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� S. latissima was used as a sugar source for fermentation of pinene.
� A cellulase and laminarinase mixture releases more glucose than laminarinase.
� Hydrolysates were used to produce pinene with a novel Escherichia coli system.
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Enzymatic hydrolysis of Saccharina latissima with laminarinase was compared to hydrolysis with differ-
ent combinations of cellulase and hemicellulase enzyme mixtures. The hemicellulase mixture resulted in
similar release of glucose, while the cellulase mixture released 40% more glucose than laminarinase
alone. The combination of a laminarinase augmented with a cellulase mixture resulted in a 53% increase
of glucose release from S. latissima than laminarinase. Increasing biomass loading above 4% (w/v) reduced
the sugar yield. Resulting macroalgae hydrolysates were used as a carbon source for the production of
pinene, making use of a novel two plasmid Escherichia coli system. The macroalgal hydrolysates were
suitable for the novel microbial production of pinene with no further treatment and/or purification.

� 2014 Published by Elsevier Ltd.
1. Introduction

Both micro- and macro-algae are thought to minimally compete
with established and projected food supplies and estimated to
require 4–40 times less area than that projected for terrestrial bio-
mass sources to generate significant amounts of renewable chem-
icals (Adams et al., 2009). Macroalgae has been commercially
collected for many years in weights of kilotons in China, Philip-
pines, Indonesia, Chile and numerous countries in Europe with
over 16 megatons harvested world wide in 2006, and there are
large areas of unused shorelines that have potential for algae culti-
vation (Roesijad et al., 2010; Vea and Ask, 2011). It has been esti-
mated that using 0.09% of the potential United States offshore
‘Exclusive Economic Zone’ to grow macroalgae could replace 1%
of the current United States fuel consumption (Roesijad et al.,
2010). Further, countries with current macroalgae farms are devel-
oping low impact renewable cultivation methods providing guid-
ance for sustainable farming (Ugarte and Sharp, 2012; Vea and
Ask, 2011). World-wide commercial production of alginate was
valued at 213 million in 2003, with potential for co-production
of an easily fermentable sugar source of both mannitol and lami-
narin (Roesijad et al., 2010). The typical polysaccharide profile of
Phaeophyceae (brown algae) includes alginate, fucoidan, mannitol
and laminarin. The Phaeophyceae Saccharina latissima has been
show to have some of the highest sugar content in the form of
laminarin and mannitol (Adams et al., 2009).
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Mannitol is synthesized in algae as one of the major photosyn-
thetic products, (Iwamoto and Shiraiwa, 2005) is found in quanti-
ties as high as 20–30% in brown algae. Laminarin is polysaccharide
of (1,3)-b-D-glucan with b-(1,6) branching ending with either a
mannitol or a glucose residue approximately 5000 kDa in size
(Rioux et al., 2007). It is the primary storage of glucose in the algae,
and the focus of fermentation attempts previously with use of a
laminarinase (Ross et al., 2011, 2008).

Higher harvesting yields do not necessarily directly equate to
higher fermentation yields; rather macroalgal composition plays
an important role (Broch and Slagstad, 2011). The recoverable con-
centration of fermentable sugars (laminarin, mannitol, and algi-
nate) has been shown to vary with harvest time; a 6-fold
reduction in laminarin in S. latissima has been reported to mono-
tonically decrease in harvests from August to December (Broch
and Slagstad, 2011; Holdt and Kraan, 2011; Peteiro and Freire,
2009). The regional and seasonal growth differences, even within
the same strain, can vastly change the methodology to optimize
sugar production for use in biosynthesis. These parameters can
impact potential yield and therefor extremely important for
estimations of overall feasibility.

Phaeophyceae have been shown to have promise for biofuel
production (ethanol and methanol (Ross et al., 2011, 2008)).
Advances in understanding microorganism metabolism have
allowed molecular engineering to produce novel and complex bio-
fuels and chemicals, including butanol, fatty acid esters, methyl
ethyl ketones and terpenes (Peralta-Yahya et al., 2012). Pinene is
a terpene that is a high value chemical precursor for multiple com-
mercial components, such as aromatic chemicals in fragrances, and
is currently extracted as a byproduct from the wood pulp industry
(Sarria et al., 2014). Components found in hydrolysates of biomass
such as salts, phenols, or other materials can inhibit microbial
growth and can have an impact on the efficiency of conversion dur-
ing fermentation. Testing and use of developed microorganisms
with biomass-generated hydrolysates is necessary to understand
the biomass specific process hurdles that prevent commercializa-
tion. In the present work, S. latissima harvested off the Norwegian
Coast was characterized and sugar production was evaluated. The
hydrolysates were then used to produce pinene with an E. coli-
based advanced biosynthesis pathway (Bokinsky et al., 2011;
Peralta-Yahya et al., 2012) to demonstrate suitability of
hydrolysate resulting from macroalgae.
2. Methods

2.1. Materials and preparation

Samples of S. latissima were collected off the coast of Norway in
December 2010, July 2011 and August 2011. The samples were
freeze-dried for 1–2 days. These samples were stored in 4 �C before
and after shipping. Shipping of the freeze-dried algae to Joint
BioEnergy Institute was done at room temperature. Moisture
content was continually checked.
2.2. Total sugar analysis

General composition and structural carbohydrates of algae con-
taining mannitol, glucose, xylose, fucose were determined accord-
ing to the two-step acid hydrolysis procedure of the National
Renewable Energy Laboratory (NREL, Sluiter, 2008). Carbohydrates
were analyzed by high pressure anion exchange chromatography
(HPAEC) on an ICS-3000 system (Dionex, Sunnyvale, CA) equipped
with an electrochemical detector and a 4 � 250 mm CarboPac SA10
analytical column. 1 or 10 lL (depending on the concentration) of
the sample was injected into the column and was eluted with
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1 mM KOH for 14 min. The flow rate of the eluent was maintained
at 1.2 mL per min. Standards were made for mannitol, glucose,
xylose, fucose of 6, 10, 25, 50, and 100 lM.

2.3. Enzymatic saccharification

Enzymatic saccharification of algae samples was carried out at
50 �C and 150 rpm in a reciprocating shaker (Enviro-Genie, Scien-
tific Industries, Inc.) in 50 mM citrate buffer (pH of 4.8). The glucan
content in the solution was maintained at 5 g glucan per liter,
unless otherwise noted. 20 mg protein per g glucan of Cellic�

CTec2 (Novozymes) and 2 mg protein per g glucan of Cellic� HTec2
(Novozymes) and/or 0.1 U per 20 g glucan laminarinase (1 U per
31 mg Sigma, L5272), (Adams et al., 2009), were used for hydroly-
sis reactions unless otherwise noted. A 60 lL of the supernatant
was taken at specific time intervals (0, 0.5, 1, 2, 5, 24, 48, 72 h)
to monitor the hydrolysis reaction. The reducing sugars in the
supernatant were measured using the 3,5-dinitrosalicylic acid
assay, (DNS) or HPAEC.

Solutions of D-glucose were used as standards in the DNS and
Amplex assays. All assays were performed with three replicates.
Error bars show the standard error of three replicate
measurements.

Each saccharification comparison was run concurrently with all
samples in the same comparison to eliminate potential differences
in temperature history or other parameters. The rate of hydrolysis
was calculated based on the sugar released in the first 30 min of
hydrolysis. The supernatant collected after 72 h of hydrolysis was
analyzed with HPAEC for the monosaccharide composition. All
assays were performed with three replicates, unless noted. It
should be noted that the DNS assay does not account for the hydro-
lysis reaction stoichiometry of cellulose and hemicellulose upon
complete hydrolysis.

2.4. Composition

Ash content was measured using the procedure of NREL (Sluiter
et al., 2008). Protein was extracted from algae using glass bead
homogenization followed by quantitation with Coomassie Blue
(BioRad) with BSA standards. Alginate composition was measured
using an adaptation of a multi-step process to get a relative quan-
tifiable amount and was burned to adjust for the ash content of the
material (Peña et al., 1997; Rioux et al., 2007). Briefly, alginate was
extracted using the multistep process described in (Peña et al.,
1997) with Na2CO3 and CaCl2. The recovered alginate was then
ashed at 575 �C for 3 h to account for the mineral content, the dif-
ference between the 105 �C dried weight and the ashed values
were used to calculated the alginate concentration. Conductivity
was measured using a pocket conductivity meter (B-173, Horiba,
Edison, NJ), samples were diluted 10- and 100-fold and confirmed
for linearity of measurement.

2.5. Confocal fluorescence imaging

S. latissima samples were cut with a razor blade from freeze-
dried samples from the December 2010 harvest. These sections
were stored at 4 �C until imaged. Slices were placed between a cov-
erslip and slide with 150 lL buffered enzyme to wet each sample.
Autofluorescence images during heating were collected with a
Zeiss LSM 710 confocal system mounted on a Zeiss inverted micro-
scope (Carl Zeiss Microscopy, LLC, Thornwood, NY). A 405 nm
diode laser and a 488 nm argon laser were used for sequential exci-
tation over a 410–759 nm range with 5�, 10� or 40� objectives.
The resulting images were analyzed using the Zen software and
reproduced in pseudo color (Zeiss).
inene production from the conversion of macroalgae Saccharina latissima.
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2.6. Pinene production in Escherichia coli MG1655

E. coli was co-transformed with pJBEI-3085 carrying the meva-
lonate pathway from acetoacetyl-CoA transferase to isopentenyl
diphosphate isomerase (Bokinsky et al., 2011) and JBEI – 3933 car-
rying a protein fusions of Abies grandis pinene synthase linked to A.
grandis geranyl diphosphate synthase using a (Gly-Ser-Gly)2 linker
(Sarria et al., 2014). Pre-cultures of E. coli MG1655 harboring the
appropriate plasmids were used to inoculate at a 1:25 dilution
pinene production medium (Teknova, EZ-Rich, 1% (v/v) glucose,
100 mg per L ampicillin, 30 mg per L chloramphenicol, 5 ml total
volume). The cultures were grown at 37 �C for 3 h (200 r.p.m.
OD600 = 0.6–0.8) before induction with 1 mM IPTG and overlayed
with 20% dodecane. After growth for 72 h at 30 �C (200 r.p.m.),
10 lL of the dodecane overlay were sampled and diluted into
90 ll of ethyl acetate spiked with terpinene as an internal stan-
dard. The samples were analyzed by gas chromatography–mass
spectrometry (GCMS, Agilent 6890 with Agilent 5973 Mass selec-
tive detector) with a DB5 column (30 m � 0.25 mm ID � 0.25 lm
film) using either an alpha or beta pinene standard curve using
the following conditions: inlet at 230 �C, 2 ml min�1 constant flow,
transfer line at 300 �C, ion source at 230 �C, scan m/z 50–300. Oven:
60 �C for 1 min, ramp at 20 �C min�1 to 120 �C, ramp at 50–250 �C.
3. Results and discussion

3.1. Compositional characterization

Analysis of S. latissima harvested off the coast of Norway
showed compositional differences between seasonal harvests, as
expected. The July and August 2011 harvests contained 11–18%
glucan (laminarin), 17–25% alginate, 20–23% mannitol, 30–37%
ash, and <1% protein (Table 1). The July and August compositional
profiles were similar to the profiles of brown macroalgae harvested
at a similar seasonal harvests (17–34% alginate, 0–33% laminarin,
2–19% mannitol, 0.06–15% protein, 15–45% ash, with concentra-
tion of mannitol and laminarin peaking in the summer months)
(Adams et al., 2011; Holdt and Kraan, 2011). Unexpectedly, the
December 2010 harvest has similar amounts of glucose as the
August harvest, namely 10% and 13% respectively (Broch and
Slagstad, 2011; Holdt and Kraan, 2011; Peteiro and Freire, 2009).
The mannitol content of the December harvest was 6%, which is
lower than previously reported, but similar to that previously
reported for January. The other compositional components of the
December harvest were similar to those reported: 43% alginate,
25% ash, and <1% protein (Table 1) (Broch and Slagstad, 2011;
Holdt and Kraan, 2011; Peteiro and Freire, 2009). While the com-
position is slightly different from previously reported batches,
composition is expected to change with specific species, seasonal
variation and harvesting methods. The differences could also be
due to growth location since the previous published reports on
S. latissima composition were not algae harvested off the coast of
Norway.
Table 1
Composition of macroalgae samples as a function of seasonal harvest, values shown at ±1

Composition

Harvest time Glucan Mannitol Ash

December 2010 13.0% ± 0.4% 5.9% ± 0.4% 24.99%
July 2011 17.9% ± 0.3% 25% ± 1% 30.31%
August 2011 10.2% ± 0.9% 18% ± 2% 37.6%
July 2011 washed 17.1% ± 0.6% 20% ± 2% 28.0%
August 2011 washed 12.6% ± 0.5% 16% ± 1% 33.5%
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The extracted alginate showed that the mannuronic acid to
guluronic acid ratio as measured by the ratio of FTIR peaks at
1030–1090 cm�1, were 0.64 ± 0.02, 0.64 ± 0.02–0.686 ± 0.005 for
July, December and August respectively suggesting while seasonal
variations in the amount of alginate minimal differences in overall
composition suggesting minimal seasonal difference in viscosity
(Chee et al., 2011; Peña et al., 1997).
3.2. Sugar yields as a function of enzyme mixture

Enzymatic saccharification of S. latissima with laminarinase
(endo – (1,3(4)-b-glucanase)) resulted in a similar sugar release
to those reported by Adams et al. (2009), and is used as a baseline
to compare our harvested samples with the published reports of
glucose release (Fig. 1). To enhance sugar release, we used a com-
mercial cellulase mixture (Cellic� CTec2) and a combination of
enzymes optimized for digestion of cellulosic biomass. Use of these
commercial enzyme mixtures assisted in additional hydrolysis of
b-(1-4) glucan bonds, resulting in more monomeric glucose release
than that obtained with the laminarinase alone (5% increase with
HTec2, 42% increase with CTec2, 53% increase with laminarinase
and CTec2, and 65% increase with CTec2 and HTec2, Supplemental
Movie 1, Fig. 1). There was further enhancement of glucose release
when using the combination of CTec2 with either laminarinase or
HTec2, a hemicellulose mixture (Fig. 1). In addition, there was a 2-
fold increase in the rate of hydrolysis using CTec2 and additional
release with the combination of CTec2 with either HTec2 or lamin-
arinase than either enzyme alone (Fig. 1). We also tested the effect
of enzyme loading and mechanical grinding of biomass on total
sugar release from S. latissima. When the enzyme loading of CTec2
and HTec2 was reduced from 20 mg per g glucan to 5 mg per g glu-
can with a 5 g glucan per liter loading, no change in yield of final
glucose was observed. In addition, there was equivalent sugar
released from ground (40 mesh) and unground (�1–2 cm2) algae
biomass of S. latissima. The improved kinetics and enhanced glu-
cose release of the reactions supplemented with CTec2 during
enzymatic hydrolysis suggests the digestion of a number of
b(1,4) glucan bonds in macroalgae that had been left undigested
in previous studies (Ross et al., 2011, 2008).

Confocal auto-fluorescent images were recorded during enzy-
matic saccharification to investigate hydrolytic mechanism. As
expected from the enzymatic hydrolysis, there is immediate break-
down of the biomass during the first 5 h (Supplementary Fig. 1).
This can be seen by the diffusion of cellular fragments away from
the algae, (yellow arrows, Supplementary Fig. 1). The breakdown
of the algae is expected to occur even faster during the batch enzy-
matic hydrolysis due to mixing effect than shown on the video
since algal biomass hydrolysis was performed in static mode on
a coverslip for the movie. Interestingly, the outer peripheral layer
as seen on the left side of the slice (white arrow, Supplementary
Fig. 1) seems to mechanistically inhibit biomass degradation. This
outer layer has been shown to contain inhibitory chemicals, phe-
nols and tannins, and provides mechanical support (Moen et al.,
SD.

Moisture Alginate Solid recovery

± 0.01% 8.4% ± 0.3% 43% ± 4%
± 0.01% 6.0% ± 0.3% 25% ± 4%
± 0.4% 4.5% ± 0.1% 17.3% ± 0.8%
± 0.2% 3.2% ± 0.5% 39% ± 7% 78% ± 7%
± 0.6% 2.0% ± 0.1% 36% ± 2% 72% ± 2%
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Fig. 1. Enzymatic saccharification of macroalgae. (A) Final sugar yields from enzymatic saccharification of macroalgae, 5 mL at 5 mg glucose per mL, 50 �C 72 h glucose
measured by HPAEC. (B) Hydrolysis rate obtained as a function of enzyme used, based on DNS assay reducing sugar release at 30 min. Values show with ±1 SD.
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1997). These results suggest that a more comprehensive pretreat-
ment and hydrolysis steps targeting these components of first
removing this layer may enhance the enzyme kinetics.

3.3. Impact of increased biomass loading on sugar yields

Higher biomass loading during saccharification to generate a
suitable sugar stream for downstream fermentation is necessary
to make the process more industrially relevant by reducing operat-
ing costs. Increased loading from 2%, 4%, and 8% (w/v) biomass
(0.5%, 1%, 2% glucan loading) during saccharification resulted in
sugar yields of 10.3%, 10.0%, to 3% gram glucose per gram biomass
per liter for the July harvest, respectively. Previous studies have
hypothesized a salt sensitivity on saccharification/ethanol yields
above 90 mM (Adams et al., 2009, 2011). Multiple sharp peaks in
the XRD pattern of the microalgae suggest a high level of sea salt
that matches with the compositional analysis. The crystalline
peaks present in the XRD pattern were indexed to the following
Please cite this article in press as: Scullin, C., et al. Optimization of renewable p
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phases: NaCl (Fm-3m), KCl (Fm-3m), CaCO3 (Pmcn) and D-mannitol
(P21) (data not shown). Additionally, high ash content supports
that high ionic composition could play a role in the inhibition
(Table 1).

To understand the effect of salt inhibition, the algae samples
were rinsed using deionized water using a wash volume from
1 mL per g algae to 8 mL per g algae. This was done quickly as to
minimize the absorption into the algae samples. The recovered
wash was analyzed for salt (conductivity) and soluble sugars. The
lower wash volumes (1 mL per g algae) had high concentrations
of both salt (19–32 mS/cm) and sugars (2 g per L). Increasing the
wash volume (8 mL per g algae) did not increase the proportional
amount of salt (8–13 mS/cm) to sugar (0.2 g per L) lost in the wash.
The lowest wash volume (1 mL per g algae) resulted in 71% recov-
ery of the initial biomass (dry weight). To confirm the loss of salt
and other insoluble material the complete composition of the
recovered algae was analyzed (Table 1). Washing increased the
alginate percentage of biomass (25–39% alginate for July, and
inene production from the conversion of macroalgae Saccharina latissima.
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17.3–35% alginate for August), but reduced the total mass of ash in
the samples (30.3–28% ash for July, 37.6–33.5% for August). There
was only a minor difference in glucose concentration (17.9–17.1%
for July, and 10.2–12.6% for August, Table 1).

The washed samples had reduced recovery compared to the
unwashed samples at the same glucan loadings 0.5–2% (w/v). At
0.5% glucan loading the monomeric sugar recovery of the washed
sample was 94% of the glucose recovery from the unwashed sam-
ple, and at 1% glucan loading the washed sample had 50% of the
recovery than the unwashed samples. Washing reduced the glu-
cose recovery to an undetectable amount at loadings above 1% glu-
can (w/v). The lower ratio of glucose to alginate in the total
biomass required higher total alginate loading to achieve similar
loadings of glucan for the washed material versus the raw biomass.
Increased alginate concentration is known to significantly increase
viscosity (Chee et al., 2011; Peña et al., 1997). The washed biomass
had a higher alginate to glucan ratio than the unwashed samples
and therefore increased viscosity, which could be acting as an
inhibitor due to uneven mixing. A more intense washing could help
reduce the viscosity of the alginate by removing ions such as cal-
cium which is known to help stabilize the alginate and increase
the viscosity, however, the more vigorous the wash, the more eas-
ily released sugar is dissolved into the wash solution.

A combination of laminarinase and cellulolytic biomass
enzymes increases the glucose release, but rinsing the algae
decreases the sugar yields. Rinsing the algae results in loss of man-
nitol and small easily dissolvable sugars, which requires additional
steps to recover. However, rinsing reduces the overall phenol and
high salt content during hydrolysis, which if optimized could
increase the sugar yield (Adams et al., 2009, 2011).
3.4. Pinene production from macroalgal hydrolysate

Previous efforts to produce pinene from other biomass sources
has resulted in production around 1 mg per L for 2% switchgrass
loading, equivalent to a �1% glucose hydrolysate loading. As scaf-
folding has been shown to increase flux through metabolic path-
ways, a protein fusion of pinene synthase and geranyl
diphosphate synthase was made to increase the pinene titers
(Sarria et al., 2014). Using this E. coli-based production system,
pinene was produced from both the hydrolysates obtained from
macroalgae and a glucose control. Interestingly, a 0.6% (w/v) glucose
loading which resulted from 60% of the medium being replaced with
a 1% (w/v) glucose hydrolysate resulted in similar pinene produc-
tion �20 mg per L versus 18 mg per L, suggesting no effect from
inhibitors at this concentration. The hydrolysate made using either
the CTec2 and HTec2 or CTec2 and laminarinase contained the
Please cite this article in press as: Scullin, C., et al. Optimization of renewable p
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largest amount of sugars and produced similar amounts of pinene
�21 mg per L. The unground, but crushed samples, produced similar
amount of sugar as the ground samples after saccharification, and
the hydrolysates also resulted in similar pinene production
�18 mg per L (Fig. 2). Doubling the solids loading for the saccharifi-
cation step resulted in the expected increase in sugar present in the
hydrolysate (2% (w/v) glucose hydrolysate, a 1.2% (w/v) final con-
centration), but the pinene production was significantly reduced
to 8% of the production of the 1% (w/v) glucose hydrolysate (0.6%
(w/v) final concentration). The reduction in yield could be due to
higher sensitivity to the increased viscosity from alginate or the
increased salt levels that generate an inhibitory effect similar to that
observed during saccharification of the washed samples.

4. Conclusion

Macroalgae shows promise as a potential biomass source for
production of fermentable sugars and for advanced biochemical
production. A mixture of CTec2 and HTec2 releases the maximum
amount of glucose from S. latissima. The hydrolysates generated
from S. latissima are as effective as the glucose control for fermen-
tation with E. coli to make the renewable chemical pinene. Increas-
ing the solids loading to a more relevant industrial concentration is
not straightforward due to inhibitory effects of increasing alginate
and salt concentration. The specific characteristics of the hydroly-
sate such as viscosity and salt concentration are important for
increasing product yields.
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