Bioresource Technology 434 (2025) 132792

Contents lists available at ScienceDirect BIORESOURCE
TECHNOLOGY

Bioresource Technology

A

ELSEVIER journal homepage: www.elsevier.com/locate/biortech

Check for

Novel photo-chemoautotrophic system combining microalgae and | e
hydrogen oxidizing bacteria for microbial protein production from
carbon dioxide™

a,*

Raffaele Manzo
Silvio Matassa *

, Stefano Papirio “®, Luca d’Antonio ”, Giovanni Esposito " ®,

@ Department of Civil, Architectural and Environmental Engineering, University of Naples Federico II, via Claudio 21, 80125 Naples, Italy
b Veolia Water Technologies Italia, via Melchiorre Gioia 26, 20124 Milan, Italy

HIGHLIGHTS GRAPHICAL ABSTRACT

e Photo-chemoautotrophic microbial pro-
tein production from CO, was
investigated.

e Co-cultivating microalgae and
hydrogen-oxidizing bacteria led to syn-

Aga eff‘eits' ith a H,/0,/CO; ratio of * * RRR Zﬂ@

e A gas mixture with a Hy/O,/CO, ratio o Z
68/3.4/16 led to the highest biomass I55'85%| |0-20%| 15-30% |
growth. - / = 3= ’w‘ PROTEIN

e The microbial consortium reached a Siowthict HOB-mlf:roalgae
. i under non-flammable conditions (3.4% O,)
biomass concentration up to 5.5 + 0.3 g
VSS/L.
e The produced biomass was character-
ized by a protein content of 40.3 + 8.5

Gas input Output

Biomass growth: 5.53 + 0.25 g VSS/L
N-NH,* removal: 100%

Protein content: 40.31+8.51 %
CO,and H, uptake: up to 100%

70 RPM ﬁ

%.
ARTICLE INFO ABSTRACT
Keywords: This study investigated the production of microbial protein (MP) using a novel microbial consortium composed
Single cell protein of microalgae and hydrogen-oxidizing bacteria (HOB). This photo-chemoautotrophic consortium was aimed at
CO,

capturing and valorising carbon dioxide (CO2) while overcoming typical limitations of each microbial group.
Batch tests were run under varying gas mixtures of oxygen (0O3), CO, and hydrogen (Hz) to assess process
performance in terms of biomass growth, nitrogen assimilation, gas consumption, final biomass and microbial
community composition. The consortium was compared to the single microalgae and HOB cultures grown under
photo- and chemoautotrophic conditions, respectively. The consortium achieved significant growth (5.5 g VSS/L)
under a non-explosive gas mixture, reaching a protein content of 40.3 + 8.5 %. The consortium achieved up to
1.8- and 10-times higher biomass growth compared to the single microalgae and HOB cultures, respectively,
showing a higher CO; consumption and stimulating photosynthetic O, production.
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1. Introduction

Global population growth, expected to reach up to more than 9
billion people by 2050 (Areniello et al., 2023), together with the
increasingly widespread economic wellbeing, are boosting the demand
for protein-rich foods. In this context, meeting the future global protein
demand will require an increase by up to 78 % of the current protein
production potential (Areniello et al., 2023; Henchion et al., 2017).
Meeting this growing demand through conventional protein sources (i.
e., animal and vegetal) would further exacerbate the impact of anthro-
pogenic greenhouse gases (GHG) emissions arising from livestock,
which already account for 14.5 % of the global GHG emissions (Bateki
et al., 2023).

For these reasons, the development of systems capable of combining
alternative protein production with carbon capture and utilization
(CCU) techniques is increasingly attracting interest. A potential solution
in this sense is represented by microbial protein (MP), which constitute
the dried microbial cells of microalgae, yeasts, fungi, and bacteria, ob-
tained from autotrophic, CO,-fixing microorganisms (Ritala et al.,
2017). Microalgae are a well-established form of autotrophic MP as they
are in average characterised by a protein content of about 40 %, which
can reach up to 70 %, and low nucleic acid levels (Spiller et al., 2020).
Being photoautotrophs, microalgae fix inorganic CO5 through light and
convert it into protein-rich biomass while producing oxygen (O5) as a
result of the photosynthetic activity (Cardol et al., 2011). Despite the
interesting features of microalgae, their cultivation can be limited by
many factors, such as a low light penetration in the presence of dense
cultures (self-shading) or the inhibition of light receptors by strong light
radiation (photoinhibition) (McGinn et al., 2011). Another factor that
could lead to a limitation of microalgal growth is the accumulation of
high Oy concentrations, which could lead to the photo-oxidation of
chlorophyll when paired with an excess of light (Hong et al., 2020), and/
or trigger the onset of photorespiration. Photorespiration activates in
presence of high 02:CO, ratios when the oxygenase enzyme reacts with
O, instead of COo, ultimately leading to a higher energy expense and
limited biomass growth (Kliphuis et al., 2011). Moreover, the activation
of other metabolic pathways such as that of photoreduction, which can
enhance the growth of microalgae in the presence of hydrogen (Hy) gas
by consuming it through the activation of the hydrogenase enzyme, is
also negatively affected by the presence of oxygen (Sleutels et al., 2020).
In addition to microalgae, bacteria are also particularly suited for the
production of autotrophic MP thanks to their high protein content (up to
80 % protein over dry weight) and rapid growth (Areniello et al., 2023).
Chemoautotrophic bacteria, of which the aerobic hydrogen oxidizing
bacteria (HOB), or Knallgas bacteria, are an example, are already being
used by several companies for the production of both feed and food
(Pander et al., 2020). Being chemoautotrophs, the HOB are able to fix
carbon dioxide and synthesize new biomass by using the chemical en-
ergy released through hydrogen oxidation (Ishizaki and Tanaka, 1990).
Although light is not required, the main issue with HOB cultivation
stands in their need for a gas mixture composed of both Hy and O,
which poses flammability hazards when the volumetric percentage of Oy
in the atmosphere of Hjy is higher than 5 % (Zlochower and Green,
2009). To overcome the limitations linked to the cultivation of the single
microbial groups alone, a microbial consortium of HOB and microalgae
could offer several advantages and potential, yet unexplored, synergies.
As a matter of fact, culturing microalgae together with HOB could help
limiting the accumulation of oxygen, thereby mitigating the negative
effects of photorespiration as well as enabling effective photoreduction
in the presence of Hy gas. Hy, which is necessary for the growth of HOB,
could be oxidized by these bacteria thanks to the O3 continuously pro-
duced by microalgae through their photosynthetic metabolism, thereby
avoiding the need of supplying high volumes of potentially explosive gas
mixtures. In light of the above, the present study explored the possibility
of combining MP production to CCU through a photo-chemoautotrophic
system implementing a HOB-microalgae microbial consortium exposed
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to light and fed with variable CO9, Hy, and O3 levels. The main objective
of the experimental activity was to optimize the growth of the HOB-
microalgae consortium in batch photobioreactors and identify the ben-
efits of cultivating the HOB-microalgae consortium in terms of yielded
biomass, protein production, as well as CO; and Hy consumption. The
combined photo-chemoautotrophic microalgae-HOB consortium was
cultivated under different gas compositions and compared to controls
where the microalgae and the HOB were allowed to grow alone under
their typical photo- and chemoautotrophic growth conditions, respec-
tively. Headspace pressure, gas composition, biomass concentration,
and ammonium nitrogen concentration were monitored, while the
macromolecular biomass composition was evaluated in terms of protein
and carbohydrates content. Finally, the microbial community compo-
sition of the developed microalgae-HOB consortium was also evaluated.

2. Materials and methods
2.1. Microbial inocula and mineral medium

The microalgae-HOB consortium was obtained by combining two
inocula composed of mixed cultures previously enriched with HOB and
green microalgae. The HOB inoculum, dominated by the Paracoccus
genus, was obtained from a mixed HOB culture used for the aerobic
conversion of syngas into MP (Pelagalli et al., 2024). The HOB culture
was enriched from active compost sampled from a composting facility
located in the Campania region, Italy. In brief, the supernatant obtained
by suspending the compost in a mineral medium prepared according to
Yu et al. (2013), was inoculated at 10 % (v/v) in 120 mL of the same
fresh medium. The enrichment was obtained by supplying a gas mixture
of Hy/05/CO, with a composition of 65/20/15 (v/v) to the inoculated
medium until constant and repeatable gas consumption and biomass
growth were observed. The green microalgae inoculum was obtained
from a sample collected in a lake located in the Campania region, Italy.
The enrichment procedure used bold basal medium (BBM) (Andersen,
2005), atmospheric carbon dioxide through aeration and artificial light
as growth substrates. The predominance of the Scenedesmus genus was
assessed through microscopic analysis. The inocula were kept active and
enriched throughout the experiment in 250 mL serum bottles, using a
mineral medium that combined the macro- and micro- nutrients used in
the BBM and in the medium for the growth of the HOB (Yu et al., 2013).
This mixed medium was composed by (per litre of solution): 2.3 g
KH,POy, 2.3 g NagHPOy, 2.0 g NH4Cl, 0.5 g NaHCO3, 0.01 g CaCl,.H0,
0.5 g MgS04-7H20, 0.05 g ferric citrate, 2.5 g NaCl, 1 mL trace metals
solution, 1 mL EDTA solution, 1 mL acidified iron solution, 1 mL boric
acid solution. The trace metals solution contained (per litre of solution):
8.82 g ZnSO47H,0, 1.44 g MnCly-4H,0, 0.71 g MoOs, 1.57 g
CuS04-6H20, 0.40 g CoCly-6H>0, 0.04 g NiCly-6H0 The other solutions
were prepared by mixing (per litre of solution): 50 g of EDTA and 31 g of
KOH (EDTA solution), 4.89 g FeSO4-7H,0 and 1 mL HySO4 (acidified
iron solution) and 11.42 g H3BOg3 (boric acid solution). The mineral
medium was characterised by a neutral pH (7.1 & 0.1). The liquid phase
consisted in 25 mL, while the remaining 225 mL of headspace was filled
with a gas mixture composed at a ratio of 65/20/15 of either Hy, O5, and
CO4, for the HOB, or Argon (Ar), Oy, and CO; for the microalgae. The
serum bottles (Ochs, Germany) were kept at 30 + 1 °C by means of a
thermostatic bath equipped with thermal probes (Hydor, Italy) and
agitated at 75 rpm through an oscillating shaker (Edmund Biihler,
Netherlands). LED lights were installed around the transparent walls of
the thermostatic bath as a light source for the microalgae, while the HOB
inoculum was kept in the dark by wrapping the serum bottles in
aluminium foil. Light was provided through cycles of 12 h followed by
12 h of dark, simulating a day/night cycle. The light intensity measured
in the thermostatic bath was of 43.8 pmol/m?/s.
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2.2. Experimental setup

A series of batch tests was implemented to study the performances of
the microalgae-HOB consortium as compared to those of the HOB and
microalgae cultures alone. The tests were performed in 250 mL serum
bottles with 25 mL of working volume of the same mineral medium
described in Section 2.1 inoculated at 10 % (v/v) with either the mixed
culture, the HOB culture alone or the microalgae culture alone. The
microalgae-HOB inoculum was obtained by mixing equal volumes (1.25
mL) of the HOB and the microalgal inocula. The optical density of the
culture at the beginning of each test was 0.8 + 0.1, measured using a
WTW photoLab 7600 UV-Vis spectrophotometer (WTW, Germany) set
at a wavelength of 680 nm. The 225 mL headspace of each bottle con-
taining either the microalgae-HOB culture or the HOB alone was purged
with Hy gas. After that, Oy and CO, were injected to reach a certain
volumetric composition, depending on the condition tested. In the bot-
tles containing the microalgae inoculum, argon gas was used instead of
Hj to keep the volumetric composition of Oy and CO; unaltered. The
CO; (Rivoira, Nippon Gases, Turin, Italy) and Ar (Nippon Gases, Milan,
Italy) gas were characterised by a purity of 99.999 %. The O3 and H, gas
were produced through electrolysis using an electrolytic cell (R06
Separator Kit, Hydrobullet Hydrogen Technology, Athens, Greece).
Every two days a liquid volume of 5 mL was sampled from the serum
bottles and exchanged with fresh medium, while 10 mL of gas from the
headspace was also withdrawn. After sampling, therefore every two
days, the gas headspace was restored to its initial composition,
depending on the tested condition. This was done to provide always
fresh gas substrates to the cultures and to investigate how their
composition could influence the growth and behaviour of the cultures
along a consistent time span of 20-23 days.

The pH was controlled manually at 7.0 &+ 0.2 by using a 3 M NaOH
solution. The serum bottles were kept at 30 + 1 °C by means of a ther-
mostatic bath and agitated at 75 rpm through an oscillating shaker. LED
lights were installed around the transparent walls of the thermostatic
bath as a light source for the microalgae. Light was provided through
cycles of 12 h followed by 12 h of dark, simulating a day/night cycle.
The light intensity measured in the thermostatic bath was of 43.8 pmol/
m?/s. To guarantee reproducibility, biological triplicates were per-
formed for each microbial culture and experimental condition tested.

Table 1
Operating conditions tested to evaluate the growth of the microalgae-HOB
consortium.

Test  Condition  Gas composition [%v/v] Light time Favoured

exposure

1t
Ar H, O, O, culture

1 1.1 0 65 20 15 12 h of light/ ~ HOB-
12 h of dark microalgae
(test)
1.2 65 0 20 15 12 h of light/ Microalgae
12 h of dark (control)
1.3 0 65 20 15 24 h of dark HOB (control)
2 2.1 0 50 20 30 12 h of light/ ~ HOB-
12 h of dark microalgae
(test)
2.2 50 0 20 30 12 h of light/ Microalgae
12 h of dark (control)
2.3 0 50 20 30 24 h of dark HOB (control)
3 3.1 0 85 0 15 12 h of light/ HOB-
12 h of dark Microalgae
(test)
3.2 8 0 0 15 12 h of light/ Microalgae
12 h of dark (control)
4 4.1 0 68 3.4 16 12 h of light/  HOB-
12 h of dark microalgae
(test)
4.2 68 0 3.4* 16 12 h of light/ Microalgae
12 h of dark (control)

*0 injected as air, present at 16%v/v.
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The effect of the headspace gas composition on the growth of
microalgae-HOB consortium was evaluated by means of different tests
(Table 1). Each test lasted between 20 and 23 days. Test 1 was per-
formed by providing the optimal gas composition for the growth of HOB,
with 65 % Hj, 20 % O, and 15 % CO,, as well as for Scenedesmus sp., that
dominate the mixed microalgae inoculum, as a concentration of 15 % of
CO;, is reported as being optimal for the growth of these microalgae
(Matassa et al., 2015; Patil and Kaliwal, 2017). Test 2 was characterised
by a higher percentage of CO; in the headspace (30 % v/v), with the aim
of challenging the growth of the microalgal culture, since microalgae are
usually limited by higher percentages of CO» (Solovchenko and Khozin-
Goldberg, 2013). Test 3 was characterised by a complete absence of O
in the feed gas mixture, aiming at evaluating the growth of the HOB as
dependent only on the O3 produced by the microalgae. In test 4, finally,
the growth of the microalgae-HOB consortium was evaluated in the
presence of oxygen concentrations, provided as air, below the flamma-
bility threshold of 5 % (Zlochower and Green, 2009). Control conditions
were set by evaluating the growth of the HOB and the microalgae alone
in three different bottles each. In order to enable the growth of HOB
alone, the three inoculated bottles were covered with aluminium foil to
avoid light penetration. The growth of the microalgae alone, instead,
was guaranteed by replacing the same volume of Hy with Ar as an inert
gas in the headspace, while having equal volumes of O, and CO». In test
3, the control with the growth of the sole HOB culture was not per-
formed as they are not able to oxidize hydrogen in the absence of mo-
lecular oxygen. Also in test 4, the control with HOB alone was not
performed because preliminary tests showed that the low Oy concen-
tration that was injected in the headspace did not allow a measurable
growth of the HOB under the set conditions.

2.3. Sampling and analytical methods

Sampling was performed every two days on both the liquid and
gaseous volumes of each bottle. The total and soluble oxygen demand
(tCOD and sCOD) were measured according to the APHA Standard
Methods (APHA, 2007). The sCOD was measured on the sample
centrifuged at 14,000 RPM for 10 min and filtered through 0.45 pm
Merck Millex™ MCE syringe filters (Milan, Italy). The ammonium ni-
trogen concentration was analysed according to the indophenol-blue
method (Aminot et al., 1997). Analyses of the produced biomass were
also performed to evaluate its composition in terms of protein, through
the Lowry method (Lowry et al., 1951), and carbohydrates, through the
DuBois method (DuBois et al., 1956). The analysis of the gas, which was
sampled every two days, was carried out through a Star 3400 gas
chromatograph (Varian, Palo Alto, USA) equipped with a ShinCarbon
ST80/100 (Restek, Bellefonte, USA) column and a thermal conductivity
detector. Argon was used as the eluent gas. The pH of the liquid fraction
was measured using a WITW Multi 3410 instrument equipped with a
SenTix® 940 pH electrode (WTW, Germany), while the pressure of each
bottle’s headspace was monitored by means of a Leo 1 pressure meter
(Keller, Switzerland). Light intensity was measured through a Lutron
Electronic Enterprise LX-107 lightmeter (Taipei, Taiwan).

2.4. Microbial community analysis

Samples for the identification of the microbial community were
collected from the serum bottles at the end of each test and stored at
—20 °C. DNA extraction, sequencing and bioinformatic analyses were
performed by Biomarker Technologies (BMK) (Miinster, Germany).
Total genomic DNA was extracted using the TGuide S96 Magnetic Soil/
Stool DNA Kit (Tiangen Biotech Co., Ltd., Beijing) according to manu-
facturer’s instructions. The hypervariable region V3-V4 of the bacterial
16S rRNA gene was amplified with primer pairs F: 5-ACTCCTACGG-
GAGGCAGCA-3' and R: 5-GGACTACHVGGGTWTCTAAT-3', while the
hypervariable region V4 of the 18S rRNA gene was amplified with
primer pairs F: 5-CCAGCASCYGCGGTAATTCC-3' and R: 5-
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ACTTTCGTTCTTGATYRA-3. The polymerase chain reaction (PCR)
products were checked on agarose gel and purified through the Omega
DNA purification kit (Omega Inc., Norcross, GA, USA). The purified PCR
products were collected, and the paired ends (2 x 250 bp) were per-
formed on the Illumina Novaseq 6000 platform. Sequences that fitted in
the 97 % similarity thresholds were assigned to one operational taxo-
nomic unit (OUT) using USEARCH (version 10.0). Taxonomy annotation
of the OTUs and the amplicon sequence variants (ASV) were performed
according to the Naive Bayes classifier in QIIME2 and using the SILVA
database (release 138.1). The confidence threshold was set at 70 %.
Alpha diversity and Beta diversity were respectively calculated to
identify the complexity of species diversity of each sample and to un-
derstand the differences between samples for species complexity by
principal coordinate analysis (PCoA). Abundance and diversity were
compared using the one-way analysis of variance. Linear discriminant
analysis (LDA) coupled with effect size (LEfSe) was applied to evaluate
the differentially abundant taxa. The online platform BMKCloud was
used to analyse the sequencing data.

2.5. Statistical analysis

All results were expressed as the mean + standard deviation. To
determine the statistical significance of the differences in terms of
biomass growth among the various tests and among each test and the
relative controls, a one-way ANOVA statistical analysis was performed
by using the Microsoft Excel (version 2405) (Office 365, Microsoft
Corporation, Redmond, USA) statistical package. The results were
considered significantly different when the p-value was below or equal
to 0.05 (p-value < 0.05).

2.6. Calculations

The COD measurement was used as a proxy of biomass concentration
in terms of volatile suspended solids (VSS) according to the following
equation:

__tCOD (mg/L)- sCOD (mg/L)

Biomassconcentration(mgVSS/L) = 1.42 (mg COD/mg VSS) 1)

where 1.42 mg COD/mg VSS represents the COD content of a generic
microbial biomass sample (Irvine and Bryers, 1985).

Biomass yield on hydrogen (Yy2) was calculated as grams of biomass
per grams of Hy gas COD equivalent (Hp-COD) as represented in the
following equation:

Biomass concentration increase (mg VSS/L) e Liquidvolume(L)
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__ Hyinitialsupply(mol) — Hyresidual(mol)

H,initialsupply(mol) * 100 ®

Similarly, the consumption of CO3 and O3 were calculated as:

CO2consumption(%mol/mol) = Cg?fif:i;;’;;’(n,:?l) e 100 =

_ COyinitialsupply(mol) — CO,final(mol)

CO,initialsupply(mol) * 100 )
. O,gasuptake(mol)
9 . bt s St =
0O2consumption(%mol/mol) Oyinitialsupply(mol) e 100
_ O,initialsupply(mol) — Ofinal(mol) . 100 ®)

O,initialsupply(mol)

The protein content of the biomass was calculated and expressed as
the percentage of protein over biomass as VSS:

Protein concentration (mg protein/L)
Biomass concentration (mg VSS /L)

Protein content (Y%protein/biomass) =

¢ 100
(6)
Similarly, the carbohydrate content was calculated as:
Carbohydrate content (% carbohydrates/biomass) =
_ Carbohydrate concentration (mg carbohydrates/L) . 100 e

Biomass concentration (mg VSS/L)

The light intensity values were measured in lux and converted to
photosynthetic photon flux density (PPFD) which is measured in pmol/
m?/s through the conversion factor of 0.0146 related to 3500 K white
LED lights according to the following equation (Ashdown, 2015):

PPFD(umol/m2/s) = Lightintensity(Lux) e 0.0146(umol/m2/s/Lux) (8)
3. Results and discussion
3.1. Growth under optimal gas composition

The experimental conditions characterizing test 1 represent the
optimal scenario for the growth of the HOB, since a gas mixture with a

H5/05/CO5 ratio of 65/20/15 was set in both conditions 1.1 (HOB +
microalgae) and 1.3 (HOB alone). Furthermore, a 15 % v/v CO2 con-

YH2(mgVSS/mgH2 — COD) =

considering that the biomass concentration increase was calculated as the
difference between the final and initial biomass concentration and the
Hj gas uptake indicates the total moles of Hj gas that were consumed
between each sampling and restoration of the initial gas composition in
the serum bottles during the test. According to Pelagalli et al. (2024), a
factor of 16 was considered for the conversion from mole of Hy gas
consumed to grams of Hy-COD.
The consumption of Hy was expressed as a percentage of the initial
Hs supply, according to the following equation:
H,gasuptake(mol)

H2consumption(%mol/mol) = Hhinitialsupply(mol) 100 =

H, gas uptake (mmol) - 16 (mg H,-COD/mmol)

(2)

centration in the headspace should be optimal for the growth of the
Scenedesmus sp. microalgae, which were dominant in the microalgal
inoculum (Huang et al., 2020; Patil and Kaliwal, 2017; Singh and Singh,
2014). Condition 1.2 (microalgae alone) presented the same gas
mixture, yet Hy was replaced with Ar. Fig. 1a shows a high final biomass
concentration in condition 1.1, where the growth of the microalgae-HOB
consortium was tested, reaching up to 4.7 g VSS/L after 16 days. This
biomass concentration value is higher than what obtained in conditions
1.2 and 1.3, where around 2.6 and 1.4 g VSS/L (p-value < 0.05) were
achieved by microalgae and HOB alone, respectively. This indicates how
the microalgae-HOB culture reached an approximately 80 % higher
biomass concentration than that of microalgae alone and more than
three times that of the HOB culture alone. The highest biomass con-
centration value of 4.7 g VSS/L reached by the microalgae-HOB
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Fig. 1. Effect of the gas composition for the growth of HOB and microalgae on a) biomass growth, b) ammonium-nitrogen consumption, c¢) headspace pressure.
Trends of gas concentrations measured in d) condition 1.1 (HOB + microalgae), e) condition 1.2 (microalgae alone), f) condition 1.3 (HOB alone).

consortium was also around 6.4 times and 1.7 — 2.2 times higher than
the highest biomass concentrations of microalgae and HOB, respec-
tively, observed by Noreen et al. (2021) and Nyyssola et al. (2021) in
batch tests. Fig. 1b shows the trends of ammonium nitrogen (NHZ-N)
concentration under all tested conditions. In condition 1.1, the
microalgae-HOB consortium consumed all available NH4-N after eleven
days, when also the biomass concentration stabilized. This likely points
to a possible nitrogen limitation on the growth of the consortium, which
could have therefore achieved even higher biomass concentrations if
provided with additional nitrogen. As shown in Fig. 1c, the pressure
trend measured in condition 1.2 was constant, while the pressure de-
creases repeatedly both in conditions 1.1 and 1.3, meaning that
hydrogen was consumed both by the microalgae-HOB consortium and
by the HOB culture alone. It is worth pointing out how the pressure trend
was similar between conditions 1.1 and 1.3, meaning that the extent of
hydrogen consumption by the microalgae-HOB consortium was com-
parable to that of the HOB culture alone. This was confirmed through
the calculation of the average uptake of Hj that occurred every two days
after refreshing the gas headspace. The uptake of Hy in condition 1.1 and
condition 1.3 was equal to 81 % and 88 % of the provided Hy, respec-
tively. In condition 1.1 the consumption of Oz and CO every two days
stabilized respectively at around 62 % and 93 % of the initial headspace

gas composition throughout the test (Fig. 1d). In condition 1.2, the
headspace pressure did not show relevant fluctuations (Fig. 1c) since the
predominance of Ar as an inert gas likely mitigated pressure variations
linked to the consumption and production of CO3 and Os. Nonetheless,
the gas analyses of condition 1.2 (Fig. 1e) did not only show a con-
sumption of CO,, but also of Oy (respectively 99 and 64 % of the initial
value restored after each sampling). These results are similar to what
shown by condition 1.1 (Fig. 1d), with the main difference that the
uptake of CO3 and O, was also due to the presence of the HOB, while the
consumption of Oy in condition 1.2 might be a consequence of the
photorespiration metabolic path. Photorespiration was likely triggered
by the onset of low CO5/05 ratios once most of the CO2 present in the
headspace was consumed. Therefore, even though condition 1.1 and 1.2
showed a similar O3 and CO2 consumption, the microalgal growth in
condition 1.2 was likely slowed down by photorespiration, while the
growth of the microalgae-HOB consortium reached a high biomass
concentration of 4.7 g VSS/L (Fig. 1a). A constant and full O, uptake
from the HOB was detected in condition 1.3 (Fig. 1f), pointing to po-
tential Oy limitations that probably hampered substantial growth and
CO, fixation by HOB. Based on the Hy consumption and biomass con-
centration observed in condition 1.3, a biomass yield of the HOB on Hy
(Yy2) equal to 0.07 + 0.03 mg VSS/mg Hp-COD (Table S1) can be
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calculated according to Eq. (2). This value is on the lower end of the
range of 0.07-0.28 mg VSS/mg H,-COD reported by Pelagalli et al.
(2024), thereby indicating the potential predominance of a maintenance
metabolism (Yu and Lu, 2019) under the set growth conditions, as also
confirmed by the low CO, uptake detected (Fig. 1f). On the contrary,
under the same headspace gas composition (i.e. 65 % Hs, 20 % O, and
15 % CO3), the HOB-microalgae consortium in condition 1.1 reached a
15 % higher biomass concentration than that calculated by summing the
HOB and microalgae cultures alone (Fig. la), pointing towards a
possible synergistic effect derived from the combination of the two
cultures. It is possible that, by having the microalgae and the HOB
growing together, the concentration of dissolved oxygen is kept low
through its consumption by HOB, therefore preventing the onset of
photorespiration in microalgae.

3.2. Growth under high carbon dioxide concentrations

Test 2 was characterised by a higher CO5 concentration (i.e. 30 %),
aimed at evaluating the performance of the microalgae-HOB consortium
under conditions which are typically not optimal for microalgae. As a
matter of fact, the growth of microalgae can be limited by high CO,

Bioresource Technology 434 (2025) 132792

concentrations due to the acidifying effect that CO, gas has on the cul-
ture medium. Therefore, the gas mixture employed in the headspace in
conditions 2.1 (HOB + microalgae) and 2.3 (HOB alone) was composed
of 50 % Hy, 20 % O, and 30 % CO,, which was the same of that used in
condition 2.2 (microalgae alone), yet with H replaced by Ar. In terms of
biomass growth (Fig. 2a), condition 2.1 reached a VSS concentration of
4.2 g/L, i.e. 10 % lower (p-value > 0.05) than the value obtained in
condition 1.1. The growth trend of condition 2.1 is coherent with the
consumption of ammonium nitrogen, as reported in Fig. 2b, which was
almost completely depleted and likely limited the growth of the
microalgae-HOB consortium from day 14. In condition 2.2, microalgae
alone showed similar trends to condition 2.1, in terms of both ammo-
nium nitrogen consumption (Fig. 2b) and biomass concentration
(Fig. 2a), with the latter reaching up to 3.8 g VSS/L (p-value > 0.05).
Even though the higher concentration of CO, in the headspace was
supposed to limit the growth of microalgae alone, the biomass in con-
dition 2.2 did not show signs of inhibition and resulted in a 41 % higher
biomass growth than in condition 1.2 (p-value < 0.05). Indeed, although
high CO; concentrations are generally inhibitory for many microalgae,
the actual effect of CO5 strongly depends on several parameters (e.g.
temperature, headspace volume, medium volume, rate of replacement,
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etc.) that influence its solubility (Huang et al., 2020; Solovchenko and
Khozin-Goldberg, 2013). In condition 2.2, thus, not only the excess of
CO4 seemed to not affect negatively the process, but its combination
with the Oy accumulated in the headspace likely limited photorespira-
tion and, thus, improved biomass growth. The HOB culture alone
(condition 2.3) showed, on the other hand, a rather low biomass growth
compared to condition 2.1 (p-value < 0.05), reaching a stable biomass
concentration below 0.5 g VSS/L, i.e. about three times less than that
reached in condition 1.3. Complementary to the low HOB growth,
ammonium nitrogen consumption was also negligible. Even though the
recommended optimal CO, concentration usually ranges between its
atmospheric concentration (0.038 % v/v) and 10 % v/v for most
microalgal species (Zhao and Su, 2014), the growth of Scenedesmus sp. is
usually studied at CO, concentrations higher than 10 % v/v. In this
study, a CO, concentration of 30 % (condition 2.2) instead of 15 % v/v
(condition 1.2) led to a better growth of the microalgae rather than the
HOB, despite being outside of the range 10-20 % v/v for optimal
biomass growth of the Scenedesmus sp. (Huang et al., 2020; Patil and
Kaliwal, 2017; Singh and Singh, 2014). Also, the HOB were clearly

Bioresource Technology 434 (2025) 132792

limited by the lower presence of Hy in the headspace in condition 2.3.
The beneficial effect of the higher CO3 concentration on the growth of
the microalgae could have led to a high O, production through photo-
synthesis, which could possibly explain how the headspace pressure in
condition 2.1 (Fig. 2¢) could not reach the same lowest value as in
condition 2.3 (0.97 and 0.76 bar, respectively). Regarding the gas
composition, Fig. 2d shows a slow yet steady increase of O3 concentra-
tion in condition 2.1, which was likely due to the high activity of the
microalgae in the consortium, eventually exceeding the Oy uptake by
HOB. According to Fig. 2e, the microalgae in condition 2.2 completely
consumed the CO, provided every two days, differently than what
happened in condition 2.1, where CO, was always present in excess
(Fig. 2d), which indicates a higher carbon conversion efficiency by the
microalgae-HOB consortium with respect to the microalgae alone. The
lower concentration of Hj in the headspace of condition 2.3 (Fig. 2f),
which resulted in an unbalanced Hz/02/CO2 ratio and in having less
than 23 % H, available compared to condition 1.3, led to an averagely
50 % lower biomass concentration. Nonetheless, the H, uptake between
conditions 1.3 (Fig. 1f) and 2.3 (Fig. 2f) was comparable. As a result, the
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biomass yield on Hy (Yyo) calculated in condition 2.3 was as low as 0.02
+ 0.01 mg VSS/mg H,-COD (see Supplementary Material), that is more
than three times lower than what obtained in condition 1.3 (0.07 4+ 0.03
mg VSS/mg Hp-COD), confirming the limited anabolic activity observed
with the HOB culture alone. Similarly to condition 1.3, also in condition
2.3 both Hy and O, were always completely consumed after two days
from being restored in the headspace (Fig. 2f), and the biomass con-
centration rapidly stabilized. Differently from Test 1, the synergistic
effect showed by the microalgae-HOB consortium in condition 1.1 was
not detected in condition 2.1, as the biomass growth reached under
condition 2.1 was in line with that calculated by combining the growth
of the HOB and microalgae alone (Fig. 2a). As previously discussed, this
could be due to the lower concentrations of Hy (condition 2.1), which
reduced the extent of HOB activity while that of microalgae was pro-
moted by the higher CO; concentration (Yu et al., 2013).

3.3. Growth in the absence of external oxygen addition

The results obtained in conditions 1.1 (HOB + microalgae with 65 %
Hj, 20 % O3, 15 % CO3) and 2.1 (HOB + microalgae with 50 % Ha, 20 %
05, 30 % CO3) showed that oxygen was not limiting for the growth of

Bioresource Technology 434 (2025) 132792

HOB in the microalgae-HOB consortium. Therefore, the growth of the
microalgae-HOB culture was tested in condition 3.1 without the external
addition of Oy, using a gas mixture of 85 % Hjy and 15 % CO,. This
headspace gas composition forced the HOB to rely only on the oxygen
produced by the microalgae. Regarding condition 3.2, in which only the
microalgae were grown, the headspace gas mixture was composed of 85
% of Ar and 15 % of CO,. Fig. 3a reports the VSS trend for condition 3.1
(HOB + microalgae) and 3.2 (microalgae alone). The two cultures show
the same growth trend for the first 18 days, after which condition 3.1
reached up to 3.3 g VSS/L, while condition 3.2 settled at 2.7 g VSS/L (p-
value < 0.05). Compared to previous tests, the microalgae-HOB con-
sortium grew less efficiently than in condition 1.1 (p-value < 0.05) and
2.1 (p-value > 0.05), in which the highest VSS concentrations were
around 40 and 30 % higher than that obtained in condition 3.1,
respectively. The concentration of ammonium nitrogen (Fig. 3b) in
conditions 3.1 and 3.2 followed a similar trend, with the two cultures
having comparable values and, ultimately, reaching an almost complete
depletion of ammonium nitrogen on day 18. Regarding the pressure
trend (Fig. 3c), condition 3.1 (HOB + microalgae) showed slight pres-
sure reductions during the first days, while the pressure values
decreased substantially during the rest of the test. This trend could have
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resulted from the O, produced by the microalgae and accumulated in the
headspace during the first days of the test (Fig. 3d), therefore preventing
the pressure to reach lower values. As shown in Fig. 3d, H2 was being
almost completely consumed after each refreshing of the headspace only
after the first week of the test. It is possible that the initial production of
O, by microalgae could not match the demand by HOB, leading to a
lower consumption of Hy and likely limiting their growth. After this
initial acclimation phase, the HOB increased both H; and O, consump-
tion, which led to a better growth of the microbial consortium and to a
higher final biomass concentration value compared to condition 3.2.
CO4 was always being completely depleted by the mixed culture after
each gas sampling and refreshing of the gas headspace, similarly to
condition 1.1 (65 % Ha, 20 % O3, 15 % CO5). During the first eleven days
of the test, condition 3.2 showed a low production of O3 and a complete
CO uptake until the end of the test, plausibly triggering photorespira-
tion as in condition 1.2 (65 % Ar, 20 % O, 15 % CO2), while still
consuming all carbon dioxide (Fig. 3f).

3.4. Growth under sub-stochiometric and not-explosive oxygen levels

The gas composition used for test 4 included the injection of air
instead of pure O, gas in the headspace (68 % Hy, 16 % air, 16 % CO5 in
condition 4.1 and 68 % Ar, 16 % air, 16 % CO5 in condition 4.2)
(Table 1). Air was chosen as a less expensive source of oxygen, and its
addition at O, concentrations below 5 % allowed to have a non-
flammable gas mixture without significantly affecting the concentra-
tions of the other gases. As displayed in Fig. 4, the microalgae-HOB
consortium reached a biomass concentration of 5.5 g VSS/L, i.e. 30 %
higher than the maximum value of 4.2 g VSS/L reached by the micro-
algal culture in condition 4.2 (p-value > 0.05). This test resulted in the
highest growth for both the microalgae-HOB culture and the microalgal
culture, reaching a 17 % higher biomass concentration than in condition
1.1 (p-value < 0.05), 30 % higher than condition 2.1 (p-value < 0.05) and
around 65 % higher than condition 3.1 (p-value < 0.05). Accordingly,
ammonium nitrogen was completely depleted already from days 15 to
20 under both condition 4.1 and 4.2, as reported in Fig. 4b. Regarding
the headspace pressure, as displayed by Fig. 4c, an interesting trend
could be observed in condition 4.1. Until day 7, the pressure constantly
decreased by about 30 % from the initial pressure value. Starting from
day 8, the pressure decrease was only 15 % and, after day 16, only 5 %.
This trend could be explained by looking at Fig. 4d which shows that,
even though the microalgae-HOB consortium consumed most of the
provided Hy, which was supplied every two days through headspace gas
refreshment, the high production of O, by the microalgae likely
compensated the gas consumption by HOB. This aspect also indicates
that the oxygen produced by the microalgae, together with that pro-
vided through air in the gas mixture every two days, met the oxygen
demand from the HOB. In condition 4.1 (HOB + microalgae), the Oy
production after day nine was higher than in condition 4.2 (microalgae
alone) (Fig. 4e), suggesting a better growth of the microalgae, and
possibly of the HOB. The better growth of the microalgae-HOB con-
sortium in condition 4.1 than in condition 1.1 (65 % Hy, 20 % O3, 15 %
CO,, HOB + microalgae) could be explained by the same synergistic
effect described in paragraph 3.1 regarding the growth of the con-
sortium in condition 1.1 itself. In condition 4.1, the low amount of ox-
ygen provided in the headspace likely limited the onset of
photorespiration over photosynthesis in microalgae. Fig. 4d shows that
there was no O, in the headspace until the end of the first week, meaning
that the HOB managed to consume the oxygen produced through
photosynthesis, thereby keeping the amount of dissolved oxygen low,
differently than what observed in condition 1.1 (Fig. 1d). The low dis-
solved O levels could have improved the growth of the microalgae in
the consortium, which would explain the subsequent increase of Oy
production that occurred after the first week of the test (Fig. 4d). The
high amount of O detected in the last thirteen days of the test could
have consequently enhanced the growth of the HOB, which could justify
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the higher growth of the microalgae-HOB consortium (condition 4.1)
with respect to the microalgae alone in condition 4.2 (Fig. 4a).

3.5. Microbial community analysis

A characterization of the microbial community was performed to
evaluate the composition of the microalgae-HOB consortium, which
developed in conditions 1.1, 2.1, 3.1, and 4.1 (Fig. 5). The eukaryotic
microbial community in condition 1.1 was dominated by Scenedesma-
ceae at a relative abundance (RA) of 62 %, while Chlorellales were pre-
sent at 12 % of RA (Fig. 5a). Regarding the prokaryotic microbial
community, the most abundant genera were Stenotrophomonas and
Sphingopyxis with a RA of 20 and 17 %, respectively, while the genus
Pseudomonas had a RA of 12 % (Fig. 5b). All the aforementioned genera
and/or their family were detected in HOB cultures enriched in previous
studies, of which those of Barbosa et al. (2021), and Yang et al. (2021)
are an example. Interestingly, Brevundimonas was also present (RA of 10
%) despite being reported as able to produce bio-Hs through the hy-
drogenase enzyme (Wang et al., 2019). Being a bidirectional enzyme,
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the hydrogenase can also be involved in the consumption of Hs.
Furthermore, Pseudomonas, Achromobacter, Stenotrophomonas, and Bre-
vundimonas were found as able to promote the growth of microalgae in
microalgae-bacterial symbiotic systems (Alavianghavanini et al., 2024;
Xie et al., 2018), and several strains of bacteria belonging to those
genera were identified in association with a culture of Scenedesmus (Dao
et al., 2018). When lowering the Hy and increasing the CO, content in
the headspace in condition 2.1, microalgae belonging to the Scene-
desmaceae reached a RA of 77 % (Fig. 5a). It is likely that higher con-
centrations of CO, favoured the growth of the Scenedesmacea which can
withstand CO5 concentration as high as 50 % better than the Chlorellales,
despite being both highly tolerant to high CO2 concentrations (Huang
et al., 2020). Regarding the bacterial community (Fig. 5b), Paenibacillus
and Chryseobacterium genera of the family of the Weeksellaceae, of which
some representatives are identified as HOB according to the study of
Barbosa et al. (2021), were identified at a RA of 11 and 16 %. Entero-
bacteriaceae, (RA of 9 %), and Paenibacillus, reported as Hy producers in
the literature (Lal et al., 2012), were only found in condition 2.1, sug-
gesting a potential higher tolerance to CO,. As showed in Fig. 5b, in
condition 3.1, which was characterised by a complete absence of Oy
provided in the headspace, the majority of the bacterial population
consisted of the Chryseobacterium genus with a RA of 21 %, possibly
pointing out that Oy deprivation could provide better conditions for
their growth. Stenotrophomonas, Sphingopyxis, Brevundimonas and Ach-
romobacter were also present, as in condition 1.1 composition (RA of 15,
9, 12, and 10 %, respectively). Regarding the eukaryotic community
(Fig. 5a), Scendesmaceae were detected at a lower RA of 13 %, while
other unclassified eukaryotic species were detected with a RA of 72 %.
The RA of the unclassified eukaryotic species lowered to a value of 48 %
in condition 4.1, while the Scenedesmaceae were only detected at a RA of
3 % (Fig. 5a). The Chryseobacterium consisted in the majority of the
prokaryotic community in condition 4.1 (Fig. 5b) with a RA of 18 %.
Possibly, a low 03:COy ratio might improve the growth of Chrys-
eobacterium, as suggested by their high RA in condition 2.1, 3.1, and 4.1,
while only being present in condition 1.1 with a RA below 5 %. These
aerobic bacteria have been reported to improve the growth of micro-
algae thanks to complex synergistic interactions of which the exchange
of O, and CO;, gases is just an example (Li et al., 2024). Pseudomonas and
Stenotrophomonas genera were also present, even though with lower RAs
of 10 % and 12 %, respectively, together with bacteria of the Sphingo-
bacterium genus (11 %), aerobic chemoorganotrophic bacteria that were
already identified in enriched hydrogen-oxidizing microbiomes (Ehsani
et al., 2019).

3.6. Biomass composition

The biomass composition was analysed in terms of protein and car-
bohydrates content on a VSS-basis (see Supplementary Material). Ac-
cording to the scientific literature, microalgal cultures are characterised
by a protein content between 5 and 70 % of protein (usually around 40
%) and between 8 and 70 % of carbohydrates over dry weight (Debnath
et al., 2021). HOB usually present a content of protein and carbohy-
drates over dry weight in the range of 60-70 % and 5.0-6.7 %, respec-
tively (Volova and Barashkov, 2010). The protein content of the
microalgae-HOB culture obtained in this study was closer to the
typical protein content of microalgae rather than that of HOB. Contrarily
to the aforementioned literature values, the HOB culture alone managed
to accumulate a protein content of only 42.1 + 3.6 % and 35.6 + 10.3 %
in condition 1.3 (HOB alone with 65 % Hs, 20 % O, 15 % CO5) and 2.3
(HOB alone with 50 % Ha, 20 % O, 30 % COs), respectively, lower than
what obtained by the microalgae culture alone (57.6 + 10.8 % and 59.4
+ 13.6 % in condition 1.2 and 2.2, respectively). The high carbohydrate
content of around 30 % in the HOB culture grown alone could be related
to the sub-optimal growth conditions, which could also explain the low
content of protein. This could also have negatively affected the accu-
mulation of protein in the microalgae-HOB consortium (52.6 £+ 10.2 %
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and 43.6 £ 6.5 % in condition 1.1 and 2.1, respectively), which was
always between that of the microalgae culture and that of the HOB
culture cultured individually.

Regarding the carbohydrates content, conditions 1.1, 2.1, and 4.1
(HOB + microalgae with external O,) present carbohydrates content of
about 30 %, while condition 3.1 (85 % Hy, 15 % CO,, HOB + microalgae
without external O,) reached a content of 15.3 + 1.9 %, a value similar
to what was obtained in condition 2.2 (14.0 + 0.8 %) and 3.2 (18.8 +
0.7 %) (microalgae alone). These results could be explained considering
that the accumulation of carbohydrates, similarly to lipids, is usually
enhanced under nitrogen limiting conditions, which did not fully
materialise in condition 3.1. However, since the biosynthetic pathways
leading to the production of lipids and carbohydrates need the same
precursor metabolites, it is likely that the lower amount of both protein
and carbohydrates measured in condition 3.1 is an indication of an
enhanced lipid accumulation (Debnath et al., 2021). Interestingly, the
carbohydrates content of the microalgae-HOB mixed cultures and of the
single HOB cultures in conditions 1.1, 1.3, 2.1, 2.3, and 4.1 were always
higher than what reported in the literature by Volova and Barashkov
(2010), but are similar to the results obtained from the aforementioned
study of Nyyssola et al. (2021), while still presenting higher protein
contents compared to Nyyssola et al. (2021).

3.7. Advantages and limitations of photo-chemoautotrophic microbial
protein production

Microbial consortia are becoming an interesting alternative to
monocultures thanks to the multiple advantages that they offer,
including a higher capability to metabolize more complex substrates and
good resilience when facing external disturbances (Areniello et al.,
2023). Microalgae are often paired with other microorganisms to
improve their biomass yield, their carbon capture and nutrient recovery
potential, as well as their protein, carbohydrates, or fatty acids content
(Chia et al., 2021; Satpati et al., 2023). Compared to the microalgae-
HOB consortium, in which the main mutualistic relationship in terms
of gaseous exchange regards only O, which is produced by the micro-
algae and consumed by the HOB, when pairing microalgae with het-
erotrophs, such as fungi or heterotrophic bacteria, the gaseous exchange
includes both O and CO5. On the one hand, O, is still produced by the
microalgae and consumed by the heterotrophs, which in turn produce
CO4, to be consumed by the microalgae (Chia et al., 2021; Flores-Salgado
et al., 2021; Satpati et al., 2023). On the other hand, in the microalgae-
HOB consortia both the microbial groups need CO as a carbon source.
Consortia of microalgae and heterotrophic bacteria have been widely
applied to the treatment of wastewater, which is used as a low-cost
organic carbon and nutrients source (Flores-Salgado et al., 2021),
even though it can easily lead to contamination by other microbial
species and can severely limit light penetration due to its turbidity (Chia
et al., 2021; Satpati et al., 2023). On the contrary, Microalgae-HOB
grown on gas substrates face limited contamination issues. Gases rich
in Hy and CO; such as syngas, biogas produced through dark fermen-
tation, or a mixture of flue gas and green hydrogen can be used to fuel
the growth of the microalgae-HOB consortium. Using syngas or flue gas
can bring the disadvantage of high levels of CO, NOx and SOx, yet
several HOB (e.g. from the Pseudomonas, Stenotrophomonas, and Sphin-
gopyxis genera (Brown et al., 2012)), and microalgae belonging to the
Scenedesmus sp. and Chlorella sp., have been found as capable of toler-
ating high concentrations of these gases (Nagappan et al., 2020),
thereby potentially enabling CCU for MP production from a wide array
of waste and residues.

An interesting comparison could be done with consortia of micro-
algae and methane oxidizing bacteria (MOB). As heterotrophs, the MOB
consume O, and produce CO, through CH4 oxidation (Li et al., 2022).
Also, both HOB and MOB are known to produce organic acids that could
promote the growth of microalgae thanks to their mixotrophic behav-
iour (Li et al., 2022; Matassa et al., 2015). An advantage potentially
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offered by the presence of Hj rather than CH, in the headspace could be
identified in the stimulation of the growth of the microalgae through the
metabolic path of photoreduction (Sleutels et al., 2020). Moreover,
despite working in similar ways and producing the same kind of bio-
products, HOB could be an overall better option since they are gener-
ally reported to have higher biomass yields, growth rates, and protein
content over dry weight than MOB (Matassa et al., 2015). A shared
bottleneck to the cultivation of microalgae-HOB and microalgae-MOB
consortia is the need to supply flammable gaseous streams. According
to Zlochower and Green (2009), the minimum O5 concentration needed
to propagate flames in either an atmosphere of CH4 or Hj is around 5.
Therefore, for both microbial consortia it could be possible to exploit a
mutual gas exchange to limit the presence of O, gas below the lower
flammability limit. As already mentioned above, avoiding Oz accumu-
lation brings also other benefits such as preventing the microalgae from
triggering the metabolic path of photorespiration and that of photo-
oxidation of chlorophyll (Hong et al., 2020; Kliphuis et al., 2011).
Furthermore, according to the results from the present study, the highest
values of biomass concentrations were observed when additional O, for
HOB growth was supplied through atmospheric air and in concentra-
tions below the flammability threshold. This approach would be ad-
vantageous when considering process upscaling, as it would avoid the
injection of pure O3 gas. Also, as seen in Fig. 4d, CO5 and Hy were usually
completely consumed within 48 h, requiring the supply of fresh gas.
Having a continuous flow of gases could thus support a higher biomass
production mainly through HOB growth, which would further increase
O, uptake and avoid the necessity of outgassing Oy from the
photobioreactor.

Despite the potential advantages, the viability of this photo-
chemoautotrophic system critically depends on the availability and
cost-effectiveness of hydrogen. Green hydrogen, in particular, must be
supplied in stoichiometric quantities to sustain HOB metabolism. Given
hydrogen’s low solubility in water, its efficient use requires specialized
reactor configurations, such as systems equipped with micro- or nano-
spargers and gas recirculation units, to ensure adequate mass transfer.
These adaptations, while necessary, significantly increase both the
capital expenditures (CAPEX) and operational expenditures (OPEX)
associated with the process.

Compared to conventional open raceway systems, which are rela-
tively low-cost and yield average productivities of 9-15 g biomass/m?/
day, closed photobioreactors offer greater control over cultivation
conditions and the potential for higher productivity. Tubular photo-
bioreactors, for instance, can reach 18 g biomass/m?/day, with values
up to 50 g biomass/m?/day for certain strains such as Scenedesmus,
while flat panel systems typically produce between 5-35 g biomass/m?/
day (Fernandez et al., 2020). However, these gains come with trade-offs:
investment costs for closed photobioreactors are approximately 0.51
M¢€/ha at the 100-ha scale, roughly double the 0.13-0.37 M¢€/ha
required for open raceways (Fernandez et al., 2020).

Overall, thus, due to the high infrastructure and energy costs asso-
ciated with photobioreactors and hydrogen handling, this approach is
most likely to be viable only in large-scale facilities or in regions where
low-cost, renewable hydrogen is readily available, such as countries
with high shares of renewable energy and surplus electricity during off-
peak periods. Finally, to ensure the economic feasibility of such more
energy-intensive CCU processes, higher-value applications in the food,
cosmetics and pharmaceutical sector should be targeted and prioritized.

4. Conclusions

The obtained results highlight how using a microalgae-HOB con-
sortium allows to reach higher concentrations of biomass than the single
microalgae and HOB cultures, a high uptake of CO5, and an average
accumulation of protein compared to the literature. Also, by decreasing
the external O, supply below flammability limits, a higher production of
photosynthetic Oy, and overall higher biomass concentrations compared
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to the other tested conditions were observed. An almost complete
depletion of N-NH4 within about 16 days occurred under all conditions,
indicating that potentially higher biomass concentrations and protein
contents could be achieved in the future by avoiding nitrogen limitation.

CRediT authorship contribution statement

Raffaele Manzo: Writing — review & editing, Writing — original
draft, Visualization, Methodology, Investigation, Formal analysis, Data
curation, Conceptualization. Stefano Papirio: Writing — review &
editing, Visualization, Supervision, Resources, Project administration,
Funding acquisition, Conceptualization. Luca d’Antonio: Writing —
review & editing, Supervision, Conceptualization. Giovanni Esposito:
Writing — review & editing, Supervision, Funding acquisition, Concep-
tualization. Silvio Matassa: Writing — review & editing, Visualization,
Supervision, Resources, Project administration, Funding acquisition,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

The authors acknowledge the financial support of the Italian Minis-
try of University and Scientific Research to the Ph.D. scholarship of
Raffaele Manzo under the Piano Nazionale di Ripresa e Resilienza
(PNRR), Mission 4, Component 1, Investment 3.4 “University teaching
and advanced skills”.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.biortech.2025.132792.

Data availability

The raw sequencing line regarding the microbial community ana-
lyses reported in this study can be found in online repositories. The
accession number(s) of these repositories can be found below: https://
www.ncbi.nlm.nih.gov/nuccore/?term=PQ472147:PQ472406[accn].
https://www.ncbi.nlm.nih.gov/nuccore/?term=PQ471684:PQ472078
[acen].

References

Alavianghavanini, A., Shayesteh, H., Bahri, P.A., Vadiveloo, A., Moheimani, N.R., 2024.
Microalgae cultivation for treating agricultural effluent and producing value-added
products. Sci. Total Environ. https://doi.org/10.1016/j.scitotenv.2023.169369.

Aminot, A., Kirkwood, D.S., Kcrouel, R., 1997. Determination of ammonia in seawater by
the indophenol-blue method: Evaluation of the ICES NUTS I/C 5 questionnaire. Mar.
Chem.

Andersen, R.A., 2005. Algal Culturing Techniques. Amsterdam.

APHA, 2007. Standard Methods for the Examination of Water and Wastewater.

Areniello, M., Matassa, S., Esposito, G., Lens, P.N.L., 2023. Biowaste upcycling into
second-generation microbial protein through mixed-culture fermentation. Trends
Biotechnol. https://doi.org/10.1016/j.tibtech.2022.07.008.

Ashdown, 1., 2015. Photometry and Photosynthesis: From Photometry to PPFD (Revised).

Barbosa, R.G., Pieter, H., Van Veelen, J., Pinheiro, V., Sleutels, T., Verstraete, W.,
Boon, N., 2021. Enrichment of Hydrogen-Oxidizing Bacteria from High-Temperature
and High-Salinity Environments. https://doi.org/10.1128/AEM.

Bateki, C.A., Wassie, S.E., Wilkes, A., 2023. The contribution of livestock to climate
change mitigation: a perspective from a low-income country. Carbon Manag 14,
1-16. https://doi.org/10.1080/17583004.2023.2173655

Brown, B.P., Brown, S.R., Senko, J.M., 2012. Microbial communities associated with wet
flue gas desulfurization systems. Front. Microbiol. 3. https://doi.org/10.3389/
fmicb.2012.00412.

Cardol, P., Forti, G., Finazzi, G., 2011. Regulation of electron transport in microalgae.
Biochim. Biophys. Acta Bioenerg. https://doi.org/10.1016/j.bbabio.2010.12.004.


https://doi.org/10.1016/j.biortech.2025.132792
https://doi.org/10.1016/j.biortech.2025.132792
https://doi.org/10.1016/j.scitotenv.2023.169369
http://refhub.elsevier.com/S0960-8524(25)00758-8/h0010
http://refhub.elsevier.com/S0960-8524(25)00758-8/h0010
http://refhub.elsevier.com/S0960-8524(25)00758-8/h0010
https://doi.org/10.1016/j.tibtech.2022.07.008
https://doi.org/10.1128/AEM
https://doi.org/10.1080/17583004.2023.2173655
https://doi.org/10.3389/fmicb.2012.00412
https://doi.org/10.3389/fmicb.2012.00412
https://doi.org/10.1016/j.bbabio.2010.12.004

R. Manzo et al.

Chia, S.R., Chew, K.W., Leong, H.Y., Ho, S.H., Munawaroh, H.S.H., Show, P.L., 2021.
CO2 mitigation and phycoremediation of industrial flue gas and wastewater via
microalgae-bacteria consortium: Possibilities and challenges. Chem. Eng. J. https://
doi.org/10.1016/j.cej.2021.131436.

Dao, G.H., Wu, G.X., Wang, X.X., Zhang, T.Y., Zhan, X.M., Hu, H.Y., 2018. Enhanced
microalgae growth through stimulated secretion of indole acetic acid by symbiotic
bacteria. Algal Res. 33, 345-351. https://doi.org/10.1016/j.algal.2018.06.006.

Debnath, C., Bandyopadhyay, T.K., Bhunia, B., Mishra, U., Narayanasamy, S.,
Muthuraj, M., 2021. Microalgae: Sustainable resource of carbohydrates in third-
generation biofuel production. Renew. Sustain. Energy Rev. https://doi.org/
10.1016/j.rser.2021.111464.

DuBois, M., Gilles, K.A., Hamilton, J.K., Rebers, P.A., Smith, F., 1956. Colorimetric
Method for Determination of Sugars and Related Substances. Anal. Chem. 28,
350-356. https://doi.org/10.1021/ac60111a017.

Ehsani, E., Dumolin, C., Arends, J.B.A., Kerckhof, F.M., Hu, X., Vandamme, P., Boon, N.,
2019. Enriched hydrogen-oxidizing microbiomes show a high diversity of co-existing
hydrogen-oxidizing bacteria. Appl. Microbiol. Biotechnol. 103, 8241-8253. https://
doi.org/10.1007/500253-019-10082-z.

Fernandez, F.G.A., Fernandez-Sevilla, J.M., Moya, B.L., Grima, E.M., 2020. Microalgae
production systems, in: Handbook of Microalgae-Based Processes and Products.
Elsevier, pp. 127-163. doi: 10.1016/B978-0-12-818536-0.00006-3.

Flores-Salgado, G., Thalasso, F., Buitrén, G., Vital-Jacome, M., Quijano, G., 2021. Kinetic
characterization of microalgal-bacterial systems: contributions of microalgae and
heterotrophic bacteria to the oxygen balance in wastewater treatment. Biochem.
Eng. J. 165. https://doi.org/10.1016/j.bej.2020.107819.

Henchion, M., Hayes, M., Mullen, A., Fenelon, M., Tiwari, B., 2017. Future Protein
Supply and demand: strategies and Factors Influencing a Sustainable Equilibrium.
Foods 6, 53. https://doi.org/10.3390/foods6070053.

Hong, J.E., Lim, J.H., Kim, T.Y., Jang, H.Y., Oh, H.B., Chung, B.G., Lee, S.Y., 2020.
Photo-oxidative protection of chlorophyll a in c-phycocyanin aqueous medium.
Antioxidants 9, 1-13. https://doi.org/10.3390/antiox9121235.

Huang, B., Shan, Y., Yi, T., Tang, T., Wei, W., Quinn, N.W.T., 2020. Study on high-
CO2tolerant Scenedesmus sp. and its mechanism via comparative transcriptomic
analysis. J. CO2 Util. 42. https://doi.org/10.1016/j.jcou.2020.101331.

Irvine, R.L., Bryers, J.D., 1985. Stoichiometry and kinetics of waste treatment, Pract of
Biotech, Spec Prod and Serv Act.

Ishizaki, A., Tanaka, K., 1990. Batch culture of Alcaligenes eutrophus ATCC 17697T
using recycled gas closed circuit culture system. J. Ferment. Bioeng. 69, 170-174.
https://doi.org/10.1016,/0922-338X(90)90041-T.

Kliphuis, A.M.J., Martens, D.E., Janssen, M., Wijffels, R.H., 2011. Effect of 02:CO2 ratio
on the primary metabolism of Chlamydomonas reinhardtii. Biotechnol. Bioeng. 108,
2390-2402. https://doi.org/10.1002/bit.23194.

Lal, S., Romano, S., Chiarini, L., Signorini, A., Tabacchioni, S., 2012. The Paenibacillus
polymyxa species is abundant among hydrogen-producing facultative anaerobic
bacteria in Lake Averno sediment. Arch. Microbiol. 194, 345-351. https://doi.org/
10.1007/500203-011-0763-0.

Li, X., Lu, Y., Li, N., Wang, Y., Yu, R., Zhu, G., Zeng, R.J., 2022. Mixotrophic cultivation
of microalgae using biogas as the substrate. Environ. Sci. Technol. 56, 3669-3677.
https://doi.org/10.1021/acs.est.1c06831.

Li, X., Li, S., Xie, P., Chen, X., Chy, Y., Chang, H., Sun, J., Li, Q., Ren, N., Ho, S.H., 2024.
Advanced wastewater treatment with microalgae-indigenous bacterial interactions.
Environ. Sci. Ecotechnol. 20. https://doi.org/10.1016/j.ese.2023.100374.

Lowry, O.H., Rosebrough, N.J., Farr, A.L., Randall, R.J., 1951. Protein measurement with
the folin phenol reagent. J. Biol. Chem. 193, 265-275.

Matassa, S., Boon, N., Verstraete, W., 2015. Resource recovery from used water: the
manufacturing abilities of hydrogen-oxidizing bacteria. Water Res. https://doi.org/
10.1016/j.watres.2014.10.028.

McGinn, P.J., Dickinson, K.E., Bhatti, S., Frigon, J.C., Guiot, S.R., O’Leary, S.J.B., 2011.
Integration of microalgae cultivation with industrial waste remediation for biofuel
and bioenergy production. In: Opportunities and Limitations, in: Photosynthesis
Research. Kluwer Academic Publishers, pp. 231-247. https://doi.org/10.1007/
5§11120-011-9638-0.

Nagappan, S., Tsai, P.C., Devendran, S., Alagarsamy, V., Ponnusamy, V.K., 2020.
Enhancement of biofuel production by microalgae using cement flue gas as
substrate. Environ. Sci. Pollut. Res. 27, 17571-17586. https://doi.org/10.1007/
s11356-019-06425-y.

Noreen, A., Mahmood, S., Aziz, 1., Takriff, M.S., Gulzar, S., Ditta, A., Khalid, A.,
Mahmood, T., 2021. Microalgae as potential protein sources: evidence from protein

12

Bioresource Technology 434 (2025) 132792

extraction and amino acid profiling of chlorella vulgaris and scenedesmus sp. Pak. J.
Agric. Sci. 58, 821-829. https://doi.org/10.21162/PAKJAS/21.511.

Nyyssola, A., Ojala, L.S., Wuokko, M., Peddinti, G., Tamminen, A., Tsitko, L.,
Nordlund, E., Lienemann, M., 2021. Production of endotoxin-free microbial biomass
for food applications by gas fermentation of gram-positive H2-oxidizing bacteria.
ACS Food Sci. Technol. 1, 470-479. https://doi.org/10.1021/
acsfoodscitech.0c00129.

Pander, B., Mortimer, Z., Woods, C., McGregor, C., Dempster, A., Thomas, L.,
Maliepaard, J., Mansfield, R., Rowe, P., Krabben, P., 2020. Hydrogen oxidising
bacteria for production of single-cell protein and other food and feed ingredients.
Eng. Biol. 4, 21-24. https://doi.org/10.1049/enb.2020.0005.

Patil, L., Kaliwal, B., 2017. Effect of CO2 concentration on growth and biochemical
composition of newly isolated indigenous microalga Scenedesmus bajacalifornicus
BBKLP-07. Appl. Biochem. Biotechnol. 182, 335-348. https://doi.org/10.1007/
512010-016-2330-2.

Pelagalli, V., Matassa, S., Race, M., Langone, M., Papirio, S., Lens, P.N.L., Lazzazzara, M.,
Frugis, A., Petta, L., Esposito, G., 2024. Syngas-driven sewage sludge conversion to
microbial protein through H2S- and CO-tolerant hydrogen-oxidizing bacteria. Water
Res. 248. https://doi.org/10.1016/j.watres.2023.120698.

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.

Satpati, G.G., Dikshit, P.K., Mal, N., Pal, R., Sherpa, K.C., Rajak, R.C., Rather, S.,
Raghunathan, S. ullah, Davoodbasha, M.A., 2023. A state of the art review on the co-
cultivation of microalgae-fungi in wastewater for biofuel production. Sci. Total
Environ. https://doi.org/10.1016/j.scitotenv.2023.161828.

Singh, S.P., Singh, P., 2014. Effect of CO2 concentration on algal growth: a review.
Renew. Sustain. Energy Rev. https://doi.org/10.1016/j.rser.2014.05.043.

Sleutels, T., Sebastiao Bernardo, R., Kuntke, P., Janssen, M., Buisman, C.J.N.,
Hamelers, H.V.M., 2020. Enhanced phototrophic biomass productivity through
supply of hydrogen gas. Environ. Sci. Technol. Lett. 7, 861-865. https://doi.org/
10.1021/acs.estlett.0c00718.

Solovchenko, A., Khozin-Goldberg, 1., 2013. High-CO2 tolerance in microalgae: possible
mechanisms and implications for biotechnology and bioremediation. Biotechnol.
Lett. https://doi.org/10.1007/s10529-013-1274-7.

Spiller, M., Muys, M., Papini, G., Sakarika, M., Buyle, M., Vlaeminck, S.E., 2020.
Environmental impact of microbial protein from potato wastewater as feed
ingredient: comparative consequential life cycle assessment of three production
systems and soybean meal. Water Res. 171. https://doi.org/10.1016/j.
watres.2019.115406.

Volova, T.G., Barashkov, V.A., 2010. Characteristics of proteins synthesized by
hydrogen-oxidizing microorganisms. Appl. Biochem. Microbiol. 46, 574-579.
https://doi.org/10.1134/50003683810060037.

Wang, S., Tang, H., Peng, F., Yu, X., Su, H., Xu, P., Tan, T., 2019. Metabolite-based
mutualism enhances hydrogen production in a two-species microbial consortium.
Commun. Biol. 2. https://doi.org/10.1038/542003-019-0331-8.

Xie, B., Gong, W., Tian, Y., Qu, F., Luo, Y., Du, X., Tang, X., Xu, D., Lin, D., Li, G.,
Liang, H., 2018. Biodiesel production with the simultaneous removal of nitrogen,
phosphorus and COD in microalgal-bacterial communities for the treatment of
anaerobic digestion effluent in photobioreactors. Chem. Eng. J. 350, 1092-1102.
https://doi.org/10.1016/j.cej.2018.06.032.

Yang, X., Xu, M., Zou, R., Angelidaki, I., Zhang, Y., 2021. Microbial protein production
from CO2, H2, and recycled nitrogen: focusing on ammonia toxicity and nitrogen
sources. J. Clean. Prod. 291. https://doi.org/10.1016/j.jclepro.2021.125921.

Yu, J., Dow, A., Pingali, S., 2013. The energy efficiency of carbon dioxide fixation by a
hydrogen-oxidizing bacterium. Int. J. Hydrogen Energy 38, 8683-8690. https://doi.
org/10.1016/j.ijjhydene.2013.04.153.

Yu, J., Lu, Y., 2019. Carbon dioxide fixation by a hydrogen-oxidizing bacterium: biomass
yield, reversal respiratory quotient, stoichiometric equations and bioenergetics.
Biochem. Eng. J. 152. https://doi.org/10.1016/j.bej.2019.107369.

Zhao, B., Su, Y., 2014. Process effect of microalgal-carbon dioxide fixation and biomass
production: a review. Renew. Sustain. Energy Rev. https://doi.org/10.1016/j.
rser.2013.11.054.

Zlochower, LA., Green, G.M., 2009. The limiting oxygen concentration and flammability
limits of gases and gas mixtures. J. Loss Prev. Process Ind. 22, 499-505. https://doi.
0rg/10.1016/j.jlp.2009.03.006.


https://doi.org/10.1016/j.cej.2021.131436
https://doi.org/10.1016/j.cej.2021.131436
https://doi.org/10.1016/j.algal.2018.06.006
https://doi.org/10.1016/j.rser.2021.111464
https://doi.org/10.1016/j.rser.2021.111464
https://doi.org/10.1021/ac60111a017
https://doi.org/10.1007/s00253-019-10082-z
https://doi.org/10.1007/s00253-019-10082-z
https://doi.org/10.1016/j.bej.2020.107819
https://doi.org/10.3390/foods6070053
https://doi.org/10.3390/antiox9121235
https://doi.org/10.1016/j.jcou.2020.101331
https://doi.org/10.1016/0922-338X(90)90041-T
https://doi.org/10.1002/bit.23194
https://doi.org/10.1007/s00203-011-0763-0
https://doi.org/10.1007/s00203-011-0763-0
https://doi.org/10.1021/acs.est.1c06831
https://doi.org/10.1016/j.ese.2023.100374
http://refhub.elsevier.com/S0960-8524(25)00758-8/h0140
http://refhub.elsevier.com/S0960-8524(25)00758-8/h0140
https://doi.org/10.1016/j.watres.2014.10.028
https://doi.org/10.1016/j.watres.2014.10.028
https://doi.org/10.1007/s11120-011-9638-0
https://doi.org/10.1007/s11120-011-9638-0
https://doi.org/10.1007/s11356-019-06425-y
https://doi.org/10.1007/s11356-019-06425-y
https://doi.org/10.21162/PAKJAS/21.511
https://doi.org/10.1021/acsfoodscitech.0c00129
https://doi.org/10.1021/acsfoodscitech.0c00129
https://doi.org/10.1049/enb.2020.0005
https://doi.org/10.1007/s12010-016-2330-2
https://doi.org/10.1007/s12010-016-2330-2
https://doi.org/10.1016/j.watres.2023.120698
https://doi.org/10.3389/fmicb.2017.02009
https://doi.org/10.3389/fmicb.2017.02009
https://doi.org/10.1016/j.scitotenv.2023.161828
https://doi.org/10.1016/j.rser.2014.05.043
https://doi.org/10.1021/acs.estlett.0c00718
https://doi.org/10.1021/acs.estlett.0c00718
https://doi.org/10.1007/s10529-013-1274-7
https://doi.org/10.1016/j.watres.2019.115406
https://doi.org/10.1016/j.watres.2019.115406
https://doi.org/10.1134/S0003683810060037
https://doi.org/10.1038/s42003-019-0331-8
https://doi.org/10.1016/j.cej.2018.06.032
https://doi.org/10.1016/j.jclepro.2021.125921
https://doi.org/10.1016/j.ijhydene.2013.04.153
https://doi.org/10.1016/j.ijhydene.2013.04.153
https://doi.org/10.1016/j.bej.2019.107369
https://doi.org/10.1016/j.rser.2013.11.054
https://doi.org/10.1016/j.rser.2013.11.054
https://doi.org/10.1016/j.jlp.2009.03.006
https://doi.org/10.1016/j.jlp.2009.03.006

	Novel photo-chemoautotrophic system combining microalgae and hydrogen oxidizing bacteria for microbial protein production f ...
	1 Introduction
	2 Materials and methods
	2.1 Microbial inocula and mineral medium
	2.2 Experimental setup
	2.3 Sampling and analytical methods
	2.4 Microbial community analysis
	2.5 Statistical analysis
	2.6 Calculations

	3 Results and discussion
	3.1 Growth under optimal gas composition
	3.2 Growth under high carbon dioxide concentrations
	3.3 Growth in the absence of external oxygen addition
	3.4 Growth under sub-stochiometric and not-explosive oxygen levels
	3.5 Microbial community analysis
	3.6 Biomass composition
	3.7 Advantages and limitations of photo-chemoautotrophic microbial protein production

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


