
1 
 

Stable biogas production from single-stage anaerobic 

digestion of food waste 
 

 

 

Burhan Shamurad*, a, Paul Sallisa, Evangelos Petropoulosa, Shamas Tabraiza, Carolina 

Ospinaa, Peter Learya, Jan Dolfinga, and Neil Grayb 

 

* Corresponding author, Burhan Shamurad, PhD researcher in Environmental Engineering, School of 

Engineering, Room G20, Cassie Building, Newcastle University, Newcastle-upon-Tyne, NE1 7RU, UK. 

 a School of Engineering, Newcastle University, Newcastle-upon-Tyne, NE1 7RU, UK  

b School of Natural and Environmental Sciences, Newcastle University, Newcastle-upon-Tyne, NE1 7RU, 

UK 

 

 

Contact email: b.a.s.shamurad@ncl.ac.uk (B. Shamurad), paul.sallis@ncl.ac.uk (P. Sallis), 

evangelos.petropoulos2@ncl.ac.uk (E. Petropoulos), jan.dolfing@ncl.ac.uk (J. Dolfing), 

s.tabraiz2@newcastle.ac.uk (S. Tabraiz), peter.leary@newcastle.ac.uk (P. Leary ), 

m.c.ospina2@newcastle.ac.uk (C. Ospina), neil.gray@ncl.ac.uk (N. Gray) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mailto:b.a.s.shamurad@ncl.ac.uk
mailto:paul.sallis@ncl.ac.uk
mailto:s.tabraiz2@newcastle.ac.uk
mailto:neil.gray@ncl.ac.uk


2 
 

Abstract 

Anaerobic digestion is widely used for the management of the organic fraction of 

municipal solid waste and is also predicted to play a vital role in the future of renewable 

energy production. However, reactor instability due to low acid buffering capacity at high 

organic loading rates in single stage reactors is a known risk of this technology. Such 

process instability represents a risk to electricity and heat generation through interruptions 

to biogas production. Co-digestion and trace element supplementation have each been 

advocated as strategies to stabilize biogas production, but the relative merits of these 

strategies have never been assessed. Here we operated a series of anaerobic continuously 

stirred tank reactors fed with synthetic organic household waste with or without trace 

element supplementation and with or without wheat straw as co-substrate at gradually 

increasing loading rates. Stable and high methane yields (450 - 550 mL/g VS) at higher 

organic loading rates were only maintained with trace element supplementation, regardless 

of co-digestion. We conclude that trace element supplementation was hierarchically more 

important than co-digestion at maintaining stable biogas production. 

 

Keywords: Anaerobic digestion; co-digestion; trace elements; organic waste; wheat straw; 

coenzyme F420 content; renewable energy; microbial diversity. 
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1. Introduction  

Anaerobic digestion i.e. the biologically mediated breakdown of organic matter in the 

absence of oxygen has been widely used for the management of the organic fraction of 

municipal solid waste (OFMSW) whilst recovering energy by methane production [1]. It is 

considered that this form of sustainable energy production coupled to waste management 

directly contributes to many of the 17 United Nations' Sustainable Development Goals 

through recycling waste and delivering energy in both developed and developing 

economies [2]. Research into anaerobic digestion design and operation typically focuses on 

feedstock compositions; chemical, physical and biological pre-treatments; and reactor 

design and operation. For instance, multi-stage anaerobic reactors are known to enhance 

and stabilise biogas production by separating the acidogenic and methanogenic phases of 

the digestion process, however, the advantages of single-stage anaerobic reactors with their 

low installation and operation costs, are well recognised [3], [4]. In the EU about 90% of 

full scale anaerobic plants are single-stage systems [5], however, there are concerns related 

to their failure [6] due to their low acid buffering capacities at high organic loading rates 

(OLR) specifically when using highly hydrolysable substrates like OFMSW. These 

operational problems require new strategies to be developed which can improve reactor 

performance and biogas production stability, such as optimising reactor feed composition 

for long-term and high OLR applications. Here we define reactor performance and stability 

in terms of the long term and efficient conversion of biomass to biogas with a high 

methane content. Such a stable biogas production will be accompanied by other stability 

indicators such as a stable near neutral pH, low concentrations of volatile fatty acids 

(VFAs), and the maintenance of sufficient alkalinity [7]. The dynamics of microbial 

communities in terms of growth and composition are also likely indicative of stability or 

change [8]. 
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 One strategy to improve reactor performance and stability is substrate co-digestion. Each 

year, worldwide, CO2 fixation by photosynthesis is responsible for the production of ~1011 

tons of dry plant matter comprised of cellulose (> 50%) [9]. For instance, wheat straw 

(WS) is a lignocellulosic plant material in which degradable celluloses and hemicelluloses 

comprise 50 - 70% of the composition with 10 - 20% as un-degradable lignin [10]. 

Cellulose contains glucose monomers but is nitrogen deficient which places limits on 

degradation because the nutrient requiring microbial biomass yields from glucose by 

methanogenesis can be >20% [11]. Therefore, co-digestion of organic wastes (with high 

nitrogen content) and WS (with high carbon content) can be a favourable strategy for 

balancing feed composition. Importantly, two readily available low cost substrates 

(OFMSW and WS) contain complementary C and N contents making them ideal co-

substrates for AD and renewable energy production [12]. The main benefits of co-digestion 

of OFMSW with WS are: 

a) lignin in wheat straw, and presumably the cellulose it occludes, is slowly degraded [13], 

so the risk of rapid hydrolysis and acidification in AD reactors is reduced for mixtures of 

OFMSW and WS; 

b) the non-degradable components of WS (lignin) can work as a biofilm carrier in the 

reactor [14] decreasing the risk of biomass washout; 

c) improved biodegradation efficiency arises from communities growing on mixed wastes 

[15]. Theoretically, two or more distinct microbial communities, i.e. microbes that grow on 

OFMSW and those that grow on WS, are expected to utilize substrates more efficiently 

than individual communities [15], [16]. 

d) a balanced C:N ratio i.e. between 20 to 30, is achieved by mixing N-rich (e.g. OFMSW) 

and N-deficient (e.g. WS) feedstocks, preventing the onset of ammonia inhibition [17]. 
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Another method to optimize the nutrient balance of OFMSW for AD feedstocks is via 

supplementation of trace elements (TEs). Regardless of reactor design, trace element (TE) 

deficiency is considered a common cause of failure in both single and multi-stage reactor 

systems [18], [19]. The deficiency of TEs like Se, Fe, Ni, Co, Mo, AL, B etc. in food waste 

which represents the largest component fraction of OFMSW has been reported [20], [21]. 

Facchin et al. [22] found that supplementation with a TE mixture of Co, Mo, Ni, Se and W 

increased the methane production (45 - 65%) of batch reactors of food waste inoculated 

with a digestate with low background concentrations of TEs. Furthermore, the positive 

effect of TE supplementation during the mono-digestion of OFMSW and its crucial role in 

the synthesis of enzymes are well established in the literature. Banks et al. [23] suggested 

that the addition of Se and Co to anaerobic digesters treating food waste and operating at 

high ammonia concentrations was crucial for stable operation at high OLR with enhanced 

performance efficiency. 

In the context of the above, recent studies have identified the risk of failure for AD reactors 

fed with wheat straw and organic waste as co-substrates due to the accumulation of volatile 

fatty acids and pH drop [24]. However, Liu et al. [25] obtained a 22 - 56% higher solids 

bioconversion of a lignocellulosic material (Corn-Stover) by adding trace elements (Fe, 

Co, and Ni). The current study explicitly assumed that: 

a) Co-digestion of WS with OFMSW enhances the hydrolysis and fermentation of the 

cellulose and hemicellulose fractions of WS. 

 b) The release of carbon from WS (glucose) increases the substrates required for microbial 

growth in the mixed liquor. 

 c) TE supplementation enhances enzymatic activity to promote acidogenesis and 

methanogenesis, and that the combined effect of TE supplementation and WS/OFMSW co-
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digestion results in a balanced fermentation-methanogenesis synergy and thus increased 

methane production and the long-term stability of AD. 

The aim of the current study was to directly compare the relative individual and combined 

effects of TE supplementation and WS/OFMSW co-digestion on process stability (as 

measured by pH and alkalinity  status), performance (biogas production) and methanogenic 

activity (relative fluorescence intensity of coenzyme F420 in digestate). The novelty and 

strength of the current study was the simultaneous comparison of six mesophilic reactors 

fed with a synthetic organic waste as a mono substrate (only OFMSW), or as a co-substrate 

with WS (25% and 50% WS), with and without TE addition. In all these reactors, 16S 

rRNA gene bacterial and archaeal abundances were measured and microbial community 

compositions analysed for correlation with the measured physicochemical parameters. This 

approach allowed us to establish for the first time the relative importance of trace element 

supplementation versus co-digestion as strategy to improve the operational stability and 

methane production of the anaerobic digestion of the OFMSW.  

2. Materials and methods 

2.1.  Inoculum and feedstock materials 

The synthetic organic waste (SOW) substrate used in this study (Table 1) was composed of 

79% cooked food leftovers (such as rice 13.6%, meat 1.5%, beans 5.6% , fat 1.4% etc.), 

20% uncooked fruit and vegetable wastes (such as apple 1.3%, orange 1.7%, banana 2%, 

lemon 1.2%, pomegranate 1.4% and herbs ~ 6% etc.), and 1% cardboard. The substrate 

simulated the composition of an organic waste going to landfill [26] was ground and 

homogenised with a food blender to produce a feedstock which passed through a 5 mm 

sieve. The total (TS) and volatile (VS) solids concentrations of the SOW feed were 

adjusted to 12.8% and 11.3% respectively by adding distilled water (~ 35% dilution of the 
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organic waste was required). After preparation and homogenization, the substrate was 

stored at -20oC until use. 

The wheat straw (WS) was collected from Cockle Park Farm, Newcastle University. The 

WS (Table 1) dried at 50 - 60oC, ground with a dry food grinder, sieved to pass a 1mm 

sieve, and stored in airtight bags at room temperature until use. The inoculum (Table 1) for 

reactor start-up was obtained from a mesophilic (37oC) digester treating cattle slurry and 

farm silage (Cockle Park Farm, Newcastle University, UK) and stored at 5oC until use. 
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Table 1. Physicochemical characteristics of the synthetic food waste, wheat straw and inoculum, 

illustrating the six-fold higher C/N ratio of wheat straw over synthetic organic waste, and the 

many-fold higher trace element content of the inoculum from the farm digester relative to the 

wastes used in the present study.  

Parameters 4 Synthetic organic waste Wheat Straw Inoculum 

pH (1:2) 4.3 ± 0.15 2 6.3 ± 0.1 1 7.8 ± 0.3 

Total solids (%W/W) 12.8 ± 0.1 92.2 ± 0.4 0.97 ± 0.1 

Volatile solids (%W/W) 11.3 ± 0.1 81.4 ± 0.35 0.56 ± 0.06 

Volatile solids (%TS) 88 ± 0.2  88 ± 0.3 57 ± 0.5 

C (%) 44.8 ± 0.2 45.5 ± 0.02 40.9 ± 3 

N (%) 3.3 ± 0.03 0.56 ± 0.01 4.1 ± 0.3 

S (%) 0.3 ± 0.01 0.0 0.15 ± 0.04 

C/N 13.6 ± 0.06 81.3 ± 1.2 10 ± 0.04 

Al 3 340 ± 12 153.8 ± 14 973 ± 21 

B 11.3 ± 0.8 7 ± 0.4 51 ± 2.5 

Ba 6.6 ± 0.7 38 ± 0.2 27.8 ± 0.5 

Ca 2329 ± 205 2255 ± 250 19465 ± 183 

Cd 0.05 ± 0.001 0.08 ± 0.006 0.29 ± 0.1 

Co 0.2 ± 0.001 0.22 ± 0.03 1.2 ± 0.2 

Cr 1.4 ± 0.18 4.9 ± 0.2 6 ± 0.8 

Cu 12.4 ± 0.47 4.4 ± 0.21 103 ± 1.5 

Fe 366 ± 2.8 443 ± 11 1818 ± 9.8 

K 412 ± 53 1532 ± 31 6304 ± 19 

Mg 142.5 ± 25 498 ± 7 2181 ± 5.4 

Mn 10.3 ± 1.1 24.5 ± 3 163 ± 3 

Mo 0.9 ± 0.2 0.24 ± 0.04 10 ± 0.5 

Na 167 ± 25 60.6 ± 5 637.4 ±11 

Ni 1.3 ± 0.15 2.6 ± 0.2 12.5 ± 0.5 

Pb 8.3 ± 0.4 2.4 ± 0.09 29.6 ± 0.7 

Si 85.8 ± 2.5 51.4 ± 2.4 304 ± 3 

Ti 7.6 ± 0.18 6.1 ± 0.2 38.8 ± 0.4 

V 1.8 ± 0.1 0.84 ± 0.11 8 ± 0.1 

Zn 29.7 ± 1.8 20.4 ± 2.2 389 ± 2.7 
 

1 One volume of wheat straw was added to 1.5 volume of distilled water mixed with magnetic stirrer for one hour then 

measured for pH. 

2 One volume of the synthetic organic waste was added to two volume of distilled water mixed with magnetic stirrer for 

one hour then measured for pH. 

3 All concentrations are total concentration of metals in µg per g TS. 

4 All values in this table represent mean value of triplicate samples measured with standard deviation. 
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2.2. Trace elements solution 

The composition of TE solution was prepared according to the recipe reported by [27]. The 

reactor concentration of the TEs was chosen to simulate the approximate concentrations of 

measured TEs released from the mineral wastes such as incineration ash and construction 

demolition waste that were recently supplemented to the AD of OFMSW [28]. Multiple 

stock solutions (1000 mg/L) of each TE were prepared with high purity element metals 

(Sigma Aldrich) dissolved in 2% HNO3 solution. The acidified (pH ~ 5) stock solutions 

were stored at 5oC until use. On experimental start-up reactors receiving TE supplements 

were given appropriate volumes of these stock solutions to achieve the designed 

concentration of each TE in the reactor: 0.3 mg/L for Se, 120 mg/L for Fe, 1.3 mg/L for 

Ni, 1 mg/L for Co, 0.33 mg/L for Mo, 0.1 mg/L for Al, 0.3 mg/L for B, 0.1 mg/L for Cu, 1 

mg/L for Mn and 0.2 mg/L for Zn. Although reactors were fed daily with organic 

feedstocks, the TE concentration was maintained every five days by adding an appropriate 

amount of each stock solution to match the volume of feed added, and digestate removed, 

over that period. 

2.3. Reactor start-up and operation 

2.3.1. Biomethane potential tests 

Biomethane potential (BMP) tests for each of the SOW and the WS substrates were carried 

out separately with the same inoculum used for the continuous trials to find the individual 

potential methane yields from the substrates. The potential methane yields of the SOW and 

WS combinations (25% or 50% WS/SOW co-digestion) were then inferred mathematically 

for use in direct comparison with specific methanogenic yields obtained from different 

CSTR reactors fed with different substrate combinations. The BMP tests were conducted 

according to a standard method [29] and were carried out in triplicate using 0.5 litre glass 

bottles (Duran® laboratory bottles) incubated at 37oC for 30 days. In these tests, which did 
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not include trace element additions, the inoculum to substrate (SOW or WS) volatile solid 

(VS) mass ratio was 2:1. Every day the BMP bottles were mixed manually for 3 minutes. 

Blank BMP tests containing inoculum only (un-amended controls) were used to quantify 

the background methane potential of the inoculum. 

2.3.2. Continuous digestion trials 

Six continuously stirred (100 - 120 rpm) anaerobic reactors (CSTRs) of 1 L working 

volume were employed for continuous digestion trials. The CSTRs were operated at a 

mesophilic temperature (37oC) over a period of 100 days (five HRTs of 20 days). An HRT 

of 20 days was chosen based on results of previous studies [21], [28] which studied the AD 

of a similar substrate. Initially, the inoculum was reactivated at 37oC for 7 days [29], then 

the reactors were filled with 1 L of the inoculum and left for 20 days to acclimate to the 

substrate and to the reactor environment. During the acclimation period, the reactors were 

fed every 2 - 3 days with 1 g of volatile solids of the SOW. Biogas produced from each 

reactor was collected in gasbags and analysed for methane percentage; gasbags were 

emptied daily. After 20 days of acclimation methane percentages of biogas from each 

reactor was >50%. The CSTRs were fed with three successive OLRs: 1, 2 and 4 g VS L-1 

d-1. The six reactors were designated: SOW (fed with SOW only (C/N = 13.6)); SOW-TE 

(fed with SOW and supplemented with TEs (C/N = 13.6)); SOW-25WS (fed with 75% 

SOW and 25%WS (C/N = 30.5)); SOW-25WS-TE (fed with 75% SOW, 25%WS and TEs 

(C/N = 30.5)); SOW-50WS (fed with 50% SOW and 50%WS (C/N = 47.5)) and; SOW-

50WS-TE (fed with 50% SOW, 50%WS and TEs (C/N = 47.5)). 

2.4.  Analytical methods 

Biogas produced from each reactor was collected in a five-litre gasbag (Tedlar, VWR). 

Each day gasbags were disconnected, biogas volume measured, emptied with samples of 

biogas from each reactor analysed for biogas composition (CH4 and CO2) by gas 
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chromatography (GC) calibrated with a standard gas of 80% (v/v) CH4 and 20% (v/v) CO2. 

The GC analysis using a Carlo Erba HRGC S160 GC with MFC 500 detector was 

performed on triplicate biogas samples from each gasbag as described in Shamurad et al. 

[28]. The methane composition of biogas was corrected for the water-vapour content of the 

saturated gas at the standard temperature and pressure (STP; 0oC and 1bar). 

Reactor pH was measured daily from freshly sampled digestate using a pH meter (Jenway, 

3310). In addition, samples of digestate were taken on a weekly basis, centrifuged for 30 

min at 3,392 g. The supernatant obtained was then used for the evaluation of chemical 

oxygen demand (COD), total ammonia nitrogen ((TAN) including NH3-N and NH4
+-N) 

and dissolved metal concentrations as per standard methods [30], [31]. Total volatile fatty 

acids (total VFAs) and total alkalinity (total ALK) were measured by titration according to 

the Lossie and Pütz [32] method. Acetate and propionate concentrations were measured 

from filtered (0.22 µm polyethylene syringe filter; (VWR international, UK)) supernatants 

using a liquid Ion Chromatography (Dionex ICS-1000) equipped with an Ionpack ICE ASI 

column, with heptafluorobutyric acid as the eluent and tetrabutylammonium hydroxide as 

the regenerant. Total solids (TS) were quantified gravimetrically as the mass of solids 

remaining after oven- drying samples overnight (105oC); the volatile solids (VS) mass was 

calculated after furnace drying at 550oC for 30 minutes. An elemental assay for the C, N, 

and S percentages by mass in the dried SOW, WS and inoculum samples was performed 

using an organic element analyser (Elementar vario MAX CNS) according to the 

manufacturerôs instructions and the standard method [30]. The inoculum at beginning of 

experiments and digestate samples on each HRT were collected and analysed for TE by 

inductively coupled plasma - optical emission spectrometry (ICP-OES) as described by 

Shamurad et al. [33]. 
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2.5.  Microbial community analysis 

Microbial community analyses were performed for the inoculum (before the acclimation 

period) and digestates; samples for the latter were collected from the reactors on days 20, 

40, 50, 60, 80 and 100. 

2.5.1. DNA extraction 

Genomic DNA extraction of digestate samples was performed according to the modified 

protocol of Griffiths et al. [34] as described in Shamurad et al. [28]. One mL of each 

digestate sample was centrifuged (5 min, 15,000 g) then used for DNA extraction. The 

quality and concentration of the extracted DNA was measured using a Nano drop 

spectrophotometer (Thermo Fisher, UK) as described previously [28], [33]. To avoid 

contamination of DNA samples, blank genomic DNA samples were also prepared 

following the same sample-preparation and DNA extraction of the digestate samples. 

2.5.2. Real time quantitative PCR (qPCR) 

The abundances of mcrA genes (for total archaea) and 16S rRNA genes (for total bacteria) 

were determined in digestates by quantitative PCR (qPCR). For the functional gene 

(mcrA), the mlas-forward and mcrA-reverse primers were used following a previously 

described method [35]. The reaction mixture comprised 3 µL of DNA template, 1 µL of 

sterile de-ionized water, 0.5 µL of each of the forward and reverse primers (concentration 

of 10 pmol/µL) and 5 µL of Ssofast EvaGreen Supermix solution. Reaction conditions for 

the mcrA gene amplification included an initial denaturation step at 98°C for 3 min 

followed by 39 cycles of denaturation at 98°C for 5 s, annealing at 66°C for 10 s, and 

extension at 65°C for 5 s with a 0.5oC increment until a final extension step at 95°C for 0.5 

min, according to the manufacturer for Ssofast Evergreen® Supermix (BIORAD, UK). 

Total bacteria was quantified using a SYBR green-based assay using the primers 1055F 

and 1392R [36]. For the quantification of 16S rRNA genes, 3 µL of template DNA was 
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used in a reaction mixture containing 5 µL Ssofast EvaGreen Supermix (Bio-Rad, UK), 0.5 

µL of each of the forward (1055F) and reverse (1392R) primers [36], and 1 µL of sterile 

de-ionized water to a final volume of 10 µL. Amplification of 16S rRNA (abundance of 

total bacteria) gene was conducted using SsoAdvancedÊ Universal SYBR® Green 

Supermix (BioRad) included 3 min of initial denaturation at 98°C, and 40 cycles of 5 sec 

denaturation at 98°C, and 5 sec annealing/extension at 60°C. All assays were done in 

triplicate using the BioRad CFX C1000 System (BioRad, Hercules, CA USA). Five-point 

standard calibration curves were plotted for amplified mcrA and 16S rRNA genes prepared 

from dilutions of pure cultures and no-template controls (prepared from filter-sterilized de-

ionized water). Methanosarcina barkeri cultures were employed for the preparation of the 

mcrA gene standard for qPCR analysis, while to prepare the 16S rRNA standard for qPCR 

analysis, the complete 16S rRNA gene was amplified from E.coli using the PA/PH primers 

[28]. DNA was extracted from the culture with a MP-bio ófor soil DNAô extraction kit 

(UK) following the manufacturer's instructions and the method described in Shamurad et 

al. [28]. Quantification of the mcrA and 16S rRNA was performed by comparison to the 

cycle threshold values of the amplified mcrA and 16S rRNA standards and no-template 

controls. 

2.5.3. 16S rRNA gene sequencing 

An Illumina HiSeq 16S rRNA (V4 region) gene sequence library (Earlham Institute, UK) 

was prepared according to the protocol described by Kozich et al. [37]. The amplification 

primers used in this protocol (F515/R806, [38]) were reappraised using the Silva database 

Test Prime tool [39] and were found to target 87% of all bacterial sequences in the SILVA 

Ref NR database consistent with their wide use in 16S rRNA community analysis. With 

respect to the coverage of the archaeal domain the primer pair were found to target only 

53% of total archaeal sequences, however, with respect to the Euryarchaeota which 
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encompass the methanogen lineages recognised to be methanogens in anaerobic 

environments and particularly those responsible for biomethane production in AD reactors 

[40], [41] the coverage was 88% inclusive of the orders Methanobacteriales (93%), 

Methanococcales (85%), Methanomassiliicoccales (82%), Methanomicrobiales (92%), 

Methanosarcinales (90%), Methanocellales (90%) and the recently described candidate 

order Methanofastidiosales (76%). DNA extracts were quantified using a Qubit dsDNA 

HS Assay Kit (Thermo Fisher Scientific Q33231), and purity checked using a DropSense 

96 UV/VIS droplet reader (Perkin Elmer). Extracts were diluted serially and 10 ng of DNA 

used for subsequent PCR amplifications. PCR amplifications were performed with 2 µL 

each of the forward (GTGCCAGCMGCCGCGGTAA) and reverse 

(GGACTACHVGGGTWTCTAAT) primers [38] at a concentration of 2.5 µM, 0.1 µL 

Kapa 2G Robust polymerase (Kapa Biosystems KK5005), 0.5 µL 10 mM dNTPs, and 

made up to 25 µL with Qiagen nuclease free water (Qiagen 129114). The PCR program 

included an initial denaturation at 94oC for 3 min followed by 25 cycles of 94oC for 45 sec, 

55oC for 15 sec, and 72oC for 30 sec. The final extension step was 72oC for 3 min. The 

PCR amplicons were then purified with a 1x Agencourt AMPure XP bead clean up 

(Beckman Coulter A63882) with two 80% EtOH washes and re-suspended in 25 µL of 

elution buffer (10 mM Tris). Amplicons were then quantified using the Qubit dsDNA HS 

Assay Kit and sized on a PerkinElmer GX nucleic acid analyser using the High Sensitivity 

DNA chip (PerkinElmer CLS760672). Amplicons were then equimolar pooled and the 

pool was then quantified by qPCR using a Kapa Library Quantification Kit (Kapa 

Biosystems). 

2.5.4. Sequence data processing 

Raw sequence data (FastQ) files obtained from Illumina HiSeq sequencing were de-

multiplexed and quality filtered and reads were binned into amplicon sequence variant 

https://www.thermofisher.com/order/catalog/product/Q33231
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(ASV) using DADA2 [42] default parameters in the Quantitative Insights into Microbial 

Ecology (QIIME2) pipeline [43]. The taxonomical assignment was then accomplished 

using the SILVA119 database [44]. Canonical Correspondence Analysis (CCA) was 

performed in R [45] using the ñveganò package [46] to determine the correlations between 

the abundance of bacterial and archaeal communities and measured physicochemical 

parameters such as TAN, total VFA, soluble COD etc. In addition, representative 

sequences of selected, predominant, ASVs were compared (BLAST) to the NCBI 

nucleotide database to identify cultured and environmental closely related sequences. 

Representative 16S rRNA sequence fragments and close relatives were aligned using 

MUSCLE in MEGA7 to construct a neighbour-joining phylogenetic tree supported by 

bootstrap analysis [47]. 

2.6.  Statistical analysis 

Coefficients of Pearsonôs bivariate correlations for measured reactor parameters and 

performances (replicate values per HRT per reactor were obtained for methane yields, 

methane production, COD, F420, and VFA etc.) were conducted in SPSS (version 23.0). 

One-way ANOVA analysis was conducted in R [45] to compare the abundance of bacteria 

and archaea (from qPCR and Illumina analyses) between reactors (SOW, SOW-TE, SOW-

25WS, SOW-25WS-TE, SOW-50WS, SOW-50WS-TE). 

The figures of microbial composition (Beta diversity) and Local Contributions of Beta 

Diversity ((LCBD); is a comparative indicator of the degree of the uniqueness of digestate 

samples in terms of community composition) were produced using MicrobiomSeq package 

[48] in R. Alpha diversity (the variation in species composition among the reactors) indices 

(Chao1, Shannon and Simpson) were calculated then visualised using phyloseq package 

[49] in R. 
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2.7.  Determination of the relative fluorescence intensity of F420 

The relative florescence intensity (RFI) of coenzyme F420 in digestates was determined 

according to the method described in [50], [51]. Ten mL of homogenized digestate from 

each CSTR was autoclaved for 30 min at 120oC and cooled to room temperature. After 

centrifugation for one hour (3,392 g, 60 min), the supernatant was transferred to another 

tube while the pellet was re-suspended and vigorously mixed with 10 ml of 2-propanol and 

centrifuged for another hour. The two supernatants obtained after the two centrifugation 

steps were combined and used for fluorescence analysis. After adjustment of the pH to >13 

in combined supernatant samples with KOH, the RFI of F420 was determined in triplicate 

using a Spectra Max M3 microplate reader using 96-well microplates with each well filled 

with 200 µL of the supernatant samples. The spectro-fluorimeter was setup to shake the 

microplate once before measurement at wavelengths of 425 nm (excitation) and 460 nm 

(emission). For each reactor three separate samples of digestate at different periods of HRT 

were analysed (~ 15 samples per rector during 100 days). 

3. Results and discussion 

3.1.  The relative effects of trace element supplementation and co-digestion on the 

performance characteristics of CSTRs  

Three distinct periods of CSTR performance were observed (Fig. 1). During the first 

period (day 1- 20) all reactors operated satisfactorily. During the second period (day 21- 

60) all reactors without TE showed progressively declining performance and failure 

(between day 41- 60), while TE supplemented reactors continued with stable methane 

yields. During the third period (day 60 - 100), TE supplemented reactors showed stable 

methane production and yields, even when the OLR was increased to 4 g VS L-1 d-1 

between day 80 - 100. An overall conclusion drawn from these results is that under an 
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equivalent set of AD operating conditions, TE supplementation was effective as a single 

AD enhancement strategy, while co-digestion with wheat straw was not. 

A more forensic analysis of the reactor characteristics mechanistically explains the positive 

impact of TE addition. Between day 1 to 20 (OLR of 1 g VS L-1 d-1) the reactors showed 

similar performances in terms of biogas production, methane yield, pH and F420 content. 

During this period, the average methane yields were 80 - 100% of the biomethane potential 

values inferred from BMP tests (Fig. 2). These biomethane potentials were calculated from 

the single substrate batch BMP assays whereby calculations assumed different proportional 

contributions of biogas from different substrates based on the specific substrate 

combinations used in the CSTRs. However, between day 20 and 40 (OLR = 1 g VS L-1 d-1) 

the methane production performance of the reactors started to diverge, with volatile fatty 

acids (VFAs) gradually accumulating in the SOW and SOW-50WS reactors (Fig. 3). For 

instance, acetate and propionate showed sharp increases in the control reactors which had 

not received TE and the varied timing of these increases coincided with declines in 

methane production (Fig. 3). This VFA accumulation (~ 1700 mg/L on day 40) consumed 

most of the alkalinity in the SOW and SOW-50WS reactors and pH decreased from 7.2 ± 

0.1 on day 30 to less than 5 ± 0.2 on day 43 (Fig. 1), resulting in inhibition of methane 

production and failure of the SOW and SOW-50WS reactors by day 43 (Fig. 1). The 

SOW-25WS reactor, which also operated without TEs, showed a better performance up to 

day 60. However, when the OLR increased to 2 g VS L-1 d-1 on day 60, methane 

production from this reactor also declined rapidly and the VFA concentration increased to 

2360 mg/L, with a pH drop to ~ 5.8 (Fig. 1 and Fig. 3). 

In contrast to the control reactors no decline in methane production was observed in the 

reactors supplemented with TEs (SOW-TE, SOW-25WS-TE and SOW-50WS-TE), and, 

furthermore, methane production rates increased consistent with increases in OLRs (Fig. 
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1). Methane yields obtained from SOW-TE, SOW-25WS-TE and SOW-50WS-TE were 

close to methane yields obtained in the BMP trials (Fig. 2). Throughout the 100 days of 

reactor operation, these three reactors showed stable digestion with methane yields of 450 - 

550 mL/g VS consistent with optimal methane yield values reported for OFMSW and/food 

waste [23], [52]. Moreover, concentrations of the coenzyme F420, which is an essential 

cofactor only found in methanogens in anaerobic environments and thus considered a 

reliable measure of methanogenic populations and activities [53], [54] increased 

commensurately with increases in methane production rates (Fig. 1) in all the TE 

supplemented reactors. Statistical analysis showed that F420 fluorescence correlated very 

well with methanogenic activity (Table 2), confirming its suitability as a proxy for this 

process [51]. 

The satisfactory performance of all reactors during the start-up implied that sufficient 

levels of nutrients (micronutrients such as Fe, Co, Ni and Mo and macronutrients such as 

Na, K, Ca and Mg) and alkalinity were likely present in the start-up inoculum (Table 1). 

The subsequent decrease in the performance of SOW, SOW-25WS and SOW-50WS (all 

without TE addition) by day 20 and onwards was obvious and was presumably related to 

the dilution of the TEs in these reactors due to the daily discharge of digestate and feed 

addition (Table S1). 

Focusing specifically on alkalinity and its origins and relationship to TE, Fig. 3 shows that 

despite increasing the OLR to 2 g VS L-1 d-1 (day 40 - 80) and 4 g VS L-1 d-1 (day 80 - 100), 

alkalinity tended to increases in the TE amended reactors (SOW-TE, SOW-25WS-TE and 

SOW-50WS-TE). However, the highest alkalinity and TAN concentrations were in the 

SOW-TE amended reactor (3 - 5 g/L and 1.25 g/L respectively on day 100), while lower 

alkalinity and corresponding lower TAN concentrations were observed in the SOW-25WS-

TE and SOW-50WS-TE reactors. This pattern suggests that increases in alkalinity in TE 



19 
 

supplemented reactors was most likely related to microbially enhanced TAN release from 

the SOW substrate and that this enhanced release is linked to bacterial growth and activity. 

Certainly, the total number of bacteria (estimated from 16S rRNA gene abundances; Fig. 

4) in reactors with TE supplementation increased with increases in the OLR and there was 

a highly significant (p < 0.01) strong (R = - 0.78) negative correlation between reactor 

TAN concentrations and the C/N ratio of the substrate feed. However, it is worth noting 

here that despite observed differences in TAN, with higher levels associated with 

decreasing inputs of WS, these levels never exceeded the 2 g/L considered inhibitory for 

AD [55]. Non-inhibitory levels of TAN were supported by the observed maximal biogas 

production in all these TE amended reactors, however, differences in TAN may have 

affected archaeal community selection, stability and dominant methanogenic pathways (see 

supplementary results and discussion related to methanogen selection in the different 

reactors). 

Alkalinity  and TAN and their relationship to process stability and TE supplementation are 

however only two of a number of possible impacts of TE. For instance, in AD to ensure a 

stable digestion processes, most of the VFAs produced by acidogenic and acetogenic 

bacteria at the fermentation stage need to be consumed by acetogenic bacteria in syntrophy 

with methanogenic archaea [56]. Previous studies have highlighted the importance of TE 

for VFA degradation [57], [58] and considered TE deficiency as the main cause of failure 

[18], [19]. Certainly, in the current study, the total number of bacteria and archaea 

(estimated from 16S rRNA gene copies; Fig. 4) in reactors with TE supplementation 

demonstrably increased with increases in the OLR and biogas production rates, as a result 

of TE supported activity and growth. However, even during the earlier operational period 

under the low OLR feeding regimen with relatively low cell numbers the impacts of TE 

could be discerned. Here no accumulation of VFA occurred in the TE supplemented 
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reactors but did in the TE free reactors (Fig. 3), despite an equal number of archaeal 

methanogen cells suggesting higher metabolic activities of individual archaeal cells under 

TE supplementation. 
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Table 2. Pearson correlation analysis of measured parameters and reactor performances for the data obtained from the six CSTRs at 37oC allowing 

inferences on the interplay between operational parameters and reactor stability.  

 HRT OLR C/N Y MP F420 
16S 

rRNA 
mcrA pH 

Total 

VFA 
COD CH4% TE TAN 

Y -.089 .102 -.569
**

 1           

MP .698
**

 .867
**

 -.189 .438
*
 1          

F420 .509
*
 .587

**
 -.312 .573

**
 .761

**
 1         

16S 

rRNA 
.550

**
 .732

**
 .308 .102 .670

**
 .386 1        

mcrA .678
**

 .738
**

 .250 .102 .650
**

 .214 .759
**

 1       

pH -.474
*
 -.259 -.102 .588

**
 .167 .145 .146 .030 1      

Total 

VFA 
-.347 -.280 -.098 -.345 -.450

*
 -.353 -.478

*
 -.570

**
 -.405 1     

COD -.196 -.039 .066 -.241 -.144 -.299 -.324 -.248 -.318 .750
**

 1    

CH4% -.174 -.057 -.097 .567
**

 .339 .221 .200 .214 .726
**

 -.625
**

 -.370 1   

TE 0.000 0.000 0.000 .616
**

 .485
*
 .431 .471

*
 .531

*
 .399 -.800

**
 

-.494
*
 

.524
*
 1  

TAN -.147 .076 -.777
**

 .687
**

 .312 .488
*
 -.155 -.247 .310 .188 .125 .150 .068 1 

TS .466
*
 .710

**
 .396 .013 .619

**
 .215 .896

**
 .728

**
 .041 -.301 -.015 .213 .362 -.194 

VS .596
**

 .751
**

 .411 -.089 .619
**

 .198 .879
**

 .773
**

 -.093 -.345 -.060 .167 .339 -.308 

 

*Correlation is significant at the 0.05 level (2-tailed). 

** Correlation is significant at the 0.01 level (2-tailed). Positive and negative correlations with significant are highlighted in dark-green and dark-red respectively. Lower and lowest positive 

and negative correlations are highlighted in lighter and lightest green and red respectively. 

MP = methane production rates, Y = Methane yield, TE = trace elements and TAN = total ammonia nitrogen.
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Fig. 1. Performance profile (daily methane production, methane yield, pH, and relative florescence 

intensity of F420 in digestates) of six CSTR systems at mesophilic 37oC and three organic loading 

rates (vertical dashed lines) of 1, 2 and 4 g VS L-1 d-1. The reactors without trace elements added 

failed after two months: pH dropped and subsequently methane production ceased. Of the reactors 

with trace elements added the reactor operated with SOW as feed produced most methane. The 

values for pH and relative fluorescence intensity are mean values of triplicate samples with 

standard deviations (not shown). 
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Fig. 2. Measured methane yields from the 6 CSTR systems in comparison with theoretical methane 

yields calculated from the individual biomethane potential (BMP) tests carried out separately on 

the individual SOW and WS substrates. In the reactors operated without trace element 

supplementation methane production decreased after two months and stopped after three months. 

In the reactors supplemented with trace elements methane production was consistently at the level 

reached in the BMP test. The BMP x-axes refer to BMP values (mL CH4/ g VS) obtained from the 

batch reactor BMP tests, whereas the bars on days 20, 40, 60, 80 and 100 show mean biomethane 

potential values per 20 day periods of CSTRs operation. The error bars represent standard 

deviations of the mean values.
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Fig. 3. Variations in the concentrations of total volatile fatty acids (Total VFA), total alkalinity, 

total ammonia nitrogen (TAN), acetate and propionate with time in six CSTR systems fed with six 

different substrate compositions at mesophilic temperature 37oC. Total alkalinity started to 

decrease sharply in reactors without trace elements due to accumulation of VFAs; similarly total 

alkalinity decreased in the reactors with trace elements up to day 40 then started to increase after 

day 40. The reactors without co-digestion showed higher concentration of TAN compared to co-

digestion reactors. The values are mean values of duplicate digestate samples with standard 

deviations (not shown). 
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Fig. 4. Variations (A) archaeal mcrA (B) bacterial 16s RNA gene abundances derived copies from 

qPCR analysis. The gene abundances increased with time in reactors with trace elements added 

while remained either almost constant or decreased with time in reactors without trace elements 

added. Days after SOW, SOW-25WS and SOW-50WS reactor failure were not analysed. The 

values are the means per HRT and error bars show the standard deviation. 

(A) 

(B) 
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3.2. Microbial community diversity analysis based on 16S rRNA sequence libraries 

A comprehensive sampling and analysis strategy was adopted in this study (see 

supplementary results and discussion) to assess impacts on microbial communities as a 

function of time and generic reactor operation as well as individual reactor conditions. As 

expected diversity decreased over time (Fig. S1) due to selection of a small number of taxa 

commonly observed in anaerobic digesters consistent with other AD studies which have 

investigated start-up (e.g. [59]) and long term reactor operation (e.g. [60]). However, as 

discussed below, specific bacterial and archaeal compositional changes are relatable to the 

operation of different individual reactors. 

3.2.1.  Bacterial community composition and dynamics 

Reactor bacterial communities were variably dominated by sequence types related to seven 

different families, namely: Ruminococcaceae, Spirochaetaceae, Synergistaceae, 

Cloacimonadaceae, Dysgonomonadaceae, Rikenellaceae and Kosmotogaceae (Fig. 5 and 

Fig. S2). These bacterial families are, as mentioned above, common constituents of 

anaerobic digesters and their selection is consistent with the complexity of the food-waste 

based reactor feed as indicated by the environmental source and function of the cultured 

and uncultured close relatives (see Fig. S3 and Fig. S4 and associated supplementary 

discussion). 

At day 40, the dominance of these different bacterial groups in the reactors with or without 

TE addition were remarkably similar to each other, but clearly different to the original 

inoculum, suggesting their selective enrichment during AD without any influence, at this 

initial stage, from differences in TE supply or WS co-digestion. Some of these initially 

enriched taxa were consistently present and retained in all the reactors for the duration i.e. 

the Dysgonomonadaceae. A canonical correspondence analysis indicated a high correlation 

of such taxa with measured reactor parameters such as VFA, TAN and sCOD (Fig. S5). 
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However, the abundance and long-term stability of others were tentatively attributable to 

differences in WS%. For instance, at 40 days the dominance of Spirochaetaceae apparently 

increased with the presence and increasing amount of WS. In contrast, the relative 

abundance of the enriched Cloacimonadaceae was comparatively lower. Furthermore, by 

days 80 and 100 the SOW-TE and SOW-25WS-TE reactors were dominated by ~ 55% 

Cloacimonadaceae supporting the selection of this family at lower WS%. Conversely, the 

Synergistaceae were still a dominant (~ 40%) component of the bacterial communities in 

the SOW-50WS-TE reactor along with the families Rikenellaceae and Kosmotogaceae 

(Fig. 5, Fig. S2, Fig. S3 and Fig. S5). 
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Fig. 5. Beta diversity of microbial community taxa in relation with feed composition and time on 

day 0 (Ino. = inoculum), day 40, day 80 and day 100 in six AD reactors which digested a synthetic 

organic waste as mono substrate or co-digested with wheat straw with/without trace element 

supplementations. The acetoclastic methanogen Methanosaeta was the most abundant genus in the 

reactor with trace elements added and 50% wheat straw codigestion, while in the reactor without 

wheat straw codigestion and 25% wheat straw co-digestion the hydrogenotrophic methanogens 

were the most abundant archaeal genera. ((A) bacteria represented by the15 most abundant families 

and (B) archaea represented by the 13 most abundant genera). Families and genera with lower 

abundances are combined in ñOthersò. 

(A) 

(B) 


