I

10

11
12
13

14
15
16

17

18
19
20
21

22

23

ACCEPTED MANUSCRIPT

Comparison of microalgal biomasses as functional food ingredients:
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Abstract

Microalgae are rich in several nutritional and health-beneficial components, showing great potential as
functional food ingredients. To this extent, knowledge of the biomass composition is essential in the selection
of suitable microalgae species for specific food applications. Surprisingly, although cell wall polysaccharides

are generally reported to play a role in functionality, limited attention has been given to the cebll wall related

P. cruentum, O. aurita, C. vulgaris and A. pl

of the biomass and were composed of

Moreover, the presence of uronic @eids a groups provides anionic characteristics to the cell wall related
polysaccharides of several alg s g result, these polysaccharides show potential to display interesting
ch

functionalities as bioac nelogical substances.

Keywords

Biomass cempositian=€ell wall polysaccharides — exopolysaccharides — monosaccharide — uronic acid — sulfate
Highli

Carbohydrates separately quantified as storage-, cell wall- and exo-polysaccharides

Exopolysaccharides were observed in P. cruentum, C. vulgaris, O. aurita, A. platensis

Glucose, galactose, xylose and mannose are dominant sugars in the polysaccharides

Uronic acid and sulfate groups confer anionic characteristics to the polysaccharides

2
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S

omega-3 long chain polyunsaturated fatty acids
cell wall polysaccharides

extracellular polymeric substances
extracellular polysaccharides

storage polysaccharides

ultra high pressure homogenization
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1.

Introduction

Microalgae are a promising source of several nutritional and health-beneficial components, including
omega-3 long chain polyunsaturated fatty acids (o3-LC-PUFA), proteins, minerals and antioxidants. In
recent decades, research has been exploring their potential as a functional food ingredient, to enhance the
nutritional value of food products [1-3]. Since there is a large number of microalgae species available and
the composition of microalgal biomasses largely varies among different species, dge on the

biochemical composition is required for the selection of suitable microalgae, t spectfic food

applications. However, even for a specific microalga species, variable bio iles“are reported in

different studies. Part of this variability is attributed to differences in cultivatio ions, since many

environmental factors such as temperature, salinity and nutrient a trofgly affect the chemical

composition of microalgae [4]. While this allows the optimiza conditions to maximize the
production of specific biomolecules, it also results i

microalgal biomass profiles. On the other hand, th iomass compositions found in literature can

also be attributed to distinct analytical approac different studies. For instance, protein contents

can be determined by colorimetric assays or I analysis of nitrogen. While the former methods are

sensitive to interferences and
relies on the use of nitrogén-to i
by different author N4.
comparing miétoalgal ass profiles using standardized protocols.

The nutriti@nal valuaile gemponents of microalgae are stored inside the microalgal cell, which is protected

by a cell wall for a few species). As a consequence, the cell wall plays an important role as a natural
b imitm@ extraction yields of high-value products or resulting in a low bioavailability of intracellular
compene

nts [7,8]. In this context, extensive research has been performed on the disruption of microalgal

2atments to completely release intracellular proteins, the latter
aversion factors, but different conversion factors have been used

to 6.25) [5,6]. As a consequence, there is still a demand for studies

cells, including chemical modifications and mechanical, thermal or ultrasonication processes [9]. Although
several treatments proved successful for many microalgae, optimization is still required for species
possessing a very rigid cell wall. In recent decades, the use of cell wall degrading enzymes has gained

interest as this shows some advantages, such as a minimal impact on the desired nutrients and low energy
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requirements [7,10,11]. However, this approach requires the precise knowledge of the cell wall composition,
for the appropriate selection of specific cell wall degrading enzymes.

Insight into the composition of the cell wall is not only desired in terms of process optimization, but also
because distinct cell wall related polysaccharides might show potential for several biotechnological

purposes. To date, commercialization of high value products from microalgae is mainly targeted to w3-LC-

might be due to the lack of knowledge on the composition and structure of cell wal

with only few studies suggesting the potential of cell wall related polysacch

According to de Jesus Raposo et al. (2015) [12], sulfated polysaccharides of migroa display various
bioactivities, such as antiviral, antioxidant and anti-inflammatory,activities. egVer, exopolysaccharides

of the red microalga Porphyridium sp. show unique rheol might therefore be used as

thickening agents in food products [13]. Thus, e mposition of cell wall related

polysaccharides, such as the monosaccharide pr r degree of sulfation, could increase the
functionality of microalgal sources towards sev pNcations.
Cell wall related polysaccharides comprise pes of polymers, including cell wall polysaccharides

(CWPS) and extracellular polyme atter are generally described as polymers that can be secreted into

cultivation medium. Since the amount of secreted material

the surrounding enviro nt, as th
depends on the gr@%ndl s an@'time of harvesting, the extracellular polymers can be both found as

solubilized polgimers inthe aqueous phase as well as an external layer still surrounding the microalgal cell.
Although ‘any miCkgalgae species and cyanobacteria secrete extracellular polymers into the cultivation
medium, the t ecreted material is often unclear in literature, primarily due to distinct terminology.

aterial is often called EPS, referring to either extracellular polymeric substances,
extracgllular polysaccharides or exopolysaccharides, although terms as released polysaccharides (RPS),
extracellular organic matter (EOM) or algogenic organic matter (AOM) are also commonly used [14,15].
Depending on the definition, different classes of organic macromolecules are included, such as
polysaccharides, proteins, nucleic acids, phospholipids and smaller molecules [15]. In this study, a

distinction will be made between all polymeric material that can be secreted into the environment (referred
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to as extracellular polymeric substances, EPMS) and polysaccharides that can be secreted (referred to as
extracellular polysaccharides, EPS).

To date, information in literature on the amount of cell wall related polysaccharides in microalgae is scarce.
In fact, quantification of microalgal polysaccharides is usually done by analyzing the total carbohydrate
content, thus including both storage polysaccharides (SPS) and cell wall related polysaccharides. However,
these two types of polysaccharides exhibit different functions in the microalgal cell. Th in function of

SPS is the storage of energy, providing substrates for metabolic processes and all urvival of the

organism during dark periods. In contrast, cell wall related polysaccharides, i S and EPMS,

play an important structural role in the microalgal cell. Whereas CWPS pravide res turgor pressure,
interactions between EPMS of different cells allow the creati multiéellular structures [16]. As a
consequence, both types of polysaccharides can contribute to different§unctional properties of the biomass,
depending on their structure and composition. Total ¢ e ts (in fact expressed as glucose-

equivalents due to the use of non-specific colorime ayshdo therefore not allow the prediction of the

potential of microalgal polysaccharides.

Although several authors have reported mon ide profiles of microalgae, the composition of the cell

wall related polysaccharides ofgna

monosaccharide profiles after
of other componen as SRS an
On 0

0algae is still unknown. On the one hand, some studies presented
e total biomass [17,18]. However, due to possible interference
ycolipids, these results provide only limited information on the cell
wall compositi@n. ther hand, some authors have described the composition of cell wall related
polysacch"des, b sults were mostly concerning specific polysaccharide fractions obtained by a
selec‘e extracti rocedure [19,20]. Studies focusing on the polysaccharide composition of the whole
C a efore very limited. Moreover, large variability in cell wall composition has been reported
withifya genus, a species and even within a strain, which can be due to differences in cultivation conditions
or depending on the life stage of the cell [7], further limiting the comparison among the studies available.
Therefore, the aim of this study is to apply a universal procedure for extraction of the total cell wall related
polysaccharides, including CWPS and EPMS, of commercially available microalgae species followed by a

detailed characterization.
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138 The microalgae species used in this study were selected for their potential as functional food ingredients:
139 Arthrospira platensis, Chlorella vulgaris, Diacronema lutheri, Tisochrysis lutea (formerly listed as
140 Isochrysis galbana), Nannochloropsis sp., Odontella aurita, Phaeodactylum tricornutum, Porphyridium
141 cruentum, Schizochytrium sp. and Tetraselmis chuii. Most of them show interesting nutritional profiles, e.g.
142 containing w3-LC-PUFA, proteins rich in essential amino acids and antioxidants. In addition, some of these
143 biomasses have been accepted or authorized under the European novel food regulation, lications are
144 ongoing. Finally, by selecting these microalgae a diverse taxonomic spectrum was 0 , composed of

145 photoautotrophic eukaryotic species classified as Chlorophyta (C. vul T.'6huiy, Rhodophyta

146 (P. cruentum), Haptophyta (D. lutheri, T. lutea), Eustigmatophyta (Nanfochlor , Bacillariophyta
147 or diatoms (O. aurita, P.tricornutum), one heterotrophic spgcigs_belongi Labyrinthulomyceta
148 (Schizochytrium sp.) and one prokaryotic cyanobacterium (A.platensis), [2

149

150

151

152 were established, by determining the monos profile, uronic acid content and sulfate content. All

153 analyses were performed on ¢ ailab e dry biomasses, with regard to the application of dried

154 microalgal biomass as a t in food products, as food ingredients are generally delivered

155 in a dry form to gu longyterm'storage stability. The insights provided by this study can facilitate an

156 appropriate se ti&oalgae species for enhancing the nutritional value of food products, as well as
ial

157 revealin ir pote bioactive or biotechnological substances.

158

159 2. Methods

160 icroalgal biomass

161 Commercially available microalgal biomass was obtained from different companies. Lyophilized
162 biomasses of Nannochloropsis sp. and Tisochrysis lutea were obtained from Proviron (Hemiksem,
163 Belgium). Odontella aurita was purchased from Innovalg (Bouin, France), Tetraselmis chuii from
164 Fitoplancton Marino (Cadiz, Spain) and the cyanobacterium Arthrospira platensis from Earthrise (Irvine,
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165 CA, USA). Lyophilized biomass of Schizochytrium sp. was kindly donated by Mara Renewables
166 Corporation (Dartmouth, Canada). Spray-dried biomass of Chlorella vulgaris was obtained from Allma
167 (Lisbon, Portugal). Biomasses of Phaeodactylum tricornutum and Porphyridium cruentum were obtained
168 as a wet paste from Necton (Olh&o, Portugal) and immediately lyophilized. All biomasses were stored in
169 closed containers at -80 °C until use.

170 Biomass of Diacronema lutheri (CCAP 931/1) was produced in-house. This specie cultured in
171 Wright’s Cryptophyte medium in 125 L pilot-scale tubular airlift photobioreact or toWwse, the
172 medium was sterilized by membrane filtration (0.2 um pore size). The photo to continuously
173 illuminated (125 pmol photons/m?-s) and the culture was maintained at pH 7.5 by‘auto d CO- injection.
174 The biomass was harvested at the end of the exponential growt e ifugation, lyophilized and
175 stored at -80 °C.

176 Even though no full details on cultivation and harvest d be provided due to restrictions

177 imposed by some companies, the data obtained ive for dry biomasses towards food

178 applications. Possible deviations from optimal atign conditions would generally be noticed from the

179 amount of storage components, such as SP s, rather than structural components such as cell wall

180 related polysaccharides [4]. ayobtained biomass profiles correspond well with those reported

181 in literature for the inygStig gae species grown under standard conditions, as extensively
182 described in Secti

183 2.2. Charactegization'9f the biomass composition

184 2.2.1.‘0isture

185 oistUge cont the biomass was determined in triplicate by vacuum-drying as described by Nguyen et
186 . Briefly, 20 mg of microalgal biomass was dried using a vacuum oven (UNIEQUIP 1445-
187 2, Planegg, Germany), with sequential drying steps for 1 h at 0.8, 0.6 and 0.4 bar and for 30 min at 0.2 bar.
188 The difference in weight before and after drying was expressed as a percentage, representing the moisture
189 content. The average moisture content was used in the calculation of the chemical components, being
190 expressed in percentage of total dry matter.
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2.2.2.Lipids

Lipid content was determined according to the method optimized by Ryckebosch, Muylaert & Foubert
(2012) [23]. Briefly, 4 mL methanol, 2 mL chloroform and 0.4 mL water were added to 100 mg of dry

biomass and the samples were homogenized. Then, 2 mL chloroform and 2 mL water were added and the

samples were again homogenized. After centrifugation (10 min, 750g, 25 °C), the upper aqueous layer was

discarded, while the lower solvent layer was collected. The remaining pellet was re-e tedWith 4 mL of
a

chloroform:methanol (1:1 v/v) and centrifuged (10 min, 750g, 25 °C). The solven collected and

the extraction procedure was repeated on the pellet. All solvent layers wer red through

a layer of sodium sulphate to remove remaining water. The solvent r otary evaporation and

lipids were quantified gravimetrically. Lipid content was determ

2.2.3.Proteins

Protein content was determined by the Dumas met preximately 1-2 mg of biomass was transferred

to tin capsules and total nitrogen content was a edWlsing an elemental analyzer (Carlo-Erba EA1108,

Thermo Scientific, Waltham, MA, USA).

multiplied by an overall convessio
was performed in triplic %
. hartees

a floridean starch and glycogen

content was estimated from total nitrogen content,

f 4.78; as proposed by Lourengo et al. (2004) [5]. The analysis

—+

Accarding tQyli , starch is present in C. vulgaris, T. chuii and Schizochytrium sp. [24-26], whereas

uentum cbntains floridean starch as SPS [27]. Lastly, the cyanobacterium A. platensis contains
8]. Since all these SPS are polyglucans with a-1,4 and a-1,6-linkages, they were quantified
using the same procedure, based on the method of Pleissner & Eriksen (2012) [29]. Briefly, 50-100 mg
biomass was washed in MOPS buffer (3-(N-morpholino)propanesulfonic acid, 55 mM, pH 7) and cells
were subsequently disrupted using ultra high pressure homogenization (UHPH) at 250 MPa (Stansted Fluid
Power SPCH-10, Harlow, United Kingdom). A single pass was applied for most microalgae, except for the
more rigid C. vulgaris requiring two passes for full cell disruption. After addition of ethanol and dimethyl

9
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217 sulfoxide, the mixtures were boiled for 15 min at 100 °C to gelatinize (floridean) starch. Samples were then
218 incubated with thermostable a-amylase from Bacillus licheniformis (519 U/mg, Sigma-Aldrich) for 10 min
219 at 90 °C, followed by incubation with amyloglucosidase from Aspergillus niger (70 U/mg, Sigma-Aldrich)
220 for 1 h at 50 °C. Both enzymes were added to achieve a ratio of 10 U/mg biomass. The mixtures were
221 subsequently centrifuged (15 min, 5000g, 25 °C) and the glucose content in the supernatant was measured
222 using the glucose oxidase method [30]. SPS content was finally calculated multiplying t cose content

223 by 0.9, taking into account the addition of a water molecule during enzymatic hydrglys % e polyglucans.
224 The analysis was done in triplicate. \
225 2.24.2. Chrysolaminarin <

226 Chrysolaminarin content was determined for Nannochloropsis sp.;

. lutea,R. tricornutum, O. aurita and
227 D. lutheri, using a modified version of the method describee, b & Myklestad (2002) [31]. Dry
228 biomass was suspended in demineralized water,

229 250 MPa. Whereas two passes were used for

230 250 MPa was sufficient for the other mic

231 B-1,3-glucans were subsequentl

232 filtered using GF/C glass {i

233 acid method [32]. s multiplied by 0.9 to quantify the chrysolaminarin content.

234 Extraction andguan rysolaminarin was performed in triplicate.
235 2.2.5.Ash and minegals
236 proximatel g of biomass was ashed in a muffle furnace (Nabertherm Controller P330, Lilienthal,

237 operating for 24 h at 550 °C. The ashes were weighed and dissolved in 10 mL of ultrapure water
238 (organic free, 18 MQ cm resistance). These solutions were then acidified with 0.1 mL of 65% HNOs and
239 filtered through a 0.45 um syringe filter (Chromafil® A-45/25, Macherey-Nagel, Duren, Germany).
240 Mineral composition was determined using inductively coupled plasma optical emission spectrometry
241 (ICP-OES, Perkin-Elmer Optima 3300 DV, Norwalk, CT, USA). Ash content and mineral composition
242 were determined in triplicate.

10
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243 2.2.6.Cell wall related polysaccharides

244 The extraction and characterization of CWPS and EPMS is described later in section 2.3. The total content
245 of CWPS and EPMS was calculated from the monosaccharide and uronic acid content using Eq. 2, taking
246 into account the addition of a water molecule to the dehydrosugar in a polysaccharide chain (Eq. 1):

247 (dehydrosugar), + n- H,0 = n - monosaccharide (Eg. 1)
248 p . _ MMdehydrosugar . MMdehydra uronic acid ,
olysaccharide (%) = Y, [ —=2°9% x monosaccharide (%) | + ¥, | —xarouroncand \ id (% (Eq. 2)
MMmonosaccharide MMyronic acid
249 2.3. Composition of cell wall related polysaccharides < %

250 2.3.1.Extraction
251 A schematic representation of the procedure for extractio MS Sis shown in Fig. 1.
252 2.3.1.1. Extraction of extracellular pglyme ces

253 In the current study, cell wall related polysa re“extracted from dry biomass. Therefore, our

254 definition of EPMS only includes the pol of the external layer that is still attached to the

255 dried cells, that can be secreted@ esuspending the biomass in a simulated growth medium. The

256 presence of an extracellu er

rrounding the cells in the dry biomass was visualized for P. cruentum

257 (as indicated by the agkows T, Fig. supplementary material).

258 A procedure i&ed for extraction of EPMS based on methods of Hanlon et al. (2006) and Patel
259 et al. [33,3 biomass (1.5 g) was suspended in 30 mL of saline solution at pH 7.5 to mimic
260 s of the microalgae. All marine microalgae were suspended in 2.5% w/v NaCl,
261 shwater species C. vulgaris was suspended in 0.02% w/v NaCl. All suspensions were
262 ated for 16 h at 25 °C, allowing the EPMS to dissolve into the medium. Subsequently, suspensions
263 were centrifuged (10 min, 10000g, 4 °C), followed by a second centrifugation step of the supernatants
264 (30 min, 17000g, 4 °C) to completely separate the biomass from the medium. The integrity of the cells in
265 the residual biomass was confirmed using light microscopy (Olympus BX-51, Optical Co.Ltd, Tokyo,
266 Japan). The successful removal of EPMS was clearly observed for P. cruentum, since the extracellular

11
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layers observed in the dry biomass had disappeared after the extraction of EPMS (Fig. A-2, supplementary
information). Cold ethanol (95% v/v) was added to the resulting supernatant to precipitate EPMS, ensuring
a final ethanol concentration higher than 70% v/v. The solution was vacuum filtered using MN 615 filter
paper and the insoluble residue was extensively dialyzed against demineralized water for 48 h

(Spectra/Por®, MWCO 3.5 kDa, Spectrum Laboratories, CA, USA). Finally, the dialyzed EPMS extracts

were lyophilized (Alpha 2-4 LSC plus, Christ, Osterode, Germany). &
2.3.1.2. Extraction of cell wall polysaccharides Q

In the present study, CWPS are considered the structural polysaccharide a lytound in the cell

wall. In contrast with EPMS, CWPS are not secreted into the unding enyirenment, but play an

important structural role in microalgal cells such as providing reststance tofturgor pressure. CWPS were
extracted by isolating an alcohol insoluble residue accardin eetérs & Armstrong (1984) [35], with
the additional removal of lipids, SPS and proteins @demohstr y several authors [20,36,37].

The residual biomass, i.e. the pellets obtaine

thegtwo centrifugation steps in section 2.3.1.1, was
resuspended in 100 mL MOPS buffer (5 7). Cells were disrupted using UHPH at 250 MPa,
applying four passes for the rigi
used for the other micro
were centrifuged in,
hexane:isoproganol v/v) extraction, based on the method of Ryckebosch et al. (2013) [38].
Hexane:isgpropanoly(3:2) was chosen as extraction solvent instead of chloroform:methanol (1:1), as the
Iatte(olventkwe' can also remove some non-lipid substances from the microalgal biomass [39]. In

hexane:isopropanol (3:2) was added to the pellet, mixed and centrifuged (10 min, 900g,
20 @) to remove the upper solvent layer. This lipid extraction was repeated to obtain a defatted pellet.
Afterwards, SPS were enzymatically removed using either endo-f3-1,3-glucanase or a combination of a-
amylase and amyloglucosidase, depending on the type of SPS [37,40]. For removal of (floridean) starch or
glycogen, the defatted pellet was resuspended in sodium acetate buffer (140 mM, pH 4.5) and heated for

10 min at 100 °C to gelatinize the (floridean) starch. The low pH of 4.5 was used to avoid possible

12
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293 degradation reactions of CWPS occurring at high temperatures, such as beta-elimination of pectic
294 polysaccharides [41]. After gelatinization, the pH was adjusted to 5.2 and a-amylase from Bacillus sp.
295 (839 U/mg, Sigma-Aldrich) and amyloglucosidase from A. niger (300 U/mL, Sigma-Aldrich) were both
296 added in a ratio of 1 U/mg initial biomass. The mixtures were incubated for 4 h at 60 °C. To remove
297 chrysolaminarin, the defatted pellet was resuspended in sodium acetate buffer (100 mM, pH 4.5) and
298 heated for 10 min at 100 °C. Afterwards, pH was adjusted to 5 and endo-p-1,3-gl e of barley
299 (2500 U/mL, Megazyme) was added to achieve 400 U/g initial biomass and the mix incubated for
300 4 h at 40 °C. After enzymatic incubations, cold ethanol was added to \ 0% v/v), the
301 suspensions were centrifuged (10 min, 10000g, 4 °C) and the pellets we re%ly, proteins were
302 removed enzymatically. Therefore, pellets were resuspended in pRosphat (80 mM, pH 7.5) and

303 Subtilisin A protease from B. licheniformis (12 U/mg, Sigma i a ed to achieve 50 U/g initial
304 biomass. The mixtures were incubated for 1 h at 60 °C of cold ethanol (> 70% v/v), they
305 were centrifuged (10 min, 10000g, 4 °C). The pel ly washed in acetone, vacuum filtered and

306 dried overnight at 40 °C. This residue was cons d a§ CWPS.

S

13
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| Microalgal biomass |

Incubation in simulated medium
NaCl, 16 h, 25 °C

Centrifugation
10 min, 10000g, 4 °C;

30 min, 17000g, 4 °C

§
<,
% s
<Q ),

Ultra high pressure homogenization
250 MPa
Removal of lipids
Hexane:isopropanol 3:2 (v/v)

Removal of storage polysaccharides

endo-B-1,3-glucanase or
a-amylase + amyloglucosidase

Removal of proteins
Subtilisin A protease
Ethanol precipitation
> 70% (vIv)
CWPS |

Fig. 1 Schematic overview of the extraction o ace olymeric substances (EPMS) and cell wall polysaccharides
(CWPS).
2.3.2.Quantification Q

2.3.2.1. tio onosaccharides and uronic acids

Monosaccharidé’and acid composition of CWPS and EPMS were determined according to De Ruiter

et al. (1992) [42]. Relysaccharides were first hydrolyzed using methanolysis combined with trifluoroacetic

acid (TFA) oly8Sis. The resulting monosaccharides and uronic acids were then quantified by high
on exchange chromatography combined with pulsed amperometric detection (HPAEC-

PA

Methanolysis and TFA hydrolysis was performed as described by De Ruiter et al. (1992) [42]. Briefly,

sample was dissolved in ultrapure water (organic free, 18 MQ cm resistance) in a concentration of 2 mg/mL,

of which 40 pL was transferred to a pyrex tube and dried by N2 evaporation at 45 °C. Then, 2 mL of 2 M

methanolic HCI was added to the sample and the mixtures were incubated for 16 h at 80 °C. The solvent
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322 was removed by N evaporation at 30 °C. Subsequently, 2 mL of 2 M TFA was added to the tubes and
323 incubated for 1 h at 121 °C. After removing the solvent by N, evaporation at 45 °C, the hydrolysate was
324 dissolved in ultrapure water (organic free, 18 MQ cm resistance) and filtered through a 0.45 um syringe
325 filter (Chromafil® A-45/25, Macherey-Nagel, Duren, Germany). The hydrolysis was performed in triplicate.
326 Monosaccharides and uronic acids in the hydrolysates were identified and quantified by HPAEC-PAD, as
327 described by Jamsazzadeh Kermani et al. (2014) [43]. A Dionex system (DX600) equi ith a GS50
328 gradient pump, a CarboPac™ PA20 column (150 x 3 mm), a CarboPac™ PA20 guar n (30%.3 mm)
329 and an ED50 electrochemical detector were used (Dionex, Sunnyvale, AW They, detector was

330 equipped with a reference pH electrode (Ag/AgCl) and a gold electrode

331 10 min with 100 mM NaOH, after which 10 puL of hydrolysat

332 monosaccharides was performed for 20 min. In order to achie romatographic separation of

333 all monosaccharides analyzed, each sample was elut aOH as well as 15 mM NaOH.
334 Secondly, uronic acids were isocratically eluted wit
335 Mixtures of commercial sugar standards

336 arabinose, L-fucose, D-ribose, D-

337 concentrations (1-10 ppm) wi

338 standards were also subjg€ted

339 degradation during ol

340 2.3.2. tification of sulfate groups

341 Sulf roups in the saccharide samples were quantified using the barium chloride-gelatin method of
342 odgSen & Price(1962) [44]. Briefly, 2-5 mg of sample was hydrolyzed with 1 M HCI for 5 h at 100 °C.

343 lyzed sample was then incubated with 3% trichloroacetic acid and barium chloride-gelatin
344 reagent for 15 min at 25 °C, and the absorbance was measured at 360 nm. A standard curve was prepared
345 with K,SO.. Samples were corrected for UV-absorbing materials formed during hydrolysis, which were
346 determined in absence of barium as described by Dodgson & Price (1962) [44]. The analysis was performed
347 in triplicate.
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348 2.4. Statistical analysis

349 The data obtained are presented as the average of three measurements + standard error. Differences in
350 biomass composition of different microalgae species were statistically analyzed using one-way ANOVA
351 combined with Tukey’s test for multiple comparison (P < 0.05) with JMP statistical software (JMP Pro 12,
352 Cary, NC, USA).

353

354 3. Results and discussion

355 3.1. Characterization of the biomass composition

356 Results obtained from the biochemical characterization of th roal iomasses are presented in
357 Table 1. These results are expressed as a percentage of dry ey were corrected for the moisture
358 contents (1.5 — 8.2%). Generally, substantial differenc e e biomass composition amongst

359
360 as the average percentage of dry matter (%) + standard
361 ides; CWPS: cell wall polysaccharides; EPS: extracellular
362 statistically (one-way ANOVA). Significant differences (Tukey
363 3 i
SPS CWPS EPS Ash
P. cruentum 21+01 e 96+03 b 26+02 a 179+0.6 a
C. vulgaris 18+0.1 e 93+0.7 b 05+01 c 6.7+01d
T. chuii 7.8+0.2 bc 170+£10 a n.d. 145+0.3 bc
P. tricornutum 9.4+0.4 de 52+0.7d 53+x02d n.d. 159+09 b
0. aurita 202+0.1 f 21.7+06 a 74+03 c 12201 b 14.1+06 c
Nannochloropsi 351+08 ¢ 59+0.5 cd 38+01 e n.d. 6.1+09 d
Schizochytrium 102+0.1 g 6.3+1.1 bcd 69+04 c n.d. 34+03 e
T. lutea 29.8+0.7 de 7.3+0.4 be 35+01 f n.d. 135+06 c
D. lutheri 219+03 f 7.2+0.8 bc 102+05 b n.d. 13.0+04 c
A. nsis 5+05 f 474+01 a 8.1+06 b 9.7+0.7 b 0.7+0.1 ¢ 45+02 e
364
365 A large diversity is observed in terms of lipid content among all microalgae. A. platensis and C. vulgaris
366 presented low lipid contents, making up 5.5% and 6.6% of the biomass, respectively. Similar lipid contents
367 were found in literature for biomasses of Arthrospira sp. (3.6 — 7.5%) [1,3,45,46], while a wider range of
368 fat contents was observed for C. vulgaris. Although some authors reported similar values of 5% oil for
369 C. vulgaris [1,45], higher lipid contents (13 — 20%) have also been found [3]. This could be related to
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differences in cultivation conditions, as it is known for Chlorophyceae (and oleaginous microalgae in
general) that biomass composition can be selectively modified by adapting the cultivation conditions, such
as nitrogen depletion and temperature [47]. In contrast, lipid content and composition of cyanobacteria are
less affected by changes in cultivation conditions [8], confirming the smaller range of lipid contents found

in literature for Arthrospira biomasses. In contrast to the former two species, Nannochloropsis sp.,

D. lutheri, T. lutea and P. tricornutum can be considered as lipid-rich microalgae, prese
of 17 — 32%. In fact, these microalgae species are considered among the most intergsting

PUFA and similar values for total lipid content have been reported in literatur In , avery high

lipid content was observed for Schizochytrium sp., making up 74 drySbiomass. It was

microscopically confirmed that Schizochytrium sp. cells were with lipid bodies, as

previously reported by Morita et al. (2006) [49]. General of Schizochytrium sp. are

lipi

somewhat lower (32 — 50%) [50,51], although a simil 0 as been reported by Liang et al.

(2010) [52]. Finally, intermediate lipid contents (1 ere observed for P. cruentum, T. chuii and

O. aurita, corresponding to literature reports [4

Proteins generally make up an important pam,0 biomass, being more than 20% for the investigated

microalgae (except for Schizo he highest protein contents were observed for A. platensis and
C. vulgaris, comprising 47% 9% e dry biomass, respectively. These two species have been
commercialized as ce rotemns, containing high amounts of essential amino acids [2]. Although

some authors Qresented@Similar protein contents, approximately 38% for C. vulgaris and 39 —46% for

A. platensi§\ [1,46], values (up to 70% for Arthrospira sp.) have also been reported [3,6,54,55].

Howewer, it s noted that part of this variation can be ascribed to different analytical approaches,
S h of different correction factors for non-protein nitrogen in elemental analyses [5,6]. Large
amounits of proteins were also found for lipid-rich microalgae species (D. lutheri, T. lutea,
Nannochloropsis sp. and P. tricornutum), representing 22 — 35% of the biomass. Generally, the protein
values obtained are in agreement with those reported in literature [1,6,26,56-58].

In contrast to most studies on microalgal biomass profiles, different types of carbohydrates were quantified

separately in this study. According to literature, four types of SPS are present in the selected microalgae,
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397 being either starch, floridean starch, glycogen or chrysolaminarin. The three former SPS were analyzed by
398 enzymatic hydrolysis, while the latter was extracted chemically, followed by quantification of the
399 hydrolyzed glucose monomers. Relatively low SPS contents were observed for all microalgae species
400 (2 — 8%), with the exception of O. aurita biomass presenting 22% of chrysolaminarin. For biomasses of
401 P. cruentum, Schizochytrium sp. and A. platensis, the values obtained correspond with previously reported

402 SPS contents [26,28,59]. In contrast, the amount of SPS in C. vulgaris and P. tricornut
403 from those in literature [24,60], although only one article was encountered for each

404 contents grown under standard conditions. Typically, SPS are very sensitiv

405 the time of harvesting. Whereas SPS contents are usually low in the expoRiential

406 increase when nutrients are exhausted in the stationary phase. Si

407 medium leads to accumulation of SPS [25,57,61]. The low

408 biomasses therefore suggest that cells were harvested in

409 guality of the biomass in terms of protein content an sition. Biomass of O. aurita was cultivated
410 in open raceway ponds and could have gexper d more stress in terms of nutrient heterogeneity or
411 competition with other organisms, possibly in"higher chrysolaminarin contents compared to the

412 other microalgae species.

413 Two fractions of cell wa % rides were extracted from the microalgal biomass. On the one
414 hand, EPMS were &Jo ers on the outer layer of the cell wall, which dissolved into the
415 medium witho@t disruptign of the microalgal cells. EPMS were only obtained for four microalgae species
416 (P. cruentdm, O. a , A platensis and C. vulgaris), implying that the other microalgae do not have a layer
417 of extracellula ers. These observations correspond to our previous study, in which an increased
418 % i continuous serum phase was ascribed to the presence of extracellular polymers for these
419 four microalgae species. In addition, the absence of EPMS in Nannochloropsis sp. and P. tricornutum was
420 confirmed by that study, since no increased serum viscosity was observed for suspensions of these
421 microalgae species [62]. The highest content of EPMS was found in P. cruentum, a red microalga which is
422 known for its sulfated extracellular polysaccharides [13,63]. In addition, EPMS were also obtained for
423 A. platensis, C. vulgaris and O. aurita. While EPMS have been previously reported for A. platensis [64,65]
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424 and C. vulgaris [66,67], no information was found on the presence of EPMS in O. aurita. Furthermore, the
425 absence of EPMS in Nannochloropsis sp., T. lutea and the fusiform type of P. tricornutum as seen in
426 Table 1 was confirmed by other authors [68,69]. In contrast, although EPMS have been reported in literature
427 for Tetraselmis sp. and Schizochytrium sp. [68,70], they were not observed in this study. It should be noted
428 that EPMS were extracted starting from dried biomass. Therefore, the yield obtained in this study is
429 probably lower than when EPMS are directly extracted from the cultivation medium, due es of EPMS
430 during harvesting steps. Although part of the extracellular polymers might hav retedNinto the
431 cultivation medium, the presence of unsecreted extracellular layers surroun e microalgal cells was

432 visualized using microscopy (Fig. A, supplementary material). Even if{EPMS e ially lost during
433 harvesting of the microalgae, the data obtained are relevant in the gcontext o applications, as microalgal
434 biomass will be delivered in a dry form for use in food produ glaran ng term storage stability of
435 these functional ingredients. In addition, Table 1 show: racellular polysaccharides (EPS),
436 guantified as the sum of monosaccharides and u

437 polymers such as proteins or co-extract e minerals and nucleic acids. However, when

438 considering the weights of extracted EPMS g other extracellular polymers, yields of 2.7 — 8.3%

439 were obtained for these four migsoalgae spagies. Even though proteins were not quantified in EPMS samples
440 (since they are accounteddfor i ein content of the biomasses), it can be inferred that they are
441 present in all EPM &ic gae species.

442 On the other d,&vhich are structural polysaccharides constituting the cell wall, were extracted
443 after removal of E lowed by disruption of the cells. Generally, CWPS make up around 10% of the
444 microalgal bio 4]. However, it is known that some microalgae contain a cell wall comprised of other
445 ( ride) substances, resulting in a reduced amount of polysaccharides in the cell wall. For
446 instange, several authors have reported the presence of algaenan in the Nannochloropsis sp. cell wall, a
447 resistant aliphatic biopolymer composed of ether-linked long alkyl chains of esterified monomers [71,72].
448 This could explain the low CWPS content found in Nannochloropsis sp. compared to the other microalgae
449 species. Similarly, the cells of diatoms are surrounded by a silicified cell wall, called a frustule, which is
450 coated with a layer of organic material [73]. This structure is likely present in O. aurita and was visualized

19



ACCEPTED MANUSCRIPT

451 by microscopic images in our previous study [62]. Although P. tricornutum is also classified as a diatom,
452 not all morphotypes contain this siliceous skeleton. In fact, the ovoid form is the only morphotype presenting
453 true silica valves, while the other morphotypes are poor in silica [73]. Thus, the lower amount of CWPS in
454 P. tricornutum cannot be attributed to the presence of a frustule. Finally, the lowest amount of CWPS was
455 found in T. lutea, representing only 3.5% of the total biomass. It is known that Isochrysis sp. cells are easily
456 disrupted, which is related to its weak cell wall structure [74]. Some authors even doub resence of a
457 cell wall in Isochrysis sp., claiming that this microalga species only contains a plas brangaround
458 the cells [75]. However, the results obtained in this study imply that a cell w. x accharides is
459 present in T. lutea, but the low CWPS content suggests a rather small co ib%y related with its
460 low resistance to mechanical disruption.

461 Finally, it was observed that all microalgal biomasses contaig, conSiger amounts of minerals. Clear
462 differences are observed between marine and fres icr . Whereas most of the marine

463 microalgae presented high ash contents due to ac of minerals from the cultivation medium

464 (13 —18% of the total biomass), the freshwate cie§ C. vulgaris and A. platensis only presented ash

465 contents of 6.7% and 4.5%, respectively. st ash content was observed for the heterotrophic

466 Schizochytrium sp., representi ayof the total biomass, even though a higher value (11% ash) was
467 previously reported for hi@mas um [76]. Nevertheless, since Sun et al. (2014) stated that high
468 lipid contents coinci ith easedPash contents in Schizochytrium sp. [77], it is not surprising that a low

469 ash content ed in this study. In addition, a low ash content was also observed in

470 Nannochl ass, even though this marine species was cultivated in a salt-rich medium.

471 Nevertheless, values (6 — 10%) have been previously reported by other authors [58,78]. In terms of
472 C ition, each microalga species presented a typical mineral profile, as shown in Table 2.
473 Generally, marine microalgae were rich in the monovalent cations sodium and potassium. In fact, sodium
474 represented more than 60% of all minerals in biomasses of Nannochloropsis sp., Schizochytrium sp.,
475 T. lutea and D. lutheri. In contrast, the freshwater species A. platensis and C. vulgaris contained low
476 amounts of sodium, representing less than 10% of the analyzed minerals in these biomasses. From a
477 nutritional point of view, P. tricornutum has the most interesting mineral profile, possessing very high
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478 amounts of calcium and iron. Given that iron deficiency is considered as the most prevalent single nutritional

479 deficiency in the world [79], P. tricornutum biomass shows great potential as an iron source in the human

480 diet. In addition, this microalga presented substantial amounts of magnesium and manganese and a relatively

481 low amount of sodium, which was also observed by Rebolloso-Fuentes et al. (2001) [80]. Biomasses of

482 P. cruentum and T. chuii also contained considerable amounts of calcium and iron, however they may be of

483 lower interest for nutritional purposes due to higher amounts of sodium. Sodium consu n is after all

484 associated with increased blood pressure and cardiovascular diseases and a redu iumSntake is

485 therefore recommended [81]. Nevertheless, these three microalgae species, erywithithe freshwater

486 species A. platensis and C. vulgaris, can generally be considered as goad sourc nerals for human

487 nutrition. %

488 Table 2 Mineral composition of microalgal biomasses, expressed as th@average + stafda viation of triplicate measurements.

489 The results were compared statistically (one-way ANOVA). Significant e (TuKey test, P < 0.05) within each column are

490 indicated with different letters (n = 3).

Na K Ca Fe Zn Mn Cu
(mg/g) (mg/g) (mg/g) (mg/100 g) (mg/100 g) (mg/100 g) (mg/100 g)

P. cruentum 27.1+14 a 175+2.7 ab a 131.1+33 b 69+05 a 87104 b 09+0.1 ab
C. vulgaris 24+02 e 12.2+0.2 cde 41+ Of 11.7+6.6 ef 1.8+0.8 de 1.6 +£0.8 de 06+01 b
T. chuii 101409 cd  115+0.7 cde d 49.0+6.4 d 13£0.1 ef 80+10b  09+02 ab
P. tricornutum 71+18d 16.2+1.3 ah d 240.6+140 a 29+0.3 cd 12.0+0.7 a 20+x12 a
O. aurita 188+23 b d 19.2+27 e 0.3+0.01 f 119+14 a 02+0.02 b
Nannochloropsis sp. 128+09 ¢ ef 19+02 e 7.3+3.0 ef 23+0.5 de 22+0.4 cd 05+02 b
Schizochytrium sp. 11.0+10 c f 08+0.1 a 15+0.7 ef 3.9+0.01 bc 0.1+0.02 e 0.1+001 b
T. lutea 291409 a 19401 e 10+04 f 48+03b  07+05de 01+003b
D. lutheri 27.7+£17 7+0.9 ef 6.1+03 b 42057 d 1.9+0.4 de 14+0.3 de 04+01 b
A. platensis 77+03d 46+02c 933%6.1 c 1.9+0.5 de 38+01c 05+0.03 b

491

492 3.2 wall related polysaccharides

493 study was to apply a universal procedure for extraction of the total cell wall related

494 ides followed by characterization of their monosaccharide and uronic acid composition. Table 3

495 presents the monosaccharide and uronic acid profiles of CWPS of the investigated microalgae, with each

496 sugar expressed as a percentage of the total amount of monosaccharides and uronic acids. Diverse

497 monosaccharide profiles were observed for the different microalgae species. All microalgae species

498 presented at least five different monosaccharides in the CWPS extracts, suggesting that their cell walls are

499 composed of heteropolymers or multiple types of polysaccharides. Glucose, galactose, xylose and mannose
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500 were generally the most abundant monosaccharides, while the ratio of galacturonic and glucuronic acid was
501 strongly dependent on the microalga species. The composition of the EPMS is shown in Table 4 for the
502 four microalgae P. cruentum, C. vulgaris, O. aurita and A. platensis. As mentioned before, no EPMS could
503 be extracted for the other microalgae species. Similar to CWPS, EPMS are considered
504 heteropolysaccharides, containing both neutral monosaccharides and uronic acid residues. Finally, the
505 sulfate content of both polysaccharide fractions is given in Table 5. All microalgae ined sulfated
506 polysaccharides, although the degree of sulfation was generally low (0.6 — 14% r, it Should be
507 noted that the obtained cell wall fractions were not further purified and still ¢ N urities such
508 as ash and little amounts of proteins. As a consequence, sulfate contentsl of the Puri cell wall related
509 polysaccharides might be somewhat higher than the data presented§in T . Bven though no detailed
510 information was provided on the cultivation and harvesting congitionSithe obtained are expected to be

511 representative for the cell wall related polysaccharides e investigated species. Although

512 the amount of CWPS might be dependent on the ¢ onditions applied, it was previously shown

513 that the composition of neutral monosacc tant for Chlorella species when cultivated under

514 different growth conditions, such as elevate entration and nitrogen limitation [37,82]. The impact

515 of different cultivation conditigps 0 acids in cell wall related polysaccharides might be different, as
516 Cheng, Labavitch & Va G ndicated an increased uronic acid content under elevated CO-
517 supply [82]. Howe &f knowledge, no reports were found on uronic acids in the microalgal
518 cell wall bein ecte other cultivation parameters.

519 <
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Table 3 Monosaccharide and uronic acid composition in cell wall polysaccharides (CWPS) of microalgae, expressed as the
average percentage of total monosaccharides and uronic acids (%) + standard deviation of triplicate measurements (n = 3). (n.d.:

not detected).

P. cruentum C. vulgaris T. chuii P. tricornutum O. aurita
Glucose 305+£1.1 415+1.8 289+4.1 44+24 11.1+£0.8
Galactose 224+0.3 8.6+0.2 57+0.9 3.8+0.9 35.7+0.6
Xylose 278+24 n.d. 53+0.7 143+0.1 9.3+£0.6
Mannose 9.3+05 348+7.6 413134 46.4+£1.3 171+1.2
Rhamnose n.d. 2701 1.0£0.2 8.9+0.8 32+11
Arabinose n.d. n.d. 0.8+£0.2 n.d. n.d.
Fucose n.d. n.d. 0.7+0.7 25+0.3 24+0.6
Ribose n.d. 19+£01 nd 29+1.2 +0.6
Glucosamine 18+13 29+0.1 nd n.d.
Galacturonic acid 3.9%£09 3.3+£0.2 151+1.3 29+0. 4, .6
Glucuronic acid 43%0.1 43+01 1.2+0.2 1% 59+1.0

Table 3 (continued) %
Nannochloropsis sp.  Schizochytrium sp. T. lutea lutheri A. platensis

Glucose 75.8+4.9 33.1+16 +3.3 498+5.8
Galactose 6.4+04 29.0+35 n.d. 3.8%0.3
Xylose 35+04 143+0.2 49+27 n.d.
Mannose 47%0.1 205+34 6.2+0.3 29.8 £3.7
Rhamnose 3.0x01 n.d. n.d. 6.7+0.9
Arabinose n.d. n.d. 3407 n.d.
Fucose 21+0.2 n.d. 08+04 n.d.
Ribose 45+0.1 1.3+£06 n.d.
Glucosamine n.d. 3.1+ n.d. 21+03
Galacturonic acid n.d. n.d. 56+29
Glucuronic acid n.d. 1.2+£03 22+0.3

Glucose
Galactose
Xylose
Mannose

Rh e
Arab

Fucose
Ribose
Glucosamine
Galacturonic acid
Glucuronic acid

Table 4 Monosaccharide and uramic acidigom
the average percenta I'm acch
(n.d.: not detected).
. CiJen
4+56

C. vulgaris O. aurita A. platensis

242+1.1 21+£0.3 118+04

21. 17.3+£05 60.8+1.7 11.1+£06

298 +1.8 6.3£04 106+£0.2 2.7+0.3

+25 19.1+£05 3.3%0.2 1.7+0.1

n.d. 11.0+£0.3 28+0.2 29114
n.d. 19401 n.d. n.d.

1.3+£0.1 8.7+0.1 159+05 8.9+0.2

n.d. n.d. n.d. 25.8+0.8
n.d. n.d. n.d. n.d.
n.d. 3.3%01 1.3+0.1 n.d.

8.9%0.3 8.2+04 3.2%01 8.9+0.3

23

ition in extracellular polymeric substances (EPMS) of microalgae, expressed as
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Table 5 Sulfate content in cell wall polysaccharides (CWPS) and extracellular polymeric substances (EPMS) of microalgae,
expressed as the average percentage of CWPS or EPMS (%) + standard deviation of triplicate measurements (n = 3). (n.a.: not
analyzed)

CWPS EPMS
P. cruentum 424 +0.12 7.05+0.18
C. vulgaris 1.14 +£0.06 1.73+0.21
T. chuii 1.18 £0.10 n.a.
P. tricornutum 6.89+0.17 n.a.
O. aurita 10.89 +0.61 13.93+0.52
Nannochloropsis sp. 6.43+0.11 n.a.
Schizochytrium sp. 2.69 £ 0.08 n.a.

T. lutea 4.69 £0.20 n.a.
D. lutheri 5.99 +£0.14 n.a.
A. platensis 0.64+0.11 1.34+0.13

Cell wall related polysaccharides of P. cruentum have been exten Iy@ dterature, with major
focus on its extracellular polysaccharides with unigque rheological erties loactivities [13]. Cells of
Porphyridium sp. are encapsulated within a cell wall C

ide @omplex. The external part easily
dissolves into the cultivation medium and polymers identified as soluble polysaccharides,
referred to as bound polysaccharides [83], WPS. The proposed cell wall structure, i.e. one
polysaccharide complex surroundi

and EPMS showed comp e mo ride profiles, with glucose, galactose and xylose being the

dominant sugars. This WasWrevio ported by several authors, but with variable molar ratios of these

monosaccharidesp[3 ]. In“addition, uronic acids accounted for 8 — 9% of all monosaccharides in
CWPS an % ance with previous studies [34,85]. However, whereas EPMS consisted only
of gl ro% S presented both galacturonic and glucuronic acid. Another difference between
S EPMS was the degree of sulfation, which was lower in CWPS (4.2%) than in EPMS (7.1%).
Th contents fall in the range reported in literature for Porphyridium sp. (4 — 14%) [12,85].
In CWPS of C. vulgaris, glucose and mannose were the most abundant monosaccharides, suggesting the
presence of glucomannans. Other authors also reported that these monosaccharides account for most of the
cell wall of Chlorella sp. [86,87], although it should be noted that two other types of CWPS can also be

found in chlorococcal algae [88]. However, glucomannans typically contain larger amounts of mannose

than glucose, indicating that another source of glucose was present in the C. vulgaris cell wall. For instance,
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glucose could also result from (partial) hydrolysis of cellulosic and hemicellulosic polymers. Chen et al.
(2013) described the cell wall of Chlorophyta consisting of an inner cell wall layer, mainly composed of
cellulose and hemicellulose, and an outer cell wall layer with a variable composition depending on the
species [89]. However, discrepancies in cell wall structures of Chlorella sp. have been described in

literature. This can be partly attributed to taxonomic revisions, resulting in a new definition of the Chlorella

genus and therefore a transfer of previously assigned species to other genera [7]. Nevert contrasting
findings of several studies still result in a lack of clarity on the Chlorella sp. cell wall ition.\/hereas
some authors ascribe the rigidity of the cell wall to cellulose microfibrils [ others“attribute it to a

chitin-like polysaccharide [7,11,91]. Given the low amount of glucosaming observed in‘this study, the latter

statement cannot be confirmed based on our results. Moreover, eyenthou nce of hemicelluloses
is mentioned by most authors, there is no consensus on the t he Il s in Chlorella sp. cell walls.
In fact, the presence of either arabinomannans, ara a comannans or xyloglucans was
reported in various studies [17,87,92]. Furthermore, ofRC. vulgaris contained low amounts of sulfate

groups. Although some authors reported_subst amounts of sulfate esters in certain species of the

Chlorella genus [12,93], no reports were fo vulgaris. Finally, EPMS from C. vulgaris showed a

very heterogeneous compositi@n, ¢

degree of sulfation. Whegeas t
[14,68], others sho & [12,94]. It can thus be concluded that microalgae of the Chlorella
genus show er&iversity in cell wall composition, presenting different cell wall structures
depending'@n the spegiesg@nd the strain.

to C. ,

Simil mannose and glucose were the main monosaccharides in the CWPS of T. chuii.

1g seven monosaccharides and two uronic acids, with a low

ned are confirmed for EPMS of Chlorella sp. by some authors

reported these monosaccharides in Tetraselmis sp., but together with high amounts of
galactese [95-97]. In addition, appreciable amounts of galacturonic acid in combination with minor amounts
of galactose, rhamnose, arabinose and fucose suggest the presence of pectic polysaccharides. In fact, Arora
et al. (2012) have reported the presence of glucans, galactomannans and pectins in cell walls of T. indica
[98]. It should be noted that the obtained monosaccharide composition probably does not provide the full

carbohydrate profile of the T. chuii cell wall. In fact, Tetraselmis sp. cell walls are built up of thecae which
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contain up to 80% of acidic polysaccharides, characterized as 3-deoxy-manno-2-octulosonic acid, 3-deoxy-
5-O-methyl-manno-2-octulosonic acid and 3-deoxy-lyxo-2-heptulosaric acid [7,99]. However, no attempts
were made to quantify these keto-sugar acids in this study. Finally, a sulfate content of 1.2% was observed
in CWPS of T. chuii, somewhat lower compared to previous studies [68,99].

CWPS of the diatom P. tricornutum consisted mainly of mannose and glucuronic acid, representing 60% of

the total sugars. Several authors have previously identified a sulfated glucuronoma as the most

prominent polysaccharide present in P. tricornutum [97,100,101]. A sulfate conteqt O was ‘@btained,
corresponding to previous reports [93,100]. In addition, minor amounts of o arides, mainly
xylose, rhamnose, glucose and galactose, suggest the presence of other hemicellul@sic palymers in the cell
wall of P. tricornutum [17]. Although some authors suggest that sulf C nnans are a conserved

structural polymer in diatoms [101], this was not obvious fr eC comaposition of O. aurita, another
diatom. A heterogeneous monosaccharide profile was fi inl ining galactose, mannose, fucose

and glucose. EPMS of O. aurita also presented hig f galactose and fucose, while mannose and

CWPS of Nanno SiS8R. iIst of 75% glucose, together with minor amounts of other

monosaccharidgs. ThisN@rge fraction of glucose was previously observed by several authors and was
ascribed t&ellulos olymers [71,97,102]. Scholz et al. (2014) described the cell wall of N. gaditana as a
bilayegstructu isting of a cellulosic inner wall representing approximately 75% of the mass balance,
p outer algaenan layer [71]. The latter layer was not identified nor quantified in this study. It
mustee noted that microcrystalline cellulose is only partially hydrolyzed by methanolysis and TFA
hydrolysis, with a recovery of only 30 to 50%. This might be another explanation for the low amount of

CWPS of Nannochloropsis sp. presented in Table 1. No uronic acids were present in Nannochloropsis sp.,

while a substantial amount of sulfate groups was observed. The latter results, in combination with low
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606 amounts of other monosaccharides, suggest the presence of sulfated polysaccharides in the
607 Nannochloropsis sp. cell wall in addition to cellulose and algaenan.

608 Only few studies investigated the cell wall composition of Schizochytrium sp., describing a thin non-
609 cellulosic cell wall with galactose as the principal monosaccharide [103,104]. In the current study, galactose
610 was also observed, however together with glucose, mannose and xylose. The latter two monosaccharides
611 have been previously reported in Thraustochytrium species. These fungi are phyloge ly related to
612 Schizochytrium sp., based on the structure and formation of the cell wall j ar ,104].
613 Furthermore, CWPS of Schizochytirium sp. presented a low degree of sulf . uronic acids
614 were absent.

615 In CWPS of T. lutea, all monosaccharides were detected in substanti cept for glucosamine.

616 The largest fraction of CWPS was composed of glucose, 0se,

617 also the major monosaccharides observed in previous s
618 the total sugar composition in the study of Brown (
619 polysaccharide composition, including t

620 contained a large fraction of chrysolaminar

621 inferred that glucose is mainly attr

622 T. lutea. Finally, the C

[20}. Although D. lutheri also belongs to the Haptophyta, i.e. the same

623 previously reporte 5.
624 classas T. lute@ga differént CWPS composition was observed for this microalga species. Glucose was found
C

625 as the prin@ipal mo ride, while mannose, xylose and arabinose were present in low amounts. Arnold
626 etal. ‘015) re hat D. lutheri cell walls consist of small cellulose scales covered by an organic matrix
627 ice , mainly xyloglucans [105]. Moreover, a sulfate content of 6% was determined for CWPS
628 theri, indicating the presence of sulfated polysaccharides.

629 Finally, CWPS of the cyanobacterium A. platensis were mainly composed of glucose and mannose. In fact,
630 these monosaccharides are typically found in the cell walls of cyanobacteria, together with minor amounts
631 of galactose and xylose [106]. In addition, the observed amounts of rhamnose could result from spirulan
632 polymers, a sulfated polysaccharide which was previously extracted from A. platensis [107]. It should be
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noted that polysaccharides probably represent a small fraction of the cell wall, since cyanobacterial cells are
typically covered by a peptidoglycan layer, a polymer composed of N-acetyl-glucosamine [106].
Surprisingly, only low amounts of glucosamine were detected in this study, which could be due to
incomplete hydrolysis of peptidoglycan by methanolysis and TFA hydrolysis. In fact, some authors

hypothesized that a harsher HCI hydrolysis procedure would result in a more complete hydrolysis of N-

acetyl-glucosamine containing polymers [17]. Furthermore, a heterogeneous monosacc profile was
observed for EPMS of A. platensis, showing substantial amounts of rhamnose, ripo se, ctose,
fucose and glucuronic acid. These sugars have been previously reported for. . Platensis, but in

different ratios [14,64]. Although several bioactivities are ascribed to spgcific sultatedpelysaccharides of

A. platensis [14,107], it is assumed that these polymers only mak sm of the cell wall related

polysaccharides, since low degrees of sulfation were obseryediin botMEWPSfand EPMS (0.6% and 1.4%).

4. Conclusions

This study compared the biomass profil en mickalgae species using a standardized protocol, mainly

focusing on the composition of 4 cell ted polysaccharides. A large diversity in biomass

composition was demonstraiéd, all an appropriate selection of microalgae species towards specific
0

applications. Neverth S tax ic similarities were observed. Microalgae belonging to the

Haptophyta (T. D.Mutheri) were characterized by high amounts of lipids and proteins,

intermedi a8h contents, and the absence of EPMS. In contrast, C. vulgaris and T. chuii

(Chl hyita) were ly composed of proteins and CWPS, while lipids represented a smaller fraction

theSg biom . Less similarities were found among the two investigated diatoms, P. tricornutum and

which might be ascribed to distinct cultivation conditions resulting in a high SPS content in
0. aurita. Moreover, the presence of large amounts of structural components in most microalgae, such as
EPS in P. cruentum or high protein contents in C. vulgaris and A. platensis, might explain the functionality

of microalgal biomasses as potential gelling or thickening agents.

Generally, CWPS made up 10% of the microalgal biomass, however the contribution of other non-
polysaccharide substances to the cell wall could not be excluded. Extraction of EPMS was only successful
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for four microalgae species, implying that the other microalgae do not possess extracellular polymers. Even
though CWPS and EPMS of all microalgae species were sulfated, their degree of sulfation was generally
low. In addition, some microalgae presented polysaccharides with substantial amounts of uronic acids and
sulfate groups, providing anionic characteristics to these polymers. The use of additional structural
analyses, including linkage analysis or the use of monoclonal antibodies for recognition of specific cell

wall polysaccharide epitopes, might provide additional insights into the molecular ture of the

microalgal cell wall related polysaccharides. Nevertheless, based on the results gb % thiststudy, it

can be concluded that some microalgal cell wall related polysaccharides mi \ potential and

should be further explored for use as bioactive or technological substancgs.
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