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A B S T R A C T

The macroalgae aquaculture industry has grown up in the last years, and new applications for macroalgae should
be considered. In this work, sequential biological treatments as solid-state fermentation (SSF) by Aspergillus
ibericus and enzymatic hydrolysis (EH) were applied to washed and unwashed Ulva rigida. SSF of unwashed
macroalgae showed higher xylanase (359.8 U/g), cellulase (73.07 U/g) and β-glucosidase (14.9 U/g) activities
per dry mass of macroalgae. After SSF, two strategies to carry out EH were assayed. The best process was SSF
followed by EH by simply adding a buffer. The non-starch polysaccharides content was reduced by 93.2%,
achieving a glucan conversion of 98%. In addition, the antioxidant activity was improved 2.8-fold and the
protein concentration of macroalgae extracts increased from 16.9% to 29.8% (w/w). These biological treatments
allowed to increase macroalgae value as feedstuff with potential for use in aquafeeds.

1. Introduction

Macroalgae are macroscopic algae with high growth rate (Ilias et al.,
2015) and in the last two decades, world macroalgae production in-
creased at a rate of 8.7% per year (FAO, 2018). The global annual value
of macroalgae was estimated between US$10 and US$16 billions in
2012 (White and Wilson, 2015). Due to its high growth rate, minimal
use of freshwater and arable land, macroalgae are a potential feedstock
with several industrial applications (Chemodanov et al., 2017), al-
though it remains largely underexploited.

The use of macroalgae and their wastes as feedstocks for biorefining
technologies is encouraged by the European Agenda 2030 for the de-
velopment of blue biorefinery, under circular economy with the ulti-
mate goal of zero wastes (Manan and Webb, 2017)

Besides this potential use for biorefinery, macroalgae is also a good
source of protein and bioactive compounds. Macroalgae may be refined
into fractions, producing a range of bioactive compounds (Kostas et al.,
2017), such as antioxidants, carotenoids, polyphenols, vitamins, mi-
nerals, and polyunsaturated fatty acids with nutritional, pharmaceu-
tical, cosmetics, and agrichemicals applications (James et al., 2012).
Macroalgae may also be used in the animal feed production, as feedstuff
or as a source of functional additives (Miranda et al., 2017).

Green macroalgae (Chlorophyta) along with red macroalgae are the
most promising algal groups for utilization in food and feed (Biancarosa
et al., 2018). However, the use of macroalgae in animal feed and biofuel
industry may be impaired by the non-starch polysaccharides (NSP)
content, mainly cellulose and hemicellulose (Özçimen and İnan, 2015).
NSP content are higher in green than in red or brown macroalgae
(Karray et al., 2016) and it may limit macroalgae inclusion in animal
feeds, as animals lack the digestive enzymes necessary to hydrolyse
NSP, reducing nutrients and energy bioaccessibility (Mæhre et al.,
2014). One the other hand, this high content of NSP, make macroalgae
a good substrate for solid-sate fermentation (SSF).

Solid-State Fermentation (SSF) is a biotechnological process that
recreates microbial natural conditions of growth, specifically of fila-
mentous fungi (Soccol et al., 2017). SSF occurs with no free water using
an inert or natural solid substrate. Marine biomass, as macroalgae, is a
natural substrate that serves as both physical support and nutritional
source, resulting in valuable feedstock for the production of enzymes,
pharmaceutical, and cosmetic compounds, bioethanol and others
(Manan and Webb, 2017). This technique usually produces more stable
enzymes than those produced by submerged fermentation and allows
the use of low-valued industrial by-products as SSF substrates (Farinas,
2015). Even thought, macroalgae are usually dried to be preserved, SSF
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may use undried macroalgae as substrate to reduce the processing cost,
but the scale-up of this process may be a challenge, due to the large
amount of biomass.

Three types of cellulases are related to the hydrolysis of β-1,4 bonds
and the release of glucose units from polymeric cellulose, endo-1–4-β-
glucanase (EC 3.2.1.4), exoglucanase (EC 3.2.1.91) and β-glucosidase
(EC 3.2.1.21). For hemicellulose degradation, different types of en-
zymes are involved, mainly endo-1,4-β-xylanase (EC 3.2.1.8) and xylan
1,4-β-xylosidase (EC 3.2.1.37).

These microbial enzymes are utterly important in diverse economic
sectors, such as food, textile and paper industries (Raveendran et al.,
2018). Manufacture of biofuels using lignocellulosic-rich agro-in-
dustrial residues (to produce cellulosic ethanol and biodiesel), promo-
tion of bioremediation and biodegradation of dangerous compounds
and acquisition of enhanced products that can be utilized in animal feed
are some of the potentials advantages of the utilization of microbial
enzymes (Farinas, 2015). Specifically, NSP enzymes are gaining more
attention and represent a high-value income due its potential to im-
prove digestibility of plant ingredients by degrading its cell walls
components and reduce NSP’s antinutritional effects (Castillo and
Gatlin, 2015). This group of enzymes may be of special importance for
the aquafeed industry, particularly in an era of novel aquafeeds for-
mulations. In fact, aquaculture sector, has traditionally relied on fish
meal and fish oil for diet formulation, particularly for carnivorous
species (Tacon and Metian, 2015), but it nowadays faces an urgent need
to reduce reliance upon fisheries ingredients (Ilias et al., 2015).

For aquaculture species, dietary supplementation with NSP de-
grading enzymes has been shown to improve digestibility of plant-based
diets, thus improving dietary energy availability and reducing NSP’s
antinutritional effects (Castillo and Gatlin, 2015; Diógenes et al., 2018;
Magalhães et al., 2016; Zhu et al., 2016). Therefore, application of NSP
degrading enzymes to aquafeeds is gaining attention and may represent
a high-value income.

There is a research gap regarding the potential of filamentous fungi
growth on macroalgae and production of NSP degrading enzymes
during the SSF process. Among filamentous fungi species used in SSF
Aspergillus ibericus has been proved to be promising. It is “generally
regarded as safe” (GRAS) (Oliveira et al., 2018), whose hyphal growth
mode allows it to efficiently penetrate in the substrate, thus efficiently
growing under SSF conditions, and it has potential to produce cellulases
and xylanases (Salgado et al., 2014).

Therefore, this study aimed to perform SSF with A. ibericus as a
biological pre-treatment of the macroalgae, U. rigida, and to evaluate
the production of NSP degrading enzymes and antioxidant compounds
with potential to be included in feeds for aquaculture fish species.
Moreover, after SSF of U. rigida sequential enzymatic hydrolysis was
tested to upgrade the nutritional value, in terms of increase the bioa-
vailability of protein and antioxidant compounds and reduction of
complex polysaccharide content. Pre-treated U. rigida and its enzymatic
extracts and antioxidant compounds have high potential for application
in the aquafeed industry.

2. Materials and methods

2.1. Macroalgae and fungus

Ulva rigida was provided by Algaplus, a company based in Aveiro,
Portugal. Dry micronized U. rigida was used as is or washed, by im-
mersion in distilled water (1:5 w/v) for 48 h, under constant agitation
(150 rpm), vacuum filtrated and dried at 55 °C until constant weight.
The fungus species used in SSF was Aspergillus ibericus (MUM 03.49)
that was maintained in Potato Dextrose Agar, at 4 °C until utilization.

2.2. Solid-state fermentation process

U. rigida SSF was firstly performed at a laboratorial scale and then

scaled up using tray type bioreactors.
SSF was performed in duplicate in 500mL Erlenmeyer flasks with

10 g of dry unwashed or washed U. rigida without addition of nutri-
tional supplements. The moisture level was adjusted to 75% followed
by sterilization at 121 °C for 15min. Each Erlenmeyer flask was in-
oculated with 2mL of spore suspension of A. ibericus following the
method described by Sousa et al. (2018) and incubated at 25 °C for
7 days. The proximate composition of both unwashed or washed U. ri-
gida was determined before and after SSF, and the enzymatic activity of
the extracts after SSF.

The scale-up of SSF was performed in trays with 50 g and 400 g of
macroalga without additional nutrients. Trays containing 50 g and
400 g measured 16×11×6 cm and 43×33×7 cm, respectively. The
height of SSF-bed in both trays dimensions measured 2,5 cm. The
moisture level was adjusted to 75% followed by sterilization at 121 ˚C
for 15min. Each tray with 50 g and 400 g was inoculated with 10 and
80mL of spore suspension of A. ibericus, respectively, and incubated at
25 °C for 7 days. The enzymatic activity of the extracts obtained after
SSF were analyzed.

Another SSF was performed but without sterilization of the mac-
roalga at 121 °C for 15min. Therefore, SSF of 50 g of dry U. rigida was
placed in trays, in duplicate, and moisture level was adjusted to 75%.
Two trays were inoculated with 10mL of spore suspension of A. ibericus
while other two trays were not inoculated with this fungus but in-
cubated, similarly, at 25 °C for 7 days. At the end of SSF, enzymatic
activity of the extracts was analyzed.

2.3. Fungal growth estimation

Fungal biomass was estimated using ergosterol content measure-
ment. To extract the fungi biomass, 20mL of KOH (10% in methanol)
were added to 1 g of fermented solid. The mixture was then agitated
with a magnetic stirrer for 30min at room temperature. Thereafter,
10mL of the mixture was incubated in a bath at 55 °C for 20min, left to
cool at room temperature, and then, 3mL of distilled water and 2mL of
n-hexane were added, and the solution was agitated in a vortex for
1min. After layers’ separation, the upper layer (hexane) was recovered
to another flask. This extraction procedure was repeated two more
times only using hexane. The extracts were then evaporated with a
nitrogen stream and, after n-hexane complete evaporation, the dry ex-
tracts were dissolved in 2mL of methanol. The ergosterol present in this
solution was measured using a U-HPLC with UV DAD Shimadzu de-
tector (wave length 282 nm). 5 μL of sample were injected, and a
chromatographic column Kinetex 2,6 Μm 18 100A (100mm×3,0
mm), with a pre-column with the same stationary phase were used. The
mobile phase was methanol with a flow of 0.7mL/min and an oven
temperature of 30 °C.

2.4. Enzymatic hydrolysis

To assess the efficacy of enzymes produced during SSF, at the end of
the fermentation process the enzymes produced were extracted, fol-
lowing the method of Salgado et al. (2014). Two different strategies
were adopted to carry out the enzymatic hydrolysis (EH; Fig. 1).
Strategy 1 (S1) consisted in performing a SSF of both unwashed and
washed macroalgae and, after seven days of fermentation, the enzymes
produced were extracted and the fermented solids were dried at 55 °C
until constant weight. Then, both dried solids resulted from SSF and the
washed macroalgae were hydrolysed using the enzymatic extract ob-
tained from SSF of unwashed U. rigida. Similarly, these substrates were
also hydrolysed with a commercial cellulase from Aspergillus niger
(Sigma 22178). Both processes were carried out in 1 L Erlenmeyer flasks
with sodium acetate buffer (pH 4.6) in a ratio solid:liquid 1:5 (w/v)
proportion and at 40 °C, for 48 h and under 130 rpm constant shaking.
At the end, the solid was dried at 55 °C until constant weight and fur-
ther analysed.
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The second strategy (S2) differs from the first one because SSF
products were not dried and the enzymes produced during SSF were not
extracted. Therefore, at the end of SSF process, only sodium acetate
buffer (pH 4.6) was added to Erlenmeyer flasks in a 1:5 (w/v) pro-
portion. Likewise, in other Erlenmeyer flasks, the same buffer was
added but containing the same commercial cellulase as in S1. Thymol
was also added as antifungal to avoid the consumption of released sugar
during EH. Both EH were carried out at 40 °C, for 48 h and under
130 rpm constant shaking.

2.5. Characterization of untreated and treated U.rigida

The chemical composition of macroalgae, before and after all bio-
logical treatments was evaluated as follows. Total protein content
(N× 6.25) was determined by the Kjedahl method after digestion with
Sulphur acid (> 95%) using a Kjeltec system (Foss 8400). Moisture was
determined by drying samples at 105 ˚C until constant weight. Salts’
content was determined after washing the macroalgae with distilled
water for 24 h, followed by slow evaporation at 55 ˚C for 24 h and in-
cineration in a muffle furnace at 505 ˚C for 2 h. Total lipids were de-
termined by Soxhlet extraction using petroleum ether as a solvent, at
70 °C using a FOSS Soxtec 8000 apparatus. Ash content was determined
by incineration in a muffle furnace at 505 °C for 2 h. An extraction with
distilled water using a solid:liquid ratio of 1:5 (w/v) was performed to
determine free sugars, soluble protein, phenolic content and anti-
oxidant activity. Free reducing sugars were determined by DNS (3,5-
dinitrosalicylic acid) method (Miller, 1959). Soluble protein was de-
termined by the Bradford method using bovine serum albumin (BSA) as
standard (Bradford, 1976). Total phenols content was determined by
the Folin-Ciocalteau method, using caffeic acid as a standard (Salgado
et al., 2014). Cellulose, hemicellulose and lignin were determined by
the method described by Leite et al. (2016).

2.6. Enzyme activity analysis

The activities of cellulase, xylanase, and β-glucosidase were de-
termined in extracts obtained by SSF. After the fermentation period,
enzymes were extracted following the method of Salgado et al. (2014).
To assess cellulase activity, two different methods were carried out. In
method 1, a commercial kit (S-ACMCL; Megazyme International, Ire-
land), that included endo-1,4-β-glucanase and AZO-carboxymethyl

cellulose as substrate was used, and the reaction was performed at 40
˚C. In method 2, carboxymethyl cellulose (2%) in citrate buffer 0.05 N
(pH 4.8) was used as substrate, the reaction was performed at 50 °C for
30min, and free sugars were determined by DNS method. In both
procedures, one unit of enzyme activity was defined as the quantity of
enzyme necessary to release 1 µmol of glucose per minute from sub-
strate at the reaction conditions.

Similarly, two methods were also used for the determination of
xylanase activity. In method 1, a commercial kit (Azo Wheat arabi-
noxylan S-AWAXL 05/14; Megazyme International, Ireland) was used
including a specific endo-1,4-β-xylanase and the reaction temperature
was 40 °C. In method 2, xylan (1%) in citrate buffer 0.05 N (pH 4.8) was
used, the reaction was incubated at 50 ˚C for 15min, and the released
sugars were measured by DNS method. In both methods, one unit of
enzyme activity was defined as the quantity of enzyme necessary to
release 1 µmol per minute of xylose reducing sugar equivalents from the
substrate at the reaction conditions.

β-glucosidase activity was measured following the method de-
scribed by Leite et al. (2016) and its activity was defined as the amount
of enzyme required to release 1 µmol per minute of p-nitrofenol. All
activities were expressed in activities unit (U) per gram of dry substrate
in SSF.

2.7. Antioxidant activity

The extracts from untreated and treated macroalgae by biological
treatments (from SSF and HE) were obtained as described in Section
2.4. The antioxidant activity was determined using the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging assay. Known quantities of 6-
hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) were
used for calibration. The free radical scavenging activity of the extracts
was expressed in millimoles of Trolox equivalent per kilogram of the
dry solid substrate (mmol kg−1).

2.8. Statistical analysis

All data were analysed by one-way analysis of variance (ANOVA)
using the Statgraphics Centurion software. If significant differences were
detected (p < 0.05) the Tukey multiple range test was used to dis-
criminate means.

Fig. 1. Flow chart of the two strategies performed to hydrolyze the polysaccharides of U. rigida by biological treatments.
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3. Results and discussion

3.1. Solid-state fermentation of U. rigida for lignocellulolytic enzymes
production

The unwashed macroalgae contained a high salt concentration
(Table 1), thus it was evaluated as substrate for SSF before and after
reduction of salt content by washing. SSF were performed in both
macroalgae without nutrients supplementation. In this form, it was
studied the effect of salts on the growth of fungus and enzymes pro-
duction. During the process of washing, it was registered a considerable
loss of biomass, mainly salts, free sugars and phenols (Table 1) that
were solubilized in the washing process. The characteristics of salts
from Ulva sp. are considered healthy for humans due to the high con-
centration of K and Mg (Magnusson et al., 2016). In addition, these
minerals are essential for germination of the fungal spores
(Senthilkumar et al., 2005), thus the effect of these salts on SSF is an
important aspect to consider.

After SSF of washed and unwashed macroalgae, the loss of biomass
was 6.7% and 12.7%, respectively. Fig. 2a shows the production of
xylanases after SSF of unwashed and washed macroalgae by A. ibericus.
Using the unwashed macroalgae as substrate, higher xylanase activity
was obtained than with washed macroalgae, with a significant increase
of 1.7-fold for xylanase activity measured with beech wood substrate
and 3.8-fold of xylanase activity measured with wheat arabinoxylan
substrate. Similar results were obtained for cellulase activity (Fig. 2b),
with an endo-1–4-β-glucanase production 2.2-fold higher with the un-
washed macroalgae. However, β-glucosidase activity was similar in the
unwashed and washed macroalgae.

The use of U. rigida as substrate for SSF has been scarcely studied.
Karray et al. (2016) performed submerged fermentation of U. rigida
enriched with a nitrogen source to produce cellulase, obtaining lower
endo-1–4-β-glucanase and higher β-glucosidase activities than in the
present study. Trivedi et al. (2015) performed SSF of washed Ulva
fasciata supplemented with minerals, and obtained an endo-1–4-β-glu-
canase activity of 10.2 ± 0.4 U/g with a cellulase-producer strain
isolated from decomposed Ulva. This value is close to the endo-1–4-β-
glucanase activity obtained with A. ibericus using washed macroalgae
(19.0 ± 1.6), but far lower than the value obtained in the present
study using unwashed U. rigida (42.4 ± 3.6). Thus, it may be con-
cluded that washing macroalgae impaired enzymes production by SSF.
Such results can be possibly explained by higher quantity of reducing

sugars in the unwashed than in the washed macroalgae, which might
help to promote fungi growth and the production of more enzymes
(Manan and Webb, 2017). In addition, the wash out of some elements,
such as minerals, when the macroalgae was washed with distilled
water, probably impoverished the substrate nutritional conditions to
support an optimal growth for the fungi (Farinas, 2015). In this sense, a
positive effect of mineral salts from macroalgae and from natural sea-
water on cellulase production by SSF was observed by Xue et al. (2012),
being Na and Mg the main minerals promoting cellulase production.

Another important factor to consider is the substrate structure,
which may also affect fungi growth. After washing, the macroalgae
became more rigid and compact than the unwashed macroalga, and this
might have hindered A. ibericus to successfully penetrate the substrate
and access the macroalgae nutrients.

3.2. Scale-up of enzymes production in tray-type bioreactors

The production of enzymes by SSF was evaluated in tray-type
bioreactor with 2 solids load of 50 and 400 g of dry solid and it was
compared to flask fermentation with 10 g (Fig. 3a). The height of the
bed substrate was similar in the three solids loading (2–2.5 cm). Xyla-
nase production during the SSF of 10 and 50 g of dry solid was similar
and higher than that obtained with 400 g of dry solid. β-glucosidase
production attained a maximum activity of 15.5 ± 0.4 U/g with the
SSF of 50 g of dry solid, while cellulase production was higher with SSF

Table 1
Physicochemical composition of washed and unwashed U. rigida.

Parameter Unwashed
macroalgae

Washed
macroalgae

Values from
literature

Humidity (% w/w) 12.2 ± 0.1b 11.5 ± 0.09a

Total solids (% w/w) 87.8 ± 1.8a 88.5 ± 0.15b

N (% w/w) 2.7 ± 0.02a 3.8 ± 0.01b 2.3 – 5.3
Salt (% w/w) 22.5 ± 0.05b 4.9 ± 0.02a

Ash (% w/w) 43.8 ± 0.41b 36.4 ± 0.7a 18.4–47.4
Crude protein (% w/

w)
16.9 ± 0.07a 23.6 ± 0.13b 15.8–33

Lignin (% w/w) 2.2 ± 0.01a 9.8 ± 0.04b 1.8
Hemicellulose (% w/

w)
11.7 ± 0.77a 12.3 ± 0.19a 17.5

Cellulose (% w/w) 9.5 ± 1.39a 14.0 ± 0.81a 13.2 – 23.8
Lipids (% w/w) 1.4 ± 0.01a 1.7 ± 0.04b 0.69 – 5.4
Soluble proteins (mg/

gdry waste)
1.9 ± 0.14b 0 ± 0a

Reducing Sugars (mg/
gdry waste)

15.7 ± 0.03b 6.9 ± 0.29a

Phenols (mg/
gdry waste)

4.51 ± 0.14b 1.37 ± 0.16a

References: (Harchi et al., 2018); (Paiva et al., 2017); (Gao et al., 2017);
(Chemodanov et al., 2017); (Korzen et al., 2015).
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Fig. 2. Production of enzymes by solid-state fermentation of unwashed and
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of 400 g than with 10 or 50 g of dry solid. Differences in enzymes
production relatively to the quantity of dry macroalgae may be due, at
least in part, to the higher aeration, mass and heat transfer in tray

bioreactor compared to flasks (Khanahmadi et al., 2018). On the other
hand, the increase of solids loading can limit the production of enzymes
if the bed height is increased (Oliveira et al., 2018), which was not the
case of the experiments of this work, since similar height beds were
used in both trays (2.5 cm) and it was not observed an increase of
temperature in the bed during SSF.

The need to sterilize the substrate hinders the scale-up of SSF,
therefore it was studied the fermentation of macroalgae in tray type
bioreactor without sterilization of substrate. Fig. 3b shows the enzymes
activities achieved after SSF without sterilization and SSF without
sterilization and inoculation (control). The production of enzymes by
native microorganisms of macrocalga (control) was null except for
xylanase activity, but with a low production. On the other hand, fer-
mentation without sterilization but inoculated with A. ibericus lead to
the production of enzymes. However, the production of xylanases,
cellulases and b-glucosidases were 43, 61 and 38% lower than fer-
mentation with a sterilized substrate. This positive effect of substrate
sterilization on the production of enzymes may be due, at least in part,
to the thermal effect that may have acted as pre-treatment increasing
the accessibility to macroalga nutrients and polysaccharides (Krishna
et al., 1999).

The fungal growth profile and the enzymes production over time on
tray-type bioreactor with 50 g of dry solid are displayed in Fig. 3c. The
fungal biomass, measured indirectly by ergosterol content, increased
exponentially between the 1st and 4th day of incubation, decreasing
thereafter to a stationary phase by day 8. Xylanase activity was detected
after the 2nd day of fermentation, achieving maximum activity at day
7. Cellulase activity was only detected after 4 days of fermentation, also
peaking at day 7. This lag-time of cellulase production may be related
to the hemicellulose fraction of macroalgae being more exposed than
the cellulose fraction, thus first inducing the production of xylanases
and only, after the cellulose fraction becoming more accessible, indu-
cing the production of cellulases. A similar effect was also observed in
the production of lignocellulolytic enzymes by SSF of olive mill wastes
(Leite et al., 2016).

3.3. Enzymatic hydrolysis and SSF followed by sequential enzymatic
hydrolysis

The potential of enzymes produced by A. ibericus under SSF of un-
washed U. rigida was evaluated on enzymatic hydrolysis (EH).

Fig. 1 shows the two strategies carried out to hydrolyse the poly-
saccharides of U. rigida. In the first strategy, the enzymes produced
during the SSF of unwashed macroalgae were extracted and the fer-
mented solid was dried. This crude enzymatic extract was used to hy-
drolyse the washed macroalgae, and both fermented unwashed and
washed macroalgae. A commercial cellulase from A. niger was also used
with these substrates to compare with the crude enzymatic extract
obtained from SSF of macroalgae. For the three solids used, the amount
of glucose and other sugars released by the enzymatic extract hydrolysis
was higher than that of the hydrolysis with the commercial cellulase,
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Table 2
Enzymatic hydrolysis of different treatments of macroalgae using crude enzymes from SSF of unwashed U. rigida and commercial enzymes.

Experiment Enzyme extract YGmax (%) [G] (mg/g) YTS max (%) [TS] (mg/g)

EH of washed macroalgae Crude extract 48.1 88.6 25.4 88.6
Commercial extract 5.0 18.4 3.0 22.4

EH of unwashed fermented macroalgae Crude extract 46.4 20.6 4.4 20.6
Commercial extract 18.1 13.0 9.5 26.0

EH of washed fermented macroalgae Crude extract 25.7 18.1 10.4 38.7
Commercial extract 20.4 9.8 5.0 9.8

Sequential SSF and EH of macroalgae Crude extract 53.1 12.2 18.8 24.1
Crude+ commercial extract 97.9 89.3 50.0 116.1

EH: enzymatic hydrolysis; YGmax: cellulose conversion to glucose; [G]: maximal glucose release by g of dry solid; YTS max: cellulose and hemicellulose conversion to
total sugars; [TS]: maximal sugars release by g of dry solid; TS: sum of glucose, rhamnose and galactose.
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except for the EH of unwashed fermented macroalgae where the release
of total sugars by commercial enzyme was slightly higher (Table 2). The
highest glucan conversion yield was achieved through the hydrolysis
with crude enzymatic extract of washed macroalgae (48%), followed by
the washed and fermented macroalgae (46%). Thus, no differences
were observed between washed macroalgae and macroalgae submitted
to the EH. Total sugars conversion was lower because rhamnose and
galactose were not released from ulvan fraction of macroalgae. Enzy-
matic hydrolysis of other Ulva species has also been evaluated. For
instance, Parab et al. (2017) achieved maximum glucan conversion
yield of 37% after treating U. lactuca with hot water and subsequent
hydrolysis by carbohydrases produced by Bacillus strain. On the other
hand, Jmel et al. (2018) observed that direct hydrolysis of untreated U.
lactuca allowed achieving a glucose yield close to 30% using low solid
load, and the release of glucose from macroalgae was further improved
by applying other thermal and chemical treatments. However, these
pre-treatments are harmful to the environment and high-energy con-
sumers. Further, hydrolysis of U. prolifera, using a depolymerase
reached 50% of reducing sugars conversion (Li et al., 2015). Therefore,
EH using enzymes obtained from SSF process can efficiently hydrolyse
macroalgae without implying environmental risks and high energy re-
quirements.

A different strategy (Strategy 2) was performed to try to improve the
conversion of polysaccharides into free sugars. In this case, the enzymes
produced during SSF were not extracted and the solid was not dried.
Thus, the fermented solid was immediately submitted to sequential
hydrolysis with the crude enzymatic extract, after adding thymol to the
fermented solid as antifungal to avoid the consumption of released
sugars during EH. This strategy allowed reduce several operation stages
and to increase the glucose conversion to 53%. As can be observed in
Fig. 4a, glucose conversion was improved to 98% by the addition of
commercial extract along with the crude extract produced by SSF. In

addition, total sugars conversion was improved after 48 h of EH, and
reached 50%, since the 97.9% glucose was released along with 54.4%
galactose and 6.8% rhamnose (Fig. 4a). The quantity of glucose,
rhamnose and galactose released after 48 h of EH was 116.1, 12.7, and
19.3 mg/g, respectively (Table 1, Fig. 4b). A synergistic effect of crude
extracts mixture with commercial enzymes was also observed in the
hydrolysis of poplar biomass, where the release of sugars was 20% more
efficient than when using only commercial extracts (Celluclast 1.5L and
Novozyme 188) (Jagtap et al., 2014). Rhamnose is the main sugar of
ulvan fraction (Korzen et al., 2015), and it is necessary the addition of
water solutions with low pH at 80–90 °C for its extraction (Yaich et al.,
2017). Cellulase could improve ulvan extraction, but followed by hot
water extraction and using a high load of enzyme (700 U/g) (Yaich
et al., 2017). Thus, in the present study, the hydrolysis of rhamnose was
low because the insufficient load of enzyme or performance of a sui-
table pre-treatment.

3.4. Effects of biological treatments on polysaccharides and protein contents

SSF of macroalgae induced a biomass loss of about 6.7% and 12.7%
for washed and unwashed macroalgae, respectively, while SSF followed
by sequential HE led to a biomass loss of 58%. This biomass loss was
mainly caused by the action of cellulases and xylanases produced by the
fungus, which hydrolysed the macroalgae polysaccharides. As can be
observed in Fig. 5, during SSF of macroalgae, cellulose was the main
polysaccharide hydrolysed by the enzymes. The hemicellulose content
was barely reduced during SSF of washed macroalgae, and it seems to
be directly related to the low production of xylanases. The SSF of un-
washed macroalgae led to the highest total polysaccharides reduction,
since it also showed the highest cellulase and xylanase production
(54.2 ± 1.0 and 330.9 ± 16.0 Ug−1, respectively). The hydrolysis of
polysaccharides was even larger after the SSF followed by sequential
EH, leading to 90% of reduction of total polysaccharides.

Protein concentration was enriched after all biological treatments,
being maximal through SSF and sequential EH (Table 3). This protein
increase seems to be mainly related to the biomass loss due to the action
of fungal enzymes over polysaccharides. Taking the biomass loss into
account, the higher protein increase was achieved by SSF of unwashed
macroalgae (10.2%), while by SSF of washed macroalgae protein only
increased by 1.7%. The protein content is the main component of A.
ibericus biomass (37.1%, w/w) which may explain the protein increase
of fermented unwashed U. rigida. Therefore, U. rigida protein content,
after SSF, is higher than that of other macroalgae or even higher than
some of the most common feedstuffs used in aquafeeds, except fishmeal
and soybean meal (Table 3), which may reduce aquafeed cost per gram
of protein.

Though bioavailability of macroalgae nutrients may be limited, it
was already possible to verify that the enzymatic pre-treatment of
macroalgae was effective in increasing 3.2 fold their amino acids

0 5 10 15 20 25 30 35 40 45 50
0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

80.00

90.00

100.00

Glucose Galactose Rhamnose Total sugars

Time (hours)

Su
ga

rs
 Y

ie
ld

 (%
)

a

0 10 20 30 40 50
0.00

20.00

40.00

60.00

80.00

100.00

120.00

Glucose Galactose Rhamnose Total sugars

Co
nc

en
tr

a
on

 o
 su

ga
rs

 (m
g/

g)

Time (hours)

b

Fig. 4. Reduction of polysaccharides of unwashed U. rigida by sequential SSF
and enzymatic hydrolysis. (a) Polysaccharides yield conversion. (b)
Concentration of sugars released per gram of dried biomass.
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Fig. 5. Decrease of polysaccharides of U. rigida after biological pretreatments.
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availability in intestinal absorption (Mæhre et al., 2016). Therefore, we
can state that SSF is a viable biotechnological procedure that can be
used as a biological treatment prior to the utilization of enzymes or
other substances which aim to hydrolyse the cellulose content of U.
rigida.

3.5. Effects of biological treatments on the release of antioxidant
compounds

The quantity of phenols in U. rigida (Table 4) was higher than
measured by Yildiz et al. (2012). This difference may be due to seasonal
variation in phenolic compounds of macroalgae. Indeed, Trigui et al.
(2013) showed a strong variation of phenolic compounds of U. rigida
harvested in different months of the year. In the present study, it was
observed that washing caused a reduction in phenolic compounds and
antioxidant activity of macroalgae. EH increased the phenolic com-
pounds of fermented and unfermented and the antioxidant activity re-
spect to initial raw macroalgae. The highest increase of antioxidant
activity and phenolic compounds was achieved by EH of fermented
unwashed macroalgae, following EH performed on dried fermented
macroalgae, which increased circa 4-fold and 4.3-fold relatively to the
untreated macroalgae. When strategy 2 was used, the increase of an-
tioxidant activity was 2.8-fold higher than in the untreated macroalgae,
and the liberation of phenolic compounds was also higher than un-
treated macroalgae (1.6-fold).

The increase of antioxidant activity achieved with EH of SSF may be
explained by xylanases and cellulases produced by A. ibericus that
promoted the liberation of phenolic compounds attached to poly-
saccharides. Indeed, carbohydrate degrading enzymes can release
phenolic compounds in conjugated form, thus leading to an increase in
antioxidant activity (Dulf et al., 2016). The higher antioxidant after EH
compared to SSF may be due to the optimal temperature conditions for

the activity of the enzymes. Previously, liberation of phenolic com-
pounds by EH was also observed by Bei et al. (2018).

3.6. SEM analysis

SEM analysis allowed observing the surface morphology of macro-
algae submitted to the different treatments. Comparing unwashed and
washed macroalgae, evidences the effect of washing in reducing salt
crystals from macroalgae surface. The SSF of macroalgae also caused
alterations on its morphology. In unwashed macroalgae, the surface
roughness increased and some cracks appeared, in contrast to un-
fermented macroalgae that showed a nonporous and smooth surface
with salt crystals. Similar changes on green macroalgae structure were
previously observed by Jmel et al. (2018) using physical and chemical
pre-treatments as organosolv, alkaline and ionic solutions. Fungus
growth on unwashed macroalgae was massive over the whole macro-
algae surface and as well as inside its substrate, and fungus developed
in form of hyphae and conidia. On the other hand, in washed macro-
algae fungus mainly presented conidia and low hyphae growth. This
could be linked to the low production of enzymes observed in SSF
macroalgae, since highly branching hyphae increase cellulases pro-
duction (He et al., 2016).

For sequential SSF and EH treatment, a massive degradation of
macroalgae was observed. The untreated macroalgae showed compact
and intact surface with salt crystals while after SSF and HE the surface
of macroalgae presented high roughness and many holes. It is known
that NSP enzymes action causes undulating surfaces and large quantity
of hollow regions (Li et al., 2018). The branching hyphal morphology of
the fungus allowed it to colonize all substrate and to release carbohy-
drase enzymes, which strongly degraded macroalgae polysaccharides
during EH. In addition, the degradation produced by enzymes may
improve the bioaccessibility of macroalgae proteins (Mæhre et al.,

Table 3
Crude protein content after different biological treatments and comparison with other macroalgae.

Biological treatments of U. rigida Initial Protein (% DW) Final Protein (% DW)

SSF of unwashed macroalgae 16.91 ± 0.07a 21.34 ± 0.26b

SSF of washed macroalgae 23.55 ± 0.13bc 25.67 ± 0.43 cd

SSF and EH of unwashed macroalgae with crude extract 16.91 ± 0.07a 29.81 ± 1.19e

SSF and EH of unwashed macroalgae with crude and commercial extract 16.91 ± 0.07a 27.8 ± 0.23de

Other sources of protein Protein (% DW)
aAlaria esculenta (brown macroalgae) 9.11
aFucus vesiculosus (brown macroalgae) 6.11
aEnteromorpha intestinalis (green macroalgae) 11.33
aUlva lactuca (green macroalgae) 8.65
aPalmaria palmata (red macroalgae) 12.26
aVertebrata lanosa (red macroalgae) 11.56
a Corn meal 4.11
Fishmeal 61.15
Soybean meal 43.52
Whole wheat meal 13.16

a (Mæhre et al., 2014); DW: dry weigh.

Table 4
Variation of phenolic compounds and antioxidant activity after biological treatments.

Biological treatments of U. rigida Phenolic compounds (mg/g) Antioxidant activity (µmol Trolox/g)

Unwashed macroalgae 4.51 ± 0.14c 2.36 ± 0.14ab

Washed macroalgae 1.37 ± 0.16 a 0.84 ± 0.04a

SSF of unwashed macroalgae 2.99 ± 0.11b 1.71 ± 0.02ab

SSF of washed macroalgae 4.92 ± 0.62c 1.66 ± 0.03ab

EH of washed macroalgae 16.76 ± 0.7e 3.6 ± 0.45bc

EH of SSF of unwashed macroalgae 20.03 ± 0.22 g 9.5 ± 0.24f

EH of SSF of washed macroalgae 18.15 ± 0.37f 9.13 ± 0.17ef

SSF and EH of unwashed macroalgae with crude extract 7.14 ± 0.15d 5.24 ± 0.4cd

SSF and EH of unwashed macroalgae with crude and commercial extract 6.75 ± 0.33d 6.7 ± 2.26de

SSF: solid-state fermentation; EH: enzymatic hydrolysis.
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2016).

3.7. Application to the aquafeed industry

Aquaculture industry still relies on fish meal (FM) and fish oil (FO)
as main protein and lipid sources for carnivorous fish species (Tacon
and Metian, 2015). Macroalgae are considered an add-value ingredient
due to its content on long-chain polyunsaturated acids, vitamins, mi-
nerals, pigments and antioxidant compounds, but its dietary inclusion
level may be limited due to the high content of NSP (Wan et al., 2018).
Indeed, high dietary level of NSP may affect the viscosity and transit
velocity rate of digesta, intestinal morphology, and gut microbiota,
impairing the intestinal function (Sinha et al., 2011).

The potential of application of the pre-treatment of U. rigida, de-
veloped in the present study, was tested with European seabass
(Dicentrarchus labrax L.), one of the most important commercial aqua-
culture species in Europe. The effect of dietary inclusion of untreated
and pre-treated U. rigida incorporated at 5% of the diet was evaluated
on growth performance, feed utilization, body composition and muscle
total phenolic compounds of European seabass. Results of this trial are
not aim of the present study and will be presented elsewhere. Briefly
the growth performance of fish fed the SSF U. rigida based diet was
higher than those fed with untreated and enzymatic treated U. rigida
based diets. Feed efficiency was highest with the SSF- U. rigida based
diet than the with the enzymatic treated U. rigida diets. However, total
muscle polyphenols were higher in fish fed with untreated U. rigida
based diets. Results indicated promising value of the SSF-treated mac-
roalgae.

Besides the potential of pre-treated U. rigida as dietary ingredient,
the enzymes produced during macroalgae fermentation may also have
high potential of application in the aquafeeds industry. Indeed, it has
been observed that dietary supplementation with carbohydrases in-
creases overall feed utilization, by increasing diet digestibility
(Diógenes et al., 2018; Magalhães et al., 2016; Zhu et al., 2016).
Polysaccharides hydrolysis is important to increase carbohydrate
availability for the animal, and to increase accessibility of digestive
enzymes to macroalgae protein (Joubert and Fleurence, 2008).

The biological pretreatment of U. rigida applied in the present study
successfully reduced its polysaccharides content and increased its pro-
tein content. Moreover, important carbohydrases were produced during
SSF. This represents a step towards the feasibility of U. rigida in-
corporation in aquafeeds as alternative ingredient with functional
characteristics, as the enzymes produced during SSF can contribute to
enhance feed digestibility. Moreover, the antioxidant content of U. ri-
gida may modulate filet quality, by delaying muscle oxidation, in-
creasing filet shelf-time and preserve organoleptic and nutritional traits
(Hamre et al., 2004). Furthermore, antioxidants may also be important
to reduce fish susceptibility to oxidative stress, promoting physiological
homeostasis and decreasing oxidative damages (Aklakur, 2018; Hamre
et al., 2004).

4. Conclusions

Using U. rigida without washing as substrate for cellulases and xy-
lanases production was successful, while washing reduced enzymes
production. SSF, without enzymes extraction and drying, followed by
EH was the best strategy to hydrolyse macroalgae polysaccharides, in-
crease protein concentration and antioxidant compounds in fermented
macroalgae, and to increase macroalgae roughness and degradation,
making it more susceptible to fungi’ enzymes activity. This pre-treat-
ment increased the potential of U. rigida inclusion in aquafeeds, as
protein source and functional ingredient, enriched with natural anti-
oxidants and enzymes. Further studies are however necessary to eval-
uate in vivo the potential of this product as aquafeed ingredient.
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