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Abstract 

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 

remediation 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 soligelidi 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. 
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The list of 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 

 

1. Introduction 

Treating organic waste in a biogas plant can reduce the disposal cost (Alibardi et al., 

2017) and generate renewable energy simultaneously (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 conventional landfills and incineration towards AD. It is predicted that 

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). 
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As previously reported, bioaugmentation increased methane production 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 alternative technology for successful applications to achieve 

increased 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 transportation 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 specific 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 
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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 minimises 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 medium, 90 to 92% 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 liquid medium as long-term preservation carriers of ammonia-

tolerant methanogenic consortia. To achieve this aim, a known ammonia-tolerant 

consortia cultivated 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 parameters: methane 

production, lag-phase, maximum methane production rate, cell viability, and 

microbiome composition. 
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2. Materials and methods 

2.1. The initial seed inoculum  

The microbial community of the seed methanogenic consortium was analysed by (Tian 

et al., 2019b), where three dominant methanogenic species were found: 

Methanomassiliicoccus luminyensis (relative abundance of 17.4% to the total 

community) Methanosarcina 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 

theoretical yield (i.e. 373.33 mL CH4/g VS), the inoculum was used in the following 

preservation experiments. The characteristics of inoculum 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 three minutes and finally autoclaved at 120°C for 20 min. 

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, 
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2 mL prepared agar solution (10g/L) was also injected to entrap the microorganisms 

when the agar solidified into the gel. The agar solution was prepared 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. Afterward, 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. 

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
+-N/L) 9.00 9.00 

pH 8.00±0.10 8.00±0.10 

a Standard deviation; b TSS; c VSS 

2.2.2. Revival test 

At the end of each preservation period, a revival test was performed for the 

preserved consortium (Table 2, Figure1). 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 bottles; while for the methane productivity test bottles, 
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BA medium with ammonia and acetate adjustment was added to control the same 

ammonia (9.0 g NH4
+-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 efficiencies of different preservation strategies were assessed by the 

accumulative methane production, lag-phase, maximum methane production rate, cell 

viability, and microbiome composition.  

 

Figure 1. Flow chart of the overall methodology 
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Table 2. Experimental setup 

Strategy Preservation medium Preservation 

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 

 

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 scientific 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 pH 

meter. The following parameters: volatile suspended solids (VSS), total suspended 

solids (TSS) (APHA, 2005), and total ammonia nitrogen were measured following Tian 

et al. (2019a). 
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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 500 µL samples which were collected after two weeks of stationary 

phase. Stained samples were observed with a confocal laser scanning 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 community shift upon different preservation conditions and 

times, microbial 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 preservation 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 PowerSoil Kit (QIAGEN, Germany) 

according to standardized procedures described in a previous study (Treu et al., 2018). 

The amplicon of the V4 hypervariable region amplified with universal primers 
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(515F/806R) followed by Illumina MiSeq sequencing was performed at BMR 

Genomics S.r.l. (Padua, Italy). CLC Workbench software (V.8.0.2) with Microbial 

genomics module 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 hierarchical 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 corresponding negative control assay. Statistical 

analysis and figures were conducted with the OriginLab program (OriginLab 

Corporation, Northampton, Massachusetts) and Microsoft Excel 2010 (Microsoft 

Corporation).  
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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 

stoichiometric balance, assuming complete conversion of organic matter to CH4 and 

CO2 through Eq. (1) and Eq. (2). 

������ + �� − 

� − �

� �2� → ��
 + 


� − �
�� ��4 + ��

 − 

� + �

�� ��2 Eq. (1) 
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���

���
 �.�

"��
�"#�       Eq. (2) 

2.3.3.2. Lag phase and methane production rate 

To compare the lag phase and the methane production rate under different 

preservation strategies, the experimental data were fitted by the modified Gompertz 

model, Eq. (3) (Lü et al., 2016): 

M&t' = ( ∗ e �− +,- �. /
0
1 &2 − 3' + 1��   Eq. (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); λ 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 
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(Fig. 2 and Table 3). On the contrary, PSL(4°C), PSL(24°C) and PSG(4°C) showed no 

methane 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 methanogenic 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 evidenced 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.2.c and d and Table 3). Furthermore, 

when the preservation time exceeded 28 days both the gel and liquid preserved inocula 
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had very low methanogenic activities (< 7 CH4 mL/g VS/day) and extremely long lag 

phases (>75 days) (Fig.2.c and d; Table 3). 

Overall, the preservation of methanogens at 24°C in both carriers 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 

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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Figure 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. 
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Different 

conditions 

Preservation 

time (days) 

days 

 

Lag phase 

λ (days) 

Maximum CH 4 

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 

3.2. Live and dead cells  

The results of the alive/dead differential staining coupled with direct microscopic 

examination agreed with the above reactor performance. The alive cells (preserved at 

24°C) were only observed in the gel for 168 days of preservation (Fig.4.a). As 

evidenced by the microscopic examination, the 168 days of liquid preserved cells were 

dead, which was confirmed by the absence of methane production in PSL(24°C)-168 
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(Fig.2.b). On contrary, both in PSG(24°C)-84 and PSL(24°C)-84 similar clusters of alive 

cells were observed (Fig.3.a 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.3.c, d, and Fig.4.c, 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 be more specific, 24°C was the more 

efficient method for long term storage of methanogenic inocula, compared to 4°C. 
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Figure 3. 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 84 days preservation.  

 

Figure 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.  

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 the cells, which decreased the energy 
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consumption (Cassidy et al., 1996). Additionally, the composition of the gel 

(unbranched polysaccharide), 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, microorganisms 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 analysed. 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 

significantly. This is evidenced by the observation that the microbial community of 

PSG(24°C) -14, PSL(24°C) -28 and PSL(24°C) -84 clustered 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 
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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 was clear that different preservation strategies affected more beta diversity than alpha 

diversity. 
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Figure 5. Alpha Diversity a) based on Chao 1 bias-corrected index; b) Principal 

component analysis of the triplicate samples after preservation. 

3.4.2. The microbial community characteristics 

The microbial community of the seed methanogenic 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 

reactivation, a significant decrease of Methanomassiliicoccus 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). 
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The second dominant methanogenic species was Methanoculleus palmolei OTU12, 

accounting for more than 0.3% relative abundance of total microorganisms in all 

samples. It is worth noting that the relative abundance of M. palmolei OTU12, 

especially 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%-2% 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 acetate (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 bacteria with around 25% 

- 33% 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 advantages for a 

successful bioaugmentation process. 
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Figure 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. 

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 
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most dominant methanogens after long-term preservation, indicating that they were 

robust enough to withstand the temperature and starvation shock. This developed 

process offers a successful preservation strategy of ammonia-tolerant methanogenic 

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 preservation to provide high viability. 
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Highlights 

• Cells in agar gel was successful preserved for 168 days at 24°C 

• Preservation carrier and temperature were key for cell viability and performance 

• M. soligelidi and M. palmolei were active after the long-term preservation 

• A novel preservation strategy of ready-to-use methanogenic consortia was created 
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