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Abstract

Methane-oxidizing bacteria (MOB) that can use bsgad recycled nitrogen from wastewater as
a sustainable feedstock for single cell proteinRp&ynthesis are receiving increasing attention.
Though promising, limited knowledge is availabletbe alternative strains especially the ones
that can tolerant to strict environments such adiaconditions. Furthermore, how would the
hydrogen sulfide affect the MOB (especially theealttive strains) for SCP synthesis when
crude biogas is used as feedstock is still unkndwrthis study, the capability of an acidic-
tolerant methanotrophic bacteriuMethylocapsa acidiphila for SCP production using raw
biogas and the associated inhibitory effect ofidalbn the bioconversion was for the first time
investigated. Results showed that the inhibitofectfof sulfide on the growth . acidiphila
was observed starting from 8.13 mg-Na,S (equivalent to approximately 1000 ppm @SHn
crude biogas). The total amino acid content indhebiomass decreased more than two times
due to sulfide inhibition compared with the contsaimples without the presence of sulfide
(585.96 mg/g dry biomass), while the proportiores$ential amino acids in the total amino acid
was not affected when the concentration of3\Navas lower than 5.73 mg*LThe performance
of M. acidiphila in a sulfide-rich environment was further studiat different operational
conditions. The feeding gas with a &6, ratio of 6:4 could help to alleviate the sulfide
inhibition, compared with other ratios (4:6 and)8idoreover, the sequential supply of the feed
gas could also alleviate sulfide inhibition. In #oth, the MOB’s growth rate was higher when
applying a higher mixing rate of 120 rpm, companaith 70 rpm and 0, due to a better gas-liquid
mass transfer. The inoculum size of 20% and 10¥tessin a faster growth rate compared with
the 5%. FurthermoréJl. acidiphila could assimilate either Nflor NO; as nitrogen source with

a similar growth rate, giving it the potential gxycle nitrogen from a wide range of wastewaters.
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The results will not only create new knowledge lietter understanding the role of hydrogen
sulfide in the assimilation of raw biogas by aatktantM. acidiphila but also provide technical
insights into the development of an efficient armabust process for the waste-to-protein
conversion.

Keywords: Methane oxidizing bacteria; Single cell proteinylfsle inhibition; Raw biogas;

Amino acids; Nitrogen upcycling
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1. Introduction

Increasing growth in the global population has Ipeavy pressure on our current food system
(Godfray et al. 2010). The UN Food and Agricult@eganization (UNFAQO) estimates that
global food production should be doubled by 2050eted the population (Alexandratos 2009,
Graham-Rowe 2011). Particularly, proteins are irtggdrand increasingly sought-after sources
of feed and human nutrition (Boland et al. 2013pwdver, the conventional agricultural
methods for protein production are not environmigntaendly because of the large arable land
occupation, potential pesticide pollution, and gtemise gas emission (Guerci et al. 2013,
Tuomisto et al. 2012). Besides, overgrazing and-tarening may also lead to the destruction of
grass and rainforest, and the loss of biodive gityu Hammad and Tumeizi 2012). Therefore, it
will be of great benefit if we can succeed in depatg alternative protein sources or production
technologies with a minimal footprint on climatayveonment, and nature. In this context, single
cell protein (SCP), which are dried cells of protach microorganisms, has been considered as
a promising protein source in the future (Ritalaakt2017). Especially, the SCP derived from
bacterial cells is the most feasible one, in lightits high protein production rate, moderate
growth conditions, and high nutrient content (Choipt al. 2018, Matassa et al. 2016).
Recently, methanotrophs, which are also known asbaemethane-oxidizing bacteria (MOB),
have been successfully commercialized for SCP mtomiu (Rasouli et al. 2018, Strong et al.
2015).

Currently, the main Cldsource of MOB for industrial SCP production idl$tom natural gas
(Hwang et al. 2018, Petersen et al. 2017). Thesrehewable biogas from anaerobic digestion

of organic wastes could be an alternative and rab&wvmethane source of MOB for higher-



93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

valuable SCP production (Strong et al. 2016). Havethere are still several challenges in this
process. For example, during the anaerobic digegtiocess, the organic wastes usually contain
sulfate, which can be reduced into hydrogen sulfigesulfate-reducing microorganisms along
with the biogas generation (Angelidaki et al. 2068, et al. 2014). The concentration ofSHn
crude biogas is usually 500 ~ 1000 ppm, but sonestiaven as high as 5000 ppm (Cherosky and
Li 2013). Biogas upgrading is normally requireddyefinjection into the gas grid to reduce the
content of HS since it is both toxic and extremely corrosivecduld also be applied before
using it as the feedstock of MOB for SCP productidowever, the biogas upgrading process
would significantly increase the overall cost offFS@roduction. Furthermore, the biogas after the
H,S cleaning unit can still contain,8 (usually lower than 200 ppmy8) (Gasquet et al. 2020,
Muioz et al. 2015). Thus, using raw biogas as #exgtock for SCP production is more
attractive from the economic and sustainabilityspective. In this context, it is of utmost
importance to study the effect of toxic compounespécially HS) in the raw biogas on the
growth of MOB for SCP production. The existencesaoffide may have a negative impact on
bacterial activities by blocking cell respiratiofofte and Giuffre 2016). To date, a systematic
study of the impact of sulfide on the growth of M@Bd biomass composition for the microbial
protein production is still missing. Especiallyjd still a key question to be answered how they
would respond to the sulfide toxicity when raw kaeds used as a feedstock. Furthermore, most
of the studies for SCP production from MOB weredweted with mixed cultures dominated by
Methylococcus capsulatus (Jiang et al. 2016, Petersen et al. 2019), wHilerrative capable
MOB strains that may adapt to different operatingditions (e.g., low pH) for SCP synthesis
are rarely reported. In general, during the preaasaerobic methane oxidation, the medium

would turn to be acidic without pH control due ke tgeneration of COIt has been reported that
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the growth ofM. capsulatus was significantly suppressed when the pH of itslioma was lower
than 7.0 (Kolmert and Johnson 2001). In this cant&iethylocapsa acidiphila, which prefers to
grow at pH 4.5~5.8 at 20~24(Dedysh 2002), could be a promising alternativaistior SCP
production under acidic conditions. It would grgateduce the chemical costs for pH
neutralization during SCP synthesis, comparedMitocapsulatus. Thus, understanding the
capability of M. acidiphila for SCP production from raw biogas, especially whising acidic
streams as a medium, is of utmost importance agehtir

In this study, the capability of a pure acidophsgitain Methylocapsa acidiphila for microbial
protein synthesis and its response to sulfide tiyxigere systematically investigated. The effect
of different sulfide concentrations on protein proion was first studied. Then the
acclimatization competence of the strain againsstiifide inhibition was tested, followed by the
analysis of system performance under different apmral conditions in a sulfide-rich
environment, including feed gas ratio, feeding @i&ucy, mixing rate, inoculum size, and
nitrogen source.

2. Materials and Methods

2.1. Strain, medium and substrates

Methylocapsa acidiphila DSM-13967 was purchased from the DSMZ (Leibniz itast-
Deutsche Sammlung von Mikroorganismen und ZellkehuGmbH) M. acidiphila is an aerobic,
Gram-negative, colorless bacterium, with curved coat morphotype, which possesses
particulate methane monooxygenase (pMMO) and bsltml phaproteobacteria (Dedysh et al.
2002). It was grown on nitrate mineral salts medD8MZ-Medium 922, including 100 mg“L
KNOs, 100 mg-* KH,PQ4, 50 mg-L* MgSQ,-7 HO, 10 mg-I* CaCh-2 HO, 5 mg-L[*

EDTA, 0.1 mg-[! CuCh-5 H0, 2 mg-[* FeSQ-7 HO, 0.1 mg-L[* ZnSQ- 7 K0, 0.02 mg- [}
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NiCl,-6 HO, 0.2 mg-[* CoCh-6 HO and 0.03 mg-£ Na;MoO,, without any organic nutrients.
Phosphate-buffered saline, with the final concéiutmeof 0.33 g- ! NaHPQO,- 12 HO and 1.71
g-L* NaH,PQ,-2 H,0, was additionally added to the medium to maintia pH during
experiments. The initial pH was adjusted at 5.7k adding phosphoric acid after autoclaving.
The methane content in the gas phase was maintatn&@Po ~ 30% by adding a mixed gas of
60% CH, and 40% Qevery 4 days, subject to the changes of condifioesch test run.
2.2. Experimental setup
2.2.1. The effect of different sulfide concentratios on the SCP production
The experiments were conducted in closed seruntebdtt batch mode in triplicate. The total
volume of each bottle was 255 mL, with a workinduwoe of 55 mL and a headspace of 200 mL.
All the reactors were flushed with,ias to ensure equal starting conditions. Subsekyy it
mL of the gas in the headspace was exchanged metfeed gas (60% GHand 40% Q). After
sterilization by autoclaving, eight concentratiafisulfide from 0 to 10.28 mg-1(Group S-1 to
S-8, shown in Table 1) were prepared by addingusodiulfide solution into the corresponding
vials. Afterward, all the reactors were inoculategcept for the Blank group) with an inoculum
size of 10%. The initial ORo (optical density at the wavelength of 410 nm) raft@culation
was 0.12 £ 0.03. Thereafter the vials were plaoeghiincubator at 24 £1 On day 4, 20 mL of
the same feed gas was additionally injected ithallreactors to maintain sufficient methane and
oxygen supply. The experimental period was 12 days.

Table 1 is here
2.2.2. Acclimatization experiment
To investigate whether the long lag phase causedubiide toxicity could be shortened after

acclimatization, three subsequent batches cultimatiusing five concentrations of sulfide
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(referred to the sulfide concentration of Groupt®&$5) were conducted. For the acclimatization
test, samples collected from the end (beginninthefstationary phase) of one batch were used
as inocula for starting up new batches. The ini@& was controlled as 0.12 + 0.03 for each
batch. The else operational conditions were theesas12.2.1.

2.2.3. The effect of different operation conditionson SCP production under sulfide
inhibition

In this set of experiments, we focused on fivetstgis to alleviate sulfide inhibition. All the
experiments were conducted in triplicate at 24 & As the sulfide content in crude, not cleaned,
biogas is around 500 ~ 800 ppm, a;8Slaoncentration of 5.7 rig* (same as the value for
Group S-5) was adopted in all experiments relatethé five parameters. 1) The ratio of CH
and Q in the feed gas: three different ¢8, ratios of 4:6, 6:4, and 8:2 in the feed gases were
individually applied to three groups. 60 mL of fieed gas was initially added in the bottles and
an additional 20 mL of the corresponding feed gas resupplied to all of the bottles on tfe 4
day. 2) The feed gas resupply: three re-feedingomgpes (i.e., no extra gas feeding, 20 mL
every 2 days, 20 mL on thé"4lay) were tested to investigate whether gas feediould
influence sulfide inhibition. The gas-feeding peérizvas eight days but the monitoring of the
experiment lasted for twelve days. 3) Shaking sptede shaking speeds of 0 rpm, 70 rpm, and
120 rpm were adopted to evaluate their impact enMI®B’s growth and protein production
under sulfide inhibition condition. The shakingiteslwas 15 mm. 4) Inoculum size: three ratios
of 5%, 10%, and 20% were tested to consider thsilpiiSes to counteract the sulfide inhibition
by a better start-up related to inoculation. 5ydgjen source: ammonium and nitrate (13.85 mg
N-L*from chemical NHCI and KNQ, respectively) were used to study the impact tferint

nitrogen sources on SCP production under the suifidibition.
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2.2.4. Starvation experiments and the effect of theresence of CQ under sulfide inhibition

To better understand the individual effect of the feed gases (GHand Q) on MOB'’s growth
under sulfide inhibition and the corresponding \sdon response, the starvation experiments
were conducted with an insufficient initial feedsgapplied and the additional GHr O
successively added to the system. In additiongesieal biogas from anaerobic digestion plants
usually contains a certain amount of £8ynthetic biogas samples with different Ogntents
(100% CH, 80% CH and 20% CQ 60% CH and 40% C@) were tested to study the influence
of CO, in crude biogas. In this experiment, all the reectwere first purged with Ngas.
Afterwards, 60 mL of the gas from the reactor wesaeted and exchanged with 24 mL of pure
O, (40% of the initial feed gas) and 36 mL of thethtic biogas (60% of the initial feed gas).
During the operation, 20 mL of an additional cop@sding simulated biogas was added to the
system on the "4 day, followed by 20 mL of an additional pure Being added on thé"&lay
and 20 mL of an additional corresponding simuldigmjas again on the TZjay. A blank set
without MOB inoculated (with the same feed gas enhtand gas supplement strategy as the
group of 80% CH and 20% C@ and a control group without feed gas supply weotuded.

All the experimental groups were conducted in itgtie and started up with a sodium sulfide
concentration of 5.7 mg™.

2.3. Analytical methods and calculation

2.3.1. Sampling and analytical methods

Gas samples were collected from the headspaceimreactor every 4 days, and the content of
CH,4, O, and CQin the gas was analyzed by gas chromatography (B&€E 1310, Thermo
Scientific®) (Khoshnevisan et al. 2018). Meanwhile, liquid sées were taken every 2 days for

optical density (OD), pH, and sulfide concentratineasurement. The QI3 was determined by
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UV-Visible spectrophotometer (Varian C&n60 Bio) at the wavelength of 410 nm. The
concentration of §S was quantified by Methylene Blue Kit (HAEN following the Method
8131 for 5 ~ 80Qug-L™* $ described in HACH manual, using a portable spectrophotometer
(Model: DR3900, HACH Land® at a wavelength of 665 nm. The samples were medsu
immediately after sampling to prevent oxidation. the end of each batch, the rest of the
biomass samples were collected to measure the bfogiald and amino acid profile. Biomass
yield was determined by the net weight of biomassqer from a certain volume of the liquid
sample after the pretreatments. The pretreatmérganoples included the sample concentration
via centrifugation for 10 min at 4700 rpm, discafdthe upper liquid then three times rinse of
the biomass with distilled water, and freeze-dryidbgmg of the dry biomass power was
subsequently used for amino acid profile analybiee samples were pretreated by microwave-
assisted hydrolysis (3000 SOLV, Anton-Pjansing 300uL 6N HCI. The temperature in the
hydrolysis vessel was raised to 13Gt 51-min* and held for 30 min. The vessels were flushed
with Ar before hydrolysis. The samples were analyfor individual amino acids by LC-MS-MS
(1290 Infinity 11 6470 QQQ, Agilent Technologieshromatographic separation was achieved
on an InfinityLab Poroshell 120 HILIC-Z 100 mm x12mm, 2.7 um (Agilent Technologies)
column with a gradient of 20 mmol ammonium formiatevater (Eluent A, pH 3) and 20 mmol
ammonium formate in Acetonitrile (Eluent B, pH 3he starting conditions were 100 % Eluent
B with an increase of Eluent A to 30% over 10 masutThe column flow was kept at 0.8
mL-min* and the column compartment at 80The MS-MS parameters were positive
electrospray ionization, gas temperature 300 °G,flgav 7.0 L-mift, nebulizer 45 psi, sheath
gas temperature 400 °C, sheath gas flow 11 L*miith the CID and Fragmentor value

optimized for each amino acid. The MS-MS was ogeran dynamic MRM mode. The unit of

10
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the amino acid amount was converted tQamig acidfJ(dry biomassy The ultimate concentration of
protein produced was quantified by summing up tlassas of all amino acids. All the sampling
and analysis were conducted in triplicate.

2.3.2. Determination of sulfide concentration

As hydrogen sulfide gas will easily be dissolvedviater or evaporate from the reactor, inorganic
sulfide salts are commonly used asSHequivalents for accurately quantifying it in espents
(Dan et al. 2020, Zhao et al. 2014). In this stulyconcentrations of sodium sulfide solution
were chosen as the initial sulfide level to simaildite invasion of k& gas from raw biogas. The
concentration range of M& was determined through the reverse inference®fdgds dissolution
and dissolved b5 dissociation equilibrium. The theoretical relaship between the hydrogen
sulfide gas content in biogas,$kiogas) and the dissolved sulfide ions parts from it sash
H2Siaqy HS@qy Saqyand the corresponding equivalent concentration @B, based on the
dissolved sulfide were calculated (The calculatshows inAppendiceg (Suleimenov and
Krupp 1994, Suleimenov and Seward 1997, Sun e2(8). In this experiment, 8 different
concentrations of sodium sulfide (assigned as 8-5-8, Table 1) were used to study the
influence of sulfide on the growth d¥l.acidiphila. The concentrations studied covers the
scenarios with 200 ~ 1400 ppm3$in crude biogas.

2.3.3. Growth performance and methane assimilatioefficiency

The growth curve oM. acidiphila was made based on the change of;f@Bver time. The
maximum growth rate was derived from the slope s&milogarithmic plot (the linear part) of
the batch growth curve. The significant differemoalysis was conducted by the software fBM
SPSS Statistics using the one-way ANOVA method Wiblst Hoc multiple comparisons of S-N-

K (Levine 2013).
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3. Results and discussions

3.1. Performance of MOB’s growth for SCP synthesisunder different sulfide
concentrations

The effect of different sulfide concentrations Mn acidiphila for SCP production was studied.
Results showed that a higher concentration ofdeilied to a progressively stronger inhibitory
effect on the growth of1. acidiphila (Fig. 18. Compared to the control group (Group S-1), all
the groups with sulfide exhibited a lower growtheran the initial six days. According to the
ANOVA analysis, the biomass concentrations (reprieseby ODR; o) between the group without
sulfide and the groups with high sulfide conceirat during the exponential phasé®(z 6"
day) were of significant variation, wheperalues between Group S-1 and Group S-7 / Group S-8
were 0.047 and 0.033 respectively. Comparativéky differences between Group S-1 and other
groups were not significant (s@able SJ). Thus, the inhibitory effect of N& on the growth of

M. acidiphila was 8.13 mg-1 (i.e.1000 ppm of b5 in the biogas). The maximum growth rates
(umax Of all the groups were calculated and summarine@iable 1 Results showed that the
rates of the groups with sulfide were all obvioushyer than the uninhibited group (Group S-1).

In addition, the half-maximal inhibitory concentoat was also taken into consideration. The

oD, . ,
relationship between the K?')—ISM x 100%) and the sulfide concentration was plotted

without sulfide

and the curve was fitted in a Growth / Sigmoidaldeio During the exponential phasé2 6"
day), the Logistic Fit estimated that when the Kasw50%, the corresponding sulfide
concentration would be 6.0tg-LY. During the stationary phase (8~ 12" day), the
corresponding sulfide concentration increased t82fnhg- .

Fig.1 is here
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The change of CHcontent in the headspace with time is showRign 1b. The same amount of
additional feed gases were applied to all groupshend” day to ensure methane and oxygen
amount for the bacteria growth were sufficient. Thethane content in the gas phase showed
that methane was consumed by the bacteria. Theamettiepletion rate in the vials without
sulfide (Group S-1) was faster compared to all otp@ups. The total amount of methane
consumption during the whole batch period was #iL6 The methane consumption from Group
S-7 and S-8 were obviously lower compared to otfreups due to the inhibitory effect of
sulfide on bacterial activity. The total methaneasamption was only 13.7 mL in Group S-8.

The real-time concentrations of sulfide (converfem pg-L! S-S to mg-[* N&S) in the
medium were also measured. The results showedhéaulfide concentrations kept decreasing
during the operationF{g. 1c) After the &' day, the sulfide concentrations in all the groups
dropped down to approximately 0 mg-LAs the detection method (USEPA Methylene Blue
Method) measured all the dissolved sulfide fornuliding H,S, HSand $", the missing sulfide
might be oxidized into sulfite or sulfate or asdated into the cell. In response to the MOB'’s
growth shown inFig. 1a on the pa day, the samples from Group S-2 to S-6 startegroov
where the Nz5 concentrations were from 0.11 to 1.75 mf-lIMeanwhile, the sulfide
concentrations in Group S-7 and S-8 were 3.38 th@id 5.50 mg-T respectively, which led
to inhibition and caused the statistically sigrafit difference in the MOB’s growth compared
with other groups. However, the sulfide concentratiwere no longer higher than 1.26 mij-L
after the & day, which could be one of the reasons that th&3M@rowth in Group S-7 and S-8
revived at a faster rate.

The amino acid profiles of the samples from Group t8 Group S-5 were summarizedRiy.

1d, and the detailed data were presentefiable S2 The samples without any sulfide (Group S-

13
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1) showed the highest total amino acid content6®8 7.17% of dry biomass), while the
presence of sulfide in the medium significantlyueed the amino acid content. The total amino
acid content in Group S-2, S-3, S-4, and S-5 wdg 8.74 + 7.91%, 39.10 + 4.83%, 38.94 +
4.17%, and 27.69 = 2.92%, respectively. As thel farg biomass content in these groups was
quite similar, it shows that sulfide alters therbass composition and thereby reducing protein
content. The protein content decreased by more2hanes if the sulfide concentration attained
5.73 mg-L['. Forming agglomerates could be one of the reagonisiomass content alteration,
which is a very common phenomenon when growing M@Ba strict environment, i.e. low
nitrogen source, high oxygen content, etc. Undechsuaircumstances, higher content of
extracellular polysaccharide matrix might be prastuto protect the cells (Dedysh et al. 2002,
Linton et al. 1986, Wei et al. 2015, Wilshusen kt2804). ThusM. acidiphila was able to
tolerate a certain level of sulfide for amino asyhthesis, which implies the threshold of sulfide
concentration during the bioconversion.

The amino acid composition of the biomass frivmacidiphila was abundant and balanced,
covering a wide range of essential amino acids. gzoatively, Glutamine/Glutamic acid and
Asparagine/Aspartic acid were higher than othemanaicids, which accorded with other MOBSs,
i.e. Methylococcus capsulatus (Rasouli et al. 2018, Skrede et al. 2009). In teofhe essential
amino acidsM. acidiphila produced higher content of Leucine and Valine&2X 5.60 mg/g
dry biomass and 38.04 + 5.59 mg/g dry biomass,easfely), compared tdlethylococcus
capsulatus (39.5 Mg/@iry viomassy and 28 mg/@ry viomass) respectively) (Rasouli et al. 2018).
Leucine is one of the three branched-chain amimsawhich is beneficial for protein synthesis,
muscle repair, blood sugar levels regulation, analso helps in healing wounds (Kato et al.

2016).Valine is another branched-chain amino acids, whlelgs a major role in stimulating the

14
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growth of muscle mass, increasing the synthese sathuman protein, and producing energy
(Jackman et al. 2017) The amino acid composition was not significantltfesdd by sulfide
inhibition. Interestingly, though the production taftal protein was inhibited under the high
sulfide environment, the proportion of essentialiremacids in total amino acids was slightly
higher than that in the control experiment. Thepprtion of essential amino acids in total amino
acids in Group S-1 to Group S-5 was 33.65%, 33.16%,/3%, 34.32%, and 37.69%
respectively. It could be due to that the sulfidethe medium contributed to the synthesis of
Cysteine and Methionine (Ferla and Patrick 2014n@y and Henkin 1998).

In general, the results indicated that the quaftyrotein produced, referred to the amino acid
composition and the proportion of essential amio@lsa was not affected when the sulfide
concentration was lower than 5.73 mg: lHowever, the amount of protein was significantly
reduced when sulfide was over this threshold camnagon.

3.2. Performance of acclimatization competence

As shown inFig. 2, the bacterium did not exhibit a higher final diedfter the acclimatization.
The sulfide still restrained the growth of the audtin the groups with sulfide (S-2 to S-5) from
obtaining a maximum OD as high as the control gr@mup S-1). For example, the maximum
OD of Group S-5 in batch 1, 2, and 3 were 1.091,1abid 0.93, respectively, while the results of
Group S-1 were 1.21, 1.11, and 1.19. The growtls gagtween the sulfide groups and the
control group in the first 6 days, resulting frohre tadaptation to the sulfide environment, still
existed in all batches. For example, on the 4thidagach batch, the value of @PODs_;was
37.1%, 46.5%, and 56.4% respectively. However,ait @also be noticed that the gaps were
slightly narrowed in batch 2 and batch 3 comparét watch 1, which could be confirmed by

the increase of the Qf3/ODs.;value on the 4th day in the sequential batches. maeimum
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growth rates in the three batches Tiable 2) also showed an increasing trend as the batches
went. For example, the maximum growth rates of @r6t5 slightly increased from 0.41* éh
batch 1t0 0.4874
Therefore, the short-term acclimatization procégssome extent, can assist the bacterium to
adapt to a strict environment but it cannot gemgrdiminate the negative effect of sulfide on
the growth ofM. acidiphila. The reason whl. acidiphila failed to adapt to or metabolize
sulfide might be due to lacking related enzymegemes. The key enzymes for sulfide oxidation
are Sulfide:quinone oxidoreductase (SQOR) or Flgiomhrome c sulfide dehydrogenase
(FCSD), neither of which were found M. acidiphila according to the NCBI Protein Table.

Fig.2 and Table 2 are here
3.3. Performance of MOB’s growth with different opeational conditions under sulfide
inhibition
3.3.1. Different ratios of CH, and O,
In the actual condition, the sulfide concentratiorthe raw biogas may vary during the time.
Thus, for practical application, it is necessargaatrol the up limits concentration ot8lin the
reactor for MOB growth. To maintain a constangSHconcentration (e.g., the threshold
concentration starting inhibition) in the reactongucing SCP, the CHand Q ratio would
subject to change upon the originglSHconcentration in the raw biogas. In this contéxis
important to investigate how the different £Bind Q ratios at a constant,8 concentration
would affect the MOB growth for SCP production. Shthe effect of three different ratios of
CH4/O, in the headspace on the SCP production undedsutthibition was further investigated.
Group FR-L (CHy/O, of 4:6) was assumed as at the optimum ratio consgieghat the

reported preferable Lrontent in the headspace was usually 1.45 to @stinigher than the GH
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content when using MOBs to produce SCP, as welhagpossible @loss due to the oxidation
of sulfide (Khoshnevisan et al. 2019). However, ribgults fronFig.3ashowed that the final OD
(0.93 + 0.02) from this group was lower than the Q[0 £ 0.01) from Group FRsZ (CH/O,

of 6:4). The reason could be the insufficiency ¢1,CAccording toFig. 4a andFig. 4b, the
methane content in Group FRrdwas lower than 11.5% after adding the supplemesitogathe
4™ day, and the final concentration was lower th&¥g.while it was 14.2% on thé"4lay and
7.0% at end of batch in Group FR-2 10% ~ 30% was reported as the appropriate €iitent

in the headspace to grdv. acidiphila (Dedysh et al. 2001, Ricke et al. 2005). This anhowas
consistent with the conventional MOB studies usitiger strains and natural gas where methane
is the key limiting factor (Reitner and Thiel 20Rgslev and King 1995). Especially, it was also
reported that type methanotrophsA{phaproteobacteria) could be more dominant under higher
CH, concentration than type | methanotrophs (Amardl knowles 1995). Therefore, given the
biomass production performance of Group FR:Hfter the & day, we could conclude that
methane content below 10% may lead to a negatifextedbn the growth of MOB under the
sulfide inhibition. When a higher content of €Group FR-3.,, CHy/O, ratio = 8:2) was
applied, the bacterium grew well concerning grovetes in the first 6 days, which was similar
to Group FR-2.. However, after the "6day, the MOB’s growth stopped increasing and it
reached a lower level compared to the other app&&ds with a final OD of only 0.73 = 0.01.
FromFig. 4aandFig. 4b, it was noticed that the MOB’s growth was not iféeed with when
the initial methane content was over 19%. Howethex,0xygen content in this group was lower
than the others during the whole batch. The finglc@ntent in the headspace was only 1.9 +
0.8%. It was reported that 4%~12% of €dntent should be necessary for typenethanotrophs

to accumulate biomass (Bewersdorff and Dostaleld 1Bbstkowski et al. 2013). Therefore, the
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low O, availability (lower than 4%) could be the reason &Group FR-3., achieving relatively
lower OD at the end.
The consumption rates of methang,() and oxygenf,,) were calculated individually and
shown inTable 3. The period of growth was divided into two stadeefore or after adding
supplement gases). In Group FRB=2the stoichiometric relationship betweey, andr,, was
approximately 1:1, which indicated that this gasorahould be the optimum for growing MOB
with the presence of sulfide. In Group FRslr,, was relatively higher tham,, due to its
higher solubility in the liquid phase resultingrindhe high Q partial pressure. In Group FRs3
e, Was high in stage |, which contributed to the leigrowth rate, while it was low in stage II
due to lack of @

Fig.3, Fig.4 and Table 3 are here
3.3.2. Different frequencies of gas-supplement.
The effect of frequencies of resupplying the gasdfeon the SCP production in the sulfide-rich
environment was also investigated. During the t&fsnL of the feed gas (GHD- ratio of 6:4)
was re-injected in the vials three times every sdatay (Group FF-2.imed, once on the Zday
(Group FF-2 iime), or none (Group FF-3n9d. As shown inFig. 3b, better performance was
achieved in Group FF=2ime over other groups. In Group FEw3e the MOB’s growth ceased
after the 8 day, with a final OD of 0.74, which could be deethe starvation phenomenon as a
result of the lack of feed gas. As showrFig. 4¢ the CH was consumed during the time and
the final content was as low as 6.3%. Interestingliigher frequency of gas supplement did not
assist the growth of the bacterium. The final ODGybup FF-1 times Was 1.04 with a large
deviation. InFig. 4d, the oxygen content was higher than that of tHeerogroups with a

maximum content of 13.1%. Assuming that high,&dntent will not have a negative effect on
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the growth of MOB, the oxidative stress in cellsaasult of the excessive,Qherefore, could
be the reason for the deterioration of the MOB dhoperformance (Baez and Shiloach 2014).
Excessive aeration was also reported that toxicaffgcted the growth of MOBs (Chu and
Alvarez-Cohen 1999). In addition, it was also neti¢chat bothr,, andr,,of Group FF-1 times
were much higher than that of the other two grodble 3). However, the high consumption
rate did not contribute to the MOB biomass accutmaalt could be due to that there were
additional limiting factors than CHand Q (i.e. lack of specific micronutrients).

3.3.3. Different shaking speeds

As shown inFig. 3¢ it was observed that the increased shaking spbedusly facilitated the
MOB'’s growth for SCP production. In the conditiothout shaking (Group SS-1), the final OD
of the samples only reached to 0.62. In additibere was a large deviation in the MOB'’s
growth for the triplicate experiments under thigididion, which was probably because MOB
can easily aggregate into clusters during the \atltn, especially under the environmental
stresses such as sulfide inhibition in this stu@ligis would seriously hamper the cellular
assimilation of methane and further inhibit thevgito of the bacterium. Besides, the gas-liquid
mass transfer capacity can be significantly impdolog increasing the shaking frequency, which
would permit better contact of the gases and tleeebam (Maier and Blichs 2001). Therefore,
the MOB'’s growth increased with the increasinglwlsng speed.

3.3.4. Different inoculum sizes

The MOB'’s growth was further studied with differenbculum sizes, which could be one of the
key parameters for the start-up of the system ursdeere conditions (i.e. high sulfide
concentration environmentyig. 3d shows that the inoculum size higher than 5% iregddhe

MOB'’s growth rates, while a further increase of theculum addition neither had an impact on
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the growth rates nor the final achieved OD. Allanlum sizes tested ended with the same final
MOB'’s growth as indicated by the same level of @Dus, considering the economic benefit, an
inoculum size of 10% could be selected for theofelhg experiments.

3.3.5. Different nitrogen sources

The nitrogen sources for the MOB can be ammoniutrgta, and even nitrogen gas. The MOBs
may follow different metabolic pathways with varieirogen sourcesFig. 3eshows the growth
curve ofM. acidiphila fed with ammonium or nitrate with an equivalent ammioof nitrogen. The
results showed that there was no significant difiee between ammonium and nitrate Nbr
acidiphila growth. Thus,M. acidiphila can assimilate both nitrate and ammonia at a aimil
consumption rate, regardless of the sulfide infgen

3.4. Impact of intermittence gas supply and the pience of CQon M. acidiphila growth

Fig. 5a shows the performance of the MOB’s growtidar the starvation condition in the
sulfide-rich environment. All the groups exhibitaddiauxic growth curve with limited feed gas
supply. On the @ day, 20 mL of the simulated biogas was added Itahal groups, but the
performance of the MOB'’s growth was not improveawever, after adding 20 mL of pure O
on the & day, the MOB started growing immediately and th2 i@creased from 0.3 to 0.8 in 2
days. This indicated that the limited initia} @mount deteriorated the system performance under
sulfide inhibition as it could be potentially comsed by sulfide. Therefore, when starting up the
system under the sulfide-rich environment, a sigfit amount of @ would be of higher
importance than CHdue to the competitive relationship between thactiens of sulfide
oxidation and bacterial metabolism. The resultsOgf content in the headspac€&id. 50
supported this conclusion. After the™@ay, the MOB stopped growing again but it revived

after adding 20 mL of the simulated biogas on t#& day. The OD increased from 0.8 to 1.2 in
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2 days then turned to be stable. This indicatedttteamain limiting factor changed from, @
CH, during the exponential phase of MOB growth, asdbesumption of Ckicould be much
faster due to its roles as both carbon source aaryg source. The change of £¢bntent in the
headspaceHg. 5b) also supported this conclusion that this secesttiction was due to the lack
of CH,. Efficient and safe ©@and CH supply appears a bottleneck for high-rate methapbs
cultivation, which can limit protein production andtritional quality. The ratio of CHand Q
may also affect the flammability of the mixture gasd lead to the safety issue. Diffusion via
hydrophobic hollow fibers membranes will allow eféint and safe gas supply, solubilizing them
in the liquid phase without compromising safetyiess (Valverde Pérez et al. 2020).

Fig.5 is here
Fig.5a also shows the performance of the MOB'’s ¢gnowith different ratios of C@added in
the feed gas. The results indicated that the poesehCQ would not impede the growth of the
MOB. The performance of the group with 50% £dhd 50% C@was slightly worse than the
other two groups. The reason for that was probdbé/to the relatively lower content of ¢
the headspace.
3.5. Significance and perspectives
This study for the first time demonstrates the ptit¢ of acid-tolerantM. acidophila for the
conversion of sulfide-rich raw biogas to SCP prdduc which integrated the strengths of
renewable energy and aerobic methane oxidatiordbbEesynthesis. The results revealed the
impact of HS and other associated operating conditions ogriheth and protein production of
M. acidophila and thereby filling the gap between fundamentadrsm and applied research. All
these together could provide solid fundamental gdofor the further integration of anaerobic

digestion, nitrogen recovery and recycling from ®aster, and aerobic methane oxidation for
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483 food and animal feed production. The comparisortotél amino acid production frorv.

484  acidophila with other methanotrophic bacteria was summarineBable 4. M. acidophila with

485 58.6% of amino acids in the dry mass could be are@eable alternative SCP producer,
486  considering the results were obtained under unapgienconditions (e.g., limited nitrogen supply)
487 in batch mode. This yield was even slightly highiean the frequently useMlethylococcus
488  capsulatus when it was cultivated as a pure culture) (Raseulal. 2018). Besides, the amino
489 acid content achieved byl. acidophila was also comparable to otheommercial bacterial
490 protein products (Dverland et al. 2010, Schgyeal.eR005, Skrede et al. 1998, Skrede et al.
491 2009). The amino acid content in some common praieh Food was also summarized in
492 Table 4 according to FAO Food Policy and Food Science $eriutrition Division (1970).
493  With a higher and more balanced amino acid yigldacidophila is competent and feasible to be
494  used as a protein source for livestock and aquaeuihstead of soybean or fish meal.

495 Table 4is here.

496 The successful SCP production by the new stMinacidophila will also bring additional
497  benefits to different fields. Firstly, the acidi@stewaters such as the fermentation leachate and
498  broth from raw food waste (pH as low as 4~5) cansbstainable options as medium and
499  nitrogen source (Kolmert and Johnson 2001). In ¢hise, the costly synthetic medium and the
500 pH neutralization towards the problem of pH deceaasulted from the generation of £€uld

501 no longer be necessary. SecondlyMascidophila can use different types of nitrogen, the used
502 nitrogen from a wide range of wastewaters couldirserecovered and then reused as a nitrogen
503 source of MOB for SCP production. Thus, wastewaterdd be a very important nitrogen source
504 for the growth of methanotrophs and the productb®CP. The advances in MOB based SCP

505 production will add value to the wastewater treattmadustry. Thirdly, the MOB fermentation
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could be integrated with microbial electrosynthesistems (MES) to achieve power-to-protein
conversion. Furthermore, it has been reported¥hatcidiphila is capable of fixing the gaseous
dinitrogen, which offers it more potentials in pieal application (DeLong et al. 2014).

Though promising, there are still several aspéwsneed to be investigated in the future. Firstly,
an efficient and cost-effective approach needsetadveloped to mitigate the sulfide inhibition
on MOB for SCP production. The bioaugmentationufidge-oxidizing bacteria (SOB) has been
reported as an efficient way to lower thgSHoncentration in biogas reactors (Marin and Araha
2014). It may help to mitigate the risk of sulfiteMOB when they grow together in the mixed
culture system. Thus, the synergistic interactibesveen MOB and SOB should be studied in
detail in the future. Besides, the process showdfusther optimized to improve biomass
production. The biomass concentrationf acidiphila observed during the sulfide toxicity
experiment (65.0 ~ 91.4 mg*LFigure 1) was comparable to that reported by roldie-scale
studies using the commercialized strdn capsulatus or other mixed culturegRasouli et al.
2018, Valverde Pérez et al. 2020). The biomass kesmyere collected at the end of each batch.
The strain without sulfide inhibition could obtanhigher yield on the™~ 6" day than the 1?2
day because part of the biomass would be degrad@tgdhe bacterial death phase. The current
biomass concentration could also be limited byrtilegen concentration adopted for the tests.
All these limitations could be addressed in futuverk to increase biomass and protein
production. In general, biomass concentration alethiin the lab-scale is always several orders
lower than that in the large-scale operation. Fatance M. capsulatus can just produce 263
mg-L* biomass in the lab, while the vyield from Norferm@CP production facility at
Tjeldbergodden, Norway was reported as high as-20 ¢Olsen et al. 2010). As the protein

portion in biomass and biomass yield on methaneniimogen) were also comparable to the

23



529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

widely studied MOB culturesi. acidiphila could also have the applicability and economic
viability if the operational conditions (e.g., festocks concentrations, continuous mode, gas-
liquid mass transfer) are optimized. Furthermdne, downstream process for SCP harvesting is
a costly step, which applies to all the conventi@ma emerging microbial protein technologies.
One potential solution is to grow live feeds fahfior crustacean larvae in the culture suspension,
which could simplify and reduce the costs for S@P/asting.

4. Conclusion

This study systematically elucidated factors affegthe growth ofM. acidiphila for microbial
protein production in a sulfide-rich environmerntwis found here that 8.13 mg* Na:S which

is equivalent to approximately 1000 ppm afSHn crude biogas was the threshold concentration
over which inhibition of cell growth and proteinrggiesis was observed. Besides, the amino
acids produced bi. acidiphila were significantly influenced by sulfide. The tiotemino acid
content in the dry biomass decreased more thartitmes with sulfide inhibition compared with
the control samples without the presence of sulfidgle the ratio of essential amino acids was
not affected when the concentration of,Slavas lower than 5.73 mg'L Furthermore, cell
growth was affected by the GHD ratio, gas supplement frequency, mixing rate, iaog¢ulum
size. In addition,M. acidiphila can assimilate both NH and NQ under the sulfide-rich
environment with a similar growth rate. The pregeatCQ in the feed gas did not significantly
influence the MOB’s growth if the amount of ¢ldnd Q were sufficient. This study could
provide solid fundamental ground for the furthetegration of anaerobic digestion, nitrogen
recovery and recycling from wastewater, and aerotéthane oxidation for food and animal
feed production.
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Table 1. The maximum growth rate BFethylocapsa acidiphila DSM 13967 under
eight different initial sulfide concentrations, artle corresponding calculated
equivalent HS content in biogas

Group NBQS(a_?-), Equivalent HSpiogas) umix,
mg- L ppm d
S-1 0.00 0.00 0.51+0.02
S-2 1.30 £ 0.02 164.72 +2.18 0.36 £ 0.04
S-3 2.71 +£0.02 343.31 +£2.17 0.38 £0.02
S-4 3.81+£0.19 481.86 + 23.95 0.41 £0.07
S-5 5.73+0.22 725.10 £ 28.30 0.41+£0.03
S-6 8.13+0.13 1028.38 £+ 17.42 0.35+0.00
S-7 9.40 £ 0.03 1188.48 £ 4.35 0.44 £0.01

S-8 10.28+0.26 1300.48 + 33.20 0.38 +£0.00




Table 2. Performance of acclimatization competeateéMethylocapsa acidiphila
DSM 13967towards sulfide inhibition: a comparison of the mmaxm growth rate
with five sulfide concentration during three batslgenit: d*)

Group Batch 1 Batch 2 Batch 3
Hmax S-1 0.51 +£0.02 0.40+0.0 0.48 +0.01
Hmax S-2 0.36 £ 0.04 0.38 £0.02 0.50 £ 0.03
Hmax S-3 0.38 £ 0.02 0.45 £ 0.00 0.50+0.12
Hmax S-4 0.41 +£0.07 0.41 +0.02 0.56 £0.13
Hmax S-5 0.41 +£0.03 0.44 +0.02 0.48 +0.13




Table 3 Average consumption rate of hd Q in the feed-gas-related conditions experimentst(Up,s, mL- dh)

Feed

Feed gas ratio C}0,

Feed gas adding frequency

Period Period
4.6 6:4 8:2 every 2d every 4d never
Stage I-1 3.31+£0.23
Stagel 2.35+0.14 1.53+0.06 3.14+0.16 1.53 +0.06 1.06 £ 0.08
Stage I-2 6.21 £0.42
CH,
Stage 1l-1  8.42+0.20
Stage Il 3.01+0.58 3.62+£0.30 1.30 £ 0.05 3.62+£0.30 2.45 +0.07
Stage II-2  2.47 £ 0.47
Total 2.68 2.58 2.22 Total 5.10 2.58 1.75
Stage I-1 0.74 £0.04
Stage| 3.84+0.13 1.65 + 0.07 0.77 £0.17 1.65 + 0.07 1.75+0.15
Stage I-2 4.68 + 0.06
O,
Stage Il-1  5.66 +0.42
Stage Il 4.35+0.08 3.43+£0.34 1.66 + 0.55 3.43+£0.34 1.57+£0.10
Stage 1I-2  7.48 £1.98
Total 4.09 2.54 1.21 Total 4.64 2.54 1.66




Table 4. Comparison of total amino acid productod operation conditions in this study with mettiesyghic single cell protein producers reported

in other studies and a summary of total amino acidtent in common protein-rich food

Total amino Operational conditions Feedstock Total amino
Methanotrophic acid _ Reference Protein- acid
SCP producers (% Dry ~ Temperature Operation Carbon Nitrogen rich food (% Dry
Mass) (0) source source Mass)
NO; or NHy’ Fresh
M. acidiphila 58.6 £ 0.7 24+1 57+0.1 Batch in bottle L£H  (available to This work fish 70.81
N2)
Methylococcus
capsulatus 53 37 7 Batch in bottle CH NH," (Rasouli et al. 2018|] Chicken 53.54
(Bath)
Mix MOB
dominated by g5 5 32 6.8~7.0 oacchinbubble o, - NOs, NFOr (o7 hian et al. 2004]  Egg 49.09
Methylomonas column reactor Urea
p.
(Schgyen et al.
0 Industrial continuous + 2005, Skrede et al
BPM 62.90 45 aerobic fermentor CH; NH, 1998, Skrede et al Beef 44.01
2009)
BPMM" 63.36 N.A. NA, - aboratoryscale o) NH" (Skrede et al. 2009 B'€Ver'S 3829
fermentor Yeast
PRUTEEN" 62.09 37 7.0 Continuous — \1othanol NH' (@verland etal. || Fish 33.73
fermentor 2010) meal

1 BPM referred to Bacterial Protein Meal, a commeénpraduct that was produced and supplied by DariskrBtein A/S (Odense, Denmark). The
bacteria culture consisted of Methylococcus capssléBath) (88%), Alcaligenes acidovorans (12%)ilBes brevis (0.3%), and Bacillus firmus
(0.2%). The percentage of total amino acid wasuatled as the average according to the results tinoee publications.

1 BPMM was the BPMI()) grown on methanol in a lab-scale fermentor.

1 PRUTEEN is a commercial SCP product produce by Imperiaérical Industries Ltd (Billingham, Cleveland, Grditain). The bacteria
culture mainly consisted dflethylophilus methylotrophus. The percentage of total amino acid is an avechdiee results from three publications

calculated by @verland et al. (2010). The tempeeatnd pH referred to Wyborn et al. (1994).

1 The data were gathered from the FAO Food and hanreries(FAO Food Policy and Food Science Semiggition Division 1970).
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Highlights

Protein synthesis from raw biogfst time reported byvethylocapsa acidiphila.

The first evidence of $ toxicity onM. acidiphila converting raw biogas.

The HS inhibition started from 8.13 mg*1N&S (1000 ppm bS).

Cells underwent inhibition had at least 2 times lgtein content in the dry biomass.

The essential amino acid synthesis was not affestezh the concentration of p&awas

lower than 5.73 mg-L
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