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Abstract

Cultivated kelps (brown algae) are a sustainable biomass resource and a potential feedstock for conversion to biofuels and
chemicals. Due to seasonal variations, and a short period with optimal biomass composition, preservation and storage of the biomass
is required for a year-round operation of a seaweed processing plant. For use of the biomass as a carbon source for fermentation to
biofuels, only low-cost preservation methods are feasible. Preservation of Saccharina latissima (sugar kelp) by sulphuric and formic
acid has been evaluated as a method to maintain the fermentable carbohydrates laminaran and mannitol. In milled biomass, stored
anaerobically for up to 6.5 months at different pH values, laminaran and mannitol were efficiently preserved in samples stored at pH
below 3.7, obtained by addition of sulphuric acid. When a combination of sulphuric and formic acid was used, no sugar loss could
be detected up to pH 4. The content of free glucose increased during the storage period in the well-preserved samples without loss of
sugars. The free glucose levels were highest at the highest storage pH, providing strong evidence for the presence of endogenous 3-
glucanases that hydrolyse laminaran to glucose. Our work was primarily aimed at preservation of the biomass for application as a
carbon source for fermentation. However, the method will be equally suited for other applications of the biomass, such as extraction

of valuable compounds for use in functional food, feed or other areas.

Keywords Macroalgae - Seaweed - Preservation - pH - Carbohydrates - Fermentation

Introduction

Cultivated macroalgae, or seaweed, are a sustainable biomass
resource with potential application for conversion to biofuels
(Marquez et al. 2015; Milledge and Harvey 2016b) and other
bulk chemicals. Cultivation is performed at sea and does not
require cultivable land, freshwater or fertilisers. Brown algae
in the order Laminariales (kelp species) are among the fastest
growing plants in the world. They prefer temperate waters and
in Europe they can be found from Portugal to northern
Norway (Kraan 2013). Large-scale cultivation of seaweed in
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Europe has therefore targeted the kelp species, particularly
Saccharina latissima (Stévant et al. 2017b).

S. latissima accumulates the storage carbohydrates
laminaran (1-15% of dry weight (dw)) and mannitol (10—
25% of dw) during the spring and summer season (Schiener
et al. 2015). These carbohydrates are consumed as an energy
source during late autumn and winter. For application as a
carbon source for fermentation, the glucose polymer
laminaran and the sugar alcohol mannitol are most easily
solubilised and fermented (Horn et al. 2000), but with proper
pretreatment and appropriate microbial strains, also the struc-
tural polysaccharides cellulose and alginate may be utilised,
resulting in a total carbohydrate content of 65-70% of dry
weight. The biomass should be harvested when the dry weight
and the content of the storage carbohydrates are at the highest.
This requires efficient preservation and storage of the biomass
to allow whole-year processing for a sustainable seaweed in-
dustry. Commonly used preservation methods like drying or
freezing are energy demanding and expensive, and profitable
only for high-value products. Sun drying is applied in Asia
and South America, but is not feasible in Northern Europe due
to the climatic conditions. Short-term storage (24 h) of whole
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kelp in seawater maintains most of the components (Stévant
et al. 2017a), but the biomass will decay quickly unless the
seawater is exchanged often; thus, it may not be used for long-
term storage. The cheapest and most feasible method for pre-
serving large volumes of seaweed biomass is acid preserva-
tion, either by adding acid, or by microbial acid production by
lactic acid bacteria (ensiling). In order to maintain the
macroalgae carbohydrates, acid addition should be used, since
microbial fermentation will consume the sugars. Only a very
limited number of reports on acid preservation, or ensiling, of
seaweed exist. The first well-documented study describes en-
siling of brown seaweeds for animal feed applications (Black
1955). More recently, ensiling has been applied for preserva-
tion of brown algae for anaerobic digestion to methane gas
(Milledge and Harvey 2016a; Herrmann et al. 2015) and in-
vestigation of the energy loss during ensiling, determined as
the ‘higher heating value’ (Redden et al. 2016). Methods for
preservation of the carbohydrates as a pre-processing for lig-
uid biofuel production have not been reported.

Since laminaran is a storage polysaccharide that is utilised
as energy source during the wintertime, it is likely that the kelp
species contain enzymes for hydrolysis of laminaran to glu-
cose (‘laminaranases’). Such activity was observed by Hou
et al. (2015), where glucose was formed in control samples
without enzyme addition, in studies of enzymatic laminaran
hydrolysis. Depending on the level of activity and its pH de-
pendency, laminaran hydrolysis during the storage period
could reduce the need for hydrolytic processing steps prior
to fermentation.

The aim of the present work was to develop a preservation
method for macroalgae that maintained the fermentable sugars
for further fermentation to fuels or chemicals. For this pur-
pose, ensiling by use of lactic acid bacteria is not feasible,
since the desired sugars would be consumed. The chosen
strategy was therefore to use a cheap mineral acid to lower
the pH. As part of the work, the presence of laminaranases and
the formation of free glucose as a function of storage pH was
investigated.

Materials and methods
Raw materials

The brown alga S. latissima was collected at the coast of
Trendelag, Norway (Table 1). Seawater was drained, and

small stones and other impurities were removed manually.
The biomass was stored at 4 °C in plastic bags until further
processing, which was performed within 3 and 6 days after
harvesting of the November and December batches, respec-
tively. The biomass was milled using a laboratory scale ham-
mer mill (Schutte Buffalo) (4500 rpm, 10 mm gaps). A part of
the milled biomass was packed in plastic bags and frozen at —
20 °C.

Preservation experiments

Fresh, milled S. latissima was distributed in anaerobic culture
bottles (100 or 300 mL, 80-90 g wet weight (ww) per bottle).
Sulphuric acid was added to obtain desired pH (0—120 mM
final concentration). When combinations of sulphuric and
formic acid were used, formic acid (100 mM final concentra-
tion) was first added, and pH adjusted to the desired value
with sulphuric acid. The approximate quantity of sulphuric
acid needed had been pre-determined (Supplementary
Material, Fig. S1). In one experiment, when fresh S. latissima
was not available, frozen biomass harvested in December was
used. Initial experiments with frozen biomass showed that
freezing reduced the microbial activity. Therefore, fresh,
milled, decaying seaweed was used as an ‘inoculum’ of a
viable microbial population. One gram was added per bottle.
The added liquid volume was adjusted with water to obtain
the same liquid addition for all pH values and unpreserved
controls (0.17 mL g ' ww fresh November and December
biomass, and 0.18 mL gf1 ww frozen December biomass).
All the bottles were flushed with N, gas to ensure anaerobic
conditions, before incubation at 13 °C for up to 6.5 months.

The pH was measured every fourth day until stable.
Sampling was performed regularly by collecting a representa-
tive fraction of liquid and solids (~ 10 g) from the bottles. The
samples were freeze-dried before analyses of laminaran and
mannitol. Liquid phase (0.1 mL) was collected for analysis of
organic acids and other fermentation products. After each
sampling, the bottles were flushed with N, gas and shaken
to ensure proper mixing.

Three independent storage experiments with different sea-
weed batches and two replicates were conducted. Data from
all experiments and replicates have been considered together
and are plotted in the graphs to illustrate the robustness of the
results. Standard deviations are calculated for replicate sam-
ples collected the same day.

Table 1 S. latissima batches used

in the work Harvesting date Harvesting location (N, E) Total solids (dw) Laminaran Mannitol
(% of wet weight) (% of dw) (% of dw)
18 Nov 2013 63.4534, 10.2586 16.2 12.8 11.2
6 Dec 2013 63.8165, 8.6788 13.1 84 9.2
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Dissolved solids and laminaran in preserved samples

An exact mass (30—40 g) of preserved biomass was
centrifuged at 3200xg for 15 min. The supernatant
was removed, and the pellet was washed with the same
volume of deionised water. The masses of supernatant
and pellet after each of the two centrifugations were
recorded. Total solids (dw) and laminaran in the remain-
ing pellet were determined. The dissolved fraction was
calculated as the difference between the initial dw and
laminaran content, and the remaining content in the
washed pellets. The reported values provide a comparison of
samples stored at different pH, but will not represent total
dissolved components, since some soluble components will
remain in the pellet after one wash.

Growth of yeast with preserved seaweed as carbon
source

Selected samples, stored at different pH values from 2.6 to 3.7,
were used as carbon source in growth tests with the yeast
Pichia angophorae CBS 5830. For comparison, frozen, fresh
seaweed from the same feedstock batch (December 2013) was
adjusted to pH 3.5 in order to reduce the viscosity caused by
fucoidan. The preserved and fresh samples were suspended in
a basic growth medium containing KH,PO, (3.6 g L") and
(NH,),SO, (8.9 ¢ L") and pH was adjusted to 5.5 with NH.
The final concentrations of KH,PO, and (NH,4),SO, were 1.2
and 3.0 g L', respectively. The seaweed provided 6.0—
6.7 g L' laminaran and 6.6-7.3 g L™ mannitol as carbon
sources.

Precultures of P. angophorae were grown over night
in a yeast medium, pH 5.5: mannitol (16 g L"), glu-
cose (4 g L"), yeast extract 2 g LY, MgSO0,4-7H,0
(0.5 g L"), KH,PO, (0.8 g L") and (NH4),SO,
2 g LY. The preculture (50 mL) were concentrated
by centrifugation (3220xg, 15 min) and resuspended in
the basic medium (5 mL). Concentrated preculture was
added to the S. latissima slurry medium to achieve an
initial optical density of 0.5 (600 nm). Cultivation was carried
out with 24 g medium in 125 mL shake flasks at 25 °C,
225 rpm for 40 h. Sampling of liquid (0.5-1.5 mL) from the
cultures was performed regularly for analyses of the sugar
consumption.

Analytical methods
Dry weight
Dry weight of the raw materials was determined by drying of

approximately 5 g wet weight at 105 °C for 18-24 h, until
constant weight.

Laminaran, mannitol and fermentation products

Laminaran was analysed as glucose after acid hydrolysis.
Combined extraction and hydrolysis was performed as de-
scribed by Schiener et al. (2015). Freeze-dried samples (600
+ 60 mg dw) were added sulphuric acid (3 mL, 0.5 M) in
thick-walled glass tubes and heated to 121 °C for 15 min in
an autoclave. Deionised water was added to dilute the sam-
ples, before centrifugation (3220xg, 10 min). Hydrolysis of
laminaran in the liquid phase was performed by adding 2.5 M
H,S0,4 (0.1 mL) to 0.4 mL sample and incubation for 2.5 h at
105 °C in sealed vials. The samples were diluted and filtered
(0.2 um) before analyses by HPLC.

Glucose, mannitol, organic acids and ethanol in
unhydrolysed or acid-hydrolysed samples were quantified by
HPLC (Shimadzu) on an Aminex HPX-87-H (BioRad
Laboratories) column at 45 °C, and refractive index detection
(RID-6A, Shimadzu). Five millimolar H,SO,4 was used as
mobile phase at 0.6 mL min'. The standards used were glu-
cose, mannitol, formic acid, acetic acid, lactic acid and
ethanol.

Results
Storage of unpreserved biomass

In unpreserved S. latissima stored under anaerobic conditions,
pH decreased to below 5 the first 15-20 days due to acid
production by fermentative microorganisms, before
stabilising at 4.0-4.2 for the period from 50 to 200 days
(Fig. 1). Laminaran was almost completely consumed during

7
—4&— Nov —~—Nov
—8—Dec —=—Dec

6 4 —@—Dec, frozen —e—Dec, frozen

0 25 50 75 100 125
Time [days]

Fig. 1 pH decrease in unpreserved S. latissima stored at 13 °C for up to
200 days. Data from three independent experiments with different
biomass batches (Nov and Dec), and two replicates. For the frozen
biomass, an inoculum containing bacteria from decaying seaweed was
added
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the first 2050 days (Fig. 2a), in parallel with the pH decrease.
Some more laminaran (~30% after 100 days) remained in the
experiment where frozen biomass was used, either due to a
less efficient microbiota or due to changes in the laminaran
availability caused by the freezing. More than 80% of the
mannitol remained after 100 days, and approximately 50%
after 170-200 days (24-28 weeks) (Fig. 2b).

The dominating fermentation product from both feedstock
batches was lactic acid. Acetic acid constituted a minor frac-
tion, while the ethanol level varied between the November and
December batches (Fig. 2c, d). A relatively strong gas produc-
tion was also observed. The total consumed sugars (100% of
the laminaran and ~ 50% of the mannitol) corresponds to 9.4
and 5.2 g L™! on C-basis. The sum of fermentation products,
exclusive CO,, constituted 11 and 6 g L 'on a C-basis. This
indicates that other components than the analysed sugars had
been fermented, such as soluble protein, fucoidan or alginate.

Preservation of the biomass by acid addition

The pH reduction required for an efficient preservation of S.
latissima was investigated in three independent storage exper-
iments, where pH was adjusted to different values ranging
from 2.4 to 4.5 by addition of sulphuric acid or combinations
of sulphuric and formic acid. Immediately after the acid

Fig.2 Consumption of laminaran

addition, pH was 0.2—1 unit below the final pH, before equil-
ibrating to the desired value within 24 h. The slow equilibra-
tion is due to the buffering capacity of alginate. During the
further storage, pH kept constant until the experiment was
ended, except for samples stored at pH 4.5 and at pH 4.0
without formic acid added, where pH decreased to 3.7.
Laminaran and mannitol were completely maintained for
25-30 weeks in all experiments at pH 3.7 or lower, indepen-
dent of the presence of formic acid, or not (Fig. 3). Some
variability between experiments and between replicate bottles
was observed, most likely due to inhomogeneous sampling,
since there was no decreasing trend with time. The recovery of
laminaran and mannitol seemed to be lower at pH < 3, perhaps
due to precipitation of alginate, as discussed below. Only neg-
ligible amounts of fermentation products (lactic acid and
acetic acid) were detected in samples with pH below 3.7.
Higher pH values in the range 3.7 to 4.5 were tested in
order to determine the maximum allowable pH for a stable
biomass, and for verification of endogenous laminaranase ac-
tivity, see below. Mannitol was properly preserved during the
storage period of 90 days in all samples that had pH between
3.7 and 4.5. However, a significant loss of laminaran (20%)
occurred, and fermentation products were formed, in the sam-
ples at pH 4 and 4.5 without formic acid (Fig. 4). When 0.1 M
formic acid was included, the preservation was efficient also at

and mannitol, and formation of a 100 - C 1o []
fermentation products in —_ i ® Nov ® Dec 4 Dec, frozen| X
unpreserved S. latissima stored at 2 80 = 8T [ ] X
13 °C. Remaining laminaran, as 2 L BI) L
glucose (a), remaining mannitol 8 60 + = 6 1 % 2 Lac
(b), fermentation products in the %, - 2
November biomass (c), @ r g A Ace
fermentation products in the fresh € 40 1 S 4+ X EtOH
December biomass (d). The initial g L A A §
concentrations of laminaran and e 20 1 © L1 A
mannitol (defined as 100%) were r | |
17.8 and 15.5 g kg™ total mass in [ = @ ® O e o A A
the experiment with biomass from 0 f f t 0+
November, and 9.4 and 0 50 100 150 200 0 50 100 150 200
10.3 g kg " total mass in the
experiment with biomass from
December b 100 x d 10
= 801 : (I o T 87 .
2 . 2 | ]
£ 60 ] 561 " Lac
€ i - L4 ® i A Ace
o [ = r
£ 401 g8 4 >.< X EtOH
©
£ I S I N
e 2071 27 X &
[ |0Nov mDec ADec, frozen r
0 e L E— 0 e
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Fig. 3 Remaining laminaran, as glucose (a) and mannitol (b) in S.
latissima preserved by acid addition and stored at 13 °C. FA, formic
acid added. Data from three independent experiments with different
biomass batches (Nov and Dec), and two replicates. For the frozen

pH 4.0, while lactic acid was formed at pH 4.5, although no
reduction in laminaran was detected.

Endogenous laminaran hydrolysis

Increasing concentrations of free glucose were observed during
storage of all the well-preserved samples, and the fraction of
free glucose of total glucose increased with increasing pH, in-
dicating enzymatic hydrolysis of laminaran (Fig. 5). As much
as 80% of the remaining laminaran was present as free glucose
in samples at pH 4 and pH 4.5 added formic acid. Control
experiments were carried out in order to verify that the hydro-
lysis was enzymatic, not chemical, and caused by the
macroalgae enzymes, not microbial enzymes. When laminaran

12
: #BlLac

_.10_: m Ace

Lo

= 81 O EtOH

c [

S |7

T 6T

AR

5 .0 7

[&] 4

g1 ?

Fig. 4 Fermentation products formed in S. latissima preserved by acid
addition and stored for 88 days at 13 °C (Dec, frozen, with inoculum),
measured concentrations in the liquid phase. FA, formic acid added. The
control was unpreserved S. latissima with a final pH of 4.15. Initial
concentrations of laminaran (as glucose) and mannitol, 9.3 and
102 g kgf' total mass. Lac, lactic acid; Ace, acetic acid; EtOH, ethanol

50 100 150
Time [days]

200

biomass, an inoculum containing bacteria from decaying macroalgae
was added. The error bars indicate standard deviation from the mean of
n =3-8 samples, except for Nov. seaweed after 25 days, where mean +
range of two samples is presented.

dissolved in buffers with pH 4.5, 3.5 and 2.5 was stored at
13 °C, no increase in free glucose was observed after more than
5 months, indicating no chemical autolysis. In seaweed extracts
stored at 25 °C, with pH adjusted to 4.6, 3.5 and 2.5 and anti-
biotics added to prevent microbial growth, the amount of free
glucose increased over time in the extracts with highest pH
(Supplementary Materials, Fig. S2). This confirmed the results
from the preservation experiments and supports the theory that
kelps contain laminaran-degrading enzymes.

Effect of storage at low pH on solubility
and fermentability of S. /atissima sugars

Long-term storage at low pH can contribute to solubilisation
of some compounds, while others may precipitate and be less

100
X 82-88 days
80 L| A 143-165 days
i X
S X
o 60 t X
2 i
o L
3 r A
(@]
o 40 + X
3 i
= i
20 + A
[ 2 &
i X
0 bty AAA, L Ly
2 25 3 3.5 4 4.5

pH

Fig. 5 Free glucose formed in samples without loss of laminaran (total
glucose) during storage of S. latissima, as a function of the storage pH.
The fraction of free glucose was calculated as the concentration of
glucose in the liquid phase as % of theoretical, total concentration of
laminaran in the total sample volume. The samples had been stored for
82-165 days
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available. For use of the biomass as a carbon source for fer-
mentation, the carbohydrates should be easily available for
enzymatic hydrolysis and microbial conversion, implying that
the release or solubilisation should not be rate limiting.
However, polysaccharides may be accessible for enzymatic
hydrolysis even if they are only partly dissolved, as may apply
to laminaran. A simple solubility test, carried out by centrifu-
gation and determination of the distribution of total solids (dry
weight) and laminaran between supernatant and pellet, indi-
cated reduced solubility below pH 3-3.5 (Fig. 6). The reported
values do not represent the total amounts of soluble solids and
laminaran, since dissolved components will remain in the pel-
let after one wash, but provide a comparison of samples stored
at different pH.

As a measure for the availability of the sugars for enzymat-
ic hydrolysis, the rate of sugar consumption by the yeast P.
angophorae was determined for preserved and fresh pH-
adjusted biomass. P. angophorae produces extracellular
laminaranases and can utilise both laminaran and mannitol
as carbon sources. Not surprisingly, the consumption rates
were highest in the samples that had the highest content of
free glucose (preserved samples stored at pH 3.3-3.7, data not
shown). The unpreserved controls and the samples that had
been stored at pH 2.6 did not contain significant amounts of
free glucose. The consumption profiles for these two were
quite similar (Supplementary Material, Fig. S3); however, in
the pH 2.6 samples, a significant proportion of the laminaran
2g L', or 30% of the initial laminaran concentration)
remained unconsumed, indicating resistance towards hydroly-
sis. This is in accordance with the solubility tests (Fig. 6),
which indicates reduced solubility if pH becomes too low.

Discussion

Our aim was to develop a method that preserves the ferment-
able carbohydrates of S. latissima for use as a carbon source in
fermentation to biofuels and bulk chemicals. Wild seaweed
may be harvested in autumn, with optimal biomass

composition. In Norway, cultivated seaweed is currently har-
vested in April-June, due to rapid onset of biofouling and
degradation of the biomass in late summer (Forde et al.
2016), and the content of storage carbohydrates in available,
cultivated seaweed is low. In our work, we therefore used wild
biomass. The fouling problems need to be solved before cul-
tivated S. latissima can be used for biofuels or other bulk
fermentation products. However, cultivated seaweed has a
market for a range of other applications, such as food, animal
feed and extraction of valuable compounds. In any case, a
preservation method will be needed.

Since sugars for fermentation is a low-value product, only
low-cost preservation methods will be feasible. Our choice
was to use the cheapest available acid—sulphuric acid—to
lower the pH for prevention of microbial growth.
Combinations of sulphuric and formic acid were also tested,
since the small, organic acids, such as formic, acetic and lactic
acid in their acid form, have an antimicrobial effect that adds
to the effect of low pH and reduces the total amount of acid
needed (Theron and Lues 2010). Formic acid is commonly
used in ensiling of grass and has also been evaluated in com-
binations with sulphuric acid (Kennedy 1990; Mayne 1993).
In the present work, efficient preservation of the macroalgae
biomass, with no reduction in sugar content after 6.5 months
storage, was obtained when pH was reduced to 3.7 or lower by
addition of sulphuric acid. With a combination of sulphuric
acid and formic acid, pH up to 4.0 could be applied without
detectable loss of laminaran. These results are in agreement
with results obtained for grass ensilage, where pH reduction to
4.3—4.5 by sulphuric or formic acid was not sufficient for
stability, as pH continued to decrease to 3.5-3.7 due to pro-
duction of organic acids (Mayne 1993). Laminaran was more
easily degraded than mannitol under anaerobic conditions, as
can be seen in the results from unpreserved samples. Mannitol
is more reduced than glucose, and an additional NADH is
formed when mannitol is oxidised to fructose by the enzyme
mannitol dehydrogenase. Without oxygen or another electron
acceptor present, the NADH cannot be regenerated to NAD*.
In the period between 100 and 165 days, some mannitol was

Fig. 6 Soluble solids and 100 T
laminaran as fraction of total in
samples stored for 3 months at 80 1
different pH (closed symbols) and
a sample of fresh biomass (open
symbol) where pH was reduced to
3.5. The soluble fraction was
calculated as the difference
between the initial solids and
laminaran content of the L
respective samples, and the 20
remaining content in washed I
pellets, see ‘“Materials and gl
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consumed, in parallel with decreasing acetate concentrations.
This indicates that acetate was used as an electron acceptor for
fermentation of mannitol (McFeeters and Chen 1986). Our
results indicate that pH should not be too low. In samples that
had been stored at pH 2.6, the solubility of laminaran was
lower than in samples stored at higher pH, and a significant
proportion of the laminaran remained unconsumed in growth
experiments with the yeast P. angophorae. The reason is prob-
ably precipitation of the alginate as alginic acid, as alginic acid
has a pKa value of ~3.5 (Haug 1961). This precipitation can
cause co-precipitation of other components.

For S. latissima harvested in November—December,
0.35 mol H,SO, per kg dw was required to reduce pH to 3.5
(Supplementary Material, Fig. S1). With 0.1 M formic acid
included, the same preservation effect was obtained at pH 3.8,
which required 0.2 mol H,SO,4 per kg dw. With costs of
sulphuric acid of 370 € t ! and formic acid 920 € t ' (bulk
prices from Norwegian dealers, 2016), the preservation costs
will be in the same order for the two cases, approximately 10 €
"' dw seaweed. This corresponds to 0.015-0.025 € kg ' sug-
ar, depending on the seaweed sugar content (40—-65%).

In previous studies, ensiling by microbial acid production
has been applied for preservation of seaweed for methane
production by anaerobic digestion or thermochemical conver-
sion (Herrmann et al. 2015; Milledge and Harvey 2016a;
Redden et al. 2016). In these cases, the preservation should
preserve the carbon. Maintaining the sugars is not critical,
provided that carbon is not lost as CO,. In the present work,
the main fermentation products generated by natural fermen-
tation of unpreserved samples were lactic acid, acetic acid and
ethanol. A strong gas production was also observed, but not
quantified. These products are typical for heterofermentative
lactic acid bacteria (LAB), as well as ‘mixed acid fermenta-
tion’, carried out by several bacterial genera. The ratios be-
tween the fermentation products formed from the feedstock
batch collected in November (Lac = EtOH >> Ace) were
similar to those obtained by Herrman et al. (2015). A much
higher fraction of lactic acid in samples from the December
batch indicates a higher fraction of homofermentative LAB.
Our results clearly indicate that relying on the natural micro-
biota for pH reduction and preservation will imply loss of
carbon as CO,. This loss can be reduced by using a starter
culture of homofermentative LAB, such as Lactobacillus
plantarum. In addition to a starter culture, it may also be
necessary to add more sugars to obtain lower pH values than
4.2, as obtained in the present work. For use of the biomass as
fermentation substrate, laminaran must be hydrolysed to glu-
cose, cither by added enzymes in a separate or simultaneous
saccharification and fermentation, or by using microbes that
excrete the required enzymes. As part of the current work, the
formation of free glucose during storage at conditions with no
microbial activity was investigated. The glucose concentra-
tions increased with increasing pH, and almost 80% of the

laminaran was converted to glucose at pH 4—4.5 after 88 days.
This provides a strong evidence for the presence of the [3-
glucanases and (3-glucosidase required for hydrolysis of
laminaran to glucose. Assays were also conducted at higher
pH than those applied in the long-term storage experiments
and indicate a pH optimum between 5.5 and 6 (data not
shown). The activity measured as the rate of glucose forma-
tion was 0.6-0.7 mg g ' dw day ' at 25-30 °C and pH 5.5~
6.5. When considering the temperature dependencies of en-
zyme activities, assuming a doubling of the activity when the
temperature is increased by 10 °C (Q;9=2), this is well in
accordance with values obtained by Hou et al. (2015), who
measured 2.5 mg g ' dw day ' at 50 °C, pH 5.0. In an indus-
trial process, the biomass should be stored at pH between 3.5
and 3.8, and at low temperature. In this pH range and 13 °C,
30-60% of the laminaran was hydrolysed to free glucose after
storage for 3—6 months. For a complete hydrolysis during the
storage period, the endogenous laminaranases can be supple-
mented with commercial enzymes and possibly eliminate the
need for a hydrolysis step prior to fermentation.

The normal pH range for microbial growth is 6-7, although
yeast and lactic acid bacteria may grow at pH as low as 44.5.
Acid-preserved biomass therefore needs to be neutralised be-
fore fermentation. Neutralisation with alkali will increase the
salt concentration, which already is high in seaweed (more
than 30% ash of dw). A high salt concentration may inhibit
growth of the microorganisms used for further fermentation.
However, the contribution from the pH adjustments was low
compared with the salts in the biomass. Reduction of pH to 3.7
and subsequent neutralisation increased the salt concentration
with 10%, while the salt content increased with 20% for pH
reduction to 2.6 and neutralisation. The osmolarity of the lig-
uid phase after neutralisation was approximately ~1 os-
mol kg™' liquid, corresponding to 0.5 M NaCl, which is sim-
ilar to the salt concentration of seawater. Schiener et al. (2016)
observed only an insignificant reduction in ethanol production
rates by Saccharomyces cerevisiae cultivated in a salt concen-
tration like seawater, but a considerable reduction at twice the
concentration of seawater.

In conclusion, the seaweed carbohydrates were well pre-
served at pH below 3.7 obtained by addition of sulphuric acid,
and at pH below 4.0 using a combination of sulphuric and
formic acid. At these upper limits, there was no detectable loss
of laminaran, although small amounts of organic acids and
ethanol were formed, indicating some microbial activity. The
recommended pH values would therefore be somewhat lower,
e.g. 3.5 and 3.8, respectively. pH should not be too low, since
the solubility of the biomass components was reduced at pH
below 3. The storage period can be utilised for hydrolysis of
laminaran to glucose, saving costs for the fermentation pro-
cess. Our work was primarily aimed at preservation of the
biomass for application as a carbon source for fermentation
into biofuels or chemicals. However, the method will be
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equally suited for other applications of the biomass, such as
extraction of valuable compounds for use in functional food,
feed or other areas. These are more likely applications of cul-
tivated brown algae in a near future, due to yet high biomass
costs, and due to biofouling, which necessitates harvesting
when the carbohydrate content is low. Future studies should
investigate the effect of acid preservation on the other valuable
compounds in macroalgae.
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