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Abstract: This study investigated the impacts of different brown seaweed species—Ascophyllum no-
dosum, Sargassum fulvellum, Ecklonia maxima, Lessonia flavicans, Lessonia nigrescens, and Laminaria japon-
ica—on rumen fermentation and methane (CHy) mitigation. The current in vitro batch culture study
for 24 h at 39 °C evaluated these species in two experimental designs: as feed additive and as feed.
The control group for both experimental designs was composed of 500 mg of basal diet (50% grass
hay/50% concentrate). For the feed additives experimental design, each seaweed species was evalu-
ated when it was added at 20% of the basal diet, while as a feed, the inclusion level of each species was
20% to partially replace the concentrate in the basal diet as follows (50% hay/30% concentrate /20%
seaweed). Chemical analyses showed that the seaweeds were characterized by a high fiber content
and high amounts of minerals such as calcium, potassium, and phosphorus, while the protein content
ranged within 7 and 13%. When they were applied as feed additives, they increased the production
of volatile fatty acids, with L. japonica being the most effective; however, they failed to suppress
CH, production. In contrast, their inclusion as a feed in the basal diet led to a significant reduction
(p < 0.05) in CHy, especially for E. maxima and L. japonica, by up to 18 and 21%, respectively, but this
was associated with general inhibition of the rumen fermentation. Therefore, the tested seaweeds
could be used as a source of minerals and as a feed additive to improve rumen fermentation, but
without anti-methanogenic potential. Meanwhile, their inclusion as feed at 20% could reduce CHy
production with an adverse effect on fermentation. Thus, further trials are needed to identify the
appropriate inclusion level to achieve effective CHy reduction without any detrimental effects on
rumen fermentation.

Keywords: alternative feed; global warming; dietary manipulation; digestibility; macroalgae; sustainability

1. Introduction

In recent years, there has been a rising interest in the usage of seaweed in many
applications [1]. Many studies have provided evidence of seaweeds as promising and
sustainable feed additives/supplements for the livestock industry. They can be used as
an alternative source of nutrients since they contain myriad nutrients, including proteins,
lipids, carbohydrates, vitamins, and minerals [2,3]. Previous studies have reported the positive
impacts of some seaweeds on animal health, performance, and product quality [4-6]. Seaweeds
can be categorized into three distinct groups based on their pigmentation: brown, green,
and red [5]. Although there are about 10,000 species of marine seaweeds distributed along
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coastal regions worldwide, only a few of them have been evaluated as feed ingredients in
ruminants’ diets [7].

Besides their nutritional value, seaweeds are gaining more interest as anti-methanogenic
feed ingredients since they possess bioactive compounds, such as halogenated and polyphe-
nolic secondary metabolites, that have shown potency in reducing methane (CHy) emissions
from ruminants [8]. The red seaweed Asparagopsis taxiformis is rich in halogenated com-
pounds, particularly bromoform, which has strong efficacy in reducing CH4 production,
potentially by over 80% [9,10]. However, sustainable supply of this seaweed is an issue, and
there are some concerns over its production due to the potential negative environmental
impacts on the ozone layer, rumen health, and bromoform’s health impacts on humans [11].
Therefore, there is an active search underway to identify new efficient and safe bioac-
tive molecules from seaweeds to be employed in climate-friendly ruminant feed. Brown
seaweeds have a higher and more diversified content of bioactive compounds with high
commercial interest [12]. They are the only algae to contain polyphenol phlorotannins [13].
Phlorotannins have broad-spectrum antimicrobial activity, especially on rumen cellulolytic
bacteria such as Fibrobacter succinogenes [14]. The chemical structure of phlorotannins is
similar to that of tannins from terrestrial plants [15]. Terrestrial tannins were reported
to have anti-methanogenic activity, either by direct inhibition on methanogenic archaea
or indirectly through inhibiting other rumen microorganisms associated with methano-
genesis [16]. Therefore, the efficacy of phlorotannin-containing brown seaweeds against
rumen methanogenesis may be worth further exploration. Some studies have reported
successful CHy reduction with supplementation of some brown seaweeds or their extracts,
while others observed no effect, with inconsistent effects on other rumen fermentation
parameters [17-21]. The species specificity, usage, and dosage might be the reasons for
discrepancies among studies. Although there are many species of brown seaweeds, very
few of them have been evaluated as feed additives for ruminants [5]. Furthermore, there is a
gap in the current knowledge regarding how to apply brown seaweeds in ruminants” diets
either as a feed additive or as feed to replace part of the conventional ingredients [22,23]. It
is noteworthy that there have been no studies conducted on the actually available brown
seaweed commercial products in this respect.

Some of the seaweed species used in the current study, such as Ascophyllum no-
dosum and Sargassum fulvellum were evaluated previously in a few studies, with incon-
sistent results [18,24,25], while for others, such as Ecklonia maxima, Lessonia flavicans,
Lessonia nigrescens, and Laminaria japonica, it would be the first time to be evaluated. The
brown seaweed species are well known for their lower nutritional value (low protein and
fat contents with higher mineral contents) while containing about 1100 bioactive com-
pounds [4,5]. Therefore, the main objective of this study was to evaluate them as potential
anti-methanogenic feed additives, as well as determining any potential unfavorable ef-
fects on rumen fermentation characteristics. Additional objective of this study was to
evaluate their usage as a feed to partially replace the concentrate mixture in the diet while
assessing their impacts on CHy and rumen fermentation parameters through a brief study.
The hypothesis was that the usage of these species as feed additive would reduce CHy
production due to phlorotannins effect without adverse effect on rumen fermentation
profile. Additionally, we hypothesized that these macroalgae might be used as an alterna-
tive feed to replace part of the conventional feed ingredient (concentrate mixture) in the
basal diet with the potential to reduce CH4 production and without adverse impacts on
fermentation characteristics.

2. Materials and Methods

This study was conducted in Obihiro University of Agriculture and Veterinary Medicine,
Japan, following the standard experimental procedures approved by the Committee of
Animal Care and Ethics (approval number, 21-212). Animals used in this study were kept
and cared for by the Field Science Center, Obihiro University.
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2.1. Basal Diets and Seaweeds

The basal diet was composed of ground (1 mm size) Kleingrass (Panicum coloratum) hay
and a commercial concentrate mixture (Alpha-Kotan, Chubu Shiryo Co., Ltd., Aichi, Japan).
The chemical compositions of the grass hay and concentrate are described in Table 1. Seven
kinds of commercial brown seaweeds were provided by an agricultural trading company
(Andes Trading Co., Ltd., Tokyo, Japan). The seaweeds used in the current study were as
follows: A. nodosum (collected from Ireland), A. nodosum (collected from Canada), E. maxima
(collected from South Africa), S. fulvellum (collected from Indonesia), L. flavicans (collected
from Chile), L. nigrescens (collected from Chile), and L. japonica (collected from China). More
details about the sites of collection and processing of each product are described in Table 2.

Table 1. Chemical composition of the basal diet (g/kg in dry matter) used for 24 h in vitro incubation.

g/kg Kleingrass Hay Concentrate Mixture
Dry matter (g/kg in fresh matter) 910 875
Organic matter 892 937
Crude ash 108 63
Crude protein 146 188
Ether extract 37 43
Neutral detergent fiber 626 315
Acid detergent fiber 339 117
Acid detergent lignin 63 26
Non-fiber carbohydrate 83 391

Table 2. Site of harvesting and processing of the evaluated commercial brown seaweed products.

Product Name Seaweed Species Site of Collection Drying Method Drying Temperature Crushing Method
Algin gold Ascophyllum nodosum N(gziﬁtﬁggﬁea Rotary Kiln Dryer 60-80 °Cfor 1.5h Hammer mill
Asco Sea Green  Ascophyllum nodosum North. Atlantic Sea Rotary Kiln Dryer 60-80 °C for 1.5 h Hammer mill

Basin, Canada
South Atlantic Sea Basin
Ecklonia gold Ecklonia maxima (offshore of Western Cape Sun Drying - Hammer mill
State), South Africa

Seaweed meal Sargassum fulvellum Sunda Strait, Indonesia Rotary Kiln Dryer 60-80 °C for1.5h Hammer mill
Lessonia gold Lessonia flavicans Chilean Sea, Chile Sun Drying - Hammer mill
Lessonia gold Lessonia nigrescens Chilean Sea, Chile Sun Drying - Hammer mill
Laminaria gold Laminaria japonica Bohalsiza érﬁ?nl{euow Rotary Kiln Dryer 60-80 °C for1.5h Hammer mill

2.2. Donor Animals and Rumen Fluid Collection

Approximately 1.3 L of rumen fluid was collected 3 h after morning feeding from two
ruminally fistulated non-lactating cows approximately 8 years old with an average body
weight of 894 kg. The cows were fed at the maintenance level on a diet of orchard grass
(Dactylis glomerata) hay (organic matter (OM), 980 g/kg; crude protein (CP), 132 g/kg; neu-
tral detergent fiber (NDF), 701 g/kg; acid detergent fiber (ADF), 354 g/kg; acid detergent
lignin (ADL), 40 g/kg; dry matter (DM) basis) with free access to clean drinking water
and mineral blocks (Koen® E250 TZ, Nippon Zenyaku Kogyo Co., Fukushima, Japan). The
collected rumen fluid was strained through four layers of surgical gauze, placed into a
Thermos flask that had been pre-warmed to 39 °C, and then immediately transferred to the
laboratory within 15 min.

2.3. Experimental Design and In Vitro Incubation Procedure

This study was conducted following two different experimental designs. The first ex-
periment (EXP. 1) was performed with a control diet (basal diet, 50% hay/50% concentrate),
and each seaweed species was used as feed additive at 20% of the substrate. The second
experiment (EXP. 2) was performed with the control group (EXP. 1), and each seaweed
species was included in the basal diet at a rate of 20%, replacing part of the concentrate
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mixture (50% hay/30% concentrate/20% seaweed). Each treatment in both experimental
designs had four replicates, and two bottles were used as blanks. EXP. 1 was repeated in
three separate runs in different weeks, while EXP. 2 was performed in one experimental
run, representing a small-scale preliminary study to provide us with some insights on the
usage of these macroalgae as alternative feed.

Approximately 500 mg of substrate was added to pre-weighed nylon bags with a pore
size of 53 £ 10 um (BG1020, Sanshin Industrial Co., Ltd., Kanagawa, Japan), which were
heat-sealed and placed in 120 mL glass bottles. In case of EXP. 1, seaweed feed additives
were added directly to the bottles. Under continuous carbon dioxide (CO,) flushing, 40 mL
of fresh buffer solution (pH 6.8) [26] and 20 mL of the collected rumen fluid were added
to each fermentation bottle. The bottles were then flushed with CO, before being sealed
with butyl rubber stoppers and aluminum caps (Maruemu Co., Ltd., Osaka, Japan). All the
bottles were incubated for 24 h at 39 °C.

2.4. Incubation Medium Sampling and Analysis

At the end of the incubation, the total gas production was measured using calibrated
syringe and an aliquot of the headspace gas was collected from each bottle and stored
in a vacutainer tube (BD Vacutainer, Becton Drive, NJ, USA) until CHy and CO, were
determined by gas chromatography (GC-8A, Shimadzu Corp., Kyoto, Japan), as described
previously by Ahmed et al. [27]. Then, the pH was determined, and 1 mL of the culture
medium was collected in Eppendorf tubes (Eppendorf AG, Hamburg, Germany) and
centrifuged at 16,000x g at 4 °C for 5 min. The supernatant was used to estimate the
volatile fatty acid (VFA) content via high-performance liquid chromatography (Shimadzu
Corp., Kyoto, Japan) as processed and previously described [27]. The nylon bags were
rinsed with tap water until the effluent became clear, after which they were dried at 60 °C
for 48 h and weighed to determine the in vitro dry matter digestibility (IVDMD). The
IVDMD was calculated as the DM that disappeared from the initial DM weight input into
the bag.

2.5. Chemical Analysis

The chemical composition analyses of the grass hay and concentrate mixture were
performed at Obihiro University according to AOAC standard procedures [28]. The DM
content was determined by drying the samples in an air-forced oven at 135 °C for 2 h
(method 930.15). The OM was measured by placing the samples in a muffle furnace at
500 °C for 3 h (method 942.05). The ether extract (EE) was determined according to method
920.39, while nitrogen was measured according to the Kjeldahl method (method 984.13)
using an electrical heating digester (DK 20, VELP Scientifica, Usmate (MB), Italy) and an
automatic distillation apparatus (UDK 129 VELP Scientifica, Usmate (MB), Italy). The CP
was then estimated as nitrogen x 6.25. NDF, ADFE, and ADL were estimated and expressed
as inclusive residual ash using an ANKOM?™ fiber analyzer (Ankom Technology Methods
6, 5, and 8, respectively; ANKOM Technology Corp., Macedon, NY, USA). NDF was mea-
sured using sodium sulfite without the heat-stable «-amylase. The chemical compositions
of the seaweeds were determined by Tokachi Federation of Agricultural Cooperative Asso-
ciations, Obihiro, Japan, according to AOAC standard procedures [28]. A Foss fibertec™
8000 fiber analysis system (FOSS, Hilleroed, Denmark) was used to determine the NDF,
ADF, and ADL. The minerals except phosphorus were determined using an atomic absorp-
tion spectrophotometer (AA-7000, Shimadzu Corporation, Kyoto, Japan). Phosphorus was
determined via the vanadomolybdate colorimetric method (QuAAtro 39; BL TEC K. K.,
Osaka, Japan). The non-fiber carbohydrate (NFC) was estimated according to the following
formula: NFC g/kg = 1000 — (NDF g/kg + CP g/kg + EE g/kg + Ash g/kg). The total
digestible nutrients (TDN) of the seaweeds were calculated using the formula proposed by
NRC [29]. The chemical compositions of the brown seaweeds are described in Table 3.
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Table 3. Chemical composition (g/kg in dry matter) of the brown seaweeds used for 24 h in vitro incubation.

Il A. nodosum A. nodosum E. maxima S. fulvellum L. flavicans L. nigrescens L. japonica
8lkg (Ireland) (Canada) (South Africa) (Indonesia) (Chile) (Chile) (China)
Dry matter (g/kg in 873 881 877 853 907 930 905
resh matter)

Organic matter 705 708 582 680 506 324 602
Crude ash 295 292 418 320 494 676 398
Crude protein 76 89 116 95 101 79 133
Ether extract 22 32 4.0 9.0 5.0 5.0 6.0
Neutral detergent fiber 431 315 392 457 265 200 298
Acid detergent fiber 273 219 232 231 157 109 275
Acid detergent lignin 207 101 93 136 74 69 38
Non-fiber carbohydrate 228 330 148 187 184 78 254
Total digestible nutrients 263 408 238 256 232 86 337
Ca 12 16 42 36 42 96 778
P 1.0 1.6 3.1 1.2 17 9.7 2.1
Mg 8.3 10 11 12 13 13 5.8
K 26 23 43 83 81 55 35

2.6. Statistical Analysis

All data were analyzed using SAS statistical software (version 9.4; SAS Institute Inc.,
Cary, NC, USA). Data from EXP. 1 were analyzed using PROC MIXED with models includ-
ing the treatments as a fixed effect, whereas the three experimental runs were considered
random effects. For EXP. 2, data were analyzed via one-way analysis of variance (ANOVA)
using the PROC GLM. For all experiments, the values are shown as means with pooled
standard errors of the means. Differences in means among the experimental groups were
estimated using Tukey’s test. Differences were considered statistically significant at p < 0.05.

3. Results
3.1. EXP. 1

Adding 20% of brown seaweeds as a feed additive to the basal diet increased the yield
(mL/g) of total gas production, CHy, and CO; per digestible DM (D.DM) when compared
with the control group (p < 0.01, Table 4). Similarly, production of total VFA increased
(p < 0.01) with the supplementation of all seaweeds except L. nigrescens (Table 5). Notably,
adding L. japonica resulted in the highest concentration of total VFA when compared with
the control group or even with other seaweed species (p < 0.05). The IVDMD was not
changed by the supplementation of seaweeds (p > 0.05, Table 5).

3.2. EXP. 2

Inclusion of the brown seaweeds at a rate of 20%, partially replacing the concentrate
mixture in the basal diet, had no effect on the yield (mL/g) of total gas or CO,/D.DM
(p > 0.05, Table 6). A. nodosum, S. fulvellum, L. flavicans, and L. nigrescens slightly decreased
the yield (mL/g) of CHy/D.DM by 9.6, 9.5, 4.8, and 12.6%, respectively, when compared
with the basal diet without seaweeds, but this was not significant (p > 0.05, Table 6). The
inclusion of E. maxima and L. japonica in the basal diet significantly reduced the yield
of CH4/D.DM by 18.3% (p = 0.017) and 21.1% (p = 0.005), respectively, when compared
with the control group (Table 6). The IVDMD was significantly lower (p < 0.05) with the
inclusion of the seaweeds in the control diet, except with A. nodosum harvested from Ireland,
S. fulvellum, and L. flavicans, for which the IVDMD was comparable to that in the control
group (p > 0.05, Table 7). Additionally, the production of total VFA decreased significantly
with the inclusion of all tested seaweeds (p < 0.01, Table 7). The fermentation profile was
shifted toward more acetate and less propionate with 20% inclusion of seaweeds in the
basal diet (p < 0.01, Table 7).
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Table 4. Effect of different brown seaweeds as feed additives on gas production profile from 24 h in vitro incubation (n = 12) (Experiment 1).

A. nodosum A. nodosum E. maxima S. fulvellum L. flavicans L. nigrescens L. japonica
Parameter Control (Ireland) (Canada) (South Africa) (Indonesia) (Chile) (Chile) (Cﬁ,ina) SEM p Value
1
TOfa%n(fﬁS/{g 1)3M 102.71°¢ 116.09® 115.64° 114.01° 116.93° 116.78° 111.14 be 132752 1.51 <0.001
Total D.DM
o (%iSL// o) 176.06 © 192.8° 194.59 195.94° 191.5° 189.4° 187.1° 216.76 * 1.64 <0.001
%I/{)‘* 5.83° 6.02 2 5.87P 5.77° 5.95P 6.13 2 5.91°P 6.37 2 0.05 <0.001
%;3 )2 94.16° 93.97 @b 94,122 94.222 94.04 2 93.86 ab 94.08 2 93.62 b 0.05 <0.001
NS 6.03¢ 7.03" 6.841¢ 6.62"¢ 701" 721" 661" 8492 0.14 <0.001
CP(II;/LI}‘SM 10.27°¢ 11.62° 1145° 11.32° 11.40° 11.62° 11.07 b 13.832 0.16 <0.001
C(%L/}?gl;/[ 96.67 © 109.05° 108.8° 107.39° 109.77° 109.57° 104.53 b 124267 138 <0.001
C?é@gM 165.79 © 181.17° 183.14° 184.62° 180.06 ® 177.78° 176.03° 202922 1.50 <0.001
1 DM, Dry matter. 2 D.DM, Digestible dry matter. SEM: Standard error of the mean. ¢ Values with different superscripts in the same row are significant different (p < 0.05).
Table 5. Effect of different brown seaweeds as feed additives on rumen fermentation characteristics from 24 h in vitro incubation (n = 12) (Experiment 1).
A. nodosum A. nodosum E. maxima S. fulvellum L. flavicans L. nigrescens L. japonica
Parameter . (Ireland) (Canada) (South Africa) (Indonesia) (Chile) (Chile) (Cl’:ina) SEM p Value
pH 6.58 2 6.56 2P 6.56 abc 6.54 be 6.52 bed 6.52 <d 6.53 bed 6.50 4 0.01 <0.001
1
IV?}/\@D 58.37 60.29 59.31 58.20 60.99 61.65 59.50 6133 0.58 0.100
Acetate b b b b b b
(mmol/L) 347.55 ¢ 360.63 360.26 364.48 @ 364.37 2 363.60 @ 358.01 °¢ 374.38 2 9.75 <0.001
Propionate c b ab b b b b a
(mmol/L) 82.74 87.351 88.93 88.14 2 89.36 88.28 86.10 >¢ 91.44 2.51 <0.001
Butyrate b b b b b b b a
(mmol/L) 24.47 25.194 24.58 24.59 25.53 @ 25252 24.88 @ 26.25 0.88 0.003
Total VFA 2 c b b b b b b a
(mmol/L) 454.77 473.17 473.78 477.232 479.27 2 477132 469.00 "¢ 492.08 13.03 <0.001
Acetate 76.66 76.44 76.23 76.54 76.18 76.42 76.58 76.23 0.16 0.094
(mol/100mol)
Propionate b b a b b b b b
(mol/100mol) 18.08 18.38 @ 18.71 18.414 18.62 2 18.43° 18.25? 18.53 @ 0.13 0.016
Butyrate a b c c b b b b
(mol/100mol) 524 5.17 @€ 5.04 5.03 5.19 @€ 5.14 3¢ 5.15 3¢ 5229 0.06 0.001

1 IVDMD: In vitro dry matter digestibility. 2 VFA: Volatile fatty acids. SEM: Standard error of the mean. ¢ 9 Values with different superscripts in the same row are significant different
(p <0.05).
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Table 6. Effect of different brown seaweeds as feed on gas production profile from 24 h in vitro incubation (1 = 4) (Experiment 2).

A. nodosum A. nodosum E. maxima S. fulvellum L. flavicans L. nigrescens L. japonica
Parameter Control (Ireland) (Canada) (South Africa) (Indonesia) (Chile) (Chile) (leina) SEM p Value
1
T"ta}n?ﬁs/{g ])DM 101.922 91.08 88.73P 87.13° 93.89 ab 94.64 2 88.15° 87.87° 117 0.008
T"tazl (‘fi/ /Ig)')DM 165.78 162.45 166.34 161.80 156.56 160.88 164.39 159.77 1.42 0.75
%I/{f 5922 5.45 2b¢ 5.36 b 4.97be 5.66 2 5.81° 5.22b¢ 484¢ 0.08 <0.001
((19)2 94.08 94,55 abe 94.64 abe 95.03 ab 94.34 be 94.19 be 94.78 ab 95.16 2 0.08 <0.001
C(EIIfL/ /Dgl)v[ 6.04° 4,97 abe 4.76b¢ 433 be 5.35 abe 5.50 2b 4.60° 426" 0.13 0.001
CP(II;/LI}';M 9.82° 8.85 P 8914 8.02° 8.88 a° 9352 8.58 ab 7.75° 015 0.005
CO,/DM 95.872 86.11 83.97b 8279 88.54 89.14 2 8355 83.61" 1.05 0.012
(mL/g)
CC()rzn /L%D)M 155.96 153.59 157.43 153.77 147.68 151.53 155.81 152.02 1.34 0.756

1 DM, Dry matter. 2 D.DM, Digestible dry matter. SEM: Standard error of the mean. ¢ Values with different superscripts in the same row are significant different (p < 0.05).

Table 7. Effect of different brown seaweeds as feed on rumen fermentation characteristics from 24 h in vitro incubation (1 = 4) (Experiment 2).

A. nodosum A. nodosum E. maxima S. fulvellum L. flavicans L. nigrescens L. japonica
Parameter Control (Ireland) (Canada) (South Africa) (Indonesia) (Chile) (Chile) (China) SEM p Value
pH 6.65 6.75 6.74 6.68 6.69 6.72 6.68 6.67 0.01 0.132
1
IV?%D 61.44° 56.00 e 53.42b¢ 54,00 be 59.83 2 58.86 abe 53.60 ¢ 55,05 be 0.66 0.001
( n‘:;fgf}i) 202.60 191.89 b¢ 189.18 > 186.40 > 192.71 2be 195.80 % 187.30 > 184.85 118 <0.001
Propionate 45482 38.05° 37.99b 37.00° 38.07° 39.40° 37.13° 38.03° 0.51 <0.001
(mmol/L)
(an‘;rtlYOrl"}tE) 15122 13.27° 12.87° 13.29° 1373 13.96 % 13.26° 1349° 0.15 0.001
2
T(‘;Iﬂ ;’1%) 263192 24321 240.05° 236.70® 244.50® 249.16° 237.69° 23637 1.75 <0.001
(m(ﬁ‘f%%tgol) 76.98° 78.90 2 78.812 78.754 78.83 2 78.58 2 78.80 2 78202 0.12 <0.001
égj’}’;ggﬁfﬁl) 17.28 2 15.65 P 15.83 15.63 b 15.56 15.82b 15.62P 16.09° 0.11 <0.001
(mgﬂ?ggfiol) 5749 5453 5.36° 5.62 5.614b 5.60 @ 5.58 ab 5.714b 0.03 0.036

1 TVDMD: In vitro dry matter digestibility. 2 VFA: Volatile fatty acids. SEM: Standard error of the mean. ¢ Values with different superscripts in the same row are significant different
(p <0.05).
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4. Discussion

The current study evaluated the potency of seven species of brown seaweeds as feed
and feed additives supplemented to a ruminant diet at 20%. This higher dosage level
was used for feed additives to ensure that the tested species could show their mode of
action, since the design of this study was short-term in vitro batch culture for only 24 h.
It is important to mention that some of the differences in the results might be interpreted
by the fact that when the seaweeds were used as additives, their experimental treatments
had an extra 100 mg (600 mg substrate) versus 500 mg substrate in the control basal diet.
Although the EXP. 2 as a preliminary study provided some new insights on the usage
of these macroalgae as alternative feed, it had a shortcoming of being conducted with
only one experimental run. Therefore, the results from that design should be interpreted
with caution.

Seaweeds are a very heterogeneous group of nutrients, and their application in the
ruminant feeding industry has been restricted due to scarce information on their nutritive
value. The present study provides the nutritional value of some new species which have
not been evaluated so far. The current study confirmed what was reported previously that
the ash content in seaweeds is very high and can range between 200 g/kg and 700 g/kg of
DM [25,30,31]. Generally, the brown seaweed species are characterized by higher amounts
of ash and minerals than green and red species [30,32]. The macroalgae evaluated in the
present study were rich in some essential minerals, especially Ca and K. According to Pino
and Heinrichs [33], these higher amounts of minerals could be helpful for ruminants in
stimulating rumen microbes and fermentation. Therefore, they can be considered as a
source of minerals to maintain ruminants” health and prevent some mineral deficiencies. In
addition, the tested seaweeds can be considered good sources of fiber (NDF and ADF), as
described previously by Lahaye [34]; thus, they can be used as a prebiotic feed additive
to enhance the health status of both monogastric and ruminant animals. In contrast, the
proximate analysis showed that the tested brown seaweeds had low levels of CP and EE.
The highest amount of CP belonged to L. japonica, with a value near to that of grass hay;,
while its EE content was less than 10 g/kg. It was reported that the CP contents in most
brown seaweed species are less than 150 g/kg, while the fat content is classified within
10-50 g/kg [2,5,35,36]. It is important to mention that the concentration of nutrients in
seaweeds is highly variable across seasons and geographical locations [37-39], which was
observed in this study with A. nodosum harvested in Ireland and Canada.

The rumen fermentation characteristics responded differently to the way in which
seaweeds were applied. Using brown seaweed species as feed additives improved the
fermentation rate through increasing the production of total VFA and CO,, the main
indicators of the fermentation rate [40]. This means that adding seaweeds could have
stimulated the activity of rumen microbes to utilize the seaweeds as a feed / prebiotic. This
finding also could have arisen due to the extra 100 mg of seaweed added as an additive,
which must be taken into account when interpreting this result. The variation in the
production of total VFA among the different macroalgae might be related to the nutritive
value and the ease of degradability of each species; this was obvious with L. japonica,
S. fulvellum, and L. flavicans, where their addition led to the highest concentrations of total
VEA, in order. Similarly, in a recent study, the addition of S. fulvellum extract to the basal
diet at a level of 5% of the substrate improved the production of total VFA in a batch
culture for 24 h [41]. To the best of our knowledge, there is still very limited information
on the impacts of these seaweeds as feed additives on the rumen fermentation profile.
Conversely, the inclusion of seaweeds in the basal diet at a rate of 20% to replace part of the
concentrate mixture led to a decrease in the production of total VFA and a lower IVDMD.
This finding could be attributed to the lower digestibility of the tested species. This theory
could be supported by what was reported previously—that the rumen degradability of
most brown seaweed species has been observed to be low [5,17,42]. However, interestingly,
when S. fulvellum was included in the diet, the IV'DMD was comparable to that of the
control. This was also observed in some studies in which it was reported that some
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brown seaweed species, including S. fulvellum, had a higher OM degradability [5,43].
Marin et al. [24] reported that the inclusion of Sargassum spp. at up to 30% in the diet
of goats had no effect on diet digestibility, but the production of total VFA tended to
decrease. Therefore, the digestibility of brown seaweeds is species-dependent. Another
theory for the inhibited fermentation while using brown seaweeds is related to their higher
content of phlorotannins. Phlorotannins extracted from A. nodosum and supplemented
to different diets were found to reduce in vitro rumen fermentation through decreasing
the activity and abundance of bacterial groups involved in fiber degradability, such as
Fibrobacter succinogenes [14,21,44]. The mode of action of phlorotannins was observed to
affect the integrity of the microbial cell membrane and cell wall, as well as the inactivation
of extracellular enzymes and proteins necessary for the growth and metabolism of rumen
microorganisms [45,46]. Furthermore, another factor that could have a major effect on
rumen fermentation and should be considered is the inclusion level of macroalgae in the
diet [47]. According to a review study, seaweeds cannot be used as a complete substitute
for typical animal feed, and their inclusion level should not be more than 10% of the
animal feed; otherwise, they will have negative effects [23]. Therefore, further research is
required to ascertain the optimal inclusion level of these promising species so that animal
productivity is not adversely impacted.

The CHy4 reduction potential of the brown seaweed species was not detected when
they were applied as feed additives. In contrast, when those species were used as feed, a
decrease in CH4 production was observed. This reduction in CH; might be attributed to
the inhibited fermentation and the low nutrient degradability, which means diminished
substrates available for methanogens to utilize for CHy production. There is some support
for this theory in a recent study in which two species of brown seaweeds, A. nodosum and
Fucus vesiculosus, were included with the basal diet at a level of 5%. Reductions in CHy by
8.9 and 3.6%, respectively, were associated with reductions in total gas production, IVDMD,
and the production of VFA [48]. This could imply that the brown seaweeds tested in the
current study might not have a direct effect on methanogenic archaea when compared
with some other feed additives that are well known for their anti-methanogenic potential,
such as A. taxiformis [49], 3-nitrooxypropanol (Bovaer®) [50], and a garlic—citrus extract
(Mootral Ruminant®) [51]. Instead, the potential of brown seaweeds appeared through
general inhibition of rumen fermentation and rumen microbes due to the lower availability
of fermentable substrate. The strongest CH, reduction potential in the current study was
observed with the inclusion of L. japonica and E. maxima, showing reductions of up to 21 and
18%, respectively, which were also accompanied by the lowest IVDMD and concentration
of total VFA. Although the nutritive value of L. japonica was higher than that in most of
the other tested species, it demonstrated a greater adverse effect, which might be related
to its high content of phlorotannins or other bioactive compounds. This study is the first
to report the efficacy of this new macroalga on rumen fermentation and CH, production.
Therefore, further research is required to identify the secondary metabolites of this seaweed
and their impacts on rumen fermentation. Generally speaking, for all the tested species, it
is unclear yet whether the CHy reduction potential could be related to the less digestible
nutrients in the seaweeds or due to the effect of the bioactive compounds, which needs
further investigation.

5. Conclusions

The current study provides information on the impacts of seven brown seaweed
species when they were used as feed or feed additives. Despite failing to show CHy
reduction potential when these species were applied as feed additives, their addition at 20%
of the substrate led to an increase in the production of total VFA. On the contrary, when
these macroalgae were used as feed at an inclusion level of 20% in the basal diet to partially
replace the concentrate mixture, they demonstrated a reduction in CHy yield, especially
for E. maxima and L. japonica, with 18 and 21% reductions, respectively. However, this was
associated with adverse effects on rumen fermentation characteristics. Therefore, these two
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promising species could be evaluated in further solid research with lower inclusion rates as
well as to replace grass instead of concentrates to overcome the negative impacts on rumen
fermentation and also to evaluate their potency in CHy4 reduction.
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