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Introduction
The biogas plant is a hub for circular economy. Streams of organic material previously considered waste from industrial operations, water management 
and agricultural practices are now being channeled through anaerobic digesters for production of renewable energy, nutrient-rich organic fertilizers, and 
novel materials1. Restorative and regenerative by design, anaerobic digestion (AD) is a building block towards a carbon neutral future, supporting 
climate positive value cycle development2. However, only 2% of its full potential is currently being utilised worldwide2. This calls for a deeper
understanding of the bioconversion process to build more efficient resource recovery systems.
The conversion of organic waste streams to bioenergy and other value-
added products within the AD milieu occurs through microbial
interaction networks. Metagenomics has enabled researchers to explore
this interaction space with unprecedented resolution at the bench, pilot,
and municipal operating scales. A multitude of studies describing the AD
microbiome and the operational factors governing its structure and
function have emerged over the past decade3. This has led to an increased
data footprint from anaerobic digesters around the world. However, the 
high heterogeneity in data production and analysis approaches including 
functional annotation pipelines, the choice of reference databases and 
cut-off parameters introduce systematic differences that confound 
comparative analysis. Furthermore, computational bottlenecks and a 
general lack of versatile and scalable software tools to process, organize 
and interact with these datasets limit knowledge creation and translation 
abilities4. 
Given these limitations, I intend to develop the ADCyc (Anaerobic
digestion encyclopedia) compendium of metabolic network
reconstructions from publicly available AD datasets supported by high-
performance software tools implemented on grids and clouds. ADCyc
will provide direct access to these metabolic reconstructions in the form
of pathway/genome databases5 via the EngCyc portal system. By
integrating global data across scales, this platform will establish a 
comparative analysis framework that will empower scientists, engineers, 
and treatment plant operators interested in visualizing and interpreting the 
metabolic network driving matter and energy transformations within 
various digester systems. Furthermore, it will enable us to answer 
questions such as- Is there a functional core within AD microbiome? 
How does this functional core change across different operational 
conditions?

Figure 1: A multi-tiered approach to ePGDB validation. The pyramid 
represents different levels of curation where Tier 1 (b) is composed of the 
highly curated and validated E. coli datasets. Tiers 2 and 3 (c through d) are 
pathway/genome databases available within the BioCyc family. The final tier 
represents ADCyc, where the clouds are the metagenomes composed of 
individual population genomes or metagenome-assembled genomes. (Figure 
adapted from Hanson, Niels W., et al. "Metabolic pathways for the whole 
community." BMC genomics 15.1 (2014): 1-14)

Assembly and annotation pipeline overview
Figure 2: Workflow diagram describing the 
assembly and annotation pipeline to establish 
gene annotations and infer the presence of 
metabolic pathways. Inputs to the pipeline
consists of long and/or short raw read fastqs
which will be assembled using either a long-read
assembler, short-read assembler or hybrid
assembler. The contigs will then be binned into
metagenome-assembled genomes (MAGs)
followed by consensus binning and bin quality
estimation. GTDB-tk will be used to assign
taxonomy to the MAGs7. Metagenomes and
MAGs will be processed through MetaPathways6
for functional annotation. If transcriptomes are
available, transcripts will be mapped to
metagenomes and MAGs allowing the
assignment of gene expression information to
populations within the constructed metabolic
network. Different modules of the pipeline have
been incorporated into snakemake10 workflows
for scalable and automated analysis. The grey
boxes in the figure represent various processing
steps and software tools9 used in each processing
step. The orange cylinders represent the
databases used for taxonomic and functional
annotation. The blue and green parallelograms
represent inputs and outputs, respectively.
The lab dataset described in the subsequent
section is being used as an initial test case and
for further development of the pipeline. The
pipeline will then be used to process the public
AD datasets to build the ADCyc compendium of
pathway/genome databases5.
*Downstream/Additional analysis scripts written
in python and R are not included as part of
workflow here.

Lulu Cyc: The initial use case
The Lulu Island wastewater treatment plant is operated by Metro Vancouver in Richmond, BC and provides primary and secondary treatment of >30 billion
liters of municipal wastewater from ~200,000 residences in the area (Figure 3a). Primary treatment includes a series of tanks where wastewater undergoes
screening, aeration, mechanical separation, settling and clarification. The primary effluent then undergoes secondary treatment as it is passed through solid
contact tanks, secondary clarifiers and disinfection tanks before being released into receiving waters.

Figure 3a: Lulu Island wastewater treatment plant; Ecosystem type: Engineered; Location: Richmond 
BC (49°6.54N, 123°8.86W)

Part of this wastewater (from both treatment stages) is mixed, thickened and equally split between
two mesophilic (38℃) ADs operating in parallel with the same input waste and a 30 days
retention time.
Samples were collected from the two ADs (AD1 and AD2) along with physicochemical process
parameters on a biweekly basis from October 2016 to December 2018. The digesters
experienced different process configurations during this stage – Standard Operation 1 and 2,
Chemically enhanced pre-treatment (CEPT), Serial Operation and Single Operation. DNA was
extracted from samples for small subunit ribosomal rRNA sequencing and metagenomic
sequencing (Figure 3b).

Figure 3b: Flow diagram showing the different process 
configurations. The operations differ in the upstream 
primary and secondary wastewater treatment steps and 
flow of materials into the anaerobic digesters

Preliminary Results

Figure 4: Line chart indicating the temporal changes to 
physicochemical parameters across four process configurations. 
From the figure it is evident that the two standard operations were 
indistinguishable. The CEPT operation differed from the standard 
operations, but the final serial operation was the most distinct of the 
four due to a different flow regime. (Kieft et al., accepted, Nature 
Communications)

Figure 5: Temporal dynamics of the top 36 most abundant genera across four process configurations. The 
figure is a good representation of how the microbial community dynamics shifted with respect to the process 
conditions.  ANOVA test to determine genera with different abundances between process configurations resulted 
in a total of 22 genera being classified as significantly different. ANOVA results shown in last row of facet label;
** = < 0.001, * = < 0.05, n.s. = not significant. (Kieft et al., accepted, Nature Communications)

Discussion and Future direction
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Figure 9: A visual representation of the publicly available datasets 
used for ADCyc. (a) The figure shows the distribution of the 700 
metagenomic datasets obtained for building ADCyc. (b) The color 
represents the type of input feedstock, and the size is the size in gb of 
the metagenomic datasets. 

(a)

(b)

• Pathway/genome databases (PGDBs) will be generated for
the remaining Lulu samples.

• Transcript data will be mapped to study expressed functions.
• Metagenomes from the public repositories will be processed

through the annotation pipeline to build PGDBs.
• A high level comparative analysis of the PGDBs will be

carried out to study functional aspects of the microbiome.

Given the significance of anaerobic digestion technology in the
development of bioeconomy, a multitude of studies have
characterized the AD microbiome at different scales of operation.
However, the diversity exhibited across AD guilds due to the wide
range of operational conditions makes these ecosystems relatively
less well-understood. Building the Lulu Cyc, and demonstration
of a pathway-centric approach is the first step towards new forms
of integrated analysis supporting research at the interface of
microbial ecology and process engineering. A global pathway-
centric exploration of the AD microbiomes will further enable the
identification of known and novel metabolic interactions
underlying the organic waste conversion process, explore the
changes to these interactions across process conditions and
design/develop more efficient bioprocesses that improves RNG
quality and yield at scale. A total of 700 metagenomic and
metatranscriptomic datasets (Figure 9) obtained from public
repositories will be used to build ADCyc.

Next steps
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Figure 6: A co-occurrence network of the microbial community. The nodes represent 
the ASVs across the time series and the edges represent the correlation scores. Nodes are 
coloured if they are indicator ASVs for the given configuration and triangles if they have 
a representative metagenome-assembled genome. The two subnetworks represent groups 
of co-enriched ASVs in the final configuration. (Kieft et al., accepted, Nature 
Communications)

Figure 8: Pathway coverage heatmap across process configurations. Heatmap shows 
the reaction coverage of some of the metabolic pathways relevant for AD processes
across the ten processed metagenomes. Shading indicates the percent reaction coverage
for a given pathway. Samples are faceted into separate columns based on process
configuration.
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Figure 7: Scatter plot showing contamination and completion of MAGs. A total of 147 dereplicated MAGs were obtained from the 17 metagenomes 
processed. MAGs have been plotted in two columns of high-quality (HQ: >90% complete and <5% contamination) and medium-quality (MQ: >50% complete 
and <10% contamination). The colors represent the different taxa at Phylum level . Out of the 147 MAGs 18 were classified as HQ and 129 as MQ.


