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Executive summary

This document is a technical report detailing the methods required to extract oils and peptides
from Thraustochytrids. This document is part of the INTERREG North West Europe funded ALG-
AD project aiming to combine anaerobic digestion (AD) and microalgal cultivation technologies
to remediate nutrient-rich digestate currently produced in excess in the area.

The main objective of this report is to show how this scientific task was carried out in the labo-
ratory and at the pilot facilities based at industrial locations. The document draws conclusions
and recommendations from laboratory and large-scale trials conducted at the ALG-AD project
investment site in France.
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INTRODUCTION

Thraustochytrids are osmo-heterotrophic protists
present in benthic food webs. Although their ecology
and physiology are still very poorly known, they are
widely distributed in marine habitats (from coastal
to deep seas) characterized by the accumulation of
large quantities of refractory organic matter. Even
if their ‘numerical’ abundance is low compared to
prokaryotes, their role in the degradation of various
organic substrates is a determining factor in the
functioning of marine microbial loops (Raghukumar,
2002).

These marine protists are single cell organisms with
a non-cellulosic cell wall which consist of sulphated
polysaccharides enriched in galactose and xylose.
They can also produce an ectoplasmic net (a rhi-
zoid-like structure) which contains hydrolytic en-
zymes that allow penetration of solid surfaces (like
algae or marine detritus) and breakdown of organic
compounds for adsorption and transfer of nutrients.
However, this structure can be more or less deve-
loped depending on the environmental conditions,
but they generally do not produce it when grown in
rich liquid media (Raghukumar, 2002).

They have received considerable attention for their
capacity to produce n-3 polyunsaturated fatty acids
(PUFA) such as docosahexaenoic acid (C22:6n-3,
DHA). It is known that these PUFA are essential for
animal and human health. They play important roles
in the regulation and protection of the cardiovascu-
lar and nervous systems, and are beneficial for their
anti-inflammatory effects, and their protective func-
tion against neurodegenerative diseases. (Nicolson
and Ash, 2017).

However, numerous studies have revealed the pre-
sence of other interesting compounds in thrausto-
chytrids such as molecules with antimicrobial activity
(Hang et al, 2019), astaxanthin (Quilodran et al, 2010)
or squalene (Jiang et al, 2004).

Bioactive peptides produced through enzymatic hy-
drolysis of proteins can also increase the nutritional
value of thraustochytrids biomass (Cai et al, 2017). So
far few works have employed enzymatic hydrolysis
on thraustochytrids biomass. Lowry et al (2016) used

Alcalase to hydrolyse the spent media of a thrausto-
chytrids culture with the aim of reusing it as a culture
medium. Other authors used this process to enable
lipid extraction (Byreddy, Barrow and Puri, 2016; Lin
et al, 2018) or to produce protein hydrolysates after
lipid extraction (Lin et al, 2015; Wang et al, 2018).

In the process of enzymatic hydrolysis, it is impor-
tant to be able to establish how the degree of hy-
drolysis (DH) of the biomass is evolving. The pH-Stat
technique allows us to monitor the DH continuously
and at real-time by means of proton titration. During
the hydrolysis of a protein, molecules with a carboxyl
group and molecules with an amine group are re-
leased. At neutral or basic pH, the carboxyl groups
release protons which are titrated with the addition
of NaOH. But at the same time, the amine groups
consume protons to form ammonium groups. So, in
order to convert the volume of NaOH added in DH it
is necessary to take into account the degree of disso-
ciation of the amine groups (a) which will depend on
the pH and temperature of the reaction.

The ALG-AD project aims to optimize enzymatic
proteolysis of Aurantiochytrium mangrovei (thrausto-
chytrid) grown on agricultural effluents in order to
obtain a food supplement rich in polyunsaturated
fatty acids (PUFAs) and peptides. In this work, the
action of the Alcalase was studied using the pH-Stat
technique. Unlike other works, the biomass will be
hydrolyzed in its whole, i.e. without a previous lipid
separation.



MATERIALS AND METHODS

Although the objective is to have a biomass of the
same quality between the different productions,
some factors (seasonal changes of temperature, filtra-
tion conditions, etc) are not yet fully controlled. These
factors could potentially influence the biochemical
composition of the biomass or its percentage of dry
matter.

Here we worked with the biomass from three batches
produced at different records (Table 1) to assess the
differences between their hydrolysis products.

Biomass ID Date of Production
P20D January 2020
P20F June 2020
P20l July 2020

A Table 1: Date of Production of the batches used in this

study

The production of biomass was carried out in 500L cy-
lindrical tanks. The culture medium is detailed in Table
2.

Culture medium in pilot production

MGSO4 0.5g/L
Yeast Extract 2g/L
Peptone 2g/L
Salt 15g/L
Glucose 20g/L
Digestate 25g/L

A Table 2 A. mangrovei culture media composition

The digestate was obtained from Cooperl, an animal
feed mill and slaughterhouse cooperative located in
Lamballe (France). Digestate is the product of the me-
thanisation process in which all liquid and semi-solid
residues from the plant are treated (pig manure, was-
tewater from the slaughter house, muds from the de-
nitral slurry station, etc). Before use, the digestate was
filtered through a 300 kDa membrane. After filtration,
the digestate had 2.23 g/L of N and 0.04 g/L of P.

The targeted temperature during the culture was set
at 28 °C but it varied throughout the day and between
productions (which were done in different seasons)
from 23°C to 32°C. The production of foam was regu-
lated with the addition of silicone antifoam and the pH
with the addition of NaOH 10 N. Aeration was set at
200 L/min. The nomenclature of culture batches was P
for production, 20 for 2020 and a letter for each week
batch (from D to M).

After 28h for P20D and P20F and 24h for P20l the
culture was harvested and concentrated through
tangential filtration. The biomass was aliquoted into
400 mL and stored at -20°C until hydrolysis

Culture condition variations during production can
result in cellular morphological and physiological
variations which may influence their resistance to
tangential filtration. To minimize the loss of biomass,
different filtration conditions were evaluated to pre-
serve biomass quality at last.

In the case of P20D, the filtration was carried out by
the company Polymaris, which uses a tangential filtra-
tion system on a 300 kDa membrane of 14.8 m? first,
and on a 300 kDa membrane of 0.2 m? in a second
time. After the biochemical and microscopic analysis
of the biomass, a significant loss of biomass was ob-
served due to the rupture of the cells during filtration.

The following cultures were filtered at the Cooperl
site with a tangential filtration pilote on a 300 kDa
membrane (14 membranes with 11 canals, total
surface 3.5 m?). The rate of filtration was modified




between the production of the P20F and P20I bio-
masses to limit cell disruption.

The enzyme chosen to hydrolyze the thraustochytrids
biomass was Alcalase 2.4L (Sigma-Aldrich, a protease
of Bacillus licheniformis). It has an optimal pH of 7 - 8,
a density of 1.25 g/mL and its declared proteolytic ac-
tivity is 2.4 Anson units/g (One unit is defined as the
amount of enzyme that will release 1.0 pmol L-tyro-
sine from hemoglobin per min at 25°C, pH 7.5).

The degree of hydrolysis (DH) was determined using
the pH-Stat method in which a base (NaOH 0.5 N) is
added to keep the pH constant throughout the reac-
tion. DH can be calculated from the sodium hydroxide
titration of the amino groups liberated during hydroly-
sis in alkaline medium, according to the following
equation (Adler Nissen, Eriksen and Olsen, 1983):

Ny

——— X  x 100
ax Mpx h,,; *

DH (%) =

Where B is the volume of titrant (mL), N its norma-
lity (meg/mL), a is the mean degree of dissociation of
a-amino groups, Mp is the protein mass (g) and htot
is the number of peptide bonds per gram of proteins.
In this work the a values calculated by Adler Nissen,
Eriksen and Olsen (1983) were used. For the hydroly-
sis carried out at pH 7, a was 0.44 and for those car-
ried out at pH 8 it was 0.88. The value for h,_ was cal-
culated from the characterization of the total amino
acid profile determined by performic oxidation (UPS-
CIENCE Labs) of P20F biomass. The same h,_, value
was used for the P20D and P20l biomasses.

The hydrolysis were carried out in 500 ml and 300 ml|
reactors, heated with a water bath at 50°C and stirred
at 500 rpm with a 3-bladed propeller. The pH was ad-
justed before enzyme addition and regulated during
the hydrolysis with NaOH.

More details about each experience are given below.
Experiments with P20D biomass

Allthe experimentswere performedina500mLdouble
walled reactor. Temperature was set at 50°C and the
biomass was stirred at 500 rpm with a 3-bladed pro-

Total amino meqv/g of
acids protein

aspartic acid |3.17 0.69
threonin 1.59 0.39
serine 1.44 0.40
glutamic acid | 3.9 0.76
proline 1.42 0.36
glycine 1.5 0.58
alanine 2.23 0.72
cystine 0.36 0.04
valine 1.85 0.46
methionine | 0.61 0.12
isoleucine 1.5 0.33
leucine 2.34 0.51
tyrosine 1.11 0.18
phenylala- 1.29 0.23
nine

histidine 0.59 0.11
lysine 2.06 0.41
arginine 1.24 0.21
hydroxypro- |<0.20 0.00
line

hydroxyly- 0.02 0.00
sine

Total 28.22 6.47

A Table 3 Amino acid composition of A. mangro-
vei biomass on p20f batch

peller. The pH was adjusted before enzyme addition
and regulated during the hydrolysis with NaOH 0.5N.

In order to obtain a maximum of information with a
small number of experiences, a two-factor factorial
experience plan was carried out. The response mea-
sured was the degree of hydrolysis (DH) calculated



with the pH-Stat method and the factors studied were
the pH (7 and 8) and the percentage of enzyme calcu-
lated on the basis of the amount of protein presentin
the reactor (1.9% and 3.8% w/w) (Table 4).

With the results obtained, it was possible to evaluate
the effect of each factor and the type of interaction
(positive or negative) between both of them. The equa-
tions used to analyze the data are detailed in Table 5:

In addition, hydrolysis without addition of Alcalase at
pH 7 was performed to evaluate the autolysis by en-
dogenous enzymes in the biomass.

N° of assay Enzyme R(t:.)s:)lt
1 1.9% 7 Y1
2 3.8% 7 V2
3 1.9% 8 V3
4 3.8% 8 va

A Table 4 Experimental design for the study of pH and

enzyme concentration on p20D biomass

Media - 1
dg = ;[+]’1 + ¥z + ¥3 + Val
Effect of 1 1
Iy = ;[—3"1 +¥2 — ¥3 + ¥4
Effect of 2 R 1
dz :Z[_]’l — ¥z +¥3+ ¥4l
Interaction i 1
fiyz = ;[Hﬁ ~¥z—¥3+ Vsl

A Table 5 Equations used to determine the effect of pH
and enzyme concentration on the dh of p20D biomass

Experiments with P20F biomass

The hydrolysis of P20F biomass were carried out at
pH 7 in a 300mL reactor heated with a water bath
at 50°C and stirred at 500 rpm with a 3-bladed pro-
peller. The amounts of enzyme evaluated were 4.3%
and 2.2% (w/w) and a treatment without enzyme was
also carried out at pH 7. The pH was adjusted before
enzyme addition and regulated during the hydrolysis
with NaOH 0.5N

Experiments with P20l biomass

The first hydrolysis of this biomass was carried out at
pH 7 with 7.3% of enzyme (w/w) in a 300 mL reactor
heated with a water bath at 50°C and stirred at 500
rpm with a 3-bladed propeller. For this biomass, the
pH was adjusted before enzyme addition with NaOH
2N and regulated during the hydrolysis with NaOH
0.5N.

Another hydrolysis was carried out at pH 7 with 4.4%
enzyme in a 500 mL reactor. This time the pH was not
regulated during enzyme action but conductivity was
monitored.

In order to quantify the enzyme efficiency for biomass
hydrolysis, samples were taken during hydrolysis to i)
analyze the peptide and lipid profiles of the biomass
and ii) make observations by optical microscopy. All
samples are treated at 80°C for 20 minutes in a water
bath to inactivate the enzyme. They are then stored at
-20°C until biochemical analysis.

Peptide analysis by Size Exclusion HPLC (SEC-HPLC)

The hydrolysates were filtered on PVDF filters with a
low protein absorption rate (Millex®, 33mm, 22pum)
then analyzed by SEC-HPLC on a Superdex Peptide
10/300 GL column with a fractionation range of 100 to
7000 Da (10x300-310nm, GE Healthcare Bio-sciences).

The mobile phase is a solution composed of 70% wa-
ter + 0.1% trifluoroacetic acid and 30% acetonitrile.
The flow rate is set at 0.5 mL.min-1 and the absor-
bance is measured at 214 nm.

A calibration curve was carried out with the following
standards to know the molecular weight profile of the
peptides present in the hydrolysate (Figure 1): Glycine
(75 Da), L-threonine (119 Da), L-asparagine (132 Da),
Leupeptin (463 Da), Substance P F1-7 (900 Da), Pitui-
tary Gonadotropin Releasing Hormone (LH-RH) (1182



Da), Substance P acetate (1347 Da), Neurotensin (1672
Da) and Insulin (3495 Da).

Although it is not possible to establish the concentra-
tion of each compound with this method, to evaluate
the success of the hydrolysis it is possible to observe
the change in absorbance at equivalent retention
rates.

In order to analyze the chromatograms, 7 regions
based on retention times were defined to analyze the
area of the compounds produced during the hydroly-
sis (Figure 2). The same retention times were kept for
all the chromatograms with minor adjustments of
some seconds for some samples (Table 6).

Analysis of lipid content and fatty acid composition

Total lipids were extracted by addition of 6 mL of chlo-
roform: methanol (2:1) to the freeze-dried sample.
The mixture was then exposed to ultrasound for 10
minutes and finally it was agitated at 600 rpm during
30 minutes.

Polar and neutral fatty acid content
For the fatty acid (FA) analysis in polar and neutral

50 1

lipids, an aliquot of the chloroform: methanol (2:1)
extract was dried under N, and then resuspended in
chloroform: methanol (98:2, v:v). Separation of neu-
tral and polar lipids was then realized by solid phase
extraction (Le Grand et al. 2014). Each fraction (polar
lipids and neutral lipids) was transesterified and the
resulting fatty acid methyl esters (FAME) were analy-
zed and quantified by gas chromatography (GC-FID)
according to the method from Le Grand et al. (2014).
Lipid class and fatty acid standards were those used in
Le Grand et al. (2014).

Compound Retention Time

A (15-6 KDa) 10-20 min
B (6-0.6 KDa) 20-34 min
C (0.6-0.3 KDa) 34-39 min
D (0.3-0.2 KDa) 39-43 min
E (<0.1 KDa) 43-46 min
F (<0.1 KDa) 46-49 min
G (<0.1 KDa) 49-60 min

A

Table 6 Retention times of
the compounds found on
the peptide analysis of A.
mangrovei biomass

<
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RESULTS

Alcalase-free treatment

Alcalase-free hydrolysis was performed as a control to
evaluate the autolysis due to endogenous enzymes of
thraustochytrids. During this treatment, the biomass
was heated at 50°C and agitated at 500 rpm during two
hours.

At TO, when the enzyme has not yet been added to the
biomass, the presence of peptides of different mo-
lecular weights can be observed on biomasses P20D
and P20F (Figure 3). Filtration and freezing of the bio-
mass are probably the main reason for the release of
intracellular peptides prior to hydrolysis. According to
the images taken before and after the filtration and

1800
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B R
=] N
=] =3
o =]

800

Absorbance (mAu)

600

400

200

freezing (Figure 4), it can be seen that this process
produces the aggregation and rupture of many cells,
which may release their intracellular content into the
medium.

Although all hydrolysis were conducted with pre-
viously filtered and frozen biomass, it is likely that
this is a favorable pre-treatment for hydrolysis as the
intracellular proteins are directly available to be di-
gested, reducing the hydrolysis time and the amount
of enzyme to be used

In Figures 5 and 6 the percentage of area of the pep-
tide compounds is shown for each biomass. Even if
there is a slight variation of the area of some com-
pounds between different sampling times, the area

<

Figure 3 peptide profile of
P20D and P20F biomasses
before hydrolysis
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Figure 4 Cells before (left)
and after (right) filtration
and freezing
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Figure 5 Percentage of to-
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rent sampling times
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P20F - No Alcalase - pH 7
40%

35%
30%

25%

% of Total Area

Compound

remains quite stable during the treatment without the
addition of enzyme. Thus, we concluded that endoge-
nous enzymes are little active.

If endogenous enzymes were active in the biomass,
the process would be more complex as they would
have to be deactivated. The activity of unknown en-
zymes in our biomass would not have made possible
a correct control of the hydrolysis.

Note about pre-titration

In the case of P20D biomass, 43.8 mL of NaOH 0.5 M
were added to reach the set point pH and this process
lasted 35 min. After the pre-treatment and until the
end of the two-hour treatment, 2.14 mL of NaOH 0.5M
were added and a final DH of 2.28 was obtained.

For P20F biomass, the pretitration lasted 50 minutes
and 43 mL of NaOH 0.5 M were added. Although a
two-hour hydrolysis was intended, the base addition
stopped after 33 minutes as the pH started to increase
above 7. At the end of the two-hour treatment the pH
reached avalue of 7.11. In total 0.67 mL of NaOH 0.5M
were added obtaining a DH of 0.81.

N° of assay Enzyme R(%S):)It
1 1.9% 7 Y1:11.71
2 3.8% 7 Y2:14.26
3 1.9% 8 ¥3:11.18
4 3.8% 8 Y4:12.77

Table 7 experimental design
to evaluate the effect of pH
and enzyme concentration

20% " 30'
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10%

N
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A(15-6 KDa) B (6-0,6 KDa) C (0,6-0,3 KDa) D (0,3-0,2 KDa) E (<0,1 KDa)

<

Figure 6 Percentage of
:;0 total area of peptide

compounds present in
P20F biomass during
treatment without en-
zyme at different sam-
pling times

F(<0,1 KDa) G (<0,1 KDa)

Treatment of P20D biomass with Alcalase
2.4 L

The DH of each experience is detailed in Table 7 and
the results of the experience plan in Table 8.

The effect of the enzyme is of 1.03 for a variation of
0.95% enzyme and the pH effect is negative (-0.5) for a
0.5 unit pH variation.

Figures 7 to 10 show the effect of each treatment on
the area (mAu.min) of the peptide compounds of the
biomass. In all cases, when the enzyme is added there
is a significant increase in the area of compounds B
and C (compounds of 6 to 0.3 kDa). Only in the case of
the treatment with 1.9% of enzyme at pH 8 the maxi-
mum area of all of the compounds is obtained at the
end of the hydrolysis (120 min). However in the rest
of the treatments the hydrolysis seems to reach its
maximum between 5 and 30 minutes. It is interesting
to note that the area of compound B begins to de-
crease after it has reached its maximum. Probably the
enzyme starts to digest this type of compound when
there is no other substrate left.

These results permitted an initial characterization of

Media 12.48

Effect of 1 1.03

Effect of 2 -0.5

Interaction -0.24

A Table 8 Effects of the factors
pH and enzyme concentra-

tion




the biomass and the determination of the hydrolysis conditions that would be practiced on the other batches.
Considering these results it can be established that although DH can be increased with the addition of more en-
zyme, this can lead to a greater digestion of the first products of its action between 6 and 0.3 kDa.

The pH seems to have little influence on the hydrolysis conditions performed. Although it is necessary to carry out
repetitions to determine whether these effects are significant or not, it is more practical and economical to work
at pH 7 given that the biomass of thraustochytrids is a very acidic biomass. If the effect of pH 8 is not significant
on the hydrolysis yield, then it is preferable to work at pH 7.
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Treatment of P20F biomass

This biomass was treated with 2.2% and 4.3% of Al-
calase at pH 7. In the case of the treatment with 2.2%
of Alcalase a DH of 3.5 was obtained. Compounds B
and Cincreased by 5 and 2.7 times respectively in 17
minutes and from that moment and up to the end of
the hydrolysis the area of both compounds decreased
(Figure 11).

As for the treatment with 4.3% of Alcalase, the DH was
of 6 and the area of compounds B and C increased by
3.5 and 2 times respectively in the first 5 minutes of
hydrolysis (Figure 12).
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Figure 10 Peptide

F(<0.1KDa) G (<0.1KDa)

Similarly to the treatment without enzyme, NaOH ad-
dition stops completely before the 120 minutes of hy-
drolysis because the pH began to increase above the
pH set point. In the case of treatment with 2.2% of Al-
calase, pH increase begins after 42 minutes and a final
pH of 7.10 was reached, while the pH of the treatment
with 4.3% of Alcalase began to increase approximately
at 75 minutes until a value of 7.05 at 120 minutes.

At the end of the hydrolysis, the hydrolysate was
centrifuged at 15000g for 20 minutes (Figure 13). It
can be seen that the biomass accumulated in the bot-
tom decreased with the enzyme treatment. On the
contrary, the top layer remained after hydrolysis even
though its appearance changed drastically. The bio-

<

Figure 11 Peptide
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Figure 12 Peptide
profile of P20F
biomass with
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mass on the top layer looks like an emulsion. Accor-
ding to a study made on fava bean protein isolate, the
hydrolysis with Alcalase can improve adsorption at the
octanol/water interface and the emulsifying capability
(Liu et al 2019)

Treatment of P20l biomass

A DH of 6 was obtained during the treatment with
7.3% Alcalase and an increase of 2.6 fold of compound
B was obtained in 5 minutes of hydrolysis of P20l bio-
mass (Figure 14). However, with such a high amount
of enzyme, hydrolysis occurred much faster and that
within 5 minutes of treatment the products of the en-
zyme such as compound B are partly digested.

When the hydrolysis was performed without pH ad-
justment, the areas of compounds B and C also in-
creased with the addition of the enzyme. Even though
enzyme concentration was lower, it did not impact the
amount of peptide released (Figure 15). The change in
pH and conductivity during hydrolysis can be seen in
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Figure 16. stable between the non-hydrolyzed biomass (T0) and the
hydrolyzed biomass (T7200).

Biomass digestion can be observed in Figure 17 and

as in the case of P20F biomass, a top layer is formed  The fatty acid analysis of the other batches and hydroly-

during the hydrolysis. sis conditions is being made in parallel with an analysis
) ) to determine the peroxidation index of the biomass. This
Fatty acid analysis information will allow us to determine how the hydroly-

) _ _ ) sis conditions affect the quality of the biomass
Fatty acid analysis was carried-out to monitor the

composition of the biomass after hydrolysis since
the conditions during hydrolysis and inactivation of
enzyme may degrade certain lipids.

As seen in Figure 18, fatty acid profile was quite
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This study allowed us to evaluate the action of Alca-
lase enzyme on Aurantiochytrium mangrovei biomass
produced in pilot conditions.

From the comparison of the peptide profile at TO and
T5 min between the three batches (Figure 19-21), we
can see that the peptide profile of the P20D biomass
differed slightly from the other two batches (P20F and
P20l1) which were similar.

The three biomasses present low molecular weight
peptides prior to hydrolysis. It is possible that the free-
zing of the biomass produces the rupture of the cells
and the liberation of peptides and proteins to the me-
dium. This facilitates hydrolysis since the proteins are
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already available to be digested.

Also, the endogenous enzymes do not seem to be ac-
tive during hydrolysis which is an advantage since we
do not need to do a pre-inactivation treatment.

On the hydrolysis carried out with enzyme, it mainly
produced molecules between 6 and 0.3 kDa. In ge-
neral, smaller compounds (<0.2 kDa) are not or only
slightly affected by the conditions of hydrolysis.

According to the results obtained through the expe-
rience plan, it is possible to increase the DH with a
higher concentration of enzyme (more than 4% E/S).
However the compounds produced by the Alcalase
reached their maximum area before the end of the
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Figure 20 Chromatogram
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hydrolysis process, and then they started to decrease. It is likely that these compounds began to be digested to
produce smaller size molecules.

Moreover, pH 8 do not seem to improve hydrolysis. Nevertheless, the lack of repetitions limited the statistical
value of the experiences. Another experience with P20F biomass was carried out with 4% of enzyme at pH 7 and
8 to have more evidence about pH effect. The results are being currently treated.

When working with P20F biomass a higher DH is obtained with 4% of enzyme but the treatment with 2% of enzyme
seemed more adequate since it provided a higher increase of compounds B and C at 17 minutes of hydrolysis.

Finally, it seems possible to perform the hydrolysis without pH adjustment, provided that the pH is adjusted prior
to the addition of the enzyme because the pH of the biomass is too acid for the Alcalase activation.

The analysis of all the lipid samples taken during the experiments is in progress, but the results obtained so far
suggest that the fatty acid profile of the biomass is not affected by hydrolysis.
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