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Abstract The green seaweeds Derbesia tenuissima and Ulva
ohnoi were assessed comparatively for yields of biomass and
bioproducts (fatty acids, soluble fibres and amino acids) under
controlled land-based culture over 6 months. The intensive
cultivation of these seaweeds yielded an average biomass pro-
ductivity of 15 g dry weight (dw) m > day ' (56 t dw
ha ' year ") for D. tenuissima and 38 g dw m 2 day ' (138 t
dw ha! year ") for U. ohnoi. The production of D. tenuissima
was comparatively consistent, ranging between § and 20 g dw
m 2 day !, while that of U. ohnoi was highly variable and
stochastic, ranging between 16 and 77 g dw m > day '. The
major bioproducts were lipids (13 % dw) and fatty acids (5 %
dw) for D. tenuissima and soluble fibres (ulvan, 12 % dw) for
U. ohnoi. These concentrations were consistent over time,
irrespective of the variation in environmental conditions and
biomass productivity. In addition, D. tenuissima and U. ohnoi
are potential bioresources for the extraction of proteins (amino
acids). The amino acid content of D. tenuissima (24 % dw)
was higher than that of U. ohnoi (13 % dw). However, the
annual amino acid productivity of U. ohnoi (18 tha ' year ')
was higher than that of D. tenuissima (14 t ha ' year ') due to
the higher annual productivity of biomass. Notably, both spe-
cies offer niche opportunities to deliver multiple products
through a biorefinery process.
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Introduction

Land-based cultivation systems provide the opportunity to
produce novel species of seaweed with high value, many with
morphologies or sizes not suitable for traditional ocean-based
production methods (Mata et al. 2010; Magnusson et al.
2014). Research on the land-based cultivation of seaweeds
was initially driven by the use of seaweed as a nutrient scrub-
ber of the waste waters from the intensive aquaculture of an-
imals (Ryther et al. 1975; Lapointe et al. 1976). However, it is
the high biomass productivity per unit surface area that has
maintained commercial interest in land-based cultivation sys-
tems with biomass productivities above 20 g dry weight (dw)
m 2 day ', and up to 100 g dw m > day ', being achieved in
pilot-scale cultivation systems (Mata et al. 2010; Bruhn et al.
2011). Notably, these values exceed those of highly produc-
tive kelp forests (Kelly and Dworjanyn 2008) or terrestrial
crops (McKendry 2002) and approach the upper theoretical
limits of photosynthetic productivity (Grobbelaar 2009). The-
se systems are highly suited to cultivating seaweeds with veg-
etative or clonal propagation, avoiding the need to control
complex life cycles. Furthermore, they provide a higher level
of control over the quantity and quality of biomass, traceabil-
ity and security compared to traditional cultivation methods
(Hafting et al. 2012; Pereira et al. 2013). However, despite all
of the advantages offered by land-based cultivation, it is most
challenging because of its capital-intensive nature with high
infrastructure, maintenance and energy requirements
(Huguenin 1976; Bidwell et al. 1985). These demands have
restricted the production of seaweeds in land-based systems to
those with high value as food or as a feedstock for bioproducts
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such as nutraceuticals and cosmaceuticals (Gellenbeck 2012;
Hafting et al. 2012).

One of the key steps in the development of the production
of land-based biomass at a commercial scale is the demonstra-
tion that high productivities of algal biomass, and subsequent-
ly derived bioproducts, can be attained consistently and at
scales and timeframes relevant to commercial production
(Gellenbeck 2012; Hafting et al. 2012). Few studies to date
have reported the continuous production of biomass at a scale
greater than thousands of litres and timeframes of more than
6 months (but see Bidwell et al. 1985; Capo et al. 1999; Bol-
ton et al. 2009; Buschmann et al. 1994). Furthermore, there
are even fewer studies that quantify the biochemical compo-
sition of the produced biomass over this timeframe. This is
important as the value derived from species targeted for inten-
sive land-based culture will be, to a large part, dependent on
their biochemical composition, which can vary markedly
across the year in both wild harvested and cultivated biomass
(Buschmann et al. 1994; Adams et al. 2011; Schmid et al.
2014; Shuuluka et al. 2013).

In this study, we cultivated the green seaweeds Derbesia
tenuissima and Ulva ohnoi in an intensive land-based cultiva-
tion system (10,000-L tank units) over 6 months and assessed
the comparative production of algal biomass and bioproducts.
The filamentous seaweed D. fenuissima was selected as it has
high lipid content (up to 12 % dw) and total fatty acid (TFA)
content of 5 % dw of which 30 % are nutritionally important
omega-3 polyunsaturated fatty acids (PUFAn-3) (Gosch et al.
2012). D. tenuissima has undergone initial assessment in in-
tensive land-based cultivation with high biomass productivity
and the highest productivity of lipids and fatty acids from
cultivated macroalgae (Magnusson et al. 2014). Consequent-
ly, D. tenuissima is a novel target for production in land-based
cultivation systems. In contrast, U. ohnoi is a species of the
genus Ulva which has been a benchmark for land-based cul-
tivation. Ulva is cultivated in tanks to remediate waste waters
from the commercial production of abalone, and the produced
biomass is used as feeds for the cultured animals (Bolton et al.
2009). However, Ulva biomass also has potential as a resource
for high-value bioproducts as it contains unique soluble fi-
bres—sulphated polysaccharides termed ulvans—which are
functional biopolymers with uses in biomedical tissue engi-
neering, regenerative medicine and drug delivery (Lahaye and
Robic 2007; Chiellini and Morelli 2011). Therefore, U. ohnoi
is both a suitable benchmark for D. fenuissima and a target for
the production of ulvans in tropical regions. Furthermore, both
D. tenuissima and U. ohnoi are a potential resource for protein
for human and animal nutrition (Boland et al. 2013; Angell
et al. 2014; Neveux et al. 2014). Finally, the extraction of
multiple co-products (the biorefinery concept) including lipids
(fatty acids), proteins (amino acids) and carbohydrates pro-
vides an opportunity to enhance the value of the biomass
(Neveux et al. 2014).
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Therefore, the specific objectives of this study were to (1)
quantify the seasonal productivity of biomass of both sea-
weeds by assessing weekly variation in growth, (2) quantify
the lipid, fatty acid and PUFAn-3 content in D. tenuissima and
soluble fibres (ulvans) in U. ohnoi by assessing temporal var-
iation and finally (3) quantify the lipid, fatty acid, soluble fibre
and amino acid content in the biomass produced within
6 months to calculate the productivity of bioproducts from
D. tenuissima and U. ohnoi.

Materials and methods

The seaweed D. tenuissima (Moris & De Notaris) P.L. Crouan
& H.M. Crouan was collected from a shallow subtidal rock
platform at Rowes Bay, Townsville, Australia (latitude:
19.14 S, longitude 146.48 E) in August 2010. The seaweed
U. ohnoi Hiraoka and Shimada was collected from the biore-
mediation ponds of an aquaculture facility in Guthalungra,
Queensland, Australia (19° 55’ 27" S, 147° 50" 37" E) in
December 2010. This species was genetically identified using
DNA barcoding with the markers ITS and tufAas U. ohnoi
(Lawton et al. 2013). Both seaweeds were maintained at the
Marine & Aquaculture Research Facility Unit (MARFU) at
James Cook University (JCU), Townsville, Australia (latitude
19.33 S, longitude 146.76 E) in 60-L cylindrical tanks and
scaled up to 2000-L cylindrical tanks, where they were held
for almost 3 years prior to being transferred to the large-scale
cultivation trial using 10,000-L parabolic tanks in another re-
circulation cultivation system at MARFU.

Cultivation system

The large-scale recirculation cultivation system consisted of
six white fibre glass parabolic tanks (7.2 m long by 2.2 m wide
and 0.89 m deep in the centre; 13 m®) with opaque walls,
exposed to full natural sunlight (Online Resource 1). To cir-
culate the algae within the tanks, an air blower (Dargang,
model DG-400) provided acration and agitation at a rate of
2.8 m’ min"" through perforated airlines (25 mm in diameter
with 2-mm holes every 15 cm) installed longitudinally along
the bottom centreline of the parabolic tanks. The seawater
level was set to 10 cm below the rim of the tank (total volume
approx. 10,000 L of water) by fitting a 50-mm-diameter PVC
stand pipe in the bottom outflow of the tanks. To retain the
algae in the tanks, a 300-mm-diameter stand pipe with open
windows covered by a 450-um mesh screen was placed
around the internal 50-mm stand pipe.

The water from the six tanks flowed by gravity to a 5000 L
water reservoir (sump; Fig. 1). This water was then pumped
from the sump and redirected in two ways: (1) recirculated
back to the sump passing through a heater/chilling unit
(Evoheat, DHP603, water volume of 9 m® h™') and a protein
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skimmer and (2) through a water filtration system which
consists of a sand filter (Olga, Panter series ii P33), two
C75 Trimline bag filters (100 um; 0.27 m?) and a UV filter
(Smart HO UV Sterilizer 150 Watt 230 VAC), followed by a
speece cone to dissolve CO, in the water before entering the
six tanks and flowing back to the sump. The heater/chiller
unit was set to operate when the water temperature in the
sump was outside the range of 24-28 °C. A pH solenoid
connected to a pH probe submerged in the water in the
sump triggered the injection of CO, through the speece
cone when the pH was above 8. To ensure that all six tanks
had similar nutrient and carbon availability, the valves of
the inflow water were manually adjusted to supply a water
flow of approximately five tank volumes per day (vol
day ). The volume of water entering the tanks was mea-
sured before and after the sand filter backwash (twice a day)
and adjusted when necessary. The measured water flowing
to the tanks ranged between 27 and 45 L min' throughout
the experimental period, equivalent to water renewal rates
between 4 and 6.5 vol day ™"

The seaweed cultivation system (total volume of 65,000 L)
received nutrient-rich waste water from a fish (barramundi)
broodstock facility at MARFU. The waste water (approxi-
mately 600 L) from the backwash of sand-filters in the fish
system was drained to the sump of the seaweed system daily,
adding inorganic nutrients and compensating for water evap-
oration losses from the seaweed system. The levels of nitrate
and phosphate in the seaweed system were analysed three
times a week (Hach, DR800 portable colorimeter), and N
(NaNOj3 ) and P (NaH,PO,) were added to maintain levels
at approximately 10 and 2 mg L', respectively. To supple-
ment the culture with trace elements, a comprehensive algae

culture medium (MAF, Manutech Pty Ltd) was added fort-
nightly to the water in the system at 0.1 g L™" (6 kg).

Abiotic data collection

The incident irradiance (photosynthetic active radiation; PAR)
on the culture system was logged at 5-min intervals using a Li-
190SA Quantum Sensor connected to a Li-1400 Data Logger
(Li-CorUSA). The temperature of the water entering the tanks
was recorded every 15 min using a temperature logger (Onset,
HOBO UA-001-08). The total PAR was summed for each
week of production (mol photons m ™2 week ). Salinity and
pH (inflow and outflow water of each tank) were recorded
daily (2 pm) using a TPS WP-81 probe, and salinity was
adjusted when necessary with dechlorinated water or sea salt
to maintain values between 32 and 35 %o.

Biomass productivity

The biomass productivity of D. fenuissima and U. ohnoi was
quantified weekly from June to December 2013 (6 months).
Tanks were initially stocked at three densities for each species
(n=1) to determine the best density to optimise weekly pro-
ductivity (data not shown). After 4 weeks, all the tanks (n=3)
were stocked at the optimum density of 1 g fresh weight (fw)
L' (0.63 kg fw m % 10 kg tank ") for each species for the
remainder of the experiment. The seaweeds were manually
harvested from each tank every 7 days using large nets and
then placed inside cloth bags. The bags were spun in a domes-
tic washing machine (1000 rpm) to remove excess water, and
then 0.30 kg of spun biomass was combined from all of the
tanks and subsequently divided equally between the three
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tanks, at an initial stocking density of 10 kg tank ', to ensure
homogeneous cultures. Five sub-samples of freshly spun al-
gae were immediately weighed (10 g fw of U. ohnoi and 30 g
fw of D. tenuissima) at every harvest and dried overnight at
60 °C to determine the fresh weight to dry weight ratios (fw/
dw). Initial and final fw/dw ratios were used to calculate the
dried biomass productivity per surface area using the equa-
tion:

P = [(fw/(fw:dw))—(fw/(fw :dw)),]/4/t

where fw and dw are, respectively, the spun fresh and dry
weights at the end (y) and beginning (;) of the production
weeks, 4 is the culture surface area of the tanks (m?) and ¢ is
the number of days in culture.

Biomass samples for biochemical analysis were also
collected from each of the six tanks at every harvest,
rinsed in running freshwater for 1 min to remove the ex-
cess salt, spun and subsequently dried in a food dehydra-
tor at 60 °C for at least 24 h. The dried biomass (approx-
imately 30 g dw) was homogenised using a domestic food
processor and stored inside a zip lock bag at —20 °C prior
to biochemical analysis.

Bioproducts

Temporal variation in key bioproducts The quantity of key
bioproducts was analysed for each species every 4 weeks (be-
ginning at week 6) to assess any potential variation over the 6-
month period. For D. tenuissima, this is the oil bioproducts of
total lipids, TFA and PUFAn-3, and for U. ohnoi the soluble
fibres, which are mainly comprised of the high-value polysac-
charide ulvan (Lahaye and Robic 2007). Carbon (C), nitrogen
(N) and ash (dry inorganic) content were also analysed for
both species to assess the variation in the ultimate composition
over time and to complement the analysis of lipids and fatty
acid in D. tenuissima and of soluble fibre in U. ohnoi.

Overall quantity and productivity of bioproducts A bulk
sample (100 g dw) was generated for each species at the end of
the 6-month trial period to represent the overall biomass pro-
duced during this time. To provide representative biomass for
the 6 months of production, sub-samples of the stored dried
biomass from each tank were added in proportion to their
contribution to overall production. The bulk sample of each
species was subsequently milled, homogenised and analysed
in duplicate for total lipids, fatty acids, fibres, amino acids, ash
and moisture content. The theoretical protein content was cal-
culated from the sum of all amino acids. Total carbohydrates
were determined by difference, by subtracting ash, moisture,
total lipid and protein contents from 100 %. These values used
to calculate the projected annual productivities of each
bioproduct for each species were calculated by multiplying
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the content of individual bioproducts in the bulk sample by
the annual biomass productivity estimation for each species
using the equation:

P bioproduct — (P biomass*C) / 100

where Ppioproduct 1S the productivity of a bioproduct
(t ha ! year_l), Ppiomass 18 the productivity of the biomass
(t ha ! year ") and C is the concentration of the bioproduct
as percentage of algal dw. This is important because the higher
biomass productivity of a species can offset the lower content
for a specific bioproduct.

Biochemical analyses

A sub-sample of 200 mg was used for carbon (C) and nitrogen
(N) analysis at the OEA Laboratory Ltd., UK (http://www.
ocalabs.com). Ash content (dry inorganic) was determined
by combusting a sub-sample (~500 mg dw) of the dried ma-
terial in a muffle furnace at 550 °C for 6 h. Moisture content
was determined by drying a sample (~1.5 g fw) to constant
weight at 110 ° C in a moisture balance (MS70, A&D Com-
pany Ltd., Japan). Total lipid was quantified on a 200+0.1 mg
sub-sample using solvent extraction (Folch et al. 1957) as
described in detail in Gosch et al. (2012). TFAs were extracted
and trans-esterified from a separate sub-sample of biomass
(30+0.1 mg) following a one-step extraction/trans-
esterification method (methanol/acetylchloride, 95:5v/v) as
described in detail in Gosch et al. (2012). Fatty acid methyl
esters (FAMESs) were separated and quantified by gas chroma-
tography—mass spectrophotometry (GC/MS) on an Agilent
7890 GC/5975C EIMS system equipped with a DB-23 capil-
lary column (cyanopropyl stationary phase [60 mx0.25 mm
idx0.15 pum], Agilent Technologies, Australia; see Gosch
et al. (2012) for further details). The quantity of fatty acids
was determined by comparison of peak areas of external stan-
dards (SigmaAldrich, Australia) and was corrected for recov-
ery of internal standard (nonadecanoic acid, C19:0). The total,
soluble and insoluble fibre content was analysed on a 10-g
sample, following standard methods (AOAC Official Method
985.29 total dietary fibre in Foods and AOAC Official Meth-
od 993.19 soluble dietary fibre in food and food products) by
Grain Growers Ltd (www.graingrowers.com.au). Amino
acids were quantified using the Water AccQTag method at
the Australian Proteome Analysis Facility (Sydney,
Australia). The content of essential amino acids was
calculated from the sum of histidine, isoleucine, leucine,
lysine, methionine, phenylalanine, threonine and valine.

Data analysis

The monthly variation in lipid, TFA and PUFAn-3 content in
D. tenuissima and soluble fibres content in U. ohnoi was
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analysed by one-way ANOVA and Tukey’s honest significant
difference (HSD) post hoc tests using one sample from each of
the three tanks (one-way ANOVA, Tukey’s HSD) using Sig-
ma plot version 12.5 (Systat Software Inc., USA). Relation-
ships between biomass productivity and temperature or light
levels were analysed with curves of best fit, and the strength of
the relationship is presented as » for each fit and a p-value for
any linear correlations using Sigma Plot version 12.5.

Results
Biomass productivity

The average biomass productivity of D. tenuissima over the 6-
month period was 15.3+0.6 g dw m > day ' (Fig. 1). These
values were 2.5 times lower than the average biomass produc-
tivity of U. ohnoi of 37.7+2.2 ¢ dw m > day ' over the same
period. However, the distinguishing feature of the production
of D. tenuissima was the consistency of productivity through-
out the cultivation period, with weekly productivity within a
narrow range of 12.2 and 19.7+1.6 g dw m > day ', with the
exception of a 2-week period when biomass productivity
dropped below 10 g dw m 2 day ' (Fig. 1). In contrast, the
production of U. ohnoi was more stochastic with weekly pro-
ductivity ranging between 17.2+2.2 and 46.3+1.5 g dw
m 2 day ', with an outlier of very high productivity of 76.9
+2.6 gdwm * day ' (Fig. 1).

There was a positive relationship between light and bio-
mass productivity with maximum productivities as day length
(light) increased into the austral wet season (summer). How-
ever, this trend was not as strong for U. ohnoi with a number
of clear outliers from the fit (p=0.04, »=0.4), compared to
D. tenuissima (p=0.001, r=0.6) (Fig. 2a). There was a similar
positive relationship between temperature and biomass pro-
ductivity where the productivity of U. ohnoi increased up to
a daily average water temperature of 28 °C but then declined
beyond this optimal temperature over the summer (polynomi-
al fit, r=0.5) (Fig. 2b). The productivity of D. tenuissima in-
creased with water temperature to a daily average of almost
30 °C, but in a similar manner to U. ohnoi, the maximum
productivity values were achieved at 28 °C (r=0.6)
(Fig. 2b). Both species tolerated minimum and maximum wa-
ter temperatures of 18 and 34.5 °C, respectively, over the
study period (Online Resource 2).

Bioproducts

Temporal variation in key bioproducts The content of total
lipids in D. tenuissima was consistent over the experimental
period at 13 % dw, with the exception of week 6 where it
reached a maximum of at 15.8=0.5 % dw (ANOVA: Fs ;=
9.434, p<0.05, Tukey’s HSD) (Fig. 3). In a similar manner,
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the total fatty acid content was relatively consistent with a
minimum of 4.4+0.3 % dw and a maximum of 5.9+0.2 %
dw, with different values only between week 6 and week 10
(ANOVA: Fs17=21.626, p<0.05, Tukey’s HSD) (Fig. 3).
However, the quantity of the total PUFAn-3 was more variable
over time with values above 2 % in week 6 (2.6+0.1 % dw)
and week 22 (2.1£0.1 % dw), with more consistent values
between 1.5 % dw and 1.7 % dw for the remaining weeks
(ANOVA: F5 17=23.623, p<0.05, Tukey’s HSD) (Fig. 3). Al-
though variations in biomass productivity of D. tenuissima
were partially explained by changes in light and water tem-
perature, there were no significant trends between these envi-
ronmental parameters and the content of lipids or fatty acids
(p>0.1 for all correlations; data not shown). The content of
soluble fibres in U. ohnoi was also consistent throughout the
cultivation period, varying between 11.3+2.7 and 12.6+1.6 %
dw (Fig. 4). The mean nitrogen content in D. tenuissima was
6 % dw and was higher and more consistent than the nitrogen
content in U. ohnoi (Table 1). Both species had approximately
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25 to 27 % of ash in dry matter. However, the ash content in
U. ohnoi peaked up to 40 % dw (Table 1), coincident with
peaks in biomass productivity.

Overall quantity and productivity of bioproducts Overall,
the two species had distinct bioproduct profiles (Table 2)
with D. tenuissima having seven times more lipids (15.2 %
dw) and almost twice the protein (24.4 % dw) of U. ohnoi
(2.3 % dw lipids and 13.3 % dw protein). Consequently,
U. ohnoi had almost twice the carbohydrate (43.3 % dw) of
D. tenuissima (27.1 % dw). Ash was the second largest
component of the biomass after carbohydrate for U. ohnoi

Fig. 4 Soluble fibres (% dw) in 16 -
Ulva ohnoi measured every fourth
week (starting in week 6). Mean+ 14 -

SE, n=3
12

10

Soluble fibres (% dw)
o]

and after protein for D. tenuissima, with 33 and 28 % dw,
respectively (Table 2).

D. tenuissima was richer than U. ohnoi in all fatty acids, ex-
cept for stearidonic acid (SDA, 18:4 n-3) with 0.07+0.0 % dw
(3.3 % of'the TFA), five times lower than in U. ohnoi with0.34
+0.01 % dw (17 % of the TFA) (Table 3). The most abundant
PUFAn-3 in D. tenuissima was «-linolenic acid (ALA, 18:3)
(1.14£0.02 % dw and 22.6 % of the TFA), which was an order
of magnitude lower in U. ohnoi biomass (0.31+0.01 % dw
and 15 % of the TFA). The proportion of saturated and unsat-
urated fatty acids (expressed as a relative amount of TFA) in
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Table 1  Derbesia tenuissima and Ulva ohnoi composition in terms of
carbon (C), nitrogen (N) and ash in the three culture tanks every 4 weeks
(mean % dw=SE, n=3)

D. tenuissima U. ohnoi

Week C N Ash C N Ash

6 36.7+0.7  6+0.1 26.5+£0.6 22.9+04 3.3+0.1 33.1+0.9
10 35.1+03 52+0.1 26.6£04 27.4+0.1 4.0+0.0 24.5+0.5
14 347+04 6.1+£0.2 28.7+0.6 29.7+0.1 4.7+0.1 25.9+0.5
18 36.4+0.3 6.1£0.2 27.3£0.8 24.9+0.8 3.9+0.2 39.5+2.3
22 36.7+0.7 6.2+0.1 27.7+0.5 28.5+0.1 4.2+0.0 26.6+0.9
26 36.0+0.6 6.0+£0.1 27.3£0.3 29.9+0.1 4.6+0.0 26.2+0.6

both species was similar, with unsaturated fatty acids
representing approximately 60 % of the TFA (Table 3).
PUFAnN-3 made up 38 % of the TFA content in D. tenuissima
and 42 % in U. ohnoi, resulting in nutritionally beneficial low
PUFAn-6/n-3 ratios of 0.32 and 0.06, respectively (Table 3).
D. tenuissima had a much higher content of protein and all
amino acids than U. ohnoi, but the quality of the protein
(expressed as a relative amount of essential amino acids to
total amino acids) was similar between the two species
(Table 3). The overall essential amino acids are well represent-
ed (41 % of the total amino acids) in the protein of both
species. Furthermore, the protein of D. tenuissima and of
U. ohnoi contained 4.9+£0.4 % dw (1.6 % of the TAA) and
2.0+0.1 % dw (1.2 % of the TAA) of methionine and 15.2+
0.1 % dw (5.2 % of the TAA) and 8.1£0.1 % dw (4.9 % of the
TAA) of lysine, respectively (Table 3).

Conversely, U. ohnoi carbohydrates were richer in fibres,
particularly of soluble fibres, than D. tenuissima (Table 2).

Table 2 Proximate and biochemical analysis of bulk sample of
D. tenuissima and U. ohnoi. Data show values of lipids (total fatty acids
and polyunsaturated omega-3), proteins (essential and non-essential ami-
no acids), carbohydrates (soluble and insoluble fibres), ash and moisture
contents of a combined sample containing all the biomass produced dur-
ing the entire cultivation period (mean % dw=SE, n=2). Protein equals
the sum of amino acids. Carbohydrate content was determined by
difference

Composition (% dw) D.tenuissima U. ohnoi
Lipids 152415 23+03
TFA 5.1+0.7 2.0+0.0
PUFAn-3 1.9+0.1 0.9+0.0
Proteins 24.4+0.1 13.3+0.3
Essential amino acids 10.0+0.0 5.5+0.1
Non-essential amino acids 14.3£0.1 7.9+0.2
Carbohydrates 27.1£0.4 43.3+£03
Soluble fibres 0.9+0.8 11.9+0.3
Insoluble fibres 14.8+£0.3 19.1+£0.1
Ash 27.6+1.9 32.5+4.2
Moisture 5+0.9 8.6+1.7

U. ohnoi had 11.9 % dw of soluble fibres with D. tenuissima
less than 1 % dw.

Extrapolating the data in this study to estimate the produc-
tivities of these bioproducts, the land-based cultivation of
D. tenuissima has the potential to produce 8.5 t lipids
ha™' year !, more than twice that of U. ohnoiat
32 tha ' year ' (Table 4). However, due to the higher ratio
of TFA/lipids in U. ohnoi than in D. tenuissima, the productiv-
ity of TFA between the two species was similar with
2.8 t ha ' year . Furthermore, the productivity of PUFAn-3
was also similar, with approximately 1.2 t ha™' year ', due to
the lower ratio of PUFAn-6/n-3 in U. ohnoi than in
D. tenuissima. Similarly, despite the protein content in
D. tenuissima being almost double that of U. ohnoi (Table 2),
this was offset by the higher annual productivity of U. ohnoi
with a higher protein productivity of 18.4 t ha ' year ' for
U. ohnoi compared to 13.7 t ha ' year ' for D. tenuissima
(Table 4). And finally, U. ohnoi has the potential to produce
42.8 tha ' year ' of carbohydrates, almost three times that of
D. tenuissima at 15.2 t ha ' year '. Furthermore, U. ohnoi can
produce 16 tha™' year ' of soluble fibre (including ulvan) with
D. tenuissima producing negligible amounts of this bioproduct.

Discussion

This study has demonstrated that intensive land-based sea-
weed cultivation systems at scale are highly productive with
the advantage of producing biomass with a consistent bio-
chemical profile for the extraction of multiple bioproducts.
D. tenuissima has been established as a novel species in
large-scale land-based cultivation with consistent productiv-
ities of biomass and bioproducts, specifically fatty acids and
the nutritionally important PUFAn-3. In contrast, the biomass
production of the benchmark species U. ohnoi was more sto-
chastic with a lower content of lipid and protein than
D. tenuissima. However, the productivity of ulvans in U. ohnoi
was consistent regardless of fluctuations in productivity, and
the lower content of lipid and protein was compensated for in
terms of annual productivity by higher biomass productivity.

Biomass Overall, the biomass productivity of D. fenuissima
was 2.5 times lower than the biomass productivity of Ulva
ohnoi; however, it was more consistent throughout the culti-
vation period with the productivity of U. ohnoi varying sto-
chastically by up to 100 % between weeks. Consistency in
biomass productivity has been highlighted as an imperative
feature for the successful production of seaweeds as it sim-
plifies the management routines of biomass harvest and pro-
cessing and assures a continuous and stable supply of the same
raw material into the market (Gellenbeck 2012). Interestingly,
highly variable rates of productivity are a common rather than
exceptional feature in the land-based production of species of
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Table3  Fatty acids and amino acids profile of Derbesia tenuissima and
Ulva ohnoi. Data show the values of fatty acids (mg g ' dw) and values of
«-amino acids (mg g ' dw, tryptophan and cysteine not included) of a

combined sample containing proportional amounts of all the biomass
produced during the entire cultivation period (mean % dw+SE, n=2)

Elements Seaweed species

Fatty acid concentration Derbesia Ulva

Cl14:0 0.55+0.01 0.14+0.00
C15:0 0.86+0.01 0.27+0.01
C16:0 14.59+0.18 7.06+0.15
C16:1 (n-7) 0.63+0.01

C16:1 (n-9) 2.46x0.07 1.21+0.03
C16:2 (n-6) 0.59+0.01 0.04+0.00
C16:3 (n-3) 5.49+0.10 0.08+0.00
C16:4 (n-3) 0.54+0.01 1.92+0.08
C18:0 0.74+0.01 0.09+0.01
C18:1 (n-9) 2.07+0.04 1.43+0.02
C18:2 (n-6) 2.33+0.02 0.52+0.02
C18:3 (n-6) 1.04+0.03

C18:3 (n-3) 11.44+0.22 3.05+0.06
C18:4 (n-3) 0.68+0.01 3.38+0.10
C20:3 (n-6) 0.46+0.01

C20:4 (n-6) 1.76+0.05

C20:5 (n-3) 1.11+0.04 0.18+0.01
C22:0 0.86+0.02 0.33+0.00
C20:5 (n-3) 1.11+0.04 0.18+0.01
C22:0 0.86+0.02 0.33+0.00
C22:2 (n-6) 0.55+0.04

C24:0 1.92+0.08 0.70+0.07
Total FAs 50.7+1.17 20.4+0.3
SFA (%TFA) 38.3+0.38 42.13+0.60
MUFA (%TFA) 10.12+0.16 12.91+0.10
PUFA (%TFA) 51.58+0.37 44.96+0.69
PUFAn-3 (%TFA) 38.0+0.48 42.22+0.64
PUFAn-6 (%TFA) 12.4+0.19 2.74+0.08
n-6/n-3 0.33+0.01 0.06+0.00

Elements Seaweed species

Amino acid concentration Derbesia Ulva
Histidine 4.840.0 2.6+0.0
Serine 12.1+0.0 6.7+0.1
Arginine 13.8+0.0 8.7+0.3
Glycine 14.1+0.0 8.5+0.2
Aspartic acid/asparagine 24.0+0.3 16.4+0.5
Glutamic acid/glutamine 41.8+0.2 16.7+£0.5
Threonine 12.5+0.0 6.1£0.1
Alanine 17.8+0.1 11.3£0.2
Proline 11.1£0.1 7.1£0.1
Lysine 15.2+0.1 8.1+0.1
Tyrosine 9.2+0.2 33402
Methionine 49+04 2.0+0.1
Valine 16.2+0.0 9.5+0.1
Isoleucine 11.4+0.0 6.6+0.1
Leucine 20.6+0.0 11.6+0.1
Phenylalanine 14.6+0.0 8.5+0.1
Total AA 244.0+0.2 133.54£2.0
Essential (%TAA) 41.2 41.1
Methionine (%TAA) 1.6 1.2
Lysine (%TAA) 52 4.9
Non-essential (%TAA) 58.8 58.9

FAs fatty acids, SFA saturated fatty acids, MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty acids, 44 amino acids

Table 4  Annual productivities (t dw ha ' year ') of bioproducts from
D. tenuissima and U. ohnoi produced over 6 months

1

Productivity (t dw ha ' year ') D.tenuissima U.ohnoi
Lipids 8.5 32
Total fatty acids 2.8 2.8
PUFAn-3 1.1 12
Proteins 13.7 184
Essential amino acids 5.6 7.6
Non-essential amino acids 8.0 10.9
Carbohydrates 15.2 374
Soluble fibres 0.50 16.4
Insoluble fibres 8.3 26.4

PUFAn-3 polyunsaturated omega3 fatty acids

@ Springer

Ulva (Ryther et al, 1984; Del Campo et al. 1998; Robertson-
Andersson et al. 2008; Bolton et al. 2009; Bruhn et al. 2011).
Several causative factors have been proposed for these vari-
able productivities, ranging from epiphytic and endophytic
infestations (Robertson-Andersson et al. 2008; Bolton et al.
2009), perforations of the thalli from unknown causes (Ryther
et al, 1984; Del Campo et al. 1998) or reproductive events
(Bruhn et al. 2011). There is, however, commonality in symp-
toms associated with these events with the end result being a
systemic degradation of the thallus, with a significant decrease
in productivity and, in extreme cases, the complete loss of
biomass. Notably, neither D. fenuissima nor U. ohnoi biomass
had to be replenished with new inoculum throughout the 6-
month culture period, even though U. ohnoi went through
changes in size, morphology and thickness of the thallus
(Online Resource 3).
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In intensive seaweed cultivation, where nutrients are not
limited, fluctuations in the production of biomass are com-
monly related to seasonal changes in abiotic factors such as
light (irradiance) and temperature (Friedlander et al. 1990).
We found that there were predictable effects of both light
and water temperature on biomass productivity of the two
species, noting the two seasons in the austral tropics (dry
April-September and wet October—March). The productivity
of both species peaked at 28 °C, and both tolerated the mini-
mum and the maximum water temperatures of 18 and 34.5 °C,
respectively, over the study. This is in accordance with labo-
ratory experiments on the response of specific growth rate of
U. ohnoi to temperature, where this strain had maximum
growth at 28.5 °C, the upper monthly average sea surface
temperature at Townsville (Lawton et al. 2013). In contrast
to U. ohnoi, there are no data on physiological tolerances
and responses of D. fenuissima to environmental variables.
A broad tolerance to temperature is a desirable characteristic
for target species in large-scale land-based cultivation sys-
tems, where the control over abiotic factors is limited.

The extrapolated annual biomass productivities were high
for both species at 56 t dw ha ' year ' for D. tenuissima and
138 tdw ha ' year ' for U. ohnoi. This study ran for 6 months
across two seasons in the austral tropics, and therefore the
extrapolated annual productivities are defensible. These annu-
al productivities are within the range of values reported for the
long-term production of seaweeds at scales relevant to com-
mercial production (thousands of litres) (Bidwell et al. 1985;
Capo et al. 1999; Bolton et al. 2009). Annual productivities (t
dw ha ' year ') in long-term studies range from 84 t dw
ha ' year ' [Ulva lactuca over two consecutive years (Bolton
et al. 2009)] through to 99 t dw ha ' year ' [Chondrus crispus
over 4 years (Bidwell et al. 1985)] and 146 t dw ha ' year™’
[Gracilaria ferox over 4 years (Capo et al. 1999)]. The annual
productivity of D. tenuissima is the lowest of these, but nota-
bly it is still more than twice the annual productivity of highly
productive terrestrial crops such as wheat (McKendry 2002)
and at least an order of magnitude higher than traditional ter-
restrial oil seeds (Jacger and Siegel 2008) and soybean (Ains-
worth et al. 2012). The high productivities of land-based sys-
tems for the cultivation of seaweeds are a consequence of the
high photosynthetic rates achieved by the algae in culture
conditions with vertical mixing (Grobbelaar 2009, 2010).

Bioproducts This study highlights that intensive land-based
cultivation systems, even at large-scale where the control over
abiotic factors is limited, can assure a continuous and stable
supply of the same raw material quality into the market. The
content of key bioproducts, such as total lipids and TFA, in
D. tenuissima was consistent over the experimental period. In
contrast, seaweeds in the wild generally show steep fluctua-
tions in the content and quality of lipids and fatty acids across
seasons (Gosch et al. 2015; Schmid et al. 2014). The content

of soluble fibres in U. ohnoi, which are mainly comprised of
the high-value sulphated polysaccharide ulvan (Lahaye and
Robic 2007),was also consistent throughout the cultivation
period. Despite some inferences in the literature to seasonal
variation in the concentration of ulvans, no studies have yet
demonstrated links to environmental conditions (Robic et al.
2009). Castelar et al. (2014) measured similar concentrations
of'ulvan in Ulva flexuosa cultivated in tanks and at sea despite
the contrasting environments. In our study, the concentrations
of soluble fibre of U. ohnoi are lower than those in other
species of Ulva, either collected from the wild or cultivated
in tanks, which range from 15 to 21 % dw (Lahaye and Jegou
1993; Lahaye et al. 1995). The differences in concentration
may be associated with taxonomy, post-harvest treatment of
the biomass and/or extraction protocols (Lahaye and Robic
2007). However, the relatively low concentration of soluble
fibres in U. ohnoi may also be explained by a high protein
content (up to 13.3 % dw of amino acids; Table 2) character-
istic of biomass grown in non-nitrogen-limiting conditions
(Lahaye et al. 1995).

Both the content of nitrogen and of ash in the dry biomass
of D. tenuissima were consistent over the cultivation period, in
contrast to that of U. ohnoi. The peaks of ash content in
U. ohnoi were coincident with peaks in biomass productivity.
Interestingly, the concentration of soluble fibres in U. ohnoi
was not affected by the drastic changes in the ash content over
the study period, and correspondingly the productivity of this
bioproduct can be calculated directly from biomass productiv-
ity values.

Overall, the largest difference in the biochemical composi-
tion of species was between the content and quality of the
carbohydrates. The total level of carbohydrates was substan-
tially lower in D. tenuissima (27 % dw) than in U. ohnoi (43 %
dw). Generally, the contents of carbohydrates in seaweed spe-
cies are greater than 35 % dw and can reach up to 74 % dw (Ito
and Hori 1989). However, green seaweeds of the order
Bryopsidales, including D. tenuissima, are “giant single-cell”
algae, which lack or have few cellular cross walls. Because
carbohydrates are mainly involved in the formation of the cell
wall (Lobban and Harrison 1996), these species have a low
content of carbohydrates. Furthermore, the constituents of the
cell walls of D. fenuissima and U. ohnoi are distinct. The cell
wall of U. ohnoi is rich in uronic acids with polysaccharides
containing rthamnose (ulvans), whereas the cell walls of
D. tenuissima are rich in insoluble fibres (Domozych et al.
2012).

D. tenuissima was much richer in lipids than U. ohnoi.
However, the proportion of saturated and unsaturated fatty
acids (expressed as a relative amount of TFA) in both species
was similar, with unsaturated fatty acids representing approx-
imately 60 % of the TFA. This is of particular importance
because the quantity of specific fatty acids determines the
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potential application and the value of the biomass. Of the
unsaturated fatty acids, the PUFAn-3 are the most critical with
roles in human health and of particular interest for the nutra-
ceutical market (Saravanan et al. 2010). Both species present
nutritionally beneficial low PUFAn-6/n-3 ratios similar to
those of other species of seaweeds collected from the sea
(Gosch etal. 2012; Schmid et al. 2014) but considerably lower
than most traditional terrestrial oil crops, such as soybean and
palm oil, which have ratios between 7 and 30 (Dubois et al.
2007). A typical western diet with a high n-6/n-3 ratio has
been linked to health problems including cancer and cardio-
vascular diseases (Russo 2009). The most abundant PUFAn-3
was «-linolenic acid (ALA, 18:3) in D. tenuissima and
stearidonic acid (SDA, 18:4 n-3) in U. ohnoi. These two
PUFAn-3 are important in cardiovascular health (Guil-Guer-
rero 2007) and are associated with decreased blood pressure,
improved heart and liver function and the reduction of body
fat in animal trials (Poudyal et al. 2012, 2013). Both fatty acids
are precursors for the nutritionally essential eicosapentaenoic
acid (EPA C20:5n-3), but SDA has a higher conversion effi-
ciency (Guil-Guerrero 2007). EPA is present in fish oils and
algal oils but is absent in traditional terrestrial oil crops, such
as flaxseed or canola, which have the precursor in the form of
ALA but lack the most efficient precursor, SDA (Dubois et al.
2007). These seaweeds can therefore provide specific nutri-
tionally beneficial fatty acids that are notably distinct to the
fatty acids from traditional terrestrial oil crops.

D. tenuissima had a much higher content of all amino acids,
but the quality of the protein (expressed as a relative amount
of total amino acids) was similar between the two species.
Among the essential amino acids, methionine and lysine are
often limiting in terms of the nutritional value of plant-based
diets for animal production (Boland et al. 2013). The protein
of D. tenuissima and of U. ohnoi contained 1.6 and 1.2 % of
methionine and 5.2 and 4.9 % of lysine, respectively, making
them suitable to complement terrestrial plant protein
(soybean) meal in food and animal feed industries. Soybean
meal (defatted) with a protein content above 45 % contains
1.3 % of methionine and 6.2 % of lysine as a comparison (Li
etal. 2011).

Despite the higher amounts of fatty acids and amino acids
in D. tenuissima than inU. ohnoi, the amount of the
bioproducts produced per unit area was similar or even higher
for U. ohnoi due to its higher annual biomass productivity.
These scenarios are relevant where a biorefinery approach is
taken for the biomass, with multiple co-products being ex-
tracted from a feedstock to maximise the value of the biomass
(Neveux et al. 2014). As a comparison, the average annual
productivity of soybean is ~3 t ha ' year ' (Ainsworth et al.
2012). Soybean has an average lipid concentration of 18 %
and crude protein concentration of 40 % (Grieshop and Fahey
2001), resulting in productivities of 0.5 and 1.2 tha ' year ',
respectively. The land-based cultivation of U. ohnoican

@ Springer

produced 2.8 t ha ! year ' of lipids, 18.4 t ha ' year 'of pro-

tein and has the further advantage of producing 16.4 t ha™
annually of soluble fibre, including the high-value sulphated
polysaccharide ulvan, which offers a potential niche opportu-
nity for a biorefinery process.
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