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Abstract

Brown seaweeds  such  as  the  kelps  are  attractive  sources  of  biomass  for
bioethanol  production,  but  fully  optimised  saccharification  and
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fermentation conditions have yet to be established. To address this, various
saccharification methods  using dilute  and  concentrated  acid and enzymes
were  trialled  on  three  kelp  species,  Laminaria  digitata,  Laminaria
hyperborea  and  Saccharina  latissima,  collected  through  a  full  seasonal
cycle.  Enzymatic hydrolysates  were  then fermented using Saccharomyces
cerevisiae and Pichia angophorae to identify seasonal variations in ethanol
yields.  Highest  glucose  yields  were  achieved  using  concentrated  acid,
followed by  enzymatic  and dilute  acid  saccharification,  respectively.  The
effect  of  seasonality  showed  that  the  highest  glucose  and  ethanol  yields
were  from kelps  harvested  during  the  autumn months  and  lowest  during
winter  and  spring  months.  However,  the  season  at  which  biomass  was
collected  did  not  have  any  measurable  impact  on  the  method  of
saccharification.  Differences  in  ethanol  yields  between  seaweed  species
were found with P. angophorae  producing more ethanol  from L.  digitata
and  L.  hyperborea  hydrolysates,  whilst  S.  cerevisiae  was  better  for
fermentation  of  S.  latissima  hydrolysates.  It  was  observed  that  ethanol
conversion  yields  with  S.  cerevisiae  were  higher  than  the  theoretical
maximum based on  the  yield  of  glucose  identified,  suggesting  that  other
sugars  in  addition  to  glucose  were  co-fermented.  For  glucose  liberation
from  seaweeds,  terrestrial-derived  cellulose  and  hemicellulose  enzyme
blends were suitable, but for liberation of all sugar monomers from seaweed
polymers,  other  hydrolytic  enzymes need  to  be  investigated.  In  addition,
fermentative  microorganisms  that  are  more  tolerant  of  salinity  and
polyphenols are still required and ideally, be strains that can be engineered
to ferment all carbohydrate sources present in kelps.
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Introduction
The search for alternative biomass sources that can be used for the production
of ethanol has resulted in increasing interest in the use of seaweeds (Murphy
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et al. 2013). Brown seaweeds such as kelps are particularly attractive biomass
sources because they can grow quickly, their production through aquaculture
can be sustainable and they do not compete with food crops for arable land
and water (Chynoweth 2002 ). Critically, over 60 % of their dry weight can be
composed of carbohydrates such as alginate, laminarin, cellulose and mannitol
(Schiener et al. 2015). A beneficial feature of kelps is that they contain
negligible amounts of lignin, which is a particular difficult for bioethanol
production from woody terrestrial biomass sources (Yanagisawa et al. 2011 ).
To realise the potential of seaweeds such as kelps, there are a number of
significant challenges to be overcome to develop an economic bioethanol
production process. The successful saccharification of biomass is a key step
affecting the efficiency of bioethanol production. As the sugars released from
kelps include hexose and pentose sugars as well as uronic acids, this poses
particular problems for the complete biological fermentation of all available
substrates released from the biomass. Through process optimisation, high
substrate conversion yields from seaweed extracts have been achieved where,
in the case of Pichia angophorae, alterations of pH and oxygen transfer rates
resulted in ethanol yields of >80 % of the theoretical maximum using brown
seaweed extract (Horn et al. 2000a ). Similarly, multiple acid extractions and
final desalination of the red algae Kappaphycus alvarezii can produce a
high-gravity feedstock containing ~28 % reducing sugars, of which 80 % were
fermented using Saccharomyces cerevisiae (Khambhaty et al. 2012 ).

Successful saccharification requires a high degree of hydrolysis of its
polymers to sugar monomers. Methods that can be used are broadly based on
acid treatment, enzymes or a combination of both. Dilute acid hydrolysis has
been the most common single-stage process used for saccharification of
biomass and was first described using terrestrial biomass (Simonsen 1898 ). It
is only recently that dilute acids have been assessed for seaweed hydrolysis,
where reaction time, temperature and acid strength have been identified as the
critical process parameters to optimise (Candra 2012 ; Meinita et al. 2012 ).
However, as acid hydrolysis is often used in combination with high
temperature and pressure, this can result in unwanted dehydration of
monosaccharides to produce furanic compounds such as
5-hydroxymethylfurfural or furfural (Nguyen et al. 1999 ). Not only do these
reactions cause a reduction in sugar yields but they also produce fermentation
inhibitors (Larsson et al. 1999 ; Badger 2002 ). As a result, most dilute acid
processes do not achieve sugar recovery efficiencies greater than ca. 50 %
(Badger 2002 ). Enzymatic saccharification can avoid the production of acid
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hydrolysis by-products such as furfural, 5-hydroxymethylfurfural and organic
acids that can inhibit fermentation (Larsson et al. 1999 ; Gonçalves et al.
2015 ), and therefore, higher yields of sugar and ethanol are potentially
achievable. A number of researchers have shown that the yields of sugars
from the cellulosic content of seaweeds benefited from acid pre-treatment
before enzymatic hydrolysis. In the case of the brown seaweed Nizimuddinia
zanardini, a two-stage process incorporating acid with enzyme hydrolysis
doubled glucose yields compared to acid hydrolysis alone (Yazdani et al.
2011 ). Acid pre-treatment of Saccharina japonica residue, a cellulose-rich
surplus by-product from the alginate extraction process, gave a 19 %
improvement in glucose yields when compared to using cellulosic enzymes
only (Ge et al. 2011 ). However, when targeting soluble algal components
such as laminarin, acid pre-treatment of Saccharina latissima prior to
enzymatic hydrolysis using laminarinase had no effect on ethanol yield
(Adams et al. 2009 ).

In addition to an efficient saccharification process, the overall ethanol
productivity is also strongly affected by the fermentative microorganism used
for reasons of the substrates fermented and physiological sensitivity to
fermentation inhibitors. For fermentation of the glucose content in seaweeds,
S. cerevisiae has been commonly used (Adams et al. 2009 ), whilst
Zymobacter palmae (Horn et al. 2000b ) and P. angophorae (Adams et al.
2011 ) have been used to try and convert the abundant mannitol also present in
seaweed hydolysates. Whilst S. cerevisiae typically ferments substrates such
as glucose, fructose, sucrose, maltose and galactose anaerobically to ethanol
(NPCS Board of Consultants and Engineers 2015 ), the substrate mannitol can
only be assimilated aerobically by some wild-type S. cerevisiae strains (Quain
and Boulton 1987). In contrast, P. angophorae can ferment mannitol and
glucose to ethanol under aerobic conditions (Horn et al. 2000a ).

As the laminarin and mannitol contents in brown seaweeds are highly variable
throughout a season (Adams et al. 2011 ; Schiener et al. 2015 ), so is the
potential bioethanol yield. The impact of season on fermentable sugar and
ethanol yields has only been assessed using a single seaweed species,
Laminaria digitata, and one type of saccharification method (Adams et al.
2011 ). Therefore, it is important to establish more broadly whether
saccharification and fermentation are affected by different types of seaweed
biomass and harvested at differing times of the year.

The present study sought to evaluate different methodologies for the
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saccharification of three kelp species, L. digitata (Hudson) J.V. Lamouroux;
Laminaria hyperborea (Gunnerus) Foslie; and S. latissima (Linnaeus) Lane,
Mayes, Druehl and Saunders and identify seasonal variations of mannitol and
glucose contents. This was done by using a combination of dilute and
concentrated acids and enzymes for the hydrolysis of structural and storage
carbohydrates. The saccharification methodology was then validated on
biomass collected at different seasons to examine for potential of seasonal
effects on the extraction efficiency. Fermentation of enzymatic hydrolysates of
the kelps was carried out using S. cerevisiae and P. angophorae to identify if
kelp species or seasonality affected fermentation efficiency and, in addition,
assess and compare their ethanol tolerance using high-strength glucose media.

Materials and methods
Samples of all three seaweeds were harvested between August 2010 and
October 2011 from the intertidal zone of Clachan Sound, Argyll, Scotland.
Whole thalli without holdfasts of the species Laminaria digitata, Laminaria
hyperborea and Saccharina latissima were sampled eight times during this
period. Seaweed samples were freeze dried and milled to a powder with a
particle size <1 mm (Schiener et al. 2015 ).

Concentrated acid hydrolysis
Samples of 200 ± 20 mg of freeze-dried L. digitata, L. hyperborea and S.
latissima were weighed into 20 × 100-mm glass pressure tubes (Pyrex) fitted
with a polytetrafluoroethylene (PTFE)-lined screw cap, to which 1 mL of a
72 % (v/v ) sulphuric acid solution (ρ = 1.74 g mL ; 17.8 M) was added,
mixed and incubated for 60 min at 30 °C in a water bath. Next, 16.8 mL of
deionised water was added to achieve a final acid molarity of 1 M, and then,
the sample was autoclaved for 15 min at 121 °C. It was found that 200 mg of
sample per 1 mL of acid was optimum for full acid coverage of sample.
BaCO  powder was added to precipitate sulphate and adjust the pH of the
solution to ~3.0 using pH paper as an indicator. This solution was clarified
using centrifugation (2 min at 13,200×g) followed by filtration (0.45-μm
PTFE membrane filter) and used for HPLC analysis only (see “ Fermentation
and sugar analysis ” section). Samples from each harvest date were hydrolysed
in duplicate.

AQ3

Dilute acid hydrolysis

−1 −1
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Samples of 600 ± 60 mg of freeze-dried L. digitata, L. hyperborea and S.
latissima powder were weighed into 20 × 100-mm glass pressure tubes (Pyrex)
fitted with a PTFE-lined screw cap, to which 3 mL of 0.5 M sulphuric acid
solution was then added and autoclaved for 15 min at 121 °C. The solution
was then adjusted with a 1 M NaOH to a pH of 6.0 ± 0.5, and the final volume
was adjusted to 25 mL with deionised water in volumetric flasks to achieve a
final seaweed concentration of approximately 24 g L . Samples from each
harvest date were hydrolysed in triplicate.

Enzymatic seaweed hydrolysis

Enzyme optimisation studies

Specific enzymatic laminarin degradation was investigated using the enzyme
blends NS22086, NS22118 and NS22119 (Novozyme) and endo-1,3-
β-glucanase (Megazymes, EC 3.2.1.39). For this, 0.01-M acetate buffer (pH
5.1) was used to dissolve 5 g L  of laminarin (Carbosynth, MLO2421). The
solution was filter sterilised through a 0.22-μm filter unit (Millipore, PES
Stericup). Of laminarin solution, 6 mL was added to pre-sterilised 10 × 
100-mm Pyrex screw-capped glass tubes to which 5 % NS22086 (w/w ),
0.6 % NS 22118 (w/w ) and 0.4 % NS22119 (w/w ) were added, according
to manufacturer recommendations for optimum dosage (Table 1 ). Endo-β-1,3
glucanase was made up to a concentration of 34.5 ng mL  by adding 2 μL of
a 1.72 mg mL  stock solution to 98 μL of 0.01-M acetate buffer. Then, 6 μL
endo-β-1,3-glucanase solution was added to the laminarin solution resulting in
a final concentration of 0.034 ng mL  (equal to 1 × 10  U of endo-β-
1,3-glucanase). Incubation of enzyme-laminarin solution was for 46 h in a
45 °C water bath, with 2 mL removed after 4, 21 and 46 h for analysis.
Saccharification was carried out in duplicate and analysed for glucose by
HPLC (as per method described in “ Fermentation and sugar analysis ”
section). Laminarin degradation was expressed as a percentage of the glucose
liberated from laminarin, assuming laminarin was entirely glucose based.

Table 1

Recommended hydrolysis conditions for the cellulosic enzymes used

AQ4

NS22086
cellulase
complex

1000 BHU(2)
g 5.0–5.5 45–50 1–5

−1

−1

−1

−1 −1
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−1 −3
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NS22118
β-glucosidase 250 CBU g 2.5–6.5 45–70 0.2–0.6

NS22119
enzyme complex

100 FBG/g
(~13,700
PGU g )

4.5–6.0 25–55 0.05–0.4

BHU(2) biomass hydrolysis unit, CBU cellobiase units, FBG fungal beta-glucanase
unit, PGU polygalacturonase unit

Enymzes were the Novozymes’ cellulosic ethanol enzyme kit for the hydrolysis of
lignocellulosic materials ( www.novozymes.com )

Recommended pH range for optimal enzymatic activity

Recommended incubation temperature range

Recommended enzyme dosage per total solids (TSs)

Seasonality studies

Samples of 2000 ± 60 mg of freeze-dried seaweed were weighed into 100-mL
glass screw cap bottles to which 100 mL of 0.01-M citrate buffer (pH 4.8) was
added. Bottles were then autoclaved for 15 min at 121 °C. After cooling to
45 °C in a water bath, 120 μL of a cellulosic enzyme blend (NS22086,
Novozyme) and 10 μL of an enzyme mix containing β-gluosidase activity
(NS22118, Novozyme) was added to the seaweed slurry, equal to a
recommended dosage rate of 5 and 1 % (w/w ), respectively (Table 1 ).
Bottles were incubated for approximately 22 h at 45 °C and 150 rpm in an
orbital shaker (Innova 4230, New Brunswick Scientific). Enzymatic
hydrolysates were then transferred into sterile 50-mL conical centrifuge tubes
and centrifuged for 10 min at 3200×g at 4 °C to remove residual solids. The
supernatant was used for carbohydrate analysis and fermentation studies.
Adjustments to the glucose and ethanol yields were carried out as enzyme
stock solutions were found to contain fermentable sugars. Empirically
determined glucose and ethanol HPLC areas from unfermented and fermented
diluted enzyme solutions (120 μL in 100 mL water) were used to normalise
glucose and ethanol peak areas from enzymatically treated hydrolysates.
Samples from each harvest date were enzymatically hydrolysed in duplicate.

Fermentation and sugar analysis
In a microcentrifuge tube, 2 mL of centrifuged fermentation broth (10 min at

−1

−1
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b

c

d

−1

e.Proofing http://eproofing.springer.com/journals/printpage.php?token=gBCQH...

7 of 28 26/01/2016 14:55



3200×g) was acidified with 20 μL of 2 M sulphuric acid, mixed and then
incubated for 30 min at room temperature (~23 °C). Acidified samples were
centrifuged for 2 min at 13,200×g. The supernatant was filtered through a
0.45-μm PTFE membrane filter into HPLC glass vials and stored at 5 °C until
analysis. HPLC analysis of the ethanol, mannitol and glucose content was
carried out using a Phenomenex Resex ROA 150 × 7.8-mm column, equipped
with a micro-guard cation H  column. The column was operated using a 5 mM
sulphuric acid solution at 60 °C and a flow rate of 0.5 mL min . Peaks of
fermentation products and sugar residues were detected either at 220 nm or
using refractive index detection (RID).

Ethanol yields were expressed as a percentage of ethanol produced from
glucose for S. cerevisiae and from glucose and mannitol for Pichia
angophorae. The theoretical maxima of 0.51 g ethanol produced from 1 g of
glucose or mannitol were calculated using the Gay-Lussac equation for
fermentation (Barnett 2003 ). Ethanol conversion yields were expressed as the
ratio of ethanol produced from fermentable substrate (g g ), glucose in the
case of S. cerevisiae and combined glucose and mannitol in the case of P.
angophorae. Seasonal mannitol results for the three kelps have been
previously reported (Schiener et al. 2015 ).

Seasonal seaweed fermentation assessment
Saccharomyces cerevisiae (Safdistill C70) and P. angophorae (CBS 5830)
inoculation cultures were grown in 50-mL volumes in 250-mL shake flasks
for 16 and 72 h, respectively, at 25 °C with shaking at 200 rpm on an orbital
shaker (Innova 4230 New Brunswick). Inoculation growth media for S.
cerevisiae cells consisted of (g L ) glucose (20), soya peptone (10) and yeast
extract (5.2). Pichia angophorae inoculation media consisted of glucose (15),
mannitol (5), soya peptone (10) and yeast extract (5.2). Cell enumeration of
each inoculum was carried out using a hemocytometer, from which inoculum
volumes were calculated to achieve a 5.3 × 10  and 2.0 × 10  cells mL  of S.
cerevisiae and P. angophorae, respectively. Calculated volumes of S.
cerevisiae inocula were pipetted aseptically into pre-sterilised 8.5-mL screw-
capped test tubes and centrifuged for 10 min at 3200×g. The supernatant was
removed with sterile disposable Pasteur pipettes and discarded. A volume of
5-mL seaweed hydrolysate was then added to the cell pellet, and the solution
was briefly mixed. The screw caps were loosened slightly (ca. 1/8 of a turn)
and incubated at 32 °C for 20 h. Calculated volumes of P. angophorae inocula
were also transferred aseptically into sterile 50-mL centrifuge tubes and

+
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−1
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e.Proofing http://eproofing.springer.com/journals/printpage.php?token=gBCQH...

8 of 28 26/01/2016 14:55



centrifuged for 10 min at 3200×g. The cell pellet was re-suspended in 30 mL
of seaweed hydrolysate, transferred to pre-sterilised 100-mL shake flask and
incubated at 32 °C with gentle agitation for 48 h (100 rpm). All fermentations
were carried out in duplicate.

Salinity assessment of seaweed extracts
Refractive indexes of water and acid extracts using S. latissima (harvested
October 2011) were evaluated. For both methods, 50 to 450 mg of seaweed
was weighed into 10 × 100-mm screw-capped glass tubes and volumes made
up to 5 mL using either deionised water or 0.5 M sulphuric acid added to
achieve seaweed biomass concentrations ranging between 10 and 90 g L .
Tubes were autoclaved for 15 min at 121 °C. Refractive indexes of
centrifuged extracts (5 min at 3200×g) were measured using a handheld
refractometer (Sper Scientific, model 300006). As the refractometer was
calibrated for sodium chloride, seawater was used as a standard solution and
refractive indexes compared against the refractive index of seawater (3.5) and
expressed as seawater equivalents. Refractive indexes of acid extracts and
aqueous extracts were plotted against seaweed concentrations to evaluate their
impact on salinities of seaweed extracts.

Statistical analysis
Experimental error was determined for triplicate assays and expressed as
standard deviation (SD). The significance of differences in glucose and
ethanol yields between saccharification methods and fermentation yeasts in
the species L. hyperborea, L. digitata and S. latissima was determined by
one-way analysis of variance (ANOVA) across the season. Statistically
significant interactions were further analysed using a post hoc test (Tukey) to
determine sample main effects. The correlation between glucose results from
the three saccharification methods and the association between ethanol and
glucose from enzymatic hydrolysis were assessed using Pearson’s correlation
analysis.

Results

Seaweed hydrolysis
The comparison between dilute acid, concentrated acid, and enzymatic
saccharification showed that the highest glucose yields were achieved using
concentrated acid, whilst the lowest yields were with dilute acid (Table 2 ).

−1
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The average glucose yields in all three seaweeds using concentrated acid were
more than double (2.0–2.9-fold higher) compared to the yields from dilute
acid hydrolysis. In comparison, the average glucose yields from enzymatic
saccharification were intermediate between dilute and concentrated acid
glucose yields and specifically 51, 53 and 57 % higher than the average yields
from dilute acid hydrolysis of L. digitata, L. hyperborea and S. latissima,
respectively. Glucose yields varied significantly according to the method used,
whereas each method recovered a similar amount of glucose regardless of the
kelp species (one-way ANOVA; Table 2 ). The highest average glucose
yielding kelp species was always S. latissima regardless of the
saccharification method, but individual samples of Laminaria spp. could have
higher amounts of accessible glucose than found in S. latissima, although this
was not statistically significant (P ≥ 0.429) (Table 2  and Fig. 1 ). The highest
individual mannitol yields were found in L. digitata, followed by L.
hyperborea and S. latissima (Table 3 ). Unlike the glucose yields, there were
no significant differences in the yield of mannitol obtained with the different
saccharification methods (one-way ANOVA; Table 3 ).

Table 2

Glucose yields from the saccharification of seasonal harvests of the kelps

Concentrated
acid
hydrolysis Can
you please
merge this cell
with the one
beneath, please?
Also the cell
"Dilute acid
hydrolysis" with
the cell beneath
and "Enzyme

% ave ± 
SD

18.3 ± 
5.0 18.5 ± 7.4 22.5 ± 6.8 F  = 

0.16

Maximum ~28 ~35 ~26 P = 0.851

Glucose yields are determined from the comparison of glucose concentration in
hydrolysate to the concentration of seaweed in hydrolysate and expressed as the
percentage of glucose released from seaweed (g g ), where superscripted numbers
refer to the harvest times with maximum and minimum yields: 1 August 2010, 2
October 2010, 3 February 2011, 4 March 2011, 5 May 2011, 6 July 2011, 7
September 2011, 8 October 2011

Variances of glucose yields between species for each saccharification methods
were determined using one-way ANOVA

Variances of glucose yields between the three hydrolysis methods for each
seaweed were determined using one-way ANOVA

2/21

1 2 5,6

a

−1

b

c
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Glucose yields are determined from the comparison of glucose concentration in
hydrolysate to the concentration of seaweed in hydrolysate and expressed as the
percentage of glucose released from seaweed (g g ), where superscripted numbers
refer to the harvest times with maximum and minimum yields: 1 August 2010, 2
October 2010, 3 February 2011, 4 March 2011, 5 May 2011, 6 July 2011, 7
September 2011, 8 October 2011

Variances of glucose yields between species for each saccharification methods
were determined using one-way ANOVA

Variances of glucose yields between the three hydrolysis methods for each
seaweed were determined using one-way ANOVA

hydrolysis" with
the cell beneath?

Minimum ~13 ~12 ~13

Dilute acid
hydrolysis

% ave ± 
SD 6.4 ± 5.6 7.2 ± 8.0 11.1 ± 7.2 F  = 

1.90

Maximum ~18 ~25 ~15 P = 0.229

Minimum ~2 ~1 ~2

Enzymatic
hydrolysis

% ave ± 
SD 9.7 ± 4.5 11.0 ± 7.0 13.4 ± 6.1 F  = 

0.25

Maximum ~19 ~18 ~17 P = 0.782

Minimum ~5 ~3 ~5

ANOVA
F  = 
11.7, P 
< 0.001

F  = 4.33,
P = 0.027

F  = 
7.25, P = 
0.004

Fig. 1

Seasonal glucose yields from L. digitata (a), S. latissima (b) and L. hyperborea
(c). Glucose yields are expressed as a percentage of dry weight seaweed (g g-1)
derived from concentrated acid hydrolysis, dilute acid hydrolysis and enzymatic
hydrolysis.  L.  digitata,  L.  hyperborea  and  S.  latissima  were  harvested  eight
times between August 2010 and September 2011. Glucose yields are expressed
as a percentage of liberated glucose from dry weight biomass (g g-1 ). Error
bars  are  the  mean ± SD  of  two  samples  for  concentrated  and  enzymatic
hydrolyses and mean ± SD of three samples for dilute acid hydrolysis

a

−1

b

c

3,4,5 4,5,6 4

2/21

1 2 5,6

3,4,5,6 3,4,5,6 4

2/21

1 2 5,6

3,4,5,6 3,4,5,6 4

c 2/21 2/21 2/21

-1
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Table 3

Mannitol yields from the saccharification of seasonal harvests of the kelps

Concentrated
acid hydrolysis

% ave ± 
SD
Maximum
Minimum

19.4 ± 
7.1
~28
~9

17.5 ± 8.1
~24
~9

18.5 ± 5.2
~24
~(9

F  = 
0.09
P = 0.917

Dilute acid
hydrolysis

% ave ± 
SD
Maximum
Minimum

17.5 ± 
7.9
~27
~6

15.4 ± 8.4
~24
~6

16.8 ± 5.7
~23
~6

F  = 
0.30
P = 0.746

Mannitol yields are determined from the comparison of mannitol concentration in
hydrolysate to the concentration of seaweed in hydrolysate and expressed as the
percentage of mannitol released from seaweed (g g ), where superscripted
numbers refer to the harvest times with maximum and minimum yields: 1 August
2010, 2 October 2010, 3 February 2011, 4 March 2011, 5 May 2011, 6 July 2011, 7
September 2011, 8 October 2011

Variances of mannitol yields between species for each saccharification methods
were determined using one-way ANOVA

Variances of mannitol yields between the three hydrolysis methods for each
seaweed were determined using one-way ANOVA

1
3,4

1,7
3,4

1,6
3

2/45

1
3

1
3,4,5

1,6
3

2/45

a

−1

b

c
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Mannitol yields are determined from the comparison of mannitol concentration in
hydrolysate to the concentration of seaweed in hydrolysate and expressed as the
percentage of mannitol released from seaweed (g g ), where superscripted
numbers refer to the harvest times with maximum and minimum yields: 1 August
2010, 2 October 2010, 3 February 2011, 4 March 2011, 5 May 2011, 6 July 2011, 7
September 2011, 8 October 2011

Variances of mannitol yields between species for each saccharification methods
were determined using one-way ANOVA

Variances of mannitol yields between the three hydrolysis methods for each
seaweed were determined using one-way ANOVA

Enzymatic
hydrolysis

% ave ± 
SD
Maximum
Minimum

15.9 ± 
6.7
~23
~5

15.3 ± 7.8
~22
~6

17.5 ± 5.7
~23
~7

F  = 
0.86
P = 0.429

ANOVA
F  = 
0.54
P = 0.593

F  = 0.22
P = 0.807

F  = 
0.20
P = 0.818

The glucose and mannitol yields of all species were seen to vary widely across
the seasons, with typically low levels in winter and spring and maximal levels
in the autumn months (Fig. 1  and Tables 2  and 3 ). Notably though, the
maximum glucose yields of the different species were seldom repeated at the
same time the following year (Fig. 1 ). Pearson’s correlation analysis showed
that the glucose profiles for all three saccharification methods followed
similar trends with maximum and minimum values of glucose coinciding at
around the same times (r > 0.857, P < 0.001). This indicated that the
efficiency of the saccharification method was not affected by seasonal
changes in the chemical composition.

Optimisation of enzymatic hydrolysis
As a part of the experiments to use enzymatic hydrolysis for saccharification,
we carried out additional experiments to identify if certain combinations of
enzyme would release greater amounts of glucose from laminarin. These
experiments showed that for all enzyme combinations tested, glucose
liberation was maximal after 46 h, and no one combination was significantly
better than the others (Fig. 2 ). It was noted that the addition of endo-β-
1,3-glucanase to the NS22086 cellulase enzyme mix did increase the initial
saccharification rate over the first 21 h, but the final yield using this
combination was not significantly greater than the other enzyme combinations

a

−1

b

c

1
3

1,7
3,4,5

1,6
3

2/45

c 2/21 2/21 2/21
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or the single cellulase complex in NS22086 (Fig. 2 ).

Fig. 2

Glucose  liberation  from  laminarin  using  the  enzymes  NS22086  (white),
NS22086 and NS22118 (light grey),  NS22086 and NS22119 (dark grey),  and
NS22086 and endo-β-1,3-glucanase  (black)  over  a  46-h  incubation  period  at
45 °C. Error bars are 1 SD of the mean

Salinity assessment of seaweed extracts
In order to use an acid-based saccharification method, it is necessary to adjust
the pH of the saccharification liquor following acid treatment to ca. pH 5–7
(depending on the fermentation strain used). This can result in increased
salinity levels that may inhibit fermentation. To investigate if the
saccharification method used (enzymatic versus acidic) had an effect on
hydrolysate refractive index, S. latissma biomass was extracted over a range
of concentrations (10–90 g L ) using either deionised water or 0.5 M
sulphuric acid (Fig. 3 ). The results showed that the refractive index increased
in a linear fashion with increasing seaweed concentration for both
saccharification procedures (Fig. 3 ). However, the refractive index of the acid
extracts was 2.6 times higher on average compared to the aqueous extracts.

Fig. 3

Salinity profiles of S. latissima made up in water (diamond) and 0.5 M sulphuric
acid (square).  Salinities are expressed as seawater equivalents with 1.0 being
equal to seawater strength

−1
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To assess whether these levels of salinity would affect S. cerevisiae
fermentation efficiency, ethanol production in artificial glucose media made to
three salinities was monitored. This revealed that the ethanol yield of S.
cerevisiae C70 Safdistil was minimally impacted by salinity levels up to the
equivalent of 35 PSU (seawater strength), although at this salinity level, the
maximal amount of ethanol produced was achieved 24 h later (Fig. 4 ). The
addition of salinity to twice seawater strength caused a reduction in the
overall ethanol yield (ca. 77 % of the maximum) and required 72 h to achieve
the maximum ethanol yield compared to 24 and 48 h (Fig. 4 ).

Fig. 4

Effect of salinity on S. cerevisiae fermentation over a 5-day period using 100 g
L-1  glucose medium made up at three different salinity levels, expressed as
practical  salinity  unit  (PSU),  with  35  PSU  being  equal  to  seawater  (0  PSU
(diamond), 35 PSU (square), and 70 PSU (triangle)). Error bars are 1 SD of the
mean

-1
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Seasonal seaweed fermentation evaluation
Enzymatic hydrolysates of all three kelp species were fermented using the
yeasts S. cerevisiae and P. angophorae. Analysis of the ethanol yields from
both S. cerevisiae and P. angophorae fermentations showed that they were
strongly correlated with glucose yields (r > 0.601, P < 0.022), whilst ethanol
yields from P. angophorae showed a stronger correlation with the mannitol
concentration (r > 0.624, P < 0.048). The maximum and minimum ethanol
yields were seen during late summer to autumn and winter months,
respectively (Table 4  and Fig. 5 ). Average ethanol yields from fermentation
of enzymatic hydrolysates of the seaweeds L. hyperborea and L. digitata were
between 1.4 and 2.4 times higher when P. angophorae was used for
fermentation compared to S. cerevisiae. For S. latissima, the average ethanol
yields from P. angophorae fermentation were 0.3 times compared to S.
cerevisiae fermentation (Table 4 ). After fermentation with S. cerevisiae, no
residual glucose remained in the spent fermentation broth, whereas the
mannitol concentrations remained unchanged (data not shown). By contrast, P.
angophorae fermentation utilised nearly all the glucose and mannitol, as no
glucose and only small concentrations of mannitol were detectable by HPLC
after fermentation (Table 4 ).

Table 4

Fermentation of enzymatic digests of seasonal harvests of kelp using S. cerevisiae and P.
angophorae
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S. cerevisiae

% ave ± SD 4.5 ± 1.9 5.6 ± 3.3 4.9 ± 2.2

Maximum ~14 ~18 ~13

Minimum ~3 ~3 ~3

P. angophorae

% ave ± SD 10.2 ± 6.2 8.0 ± 6.2 3.5 ± 2.6

Maximum ~17 ~14 ~6

Minimum ~1 ~1 ~1

ANOVA – F = 5.35, P = 
0.028

F  = 0.24, P 
= 0.630

F  = 16.33,
P < 0.001

Residual
mannitol – 1,2,3,4,5,6,7,8 1,2,8 –

−, no residual mannitol remained after fermentation

Ethanol yields are determined from the comparison of ethanol concentration in
fermented hydrolysate to the concentration of seaweed in hydrolysate and
expressed as a percentage of ethanol produced from seaweed (g g ), where
superscripted numbers refer to the harvest times with maximum and minimum
yields: 1 August 2010, 2 October 2010, 3 February 2011, 4 March 2011, 5 May
2011, 6 July 2011, 7 September 2011, 8 October 2011

Variances of ethanol yields between P. angophorae and S. cerevisiae
fermentations were determined using one-way ANOVA

Occurrences of residual mannitol levels in P. angophorae fermentation broths
where numbers refer to the harvest times (see )

Fig. 5

Seasonal ethanol yields from L. digitata (a), S. latissima (b), and L. hyperborea
(c) using S. cerevisiae and P. angophorae fermentation of enzyme hydrolysates.
Ethanol  yields  are  expressed  as  a  percentage  of  ethanol  produced  from dry
weight biomass (g g-1 ). Error bars are 1 SD of the mean

1 2 2,7

3,4,5,6 3,4,5,6 3,4

6 1,2 6,7

3,4 3,4 3,4

b 1/30 1/30

c

a

−1

b

c
a

-1
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The yields of ethanol produced by S. cerevisiae from all three kelps often
exceeded the theoretical maximum conversion yield of 0.511 g of ethanol per
1 g glucose for nearly all the seasonal samples (Fig. 6 ). The averaged
conversion yields were 0.63 ± 0.05, 0.61 ± 0.07 and 0.65 ± 0.05 of ethanol
produced per gram of glucose from the enzymatic hydrolysates of L. digitata,
L. hyperborea and S. latissima, respectively. By contrast, the ethanol yield
from P. angophorae typically did not exceed the 0.505 theoretical maximum
from mannitol nor the 0.511 g of ethanol from glucose (Fig. 6 ). Averaged
ethanol conversion yields produced by L. digitata, L. hyperborea and S.
latissima were 0.38 ± 0.19, 0.29 ± 0.17 and 0.13 ± 0.07, respectively.

Fig. 6

Seasonal  ethanol  conversion  yields  from  L.  digitata,  S.  latissima  and  L.
hyperborea  using  S.  cerevisiae  (SC)  and  P.  angophorae  (PA)  on  enzyme
hydrolysates. Asterisk denote that ethanol conversion yields were calculated as
ethanol produced from glucose by S. cerevisiae and glucose plus mannitol by P.
angophorae (g g-1 ) with the theoretical maximum for both substrates being
0.51

-1
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Discussion
Three saccharification methods and two fermentation strains were evaluated
to identify seasonal variations in glucose, mannitol and ethanol yields from
three species of kelp and to identify optimum harvest times for L. digitata, L.
hyperborea and S. latissima. Of the three tested saccharification methods, the
highest glucose yields were achieved using concentrated acid, followed by
enzymatic treatment, and the lowest was using dilute acid. The particular
success of concentrated acid may be because this method can readily
hydrolyse cellulose to sugar monomers (Camacho et al. 1996 ). It is possible
therefore that the higher glucose yields achieved using concentrated acid
hydrolysis of kelps were due to the breakdown of cellulose content of seaweed
biomass, in addition to the storage carbohydrate, laminarin. Alternatively,
concentrated acid may have been more robust in breaking down cell walls and
storage structures and more effectively liberated the existing laminarin content
than were dilute acid or enzymes. The poorer performance of dilute acid is
thought to be because it was only able to access the kelps’ storage glucan,
laminarin. Although strong acid was the most effective method, its use has
limitations when used on wet biomass at an industrial scale, as the required
acid concentration can only be achieved using an excess of acid or through the
expensive application of biomass dehydration. Furthermore, acid treatment
results in elevated salinity levels that can retard fermentation and ethanol
yield. In addition, the hazards of handling concentrated acids and the costs of
recycling them have limited the adoption of this technology (Binder and
Raines 2010 ).

The glucose yield from enzymatic hydrolysates was higher in all cases than
the glucose yields from dilute acid extracts. In particular, glucose was notably
higher during the months February to March when the laminarin levels in the
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kelps were very low (Schiener et al. 2015). Here, glucose levels from the
enzymatic hydrolysates were more than double those in dilute acid
hydrolysates, suggesting partial saccharification of cellulose. As the cellulose
content in all three kelp species was reported at 11 % (Schiener et al. 2015 ), a
3–4 % higher content of glucose in enzymatic hydrolysates compared to acid
hydrolysates would therefore suggest a possible 27–36 % degradation of the
available cellulose content, where it is assumed that 11 % glucose would be
expected from the total degradation of cellulose. As the enzyme mix used here
was primarily composed of endo-β-1,4-glucanases and exo-β-1,4-glucanases
(NS22086), this will readily act on cellulose, supporting the idea that kelp
cellulose degradation could be contributing to the elevated glucose levels
observed compared to dilute acid. Clearly, the enzyme mixes tested have
additional activity towards laminarin, as it was readily hydrolysed to glucose.
Laminarins are principally linked by β-1,3 and β-1,6-glycosidic bonds
(Zvyagintseva et al. 1999 ), and the presence of these glycosidic bonds was
evident following the addition of endo-β-1,3-glucanase to the NS22086
cellulase complex, which enhanced the rate of saccharification. This plausibly
yielded more oligomer fragments and, as a consequence, increased the
substrate concentration for exo-type glucanases, resulting in the faster
conversion rates observed.

In contrast to glucose yields, the yield of mannitol was not significantly
affected by the saccharification method used. As only small amounts of
mannitol have been found to occur at the non-reducing ends in some
laminarins (Annan et al. 1965), the main pool of mannitol is understood to be
localised in the cytosol where it remains in solution and is therefore not
greatly affected by the type of saccharification. This is consistent with
findings by Mateus et al. ( 1977 ) where 98.5 % of the available mannitol was
extracted using an aqueous extraction process.

Information on whether the timing of kelp harvesting has an effect on the
efficiency of saccharification and fermentation is limited to one study of L.
digitata and subsequent fermentation to ethanol using P. angophorae (Adams
et al. 2011 ). In the present study, the efficiency of saccharification method
was not adversely affected by the season at which all the three kelp species
were harvested, as the glucose yields for each saccharification method closely
followed each other at the same sample time. Whilst the lower glucose yields
through the winter months could reflect the presence of recalcitrant materials
inhibiting saccharification, this may not be the case because these lower
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glucose levels are consistent with the diminished carbohydrate levels found in
these same kelp samples, as we and others have reported previously (Black
1948 ; Adams et al. 2011 ; Schiener et al. 2015 ).

This study also compared the yeasts S. cerevisiae and P. angophorae and
showed that ethanol yields are influenced by the type of seaweed used for
fermentation. It was found that the highest ethanol yields achieved using S.
cerevisiae were from the seaweeds S. latissima, whilst the best ethanol yields
using P. angophorae were with L. digitata and L. hyperborea. Three principal
reasons may explain these differences. The first is that total metal content in
particular the major four cations—calcium, magnesium, sodium and
potassium in L. digitata and L. hyperborea—were on average 5–11 % higher
compared to S. latissima (Schiener et al. 2015) leading to more saline
substrates. Salinity as a possible reason for fermentation inhibition in P.
angophorae is less likely due to hydrolysates of L. digitata and L. hyperborea
containing higher levels of inorganic solutes. As a consequence, other
hydrolysate components might have exhibited inhibitory effects. Of those,
phenolic compounds from macroalgae have shown to severely inhibit
α-amylase and α-glucosidase activities at μM levels (Nwosu et al. 2011 ) and
have also exhibited different inhibitive threshold levels to fermentation strains
(Westman et al. 2012 ). A markedly difference in polyphenol levels was found
in these kelp species, where S. latissima contained on average three times
more polyphenols than L. digitata and L. hyperborea (Schiener et al. 2015 ).
As a result, P. angophorae could have been negatively affected by elevated
polyphenols found in S. latissima. A third reason may be related to the
sensitivity of P. angophorae fermentation to residual substrate levels (Horn et
al. 2000a ), as once glucose and mannitol are exhausted, P. angophorae will
begin to oxidise ethanol (data not shown). It was observed for L. digitata and
L. hyperborea that residual mannitol levels were still measurable after a 48-h
fermentation for biomass harvested during August and October 2010, as well
as September and October 2011 (L. hyperborea only), which coincided
precisely with the harvest time points when P. angophorae fermentation
outperformed S. cerevisiae (see Fig. 3 ). Further optimisation of the P.
angophorae fermentation assay is needed such as the alteration of sampling
times to reduce the effect of substrate limitation on ethanol yields, in
particular during months of low substrate availability. Furthermore,
industrial-scale production would require real-time monitoring to maximise
yield and avoid ethanol oxidation.

Ethanol conversion yields greater than the theoretical maximum from glucose
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were observed with S. cerevisiae fermentation of all kelp species throughout
the season and sporadically from P. angophorae fermentations. Conversion
values higher than the theoretical maximum have previously been observed
from the fermentation of L. hyperborea extracts using P. angophorae (Horn et
al. 2000a ) and from S. cerevisiae fermentation of Sargassum spp.
hydrolysates (Borines et al. 2013 ). In both cases, it was suggested that other
non-detected carbon sources were consumed during fermentation. This could
include specific monomers like galactose which S. cerevisiae can ferment
(Lee et al. 2011 ) and a range of di- and tri-saccharides from incomplete
enzymatic degradation of seaweed polysaccharides, such as sucrose, maltose
and raffinose that both S. cerevisiae and P. angophorae can utilise (Kurtzman
et al. 2011 ).

In this study, we have compared the production of ethanol by S. cerevisiae
with that from P. angophorae. This comparison has highlighted the effects of
seaweed species and seasonality on the most suitable strain for fermentation.
In particular, P. angophorae fermentation produced some of the highest-
average ethanol yields from kelp hydrolysates, but optimal ethanol production
using P. angophorae typically took two to three times longer than with S.
cerevisiae (data not shown). Furthermore, P. angophorae will oxidise the
ethanol it has produced under aerobic conditions if other preferred substrates
(e.g. mannitol) are exhausted. A useful characteristic of yeast strains such as
S. cerevisiae and P. angophorae is their physiological adaptation mechanisms
(Dhar et al. 2011 ; Cho et al. 2013 ), which can allow them to ferment
substrates under increased salinity. To achieve high ethanol concentrations in
fermentation broths, fermentation media containing starch-based solids at
25–30 % (w/v ) are typically required to make ethanol recovery more
economical (Bai et al. 2008 ; Bai and Zhao 2012 ). The increased
concentration of solutes in such highly concentrated fermentation media
causes osmotic pressure on yeast cells, which can often negatively affect their
viability (Walker 2010 ). As kelp biomass is particularly rich in potassium and
sodium ions (Schiener et al. 2015 ), concentrated seaweed substrates, which
are required for industrial processes, will be highly saline. Increasing the
concentration of seaweed loading in aqueous and acidic S. latissima media, as
demonstrated in Fig. 3 , has shown that salinity (expressed as the increase in
refractive index) increased in a linear fashion with seaweed concentration.
Based on the reported seasonal content of these three kelp species (Schiener et
al. 2015 ), the sodium content in 24 g L  dilute acid seaweed hydrolysate was
calculated to be in the order of 500 to 1000 mg L  for the three kelp species,

−1

−1

−1
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which is in the range of levels that have been reported to cause stress in
bioethanol yeasts (Walker 2010 ). Furthermore, if acids are used for
saccharification and caustic solutions for subsequent neutralisation before
fermentation, inhibitory components such as furfurals and organic acids will
be generated as well as additional solutes introduced, causing a further
increase in osmotic pressure. It is evident from the work here and by others
(Gonçalves et al. 2015 ) that fermentation of saline hydrolysates is
preferentially achieved using S. cerevisiae rather than Pichia. Therefore, to
keep salinities of seaweed extracts to a minimum, aqueous saccharification
methods based on use of enzymes is recommended in the first instance, and
secondly, if extracts contain elevated salinities or polyphenolics, that S.
cerevisiae is the preferred organism for fermentation.

The requirements needed of any ethanologenic organism to produce ethanol
from kelp hydrolysates requires that it can access the significant quantities of
alginate as well as ferment hexose and pentose sugars and simultaneously be
tolerant of high levels of salinity and polyphenols. Metabolic engineering is
likely to be a practical answer, and recent work has confirmed this approach
by demonstrating the simultaneous fermentation of alginate, mannitol and
glucose for ethanol production from seaweed hydrolysates (Takeda et al.
2011 ; Wargacki et al. 2012 ; Enquist-Newman et al. 2014). Adaption to saline
environments is an important characteristic of yeasts (Walker 2010 ), and S.
cerevisiae is known for its robustness under harsh industrial conditions.
Salinity tolerance and the combination of S. cerevisiae providing a proven
platform for genetic alteration of metabolic pathways offer the potential to
produce promising candidates not only for the bioconversion of saline
substrates such as seaweeds to bioethanol (Enquist-Newman et al. 2014 ) but
also to produce fatty acid-derived biofuels (Runguphan and Keasling 2014).

In conclusion, the impact of saccharification and fermentation on the
seasonality of glucose, mannitol and ethanol yields using three kelp species
was investigated. All three kelp species could be readily hydrolysed to yield
glucose that could then be fermented to produce ethanol. The highest glucose
and ethanol yields were found in L. digitata, L. hyperborea and S. latissima
during autumn. The season at which kelp was harvested clearly affected the
total ethanol that could be produced because glucose levels were low during
winter and spring periods. However, seasonality did not have a measurable
effect on saccharification methodology. Of the three methods used for
seaweed saccharification, concentrated acid method resulted in the highest
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glucose, but this method may not be economical for use with wet seaweed
biomass because of the likely quantity of concentrated acid needed and the
high resulting salinities. Dilute acid performed the poorest of the three
methods. This study found that whilst enzyme hydrolysis performed less well
than concentrated acid, it had few of the drawbacks of concentrated acid. The
yield of glucose from concentrated acid and enzymatic hydrolysis indicated
that kelp cellulose was also contributing to the total yield. An important
impact of seaweed biomass is the salinity levels and in some species of kelp,
elevated polyphenol levels, that both can negatively affect fermentative
organisms. Consequently, industrial strains should be chosen to have enhanced
salinity, polyphenol and ethanol tolerances, as well as a broad substrate range,
fast production rates and high ethanol yields. Of the two yeasts tested in this
study, S. cerevisiae possessed the greatest number of these desired
capabilities. As S. cerevisiae and other fermentative microorganisms have
now been genetically modified to utilise all major carbohydrates in brown
seaweeds for bioethanol production, wastage of unused carbohydrates should
be significantly reduced.
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