algae” that “may have been washed to reduce
the iodine content”, “algae meal—product of algae oil manufacture, obtained by extraction of algae”,
“algal oil—product of the oil manufacture from algae obtained by extraction”, “algae extract—watery or
alcoholic extract of algae that principally contains carbohydrates”, “seaweed meal—product obtained
by drying and crushing macroalgae, in particular brown seaweed” that “may have been washed to
reduce the iodine content”. What is important, the name of the feed material should be supplemented
by the species.

The literature data show that seaweeds in poultry nutrition are used in both forms: as a feed
material and a feed additive. According to the Commission Regulation (EU) No 767/2009 of 13 July 2009
on the placing on the market and use of feed, “feed materials—means products of vegetable or animal
origin, whose principal purpose is to meet animals’ nutritional needs, in their natural state, fresh or
preserved and products derived from the industrial processing thereof and organic or inorganic
substances, whether or not containing feed additives, which are intended for use in oral animal-feeding
either directly as such or after processing or in the preparation of compound feed or as carrier of
premixtures”. “Feed additives” according to Regulation (EC) No 1831/2003 of 22 September 2003
on additives for use in animal nutrition are defined as “substances, microorganisms or preparations,
other than feed material and premixtures, which are intentionally added to feed or water in order to
perform, in particular, one or more of the functions”: they “(1) favorably affect the characteristics of feed,
(2) favorably affect the characteristics of animal products, (3) favorably affect the color of ornamental
fish and birds, (4) satisfy the nutritional needs of animals, (5) favorably affect the environmental
consequences of animal production, (6) favorably affect animal production, performance or welfare,
particularly by affecting the gastrointestinal flora or digestibility of foodstuffs or (7) have a coccidiostatic
or histomonostatic effect”. In the European Union feed legislation, intact seaweeds or macroalgae are
considered “feed material” not requiring registration, while “extracts” of seaweeds are recognized as
“feed additives” requiring an EC authorization act before legal use in animal feeding within the EU.

Macroalgae can be not only a part of the strategy to look for new, natural, ecological and healthy
feed materials and/or feed additives, but also for the production of designer poultry products (eggs,
meat) enriched with biologically active compounds (e.g., polyunsaturated fatty acids, polyphenols,
polysaccharides, pigments, vitamins, amino acids, etc.,) with functional attributes, such as antimicrobial,
antioxidant, anti-inflammatory, etc. [16–18]. Consumption of such food can be beneficial to human
health. Seaweeds can also be considered as a promising alternative to conventional terrestrial resources
used for the production of feed materials/feed additives [19]. Locally available materials, such as
seaweeds, can reduce feed cost [20].

In the literature, there are several review articles or book chapters on the use of seaweeds in animal
feeding [15,21–25], and a few of them are dedicated to particular species of animals, for example:
ruminants (sheep, lambs, goats, cows, calves) [22]; pigs [19,22,23]; rabbits [22]; poultry (broilers,
laying hens) [22,26,27]; horses [24]. Literature data confirm that seaweeds can play an important role
in the animal feeding, but there is no detailed analysis of the effects of algae in poultry nutrition.
This article arrays the current state of knowledge in this field. Appropriately selected seaweeds
applied at low inclusion levels can improve not only poultry growth performance and the quality of
products, but also their health status (e.g., immune function) due to alteration of gut microbiome and
antioxidant properties and can be considered an alternative to antibiotic growth promoters (AGP)
used in poultry production [21,28–36]. Most often, seaweeds are used as feed additives for hens and
broilers, but there are also a few reports on their application in duck [30,37,38], Japanese quail [39,40]
and cockerel [41] feeding.
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2. Seaweeds Biologically Active Compounds Important in Poultry Nutrition

The nutritional value of seaweeds is highly variable and depends on many factors such as species,
maturity, habitat, geographical origin, area of cultivation, season, harvest time, environmental and
physiological variations, water temperature, etc. [19,20,42]. Seaweeds that are most frequently used or
recommended for poultry feeding are presented in Figure 1.

Figure 1. Examples of seaweeds used in poultry feeding [15,18,20–22,30–33,35–41,43–63].

The authors cited in this text presented the chemical composition of individual algae species. As can
be seen from Figure 1, brown seaweeds are most frequently applied in poultry feeding. This coincides
with the general trend of using mainly brown algae in animal nutrition. Makkar et al. (2016) showed
that among main seaweed species used as a component of animal feed, brown—Ascophyllum nodosum,
Macrocystis pyrifera, Laminaria and Sargassum, red—Palmaria palmata and Lithothamnion and green
species—Ulva were dominant [22].

The unique nutritional composition of various seaweed species is of particular importance in
poultry nutrition. Seaweeds contain polysaccharides (brown algae: alginate, cellulose, fucoidan,
laminarin; red: agar, carrageenan, cellulose, porphyran, xylan; green: cellulose, inulin, pectin, xylan,
ulvan), proteins, essential amino acids, minerals (K, Ca, Mg, Zn, Cu, Co, I, B), vitamins (B12, K,
C, E, A, D), lipids, polyunsaturated fatty acids (PUFA), pigments such as carotenoids (carotene
xanthophyll), chlorophylls, phycobilins (e.g., phycoerythrin) and many antioxidant compounds,
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including mainly polyphenols [16,17,19]. These bioactive molecules show prebiotic, antimicrobial
(antibacterial, antifungal, antivirus), antioxidant, anti-inflammatory immunomodulatory effects [17,23].
Detailed characteristics of many seaweed species are presented in review papers, for example:
Fleurence (1999) [64]; Holdt and Kraan (2011) [16]; Cabrita et al. (2016) [15]; Øverland et al. (2019) [19];
Makkar et al. (2016) [22]; Corino et al. (2019) [23].

Seaweeds have great potential to be used as feed additives containing minerals, especially Ca,
Mg, Fe, Cu, I, Mn, Se—and to a lesser extent, P and Zn [15,40]. The availability of seaweeds chelated
micro-metals to animals (including poultry) is higher than that found in inorganic compounds [21,40].
This observation was also confirmed in the work of Michalak et al. (2011), where microelements bound
with green seaweeds via biosorption were better bioavailable to laying hens than inorganic salts of these
microelements [43]. Due to the high content of micro- and macroelements, seaweeds are proposed as
feed additives that can be involved in the prevention of elemental deficiencies, enrich eggs with minerals,
enhance eggshell quality and bone mineralization [43,58]. Pigments contained in seaweeds can be
very important in poultry nutrition and are promoted in poultry production due to their antioxidant
potential and usefulness for pigmenting food products [65]. Seaweed polysaccharides due to their
prebiotic activities can improve poultry performance, egg quality and overall gut health [28,31,34,40,48].
Seaweeds dietary fiber could be an alternative to improve intestinal integrity and reduce concentration
of lipids in serum [48]. Marine macroalgae can also serve as a source of polyunsaturated fatty acids
in poultry diet and can be an alternative to flaxseed, fish oil, fish meal and canola to enrich eggs
and chicken meat with n-3 fatty acids [66]. Carrillo et al. (2008) showed that seaweeds contain
several crucial fatty acids such as: linoleic (C18:2, LA), α-linolenic (C18:3, ALA), arachidonic (C20:4,
AA), eicosapentaenoic (C20:5, EPA), docosahexaenoic (C22:6, DHA) which are important for human
health [44].

On the other hand, seaweeds can also contain toxic metals and other compounds like
antinutritional factors (e.g., phenolic compounds, polysaccharides) that can limit their application
as feed additives [64,67,68]. Considering the use of seaweeds as feed additives or feed material,
the requirements of Commission Regulation (EU) No 1275/2013 of 6 December 2013 concerning the
level of undesirable substance (including toxic metals) in products intended for animal feed should be
taken into account. Additionally, “feed materials should be free from chemical impurities resulting from
their manufacturing process and from processing aids . . . ” according to the Regulation (EC) No 183/2005
of 12 January 2005 laying down requirements for feed hygiene. All seaweed species, before application
in animal feeing should be examined in terms of their multielemental composition [42].

Seaweeds polysaccharides can serve as prebiotics, but in some cases they can have an antinutritional
effect. It is suggested that certain additives (e.g., enzymes) be incorporated into poultry feed to improve
the digestibility of algal polysaccharides [41]. In order to limit the influence of fibers as antinutritional
factors, Lahaye and Vigoroux (1992) proposed enzymatic pretreatment of Palmaria palmata with
commercial endo-β-1,4-d-xylanase to remove polysaccharides [69]; alternatively, bacteria-driven
fermentation can be applied to reduce the content of polysaccharides [32,60]. Not all algal species have
an antinutritive effect. Ventura et al. (1994) showed that the inclusion of 100, 200 and 300 g of cultivated
and then air-dried Ulva rigida per kg in the diet of the adult cockerels and 3-week-old chickens did not
have an antinutritive effect. Added seaweeds did not modify the true metabolizable energy of the rest
of the diet [41]. Another issue which should be considered is the chemical composition of seaweeds
which can differ not only by a species, but also due to seasonal variations [19,20,42,64].

3. Forms of Seaweeds in Poultry Feed

In many coastal areas, seaweeds drift to the shore because of sea or ocean waves and become useless
waste [59]. Usually, macroalgae are collected manually from surface water, beach and submerged
rocks [44]. After drying (e.g., sun, dryer), seaweeds are milled and used as a feed additive [40,44,55,70].
In order to prepare a valuable feed additive, sun drying is not always the best option because it
is responsible for the degradation of carotenoids in seaweeds which are known to enhance the
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color of animal products [44]. Sun-dried seaweeds do not contain vitamin C either because it is
extremely sensitive to temperature [71]. Therefore, air drying of seaweeds in shaded areas is advised
(e.g., [11,36,72]). The laboratory dryer can also be used for this purpose [52,55], but temperatures
should not exceed 40 ◦C, despite the fact that higher temperatures—for example 60 ◦C for 72 h—are
at times applied [49,52]. Before drying, seaweeds should be washed with fresh water to remove
salt, sand particles and epibionts [37,40,48,59]. A high salt content can cause diarrhea and poultry
death [59,72]. Dewi et al. (2018) showed that the immersion of Sargassum binderi in a flowing river for
15 h enabled a reduction in the salt and ash content and an increase in the organic matter and crude
protein content in the algal biomass [59]. As shown in Table 1, dried and ground seaweeds are the
most often used form in poultry feeding.

The second source of seaweeds used in feeding experiments on poultry is waste generated from
the algae cultivation, which still has a valuable chemical composition. Frasiska et al. (2016) estimated
that about 65–70% of the total seaweed cultivation (Gracilaria sp. in Indonesia) is waste which has
no commercial value and can be converted into feed material for poultry [38]. Ventura et al. (1994) in
the feeding experiments on adult cockerels and 3-week-old chicks used green seaweed Ulva rigida,
which was cultivated, then washed with fresh water, air-dried (~85% dry matter) and finally ground [41].

Before application in poultry feeding, the seaweed biomass is very often subjected to processing,
which could positively affect the quality of the feedstuff by improving fiber and nutrient availability [70].
Dewi et al. (2019) proposed fermentation of Sargassum binderi with Bacillus megaterium S245 (inoculum
dosage of 1%) for nine days in order to reduce the content of polysaccharide—alginate. The high content
of alginate in brown seaweeds may have a negative effect on the poultry performance: it can bind
nutrients and inhibit their absorption in the gastrointestinal tract [60]. Additionally, fermentation of the
feedstuffwith microorganisms can improve its nutritional quality and elongate the storage period [35,60].
Choi et al. (2014) for fermentation of brown seaweeds—Undaria pinnatifida and Hizikia fusiformis
used five different microorganisms: Bacillus subtilis, Pediococcus acidilactici, Pediococcus pentosaceus,
Saccharomyces cerevisiae and Aspergillus oryzae, among which B. subtilis and A. oryzae were selected for
further research due to the valuable composition of the final feed additive [32]. Because seaweeds
are characterized by low digestibility, their fermentation can increase this parameter. Fermentation
of seaweeds also enhances their antioxidant, anti-inflammatory and anticoagulant properties [35].
Because of low digestibility, seaweeds and their bioactive compounds (particularly polysaccharides and
phenolics) can be treated as prebiotics [48,73], which are defined as “a non-digestible food ingredient
that beneficially affects the host by selectively stimulating the growth and/or activity of one or a
limited number of bacteria, already established in the colon and thus improves host health” [74].
Seaweed components are resistant to digestion by enzymes present in the gastrointestinal tract and
stimulate the growth of beneficial gut bacteria [73].

Besides traditional sun drying, algae can also be boiled or autoclaved as it was presented
in the works of Al-Harthi and El-Deek (2012) [70], Al-Harthi and El-Deek (2012) [61] and
El-Deek et al. (2011) [62] for Sargassum dentifebium and in the work of El-Deek and Al-Harthi (2009) [58]
for Sargassum sp. It was shown that the method of seaweeds processing had a small effect on their
chemical composition. What is important is that thermal processing did not change the Sargassum
chemical composition and it had absolutely no effect on the content of amino acids and polyunsaturated
fatty acids. Even so, it should be taken into account that seaweeds autoclaving, and boiling can change
the activity of bioactive compounds. Hence, these seaweed products are not suitable as a replacement
of antibiotics. Thermal processing changed the color of Sargassum: algae treated that were autoclaved
were darker than boiled algae [62]. Each seaweed processing is an added cost, so feed companies
would benefit from minimal processing (simple grinding), especially when it has no effect on animal
product quality and production parameters [50].

An interesting approach to the preparation of the algal feed additive was proposed by
Michalak et al. (2011) [43]. The mixture of marine macroalgae (Enteromorpha prolifera and Cladophora sp.)
was dried and then enriched with microelement ions (Cu(II), Zn(II), Co(II), Mn(II), Cr(III)) via
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biosorption. The enriched algae were used instead of mineral salts in laying hens feed, which are
traditionally used as a source of minerals.

Seaweeds can also be used in poultry nutrition in the liquid form (as extracts) or as extracted
compounds and post-extraction residues. Abou El-naga and Megahed (2018) [53] examined the
effect of brown seaweed (Ascophyllum nodosum) liquid in drinking water (1 mL/L) on broiler chickens’
performance and their intestine histology, while Li et al. (2018) tested ulvan extracted from green
seaweed (Ulva sp.) as a feed additive for laying hens used at doses of 0.05%, 0.1%, 0.5%, 0.8% and
1% [47]. Rendón et al. (2003) proposed to use residue obtained after extraction of alginates from brown
seaweed—Macrocystis pyrifera (5%) in laying hens feeding. This approach allows the utilization of
industrial byproducts [56].

Marine macroalgae used as feed additives can partially substitute for the components of the
poultry diet such as corn, sorghum, soybean and mineral salts [44,49]. The maximum level of seaweeds
inclusion into the feed strongly depends on their chemical composition, mainly mineral profile
including also toxic metals [15]. It is recommended that seaweeds level incorporated into the laying
hens’ diets should not exceed 10% [44]. Ventura et al. (1994) found that dried Ulva rigida was not
a suitable ingredient for poultry diets (chicks, cockerels) when the dose was higher than 100 g/kg
(10%) [41]. As shown in Table 1, the inclusion level of seaweeds in poultry diet is usually lower
than 10%.

4. Enrichment of Poultry Products with Algal Biologically Active Compounds

Functional ingredients of seaweeds can be incorporated into poultry meat and eggs [54].
Many seaweed species are characterized by a high nutrient availability and the rational chemical
composition [75]. Enriched with nutrients, animal products can be recognized as functional food [16,43].
Seaweeds can be used to enrich eggs mainly with polyunsaturated fatty acids (e.g., [44,45,66,70]),
pigments (enhancement of yolk color) (e.g., [47,55,70]) and minerals (e.g., [43,56]).

In the case of polyunsaturated fatty acids, marine algae can be used as a direct source of dietary n-3
fatty acids (for example docosahexaenoic acid) and can constitute an efficient alternative to currently
used sources of these acids (fish oil, fish meal, flaxseed) which are available for the production of
poultry products rich in n-3 [76]. Al-Harthi and El-Deek (2012) showed an apparent association
between egg yolk fatty acid profile and fatty acid profile of seaweed—palmitic acid was the main
saturated fatty acid, whereas oleic—the main unsaturated fatty acid in the biomass of Sargassum.
The inclusion of 6% of Sargassum (used in different forms—sun-dried, boiled or autoclaved) in the
diet increased the content of palmitic acid (16:0) in egg yolk, whereas 3% additive increased the
content of oleic acid (18:1, n-9) [70]. Carrillo et al. (2008) found that egg yolks from seaweed’s groups
(Macrocystis pyrifera, Sargassum sinicola and Enteromorpha spp.) presented a higher content of total
saturated, monounsaturated and polyunsaturated fatty acids, but the content of the total n-6 fatty acids in
all experimental groups was lower and n-3 fatty acids higher than in the control group. Incorporation of
especially M. pyrifera (10%) in the laying hens’ diets is an effective way to increase the content of n-3 fatty
acids in egg yolks [44]. Carrillo et al. (2012) showed that these seaweeds can increase the eggs storage
time and can protect polyunsaturated fatty acids accumulated in these eggs. Green alga—Enteromorpha
spp.—had a protective effect on the content of docosahexaenoic acid (DHA) in eggs, while the brown
algae—M. pyrifera and S. sinicola—had a similar effect on the content of eicosapentaenoic acid (EPA).
Seaweeds antioxidant compounds such as carotenoids, phenolic compounds and vitamins (C and
E) can have an efficient antioxidant effect in eggs enriched with n-3 PUFAs [45]. Mandal et al. (2019)
revealed that the feed additive produced from red seaweed—Kappaphycus alvarezii—applied in the form
of powder at doses 1.25%, 1.50% and 1.75% significantly lowered yolk lipid oxidation in eggs because of
its antioxidant properties attributed to active compounds such as polyphenols, β-carotene, vitamins C
and E and polysaccharide—carrageenan, which are potential free radical scavengers that inhibit the
lipid peroxidation [51]. The polyunsaturated fatty acids (ALA, EPA, DHA) are crucial for normal
growth and development and can prevent many diseases such as heart disease, diabetes, hypertension,
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arthritis, some types of cancer and other autoimmune and inflammatory disorders [65,77]. Since these
fatty acids are not synthesized by humans, they should be included in the daily diet [78].

In the poultry industry, seaweeds being a rich source of minerals, natural pigments, polysaccharides
(agar, carrageenans, alginic acid, fucoidan, mannitol and laminaran), polyunsaturated fatty acids,
sterols (desmosterol, fucosterol, sargasterol, estigmasterol and beta sitosterol) are also used to reduce
eggs’ cholesterol content according to the requirements of consumers [44,57]. Al-Harthi and El-Deek
(2012) reported that seaweeds with their antioxidant properties and the content of fucoxanthin
(xanthophyll from brown seaweeds) may reduce the cholesterol level in eggs [70]. These biologically
active compounds exhibit hypocholesterolemic and hypolipidemic properties [44,57,79]. This can
imply a beneficial impact on human health [70]. Reduction in cholesterol in eggs is important from the
point of view of human nutrition: it reduces the risk of cardiovascular disease [47].

There are many reports in literature that confirm the reduction in cholesterol in eggs after
seaweeds application. Carrillo et al. (2012) found that decrease in cholesterol level was dose dependent.
The cholesterol content in eggs was reduced as the level of Sargassum spp. (2%, 4%, 6% and 8%)
increased in the hens’ diet [57]. Carrillo et al. (2008) showed that among tested seaweeds—Macrocystis
pyrifera, Sargassum sinicola and Enteromorpha spp.—supplied at a 10% dose with sardine oil (2%) to the
feed of hens, only green macroalga reduced the content of cholesterol when compared to the control
group [44]. In the work of Al-Harthi and El-Deek (2012) it was demonstrated that Sargassum used in
different forms—sun-dried, boiled or autoclaved (3% or 6%) as a feed additive for hens—significantly
reduced the cholesterol, high-density lipoprotein (HDL) and triglycerides content in yolks when
compared with the control group. A higher decrease was also observed when a higher dose (6%)
of different forms of seaweeds was used. The form of seaweeds influenced the content of the total
cholesterol and triglycerides in yolk. Generally, the lowest values of these two parameters were in
the case of sun-dried seaweeds. For the 6% dose of sun-dried seaweeds, the total cholesterol content
in yolk was by 25% lower than in the control group, for boiled seaweeds—by 17% lower and for
autoclaved seaweeds by 10% lower. In the case of the triglycerides content in yolk, the decrease for
6% feed additive was as follows: 2.5 times lower for sun-dried than for the control, by 27% lower for
autoclaved than for the control and by 61% higher for boiled seaweeds than for the control [70].

Similar results were obtained by Rizk et al. (2017) who observed that the application of dried
brown, red and green seaweeds in Sinai hens diet (0.1 and 0.2%) resulted in a decreased content of total
lipids (especially red seaweeds), total cholesterol (especially red seaweeds) and low-density lipoprotein
(LDL) fraction (especially red seaweeds) and triglycerides (especially red and green seaweeds),
while HDL cholesterol was significantly increased (especially red seaweeds) in eggs as compared
to control. Seaweeds antioxidant properties are attributed to this effect [80]. Zeweil et al. (2019)
demonstrated that sun-dried and ground Sargassum cinereum and Ulva fasciata used in the feed of
laying Japanese quail hens (doses 1.5% and 3%) significantly reduced the content of total lipids and
total cholesterol in egg yolk in comparison with the control group, which could be related to their
lower levels in blood serum and enhanced total antioxidant capacity [40]. Li et al. (2018) attributed the
significant reduction in cholesterol in yolks to polysaccharide ulvan extracted from Ulva sp. which was
used as a feed additive at concentrations of 0.05%, 0.1%, 0.5%, 0.8% and 1% [47]. The reduction in
cholesterol content was probably due to the high content of sulfate in ulvan which has the capacity to
decompose cholesterol and has the potential to serve as an antihyperlipidemic agent [79]. Other green
macroalga—Enteromorpha prolifera—used in the feed of Highland brown laying hens (1%, 2% and 3%)
effectively led to a significant reduction in cholesterol content in eggs [46]. In addition, preparations
from red seaweeds can reduce free fatty acids and cholesterol in yolks as it was shown in the case of
Kappaphycus alvarezii used as powder at doses of 1.25%, 1.50% and 1.75% [51]. Zeweil et al. (2019)
pointed out that the lessening in egg yolk cholesterol relies on the decline in cholesterol created in
the liver. Hence, the decrease in total lipids and total cholesterol can be attributed to the weakening
impact of herbal extracts on hepatic 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase
that is required to produce cholesterol in the liver [40].
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Seaweeds are known to serve as a natural pigment in poultry feed and the enhancement of yolk
color is reflected by the deposition of algal carotenoids [65]. Owing to their antioxidant properties,
these pigments are beneficial not only for poultry, but also for humans [70]. Lutein, fucoxanthin and
zeaxanthin are the main algal carotenoids that improve egg coloring [57]. Al-Harthi and El-Deek
(2012) reported that fucoxanthin increased the pigmentation of egg yolks [70]. Contrary results
were presented by Strand et al. (1998), who found that fucoxanthin, being the major carotenoid
in seaweed meal (Fucus serratus and F. vesiculosus), was not transferred to yolks of white leghorn
laying hens, but gave rise to the following metabolites: fucoxanthinol, fucoxanthinol 3′-sulfate and
paracentrone. Generally, the content of carotenoids in egg yolks increased 12–15 times when compared
to the control group [55]. Al-Harthi and El-Deek (2012) reported that the inclusion of brown algae
(Sargassum dentifebium) sun-dried, boiled or autoclaved at doses of 3% and 6% significantly increased the
total carotene, lutein plus zeaxanthin content in egg yolks when compared with the control group [70].
Rendón et al. (2003) showed that the residue after alginate extraction from Macrocystis pyrifera used at
a dose of 5%, can be an interesting alternative to poultry feeding as a natural source of egg pigments
(xanthophylls, zeaxanthine, capsolutein) and as a factor that improves the content of egg proteins [56].
Ulvan extracted from Ulva sp. applied to the diet of Hy-Line Brown hens at concentrations of 0.5%,
0.8% and 1% for 8 weeks significantly deepen the yolk color into red tendency [47]. The effect of
different species of seaweeds on the yolk color is presented in Table 1. Usually, yolk color is determined
by means of the Roche yolk color fan, e.g., [35,40,44,55,58] or Chroma Meter through the L*a*b* color
system (where L* value is a luminance or lightness component, a* value is a chromatic component
from green to red (redness) and b* value is the chromatic component from blue to yellow (yellowness)
e.g., [43,65]. For identification of carotenoids in egg yolks of laying hens, Strand et al. (1998) applied
several analytical techniques such as HPLC, 1H NMR and UV-vis spectrophotometry [55].

Marine macroalgae can enhance not only the lipid profile of yolks and their color, but also their
multielemental composition. Michalak et al. (2011) found that seaweeds—Enteromorpha prolifera
and Cladophora sp.—enriched with microelements—Cu(II), Zn(II), Co(II), Mn(II), Cr(III) via
biosorption—increased the content of elements in eggs when compared to the control group,
where inorganic salts were used as a source of these elements. This approach was applied to
obtain biofortified eggs [43]. Rendón et al. (2003) showed that the addition of 5% of residue from
Macrocystis pyrifera after alginate extraction to the diet of hens resulted in biofortification of eggs with
minerals, especially K, Mg and Fe. Eggs from the experimental group contained also higher crude
protein, total lipids, but lower cholesterol levels [56].

Much fewer data are provided about the enrichment of poultry meat with biologically active
ingredients derived from seaweeds. Bonos et al. (2016) found that the addition of Ascophyllum nodosum
(0.5%, 1% and 2%) to the diet of broiler chickens did not influence statistically the total saturated,
monounsaturated and polyunsaturated fatty acids in the breast or the thigh meat. Only the group
of chickens fed with 2% A. nodosum had a significantly higher content of gamma-linolenic fatty acid
(C18:3, n-6) in chicken breast meat and a significantly lower of eicosenoic fatty acid content (C20:1, n-9)
when compared to the control group [54].

5. Quality of Food Derived from Poultry Feed with Seaweeds

5.1. Egg Quality

Egg quality is a significant criterion for laying hen producers and has essential economic
consequences. It results from hens’ nutrition and seaweeds used as feed additives can improve egg
quality—both physical and biochemical parameters which are crucial for egg producers and consumers.
Eggshell quality, which is a visible indicator, is especially important for farmers—higher eggshell
weight, thickness and strength will decrease the number of cracked shells. In the case of consumers,
eggs with reduced cholesterol content, but also improved yolk color are desired. The egg processing
industry requires eggs with intense golden yellow yolks, which are preferred by consumers. Moreover,
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it is advisable to use natural pigments instead of synthetic carotenoids [58]. Seaweeds can be a solution
for such a demand as it was mentioned in the previous section. Beside yolk color, seaweed can also
influence other egg quality parameters, the examples of which are presented in Table 1. The percentage
increase of a given parameter in the group treated with seaweeds than the control group is presented.
It can be clearly stated that seaweeds used as feed additives positively affect yolk color and slightly
albumen height and Haugh unit.

In the case of seaweeds, an important issue that should be taken into consideration is egg flavor.
Usually, the reduced sensory quality of eggs is reported for hens fed with fish oil. Seaweeds are applied to
enhance the content of n–3 fatty acids in yolks and their color to satisfy the consumer’s expectation [65].
Carrillo et al. (2008) demonstrated that the inclusion of marine seaweeds—Macrocystis pyrifera,
Sargassum sinicola and Enteromorpha spp. (10% plus 2% of sardine oil)—to the feed as a source of
n–3 fatty acids did not affect egg flavor [44]. In the work of Herber–McNeill and Van Elswyk (1998),
eggs from the experimental groups whose hens were fed with marine macroalgae—2.4% (supplied
200 mg DHA and 69 mg β–carotene/d) and 4.8% (400 mg DHA and 138 mg β–carotene/d)—received
acceptable flavor scores, similar to the control group (corn–soybean without added n–3 fatty acids) [65].
Rendón et al. (2003) also proved that egg taste was not affected by the inclusion in poultry diet of the
5% of the post–extraction residue from Macrocystis pyrifera [56].

Taking into consideration the physical quality of eggs, the positive effect of different species of
seaweeds is especially visible in the case of egg weight and shell thickness. Carrillo et al. (2008)
indicated that compounds derived from seaweeds seem to increase egg weight when included in
the laying hen diet [44]. Kulshreshtha et al. (2014) fed laying hens with the diet supplemented with
red seaweeds, either Chondrus crispus or Sarcodiotheca gaudichaudii at levels of 0.5%, 1% and 2% and
showed that the diet with 1% of Sarcodiotheca gaudichaudii boosted egg–yolk and whole egg weights as
compared to the control diet; nevertheless, 0.5% and 2% of Sarcodiotheca gaudichaudii administration
was not diverse from the control. Furthermore, weights of whole eggs and eggshell were greater with
hens that ate 1% of Chondrus crispus than those which ate 0.5% and 2% of Chondrus crispus. The same
authors added that egg albumen height, yolk color and shell thickness were not changed due to
dietary administration with seaweeds [31]. Choi et al. (2018) found that the supplementation of dry
and fermented brown seaweeds (Undaria pinnatifida and Hizikia fusiforme) to the diet of laying hens
(0.5%) improved egg production but did not affect the egg and eggshell characteristics. The significant
improvement of eggshell strength of Hy–Line Brown hens can be accounted for by abundant sulfates
in ulvan extracted from Ulva sp. [47]. Laying Japanese quails fed with diets supplemented with
sun–dried and ground green (Ulva fasciata) and brown (Sargassum cinereum) seaweeds (1.5% and 3%)
produced eggs of an improved eggshell thickness, egg yolk weight, index and color when compared
to the control and decreased the total lipids and total cholesterol content [40]. Green and brown
seaweeds contain different minerals needed for eggshell formation [35]. Wang et al. (2013) reported
the improvement of shell thickness of eggs from Highland brown laying hens after the application
of Enteromorpha prolifera (1%, 2% and 3%), which probably resulted from the increase in calcium in
shell [46]. Al–Harthi and El–Deek (2011) found that enzyme supplementation to the diet containing 6%
of autoclaved Sargassum dentifebium improved eggshell quality while the percentage of shell Ca and P
significantly increased [81]. Seaweeds with a high content of easily soluble and digestible calcium
can be used at lower concentrations in poultry feeding and can constitute an alternative to limestone,
which is the main source of calcium in poultry diet. Higher concentrations of seaweeds can reduce the
digestibility of phosphorus, which may lead to reduced skeletal integrity [82]. Bradbury et al. (2012)
reported that the high calcium content in calcified seaweeds, included in broilers feed, can improve the
bone health status (skeletal integrity) and reduce leg weakness of chickens and their lameness [82].
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5.2. Carcass Characteristics and Meat Quality

In poultry production, broiler chickens are selected for rapid growth, heavier breast
weight and increased muscle mass. Many papers examined the effect of seaweeds
incorporation into the diet of broilers on their production performance and carcass traits
(e.g., [18,20,28,29,32,33,36,48,49,53,62,63,75,83–88]). Generally, seaweeds positively influence meat
quality, which is usually improved as a consequence of the reduction in fats.

Zahid et al. (2001) showed that broiler chickens (Hubbard) fed on the normal feed containing
brown seaweeds (10%, 20%, 30% and 40%) had higher body weight and a lower amount of fat
while higher of protein as compared to controls [83]. Similar results were reported also for brown
seaweed—Ascophyllum nodosum—which was added as a liquid to drinking water (1 mL/L) of Indian
River chicks and significantly increased dressing color, breast width and length and decreased body
fat when compared to the control chicks [53]. Much work has been dedicated to other brown
seaweed—Sargassum sp. Erum et al. (2017) found that with the increasing level of air–dried and
ground Sargassum muticum in the feed, fat pads of the birds were reduced. The carcass quality was
improved due to the reduction in fat. In the control group (without algae) and group with 5% inclusion
of S. muticum, the color of fat pads and meat was yellowish. With the increase in S. muticum level
till 10%, fat pads were yellowish but minimal, whereas meat—slightly reddish. For the highest dose
of S. muticum—15%—there were no fat pads and the meat was reddish [20]. In the work of Athis
Kumar (2018), the consumers evaluated meat parameters such as color, flavor, tenderness, juiciness and
taste. Meat from broilers fed with basal diet with the addition of 1% or 2% of Sargassum wightii
received the highest score. The inclusion of this brown seaweed (1%, 2%, 3% and 4%) into broiler
diet caused the enhancement of carcass traits such as: weight of legs, breast, thigh and dressing.
The maximum supplementary effect was noted for Sargassum doses of 1% and 2% and was attributed to
the chemical composition of this seaweed that contains minerals, vitamins, polyunsaturated fatty acids,
essential amino acids, sterols and polysaccharides such as fucoidan [63]. El–Deek et al. (2011) found
that different levels (2%, 4% and 6%) of thermally processed Sargassum dentifebium (boiled, autoclaved)
in broiler finisher diets had an insignificant effect on the dressing percentage than raw (untreated)
algae [62].

In the case of green seaweeds, Wang et al. (2013) showed that the addition of 2%, 3% or 4% of
dry algal powder from Enteromorpha prolifera improved the breast meat quality: the content of fat was
significantly reduced, the thickness of subcutaneous fat and abdominal fat rate were decreased [87].
Another green seaweed—Ulva lactuca—was tested as a feed additive in the work of Abudabos et
al. (2013). Broiler chickens (male chicks—Ross) which received 3% of the algal additive had the
highest breast muscle yield and dressing percentage whereas abdominal fat was significantly reduced
when compared with the group that received the 1% dose and the control group. The color of breast
muscle was not affected by any dietary treatments. Improvement in dressing and breast yield can
attributed to the higher content of crude protein and amino acids, specially methionine in the feed
with seaweeds [49]. Contrary results were presented by Cañedo–Castro et al. (2019), who showed
that there were no significant differences in carcass weight and yield of Arbor Acres broilers fed with
different levels of Ulva rigida (air dried and ground) inclusion in the diet—2%, 4% and 6% [48].

In the case of red seaweed—Kappaphycus alvarezii—added to the diet of broiler chickens at
levels of 0.25%, 0.5%, 0.75%, 1%, 1.25%, and 1.5% there occurred the enhancement of live weight,
carcass traits (dressing and eviscerated percentage) and organ weight (heart, liver, gizzard) [18].
A similar effect was also reported for other red seaweeds (Sarcodiotheca gaudichaudii, Chondrus crispus)
used as powder in layer hens at doses of 0.5%, 1% or 2%: no significant effects on liver, spleen,
ileum and heart weight [31]. Red algae powder (Chondrus crispus) applied in a feed of male broiler
chickens (0.3%) significantly improved the carcass and breast yield and decreased the abdominal fat
yield [88]. Red seaweed—Polysiphonia spp.—was also introduced to the diet of ducks at doses of
5%, 10% and 15% and the highest level did not significantly affect the relative weight of dressing,
thigh and breast muscles. The relative weight of breast muscles significantly increased when seaweeds
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were applied at 5% and 10%. Seaweed at a dose of 15%, significantly improved the texture of breast
muscles and at doses of 5% and 10% improved the texture of thigh muscles. There were no significant
differences in the taste, aroma, juiciness and color of meat [37].

6. Effect of Seaweeds on Poultry Growth and Productive Performance

6.1. Growth Performance

Growth performance in poultry includes live body weight at marketing (BW), average of
daily gain (ADG), feed consumption (FC), feed conversion ratio (FCR) and mortality rate.
Seaweeds influence growth performance parameters, the examples of which are presented in
Table 2. Fermented by–products of brown seaweeds (Undaria pinnatifida) and seaweed fusiforme
(Hizikia fusiformis) used at a dose of 0.5% caused high ADG and FCR and a low mortality rate of
broilers when compared with the control group [32]. Erum et al. (2017) indicated that feeding broiler
chickens on marine macroalga (Sargassum muticum) as a feed additive (5%, 10% and 15%) led to the
improvement in BW at marketing, ADG, FC and FCR [20]. The authors indicated that ADG of broilers
increased in proportion to the increase in the substitution level of algae; however, birds that received
10% of algae had the lowest FCR. Athis Kumar (2018) fed broiler chicks on a diet supplemented with
Sargassum wightii powder (1%, 2%, 3% and 4%) and observed that FCR was boosted from 51.5% to
51.8% rather than 33.9% in the control, while the weight gain was higher in broilers fed with the diet
supplemented with 4% of Sargassum wightii powder, by about 51% in comparison with the control
group. The author attributed the beneficial effects of Sargassum wightii powder to its palatability,
high content of nutrients and its ability to enhance digestion and absorption of nutrients in the
gut [63]. Bai et al. (2019) indicated that, when compared with the control, dietary supplementation of
Laminaria japonica powder (1%) improved FCR in broiler chicks due to the increased dietary energy
content [36]. Ulva rigida was used as a prebiotic in broiler diets (2%, 4% and 6%) to enhance growth
performance [48]. Non–significant variations in BW were observed, but FC, FCR and the mortality
rate presented significant alterations. Feed consumption was greater in broilers that consumed 4%
and 6% of the prebiotic owing to its attractant properties, while mortality was higher in the control
group and in the group of broilers fed with the addition of 6% of Ulva rigida. Feeding of laying hens
(30–45 weeks of age) on diets supplemented with two marine macroalgae (Enteromorpha prolifera and
Cladophora sp.) enriched with microelements (Cu, Zn, Co, Mn and Cr) resulted in a rise in BW of
hens [43]. On the other hand, Islam et al. (2014) stated that ADG and FCR of growing ducks fed on
a diet supplemented with sea tangle (Laminaria japonica) did not significantly differ from the control
group [30]. In the same line, El–Deek and Brikaa (2009) reported that growing ducks fed with diets
supplemented with 4%, 8% and 12% of red seaweeds (Polysiphonia spp.), irrespective of the diet form
(pellet or mash), showed non–significant differences in BW, ADG, FC and FCR [37]. When Japanese
quails were fed with the diet supplemented with dried seaweeds (3%) harvested from the Gulf of
Mannar, India (Chetomorpha antennina, Sargassum wightii and Gracilaria corticata), BW and FCR still
remained without change [39]. Substituting 1% and 3% of corn with green seaweed (Ulva lactuca) in
broiler diets resulted in insignificant differences in BWG, cumulative FC and FCR [49].
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6.2. Egg Production Performance and Hatchability

Dietary administration of red seaweed either Chondrus crispus or Sarcodiotheca gaudichaudii
at levels of 0.5%, 1% and 2% had a significant impact on hen–day egg production as found by
Kulshreshtha et al. (2014). Hen–day egg production was greater in hens fed with the diet with 2%
of Sarcodiotheca gaudichaudii and 1% of Chondrus crispus than the control hens [31]. Egg production
rate and egg mass were superior (p < 0.05) in laying hens that consumed diet supplemented with
brown seaweed (Undaria pinnatifida) than those fed with the control or fermented (Undaria pinnatifida)
or with non–fermented seaweed (fusiforme—Hizikia fusiformis)–supplemented diets. The hens fed with
seaweed fusiforme–supplemented diet and those that ate fermented seaweed fusiforme–supplemented
diet had a greater egg production (p < 0.05) than the control group (Choi et al. 2018), as a consequence
of the high content of brown algae polysaccharides which improved laying performance and immune
status [35]. The latter authors also indicated that dietary brown algae inclusion was able to enhance
egg–laying performance and the supplementation with fermented seaweeds had no helpful impact on
the egg–laying performance.

Egg laying rate in hens was enriched by 4.4% and 4.3% as compared to the control when hens
consumed diets supplemented with red and green seaweeds (0.1 g/kg diet), during 52–64 weeks
of age, thanks to the valuable constituents observed in seaweeds [80]. Ulvan extracted from green
seaweed—Ulva—was supplemented in the diet of Hy–Line Brown laying hens (61 weeks old).
The findings of this work showed that ulvan at levels from 0.1 to 1% can enhance egg production,
egg weight and eggshell strength [47]. Bratova and Ganovski (1982) stated that consuming diets
supplemented with black sea algae had an encouraging impact on hatchability. The maximum percent
of hatchability—87.95%—was a 6.85% increase on the control group and can be attributed to the
addition of 2% seaweed to poultry feed [89]. Zeweil et al. (2019) concluded that supplementing dried
green and brown seaweeds brought about significantly greater fertility and hatchability percentages
than those of the control group [40].

In the study performed by Zeweil et al. (2019), the laying rate of Japanese quails was enhanced by
8.8%, 7.2% and 11.4, 9.0% for birds fed with the diet administrated with green or brown seaweeds
at levels of 1.5% and 3%, correspondingly. The authors also indicated that the same levels of
dietary green and brown seaweeds enhanced the hatching rate by 13.3%, 16.1%, 7.2% and 15.2%
of total eggs and improved the weight of newly–hatched chicks by 6.4%, 14.1%, 9.9% and 12.8%,
correspondingly [40]. Dietary incorporation of two marine macroalgae (Enteromorpha prolifera and
Cladophora sp.) enriched with microelements in laying hens diet increased the number of eggs in the
experimental groups when compared to the control [43].

7. Effect of Seaweeds on Poultry Health

Among the huge number of materials that are the source of bioactive compounds in the diet of
poultry, seaweeds are a valuable and readily available resource [90] so much so that they are known to
influence positively the poultry health. Seaweed extracts have antimicrobial and antiviral properties
along with immunomodulatory influences [31,32,34,36]. Seaweeds could also be used as prebiotics for
improving the production and health status of poultry species [48]. The supplementation of Ulva rigida to
broilers diet enhanced the growth of intestinal villi and decreased serum total cholesterol and triglyceride
concentrations and can be treated as a prebiotic that can improve broiler health [48]. Polysaccharides are
the greatest well–recognized complexes in seaweeds, which underwent multifaceted investigations as a
result of their broad bioactivities. The antiviral properties of seaweeds derive from the presence of such
bioactive compounds as carrageenan, alginate, fucan and laminaran [91]. Furthermore, these bioactive
compounds can prevent the joining or internalization of the virus into the host cells or control DNA
repetition and protein production [91,92]. Elizondo–Gonzalez et al. (2012) demonstrated that fucoidan
(a sulfated polysaccharide existing in the cell wall matrix of Cladosiphon okamuranus) displayed action
against Newcastle disease virus. Fucoidan works in the initial periods of viral infection so as to
prevent viral–induced syncytia creation, possibly by blocking the F protein, which is responsible
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for fusion of cell membrane and the viral envelope and through conformational modifications [92].
Villus measurements (width, height and contour length) were higher when Ulva rigida meal was
incorporated into broiler diet (2%, 4% and 6%) than in the control [48]. Intestinal villus width ranged
between 0.6 and 0.7 mm in broilers which consumed Ulva rigida when compared to the control group
(0.4 mm). The highest values of intestinal villus height (1.6 mm) and villus contour length (3.4 mm)
were observed in the group fed with 2% Ulva rigida.

Dietary supplementation of red seaweed—Chondrus crispus—constrained the settlement of
Salmonella in the excreta and ceca and this could be caused by an increase in the development of
Lactobacillus and raising the level of short chain fatty acids [34]. The same authors also indicated that a
greater concentration of IgA in birds fed on diets complemented with Chondrus crispus confirmed the role
of macroalgae in the maturation of the immune system. Bai et al. (2019) found that Laminaria japonica
powder and antibacterial peptide (cecropin) could be applied as diet inclusion for boosting the immune
system of broilers. The dietary inclusion of 3% of Laminaria japonica powder together with 300 mg/kg of
cecropin enhanced the number of serum Newcastle disease antibody titers and lymphocyte during the
fattening period of broilers. The bioactive compounds of Laminaria japonica stimulated lymphocytes,
altered their cell structure, which influenced immunity [36]. Choi et al. (2014) concluded that the
diet supplemented with 0.5% of fermented by–products of brown seaweed (Undaria pinnatifida) and
seaweed fusiforme (Hizikia fusiformis) activated broiler humoral immunity and supported physical
health. Significantly higher concentrations of IgA and IgM and lower of IgG in the serum of broilers
fed with seaweeds than in the control group suggested the effectiveness of the feed additive used [32].

Curiously, the nutritional constituents of Laminaria japonica powder may enhance the duplication
of Lactobacillus and improve the intestinal microecological setting [93,94]. The inclusion of red
seaweeds (Chondrus crispus, Sarcodiotheca gaudichaudii; 2% or 4%) to the diet of laying hens increased
the comparative number of helpful microorganisms (Bifidobacterium longum, Lactobacillus acidophilus
and Streptococcus salivarius) and reduced the pathogenic microbes (Clostridium perfringens) in the ileal
fillings [31,34]. The administration of Laminaria japonica powder mixed with cecropin (extracted
from silkworm) extremely constrained Escherichia coli intensification and boosted Lactobacillus
development [36]. Laminaria spp. can also enhance humoral immune protection against
pathogens [36,95].

Seaweeds can also be used as a feed additive rich in calcium, which can be useful in the
treatment of poultry leg weakness and lameness. Supplementation of the broiler diet with a highly
digestible marine calcium source, at lower dietary concentration (0.6%) may prevent reduced skeletal
integrity [82]. Poultry nutrition and the litter quality are the main factors that are responsible for the
development of foot pad dermatitis (PFD), which is characterized by ulcerated lesions on the pad of
the foot [9,96]. Abd El–Wahab et al. (2018) examined the effect of different protein sources (soybean,
rapeseed, hemoglobin and algae meal) on the FPD score in broilers (160 one day old). Foot pad
dermatitis severity was significantly higher (p < 0.05) in birds fed with rapeseed and algae meal
in comparison with those fed with soybean or hemoglobin meal. The high FPD score can result
from the chemical composition of diet (the high content of sodium—about 2 g/kg of dry mass and
potassium—about 9 g/kg of dry mass) which caused excessive consumption of water. It affected the
deterioration of the litter quality [96].

8. Effect of Seaweeds on Blood Profile

In broilers that ate diet enriched with Sargassum wightii powder (1%, 2%, 3% and 4%), the serum
concentration of glucose was augmented from 206.1 mg/dL (for the dose of 1%) to 208.7 mg/dL (4%)
when compared to 204.2 mg/dL in the control group; total proteins marginally rose from 2.2 mg/dL
in the control group to about 2.3 mg/dL in all experimental groups. Albumin level increased from
1.7 mg/dL (1%) to 1.92 mg/dL (3%) when compared to 1.1 mg/dL in the control group and the
concentration of globulin decreased from 1.1 mg/dL in the control group to 0.41 mg/dL for the dose of
4%. Triglycerides increased from 96.4 mg/dL (1%) to 113.2 mg/dL (4%) instead of 80.3 mg/dL in the
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control; while the cholesterol level was reduced from 122.1 mg/dL in the control group to 96.7 mg/dL
(3% and 4%). In the case of macroelements, phosphate concentration increased from 7.6 mg/dL (1%)
to 8.6 mg/dL (4%) when compared to 5.5 mg/dL in the control group and the calcium level was
improved from 11.3 mg/dL (1%) to 12.2 mg/dL (3% and 4%) instead of 10.4 mg/dL in the control [63].
Using two dietary levels (3% and 6%) of brown marine alga (Sargassum dentifebium) processed by
various techniques (sun–drying, boiling, autoclaving) reduced the plasma total cholesterol level and
lowered the density of the low density lipoprotein (LDL) in laying hens (23–40 weeks of age) than the
control group. This decrease was due to the chemical composition of Sargassum dentifebium, which is
rich in fiber, sterols and other bioactive compounds with antioxidant properties [70]. The dietary
supplementation of 3% of Laminaria japonica powder combined with 300 mg/kg cecropin increased
lymphocyte numbers in broilers [36].

Frasiska et al. (2016) investigated the impact of the diet containing Gracilaria sp. waste (10%,
12.5% and 15%) with multi–enzyme additives on lipid profiles of duck (22 weeks old) blood [38].
The authors found that diet with 12.5% of Gracilaria sp. plus multi–enzyme additive significantly
decreased triglycerides, LDL and cholesterol level, but increased the concentration of high density
lipoprotein (HDL) in blood, what can be attributed to Gracilaria sp. fiber, which operates as an
anticoagulant, antihyperlipidemic, antitumor, antiviral and anti–cholesterol agent [97]. Using 2%
of Ulva rigida meal as a dietary supplementation in broiler diets caused 10%–14% and 15%–28%
reductions in the total cholesterol and triglyceride concentrations, respectively, than the control,
due to chemical complexes present in algae like, polysaccharides, sterols and polyunsaturated fatty
acids [48]. In an experiment conducted by Rizk et al. (2017), supplementation of hen diets with
green, brown and red seaweed (0.1% and 0.2%) lowered the concentration of serum total cholesterol,
LDL, very low density lipoprotein (VLDL), triglycerides and total lipids, amplified HDL cholesterol
and improved serum total protein, albumin, globulin, liver and kidney functions than the control
group. The same authors added that hens fed with the diet supplemented with 0.2% of brown
seaweed had significantly higher serum total antioxidant capacity (TAC) and the concentration of
glutathione peroxidase (GPX) enzyme, but supplementing the hen diet with 0.2% of red seaweed
significantly increased the activity of serum superoxide dismutase (SOD) enzyme [80]. Similar results
were also obtained when Zeweil et al. (2019) fed laying Japanese quail with diets containing green
and brown seaweeds at levels of 1.5% and 3% [40]. In laying hens fed with the diet enriched with
fermented and non–fermented brown algae, Choi et al. (2018) observed that the supplemented–diet
groups contained higher albumin concentrations than the control group and the fermented brown
seaweed group encompassed higher total cholesterol and triglyceride levels than the other groups.
The authors also found that brown seaweed and fermented brown seaweed groups were characterized
by upper glutamic pyruvic transaminase activities than the other groups [35].

Abudabos et al. (2013) indicated that serum enzymes and electrolytes were not impacted by the
dietary inclusion (1% and 3%) of green algae (Ulva lactuca) except for alanine transaminase activity,
which was lesser for the groups under consideration [49]. Microelements (Cu, Mn, Zn, Co, Cr and Fe)
and macroelements (Ca, Mg, Na and K) in blood of laying hens fed on the diet enriched with marine
macroalgae were higher than in the control group [43]. Sodium concentration in blood serum of laying
hens decreased when they ate feed containing 2% of Sarcodiotheca gaudichaudii and Chondrus crispus
when compared to the control [31]. The same authors also found that there was a non–significant
impact of red seaweeds on the content of phosphorus, chlorine, calcium, potassium, total protein,
glucose, creatine kinase, aspartate amino transferase and uric acid in blood serum.

9. Advantages and Disadvantages of Seaweeds in Poultry Nutrition and Future Prospects

When using seaweeds in poultry nutrition, their advantages and disadvantages should be taken
into account (Table 3).
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Table 3. Examples of advantages and disadvantages of seaweeds in poultry feeding.

ADVANTAGES DISADVANTAGES

� Effect on egg composition:
− Increase in the n–3 fatty acids content in eggs [44]
− Increase in the n–9 fatty acids content in eggs [70]
− Improvement of the content of protein in egg [56]
− Decrease in egg cholesterol and

triglycerides [40,44,46,47,57,70,80]
� Improvement of meat quality:
− Lower fat content [20,49,53,83,87,88]
− Higher content of protein [83]

� Egg-laying rate and egg quality parameters:
− Increase in laying rate [31,35,40,43,80]
− Increase in the egg weight [40,43,46,51,56,81]
− Increase in the yolk

color [40,43,44,46,47,55–58,65,70,81]
− Increase in the albumen height [44,50,56]
− Increase in the Haugh unit [44,51,56,81]
− Increase in the shell thickness [40,43,46,51,56,81]
− Increase in egg–shape index [40,51,80]
− Increase in eggshell strength [47]

� Effect on blood profile:
− Decrease in plasma cholesterol, LDL, VLDL and

triglycerides [38,40,48,70,80]
− Increase in enzymatic antioxidant activity [40,80]
− Increase in lymphocyte number [36]
− Decrease in sodium concentration [31]
− Improvement of heterophils to lymphocytes

ratio [80]
� Improvement of growth performance:
− Increase in body weight [20,30,32,43,62,63]
− Increase in body weight gain [18,36]
− Increase in feed intake [20,48,62]
− Improving feed conversion ratio [20,30,32,48,63]
− Decrease in mortality rate [32,48]

� Improvement in fertility and hatchability:
− Increase in fertility [40,89,90]
− Increase in hatchability [40,89]

� Can act as prebiotics [28,31,34,40,48]
� Enhancement of immune functions and intestinal
villi [18,32,34,35,37,48,80]
� Boosting useful bacteria [31,34,36,93,94]

� Seaweeds polysaccharides can bind nutrients and
inhibit their absorption in the gastrointestinal
tract [60]
� Seaweeds antinutrients can interfere with digestion
and feed utilization processes [67,68,98]
� Seaweeds can contain toxic metals [42,60,67,68]
� High salt content in seaweeds can cause diarrhea
and poultry death [59,72]
� Seasonal and geographical variations in chemical
composition of seaweeds [19,20,42,64,67]
� Cultivation and processing methods and costs may
impact the nutritional value of seaweeds [99–101]
� The high foot pad dermatitis score was found in
broilers fed algae meal [96]

On the basis of the literature reviewed in the present article, it could be concluded that seaweeds at
different levels and forms have a positive influence on the growth and performance of poultry as well
as their blood profile and health. When seaweeds are added to the feed in the right proportions, at low
inclusion levels, they also enrich poultry products (meat, eggs) with biologically active compounds.
The use of algae as natural pigments can be of great value for the poultry industry since they can
increase yolk color without resorting to synthetic carotenoids. The economic parameters of eggs such as
weight, shell weight, thickness and strength are especially important to producers and consumers. As it
was shown in the present paper, these parameters can be improved by seaweeds which should have
proper chemical composition, lack of toxic metals or compounds that can act as antinutritional factors.

Economic aspects may limit the use of seaweeds in poultry diet. Studies on this problem are
scarce. Currently, seaweeds are not grown on a meaningful scale. According to Burg et al. (2012),
the total seaweed production expenses, without collection and transportation, are approximately
€1,000 and €1,500 for each ton of dry matter [101]. Therefore, seaweeds naturally occurring in the
environment have the greatest potential to be used as feed additives. The application of seaweeds in
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the sun–dried and ground form is the most beneficial. It was shown that seaweed processing had no
significant effect on poultry growth or performance. Each seaweed processing is treated as an added
cost. Findings of Zeweil et al. (2019) showed that the Japanese quail fed on diets supplemented with
green and brown seaweeds (1.5% and 3%, respectively) generated the greatest net income and relative
efficacy (102.5 and 104.2 for green seaweeds and 107.09 and 101.11 for brown seaweeds at the dose of
1.5% and 3%, consecutively) in comparison with the control group [40]. Seaweeds have the potential to
be commonly used as feed additives not only thanks to their properties, but also due to the fact that
the search for new, cheaper, safe feed additives is a priority of the poultry industry.
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Abstract: Marine macroalgae (seaweeds), are amongst the first multicellular organisms and, as such,
the precursors to land plants. By the time ‘land’ animals arrived on the scene, terrestrial plants
were plentiful and varied, and herbivorous diets developed in concert with the food sources most
commonly available. However, skip forward several hundred millennia, and with the advent of
agriculture, approximately 10,000 years ago, dietary diversity began to change. Today, the world
is experiencing increasingly higher rates of debilitating, non-communicable diseases—might there
be a connection? This paper reviews scientific evidence for the judicious use of various seaweeds
in the reduction of heat stress, enhanced immunity, improved growth performance, and methane
reduction in animals. The extensive, (super) prebiotic effects of selected macroalgae will also be
highlighted. Key studies conducted across the animal kingdom provide considerable support that
there is an overwhelming need for the guided and wise applications of increased usage of selected
seaweeds in feed, food and supplements. Particular attention will be paid to the bioactive components,
and nutraceutical qualities, of various seaweeds, i.e., the brown, Saccharina (Laminaria) spp. and
Ascophyllum nodosum, and the red alga Chondrus crispus. Suggestions are put forward for benefits to
be derived from their further applications.

Keywords: macroalgae (seaweeds); feed; food; Homo sapiens; agriculture; health

1. Introduction

With the lack of lignified tissues and thereby extensive fossilized evidence, it is challenging for
researchers to prove definitively that seaweeds were eaten as a crucial part of the diet by early animals,
including Homo sapiens. However, some of the tools most commonly used by scientists in their attempts
to determine the components of ancient diets include reconstructions of the biomechanics of fossilized
jaws, bone and teeth isotopic data, and tooth wear patterns [1]. Isotopic analysis has also been carried
out on numerous fossilized remains of early hominids, the results of which indicated that before 4 mya,
most hominid diets consisted primarily of C3 plants (trees, fruits, shrubs, and non-grassy herbs and
forbs), akin to the diets of non-human primates. By about 3.5 mya, multiple taxa began to increasingly
incorporate C4 foods (primarily grasses and sedges) into their diets, although the trend and ratio varied
by region [2,3]. Even this information though, is problematic in determining if early humans and other
animals consumed seaweeds, as the 13C-12C ratio varies widely amongst macroalgal species. Maberly
et al., 1992 analyzed no less than 9 species of green, 15 brown, and 22 red seaweeds collected from
various places around the east coast of Scotland. Their results ranged from 8.81 to 34.74%, whereas C4

plants are usually around 12% and C3 plants around 28% [4,5], and this effectively discounts isotopic
analysis at this time, as a tool to define early seaweed consumption.

This leaves only, so far, tooth wear potentially from sand particles, and the knowledge that a
stable supply of all the essential nutrients for neonatal brain growth has a high probability of exerting
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dietary influence on development. This necessitates a specific period beginning with the maternal diet
prior to, during, and after a lengthy gestation, followed by months, or years of nursing. An example of
some of these nutrients includes polyunsaturated fatty acids (PUFAs), particularly docosahexaenoic
acid (DHA:C22:6, n-3) and arachidonic acid (AA:C20:4, n-6), and critical non-residual nutrients such as
zinc, iodine, and vitamin B12 [6]. All are available to foragers in coastal marine environments around
the world, and seaweeds, which have been growing along the worlds’ shorelines for eons and were
present well before the animals moved from the sea onto the land.

The most significant changes in human brain development occurred over the past 2.5–2 million
years [7–9]. Modern-day humans now boast ownership of a precious and complex organ that functions
as the epicenter of human physical existence, intelligence, and the source of all those features that
define humanity. Of utmost importance to healthy neonatal brain growth and development, is the
quality of the maternal diet prior to, during, and after the lengthy gestation period typical of humans.
To accommodate the nutritional necessities for enhancing brain size and the associated cognitive
abilities over the evolutionary long-term, a diet containing all the nutrients is likely to be a necessity
over multiple generations. Family units living and eating in coastal environments 2.5–2 million
years ago would have the best chances of reaching and maintaining nutritional integrity and the
associated enhanced cognitive abilities. Albeit this is not proof, and absolute proof remains elusive, if
not impossible, but a logical postulation.

Ironically, there is evidence today that the human brain is now actually shrinking in size. While
speculation as to the reasons and implications is varied, one of the most common suggestions is that of
worsening nutrition. In reality, there are most likely many factors involved and the reasons for it are
quite complicated, but over the past 20,000 years, the average volume of the human male brain has
decreased from 1500 cm3 to 1350 cm3 [10,11]. It is not yet clear what this might mean in terms of effects,
if any, on cognition and/or intelligence. Still, the brain possesses a very high energy demand, and the
evolutionary trade-offs are continually adapting to new niche-specific optima aimed, ultimately, at
maximizing genetic fitness utilizing the substrates available [12].

The human developmental time-line reveals that early foragers eventually became tool-makers
and hunter-gatherers, and finally, as population densities increased, and there were many more mouths
to feed, the first steps towards agriculture took place. The consensus among archaeologists places the
advent of early agricultural practices such as the domestication of plants and animals, at approximately
10,000–12,000 years before present [13,14]. There are many theories as to the reasons some very early,
but geographically distant populations, concurrently took up agriculture [15], but climate change
following the last ice-age is one of the most compelling [13,16]. Generally considered a watershed
moment, the adoption of agricultural practices profoundly influenced humanity, and it is typically
seen as a critical step towards a better life for all. However, upon closer inspection, newly emerging
techniques in paleopathology, the study of disease indicators in the remains of ancient peoples, suggest
otherwise. Paleopathologists can, from ancient skeletons, calculate growth rates, determine incidences
of child malnutrition, and recognize scars left on bones by anemia, tuberculosis, leprosy, and other
diseases [17,18].

The transition to agriculture ultimately led to significant changes in diet after thousands of years
foraging for fruit, berries, roots, wild vegetation and other edibles, and then eventually the hunting
of game. It is noteworthy that the timeline related to the beginning of the agricultural revolution is
centuries after the era when crucial human brain development is considered to have occurred, 2.5–2.0
mya. Hominin populations by this time consisted of larger family groups who had the cognitive
capacity to communicate and cooperate with one another, to hunt, and to make rudimentary tools [19].
Indeed, H. sapiens have spent far longer as hunter-gatherers than as agriculturists, and the transition
allowed for more permanent settlements. Still, it also led to a less diverse diet and a resultant decrease
in the quality of human nutrition. As groups of hunter-gatherers switched to farming, they ultimately
traded quality for quantity, and the earliest crops grown were carbohydrate-based barley, wheat, rice,
and corn [17], none of which contain all of the essential amino acids or vitamins necessary for human
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health and survival. These crops are still farmed extensively today [20], and they make up a significant
proportion of global feed and food supplies.

The increased carbohydrate content in the human diet with the shift to agriculture resulted,
amongst other things, in a significant decline in dental health [17,21,22]. The relationship between dental
caries and the consumption of sugar and other carbohydrates is well known, and this relationship has
been used as an indicator of the dietary reconstruction as a result of agricultural intensification [23,24].
However, in 2013, Halcrow and colleagues cautioned that the carbohydrate type might have played
a role, and they suggested that rice may not be particularly cariogenic. To support this standpoint,
they analyzed the degree of caries in the dentition of infants and children from eight prehistoric sites
in Southeast Asia. These researchers determined that while the deciduous, or baby teeth, exhibited
issues related to poor dental health, the secondary, or permanent teeth, did not follow the same pattern.
They concluded that while deciduous teeth were typically more susceptible to caries, the subsequent
weaning of children towards a rice-based agricultural diet actually helped to maintain better oral
health, contrary to evidence from regions of the world where cereals, other than rice, are utilized more
extensively. An unfortunate drawback of this research relates to the unavailability of pre-agricultural
samples in that region for comparison [25]. Additional declines in health potentially influenced by the
adoption and transition to agriculture include a prevalence of osteoarthritis, childhood malnutrition,
iron deficiency, and reduced life expectancy [17,18].

Accompanying significant changes in diet is always a corresponding change in the population
diversity of gut microbes, the organisms responsible for making various enzymes and metabolites
available for nutritional utilization. Alterations in macronutrient substrates available for metabolic
processing create changes in nutrient supply and composition. Recent studies established that human
gut microbes play multiple roles in securing the health and vitality of their host [26,27]. Mammals
are metagenomic in that they possess not only their own complement of genes but also those of all
of their associated microbes [28]. The contribution of the gut microbiome to the host gene pool is
estimated to be over 100 times more than that of the human genome [29], and its profound influence
on health and wellness is now widely recognized. The primitive human biome developed naturally
in association with a variety of microbes. In an extensive sequencing study, Moeller et al., 2016
revealed that clades of the Bacteroidaceae and Bifidobacteriaceae had been maintained exclusively within
host lineages across hundreds of thousands of generations, indicating robust co-speciation, and
strong vertical transmission [30]. Strains of Bifidobacteria and Bacteroidetes are now known to provide
significant prebiotic benefits in mammals [31,32]. Sequence analyses also provided evidence for
extensive sympatry between hosts and their colonizing microbial populations [33,34]. The co-evolution
of eukaryotes and their commensal, or symbiotic microbial populations played an essential role in
the health and fitness of the host then, as it does now [35,36]. A significant portion of research today
continues to focus on the gut microbiome, exposing the seemingly infinite number of relationships gut
microbes have with their host, whether a plant, an animal, or macroalgae.

As apex consumers, humans are dependent not only on the inherent nutritional value of foods,
but we are also impacted by the components that food was exposed to as it was being produced.

In addition to essential nutrition in the form of protein, carbohydrate, fat, vitamins and minerals,
biologically active compounds are also necessary for optimum health, wellness, and vitality. Human
health is deeply interwoven with the fabric of terrestrial agriculture, and the whole sphere of impacts
is complex and far-reaching. Without agriculture, the human populations on Earth today would only
exist until the food stockpiles ran out.

However, it is necessary to look upon the broader picture as a whole. In a global situation where
obesity and cardiovascular and neurological diseases are at epidemic proportions and increasing, a
clear assessment of the situation is warranted, even as governments begin to recognize the high costs
of obesity. It is hoped that this review will provoke some thought and consideration of tools that may
be naturally available in the form of macroalgae.
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2. Bioactive Compounds in Macroalgae

It is well known that seaweeds naturally possess a plethora of unique and beneficial bioactive
compounds [37–40], but adequate research in human clinical trials remains limited. Some information,
however, has been derived from animal trials, and an example of this in terms of an agricultural
food crop was demonstrated by Fan and colleagues, 2011. Studies showed increased antioxidant
capacity and enhanced food quality in spinach grown with applications of a seaweed extract [41].
Conventional agricultural practices have been suggested by many researchers to contribute to the
production of foods that are less nutritious than organically produced crops. However, this theory
remains controversial, and the science needs to be better refined. Highlights of much of this research to
date, however, demonstrated that while basic nutrition does not appear to differ significantly based
upon culture technique, the production of various phytochemicals and bioactive compounds is more
prevalent in organically grown crops, including those receiving seaweed-based inputs [42–45].

Research on the enhancement of antimicrobial activities of essential oils by the application of
seaweed extract highlights an indirect benefit to humans. The mint and sweet basil in this study
are traditional global medicinal plants grown on an industrial scale, and a foliar application of two
doses weekly of Ascophyllum nodosum extract at 5 and 7 mL L−1 for 12 weeks enriched essential oil
content and quality. A. nodosum treated plants were more productive and showed higher antibacterial
properties than the control, thus providing higher quality oils without the negative environmental
impacts of synthetic fertilizers [46]. For a more thorough review on the history, development, and
extensive bioactive compounds found in seaweed extracts, relative to the many benefits they can afford
the agricultural industry, please see Craigie, 2011 [47].

Animal-derived products such as meat, dairy, eggs, fish, and shellfish currently represent 43% of
the total protein supply for human consumption [48], and this number is expected to grow in concert
with global population increases. Efforts are in play to improve the nutritional quality of certain
agricultural crops by biofortification methods, particularly for essential mineral elements often lacking
in human diets, such as iron, zinc, copper, calcium, magnesium, and iodine [49]. Collectively, seaweeds
typically contain all of these elements and are considered a dependable source of them. Reliance by
societies on agricultural production means that basic nutritional requirements are being met, but what
of the other important wellness compounds mentioned here previously?

The world’s populations will always be dependent upon agriculture but if we consider the
current situation where global health issues continue to rise, despite the availability of agriculturally
produced foods, especially in industrialized countries, is something fundamental being overlooked? It
is possible, perhaps even likely, that primitive hunter-gatherers enjoyed better health and wellness
than people today because they foraged for a wide variety of wild foods. Coastal diets would have
been optimal, enriched in phytonutrients and their associated bioactivities, including prebiotic effects.
It is challenging to determine the wellness activities of ancient peoples conclusively, and in an effort
to compare energy expenditure of Westernized humans to hunter-gatherer ancestors, Pontzer and
colleagues, 2012 examined daily energy expenditure and physical activity levels of present-day Hadza
foragers. The Hadza lifestyle is similar in critical ways to those of Pleistocene ancestors in that they
hunt and gather on foot with bows, small axes, and digging sticks, and such isolated populations
for study are scarce. Over 95% of the calories in the Hadza diet come from wild foods, such as
tubers, berries, small and large game, baobab fruit, and honey. From this research study, the authors
concluded that Hadza individuals had lower percentages of body fat than Westerners, but contrary to
expectations, total energy expenditures were similar across populations. These results add to the view
that energy intake is more influential than energy expenditure in relation to obesity. Highly processed,
energy-dense but nutrient-poor foods are cited as the likely culprits contributing to the obesogenic
effects experienced by westernized populations [50].

Furthermore, paleopathology studies provide some evidence that life expectancy at birth in
the pre-agricultural community was approximately 26 years, whereas in the early post-agricultural
community, it was reduced to nineteen years [17]. Wells and Stock, 2020 developed a conceptual
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framework based on evolutionary life history studies, and they applied it to better the understanding
of how human biology changed in ancestral populations in association with the origins of agriculture.
Their theory is based upon the assumption that energy in the form of food availability is finite and must
be allocated in competition among the functions of maintenance, growth, reproduction, and defence.
They argued that the origins of agriculture provoked trends in many components of biology, such as
body size, fertility, and health status through the shifting of various trade-offs to new niche-specific
optima [51]. Life history theory considers how organisms maximize their genetic fitness through
harvesting resources from the environment and investing them in a suite of biological functions
throughout their life-course [13].

A notable example of a high cost, high benefit trait in terms of a defense function is the inflammatory
response. It is of high benefit because it can be life-saving during exposure to noxious challenges. Still,
the high cost comes with the propensity of inflammatory defenses to interfere with normal functions.
At the extreme, it can cause tissue damage, and even death (in severe cases of auto-immune disease).
The inflammatory response is particularly sensitive to changes in relevant environmental factors such as
an altered exposure to commensal and pathogenic microorganisms, changes in diet, antibiotics, stress,
environmental and endogenous toxins, and physical activities. Chronic inflammation is universally
associated with metabolic syndrome factors such as obesity [52], cardiovascular diseases [53], as well
as neurodegenerative disorders [54], and cancer [55]. There have been many significant environmental
changes in the past century, and it is proposed that the cost-benefit trade-off of the inflammatory
response in modern human populations is not optimized to the current environmental situation, of
which diet plays a primary role [56]. The prevalence of inflammatory diseases has increased significantly
over recent decades, and the anti-inflammatory effects of seaweeds are well documented [57–60]

Efforts to improve the nutritional value of food crops typically focus on biofortification methods by
the application of inorganic fertilizers, or specialized plant-breeding techniques, and the development
of transgenic plants. It is also recognized that increasing the concentrations of bioactive substances in
foods, such as β-carotene, cysteine-rich polypeptides, and certain organic and amino acids in foods
helps to improve the bioavailability of certain nutrients [49]. Furthermore, farm animal production,
including aquaculture, ruminant and monogastric livestock, is expected to increase by 70% to feed the
anticipated human population increase to 9.6 billion individuals by 2050 [61]. In a comprehensive
review, Garcia-Vaquero, 2019 presented an informative collection of studies which demonstrated
numerous health and fitness benefits from the inclusion of seaweeds in the animal diet. Most of
the studies are related to benefits to test-animals, fish, poultry, or shellfish, and are centered around
improved growth as a function of the protein content of the macroalgae. Some of the beneficial
responses also included pathogen resistance, enhanced immunity, and increased carotenoid content,
suggesting more factors are at play beyond protein content [62].

Studies on the impact of foods on neurological health are advancing scientists’ understanding of
the dynamic interactions of the food-brain axis, and these studies have demonstrated that selected
seaweeds contain compounds that are neuroprotective [63–66]. However, it is currently uncertain if, as
secondary consumers, humans would receive the same neuroprotective benefits from agricultural crops
(domesticated plants and animals), grown with the assistance of these beneficial seaweeds. Fan et al.,
2011 showed that an extract from the brown seaweed, Ascophyllum nodosum enhanced the antioxidant
content in spinach, which in turn, when prepared as a feed, protected the nematode, Caenorhabditis
elegans against oxidative and thermal stress [41]. Furthermore, cows fed on a diet formulation containing
A. nodosum, produced milk with increased iodine content and their gut microbial populations were
altered in favour of increased beneficial microbes (Firmicutes), and a decrease in the number of
Proteobacteria [67]. Laying hens with a 10% portion of the seaweed Macrocystis pyrifera added to
their diet increased the n-3 fatty acid content of their eggs beyond that provided by sardine oil,
improving lipid composition and consumer acceptance [68]. In addition, it is commonly understood
that cold-water fish and shellfish that feed on algae are a reliable food source for the important
polyunsaturated fatty acids, arachidonic (AA:C20:4, n-6) and docosahexaenoic acids (DHA:C22:6, n-3),
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critical in human health and development. Humans must obtain these fatty acids from their diet, as do
the fish and shellfish, by eating the (micro or macro) algae that contain them. These are examples of
nutritional benefits becoming available as they advance “up” trophic levels of the food chain from
primary consumer to secondary consumer and as a result of utilizing micro/macroalgal components.

It seems evident that by improving the diversity of the foods we eat beyond what current
agricultural practices offer, human health and wellness status should rebound given sufficient time.
Opportunities to add robust, but currently unconventional sources such as seaweeds, to animal
feeds and agricultural crops, are numerous and realistic. There is a plethora of research to support
the addition of specific seaweeds, or seaweed components to domesticated livestock feeds. This
would potentially lead to a healthier, nutritionally diverse food supply, which will, in many cases,
ultimately carry over to the end consumer. Nutrition must reach beyond the basics of protein, fat,
carbohydrate, minerals, and vitamins, to include all the other substrates that fundamentally support
and facilitate an optimized state of health and wellness. There are numerous, excellent scientific
reviews published on the many applications and beneficial fitness effects of administering macroalgal
components to livestock feed, [69–71] as examples. There is, as well, equally, or even more robust
literature highlighting nutraceutical, pharmaceutical and therapeutic benefits to humans, as a search of
the internet indicates.

A wide range of studies examining the bioactive properties of seaweed supplementation in
domestic livestock feed are establishing species-specific, targeted applications or effects. These
constituents are referred to as ‘nutricines’, highlighting their benefits beyond core nutrition [72]. A
sample of these will be highlighted here, beginning with a study by Wan and colleagues, (2016) who
carried out a 14-week feeding trial on Atlantic salmon smolts. The red seaweed, Palmaria palmata, was
collected in winter, washed, dried, milled, prepared and administered at three different rates, 5, 10, and
15%, by weight, and made into pellets with the remaining feed ingredients. The researchers screened
for physiological changes in basic haematology, immunological indicators, hepatic markers, and whole
salmon body proximate composition. Results, in general, were unremarkable, as compared to controls,
with the exception of a significant decrease in alanine transaminase at the 5 and 15% inclusion rates,
which is thought to be a positive indicator of liver health. In addition, at the 5% level of seaweed
inclusion in the salmon feed, lipid content increased compared to control fish, and an increase in lipid
concentration can reflect positively on the organoleptic characteristics of the product in addition to
enhanced nutrition [73].

While the purists of the world claim that wild-caught fish are nutritionally superior to farmed fish
as a competent and reliable food supply, widespread systems of aquacultured fish are essential to help
feed the masses in a safe and ecologically sound manner. This will be especially true in the future, and
as such an important food source, fish need to be farmed carefully and sustainably. Efforts must be
made to minimize stresses and promote nutritional balance in aquaculture operations. Much attention
has been placed on enhancing natural immune function in farmed fish, which also improves health
and growth, reduces mortality, prevents some diseases, and increases resistance to parasites. Seaweeds
are amongst the most promising immunostimulants tested to date, some shown to promote growth,
stimulate appetite, enhance tonicity, improve immunity, and exhibit anti-pathogenic properties [74].

Pork is the world’s most consumed meat from terrestrial animals, and global commercial pork
production in 2020 was estimated, by a web-based statistics company, to be around 88.73 billion metric
tons [75]. It would be wise to ensure that if such a significant amount of pork is being consumed,
then that meat should not only be a source of protein, fat, and specific vitamins, but should also
contribute important phytocompounds. This is a potentially beneficial way to contribute to global
health. However, the research is far from complete, although reported here are some examples utilizing
brown seaweeds or brown seaweed extracts for livestock.

The polysaccharides laminarin and fucoidan are present in brown seaweeds, and these compounds
provide important anti-inflammatory and prebiotic effects in livestock. Post-weanling pigs were fed
for two weeks a diet supplemented with a 300 mg/kg laminarin-rich extract sourced from BioAtlantis
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Ltd. (Clash Industrial Estate, Tralee, Co. Kerry, Ireland). The pigs had higher feed intake, growth
rate, and body weight, as compared to controls. Laminarin is found in kelp-like seaweeds and
is especially abundant in Saccharina/Laminaria spp. Corresponding to the improved fitness of the
treated pigs was a measured proliferation of bacterial taxa. These included Prevotella that favourably
enhanced nutrient digestion whilst reducing the load of potentially pathogenic bacterial taxa, including
Enterobacteriaceae [76]. Laminarin is an important bioactive compound, and it is a robust source of
antioxidants as well as an algal source of β-glucan, a natural compound known for its purported
functionality in foods and its immunity-enhancing properties. However, the exact mechanisms are not
yet fully understood [77]. When researchers supplemented weanling pig diets with 2.5% powdered
Laminaria as a component of the basal feed formulation, they found that the seaweed additive not only
served a nutritional purpose, but that it also exerted additional bioactivities with a positive impact on
productivity [78].

Dried and ground stalks (stipes), of the brown seaweed Undaria pinnatifida, when fed to pigs at a
rate of 1%, altered their intestinal microflora preferentially in favour of probiotic populations, such as
Lactobacillus spp. for example, and were inhibitory to pathogens such as Escherichia coli. In addition,
immunomodulatory effects, demonstrated by a significantly higher percentage of peripheral, blood
natural-killer-cells in the treatment groups, is a promising step towards the reduction of widespread
antibiotic usage [79].

Brown seaweeds, in general, are an excellent source of bioactive compounds. However, a point to
bear in mind is that there is an inherent variability within and amongst species, and samples must
be well characterized. In addition, there is a temptation to consider that if a little bit of something
is good, then a lot should be better, and care must be taken to ensure the science is complete and
thorough. Some studies showed that when certain seaweeds were used as a feed replacer, and therefore
administered in higher doses, negative results such as scours and loss of conditioning in farmed animals
occurred [72]. This possibility has led researchers to refine their approach and consider using seaweeds
for their potent prebiotic effects as lower dose feed supplements also aimed at the potential synergies
associated with whole, usually granulated seaweeds. For example, in a detailed review highlighting
the benefits of macroalgae in poultry feed, it was reported that the addition of 0.5 kg of A. nodosum per
metric ton of feed significantly reduced the effects of prolonged heat stress on the birds [80]. Certain
seaweed extracts such as fucoidan and laminarin, which can focus on specific activities, are also of
interest for targeted applications such as enhanced immunity and improved gut health [32,81]. Still, in
consideration of poultry, Kulshreshtha and colleagues, investigated in 2020 seaweed components as
agents against the drug-resistant pathogen Salmonella Enteritidis, carrying out the study in cell cultures.
They investigated the effects of water extracts of two cultivated red seaweeds, Chondrus crispus, and
Sarcodiotheca gaudichaudii in various combinations with industry-standard antibiotics. Streptomycin
exhibited higher antimicrobial activity against S. Enteritidis compared to tetracycline, with a MIC25

and MIC50 of 1.00 and 1.63 μg/mL, respectively. However, the addition of a water extract of C. crispus at
a concentration of 200 μg/mL to the tetracycline treatment significantly enhanced antibacterial activity
(log CFU/mL 4.7 and 4.5 at MIC25 and MIC50, respectively). Furthermore, the S. gaudichaudii water
extract, at 400 and 800 mg/mL, and also in combinations with tetracycline, showed total inhibition of
bacterial growth [82]. The reduction of antibiotics in global agricultural operations is a very important
step towards minimizing resistance to synthetic drugs, and overall, by extension, will help lead to the
development of a healthier planet for people, plants, and animals naturally.

Researchers continue to explore the benefits of supplementing livestock diets with seaweeds, and
whilst protein substitution is one of the more popular reasons for developing alternative feedstuffs,
other vital applications are coming to light with respect to the meat and dairy industries. A sun-dried,
specially managed granular extract of the fucoid, A. nodosum (Tasco™, Acadian Seaplants Ltd.,
Dartmouth, NS, Canada) was fed at a 1, 3, or 5% rate to young rams for 21 days. There was no effect
under the conditions of this study on rumen fermentation, but rumen total bacteria and archaea were
linearly reduced, and protozoa were linearly increased by increasing levels of Tasco™. Furthermore, the
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addition of seaweed to feed reduced the total E. coli population, a common and ubiquitous, foodborne
pathogen [83]. Other examples of the positive impact seaweeds can induce include benefits to cattle,
and steers fed 20 g Tasco™/kg diet for seven days showed similar effects in pathogen reduction. Fecal
shedding of E. coli O157:H7 was significantly reduced in both duration and intensity, indicating an
inhibitory effect on the growth and proliferation of this virulent bacteria [84]. This is a valid example
of a source of contamination coming from animals and negatively impacting humans, as frequent meat
recalls for E. coli can attest.

Addition of powdered A. nodosum (80.0 g/cow) to feed for Holstein dairy cows increased blood
glucose levels, and it decreased blood sorbitol dehydrogenase (SDH) levels. The activity of SDH in
the blood of healthy animals is low, whereas its elevation above normal range implies hepato-cellular
injury. The authors suggested that this result may indicate a hepatoprotective effect of the seaweed, in
concert with improved energy utilization [85].

An unfortunate reality of cattle production is evidence that in the process of digesting and utilizing
their feed components, bacterial fermentation in their gut releases significant amounts of methane,
a particularly undesirable greenhouse gas. Of all the reported livestock produced in the world,
cattle contribute approximately 62% of global emissions within the animal sector [86], and efforts
to find ways to reduce this inherent methane production have become a priority. Dietary seaweeds
have been shown repeatedly to influence the gut microbiome, and this holds true as well for the
methane-producing microbes, including members of the Archaea. However, there remains extensive
variability in effectiveness, based upon seaweed species and inclusion rates [87]. Although the rumen
microbiome can ferment seaweeds and provide energy to the host animal, high variability of digestibility
values is evident among and within seaweed species, and this applies to the methane-reduction effects
as well [88]. Much more research is currently required, but one of the most promising seaweeds to
date, for the promotion of anti-methanogenesis activity in cattle, is the red algae Asparagopsis taxiformis,
which provided over 90% methane reduction, at a supplement level of 2% organic matter in in vitro
trials [89,90]. Developing safe and effective methods for the reduction of enteric methanogenesis is
indeed, challenging, and any adoptive strategies need to be sustainable, practical, and economically
viable. Whilst methane reduction is not a direct nutritional benefit for humans, it does have far-reaching
and important global climatic implications, and further studies on a wide range of seaweed-based
dietary supplements should be undertaken.

The red seaweed Chondrus crispus has a long history of usage as food and medicine [91], and
this species is remarkable in its bioactive characteristics, as demonstrated by various animal studies.
Components of this seaweed were shown to enhance host immunity, suppressing the expression of
quorum sensing and the virulence factors of a Pseudomonas aeruginosa strain, and enrich probiotic
levels in the host [92,93]. As a supplemental feed ingredient, 2% C. crispus significantly increased the
beneficial (probiotic) bacteria in the guts of layer hens, and it also enriched the short-chain fatty acid
concentration, which is thought to act as an energy source for intestinal epithelial cells, stimulating cell
growth [94]. Sulphated polysaccharides (SP) were extracted from samples of C. crispus collected off the
Atlantic coast of Ireland and used to determine the effects, if any, on wild mussels. Results indicated
that the SP from C. crispus rapidly induced health-enhancing activities in Mytilus spp. at a cellular,
humoral and molecular level, and with up to a 10-day prolonged effect [95].

While scientific research regarding the impact of seaweed on equine health is somewhat limited,
there is an important accumulation of anecdotal evidence for the utilization of microelements,
conditioning, and other benefits derived from seaweeds. Interestingly, excessive obesity affects
approximately 45% of the worldwide horse population, resulting in equine metabolic syndrome
(EMS) [96], which parallels metabolic syndrome (MetS) in the human population. The same
fundamentals of nutrition apply to all, and equine also utilize basic substrates to optimize genetic
fitness. Still, the benefits for horses of nutricines from seaweeds have yet to be thoroughly investigated.
There are several macroalgal-based products currently in the marketplace, primarily as supplements,
and quality testing must be done for these to meet the appropriate regulatory criteria [97]. Horses are
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not a widely used food animal for humans, but they constitute a significant proportion of agricultural
livestock, and they make a large contribution to feed consumption statistics. Their general health
status is but another example of the impact domestication has had on the world’s livestock.

3. Conclusions—One IS what One Eats

It is obviously unreasonable to consider that all the members of the global, human population may
return to a lifestyle of foraging, hunting, and fishing, for the acquisition of a nutritionally balanced,
wild-based diet. From archeological studies, including paleopathology, it is now understood that many
of the H. sapiens on the planet, prior to the advent of agriculture, in fact, had a more diverse diet, and are
considered to have had healthier lives. In addition, as mentioned previously, the ancestors of today’s
humans must have had long-term access to all the essential nutrients for the growth and development
of the brain with respect to its structure and sophistication—characteristics that differentiate humans
from other primates [6]. Simply as a function of accessing natural food sources, useful bioactive
compounds, such as antioxidants, various polyphenols, and also in the case of seaweeds, sulfated
polysaccharides would be present and plentiful.

In a well-cited commentary (~2500 citations on 20 June, 2020) published in 2005, the authors
remarked, “the evolutionary collision of our ancient genome with the nutritional qualities of recently
introduced foods may underlie many of the chronic diseases of Western civilizations”, and they provide
several reasons for that statement. In particular, lower nutritional diversity, extensive food processing,
and the over-consumption of sugar and salt are cited as primary factors negatively impacting the health
status of global populations [98]. Without a doubt, the industrialization of the food system has further
reduced dietary variability. As an example, the genetic diversity of the corn plant has now been lost,
but the number of products made from this crop is in the thousands [99]. Would growing that corn with
seaweed extract lead to a broader range of antioxidants for those who consume it? How many steps in
the food web would maintain that bioactive nutrition? What measures must be taken to improve global
health? Big questions, with complicated answers, even without addressing the various economic
scenarios and their influence. It is a fact, however, that chronic diseases are impacting populations
across the world, and they continue to rise, disrupting such vital organs as hearts and brains, and
contributing to diabetes, obesity, inflammatory disorders, and loss of vitality. Furthermore, many
of these conditions are interconnected, where one negatively influences the other, and now studies
reveal that there is a strong relationship with the gut microbiome, which has co-evolved along with
humans, other animals, and plants. Host dietary intake is a major environmental factor influencing
gut bacterial abundances and disease phenotypes [100], and obviously, the phytonutrient quality of
our food matters—especially over the longer term.

The solution, therefore, must lie within our current systems of food production, and the quality
and diversity of the human diet must be improved upon. It seems quite possible that by adding
seaweeds, or seaweed supplements to animal feeds, that at least some beneficial compounds will
carry over to the end consumer. However, just as there are a plethora of bioactive metabolites in
seaweeds, there is also a plethora of variables that must be identified and managed, and this will require
significantly more research. Species differences, dosages, economics and raw material supplies must
all be considered. Bioavailability of active compounds may also be a challenge as scientists strive to
understand how functional constituents interact metabolically within their host [101], and potentially
there will also be some individual differences in terms of response. As an aquatic natural resource,
macroalgae are influenced by the quality of the environment in which they grow, and therefore it is
important to be cognizant of any potential toxins or antinutrients, such as excess heavy metals.

There is no escaping the fact that with respect to food, one is, what one eats. Efforts to enrich our
agricultural products by supplementing with seaweed, which contains a wide variety of phytonutrients
(perhaps, ‘phyconutrients’ in this case) are a realistic and practical way to begin diversifying diets.
There is some concern that the rates of whole dried seaweed applied may not be enough to cause
a desired effect, whereas too much may have palatability or other issues. Step-wise approaches to
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significant or long-term dietary changes may enable rumen microbes in cattle, for example, to adapt
to higher doses over time if necessary, to obtain optimized nutritional value [70]. As an ancient
food source, available thousands of years before terrestrial plants, it would seem prudent to increase
the agricultural use of seaweeds as feed and food, with the aim of improving global human health.
Obviously, there is some distance to go to reach that point. Still, competent and dedicated researchers
are working on this opportunity, and with the eventual implementation of seaweed-derived foods and
feeds into agriculture, the next 10,000 years will result in a much healthier planet, including the beings
living here.
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Abstract: Seaweed (known as marine algae) has a tradition of being part of the animal feed in the
coastal areas, from ancient times. Seaweeds, are mixed with animal feed, because when consumed
alone can have negative impact on animals. Thus, seaweeds are very rich in useful metabolites
(pigments, carotenoids, phlorotannins, polyunsaturated fatty acids, agar, alginate and carrageenan)
and minerals (iodine, zinc, sodium, calcium, manganese, iron, selenium), being considered as a
natural source of additives that can substitute the antibiotic usage in various animals. In this review,
we describe the nutritional values of seaweeds and the seaweed effects in the seaweed-based animal
feed/supplements.

Keywords: seaweeds; feed additive; feed supplement; animal nutrition

1. Introduction

Seaweeds colonize aquatic habitats and are used mainly by coastal populations [1,2].
Many seaweed species are normally used in unprocessed form, in medicine, human diets, animals feeds
and for improvements in agricultural soil as fertilizers [3]. They are rich in potassium, sodium, calcium,
magnesium and phosphorus and are a source of essential trace elements, such as iron, manganese,
copper, zinc, cobalt, selenium and iodine [4]. Little is known about their bioavailability in nutrients [5].
Seaweeds are simple organisms, which are able to take advantage of sunlight to convert carbon dioxide
into sugars and oxygen, during the photosynthesis process. The most common varieties of edible algae
include: Neopyropia/Porphyra/Pyropia spp., Undaria pinnatifida, Saccharina latissima, Palmaria palmata and
Chondrus crispus, varieties that are associated with many health benefits, such as decreasing blood
pressure, preventing spills and they are a valuable protein source [6].

Seaweed biomass is a valuable alternative ingredient for livestock. Macroalgae, in general, show great
differences in proteins, minerals, lipids and fibers. The high mineral content of seaweeds is due to their
ability to absorb inorganic substances from the environment; they contain a small amount of lipids, mainly
polyunsaturated fatty acids (PUFAs), although they are rich in polysaccharides. Seaweed has only a small
percentage of lipids (1–5%), but the majority of those are PUFAs. Predominantly, brown and red seaweed
contain more PUFAs 20:5 n-3 (EPA) and 20:4 n-5 (arachidonic acid) than green algae [7–9]. Seaweed has
a highly variable composition, which depends on the species, time of collection, habitat and on external
conditions such as water, temperature, light intensity and nutrient concentration in water [9,10].
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J. Mar. Sci. Eng. 2020, 8, 559

Algae contain high-levels of nonprotein nitrogen, such as free nitrates, resulting in nitrogen-to-protein
conversion factors of 5.38, 4.92 and 5.13 for brown, red and green seaweed, respectively [8,9]. There are
various edible seaweeds for human consumption with high protein content, with variable essential
amino acids [11]. They also absorb minerals from seawater and contain 10 to 20 times more than the
land plants [12]. In general, it is accepted that green and red algae have higher nutritional value than
brown algae due to low protein and high mineral content. However, brown algae have a higher and
diversified content on bioactive molecules with high commercial interest [9]. Therefore, algae can
provide energy, minerals and proteins to animal feed and have potential as alternative protein source
for ruminants [13].

The analysis of the protein quality and concentration is essential to determine the nutritional value
of the algae biomass, so it can be used fresh, dried, liquefied or cooked. This analysis is important as it
identifies the concentration of essential amino acids (EAAs) [14].

Algae have a relatively high protein quality compared to cereal and soy flour. More than 75%
of seaweed has higher proportions of total essential amino acids than wheat flour and 50% higher
than soy flour and also higher than rice and corn [14–16]. The proportion of EAAs methionine and
lysine are comparable to traditional protein sources. Algae are generally richer than soy flour in the
proportion of methionine but poorer when compared to wheat flour. On the other hand, algae have a
lower proportion of lysine than soy and wheat flour [14].

The main limitation for the use of seaweed proteins is the concentration of EAAs and not the
quality of the total amino acids or proteins. However, the concentration of EAAs in seaweed, in an
entire biomass base, is considerably lower than in traditional sources, such as corn and soy, thus it is
not suitable as a protein source in compound diets for monogastric animals. This does not detract from
its positive health benefits for humans and livestock, where its few calories and high mineral content
may be desirable [14].

Among the marine organisms, seaweed represents one of the richest sources of natural antioxidants
and antimicrobials. They are also an excellent source of vitamins such as A, Bl, B12, C, D and E,
riboflavin, niacin, pantothanic acid, folic acid as well as minerals such as Ca, P, Na, K and I [17].

In short, new alternatives to reduce or replace the use of antibiotics in animal diet is needed.
Thus, we can contribute to find a natural product that does not only eliminate or prevent diseases but
also improves the nutrient quality of meat and eggs. With the continued study of the sea resources,
numerous species of algae with favorable biological activity have been reported as acceptable for
inclusion in diets for rats, chickens, laying hens and pigs [18].

In this review, our intention is to analyze the seaweed potential for animal feed and to contribute
to the development of its standardized use, reducing the animal health risks.

2. Seaweeds: Nutritional Profile

As demonstrated earlier, seaweeds (or macroalgae) are divided into three large groups, without
any taxonomic value, based on the color they present [19,20]. There are 10,100 seaweed species
known worldwide and they can be observed in all seawater habitats with some seaweeds appearing in
freshwater [21].

Green seaweeds (Chlorophyta), of which there are known to be 2200 species, at maximum reach
1 m in height. Their color is related to the presence of chlorophyll [4,21,22]. Red seaweeds (Rhodophyta),
with 6100 species, are efficient in photosynthesizing in deeper waters. Their length varies and they
are similar to green seaweeds. Their color results from the presence of pigments, phycoerythrin and
phycocyanin, which disguise β-carotene, lutein, zeaxanthin and chlorophyll [4,21,23–25]. For brown
seaweeds (Ochrophyta, Phaeophyceae), with nearly 1800 species, only 1% is known to exist in
fresh water and their length can be up to 50 m. The brown color is related to their content of
carotenoid fucoxanthin, which disguises β-carotene, violaxanthin, diatoxanthin and chlorophyll.
The main seaweed polysaccharides are laminarin, fucoidans, agar, carrageenans, porphyran, ulvans
and alginates [4,21,26,27].

76



J. Mar. Sci. Eng. 2020, 8, 559

Seaweed mainly contains high levels of glutamic acid, present in both free and protein-bound
forms, contributing to typical flavor known as umami. They also contain various bioactive amino acids
and peptides, such as taurine, carnosine and glutathione [5]. In this point we intend to address the
nutritional value and other relevant molecules found in the different seaweeds.

2.1. Green Seaweeds

The commonly known green algae are organisms which belong to the Chlorophyceae class
(phylum Chlorophyceae), including both microscopic and macroscopic species. They are the most
diverse algae group, with more than 13,000 species; it is estimated that about half of these species are
seaweeds. The characteristic color is due to the presence of the chlorophyll a and b, pigment used
during the photosynthetic process [2,28].

Their color usually depends on the balance between these chlorophylls and other pigments,
such as β-carotene and xanthophylls. Green algae are common in areas where light is abundant,
such as shallow water and natural pools. The main genus include Ulva, Codium, Chaetomorpha and
Cladophora [4].

Ulva is a one of the most common genera of green seaweeds, also found in brackish water (mainly in
estuaries). Being filled with minerals, proteins and vitamins, these species are very appealing to study
at a nutritional level [3]. Ulva’s biomass is relatively rich in proteins (Table 1) and has a potential as an
alternative source of proteins for animal feeding, contains highly insoluble dietary fibers (glucans) and
soluble fibers, having higher protein content than other green seaweeds [4].

Ulva sp. grows abundantly in areas rich in nutrients, float together along the coast, block
watercourses and destroy the marine ecosystem, which becomes a serious threat to the fishing industry
and the development of tourism. Consequently, it could be of great practical interest to make Ulva
waste profitable. This seaweed is not studied only for its high protein levels. The interest, both
academic as commercial, in the abundant and highly sulfated ulvans that are extracted from Ulva,
has increased in recent years. Ulvan is a heteropolysaccharide of the cell wall that represents 9 to
36% in dry weight of Ulva sp. biomass [29]. Ulvan consists of rhamnose, xylose, glucose, uranic acid
and sulfate, which regulate immune functions and act as an antioxidant and antibiotic [22]. A high
level of this sulfated polysaccharide in Ulva sp. reveals its anticoagulant, antiviral, anti-inflammatory,
antihyperlipidemic, immunomodulatory and anticancer activities [18].

Some Ulva species are used as livestock feed [30] and adding Ulva to diets in powder form can
decrease an abdominal and subcutaneous fat, improving meat quality and amylase activity in the
duodenal content of chicken [5].

The use of Ulva as a food or animal feed is a daunting task since the bioavailability of the
polysaccharides (Table 1) has remained indescribable due to the inefficient animal metabolism
regarding this nutrient. This chemical limitation generally prevents the efficient use of Ulva as a single
feed for animals [3].
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2.2. Red Seaweeds

In general, compared to green and brown algae, red algae contains a high amount of proteins
(Table 1) reaching 47% (Neopyropia tenera) of a dry matter [32].

The proteins from this seaweed group are made up of one or more chains of amino acids, especially
glycine (Gly), alanine (Ala), arginine (Arg), proline (Pro), glutamic (Glu) and aspartic (Asp) acid
(compose large part of the amino acid fraction), whereas tyrosine, methionine and cysteine appear in a
lower quantity. Glutamic and aspartic acid, that have acidic side chains at neutral pH, in red seaweeds
represent 14–19% of amino acids [33]. Dawczinski et al. [11] found relevant values of the amino acid
taurine (tau) in red seaweeds unlike the brown seaweeds. Essential amino acids reveal almost half of
the total amino acids and their protein profile is close to the egg’s protein profile. In general, all algae
have the same amount of nonessential amino acids [11].

Lipids, in these seaweeds present relatively lower contents, 1–5% of dry matter (Table 1), found in
Chondrus crispus (1.0–1.3%) and Palmaria palmata (0.7–3%) [27,34]. Red seaweed predominantly
contains the polyunsaturated 20 carbon-fatty acids eicosapentaenoic acid (EPA, ω-3, C20:5) and
arachidonic acid (AA, ω-6, C20:4). Palmitic acid (C16:0) is the main saturated fatty acid with 26%
and monounsaturated is oleic acid [11]. Neopyropia/Porphyra/Pyropia sp. were tested and the assays
showed that palmitic, eicosapentaenoic, arachidonic, oleic, linoleic and linolenic acid were the main
fatty acids [11]. Another class of lipids are sterol compounds. Most red algae contain cholesterol,
desmosterol, sitosterol, fucosterol and chalinasterol [35].

In their study, Dawczinski et al. [11] did not find significant differences between the red and
brown algae, as they both revealed low fat and high fiber content (Table 1). Red algae contains soluble
fibers such as sulphated galactans (agars and carrageenans), xylans and floridean starch [11,35,36].

Red algae (Rhodophyta) are seaweeds with an interesting nutritional profile. The minerals present
in some red algae, namely Chondrus crispus and Gracilariopsis sp., are Na, K, Ca and Mg, as well
as, Fe, Zn, Mn and Cu [36]. The iodine content in red algae is high, in Gracilaria sp. reaching 426
mg/100 g of seaweed dry biomass but not as high as in brown algae (1200 mg/100 g of seaweed dry
biomass). Algae iodine has already contributed to the nutritional enrichment of the meat of several
fish species [37].

Red seaweed outperformed several brown and green seaweeds in sequestering negatively charged
hexavalent chromium ions. It possesses more cationic sites, which show low affinity for positively
charged metal ions, such as cadmium, but higher affinity for hexavalent chromium [10].

Algae may have bioactive compounds and bioactive secondary metabolites. Red algae are the
main source of halogenated monoterpenes. Seaweed contains also sesquiterpenes, diterpenes, C15-
Acetogenins, C27 and C28 steroids, with C29 steroids, in small amounts [38].

Most red seaweeds contain water-soluble vitamins B and C (Table 2), mainly amine and riboflavin
and liposoluble vitamins such as carotenoids (as provitamins of vitamin A). The carotenoids are
represented by different pigments which form the resulting seaweed color together with chlorophyll
and are also very strong antioxidants. The main carotenoids of red seaweed are α-and β-carotene and
their derivates such as zeaxanthin and lutein [10,36].
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2.3. Brown Seaweeds

In general, brown algae (Phaeophyceae) are seaweeds with the lowest protein content (Table 1),
when compared to red and green algae. The most frequently determined protein content in brown
seaweeds occurs within a declared range of 5 to 15% [9,10].

The concentrations of EAA in brown algae differ substantially between species. The concentrations
of threonine (Thr), valine (Val), isoleucine (Ile), leucine (Leu), phenylalanine (Phe), lysine (Lys) and
methionine (Met) were higher in Undaria pinnatifida than in Laminaria sp.; however, Laminaria sp. had
higher concentrations of cysteine (Cys) than Undaria pinnatifida. Aspartic acid and glutamic acid amino
acids were the most abundant in these algae species tested in this study [10]. Brown algae contained
higher concentrations of phosphoserine than red algae [10] while glutamic and aspartic acid represents
20–44% [32].

The type of carbohydrate varies greatly among the algae. The soluble fibers are alginates, fucans
and laminarins for brown seaweeds. Fucoidans, sulphated polysaccharides, are extensively involved
in the cell walls of brown seaweed [29]. In terms of dietary fiber (Table 1), it is not uniform in all
brown algae [10]. Fucoidans present several physiological and biological characteristics, such as
antitumor, anticoagulants, antioxidant, antiviral and antithrombotic activities, besides the impact on
the inflammatory and immunological systems [28].

According to some researchers, laminarin is the second main source of glucan in brown algae
and it was detected as a regulator of intestinal metabolism through its impact on mucus structure,
intestinal pH and short chain fatty acid formation [29].

Brown algae are balanced sources of omega-3 and omega-6 acids [29,36]. The brown seaweeds,
such as Undaria pinnatifida, Laminaria sp. and Hizikia fusiforme, contain predominantly 20 polyunsaturated
eicosapentaenoic acids (EPA, ω-3, C 20:5) and arachidonic acid (AA, ω-6, C 20:4) [10]. Palmitic acid
(C16:0) is one of the most abundant but not as abundant as in most red algae. In general, other fatty acids,
abundant in brown algae, are the essential fatty acids, oleic acid (ω-9, C18:1), linoleic acid (ω-6,C18:2),
linolenic acid (ω-3,C18:3) and the precursors of the eicosanoids, arachidonic acid (ω-6,C20:4) and
eicosapentaenoic acid (ω-3,C20:5) [36]. Some saturated and monounsaturated fatty acids are found in
abundance (Table 2) only in some brown algae (Laminaria sp. and Undaria pinnatifida) such as myristic
and palmitolenic acid [10].

Polyphenols (fucol, fucophlorethol, fucodiphloroetol G ergosterol) and the phenolic compound
phlorotannin are also abundant, in Sargassum, Fucus and Ascophyllum nodosum, and they have strong
antioxidant effects. These seaweeds also contain halogenated compounds [31].

The minerals present in some brown algae (Phaeophyceae), namely Undaria pinnatifida (Table 1)
and Sargassum sp., are some of the main ones (Na, K, Ca and Mg), as well as Fe, Zn, Mn and Cu [29].
In certain brown algae the concentration of iodine can reach very high levels, in particular the genus
Laminaria. According to several authors, Saccharina japonica (as Laminaria japonica) presented the highest
iodine content of 5.6 and 3.04 mg/kg among other seaweeds studied [9,31].

Brown algae can participate in the accumulation of metals due to their carboxyl groups and
because the cell wall is formed by cellulose. They have cationic characteristics but less than red
algae [9].

Brown algae contain considerably higher concentrations of arsenic than red or green algae. In most
species of seaweeds, the concentrations are below 54 mg kg−1 dry weight, and 5–10% of the total
arsenic is organic [38].

Some of the most important vitamins present in most brown algae are vitamin C, E and group
B vitamins (Table 2), especially thiamine and riboflavin [9]. Vitamin B12 is present in brown algae
in lower concentrations than red and green algae [29]. Brown seaweed contains larger amounts of
vitamin E and high amounts of vitamin C. Brown seaweed carotenoids are formed by fucoxanthin,
β carotene, lutein, violaxanthin, antheraxanthin, zeaxanthin and neoxanthin. Fucoxanthin is the main
carotenoid in brown seaweed and has been shown to have many health benefits [9].
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3. Seaweed as Valuable Nutritional and Nutraceutical Animal Feed

The nutritional value attributed to macroalgae along with their nonanimal nature makes them
particularly appropriate to be used in animal feed as nutraceuticals, a term that results from the
combination of nutritional and pharmaceutical, used to identify food components that bring health
benefits, including the prevention to some diseases [39,40].

The health benefits of seaweed, beyond the provision of essential nutrients, have been supported
by in vitro studies and some animal studies; however, many of these studies have inappropriate
biomarkers to substantiate a claim and have not progressed to suitably designed trials to evaluate
efficacy. The limited evidence that does exist makes some seaweed components attractive as functional
food ingredients, but more animal nutritional studies evidence (including mechanistic evidence) is
needed to evaluate both the nutritional benefit conferred and the efficacy of purported bioactivities and
to determine any potential adverse effects [41]. Through an evaluation of the nutritional composition of
edible seaweeds in Section 2, this section summarizes the available evidence and outlines the potential
of the seaweeds as animal feed hypothesis with a prominent feed safety question.

3.1. Feed Safety

The animal feed plays a vital role in the global food security, and it is conceived to ensure the
sustainable production of safe and affordable animal proteins. With the increase of the animal
production, it will be necessary for more feed to be produced, which will be safety certified.
Consequently, new and old feed sources are being controlled for hazards and critically analyzed to
guarantee feed safety for animal consumption. However, the food safety regulatory framework is not
fully harmonized between the countries, creating a lack in feed safety chain, increasing the animal
health risks and the animal consumption by the humans [42].

Seaweed are considered a rich and sustainable source of macronutrients (particularly dietary fiber)
and micronutrients to the animal feed, but if seaweeds are to contribute to future global food security,
legislative measures to ensure monitoring and labeling of feed products are needed to safeguard against
excessive intakes of salt, iodine, and heavy metals, such as arsenic (As), aluminum (Al), cadmium
(Cd), lead (Pb), rubidium (Rb), silicon (Si), strontium (Sr) and tin (Sn) [43,44]. While heavy metal
concentrations in seaweeds are generally below toxic levels, bioaccumulation of arsenic and lead are
the main risk in wild seaweed harvest, and more studies of heavy metal toxicokinetics are needed to
address the problem.

Levels of arsenic, mercury, lead, and cadmium in 426 Korean dried seaweed products ranged
from 0.2 to 6.7% of provisional tolerable weekly intakes when 8.5 g of seaweed was consumed per day
in human food consumption [41]. Chen et al. [43] revealed the different levels of Al, As, Cd, Cr, Cu,
Hg, Mn, Ni, Pb and Se in dried seaweeds from southeastern China (Zhejiang province). This indicates
that element concentration changes with different species of seaweeds and origin areas. For example,
the levels of Cd, Cu, Mn and Ni in red seaweeds (Porphyra) were significantly higher than those in
brown seaweeds (Laminaria, Saccharina and Undaria).

A tradeoff between iodine and/or heavy metal ingestion and the amount of whole seaweed needed
to obtain meaningful amounts of PUFAs, protein or dietary fiber may limit the recommended portion
size of the seaweeds concentration in feed [41]. Relevant and key information to use seaweeds with
feed safety guarantee will be gathered. However, for most countries there is no regulation on maximum
levels of heavy metals in seaweed [43]. However, there is Regulation (EC) No 1831/2003 laying down
rules governing the European Community authorization of feed additives. In addition, Regulation
(EC) No 429/2008 lays down detailed rules for the implementation of Regulation (EC) No 1831/2003 as
regards the preparation and the submission of applications and the assessment and the authorization
of feed additives [45].

The production of rancid flavors and odors due to oxidative stress can lead to a reduction in the
sensory attributes, nutritional quality and food safety. Extracts from seaweeds are rich in polyphenolic
compounds which have well documented antioxidant properties. They also have antimicrobial
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activities against major food spoilage and feed pathogenic micro-organisms. The addition of seaweeds
or their extracts to feed products will reduce the utilization of chemical preservatives, which will fulfill
the industry as well as consumer demands for “green” products. In addition, the current status and
the future projections in the functional effects of seaweeds as a means to improve the fiber content and
reduce the salt content of food products will be of significant importance to the meat industry [17].

3.2. Fish Farming

Over 50% of the operating costs in an intensive fish aquaculture are related to the fish feeding [46,47].
This led to research, in recent decades, for new sources of aquaculture nutrients, especially on terrestrial
plants as legumes and oilseed crops [47–49]. Algae are a natural alternative to soybean for fish diets,
presenting economic and nutritional advantages, since the nutritional profiles made to soybean show
that this plant does not fully match the fish nutritional requirements [47,50,51]. This problem has
been attributed to using a certain amount of plant protein sources which might contain antinutritional
factors and result in palatability problems [47,52,53].

In recent years, there were some experiments carried out with the objective to find more
economically and nutritional viable options for fish feed. Al-Hafedh et al. [54] experimented with
the application of green Ulva and red seaweeds Gracilaria with the objective to reduce nutrient
concentrations in sea water effluent, sources of pollution and to diversify origin of the feeds in the
changing market status as offering the possibility for additional sources of income. This was considered
to be highly relevant to develop the industry of aquaculture [55] and to reduce the dangers of an
oligotrophic sea that has a high level of biodiversity [47,56,57]. The Integrated Multitrophic Aquaculture
(IMTA) is a cultivation system that is based in the fish or shrimp (herbivores or carnivores) aquaculture
with cultivation of others species, such as sea urchins or bivalves and seaweeds to capture the excess of
nutrients from the effluents of the fish or shrimp tanks or cages. Basically, the seaweeds (inorganic
nutrients absorber) “clean” the nutrient-enriched water output from fish or shrimp aquaculture, thus
providing a possible source for the aquatic animal feed. The IMTA provides sustainable conditions
to an intensive culture of fish or shrimp, which is being practiced in many countries, as integrated
unit with seaweeds and mollusk culture. This approach, besides being a form of balanced ecosystem
management, prevents potential environmental impacts from aquaculture. It also provides exciting
new opportunities for valuable crops of seaweeds, transforming it in one of the fields for further
technological advances in seaweed aquaculture [58].

Other experiences with diverse seaweeds, such as Ulva sp., Neopyropia/Porphyra/Pyropia sp.,
Gracilaria sp., Ascophyllum nodosum, Sargassum sp. and Padina sp. led to encouraging results for the
use of seaweed as fish feed, which appears to depend on seaweed species, its incorporation level
and the fish species where the seaweed is produced [59–68]. In short, it was discovered that using
seaweed meals as supplement to fish diets enhance the growth, lipid metabolism, physiological activity,
stress response, disease resistance and carcass quality of various fish species [69–71].

In 2019, Kamunde et al. [72] studied a salmon meal based on brown seaweed Laminaria sp. named
AquaArom®. The protocol was intended to access food intake, growth performance, plasma antioxidant
capacity and mitochondrial respiration. The conclusions showed that the addition of AquaArom®

to commercial salmonid food improves those characteristics and alleviates the effect of temperature
rise on mitochondrial respiration. The slight decline in crude protein and minerals resulting from the
addition of up to 10% AquaArom® to aquafeed appear to have no adverse consequences on Atlantic
salmon smolts. Thus, mixing of brown seaweed meal with commercial aquafeeds (and potentially
feeds from other farm animals) could offer a cost-effective way of harnessing the beneficial effects of
seaweeds in animal production. The lower level of protein accessed in this experiment, resulted from
the use of brown seaweed (known for low crude protein levels), and it may be complemented by green
or red seaweed [72]. Other brown gigantic seaweeds (commonly, named kelp), Saccharina latissima
(Phaeophyceae) demonstrated potential to be inserted as feed additive (with concentration below 4%)
for rainbow trout, where the fatty acids (e.g., oleic and linoleic acids) and lipid fraction in the fillet
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was reduced, although the eicosapentaenoic acid and docosahexaenoic acid (omega-3 PUFAs) was
not affected. Kelp supplementation also increased a protective activity against oxidative stress in this
fish [73], being in line with the data gathered about kelp, which points out that, as a brown seaweed,
it produces secondary metabolites with more acceptable nutraceutical characteristics.

In conclusion, there is a great quantity of data to support the use of seaweed in order to
achieve a higher productivity on fish farms. The advantages range from growth and development
rates, disease resistance, financial gain and even ecological preservation. This is a case where
the implementation of such research and development (R&D) was a relatively easy process,
leading to various companies developing their own products, as exemplified earlier with AquaArom®,
proving, once again, the safety of using seaweed as fish feed.

3.3. Oyster Feed

Oyster is a highly valorized and appreciated seafood product. It is one of the most widely
cultivated marine animals that in 2014 exceeded 600,000 tones worldwide [55].

Production of oysters in hatchery encompasses three distinct stages: broodstock conditioning,
larval culturing and postlarval rearing phase. Broodstock conditioning is a stage of the utmost
importance in hatchery because it is the first chance to modulate/condition the whole offspring.
A higher oyster fecundity, better quality eggs and enhanced larval viability are possible through
intelligent innovations in broodstock conditioning [74,75]. It has been shown that physical and
nutritional factors can modulate gonadal development, either accelerating gametogenesis or slowing
gonadal maturation [76]. Several nutritional studies were made on bivalve species that have tested
different algal compositions for an enhanced reproductive outcome [74,77–80]. Currently, the most
successful strategy to a balanced diet lies in microalga blends; due to its nutritional value, it is possible
to obtain optimal food conditions [81]. This entails a dependence on the production of live microalgae,
which may represent up to 30–40% of the hatchery operational costs [82] but can show an economic
limitation for the use of such a diet in bivalve hatcheries [83,84]. This leads to a new research line
focused on seaweed—it can be a nutritional source for oyster, human and animals [27].

Nutritional profile influences the physiology of bivalves, having a strong effect on their proteins,
carbohydrates and lipids [85,86], being that these organisms are known to be mineral accumulators.
For example, bivalves are rich in potassium, sodium, calcium, magnesium, phosphorus and are
a source of essential trace elements, such as iron, manganese, copper, zinc, cobalt, selenium and
iodine [87]. Some species of green seaweed, such as Ulva sp., have high protein contents (10–25%
in dry content) and high levels of mineral elements with nutritional value, including calcium and
magnesium [88]. This suggests the hypothesis of seaweed use as feed, at least partially, on oyster and
other bivalve feeds; moreover, they have been shown to improve stress response and resistance to
disease, thereby representing a meaningful advantage to aquaculture [88].

Before further advancing, there is a fundamental question that has to be addressed since seaweeds
(for example Ulva sp. and Fucus sp.) are also known to be mineral element accumulators, some of them
highly toxic for humans, for example iodine, arsenic and mercury [89]. As seaweed can accumulate
highly toxic minerals, so can oysters, using seaweeds as food, that can represent a way to introduce
hazardous elements into the oyster feeding and, respectively, human food. Regarding this, in order to
evaluate the potential nutritional value of oysters, it is crucial to know whether any given nutrient,
as part of feed, can or cannot be bio-accessible for humans [89,90].

Cardoso et al. [90] designed an experimental protocol to determine better macro and microalgae
blend to feed pacific oyster (Crassostrea gigas) that describes the bio-accessibility of nutrients and
minerals. It was observed that oysters consuming only one seaweed species, independent from
species studied, had the highest levels of Be, Cu, Zn, Sr and Cd. The most important problem in the
oysters’ composition is the increment of microalgae concentrations in the oysters’ feeding system with
a progressive concentration reduction of seaweed. When high levels of Cd or Pb were found or Zn
in oysters, the study indicates that caution and further study are needed to guarantee and maintain
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low the heavy metal levels during the substitution of the feed source. It was also observed that Mn,
Cd and Pb bio-accessibility has increased with the substitution of the initial microalgal with seaweed
feed, proving the seaweed potential as the oyster feed with reduction of the above cited dangerous
elements [90].

As demonstrated in this topic, there is promising data to support the use of green seaweed, mainly
Ulva sp. in order to achieve a higher productivity of oyster farms due to high protein contents and
high levels of mineral elements found in oysters. These advantages can also result from improved
stress response, resistance to disease, financial gain and ecological preservation. However, a capacity
of metal accumulation, some of them toxic, shared between seaweed and oysters, raise some questions,
which must be taken into account during the development of the oyster feed product.

3.4. Poultry Feeds

When addressing the issue of poultry farming, it is necessary to distinguish between poultry
raised for the consumption of their meat (broiler poultry) and poultry raised for egg consumption
(laying poultry). Thus, subjects will be addressed in two different points.

There are three main reasons to use seaweed in poultry feed: to improve animal immune status, to
decrease microbial load in the digestive tract and for beneficial effects on the meat and eggs [2,89,91–95].

3.4.1. Broiler Poultry

In broiler aviaries, feed is based primarily on corn and soybean meals, with corn in most parts
of the world as a source of energy due to its abundance and digestibility (60–75% of broilers diet).
Historically, high corn prices led to the search for new feed capable to provide the required nutrients
for broilers, in order to maintain productivity and lower the feed price.

Green algae (Chlorophyta) have been studied in the previous century as an alternative to feed
poultry. Asar [96] found that supplementation of chicken’s basal diet with 4% of seaweed increased
body weight gain. El-Deek et al. [97] found no significant effects on growth, feed intake and feed
conversion ratio with the inclusion of Sargassum ssp. (Phaeophyceae) on broiler diet. Gu et al. [98]
concluded that a 2% seaweed inclusion on the broiler feed improved performance and dressing
percentage. Ventura et al. [99] compared animal feeds with two different concentrations of Ulva rigida
(10 and 20%); the data obtained indicated that the feed intake and body weight gain was better with
10% of U. rigida. The feed with 20% of U. rigida had a harmful effect on the broilers. Later, it was
found that poultry fed with 10% mixture of green algae, containing various species as genus Ulva,
Caulerpa, Codium, Halimeda and Bryopsis, showed better growth with statistical differences in body
weight, a lower level of fats (0.7–1.7%) and higher protein contents (46.6–72.2%) when compared to
control groups (1.1–3.2% and 66.4–71.4%, respectively). Species like Codium sp., with spongy thallus,
can retain high amounts of salt in this structure which can lead broilers to lose weight because of
diarrhea [100].

Studies with another Ulva species, U. lactuca (Sea lettuce), which can be found on Atlantic
shores, pointed out that, with lower than 3% seaweed added to animal diet, broilers performed
better than the respective control diet. It was speculated that higher crude protein and amino
acids, especially methionine, plays an important role in the improvement of dressing and breast
yield. However, as mentioned before, seasonal variations in nutrient composition of seaweed must be
considered [93]. With this result, U. lactuca can be pointed out as a more economical ingredient to be
incorporated, at least partially, in broiler feeding.

The nutraceutical characteristics of seaweed have been the subject of studies in recent years.
The work of Kulshreshtha et al. [101] included red seaweeds (Chondrus crispus and Sarcodiotheca
gaudichaudii) in livestock feed with the objective to study its nutritional value and the prebiotic
potential. The research started with the fact that antibiotics are used to stimulate growth and to
control disease-causing pathogens in layer chickens [101–104]. The prolonged and indiscriminate
use of antibiotics in livestock led to concerns such as development of antibiotic-resistant strains of
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pathogens, high concentrations of antibiotic residues in meat and meat products and undesirable
changes in the microbial communities of animal gastrointestinal tracts [101,105–107] and as a result,
numerous countries, including the UE, banned the use of antibiotics as a growth promoter. There was
not significant improvement found by joining red seaweed in broiler feed in parameters as growth,
development, feed intake or egg production, when compared to control [101]. However, the inclusion
of red seaweed is more interesting from the prebiotic point of view. In fact, this research found that the
seaweed species included in the meal showed an increase in the population of beneficial bacteria and a
reduction of pathogenic bacteria in the gut, improvement in villi height, crypt depth, and an increase
in the concentration of short chain fatty acids, which can also be replicated in laying hens [101,108].
These results are directly linked to the fact that red algae contain specific bioactive compounds, such as
agars, carrageenans, xylans, sulphated galactans and porphyrins that may be responsible for the
effects [109–111]. However, further study is needed to determine such mechanisms.

As a practical conclusion, and based in what was described, it appears to be possible to enrich
broiler feed with green seaweed, or a mixture of green and red seaweed, in order to stimulate both the
growth and the health of the broilers. The limiting factor appears to be the use of low concentration
(1–2%) of seaweed in the meal, which could represent a healthier method to achieve the proposed
objectives, as well as, a less expensive one, when compared to the actual methods [111]. Following this
data, the next logical step should be the investment in R&D work in order to create products, based on
seaweeds, able to be included in the market as an alternative to the existing ones.

3.4.2. Laying Poultry

Eggs are one of nature’s most wholesome foods because of their content in essential and
nonessential minerals, high-quality proteins, lipids and vitamins. Egg composition can be altered by
hereditary genes, diet and poultry age. Egg yolk contains natural carotenoids, and its yellow color is
attributed to β-carotene, zeaxanthin, kryptoxanthin and lutein, which are easily found in commercial
feed [39,112–114]. Alongside those carotenoids, eggs represent an important source of protein, minerals
(phosphorus, iron) and easily digestible fats (93–96%) like ω-3 fatty acids, all of which can be enriched
by supplementation of the poultry feed [40].

There was research in the last decade with the objective to enrich the egg molecular content and
to adjust it for better human consumption. This can be achieved by supplementation of the poultry
feed with seaweed, which can be used to enhance the levels of vitamins, minerals and fatty acids,
mainly ω-3 fatty acids [115–117].

Research was done with green algae from the genus Ulva, with the inclusion of 1–3% of this
seaweed resulting in improved egg production and quality, increasing the weight, shell thickness,
yolk color and reduced yolk cholesterol. The seaweed extract also reduced Escherichia coli load in feces,
which suggests better health of the animals and a decreasing feed conversion ratio [2,95]. These results
need further studies in order to access the bioavailability of seaweed contents in order to determine
what concentration is the best.

Recently, red seaweed, such as Chondrus crispus, has been used at 2–4% feed to reduce the level of
Salmonella enteritidis, a toxic bacterium which can be transmitted vertically from laying hens to eggs
through the ovaries and oviducts or due to contaminated feces. Reducing the level of this bacterium is
vital to produce safer eggs and reduce the spread of salmonellosis to humans. A greater reduction
of negative effects was observed on layer growth and egg production caused by S. enteritidis with
this seaweed at the 4% diet. Dietary inclusion of C. crispus inhibited colonization of Salmonella in
the excreta and ceca, which could be due to promoting the growth of Lactobacillus and increasing the
concentration of short chain fatty acids. A higher level of IgA in birds supplemented with this feed
indicates a direct role of seaweed on the maturation of the humoral immune system. These results
encourage the research for a nontoxic alternative feed that producers (including organic farmers) can
accept [108].
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Using brown seaweed has the potential, like Sargassum sp., at a 3–6% dietary level, to give benefits
to the egg quality, decreasing yolk cholesterol, triglycerides and ω-6 fatty acids and increased carotene
and lutein plus zeaxanthin contents. There are data of poultry being fed with boiled seaweed which
resulted in improvement of the high density lipoprotein, which is beneficial for human health [118].
The research even approached the way in which seaweed should be used as feed to layers, designing
a protocol in which groups should be applied as sundried, boiled or autoclaved seaweed at 3 and
6%. This approach intends to expand further on which edible brown seaweed offers a variety of
health benefits, mainly due to the relatively high contents of ω–3, Ca and Fe. Results have shown that
there are differences between the groups. However, it was concluded that those differences could be
due to geographical location, year season, environmental factors, growth media and physiological
conditions [118]. Further research should include controlled production of seaweeds (in aquaculture,
for example) in order to maintain a seaweed stability profile and minimize the influence of such
external factors. In this way it should be possible to determine how laying poultry feed should be
administered in order to maximize its advantages.

As can be concluded, the use of various seaweed species (being green, red or brown) has the
potential to enhance various qualities on poultry eggs. Such as quality, weight, yolk cholesterol
reduction and, depending on the species, other bioactive molecules capable even of reducing toxic
bacterium levels in the digestive system of poultries. It appears that a mixture between brown, green and
red seaweed could be a promising supplement used in order to enrich eggs. However, such a product
would need R&D work in order to determine the bioavailability of the molecules in a seaweed mixture.
Once again, the concentration of the seaweed in the feed seems to be crucial.

3.5. Ruminat Feed

The use of seaweed in ruminant feeds has been affected by the high demand of animal feed
protein, the need for alternatives to the traditional soybean and animal protein feed as well as the food
market regulations related with the livestock feeding. Studies carried out to date regarding the use
of seaweed in bovine, caprine and other ruminant nutrition have focused on the addition of small
quantities of different macroalgal species to the feed and the subsequent assessment of the animal to
check for possible prebiotic activity and enhanced animal performance.

Information on the application of green seaweeds in ruminant feed is scarce. Ulva lactuca could
be fed to male lambs at up to 20% of diet, without negatively affecting the palatability. It presents
low protein degradability (40%) and a moderate energy digestibility (60%), being comparable to a
medium to low quality forage and suitable to use with feeds that have high energy/low protein content
as cereal grains [119]. Chaetomorpha linum (Chlorophyta) was also used to feed growing lambs, with a
20% seaweed meal, having a slightly depressing effect on growth and feed conversion ratio, possibly
due to the high ash content [9,120].

Red seaweed has received more attention, as demonstrated before, in bovine feed than in other
ruminant feed [9]. There are some uses of red seaweed (a 70% concentrate of Phymatolithon calcareum—as
Lithothamnion calcareum—extract fed at a ratio of 0.5 g/kg) with success in buffering the rumen pH,
but they did not improve fiber digestion nor modify rumen fermentation [9,121]. This is in agreement
with the literature, since the genus Ulva presents low ash levels (Table 1), which allows this seaweed to
become a great option for future studies with bioavailability.

For example, supplementation of the brown seaweed Ascophyllum nodosum to feedlot cattle was
found to reduce fecal shedding of Esherichia coli [2,121]. There is more research with the inclusion
of seaweed in caprine feed. Orkney sheep, from the North Ronaldsay Island, are known to feed
mostly brown seaweed most of the year. Species like Laminaria digitata, Laminaria hyperborea and
Saccharina latissima (Phaeophyceaea) accounts for 90% of the summer feed of this sheep, meeting
a substantial amount of nutrient requirements since they may have up to 13% crude protein.
Orkney sheep also consume another seaweed species, like Alaria esculenta, Ascophyllum nodosum,
Fucus sp. (brown seaweed), Palmaria palmata (red seaweed) and some green algae. Sheep consume
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seaweed in such quantity to sustain maintenance requirements but suffer from mineral overload due
to its high mineral content [2,122]. There are also some studies suggesting the use of Macrocystis
pyrifera up to 30% levels as a supplement in goat feed without affecting digestibility, degradability and
parameters of ruminal fermentation (such as pH and ammoniac nitrogen). It was also noticeable the
increase of rumen pH, water intake and urine excretion [2,122]. Species from the Genus Sargassum
are also studied for this purpose. Nowadays, we know that it could be introduced at up to 30%
in the diets of growing sheep and goats without depressing intake, growth performance and diet
digestibility [59,123,124]. Eating Sargassum sp. increased water consumption, probably due to their
high concentration in minerals, mainly Na and K, which could make Sargassum less suitable for
feeding during dry periods. Sargassum sp. meal could be used to limit the decrease in rumen pH
resulting from acidogenic diets. It also tended to decrease the concentration of volatile fatty acids [124].
Further research can incorporate the determination of bioavailability in a mixture between Ulva lactuca
and one or more of the options mentioned in terms of red seaweed. This will allow us to understand
if such a mixture can be used as a prebiotic, retaining the advantages of both species present in
the mixture.

There are various observations of using mainly brown and red seaweed as ruminant feeds.
However, the data is scarce with the exception of few punctual cases and is not enough to start R&D
work in order to develop new products for the ruminant feed market. There are a lot of studies to be
developed in order to sustain seaweed as feed supplement in ruminants.

Asparagopsis armata: The Future for Methane Emissions Reduction from Ruminant Animals?

The red seaweed Asparagopsis armata is one of the best hypothesis exploited to ameliorate one of
the main problems that livestock farms face nowadays: high rates of enteric methane emissions [125].
Enteric methane is a natural by-product of microbial fermentation of nutrients in the digestive tract of
animals [126]. There are considerable differences in contribution of enteric methane in different regions
and countries of the world. For instance, it was estimated in 2017 that the enteric methane emissions
from livestock, the main source of anthropogenic methane emissions in the US, reached 6.46 million
tons, which is equivalent to 27% of the nation’s anthropogenic emissions [127,128].

Seaweed has been a traditional part of the livestock diet and they have a historical usage
in agriculture [1]. There have been several studies on seaweeds to characterize their effects as
livestock feeds and their potential to manipulate rumen fermentation and methane production,
which determined that the formulation of the basal feed is of key importance. Many seaweed species
have been demonstrated to reduce methane production by rumen methanogens but with variable
effects on fermentative health and substrate digestibility [129]. The A. armata is the only seaweed
that demonstrated to remain effective and dramatically anti-methanogenic without negative impacts
on rumen function and, at low inclusion levels, in animal diets [126,130,131]. Most of the initial
breakthroughs in the inclusion of A. armata as livestock feed occurred in in vitro studies, all of which
have demonstrated significant reduction of methane emissions at levels of approximately 2% of diet
substrates [132–134]. Although it was considered that this dietary level of the seaweed was low
and considered feasible for livestock production systems, in 2018 it was proved to be potentially
effective at lower intake levels. Their study in sheep using Asparagopsis taxiformis reported up to 80%
reduction of methane emission. This research was also important because of the observation of the
refusal of the tested animals in the assay to ingest meals with high levels of seaweed, proving the
potential of low intake levels [18]. The potential of the seaweed Asparagopsis armata to reduce methane
emissions shown in in vitro studies was recently investigated in vivo using lactating dairy cows,
thus evaluating the methane emission alongside the impact of seaweed on the quality of the milk
produced. Adding A. armata at 0.5% reduced the methane production by 26.4%, by 20.5% in methane
yield (adjusted for feed intake) and by 26.8% in methane intensity (adjusted for milk production)
without compromising milk yield or intake. Increasing to a level of 1% resulted in reductions of 67.2%
methane production, 42.6% methane yield and 60.0% methane intensity. However, feed intake and
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milk yield were also reduced. Bromoform concentration in milk was not significantly different in cows
that consumed seaweed compared to control. Other mineral concentrations in milk may be increased
so some processing may be necessary for A. armata to be used as a feed additive [126].

The work of Kinley et al. [135] demonstrated the effectiveness of Asparagopsis sp. in beef cattle fed
with a high grain diet. The conclusions of this work point out Asparagopsis sp. included in the diet at
0.05, 0.10 and 0.20% and resulted in decrease of methane production (g/kg dry matter intake) of 9, 38
and 98%, respectively. Enteric H2 emissions increased with increasing Asparagopsis inclusion by 0, 380
and 1700% without compromising feed intake. Growth rate of the steers was enhanced by the 0.10
and 0.20% inclusion levels after 90 days finishing period with average daily weight growth increases
of 26 and 22%, respectively. Including Asparagopsis sp. in the concluding 60 days those values were
enhanced by 51 and 42%, respectively.

This demonstrates that Aspargopsis sp. can be a player key for reducing the methane emission in
the ruminants, without secondary effects; however, the seaweed needs to be added to the normal feed
as feed supplement to be effective. The effect of A. armata is not only methane reduction; it can also
supply important minerals for the ruminant growth and dietary digestibility, but the data regarding the
last one is scarce, thus there is a need for more studies in this area. One of the main topics which should
be studied is related with the bioavailability of metabolites and minerals during the livestock digestion,
being that this topic is of high importance in order to determine exactly which one, metabolites and/or
minerals, are responsible for the described effects.

3.6. Other Animals Feeds

There has been research with the purpose of including seaweeds in the diet of other species. It is
also worth mentioning the research made with rabbit feed. Mainly, there are some encouraging results
with the inclusion of red and green seaweed species in the feed.

Low amounts of green seaweed, mainly from the Ulva genus, also showed encouraging results.
A meal with 1% Ulva showed positive effects on growth performance and diet digestibility, at the
same time as no hematological or biochemical parameters show negative effects on rabbit health [136].
The inclusion of higher than 5% rates is usually associated with no statistical differences between
control groups and seaweed feed groups [137–140]. The potential of seaweed as rabbit feed requires
more study to assess its full potential. The usage of calcified red seaweed, such as Lithothamnium sp.
up to 1% mix could lead to the increase of calcium in rabbits, inferred by the observation of a reduction
in width and length of the intestinal villi [9,141–143]. In both cases, there is a tendency to use lower
amounts of seaweed, since the benefits disappear as the percentage is increased. The results also show
potential research in bioavailability on mixing the two species in order to retain the best advantages of
both in one prebiotic solution.

It is worth mentioning the use of seaweed, mainly brown algae in pig farms. Historically, it is
described as the usage of a mixture of brown algae species (boiled or raw), like Fucus vesiculosus, Pelvetia
sp. or A. nodosum with cereal meal to fatten pigs in Sweden and Scotland [144,145]. However, it was
already proved that high amounts of brown seaweed can be detrimental to pigs, such as causing
weight loss after several weeks feeding them with a 10% A. nodosum [146]. This kind of result led
us to using seaweed as an addictive in low amounts (1–2%) for potential benefits in pigs’ health and
meat quality [9]. There are two main reasons to use seaweed on pig feed. One of them is the use of
seaweed as a prebiotic and its health effects. The use of seaweed and seaweed extracts have been
shown to have prebiotic effects and enhance immunologic function in pigs and have been assessed
to replace antibiotics in pig farms [9]. There is proof that the use of polysaccharides as fucoidan and
laminarin as an extract improves piglet performance, being that laminarin is the main source for gut
health and performance improvements [147,148]. On the other hand, a few studies have been done
with raw seaweed. There was a Japanese team trial, in which they fed pigs with 0.8% unspecified
seaweed species feed for four days, from 76 day- to 80 day-old subjects, resulting in Immunoglobulin A
production in saliva and immune function [149]. The work of Dierick et al. [150,151] tried to reproduce
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their own in vitro results, which indicated that a 1% A. nodosum feed had a depressive effect on the
gut flora, especially E. coli, while increasing the Lactobacilli/E. coli ratio and leading to resistance to
intestinal disorders. However, seaweed meal added at 0.25, 0.5 and 1% to piglet diets, failed to enhance
performance, gut health, plasma oxidative status and did not alter microbial ecology in the foregut and
in the caecum [150,151]. It was latter theorized that this lack of effect may be due to phlorotannins
in A. nodosum, which could counteract the prebiotic effects of other compounds due to a too low
inclusion rate. Regarding the unchanged oxidative status, antioxidant vitamins in the diet may mask
the antioxidant effect of seaweed [9,152]. Another main reason to use seaweed as pig feed is a proposed
strategy to face the problem of lack of iodine in some populations. The usage of brown seaweed, such
as Laminaria and Ascophyllum, to enrich pig’s meat with organic iodine, which is readily metabolized
and stored in pig muscle, is an easily controllable strategy, with no risk of overdosing, however limited,
to achieve the referred propose [150,153]. Feed pigs with 2% of dried A. nodosum meal increased
the concentration of iodine in the tissue by 2.7 to 6.8, depending on the tissue [150]. As said before,
however limited, this strategy offers a solution by introducing iodine enriched food in human nutrition
with a low risk.

There is some background of the use of seaweeds for diverse types of animals during human
history, where the good results are mainly due to seaweed minerals and polysaccharides, enhancing the
growth performance and potentiating digestibility of the normal diet, but the data are scarce, thus there
is a need for more research in this area. One of the main topics which should be studied is related with
the bioavailability of seaweed molecules during the livestock digestion. Such bioavailability studies
are fundamental since it will allow not only to determine how much of the seaweed content is made
available during the livestock digestion process but will also help to study the mechanisms in which
some seaweed metabolites could counteract the effects of others in the same species or in a mixture of
different seaweeds.

4. Conclusions

Seaweeds are close to becoming popular, due to their suitability as potential feedstock production,
as well as supplements for food items. Seaweeds are rich in protein, dietary fibers and phytochemicals
used to enhance the nutritional quality of animal feed. The increasing demand over renewable and
sustainable energy sources without compromising on food and land resources can be fulfilled by
seaweeds as they are fast growing, high biomass yielding with elevated and free of charge productivity,
compared to other conventional biomass feedstock, such as corn or soybean.

The seaweed animal feed assays occur mainly as fresh seaweed, dried seaweed or even seaweed
crude extract. There is a general lack of nutritional and biochemical studies of seaweed as feeds that
makes the analysis of seaweed composition effect in the animal welfare difficult. Thus, more studies,
regarding seaweed complete biochemical profile (macro and micronutrients, also seaweed metabolites),
are needed to fully understand the impact of seaweeds in the animals.

However, seaweeds evidenced their potential to be further explored as an animal feed
additive/supplement and cannot be applied as a complete substitute of the typical animal feed. Seaweed
benefic effects are generally below 10% of the total concentration in the animal feed; above that, it was
demonstrated to show negative effects and even animals refused to eat the provided feed.

Actually, with the active search for alternatives to the typical feed supplements and antibiotics,
seaweed is one of the main hypotheses for animal feed supplementation, because seaweed
production does not compete for arable land or fresh water. However, the wild seaweed biomass
does not have a quality guarantee, because of the variations of nutritional values and risks of
bioaccumulation of heavy metals, to provide a reliable source of safe animal feed supplementation.
Consequently, seaweed aquaculture is the alternative solution for seaweed production and can be met
through improvements in existing technology (already in use in Acadian Seaplants, seaweed Production
Company from Canada).
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Abstract: Seaweeds comprise ca. 12,000 species. Global annual harvest is ca. 30.13 million metric
tonnes, (valued ca. $11.7 billion USD in 2016) for various commercial applications. The growing scope
of seaweed-based applications in food, agricultural fertilizers, animal feed additives, pharmaceuticals,
cosmetics and personal care is expected to boost market demand. Agriculture and animal feed
applications held the second largest seaweed market share in 2017, and the combined market
is anticipated to reach much higher values by 2024 due to the impacts of current research and
development targeting enhanced animal health and productivity. In general, seaweeds have been
utilized in animal feed as a rich source of carbohydrates, protein, minerals, vitamins and dietary
fibers with relatively well-balanced amino acid profiles and a unique blend of bioactive compounds.
Worldwide, the animal nutrition market is largely driven by rising demand for poultry feeds,
which represents ca. 47% of the total consumption for all animal nutrition. This review provides an
overview of the utilization of specific seaweeds as sustainable feed sources for poultry production,
including a detailed survey of seaweed-supplemented diets on growth, performance, gastrointestinal
flora, disease, immunity and overall health of laying/broiler hens. Anti-microbial effects of seaweeds
are also discussed.

Keywords: seaweed-supplemented feed; poultry; prebiotics; anti-microbial; gastrointestinal flora;
immunity; animal nutrition market

1. Introduction

Algae comprise around 25,000–50,000 species, with a diversity of size, forms, pigments and
functional compounds; ca. 12,000 of these are designated as macroalgae or seaweeds [1]. The global
annual harvest of macroalgae is almost 36 million metric tonnes, with a market size of approximately
$6 billion USD for various commercial applications. Global seaweed production is mainly carried
out in Asian countries, which accounts for over 99% of global production [2]. Seaweeds can have
high crop productivities per unit area as they do not require land and fresh water for growth,
with lucrative scope for commercialization [3]. Seaweeds are a source of unique bioactive metabolites,
which are not synthesized by terrestrial plants [4]. Bioactive molecules such as carbohydrates, proteins,
minerals, polyphenols, pigments (chlorophylls, fucoxanthins, phycobilins), mycosporine-like amino
acids (MAAs) and polyunsaturated fatty acids (PUFAs), including omega-3 fatty acids, have been
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attributed to various biological functionalities, such as anti-microbial, anti-viral, anti-inflammatory,
immunomodulatory, prebiotic and cholesterol lowering effects [5]. Globally, seaweed cultivation has
been growing rapidly, and it is currently produced in over 50 countries. According to the Food and
Agriculture Organization (FAO), approximately 30.13 million tonnes of seaweeds were harvested in 2016
for various applications including direct consumption, food production, hydrocolloids, fertilizers and
animal feed [6]. While seaweed bioactives are an appealing source for commercialization due to their
various high value applications, the utilization of this resource has not been completely optimized.

Seaweeds have been utilized in animal feed as a rich source of carbohydrates, protein, minerals,
vitamins and dietary fibers, with relatively well-balanced amino acid profiles and a unique blend
of bioactive compounds. Recent developments in feed processing technologies have improved the
nutritional quality of animal feed products [2,7]. The global market for animal feed additives and
nutritional supplements was valued at 54 billion USD in 2018 and is estimated to generate a net revenue
of 64 billion USD by 2025, growing at a compound annual growth rate (CAGR) of 2.7%. Worldwide,
the animal nutrition market is largely driven by a rising demand for poultry feed, which constitutes
about 47% of the total consumption [7].

There has been increasing interest in the market potential for functional feeds for livestock,
with added-value linked to the health benefits for farm animals. Increasing consumer awareness
regarding poultry meat quality, recent outbreaks associated with poultry diseases and the utilization of
poultry meat and egg products as economical sources of protein are the major driving forces amplifying
the animal feed additive market [8]. Worldwide, several seaweed companies, such as Aurora
(Edmonds, WA), MBD (Melbourne, Australia), Alltech (Nicholasville, KY), Cellana (Kailua-Kona, HI),
Ocean Harvest (County Galway, Ireland), Olmix (Bréhan, France), AquAgri (New Delhi, India) and
ASL (NS, Canada), have been commercially producing high value seaweed-based commercial feed
products for animal nutrition. These commercial products can potentially improve the health and
performance of livestock animals with reduced investments in feed.

This review provides an overview of the utilization of various specific seaweeds as sustainable
feed sources for poultry production. A detailed survey of seaweed-supplemented diets on growth,
performance, gastrointestinal flora, disease, immunity and overall health of laying/broiler hens is
presented. Conclusions drawn and potential future developments are also discussed, with the
expectation that this review may open new opportunities to investigate enhanced exploitation for the
potential of various, efficacious seaweeds, especially for sustainable growth in the poultry feed industry.

2. Effects of Various Seaweeds on Poultry Production

Collectively, the poultry industry has explored novel candidates of seaweeds as dietary
supplements. A major goal of introducing supplements into the poultry diet is to enhance the
efficacy of feed for the cost-effective production of commercially important meat and eggs, whilst also
maintaining and/or improving poultry health.

The concept of using seaweeds in poultry diets has been the subject of considerable research over
at least the past two decades in particular. In livestock feed, seaweeds function as sources of complex
carbohydrates, with prebiotic activities and pigments and polyunsaturated fatty acids, which are
known to be beneficial to animal health [9]. Multiple species of brown, green and red seaweeds,
either alone or in combination, are already being commercially used in the U.S. and Canadian poultry
markets. The chemical compositions of different seaweeds are indeed highly variable, being dependent
on the species, time of collection and habitat, temperature and light intensity as well as nutrient
concentrations in their habitat and seawater. Brown seaweeds contain a range of bioactive compounds;
however, they generally have lower nutritional value than red and green seaweeds. Brown seaweeds
are rich in minerals (14%–35% dry matter) and some can accumulate iodine over 30,000 times higher
than that found in seawater (1500–8000 ppm vs. 0.05 ppm, respectively) [10]. Red seaweeds may
be rich in proteins (10%–50% dry matter) and contain lower levels of iodine (0.03%–0.04%) [10,11].
Green seaweeds such as Sea Lettuce (Ulva spp.) may contain higher amounts of proteins (up to 15%)
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as compared to brown seaweeds. Green algae are rich in total fiber (290–670 g/kg), with a high content
of both soluble and insoluble fibers [12].

For the production of seaweed meal, the post-harvesting steps must be performed quickly in order
to avoid contamination, primarily by molds. Seaweeds are usually dried and ground to fine particles
(300 and 900 μm) for supplementation in poultry meals. Drying of seaweeds should not exceed
50–70 ◦C in order to protect the bioactivity of the functional metabolites contained therein [13,14].
The purported health benefits for the inclusion of seaweed meal in poultry diets are explained below.

2.1. Broiler Health

2.1.1. Green Seaweeds

The ubiquitous green seaweed Ulva spp. has been studied extensively as a substitutional feed
ingredient in the diets of broiler chickens. The replacement of corn with 3.0% U. lactuca in the diets
of male broilers, from days 12–33 post-hatch, improved the yield of breast muscle and dressing
percentage and showed a numeric improvement in body weight gain (BWG) for birds fed 3% vs. 1%.
These enhancements were attributed to the availability of soluble fibers and essential sulphur-containing
amino acids including methionine and cysteine [15]. Inclusion of 3.0% U. lactuca significantly reduced
abdominal fat (i.e., related to cholesterol and triglycerides) in treated birds. However, production
parameters including feed intake (FI), BWG and feed conversion ratio (FCR) were the same in treated
birds as in the control group. Lower inclusion levels of U. lactuca of up to 3% did not demonstrate toxic
or anti-nutritive effects on broiler health [15]. However, the inclusion of 4% and 6% of U. rigida—as a
prebiotic feed additive in a broiler diet was found to improve FI, FCR and mortality. In addition, blood
serum total cholesterol and triglyceride levels were lower in Ulva-fed birds over the controls. Intestinal
histo-morphology (Figure 1), including villi width, height, and length, was greater in birds fed U. rigida
feed as compared to basal diets.

Villi height
Crypt depth

Villi widthMucosal depth

Figure 1. Histo-morphological parameters, including villi height, villi width, mucosal depth and crypt
depth, for a histology section (0.5 μm thick, stained using haematoxylin and eosin staining using
the procedure of Drury and Wallington (1980) and the Tissue-Tek® DRS™ (Sakura Finetek USA Inc.,
Torrance, CA, USA)) prepared at the ileocaecal junction region of the gastrointestinal tract (GIT) in a
laying hen (Lohmann Brown Classic, 67 weeks) (Original figure by G.K.).

The prebiotic effects of U. rigida were similar to other prebiotic feed supplements including
BIO-MOS® and inulin [16]. An increased intestinal villi length resulted in both a larger intestinal
surface area and increased activity of the brush-border enzymes, leading to an increased surface
area for absorption and digestive capacity [17]. Serum total cholesterol and triglyceride levels were
significantly lower in Ulva treatments as compared to controls [17]. The differences in outcome of
these studies with dietary inclusion of Ulva spp. may be attributed to factors such as the amount of
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seaweed supplemented, the purity of the seaweed, drying method, particle size, various methods of
meal preparation and differences between species. All these variables should be considered in the
construction of any seaweed-derived meal. However, it seems to be a common feature that levels of
inclusion in the diet are generally low (up to 6%). The seaweeds are not feed replacers in their own
right, but they work (perhaps synergistically) to improve bird health and resistance to disease and,
therefore, help them to grow faster, with better quality when added at lower rates as supplements
or prebiotics.

2.1.2. Brown Seaweeds

Brown algae are rich in functional polysaccharides such as alginates and fucoidans, which are
known to have various biological activities including anti-coagulant, anti-inflammatory, anti-viral and
anti-tumoral properties. These seaweed components have been evaluated as feed additives to improve
broiler performance. For example, by-products of the brown seaweed Undaria pinnatifida have been
evaluated as a dietary supplement in broiler diets. Seaweed by-products, which are components of
thalli (plant components that lack differentiation into distinct parts such as stem, leaves and roots) and
which do not grow from an apical point, are not consumed as food. Brown seaweed by-products, at an
inclusion level of 0.5% in broiler diet, resulted in higher BWG, improved blood serum profile, immune
response and a reduced mortality rate as compared to a control diet [18]. Basal diet supplementation
with 100 and 200 mg/kg of a fucoxanthin extract increased catalase (CAT), superoxide dismutase (SOD)
activities and glutathione (GSH) levels and decreased malondialdehyde (MDA) levels in the liver,
breast and drumstick tissues. These results were taken to demonstrate that fucoxanthins could be used
to regulate the antioxidant metabolism and improve the immune system of broilers [19].

It is well documented that the antioxidant status of birds plays an important role in their resistance to
various infections, maintenance of health and production and reproductive performance [20]. In another
study, dietary supplementation with polymannuronate (a brown seaweed derivate), at inclusion levels
of 0.1%, 0.2%, 0.3% and 0.4%, altered the cecal microbiome, increased the concentration of lactic and
acetic acid in the cecum and improved broiler chicken performance (i.e., average daily gain (ADG), FCR,
antioxidant capacity and immune status) compared to the control diet [18]. This indicated that brown
seaweed-derived compounds can improve the immune status, antioxidant capacity and performance
of broiler chickens.

The addition of Ascophyllum nodosum (A. nodosum, 0.05% of feed) to broiler feed reduced the effect
of prolonged heat stress while not negatively affecting growth and feed conversion, indicating that
this type of feed supplementation can be used to improve bird welfare during heat stress events in
poultry production [21]. Due to climatic change, meteorological events causing heat stress are of
increasing occurrence. Moreover, poultry production is often carried out in regions of the globe where
temperatures can reach 50 ◦C; the costs of cooling would be difficult to pass on with tight margins.
Hence, the addition of A. nodosum at low inclusion levels in the diets of poultry birds can reduce the
requirement (and therefore the associated cost) of cooling poultry barns, as well as the consequences of
heat-associated increased mortality and lost production.

The nutritional value of various brown seaweeds of the genus Sargassum spp., applied in different
formats including raw or thermally treated (i.e., boiled and autoclaved), were evaluated in broiler
diets at 2%, 4% and 6% inclusion levels. However, the inclusion of raw or thermally treated seaweeds
showed no significant effects on carcass characteristics. In contrast, the blood plasma profiles of treated
birds were significantly altered, including elevated plasma high density lipoprotein (HDL) and reduced
total cholesterol concentrations as compared to the control birds [22].

A recent study by Kumar (2018) demonstrated the effects of dietary supplementation of Sargassum
wightii in broiler diets. Dried S. wightii powder at 1%, 2%, 3% and 4% improved BW, FI, FCR and
meat quality of broilers. Dietary inclusion of 1% and 2% Sargassum reduced both blood plasma
cholesterol and globulins and also improved total serum proteins, albumin, calcium, phosphorous and
triglyceride levels in treated birds. Results from this study indicated that inclusion of 1% or 2%
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Sargassum powder had the optimal supplementation effects. Sargassum improved dietary palatability
whilst resulting in higher FI and enhanced digestibility and intestinal absorption, leading to improved
BWI, as compared to controls. A higher FCR subsequently improved meat quality and carcass yield
in treated birds, leading to cost efficiency. Active ingredients from Sargassum, including saponins,
hemicelluloses, mucilage, tannins and pectin, were implicated as altering blood low density lipoprotein
(LDL)-cholesterol by inhibiting bile salts [23]. Beneficial effects in broilers might also be attributed to a
rich content of minerals, vitamins, long-chain fatty acids, essential amino acids, sterols and fucoidans
in S. wightii. The degree of enhancement of broiler performance with dietary inclusion of Sargassum
supplement can be attributed to factors such as amount supplemented, the purity of the seaweeds used
and differences in seaweed meal preparation (drying and particle size). Tasco®, a branded product
made simply from rapidly sun-dried A. nodosum, has been demonstrated as a prebiotic for broilers and
can be used as an alternative to antibiotic growth promoters. Addition of Tasco® improved the growth
and performance of broilers at very low inclusion levels (0.25% and 0.5%), thus increasing its cost
effectiveness (and enabling the use of the term “super-prebiotic”). Tasco® displayed improvements
in growth comparable to the positive control inulin (a standard prebiotic derived from chicory) and
the antibiotic virginiamycin. Tasco® showed effectiveness in the lower gastrointestinal tract (GIT)
by altering the pH of the intestine, intestinal histo-morphology and bursa and cecal relative weights,
indicating its fermentation in the lower GIT by beneficial microflora [24].

2.1.3. Red Seaweeds

Red seaweeds including Chondrus crispus (Irish moss) and Palmaria palmata (dulse) have high
nutritive values and have been considered to be highly palatable to poultry and ruminant animals.
Dried red seaweeds, e.g., Polysiphonia spp. (up to 3%), were shown to serve as an intermediate source
of protein to growing broiler chicks. Polysiphonia contains elevated levels of proteins (i.e., 32.4%) and
minerals as required by rapidly growing poultry. However, inclusion had no significant effect on
overall growth performance [14]. Calcified seaweeds can function as an alternative source of dietary
calcium, which resulted in increased bone health and reduced leg weakness and lameness as compared
to calcium obtained from limestone. The inclusion of the calcareous marine algae (CMA, at 0.45%, 0.6%,
0.75% and 0.9%) reduced both feed intake and bird growth, with a negative impact on bone strength,
since tibia ash and phosphorus levels were lower in birds fed with calcium (0.9%) from CMA. However,
ileal calcium digestibility had a linear increase in birds fed with 0.45% CMA [25]. Higher dietary calcium
from limestone decreased phosphorous digestibility in broilers, which was shown to be improved by
the inclusion of lower concentrations of calcified seaweeds [26,27]. Inclusion of P. palmata (1.8%) in
broiler diets improved body weight and increased beneficial bacteria (e.g., Lactobacillus) in the ileum,
serum IgA and ileal villus width, height and surface area [28]. Feed supplementation with Kappaphycus
alvarezii (AF-KWP) improved body weight gain and feed intake and increased the haemagglutination
(HA) titre and cell-mediated immunity (CMI) levels. Inclusion of 1.25% AF-KWP in a broiler diet
positively affected performance, immunity and breast yield in broiler chickens [29]. Dietary inclusion
of the commercial red seaweed, dulse (P. palmata) (Organic Whole Leaf-Dulse, Vitaminsea®) at 0.15%
showed beneficial effects on growth performance, cooking loss, drip loss, diarrhea score and the fecal
microbiome (i.e., it significantly reduced the relative abundance of pathogenic bacteria including
E. coli and enhanced beneficial bacteria including Lactobacillus) [30]. A similar response of decreased
“shedding” of intestinal E. coli O157:H7 was observed in beef cattle when sun-dried Ascophyllum nodosum
seaweed (i.e., Tasco-14™) was added to their diets. Administration of Tasco-14™ at a level of 20 g/kg
diet for 7 days was effective at lowering both the duration and intensity of E. coli O157:H7 fecal shedding
by cattle [31]. These beneficial effects can be due to the presence of dietary sulphated polysaccharides
in seaweeds. Similarly, economically viable seaweeds can be administered to pre-slaughter chickens in
order to evaluate reductions in the shedding of pathogenic bacteria.
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2.2. Health of Laying Chickens

2.2.1. Green Seaweeds

Ulva prolifera and Cladophora sp. are enriched in micro-elements including Cu(II), Zn(II), Co(II),
Mn(II) and Cr(III), and improved the average body weight of treated laying hens, resulting in a higher
average egg weight and eggshell thickness vs. the controls. Laying hen diets supplemented with
seaweeds enriched with micro-elements also resulted in higher microelement transfer to eggs and
enhanced the colour of yolk [32]. Inclusion of U. prolifera at 1%, 2% and 3% improved immune function,
egg production and egg quality (egg weight, shell thickness and yolk colour) whilst also reducing and/or
improving the feed conversion ratio and yolk cholesterol. In addition, the abundance of beneficial
microbes, including Bifidobacterium and Lactobacillus, was significantly increased in the feces of laying
hens as compared to control groups, indicating better animal health [33]. Ulvan (i.e., a sulphated
polysaccharide extract from the green seaweed Ulva), when added to diets of brown laying hens at
0.5%, 0.8% and 1%, enhanced the function of the small intestine and regulated the digestive system,
resulting in improved egg production, egg weight and FCR. This could be of great benefit to poultry
farmers, as ulvan did not increase the feed intake but enhanced the egg weight [34]. It is possible that
other sulphated polysaccharides (from brown and red seaweeds) have similar functionalities, but this
remains to be investigated.

2.2.2. Brown Seaweeds

Incorporation of 10% Macrocystis pyrifera (giant kelp) in meal enriched with n-3 FA from fish
oil in the diets of 35-week-old Leghorn hens effectively increased egg n-3 FA content, albumen
height and yolk colour [35]. Sensory evaluation of these eggs revealed that flavour was not affected
by the treatment. In another study, the effects of different concentrations of brown algae (BMA,
Sargassum dentifebium, 3% and 6%) prepared using different methods (i.e., sun-dried, SBMA; boiled,
BBMA; autoclaved, ABMA) on egg profiles were reported. Inclusion of 3% or 6% BMA meal in the
laying hen diet significantly reduced plasma cholesterol, as well as yolk cholesterol and triglycerides,
whilst also improving the total palmitic acid, carotene, lutein and zeaxanthin levels in eggs [36].
By-products from Undaria pinnatifida and Hizikia fusiformis (0.5%) were shown to improve egg laying
performance and relative organ weights, particularly the liver and cecum, over those of the control
group. This study demonstrated that supplementation with seaweed by-products resulted in superior
bird health [37]. Dietary supplementation by the commercial brown seaweed Ascophyllum nodosum,
trademark name Tasco® (at 0.25% and 0.5%), significantly enhanced egg weight, shell weight and
yolk colour in eggs from Lohmann Lite hens (age = 70 weeks). Hens fed a diet with 0.25% Tasco®

had significantly larger eggs and shell weight as compared to hens fed 0.5% and the control diets,
indicating that lower inclusion levels of Tasco® enhanced both productivity and economic efficiency in
poultry production [38].

2.2.3. Red Seaweeds

Inclusion of red seaweeds, e.g., Chondrus crispus (CC, 1%) and Sarcodiotheca gaudichaudii (SG, 2%),
in standard poultry diets improved FCR and egg quality parameters. The SG and CC groups showed
greater height and surface area of villi as compared to the control birds. Seaweed supplementation
also increased the abundance of beneficial gut bacteria, e.g., Bifidobacterium longum (4-14-fold) and
Streptococcus salivarius (4-15-fold), and reduced the prevalence of Clostridium perfringens. Additionally,
the concentration of short chain fatty acids, including acetic acid, propionic acid, n-butyric acid and
i-butyric acid, were significantly higher for both CC and SG treatments [39]. Gracilariopsis persica meal
fed at 50 gm/kg (5%) significantly lowered the levels of cholesterol and malondialdehyde in egg yolk
vs. control birds [40]. Dietary inclusion of the red seaweed Kappaphycus alvarezii (1.5%) significantly
reduced egg laying age and improved production parameters and egg quality traits (egg production,
egg weight, shell thickness) in laying hens [41]. Taken together, these studies suggest that dietary
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supplementation with selected red seaweeds as a potential prebiotic source is associated with improved
performance, egg quality and overall gut health in laying hens.

3. Novel Formulations of Seaweeds for Poultry Health

Processing/modification of seaweeds can improve the bioavailability of their active components
in poultry feed, thereby impacting both the digestibility and performance of chickens. The following
strategies have been reported to improve feed efficiency and palatability of seaweeds in livestock
feed. The drying and pre-treatment phases are very important for the maintenance of seaweed quality
during storage.

3.1. Mechanical Approach

Feed processing methods include drying, cooling, pelleting, cooking, vacuum coating, steam
exploding and extruding. These processes are utilized in order to be cost-effective (provide target
nutrient at least/best cost) and to improve digestibility and feed efficiency in chickens. Feed technology
has advanced from basic mixing of a mash feed to more innovative preparations involving physical
and hydrothermal processing operations. In a commercial setting, feed processing includes single
or multiple processing of feedstuffs in order to meet objectives. Poultry diets are manufactured
using a combination of technologies such as grinding with hammer and/or roller mills, along with
hydrothermal processing including pelleting, expansion or extrusion. The major advantages of feed
processing are the improved availability of nutrients, destruction of inhibitors and toxins and reduction
of feed wastage [42].

3.1.1. Size Reduction

The particle size of feed in the diet plays an important role in the development of the digestive
tract and regulation of feed intake by birds. Birds consuming larger particle-size feed develop larger,
more muscular gizzards and longer intestines. In addition, larger feed particles require more time
for breakdown in the gizzard and intestine (Figure 2), resulting in longer microvilli and an increase
in surface area, thus positively affecting digestibility and absorption [43]. Raw seaweeds are mainly
dried and ground to pass a 0.3–1.0 mm mesh screen using a Wiley mill or grinders. Size reduction by
grinding is the most economical method utilized in poultry feed preparation.

3.1.2. Extrusion

Feed extrusion is a combination of heat, shear and compressional forces utilized to produce
strongly bonded and porous pellets. Feed prepared by extrusion with Chondrus crispus (0.5%–3%)
had no effect on either egg quality or production parameters, indicating that minimal processing by
simple grinding was satisfactory compared to the added cost of mechanical processing [38]. Birds fed
on the 3% Chondrus diet produced larger and heavier eggs, but no other significant differences were
observed in 3% vs. 1% and/or 2% inclusion. Hence, the recommended levels of Chondrus crispus
supplementation to laying hen feed were 1%–2%, which is also more cost-effective. On the other hand,
the recommended level of Tasco® (air dried, brown seaweed Ascophyllum nodosum) in laying hen feed
was 0.25%, which is predicted to be the most cost-effective.

3.2. Additive/Synergistic Approaches

3.2.1. Biological Treatment by Fermentation

In poultry, feed processing by fermentation can produce functional feeds which are formulated to
improve the gut microbiome, health and performance. Major functional ingredients introduced by this
treatment include higher numbers of lactic acid bacteria, a reduced pH and high concentrations of
organic acids. These features protect the feed from microbial contamination during storage [45,46].
Fermentation enhances the antioxidant, anti-coagulant and anti-inflammatory effects of seaweeds,
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and it also increases the stability of feed during storage. In addition, beneficial microorganisms used
in microbial fermentation can have probiotic effects on poultry performance. Thus, fermentation of
seaweeds by probiotic bacterial strains could introduce synergistic effects [47]. Feed supplementation
with fermented brown seaweeds, e.g., Undaria pinnatifida (0.5%), improved the weight gain, feed:
gain ratio and immune status of broiler chickens as compared to controls. Blood serum profiles
including glutamic pyruvate transaminase (GPT) and concentrations of immunoglobulins (IgA and
IgM) were significantly higher in fermented seaweed treatments than their controls. However, the IgG
titers were decreased as compared to controls [18]. These observations indicated that fermentation of
these dietary seaweeds by Bacillus subtilis improved the growth performance and immune profile in
broilers [18]. Conversely, the same authors concluded that supplementation with fermented seaweeds
had no beneficial effect on laying hen performance. Bacterial fermentation was proposed to result in
depletion of oligosaccharides, which would decrease the positive supplementation effect of seaweeds
as prebiotics [37]. Altering the conditions/environment during fermentation by adding acidifiers,
e.g., organic acids, concentrated starter lactic acid bacteria (LAB) strains or enzymes, can speed up
the fermentation processes as well as improve the functional characteristics and palatability of the
final product [48]. With improved palatability, feed intake by chickens can be increased, leading to
positive effects on growth performance, gut microbiome and morphology. Clearly, whilst promising,
further work is required in this fledgling area of application.

 
Figure 2. Diagrammatic representation of different parts of the digestive organs of a typical chicken.
(adapted from [44]).
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3.2.2. Botanical Blends

Seaweeds can be used in combination with other natural bioactives including essential oils,
green tea and anti-microbial peptides. Such combined products function as botanical alternatives to
chemicals and antibiotics, for use in certifiably organic poultry production. For example, a combination
of the green alga Ulva (cited as Enteromorpha) (10%) and sardine oil (2%) provided a source of
antioxidants in the laying hen feed and also enhanced the DHA (docosahexaenoic acid) levels in
eggs [49]. Similarly, the brown algae Macrocystis pyrifera and Sargassum sinicola (administered at 10%)
enhanced the EPA (eicosapentaenoic acid) content of the eggs. In general, eggs can be conserved at
4 ◦C; however, the concentration of fatty acids declines with increasing storage time. The inclusion of
sardine oil in the diets of laying hens was observed to increase the n-3 polyunsaturated fatty acids
(PUFAs) content of eggs; however, n-3 PUFAs are more sensitive to oxidation, resulting in rancidity in
the final product and leading to reduced shelf life. [49]. Thus, it can be inferred that supplementation
of laying hen diets by selected seaweeds, in combination with essential oils, can produce enriched eggs
with improved shelf life. In another study, co-supplementation of a laying hen diet with green tea
(at 0.1% and 0.2%), combined with red and green seaweeds (also at 0.1% and 0.2%), led to improved egg
production, egg quality and physiological and immunological performance of late phase laying hens [50].
Co-supplementation with dietary Laminaria japonica (brown seaweed) powder (3%) and anti-microbial
peptide (300 mg cecropin/kg, 0.03%) significantly improved growth performance (i.e., increased FCR)
and immune function (serum Newcastle disease antibody titers and lymphocyte numbers) in broilers.
In addition, the same co-supplementation reduced E.coli and increased Lactobacillus levels in the cecum
of broiler chickens, indicating the potential use of L. japonica powder and cecropin as an alternative to
antibiotics in broiler production [51].

Algae-based antioxidant supplements containing selenium yeast (EconomasE®, Alltech Inc.,
Nicholasville, KY, USA), when added to broiler diets, significantly improved the meat quality attributes,
including water holding capacity, tenderness, colour and pH; thus, EconomasE® can be used as a
nutrient supplement in broiler diets [52]. Contamination by mycotoxins as a result of the spoilage of
the feed results in undesirable health effects and a decline in the rate of egg production, with adverse
economic effects. Hence, control of fungal development and mycotoxin production are critical for feed
and animal producers. Addition of EconomasE® (2 gm/Kg, 0.2%) to mycotoxin-contaminated corn
diet was demonstrated to partially improve the production performance (FCR) in broiler chickens [53].
Mycotoxins such as aflatoxins (AF), ochratoxin A (OTA), fumonisins (FUM), deoxynivalenol (DON)
and T-2 toxin adversely affect the health and productivity of poultry. It was suggested, but not fully
tested, that Tasco® or dried Ascophyllum meal could have mycotoxin-binding effects [53].

3.2.3. Algal Clay

Seaweed containing feed supplement MFeed+® Olmix, Brehan, France, has been developed by
associating algal extracts (Ulva sp. and Solieria chordalis) with clay (bentonite) for use in livestock diets.
Clays contain layered mineral materials organized in a succession of aluminum and silica-based sheets.
Some seaweeds contain high levels of trace mineral ions (e.g., iron, zinc, copper, titanium) that can
function as co-factors for enzymes and so improve their activities. Moreover, clay has been shown to
slow down the transit time of feed in the intestine, thereby increasing digestion and resulting in better
feed efficiency and nutrient uptake [54]. Such effects of clay have also been established in pigs [55].

In broilers, supplementation with a clay mix improved the weight gain and feed efficiency
(feed intake and growth). Seaweeds in the clay mix introduced trace mineral ions into the diet,
which improved the activity of some digestive enzymes and resulted in increased growth performance
of the broilers fed on the supplemented diet. Algal clay (0.1%) can be incorporated to reduce the
cost of feed while still maintaining a productive performance in broilers [56]. An algal clay-based
product (i.e., MT.X+®, Olmix product) added to the diet prevented the negative effects of mycotoxin
contamination on performance and productivity in broilers, at both experimental and commercial
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scales. The product improved the production efficiency factor by 10% and the return on feed cost by
36% when compared with the control [57].

In 2016, the European Food Safety Authority (EFSA) Panel on Additives and Products or Substances
Used in Animal Feed (FEEDAP Panel) delivered a scientific opinion on the safety and efficacy of an
algal/clay mix for animal consumption [58]. The panel concluded that the additive product, composed
of feed-grade bentonite and selected seaweeds, was considered safe for livestock (e.g., piglets, cows and
chickens) consumption, at a maximum recommended dose of 124 mg/kg (0.0124%) of complete feed.
The additive product is considered non-genotoxic (bentonite is not absorbed from the gut lumen and
the seaweeds were shown to have beneficial effects in humans) and were safe for animal nutrition and
for consumers [58].

4. Anti-Bacterial and Anti-Viral Effects of Various Seaweeds on Disease in Poultry Production

The use of seaweeds as anti-infective agents in commercial livestock production has gained
interest due to an increase in antibiotic-resistant bacterial strains and increasing consumer concerns
regarding drug residues in animal meat. Seaweeds are a rich source of dietary fiber, minerals,
vitamins, proteins, phlorotannins and carotenoids [59]. Seaweeds in poultry diets enhance gut
microbiota, as the algal biomass remains mostly undigested in the lower GIT, and therefore
act as substrates for bacterial fermentation [60]. Red and brown seaweeds have prebiotic-like
properties that alter the metabolic activities of beneficial microflora and reduce the prevalence
of pathogenic bacteria [61]. Moreover, a carbohydrate fraction extracted from the red seaweed
Gracilaria persica exhibited direct anti-microbial effects against six bacterial pathogens including
Staphylococcus aureus, E. coli, Methicillin-resistant Staphylococcus aureus (MRSA), Salmonella typhimurium,
Pseudomonas aeruginosa and Aeromonas hydrophila and induced a humoral-immune response against
sheep red blood cells (SRBC) [62]. Likewise, phlorotannin extracts isolated from two brown seaweeds
A. nodosum and Fucus serratus were effective at killing three foodborne pathogens, E. coli O157,
Salmonella agona, and Streptococcus suis, without negatively affecting the pig intestinal cells (in vitro) [63].
Water extracts of the red seaweeds Gelidium latifolium, Hypnea musciformis, Jania rubens, Jania spp. and
Laurencia obtusa showed significant in vitro anti-microbial activities against pathogenic, Gram-negative
bacteria, including E. coli, Klebsiella spp. and P. aeruginosa [64]. Moreover, sulphated galactans
and carrageenans from an aqueous extract of the calcareous red alga Corallina sp. possessed
bactericidal activity against pathogenic Gram-positive bacteria including Enterococcus faecalis and
Staphylococcus epidermidis. Taken together, these studies indicate that the organic and polysaccharide
fractions of selected red seaweeds can function directly as anti-microbial components in poultry diets.
In addition, seaweed polysaccharides such as carrageenans, sulphated proteoglycans, and dextran
sulphates have been reported to possess a broad spectrum of anti-viral activities [65–69]. A number of
sulphated polysaccharides are potent inhibitors of paramyxoviruses, including parainfluenza virus,
respiratory syncytial virus, mumps virus, measles virus, Newcastle disease virus (NDV) and distemper
canine virus [68,70–73]. The aqueous extracts of the red alga Schizymenia dubyi with the highest
sulphate content were effective in inhibiting HSV-1 replication at an EC50 = 2.5–80 μg/mL without
cytotoxic effects. Methanolic and 2,3,6-tribromo4,5-dihydroxybenzyl methyl (TDB) ether extracts
isolated from the red alga Symphyocladia latiuscula exhibited anti-viral activities against wild type HSV-1
and acyclovir (ACV) resistant-HSV-1 (IC50 values of 5.48, and 4.81 μg /mL, respectively). Daily oral
administration of the methanolic and TDB extracts delayed the appearance of lesions in infected
mice, without toxicity [74]. Similarly, lambda-carrageenans from the red seaweed Gigartina skottsbergii
(Gigartinaceae) displayed anti-viral activity against animal viruses belonging to the Alphaherpesvirinae
sub-family BoHV-1 (bovine herpesvirus type 1) strain Cooper and SuHV-1 (suid herpes virus type 1)
strain Bartha [75]. These results indicated that seaweed components, primarily polysaccharides, have
potential as anti-viral agents in poultry diets. Table 1 describes recent studies of the use of various
seaweeds as anti-microbial (bacterial, viral, plasmodial, etc.) in poultry diets in order to improve
animal health and performance.
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Table 1. Use of seaweeds (SW) as anti-microbials in poultry diseases.

Macroalgae B = Brown
R = Red G = Green

Level of Inclusion
in Feed

Anti-Microbial Response/Poultry Disease Reference

Laminaria japonica (LJP) (B)
and anti-microbial peptide

cecropin

Laminaria japonica
LJP:1%, 3% and 5%;

Cecropin: 0.03%

Anti-bacterial and anti-viral activities were
observed with dietary supplementation of broiler
diets with LJP + cecropin, which increased feed
conversion ratio (FCR), and serum Newcastle
disease antibody titers and lymphocyte numbers.
In addition, birds fed with LJP showed
significant inhibition of E. coli counts and
increase in Lactobacillus counts in ceca.

[51]

Ascophyllum nodosum (B) 0.05% and 0.1%

Anti-bacterial activity.
A. nodosum reduced C. jejuni counts in the
caecum of chicks (10 days old), at both
concentrations, but decreased the growth
parameters (disruptive effect on gut morphology
in ileum). Significant increases in the expression
of tight-junction genes OCLN and CLND-1
alongside increases in MUC2 and
CCND1 expression.

[76]

Chondrus crispus and
Sarcodiotheca gaudichaudii (R) 2% and 4%

Anti-bacterial activity.
The incorporation of SW in the diets of Lohmann
Lite laying hens reduced the negative effects of
Salmonella enteritidis (SE) infection on body
weight and egg production.

[77]

Grateloupia filicina, (R) Ulva
pertusa (G) and Sargassum

qingdaoense (B)

In vitro, 20–500 mg/mL
of sulphated

polysaccharides SPs;
in vivo mouse model,
0.001% and 0.005% of

SPs per day

Anti-viral activity.
Sulphated polysaccharide extracts from all three
species showed immune-modulatory activities,
both in vitro and in vivo; S. qingdaoense showed
the best activity. All three SPs significantly
inhibited the activity of activated AIV
(H9N2 subtype) in vitro and inactivated avian
influenza virus (AIV) in vivo. Sulphated
polysaccharides from G. filicina showed the
strongest anti-AIV response.

[78]

Ulva clathrata (G) and
fucoidan

In vitro
0.1–1000 μg/mL

Anti-viral activity.
The ulvan and fucoidan extracts inhibited
Newcastle disease virus (NDV) in vitro and
showed no cytotoxicity at effective
concentrations. Ulvan inhibited viral fusion by
interacting with the intact F0 protein.
Ulvan exhibited better anti-cell–cell spread
activity than fucoidans, but a combination
showed more potent (synergistic) responses.

[79]

Highly soluble calcified
seaweed (HSC) (R) 0.6% and 0.9%

Anti-bacterial activity.
Broilers fed HSC diets had significantly higher
feed conversion/total weight than control birds.
Lower dietary Ca (0.6% vs. 0.9%) showed lower
mortality associated with necrotic enteritis (NE)
as compared to higher dose (0.9%) and on
bird performance.

[80]

Chaetomorpha antennina (G)
in combination with

mangrove species
Aegiceras corniculatum

(land plant)

In vitro: 0.5, 1.0 and
1.5 mg/mL

In vivo rat model:
0.02% per day

Parasite inhibition.
The extract mixture showed 60% suppression of
parasitaemia against Plasmodium falciparum at
1.5 mg/mL. Anti-plasmodial activity (50%)
against Plasmodium berghei was observed in vivo.

[81]

4.1. Mechanism of Anti-Microbial Activity of Seaweeds

4.1.1. Anti-Bacterial Mode of Action

Seaweeds are continuously exposed to a range of abiotic stresses such as desiccation, sunlight,
osmotic stress and extreme temperatures, as well as pathogenic microbes. In response, seaweeds have
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developed protective mechanisms in order to combat and survive these stressful conditions [82].
They produce an array of unique bioactive compounds, including sulphated polysaccharides,
organic acids, pigments and phenolic compounds, which are responsible for a range of functionalities,
such as antioxidant, anti-microbial and anti-viral activities. For example, phenolic compounds
exhibit anti-microbial activity by permeabilizing the bacterial cell wall and releasing the intracellular
contents [83]. Other mechanisms of action of phenolic compounds against bacteria include interference
with nutrient uptake, impairment of protein and nucleic acid synthesis and disruption of electron
transport chains [83]. On the other hand, seaweed-derived polysaccharides can elicit defense
responses in the host which are similar to pathogen recognition (PAMP triggered immunity) [84].
Red seaweed-derived polysaccharides also exhibit anti-microbial activity because of their affinities
towards surface appendages of the bacteria. Anti-microbial activities of red seaweeds and their
extracted compounds on the poultry pathogen Salmonella Enteritidis (SE) have been linked with the
down-regulation of virulence factors, restricted motility and flagellar functions and also direct the
blockage of bacterial quorum sensing (Figure 3). Quorum sensing molecules such as auto-inducers
(acylated homoserine lactones, AHL) have been shown to facilitate virulence, motility and biofilm
formation in bacterial pathogens including Salmonella [85,86]. Previous studies have shown that some
red seaweeds contain quorum sensing inhibitors, such as brominated furanones, which are capable of
inhibiting bacterial biofilm formation and the regulation of flagellar and virulence genes, resulting in
bacterial growth inhibition [87,88].

 

Figure 3. Illustration of modes of actions of selected red seaweeds, Chondrus crispus (CC) and
Sarcodiotheca gaudichaudii (SG). A. Direct anti-microbial effect: red algal extracts inhibited growth,
motility, biofilm formation and quorum sensing mechanisms in Salmonella Enteritidis. B. Protection of
Caenorhabditis elegans from infection by S. Enteritidis: both red seaweed extracts increased the survival
of infected worms by reducing S. Enteritidis colonization in Caenorhabditis elegans and enhancing the
immune response of the worms (redesigned from [89]).

Yeast cell wall-derived mannan polysaccharides have been shown to deactivate Gram-negative
pathogens such as E. coli and Salmonella by competitively binding to surface appendages such as
the fimbriae and flagella. In the intestine, the adherence of pathogens to polysaccharides such as
mannans reduces their ability to attach to epithelial cells, which results in the complete clearance of
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pathogenic bacteria from the gut without colonization [90]. Seaweed polysaccharides, with their ionic
properties, have been shown to exhibit anti-bacterial activity against Gram-negative bacteria. For
example, the anti-microbial activity of alginic acid (from brown seaweeds) against E. coli has been
attributed to its polyanionic nature [91].

Another mechanism by which red seaweeds reduce the colonization of S. Enteritidis in the ceca of
laying hens has been attributed to the attenuation of the virulence factors of SE (Figure 4). One study
demonstrated that C. crispus (CC) and S. gaudichaudii (SG) water extracts reduced the relative expression
of virulence factors of SE in vitro and decreased the colony count of SE in the intestine of C. elegans.
Water extracts of seaweeds (CC and SG) significantly increased the survival of C. elegans infected
with SE and reduced the accumulation of SE in C. elegans gut. A decrease in the colonization of SE
in C. elegans was likely due to (i) a significant reduction in expression of virulence-associated genes
of SE; (ii) reduced ability of bacteria to attach to the surface of the intestinal epithelium of C. elegans;
(iii) induced immune response related genes of infected C. elegans. The modes of action of these red
seaweeds to reduce Salmonella colonization in the model organism (C. elegans) were also effective when
added to the feed of laying hens. The virulence factors of S. Enteritidis, which are known to be essential
for the colonization of the intestinal tract in C. elegans, can be critical for SE colonization in poultry [92].

 

Figure 4. Dietary inclusion of red seaweeds in laying hen diets was observed to suppress the negative
effect of SE on laying hen growth and performance. Various mechanisms included direct inhibition
(bactericidal) of bacterial colonization of feces and ceca, competitive exclusion (i.e., reduction of E. coli
titers) by beneficial bacteria such as Lactobacillus acidophilus and immune stimulation. SCFA: short chain
fatty acid; GALT: gut-associated lymphoid tissue (Original figure by G.K.).

4.1.2. Anti-Viral Modes of Action

Polysaccharides and other bioactive functional molecules in seaweeds display anti-viral activity
against a range of viruses by interfering with different stages of viral attachment, penetration and
infection (Figure 5). Seaweed polysaccharides, such as carrageenans and galactans from red seaweeds,
target viral attachment stages by either directly interacting with the virion or mimicking the binding of
virus associated proteins (VAP) to the respective receptors [75,93]. Moreover, marine polysaccharides
can also block the allosteric processing of the viral capsid during the internalization process and
uncoating of the virus. For example, carrageenans inhibit viral attachment as well as its internalization
and uncoating; ulvans inhibited fusion of Newcastle disease virus by blocking the cleavage of intact
protein F0 into the mature form [79]; fucoidans inhibited viral infection by direct interaction with
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envelope glycoproteins [71]. Seaweed polysaccharides can also improve the host anti-viral immune
response; for example, fucoidan can stimulate both specific and non-specific responses such as the
activation of NK cells, maturation of dendritic cells (DCs) and activity of cytotoxic lymphocytes, as well
as the ability to produce antigen-specific antibodies and memory T cells under in vitro and in vivo
conditions [94].

 
Figure 5. Mechanisms of anti-viral inhibition by seaweed polysaccharides. Seaweed polysaccharides
display anti-viral activity against a range of viruses by interfering with different stages of viral
attachment and replication as well as by improving host immunity (redesigned from [95]).

5. Use of Prebiotics in Poultry Production

The term prebiotics is defined as “a non-digestible food ingredient that affects the host by selectively
stimulating the growth and/or activity of one, or a limited number of bacteria, in the colon” [96–98].
From a food safety perspective, prebiotics function as preventative agents which can modulate
gastrointestinal microbiota in order to benefit the host and serve as a barrier to pathogen colonization.
In poultry, prebiotics can induce a direct effect on birds by priming the host immune system or
an indirect effect by modulating the compositing and fermentation profile of the gastrointestinal
microbes [99]. Seaweeds must satisfy a number of criteria in order to be considered a prebiotic source:

(1) They should resist digestion by acid and enzymatic hydrolysis in the upper gastrointestinal
tract (GIT).

(2) They must have a selective function as a substrate for the growth of beneficial bacteria.
(3) They must be capable of altering the profile of the microflora.
(4) They must induce beneficial effects that boost the host immune system and overall health.

Seaweeds and their bioactive compounds, such as polysaccharides and phenolics, exhibit these
characteristics and can be considered prebiotic dietary supplements with gut health benefits. In poultry,
prebiotics have been shown to improve gastrointestinal health by providing a substrate for beneficial
bacteria within the gut microbiota of chickens [100]. The mode of action of most of prebiotics is by
one or more of the following mechanisms: lactic acid production, inhibiting/preventing colonization
of pathogens, modifying metabolic activity of normal intestinal flora and stimulation of the immune
system [101]. Major beneficial probiotic bacteria present in the gut microbiome of chickens include
Bifidobacteria, Lactobacillus, Ruminococcus and Streptococcus. These bacteria, which are present in the
small intestine, utilize non-digestible polysaccharides and fibers for energy [102]. These beneficial
bacteria can utilize seaweed polysaccharides and dietary fibers for energy and modulate the population
of disease-causing bacteria in order to improve metabolism (Figure 6).
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Figure 6. Modes of action of selected seaweeds as prebiotics for poultry health. Seaweeds are resistant
to digestion in the upper gastrointestinal tract of chickens. After entering the colon, they are selectively
fermented by beneficial microbiota, resulting in their increased numbers as well as the reduction
of pathogenic bacteria by competitive exclusion. Beneficial microbes are known to produce short
chain fatty acids and secrete anti-microbial peptides such as bacteriocins whilst also helping in the
differentiation and proliferation of enterocytes, all of which improves epithelial growth in addition to
exhibiting immunomodulatory effects (redesigned from [89]).

6. Effect of Selected Seaweeds on the Gut Microbiome

The gastrointestinal tract (GIT) of chickens possesses a diverse bacterial population which varies
significantly from the proximal to distal segments. Bacterial abundance in a specific section of
the GIT depends on their affinity to either enterocytes or to the mucus layer, tolerance to the GIT
environment and also their resistance to the host immune system. Additional factors including the rate
of passage of digesta, pH, nutrient digestibility and bioavailability and the presence of anti-microbial
peptides can modulate bacterial diversity in each segment of the GIT [103]. Dietary fibers and
carbohydrates present in some seaweeds enhance the growth of certain beneficial bacteria, which leads
to a cascade of biological functions which then impart beneficial effects on the health and growth of the
host. Gut microbial fermentation of seaweed components, and their effects on the microbiome and
metabolomics, are presented in Table 2.

Various seaweed polysaccharides, including ulvans and mannans from green, fucoidans and
laminarans from brown and carrageenans from red seaweeds have been associated with a range
of health-promoting effects, such as prebiotic, anti-bacterial, anti-inflammatory and antioxidant
functionalities. These polysaccharides are neither digested nor absorbed by the host, but they serve as
a substrate for bacterial fermentation in the colon and thus impart beneficial effects on both animal and
human health [104].
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7. Reduced Use of Antibiotics in Combination with Dietary Seaweeds

Antibiotics have been used as therapeutics for the treatment of animal and human diseases,
as prophylactics to prevent infection and as growth promoters in livestock production [112].
Sub-therapeutic levels of antibiotics (i.e., <200 g/ton of feed) have been included in animal diets
in order to achieve growth promoting effects (U.S. Food and Drug Administration, 2000). The selection
pressure on gut microbes caused by routine use of antibiotics has promoted the development of
resistance genes that are capable of horizontal gene transfer between different species of pathogenic
bacteria. This unfortunate situation has resulted in the uncontrolled multiplication of resistant bacterial
pathogens including Clostridium, Salmonella, and Campylobacter, which can cause harmful diseases in
the host. In addition, alterations in the microbiome within the host gut can lead to a predisposition
to infection by other environmental pathogens [113]. In the United States, the Food and Drug
Administration’s Center for Veterinary Medicine (CVM) has developed a five-year action plan (2018-23)
for supporting anti-microbial stewardship in veterinary settings in order to limit or reverse bacterial
resistance due to the overuse of antibiotics in food-producing animals. FDA/CVM has set limits on the
use of cephalosporin and has withdrawn approval for the use of fluoroquinolones in poultry, because
these antibiotics are also commonly used in human medical treatments. In North America and Europe,
there is a heightened public awareness of the negative effect of antibiotics in livestock production and
an increasing scientific and regulatory interest in developing alternatives to antibiotics [114]. However,
in developing countries, the use of antibiotics in animal production is unregulated. This has resulted
in sky-rocketing levels of anti-microbial resistance in many jurisdictions and increasingly worldwide.

The growing demand for animal protein in developing countries has resulted in a dramatic
increase in the administration of antibiotics to livestock [115]. Since 2000, the demand for protein from
meat plateaued in developed countries but grew significantly in developing countries, i.e., 68% in Asia,
64% in Africa and 40% in South America. An increase in animal production has resulted in increased
frequencies of infectious disease outbreaks within flocks and tripled the occurrence of antibiotic
resistant, zoonotic bacteria (E. coli, Campylobacter, Salmonella and Staphylococcus aureus). A comparison
between developing countries indicated that antibiotic resistance was most widespread in China and
India, followed by Brazil and Kenya [115,116].

A recent report from the Infectious Diseases Society of America (IDSA) indicated that there were
only ten new drugs in the pipeline (in phase 2 or phase 3 trials) for the treatment of infections caused
by pathogens. These drugs, which are under development, might fail to receive regulatory approval
by the FDA and are furthermore not guaranteed to be effective against certain antibiotic-resistant
pathogens [112].

Potentiating the activity of existing antibiotics using combination therapies could be an alternative
strategy to discovering new antibiotics. A range of anti-microbial peptides, molecules, plant extracts
and essential oils, all with anti-microbial activity, have demonstrated such combination effects [117,118].
Similarly, seaweeds have been tested in combination with antibiotics to extend the lifespan of
fading (off-patent) antibiotics which are utilized in animal production. For example, alginates from
certain brown seaweeds have been shown to potentiate the anti-microbial activity of specific antibiotics
(i.e., macrolides, β-lactams and tetracyclines) that are efficacious against pathogens such as Pseudomonas,
Acinetobacter and Burkholderia spp. [119]. Functional extracts from the brown seaweeds Laminaria japonica
and Sargassum horneri and the red seaweeds Gracilaria sp. and Porphyra dentata potentiated the
activity of macrolides such as clarithromycin against antibiotic-resistant E. coli. Ethanolic extracts
of some seaweeds, in combination with clarithromycin, were observed to synergistically inhibit
bacterial growth by inhibiting the activity of efflux pumps [120]. Water extracts of two red
seaweeds, e.g., Chondrus crispus and Sarcodiotheca gaudichaudii (SG), in combination with tetracycline
and streptomycin, significantly enhanced anti-bacterial activity against Salmonella Enteritidis. A water
extract from SG at 400 and 800 μg/mL, in combination with sub-lethal concentrations of tetracycline
(1 and 1.63 μg/mL), showed complete inhibition of bacterial growth, comparable to full strength
tetracycline (23 μg/mL) [121]. The proposed mode of action of the combined effect was the inhibition
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of quorum sensing in SE Salmonella, thereby repressing efflux-related gene expression, resulting in
the accumulation of tetracycline within the bacterial cell, ultimately leading to cell death [121].
These findings confirmed the in vitro activities of certain seaweeds and their extracts, which can be
employed to increase the lifetime of existing antibiotics. Further research needs to be carried out to test
such combinatorial effects in in vivo models such as rats and mice, and then in livestock, to validate
these findings. Reduced antibiotic consumption in farm animal production is highly desirable and this
may be eventually achieved by feed supplementation of probiotic seaweeds.

8. Commercialization of Various Seaweeds for Animal Feeds

The global commercial market for seaweeds provides a broad range of products for direct or
indirect human uses. This was valued at USD 11.48 Billion in 2017, with a CAGR of 8.42% [122].
The growing scope of seaweed-based applications in food, agricultural fertilizers, animal feed
additives, pharmaceuticals, cosmetics and personal care is expected to significantly boost market
demand. Additionally, rising demands for seaweed-derived hydrocolloids such as agar, alginates and
carrageenans also contribute significantly to the total volumes and values of the commercial seaweed
market (Agriculture and animal feed applications held the second largest seaweed market share in
2017 [123], and these are anticipated to reach much higher values by 2024, due to the impacts of
current R&D (research and development) targeting enhanced animal health and productivity [123].
Table 3 collates information provided by various producers of poultry products with respect to
seaweed-based products.

Challenges and Future Prospects

(a) The effect of seaweed harvesting on the environment: The global seaweed industry largely
relies on harvesting seaweed as a natural resource. Over-harvesting due to increases in seaweed
demand could negatively impact the environment and the sustainability of supply. Science-based
management plans to maintain a sustainable cultivation and collection/ harvest strategy for seaweed
biomass are critical, particularly since some seaweeds have growth rates which exceed those of many
terrestrial crop plants, indicating that the selection and domestication of such seaweeds for cultivation
would be an ideal direction for future sustainability [124].

(b) Macroalgal cultivation systems: A sound production strategy is vital to improve supplies of
selected seaweed biomass due to the predicted growing market demand over the next 5 years [122].
However, reliable, sustainable and economically viable cultivation of seaweeds represents a major
challenge due to the high costs and labor associated with establishing large-scale industrial plants.
Current large-scale facilities do not have sufficient capacity to produce the huge quantities of seaweed
biomass that are necessary to meet global demand by the animal feed industry [125]. One major
roadblock is the inadequate numbers of commercial seaweed farms with on-land tank facilities.
One solution would be to establish large-scale production facilities in low-income countries [126].
In 2014, Asian countries collectively produced more than 10 million metric tonnes of cultivated
seaweeds, whereas European nations produced comparatively limited quantities (10,000—100,000
metric tonnes) [127]. Integrated multi-trophic aquaculture (IMTA), which involves the co-cultivation
of macroalgae with other livestock such as fish and molluscs, could be a viable commercial alternative.
This could also create a balanced ecosystem between seaweed crops and aquatic life [128].
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(c) Heavy metals, mineral, plastic and other safety hazards: Marine algae tend to concentrate
heavy metals and other mineral contaminants [129,130]. Seaweeds for food and feed are always
tested to measure levels for trace elements (As, Cd, Pb, Sn and Hg) in order to meet national and
international regulation and safety standards [126,131]. Other safety hazards for seaweeds may include
anti-nutritional factors, radioactive isotopes, ammonium, dioxins and pesticides. In addition, there are
reports that seaweeds increasingly contain traces of plastic particles which might affect the utilization
of specific seaweeds for human and animal food [132]. Cultivation of specific seaweed species and
or their selected cultivars, targeting specific applications, might be necessary in order to guarantee
contaminant-free materials [133].

(d) Seasonal variability, harvesting, processing variability: Seasonal variability affects the
nutritional profile of seaweeds [133]. Nutritional and biological activities of seaweeds are primarily
due to the presence of compounds such as polysaccharides, carotenoids, fatty acids, proteins, peptides,
vitamins, minerals and dietary polyphenols. Seaweeds synthesize several of these compounds in
response to complex environmental conditions. Thus, the composition of these varies with seasonal
variability. Controlling seasonal variability is a major challenge to maintain consistency in the bioactive
compounds as nutrients for feed supplement. Effective measures should be implemented for seaweed
harvesting and processing in order to maintain consistency in composition of bioactive material [132].

9. Conclusions

This review highlights recent developments in research on selected seaweeds as a valuable and
sustainable feed additive for multiple poultry applications. Utilization of selected seaweeds in animal
feeds and supplements will improve animal food security and welfare. Advances in scientific evidence
from both in vitro and in vivo studies provides promising data to support the utilization of certain
seaweeds and their derived compounds to modulate gastrointestinal microbiome and the gut short
chain fatty acids (SCFAs).

Dietary polysaccharides from seaweeds are not only a source of anti-microbials but also function
as prebiotics and improve the growth of beneficial microflora in gastrointestinal tract. The encouraging
data presented in this review supports the need for further research on the use of seaweeds to combat
the increasing pressure for an antibiotic-free poultry industry by providing alternatives in the form of
natural prebiotics.
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