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ABSTRACT:

In contrast to traditional agriculture, microbial protein (MP) production is highly efficient in nitrogen (N)
usage and can be employed to valorize a variety of recovered resources, thereby increasing the overall
sustainability of food production. The present study aimed to establish the potential of seven recovered
N sources originating from different waste streams for MP production using ethanol and acetate as growth
substrates. The evaluation was based on specific growth rate, biomass yield, nutritional quality (i.e.
macromolecular composition, amino acid (AA) and lipid profile) and food safety (i.e. concentration of
heavy metals, polyaromatic hydrocarbons (PAH), pesticides and antibiotics) of the MP. The majority of the
recovered N sources did not affect the kinetics and had a minor impact on the biomass yield, compared to
their commercial equivalents. The nutritional content of the biomass was similar to soy flour and did not
show major variations in AA and lipid profile for the different recovered N sources. Considering the heavy
metal content, an average-weighing adult should not consume more than 53 — 213 g of the microbial
biomass produced on recovered N per day due to its high copper content. A substantial amount of PAH
were also found in the biomass. A daily consumption of 20 g/person/day would impose 2.0 — 2.8 times
higher dietary exposure than the mean PAH exposure through nutrition in the EU, indicating a potential
concern for human health. On the other hand, the biomass was free of antibiotics, and the traces of
pesticides found did not raise any major concern for food applications. Based on the results of this work,
no evidence was found to restrict the application of microbial biomass produced on recovered nitrogen as

food.

Keywords: microbial protein, recovered nitrogen, nutritional quality, food safety
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1 INTRODUCTION

About 80% of the nitrogen (N) supplied as fertilizer to produce edible crops is lost in the environment
before it ends up on our plate. In the case of animal products, due to higher inherent losses within the
feed and food chain, the N losses reach values up to 90% (Pikaar et al., 2017). The majority of this N ends
up in our waterways and soil, causing eutrophication, hypoxia, soil degradation, and biodiversity loss
(Sutton et al., 2013). Microbial protein (MP), the biomass of bacteria, yeasts, filamentous fungi, and
microalgae that can be used for food applications, is a protein production strategy characterized by high
N efficiencies (Goldberg, 1985). Thanks to use of bioreactor-based processes, MP offers the significant
advantage over traditional agriculture to be produced in a closed system with control over incoming and
outcoming fluxes (Pikaar et al., 2017). This approach yields a highly nutrient-efficient process where
unused N streams can be recycled internally or treated before being released into the environment (Pikaar
et al., 2018). MP has been presented by a multitude of studies as an attractive solution to tackle: i) the N
inefficiency of animal and plant-based food production, ii) the excessive release of organic N in the
environment, and jii) the potential to use recovered N from waste. In addition, the versatility of microbes
enables the use of many different recovered N sources (e.g. urea, ammonium salts, ammonia water or gas
and nitrate salts) (Goldberg, 1985), making MP highly promising in view of circular N management.

In the context of MP production from waste-derived N, one can distinguish two main approaches: i) MP
cultivation directly in the N-rich liquid waste stream (with existing proofs of concepts using human urine
and different types of wastewater originating primarily from the food processing industry) and ii) MP
production with N recovered from waste via different technologies. The latter offers the potential to
separate N from other components and contaminants present in the waste stream and/or concentrate N
(thereby leading to higher biomass concentrations), facilitating the use of a much wider variety of waste
streams than the first, direct approach. Examples of some of these N recovery technologies are struvite

precipitation (Mehta et al., 2015; Zarebska et al., 2015), air or steam stripping and acid scrubbing (Bonmati
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and Flotats, 2003; Collivignarelli et al., 1998; Ippersiel et al., 2012), vacuum or vacuum membrane stripping
(Ippersiel et al., 2012; Ukwuani and Tao, 2016), (bio) electrochemical cells (Rodriguez Arredondo et al.,
2015), reverse (Gong et al., 2013; Mondor et al., 2008) or forward osmosis (Holloway et al., 2007)

and electrodialysis (Pronk et al., 2006; van Linden et al., 2019). From these recovery technologies, struvite
precipitation, air stripping and acid scrubbing are among the most mature technologies (Chang et al.,
2022).

Among all the experimental studies investigating MP production from recovered N, only two considered
the use of heterotrophic yeasts and bacteria cultivated with water-soluble substrates (i.e. acetate and
cheese whey) (Guida et al., 2022; Matassa et al., 2022). The rest of the available scientific studies used
inorganic gaseous substrates such as CO; and H, or organic gaseous CHs; and biogas to produce their
microbial feed/food product (Allegue et al., 2020; Khoshnevisan et al., 2020, 2019; Oesterholt et al., 2019;
Pan et al., 2021; Pihlajaniemi et al., 2020; Tsapekos et al., 2020; Yang et al., 2022, 2021; Zha et al., 2021).
However, using these gaseous substrates for MP production can give rise to high land area requirements,
for instance in the case of CO; for microalgae cultivation or dedicated crops for anaerobic digestion to
produce CH,4 and CO, (Ciliberti et al., 2016; Majid et al., 2014; Ritala et al., 2017), high capital investments,
safety concerns (i.e. explosivity risks) and low volumetric productivities compared to heterotrophic MP
production from liquid substrates (Senior and Windass, 1980; Vasey and Powell, 1984). On the other hand,
heterotrophic MP production, for instance using ethanol and acetate, could yield a potentially carbon-
neutral process when using substrates produced by combining CO; and H; through carbon capture and
utilization technologies (Van Peteghem et al., 2022).

A limited number of studies have investigated the impact of using waste-derived N on microbial growth
and productivity in comparison to their commercial equivalent (Christiaens et al., 2017; Guida et al., 2022;
Khoshnevisan et al., 2020). Moreover, clear proof of the impact of using recovered N sources on both

process performance parameters and the nutritional characteristics of the final protein product is lacking.
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Given that N recovery can be capital- and energy-intensive (van Eekert et al., 2012), such considerations
are essential to safeguard the economic competitiveness of these concepts. Furthermore, the degree to
which organic and inorganic contaminants, potentially present in the waste-derived N, can accumulate in
these novel food/feed ingredients has never been studied so far. However, such validation is crucial to
comply with human food regulations (Turck et al., 2016).

In view of the above, the present study aimed to compare the MP production potential of seven selected
recovered N sources originating from different waste streams (i.e. coke oven gas (COG), pig manure,
municipal organic waste, (agro-)industrial waste), using ethanol and acetate as substrates (Figure 1). The
selected N sources were recovered with three different technologies, namely air stripping combined with
acid absorption, steam stripping combined with condensation and condensation of COG followed by
neutralization with sulphuric acid. The suitability of each recovered N source for MP production was
evaluated based on the specific growth rate, lag phase, biomass and protein yield and compared with their
commercial equivalent through a series of 96-well plate screening tests. Two model microorganisms were
used for MP production: the yeast Metschnikowia pulcherrima and the bacterium Corynebacterium
glutamicum. Finally, a fed-batch experiment was performed at bench scale to produce yeast biomass and
evaluate its nutritional quality and safety based on i) its macromolecular composition (i.e. proteins, lipids,
carbohydrates, ash, and moisture) and the comparison with existing vegetable and MP alternatives such
as brewer's yeast, spirulina and soy flour and ii) the level of food/feed contaminants that could arise from
the waste-derived N matrix (i.e. heavy metals, poly aromatic hydrocarbons (PAH), antibiotics and

pesticides).
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2 MATERIALS AND METHODS:

2.1 MICROORGANISMS

The yeast M. pulcherrima MUCL 46194 was obtained from the Mycotheque de |'Université catholique de
Louvain (BCCM™/MUCL collection, Belgium). The bacterium C. glutamicum DSM 20300 originated from
the German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). These
species were selected based on their i) ability to assimilate ethanol and acetate, Ji) potential use as an MP
product, and Jjii) best protein yield in comparison to three other MP-suited microorganisms grown on
ethanol according to Van Peteghem et al. (2022). Both species are reported as food ingredients in the
generally regarded as safe list (GRAS) published by the U.S. Food and Drug Administration (FDA) (FDA,
2022). Furthermore, C. glutamicum is recognized by the European food safety agency (EFSA) as a feed
additive and novel food (Koutsoumanis et al., 2021) and is widely employed for industrial amino acid (AA)
production (Kinoshita et al., 1957). M. pulcherrima has been used to modulate the sensory profile of wine
(Morata et al., 2019) and is thus already used in the food and beverage industry.

2.2 SOURCES OF RECOVERED NITROGEN

The recovered N sources used in this study were obtained from different full-scale N recovery facilities in
Belgium, the Netherlands, and Germany (Table 1). In most waste treatment facilities considered in this
study, the waste was treated through anaerobic digestion (AD) to recover energy in the form of biogas.
During this process, digestate is produced and separated through centrifugation into a solid and a liquid
fraction (i.e. centrate). Depending on the targeted end product, N is recovered from the liquid fraction
through stripping and acid absorption (i.e. ammonium sulfate — (NH4).SO4 and ammonium nitrate —
NH4NOs) or via steam stripping and condensation (i.e. ammonia water — NH,OH). In the case of N recovery
from COG, the COG derived from the coking process is directed into a spray-type saturator. Here,

ammonium sulfate is produced through the neutralization of ammonia with sulphuric acid. Downstream,
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the ammonium sulfate lye is centrifuged and dried into salt crystals. Upon collection, the recovered N-

sources were characterized and stored in sealed recipients at room temperature (Table S1, Figure S1).

2.3 EXPERIMENTAL PROCEDURES

The impact of the selected recovered N sources on the specific growth rate, lag phase, biomass and protein
yield, as well as on the protein content of the MP, was determined via 96-well plate experiments. Among
all the different N sources, those with the highest N content were selected as more attractive in view of
future process upscaling, given that these sources imply lower transportation costs (from the N recovery
facility to the MP production site) and do not limit volumetric productivity due to the excessive dilution
that would be needed to supply sufficient N. Therefore, only (NH4),SO4 from COG, NH4;NOs from pig
manure and municipal organic waste (PMOW), and NH;OH from municipal organic waste (MOW) were
used in fed-batch bioreactor experiments to characterize the biomass quality and identify potential
contaminations from the recovered N source (Figure 1).

2.3.1 Inoculum preparation

Prior to the experiments, cultures were pre-grown at 28°C on LB Agar (Lennox, Sigma Aldrich, Germany).
Subsequently, one colony was picked and transferred to LB broth (Lennox, Sigma Aldrich, Germany). The
inoculum was prepared by: i) centrifuging at 6,603 g for 5 min (Centrifuge 5424 R G, Eppendorf, Belgium),
ii) washing with 0.01 M phosphate-buffered saline (PBS, Sigma-Aldrich, Germany), iii) resuspending the
washed pellet in 0.01 M PBS and, iv) correcting the cell concentration to a final optical density (OD) of 2.1
measured at 600 nm using a spectrophotometer (Infinite M200 Pro, Tecan, Switzerland). Finally, the
washed pellet was resuspended in 0.01 M PBS. Each experiment was inoculated at 10% (v/v). This inoculum
preparation procedure was followed in all experiments, while more specific information for each

experiment is given in sections 2.3.2 and 2.3.3.
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2.3.2 High throughput experiments

The impact of the different N sources on the kinetics and yield of MP production was assessed through 96-
well plate tests performed at pH 6.8 and 28°C by using a plate reader (Infinite M200 Pro, Tecan,
Switzerland), with OD measurements every 15 minutes and orbital shaking (180 rpm). The working volume
of each well was 0.2 mL, and every condition was tested in ten replicates, by inoculating ten wells of a 96-
well plate with the same inoculum. Adapted ammonium mineral salts (AMS) medium (excl. N source) was
used as a cultivation medium with acetate (750 mg acetate/L) and vitamins (Table S2). Acetate was
considered more suited for well plate experiments due to its lower volatility (boiling point at atmospheric
pressure: 118°C) in comparison to ethanol (boiling point at atmospheric pressure: 78°C) (Green and
Southard, 2019). The recovered and commercial N sources (Table 1) were filter-sterilized (0.2 um PVDF
filters, Chromafil®) and dissolved in the medium. At the end of each experiment, a homogenized sample
was taken from the ten replicates to determine the acetate and ammonia concentrations. The same
sample was then centrifuged at 20,807 g for 5 min. The supernatant was collected and stored at -20°C
before analysis.

2.3.3 Fed-batch bioreactor experiments

The evaluation of the impact of selected N sources on the quality of the MP biomass was performed by
cultivating M. pulcherrima in a 5L bioreactor (Applikon Biobundle, Getinge, Sweden) equipped with Ez-
control (temperature, stirring, oxygen concentration, pH and level regulation), acquisition software
BioXpert V and a peristaltic feeding pump WM 530SN/R2 (Watson-Marlow, England). The temperature
was kept at 28°C using a heating blanket and cooling finger. Fed-batch operation was selected where each
experiment was carried out in biological duplicates with a starting volume of 2 L and a final volume of 2.5L.
Feeding was initiated after a batch phase of approximately 18 hours, at a rate of 200 mL/day, based on
preliminary experiments. The pH was kept at 6.0 to operate within the preferred pH range of M.

pulcherrima, using 0.5 M NaOH and HCI. Oleic acid was used as an antifoam and manually added during
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the daytime or dosed every four hours via a peristaltic pump overnight (ISMATEC ISM834C, France). The
dissolved oxygen (DO) level was maintained at a minimum of 30% of saturation by adjusting the aeration
(1 -2 volume of air per working volume per minute (vvm)) and agitation levels (400 — 600 rpm). In contrast
to the well plate experiments, after the culture was pre-grown on LB broth, centrifuge, and washed, it was
transferred to an adapted AMS medium (Table S2) with 2 g ethanol/L and 1.1 g NH4CI/L.

The cultivation medium inside the bioreactor was adapted AMS medium (Table S2), ethanol (2 g/L),
supplemented with a recovered N source to reach a C/N ratio of 20 according to the findings of Van
Peteghem et al. (2022). To achieve a high biomass concentration (e.g. 10 — 30 g CDW/L), a concentrated
AMS solution (C/N 20, Table S3) with 40 g ethanol/L and the respective recovered N source was used as
feed. The feeding solution was adapted to pH 6.0 using 2M HCI.

Sampling (ca. 25 mL) was performed three times per day for four consecutive days. Upon sampling, a
volume of 8 mL of each sample was centrifuged at 20,817 g for 5 min. Subsequently, the supernatant was
filtered (0.2 um PVDF filters, Chromafil®) and stored (-20°C) for the determination of anions (i.e. NO;", NO3"
, CI, SO4%), cations (i.e. NH4*, Na*), acetate and ethanol. The remaining sample was stored at -20°C for
protein and total suspended solids (TSS) analyses. At the end of each experiment, the biomass was
harvested through centrifugation at 7,500 g for 45 min (Avanti JXN-30 series, rotor: JLA-8.1000, Beckman
coulter, Belgium), washed with 0.1 M PBS and again centrifuged (7,500 g, 45min). The resulting biomass
paste was frozen at -20°C and was then lyophilized for seven days (Lyovapor L-200, Buchi). Finally, the
biomass was ground using a mortar and pestle and stored at 4°C until subsequent analysis (section 2.5.2).
2.4 ANALYTICAL TECHNIQUES

The biomass concentration, expressed as g cell dry weight (CDW) per L, was quantified as TSS according to
standard methods 2540 D for the fed-batch experiments. In the case of the 96-well plate experiments, a
calibration curve was used to convert OD into CDW for each organism. An lon Chromatographer (930

Compact IC Flex; Metrohm®, Switzerland), equipped with a Metrosep C6-250/4.0 column and conductivity
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detector, was used to determine the cations. The moisture content and ash fraction of the lyophilized
biomass were determined gravimetrically by drying at 105°C (moisture content) overnight and incineration
at 550°C for 1.5 hours (ash fraction). Anions were analyzed with an lon Chromatographer (930 Compact IC
Flex) with Metrosep A supp 5-150/4.0 column and conductivity detector (Metrohm, Herisau, Switzerland).
The concentration of ethanol and acetate were determined using an HPLC (Prominence-i LC 2030 Plus,
Shimadzu) equipped with a refractive index detector (RID-20A, Shimadzu) and an Aminex HPX-87H column
with 9 um particle size (7.8 x 300 mm, Bio-Rad), at an eluent (5 mM H,SO,) flow rate of 0.60 mL/min at
41°C.

The subsequent analysis were carried out for the biological duplicates of each condition tested in fed-
batch, except for the analysis for antibiotics where only one replicate was used.

The analysis of cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), nickel (Ni), zinc (Zn), and arsenic (As)
was preceded by digestion of the lyophilized biomass suspensions with HNO; (65 %, VWR) in a closed
vessel (MARS 6 |-wave system, CEM, Belgium) and mercury (Hg) analysis was preceded by digestion with
Au in a closed vessel. All metal concentrations were determined using inductively coupled plasma mass
spectrometry (ICP-MS, Perkin EImer, NexION 300, United States of America).

Pesticides (Table S9) were extracted from lyophilized microbial biomass (5 g) by shaking the samples for 3
h at 300 rpm with acetonitrile (ACN). Samples were centrifuged for 5 min at 12,857 g, the supernatant was
collected, evaporated with a rotary evaporator and dissolved in a mixture of ultra-pure water and ACN
(9:1 v/v). The final detection and quantification were done through a multi-residue method (Claus and
Spanoghe, 2020) using a LC—-MS/MS (Waters ACQUITY UPLC, Xevo TQDmass spectrometer). Recoveries,
limits of detection (LOD) and limits of quantification (LOQ) were generated through the spike-placebo
method. Recovery values for the microbial biomass matrix for azoxystrobin and imazalil were respectively

23+ 6% and 10 + 0.36%.
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For antibiotics analysis (Table S4), a sample of 1 g was suspended in 4 mL water, homogenized with
antibiotics internal standards and left to equilibrate for 10 min. Subsequently, 6 mL of ACN-ULC grade was
added, samples were vortexed for at least 30 s and centrifuged for 10 min at 1,900 g and 18°C. The
supernatant was collected and evaporated at 60°C. The residue was redissolved in 1 mL ammonium
acetate (0.2 mol/L), vortexed for 2 min, centrifuged for 5 min at 1,900 g and 18°C, and filtered (PTFE, 0.2
um) before analysis. The analysis was performed using LC-MS/MS (Waters, Acquity, UPLC Premier HSS T3
with VanGuard FIT, 1.8 um, 2,1 x 100 mm).

The PAH were extracted from lyophilized biomass by pressurized liquid extraction (PLE) using an ASE350
(Dionex). Extraction cells were filled with diatomaceous earth (Celite 545, Sigma-Aldrich), ca. 1.5 g of
sample and 20 uL solution with recovery standards. Extraction was performed with hexane:acetone 3:1
v/v and the specific PLE settings were adopted from De Witte et al. (2019). Subsequently, the supernatant
was evaporated to 1 mL with a Turbovap |l evaporator and applied on a glass column (10 nm internal
diameter) filled with 2.0 g of aluminum oxide (Aluminum oxide 90 active basic, Merck) and deactivated
with 10% of deionized type 1 water. The extract was eluted with 15 mL hexane and again evaporated to 1
mL. Next, the extract was applied on a second glass column (10 nm internal diameter), filled with 1.0 g of
silica (Silica gel 60, Merck) and conditioned with 10 mL hexane, and eluted with 28 mL of hexane. The
extract was again evaporated and reconstituted in 0.5 mL isooctane, after which it was analyzed using GC-
MS (Agilent 7890A GC) equipped with a PAH column (Agilent, 30 m, 0.25 mm, 0.25 um) and MS detector
(Agilent 5975C) (De Witte et al., 2019).

The total (crude) protein concentration was determined through the Pierce™ BCA Protein Assay Kit
(Thermo Scientific™, Belgium) with bovine serum albumin as a standard. The total carbohydrate content
was analyzed with the colorimetric method of Josefsson (1983), measuring the colored derivative
generated after L-tryptophan, sulfuric, and boric acid addition using a spectrophotometer (Spectronic 22,

Thermo Scientific, Belgium) at 520 nm and D-glucose (299.5%, Carl Roth) as a standard. The determination

11
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of the AA profile of the lyophilized biomass was done by HPLC with UV detection according to the AOAC
method 2018.06, preceded by acid hydrolysis (6M HCI) for 24 hours and derivatization using 6-amino
quinolyl-N-hydroxysuccinimidyl carbamate. Tryptophan content was determined after alkali hydrolysis
followed by HPLC with fluorescence detection (Reference 1ISO 13904:2016). The fatty acid profile was
established according to the ISO 12966-1:2014 reference method. Fatty acids were extracted from the
lyophilized biomass by the Soxhlet method, hydrolyzed, converted into their methyl esters, and measured
using a GC equipped with a flame ionization detector.

2.5 CALCULATIONS

2.5.1 Specific growth rate and lag time estimation

The OD corrected with the un-inoculated control of each sample was log-transformed and used to fit the
Richards equation (Equation 1) using the nls.Im optimization algorithm from the minpack.Im package in R
(Begot et al., 1996). The specific growth rate for each condition could be calculated from this fit, as

described in Candry et al. (2018).

1

ln( AOD ) — 4« <1 + v xeltV 4 gar (1HV) Ul—f)) Equation 1

AODpin

The Richards equation estimates: carrying capacity (A), specific growth rate (u), lag time (A), and a shape
factor with no biological meaning (v).

2.5.2 Biomass and protein yields

Biomass (Yxs) and protein (Ypss) yields for the well plate experiments were calculated according to
equations 2 and 3. Biomass, substrate, protein, and acetate are indicated by X, S, p, and Ac, respectively.
The initial and final amounts of biomass and acetate are expressed as CDW,, Ac; and CDWs, Acs
respectively.

Y [ g CDW _ (cDW £[g TSS]-CDW;[g TSS])
X/$ 9 ACconsumed (Acf[g]—Aci[g])

Equation 2

12
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cow rotein .
g ] * [gp— Equation 3

(O rovemn Rk O] Py o
/s 9 ACconsumed X/S 9 ACconsumed g cow

2.5.3 Biomass nutritional quality and safety assessment

The potential of microbial biomass, produced with recovered N sources, as a human food source was
evaluated based on the nutritional quality and the presence of contaminants. About 30 g of M. pulcherrima
biomass was produced in a fed-batch bioreactor and subsequently lyophilized into dry microbial biomass.
The nutritional quality of the produced microbial biomass was compared to brewer's yeast, spirulina, and
soy flour. These reference products cover the same applications as the ones envisioned for the biomass
produced in this study (e.g. dietary supplements, a substrate for food extrusion of textured meat
alternatives, and additives in baked products). For the analyzed metals a distinction was made between
the different metals as follows: Cr and Ni are referred to as ultra-trace elements, since they are suggested
to have an essential biochemical function in humans but not clearly identified (Berdanier et al., 2007), Zn
and Cu are referred to as inorganic elements present in food essential to the development and functioning
of the human body (Solan, 2021) and all other measured metals (i.e. As, Pb, Cd, Hg) are considered as
elements in food that have a relatively high density and are toxic or poisonous at low concentrations
(Schrenk and Cartus, 2017) and are therefore referred to as heavy metals. As a reference level for
contamination of food by heavy metals and PAH, the highest and lowest limits defined by the European
Commission for various foodstuff were used (European Commission, 2011; European Parliament and the
Council of the EU, 2006). For the safety assessment, a recommended intake of 20 g/person/day was used
to calucalte related risks (Reed et al., 1990; Schulz and Oslage, 1976). This intake corresponds to the
recommende intake for brewer’s yeast, which had the highest intake from the three chosen reference
products and therefore is used for the estimation of the highest risk.

2.54 The amino acid score

The nutritional quality of the biomass was assessed via the AA score (Oser, 1959), which determines the

effectiveness of meeting the essential AA at a recommended level of protein intake (equation 4). A score
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equal to or higher than 1 indicates a specific AA fulfills or exceeds the nutritional requirement per amount

of provided protein.

mg AA/g protein

AA score = Equation 4

mgAA/g protein in required pattern

2.6 STATISTICAL ANALYSIS

Prior to any statistical test, the normality of the distributions of lag time, growth rate, biomass, and protein
yield was verified using QQ-plots and the Shapiro-Wilk test. An independent sample t-test was performed
for the normally distributed data to identify a significant difference between average growth rates, lag
times, and yields. The homogeneity of the variances was verified with Levene's test. The Wilcoxon signed-
rank test was applied for all conditions with a non-normal distribution. P-values below 0.05 were
considered statistically significant. All analyses were conducted in R (v3.6.1).

2.7 DATA AVAILABILITY

The majority of the raw data is available in supplemental file. Other relevant data can be provided upon

request.

3 RESULTS

3.1 HIGH THROUGHPUT SCREENING OF THE IMPACT OF THE RECOVERED N SOURCES ON GROWTH
KINETICS AND YIELDS

The impact of different recovered N sources on the kinetics and yields of M. pulcherrima and C.

glutamicum, was evaluated through 96-well plate experiments. The specific growth rates achieved using

recovered N in the form of (NH4),SO,4 presented insignificant differences (Table S5) from those achieved

when the commercial equivalent was supplied as N source to C. glutamicum and M. pulcherrima (Figure

2; Table S5). The specific growth rates when the microorganisms were cultivated using NH4sNOs showed a

similar trend. The specific growth rate of C. glutamicum and M. pulcherrima when using commercial

14
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NH4NOs was not significantly different (p = 0.44 — 0.76) from the recovered N source (Table S5). In the case
of C. glutamicum grown on recovered NH;OH from PMOW and MOW, the average specific growth rate
was between 1.6 and 1.9 times lower compared to commercial NH;sOH. The growth rate of M. pulcherrima
grown with NH,OH recovered from MOW was also 1.3 times lower than commercial NH,OH. The other
two recovered NH,OH sources (from PMOW and industrial and agro-industrial organic waste (IWAW))
showed an average specific growth rate of 0.29 h! that was not significantly different (p = 0.78 — 0.96)
from the commercial N source (0.29 + 0.05 h?).

The biomass yield on acetate when using recovered N was equal to or lower (1.0 — 1.3 times) compared to
commercial N (Figure 3). A similar trend was observed for the protein yields, which were approximately
equal (0.91 — 1.0 times) and up to 2.2 times lower for the recovered N sources. Overall, biomass yields for
C. glutamicum were 1.3 — 2.8 times higher compared to M. pulcherrima, while protein yields were
comparable for both the bacterium (0.048 — 0.11 g protein/g AcCconsumed) and the yeast (0.06 — 0.10 g
protein/g AcCconsumed)-

In summary, M. pulcherrima showed the smallest differences between specific growth rates, lag time
(Figure S2), and protein yields on commercial and their respective recovered N sources compared to C.
glutamicum. Typically, protein yields were lower for the recovered N sources in comparison to their
commercial equivalent. Only M. pulcherrima grown on (NH4),SO4 recovered from COG showed a protein
yield 1.1 times higher than that obtained with the commercial and recovered resources (Figure 3). In
addition, NH4OH recovered from IWAW was the only recovered NH4OH that yielded a significantly similar
specific growth rate for both M. pulcherrima and C. glutamicum grown on commercial NH,OH. Similarly,
the biomass yield on NH,OH recovered from IWAW was comparable to that obtained with commercial
NH4OH for both M. pulcherrima and C. glutamicum. Considering these, (NH4).SO4 recovered from COG,
NH4NOs recovered from PMOW, and NH,OH recovered from IWAW were chosen for the subsequent fed-

batch experiments.
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3.2 CONTAMINANTS PROFILE OF THE PRODUCED MICROBIAL BIOMASS

3.2.1 Heavy metals

The heavy metal content in the microbial biomass ranged from: 3.3 — 13 pg/kg biomass for mercury (Hg),
6.1 — 545 pg/kg biomass for cadmium (Cd), <8.3 — 29 pg/kg biomass for lead (Pb) and <17 — 20 pg/kg
biomass for arsenic (As) (Figure 4A). In the samples from recovered NH,OH and NH4NOs, respectively, Pb
and As were not detected. Overall biomass from recovered NH,OH had the lowest content in all heavy

metals except for Cd compared to biomass produced with the other two recovered N sources.

3.2.2 Polycyclic aromatic hydrocarbons

All the PAH that were analyzed in this study were detected in the microbial biomass except for
indo(123cd)pyrene (Figure 4B). The microbial biomass produced with recovered (NH4),SO,4 from COG and
NH4OH from IWAW contained a similar amount of each one of the quantified PAH. Biomass produced with
recovered NH;NOs; from PMOW had a PAH profile similar to the other recovered N sources, but a
consistently lower content (1.1 — 26 times lower). The three types of microbial biomass contained high
amounts of chrysene (38 — 93 ug/kg biomass), pyrene (21 — 65 pg/kg biomass), fluorathene (13 — 43 pg/kg
biomass), benzo(a)anthracene (11 — 38 pg/kg biomass) and fenanthrene (8 — 23 pg/kg biomass). The
content of the other PAH found in the microbial biomass varied between 0.8 and 9.6 pug/kg biomass.
3.2.3 Antibiotics and pesticides

The microbial biomass was analyzed for 85 different types of antibiotics (e.g. veterinary drugs) (Table S4).
None of the analyzed veterinary drugs were detected in any of the biomass products. A list of all the
analyzed pesticides can be found in Table S6. From the 110 analyzed pesticides two could be detected and
guantified in at least one of the M. pulcherrima samples. Specifically, azoxystrobine was present in one of

the two microbial biomass samples produced with recovered (NH4),SO, from COG (24 pg/kg biomass), in
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the other duplicate azoxystrobine was not detected. For biomass produced with recovered NH,OH from
IWAW, azoxystrobine had an average content of 18 £ 3 ug/kg biomass. Imazalil was found in one of the
two M. pulcherrima samples produced with recovered NH4OH, at a content of 7 ug/kg biomass.

3.3 NUTRITIONAL QUALITY OF THE MICROBIAL BIOMASS

3.3.1 Composition of the biomass product

All products, the reference and microbial biomass of M. pulcherrima produced here, are powdery food
products with a similar moisture content (= 5%) (Figure 5). The protein content in the microbial biomass
varied between 26 — 31% using the three different recovered N sources (Figure 5). M. pulcherrima grown
with recovered NH4sNO; from PMOW displayed the highest protein content, while the lowest content was
found in the biomass produced with (NH4),S04 from COG. Similar to the protein, the carbohydrate content
was comparable for the three tested recovered N sources and varied between 27 —33%. The lipid content
presented a higher variability between the different conditions (25 — 36%). Specifically, microbial biomass
produced with recovered NH;NOs contained the lowest amount of lipids, and microbial biomass produced
with recovered (NH4),SO, the highest. A slightly higher variability in the ash content over the different
samples of microbial biomass (3.8 — 6.7%) was noted.

Overall, the protein content of the microbial biomass (26 — 31%) produced in this work is 1.2 up to 2.2
times lower compared to the reference products (38 — 58%). On the other hand, the carbohydrate content
of M. pulcherrima (27 — 33%) is similar to spirulina and soy flour (24 — 32%), but brewer's yeast has 1.3 —
1.5 times more carbohydrates than M. pulcherrima. From all the major defined organic constituents, the
lipid content of the microbial biomass differs the most from the reference products (1.2 — 4.7 times higher
in the microbial biomass). The moisture and ash content covered a similar range for the reference products
(moisture: 4.7 — 5.2%; ash 4.5 — 6.2%) and microbial biomass (moisture: 5.0 — 7.0%; ash: 3.8 — 6.7%).
Amongst the products compared, M. pulcherrima biomass produced with recovered NH;NO3 and soy flour

show the best conformity in terms of macromolecular composition.
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3.3.2 Amino acid profile

The amino acid profile of the three samples of M. pulcherrima biomass is highly similar for both essential
and non-essential AA for human nutrition (Figure 6A). Here, all biomass samples from M. pulcherrima had
an average AA score between 1.1 and 1.3 (Figure S4), where a value of 1.0 represents a perfect match with
human requirements. Considering the individual AA, the three microbial biomass samples were mainly
short in histidine, isoleucine, leucine, methionine and valine. For these five essential AA, the AA score
ranged from 0.33 — 0.94. In the case of biomass production from recovered (NH4),SO4 and NH,OH, lysine
also did not reach an AA score of 1.0.

Overall, the reference products contained equal or higher amounts of each AA in their protein (g AA/g
protein) than the microbial biomass from this study. The only two exceptions were the conditionally
essential AA cysteine and the non-essential AA serine. All proposed reference products have an AA score
above 1.0 for all the essential AA (Figure S4).

3.3.3 Fatty acid content

Small variations were noted in the fatty acid profile of the biomass produced with the three selected
recovered N sources. The microbial biomass produced from NH4sNOs had the overall lowest lipid content
(25 £ 1 %) (Figure 5). Specifically, the biomass contained less palmitoleic acid (10 — 17 times), oleic acid
(1.2 — 1.3 times) and linoleic acid (1.4 — 2.3 times) compared to the other biomass produced in this study
(Figure 6B). The microbial biomass was generally rich in unsaturated fatty acids, which comprised 24 —35%
of the total biomass, with the majority of it (22 — 30% of the total biomass) being oleic acid. Linoleic acid
was the second most abundant fatty acid (1.9 — 4.4 % of the total biomass).

The fatty acid content of the selected reference products was substantially different than the microbial
biomass produced in this work (Figure 6B). For instance, the fatty acids lignoceric acid (24:0) and eicosenoic

acid (20:1), present in all microbial biomass, were not detected in any of the reference products. In
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addition, brewer's yeast did not contain any essential fatty acids linoleic and a-linoleic acid. In the case of
the produced microbial biomass, the former was the second most prevalent fatty acid in M. pulcherrima
biomass. Oleic acid could be found in the three reference products but was 4.8 — 87 times more
concentrated in the microbial biomass. In the case of spirulina and soy flour 27 and 58% of the total lipid
content, respectively are essential fatty acids. For the microbial biomass, this ranged from 7.7 to 12%. All
reference products contained more saturated fatty acids, 12 — 34% of the total fatty acids, compared to
the microbial biomass (3.0 — 5.5% of the total fatty acids). Considering the complete product, soy flour and
spirulina contain the highest amount of saturated fatty acids (2.7 — 3.0% of the biomass), while brewer's

yeast (1.0% of the product) and microbial biomass (1.1 — 1.4% of the product) had similar content.

3.3.4 Minerals and ultra-trace elements

The measured ultra-trace elements of the microbial biomass produced from the three selected recovered
N sources showed little variability, with values of 0.08 — 0.20 mg/100 g biomass for chromium (Cr) and
0.10 — 0.24 mg/100 g biomass for nickel (Ni). The mineral zinc (Zn) also displayed a small variability: 0.56
—0.81 mg/100 g biomass (Figure 7). The copper (Cu) content of M. pulcherrima biomass produced from
recovered NH4NOs was the highest at 8.5 mg/100 g biomass. In contrast, the Cu content for biomass
produced on recovered (NH4),SO, and NH,OH amounted to 3.6 and 2.0 mg/100 g biomass, respectively.
The Cr content in the microbial biomass product generated in this study (0.08 — 0.20 mg/100 g) was lower
or similar to the reference products (0.03 —0.10 mg/100 g). The second quantified ultra-trace element, Ni,
was 2.7 — 6.4 more concentrated in soy flour than in the microbial biomass. The mineral Cu was 1.2 — 39
times more concentrated in the microbial biomass in comparison to the reference products. Finally, Zn

was 3.3 — 24 times more concentrated in the reference products as to the microbial biomass.
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4 DISCUSSION

4.1 POTENTIAL OF RECOVERED N SOURCES FOR MICROBIAL PROTEIN PRODUCTION

From all the tested recovered N sources, NH,OH recovered from MOW was the only N source that
significantly impacted the specific growth rate of M. pulcherrima and C. glutamicum (Figure 2). The
recovered NH,OH from PMOW also negatively impacted the specific growth rate of C. glutamicum. Overall
recovered N sources had little to no effect on the specific growth rates of M. pulcherrima and C.
glutamicum. Guida et al. (2022) reached a similar conclusion for C. glutamicum, Cupriavidus necator,
Yarrowia lypolitica, Wickerhamomyces anomalus and Komagataella phaffii grown with recovered NH,OH
from brines used in municipal wastewater treatment. Also, Khoshnevisan et al. (2020) observed no
substantially different growth rates for methanotrophic bacteria produced with electrochemically
extracted N from digestate (derived from MOW) and commercial NH4Cl. In contrast, a series of studies did
observe significant differences in growth rate when recovered and commercial N sources were used (De
Paepe et al., 2020; Kurcz et al., 2018; Tsapekos et al., 2019; Zeng et al., 2023; Zha et al., 2021). However,
in these studies, the difference in growth rate was presumably linked to the lack of other nutrients in the
medium or different substrate concentrations. For example, Tsapekos et al. (2020) saw a higher growth
rate with methanotrophic bacteria grown with commercial NH4,Cl compared to digestate because the
latter was short in iron and copper. In summary, in this study and in results reported in literature,
recovered N sources rarely impacted the specific growth rate of microorganisms used to generate MP
products.

Next to the specific growth rate, the overall production potential of MP is also determined by the biomass
yield. In accordance with the specific growth rate, the biomass yield of NH;OH recovered from MOW
grown with M. pulcherrima and C. glutamicum, as well as the biomass yield from recovered NH,OH from

PMOW grown with C. glutamicum was substantially lower (1.24 — 1.31 times) in comparison to their
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commercial equivalent (Figure 3). Therefore, these specific recovered N sources are less suited for MP
production. The biomass yields for M. pulcherrima and C. glutamicum were for all recovered (NH4),SO,,
about 20% lower compared to commercial (NH4)2SO., even though their specific growth rates were not
significantly different. Guida et al. (2022) also found more variation in the biomass yields for the same
recovered N source grown with different heterotrophic yeasts and bacteria, while specific growth rates
were not significantly different. The study of Tsapekos et al. (2020) revealed that semi-continuously fed
methanotrophs (dilution rate: 0.008 h'!) with pure methane and electrochemically recovered NH;* from
digestate had a slightly higher biomass production (2.01 + 0.09 g CDW/L) in comparison to commercial
NH4Cl (1.81 £0.12 g CDW/L). On the other hand, Yang et al. (2021) did not observe a significant difference
in biomass yield for commercial NH4Cl and electrochemically recovered NH;" from reject water and
digestate with methanotrophic bacteria. In a similar set-up with NH,* electrochemically recovered from
MOW, biomass yields on recovered N were around 20% lower than growth with commercial N
(Khoshnevisan et al., 2020). Based on the above, one can conclude that with careful selection of the
recovered N sources it is possible to reach similar productivities as their commercial equivalents, thereby
enabling N-neutral food production. Obviously, much depends on the selected recovered N source and
microorganism(s).

4.2 MICROBIAL BIOMASS PRODUCED WITH RECOVERED NITROGEN COULD BE SAFE FOR HUMAN

CONSUMPTION

Even though there is an increased interest in N recovery technologies, information on the complete
composition of the generated recovered N product is lacking (Bloem et al., 2017; Deng et al., 2021).
Moreover, these products are mainly used as a fertilizer for plant production. Introducing the recovered
N in our food system via the more resource-efficient MP production route could give rise to safety
concerns. However, the M. pulcherrima biomass from this study, produced for human consumption with

recovered N, posed a minimal safety risk for most contaminants if a daily recommended intake of 20 g of
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biomass was respected and special attention is given to the PAH content. Overall, the detailed safety
assessment performed here could aid future policy strategies aimed at the introduction of recovered N in

various biotechnological applications.

4.2.1 (Heavy) metals

Yeasts and bacteria can bioaccumulate metals (Eltarahony et al., 2021), i.e. if heavy metals are present in
the recovered N, they could accumulate in the biomass. Metals like As, Cd, Hg, Pb, and Cr can only originate
from the recovered N sources, while Zn, Ni, and Cu are also added via the trace element solution in the
cultivation medium to support microbial growth (Table S3). Metals can be present in a wide variety of
nutritious foods, some of these metals are considered essential for human nutrition (Cu, Zn, Cr), and some
are toxic (i.e. As, Cd, Hg, Pb, Ni). However, given that all metals are toxic when a certain intake is exceeded,
the provisional intake from the Joint FAO/WHO Expert Committee on Food Additives (JECFA) and the EFSA
was considered to determine the tolerable daily intake (EFSA-CONTAM, 2014, 2010, 2009; EFSA, 2020;
JEFCA, 1995). Based on the recommended intake of brewer's yeast (20 g/person /day)* and provided one
consumes no other products that contain heavy metals (EC, 1997), the estimated intake of all metals
ranged from 0.07 to 1,719 ug metal/day for the different MP from recovered N (Table S7). This
corresponded to a maximal of 38% of the tolerable daily intake for an adult with an average body weight
of 62 kg (Walpole et al., 2012). Surprisingly, not the heavy metals As, Cd, Hg or Pb (JEFCA, 1995), but the
mineral, copper restricted the tolerable daily consumption of the different M. pulcherrima biomass
samples. In other words, an average-weighing adult should not consume more than 53 — 213 g per day of
MP produced on recovered N due to its copper content (Table S7). Theoretically, all copper accumulated
in the biomass could originate from the growth medium. Possibly, the copper content could be reduced

by reducing the copper concentration of the medium. The total amount of zinc added through the defined

1 From the three refence products considered in this study, brewer’s yeast had the highest recommended intake and
therefore is used for the estimation of the highest risk.
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medium is lower than the zinc content measured in the biomass, which indicates that at least a part of the
zinc in the biomass could originate from the recovered N sources. In summary, the microbial biomass
produced with recovered N from this study can be safely consumed by an average-weighing adult if the
recommended daily intake of 20 g is respected.

4.2.2 Polycyclic aromatic hydrocarbons

PAH naturally occur in oil deposits and coal (Diggs et al., 2011) and due to the hydrophobic and lipophilic
nature of PAH, they can easily accumulate in the food chain (Pensado et al., 2005). The PAH can
contaminate food products through environmental (e.g. deposition on crops, oil spills in the sea) or
anthropogenic (e.g. cooking, industrial food processing) pathways (Bansal and Kim, 2015). No provisional
tolerable weekly intake or equivalent recommendation for PAH in food was found, possibly due to the fact
that less information is available about the toxicity of PAH in comparison to heavy meals for instance.
Instead, the risk of consuming 20 g of M. pulcherrima biomass daily by an average weighing adult of 62 kg
is assessed (section 4.1.1). The dietary exposure of the marker benzo[a]pyrene (BaP) for carcinogenic PAH
in food is calculated to range from 24 — 52 ng/person/day for M. pulcherrima biomass from recovered N
(Table S8). In contrast, the mean dietary exposure in the EU of BaP is estimated at 242 ng/person/day
(EFSA, 2008). In other words, the BaP intake via M. pulcherrima biomass from recovered N could be
considered acceptable. However, if chrysene, benzo[b]fluoranthene, and benz[alanthracene (PAH4), are
also considered, the dietary exposure to BaP and chrysene and PAH4 from M. pulcherrima biomass from
recovered N is close to (0.85 — 1.1 times) or 2.0 — 2.8 times higher than the mean dietary exposure in the
EU. To effectively assess the risk related to this intake, the 95% lower confidence limit of the benchmark
dose for a 10% increase in tumor-bearing animals (BMDLo), was chosen as a reference point to calculate
the margin of exposure (MOE) (EFSA, 2008; Larsen, 2006) (Table S8). Specifically, the MOE for M.
pulcherrima biomass from recovered NHsNO; (ranging from 13,868 — 20,466 for the measured PAH)

indicated a low concern for consumer health, as this exposure is also in line with the MOE median in Europe
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(9,346 — 17,949) (EFSA, 2008). However, the MOE for M. pulcherrima biomass from recovered (NH4)2S04
and NH,OH varied between 5,594 and 8,524 for BaP and chrysene, and PAH4, which the EFSA Scientific
Committee (EFSA, 2005) indicates as a potential concern for consumer health. This analysis reveals that,
to use recovered N sources for MP production, special attention should be paid to their PAH content as
well as the PAH accumulation in the biomass.

4.2.3 Other contaminants

Considering the waste streams ammonia water and salts are typically recovered from e.g. animal manure
or sludge from agro-industrial wastewater treatment, food contaminants such as veterinary drugs and
pesticides may also occur in the recovery product (Vaneeckhaute et al., 2017). In the M. pulcherrima
biomass from recovered NH4NOs;, none of the 85 tested antibiotics (Table S4) and 110 pesticides (Table
S6) were detected. In the case of M. pulcherrima biomass from recovered (NH4);SOs and NH4OH, no
antibiotics were found. However, the fungicides imazalil and azoxystrobin were both detected in biomass
from recovered NH,OH. The latter was also detected in M. pulcherrima biomass from recovered (NH4),SOa.
This was unexpected given that the recovered (NH,),SO, originates from COG, and azoxystrobin is neither
used nor expected to appear at any point in the N recovery process from COG during storage or
transportation. Nevertheless, it cannot be excluded that both fungicides entered the M. pulcherrima
biomass during the harvesting and drying of the biomass, given that these processing steps were executed
in a non-food grade lab environment, where these fungicides could have been present. Regardless of the
origin of these fungicides, the low amount present in the M. pulcherrima biomass poses minimal risk. An
average-weighing adult would have to consume 425,000 up to 1,016,000 g biomass/day to exceed the
acceptable daily consumption of any detected pesticides (Table S9). In comparison, to meet the reference

intake of protein about 161 up to 198 g biomass/day should be consumed (Table S10).
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4.3 NUTRITIONAL QUALITY OF M. PULCHERRIMA BIOMASS FROM ETHANOL AND RECOVERED N

The macromolecular composition of the M. pulcherrima biomass generated in this work was closest to the
composition of soy flour. Typically, the biomass contained similar or lower amounts of essential and
conditionally essential AA than the three reference products, except for cysteine. The two essential fatty
acids, linoleic and a-linoleic acid were both present in the produced microbial biomass, while these are
absent in brewer's yeast.

4.3.1 Protein content and amino acid profile

In accordance with the results from the well plate experiments (Figure S3), the protein content (26 —31%)
showed little variation for the chosen recovered N sources (Figure 5). Given that ammonium was added in
equimolar concentrations and M. pulcherrima cannot utilize nitrate (Senses-Ergul et al., 2006), it was
evident that the different recovered N sources did not induce significant variations in the protein content.
The protein content of the biomass in this study was also in line with the protein content of M. pulcherrima
grown on ethanol and commercial NH4Cl found in literature (31 — 33%) (Van Peteghem et al., 2022), but
lower in comparison to the chosen reference products (Figure 5). Accordingly, the intake of 100 g of M.
pulcherrima biomass covers 53 — 62% of the dietary reference intake for protein (EFSA Panel on NDA,
2012) (Table S10). Intake of 100 g of the reference products represents 77 to 115% of the dietary reference
(Table S11).

In addition to the bulk protein content, the AA profile is another principal marker used to evaluate the
nutritional quality of food. As for the protein content, the AA profile was almost identical for the three
recovered N sources (Figure 5). This suggests the possibility that the type of recovered ammonium salt has
little to no effect on the protein composition of microbial cells. All AAs essential for human diet were
present in the M. pulcherrima biomass, but their overall content was lower than those of the reference
products. While none of the reference products had an AA score lower than one for any essential AA, the

M. pulcherrima biomass was deficient in histidine, isoleucine, leucine, methionine, and valine. It was also
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found that M. pulcherrima biomass grown with ethanol and NH.Cl had a deficiency for isoleucine, leucine,
histidine, and methionine (Van Peteghem et al., 2022). Surprisingly, the M. pulcherrima biomass had a 1.5
up to 2.8 higher content of the sulfur-containing cysteine in comparison to the reference products.
Cysteine is a conditionally essential AA and is important for infants and adults with a poor vitamin B status
or that consume alcohol (WHO and UNU, 2007).

4.3.2 Lipid content and profile

M. pulcherrima is known for its antimicrobial, wine aroma-improving and lipid-accumulating properties
(Morata et al., 2019). The M. pulcherrima biomass produced in this study had a total lipid content of 25 —
36%. Typically, lipids are accumulated in yeast biomass under N-limiting conditions (Certik and Shimizu,
1999). In none of the experiments, N was fully consumed, but concentrations were typically low at the end
of the experiments (0.02 — 0.51 g ammonium/L). The final ammonium concentration was the lowest for
M. pulcherrima grown with recovered NH4OH (0.02 — 0.04 g ammonium/L) and the highest for recovered
NHsNOs (0.24 — 0.51 g ammonium/L), which corresponded to respectively the highest (36%) and lowest
(25%) lipid content in the biomass. It is possible that N-based protein synthesis was jeopardized in favor
of lipid synthesis (Abeln, 2020). The lipid content was also higher than all reference products (7.7 — 21%).
Evidently, the intake of 100 g M. pulcherrima biomass covers a more significant part of the dietary lipid
reference intake (43 — 51%) than for the reference products (11 —30%) (Table S10 and S11). However, the
majority of the lipids in the M. pulcherrima biomass were unsaturated fatty acids (95 — 97% of the total
lipid content), while for the reference products, 66 — 87% of the total lipids were unsaturated. As a result,
the consumption of 100 g of the reference products covers equal or higher portions (5 — 15%) of the
saturated lipid dietary reference intake in comparison to the M. pulcherrima biomass (5 — 7%) (Table S10
and S11). In general, nutritional guidelines recommend reducing the intake of saturated fatty acids to

minimize cholesterol levels and thus the risk of cardiovascular disease (EFSA Panel on NDA, 2010).
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As for AA, some fatty acids are essential in a human diet since the human body cannot produce them. Both
the essential fatty acids, linoleic acid (18:2n-6) and a-linolenic acid (18:3n-3), were present in the M.
pulcherrima biomass (Figure 5). Moreover, the linoleic acid content in the M. pulcherrima biomass was
higher than the reference products brewer's yeast and Spirulina. The overall fatty acid composition of the
M. pulcherrima biomass was in line with the composition from M. pulcherrima grown on sugars and was
similar to olive oil (Abeln, 2020; USDA Agricultural Research Service, 2019). The most dominant fatty acid
present in the biomass was oleic acid (84 — 86% of the total lipids). It cannot be excluded that some of the
oleic acid in the biomass originated from its addition as antifoam. However, regardless of its origin, this
fatty acid composition reflects that of the M. pulcherrima biomass that would be produced in an industrial
context, where the addition of a food-grade antifoam such as oleic acid, would be required. Oleic acid is
one of the most common monounsaturated fatty acids in human nutrition (Krishnan and Cooper, 2014)
and diets rich in this fatty acid are suggested to be beneficial for regulating body weight and preventing
obesity (Liu et al., 2016; Tutunchi et al., 2020).

4.3.3 Other macromolecular elements in biomass

Next to lipids and protein, the M. pulcherrima biomass was also rich in carbohydrates (27 — 33%) (Figure
5). Typically, the main carbohydrate storage compounds in yeasts are glycogen (i.e. polysaccharide) and
trehalose (i.e. disaccharide) (Sols et al., 1971). For human nutrition, more complex carbohydrates are
preferred over sugars (Who et al., 2003). Overall, the dietary reference intake for carbohydrates covers a
similar range for the M. pulcherrima biomass (11 — 13%) and the reference products (9 — 16%) (Table S10
and S11). Principally, the moisture or water content plays an important role in the preservation of the
product (Vickie et al., 2014). By making water unavailable for pathogenic or spoilage causing bacteria, the
shelf life of this product can be extended (Vaclavik et al., 2014). The M. pulcherrima biomass was freeze-
dried to reduce the moisture content to 5 — 8% to ensure long term preservation (Dupont et al., 2014).

Similarly, the chosen reference products were also dried products. The final measured component of the
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biomass was ash. The ash fraction typically represents the inorganic elements in the biomass, like essential
minerals such as Ca%, K*, Mg?*, but also toxic heavy metals like As, Cd, Hg, Pb, Ni (Campanella et al., 1999;
Sarwar et al., 1985). The total content of all metals measured in this study represents only 0.08 — 0.15% of

the ash fraction. This indicates the predominance of non-toxic minerals.

4.4 BIOMASS FROM RECOVERED N COULD COVER MORE THAN HALF OF THE RECOMMENDED DAILY
PROTEIN INTAKE, PROVIDED THAT NUCLEIC ACID, PAH AND CU CONTENT IS REDUCED
In addition to the potential contamination arising from the utilization of recovered N sources, the safety
of consuming dried yeast biomass is also determined by the nucleic acid (NA) content. Typically, yeast
biomass has a nucleic acid content of about 10%(Ravindra, 2000; Reed et al., 1990) and given that the safe
level for NA intake for humans is 4 g/day (Hall et al., 1967), the daily recommended intake for brewer’s
yeast is set at 20 g/person/day (Reed et al., 1990; Schulz and Oslage, 1976). However, commercial MP
products such as Quorn™ or Torula yeast can be produced by including a NA reduction step, which reduces
the final NA content to below 2% (Akin and Chao, 1974; Ritala et al., 2017; Trinci, 1994; Viikari and Linko,
1977). Hence, the suggested maximum daily consumption limit for Quorn™ is more than 100 g (Trinci,
1992). With an average dietary reference intake proposed by EFSA of 50 g protein/day (European
Parliament and the Council of the EU, 2011), about half of the daily protein demand could be covered by
M. pulcherrima biomass. However, in this case, the Cu content for M. pulcherrima biomass from recovered
NH4NOs would need to be reduced by 50% and the PAH content should be decreased by a factor 10 for all

recovered N sources to be safe for human consumption.
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4.5 IS THE CONSUMPTION OF MICROBIAL BIOMASS WITH RECOVERED N REALISTIC TODAY?

The type of process described in this paper can contribute to a more circular food production system, and
the uncontrollable release of ammonia or other reactive nitrogen species can be avoided (Matassa et al.,
2015; Pikaar et al., 2017). However, even though the biomass composition indicates that the use of
recovered N does not result in any major concerns towards safe consumption (section 4.2), the commercial
exploitation of such a process may present some challenges. The concept presented here is built on two
main principles: i) the direct use of microbial biomass as food (ingredient) and /i) the use of recovered
nutrients from various types of waste for food production. To bring microbial biomass onto the market, it
must comply with food regulations and standards like any other type of food. In the case of microbial
biomass, the product likely falls under the "novel food" regulations, where "novel food" is generally
defined as food produced by a method that has not previously been used or that does not have a significant
history of consumption (Good Food Institute, 2022). In other words, regulatory frameworks do exist, but
in most cases, the product would have to be approved by governmental institutions like the Food and Drug
Administration (FDA, United States of America), EFSA (European union) and National Health Commission
(NHC) of the People's Republic of China before it can be commercialized. Yet, international legislation
regarding the use of recovered N for food production is less straightforward. Specifically, no specific
restrictions are in place in terms of quality of the substrates used for novel food production (Vapnek et al.,
2020). In other words, recovered nutrients could in theory be used as long as they do not jeopardize the
quality of the final product. However, strict regulations do exist when recovered nutrients are used as
fertilizers for food or feed production, including limits on the levels of heavy metals and other toxic

compounds potentially present in the fertilizer product (European Commission, 2019; US Law, 1976).
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Moreover, insects (i.e. novel food) may be produced exclusively with feed grade materials? in the EU (IPIFF,
2021). It therefore remains unclear if the authorities would accept the concept proposed in this work.

One of the basic principles for bringing (novel) food onto the market is its compliance to legislation on
contaminants in food. The presence of contaminants in food is often unavoidable, due to their ubiquitous
presence or natural origin. To safeguard public health governments have defined maximum levels for
certain contaminants in various foodstuff. In the case of the M. pulcherrima biomass produced from
recovered N, none of the heavy metal concentrations exceeded the highest limit set for various foodstuff
by the EU Commission (Table S12; Figure 4A). Moreover, none of the biomass samples from the selected
recovered N sources had As and Hg concentrations above the lowest limit (European Parliament and the
Council of the EU, 2006). In the case of As and Hg, maximum limits were respectively set for different types
of rice products and fishery products. The Cd content in the biomass exceeded the limits set for some
infant and child formulae, fruits, vegetables and tree nuts. The content in all samples was below any limit
defined for different types of food supplements. Similarly, the biomass would not be suited as an infant
and child formula based on the Pb content. While the Pb content remained well below maximum levels
set for fruits, vegetables, meat and cereals. The FDA has established similar maximum levels for heavy
metals in comparable food items as the EU regulations (European Parliament and the Council of the EU,
2006; FDA, 2023). The EFSA defined BaP and PAH4 as good indicators to assess health risk related to PAH
present in food (EFSA, 2008). Accordingly the EU Commission defined maximum limits for BaP and PAH4
in food (European Commission, 2011). The lowest limits are set for infant formulae (1 ug BaP or PAH4 /kg)
and all M. pulcherrima biomass produced with recovered N exceeded this limit (Figure 4B). Moreover all

M. pulcherrima also exceeded the maximum levels of PAH4 set for all foodstuff including smoked fishery

2 Products of non-animal origin or the following products of animal origin: fishmeal, blood products from non-
ruminant, di and tricalcium phosphate of animal origin, hydrolyzed proteins from non-ruminant, hydrolyzed proteins
from hides and skins of ruminant, gelatin and collagen from non-ruminants, eggs and egg products, milk, milk based-
products, milk-derived products and colostrum, honey and rendered fat.
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products, seafood, oils and fats (Table S13). In the United states however, no regulations regarding
maximal levels of PAH in food are in place (Sampaio et al., 2021). Regardless, PAH contamination should
be prevented or significantly reduced. It has been proven that PAH can be effectively removed from real
food matrices (e.g. oils, smoked meat or fish) through a physicochemical interaction with (low density)
polyethylene, which are plastics that are frequently used for food packaging (Simko, 2018). This method
could potentially also be applied to remove PAH from the M. pulcherrima biomass, but this will have to be
verified first. A final consideration, apart from legislation, safety and productivity that could hamper the
implementation of recovered N in biotechnological processes that target food production (e.g. MP
production) is public acceptance. Several studies showed public resistance towards the use of urine
derived fertilizer for edible crops (Khalid, 2017; Segré Cohen et al., 2020; Simha et al., 2021), implying that
the more direct nutrient recycle proposed in this work might also suffer from public resistance. Careful
product quality control, however, could favor the social acceptance of the MP produced with recovered

nutrients as food.

5 CONCLUSION

This work delivered a proof of concept that estimates the feasibility of using recovered N sources for MP
production. The study showed that selected recovered N sources had little to no impact on the overall
nutritional quality and specific growth rate of microbial biomass. M. pulcherrima biomass had a lower
protein content and lower amounts of essential AA in comparison to the reference products. However,
the choice of a different MO with higher protein content could increase the nutritional quality of the
product. Based on the analyzed contaminants, it was concluded that a daily consumption of 20 g of M.
pulcherrima would not pose adverse health effects, provided that the PAH content of the biomass is
reduced by about 15% for biomass produced with recovered (NH4),S04 and by 22% for biomass produced

from recovered NHsOH . The final implementation of this concept, however, depends on the acceptance
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of governmental institutions that regulate the acceptance of novel food as well as the overall social

acceptance.

ACKNOWLEDGMENTS

L.V.P. is supported by the VLAIO (Flemish Agency for Innovation and Entrepreneurship) via a Baekeland
PhD fellowship [HBC.2018.0188] and by ArcelorMittal Ghent; M.S. is supported by the Catalisti cluster SBO
project CO2PERATE ("All renewable CCU based on formic acid integrated in an industrial microgrid"), with
the financial support of VLAIO, Belgium. The authors gratefully thank the University of Lille, laboratory
UMR-t 1158 BioEcoAgro for their logistical support, Flanders Research Institute for Agriculture, Fisheries
and Food (ILVO, Belgium) for analyzing the antibiotics and poly aromatic hydrocarbons (PAH) content,
Kemin AquaScience™ (India) for determining the amino acid and fatty acid profile, the department of
plants and crops (Ghent University, Belgium) for the pesticide analysis and the Laboratory of Analytical
Chemistry and Applied Ecochemistry (Ecochem, Ghent University, Belgium) for the analysis of (heavy)

metals.

32



718

719
720

721
722

723
724
725

726
727

728

729
730
731
732
733

734
735

736
737

738
739

740
741
742

743
744
745

746
747
748

749
750
751

752
753

754

REFERENCES

Abeln, F., 2020. Advancing the industrial relevance of the oleaginous yeast Metschnikowia pulcherrima.
University of Bath.

Akin, C., Chao, K., 1974. Process for reducing the nucleic acid content of single cell protein affording
microorganisms.

Allegue, L.D., Puyol, D., Melero, J.A., 2020. Food waste valorization by purple phototrophic bacteria and
anaerobic digestion after thermal hydrolysis. Biomass and Bioenergy 142, 105803.
https://doi.org/https://doi.org/10.1016/j.biombioe.2020.105803

Bansal, V., Kim, K.-H., 2015. Review of PAH contamination in food products and their health hazards.
Environ. Int. 84, 26—38. https://doi.org/https://doi.org/10.1016/j.envint.2015.06.016

Berdanier, C.D., Dwyer, J.T., Feldman, E.B., 2007. Handbook of nutrition and food. CRC press.

Bloem, E., Albihn, A., Elving, J., Hermann, L., Lehmann, L., Sarvi, M., Schaaf, T., Schick, J., Turtola, E.,
Ylivainio, K., 2017. Contamination of organic nutrient sources with potentially toxic elements,
antibiotics and pathogen microorganisms in relation to P fertilizer potential and treatment options
for the production of sustainable fertilizers: A review. Sci. Total Environ. 607-608, 225-242.
https://doi.org/https://doi.org/10.1016/j.scitotenv.2017.06.274

Bonmati, A., Flotats, X., 2003. Air stripping of ammonia from pig slurry: characterisation and feasibility as
a pre-or post-treatment to mesophilic anaerobic digestion. Waste Manag. 23, 261-272.

Campanella, L., Crescentini, G., Avino, P., 1999. Chemical composition and nutritional evaluation of some
natural and commercial food products based on Spirulina. Analusis 27, 533-540.

Certik, M., Shimizu, S., 1999. Biosynthesis and regulation of microbial polyunsaturated fatty acid
production. J. Biosci. Bioeng. 87, 1-14. https://doi.org/10.1016/s1389-1723(99)80001-2

Chang, H., Lu, M., Zhu, Y., Zhang, Z., Zhou, Z., Liang, Y., Vidic, R.D., 2022. Consideration of Potential
Technologies for Ammonia Removal and Recovery from Produced Water. Environ. Sci. Technol. 56,
3305-3308. https://doi.org/10.1021/acs.est.1c08517

Christiaens, M.E.R., Gildemyn, S., Matassa, S., Ysebaert, T., De Vrieze, J., Rabaey, K., 2017. Electrochemical
ammonia recovery from source-separated urine for microbial protein production. Environ. Sci.
Technol. 51, 13143-13150.

Ciliberti, C., Jordaan, S.M., Smith, S. V, Spatari, S., 2016. A life cycle perspective on land use and project
economics of electricity from wind and anaerobic digestion. Energy Policy 89, 52-63.
https://doi.org/https://doi.org/10.1016/j.enpol.2015.11.015

Claus, G., Spanoghe, P., 2020. Quantification of pesticide residues in the topsoil of Belgian fruit orchards:
terrestrial  environmental risk  assessment. Pest Manag. Sci. 76, 3495-3510.
https://doi.org/https://doi.org/10.1002/ps.5811

Collivignarelli, C., Bertanza, G., Baldi, M., AvezzQ, F., 1998. Ammonia stripping from MSW landfill leachate
in bubble reactors: process modeling and optimization. Waste Manag. Res. 16, 455-466.

De Paepe, J., Rabaey, K., Vlaeminck, S., Clauwaert, P., Godia Casablancas, F., 2020. Urine treatment

33



755
756

757
758
759

760
761
762

763
764
765
766

767
768
769

770
771

772
773

774
775

776
777

778
779

780
781

782
783

784
785

786
787
788

789
790
791

792
793

technologies for a circular future within and beyond terrestrial boundaries. Universiteit Gent.
Faculteit Bio-ingenieurswetenschappen ; Universitat Autonoma de Barcelona.

De Witte, B., Walgraeve, C., Demeestere, K., Van Langenhove, H., 2019. Oxygenated polycyclic aromatic
hydrocarbons in mussels: analytical method development and occurrence in the Belgian coastal
zone. Environ. Sci. Pollut. Res. 26, 9065-9078. https://doi.org/10.1007/s11356-019-04259-2

Deng, Z., van Linden, N., Guillen, E., Spanjers, H., van Lier, J.B., 2021. Recovery and applications of
ammoniacal nitrogen from nitrogen-loaded residual streams: A review. J. Environ. Manage. 295,
113096. https://doi.org/10.1016/J.JENVMAN.2021.113096

Diggs, D.L., Huderson, A.C., Harris, K.L., Myers, J.N., Banks, L.D., Rekhadevi, P. V, Niaz, M.S., Ramesh, A,,
2011. Polycyclic aromatic hydrocarbons and digestive tract cancers: a perspective. J. Environ. Sci.
Heal. Part C, Environ. Carcinog. Ecotoxicol. Rev. 29, 324-357.
https://doi.org/10.1080/10590501.2011.629974

Dupont, S., Rapoport, A., Gervais, P., Beney, L., 2014. Survival kit of Saccharomyces cerevisiae for
anhydrobiosis. Appl. Microbiol. Biotechnol. 98, 8821-8834. https://doi.org/10.1007/s00253-014-
6028-5

EC, 1997. Regulation (EC) No 258/97 of the European Parliament and of the Council of 27 January 1997
concerning novel foods and novel food ingredients. Off. J. Eur. Communities 40, 1-7.

EFSA-CONTAM, 2014. Scientific Opinion on the risks to public health related to the presence of chromium
in food and drinking water. EFSA J. 12. https://doi.org/10.2903/J.EFSA.2014.3595

EFSA-CONTAM, 2010. Scientific Opinion on Lead in Food. EFSA J. 8.
https://doi.org/10.2903/J.EFSA.2010.1570

EFSA-CONTAM, 20009. Scientific Opinion on Arsenic in Food. EFSA J. 7.
https://doi.org/10.2903/J.EFSA.2009.1351

EFSA, 2020. Update of the risk assessment of nickel in food and drinking water. EFSA J. 18.
https://doi.org/10.2903/j.efsa.2020.6268

EFSA, 2008. Polycyclic Aromatic Hydrocarbons in Food - Scientific Opinion of the Panel on Contaminants
in the Food Chain. EFSA J. 6. https://doi.org/10.2903/].efsa.2008.724

EFSA, 2005. Opinion of the Scientific Committee on a request from EFSA related to a harmonised approach
for risk assessment of substances which are both genotoxic and carcinogenic. EFSA J. 3, 282.

EFSA - NDA, 2012. Scientific Opinion on Dietary Reference Values for protein. EFSA J. 10, 2557.
https://doi.org/https://doi.org/10.2903/].efsa.2012.2557

EFSA - NDA, 2010. Scientific Opinion on Dietary Reference Values for fats, including saturated fatty acids,
polyunsaturated fatty acids, monounsaturated fatty acids, trans fatty acids, and cholesterol. EFSA J.
8, 1461. https://doi.org/https://doi.org/10.2903/j.efsa.2010.1461

Eltarahony, M., Kamal, A., Zaki, S., Abd-El-Haleem, D., 2021. Heavy metals bioremediation and water
softening using ureolytic strains Metschnikowia pulcherrima and Raoultella planticola. J. Chem.
Technol. Biotechnol. 96, 3152-3165. https://doi.org/https://doi.org/10.1002/jctb.6868

European Commission, 2019. Regulation (EU) 2019/1009 of the European Parliament and of the Council
of 5 June 2019 laying down rules on the making available on the market of EU fertilising products and

34



794
795

796
797
798

799
800

801
802

803
804
805

806
807
808

809
810

811
812

813
814

815
816
817
818

819
820

821
822

823
824

825
826
827

828
829

830
831

amending Regulations (EC) No 1069/2009 and (EC) No 1107/2009 and repealing Regula. Off. J. Eur.
Communities 62, 132.

European Commission, 2011. Commission Regulation (EU) No 835/2011 of 19 August 2011 amending
Regulation (EC) No 1881/2006 as regards maximum levels for polycyclic aromatic hydrocarbons in
foodstuffs Text with EEA relevance. Off. J. Eur. Communities.

European Parliament and the Council of the EU, 2011. Regulation (EU) No 1169/2011 on the provision of
food information to consumers. J. Eur. Union 0.20, 168-213.

European Parliament and the Council of the EU, 2006. Commission regulation (EC) No 1881/2006 of
december 2006 setting maximum levels for certain contaminants in foodstuffs. Off. J. Eur. Union 20.

FDA, 2023. Environmental Contaminants in Food [Www Document]. URL
https://www.fda.gov/food/chemical-contaminants-pesticides/environmental-contaminants-food
(accessed 1.24.23).

FDA, 2022. GRAS Notices [Www Document]. URL
https://www.cfsanappsexternal.fda.gov/scripts/fdcc/index.cfm?set=GRASNotices (accessed
6.21.22).

Goldberg, 1., 1985. Single cell protein, 1st ed, Biotechnology Monographs. Springer, Berlin, Heidelberg.
https://doi.org/https://doi.org/10.1007/978-3-642-46540-6

Gong, H., Yan, Z., Liang, K.Q,, Jin, Z.Y., Wang, K.J., 2013. Concentrating process of liquid digestate by disk
tube-reverse osmosis system. Desalination 326, 30—-36.

Good Food Institute, 2022. 2021 State of Global Policy Report, State of Global Policy Report.
Green, D.W., Southard, M.Z., 2019. Perry’s chemical engineers’ handbook. McGraw-Hill Education.

Guida, S., Van Peteghem, L., Lugmani, B., Sakarika, M., McLeod, A., McAdam, E.J., Jefferson, B., Rabaey,
K., Soares, A., 2022. Ammonia recovery from brines originating from a municipal wastewater ion
exchange process and valorization of recovered nitrogen into microbial protein. Chem. Eng. J. 427,
130896. https://doi.org/https://doi.org/10.1016/j.cej.2021.130896

Hall, A.P., Barry, P.E., Dawber, T.R., McNamara, P.M., 1967. Epidemiology of gout and hyperuricemia. A
long-term population study. Am. J. Med. 42, 27-37. https://doi.org/10.1016/0002-9343(67)90004-6

Holloway, R.W., Childress, A.E., Dennett, K.E., Cath, T.Y., 2007. Forward osmosis for concentration of
anaerobic digester centrate. Water Res. 41, 4005-4014.

IPIFF, 2021. Briefing paper on the provisions relevant to the commercialisation of insect-based products
intended for human consumption in the EU. Brussels.

Ippersiel, D., Mondor, M., Lamarche, F., Tremblay, F., Dubreuil, J., Masse, L., 2012. Nitrogen potential
recovery and concentration of ammonia from swine manure using electrodialysis coupled with air
stripping. J. Environ. Manage. 95, S165-5169.

JEFCA, 1995. General Standard for Contaminants and Toxins in Food and feed - CODEX STAN 193-1995 |
Knowledge for policy.

Josefsson, B., 1983. Rapid spectrophotometric determination of total carbohydrates, in: Grasshoff, K., M.,
E., K., K. (Eds.), Methods of Seawater Analysis. pp. 340-342.

35



832
833
834

835
836
837

838
839
840

841
842
843

844
845
846
847
848
849

850
851
852

853
854
855

856
857

858
859
860

861
862
863

864
865
866

867
868
869
870

871
872

Khalid, A., 2017. Human excreta: a resource or a taboo? Assessing the socio-cultural barriers, acceptability,
and reuse of human excreta as a resource in Kakul Village District Abbottabad, Northwestern
Pakistan. J. Water, Sanit. Hyg. Dev. 8, 71-80. https://doi.org/10.2166/washdev.2017.019

Khoshnevisan, B., Dodds, M., Tsapekos, P., Torresi, E., Smets, B.F., Angelidaki, I., Zhang, Y., Valverde-Pérez,
B., 2020. Coupling electrochemical ammonia extraction and cultivation of methane oxidizing bacteria
for production of microbial protein. J. Environ. Manage. 265, 110560.

Khoshnevisan, B., Tsapekos, P., Zhang, Y., Valverde-Pérez, B., Angelidaki, I., 2019. Urban biowaste
valorization by coupling anaerobic digestion and single cell protein production. Bioresour. Technol.
290, 121743. https://doi.org/https://doi.org/10.1016/j.biortech.2019.121743

Kinoshita, S., Udaka, S., Shimono, M., 1957. Studies On the Amino Acid Fermentation Part I. Production of
L-Glutamic Acid by Various Microorganisms*. J. Gen. Appl. Microbiol. 3, 193-205.
https://doi.org/10.2323/jgam.3.193

Koutsoumanis, K., Allende, A., Alvarez-Ordonez, A., Bolton, D., Bover-Cid, S., Chemaly, M., Davies, R., De
Cesare, A., Hilbert, F., Lindgvist, R., Nauta, M., Peixe, L., Ru, G., Simmons, M., Skandamis, P.,
Suffredini, E., Cocconcelli, P.S., Fernandez Escamez, P.S., Maradona, M.P., Querol, A., Suarez, J.E.,
Sundh, 1., Vlak, J., Barizzone, F., Correia, S., Herman, L., 2021. The list of QPS status recommended
biological agents for safety risk assessments carried out by EFSA. EFSA J. 19, 6689.
https://doi.org/10.5281/ZENOD0Q.5905365

Krishnan, S., Cooper, J.A., 2014. Effect of dietary fatty acid composition on substrate utilization and body
weight maintenance in humans. Eur. J. Nutr. 53, 691-710. https://doi.org/10.1007/s00394-013-
0638-z

Kurcz, A., Btazejak, S., Kot, A.M., Bzducha-Wrébel, A, Kieliszek, M., 2018. Application of Industrial Wastes
for the Production of Microbial Single-Cell Protein by Fodder Yeast Candida utilis. Waste and Biomass
Valorization 9, 57-64. https://doi.org/10.1007/s12649-016-9782-z

Larsen, J.C., 2006. Risk assessment of chemicals in European traditional foods. Trends Food Sci. Technol.
17, 471-481. https://doi.org/https://doi.org/10.1016/j.tifs.2006.04.007

Liu, X., Kris-Etherton, P.M., West, S.G., Lamarche, B., Jenkins, D.J.A., Fleming, J.A., McCrea, C.E., Pu, S.,
Couture, P., Connelly, P.W., 2016. Effects of canola and high-oleic-acid canola oils on abdominal fat
mass in individuals with central obesity. Obesity 24, 2261-2268.

Majid, M., Shafgat, S., Inam, H., Hashmi, U., Kazi, A.G., 2014. Production of algal biomass, in: Biomass and
Bioenergy: Processing and Properties. Springer International Publishing, pp. 207-224.
https://doi.org/10.1007/978-3-319-07641-6_13

Matassa, S., Batstone, D.J., Hilsen, T., Schnoor, J., Verstraete, W., 2015. Can direct conversion of used
nitrogen to new feed and protein help feed the world? Environ. Sci. Technol. 49, 5247-5254.
https://doi.org/10.1021/es505432w

Matassa, S., Pelagalli, V., Papirio, S., Zamalloa, C., Verstraete, W., Esposito, G., Pirozzi, F., 2022. Direct
nitrogen stripping and upcycling from anaerobic digestate during conversion of cheese whey into
single cell protein. Bioresour. Technol. 358, 127308.
https://doi.org/https://doi.org/10.1016/j.biortech.2022.127308

Mehta, C.M., Khunjar, W.0., Nguyen, V., Tait, S., Batstone, D.J., 2015. Technologies to Recover Nutrients
from Waste Streams: A Critical Review. Crit. Rev. Environ. Sci. Technol. 45, 385-427.

36



873

874
875
876

877
878
879

880
881
882
883

884
885

886
887

888
889
890

891
892
893

894
895
896
897

898
899
900

901
902
903

904
905

906
907
908

909
910

911
912

https://doi.org/10.1080/10643389.2013.866621

Mondor, M., Masse, L., Ippersiel, D., Lamarche, F., Massé, D.l., 2008. Use of electrodialysis and reverse
osmosis for the recovery and concentration of ammonia from swine manure. Bioresour. Technol. 99,
7363-7368. https://doi.org/https://doi.org/10.1016/j.biortech.2006.12.039

Morata, A, Loira, |., Escott, C., del Fresno, J.M., Bafiuelos, M.A., Suarez-Lepe, J.A., 2019. Applications of
Metschnikowia pulcherrima in wine biotechnology. Fermentation.
https://doi.org/10.3390/fermentation5030063

Muys, M., Sui, Y., Schwaiger, B., Lesueur, C., Vandenheuvel, D., Vermeir, P., Vlaeminck, S.E., 2019. High
variability in nutritional value and safety of commercially available Chlorella and Spirulina biomass
indicates the need for smart production strategies. Bioresour. Technol. 275, 247-257.
https://doi.org/10.1016/j.biortech.2018.12.059

Oesterholt, F., Zamalloa, C., Broeders, E., 2019. Power-to-Protein: eiwitproductie in een circulaire
economie.

Oser, B.L., 1959. An integrated essential amino acid index for predicting the biological value of proteins.
Protein Amin. acid Nutr. 281.

Pan, M., Su, Y., Zhu, X., Pan, G., Zhang, Y., Angelidaki, I., 2021. Bioelectrochemically assisted sustainable
conversion of industrial organic wastewater and clean production of microalgal protein. Resour.
Conserv. Recycl. 168, 105441. https://doi.org/https://doi.org/10.1016/].resconrec.2021.105441

Pensado, L., Casais, M.C., Mejuto, M.C,, Cela, R., 2005. Application of matrix solid-phase dispersion in the
analysis of priority polycyclic aromatic hydrocarbons in fish samples. J. Chromatogr. A 1077, 103—
109. https://doi.org/https://doi.org/10.1016/j.chroma.2005.04.087

Pihlajaniemi, V., Ellil3, S., Poikkimaki, S., Nappa, M., Rinne, M., Lantto, R., Siika-aho, M., 2020. Comparison
of pretreatments and cost-optimization of enzymatic hydrolysis for production of single cell protein
from grass silage fibre. Bioresour. Technol. Reports 9, 100357.
https://doi.org/10.1016/J.BITEB.2019.100357

Pikaar, I., Matassa, S., Rabaey, K., Bodirsky, B.L., Popp, A., Herrero, M., Verstraete, W., 2017. Microbes and
the next nitrogen revolution. Environ. Sci. Technol. 51, 7297-7303.
https://doi.org/10.1021/acs.est.7b00916

Pikaar, |., Matassa, S., Rabaey, K., Laycock, B., Boon, N., Verstraete, W., 2018. The urgent need to re-
engineer nitrogen-efficient food production for the planet, in: Managing Water, Soil and Waste
Resources to Achieve Sustainable Development Goals. Springer, pp. 35-69.

Porter, M.A., Jones, A.M., 2003. Variability in soy flour composition. J. Am. Oil Chem. Soc. 2003 806 80,
557-562. https://doi.org/10.1007/511746-003-0737-6

Pronk, W., Biebow, M., Boller, M., 2006. Electrodialysis for Recovering Salts from a Urine Solution
Containing Micropollutants. Environ. Sci. Technol. 40, 2414-2420.
https://doi.org/10.1021/es051921i

Ravindra, P., 2000. Value-added food: Single cell protein. Biotechnol. Adv. 18, 459-479.
https://doi.org/10.1016/5S0734-9750(00)00045-8

Reed, G., Nagodawithana, T.W., Reed, G., Nagodawithana, T.W., 1990. Food and feed yeast. Yeast Technol.
413-440.

37



913
914

915
916
917

918
919
920
921

922
923
924
925

926
927
928

929
930

931
932

933
934
935

936

937
938
939

940
941
942
943
944
945

946
947
948

949
950
951

952

Ritala, A., Hakkinen, S.T., Toivari, M., Wiebe, M.G., 2017. Single cell protein-state-of-the-art, industrial
landscape and patents 2001-2016. Front. Microbiol. https://doi.org/10.3389/fmicb.2017.02009

Rodriguez Arredondo, M., Kuntke, P., Jeremiasse, A.W., Sleutels, T.H.J.A., Buisman, C.J.N., ter Heijne, A.,
2015. Bioelectrochemical systems for nitrogen removal and recovery from wastewater. Environ. Sci.
Water Res. Technol. 1, 22-33. https://doi.org/10.1039/C4EW00066H

Rubio, C., Gonzalez-Weller, D., Caballero, J.M., Romano, A.R., Paz, S., Hardisson, A., Gutiérrez, A.J., Revert,
C., 2018. Metals in food products with rising consumption (brewer’s yeast, wheat bran, oat bran,
sesame seeds, flaxseeds, chia seed). A nutritional and toxicological evaluation. J. Funct. Foods 48,
558-565. https://doi.org/10.1016/].JFF.2018.07.051

Sampaio, G.R., Guizellini, G.M., da Silva, S.A., de Almeida, A.P., Pinaffi-Langley, A.C.C., Rogero, M.M., de
Camargo, A.C,, Torres, E.A.F.S., 2021. Polycyclic aromatic hydrocarbons in foods: Biological effects,
legislation, occurrence, analytical methods, and strategies to reduce their formation. Int. J. Mol. Sci.
22. https://doi.org/10.3390/1IMS22116010

Sarwar, G., Shah, B.G., Mongeau, R., Hoppner, K., 1985. Nucleic Acid, Fiber and Nutrient Composition of
Inactive Dried Food Yeast Products. J. Food Sci. 50, 353-357.
https://doi.org/https://doi.org/10.1111/j.1365-2621.1985.tb13400.x

Schrenk, D., Cartus, A., 2017. Chemical contaminants and residues in food. Woodhead Publishing,
Cambridge.

Schulz, E., Oslage, H.J., 1976. Composition and nutritive value of single-cell protein (SCP). Anim. Feed Sci.
Technol. 1, 9-24.

Segré Cohen, A., Love, N.G., Nace, K.K., Arvai, J., 2020. Consumers’ Acceptance of Agricultural Fertilizers
Derived from Diverted and Recycled Human Urine. Environ. Sci. Technol. 54, 5297-5305.
https://doi.org/10.1021/acs.est.0c00576

Senior, P.J., Windass, J., 1980. The ICI single cell protein process. Biotechnol. Lett. 2, 205-210.

Senses-Ergul, S., Agoston, R., Belak, A., Dedk, T., 2006. Characterization of some yeasts isolated from foods
by traditional and molecular tests. Int. J. Food Microbiol. 108, 120-124.
https://doi.org/https://doi.org/10.1016/j.ijffoodmicro.2005.10.014

Simha, P., Barton, M.A., Perez-Mercado, L.F., McConville, J.R., Lalander, C., Magri, M.E., Dutta, S., Kabir,
H., Selvakumar, A., Zhou, X., Martin, T., Kizos, T., Kataki, R., Gerchman, Y., Herscu-Kluska, R., Alrousan,
D., Goh, E.G., Elenciuc, D., Gtowacka, A., Korculanin, L., Tzeng, R.V., Ray, S.S., Niwagaba, C., Prouty,
C., Mihelcic, J.R., Vinneras, B., 2021. Willingness among food consumers to recycle human urine as
crop fertiliser: Evidence from a multinational survey. Sci. Total Environ. 765, 144438.
https://doi.org/https://doi.org/10.1016/j.scitotenv.2020.144438

Simko, P., 2018. Chapter Seven - Modern Procedures for Removal of Hazardous Compounds From Foods,
in:  Toldra, F.B.T.-A. in F. and N.R. (Ed.), . Academic Press, pp. 241-285.
https://doi.org/https://doi.org/10.1016/bs.afnr.2017.12.004

Solan, M., 2021. The best foods for vitamins and minerals - Harvard Health [WWW Document]. Harvard
Heal. Publ. URL https://www.health.harvard.edu/staying-healthy/the-best-foods-for-vitamins-and-
minerals (accessed 8.1.22).

Sols, A., Gancedo, C., de la Fuente, G., 1971. Energy-yielding metabolism in yeasts. The Yeasts 2, 271-307.

38



953
954
955

956
957

958
959

960
961
962

963
964
965

966
967
968
969
970
971
972

973
974
975

976
977
978

979
980

981
982

983
984
985
986

987
988
989

990
991

992

Sutton, M.A,, Bleeker, A., Howard, C.M., Erisman, J.W., Abrol, Y.P., Bekunda, M., Datta, A., Davidson, E.,
De Vries, W., Oenema, O., others, 2013. Our nutrient world. The challenge to produce more food \&
energy with less pollution.

Trinci, A.P.J., 1994. Evolution of the Quorn® myco-protein fungus, Fusarium graminearum A3/5.
Microbiology 140, 2181-2188. https://doi.org/10.1099/13500872-140-9-2181

Trinci, A.P.J., 1992. Myco-protein: A twenty-year overnight success story. Mycol. Res. 96, 1-13.
https://doi.org/https://doi.org/10.1016/50953-7562(09)80989-1

Tsapekos, P., Khoshnevisan, B., Zhu, X., Zha, X., Angelidaki, |., 2019. Methane oxidising bacteria to upcycle
effluent streams from anaerobic digestion of municipal biowaste. J. Environ. Manage. 251, 109590.
https://doi.org/10.1016/j.jenvman.2019.109590

Tsapekos, P., Zhu, X., Pallis, E., Angelidaki, I., 2020. Proteinaceous methanotrophs for feed additive using
biowaste as carbon and nutrients source. Bioresour. Technol. 313, 123646.
https://doi.org/https://doi.org/10.1016/j.biortech.2020.123646

Turck, D., Bresson, J.L., Burlingame, B., Dean, T., Fairweather-Tait, S., Heinonen, M., Hirsch-Ernst, K.I.,
Mangelsdorf, I., McArdle, H., Naska, A., Neuhduser-Berthold, M., Nowicka, G., Pentieva, K., Sanz, Y.,
Siani, A., Sjodin, A., Stern, M., Tomé, D., Vinceti, M., Willatts, P., Engel, K.H., Marchelli, R., Péting, A.,
Poulsen, M., Salminen, S., Schlatter, J., Arcella, D., Gelomann, W., de Sesmaisons-Lecarré, A.,
Verhagen, H., van Loveren, H., 2016. Guidance on the preparation and presentation of an application
for authorisation of a novel food in the context of Regulation (EU) 2015/2283. EFSA J. 14, e04594.
https://doi.org/10.2903/J.EFSA.2016.4594

Tutunchi, H., Ostadrahimi, A., Saghafi-Asl, M., 2020. The Effects of Diets Enriched in Monounsaturated
Oleic Acid on the Management and Prevention of Obesity: a Systematic Review of Human
Intervention Studies. Adv. Nutr. 11, 864—877. https://doi.org/10.1093/advances/nmaa013

Ukwuani, A.T., Tao, W., 2016. Developing a vacuum thermal stripping — acid absorption process for
ammonia recovery from anaerobic digester effluent. Water Res. 106, 108-115.
https://doi.org/10.1016/j.watres.2016.09.054

US Law, 1976. Resource Conservation and Recovery Act of 1976, L. 94-580.
USDA Agricultural Research Service, 2019. FoodData Central. FoodData Cent.

van Eekert, M.H.A., Weijma, J., Verdoes, N., de Buisonje, F.E., Reitsma, B.A.H., van den Bulk, J., 2012.
Explorative research on innovative nitrogen recovery. Stichting Toegepast Onderzoek Waterbeheer.

van Linden, N., Spanjers, H., van Lier, J.B., 2019. Application of dynamic current density for increased
concentration factors and reduced energy consumption for concentrating ammonium by
electrodialysis. Water Res. 163, 114856.
https://doi.org/https://doi.org/10.1016/j.watres.2019.114856

Van Peteghem, L., Sakarika, M., Matassa, S., Pikaar, |., Ganigué, R., Rabaey, K., 2022. Towards new carbon—
neutral food systems: Combining carbon capture and utilization with microbial protein production.
Bioresour. Technol. 349, 126853. https://doi.org/10.1016/j.biortech.2022.126853

Van Peteghem, Lotte, Sakarika, M., Matassa, S., Rabaey, K., 2022. The role of microorganisms and carbon
to nitrogen ratios for microbial protein production from bioethanol. Appl. Environ. Microbiol.

Vapnek, J., Purnhagen, K., Hillel, B., 2020. Regulatory and Legislative Framework for Novel Foods.

39



993
994

995
996

997

998
999
1000

1001
1002

1003
1004

1005
1006
1007

1008
1009
1010

1011
1012
1013

1014
1015
1016
1017

1018
1019
1020

1021

Vasey, R.B., Powell, K.A., 1984. Single-cell protein. Biotechnol. Genet. Eng. Rev. 2, 285-311.
https://doi.org/10.1080/02648725.1984.10647802

Vickie, A.V., Elizabeth, W.C., Vaclavik, V.A., Christian, E.W., Campbell, T., 2014. Essentials of food science.
Spinger.

Viikari, L., Linko, M., 1977. Reduction of nucleic acid content of SCP. Process Biochem. 12, 35.

Walpole, S.C., Prieto-Merino, D., Edwards, P., Cleland, J., Stevens, G., Roberts, |., 2012. The weight of
nations: An estimation of adult human biomass. BMC Public Health 12, 1-6.
https://doi.org/10.1186/1471-2458-12-439

Who, Joint and Consultation, FAO expert, 2003. Diet, nutrition and the prevention of chronic diseases.
World Health Organ. Tech. Rep. Ser. 916, 1-149.

WHO, UNU, 2007. Protein and amino acid requirements in human nutrition., World Health Organization
technical report series.

Yang, X., Jiang, Y., Zou, R., Xu, M., Su, Y., Angelidaki, I., Zhang, Y., 2022. Green electricity-driven
simultaneous ammonia recovery and in-situ upcycling for microbial protein production. Chem. Eng.
1. 430, 132890. https://doi.org/https://doi.org/10.1016/j.cej.2021.132890

Yang, Z., Tsapekos, P., Zhang, Yifeng, Zhang, Yi, Angelidaki, I., Wang, W., 2021. Bio-electrochemically
extracted nitrogen from residual resources for microbial protein production. Bioresour. Technol. 337,
125353. https://doi.org/https://doi.org/10.1016/].biortech.2021.125353

Zarebska, A., Romero Nieto, D., Christensen, K. V, Fjerbeek Sgtoft, L., Norddahl, B., 2015. Ammonium
Fertilizers Production from Manure: A Critical Review. Crit. Rev. Environ. Sci. Technol. 45, 1469-1521.
https://doi.org/10.1080/10643389.2014.955630

Zeng, D., Jiang, Y., Schneider, C., Su, Y., Hélix-Nielsen, C., Zhang, Y., 2023. Recycling of acetate and
ammonium from digestate for single cell protein production by a hybrid electrochemical-membrane
fermentation process. Resour. Conserv. Recycl. 188, 106705.
https://doi.org/https://doi.org/10.1016/j.resconrec.2022.106705

Zha, X., Tsapekos, P., Zhu, X., Khoshnevisan, B., Lu, X., Angelidaki, |., 2021. Bioconversion of wastewater to
single cell protein by methanotrophic bacteria. Bioresour. Technol. 320, 124351.
https://doi.org/https://doi.org/10.1016/j.biortech.2020.124351

40



1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

Figure captions

Figure 1: Experimental methodology followed to assess the impact of selected recovered nitrogen

sources on the kinetics, yield, quality and safety of microbial protein production

Figure 2: Specific growth rate for the commercial and recovered N sources in 96 well-plates experiments
fed with acetate. The recovered N source from COG stands for cokes oven gas, and OW for organic waste.
The median of the replicates is shown as a horizontal black bar inside the boxplot, and the outliers are
shown with black dots outside the plots (n = 10). Here, COG stands for cokes oven gas, PMOW: pig manure
and municipal organic waste, IOW: industrial organic waste, IWAW: industrial and agro-industrial organic

waste and MOW: municipal organic waste.

Figure 3: The yield of protein and biomass (sum of protein and other non-measured components such as
carbohydrates, lipids, and ash) based on acetate (Ac) consumption with different N recovery products.
Average values * standard deviation of replicates (n = 10) are presented. Here, COG stands for cokes oven
gas, PMOW: pig manure and municipal organic waste, IOW: industrial organic waste, IWAW: industrial and

agro industrial organic waste and MOW: municipal organic waste.

Figure 4: The average content of contaminants detected in the microbial biomass. A: heavy metals in the
biomass product grown on selected recovered N sources and ethanol. Horizontal dotted lines represent
the lowest and highest limits for heavy metals defined for various types of food sources according to the
EU regulation (European Parliament and the Council of the EU, 2006). B: poly aromatic hydrocarbons (PAH)
in the biomass produced from ethanol and selected recovered N sources. Horizontal dotted lines represent

the lowest and highest limits for benzo(a)pyrene and SPAH4 (sum: benzo(a)pyrene, benzo(a)anthracene,
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benzo(b)fluoranthene and chrysene) defined for various types of food sources according to the EU
regulation (EU Commission, 2011). The error bars represent the standard deviation of the biological
replicates (n = 2). For one of the duplicates from biomass produced with (NH4),SO4 determined values for
fenanthrene, anthracene, fluoranthene, pyrene and benzo(a)anthracene did not pass the quality
requirements, therefore the result of only one of the duplicates is depicted and no error bars are shown.
*For one of the two replicates the concentration of benzo(a)pyrene was below the detection limit, the
value that could be detected is shown. Here, COG stands for cokes oven gas, PMOW: pig manure and

municipal organic waste, and IWAW: industrial and agro-industrial organic waste.

Figure 5: Composition of biomass from M. pulcherrima grown with the three selected recovered nitrogen
sources and reference products. The reported composition is based on proteins, carbohydrates, lipids
(fatty acids), moisture, and ash. Average values * standard deviation from biological duplicates are
presented. The reference product data were obtained from the FoodData central dataset provided by the
U.S. department of agriculture (USDA Agricultural Research Service, 2019). Here, COG stands for cokes
oven gas, PMOW: pig manure and municipal organic waste, and IWAW: industrial and agro-industrial

organic waste.

Figure 6: A: Amino acid profile of the microbial biomass produced in this study and of the reference
products brewer's yeast, spirulina and soy flour. The essential, conditionally essential and non-essential
amino acids defined for human nutrition are shown. The black line indicates the essential AA requirements
in a human diet (WHO and UNU, 2007). B: Overview of fatty acids found in the biomass of M. pulcherrima
grown with three selected recovered nitrogen sources and ethanol. A square root scale was used for the

y-axis to improve readability. Average values + standard deviation from biological duplicates are presented
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and the reference product data were obtained from the FoodData central dataset provided by the U.S.
department of agriculture (USDA Agricultural Research Service, 2019). The microbial biomass of M.
pulcherrima was produced with three selected recovered nitrogen sources and ethanol. Average values of
the biomass products + standard deviation from biological duplicates are presented. Here, COG stands for
cokes oven gas, PMOW: pig manure and municipal organic waste, IWAW: industrial and agro-industrial
organic waste. Arg: arginine, Cys: cysteine, Gly: glycine, Pro: proline, Tyr: tyrosine, His: histidine, lle:
isoleucine, Leu: leucine, Lys: lysine, Met: methionine, Phe: phenylalanine, Thr: threonine, Trp: tryptophan,

Val: valine, Ala: alanine, Asp: aspartic acid, Glu: glutamic acid, Ser: serine.

Figure 7: Overview of the concentration of some minerals (i.e. Copper and Zinc) and ultra-trace elements
(i.e. Chromium and Nickel) in the biomass product produced from ethanol and selected recovered N
sources. The values on the y-axis are shown with a square root scale to enhance readability. The bars
represent average values * standard deviation (n=2) depicted as error bars for the data obtained in this
study. For the nickel content in spirulina and the zinc content of brewer's yeast solely the positive error
bar is shown given the negative one is below zero and therefore cannot be shown on a square root axis.
In the case of the reference products, bars represent mean values + standard deviation for brewer's yeast
(n=18) (Rubio et al., 2018), Spirulina (n=11) (Muys et al., 2019), and soy flour (n>8) (Porter and Jones,
2003). COG stands for cokes oven gas, PMOW: pig manure and municipal organic waste, and IWAW:

industrial and agro-industrial organic waste.
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