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Abstract

This study tested the hypothesis that post-harvest hot water blanching improves the chemical composition, mainly mineral
and carbohydrate contents, and in vitro digestibility of two predominant brown macroalgae, Ascophyllum nodosum (AN)
and Fucus vesiculosus (FV), as feed ingredients for monogastric and ruminant animals. Low-temperature water blanching
(LTB; 40 °C for 5 min) had minor impacts on macroalgal chemical composition and in vitro digestibility. Conversely, high-
temperature water blanching (HTB; 80 °C for 5 min) effectively reduced total ash and specific elements, including sodium,
potassium, iodine, and arsenic, by ~25-73% compared to unblanched algal biomass (more prominently in FV). The HTB
raised total sugar contents by ~25% in FV, markedly elevating uronic acids (~60%) and glucans (~33%). However, HTB
reduced mannitol (>50%) and enhanced total polyphenol extractability in both macroalgae. The HTB diminished ~ 8% of in
vitro dry matter or organic matter digestibility and 26% of crude protein (CP) digestibility of both macroalgae for monogastric
animals and of FV for ruminants (particularly of CP by ~42%). Those reduced digestibilities were associated with enriched
fibre, uronic acids, total polyphenols, and declined mannitol in the HT-blanched macroalgal biomass. Our findings suggest
that hot-water blanching can be an efficient technique to optimise the elemental composition of two fucoid algae, but the
altered sugar and complex carbohydrate compositions may impair their digestibility. Future studies should identify appropri-
ate post-harvest processing techniques for brown macroalgae that can optimise both nutritional composition and digestibility
along with favourable impacts on feed utilisation and animal performance.

Keywords Carbohydrate compositions - Hot water blanching - Minerals - Phaeophyceae - Proximate composition -
Seaweeds

Introduction

Macroalgae are important aquatic bioresources with enor-
mous potential for diverse commercial applications. This
sustainable biomass can grow in seawater and has a higher
growth rate (@verland et al. 2019) and greater carbon
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sequestering capacity than terrestrial plants (Krause-Jensen
and Duarte 2016). Macroalgae possess promising macro and
micronutrients, such as protein, carbohydrates, fatty acids,
minerals, and vitamins, making them relevant as human
food and animal feed (Mahre et al. 2014; Rodrigues et al.
2015). Brown macroalgae, especially the kelps, have been of
great interest in commercial applications, including animal
feeding, due to their larger size and higher biomass yield
potential than green and red species (Makkar et al. 2016;
Stévant et al. 2017). They have high levels of carbohydrates
and bioactive compounds, including complex polysaccha-
rides, carotenoids, and polyphenols that can promote ani-
mal health (O’Sullivan et al. 2010; Holdt and Kraan 2011).
For example, particular species from the Fucales, such as
Ascophyllum nodosum (AN) and Fucus vesiculosus (FV),
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contain 42-70% of carbohydrates (dry matter, DM, basis)
(Holdt and Kraan 2011; Hahn et al. 2012) and potentially
the highest polyphenolic contents among macroalgae spe-
cies (Ragan and Jensen 1978; Connan et al. 2004; Tibbetts
et al. 2016). Dietary inclusion of brown algae or their bioac-
tive compounds has been shown to reduce enteric methane
emissions from ruminants (Pandey et al. 2021, 2022) and
post-weaning intestinal disorders in pigs via their prebiotic
and anti-microbial properties on selected harmful microor-
ganisms (Dierick et al. 2010; Ford et al. 2020; Vigors et al.
2020). Hence, selected brown macroalgae may serve as a
source of nutrients and health-promoting compounds for
animals (Pandey et al. 2021) .

However, large-scale utilisation of brown macroalgae as
animal feed is constrained by specific challenges. Firstly,
they have a high level of ash (~20-40% of DM) dominated
by minerals such as potassium, sodium, iron, and iodine,
and heavy metals, including arsenic (Schiener et al. 2015).
Some of these elements (e.g., Na, I, As) in macroalgae may
exceed the recommended or maximum tolerable levels for
animals (NRC 2005), posing risks of mineral toxicity if
included at high levels in diets (Cabrita et al. 2016; Stévant
et al. 2018). Secondly, brown macroalgae often have low
organic matter (OM) digestibility due to less digestible com-
plex carbohydrates (Orpin et al. 1985) and high polyphenols
content, which impairs the degradation of fibre and protein
(Wang et al. 2008; Vissers et al. 2018; Giilzari et al. 2019).
Hence, polyphenol-rich brown macroalgae can suppress the
feed degradability if included in large proportions (e.g., 20%
DM) in the feed (Pandey et al. 2022). Thus, it is crucial
to optimise the ash, minerals, and polyphenols contents of
macroalgae to allow a higher inclusion level in the feed and
to improve the safety and nutrient utilisation of macroalgae-
based feed materials for production animals.

Post-harvest biomass processing such as washing, dry-
ing, or hydrothermal treatments, could help optimise the
macroalgal chemical composition (Zhu et al. 2021). Water
blanching or soaking of fresh biomass of the brown mac-
roalga Saccharina latissima with warm water (32 °C for
1 h) lowered 49% of ash and 75-77% of Na and K in 22 h
and > 87% of I, bringing it below the recommended maxi-
mum threshold value in food for humans (2000 mg kg™
DM of food) (Stévant et al. 2018). For the same species,
removal of I was more effective and rapid with blanching
at a higher temperature (e.g., 45-80 °C for 2 s to 5 min)
(Nielsen et al. 2020). On the other hand, depending upon the
sensitivity of compounds towards temperature, water blanch-
ing (e.g., 85-95 °C for 15 min) could improve the extract-
ability or bioactivities of sugars and phytochemicals such
as polyphenols (Rajauria et al. 2010) and fucoxanthin (e.g.,
60 °C for 12 min) (Nie et al. 2021). Hydrothermal treatments
may also affect the digestibility of macroalgae. When fresh
biomass of a brown macroalga, Alaria esculenta and a red
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macroalga, Palmaria palmata, was boiled for up to 1 h, the
concentrations (86—109%) and bioavailability of amino acids
(64-96%) and omega-3 fatty acids were raised in P. palmata
after 15-30 min, but not in A. esculenta, potentially due to
structural and compositional differences between these two
algae (Maehre et al. 2016). Hence, besides the processing
temperature and exposure time, macroalgae species-specific
structural differences, such as the composition of complex
carbohydrates, should be considered while aiming to opti-
mise the chemical profile and nutritional values of various
macroalgae using suitable hydrothermal treatments.

The impacts of mild hydrothermal processing on the com-
position of complex carbohydrates and sugars of brown mac-
roalgae are poorly known. Moreover, the role of compositional
changes by such treatments in the digestibility of macroalgae
in livestock remains to be investigated. The objective of this
study was to evaluate the impacts of hot water blanching at
two different temperatures: low (40 °C; LTB: low-temperature
blanching) and high (80 °C; HTB: high-temperature blanch-
ing) on chemical composition, carbohydrate profile, bioac-
tive compounds, and in vitro digestibility (simulating both
monogastric and ruminant animals) of two brown macroalgae
AN and FV. These two species were chosen as they represent
the most dominant macroalgae species in the wild populations
along the North Atlantic Ocean (Catarino et al. 2017) and
possess high commercial potential because of their promising
biomass availability and bioactive composition. Specifically,
the following hypotheses were tested: a) hot water blanching
of fresh macroalgae leads to an improved nutritional profile of
the biomass by reducing excess salts and polyphenolic com-
pounds, b) HTB enhances the digestibility of nutrients such
as carbohydrates and protein, and thus improves the overall
digestibility of macroalgal biomass in livestock, and c) the
concentration and activity of phytochemical constituents of
macroalgae are elevated with LTB but are reduced with HTB.

Material and methods
Macroalgae harvesting and processing

Ascophyllum nodosum and Fucus vesiculosus were harvested
manually from the coast of Hogya, Steinkjer, Norway, dur-
ing low tides in early spring of 2021 (March). About 3 kg
of biomass was collected into nine separate plastic bags for
each species and transported to the laboratory (Nord Uni-
versity, Steinkjer, Norway) within 30 min of sampling. In
the laboratory, algal biomass from each bag was washed
thrice with fresh water to remove any contaminants, soil,
invertebrates, and epiphytes. After draining for~ 15 min at
room temperature, algal samples were exposed to two differ-
ent blanching treatments or remained unblanched (UB). For
blanching, ~700 g of fresh biomass was directly immersed
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in 10 L of water maintained at 40 °C (LTB) or 80 °C (HTB)
for 5 min in a SousVide Supreme water bath (Eades Appli-
ance Technology, USA). These low to medium-high blanch-
ing temperatures were selected based on their industrial
relevance for macroalgae producers and to improve the
nutritional value of the biomass without compromising the
stability of heat-sensitive bioactive compounds. When the
blanching was completed, biomass was allowed to drain and
cool to room temperature. The samples were then frozen
at -20 °C and freeze-dried at -50 °C under a vacuum pres-
sure of ~0.13 mbar for 72 h. The freeze-dried samples were
then ground via a 1 mm sieve (Cutting mill SM 100, Retsch
GMBH, Germany) and stored in an airtight plastic bags at
-20 °C until further analyses. All experimental procedures,
including harvesting, processing, and further analyses of
macroalgal biomass, were carried out in triplicates (n=3).

Chemical composition analyses
Proximate composition

The dry matter content of the ground freeze-dried samples
was determined by oven-drying at 103 +2 °C overnight ISO
6496 1999) and ash by weighing the residue after combus-
tion of samples at 550 °C overnight (ISO 5984 2002). Crude
protein (CP) was calculated after determining the content
of total N by the Kjeldahl method (KjeltecTM 8400, FOSS
Denmark, Denmark) (AOAC 2001.11; 2001) using a nitro-
gen-to-protein conversion factor of 5, as previously sug-
gested (Angell et al. 2016). Crude fibre (CF) content in the
algal samples was determined via a Filter Bag Technique
(ANKOM Technology 2021) with minor modifications. In
brief, 1 g of each sample was weighed into F57 filter bags,
previously defatted with acetone, and sequentially digested
with 0.255 N H,SO, and 0.313 N NaOH for 40 min each in
a Fiber Analyzer (Ankom®® Fiber Analyzer, USA). After
digestion, filter bags with residual samples were treated
with acetone and incinerated (550 °C for 2 h) to determine
CF content exclusive of residual ash. The neutral detergent
fibre (NDF) and ash-corrected NDF (NDFom) were also
determined via a filter bag technique of ANKOM Technol-
ogy as previously described (Pandey et al. 2022). Crude fat
was determined following extraction with 80% petroleum
ether and 20% acetone in an Accelerated Solvent Extrac-
tor (ASE200; Dionex, USA) (European Commission 2009).
The gross energy (GE) content of the samples was deter-
mined using a PARR 6400 Bomb Calorimeter (PARR Instru-
ments, USA). Nitrogen-free extract (NFE) was calculated
as follows:

NFE(%) = 100

— (ash% + crude protein% + crude fat% + crude fibre%)

ey

Mineral elements

To quantify concentrations of different elements in the mac-
roalgal powder, 0.2-0.3 g of each sample was digested in
5 mL of ultrapure concentrated nitric acid (HNO;) at 260 °C
in an UltraClave microwave digestion system for 30 min
(Milestone Srl, Sorisole BG, Italy). For I analysis, samples
were extracted with tetramethylammonium hydroxide at
90 °C for 3 h. After extraction, samples were centrifuged
at 1200 x g for 10 min and diluted to 50 mL of deionised
water. Blank samples and standard/certified reference mate-
rials (apple leaves:1515, hay powder: BCR®-129, whole
egg: 8415) were also treated in the same way at the same
time. The concentration of macrominerals: Ca, K, Mg, Na,
P) and S; microminerals: Br, Co, Cu, I, Fe, Mn, Ni, Se and
Zn; and toxic elements: As, Cd and Pb were quantified by
inductively-coupled plasma optical emission spectroscopy
(ICP-OES) (Agilent 5110 ICP-OES, USA) or by inductively
coupled plasma-mass spectrometry (ICP-MS) (Agilent 8800
ICP-MS, USA) depending upon the concentration.

Carbohydrate composition

Sample preparation and acid hydrolysis Carbohydrate con-
tents in the dried algal powder were analysed as reported
previously (Hayes 2012) in the commercial laboratory of
Celignis Limited, Ireland. In brief, samples were ground
using a pestle and mortar and sieved in a Retsch AS200
Digital sieve shaker to homogenise the particle size
to <850 pm. The samples were subjected to a two-step
acid hydrolysis to degrade the polysaccharides to mono-
meric units. In the first step, 300 mg of samples taken in
the pressure tubes were treated with 3 mL of 72% H,SO,
and incubated in a water bath at 30 °C for 1 h with mixing
every 10 min. Afterwards, 84 mL of water was added to
each sample mixture to adjust acid concentration to 4%,
and pressure tubes were sealed and autoclaved at 121 °C for
secondary hydrolysis for 1 h. To determine any loss of the
sugars during this hydrolysis step, three tubes containing
10 mL solution with known sugar composition plus 348 uL.
of 72% H,SO, were also included.

Determination of monomeric sugars and sugar deriva-
tives The sugar composition in the acid hydrolysates was
analysed using ion chromatography following a previously
reported protocol (Hayes 2012). Hydrolysates were diluted
20 times with a solution containing a known concentration
of the internal standard, melibiose, and filtered through
0.2 um Teflon syringe filters. The samples were then trans-
ferred into vials, and sugars were separated in a Dionex
ICS-3000 ion chromatography system equipped with an
AS50 autosampler, an electrochemical detector attached
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with pulsed amperometric detection (PAD), a gradient
pump, and a temperature-controlled column and UV-Vis
Diode Array Spectrophotometer. Ten pL of the samples
was injected by AS50 autosampler, and sugars were sepa-
rated in the Carbo-Pac PA1 guard and analytical columns
within 16 min using deionised water as an eluent at a flow
rate of 1.1 mL min~! and column/detector temperature of
18 °C. A standard Dionex ‘‘Carbohydrates’” waveform was
used to detect sugars. To maintain an alkaline condition for
carbohydrate detection required by PAD, 300 mM NaOH
was added to the post-column eluent stream using a Dionex
GP40 pump at a 0.3 mL min~' flow rate. Between samples,
the column was regenerated and re-equilibrated with elu-
tion of 400 mM NaOH for 4 min, followed by elution with
deionised water. The concentrations of arabinose, fucose,
glucose, galactose, mannose, rhamnose, xylose, and sugar
alcohol mannitol were determined using the corresponding
sugar standards (Sigma-Aldrich, Germany). When the con-
centration of individual sugars was determined, polymeric
sugars (pentosans: arabinan and xylan; hexosans: glucan,
galactan, and mannan) were calculated by using correspond-
ing anhydro correction factors (0.88 for pentoses: arabinose
and xylose and 0.90 for hexoses: glucose, galactose, and
mannose) (Sluiter et al. 2008).

The content of uronic acids (galacturonic acid, glucuronic
acid, guluronic acid, and mannuronic acid) in the hydro-
lysates was also determined using ion chromatography (elec-
trochemical detection) using the Carbo-Pac PA1 guard and
analytical columns, melibiose as the internal standard, and
a custom gradient program incorporating sodium hydroxide
and sodium acetate.

Starch

Starch content in the algae samples was analysed by AACC
Method 76-13-01: Total Starch Assay Procedure (Mega-
zyme Amyloglucosidase/Alpha-Amylase Method), which
corresponds to AOAC method 996.11- Starch (Total) in
Cereal Products (AACC International) with prior treatment
with 80% ethanol.

Fucoxanthin content analysis

The processing of algal samples and determination of
fucoxanthin (pigment) was performed as described previ-
ously (Schweiger et al. 2018). The pulverised samples were
ground with 80% acetone, centrifuged at 18,000 % g for
2 min, and the supernatant was collected. The pellet was re-
extracted with 100% acetone and centrifuged under the same
conditions as in the first extraction. The supernatants were
pooled and filtered through a 0.45 pm nylon filter before
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a 20 uL sample was injected into the HPLC (Dionex) for
the fucoxanthin measurement. The chromatography eluent
gradients of acetonitrile: methanol:0.1 M pH 8.0 Tris buffer
(8:1:1, v/v) (solvent A), and methanol: ethyl-acetate (68:32,
v/v) (solvent B) were used following elution conditions as
reported previously (Schweiger et al. 2018). The solvent
flow rate was set at 2 mL min~! and the elution involved a
12 min run of solvent A and a 4 min gradient from solvent
A to B. Afterwards, solvent B was run for 2 min and accom-
panied by 1 min gradient from solvent B to A for achieving
a column equilibrium. The fucoxanthin concentration was
determined by UV detection (wavelength of 445 nm).

Total polyphenol contents determination

The total polyphenols from the dried algal powder (n=3)
were extracted by a two-step extraction method using 50%
methanol (2 h) and 70% acetone (2 h) and quantified by the
Folin-Ciocalteu method (Zhang et al. 2006). The extract solu-
tion was filtered via Whatman grade 597 standard filter paper
to obtain the crude polyphenol extracts. The residual organic
solvents in the crude polyphenol extracts were removed
using a rotary evaporator (water bath temperature: 40 °C;
vacuum pressure: 175 mbar). The concentrated extracts were
lyophilised to dryness (24 h) and the weight of the dried
polyphenolic extract was recorded. Ten mg of dried polyphe-
nolic extracts were redissolved in 10 mL of deionised water
(1000 pg mL™!), referred to as stock polyphenolic extract.

The total polyphenol content (TPC) in the stock poly-
phenolic extracts, standards, and blanks were determined in
triplicate subsamples in a 96-well microplate (Thermo Fis-
cher, Germany) as previously described (Pandey et al. 2022)
using a spectrophotometric microplate reader (absorbance at
A750 nm; BIO-RAD, iMark Microplate Reader, USA). The
mean TPC was expressed as milligram of phloroglucinol
equivalents (mg PGE) per g DM of the sample.

DPPH (1,1-diphenyl-2-picrylhydrazyl) radical
scavenging activities of polyphenol extracts

The DPPH radical scavenging capacity of the stock polyphe-
nolic extract was determined, as reported earlier (Cox et al.
2010), with some modifications. One mL of polyphenol
extract was added to an equal amount of 0.16 mM DPPH in
a methanol solution and mixed well. Then the samples were
incubated at room temperature for 30 min in the dark and
read against a blank of methanol at 517 nm. A sample blank
prepared by mixing 1 mL of polyphenol solution and 1 mL
of methanol was included for each sample to correct the
background absorbance given by the polyphenolic extract
solution. Ascorbic acid and Trolox standards were used as
positive controls.
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The ability of the polyphenolic extract to scavenge the
DPPH radicals was calculated using the following equation
(Duan et al. 2006):

(Abs. sample — Abs. sample blank) %

DPPH Scavenging effect(%) = |1 100

Abs. control

@)
where: Abs. control is the absorbance of the control (DPPH
solution without sample), Abs. sample is the absorbance of
the test sample (DPPH solution plus polyphenol sample),
and Abs. sample blank is the absorbance of the polyphenol
sample only (sample without any DPPH solution).

In vitro digestibility in monogastric animals

A three-step enzymatic in vitro method simulating the condi-
tions of the stomach, small intestine, and large intestine of
the pig was used to determine in vitro digestibility of DM,
OM, and CP of macroalgae for monogastric animals (Boisen
and Fernandez 1997). The macroalgae samples, two batches
of soyhulls and oat (1 mm), and blanks were incubated in
quadruplicate. In the first step, samples (500 mg) were placed
in 100 mL flasks, and 25 mL of phosphate buffer (0.1 M, pH
6.0) and 10 mL of 0.2 M HCI were added. Using 1 M HCl or
1 M NaOH, the pH of the mixture was adjusted to 2.0. After-
wards, 1 mL of a freshly prepared pepsin solution containing
25 mg pepsin per mL (pepsin from porcine gastric mucosa,
2000 U g_l, Merck 1.07190.1000) was added. To prevent
bacterial growth, 0.5 mL of chloramphenicol solution (0.5 g
in 100 mL ethanol) was added. Capped flasks were incubated
in a water bath at 39 °C for 2 h with agitation.

Once at room temperature, to initiate the second step,
10 mL of phosphate buffer (0.2 M, pH 6.8) and 5 mL of
0.6 M NaOH solution were added to the flask, and the pH
was adjusted to 6.8. One mL of a freshly prepared pancreatin
solution containing 100 mg of pancreatin per mL (porcine,
grade IV, reference Sigma Aldrich P-1750) was added to the
mixture and flasks were incubated in a water bath at 39 °C
for 4 h with agitation. Flasks were then allowed to cool at
room temperature.

In the third step, 10 mL of 0.2 M EDTA solution was
added, the pH of the mixture adjusted to 4.8 with an ace-
tic acid solution (30% v/v) and 0.5 mL of a mixed multi-
enzymatic complex comprised of arabinase, cellulase,
B-glucanase, hemicellulase, xylanase, and pectinase (Vis-
cozyme L, Sigma-Aldrich V2010) was added. Flasks were
incubated in a water bath at 39 °C for 18 h under agitation.

The undigested residue was transferred to crucibles
(porosity 40-100 pm, P2) by filtration and rinsed with etha-
nol and acetone. Crucibles were dried at 103 °C overnight
and weighed for DM. Two crucibles from each sample were
incinerated in a muffle furnace at 500 °C for 3 h and OM
content was calculated. The CP content (N X 6.25) of the

undigested residues of the two other crucibles for each sam-
ple was determined by a Leco nitrogen analyzer (Model
FP-528, Leco Corporation, USA). The in vitro total tract
digestibility of DM, OM, and CP was calculated by the dif-
ference between DM, OM, or CP of the initial samples and
the undigested residue after correction for the blank.

In vitro digestibility in ruminant animals

The digestibility of macroalgae in ruminant animals was deter-
mined in vitro according to Tilley and Terry (1963) method
modified by Goering and Van Soest (1970) using ruminal
fluid from two non-lactating rumen-cannulated Holstein cows.
Cows were maintained at the Vairdo Agricultural Campus of
the School of Medicine and Biomedical Sciences, University
of Porto (ICBAS-UP, Vila do Conde, Portugal) following
the good animal practices of the European Union (Directive
2010/63/EU). Animal procedures were approved by the Animal
Ethics Committee of ICBAS-UP, licensed by the Portuguese
Directorate-General of Food and Veterinary Medicine (permit
#FT2014DGV 046412 ICB), and conducted by scientists with
sufficient training (FELASA category C). The donor cows were
fed a total mixed ration comprising, on a DM basis, 56% corn
silage, 16% wheat straw, 11% haylage, and 17% compound feed
(524 g kg~! DM; 248 g kg~! starch, 460 g kg™! NDFom, and
91 g kg~! CP) at 08:00 and 18:00 h and provided free access
to fresh drinking water. Ruminal fluid was collected before the
morning feeding, strained through four layers of cheesecloth,
and kept at 39 °C under anaerobic conditions flushing with
CO,. Then, 25 mL of buffered rumen fluid solution (1 rumen
fluid:4 Kansas State Buffer) (Marten and Barnes 1979) was
added to 250 mg of each macroalgal sample and laboratory
references (corn silage and meadow hay, 1 mm ground), and
blanks (0 mg) in 50 mL centrifuge tubes prepared in quadru-
plicate for each sample types. The centrifuge tubes were imme-
diately flushed with O,-free CO, and closed with rubber stop-
pers fitted to a Bunsen valve to control the pressure build-up of
gases in the headspace from fermentation and were incubated
at 39 °C for 48 h in a water bath.

The undigested residue was transferred to crucibles
(porosity 40—-100 pm, P2), extracted in boiling neutral
detergent solution for 1 h (Robertson 1981), dried at 103 °C
overnight, and weighed to calculate in vitro DM digestibility
as the difference between the incubated DM and the non-
digested DM that remained in the crucibles. Samples were
corrected for bacterial and residual DM using blanks. Two
crucibles from each sample were incinerated in a muffle
furnace at 500 °C for 3 h for OM digestibility calculation,
and CP (N x 6.25) was determined using a Leco nitrogen
analyzer (Model FP-528, Leco Corporation, USA) in the
other two residues from each sample for calculation of CP
digestibility. Rumen fluid blanks were used to correct the
OM and CP digestibility of the samples.
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Statistical analyses

Data were analysed using two-way ANOVA in R Founda-
tion for Statistical Computing Platform, version 4.1.1 (R
Core Team 2021). Statistical models included macroalgae
species and blanching treatments as fixed effects as well as
their interactions and the residual error. The homogeneity of
variances was evaluated by residual plots, and the normality
of residuals was tested by quantile—quantile plots and the
Shapiro test. Any outliers and influential observations were
tested by the outlier’s test and Cook’s index, respectively.
Differences in the least square means (LS means) were com-
pared by Tukey’s multiple comparison test. Finally, a Pear-
son correlation matrix was created to evaluate the relation-
ship between the studied parameters (includes both species
and all treatments) of chemical composition (ash, CP, crude
fat, CF, NDFom, minerals, sugars, and sugar derivatives,
fucoxanthin, and TPC) and in vitro digestibility (DM, OM
and CP digestibility in monogastric and ruminant models)
using Corrplot package. The level of significance for all sta-
tistical analyses was set at p <0.05.

Results

Impacts of hot water blanching on the nutritional
composition of macroalgae

Prior to hydrothermal treatments, both brown macroalgae,
AN and FV, had similar ash (~21%), crude fat (~3%), and
CF (~4.5-5%) contents, but significant species differences
were observed for CP, NDFom, NFE, and energy contents
(Table 1). Higher CP (p <0.001) and energy (p =0.019)
levels were found in FV compared to AN, whereas the

opposite trend was true for NDFom (p=0.001) and NFE
(»<0.001).

Hot water blanching (LTB or HTB) did not influence the
CP contents of the studied macroalgae species. The crude
fat was affected by species and treatment interaction as it
remained stable in AN with both water blanching treat-
ments but declined by 33.8% in FV with HTB treatment
(p=0.037). On the other hand, HTB led to an increase in
the levels of CF, NFE, and energy contents (p < 0.002, for
both species), while both LTB and HTB (~ 19% and ~33%
in AN and FV, respectively) increased NDFom (p < 0.001)
as compared to their respective unblanched biomass. This
increase in NDFom was 1.7 times higher in FV biomass
than in AN. Effects of the interaction between species and
water blanching were also observed for the ash content
of macroalgae (p <0.036). Ash was linearly reduced in
both macroalgae when the blanching temperature was
increased, but the reductions were more remarkable for FV
(~8% and ~24% with LTB and HTB, respectively) than for
AN (~5.5% and ~ 16% with LTB and HTB, respectively).

Impacts of hot water blanching on mineral
composition of macroalgae

The fresh biomass of both AN and FV exhibited rich profiles
of macro- (Fig. 1) and microminerals (Fig. 2). However,
the composition of individual minerals varied considerably
between the two species. Among the analysed six macro-
minerals, AN contained a higher level of Na, Mg, S, and
Ca (p <0.002, for all) and lower levels of P and K than FV
(p <0.001, for both). Three macrominerals: S, Na, and K
accounted for 78-80% of the total minerals in both macroal-
gae. On the other hand, I, Br, Fe, and Mn were the dominant
microminerals, irrespective of macroalgae species. Among

Table 1 Impact of hot water blanching on the nutritional composition of studied macroalgae

Nutrients Ascophyllum nodosum Fucus vesiculosus p value

UB LTB HTB UB LTB HTB Species (S) Treatment (T) (S*T)
Ash 209+0.29° 19.7+0.29° 17.5+0.29¢ 21.0+£0.29* 193+0.29° 16.0+0.29¢" 0.337 <0.001 0.036
Crude protein 65+0.17 63+0.17 6.1+0.17 103+0.17* 10.5+0.17% 10.0+0.17%*  <0.001 0.101 0.447
Crude fat 29+0.18 3.0+0.18% 29+0.18 28+0.18"  2.8+0.18*  1.8+0.18"" 0.468 0.963 0.037
Crude fibre 45+029" 54.6+029° 6.1+029* 504029 514029  6.6+0.29% 0.123 0.001 0.211
NFE 64.7+0.40° 66.0+0.40° 68.1+£0.40° 60.8+0.40" 62.6+0.40"" 65.2+040" <0.001 <0.001 0.147
NDFom 476+41.41° 52.6+1.41° 59.1+1.41* 42.0+141° 469+1.41> 533+1.41° 0.001 <0.001 0.421
Energy MJ/kg) 152+0.11° 15.4+0.11° 162+0.11* 15.5+0.11% 157+0.11" 16.5+0.11" 0.019 <0.001 0.974

Results are presented as mean + standard error of the mean (n=3) and are expressed as a percentage of dry matter (DM). UB, Unblanched algal
biomass; LTB, Algal biomass exposed to low-temperature water blanching (40 °C, 5 min); HTB, Algal biomass exposed to high-temperature
water blanching (80 °C, 5 min); NFE, Nitrogen free extract calculated as 100—(ash % + crude protein % + crude fat % + crude fibre %); NDFom,
Ash corrected neutral detergent fibre. Rows not sharing the same letters in superscripts within a species are significantly different from the other
blanching treatments of the same species; Blanching treatments with the * signs are significantly different from the same blanching treatment of
another species; S*T, Interaction effects between species and blanching treatments
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the analysed nine microminerals, seven of those (Mn, Fe,
Co, Ni, Cu, Zn, and Se) were found to be higher in FV
(p<0.018, for all) while AN had > twofold higher content
of I than FV (p <0.001).

The effects of hydrothermal treatments were highly evi-
dent in mineral compositions. Both LTB (~17% for both
species) and HTB (~25% and ~38% for AN and FV, respec-
tively) significantly diminished the content of Na (p <0.001,
for both species) (Fig. 1). Additionally, HTB resulted in
a~33% and ~40% reduction of K (p <0.001) and~43%
and ~ 59% reduction of P (p <0.002) in AN and FV, respec-
tively, when compared to their UB counterparts. Magne-
sium, S, and Ca remained mostly unaltered or slightly raised
in response to HTB in both species.

Like macrominerals, LTB had minor impacts on the
micromineral composition of macroalgae (Fig. 2). LTB
only lowered the concentration of Br in both macroalgae
compared to their UB samples (p =0.026). However, HTB
not only profoundly decreased the level of Br (~40-44%,
p<0.001) but also of I (>73% and 28% in AN and FV,
respectively; p <0.001, for species: treatment interaction)
in macroalgal biomass. The loss of I with HTB was 2.6
times greater for AN than for FV; this trend contrasted with
other species-specific effects of HTB. On the other hand, the
Fe level was increased by HTB in FV biomass (p =0.023).
None of the blanching treatments affected the concentrations
of Mn, Cu, Zn, and Se in macroalgae (p > 0.05).

Impacts of hot water blanching on the heavy metal
contents of macroalgae

The contents of all three studied heavy or toxic metals:
As, Cd, and Pb, were greater (> twofold) in FV than in AN
(p<0.001, for all) (Fig. 3). The contents of all three heavy
metals remained unaffected by LTB. However, HTB caused
a 38.2% and 62.7% decline in As content in AN and FV,
respectively, compared to their UB samples (p <0.001, for
species: treatment interaction). In contrast, HTB led to an
increase in the content of Cd in FV biomass relative to its
UB biomass (p <0.001).

Impacts of hot water blanching on the carbohydrate
profiles of macroalgae

Along with a higher total carbohydrate content, unblanched
samples of AN had significantly higher TSC (sum of all
sugars and sugar derivatives) than FV (48.7 vs. 34.4%
DM) (p <0.001) (Table 2). The most dominant sugar
components in macroalgae were uronic acids, followed
by hexose sugars such as fucose and glucose (glucan),
and the sugar alcohol mannitol. The uronic acids alone
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Fig. 1 Impacts of hot water blanching on contents of macroelements
of A. nodosum (AN) and F. vesiculosus (FV). Two brown macroal-
gae were harvested from Hogya, Steinkjer, Norway (coastal areas),
in March 2021. UB, Unblanched algal biomass; LTB, Algal biomass
exposed to low-temperature water blanching (40 °C for 5 min); HTB,
Algal biomass exposed to high-temperature water blanching (80 °C
for 5 min). Treatments not sharing the same letters over the bars
within a species are significantly different from other treatments of
the same species. Treatments with * sign over the bar are significantly
different from the same treatment of another macroalgae species
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Fig.2 Impacts of hot water blanching on contents of microelements »

of A. nodosum (AN) and F. vesiculosus (FV). UB, Unblanched algal
biomass; LTB, Algal biomass exposed to low-temperature water
blanching (40 °C for 5 min); HTB, Algal biomass exposed to high-
temperature water blanching (80 °C for 5 min). Treatments not shar-
ing the same letters over the bars within a species are significantly
different from other treatments of the same species. Treatments with
* sign over the bar are significantly different from the same treatment
of another macroalgae species

represented ~45.8% and ~52.2% of TSC in FV and AN,
respectively. Among three uronic acids detected: man-
nuronic acid (MA), guluronic acid (GA), and glucuronic
acids, MA content was over twofold higher in AN than in
FV (p <0.001), while both macroalgae contained similar
levels of GA and glucuronic acids. The levels of fucose (10
vs. 6.25% of DM) and xylan (> threefold) were higher in
AN than in FV (p <0.001). In contrast, mannitol (5.68 vs.
4.8% of DM) and galactans were found in higher amounts
in FV than in AN (p <0.007).

When macroalgae were exposed to blanching, the TSC
of two macroalgae species were differentially affected
(p=0.001, for species and treatment interaction) (Table 2).
The TSC got elevated with both LTB (p =0.040) and HTB
(p<0.001) in FV, consequently increasing its level by
24.5% compared to its UB samples. However, the TSC of
AN remained stable with both those blanching treatments.
With HTB, there was a massive rise of both MA (67.5%)
and GA (56.5%) in FV (p<0.001), resulting in a~60%
increase in total uronic acids. Although HTB caused a mod-
est increase in GA (21.5%) (p=0.016), no significant change
was observed in total uronic acids in AN. Glucans and man-
nitol were uninfluenced by LTB in both macroalgae, but
they were oppositely affected by HTB. Glucans were signifi-
cantly increased (~ 13 and 33% in AN and FV, respectively;
p=0.003), whereas mannitol was dramatically reduced
(~50% and ~ 82% in AN and FV, respectively; p <0.001)
when compared to their UB samples (Table 2).

Impacts of hot water blanching on the total
polyphenol and fucoxanthin contents of macroalgae

When compared between the unblanched samples, both
the fucoxanthin (~ 6.25-fold) and TPC (~2.26-fold) lev-
els were greater in FV than in AN (p <0.001 for both)
(Fig. 4). When exposed to blanching, both LTB and HTB
significantly and similarly lowered the level of fucoxan-
thin (~67%) in AN compared to its unblanched samples
(p <0.007). However, fucoxanthin was increased in FV
with exposure to HTB (p =0.001 for species and treat-
ment interaction). The levels of TPC in the polyphe-
nolic extracts were increased for both AN (34%) and FV
(19%) with HTB treatment (p =0.017 for both species).
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However, species and blanching treatment did not affect
the DPPH radical scavenging capacity of polyphenolic
extracts (Fig. 4).
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Fig.3 Impacts of hot water blanching on contents of heavy metal »

elements of A. nodosum (AN) and F. vesiculosus (FV). A) Arsenic
content; B) Cadmium content; C) Lead content. UB, Unblanched
algal biomass; LTB, Algal biomass exposed to low-temperature water
blanching (40 °C for 5 min); HTB, Algal biomass exposed to high-
temperature water blanching (80 °C for 5 min). Treatments not shar-
ing the same letters over the bars within a species are significantly
different from other treatments of the same species. Treatments with
* sign over the bar are significantly different from the same treatment
of another macroalgae species

Impacts of hot water blanching on the in vitro
digestibility of macroalgae for monogastric
and ruminant animals

The three-step monogastric digestibility analysis revealed a
higher in vitro total tract DM (76.9 vs. 69.3%) and OM (76.7
vs. 65.6%) digestibility of AN than FV (p <0.002, for both),
but both macroalgae had similar CP digestibility (Fig. 5).
The DM and OM digestibilities of AN were higher than
both standard feeds, oat, and soy hulls (p <0.001, for both),
while those of FV were only higher than that of soy hulls
(p<0.001). However, both AN and FV had considerably
lower CP digestibility than the standard feeds (p <0.001).
Ascophyllum nodosum also had a slightly higher in vitro OM
digestibility than FV in the ruminant animal model (p =0.015),
whereas the latter had higher CP digestibility (p =0.046).
When compared with the standard feeds tested for the rumi-
nant’s model: corn silage and meadow hay, both AN and FV
had a lower DM, OM, and CP digestibility than corn silage
(p<0.001, for all), but both macroalgae had higher DM and
OM digestibility than that of meadow hay (p <0.001, for both).
The in vitro total tract digestibilities of DM, OM, and
CP for monogastric animals were reduced by both LTB
(» <0.001) and HTB (p <0.001) for AN (~6.8-26%),
whereas only the HTB had adverse effects on those digest-
ibility parameters (7.8-26.5%) of FV (p <0.004, for all). The
HTB treatment had the most severe reductions in CP digest-
ibility (~26%) for both macroalgae. However, in ruminant
animals, the in vitro ruminal DM, OM, and CP digestibility
of two macroalgae were differentially affected by the hot
water blanching (p < 0.001, species and treatment interac-
tions for all). The digestibility of all three tested parameters
mostly remained unaffected with blanching for AN, but HTB
treatment reduced all three digestibility parameters (DM,
OM, and CP) (p <0.001, for all) for FV, notably reducing
the CP digestibility by ~42.2% compared to its UB biomass.

Correlation between the chemical composition and
in vitro digestibility of macroalgae

Pearson correlation analysis revealed that contents of
CF (r=-0.53 to -0.71, p<0.024) and GA (r=-0.53 to
-0.86, p <0.023) were negatively correlated with all three
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studied digestibility parameters (DM, OM, and CP) in both
monogastric and ruminant models (Fig. 6). Similarly, glu-
curonic acid was inversely correlated to all digestibility
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Table 2 Impacts of hot water blanching on macroalgal carbohydrate profile

Carbohydrates Ascophyllum nodosum Fucus vesiculosus p value
UB LTB HTB UB LTB HTB Species (S) Treatment (T) (S*T)
Hexosans (C-6):
Fucose 1024025 10.1+0.08 10.1+0.39 6.3+046* 7.0+020% 7.5+0.17%*  <0.001 0.981 0.096
Glucan 46+0.16" 49x0.16° 57x0.16* 47+0.16° 50+0.16° 57+0.16° 0.575 <0.001 0.080
Galactan 0.9+0.03° 09+0.03° 1.0+0.03* 1.1+0.03> 12+003" 14+003" <0.001 0.001 0.053
Mannan 09+0.07 09+0.07 0.8+0.07 0.7+007° 1.0+0.07® 1.1+0.07*" 0.698 0.743 0.041
Rhamnan 0.02+0.003 0.03+0.003 0.02+0.005 n.d 0.05+00 nd
Total hexosans  16.8+0.38 16.7+0.38 17.5+0.38 12.5+0.38 14.2+0.38"" 16.0+0.38" 0.001 0.361 0.009
Pentosans (C-5):
Xylan 1.9+£0.05° 19+0.05®° 1.6+0.05° 05+0.05% 0.6+0.05% 0.6+0.05%  <0.001 0.013 0.018
Arabinan 0.01+0.002 0.02+0.003 0.03+0.002 n.d 0.02+0.00 nd
Total pen- 1.9+0.060 19+0.06® 1.7+0.06° 0.5+0.06% 0.6+0.06* 0.6+0.06%*  <0.001 0.029 0.037
tosans
Uronic acids:
Mannuronic ~ 17.0+0.50 16.9+0.50 153+0.50 6.9+0.50" 83+0.50°" 11.6+0.50* <0.001 0.064 <0.001
Guluronic 7.1+£030° 85+030° 85+030° 7.2+030° 83+030° 11.3+0.30" 0.636 0.007 0.001
Gulcuronic 13+0.07 1.6+007 15+007 1.6+007° 1.8+0.07° 23+0.07" 0.097 0.083 0.002
Galacturonic n.d n.d n.d n.d n.d n.d
Total uronic ~ 25.4+0.75 27.1+0.75 254+0.75 157+0.75" 18.4+0.75*" 252+0.75*  <0.001 0.232 <0.001
acids
Mannitol 48+0.18% 4.6+0.18 2420.18" 57x0.18" 54+0.18" 1.0+0.18" 0.007 <0.001 <0.001
Starch b.d.l b.d.l b.d.l b.dl b.d.l b.dl
Total sugar 48.9+1.06 502+1.06 47.0+1.06 344+1.06" 38.7+1.06" 42.8+1.06 <0.001 0.128 0.001

Results are presented as mean + standard error of the mean (n=3) and are expressed as a percentage of dry matter. UB, Unblanched algal bio-
mass; LTB, Algal biomass exposed to low-temperature water blanching (40 °C, 5 min); HTB, Algal biomass exposed to high-temperature water
blanching (80 °C, 5 min); n.d., Not detected; b.d.l., Below the level of detection (<0.4%). Rows not sharing the same letters in superscripts
within a species are significantly different from the other blanching treatments of the same species; Blanching treatments with the * signs are
significantly different from the same blanching treatment of another species; S*T, Interaction effects between species and blanching treatments

parameters (-0.6 to -0.9, p <0.009) in ruminants and with
DM and OM digestibility in monogastric animals (r=-0.6
to -0.78, p<0.001). Macroalgal TPC was also negatively
associated with DM and OM digestibility in both monogas-
tric and ruminant models (r=-0.66 to -0.86, p < 0.004).
For both animal models, CP digestibility was inversely
correlated with NDFom (r=-0.72 to -0.81, p <0.001) and
NFE (r=-0.62 to -0.78, p <0.006) contents. On the other
hand, mannitol was positively correlated with the DM and
CP digestibility (r=0.62 and 0.77, respectively, p <0.006)
in the monogastric model and with all three digestibility
parameters in ruminant animals (r=0.53-0.82, p <0.022).

Discussion
To the best of our knowledge, this is the first study to inves-

tigate the effects of post-harvest hydrothermal treatments
(hot water blanching) on nutritional composition and in

@ Springer

vitro digestibility of two economically important and pre-
dominantly available brown macroalgae, A. nodosum and
F. vesiculosus, targeting both monogastric and ruminant
animals. It was hypothesised that post-harvest hot water
blanching could optimise the nutritional and bioactive com-
position of the brown macroalgal biomass to be utilised as
animal feed ingredients. The results of this study reveal
that hot water blanching induces remarkable changes in the
chemical composition of brown macroalgae but in a spe-
cies-specific and temperature-dependent manner. Notably,
the HTB treatment was highly effective in optimising the
mineral contents and potentially toxic elements, altered the
composition of carbohydrates and monomeric sugars, and
led to some undesirable changes in the in vitro digestibility
of two fucoid algae species, more prominently of FV. The
findings of this study suggest that both nutritional composi-
tion and digestibility should be considered while employing
suitable post-harvest hydrothermal processing for brown
macroalgal biomass.
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Fig.4 Impacts of hot water blanching on fucoxanthin, total polyphe- »

nols, and antioxidant activity of A. nodosum (AN) and F. vesiculosus
(FV). A) Fucoxanthin content; B) Total polyphenol content (TPC);
C) DPPH (1,1-Diphenyl-2-Picrylhydrazyl) radical scavenging activ-
ity. UB, Unblanched algal biomass; LTB, Algal biomass exposed to
low-temperature water blanching (40 °C for 5 min); HTB, Algal bio-
mass exposed to high-temperature water blanching (80 °C for 5 min).
Treatments not sharing the same letters over the bars within a species
are significantly different from other treatments of the same species.
Treatments with * sign over the bar are significantly different from
the same treatment of another macroalgae species

Hot water blanching favourably affects the mineral
composition of two fucoid macroalgae species

The brown macroalgae AN and FV are closely related spe-
cies belonging to the same family (Fucaceae) and share a
habitat in the intertidal zone (Catarino et al. 2017; Pereira
et al. 2020). However, this study illustrated a diverse chemi-
cal composition, particularly in carbohydrates, CP, and min-
eral composition between them. The FV biomass seemed
to be a better protein source with an acceptable level of
CP (> 10%), while AN biomass was highly enriched with
NDFom, and these results agree with previous studies on
the same brown species (Tibbetts et al. 2016; Lorenzo
et al. 2017; Garcia-Vaquero et al. 2021). Despite having
similar ash contents (>20% of DM), the algae illustrated
discrepancies in macro- and micromineral composition as
AN was more enriched with most of the studied macro ele-
ments (except K and P). In contrast, most microminerals
studied (except Br and I) were found to be more abundant
in FV. The concentrations of minerals observed in the pre-
sent study are in the same range reported for these species
in previous studies (Tibbetts et al. 2016), including those
from Norway (Mehre et al. 2014; Biancarosa et al. 2018).
Assuming all minerals present in biomass are fully bio-
accessible, and considering the mineral requirements of
animals (% or mg kg_l DM of diet): Na (0.1-0.4%), Mg
(0.15-0.3% for ruminants, <0.1% for non-ruminants), P
(0.2-0.8%), S (0.18-0.24%), K (1500-3000 mg for chick-
ens and swine, 10,000 mg for lactating cows), Ca (0.5-1%),
Fe (50-100 mg), Mn (10-40 mg), Cu (4-20 mg for rumi-
nants, 125-250 mg for swine and poultry), Se (0.1-0.38 mg)
and I (0.1-2 mg) (NRC 2005), it appears that only a low to
moderate level of these macroalgae can be included in the
animal diet. To include these macroalgae in the feed, spe-
cial considerations should be given for Na, K, and I as their
concentrations may exceed not only the recommended but
also the maximum tolerable levels (% or mg kg~' DM of
diet): NaCl (3-4.55% for cattle; 5% for pigs), K (10,000 and
20,000 mg for non-ruminants and ruminants, respectively),
and I (50 mg for cattle and sheep; 300 mg for chicken and
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Fig.5 Impacts of water blanch- A B
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turkey and 400 mg for swine) for animals (NRC 2005). For
example, the inclusion of just 2.7 and 6 g kg™! DM feed,
respectively, of AN and FV can fulfil the I requirements
of cattle and sheep, while~67 and 151 g kg™! feed DM
inclusion of AN and FV, respectively, would surpass the
maximum tolerable limits for I for them. This suggests that
removing low to high proportions of certain minerals, such
as I, from the harvested macroalgal biomass would be neces-
sary to minimise the risk of mineral toxicity and increase the
level of inclusion of these two macroalgae in livestock feed.
Hydrothermal treatments for removing minerals are even
more relevant for macroalgal biomass harvested in spring
(this study), as the ash and mineral contents generally higher
in spring than in those harvested in the summer or autumn
season (Schiener et al. 2015; Tayyab et al. 2016).
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The present study demonstrates that the hot water blanch-
ing of fresh biomass can effectively reduce the contents of
specific minerals from brown macroalgae lowering the risk
of toxicity in animals. Although LTB seemed to provide
limited benefits, HTB was highly influential in minimis-
ing up to 24% of ash and 25-73% of Na, K, I, and Br. On
the other hand, several elements, including Mg, S, Ca, Fe,
Zn, Mn, and Cu, remained mostly unaltered or raised with
HTB, suggesting differential impacts of hot water blanch-
ing on specific minerals. Similar to the results of this study,
water blanching of A. esculenta (70 °C for 5 min) effectively
reduced Na (18.1%) and K (~35.6%) without affecting or
slightly enriching Ca, Mg, and Zn (Zhu et al. 2022). A con-
siderable loss of ash (49%), Na (> 72%), and I (85-93%), but
an increase in chromium, Mn, Zn, and Ni was also reported
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Fig.6 Correlation between chemical composition and digestibility
parameters of A. nodosum and F. vesiculosus. A Pearson correla-
tion analysis was performed, including all the chemical composition
and in vitro digestibility parameters of both macroalgae. However,
the correlations between selective chemical composition and digest-
ibility parameters are shown in the figure. CP, Crude protein; cFat,
Crude fat; cFibre, Crude fibre; NFE, Nitrogen free extract; NDFom,
Ash free NDF; GulcU, Glucuronic acid; MA, Mannuronic acid;

for S. latissima with water blanching (45 °C or 80 °C for
2 min) (Trigo et al. 2023). Similarly, boiling (1-20 min)
differentially affected the leaching of Na (0-61.1%), K
(12.1-58.1%), and I (0-77.6%) (highest loss after 20 min
of boiling) from rehydrated biomasses of four macroalgae
(S. latissima, Laminaria digitata, Undaria pinnatifida, and
Chondrus crispus) (Correia et al. 2021). These observations
suggest that Na, K, and I are the principal macroalgal min-
erals targeted by low to medium-high-temperature hydro-
thermal processing, but the magnitude of the effect would
vary with the leachability of minerals in hot water and the

GA, Guluronic acid; TSC, Total sugar content; TPC, Total polyphe-
nol content; DMD_M, Dry matter digestibility in monogastric ani-
mals; OMD_M, Organic matter digestibility in monogastric animals;
CPD_M, CP digestibility in monogastric animals; DMD_R, Dry mat-
ter digestibility in ruminant animals; OMD_R, Organic matter digest-
ibility in ruminant animals; CPD_R, CP digestibility in ruminant ani-
mals

processed macroalgae species. Hence, the significant loss
of Na, K, P, Br, and I from macroalgae compared to other
elements, such as Ca and Mg, is most likely because of their
higher solubility/leachability in hot water (Hou and Yan
1998). Certain elements, such as Na, are localised on the
outer surface of the biomass, which could also facilitate the
rapid removal during blanching (Correia et al. 2021). The
considerable removal of the minerals by HTB that exceed
the animal requirements or maximum tolerable levels sug-
gests that this treatment effectively enhances the safety of
macroalgal biomass, allowing a higher macroalgal inclusion
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level in the livestock feed. When we considered one of the
most critical minerals, I, the HTB treatment contributed to
increasing the optimal inclusion levels in cattle and sheep
diets from 2.7 g to 10 g kg~! DM (270% increase) for AN
and 6 g to~8.5 gkg~! DM (44.2% increase) for FV. Moreo-
ver, the maximum tolerable dietary inclusion levels in cattle
and sheep diets elevated to 249 g kg~! DM (from ~ 67 g)
and~212 g kg~! DM (from 151 g) for AN and FV, respec-
tively. Hence, the HTB treatment used in this study could
be a highly effective processing treatment to reduce the
potential mineral toxicity and increase the inclusion levels
of brown macroalgae in livestock feed.

In this study, more prominent effects of blanching on ash
and mineral concentrations were observed in FV biomass,
revealing higher susceptibility of this macroalgae towards
hot water blanching than AN. Hot water exposure can affect
the integrity or texture of macroalgal blades in a species-
specific manner (Stévant et al. 2018). The variation in sus-
ceptibility of two fucoid species against hot water blanching
in the present study could also be attributed to their differ-
ential ability to maintain the cellular integrity of their parts,
such as blades. In contrast to other minerals, the loss of I was
more effective in AN (2.6-fold) than in FV. In macroalgae,
I can exist in inorganic (I”, 105, I,) and organic (bound to
macromolecules) forms, and their water solubility or leach-
ability (inorganic I having a higher water solubility) vary
widely (Hou et al. 1997; Correia et al. 2021; Blikra et al.
2022). The predominant form of I in AN possibly was the
inorganic I, resulting in higher solubilisation in hot water
during blanching (Schiener et al. 2017).

Macroalgae can also accumulate non-essential and poten-
tially harmful elements from seawater. In this study, FV bio-
mass showed higher potential (> twofold) of accumulating
As, Cd, and Pb than AN. Similar findings have been reported
previously for these species collected from Northern Norway
(Biancarosa et al. 2018). In both species, contents of Cd
and Pb were below the maximum tolerable threshold for
domestic animals (Cd: 10 mg kg_1 DM feed and Pb: 0.5, 25,
and 250 mg kg_1 DM feed for chicken, pigs, and ruminants,
respectively), but As contents, particularly in FV, exceeded
the maximum tolerable threshold (30 mg kg~! DM feed)
(NRC 2005). Hence, FV may pose additional health risks, as
As can have toxic and carcinogenic effects, depending upon
its chemical form: organic or inorganic (more toxic) (Hughes
2002). In this study, the HTB treatment lowered the As lev-
els in both macroalgae, particularly in FV (~63%), below the
potentially toxic levels for domestic animals. Even though
Cd and Pb were slightly up-concentrated in FV by HTB,
both were still below the risk level. The effects observed
on all three heavy metals in this study agree with results
observed in a previous blanching study in S. latissima (Trigo
et al. 2023). Although the inorganic or toxic form of As was
earlier found at negligible levels (0.09-0.11 mg kg~! DM)

@ Springer

in both AN and FV (Biancarosa et al. 2018), our results indi-
cate that HTB treatment can substantially eradicate the risk
of As, even considering them as sole animal feed. Hence,
HTB treatment, as employed in this study, seems highly ben-
eficial to improve the safety of brown macroalgal biomass as
an animal feed source.

It cannot be excluded that with the removal of ash and
mineral elements, other valuable nutrients could have also
been lost during the exposure of macroalgal biomass to hot
water. However, this study suggests no such apparent loss
of major nutrients, such as CP and carbohydrates from the
brown macroalgae during the water blanching, although
HTB reduced crude fat in FV biomass. With the hot water
blanching, the proportion of carbohydrates was enriched
since NFE, CF, and NDFom levels were linearly raised in
macroalgae biomass with the increasing blanching tem-
perature, and these increments were more profound in FV.
Similar effects of hot water blanching on CP, crude fat, and
total carbohydrates have also been reported in S. latissima
(Nielsen et al. 2020). This suggests that major nutrients in
brown macroalgae generally remain unaffected with hot
water blanching.

Hot water blanching differentially alters
carbohydrate compositions of brown macroalgae

Brown macroalgae contain unique structural carbohydrates
such as alginate, fucoidan, and cellulose, and storage car-
bohydrates including laminarin and mannitol (Rioux and
Turgeon 2015). The contents and composition of these car-
bohydrates will have important implications for the cellular
integrity of macroalgal biomass and the digestibility/utili-
sation of macroalgal nutrients (Rioux and Turgeon 2015;
Maehre et al. 2016). This study demonstrates that AN is
a superior source of sugars, evidenced by ~49% TSC DM,
compared to only ~34.4% in FV. This trend is consistent
with a previous study on the same two brown species (Rioux
et al. 2007). The TSC of AN observed in this study is even
higher than that reported for sugar-rich kelp species, such as
A. esculenta and S. latissima (Stévant et al. 2018), indicat-
ing a potential for commercial applications. When exposed
to hot water blanching, the TSC of two brown macroalgae
were differentially influenced, as both blanching treatments
led to an enrichment of TSC in FV, upgrading it by 24.5%
with HTB, which did not happen in AN. This again sug-
gests the macroalgal species-specific effect of hot water
blanching as reported by a previous study which noted 1.9,
2.7, and 4.3-fold increases in TSCs, respectively, in Lami-
naria saccharina (S. latissima), L. digitata and Himanthalia
elongata, with hydrothermal treatments (maximum at 85 °C
for 15 min) (Rajauria et al. 2010). The elevation of TSC,
specifically in FV, could be partly attributed to its greater
increase in carbohydrate fraction in the biomass with HTB.
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This difference between the two brown algae could be asso-
ciated with the differential modification of cell wall polysac-
charides by hydrothermal treatments that can affect carbo-
hydrate hydrolysis and the release of sugars from biomass
(Rajauria et al. 2010).

In both algae, major sugar components were uronic
acids > fucose > glucose (glucan) or mannitol, uronic acids
accounting for approximately half of the TSC. However, as
anticipated, these two brown algae differed in the concen-
trations of individual sugars: uronic acids, fucose, xylan,
and mannitol, the first three being greater in AN. Notably,
the content of MA was over twofold higher in AN than in
FV, while both species had similar concentrations of GA.
This led to a higher MA/GA ratio in AN (2.4) than in FV
(~0.95). The two uronic acids, MA and GA, are building
blocks of alginate (joined by 1,4-glycosidic linkages) and
occur in varied proportions (MA/GA ratio) and arrange-
ments in the alginate chain: MA-MA or GA-GA or MA-GA
blocks depending on macroalgae species (Rioux et al. 2007;
Manns et al. 2014). Alginate with higher GA blocks or a
low MA/GA ratio leads to a more brittle or less elastic gel
and vice versa (Draget et al. 2000; Khajouei et al. 2021).
Hence, the relative concentrations of these two uronic acids
and their total sum (rough estimation of alginate) would
be critical for the susceptibility or resistance of macroal-
gal biomass towards hydrothermal treatments. This study
illustrates that a short low-temperature hydrothermal expo-
sure is insufficient for changing brown algal carbohydrate
composition, as LTB did not affect any of the sugar compo-
nents measured. Conversely, HTB seemed to affect several
sugar components, namely the uronic acids, glucans, and
mannitol, but with marked species differences. With HTB,
FV biomass demonstrated a remarkable enrichment in MA,
GA, and glucan concentrations, and in agreement with this
study, a considerable increase in uronic acids or alginate
was recorded in S. latissima after 2 min water blanching at
80 °C (Trigo et al. 2023). However, there were only minor
changes in all those three sugars in AN, even after HTB. It
has been reported that macroalgae with high uronic acids
or alginate need more robust conditions to decompose their
biomass or carbohydrates (Manns et al. 2014). In this study,
a higher level of uronic acids in AN compared to FV (25.4%
for AN vs. 15.7% for FV) suggests that more robust physico-
chemical treatments may be required to disintegrate the AN
biomass and influence its carbohydrate composition.

The HTB treatment used in the present study seemed
to adversely affect the mannitol concentrations in brown
macroalgal biomass, leading to a 50-82% loss relative to
the unblanched biomass (more prominently from FV). As
reported previously, the loss of mannitol from both algae
could be due to its high solubility in hot water (Soetaert
et al. 1999). Mannitol is a high-value product with various
pharmacological and functional food-related applications

(Manns et al. 2014; Dai et al. 2017) and has been found
to improve feed efficiency and animal productivity when
included in animal feed (Hanieh and Sakaguchi 2009). The
HTB treatment hence could lower the commercial potential
of brown algae as a source of mannitol.

Hot water blanching improves the extractability
of total polyphenols and fucoxanthin

Phytochemical constituents, such as fucoxanthin and poly-
phenols, play critical roles in the bioactive properties of
macroalgae. Greater contents of both fucoxanthin and TPC
in FV suggest that FV can have higher bioactive potential
than AN, as previously reported (Shannon and Abu-Ghan-
nam 2017). However, fucoxanthin concentrations herein
observed are slightly lower than in the previous study.
Fucoxanthin content varies within the parts of the thallus
in an individual alga; fronds, or blades containing higher
fucoxanthin than stipe and holdfasts (Schmid and Stengel
2015; Shannon and Abu-Ghannam 2017). Thus, the lower
fucoxanthin observed in both species in this study might be
due to the use of whole macroalgal biomass for fucoxanthin
extraction. The species difference in TPC observed in this
study agrees with our earlier study (Pandey et al. 2022).
However, other studies have reported a similar level of poly-
phenols in AN and FV (Ragan and Jensen 1978; Connan
et al. 2004; Tibbetts et al. 2016). The contents of polyphe-
nols or phlorotannin in brown macroalgae are linked to their
growth stage and seasonal conditions, and lower concentra-
tion has been reported during the active growth stage (Parys
et al. 2009). Among the two fucoid species, AN has a slower
growth rate than FV (Choi and Norton 2005). Therefore,
the potential difference in the growth stage of AN and FV
might have contributed to species difference in TPC in this
study, although both algae were harvested in the same period
(spring/March) of the year.

Hydrothermal treatments can also affect the concentra-
tion, extractability, and activity of macroalgal phytochemi-
cals, including fucoxanthin and polyphenols. Fucoxanthin
is present in the chloroplast, inside the membrane-bound
compartment called thylakoids (Shannon and Abu-Ghannam
2017) and generally remains as complex of fucoxanthin-
chlorophyll a/c-binding proteins (FCPs) (Di Valentin et al.
2013). Similarly, polyphenols (phlorotannins) are synthe-
sised in membrane-bound cytoplasmic vesicles of mac-
roalgae called physodes (Liider and Clayton 2004; Bartsch
et al. 2008), and most of the polyphenols exist in a bound
state with sugars, proteins, or fatty acids (Rajauria et al.
2010). Heat exposure to a certain level (e.g., 60-95 °C) may
improve the recovery of fucoxanthin and polyphenols by
facilitating the diffusion of solvents through the cell mem-
brane and detaching the phytochemicals from the complexes,
whereas a too-high temperature can lead to the degradation
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and loss of those compounds (Rajauria et al. 2010; Nie et al.
2021). In this study, HTB treatment improved the extract-
ability of polyphenols, as evidenced by higher TPC in the
extracts of both macroalgae compared to the unblanched
biomass. The HTB also enhanced the extractability of
fucoxanthin from FV, although it adversely affected that of
AN. This indicates that short-term and medium-high tem-
perature water-blanching do not cause a loss of polyphenols
from brown macroalgae, and their extractability could be
improved. However, effects on pigments can vary with mac-
roalgae species.

Hot water blanching does not result in desirable
impacts on in vitro digestibility of brown
macroalgae

Since the hot water blanching improved the nutritional pro-
file of macroalgal biomass by lowering ash and the extract-
ability of certain compounds, such as sugars, an improve-
ment was also expected in the digestibility of blanched
biomass. Contrary to this, the in vitro digestibility studies
with monogastric and ruminant models did not indicate such
improvements for both brown macroalgae. Although LTB
had minimal impacts on macroalgal digestibility in both
animal models, HTB seemed detrimental, reducing up to
8% of in vitro DM or OM and ~26% of CP digestibility of
both algae for monogastric animals. In the ruminant digest-
ibility model, hot water blanching had less impact, as it only
impaired the digestibility of FV with HTB. However, its CP
digestibility was more severely reduced (~42%) with HTB
in ruminants than in monogastric animals. To the best of
our knowledge, no other studies that evaluated the effects of
water blanching on the digestibility of macroalgae in animals
exist to compare with our findings. Nevertheless, this study
indicates that CP digestibility could be the most adversely
affected parameter of brown macroalgae with HTB. Hence,
the reduced DM and OM digestibilities seem to be mainly
attributed to poor CP digestibility.

As suggested by the correlation analysis, the reductions
in DM, OM, and CP digestibilities with blanching in the
present study seem to be associated with increased car-
bohydrates or fibre levels and uronic acids, particularly
the GA in the macroalgal biomass. A negative correlation
between fibre contents and in vitro digestibility of mac-
roalgae has also been reported previously (Bikker et al.
2020). Macroalgal carbohydrates or sugars: the alginate,
uronic acids, and fucoidan have restrictive digestibility in
ruminants (Orpin et al. 1985; Williams et al. 2013) and
are primarily undigestible in monogastric animals (Chen
et al. 2018; Di et al. 2018). Additionally, the reduction in
the digestibility might be contributed by increased TPC,
along with reduced digestible fraction (mannitol) in the
algal biomass, because TPC was negatively correlated
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with digestibility parameters. High polyphenols in feed
can minimise fermentation efficiency and degradation of
fibre and protein in ruminants (Wang et al. 2008; Vissers
et al. 2018), whereas mannitol was found to be positively
associated with caecal acid detergent fibre digestibility,
feed efficiency, and daily weight gain in rabbits (Hanieh
and Sakaguchi 2009). The more severe effects of HTB in
the CP digestibility of FV could be associated with its more
significant enrichment of TPC and NDFom, as protein mol-
ecules can form complexes with polyphenols (Vissers et al.
2018) and NDF (Shayo and Udén 1999).

Recent studies have reported that hot water blanching
can lead to a loss of macroalgal biomass (Nielsen et al.
2020; Trigo et al. 2023). Hence, it cannot be excluded that
certain readily digestible nutrients, such as soluble carbo-
hydrates and free amino acids, had been lost during the
biomass processing contributing to the poor digestibility
of macroalgae in this study (Maehre et al. 2016; Stokvis
et al. 2021). Considering the differential effects of LTB and
HTB on macroalgal composition and in vitro digestibility
observed in this study, future in vivo feeding trials may pro-
vide a better insight into the impacts of blanching-derived
macroalgal compositional changes on nutrient utilisation
and animal performance. In the context of the altered com-
position of complex carbohydrates and phytochemicals, it
would be interesting to investigate whether and how the
health-promoting properties, such as prebiotic and anti-
microbial activities of brown macroalgae, are affected by
hot water blanching. Although practically simple, hot water
blanching is an energy-consuming process and can lead to
an increased production cost of macroalgae in commercial-
scale production. However, the present study highlights
the ability of hot water blanching, particularly the HTB, to
optimise nutritional compositions and reveals that there are
species-specific impacts of water blanching on the sugar or
carbohydrate composition of two fucoid brown macroalgae,
AN and FV.

Conclusions

The present study investigated the impact of post-harvest
hot water blanching on diverse chemical composition
parameters and in vitro digestibility of two commercially
important brown macroalgae, A. nodosum and F. vesiculo-
sus, for monogastric and ruminant animals. The exposure
of fresh biomass to a medium-high temperature water
blanching (e.g., HTB) efficiently minimises the levels of
ash, excess minerals (Na, K, P, Br, I), and heavy metals
(e.g., As) in brown macroalgae. On the other hand, HTB
treatment enriches the carbohydrate content in macroalgal
biomass, mainly fibre fractions, and alters sugar composi-
tion, increasing the level of uronic acids and glucans but
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reducing mannitol content. The FV biomass was found to
be more sensitive to high-temperature exposure than AN,
as the changes in the chemical composition were more
prominent, which could be associated with their differ-
ent carbohydrate profiles. Consequently, HTB appeared
detrimental to the digestibility of FV biomass for both
monogastric and ruminant animals, notably impairing
the CP digestibility. The digestibility of AN was main-
tained with blanching for ruminants, but both LTB and
HTB negatively affected its digestibility for monogastric
species. Future studies are needed to identify appropri-
ate macroalgal post-harvest processing techniques to
improve both nutritional composition and digestibility
and evaluate their impacts on animal health, production,
and performance.
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