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Abstract

:

High temperatures exacerbate the ammonia inhibition of anaerobic digestion coupled with methanogenesis. The inhibition of methane production by ammonia has been observed in other studies. However, the underlying mechanism is not well understood and requires further investigation. This study explored the effect of ammonia stress on archaeal 16S rRNA transcripts in thermophilic anaerobic digester sludge. Different ammonium concentrations were checked for their influence on the methanogenic rate and hydrogen accumulation. Quantitative PCR was used to compare the changes in total archaeal 16S rRNA expression. A Monte Carlo permutation test within redundancy analysis (RDA) was adopted for exploring the relationship between environmental variables and archaeal 16S rRNA and their transcripts. The results showed that with the increase in ammonium concentration, the methanogenic rate decreased and hydrogen accumulation occurred. The total archaeal 16S rRNA genes and transcripts copy numbers decreased significantly in treatments with higher ammonium concentrations (7 and 10 g NH4+-N/L), but did not change much at lower ammonia concentrations (3 g NH4+-N/L) compared with the 0 g NH4+-N/L treatment. The RDA analysis further revealed that most environmental variables, including ammonia and methane, except for formate, were significantly correlated with the community structure activity of archaeal 16S rRNA transcripts rather than the community structure of their genes. The composition of archaeal 16S rRNA transcripts showed that the hydrogenotrophic methanogen Methanothermobacter dominated the methanogenic community activity in all incubations. It exhibited sensitivity to ammonia stress and should be responsible for the methanogenic inhibition under thermophilic conditions. Our findings suggested that archaeal 16S rRNA transcripts, rather than 16S rRNA genes, are key indicators of ammonia stress and methanogenic activity.
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1. Introduction


Anaerobic digestion (AD) is a widely practiced technology used for the treatment of high organic content waste and the recovery of renewable energy via biogas production [1,2]. In particular, thermophilic AD (approximately 55 °C) has more advantages, such as a higher organic digestion rate, biogas production rate and pathogen removal rate than mesophilic AD (approximately 35 °C) [3,4]. However, high temperatures will accelerate protein metabolism and ammonium accumulation in thermophilic AD [5]. A high ammonium concentration has a negative influence on methane production in anaerobic digesters [6,7,8]. Generally, inorganic ammonia nitrogen exists in aqueous solution in the equilibrium form of free ammonia (NH3) and ammonium ions (NH4+). Increasing temperature shifts the equilibrium position from NH4+ to NH3 in thermophilic AD [9]. NH3 easily penetrates the cell membrane and then ionizes to form NH4+, which may inhibit methane-synthesizing enzymes directly [10,11,12]. Therefore, an elevated temperature will aggravate the inhibition effects of ammonia on methane production in anaerobic digesters [13,14,15].



Methanogens, including aceticlastic methanogens (AM) and hydrogenotrophic methanogens (HM), are more vulnerable to ammonia stress. Ammonia could inhibit methanogenic activity, leading to the accumulation of volatile fatty acids (VFA), especially acetate, and a reduction in methane production. Methanogenic pathways of acetate include the acetoclastic methanogenesis pathway (AMP) mediated by aceticlastic methanogens and the syntrophic acetate oxidation methanogenesis pathway (SAOMP) involving syntrophic acetate oxidation bacteria (SAOB) and hydrogenotrophic methanogens [16]. Generally, AM are more sensitive to ammonia stress than HM [14,17,18]. Therefore, high ammonia levels would induce a shift of acetate methanogenesis from AMP to SAOMP [19,20,21]. Our previous study revealed that AMP was markedly inhibited at 7 g NH4+-N/L under mesophilic conditions [22], whereas the inhibition effects of ammonia on methanogens under thermophilic conditions need to be further studied.



The archaeal 16S rRNA gene is usually used as a biomarker for phylogenetic analysis to study the composition and succession of archaeal community structures in anaerobic reactors [23]. Few studies have focused on the activity of archaeal communities indicated by archaeal 16S rRNA transcripts. We found that the functional gene mcrA transcripts of methanogens reacted strongly to ammonium stress, rather than the change in the community structure [22]. However, the response of archaeal 16S rRNA genes and transcripts to ammonia stress in AD under thermophilic conditions is not clear. Comparative analysis of the response of archaeal 16S rRNA genes and transcripts to ammonia stress is helpful to elucidate the mechanism of ammonium stress inhibiting methane production in AD.



This study aims to observe the inhibitory effects of ammonia on archaeal 16S rRNA genes and transcripts in thermophilic anaerobic sludge, and the sludge samples were analyzed with different ammonium treatments in the laboratory under thermophilic anaerobic conditions. The study (1) determined the rate of CH4 and CO2 production; (2) detected the accumulation of H2 and acetate; (3) obtained the copy number of archaeal 16S rRNA genes and transcripts; and (4) analyzed the archaeal composition and dynamic changes based on archaeal 16S rRNA genes and transcripts with different ammonia treatments.




2. Materials and Methods


2.1. Operation of Sludge Anaerobic Incubation


Sludge samples were collected from a mesophilic digester treating swine manure located in Shunyi District, Beijing. The activated sludge was pre-cultured at 55 °C for 3 months in the lab before use. Anaerobic incubation was initiated by adding 30 mL HEPES buffer (50 mM) into serum bottles containing 1 g swine manure and 10 g sludge under nitrogen blowing, as described previously [22]. Then, NH4Cl was added to these bottles to obtain the different concentrations of 0 (named 0-N), 3(3-N), 7(7-N) and 10 (10-N) g NH4+-N/L. Three parallel treatments were set at each ammonia concentration. The pH of the mixed buffer was adjusted to 7.0 before sealing with butyl rubber stoppers. After flushing with N2, these bottles were incubated statically in the dark at 55 °C.




2.2. Physicochemical Analyses


Samples for gaseous CO2, CH4 and H2 were regularly collected and detected with GC-7890A [22]. Samples for liquid acetate were also collected and stored. After centrifugation and membrane filtration, the filtrate was analyzed using high-performance liquid chromatography (HPLC) [24]. The pH of all samples was measured using a pH meter. The concentration of NH4+-N was measured colorimetrically, as described previously [2]. The free ammonia (NH3-N) was estimated using the equilibrium of NH4+/NH3 [5].




2.3. Archaeal 16S rRNA Gene Amplification and Reverse Transcription PCR


The samples were collected for the extraction of total DNA and RNA according to the methods used previously [25,26]. After removing DNA, RNA samples were purified and then used as a template to amplify the 16S rRNA genes with the universal archaea primers 109f and 934r to confirm the complete removal of DNA [24]. Finally, the synthesis of cDNA was performed via reverse transcription PCR (RT-PCR), as previously described [22].




2.4. High-Throughput Sequencing and Data Analysis


The archaeal community was analyzed based on Illumina high-throughput sequencing with primers of Ar344f (5′-ACGGGGYGCAGCAGGCGCGA-3′) and Ar806r (5′-GGACTACVSGGGTATCTAAT-3′), which were used to amplified the hyper variable V3–V4 region of the archaeal 16S rRNA genes [24]. The high-throughput amplicon sequencing data were compared with the Silva 16S rRNA gene database and then analyzed with the QIIME program and RDP Classifier. The GenBank accession numbers of archaeal 16S rRNA genes and transcripts sequences are PRJNA830298 and PRJNA830311, respectively.




2.5. Genes Quantification by qPCR


Archaeal 16S rRNA genes and transcripts were quantified using quantitative (real-time) PCR with the primer pair Ar364f/934r [27], according to the research [26]. Plasmids containing the archaeal 16S rRNA genes obtained from the positive clones were used as the standard plasmids. The concentrations of the standard plasmids ranged from 1.2 × 108 to 1.2 × 102 copies/µL. Data processing followed previous research [2].





3. Results


3.1. Effect of Ammonia on Methanogenesis


The pH fluctuated at 7.40 and 6.78 during two months of incubation in all ammonia treatments (Figure 1a). The pH of 0-N and 3-N treatments increased slightly, varying between 7.0 and 7.3. The pH of 7-N and 10-N treatments continuously decreased to 6.78 and 6.9 on day 56, respectively. The lower pH value in 7-N and 10-N treatments was related to the continuous accumulation and high concentration of acetate (Figure 1e). These stable pH values can maintain the chemical equilibrium between ammonium and ammonia, and these values do not affect the activity of methanogens [22]. The concentration of NH4+-N remained stable throughout the incubation in all ammonia treatments (Figure 1b). The concentration of free ammonia was below 2.2% of total NH4+-N according to the equilibrium of NH4+/NH3 at 55 °C [28,29]. The ammonia concentrations (approximately 6 to 127 mg NH3-N/L) in this study covered the critical range (10–30 mg NH3-N/L) for ammonia effects on methanogens [30,31].



The hydrogen partial pressure increased first and then decreased in all ammonia treatments, and the average H2 partial pressure gradually increased with increasing ammonia concentration during the incubation (Figure 1c). In the 0-N treatment, the H2 partial pressure showed a transient increase and reached a maximum value of 40 Pa on day 4. After that, it dropped to about 6 Pa on day 30 and then rose to 11 Pa at the end of incubation. The maximum H2 partial pressure was 25 Pa (day 17), 35 Pa (day 17) and 47 Pa (day 21) in the 3-N, 7-N and 10-N treatments, respectively. Then, the H2 partial pressure decreased significantly and fluctuated at 11 Pa, 18 Pa and 31 Pa on day 86 in the 3-N, 7-N and 10-N treatments, respectively. Acetate increased rapidly to about 43 mM on day 14 in both the 0-N and 3-N treatments and then dropped to 1.7 mM on day 30 (0-N treatment) and 0.6 mM on day 56 (3-N treatment), respectively (Figure 1e). In the 7-N treatment, the acetate concentration reached 44 mM on day 56. Subsequently, it fell to 33 mM on day 86. The concentration of acetic acid kept accumulating in 10-N treatment, reaching 43 mM at the end of the experiment. High acetate accumulation was consistent with low pH in 7-N and 10-N treatments (Figure 1a,e).



Methane production showed an 8-day (0-N treatment) and 23-day (3-N treatment) lag phase at the beginning of incubation. Then, the methane production rate increased rapidly and finally reached 3.6 mM (0-N treatment) and 3.1 mM (3-N treatment), respectively (Figure 1f). The CH4 production rate in the 3-N treatment was 23.4% lower than that in the 0-N treatment. Methanogenesis was markedly inhibited and about 1 mM methane accumulated at the end of incubation in the 7-N treatment. Methanogenesis was absolutely inhibited during the whole incubation in the 10-N treatment. CO2 rapidly increased to more than 0.5 mM on the first day in all treatments, and then the CO2 production rate decreased in all treatments (Figure 1d). In the 0-N treatment, the concentration of CO2 was up to 1.86 mM by the end of the experiment. The production rate and accumulation of CO2 decreased with the increasing ammonia concentration.




3.2. Methanogenic Archaea Dynamics


High-throughput sequencing of archaeal 16S rRNA genes and transcripts was used to analyze the archaeal community structure and activity in sludge incubations at different time points (Figure 2). The composition of 16S rRNA genes revealed that the community structure of archaea contained Methanothermobacter, Methanosaeta, Methanospirillum, Methanosarcina, Methanobacterium, Methanoculleus and Methanobrevibacter at the genus level (Figure 2a–d). Methanothermobacter had the highest average relative abundance in all ammonia treatments. Methanothermobacter is a representative thermophilic hydrogenotrophic methanogen capable of reducing CO2 with H2 to produce methane [32], and is usually founded in thermophilic conditions [33]. In the 0-N treatment, the relative abundance of Methanothermobacter increased from 44% on day 1 to 70% on day 31, then decreased significantly to 29% on day 56. The dynamic trends of Methanothermobacter relative abundance in the 3-N, 7-N and 10-N treatments were similar to that in the 0-N treatment. However, the relative abundance of Methanothermobacter in the 10-N treatment was only 19% on day 56, about 30% lower than that in 0-N, 3-N and 7-N treatments. The inhibition effects of ammonia on the relative abundance of Methanothermobacter could only be seen in the 10-N treatment after 31 days’ incubation. Although the 16S rRNA genes analysis showed that Methanothermobacter had a high relative abundance, the dynamics of the Methanothermobacter relative abundance could not reflect the inhibitory effect of ammonia on methanogenesis during the 31 days’ incubation. The genus Methanosaeta was a strictly aceticlastic methanogen and has been recognized as the most sensitive methanogen to ammonia [18,34]. However, the relative abundance of Methanosaeta increased from 30% (0-N) to 39% (10-N) on day 56 in this study. In addition, the relative abundance of hydrogenotrophic methanogen Methanospirillum increased from 18% (0-N) to 22% (10-N) on day 56 in this study.



The relative abundance of archaeal 16S rRNA transcripts showed that Methanothermobacter was the main active methanogenic archaea in all ammonium treatments during the whole incubation. Although the relative abundance of Methanobrevibacter was 50% on day 0, it decreased significantly to less than 6% during the incubation in all ammonium treatments. In the 0-N and 3-N treatments, Methanobacterium, Methanosaeta and Methanospirillum showed a low relative abundance of transcripts, while Methanoculleus increased briefly to 30% and 6% at day 22 in the 0-N and 3-N treatments, respectively. In the 7-N and 10-N treatments, the relative abundance of Methanothermobacter was more than 95%, indicating that Methanothermobacter dominated the methanogenesis with the increasing ammonium concentration. It appears that the composition of the archaeal 16S rRNA transcripts became less diverse with the increase in ammonium.




3.3. Correlation Analysis


Environmental variables of the AD process could really reflect the metabolic activity of microbial community. RDA was performed in order to determine the relationships between themajor environmental variables of methanogenesis and the relative abundance of archaeal 16S rRNA genes (Figure 3a) and their transcripts (Figure 3b). The first and second RDA components (RDA1 and RDA2) explained 59% and 77% of the total variations in archaeal 16S rRNA genes and transcripts, respectively. A Monte Carlo permutation test within RDA further showed significant correlations between environmental variables and archaeal community structure and activity (Table 1). As illustrated by the relatively close clustering, Formate (Pseudo-F = 41.6, p < 0.01) and Time (Pseudo-F = 24.4, p < 0.01) among the environmental variables were significantly correlated with the change in archaeal 16S rRNA genes abundance (Table 1). These results indicated that Formate and Time were the main environmental factors that reflected or led to the change in archaeal 16S rRNA genes abundance. However, except for Formate and Time, other environmental variables, including CO2, NH4+, H2, CH4 and pH, were significantly correlated with the abundance of archaeal 16S rRNA transcripts with the p value < 0.01 (Table 1). These results indicated that the community activity reflected by archaeal 16S rRNA transcripts was significantly correlated with the metabolic compounds related to methanogenesis. However, the environmental factor Time mainly affected the community structure reflected by archaeal 16S rRNA genes. It suggested that compared with the archaeal 16S rRNA genes, the 16S rRNA transcripts were a key biomarker for studying the function and metabolic activity of the flora.




3.4. Archaeal 16S rRNA Gene and Transcript Dynamics


The copy numbers of the archaeal 16S rRNA gene and transcript were estimated using quantitative PCR (Figure 4). Compared with the 0-N treatment, ammonium significantly inhibited both archaeal 16S rRNA genes (Figure 4a,c) and their transcripts in 7-N and 10-N treatments (Figure 4b,d). The maximum value of 16S rRNA gene copy numbers were 2.07 × 1014, 6.11 × 1013, 5.30 × 1013 and 4.91 × 1013 copies/g sludge (dw) in 0-N, 3-N, 7-N and 10-N treatments, respectively (Figure 4a). The maximum values of 16S rRNA transcript copy numbers were 1.36 × 1014, 4.09 × 1013, 1.34 × 1013 and 5.59 × 1012 copies/g sludge (dw) in 0-N, 3-N, 7-N and 10-N treatments, respectively (Figure 4b). The effect of ammonium concentration on the maximum of archaeal 16S rRNA transcript copy numbers was more significant than that of archaeal 16S rRNA gene copy numbers. These results showed that the difference in maximum copy numbers of 16S rRNA transcripts could indicate the effect of ammonia on the community activity in the ammonium treatments.





4. Discussion


In this study, our results showed that elevated concentrations of ammonium could inhibit methanogenesis in thermophilic anaerobic sludge, consistent with other studies [10,14,15,29,35]. The 0-N treatment exhibited a clear accumulation of hydrogen and acetate in the first 5 days and first 20 days during the incubation, respectively, and then degraded rapidly. The accumulation and degradation of acetate and hydrogen were accompanied by a 10-day lag and subsequent rapid methane production. Compared with the 0-N treatment, the acetate and hydrogen metabolisms were slower in the 3-N treatment, accompanied by a longer methane production lag phase and a slower methane production rate. In the 7-N treatment, acetate and hydrogen accumulated continuously and methane production was significantly inhibited during 56 days of incubation. Then, the concentration of acetate decreased and methane production was slightly restored. There was a longer lag phase and a lower rate of methane production at 55 °C than at 35 °C in 7-N treatment [22]. The increased concentration of NH3 with increasing temperature may aggravate the ammonium stress on methanogenesis [6,9,15]. Methane production was completely inhibited, and acetate and hydrogen continued to accumulate during the whole incubation in the 10-N treatment. The metabolism of hydrogen and acetate corresponded well to methane production in this study. Although a high temperature can enhance the inhibition of ammonium on methanogenesis, the methanogenic adaptation to ammonium stress can occur at 55 °C if the concentration of ammonium is below 7 g NH4+-N/L.



The community of methanogen based on archaeal 16S rRNA genes sequencing has high diversity. In 0-N and 3-N treatments, the hydrogenotrophic methanogens, such as Methanothermobacter and Methanospirillum, dominated the methanogen community (relative abundance above 55%) on day 0 and the relative abundance gradually increased to more than 70% on day 31. However, the abundance of the aceticlastic methanogens, including Methanosaeta and Methanosarcina, decreased from 30% on day 0 to 20% on day 31 (Figure 2a,b). These results indicated that a hydrogenotrophic pathway might dominate during the methane production at 55 °C. Previous studies also found that methanogenesis shifted from the aceticlastic pathway in the mesophilic condition to the hydrogenotrophic pathway in the thermophilic condition [16,36,37]. In addition, the lower relative abundance of Methanothermobacter (about 10% at day 70) in the 10-N treatment was consistent with the previous studies, which found that the growth of Methanothermobacter decreased markedly after being exposed to 7 g NH4+-N/L [38].



Archaeal 16S rRNA transcript sequencing analysis revealed distinct patterns from 16S rRNA genes fingerprinting (Figure 2e–h). There was a clear correlation between the response of methanogen 16S rRNA transcripts and methanogenic activities, and it avoided the potential bias of DNA detection from dormant or dead cells [39]. The inactive organisms could not be washed out in batch incubation, and hence both active and inactive archaea were counted in the analyses. In fact, the community structure represented by 16S rRNA genes included a pool of all existing archaea, but only a small portion of the archaeal community in the pool might be active and react to environment changes [40]. The relative abundance of hydrogenotrophic methanogens including Methanothermobacter, Methanobrevibacter and Methanoculleus was about 90% during the incubation under thermophilic conditions. In particular, Methanothermobacter dominated in archaeal 16S rRNA transcripts fingerprinting during the whole incubation in all ammonium treatments. This means that Methanothermobacter was capable of rapid adaptation to the thermophilic condition and ammonia stress during the anaerobic digestion process. However, due to the heat sensitivity of most strains in Methanosaeta [41], Methanospirillum [42], and Methanobrevibacter [43], their growth and activity were significantly inhibited under thermophilic conditions. The metabolic activity of aceticlastic methanogen Methanosaeta was severely inhibited, and its abundance decreased from the initial 2% to 0.02% with increasing ammonium concentration in 7- and 10-N treatments. Previous studies have shown that the growth of Methanosaeta spp. was most sensitive to ammonium stress and it reduced sharply at 1.9 g NH4+-N/L [44,45,46]. Meanwhile, CH4 production in Methanospirillum hungatei was completely inhibited at 7.2 g NH4+-N/L [47].



Compared with Methanosaeta spp. and Methanospirillum, Methanothermobacter showed tolerance to ammonia stress. It was reported that the growth and methane production of Methanothermobacter spp. decreased with the rise in ammonia concentration, from 0.26 to 7 g NH4+-N/L [28,38]. Ammonium significantly inhibited both archaeal abundance (reduced 16S rRNA gene copy number, Figure 4a,c) and activity (reduced transcripts, Figure 4b,d) in 7-N and 10-N treatments. This means that Methanothermobacter, the main active methanogen in all incubations, was significantly inhibited by higher ammonium concentrations. Ultimately, the total methane production was inhibited. In addition, the copy numbers of total methanogenic archaea 16S rRNA transcripts, rather than the relative abundance of methanogenic communities, was a more direct indicator of the methane production. These results suggested that the methanogenic inhibition of digester sludge by ammonia can mainly be attributed to the inhibition of Methanothermobacter activity under thermophilic conditions. We found that aceticlastic methanogens were significantly inhibited, but hydrogenotrophic methanogens were tolerant to ammonium stress at 7g NH4+-N/L under thermophilic conditions.



The archaeal community structure and activity reflected by archaeal 16S rRNA genes and transcripts interacted with environmental factors. RDA and the Monte Carlo permutation test were used to determine the correlations between environmental variables and sequencing patterns of archaeal 16S rRNA genes and transcripts. Interestingly, the sequencing patterns of archaeal 16S rRNA transcripts were significantly correlated with environmental variables, such as NH4+, Acetate, H2, CH4, CO2, pH and Time. In addition, the copy numbers of 16S rRNA transcripts were significantly inhibited in 7-N and 10-N treatments. These results indicated that the archaeal 16S rRNA transcripts were closely related to changes in environmental factors. Ammonium could significantly affect the sequencing patterns and total expression of 16S rRNA transcripts. However, the sequencing patterns of archaeal 16S rRNA genes were only significantly correlated with environmental factors such as Time and Formate. These results showed that sequencing patterns of 16S rRNA transcripts, rather than genes, corresponded significantly to ammonium stress. Generally, the microbial community structure at the DNA level could not reflect the activity and function of microorganisms [48,49]. The transcriptional analysis of 16S rRNA and mRNA could reflect the active state and function of microorganisms, and avoid the potential bias of DNA detection from dormant or dead cells [6,39]. These results suggested that the archaeal 16S rRNA transcripts could be used to analyze the effects of environmental factors including ammonium on methanogenic active microorganisms in anaerobic reactor sludge.




5. Conclusions


In this study, we estimated the inhibitory effects of ammonia on archaeal 16S rRNA transcripts in thermophilic AD. It was found that with the increase in ammonium concentration, the methanogenic rate decreased and hydrogen accumulation occurred. The total archaeal 16S rRNA genes and transcripts copy numbers decreased significantly in treatments with higher ammonium concentrations (7 and 10 g NH4+-N/L), but did not change much in the lower ammonia concentration (3 g NH4+-N/L). The hydrogenotrophic methanogen Methanothermobacter dominated the methanogenic community activity in all incubations, and it exhibited sensitivity to ammonia stress and should be responsible for methanogenic inhibition under thermophilic conditions. The composition and quantity of 16S rRNA transcripts rather than community structures were significantly correlated with ammonium and environmental factors of the methanogenic process. The archaeal 16S rRNA transcripts, rather than archaeal 16S rRNA genes, might better reflect the inhibition of ammonium on methanogenesis in thermophilic anaerobic digester sludge. Further validation experiments will be conducted in a future study.
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Figure 1. Effects of different ammonia concentrations on pH (a), NH4+-N (b), H2 (c), CO2 (d), acetate (e) and CH4 (f) in thermophilic anaerobic digester sludge. 
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Figure 2. Relative abundance of archaea estimated with Illumina high-throughput sequencing analyses of archaeal 16S rRNA genes (a–d) and 16S rDNA transcripts (e–h) in the sludge with different ammonia concentrations. 
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Figure 3. Redundancy analysis (RDA) of archaeal 16S rRNA genes (a) and 16S rDNA transcripts (b) amplicon sequencingprofiles with NH4+, pH, formate, acetate, H2, CH4, CO2 and time as environmental variables. The first two axes explained 58% and 1% of the total inertia at 16S rDNA level and 70% and 7% of the total inertia at 16S rRNA level, respectively. 
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Figure 4. Quantitative PCR (a,b) and Box-chart (c,d) analysis of the abundance and activity based on archaeal 16S rDNA copy numbers and transcripts in the sludge with different ammonia concentrations. Different letters above the boxes indicate a significant difference (p < 0.01). 
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Table 1. The Monte Carlo permutation test within the redundancy analysis of the relationships between the major environmental variables and the relative abundance of archaeal 16S rRNA genes and their transcripts.
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Archaeal 16S rRNA Genes

	
Archaeal 16S rRNA Transcripts




	
Explanation [%]

	
Contribution [%]

	
Pseudo-F

	
p

	
Explanation [%]

	
Contribution [%]

	
Pseudo-F

	
p






	
Formate

	
38.3

	
63.9

	
41.6

	
0.002 **

	
0.2

	
0.3

	
0.6

	
0.528




	
Time

	
16.7

	
27.9

	
24.4

	
0.002 **

	
1.8

	
2.4

	
4.7

	
0.016 *




	
Acetate

	
1.3

	
2.1

	
1.9

	
0.158

	
2.2

	
2.8

	
5.4

	
0.008 **




	
CO2

	
1.8

	
3.1

	
2.8

	
0.086

	
31.3

	
40.0

	
43.0

	
0.002 **




	
NH4+

	
1.0

	
1.7

	
1.5

	
0.21

	
8.1

	
10.4

	
18.4

	
0.002 **




	
H2

	
0.4

	
0.6

	
0.6

	
0.426

	
20.5

	
26.2

	
17.3

	
0.002 **




	
CH4

	
0.2

	
0.3

	
0.3

	
0.688

	
11.6

	
14.9

	
20.7

	
0.002 **




	
pH

	
0.2

	
0.3

	
0.3

	
0.69

	
2.3

	
3.0

	
6.5

	
0.002 **








* p < 0.05, ** p < 0.01.
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