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Abstract

The rising requirements for the food, animal feed, and energy sources are major global
challenges for the coming decades. Such growing demands require new biomass feedstocks.
So far, the most dominant biomass sources come from crops that are cultivated in terrestrial
agriculture. The challenges associated with terrestrial agriculture such as limited availability
of arable land and potable water, the environmental hazards, and the lack of energy-efficient
processing technologies question whether terrestrial crops can truly provide the growing

demands for such biomass.

Seawater macroalgae are considered as a perfect alternative feedstock. Macroalgae
cultivation does not require arable land or potable water. Among macroalgae, Ulva species
are particularity interesting due to their rapid growth rates, adaptability to diverse climatic
conditions, and high carbohydrate and protein content. In addition, Ulva sp. is already

known as a relatively well-studied model organism.

Controlling the algal growth rates and chemical composition are the major challenges for
efficient Ulva biomass feedstock for producing food and energy. Utilizing Ulva biomass as
a new protein source for food, involves two more challenges: efficient extraction and of
allergen risk management. These challenges motivated my research that was published in

the three papers that are described in this thesis.

The first paper in the thesis shows how two bacteria associated with U. mutabilis modulate
the algal growth rate and its chemical composition. U. mutabilis that was grown in an
engineered consortium (tripartite community) was different in sugar, protein, and other
chemical content from an axenic (bacteria-free) culture of that alga. Afterward, the ethanol
yields of the axenic and the tripartite community biomasses were estimated using the flux
balance analysis model (‘BioLego’). This metabolic model uses the fermentative organisms,
such as Saccharomyces cerevisiae, Escherichia coli, and Clostridium acetobutylicum, in
one-step or two-step fermentation processes. The analyses of the modeling results showed
that the algae biomass cultivated with bacteria is a significantly better feedstock for
bioethanol production than the axenic biomass.

Following the challenge of efficient protein extraction, the second paper in this thesis aimed
to develop a new protein extraction method. That work focused on protocol development of

a process for protein extraction from Ulva sp. biomass, using new pulsed-electric
iv


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pulsed-electric-field

field (PEF) processing technology. Importantly, PEF technology facilitates an eco-friendly,
non-thermal, and chemical-free extraction process. The results of the second paper showed

that electroporation with PEF leads to selective protein extraction.

Following protein extraction, the next step for creating a “new protein” for food, requires
risk evaluation, including the potential for allergenic properties. This evaluation must take
into account the specific protein extraction method. Thus, the third paper of this thesis
evaluated in-silico allergenicity risk of the Ulva sp. proteins extracted with PEF. The
extracted proteins were identified and then annotated using comparisons to known allergens.
A control for total protein extraction was done with a thermochemical extraction following
enzymatic treatment, which is a common protocol for protein extraction for proteomic
analyses. Finally, a list of proteins extracted with PEF and the control were compared.
According to this comparison, PEF treatment did not lead to the extraction of peptides that
are known food allergens. Based on these experiments, we conclude that PEF treatment

leads to selective allergens extraction.

This thesis investigated interactions of Ulva and its associated bacteria, protein extraction
from this alga and allergenicity assessment of the extracted proteins. These topics are of
high priority for establishing a large-scale biorefinery based on Ulva sp. biomass as a

feedstock for new energy and food sources.


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pulsed-electric-field
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/electroporation
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1. Introduction

1.1 The global demands for food and energy

The global population in 2050 is expected to reach nearly 10 billion [1]. In order to meet
the rising demand and feed the whole population in the mid-century, food production must
increase more than 50 percent [1], while the animal-based food demand needs to increase
by nearly 70 percent [1]. The population growth is also a challenge for world energy

resources, with associated concerns for negative environmental impacts [2].

The main current biomass feedstocks for food, animal feed, and renewable biofuels rely on
classic terrestrial agriculture [3,4]. However, intensive terrestrial plant agriculture is
problematic. It causes soil erosion and requires the usage of insecticides, herbicides, and
nitrogen fertilizers [4]. Moreover, the requirements of this type of agriculture contribute to
water pollution and air pollution, which lead to natural environment degradation. Another
problem with the terrestrial plant agriculture is its dependency on fossil-fuel-based energy
[5,6], which increases the cost of food and diverts human food resources to costly and
inefficient energy production [3,4,6]. With these challenges, it is imperative to search for

new biomass sources.

1.2 Macroalgae as a potential source for food and energy

Macroalgae, or seaweed, are aquatic organisms with a multicellular “plant-like” structure
[7] and have high distribution diversity [8]. The macroalgae naturally grow in freshwater or
seawater. Currently, about 11,000 different seawater macroalgae species are known, divided
into three types: green (> 1800 species), brown (~2000 species), and red (> 7200 species)
[9]. Yet, among this diversity, less than 20 species of only 11 genera, are commercialized
[10,11].

The macroalgae industrial potential is represented by the rapid increase of cultivation and
its emerging global market sizes. In the last 50 years, the global macroalgae cultivation has
been exponentially expanding [12]. The global macroalgae production (in cultivation) in
1990 was estimated at 3.7 million tons (Mt) [13], while in 2014 it was increased to almost
27 Mt [14]. However, macroalgae contributed only 0.3% of the total world food production

in 2012 [15]. Taking into account the next decades’ predictions for growing food demand



[16], with the possibility that the investigated macroalgae-based applications [17—-20] will
be successfully industrialized for bioenergy and animal feed (also materials, chemicals, and
other commodities) can easily explain the prediction of an emerging macroalgae global
market. In 2017, the global seaweed market size was valued at about 4 billion USD (United
States dollar). By 2024, it is expected to reach about 9 billion USD [21].

1.2.1 Ulva sp. as biomass feedstock

The green macroalgae Ulva sp. belong to the branch of Chlorophyceae plays an important
role in marine coastal ecosystems as primary producers [22]. As of today macroalgae Ulva
sp. is not yet massively industrialized and has a niche market size [11,23]. Even so, it has
great potential to become a sustainable feedstock source for diverse applications such as
food and energy [24-26].

Ulva sp. biomass rapid growth rates make this biomass attractive for industry. For example,
the growth rates of Ulva sp. biomass in optimized cultivation conditions might reach up to
45 tons of dry weight (DW) hectare * year "1 [27]. An additional example of Ulva sp.
biomass growth rates that was cultivated in the sea-coastal area (Tel Aviv, Israel), reported

about 20 tons (DW) hectare * year * Ulva sp. of biomass [28].

Adaptability of the Ulva sp. biomass to diverse climatic conditions makes this biomass
relevant for large cultivation locations [29-31]. Additionally, Ulva spp. are cosmopolitan
macroalgae [32], allowing cultivation without ecological risk as invasive species. In general,
most of the green, red and brown algae are rich in carbohydrates (1%-55 % of DW) and in
proteins (6%—-33% of DW) [19,33-40], Table 1. Specifically Ulva spp, carbohydrate
content (25-40% of DW) [34-38] and significant protein content (7-33% of DW) [38,41-
43]. Ulva’s composition is an additional factor makes it to be promising biomass feedstock
[27,34,44,45]. In addition to the beneficial properties of Ulva sp. biomass to serve as a
feedstock, the scientific advantage of choosing Ulva sp. for the study is that Ulva sp. is
already being studied and used as a model organism [46], and its genome has been

sequenced and published [47].



Content per dry weight Green Red Brown References
(Chlorophyta) | (Rhodophyta) (Phaeophyceae)

Carbohydrates (%) 1-40 9-52 0.9-55 [33-38]

Protein (%) 7-33 10-20 6-12 [19,33,39]

Lipid (%) 0.5-7.2 0.28-6 0.7-20 [40]

Ash (%) 20-36 23-41 11-39 [33]

Table 1- The chemical composition of algae types.

1.2.2 The Ulva sp. sugar content and composition.

The major sugar content in Ulva sp. biomass is composed of polysaccharides such as ulvans,
cellulose, and starch [19,48]. The water-soluble polysaccharide ulvan, also named ulvacin
or ulvin, is cell-wall sulfated polysaccharide. It is located between two cell layers in the
intercellular area of Ulva sp. thallus [49,50]. In Ulva sp. the cellulose is a cell-wall
polysaccharide, with the structural and insoluble in water properties [51]. It is mainly
composed of glucose, but it could be co-extracted with other monosaccharide residues [52].
The starch is the intercellular storage polysaccharide, surrounded in pyrenoids and granules
at the chloroplast [48].

Typically the polysaccharide content of the biomass is about 8-29% ulvan [51,53], 1-15%
cellulose [52,54] and 1.6-32% [48,55] starch. The cellulose and starch basic
monosaccharide building block is mainly glucose [48,52]. The ulvan is composed mainly
of rhamnose (16.8-45.0%), sulfate (16.0-23.2%), glucuronic acid (6.5-19.0%), xylose
(2.1-12.0%), and iduronic acid (1.1-9.1%) [51]. Minor residues of galactose, glucose, and
mannose have been reported in a co-extraction with Ulva water-soluble cell wall sulfated
polysaccharides, and were reported as part of ulvan [49,56]. The monomers have appeared
mostly in disaccharide-repeating sequences [51]. Lahaye and Robic (2007) have previously

described the repeating structures of ulvan in different Ulva species [51].

Ulvan has not yet been commercialized on an industrial scale. So far, it has been investigated
as relevant for different pharmaceutical applications and has been found to have potential
uses as an anticoagulant, and to have immunostimulatory and anticancer functions, as well
as being antihyperlipidemic [50,57-61]. Additional information about ulvan applications
appears in Polikovsky M and Alexander G. 2019 [24].



Polysaccharides’ basic building blocks, the monosaccharides of Ulva sp., can be used for
fermentation with different microorganisms [27,62,63]. During the fermentation,
monosaccharides are transformed into different chemicals such as bioethanol. Microbial
fermentative feasibility depends on natural or synthetic metabolic pathways available in the

fermentative microbes used [62,64].

1.2.3 The Ulva sp. protein content and composition

The most critical component for the human and animal global food value is the protein [65].
Due to the increasing global food demand, the relevance to investigate new protein
feedstocks has increased [66]. Following the high potential of Ulva sp. to be a new feedstock
for novel protein (as mentioned above in section 1.2.1), to study protein production from
the Ulva sp. biomass and to understand its properties has become significant. The Ulva sp.
proteins could be consumed from the whole organism itself [67], or the proteins could be
extracted and concentrated, and the crude protein extract could later be added to different
food or feed products [68,69]. Generally, the quantity and quality of Ulva sp. protein is
considered to be similar to soy or animal proteins [70]. Recent evidence showed that
simulation of gastro-intestinal digestibility of Ulva sp. protein via proteolysis yielded 89.4
+ 2.6% of the concentrated proteins [68]. Also, the Ulva sp. extracted proteins have a high
antioxidant activity, and this characteristic might be influenced by associated phenolic
compounds [68]. Among Ulva lactuca hydrolyzed and fractionated proteins bioactive
peptides were identified. This bioactivity was found to be relevant for lowering human
blood pressure [71].

Among nine essential amino acids (AAs) and eleven AAs recommended for daily
consumption for human adults [72], Ulva sp. protein usually contains all AAs, but
sometimes lacks the essential AA tryptophan [68,73]. It is important to mention that the
protein characteristic in the Ulva sp. biomass depends on different biotic and abiotic
parameters. The protein content, composition, properties, and its AAs profile, are different
between Ulva species [70,73]. Moreover, the AAs characteristics are affected by abiotic
cultivation conditions, such as nutrient availability [74,75], stress conditions [76-78],

salinity level [78] and other parameters [78,79].



1.2.4 Algae associated bacteria; a potential effect on algae composition

Naturally, macroalgae host a wide range of microbial diversity such as Protista, fungi,
microalgae, viruses, and bacteria [80]. Macroalgae influence species-specific microbiota in
the water column [81]. The physical and biochemical properties of macroalgae are
influenced by the complex interactions with microbial epiphytes [82—84]. These interactions
can affect the macroalgae lifestyle either positively or negatively [85]. Among microbial
epiphytic communities of macroalgae (especially Ulvacean), bacteria are the largest and
best studied community [86]. Macroalgae provide perfect conditions for bacterial habitat by
supplying a solid substrate for growth, nutrients, oxygen, and a carbon source [85]. Some
bacteria may cause macroalgae diseases by producing cell-wall digestive toxins, enzymes,
and developmental inhibitors [85]. However, most of the macroalgae associated bacteria are
beneficial, or harmless. They play a critical role in macroalgae health by producing
protective chemicals such as antisettlement, antibiotics, and antiprotozoal agents [87].
Additionally, macroalgae associated bacteria produce essential beneficial chemicals for
macroalgae growth, development, and reproduction by supplying growth hormones (e.g.,
indole-3-acetic acid)[88], developmental and morphogenic compounds [89], spore
settlement inducers, and accumulating algal spores [83]. For instance, a macroalgae-
associated bacterium, Bacillus licheniformis, produces morphogenic compounds that are
essential for U. fasciata development and for increasing the zoospore productivity [90]. An
additional example of how bacteria shape the macroalgal fitness is Cytophaga sp., which
produces “thallusin” that is a fundamental component for restoring the morphology of
axenic ulvalean macroalgae [91]. Moreover, it was found that the presence of two U.
mutabilis—associated bacteria, Roseovarius sp. strain MS2 and Maribacter sp. strain MS6,
in the algal culture medium affects the metabolic content and the chemosphere composition
[92]. In axenic (bacteria-free) U. mutabilis Feyn culture the cell walls developed
abnormally, while the addition of some specific bacteria (as well with MS2+MS6 bacteria)
to the algae culture recovered the normal cell wall development [93]. This observation
indicates that the associated bacteria play a role in macroalgae development, including cell
wall development. Usually, the main polysaccharide content is located in the algal cell wall.
There is a paucity of information about how macroalgae chemical content and composition
are influenced by bacteria. In addition, up to the current thesis, there was no available

information about how associated bacteria affects these polysaccharides.



1.3 Biorefinery based on marine macroalgae

The biorefinery process includes cultivating biomass as raw material and converting it to
different products simultaneously [24]. Those products might replace oil-based products
such as fuels, chemicals, and bioplastic [94]. Biorefinery for biofuel production was initially
developed based on terrestrial plant feedstocks as raw materials. Terrestrial plants are used
as food, animal feed, and a biomass feedstock for biofuels [3,4]. Getting a significant
amount of terrestrial plant biomass for biorefinery encourages biomass production via
industrial agriculture [95]. This type of agriculture, increases soil erosion, and requires the
usage of insecticides, herbicides, and nitrogen fertilizers. All of these lead to increasing
negative environmental impact [4]. In addition, using this agricultural type for products
other than food leads to competition on food-growing areas. In return, this could increase
the cost of food and divert human food resources to costly and inefficient energy production
[3,4,6]. An additional major issue with terrestrial biomass usage for biorefinery is the lignin
content, which makes the treatment of the biomass difficult [96,97]. Alternatively,
macroalgae are promising biomass feedstock. Macroalgae are versatile biomass, useful as a
renewable biomass feedstock for human food, animal feed, and fuels; and do not compete
with food crops for arable land or potable water [29]. The attractiveness of macroalgae as a
feedstock source might be explained by its relatively easy harvesting procedure (compared
to microalgae) [98,99], which could be done manually or mechanically [100]. An additional
advantage in macroalgae biomass is a low level of lignin (or not at all), allowing much easier

processing, compared to terrestrial plants [101,102].

Even with all the advantages of macroalgae biomass, it was only recently that macroalgae
fell under the research radar as additional candidates for a future sustainable feedstock
source for food, animal feed, and energy [27,103—105]. The macroalgae biorefinery concept

is illustrated in Fig. 1.
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Figure 1 — lllustration of a macroalgae biorefinery 1. Macroalgae cultivation offshore requires
harvesting facilities [36,106]. After harvesting the macroalgae biomass is then shipped to a
biorefinery for a conversion of the biomass into feed for animals, food, and biofuels [107-109].
The figure is adopted from the paper of Lehahn Y. 2016 (illustrated by Mark Polikovsky) [29].

1.3.1 Biorefinery based on Ulva sp. biomass

So far, the Ulva sp.—based biorefinery has not yet become industrialized, though Ulva sp.
has a rapid growth rate [27], a high carbohydrate [34—38] and high protein content [38,41—
43], and additional advantages mentioned above, which make it an attractive biomass
feedstock for the marine biorefinery [27,29,110].

For the simultaneous production of different refined products from Ulva sp. there are
different process design steps that have already been developed and potentially others could
be developed in the future. A process design exemplification showed that after the Ulva
lactuca biomass is treated with aqueous treatment at 150°C, and then enzymatically

hydrolyzed, the protein fraction extracted is relevant as feed for animals, and the remaining

! "Reprinted from Publication Algal Research, Yoav Lehahn Kapilkumar Nivrutti Ingle Alexander Golberg. Global
potential of offshore and shallow waters macroalgal biorefineries to provide for food, chemicals and energy: feasibility
and sustainability. Vol. 17, Pages 150-160, 2016, with permission from Elsevier. License Number 4862390308176,
License date Jul 05, 2020.
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hydrolysate contains monosaccharides, which could be fermented anaerobically into
acetone, 1,2-propanediol, ethanol, and butanol [111]. An alternative process design showed
simultaneous production of salts, starch, lipids, ulvan, proteins, and cellulose from Ulva
ohnoi biomass with a sustainable fractionation process [112]. However, there are additional
process designs that were suggested in the literature, for biorefinery based on Ulva sp.
[19,48,53,113,114]

Regarding the scalability of Ulva-based biorefinery, one of the major challenges is the large-
scale biomass cultivation. Thus, a mathematical model was developed for estimating the
global Ulva sp. biomass cultivation potential for biorefinery, in potential cultivation in
shallow-water and offshore [29]. With a given theoretical cultivation density of 4 kg m
and surface cultivation of ~108 km?, the potential productivity was estimated at 10! ton
(DW) year™! of Ulva sp. biomass. Considering the near future available technologies for
water installation in the depth of 100 m, and a distance from the shore of 400 km, there is
potential for 10° tons (DW) year " of Ulva sp. biomass. Using this biomass in a biorefinery
can lead to simultaneous production of ethanol, butanol, acetone, and proteins. The 10° tons
(DW) year " of Ulva sp. biomass can potentially replace 20% of the fossil fuel demand for
the transportation sector. The same biomass can cover 5-24% of the predicted global plant
protein requirement for 2054, and it could supply the entire global demand for butanol and
acetone [29].

1.4 Protein extraction from macroalgae biomass

With the polysaccharide content being higher than the protein in Ulva sp. biomass and other
macroalgae, the protein fraction was considered as a by-product after the extraction of
polysaccharides [24,115]. However, the recently understood insight that novel protein is
necessary motivated recent studies to find the optimal protocol for protein extraction
[68,116]. There are different protocols for protein extraction from green macroalgae
biomass. Some of these protocols are for analytical purposes [77,117], while others oriented
the protein to animal or human consumption [68,115,116,118-122]. The desired protein
extraction method from macroalgae biomass in a biorefinery should have the following
parameters: to be cheap, quick, safe (without hazardous chemical remnants), and efficient
(reach high extraction yield). However, macroalgae cell wall complexity, combined with

viscus and usually charged properties, make the protein extraction a challenging task [123].



Many technologies or different combinations of technologies were used with adjusted
protocols for protein extraction (from macroalgae) such as mechanical grinding, ultrasonic
treatment, polysaccharide-aided digestion, high shear force, osmotic shock, alkaline or acid
treatment [115,118-122].

One of the most popular extraction methods is with 1 M sodium hydroxide solution [53].
This type of protein extraction is relatively quick, but typically results in low yield. This
method allows the extraction of up to about 15% of the total protein [124]. The same study
showed that prolonged aqua-alkaline solution might increase the protein extraction yield,

up to 22 % of the total protein.

Even though the above mentioned technologies and protocols might increase the protein
extraction yield, they involve either chemical or thermal procedures. These processes could
affect the functionality or the safety of the extracted peptides or proteins [104,125].
Alternatively, the non-thermal and chemical-free emerging technologies such as pulsed
electric field (PEF) could be used for protein extraction.

1.4.1 Protein extraction using Pulsed Electric Field

PEF technology was first developed between the 1930s and 1950s in the USSR [126,127],
after which the development continued in the 1960s elsewhere in Europe [128]. These
attempts were mainly focused on phytochemicals, juice extractions [129,130], and

microbial inactivation [131].

Appling PEF on a living cell causes additional transmembrane voltage (TMV). This electric
voltage is distributed across the cell membrane. To determine analytically how TMV is
induced a non-conductive plasma membrane of a single spherical cell, the Laplace equation

as a coordinate spherical system is used.

The expression is similar to Schwan’s steady-state equation: AV, = 1.5 E Rcos6 [132]. The
TMV induction depends on: (i) the local electric field amplitude (E), (ii) the cell’s radius
(R), and (iii) the electric field vector direction relative to the location of the membrane (8).

The induced TMV can be theoretically calculated for spheroid cells shapes, but the



calculation for real cell shapes requires that a numerical determination must be
experimentally evaluated [133,134]. Experiments with molecular dynamics showed the
membranes’ non-homogeneous distribution of the electric field [135]. This phenomenon
explains the higher local electric field distribution, which may explain the formation of the
pores in the cell membrane, a phenomenon known as electroporation. The pore formation
manner is dependent on the bilayer molecular composition and other factors [135,136].
Therefore, based on the cell membrane properties, each type of organism requires a different
working range of the electric field for its membrane permeabilisation, usually varying
between 0.5 and 20kV cm™ [137,138]. A cell membrane exposed to a high electric field
higher than a cell-specific threshold, becomes permeable to ions and molecules [139]. This
permeability allows even big molecules to cross the membrane such as plasmid DNA[140].
The cell’s survival status (if the cell survived the electroporation after high electric field
pulse), categorizes electroporation into two modes called reversible or irreversible
electroporation. After reversible electroporation, the cell survives, while irreversible
electroporation causes cells to die. Both of these two modes are potentially applicable to a
biorefinery.

PEF technology has recently become applicable for multiple fields such as in biotechnology
and medicine [138,141]. Regarding PEF relevance for food processing applications, it has
already proven to be an efficient technology for protein extraction from diverse biomasses

such as bacteria, yeast, microalgae, and plants [142-145].

Interestingly, the PEF technology has advantages in protein extraction as non-thermal and
chemical-free technology (as already mentioned in the previous section). This technology
has already proven to be scalable and, most importantly, energy-efficient [139,146]. This is
evident from the recent PEF large-scale usage for biomass processing in the sugar industry
[147]. This technology successfully reduced the energy investment of the downstream
process by up to 50% [147].

Experiments in PEF technology for protein extraction from plant and microalgae biomasses

have shown encouraging results. For example, PEF pretreatment was done for
rapeseed (Brassica napus L.) stem, leftover biomass after oil production. The PEF

pretreatment significantly increases the total protein extraction yield [148]. Additional
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evidence of PEF treatment was with five different microalgae with different cell wall
composition: Haematococcus, Nannochloropsis oculata, Chlorella vulgaris, Athrospira
platensis, and Porphyridium cruentum. Interestingly, the PEF treatment resulted in high
hydro-soluble recovery from total protein 80-25% [149]. Other investigations of
phytochemicals extraction from the microalgae Nannochloropsis showed a selective protein
extraction [142].

All the mentioned advantages of PEF technology encourage the investigation of this
technology for protein extraction from macroalgae and especially Ulva sp. to design an
energy-efficient and sustainable biorefinery.

1.4.2 New protein source; food safety assessment for allergenicity

The fast-growing protein demand for human consumption and for animal feed [16], and the
limited per area crop cultivation productivity [150], combined with environmentally
harmful effects of the industrial-conventional agriculture [151,152], motivate the search for
new environmentally-friendly alternatives for protein sources [153]. So far, the known
potential candidates as alternative protein sources are the bean, pea, lentil, and chickpea
[154], duckweed [155], lab-grown meat [156], insects [157], and algae [69]. It is forecasted
that by 2054, the human protein sources in the global market will change dramatically. The
alternative protein is planned to increase from 2.1 to 33 %, while in the future alternative
protein market the estimated market share of algae-based protein (among the total) can reach
18% [153].

To make this novel protein available for human or animal consumption, it must be
digestible, nutritionally valuable, and most importantly, safe [158]. The food safety issue of
the novel proteins is not well studied [159]. The novel protein source can never be ensured
of being free of risks. However, proper risk management might evaluate the potential risk
involved in the novel food consumption and reduce the uncertainty [158,160]. The novel
protein may be considered safe when it is found to be free of biological or chemical toxins
and hazardous microbes [161]. Also, the novel protein should be analyzed for its processing
in the body by testing absorption, distribution, metabolism, and excretion (ADME) [161].

In addition, the novel protein anti-nutritional factors must be considered [160,161]. Finally,
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the potential allergenicity of novel protein must be evaluated [161].

The different allergen intake ways may lead to a hypersensitive immune response, such as:
through the gastrointestinal tract (oral intake), through the respiration tract (breath intake),
or other ways of exposure, such as through the skin [162]. This response could be IgE
mediated, where the antibodies (IgEs) bind to mast cells and basophils and thus activate
them. The activated cells then produce inflammatory mediators such as cytokines with and
without histamine [162].

The protein allergic effect might happen due to cross-reactivity [158] when a homologs
protein with an allergen causes a similar reaction as the original allergen. Hence, the cross-
reactivity could be assessed via serological testing or homologs studies, but detecting the
allergenicity of new potential allergens is a much more difficult task [158]. The allergenicity
evaluation of new protein should include four phases: (a) collecting the information about
the protein exposure history or potential future usage; (b) analyzing the taxonomic
relationship between the unknown allergen protein sources and the known allergens; (c)
comparing the novel protein to the databases, and (d) evaluating the allergenic potential due

to matrix change caused by the processing method for the protein preparation [159].

Importantly, the allergenicity risk is increased when extracting and concentrating the
protein. Because it can change the protein reactivity in the body and/or by increasing
negative dose-response [159]. Therefore, the effect of the extraction method on the potential
of allergenicity must be taken into consideration for responsible risk management [159—
161].

1.5 Bioethanol from macroalgae

The major fossil fuel alternative for vehicles today is bioethanol. This alternative source is
based mainly on corn biomass (sugarcane, sugar beet, and wheat are also used) [163]. The
main global producers of bioethanol are located in U.S. and Brazil [164]. The size of the
global ethanol fuel market in 2016 was almost 65 billion USD, with the amount increasing
every year. The estimation for 2025 is a Compound Annual Growth Rate (CAGR) of 5.8%
[165]. Pew Center on Global Climate Change estimates that by 2035, up to 25 percent of
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gasoline consumption in the USA will be replaced by bioethanol [166]. In 2017, about 21
million vehicles (flexible-fuel vehicles) in the USA used ethanol [167].

The major problem with ethanol production from corn is environmental degradation
increase. Corn production causes irrevocable soil erosion more than any other crop. Besides,
corn production uses more insecticides, herbicides, and nitrogen fertilizers than any other
crop [96]. All the above factors degrade the agricultural and natural environment and
contribute to water pollution and air pollution [96]. Furthermore, it causes an increase in the
cost of food and diverts human food resources to costly inefficient production [96].
Alternatively, macroalgae could be used as a renewable biomass feedstock for fuels (as
already mentioned in previous sections) [38][29,38,168,169], that does not compete for
arable land or potable water and could be massively cultivated offshore [29].

1.5.1 Fermentation of Ulva sp. biomass for bioethanol

Among all macroalgae, Ulva sp. is a particularly relevant candidate to replace corn for
biofuel production, as it has a high sugar content, and this macroalgae type is wildly

distributed (as mentioned in section 1.2.1 and 1.2.2).

The use of Ulva sp. for bioethanol production involves four main steps: (i) cultivating the
alga biomass [28]; (ii) harvesting the algae biomass [170]; (iii) decomposition and
hydrolysis of polymers into basic monomers [38]; and (iv) fermentation of the sugars into
bioethanol and distillation [38,168].

To improve the yield of the bioethanol per alga biomass, steps iii-iv should be optimized.
The Ulva sp. biomass hydrolysis leads to the release of multiple monosaccharides (as
mentioned in section 1.2.2) in different concentrations [171], and additional chemicals
[172]. Every component might affect fermentation productivity [64]. To design the optimal
biorefinery, the combination of steps i-iii should be tested at the most optimal fermentation
condition. However, experimenting optimization for every protocol steps i-iii with
fermentation optimization of multiple fermenting microbes might make this task too
complex. For that reason, recently a two-step metabolic model called ‘BioLego’ [62,64]

was developed. This model allows the use of the biomass parameters of hydrolyzed
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compounds such as monosaccharides, amino acids, fatty acids, and others, for predicting in-
silico the yield of bioethanol. This model considers Saccharomyces cerevisiae (with and
without genetic modification), Escherichia coli and Clostridium thermocellum, in a single
fermentation step or combination of two fermentation steps [62,64]. Importantly, this model
assists in estimating bioethanol yield from a given Ulva sp. biomass, without the

experimental part.

2. Statement and motivation

Oil-based refineries are mature technologies that were developed in recent decades that are
able to produce a large product diversity including fuels, chemicals, and materials.
However, the negative environmental aspects associated with such refineries and its derived
products, motivate technology innovators to find new alternative feedstocks accompanied
by new processing technologies. Therefore, a biorefinery concept becomes a relevant
alternative; this alternative being based on the usage of biomass sources as a feedstock for
the production of multiple products. This alternative solution is already developed on a large
scale, and allowing to supply fuel and food products simultaneously. Nevertheless, the
current biorefineries are relying on terrestrial plants such as maize, sugar cane, and others.
All terrestrial crops compete on arable lands for agriculture, and potable water, and involve
negative environmental issues. Importantly, processing terrestrial plants is a complex task

due to the lignin, a hardly degradable polymer.

The growing demands for proteins and fuels, with the lack of appropriate sustainable
feedstock motivated us to develop new macroalgae based feedstocks as sources for
sustainable biorefinery. The macroalgae Ulva sp. are seawater plant-like organisms, which
can be cultivated offshore. Thus, it does not compete on the land territory and does not
require potable water. In addition, it has no lignin, which makes this feedstock much easier

for processing.

Because the biorefinery process based on macroalgae is a relatively new approach, new
efficient methods have to be developed for making such processes applicable to industry.
The cultivation of macroalgae in general, and especially Ulva sp. are also new processes.

These processes require the development of new methods for efficient cultivation.
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Improving crop cultivation efficiency can be reached by controlling the biomass growth

rates and controlling its composition.

From the markets’ perspectives, currently, there are two trends happening simultaneously.
The first is the growing demand for “new protein” sources. The second is the need to replace
the current feedstock for bioethanol production. The first market trend follows the rising
global demand for protein. At the same time, the second market trend follows the rising
demand for vehicles powered by bioethanol. While the current bioethanol production

feedstock sources are unsustainable.

According to the global requirements for the next decades and the following recent market
trends, we aimed to provide basic knowledge and to develop sustainable methods that could
supply the increasing worldwide population demand for the simultaneous production of a

safe source of protein for food and bioethanol.

Potentially, the biorefinery based on macroalgae could be designed for large-scale
production of protein and bioethanol from the same biomass [29]. Therefore, our approach

is to close the main scientific gaps for realizing this solution.

3. The study goals, main hypotheses and research approaches

Based on the scientific literature described in the introduction we detected the following
gaps in the knowledge that prevent the implementation of Ulva based biorefineries:

(i) the ability to control Ulva growth rate and its biomass sugar and protein composition;
(ii) the ability to control the Ulva composition that is relevant for bioethanol production;
(iii) the lack of an efficient protein extradition method, that is relevant for the food industry;
and (iv) the unknown allergenic effects of Ulva proteins. In order to close these gaps, we

detailed four main goals.
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Goal 1: Identifying the effect of epiphytic bacteria on Ulva growth rates and on its
chemical composition. According to the literature Maribacter sp. and Roseovarius sp.
bacteria affect Ulva development [84,173,174] and its metabolites composition and
concentration which are released into the chemosphere [92]. Following that information,
our research question was: if and how do the two algae-associated bacteria affect the

sugar and protein concentrations of the algal biomass?

We hypothesized that Maribacter sp. and Roseovarius sp. can influence the Ulva
growth, and its chemical composition. The chemical composition might be affected,
including the proportions of amino acids and monosaccharides. Our approach was to
compare the growth rate and the chemical composition between the tripartite communities
composed of Ulva mutabilis with Maribacter sp. and Roseovarius sp. to axenic (bacteria-
free) cultures. We expected that two bacteria added to the algae culture allow a rapid
development that leads to fast-growing Ulva. In addition, the chemical composition of U.
mutabilis biomass grown with bacteria will be different from the biomass of an axenic

culture.

Goal 2: Defining the relevance of associated bacteria in modulating Ulva biomass for
bioethanol production. Hydrolyzed algae might be used as feedstock for bioethanol
production after microbial fermentation [38,175]. Each microorganism has some favorable
carbons sources. Changing this source concentration during the fermentation will result in
different ethanol yields [176]. However, there are some other nutrients that may play a
fundamental role in the fermenting organism reproduction and the bioethanol generation.
The commonly used microorganisms such as Saccharomyces cerevisiae, Escherichia coli,
and Clostridium acetobutylicum, could result in different ethanol yields by using similar
biomass feedstock [62,64]. Following this information and the answer from the first
research goal, our research questions were: will the fermentation of algae biomass cultivated
with bacteria result in different ethanol yields? and what is the optimal fermentation
combination for the U. mutabilis biomass cultivated in the tripartite community and for

axenic culture?
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We hypothesized that fermenting U. mutabilis biomass grown in a tripartite
community or as axenic culture will result in a significantly different ethanol yield. In
addition, fermenting U. mutabilis biomass in two fermentation steps with S. cerevisiae, E.
coli, or C. acetobutylicum will lead to improved ethanol yields than only one fermentation
step. Our approach was to compare different microbial fermentation combinations in single
or two-step fermentation of two different biomasses: tripartite community biomass and
axenic U. mutabilis biomass. We expected that biomass with a higher monosaccharide
concentration, especially glucose, will lead to higher ethanol production. Moreover, two-
step fermentation will lead to more ethanol production than a single fermentation. Also,
using S. cerevisiae for fermentation U. mutabilis hydrolysate will yield higher ethanol than

fermentation with other organisms.

Goal 3: Developing an efficient process for protein extraction from Ulva sp. using
electroporation with Pulsed Electric Field. There are many available methods for
extracting proteins. Usually, these methods involve unwanted chemicals, thermal processes
which affect the protein value [115,118,120,122], or relatively expensive enzymatic
methods [120]. Alternatively, electroporation with PEF increases the tissue permeability
[177,178], while in combination with physical pressure it facilitates active biochemical
extraction through the cell walls [139,146]. PEF in combination with mechanical press
results in a chemical-free, non-thermal, and energy-efficient extraction method that has
already been tested in different plant biomasses [139,146]. Can we efficiently extract
proteins from the algae cells with PEF treatment? Thus, we hypothesized that applying
PEF treatment with the mechanical press will be an efficient method for protein
extraction from Ulva sp. Because macroalgae are salt-water organisms, we thought it
would be relevant to integrate osmotic shock as an additional treatment for improving the
protein extraction. We assumed that PEF treatment leads to selective protein extraction, due
to the different protein biochemical properties. Our approach was to compare the control
(osmotic shock and mechanical press) to the same treatment with PEF, to evaluate the
energetic efficiency of the treatment, the protein yield, and to do a proteomic analysis of the
extracted proteins. We expected efficient extraction and definition of specific proteins after

PEF treatment (with the mechanical press and osmotic shock).
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Goal 4: Evaluating the allergenicity risk of protein extracted from Ulva sp. with PEF.
The European regulation for commercial production of novel proteins includes risk
assessment [158,160]. One of the major parts in that assessment is the evaluation of potential
allergenic risk [161]. This assessment is challenging, but using a new extraction method (for
example, PEF) for the new protein production makes this evaluation even more challenging.
The extraction method can play a fundamental role in the extracted proteins type and their
activity [159-161]. Thus, it is reasonable to link the allergenicity assessment with the
specific protocol for protein extraction [159-161].

Thus, our research question was what is the allergenic risk of the proteins extracted
from Ulva with PEF? We hypothesized that PEF treatment will affect the allergenicity
level of the extracted proteins. Our approach was first to optimize the extraction process
with PEF, then to assess in-silico allergenicity for the extracted proteins. We aimed to define
an optimal treatment extraction method with PEF, composed of a humber of pulses and
pulse strengths. We assumed that after a certain threshold of energetic investment further
increasing pulse number or higher energetic investment (for the pulses) will not improve
the protein extraction yield. In addition, we assumed that optimal extraction would lead to
certain protein extraction, with certain allergens. In detail, for the protein extraction
optimization from Ulva sp., we used PEF treatment; 12 kV or 26 kV in combinations of 0-
75 pulses, a treatment that included mechanical press and osmotic shock. Then the proteins
were quantified and identified. The controls were the same treatment without PEF and total
protein. For total protein extraction, we used a conventional thermochemical method, a
universal method for proteomic analysis [179]. After the extraction, the allergenicity
assessment was done in-silico by annotation of the extracted protein and comparisons to
known allergens. In addition, the potential allergenicity was evaluated based on scientific
publications and databases. We expected to find the optimal protocol with relevant voltage
strength and the pulse amount that will result in optimal protein yield with the minimal
energetic requirement. In addition, we expected to detect the specific allergens after

extraction with PEF, compared to controls.
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4. The study publications

The studies presented in the thesis attempt to answer the research goals, using the research
approaches according to our hypotheses. The order of the papers in the thesis is organized
following the logic of the biorefinery conceptual structure. For the sake of simplicity, Fig.
2 presents a graphical illustration of the processes in the biorefinery. Here, in the illustration,
the color adjacent to a process is related to the specific research focus of a paper.

Biorefinery Based on Macroalgae

MEDIUM

— Low o~ HIGH
w Risk/Quality
@ Cultivation Separation @ Processing assessment
Hydrolysis Biofuels
1. Enzymatic r—{Ethanol) Purity
1. Lab-scale / 2. Acidic —Sugar .Fermentation — w Unwanted residues
3. Thermal
2. Onshore
3. Offshore \
Extraction Food Toxicity
1. PEF 7 Intolerances
2. Chemicals L _Protein Purification — . 7 > Excessive addition of nutrients
3. Enzymatic - Anti-nutritional factors
- Food allergens

Figure 2 - A graphical illustration of a biorefinery based on macroalgae. Each colored dot is related
to different publications: the purple dot is related to paper #1, the green dot is related to paper #2
and the orange dot is related to paper 3#.

4.1 First paper

Polikovsky M, Califano G, Dunger N, Wichard T, and Golberg A, 2020. Engineering
bacteria-seaweed symbioses for modulating the photosynthate content of Ulva
(Chlorophyta): Significant for the feedstock of bioethanol production. Algal Research. 49,
101945.

In this study, two main results were achieved: the glucose concentration in the macroalgae
biomass almost doubled due to bacterial addition to the algal cultivation. Importantly,
glucose is the most relevant component in the algae biomass for bioethanol production.
Additional results showed how bacteria affect the algal amino acid profile, the basic
component for a protein formation in any living organism. This study presented a new
way to control the macroalgal biomass composition using bacteria. This paper for the
first time showed how macroalgae associated bacteria are can modulate macroalgae biomass

composition to make it a better feedstock for bioethanol production.
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4.2 Second paper

Polikovsky M, Fernand F, Sack M, Frey W, Miller G, and Golberg A, 2016. Towards
Marine Biorefineries: Energy Efficient Proteins Extractions from Marine Macroalgae Ulva
lactuca with Pulsed Electric Fields. Innovative Food Science and Emerging Technologies.
37, 194-200.

Before this study, many extraction methods were available, but with most of them unwanted
chemicals remain, or they are too expensive to be commercialized [115,118-122].
Therefore, we developed a new method for protein extraction from Ulva sp. biomass with
PEF, which was described in the paper. In this paper, we reported the specific proteins that
were extracted from Ulva tissue using PEF. An additional part in the paper focused on
calculations of the energetic investment for the treatment. The novelty in this paper was
in the development of a new method to extract proteins from macroalgae using PEF,

a scalable, chemicals-free, non-thermal and energy-efficient technology.

4.3 Third Paper

Polikovsky M, Fernand F, Sack M, Frey W, Miiller G, and Golberg A, 2019. In silico food
allergenic risk evaluation of proteins extracted from macroalgae Ulva sp. with pulsed
electric fields. Food chemistry. (276): 735-744.

Following the work presented in the second paper, in the third paper the PEF extraction
method from Ulva sp. biomass was optimized and proteins were identified. Based on this
data, an allergenicity assessment was done. We showed that our new extraction method
selectively avoids the extraction of certain allergens, and it can potentially reduce the
allergenicity risk compared to the control of total protein extraction. Before this paper was
published, an assessment of allergens of the proteins extracted from macroalgae had not
been described, although much research was done regarding algae protein (as a “novel
protein” source for food). The novelty in this paper is that it evaluated food allergenicity
risk of macroalgae proteins. This evaluation is obligatory for food risk management of a
“novel protein”. This fundamental paper is key for the future use of sustainable macroalgae

proteins in the human food chain.
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ARTICLEINFO ABSTRACT
Keywords: Seaweed biomass cultivation predicates the quantity and quality of this biorefinery feedstock. Unfortunately, the
Axenic culture seaweed growth rate and chemical content are hardly predictable and are affected by environmental factors,
Bioethanol including epiphytic bacteria. We hypothesize that microbiome engineering can control the chemical composition
Monosaccharides of Ulva biomass. We show that the engineered Maribacter sp. and Roseovarius sp. consortium modulate Ulva
Symbioses mutabilis growth rate and photosynthate content of constituents relevant for bioethanol production. Although
Seaweed-associated bacteria minimal growth was observed in the axenic cultures (0.04 mm day ), Ulva mutabilis in a tripartite community
Ulva mutabilis showed a growth rate of 3.79 mm day*in the growth phase. Furthermore, the content of glucose and glycerol in
Flux balance analysis Ulva of the engineered community increased by 77 + 19% and 460 + 207% whereas xylose and glucuronic acid

decreased by 37 + 14% and 46 + 15% in comparison to axenic culture.

Interestingly, bacterial addition affected the rhamnose/xylose/glucuronic acid ratio (1.96:1:1: vs 1.34:0.85:1
in xenic vs axenic culture), indicating the impact of bacteria on ulvan synthesis. In addition, tyrosine and histidine
increased by 191 + 61% and 40 + 26%; however, valine, isoleucine, aspartate, threonine, serine, and phenylalanine
decreased by 22 + 19% - 42 + 23%. Flux-balance analysis of Saccharomyces cerevisiae, Escherichia coli, and
Clostridium acetobutylicum was used to estimate the bioethanol yield from hydrolyzed Ulva biomass, in a one-
step or two-step fermentation process. Simulation using S. cerevisiae (RN1016) with xylose isomerase resulted
in a bioethanol yield of 85.62 for xenic vs. 71.31 mg/g dry weight (DW) axenic cultures of Ulva.

The increased growth rate and the relative amounts of photosynthates of U. mutabilis are modulated by the
engineered microbiome. Moreover, it results in biomass with a higher potential for bioethanol fermentation in
comparison to axenic cultures.

1. Introduction From all green macroalgae species, Ulva spp. are particularly attractive as a
) ) ) potential biomass feedstock for biorefinery [7,11] due to its rapid growth rate [6]
Conventional fossil sources for energy supply have adverse side effects and adaptation to varied habitats with different abiotic conditions [12,13]. Ulva's

of climate change [1,2]. Terrestrial plants, which are current alternative
feedstocks for biofuels, conflict with food production [3]. Moreover, the
agriculture for cultivating those plants is contributing to water
consumption, greenhouse gas emissions, and the degradation of natural
environments [4,5].

Seagriculture emerges as an alternative to agriculture practice to
produce seaweed biomass for the sustainable biofuel feedstock supply
chain [6-8]. In seagriculture, green, red, and brown seaweed biomass could
massively be cultivated in seawater. Thus, seagriculture does not compete
for arable land or potable water [9,10].

carbohydrates are composed mainly of C5 and C6 monosaccharides, iduronic
acid, and glucuronic acid [14-16]. The monosaccharides derived from Ulva
biomass could be fermented into bioethanol, a versatile chemical, and biofuel
[11,15].

However, the chemical content and the composition in Ulva sp. varies
between the species and is influenced by seasonality and other environmental
abiotic and biotic conditions [17-20]. This fluctuation in the chemical
composition of the biomass, challenge the optimization of efficient fermentation
processes [21]. Therefore, control of the macroalgae biomass chemical
composition is required. This control
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could improve the yield of the downstream biomass conversion to biofuels.
Even though the power of abiotic environmental parameters is commonly
investigated for seaweed aquaculture [22—24], the understanding of the
biological microenvironment [25] is still understudied.

Indeed, the natural microbiome of seaweeds plays an intricate role in the

algal physiology [26], nutrition, metabolism [27], and immune function
[28]. The seaweeds have a proper surface and chemosphere, which may
serve as an attractive environment for the bacterial existence [26,27,29].
This environment includes beneficial compounds for bacterial growth such
as oxygen [30], carbon source, nutrients [29,31], and metabolites [28].
Recent studies explicitly investigated the cross-kingdom interactions
between Ulva spp. and its associated bacteria [26]. Metabolomics research
compared the chemosphere of axenic U. mutabilis culture with a tripartite
community of U. mutabilis and its two naturally associated bacteria,
Roseovarius sp. strain MS2 and Maribacter sp. strain MS6. Bacteria can
recognize Ulva as a reliable food source through chemoattractants [32]. In
turn, bacteria induce algal growth and morphogenesis settling around the
algal holdfast [32]. Bacteria of the Rosoebacter clade often promote algal
growth to develop their own (bacterial) benefits [33].
The photosynthate secreted by Ulva spp. includes carbon sources such as
glycerol [31]. Notably, the glycerol is the backbone of triacylglycerols
(TAG) and the primary form of energy storage in plants [34]. These storage
lipids are essential to plant development, being used, for example, in
seedling growth during germination [35]. As glycerol is essential for both
algal and bacterial growth, we hypothesize that algal growth- and
morphogenesis promoting bacteria trigger the sugar and glycerol
production of Ulva mutabilis in standardized algal aquacultures.

Moreover, we also tested, whether bacteria modulate the amino acids
(AAs) pattern of Ulva, due to their potential role in the Ulva's
morphogenesis. Such modulation of photosynthate is essential not only for
Ulva growth and development but also for the utilization of Ulva and its
downstream processing, such as bioethanol fermentation. For testing these
hypotheses, we applied a targeted analysis of organic compounds critical
for bioethanol production in Ulva tissue such as monosaccharides,
glucuronic acid, glycerol, and AAs. The engineered tripartite community
composed of U. mutabilis with Roseovarius sp. and Maribacter sp. was
compared with the U. mutabilis axenic culture. The chemical content of U.
mutabilis from these two cultures types served as feedstocks for a flux
balance analysis of bioethanol fermentation in BioLego. This specially
designed software that uses flux balance analysis (FBA) to predict
bioethanol yield from biomass with various fermenting microorganisms
[36]. Our study demonstrates that engineering of Ulva's microbiome leads
to a better understanding of the bacterial role in the macroalgal biomass
production, critical for developing an efficient seaweed-based biorefinery.

2. Materials and methods

2.1. Induction of U. mutabilis gametes

The cultivation was carried out as previously described by Alsufyani et
al. (2017) for 63 days [31]. The fast-growing natural developmental mutant
of U. mutabilis Feyn (mating type mt+; morphotype “slender” (sl)) was
cultivated [37,38]. The Ulva cultivation was started from haploid gametes
to achieve reproducibility and synchronization of the algae. For preparing
the Ulva seed stock, gametogenesis was induced in mature thalli (a four
weeks old culture started from gametes). Gametogenesis was induced by
fragmentation with a herb chopper (Zyliss, Zurich, Switzerland) into
smaller fragments (1-3 mm size) (Fig. S1A). Sporulation inhibitors were
removed from the Ulva tissues with the immersion of the fragments three
times in 50% artificial seawater [39]. After three days of cultivation, the
Ulva culture medium (UCM) was changed for removing the swarming
inhibitor that led to the gametes discharge.
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2.2. Preparation axenic gametes

The feedstock of U. mutabilis axenic germlings was prepared by separating
gametes from the associated bacteria in Pasteur pipettes under strictly sterile
conditions using the phototactic properties of the gametes. This method is a
standard operational procedure (Fig. S1B) [40]. The axenicity of the gametes
was tested by plating 10 pL of the gametes seed stock on marine broth (Roth,
Germany) agar plates (1.5%; w/v) (Sigma-Aldrich, Germany) and by
performing polymerase chain reactions (PCR) of the 16S rRNA gene [41].
Gametes were counted by flow cytometry. About 6 x 10%axenic gametes were
inoculated as seed stock in 250 mL sterile UCM in polycarbonate tissue
culture flasks (V = 650 mL, BD Falcon, Franklin Lake, NJ, USA). The
feedstock was incubated for 24 h in the dark for settlement of the gametes
[31,40].

2.3. Engineering U. mutabilis and bacteria symbioses

Algae were cultured under light: dark (17:7 h) regime and the illumination
of a photon flux of 60-120 (umol m2.s2) (50% GroLux, 50% daylight
fluorescent tubes; OSRAM, Miinchen, Germany) at 18 °C. Sock cultures of
the two bacterial strains, Roseovarius sp. (MS2) (Genbank EU359909) and
Maribacter sp. strain (MS6) (Genbank EU359911) [41], were grown on the
orbital shaker at 20 °C in liquid marine broth medium (Roth, Germany). For
preparing the tripartite community of U. mutabilis and two associated bacteria
(i.e., the xenic cultivation), the exponentially growing bacterial cultures were
harvested by centrifugation (3000 x g) for 5 min. The cell pellet was
resuspended and washed three times with sterile UCM. Finally, the two
bacterial strains were added to the axenic gametes of Ulva [31] (Fig. S1C).
The bacterial suspension was diluted to a final optical density (OD) of 0.001
in the cell tissue flask.

After 14 days of cultivation of Ulva in tissue flasks, propagules of the xenic
and axenic cultures were transferred to the 25-1 polycarbonate bottles (i.e.,
bioreactors) filled with 15 L UCM. The experiment was started with 5x 10°
germlings for both treatments, while for the tripartite community preparation,
each bacterial inoculum was added (ODezonm = 0.0001, OD in the bioreactor
after inoculation). Half of the culture medium was renewed after 4 weeks.
Ulva was collected from the tripartite community and axenic cultures
equivalent to 100-350 mg dry weight (DW) after 8 weeks of cultivation . Each
culture, tripartite community or axenic culture, was cultivated in three
independent replicates.

The growth rate (mm day *) was calculated by a length with the following
equation:
—_ LO

L
Growth Rate (mm day™') = ~—2
T, —To

L = length (in mm), T = time (in days). t = time of the cultivation. The
parameters of the growth rate during the growth phase (T;= 35 and To= 7 days
after inoculation in the bioreactor) of Ulva in tripartite community and axenic
culture were; Ly=117.11 mm, Lo=10.9 mm, and L= 1.06 mm, Lo= 0.01 mm.

2.4. Biomass hydrolysis for the quantification of monosaccharides, glucuronic
acid, and glycerol

Biomass was dried (16 h) at 50 °C in an oven (Fig. S1D) and subsequently
grounded into powder using mortar and pestle. The powder was then stored at
—28 °C. For every biological replicate, a duplicate of hydrolysis treatment was
performed. Thermochemical hydrolysis [42] was conducted with 2% sulfuric
acid (v/v) for 30 min at 121 °C in a ratio of 1:250 (solid: solvent) using 10 mL
autoclavable centrifuge tubes (Nalgene™ Oak Ridge High-Speed PPCO
Centrifuge Tubes, ThermoFisher Scientific, CA) in the autoclave (Tuttnauer
2540MLV, Netherlands). Each batch, 4 + 0.5 mg of dried biomass was
weighed (Mettler Toledo, Switzerland). Sulfuric acid (Sigma-Aldrich, Israel)
was
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diluted to 2% (v/v) and was added to the tube. Hydrolysates were stored at
4 °C. Triplicate of algae samples were hydrolyzed in duplicate before being
analyzed (Fig. S1E).

2.5. Monosaccharides quantification

The monosaccharides were determined (Figs. S1F, 2) by high-pressure
ion chromatography (HPIC) according to a protocol of Robin et al. (2017)
with small adaptations [43]. In brief, aliquots of the hydrolysates were
taken and diluted in ultrapure water before being filtered through a 0.22 um
syringe-filter (Millipore, USA) in HPIC vials (Thermo Fischer Scientific,
MA, USA). Monosaccharide content in the hydrolysates were measured by
high-performance anion exchanged chromatography with pulsed
amperometric detection (HPAEC-PAD) using a Dionex ICS-5000 platform
(Dionex, Thermo Fischer Scientific, MA, USA) equipped with an
analytical column (Dionex™ AminoPac™ PA10 IC) and a guard column
(Thermo Fischer Scientific, UK). An electrochemical detector with an
AgCI reference electrode was used for measuring the compounds. The
analysis was performed using an isocratic flow gradient of 100-4.8 mM
KOH generated with an eluent generator (Dionex, Thermo Fischer
Scientific, MA, USA) (for details see Table S1). 100 mM KOH, for 20 min
was used for rinsing the analytical column between each run. Before the
analysis of the samples, the system was reequilibrated with 4.8 mM KOH.
During the analysis of the samples, the flow rate was 0.25 mL/min, the
temperature of the column was set to 30 °C, and the autosampler
temperature set to 5 °C. Calibration curves for monosaccharide standards
such as rhamnose, galactose, glucose, xylose, and fructose (Sigma-Aldrich,
Saint-Louis, Missouri, USA), were produced independently in triplicates.
The appearance of monosaccharides in the biological samples was verified
in comparison to reference standards (Fig. 1A).

2.6. Quantification of glucuronic acid (GlcA) and glycerol

GlcA was determined following the same workflow as described above
(Fig. S1F) but with a different gradient and eluents for chromatographic
separations (Table S2). Glycerol was measured with HPIC using a program
involving two eluents, namely NaOH and ultrapure water. The analytical
column, Dionex™ CarboPac™ MAL IC, and its corresponding guard
column were from Thermo Fischer Scientific. The flow rate was set at 0.4
mL/min, and the column temperature was kept at 30 °C.

2.7. Bacterial cultivation on various carbon sources

Roseovarius sp. (MS2) were grown aerobically in 50 mL UCM at 20 °C
for 18 days and enriched with 1% (w/v) of various carbon sources: glycerol
[31,32], glucose, rhamnose, galactose, xylose, and fructose. The bacterium
was cultivated with each carbon source separately. The bacterial cultures
grew in an orbital shaker in 250 mL polystyrene tissue culture flask (Flask
T75, Sarstedt, Germany). Bacterial growth was monitored by measuring
the optical density at 600 nm (ODsego) in a 1cm polypropylene cell on a
UV/Vis spectrophotometer (Genesys, ThermoFisher, Germany). The
bacterial growth rate of Roseovarius sp. in UCM with 1% glycerol (w/v) as
carbon source, was calculated using the following equation; F(x) = e,
where F(x) = ODgoo, X(q) is the initial time point of the logarithmic phase, X
= the last time point of the logarithmic growth phase and p = growth rate
(change of OD day-1).

2.8. Biomass hydrolysis for amino acids quantification

The biomasses of axenic U. mutabilis or tripartite community were
hydrolyzed according to the manual “Dionex AAA-Direct, Amino Acid
Analysis System” (Thermo Fischer Scientific, MA, USA) and Kazir's
protocol with some modifications [44]. The biomass was dried,
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grounded, and stored, as described in Section 2.4. The biomass powder (4 £
0.23 mg) was transferred into 3 mL micro-reaction vials (Sigma Aldrich, MO,
USA). The headspaces of the vials were rinsed with N, during 10 s. The
biomass was added to the vials and incubated in 1 mL of 6 M HCI (Sigma
Aldrich, MO, USA) for 16 h at 112 °C (Fig. S1E) with continuous headspace
N gas flushing. During the incubation, the vials with the biomasses were in a
dry bath with a set of needles for gas flushing (Bio-Base, China). After the
incubation, the vials were cooled down to room temperature, and the acid
(HCI) was evaporated. The evaporation process was done with N, (99%); the
gas was purged into open vials through the needles for 3.5 h (flow rate of 4 £
1 L/min). After complete evaporation of acid, the dry samples were
reconstituted with 1 mL of ultrapure water. All samples were diluted with
ultrapure water and were filtered with 0.22 um syringe-filter (Millipore, USA),
before the HPIC analysis.

2.9. Amino acids quantification

Analysis of AAs content was performed (Fig. S1F) according to the Kazir's
protocol and the manual of Thermo Scientific [44,45]. Total AA content was
analyzed with the same equipment and the set up as described in Section 2.5,
but with a non-disposable gold AAA™ electrode. The eluent gradient was run,
as described in Table S3. The waveform for the electrochemical detector was
adopted from the Application Note 163 [46]. The AAs peak areas were
compared to commercial AA standard mix (AAS18, Sigma Aldrich, MO,
USA). The program was validated with the commercial AA mix (AAS18,
Sigma Aldrich, MO, USA). The commercial mix was diluted (1:50, 1:100,
1:250, and 1:1000). Calibration curves were built for 17 AAs: alanine,
arginine, aspartate, cysteine, glutamate, glycine, histidine, isoleucine, leucine,
lysine, methionine, phenylalanine, proline, serine, threonine, tyrosine, and
valine (Fig. 1B). DL-norleucine (Sigma Aldrich, MO, USA) was added to all
the samples and standards as an internal standard. The internal standard was
used for normalizing the system's sensitivity variations between the samples.
The correlation factor for each of them was R? > 99%. Cysteine and
methionine are probably underestimated [46] because of their sensitivity to
the hydrolysis procedure.

2.10. Modeling bioethanol production using flux balance analysis

‘BioLego’, a software for flux balance analysis [36] was used for the
prediction of bioethanol yield. This model relies on the complete metabolic
models of the microorganisms with the ability to produce bioethanol. The
tested organisms were Saccharomyces cerevisiae [47], Escherichia coli [48]
and Clostridium acetobutylicum [49]. Online website was used
(http://wassist.cs.technion.ac.il/~edwardv/BioLego/html/ BioLego.html) [50]
for running the model; the products of U. mutabilis axenic and tripartite
community biomasses were used as the input. “Other particles” of the model
were defined as compounds of the biomass, which do not appear in the default
medium. The calculation of the “other particles” was carried out as follows:
total chemical components measured in this study was removed from total
chemical components in the simulation of default medium (of U. lactuca).
This difference corresponds to the “other particles” in the default medium.

2.11. Statistical analysis

Tripartite community and axenic culture were carried out in three
independent biological replicates. Six individual analytes from each biological
replicate were collected for length measurements. The quantification of the
monosaccharides, GIcA, glycerol, and AAs for every biological replicate were
performed in two technical replicates. Statistical differences between the
replicates were measured via a twotailed Student's t-test using Excel software
(Microsoft Office 2013). P — values < 0.05 were considered as significant
difference.
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Fig. 1. lon chromatography for the separation of monosaccharides and amino acids (AAs). Intensity in electric charge (nanocoulombs) over time (in min). A. Monosaccharides
separation. The numbers in the chromatogram means: 1 = System peak, 2 = Rhamnose, 3 = Galactose, 4 = Glucose, 5 = Xylose, 6 = Fructose. B. AAs separation. The numbers in the
chromatogram means: 1 = Arginine, 2 = Lysine, 3 = Alanine, 4 = Threonine, 5 = Glycine, 6 = Valine, 7 = Serine, 8 = Proline, 9 = Isoleucine, 10 = Leucine, 11 = Methionine, 12* =
Norleucine (internal standard), 13 = System peak, 14 = Histidine, 15 = Phenylalanine, 16 = Glutamate, 17 = Aspartate, 18 = Cysteine, 19 = Tyrosine. In A and B the chromatogram on
the top, are the separations of monosaccharides or AAs standard mixtures. The chromatograms in the bottom are showing the separation of monosaccharides or AAs in the samples.
The blue chromatogram shows the monomers separation in sample of axenic culture. In black are the monomers separation in the sample of tripartite community. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3. Results and discussion
3.1. U. mutabilis growth rate increased under xenic conditions

The growth phase of axenic and xenic U. mutabilis culture was
determined between 7 and 35 days after the inoculation of axenic gametes
with bacteria (Fig. 2). The growth rate of U. mutabilis cultivated in the
tripartite community was 3.79 mm day ~* compared to 0.04 mm day
-1 in the axenic culture. The maximal length of the thallus reached to 117
+ 19 mm after 35 days within the tripartite community. The average
diameter of the callus was only 1.7 £ 0.3 mm in the axenic culture at the
end of cultivation (day 63). The effects of bacteria species on U. mutabilis
growth and morphogenesis corroborated with previous observations, which
showed that Maribacter sp. and Roseovarius sp. (i.e., xenic) modulates the
U. mutabilis growth and development [26,31,41].

a.  Xenic conditions affect the monosaccharide and sugar acid profiles of
U. mutabilis biomass

The monosaccharides, namely, rhamnose, glucose, xylose, fructose, and
galactose were identified by comparison to reference standards using HPIC
(Fig. 1A, Table S1) and subsequently quantified. After summing up the total
amount of monosaccharides, no significant difference was observed in the
content, while comparing the axenic and the engineered tripartite
community (21.3 £ 0.99 23.2 5+ 1.00% of DW respectively). Importantly,
the percentage of monosaccharides per dry weight (DW) were in the
expected range compared to other studies of Ulva spp. [7,42,43].
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Fig. 2. Growth curve of Ulva mutabilis. Average thallus length was measured during
growth. Ulva biomass was collected from the onset of the algal culture in bioreactors
(Day 0) until the mature specimen reached the steady-state growing phase. Error bars
represent averages + standard deviation (n = 18, collected from three biological
replications). In axenic cultures, error bars are smaller than the symbol size.

Specific tissue-derived sugars have already been described in Ulva spp.
several times [11,43,51]. In the current study, the content of rhamnose and
fructose did not change either in the xenic or axenic biomasses. Galactose was
below the limit of quantitation (LOQ) in all of the samples.

Interestingly, the comparison of the monosaccharides content in the
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Fig. 3. Monosaccharide, glucuronic acid, and glycerol content in U. mutabilis in axenic
culture and the tripartite community. U. mutabilis axenic culture and the tripartite
community biomasses were hydrolyzed after the algae reached the steady-state growth
phase, after 8 weeks of cultivation. The monosaccharides were quantified by using
HPIC and by comparison to standards. An asterisk indicates the significant difference
between the two cultures (two-tailed Student's t-test, P < 0.05). Error bars represent
averages + standard deviation for n = 3 (biological replicates), n = 2 (technical
replicates).

hydrosylates derived from axenic and tripartite communities of U.
mutabilis revealed significant monosaccharide type-specific differences
(two-tailed Student's t-test, P < 0.05) in glucose (Fig. 3, Table S4). In detail,
when U. mutabilis was cultured with the bacteria, its glucose content
increased by 77.42 + 18.6% from 6.51 + 0.44% to 11.55 + 0.61% per dry
weight (DW). The higher amount of glucose per DW in the tripartite
community compared to the axenic samples could be explained by the
nitrogen source limited availability (Fig. 2). In a previous study with U.
mutabilis and the same cultivation conditions, nitrate was entirely utilized
by the tripartite community after 20-30 days [31], which might result in a
nitrogen limitation. It is known that under nitrogen starvation conditions,
Ulva accumulates starch [52]. Starch is a polymeric carbohydrate
consisting of a large number of glucose units joined by glycosidic bonds,
which were hydrolyzed in this study. Interestingly, microbe-algae
interactions might trigger starch production, as demonstrated for the green
green microalgae Chlorella spp., which accumulated starch and
carbohydrates in the presence of the heterotrophic bacterium Azospirillum
brasilense [53].

At the same time, the xylose content decreased by 37.37 + 14.5% from 5.45
+0.49t03.47 +£0.18% per DW in the presence of the bacteria. GICA content
per Ulva DW in the axenic culture was higher
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(two-tailed Student's t-test, P < 0.05) compared to the tripartite community
(Fig. 3, S4). The GIcA content in tripartite community biomass decreased by
46.15% from 6.5 + 0.38 to 3.5 + 0.46% per DW, respectively. Like glucose,
GIcA can be a carbon source for a bioethanol fermentation [54].

Rhamnose xylose and GIcA, are the building blocks of the cell wall polymer
ulvan [16,18], which contribute to 8-29% of DW [16,18,55]. In the ratio of
xenic culture rhamnose to xylose to GIcA is 1.96:1:1, while in axenic culture
1.34:0.85:1. Previously, the ratio between rhamnose, xylose, and GIcA was
detected in Ulva wild-type was 3.51:0.92:1 [43]. Therefore, rhamnose to
xylose to GIcA ratio in xenic cultures culture is closer to the biomass
composition of Ulva sp. wildtype that was grown with the natural
microbiome. Importantly axenic algae possess malformed cell walls forming
protrusions without any further cell differentiation compared to xenic
conditions (i.e., with bacteria) [26,41,56]. Therefore, further studies will
show how the Maribacter-mediated cell wall formation [57] might interfere
with the biosynthesis of ulvan and its composition.

These results indicate again that the reduced microbiome of only two
bacterial strains is sufficient enough to mimic the natural microbiome and
can be used for land-based algal aquacultures under standardized conditions.
It is important to note that the bacterial effect on the Ulvan-building block
ratio also leads potentially to changes in the Ulvan structure and its
functional properties. This evidence could be a key finding for further Ulvan
manipulations by using different engineered bacterial consortiums, for
controlling the Ulvan properties.

3.3. Xenic growth increases the glycerol content of U. mutabilis biomass

The essential role of glycerol in the cross-kingdom interactions between U.
mutabilis and its associated bacteria [31,32] motivated the analysis of
glycerol. The glycerol content increased by 4.6 times (twotailed Student's t-
test, P < 0.05) in the tripartite community (0.38 + 0.11% DW) in comparison
to the axenic culture (0.069 + 6.46-10%% DW) (Figs. 4, S4). The potential
amount of glycerol thus increased, which can be secreted into the
chemosphere of U. mutabilis, providing a carbon source for heterotrophic
growth of Roseovarius sp. [31].

3.4. Xenic conditions affect the amino acid profile in U. mutabilis biomass

Considering the significant differences in algae development under xenic
and axenic conditions [41], we assumed changes in the AA profile
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Fig. 4. Roseovarius sp. growth with different carbon sources. (A) Roseovarius sp. growth in UCM with 1% (w/v) various carbon sources; glucose, rhamnose, galactose, fructose,
xylose and glycerol during 18 days of cultivation. The bacterial growth was monitored by the ODsoo and reached the highest optical densities when supplemented with glycerol. With
any other tested carbon source, Roseovarius sp. grew up to 10% of the final ODsoo achieved with glycerol as a carbon source. (B) The growth phase of Roseovarius sp., which was
grown in UCM supplemented with glycerol as a carbon source, from day 2 to 6. Data represent the mean * standard deviation for n = 3 (biological replicates). Error bars are smaller
than the symbol size.
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Table 1

Amino acid (AA) content comparison between axenic and the tripartite community
(mg/g of biomass). Data represent average + standard deviation for n = 3 (biological
replicates), n = 2 (technical replicates). Hashtag (#) indicates underestimated AA
content due to its sensitivity to the hydrolysis treatment. An asterisk (*) indicates the
significant difference between the two cultures (twotailed Student's t-test, P < 0.05).
Dicarboxylic acid (when in nonionic form).

Group of AA Tripartite community ~ Axenic culture
Monocarboxylic Glycine 4.36 +0.87 4.86 +0.37
Alanine 7.34£1.65 9.22+04
Valine* 3.81+0.90 5.38 +£0.44
Leucine 4.50+0.78 4.40+0.33
Isoleucine* 2.28+0.49 3.13+0.30
Total 22.28 +4.58 26.99 + 1.57
Dicarboxylic Aspartate* 4.37 +1.62 7.48+0.78
Glutamate 4.23+1.73 5.82 +0.64
Total* 8.590 £3.34 13.30+1.42
Hydroxy Threonine* 0.29 £ 0.04 0.48 +0.04
Serine* 3.03+0.38 4.52 £ 0.40
Total* 3.31+0.42 5.00 +£0.43
Diamino Arginine 40.43+5.83 3470 £2.29
Lysine 237054 2.87+0.39
Total 42.80 £6.17 37.57 +2.47
Aromatic Tyrosine* 0.95+0.15 0.33+0.078
Phenylalanine* 3.34 + 0.56 4.29+0.40
Total 4.29£0.70 4.62 £0.39
Heterocyclic Histidine* 0.70 £ 0.09 0.50 +0.05
Proline 2.31+0.34 2.61+0.28
Total 3.02+0.42 3.11+0.32
Sulfur-containing Cysteine# 0.30£0.12 0.34+0.05
Methionine# 0.40+0.11 0.47 £0.12
Total 0.70+0.18 0.81+0.15
All AA 79.77 £ 6.40 85.24 £3.94

as well. The AA profile might change according to the conditions synthesis
and activity of some enzymes, gene expression, and redoxhomeostasis [58].
In this study, 17 AAs were quantified (Table 1, Fig. 1B). The total AA (sum
of 17 AAs) content of the tripartite community and axenic culture did not
differ significantly (two-tailed, Student's t-test, P > 0.05). Tyrosine
(aromatic) and histidine (heterocyclic) significantly increased (two-tailed
Student's t-test, P < 0.05) by 191 + 61% (from 0.33 + 0.078 to 0.95 + 0.15
mg/g of Ulva DW) and by 40 + 26% (from 0. 5 + 0.05 to 0.7 + 0.09 mg/g
of Ulva DW respectively in xenic culture). The content of six AAs
significantly decreased (by about one-third) in the stationary phase (two-
tailed.
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Student's t-test, P < 0.05). The valine content decreased by 29 + 24%,
isoleucine, decreased by 27 + 27%, aspartate, decreased by 42 + 23%,
threonine, decreased by 40 + 11%, serine, decreased by 33 + 16%, and
phenylalanine, decreased by 22 + 19% in the tripartite community. The
content of arginine, lysine, alanine, glycine, proline, leucine, and glutamate
did not depend on bacterial treatment. Clustering the AAs into groups
(Table 1) showed that the total dicarboxylic- and the total hydroxy-AAs
were significantly higher (twotailed, Student's t-test, P < 0.05) in the axenic
culture. The total content of the groups, including of monocarboxylic-,
diamino-, aromatic-, heterocyclic-, and sulfur-AAs, were not significantly
different between xenic and axenic cultures. In a previous study, a dramatic
difference was observed in the intercellular content of AA in diatoms upon
bacterial addition [59]. The profile of intercellular dissolved AAs in
diatoms considerably changed after co-cultivating the diatoms with
bacteria [59]. The intercellular content of histidine was significantly higher
in axenic culture, and the content of isoleucine was much higher in the
consortium of diatoms and bacteria [59]. In our study, an opposite pattern
was observed for both AAs.

3.5. Change of profile in Ulva photosynthates indicates the need for
bacterial growth

Algae provide photosynthate for heterotrophic bacteria in symbiosis.
Besides, algal compounds are utilized by the bacteria during the algal
decomposition [60]. Therefore, we studied whether the bacterium-induced
change in Ulva's chemical profile of the photosynthate could be correlated
to the bacterial eco-physiological function in the cross-kingdom interaction
[31,32]. In other words, if the bacterium induces the changes in the algae
biomass for its benefits, it could be the explanation for bacterial influence
on the algal monosaccharides composition during the algal growth (Fig. 3).
After testing the growth of Roseovarius sp. in Ulva culture medium (UCM)
with different major Ulva's monosaccharides as a carbon source (Fig. 4A),
only weak bacterial growth was measured. Only glucose contributed
slightly to the growth of Roseovarius sp. as reported by Spoerner et al.
(2012) [41], but the optical density (ODego) did not reach values higher than
0.15. The inability to grow sufficiently on glucose was also found for
Roseovarius mucosus [61]. We thus argue that Roseovarius sp. (MS2) did
not gain benefit from the algal monosaccharides. However, after 18 days of
cultivation with 1% (w/v) glycerol in UCM, the ODgqo reached 1.17 (+8.16
E—03), showing the typical growth curve (Fig. 4A). The growth

Glycerol

HO/\(\OH

OH

Rapid Growth

Roseovarius sp. Maribacter sp.

Algal growth and morphogenesis
promoting factors

Fig. 5. Schematic diagram summarizing the U. mutabilis and it's associated bacteria interactions and the metabolic model analysis.
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growth rate was 0.58 (change of ODggo per day) (Fig. 4B). It means that
Roseovarius sp. (MS2) efficiently utilized and grew on glycerol as the only
carbon source (Figs. 4, and 5) [31,32]. The current data support the previous
report, where bacteria promote algal growth and morphogenesis
[31,41,62,63]. In return, Ulva can provide the bacterial carbon source, as
indicated by the elevated amounts of glycerol in the tissue. It supports the
observation that algae growth-promoting bacteria are enriched in intensive
land-based algal aquacultures compared to the seawater supplied to the
aquaculture system [64].

At the same time, Maribacter sp. (MS6) did not grow on UCM
supplemented with different monosaccharides or glycerol and needs complex
media such as marine broth [32,Wichard and Weiss pers. observation]. The
Maribacter polisphoniae might be an interesting exception because it grows
on glycerol [65].

Overall, the insights in the algal-bacterial interaction pave the way to
improved culture conditions, which might yield higher amounts of glycerol.
Importantly, glycerol is an efficient carbon source for fermentation and
biofuels production, such as bioethanol, under standardized conditions [66].
Our study paves the way for microbiome engineering to develop Ulva as a
cash crop. Ulva affects its microbiome in intensive algal aquaculture, which
promotes beneficial bacteria for the alga [67]. Inoculates of those bacteria
need to be applied in order to test their effect on growth and the production of
specific constituents. Indeed, our results support that the presence of bacteria
is associated with changes in the content of photosynthates. Improved plant
breeding has already been performed with plant probiotic bacteria
successfully [68]. Also, bacterial-based biofertilizers have been considered as
a promising application for increasing the yield of terrestrial crops in an
environmentally-friendly manner, improving the plant's nutrient availability,
and making the plant biomass to be more efficient for human needs [69]. We
believe that the current data are a first step towards the development of algae
promoting probiotics.

3.6. Simulation of bioethanol fermentation from Ulva biomass using
metabolic flux balance analysis

The bioethanol yields from xenic and axenic cultured were estimated in-silico
using ‘BioLego’ [36,50] (Table S5). In all simulations, we used the
fermentation broth composition based on the measured values of
monosaccharides, GIcA, and glycerol, and AAs in both biomasses. The
fermentation was simulated for S. cerevisiae wild type (WT) [47] and
recombinant strain with xyole-isomerase from Piromyces sp. [70], E. coli [48]
and C. acetobutylicum [49].

Tripartite community derived U. mutabilis was a preferred feedstock for
bioethanol production in most simulations. In those simulations, the majority
of the bioethanol yield relayed on glucose and glycerol metabolism. Those
two components were higher in U. mutabilis from the tripartite community
(Table S4). Among all combinations, the two-step fermentation with the same
organisms (Table S5, simulation no. 9, and Fig. 5) S. cerevisiae RN1016
(+xylose isomerase) resulted in the highest bioethanol yield, of 85.62 g/kg
(using tripartite community). It is probably due to the additional pathways
leading to bioethanol production in the presence of xylose isomerase [36,70].
The highest difference in bioethanol yields between approaches using the
Ulva biomass from the tripartite community or axenic culture was detected in
single step or two-step fermentation with C. acetobutylicum (Table S5,
simulations No. 16 and 20).

Only in simulations where C. acetobutylicum was used in the first step and
S. cerevisiae RN1016 (+xylose isomerase) or E. coli used in the second step,
the axenic biomass led to larger bioethanol yield (although the total yields
are low: 16.95-30.45 g/kg). Those exceptional simulations results might be
explained by available carbon source during the fermentation. The first-step,
contributed to higher bioethanol yield, using the tripartite community (3.85
g/kg) than from axenic culture (2.25 g/kg). At the second-step, more
bioethanol was produced using axenic culture (with S. cerevisiae RN1016
(+xylose isomerase) 28.2 g/ kg or 14.7 g/kg with E. coli) than from tripartite
community (with S. cerevisiae 19.5 g/kg or 11.54 g/kg with E. coli). On the
first-step, C. acetobutylicum consumed all carbon sources except the xylose,
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which produced a relatively low bioethanol yield. C. acetobutylicum was
thus the weakest bioethanol producer among all tested organisms so far
[49,71-73]. In the second fermentation step, the bioethanol production
was based on xylose metabolism. The larger the xylose content, the higher
the yield of bioethanol in this fermentation step. Therefore, the usage of
axenic biomass was probably more efficient for bioethanol production. In
those two exceptional simulations, numbers 18 and 19 (Table S5), the
bioethanol yield consuming axenic culture was higher in 30.4 and 10.1%,
respectively, than consuming tripartite community biomass.

Conclusion

The current study demonstrates that macroalgae U. mutabilis
associated bacteria modulate Ulva growth rate and the major
photosynthate  components.  The studied constituents  were
monosaccharides, glycerol, glucuronic acid, and amino acids content after
cultivation during the algal stationary phase before the occurrence of the
next sporulation event. The quantity of the compounds was normalized to
the dry weight of the harvested biomass. The tissue of U. mutabilis
cultivated with the bacteria Maribacter sp. and Roseovarius sp. was
enriched with glucose, glycerol, histidine, and tyrosine but decreased in
the content of xylose, GIcA, valine, isoleucine, aspartate, threonine,
serine, and phenylalanine compared to the axenic culture. The addition of
two bacteria to U. mutabilis cultivation changed the ratio of
rhamnose/xylose/GIcA, which became closer to the ratio found in Ulva
with its natural microbiome. Although the factors are unknown, which are
required to understand the complicated cause-effect relationship of
bacteria-algae interactions, our observations linked the presence of the
bacteria in the environment of Ulva with the formation of an essential
constituent of the algal cell wall, development, and growth. Glycerol was
the most affected component in the algal photosynthate by the bacteria.
As glycerol is the preferred component for the growth of Roseovarius sp.
(MS2), it is an additional insight into the glycerol function in the cross-
kingdom interactions. The metabolic model simulations of U. mutabilis
fermentation with S. cerevisiae, E. coli, and C. acetobutylicum, suggested
the higher bioethanol yield after fermenting in xenic than axenic culture
biomass. The highest yields were estimated from a two-step fermentation
with S. cerevisiae (RN1016) that included the xylose isomerase.

In summary, our results are a valuable example of how the
understanding of chemical ecology can help us to use associated
macroalgal bacterial interactions to adjust the biomass feedstock for
bioethanol production. Overall, this type of modulation opens new
pathways for developing an efficient biorefinery based on macroalgae.
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Macroalgae are potential feedstock for biorefineries. However, integration of macroalgae into biorefinery network requires
new processing technologies that will lead to energy efficient and zero waste conversion of macroalgae biomass into food,
chemicals and fuels. Here we report on the selective extraction of proteins from green macroalgae from Ulva genus by
electroporation with energy efficient pulsed electric field (PEF) process. We show that application of 75 pulses with an
average electric field strength of 2.964 + 0.007 kV cm™, and pulse duration 5.70 + 0.30 ps, delivered at approximately 0.5
Hz, combined with hydraulic pressing of the treated samples for 5 min with force of 45 daN cm™ led to the total protein

Keywords:

Bigreﬁnery concentration of 59.13 + 3.82 ug mL " in the extracted juice. The final temperature of the extracted juice was 35.50 + 2.02
Proteins °C. The energy consumption of the process is 251+3 kWh kg™ of protein. We show that PEF process is selective and its
Macroalgae extraction efficiency and damage are protein specific.

Non-thermal pulsed electric fields
Electroporation
Sustainable food production

1. Introduction

Global population growth combined with the increase in quality of life
in the era of changing climate will increase the demand for food,
chemicals and fuels. The global demand for plant proteins is expected to
grow from 4.73 in 2014 to 9.44 - 10%ton protein in 2054 (Stice, 2014).
This growth in protein demand is expected to require additional 100 - 10°
arable land hectares (Stice, 2014). Previous studies clearly show the
positive impact of plant proteins consumption on sustainability and
reduction of land, water, fertilizers and energy consumption (Pimentel &
Pimentel, 2003). There is a consciously growing interest in exploring
different plant sources for direct proteins use in the diet, either directly as
entire plant or combined in the processed food products (Tuso, Ismail, Ha,
& Bartolotto, 2013). In the last 5 decades microalgae biomass gained a lot
of interest as a feedstock for proteins production (Becker, 2007). More
recently food protein production is considered as a valuable co-product
with biofuels in the algal biorefineries (VVanthoor-Koopmans, Wijffels,
Barbosa, & Eppink, 2013). The production of microalgae biomass,
however, is still cost prohibitive and further advances in the cultivation
and harvesting technologies are required. Macroalgae, large multicellular
organisms, have been mostly overlooked as a feedstock for protein
production for many years (Golberg et al., 2014; Harnedy & FitzGerald,
2011; Lehahn, Ingle and Golberg, accepted for publication). However,

* Corresponding author.
E-mail address: agolberg@tauex.tau.ac.il (A.Golberg).
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many of the marine red and green macroalgae species have shown significantly
higher content of proteins in comparison to the terrestrial plant proteins sources
such as soy, nuts, and cereals (Fleurence, 2004; Harnedy & FitzGerald, 2011).
In addition to their high yields and nutritional properties, marine macroalgae
derived proteins and peptides have shown additional value because of their
nutraceutical, pharmaceutical and cosmeceutical properties such as antioxidant,
antihypertensive, immune-modulatory, anticoagulant and hepeto-protective
substances (Fleurence, 2004; Harnedy & FitzGerald, 2011).

The value of the macroalgae as a protein source depends on the yields and
functional properties. Previous work on the microalgae food proteins has shown
that the economic viability of the algae proteins critically depends on the
extracted protein yields (VanthoorKoopmans et al., 2013). In addition to yield,
to achieve nutraceutical, pharmaceutical and cosmeceutical properties it is
vitally important to preserve native proteins function. The complex, viscous and
often charged macroalgae cell wall and extracellular matrix make the extraction
process challenging (Joubert & Fleurence, 2007). Osmotic shock, mechanical
grinding, high shear force, ultrasonic treatment, acid and alkaline pretreatment
and polysaccharidase aided digestion and their combinations have been used to
increase the extraction yields (Barbarino & Lourenco, 2005; Fleurence, Le
Coeur, Mabeau, Maurice, & Landrein, 1995; Galland-Irmouli et al., 2000;
Harnedy & FitzGerald, 2013; Rouxel, Daniel, Jérome, Etienne, & Fleurence,
2001; Wong & Chikeung Cheung, 2001). Although the mentioned methods
were shown to increase the extraction yields, they involve either thermal or
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Fig. 1. Water soluble proteins extraction from macroalgae Ulva with pulsed electric field system. Extraction. A. Macroalgae storage system. B. External water removal. C.
Biomass loading in the PEF treatment chamber. D. Application of pulsed electric fields for cell membrane electroporation. E. Treated biomass F. PEF treated biomass packing
for mechanical extraction. G. Extraction of macroalgae intracellular liquid with mechanical press. H. Weighing of the extracted juice. Analysis. 1. Proteins detection with

SDS-PAGE 2. Protein identification. 3. Total Protein identification.

chemical procedures that could affect the functionality of the extracted
proteins and peptides. In this work, for the first time, we report on the
chemical-free, non-thermal pulsed electric field (PEF) aided extraction of
macroalgae water soluble proteins.

PEF is an emerging, non-thermal food processing technology already used
to the energy-efficient extraction of proteins from microalgae (Goettel,
Eing, Gusbeth, Straessner, & Frey, 2013; Parniakov et al., 2015), yeast
(Ganeva & Galutzov, 1999; Ganeva, Galutzov, & Teissié, 2003), bacteria
(Haberl Meglic, Marolt, & Miklavcic, 2015) and plants (Bluhm & Sack,
2008; Doevenspeck, 1961; Martin Sack & Bluhm, 2008; Vorobiev &
Lebovka, 2010; Zagorulko, 1958). Although the exact mechanism of
biological tissue permeabilisation by PEF is not fully understood, PEF
technology is currently used in multiple applications in medicine and
biotechnology (Kotnik et al., 2015; Rubinsky, 2007; Yarmush, Golberg,
Sersa, Kotnik, & Miklav¢i¢, 2014). The current theory suggests that the
membrane permeabilisation is achieved through the formation of aqueous
pores on the cell membrane, a phenomenon known as electroporation
(Weaver & Chizmadzhev, 1996). In the recent years significant advances
in the industrial scale PEF system enabled the large scale use of the PEF
process for biomass processing the sugar industry, saving up to 50% of
the downstream energy investment in the process (Bluhm & Sack, 2008;
Sack et al., 2009, 2010a,2010b;Sack & Bluhm, 2008; Sack et al.,
2010a,2010b; Sack, Schultheiss, & Bluhm, 2005). Encouraged by this
non-thermal, chemical-free, scalability and energy efficiency properties
of PEF processes, we set out to test the working hypothesis that PEF will
enable selective protein extraction from green macroalgae from Ulva
genus, which has a potential to become a feedstock for marine
biorefineries (Korzen, Abelson, & Israel, 2015b; Korzen, Peled, et al.,
2015a).

2. Experimental

2.1. Biomass material

Ulva biomass was obtained from Alga Plus Company, Portugal
(cultivated in the certified integrated aquaculture facility). Macroalgae

were then stored for 2 days in a 400 L aquarium with a salt
concentration of 3.5%.

2.2. PEF treatment

The fresh biomass was centrifuged at about 840 rpm for 3 runs of 1 min
each to remove the external water, so that b5 g of water has been
removed during the third run. 140 g of Ulva biomass in a 2 L becher
was weighted with scale of type KERN 440-49N. This amount of
macroalgae was then poured and pushed into the PEF treatment
chamber with a volume of 232 cm?® for the application of a
homogeneously distributed pulsed electric field. Water was added to
the macroalgae to fill the chamber completely. The chamber was closed
to begin the PEF treatment. After the PEF treatment was applied, the
macroalgae were collected and returned to the becher. The
electroporated macroalgae were weighted again. The treatment
parameters were:

25 w1 / KV 5
e | _|ast / kKV
20 |1 | KA 4
<y | |ast / kV —_
Z 15 3 <
D —
10 2
1
0
-5 15
& t(ps) -1

Fig. 2. Shape and magnitude of the single electric pulse delivered for macroalgae
biomass electroporation. The shape for actually delivered voltage and measured current
is shown for the first and last pulse in the series of 75 pulses applied on the biomass.
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Fig. 3. Pulsed electric field and sample resistance behavior during macroalgae biomass
treatment. Critical process parameters such as electric field (E), current (A) and biomass
resistance (R) were monitored during each pulse. The experiment was done in triplicate.
Error bars show + SEM.

average field strength (average was taken between all pulses at all repeats,
225 measurements) 2.964 + 0.007 kV cm™?, and pulse duration 5.70 + 0.30
ps, delivered at 0.5 Hz. These parameters were chosen based on the
previous studies with PEF dehydration of various types of biomass with
this system (Sack et al., 2009,2010a,2010b; Sack et al., 2008).
Temperature was measured with a digital thermometer (TFA Type
30.1018). Current and voltage across the electrodes of the treatment
chamber during each pulse were measured with a current probe
(PEARSON 110 A) and a voltage divider (HILO-Test HVT 240 RCR),
both connected to an oscilloscope (Tektronix TDS 640A). The impedance
of the treated sample was derived from the current and voltage
measurements.

m Drymatterin PEF juice

70 59.1343.82

60

50

40

30 23.8041.63
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10

Protein content (pug/ml)

PEF Control

—_—

2.3. Energy consumption

The total energy consumed for the PEF treatment was calculated
based on the energy stored in the pulse capacitor with the following
Eq.1:

E,=05-C-107°(V-10%)2-N )

where E; (J) is the total energy consumed for the treatment of one
treatment chamber, C is the discharging capacitor capacitance (nF), V
(kV) is the applied voltage and N is the total number of pulses.
Additional losses of the capacitor charger have not been considered.
The energy consumed with PEF for protein extraction was then
calculated with Eq.2:

Ey= 2/ (Cy moes) @

where E, (kWh kg™) is the PEF energy required to extract 1 g of
protein, E; (kWh kg™?) is the total energy consumed to treat the PEF
chamber, m (kg) is the raw mass of treated macroalgae, C, (kg mL™)
is the concentration of the proteins in the extracted juice and mper (ML)
is the volume of the extracted juice.

2.4. Mechanical juice extraction

The electroporated algae were placed in a cloth material that was
folded so that the algae could not escape during pressing. The algae
wrapped up in the fabric were placed in the mechanical press (HAPA
type SPM 2.5S). A force of 45 daN cm2was applied for a determined
time of 5 min using the automatic mode of the press that keeps the
pressure applied to the piston constant. Extracted juice from pressing
was collected in a 2 L becher and weighted at the end of the pressing.
The pressed material was taken out of the press, weighted, reorganized

Liquidin PEF juice
5.52%

94.48%

kDa

~ 250

~70—
~ 55—

~35—

~25—

~15—

-

~ 10—

Fig. 4. Proteins extraction from Ulva. SDS gel electrophoreses (right) and total protein quantification with Bradford (left) Process parameters and total yields for 24 kV, 75 pulses applied.
Error bars show + SEM. Insert in the top row shows the total water soluble solids extracted from Ulva with PEF. The complete composition of the extract is still to be determined.
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Fig. 5. Process parameters and energy requirement for proteins extraction from Ulva thalli.

and put back into the press for a second pressing step. The extracted juice
and the pressed algae were again weighted.

2.5. Crude protein quantification

Bovine serum albumin (BSA) in DDW calibration curve was done in
following concentrations:

1mgmL?, 500 ug mL%, 250 pg mL%, 200 pg mL?, 150 ug mL?, 150
ug mL™, 100 mL %, 50 pg mL%, 25 ugmL?, 0 ug mL™2. Every 10 ul BSA
concentration mixed with 115 pl Bradford buffer. Extracted juice was
filtered with 0.2 um filter, 10 pL of samples mixed with 115 pL Bradford
buffer. The BSA concentrations and the extracted juice samples with
Bradford buffer were measured at optical density (OD) 450 nm and 590
nm. The numbers of OD 450 parts 590, were the basis for linear
calibration curve. OD detection was done with an EL808, BioTek
spectrophotometer (Winooski, VT, USA).

2.6. Gel electrophoresis

Extracted juice from pressing with/without PEF treatment was filtered
with a 0.2 pm filter. Protein precipitation was made: 1 volume of
Trichloroacetic acid (TCA) 100% (w/v) added to 4 volumes extracted
juice samples. Then moved to 1.5 mL tubes. The samples incubated in 10
min at 4 °C. The tube spin in microcentrifuge at 14 K rpm, 5 min.
Supernatant was removed, protein left in the pellet intact. Pellet was
washed with 200 L cold acetone. Spin in microfuge at 14 K rpm, 5 min.
We made total of 2 acetone washes. Pellet was dried by placing tube in 95
°C heat block for 5-10 min. SDS-PAGE, 4X sample buffer (with BME)
and sample boiled for 10 min in 95 °C heat block. The samples were run
on SDS gel 12% agarose 200 V, 30 min.

2.7. Extracted proteins identification quantification with LS-MS/MS

2.7.1. Proteolysis

200 pL of the samples was brought to 8M Urea. The protein in 8M
Urea, was reduced with 2.8 mM DTT (60 °C for 30 min), modified
with 8.8 mM iodoacetamide in 100 mM ammonium bicarbonate (in the
dark, room temperature for 30 min) and digested in 2 M Urea, 25 mM
ammonium bicarbonate with modified trypsin (Promega) at a 1:50
enzyme-to-substrate ratio, overnight at 37 °C. One microgram from
each sample was injected into a LC-MS/MS device.

2.7.2. Mass spectrometry analysis

The tryptic peptides were desalted using C18 tips (Homemade stage
tips) dried and re-suspended in 0.1% formic acid. The peptides were
resolved by reverse-phase chromatography on 0.075x 180-mm fused
silica capillaries (J&W) packed with Reprosil reversed phase material
(Dr Maisch GmbH, Germany). The peptides were eluted with linear 60
minute gradient of 5 to 28% 15 minute gradient of 28 to 95% and 15
min at 95% acetonitrile with 0.1% formic acid in water at flow rates of
0.15 pl/min. Mass spectrometry was performed by a Q Exactive plus
mass spectrometer (Thermo) in a positive mode using repetitively full
MS scan followed by collision induces dissociation (HCD) of the 10
most dominant ions selected from the first MS scan.

2.7.3. Computational analysis

The mass spectrometry data was analyzed using either the
MaxQuant software 1.5.1.2 (Mathias Mann's group) or Peaks 7
software (Bioinformatic Solutions). The analyses were done vs. the
green algae section of the NCBI-nr database with 1% FDR. The data
was quantified by label free analysis using the same software. Intensity
parameter mean: Summed up eXtracted lon Current (XIC) of all

isotopic

Table 1

Proteins detected only after PEF treatment.
Protein identification NCBI accession Protein found in the species MW (kDa) Average normalized

number (GI) intensity (N = 3)

Calreticulin 255089467 Micromonas sp. RCC299 48 2.57E + 07
Ferredoxin-NADP+ reductase 545356935 Coccomyxa subellipsoidea C-169 38 6.26E + 07
Fructose-1,6-bisphosphatase 145345160 Ostreococcus lucimarinus 35 3.53E + 07
Fructose-bisphosphate aldolase 1 302831241 Volvox carteri f. nagariensis 41 3.42E +07
Phosphoglycerate kinase 654120603 Tetraselmis sp. GSL018 45 2.30E + 07
Ribosomal protein L12 (chloroplast) 11467764 Nephroselmis olivacea 18 4.70E + 07
Predicted protein 145346523 Ostreococcus 32 3.41E + 07
Predicted protein 612389598 Bathycoccus prasinos 78 4.32E + 06
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Table 2

Proteins extracted with water without PEF treatment. Not detected in the PEF treated samples.

Protein identification NCBI accession number Protein found in the species MW (kDa) Average normalized
(Gl) intensity (N = 2)
Amidohydrolase 2 693500897 Ostreococcus tauri 40 2.14E + 08
Calmodulin 654126732 Tetraselmis sp. GSL018 16 2.66E + 07
Cytosolic 80S ribosome and 40S small subunit 302839477 Volvox carteri f. nagariensis 16 3.45E +07
Histone H4 761973387 Monoraphidium neglectum 11 1.33E + 07
Photosystem | iron-sulfur center, partial (plastid 269925003 Volvox carteri f. nagariensis 3 2.56E + 07
Hypothetical protein 612393855 Bathycoccus prasinos 36 3.28E + 07
Predicted protein 158274897 Chlamydomonas reinhardtii 58 1.33E + 07
Predicted protein 303280339 Micromonas pusilla CCMP1545 40 1.97E + 07

clusters associated with the identified AA sequence. For specific protein
quantification, the intensity measured for each protein was normalized
to the total intensity of all proteins from the same sample.

2.8. Statistical analysis

Statistical analysis was performed with Excel (ver. 13, Microsoft, WA)
Data analysis package. All experiments and controls were done in
triplicates unless stayed differently. Standard error of the mean (SEM)
is shown in error bars. One side Student's t-test was performed for
compare the total protein extraction yield to controls. MS statistical
analysis for proteins identification was done as described
in2.7.3.Thecriterion for inclusion was that the same protein was
identified in at least two repeats from three.

3. Results and discussion
3.1. Process of proteins extraction from macroalgae Ulva with PEF

The process of protein extraction from macroalgae with PEF system
for cell membrane disruption is shown in Fig. 1. First we analyzed the
shape of the individually delivered electric pulse. Because of the cell
membrane electroporation, the resistance of the treated macroalgae
biomass reduces. Therefore we expected mild changes in the shape and
pick values of each individual pulse. Fig. 2 shows the shape of delivered
voltage and current at the first (U1, 11) and last (U_last, I_last) pulse in
the delivered series of 75 pulses. The pulse source has been designed
such, that a series of pulses of equal energy are applied. A pulse circuit
based on a capacitor discharge has been employed. For a series of pulses
the charging voltage of the capacitor has been kept constant. Pulses with
an aperiodically damped shape are applied to the load. The peak current
of the pulse is influenced by the resistance of the electrode system inside
the treatment chamber and the stray inductance of the pulse circuit. The
resistance of the treatment chamber decreases with the number of
applied pulses, as discussed later. As a consequence, the pulse shape
changes with the decreasing resistance, and the voltage

Table 3
Proteins detected in samples with PEF and without PEF treatment

across the electrode system decreases slightly with increasing number
of pulses.

3.2. PEF parameters and changes in the macroalgae biomass during
extraction

Next, we analyzed the changes in the peak electric field and current
during the whole treatment (Fig. 3). We observed the decrease of the
actual delivered electric field strength per pulse and increase of the
current per pulse (Fig. 3). These changes are expected because of
treated media conductivity increase (Fig. 3 shows the decrease of the
resistance), which follows cell membrane electroporation and release
of intracellular cell content. In the application of the 75 pulses on the
biomass, the actual peak electric field decreased from 3.215 +
0.033 kV cm™at the beginning of the treatment (first five pulses) to
2.864 * 0.040 kV cm™ at the end of the treatment (last five pulses in
the series). The current increased from 713.6 + 16.8 A at the beginning
of the pulse series (first five pulses) to 1173.86 + 30.8 A. These changes
in the actual electric field and current are explained by the 46% drop
of the sample resistance during the application of pulsed electric fields.
Interestingly, we observed that the major decrease in the resistance
(35%) and increase in the current from 713.6 + 16.8 A to 1024 + 26.7
Atook place during the first twenty pulses. This is probably the number
of pulse required to electroporation the majority of cells in the treated
Ulva thalli. Previously, we have observed similar pattern of rapid
resistance decrease and current increase in the skin tissue, where
electric fields also electroporated cells inside the complex extracellular
matrix (Golberg et al., 2013) and also in sugar beet tissue (Bluhm &
Sack, 2008).

3.3. Extracted proteins yield

With the treatment parameters used in this study the average electric
field strength applied on the macroalgae thalli was 2.964 + 0.007 kV
cm?, the pulse duration was 5.70 + 0.30 ps (Fig. 5). The total dry matter
(Fig. 4) consisted 5.52 + 0.20% of the total extracted juice weight (Fig.
4). PEF increased the total protein extraction yields (p-val b 107%) (Fig.
4). The total protein concentration in the extracted

Protein identification NCBI accession

Averagenormalized intensity

Protein found in the species MW

number (GI) (-PEF) (+PEF)
(N=2) (N=3)
Actin 116222105 Pterosperma cristatum 38 8.96E + 07 3.40E + 07
Heat shock protein 70 304555563 Ulva pertusa 73 2.80E + 07 4.81E + 06
Iron-superoxide dismutase 1 149275667 Ulva fasciata 25 3.04E + 07 9.46E + 06
Plastocyanin 3024399 Ulva pertusa 11 1.59E + 09 1.27E + 09
Plastocyanin precursor 48526878 Ulva pertusa 15 8.24E + 08 14E +09
Sedoheptulose-1,7-bisphosphatase 545353814 Coccomyxa subellipsoidea C-169 37 1.19E + 07 1.02E + 07
Ubiquitin 552821086 Chlorella variabilis 8 3.82E + 07 2.57E + 07
Uroporphyrin-111 C-methyltransferase 303285200 Micromonas pusilla CCMP1545 32 1.66E + 08 1.01E + 07
Hypothetical protein 761971964 Monoraphidium neglectum 113 1.82E + 08 1.03E + 07
Predicted protein 145348138 Ostreococcus lucimarinus CCE9901 39 2.10E + 09 3.78E + 08
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juice was 59.13 * 3.82 pug mL ! (Fig. 4). This is in contrast to 23.80 +
1.33 pug mL™* observed in the control samples. Importantly, the
developed process has almost no thermal effects on the produced
proteins as the maximum observed temperature was 35.50 + 2.02 °C.

3.4. PEF process energy consumption

An important parameter in the production of proteins for food and
feed application is the energy consumptions. Non-thermal pulsed
electric field has been shown previously to reduce the total energy
consumption of the sugar extraction by 30-50% at the industrial scale
(Bluhm & Sack, 2008; Sack et al., 2010a,2010b;). Here we analyzed the
energetic consumption of the pulsed electric field process for water
soluble solids, including proteins, extraction from macroalgae Ulva. The
specific energy consumed relative to raw mass of macroalgae was 8.56
+0.01 Wh kg™ (30.81 + 0.03 kJ kg?) and the specific energy relative to
the extracted proteins was 251 + 3 kWh kg *(Fig. 5).

3.5. PEF extracted proteins identification

Previous works have shown the use of PEF to extract proteins from
microalgae (Goettel et al., 2013; Parniakov et al., 2015), yeast (Ganeva
& Galutzov, 1999; Ganeva et al., 2003), bacteria (Haberl Meglic et al.,
2015) and plants (Bluhm & Sack, 2008; Doevenspeck, 1961; Sack &
Bluhm, 2008; Vorobiev & Lebovka, 2010; Zagorulko, 1958). However,
to the best of our knowledge these were reported as crude protein
extraction. In this work we identified and quantified specific proteins
extracted from Ulva genus with PEF using LC/MS/MS (Supplementary
information Table 1S shows all identified proteins in at least one
sample). Proteins that have been uniquely identified in the PEF treated
sample extracts that appear in Table 1 (criteria for inclusion werethe
same protein that has been identified in at least two repeats from three).
Proteins detected only in samples from Ulva biomass treated only with
water, that appear in Table 2 and criteria for inclusion were the same
protein that has been identified in at least two repeats from two). These
proteins were not observed in the PEF treated samples and probably have
been damaged by electric fields. In Table 3 we report on the proteins that
have been detected in both PEF treated and nontreated samples.
Interestingly, we observed that besides Plastocyanin precursor, PEF
reduced the quantities of proteins extracted from Ulva biomass with tap
water (based on intensity parameter). Our previous work with DNA
showed that specific PEF parameters lead to DNA nicking (Golberg &
Rubinsky, 2010). Additional studies showed that specific PEF
parameters could lead to either activation or inactivation of enzymes,
depending on enzyme type (Ohshima, Tamura, & Sato, 2007). However,
most of the studies until today showed that PEF increases the extraction
yields. Indeed, in our study PEF increased ~3 times the extracted
proteins vyields if measured in a bulk. However, the detailed
identification and quantification of individual proteins, reported here for
the first time, reveals a more complex scenario. Some proteins are
extracted with PEF (Table 1 and Table 3), but some, which can be
extracted with tap water are partially (Table 3) or completely (Table 2)
degraded by the treatment. To the best of our knowledge this is the first
report that identified proteins extracted from biomass with PEF;
previous studies used bulk proteins characterization (Coustets et al.,
2015; Ganeva et al., 2003). These findings are new and important, as
they open a possibility to optimize PEF parameters for the extraction of
specific proteins from macroalgae and other biomass. An important
future application could be the inactivation of the ingenious proteases
during protein extraction processes. Additional future studies will
address the effect of PEF extraction on the functional properties of the
extracted proteins. PEF provides a potentially unique non-thermal,
chemicals-free proteins extraction method that could preserve the
functional properties of the proteins, important for food and
pharmaceutical applications.

4. Conclusions

Macroalgae are promising, but challenging sustainable feedstock for
biorefineries. Complete zero waste conversion of macroalgae into
food, chemicals and fuels will reduce the burden of the agriculture from
arable land. Here we report on a new technology to extract green
macroalgae Ulva proteins with electroporation by PEF. PEF is an
emerging, energy efficient technology for biomass processing. We
showed that PEF increases ~ by 3 times the total protein extraction, and
is selective, as it increases the extraction yields of some specific
proteins but damages others. This study demonstrates the scalable,
energy efficient technology for extraction essential for food supply
chemicals-proteins.

Supplementary data to this article can be found online at

http://dx.doi.org/10.1016/j.ifset.2016.03.013.
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Extraction of protein from macroalgae, currently defined as “novel food”, is challenging and limited information about the
health impacts of these proteins is available. Here, we report on a non-thermal, chemical-free green macroalgae Ulva sp. protein
extraction by osmotic shock combined with pulsed electric fields (PEF) followed by hydraulic pressure. The extracted proteins
were identified and annotated to allergens using sequence similarity. The allergenicity potential of PEF extracted proteins was
compared to osmotic shock extracts and complete Ulva sp. proteome, extracted with the thermochemical method. The PEF
extracts contained ‘superoxide dismutase’ (SOD), a known food allergen, osmotic shock extract contained ‘troponin C’, and
thermochemical extract contained two additional potential food allergens ‘aldolase A’ and ‘thioredoxin h’. This study shows an

importance and the need for deep investigation of algal proteins and protein extraction technology health impacts prior to large-
scale release to the market of “novel food” derived proteins.

1. Introduction

The world population is growing and as a result, the need for food that
doesn’t require arable land and fresh water is increasing too (Subasinghe, Soto,
& Jia, 2009). Indeed, the food supply will have to be increased by 70% until
2050 (Godfray et al., 2010), in order to answer the whole population demand.
Although the 2014 global protein consumption was approximately 473 million
metric ton (MMT), the 2054 protein consumption is currently forecasted to
reach 943 MMT (Stice, 2014). The current worldwide challenge is to meet this
demand sustainably. This challenge is tougher than a few decades ago when
agriculture intensification with synthetic fertilizers, herbicides, and pesticides
was the solution for the growing food demand (Alston, Beddow, & Pardey,
2009).

However, these forms of intensifications will no longer be an option due to
its severe environmental impacts, such as reducing biodiversity, increasing
greenhouse gas emissions and the pollution of the terrestrial ecosystems,
freshwater, and marine habitats as a result of the nutrient run-off from the
fertilizers (Tilman, 1999). The increasing protein demand is expected to require
an additional 100-10° ha of arable land (Stice, 2014). If the source of the

2 Corresponding author.

required protein supply remains the terrestrial agriculture, it will magnify the
negative environmental impact and cause more ecological shifts (Tilman,
1999). The world protein demand for human diet and animal feed emphasizes
the importance of finding new sustainable and environmentally friendly sources
(Tilman, 1999; Van Krimpen, Bikker, VVan der Meer, VVan der Peet-Schwering,
& Vereijken, 2013).

To accommodate this growing protein demand, alternative protein sources
recently have been investigated (Bleakley & Hayes, 2017; Stice & Basu, 2015).
The considered alternative protein sources for human diet come from well-
known plants such as pulses (pea, chickpea, lentil, and bean) (Boye, Zare, &
Pletch, 2010) and more exotic options: algae, insects, and lab-grown meat. The
predicted protein market share of alternative proteins is expected to increase
from 2.1% to 33% of the global protein market by 2054 (Stice & Basu, 2015).
Among the alternative protein, the algae market share is predicted to be 18%
(Stice & Basu, 2015). The algae consist of two main groups: plant-like
organism-macroalgae (seaweed) and unicellular organismsmicroalgae. Both
groups are considered in the recent years as feedstock for protein supply
(Becker, 2007; Bleakley & Hayes, 2017). Macroalgae and microalgae could
provide higher protein yield per unit area than terrestrial plants used as protein
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sources such as wheat, soybean and pulse legumes (Bleakley & Hayes, 2017;
Van Krimpen et al., 2013). However, to make algal protein available for human
and animal consumption, it should be extractable, digestible, and, most
importantly, to be safe. Food allergy is one of the main concerns for the food
safety in novel foods (Thomas et al., 2007). However, to the best of our
knowledge, the question of potential food allergy has not been addressed for
extracted proteins from macroalgae. This question must be addressed due to the
fact that previously was found evidence for clinical sensitivity to green algae
(Bernstein & Safferman, 1973).

The goal of this work is to address the two challenges for the development
of new sustainable sources of macroalgal proteins: new technologies for
extraction and preliminary assessment of allergenic potential. Our model
species is a green macroalga from Ulva sp., a promising feedstock for
biorefinery (Bikker et al., 2016). In Ulva, the protein varies between 9 and 33
% of the dry weight, depending on the growth location, the season of the
harvesting, the specific species, and the pre and post-processing procedures that
were done with the algae biomass (Fleurence, 2004). In controlled, cultivation
condition, yields up to 45 tons (DW) per hectare per year were reported in
Denmark (Bruhn et al., 2011), suggesting a theoretical yield of 4-14.8 tons per
hectare per year of protein. At the same time, the richest proteins source that
comes from terrestrial plants, forage legumes, could provide only 1-2 tons per
hectare per year of protein (\Van Krimpen et al., 2013).

Ulva sp. biomass could be used as a protein source as the entire organism

(Fujiwara-Arasaki, Mino, & Kuroda, 1984) or the protein could be extracted or
concentrated in the cake after extraction of other components (Bleakley &
Hayes, 2017). Different methods to increase the extraction of the protein yield
for macroalgae were described: aqueous, acidic, alkaline, enzymatic,
mechanical grinding, high shear force etc. (Bleakley & Hayes, 2017). Recently
have been investigated new cell disruption approaches which assisting in the
protein extraction such as ultrasound or microwave-assisted, high-pressure
homogenization extractions (Barba, Grimi, & Vorobiev, 2015). Each method
or their combinations could be used (Bleakley & Hayes, 2017; Parniakov,
Apicella et al., 2015; Parniakov, Barba et al., 2015). The concentrated protein
extraction potentially could be added to different food products as an ingredient
(Fleurence, 1999). An extraction of water-soluble protein from Ulva shows
efficient digestibility by human intestinal juice (Fleurence, 1999).
However, current methods used for protein extraction often involve thermal or
chemical procedures that could affect the nutritional value of the extracted
proteins and peptides, and unwanted chemicals also could remain. Moreover,
these methods may alter the allergenic properties of the food proteins (Thomas
et al., 2007). To address these problems non-thermal, chemical-free protein
extraction methods from macroalgae are needed. Pulsed electric field (PEF) is
an emerging method for that is already used as an energy-efficient extraction of
proteins from microalgae and plants (Bluhm & Sack, 2009; Parniakov, Apicella
et al., 2015; Parniakov, Barba et al., 2015). We recently described a water-
soluble proteins extraction from Ulva using PEF (Polikovsky et al., 2016). We
also showed that PEF enables selective protein extraction (Polikovsky et al.,
2016).

In the current work, we investigated the impact of various PEF regimes on
crude protein extraction. In addition, we analyzed in silico the potential
allergenic effect of extracted Ulva proteins. For this analysis, Ulva sp. protein
extractions were done with osmotic shock and mechanical press with or without
PEF or thermochemically. This study will support further the integration of
sustainably produced macroalgae derived proteins into the global food and feed
supply chain.

2. Materials and methods
2.1. Source of Ulva sp. biomass

Biomass of macroalgae Ulva sp. was supplied by AIGAplus (Aveiro,
Portugal). The cultivation was done in a certified facility for aquaculture. After

obtaining the macroalgae, it was stored for two days in an aquarium with a
volume of 400 Liter, in seawater with a salinity of about 3.5%.
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2.2. Proteins extraction using pulsed electric fields, osmotic shock, and
mechanical press

In order to remove the external water from the Ulva sp. biomass, the biomass
was centrifuged three times for 1 min each, at 840 RPM. After the
centrifugation, 140g of Ulva sp. biomass were weighted in a 2 Liter Becher (by
using KERN balance, model 440-49N). The Ulva sp. biomass was loaded into
the PEF treatment chamber (working volume 232 cm®). Freshwater was added
to fill the chamber completely. This fresh water created an osmotic shock. The
chamber was closed and PEF were applied. After the PEF treatment, the
biomass was collected and weighed again. The treatment parameters were: 0—
75 pulses, 12 or 26 kV of applied voltage (1.56 or 7.26 kV cm™ field strength),
and pulse duration 2.2-7.2 ps, delivered at 0.5 Hz. For each pulse, voltage and
current the data were collected using a high-voltage divider (Hilo-Test
Company, HVT 240 RCR). The current was measured with a probe from
Pearson electronics (110 A). For collecting data about the voltage and the
current, the high-voltage divider and the current probe were connected to an
oscilloscope (Tektronix TDS 640A). For the temperature measurements, TFA
digital thermometer (30.1018) was used. In total 74 samples were treated with
at least three repeats per experimental condition with at least triplicates per
experimental condition. The invested energy (E;) was calculated using Eq. (1):

E;=0.5- -(CVN) -2 (@)
where C is the capacitance of the discharging capacitor (Farad); the applied
voltage is V (Volt), the number of pulses is N. Any additional losses in the
capacitor charger were neglected.

The specific energy that was invested for the protein extraction (e;) was
calculated by using Eq. (2):

e, = E Yield/ (2)
where Yield (gram) is the extracted protein yield.

During the mechanical extraction with pressing, the algae biomass was
wrapped in a folded cloth, for preventing the biomass escape during the process.
The pressing with 45 decanewtons per square centimeter (daN cm2) was done
with the mechanical press (HAPA Company (SPM 2.5S). The pressing was
applied for 5 min in the automatic mode. During the extraction with the press,
a juice was collected into a two Liter Becher and was weighed after the pressing
process. The pressing matter that was left in the press was weighted, then after
reorganizing the pressed biomass, the biomass was loaded back into the press
for another pressing step. Finally, the extracted juice was frozen on a dry ice.
As a control, we repeated the procedure exactly, excluding, however, the
application of pulsed fields. During the control experiments, cells were broken
partially by an osmotic shock.

2.3. Extracted proteins identification with LC-MS/MS

2.3.1. Thermochemical, PEF with osmotic shock and mechanical press
proteins extraction for proteomic analysis

Proteins extracted by three methods were used for proteomic analysis:
thermochemical extraction, PEF with osmotic shock and mechanical press and
osmotic shock and mechanical press.

The thermochemical protein extraction method was done with urea buffer. 9
M urea, 400 mM Ammonium bicarbonate, 10 mM DTT were added to 50 mg
(dry weight) of a sample, vortexed, and sonicated (5', 90%, 10-10). Then, the
protein reduction was done at 60 °C for 30 min.

Proteins extracted with PEF, osmotic shock, and mechanical press as
described in Section 2.2 with the following specific PEF parameters:75 pulses,
24 kV (total capacitance 200 (nF)), average applied field strength of 2.964 +
0.007 kV cm™', and pulse duration
5.70 £ 0.30 ps, delivered at 0.5 Hz.

Osmotic shock and mechanical press extraction were done as described in
Section 2.2.
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2.3.2. Proteolysis for proteomic analysis

The 200 puL samples algae after the osmotic shock and with PEF or without
PEF was added to 8 M urea. Then the protein was in 8 M urea, and reduced by
using 2.8 mM DTT (at a temperature of 60 °C, for 30 min), the modification
done with 8.8 mM iodoacetamide in 100 mM ammonium bicarbonate (in room
temperature for 30 min, in the dark conditions) and digested in 2 M urea, 25
mM ammonium bicarbonate.
After the protein extracted with the thermochemical method, samples modified
with 37.5 mM iodoacetamide (in the dark, room temperature for 30 min) and
the digestion is done in 1 M urea, 60 mM ammonium bicarbonate. An additional
second digestion was done for 4 h. Modification with trypsin (Promega) at a
1:50 enzyme-to-substrate ratio done to all samples during an overnight at 37
°C. Finally, from each sample, one microgram was injected into an LC-MS/MS
device.

2.3.3. Mass spectrometry analysis

The desalting of tryptic peptides was done by using C18 tips (UltraMicro,
Harvard) then dried. The re-suspension has done in 0.1% Formic acid. The
peptides resolved in reverse-phase chromatography on 0.075 x 180-mm fused
silica capillaries (J&W), the capillaries were packed with ‘Reprosil’, a reversed
phase material (Dr. Maisch GmbH, Germany). The elution of the peptides was
done with Linear A gradient of 5-28% during 60 min, the gradient of 28-95%
during 15 min and finally 15 min at 95% acetonitrile with 0.1% formic acid
with a water flow rates of 0.15 puL/min. Mass spectrometry done with the
positive mode of the 10 most dominant ions which selected from the first MS
scan by using repetitively full MS scan with collision induces dissociation
(HCD), in a Q Exactive plus mass spectrometer (Thermo Fischer
Scientific, CA).

2.3.4. Computational analysis
The mass spectrometry data from the biological samples were analyzed

using the MaxQuant software 1.5.2.8 (Mathias Mann’s group) vs. the green
algae section in the NCBI-nr database using 1% FDR. Data quantification was
done by label-free analysis with the same software.

2.4. Extracted protein quantification

After protein extractions were done with osmotic shock, and mechanical
press with or without PEF, or thermochemical extraction method all samples
are filtrated with 0.22 um pore size filter, and the protein was quantified using
Bradford buffer (Sigma-Aldrich, Israel) using EL808, BioTek
spectrophotometer (Winooski, VT, USA) with an optical density (OD) of 450
nm and 590 nm. Bovine serum albumin (BSA, Amresco) was used for a
standard curve.

2.5. Inssilico allergenic risk evaluation of macroalgal proteins

All identified proteins were evaluated for potential allergenicity using two
databases: AllergenOnline database (allergenonline.org) and SDAP-Structural
Database of Allergenic Proteins (fermi.utmb.edu) (Ivanciuc, Schein, & Braun,
2003). Each protein was checked for allergenicity potential using the cutoff E-
scores, which indicate homology with allergens detected in other organisms, of
1077 for AllergenOnline and 0.01 for SDAP (lvanciuc et al., 2003). The
complete protocol for Ulva proteins extraction and allergenicity determination
is shown in Fig. 1 and Table S8.

2.6. Statistical analysis

For statistical analysis, a Data analysis package in Excel program (ver. 13,
Microsoft, WA) was used. All samples and controls were prepared and
measured, at least in triplicates, if not mentioned differently.
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Fig. 1. Protein extraction and allergenicity determination method. The flowchart describes
the allergenic identification procedure from extraction the proteins step up the functional
analysis of the annotated allergens. The allergen annotation and allergenicity demined by
following steps: 1. Protein source- was the Ulva sp. 2. Treatment- (—) PEF means treatment
only with osmotic shock and mechanical press, (+) PEF means only with osmotic shock
and mechanical press with PEF treatment. Method for total protein extraction that includes
urea (9 M), sonication and high temperature (60 °C), as described in the methods section.
3. The quantification was done with Bradford. 4. Proteins identified after proteomic
analysis. LC-MS/MS used for identifying peptides in the samples and the peptides
analyzed with MaxQuant program, then the identified peptides compared vs. the green
algae section in the NCBI-nr database for the proteins identification. 5. Proteins classified
into groups appeared in Polikovsky et al. (2016) and in Table S8 (under the title
‘Treatment’) the classification done by the presence of the proteins after different proteins
extraction methods. The proteins classification was to: (i) osmotic shock with the
mechanical press = (—) PEF (ii) osmotic shock with the mechanical press and PEF =
(+PEF). Osmotic shock with the mechanical press with or without PEF = (+/—) PEF. Total
protein extraction includes urea, sonication, and heat = Total. 6. The identified proteins
were annotated to allergens in two databases AllergenOnline and SDAP = Structural
Database of Allergenic Proteins. 7. The identified allergens were discovered for its
allergenicity effect using scientific publications, WHO/IUIS Allergen Nomenclature and
allergom. org websites. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

The error bars are the standard error of the mean (SEM). To compare the
extracted total protein yield to the controls, a two-tailed Student’s ttest was
performed. Spearman correlation (rs) was performed using RStudio (RStudio
Team (2015). RStudio: Integrated Development for R. RStudio, Inc., Boston,
MA URL http://www.rstudio.com/). One-way
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Fig. 2. The protein PEF extraction optimization from Ulva sp. a. Protein extraction (ug
ml™") depend on PEF treatment (voltage and number of pulses). xaxis = first number (from
left) is the charging voltage per stage [kV], the second number is the number of pulses. b.
The protein concentration (ug/ml) dependence on a number of pulses. Triangles (V12) =
PEF treatments with a voltage of 12 kV (kilovolts), squares (VV26) = PEF treatments with
a voltage of 26 kV. Circle = control, a protein extraction with an osmotic shock and press
(without PEF). c. A protein concentration (g ml™") dependence on the energy invested to
extract the protein kJ per kg of fresh algae biomass. Detailed treatment protocols are
described in Table S1, the x-axis values describe the numbers shown in the column ‘spec.
Energy relative to raw mass (kJ/kg)’. The dots in the figure are the averages of the PEF
treatment with a difference in the range of + ~1% in the invested energy. The y-axis of the
chart displays the averages numbers of the extracted proteins for every invested energy. a—
c: The protein extraction included PEF, osmotic shock, and pressure. The control was only
osmotic shock and pressure without PEF. Protein quantified with Bradford assay. The
columns and dotes represent averages of the biological replicates, respectively. Arrow bars
=+ standard error, n > 3. Averages included at least of 95% of the biological replicas (n +
20). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Analysis of variance (ANOVA) was done for group comparison with the
significance level set up on 0.05. Identified protein is taken into consideration
in the analysis, based on a peptide that appeared more than once in each sample
and it detected in at least two biological replicates out of three.

3. Results and discussion
3.1. Protein extraction with pulsed electric fields from Ulva sp. biomass

The pulse shape of the voltage delivered in the first and last pulse of the 75
pulses (delivered in series) is shown in Fig. S2. Various combinations of PEF
protocols for protein extraction were tested (Fig. 2 and Table S1) and showed
significant differences between treated groups
(ANOVA: df = between groups = 9, within groups = 41, P = 9.17-107'%, n =
51). We found that increasing the number of pulses from 5 to 75 at 12 kV led
to the increase of the protein in the extract from 22.5 + 0.64 to 41.9 + 1.09 pg
ml~" monotonically (Fig. 2a, b). In addition, increasing the number of pulses
from 5 to 75 at 26 kV led to the increasing of protein content in the extract until
50 pulses (from 27.3 + 0.96 to 53.8 + 0.69 pg ml™"), further increasing of the
number of pulses to 75 led to the total extracted protein yield reduction to 38 £
1.67 ug ml™! (Fig. 2a, b). This extracted protein yield reduction is in agreement
with previous work that showed the effects of PEF processing on egg protein
content and aggregation (Wu, Zhao, Yang, & Chen, 2014), which could prevent
extraction.

The influence of the energy investment in PEF treatment for the protein
extraction was calculated using Eq. (1) (Fig. 2c). After any energy investment,
the extracted protein was higher than in control (df = 7, P < 5.4-107, two-tailed
Student’s t-test, n = 4), even after investing the lowest amount of energy (0.26
kJ kg™! (Fresh Weight, FW, of Ulva), Fig. 2c, red circle). The extracted protein
yield tended to increase with the increase of the invested energy (rs= 0.77).
However, the investment of 108 kJ kg™! FW decreased the extracted proteins
yield in comparison with 72 kJ kg™' FW (Fig. 2¢c, Table S3, df = 4, P < 0.01,
two-tailed Student’s t-test, n = 3).

Interestingly, energy investment alone, could not explain the differences
between extracted protein yields (Tables S3 and S4). For example, in samples
where invested energy was 7.71 and 36.15 kJ kg~ FW, no significant difference
was observed in the extracted proteins yields. However, the investment of 72.29
kJ kg™ FW led to 27.4% higher extracted protein yield than 72.43 kJ kg™' FW
(Fig. 2c red circle). In these two samples, the applied voltage was the same (26
kV) but the pulses amount and the capacitance were different, 50 or 75 pulses
and the capacitance of 600 or 400 nF respectively for 72.29 kJ kg™' FW and
72.43 kJ kg' respectively. These results show that the form of energy
investment is critical in PEF process development.

The highest extraction yield of 53.8 + 0.69 pug ml™' was obtained with 50
pulses with 2.3 s duration, applied at 26 kV, 7.26 kV cm™! field strength. The
final temperature after extraction with these parameters was 26.9 + 0.4 °C. The
energy investment was 72.29 kJ kg™' FW or 1.5 + 0.5 kJ Mextracted_protein - It iS
important to emphasize that Bradford assay with the BSA standard curve, done
in this work for protein quantification has limitations. When quantifying algae
proteins and other stains reported in the literature, it showed significantly higher
protein yields on the same samples probably because of the variation in the
amino acid composition (Barbarino & Lourenco, 2005).

3.2. Protein quantification for proteomic analysis

The PEF method allowed to extract proteins but not all of them, for the
comparison a method for total protein extraction including urea (9 M),
sonication and heat (60 °C) was used. This method used before for proteomic
analysis (Levitan et al., 2015). By using that method 738.1 + 51.5 pg protein
was extracted out of 50 mg dry weight (DW)
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Table 1

Estimation of the potential allergenicity of proteins extracted from Ulva sp. biomass with osmotic shock and mechanical
press (Bauermeister et al., 2011; Chen, Yang, Wei, & Tao, 2014; De Coafa et al., 2010; Hindley et al., 2006; Jeong et al.,
2010; Ledesma, Villalba, & Rodriguez, 2000; Tinghino et al., 1998).

Sequence Link in

Allergen name Organism SwissProt Gl source Database (I’;ienmy EASCS?IIZ)UUH Allergenicity
INCBI/PIR °
Tyr p 24.0101 Tyrophagus ACL36923 219815476 AO 45.6 2.30E-21 Sera from 5 of the 47 subjects
putrescentiae displayed  positive  IgE
responses to
Tyr p 24.0101 Tyrophagus ACL36923 219815476 sD 44.97 2.50E-26 the recombinant troponin C
putrescentiae (Jeong et al., 2010).
Bla g 6.0101 Blattella ABB89296 82704032 AO 42.9 5.70E-19 Not food allergen
germanica Troponin allergen with a
calcium-dependent IgE
reactivity that may be
Bla g 6.0101 Blattella ABB89296 82704032 SD 42.28 1.90E-23 involved in muscle
germanica contraction (Hindley et al.,
2006).
Pera 6 Periplaneta Q1IMOY3 60678791 AO 415 6.40E-19 Not food allergen Per a
americana 6 allergen was predicted
to have nine strongly
binding nonamer core
epitope
Pera 6 Periplaneta Q1IMOY3 60678791 SD 40.94 2.20E-23 sequences and 28 weakly
americana binding sequences (Chen,
Yang, Wei, & Tao, 2014).
Bla g 6.0301 Blattella ABB89298 82704036 AO 421 1.40E-18 Not food allergen
germanica Troponin allergen with a
calcium-dependent IgE
reactivity that may be
Bla g 6.0301 Blattella ABB89298 82704036 SD 42.95 5.30E-23 involved in muscle
germanica contraction (Hindley et al.,
2006).
Bla g 6.0201 Blattella ABB89297 82704034 AO 415 1.90E-18 Not food allergen
germanica Troponin allergen with a
calcium-dependent IgE
reactivity that may be
Bla g 6.0201 Blattella ABB89297 82704034 SD 40.94 8.20E-23 involved in muscle
germanica contraction (Hindley et al.,
2006).
MLC-1 Gallus gallus 55584149 AO 46.6 2.60E-18
Cra ¢ 6.0101 Food allergen 6/25 (24%) of
shrimpallergic patients had
IgE that reacted with Crac 6
in IgE immunoblotting
Crangon crangon 238477333 AO 40.8 2.00E-17 (Bauermeister et al., 2011).
Homarus americanus Food allergen 6/25 (24%)
Hom a 6.0101 P29291 SD 39.6 1.50E-22 of shrimpallergic patients
had IgE
that reacted with Hom a 6 in
IgE*
Penm 6 Penaets ADV17344 317383200 SD 39.6 8.50E-22 Food allergen* monodon
Juno4 Juniperus 5391446 AO 444 1.3E-16 Not food allergen
oxycedrus Of 41 human sera from
subjects allergic to
Cupressaceae, 6 displayed
IgE binding to
Juniperus run o 4 on immnublot
Juno4 oxycedrus 064943 5391446 SD 42.28 1.30E-20 (Tinghino et al., 1998)
Olee8 Olea Europea 6901654 AO 37 2.00E-15 Not food allergen The
recombinant protein binds
IgE antibodies from patients
allergic to olive pollen
(Ledesma,
Olee8 Olea europea AAF31151 6901654 SD 36.24 3.40E-19 Villalba, &  Rodriguez,
2000).
Amb a 10.0101 Ambrosia Q2KN25 AY894659** SD 35.57 5.00E-19 Not food allergen*
artemisiifolia
Sera from 9.6%
Cupressus arizonica allergic
patients contain specific IgE
Cupa4 Cupressus 261865475 AO 22 2.00E-15 antibodies against
arizonica recombinant Cup a 4 (De
Coafia et al.,
2010)
Cup a4.0101 Cupressus ABP87672 145581052 SD 39.6 5.40E-19
arizonica

Database “AO” = AllergenOnline; “SD” = SDAP, E score < 10" indicates significant homology for AllergenOnline. E-
score < 1072 indicates significant homology for SDAP (Ivanciuc et al., 2003). Description of evidence for allergenicity is
shown. Allergens annotated in both databases are highlighted in grey. In the allergenicity description all allergens that
describe as ‘not food allergen’ or a food allergen, that information was taken from allergen.org site. In case of this
information is not described this means that it was not described at allergen.org site. Asterisk = ALLERGEN
NOMENCLATURE WHO/IUIS Allergen Nomenclature Sub-Committee — wwuw.allergen.org. Two asterisks = No Gl
number. GenBank nucleotide number (NCBI).
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Table 2

Estimation of the potential allergenicity of proteins extracted from Ulva sp. biomass with either only osmotic shock or PEF and
mechanical press with osmotic shock (Achatz et al., 1995; Aki et al., 1994; An et al., 2013; Andersson et al., 2004; Crameri, 1998;
Cui et al., 2016; De Vouge et al., 1998; Gruehn, Suphioglu, O’Hehir, & Volkmann, 2003; Miao & Gaynor, 1993; Postigo et al.,
2011; Rihs, Chen, Rozynek, & Cremer, 2001; Shen et al., 1997; Wagner et al., 2001).

Sequence

Link in Identity U S€oT¢
Organism S o Gl source Database i N (full Allergenicity
SwissProt/ Yo FASTA)
NCBI/PIR !
Not food allergen
8 of 17 dust mite allergic
B Tyrophagus 105536584 , 2.60E-  subjects with IgE binding to

Tyrp28 putrescentiae 2 AO 732 179 E. coli synthesized
recombinant protein (Cui et
al., 2016).

Not food allergen
Of 62 C. herbarium
sensitized patients (positive
48¢ Cladn:"pnrmm 729764 AO 70.70 1-130E- immunoblot of C.herbarum
herbarium 68 extract), 22% showed IgE
binding to Cla h 4 on
immunoblot (Achatz et al.,

Clahs Cladosporium P4091S, D coas S0 LT

herbarum P42039 : 170

Derfag  Dermatophagoi 685432788 AO @mep A REimHlngm

des farinae 166 Serum IgE binding in 28 of
41house dust mites allergic
subjects reacted to Der f28.
In Skin Prick Testing

. detected 7 of 10 (70%) dust

D toph: 8.50E-

Der £28 d;’j’;‘:izge“g"’ 442565876 AO 6730 136 mite allergic patients
showed a positive reaction
to Der {28 (An et al.,
2013).

Penc 19 Petettiig Q922601 14423733 AO 7470  L30E-

citrinum 131 Not food allergen

Sera from 14 (41%) of 34
Penicillium- allergic
patients showed IgE-
Penc 19 P.enfcillium Q92260 SD 54.75 9.40E- binding to the recombinant
citrinum 133 Pen ¢ 19 in dot

immunoassay (Shen et al.,

1997).
Malassezia Not food allergen
Mala s 10 sympodialis 465797105 AO 29.80  2.40E-46  69% of 28 atopic dermatitis
ATCC 42132 patients had IgE to rMala s
Putative heat . 10 by ELISA. ~35%
Malassezia
shoclf et 28564467 AO 29.60  9.20E-46 inhibition of IgE binding to
protein recombinant heat shock
protein when rMala s 10
(heat shock protein) was in
a concentration of 0.25
Malas1o ~ Malassezia CAD209§1 28564467 SD 2911 32046 M and =86 inhibition in
sympodialis the concentration of
3mg/ml of rtMala s 10
(Andersson et al., 2004).
Alta3 Alternaria 14423730 A0 6270 2.108-30 ot food allergen
alternata rAlt a 3 recognized on
immunoblot by 5% of the
sera from Alternaria
Alta3 Alternaria P78983 sD 1554 7.10E-31 alternata sensitive patients
alternata (De Vouge et al., 1998).
Not food allergen
Five of seven allergic
. _ patient sera demonstrated
Coraly ~ Conius CACI4168 SD 5043 PO 10 binding to the Cora 10
avellana 145

in the purified protein
fraction as well as in the
crude hazel pollen extract
(Gruehn, Suphioglu,
O’Hehir, & Volkmann,
2003).

(continued on next page)
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Table 2 (continued)

Not food allergen

A 9.8% binding frequency
BAA04556 SD 12.37 TAOE-26  of IgE in mite-allergic sera

(41 cases) to a blot of

Mag29 (Aki et al., 1994).

Dermatophagoi

Der { mag29 .
des farinae

Amb a Ambrosia c
2 .
4.0101 artemisiifolia CBK52317 D 4.51 1.8¢-03
L N 348137 AO 3730  7.80E-28
dismutase brasiliensis
Hev b
OOeIEE Eawe AAALGT92 348137 SD 37.66  5.80E-28
o & Gaynor, brasiliensis
1993)
IgE-binding Hevea Not food allergen
protein brasiliensis 10862818 AO 39.80  1.40E-27 rHev b 10 able to abrogate
MnSOD 93% of IgE binding to rHev
b 10 at a concentration of 1
ng/ml, and almost 100% of
Hev b Hevea binding at concentrations
10.0103 Bt CACIIS] IO Hp A2 LO0B 2T eter than 50 j1/m]
(Wagner et al., 2001).
Hevea Not food allergen
MnSOD brasiliensis 5777414 AO 39.30  3.80E-27 Two sera {1.27 kU/ and
0.43 kU/l) from 20 SB
patients tested showed
specific IgE antibodies to
Hev b Hevea recombinant latex MnSOD
10.0102 brasiliensis CAB53458 5777414 SD 33.77 2.80E-27 (Rihs, Chen, Rozynek, &
Cremer, 2001).
WD s 149786150 AO 3530 1.90E-26 Food allergen*
superoxide
dismutase-
like protein
Pisva0I01  pictacia vera EF470980 149786150  SD 3506 140E-26
Manganese Asperaillis Not food allergen
superoxide riigﬁm 1648970 AO 3470  1.90E-25 Of 54 patients with allergic
dismutase bronchopulmonary
Aspergillus Q92450, aspergillosis (ABPA), 30
Aspf6 Sumigatus AABOOTT9 | 648970 SD 316 | 7.208-25 | (56%) showed IgE binding
tor Asp f 6 in ELISA. Of
35 A.fumigatus-sensitized
patients without ABPA, 0
(0%) showed IgE binding
it torAsp f6 (Crafncr.l,.l998).
fumigatus 1 pg of Asp f 6 inhibit ~
8% of the IgE and 100 pg
of Asp f 6 inhibit ~ 35% of
IgE (Wagner et al., 2001).
Asp f6 83305645 AO 36.70 | 1.40E-24
Manganese Not food allergen
superoxide Malassezia 75% of 28 atopic dermatitis
dismutase sympodialis patients had IgE to rMala s
_ 28569698 AO 33.50 | 2.50E-24] 14 by ELISA {(Andersson et
Malassezia al,, 2004)
sympodialis °
Malas 11 CADG8071 | 28569698 SD 31.17 | 1.90E-24
Malassezia
sympodialis
Allergen | ATCC 42132 465795607 AO 3420 | 7.30E-24
Not food allergen
28 from 30 patients with the
previous diagnosis of
Alta Alternaria respiratory allergies caused
14.0101 by Alternaria showed
positive IgE (Postigo et al.,
529279957 AO 3420 | 520820 201D

Database “AO” = AllergenOnline; “SD” = SDAP, E score < 1077 indicates significant homology for AllergenOnline. E-score <
10 2indicates significant homology for SDAP (Ivanciuc et al., 2003). Description of evidence for allergenicity is shown. Allergens
annotated in both databases are highlighted in grey. In the allergenicity description all allergens that describe as ‘not food allergen’
or a food allergen, that information was taken from allergen.org site. In case of this not mentions meaning that not described at
allergen.org site. Asterisk = ALLERGEN NOMENCLATURE WHO/IUIS Allergen Nomenclature Sub-Committee —
www.allergen.org. Two asterisks = No GI number. GenBank nucleotide number (NCBI). The table derived ‘Amb a 4.0101°
allergen with a black line, means all the allergens above (includes this allergen) are annotated to Heat shock protein 70 and all
allergens below are annotated to superoxide dismutase. kU/L = measurement of total 1gEs, > 0.35 kU/L were considered positive
(Inc, 2012).

741


http://allergen.org/
http://allergen.org/
http://www.allergen.org/
http://www.allergen.org/

algae. After PEF treatment with osmotic shock and the
mechanical press 39. 04 + 1.19 mg was extracted out of 140 mg
dry weight (DW) algae while without PEF only with osmotic
shock and the mechanical press was extracted 22.5 + 0.64 mg out
of 140 mg dry weight (DW) algae.

3.3. Insilico estimation of the potential allergenicity of proteins
extracted from Ulva sp. biomass

Extracted proteins, after identification (Table S7), were
annotated to allergens from two databases (Fig. 1):
AllergenOnline database (allergenonline.org) and SDAP-
Structural Database of Allergenic Proteins (fermi.utmb.edu)
(Ivanciuc et al., 2003). In silico identified potential allergens are
summarized in Tables 1, 2, and S8. The allergens in Tables 1 and
2 are with significant similarity to the proteins found in samples
after specific treatment, more details on those proteins described
in Tables S5 and S6. All allergens found in two databases
(AllergenOnline and SDAP) after comparing the sequence of
calmodulin found in samples after the osmotic shock and
mechanical press or with thermochemical method displayed in
Table 1. The allergens presented in Table 2 are identified after
sequence comparison to two databases, the proteins superoxide
dismutase (SOD) and heat shock protein (HSP) found in samples
either after osmotic shock with the mechanical press and osmotic
shock with mechanical press including PEF treatment or after
thermochemical method. All allergens identified in all treatments
presented in Table S8.

The potential allergens and proteins, which were extracted
only with osmotic shock and mechanical press treatments are
shown in Tables 1 and S5. The protein detected only after
osmotic shock or thermochemical treatment is calmodulin,
annotated to 13 allergens, most of which are described as
troponin C. Troponin C — is a calciumbinding domain. Troponin,
actin, and tropomyosin are proteins that compose striated muscle
(skeletal and cardiac). Troponin is a complex of three proteins:
troponin C, troponin | and troponin T. This complex is a calcium
receptive protein at the calcium regulation of muscle contraction
(Grabarek, Tao, & Gergely, 1992). Troponin C protein is a
calcium binding protein which is one of the most important
families of allergens (Radauer, Bublin, Wagner, Mari, &
Breiteneder, 2008). It has a helix—loop-helix structural motif
with four EF-hand motifs (Grabarek et al., 1992). Troponin C is
a parvalbumin (Grabarek et al., 1992), which is the major
allergens coming from fish, ubiquitous pollen allergens (Radauer
et al., 2008), mold mite (Tyr p 24.0101) (Jeong et al., 2010) and
cockroach (Bla g) (Hindley et al., 2006). Bla g is troponin C mite
allergen that recently reported to be a calcium-dependent
(Hindley et al., 2006). Previous studies showed that 10.6% from
the study group observed IgE binding to Tyrophagus
putrescentiae recombinant troponin C. After addition of CaCl,,
the sera from some patients showed strong IgE responses and the
effect increased approximately two-fold (Jeong et al., 2010).

The potential allergens and proteins which were extracted
with either with PEF and osmotic shock and mechanical press or
osmotic shock and mechanical press without PEF treatments are
shown in Tables 2 and S6. The two proteins annotated to
allergens are ‘Heat shock protein 70’ and ‘Iron-superoxide
dismutase 1°. These proteins were annotated mainly to the
allergens described as ‘Heat shock protein’ and ‘Superoxide
dismutase’ respectively.

Heat shock proteins (HSP’s) are a family of proteins produced
in the cells as a response to stressful conditions. Hsp-70 is
recognized by antigen presenting cells (APCs) and can activate
these cells (Nishikawa, Takemoto, & Takakura, 2008). All the
annotated Hsp-70 allergens (Table 2) coming from dust mite (Tyr
p 28, Der f 28 and Der f mag29) (Aki etal., 1994; Anetal., 2013;
Cui et al., 2016) and fungi (Cla h IV, Pen ¢ 19, Mala s 10 and Alt
a 3) (Achatz et al., 1995; Andersson et al., 2004; De Vouge et al.,
1998; Shen et al., 1997). Previous studies described a large range

742

of allergenic effects from approximately 5% (De Vouge et al.,
1998) to 70% (An et al., 2013) (Table 2). For instance: the results
of Skin Prick Test on dust mite allergic patients were that 7 of 10
(70%) showed a positive reaction to Der f 28 (An et al., 2013).
The allergen.org site labels all the allergens that annotated to Hsp
in Table 2 (and Table S6), as not food allergens.

Superoxide dismutase (SOD) is an enzyme that converts ion
of superoxide (O;) and hydrogen into peroxide (H,O). This
function is a defense mechanism against highly reactive oxygen
spices at the cell. SODs are divided by its metal molecule in the
active site Cu, Zn, Fe or Mn (Candas & Li, 2014).

The SOD type annotated in the current study is MnSOD
(Table 2), which is a mitochondrial antioxidant encoded by
genomic DNA and it’s gene upregulated by oxidative stress
(Candas & Li, 2014). Previous studies show that SOD activity
increased by a salinity stress in Ulva fasciata (Lu, Sung, & Lee,
2006). MnSOD was described as an allergen in Aspergillus
fumigatus (Asp f 6) with cross-reactivity with the human
MnSOD (Crameri, 1998). The allergen sources of all the
annotated MnSOD allergens (Table 2) coming from the rubber
tree (Hev b) (Wagner et al., 2001), pistachio (Pis v 4.0101 from
allergen.org) and fungi (Asp f 6 and Mala s 11) (Andersson et al.,
2004; Crameri, 1998; Wagner et al., 2001). Previous studies
describe that recombinant Mala s 10 (HSP) and Mala s 11
(MnSOD), could play role in atopic eczema/ dermatitis syndrome
(AEDS) (Andersson et al., 2004), both allergens were annotated
at the study protein in either osmotic shock or PEF and
mechanical press samples (Table 2).

The potential proteins and allergens which were extracted
with thermochemical method appear in Tables S7 and S8. With
thermochemical extraction, we successfully identified 98
proteins, which included 13 identified proteins extracted with
PEF. Based on the correlation between the two databases for
allergen identification, 13 proteins (extracted thermochemically)
were identified with allergic potency, while only four of them are
potential food allergens (Table S8, the details about calmodulin
allergenicity displayed in Tables 1 and S5). In addition to
previously found potential food allergens in PEF and osmotic
shock extracts, thermochemically extracted proteins contained
fructose-bisphosphate aldolase and thioredoxin. Those were
annotated to allergens, aldolase A, and thioredoxin h,
respectively (Table S8).

Aldolase A — known as fructose-bisphosphate aldolase — is a
glycolytic enzyme that catalyzes the reversible conversion of
fructose — 1,6 bisphosphate to glyceraldehyde 3-phosphate and
dihydroxyacetone phosphate. Previous studies showed that 50%
of the patients with a clinical history of reaction to fish extract
were found with IgE to aldolase A (Kuehn et al., 2013). The
authors mentioned the importance of IgE to aldolase when IgE to
parvalbumin (Kuehn et al., 2013).

The thioredoxin, a small redox protein, plays a role in many
biological processes such as redox signaling. In human, this
protein is a protein involving in indirect reactive oxygen species
(ROS)-mediated response (Adler, Yin, Tew, & Ronai, 1999).
This protein is annotated to three thioredoxin allergens Plo i
2.0101, Tria25.0101 and Mala s 13. Only Tri a 25 considered as
a food allergen (Weichel, Glaser, BallmerWeber, Schmid-
Grendelmeier, & Crameri, 2006). Tri a 25 is a sequence encoding
to wheat thioredoxin. In a previous study, a recombinant protein
was created for immunological studies (Weichel et al., 2006).
Sera of bakers with occupational asthma for IgE-binding
structures were tested. The recombinant protein cause for
sensitization rate of 47% among bakers. Tri a 25 is sharing 74%
identity to Zea m 25 a maize allergen which previously exhibited
distinct IgE cross-reactivity (Weichel et al., 2006).

The information provided in this study is the first sign of the
potential existence of allergens in the proteins extracted from
Ulva sp. Our study also shows that the extraction method affects
the extraction of potentially allergenic proteins. These results are
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intriguing, as they suggest that a method for protein extraction
with fewer allergens could be developed if the mass transport of
allergens from the seaweed tissue to the solvent is understood.
Future studies should provide more detailed information about
the identified proteins as allergenic if are active or not. This
understanding is critical before Ulva sp. derived proteins could
be considered as a protein source for humans.

5. Conclusions

Macroalgae Ulva is a promising protein source. However, to
be one of the sustainable alternative proteins it should have an
optimal extraction process and most importantly, to be safe for a
human consumption. One of the main risk assessments for
human protein consumption is the allergenicity. Here we report
an optimization of a water-soluble extraction method by using
combinations of an osmotic shock, a mechanical press and an
electroporation with PEF. The highest extraction yield of 53.8 +
0.69 g ml™' was obtained with 50 pulses with 2.3 ps duration,
applied at 26 kV, 7.26 kV cm™' field strength. The final
temperature after extraction with these parameters was 26.9 + 0.4
°C. The energy investment was 72.29 kJ kg™' FW or 1.5 + 0.5 kJ
MQextracted protein '~ THe proteins that were released by using PEF,
without PEF or thermochemical method for protein extraction
were identified. The identified proteins sequences were
annotated to allergens. A PEF treatment selectively avoids
releasing of calmodulin protein compared to the control without
PEF. This protein annotated to allergen type troponin C, which
is a calcium-binding protein and one of the most important
families of allergens, includes the food allergens. From the
proteins that were released none selectively; with PEF treatment
but also without treatment, two proteins were detected: ‘Heat
shock protein 70’ (HSP) and Superoxide dismutase (SOD). Only
SOD was annotated to food allergens. In the proteomic analysis
of the proteins extracted with a thermochemical method, four
potential food allergens were detected. These included SOD,
calmodulin fructose-bisphosphate aldolase and thioredoxin,
annotated to SOD (Hev b), troponin C, aldolase A and
thioredoxin h (Tri a 25), respectively. To the best of our
knowledge, the first evidence for macroalgae proteins to be a
potential cause an allergic reaction done in silico. Nevertheless,
more research on this topic should be conducted to get more
practical information about the human immune system allergic
reaction to the proteins extracted from macroalgae.
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5. Discussion and synthesis

To close the scientific gaps for realizing marine biorefinery based on Ulva spp. as a
feedstock, we defined four most relevant goals (section 3). The first paper [180] aimed to
reach the two first goals. Indeed, we successfully identified how epiphytic bacteria modulate
the Ulva growth rates and their photosynthate components (chemical composition),
including sugar and protein. In addition, we defined the relevance of associated bacteria in
their ability to efficiently modulate the U. mutabilis biomass for bioethanol production,
rather than the axenic culture. These results fit our expectation for the first goal. The addition
of Maribacter sp. and Roseovarius sp. to U. mutabilis culture significantly improved the U.
mutabilis growth rate (in the growth phase) from 0.04 mm day * in axenic culture to 3.79
mm day ! in tripartite community. Furthermore, the concentration of monosaccharides,
glycerol, glucuronic acid, and AAs were changed in the U. mutabilis tissue. In detail, after
bacteria were added to U. mutabilis culture, the glucose and glycerol yields were increased
(by 77 £ 19% and 460 + 207%), while xylose and glucuronic acids yields were decreased
(37 £ 14% and 46 = 15%). A prediction of the bioethanol production via metabolic flux
balance analysis (‘BioLego”) using the tripartite community and axenic culture as biomass
feedstocks, met our expectations of the second goal. In fact, the biomass with a higher
concentration of easily fermentable monosaccharides such as glucose and glycerol produced
a higher ethanol yield. The metabolic analysis simulations evaluated two biomasses
feedstocks: the axenic culture and the tripartite community, fermenting with S. cerevisiae
(wild type or with xylose isomerase), or Escherichia coli or Clostridium acetobutylicum, in
single fermentation or in two-step fermentation. In our case, the tripartite community
biomass in a two-step sequential fermentation using (twice) Saccharomyces cerevisiae
(RN1016) with additional xylose isomerase resulted in the highest bioethanol yield (85.62

mg gt DW) among all possible simulated combinations.

It is important to mention that as a preceding analysis for using the ‘BioLego’ model, we
did an experimental work to validate the original in silico model [64]. Following this
validation work, an updated and more advanced model was established, ‘BioLego’ 2.0 [62].
Naturally, the Ulva sp. biomass composition and growth rate are fluctuating due to abiotic
and probably biotic environmental conditions [48,171,181,182]. This fluctuation challenges
the biotechnological applications, which usually rely on robust feedstock, with a high yield

of certain compounds [183]. For example, higher glucose amounts in the macroalgae
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biomass resulted in a higher bioethanol production [184]. Thus, this chemical fluctuation
challenge motivated the study of different methods for regulating the macroalgae biomass
composition. These methods aimed to reduce uncertainties and increase the concentration
of certain compounds [48,184]. Most of these methods are focused on the regulation of
environmental abiotic conditions during the macroalgae cultivation, such as salinity [185],
light [185], temperature [186,187], pH [188], oxygen [188], nutrients [48,185], and others
[189]. For example, nitrogen starvation of Ulva sp, usually causes starch accumulation, by

which means the glucose concentration in the biomass is increased [48].

The first paper in this thesis presented a valuable example of a potentially new biotic method
using associated bacteria for controlling the biomass composition. The proven fact that
bacteria affect the content of the biomass phytochemicals opens a door for new types of
studies. These studies’ orientation could be biorefinery development. For example, using
the macroalgae-associated bacteria for controlling the macroalgae biomass composition and
regulating its metabolic pathways, engendering the natural microbiome, and enriching

certain bacteria by using them as ‘probiotics’.

The methodological limitation in the first paper is the tested xenic conditions, which
composed of addition of MS2 and MS6 bacteria with U. mutabilis. The U. mutabilis growth
in the tripartite community resulted in dramatic difference in the algae growth rate compared
to axenic conditions. According to the different growth rates and the small portion of
biomass (~ 4 mg per sample), the analysis of the axenic culture become challenging. We
could hypothesize that the algal growth rate is the dominant factor that correlated with the
glucose yield. The rapid consumption of nitrogen can cause a nitrogen starvation that lead
to a starch accumulation (high sugar yield) for the algae. For testing this hypothesis, future
work can use an additional control by adding the nitrogen periodically during the
experiment. However, to gain a better understanding of the bacterial role in the algae
metabolites formation, the scope of tested bacteria should be extended and wider metabolic
analyses should be done. Future studies can extend the control conditions by testing the
metabolic effect on U. mutabilis of only MS2 or MS6 and Ulva natural microbiome. In
addition, it is relevant to test additional bacteria types isolated from U. mutabilis, and their
influences on the phytochemical profile of the algae. The biochemical mechanism under the
bacterial effect of the described phenomena can be tested using further analyses such as

untargeted metabolomics, transcriptomics and proteomics, in the chemosphere, and in the
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algae tissue or in bacterial cells.

After the macroalgae was cultivated (and harvested), the next step in the biorefinery process
is the extraction process. Following our motivation to extract protein efficiently we
developed a new method using electroporation with PEF, as described in the second paper
[20]. Adding PEF to the treatment significantly increased the protein extraction (59 £ 3.8 ug
mL~ 1) compared to the control (23.8 + 1.6 ng mL ™~ 1). The control included only mechanical
press and osmotic shock (without PEF). The PEF treatment protocol was included by
washing the Ulva sp. biomass with freshwater then applying 75 pulses, with an average
electric field strength of 2.964 + 0.007 kV (kilovolts) cm™?, the intervals between pulses
5.7 + 0.3 pus, along with hydraulic pressing of 45 daN cm™2 during 5 min. The invested
energy for the treatment was 251 + 3 KWh kg~ lextracted protein. It is important to note that
this study was the first in the research field preforming protein extraction with PEF from
Ulva sp. Since then, the amount of energy required for extracting protein from Ulva sp. with
PEF has been improved by other researchers [116]. These researchers’ protocol included an
electric field of 7.5 kV cm™ with a pulse duration of 0.05 ms, and their energy investment
was only 6.6 kWh kg~ extracted protein. Apart from to the PEF extraction method, in the
second paper we listed the specific proteins that were extracted from Ulva sp. with PEF
treatment. The properties of protein extracted with PEF were further investigated by others
[190]. Interestingly, 20% of protein extracted with PEF performed antioxidant activity in
10-20 higher than other well-known proteins (protein from potato, p-Lactoglobulin, and
bovine serum albumin). The high antioxidant activity might be due to non-protein extracted

molecules [190].

Since we applied PEF treatment for extracting proteins from the macroalgae Ulva sp., this
treatment method became a method for extraction or pre-treatment relevant to additional
phytochemicals (for Ulva sp. biomass), such as starch extraction [18], desalting [18], de-
ashing [191], and dewatering [192].

The final step in macroalgae-based biorefinery producing proteins is the risk assessment.
After the proteins were synthesized in the alga cells, extracted, and purified, they must be
evaluated for different food safety parameters (as detailed in section 1.4.2), to predict the
risk of potential consumption by animal or human. Since the allergenic effect has a high

chance to become potent when proteins are concentrated [193], we aimed to evaluate the
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allergenic effect in case of consuming Ulva sp. protein (Goal 4). This evaluation is much
more reliable when the optimal extraction protocol is considered [159-161], hence we
evaluated the protein allergenicity extracted with PEF. In addition, we compared the results
to two controls: the same treatment without PEF (osmotic shock and mechanical press) and
total protein extracts. The results of this work were published in the third paper [194]. First,
the PEF treatment was optimized using the pulse strength of 0,12 and 26 kV, with a number
of pulses 0-75. Pulse duration, osmotic shock condition, and mechanical press were
identical to those we had already used in the second paper (in the thesis). The optimal
energetic treatment was performed in the field, with a strength of 26 kV (7.26 kV cm™'), 50
pulses with duration 2.3 s, the energy investment was 72.29 kJ kg 'extracted protein, Yielded
53.8 + 0.69 pug ml~! extracted protein. The proteins sequences were identified using a
proteomic analyses, and compared in silico to known allergens. The PEF treatment
exhibited a selective extraction of food allergens. Using PEF, the known food allergen
superoxide dismutase’ (SOD) was extracted. The extraction control with only osmotic shock
and the mechanical press released the food allergen ‘troponin C’. The thermochemical
method extracted two mentioned allergens, with an extra two food allergens; ‘thioredoxin
h’ and ‘aldolase A’. These results show that we met our expectations of goal 4, by defining
the optimal PEF treatment in a given range of parameters and by successful definition of

selective allergen extraction.

One limitation of the described studies in the second and third papers is the Ulva type, which
was not genetically identified. This study was done with biomass from AlgaPlus Company
hence the main Ulva sp. was probably Ulva rigida [195]. However, future study could
include genetic identification of the Ulva sp. Future analysis could check if different species
of Ulva are affected differently by a PEF treatment that might influence on the extracted
proteins and other phytochemicals yield and on the extraction of different allergens. An
additional limitation in the third paper is the database-based approach of the study, which
restricts the analysis to the limited scope of the database and to the known information about
Ulva spp.. This study approach provides only theoretical conclusions.

The raising of scientific studies can extend the data that will be enquired in such studies.
Although the Ulva genome has been recently sequenced, a further annotation via dipper
transcriptomic and proteomic analyses might assist to provide more relabel allergenic

analyses. Future studies can use the concision of this work as a base for developing more
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practical approach, for instance by concentrating the allergens and testing their allergenic
potential in the conventional immunological methods. Finally, the theoretical work

accompanied by laboratory tests could be a basis for future clinical trials.

Since the third paper was published, it attracted the attention of researchers focused on the
macroalgae food safety issue [196,197]. Interestingly, the study of Garcia-Vaquero [71]
used a similar approach (as in the third paper) for protein extraction and in silico peptides
identification from macroalga U. lactuca, but with additional bioactivity tests. In this study,
the authors detected peptides with the bioactive properties of lowering human blood
pressure. Finally and importantly, after the second and third papers were published, the PEF
treatment became an additional standard option for protein extraction from macroalgae
[18,116,190,198].

Marine biorefinery based on Ulva sp. biomass could become efficient and sustainable once
the challenge of co-production at a high yield of different products will be solved. The
additional challenge in the biorefinery approach is to design the production of the products
in a low environmental footprint and still keep the safety of the products for humans.
Therefor we tried to develop a new and creative industrial approaches for address these
challenges. Those approaches dealt with the challenge of improvements the biomass from
the upstream cultivation step up to the downstream processing steps and involved safety
tests. According to this work, bacteria can influence the biorefinery in the upstream step of
algae growth and increase the sugar yield and protein composition (based on AA profile) of
U. mutabilis biomass. This finding can be relevant for the downstream processing step of
co-extraction proteins and also sugars using PFF [18]. Even though in the second and third
papers the PEF treatment was focused on the protein extraction, a further work followed
these papers described how PEF treatment is separating the Ulva ohnoi protein fraction from
the sugar fraction [18]. The PEF treatment solubilized proteins and release them into the
liquid phase while the sugars remained at the solid fraction [18]. The two fractions are
shown in Fig. 4, Paper 2.

As it was already mentioned, the PEF treatment does not require any additional chemicals
during the processing hence this method could be definitely considered safe for the
environment [199]. Moreover, PEF treatment is not only safe to the environment but the

non-chemically treated extracted sugars potentially can be easily fermented by yeast (for
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instance to bioethanol), since there are low chances that yeast inhibitors will appear after
PEF treatment as although it should be verified in future studies. However, it was already
shown that PEF treatment can remove the de-ashing of the solid fraction (mostly
carbohydrates) in Ulva sp. [191]. Importantly, deashing is already proven to be an efficient
step for enhancing bioethanol production [200]. Interestingly, it will be relevant to test the
fermentation of bioethanol sugars from the Ulva biomass after it was cultivated in an
engineered microbiome and extracted with PEF. The sugar yield can be increased in the
biomass due to the bacteria, the sugar extraction can be done efficiently with PEF and the
fermentation can be improved due to the de-ashing process. In addition to the chemical
environmental safety issue, minimalizing the algae cultivation site could certainly reduce
the biorefinery ecological footprint [201]. Therefore, increasing dramatically the sugar yield
in the algae, for instance by two times (Paper 1), might lead to the reduction of the algae

cultivation site by two times for providing the same demand.

So far the most common approaches to control the biomass are usually via chemicals or
genic engineering, using these approaches for macroalgae cultivation might cause
environmental and humans safety issues, as it is described in case of terrestrial agriculture
[202-204]. Therefore, our motivation was to exclude external chemicals or genetic
manipulations but still improve the algae growth and control its metabolites content. Thus,
we chose to test the algae-associated bacteria. We found how the algae-associated bacteria
could improve the algae biomass, yet this biomass was not yet tested for food safety.
Anyway, future work should test how manipulation of algae-associated bacteria affects the

environment and food safety including the allergenicity potential of the algae.

Successful industrial implementation of the findings in this thesis might be done after testing
the investigated new approaches and experimenting with a wider range of algae and
bacteria. In addition, further works could experimentally validate the in silico works of
ethanol yield and the allergenicity predictions. Finally, increasing the working scale from a
lab-scale to a semi-industrial pilot scale and then to an industrial marine biorefinery scale.
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6. Conclusions

The marine biorefinery based on macroalgae feedstock is a promising but challenging
solution for the production of energy, food, and chemicals. The green macroalgae Ulva sp.
has high potential to become the optimal biomass feedstock for marine biorefinery, due to
its worldwide distribution, rapid growth rate, and high content of sugar and protein.
Therefore, it was targeted as the most relevant biomass feedstock for marine biorefinery.
Finding attractive new approaches for improving biomass growth, extraction yield, and
energy efficiency upstream and downstream of biomass processing will allow realizing

large-scale marine biorefinery.

Here we report three approaches relevant for every biorefinery step. In the first step that
includes biomass growth and development, we showed how the associated bacteria of Ulva
affected the algal growth of the photosynthate. The epiphytic bacteria affected the AAs,
monosaccharides, glucuronic acid, and glycerol concentration in the alga biomass.
Importantly, the affected biomass becomes more relevant for bioethanol production. After
the biomass growth, the second step in the biorefinery is the extraction process. Following
the need for a new protein extraction method, which should be production-efficient, energy-
efficient, and chemical-free, we developed an extraction method for Ulva sp. biomass, using
electroporation via PEF. We performed a protein extraction optimization and a proteomic
analysis for extracts and included a control proteomic analysis of total protein (as possible).

This work was the first attempt of using this emerging technology application in Ulva sp..

The final step in the biorefinery is the product safety assessment. The extraction of proteins
concentrates them; increasing the hazard of an allergenic effect. Because we intended to do
a responsible hazard assessment, we took into consideration the extraction method.
Therefore, the Ulva sp. protein food allergenic risk was evaluated in-silico after it was
extracted with optimal PEF protocol. Interestingly, PEF treatment led to selective extraction

of potential allergens.

These novel approaches will maximize potential of the Ulva sp. biomass to be a new
feedstock for large-scale biorefinery. The energy-efficient and feasible transformation of
Ulva sp. biomass into protein and biofuels could provide a viable alternative to the current

use of agricultural crops.

53



7. References

[1]
[2]

[3]
[4]

[5]
[6]

[7]

[8]

[9]
[10]

[11]

[12]

[13]
[14]
[15]
[16]

[17]

[18]

[19]

Searchinger T, Waite R, Hanson C, Ranganathan J. Creating a Sustainable Food
Future. World Resour Rep 2019.

Omer AM. Energy, environment and sustainable development. Renew Sustain
Energy Rev 2008;12:2265-300.

Pimentel D, Pimentel MH. Food, energy, and society. CRC press; 2007.
Pimentel D. Global Economic and Environmental Aspects of Biofuels. CRC Press;
2012.

Pimentel D, Hurd LE, Bellotti AC, Forster MJ, Oka IN, Sholes OD, et al. Food
production and the energy crisis. Science (80-) 1973;182:443-9.

Change IP on C. Climate Change 2007 - The Physical Science Basis. Work Gr |
Contrib to Fourth Assess Rep IPCC 2007:10009.
https://doi.org/10.1260/095830507781076194.

Sentiirk I, Biiyiikgiingér H. Evaluation of biohydrogen production potential from
marine macro algae. Black Sea Energy Resour. Dev. Hydrog. Energy Probl.,
Springer; 2013, p. 117-24.

RAO PVS, Periyasamy C, Kumar KS, Rao AS, ANANTHARAMAN P.
Seaweeds: Distribution, Production And Uses. Bioprospecting of Algae-2018
n.d.:59-78.

Guiry MD. The Seaweed Site: information on marine algae. Site © MD Guiry
2000 - 2020 2020. http://www.seaweed.ie/index.php (accessed March 1, 2020).

Sambamurty AVS. A Textbook of Algae. New Dalhu: I.K. International Pvt. Ltd.;
2005.

Buschmann AH, Camus C, Infante J, Neori A, Israel A, Hernandez-Gonzalez MC,
et al. Seaweed production: overview of the global state of exploitation, farming
and emerging research activity. Eur J Phycol 2017.

Loureiro R, Gachon CMM, Rebours C. Seaweed cultivation: potential and
challenges of crop domestication at an unprecedented pace. New Phytol
2015;206:489-92.

FAO. The State of World Fisheries and Aquaculture 2014. 2014.
https://doi.org/92-5-105177-1.

FAO. The state of world fisheries and aquaculture. 2016. https://doi.org/92-5-
105177-1.

Forster J, Radulovich R. Seaweed and food security. Seaweed Sustain., Elsevier;
2015, p. 289-313.

Godfray HCJ, Beddington JR, Crute IR, Haddad L, Lawrence D, Muir JF, et al.
Food security: the challenge of feeding 9 billion people. Science 2010;327:812-8.

Prabhu M, Chemodanov A, Gottlieb R, Kazir M, Nahor O, Gozin M, et al. Starch
from the sea: the green macroalga Ulva sp. as a potential source for sustainable
starch production from the sea in marine biorefineries. Algal Res 2019;37:215-27.
Prabhu MS, Levkov K, Livney YD, Israel A, Golberg A. High-Voltage Pulsed
Electric Field Preprocessing Enhances Extraction of Starch, Proteins, and Ash
from Marine Macroalgae Ulva ohnoi. ACS Sustain Chem Eng 2019.

Zollmann M, Robin A, Prabhu M, Polikovsky M, Gillis A, Greiserman S, et al.
Green technology in green macroalgal biorefineries. Phycologia 2019;58:516-34.

54



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Polikovsky M, Fernand F, Sack M, Frey W, Muller G, Golberg A. Towards marine
biorefineries: Selective proteins extractions from marine macroalgae Ulva with
pulsed electric fields. Innov Food Sci Emerg Technol 2016;37.

Dawande R. Seaweed Market by Product (Red, Brown, and Green) and
Application (Human Food, Hydrocolloids, Fertilizers, Animal Feed Additives, and
Others) - Global Opportunity Analysis and Industry Forecast, 2018-2024. Allied
Mark Res 2018:231. https://www.alliedmarketresearch.com/seaweed-market.

Sfriso A, Marcomini A. Gross primary production and nutrient behaviour in a
shallow coastal environment. Bioresour Technol 1994;47:59-66.

Bolton JJ, Robertson-Andersson D V, Shuuluka D, Kandjengo L. Growing Ulva
(Chlorophyta) in integrated systems as a commercial crop for abalone feed in
South Africa: a SWOT analysis. J Appl Phycol 2009;21:575-83.

Polikovsky M, Golberg A. Biorefinery of unique polysaccharides from Laminaria
sp., Kappaphycus sp., and Ulva sp. Structure, enzymatic hydrolysis, and bioenergy
from released monosaccharides. Enzym. Technol. Mar. Polysaccharides, 2019.

Tabarsa M, Rezaei M, Ramezanpour Z, Waaland JR. Chemical compositions of
the marine algae Gracilaria salicornia (Rhodophyta) and Ulva lactuca
(Chlorophyta) as a potential food source. J Sci Food Agric 2012;92:2500-6.

van der Wal H, Sperber BLHM, Houweling-Tan B, Bakker RRC, Brandenburg W,
Lopez-Contreras AM. Production of acetone, butanol, and ethanol from biomass of
the green seaweed Ulva lactuca. Bioresour Technol 2013;128:431-7.

Bruhn A, Dahl J, Nielsen HB, Nikolaisen L, Rasmussen MB, Markager S, et al.
Bioenergy potential of Ulva lactuca: biomass yield, methane production and
combustion. Bioresour Technol 2011;102:2595-604.

Chemodanov A, Jinjikhashvily G, Habiby O, Liberzon A, Israel A, Yakhini Z, et
al. Net primary productivity, biofuel production and CO2 emissions reduction
potential of Ulva sp. (Chlorophyta) biomass in a coastal area of the Eastern
Mediterranean. Energy Convers Manag 2017;148:1497-507.

Lehahn Y, Ingle KN, Golberg A. Global potential of offshore and shallow waters
macroalgal biorefineries to provide for food, chemicals and energy: Feasibility and
sustainability. Algal Res 2016;17:150-60.

Zhang J, Huo Y, Gao S, Yang L, Zhao S, Li J, et al. Seasonal variation of
dominant free-floating Ulva species in the Rudong coastal area, China: Differences
of ecological adaptability to temperature and irradiance 2017.

Cui J, Zhang J, Huo Y, Zhou L, Wu Q, Chen L, et al. Adaptability of free-floating
green tide algae in the Yellow Sea to variable temperature and light intensity. Mar
Pollut Bull 2015;101:660-6.

Oliveira VP, Ignacio BL, Martins NT, Dobler L, Enrich-Prast A. The Ulva spp.
Conundrum: What Does the Ecophysiology of Southern Atlantic Specimens Tell
Us? J Mar Biol 2019;2019:5653464.

Olsson J, Toth GB, Albers E. Biochemical composition of red, green and brown
seaweeds on the Swedish west coast. J Appl Phycol 2020.

Golberg A, Vitkin E, Linshiz G, Khan SA, Hillson NJ, Yakhini Z, et al. Proposed
design of distributed macroalgal biorefineries: Thermodynamics, bioconversion
technology, and sustainability implications for developing economies. Biofuels,
Bioprod Biorefining 2014;8:67-82.

Nikolaisen L, Daugbjerg Jensen P, Svane Bech K, Dahl J, Busk J, Bradsgaard T, et

55



[36]
[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

al. Energy Production from Marine Biomass (Ulva lactuca). Danish Technological
Institute; 2011.

Neori A, Shpigel M, Ben-Ezra D. A sustainable integrated system for culture of
fish, seaweed and abalone. Aquaculture 2000;186:279-91.

Arasaki S, Arasaki T. Low calorie, high nutrition: vegetables from the sea; to help
you look and feel better 1983.

Korzen L, Pulidindi IN, Israel A, Abelson A, Gedanken A. Single step production
of bioethanol from the seaweed Ulva rigida using sonication. RSC Adv
2015;5:16223-9.

Barbot Y, Al-Ghaili H, Benz R. A Review on the Valorization of Macroalgal
Wastes for Biomethane Production. Mar Drugs 2016;14:120.

Suutari M, Leskinen E, Fagerstedt K, Kuparinen J, Kuuppo P, Blomster J.
Macroalgae in biofuel production. Phycol Res 2015;63:1-18.

Fleurence J. Seaweed proteins. Proteins Food Process 2004:197-213.

Gao G, Clare AS, Rose C, Caldwell GS. Reproductive sterility increases the
capacity to exploit the green seaweed Ulva rigida for commercial applications.
Algal Res 2017;24:64-71.

Karray R, Karray F, Loukil S, Mhiri N, Sayadi S. Anaerobic co-digestion of
Tunisian green macroalgae Ulva rigida with sugar industry wastewater for biogas
and methane production enhancement. Waste Manag 2017;61:171-8.

Potts T, Du J, Paul M, May P, Beitle R, Hestekin J. The production of butanol
from Jamaica bay macro algae. Environ. Prog. Sustain. Energy, vol. 31, 2012, p.
29-36.

Vanegas CH, Bartlett J. Green energy from marine algae: biogas production and
composition from the anaerobic digestion of Irish seaweed species. Environ
Technol 2013;34:2277-83.

Wichard T, Charrier B, Mineur F, Bothwell JH, De Clerck O, Coates JC. The
green seaweed Ulva: a model system to study morphogenesis. Front Plant Sci
2015;6.

De Clerck O, Kao S-M, Bogaert KA, Blomme J, Foflonker F, Kwantes M, et al.
Insights into the evolution of multicellularity from the sea lettuce genome. Curr
Biol 2018;28:2921-33.

Prabhu M, Chemodanov A, Gottlieb R, Kazir M, Nahor O, Gozin M, et al. Starch
from the sea: The green macroalga Ulva ohnoi as a potential source for sustainable
starch production in the marine biorefinery. Algal Res 2019;37:215-27.

Robic A, Bertrand D, Sassi JF, Lerat Y, Lahaye M. Determination of the chemical
composition of ulvan, a cell wall polysaccharide from Ulva spp. (Ulvales,
Chlorophyta) by FT-IR and chemometrics. J Appl Phycol 2009.

Wang L, Wang X, Wu H, Liu R. Overview on biological activities and molecular
characteristics of sulfated polysaccharides from marine green algae in recent years.
Mar Drugs 2014,;12:4984-5020.

Lahaye M, Robic A. Structure and functional properties of ulvan, a polysaccharide
from green seaweeds. Biomacromolecules 2007;8:1765-74.

Wahlstrom N, Edlund U, Pavia H, Toth G, Jaworski A, Pell AJ, et al. Cellulose
from the green macroalgae Ulva lactuca: isolation, characterization, optotracing,
and production of cellulose nanofibrils. Cellulose 2020;27:3707-25.

Gajaria TK, Suthar P, Baghel RS, Balar NB, Sharnagat P, Mantri VA, et al.

56



[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]
[66]

[67]

[68]

[69]

Integration of protein extraction with a stream of byproducts from marine
macroalgae: A model forms the basis for marine bioeconomy. Bioresour Technol
2017.

Siddhanta AK, Kumar S, Mehta GK, Chhatbar MU, Oza MD, Sanandiya ND, et al.
Cellulose contents of some abundant Indian seaweed species. Nat Prod Commun
2013;8:1934578X1300800423.

Korzen L, Pulidindi IN, Israel A, Abelson A, Gedanken A. Marine integrated
culture of carbohydrate rich Ulva rigida for enhanced production of bioethanol.
RSC Adv 2015;5:59251-6.

Percival E, Wold JK. 1040. The acid polysaccharide from the green seaweed Ulva
lactuca. Part Il. The site of the ester sulphate. J Chem Soc 1963:5459-68.

Qi H, Huang L, Liu X, Liu D, Zhang Q, Liu S. Antihyperlipidemic activity of high
sulfate content derivative of polysaccharide extracted from Ulva pertusa
(Chlorophyta). Carbohydr Polym 2012;87:1637—40.

Leiro JM, Castro R, Arranz JA, Lamas J. Immunomodulating activities of acidic
sulphated polysaccharides obtained from the seaweed Ulva rigida C. Agardh. Int
Immunopharmacol 2007;7:879-88.

Qi H, Liu X, Wang K, Liu D, Huang L, Liu S, et al. Subchronic toxicity study of
ulvan from Ulva pertusa (Chlorophyta) in Wistar rats. Food Chem Toxicol
2013;62:573-8.

Kaeffer B, Bénard C, Lahaye M, Blottiere HM, Cherbut C. Biological properties
of ulvan, a new source of green seaweed sulfated polysaccharides, on cultured
normal and cancerous colonic epithelial cells. Planta Med 1999;65:527-31.

Berri M, Olivier M, Holbert S, Dupont J, Demais H, Le Goff M, et al. Ulvan from
Ulva armoricana (Chlorophyta) activates the PI3K/Akt signalling pathway via
TLR4 to induce intestinal cytokine production. Algal Res 2017;28:39-47.

Vitkin E, Gillis A, Polikovsky M, Bender B, Golberg A, Yakhini Z. Distributed
flux balance analysis simulations of serial biomass fermentation by two organisms.
PLoS One 2020.

Felix S, Pradeepa P. Lactic acid fermentation of seaweed (Ulva reticulata) for
preparing marine single cell detritus (MSCD). Tamilnadu J Vet Anim Sci
2012;8:76-81.

Vitkin E, Golberg A, Yakhini Z. BioLEGO—a web-based application for
biorefinery design and evaluation of serial biomass fermentation. Technology
2015;3:89-98.

Hoffman JR, Falvo MJ. Protein - Which is Best? J Sports Sci Med 2004;3:118-30.
Henchion M, Hayes M, Mullen AM, Fenelon M, Tiwari B. Future protein supply
and demand: strategies and factors influencing a sustainable equilibrium. Foods
2017:6:53.

Fujiwara-Arasaki T, Mino N, Kuroda M. The protein value in human nutrition of
edible marine algae in Japan. Hydrobiologia 1984;116:513-6.

Kazir M, Abuhassira Y, Robin A, Nahor O, Luo J, Israel A, et al. Extraction of
proteins from two marine macroalgae, Ulva sp. and Gracilaria sp., for food
application, and evaluating digestibility, amino acid composition and antioxidant
properties of the protein concentrates. Food Hydrocoll 2019;87:194-203.
Bleakley S, Hayes M. Algal Proteins: Extraction, Application, and Challenges
Concerning Production. Foods 2017;6:33.

57



[70]

[71]

[72]

[73]

[74]

[75]

[76]
[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

Vazquez-Rodriguez JA, Amaya-Guerra CA. Ulva Genus as Alternative Crop:
Nutritional and Functional Properties. Altern. Crop. Crop. Syst., 2016.
https://doi.org/10.5772/62787.

Garcia-Vaquero M, Mora L, Hayes M. In Vitro and In Silico Approaches to
Generating and Identifying Angiotensin-Converting Enzyme | Inhibitory Peptides
from Green Macroalga Ulva lactuca. Mar Drugs 2019;17:204.

Protein and amino acid requirements in human nutrition. World Health Organ
Tech Rep Ser 2007.

Calheiros AC, Reis RP, Castelar B, Cavalcanti DN, Teixeira VL. Ulva spp. as a
natural source of phenylalanine and tryptophan to be used as anxiolytics in fish
farming. Aquaculture 2019;509:171-7.

Korzen L, Abelson A, Israel A. Growth, protein and carbohydrate contents in Ulva
rigida and Gracilaria bursa-pastoris integrated with an offshore fish farm. J Appl
Phycol 2016;28:1835-45.

Taylor MW, Barr NG, Grant CM, Rees TA V. Changes in amino acid composition
of Ulva intestinalis (Chlorophyceae) following addition of ammonium or nitrate.
Phycologia 2006;45:270-6.

Yang JJ, Yu DC, Ma YF, Yin Y, Shen SD. Antioxidative defense response of Ulva
prolifera under high or low-temperature stimulus. Algal Res 2019;44:101703..
Fan M, Sun X, Liao Z, Wang J, Li Y, Xu N. Comparative proteomic analysis of
Ulva prolifera response to high temperature stress. Proteome Sci 2018;16:17.
Huan L, Gu W, Gao S, Wang G. Photosynthetic activity and proteomic analysis
highlights the utilization of atmospheric CO2 by Ulva prolifera (Chlorophyta) for
rapid growth. J Phycol 2016;52:1103-13.

Nasr AH, Bekheet 1A, Ibrahim RK. The effect of different nitrogen and carbon
sources on amino acid synthesis in Ulva, Dictyota and Pterocladia. Hydrobiologia
1968;31:7.

Gachon CMM, Sime-Ngando T, Strittmatter M, Chambouvet A, Kim GH. Algal
diseases: spotlight on a black box. Trends Plant Sci 2010;15:633-40.

Chen MY, Parfrey LW. Incubation with macroalgae induces large shifts in water
column microbiota, but minor changes to the epibiota of co-occurring macroalgae.
Mol Ecol 2018.

Ingle KN, Polikovsky M, Chemodanov A, Golberg A. Marine integrated pest
management (MIPM) approach for sustainable seagriculture. Algal Res
2018;29:223-32.

Singh RP, Reddy CRK. Seaweed-microbial interactions: key functions of
seaweed-associated bacteria. FEMS Microbiol Ecol 2014;88:213-30.

Alsufyani T, Califano G, Deicke M, Grueneberg J, Weiss A, Engelen AH, et al.
Macroalgal-bacterial interactions: identification and role of thallusin in
morphogenesis of the seaweed Ulva (Chlorophyta). J Exp Bot 2020.

Goecke F, Labes A, Wiese J, Imhoff JF. Chemical interactions between marine
macroalgae and bacteria. Mar Ecol Prog Ser 2010;409:267-99.

Tujula NA, Crocetti GR, Burke C, Thomas T, Holmstrom C, Kjelleberg S.
Variability and abundance of the epiphytic bacterial community associated with a
green marine Ulvacean alga. ISME J 2010;4:301.

Singh RP, Kumari P, Reddy CRK. Antimicrobial compounds from seaweeds-
associated bacteria and fungi. Appl Microbiol Biotechnol 2015;99:1571-86.

58



[88]

[89]

[90]

[91]

[92]

[93]

[94]
[95]
[96]

[97]

[98]
[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

Ashen JB, Cohen JD, Goff LJ. GC-SIM-MS detection and quantification of free
indole-3-acetic acid in bacterial galls on the marine alga Prionitis lanceolata
(Rhodophyta). J Phycol 1999;35:493-500.

Wichard T. Exploring bacteria-induced growth and morphogenesis in the green
macroalga order Ulvales (Chlorophyta). Front Plant Sci 2015;6:86.

Singh RP, Mantri VA, Reddy CRK, Jha B. Isolation of seaweed-associated
bacteria and their morphogenesis-inducing capability in axenic cultures of the
green alga Ulva fasciata. Aquat Biol 2011;12:13-21.

Matsuo Y, Imagawa H, Nishizawa M, Shizuri Y. Isolation of an algal
morphogenesis inducer from a marine bacterium. Science (80) 2005;307:1598.

Alsufyani T, Weiss A, Wichard T. Time course exo-metabolomic profiling in the
green marine macroalga Ulva (Chlorophyta) for identification of growth phase-
dependent biomarkers. Mar Drugs 2017;15:14.

Grueneberg J, Engelen AH, Costa R, Wichard T. Macroalgal Morphogenesis
Induced by Waterborne Compounds and Bacteria in Coastal Seawater. PLoS One
2016;11:e0146307.

Cherubini F. The biorefinery concept: using biomass instead of oil for producing
energy and chemicals. Energy Convers Manag 2010;51:1412-21.

Fatih Demirbas M. Biorefineries for biofuel upgrading: A critical review. Appl
Energy 2009;86:5151-61.

Pimentel D. Ethanol fuels: energy balance, economics, and environmental impacts
are negative. Nat Resour Res 2003;12:127-34.

Dutta K, Mahanty B, Daverey A, Sundari IS, Sen S. Biorefinery and Possible
Negative Impacts on the Food Market. Platf. Chem. Biorefinery, Elsevier; 2017, p.
323-31.

Fasaei F, Bitter JH, Slegers PM, Van Boxtel AJB. Techno-economic evaluation of
microalgae harvesting and dewatering systems. Algal Res 2018;31:347-62.

Barros Al, Goncalves AL, Simbes M, Pires JCM. Harvesting techniques applied to
microalgae: A review. Renew Sustain Energy Rev 2015;41:1489-500.
Ghadiryanfar M, Rosentrater KA, Keyhani A, Omid M. A review of macroalgae
production, with potential applications in biofuels and bioenergy. Renew Sustain
Energy Rev 2016;54:473-81.

Trinh TN, Jensen PA, Dam-Johansen K, Knudsen NO, Sgrensen HR, Hvilsted S.
Comparison of lignin, macroalgae, wood, and straw fast pyrolysis. Energy & Fuels
2013;27:1399-4009.

Dave A, Huang Y, Rezvani S, Mcllveen-Wright D, Novaes M, Hewitt N. Techno-
economic assessment of biofuel development by anaerobic digestion of European
marine cold-water seaweeds. Bioresour Technol 2013;135:120-7.

Aitken D, Bulboa C, Godoy-Faundez A, Turrion-Gomez JL, Antizar-Ladislao B.
Life cycle assessment of macroalgae cultivation and processing for biofuel
production. J Clean Prod 2014;75:45-56.

@verland M, Mydland LT, Skrede A. Marine macroalgae as sources of protein and
bioactive compounds in feed for monogastric animals. J Sci Food Agric
2019;99:13-24.

Mabeau S, Fleurence J. Seaweed in food products: biochemical and nutritional
aspects. Trends Food Sci Technol 1993;4:103-7.

Langlois J, Sassi J, Jard G, Steyer J, Delgenes J, Hélias A. Life cycle assessment

59



of biomethane from offshore-cultivated seaweed. Biofuels, Bioprod Biorefining
2012;6:387-404.

[107] Schultz-Jensen N, Thygesen A, Leipold F, Thomsen ST, Roslander C, Lilholt H, et
al. Pretreatment of the macroalgae Chaetomorpha linum for the production of
bioethanol--comparison of five pretreatment technologies. Bioresour Technol
2013;140:36-42.

[108] Yun EJ, Choi I-G, Kim KH. Red macroalgae as a sustainable resource for bio-
based products. Trends Biotechnol 2015;33:247-9.

[109] Wargacki AJ, Leonard E, Win MN, Regitsky DD, Santos CNS, Kim PB, et al. An
Engineered Microbial Platform for Direct Biofuel Production from Brown
Macroalgae. Science (80) 2012;335:308-13.

[110] VeraJ, Castro J, Gonzalez A, Moenne A. Seaweed polysaccharides and derived
oligosaccharides stimulate defense responses and protection against pathogens in
plants. Mar Drugs 2011;9:2514-25.

[111] Bikker P, van Krimpen MM, van Wikselaar P, Houweling-Tan B, Scaccia N, van
Hal JW, et al. Biorefinery of the green seaweed Ulva lactuca to produce animal
feed, chemicals and biofuels. J Appl Phycol 2016;28:3511-25.

[112] Prabhu MS, Israel A, Palatnik RR, Zilberman D, Golberg A. Integrated biorefinery
process for sustainable fractionation of Ulva ohnoi (Chlorophyta): process
optimization and revenue analysis. J Appl Phycol 2020:1-12.

[113] Glasson CRK, Sims IM, Carnachan SM, de Nys R, Magnusson M. A cascading
biorefinery process targeting sulfated polysaccharides (ulvan) from Ulva ohnoi.
Algal Res 2017;27:383-91.

[114] Magnusson M, Carl C, Mata L, de Nys R, Paul NA. Seaweed salt from Ulva: A
novel first step in a cascading biorefinery model. Algal Res 2016;16:308-16.

[115] Fleurence J, Le Coeur C, Mabeau S, Maurice M, Landrein A. Comparison of
different extractive procedures for proteins from the edible seaweeds Ulva rigida
and Ulva rotundata. J Appl Phycol 1995;7:577-82.

[116] Postma PR, Cerezo-Chinarro O, Akkerman RJ, Olivieri G, Wijffels RH,
Brandenburg WA, et al. Biorefinery of the macroalgae Ulva lactuca: extraction of
proteins and carbohydrates by mild disintegration. J Appl Phycol 2017:1-13.

[117] LiuF, Zhang P, Liang Z, Wang W, Sun X, Wang F. Dynamic profile of proteome
revealed multiple levels of regulation under heat stress in Saccharina japonica. J
Appl Phycol 2019;31:3077-89.

[118] Barbarino E, Lourengo SO. An evaluation of methods for extraction and
quantification of protein from marine macro-and microalgae. J Appl Phycol
2005;17:447-60.

[119] Galland-Irmouli A V, Pons L, Lucon M, Villaume C, Mrabet NT, Guéant JL, et al.
One-step purification of R-phycoerythrin from the red macroalga Palmaria
palmata using preparative polyacrylamide gel electrophoresis. J Chromatogr B
Biomed Sci Appl 2000;739:117-23.

[120] Harnedy PA, FitzGerald RJ. Extraction of protein from the macroalga Palmaria
palmata. LWT - Food Sci Technol 2013;51:375-82.

[121] Rouxel C, Daniel A, Jérobme M, Etienne M, Fleurence J. Species identification by
SDS-PAGE of red algae used as seafood or a food ingredient. Food Chem
2001;74:349-53.

[122] Wong K, Chikeung Cheung P. Influence of drying treatment on three Sargassum

60



species 2. Protein extractability, in vitro protein digestibility and amino acid
profile of protein concentrates. J Appl Phycol 2001;13:51-8.

[123] Joubert Y, Fleurence J. Simultaneous extraction of proteins and DNA by an
enzymatic treatment of the cell wall of Palmaria palmata (Rhodophyta). J Appl
Phycol 2008;20:55-61.

[124] Angell AR, Paul NA, de Nys R. A comparison of protocols for isolating and
concentrating protein from the green seaweed Ulva ohnoi. J Appl Phycol
2017;29:1011-26.

[125] Holdt SL, Kraan S. Bioactive compounds in seaweed: functional food applications
and legislation. J Appl Phycol 2011;23:543-97.

[126] Flaumenbaum B. Electrical treatment of fruits and vegetables before juice
extraction. Tr OTIKP 1949;3:15-20.

[127] Zagorulko AJ. Technological parameters of beet desugaring process by the
selective electroplosmolysis. New Phys Methods Foods Process 1958:21-7.

[128] Doevenspeck H. Influencing cells and cell walls by electrostatic impulses.
Fleischwirtschaft 1961;13:968-87.

[129] Sater LE. Passing an alternating electric current through food and fruit juices 1.
Design and use of suitable equipment 2. Cooking food and sterilizing fruit juices.
lowa Agric Home Econ Exp Stn Res Bull 1935;15:1.

[130] Golberg A, Fischer J, Rubinsky B. The use of irreversible electroporation in food
preservation. irreversible electroporation, Springer; 2010, p. 273-312.

[131] Hamilton WA, Sale AJH. Effects of high electric fields on microorganisms: II.
Mechanism of action of the lethal effect. Biochim Biophys Acta (BBA)-General
Subj 1967;148:789-800.

[132] Pauly von H, Schwan HP. Uber die Impedanz einer Suspension von
kugelférmigen Teilchen mit einer Schale: Ein Modell fur das dielektrische
Verhalten von Zellsuspensionen und von Proteinlésungen. Zeitschrift Flr
Naturforsch B 1959;14:125-31.

[133] Kotnik T, Miklav¢i¢ D. Analytical description of transmembrane voltage induced
by electric fields on spheroidal cells. Biophys J 2000;79:670-9.

[134] Vali¢ B, Golzio M, Pavlin M, Schatz A, Faurie C, Gabriel B, et al. Effect of
electric field induced transmembrane potential on spheroidal cells: theory and
experiment. Eur Biophys J 2003;32:519-28.

[135] Delemotte L, Tarek M. Molecular dynamics simulations of lipid membrane
electroporation. J Membr Biol 2012;245:531-43.

[136] Polak A, Bonhenry D, Dehez F, Kramar P, Miklav¢i¢ D, Tarek M. On the
electroporation thresholds of lipid bilayers: molecular dynamics simulation
investigations. J Membr Biol 2013;246:843-50.

[137] Nickoloff JA. Plant cell electroporation and electrofusion protocols. vol. 55.
Springer Science & Business Media; 1995.

[138] Kotnik T, Frey W, Sack M, Haberl Megli¢ S, Peterka M, Miklav¢i¢ D.
Electroporation-based applications in biotechnology. Trends Biotechnol
2015;33:480-8.

[139] Golberg A, Sack M, Teissie J, Pataro G, Pliquett U, Saulis G, et al. Energy-
efficient biomass processing with pulsed electric fields for bioeconomy and
sustainable development. Biotechnol Biofuels 2016;9:94.

[140] Wong T-K, Neumann E. Electric field mediated gene transfer. Biochem Biophys

61



Res Commun 1982;107:584—7.

[141] Yarmush ML, Golberg A, Sersa G, Kotnik T, Miklav¢i¢ D. Electroporation-based
technologies for medicine: principles, applications, and challenges. Annu Rev
Biomed Eng 2014;16:295-320.

[142] Parniakov O, Barba FJ, Grimi N, Marchal L, Jubeau S, Lebovka N, et al. Pulsed
electric field and pH assisted selective extraction of intracellular components from
microalgae Nannochloropsis. Algal Res 2015;8:128-34.

[143] Ganeva V, Galutzov B, Teissié J. High yield electroextraction of proteins from
yeast by a flow process. Anal Biochem 2003;315:77-84.

[144] Vorobiev E, Lebovka N. Enhanced extraction from solid foods and biosuspensions
by pulsed electrical energy. Food Eng Rev 2010;2:95-108.

[145] Meglic SH, Marolt T, Miklavcic D. Protein Extraction by Means of
Electroporation from E. coli with Preserved Viability. J Membr Biol
2015;248:893-901.

[146] Yu X, Gouyo T, Grimi N, Bals O, Vorobiev E. Pulsed electric field pretreatment
of rapeseed green biomass (stems) to enhance pressing and extractives recovery.
Bioresour Technol 2016;199:194-201.

[147] Sack M, Eing C, Berghofe T, Buth L, Stangle R, Frey W, et al. Electroporation-
assisted dewatering as an alternative method for drying plants. IEEE Trans Plasma
Sci 2008;36:2577-85.

[148] Yu X, Bals O, Grimi N, Vorobiev E. A new way for the oil plant biomass
valorization: Polyphenols and proteins extraction from rapeseed stems and leaves
assisted by pulsed electric fields. Ind Crops Prod 2015;74:309-18.

[149] Safi C, Charton M, Pignolet O, Silvestre F, Vaca-Garcia C, Pontalier P-Y.
Influence of microalgae cell wall characteristics on protein extractability and

determination of nitrogen-to-protein conversion factors. J Appl Phycol
2013;25:523-9.

[150] Roser H, Ritchie M. Crop Yields. Our World Data 20109.
https://ourworldindata.org/crop-yields#citation.

[151] Alston JM, Beddow JM, Pardey PG. Agricultural research, productivity, and food
prices in the long run. Science (80) 2009;325:1209-10.

[152] Tilman D. Global environmental impacts of agricultural expansion: the need for
sustainable and efficient practices. Proc Natl Acad Sci 1999;96:5995-6000.

[153] Stice C, Basu A. The Great Protein Shift: Re-Thinking One of the Fundamental
Building Blocks of the Human Diet. Luxresearch 2015.
http://quarterly.luxresearchinc.com/quarterly/?p=139 (accessed May 7, 2015).

[154] Boye J, Zare F, Pletch A. Pulse proteins: Processing, characterization, functional
properties and applications in food and feed. Food Res Int 2010;43:414-31.

[155] Anh ND, Preston TR. Evaluation of protein quality in duckweed (Lemna spp.)
using a duckling growth assay. Livest Res Rural Dev 1997;9:45-9.

[156] Smetana S, Mathys A, Knoch A, Heinz V. Meat alternatives: life cycle assessment
of most known meat substitutes. Int J Life Cycle Assess 2015;20:1254-67.

[157] Rumpold BA, Schliiter OK. Potential and challenges of insects as an innovative

source for food and feed production. Innov Food Sci Emerg Technol 2013;17:1—
11.

[158] de Boer A, Bast A. Demanding safe foods — Safety testing under the novel food
regulation (2015/2283). Trends Food Sci Technol 2018;72:125-33.

62



[159] Verhoeckx K, Broekman H, Knulst A, Houben G. Allergenicity assessment
strategy for novel food proteins and protein sources. Regul Toxicol Pharmacol
2016;79:118-24.

[160] van der Spiegel M, Noordam MY, van der Fels-Klerx HJ. Safety of Novel Protein
Sources (Insects, Microalgae, Seaweed, Duckweed, and Rapeseed) and Legislative
Aspects for Their Application in Food and Feed Production. Compr Rev Food Sci
Food Saf 2013;12:662-78.

[161] EFSA Panel on Dietetic Products N and A (NDA), Turck D, Bresson J-L,
Burlingame B, Dean T, Fairweather-Tait S, et al. Guidance on the preparation and
presentation of an application for authorisation of a novel food in the context of
Regulation (EU) 2015/2283. EFSA J 2016;14:e04594.

[162] Valenta R, Hochwallner H, Linhart B, Pahr S. Food Allergies: The Basics.
Gastroenterology 2015;148:1120-31.e4.

[163] Manochio C, Andrade BR, Rodriguez RP, Moraes BS. Ethanol from biomass: A
comparative overview. Renew Sustain Energy Rev 2017;80:743-55.

[164] RFA (Renewable Fuels Association). Focus Forward 2020 Ethanol Industry
Outlook. 2020.

[165] Grand View Research. Fuel Ethanol Market Analysis By Product (Starch-Based,
Sugar-Based, Cellulosic), By Application (Conventional Vehicles, Flexible Fuel
Vehicles), By Region, And Segment Forecasts, 2018 - 2025. 2017.

[166] Green DL, Plotkin SE. Reducing Greenhous Gas Emission from U.S
Transportation. PEW center, Global climet change. 2011.

[167] U.S Department of Energy. Flexible Fuel Vehicles. Altern Fuels Data Cent 2017.
https://afdc.energy.gov/vehicles/flexible_fuel.ntml (accessed July 6, 2020).

[168] Kostas ET, White DA, Cook DJ. Bioethanol Production from UK Seaweeds:
Investigating Variable Pre-treatment and Enzyme Hydrolysis Parameters.
Bioenergy Res 2019. https://doi.org/10.1007/s12155-019-10054-1.

[169] Aizawa M, Asaoka K, Atsumi M, Sakou T. Seaweed bioethanol production in
Japan-The ocean sunrise project. Ocean. 2007, IEEE; 2007, p. 1-5.

[170] Reith JH, van Hal JW, Lenstra WJ. Large-scale carbon recycling via cultivation
and biorefinery of seaweeds for production of biobased chemicals and fuels.
Petten: ECN; 2012.

[171] Chemodanov A, Robin A, Jinjikhashvily G, Yitzhak D, Liberzon A, Israel A, et al.
Feasibility study of Ulva sp.(Chlorophyta) intensive cultivation in a coastal area of
the Eastern Mediterranean Sea. Biofuels, Bioprod Biorefining 2019;13:864—77.

[172] Angell AR, Mata L, de Nys R, Paul NA. Variation in amino acid content and its
relationship to nitrogen content and growth rate in Ulva ohnoi (Chlorophyta). J
Phycol 2014;50:216-26.

[173] Kessler RW, Weiss A, Kuegler S, Hermes C, Wichard T. Macroalgal-bacterial
interactions: Role of dimethylsulfoniopropionate in microbial gardening by Ulva
(Chlorophyta). Mol Ecol 2018;27:1808-19.

[174] Ghaderiardakani F, Coates JC, Wichard T. Bacteria-induced morphogenesis of
Ulva intestinalis and Ulva mutabilis (Chlorophyta): a contribution to the lottery
theory. FEMS Microbiol Ecol 2017;93.

[175] Tan IS, Lee KT. Solid acid catalysts pretreatment and enzymatic hydrolysis of

macroalgae cellulosic residue for the production of bioethanol. Carbohydr Polym
2015;124:311-21.

63



[176] Ozcimen D, Inan B, Biernat K. An overview of bioethanol production from algae.
Biofuels-Status Perspect 2015:141-62.

[177] Bessadok-Jemai A, Khezami L, Hadjkali MK, Vorobiev E. Enhanced permeability
of biological tissue following electric field treatment and its impact on forced
convection dehydration. Int J Chem Eng Appl 2016;7:42.

[178] Asavasanti S, Ristenpart W, Stroeve P, Barrett DM. Permeabilization of Plant
Tissues by Monopolar Pulsed Electric Fields: Effect of Frequency. J Food Sci
2011;76:98-111.

[179] Wisniewski JR, Zougman A, Nagaraj N, Mann M. Universal sample preparation
method for proteome analysis. Nat Methods 2009;6:359-62.

[180] Polikovsky M, Califano G, Dunger N, Wichard T, Golberg A. Engineering
bacteria-seaweed symbioses for modulating the photosynthate content of Ulva
(Chlorophyta): Significant for the feedstock of bioethanol production. Algal Res
2020;49:101945..

[181] McCauley JI, Winberg PC, Meyer BJ, Skropeta D. Effects of nutrients and
processing on the nutritionally important metabolites of Ulva sp.(Chlorophyta).
Algal Res 2018;35:586-94.

[182] Fong P, Boyer KE, Desmond JS, Zedler JB. Salinity stress, nitrogen competition,
and facilitation: what controls seasonal succession of two opportunistic green
macroalgae? J Exp Mar Bio Ecol 1996;206:203-21.

[183] Apap RM, Varvarezos D. Robust feedstock selection system for the chemical
process industries under market and operational uncertainty 2017.

[184] Yanagisawa M, Kawai S, Murata K. Strategies for the production of high
concentrations of bioethanol from seaweeds: production of high concentrations of
bioethanol from seaweeds. Bioengineered 2013;4:224-35.

[185] Ganesan M, Mairh OP, Eswaran K, Rao P V. Effect of salinity, light intensity and
nitrogen source on growth and composition of Ulva fasciata Delile (Chlorophyta,
Ulvales) 1999.

[186] Duke CS, Litaker W, Ramus J. Effect of temperature on nitrogen-limited growth
rate and chemical composition of Ulva curvata (Ulvales: Chlorophyta). Mar Biol
1989;100:143-50.

[187] Guo G, Yan B, Gao H, Xu F, Shi Y, Xu T, et al. Effects of fluctuating temperature
on growth and chemical constituents of sea weed Ulva pertusa. Fish Sci
2012;31:350-3.

[188] Frost-Christensen H, Sand-Jensen K. Growth rate and carbon affinity of Ulva
lactuca under controlled levels of carbon, pH and oxygen. Mar Biol
1990;104:497-501.

[189] Rybak AS, Gabka M. The influence of abiotic factors on the bloom-forming alga
Ulva flexuosa (Ulvaceae, Chlorophyta): possibilities for the control of the green
tides in freshwater ecosystems. J Appl Phycol 2018;30:1405-16.

[190] Robin A, Kazir M, Sack M, Israel A, Frey W, Mueller G, et al. Functional Protein
Concentrates Extracted from the Green Marine Macroalga Ulva sp., by High
Voltage Pulsed Electric Fields and Mechanical Press. ACS Sustain Chem Eng
2018;6:13696-705.

[191] Robin A, Sack M, Israel A, Frey W, Miiller G, Golberg A. Deashing macroalgae
biomass by pulsed electric field treatment. Bioresour Technol 2018;255:131-9.

[192] Prabhu M, Levkov K, Levin O, Vitkin E, Israel A, Chemodanov A, et al. Energy

64



efficient dewatering of far offshore grown green macroalgae Ulva sp. biomass with
pulsed electric fields and mechanical press. Bioresour Technol 2020;295:122229.

[193] Esch RE. Allergen Source Materials and Quality Control of Allergenic Extracts.
Methods 1997;13:2-13.

[194] Polikovsky M, Fernand F, Sack M, Frey W, Miller G, Golberg A. In silico food
allergenic risk evaluation of proteins extracted from macroalgae Ulva sp. with
pulsed electric fields. Food Chem 2019;276.

[195] Lopes D, Moreira ASP, Rey F, da Costa E, Melo T, Maciel E, et al. Lipidomic
signature of the green macroalgae Ulva rigida farmed in a sustainable integrated
multi-trophic aquaculture. J Appl Phycol 2019;31:1369-81.

[196] Banach JL, Hoek-van den Hil EF, van der Fels-Klerx HJ. Food safety hazards in
the European seaweed chain. Compr Rev Food Sci Food Saf 2020;19:332-64.

[197] Nowosad K, Sujka M, Pankiewicz U, Kowalski R. The application of PEF
technology in food processing and human nutrition. J FOOD Sci Technol 2020.

[198] Cermefio M, Kleekayai T, Amigo-Benavent M, Harnedy-Rothwell P, FitzGerald
RJ. Current knowledge on the extraction, purification, identification, and
validation of bioactive peptides from seaweed. Electrophoresis 2020;n/a.
https://doi.org/10.1002/elps.202000153.

[199] Toepfl S, Mathys A, Heinz V, Knorr D. Potential of high hydrostatic pressure and
pulsed electric fields for energy efficient and environmentally friendly food
processing. Food Rev Int 2006;22:405-23.

[200] Kang L, Wang W, Pallapolu VR, Lee YY. Enhanced ethanol production from de-
ashed paper sludge by simultaneous saccharification and fermentation and
simultaneous saccharification and co-fermentation. BioResources 2011;6:3791—
808.

[201] Campbell I, Macleod A, Sahlmann C, Neves L, Funderud J, @verland M, et al. The
environmental risks associated with the development of seaweed farming in
Europe-prioritizing key knowledge gaps. Front Mar Sci 2019;6:107.

[202] Pimentel D, Hunter MS, LaGro JA, Efroymson RA, Landers JC, Mervis FT, et al.
Benefits and risks of genetic engineering in agriculture. Bioscience 1989;39:606—
14.

[203] Gilbert N. The disappearing nutrient: phosphate-based fertilizers have helped spur
agricultural gains in the past century, but the world may soon run out of them.
Natasha Gilbert investigates the potential phosphate crisis. Nature 2009;461:716—
9.

[204] Kim K-H, Kabir E, Jahan SA. Exposure to pesticides and the associated human
health effects. Sci Total Environ 2017;575:525-35.

65



"IN
DUIANRT T2 07 AR MNP PIAY DY RNPMP-12 N2 TN IR0 POIPONRT T 2P
DOWITI RAMP-12 191N MWIRT 2378 5Y NIYY NI %Y .0021P0 22wV MWNURT OV DTN
DOYADN QY TN ,A0NWA 0 DONTAY 1T ARWNAT ,DO0230A0 W MW .0WTN 7012 NTPR
0 NW2°1 2°217°3 7w ON212Y DR PH02 DOT°RYA TPAIIR N1PND0N T2V NPARIOL 17V 0°°N2°20

JPATIR NP A DWW NMIPTA MO MW7 DR poob

M DY NN PR AT MPAY 2IWH L,NO2OVINVOR 701172 MY MDY NPRN-2T N1 MIER PO
VPR NP R (201 N°1017) Ulva 1on 7887 .71 021737 Dwnwnw 2°nw2 2w IR 77N
TRPT NIPR ,0°INMAN DOHPR ORIND 790 MPAN0TT D120, 700 D170 2XP DWwa ,n0n1a TN
LARWAD 00 NIXRA WIROWH 21737 PROXIDIDT MY .02 22°P0 222N P20 Mnvanon NN
Ulva nwnw:? 2> v 22NRT IR X7 ,71129M 2232107 722 MERT 5w 1°377 20770 12
00127 WA N27A MPA NEH 220011 DOANK LPATIR MMNMPAY 00 22 DT L1 D7%Y 70n1ad
1251 IR HW NOHRORIVID 707X W 2120 N1 oY T 12bnn v oy s ovh ,Ulva Sy

R alra)

NAZMAT ANWRD 772V I9NW 2°IANRD PIND PO0Y NIn HY WA TN NAXINT PnaT mTay
Ulva %2 omnmn arsmonpns P20 1M ,08RT %Y ovap 19182 200 QP70 21w 02 779n aina
A012 .2°IAR 29RO 112717 ,10I0:7 NN Y A0 MBRT 21703 A%p v weown mutabilis
MXER 22 MU 70°0N INRY 2INRT NPIDN N TNRD 2wnan S9aun P70 vt awl
MW [P DTINa (DOPTON AW Y MIXKR) NWRWRn ampn nawh (20PN KD2) N1IopR
-1 Saccharomyces cerevisiae, Escherichia coli > 7oon7 n212° 9va DoaAPBLKR
-17 IR N°25W-T1 70°0N °2°27N2 YW MW nwer 272 97na .Clostridium acetobutylicum
Ulva -7 2077 5y wrows 88T W 217937 727m2 27710 D901 2 R 77 97,7027 .00

2INR-1°2 1R TED DOLINDTN AV DY 097 NIXRT N0APAW AT 19N

nooN AT ,0°°271a P11 °naa Ulva nona 219w 7% 2590 0911250 Me0n S0 ADNKRT Mapya
(PEF) 0>%wn 20019 N27wni 21100 MIYEAR 11270 npon? 2IPINs mintea aTpnnn nina
TPXDMVPYR MYXNRA Wwornaw Ulva asxa 5w 70n1an 20112%0 5w %) AXI0 1T 722
792 A0, N2WA KDY PANIRA NOND0MN ,72°207 M7 10w (PEF) 7900 mvenka
NI 172V MERTA POITW PNAAT NIRRT LI0 10D .0%1% 2200 NODIT WNT RY MR 7200w

.07D°¥90 0°11291 SW D200 aponh o PEF 799702 waow 50 7907 12, nIR0D

TDWM MAPYA 12°0 MW MWATL, "D 112bn" MAIpn IR "D T mpa" XD nin By

NYWW 7% M2WR W1 2°112°07 NIIWTA NP LNPIAOR NPT D10, 11200 INIRD NOORONID



NIRRT "12°0 HW in-silico n2avaa Ipnnn ATava Xao paon .awna npton 12bna MEn
77 ,2°101 M1 112y Ulva -n PEF mvenaka po1aw 2031250 .PEF nvnxa ovpomnn oonasnb
7 P00Y N PEF mvenna 1901w 202500 99%0 0P T8 20T 22I0RD wIm
0°112517 7907 YW MINY ¥an PEF-av 919°0w anR7 17 XMW .0°12577 2"'0 YW nIRDD mnti>
D° 17K NMIXRT ORND wn PEF -2 919707 9 71p0n% 777217 17 7721 1122 02130980 2017 WX

S2°0P9Y0 19INA

Sw °0°02 pnna A oy 7, Ulva 1R oop7ona 12 DPEPRILIRT DI HW N°0°037 1130
"W N2%A" YW MYOWaa IR NV 210 TIVAY 270 %I ,MNM0 NOW DWW WPn2 MXK 1290
D°WNT Q1Y DO DY DY 07 0N 2°IpnnT .0°1008T NI DY TNV DORKIDID
NIPRN 277 MERT 2w 7021°2 0902 ¥ 2173 77° 712 “221°2 P T-N°a Npi IWwoRY NI ¥ N2

DOWT AR MNPRY 112 013 nvee e ,Ulva aonn



122071900 N'] eee
YIND T 'WINTI
10119 DY 7V

eee Porter School of
the Environment and
Earth Sciences

The Raymond and Beverly Sackler D'j7’1Tn D'VTN7 NL71j791N
Faculty of Exact Sciences 17{7R0 "7N121 TN WY
Tel Aviv University QAN 7N NOU'DNIIN

ORI TIAMWT DIPTIITY TIPIN NIZN 92 PI0RIAT O
TITAY TIATIR DIMPR N TN

"PD2IPD PIRY

NAA0M2 ANWYI DNT 7712V

07D QW DY PIRT 17D 2Y T 727209 19071 N2

DO DOVTAY TUIPO

"771°91017°9% P17 INING 71927 RINA PR

2°2R N NYIDN2NIIND

RID1 IR '91797 272773 N T7I029R '9179 NN
2020 voR



