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Abstract

Abstract

Bioeconomy involves processes based on renewable biomasses: in this scenario, the
development of second-generation processes, based on residual biomasses such as
industrial by-products (e.g. form the food, agriculture, forestry sectors), can accomplish all
the principles of sustainability. Since microorganisms have the potential to transform these
biomasses into products of industrial interest, the work focused on the valorization of
residual biomasses (i.e. Camelina meal and cinnamon waste materials, manure), and on
the identification and possible modification of microbial cell factories (i.e. Rhodosporidium
toruloides, Saccharomyces cerevisiae, anaerobic consortia) for the synthesis of molecules
of industrial relevance (i.e. carotenoids, folates). Following the logic of cascading, high
added value compounds can be obtained in relatively low amounts and using increasingly
expensive raw materials, whereas bulk chemicals (i.e. biogas) must be obtained from low
value feedstocks (i.e. manure).

The first substrate studied as feedstock was the Camelina sativa meal, which, despite its
potential, had never been considered as a raw material for the development of a
bioprocess. Different concentrations of Camelina sativa meal were tested for enzymatic
hydrolysis by different concentrations of the industrial cocktail NS22119, to release sugars
for the growth of the microorganism. The process was optimized in terms of enzymes
added and total solid loadings, identifying the use of 9% w/v of Camelina meal and 0.56%
W/Weameling meal Of @nzymatic cocktail as able to increase the specific productivity of
carotenoids by R. toruloides. The hydrolyzate of Camelina sativa meal was then provided
to the microorganism by a separate hydrolysis and fermentation (SHF) or a simultaneous
saccharification and fermentation (SSF) process. In all the cases R. toruloides was able to
grow and accumulate carotenoids, at a concentration comparable with those reported in
the literature from other residual biomasses. SHF production was further tested in
bioreactor to acquire quantitative data under industrially relevant conditions. Overall, we

demonstrated the potential use of the Camelina sativa meal as raw material for
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bioprocesses based on R. toruloides, an oily yeast naturally able of accumulating
carotenoids.

A second activity concerned the exploitation of cinnamon (Cinnamomum verum): since its
cellulose content, we applied the principles exposed for the Camelina meal to the waste
deriving from the extraction of polyphenols from cinnamon as well. The hydrolysis via
enzymatic cocktail was tested at different operating pH, successfully resulting in released
sugars available for the growth of microorganisms. Since cinnamon possess antimicrobial
properties, an on-plate testing of different yeast species was carried out: in the presence
of cinnamon extract waste hydrolysate, all the tested species proved to be able to grow,
meaning that the initial extraction diminishes the levels of antimicrobial species in the
residues. In the case of R. toruloides, it was able to produce carotenoids both on plate and
in liquid media derived from cinnamon waste.

Another class of high added-value molecules we focused on were folates: the yeast S.
cerevisiae was engineered in order to increase the production of these molecules of
pharmacological relevance. Modulation of the shikimate and folate pathways were
proposed to assess their effect on the different forms of folates produced from glucose.
Finally, the production of biomethane from manure by microbial consortia was evaluated
using a computational model: we updated existing equations to better describe microbial
conversion of sugars into biomethane and modified specific process parameters to
simulate and predict possible increases in production.

Overall, this work explored different aspects of the concept of cascading applied to several

biomasses, microbial cell factories and products.
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Introduction

Bioeconomy and the concept of cascading

The Earth Overshoot Day (EOV) is calculated as the moment of the year when humans have
already utilized the total amount of resources produced by the planet in one year: the
earlier this date the more unsustainably resources are deployed, therefore impoverishing
the planet for future generations [1]. In 1987 EOQV was at the end of October, whereas in
2019 at the end of July, witnessing a strong increase in the consumption of natural
resources in the last decades. This fact is strongly related to the skyrocketing of fossil
resources deployment, together with their detrimental effects on the environment and
human health [2]. One of the main paths to detach from our fossil resources dependence
is the exploitation of newly generated resources, whose renewability is time-scale
compatible with their consumption. Biomasses are therefore good candidates for such
purposes, to be exploited in a society where the Sustainable Development Goals, proposed
by the United Nations [3], are (or should be) the driving forces for governance, citizens and

scientific research towards “greener” societies (Figure 1).

Figure 1 Postage stamp |ssued by the Republlc of San Marino in 2016 as part of the “Europa postage
stamp” series. In 2016 the chosen topic was the environment: the winning design “Think green”
from Cyprus was used by all European countries involved in this joint issue, in order to underline the
commitment of European citizens towards bioeconomy. Stamp from private collection.

Indeed, bioeconomy is already a worldwide business that involves the exploitation of
different types of biomasses: agriculture, feed, pulp and paper, food and beverage,

fisheries, and forestry are the most involved sectors within bioeconomy boundaries [4].
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Bioeconomy is a key protagonist in fostering environment-driven measures across
countries, and, as announced by the European Commission, it “needs to have sustainability
and circularity at its heart” [5]. In this scenario, it is possible to identify several keywords
closely related to bioeconomy development, such as wastes and residues, bioenergy and
biofuels, bio-based products, cascading, and biorefineries [6].

Specifically, cascading aims to examine the potential of specific biomasses, and the possible
outcomes that could match the three pillars of sustainability: economic, environmental and
social. Bio-based resources have to be considered for their sequential use during time, in
respect to their decreasing quality, to enable the resource to endure longer in the system:

this definition of “cascading-in-time” perfectly fits in the circular economy scenario [7]

(Figure 2).
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Figure 2. The circular bioeconomy and its elements (left) and Bio-based value pyramid, from [6].

Furthermore, “cascading-in-value” concept focuses in maximizing the value of the biomass
throughout the cascade chain, in order to obtain added values related, for example, to the
abundance of the original feedstock [6,7]. In a nutshell, considering the so called “bio-based
pyramid” (Figure 2), pharma and cosmetic-related compounds have a high market value,
being fine chemicals, whereas bulk chemicals and biofuels have a low price with a high
volumetric demand [6,8]. Therefore, the original biomass value and availability have to be
considered as well, since low-quality feedstocks, such as manure, can be deployed for low-
cost products with large market demand, such as biogas, whereas residual biomasses with
limited applications (e.g. feed sector) or refined sugars (e.g. glucose) can be used for the

production of fine chemicals, such as vitamins. Based on the logic of cascading [7,9], the

4
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present Doctorate work focused on the exploitation of renewable biomasses (mainly of
residual origin) for the development of microbial-based processes, to produce fine and bulk
chemicals, in the logic of biorefinery.

The concept of biorefineries is indeed aimed at revolutionizing the industrial sector to
sustainably meet the requirements of the growing population with limited resources. Key
players in this context are second generation biorefineries, based mainly on lignocellulose,
a biomass with huge potential particularly owing to its abundance, availability, relatively

low cost and non-competition with the food sector [10].

Biorefineries, residual biomasses

and microbial cell factories

Biorefineries can be described as “the sustainable processing of biomass into a spectrum
of marketable products (food, feed, materials, chemicals) and energy (fuels, power, heat)”
[9]. Biorefineries indeed are aimed to provide a broad portfolio of products alongside
classical bio-based molecules such as biofuels or biogas [6,11,12]. Consistently, they are
considered as one of the key technologies in circular bioeconomy, presenting different
opportunities and challenges across countries, as they need to be organically integrated in
the territories’ landscape and infrastructure. In order to widen possible outcomes of
biorefineries and in some cases minimize environmental impacts, it is possible to exploit
microorganisms, the so-called microbial cell factories, whose role is to convert the provided
biomass into the desired product(s) [13,14]. Microbes are naturally able to produce
molecules of industrial interest and to exploit biomasses; plus genetic engineering and
synthetic biology can improve both the characteristics [15—18]. Nonetheless, since the use
of genetically modified microorganisms (GMMs) is strictly regulated, particularly in Europe,
their industrial applications are still limited, especially in fields related to food and feed
[19]. Metabolic features of microbes can in fact valorize residual biomasses like seaweeds-
derived ones, whose sugar components could be further used for microbial fermentation,
even after the extraction of valuable compounds (e.g. specialty lipids) from the seaweeds
themselves, perfectly matching the cascading concept [20]. Indeed, microbial cell factories

can provide products that lay at opposite boundaries of the cascading pyramid, from high-
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value molecules such as terpenoid flavors and fragrances [21] to low-value ones, like
biofuels [22]. The product portfolio provided by microbial biodiversity permits in fact to
address cascading principles, exploiting various types of biomasses [23].

Consequently, biorefineries based on microorganisms are strongly dependent on the
biomass used, since it will act as nutritional source for microbial cells, thus the access to
nutrients in those sources must be guaranteed. Both first and second generation
biorefineries often rely on sugar-based biomasses, such as edible crops (e.g. corn,
sugarcane) and lignocellulose, respectively, whose polysaccharides need to be hydrolyzed
to release simpler molecules that are used by the cells more easily. This goal can be
achieved by either chemical or enzymatic hydrolysis, the latter being preferred since
generally it can be performed under conditions that are more compatible with the
microbial growth. For example, acid hydrolysis is limited by the need of neutralizing the pH
afterwards, by the generation of inhibitory compounds (e.g. furfurals) and by the disposal
of the acid itself that negatively affects the environmental impact of biorefineries [24,25].
Consequently, it is crucial that nutrients released from biomasses can match microbial
requirements. In the case of lignocellulosic biomasses (LCBs), constituted by cellulose,
hemicellulose and lignin in different ratios, a pre-treatment step aimed to open-up the
recalcitrant macromolecular structure is often followed by enzymatic hydrolysis [26], as
enzymes are operating under conditions that are more compatible with microbial growth.
Different hydrolyses can generate different mixtures of sugars and other nutrients, both in
terms of composition and relative quantities. Remarkably, enzymes, as loyal allies to unlock
the real potential of second generation biomasses, can be applied using two different
processes such as separate hydrolysis and fermentation (SHF) and simultaneous
saccharification and fermentation (SSF) in order to match microbial cell factories

characteristics [27] (Figure 3).
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Separate Hydrolysis and Fermentation (SHF)

| 1 2
Lignocellulosicbiomasses Enzymatic cocktails Enzymatic Yeast cell factories . Final products
Pre-treatment hydrolysis ) Fermentation . -
e.g. corn stover, switchgrass e.g. endoglucanase, e.g. Saccharomyces cerevisiae e.g. bioethanol, lipids,
wheat straw, kitchen biowaste |:> B-glucosidase, a-gglactosidase Rhodosporidiym toruloides carotenoids, xyilitol, arabitol
(b r X 5

5 e

Simultaneous Saccharification and Fermentation (SSF)

Figure 3: Overview of the processes/factors involved in conversion of lignocellulosic biomass into
final products. Pre-treatment is often needed to weaken the intertwined structure of LCBs, prior to
enzymatic hydrolysis. In SHF two steps (hydrolysis and fermentation) are apart among them,
whereas they are combined in a single one in SSF.

Annually, about 1.3 billion tons of lignocellulosic biomasses are generated all around the
world, although only 3% are being exploited to produce biochemicals, bioenergy and non-
food related bio-products [28]. Main examples of LCBs are plant straw, coconut husk, corn
stover, and sugarcane bagasse, vegetable and woody materials in general. The structure of
lignocellulose is intertwined by three main biological polymers, namely lignin (20-30%),
hemicellulose (20-40%) and cellulose (40-50%) [29] held together by different types non-
covalent bonds and covalent cross-linkages. Cellulose, the most abundant LCB polymer, is
composed of B-D-glucose units linked by B-(1,4) glycosidic bonds, with cellobiose as the
fundamental repeating dimeric unit. Around 500-1400 glucose molecules compose the
cellulose chains forming the microfibrils that are embedded in the lignocellulosic matrix:
this in turn makes it resistant to enzymatic hydrolysis [30]. Hemicelluloses are composed
of heterogeneous groups of biopolymers containing various monosaccharide subunits to
form xylans, xyloglucan, mannans and glucomannans [31]. They are amorphous with very
little physical strength and act as a physical barrier for enzyme accessibility. Lignin,
responsible for the hydrophobicity and structural rigidity, binds hemicelluloses to cellulose
in the cell wall [30]. Cellulose and hemicelluloses are linked together through hydrogen
bonds, while lignin is covalently linked to hemicelluloses to form lignin-carbohydrate
complex (LCC).

Given the uneven and complex nature of LCBs, their exploitation in biorefineries
propaedeutically involves steps aimed to degrade such matrixes, with the goal to easily

release the sugar content within, and to provide the hydrolysate as growth medium to
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microbial cell factories. Therefore, both pre-treatment and hydrolysis are pivotal to the

development of second-generation biorefineries.

Enzymatic hydrolysis of lignocellulosic biomasses

As aforementioned, enzymatic cocktails are a preferred option compared to chemical
hydrolysis of LCBs, in order to match better microbial growth requirements. Nevertheless,
before the addition of enzymes, the so-called pre-treatment step is often applied to
destabilize the recalcitrant structure of LCB. Depending on the type of LCB used and the
end product of interest, there are several physical, chemical, thermal and biological pre-
treatment methods, that can also be used in combination [29]. Classic types of pre-
treatments involve acid or alkaline based methods, steam explosion and hydrothermal
processing, that in turn may release inhibitory compounds for both enzymes and microbes,
such as phenylic compounds, weak acids and furan aldehydes (i.e. furfural and
hydroxymethylfurfural) [28,29]. Despite it might be easier to choose among techniques the
one most suitable considering the sole LCB or the plant equipment, the subsequent steps
need to be considered as well, since they can have a negative impact [28]. Knowing that,
there are several examples, and many more are going to appear in a near future, of
protocols where these factors are taken into utmost consideration, showing the possibility
to reach efficient hydrolysis and microbial fermentation by exploiting enzymatic cocktails
(and microbial cell factories too) that are less sensitive to those inhibitors.

Considering the main components of LCBs, cellulose is hydrolyzed to cellobiose and
glucose, whereas hemicellulose gives rise to diverse pentose and hexose sugars: cellulases
and hemicellulases are used respectively, often combined in cocktails [32]. Multiple factors
such as temperature, pH, rate of mixing, substrate concentration, enzyme loading and
addition of surfactants influence monomeric sugar yields from LCBs [33]. According to the
International Union of Biochemistry and Molecular Biology (IUBMB) most of the
(hemi)cellulases and other polysaccharide degrading enzymes are grouped in the family of
O-glycoside hydrolases (GH) and further sub-classified into different families based on

primary structure of catalytic domains [32]. Given the variation between LCBs from
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different sources, and the heterogeneity that arises following the pre-treatment,
biodiversity of GHs is pivotal to address the hydrolysis of the different component of these
matrixes. The complete degradation of cellulose can occur by combined and simultaneous
action of three distinct classes of cellulolytic enzymes namely, endoglucanases,
cellobiohydrolases and B-glucosidases. Endoglucanases are involved in the cleavage of
internal B-glucosidic bonds thereby providing to cellobiohydrolases accessible cellulose
chain ends, releasing cellobiose that is further hydrolyzed to glucose by B-glucosidase [34].
On the other hand, considering that hemicellulose is not composed by a single monomer
and contains several different bonds as mentioned, its composition may instead vary a lot
depending on the LCB considered and therefore hemicellulolytic enzymes are more
diverse. Since the intertwined nature of lignocellulose, to detach sugars from the lignin
moiety and to reduce the inhibitory effect of lignin itself different it is crucial to have
combinations of hydrolytic and accessory enzyme, both in terms of types and ratios [35].
Enzymatic cocktails have a pivotal role in improving the efficiency of biomass hydrolysis by
reducing the amount of enzymes and time required to convert all the carbohydrates into
fermentable sugars and having the possibility to function at high substrate loadings [36].
The formulation of cocktails can be in fact designed to exploit synergistic effect of enzymes
such as cellulase, xylanase and pectinase.

Considering the relationship between enzymatic hydrolysis and microbial fermentation, in
the last decades two main types of processes have been developed: simultaneous
saccharification and fermentation (SSF) and separate hydrolysis and fermentation (SHF).
They can be simply described as processes where enzymes and cells are working together
or in separated vessels, respectively. The two processes have several pros and cons in terms
of efficiency, duration, presence/release of inhibitory molecules, and downstream process
of the final product [27,37,38]. There are several examples in literature of second
generation bioethanol production by Saccharomyces cerevisiae, the main microbial cell
factory exploited for this purpose [37,39,40], based on SHF or SSF processes. An obvious
advantage of SHF is the possibility to choose the optimal conditions for both enzymatic
hydrolysis and fermentation steps as they occur temporally and spatially separated. For

example, temperature is a key parameter since efficient enzymatic cocktails often have

9
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optimum activity at around 50 °C, whereas microbial fermentations very often use
mesophilic microorganisms displaying optimal temperatures comprised between 25 °C and
35 °C [37,38,41]. In addition, in a SHF process it is possible to eliminate by centrifugation
the non-hydrolyzed components, called water insoluble solids (WIS), that may impair
subsequently microbial growth and production, because of the toxicity of some of their
components, such as the phenolic moiety, that may impair cellular redox balance [42], as
well as because of a poor homogenization of the liquid medium [43]. Separation of WIS is
also advantageous if not indispensable when the final product is intracellular [44].
Nevertheless, SHF also displays drawbacks, such as higher capital expenditures (CAPEX —
the money spent by a company to handle with long-term assists) because of the need of
different vessels and prolonged process times (augmenting also the risk of undesired
fermentations), which in turn may impair the economical sustainability of the process itself
[27,38]. Another relevant issue in SHF is the enzyme inhibition caused by the mono- and
disaccharides released, while the downside of an optimized hydrolysis can be the excessive
osmotic stress for the cell factories in batch fermentations.

On the contrary, in SSF cell factories can metabolize sugars co-currently with their release
from the biomass, thus mitigating both the osmotic stress and the inhibitory effect of
(simple) sugars on the enzymes [27,37,38]. In addition, in SSF processes glucose titer is
maintained low by microbial co-consumption, facilitating the consumption of other
saccharides as well, otherwise impaired by the catabolic repression caused by glucose itself
[37,38]. Considering also that SSF might reduce the overall duration of the process, the
number of variables justifies the fact that several works (and several industrial processes
as well) are exploring both SHF and SSF to understand which one better matches their
expectations [45-50]. The choice between SSF and SHF is debated also when using high
solids loadings (>20% w/v), which can affect cell viability and the action of enzymes; the
compromise between the amount of sugars and inhibitors must be considered [49,51]. SSF
could additionally be implemented by a presaccharification step, namely a partial
enzymatic hydrolysis of cellulose and hemicelluloses contained in the substrate and a
enzymatic-assisted disassembly of hemicellulose-lignin moieties. This is aimed to facilitate

the subsequent co-current hydrolysis and fermentation, in particular when the microbial
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cell factory used is supposed to produce the enzymes (whether endogenous or
recombinant) itself [52,53]. The need and the characteristics of the presaccharification step
are really dependent on the type of biomass used as feedstock, therefore its deployment
could be considered or not to further improve the bioprocess of interest [52,53].

The possibility to choose between different options is a situation even more widened by
the huge microbial diversity to draw from in other to develop bioprocesses based on

microbial cell factories.

Bioprospecting microbial cell factories:
from bacteria to yeasts

Thousands of microorganisms have already been catalogued, despite the majority is yet to
be discovered. With the microbial portfolio already available, it is possible to apply a
widespread bioprospecting, in order to isolate and select microbial cell factories to be
employed in bioprocesses [18]. In addition, genetic engineering and synthetic biology
approaches can extend possible products of microbial origin [17]. Nevertheless, these two
strategies are inclusive among each other, permitting to unlock innovative phenotypes, and
in turn, new bioprocesses [18].

Considering prokaryotes, a great variety of species have been proposed as microbial cell
factories, thanks to their apparent simplicity, that provided them with powerful
evolutionary tools to colonize basically all known habitats on our planet. Prokaryotes can
be exploited as single species for the synthesis of molecules ranging from biofuels and
bioplastics to food colorants, cosmetics and pharmaceuticals, providing optionally refined
sugars or LCBs [23,54,55]. Several biomasses, especially the cheap ones, are normally
contaminated with prokaryotes that naturally can grow on such substrates. Therefore, to
completely use them and produce multiple products, industrial processes based on
microbial consortia drew more and more attention in the last decades, since their
properties arising from the synergistic effect of several species [55]. The combinatory
effects of different prokaryotic metabolisms is definitely clear in the case of biogas

production from organic material of residual origin, where acetogenic and methanogenic
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microbes are a real assembly line to be exploited for human energy needs [55,56]. Among
the various prokaryotic microbiotes involved in anaerobic digestion of sludge or manure,
core archeal groups are Methanosarcinales and Methanomicrobiales, whereas main
bacterial groups are Chloroflexi, Betaproteobacteria, Bacteroidetes and Synergistetes
[57,58], although high diversity in members of each specific consortium is responsible for
biogas production variations in full-scale anaerobic digesters [59]. Therefore, considering
both the complete use of different biomasses and the wide range of product of prokaryotic
origin, the use of these microbes definitely matches the cascading principles.

Similarly, eukaryotic biodiversity can be deployed for the cause of bioeconomy as well, to
develop microbial-based bioprocesses. Among fungi, several filamentous fungi have been
proposed as microbial cell factories able to use waste stream derived biomasses [60,61].
Nonetheless, filamentous fungi are characterized by a multicellular nature and frequently
by slow growth that may diminish their performances, especially in terms of productivity
[62]. When the accumulation of the final product generates toxicity, as in the case of
ethanol among others, this limitation becomes a real impairment to the success of the
process. Focusing only on yeasts, it is possible to choose from a huge variety of different
species, often with unique features, and compensating some of the drawback of
filamentous fungi.

The most widely used eukaryotic microorganism in biorefineries is the yeast S. cerevisiae,
the main specie responsible for food and beverage production (e.g. fermented beverages),
that can be exploited for its natural and engineered features, obtaining products such as
bioethanol, organic acids, carotenoids, vitamins and pharmaceuticals [16,18,63,64]. In
addition, it can ferment both refined and cellulosic sugars, being therefore a valuable ally
to fulfill the principles of cascading in terms of both the substrate and the product.
Nevertheless, it shows some limits, such as a narrow substrate preference, that exclude for
instance pentose, and its robustness, which is enough for some LCBs, inhibitors and
products, but not for other ones [37].

Although S. cerevisiae is still the yeast of election both as model system and industrial
workhorse, there are plenty of other yeasts to be considered for these purposes [65]. In

fact, there is an enormous and mainly unexplored potential among the so called non-
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conventional yeasts [14,66,67], essentially because they are less characterized. Their
exploitation is limited by the fact that only a few of them are considered into the qualified
presumption of safety (QPS) list of the European Food Security Agency (EFSA) [68,69]: soon
more will be enlisted too, widening the possible scenarios.

In the presented scenario yeast biodiversity can offer advantages that are not fully
exploited and, in some cases, also poorly explored. Prominent examples are the co-
consumption of hexose and pentose sugars (which includes both sugar transporters and
catalytic enzymes) [70,71], and the native production of enzymes for the hydrolysis of LCB-
derived polymers/oligomers [71]. It becomes clear after what disclosed above that
enzymatic hydrolyses can bring out these peculiar traits. Once more, despite its high
potential S. cerevisiae appears limited due to the high preference for glucose. Indeed, the
broader substrate range of non-Saccharomyces yeasts can be coupled not only to the
production of ethanol (which still remains one of the most investigated product when
demonstrating industrially relevant products) but also to biodiesel or more generally single
cell oil (SCO), as in the case of oleaginous yeasts [72—74]. Testing the ability of yeast species
as putative cell factories using a certain feedstock is therefore pivotal, to explore the
potential provided by a bioprospecting approach.

Together with the consumption of sugars from LCBs enzymatic hydrolysis, the ability to
withstand various growth inhibitors often derived not only from the product but also from
the pre-treatment step of LCBs is pivotal [75,76]. In this context, once more yeast diversity
can match with feedstock composition, which in turn is dependent from the enzymatic
cocktail that was used. Oleaginous yeasts are often displaying good resistance towards
classic inhibitors present in LCBs hydrolysates [74,76,77]. Non-Saccharomyces yeasts are
therefore an important biological reservoir of biodiversity that can be applied to the
development of second-generation biorefineries, in order to widen our horizons beyond
the common exploitation of S. cerevisiae for bioethanol production, and to maximize the
portfolio of enzymatic cocktails available on the market.

In the last years, some yeast species, including Rhodosporidium toruloides, Lipomyces
starkeyi, and Yarrowia lipolytica have become popular and are currently used on an

industrial scale. These species are called oleaginous yeasts, since their natural ability to
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accumulate intracellular lipids can be exploited mainly for the production of biodiesel
[61,72,73,78]. Together with the “ex novo” lipid biosynthetic pathway, that starts from
hydrophobic substrates (oils, alkane, etc.), these species possess also a “de novo” pathway,
starting from sugars and related molecules, therefore being the one of interest when
exploiting LCBs [79]. Among oleaginous yeasts, several species are able to metabolize LCBs
derived sugars, being therefore attractive cell factories for second generation biorefineries
[72-74,76].

Relevant parts of the work described in the present Doctoral work has been focused on the
use of R. toruloides, whose features and characteristics, together with its applications as
microbial cell factory in biorefineries, have been recently reviewed [80,81]. R. toruloides is
a heterothallic yeast, isolated in 1922 from the air of the city of Dailan (China), originally
named Torula rubescen [82], and today classified in the Pucciniomycotina clade. Since
species of this group are polyphyletic, a recent phylogenetic classification proposed to
rename Rhodosporidium as Rhodotorula [83]. In nature, R. toruloides is also found in
diverse types of environment such as soil, seawater, acid sewage and plant leaves. R.
toruloides can indeed metabolize different kind of substrates, like mono- and disaccharides
such as sucrose, maltose, cellobiose, trehalose, raffinose, and D-galacturonic acid, and
alcohols such as ethanol, glycerol, mannitol and sorbitol [74,76,77], therefore being an
attractive cell factory to be deployed in second generation biorefineries. R. toruloides
consumes pentose sugars of LCB origin, like xylose, by the classic fungal pathway
comprising xylose reductase (XR) and xylitol dehydrogenase (XDH) activity, producing also
D-arabitol in the process [84,85]. In addition, (Figure 4), it is a natural producer of
carotenoids, such as B-carotene, y-carotene, torulene, and torularhodin, and neutral lipids,
accumulated under nutrient-limiting conditions as a carbon storage mechanism [81,86].
This specie, often called “pink yeast” because of carotenoids, produces also enzymes, such
as esterases and phenylalanine ammonia-lyase (PAL), which are of interest for the drug and
the green chemistry industrial sectors [81,87]. R. toruloides also possesses a good
resistance towards classic inhibitors derived from the hydrolysis and pretreatment of LCBs,
such as furfural, acetic acid, and phenolic compounds [74,77]. In addition to its natural

abilities, R. toruloides can be genetically modified to produce several other molecules, such
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as fatty alcohols, fatty acids methyl esters (FAME) and various mono- and polyunsaturated
fatty acids, together with compounds derived from branching of the isoprenoids pathway
[81,88]. When compared with other oleaginous yeasts, R. toruloides is desirable since it
accumulates up to 65% of the dry cell weight as lipids under nitrogen-limited conditions,
whereas Y. lipolytica, the most used for this goal, naturally produces around 30% without
additional engineering [81]. R. toruloides synthesis of carotenoids is also similar in terms of
production to those of species of the genera Rhodotorula, Sporidiobolus, and
Xanthophyllomyces |/ Phaffia accounted for being top producer organisms: nevertheless,
genetic tools to modify R. toruloides are more advanced [81]. These tools include random
DNA insertion by Agrobacterium tumefaciens-mediated transformation (ATMT) [89], RNA
interference [90], and genome editing by CRISPR/Cas9 system [91,92].

Since the possibility to obtain different product from a single species, when expanding to
other microbes with a bioprospecting approach it is fundamental to examine in depth the
characters of such compounds, in order to evaluate the bioprocesses in the light of the

cascading principles.
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Figure 4 The primary metabolic pathways of R. toruloides. Key genes involved in glycolysis, pentose
phosphate pathway, TCA cycle in mitochondria, biosynthesis and degradation of fatty acids,
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triacylglycerols and phospholipids, isoprenoid biosynthesis, glyoxylate cycle pathway, and the B-
oxidation pathways in peroxisomes are highlighted in green. Abbreviations: GA-3-P, glyceraldehyde
3-phosphate; DHA, dihydroxyacetone; DHAP, dihydroxyacetone phosphate; G-3-P, glycerol-3-
phosphate; LPA, lysophosphatidic acid; PA, phosphatidic acid; DAG, diacylglycerol; TAG,
triacylglycerol; SE, steryl ester; FFA, free fatty acid; OAA, oxaloacetate; AHG, a-ketoglutarate;
AcAcCoA, aceto-acetyl-CoA; HMG-CoA, hydroxymethylglutaryl-CoA; MVA, mevalonate; MVASP,
mevalonate-5-phosphate; MVA5PP, mevalonate-5-diphosphate; IPP, isopentenyl diphosphate;
DMAPP, dimethylallyl diphosphate; GPP, geranyl diphosphate; FPP, farnesyl diphosphate; GGPP,
geranylgeranyl diphosphate; AMP, adenosine monophosphate; IMP, inosine monophosphate. From
[80].

Bioproducts: carotenoids, folates and biogas

As aforementioned, heat and electricity are the main products obtained from renewable
biomasses, but the involvement of microbial cell factories expanded that portfolio, with a
plethora of other fine and bulk chemicals. Alongside (ligno)cellulosic bioethanol, solvents
(e.g. butanediol, propendiol, isobutanol), carboxylic acids (e.g. lactic acid, acetic acid,
itaconic acid), amino acids (e.g. lysine, glutamic acid), terpenes (e.g. squalene, carotenoids)
have been proposed by the means of natural or engineered microbial cell factories, with
examples already on the market [11]. These molecules have different added values from
low (biofuels, solvents) to high (terpenes) ones, therefore, in the context of the cascading
principles [6,7] the biomasses to be exploited for such purposes can vary in terms of costs
and availability. This Doctoral work has been focused on three main products of renewable
origin, namely carotenoids, folates and biogas.

The global market value for carotenoids was estimated to be $1.5B in 2017 and is expected
to reach $2.0B by 2022, with a compound annual growth rate of 5.7% [93—95]. Carotenoids
display several benefits for human health, related to their antioxidant properties, with
anticancer and anti-inflammatory activity as well [94]. In fact, food and dietary
supplements are the second ranked sector for revenue from carotenoids, being animal feed
the first one with 41% of total revenue [94,96]. Ruminants are indeed entirely dependent
on feed as a source of carotenoids, since they cannot produce them autonomously [97].

Other applications involve the pharmaceutical, the cosmetic and the food dye sectors
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[94,98]. Carotenoids have also been recently tested for their antimicrobial activity against
both bacteria and fungi [99].

Carotenoids are lipophilic tetraterpenes (C40) divided in two main groups, namely
carotenes and xanthophylls, being the first compounds with only hydrocarbons in their
chemical structure (e.g. lycopene, B-carotene, torulene), and the second being oxygenated,
with different functional groups such as hydroxy (e.g. lutein and zeaxanthin) and keto (e.g.
astaxanthin) [98,100]. The end group of carotenoids can be either acylic, like in the case of
lycopene, of cyclic, like B-carotene or astaxanthin [98,101] (Figure 5). Known carotenoids,

their properties, functions and natural producers have been listed in a recent database

[102].
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Figure 5 A. Structure of some carotenes (A) and xanthophylls (B) present in the human diet. Modified
from [101].

All carotenogenic organisms (both eukaryotic and prokaryotic) biosynthesize carotenoids
via the C5 isoprenoid precursors isopentenyl pyrophosphate (IPP) and dimethylallyl
pyrophosphate (DMAPP), predominantly produced utilizing the mevalonate (MVA)
pathway or the 2-C-methyl- d-erythritol 4-phosphate (MEP) pathway [94]. The presence of
conjugated double bonds is the reason why carotenoids appear colored from yellow to
orange/red (410-510 nm) to the human eye [99,101]. Thanks to this feature, carotenoids
have several natural roles related to light exposure, such as being directly deployed for
photosynthesis and protection from photo-protection stress. For example, halophilic
microbes like the microalga Dunaliella salina or the archaea Halobacterium salinarium live

in body of water with high salinity and low depth, and therefore produce carotenoids to

17



Introduction

counter the high exposure to light typical of their natural habitat [103]. Together with
natural producers from all the three Domains of life, several other non-carotenogenic
microbes can be genetically modified for this purpose, like Escherichia coli, S. cerevisiae and
Y. lipolytica [95].

Among carotenoids, B-carotene has a relevant importance, since its role as pro-vitamin A
involved in several biological processes. This compound is cleaved to vitamin A by mono or
dioxygenase leading to the biosynthesis of retinoids molecules, which promote body
growth, visual function, differentiation of epithelial tissue, and also embryonic
development for pregnant women [96]. Vitamin A deficiency is a worldwide problem,
especially in developing African and Asian countries, since it can lead to eye damage and
even death in children [104]. It is not therefore a surprise that several attempts have been
made to enrich food with B-carotene as additive, or to fortify crops by genetic modification,
as in the case of the so-called “golden rice” [105]. Together with this role, B-carotene has
other properties related to health since it is a strong antioxidant, it improves immune
functions and prevents night blindness and liver fibrosis [94]. In addition, B-carotene is also
widely used in the other general sectors where carotenoids are deployed, in particular as
feed additive and food colorant [94]. Giving all its applications, the market value of B-
carotene reaches $246.2M, 80%-90% of which is satisfied by chemical manufactory, with
Roche and BASF being leading companies in this sector [94,106]. Chemical synthesis by
Roche involves enol-ether condensation, whereas BSF utilizes the Wittig condensation for
the production of B-carotene. Both these processes start from B-ionone and involve
different solvent and chemicals, such as heptane, 2-propanol, sulfuric acid and
phophonium salts, that increase the environmental impact of the synthesis [106,107]. In
addition, B-ionone was originally extracted from renewable biomasses such as lemon grass
(Cymbopogon citratus) or pine (Pinus caribea), but currently it derives from acetone, that,
in turn, derives from benzene of petrochemical synthesis [106]. Consequently, the demand
for naturally produced molecules increased in the last years, fostering the search for new
sources.

Natural B-carotene sources are plants like roots (carrots, sweet potatoes), leafy vegetables

(spinaches, lettuces), flowers (roses, saffron), and fruits (tomatoes, pumpkins, red
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capsicums, oil palm) [96,107]. These edible crops involve first generation biorefineries, and
to diverge from them microbial cell factories can be exploited in combination with residual
biomasses. Among them, yeasts have been deployed for the production of carotenoids
from both defined and complex media, with species like Rhodotorula glutinis, Rhodotorula
gracilis, Rhodotorula mucilaginosa, Xanthophyllomyces dendrorhous (= Phaffia
rhodozyma), and Sporobolomyces ruberrimus [86,94,99,107,108]. Furthermore, among the
top producing species, R. toruloides, can be considered a desirable candidate for the
reasons explained in the previous section of this Doctoral work. In fact, since the high added
value of carotenoids, biomasses with an application, such as Camelina sativa meal for the
feed sector, can be applied for their exploitation, in the context of the cascading principles.
The implementations of processes based on Camelina meal and R. toruloides for the
production of carotenoids will be disclosed in Chapters 1 and 2. Similarly, in Chapter 3 the
feedstock used was instead polyphenol extraction waste from cinnamon (C-PEW).

As mentioned, B-carotene is provitamin A, and this role increases its appeal for the market.
Similarly, other vitamins B vitamins, are valuable compounds that can be produced using
microbial cell factories [16]. Among them folates are a group of water-soluble compounds
part of the B vitamin family (Bs), that act as donor of C1 units. Therefore they play essential
roles in several cellular pathways: folates are in fact involved for example in DNA synthesis
and methylation, protein synthesis and formation of embryonic tissues [109]. Since its
importance, it has been deployed as supplement in fortified food in both western and
developing countries [110,111]. All the vitamin Bs commercially available for food
supplementation is chemically synthetized in the form of folic acid and may present some
drawbacks [112]. Nevertheless, folic acid alone had a market value of $665M in 2015 [113].
Saccharomyces cerevisiae is a natural producer of different folate vitamers, and therefore
can be exploited for such purpose in bioprocesses [114,115]. Since the availability of
genetic engineering tools, it is possible to modify S. cerevisiae to increase the production
of folates [116]. Following cascading principles, the high added value of folates permits an
initial development of such processes using refined sugars, as described in Chapter 4, as

starting point for a successive implementation with sugars of LCB origin.
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On the contrary, the low cost of a commodity such as manure, together with its high
availability, drives bioeconomy towards its exploitation for the production of bulk
chemicals, such as biomethane. Biomethane (CHj) derives from microbial anaerobic
digestion by microbial consortia that produce a mixture of gases called biogas, containing
also relevant amounts of CO;, [55,117,118]. Anaerobic digestion of organic residues to
produce biogas comprises different biochemical stages (hydrolysis, acidogenesis,
acetogenesis and methanogenesis) carried out by syntropic microbes [55] that will be
discussed in detail in Chapter 5. Biogas can be either used directly as it is (for example in
situ at the plant facility) or be subjected to process of upgrading, aimed to eliminate CO;
presence, in order to both increase the calorific value of the mix and to inject purer
biomethane into pipelines together with the conventional fossil one for domestic,
industrial and transport use [119,120]. The biogas production chain permits the recovery
of some residual resources, such as manure and agro-industry wastes, which can be
converted into carrier energy [121].

In fact, since the low market value of biogas (from 0.1384 to 0.529 €/m3 [121,122]), its
production needs to derive from a very low-cost feedstock as well, in order to guarantee
its economic sustainability, following the cascading principles. LCBs can be deployed for
such purposes, although their recalcitrance and the presence of inhibitory compounds (e.g.
phenolic molecules and furfural) impair their applications for the production of
biomethane [118].

Among cheap alternatives, manure is a livestock residue (e.g. cattle, pig and poultry [56])
with little commercial value, but with high environmental impacts, therefore anaerobic
digestion is the best way to mitigate them, generating at the same time energy (in the form
of biogas) and biofertilizer (the digestate) [117]. The production of biogas from manure can
be obtained either digesting this biomass alone or co-fermenting with other residual
biomasses [117]. Manure is still considered the biomass with the highest worldwide
potential for the production of biogas, compared to other agricultural or waste side
streams [123]. Nevertheless, biogas production still faces several social concerns in term of
environmental sustainability: in reality, biogas production proved to be beneficial for the

environment, although issues related to direct or indirect emission of methane and NOx
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have to be considered, as well as the need of further data to fully complete life cycle
assessment (LCA) analysis [117,123]. It is therefore pivotal to improve biomethane
production from methane, and in this context computational and mathematical models
[124] can be helpful to foresee microbial behavior in response to process modifications and
to further meet cascading principles applied to low value biomasses and products, as

explained in Chapter 5.

In conclusion, this Doctoral work focused on the development of bioprocesses based on
microbial cell factories and different biomasses, to obtain bioproducts accordingly to the
cascading principles (Figure 6). The strategy deployed follows the same pattern, with
computational and mathematic modeling that involve little amount of materials and
energy, whereas metabolic engineering needs high amount of toil to reach the desired
goals. Taken together, the proposed bioprocesses summarize different aspects of the

involvement of industrial biotechnology in the bioeconomy scenario.
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Figure 6 Graphical abstract of the present Doctoral thesis highlighting the cascading principles
considered.
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Introduction

The continued use of fossil resources poses an ecological, economic, and political
problem that has sparked the search for alternative sources of energy, chemicals, and
materials. Biorefineries, which transform biomass into energy and chemicals, offer a
possible answer, particularly in the form of microbial cell factories. The sustainability of
biorefineries is strongly related to the origin, availability, and market of biomass. For
example, edible crops have been exploited for decades as feedstocks for the production
of several fine and bulk chemicals. However, environmental and social issues, caused by
direct or indirect competition with the food sector, discourage the use of agricultural
products and land for large-scale production of commodities [1]. At the same time, the
existing linear economy’s logic of “take, make, dispose” is generating a large amount of
waste, including organic matter. For these reasons, biorefineries based on residual
biomasses have drawn increasing scientific and industrial interest. Microbial cell factories
are especially attractive; however, conventional pretreatments and saccharification
processes of residual biomasses often release toxic compounds that can impair microbial
growth and synthesis of the target product [2]. These issues need to be factored in when
developing robust biorefineries capable of generating high-value molecules from low-cost
substrates.

The growing use of oilseed crops for food and biofuels is leading to a surplus of process
leftovers that are currently used mainly as animal feed [3] owing to their protein,
carbohydrate, and fiber content. A good example is Camelina meal (or cake), the main by-
product of oil extraction from Camelina sativa seeds [4-8], which is a common
supplement of cattle and poultry diet. However, the rich composition and relatively low
cost ($0.25/kg) of Camelina meal [9], make it attractive for the development of
sustainable bio-based processes that would either further valorize its macromolecular
components or increase its nutritional value in animal feed. So far, only Mohammad et al.
[10] have attempted to use Camelina meal, mixed with other Camelina-derived sugars,

for the production of bioethanol, a low value-added molecule, by Saccharomyces
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cerevisiae. To improve the economic viability of the process, the present study assessed
the microbial biotrasformation of Camelina meal into carotenoids as high value-added
products.

The global market value for carotenoids was estimated to be $1.5B in 2017 and is
expected to reach $2.0B by 2022, with a compound annual growth rate of 5.7% [11-13].
Carotenoids are found mainly in animal feed (41% of total revenue), followed by food and
dietary supplements owing to their beneficial effect on human health [12,14]. Ruminants
are entirely dependent on feed as a source of carotenoids, since they cannot produce
them on their own [3]. Chemical synthesis of carotenoids from synthetic resources meets
80-90% of the market needs, but the increasing demand for naturally produced
molecules has sparked the search for new, preferably vegetal sources [12]. B-carotene
alone has a market value of $246.2M. Natural B-carotene can be extracted from carrots
and fruits of oil palm, but recent attempts have demonstrated the commercial production
of B-carotene in microbial cell factories employing the microalga Dunaliella salina or the
filamentous fungus Blakeslea trispora [12]. Unfortunately, algal carotenoid production is
generally expensive and requires large areas for cultivation [15,16], whereas filamentous
fungi are frequently characterized by slow growth and a multicellular nature that may
impair productivity [17]. Yeasts could potentially improve the overall sustainability of the
process. In particular, the oleaginous yeast Rhodosporidium (Rhodotorula) toruloides, also
known as “pink yeast”, naturally accumulates carotenes and xanthophylls, such as B-
carotene, torulene, and torularhodin [16,18,19]. R. toruloides can use different sugars,
such as glucose, cellobiose, sucrose, mannose, xylose, arabinose, and galacturonic acid, as
main carbon sources [20]. In addition, R. toruloides converts complex substrates, such as
carob pulp syrup, sugarcane bagasse, corn stover, and food wastes, into lipids and/or
carotenoids [21-24]. Therefore, this yeast is a good candidate for the development of 2™
generation biorefineries.

To produce carotenoids in R. toruloides, Camelina meal was first saccharified by
enzymatic hydrolysis. Then, the released sugars were used as feedstock in Separate

Hydrolysis and Fermentation (SHF). An alternative Simultaneous Saccharification and
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Fermentation (SSF) process was also assessed. Results indicate that Camelina meal and R.
toruloides can be used for the development of a novel bio-based process for carotenoids
production. Moreover, the obtained data will facilitate further optimization of process

conditions.

Results and discussion

Evaluation of total sugar content in Camelina meal and optimization of enzymatic

hydrolysis

The content of water, insoluble components, acetic acid, and sugars in Camelina meal
was quantified following acid hydrolysis. Acetic acid and sugar were analyzed also after
enzymatic hydrolysis, as no enough data exist in literature to assess the use of Camelina
meal as substrate for microorganisms. As shown in Table 1, almost one third (31%) of
Camelina meal was composed of sugars. Of these, glucose and fructose accounted for
more than two-thirds (w/w) as revealed by high-performance liquid chromatography
(HPLC) analysis. Even though acid hydrolysis can be suitable for saccharification, its use is
limited by the low final pH, which needs to be neutralized before sugars are added to the
cells, and by the release of inhibitory compounds such as furfurals [2,25]. These
limitations negatively affect the sustainability of the overall biorefinery process in terms
of use and disposal of acid solutions [25]. Therefore, to release monomeric sugars from
their polymeric form, an enzymatic instead of an acid hydrolysis was performed under
different test conditions (see below). The other main components of Camelina meal, as
reviewed by [7], are crude proteins and crude fats, which account for 35.2-46.9% and
4.9-11.9% of total biomass, respectively, as well as micronutrients such as vitamins;
whereas the insoluble fraction is composed mainly of lignin and ashes. Based on these
data, we hypothesized that Camelina meal could be a suitable substrate for the growth of

R. toruloides and carotenoid production.
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Table 1 Camelina meal hydrolysate composition
following acid treatment

Camelina meal composition

Measured component Percentage (w/w)
Water 94+1.8%
Acetate 11+14%
Insoluble fraction 13+1.4%
Sugars of which 31£1.0%
Glucose 16£0.9%
Fructose 83£00%
Arabinose 6.9+00%
Crude protein 35.2-46.9% [7]
Crude fat 49-119%[7]

Values are the means of three independent experiments

Table 1: Camelina meal hydrolysate composition following acid treatment. Values are the means
of three independent experiments.

Enzymatic hydrolysis can be performed under conditions that are generally more
compatible with subsequent growth of mesophilic microbial cell factories. Moreover, it
can take advantage of a broad range of commercially available enzymatic cocktails
[26,27]. Here, this step was optimized by using the commercial cocktail NS22119
(Novozymes A/S), which can release both hexose and pentose sugars. Different initial
concentrations of Camelina meal were tested to determine the effect of solids loading on
sugar release. After autoclaving, the measured pH was 5.5, which was compatible with
enzymatic catalysis, as NS22119 is supposed to retain up to 90% of its maximum activity
at this pH, according to the indications of the producer. Remarkably, the pH remained
constant until the end of hydrolysis, which reduced both the economic and
environmental impact of the procedure, as neither neutralization nor additional buffer
were required. As shown in Figure 1A, pre-treatment of biomass by autoclaving resulted
in the initial concentration of released sugars to range from 1.8 + 0.03 g/L to 9 £ 0.3 g/L.
The values reflected the amount of biomass loaded at the beginning of the experiment.
After enzymatic treatment (11.9% W/Wcamelina meal), the concentration of free sugars rose
to at least double the initial amount, independently of the quantity of loaded biomass
(Figure 1A). No additional release of sugar was detectable over time from negative

control samples, in which 3% or 15% of the initial biomass but no enzyme was incubated
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in a shaking water bath at 50°C (Additional Figure S1). The sugar titer increased in the
presence of enzymes in a linear manner (R?2= 0.98, p < 0,001, calculated with R) until 24 h
in respect to the initial quantity of biomass. Hence, the yield of sugars released by
enzymatic hydrolysis was constant regardless the concentration of Camelina meal (Figure
1B) and the maximum yield of sugars over total biomass was 20% after 24 h. Considering
the original amount of carbohydrates, a sugars recovery of 65% was calculated (see
Calculations section), which is in accordance with commonly reported values for

lignocellulose enzymatic hydrolysis [28,29].
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Figure 1: Effect of enzymatic hydrolysis with the NS22119 cocktail (11.9% W/Wcamelina meal) ON
different Camelina meal concentrations. Time course of sugar released (A) and sugar yield from
biomass (B). Values are the means of three independent experiments.

Based on these data, successive experiments were performed using Camelina meal at the
maximum tested solids loading (15% w/v). To determine if sugar recovery could be
further improved in spite of a possible inhibition of enzymatic activity by released
products or by biomass itself, two different strategies were designed. In one, the initial

quantity of enzymes was doubled from 11.9% to 23.8% W/Wcamelina meal; in the other, the
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mixture was pulsed with a second dose of enzymes (11.9% W/W camelina meal), thus doubling
the total amount, after 6 h of hydrolysis. When the first strategy using double the amount
of enzymes was applied, the quantity of sugars released from Camelina meal (Figure 2,
black bars) did not differ significantly from that of a single enzyme dose (Figure 1A). A
similar result was obtained when the second strategy, based on an additional pulse of
enzymatic cocktail after 6 h of hydrolysis was applied (Figure 2, white bars). These
findings indicate that incomplete saccharification is related more to the intrinsic
accessibility of polysaccharides in the biomass than to limitations in catalytic activity.
They also suggest that the initial procedure was the preferred one, as it minimized the
use of enzymes and thus the overall cost of the process. The enzymatic cocktail exhibited
greatest activity during the first hours of hydrolysis; prolonging incubation beyond 6 h to
24 h improved sugar titer by only 20%. Therefore, the conditions for enzymatic hydrolysis
of Camelina meal were as follows: 15% w/w solids loading, 11.9% W/Wcameiing meal Of
enzymatic cocktail NS22119, reaction time of 6 h, operative temperature of 50°C, and
initial pH of 5.5. As underlined before, the pH of the reaction mixture remained constant
over time and was conveniently closer to the optimum reported for carotenoids
accumulation in R. toruloides (pH 5) than to the value suitable for lipid production (pH 4)

[30].
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Figure 2: Enzymatic hydrolysis of 15% Camelina meal. Sugars released by supplementation with an
additional pulse of NS22119 cocktail (11.9% W/Wcamelina meal) after 6 h of hydrolysis (white bar) or
with a starting double enzymatic cocktail dose (23.8% W/Wcamelina meat) (black bar). Values are the
means of three independent experiments.
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The above settings allowed for about 25 g/L of monomeric sugars to be released and,
with a sugar recovery of 53.3%. The fraction of residual non-hydrolyzed carbohydrates
could be considered as an added value to the final product, as a feed with Camelina meal
enriched in carotenoids by fermentation of R. toruloides would still contain fibers of

nutritional value.

Inhibitory compounds in Camelina meal hydrolysate

Compared with traditional acid treatment, enzymatic hydrolysis is efficacious in releasing
sugars from lignocelluloses and minimizing the accumulation of inhibitory compounds
[31,32]. Nevertheless, there are some drawbacks related to other compounds detached
from these complex matrices [2,20]. Acetic acid is the most common inhibitor released by
hydrolysis of the hemicellulose fraction composing lignocellulosic biomasses. Acetic acid
can easily impair microbial growth and metabolism due to its generic and specific toxicity
[33], reducing the key performance indicators of the production process [2,33,34].
Nevertheless, the toxicity of acetic acid is greater at low pH; extracellular pH values
higher than its pKa (4.76) reduce its diffusion across the membrane and, therefore, the
cellular damage it could trigger [35,36]. In the present study, the operative pH (5.5) was
higher than the pKa of acetic acid, thus lowering the detrimental effect of this molecule
on cells. Moreover, R. toruloides has been shown to withstand acetic acid when added to
defined media or even as the sole carbon source at up to 20 g/L at pH 6 [37-39]. During
enzymatic hydrolysis, acetic acid titer increased, reaching 1.8 + 0.01 g/L after 24 h from
the start (Additional Figure S2). This amount has been described as bearable by diverse
yeasts [34,37,38] including R. toruloides.

Considering the above constrains, Camelina meal hydrolysate appears to be a suitable
feedstock for yeast cell factory-based biorefineries, which would enable the exploitation

of yeast biodiversity and engineering strategies to obtain different products of interest.

Carotenoids production from Camelina meal hydrolysate in SHF and SSF
processes
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Having established a protocol for obtaining Camelina meal hydrolysate, carotenoids
production by SHF was investigated. In the SHF experiment, medium consisted of clarified
supernatant collected after 6 h of enzymatic hydrolysis. This medium was sufficient to
sustain R. toruloides growth, as indicated by the accumulation of biomass and
consumption of sugar (Figure 3A, dotted and dashed lines, respectively). The
accumulation of carotenoids increased over time, reaching 5 + 0.7 mg/L after 96 h of
fermentation (Figure 3A, white bars), with a yield on consumed sugars of 0.034% (w/w)
and on maximum quantity of sugars per biomass of 0.011% (w/w). These data are in
accordance with previous reports that R. toruloides and carotenogenic microorganisms in
general produce carotenoids mostly in response to stressful or sub-optimal conditions
such as stationary phase [17,18,40,41]. The period of 96 h was chosen mainly to allow
comparison with previous studies, whereby R. toruloides was provided with defined
media or other/different residual biomasses (Table 2). After 96 h, fewer carotenoids
could be extracted from the cells (Additional Figure S3), which could correlate with the
export/release of carotenoids from the cells or with an imbalance of nutrients that might
promote their consumption/corruption. The carotenoid production achieved here by SHF
was competitive with R. toruloides grown in shake flasks and supplemented with other

complex matrices (Table 2).
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Table 2 Carotencids production by R. toruloides

R. toruloides strain Substrate Time (h) p-Carotene (mg/L) References
ATCC 204091 W 72 624170 [23
[ 100 574218
ATCC 10788 YPG 28 i6 [1g
A5 21389 43
(B85 5490 68
CCTovEs SCBH 2 12201 [21]
cSCBH S 218+02
NCYC 921 (alias ATCC 10788) CPS100¢ 48 041 [22]
CP575 047
sCa1007 004
SCMTS 018
D5M 4444 CM SHF® 9% 55407 This study
CM 55F + presaccharification 12626
CIMA S5F 160£15

Comparison of data obtained from different madia and fermentation modes

! WE=waste xtract from mandis (road-side wagetable markets)

# MM = minimal media with 5 g/L glucese

* ¥PG =20 g peptone, 10 g veast extract, 60 g glyceral

b SCBH = sugarcane bagasse hydrolysate, c5CBH = concentrated SCBH

t CP5=carob pulp syrup

4 §CM = sugarcane molasse

¢ CM = Cameling meal

'3 Bioreactor, * =% *shake flasks. Data from other studies are reported with the original digits and standard deviation

Table 2: Carotenoids production by R. toruloides. Comparison of data obtained from different
media and fermentation modes.
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Figure 3: R. toruloides production of carotenoids from 15% Camelina meal hydrolysate. OD (dotted
line), sugars consumption (dashed line), and B-carotene production (white bars) by R. toruloides
subjected to different processes: SHF (A), SSF + presaccharification (B), and SSF (C). Values are the
means of three independent experiments.

To overcome the need for clarifying the medium after enzymatic hydrolysis, we fed the
cells the entire Camelina meal hydrolysate, including the water-insoluble solids (WIS)
fraction left over after enzymatic hydrolysis. WIS may impair microbial growth and
production because of the uneven homogenization of the liquid medium caused by the
presence of solid components, as well as due to the toxicity of some of their components
[28]. Under conditions termed here as “SSF + presaccharification”, R. toruloides was able
not only of consuming sugars and producing carotenoids (Figure 3B), but it also achieved

a higher titer of intracellular carotenoids, reaching 13 + 2.6 mg/L after 96 h, with a yield
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on consumed sugars of 0.108% (w/w) and on maximum quantity of sugars per biomass of
0.028% (w/w). Given that the amount of carotenoids extracted from Camelina meal with
and without the addition of enzymes remained constant over time, the carotenoids
measured in this and in the following experiments in the presence of WIS were due to
microbial metabolism (Additional Figure S4).

Often proposed as an alternative to SHF, SSF is characterized by a single combined
hydrolysis and microbial fermentation step. The two processes have several pros and
cons in terms of efficiency, time, presence/release of inhibitory molecules, and
downstream final product [42,43]. SHF and SSF have been proposed and compared for
several 2" generation biorefineries that used Arundo donax, grass or wheat straw as
feedstocks [28,44,45]. A potential drawback of incubating enzymes and cells in the same
environment is the compromise that needs to be reached allowing optimum operating
conditions for both of them. In the present study, because 50°C was not a viable
temperature for R. toruloides, 30°C was selected as the operative temperature. Thus,
increased shaking was intended to partially compensate for the reduced activity by
augmenting the probability of interactions between the matrix and the enzymes.
Remarkably, the release of sugars in these conditions was comparable to that obtained by
SHF or SSF + presaccharification (Additional Figure S5). As shown in Figure 3C, after the
first 6 h of hydrolysis, the amount of sugars in the medium was lower compared to that
obtained by SHF, most likely due to the initial growth (and therefore sugar consumption)
of R. toruloides. After 24 h, sugar consumption became clearly evident and was
accompanied by the accumulation of carotenoids. After 96 h, the carotenoid
concentration reached 16 + 1.9 mg/L, with a maximum amount of sugars per biomass of
0.028% (w/w). In the case of SSF, it is not possible to measure the total sugar released
during saccharification because of simultaneous fermentation. Importantly, the amount
of carotenoids was significantly higher when WIS were left in the medium (SSF and SSF +
presaccharification) compared to simple SHF (t-test p < 0.05). While sub-lethal
concentrations of insoluble solids might impair microbial growth, they could also trigger

the accumulation of metabolites important for the microalgae and yeasts own defense
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systems [41,46]. For example, B-phenol was shown to trigger carotenoid production in
yeast [47].

The titers achieved by SSF indicate the efficacy of concurrent hydrolysis and
fermentation, suggesting that a simplified procedure involving a single vessel could be
used. Because productivity remained similar over time, the initial sugar released in the
presence of cells did not seem to speed up the overall process. Overall, data from SSF and
SSF + presaccharification reveal that the often mandatory detoxification step, indicated
also for R. toruloides [48], is avoidable with this type of residual biomass. Moreover, the
final product obtained by both SSF and SSF + presaccharification is a Camelina meal
enriched with carotenoids, which can be used directly in the animal feed industry.
Therefore, different products, such as pure carotenoids and carotenoids-enriched
Camelina meal can be recovered from the tested processes. Camelina meal in particular,
would be an innovative product on the market, as carotenoids are commonly added to
animal feed for nutritional and organoleptic reasons [3,12]. In addition, the production of
carotenoids from a residual biomass of lower value may increase the economic
attractiveness of the proposed process. Based on the logic of cascading [49,50], the
present work paves the way for the use of Camelina meal as an alternative feedstock in

2" generation biorefineries exploiting microbial cell factories to produce fine chemicals.

Conclusions

Here, we demonstrate that Camelina meal could be employed as residual biomass for the
development of novel biorefineries based on microbial cell factories. After enzymatic
hydrolysis, this biomass was provided to the oleaginous yeast R. toruloides as sole
nutrient and energy source, and carotenoids production was assessed. A comparison of
different processes revealed that the highest titer of carotenoids was obtained when R.
toruloides was exposed to WIS and either SSF (16 = 1.9 mg/L) or SSF + presaccharification
(13 + 2.6 mg/L). The presence of WIS seemed to play a positive role under these
conditions, triggering the accumulation of the desired product and showing how common

foes of biorefineries can turn into possible allies. To further investigate the pliancy of this
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study, we plan to analyze the titer of concurrently accumulated carotenoids (e.g.,
torulene and torularhodin) and their relative ratio. We also intend to test alternative
microbial cell factories to produce other high value-added molecules such as aromas.
Moreover, biotransformation will be scaled-up from shake flasks to bioreactors, to
generate data useful to calculate the competitiveness of a potential industrial process

intended to further valorize Camelina meal, following the logic of cascading.

Materials and methods

Camelina meal composition

Flanat Research Italia S.r.l., Rho, ltaly, provided Camelina meal derived from plants
cultivated and harvested in Lombardy in 2018 and 2019. C. sativa seeds were processed
to collect the oil, while the leftover meal was delivered to the laboratory and stored at -
20°C. To measure the water content of Camelina meal, 0.9 g and 4.5 g of biomass were
dried at 160°C for 3 h, and then weighted again to calculate the amount of evaporated
water. The biomass was incubated at 160°C for an additional 3 h, but no further changes
in weight compared to the value obtained after the initial treatment were observed.
Hence, the initial treatment was deemed sufficient. To analyze chemical composition of
Camelina meal, the biomass was treated following the protocols for the analysis of
structural carbohydrates and lignin in biomass from the National Renewable Energy
Laboratory  (NREL, https://www.nrel.gov/docs/gen/fy13/42618.pdf) with some
modifications. Briefly, 300 mg of biomass were diluted in 3 mL H,S04 72% (v/v), and then
incubated at 30°C for 1 h, stirring thoroughly every 10 min. The solution was diluted to
4% (v/v) by adding 84 mL of distilled water, mixed by inversion, and autoclaved at 121°C
for 1 h. The hydrolysis solution was vacuum-filtered through a previously weighted
filtering crucible, and the insoluble components were measured gravimetrically on the
filter paper. The filtered liquid was neutralized with NaOH until pH 5-6 was attained and
then the samples were analyzed by HPLC (as described below) after filtration with a 0.22

um filter (Euroclone, Pero, Milan, Italy). Three independent experiments were performed.

Pretreatment and enzymatic hydrolysis of Camelina meal
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Enzymatic hydrolysis of Camelina meal was performed using the enzyme mixture
NS22119, kindly provided by Novozymes (Novozymes A/S, Copenhagen, Denmark). As
described by the producer, NS22119 contains a wide range of carbohydrases, including
arabinase, B-glucanase, cellulase, hemicellulase, pectinase, and xylanase from Aspergillus
aculeatus. Without drying the biomass, different quantities of Camelina meal were
weighted to a concentration of 3%, 6%, 9%, 12%, and 15% (w/v) into glass bottles,
steeped in water with a final volume of 30 mL, and then autoclaved at 121°C for 1 h to
both sterilize and pre-treat the biomass. Afterwards, enzymes were added directly to the
bottles and incubated at pH 5.5 and at 50°C in a water bath under mild agitation (105
rom). A 1-mL aliquot was collected every 2, 4, 6, and 24 h from the start, and sugar
content was analyzed by HPLC (see below). The following enzyme concentrations were
tested: 11.9% W/Wcamelina meal, 23.8% W/W camelina meal, aNd 11.9 % W/W camelina meal @t O h plus at
6 h. Three independent experiments were performed. Low enzyme doses were intended
to mimic commercially feasible hydrolysis, whereas high doses provided an indication of
maximum enzymatically accessible sugar content. When implementing the suggested
process at commercial scale, additional testing is recommended to refine the dose
response curve and determine the effect of time, solids loading, pretreatment protocol,

cellulose conversion, and enzyme dosage.

Microbial strain and media

R. toruloides (DSM 4444) was purchased from DSMZ (German Collection of
Microorganisms and Cell Cultures, GmbH) and stored in cryotubes at -80°C in 20%
glycerol (v/v). The composition of the medium for the pre-inoculum was as follows (per
liter): 1 g yeast extract, 1.31 g (NH4)2S04, 0.95 g Na;HPO4, 2.7 g KH;PO4, and 0.2 g
Mg>S04-7H,0. The medium was supplemented with 15 g/L of glycerol as main carbon
source and a 100x trace mineral stock solution consisting of (per liter): 4 g CaCl,*2H,0,
0.55 g FeS0O4+7H,0, 0.52 g citric acid, 0.10 g ZnSO4*7H,0, 0.076 g MnSO4*H,0, and 100 puL
18 M H,S04. Yeast extract was purchased from Biolife Italia S.r.l., Milan, Italy. All other

reagents were purchased from Sigma-Aldrich Co., St Louis, MO, USA. After plating on rich
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medium, a pre-inoculum was run in rich medium until stationary phase. Then, cells were
inoculated at 0.2 OD in shake flasks at 30°C and 160 rpm for both SHF and SSF processes

(see below).

SHF and SSF

During both SHF and SSF processes, R. toruloides was grown in shake flasks at pH 5.5,
supplemented with Camelina meal hydrolysate, with or without WIS. After 6 h of
enzymatic hydrolysis at 50°C, the hydrolysate was centrifuged at 4000 rpm for 10 min to
separate the water-soluble components from WIS. Then, for SHF, the liquid fraction was
collected and transferred into a shake flask for microbial growth at 30°C. Alternatively, for
the SSF + saccharification process, Camelina hydrolysate was provided directly to R.
toruloides as growth medium, regardless of the presence of WIS. For the SSF process,
Camelina meal was directly steeped and autoclaved in a shake flask, then supplemented
with the enzymatic cocktail at 11.9% W/Wcamelina meai and 0.2 OD of cells, and incubated at

30°C and 160 rpm. Three independent experiments for each setting were performed.

Carotenoids extraction

Carotenoids were analyzed by acetone extraction from R. toruloides cells with a protocol
adapted from [51]. Briefly, 1 mL of culture broth was collected and harvested by
centrifugation at 7000 rpm for 7 min at 4°C, and the pellet was then resuspended in 1 mL
acetone and broken using glass beads by thorough agitation with a FastPrep-24™ (MP
Biomedicals, LLC, Santa Ana, CA, USA). Carotenoids were extracted in the acetone phase,
the suspension was centrifuged, and the supernatant collected. The extraction was
repeated with fresh acetone until the biomass was colorless. Carotenoid content was

measured spectrophotometrically (see below).

Analytical methods

HPLC analyses were performed to quantify the amount of glucose, sucrose, arabinose,
fructose, and acetic acid. Briefly, 1-mL samples from each of the three different streams

of production (enzymatically hydrolyzed Camelina meal, SHF or SSF) were collected and
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centrifuged twice (7000 rpm, 7 min, and 4°C), and then analyzed by HPLC using a Rezex
ROA-Organic Acid column (Phenomenex, Torrance, CA, USA). The eluent was 0.01 M
H,SO; pumped at 0.5 mL min™ and column temperature was 35°C. Separated
components were detected by a refractive index detector and peaks were identified by
comparing with known standards (Sigma-Aldrich).

Optical density (OD) of R. toruloides was measured spectrophotometrically at 600 nm.
The pH was measured with indicator strips at the beginning and at the end of enzymatic
hydrolysis to assess suitability of the initial conditions and to foresee possible toxic effects
of the final medium.

The titer of carotenoids extracted in acetone from R. toruloides was determined
spectrophotometrically (UV-1800; Shimadzu, Kyoto, Japan) based on the maximum
absorption peak for B-carotene (455 nm). A calibration curve with standard concentration

of B-carotene was obtained.

Calculations and statistical analyses

Sugar recovery (here S;) was calculated as percentage of sugar yield obtained by
enzymatic hydrolysis (here Yes) compared with the yield obtained from total acid
hydrolysis of biomass (here Yan) (Equation 1). Carotenoids yield on consumed sugars (here
Y¢s) and carotenoids yield on maximum quantity of sugars per biomass (here Y.u)

measured with acid hydrolysis were calculated by Equations 2 and 3, respectively.

1) S, = YEH/YAH x 100
c
2) Yy = p/Asng100

c
3) Y = p/s,, x 100

Where Asug corresponds to consumed sugars, S, to maximum quantity of sugars in the

biomass, and C, to carotenoids produced.
For statistical analysis heteroscedastic two-tailed t-test was applied.

List of abbreviations
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HPLC: high-performance liquid chromatography; OD: optical density; SHF: Separate

Hydrolysis and Fermentation; SSF: Simultaneous Saccharification and Fermentation; WIS:

water-insoluble solids.
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Figure S1. Effect of enzymatic hydrolysis conditions on different concentrations of Camelina meal
without addition of the NS22119 cocktail.
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Figure S2: Acetic acid released during enzymatic hydrolysis. The concentration of acetic acid
released from 15% Camelina meal by treatment with the N522119 cocktail (11.9% W/W camelina meal)
was evaluated over time.
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Figure S3. R. toruloides production of carotenoids from 15% (w/v) Camelina meal hydrolysate. OD
(dotted line), sugars consumption (dashed line), and B-carotene production (white bars) by R.
toruloides during the SHF process are shown.
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Figure S4. Carotenoids extraction from Camelina meal hydrolysate.
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Figure S5: Effect of enzymatic hydrolysis on 15% Camelina meal by the NS22119 cocktail (11.9%
W/WCame/ina meal) at 30°C.
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Introduction

The widespread use of fossil resources is known to be detrimental towards the
environment and human health [1], therefore alternatives as the development of
bioprocesses based on renewable biomasses are desirable. Nonetheless, the use of
biomasses has still to become competitive towards the classic petrochemical sector, in
terms of economics and production volumes, despite this gap is not equal for every product
or process. Indeed, in light of the principles of cascading, several commodities are
requested by the market of reference in low amounts, such as compounds related to
pharmaceutical, nutrition and cosmetic sectors [2—4]. Their high added value makes these
molecules attractive for the scouting of bioprocesses based on biomasses that already have
certain, yet limited, applications. In order to increase the environmental sustainability as
well, waste biomasses, such as those originated from residual agro-industrial streams
(often called lignocellulosic biomasses, LCBs) must be preferred. Such biomasses can be
valorized in second generation biorefineries, often by the means of microbial cell factories,
whose metabolism can transform carbon and energy sources of LCB origin into valuable
compounds of interest [5].

In this scenario, we focused our attention on the exploitation of Camelina meal, the main
by-product of oil extraction from Camelina sativa seeds [6—8]. This biomass is currently
used as feed supplement: since its macromolecular components and relatively low cost
(50.25/kg) [9,10], it is an attractive biomass for the development of sustainable
bioprocesses. As we previously described in [11], it is possible to hydrolyse different
amounts of Camelina meal by the use of an enzymatic cocktail, to be preferred to the
conventional acid hydrolysis of LCBs. Furthermore, Camelina meal hydrolysate can be
provided as sole component of the growth medium to the yeast Rhodosporidium
(Rhodotorula) toruloides, and used in different types of processes, namely separated
saccharification and fermentation (SHF) or simultaneous saccharification and fermentation

(SSF) [11].
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R. toruloides is naturally able to accumulate carotenoids, such as B-carotene, torulene, and
torularhodin [12-14], optionally using residual biomasses as feedstock [15—-17]. Recalling
the cascading principles, carotenoids are high added value products, with a global market
value expected to reach $2.0B by 2022 and mainly deployed in animal feed, cosmetic, food
and dietary supplements [18-21].

In order to increase the appeal of such process, in this work we propose optimizations
aimed to reduce costs in terms of material use and fermentation timing, and to improve
production, yield, and productivity.

Enzymatic cocktails, although being valuable ally in the hydrolysis of LCBs and in the release
of fermentable sugars, have costs that decisively impact second generation biorefineries,
since the maximum hydrolysis yield is often not likely the economical optimum as well
[22,23]. Similarly, total solid loading is a parameter that could impact on production costs
[24], therefore its optimization should be considered as well. Furthermore, the industrial
implementation of a bioprocess needs a scale-up, which may bring to the rise of hurdles
and complications [25,26]: at lab scale, whenever possible, we need to acquire quantitative
data in bioreactor under industrially relevant conditions.

In the present work, we considered separately enzymatic loading and the amount of total
solid loading as variable of the hydrolysis to be modulated in order to release sufficient
guantity of sugars for the growth of R. toruloides. Combining the two best options in a SHF
process, R. toruloides specific productivity of carotenoids resulted increased if compared
with the initial setting. With these data we run fermentations at bioreactor scale and
explored SSF and SHF to obtain quantitative data on carotenoids production by R.
toruloides from Camelina meal, with the aim of promoting the industrial applications of

this residual, yet underestimated, biomass.

Results and discussion

Optimization of the enzyme loading for Camelina meal hydrolysis

Glycosidic enzymes are cost items when assessing the economics of a bioprocess, since

reducing the loading of enzymatic cocktails can be crucial to reduce overall costs.
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Nevertheless, the yield of the sugars released must be considered to evaluate the
performances of the enzymatic hydrolysis itself and the subsequent cellular production of
interest. Here we evaluated the effect of reducing the amount of enzymatic cocktail (11.9%
W/Wcamelina meal) previously used for the hydrolysis of 15% (w/v) of Camelina meal, leading

to carotenoid production by R. toruloides [11].

Enzyme loadings were decreased from 11.9% to 0.56% W/Wcameiina meal, Pairing with the
lower dose the specific usage indications by the manufacturer. As shown in Figure 1 (left
bars), a significant reduction in sugar release could be measured when comparing 11.90%
and 8.93% W/Wcamelina meal t0 the lower enzymatic loadings. This can be related to the
inhibitory effect of the biomass on enzymatic hydrolysis, both in terms of compounds
released by the pre-treatment and the requisition by LCBs on the enzymes themselves.
Nevertheless, from 5.95% to 0.56% W/Wcameiina meal Of €nzymes no significant difference
could be observed, as also the lowest dose resulted in the release of about 15 g/L of total
sugar.

If we consider only the sugars preferentially metabolized by R. toruloides (Figure S1, S2)
[16,27] as carbon and energy source (i.e. sucrose, glucose and fructose; Figure 1, central
bars), a similar observation can be drawn in terms of trends. Nevertheless, comparing the
first with the second set of bars, it is clear that higher amounts of enzymes mainly
promoted the release of sugars such as arabinose and galacturonic acid, as starting from
5.95% of enzyme loading the sum of glucose fructose and sucrose does not significantly
differ from the quantity released from the use of higher amounts of enzymes. Arabinose
and galacturonic acid are not promptly consumed by R. toruloides when the other sugars
are present (Figure S1) [11,28]. Furthermore, considering only glucose, that is the first to
be consumed by R. toruloides and imposes catabolite repression on the other sugars,
(Figure S1, S2), the total release is overall similar with all the different loadings (Figure 1,
right bars). Therefore, a reduction in the enzymatic loading by 95% (from 11.90% to 0.56%
W/Wcamelina meal) Provided a comparable amount of glucose (and fructose plus sucrose too)
in the Camelina meal hydrolysate, thus suggesting a way for to reducing the cost of the
process, which should be further tested and implemented.
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Figure 1: Sugar release (Titer, g/L) from 15% w/v of Camelina meal by NS22119 enzymatic cocktail
at different loadings, in terms of total amount (intended as sum of sucrose, glucose, fructose,
arabinose and galacturonic acid), sum of sucrose, glucose and fructose, and sole glucose. Values are
the means of three independent experiments. ** p < 0.02, * p < 0.05

Effect of Camelina meal solid loadings on the production of carotenoids by R.
toruloides

We previously demonstrated that R. toruloides was able to grow and accumulate
carotenoids when provided with 15% w/v Camelina meal hydrolyzed with 11.9% W/Whiomass
of enzymatic cocktail [11]. Maintaining this enzyme loading, we here explored to increase
the amount of solid loading to understand the impact on sugar release, and how this would

affect R. toruloides in a separated hydrolysis and fermentation (SHF) process.

From the enzymatic hydrolysis of 20% w/v Camelina meal 35.1 + 0.07 g/L of total sugars
were obtained, higher than those released from 15% w/v (24.6 + 2.53 g/L, p < 0.05), but
with very similar yield in respect to the total sugars (17.5 £ 0.04% and 16.4 + 1.69%
respectively). Therefore, the increased solid loading did not impair enzymatic hydrolysis.
Surprisingly, as shown in Figure 2A, the growth of R. toruloides was reduced when provided
with 20% w/v Camelina hydrolysate compared to 15% w/v in terms of number of cells/ml.
Arguably, this can be related to the intracellular accumulation of lipids, since cellular dry
weight (CDW) increased in this condition compared to the others tested (data not shown).

R. toruloides is in fact an oleaginous yeast able to produce both carotenoids and neutral
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lipids [13,14,17], and the accumulation of the latter may affect the OD detection.
Nevertheless, with 20% w/v Camelina meal the production of carotenoids resulted
significantly lower compared to the use of 15% w/v of initial biomass (Figure 2B), suggesting
that providing higher quantities of initial sugars is not beneficial for the obtainment of the
product of interest. Since their scavenger nature, carotenoids are produced by cell as
response to environmental and cellular stresses, such as the stationary phase. We might
argue that, as the presence of higher amount of sugars delayed the entrance to this phase
(Figure 2A), carotenoids accumulation was delayed as well.

Given these data, we decided to move toward the opposite direction, namely lowering the
amount of biomass, and, therefore, of sugars initially provided to cells. In this context cells
could be in a starving situation, therefore being prompt to anticipate the stationary phase,
and consequently accumulate carotenoids earlier and possibly in higher amounts. The
tested solid loadings were 3%, 6%, 9% and 12% w/v, with enzymatic cocktail NS22119 able
to release increasingly amount of sugars [11]. The derived growth media were able to
support the growth of R. toruloides, with an increasingly anticipated entrance in stationary
phase (Figure 2A). Interestingly, the use of 6% w/v of substrate sustained a higher growth
in terms of OD compared to 9% and 12% w/v, probably due to lower amounts of inhibitors
in the media. Nevertheless, 3% w/v of substrate provided also low sugar titers, reducing
the final cellular OD. Figure 2B shows the production of carotenoids over time, for each of
the biomass amounts tested in SHF processes with R. toruloides. Carotenoids accumulation
is quite low after 24 h, increasing with the respective entrance into stationary phases. In
particular, the most interesting conditions are 9% and 12% w/v, where carotenoids
production obtained after 48 h of fermentation are comparable to the production obtained
with 15% w/v but only after 72 h of growth. Consequently, the best productivities were
reached using 9% and 12% Camelina meal hydrolysate (p < 0.05) (Figure 2C). Figure 2D
shows that, the carotenoids yield on 9% w/v after 48 h resulted significantly higher
compared to the yield on 12% w/v (p < 0.05) but not if compared with the yield with the
6% w/v, although their difference is at the limit of significativity (probably due to the

uneven nature of the hydrolysates). Moving to productivity after 48 h of growth, this was
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significantly higher with 9% w/v compared to 6% w/v Camelina meal (2.1 £ 0.32 x 10 h'!
and 0.5 + 0.11 x 10®° h}, p < 0.02), therefore supporting the inferior performance of the
latter.

Therefore, considering Camelina meal solid loading as the variable parameter of the
process, optimized conditions for carotenoids synthesis were the use of 9% w/v of biomass
and 48 h of fermentation, with the following performances: production = 6.1 + 0.85 g/L,
productivity = 0.13 + 0.017 g/L/h, yield on CWD = 0.1 + 0.02%, yield on consumed sugars =
0.1 £ 0.01 %, yield on total sugars provided = 0.02 + 0.003%. This result is remarkable if we
consider that it was hardly possible to foresee such results giving data previously reported
[11], highlighting once more the importance to test different conditions when developing
bioprocesses, changing single parameters and assessing their effect on the final product.
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Figure 2: Modulation of solid loading of Camelina meal (from 3% to 20% w/v, hydrolysed with
NS22119 11.9% w/wbiomass) and its effect on R. toruloides growth and carotenoids production.
Growth in terms of OD (panel A), carotenoids production (panel B), productivity (panel C) and yield
(panel D).

Combinatory effect of optimized enzymes and biomass titers on the production
of carotenoids by R. toruloides
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After showing the possibility to reduce the enzymatic loading and the solid loading of
Camelina meal, we then combined the two strategies in a single process. Therefore, we run
a SHF process in which R. toruloides was provided with 9% w/v of Camelina meal
hydrolysed by NS22119 enzymatic cocktail 0.56% W/Wcameiing meal @5 growth medium. The
results in terms of OD, sugar consumption and carotenoids production are shown in Figure
3: samples were collected until 48 h in the light of data shown in the previous section. R.
toruloides did not consume all the sugars provided, arguably due to the depletion of
fundamental micronutrients in the medium [11]. Furthermore, the reduction of enzymes
and the consequent reduction in sugar titer contributed to anticipate the maximum
carotenoid accumulation (2.2 £0.33 g/L) to 24 h. Although this value was inferior compared
to that obtain from the use of 11.90% W/W cameiina meai and 48 h of fermentation, no significant
difference could be observed in terms of specific productivity after 24 h when 0.56%
W/ W camelina meat Were used (0.1 + 0.01 g/L/h and 2 + 0.3 x 10° h}, respectively). Despite a
techno-economic analysis (including downstream processing and possible related issues)
was not performed yet, it is reasonable to conclude that reduction in both process time
and enzymatic loading would in turn drastically reduce the overall cost of the process,
maintaining relevant production parameters for carotenoids. Therefore, optimized
conditions for the synthesis of carotenoids by R. toruloides were the use of 9% (w/v)
Camelina meal hydrolysed with 0.56% W/Wcameiina meat Of NS22119 as medium for 24 h of
growth in a SHF process. Furthermore, in these conditions the specific growth rate () of R.
toruloides was calculated to be 0.25 h, with a duplication time of 2.74 h (Figure S3).
Entrance in lag phase was evaluated to be reached after about 5 h from start, whereas the

entrance in stationary phase after 21 h, coherently with what disclosed in Figure 3.
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Figure 3: R. toruloides growth in SHF process with 9% (w/v) Camelina meal hydrolysed with 0.56%
W/W camelina meal Of N$22119 as growth medium: OD (dashed line), sugar consumption (dotted line),
carotenoids production (white bars). Values are the means of three independent experiments.

We further explored the use of such conditions in SSF and SSF + presaccharification
processes, to evaluate the effect of the presence of water insoluble components (WIS),
which, being potentially stressful compounds for the cells, may trigger the production of
scavenger molecules as carotenoids. Figure 4 shows that R. toruloides was able to consume
sugars and to produce carotenoids in both settings, reaching the maximum after 48 h of
growth (4.6 = 0.21 g/L for SSF + presaccharification, 4.9 + 0.39 g/L for SSF). The delayed
production compared to SHF may be related to the harsher conditions that cells had to face
in the presence of WIS. In fact they may impair microbial growth and production due to
uneven homogenization of the liquid medium, as well as to the toxicity of some of their
components [29]. Overall, WIS do not interfere with the production of carotenoids by R.
toruloides. Consequently, it is possible to imagine different types of bioprocesses based on
Camelina meal, with SHF or SSF to be display considering various factors of industrial
relevance, such as time, costs, number of vessels for hydrolysis and fermentation, and final
product. Fermentations in the presence of WIS lead to a Camelina meal enriched in
carotenoids, which may be directly used as feed supplement. Furthermore, these data

show that results obtained from SHF can be predictive of the corresponding SSF process.
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Figure 4: R. toruloides growth with 9% (w/v) Camelina meal hydrolysed with 0.56% W/W camelina meal Of
NS22119 as growth medium in a SSF + presaccharification (panel A) and SSF (panel B) process: sugar
consumption (dotted line), carotenoids production (white bars). Values are the means of three
independent experiments.

Carotenoids production in batch bioreactors

To test the reliability of the protocols in larger volume and to acquire data for quantitative
analysis, we moved the process to stirred tank bioreactor. As starting point, the volume of
the enzymatic hydrolysis was increased to 1 L: due to the uneven nature of lignocellulosic
biomasses and their inhibitory effect towards enzymatic activity, scaling up this step may
lead to a decrease in hydrolysis yield. Remarkably, after 6 h of hydrolysis of 9% w/v of
Camelina meal by NS22119 0.56% W/W cameiina meal the amount of released sugars (7.2 £ 0.84
g/L, see TO Figure 3) was comparable with that obtained from lower volumes of hydrolysis,
demonstrating the scalability of the first step of the process.

The obtained medium was used to test the production of carotenoids in batch bioreactors,
where R. toruloides cells were inoculated at initial OD of 0.4, pH 5.6 + 0.09 and oxygenation
of 25%. Cells reached the stationary phase already after T16, as shown by the profile of the
optical density and the cellular dry weight (Figure 5A). This is also in line with the kinetic
parameters calculated for R. toruloides grown in shake flasks in the same medium (see
previous section). Bioreactor cultivation permitted also to monitor pH and dissolved
oxygen (Figure 5A): the first increased over time to reach the value of 6.7 + 0.03 at T48,
whereas the second increased after T16 (up to 80%), witnessing a strong decrease in
cellular growth, as from the reduction of oxygen consumption. The increase in pH could be
related to the accumulation of ammonia in the medium, initially consumed by cells (Figure

5B), but then produced probably as a consequence of amino acid catabolism triggered in
66
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response to starvation. In fact, as shown in Figure 5B, cells already consumed sugars and
nitrogen (in the form of primary amines) at T16, although the incomplete consumption of
both (that remained till the end of the fermentation) may be related to the depletion in the
medium of micronutrients pivotal to cellular sustainment.

The exhaustion of nutrients, the increase in pH and pO; and the growth curve profiles (in
terms of OD and CDW) suggest an early entrance in stationary phase, which is of interest
as aforementioned for the production of secondary metabolites such as carotenoids.
Consistently, regarding the production of carotenoids, from T16 on there was no
statistically significant increase in their accumulation, reaching 3.6 + 0.69 mg/L after T24
(Figure 5B), with a productivity (0.13 + 0.03 mg/L/h) comparable with the one obtained in
the same conditions in shake flasks (Figure 3). Therefore, shake flask tests showed to be
predictable on the behavior of R. toruloides in bioreactor. The data here disclosed are the
first reports of bioreactor scale fermentation of Camelina meal hydrolysate, and therefore
they can pave the way for further optimization. To maximize the production of interest
several modifications influencing lipid and carotenoid production in yeasts, like C/N ratio,

initial CDW, pH and oxygenation [30—-33], can be operated.
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Figure 5: R. toruloides growth with 9% (w/v) Camelina meal hydrolysed with 0.56% wW/W camelina meal Of
NS22119 as growth medium in stirred tank bioreactor (batch mode). Profile over time of B-carotene
production (empty triangles), optical density (empty squares), cellular dry weight (empty diamonds),
pO:2 (empty circles) — panel A; nitrogen titer (full circles), ammonia titer (full triangles), sugars titer
(full diamonds) and pH (full squares) — panel B.

Conclusions

In the present work we demonstrate that the bioprocess involving the use of Camelina
meal hydrolysate for the production of carotenoids by R. toruloides can be optimize in
terms of different parameters. In fact, by dropping the enzymatic titer by 95% the
hydrolysis was still efficient in releasing the main sugars consumed by this yeast in this
medium (i.e. glucose, fructose, sucrose). In parallel we also modified the amount of total
solid loading, exploring both higher and lower biomass titer than the original (15% w/v), in
order to select the best option considering production, yield and productivity. Combining

the optimized conditions for these two parameters, SHF was performed with 9% w/v
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Camelina meal hydrolysed by NS22119 0.56% W/Wcameiina meal. In these conditions R.
toruloides was able to accumulate 2.2 + 0.33 g/L of carotenoids in 24 h, with a specific
productivity of 2 + 0.3 x 10 h%. Furthermore, this SHF process in shake flask proved to be
predictable of the behavior in SSF and SSF + presaccharification, and when the process was
performed in batch bioreactors as well. The preliminary data from bioreactor fermentation
pave the way for additional optimization of the process itself. Based on the logic of
cascading [3,34], the present work further fostered the use of Camelina meal as an
alternative feedstock in second generation biorefineries exploiting microbial cell factories

to produce fine chemicals.

Materials and methods

Camelina meal hydrolysis

Flanat Research Italia S.r.l., Rho, Italy, provided Camelina meal derived from plants
cultivated and harvested in Lombardy in 2018 and 2019. C. sativa seeds were processed to
collect the oil, while the leftover meal was delivered to the laboratory and stored at -20 °C.
Enzymatic hydrolysis of Camelina meal was performed using the enzyme mixture NS22119,
kindly provided by Novozymes (Novozymes A/S, Copenhagen, Denmark) as described in
[11]. Without drying the biomass, different quantities of Camelina meal were weighted to
a concentration of 3%, 6%, 9%, 12%, 15% and 20% (w/v) into glass bottles, steeped in water
with a final volume of 30 mL, and then autoclaved at 121 °C for 1 h to both sterilize and
pre-treat the biomass. Afterwards, enzymes were added directly to the biomass and
incubated at 50°C in a water bath under mild agitation (105 rpm). The following enzyme
concentrations were tested: 11.9%, 8.93%, 5.95%, 2.98%, 2.08%, 1.04%, and 0.56%

W/Wcamelina meal. Three independent experiments were performed.
Microbial strain, media and fermentations

R. toruloides (DSM 4444) was purchased from DSMZ (German Collection of Microorganisms
and Cell Cultures, GmbH) and stored in cryotubes at -80 °C in 20% glycerol (v/v). The

composition of the medium for the pre-inoculum was as follows (per liter): 1 g yeast
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extract, 1.31 g (NH4)2S04, 0.95 g Na;HPO,4, 2.7 g KH,PO,4, and 0.2 g Mg,S04+7H;0. The
medium was supplemented with 15 g/L of glycerol as main carbon source and a 100x trace
mineral stock solution consisting of (per liter): 4 g CaCl,*2H,0, 0.55 g FeSO,4-7H,0, 0.52 g
citric acid, 0.10 g ZnSQ4+-7H,0, 0.076 g MnSO4-H>0, and 100 pL 18 M H,SO.. Yeast extract
was purchased from Biolife Italia S.r.l., Milan, Italy. All other reagents were purchased from
Sigma-Aldrich Co., St Louis, MO, USA.

For shake flasks fermentations, after plating on rich medium, a pre-inoculum was run until
stationary phase. Then, cells were inoculated at 0.2 OD at 30°C and 160 rpm for both SHF

and SSF processes (see below).
SHF and SSF

During both SHF and SSF processes, R. toruloides was grown in shake flasks supplemented
with Camelina meal hydrolysate, with or without WIS. After 6 h of enzymatic hydrolysis at
50 °C, the hydrolysate was centrifuged at 4000 rpm for 10 min to separate the water-
soluble components from WIS. Then, for SHF, the liquid fraction was collected and
transferred into a shake flask or a stirred tank bioreactor for microbial growth at 30°C.
Alternatively, for the SSF + saccharification process, Camelina hydrolysate was provided
directly to R. toruloides as growth medium, regardless of the presence of WIS. For the SSF
process, Camelina meal was directly steeped and autoclaved in a shake flask, then
supplemented with the enzymatic cocktail at 0.56% W/Wcameiina meat and 0.2 OD of cells, and
incubated at 30°C and 160 rpm. These conditions were also used to calculate specific
growth rate of R. toruloides. Three independent experiments for each setting were

performed.
Batch bioreactor fermentation

Enzymatic hydrolysis of 1 L of Camelina meal 9% w/v was performed in 2 L shake flasks by
the action of NS22119 0.56% W/W camelina meal, TOr 6 h at 50 °C and 130 rpm, in order to

increase the homogenization of the solid component in the liquid. The hydrolysate was
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then centrifuged in an Avanti J-20 (Beckman Coulter Brea, California, USA), at 4 °Cand 8000
rpm for 10 min and the supernatant collected and stored at 4 °C until use.

Regarding R. toruloides inoculum, from cryotubes cells were inoculated in 250 mL flasks
with 50 mL of culture medium, as pre-seeding for the inoculation in 1 L flasks with 200 mL
of the culture medium, and seed cultures were placed at 30 °C and 160 rpm for 24 h.
Exponential phase shake flasks cultures were used to inoculate bioreactors to a final optical
density (ODgoo) of 0.4. Briefly, cells were centrifuged at 6000 rpm for 10 min, washed twice
with water, and finally resuspended in 10 mL of sterilized water. The batch experiments
were conducted in 2 L stirred tank bioreactors (BIOSTAT® A plus, Sartorius Stedim Biotech
GmbH, Goettingen, Germany) equipped with Visiferm DO ECS 225 for pO2 measurement
and Easyferm Plus K8 200 for pH measurement (both from Hamilton Bonaduz AG, Bonaduz,
Switzerland). The batch fermentation was carried out with 1 L of Camelina meal
hydrolysate, and aeration rate, agitation, and temperature set to 1 vvm, 300 rpm (in
cascade to 25% of dissolved oxygen), and 30 °C, respectively. Three independent

experiments were performed.
Carotenoids extraction

Carotenoids were analyzed by acetone extraction from R. toruloides cells with a protocol
adapted from ([35]. Briefly, 1 mL of culture broth was collected and harvested by
centrifugation at 7000 rpm for 7 min at 4°C, and the pellet was then resuspended in 1 mL
acetone and broken using glass beads by thorough agitation with a FastPrep-24™ (MP
Biomedicals, LLC, Santa Ana, CA, USA). Carotenoids were extracted in the acetone phase,
the suspension was centrifuged, and the supernatant collected. The extraction was
repeated with fresh acetone until the biomass was colorless. Carotenoid content was

measured spectrophotometrically (see below).
Analytical methods

HPLC analyses were performed to quantify the amount of glucose, sucrose, arabinose,

fructose, galacturonic acid, and acetic acid. Briefly, 1-mL samples from each of the three
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different streams of production (enzymatically hydrolyzed Camelina meal, SHF or SSF) were
collected and centrifuged twice (7000 rpm, 7 min, and 4°C), and then analyzed by HPLC
using a Rezex ROA-Organic Acid column (Phenomenex, Torrance, CA, USA). The eluent was
0.01 M H,SO4 pumped at 0.5 mL min™* and column temperature was 35 °C. Separated
components were detected by a refractive index detector and peaks were identified by
comparing with known standards (Sigma-Aldrich).

Optical density (OD) of R. toruloides was measured spectrophotometrically at 600 nm.
Cellular dry weight (CDW) was measured gravimetrically after drying 1 mL of cell culture
(Concentrator 5301, Eppendorf AG, Germany).

Primary Amino Nitrogen Assay Kit (PANOPA) and Urea/Ammonia Assay Kit (K-URAMR,
Megazyme International Limited, Bray, Ireland) ware used to determine the amount of
primary amines, ammonia and urea in the Camelina meal hydrolysate.

The titer of carotenoids extracted in acetone from R. toruloides was determined
spectrophotometrically (UV-1800; Shimadzu, Kyoto, Japan) based on the maximum
absorption peak for B-carotene (455 nm). A calibration curve with standard concentration

of B-carotene was obtained.
Calculations and statistical analyses

Carotenoids yield on consumed sugars (here Y.s) and carotenoids yield on maximum
guantity of sugars per biomass (here Y.s) measured with acid hydrolysis in [11] were
calculated by Equations 1 and 2, respectively. Specific productivity (qgp) was calculated by
Equation 3. Specific growth rate (i) was calculated mathematically by equation obtained
from plotting values of OD vs time on Excel (Figure S3). Duplication time (T4) was calculated

by Equation 4.
Cp
1) Y= Asugxmo
Cp
2) Y= S, x 100

C
3) qdp = p/t/CDW
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Where Asug corresponds to consumed sugars, S, to maximum quantity of sugars in the
biomass, C;, to carotenoids produced, and Cys to carotenoids productivity.

For statistical analysis heteroscedastic two-tailed t-test was applied.
List of abbreviations

CDW: cellular dry weight; HPLC: high-performance liquid chromatography; OD: optical
density; SHF: Separate Hydrolysis and Fermentation; SSF: Simultaneous Saccharification

and Fermentation; WIS: water-insoluble solids.

Supplementary figures
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Figure S1. Sugar consumption profile during R. toruloides grow in shake flasks fermentation when
provided with 9% (w/v) Camelina meal hydrolysed with 11.9% W/Wcamelina meal Of NS22119.
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Figure S2. Sugar consumption profile during R. toruloides grow in batch bioreactor fermentation
when provided with 9% (w/v) Camelina meal hydrolysed with 0.56% W/Wcamelina meal Of NS22119.
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Figure S3. Optical density profile during R. toruloides grow in shake flask fermentation when
provided with 9% (w/v) Camelina meal hydrolysed with 0.56% W/W camelina meal Of NS22119.
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Introduction

Biobased processes involve the exploitation of different renewable biomasses that
possess a faster turnover compared to fossil resources and therefore have a reduced
impact on the environment. The forestry, agriculture, and food industries are the main
sectors involved in bioeconomy worldwide [1]. Sustainability and circularity are key
features in this scenario, with the obtainment of products and energy from biomasses:
indeed, the main aim of biorefineries is to exploit such resources as alternatives to fossil
ones [2]. Agricultural biomasses are generally related to staple crops (e.g., cereals, tubers,
corn, and sugarcane), which can satisfy the issue of circularity but cannot match all the
criteria of sustainability. Therefore, there is an increasing need for utilizing side-stream
materials that can be valorized in second-generation biorefineries, often by means of the
so-called microbial cell factories [3,4]. These side-streams materials can be derived not
only from staple crop processing but also from minor crops (for example, spice crops),
which are often directly used in the food industry.

One of the main interesting strategies to ennoble minor crops consists in the extraction of
bioactive molecules by using chemical or biotechnological processes with low
environmental impact [5,6]. In the case of the presence of residual biomasses after
processing, these are mostly used to produce energy, which is a low-added value product
usually obtained starting from abundant biomasses to compensate costs and market
requirements.

Embedded in this approach, there is the aim to transform the entire biomass into a
resource, potentially exploiting all the different portions of the plant: depending on
composition and volumes, different innovative processes can be developed to obtain high
added-value compounds, especially from these minor crops.

Given these considerations, in this work, we focused our attention on cinnamon
(Cinnamomum verum J.Presl sin. C. zeylanicum Blume), a plant of Asian origin that has
been exploited as a spice for centuries, with many nutraceutical properties and largely

adopted as a food ingredient. At the botanical level, cinnamon bark is widely used by
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industries for the extraction of essential oils and secondary metabolites such as
polyphenols to be used in food preparation, fragrances, and perfumes [7]. In these
sectors, cinnamon can be deployed as an additive for both exploiting its antimicrobial
properties and increasing the nutritional values of foods [8-10]. The global demand for
cinnamon has been increasing during the last years also due to its possible antioxidant,
anti-inflammatory, and antitumoral applications [11]. As a result of industrial processing,
large quantities of waste vegetable matrix rich in cellulose and lignin [12] are obtained
annually. Nevertheless, this loss has the potential to become a new resource as feedstock
for the development of bioprocesses based on so-called microbial cell factories.

Indeed, microorganisms can transform different raw materials of plant (or animal) origin
into valuable molecules such as biofuels, chemical platforms, biopolymers, and
nutraceuticals [13]. Because of its lignocellulosic nature, the cellulose and hemicellulose
content of cinnamon is an unmissable opportunity to be exploited as the main carbon and
energy source for microbial growth possibly related to the biosynthesis of interest, given
that other residual bioactive compounds are not expressing their antimicrobial
properties. In fact, because of the presence of several antimicrobial molecules (i.e.,
cinnamaldehyde and cinnamic acid [14,15]), cinnamon-derived biomasses have never
been considered as feedstock to be deployed in bioprocesses based on microbial cell
factories; therefore, their biotechnological potential still needs to be explored.

For these reasons, the aim of this study focuses on the development of a novel
bioprocess (i) by establishing and optimizing enzymatic hydrolysis of the cinnamon bark
(CB) and of the derived residual biomass (polyphenols extraction waste, C-PEW) with
varying chemicophysical parameters; (ii) by evaluating the criticisms in bioprocesses such
as inhibitory molecules for microbial and, in particular, antifungal growth; and (iii) by
identifying a potential cell factory and a product of interest.

With respect to the process developed, the oleaginous yeast Rhodosporidium toruloides
was identified as a cell factory. It is naturally able to produce and accumulate carotenoids,
valuable compounds with vast markets, with the food and feed sectors being the

prominent ones [16—18]. In the present work, the enzymatic hydrolysis of C-PEW was
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matched with the ability of R. toruloides to produce carotenoids, and a separate
hydrolysis and fermentation (SHF) process was run. The obtainment of 2.0 £ 0.23 mg/L of
carotenoids starting from 9% (w/v) of initial biomass with a yield of 0.0053 + 0.0006% on
total sugars provided is a successful proof of concept of the possibility to provide an
additional added value to the original biomass beyond the conventional extraction of
nutraceuticals from cinnamon. Lastly, considering the promising results obtained on
carotenoids production, other potential cell factories were tested for their ability to grow

on C-PEW hydrolysate, expanding the industrial implications of our findings.

Results and discussion

Evaluation of total composition of the CB and C-PEW by acid hydrolysis

The provided cinnamon bark (CB) and the related waste material derived from
polyphenol extraction (C-PEW) were subjected to total acid hydrolysis to assess their
composition in terms of water, insoluble components, acetate, and sugars. Insoluble
components and acetate are among the main growth inhibitors commonly linked to
residual biomasses, whereas sugars act as the main carbon and energy sources for
microbial cell factories. As shown in Table 1, CB and C-PEW showed similar compositions
among all the analyzed constituents, consistent with the fact that the components
previously extracted (i.e., polyphenols) constitute only a limited amount of the whole
biomass. These data are also in accordance with the few previously reported examples
from both C. verum (formerly C. zeylanicum) and C. cassia [11,19]. Remarkably, the vast
majority of sugars is composed by glucose (more than 65% w/w), being up to 27% w/w of

the total biomass.
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Total Acid Hydrolysis of Cinnamon

Component Cinnamon Bark (CB) Cinnamon Waste Material (C-PEW)
Water 19.4 + 1.34% /
Insoluble fraction 41.1 +£1.26% 445 + 1.86%
Acetate 1.5 +1.03% 2.8 £0.13%
Sugars 37.3 £ 0.83% 41.5 +£1.28%
of which
Glucose 25.2 +0.53% 27.2 +0.99%
Fructose 9.1 +0.15% 10.7 + 0.32%
Arabinose 3.0 +0.19% 3.6 +0.04%

Table 1: Total hydrolysis of cinnamon. Cinnamon bark and waste extract hydrolysate composition
following acid treatment.

Total acid hydrolysis was then no longer used for the experiments as it creates conditions
that are detrimental (if not incompatible) with microbial growth and requires processing
conditions that have a higher environmental impact if compared with enzymatic
hydrolysis. In addition, its use is limited by the release of inhibitory compounds and a very
low final pH that would need a neutralization step prior to use as the growth media

[20,21].

Enzymatic hydrolysis of CB and C-PEW and composition of the hydrolysates

After assessing the composition of both CB and C-PEW, enzymatic hydrolysis of such
biomasses was performed. To the best of our knowledge, there is only a single accessible
peer-reviewed example of enzymatic hydrolysis of cinnamon or cinnamon-derived
biomasses [19], and it is not related to the development of a microbial-based bioprocess.
We first assessed the effect of enzymatic cocktail NS22119 11.9% W/Whbiomass on CB or C-
PEW 9% w/v: the exceeding amount of enzyme was proposed to maximize the hydrolysis
of this novel substrate. The pH of both CB and C-PEW were measured between the pre-
treatment and the hydrolysis step obtaining pH of 4.5 and 3.5, respectively. Both these
values are lower than the optimum of the enzymatic cocktail (pH 6, as described by the
manufacturer); therefore, we tested the saccharification at both the initial and the

optimal pH.
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As shown in Figure 1A, the enzymatic cocktail hydrolyzed CB at both pH during the first
hours of saccharification. Prolonging the incubation beyond 6 h up to 24 h did not
significantly increase the sugar release (data not shown): these observations are in
accordance with previous applications of this enzymatic cocktail on a different residual
biomass [18]. As shown in Table 2, in both cases, glucose is the main sugar released, in
accordance with the data obtained from the total acid hydrolysis (Table 1). Figure 1A
shows that the release of sugars from CB is higher (13%) when performed at pH 6 (p <
0.05). Despite a technoeconomic analysis not yet performed, it is reasonable to conclude
that this increase would not justify the additional neutralization step, considering that the
difference was constituted by about 1 g/L of total sugars.

As shown in Figure 1B, increasing the pH did not affect the enzymatic hydrolysis of C-
PEW. In addition, the sugar released from CB and C-PEW, at their original pH, are
comparable: this means that polyphenol extraction did not impair the enzymatic activity.
In order to reduce the use of neutralizing agents and therefore the operative steps,
increasing both the economic and environmental sustainability of the process, the
hydrolysis of C-PEW at pH 3.5 was chosen as the preferred one. In these conditions,
considering the original sugar content, the yield of sugars from C-PEW was 33% on the
total available, with a yield of glucose of 36.7% on the total available (see the Calculation
subsection in the Materials and Methods section). In addition, 8.1 + 2.1 mg/L of ammonia
and 4.5 + 1.35 mg/L of urea, which may act as nitrogen sources, were detected in the C-

PEW hydrolysate.
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Figure 1. Enzymatic hydrolysis of cinnamon derived biomasses: the effect of the NS22119 cocktail
(11.9% wW/Wbiomass) on 9% w/v cinnamon bark (CB) (A) and cinnamon waste material after
polyphenol extraction (C-PEW) (B) at pH 6 (squares) or at their original pH after pretreatment (pH
4.5 for panel A, pH 3.5 for panel B) (circles). The values are the means of three independent
experiments. In panel A, standard deviations are included, despite being hardly visible as
numerically very small.

Enzymatic Hydrolysis
of Cinnamon-Derived Cinnamon Bark (CB) Cinnamon Waste Material (C-PEW)
Biomasses
Component Titer (g/L) pH 4.5 Yield pH6 Yield pH3.5 Yield pH6 Yield
Sucrose 0.9 +0.01 - 1.06 + 0.00 0.8 +0.04 - 0.9 +0.01 -
Glucose 7.5 £0.09 32.98% 8.2 +0.08 36.07% 8.8 042 36.7% 9.0+£0.12 35.9%
Fructose 2.6 £0.05 30.73% 24 +0.01 28.44% 1.8 £0.05 18.6% 1.8 =0.06 18.6%
Arabinose - - 0.8 £0.01 25.65% 0.8 £0.02 8.4% 0.7 £0.06 5.6%
Total sugars 10.9 £0.11 32.4% 124 £ 0.10 36.67% 122 £0.52 33% 124 +£0.23 32.5%

Table 2: Effect of pH on enzymatic hydrolysis. Titer of sugars released by the NS22119 cocktail
(11.9% w/Wbiomass) on 9% w/v CB or C-PEW at different pH after 6 h of treatment. Values are the
means of three independent experiments.

The presence of aromatic compounds typical of cinnamon was evaluated too because of
their known antimicrobial activity, concentrated in their essential oils. For example,
cinnamaldehyde is known to possess a fungicidal activity [11,22,23]. Therefore, we
investigated its presence together with cinnamic acid, p-coumaric acid, and 4-
hydroxybenzoic acid in the hydrolysate without adjusting pH, since these molecules may
impair microbial growth as well [20], reducing in return the applications of biomasses
derived from the cinnamon supply chain. As shown in Table 3, cinnamaldehyde and
cinnamic acid were the main aromatic compounds detected in the hydrolysate of CB.
When compared with the same biomass hydrolyzed without the pretreatment, a
reduction in the titer of most of these molecules can be observed: heat is indeed known
to have this kind of effect on such volatile compounds [11,24,25]. The titer of cinnamic
acid and cinnamaldehyde detected in the C-PEW hydrolysate was inferior compared to
the CB one (Table 3): this observation is consistent with the polyphenol extraction that
cinnamon was subjected to.

Taken together, these data confirmed that the C-PEW hydrolysate was comparable (in
terms of sugars released) with the hydrolysate of the original edible biomass (CB), with an

important reduced amount of growth inhibitors. Therefore, we excluded CB from the
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following experiments. Indeed, since C-PEW is a residual biomass not further valorized, it
is a suitable feedstock to be considered in a microbial-based bioprocess: its hydrolysis can

provide glucose as the main accessible carbon source, even without pH corrections.

Aromatic Compounds CB Hydrolysate C-PEW
in Cinnamon-Derived ZZ7Z(W/O Autoclave CB Hydrolysate
Hydrolysate
Hydrolysates Pre-Treatment)
Component Titer (mg/L) Titer (mg/L) Titer (mg/L)
4-hydroxybenzoic acid - 1.8 £0.52 48+047
p-coumaric acid 6.7 £ 024 25+127 0.8 £0.16
Cinnamic acid 35.6 = 0.51 23.2 +2.88 6.7 +1.29
Cinnamaldehyde 155.5 +£12.55 734+282 554096

Table 3: Aromatic compounds of cinnamon origin. Evaluation of the presence of aromatic
compounds typical of cinnamon in CB or C-PEW hydrolysates. Values are the means of three
independent experiments.

Production of carotenoids from C-PEW hydrolysate

In order to valorize C-PEW as feedstock biomass in a bioprocess, we focused our
attention on the yeast Rhodosporidium toruloides, known for being able to withstand
residual biomasses when used as feedstock for both their growth and the production of
carotenoids [16,18]. When tested on plates prepared with C-PEW as the growth medium,
R. toruloides was able to grow and accumulate pigments (see section 3.4); therefore, we
tested the production in shake flasks as well. The type of process chosen was a separate
hydrolysis and fermentation (SHF) in order to eliminate the water insoluble components
(WIS) from the media. Figure 2 shows the growth of R. toruloides on sugars released from
C-PEW hydrolysis at pH 3.5 and the co-current production of carotenoids. In particular,
we could observe that the production reached its maximum after 48 hours in
concomitance with the beginning of the stationary phase. These data are in accordance
with previous reports that carotenogenic microorganisms like R. toruloides produce
carotenoids mainly in response to stressful or suboptimal conditions such as the
stationary phase itself. In addition, only a limited amount of sugars was consumed: to
analyze this phenomenon, we provided to R. toruloides the synthetic medium
supplemented with the same amount of sugars present in C-PEW hydrolysate, setting the

pH value at 3.5 or 5.5 (optimal for this yeast). As shown in Figure S1, R. toruloides was
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able to completely consume the sugars and to reach a higher CDW than in C-PEW
hydrolysate regardless of the initial pH. The reduced growth and sugar consumption
observed in the C-PEW hydrolysate could be ascribed to the low initial amount of
nitrogen source, which resulted in depletion after 48 hours (Figure S2), in correspondence
to the stationary phase of growth. As the inhibitory compounds typical of cinnamon origin
were not detected after 24 h, nitrogen depletion should be considered the main
bottleneck for R. toruloides growth in C-PEW hydrolysate.

In SHF conditions with 9% (w/v) C-PEW hydrolysate, R. toruloides was able to accumulate
up to 2.0 £ 0.23 mg/L of carotenoids after 48 h of growth, with a productivity of 0.04 +
0.005 g/L/h and yields of 0.09 + 0.007% on CDW, of 0.11 + 0.013% on consumed sugars,
and of 0.005 * 0.0006% on the total sugars provided. When considering high added-value
products, yields are not crucial but important to describe the process itself and to
understand how to further improve it. In fact, although this titer of carotenoids is
comparable with other recently reported bioprocesses based on the combination of R.
toruloides and residual biomasses, like Camelina sativa meal, carob pulp syrup, sugarcane
bagasse, and molasses [18,26,27], the possibility to increase glucose consumption might

ameliorate the result obtained here.
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Figure 2: Production of carotenoids from C-PEW hydrolysate by R. toruloides. Cellular dry weight
(CDW) in dashed line, total sugars in dotted line, B-carotene in white bars. Values are the means of
three independent experiments.

85



Chapter 3

This work focused on the valorization of cinnamon by-products by their exploitation as a
substrate for microorganisms. Industries in this sector must eliminate large amounts of
residues each year from the processing of cinnamon extraction of polyphenols and other
residual biomasses derived from biomolecule extraction. Although this waste disposal
cost may not be excessively high, it is important to consider it in the scenario of the
reconversion to a circular economic model fostered by the European Union, promoting
increasing attention towards the exploitation of industrial products following a
biorefinery model, which aims to obtain more products starting from a single biomass
[28—30]. This is also in line with the ambitious aims and goals of the Green Deal [31],

|ll

where every activity can contribute to reaching the declared “carbon neutral” status.
Additionally, other microbial cell factories might be deployed in bioprocesses involved in
the conversion of C-PEW to compounds of industrial relevance, such as, as a matter of
example, lipids and shikimate from species such as Cryptococcus curvatus and

Scheffersomyces stipitis.

Testing the growth of other fungal cell factories on C-PEW hydrolysate

In order to widen the possible outcomes of the exploitation of C-PEW, we tested the
ability of other yeast cell factories to grow on such biomass. Testing of possible
candidates was needed since, to the best of our knowledge, there were no previous
examples of cinnamon use for such purposes. In addition, cinnamon is known to possess a
potent antimicrobial activity [11]; therefore, putative cell factories must be tested and
selected for their ability to grow on this new medium. In fact, cinnamon antimicrobial
activity has been studied with regard to several pathogenic microorganisms: in particular,
the minimal inhibitory concentrations of cinnamaldehyde were 125 + 25 g/L for Candida
albicans, 88 * 13 g/L for Aspergillus niger, 300 * 0 g/L for Escherichia coli, and 250 + 50 g/L
for Staphylococcus aureus [32]. Nevertheless, considering the titers of antimicrobial
compounds typical of cinnamon found in C-PEW (Table 2), their amount may be

considered neglectable or anyhow bearable by different fungal cell factories.
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We focused our attention on the fungal species enlisted in Figure 3 (further details in
the Materials and Methods section): all of them are classified as yeasts except for
Aureobasidium pullulans, that is considered a yeast-like fungus [33]. The choice to test
fungal clades that involve yeasts is related to the fact that those microorganisms are
reliable and robust cell factories, able to convert residual biomasses into valuable
compounds or to be used as chasses for further genetic modification, expanding the
portfolio of putative products [34,35]. Although bacteria could be considered relevant
microbial cell factories too, the higher general tolerance of yeasts towards low pH,
likewise the biomass of interest, led them to be excluded in this study. As shown in Figure
3, all the tested strains were able to grow on agar plates containing C-PEW at pH 3.5, with
a qualitative slower growth by Komagataella phaffii compared to the other tested
species. These observations clearly highlight that C-PEW can be used as feedstock by a
variety of fungal cell factories that possess peculiar characteristics of industrial interest. A.
pullulans naturally produces antimicrobial compounds, industrial enzymes, and polymers
such as pullulans and poly(B-L-malic acid) [33]. K. marxianus, K. pastoris, and S. cerevisiae
are known to be chasses for recombinant molecules with several available tools for this
purpose [36—38], therefore expanding the potential uses of C-PEW. Z bailii and Z
parabailii were selected due to their ability to grow at low pH and to withstand weak
organic acid: the availability of technologies for these species is increasing their
applicability [39,40]. S. stipitis is known for producing shikimate, which can act as building
blocks for high-value aromatics [41]. C. curvatus and Rhodotorula glutinis (together with
R. toruloides) are oleaginous yeasts able to accumulate from 20% w/w lipids of their dry
cell mass [42,43]. Therefore, the obtained single cell oils (SCOs) can be exploited for
several applications, from biodiesel to waxes, as an alternative to both petrochemical and
vegetable oil industries [44,45]. In addition, R. glutinis and R. toruloides are natural
producers of carotenoids [17,46], a group of molecules widely used in the feed, food,
dietary supplements, and dye industries with high market demand [47] that perfectly
matches the bioeconomic logic of cascading [48]. Both these carotenogenic yeasts were

able to produce carotenoids when fed with cinnamon waste material hydrolysate since
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their pinkish color was clearly visible (Figure 3). Due to the positive test of all these
species, we can infer that they would be able to reproduce the same features in batch
mode as well, providing a great added value to the residual biomass obtained from
cinnamon processing.

Taken together, the data obtained showed that a broad range of fungal species are
phenotypically able to grow on the hydrolysate of cinnamon waste material and that
therefore they can be considered a starting material for bioprocesses to obtain molecules

of industrial relevance, from carotenoids to recombinant proteins.

1C. curvatus

2 Z. bailii

3 Z. parabailii
4 S. cerevisice
S K. marxianus

6 K. phaffii

7 S. stipitis

8 R. glutinis

9 R. toruloides
10 A. pullulans

Figure 3. Testing of different fungal cell factories on agar plates containing only the enzymatic
hydrolysate of 9% w/v C-PEW (pH 3.5) as a nutrient source: the picture was taken after 72 h of
growth at 30 °C.

Conclusions

The agri-food sector is leading to the accumulation of relevant amounts of residual
biomasses, which are mainly burned for energy, used as animal feed, or disposed of as
wastes. Nevertheless, these biomasses often contain energy-rich molecules that can still
be exploited to obtain high-value products. Furthermore, the valorization of these
biomasses fosters the transition from linear economies to circular ones, where the life
cycle of natural resources is extended thanks to their further processing to extract
additional values. In this work, we focused our attention on the waste material of the

cinnamon supply chain, obtained from the polyphenol extraction (called C-PEW), which is
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not used for any purpose at the moment. Here, for the first time, a cinnamon-derived
biomass was hydrolyzed using a commercial enzymatic cocktail, with a 33% vyield of
sugars on the total available, demonstrating its potentiality as feedstock for a bioprocess
based on microbial cell factories.

We focused our attention on the yeast Rhodosporidium toruloides, naturally able to
produce carotenoids and high-value molecules used in the food, the feed, the dye, and
the cosmetic sectors. Since most of the carotenoid market is satisfied by chemical
synthesis, there is an increasing demand for molecules of renewable origin. Here, in a
separated hydrolysis and fermentation (SHF) process, R. toruloides was able to consume
sugars from C-PEW and to accumulate up to 2.0 + 0.23 mg/L of carotenoids. Although the
obtained titer was comparable with those of other processes based on residual biomasses
valorized by R. toruloides, the low sugar consumption in these conditions was a limiting
element. An additional nitrogen source, preferentially of residual origin, might be
considered to overcome this shortcoming.

In this work, it is shown for the first time the possibility to develop bioprocesses
based on cinnamon-derived biomasses to provide additional production streams, such as
carotenoids, to be applied as additive in sectors in which industries dealing with this
residual biomass are already involved, thus increasing the value thereof. The successful
test of several microorganisms of industrial relevance for their ability to grow on C-PEW
hydrolysate (withstanding its low pH and anti-microbial compounds) widens the possible
exploitations of this residual biomass. In addition, several new synthetic biology tools are
becoming available for non-Saccharomyces fungal species, thus expanding the ability of
these microbes to be tailored for industrial processes. In this case, a desirable
implementation should be the engineering of R. toruloides to withstand antifungal
molecules and to produce fine chemicals of industrial relevance. This in turn would
increase the appeal of cinnamon derived biomasses, although it is a currently underrated
feedstock for microbial cell factories.

Overall, this work can pave the way for further development of bioprocesses based on

the exploitation of a side-stream biomass derived from the cinnamon industry, that
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usually would be disposed of as waste material, in order to produce not only high-value
added products such as carotenoids in R. toruloides but also compounds from other yeast

cell factories in the scenario of the cascading principles of biorefineries.

Materials and methods
Plant biomass: feedstock preparation and composition

Epo S.r.l, Milano, Italy, provided cinnamon bark (Cinnamomum verum J.Presl, sin. C.
zeylanicum Blume) grown in Madagascar. The cinnamon bark (CB) was stored at 25 °C
away from heat and light sources until its use. Before extraction, the cinnamon bark was
pulverized with an electric laboratory grinder. The cinnamon bark underwent an
extraction process with water at 60 °C as described by [49] to obtain polyphenols. This
extraction protocol was comparable with the one used by Epo S.r.l. in order to simulate
their industrial process and to obtain realistic waste material at the laboratory scale. At
the end of the process, the cinnamon waste material after polyphenol extraction (C-PEW)
was recovered, dried out to eliminate the water derived from the extraction, and stored
at -20 °C until its use. To measure the water percentage of CB, 0.9 g of biomass was dried
out at 160 °C for 3 h and then weighed again to calculate the amount of evaporated
water. The biomass was heat-incubated for additional 3 h to assess a lack of further
changes in weight compared to the initial treatment. To analyze the chemical
composition of CB and C-PEW, the biomass was processed following the protocol for the
analysis of structural carbohydrates and lignin in the biomass of the National Renewable
Energy Laboratory (NREL, https://www.nrel.gov/docs/gen/fy13/42618.pdf) with
modifications as follows: 300 mg of biomass were diluted in 3 mL H,SO4 72% (v/v), and
then incubated at 30 °C for 1 h, stirring thoroughly every 10 min. The solution was diluted
to 4% (v/v) by adding 84 mL of distilled water, mixed by inversion and autoclaved (121 °C,
1 h). The hydrolysis mixture was vacuum filtered through one of the previously weighted
filtering crucibles, and the insoluble components were measured gravimetrically on the

filter paper. The filtered liquid was neutralized with NaOH to pH 5-6, and then, the
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samples were analyzed by High-Performance Liquid Chromatography (HPLC) (as described

below). Three independent experimental replicates were performed.

Pretreatment and Enzymatic hydrolysis of cinnamon bark and waste material

Enzymatic hydrolysis of the cinnamon bark powder and waste material was performed
using the enzyme cocktail NS22119, kindly provided by Novozymes (Novozymes A/S,
Copenhagen, Denmark). As described by the manufacturer, NS22119 contains a wide
range of carbohydrases, including arabinase, B-glucanase, cellulase, hemicellulase,
pectinase, and xylanase from Aspergillus aculeatus; 9% (w/v) of cinnamon bark and waste
material were steeped in water with a final volume of 30 mL and then autoclaved (121 °C,
1 h) in order to both sterilize and pretreat the biomass. Although mild physical
pretreatment by autoclaving is less effective than chemical pretreatments, we decided
not to involve their use because the overall processing, starting from the phenolic
extraction that occurs upstream (and generate this waste), is intended to minimize
environmental impacts.

Afterwards, the enzymes (11.9% W/Whbiomass) Were added directly in the solution and
incubated at pH 5.5 and at 50 °C in a water bath under agitation (105 rpm). One milliliter
of the sample was collected every 2, 4, and 6 h from the start, and the sugar content was
analyzed by HPLC (see below). A high dosage provides an indication of the maximum
enzymatically accessible sugar content, although low enzyme dosages provide a target for
commercially feasible hydrolysis for further developments. Three independent

experiments were performed.

Microbial strains and media

S. cerevisiae CEN.PK 102-5B was obtained from Peter Kotter (Institut fur Mikrobiologie
der Johann Wolfgang Goethe Universitat, Frankfurt, Germany). The other strains used
were Komagataella phaffii X-33 (formerly Pichia pastoris, ThermoFisher Scientific,
Massachusetts, USA); Scheffersomyces stipitis CBS 6054 (CBS Fungal Biodiversity Centre,
The Netherlands); Zygosaccharomyces bailii ATCC 8766 and Zygosaccharomyces parabailii
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ATCC 60483 (ATCC Virginia, USA); Rhodosporidium toruloides DSM 4444, Rhodotorula
glutinis DSM 10134, Cryptococcus curvatus DSM 70022, and Aureobasidium pullulans
DSM P268 from DSMZ (German Collection of Microorganisms and Cell Cultures, GmbH);
and Kluyveromyces marxianus NBRC1777 (Biological Resource Center, NITE, NBRC, Japan).
All the strains were stored in cryotubes at -80 °C in 20% glycerol (v/v) and were pre-
inoculated at 30 °C on rich medium plates: 1% yeast extract (Biolife Italia S.r.l., Milan,
Italy), 2% peptone, and 2% glucose (Sigma-Aldrich Co., St Louis, MO, USA). The enzymatic
hydrolysate from C-PEW was used for formulating the media for the plates in order to
test the ability of the aforementioned strains to grow in such substrates. This feature was

qualitatively assessed after 72 h of growth at 30 °C.

R. toruloides cultivation and carotenoids production

R. toruloides was pre-inoculate in a synthetic medium constituting (per liter) 1 g of the
yeast extract, 1.31 g of (NH4);SO4, 0.95 g of Na;HPQ,4, 2.7 g of KH2PO4, and 0.2 g of
Mg,S04-7H,0 and was supplemented with 15 g/L of glycerol as the main carbon source
and a 100x trace mineral stock solution as follows (per liter): 4 g of CaCl,-2H-0, 0.55 g of
FeS04-7H,0, 0.52 g of citric acid, 0.10 g of ZnS0,4-7H,0, 0.076 g of MnSO4-H,0, and 100 pL
of 18 M H,;S04. The yeast extract was purchased from Biolife Italia S.r.l., Milan, Italy. All
other reagents were purchased from Sigma-Aldrich Co., St Louis, MO, USA. Pre-inoculum
was run in that medium until stationary phase; then, cells were inoculated at an optical
density (OD, 600 nm) of 0.2 in shake flasks at 30 °C and 160 rpm with C-PEW hydrolysate.
After enzymatic hydrolysis, C-PEW hydrolysate was centrifuged at 4000 rpm for 10 min to
separate the water insoluble components: the liquid medium obtained was used for the
growth and the production of carotenoids by R. toruloides. Three independent

experiments were performed.

Analytical methods

HPLC analyses were performed to quantify the amount of glucose, sucrose, arabinose,

fructose, and acetic acid. One milliliter of the liquid fraction was collected from each
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enzymatic hydrolysis, centrifuged twice (7000 rpm, 7 min, and 4 °C), and then analyzed at
the HPLC using a Rezex ROA-Organic Acid (Phenomenex). The eluent was 0.01 M H,S0,
pumped at 0.5 mL min™%, and column temperature was 35 °C. Separated components
were detected by a refractive-index detector, and peaks were identified by comparison
with known standards (Sigma-Aldrich, St Louis, MO, USA). HPLC analyses were performed
to quantify also the amount of cinnamic acid, cinnamaldehyde, 4-hydroxybenzoic acid,
and p-coumaric acid using the analysis protocol reported by [50]. The extracts were
previously filtered with a 0.22 um polytetrafluoroethylene (PTFE) filter. The column used
for this chromatographic stroke was an Agilent Zorbax SB-C18 (4.6 x 250 mm, 5 um)
composed of carbon chains of 18 carbon atoms and set to a temperature of 30 °C. Two
mobile phases were used: phase A (aqueous solution of phosphoric acid HsPO, at pH 3)
and phase B (acetonitrile CH3CN, 99.98% pure, HPLC grade). The volume of samples
injected for analysis was 50 pL. The biomolecules were monitored by setting the diode
array detector (DAD) detection signal to 280 nm.

The cellular dry weight (CDW) was measured gravimetrically after drying 1 mL of cell
culture (Concentrator 5301, Eppendorf AG, Germany). The titer of carotenoids extracted
in acetone from R. toruloides, as reported in [18], was determined
spectrophotometrically (UV1800; Shimadzu, Kyoto, Japan) based on the maximum
absorption peak for B-carotene (455 nm). A calibration curve with standard concentration
of B-carotene was used for quantification.

A Urea/Ammonia Assay Kit (K-URAMR, Megazyme International Limited, Bray, Ireland)
was used to determine the amount of ammonia and urea in the C-PEW hydrolysate.

The pH was measured with indicator strips in order to assess if the conditions were
suitable for the enzymatic hydrolysis and to foresee possible detrimental effects on

microbial growth of the final media.

Calculations
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Sugar recovery (S;) was calculated as a percentage of the sugar yield by enzymatic

hydrolysis (Yen) when compared with the yield obtained from the total acid hydrolysis of

the biomass (Yan).

Y
S, = EH/YAH x 100

For statistical analysis, heteroscedastic two-tailed t test was applied.
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Figure S1. Growth of R. toruloides on synthetic media at pH 3.5 (panel A) and pH 5.5 (panel B).
Cellular dry weight (CDW) in dashed line, total sugars in dotted line. Values are the means of three
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Figure S2. Ammonium titer during R. toruloides growth on C-PEW hydrolysate. Values are the
means of three independent experiments.
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Introduction

Folates are a group of water-soluble compounds part of the B vitamin family (Bs). They
share a common structure consisting in a pteridine ring linked to a molecule of para-
amino-benzoic acid (pABA) by a methylene bridge, and a glutamic acid molecule. The
vitamers of folate differ for the state of oxidation (folic acid, di-hydrofolate,
tetrahydrofolate), for carbon substitutions (i.e. methyl, formyl, methylene, or methenyl)
and for the presence of a diverse number of glutamate units linked together in a poly-
glutamate tail (Figure 1). Folates act as donor of C1 units, thus playing an essential role in
a wide range of biochemical pathways such as: DNA synthesis and methylation [1];
protein synthesis [2]; homocysteine metabolism [3]; red blood cells formation [4];

formation of embryonic tissues [5].
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Figure 1: Schematic representation of the general structure of a folate molecule, in which the
three fundamental parts are distinct with different colours. The pteridine ring (red) deriving from
GTP, the pABA (blue) produced from chorismate, and the glutamate (green). The vitamers of folate
(black) differ for the state of oxidation (DHF, THF), for carbon substitutions (5-M-THF, Folinic Acid,
5-10-MTHF) and for the presence of several glutamates linked together in a poly-glutamate tail
(THF-poly-glutamate), as represented by the other molecules in the figure.

Due to the central role of folate in human primary metabolism, its deficiency leads to
several detrimental physiological disorders including: anemia [6]; cardiovascular diseases;
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neural tube defects (TNDs) and colon cancer [3,7]. As vitamin Bs is biosynthesized de novo
only by plants and some microorganisms, it is an essential component for animal
nutrition, obtainable either by diet or food supplementation. Folates are present in a
variety of foods: green leafy vegetables, dark green vegetables (such as broccoli and
Brussels sprouts), orange juice, beans, and other legumes [8]. In addition, fruits, dairy
products, poultry and eggs are also important sources of folates [9]. As prescribed by the
National Institutes of Health (NIH), in the USA the recommended dietary allowance (RDA)
for folates in adults is 400 ug dietary folate equivalents (DFE), whereas the folate RDA in
the European Union is 240 ug DFE [10]; a higher intake (600—1000 pg DFE) is advised for
pregnant women [6]. As reviewed by [11] folate deficiency is a global health problem,
therefore the two main strategies developed to increase folate content in foods are
biofortification and food supplementation. Several examples of folate biofortification in
plants (e.g. rice, tomato, wheat and beans) are reported in literature [12], as well as in
dairy products and fermented food by using folate-producing lactic acid bacteria (LABs)
[13]. However, there are some concerns regarding the use of bio-fortified food, as folate
stability during food processing and preservation remains problematic; by contrast,
folates food supplementation seems a good alternative overcome this limitation [14].
Unfortunately, all the vitamin Bs commercially available is chemically synthetized in the
form of folic acid, which seems to have not the desired biological effects, as it can mask
symptoms of vitamin B, deficiency which is linked to an increase of prostate cancer risk,
whereas natural folates do not display these collateral effects [14]. For these reasons, the
production of natural folates by microbial fermentation appears desirable. Moreover, the
current improvements on the development of microbial hosts able to exploit residual
biomasses would make the overall process more sustainable compared to the chemical
synthesis.

We focused our attention on Saccharomyces cerevisiae, which, in addition of being a
microbial cell factory widely used in biotechnological processes, is also a natural producer
of different folate vitamers [15], and a microorganism certified as GRAS. Yeast’s folate

biosynthetic pathway is well characterized: it consists in the biosynthesis of the pteridine
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ring starting from GTP, common precursor of the riboflavin biosynthetic pathway, its
condensation with para-amino benzoic acid (pABA), deriving from chorismate, and the

addition of glutamate residue(s) (Figure 2).

GIP

+

Vv roLz Chorismate

¥ A8Z1 1{;' L- Glutamine
7,8-Dihydroneopterin 3'-P, S L—

4-Amino-4-

l PHOS8 deoxychorismate
7,8-Dihydroneopterin wl

: FoL1 ___— 4-aminobenzoate (PABA)

Ll

7,8 - Dihydropteroate
lRMAI/Rl.?

METZ  iRLy FolicAcid
7,8-Dihydrofolate

(DHP lorm

5,6,7,8-THF ey THF-polyglutamate

Figure 2: Schematic representation of the metabolic pathways involved in folate biosynthesis.
FOL2: GTP cyclohydrolase I; ABZ1: 4-amino-4-deoxychorismate synthase; ABZ2: 4-amino-4-
deoxychorismate lyase; FOL3: Dihydrofolate synthase; DFR1: dihydrofolate reductase.

Genetic modification approaches have been proposed in yeast to boost the flux of the
main metabolites involved in the biosynthesis of folate towards its accumulation [16-18].
Nevertheless, in these studies genetic manipulations were performed in different yeast
genetic backgrounds, and the production of vitamin By was evaluated either at the
intracellular or extracellular level, without a systematic analysis for distinguishing among
the various chemical forms of vitamin Bs. Without combining these pieces of information,
it is difficult to establish the real potential of S. cerevisiae in terms of folates production.
For these reasons, in the present work genes involved in the folate and in the shikimate
biosynthesis pathways (i.e. FOL2, ARO4***., Arol, ARO2), were expressed separately or in
combination. From the resulting engineered strains, sharing the same parental genetic
background, we measured intracellular and extracellular levels of free and poly-glutamate

folates. This allowed us to describe the contribution of the different overexpression on
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the quantity and quality of the folate forms produced and as a consequence to indicate

the metabolic steps to unlock for further improving the productions of bioactive folates.

Results and discussion

Engineering of yeast strains and evaluation of free extracellular folates
production

In order to evaluate how folate and shikimate biosynthesis pathways can contribute to
the modulation of yeast folates production, in terms of quantity, localization and
vitameric forms, the overexpression of several genes involved in those pathways was
evaluated. In brief, there are two main branches of reactions leading to the synthesis of
folate skeleton, non-considering the glutamate moiety: one modifies the GTP to
contribute with the pteridine module, and the other one modifies the chorismate as
biosynthetic intermediate (Figure 1). The overexpression of FOL2, involved in the first
biosynthetic step of the pteridine moiety (Figure 1), is a reasonable target for increasing
the overall folate levels, as explored in the wine yeast Enoferm M2 [18]. Considering the
other branch, what is reported in literature relates to the reactions involved in the
conversion of chorismate into pABA. Chorismate derives from the shikimate pathway,
which branches to the production of other metabolites, such as aromatic amino acids. As
a consequence, it is well known that the enzymes of this biosynthetic route are highly
regulated, both at transcriptional and translational/post-translational level [19]. The first
step of the pathway is catalysed by 2-dehydro-3-deoxy-D-arabino-heptulosonate-7-
phosphate (DAHP) synthase (EC 2.5.1.54): the two isoenzymes in S. cerevisiae are
encoded by the ARO4 and ARO3 genes. Aro4p and Aro3p enzymes are feedback-inhibited
by tyrosine and phenylalanine, respectively [19]. To enhance the level of activity, the

mutated version ARO4K??%t

, a feedback-resistant variant of DAHP synthase [20], was
introduced in the CEN.PK strain. In S. cerevisiae, DAHP is then converted into 5-O-(1-
Carboxyvinyl)-3-phosphoshikimate by the pentafunctional enzyme codified by ARO1,
while in other organisms such as E. coli the five steps are catalysed by monofunctional

enzymes [21]. In literature it is reported that the enzyme involved in the third step (the
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conversion of shikimate into shikimate-3-phosphate) has the highest flux-control among
the five steps [21]. Therefore, AroL from E. coli, encoding the shikimate kinase, was
overexpressed in the CEN.PK strain. In addition, we overexpressed the ARO2 gene,
involved in the last step of the shikimate pathway, in which the 5-P-(L-Carboxyvinyl)-3-
phosphoshikimate is converted into chorismate. Thereby we obtained the so-called SHIK
strain, in which the genes ScARO4"??., EcArol and ScARO2 were overexpressed
simultaneously (Figure 3). Furthermore, we combined the overexpression of FOL2 in our
engineered strain, obtaining the FOL SHIK strain, to evaluate possible effects (Table 1) of
the simultaneous deregulation of the two branches of the folate biosynthesis pathway. All

the overexpressions were confirmed by RT-qPCR (Figure S1).
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Figure 3 Schematic representation of the shikimate pathway. The intermediates and genes
involved are explicated and the genes ARO4%??°. Arol and ARO?2 highlighted in blue have been
overexpressed in this study.

Free extracellular folates accumulation was evaluated over time by microbiological assay
(see Materials and methods) in the parental (wild type, WT), FOL, SHIK and FOL SHIK

strains grown in Verduyn minimal medium in the absence of vitamin B9. We started from
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the evaluation of this form of folate released in the medium as this is what was mainly
reported in previous works, therefore allowing a direct comparison.

Figure 4 shows that the highest titer of extracellular free folate corresponds to the
stationary phase (48 h from the inoculum, where no further changes of OD
measurements were observed, data not shown); therefore, in this work we focused on
measuring samples collected in this growth phase. The FOL strain reached 19 + 3.19
ng/mL of free extracellular folates (red bar), displaying a 7-fold increase in the
accumulation compared to the folate production measured in the WT strain.

Similarly, we analyzed the free folate titers from strains overexpressing the genes
regulating the shikimate pathway, which was not investigated before: the data show that
the deregulation of the upstream steps for the chorismate synthesis did not lead to an
increase in free folates production compared to the wild type (Figure 4, blue bars). In
agreement with these data, the combined deregulation of the two branches (FOL SHIK
strain, Figure 4, orange bars) did not exceed significantly the production of free

extracellular folate observed in the FOL strain.

—WT = FOL
54 s SHIK FOL SHIK 1 I -
OD wt +--OD FOL |
OD SHIK OD FOL SHIK

OD 660 nm

[Folates] (ng/mL)

Time (h)

Figure 4: Growth kinetics (lines) and extracellular free folate production time (bars) by WT (green),
FOL (red), SHIK (blue) and FOL SHIK (orange) strains. Values are the means of three independent
experiments.

Production of extracellular poly-glutamate folates and free folates in engineered
strains in different media
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To exhaustively evaluate the effects of genetic manipulations and to understand how to
further improve folates production, the analysis should include both intracellular and
extracellular measurements of both free and poly-glutamate folates, possibly from the
same genetic background. Our strains can constitute a valuable basis for these
measurements, which can complement the data currently available in literature. Figure
5A shows the extracellular production of both free (white bars) and poly-glutamate
folates (grey bars) after 48 h of growth in Verduyn medium, measured in all the
engineered strains and compared to the parental one. This characterization shows that
the extracellular poly-glutamate accumulation is similar in all the strains, and therefore
the difference in total folate is to be ascribable mainly to free folates, which constitute
the minor fraction of the whole folates pool. Thus, we also clarified that the FOL2
overexpression is crucial to increase only the free folates forms.

Since pABA is an important moiety for the formation of folate, its presence in Verduyn
medium (0.2 pg/mL) could mask the effect of the overexpression of the shikimate
pathway in SHIK and FOL SHIK strains. It is indeed possible that the chorismate is
channeled into alternative metabolic pathways, such as the biosynthesis of aromatic
amino acids and ubiquinone, while pABA present in the medium is used for folate
production. Hence, we repeated the experiments in Verduyn medium without pABA
supplementation (Figure 5B).

As reported in Figure S3, in this condition the behavior of the various strains in different
among themselves. In fact, only the SHIK and the FOL SHIK strains showed a similar
growth regardless the presence of pABA, whereas the WT and FOL strains’ growth were
considerably reduced in the absence of pABA. Thus, in this condition the overexpression
of the shikimate pathway seems pivotal to guarantee a similar growth to that observed
when pABA was added to the media. Nevertheless, the engineered strains did increase
the extracellular concentration of poly-glutamate folates, when compared to the WT.
Remarkably, under the same conditions, free extracellular folates were not detected after
48 h of growth, while the increase in poly-glutamate folates was significant in both SHIK

and FOL SHIK strains, compared to both WT and FOL strains (Figure 5).
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VERDUYN pABA 0,2 ug/mL VERDUYN no pABA
% % %
804

% % % |

[Folate] (ng/mL)

WT FOL SHIK FOLSHIK WT FOL SHIK FOLSHIK
Figure 5: Extracellular production of free (white bars) and poly-glutamate (grey bars) folates. In
panel A data obtained in normal Verduyn medium are displayed, while panel B shows folates
production in Verduyn without pABA. Values are the means of three independent experiments. *
p <0.05; ** p < 0.005; *** p < 0.0005.

Intracellular free and poly-glutamate folates production in engineered strains in
different media

Figure 6 displays intracellular poly-glutamate (grey bars, panel A) and free (white bars,
panel B) folates accumulation in minimal Verduyn media supplemented or not with pABA.
Firstly, the overall levels of intracellular folates are much higher than those measured
extracellularly, coherently with the importance of the vitamin B9 for cells. Therefore, it is
arguable that only a minor fraction is excreted, although up to now there are no reports
describing a possible transporter system or mechanism involved. The other important
observation relates to the quantification, which is affected by the large distribution of

values, possibly affected by sampling method.
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Figure 6: Intracellular production of free (white bars) and poly-glutamate (grey bars) folates. Panel
A shows data obtained in normal Verduyn medium, while panel B shows folates production in
Verduyn without pABA. Values are the means of three independent experiments.

It can be anyhow commented that the highest amounts of folates produced by the strains
were represented by the poly-glutamate intracellular forms. In Verduyn medium the
strains tested produced a similar quantity of intracellular folates, independently from the
overexpressions considered. Consistently with our hypothesis, in a medium not
supplemented with pABA the strains SHIK and FOL SHIK were able to reach the same titer
of folates produced from cells growing in standard Verduyn medium (Figure 6). On the
other hand, the FOL2 overexpression is not enough for compensating both the growth
and the folate production in Verduyn medium without pABA.

Taken together this data suggest that the shikimate pathway represents a bottleneck for
increasing folate production in S. cerevisiae. The effect of the overexpression of genes
related to this pathway (in the SHIK and FOL SHIK strains) becomes evident when pABA is
not present in the media. Therefore, since pABA supplementation may mask the effect of
the tested genetic modifications, the de-regulation of pathways subtracting chorismate (a
direct precursor of pABA) can be a path to explore. As we demonstrated, the
measurement of all folate forms, defining their cellular location (intra- or extracellular)
and poly-glutamation level, is pivotal in order to achieve an informative description of the

engineered strains.
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Following the same approach, the obtained strains can be further engineered to decrease
the competitive pathways towards folates production, such as the ones leading to the

biosynthesis of aromatic amino acids, and to increase the pools of GTP and chorismate.

Conclusions

Folates are involved in one-carbon metabolism and thus play essential roles in a wide
range of biochemical pathways. Due to the central role of folate, its deficiency leads to
several physiological disorders. Indeed, folate supplementation of food has been
implemented by most countries to efficiently fight folate deficiency [22]. Unfortunately,
all the vitamin Bs commercially available for food supplementation is chemically
synthetized in the form of folic acid and may present some drawbacks [14]. For these
reasons, we decided to evaluate the production of natural folates by microbial
fermentation. Saccharomyces cerevisiae, widely used in biotechnological processes, was
here exploited as natural producer of the different folate vitamers. Three genes involved
in the shikimate pathway, ARO4*?®', Arol and ARO2, were co-overexpressed to increase
the production of chorismate, a possible bottleneck in the vitamin Bs biosynthesis.
Simultaneously, FOL2 was co-overexpressed in the FOL SHIK strain. A complete
characterization of both intracellular and extracellular free and poly-glutamate
production of engineered S. cerevisiae strains originated from the same genetic
background has been proposed, for the first time, in this work. Data shows that FOL2
overexpression increases only the free extracellular folate forms, while it does not change
all the other forms taken into account, such as intracellular ones. Furthermore, the
shikimate pathway overexpression is pivotal in a medium not containing pABA,
highlighting the importance of such moiety (and of its metabolism) as bottleneck to
unlock the production of folates in yeasts. Therefore, the modulation of intracellular
guantity of pABA by deregulating pathways related to the shikimate node (for example by
subtracting chorismate) can be targeted for further modifications. This study
demonstrates that by metabolic engineering and medium composition it is possible to

modulate folates form, their distribution and accumulation in yeast. Moreover, possible
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bottlenecks have been determined. In the future, synthetic biology strategies will be
pursued, in combination with the definition of key elements in culture media, to improve
folates vyield, production and productivity, with the goal to develop sustainable

bioprocesses for the synthesis of this essential vitamin.

Materials and methods

Yeast strains and growth conditions
S. cerevisiae parental and engineered strains used in this study are listed in Table 1. Yeast

transformations were performed according to the LiAc/PEG/ss-DNA protocol [23] with
integrative plasmids constructed as described in the next paragraphs. Transformants
were selected for the complementation of the different auxotrophies and the
integrations of the constructs were confirmed by PCR analysis. For each set of
transformation at least three independent transformants were initially tested, showing
no significant differences among them.

Yeast cultures were grown in Verduyn medium (Verduyn, Postma et al. 1992) with 2%
(w/v) D-glucose as carbon source. All strains were grown in shake flasks at 30 °C and
160 rpm, with a flask volume:medium ratio of 5:1. Cells were inoculated at an initial
optical density (OD) of 0.001, and growth was monitored spectrophotometrically (UV-
1800; Shimadzu, Kyoto, Japan) at 660 nm. The free folate production was evaluated
indirectly by a microbiological assay exploiting Lactobacillus rhamnosus as the test
microorganism (Horne and Patterson 1988), as described in the dedicated section below.
The same protocol was used for the evaluation of the total folates by previously pre-
treating samples with enzymatic deconjugation protocol to remove the poly-glutamate

residues as described below.
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Strains Relevant genotype Plasmid Reference
CEN.PK 102-5B MATa his3A1, ura 3-52, - Peter
leu2-3,112 MAL2-8c Kotter
sucz
Parental strain CEN.PK 102-5B pYX012; pYX022; pYX042 This study
FOL CEN.PK 102-5B pYX012; pYX022; pYX042FOL2  This study
SHIK CEN.PK 102-5B pYX012 AROAK??% Arol ARO2;  This study
pYX022; pYX042
FOL SHIK CEN.PK 102-5B pYX012 ARO4*??% AroL ARO2;  This study

pYX022; pYX042FOL2

Table 1: List of the strains used in this study

Gene amplification and plasmids construction
All the primers used for gene amplifications and the obtained PCR products are listed in

Table 2. The mutant gene ARO4***" was obtained using S. cerevisiae ARO4 from the
genomic DNA of the CEN.PK strain, extracted by standard methods [24] as template. Two
different sets of primers (Fw flanka-ARO4 and Rev ARO4%*?%; Fw ARO4%*?° and Rev ARO4-
flankb, Table 2) were designed and used to introduce the desired mutations (685A>T and
686A>T), and specific flanks complementary to the Triose Phosphate Isomerase gene
promoter (TPl,) and terminator (TPl.r) regions present in the pYX012 vector (R&D
Systems Wiesbaden, Germany) were also inserted. The two fragments obtained by PCRs
were then assembled using the Gibson Assembly Cloning Kit (New England Biolabs,
Ipswich, Massachusetts, USA) into the pYX012 vector, previously linearized with EcoRl,
obtaining the pYX012AR04 ¥?2°t yector.

S. cerevisiae ARO2 and FOL2 coding sequences were amplified by PCR using the genomic
DNA from CEN.PK strain as a template. E. coli AroL coding sequence was amplified by PCR
using as template the genomic DNA of the DH5a strain, extracted by standard methods
[25]. The ARO2 PCR product, amplified with FW EcoRl ARO2 and Rev BamHI| ARO2
primers, was digested with EcoRl and BamHI and ligated within the pYX042 vector (R&D
Systems Wiesbaden, Germany) previously digested with the same enzymes, obtaining the
pYX042AR02 vector. The FOL2 PCR product, amplified with FW EcoRVFOL2 and Rev
BamHIFOL2 primers, was digested with EcoRV and BamHI and ligated with the pYX042

vector, previously digested with the same enzymes. The obtained vector pYX042FOL2,
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harboring FOL2 under the control of the TPI,, was linearized with Clal and directly used
for yeast transformations. The AroL PCR product, amplified with FW EcoRI AroL and Rev
BamHI AroL primers, was digested with EcoRl and BamHI and ligated with the pYX022
vector (R&D Systems Wiesbaden, Germany), previously digested with the same enzymes,
obtaining the pYX022AroL vector.

The “flanka-ARO4 *?#L-TPly-flank3”, “flank3-TPl,-AroL-TPle-flank4” and “flank4-TPIp-
ARO2-TPIte-flank5” fragments were obtained by PCR wusing as a template
PYX012AR04%?% pYX042AR02 and pYX022Arol, respectively and using the primers
described in Table 2. These fragments were then assembled into the pYX012 vector,
previously linearized with EcoRl. The obtained vector pYX012AR04 *?*'Arol ARO2,
harboring all the genes under the control of TPI,, was linearized with Bsml and directly
used for yeast transformations.

All the genes were sequenced, and they resulted identical to the deposited S. cerevisiae
or E. coli target sequences (ARO2 Gene ID: 852729; FOL2 Gene ID: 853183; AroL Gene ID:
945031)

The ARO4**®! gene was identical to the deposited S. cerevisiae target sequence (Gene ID:

852551) except for the desired mutations (685A>T and 686A>T).

DNA template

Name Sequence (5’-3’) for PCR PCR product
Fw flanka-ARO4  CTACAAAAAACACATACAGGTCAGAAATGAGTGAATCTC . cerevisige o g oo
Rev ARO4<22 AGCAACACCATGCAAAGTAACACC gDNA e P
Fw ARO4K22L GGTGTTACTTTGCATGGTGTTGCT S. cerevisiae AROA Last 485 b
Rev ARO4-flankb  CCCTAGGATCCATGGTGTGTACGTTACATATATCA gDNA P
FWECORIARO2  ATTAGAATTCGCATGTCAACGTTTGGGAA S corevisioe A0 (O]
RevBamHIARO2  AATGGATCCTCTTTAATGAACCACGGATC gDNA
FW ECORV FOL2  TACAGGATATCATGCATAACATCCAATTAGT s cerevisiae ot2 (08
RevBamHIFOL2  AATGGATCCTCAAATACTTCTTCTTCCTA gDNA
FW EcoRl Arol ATTCGAATTCCGATGACACAACCTCTTT
RevBamHI AroL  AATGGATCCAAAATCAACAATTGATCGTC £ coli gDNA AroL (ORF)
Fw flanka ARO4  CTACAAAAAACACATACAGGTCAGAAATGAGTGAATCTC OVXO124R04  flanka-ARO4GH.
Rev ARO4 TPlor-flankl  GAGATAGAAATTTGACATTCCTAGACAAAGACAAAAAAAAAAAGGG KazoL TPiter-flank3
Fw flankl-TPl,AroL  GAATGTCAAATTTCTATCTCTTTCGTCTTCAAGAATTGGGGATCTA oy K TPlAroL:
Rev Arol TPlerflank2 ~ GTATTTAGTTAGTACTTAAGGAACAAAAGCTGGAGCTAGACAAAGAC  © TPlier-flankd
Fw flank2-TPI,ARO2  CTTAAGTACTAACTAAATACCGTCTTCAAGAATTGGGGATCTACGTATG I

Rev ARO2 TPlier-flank3

GGGCCCTAGGATCCATGGTGGGAACAAAAGCTGGAGCTAGACAAAG

TPIter-flank5

Table 1: List of the primers used in this study
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Real Time - gPCR
Quantitative PCR was performed in order to assay FOL2, ARO4, AroL and ARO2

overexpression. Aliquots of yeast cells were collected from cultures in exponential phase,
and total RNA prepared using a ZR Fungal/Bacterial RNA MiniPrepTM Kit (ZYMO
RESEARCH, Irvine, USA). Reverse transcription was performed on 1 pg of total RNA as a
template, using iScriptTM cDNA Synthesis Kit (BIO-RAD, Hercules, USA). RT-gPCR was
carried out to amplify FOL2, AROA4, AroL and ARO2 cDNAs using LunaScript RT SuperMix
Kit (New England Biolabs, lpswich, USA). Actin cDNA was also amplified for normalization.

Relative expression was calculated using the AACt method.

Folate microbiological assay
The extracellular or intracellular amounts of free folates (folate forms with at maximum

three glutamyl residues) produced by the yeast strains were determined indirectly by
microbiological assay, using L. rhamnosus (NRRL culture collection, B-442) as test
microorganism. This bacterium is able to grow proportionally to the initial concentration
of folic acid present in the medium: this allows to build a calibration curve that correlates
the final OD reached by L. rhamnosus to the concentration of folates in the samples [26].
As reference, folic acid (Sigma-Aldrich, St. Louis, USA) was firstly dissolved in 1 M NaOH at
the initial concentration of 5 mg/mL and then, after serial dilutions in 0.1 M potassium
phosphate buffer (pH 6.4) with 1% (w/v) ascorbic acid, a stock of folic acid 1 ng/mL was
prepared and used for the calibration curve at concentrations ranging from 0 to 0.2
ng/mL. Prior to the assay, the culture of L. rhamnosus was prepared as follows: the
lyophilized cells were resuspended in 1 mL of Folic Acid Casei Medium (FACM, HiMedia
Laboratories, Mumbai, India) supplemented with folic acid 0.3 pg/L, previously dissolved
in 1 M NaOH. 50 pL of cells were inoculated in 30 mL of FACM medium with folic acid 0.3
pg/L in flask hermetically closed and were incubated at 37 °C under agitation (160 rpm).
After 24 hours from the inoculum, aliquots of cell culture and glycerol (100%) in a ratio of

1:1 were prepared and stored in sterile tubes at -80 °C until use for folate determination.
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For the use in the microbiological assay, the inoculum of L. rhamnosus was prepared by
mixing one volume of the thawed bacterial suspension with four volumes of sterile 9 g/L
NaCl solution [26].

The microbiological assay was performed in 96-well microtiter plates, following a protocol
adapted from [27]. The wells were filled by adding: 100 uL of twofold-concentrated
FACM, 100 pL of an unknown or reference sample in 0.1 M potassium phosphate buffer
(pH 6.4) containing 1% (w/v) ascorbic acid and 20 pL of the L. rhamnosus inoculum. The
plates were incubated at 37 °C and the turbidity was measured after 18 hours (T 18 h)
from the inoculum of L. rhamnosus using a multiscan spectrophotometer set at 595 nm
(VICTOR™ X3, PerkinElmer). Control wells were inoculated without L. rhamnosus to check
for the FACM medium absorbance, then subtracted to the absorbance of the samples.
The correlation between the ODsgsnm at T 18 h and the initial concentration of free folates
in the wells was described by a second-degree polynomial equation (Figure S1).

The yeast samples collected during growth kinetics were split in supernatant and pellet by
centrifugation. For the extracellular evaluation, the supernatant was mixed for 1/10
volume with 1 M potassium phosphate buffer (pH 6.4) containing 10% (w/v) ascorbic
acid. From this, serial dilution in 0.1 M potassium phosphate buffer (pH 6.4) containing
1% (w/v) ascorbic acid were prepared and 100 uL from each dilution were used for the
microbiological assay detection. Regarding the intracellular evaluation, the pellet was
washed twice in 1 mL deionized water and then resuspended in 1 mL of 0.1 M potassium
phosphate buffer (pH 6.4) containing 1% (w/v) ascorbic acid. The samples were incubated
at 50 °C for 5 minutes to release the intracellular folates now available for the detection
with the microbiological assay as previously described.

Since the microbiological assay is responsive only to free folates forms, the analysis of the
total folate concentration (including forms with long chain of poly-glutamates) was
performed after an enzymatic deconjugation of the folate samples with rat serum (Sigma-
Aldrich, St. Louis, USA) as source for y-glutamyl hydrolase activity. Prior to use, rat serum
was subjected to a pre-treatment in order to remove endogenous folates, as follows:

1/10 volume of activated charcoal, was mixed to the serum, stirred for 1 hour on ice-
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water bath, centrifuged and filtered through 0.22 um sterile syringe filter (Primo® Syringe
Filter EUROCLONE) [28]. The clarified rat serum was added to the folate samples at the
final concentration of 20% (v/v). After 3 hours of incubation at 37 °C, the enzyme was
inactivated by heating for 5 min at 100 °C. The samples were cooled down and after
centrifugation at 14000 rpm for 20 min at 4 °C the supernatant was collected and used for

the microbiological assay, as described above.

Statistical analysis
All statistical analyses, where P-values are indicated, were performed using a two-tails,

unpaired, heteroscedastic Student's t-test.

List of abbreviations
DAHP: 2-dehydro-3-deoxy-D-arabino-heptulosonate-7-phosphate; DFE: Dietary Folate

Equivalents; FACM: Folic Acid Casei Medium; GRAS: Generally Recognize As Safe; GTP:
Guanosine triphosphate; LABs: Lactic Acid Bacteria; LiAc: Lithium acetate; NIH: National
Institutes of Health; OD: Optical Density; pABA: para Amino Benzoic Acid; PCR:
Polymerase Chain Reaction; PEG: polyethyleneglycol; RDA: Recommended Dietary
Allowance; rpm: revolutions per minute; RT-gPCR: Real Time quantitative Polymerase

Chain Reaction; TNDs: Neural Tube Defects; TPI: Triose Phosphate Isomerase gene.
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R =0,9998

a 002 004 0,06 0,08 01 012 014 016 018 02
[Folic Acid] (ng/mL)

Figure S1: Calibration curve obtained by growing Lactobacillus rhamnosus in FACM medium with
different concentrations of folic acid.
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*k

Normalized Expression
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Figure S2: The graphs show the mRNA normalized expression of the different genes (FOL2, ARO4
and ARO2) overexpressed in the different strains obtained in this study. Values are the means of
three independent experiments.

* p <0,05; ** p<0,005; *** p <0,0005
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Figure S3: Growth kinetics by WT (green), FOL (red), SHIK (blue) and FOL SHIK (orange) strains in
Verduyn without pABA. Values are the means of three independent experiments.
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Introduction
At the end of the first decade of XXI century, the European Union (EU) Renewable Energy

Directive 2009/28/EC required that by 2020 each member state had to rely on renewable
energy for 20% of the total needs and 10% for transport alone [1]. Unfortunately, only
Sweden and Austria have reached that target [2]; consequently, there is a urgent and
binding need to push forward the use of alternatives to common fossil resources. Natural
gas, namely methane (CH4), is a prominent target to be substituted with renewable
alternatives, as it is still widely used in the EU for industrial, domestic and transport sectors.
Its direct replacement is biomethane, which is the final product of anaerobic fermentation
of organic matter, as part of the gaseous mixture called biogas. Biogas is in fact a blend
mainly of CH; and CO: it can be deployed directly as source of energy, but the presence of
the already fully oxidized CO; reduces the overall calorific value. For this reason, several
“upgrading” processes exist, aimed at purifying biomethane from biogas, to expand its use
also to domestic and transport sectors via injection into the conventional pipelines [3,4].

Among the various residual biomasses used in order to match the low market value of
biomethane [2,5], manure plays a prominent role. It is a livestock side stream with a high
environmental impact that can be reduced by further manipulations, as its exploitation for
bioenergy and biofertilizers production [6]. Manure possess a huge potential in terms of
worldwide production of biogas, exceeding other biomasses such as sewage sludge,
organic fraction of municipal solid waste, and agricultural residues [7]. Since the increasing
growth of the European market of biomethane, leaded by Germany, several countries from
both northern (e.g. Finland) and southern (e.g. Italy) Europe are interested in developing
this sector, to fulfill the aforementioned goals of the EU in the years [2,8]. To make the
production profitable, considering the reduced margin between cost and price, is essential
but not trivial. For these reasons a quantitative description of the microbiological system
sustaining the process is essential: the development of mathematical models can support
this description and predict possible improvements, which can be crucial for the viability of

the biomethane sector.
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Biogas production in anaerobic digestors generally follows four sequential phases carried
out by the metabolism of the microbial consortium therein. Biopolymers are initially
hydrolysed into simple or simpler monomers and oligomers (mainly sugars, stage | -
hydrolysis), then fermented into alcohols, CO,, volatile fatty acids (VFAs, e.g. propionate,
butyrate, acetate) and H; (stage Il - acidogenesis) [9]. These molecules are then converted
into acetic acid (stage Ill - acetogenesis), sequentially transformed into biomethane (CH,)
(stage IV - methanogenesis) (Figure 1) [9]. These reactions are carried out by different
species of microbes, whose symbiosis and syntropy in the consortium is the key for the
anaerobic digestor to function. In a simplified model of these reactions, described in Figure
1, stage | is carried out by glucose-fermenting acidogens, able to both hydrolyse the fibers
contained in manure (undigested by the animals) and transform glucose into VFAs.
Propionate and butyrate-degrading acetogens accumulate acetic acid from corresponding

VFAs, whereas acetoclastic methanogens complete the reaction to biomethane [10,11].

| Stage | | Stage Il | Stagelll ] Stage IV |
Hydrolysis Acidogenesis  Acetogenesis Methanogenesis
2H,0 4H,0

2 Propionate

X, Xy 2CO,+4H,
2H,0 2C0, 2CO,
X X, X
Manure ——> Glucose A > 3 2 Acetate M 2CH,
Hydrolysis
X, X, 2H

2 CO, Butyrate 2 H,0

Figure 1 Simplified biochemical model of anaerobic digestion of manure by the consortium of
glucose-fermenting acidogens (Xi), propionate-degrading acetogens (Xz2), butyrate-degrading
acetogens (X3) and acetoclastic methanogens (Xa).

From the process of the waste-derived biomethane it was possible to create a
mathematical model based on differential equations, able to foresee predict the behavior
of the process itself if specific parameters are modified, as described for example in [10].
The goal of the present work was to update this model with observations from the
microbiological nature of the process, and to evaluate which industrial relevant parameters
could impact the most on the final production of biomethane by the simulated microbial

consortium.
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Results and discussion

Biochemical description of the model

Microbial metabolism reflects microbial biodiversity: different species often display
different abilities in utilizing the same carbon source. Since the heterogenous nature of
microbial consortia, understanding the main reactions occurring within is of utmost
industrial interest [9]. As mentioned, the production of biomethane from biogas is
constituted by four main phases, that, although being sequential to each other, follow
different metabolic branches. In fact, as shown in Figure 1, different routes can lead to the
accumulation of acetate, then transformed into biomethane by acetoclastic methanogens.
A direct metabolism from glucose to acetate is in fact combined by the alternative
production of butyrate or propionate, later converted into acetate as well. The three

metabolisms could be described stoichiometrically with the chemical equations enlisted in

Table 1.
Equation Estimated K
i AG" (ki/mol) ed
1) Glucose + 2 H20 <=>4 COz + 2 CHa + 4 H> 148.6+350  1.1x10%

2) Glucose + 2 NAD* +2 H,0 <=>4 CO2+2 CHsa+ 2 H2+ 2 NADH  -217.7 £28.6 1.5x10%

3) Glucose + 4 NAD* + 2 H20 <=>4 CO2 + 2 CHs4 + 4 NADH -286.9 +26.3 1.9 x 105

Table 1 Stoichiometric description of the reactions occurring during anaerobic digestion from
glucose to acetate, via propionate (1) or butyrate (2) production, or direct fermentation to acetate
(3), with kinetic parameters of such reactions.

The analysis of these equations make clear that with the direct fermentation of glucose
into acetate, NAD" becomes the electron sink of the reaction (equation 3, Table 1), whereas
H, is the receiver of the four electrons (equation 1, Table 1) when propionate-degrading
acetogens are involved. Accordingly, butyrate as mid-step involved the use of both H, and
NAD* as electron sink of the fermentation (equation 2, Table 1). Considering kinetic
parameters such as the estimated Gibbs free energy (A/G') and equilibrium constant (K’eq)
it was clear that the direct fermentation of glucose into acetate is the most
thermodynamically favorite, suggesting that the microorganisms involved in such

metabolism are pivotal for the accumulation of biomethane. Bioaugmentation of acetate-
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type fermentation species have in fact been proposed to ameliorate anaerobic digestion of

residual biomasses into biomethane [12].

Updating the anaerobic digestion mathematical model

The differential equations describing the anaerobic digestion of manure into biomethane
from [10] (originally developed for the use of activated sludge from the municipal
wastewater treatment plants) were recreated on Simulink in a simplified version, by
omitting hydrogenotropic methanogens, since their yield of methane production was
calculated to be inferior to acetoclastic methanogens (0.8 and 4 g/g biomass respectively
[10]). In fact, acetoclastic methanogens are responsible for most of the biomethane
produced during anaerobic digestion (up to 70% of the total) [13]. The equations and the
parameters within are described in “Materials and methods” section. Given the
considerations arising from the previous paragraphs, we decided to quantify with the
model the influence of the metabolism of acetate-type fermentation microbes (X;) on the
production of biomethane. We singularly simulated the nullification of acetate production
yields by X1, X2 and X3 (Yacet/x1, Yacet/xa and Yacet/xs, respectively). In the latter two cases
biomethane yield (Q) did not decrease significantly from the original one (Q = 0.45
L/Lmedium/d, Figure 2A), whereas Yacetxs = O resulted in Q = 0.18 L/Lmedium/d, Witnessing the
importance of the metabolism of X1 on the overall process. We then expanded the
simulation by nullifying the yield of glucose consumption by X; (Ygux: = 0) to eliminate
completely the action of this specie. Surprisingly, although a strong reduction of Q should
have been expected, the simulation resulted in an infinite production of biomethane in the
first days of fermentation (Figure 2B), underlying some inaccuracy in the model itself. In
the model X; both hydrolysed fibers and fermented glucose into VFA, therefore the
subsequent production of biomethane is strongly dependent on its activity. Since Ygux
represents the ability of X; to consume glucose and therefore to growth, the fact that its
simulated nullification was so beneficial for the production of biomethane was at least

suspicious from a microbiological point of view.
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Figure 2 Simulation of biomethane yield (Q) during time using parameters from [10] (panel A) and
with Ygux1 = 0 (panel B).

Analyzing the equations of the model (see “Materials and methods”) it became clear the
mathematical reason of such behavior. Yg,/x1 appears in equation 3, as negative contributor
to the titer of glucose in the digestor. The nullification of Ygux1 therefore increased the
amount of glucose, that in turn increased w; and the titer of X; (equation 1), and
subsequently the titer of the of microbial species as well. The paradox laid on the fact that
although X; was simulated of not being able to consume glucose, it was still growing and
producing VFA, while microbiologically the opposite should occur. In order to meet this
fundamental requirement, we modified the equations describing microbial growth (2, 4, 6,
8) by adding the corresponding yield of substrate consumption as follows.

dX,
d_j(l =Yy )X, DX, @ —==Y,, -4 —b)X;-D.X; (6)
dat

dt
X X
t'::: - }!f'r'f--'a Xl -{.“: _b: )X: - D'/YJ ) ((T: - }:- er/ X4* ()114 _hd )X-l _D‘X-l (®)
1 !

With the updated equations, the original parameter values permitted a simulation with Q
= 0.9698 L/Lmedgium/d as result, whereas the nullification of Ygu/x: reduced the value to Q =
0.1104 L/Lmedium/d, in accordance with the modifications proposed for the model (Figure 3).
The value of Q was not nullified as well because of the acetate present in the influent (Su),
transformed by X4 into biomethane according to equations 9 and 10. Furthermore, the
value of Q obtained with this new version of the model was higher compared to the original
[10], although inserting the same constant values and being those validated
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experimentally. Nevertheless, the goal of this work was to provide an updated version of
the model that could be a closer description of the microbial consortium responsible for

the anaerobic digestion.

The second aim was to investigate how the yield of biomethane could be modified as a
matter of specific implementations of the process to be suggested to an industrial partner,

rather than to validate the model itself with wet data in these first stages of investigation.
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Figure 3 Simulation of biomethane yield (Q) during time with updated equations using parameters
from [10] (panel A) and with Ygiu/x1 = 0 (panel B).

Simulation studies on the anaerobic digestion model

After updating the model by introducing the yield of substrate consumption in the
equations, it was possible to describe the growth of the various microbial species present
in the model (X1, X2, X3, X4). As starting point, dilution rate (D) was modified according to
the maximum value available at the plant of the industrial partner of the project (D = 0.14
d?), with 5000 L as operative volume. The updated set of values resulted in Q = 1.198
L/Lmedium/d, displayed in Figure 4 together with other parameters, such as substrate,
glucose and VFA titer, microbial titer and specific growth rate. From now on 60 d was used

as stoppage time, since the maximum Q was already reached.
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Figure 4 Simulation of biomethane yield (panel A), compound titers (panel B), microbial titers (panel
C) and microbial specific growth rates (panel D) during time with updated equations and D =0.14 d°
1

Thanks to the simulation by Toolbox Simulink it was possible to analyze the production of
biomethane (Q) as a function of different parameter in the model. Starting from dilution
rate (D), the function could be described by a second-grade equation (y = - 9.9166x? +
8.8125x + 0.124, R? = 0.99), underlying the limit of the dilution that can cause wash out.
With the equation it was also possible to calculate the dilution rate that provided the higher
production of biomethane (D = 0.4458 d!, Q = 2.062 L/Lmedium/d): the ability to foresee this
value is clearly an advantage of the use of mathematical modeling. Nevertheless, the
technical limitations of the plant available at the production site of the industrial partner

of the project obliged to maintain D = 0.14 d! in the model.

Q was found to be a linear function of some parameters of the model (listed in Table 2),
since their mathematical relationships could be described with first-grade equations.
Nevertheless, the angular coefficient was not sufficient for comparisons, since the
parameters have different orders of magnitudes among themselves. Therefore, we decided
to compare the ratios between the single ratios of each parameter value and of the
corresponding Q (Table 2), to understand how much an increase in the parameter value

affect the increase of biomethane production (see “Materials and Methods” section).
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Parameter Value Ratio Qvalue Qratio Q ratio/parameter ratio

20 1.198

Yacetxi 40 2 1.933 1.62 0.81
60 3 2.548  2.13 0.71
5.1 1.198

S (g/L) 102 2 1.504  1.26 0.63
153 3 1.807 1.51 0.50
30.6 1.198

Soi (g/L) 612 2 2.001 1.67 0.84
918 3 2796  2.33 0.78
0.55 1.198

Ye 1.1 2 2.001 1.67 0.84
1.65 3 2.796  2.33 0.78

Table 2 Effect of the increment of the value of some parameters of the anaerobic digestion model
on the value of biomethane production (Q).

Giving the importance of X; metabolism in anaerobic digestion, in particular for the
production of acetate, Yacetx1 Was modified to assess its impact on Q. Similarly, values for
the initial concentration of glucose in the influent (S1)) were considered, to simulate the
effect of the addition of another residual biomass containing glucose. Finally, the
concentration of insoluble organic compounds (S.i), and the coefficient of decomposition
(Ye), counting which part of the insoluble organic compounds are transformed to soluble
compounds, were considered as well. Table 2 shows that none of the modified parameters
caused the same increase in Q and that the more the value was increased the lower was
the effect on the corresponding ratio. In addition, implementation of S;; had the minor
effects, showing that additional glucose would not greatly impact on Q. On the other hand,
Soi and Y. showed to be crucial for a relevant implementation of Q; unsurprisingly same
increment of Sy, and Y. produced the same values of Q, since they are both factors of

equation 1.
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Nevertheless, increasing the initial concentration of insoluble organic compounds could be
problematic from a technical point of view, and furthermore organic loading rates
exceeding the decomposition or the hydrolysis rates can determine a decline in methane
production [5,14,15]. On the other hand, the coefficient of decomposition is a parameter
that could be targeted more easily as it can be modified by pretreating the biomass with
enzymes or composting [16,17]. Remarkably, when Q was considered as a function of the
hydrolytic rate (B), a logarithmic equation was obtained (R? = 0.91), showing that an
improvement in the ability of the microbial consortium to hydrolyse fibers was not going
to be proportionally beneficial in the production of biomethane (Figure S1). These
observations from the simulation of anaerobic digestion of manure may pave the way for
further implementation of the real industrial process, and in turn, to the validation of the

modified equations from the original ADM-1.

Conclusions

The quest for more sustainable energy source is intertwined with the development of
technologies able to valorize renewable biomasses, with increased appeal if residual ones
are used. Among those, animal manure is one of the most promising, because of
abundance, low cost and intrinsic potential to be fermented into biogas. Biogas in fact can
be directly used as source of energy or upgraded to biomethane, to be used in different
sectors. In order to optimize anaerobic digestion of manure several settings and
parameters could be modified, such as bioreactor type, pH and temperature, as well as
organic loading rate [14]. Since the complex nature of a process dependent on
heterogenous microbial consortia, the deployment of mathematical modeling of anaerobic
digestion could be really helpful to direct possible manipulations. In this respect, in this
work we modified equations from ADM-1 model in order to reflect better the
microbiological reactions, that we described thermodynamically as well. We furthermore
identified the relationship between the production of biomethane and specific process
parameters, pinpointing that organic loading was decisive to improve the final product,

confirming what is reported in literature also for this specific process. Future analysis will
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involve the validation of the new model equations and the values obtained by real

experiments in the industrial plant.

Materials and methods
Mathematical model of anaerobic digestion
The model structure presented in [10] was chosen because it is a relatively new modelling
approach and this model has been built with laboratory data and further validated running
a real process data by the authors. Starting point of that work was the Anaerobic Digestion
Model No. 1 (ADM-1) developed by the International Water Association (IWA) for the use
of activated sludge from the municipal wastewater treatment plants [11]. ADM-1 model
have been successfully proposed for the production of biomethane from different residual
sources [15,18]. The original equations taken into consideration modified from [10] were

the following.

ds, S X ARy 1X
— =ff——————+DY . b X)-DS, 1 ¢
a = Vs as a5k, S XIS, a WX DX, ©
dx, , S,
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Variables and constant description

Parameters considered for this work were the following obtained from [10], that described

anaerobic digestion in a continuously stirred tank reactor.

Variables
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Q (L/Lmedium/d) — biogas vyield; S, (g/L) — concentration of soluble organic compounds,
measured as volatile solids; Swua* — concentration of ammonia; S; (g/L) — concentration of
glucose; S, (g/L) — concentration of propionate; Sz (g/L) — concentration of butyrate; S4 (g/L)

— concentration of acetate.

X1 (g/L) — concentration of glucose-fermenting acidogens; X, (g/L) — concentration of
propionate-degrading acetogens; Xs (g/L) — concentration of butyrate-degrading
acetogens; Xs4 (g/L) — concentration of acetoclastic methanogens; Wi, M2, W3, Ha (d?) —

corresponding specific growth rate, described as follow.

— Jumu.t 1 'Sl
M=k Y
JU _ lumuxl
(K, /8).A+S K, it o)
aﬂnmx.“
Hy =
(I+K/8).0+S8, /K, ,.ooon)
Jumax-l ‘Kr'__\'H—l— '54
Hy

K Xy +8)K ypias + Swuas)

m

Constants

D (d}) = 0.1072 — dilution rate; B (d?) = 0.31 — hydrolytic rate; K, (g/L) = 0.23 — inhibition
constant, reflecting the decrease of hydrolytic rate due to VFA accumulation; Kinna* (g/L) =
0.5 — inhibition constant reflecting the decrease of acetoclastic methanogenesis rate due
to ammonia accumulation; Kiacet/prop (g/L) = 0.96 — product inhibition constant, reflecting
the decrease of propionate degradation rate due to acetate accumulation; Ki acet/out (8/L) =
0.72 — product inhibition constant, reflecting the decrease of butyrate degradation rate
due to acetate accumulation; Y. = 0.55 — coefficient of decomposition, counting what part
of insoluble organic compounds are transformed to soluble compounds; S.i = 30.6 g/L —
concentration of insoluble organic compounds, measured as total solids; Si1, Si, Sis and Sia
(g/L) are the concentrations of the corresponding substrates in the influent; Si; = 5.1, Si; =

1.6, 513 =0.1 and 514 =3.1.
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Km = 1.3 — coefficient in the Contois growth rate model for ., reflecting the decrease of
acetoclastic methanogenesis rate due to biomass accumulation; Ks; (g/L) = 4.8 — saturation
constant for glucose-fermenting acidogens; Ks, (g/L) = 0.93 — saturation constant for
propionate-degrading acetogens; Kss3 (g/L) = 0.176 — saturation constant for butyrate-
degrading acetogens

Umaxa (d2) = 0.7 — maximum specific growth rate of glucose-fermenting acidogens at 34 °C;
Mmaxz (d1) = 0.54 — maximum specific growth rate of propionate-degrading acetogens; tmaxs
(d?) = 0.68 — maximum specific growth rate of butyrate-degrading acetogens at 34 °C; tmaxa
(d?) = 0.45 — maximum specific growth rate of acetoclastic methanogens at 34 °C; b; (i =
1,...4) — mortality rates for each of the four bacterial populations (it was supposed that b; =
0.05umaxi). It was assumed that a part of the dead cells is transformed into soluble organics

with recycling conversion factor A (A > 0 and A < by).

Yield coefficients of production or consumption: Ygux1 = 12.9 g/g biomass, Yacet/x1 = 20 g/g
biomass, Yprop/x1 = 2.94 g/g biomass, Yprop/x2 = 10.2 g/g biomass, Yuuyx: = 3.08 g/g biomass,
Yout/xa = 11.9 g/g biomass, Yacetx2 = 8 g/ biomass, Yaceyxa = 1.54 g/g biomass, Yacetxa = 16 g/g

biomass, Ycuaxa = 4 L/g biomass.

Mathematical model of anaerobic digestion

The biochemical reactions from glucose to biomethane described in the model where
stoichiometrically balanced and analyzed using by the biochemical thermodynamics
calculator eQuilibrator [19]. For each equation estimated Gibbs free energy (A.G') and
equilibrium constant (K’eq) were calculated.

Simulation studies

The mathematic model was recreated on Simulink (MathWorks, Massachusetts, USA) and
run via data uploaded on MatLab (MathWorks, Massachusetts, USA). Differential equations
of the model were modified on Simulink and then run to verify the hypotheses. Similarly,
value for some parameters were modified on MatLab and the Simulink model was run to

foresee the effect of such modifications on the production of biomethane. Excel (Microsoft,
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New Mexico, USA) was then used to calculate equations of the relationship between single

parameters and biomethane production.

Supplementary materials

1.6 1
1.4 A

1.0 4 y =0.1609In(x) + 1.3021

R?=0.9128
0.8 -
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0.0

0 0.5 1 L5 2 25 3 3.5
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Table 2 Biomethane production (Q) as function of hydrolytic rate (B).
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Conclusions

In order to detach from mankind dependence on fossil resources, bioeconomy is exploring
the potential of renewable biomasses beyond the conventional use in forestry and
agriculture. In fact, the components of these raw materials can be valorized for the
production of different fine and bulk chemicals. Since the wide range of biomasses to
choose from, cascading principles suggest that high-value commodities, needed in low
volumes, can be obtained from biomasses available in minor quantity or not entirely
exploited in other sectors. On the other hand, low-value compounds must derive from
biomasses that have a low-value as well, like residual ones, but largely abundant. In this
scenario, different types of bioprocesses can be developed within biorefineries, often
deploying microbial cell factories, since their natural metabolism is prone to transform
biomass components into various compounds. In addition, genetic engineering and
synthetic biology approaches can further improve the ability of these microbial helpers.
The strategy to ameliorate bioprocesses must be coherent with the cascading principles as
well, since high cost of development, like in the case of genetic modifications, can be
sustained only when the final product has an high value; whereas computational
simulation, that are generally less expensive, may be useful to foresee the best conditions
to be tested. Together with these exemplificative strategies, deployment of other devices
of biological origin can be considered, such as the use of enzymatic cocktails, able to release
sugars from residual biomasses for the subsequent microbial fermentation, thus unlocking
their potential.

Therefore, biodiversity must be a crucial cornerstone for bioprocesses to foster a transition
to bioeconomy. For this reason, in this work we explored biodiversity in different terms,
namely of biomass, enzymes, microbial cell factories, bioproducts and strategies. With
these propositions in mind, the present Doctoral work offers some examples about the
utilization of different biomass feedstocks and the tailoring of various microbial cell

factories for the scope, displaying strategies in accordance to the cascading principles. The
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goal was the production of different fine and bulk chemicals, to show the wide applicability
of biobased processes, and therefore the connections between industrial and microbial
biotechnology with bioeconomy.

In order to explore biomasses not considered yet for microbial based processes, in Chapter
1 and 2 we described the production of carotenoids from Camelina meal hydrolysates
(obtained using an enzymatic cocktail) by the yeast R. toruloides. Considering the possible
future technology transfer, we explored different conditions of industrial relevance to
increase productivity and specific productivity, such as different process types and
optimization of the amount of enzymatic cocktail added and total solid loading.

Finally, the process demonstrated to be reproducible in bioreactor, both considering the
hydrolysis and the fermentation, obtaining quantitative data able to describe the process.
The developed bioprocess paves the way to different scenarios, first the exploitation of an
underrated residual biomass such as Camelina meal, only used for the feed sector. In fact,
by the valorization of this biomass through the enzymatic hydrolysis and fermentation with
the cell factory R. toruloides (combined or separated), it is possible to mine additional
value, in terms of production of carotenoids. Since these molecules have application in the
feed sector as well, their obtainment from Camelina meal potentially matches the two
supply chains. Furthermore, the optimizations here disclosed show that this bioprocess can
be customized considering the needs of the specific production plant, in terms of biomass
availability, enzyme cost, fermentation volume and time, and final product. These
adaptable features are pivotal in the bioeconomy scenario, in other to develop resilient
processes from various point of view. In addition, in order to increase the appeal of
biorefineries, they must be developed considering the overall picture in which they will be
integrated, as a single ring of a longer chain, as in the case of the process described in
Chapter 1 and 2. Therefore, the multidisciplinary nature of biotechnologists is pivotal to
think beyond the development of the process itself.

In Chapter 3 we described a process that particularly fits in this context as well, since
polyphenol extraction waste from cinnamon (C-PEW) was successfully hydrolysed and then
provided as sole medium for several tested fungal species that are known as microbial cell

factories. Among them, R. toruloides was able to consume sugars of cinnamon origin and
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to produce carotenoids. Two main conclusions could be drawn from these results. First,
also in this case the production of carotenoids is in line with the supply chain where the
biomass (C-PEW) comes from, since the spice industry is strongly related to food, cosmetics
and dye sectors as carotenoids themselves. Specifically, residual biomasses from spices are
rarely considered for the development of bioprocesses based on microbial cell factories,
since their natural antimicrobial activity. Here we demonstrated that this path is possible
and worthful of further exploration, considering also the microbial biodiversity that we can
source from. The successful on-plate test of several other fungal species underlines that
further bioprocess could be developed from the use of biomasses of cinnamon origin,
potentially expanding it to other spices. In this context, both the works on cinnamon and
Camelina meal clearly foster the use of R. toruloides as microbial workhorses able to exploit
underrated residual biomasses for the production of carotenoids, in tunable and tailored
biobased processes.

Nevertheless, among microbial cell factories, the yeast S. cerevisiae remains one of the
species of election for the production of both fine and bulk chemicals. Since its relevance,
industrial biotechnologists should have extensive knowledge regarding this specie, its
features and its genetic modification tools. In fact, the principles applied to S. cerevisiae
during the last decades can be then transposed to other species of putative industrial
relevance, although a simplistic approach must be avoided. In this respect, in Chapter 4 we
described how exogenous and endogenous genes were inserted in S. cerevisiae to
modulate the pathways leading from glucose to the production of the main components of
folates moieties, thus highlighting how further modifications may increase the production
of folates in the forms more useful to human nutrition. In fact, since the importance of
folates in daily human intake, their production by sustainable bioprocesses is desirable.
This work paves the way to further understanding the biochemical mechanism leading to
folates in S. cerevisiae, and to implement modifications to these pathways in order to
increase the production of folates. Since the wide use of this yeast specie in second
generation biorefineries, it is possible to foresee applications of such modified strains in
the obtainment of folates from low value substrates as well, in order to overcame and

implement the basic principles of cascading.
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Finally, industrial biotechnology should be comprehensive of “simpler” processes as well,
since they can guarantee relevant outcomes: nonetheless, their simplicity is only illusory,
since they often hide complex structure, to be addressed with technological solutions. In
Chapter 5 in fact we focused our attention on a bioprocess based on a low-cost substrate
and product, namely the production of biogas from manure during anaerobic digestion by
microbial consortia. An updated mathematical computational model describing the
process was used to forecast the effect of the modification of specific parameters on the
production of biomethane, thus providing industrial partner with relevant hints for further
improvement. These results are in line with the field of research engaged in optimizing the
use of an inexpensive (and polluting) raw material such as manure, to produce biogas,
whose biomethane has the potential to substitute the corresponding fossil counterpart,
thus nestling this project in the context of bioeconomy and sustainability as well.
Considering the cascading principles, computational model implementations are indeed
relatively cheaper than the development of an entire set of experiments aimed to
understand the key parameters to address modification and subsequently improve the
production of biomethane.

Although the utmost importance of these research topics, their complex technical and
theoretical details need to be delivered to the different actors of society. In order to show
to various stakeholders involved in science development as well (e.g. general audience,
mass-media, economic, politics), during this doctoral work several activities of Responsible
Research and Innovation (RRI), outreach and science communication were performed, by
the means of papers, public events, publications (books, articles in newspapers and
magazines) and social media (e.g. Instagram, Twitter, YouTube), as show in the next
sections of this work.

Taken together, this work explored different topics related to the development of biobased
processes, like the exploitation of renewable raw materials of various origin, the obtaining
of chemicals with different market value and alternative strategies to improve the
processes. These are definitely “hot topics” that will surely be increasingly addressed by
several stakeholders, from economical to political ones, as well as social. Therefore, this

Doctoral work was aimed to further improve the scientific knowledge related to the
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exploitation of biomasses (mainly residual ones) to produce fine and bulk chemicals of
industrial relevance, revealing at the same time the extraordinary potential of microbial
biodiversity. Cascading principles have been the unifying concepts of this work, together
with a multidisciplinary approach that is the real strength of industrial biotechnologists.
This is paving the way for further application of the bioprocesses in the worldwide scenario

of bioeconomy.
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as sustainable biomass for the production
of carotenoids by Rhodosporidium toruloides
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Abstract

Background: As the circular economy advocates a near total waste reduction, the industry has shown an increased
interest toward the exploitation of various residual biomasses. The origin and availability of biomass used as feedstock
strongly affect the sustainability of biorefineries, where it is converted in energy and chemicals. Here, we explored the
valorization of Camelina meal, the leftover residue from Camelina sativa oil extraction. In fact, in addition to Camelina
meal use as animal feed, there is an increasing interest in further valorizing its macromolecular content or its nutri-
tional value.

Results: Camelina meal hydrolysates were used as nutrient and energy sources for the fermentation of the carot-
enoid-producing yeast Rhodosporidium toruloides in shake flasks. Total acid hydrolysis revealed that carbohydrates
accounted for a maximum of 31 4 1.0% of Camelina meal. However, because acid hydrolysis is not optimal for sub-
sequent microbial fermentation, an enzymatic hydrolysis protocol was assessed, yielding a maximum sugar recovery
of 53.3%. Separate hydrolysis and fermentation (SHF), simultaneous saccharification and fermentation (SSF), and

SSF preceded by presaccharification of Camelina meal hydrolysate produced 5+0.7, 16+ 1.9, and 13+ 2.6 mg/L of
carotenoids, respectively. Importantly, the presence of water-insoluble solids, which normally inhibit microbial growth,
correlated with a higher titer of carotenoids, suggesting that the latter could act as scavengers.

Conclusions: This study paves the way for the exploitation of Camelina meal as feedstock in biorefinery processes.
The process under development provides an example of how different final products can be obtained from this side
stream, such as pure carotenoids and carotenoid-enriched Camelina meal, can potentially increase the initial value of
the source material. The obtained data will help assess the feasibility of using Camelina meal to generate high value-
added products.

Keywords: Bio-based products, Renewable resources, Biorefinery, Camelina meal, Enzymatic hydrolysis,
Rhodosporidium toruloides, Carotenoids, Separate hydrolysis and fermentation (SHF), Simultaneous saccharification
and fermentation (SSF)

Background

The continued use of fossil resources poses an ecologi-

cal, economic, and political problem that has sparked the

search for alternative sources of energy, chemicals, and

materials. Biorefineries, which transform biomass into
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availability, and market of biomass. For example, edible
crops have been exploited for decades as feedstocks for
the production of several fine and bulk chemicals. How-
ever, environmental and social issues, caused by direct
or indirect competition with the food sector, discourage
the use of agricultural products and land for large-scale
production of commodities [1]. At the same time, the
existing linear economy’s logic of “take, make, dispose”
is generating a large amount of waste, including organic
matter. For these reasons, biorefineries based on residual
biomasses have drawn increasing scientific and industrial
interest. Microbial cell factories are especially attractive;
however, conventional pretreatments and saccharifica-
tion processes of residual biomasses often release toxic
compounds that can impair microbial growth and syn-
thesis of the target product [2]. These issues need to be
factored in when developing robust biorefineries capa-
ble of generating high-value molecules from low-cost
substrates.

The growing use of oilseed crops for food and bio-
fuels is leading to a surplus of process leftovers that are
currently used mainly as animal feed [3] owing to their
protein, carbohydrate, and fiber content. A good exam-
ple is Camelina meal (or cake), the main by-product of
oil extraction from Camelina sativa seeds [4—8], which is
a common supplement of cattle and poultry diet. How-
ever, the rich composition and relatively low cost ($0.25/
kg) of Camelina meal [9], make it attractive for the devel-
opment of sustainable bio-based processes that would
either further valorize its macromolecular components
or increase its nutritional value in animal feed. So far,
only Mohammad et al. [10] have attempted to use Camel-
ina meal, mixed with other Camelina-derived sugars, for
the production of bioethanol, a low value-added mol-
ecule, by Saccharomyces cerevisiae. To improve the eco-
nomic viability of the process, the present study assessed
the microbial biotransformation of Camelina meal into
carotenoids as high value-added products.

The global market value for carotenoids was estimated
to be $1.5B in 2017 and is expected to reach $2.0B by
2022, with a compound annual growth rate of 5.7% [11—
13]. Carotenoids are found mainly in animal feed (41% of
total revenue), followed by food and dietary supplements
owing to their beneficial effect on human health [12, 14].
Ruminants are entirely dependent on feed as a source of
carotenoids, since they cannot produce them on their
own [3]. Chemical synthesis of carotenoids from syn-
thetic resources meets 80—90% of the market needs, but
the increasing demand for naturally produced molecules
has sparked the search for new, preferably vegetal sources
[12]. B-Carotene alone has a market value of $246.2M.
Natural B-carotene can be extracted from carrots and
fruits of oil palm, but recent attempts have demonstrated
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the commercial production of [-carotene in micro-
bial cell factories employing the microalga Dunaliella
salina or the filamentous fungus Blakeslea trispora [12].
Unfortunately, algal carotenoid production is generally
expensive and requires large areas for cultivation [15,
16], whereas filamentous fungi are frequently character-
ized by slow growth and a multicellular nature that may
impair productivity [17]. Yeasts could potentially improve
the overall sustainability of the process. In particular, the
oleaginous yeast Rhodosporidium (Rhodotorula) toru-
loides, also known as “pink yeast’, naturally accumulates
carotenes and xanthophylls, such as f-carotene, torulene,
and torularhodin [16, 18, 19]. R. toruloides can use differ-
ent sugars, such as glucose, cellobiose, sucrose, mannose,
xylose, arabinose, and galacturonic acid, as main carbon
sources [20]. In addition, R. toruloides converts complex
substrates, such as carob pulp syrup, sugarcane bagasse,
corn stover, and food wastes, into lipids and/or carot-
enoids [21-24]. Therefore, this yeast is a good candidate
for the development of second-generation biorefineries.

To produce carotenoids in R. toruloides, Camelina
meal was first saccharified by enzymatic hydrolysis. Then,
the released sugars were used as feedstock in separate
hydrolysis and fermentation (SHF). An alternative simul-
taneous saccharification and fermentation (SSF) process
was also assessed. Results indicate that Camelina meal
and R. toruloides can be used for the development of a
novel bio-based process for carotenoids production.
Moreover, the obtained data will facilitate further optimi-
zation of process conditions.

Results and discussion

Evaluation of total sugar content in Camelina meal

and optimization of enzymatic hydrolysis

The content of water, insoluble components, acetic acid,
and sugars in Camelina meal was quantified following
acid hydrolysis. Acetic acid and sugars were analyzed also
after enzymatic hydrolysis, as no enough data exist in lit-
erature to assess the use of Camelina meal as substrate
for microorganisms. As shown in Table 1, almost one-
third (31%) of Camelina meal was composed of sugars.
Of these, glucose and fructose accounted for more than
two-thirds (w/w) as revealed by high-performance liq-
uid chromatography (HPLC) analysis. Even though acid
hydrolysis can be suitable for saccharification, its use is
limited by the low final pH, which needs to be neutralized
before sugars are added to the cells, and by the release of
inhibitory compounds such as furfurals [2, 25]. These
limitations negatively affect the sustainability of the
overall biorefinery process in terms of use and disposal
of acid solutions [25]. Therefore, to release monomeric
sugars from their polymeric form, an enzymatic instead
of an acid hydrolysis was performed under different test
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Table 1 Camelina  meal
following acid treatment

hydrolysate = composition

Camelina meal composition

Measured component Percentage (w/w)

Water 9+1.8%
Acetate 11+14%
Insoluble fraction 13+ 1.4%
Sugars of which 31+1.0%
Glucose 16+0.9%
Fructose 8.3+0.0%
Arabinose 6.9+ 0.0%
Crude protein 35.2-46.9% [7]
Crude fat 49-11.9% [7]

Values are the means of three independent experiments

conditions (see below). The other main components of
Camelina meal, as reviewed by [7], are crude proteins
and crude fats, which account for 35.2-46.9% and 4.9—
11.9% of total biomass, respectively, as well as micronu-
trients such as vitamins; whereas the insoluble fraction
is composed mainly of lignin and ashes. Based on these
data, we hypothesized that Camelina meal could be a
suitable substrate for the growth of R. toruloides and
carotenoid production.

Enzymatic hydrolysis can be performed under condi-
tions that are generally more compatible with subsequent
growth of mesophilic microbial cell factories. Moreover,
it can take advantage of a broad range of commercially
available enzymatic cocktails [26, 27]. Here, this step
was optimized using the commercial cocktail NS22119
(Novozymes A/S), which can release both hexose and
pentose sugars. Different initial concentrations of Camel-
ina meal were tested to determine the effect of solids
loading on sugar release. After autoclaving, the meas-
ured pH was 5.5, which was compatible with enzymatic
catalysis, as NS22119 is supposed to retain up to 90% of
its maximum activity at this pH, according to the indi-
cations of the producer. Remarkably, the pH remained
constant until the end of hydrolysis, which reduced both
the economic and environmental impact of the proce-
dure, as neither neutralization nor additional buffer was
required. As shown in Fig. 1a, pretreatment of biomass
by autoclaving resulted in the initial concentration of
released sugars to range from 1.84+0.03 to 9£0.3 g/L.
The values reflected the amount of biomass loaded at the
beginning of the experiment. After enzymatic treatment
(11.9% W/Wmetina meal)> the concentration of free sugars
rose to at least double the initial amount, independently
of the quantity of loaded biomass (Fig. 1a). No additional
release of sugar was detectable over time from negative
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Values are the means of three independent experiments

control samples, in which 3% or 15% of the initial bio-
mass but no enzyme was incubated in a shaking water
bath at 50 °C (Additional file 1: Figure S1). The sugar titer
increased in the presence of enzymes in a linear man-
ner (R*=0.98, p<0,001, calculated with R) until 24 h in
respect to the initial quantity of biomass. Hence, the yield
of sugars released by enzymatic hydrolysis was constant
regardless the concentration of Camelina meal (Fig. 1b)
and the maximum yield of sugars over total biomass was
20% after 24 h. Considering the original amount of car-
bohydrates, a sugar recovery of 65% was calculated (see
“Calculations and statistical analyses” section), which is
in accordance with commonly reported values for ligno-
cellulose enzymatic hydrolysis [28, 29].

Based on these data, successive experiments were
performed using Camelina meal at the maximum
tested solids loading (15% w/v). To determine if sugar
recovery could be further improved in spite of a pos-
sible inhibition of enzymatic activity by released prod-
ucts or by biomass itself, two different strategies were
designed. In one, the initial quantity of enzymes was
doubled from 11.9 to 23.8% W/W¢,elina meass i the
other, the mixture was pulsed with a second dose of
enzymes (11.9% W/Wcgeling mea)» thus doubling the
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total amount, after 6 h of hydrolysis. When the first
strategy using double the amount of enzymes was
applied, the quantity of sugars released from Camel-
ina meal (Fig. 2, black bars) did not differ significantly
from that of a single enzyme dose (Fig. 1a). A similar
result was obtained when the second strategy, based on
an additional pulse of enzymatic cocktail, after 6 h of
hydrolysis was applied (Fig. 2, white bars). These find-
ings indicate that incomplete saccharification is related
more to the intrinsic accessibility of polysaccharides
in the biomass than to limitations in catalytic activity.
They also suggest that the initial procedure was the pre-
ferred one, as it minimized the use of enzymes and thus
the overall cost of the process. The enzymatic cock-
tail exhibited greatest activity during the first hours of
hydrolysis; prolonging incubation beyond 6 h to 24 h
improved sugar titer by only 20%. Therefore, the condi-
tions for enzymatic hydrolysis of Camelina meal were
as follows: 15% w/w solids loading, 11.9% W/Wc,eiina
meal Of enzymatic cocktail NS22119, reaction time of
6 h, operative temperature of 50 °C, and initial pH of
5.5. As underlined before, the pH of the reaction mix-
ture remained constant over time and was conveniently
closer to the optimum reported for carotenoids accu-
mulation in R. toruloides (pH 5) than to the value suit-
able for lipid production (pH 4) [30].

The above settings allowed for about 25 g/L of mono-
meric sugars to be released and with a sugar recovery of
53.3%. The fraction of residual non-hydrolyzed carbo-
hydrates could be considered as an added value to the
final product, since a Camelina meal enriched in carot-
enoids by fermentation of R. toruloides would still con-
tain fibers of nutritional value.

35 4
30
25
20
15+

Sugars (g/L)

10 4
5

0 6 24
Time (h)
Fig. 2 Enzymatic hydrolysis of 15% Camelina meal. Sugars released
by supplementation with an additional pulse of NS22119 cocktail
(11.9% W/Wmeling meal) after 6 h of hydrolysis (white bar) or with a
starting double enzymatic cocktail dose (23.8% W/W ymefing mea) (Black
bar). Values are the means of three independent experiments
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Inhibitory compounds in Camelina meal hydrolysate
Compared with traditional acid treatment, enzymatic
hydrolysis is efficacious in releasing sugars from lignocel-
luloses and minimizing the accumulation of inhibitory
compounds [31, 32]. Nevertheless, there are some draw-
backs related to other compounds detached from these
complex matrices [2, 20]. Acetic acid is the most com-
mon inhibitor released by hydrolysis of the hemicellulose
fraction composing lignocellulosic biomasses. Acetic acid
can easily impair microbial growth and metabolism due
to its generic and specific toxicity [33], reducing the key
performance indicators of the production process [2, 33,
34]. Nevertheless, the toxicity of acetic acid is greater at
low pH; extracellular pH values higher than its pK, (4.76)
reduce its diffusion across the membrane and, therefore,
the cellular damage it could trigger [35, 36]. In the pre-
sent study, the operative pH (5.5) was higher than the
pK, of acetic acid, thus lowering the detrimental effect of
this molecule on cells. Moreover, R. toruloides has been
shown to withstand acetic acid when added to defined
media or even as the sole carbon source at up to 20 g/L
at pH 6 [37-39]. During enzymatic hydrolysis, acetic acid
titer increased, reaching 1.84+0.01 g/L after 24 h from
the start (Additional file 1: Figure S2). This amount has
been described as bearable by diverse yeasts [34, 37, 38]
including R. toruloides.

Considering the above constrains, Camelina meal
hydrolysate appears to be a suitable feedstock for yeast
cell factory-based biorefineries, which would enable the
exploitation of yeast biodiversity and engineering strate-
gies to obtain different products of interest.

Carotenoids production from Camelina meal hydrolysate
in SHF and SSF processes

Having established a protocol for obtaining Camelina
meal hydrolysate, carotenoids production by SHF was
investigated. In the SHF experiment, medium consisted
of clarified supernatant collected after 6 h of enzymatic
hydrolysis. This medium was sufficient to sustain R.
toruloides growth, as indicated by the accumulation of
biomass and consumption of sugar (Fig. 3a, dotted and
dashed lines, respectively). The accumulation of carot-
enoids increased over time, reaching 5+0.7 mg/L after
96 h of fermentation (Fig. 3a, white bars), with a yield
on consumed sugars of 0.034% (w/w) and on maximum
quantity of sugars per biomass of 0.011% (w/w). These
data are in accordance with previous reports that R.
toruloides and carotenogenic microorganisms in general
produce carotenoids mostly in response to stressful or
sub-optimal conditions such as stationary phase [17, 18,
40, 41]. The period of 96 h was chosen mainly to allow
comparison with previous studies, whereby R. toruloides
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Fig. 3 R toruloides production of carotenoids from 15% Camelina
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and {3-carotene production (white bars) by R. toruloides subjected to
different processes: SHF (a), SSF 4 presaccharification (b), and SSF (c).
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was provided with defined media or other/different resid-
ual biomasses (Table 2). After 96 h, fewer carotenoids
could be extracted from the cells (Additional file 1: Fig-
ure S3), which could correlate with the export/release of
carotenoids from the cells or with an imbalance of nutri-
ents that might promote their consumption/corruption.
The carotenoid production achieved here by SHF was
competitive with R. toruloides grown in shake flasks and
supplemented with other complex matrices (Table 2).

To overcome the need for clarifying the medium
after enzymatic hydrolysis, we fed the cells the entire
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Camelina meal hydrolysate, including the water-insolu-
ble solids (WIS) fraction left over after enzymatic hydrol-
ysis. WIS may impair microbial growth and production
because of the uneven homogenization of the liquid
medium caused by the presence of solid components, as
well as due to the toxicity of some of their components
[28]. Under conditions termed here as “SSF+ presac-
charification’, R. toruloides was able not only of consum-
ing sugars and producing carotenoids (Fig. 3b), but it also
achieved a higher titer of intracellular carotenoids, reach-
ing 13+2.6 mg/L after 96 h, with a yield on consumed
sugars of 0.108% (w/w) and on maximum quantity of sug-
ars per biomass of 0.028% (w/w). Given that the amount
of carotenoids extracted from Camelina meal with and
without the addition of enzymes remained constant over
time, the carotenoids measured in this and in the fol-
lowing experiments in the presence of WIS were due to
microbial metabolism (Additional file 1: Figure S4).
Often proposed as an alternative to SHF, SSF is char-
acterized by a single combined hydrolysis and microbial
fermentation step. The two processes have several pros
and cons in terms of efficiency, time, presence/release of
inhibitory molecules, and downstream final product [42,
43]. SHF and SSF have been proposed and compared for
several second-generation biorefineries that used Arundo
donax, grass, or wheat straw as feedstocks [28, 44, 45]. A
potential drawback of incubating enzymes and cells in the
same environment is the compromise that needs to be
reached allowing optimum operating conditions for both
of them. In the present study, because 50 °C was not a
viable temperature for R. toruloides, 30 °C was selected as
the operative temperature. Thus, increased shaking was
intended to partially compensate for the reduced activ-
ity by augmenting the probability of interactions between
the matrix and the enzymes. Remarkably, the release
of sugars in these conditions was comparable to that
obtained by SHF or SSF + presaccharification (Additional
file 1: Figure S5). As shown in Fig. 3c, after the first 6 h
of hydrolysis, the amount of sugars in the medium was
lower compared to that obtained by SHE, most likely due
to the initial growth (and therefore sugar consumption)
of R. toruloides. After 24 h, sugar consumption became
clearly evident and was accompanied by the accumula-
tion of carotenoids. After 96 h, the carotenoid concentra-
tion reached 16 +1.9 mg/L, with a maximum amount of
sugars per biomass of 0.028% (w/w). In the case of SSF, it
is not possible to measure the total sugar released during
saccharification because of simultaneous fermentation.
Importantly, the amount of carotenoids was significantly
higher when WIS were left in the medium (SSF and
SSE + presaccharification) compared to simple SHF (¢
test p<0.05). While sub-lethal concentrations of insolu-
ble solids might impair microbial growth, they could also
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Table 2 Carotenoids production by R. toruloides
R. toruloides strain Substrate Time (h) B-Carotene (mg/L) References
ATCC 204091 WE' 72 62+1.70 [23]
MM? 100 574218
ATCC 10788 YPG? 288 36 [16]
AS 2.1389 43
CBS 5490 6.8
CCT 0783 SCBHP 72 12401 [21]
cSCBH 94 21840.2
NCYC 921 (alias ATCC 10788) CPS100¢ 48 041 (22]
CPS75 047
SCM100¢ 0.04
SCM75 0.18
DSM 4444 CM SHF¢ 96 55407 This study
CM SSF + presaccharification 126+26
CM SSF 16.0+£19

Comparison of data obtained from different media and fermentation modes
T WE =waste extract from mandis (road-side vegetable markets)

2 MM = minimal media with 5 g/L glucose

2 YPG=20 g peptone, 10 g yeast extract, 60 g glycerol

b SCBH = sugarcane bagasse hydrolysate, cSCBH = concentrated SCBH

€ CPS =carob pulp syrup

4 SCM=sugarcane molasse

¢ CM = Camelina meal

12 Bioreactor, <% 2shake flasks. Data from other studies are reported with the original digits and standard deviation

trigger the accumulation of metabolites important for the
microalgae and yeasts’ own defense systems [41, 46]. For
example, B-phenol was shown to trigger carotenoid pro-
duction in yeast [47].

The titers achieved by SSF indicate the efficacy of con-
current hydrolysis and fermentation, suggesting that a
simplified procedure involving a single vessel could be
used. Because productivity remained similar over time,
the initial sugar released in the presence of cells did not
seem to speed up the overall process. Overall, data from
SSF and SSF+ presaccharification reveal that the often
mandatory detoxification step, indicated also for R. toru-
loides [48], is avoidable with this type of residual biomass.
Moreover, the final product obtained by both SSF and
SSE + presaccharification is a Camelina meal enriched
with carotenoids, which can be used directly in the ani-
mal feed industry.

Therefore, different products, such as pure carotenoids
and carotenoids-enriched Camelina meal, can be recov-
ered from the tested processes. Camelina meal, in par-
ticular, would be an innovative product on the market,
as carotenoids are commonly added to animal feed for
nutritional and organoleptic reasons [3, 12]. In addition,
the production of carotenoids from a residual biomass

of lower value may increase the economic attractiveness
of the proposed process. Based on the logic of cascad-
ing [49, 50], the present work paves the way for the use
of Camelina meal as an alternative feedstock in second-
generation biorefineries exploiting microbial cell facto-
ries to produce fine chemicals.

Conclusions

Here, we demonstrate that Camelina meal could be
employed as residual biomass for the development of
novel biorefineries based on microbial cell factories.
After enzymatic hydrolysis, this biomass was provided to
the oleaginous yeast R. toruloides as a sole nutrient and
energy source, and carotenoids production was assessed.
A comparison of different processes revealed that the
highest titer of carotenoids was obtained when R. foru-
loides was exposed to WIS and either SSF (16 +1.9 mg/L)
or SSF+ presaccharification (1342.6 mg/L). The pres-
ence of WIS seemed to play a positive role under these
conditions, triggering the accumulation of the desired
product and showing how common foes of biorefiner-
ies can turn into possible allies. To further investigate
the pliancy of this study, we plan to analyze the titer of
concurrently accumulated carotenoids (e.g., torulene and
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torularhodin) and their relative ratio. We also intend to
test alternative microbial cell factories to produce other
high value-added molecules such as aromas. Moreover,
biotransformation will be scaled-up from shake flasks to
bioreactors, to generate data useful to calculate the com-
petitiveness of a potential industrial process intended to
further valorize Camelina meal, following the logic of
cascading.

Materials and methods

Camelina meal composition

Flanat Research Italia S.r.l., Rho, Italy, provided Camel-
ina meal derived from plants cultivated and harvested
in Lombardy in 2018 and 2019. C. sativa seeds were
processed to collect the oil, while the leftover meal was
delivered to the laboratory and stored at —20 °C. To
measure the water content of Camelina meal, 0.9 g and
4.5 g of biomass were dried at 160 °C for 3 h, and then
weighted again to calculate the amount of evaporated
water. The biomass was incubated at 160 °C for an addi-
tional 3 h, but no further changes in weight compared
to the value obtained after the initial treatment were
observed. Hence, the initial treatment was deemed suf-
ficient. To analyze chemical composition of Camelina
meal, the biomass was treated following the protocols
for the analysis of structural carbohydrates and lignin in
biomass from the National Renewable Energy Laboratory
(NREL, https://www.nrel.gov/docs/gen/fy13/42618.pdf)
with some modifications. In brief, 300 mg of biomass was
diluted in 3 mL H,SO, 72% (v/v), and then incubated at
30 °C for 1 h, stirring thoroughly every 10 min. The solu-
tion was diluted to 4% (v/v) by adding 84 mL of distilled
water, mixed by inversion, and autoclaved at 121 °C for
1 h. The hydrolysis solution was vacuum-filtered through
a previously weighted filtering crucible, and the insolu-
ble components were measured gravimetrically on the
filter paper. The filtered liquid was neutralized with
NaOH until pH 5-6 was attained and then, the samples
were analyzed by HPLC (as described below) after filtra-
tion with a 0.22-pm filter (Euroclone, Pero, Milan, Italy).
Three independent experiments were performed.

Pretreatment and enzymatic hydrolysis of Camelina meal

Enzymatic hydrolysis of Camelina meal was performed
using the enzyme mixture NS22119, kindly provided by
Novozymes (Novozymes A/S, Copenhagen, Denmark).
As described by the producer, NS§22119 contains a wide
range of carbohydrases, including arabinase, p-glucanase,
cellulase, hemicellulase, pectinase, and xylanase from
Aspergillus aculeatus. Without drying the biomass, dif-
ferent quantities of Camelina meal were weighted to
a concentration of 3%, 6%, 9%, 12%, and 15% (w/v) into
glass bottles, steeped in water with a final volume of
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30 mL, and then autoclaved at 121 °C for 1 h to both
sterilize and pre-treat the biomass. Afterward, enzymes
were added directly to the bottles and incubated at pH
5.5 and at 50 °C in a water bath under mild agitation
(105 rpm). A 1-mL aliquot was collected every 2, 4, 6, and
24 h from the start, and sugar content was analyzed by
HPLC (see below). The following enzyme concentrations
were tested: 11.9% W/W g eting meat 23-8% WIWcaeling
meap a0d 11.9% W/Wc,,0rma meat @t O h plus at 6 h. Three
independent experiments were performed. Low enzyme
doses were intended to mimic commercially feasible
hydrolysis, whereas high doses provided an indication of
maximum enzymatically accessible sugar content. When
implementing the suggested process at commercial scale,
additional testing is recommended to refine the dose—
response curve and determine the effect of time, solids
loading, pretreatment protocol, cellulose conversion, and
enzyme dosage.

Microbial strain and media

Rhodosporidium toruloides (DSM 4444) was purchased
from DSMZ (German Collection of Microorganisms and
Cell Cultures, GmbH) and stored in cryotubes at —80 °C
in 20% glycerol (v/v). The composition of the medium
for the pre-inoculum was as follows (per liter): 1 g
yeast extract, 1.31 g (NH,),SO,, 0.95 g Na,HPO,, 2.7 g
KH,PO,, and 0.2 g Mg,SO,-7H,0. The medium was sup-
plemented with 15 g/L of glycerol as main carbon source
and a 100x trace mineral stock solution consisting of
(per liter) 4 g CaCl,-2H,0, 0.55 g FeSO,-7H,0, 0.52 g cit-
ric acid, 0.10 g ZnSO,-7H,0, 0.076 g MnSO,-H,0O, and
100 pL 18 M H,SO,. Yeast extract was purchased from
Biolife Italia S.rl, Milan, Italy. All other reagents were
purchased from Sigma-Aldrich Co., St Louis, MO, USA.
After plating on rich medium, a pre-inoculum was run
in rich medium until stationary phase. Then, cells were
inoculated at 0.2 OD in shake flasks at 30 °C and 160 rpm
for both SHF and SSF processes (see below).

SHF and SSF

During both SHF and SSF processes, R. toruloides was
grown in shake flasks at pH 5.5, supplemented with
Camelina meal hydrolysate, with or without WIS. After
6 h of enzymatic hydrolysis at 50 °C, the hydrolysate
was centrifuged at 4000 rpm for 10 min to separate the
water-soluble components from WIS. Then, for SHF, the
liquid fraction was collected and transferred into a shake
flask for microbial growth at 30 °C. Alternatively, for the
SSF +saccharification process, Camelina hydrolysate
was provided directly to R. toruloides as growth medium,
regardless of the presence of WIS. For the SSF process,
Camelina meal was directly steeped and autoclaved in
a shake flask, then supplemented with the enzymatic
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cocktail at 11.9% W/W¢,eiing meas @0d 0.2 OD of cells,
and incubated at 30 °C and 160 rpm. Three independent
experiments for each setting were performed.

Carotenoids extraction

Carotenoids were analyzed by acetone extraction from R.
toruloides cells with a protocol adapted from [51]. In brief,
1 mL of culture broth was collected and harvested by cen-
trifugation at 7000 rpm for 7 min at 4 °C, and the pellet was
then resuspended in 1 mL acetone and broken using glass
beads by thorough agitation with a FastPrep-24"" (MP Bio-
medicals, LLC, Santa Ana, CA, USA). Carotenoids were
extracted in the acetone phase, the suspension was centri-
fuged, and the supernatant collected. The extraction was
repeated with fresh acetone until the biomass was color-
less. Carotenoid content was measured spectrophotomet-
rically (see below).

Analytical methods

HPLC analyses were performed to quantify the amount
of glucose, sucrose, arabinose, fructose, and acetic acid.
In brief, 1-mL samples from each of the three different
streams of production (enzymatically hydrolyzed Camel-
ina meal, SHF or SSF) were collected and centrifuged
twice (7000 rpm, 7 min, and 4 °C), and then analyzed by
HPLC using a Rezex ROA-Organic Acid column (Phenom-
enex, Torrance, CA, USA). The eluent was 0.01 M H,SO,
pumped at 0.5 mL/min and column temperature was 35 °C.
Separated components were detected by a refractive index
detector and peaks were identified by comparing with
known standards (Sigma-Aldrich). Optical density (OD)
of R. toruloides was measured spectrophotometrically at
600 nm. The pH was measured with indicator strips at the
beginning and at the end of enzymatic hydrolysis to assess
suitability of the initial conditions and to foresee possible
toxic effects of the final medium.

The titer of carotenoids extracted in acetone from R.
toruloides was determined spectrophotometrically (UV-
1800; Shimadzu, Kyoto, Japan) based on the maximum
absorption peak for B-carotene (455 nm). A calibration
curve with standard concentration of [-carotene was
obtained.

Calculations and statistical analyses

Sugar recovery (here S,) was calculated as percentage of
sugar yield obtained by enzymatic hydrolysis (here Ygy)
compared with the yield obtained from total acid hydrol-
ysis of biomass (here Y,;;) (Eq. 1). Carotenoids yield on
consumed sugars (here Y ) and carotenoids yield on
maximum quantity of sugars per biomass (here Y_;) meas-
ured with acid hydrolysis were calculated by Egs. 2 and 3,
respectively.

Page 8 of 10
S = YeH/y  x 100 1)
Yoss = CP/Asug x 100 2)
Yop = /g, x 100 3)

where Asug corresponds to consumed sugars, Sy, to maxi-
mum quantity of sugars in the biomass, and C, to carot-
enoids produced.

For statistical analysis, heteroscedastic two-tailed ¢ test
was applied.
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1 | INTRODUCTION

Cells have many ways to control and define the flux of information
from genes to proteins (or, more generally, to macromolecules). Some
mechanisms are direct, such as transcriptional regulation, whereas
others are indirect, such as post-translational modification. These
diverse mechanisms act not only at different levels but also at differ-
ent times. Therefore, phenotypes can be obtained by triggering slow
responses via transcriptional regulation, or very quick responses via
post-translational control mechanisms that are effective on the order
of fractions of seconds. Together, these networks are crucial for cells
to respond to the environment and its fluctuations. A significant frac-
tion of the long path from genes to proteins involves messenger RNA.
The so-called mMRNA cycle (Parker, 2012) adds complexity to this sce-
nario, due to implications related to mRNA distribution, docking, stor-
age and metabolism (Decker & Parker, 2012; Walters & Parker, 2014).
Indeed, each mRNA can display unique properties that are dictated by
the structural elements present on the mRNA molecules themselves
(Kwok, Tang, Assmann, & Bevilacqua, 2015; Mitchell & Parker,

2014), in turn determining the specific interactions with cellular

| Stefano Bertacchi
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Pab1, the major poly (A) binding protein of the yeast Saccharomyces cerevisiae, is
involved in many intracellular functions associated with mRNA metabolism, such as
MRNA nuclear export, deadenylation, translation initiation and termination. Pab1 con-
sists of four RNA recognition motifs (RRM), a proline-rich domain (P) and a carboxy-
terminal (C) domain. Due to its modular structure, Pab1 can simultaneously interact
with poly (A) tails and different proteins that regulate mRNA turnover and translation.
Furthermore, Pab1 also influences cell physiology under stressful conditions by
affecting the formation of quinary assemblies and stress granules, as well as by stabi-
lizing specific mRNAs to allow translation re-initiation after stress. The main goal of

this review is to correlate the structural complexity of this protein with the multiplicity

mRNA translation, mRNA turnover, Poly (A) binding protein, Saccharomyces cerevisiae

machines. Nevertheless, all eukaryotic mRNAs share as common moi-
ety: a poly (A) tail, which is the target of so-called poly (A) binding pro-
teins (generically termed PABPs). PABPs function as scaffolds for the
recruitment of various proteins that regulate gene expression at the
post-transcriptional level (Goss & Kleiman, 2013). Interestingly, higher
eukaryotes have specialized PABPs that show diverse localizations
and functions (Smith, Blee, & Gray, 2014). For example, humans have
one nuclear and three cytosolic PABPs, whereas plants have eight
PABPs clustered into four classes that show different expression
levels and/or tissue-specificities (Goss & Kleiman, 2013). The majority
of PABPs display a conserved structure with four RNA recognition
motifs (RRMs) at the N-terminus, a linker and a globular C-terminal
domain; others lack both the linker and the C-terminal domain or have
just one or two RRMs (Goss & Kleiman, 2013; Smith et al., 2014).
The yeast S. cerevisiae possesses two essential poly (A) binding
proteins that do not share sequence or structure homology: Pab1,
which is predominantly distributed in the cytosol, and Nab2, which is
found in the nucleus (Schmid et al., 2012). In contrast to Nab2, which
only controls the poly (A) tail length of newly synthetized mRNAs and
their proper export (Soucek, Corbett, & Fasken, 2012), Pab1 has a

Yeast. 2019;36:23-34.
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broader range of actio, incding the regulation of mRNA
deadenylation and translation. The goal of this review is to summarize
the available information on S. cerevisiae Pab1, in terms of molecular
structure and intracellular functions, offering a general overview of
its relevance in the control of mRNA metabolism.

2 | Pabl1 HAS A COMPLEX STRUCTURE
THAT ACCOUNTS FORITS
MULTIFUNCTIONAL BEHAVIOUR

Like most PABPs, S. cerevisiae Pabl is composed of four RRMs, a
linker and a globular C-terminal domain (Figure 1A) (Richardson et al.,
2012). The full-length protein can be subjected to a proteolytic cleav-
age that releases two polypeptides of 53 and 17 kDa, which corre-
spond to the four RRMs and the P-C domains, respectively (Sachs,
Bond & Kornberg, 1986). The 53 kDa Pab1 isoform represents 10%-
20% of the total Pab1l molecules (Yao et al., 2007) and is predomi-
nantly localized in the nucleus (Sachs, Bond, & Kornberg, 1986).

RRMs are highly conserved across species; they generally contain
90 to 100 residues that fold into a 3D structure consisting of four anti-
parallel B-sheets flanked by two a-helices (Figure 1B) (Eliseeva, Lyabin,
& Ovchinnikov, 2013; Maris, Dominguez, & Allain, 2005). The two
highly conserved sequences RNP-1 (K/R)-G-(F/Y)-(G/A)-(F/Y)-(V/I/
L)-X-(F/Y) and RNP-2 (I/V/L)-(F/Y)-(I/V/L)-X-N-L (where X can be
any amino acid) are located in the B3 and B1 sheets, respectively,
and are responsible for poly (A) tail binding (Maris et al., 2005).
Deardorff and Sachs (1997) demonstrated by site-directed mutagene-
sis that RNA binding is directed by a single residue in the RNP-1
sequence and that equivalent residues in the RNP-1 of each RRM do
not direct the same specificity of RNA binding. In the same work,
RRM2 was identified as being involved in poly (A) binding, whereas
RRM4 had a high affinity for non-specific polypyrimidine tracts;
RRM1 and RRMS3 appeared to contribute to RNA binding without
being indispensable (Deardorff & Sachs, 1997).

In addition to RNP sequences, the RRM domains contain
sequences that allow Pab1 to shuttle between the nucleus and the
cytoplasm. The minimum putative nuclear localization sequence (NLS)
that allows the entry of Pab1 into the nucleus (in association with the
Kap108/Sxm1 importin) encompasses the amino acids 281-337 and is
203 217

1 116 I‘125 296 322 406

|
H RRM3 |+

H  RRM2 RRM4

located between the RRM3 and RRM4 domains (Brune, Munchel,
Fischer, Podtelejnikov, & Weis, 2005). Recent findings, based on the
overexpression of truncated versions of the PAB1 gene in a wild-type
background, suggest that nuclear localization might be favoured by
the presence of the P domain together with the RRM3 domain
(Brambilla, Martani, & Branduardi, 2017). The minimum putative
nuclear export sequence (NES) is found within the RRM1 between res-
idues 12 and 17 (“LENLNI") of Pab1 and is indispensable for interac-
tions with the Xpo1/Crm1 exportin, which is involved in Pab1 export
from the nucleus (Dunn, Hammell, Hodge, & Cole, 2005). Additionally,
Pab1 can be exported into the cytoplasm by Mex67 (i.e., an mRNA
export receptor) and/or by ongoing mRNA export (Figure 2) (Brune
et al., 2005; Nifo, Hérissant, Babour, & Dargemont, 2013). When
export via Mex67 is compromised, there is no significant accumulation
of Pab1 in the nucleus, suggesting the predominant role of an Xpo1/
Crm1-mediated mechanism (Brune et al., 2005). Accordingly, Pab1
localizes in the nucleus in the absence of the Xpol/Crm1 nuclear
export pathway, and its nuclear localization is exacerbated by the
absence of Mex67/mRNA-dependent export (Brune et al., 2005).

In contrast with RRMs, the linker is significantly divergent in
length across species and a pattern of conserved residues can be
found only among sequences of closely related organisms. The linker
domain has a small number of charged amino acids, but is rich in pro-
line (thus, called the P domain), methionine, glycine, glutamine and
asparagine compared to the average yeast proteome (Riback et al.,
2017). The linker domain exhibits an intrinsically disordered nature
that results in a lack of a fixed 3D structure. Small-angle X-ray scatter-
ing (SAXS) analysis showed that, among all possible conformations, the
P domain tends to be compact in vitro, with an estimated radius of
gyration (Rg) of 20 A (Riback et al., 2017).

Despite the validity of the descriptions mentioned above, they are
biased by the absence of a complete 3D reconstruction of the entire
protein structure and of the possible complexes. Considering the com-
plexity of a multidomain and multifunctional protein, this deficiency
impairs the possibility of an exhaustive description, but allows room
for hypotheses and experimental validation. The C-terminal domain
is the only domain of which the 3D structure was solved by NMR
(Kozlov et al., 2002). In contrast from the human counterpart, this
domain folds into four a-helices instead of five, contains two extra

amino acids between the 2" and the 3" helices, and has a strongly

502 577

|
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FIGURE 1 Pab1 structure. A) Schematic
representation of the modular structure of the
S. cerevisiae poly (A) binding protein Pab1.
Numbers above the scheme indicate the
beginning and the end of the corresponding
domain according to Richardson et al., (2012).
RRM: RNA recognition motives. P: P domain.
C: C domain. B) 3D structure of the RRM2
domain of human PABPC generated using the
program PyMOL (version 1.0.0.0) with Protein
Data Bank (PDB) code 4F25. C) 3D structure
of the C domain of the S. cerevisiae Pab1
generated using the program PyMOL (version
1.0.0.0) with PDB code 1IFW
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Nucleus

i 0 Pab1

Stress Granules

Quinary Assemblies

Translation

mRNA Decay

FIGURE 2 Pabl and the mRNA fate. Pab1, predominately cytoplasmic, can enter the nucleus in association with the Kap108/Sxm1 importin,
where it participates in the mRNA biogenesis. The export of Pab1 to cytoplasm occurs though the interaction with the Mex67/mRNA complex
or with the exportin Xpo1/Crm1. Here Pab1 regulates the fate of mMRNAs by targeting them to translation, decay or, when translation is inhibited,

into stress granules

bent C-terminal helix (Figure 1C) (Kozlov et al., 2002). C-terminal
domains of PABPs are also known as MLLE (i.e., mademoiselle)
because of the presence of the amino acidic sequence KITGMLLE,
which is responsible for the interaction of Pab1 with proteins contain-
ing the PAM2 motif (PABP-interacting motif 2) (Roque et al., 2015;
Xie, Kozlov, & Gehring, 2014). In S. cerevisiae, this sequence is slightly
divergent from the canonical sequence because the glutamate and one
of the leucine residues are substituted by an aspartate and isoleucine,
respectively (KITGMILD) (Roque et al., 2015).

The complex structure of this protein accounts for its interaction
with different proteins involved in controlling mMRNA metabolism and,
consequently, for its different functions ranging from mRNA biogenesis
to mRNA decay (as described in Figure 2, with additional details below).

3 | Pab1 IS AN ESSENTIAL PROTEIN IN THE
CONTROL OF POLY (A) TAIL LENGTH AND
TRANSLATION INITIATION

The first loss of function studies on Pab1, performed by inactivating

the promoter and using a temperature-sensitive mutation (due to

lethality associated with the deletion of PAB1), revealed the impor-
tance of this protein in the control of poly (A) tail length and transla-
tion initiation (Sachs & Davis, 1989). Subsequently, many bypass
suppressor mutations of the PAB1 deletion were discovered. Suppres-
sors can be divided into two groups: mutations or deletion of genes
affecting the formation of the 60S ribosomal subunit (SPB1, RPL39,
SPB4, RPL35A), and mutations or deletions of genes encoding enzymes
responsible for mRNA turnover (LSM1, DCP1, XRN1, RRPé, PAT1,
MRT3) (Table 1). Regarding the first group of suppressors, it has been
proposed that under-accumulation of 60S subunits might sequester
decreased amounts of 40S subunits into empty 80S ribosomes. The
resulting excess of free 40S subunits, which are normally limited dur-
ing translation initiation, may allow efficient translation in the absence
of Pab1 (Chekanova & Belostotsky, 2003). In the second group of sup-
pressors, the increased stability of transcripts due to defects in the
mRNA decapping process and in general during mRNA turnover may
counteract the decreased translation rate resulting from the absence
of Pabl (Boeck, Lapeyre, Brown, & Sachs, 1998; Wyers, Minet,
Dufour, Vo, & Lacroute, 2000). Another mutation that suppresses
the PAB1 deletion is the pbp1A allele. Pbp1 (Pab1-binding protein 1)

is the orthologue of human Ataxin-2 and is involved in stress granule
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formation (Buchan, Muhlrad, & Parker, 2008) and in the regulation of
deadenylation (Mangus, Amrani, & Jacobson, 1998). The mechanisms
by which the pbplA allele suppresses the lethality associated with
PAB1 deletion are still unknown; in fact, pbp1 deficient yeast did not
show alterations in mRNA decay and translation, in the accumulation
of ribosomal subunits, or in mRNA poly (A) tail length (Mangus et al.,
1998). Although the use of bypass suppressor mutations allowed for
the description of different phenotypes caused by the absence of
Pab1, it is important to consider that the mutations used to suppress
Apab1

Therefore, complementary and alternative methods are necessary to

lethality can interfere with experimental observations.

validate the results.

Cross-species complementation approaches contributed to the
elucidation of the essential functions of Pab1 for ensuring cell viability
(Belostotsky & Meagher, 1996; Chekanova & Belostotsky, 2003;
Chekanova, Shaw, & Belostotsky, 2001). The heterologous expression
of the Arabidopsis thaliana PAB5 rescued the viability of pab1A yeast
strains by partially restoring both poly (A) shortening and the transla-
tion initiation functions of PABP (Belostotsky & Meagher, 1996).
However, Pab5 did not restore the linkage between deadenylation
and decapping, two processes that are normally coupled in wild-type
strains but occur independently in pablA strains. This observation
suggests that the coupling of deadenylation and decapping by Pab1l
is not essential for cell viability (Belostotsky & Meagher, 1996). In
another study, Chekanova and co-workers showed that the heterolo-
gous expression of the A. thaliana PAB3 rescued the viability of the
pab1A strain by partially restoring the poly (A) tail length during
polyadenylation in a PAN-dependent manner (Chekanova et al.,
2001; Chekanova & Belostotsky, 2003). PAN is a deadenylase com-
plex with an important function in mRNA biogenesis, which is
described in the next paragraph. Because PAB3 does not function to
protect the mRNA 5’ cap from premature removal and does not stim-
ulate translation in yeast, and because the pan3A mutation is synthet-
ically lethal with the substitution of PAB3 for Pab1 (Chekanova et al.,
2001; Chekanova & Belostotsky, 2003), this cross-complementation
study demonstrated the essential role of Pab1 in mRNA biogenesis.

Together, these loss of function and cross-complementation stud-
ies indicate that the most important functions of Pab1 are linked to
the end processing of 3' mRNA and translation, which are strictly
coupled to control eukaryotic gene expression. Recently, Pab1l was
described as a multifunctional scaffold protein that escorts transcripts
from the beginning to the end of their life, indicating its essential func-
tion. Subsequently, we describe the interactions of Pab1 with the pro-
teins involved in the regulation of MRNA metabolism as well as their

biological relevance.

3.1 | Pab1l is essential for proper mRNA biogenesis

The relationship of Pab1 with mRNAs begins at the transcription site.
Here, the binding of Pab1 to pre-mRNA plays an important role in 3'-
end processing and thus, in the maturation of functional transcripts. In
the nucleus, Pab1 interacts with Rnal5, a component of the cleavage
and polyadenylation factor CF I, which is involved in pre-mRNA 3’-end
processing (Amrani, Minet, Le Gouar, Lacroute, & Wyers, 1997,
Minvielle-Sebastia, Preker, Wiederkehr, Strahm, & Keller, 1997).

WILEY

Amrani and co-workers observed that,

A

in xtracts from a
thermosensitive pabl1 mutant and from a wild-type strain immune-
neutralized for Pab1, cleavage activity was normal, but mRNAs had
longer poly (A) tails (Amrani et al., 1997). These results indicated that
Pab1 is not required for cleavage, although its presence inhibits the
elongation of the poly (A) tail by the poly (A) polymerase Pap1. Inter-
estingly, the behaviour of the fungal Pab1 is opposite to that of the
mammalian nuclear poly (A) binding protein Pab Il, which strongly
stimulates Pap activity (Wahle, Lustig, Jeno, & Maurer, 1993). In addi-
tion to poly (A) elongation control, Pab1 contributes to the subsequent
trimming of the poly (A) tail for mRNA export from the nucleus (Brown
& Sachs, 1998; Dunn et al., 2005). This last step of mMRNA maturation
requires the presence of both Pabl and the deadenylase complex
Pan2/Pan3 (PAN). The PAN complex interacts with poly (A) tails
benefitted by the interaction of the PAM2 motif of the Pan3 subunit
with the C-terminal domain of Pab1 (Siddiqui et al., 2007). The recruit-
ment of the PAN complex to mRNAs via interaction with Pab1 is
essential to stimulate the exonucleolytic activity of the Pan2 subunit.
In fact, yeast strains in which the Pab1 C-terminal domain is absent
or mutated to prevent interaction with Pan3, contain a pool of mRNA
with longer poly (A) tails compared to wild-type strains (Brown &
Sachs, 1998; Martani, Marano, Bertacchi, Porro, & Branduardi, 2015;
Simon & Séraphin, 2007). Accordingly, a reduced PAN-dependent
deadenylation rate was observed in the absence of Pab1 in vitro (Wolf
et al., 2014). Interestingly, Pab1 can also negatively regulate PAN-
mediated deadenylation by recruiting Pbpl to the poly (A) tail
(Mangus et al., 2004). Although the residues involved in binding to
Pan3 and Pbp1 are different (localized at the C domain and the P
domain, respectively), Pabl1 cannot bind to both proteins at the same
time because of steric hindrance. Consequently, the efficiency of
PAN-mediated deadenylation depends on which of the two proteins
is interacting with Pab1 (Figure 3) (Mangus et al., 2004). In pbp1A cells,
the 3’ termini of pre-mRNAs are properly cleaved but lack full-length
poly (A) tails, suggesting that Pbp1 may also repress Pab1's ability to
negatively regulate polyadenylation (Mangus et al., 1998).

It was demonstrated that the deletion of PAB1, PAN2 or PAN3
resulted in inefficient release of MRNAs from the sites of transcription
(Brown & Sachs, 1998; Dunn et al., 2005), indicating the importance of
both Pabl and the PAN complex to couple mRNA biogenesis to
export. Whether Pab1 is also involved in the export of mRNAs from
the nucleus is unclear because it is not possible to distinguish whether
the nuclear accumulation of mMRNAs occurring in the absence of Pab1
is due to improper biogenesis or export defects. However, it has been
demonstrated that Pab1 bound to the poly (A) tail indirectly interacts
with different nucleoporins of the nuclear pore complex and Mex67
(Nifo et al., 2013). This evidence, together with Pab1's ability to move
from the nucleus to the cytoplasm in association with the Mex67/
mRNA complexes, suggests a possible role in mRNA export (Allen
et al., 2002; Brune et al., 2005).

3.2 | Pab1 stabilizes mRNAs and promotes their
translation

The first evidence of the requirement of the poly (A) tail and PABPs

for translation was discovered in the 1980s (Grossi de Sa et al.,
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1988; Jacobson & Favreau, 1983; Sachs & Davis, 1989). Subsequent
studies in S. cerevisiae revealed that Pab1l has an important role in
translation initiation because it promotes the assembly of ribosomal
subunits onto the mRNAs. Different mechanisms require the presence
of Pab1 to translate mRNAs into proteins. One mechanism is based on
the closed-loop model, in which a circular mRNA structure is formed
due to the joining of the 7-methylguanosine (m7G) 5’ cap with the
3’ poly (A) tail (Figure 4A) (Archer, Shirokikh, Hallwirth, Beilharz, &
Preiss, 2015; Costello et al., 2015; Dever, Kinzy, & Pavitt, 2016;
Melamed, Young, Miller, & Fields, 2015). The mRNA closed-loop
restricts efficient translation of intact mRNAs, favours the assembly
of polysomes, facilitates ribosome recycling and protects mRNAs from
degradation (Archer et al., 2015; Costello et al., 2015; Huch & Nissan,
2014). This structure is formed with the help of simultaneous binding
of elF4G to elF4E and Pab1, which are associated with the 5' cap and
the 3 poly (A) tail, respectively. Pab1 association with elF4G, which
primarily occurs through the RRM2 domain of Pabl (Dever et al.,
2016; Melamed et al., 2015), stimulates the binding of the mRNA to
the entire elF4F complex (composed of elF4E, elF4G and the RNA
helicase elF4A) (O'Leary, Petrov, Chen, & Puglisi, 2013). The assembly
of this structure facilitates the recruitment of the 43S preinitiation
complex (composed of the 40S ribosomal subunit, elF1, elF2, elF3,
elF5 and the methionyl-tRNA) at the mRNA, leading to formation of
the 48S complex (Dever et al., 2016; Komar, Mazumder, & Merrick,
2012; Wang et al., 2012). Next, ribosome scanning occurs to identify
the AUG start codon; subsequently, the 60S subunit joins the com-
plex, leading to the formation of the 80S ribosome and to protein syn-
thesis initiation (Costello et al., 2015; Dever et al., 2016; Farley,
Powell, Weaver, Jennings, & Link, 2011; Komar et al., 2012; Wang
et al., 2012). It has been proposed that the binding of Pab1 to the poly
(A\) tail stimulates the joining of the 60S ribosomal subunit by inhibiting

%

mG

FIGURE 3 Positive and negative regulation
of PAN-deadenylation by Pabl. Pabl
eo promotes PAN-deadenylation by binding

eo Pan3 and therefore recruiting the Pan2/Pan3

P Pab1 complex to the poly (A) tail. When Pbp1 binds
to Pab1 this interaction is hindered: the rate
of deadenylation is dependent on the
mutually exclusive interaction of Pab1 with
Pan3 or Pbp1
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FIGURE 4 Pab1 promotes translation initiation. A) Representation of
the closed loop structure: elF4G bridges the two ends of the mRNA by
binding elF4E (associated to the 5’ cap) and two molecules of Pab1
(associated to the 3’ poly (A) tail), enabling the formation of a stable
closed loop. B) The strength of Pab1 binding at 5" UTR regulates IRES-
mediated translation initiation. When poly (A) tracts at the 5'UTR of a
mMRNA are longer than or equal to 12 adenosines, Pab1 tightly binds
them and the corresponding protein abundance is low; conversely,
poly (A) tracts shorter than 12 adenosines are weakly bound by Pab1
and protein abundance is high. C) Pab1 binding to poly (A) tail blocks
the Ski2/Slh1 inhibition on the translation initiation factors elF5/
elF5B, thus stimulating 60S joining (redrawn from Searfoss et al., 2001)
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the two RNA helicases Ski2 and Slh1 and, consequently, stimulates the
activity of the translation initiation factors elF5 and elF5B (Figure 4C)
(Searfoss, Dever, & Wickner, 2001).

Despite the physiological importance of the closed-loop in stimulat-
ing translation initiation, not all mRNAs require this structure for transla-
tion (Costello et al., 2015). In fact, a subset of efficiently translated
transcripts (encoding, for example, proteins involved in amino acid and
nucleotide metabolism, carbohydrate metabolism, energy generation,
and tRNA amino-acylation and translation) has been found enriched with
Pab1 but deficient for all other closed-loop related factors; hence, alterna-
tive Pabl-dependent mechanisms of translation might take place for
these mRNAs (Costello et al., 2015). One possibility might be related to
the presence of internal ribosome entry sites (IRESs) at the 5' UTR of
mRNAs. IRESs can recruit ribosomes for translation initiation through a
cap-independent mechanism (reviewed in Plank & Kieft, 2012) that might
be relevant when cap-dependent translation initiation is repressed, such
as during stressful conditions (Reineke & Merrick, 2009). Some IRESs in
S. cerevisiae contain poly (A) tracts that can bind to Pab1, although the
physiological role of this binding is unclear. It was suggested that the
presence of Pab1 at the 5' UTR is a prerequisite for IRES activity because
it might functionally substitute for the cap and elF4E in recruiting elF4G
(Gilbert, Zhou, Butler, & Doudna, 2007). By contrast, when Pab1 binding
to 5' UTR is too tight, such as for A-rich stretches equal to or longer
than 12 adenosines (i.e., the minimal length for efficient Pab1 binding
(Sachs, Davis, & Kornberg, 1987)), the translation efficiency of the
corresponding mRNA is reduced compared to that of transcripts with
A-rich tracts shorter than 12 As (Figure 4B) (Xia et al., 2011). The presence
of Pab1 tightly bound at the 5' UTR may interfere with ribosome scan-
ning, thus reducing translation (Xia et al., 2011). Consequently, protein
abundance and synthesis appear to be strongly dependent on the poly
(A) length at the 5' UTR and on the efficiency of Pab1 binding. Interest-
ingly, the mRNA encoding Pab1 contains an IRES in its 5' UTR with a poly
(A) tract of 11 consecutive As that can escape the possible negative auto-
regulation of the protein itself (Xia et al., 2011).

Pab1 can also stimulate translation independently from its binding
to poly (A) tracts. In vitro studies showed that Pab1l significantly
increases the affinity of elF4E for the 5’ cap of mRNAs lacking the
poly (A) tail, leading to the formation of a stable elF4E-mRNA complex
(O'Leary et al., 2013). Pab1 may induce this structural rearrangement
by binding to poly (A)-deficient mRNAs, taking advantage of the non-
specific affinity of the RRM4 region to single-stranded RNA
(Deardorff & Sachs, 1997). This hypothesis could be validated by
assessing the conformational changes of the elF4E-mRNA complex
in the presence of a Pab1 mutant lacking the RRM4.

Despite its importance in stimulating translation, other studies
suggest that Pabl can also negatively regulate translation initiation
by binding to 3' UTR sequences other than poly (A). In vitro translation
assays demonstrated that Pab1 binding to AU-rich elements (AREs) at
the 3' UTR represses translation of MFA2 mRNAs in yeast cells grow-
ing on glucose (Vasudevan, Garneau, Tu Khounh, & Peltz, 2005). Fur-
thermore, a Pab1-dependent mechanism of translation repression by
Puf5 has been proposed (Chritton & Wickens, 2011).

In addition to binding to translation initiation proteins, Pab1 also
interacts with the translation termination factor eRF3 (Sup35) by way
of the P and C domains (Cosson et al., 2002; Roque et al., 2015).

Recently, it has been demonstrated that this iteracn negatively reg-
ulates translation termination and maintains a basal level of transla-
tional read-through (Figure 5), a process in which the ribosome passes
through the STOP codon by random insertion of a tRNA and continues
translation to the next STOP codon in the same reading frame
(Dabrowski, Bukowy-Bieryllo, & Zietkiewicz, 2015; Roque et al., 2015).

Together, these findings confirm that the mechanisms by which
Pab1 intervenes in mRNA translation are multiple and far from being
understood. Next, we discuss additional aspects of how Pabl regu-
lates the fate of mRNA.

3.3 | The dynamic binding of Pab1 to poly (A) tails
regulates mRNA decay

In the cytoplasm, Pab1 also controls the mRNA deadenylation process.
Its binding to the poly (A) tail regulates the activity of both the PAN
and the Ccr4/Pop2/NOT deadenylation complexes. The physiological
role of mRNA deadenylation in the cytoplasm is associated with the
general mRNA decay pathway, differing from that which occurs in the
nucleus. A sequential model has been proposed in which the Pan2/
Pan3 complex is responsible for poly (A) tail shortening during the first

(a)
NH;*

FIGURE 5 Pabl effect on translation termination. A) eRF1-eRF3
association allows efficient stop codon recognition and translation
arrest; B) Pab1 binding to eRF3 might impair translation termination,
thus allowing a basal level of translational readthrough
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Ccrd4/Pop2/NOT complex hydrolyses the remaining 20-25 residues
(Brown & Sachs, 1998; Tucker, Staples, Valencia-Sanchez, Muhlrad, &
Parker, 2002; Wahle & Winkler, 2013; Wolf et al., 2014). The Ccr4/
Pop2/NOT complex is composed of the scaffold subunits Not1, Not2
and Not3/5 and the two catalytic subunits Ccr4 and Pop2/Cafl. Pab1l
inhibits Ccr4-mediated deadenylation in vitro (Tucker et al., 2002), but

there is no evidence of direct contact between the two proteins. In vivo,

it has been observed that Ccr4 shifts from a slow distributive to a rapid
processive rate of deadenylation when the poly (A) tail is reduced to
approximately 20-25 As, which corresponds to the number of residues
protected by a Pab1 molecule (Yao et al., 2007). Therefore, the activity
and recruitment of Ccr4 to mRNAs may be dependent on the binding
state of Pab1 to poly (A) tails (Yao et al., 2007). In addition to poly (A) tail
shortening, other mechanisms can impair Pab1 binding to mRNA and
indirectly promote deadenylation by Ccr4. One mechanism consists of
Pab1 self-circularization (Figure 6A) or oligomerization (Figure 6B), which
lead to the formation of structures that are unable to bind poly (A) tails
(Richardson et al., 2012; Yao et al., 2007). The RRM1 and P domains
are both required for protein self-assembly (Yao et al., 2007). In addition
to protein self-assembly, the interaction of Pab1 with Upf1 or Puf3, two
factors involved in mRNA decay, can sequester Pab1 and favour Ccr4-
mediated deadenylation (Figure 6C) (Lee et al., 2010; Richardson et al.,
2012). The acceleration of deadenylation by Upfl and Puf3 requires
the RRM1 domain (Lee et al., 2010; Richardson et al., 2012). Accordingly,
the mutation of some residues of this domain (Y41, C70, C109, and Y83)
led to a reduction in the deadenylation rate (Zhang et al., 2013).

It has been proposed that Pab1 plays a role in mMRNA degradation
via nonsense-mediated decay (NMD). NMD is a surveillance pathway
that guarantees the degradation of mRNAs with premature termina-
tion codons (PTCs) from which deleterious truncated proteins could
be synthesized (Kervestin & Jacobson, 2012; Parker, 2012). The ‘faux
UTR’ model suggests that the lack of termination factors that are nor-
mally present on canonical 3' UTRs induces an aberrant translation
termination and consequently, NMD activation (Amrani et al., 2004).

Ccr4/Pop2/NOT
complex

This mechanism requires the core components of the surveillance
complex Upfl, Upf2 and Upf3 as well as the two releasing factors
eRF1 and eRF3 for stop codon recognition (Kervestin & Jacobson,
2012; Parker, 2012). It has been proposed that the proximity of
Pab1 to the stop codon is necessary for the discrimination between
normal and PTC-containing mRNAs. In fact, mRNAs with Pab1 teth-
ered 37-73 nt downstream to the 3’ of a PTC were particularly stable
in vivo and were subjected to NMD when Pab1 was tethered 164 nt
downstream to the PTC (Amrani et al., 2004). Accordingly, mRNAs
with unusually long 3' UTRs are targeted to NMD, and the removal
of a major part of the coding sequence downstream of a PTC stabilizes
mRNAs (Kervestin & Jacobson, 2012). More recently, it has been dem-
onstrated that PTC-containing mRNAs in yeast cells lacking Pab1, as
well as PTC-containing mRNAs lacking the poly (A) tail, are still recog-
nized as NMD substrates (Meaux, van Hoof, & Baker, 2008). There-
fore, the role of Pab1 in discriminating premature from normal stop
codons is ambiguous, suggesting that other factors may be involved
in targeting mMRNAs to NMD (Meaux et al., 2008).

Because of its importance in the control of deadenylation, Pab1
may also indirectly affect the regulation of cell cycle progression.
Beilharz and Preiss (2007) found that mRNAs encoding elements rele-
vant to the cell cycle have predominantly short tails in a mixed cell
population. This evidence, together with the observation that the
Ccr4 and Pan2 deadenylases genetically interact with cell cycle regula-
tors (Hammet, Pike, & Heierhorst, 2002; Westmoreland et al., 2004;
Woolstencroft et al., 2006), suggests that the temporal limitation of
the expression of cell cycle-related proteins depends on proper
deadenylase function (Beilharz & Preiss, 2007). The resulting delimited
expression of cell cycle-related mRNAs to shorter intervals than
suggested by changes in mRNA expression may be important for
cell-cycle progression (Beilharz & Preiss, 2007). Although a direct
interaction of Pab1 with cell cycle-related factors has not been identi-
fied, we cannot exclude that its role in the regulation of poly (A) tail
length and mRNA translation might also contribute to cell cycle pro-
overexpression suppressed the

gression. Interestingly, Pab1l

FIGURE 6 Mechanisms preventing the
binding of Pab1 to poly (A) tails. Pab1 self-
association into A) circular species or B)
multimers, or C) Pab1 interaction with Upf1 or
Puf3, prevents its binding to poly (A) and
stimulates Ccr4 dependent deadenylation.
(Figures A and B have been redrawn from
Yao et al., 2007)
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conditional lethality of bck2 swié-ts cells, which are defective in a G1-
specific transcriptional activator and are characterized by cell cycle
arrest (Flick & Wittenberg, 2005). Two hypotheses have been formu-
lated to explain this suppression: 1) Pab1 might influence the cell cycle
by altering the regulation of G1-specific transcriptional targets as the
result of an effect on the general translation rate; 2) Pab1l might
directly antagonize the effect of Whi3 on specific mRNAs, including
those encoding G1 cyclins (Flick & Wittenberg, 2005).

4 | Pabl PARTICIPATES IN THE CELLULAR
STRESS RESPONSE

By regulating mRNA metabolism, Pab1 plays an important role in the
cellular response to stress. S. cerevisiae reacts to stressful conditions
by reprogramming gene expression at the transcriptional and post-
transcriptional levels (Arribere, Doudna, & Gilbert, 2011). Post-tran-
scriptional regulation includes the export, translation and decay of
mRNAs (Arribere et al., 2011), as well as the formation of intracellular
protein aggregates with different sizes, compositions and physical
properties (Buchan & Parker, 2009; Protter & Parker, 2016; Riback
et al, 2017; Wallace et al.,, 2015). Pab1 participates in the cellular
stress response by forming quinary assemblies, by promoting the for-
mation of stress granules (SGs) and by stabilizing mRNAs to allow
rapid re-initiation of translation after stress.

Quinary structures are transient protein assemblies that lack a
fixed-stoichiometry and are kept together by multivalent interactions
(Wallace et al., 2015). They are formed in response to mild heat-stress
conditions and differ from misfolded-protein aggregates because they
are beneficial and not deleterious (Riback et al., 2017; Wallace et al.,
2015). Pab1 undergoes in vivo phase separation and forms these struc-
tures with the help of electrostatic forces associated with the RRM
domains. The low-complexity region of the P domain is not required
for the assembly of the quinary structures, but may act as a biophysi-
cal regulator. In fact, mutagenesis analyses showed that the reduction
of the hydrophobicity of the P domain decreases the ability of the pro-
tein to phase separate and correlates with reduced cell fitness under
mild heat-stress conditions (Riback et al., 2017).

When cells are challenged with severe stress (e.g., heat-shock at
46°C or glucose starvation), mRNAs can be delivered to mRNP gran-
ules referred to as processing bodies (PBs) and stress granules (SGs)
(Buchan & Parker, 2009; Protter & Parker, 2016). According to the
so-called “mRNA cycle”, transcripts can be exchanged between these
two aggregates and/or return to translation and/or be degraded
(Buchan & Parker, 2009; Protter & Parker, 2016). The fate of tran-
scripts stored in PBs is often degradation; indeed, PBs are composed
of proteins involved in mRNA decay and translation repression
(Buchan & Parker, 2009; Buchan, Yoon, & Parker, 2011; Decker &
Parker, 2012; Giménez-Barcons & Diez, 2011; Grousl| et al., 2009).
Conversely, SGs are believed to be sites for promoting the formation
of translation initiation complexes (Protter & Parker, 2016); accord-
ingly, they typically contain proteins involved in protein synthesis initi-
ation (Buchan et al., 2011; Buchan & Parker, 2009). Depending on the
imposed stress, SG composition can be slightly different. For example,

SGs of glucose-starved cells typically contain the translation initiation

factors elF4E, elF4G and Pab1, and for thi reas, they have been
referred to as EGP bodies (Hoyle, Castelli, Campbell, Holmes, & Ashe,
2007). By contrast, SGs of cells exposed to sodium azide or to heat-
shock at 46°C contain elF3, elF1A and elF5B (Buchan et al., 2011) or
the 40S ribosomal subunits, elF3 and proteins involved in the TOR
pathway regulation (Grousl| et al., 2009; Takahara & Maeda, 2012),
respectively.

Despite these differences in protein composition (which probably
account for specific response to a particular stress), Pab1 is a typical com-
ponent of SGs and is commonly used as their indicator (Brambilla et al.,
2017; Jain et al,, 2016; Martani et al., 2015; Swisher & Parker, 2010;
Wheeler, Matheny, Jain, Abrisch, & Parker, 2016). It has been proposed
that this protein promotes SG formation (Swisher & Parker, 2010); how-
ever, the need for bypass suppressors of the PAB1 deletion limits the
possibility to accurately define its role in SG assembly. In fact, depending
on the suppressor strain used, different phenotypes were observed in
terms of the number of SGs and PBs formed in response to glucose
starvation. In the pab1A spb2A strain, fewer SGs and more PBs were
detected compared to the spb2A single deletion strain, suggesting that
Pab1 might stimulate the transition of poly (A)* mRNAs from PBs to
SGs (Swisher & Parker, 2010). However, because SGs were still present
in this strain and because no changes in their number were detected in
another bypass suppressor strain (pab1A pat1-2), it was concluded that
Pab1 is not required for SG formation (Swisher & Parker, 2010).

Arribere and colleagues (2011) observed that, after recovery from
glucose starvation, cells contained translation-competent mRNAs with
long poly (A) tails and were enriched with Pab1 (Arribere et al., 2011).
Therefore, although Pab1 does not appear to be required to form SGs,
under stressful conditions Pab1 might protect mRNAs from degrada-
tion by contributing to their delivery into SGs. According to this
model, Pab1 assures translation re-initiation and consequently, cell

recovery from stress.

5 | CONCLUSIONS AND FUTURE
PERSPECTIVES

The S. cerevisiae poly (A) binding protein has been extensively studied
to determine its cellular functions, revealing the complex network in
which Pabl is a master regulator of mMRNA metabolism. Further
insights into its functions and interactions will ensure a better compre-
hension of how it acts as a multifunctional scaffold protein in
controlling mRNA dynamics. Novel findings on Pab1 functions are
continuously emerging, indicating that the role of this protein in cell
physiology could be larger than expected. For example, chromatin
immunoprecipitation assays revealed that Pabl binds DNA at the
ENO2 and GAL1 promoter and that the carbon source can alter Pab1
enrichment at the promoter site (Guillen-Ahlers et al.,, 2016). This
result suggests a possible role of Pab1 in the regulation of transcription
and/or in the epigenetic control of chromatin function (Byrum, Raman,
Taverna, & Tackett, 2012; Guillen-Ahlers et al., 2016).

In light of its broad role in controlling mRNA metabolism, we
believe that Pabl should be considered an important hub element
whose modification could rearrange global gene-expression, leading

to phenotypes of interest. We have recently demonstrated that the
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its mutagenesis followed by the application of a specific screening

protocol allows for the isolation of the ameliorated mutant pab1
A60-9 (Martani et al., 2015). Nevertheless, we must consider that
Pab1 has a complex modular structure, such that the positive effect
of one mutation could be masked by other mutations or by other
domains of the protein. As indicated by studies based on single
domain deletions, some domains have a central role in protein self-
association, deadenylation or translation, whereas others appear to
be dispensable. These results imply that the modular structure of this
protein accounts for the broad spectrum of Pab1 functions and repre-
sents an attractive platform for synthetic biology approaches aimed at
rewiring mRNA metabolism. The addition, removal, or swapping of the
modules inside the protein itself may allow for the creation of chi-
meras with altered properties that could improve cellular traits as well
as increase our understanding of Pab1 function in controlling dynamic
mRNA metabolism.

Finally, humanized versions of Pab1 have demonstrated that resi-
dues of the RRM2 are responsible for the species-specific binding of
Pab1 to elF4G1 (Melamed et al., 2015). In another study, Pab1 variants
with long polyalanine tracts have been used to study the aggregation
and the cellular dysfunctions associated with polyalanine-expansion
occurring in some human disorders (Konopka et al., 2011).

We expect that further studies will better depict the roles and
functions of Pabl in yeast as well as in human cells, with possible

applications in basic and in applied research.
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Abstract: In the context of the global need to move towards circular economies, microbial cell factories
can be employed thanks to their ability to use side-stream biomasses from the agro-industrial sector
to obtain additional products. The valorization of residues allows for better and complete use of
natural resources and, at the same time, for the avoidance of waste management to address our needs.
In this work, we focused our attention on the microbial valorization of cinnamon waste material
after polyphenol extraction (C-PEW) (Cinnamomum verum J.Presl), generally discarded without any
additional processing. The sugars embedded in C-PEW were released by enzymatic hydrolysis,
more compatible than acid hydrolysis with the subsequent microbial cultivation. We demonstrated
that the yeast Rhodosporidium toruloides was able to grow and produce up to 2.00 (+0.23) mg/L of
carotenoids in the resulting hydrolysate as a sole carbon and nitrogen source despite the presence of
antimicrobial compounds typical of cinnamon. To further extend the potential of our finding, we
tested other fungal cell factories for growth on the same media. Overall, these results are opening the
possibility to develop separate hydrolysis and fermentation (SHF) bioprocesses based on C-PEW and
microbial biotransformation to obtain high-value molecules.

Keywords: microbial-based bioprocesses; cinnamon waste; separate hydrolysis and fermentation
(SHF); Rhodosporidium toruloides; carotenoids

1. Introduction

Biobased processes involve the exploitation of different renewable biomasses that
possess a faster turnover compared to fossil resources and therefore have a reduced impact
on the environment. The forestry, agriculture, and food industries are the main sectors
involved in bioeconomy worldwide [1]. Sustainability and circularity are key features
in this scenario, with the obtainment of products and energy from biomasses: indeed,
the main aim of biorefineries is to exploit such resources as alternatives to fossil ones [2].
Agricultural biomasses are generally related to staple crops (e.g., cereals, tubers, corn, and
sugarcane), which can satisfy the issue of circularity but cannot match all the criteria of
sustainability. Therefore, there is an increasing need for utilizing side-stream materials
that can be valorized in second-generation biorefineries, often by means of the so-called
microbial cell factories [3,4]. These side-streams materials can be derived not only from
staple crop processing but also from minor crops (for example, spice crops), which are
often directly used in the food industry.

One of the main interesting strategies to ennoble minor crops consists in the extraction
of bioactive molecules by using chemical or biotechnological processes with low environ-
mental impact [5,6]. In the case of the presence of residual biomasses after processing, these
are mostly used to produce energy, which is a low-added value product usually obtained
starting from abundant biomasses to compensate costs and market requirements.
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Embedded in this approach, there is the aim to transform the entire biomass into
a resource, potentially exploiting all the different portions of the plant: depending on
composition and volumes, different innovative processes can be developed to obtain high
added-value compounds, especially from these minor crops.

Given these considerations, in this work, we focused our attention on cinnamon
(Cinnamomum verum J.Presl sin. C. zeylanicum Blume), a plant of Asian origin that has been
exploited as a spice for centuries, with many nutraceutical properties and largely adopted
as a food ingredient. At the botanical level, cinnamon bark is widely used by industries for
the extraction of essential oils and secondary metabolites such as polyphenols to be used in
food preparation, fragrances, and perfumes [7]. In these sectors, cinnamon can be deployed
as an additive for both exploiting its antimicrobial properties and increasing the nutritional
values of foods [8-10]. The global demand for cinnamon has been increasing during
the last years also due to its possible antioxidant, anti-inflammatory, and antitumoral
applications [11]. As a result of industrial processing, large quantities of waste vegetable
matrix rich in cellulose and lignin [12] are obtained annually. Nevertheless, this loss has
the potential to become a new resource as feedstock for the development of bioprocesses
based on so-called microbial cell factories.

Indeed, microorganisms can transform different raw materials of plant (or animal)
origin into valuable molecules such as biofuels, chemical platforms, biopolymers, and
nutraceuticals [13]. Because of its lignocellulosic nature, the cellulose and hemicellulose
content of cinnamon is an unmissable opportunity to be exploited as the main carbon and
energy source for microbial growth possibly related to the biosynthesis of interest, given
that other residual bioactive compounds are not expressing their antimicrobial properties.
In fact, because of the presence of several antimicrobial molecules (i.e., cinnamaldehyde
and cinnamic acid [14,15]), cinnamon-derived biomasses have never been considered as
feedstock to be deployed in bioprocesses based on microbial cell factories; therefore, their
biotechnological potential still needs to be explored.

For these reasons, the aim of this study focuses on the development of a novel bio-
process (i) by establishing and optimizing enzymatic hydrolysis of the cinnamon bark
(CB) and of the derived residual biomass (polyphenols extraction waste, C-PEW) with
varying chemicophysical parameters; (ii) by evaluating the criticisms in bioprocesses such
as inhibitory molecules for microbial and, in particular, antifungal growth; and (iii) by
identifying a potential cell factory and a product of interest.

With respect to the process developed, the oleaginous yeast Rhodosporidium toruloides
was identified as a cell factory. It is naturally able to produce and accumulate carotenoids,
valuable compounds with vast markets, with the food and feed sectors being the prominent
ones [16-18]. In the present work, the enzymatic hydrolysis of C-PEW was matched with the
ability of R. toruloides to produce carotenoids, and a separate hydrolysis and fermentation
(SHF) process was run. The obtainment of 2.0 £ 0.23 mg/L of carotenoids starting from
9% (w/v) of initial biomass with a yield of 0.0053 & 0.0006% on total sugars provided is
a successful proof of concept of the possibility to provide an additional added value to
the original biomass beyond the conventional extraction of nutraceuticals from cinnamon.
Lastly, considering the promising results obtained on carotenoids production, other poten-
tial cell factories were tested for their ability to grow on C-PEW hydrolysate, expanding
the industrial implications of our findings.

2. Materials and Methods
2.1. Plant Biomass: Feedstock Preparation and Composition

Epo S.rl, Milano, Italy, provided cinnamon bark (Cinnamomum verum J.Presl, sin.
C. zeylanicum Blume) grown in Madagascar. The cinnamon bark (CB) was stored at 25 °C
away from heat and light sources until its use. Before extraction, the cinnamon bark
was pulverized with an electric laboratory grinder. The cinnamon bark underwent an
extraction process with water at 60 °C as described by [19] to obtain polyphenols. This
extraction protocol was comparable with the one used by Epo S.r.l. in order to simulate
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their industrial process and to obtain realistic waste material at the laboratory scale. At the
end of the process, the cinnamon waste material after polyphenol extraction (C-PEW) was
recovered, dried out to eliminate the water derived from the extraction, and stored at
—20 °C until its use. To measure the water percentage of CB, 0.9 g of biomass was dried
out at 160 °C for 3 h and then weighed again to calculate the amount of evaporated water.
The biomass was heat-incubated for additional 3 h to assess a lack of further changes in
weight compared to the initial treatment. To analyze the chemical composition of CB and
C-PEW, the biomass was processed following the protocol for the analysis of structural
carbohydrates and lignin in the biomass of the National Renewable Energy Laboratory
(NREL, https://www.nrel.gov/docs/gen/fy13/42618.pdf) with modifications as follows:
300 mg of biomass were diluted in 3 mL H,SO4 72% (v/v), and then incubated at 30 °C for
1 h, stirring thoroughly every 10 min. The solution was diluted to 4% (v/v) by adding 84 mL
of distilled water, mixed by inversion and autoclaved (121 °C, 1 h). The hydrolysis mixture
was vacuum filtered through one of the previously weighted filtering crucibles, and the
insoluble components were measured gravimetrically on the filter paper. The filtered liquid
was neutralized with NaOH to pH 5-6, and then, the samples were analyzed by High-
Performance Liquid Chromatography (HPLC) (as described below). Three independent
experimental replicates were performed.

2.2. Pretreatment and Enzymatic Hydrolysis of Cinnamon Bark and Waste Material

Enzymatic hydrolysis of the cinnamon bark powder and waste material was per-
formed using the enzyme cocktail NS22119, kindly provided by Novozymes (Novozymes
A/S, Copenhagen, Denmark). As described by the manufacturer, NS22119 contains a wide
range of carbohydrases, including arabinase, (3-glucanase, cellulase, hemicellulase, pecti-
nase, and xylanase from Aspergillus aculeatus; 9% (w/v) of cinnamon bark and waste material
were steeped in water with a final volume of 30 mL and then autoclaved (121 °C, 1 h)
in order to both sterilize and pretreat the biomass. Although mild physical pretreatment
by autoclaving is less effective than chemical pretreatments, we decided not to involve
their use because the overall processing, starting from the phenolic extraction that occurs
upstream (and generate this waste), is intended to minimize environmental impacts.

Afterwards, the enzymes (11.9% w/wbiomass) were added directly in the solution
and incubated at pH 5.5 and at 50 °C in a water bath under agitation (105 rpm). One
milliliter of the sample was collected every 2, 4, and 6 h from the start, and the sugar
content was analyzed by HPLC (see below). A high dosage provides an indication of the
maximum enzymatically accessible sugar content, although low enzyme dosages provide
a target for commercially feasible hydrolysis for further developments. Three independent
experiments were performed.

2.3. Microbial Strains and Media

S. cerevisine CEN.PK 102-5B was obtained from Peter Kotter (Institut fur Mikrobiologie
der Johann Wolfgang Goethe Universitat, Frankfurt, Germany). The other strains used
were Komagataella phaffii X-33 (formerly Pichia pastoris, ThermoFisher Scientific, Waltham,
MA, USA); Scheffersomyces stipitis CBS 6054 (CBS Fungal Biodiversity Centre, Utrecht,
The Netherlands); Zygosaccharomyces bailii ATCC 8766 and Zygosaccharomyces parabailii
ATCC 60483 (ATCC Virginia, Manassas, VA, USA); Rhodosporidium toruloides DSM 4444,
Rhodotorula glutinis DSM 10134, Cryptococcus curvatus DSM 70022, and Aureobasidium
pullulans DSM P268 from DSMZ (German Collection of Microorganisms and Cell Cultures,
GmbH, Braunschweig, Germany); and Kluyveromyces marxianus NBRC1777 (Biological
Resource Center, NITE, NBRC, Tokyo, Japan). All the strains were stored in cryotubes at
—80 °C in 20% glycerol (v/v) and were pre-inoculated at 30 °C on rich medium plates: 1%
yeast extract (Biolife Italia S.r.1., Milan, Italy), 2% peptone, and 2% glucose (Sigma-Aldrich
Co., St Louis, MO, USA). The enzymatic hydrolysate from C-PEW was used for formulating
the media for the plates in order to test the ability of the aforementioned strains to grow in
such substrates. This feature was qualitatively assessed after 72 h of growth at 30 °C.
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2.4. R. Toruloides Cultivation and Carotenoids Production

R. toruloides was pre-inoculate in a synthetic medium constituting (per liter) 1 g of
the yeast extract, 1.31 g of (NH4),SO4, 0.95 g of NapHPOy, 2.7 g of KH;POy, and 0.2 g of
Mg,504-7H,0 and was supplemented with 15 g/L of glycerol as the main carbon source
and a 100 x trace mineral stock solution as follows (per liter): 4 g of CaCly-2H,0, 0.55 g
of FeSO4-7H,0, 0.52 g of citric acid, 0.10 g of ZnSO4-7H,0, 0.076 g of MnSO4-H,0O, and
100 pL of 18 M H,SOy. The yeast extract was purchased from Biolife Italia S.r.l.,, Milan,
Italy. All other reagents were purchased from Sigma-Aldrich Co., St Louis, MO, USA.
Pre-inoculum was run in that medium until stationary phase; then, cells were inoculated at
an optical density (OD, 600 nm) of 0.2 in shake flasks at 30 °C and 160 rpm with C-PEW
hydrolysate. After enzymatic hydrolysis, C-PEW hydrolysate was centrifuged at 4000 rpm
for 10 min to separate the water insoluble components: the liquid medium obtained was
used for the growth and the production of carotenoids by R. toruloides. Three independent
experiments were performed.

2.5. Analytical Methods

HPLC analyses were performed to quantify the amount of glucose, sucrose, arabinose,
fructose, and acetic acid. One milliliter of the liquid fraction was collected from each
enzymatic hydrolysis, centrifuged twice (7000 rpm, 7 min, and 4 °C), and then analyzed at
the HPLC using a Rezex ROA-Organic Acid (Phenomenex). The eluent was 0.01 M HySO4
pumped at 0.5 mL min~!, and column temperature was 35 °C. Separated components were
detected by a refractive-index detector, and peaks were identified by comparison with
known standards (Sigma-Aldrich, St Louis, MO, USA). HPLC analyses were performed to
quantify also the amount of cinnamic acid, cinnamaldehyde, 4-hydroxybenzoic acid, and
p-coumaric acid using the analysis protocol reported by [20]. The extracts were previously
filtered with a 0.22 um polytetrafluoroethylene (PTFE) filter. The column used for this
chromatographic stroke was an Agilent Zorbax SB-C18 (4.6 x 250 mm, 5 um) composed of
carbon chains of 18 carbon atoms and set to a temperature of 30 °C. Two mobile phases
were used: phase A (aqueous solution of phosphoric acid H3POy at pH 3) and phase B
(acetonitrile CH3CN, 99.98% pure, HPLC grade). The volume of samples injected for
analysis was 50 pL. The biomolecules were monitored by setting the diode array detector
(DAD) detection signal to 280 nm.

The cellular dry weight (CDW) was measured gravimetrically after drying 1 mL of cell
culture (Concentrator 5301, Eppendorf AG, Hamburg, Germany). The titer of carotenoids
extracted in acetone from R. foruloides, as reported in [18], was determined spectrophoto-
metrically (UV1800; Shimadzu, Kyoto, Japan) based on the maximum absorption peak for
[B-carotene (455 nm). A calibration curve with standard concentration of 3-carotene was
used for quantification.

A Urea/Ammonia Assay Kit (K-URAMR, Megazyme International Limited, Bray,
Ireland) was used to determine the amount of ammonia and urea in the C-PEW hydrolysate.

The pH was measured with indicator strips in order to assess if the conditions were
suitable for the enzymatic hydrolysis and to foresee possible detrimental effects on micro-
bial growth of the final media.

2.6. Calculations

Sugar recovery (S;) was calculated as a percentage of the sugar yield by enzymatic
hydrolysis (Ygx) when compared with the yield obtained from the total acid hydrolysis of
the biomass (Y o).

_ YeH
S = Y x 100
For statistical analysis, heteroscedastic two-tailed ¢ test was applied.
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3. Results and Discussion
3.1. Evaluation of Total Composition of the CB and C-PEW by Acid Hydrolysis

The provided cinnamon bark (CB) and the related waste material derived from
polyphenol extraction (C-PEW) were subjected to total acid hydrolysis to assess their
composition in terms of water, insoluble components, acetate, and sugars. Insoluble com-
ponents and acetate are among the main growth inhibitors commonly linked to residual
biomasses, whereas sugars act as the main carbon and energy sources for microbial cell
factories. As shown in Table 1, CB and C-PEW showed similar compositions among all the
analyzed constituents, consistent with the fact that the components previously extracted
(i.e., polyphenols) constitute only a limited amount of the whole biomass. These data are
also in accordance with the few previously reported examples from both C. verum (formerly
C. zeylanicum) and C. cassia [11,21]. Remarkably, the vast majority of sugars is composed by
glucose (more than 65% w/w), being up to 27% w/w of the total biomass.

Table 1. Total hydrolysis of cinnamon: cinnamon bark and waste extract hydrolysate composition
following acid treatment.

Total Acid Hydrolysis of Cinnamon

Component Cinnamon Bark (CB) Cinnamon Waste Material (C-PEW)
Water 19.4 £+ 1.34% /

Insoluble fraction 41.1 £ 1.26% 44.5 + 1.86%
Acetate 1.5 £1.03% 2.8+ 0.13%
Sugars 37.3 + 0.83% 415+ 1.28%

of which
Glucose 25.2 £+ 0.53% 27.2 +0.99%
Fructose 9.1 £0.15% 10.7 £ 0.32%
Arabinose 3.0 £ 0.19% 3.6 + 0.04%

Total acid hydrolysis was then no longer used for the experiments as it creates con-
ditions that are detrimental (if not incompatible) with microbial growth and requires
processing conditions that have a higher environmental impact if compared with enzy-
matic hydrolysis. In addition, its use is limited by the release of inhibitory compounds
and a very low final pH that would need a neutralization step prior to use as the growth
media [22,23].

3.2. Enzymatic Hydrolysis of CB and C-PEW and Composition of the Hydrolysates

After assessing the composition of both CB and C-PEW, enzymatic hydrolysis of
such biomasses was performed. To the best of our knowledge, there is only a single
accessible peer-reviewed example of enzymatic hydrolysis of cinnamon or cinnamon-
derived biomasses [21], and it is not related to the development of a microbial-based
bioprocess. We first assessed the effect of enzymatic cocktail N522119 11.9% w/wbiomass on
CB or C-PEW 9% w/v: the exceeding amount of enzyme was proposed to maximize the
hydrolysis of this novel substrate. The pH of both CB and C-PEW were measured between
the pre-treatment and the hydrolysis step obtaining pH of 4.5 and 3.5, respectively. Both
these values are lower than the optimum of the enzymatic cocktail (pH 6, as described
by the manufacturer); therefore, we tested the saccharification at both the initial and the
optimal pH.

As shown in Figure 1A, the enzymatic cocktail hydrolyzed CB at both pH during
the first hours of saccharification. Prolonging the incubation beyond 6 h up to 24 h did
not significantly increase the sugar release (data not shown): these observations are in
accordance with previous applications of this enzymatic cocktail on a different residual
biomass [18]. As shown in Table 2, in both cases, glucose is the main sugar released, in
accordance with the data obtained from the total acid hydrolysis (Table 1). Figure 1A
shows that the release of sugars from CB is higher (13%) when performed at pH 6 (p < 0.05).
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Despite a technoeconomic analysis not yet performed, it is reasonable to conclude that this
increase would not justify the additional neutralization step, considering that the difference
was constituted by about 1 g/L of total sugars.
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Figure 1. Enzymatic hydrolysis of cinnamon derived biomasses: the effect of the N522119 cocktail (11.9% w/wbiomass) on
9% w/v cinnamon bark (CB) (A) and cinnamon waste material after polyphenol extraction (C-PEW) (B) at pH 6 (squares)
or at their original pH after pretreatment (pH 4.5 for panel A, pH 3.5 for panel B) (circles). The values are the means of
three independent experiments. In panel A, standard deviations are included, despite being hardly visible as numerically

very small.

Table 2. Effect of pH on enzymatic hydrolysis: the titer of sugars released by the NS22119 cocktail (11.9% w/wbiomass) on 9%
w/v CB or C-PEW at different pH after 6 h of treatment. The values are the means of three independent experiments.

Enzymatic Hydrolysis
of Cinnamon-Derived Cinnamon Bark (CB) Cinnamon Waste Material (C-PEW)
Biomasses
Component Titer (g/L) pH 4.5 Yield pHe6 Yield pH3.5 Yield pH6 Yield
Sucrose 0.9 £0.01 - 1.06 £+ 0.00 0.8 £0.04 - 0.9 +0.01 -
Glucose 7.5+ 0.09 32.98% 8.2 +£0.08 36.07% 8.8 +£0.42 36.7% 9.0 £0.12 35.9%
Fructose 2.6 £0.05 30.73% 24 +0.01 28.44% 1.8 +0.05 18.6% 1.8 +0.06 18.6%
Arabinose - - 0.8 £0.01 25.65% 0.8 £0.02 8.4% 0.7 £ 0.06 5.6%

Total sugars

10.9 £ 0.11 32.4% 12.4 +£0.10 36.67% 12.2 +£0.52 33% 124 +£0.23 32.5%

As shown in Figure 1B, increasing the pH did not affect the enzymatic hydrolysis
of C-PEW. In addition, the sugar released from CB and C-PEW), at their original pH, are
comparable: this means that polyphenol extraction did not impair the enzymatic activity.
In order to reduce the use of neutralizing agents and therefore the operative steps, increas-
ing both the economic and environmental sustainability of the process, the hydrolysis
of C-PEW at pH 3.5 was chosen as the preferred one. In these conditions, considering the
original sugar content, the yield of sugars from C-PEW was 33% on the total available, with a
yield of glucose of 36.7% on the total available (see the Calculation subsection in the Materials
and Methods section). In addition, 8.1 4= 2.1 mg/L of ammonia and 4.5 £ 1.35 mg/L of urea,
which may act as nitrogen sources, were detected in the C-PEW hydrolysate.

The presence of aromatic compounds typical of cinnamon was evaluated too because
of their known antimicrobial activity, concentrated in their essential oils. For example,
cinnamaldehyde is known to possess a fungicidal activity [11,24,25]. Therefore, we investi-
gated its presence together with cinnamic acid, p-coumaric acid, and 4-hydroxybenzoic
acid in the hydrolysate without adjusting pH, since these molecules may impair microbial
growth as well [22], reducing in return the applications of biomasses derived from the
cinnamon supply chain. As shown in Table 3, cinnamaldehyde and cinnamic acid were
the main aromatic compounds detected in the hydrolysate of CB. When compared with
the same biomass hydrolyzed without the pretreatment, a reduction in the titer of most of
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these molecules can be observed: heat is indeed known to have this kind of effect on such
volatile compounds [11,26,27]. The titer of cinnamic acid and cinnamaldehyde detected in
the C-PEW hydrolysate was inferior compared to the CB one (Table 3): this observation is
consistent with the polyphenol extraction that cinnamon was subjected to.

Table 3. Aromatic compounds of cinnamon origin: evaluation of the presence of aromatic com-
pounds typical of cinnamon in CB or C-PEW hydrolysates. The values are the means of three
independent experiments.

Aromatic Compounds CB Hydrolysate C-PEW
in Cinnamon-Derived Z7ZZ(W/O Autoclave CB Hydrolysate Hvdrolvsate
Hydrolysates Pre-Treatment) ydroly

Component Titer (mg/L) Titer (mg/L) Titer (mg/L)
4-hydroxybenzoic acid - 1.8 +£0.52 48 +£047
p-coumaric acid 6.7 £ 0.24 25+1.27 0.8 £ 0.16
Cinnamic acid 35.6 £ 0.51 23.2 £2.88 6.7 £1.29
Cinnamaldehyde 155.5 4+ 12.55 734 £282 5.5 £0.96

Taken together, these data confirmed that the C-PEW hydrolysate was comparable
(in terms of sugars released) with the hydrolysate of the original edible biomass (CB), with
an important reduced amount of growth inhibitors. Therefore, we excluded CB from the
following experiments. Indeed, since C-PEW is a residual biomass not further valorized, it
is a suitable feedstock to be considered in a microbial-based bioprocess: its hydrolysis can
provide glucose as the main accessible carbon source, even without pH corrections.

3.3. Production of Carotenoids from C-PEW Hydrolysate

In order to valorize C-PEW as feedstock biomass in a bioprocess, we focused our
attention on the yeast Rhodosporidium toruloides, known for being able to withstand resid-
ual biomasses when used as feedstock for both their growth and the production of
carotenoids [16,18]. When tested on plates prepared with C-PEW as the growth medium,
R. toruloides was able to grow and accumulate pigments (see Section 3.4); therefore, we
tested the production in shake flasks as well. The type of process chosen was a separate
hydrolysis and fermentation (SHF) in order to eliminate the water insoluble components
(WIS) from the media. Figure 2 shows the growth of R. toruloides on sugars released from
C-PEW hydrolysis at pH 3.5 and the co-current production of carotenoids. In particular,
we could observe that the production reached its maximum after 48 h in concomitance
with the beginning of the stationary phase. These data are in accordance with previous
reports that carotenogenic microorganisms like R. foruloides produce carotenoids mainly in
response to stressful or suboptimal conditions such as the stationary phase itself. In ad-
dition, only a limited amount of sugars was consumed: to analyze this phenomenon, we
provided to R. toruloides the synthetic medium supplemented with the same amount of
sugars present in C-PEW hydrolysate, setting the pH value at 3.5 or 5.5 (optimal for this
yeast). As shown in Figure S1, R. toruloides was able to completely consume the sugars
and to reach a higher CDW than in C-PEW hydrolysate regardless of the initial pH. The
reduced growth and sugar consumption observed in the C-PEW hydrolysate could be
ascribed to the low initial amount of nitrogen source, which resulted in depletion after
48 h (Figure S2), in correspondence to the stationary phase of growth. As the inhibitory
compounds typical of cinnamon origin were not detected after 24 h, nitrogen depletion
should be considered the main bottleneck for R. toruloides growth in C-PEW hydrolysate.
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Figure 2. Production of carotenoids from the C-PEW hydrolysate by R. foruloides: cellular dry weight
(CDW) in dashed line, total sugars in dotted line, and 3-carotene in white bars. The values are the
means of three independent experiments.

In SHF conditions with 9% (w/v) C-PEW hydrolysate, R. toruloides was able to accu-
mulate up to 2.0 & 0.23 mg/L of carotenoids after 48 h of growth, with a productivity of
0.04 £ 0.005 g/L/h and yields of 0.09 & 0.007% on CDW, of 0.11 £ 0.013% on consumed
sugars, and of 0.005 £ 0.0006% on the total sugars provided. When considering high
added-value products, yields are not crucial but important to describe the process itself
and to understand how to further improve it. In fact, although this titer of carotenoids
is comparable with other recently reported bioprocesses based on the combination of
R. toruloides and residual biomasses, like Camelina sativa meal, carob pulp syrup, sugarcane
bagasse, and molasses [18,28,29], the possibility to increase glucose consumption might
ameliorate the result obtained here.

This work focused on the valorization of cinnamon by-products by their exploitation
as a substrate for microorganisms. Industries in this sector must eliminate large amounts
of residues each year from the processing of cinnamon extraction of polyphenols and other
residual biomasses derived from biomolecule extraction. Although this waste disposal
cost may not be excessively high, it is important to consider it in the scenario of the
reconversion to a circular economic model fostered by the European Union, promoting
increasing attention towards the exploitation of industrial products following a biorefinery
model, which aims to obtain more products starting from a single biomass [30-32]. This
is also in line with the ambitious aims and goals of the Green Deal [33], where every
activity can contribute to reaching the declared “carbon neutral” status. Additionally, other
microbial cell factories might be deployed in bioprocesses involved in the conversion of
C-PEW to compounds of industrial relevance, such as, as a matter of example, lipids and
shikimate from species such as Cryptococcus curvatus and Scheffersomyces stipitis.

3.4. Testing the Growth of Other Fungal Cell Factories on C-PEW Hydrolysate

In order to widen the possible outcomes of the exploitation of C-PEW, we tested the
ability of other yeast cell factories to grow on such biomass. Testing of possible candidates
was needed since, to the best of our knowledge, there were no previous examples of
cinnamon use for such purposes. In addition, cinnamon is known to possess a potent an-
timicrobial activity [11]; therefore, putative cell factories must be tested and selected for their
ability to grow on this new medium. In fact, cinnamon antimicrobial activity has been studied
with regard to several pathogenic microorganisms: in particular, the minimal inhibitory
concentrations of cinnamaldehyde were 125 + 25 g/L for Candida albicans, 88 + 13 g/L for As-
pergillus niger, 300 £ 0 g /L for Escherichia coli, and 250 £ 50 g/L for Staphylococcus aureus [34].
Nevertheless, considering the titers of antimicrobial compounds typical of cinnamon found
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in C-PEW (Table 2), their amount may be considered neglectable or anyhow bearable by
different fungal cell factories.

We focused our attention on the fungal species enlisted in Figure 3 (further details
in the Materials and Methods section): all of them are classified as yeasts except for
Aureobasidium pullulans, that is considered a yeast-like fungus [35]. The choice to test fungal
clades that involve yeasts is related to the fact that those microorganisms are reliable and
robust cell factories, able to convert residual biomasses into valuable compounds or to
be used as chasses for further genetic modification, expanding the portfolio of putative
products [36,37]. Although bacteria could be considered relevant microbial cell factories
too, the higher general tolerance of yeasts towards low pH, likewise the biomass of interest,
led them to be excluded in this study. As shown in Figure 3, all the tested strains were
able to grow on agar plates containing C-PEW at pH 3.5, with a qualitative slower growth
by Komagataella phaffii compared to the other tested species. These observations clearly
highlight that C-PEW can be used as feedstock by a variety of fungal cell factories that
possess peculiar characteristics of industrial interest. A. pullulans naturally produces
antimicrobial compounds, industrial enzymes, and polymers such as pullulans and poly(3-
L-malic acid) [35]. K. marxianus, K. pastoris, and S. cerevisiae are known to be chasses for
recombinant molecules with several available tools for this purpose [38—40], therefore
expanding the potential uses of C-PEW. Z. bailii and Z. parabailii were selected due to
their ability to grow at low pH and to withstand weak organic acid: the availability of
technologies for these species is increasing their applicability [41,42]. S. stipitis is known
for producing shikimate, which can act as building blocks for high-value aromatics [43].
C. curvatus and Rhodotorula glutinis (together with R. foruloides) are oleaginous yeasts
able to accumulate from 20% w/w lipids of their dry cell mass [44,45]. Therefore, the
obtained single cell oils (SCOs) can be exploited for several applications, from biodiesel
to waxes, as an alternative to both petrochemical and vegetable oil industries [46,47]. In
addition, R. glutinis and R. toruloides are natural producers of carotenoids [17,48], a group
of molecules widely used in the feed, food, dietary supplements, and dye industries with
high market demand [49] that perfectly matches the bioeconomic logic of cascading [50].
Both these carotenogenic yeasts were able to produce carotenoids when fed with cinnamon
waste material hydrolysate since their pinkish color was clearly visible (Figure 3). Due to
the positive test of all these species, we can infer that they would be able to reproduce the
same features in batch mode as well, providing a great added value to the residual biomass
obtained from cinnamon processing.

1C. curvatus

2 Z. bailii 6 K. phaffii
3 Z. parabailii 7 S. stipitis
4 S. cerevisiae 8 R. glutinis

9 R. toruloides
10 A. pullulans

5 K. marxianus

Figure 3. Testing of different fungal cell factories on agar plates containing only the enzymatic
hydrolysate of 9% w/v C-PEW (pH 3.5) as a nutrient source: the picture was taken after 72 h of growth
at 30 °C.

Taken together, the data obtained showed that a broad range of fungal species are
phenotypically able to grow on the hydrolysate of cinnamon waste material and that
therefore they can be considered a starting material for bioprocesses to obtain molecules of
industrial relevance, from carotenoids to recombinant proteins.
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4. Conclusions

The agri-food sector is leading to the accumulation of relevant amounts of residual
biomasses, which are mainly burned for energy, used as animal feed, or disposed of
as wastes. Nevertheless, these biomasses often contain energy-rich molecules that can
still be exploited to obtain high-value products. Furthermore, the valorization of these
biomasses fosters the transition from linear economies to circular ones, where the life cycle
of natural resources is extended thanks to their further processing to extract additional
values. In this work, we focused our attention on the waste material of the cinnamon
supply chain, obtained from the polyphenol extraction (called C-PEW), which is not used
for any purpose at the moment. Here, for the first time, a cinnamon-derived biomass was
hydrolyzed using a commercial enzymatic cocktail, with a 33% yield of sugars on the total
available, demonstrating its potentiality as feedstock for a bioprocess based on microbial
cell factories.

We focused our attention on the yeast Rhodosporidium toruloides, naturally able to
produce carotenoids and high-value molecules used in the food, the feed, the dye, and the
cosmetic sectors. Since most of the carotenoid market is satisfied by chemical synthesis,
there is an increasing demand for molecules of renewable origin. Here, in a separated
hydrolysis and fermentation (SHF) process, R. toruloides was able to consume sugars from
C-PEW and to accumulate up to 2.0 = 0.23 mg/L of carotenoids. Although the obtained
titer was comparable with those of other processes based on residual biomasses valorized
by R. toruloides, the low sugar consumption in these conditions was a limiting element.
An additional nitrogen source, preferentially of residual origin, might be considered to
overcome this shortcoming.

In this work, it is shown for the first time the possibility to develop bioprocesses
based on cinnamon-derived biomasses to provide additional production streams, such
as carotenoids, to be applied as additive in sectors in which industries dealing with this
residual biomass are already involved, thus increasing the value thereof. The successful
test of several microorganisms of industrial relevance for their ability to grow on C-PEW
hydrolysate (withstanding its low pH and anti-microbial compounds) widens the possible
exploitations of this residual biomass. In addition, several new synthetic biology tools are
becoming available for non-Saccharomyces fungal species, thus expanding the ability of
these microbes to be tailored for industrial processes. In this case, a desirable implementa-
tion should be the engineering of R. foruloides to withstand antifungal molecules and to
produce fine chemicals of industrial relevance. This in turn would increase the appeal of
cinnamon derived biomasses, although it is a currently underrated feedstock for microbial
cell factories.

Overall, this work can pave the way for further development of bioprocesses based
on the exploitation of a side-stream biomass derived from the cinnamon industry, that
usually would be disposed of as waste material, in order to produce not only high-value
added products such as carotenoids in R. toruloides but also compounds from other yeast
cell factories in the scenario of the cascading principles of biorefineries.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/1660-460
1/18/3/1146/s1, Figure S1. Growth of R. toruloides on synthetic media at pH 3.5 (panel A) and pH
5.5. Cellular dry weight (CDW) in dashed line, total sugars in dotted line. Values are the means of
three independent experiments, Figure S2. Ammonium titer during R. toruloides growth on C-PEW
hydrolysate. Values are the means of three independent experiments.
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Chapter 9

RRI Approach for Development
and Acceptance of Novel Fish Feed
Formulations in Aquaculture

Chiara Magoni, Ausilia Campanaro, Andrea Galimberti,
Chiara Pesciaroli, Stefano Bertacchi, Paola Branduardi
and Massimo Labra

Abstract Stakeholders’ involvement and public engagement in research processes
are essential elements to obtain concrete impacts in society. In this context we
tested the Responsible Research and Innovation (RRI) strategy in the aquaculture
industry to improve fish quality by using the most suitable feeds. These could be
obtained through biotechnological approaches starting from industrial waste, or by
using flour with high nutritional values such as insect-meals. Both strategies were
compared at the scientific level, to estimate their performance in terms of fish
quality and health, and at the RRI impact. In this contest a pool of stakeholders was
engaged to evaluate the economic, environmental and social aspects of both tech-
nological approaches and to steer research and technology transfer activities.
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9.1 Problem Identification

Aquatic resources, with a total production of 167 million tons (FAO 2016), cover a
significant percentage of the world proteins demand and almost completely the need
for the rare Long Chain Fatty Acids omega-3, known to be essential in human
nutrition (Evans and Burr 1927). In the last two decades, fishery has been over-
exploited, and it no longer maintained the same worldwide consumption standard of
20.1 kg per capita (FAO 2016). Therefore, since only aquaculture can supply the
growing fish demand, fish feed sector should be expanded in a sustainable way,
including the adoption of more sustainable feed formulations. Generally, fish feed is
composed of a mixture of fishmeal and fish oil. However, since their demand and
costs are increasing, producers are substituting them with plants flour and other
ingredients. As a consequence, feed formulations are deficient in several essential
elements such as amino acids and show palatability problems. Over the years, many
attempts have been made to find alternatives to traditional fish feed and recently
waste biomass was evaluated as possible source of feed ingredients. This alternative
source requires technical, economic, social and environmental evaluations through
the RRI strategy to guarantee the innovation for aquaculture industry.

9.2 Analysis of Scientific Solutions and RRI Strategy
for Biotechnological Process

In order to respond to the growing demand for alternative fish feed, a sustainable,
viable, non-GMO biotransformation producing the key lipid ingredients (omega-3)
through the transformation of the by-product glycerol was proposed. These ingre-
dients will partially replace the components of current fish feed permitting to avoid,
at the same time, the use of fish oil for intake of (®-3). This is the main goal of
MYSUSHI project (Microalgae and Yeasts SUStainable fermentation for HIgh
quality fish feed formulation, Cariplo Foundation, N°2015-0395) developed by a
team of University of Milano-Bicocca and University of Insubria (Italy).
Biotechnologies are pioneering tools for bringing innovation to society but, due to
difficulties in the assess of economic feasibility and limits imposed by socio-ethical
acceptance of novelties, scientific innovations are penalized in marketing.
MYSUSHI project exploited the concept of RRI (Fisher et al. 2006) aiming at
modeling the research process on industry expectations together with stakeholders
of aquaculture industry. Some of the strategies, outcomes, and considerations on the
use and success of RRI analysis applied to an aquaculture case study are presented.
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9.3 Strategy and Results

In our activities, we consider the three phases of the RRI: Engagement phase,
Communication phase and Technology Transfer phase. We focused our attention
on the first two phases, which are based on interactions with stakeholders to define
the most suitable technology transfer actions. Experiences integrating societal
considerations into an academic research laboratory setting suggest that it may help
research planning and stimulate creativity (Von Schomberg 2013). Therefore, our
aim was to consider all aquaculture stakeholders feedback in order to shape the
research in a better way and to plan the technology transfer.

9.3.1 Identification and Engagement Phase

In this first phase, we considered the largest freshwater fish producers in Europe.
Aquaculture industry of Northern Italy was particularly investigated since it is one
of the major producers of EU for trout. Therefore, we evaluated the trout industry
stakeholders through bibliographic analysis, direct farms visiting and trade fair
events. As a result of this extended analysis, three stakeholder classes were iden-
tified: industry actors, scientific community, and civil society (Table 9.1).

Table 9.1 Different types and numbers of engaged stakeholders are indicated in the table

Stakeholder classes

Industry actors Scientific community Civil society
Aquaculture companies: 10 Ecologists: 12 Students: 6

Feed producers: 5 Fish physiologist: 13 Citizens: 18
Companies: 2 Veterinaries: 24 Category associations: 4
Intermediates: 7 Fish pathologists: 9

Retailers: 1

Industries magazine: 1

9.3.2 Communication Phase

In order to critically evaluate the scientific solution proposed by MYSUSHI, we
considered different RRI tools to interact with stakeholders: dedicated surveys,
one-to-one meetings and web communication. Specific surveys were designed
aiming to tackle three kinds of issues: socio-ethical, technical-scientific and eco-
nomic. These surveys were firstly proposed during Aquafarm fair to reach industrial
stakeholders (Pordenone, 26-27 January 2017). This fair represents the most
suitable environment for engagement phase. Results are described in Fig. 9.1. Data
suggested that most people were highly interested in the optimization of fish feed
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(a) INTERESTED IN FEED USED () INTERESTED INAHEALTY (&) FAVORABLE TORISING

IN AQUACULTURE (%) DIET IN AQUACULTURE FISH (%) PRICES IN FISH
100% 100% FEEDTO ACHIEVE
75% 75% A SPECIFIC FEATURE
S0% 50%
25% 5%
| 1 1_ 3 4 5 1 2 3 4 -
(b) FAVORABLE IN USING FEED (d) IMPORTANCE OF FISH FEED
OBTAINED FROM ON FLESH QUALITY AND
BIOTECHNOLOGICAL PROCESSING ENVIRONMENTAL
OF INDUSTRIAL WASTE (% RESPONSE) SUSTAINABILITY (%) S S
100% 100%
75% 75%
50% e LEGEND
25% 5%
1= LOW INTEREST S=HIGH INTESEST

NO YESBUTIT DONT KNOW YES | 1 2 3 4 5
COULD INFLUENCE  BUT WISH TO HAVE
NEGATIVELY  MORE INFORMATION
THE MARKET

Fig. 9.1 Results of surveys’ question. The stakeholder interest was expressed from 1 to 5 score.
In b and e the specific features were indicated in the x-axis

(Fig. 9.1a) to enhance fish nutrition quality (Fig. 9.1c). The majority considered
biotech processes a valuable tool to increase fish feed quality (Fig. 9.1b). Moreover,
the environmental aspect represents a challenging issue of the aquaculture supply
chain (Fig. 9.1d). Finally, almost a 70% of interviewed stakeholders were willing to
pay for higher quality of fish fillet (Fig. 9.1e).

Industry actors were also engaged through one-to-one meetings to discuss all
scientific project phases. Moreover, dedicated visits to the production facilities
allowed us to better understand the organization of overall industrial process,
guaranteeing the integration of research and technological goals. All tools adopted
with industrial actors were very effective to improve research plan actions, to
highlight the environmental impact of new feed formulations, to support bio-
transformation in aquaculture and to enhance the fish quality aspects.

We planned the project considering local and European laws to design an
innovation that could be implemented in the market. With more details about R&D
innovation it will be possible to define the strategy with regulators. Among the
stakeholders, scientists were reached through a strategy adopted by the grants office
of Cariplo Foundation during MYSUSHI project evaluation. Three anonymous
referees produced a technical report useful to improve scientific issues within the
project, i.e. to identify a plan for biotechnological waste valorization phase.
Moreover, one-to-one meetings were used specifically to evaluate the initial phase
of the project during the selection of the most suitable strategy that could be used to
improve fish feed formulation. In addition, MYSUSHI research team described the
project during national and international conference through oral presentation and
poster section (Aquafarm 2017, ASPA 2017). RRI action with scientific community
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Table 9.2 Summary of possible feed alternative strategies, evaluated with scientific stakeholders

Source Advantages Disadvantages

Plant based * High availability + Palatability and pathological problems

products » Good protein content + High presence of fiber stimulate more
excretion

+ Lipid fraction rich in -6 instead of ®-3
* Impact on use of soil

Animal + Use of by-products « Risk of disease transmission (TSE)
based * Amino acid profile more * Need of mixing with polyunsaturated fats
products complete than vegetable one to avoid problem of fish digestibility

* Lower price than fish protein |+ Consumer acceptance

GMO Trout | * Increased size of trout fillet + In Europe, use of GM animals is prohibited

(Medeiros et al. 2009) + Public acceptance of GM trout is hard to
achieve
Insect * Very fast production rate + Lipid content not sufficiently rich in
based * Legalized use of insect flour omega-3
products » Presence of chitin can interfere

allowed to evaluate alternative solutions of waste to produce feed as well as some
scientist contributed to improve the nutritional quality of new feeds as described in
Table 9.2. Civil society was reached through two different tools: a project dedicated
website and social networks such as Facebook and Twitter. Facebook page
“MySushi Biotech” has a total coverage of more than 9000 views while Twitter
account (@MySushiBiotech) reached more than 38.000 views. We observed that
citizens prefer to use Facebook to discuss about the aim of project while experts on
specific issues (i.e. food systems) used Twitter to communicate with the project
team. Those tools are also useful in order to contact non-commercial organizations
since they provide full, yet simple explanation of the scientific solution and inter-
action with scientists. Initially, these tools were used to inform a wide public about
MYSUSHI goals and strategy. Currently we are focusing on the presentation of
critical issues of the project (ethical, social and economic) in order to stimulate a
constructive debate to select the most active citizen-stakeholders.

9.4 Outcomes and Strategy for Next Phases

Our RRI analysis allowed to better identify the most suitable tools and strategies to
reach several stakeholder classes. In the case of industrial actors we found
one-to-one meeting the most promising strategy to drive research activities.
However, considering that most of the industrial actors have a strong technical
expertise, RRI team should involve not only experts in communication but also
technical and scientific experts of the aquaculture sector. This could improve the
relationships between industrial actors and scientists. Dedicated visits to the
industrial facilities help the researchers in the identification of the main industrial
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criticisms, for example on the strategy for handling waste material for biotrans-
formation. Concerning scientific stakeholders, we considered the classical ways of
scientific debate (meetings, conferences, papers) the most suitable tool to improve
project’s quality. Finally, citizens represent the most critical class of stakeholders
due to their heterogeneity and lack of information about the criticism of aquaculture
sector. On the whole, the RRI strategy adopted in our preliminary phase was
suitable only for the communication phase but new tools should be identified to
involve the citizen in the definition of innovation strategies, for example by defining
a dedicated course for the more interested stakeholders, and to improve the role of
citizen associations in the RRI evaluation of environmental impact, cost of pro-
duction and future development.
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