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Preface 
This Ph.D. thesis, entitled “Customized ammonia tolerant methanogenic 
inocula to alleviate ammonia toxicity in anaerobic digesters” presents the 
research performed at the Department of Environmental Engineering, the 
Technical University of Denmark from November 1st, 2017 to October 31st, 
2020. The research was co-funded by the China Scholarship Council and the 
Technical University of Denmark. Professor Irini Angelidaki was the main 
supervisor and Associate Professor Ioannis Fotidis was the co-supervisor. 
 
The thesis is organized into two parts: the first part puts into context the 
findings of the Ph.D. in an introductive review; the second part consists of the 
papers listed below. These will be referred to in the text by their paper number 
written with the Roman numerals I-VI. 
 

I Yan, M., Fotidis, I. A., Tian, H., Khoshnevisan, B., Treu, L., Tsapekos, 
P., & Angelidaki, I. (2019). Acclimatization contributes to stable anaerobic 
digestion of organic fraction of municipal solid waste under extreme ammonia 
levels: focusing on microbial community dynamics. Bioresource Technology, 
286, 121376. 
II Yan, M., Treu, L., Zhu, X., Tian, H., Basile, A, Fotidis, I. A., Campanaro S., 
Angelidakia I., (2020). Insights into ammonia adaptation and methanogenic 
precursor oxidation by genome-guided analysis. Environmental Science & 
Technology. 2020. 
III Yan, M., Treu, L., Campanaro, S., Tian, H., Zhu, X., Khoshnevisan, B., 
Tsapekosa, P., Angelidakia, I., Fotidis, I. A., (2020) Effect of ammonia on 
anaerobic digestion of municipal solid waste: inhibitory performance, 
bioaugmentation and microbiome functional reconstruction. Chemical 
Engineering Journal, 126159. 
IV Yan, M., Fotidis, I. A., Jéglot, A., Treu, L., Tian, H., Palomo, A., 
Angelidaki, I. (2020). Long-term preserved and rapidly revived methanogenic 
cultures: Microbial dynamics and preservation mechanisms. Journal of Cleaner 
Production, 121577. 
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In this online version of the thesis, paper I-IV are not included but can be ob-
tained from electronic article databases, e.g. via www.orbit.dtu.dk or on re-
quest from DTU Environment, Technical University of Denmark, Miljoevej, 
Building 113, 2800 Kgs. Lyngby, Denmark, info@env.dtu.dk.  
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Besides, the following publications, not included in this thesis, were also 
concluded during this Ph.D. study: 

V Yan, M., Zhu, X., Treu, L., Ravenni. G., Ferrigno. R., Goonesekera, M., 
Angelidaki, I., Fotidis, I.A. (2020) Assessment of multiple strategies to 
alleviate ammonia inhibition (Manuscript under preparation for 
submission) 

VI Tian, H., Yan, M., Treu, L., Angelidaki, I. and Fotidis, I.A. (2019) 
Hydrogenotrophic methanogens are the key for a successful 
bioaugmentation to alleviate ammonia inhibition in thermophilic anaerobic 
digesters. Bioresource Technology 293, 122070. 
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Summary 
Anaerobic digestion (AD) is a globally popular waste management technology 
where the organic matters are degraded into biogas (mainly CH4 and CO2) and 
digestate under oxygen-free conditions. To date, biogas has been widely 
promoted according to its following uses in electricity, other value-added 
products, transport, and heating. United Nations aims to achieve a greater share 
of the biogas in renewable energy for Sustainable Development Goals. The 
organic waste from industries and households are suitable feedstocks for 
biogas production, which is exactly following the important concept of “waste 
to energy”. Despite the various benefits and great potential of AD, further 
development of AD is delayed by several difficulties, one of which is the sole 
degradation of N-rich substrates. The ammonia released from them (exceed 1.5 
g NH4+-N/L) is an inhibitor to microorganisms in the AD, especially 
methanogens, which leads to less methane yield. Thus, approaches to recover 
methane production from ammonia inhibition are required. Furthermore, a 
balanced microbial composition is of utmost importance for the stable AD 
system process. Thus a deep insight into the microbial community provides the 
essential knowledge for process optimization. The continuous development of 
sequencing technology and bioinformatics methods is making it feasible to 
expand our understanding of complex microbial community composition and 
characteristics.  

This Ph.D. project aimed to 1) develop methods to recover methane production 
from organic waste at high ammonia stress and 2) explore microbial synergistic 
networks and other functionalities determining stress resistance. 

Firstly, to achieve an effective continuous anaerobic degradation of N-rich 
substrates, the stepwise acclimatization process was performed in mesophilic 
reactors fed with organic fraction of municipal solid waste (OFMSW). The 
results showed the acclimatization could increase the continuous stirring tank 
reactors (CSTRs) robustness up to 8.5 g NH4+-N/L and the methane yields 
fluctuated less than 10%. Meanwhile, the shift of dominant methanogens was 
observed from Methanosaeta concilii at low ammonia levels (1.1-5 g NH4+-
N/L) to Methanosarcina soligelidi at high ammonia levels (6-9.5 g NH4+-N/L), 
respectively. 

Secondly, to investigate the microbial synergistic networks and other 
functionalities that regulate ammonia tolerance, the initial microbial inoculum 
were cultivated into four groups (i.e., Gmethanol, GH2/CO2, Gformate and Gacetate) 
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under increased ammonia levels in batch reactors. Synthetic basal anaerobic 
(BA) medium containing a single carbon source (either methanol, or H2/CO2, 
or formate, or acetate) was used as feedstock. After several generations’ 
cultivation, the microbial consortia in Gmethanol and GH2/CO2 were robust up to 
7.25 g NH4+-N/L, followed by Gformate (5.25 g NH4+-N/L) and Gacetate (4.25 g 
NH4+-N/L), respectively. The metabolic pathways of dominant microbes were 
reconstructed based on the genomics analysis coupling with intermediates 
measurement during the degradation process, thereby a possible mechanism of 
ammonia tolerance was proposed. Briefly, the existence of genes responsible 
for osmotic regulators (K+, Nε-acetyl-L-lysine, glutamine, glutamate, and 
glycine betaine) and energy conservation complexes (i.e. Ech and Eha) was 
proposed to be the main reason to assist the consortia against ammonia stress. 
Besides, the syntrophy (e.g., catabolic complementarity) between bacteria and 
methanogens supported them in overcoming bioenergetic barriers caused by 
ammonia inhibition.  

Thirdly, the bioaugmentation with acclimatized ammonia tolerant 
Methanoculleus sp. was implemented to stimulate the under-performing AD 
process. A 21% increase in methane yields and 10% reduction in volatile fatty 
acids confirmed that the addition of Methanoculleus sp. successfully alleviated 
ammonia stress. The genome-centric metagenomics revealed that multiple 
energy regulating complexes and osmolytes uptake systems in Methanoculleus 
sp. might contribute to its remarkable robustness to ammonia. Meanwhile, the 
bioaugmentation of Methanoculleus sp. triggered the change in bacterial 
community composition. Regarding dominant bacteria, the genes involved in 
parallel degradation pathways of glucose and acetate possibly provided them 
with enough flexibility to overcome ammonia stress. Therefore, the resume of 
electron transfer between the syntrophic bacterial community and methanogen 
led to the successful bioaugmentation. 

Finally, the microbial consortia preservation technology was developed to 
provide the ready-to-use inocula for future full-scale bioaugmentation 
applications. The ammonia tolerant methanogenic consortia were preserved in 
two carriers, namely, liquid BA medium and agar gel, at two different 
temperatures of 4 °C and 24 °C, respectively. The best strategy for long-term 
preservation was in agar gel up to 168 days at 24 °C, followed by a liquid BA 
medium within 84 days at 24 °C. Besides, high methanogenic activities of 
Methanosarcina soligelidi and Methanoculleus palmolei were observed during 
the revival test, indicating their high potential as ready-to-use inocula. 
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Overall, this Ph.D. project offered feasible methods to improve methane yields 
from the ammonia-stressed anaerobic reactors. Besides, the knowledge 
regarding microbial composition and metabolic pathways had practical 
guidance for AD process optimization. 

  



xi 

Dansk sammenfatning 
Anaerob nedbrydning (AD) er en populær global affaldshåndteringsteknologi, 
hvor de organiske stoffer nedbrydes til biogas (hovedsageligt CH4 og CO2) 
under iltfrie forhold. Til dato er biogas blevet promoveret i henhold til følgende 
anvendelser: elproduktion, andre merværdiprodukter, transportbrændstof og 
opvarmningsformål. En større andel af biogas i vedvarende energi forventes at 
nå de Forenede Nationers mål for bæredygtig udvikling. Det organiske affald 
fra industrier og husholdninger er egnetsom råmateriale til produktion af 
biogas, hvilket er god i overensstemmelse med konceptet om "affald til energi". 
På trods af de forskellige fordele og det store potentiale ved AD forsinkes 
udviklingen af AD grundet en række udfordringer, hvoraf den ene er 
nedbrydningen af N-rige substrater. Den frigjorte ammoniak (over 1,5 g NH4+ 
-N/L) hæmmer vækst af mikroorganismer i AD, især methanogener, hvilket 
fører til mindre methanudbytte. Derfor er metoder til at opretholde 
metanproduktion på trods af ammoniakhæmning påkrævet. Desuden er en 
afbalanceret mikrobiel sammensætning af stor betydning for en stabil AD-
proces. Således giver en dyb indsigt i den mikrobielle sammensætning 
væsentlig viden for procesoptimering. Udvikling af sekventeringsteknologi og 
bioinformatiske metoder gør det muligt at udvide vores forståelse af komplekse 
mikrobielle sammensætning og egenskaber. 

Dette ph.d. projekt har til formål at 1) udvikle metoder til at opretholde 
metanproduktion fra organisk affald med højt ammoniakindhold og 2) udforske 
mikrobielle synergistiske netværk og andre funktioner, der påvirker den 
mikrobielle stressmodstand. 

For at opnå en effektiv kontinuerlig anaerob nedbrydning af N-rige substrater 
blev den trinvise akklimatiseringsproces udført i mesofile reaktorer fodret med 
den organiske fraktion af husholdningsaffald (OFMSW). Resultaterne viste, at 
akklimatisering kunne øge procesrobustheden i fuldomrørte reaktorer 
(CSTRs),  med en ammoniakbelastning op til 8,5 g NH4+-N/L. Methanudbyttet 
varrierede mindre end 10%. I mellemtiden var der et skift af methanogener, der 
var dominerende i processen, fra Methanosaeta concilii ved lave 
ammoniakniveauer (1,1-5 g NH4+-N/L) til Methanosarcina soligelidi ved høje 
ammoniakniveauer (6-9,5 g NH4+-N/L). 

For at undersøge de mikrobielle synergistiske netværk og andre 
funktionaliteter, der regulerer ammoniak-tolerancen, blev podematerialet 
dyrket i fire grupper (dvs. Gmethanol, GH2/CO2, Gformiat og Gacetat) under øgede 
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ammoniakniveauer i batchreaktorer. Syntetisk basalt anaerobt (BA) medium 
indeholdende en enkelt carbonkilde (methanol, H2/CO2, formiat og acetat) 
blev anvendt som råmateriale. Under akklimatiseringsprocessen var 
konsortierne i Gmethanol og GH2/CO2 robuste op til 7,25 g NH4+-N/L efterfulgt af 
Gformat og Gacetat til henholdsvis 5,25 og 4,25 g NH4+-N/L. Omsætningsveje for 
dominerende mikrober blev rekonstrueret baseret på en genomanalyse 
kombineret med målinger af mellemprodukter under nedbrydningsprocessen, 
hvorved den mulige mekanisme for ammoniak-tolerance blev foreslået. I korte 
træk skulle eksistensen af gener, der er ansvarlige for osmotiske regulatorer (K
+, Nε-acetyl-L-lysin, glutamin, glutamat og glycinbetain) og 
energibesparelseskomplekser (dvs. Ech og Eha), være hovedårsagen til at 
hjælpe konsortier mod ammoniak stress. Desuden understøttede syntrofi (fx 
katabolisk komplementaritet) mellem bakterier og methanogener dem i at 
overvinde bioenergiske barrierer forårsaget af ammoniakhæmning. 

Derefter blev bioaugmenteringen med akklimatiseret ammoniak-tolerant 
Methanoculleus sp. implementeret for at stimulere den begrænsede AD-proces. 
En stigning på 21% i methanudbytte og 10% reduktion i flygtige fedtsyrer 
bekræftede, at tilsætningen af Methanoculleus sp. lykkedes med at lindre 
ammoniakstress. Metagenomics analysen viste, at flere energiregulerende 
komplekser og osmolytter optager systemer i Methanoculleus sp. og kan 
bidrage til dets bemærkelsesværdige robusthed over for ammoniak. I 
mellemtiden forårsagede bioaugmenteringen af Methanoculleus sp. ændringer 
i bakteriesamfundets sammensætning. Med hensyn til dominerende bakterier 
gav generne, der var involveret i parallelle omsætningsveje for nedbrydning af 
glucose og acetat, muligvis tilstrækkelig fleksibilitet til at overvinde 
ammoniakstress. Derfor førte genoptagelsen af elektronoverførsel mellem det 
syntrofiske bakteriesamfund og methanogen til en vellykket bioaugmentering. 

Endelig blev den mikrobielle konserveringsteknologi udviklet til at give en 
klar-til-brug podning til fremtidige fuldskala bioaugmenteringsapplikationer. 
De ammoniak-tolerante metanogene konsortier blev konserveret i to medier, 
nemlig flydende basisk anaerobt medium og agargel ved to forskellige 
temperaturer på henholdsvis 4 °C og 24 °C. Den bedste strategi til langvarig 
konservering var i agargel op til 168 dage efterfulgt af et flydende basisk 
anaerobt medium inden for 84 dage ved 24 °C. Derudover blev der observeret 
høje metanogene aktiviteter af Methanosarcina soligelidi og Methanoculleus 
palmolei under genoplivningstesten, hvilket indikerer deres høje potentiale 
som inokula klar til brug. 
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Samlet set har dette Ph.D. projekt udviklet mulige metoder til forbedring af 
methanudbyttet fra ammoniak-stressede anaerobe reaktorer. Desuden har den 
nye viden om mikrobiel sammensætning og omsætningsveje under 
ammoniumstress givet ny forståelse, som kan anvendes til procesoptimering af 
ammonium belastede AD-processer. 
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1 Introduction 
1.1 Background 
The human population is predicted to reach over 9 billion by 2050; meanwhile, 
the demand for energy and food is expected to increase by over 50%. Conse-
quently, the increasing amount of organic waste and disposal from the human 
is estimated as a global problem (Ferroukhi et al. 2015). If there is no proper 
treatment, the massive waste generated may worsen the water, soil, and air 
quality (Minelgaitė and Liobikienė 2019). To achieve the United Nations’ Sus-
tainable Development Goals (SDGs) by 2030, a circular economy concept 
should be performed by integrating organic waste treatment with bioenergy 
production and nutrients recovery (Schroeder et al. 2019, Favaro et al. 2019). 
European Union has banned the application of biodegradable organic wastes 
in landfills (Briassoulis et al. 2019). As a consequence, many countries have 
introduced incineration for waste treatment and energy production (Tozlu et al. 
2016). However, incineration is not preserving nutrients and seems to be an 
unsustainable approach from economic and environmental perspectives (Tozlu 
et al. 2016, Tian et al. 2020).  

Anaerobic digestion (AD) is a promising approach where involves varieties of 
microbes in converting organic waste (e.g., municipal solid waste, industrial 
wastewater, agriculture waste, algae waste, etc.) to biogas and digestate (Am-
baye et al. 2020, Satchwell et al. 2018). Biogas, one of the essential renewable 
energy, is expected to partially substitute fossil fuels for the supply of electric-
ity, heat, and transportation in Denmark (Figure 1) (McAnulty et al. 2017). 
Furthermore, the digestate is rich in various types of nutrients, which can im-
prove soil quality in agriculture sector (Tambone et al. 2010). Thus over 163 
biogas plants are widely implemented in Denmark to maximize the energy re-
covery from the organic waste (European biogas association). 
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Figure 1. Biogas production and its application in Denmark 2012-2020. [Adapted from Dan-
ish Energy Agency] 

1.1.1 Anaerobic digestion 

The AD is a biological process, where organic matters are converted into me-
thane (50-70%), carbon dioxide (30-50%), H2 (0-1%), and H2S (0-3%), etc., 
under oxygen-free conditions (Angelidaki et al. 2011a). However, the percent-
age of the biogas is determined by several factors, e.g., feedstock composition, 
digester retention time and temperature (Karube et al. 1980, Lin et al. 2019, 
Uçkun Kiran et al. 2016, Chen et al. 2008). AD process mainly occurs in four 
steps, namely hydrolysis, acidogenesis, acetogenesis, and methanogenesis 
(Ponsá et al. 2008) (Figure 2). Bacteria are involved in the first three steps, and 
archaea responsible for the final stage (Campanaro et al. 2018).  
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Figure 2. The main flow of the AD process in four steps [Adapted from Angelidaki et al. 
(2011b)] 

1.1.2 Hydrolysis 

The hydrolysis step is involved in the degradation of protein, carbohydrates, 
and lipids into amino acids, monosaccharides, and glycerol /long-chain fatty 
acids, respectively, through hydrolytic enzymes (Wilson 2011, Dimock and 
Morgenroth 2006, Chen and Chang 2017). The hydrolytic bacteria mainly be-
long to the phylum Firmicutes and Bacteroidetes, and they are more robust to 
environmental change (e.g., ammonia stress, and temperature), compared to 
the methanogen (Dimock and Morgenroth 2006, Chen and Chang 2017, Cazier 
et al. 2019). 

1.1.3 Acidogenesis 

During the acidogenesis step, the main products from hydrolysis, i.e., mono-
saccharides, amino acids, and glycerol/long-chain fatty acids (LCFA) are fur-
ther degraded into smaller molecules (Myint et al. 2007).  
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The monosaccharides are converted into C3 products via Emben-Meyerhof-
Parnas (EMP) pathway, and C2/C4/C6 products using Entner Doudoroff (ED) 
pathway, respectively (Zhu et al. 2019). C2/C4/C6 products (e.g., acetate, bu-
tyrate, caproate) are more commonly present in the AD process. In contrast, 
the C3 products (e.g., lactate) are rarely observed unless AD reactors are over-
loaded (Angelidaki et al. 2011a, Zhou et al. 2018a, Tian et al. 2019a). 

The amino acid degradation commonly proceeds via the Stickland reaction 
where the paired amino acid is converted into organic acid (with one less car-
bon) and NH3 in a coupled oxidation/reduction reaction (Chen et al. 2019). 
Most amino acids can be electron acceptors, donors, even both. In some cases, 
the acidogenesis of amino acid takes place via transamination, thereby pyruvic 
and oxaloacetic acids are formed (Tezel et al. 2011). 

The LCFA is broken into shorter volatile fatty acids, acetate, and hydrogen 
following β-oxidation, and the shorter volatile fatty acids enter the next rounds 
of β-oxidation by the acetogenic-oxidizing bacteria (Tian et al. 2018a). So far, 
the known acetogenic β-oxidizing bacteria have been identified within the fam-
ilies of Syntrophomonadaceae and Syntrophaceae (Ziels et al. 2017). However, 
the LCFA is easily attached to the surface of microorganism, which limits the 
access of microorganism to the substrate (Zhou et al. 2018b). Generally, the 
biodegradation rate of LCFA is slower than the hydrolysis process, which 
causes the accumulation of LCFA quickly in the AD system. Meanwhile, the 
hydrogen, the by-product from the LCFA degradation, influences the distribu-
tion of the short-chain acid. Specifically, the higher hydrogen partial pressure 
inhibits short-chain acids production, leading to accumulation of LCFA due to 
the chemical equilibrium. As a consequence, it further reduces the activity of 
acetogenic β-oxidizing bacteria (Zhou et al. 2018b, Hao et al. 2016, Alves et 
al. 2001). 

1.1.4 Acetogenesis 

Acetogenesis refers to the process of acetate formation through two pathways, 
i.e., reduction of C1 units (e.g. CO2) (Xu et al. 2011) and degradation of or-
ganic acids (Diekert and Wohlfarth 1994). The homoacetogens involved in the 
first pathway belong to the genera of Acetoanaerobium, Acetogenium, Aceto-
bacterium, Clostridium, Butyribacterium, Eubacterium, and Pelobacter (Borja 
2011). Most homoacetogens perform Wood-Ljundahl pathway for acetate gen-
eration, where H2 and HCO3- are used as electron donor and acceptor, respec-
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tively (Westerholm et al. 2016). Thus homoacetogens develop syntrophic co-
operation with H2-producing bacteria, while the competitive relationship with 
hydrogen-utilizing methanogens (Borja and Rincón 2017).  

During the second pathway, the hydrogen-producing acetogens oxidize organic 
acids to acetate, from which the electrons produced are transferred to H+ for 
H2 and CO2 generation (Zhu et al. 2019). However, these acetogenic bacteria 
can only grow in an efficient electron-removing environment. For example, the 
simplest co-culture involving syntrophic interaction comprises an acetogen and 
a hydrogen-scavenging microbe (e.g., hydrogenotrophic methanogen). Thus 
the presence of mutualistic co-culture is vital for the well-balanced anaerobic 
digestion (Angelidaki et al. 2011a, Borja 2011). 

1.1.5 Methanogenesis 

Methanogenesis takes place at the final stage of AD when the alternative elec-
tron acceptors (e.g., O2, Fe3+, and NO3-) are exhausted. Until now, all meth-
anogens are classified into seven orders (Methanococcales, Methanobacte-
riales, Methanosarcinales, Methanomicrobiales, Methanocellales, Methano-
pyrales, and Methanomassiliicoccales) (Vanwonterghem et al. 2016). Due to 
their distinct metabolic traits, three different pathways are involved in methane 
production, i.e., the acetoclastic pathway, the hydrogenotrophic pathway, and 
the methylotrophic pathway (Angelidaki et al. 2011a, Lyu et al. 2018). 

Firstly, acetoclastic methanogens enable the cleavage of acetate into CH4 and 
CO2. So far, only two genera of methanogens are identified for acetate utiliza-
tion, namely, Methanosarcina and Methanosaeta. Methanosaeta is a specialist 
that uses acetate specifically within the range of 0-20 mM (Chen et al. 2017, 
Dyksma et al. 2020). Besides, Methanosaeta was reported as the primary me-
thane producer on earth because it is widely present in the environment (e.g., 
rice paddies) and prevailed over Methanosarcina in nature with the low level 
of acetate (Smith and Ingram-Smith 2007, Rotaru et al. 2014). However, Meth-
anosarcina is a metabolically versatile methanogen capable of producing me-
thane from carbon dioxide, methanol, and methylamines as well (Smith and 
Ingram-Smith 2007). It is more abundant in the middle-high acetate and/or am-
monia environment (Capson-Tojo et al. 2020).  

Secondly, hydrogenotrophic methanogens (i.e., Methanobacteriales, Meth-
anomicrobiales, Methanococcales, Methanocellales, and Methanopyrales) are 
capable of converting H2 and CO2 to CH4. Their presence maintains the AD 
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system at a low H2 partial pressure and makes stable acetogenesis process fea-
sible (Zabranska and Pokorna 2018, Watkins et al. 2012, Tian et al. 2019b). 
Compared to acetoclastic methanogens, hydrogenotrophic methanogens are 
more robust to ammonia stress. Thus, they are of critical importance to stable 
methane production at high ammonia levels (Tian et al. 2019a).  

Thirdly, methylotrophic methanogens (including some Methanosarcinales spp. 
and Methanomicrobiales spp.) can metabolize methylated C1 compounds to 
methane (Vanwonterghem et al. 2016). Besides, formic acid, methanol, methyl 
sulfides, methylamines, and some methylated ethanolamines can serve as car-
bon sources (Zabranska and Pokorna 2018). Methylotrophic methanogens are 
significant contributors to methane production in marine sediments, and other 
extreme environments, e.g. hypersaline conditions and soda lake sediments 
(Vanwonterghem et al. 2016, Zhang et al. 2020) 

1.1.6 Syntrophic network in the anaerobic digestion process 

The complete conversion of various substrates to methane depends on the ob-
ligately mutualistic metabolism performed by archaea and bacteria in anaero-
bic bioreactors (Morris et al. 2013). For example, during the syntrophic degra-
dation, the H2 derived from some bacteria can directly feed hydrogen-utilizing 
microbes involved in the other steps. In turn, the hydrogen-utilizing microbes 
are crucial to maintaining the low partial pressure of H2 that allows the H2-
producing reaction feasible (Stams and Plugge 2009).  

This mutualistic metabolism is not only limited within the transfer of reducing 
agents, e.g., formate or hydrogen but also involves the exchange of organic 
compounds or the scavenging of toxic compounds (Morris et al. 2013). Due to 
these unique features, syntrophic partners take advantage of each other to 
catabolize the organic matter, which can not be driven by the individual mi-
crobes alone. Therefore, dedicated microbial studies will shed more light on 
the significance of unknown metabolic interactions between microorganisms. 

1.2 Anaerobic digestion of N-rich waste 
During the anaerobic digestion of N-rich waste (e.g., chicken manure, slaugh-
terhouse waste, as well as industrial waste, etc.), ammonia (TAN) consisting 
of free ammonia nitrogen (FAN, NH3) and ammonia ion (NH4+), is a by-prod-
uct of acidogenesis step. Ammonia levels within the range of 0.05-0.2 g NH4+-
N/L are necessary for microbial growth because ammonia serves as the N-
source for amino acid and nucleic acids synthesis (Jiang et al. 2019). However, 
TAN being above 1.5 g NH4+-N/L has an adverse effect on microbial activities 
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due to FAN inhibition (Capson-Tojo et al. 2020, Rajagopal et al. 2013). The 
following explanations are provided: 

1) FAN can freely permeate into cells and can be converted into ammonia 
ion due to protonation, thus leading to intracellular proton imbalance (Jiang et 
al. 2019). 

2) High FAN levels suppress the uptake of potassium/magnesium/sodium 
that are required nutrients for microbial growth (Wittmann et al. 1995) 

3) High FAN levels induce intense extracellular osmotic stress which dis-
turbs microbial metabolic activity (Kadam and Boone 1996, Chang et al. 2020) 

4) High ammonia levels lead to energy-intensive metabolic process (Witt-
mann et al. 1995) 

Methanogens are widely reported more vulnerable to ammonia than bacteria 
because their cell walls lack peptidoglycan and the structure is “leaky” with S-
layers (Capson-Tojo et al. 2020, Engelhardt 2007). Thus the inhibited meth-
anogenic activity at high ammonia levels leads to a reduced consumption rate 
of acetate/H2 (the critical precursors of methanogenesis) (Yang et al. 2019, 
Fotidis et al. 2013). Once this acetate / H2 accumulated up to certain levels, the 
syntrophic acetogenic and acetate oxidizing reactions may become energeti-
cally unfavourable (Morris et al. 2013, Worm et al. 2010). Thus the conversion 
from organic waste to methane was suppressed entirely, evidenced by the lower 
total solid removal rate, VFA accumulation and methane yields (Chen et al. 
2018, Dai et al. 2017).  

1.2.1 Multiple strategies to recover methane production from 
under-performing AD process 

To alleviate ammonia stress in AD, many techniques including air stripping, 
ammonia adsorption, hollow fibre membrane contactor, conductive materials 
addition (e.g., magnetite) have been developed (Liu et al. 2012, Wang et al. 
2018, Yabu et al. 2011, Ho and Ho 2012, Lauterböck et al. 2012). However, 
their commercial applications are restricted by the high-cost and/or technical 
challenges. Biological treatments (e.g., acclimatization and bioaugmentation) 
have several advantages, e.g., easy operation, high efficiency, and negligible 
pollution to environment. Nevertheless, more dedicated studies are required 
for AD process optimization. 
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1.3 Objectives and thesis structure 
1.3.1 Objectives 

This Ph.D. project focuses on 1) developing efficient and sustainable strategies 
to recover methane production from ammonia inhibition; 2) deciphering the 
microbial characteristic and their syntrophic interaction. The specific objec-
tives are listed as follows: 

1) Acclimatize ammonia tolerant inocula to achieve stable methane produc-
tion in continuous stirring tank reactors (CSTR) at high ammonia loads (Paper 
I).

2) Investigate the metabolic interaction of ammonia tolerant microbes 
grown on individual carbon source (i.e., acetate, formate, methanol, H2/CO2)
(Paper-II).

3) Explore the mechanism of microbial tolerance to ammonia through ge-
nomics-centric analysis (Paper II).

4) Recover the methane yields from ammonia-inhibited reactors using bio-
augmentation technology (Paper III).

5) Achieve the insights of microbial metabolic interaction triggered by the 
bioaugmentation with ammonia tolerant methanogen (Paper III).

6) Develop long-term microbial preservation methods to offer ready-to-use 
methanogenic cultures (Paper IV). 

1.3.2 Structure of the thesis 

In chapter 2, the stepwise acclimatization to extreme high ammonia levels is 
presented in mesophilic CSTR fed with organic fraction of municipal solid 
waste (OFMSW).  

In chapter 3, the metabolic interactions among ammonia tolerant methanogenic 
culture fed with different single and simple carbon sources under thermophilic 
conditions are reconstructed using the genomics-centric analysis. The possible 
mechanism of microbial tolerance to ammonia is proposed. 

In chapter 4, bioaugmentation with acclimatized ammonia tolerant inocula is 
performed to improve methane production from ammonia inhibition. Mean-
while, genomics-centric analysis shows the change in microbial composition 
induced by bioaugmentation.  
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In chapter 5, microbial preservation methods are assessed in order to provide 
the ready-to-use ammonia tolerant inocula. The methanogenic community 
composition after preservation is investigated. 

In chapters 6 and 7, the main findings of the Ph.D. thesis are summarized, the 
future perspectives are presented.  
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2 Acclimatization as a method to achieve 
stable methane production of ammonia 
inhibited reactors 
Acclimatization is a method where continuous exposure of microbial commu-
nity to a specific environment improves its tolerance to this given environmen-
tal limitation. This bioremediation technology has been applied effectively in 
the AD field. For instance, microbial acclimatization successfully promoted 
the acidogenesis process (Saha et al. 2019), methane yield of AD from LCFAs 
stress (Kurade et al. 2020), and even resistance to metal toxicity (Bhakta 2016). 
Similar applications have been used to address ammonia inhibition which com-
monly occurs under AD of N-rich organic waste. The increased methane yields 
in batch reactors at TAN levels of 6.6 g NH4+-N/L (Tian et al. 2018b), and 
CSTR with TAN of 4.9 g NH4+-N /L (Dai et al. 2017) were observed. However, 
the ammonia threshold of acclimatization in CSTR is unclear, which may affect 
further technical application. 

2.1 Acclimatization process 
In the paper I, stepwise acclimatization to extreme ammonia levels (more than 
7g NH4+-N /L) was performed in two mesophilic CSTRs (namely, R1 and R2) 
fed with OFMSW. The whole acclimatization process was divided into seven 
periods based on TAN levels (Table 1). Specifically, the average methane yield 
of P1 (no extra ammonia addition) was used as a baseline. Once anaerobic re-
actors reached a steady state with more than 85% of average methane yield of 
the P1, the TAN was increased (1-1.5 g NH4+-N /L each period). The mixture 
of urea and ammonium chloride was injected into feedstock and reactors sim-
ultaneously to achieve higher TAN levels.  

Table 1. The experimental design of stepwise acclimatization in CSTR reactors. [Adapted 
from paper I] 

Phase Days TAN Extra added ammonia  

  (g NH4 +-N/L) 
CO(NH2)2 

(g NH4 +-N/L) 
NH4Cl 

(g NH4 +-N/L) 
P1 0-30 1.1 0 0 
P2 31-51 4 1 1.9 
P3 52-66 5 2 1.9 
P4 67-74 6 2 2.9 
P5 75-89 7 3 2.9 
P6 90-127 8.5 4 3.4 
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P7 128-159 9.5 4.5 3.9 

 

2.2 Reactor performance 
The average methane yields, i.e., 345 ± 40 (R1) and 391 ± 59 (R2) mL CH4/g 
VS during P1 were used as baseline references for evaluating inhibitory effect 
in the following phases (P2-P7) (Figure 4). Even though the two reactors ex-
perienced temporary inhibition (P2-P5) with an average reduction of 15% in 
methane yield compared to P1. Quick recovery with less than 6% loss was 
observed (Figure 3). When TAN of reactors was increased to 8.5 g NH4+-N/L 
(P7), the “inhibited steady-state” occurred with over 15% reduction in methane 
yields compared to P1. Meanwhile, the change in VFA from low levels (P3 to 
P5) to over 4000 mg /L (P6-P7) in both reactors were observed. Based on these 
results, 8.5 g NH4+-N/L was proposed as the threshold of acclimatization pro-
cess in mesophilic anaerobic reactors of OFMSW. To be noticed, although the 
inhibitory effect of ammonia on the AD process was observed at P7, the me-
thane yields were still higher than other acclimatization studies at the same 
ammonia levels (Capson-Tojo et al. 2020, Jiang et al. 2019).  
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Figure 3. a) CH4 production yields in R1 and R2, b) total VFA change from P1 to P7 
[Adapted from paper I]. 

2.3 Microbial dynamicity 
Ammonia effect on microbial shift was revealed using the 16S rRNA amplicon 
sequencing technology (Figure 4). Specifically, Methanosaeta concilii 2 was 
dominant methanogen with 50-70% of relative abundance of archaeal popula-
tion during P1 to P2 (less than 5 g NH4+-N/L). As ammonia levels continuously 
increased, Methanosarcina soligelidi 1 gradually outcompeted Methanosaeta 
concilii 2 from P3 (40%) to P7 (90%). These findings agreed with other studies 
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that middle-high ammonia levels generally favored the growth of Methano-
sarcina spp. than Methanosaeta spp. in AD (Jiang et al. 2019, Tian et al. 2019c). 

 
Figure 4. Archaeal relative abundance (%) in R1 and R2 at different periods. [Adapted from 
paper I]. 

In summary, successful acclimatization up to 8.5g NH4+-N/L was achieved to 
mitigate ammonia stress during AD of the OFMSW. Microbial analysis re-
vealed that Methanosarcina soligelidi owned higher robustness to ammonia, 
which contributed to stable methane production at middle-high ammonia levels. 
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3 Insights into microbial tolerance to 
ammonia 
Methanosarcina is generally more resilient to ammonia stress than Meth-
anosaeta (Chen et al. 2018) and its capability to recover methane yields has 
been highly recognized at middle-high ammonia levels (Capson-Tojo et al. 
2020, Zabranska and Pokorna 2018). Furthermore, hydrogenotrophic methano-
gens (e.g., Methanothermobacter, Methanoculleus, and Methanobacterium) 
can outcompete Methanosarcina for methanogenesis under extremely high am-
monia levels in anaerobic digestors (Tian et al. 2019a, Westerholm et al. 2016, 
Jing et al. 2017). It seems that the distinct metabolic characteristics are linked 
to microbial tolerance to ammonia. Moreover, these methanogens mainly per-
form methanogenesis from acetate and/or H2/CO2, the knowledge about am-
monia tolerance of methanogens grown on other methanogenic precursors (i.e., 
methanol and formate) is still absent. Understanding the metabolic character-
istics and syntrophic interaction of ammonia tolerant microorganisms can help 
us to decipher the mechanisms of ammonia tolerance. In the last decades, mi-
crobial interaction and functionality were little known due to the limitation in 
microbial cultivation/isolation and biomolecular technology. Currently, the 
continuous development in metagenomics technology makes the cultivation-
independent assessment feasible in terms of the most unexploited genetic res-
ervoir of anaerobic microbial communities (Qin et al. 2010). It opens the door 
to the identification of unknown functional genes/pathways, and metabolic in-
teraction. By now, most anaerobic microbial communities revealed by meta-
genomics were shaped by real organic waste (e.g., OFMSW, and industrial 
wastewater) containing complicated carbon sources (Forbes et al. 2017, Cam-
panaro et al. 2019). A huge amount of Metagenome-Assembled Genomes 
(MAGs) achieved pose a challenge for the genomic metabolic analysis. Thus 
the ammonia tolerant microbiome grown on single carbon source (the common 
methanogenesis precursors: acetate, methanol, formate, and H2-CO2) would 
provide more clear insights of obligate mutualistic interactions and other func-
tionalities. 

3.1 Microbial interaction under four solely carbon 
sources 
Four thermophilic batch reactors were inoculated with the same seed inocula 
that was collected from a thermophilic CSTR of cattle manure. The feedstock 
used in this experiment consisted of basic anaerobic medium, ammonia chloride 
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and single carbon source (methanol, acetate, formate, H2/CO2). During the ac-
climatization process, 5% (V/V) of fresh microbial samples were harvested to 
the next increased ammonia level (1g NH4+-N/L each step) when methane 
yields reached 80% of its maximal potential. The cultivation process was re-
peated under increased ammonia levels until the methanogenic consortia could 
not grow anymore (Table 2). The microbial DNA was taken from five sampling 
points: Ginocula, an initial inoculum (2.25 g NH4+-N/L); Gmethanol, microbial 
community fed by methanol (7.25 g NH4+-N/L); Gacetate, microbial community 
fed by acetate (4.25 g NH4+-N/L); Gformate, microbial community fed by for-
mate (5.25 g NH4+-N/L); GH2/CO2, microbial community fed by H2/CO2 (7.25 
g NH4+-N/L).  

Table 2. Characteristics of the reactors. [Adapted from Paper II] 

 Acetate Formate H2/CO2 Methanol Organic loading 
range g.COD/L 

Original 
ammonia 
level (N-
NH4 +g/L) 

2.25±0.15 

pH  7.9±0.1 8.1±0.01 8.0±0.02 7.9 ±0.02  

Acclimatization 
process (N-
NH4 +g/L)  

2.25 2.25 2.25 2.25 1 

3.25 3.25 3.25 3.25 1 

4.25 4.25 4.25 4.25 1 

 5.25 5.25 5.25 1-2.5 

  6.25 6.25 1-2.5 

  7.25 7.25 1.7-2 

* pH was maintained by NaOH solution (4 mol/L) 

The microbial composition and their key functionalities in each group were 
unveiled using a genomics-centric approach. After the binning process, 81 
MAGs were achieved. 52 out of 81 MAGs were high quality (contamination 
less than 5%; completeness over 90%), and the other 29 MAGs were medium 
quality (contamination ranging from 5% to 10%; completeness in the range of 
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50%-90%). The results showed that individual carbon source and ammonia 
shaped the common initial inocula into distinct four microbiomes (Figure 5).  

 
Figure 5. The characteristic (coverage, quality, and taxonomic assignment) of microbiome 
in Ginoculum, Gacetate , Gmethanol, Gformate, and GH2/CO2. The taxonomy at the phylum level, the 
relative abundance of each MAG in the different group (%), and a Pearson clustering of 
MAGs was listed in the outer, five middle, and inner layers. The genome size (Mbp), number 
of scaffolds, completeness (%), and contamination (%) are coloured in black, grey, green, 
and red, respectively. [Adapted from Paper II] 

3.1.1 Microbiome in the Ginoculum 

In Ginocula, the dominant bacterial MAGs consisted of Peptococcaceae sp. 
DTU890, Bacteroidetes sp. DTU801, Firmicutes sp. DTU855 and Firmicutes 
sp. DTU849 (Figure 5). They accounted for 58.95% of relative abundance and 
were assigned to sugar degraders (Table S5). The relative abundance of ar-
chaeal group was only 1.28% of the total microbial population, among them, 
Methanoculleus sp. DTU886, Methanothermobacter sp. DTU779, and Meth-
anomassiliicoccales sp. DTU777 were 1.2%, 0.05% and 0.03% of relative 
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abundance, respectively. No acetoclastic methanogens were found, the possi-
ble explanation was that the TAN of 2.25 g NH4+-N/L in Ginocula at 55°C sup-
pressed their growth. 

3.1.2 Ammonia tolerant microbiome in the Gacetate 

Gacetate at 4.25 g NH4+-N/L was mainly composed of Methanoculleus sp. 
DTU886 (26% of relative abundance), Firmicutes sp. DTU849 (7%) and Pep-
tococcaceae sp. DTU890 (16%) (Figure 6). The syntrophic interactions in 
terms of the conversion of acetate to methane among these dominant MAGs 
were reconstructed. Specifically, the conversion of acetate to H2/CO2 (the pre-
cursor for methanogenesis) took place in Firmicutes sp. DTU849 through 
Wood-Ljungdahl (WL) and Peptococcaceae sp. DTU890 through coupling 
partial glycine cleavage system with the WL pathway, respectively (Zhu et al. 
2019). The H2/CO2 was further converted to methane by Methanoculleus sp. 
DTU886, evidenced by the methane yields measurement and presence of genes 
(e.g. fwd, mtr and mcr) (Figure 6).  



18 

 
 
Figure 6. The figure on the right side represents the fate of acetate based on COD analysis 
in Gacetate . “R.a.” and “compl.” means “relative abundance” and “completeness”, respectively. 
[Adapted from Paper II] 

3.1.3 Ammonia tolerant microbiome in the Gmethanol 

Gmethanol at 7.25 g NH4+-N/L was dominated by Methanomassiliicoccales sp. 
DTU777, Syntrophaceticus sp. DTU782 and Clostridiales sp. DTU836 with 
75%, 3%, and 5% of relative abundance, respectively (Figure 7). The complete 
methanogenesis pathway from methanol to methane in Methanomassiliicoc-
cales sp. DTU777 suggested its methanogenic independence from other bacte-
rial community. The co-occurrence of acsE, acss, and metH etc., in Syntropha-
ceticus sp. DTU782 and Clostridiales sp. DTU836 could be good indicators of 
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methanol degradation through two pathways. Briefly, the methylic group (in 
methanol) was firstly translocated to corrinoid Fe-S protein (CFeSP). After-
wards, CH3-CFeSP was directly converted into acetate through acetate kinase 
pathway or was oxidized to acetate through partial WL pathway (Kremp et al. 
2018) (Figure 7). 

 
Figure 7. The figure on the right side represents the fate of methanl based on COD analysis 
in Gmehanol . “R.a.” and “compl.” means “relative abundance” and “completeness”, respec-
tively. [Adapted from Paper II]. 
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3.1.4 Ammonia tolerant microbiome in the Gformate 

The microbiome of Gformate at 5.25 g NH4+-N/L was represented by Firmicutes 
sp. DTU848 (30%) and Peptococcaceae sp. DTU890 (22%), and Methanother-
mobacter sp. DTU779 (7%) (Figure 8). Based on the gene presence (fdh, ftr, 
mch, etc.) and methane yields, it was confirmed that Methanothermobacter sp. 
DTU779 performed hydrogenotrophic methanogenesis. Besides, incomplete 
reverse WL pathway and novel propionate generation pathway were detected 
in Firmicutes sp. DTU848 which explained the presence of acetate and propi-
onate in Gformate. As mentioned before, Peptococcaceae sp. DTU890 possibly 
performed acetate oxidation using partial WL pathway coupled with the gly-
cine cleavage system. Besides, Peptococcaceae sp. DTU890 and Firmicutes 
sp. DTU848 encoded formate dehydrogenase (fdh) and sodium ion pump (Rnf) 
that could be used as CO2/H2 sink for Methanothermobacter sp. DTU779 (Lins 
et al. 2012). 
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Figure 8. The figure on the right side represents the fate of formate based on COD analysis 
in Gformate. “R.a.” and “compl.” means “relative abundance” and “completeness”, respec-
tively. [Adapted from Paper II]. 

3.1.5 Ammonia tolerant microbiome in the GH2/CO2 

In the G H2/CO2 at 7.25 g NH4+-N/L, Methanothermobacter sp. DTU779 showed 
higher ammonia tolerance to 7.25 g NH4+-N/L and accounted for an even higher 
relative abundance of 33% (5 times higher than in Gformate) (Figure 9). This 
finding confirmed Methanothermobacter sp. DTU779 preferred H2 over for-
mate as electron donor for methanogenesis (Lins et al. 2012). Additionally, the 
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bacterial community was dominated by Pelotomaculum sp. DTU813 (20% of 
relative abundance) and Peptococcaceae sp. DTU890 (6% of relative abun-
dance). According to metabolic reconstruction, the parasitic relationship might 
develop between Methanothermobacter sp. DTU779 and Pelotomaculum sp. 
DTU813 where Methanothermobacter sp. DTU779 provided pyruvate as the 
substrate for Pelotomaculum sp. DTU813. This hypothesis was in agreement 
with other literature where the conversion of pyruvate to acetate and propionate 
occurred in Pelotomaculum thermopropionicum (Imachi et al. 2002). Since 
Peptococcaceae sp. DTU890 had versatile metabolic capabilities, it could pro-
duce or consume CO2/H2 and acetate depending upon metabolites’ concentra-
tions in the reactors. Thus the role of Peptococcaceae sp. DTU890 needed fur-
ther investigation. 
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Figure 9. The figure on the right side represents the fate of H2/CO2 based on COD analysis 
in GH2/CO2. “R.a.” and “compl.” means “relative abundance” and “completeness”, respec-
tively. [Adapted from Paper II]. 

3.2 Mechanism of microbial tolerance to ammonia 
The single carbon source and stepwise increased ammonia concentrations 
drove the original inocula into four highly divergent communities with varied 
ammonia tolerance. The genes related to osmotic regulators, such as the K+ 
uptake system (TrKA), sodium/proton antiporter (nha) system, osmoprotectant 
(glutamate, glycine betaine, and Nε-acetyl-L-lysine, etc.), and energy convert-
ing complexes (e.g. Eha/b and Ech), might contribute microbes to counteract 
ammonia stress (Figure 10) (Kadam and Boone 1996, Sudmalis et al. 2018, 
Kraegeloh et al. 2005, Müller et al. 2005). Furthermore, the presence of distinct 
bacteria was linked to their role in supporting methanogen adaptation to am-
monia through metabolic complementarity (Capson-Tojo et al. 2020, Zhu et al. 
2020). This study expended the knowledge about the intricate syntrophic-sup-
ported food web among ammonia tolerant microbiomes grown on acetate, for-
mate, H2-CO2, and methanol. 

 
Figure 10. The response of methanogen to ammonia in different situations was proposed: a) 
before ammonia inhibition. b) under ammonia inhibition. c) homeostatic regulation to coun-
teract ammonia stress. [Adapted from Paper II]. 
  



24 

4 Bioaugmentation as an effective 
strategy to recover AD from ammonia 
inhibition 
Bioaugmentation is the introduction of specialized microbial consortia into an 
under-performing system to speed up the degradation rate of organic matters. 
Bioaugmentation has been applied to increase methane yields from the N-rich 
substrate, reduce the recovery period of the AD process (Fotidis et al. 2014, 
Schauer-Gimenez et al. 2010), and decrease the total solid (TS) content (Tam-
bone et al. 2010). Besides, discharged digestate containing bioaugmentation 
inocula can be used as a soil amendment or fertilizer, which is exactly follow-
ing the circular economy (Favaro et al. 2019, Tambone et al. 2010). Conversely, 
the other technical attempts like magnetite and zeolite addition need extra sep-
aration steps before discharge, which poses technical challenges. Many re-
searchers have proved that the bioaugmentation with ammonia tolerant meth-
anogen promoted the conversion of organic matter to methane at middle-high 
ammonia levels (3-6 g NH4+-N /L) (Tian et al. 2019b, Yang et al. 2019, Town 
and Dumonceaux 2016, Li et al. 2017). Even though these findings provide 
good guidance on AD operation, the biological mechanisms behind bioaug-
mentation performance remains absent. It raises the doubt that why the bioaug-
mentation inocula own remarkble tolerance to ammonia and how they develop 
specific syntrophic networks, which awaits further discovery. 

4.1 Bioaugmentation with pure M. bourgensis MS2 
on two mesophilic CSTR reactors 
To recover methane production from ammonia inhibition, bioaugmentation 
was applied in two identical mesophilic CSTRs (namely, Rcon and Rbio) at an 
organic loading rate of 3.4 g VS/L/day. The whole process was divided into 
five periods, during which urea (CO(NH2)2) and ammonium chloride (NH4Cl) 
were mixed into OFMSW as simulated N-rich feedstock. Ammonia levels in 
the CSTRs were increased stepwise from 9.5 g NH4+-N /L (P1) to 13.5 g NH4+-
N /L (P3). During P4, ammonia acclimatized M. bourgensis MS2 strain with 
volatile suspended solids (VSS) of 67 mg/L was injected into the Rbio and the 
same volume of cultivation medium into the Rcon. The experimental design was 
presented in Table 3. 
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Table 3. Details of the experimental process. [Adapted from Paper III] 
Phase Days TAN Extra added ammonia 

  (g NH4 +-N/L) 
CO(NH2)2 

(g NH4 +-N/L  

NH4Cl 

(g NH4 +-N/L) 

P1 0-5 9.5 4.5 3.9 

P2 6-22 11.5 5.5 4.9 

P3 23-50 13.5 6.5 5.9 

P4 (Bioaugmentation) 51-54 13.5 - - 

P5 55-120 13.5 6.5 5.9 

* “-”: No extra ammonia addition 

4.1.1 Reactor performance 

Compared to the period without extra ammonia addition (described in section 
2.1), the 25% reduction of methane yields in two reactors (P1 to P3) indicated 
severe inhibition occurring. While after bioaugmentation, a 21% increase in 
methane production yields (P5) was achieved in comparison to P3 (Figure 11). 
Correspondingly, VFA levels in Rbio reduced from 15,000 to 5,398 mg/L, and 
the VFA levels in Rcon had been exceeding 7,500 mg/L revealing a severe am-
monia inhibition occurring (Figure 11). The results were consistent with the 
previous research that bioaugmentation could alleviate the inhibitory effect of 
ammonia on AD performance (Capson-Tojo et al. 2020, Fotidis et al. 2017) 
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Figure 11. a) the VFA and b) methane production change through the experimental process. 

4.1.2 Representative microbial metabolic interaction  

The bioaugmentation with M. bourgensis triggered a 4.7, 2.4, and 1.5-fold in-
crease in the relative abundance of Peptococcaceae spp. (DTU895, DTU900, 
and DTU 903), Syntrophaceticus sp. DTU 783 and Tissierellales sp. DTU879, 
respectively, between P3 to P5 (Figure 12).  
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Figure 12. The shift of dominant MAGs was based on the fold change (log2) between the 
different periods. [Adapted from Paper III] 

Correspondingly, the metabolic interactions among these dominant MAGS 
were reconstructed using metagenomics analysis (Figure 13). Two glucose cat-
abolic pathways were detected in Peptococcaceae spp., and Tissierellales sp. 
DTU879, which might explain their dominant role in degrading carbohydrates-
rich OFMSW. Specifically, pyruvate as intermediate, was derived from Emb-
den-Meyerhof-Parnas (EMP) process. It was further converted to H2/CO2 
through the first pathway coupling glycine cleavage system with tetrahydro-
folate pathway. During the second pathway, the pyruvate was directly con-
verted to acetate and H2/CO2, as evidenced by the presence of functional genes 
i.e., kor, pta, and ackA (Zhu et al. 2020).  

Furthermore, the addition of M. bourgensis stimulated the 1.5-fold increase of 
Syntrophaceticus sp. DTU783 (Figures 12 and 13). Two acetate degradation 
pathways (i.e. WL pathway and glycine cleavage system coupling with the tet-
rahydrofolate pathway) were reconstructed in Syntrophaceticus sp. DTU783. 
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These multiple acetate degradation pathways possibly contributed its flexibil-
ity to varying environmental conditions or the absence of a syntrophic partner. 
The negative correlation between Syntrophaceticus sp. DTU783 and acetate 
suggested Syntrophaceticus sp. DTU783 played an essential role in scavenging 
acetate at elevated ammonia levels. However, the bioaugmentation with SAOB 
alone hardly affected the AD performance under ammonia inhibition (Yang et 
al. 2019, Westerholm et al. 2012). 

Methanoculleus sp. DTU887 (the bioaugmentation inocula) contained the genes 
i.e., putp, proW/V, kdp and mnhBCDE, that were responsible for cells osmoregu-
lation (Engelhardt 2007, Meury and Kohiyama 1992) (Figure 13). Besides, the 
multiple energy regulating complexes (Mtr, Eha, Ech and V/A type ATP synthase) 
could be the winning strategy to optimize its energy metabolism under severe en-
vironment (Vanwonterghem et al. 2016, Sapra et al. 2003). These genetic charac-
teristics enabled its superior tolerance to ammonia stress and capability to perform 
stable methanogenesis process in ammonia-inhibited reactors. The establishment 
of Methanoculleus sp. DTU887 consumed the H2 promptly, which stimulated the 
growth of Syntrophaceticus sp. DTU783, thus enhanced the acetate oxidizing 
rate. Like a domino effect, the complete chain of electron transfer between 
bacteria and methanogen was resumed. Eventually, the complete syntrophic 
substrate degradation was accelerated with a 21% increase in methane yield 
(Figure 11). 

In summary, this study confirmed the feasibility of bioaugmentation as an ef-
ficient strategy to counteract high ammonia stress up to 13.5 g NH4+-N /L. 
Genome-centric analysis revealed that bioaugmentation inocula stimulated the 
growth of glucose degraders and acetate oxidizers in CSTR systems. The pres-
ence of parallel degradation pathways of both glucose and acetate in these in-
creased bacteria might be their survival strategy under stressed conditions. 
Meanwhile, the exceptional ammonia tolerance of Methanoculleus sp. DTU887 
might owe to its various complexes that were involved in energy conversion 
and osmoregulation. 
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Figure 13. Metabolic reconstruction of the OFMSW degrading syntrophic community. Met-
agenomic data revealed pathways involved in substrate degradation, in the utilization of in-
termediates compounds (H2/CO2, acetate), and methanogenesis. [Adapted from Paper III] 
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5 Long-term preservation and fast 
recovery of ammonia tolerant 
methanogenic culture 
Bioaugmentation effect to increase methane production in the AD system has 
been recognized (Fotidis et al. 2014, Tian et al. 2019d). However, methanogens 
are slow-growing, which means the period of cultivation is long (Imachi et al. 
2002, Rincón et al. 2010, Cheng et al. 2008, Xue et al. 2006). It poses a tech-
nical challenge to perform timely bioaugmentation. The delay in recovering 
full-scale anaerobic digester from ammonia stress results in economic loss. 
Therefore, bioaugmentation with ready-to-use inocula is required for stable 
AD operation of N-rich organic waste. Until now, ready-to-use inocula have 
been rarely investigated to speed up bioaugmentation process (Massalha et al. 
2015, Yarberry et al. 2019). Thus, it is crucial to develop a fast and easy method 
where ammonia tolerant consortia could be preserved. Several microbial 
preservation strategies have been explored, such as freeze-drying (Yarberry et 
al. 2019), heat-drying (Bhattad et al. 2017), liquid nitrogen storage (Rothrock 
et al. 2011), living cells entrapped in a gel or liquid medium (Banu et al. 2018, 
Iacobellis and DeVay 1986). In practice, there are many challenges in preserv-
ing anaerobic microorganism, due to their vulnerability to oxygen, operation 
cost, and transportation cost. However, agar gel and liquid medium seem to 
show tremendous potential as preservation carrier and their effectiveness for 
maintaining the metabolic activity of ammonia tolerant inoculum needs to be 
investigated.  

5.1 Evaluation of microbial preservation method 
In paper IV, two carriers (i.e. agar gel and liquid BA media) and storage tem-
peratures of 4°C and 24°C were used, and ammonia tolerant enrichments were 
preserved with different time frames (i.e., 1, 7, 14, 28, 84, and 168 days). Spe-
cifically, the inocula collected from the previous research (Tian et al. 2019c) 
were cultivated with BA medium containing 4 g/L acetate and 9 g NH4+-N/L. 
The microbial enrichments were harvested for the preservation step when over 
80% of the theoretical methane potential of acetate (373.33 mL CH4/g VS) was 
achieved. Four different preservation strategies were performed as follows: 1) 
agar gel at 24°C (PG(24°C)), 2) liquid BA medium at 24°C (PL(24°C)), 3) agar gel 
at 4°C (PG(4°C)), and 4) liquid BA medium at 4°C (PL(4°C)). After 1, 7, 14, 28, 
84, and 168 days of preservation, their efficiencies were evaluated based on 
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the methane production yields and lag phases. The detail of the whole process 
was presented in Table 4. 

Table 4. Experimental setup. [Adapted from paper IV] 
Strategy Preservation medium Preserva-

tion  
temperature 
°C 

Reactivation 

PSG(24°C) 5 mL Inoculum + 2 mL 
Agar solution 

24 33 mL BA medium+ 4g HAc/L+ 9.00 
g NH4 +-N/L 

PSG(4°C) 5 mL Inoculum + 2 mL 
Agar solution 

4 33 mL BA medium+ 4g HAc/L+ 9.00 
g NH4 +-N/L 

PSL(24°C) 5 mL Inoculum  24 35 mL BA medium+ 3.77g HAc/L + 
9.0 g NH4 +-N/L 

PSL(4°C) 5 mL Inoculum 4 35 mL BA medium+ 3.77 g HAc/L+ 
9.00 g NH4 +-N/L 

 

5.2 Methanogenic activity test after preservation 
Among the four strategies, PG(24°C) showed advantages in maintaining micro-
bial methanogenic activity for up to 168 days, and the lag-phase was less than 
25 days during the revival test (Figure 14). The maximum time that microbes 
required to retain microbial metabolism in PL(24°C) were 84 days with a lag-
phase of 41 days. Furthermore, when the preservation frame was within 14 
days, PL(24°C) showed a shorter lag phase (less than 18 days) compared to 
PG(24°C). Conversely, both PG(4°C) and PL(4°C) were slow recovery or inactive 
after seven days of preservation, suggesting storage under 4°C was inefficient. 
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Figure 14. The accumulative methane production yield of the preserved ammonia-tolerant 
methanogenic enrichments during reactivation process: a) PG(24°C); b) PL(24°C); c) PG(4°C); d) 
PL(4°C). [Adapted from paper IV] 

5.3 Microbial response to different preservation 
approaches 
The microscopy using live/dead differential staining showed that alive cells 
were present in PG(24°C) and PL(24°C) after 84 days of preservation (Figures 15.a 
and b). When it was up to 168 days of preservation, the alive cells were only 
observed in PG(24°C) (Figure 16.a), which confirmed the cells entrapped in 
PL(24°C) were dead and not just under inactive state (Oliver 2010).  

However, few alive cells were detected in PG(4°C) and PL(4°C) after 84 and 168 
days of preservation which was consistent with their meagre methane yields 
(Figures 15.c, d, and Figures 16.c, d). Thus, 4°C was not appropriate tempera-
ture to maintain microbial viability in this study. These results agreed with 
other literature that carbon source addition could not stimulate microbial ac-
tivity after 28 days of storage at 4±1°C (Scherer et al. 1981). Based on the 
results above, PG(24°C) was proposed as the most efficient long-term preserva-
tion method compared to others. 
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Figure 15. Identification of live or dead microorganisms in different preservation conditions: 
a) PG(24°C); b) PL(24°C); c) PG(4°C); d) PL(4°C) after 84 days preservation. DNA in dead or 
damaged microbial cell walls/membranes were stained with red fluorescence; DNA in alive 
microbial cell walls/membranes were stained with green fluorescence. [Adapted from paper 
IV]. 

 
Figure 16. Identification of live or dead microorganisms in different preservation conditions: 
a) PG(24°C); b) PL(24°C); c) PG(4°C); d) PL(4°C) after 168 days preservation. DNA in dead or 
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damaged microbial cell walls/membranes were stained with red fluorescence; DNA in alive 
microbial cell walls/membranes were stained with green fluorescence. [Adapted from paper 
IV]. 

The initial inoculum was dominated by Methanomassiliicoccus luminyensis 
OTU18 (17.4% of relative abundance), Methanosarcina soligelidi OTU01 
(12%), and Methanoculleus palmolei OTU12 ( 0.6%), respectively (Tian et al. 
2019c). However, the preservation process changed the microbial community 
composition. In detail, the relative abundance of M. luminyensis OTU18 in all 
groups decreased significantly to less than 3% (p < 0.05) of the total popula-
tion, revealing the sensitivity of M. luminyensis OTU18 to the preservation 
environment (Figure 17). Meanwhile, the increase in relative abundances of M. 
soligelidi OTU01, ranging from 21.6% to 33.7% suggested its high potential 
as long-term preserved methanogen. The other dominant methanogen was M. 
palmolei OTU12 with the 4.5-fold increase in PL(24°C)-84 and PG(24°C)-168 
compared to the initial inocula, indicating its high robustness to long-term 
preservation. 

 
Figure 17. Hierarchical cluster analysis of the abundant microbes after preservation. Two 
right columns represent the fold change (log2) of each OTU between the two periods. 
[Adapted from paper IV]. 

Overall, paper IV assessed different approaches for the long-term preservation 
of ammonia tolerant methanogenic cultures and found that the PG(24°C) was the 
best preservation method, followed by the PL(24°C). The microbial analysis 
showed that M. soligelidi OTU01 and M. palmolei OTU12 were robust enough 
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to long-term preservation environments, including temperature and starvation 
shock. Thus this study developed successful and easy preservation methods 
and made the ready-to-use inocula possible for the timely bioaugmentation in 
full-scale biogas reactors.  
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6 Conclusions  
This Ph.D. project mainly focused on developing methane recovery strategies 
to overcome ammonia inhibition and unveiling the microbial response to am-
monia using high-throughput sequencing technology. Firstly, acclimatization 
and bioaugmentation approaches were applied to improve methane production 
during AD of N-rich substrate. Secondly, 16S rRNA amplicon sequencing 
technology and genome-centric analysis were used to decipher the effect of 
microbial composition on AD performance. Thirdly, the methods to preserve 
ammonia tolerant inocula were achieved. Specifically, the key findings of this 
Ph.D. project are listed: 

1) Acclimatization up to 8.5 g NH4+-N /L was proved as an efficient ap-
proach to achieve stable methane yields with fluctuation less than 10% during 
AD of OFMSW. 

2) During the stepwise increase of TAN, the dominant methanogen gradu-
ally shifted from Methanosaeta concilii to Methanosarcina soligelidi. 

3) The different microbial tolerances to ammonia stress were observed: the 
consortia grown on methanol or H2/CO2 could adapt to ammonia levels up to 
7.25 g NH4+-N/L, followed by formate group to 5.25 g NH4+-N/L and acetate 
group to 4.25 g NH4+-N/L. 

4) The osmoprotectant synthesis/uptake (K+, glutamate, glutamine, Nε-ace-
tyl-L-lysine, and glycine betaine, etc.) and energy regulating complexes (Ech 
and Eha/b), were proposed to improve microbial tolerance to ammonia stress. 

5) The dominant bacteria in each microbiome was linked to their role in sup-
porting the methanogens through catabolic complementarity. 

6) Bioaugmentation with Methanoculleus sp. DTU887 remarkably im-
proved the methane production yield by 21% and reduced VFA by 10% in 
CSTR at 13.5 g NH4+-N/L. 

7) Genome-centric analysis revealed that the dominant bacteria ( i.e., Pep-
tococcaceae spp. and Tissierellales sp. DTU879 ) were important glucose de-
graders. The derived acetate was further degraded by Tissierellales sp. 
DTU879 and Syntrophaceticus sp. DTU783 at 13.5 g NH4+-N/L. 

8) Methanoculleus sp. DTU887 as an H2 scavenger might play an essential 
role in supporting the growth of Peptococcaceae spp., Tissierellales sp. 
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DTU879 and Syntrophaceticus sp. DTU783 by complementary metabolic re-
actions at 13.5 g NH4+-N/L. 

9) The presence of two parallel degradation pathways for both glucose and 
acetate possibly provided the dominant species (e.g., Peptococcaceae spp., Tis-
sierellales sp. DTU879, and Syntrophaceticus sp. DTU783) enough flexibility 
against extremely high ammonia stress. 

10) Ammonia tolerant methanogens could be well preserved in agar gel 
for168 days and liquid media for 84 days at 24°C, respectively. 

11) Methanosarcina soligelidi and Methanoculleus palmolei showed robust-
ness to long-term preservation, as evidenced by a high methanogenic activity 
after 168 days of preservation. 

Overall, this PhD project proved the feasibility of stable methane production 
in the full-scale AD of N-rich organic waste. The knowledge about microbial 
tolerance to ammonia could be used to optimize AD process by controlling 
microbial composition. Based on these findings, the customized bioaugmen-
tation method was provided according to the different conditions in AD, e.g, 
feedstock composition, ammonia levels.  
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7 Future perspective 
This Ph.D. project provides sustainable approaches to improve biomethane 
production yields from N-rich organic waste. More insights into microbial tol-
erance to ammonia are revealed using high-throughput sequencing technology. 
To further optimize the biomethane process, the following suggestions are 
listed: 

• Mathematical modelling can be applied to predict the timing point of 
bioaugmentation during AD of N-rich substrate to avoid the loss of methane. 

• Metatranscriptomic analysis is vital to identify the real-time metabolic 
pathway that occurred under different ammonia levels when parallel pathways 
are present in critical microbes. 

• The flux balance analysis is necessary to identify the microbial roles 
in the food web of AD, which can provide guidance for optimizing the micro-
bial composition in the AD system. 

• The possibility of gene transfer in terms of ammonia tolerance among 
anaerobic microorganisms could be tested to understand ammonia acclimati-
zation further. 
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A B S T R A C T

The organic fraction of municipal solid waste (OFMSW) is an abundant and sustainable substrate for the
anaerobic digestion (AD) process, yet ammonia released during OFMSW hydrolysis could result in suboptimal
biogas production. Acclimatized ammonia tolerant microorganisms offer an efficient way to alleviate ammonia
inhibition during AD. This study aimed to achieve an efficient AD of OFMSW under extreme ammonia levels and
elucidate the dynamics of the acclimatized microbial community. Thus, two mesophilic continuous stirred tank
reactors (CSTR), fed only with OFMSW, were successfully acclimatized up to 8.5 g NH4

+-N/L, and their methane
yields fluctuated< 10%, compared to the methane yields without ammonia addition. Microbiological analyses
showed that Methanosaeta concilii and Methanosarcina soligelidi were the dominant methanogens at low and high
ammonia levels, respectively. Whilst, a unique metabolic pathway shift, from aceticlastic to hydrogenotrophic
methanogenesis, of M. soligelidi was identified during the acclimatization process.

1. Introduction

The increasing global need for natural resources and consumer
goods leads to vast amounts of municipal solid waste (MSW). In 2018,
more than 2.5 Mt of MSW were generated in the European Union
(Eurostat, 2018), with 46% of them been organic (OFMSW: organic
fraction of MSW) (Hoornweg and Bhada-Tata, 2012). Improper treat-
ment methods of OFMSW can cause environmental and health issues
(Fisher, 2006). Currently, most of the MSW is treated in one of the four
ways: landfilling (24%), incineration (28%), recycling (29%), and
composting (16%) (Eurostat, 2018). Landfilling and incineration
methods do not take advantage of the organic faction and the nutrients
of OFMSW and can lead to extra greenhouse gas emissions (Fisher,
2006; Eurostat, 2018). At the same time, huge consumption and
shortage of fossil fuels motivate researchers to find alternative energy
sources. Thus, new treatment technologies must be developed to not
only offset the use of fossil fuels but also maximize the reuse of the vast
amounts of the OFMSW and thereby maintain and recycle the useful
nutrient back to agriculture.

Anaerobic digestion (AD) is a process that can convert organic waste
into sustainable energy (biogas), via a series of interrelated microbial

metabolisms (Campanaro et al., 2018). The AD process is divided in
four steps (i.e. hydrolysis, acidogenesis, acetogenesis and methano-
genesis), which are mediated primarily by bacteria and archaea
(Angelidaki et al., 2011). In addition, the liquid product of the AD
process (digestate) contains high levels of nitrogen and phosphorus,
which can be potentially reused as biofertilizer or after extraction, as
supplement for fermentation processes. In spite of these benefits, the
degradation of OFMSW produces ammonia, a by-product from the
catabolism of proteins, which can be toxic to the AD process, resulting
in poor operational stability and reduced methane production effi-
ciency (Tian et al., 2018b).

Total ammonia (TAN) is the sum of ammonium ions (NH4
+) and

free ammonia (FAN, NH3), while FAN exists in an equilibrium defined
by the pH and the temperature (Tian et al., 2017). As Koster and
Lettinga (1988) reported, when ammonia concentrations ranged from 4
to 5.7 g NH4

+-N/L, more than 56% of the methanogenic activity was
inhibited in a granular sludge reactor. The reason is that FAN is freely
membrane-permeable and hence, decreases methanogenic activity by
interfering with the natural intracellular biological pathways of the
methanogens (e.g. inhibiting specific methane synthesizing enzyme
reaction) (Sprott and Patel, 1986). It is generally accepted that
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acetoclastic methanogens are more sensitive to ammonia toxicity
compared to hydrogenotrophic methanogens (Schnürer and Nordberg,
2008). For example, hydrogenotrophic methanogenic pathway (cou-
pled with syntrophic acetate oxidation) became dominant (by replacing
the acetoclastic pathway) in a semi-continuous lab-scale anaerobic di-
gester, when ammonia exceeded 3 NH4

+-N g/L (Wiegant and Zeeman,
1986). However, there is conflicting information in the literature about
the sensitivity of acetoclastic methanogens to ammonia, with few re-
searchers reporting that different members of the acetoclastic Metha-
nosarcina spp. could develop tolerance to ammonia toxicity.

Overall, the ammonia inhibition levels are case sensitive and are
defined by the nature of substrate, the inoculum, the reactor type, the
operating parameters (pH and temperature), the mixing and the accli-
matization period. For example, 50% inhibition was observed at 3.9
and 5.6 g NH4

+-N/L in mesophilic and thermophilic batch reactors,
respectively that were digesting OFMSW (Liu et al., 2015). While an-
other study found that 1 g NH4

+-N/L in MSW’s leachate was enough to
inhibit the methane production with 25% loss in a mesophilic expanded
granular sludge bed reactor (Nielsen and Angelidaki, 2008). Stepwise
acclimatization to high ammonia levels is a common method used to
increase ammonia tolerance in the AD microbiome (Akindele and
Sartaj, 2018; Tian et al., 2018a). In such a process, mesophilic metha-
nogenic consortia were successfully acclimatized to 5 g NH4

+-N/L (at
pH 7.50) in batch reactors, with OFMSW as substrate (Tian et al.,
2018b). However, acclimatization in continuous reactors to overcome
ammonia inhibition and improve methane production efficiency of
OFMSW has never been reported.

Therefore, the preliminary aim of the present study was to achieve
an efficient and stable continuous anaerobic degradation of OFMSW
under extreme ammonia levels (greater than7 g NH4

+-N/L). While, the
main aim of the study was to elucidate the dynamics of the microbial
community under different ammonia levels. To realize these aims, two
continuous stirred tank reactors (CSTR) were fed with OFMSW, while a
stepwise ammonia acclimatization process was followed.

2. Material and methods

2.1. Inoculum and feedstock

The inoculum used to start up the two CSTR reactors originated
from the mesophilic (37 °C) anaerobic digesters, which run for 4months
fed with OFMSW. The substrate used in this study was OFMSW treated
with the biopulping process to increase the biodegradability by
Gemidan Ecogi A/S. The substrate was kept at −20 °C until use, when
thawed at room temperature and diluted with distilled water to a fixed
TS content of 60 g VS/kg. The characteristics of the inoculum and the
biopulp are presented in Table 1.

2.2. Experimental setup

Two CSTR reactors (i.e. R1 and R2), with total and working volume
of 4.5 and 3 L, respectively, were fed with OFMSW for 159 days with an
organic loading rate of 2.5 g VS/L/day where timer was used to control
feeding peristaltic pump to inject 75mL OFMSW per 12 h. Each reactor

was equipped with an influent and an effluent bottle, and a feeding
peristaltic pump. Electrical heating jackets maintained the reactors’
temperature at 37 °C and intermittent stirring with the rate of 30 s/min
was applied for mixing the reactor content (worked 34 sec every 56
sec). Water-displacement gas meters were used to measure biogas
production. The TAN levels of the influent and the reactor content were
increased stepwise from 1.1 to 9.5 g NH4

+-N/L with the addition of
urea (CO(NH2)2) and ammonium chloride (NH4Cl). To be more specific,
every increase of TAN (1–1.5 g NH4

+-N/L−1 each step) both inside the
reactor and the feedstock in the influent bottle was implemented when
there were no significant decrease (more than 85% of methane yield
during the baseline period (P1)). The whole experiment was divided
into seven phases as presented in Table 2.

2.3. Analyses

2.3.1. Chemical analyses
Methane concentration was measured with the gas chromatography

as described by APHA (2005). VFA levels were analysed with gas
chromatograph (TRACE 1300 from Thermo Scientific) equipped with
flame ionization detector and a DB-FFAP fused silica capillary column.
PHM99 LAB pH meter (RadiometerTM) was used to measure the pH.
TS, VS, TAN and TKN, were determined according to Angelidaki and
Ahring (1993a).

2.3.2. Microbial analysis
Five triplicate samples were taken from both reactors on days 33

(P1), 55 (P2), 77 (P3), 92 (P5) and 162 (P7) and analysed using 16S
rRNA gene sequencing technique to elucidate the microbial community
shift. After cleaning step with Phenol:Chloroform: Isoamyl Alcohol (25:
24: 1), genomic DNA were extracted using DNeasy PowerSoil®
(QIAGEN GmbH, Hilden, Germany). PCR amplification using universal
primers 515F/806R was performed on the V4 region of 16S rRNA gene
and the amplicons were sequenced using MiSeq desktop sequencer at
Ramaciotti Centre for Genomics (Sydney, Australia. Raw reads were
deposited in Sequence Read Archive (SRA) database (http://www.ncbi.
nlm.nih.gov/sra) with the name of SUB5320995.

The raw data were processed using CLC Workbench software
(11.0.1) with the Microbial genomics module plugin. A trimming pro-
cedure was used to low-quality reads according to default parameters
provided by the software and paired sequences were merged. Chimera
crossover filter was also applied. Operational taxonomic units' (OTUs)
clustering percent was set at 97%, with threshold for de novo OTUs
creation set at 80% and minimum reads occurrence at five. Alpha di-
versity was calculated based on the number of OTUs and Chao 1 bias-
corrected. Beta diversity (Principal Component Analysis) was calcu-
lated by Bray-Curtis matrix.

2.4. Calculations and statistics

2.4.1. Free ammonia
Free ammonia concertation was calculated with Eq. (1):

Table 1
Characteristics of inoculum and substrate.

Parameter Unit Inoculum (SD) Biopulp (SD)

Total solids (TS) g/kg 38.61 (0.34) 60.52 (0.52)
Volatile solids (VS) g/kg 24.07 (0.35) 52.11 (0.55)
pH – 8.38 3.90
Total ammonia nitrogen (TAN) g NH4

+-N/L 3.80 (0.01) 0.40 (0.01)
Free ammonia nitrogen (FAN) g NH3-N/L 0.896 (0.01) 0.004 (0.01)
Total Kjeldahl Nitrogen (TKN) g N/L 5.38 (0.25) 1.70 (0.03)

*SD: standard deviation.

Table 2
The CSTR reactors experimental design.

Phase Days TAN Extra added ammonia

(g NH4
+-N/L) CO(NH2)2 (g

NH4
+-N/L)

NH4Cl (g
NH4

+-N/L)

P1 0–30 1.1 0 0
P2 31–51 4 1 1.9
P3 52–66 5 2 1.9
P4 67–74 6 2 2.9
P5 75–89 7 3 2.9
P6 90–127 8.5 4 3.4
P7 128–159 9.5 4.5 3.9
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= +FAN TAN/(1 10 /K )- pH
a (1)

where Ka is the dissociation constant with the value of 1.29× 10−9 at
37 °C.

2.4.2. Statistical analysis
All statistics and figures were performed using the Origin software

(OriginLab Corporation, USA). Descriptive statistics were carried out
for all variables, mean values and standard deviations were calculated.
Pearson correlation and hierarchical clustering analyses were carried
out using Multiexperiment viewer (MeV4.9.0).

3. Results and discussion

3.1. Reactors’ performance

P1, where an average methane yield of 345 ± 40 and
391 ± 59mL CH4/g VS was observed for R1 and R2, respectively, was
used as baseline phase (no ammonia addition) to evaluate the reactors’
performance in the following ammonia acclimatization phases (P2-P7).
During P2 to P5, both reactors experienced inhibition with an average
loss of 15% of the methane yield compared to P1 (Fig. 1a). While at P6
(8.5 g NH4

+-N/L) the methane production of both reactors, recovered
with methane yields constantly above 94% compared to P1. Specifi-
cally, during P6 the average methane production yields did not change
significantly and were 332 ± 37 and 369 ± 41mL CH4/g VS for R1
and R2, respectively. However, when ammonia was increased to 9.5 g
NH4

+-N/L (P7), both reactors' yields were reduced by more than 15%
and the AD process operated under an “inhibited steady state”. This
stable but suboptimal steady-state is known as an ammonia induced
“inhibited steady-state” and is a typical characteristic of many full-scale
reactors that operate under high ammonia levels (Benabdallah El Hadj

et al., 2009). Even though, there was a clear reduction of methane
production at P7, it was significantly less than expected compared to
previous studies. For example, Moestedt et al. (2016) have reported a
50% decrease could be observed in methane production of a mesophilic
reactor when TAN exceeded 3.9 g NH+

4 -N/L.
The VFA accumulation in the two reactors was evolved mostly as

expected, based on the methane production (Fig. 1b). Specifically, the
VFA levels raised up to 4000mg HAc/L at the end of P2, but decreased
rapidly at the beginning of P3 due to the acclimatization (Tian et al.,
2018a) and remained at low levels until P6. Stepwise ammonia accli-
matization has been demonstrated before in co-digestions of manure
and protein-rich substrates such as microalgae (Angelidaki and Ahring,
1993a). However, this was the first time that continuous AD reactors
could acclimatize to this extreme ammonia levels (7 g NH4

+-N/L) while
mono-digesting the OFMSW.

During P6, despite the fact that methane production was stable and
above 94% compared to P1, the VFA levels increased and remained
above the defined threshold of 1500mg HAc/L for a “healthy” AD
process in CSTR reactors (De Vrieze et al., 2017). It appears that the
8.5 g NH4

+-N/L (P6) was the threshold to the acclimatization process,
which could be attributed to the FAN attained at this period (greater
than800mg NH3-N/L and 8.0 ± 0.2, respectively, Fig. 2a). It is gen-
erally accepted that FAN is the most toxic form of ammonia, which has
positive correlation with pH (Fig. 2b) (Angelidaki and Ahring, 1993b).
Thus, despite that both reactors were acclimatised to more than tenfold
higher FAN levels (P1 to P5,< 50 to greater than 500mg NH3-N/L,
respectively), FAN concentrations above 700mg NH3-N/L were found
to be very toxic for AD processes (Xu et al., 2014).

Finally, the VFA accumulation during P7 was severe and both re-
actors exceeded 4000mg HAc/L, which is a clear indicator of an AD
process failure (Lv et al., 2018). Interestingly, even at these extremely
high ammonia levels, the acclimatized microbiome of the reactors was
able to perform at high efficiency levels (methane production around

Fig. 1. a) CH4 production, and b) VFA variation throughout the experimental
period.

Fig. 2. a) FAN, b) pH throughout the experimental period.
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85% compared to P1).

3.2. Global microbial dynamics

16S rRNA sequencing was used to elucidate the responses of the
microbial community to the increased ammonia concentrations. Alpha
diversity based on Chao 1 bias-corrected index (Fig. 3a) showed slight
increase at P2 and stable trend alongside the increase of ammonia levels
until P6. Afterwards, a sharp decrease of their alpha diversity was ob-
served at P7, which indicated that ammonia increase from 8.5 to 9.5 g
NH4

+-N/L, was enough to washout approximately 12.5% of the mi-
crobial species from the reactors based on Chao 1 bias-corrected index.
At the same time, Beta diversity (Fig. 3b) showed a clear microbial
dynamic trend throughout the experimental process. Specifically,
longest matrix distances were found between P1 and P7 for both re-
actors, followed by the one between P6 and P7. This indicated that
when ammonia concentration exceeded 8.5 g NH4

+-N/L, it drove the
microbiome clustering shift (De Vrieze et al., 2017). According to De
Vrieze (2017), high diversity and redundancy of microbial community
(i.e. as detected from P1 to P6) was considered an effective strategy as
buffer against ammonia inhibition, ensuring continuation of methane
production, maintaining functionality or metabolic flexibility
(Steinhaus et al., 2007). The sudden decrease of alpha diversity from P6
to P7 could have contributed rendering the reactors to become vul-
nerable to ammonia toxicity. Inhibition was confirmed by the accu-
mulation of VFA (greater than4000mg HAc/L) and decrease of me-
thane production (< 312mL CH4/g VS) during P7. Therefore it is clear
that the toxicity threshold of the two CSTR reactors, based on pro-
duction performance and microbial activity, for this specific ammonia
acclimatization process was 8.5 g NH4

+-N/L.

3.2.1. Shift in archaea dominance
Among the archaea, two interesting methanogens changed sig-

nificantly its abundance from P1 to P7 (Fig. 4), indicating different
tolerance capability in respect to ammonia. At P1, the main metha-
nogen was Methanosaeta concilii 2, as a specialist species that uses only
acetate, which accounted for more than 70% of total archaea popula-
tion in both reactors (Fig. 4). Considering its abundance levels (still
higher than 50% during P2), the dominant role in the archaeal com-
munity was well pronounced at medium-low levels of ammonia (< 5 g
NH4

+-N/L). During P3-7, the relative abundance of M. concilii 2 de-
creased alongside the increasing ammonia levels, dropping to 21% (P3),
5% (P6) and 0% (P7). It is explained by two reasons: on the one hand,
M. concilii 2 can use acetate at concentration levels at the range of
5–20 μM, however acetate level at P6 was far higher than the optimum
range. On the other hand, M. concilii 2 was found to be the most am-
monia-sensitive methanogen, which was completely inhibited at 0.56 g
NH4

+-N/L, primarily due to ammonia’s effect on intracellular ion ex-
change (Ince et al., 2011). Hence, results indicated that there is a ne-
gative impact of increasing acetate and ammonia concentrations on M.
concilii 2 (Tian et al., 2018a).

Conversely, the relative abundance of Methanosarcina soligelidi 1
strongly increased from<0.4% up to more than 94% in both reactors
from P1 to P7. Remarkably, M. soligelidi 1 was found to be the most
ammonia tolerant methanogen in this study. This finding was in ac-
cordance with a previous study, where M. soligelidi 1 was the dominant
acetoclastic methanogens at extreme ammonia levels (greater than7 g
NH4

+-N/L) (Taubner et al., 2015). The dominant role of M. soligelidi 1
could be justified by several factors. Firstly, it is known that M. soligelidi
1 could form clusters of cells in order to reduce the toxicity of ammonia
since this formation creates an ammonium gradient from the bulk
ammonia concentration at the surface along the inner part of the ag-
gregate and thereby lessen the ammonia concentration at the inner core
of the sphere (Conklin et al., 2006; Wagner et al., 2013). Secondly, M.
soligelidi 1 show remarkable capability of environmental stress toler-
ance (e.g. freezing, aerobic or dry condition) owning to its intact
membrane lipids (Wagner et al., 2013). Thirdly, M. soligelidi 1 is me-
tabolically more versatile (i.e. able to generate CH4 from H2/CO2,
methanol and acetate) than other acetoclastic and hydrogenotrophic
methanogens (who are restricted with only carbon substrate) (Li et al.,
2017). Additionally, despite the fact that, in many cases, Methano-
sarcina spp. were found to be more sensitive to ammonia compared to
hydrogenotrophic methanogens (Wang et al., 2015; Li et al., 2017;
Akindele and Sartaj, 2018); in this study, M. soligelidi 1 was able to

Fig. 3. Alpha Diversity a) based on Chao 1 bias-corrected index; b) Beta di-
versity of the triplicate samples in R1 and R2. Principal components (PC) 1 and
2 explained 53% and 30% of community variation, respectively.

Fig. 4. Archaeal relative abundance (%) in different phases of reactor R1 and
R2 at species level.
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become the dominant methanogen. Conversely, the hydrogenotrophic
methanogens were found at extremely low abundance. Specifically, the
relative abundance of Methanobacterium sp. 3 accounted for 7% at P1
increased to 18% at P6, but completely disappeared at P7, which was
similar to the relative abundance of Methanobacteriaceae sp. 5. Metha-
noculleus palmolei 4 was the only hydrogenotrophic methanogen present
at P7, although at low relative abundance (2% of archaeal community).

Considering the dominant ammonia tolerant methanogens are dif-
ferent in previous studies, it seems that dominant methanogens could
be different at the same ammonia levels due to the different operating
conditions (e.g. substrate, HRT, OLR, pH etc.) (Wang et al., 2015;
Akindele and Sartaj, 2018; Capson-Tojo et al., 2018). Based on that

(Akindele and Sartaj, 2018) have proposed that the initial archaeal
composition of the inoculum plays an important role during the reactor
start-up in order to achieve a stable AD process at high ammonia levels.
Hence, we can infer that ammonia is the major but not the only driving
force to shape the methanogenic communities of the AD processes, the
other factors determining the methanogens dominance in digesters
need further investigation.

3.2.2. Trends in bacterial populations
From P1 to P7, the addition of ammonia resulted in a dramatic

change of the bacterial community (Fig. 5). To be more specific, at P1,
the predominant phylum was Bacteroidetes with around 41.80% of

Fig. 5. Hierarchical cluster analysis of interesting bacteria and archaea in R1 and R2 at the different ammonia level.
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relative abundance, followed by the Synergistetes (24.78%) and Firmi-
cutes (21.99%). As the ammonia levels increased, Firmicutes became the
most dominant phylum with a relative abundance of 69.12% at P7.
Firmicutes spp., which mediates the acidogenesis step of the AD process,
have a recorded robustness to high TAN concentrations (Frank et al.,
2016; Chen et al., 2018). On contrary, Bacteroidetes spp. and Synergis-
tetes spp. abundances declined to 15.20% and <1%, respectively, at
P7; which indicated that both Synergistetes and Bacteroidetes phyla
members were vulnerable to the elevated ammonia levels despite the
stepwise acclimatization process.

At species-level, the relative abundance of Bacillaceae sp. 20 and
Syntrophaceticus schinkii 25 showed a dramatic increase from un-
detectable levels (prior to P5) to 12% (P7). Bacillaceae sp. 20 was found
to be similar to novel uncultured phylotype of syntrophic acetate oxi-
dizing bacteria (SAOB) with 100% identity (Westerholm et al., 2010);
while, Syntrophaceticus schinkii 25 was proposed to be syntrophic
partner of a hydrogenotrophic methanogen (e.g. Methanoculleus sp.4),
to perform methanogenesis by interspecies hydrogen transfer (Wagner
et al., 2013). Thus, the extreme low abundance of strictly hydrogen-
utilizing methanogens did not match the increased abundance of these
two acetate oxidizing bacteria (SAOB). At the same time, M. soligelidi
was found to have a faster growth rate on H2/CO2 compared to acetate
(Örlygsson et al., 1996). Thus, it seems that M. soligelidi utilised H2/CO2

to perform methanogenesis in synergy with Bacillaceae sp. 20 and
Syntrophaceticus schinkii 25 (SAOBs). Specifically, the low abundance of
these two SAOBs at P1 to P5 was due to the lack of H2 consumers be-
tween P1-P5; therefore, whenM. soligelidi shifted to a hydrogenotrophic
metabolism, the growth of these two SAOBs was stimulated.

Consequently, other acidogenic bacteria, Clostridiaceae sp. 10 (92%
similarity with Clostridium acetireducens), which exclusively uses acetate
during degradation of the branched-chain amino acids and alanine to
produce butyrate and H2 (Vartoukian et al., 2007), became the most
dominant OTU with relative abundance of 15.5% at P7. The dominance
of this species can be attributed to the unique composition of the re-
actors, containing both VFA and protein-rich substrates. In addition,
two other OTUs with higher ammonia tolerance, i.e. Tissierellales sp. 30
(3%) and Bacteroidaceae sp. 31 (3.4%), were observed with high re-
lative abundance at P7. Tissierellales sp. 30 and Bacteroidaceae sp. 31
(90% and 92% identity to Sporanaerobacter acetigenes and Bacteroides
propionicifaciens, respectively (Wojcieszak et al., 2017)), were reported
to be important acetate and H2-producing bacteria (Xia et al., 2014;
Wojcieszak et al., 2017). The dominancy of these H2-producing bacteria
(e.g. Clostridiaceae sp. 10, Bacillaceae sp. 20 and Syntrophaceticus schinkii
25, Tissierellales sp. 30, Bacteroidaceae sp. 31) was the result of the
potential hydrogenotrophic pathway shift of M. soligelidi.

Overall, this microbial community redundancy and versatile meta-
bolic pathway were the major reasons to maintain efficient and stable
methane production, without loss of functionality or metabolic flex-
ibility during ammonia acclimatization from 1.1 to 7 g NH+

4 -N/L.
Clearly, 8.5 g NH+

4 -N/L was a threshold that introduced a suboptimal
AD process and subsequently lead to the sharp drop of the microbial
diversity at 9.5 g NH+

4 -N/L.

4. Conclusions

This study demonstrated a successful stepwise acclimatization up to
8.5 g NH4

+-N/L during AD of the OFMSW. Microbiological analyses
showed that ammonia load was identified as the main factor to shape
microbial composition. The influence were characterized by a shift
from hydrogenotrophic methanogens (e.g. Methanobacterium sp.5) and
acetoclastic methanogens (M. concilii, only low-acetate affinity micro-
organisms) that prevailed in the initial inoculum samples at P1, to the
dominance of metabolically more versatile and ammonia more tolerant
acetoclastic methanogens (M. soligelidi) at extreme ammonia levels. The
archaeal shift was essential to keep high biomethanation efficiency.
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ABSTRACT: Ammonia released from the degradation of protein
and/or urea usually leads to suboptimal anaerobic digestion (AD)
when N-rich organic waste is used. However, the insights behind
the differential ammonia tolerance of anaerobic microbiomes
remain an enigma. In this study, the cultivation in synthetic
medium with different carbon sources (acetate, methanol, formate,
and H2/CO2) shaped a common initial inoculum into four unique
ammonia-tolerant syntrophic populations. Specifically, various
levels of ammonia tolerance were observed: consortia fed with
methanol and H2/CO2 could grow at ammonia levels up to 7.25 g
NH+-N/L, whereas the other two groups (formate and acetate)
only thrived at 5.25 and 4.25 g NH+-N/L, respectively. Metabolic
reconstruction highlighted that this divergent microbiome might be achieved by complementary metabolisms to maximize
biomethane recovery from carbon sources, thus indicating the importance of the syntrophic community in the AD of N-rich
substrates. Besides, sodium/proton antiporter operon, osmoprotectant/K+ regulator, and osmoprotectant synthesis operon may
function as the main drivers of adaptation to the ammonia stress. Moreover, energy from the substrate-level phosphorylation and
multiple energy-converting hydrogenases (e.g., Ech and Eha) could aid methanogens to balance the energy request for anabolic
activities and contribute to thriving when exposed to high ammonia levels.

1. INTRODUCTION

The amount of nitrogen-rich organic waste generated world-
wide is increasing significantly because of urbanization and
population growth, which is becoming a major issue for the
environment.1 The application of anaerobic digestion (AD)
can convert nitrogen-rich organic waste into a sustainable
fuel.2,3 However, free ammonia nitrogen (FAN) released from
the degradation of protein or urea, once exceeding the
threshold concentration, is a key parameter leading to low
methane yield and process instability in AD.4 Moreover,
methanogens are more vulnerable to ammonia compared to
the other AD microbes because of their weak cell wall structure
lacking peptidoglycan.5 FAN that permeates into cells can be
converted to ammonium by protonation,6 resulting in
temporary proton imbalance, potassium deficiency, and strong
osmotic stress.7,8 Therefore, K+ uptake is important for the
microbial cells to overcome ammonia inhibition.9,10 Mean-
while, the synthesis or transport of osmoprotectants such as
glutamate, glutamine, phosphate, Nε-acetyl-L-lysine, and
glycine betaine has been reported to achieve osmotic balance
and counteract ammonia inhibition.10−12 These compatible
solutes allow the survival at high osmolarity and the
colonization of ecological niches in environmental condi-
tions.13,14 Therefore, more energy is needed for regulating the

proton balance or potassium/osmoprotectant uptake during
biosynthesis maintenance.6,7 The electron-bifurcating flavo-
protein complexes in Bacteria contribute to energy con-
servation through the energy-converting reductase complex
(Rnf) or the energy-converting ferredoxin-dependent hydro-
genase complex (Ech).15 Specifically, Rnf catalyzes the
reduction of NAD+ with ferredoxin, thereby conserving the
free-energy change in an electrochemical proton potential.16

Likewise, HdrABC or Nuo present in methanogens is
indicative of flavin-based electron bifurcation,15 which
contributes to obtaining energy from methanogenesis.17

Additionally, Eha/b and Ech hydrogenases show high
sequence similarity to the subunits of complex I, a protein
pump, where they deposited NADH and reduced ferredoxin
for the buildup of the proton motive force, suggesting an
important role in adenosine triphosphate (ATP) synthesis.18,19

Finally, the energy compensation to maintain the cation- and
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osmobalance against ammonia stress can be obtained from
substrate-level phosphorylation (Table 1). The more exergonic
the reaction is, the higher ammonia level they can possibly
tolerate.
Different tolerance levels to the ammonia of AD microbiome

have been previously observed; for example, anaerobic glucose
degradation in batch reactors was inhibited by about 70% at
3.5 g NH+-N/L concentration and at a pH of 8.0.25 Yan et al.
found that Methanosaeta concilii and Methanosarcina soligelidi
were the dominant methanogens at low (less than 3 g NH+-N/
L) and high ammonia levels (5−9 g NH+-N/L), respectively,
when degrading municipal solid waste.26 Further, high
ammonia levels suppressed acetoclastic methanogenesis and
enhanced the hydrogenotrophic pathway, as evidenced by the
increase of the relative abundance of Methanoculleus spp. co-
digesting cattle slurry and microalgae.4 Westerholm et al. also
discovered the strong impact of ammonia on the occurrence of
syntrophic acetate-oxidizing bacteria and the increased
abundance of hydrogenotrophic methanogens.27 The last was
generally proved to be more resistant to ammonia than
acetoclastic methanogens in many cases.28

However, all methanogens mentioned above mainly grow on
acetate and/or CO2/H2, whereas the capability of ammonia
tolerance of other methanogens dependent on methanol and
formate (two other important precursors of methanogenesis)
was infrequently reported.29 Obviously, the substrate, together
with the concentrations of ammonia, could drive different
complete and balanced microbiome formation, leading to
variable capabilities of microbes to tolerate ammonia.
Deciphering the metabolic pathway of ammonia-tolerant
microbiome would improve our understanding of the
dynamics and the molecular mechanisms determining stress
resistance, which is necessary to unravel the black box of AD
microbial ecology.
Until now, only part of the AD microbiome and its

interactions have been uncovered because of the difficulty in
exploring such complexity with traditional cultivation-based
approaches and techniques (e.g., 16S rRNA sequencing)
because of the limited taxonomic assignment and the presence
of unknown metabolisms. Metagenomics have been recently
applied to analyze the known and novel physiological,
metabolic, and genetic features.16,30 So far, most AD
metagenomic studies focus on communities shaped by real
feedstocks such as manure, wastewater, industrial by-products,
and municipal solid waste containing various carbon
sources.31,32 Accordingly, extremely diverse communities
composed of thousands of metagenome-assembled genomes
(MAGs) and complex metabolic activities adapted to mixed
substrate degradation were found.30,33,34 These findings raise
the possibility that specific interactions of ammonia-tolerant
microbial members fed with single and simple carbon sources
(the common precursors, i.e., acetate, formate, H2−CO2, and
methanol) and their functionalities await discovery.

This study provides novel insights into ammonia-tolerant
methanogenic communities grown using four different carbon
sources in a synthetic basal anaerobic (BA) medium.
Specifically, a common initial microbiome was simplified
with a stepwise increase of ammonia levels and meanwhile by
providing single chemically defined substrates as an energy
source: acetate, formate, H2−CO2, and methanol, individually.
Genome-centric metagenomics was applied to unravel the
methanogenesis pathways occurring in the four trophic groups.
Moreover, the first look into the metabolism of the four
microbiomes shaped by specific carbon sources showed how
metabolic interactions occur among microbes at high ammonia
levels.

2. MATERIALS AND METHODS

2.1. Experimental Setup. The samples for microbial
analysis were collected from four lab-scale methanogenic batch
reactors with a 1.15 L total volume. The four reactors were
initially inoculated with the same digestate obtained from a
lab-scale continuous-stirring tank reactor fed with cattle
manure at 55 °C. The total solids and volatile solids of the
digestate were 30.51 ± 0.20 and 19.76 ± 1.30 g/kg,
respectively. The feedstock used in each period was a BA
medium35 (NaHCO3 was used as the buffer solution)
supplemented with ammonia chloride and one of the four
different carbon sources (acetate, methanol, formate, and H2/
CO2), and thus the same buffering capacity was achieved
(Table S1). Furthermore, the pH was maintained at the level
of 8.00 ± 0.10 by NaOH solution (4 mol/L) adjustment
throughout the whole acclimatization process (Table S1).
Several successive cultivations were performed under

thermophilic conditions (55 ± 1 °C) in order to adapt the
microbial community to the specific substrate and the
increased ammonia levels. Specifically, once methane produc-
tion reached 80% of its maximal theoretical yield during each
generation, inocula samples were harvested to an increased
ammonia level. The process was repeated in the four groups,
and the ammonia level was increased stepwise by 1 g NH+-N/
L in each increment until the microbial community could not
grow anymore. The specific experimental conditions for
consortia cultivation and acclimatization are listed in Table S1.
Methane yields, volatile fatty acid (VFA) concentrations,

and pH values in the reactor were recorded in order to evaluate
the acclimatization process. The biogas production was
analyzed by a gas chromatograph (Mikrolab, Aarhus A/S,
Denmark), equipped with a thermal conductivity detector.
VFA concentrations derived from the intermediate steps of
degradation of the carbon source were measured using a gas
chromatograph (Shimadzu GC-2010 AF, Kyoto, Japan),
equipped with a flame ionization detector. Finally, the pH
was measured by a PHM99 LAB pH meter (RadiometerTM).

2.2. DNA Extraction and Sequencing. According to the
specific carbon source used, the metagenomic DNA was

Table 1. Standard Gibbs Free Energy of Relevant Reactions in the AD Process

reactions ΔG°′ (kJ/reaction) reference

4 methanol → 3CH4 + CO2 + 2H2O −315 20
acetate → CH4 + HCO− + H+ −36 21
4 formate + H+ + H2O → CH4 + 3HCO− −130.4 22
4H2 + HCO− + H+ → CH + 3HO −135.6 22
acetate + HCO− + H+ + 3H → propionate + 3HO −76.1 23
4 methanol + 2CO2 → 3 acetate + 3H+ + 2H2O −71 24
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collected from five sampling points: Ginocula, an initial microbial
community without additional ammonia and fed with cow
manure (2.25 g NH+-N/L); G, a methanol-degrading
community (7.25 g NH+-N/L); G, an acetate-degrading
community (4.25 g NH+-N/L); Gformate, a formate-degrading
community (5.25 g NH+-N/L); and G, a H/CO-degrading
community (7.25 g NH+-N/L) (Table S1). PowerSoil DNA
Isolation Kit (QIAGEN, Germany) was used for genomic
DNA extraction, and an additional phenol-cleaning step was
performed in order to increase DNA purification.36 Nanodrop
2000 (ThermoFisher Scientific, Waltham, MA) was used to
evaluate the quality of the extracted DNA.
2.3. Genome-Centric Metagenomics and Statistics. A

sequencing strategy including both Illumina and Oxford
Nanopore MinION single-molecule sequencers was chosen.
Library preparation was performed using the Nextera DNA

Flex Library Prep Kit (Illumina Inc., San Diego CA) and the
SQK rapid sequencing kit (Oxford Nanopore Technologies,
Oxford, UK); libraries were sequenced with the Illumina
NextSeq 500 platform (Illumina Inc., San Diego CA) with a
paired-end and FLO-MIN106 R9 flow cell on a MinION
device (Oxford Nanopore Technologies, Oxford, UK) at the
CRIBI Biotechnology Center sequencing facility (University of
Padova, Italy). Raw sequences were uploaded to the Sequence
Read Archive (NCBI) under the project PRJNA613371.
Oxford Nanopore Technologies base-calling for translating
raw electrical signals to nucleotide sequences was performed
using Guppy (v2.3.7 + e041753).37 The total raw data
provided 426,815,859 bases of sequence. Illumina reads with
low-quality or ambiguous bases were filtered with Trimmo-
matic (v0.39). High-quality reads were independently
assembled with three software, namely Spades (v3.13.0),38

Figure 1. Microbial samples collected from five points of the batch reactors: Gmethanol, Gformate, Ginoculum, Gacetate, and GH2/CO2
. The characteristics

(coverage, quality, and taxonomic assignment) of 81 MAGs comprising the microbiome are reported. The outer layer represents the taxonomy at
the phylum level. The five middle layers report the relative abundance of each MAG in the different microbiomes (% of relative abundance). The
completeness (%), contamination (%), number of scaffolds, and genome size (Mbp) are colored in green, red, gray, and black, respectively. The
middle phylogenetic tree represents the Pearson clustering of MAGs based on the relative abundances.
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OPERA-MS,39 and Unicycler (v0.4.8-beta).37 The assembly
process was applied to Illumina reads alone and also to

Illumina reads combined with Nanopore data using MEGA-
HIT (V1.2.4beta) software.40 After the assembly, all the

Figure 2. Histogram on the right side represents the substrate digestion profile (COD flow) measured in Gacetate. Obligate syntrophic acetate
degradation pathway proposed in Methanoculleus sp. DTU886, Firmicutes sp. DTU849, and Peptococcaceae sp. DTU890. “R.a.” and “compl.” are
abbreviations of the terms “relative abundance” and “completeness”, respectively. The red dotted arrows represent the syntrophic intake of H2/CO2
by methanogens. All the relevant genes used for metabolic reconstruction can be found in Table S6.
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scaffolds shorter than 1 kb were removed, and the statistics of
the assemblies were determined using Quality Assessment
Tool for Genome Assemblies (QUAST, V4.1).41 The scaffolds’

coverage was determined by aligning the reads of each sample
back to the assembly with Bowtie 2 (v2.2.4)42 and converting
the output SAM files to BAM format using SAMtools (v1.9).43

Figure 3. Histogram on the right side represents the substrate digestion profile (COD flow) measured in Gmethanol. Methanol degradation pathways
identified inMethanomassiliicoccales sp. DTU777, Syntrophaceticus sp. DTU782, and Clostridiales sp. DTU836. “R.a.” and “compl.” are abbreviations
of the terms “relative abundance” and “completeness”, respectively. All the relevant genes used for metabolic reconstruction can be found in Table
S6.
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Figure 4. Histogram on the right side represents the substrate digestion profile (COD flow) measured in Gformate. Formate degradation pathways
identified in Methanothermobacter sp. DTU779, Peptococcaceae sp. DTU890, and Firmicutes sp. DTU848. “R.a.” and “compl.” are the abbreviations
of the terms “relative abundance” and “completeness”, respectively. The red dotted arrows represent the syntrophic intake of H2/CO2 by Bacteria.
All the relevant genes used for metabolic reconstruction can be found in Table S6.
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Figure 5. Histogram on the right side represents the substrate digestion profile (COD flow) measured in GH2/CO2
. H2/CO2 degradation pathways

identified in Methanothermobacter sp. DTU779, Peptococcaceae sp. DTU890, and Pelotomaculum sp. DTU813. “R.a.” and “compl.” are the
abbreviations of the terms “relative abundance” and “completeness”, respectively. The red dotted arrows represent the syntrophic intake of pyruvate
by methanogens. All the relevant genes used for metabolic reconstruction can be found in Table S6.
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Metagenomic binning was performed using MetaWRAP
software45 which implements Metabat2 (v2.12.1) and
MaxBin2 (v2.2.6).44 Among the recovered MAGs, 143 were
obtained from metaspades, 136 were from OPERA-MS, and
105 were from unicycler; the final selection was obtained by
removing the redundancy and keeping the highest quality
MAGs.
The completeness, contamination, and genome properties of

the final MAGs were determined using CheckM (v1.0.3), and
details can be found in Table S2. The relative abundance of
microbes on each sample was obtained by aligning the reads to
the assembly and subsequently using “BAM” files to calculate
the final values using CheckM coverage (v1.0.3).The diversity
index for each sample was measured from the unassembled
Illumina reads using Nonpareil v3.303 with default parame-
ters.45

Similarity with publicly available genomes was calculated by
means of average nucleotide identity (ANI),46 and the results
are reported in Table S3. Taxonomical assignment and
functional analysis were performed using GTDB-Tk47 and
CAT.48 Protein-encoding genes were predicted using Prodigal
(v2.6.2)49 run in normal mode and associated with KEGG IDs
using Diamond (v0.9.22.123).50 The KEGG IDs were
associated with modules to determine completeness using
the KEGG mapper-reconstruct pathway tool, as previously
described.51 The functional visualization of MAG metabolism
was performed using GhostKOALA.52 Hierarchical clustering
of the binned MAGs across five samples was constructed using
the MultiExperiment viewer (v4.9.0) with the Pearson distance
metric and visualized by Anvi’o.53

Simultaneously, MAGs were used for genome-scale meta-
bolic reconstruction and the subsequent analysis of inter-
actions within a flux balance analysis framework, adopting
CarveMe (v. 1.2.1)54 for the genome-scale metabolic
reconstruction and a revised version of MMinte software
(v.1.0.3)55 for the inspection of interactions, following the
pipeline developed by Basile and colleagues (https://github.
com/arianccbasile/ADinteractions). Literature-guided meta-
bolic reconstruction was manually performed based on the
genes and pathways present in the most abundant MAGs for
each microbiome.
Four genomes of ammonia-sensitive Methanosaeta spp. were

downloaded from public databases of NCBI to compare the
energy-converting mechanism. The GenBank assembly acces-
sion numbers of these four genomes were GCA_012729025.1;
GCA_0 1 2 7 9 8 2 5 5 . 1 ; GCA_ 0 1 2 7 9 8 0 2 5 . 1 ; a n d
GCA_012516895.1.

3. RESULTS AND DISCUSSION

3.1. Ammonia-Tolerant Reactor Performance Using
Different Carbon Sources. The microbial consortia were
cultivated in batch reactors fed with specific carbon sources,
namely acetate, methanol, formate, and H2/CO2. After five to
six consecutive generations of cultivation under stepwise
ammonia increase, the microbial species present in each
group showed different capabilities of resistance to ammonia
(Figures 1−5). Specifically, in comparison to other groups, the
community in Gmethanol and GH2/CO2

showed higher resistance
to ammonia inhibition and were able to grow up to 7.25 g
NH+-N/L. Additionally, the highest methane yield (up to
91%) could be observed in GH2/CO2

at 7.25 g NH+-N/L (Figure
5). On the contrary, the lowest methane yield (19%) was

found in Gacetate at 4.25 g NH+-N/L (Figure 2). VFAs (i.e.
acetate, propionate, iso-butyrate, butyrate, and iso-valerate)
were detected as an important indicator of chemical oxygen
demand (COD) flow from the substrate during the metabolic
degradation driven by the microbial community. Trace
amounts of VFAs were present in Gacetate and GH2/CO2

(Figures
2 and 5); more than 20% of acetate (COD ratio of acetate to
the added carbon source) was found in Gmethanol and Gformate,
suggesting that acetate is a key intermediate during carbon
degradation at high ammonia levels. To clearly decipher the
main metabolic pathways that occurred during the different
substrate degradations, the methane production and the
intermediate accumulation (e.g., VFAs) were expressed as the
percentage (%) of the overall COD content to highlight the
transformation processes and directly couple them with the
metagenomic data. Besides, the methane yield is reported in
Figure S1.

3.2. Microbial Community Composition and Activ-
ities. The assembly and binning process resulted in a total of
81 MAGs based on sequence mapping, and these microbial
species accounted for 62.5−91.8% of the entire community,
depending on the sample (Table S2 and Table S4). These
MAGs represented the most abundant members of the
microbiome; 52 out of 81 MAGs were of high quality (more
than 90% completeness and lower than 5% contamination),
whereas the remaining 29 MAGs were of medium quality
(completeness from 50 to 90% and contamination from 5 to
10%) according to the minimum information about the
metagenome-assembled genome (MIMAG)56 (Figure 1 and
Table S4). The 81 MAGs were taxonomically assigned into
seven phyla, namely Firmicutes, Proteobacteria, Thermotogae,
Actinobacteria, Chlorof lexi, Bacteroidetes, and Euryarchaeota
(Figure 1).
The different carbon sources (methanol, formate, acetate,

and H2/CO2) used in this study, as well as the stepwise
increased ammonia levels, worked as selecting pressure that
shaped the microbial communities inducing considerable
distinction in terms of diversity. In particular, attention was
focused on the dominant members in each microbiome
(Figures 1−5) and on the corresponding metabolic maps that
were reconstructed using KEGG modules (Table S5), as well
as individual gene’s annotation and literature-based informa-
tion. Hydrogenotrophic methanogenesis using H2 or formate
as electron donors was observed as the only methane-
producing pathway in Gformate, GH2/CO2

, and Gacetate. Meanwhile,
methylotrophic methanogenesis was solely observed in
Gmethanol, as revealed by the presence of methanol transferase
and methyl-CoM reductase in Methanomassiliicoccales sp.
DTU777.
The presence of acetate in each reactor was indicative of

acetogenesis, performed via the conventional Wood−Ljung-
dahl (WL) pathway, methanol oxidation, and glycine cleavage
system (Figure 3 and Table S6). The assumption is evidenced
by the presence of these pathways in Firmicutes sp. DTU848,
Clostridiales sp. DTU836, and Peptococcaceae sp. DTU890. In
addition, a novel propionate synthesis pathway was recon-
structed in Firmicutes sp. DTU848 based on the gene presence
(e.g., k05942, kor, and acka) using KEGG and the analysis of
residual metabolites present in the medium (e.g., acetate,
propionate, and methane), growing in Gformate (Figure 4 and
Table S6). The following sections focus on how interspecies
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interactions were established in a syntrophic consortium and
the resistance mechanism to high ammonia levels.
3.2.1. Microbiome in the Original Inoculum. In Ginocula,

Bacteria dominated the microbial community with a relative
abundance of 98% of the binned microbiome (this value refers
to the percent of reads aligned on the binned scaffolds), which
accounted for 63.1% of the entire community, whereas Archaea
were quite rare. Specifically, sugar-converting microbes
(identified by the presence of Embden−Meyerhof pathway)
represented the dominant MAGs consisting of Peptococcaceae
sp. DTU890, Bacteroidetes sp. DTU801, Firmicutes sp.
DTU855, and Firmicutes sp. DTU849 with 27.8, 16.6 10.7,
and 3.8% of relative abundance, respectively (Figure 1 and
Table S5). Results from ANI evaluation indicated that
Peptococcaceae sp. DTU890 was 99.8% similar to Clostridiales
sp. DTU010 and to other MAGs previously identified in
different AD systems (Table S3).57 According to the pathways
present in these Bacteria, they are capable of performing a
complete fermentation, converting glucose to acetate via the
Embden−Meyerhof pathway and pyruvate oxidation (Table
S5). These results show consistency with previous findings
which suggested the main driving forces expanding the
complexity and stability of the AD microbiome.58 Meanwhile,
Peptococcaceae sp. DTU890 was also involved in acetogenesis
using a novel glycine cleavage system and the phosphate
acetyltransferase−acetate kinase pathway (Figure 3). The other
two MAGs, namely, Syntrophaceticus sp. DTU782 (4.3%) and
Acetomicrobium sp. DTU791 (2.9%), were predicted to show
the acetate-oxidizing ability that may work in syntrophy with
hydrogenotrophic methanogens for methane production. The
five identified Euryarchaeota sp. represented only 1.28% of the
whole microbial community; among these, the most dominant
MAG was Methanoculleus sp. DTU886 with 1.2% of relative
abundance, followed by Methanothermobacter sp. DTU779 and
Methanomassiliicoccales sp. DTU777, with 0.05 and 0.03%,
respectively. Methanogenesis was performed by these three
archaeal MAGs, having different metabolic traits of performing
hydrogenotrophic and methylotrophic methanogenesis. Inter-
estingly, no acetoclastic methanogens have been identified in
the initial inoculum. The possible explanation is that the total
ammonia level in Ginocula was 2.25 g NH+-N/L, which possibly
suppressed the abundance of acetoclastic methanogens. This
result also agrees with the microbial community of inocula
(collected not on the same day but under the same operating
conditions with our initial inocula) analyzed by 16S sRNA
gene amplicon sequencing in our previous research.59

3.2.2. Ammonia-Tolerant Microbiome in the Acetate-
Based Medium. In Gacetate, the microbiome shifted markedly,
as evidenced by the change in the relative abundance of
dominant MAGs when compared with the initial inoculum. In
fact, the population evolved into a more simplified and
specialized community, as confirmed by the diversity indexes
(Table S7). Gacetate was dominated by Methanoculleus sp.
DTU886, Firmicutes sp. DTU849, and Peptococcaceae sp.
DTU890 (Figure 2), with a cumulative relative abundance of
48% (Table S4).
More specifically, Methanoculleus sp. DTU886 had 99.6%

ANI when compared with Candidatus Methanoculleus
thermohydrogenotrophicum.60 The archaeon dominated the
microbiome with 26% of relative abundance and was the
only methanogen present in the community. It was previously
reported that Methanoculleus sp. could perform methano-
genesis from H2/CO2 or formate but not acetate.61

Interestingly, Methanoculleus sp. DTU886 in this study was
found to harbor a series of genes for the conversion of acetate
to CH4 as well as the genes for H2/CO2 oxidation to CH4
(Figure 2). Furthermore, the genomes of Firmicutes sp.
DTU849 (7%) and Peptococcaceae sp. DTU890 (16%)
encoded proteins involved in H2 and CO2 generation,
suggesting the presence of a syntrophic interaction occurring
between these two species and the methanogen. The presence
of such interplay was confirmed by flux balance analysis
revealing that Methanoculleus sp. DTU886 is favored by the
interaction within both couples (Table S8). Specifically,
Firmicutes sp. DTU849 possesses an incomplete gene set
involved in the conventional syntrophic acetate oxidation
pathway for H2/CO2 generation through the reverse WL
pathway, whereas CODH, acsB, and fdh were not identified.
According to the reconstructed pathway, acetate was possibly
converted to pyruvate through the inverse phosphotransace-
tylase−acetate kinase pathway and acyl-CoA synthetase
pathway (ACS). The genes encoded in Peptococcaceae sp.
DTU890 suggested the use of an alternative glycine cleavage
system for acetate oxidation (Figure 2). Specifically, the glycine
cleavage system was combined with a partial WL pathway to
convert acetate to CO2/H2, supporting the syntrophic activity
with hydrogenotrophic methanogens.62 Both syntrophic
Bacteria possess the Rnf complex, which is involved in proton
motive force-driven reverse electron transport from NADH to
Fdox, where Fdred was produced as a high-energy-electron
carrier to facilitate H2 generation. Regarding energy metabo-
lism, Methanoculleus sp. DTU886 encodes a set of energy-
conserving hydrogenases (Eha/b, Ech, and Fdh) contributing
to the proton motive force by coupling proton translocation
across the membrane to Fered; the same set of proteins can also
be used for CO2 reduction (Figure 2). Furthermore, methyl-
THMPT HS-COM methyltransferase (Mtr), the membrane-
bound enzyme complex, extruded Na+/H+ out of the cell,
creating a Na+/H+-based ion motive force used for both ATP
generation and methanogenesis.

3.2.3. Ammonia-Tolerant Microbiome in the Methanol-
Based Medium. In Gmethanol, the dominant Methanomassilii-
coccales sp. DTU777 (75% of relative abundance) was the main
player that was responsible for methane generation from
methanol (Figure 3). The complete methanogenic pathway
from methanol and methylamine was found in the genome
(Figure 3 and Table S6). Additionally, the presence of
membrane-bound NADH-ubiquinone oxidoreductase (Nuo)
suggested the formation of a Fpo-like complex, capable of
reoxidizing the reduced ferredoxin, with the concomitant
translocation of protons or sodium ions across the membrane
(Figure 3 and Table S6). The proton gradient generated by the
complex mentioned above facilitated the ATP synthesis,
employing the energy-conserving hydrogenase (Ech) complex,
thereby coupling methane generation with energy conservation
and enabling internal hydrogen cycling.12,63

D. tunisiensis DTU839, Syntrophaceticus sp. DTU782, and
Clostridiales sp. DTU836 accounted for 7.3, 3, and 5% of
relative abundance, respectively, and Syntrophaceticus sp.
DTU782 and Clostridiales sp. DTU836 were chosen as the
representatives of the whole bacterial community because of
their high genome completeness and relative abundance. The
flux balance analysis revealed a parasitic interaction between
these two microbes, with Clostridiales sp. DTU836 taking
advantage of the coexistence with Syntrophaceticus sp. DTU782
(Table S8). The presence of acetate in Gmethanol suggested that

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c01945
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

I

http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01945/suppl_file/es0c01945_si_002.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01945/suppl_file/es0c01945_si_002.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01945/suppl_file/es0c01945_si_002.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01945/suppl_file/es0c01945_si_002.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01945/suppl_file/es0c01945_si_002.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01945/suppl_file/es0c01945_si_002.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01945/suppl_file/es0c01945_si_002.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01945/suppl_file/es0c01945_si_002.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01945/suppl_file/es0c01945_si_002.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01945/suppl_file/es0c01945_si_002.xlsx
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c01945?ref=pdf


acetogenic methanol degradation was performed as reported in
the following description. According to the metabolic
reconstruction, the methylic group was probably transferred
to the methyl acceptor−−corrinoid Fe−S protein (CFeSP)
into CH3−CFeSP−−and followed two possible pathways of
CH3−CFeSP oxidation. First, a part of CH3−CFeSP was
converted into acetate via the acetate kinase pathway; second,
the rest of CH3−CFeSP was oxidized through the WL
pathway, with a concomitant reduction of CO2 into acetate.
The reduction of ferredoxin and ATP for energy conservation
for the above two pathways would occur following previously
proposed mechanisms.24,64 Syntrophaceticus sp. DTU782 had
the potential to perform the first pathway using methyl-
transferase and acetyl synthase (ACSE and ACSB); these genes
can activate and transfer the methyl group to a corrinoid Fe−S
protein and oxidize it to acetyl-CoA via ACSB (Figure 3 and
Table S6).
Meanwhile, Clostridiales sp. DTU836 harbored the two

complete gene complexes related to acetate generation from
methanol (Figure 3 and Table S6). The excess of ATP derived
from the first pathway (the oxidation of one methanol to
acetate) might be sacrificed to drive the endergonic oxidation
of 2-methyltetrahydrofuran to 5,10-methylenetetrahydrofolate,
which is in consistence with the previous study.64

3.2.4. Ammonia-Tolerant Microbiome in the Formate-
Based Medium. The microbiome of Gformate was mainly
composed of two highly abundant Bacteria, Peptococcaceae sp.
DTU890 and Firmicutes sp. DTU848, and one Archaea,
Methanothermobacter sp. DTU779, with an aggregate relative
abundance of 59% (Figure 5 and Table S4). The analyses of
flux balance revealed that the growth rate of Methanotermo-
bacter sp. DTU779 is positively influenced by the presence of
Firmicutes sp. DTU848 (Table S8).
In Methanothermobacter sp. DTU779, the reduction of CO2

to formyl-MFR using H2 was driven by the electrochemical
sodium ion potential (Nha and Mnh) (Figure 4 and Table S6).
Furthermore, methyl-COM reduction to methane could
proceed via the MvhADG/HdrABC complex and was coupled
to ferredoxin (Fd) reduction.65,66 Two sets of energy-
conserving hydrogenases, Eha and Ehb, were found in the
genome of Methanothermobacter sp. DTU779 (Table S6).
These genes were shown to be critical for the refilling of
methanogenesis intermediates (e.g., H2) and for CO2
assimilation.17 Firmicutes sp. DTU848 harbored the genes
involved in the conversion of formate to acetate via the partial
reverse WL pathway, which can explain the presence of acetate
in Gformate. According to the metabolic reconstruction,
propionate could be generated through a novel pathway,
which involves the oxidation of acetyl-CoA into pyruvate via
pyruvate ferredoxin oxidoreductase and the final step of
amination to form citrate. Similarly, isocitrate could be
transformed from citrate catalyzed into oxoglutarate, then
oxidized into succinyl-CoA, and further into methylmalonyl-
CoA (Figure 4 and Table S6). Finally, methylmalonyl-CoA can
be converted into propionate via propionyl-CoA carboxylase
and phosphate acetyltransferase, as previously described by
Bar-Even et al.67 Thereby, the sodium pumping pathway
coupled with the decarboxylation of methylmalonyl-CoA
derived from succinate-CoA to propionyl-CoA with the
pumping of two Na+ across the cell membrane, leading to a
net energy gain.68 Therefore, the clear carbon flow from
formate conversion to propionate generation and the reductive
citric acid (rTCA) cycle found in Firmicutes sp. DTU848 for

energy conservation69 confirmed that the bacterium could
outcompete Methanothermobacter sp. DTU779 (30−7% of
relative abundance) for formate utilization. As mentioned
before, the absence of acetyl-CoA synthetase in the genome of
Peptococcaceae sp. DTU890 indicated that an alternative
glycine cleavage system was possibly employed for acetate
oxidation. Additionally, both Peptococcaceae sp. DTU890 and
Firmicutes sp. DTU848 encoded a sodium-ion pump (Rnf) that
coupled the electron transfer for H2 generation and ATP
synthesis (Figure 4 and Table S6).

3.2.5. Ammonia-Tolerant Microbiome in the H2/CO2-
Based Medium. In the GH2/CO2

microbiome adapted to 7.25 g
NH+-N/L, Methanothermobacter sp. DTU779 reached a
remarkable relative abundance of 33% (5 times more than
that in Gformate) (Figure 5). This finding indicated that, in the
presence of formate, hydrogenotrophic methanogenesis was
the main pathway. However, it can be assumed from these
results that Methanothermobacter sp. DTU779 prefers H2 as an
electron donor for autotrophic growth, when compared to
formate. Additionally, according to similarity results, DTU779
was found to have 99.8% of ANI with Methanothermobacter
wolfeii and with other MAGs identified in previous studies70,71

(Table S3). Interestingly, it is evidenced by Lins et al. that by
replacing formate with H2 in the feed, the doubling time of M.
wolfeii can decrease to 7.65 h.72

The bacterial community in GH2/CO2
is mainly represented by

Pelotomaculum sp. DTU813 and Peptococcaceae sp. DTU890
(26% of aggregate relative abundance). Although Pelotomac-
ulum spp. are known syntrophic propionate-oxidizing Bac-
teria,73 no propionate was provided in the feed of the H2/CO2-
fed reactor. The metabolic reconstruction indicated that
Methanothermobacter sp. DTU779 could produce pyruvate,
suggesting a survival strategy of Pelotomaculum sp. DTU813,
based on a parasitic relationship with Archaea in this specific
condition. The flux balance analysis performed on this reactor
actually revealed that the couple has a commensalistic
behavior, with Pelotomaculum sp. DTU813 being favored by
the coexistence. Methanothermobacter sp. DTU779 is not
indeed negatively influenced by the coexistence, thus explain-
ing its high abundance in the community (Table S8). This
hypothesis, based on the gene content and metabolites
presence, was also supported by previous literature. In fact,
Pelotomaculum thermopropionicum is known for fermenting
pyruvate into acetate and propionate (3:1 molar ratio)73 and
the same products were measured in the reactor (Figure 5).
Finally, acetate, potentially produced by Pelotomaculum sp.
DTU813, could be further utilized by Peptococcaceae sp.
DTU890 for biomass production, with the consequent CO2/
H2 generation. However, Peptococcaceae sp. DTU890 seems to
have a versatile metabolism that can alternatively produce or
consume different carbon sources (i.e., acetate and CO2/H2)
depending on the metabolites’ concentrations in the medium.

3.3. Proposed Mechanisms for Ammonia Acclimati-
zation. The adaptation of microbiome to ammonia through
the strategy of single and simple carbon source cultivation
under stepwise increased ammonia levels achieved the
specialized and simplified microbiome discussed above. Most
importantly, it also clarified some aspects of the mechanisms
involved in ammonia resistance by identifying the metabolic
pathways involved in the adaptation and unraveling the trophic
niches occupied by each MAG. The variable capabilities of
different microbiomes to tolerate ammonia seemed to be
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connected with the homeostatic system, energy conservation
strategies, and different ATP generation via substrate-level
phosphorylation (Table S6).
From the homeostatic perspective, the presence of the

potassium or sodium/proton antiporter (nha) system and the
K+ uptake system (TrKA) had the potential to top-up
intracellular protons and K+ for homeostatic processes,
including the regulation of the turgor pressure and
maintenance of cytoplasmic pH in response to the protonation
of ammonia (Figures 2−6 and Table S6). As a confirmation of
this process, Kraegeloh et al. revealed a process in which the
loss of TrKA abolished any K+ uptake activity leading to
osmotic sensitivity.7 Considering the osmotic stress induced by
ammonium, a possible resistance mechanism of the MAGs
identified in the current study could be related to the activity of
glutamate dehydrogenase, glutamine, glycine betaine, and Nε-
acetyl-L-lysine synthase. These enzymes can synthesize known
osmoprotectants such as glutamate, glutamine, glycine betaine,
and Nε-acetyl-L-lysine, which contribute to the survival of the
cells at high osmotic stress and allow the colonization of
ecological niches in severe environmental conditions. It
seemed that the co-occurrence of the two systems (i.e.,
osmoprotectant generation and potassium uptake) was a
necessity against ammonia stress. This finding was in
agreement with previous studies, highlighting that the synthesis
of glutamate requires a stable level of K+.74−76

To regulate proton balance, potassium uptake, and biosyn-
thesis maintenance, extra energy is needed. Thus, the raised
question is how energy conservation can be achieved in order
to survive during ammonia inhibition. The metabolic
reconstruction provided novel insights regarding membrane-
bound NADH-ubiquinone oxidoreductase (Nuo) in Meth-
anomassiliicoccales sp. DTU777. In fact, the presence of a Fpo-
like complex capable of reoxidizing the reduced ferredoxin,

with simultaneous translocation of protons or sodium ions
across the membrane, can generate the proton gradient needed
for the ATP synthesis, as previously reported.12,64 Similarly,
Hdr, Fwd, and Fdh present in Methanothermobacter sp.
DTU779 were described to support the assembly of a
bifurcating multienzyme complex, and Mnh was employed as
an electrochemical potential-driven transporter (Figure 5 and
Table S6).
Additionally, the coexistence of Eha/b and Ech complexes,

in the presence of optimized energy conservation in DTU779,
could be a reason for its extraordinary adaption to ammonia-
inhibiting conditions (Figure 5). This hypothesis may be
supported by the ability of Methanothermobacter sp. to
outcompete other methanogens for establishing a syntrophic
relationship with fatty acid-oxidizing Bacteria.16 Interestingly,
the genome comparison of three identified Archaea in this
study (Methanoculleus sp. DTU886, Methanomassiliicoccales sp.
DTU777, and Methanothermobacter sp. DTU779) with the
four ammonia-sensitive Methanosaeta spp. (downloaded from
public databases) verified that the Eha/b and Ech energy-
converting system was only present in the former three
methanogens.
Obviously, when exposed to ammonia stress, methanogens

with the multiple energy-converting hydrogenases mentioned
above could become more energy-efficient and thereafter
thrive easier than methanogens without these complexes
(Figure 6). Additionally, the number of genes responsible for
energy conservation in Methanothermobacter sp. DTU779
(n:25) was much higher than in Methanomassiliicoccales sp.
DTU777 (n:18) and Methanoculleus sp. DTU886 (n:13),
which is consistent with the variable capability of ammonia
tolerance of each methanogen (Table S6).
Differential tolerance to ammonia might also be attributed

to variable Gibbs free energies obtained by the different

Figure 6. Proposed response of methanogen in different situations. (a) Before ammonia inhibition. (b) During ammonia inhibition, the
protonation of ammonia and osmotic pressure lead to less ATP generation. (c) Homeostatic regulation in response to ammonia by following
strategies: H+ replenishment by multiple energy-converting complexes, osmoprotectant ion/solute synthesis, and H+ binding by pumping K+ into
the cell for cation balance.
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microbes from substrate-level phosphorylation. According to
previous studies (listed in Table 1), the energy for cell
maintenance could be obtained via methanogenesis from
methanol (−315 kJ/per reaction),20 H2/CO2 (−135.6 kJ/per
reaction),77 formate (−130.4 kJ/per reaction),77 and acetate
(−36 kJ/per reaction).21 Obviously, methanogenesis from
methanol and H2/CO2 is far more exergonic compared to the
other methanogenic processes, which might lead to the higher
ammonia tolerance of Methanomassiliicoccales sp. DTU777 in
Gmethanol and Methanothermobacter sp. DTU779 in GH2/CO2

than
Methanoculleus sp. DTU886 in Gacetate. In particular, it is known
from the literature that the conversion of 1 mol methanol to
acetate in Clostridiales sp. and Syntrophaceticus sp. could release
0.625 ATP (the highest ATP gain identified for acetogens so
far), with efficient sustained cell growth at energy-limited
situations.24,64 Interestingly, in Gformate, Methanothermobacter
sp. DTU779 could only grow at an ammonia level up to 5.25
N−NH+ g/L, whereas it could stand up to 7.25 N−NH+ g/L
in H/CO feeding, aided by the cooperative interaction with
Pelotomaculum sp. DTU813. Furthermore, the presence of
other intermediate metabolites (e.g., acetate and propionate) in
the four reactors indicated that alternative exergonic pathways
were occurring. Specifically, the energy released from the
conversion of acetate to propionate (−76.1 kJ/mol)23 and
methanol to acetate (−71 kJ/mol)24 might support the growth
of the whole consortium. Thus, ATP derived from Archaea and
Bacteria via substrate-level phosphorylation might play a
crucial role in overcoming bioenergetic barriers induced by
ammonia inhibition and in driving thermodynamically
unfavorable reactions. Besides, the difference in net ATP
gain among the four microbial groups (Gacetate, Gmethanol,
Gformate, and GH2/CO2

) might determine the variable capabilities
of ammonia tolerance.
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Prenafeta-Boldu,́ F. X. Effect of Ammonia on the Active Microbiome
and Metagenome from Stable Full-Scale Digesters. Bioresour. Technol.
2018, 250, 513−522.
(32) Xia, Y.; Wang, Y.; Fang, H. H.; Jin, T.; Zhong, H.; Zhang, T.
Thermophilic Microbial Cellulose Decomposition and Methano-
genesis Pathways Recharacterized by Metatranscriptomic and
Metagenomic Analysis. Sci. Rep. 2014, 4, 6708.
(33) Campanaro, S.; Treu, L.; Rodriguez-R, L. M.; Kovalovszki, A.;
Ziels, R. M.; Maus, I.; Zhu, X.; Kougias, P. G.; Basile, A.; Luo, G. New
Insights from the Biogas Microbiome by Comprehensive Genome-
Resolved Metagenomics of Nearly 1600 Species Originating from
Multiple Anaerobic Digesters. Biotechnol. Biofuels 2020, 13, 1−18.
(34) Liu, H.; Chen, Y. Enhanced Methane Production from Food
Waste Using Cysteine To Increase Biotransformation ofl-Mono-
saccharide, Volatile Fatty Acids, and Biohydrogen. Environ. Sci.
Technol. 2018, 52, 3777−3785.
(35) Tian, H.; Karachalios, P.; Angelidaki, I.; Fotidis, I. A. A
Proposed Mechanism for the Ammonia-LCFA Synergetic Co-
Inhibition Effect on Anaerobic Digestion Process. Chem. Eng. J.
2018, 349, 574−580.
(36) Treu, L.; Kougias, P. G.; de Diego-Díaz, B.; Campanaro, S.;
Bassani, I.; Fernańdez-Rodríguez, J.; Angelidaki, I. Two-Year Micro-
bial Adaptation during Hydrogen-Mediated Biogas Upgrading Process
in a Serial Reactor Configuration. Bioresour. Technol. 2018, 264, 140−
147.
(37) Wick, R. R.; Judd, L. M.; Holt, K. E. Performance of Neural
Network Basecalling Tools for Oxford Nanopore Sequencing. Genome
Biol. 2019, 20, 129.
(38) Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A. A.; Dvorkin,
M.; Kulikov, A. S.; Lesin, V. M.; Nikolenko, S. I.; Pham, S.; Prjibelski,
A. D.; Pyshkin, A. V.; Sirotkin, A. V.; Vyahhi, N.; Tesler, G.;
Alekseyev, M. A.; Pevzner, P. A. SPAdes: A New Genome Assembly
Algorithm and Its Applications to Single-Cell Sequencing. J. Comput.
Biol. 2012, 19, 455−477.
(39) Bertrand, D.; Shaw, J.; Kalathiyappan, M.; Ng, A. H. Q.; Kumar,
M. S.; Li, C.; Dvornicic, M.; Soldo, J. P.; Koh, J. Y.; Tong, C.; Ng, O.
T.; Barkham, T.; Young, B.; Marimuthu, K.; Chng, K. R.; Sikic, M.;
Nagarajan, N. Hybrid Metagenomic Assembly Enables High-
Resolution Analysis of Resistance Determinants and Mobile Elements
in Human Microbiomes. Nat. Biotechnol. 2019, 37, 937−944.
(40) Li, D.; Liu, C.-M.; Luo, R.; Sadakane, K.; Lam, T.-W.
MEGAHIT: An Ultra-Fast Single-Node Solution for Large and
Complex Metagenomics Assembly via Succinct de Bruijn Graph.
Bioinformatics 2015, 31, 1674−1676.

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c01945
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

M

https://dx.doi.org/10.1016/j.jbiosc.2019.05.011
https://dx.doi.org/10.1016/j.jbiosc.2019.05.011
https://dx.doi.org/10.1016/j.jbiosc.2019.05.011
https://dx.doi.org/10.1128/AEM.65.5.1815-1825.1999
https://dx.doi.org/10.1128/AEM.65.5.1815-1825.1999
https://dx.doi.org/10.1021/es903981k
https://dx.doi.org/10.1021/es903981k
https://dx.doi.org/10.1021/es903981k
https://dx.doi.org/10.1128/jb.184.11.3078-3085.2002
https://dx.doi.org/10.1128/jb.184.11.3078-3085.2002
https://dx.doi.org/10.1128/jb.184.11.3078-3085.2002
https://dx.doi.org/10.1128/jb.184.11.3078-3085.2002
https://dx.doi.org/10.1128/jb.184.11.3078-3085.2002
https://dx.doi.org/10.1038/nmicrobiol.2016.170
https://dx.doi.org/10.1038/nmicrobiol.2016.170
https://dx.doi.org/10.1038/nmicrobiol.2016.170
https://dx.doi.org/10.1016/j.mib.2005.10.011
https://dx.doi.org/10.1016/j.mib.2005.10.011
https://dx.doi.org/10.1128/AEM.62.12.4486-4492.1996
https://dx.doi.org/10.1128/AEM.62.12.4486-4492.1996
https://dx.doi.org/10.1128/AEM.62.12.4486-4492.1996
https://dx.doi.org/10.3389/fmicb.2018.00401
https://dx.doi.org/10.3389/fmicb.2018.00401
https://dx.doi.org/10.3389/fmicb.2018.00401
https://dx.doi.org/10.3389/fmicb.2018.01551
https://dx.doi.org/10.3389/fmicb.2018.01551
https://dx.doi.org/10.3389/fmicb.2018.01551
https://dx.doi.org/10.3389/fmicb.2018.01551
https://dx.doi.org/10.3389/fmicb.2017.01589
https://dx.doi.org/10.3389/fmicb.2017.01589
https://dx.doi.org/10.1038/ismej.2014.256
https://dx.doi.org/10.1038/ismej.2014.256
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01945/suppl_file/es0c01945_si_002.xlsx
https://dx.doi.org/10.1073/pnas.1208779109
https://dx.doi.org/10.1073/pnas.1208779109
https://dx.doi.org/10.1128/aem.45.4.1310-1315.1983
https://dx.doi.org/10.1128/aem.45.4.1310-1315.1983
https://dx.doi.org/10.1128/aem.45.4.1310-1315.1983
https://dx.doi.org/10.1128/AEM.36.6.870-879.1978
https://dx.doi.org/10.1128/AEM.36.6.870-879.1978
https://dx.doi.org/10.1016/j.watres.2010.03.037
https://dx.doi.org/10.1016/j.watres.2010.03.037
https://dx.doi.org/10.1128/aem.59.4.1003-1011.1993
https://dx.doi.org/10.1128/aem.59.4.1003-1011.1993
https://dx.doi.org/10.1128/aem.59.4.1003-1011.1993
https://dx.doi.org/10.3389/fmicb.2019.00423
https://dx.doi.org/10.3389/fmicb.2019.00423
https://dx.doi.org/10.3389/fmicb.2019.00423
https://dx.doi.org/10.2166/wst.2000.0063
https://dx.doi.org/10.2166/wst.2000.0063
https://dx.doi.org/10.2166/wst.2000.0063
https://dx.doi.org/10.1016/j.biortech.2019.121376
https://dx.doi.org/10.1016/j.biortech.2019.121376
https://dx.doi.org/10.1016/j.biortech.2019.121376
https://dx.doi.org/10.1016/j.biortech.2019.121376
https://dx.doi.org/10.1128/AEM.01637-12
https://dx.doi.org/10.1128/AEM.01637-12
https://dx.doi.org/10.1128/AEM.01637-12
https://dx.doi.org/10.1016/j.watres.2019.02.048
https://dx.doi.org/10.1016/j.watres.2019.02.048
https://dx.doi.org/10.1016/j.watres.2019.02.048
https://dx.doi.org/10.1016/j.watres.2019.02.048
https://dx.doi.org/10.1038/nmicrobiol.2017.81
https://dx.doi.org/10.1038/nmicrobiol.2017.81
https://dx.doi.org/10.1038/nmicrobiol.2017.81
https://dx.doi.org/10.1021/acs.est.8b00891
https://dx.doi.org/10.1021/acs.est.8b00891
https://dx.doi.org/10.1021/acs.est.8b00891
https://dx.doi.org/10.1021/acs.est.8b00891
https://dx.doi.org/10.1016/j.biortech.2017.11.068
https://dx.doi.org/10.1016/j.biortech.2017.11.068
https://dx.doi.org/10.1038/srep06708
https://dx.doi.org/10.1038/srep06708
https://dx.doi.org/10.1038/srep06708
https://dx.doi.org/10.1186/s13068-020-01679-y
https://dx.doi.org/10.1186/s13068-020-01679-y
https://dx.doi.org/10.1186/s13068-020-01679-y
https://dx.doi.org/10.1186/s13068-020-01679-y
https://dx.doi.org/10.1021/acs.est.7b05355
https://dx.doi.org/10.1021/acs.est.7b05355
https://dx.doi.org/10.1021/acs.est.7b05355
https://dx.doi.org/10.1016/j.cej.2018.05.083
https://dx.doi.org/10.1016/j.cej.2018.05.083
https://dx.doi.org/10.1016/j.cej.2018.05.083
https://dx.doi.org/10.1016/j.biortech.2018.05.070
https://dx.doi.org/10.1016/j.biortech.2018.05.070
https://dx.doi.org/10.1016/j.biortech.2018.05.070
https://dx.doi.org/10.1186/s13059-019-1727-y
https://dx.doi.org/10.1186/s13059-019-1727-y
https://dx.doi.org/10.1089/cmb.2012.0021
https://dx.doi.org/10.1089/cmb.2012.0021
https://dx.doi.org/10.1038/s41587-019-0191-2
https://dx.doi.org/10.1038/s41587-019-0191-2
https://dx.doi.org/10.1038/s41587-019-0191-2
https://dx.doi.org/10.1093/bioinformatics/btv033
https://dx.doi.org/10.1093/bioinformatics/btv033
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c01945?ref=pdf


(41) Gurevich, A.; Saveliev, V.; Vyahhi, N.; Tesler, G. QUAST:
Quality Assessment Tool for Genome Assemblies. Bioinformatics
2013, 29, 1072−1075.
(42) Langmead, B.; Salzberg, S. L. Fast Gapped-Read Alignment
with Bowtie 2. Nat. Methods 2012, 9, 357.
(43) Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.;
Homer, N.; Marth, G.; Abecasis, G.; Durbin, R. The Sequence
Alignment/Map Format and SAMtools. Bioinformatics 2009, 25,
2078−2079.
(44) Tsuji, J. M.; Tran, N.; Schiff, S. L.; Venkiteswaran, J. J.; Molot,
L. A.; Tank, M.; Hanada, S.; Neufeld, J. D. Genomic Potential for
Photoferrotrophy in a Seasonally Anoxic Boreal Shield Lake. bioRxiv
2020, 653014.
(45) Rodriguez-R, L. M.; Gunturu, S.; Tiedje, J. M.; Cole, J. R.;
Konstantinidis, K. T. Nonpareil 3: Fast Estimation of Metagenomic
Coverage and Sequence Diversity. mSystems 2018, 3, No. e00039.
(46) Varghese, N. J.; Mukherjee, S.; Ivanova, N.; Konstantinidis, K.
T.; Mavrommatis, K.; Kyrpides, N. C.; Pati, A. Microbial Species
Delineation Using Whole Genome Sequences. Nucleic Acids Res.
2015, 43, 6761−6771.
(47) Chaumeil, P.-A.; Mussig, A. J.; Hugenholtz, P.; Parks, D. H.
GTDB-Tk: A Toolkit to Classify Genomes with the Genome
Taxonomy Database. Bioinformatics 2020, 36, 1925−1927.
(48) von Meijenfeldt, F. A. B.; Arkhipova, K.; Cambuy, D. D.;
Coutinho, F. H.; Dutilh, B. E. Robust Taxonomic Classification of
Uncharted Microbial Sequences and Bins with CAT and BAT.
Genome Biol. 2019, 20, 217.
(49) Hyatt, D.; Chen, G.-L.; LoCascio, P. F.; Land, M. L.; Larimer,
F. W.; Hauser, L. J. Prodigal: Prokaryotic Gene Recognition and
Translation Initiation Site Identification. BMC Bioinf. 2010, 11, 119.
(50) Buchfink, B.; Xie, C.; Huson, D. H. Fast and Sensitive Protein
Alignment Using DIAMOND. Nat. Methods 2015, 12, 59−60.
(51) Treu, L.; Campanaro, S.; Kougias, P. G.; Sartori, C.; Bassani, I.;
Angelidaki, I. Hydrogen-Fueled Microbial Pathways in Biogas
Upgrading Systems Revealed by Genome-Centric Metagenomics.
Front. Microbiol. 2018, 9, 1079.
(52) Kanehisa, M.; Sato, Y.; Morishima, K. BlastKOALA and
GhostKOALA: KEGG Tools for Functional Characterization of
Genome and Metagenome Sequences. J. Mol. Biol. 2016, 428, 726−
731.
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Table S1 BA medium composition 

Final concentration
10 ml/L g/L

NH4Cl 100 1
NaCl 10 0.1
MgCl2·6H2O 10 0.1
CaCl2·2H2O 5 0.05

2 ml/L g/L
B K2HPO4·3H2O 200 0.4

1 ml/L mg/L
FeCl2·4H2O 2000 2
H3BO3 50 0.05
ZnCl2 50 0.05
CuCl2 30 0.03
MnCl2·4H2O 50 0.05
(NH4)6Mo7O24·4H2O 50 0.05
AlCl3 50 0.05
CoCl2·6H2O 50 0.05
NiCl2 50 0.05
EDTA 500 0.5
H2SeO3 49 0.049

50 ml/L g/L
NaHCO3 52 2.6

stock solution portion
g/L

g/L

mg/L

A

D
g/L



Characteristics of the reactors

* pH was maintained by NaOH solution (4 mol/L)

Acetate Methanol H2/CO2

Organic 
loading 
g.VS/L

Original ammonia level N-NH4 
+g/L

pH 7.9±0.1 8.0±0.02 7.9 ±0.02

2.25 2.25 2.25 1

3.25 3.25 3.25 1

4.25 4.25 4.25 1

5.25 5.25 1-2.5

6.25 6.25 1-2.5

7.25 7.25 1.7-2

Acclimatization process N-NH4 +g/L

3.25

4.25

5.25

8.1±0.01

Formate

2.25±0.15

2.25



Figure S1: Methane yields in the four groups: G H2/CO2, H2/CO2 degrading community at 7.25 g 
NH4+-N/L, Gmethanol, methanol degrading community at 7.25 g NH4+-N/L; Gacetate, acetate 
degrading community at 4.25 g NH4+-N/L; Gformate, formate degrading community at 5.25 g 
NH4+-N/L. 
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H I G H L I G H T S

• The bioaugmentation with Methano-
culleus sp. culture remarkably en-
hanced the methane yield by 21%

• The volatile fatty acids were decreased
by 10% compared to the period before
bioaugmentation.

• Peptococcaceae and Tissierellales were
dominating the microbiome as glucose
degraders.

• Syntrophaceticus was the key acetate
oxidizer under the extremely high
level of 13.5 NH4+-N/L.

• Multiple glucose/acetate metabolism
were reconstructed by metagenomic
approach.

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
Bioaugmentation
Metagenomics
Ammonia tolerance
Energy-converting mechanisms
Interspecies interaction
Metabolic reconstruction

A B S T R A C T

The bioaugmentation is crucial to improve the energy-efficient process for anaerobic digestion of organic wastes
at high ammonia levels. Genomic insights into the intricate microbial networks at a high ammonia level remain
underexplored. The present study showed that the addition of Methanoculleus sp. DTU887 remarkably enhanced
the methane production yield of organic fraction of municipal solid waste by 21% and decreased the volatile
fatty acids by 10% when compared to the period before bioaugmentation. Genome-centric metagenomics reports
the functional contribution of microbial members during organic waste degradation under the extremely high
level of 13.5 g NH4+-N/L. Specifically, metabolic reconstruction revealed that these organisms have the po-
tential to perform fermentative and acetogenic catabolism, a process facilitated by energy conservation-related
with H2/CO2 metabolism. Peptococcaceae spp. (DTU903, DTU900, and DTU895). and Tissierellales sp. DTU879
could degrade the organic waste hydrolysis product, i.e., glucose to acetate and H2. Tissierellales sp. DTU879 and
Syntrophaceticus sp. DTU783 could degrade the derived acetate. The H2 scavenging Methanoculleus sp. DTU887
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performs complementary metabolic reactions with Peptococcaceae spp., Tissierellales sp. and Syntrophaceticus sp.,
indicating syntrophic glucose and acetate degradation. This research offers the first insight that the key or-
ganisms form a syntrophy-supported food web in response to the bioaugmentation with ammonia tolerant
methanogens performed in an AD system subjected to severe ammonia inhibition.

1. Introduction

The increasing amount of organic waste and its consequent disposal
has been a major worldwide environmental and economic problem [1].
Inappropriate treatment, such as landfill, leads to greenhouse gas
emissions, odors, and sanitary concerns [2]. To reach the United Na-
tions’ Sustainable Development Goals (SDGs) by 2030, organic waste
should be integrated into a circular economy concept including nu-
trients recovery and bioenergy production [3,4]. Therefore the focus
has been given to anaerobic digestion (AD) as a key technology, which
treats residual biomasses properly and produces renewable energy (i.e.,
biogas). The biogas can substitute fossil fuels in heat production, elec-
tricity generation and transportation and, at the same time, preserve
nutrients which can be retrieved for soil applications [5]. The efficient
conversion of organic waste into biogas requires a well-balanced mi-
crobiome performing syntrophic interactions among four main steps of
the AD process (i.e. hydrolysis, acidogenesis, acetogenesis, methano-
genesis) This syntrophic association may contribute to (i) maintain the
microbiome balance [6], (ii) prevent volatile fatty acids (VFA) and
hydrogen accumulation, and (iii) convert intermediate compounds
(acetate, H2, CO2) to methane [7]. Moreover, the energy potential of
the current worldwide organic waste is estimated between 10,100 and
14,000 TWh equivalent to 26–37% of the current natural gas consumed
globally (World Biogas Association 2019); therefore even small im-
provements in biogas production may be extremely relevant [8].

However, degradation of N-rich organic wastes, especially effluents
from many industries, aquaculture production units, food processing
plants, etc., can represent a major challenge in maintaining a balanced
process [9]. Specifically, when the concentration of ammonia exceeds a
certain limit (approximately 1.5 g NH4

+-N /L during AD), it becomes
toxic for the microbial consortium [10]. To be noticed, the methano-
genic archaea are directly responsible for biogas production and more
susceptible to ammonia compared to bacteria, excluding syntrophic
acetate oxidizers (SAOB) [11–13]. The reduced methanogenic activity
induces inefficient hydrogen/formate removal, and as a consequence,
SAOB does not harvest enough energy to support self-growth at high H2
concentrations. Besides, accumulation of additional intermediate com-
pounds (e.g. VFA, H2) happens because the reduction in the activity of
bacteria doesn’t occur to the same degree as that of methanogens
[14,15]. This accumulation further inhibits methanogenesis lowering
methane production rates, and can eventually lead to AD failure.

The supplementation of ammonia tolerant methanogens is one of
the key strategies applied for the recovery from ammonia inhibition.
This can be achieved by bioaugmentation, i.e. introducing specific ac-
climatized pure strain or enriched cultures into an under-performing
anaerobic digester [16,17]. Additionally, another advantage of using
the bioaugmentation is that the microbial cultures incorporated in the
digestate can be directly used as a soil amendment or fertilizer [18]. In
fact, other ammonia alleviation strategies, such as magnetite or zeolite
addition, require extra separation steps before discharge [19,20]. The
syntrophic mechanisms occurring due to bioaugmentation imply that
the addition of specific microbes enhances the removal of self-limiting
products (e.g. H2 or acetate), which are used by archaea as electron
donors/acceptors during methanogenesis [21]. The removal of these
intermediates stimulates the growth of bacteria, improving the sub-
strate consumption rates and funneling the substrate fermentation to-
ward methane production [7]. Yang et al. (2019) have proved that the
bioaugmentation performed with the simultaneous addition of Metha-
nobrevibacter smithii and Syntrophaceticu schinkii could efficiently

improve methane production by 71% at 4 g NH4+-N/L. To pinpoint the
key role of specific consortia in the AD process [17], Westerholm et al.
(2012) proved that the addition of SAOB cultures alone couldn’t im-
prove the performance at an ammonia load of 11 g NH4

+-N/L [22].
However, bioaugmentation with hydrogenotrophic methanogens alone
could dramatically stimulate the growth of SAOB, rapidly alleviating
the acetate-ammonia co-inhibitory effect in thermophilic and meso-
philic reactors [23,24]. Despite this, the metabolic pathways and mi-
crobial interactions induced by bioaugmentation and being responsible
for improving methane production remain unknown. Recently, the
metagenomics approach has been applied to unravel genomic in-
formation for diverse unknown microorganisms in AD microbiomes and
offer insights into their potential functions creating a global reference
database [12,25,26]. However genomic insight into interconnected
networks of effective microbes growing at high ammonia level is still
lacking.

The present study aimed to decipher holistic AD syntrophic inter-
actions in response to the bioaugmentation with ammonia tolerant
methanogen performed in an AD system subjected to severe ammonia
stress. To achieve that, the bioaugmentation strategy was employed in
an inhibited continuously stirred anaerobic reactor (CSTR) fed with
organic fraction municipal solid waste (OFMSW) at 13.5 g NH4+-N/L.
Specifically, bioaugmentation was performed with a pure culture of one
ammonia-tolerant Methanoculleus bourgensis, belonging to a well-known
resistant methanogenic genus [25]. An in-depth analysis of the micro-
bial responses was performed by metagenomics and the metabolic
pathways encoded by the most abundant taxa were reconstructed in
detail.

2. Material and methods

2.1. Inoculum and feedstock

The inoculum used to start two CSTRs obtained from a mesophilic
(37 °C) anaerobic digester used for OFMSW degradation at total am-
monia nitrogen (TAN) of 9.5 g NH4

+-N/L, which had been operated
stably for 10 months [27]. The OFMSW, collected from Gemidan Ecogi
A/S, was used as substrate after treated with the bio pulping process
[28]. The substrate was preserved at −20 °C and thawed at 4 °C before
use, then diluted with distilled water to reach a fixed total solid (TS)
content of 80 g VS/kg. The characteristics of the inoculum and of the
substrate are presented in Table 1.

2.2. Bioaugmentation culture

M. bourgensis MS2 culture (DSM 3045) was purchased from Leibniz
Institute DSMZ-German Collection of Microorganisms and Cell
Cultures, and routinely maintained for more than five years in the
Bioenergy laboratory at Denmark Technical University. The sequential
cultivation was done obtaining sub generation from previous seed
generation at the exponential growth phase. Prior to bioaugmentation,
the culture was acclimatized to 14 g NH4

+-N/L (increment with 2 g
NH4

+-N/L each step) at 37 ℃. The characteristics of the cultivation
medium (CM) and growth curve for M. bourgensis are shown in Table
S1.

2.3. Experimental setup

The experiment was performed in two identical mesophilic CSTR
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reactors with a total and working volume of 4.5 and 3 L, respectively
(Fig. 1). Rbio and Rcon represent high ammonia loaded reactors with
bioaugmentation (addition of M. bourgensis) and abiotic augmentation
(without the addition of M. bourgensis), respectively. With a hydraulic
retention time (HRT) of 20 days, the two reactors were fed with
OFMSW at an organic loading rate of 3.4 g VS/L/day for 135 days. The
whole experiment was divided into five periods (P1-P5) as presented in
Table 2. During P1 to P3, the TAN levels of the influent and the reactor
content were increased concurrently from 9.5 to 13.5 g NH4

+-N/L
(increment with 2 g NH4

+-N/L each step) with the addition of urea (CO
(NH2)2) and ammonium chloride (NH4Cl). The ammonia load of 13.5 g
NH4

+-N/L was kept for all the remaining periods (P4-P5). The
bioaugmentation with M. bourgensis resuspended in CM for Rbio was
performed for four consecutive days at P4. Specifically, 240 ml of cul-
ture (volatile suspended solids (VSS): 67 mg/L) were centrifuged at
4000 rpm (37 °C) for 10 min; afterward, the 180 ml of supernatant was
removed under nitrogen gas. The pellet was resuspended by vortexing
in 60 ml of residual CM and was injected in the reactors with a sterile
syringe. Meanwhile, the same volume of CM containing 14 g NH4

+-N/L
was introduced to Rcon as abiotic augmentation. The mixing in CSTR
reactors was stopped for 4 h after each injection to allow the culture to
settle in the reactor. Besides, the substrate feeding was stopped during
P4, avoiding any washout of the injected microbial culture.

2.4. Chemical analyses

Methane concentration and VFA were measured twice per week
using two different gas chromatographs as previously described by Yan
et al. (2019) [27]. pH was measured with PHM99 LAB pH meter
(RadiometerTM). TS, Volatile solid, VSS, and TAN were measured ac-
cording to the standard methods [29].

2.5. Microbial analysis

To explain how the bioaugmentation inocula affected the micro-
biome both immediately and steady-state after bioaugmentation, the
sludge samples for genomic DNA extraction were collected from Rbio on
days 31 (P3), 56 (P4), and 91 (P5) and were used for metagenomic
analysis. A first step was added to the regular DNA extraction where
Phenol:Chloroform: Isoamyl Alcohol (25: 24: 1) was used to further
improve the quality of the DNA, afterward the samples were extracted
using DNeasy PowerSoil® (QIAGEN GmbH, Hilden, Germany) with
minor modification [30]. Finally, DNA concentration and purity were
checked using NanoDrop (Thermo Fisher Scientific, Waltham, MA,
USA) and Qubit fluorometer (Thermo Fisher Scientific, Waltham, MA,
USA).

2.6. Metagenomic sequencing and binning analysis

A sequencing platform including both Oxford Nanopore MinION
single-molecule and Illumina sequencers was performed. Nextera DNA
Flex Library Prep Kit (Illumina Inc., San Diego CA) and SQK-RBK004
rapid sequencing kit (Oxford Nanopore Technologies, Oxford, UK) were
applied for library preparation. Libraries sequencing was performed
with FLO-MIN106 R9 flow cell on a MinION device (Oxford Nanopore
Technologies, Oxford, UK) and Illumina NextSeq 500 platform
(Illumina Inc., San Diego CA) with paired-end at the CRIBI bio-
technology center sequencing facility (University of Padova, Italy). The
total raw data includes 26997584, 25494946, and 21,089,120 filtered
reads for P3, P4, and P5 respectively. Trimmomatic (v0.39) was used to
filter Illumina reads with low quality or ambiguous bases [31]. Spades
(v3.13.0) [32], Unicycler (v0.4.8-beta) [33] and OPERA-MS [34] were
independently used for high-quality reads assembly. Illumina reads
alone and Illumina reads bound with Nanopore data via MEGAHIT
(V1.2.4beta) software [35], were utilized during the assembly process.
Afterwards, all the scaffolds longer than 1 kb were kept and Quality
Assessment Tool (QUAST_1, V4.1) was used for the binning [36]. The
alignment of the reads per each sample back to the assembly was per-
formed using Bowtie 2 (v2.2.4) [37] to determine scaffolds’ coverage.
Metagenomic binning was achieved using MaxBin2 (v2.2.6) and Me-
tabat2 (v2.12.1) software [38]. The best MAGs among the different
assemblies and binning results were chosen using metaWRAP [39] and
finally 26, 21 and 20 MAGs were obtained from metaspades, OPERA-
MS and unicycler, respectively. The basic metrics, contamination, and
completeness of the final MAGs were evaluated using CheckM (v1.0.3).
GTDB-Tk [40] and CAT [41] provided taxonomical assignment and
functional analysis. The identification of protein-encoding genes was
achieved using Prodigal (v2.6.2) [42,43] in normal mode and con-
nected with KEGG IDs with Diamond (v0.9.22.123) [44]. Protein se-
quences predicted using Prodigal (v2.6.3) were annotated by similarity

Table 1
Characteristics of inoculum and substrate.

Parameter Unit Inoculum (SD) Biopulp (SD)

Total solids (TS) g/kg 49.04 (0.92) 79.39 (0.51)
Volatile solids (VS) g/kg 39.75 (0.71) 67.66 (0.21)
pH – 7.8(0.01) 3.9 (0.1)
Total ammonia nitrogen (TAN) g NH4+-N/L 9.50 (0.01) 1.10 (0.01)
Free ammonia nitrogen (FAN) g NH3-N/L 0.896 (0.01) 0.10 (0.00)
Total Kjeldahl Nitrogen (TKN) g N/L 5.38 (0.25) NM
Total Carbohydrate g/L NM 42.1 (1.58)
Total protein g/L NM 12.11 (0.45)
Total lipid g/L NM 10.49 (0.39)

* NM: Not Measured.

Nomenclature

AD Anaerobic Digestion
VFA volatile fatty acids
OFMSW organic fraction municipal solid waste
CSTR continuously stirred anaerobic reactor
TAN total ammonia nitrogen
TS total solid
VS Volatile solids
CM cultivation medium
FAN Free ammonia nitrogen
TKN Total Kjeldahl Nitrogen
HRT hydraulic retention time
MAG Metagenome assembled genome
PTA-ACKA phosphotransacetylase-acetate kinase pathway
ACS forming acyl-CoA synthetase

acs acyl-CoA synthetase gene
ack acetate kinase gene
mcrA methyl coenzyme M reductase gene
mta, mtb coenzyme M methyltransferase genes
coo carbon monoxide dehydrogenase gene
gcv glycine decarboxylase genes
grd glycine reductase gene
Vho methanophenazine-reducing hydrogenase
Frh coenzyme F420-reducing hydrogenase
Ech energy converting hydrogenase
Fpo F420H2 dehydrogenase
hdr membrane-bound heterodisulfide reductase gene
Ehb energy-conserving hydrogenase B
WL Wood-Ljungdahl
Rnf Rhodobacter nitrogen fixation complex
EMP pathway Embdene Meyerhofe Parnas pathway
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search on COG and Pfam databases using RPS-BLAST (v2.2.26) using
self-written perl scripts as previously described [45]. Functional com-
pleteness based on KEGG IDs was assessed using the KEGG mapper-
reconstruct pathway. Hierarchical clustering analyses were done with
the Multiexperiment viewer (v4.9.0). The characteristic of the micro-
biome collected from each period was visualized using Anvi’o [46]. The
details regarding metagenomic results are described in Table S2. Raw
sequencing data have been uploaded to the NCBI Sequence Read Ar-
chive database under the Bioproject PRJNA613576, with specific SRA
codes per sample: SRR11356280, SRR11356279, and SRR11356278.

2.7. Data analysis

All tests were measured in duplicate, and the significance of each
result was determined by analyses of variance (ANOVAs) and Student's
t-test. A p value < 0.05 means statistically significant.

3. Results and discussion

3.1. Reactors’ performance

From P1 to the end of P3, both reactors experienced inhibition with
an average methane production loss close to 25% compared to the re-
sults obtained from previous research (Fig. 2). The experiment was
performed in the same reactor and operating conditions treating the
same OFMSW under steady-state without ammonia addition with an
average methane yield of 368 CH4/g VS [27]. During bioaugmentation
(P4), methane production yield in Rbio and Rcon decreased slightly be-
cause of the discontinuity in substrate feeding. After bioaugmentation,
the average methane production (from day 54 to 120) in Rbio reactor
showed an increase by 21% compared to P3 (Fig. 2). Moreover, during
the final steady-state of P5 (days 70–120), the Rbio had an average 11%
(p < 0.05) higher methane yield than Rcon. To our knowledge, this is
the first time that bioaugmentation of ammonia tolerant methanogen

Fig. 1. Schematic diagram of the continuously stirring tank reactors.

Table 2
The CSTR reactors experimental design.

Phase Days TAN Extra added ammonia

(g NH4
+-N/L) CO(NH2)2 (g

NH4
+-N/L)

NH4Cl (g
NH4+-N/L)

P1 0–5 9.5 4.5 3.9
P2 6–22 11.5 5.5 4.9
P3 23–50 13.5 6.5 5.9
P4 (Bioaugmentation) 51–54 13.5 – –
P5 55–120 13.5 6.5 5.9

* “–”: No extra ammonia addition.
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significantly improved methane productivity of CSTR fed with OFMSW
under the extremely high level of 13.5 g NH4

+-N/L.
The gap in VFA concentrations between the two reactors, during the

P5 at 13.5 g NH4
+-N/L, was consistent with the different methane

production (Fig. 2, Fig. 3). More specifically, the VFA levels in Rbio
decreased continuously for over 50 days from 15,000 to 5398 mg/L.
Each point (Figs. 2 and 3) presents the average of consecutive two days,
thus the data points of 15,000 and 5398 are representative of the VFA
reduction profile at P5. In particular, the acetate consumption indicated
a faster degradation compared to propionate. On the contrary, VFA
accumulation (above 7500 mg/L) in Rcon progressed as expected in
reactors exposed to ammonia (Fig. 3). Hence, the findings in this study
confirmed that bioaugmentation of the ammonia tolerant inocula did
successfully recover the methane yield and determined a decrease in
VFA levels compared to Rcon.

3.2. The microbiome composition dynamics

The role of the microbiome in reactor performance was determined
using genome-centric metagenomics, which allowed the identification
of 67 MAGs as the most abundant members (≥99.5% of cumulative
relative abundance) of the microbiome (Tables S2 and S3). 42 out of 67
MAGs were of high-quality (completeness ≥ 90% and contamina-
tion ≤ 5%), while the remaining 25 MAGs were of medium quality
(50% ≤ completeness ≥ 90% and 5% ≤ contamination ≤ 10%) re-
ferring to Genomic Standards Consortium about a Metagenome-As-
sembled Genome (MIMAG) [44] (Fig. 4; Table S2). The 67 MAGs were
taxonomically assigned to five phyla, namely Firmicutes, Actinobacteria,
Cloacimonadota, Bacteroidetes and Euryarchaeota (Fig. 4). The bioaug-
mentation process induced a marked change in the microbial compo-
sition throughout the P4 to P5 (Fig. 4; Table S3). During P3, within the
Firmicutes phylum, Peptococcaceae spp. (DTU 903, DTU900, and
DTU895), Tissierellales sp. DTU879 and Syntrophaceticus sp. DTU783
(55%, 3.7% and 4.4% of cumulative relative abundance, respectively)
were the most relevant members identified (Fig. 4; Table S3). In the
archaeal community, Methanoculleus spp. DTU887, DTU888 and Me-
thanomassiliicoccales sp. DTU778 were present at low relative abun-
dance (0.42%, 0.23% and 0.27%) and were assumed to pull OFMSW

degradation through methanation of intermediate compounds derived
from fermentation (i.e. H2 and methanol). The low abundance of me-
thanogens was the main cause of the under-performing AD process (e.g.
low methane production) during the inhibited P3. Afterwards, the
bioaugmented culture triggered the whole microbiome shift during the
transition from P3 to P4 (Fig. 4, Fig. 5). Specifically, an increment of
Tissierellales sp. DTU879 (3.3 fold when compared to P3) was observed
after bioaugmentation, suggesting that positive interactions were es-
tablished among these microbes (Fig. 5; Table S3). During P5, the re-
lative abundance of Methanoculleus sp. DTU887 was 6.1 fold higher
than P3, indicating a successful establishment of the exogenous archaea
(M. bourgensis) in the endemic community of Rbio (Fig. 5; Table S3).
Correspondingly, Peptococcaceae spp. (DTU 903, DTU900, and
DTU895), Syntrophaceticus sp. DTU 783 and Tissierellales sp. DTU879
increased in abundance by 4.7, 2.4 and 1.5 fold, respectively, when
compared to P3 (Fig. 5; Table S3).

3.3. Species interactions among key microorganisms

The functional role of individual MAGs was determined based on
the information of their metabolic potential combined with relative
abundances in the different conditions. In this way, a network of me-
tabolic interactions occurring in the microbiome at high ammonia le-
vels was manually reconstructed (Fig. 6; Table S4). After substrate
hydrolysis, amino acids, fatty acids and sugars are generally degraded
into acetate, H2, and CO2, which are the main feed sources for SAOB
and methanogens. The roles of microbes involved in the key metabolic
pathways related to acetate and H2 formation/ oxidation were estab-
lished.

3.3.1. Acetogenic-related related community
The cumulative relative abundance of dominant bacteria

(Peptococcaceae sp. DTU903, Peptococcaceae sp. DTU895, Peptococcaceae sp.
DTU900, and Tissierellales sp. DTU879) accounted for more than 50%
through the entire period (Fig. 4; Table S3), suggesting their major role in
degrading OFMSW. The high content of carbohydrates (65%) [28] in
OFMSW and the presence of two distinct glucose metabolic pathways in
these dominant bacteria reveals that glucose is a necessary intermediate

Fig. 2. CH4 production in Rcon and Rbio, and
TAN levels throughout the experimental
period. The maximum methane yield means
average methane yield in a reactor treating
the same OFMSW under the steady-state
condition without ammonia addition. The
arrow (blue) represents the sampling point
for microbial analysis. Each point presents
an average of two consecutive days. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.)
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product during organic waste catabolism (Fig. 6; Tables S4 and S5). More
specifically, in the first glucose degradation pathway (identified as complete
only in Tissierellales sp. DTU879) (Fig. 6; Table S4), pyruvate produced
through the Embden-Meyerhof-Parnas (EMP) process was directly con-
verted to H2/CO2 via the glycine cleavage system and tetrahydrofolate
pathways, as previously reported [26]. The incomplete pathway in Pepto-
coccaceae spp. (DTU895, DTU900 and DTU903) intriguingly suggests a
possible interspecies exchange of nutrients and intermediates products oc-
curring during glucose degradation. The second glucose degradation
pathway starts from pyruvate production through the EMP process, and
follows with acetate and H2 as the end products (Fig. 6; Table S4). The
genes of rhodobacter nitrogen fixation complex (rnf) harbored in Pepto-
coccaceae spp. and Tissierellales sp. DTU879 had the potential to produce
reduced ferredoxin. The utilization of these high-energy electron carriers is
essential to achieve the endergonic electron transfer in AD systems,

specifically facilitating the reactions of NAD+ reduction to NADH, H+ re-
duction to H2 and pyruvate reduction to acetyl-CoA (Fig. 6; Table S4). It is
consistent with previous finding of the key role of reduced ferredoxin for
driving redox reactions [47]. The presence of rnf potentially supports the
degradation of organic matter to acetate, H2 and ATP, and possibly confers
an advantage to the dominant bacteria (Peptococcaceae spp. related mem-
bers, and Tissierellales sp. DTU879). However, both glucose conversion
pathways are dependent from the low concentrations of H2 and acetate, as
previously reported by Zhu et al. (2019) [26]. More specifically, H2 and
NAD+ should be always regenerated from NADH during the above pro-
cesses; in fact, NAD+ is an essential electron acceptor for the anaerobic
degradation of sugars, amino acids, and fatty acids. Nevertheless, NAD+

formation is impossible at a high H2 partial pressure and thus the produced
CO2/H2 needs to be scavenged by hydrogenotrophic methanogen for me-
thanogenesis which thereby drives glucose degradation at real reactor

Fig. 3. Concentration of propionate, acetate, total VFAs determined during the entire experimental period. Each point presents an average of two consecutive days.
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conditions [48]. In the present study, MAGs reconstruction provides evi-
dence of cooperation between Tissierellales sp. DTU879/Peptococcaceae spp.
and Methanoculleus sp. DTU887 (Fig. 4, Fig. 6), which is consistent with
previous findings [26,27]. Thereby, syntrophic glucose degrading-commu-
nities exploited possible thermodynamic reactions to conserve the max-
imum amount of energy.

Additionally, Syntrophomonadaceae and Syntrophothermaceae groups
might participate in the syntrophic butyrate and propionate oxidation.
Functional annotation of MAGs assigned to Syntrophaceticus and
Syntrophomonadaceae revealed a partially complete butyrate/propio-
nate degradation pathways, probably due to the incompleteness of
some genomes (Table S5). As evidenced by a previous study, Syn-
trophomonas related members were obligate syntrophic bacteria able to
utilize various fatty acids, especially butyrate [49]. However, in the
present study, their low abundance (< 2%) suggests a minor role in the

global community, and the scarce butyrate detected in the reactor
suggests a negligible contribution to OFMSW degradation.

3.3.2. Acetate degraders
The extremely high concentrations of acetate throughout P1 to P3

(Fig. 3) indicates that acetate degraders were less active than fer-
menting bacteria. Acetogenic microbes are assumed to play an im-
portant role in the AD system, scavenging the acetate produced during
fermentation, which pulls the degradation of glucose/VFA and alle-
viates acetate-ammonia synergistic inhibition [50,51]. For example,
Syntrophaceticus sp. DTU783 encodes two complete gene sets involved
in the reversed Wood-Ljungdahl pathway and the alternative acetate
degradation through the glycine cleavage system (Fig. 6; Table S4). The
hydrogenase involved in energy conservation in these two pathways
was different. Specifically, during acetate degradation through glycine

Fig. 4. Microbial samples collected from Rbio at different time points: on days 31 (P3), 56 (P4), and 91 (P5). The characteristics (taxonomic assignment, coverage and
MIMAG values) of 67 MAGs composing the microbiome are presented. The outer layer represents the taxonomy at the phylum level. The four middle layers represent
the relative abundance (%) of each MAG in the different phases. The four inner layers represent completeness (%), contamination (%), number of scaffolds, and
genome size (Mbp) colored in pink, purple, grey and black, respectively. The middle tree represents the euclidean clustering of MAGs based on their relative
abundances. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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cleavage system, 1 Fdred was employed for electron transport, instead of
NADH, thus 1 more ATP was generated per each molecule of acetate
compared to that of the reversed Wood-Ljungdahl pathway.

During the P5, the increased relative abundance of Syntrophaceticus
sp. DTU783 (2.4 fold when compared with P3), occurring in response to
bioaugmentation, greatly lowered the acetate concentration (Fig. 3,
Fig. 5; Table S3). This reduction subsequently promoted VFAs and/or
glucose degradation due to reactions equilibrium, which is consistent
with previous findings [52]. As evidenced by the negative correlation
between the abundance of Syntrophaceticus sp. DTU783 and acetate
concentration (Fig. S2), we proposed DTU783 as the key acetate me-
tabolizer in the system, possibly acting in syntrophy with the bioaug-
mented Methanoculleus sp. DTU887 (Fig. 6). This result highlights again
that the exogenous addition of Methanoculleus sp. DTU887 represents a
prime remedy to guarantee the optimized performance in ammonia-
inhibited mesophilic processes. Interestingly, also the other dominant
bacteria (Tissierellales sp. DTU879, Peptococcaceae spp.) harbored the
genes for acetate degradation via glycine cleavage pathway (Fig. 6;
Table S5). As Nobu et al. (2015) proposed, in comparison to the Wood-
Ljungdahl pathway, there is no endergonic 5-methyl-THF oxidation in
this alternative acetate degradation, whereby intermediates produced
could be easily used for biosynthesis [47]. Therefore, acetate oxidation
through the acetate-glycine pathway might be another biological so-
lution to overcome the thermodynamic limitations, especially when
hydrogenotrophic methanogens are present at low relative abundance
[53,54]. The multiple strategies to degrade carbon sources and regulate
energy conversions could be the winning strategy put in place by

microbes to optimize their energy metabolism when a suitable partner
is absent, or in response to varying environmental conditions.

3.3.3. Methanogenesis
Methanoculleus spp. are known to be involved in the utilization of

hydrogen produced by syntrophic acetate-producing species or by fatty
acid-oxidizing microorganisms [55,56]. The complete pathway for H2-
mediated reduction of CO2 to CH4 was identified in Methanoculleus sp.
DTU887 (Fig. 6). The first step of this pathway is the reduction of CO2
with H2 to formyl-MFR, which is subsequently reduced to CH4, in a
process catalyzed by Fwd, Ftr, Mch, Mtd, Mer, Mtr and Mvh-Hdr re-
spectively (Fig. 6; Table S4). The presence of methanol dehydrogenase
(mdh) and its electron acceptor - a specific c-type cytochrome (Fig. 6;
Table S4), is associated with the high affinity for H2, which confirms the
high growth yield on H2 of Methanoculleus sp. found in the previous
study [57].

Besides, the presence of genes encoding multiple energy regulating
complexes performing H+ and Na+ translocation (mtr, hydrogenase
subunits (eha), the energy-converting hydrogenase (ech), Na+/H+ an-
tiporter (mnh) and V/A type ATP synthase) were proposed to contribute
to Methanoculleus sp. DTU887 robustness (Fig. 6; Table S4). Specifically,
Mtr, Eha hydrogenase subunits, and Na+/H+ antiporter are assumed to
be sodium ion translocating, while Ech hydrogenase subunits, as well as
the ion pump and V/A type ATP synthase, should be proton translo-
cating [58]. Overall, the presence of multiple ion-translocating electron
transfer complexes, and membrane-bound Fe-S proteins with connected
heterodisulfide reductase in the genome of Methanoculleus sp. DTU887,

Fig. 5. The specific variation trends of dominant MAGs was obtained by calculating the fold change (log2) between the different periods.
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can modulate the energy status of the cell in response to varying
thermodynamic conditions. This confirms the previous observations of
the flexible energy conversion approach, which is taking advantage of
the positive energy margin [59,60]. Besides, Methanoculleus sp. DTU887
harbors genes potentially involved in osmolytes uptake system (kdp,
putp, and proW/V), as well as the mnhBCDE complexes responsible for
pH homeostasis and balancing external H+/Na+ ratios. These genetic
characteristics of Methanoculleus sp. DTU887 (the bioaugmented cul-
ture) enable its high tolerance to extreme ammonia levels and drive the
syntrophic substrate degradation in situations of ammonia stress.

Additionally, the increased abundance of Methanoculleus sp.
DTU887 (from P4 to P5) decreased the inter-microbial distances oc-
curring between H2-producing bacteria and methanogens. As a con-
sequence, the H2 diffusion distance diminished, thus the interspecies
transfer rate increased and methanogenic activity was enhanced.
Hydrogen consumption by methanogens can lower the partial pressure,

and enhance the rate of acetate degradation promptly [61,62]. More-
over, the addition of Methanoculleus sp. DTU887 perturbed the micro-
biome structure, triggering modification of the indigenous microbial
community with the increase of hydrogenotrophic methanogens
(Fig. 4), which finally resulted in a huge increase in methane yield
(21%) (Fig. 2).

Hence, Methanoculleus sp. was critical to recovering the AD system
from ammonia inhibition: its increase in abundance accelerated the
consumption of VFA and other intermediates by strengthening the
electron transfer between syntrophic microbes. Therefore, the resume
of a complete chain of energetic electron transfer among the OFMSW-
degrading microbiome renders the successful bioaugmentation.

4. Conclusions

This study is the first comprehensive investigation supported by

Fig. 6. Metabolic reconstruction of the OFMSW degrading syntrophic community. Metagenomic data revealed pathways involved in substrate degradation, in the
utilization of intermediates compounds (H2/CO2, acetate) and in methanogenesis. All the relevant genes included can be found in Table S4.
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metagenomics analysis revealing the interconnected metabolic path-
ways induced by the addition of Methanoculleus sp. to AD of OFMSW.
Implementation of cutting-edge technology based on microbial func-
tional reconstruction and insights into the varying conditions of AD
allowed a more clear investigation of the OFMSW-degrading commu-
nity. This study proved the importance of a critical amount of metha-
nogens for a fully-functional AD process. Additionally, it also provided
evidence for the occurrence of important interactions among different
microbiome members by revealing the presence of the genes (e.g. gcvp,
metF and ackA) related to glucose and acetate degradation pathways.
The presence of multiple pathways might provide enough flexibility to
some species, such as Peptococcaceae spp., Tissierellales sp. DTU879, and
Syntrophaceticus sp. DTU783, to recover the AD efficiency under ex-
tremely high ammonia levels. This study provides strong evidence re-
garding the importance of Methanoculleus sp. to enhance the ability of
the anaerobic reactor to withstand the shock determined by VFA over-
load and ammonia inhibition.
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Table S1 the characteristics of the cultivation medium (CM) for M. bourgensis MS2 

Figure S1. M. burgensis culture growth curve at 14 g NH4+-N/L. 

Value Unit
1 NH4Cl 1 g
2 K2HPO4 x 3 H2O 0.4 g
3 MgCl2 x 6 H2O 0.1 g
4 Na-formate 5 g
5 Na-acetate 1 g
6 Trypticase peptone (BD BBL) 1 g
7 Yeast extract (OXOID) 1 g
8 Resazurin solution (0.1% w/v) 1 ml
9 L-Cysteine-HCl x H2O 0.5 g

10 Na2CO3 1.5 g
11 Na2S x 9 H2O 0.2 g
12 Distilled water 1000 ml

Methanoculleus burgensis  MS2 cultivation medium (CM)
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a b s t r a c t

Bioaugmentation with specialized inocula has been proven a feasible way to remediate under-
performing anaerobic digestion (AD) processes. However, a major bottleneck for successful and cost-
effective bioaugmentation is the lack of ready-to-use, specialized methanogenic cultures when
required. The reason is the slow growth of the anaerobic consortia and the high cost of maintaining them
active in the necessary amounts for successful bioaugmentation applications. This study offers an
effective procedure where customized AD inocula could be preserved and used on-demand for reme-
diation of ammonia inhibited AD reactors. Additionally, it introduces the biological and physicochemical
mechanisms that render the long-term preservation of the AD inocula possible. Specifically, two different
preservation carriers (i.e. agar gel and liquid basic anaerobic medium) were assessed at two different
temperatures (i.e. 4 �C and 24 �C) using an ammonia tolerant methanogenic consortium. The results from
methane production, lag-phase, maximum methane production rate and cell viability indicate that the
consortium preserved for 168 days in agar gel at 24 �C performed best compared to the other tested
preservation conditions. Meanwhile, 16S rRNA sequencing analysis indicated that Methanosarcina sol-
igelidi and Methanoculleus palmolei shown a high revival rate and metabolic activity after long-term
preservation. Thus, this successful long-term preservation method of ready-to-use AD consortia could
render the successful bioaugmentation in full-scale biogas reactors economically possible in the near
future.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Treating organic waste in a biogas plant can reduce the disposal
cost (Alibardi et al., 2017) and generate renewable energy simul-
taneously (Woon and Lo, 2016). The application of Anaerobic
digestion (AD) complies with the policy of greenhouse gas (GHG)
emission reduction and the target of increasing renewable energy
production, thus plays an important role in the circular economy
(Vinois, 2017). Hence, it has become economically, environmentally
and socially pivotal to divert the organic waste disposal from con-
ventional landfills and incineration towards AD. It is predicted that
ental Engineering, Technical
15, DK-2800, Kgs. Lyngby,
biomethane would account for 20% of the European indigenous
energy production by the year 2020 (Gil-Carrera et al., 2019).
However, the efficiency of AD process is easily affected by a lot of
parameters, among which high ammonia levels are a common one
when N-rich organic waste is used as feedstock (Fotidis et al., 2013).

Bioaugmentation, the addition of specific microorganisms into a
biological system to achieve a specific purpose by changing the
indigenous microbial community and catabolic ability, has been
widely used to enhance AD efficiency (Fotidis et al., 2014). As
previously reported, bioaugmentation increased methane produc-
tion by more than 31.3% from ammonia-rich substrate (Tian et al.,
2019c), decreased the recovery time of AD process from ammonia
inhibition (Town and Dumonceaux, 2016) and accelerated the
volatile fatty acids (VFA) degradation (Groboillot et al., 1994).
However many archaea with specific functions are slow-growing,
bioaugmentation of ready-to-use inocula is proposed as an alter-
native technology for successful applications to achieve increased

mailto:ioanf@env.dtu.dk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jclepro.2020.121577&domain=pdf
www.sciencedirect.com/science/journal/09596526
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Abbreviations

AD Anaerobic digestion
GHG greenhouse gas
VFA volatile fatty acids
BA basal anaerobic medium
TS Total solid
VS Volatile solid
TAN Total ammonia
PCA principal component analysis

Table 1
The characteristics of the initial inoculum and the substrate.

Parameter Inoculum Substrate

TS (g/L) 0.08b ± 0.02a 4.00 ± 0.00
VS (g/L) 0.07c±0.02 4.00 ± 0.00
TAN (g NH4

þ-N/L) 9.00 9.00
pH 8.00 ± 0.10 8.00 ± 0.10

a Standard deviation.
b TSS.
c VSS.
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methane yields (Tian et al., 2019c). For full-scale reactors, this could
significantly increase efficiencies in the treatment of organic waste
and yield of energy which reduce economical loss from ammonia
inhibition.

To date, few bioaugmentation studies with preserved inocula
have been done for digester start-up and restabilization (Massalha
et al., 2015). Therefore, it is essential to explore a fast and cost-
effective procedure where customized inocula could be preserved
and used on-demand in underperforming AD processes.

Previous studies have evaluated inoculum preservation with
mixed success via the following strategies. 1) refrigeration and
freezing: Rothrock et al. (2011) proved that Planctomycetes strains
could be successfully preserved by liquid nitrogen storage. The
disadvantage of this method is the difficult and expensive trans-
portation of large cultures stored in liquid nitrogen. 2) Freeze-
drying: Castro et al. (2002) determined that the CH4 recovery of
freeze-dried inoculum in trehalose or glucose was only less than
17%, while the specific freezing parameter (protective agents,
rehydration, etc.) varied from different strains, which require spe-
cific exploration and validation (Morgan et al., 2006). Likewise,
Bhattad et al. (2017) evaluated the survivability of methanogenic
archaea after the heat-drying preservation in ambient atmosphere,
respectively, where long lag phases (>42d) were observed. 3)
compare with methods above, gel or appropriate growth media
was proved as a more suitable preservation strategy because it is
easy to operate and efficiently keep microbial activity at low cost.

For example, Barbabietola et al. (2016) proved that the use of gel
for entrapping living cells in its pores matrix significantly mini-
mises the detrimental effects from environment. Likewise, the agar
gel could work as a protective layer for microorganisms from
ammonia inhibition (Banu et al., 2018). Moreover, Iacobellis and
DeVay (1986) found that after 20 or 24 years of storage in me-
dium, 90e92% of Pseudomonas syringae tested were still alive.

However, the ability of agar gel and the liquid medium as long-
term preservation carriers for the methanogenic community has
selodom been evaluated to date. Therefore, the major challenge of
developing long-term preservation strategies for methanogenic
archaea is to ensure that the inocula are not only easily and cost-
effectively preserved, but also revived at a high proportion.

Based on previous developments, this study aims to evaluate the
appropriateness of the agar gel and the liquidmedium as long-term
preservation carriers of ammonia-tolerantmethanogenic consortia.
To achieve this aim, a known ammonia-tolerant consortia culti-
vated with acetate (Tian et al., 2019b), was tested with different
preservation strategies: two different carriers (i.e. agar gel and
liquid-original cultivation media) under two different storage
temperatures (4 �C and 24 �C) and seven different preservation
time frames (0, 1, 7, 14, 28, 84 and 168 days). The efficiency of the
different preservation strategies was evaluated using five param-
eters: methane production, lag-phase, maximum methane pro-
duction rate, cell viability, and microbiome composition.
2. Materials and methods

2.1. The initial seed inoculum

Themicrobial community of the seedmethanogenic consortium
was analysed by (Tian et al., 2019b), where three dominant meth-
anogenic species were found: Methanomassiliicoccus luminyensis
(relative abundance of 17.4% to the total community) Meth-
anosarcina soligelidi (12%) Methanoculleus sp. (0.6%).

Prior to the preservation, the consortium was cultivated with
4 g/L acetate as a carbon source in basal anaerobic medium (BA)
(Angelidaki et al., 1990) according to the aforementioned study.
When the methane production was close to the maximal theoret-
ical yield (i.e. 373.33 mL CH4/g VS), the inoculum was used in the
following preservation experiments. The characteristics of inoc-
ulum are shown in Table 1.

2.2. Experimental setup

2.2.1. Preservation strategies
Four different preservation strategies (Table 2) were applied in

this study with different preservation times (1, 7, 14, 28, 84 and 168
days): preservation in agar gel at 24 �C (PSG(24�C)), preservation in
agar gel at 4 �C (PSG(4�C)), preservation in liquid at 24 �C (PSL(24�C))
and preservation in liquid at 4 �C (PSL(4�C)). The serum bottles with
a total volume of 118 mL were used for preservation. Prior to the
preservation, the bottles were rinsed with distilled water, closed
with rubber stoppers and metal rings, flushed with 100% nitrogen
gas for 3 min and finally autoclaved at 120 �C for 20min. Afterward,
for strategy PSL(24�C) and PSL(4�C), 5 mL methanogenic consortium
cultivated in section 2.1 were directly injected into each bottle by
sterilized syringe. Whereas for PSG(24�C) and PSG(4�C), besides the
injected 5 mL methanogenic consortium, 2 mL prepared agar so-
lution (10 g/L) was also injected to entrap the microorganisms
when the agar solidified into the gel. The agar solution was pre-
pared as follows: adding agar powder (Sigma-Aldrich) into BA
medium and heating the mixed solution to 90 �C to dissolve the
agar powder and achieve an agar concentration of 10 g/L. It must be
mentioned that the injection of agar solution into the bottles only
happened when the solution cooled down to around 50 �C. After-
ward, all the bottles were placed at their corresponding storage
temperature, i.e. 24 �C and 4 �C, according to the set preservation
time. For each preservation strategy, eight bottles were preserved
based on the following reactivation test experiment.

2.2.2. Revival test
At the end of each preservation period, a revival test was per-

formed for the preserved consortium (Table 2, Fig. 1). Specifically,
the above mentioned eight bottles for each preservation strategy
were divided into two groups: three bottles as the negative control
(without extra substrate) and five bottles for methane productivity
test (with acetate as extra substrate). For the negative control
group, only ammonia-adjusted BA medium was added into the



Table 2
Experimental setup.

Strategy Preservation medium Preservation temperature �C Reactivation

PSG(24�C) 5 mL Inoculum þ 2 mL Agar solution 24 33 mL BA mediumþ 4g HAc/Lþ 9.00 g NH4
þ-N/L

PSG(4�C) 5 mL Inoculum þ 2 mL Agar solution 4 33 mL BA mediumþ 4g HAc/Lþ 9.00 g NH4
þ-N/L

PSL(24�C) 5 mL Inoculum 24 35 mL BA mediumþ 3.77g HAc/L þ 9.0 g NH4
þ-N/L

PSL(4�C) 5 mL Inoculum 4 35 mL BA mediumþ 3.77 g HAc/Lþ 9.00 g NH4
þ-N/L

Fig. 1. Flow chart of the overall methodology.
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bottles; while for themethane productivity test bottles, BAmedium
with ammonia and acetate adjustment was added to control the
same ammonia (9.0 g NH4

þ-N/L) and acetate (4 g/L) level of all
groups. As a result, all the bottles had a 40 mL working volume.
Afterward, all the bottles were incubated at 37 ± 1 �C. The effi-
ciencies of different preservation strategies were assessed by the
accumulative methane production, lag-phase, maximum methane
production rate, cell viability, and microbiome composition.
2.3. Analytical methods

2.3.1. Physicochemical analyses
The methane content in the headspace of batch reactors was
determined using a gas chromatograph (GC Thermo Fischer sci-
entific 1310) with a flame ionization detector. VFA concentrations
were measured with gas chromatographer (TRACE 1300 from
Thermo Scientific) equipped with a flame ionization detector and
an FFAP (Free fatty acid phase) fused silica capillary column. The pH
was measured by PHM99 LAB pHmeter. The following parameters:
volatile suspended solids (VSS), total suspended solids (TSS) (APHA,
2005), and total ammonia nitrogen were measured following Tian
et al. (2019a).

2.3.2. Microbial analysis

2.3.2.1. Live and dead cell staining. A Live/Dead BacLight viability
kit (L7012; Molecular Probes/Invitrogen, USA) was used, to stain



M. Yan et al. / Journal of Cleaner Production 263 (2020) 1215774
500 mL samples which were collected after twoweeks of stationary
phase. Stained samples were observed with a confocal laser scan-
ning microscope ([CLSM] TCS SP5; Leica, Germany) equipped with
an Ar laser (488 nm), with 20 � and 64 � objectives. DNA in dead
and damaged bacterial or archaea cell walls/membranes were
stained with red fluorescence; DNA in alive bacterial or archaea cell
walls/membranes were stained with green fluorescence.

2.3.2.2. 16S rRNA gene sequencing. To decipher microbial commu-
nity shift upon different preservation conditions and times, mi-
crobial samples were taken in triplicates from the bottles: 1)
PSG(24�C)-14 (inoculum preserved in gel at 24 �C for 14 days); 2)
PSL(24�C)-28 (inoculum preserved in liquid at 24 �C for 28 days); 3)
PSL(4�C)-14 (inoculum preserved in liquid at 4 �C for 14 days); 4)
PSL(24�C)-84 (inoculum preserved in liquid at 24 �C for 84 days) 5)
PSG(24�C)-168 (inoculum preserved in gel at 24 �C for 168 days).

All samples were analysed using 16S rRNA gene sequencing to
elucidate the microbial diversity in response to different preser-
vation strategies. Most importantly, the 16S rRNA gene sequencing
results of the seed consortium, which the raw data can be found in
(Tian et al., 2019b) and were also integrated into the discussion
part. The DNA extraction was performed using the DNeasy Pow-
erSoil Kit (QIAGEN, Germany) according to standardized proced-
ures described in a previous study (Treu et al., 2018). The amplicon
of the V4 hypervariable region amplified with universal primers
(515F/806R) followed by Illumina MiSeq sequencing was per-
formed at BMR Genomics S.r.l. (Padua, Italy). CLC Workbench
software (V.8.0.2) withMicrobial genomicsmodule plugin (QIAGEN
Bioinformatics, Germany) was used for reads data filtering and
processing as previously described (Treu et al., 2018) The consensus
sequences of the most interesting OTUs were manually checked
with BLAST (16S ribosomal RNA database). Heat maps and hierar-
chical clustering analyses were done using Multi experiment
viewer software (MeV 4.9.0). Two groups comparison t-test (equal
variance) was chosen to evaluate the significance of changes in
abundance between samples (p-value < 0.05). Statistical analysis
and Beta diversity (Principal Component Analysis) were estimated
using STAMP software. Meanwhile, Alpha diversity was analysed
considering the number of OTUs and Chao 1 bias-corrected. PC1
and PC2 stand for principal components 1 and 2, which explain
59.9% and 21.0% of the community variation, respectively.

Raw reads were deposited in the Sequence Read Archive (SRA)
database (http://www.ncbi.nlm.nih.gov/sra) with the name of
SUB6374518.

2.3.3. Calculations and statistics
The accumulative methane yield of the productivity test group

was calculated by subtracting the value obtained from the corre-
sponding negative control assay. Statistical analysis and figures
were conducted with the OriginLab program (OriginLab Corpora-
tion, Northampton, Massachusetts) and Microsoft Excel 2010
(Microsoft Corporation).

2.3.3.1. Maximum methane production. The theoretical biomethane
potential (Bo,th, unit: CH4 mL/g VS) of the carbon source (acetate)
used in the activation experiment was calculated based on stoi-
chiometric balance, assuming complete conversion of organic
matter to CH4 and CO2 through Eq. (1) and Eq. (2).
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2.3.3.2. Lag phase and methane production rate. To compare the lag
phase and the methane production rate under different preserva-
tion strategies, the experimental data were fitted by the modified
Gompertz model, Eq. (3) (Lü et al., 2016):

MðtÞ¼ P*e
�
� exp

�
R max

P
ðl� tÞþ1

��
(3)

where M(t) is the cumulative CH4 production (mL CH4/g VS) at time
t; P is the maximum CH4 potential (mL CH4/g VS) at the end of
incubation; t is the time (d); Rmax is the maximum CH4 production
rate (mL CH4/g VS/d); l is the lag phase (d), and e is 2.71828.
3. Results and discussion

3.1. Revival performance

Focusing on the long preservation period, PSG(24�C) showed
advantage compared to other preservation strategies. The results
clearly showed that the PSG(24�C) group could produce methane
even after 168 days of preservation with less than 25 days of lag-
phase (Fig. 2 and Table 3). On the contrary, PSL(4�C), PSL(24�C) and
PSG(4�C) showed nomethane activity after 168 days of preservation.
At the same time, the consortia entrapped in PSL(24�C) and PSG(4�C)
were revived successfully after 84 days of preservation (Fig. 2).
These results indicated better recovery than previous studies
assessing the viability and the biosynthetic activity of entrapped
methanogens in agar gel for 90 days (Flickinger, 2010).

Nevertheless, when the preservation time was less than 14
days, PSL(24�C) had shorter lag phases (�18 days) and higher
maximum methane production rates (ranging from 20.7 to 34.7
CH4 mL/g VS/d) compared to PSG(24�C). Opposite behaviour in
PSL(24�C) with longer lag phases (>40 days) and slower methano-
genic activity (17.94 and 0.84 CH4 mL/g VS/d with 84 and 168 days
preservation, respectively) was observed when the preservation
time was above 14 days at 24 �C, This finding was also confirmed
by other study where immobilized methanogenic cells in gel were
found to be more active after a long period (more than 30 days)
than suspended cells (Yang, 2011). This phenomenon could be
explained by an energy conservation theory hypothesizing that
gel-immobilized cells were alive but inactive and could minimize
their energy consumption during preservation, which was evi-
denced by the higher DNA content but lower double-stranded
RNA content in gel-preserved cells compared to liquid ones
(Zhu, 2007).

Surprisingly, the 4 �C preserved cultures were completely
inactive after just 28 days of preservation for both gel and liquid
media. Specifically, effective preservation was only achieved when
preservation time was less than 14 days, where long lag phases
(>54 days) were observed during reactivation (Fig. 2c and d and
Table 3). Furthermore, when the preservation time exceeded 28
days both the gel and liquid preserved inocula had very low
methanogenic activities (<7 CH4 mL/g VS/day) and extremely long
lag phases (>75 days) (Fig. 2c and d; Table 3).

Overall, the preservation of methanogens at 24 �C in both car-
riers was found to be more effective. Specifically, the liquid strategy
was more applicable for short time preservation (�14 days)
compared to the gel strategy, based on the higher methane

http://www.ncbi.nlm.nih.gov/sra


Fig. 2. Accumulative methane production of the preserved ammonia-tolerant methanogenic culture in reactivation experiment: a) PSG(24�C); b) PSL(24�C); c) PSG(4�C); d) PSL(4�C).

Table 3
Growth parameters obtained using the modified Gompertz equation for methanogenesis under different conditions.

Different conditions Preservation time (days) days Lag phase l (days) Maximum CH4 production rate Rmax (mL/g VS/d) R2

PSG(24�C) 0 13.95 ± 1.44 23.67 ± 3.76 0.98
1 14.07 ± 1.26 22.63 ± 3.02 0.98
14 21.14 ± 0.89 21.40 ± 2.11 0.98
84 24.52 ± 1.26 18.11 ± 1.95 0.99
168 24.85 ± 3.70 8.44 ± 1.30 0.97

PSL(24�C) 0 12.09 ± 1.50 20.67 ± 3.00 0.98
1 18.08 ± 1.40 34.26 ± 7.60 0.97
14 18.26 ± 0.60 21.39 ± 1.48 0.99
84 40.79 ± 1.21 17.94 ± 2.05 0.99
168 176.88 ± 46.41 0.84 ± 0.32 0.76

PSG(4�C) 1 13.03 ± 0.74 19.29 ± 1.55 0.99
7 34.92 ± 1.04 22.23 ± 2.63 0.99
14 54.24 ± 0.31 7.87 ± 0.68 0.98
28 381.62 ± 141.78 0.30 ± 0.13 0.35

PSL(4�C) 1 15.56 ± 1.13 22.40 ± 2.53 0.99
7 12.19 ± 0.56 14.15 ± 0.57 0.99
14 57.09 ± 0.75 26.38 ± 2.50 0.99
28 75.05 ± 0.34 6.99 ± 0.29 0.99
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production rate (>20 CH4 mL/g VS/d) or shorter lag phase (<18
days). Meanwhile, inocula were more preferable for long-term
preservation (>14 days) due to the shorter lag phase (less than 25
days) upon reactivation (Table 3).
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3.2. Live and dead cells

The results of the alive/dead differential staining coupled with
direct microscopic examination agreed with the above reactor per-
formance. The alive cells (preserved at 24 �C) were only observed in
the gel for 168 days of preservation (Fig. 4a). As evidenced by the
microscopic examination, the 168 days of liquid preserved cells were
dead, whichwas confirmed by the absence ofmethane production in
PSL(24�C)-168 (Fig. 2b). On contrary, both in PSG(24�C)-84 and
PSL(24�C)-84 similar clusters of alive cells were observed (Fig. 3a and
b), which, in conjunction with the maximum CH4 production rate of
18 mL CH4/g VS/day, suggested that the cells retained the activity
required for survival. The preservation temperature of 4 �C was
proven to be not suitable for maintaining microbes’ viability with
only dead cells been identified in PSG(4�C) and PSL(4�C), after both 84
and 168 days of preservation (Fig. 3c, d, and Fig. 4c, d). This result was
consistent with previous studies showing that at a low temperature
(5 �C), after 28 days and up to 150 days of preservation, the rate of
methanogenesis and methanogenic community structure could not
be stimulated with the addition of acetate (Scherer et al., 1981).
Overall, preservation temperature had a greater impact on microbial
activity than preservation carriers, to bemore specific, 24 �C was the
more efficient method for long term storage of methanogenic
inocula, compared to 4 �C.
3.3. Proposed mechanism of long-term preservation in gel

The reasons that allowed methanogens to be preserved in the
gel for more than 168 days are still not clear and additional research
is required to pinpoint the exact mechanism that contributes to
successful preservation. However, based on results obtained in the
current study combined with previously published researches,
some potential explanations can be proposed.

Specifically, during preservation, the gel could immobilize cells
(Partovinia and Rasekh, 2018), thereby preventing the motility of
Fig. 3. Spatial distribution of microorganisms in different preservation conditions
the cells, which decreased the energy consumption (Cassidy et al.,
1996). Additionally, the composition of the gel (unbranched poly-
saccharide), had a potential to form a supporting structure in the
cell walls that improved cell viability by slowing down the cell wall
lysis process (Shen et al., 2003). Furthermore, gel polysaccharides
seemed to act as an outer membrane to the cell envelope (similar to
bacterial capsule) and thus created the conditions for a process
similar to dormancy (Shen et al., 2003). When in dormancy, mi-
croorganisms reduce their energy consumption (Megaw and
Gilmore, 2017), which allows them to maximize their long-term
viability (Jones and Lennon, 2010). The slow-release mechanism
that the dissolving of the gel had during the reactivation process,
exposed the microbes slowly to the substrate and ammonia and
thus protected them from a direct inhibitory shock (Zhu, 2007).
3.4. Microbial community analysis

3.4.1. The alpha and beta diversity of the microbial community
Alpha diversity based on Chao 1 bias-corrected index (Fig. 5a)

showed similar microbial richness among the five samples ana-
lysed. The results demonstrated that the different preservation
strategies were highly useful for intact microbiome preservation.

However, Beta diversity based on principal component analysis
(PCA) showed a clear distinction of the microbial community under
different preservation conditions (Fig. 5b). Specifically, it seems
that the preservation time drove the microbiome shifting signifi-
cantly. This is evidenced by the observation that the microbial
community of PSG(24�C) �14, PSL(24�C) �28 and PSL(24�C) �84 clus-
tered together indicating high microbial community similarity of
these two groups. However, the longest matrix distances were
found between PSL24�C �84 and PSG24�C �168, followed by the one
between PSL4�C �14 and PSG24�C �168. Overall, preservation may
change beta diversity by imposing more stringent environmental
filters (Chase, 2007) and alter local evenness by favouring the group
of disturbance tolerant specialists (Kimbro and Grosholz, 2006). It
: a) PSG(24�C); b) PSL(24�C); c) PSG(4�C); d) PSL(4�C) after 84 days preservation.



Fig. 4. Spatial distribution of microorganisms in different preservation conditions a) PSG(24�C); b) PSL(24�C); c) PSG(4�C); d) PSL(4�C) after 168 days preservation.

Fig. 5. Alpha Diversity a) based on Chao 1 bias-corrected index; b) Principal compo-
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was clear that different preservation strategies affected more beta
diversity than alpha diversity.

3.4.2. The microbial community characteristics
Themicrobial community of the seedmethanogenic consortium

had three dominant methanogens (M. luminyensis,M. soligelidi and
Methanoculleus sp. with 17.4%, 12% and 0.6% relative abundance,
respectively) (Tian et al., 2019b); after preservation and reac-
tivation, a significant decrease ofMethanomassiliicoccus luminyensis
was observed in all samples with a relative abundance of less than
3% of the total community, suggesting a high sensitivity of
M. luminyensis in response to the preservation process. On the
contrary, M. soligelidi was dominant in all samples (Fig. 6), ranging
from 21.6% to 33.7% of relative abundance, reflecting the versatile
nature of this species (Yan et al., 2019), with the ability to adapt to a
broader range of environments, compared with the more limited
capabilities of M. luminyensi (Serrano et al., 2015). Specifically,
M. soligelidi is known for its exceptional resistance against osmotic
stress (Alawi et al., 2015), long-term freezing (Wagner et al., 2013)
and starvation, which could contribute to high survival capability
with the broad adaptive potential to the long-term preservation
(Zhang et al., 2012). In addition, the preservation process resulted in
the higher microbial relative abundance of M. soligelidi. It could be
the competitive advantage of facilitating easier quorum sensing for
regulating and coordinating microbial behaviours of the entire
community via signal exchange among microbes (Waters and
Bassler, 2005). Thus it would contribute to organisms to avoid,
tolerate or defend themselves against the stressful environment
(Miller and Bassler, 2001). Other studies also confirmed that the
initial relative abundance of microorganisms played a role in the
survival and preservation of microbial populations (Kim et al.,
2018).

The second dominant methanogenic species was Meth-
anoculleus palmolei OTU12, accounting for more than 0.3% relative
abundance of total microorganisms in all samples. It is worth
noting that the relative abundance ofM. palmolei OTU12, especially
nent analysis of the triplicate samples after preservation.



Fig. 6. Hierarchical cluster analysis of the 18 most abundant bacteria and archaea found after preservation. Values of two right columns representing the specific variation trend for
each OTU were obtained calculating the fold change (log2) between the two periods.
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in PSL(24�C)-84 and PSG(24�C)-168, was more than 4.5 fold higher
(P � 0.05), than the initial relative abundance in seed consortium
(0.6%), suggesting that M. palmolei OTU12 were resilient to long-
term preservation. However, M. palmolei OTU12 only grown on
H2/CO2 or sodium formate (Cheng et al., 2008). The low relative
abundance around 1%e2% of Tissierellaceae sp. OUT06 (assigned to
Clostridium ultunense with 95% identity), was correlated with the
low abundant M. palmolei OTU12. It indicated the limitation of
M. palmolei OTU12 to thrive during activation when grown on ac-
etate (Mosbæk et al., 2016). Therefore, M. palmolei OTU12 possibly
be abundant if it is activated by H2 and CO2 specific.

Bacillaceae sp. OTU02 was found to be the most dominant bac-
teria with around 25%e33% of relative abundance. This species was
identified to be Caldalkalibacillus thermarum with 91% identity,
which is a carbohydrate and VFA degrader commonly found in
anaerobic digesters (Xue et al., 2006).

Overall, the first field evaluation of the microbial community
characteristics indicated that M. soligelidi, Methanoculleus sp. and
Bacillaceae sp. OTU02 are suitable for long-term preservation
strategy, employing agar-gel carriers. The well-maintenance of
functionality and viability of the consortia above promises advan-
tages for a successful bioaugmentation process.

4. Conclusions

This study provides the first technical insight and mechanism
analysis of customized methanogenic consortia preservation. The
results showed that the agar gel carrier acted as a protective layer,
methanogenic inocula could be efficiently preserved long-term at
24 �C. Specifically, it is successful to reactivate the preserved
methanogens and maintain high methanogenic activity after 168
days of preservation. On the contrary, it was not possible to
maintain high methanogenic activity and cell viability rates for
more than seven days of preservation at 4 �C. M. soligelidi and
M. palmolei were the most dominant methanogens after long-term
preservation, indicating that they were robust enough towithstand
the temperature and starvation shock. This developed process of-
fers a successful preservation strategy of ammonia-tolerant meth-
anogenic cultures and paves the way forward to the scaling up of
full-scale reactors’ start-up and bioaugmentation technologies. In
the future work, the investigation is required on the response of
different phases of the microorganism to different preservation
approaches and optimization of original cell densities for preser-
vation to provide high viability.
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