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Abstract
In recent years, the interest in using seaweed for the sustainable production of commodities has been increasing as seaweeds
contain many potentially worthwhile compounds. Thus, the extraction and refining processes of interesting compounds from
seaweeds is a hot research topic but has been found to have problems with profitability for novel applications. To increase the
economic potential of refining seaweed biomass, the content of the compounds of interest should be maximized, which can
potentially be achieved through optimization of cultivation conditions. In this study, we studied how the monosaccharide
composition of the green seaweed species Ulva fenestrata is influenced by the abiotic factors; irradiance, temperature, nitrate,
phosphate, and pCO2. It was evident that lower nitrate concentration and cultivation at elevated temperature increased monosaccharide contents. A 70% increase in iduronic acid and a 26% increase in rhamnose content were seen under elevated irradiance
and temperature conditions, though the absolute differences in monosaccharide concentration were small. Irradiance and nitrate
impacted the ratio between iduronic and rhamnose, which is an indicator of the ulvan structure. These results could potentially be
utilized to coax the ulvan towards specific bioactivities, and thus have a considerable impact on a potential biorefinery centered
around Ulva.
Keywords Ulva fenestrata . Cultivation . Abiotic growth factors . Monosaccharides composition . Ulvan

Introduction
To enable a more sustainable society, there is currently a push
to find more sources of biomass for utilization in biorefineries.
One type of biomass that has been receiving an increased
interest in recent years is seaweed. Today only a few seaweed
species are cultivated and/or harvested for direct use as food or
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for extraction of hydrocolloidal polysaccharides. However,
polysaccharides in seaweeds are diverse, and several are
known to have interesting properties, but both technical and
economic challenges remain before novel and economically
sustainable business’ can form (Golberg et al. 2020). One
group of species known for their interesting components, not
only polysaccharides, are the green algae Ulva spp. (some
previously named Enteromorpha). They are known for being
opportunistic species with high growth rates and sometimes
causing green tides around the world (Smetacek and Zingone
2013), but so far, their commercial utilization are limited to
direct food use. Ulva spp. contain several polysaccharides:
cellulose, starch, xyloglucan, glucuronan, and ulvan (Lahaye
and Robic 2007), of which ulvan is a potential high-value
product as it has been found to have antioxidant,
anticoagulative, immunostimulative, immunomodulative,
cancer chemopreventative, and cytotoxic activities (Kaeffer
et al. 1999; Qi et al. 2005a, 2005b; Castro et al. 2006; Mao
et al. 2006; Leiro et al. 2007; Kim et al. 2011; Tabarsa et al.
2012; Hussein et al. 2015; Abd-Ellatef et al. 2017). Ulvan is a
cell-wall polysaccharide consisting of repeating dimers of
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rhamnose and either xylose, glucose, glucuronic acid, or
iduronic acid, of which rhamnose and xylose can be sulfated
(Lahaye and Robic 2007). The sulfation has been shown to be
important for the biological activities (Qi et al. 2005a; Leiro
et al. 2007), but to our knowledge, the effects of variable
monosaccharide sequence and composition on the activity of
ulvan have not been evaluated. The monosaccharide sequence, however, is known to be an important factor for the
biological function of the anticoagulant heparin (Esko and
Selleck 2002), which shares some structural elements with
ulvan as it is also composed of disaccharides of sulfated neutral sugars with glucuronic or iduronic acid moieties attached
(Rabenstein 2002). Therefore, it is important to study in detail
what influences the composition of ulvan.
The monosaccharide rhamnose is an interesting product in
itself, as it is commonly used in industry for production of
flavoring compounds. Rhamnose is also a potential raw material for the production of rhamnolipids, which are biosurfactants commercially produced from the pathogenic bacterium Pseudomonas aeruginosa. The production results in
complex mixtures requiring advanced downstream processing
(Muller et al. 2012). Chemical synthesis or biocatalyst production instead of the current fermentation process could allow not only tailored surfactant production but also larger
yields of the desired products and lower recovery costs.
Similarly to rhamnose, iduronic acid could be used for chemical synthesis of potentially valuable compounds, e.g., the
glucosaminoglycan heparin. These have not been explored
fully as there is, at the moment, no large scale source of commercial iduronic acid (Mohamed and Ferro 2015). For now,
the profitability of seaweed cultivation is questionable, especially in Europe due to the high costs of producing biomass
(Palatnik and Zilberman 2017). One way to maximize
the value of produced seaweed biomass is to use cultivation conditions that elevate content of high value
compounds, such as rhamnose.
Controlling the properties of produced biomass has been
identified as a key challenge for seaweed industrial production, and composition is affected by several factors (Hafting
et al. 2015). The impact of some abiotic cultivation factors
(temperature, illumination, nutrients, and pCO2) on the carbohydrate composition of Ulva spp. has been investigated previously (Mohsen et al. 1973a,; 1973b; Gómez Pinchetti et al.
1998; Wang et al. 2007; Kumari et al. 2014; Gao et al. 2017,
2018; He et al. 2018; Chen et al. 2019). However, the total
carbohydrate content is sometimes calculated by taking the
difference between total weight and other biochemical components, e.g., (Gao et al. 2017, 2018), and when carbohydrates
are measured directly the resolution is often poor, e.g.,
(Mohsen et al. 1973a, 1973b; Gómez Pinchetti et al. 1998;
Kumari et al. 2014; Chen et al. 2019). To our knowledge, there
are no studies of the relationship between cultivation
conditions and the monosaccharide composition in Ulva spp.

There is also a lack of studies on carbohydrates with more than
a few abiotic factors being altered. However, Kumari et al.
(2014) studied the impact on the total carbohydrate content
in Ulva lactuca and found that nutrient addition of N and P
caused decreased carbohydrate contents. Furthermore, Chen
et al. (2019) found that pCO2 had no effect on soluble carbohydrate content. Therefore, there is room for a comprehensive
study of relevant abiotic factors in tank cultivation and their
effect on the monosaccharide content of Ulva fenestrata.
In this study, we investigated how the monosaccharide profile of the northern hemisphere sea lettuce (Ulva fenestrata) is
affected by different cultivation conditions to identify how the
carbohydrate content, and particularly high-value monosaccharides, can be elevated. The investigated environmental factors were tested in three experiments; (i) nitrogen and phosphorous addition, (ii) temperature and irradiance, and (iii)
pCO2, in fully crossed designs to investigate possible interaction effects between the tested factors. To our knowledge, this
is the first study that provides such comprehensive details into
the changes of the monosaccharide composition in Ulva due
to varied cultivation conditions. Optimized cultivation conditions for the potential high-value products could significantly
improve the economic case for an industry around bioactive
Ulva polysaccharides.

Materials and methods
Ulva fenestrata cultivation
The effect of different irradiance, temperature, nutrient, and
pCO2 levels on the monosaccharide profile of U. fenestrata
were tested in three different manipulative experiments. The
experiments were performed using 15-L aquaria supplied with
running filtered (5 μm + UV treated) seawater at 9 L h−1.
Thus, under unmodified (ambient) conditions, the experiments had the following properties; nitrate < 5 μM, phosphate
< 1 μM, temperature at 13–14 °C and with bubbling of air, a
pCO2 ≈ 400 ppm and agitation were achieved. The starting
seaweed material has been utilized in tank cultivations for
some time at Tjärnö Marine Laboratory (58° 52′ 36.4″ N 11°
6′ 42.84″ E) and was previously identified as U. fenestrata
(Genebank, accession numbers BankIt2249282 Seq1:
MN240309, Seq2: MN240310, Seq3: MN240311), through
sequencing of the tufA gene (Steinhagen et al. 2019).
Experimental samples were taken from each experiment and
were frozen, lyophilized, homogenized, and stored at < −
20 °C until further analysis.
The first experiment was performed in June 2018 in a
temperature-controlled room where irradiance (light source,
OSRAM Lumilux Cool daylight L 58 W/865) at three levels
and temperature at two levels were manipulated in a fully
crossed design (n = 6, i.e., a total of 36 aquaria). The levels
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of irradiance were; low = 50, medium = 100, and high =
160 μmol photons m−2 s−1 obtained by shading with layers
of semi-opaque plastic netting and run in a 16:8 h light:dark
cycle. The two levels of temperature were 13 °C (ambient) and
18 °C (heated by submerged heaters, EHEIM Aquarium
heaters, 600-1000 L, 230 V, 300 W). Nutrients were at ambient levels. The cultivations were started by adding 12 cm2
discs of U. fenestrata to a density of 0.14 g L−1, and the
seaweeds were cultivated for 7 days.
In the second experiment, performed in October 2018 in a
temperature-controlled room, the nitrogen (three levels) and
phosphorus (two levels) levels were manipulated in a fully
crossed design (n = 6, i.e., a total of 36 aquaria) with temperature at ambient conditions. The same lamps were used as in
the first experiment at an average irradiance of 110 μmol photons m−2 s−1 with a 16:8 h light:dark cycle. Nutrients were
added in the morning each day of the experiment by turning
off the running water and adding nutrients from a stock solution of NaNO3 and Na2HPO4, to a final concentration of 150
(medium), and 500 (high) μM nitrate, and 50 (high) μM phosphate. Ambient seawater was used for the low nutrient level.
The seaweeds were allowed to assimilate nutrients for 2 h,
after which the water flow was turned back on. During the
time when the water turned off, agitation was only provided
by the bubbling of air. The experiment was started by adding
discs of seaweed at 0.71 g L−1 and lasted for 5 days.
The third experiment was performed with pCO2 being manipulated (three levels) in October 2018 with constant seawater flow (9 L h−1) from header tanks (a total of 6 header tanks,
n = 2) to 15-L aquaria giving ambient nutrient levels and temperature. The aquaria were placed in a greenhouse receiving
natural light with a 10:14 h light:dark cycle and average irradiance of 50 μmol photons m−2 s−1 (between 11:00 am and
01:00 pm). Control algae were maintained at ambient pCO2
(target pCO2 = 400 ppm, pH = 8.1), while experimental algae
were exposed to either low pCO2 (target pCO2 = 200 ppm,
pH = 8.4) or high pCO2 (target pCO2 = 2500, pH = 7.4). The
different levels of pCO2/pH were achieved via a pH controller
(Aqua Medic, Germany, NBS-calibrated) by adding and
mixing pure CO2 and air from which CO2 was removed
(AGA, Sweden). The pCO2 was monitored using an LI-850
CO2/H2O Gas Analyzer (LI-COR Biosciences, USA). The
experiment was started by adding discs of seaweed at
0.71 g L−1 and lasted for 5 days.

Germany) at 30 Hz for 1 min. Hydrolysed samples were mostly analysed within 48 h. However, due to technical failure of
the instrument some samples were reanalysed from frozen
(−20 °C) hydrolysed samples, which had been diluted to 4%
H2SO4 for better stability (van Wychen and Laurens 2015).
From technical replicates no difference could be noticed for
different storage times. Sulfuric acid solutions were prepared
from concentrated H2SO4 (98%, Merck). The monosaccharides and uronic acids were quantified using a highperformance anion exchange chromatography system
(Thermo ScientificTM DionexTM, ICS-5000, USA) with a
pulsed amperometric detector and was used with a Dionex
CarbopacTM PA1 4 × 250 mm column with a 4 × 50 mm
guard. The column and detector compartment were maintained at 25 °C, and a gradient program with four eluents
was run for separation, Table 1. For preparing eluents, the
NaOH (50% solution) and sodium acetate (≥ 99.0%, anhydrous) were purchased from Merck. The program was run
with post-column addition of 0.5 mL min−1 of the 300 mM
NaOH eluent. Standard curves for calculation of concentrations were in the range of 1–10 mg L−1 for D-galactose (≥
99%, Sigma-Aldrich) and L -iduronic acid (≥ 98%,
Carbosynth) and 1–100 mg L−1 for D-glucose (≥ 99.5%,
Sigma-Aldrich), L-rhamnose (99%, Sigma-Aldrich), D-xylose
(≥ 99%, Sigma-Aldrich) and D-glucuronic acid (≥98%,
Carbosynth). The monosaccharides were assumed to originate
from polysaccharides, and final concentrations were adjusted
by a factor from dividing the molecular weight of the monosaccharide in a polysaccharide with the weight with the addition of water from breakage of the glycosidic bond.

Statistics
The data were analysed statistically using analysis of variance
(ANOVA). The experiments with irradiance:temperature and
nitrate:phosphate were analysed in separate 2-way ANOVAs
with fixed 2-level factors (temperature and phosphate) and 3level factors (irradiance and nitrate). pCO2 was analysed using
a mixed model ANOVA with pCO2 as a fixed 3-level factor
and header tank as a random factor nested within pCO2.
Homogeneity of variances of the data was tested using
Cochran’s test. No heterogeneous variances were found, and
the data were not transformed. Significant differences among
means were compared using the Tukey’s HSD test.

Carbohydrate analysis

Results
Carbohydrates were determined by summation of monosaccharides and uronic acids from a two-step sulfuric acid hydrolysis as by Bikker et al. (2016) performed on duplicate samples with 15 mg of freeze-dried biomass. Before hydrolysis
the samples were homogenized with glass beads in
microcentrifuge tubes with a Tissue lyzer II (Qiagen,

Content of total carbohydrate and monosaccharides
The monosaccharide composition in Ulva fenestrata biomass
was determined after full hydrolysis of the polysaccharides in
samples taken from tank cultivations with altering
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Table 1

Gradient program of eluents during monosaccharide analysis with HPAEC

Time (min)

Eluents (%)
H2O

300 mM NaOH

200 mM NaOH +170 mM
sodium acetate

– 14 to – 7

40

40

20

– 7 to – 6
– 6 to 19, injection at 0
19 to 22
22 to 32
32 to 40
40 to 41
41 to 45, cleaning step

Linear gradient 40 to 100
100
Linear gradient 100 to 97
Linear gradient 97 to 16.3
16.3
Linear gradient 16.3 to 0

Linear gradient 40 to 0

Linear gradient 20 to 0

Linear gradient 0 to 3
Linear gradient 3 to 66.7
66.7
Linear gradient 66.7 to 100
100

environmental factors, irradiance, temperature, nitrate, phosphate, and pCO2. Total carbohydrates varied between 25 and
38 g (100 g)−1, Table 2, with the highest content of carbohydrates at 34–38 g (100 g)−1 found in the temperature and
irradiance experiments. At elevated levels of nitrate, the lowest total carbohydrate content was found. Among the monosaccharides, glucose was dominating with contents in the
range 13.2–22.5 g (100 g)−1, Table 2. Rhamnose was the
second largest component at 4.62–6.92 g (100 g) −1 .
Rhamnose and glucose contents were both highest at the lowest pCO2 level. Xylose was also present at fairly high amounts
(4.55–5.90 g (100 g)−1), while glucuronic acid was lower at
1.44–2.47 g (100 g)−1. Glucuronic acid content was highest at
the intermediate level of pCO2. The content of the potential
high-value monosaccharide, iduronic acid, was low as compared with the other monosaccharides (0.40–0.86 g (100 g)−1)
in all experiments. The ratio between the iduronic acid and
rhamnose, the two unique monomers of ulvan, ranged between 0.08 and 0.13 g g−1 and was the highest (0.12–
0.13 g g−1) at intermediate illumination (at both temperatures)
and at low nitrate.

Effects of cultivation conditions on content
Significant effects of cultivation conditions were evaluated by
ANOVA analysis, Table 3, and for these conditions where
effects were found post-hoc Tukey’s tests (p < 0.05) were
done to identify significant differences between means.
Irradiance affected rhamnose and galactose and both glucuronic and iduronic acids. The content at low irradiance was
significantly lower for rhamnose than at high irradiance,
whereas for galactose and glucuronic acid the contents were
higher at low irradiance. Significant changes in iduronic acid
content were seen between all the irradiance experiments with
the highest content at the intermediate irradiance level
(100 μmol photons m−2 s−1). Elevated temperature had a significant effect on both total carbohydrate levels as well as all

1 M sodium acetate

Linear gradient 0 to 17
17
Linear gradient 17 to 0

monosaccharides resulting in higher contents except for galactose. There was a combined significant effect from temperature and irradiance on glucose with the highest values
reached with low irradiance and elevated temperature.
When changing nutrients levels, it was found that nitrate
had a significant effect on total carbohydrates and all monosaccharides except rhamnose. For all these except galactose,
there was a significant higher content at the lowest nitrate
availability, i.e., ambient conditions, but no difference between the medium and high nitrate level treatments.
Phosphate had fewer effects and impacted only rhamnose,
xylose, and glucuronic acid, for which low phosphate, i.e.,
ambient conditions, resulted in higher content. For galactose,
there was also a combined effect of both nitrate and phosphate. We found a significant effect of pCO2 on the amount
of total carbohydrates, and the rhamnose, glucose, and glucuronic acid contents. Low pCO2 resulted in high total carbohydrates and glucose contents.
Despite the significant impacts of cultivation conditions on
several monosaccharides, the actual absolute differences are small.
The high-irradiance and high-temperature experiment had 26%
higher rhamnose content than when both parameters were low,
clearly showcasing the importance of picking the correct cultivation conditions to maximize the content of compounds crucial for a
certain application. However, the nitrogen and phosphate experiment resulted in a 10% decrease instead when adding both nutrients, and for the pCO2 the change is even less.
The ratio between the iduronic acid and rhamnose was
significantly affected by irradiance and nitrate level. Low nitrate conditions and intermediate irradiance resulted in significantly higher IduA/Rha ratios.

Discussion
Ulva spp. have been studied rather extensively throughout the
years in many aspects. However, this research has become

28.69
25.29

± 2.04 4.89
± 1.61 4.62

± 1.39 4.86

26.26

-g
+b

6.92
5.79
6.40
5.50
6.77
5.71
5.37
4.93
5.22
4.82
5.21
4.93

± 1.97
± 1.09
± 1.55
± 2.80
± 1.22
± 0.76
± 0.77
± 1.34
± 0.89
± 2.51
± 0.99
± 1.86

0.26
0.33
0.39
0.45
0.32
0.39
0.31
0.44
0.42
0.47
0.42
0.29

± 0.21 0.49
± 0.24 0.50

20.74
20.68
22.47
19.46
22.04
20.87
18.62
15.85
14.78
14.43
14.30
18.18

± 0.04 16.15
± 0.04 13.22

5.90
5.03
5.72
5.16
5.85
5.04
5.62
4.62
4.69
4.55
4.82
5.16
± 1.57 5.17
± 1.43 4.90

2.45
1.86
2.19
1.68
2.47
1.96
1.69
1.44
1.63
1.44
1.58
1.60
± 0.35 1.55
± 0.30 1.56

0.73
0.59
0.61
0.51
0.86
0.70
0.53
0.40
0.50
0.46
0.44
0.57
± 0.07 0.44
± 0.08 0.47

0.11
0.10
0.10
0.09
0.13
0.12
0.10
0.08
0.09
0.09
0.08
0.12
± 0.03 0.09
± 0.04 0.10

± 0.01
± 0.01

± 0.01

± 0.02
± 0.01
± 0.01
± 0.02
± 0.01
± 0.01
± 0.02
± 0.01
± 0.01
± 0.01
± 0.01
± 0.02

g g−1 Sdev

IdoA/Rha

± 0.06 0.09

± 0.15
± 0.09
± 0.06
± 0.10
± 0.11
± 0.05
± 0.07
± 0.06
± 0.06
± 0.05
± 0.01
± 0.07

g (100 g)−1 Sdev

Iduronic acid

± 0.14 0.46

± 0.11
± 0.12
± 0.16
± 0.15
± 0.28
± 0.10
± 0.07
± 0.08
± 0.05
± 0.11
± 0.11
± 0.12

g (100 g)−1 Sdev

Glucuronic acid

± 0.15 1.69

± 0.61
± 0.11
± 0.32
± 0.46
± 0.42
± 0.10
± 0.16
± 0.14
± 0.13
± 0.10
± 0.16
± 0.33

g (100 g)−1 Sdev

Xylose

± 1.25 5.15

± 0.95
± 0.69
± 1.01
± 2.04
± 0.62
± 0.65
± 0.30
± 1.15
± 0.60
± 2.37
± 0.81
± 1.31

g (100 g)−1 Sdev

Glucose

± 0.02 13.60

± 0.02
± 0.02
± 0.05
± 0.04
± 0.03
± 0.04
± 0.02
± 0.01
± 0.03
± 0.04
± 0.03
± 0.01

g (100 g)−1 Sdev

Galactose

± 0.15 0.50

± 0.32
± 0.17
± 0.36
± 0.38
± 0.57
± 0.18
± 0.27
± 0.11
± 0.18
± 0.19
± 0.19
± 0.21

g (100 g)−1 Sdev

37.00
34.28
37.77
32.75
38.31
34.67
32.14
27.70
27.24
26.17
26.78
30.74

Factor g (100 g)−1 Sdev

Rhamnose

Irradiance/temperature ++
+−
−+
–
*+
*N/P
–
*+
+−
++
*−+
pCO2/Header tank
*w

Experiment

Total carbohydrates

Table 2 Averages of total carbohydrates and individual monosaccharides with biological standard deviation. The factor column denotes the varied abiotic factors for the different experiments with +, −,
and * denoting high, low/ambient and medium conditions respectively written in the order given in the first column. The letters w, g, and b denote the different header tanks. Data are shown as mean values ±
standard deviation with calculations based on 4–8 replicates
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2.23

0.04

< 0.01

MS

Fp
ratio

1.43

MS

Fp
ratio

0.08

MS

Fp
ratio

Xylose

< 0.01

MS

Fp
ratio

Glucuronic acid

< 0.01

MS

Fp
ratio

Iduronic acid

0.0001

MS

p

0.003
0.346
0.2156
0.107
0.868

8.163
0.935
1.678
2.54
0.24

11.60 < 0.001
0.61
0.442
0.02
0.978

Fratio

IdoA/Rha

2 3.94 1.29
0.292 0.49 4.22
0.026 0.04 32.67 < 0.001 1.39 1.04
0.368 < 0.01 0.02
0.996 0.24 9.72 < 0.001 0.13 13.32 < 0.001 0.002
1 112.79 36.91 < 0.001 8.29 71.58 < 0.001 0.03 24.56 < 0.001 15.63 11.67
0.002 4.37 30.75 < 0.001 2.24 91.06 < 0.001 0.14 15.16 < 0.001 0.0001
2 3.88 1.27
0.298 0.04 0.33
0.720 < 0.01 0.06
0.946 6.42 4.79
0.017 0.08 0.54
0.592 < 0.01 0.20
0.829 < 0.01 0.31
0.74 1e-5
30 3.06
0.12
< 0.01
1.34
0.14
0.02
< 0.01
0.0002
2 53.85 23.21 < 0.001 0.03 0.82
0.456 0.05 90.14 < 0.001 34.37 21.16 < 0.001 1.40 40.31 < 0.001 0.04 4.74
0.022 0.03 11.15 < 0.001 0.0012
1 1.59 0.69
0.418 0.83 20.87 < 0.001 < 0.01 4.21
0.055 0.39 0.24
0.632 0.42 12.13
0.003 0.12 14.39
0.001 < 0.01 0.24
0.634 0.0001
2 3.14 1.35
0.283 0.01 0.37
0.696 < 0.01 3.75
0.043 2.54 1.56
0.237 0.06 1.58
0.232 < 0.01 0.48
0.624 < 0.01 1.47
0.257 0.0002
18 2.32
0.04
< 0.01 0
1.62
0.03
< 0.01
< 0.01
0.0002
2 24.65 11.07 < 0.001 0.17 4.65
0.024 < 0.01 0.54
0.594 20.35 14.26 < 0.001 0.17 2.20
0.140 0.04 8.18
0.003 < 0.01 0.73
0.494 0.0003
3 6.88 3.09
0.053 0.06 1.58
0.229 < 0.01 2.71
0.075 5.63 3.95
0.025 0.08 1.04
0.401 0.04 7.64
0.002 < 0.01 0.69
0.569 2e-5

MS Fp
ratio

Glucose

Irradiance
Temperature
Irr x Temp
Residual
Nitrate
Phosphate
NxP
Residual
pCO2
Header
tank (pCO2)
Residual

Fp
ratio

Galactose

df MS

Rhamnose

Source of
variance

Total carbohydrates

Table 3 ANOVAs of changes in the composition of total carbohydrates and 6 monomers (g (100 g)−1of dw) in Ulva fenestrata cultivated under different levels of irradiance and temperature, nitrate and
phosphate, and pCO2. Significant parameters are marked in italics (p < 0.05)
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more complicated in recent years with new insights regarding
the number of species lacking clear morphologically identification criteria. What was considered U. lactuca in the northern
hemisphere has recently been molecularly identified to be
U. fenestrata (Hughey et al. 2019), and this needs to be considered when comparing composition between studies.
Ideally, only studies on U. lactuca performed in the northern
hemisphere would be compared with the present study, as the
studied material are more likely to be U. fenestrata, but this is
not possible as there are very few studies performed on carbohydrate variation in Ulva spp.
Our data of total carbohydrates were distributed in the lower to middle range of what has previously been reported for
Ulva spp. (Holdt and Kraan 2011). That elevated temperature
has a positive effect on the carbohydrate content in Ulva spp.
is supported by previous studies (Mohsen et al. 1973b; Wang
et al. 2007; He et al. 2018). As for irradiance, Mohsen et al.
(1973a) found that the correlation to carbohydrates is not
strictly positive or negative but different for the different carbohydrate components, as was also the case for the monosaccharides in this study. That elevated availability of nitrate resulted in low total carbohydrate content, as found in this study,
is in agreement with Kumari et al. (2014) and Gómez Pinchetti
et al. (1998) who observed decreased soluble and insoluble
carbohydrates with increased nutrients. The decrease was
coupled to an increased protein content, and they found that
the accumulation of carbohydrates was a response to nitrogen
and phosphorus limitation, which is in contradiction to our
data where phosphorus had no effect on total carbohydrates.
The difference between the studies could possibly be caused
by the use of natural filtered seawater in this study, which
might not have had sufficiently low levels of nitrate and phosphate to cause starvation. In a study with pCO2 at two levels
(400 and 1000 ppm), Chen et al. (2019) found that the soluble
carbohydrate content did not change significantly. However,
not all carbohydrates in Ulva are water soluble. As the sulfuric
acid hydrolysis used in this study degrades both the soluble
and insoluble polysaccharides found in Ulva, i.e., the overall
carbohydrate content of starch and the cell-wall components
cellulose, glucuronan, xyloglucan, and ulvan, it is not surprising that the result is different from that of Chen et al. (2019).
Our data showed that absolute difference in monosaccharide content was small, e.g., the difference between the highest
and lowest total carbohydrate contents for the temperature/
irradiance experiment was 15%, mostly due to an increase in
glucose content, Table 2. This is unfortunate as other algae,
e.g., Saccharina latissima at a glucose content of 41.8 g
(100 g)−1 (Vilg et al. 2015), contain a much larger fraction
of easily fermentable glucose containing polysaccharides than
the 22 g (100 g)−1 that were observed in this study. As these
seaweeds are not profitable to produce for fermentation processes (Konda et al. 2015), glucose is probably not a component that would be of interest to optimize in Ulva spp.

On the other hand, there were significant changes in the
contents of the potential high-value monosaccharides rhamnose and iduronic acid. The high-value iduronic acid was
found in rather low quantities. However, disaccharides with
iduronic acid are well known to be notoriously difficult to
hydrolyse with acid and although better methods do exist
(De Ruiter et al. 1992), they are optimized for pure polysaccharide samples rather than untreated biomass. Hence, the
iduronic acid content could, potentially, have been higher if the
ulvan had been extracted and analysed separately. This, however,
was not practically possible in our study due to the design of the
experiment and the amount of biomass available. Therefore, the
sulfuric acid method was chosen to allow comparison of all
sugars in the biomasses generated within the study.
The iduronic acid content was not above 1 g (100 g)−1 in
any of the experiments and most likely further optimization is
needed before there is an economic case for extracting it.
However, it is an interesting sugar, and if separated with the
same recovery method as for rhamnose, it is a potential side
product. According to the results in this study, irradiance and
temperature are important factors for the optimization of
iduronic acid content with a 70% increase in iduronic acid at
elevated levels. Elevated nitrate had a negative effect on both
rhamnose and iduronic acid contents, and it makes sense that
they can be co-optimized as they are both part of ulvan.
Another factor influencing the carbohydrate production capacity is biomass formation during cultivation. However,
these data for our study will be reported elsewhere (Toth
et al., manuscript pending revision), but in short higher irradiance, lower temperature, elevated phosphate, and ambient nitrate levels increased the growth rate. Thus, the total production will be further improved at high irradiation, where more
biomass with a higher content of iduronic acid is produced.
Despite not being analysed directly due to limitations in
available material, there are some interesting signs of changes
to ulvan when U. fenestrata was grown under different conditions. Such structural differences of ulvan give a potential to
compare bioactivities of ulvans of different composition from
the same species and potentially tailor bioactivities already at
the cultivation stage. It is known that the iduronic acid residues in glucosaminoglycans are important for their bioactivity
due to their conformational flexibility allowing easier accessibility to the proteins targeted for the anticoagulant effect
(Mohamed and Ferro 2015). Therefore, the quota between
the iduronic acid and rhamnose (as the main monomer of the
repeating disaccharide of ulvan) is an interesting indication of
changed functionality of the ulvan polysaccharides. It is
known that the functionality of ulvan changes depending on
the extraction method used (Kidgell et al. 2019), which in turn
can cause changes in its composition or structure. Hence, it is
likely that any changes seen in the quota between rhamnose
and iduronic acid would do so as well. How such changes
caused by cultivation conditions relate to bioactivity
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needs to be further investigated, which was not possible
within this study. A higher ratio means that there is
more iduronic acid in the ulvan, which could be important for using Ulva spp. for extraction of iduronic acid
as well as the bioactive compounds.
It is known that many of the activities of ulvan are similar
to those of heparin, but a study on ulvan from U. rigida found
it to be inactive against the anti-thrombin pathway unless
chemically sulfated (Adrien et al. 2019). Heparin is mostly
extracted from porcine mucosa at yields of 160–
260 mg kg−1 (van der Meer et al. 2017), which is several times
lower than the levels of iduronic acid seen here and much
lower than the ulvan content in U. fenestrata, which contains
at least 18% dw of ulvan (Wahlström et al. 2020). In a broad
range of studies on U. lactuca, even higher ulvan contents up
to 36% dw have been seen (Kidgell et al. 2019). If the changes
observed in this study could be used to improve the activity of
ulvan to levels where it can replace heparin, it can replace the
offal of a billion pigs currently used in the production process
(van der Meer et al. 2017). This could not only be advantageous from an environmental standpoint, but it is also safer for
medicinal use as there is less risk of infectious diseases as well
as prions to be in the product. However, further investigations
into how growth conditions influence ulvan structure as well
as the exact mechanisms for the biological activities of ulvan
are needed before ulvan goes from a potential high-value
product to become the basis of an industry based on its extraction and modification. Should replacement of current products
not be possible, the utilization of building blocks from ulvan,
i.e., iduronic acid, can still be utilized for chemical synthesis
of glucosaminoglycans (e.g., heparin), rhamnolipids, or
flavoring compounds.

Conclusion
Biomolecules from Ulva spp. have the potential to provide a
variety of products to future society. In this study, we show the
effects of temperature, irradiance, pCO2, nitrogen, and phosphate on the monosaccharide composition in Ulva fenestrata.
The monosaccharides present in the potential high-value component ulvan changed significantly with higher fractions of
iduronic acid at intermediate irradiance and ambient nitrate
conditions, indicating changes to the polysaccharide. Also,
there were signs of changes in the degree of sulfation at different temperature, and nutrient levels. These changes might
be used to alter the biological activities of ulvan already at the
cultivation stage, but this needs further investigation of the
actual ulvan. The total amount of carbohydrates was significantly affected by temperature, nitrogen level, and pCO2, but
more interestingly, the levels of some individual monosaccharides changed drastically with changed conditions. Rhamnose
and iduronic acid content increased by 26 and 70%

respectively at elevated temperature and irradiance. Testing
other cultivation conditions than in this study, as well as including other environmental factors such as salinity could also
add new knowledge important for finding the optimal cultivation conditions for U. fenestrata.
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