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Abstract 
Efficient treatment methods applied during anaerobic digestion (AD) of lignocellulosic substrates 
can favour the utilisation degree of biomass and subsequently, the sustainability of the whole 
process. The addition of limited amounts of oxygen to biogas reactors can boost lignocellulose’s 
deconstruction and increase biomethanation. In this study, the result of microaerobic conditions on 
AD process performance and also, on microbiome changes during the co-digestion of cattle 
manure with wheat straw was evaluated. It was shown that microaerobic conditions managed to 
improve the methane yield by approximately 7%. Conversely, the pH and volatile fatty acids 
accumulation were not significantly affected and thus, oxygen injection did not provoke any 
inhibition to the process performance. Regarding the microbial communities, a clear shift in the 
bacterial populations during the limited aeration was not observed. On the contrary, a few 
members of the archaeal community were found in higher relative abundance due to 
microaeration. Specifically, methanogens similar to Methanosarcina sp. and Methanobacterium 
sp. were further enriched and thus, performed more efficiently the methanogenesis step. 
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INTRODUCTION  
Among the major targets of pretreatment methods of lignocellulosic biomass is to disturb the 
phenolic skeletal structure in order to increase the efficiency of anaerobic digestion (AD). In this 
context, a variety of pretreatments (i.e. mechanical, chemical, biological or combination of them) 
are able to facilitate the surface damage of the recalcitrant organic matter. However, these methods 
demand a separate step prior to AD resulting in construction and operational costs; which could 
overshadow the increased biogas production. On the contrary, decreasing the supply chain steps by 
applying an efficient treatment method during the AD can favor the overall process. 
 Among the alternative solutions, the introduction of limited amount of oxygen to a biogas reactor 
can improve the initial depolymerization of the recalcitrant substrates (Jagadabhi et al. 2010). 
However, microaeration is not widely used during AD process as there is a risk of provoking 
inhibition to the strictly anaerobic archaea and thus, the biomethanation process can be significantly 
hindered (Botheju and Bakke, 2011). Nevertheless, a recent comprehensive study showed that 
controlled microaeration can lead to high biomass solubilization and subsequently, methane yield 
increment (Tsapekos et al. 2017). However, in the mentioned study the results on methane 
production were not evaluated in conjunction with microbial diversity and dynamicity due to 
oxygen exposure and hence, a conclusion about the results on AD microbiome was not drawn. 
 The present research aims to further pave the way for applying microaerobic conditions in order 
to increase the efficiency of lignocellulose-based AD. Oxygen was introduced during the co-
digestion process of cattle manure with wheat straw under continuous mode operation and the effect 
on biomethanation process was evaluated. Moreover, analysis of the 16S rRNA gene was conducted 
in order to reveal microbial changes due to microaerobic conditions. 



MATERIALS AND METHODS 
Substrates characteristics 
Wheat straw and cattle manure were obtained from a livestock farm in Zealand, Denmark. The 
lignocellulosic residues had total solids (TS) and volatile solids (VS) of 928.4 ± 5.9 g/kg and 867.2 
± 3.9 g/kg, respectively. The cellulose, hemicellulose and Klason lignin units were 420.2 ± 7.2 g/kg, 
307.5 ± 5.2 g/kg and 267.3 ± 23.5 g/kg, respectively. Cattle manure had pH of 7.69, total volatile 
fatty acids (TVFA) concentration of 3.6 ± 0.1 g/L, TS of 31.8 ± 0.5 g/L and VS of 22.1 ± 0.2 g/L, 
respectively. The total Kjeldahl Nitrogen (TKN) and ammonium Nitrogen (NH4

+-N) were 2.6 ± 0.1 
g-N/L and 1.7 ± 0.5 g-N/L, respectively. 

Continuous mode experiment 
A lab-scale continuous stirred tank reactor (CSTR) operated under thermophilic conditions (54 ± 1 
°C) was used to determine the effect of microaeration. The reactor had total and working volume of 
5.0 and 3.0 L respectively. The hydraulic retention time (HRT) was 15 days and the organic loading 
rate (OLR) was 1.7 gVS/L/d. Livestock manure contributed 85% of total organic matter and the rest 
portion was originated from wheat straw. The biogas production was measured daily and the biogas 
composition, pH and VFA content were determined twice a week. The experiment was divided in 
two distinct experimental periods. During Period I, the reactor was operated under strictly anaerobic 
conditions till reaching steady state conditions (i.e. 10 consecutive days with methane production 
lower than 10% variation). Subsequently, microaerobic conditions were applied (Period II, 16−45 
days) by injecting 7.3 ml O2/gVS/d. The applied microaeration strategy was based on the 
optimisation study of our previous research in which diverse microaeration techniques were 
examined on wheat straw biodegradability (Tsapekos et al. 2017). 

Analytical methods 

The pH, TS and VS, TKN and NH4
+-N were analyzed according to standard methods for the 

examination of water and wastewater (APHA, 2005). The biogas production, methane composition 
and VFA content were analyzed using gas-chromatography, as described by Kougias et al. (2014). 

Microbial analysis 
Samples (50 mL) were collected at the end of both experimental periods in order to explore the 
microbial diversity and dynamicity in response to oxygen addition. Two samples were obtained: 1) 
at the end of strictly anaerobic conditions on the 15th day (AD) and 2) at the end of microaerobic 
period on the 45th day (MA). Genomic DNA from samples was isolated and purified using the 
PowerSoil® DNA Isolation Kit (MO BIO laboratories, Inc.) according to the guidelines of the 
manufacturer’s protocol with minor changes to improve the quality of the recovered DNA (Bassani 
et al. 2015). Sequencing of the 16S rRNA gene (V4 hypervariable region) was performed with 
universal primers using by Illumina MiSeq desktop sequencer. The raw sequences were further 
processed using CLC Workbench software (V.8.0.2) with Microbial genomics module plug in and 
analysed as previously described (Kougias et al. 2017) 

RESULTS AND DISCUSSION 
Effect of oxygen addition on methane production 
Fig. 1 illustrates the last HRT of the steady state phase of Period I. It was recorded that the CSTR 
produced biogas containing 70.2 ± 0.3% CH4, and the methane yield was 259 ± 5 ml CH4/gVS. The 
values of pH and the concentration of TVFA were 7.93 ± 0.06 and 0.11 ± 0.01 g/L, respectively. 



Subsequently, 7.3 ml O2/gVS were introduced to the CSTR once per day in a single pulse. The 
effect of microaeration was not observed immediately, as the methane yield started to increase after 
one HRT. More specifically, a distinct increase on biomethanation initiated on 33rd day and finally, 
at the new steady-state conditions the methane yield was approximately 7% higher compared to the 
previous period. This could be possibly attributed to the needed time of the microbial community to 
be adapted to the new conditions. Nevertheless, the level of enhancement is close to the outcome of 
the previously established model which suggested that the applied microaeration strategy could lead 
to 9% methane yield increment (Tsapekos et al. 2017). Additionally, under the new steady-state 
conditions, the CH4 content in biogas, pH and TVFA were remained at the same levels with the 
strictly anaerobic conditions. Hence, the controlled microaeration positively influenced the methane 
production of rather recalcitrant agricultural residues and did not affect negatively other 
biochemical parameters that are commonly used as state indicators for the AD process. 

 
Figure 1. Continuous mode operation: a) methane yield and b) pH and VFA accumulation.  

Effect of oxygen addition on microbial populations   
The most abundant microbes in the global community were affiliated to Firmicutes and 
Bacteroidetes. The presence of these bacterial phyla in an AD system is crucial for the efficient 
decomposition of the used substrates (Sun et al., 2016; Tuan et al. 2014). At both samples, the 
predominant bacterial species belonged to Firmicutes and according to NCBI database (16S 
ribosomal RNA sequences (Bacteria and Archaea)) was 90% similar to Hydrogenispora ethanolica 
of Clostridia class. The abundance of Clostridia class into manure-based biogas reactor is in 
accordance with previous findings in the literature (Treu et al. 2016). The most distinct change is 
related to members of Ruminococcaceae family which increased in abundance by 12.5 folds after 
oxygen injection. Bacteria belonging to Ruminococcaceae contribute markedly to carbohydrates 
degradation due to the vast diversity of hydrolytic enzymes and carbohydrate-binding modules 
favoring their establishment in lignocellulose-based digesters (Langer et al. 2015). In general, it was 
shown that the application of microaeration did not provoke any remarkable differences in the 
bacterial population. Probably, the long term operation of the reactor during Period I (i.e. more than 
100 days, data not shown) allowed the establishment of a robust bacterial community that was not 
largely affected by the controlled addition of oxygen loads. Moreover, many of the bacteria present 
in the reactor are facultative, and are able to remove the injected oxygen and reestablish anaerobic 
conditions in the reactor and not giving opportunity for obligatory aerobic microbes to take over.  
 On the contrary, the methanogenic community was differentiated after the microaeration 
treatment. More specifically, methanogens similar to Methanosarcina thermophila (100% 
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similarity) were the most abundant in the archaeal community and additionally, their population 
was augmented by 6.3 folds at the end of the experiment. The high level of colonization is 
explained by the fact that Methanosarcina spp. are among the most oxytolerant archaea (Botheju 
and Bakke, 2011). Moreover, methanogens belonging to Methanosarcina sp. and 
Methanobacterium sp. were positively affected by the microaeration conditions. This result is in 
accordance with a previous study, which found that the relative abundance of Methanobacterium 
genus was increased under similar operational conditions (Fu et al. 2016). 

CONCLUSIONS  
The present study showed that microaerobic conditions can enhance the biogas production of 
recalcitrant agricultural substrates. More specifically, under continuous reactor operation the 
methane yield was increased by 7% without deteriorating the rest physicochemical characteristics or 
inhibiting the microbial community. In addition, the bacterial populations were not influenced by 
the microaerobic conditions. Conversely, oxygen tolerant methanogens such as Methanosarcina 
thermophila increased remarkably their relative abundance under the limited aeration. This 
indicates that the archaeal community can adapt to the non-ideal conditions and efficiently carry out 
methanogenesis. 
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