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Valorisation of heat treatment centrate from nucleic acid reduction in microbial protein

production and its implications for process efficiency and nutritional quality

Abstract

The global demand for more sustainable protein has intensified the interest in alternative
sources such as microbial protein (MP). Although MP is a promising protein source in that
regard, its nucleic acid content is much higher than conventional proteins like meat,
necessitating reduction downstream. Industrial processes typically employ heat treatment
(HT) to degrade nucleic acids and thereby mitigate health risks. However, this step generates
a nutrient-rich liquid fraction containing proteins, nucleic acids, and residual nitrogen, which
is typically discarded resulting in nutrient loss and added costs. This study assesses the
potential of recycling HT centrate as a nitrogen source for three MP candidates, Candida utilis,
Bacillus subtilis, and Ogataea polymorpha comparing its performance against ammonium
chloride (NH4Cl), purified nucleic acids, and yeast extract. Controlled bioreactor cultivations
with C. utilis were performed to evaluate specific growth rate, biomass yield, COD and
nitrogen consumption, and settleability of the biomass. HT centrate supported C. utilis growth
without negatively affecting macromolecular composition or key process parameters
compared to NH,4Cl. In contrast, nucleic acids alone resulted in lower growth rates, biomass
yields, nutrient uptake, and settling performance. Species-dependent differences were
observed, with B. subtilis showing a 16 % higher optical density compared to inorganic
nitrogen, highlighting the potential for enhanced performance in strains with high proteolytic
and nucleolytic capacity. Further characterization of the HT centrate and targeted

pretreatments are needed to improve bioavailability. While recycling this stream could reduce
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nutrient and water inputs and lower operational costs, long-term continuous operations are

required to confirm industrial feasibility.
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single-cell protein

1 Introduction

The search for sustainable protein sources has become increasingly urgent as global
population growth and resource limitations put pressure on conventional agriculture.
Traditional animal and plant proteins require substantial land, water, and energy inputs, and
their production is often linked to environmental degradation (Dury et al., 2019). Meeting
future demand is particularly challenging, with global protein requirements projected to rise
by up to 78% by 2050 compared to 2017, driven by population growth and shifts toward
protein-rich diets (Henchion et al., 2017). This trajectory threatens the resilience of existing
food production systems and risks overexploitation of already constrained resources.
Microbial protein (MP)—the biomass of bacteria, yeasts, filamentous fungi, or microalgae—
offers a promising alternative. Its production is independent of agricultural land and climate
variability (Leger et al., 2021). Moreover, microbial biomass provides high-quality protein,

positioning MP as a key contributor to future sustainable food systems.

One of the key bottlenecks in MP production is its elevated nucleic acid content, which can
account for up to 25% of the cell dry weight (Mydland et al., 2008). This is primarily attributed
to the high growth rates of microbial cells, as rapid cellular multiplication requires increased
synthesis of nucleic acids, particularly ribosomal RNA, to support accelerated protein synthesis

(Ritala et al., 2017). High dietary intake of nucleic acids has been associated with adverse

2
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health outcomes, including nephrolithiasis, cardiovascular disease, and diabetes (Ishikawa et
al., 2013; Ritala et al., 2017). Consequently, the World Health Organization recommends a
maximum daily total nucleic acid consumption (DNA and RNA) of 4 g (Larsen and Joergensen,
1996). Without further treatment, the MP consumption is limited to only cover 10-42 % of the
recommended daily protein intake, because the safe nucleic acid limit would be reached first
(Larsen and Joergensen, 1996). Various downstream processes—most notably heat treatment
(HT)—can reduce nucleic acid content by up to 80 % (Larsen and Joergensen, 1996; Ohta et
al., 1971; Ritala et al., 2017), enabling a MP-based diet to surpass (up to double) the daily
protein requirements without exceeding safe nucleic acid thresholds. However, this HT step
is energy-intensive—accounting for 15-49 % of the total energy demand in MP production—
and often relies on natural gas for steam generation, imposing significant environmental and

economic burdens (Van Peteghem et al., 2022a).

After HT, the MP is typically separated through centrifugation, while the resulting HT
centrate—rich in lysed biomass, proteins, nucleic acids, and nutrients— is conventionally sent
to wastewater treatment (Lonchamp et al., 2019; Parsons et al., 2019; Westlake, 1986; Young
and Koplove, 1975). Although reintroducing nucleic acid—containing centrate may appear
counterintuitive, its reuse as a nitrogen source could be explored as a process-integration
strategy to improve nitrogen recovery and reduce resource losses, provided that it will not
have overall negative impacts on the process. Wastewater treatment facilities remove
nutrients from the fermentation broth to ensure that the effluent can be safely discharged.
However, the removal of nutrients from the HT centrate also requires additional resource and
energy inputs, thereby imposing both environmental and economic burdens (Van Peteghem

et al., 2022a), while the contained nutrients are wasted.
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To date, efforts to valorise this HT centrate within MP production have been minimal
(Lonchamp et al., 2020, 2019), even though it could bring potential benefits. Partially recycling
the centrate directly into MP production could reclaim critical nutrients (Yano et al., 1980)
(nitrogen, phosphorus, trace-elements, and vitamins) that are often supplied in excess in
biobased processes (Simpson et al., 2021; Van Peteghem et al., 2022b; Zhang et al., 2023).
Nevertheless, any potential application for food (or feed) purposes would require strict
evaluation of nucleic acid (and potentially other molecule) levels to comply with safety

regulations.

This approach could reduce the demand for external raw materials. Additionally, the lysed
biomass, and residual proteins present in the HT centrate could enhance MP production by
improving growth rate, and biomass yields, especially in MP processes based on mineral
nitrogen (Gu et al., 2015; Olufunke O. Ezekiel et al., 2012). The nucleic acids contained in the
HT centrate could further contribute as alternative sources of carbon, nitrogen, and
phosphorus, thereby increasing resource use efficiency (Antheunisse, 1972; Merchant and
Helmann, 2012; Mydland et al., 2008). However, one study has reported that the presence of
nucleic acids may impair biomass settling, potentially complicating downstream processing

steps such as centrifugation (Westlake, 1986).

In addition to process-level considerations, species-specific traits play a critical role in
determining the effectiveness of HT centrate reuse. Differences in nitrogen assimilation
pathways, enzymatic capabilities (e.g., protease and nuclease activity), and stress tolerance
across microbial taxa may result in divergent responses to recycled media (Chen et al., 2023;
Gu et al., 2015). Therefore, species screening is essential to identify MP candidates that can

thrive under such conditions.
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Although previous studies have explored the recycling of lysed biomass or spent medium
within bioprocesses (Bagul and Annapure, 2020; Depraetere et al., 2015), the reuse of HT
centrate within MP production has not, to the authors’ knowledge, been systematically
assessed. In this study, we explore the potential of HT centrate within MP production itself.
The HT centrate is specifically evaluated as a nitrogen source, in a proof of concept to assess
its technical feasibility, rather than a full nutritional or safety assessment of the final product.
The investigation comprises two parts: (1) a controlled evaluation using Candida utilis to
assess the impact of HT centrate on process performance, biomass composition, and biomass
settling; and (2) a broader screening of alternative MP candidates to account for species
differences in tolerance to recycled media. This work aims to provide insights into the

feasibility and implications of centrate recycling for a more circular MP production.

2 Material and methods

2.1 Microbial cultures
Four microbial species were used in this work to evaluate the nitrogen sources, specifically
Kluyveromyces marxianus MUCL 11985, Candida utilis IHEM 4005, and Bacillus subtilis LMG
20037, which were purchased from the Belgian Co-ordinated Collections of Microorganisms
(BCCM), and Ogataea polymorpha ATTC 34438, obtained from the American Type Culture
Collection (ATCC, Virginia, United States). These microbial species were selected based on
their Qualified Presumption of Safety (QPS) and Generally Regarded as Safe (GRAS) statute
granted by the European Food Safety Authority (EFSA) and U.S. Food and Drug Administration

(FDA).
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2.2 Experimental design
Four distinct nitrogen sources were assessed for their effect on growth performance and
biomass composition in pure cultures of C. utilis. The evaluated nitrogen sources included
NH4Cl (Carl Roth®, Germany), purified nucleic acids from C. utilis (Roche, Belgium), yeast
extract (Carl Roth®, Germany), and HT centrate. To evaluate the effect of specific nitrogen
sources on the growth of C. utilis, reactor experiments were conducted in ammonium mineral
salts (AMS) medium with lactic acid as the sole carbon source (5 g COD-L™). Nitrogen sources
were supplemented in amounts corresponding to a C/N ratio of 5, based on lactic acid and
total nitrogen concentrations. The contribution of other carbon-rich components, such as
residual carbohydrates, was not included in the calculation, as their concentration was
relatively low and comparable across conditions (Table 1), and thus not expected to
significantly affect the overall C/N balance. Both phosphate (PO,37) and sulfate (S04%)
concentrations were standardized across all media (Tables S2-S3), and each formulation

received identical vitamin and trace-element supplementation.

To investigate organism-specific responses, O. polymorpha and B. subtilis were additionally
cultured on the same nitrogen sources. Growth kinetics and final biomass concentrations were

assessed in 96-well microplates.

2.3 Pre-culture and media composition
Pre-cultures of C. utilis, B. subtilis, and O. polymorpha were cultivated according to the
conditions described in Delmoitié et al (2025). Upon reaching late exponential phase, these
cultures were transferred (10 v/v%) into adjusted AMS medium with the different nitrogen
sources (Table 1) for bioreactor experiments (C. utilis) or 96-well plate experiments (C. utilis,

B. subtilis, and O. polymorpha). In the HT centrate (Table 1), the proteins originated from
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extracellular production during the fed-batch cultivation and hydrolysis of biomass during HT,

while the NH,4* represents residual inorganic nitrogen from the same process.

Table 1: Characterisation of the different concentrated nitrogen sources utilised during the

cultivation of Candida utilis. Each medium was adjusted to a C/N ratio of 5 based on total

nitrogen.
Parameter Yeast extract Nucleic acids Undiluted heat Unit
(18 g/L) (10g/L) treatment
centrate

COD 18.1+£0.09 7.3+0.18 23.5+0.22 gL?

TN 2.07+0.21 1.22+0.02 6.81+0.12 gLt

Protein 4.57+0.25 0.51+0.01 5.77 +0.08 gL?

NHg* 0.10+£0.01 ND 7.3+0.51 gL?
Carbohydrates 2.0+0.04 2.340.0 2.2+0.05 Blucose-equivalent'L ™
Electrical 3.07 1.18 45.3 mS-cm’?

conductivity

ND: not detected

2.4 Production of heat treatment centrate
The HT centrate was obtained from a fed-batch cultivation of a selected microbial community
composed of C. utilis, B. subtilis, O. polymorpha, and K. marxianus (Delmoitié et al., 2025). The
bioreactors were operated in pH-stat mode using the medium presented in Table S1, and the
experiments were terminated upon reaching a biomass concentration of 11.7 + 1.1 gCDW/L.
The resulting biomass reached a protein content of 48.0 + 10.6 %. Following cultivation, the

biomass was subjected to a two-step heat treatment—15 seconds at 68 °C followed by 2 hours
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at 55°C (Ohta et al.,, 1971)—to reduce the nucleic acid content via the activation of
endogenous nucleases. Reduction of nucleic acids was confirmed by RNA quantification
before and after heat treatment using RNA extraction with an RNeasy kit (Qiagen, Germany)
followed by Quantifluor’ RNA fluorescence quantification (Promega, USA).
The microbial biomass was then harvested by centrifugation, and the resulting biomass-free
centrate was stored at —20 °C. Prior to use, all collected centrate batches were pooled to
eliminate the potential effect of variability and sterilized via filtration through polyether

sulfone bottle-top filters (Fisherbrand™).

2.5 Evaluating the effect of different nitrogen sources on the performance and
nutritional composition of microbial protein

Bioreactor experiments, with C. utilis, were conducted as described in Delmoitié et al. (2025)
in a 2 L double jacketed bioreactor (Bluesens, Germany) controlled through an in-house
software. Temperature of the bioreactors were maintained at 37°C with a heating bath (Huber
KISS® 110A heating, Germany). The dissolved oxygen concentration was continuously
measured by a Hamilton® VisiFerm DO Arc probe and maintained at a minimum of 30%
through increasing the agitation speed (400-800 rpm) at a constant aeration rate of 2 vvm
filter sterilized air (0.2 um pore size, Millipore, Merck). The pH was measured using a
Hamilton® EasyFerm Plus pH sensor, and controlled at 5.5 through addition of 2 M NaOH or 2
M HCI. Antifoam 204 (Sigma-Aldrich, Germany) was added to the reactor at a concentration

of 0.01% to prevent foaming.

All precultures, grown on AMS, were diluted (0.1 gCDW/L) and subsequently inoculated into
sterile bioreactors at 10 % (v/v). After inoculation, 8 mL sample were frequently withdrawn to

monitor growth through ODggonm measurements. In addition, online analysis of 02 and CO>
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was performed (BlueVary, Germany) in the off-gas to assess growth rate. Each sample was
centrifuged at 6,603 g for 5 min, the pellet was stored at -20°C for determination of protein,
carbohydrate, and ash content. The supernatant was filtered (0.2 um PVDF filters, Chromafil°)
and stored at -20°C for quantification of anions, cations, protein concentration, COD, TN and
lactic acid concentrations. After the stationary growth phase was reached a sludge volume

index (SVI) estimation was performed on the produced biomass.

2.6 Screening of other microbial protein candidates for the re-use of heat treatment
centrate

To evaluate the effect of the nitrogen sources on the growth kinetics of other MP candidates,
a screening experiment was performed on 96-well plates. C. utilis, B. subtilis, and O.
polymorpha were pre-grown on AMS medium containing lactic acid at 1.5 gCOD/L, buffered
with 100 mM MES, and supplemented with the selected nitrogen sources. The screening was
conducted in 96-well plates with a working volume of 0.2 mL and a 10% v/v inoculum at six
biological replicates. The 96-well plate was incubated at 37°C and 180 rpm in a plate reader
(Infinite M200 Pro, Tecan, Switzerland), with ODeoonm measurements recorded every 15

minutes.

2.7 Analytical techniques
Organic acids such as lactic acid, acetic acid, formic acid, propionic acid, and butyric acid were
analysed with a 930 Compact lon Chromatograph Flex (Metrohm®, Switzerland), using a
Metrosep Organic acids 250/7.8 column with inline bicarbonate removal. The column was
equipped with a Metrosep Organic acid Guard/4.6. Cations were analysed with a 761 Compact
lon Chromatograph (Metrohm®, Switzerland), equipped with a Metrosep C6-250/4.0 column

and a conductivity detector. Anions such as chloride, phosphate, and sulphate were analysed
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using a Methrom 930 compact lon Chromatograph, equipped with a conductivity detector and
a Metrosep A supp 5-150/4.0 column (Metrohm®, Switzerland). Determination of COD and TN

were performed using commercial kits (NANOCOLOR®; MACHEREY-NAGEL GmbH & Co. KG).

Microbial growth was monitored through OD measurements at 600 nm using a
spectrophotometer (Infinity M200 Pro, Tecan, Switzerland). The CDW and ash content of the
biomass were quantified as TSS and VSS with a glass fibre filter of 0.7 um pore size
(AP4004705; Millipore; Merck). Protein content was determined in washed biomass samples
using the Pierce™ BCA Protein assay kit (Thermo Scientific™, Belgium), with each
measurement performed in technical triplicate. Total carbohydrate content in the biomass
was determined with the method of Josefsson (Grasshof et al.,, 1983), using a

spectrophotometer (NANOCOLOR® Advance; MACHEREY-NAGEL GmbH & Co. KG) at 520 nm.

2.8 Data analysis
2.8.1 Growth rate estimation
For the bioreactor experiments, CO: off gas data was used (BlueVary) to calculate the carbon
evolution rate (CER) during microbial cultivations (Wechselberger et al., 2013). The off-gas
data were analysed in R (version 1.2.4). The CER (mol/L-h) was calculated using the flowrate
(F) of air at 4 L/min, volume of bioreactor 2 L (Eqg. 1), with M molar mass (44.0 g/mol), P is
pressure (kPa), R is the ideal gas constant (8.31 J/mol-K), and T is temperature (310 K). The
CER was log transformed in function of the time. The linear section of the growth curve was

used to estimate the growth rate () (Eq. 2).

Fap XP x M
CER = T(Coz—out —C0y_in) €Y)
In(CER) = uxt+b )

10
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For the screening of growth performance of the other MP candidates on the nitrogen sources,
the growth rate was calculated through log-transformed of the growth curve and fitted to the
Richards equation (Eq. 3) using the nls.Im optimization algorithm from the minpack Im
package (version 1.2-4) in R. The specific growth rate for each condition was calculated from

this fit as described in (Candry et al., 2018).

AOD n 143, po L
In(gop ) =A% (1 + v+ et wer @ a0y 3)

2.8.2 Assessment of process parameters
The biomass yield was calculated based on the lactic acid consumption and obtained biomass
concentrations crss (Eq.4). The consumption of COD and TN were calculated as the difference
between the initial and final concentrations, divided by the initial concentrations (Eq. 5-6).
The unidentified nitrogen balance fraction was calculated (Eq. 7) by was calculated by
subtracting the contributions of N-NH4* and protein-bound nitrogen—determined using a

protein-to-nitrogen conversion factor of.5.35 (Jia et al., 2024)—from the TN.

( gcow ) Crss (%) @
X —
/s\gCOD1a—consumea) ~ COD; — COD, (%)
copy, = 2P0 100 5
®~  cop, ®)
Ty = M TN 100 6)
% TN;
. S gN gN _(gN
Unidentified nitrogen = TN (T) — NH} (T) — Protein (T) @)

11
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2.8.3 Settling potential of microbial biomass
The sludge volume index at 30 minutes (SVlIso) was determined to quantify the settling
behaviour of C. utilis after growth in each selected nitrogen source. SVlIzgwas calculated as the
volume of settled biomass (mL-L?) after 30 minutes divided by the biomass concentration crss

(/L) (Eq. 8).

Settled sludge volume (mTL)
Crss (%)

The monovalent—divalent cation ratio was determined to characterise the ionic balance of the

SVIzy = 3

medium. It was calculated as the total molar concentration of monovalent cations (e.g., Na*,
K*, NH4*) divided by twice the total molar concentration of divalent cations (e.g., Ca*", Mg?*),

reflecting their respective charge contributions (Eg. 9).

Monovalent  Y;C; X z;
Divalent Y, C; X z

€)

2.8.4 Statistical analysis
For the exploration of the species dependent growth performance of the different nitrogen
sources, an ANOVA was performed on the optical density, and growth rate if the assumption
were met. Followed by a Tukey’s Honest Significant Difference (HSD) post hoc tests. When
either of the assumptions were violated, a nonparametric Kruskal-Wallis test was used
followed by pairwise Wilcoxon rank-sum tests with a = 0.05. In all cases, p-values were
adjusted to correct for multiple comparisons (Tukey HSD for ANOVA, Bonferroni-corrected

Wilcoxon for Kruskal-Wallis).

12
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3 |Results and discussion

3.1 Growth performance of Candida utilis in heat treatment centrate as a recycled

nitrogen source

The choice of nitrogen sources profoundly influenced both the specific growth rate, biomass
yield, and substrate utilization during MP production using C. utilis. Cultures supplemented
with yeast extract showed the best growth performance achieving a specific growth rate of
0.36+0.04 h™ (Fig. 1A), and biomass yield of 0.56 + 0.07 gCDW-gCODa™" (Fig. 1B). In contrast,
cultures grown on HT centrate or NH4Cl exhibited comparable performance, with a specific
growth rate of 0.24 h™ and biomass yield ranging between 0.32 and 0.35 gCDW-gCOD»™".
When nucleic acids were supplied as the sole nitrogen source, the specific growth rate and
yield declined t0 0.17 £ 0.02 h™"and 0.25 gCDW-gCODa™", respectively. Although minor carbon
sources from complex substrates could potentially contribute to microbial growth, our data
suggest that their utilization can be considered negligible. Carbohydrate concentrations were
measured during the experiments showing no to minimal consumption (Table S4). Thus,
lactate was identified as the predominant carbon substrate responsible for the observed

carbon yield.

The growth performance observed across nitrogen sources was mirrored in both lactic acid
and TN consumption patterns. Cultures supplemented with yeast extract or NH4Cl fully
consumed the supplied lactic acid (5 gCOD/L) within 17 h, whereas those grown on HT
centrate or nucleic acids consumed only 82.4-83.5 % (Table 2). A similar trend was seen in TN
utilization (Fig. 2A), with consumption decreasing from yeast extract (54.9 %) to NH4Cl
(46.4 %), HT centrate (29.1 %), and nucleic acids (8.67 %). When yeast extract or nucleic acids
were used as nitrogen sources, the majority of assimilated nitrogen could not be specifically

identified but was presumed to consist primarily of amino acids (in the case of yeast extract)
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and nucleotides (in the case of nucleic acids). These unidentified nitrogen fractions accounted
for 79.8-86.3 % and the predominant share of nitrogen uptake, respectively (Fig. 2B). In
contrast, cultures grown on HT centrate primarily assimilated inorganic nitrogen (NH4*), with
only a minor portion (7.9 %) attributed to unidentified nitrogen compounds. The HT centrate
is expected to include partially hydrolysed peptides and nucleotides within the typical range
of 6 to 98 kDa, as reported for heat-treated fungal biomass (Lonchamp et al., 2020, 2019),
which translates to sufficient nutrient bioavailability. Future studies should include detailed

characterizations involving organic nitrogen speciation to refine this characterization.
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Fig. 1: Growth performance of Candida utilis cultivated on different nitrogen sources: NH,ClI,
yeast extract, nucleic acids, and heat treatment centrate. (A) Specific growth rate (h™") and (B)
biomass yield (gCDW-gCODa) are presented for each condition. Error bars represent

standard deviations of biological replicates (n=2).

The enhanced performance of C. utilis or other species when grown on yeast extract was
previously observed, with growth rates increased by 45.9-533 % and biomass yields by 28.4-
82.4 %, compared to inorganic nitrogen (Chen et al., 2023; Olufunke O. Ezekiel et al., 2012;
Ouedraogo et al., 2017). In addition, this increase could also be due to increased vitamin or
co-factor concentrations inherently present in YE (Kieliszek et al., 2019; Liu et al., 2018). A
more comprehensive compositional analysis covering vitamins, and protein or peptide size
distributions, and concentrations of other components is therefore required to clarify these
effects and to establish whether the observations in this study are representative of HT
centrate more broadly. In contrast, the use of nucleic acids as sole nitrogen source led to a
decline in growth rate and biomass yield by 27.8 %, and 23.6 %, respectively. These findings
align with previous studies showing that DNA derivatives as sole nitrogen source reduced
growth and cell densities in Bifidobacterium bifidum, Shewanella spp., and Escherichia coli
(Huang et al., 2022; Pinchuk et al., 2008). However, other reports showed that cultivation of
Komagataella phaffii on a mixture of RNA oligonucleotides and nucleotides achieved similar
biomass yields, compared to when grown on medium containing peptone, and yeast extract,
albeit with a reduced growth rate (Liang et al., 2025). In addition, species-specific preferences
in nucleotide uptake have been reported, with E. coli favouring double stranded DNA, B.
bifidum preferring deoxyribonucleosides, and K. phaffii assimilating short RNA
oligonucleotides (5-30 nucleotides) more efficiently than longer fragments or

mononucleotides (Huang et al., 2022; Liang et al., 2025). These studies suggests that nucleic
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acid utilization depends on polymer size and microbial enzymatic capabilities. In our study,
the limited nitrogen uptake from nucleic acids likely reflects the restricted nuclease activity of
C. utilis (Buerth et al., 2011; Cazin et al., 1969; Sen and Komagata, 1979), constraining the

nitrogen assimilation and thereby reducing both biomass yield and growth rate.

Table 2: Consumption of organics expressed as chemical oxygen demand of Candida utilis

cultivated on NH4Cl, yeast extract, nucleic acids and heat treatment centrate as nitrogen

sources.
Nitrogen source Total chemical oxygen Lactic acid consumption (%)
demand consumption (%)
NH4CI 77.1+£5.6 100
Yeast extract 75.7+5.3 100
Nucleic acids 52.6+0.4 82.4+5.38
Heat treatment centrate 73.5+6.8 83.5+6.1

This similarity in growth performance between HT centrate and NH4Cl highlights the potential
of recycling the centrate in MP production reducing raw materials input. However, the total
nitrogen consumption during cultivation on HT centrate was lower, at 37.5 % compared to
46.4 % for NH4Cl. Moreover, 87.7 % of the consumed nitrogen was inorganic (NH4*) with
7.23 % being related to protein consumption, and 7.79 % to unidentified nitrogen. C. utilis
predominantly consumed the residual NH4Cl carried over from the previous cultivation phase,
rather than the organic nitrogen fractions released during HT. The HT likely resulted in partial
hydrolysis of microbial biomass into peptides, nucleotides, and nucleosides—compounds that

constitute the unidentified nitrogen fraction but appear less readily assimilated by C. utilis, as
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also seen in the cultures grown only on nucleic acids. This finding indicates that ammonium

was the most abundant and easily assimilable nitrogen form in the HT centrate.

Although the HT process partially hydrolyses microbial biomass into nucleic acids and protein
fragments—likely constituting the unidentified nitrogen fraction—these compounds appear
to be less readily utilized by C. utilis as seen when grown solely on nucleic acids. This highlights
a clear preference for inorganic nitrogen, particularly NH4Cl over more complex or polymeric
nitrogen sources in the reused centrate. However, the centrate used here was produced
through activation of endogenous enzymes (a form of enzymatic hydrolysis), implying that a
portion of the organic nitrogen was already converted to smaller, more bioavailable molecules
such as peptides, nucleotides and nucleosides. The experiment was also designed to assess
whether nucleic-acid-rich stream utilization results in inhibitory effects on growth, as part of
exploring the potential of HT centrate reuse for nitrogen reuse. These results therefore
demonstrate that HT centrate can serve as an inorganic nitrogen substitute, while targeted

pre-treatments could further enhance the utilization of the organic nitrogen fraction.
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Fig. 2: The total nitrogen consumption (A) and consumed nitrogen fractions (B) of Candida
utilis grown on different nitrogen sources: NH4Cl, yeast extract, nucleic acids, and heat

treatment (HT) centrate. Error bars represent standard deviations of biological replicates.

Theoretical calculations by Stouthamer (1973) suggest that supplementation of nucleic
acids/nucleotides, such as in the HT centrate, could lower the ATP demand for de novo
RNA/DNA synthesis by approximately 11.5 %, thereby increasing net biomass yield.
Nevertheless, this benefit was not observed when HT centrate was used for the cultivation of
C. utilis. However, other studies with other organisms (e.g. E. coli, B. bifidum) have shown

enhanced biomass formation with nucleic acid supplementation (Huang et al., 2022). This
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suggests that the utility of HT centrate may be species-specific and influenced by the presence
or activity of hydrolytic enzymes such as DNases, RNases, and proteases. In this context, HT
centrate offered growth performance comparable to NH4Cl despite the limited protease and

nuclease activity of C. utilis.

Further research should focus on characterisation of the nitrogen components that remained
unidentified in this work, in both yeast extract and HT centrate and their consumption rates
to fully understand their preferential uptake. Furthermore, to improve the nitrogen
availability and potentially enhance growth rate and biomass yield, the HT centrate could be
further hydrolysed, an approach which could enhance the bioavailable nitrogen and thus
improve the biomass yield and growth rate (Dufossé et al., 1997; Leake and Read, 1991).
Despite the current absence of growth enhancement, the fact that HT centrate resulted in
comparable performance to inorganic nitrogen supports its reuse in MP production while

lowering raw material and environmental impact, related to nitrogen addition.

3.2 The nutritional composition of Candida utilis grown on different nitrogen sources
The protein content of C. utilis remained largely unaffected at 24.4-25.5 % when utilizing
NHaCl, centrate HT, or nucleic acids as nitrogen sources (Fig. 3). Moreover, the carbohydrate
content remained similar for HT centrate and NH4Cl at 34.4-36.8 % while itincreased to 45.2 %
when C. utilis was grown on nucleic acids as sole nitrogen source. In contrast, protein content
increased to 35.4 %, and carbohydrate content decreased to 30.0 % when utilizing yeast

extract as nitrogen source.

The pronounced effect of yeast extract on the nutritional composition aligns with previous
studies, reporting two-fold increases in protein content relative to inorganic nitrogen (Garg

and Neelakantan, 1982; Gu et al., 2015; Kim et al., 2016; Shanthi et al., 2018). The cultivation
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of C. utilis on nucleic acids as sole nitrogen source did not impact the protein content but did
increase the carbohydrate content. These results, together with the low nitrogen
consumption observed in that case (Section 3.1), indicate that C. utilis experienced a nutrient
imbalance, which is known to promote carbohydrate accumulation in some species (Brown
and Rose, 1969; Frangois and Parrou, 2001; Kieliszek et al., 2021; Lucca et al., 1995). In
addition, different nitrogen sources could lead to an increase in cell wall polysaccharides such
as B-glucan, a-glucan, and trehalose in C. utilis (Bzducha-Wrdbel et al., 2024). However, as no
direct species-targeted quantification was performed in our synthetic microbial community,

this interpretation remains a plausible hypothesis that should be confirmed in future work.

Notably, HT centrate, although containing proteins, nucleic acids, and other unidentified
compounds, did not impact the protein content of C. utilis relative to the growth on inorganic
nitrogen. This is likely attributable to the fact that the majority of the assimilated nitrogen
(88 %) was inorganic (NH4*). The similar macromolecular composition of C. utilis when grown
on NH4Cl and HT centrate highlights the potential for producing a consistent end product

through HT centrate recycling.

An elevated nucleic acid concentration in the growth medium does not necessarily result in
higher nucleic acid content in the microbial biomass, as intracellular nucleic acid levels are
largely determined by microbial species-specific responses and growth rate rather than by the
extracellular nucleic acid concentration, especially under the non-limiting conditions applied
here (Frangois and Parrou, 2001). Any nucleic acids that are not assimilated—or that are only
partially hydrolyzed—are expected to remain in the liquid phase and be removed with the
supernatant during biomass harvesting. The applied HT followed an established method

known to effectively hydrolyse nucleic acids into nucleotides and nucleosides, ensuring
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substantial reduction of nucleic acid content in the biomass (Ohta et al., 1971). Moreover, the
overall biomass composition after heat treatment was similar to that obtained with
ammonium chloride as nitrogen source, indirectly suggesting that the use of this stream had
a minimal effect on the nucleic acid content of the microbial biomass. This work therefore

serves as a proof of concept demonstrating the suitability of the HT centrate as a nitrogen

source for MP production.

[ Ash [] Rest [_] Carbohydrate [] Protein

100
S
c 75
8
]
Q
Q
S 50
3]
7]
w
©
5
o 25

0 P

NH4CI Yeast extract Nucleic acids Heat treatment
centrate

Fig. 3: Biomass composition of Candida utilis grown on the different nitrogen sources: NH4Cl,
yeast extract, nucleic acids, and heat treatment centrate. Error bars represent standard

deviations of biological replicates.

3.3 Impact of medium composition and nitrogen source on settling characteristics of
Candida utilis
Although upstream process parameters and nutritional composition were comparable for C.

utilis grown on NH4Cl or HT centrate, the settling behaviour (assessed via SVlzo) differed
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between nitrogen sources (Fig. 4) which can negatively impact downstream processing. The
lowest SVI3o was achieved when C. utilis was cultivated on yeast extract (303 mL-g™) while the

highest being when cultivated on nucleic acids (892 mL-g!) as sole nitrogen source.

Settling performance depends on a broad range of parameters such as medium viscosity,
extracellular polymeric substance production, cell wall composition, and ratio of monovalent
(Na*, and K*) to divalent ions (Ca?* and Mg?*) in the medium (Aguilar-Uscanga and Francois,
2003; Cousin and Ganczarczyk, 1999; Hang and Woodams, 1981; Li and Yang, 2007;
Sivasubramanian et al., 2021; Soares, 2011; Stewart, 2018). For HT centrate, NH4Cl, and yeast
extract, a clear trend was observed between this ratio and SVIzo (Fig. 5). A lower ratio of
monovalent to divalent ions can result in enhanced settling properties, as seen in our study
and others (Sivasubramanian et al., 2021). In contrast, the medium containing nucleic acids as
sole nitrogen source had the lowest ratio of monovalent and divalent ions but resulted in

biomass with a SVI3g 2-3 times higher than the other evaluated nitrogen sources.
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= 800

[9)]

(9]

'—

>

-

2 600

(=3

o

(% é

400 @
&
12 16 20 24

Monovalent-to-divalent ion ratio

Fig. 4: Sludge volume index (SVlso) of Candida utilis cultivated on different nitrogen sources
and its relation to monovalent-to-divalent ion ratio. Error bars represent standard deviations
of biological replicates (n =2).
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The difference in settling behaviour when growing on nucleic acids led us to believe that other
factors, besides monovalent to divalent ion ratio has an impact on the settling behaviour of C.
utilis. The atypical settling behaviour may result from the production of extracellular
polymeric substances, triggered by stress associated with limited nitrogen assimilation—
despite sufficient nitrogen availability—as only 8.7 % of the supplied nitrogen was consumed.
EPS production has been shown to alter biomass settling characteristics (Boonchai et al., 2015;
Kronusova et al., 2022; F. Yang et al., 2022; Yang et al., 2023). Furthermore, Westlake (1986)
suggested that degraded nucleic acid fragments may adsorb to the cell surface, compounding
the reduction in settling efficiency. Although, the precise mechanism is not known, the results
point towards worsened SVI3 when C. utilisis grown on medium containing nucleic acids as
sole nitrogen source. As HT centrate contains nucleic acids and other complex organic
components, their contribution to biomass flocculation and settling behaviour remains
uncertain. These hypotheses remain speculative, and further work should combine EPS
quantification, zeta-potential measurements, and particle-size or floc-structure analysis to
determine how nucleic-acid-rich streams alter aggregation and settling dynamics, particularly

given the exploratory nature of this study.

While the impaired settling observed when using nucleic-acid-rich streams is interesting, the
underlying mechanisms remain speculative. Future work should include quantification of
extracellular polymeric substances (EPS), zeta potential measurements, and analyses of
particle size and floc structure to clarify how nucleic-acid-rich streams influence aggregation
and settling behaviour. Given the exploratory nature of this study, these results should be
interpreted as indicative trends rather than definitive evidence, providing a basis for more
targeted investigations into the physicochemical effects of nucleic acid—rich streams on

microbial biomass separation processes.
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455 3.4 Differential growth responses to nitrogen sources among microbial protein
456 candidates

457  The three microorganisms evaluated (Fig. 5), specifically C. utilis, B. subtilis, and O.
458  polymorpha, exhibited distinct growth patterns depending on the supplied nitrogen source.
459  Onyeast extract, both C. utilis and B. subtilis presented significantly increased specific growth
460 rate (17.8-125 %) and optical density (28.0-220 %) compared to NHaCl, whereas O.
461  polymorpha suffered a 30.3 % decrease in growth rate despite a 49.1 % increase in optical
462  density. Growth on HT centrate showed similar rates compared to NH4Cl and a 10.4-16.1 %
463 increase in optical densities for all tested species. Only O. polymorpha showed a 85.0 %
464  decrease in optical density. Cultivation on pure nucleic acids reduced growth rate and optical
465  density in C. utilis and B. subtilis (12.2-33.7 % and 18.7-33.1 %, respectively), while O.
466  polymorpha uniquely showed a 16.5 % increase in growth rate but a 25.1 % decrease in optical

467  density relative to NH4Cl.

468
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Fig. 5: Comparative growth performance of Candida utilis, Bacillus subtilis, and Ogataea
polymorpha on different nitrogen sources: (A) specific growth rate (h™") and (B) maximum
optical density. Error bars represent standard deviations of biological replicates (n=6). For
panel (A), differences among nitrogen sources were evaluated using a Kruskal-Wallis test. For
panel (B), C. utilis and O. polymorpha were analysed using one-way ANOVA, whereas B. subtilis
was analysed using a Kruskal-Wallis test. In all cases, the performance of yeast extract, nucleic
acids, and HT-centrate was compared against NH4Cl as the reference condition. Significance

levels are indicated as ns (p > 0.05), * (p <0.05), ** (p < 0.01), and *** (p < 0.001).

These divergent outcomes likely reflect species-specific capacity to access and utilize complex
nitrogen fractions. The relatively good performance of B. subtilis on HT centrate may be
attributed to its well-documented secretion of proteases and nucleases, facilitating uptake of

hydrolysed proteins and nucleic acids (Chen et al., 2023; Condon, 2003; Su et al., 2020). In
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contrast, C. utilis and O. polymorpha showed limited benefit, consistent with their restricted
nuclease activity. Notably, the poor growth of O. polymorpha on HT centrate cannot be
attributed to ionic strength, as both HT centrate and NH4Cl exhibited similar salt content
(Tables S2-S3 in supplementary material), and the species is known to tolerate higher salt
levels (Corbu et al., 2021; Riley et al., 2016). This suggests that inhibitory compounds or by-
products from HT may negatively affect O. polymorpha. Differences in nitrogen assimilation
capacity and enzymatic activity (e.g., proteases and nucleases) likely drive the observed
species-dependent performance, which is consistent with evidence that microbial nitrogen
assimilation and its regulation vary widely across taxa and even among closely related species

(Amon et al., 2010; Reed et al., 2025).

3.5 Identifying bottlenecks, opportunities, and knowledge gaps for recycling heat
treatment centrate to microbial protein production

Recycling HT centrate as nitrogen source in MP production supported comparable growth and
nutritional composition of C. utilis relative to conventional inorganic nitrogen (NH4Cl).
Although, the presence of nucleic acids and proteins in HT centrate might enable an increase
in biomass yield and protein content (Huang et al., 2022; R. Yang et al., 2022), no such benefits
were observed for C. utilis. In contrast, B. subtilis showed a 16.1 % increase in optical density,
suggesting that effective protease and nuclease activity is critical for utilizing the complex
nitrogen components in HT centrate. Recycling of spent medium has previously been shown
to reduce nutrient supplementation and process water costs by up to 55 % (Arora et al., 2023;

Wynne et al., 2025), reinforcing its potential as a cost-saving strategy.

At present, HT centrate is discharged for treatment rather than reused, representing both a

loss of recoverable nutrients and a missed opportunity for process integration. However, to
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fully valorise this stream, detailed characterization of the unidentified organic nitrogen
fraction—particularly peptide length distribution and nucleic acid derivatives—is essential.
The HT centrate is expected to contain organic nitrogen in the form of short peptides, free
amino acids, and nucleic acid derivatives generated through thermal lysis and partial
hydrolysis of the microbial biomass (Lonchamp et al., 2020, 2019). These molecules are
metabolically relevant, as the bioavailability of peptides or amino acids differs substantially
from that of intact proteins or nucleic acids and may influence growth rate, nitrogen utilisation
efficiency, and EPS production. A more detailed characterisation—e.g., through LC-MS/MS for
amino acid and peptide profiling, size-exclusion chromatography for peptide length
distribution, or targeted nucleotide and nucleoside quantification—would enable
discrimination between readily assimilable and more recalcitrant fractions. Given the species-
dependent responses observed in this and other studies, these analyses would also support

the design of targeted pre-treatments to enhance nitrogen uptake.

Further investigation is essential before this approach reaches industrial implementation.
Particular attention should be given to the potential accumulation of residual organics, or
inhibitory compounds during repeated reuse, which may compromise compliance with (food
and feed) safety regulations. Nutrient imbalances introduced by secondary metabolites in HT
centrate also merit attention, as they may affect metabolism and metabolite formation (e.g.
EPS), and settling behaviour. In addition, careful control of nutrient balances is essential when
recycling HT centrate. Salt accumulation through repeated reuse can disrupt osmotic balance,
potentially reducing biomass concentrations by up to 40.8 % under severe imbalances
(Murphy et al., 2024). Interestingly, elevated ionic strength has also been associated with an
18.6 % increase in protein content, suggesting a complex trade-off between yield and

composition (Paquette et al., 2022). Beyond reducing water and nutrient inputs, HT centrate
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recycling may also lower medium sterilisation costs by enabling partial reuse medium (Li et
al., 2014); however, it concurrently increases the risk of microbial contamination due to the
potential introduction of residual biomass or surviving spores from previous cycles (Lu et al.,
2020; Wynne et al., 2025), necessitating appropriate monitoring and control strategies.
Despite these limitations, our findings provide a valuable indication of how HT centrate could

be integrated into MP production.

4 Conclusion

Reusing HT centrate in MP production offers a promising route to recover valuable nitrogen
without compromising Candida utilis growth or biomass composition, when compared to
conventional inorganic sources such as NH4Cl, typically employed in bioprocesses. This
demonstrates the potential of HT centrate as a cost-effective and more sustainable nitrogen
input. Importantly, the impact of HT centrate appears to be microbial species-dependent, and
in the case of B. subtilis increased the growth performance—potentially due to its strong
proteolytic and nucleolytic capacity. This suggests that, beyond safe reuse, HT centrate may
even confer a growth advantage in certain microbial species, further reinforcing its potential
within MP production systems. Comprehensive profiling of the peptide and nucleotide
fractions in HT centrate is essential to guide targeted pretreatment strategies, such as
enzymatic hydrolysis or thermal processing, aimed at converting macromolecules into their
monomers. These approaches may enhance nutrient bioavailability, particularly for microbial
species with limited proteolytic or nucleolytic capacity. When implemented, HT centrate
recycling could lower water and nutrient needs and medium-related costs, and improve
overall process sustainability, but further research is required to translate these findings to

industrial-scale MP-producing systems.
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