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Abstract: 

Fat, oil, and grease (FOG) generated at food service establishments are removed by grease 
abatement devices to reduce the incidence of sanitary sewer overflows.  In North Carolina, 
grease interceptor waste (GIW) pumped from the food service industry is treated as septage and 
either land applied or composted as a soil amendment. The anaerobic co-digestion of GIW 
provides a value added disposal option whereby GIW can be used to generate electricity at 
wastewater treatment facilities. Previous research at NC State, funded by the WRRI, has shown 
that addition of GIW results in increases in biogas production of up to 336%, the highest levels 
reported in the literature.  These results directly impact the economic feasibility of operating 
GIW co-digesters, specifically with respect to maintaining high methane yields. However, the 
interactions between substrate variability (high FOG and food solids) and microbial community 
adaptations are not known, and directly impact start-up times and process resilience and 
resistance. This is an important issue in full scale operation, since the collected GIW can vary in 
strength and characteristics on a daily or per load basis.  
 
The overall objective of this project is to understand substrate-community interactions to 
optimize anaerobic co-digestion, particularly to minimize start-up time, and increase process 
resilience and resistance. Eight mother-daughter co-digester systems were cultivated using eight 
different substrate types: (1) thickened waste activated sludge (TWAS) (control), (2) 
carbohydrate, (3) protein, (4) lipid, (5) acetic acid, (6) propionic and butyric acids, (7) fats, oils 
and grease (FOG), and (8) grease interceptor waste (GIW). These microbial communities were 
then stressed with low, medium, and high loadings of FOG/GIW and their functional (methane 
yield, methane content, volatile fatty acids, etc.) and microbial (communities assessed by 16S 
rRNA gene high throughput sequencing) responses were measured. The results showed that 
while the lipids and FOG assemblies were less negatively impacted by the loadings, all reactors 
were inhibited at medium and high loadings of GIW. We are continuing this work with low GIW 
loading rates, and expect to obtain the complete results by July 2017.  
 

In an additional experiment, we tested the hypothesis that an anaerobic system can be influenced 
through different feeding strategies to select for microbial communities that can achieve a shorter 
startup time, defined as attaining satisfactory performance at higher organic loading rates faster. 
Using laboratory-scale bioreactors were pushed to higher loading rates as fast as allowed by pre-
defined criteria, we compared the effects of pulse- and continuous-feeding strategies on reactor 
performance and microbial community composition. The results showed similar performances 
up to a loading rate of 1.5 g-glucose/L/d. However, pulse feeding allowed the reactor to achieve 
a higher organic loading rate of up to 3 g-glucose/L/d. The composition of microbial 
communities, determined using Illumina sequencing of the 16S rRNA gene, varied under the 
different feeding strategies. Pulse feeding as a microbial community selection pressure is 
therefore an operational strategy that can be used to achieve faster start-up and/or higher organic 
loading rates. The combined results show that microbial communities can be directed to: (1) 
achieve faster start-up through modified operational procedures, and (2) select for microbial 
populations that are more stable under GIW overloading. These findings can be used in full-scale 
implementation of anaerobic co-digestion of GIW in utilities in NC and around the country. 
 



1. Introduction 
 
1.1. Grease Interceptor Waste 
When fat, oil, and grease (FOG) are released into the collection system, they accumulate on pipe 
walls, which reduces their conveyance capacity1. This reduced capacity results in the 
uncontrolled discharge of untreated sewage into the environment, which is referred to as a 
sanitary sewer overflow (SSO). The raw sewage in SSOs contains pathogenic bacteria, viruses, 
and other detrimental organisms. In addition, SSOs may impact drinking water sources, affect 
the public through recreational or direct exposure, and have a variety of ecologically damaging 
impacts, such as fish kills or toxic algal outbreaks. According to the U.S. EPA, roughly 3–10 
billion gallons of sewage are discharged illegally into the environment each year as a result of 
sanitary sewer overflows (SSOs). FOG accumulation represents 47% of all blockage-based 
sanitary sewer overflows2.  
 
Grease abatement devices (GADs) are required in practically all municipalities to reduce FOG 
loading in the collection system. While the science of grease abatement performance is 
advancing 3,4,5, the disposal of grease interceptor waste (GIW) remains a major challenge. In 
North Carolina, GIW is considered septage. As a result, all waste removed from GADs is either 
directly applied to land (at a 2:1 dilution with potable water) or is aerobically composted (NC 
Division of Waste Management). Despite the widespread use of land application and composting 
in NC, GIW does not serve as a useful soil amendment. In addition, haulers in urban areas often 
have to travel substantial distances (sometimes >100 miles in Raleigh, NC)6.  In some instances 
these facilities reach capacity and can no longer receive GIW7. Due to these challenges 
associated with such disposal, some pumpers opt to illegally discharge the pumped GIW back 
into the collection system. This results in the vastly accelerated formation of FOG deposits and 
leads to unexpected SSOs.  
 
1.2.  Anaerobic Co-digestion of GIW 
Anaerobic co-digestion of GIW could provide the infrastructure-safe, cost-effective disposal 
option needed to reduce some of the burden of FOG waste on the collection system while 
simultaneously providing revenue from energy generation to offset treatment costs. Rising fuel 
prices and the increase in urban populations will likely increase both the cost of disposing of 
FOG waste and the quantity of waste produced, exacerbating the problem of illegal discharges 
and the concomitant effect on SSOs. GIW co-digestion is a solution that is more cost-effective to 
both restaurant owners and pumpers. The lower cost should help reduce the occurrence of illegal 
discharges and provide more transparency in the disposal of this challenging waste.  
 
To make anaerobic co-digestion effective, start-up and operation should be optimized to avoid 
upsets due to overloading and to increase methane yields.  Our previous WRRI-funded research 
has shown promising results; we propose to continue the research using a more in-depth analysis 
of substrate-inoculum interactions.  This will lead to operation and start-up procedures that can 
be used in full-scale implementation of anaerobic co-digestion of GIW. 
  



1.3.  Research Objectives 

The overall objective of this project is to understand substrate-community interactions to 
optimize anaerobic co-digestion, particularly to minimize start-up time, and increase 
process resilience and resistance. This will allow facilities to: (1) operate anaerobic co-
digesters that are resistant and/or resilient to overloading and GIW variability; and (2) achieve 
“steady-state” in the shortest possible time. The specific objectives are to:  
 

(1) Determine the key microbial populations that limit the anaerobic pathway to methane under 
different stress conditions such as overloading and GIW variability; 

(2) Influence these populations through active adaptation; and  
(3) Develop a procedure for producing a high yield yet resilient anaerobic co-digestion system 

that can be used in full scale applications. 
 
Objectives 1, 2, and 3 (O1 , O2, O3) were investigated in Experiment 1, which used eight sets of 
mother-daughter digester systems. In addition, O2 and O3 were further investigated in 
Experiment 2, using two anaerobic digester systems operated in parallel. Throughout Experiment 
2, we applied high-throughput sequencing of the 16S rRNA gene to profile community under 
different environmental conditions. Samples for high-throughput sequencing were also collected 
in Experiment I. However, DNA and RNA extraction and sequencing for those samples are still 
ongoing.  
 
As experiments were conducted, various aspects of the project were modified. One modification 
was the decision to conduct an additional experiment- Experiment 2- for anaerobic reactors 
treating a glucose wastewater instead of GIW. The additional work was because Experiment 1 
proved to be more complicated and time-consuming than expected, and we decided that it was 
necessary to provide initial evidence that loading and operation can be modified to decrease 
start-up time in anaerobic systems. Thus, Experiment 2 was conducted using glucose as a 
substrate to provide this proof of principle. Another major change was the decision to continue 
the “common garden” in Experiment 1, to include a lower (third) level of organic loading stress. 
This was deemed necessary to ensure significant differences among the treatments, since the two 
higher organic loads appear to mask the differences in performance (discussed later). The net 
result of these modifications was a longer Experiment 1, which delayed the processing for high 
throughput 16S rRNA gene sequencing. We thus expanded the experimental approach beyond 
what was initially proposed in the submitted proposal. 
  



2. Methods 
 
2.1. Experimental design 
 
For Experiment 1, we designed a ‘common garden’ experiment based on ecological concepts8,9 

to evaluate the causal relationship between microbial community and community function, and 
how this relationship links to different environmental disturbances. The common garden 
approach uses different microbial communities (Task 1A) and exposes them to the same 
disturbance condition to evaluate their responses (Task 1B). This approach allows (1) direct 
attribution of differences in community function to differences in community composition, 
and (2) identification of key microbial populations whose abundance (or dominance) in a 
digester microbiome determines whether acetogenesis and/or methanogenesis is inhibited 
or enhanced during GIW co-digestion. 
 
In Task 1A, we actively shaped the methanogenic microbiome originated from a full-scale 
digester into multiple microbial communities with distinct niche preferences. Major metabolic 
processes such as hydrolysis, acidogenesis, acetogenesis, and methanogenesis in anaerobic 
digestion are carried out by different groups of microbes with unique ecological preferences 
(Figure 1). Each functional guild is fulfilled by a reservoir of phylogenetically diverse 
populations that share common resources. By limiting the feed source to a specific type of 
substrate (e.g., lipid), we selectively enriched microbial members that were key to the 
target metabolic pathway (e.g., lipid degrading bacteria). We developed eight sets of mother-
daughter systems using different feed sources including: (1) thickened waste activated sludge 
(TWAS) (control), (2) carbohydrate, (3) protein, (4) lipid, (5) acetic acid, (6) propionic and 
butyric acids, (7) fats, oils and grease (FOG), and (8) grease interceptor waste (GIW) (Figure 2). 
These feeds were selected because they are key substrates corresponding to the growth of major 
microbial populations in anaerobic digestion metabolism (Figure 1). Each system was composed 
of three replicate mother digesters cultivated in parallel. Upon cultivation, all mother digester 
contents were combined and distributed into eight smaller daughter digesters.  
 
In Task 1B, eight daughter digesters were challenged under three different environmental 
perturbations (low, medium, and high GIW loading rates) as shown in Figure 2. Each 
perturbation environment harbored three replicate daughter digesters in parallel. This common 
garden experiment was repeated for all eight feed sources. We evaluated the digester 
performance by continuous monitoring of its functional profiles including methane yield, biogas 
production, pH, alkalinity, reduction rates of total solids (TS), volatile solids (VS), and COD in 
the effluent.  
 
For Experiment 2, we hypothesized that an anaerobic system can be influenced through different 
feeding strategies to select for microbial communities that can achieve a shorter startup time, 
defined as attaining satisfactory performance at higher organic loading rates faster. We tested 
this hypothesis using lab-scale digesters that were pushed to higher loading rates as fast as 
allowed by pre-defined criteria, and compared the effects of pulse- and continuous-feeding 
strategies on digester performance and microbial community composition.  
 
  



 
 
Figure 1. Metabolic pathways and corresponding microbial communities of anaerobic digestion 
 
 
 
 
2.2. Substrates and inoculum 
 
For Task 1, anaerobic sludge (inoculum) and TWAS (Total Waste Activated Sludge, base 
substrate) were collected from South Durham Water Reclamation Facility in North Carolina. 
GIW from a food service establishment (FSE) in Cary, North Carolina was used as co-substrate. 
The three primary components of GIW (FOG, food particles, and associated wastewater) were 
collected separately at the FSE and stored at 4°C immediately after collection. Mixture (1:1 at 
COD based) of soluble starch powder (certified ACS, Fisher S516-500) and anhydrous dextrose 
(D-glucose) powder (Certified ACS, Fisher D16-3) was used as carbohydrate feed. Whey-based 
protein powder was used as protein feed. Rice bran oil high in palmitic, oleic, and linoleic acids 
was used as lipid feed. We initially used lard as lipid feed; however, due to its high melting 
point, it was difficult to achieve homogeneity at 37°C in the digester system after blending with 
TWAS. Acetic acid, propionic, and butyric acids (Sigma) were used as acid-based feeds. 
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Figure 2. Experimental design of one set of mother-daughter system that consisted of three mother 
(Task 1A) and six daughter (Task 1B) replicate digesters. There are a total of six mother-daughter 
systems cultivated with (1) TWAS (control), (2) carbohydrate-, (3) protein-, (4) lipid-, (5) acetic 
acid-, (6) propionic and butyric acids-based substrates, (7) fats, oils, and grease, and (8) grease 
interceptor waste 
 
 
 
To limit microbial immigration effect from feedstock, FOG and food waste were sterilized using 
ionizing radiation (Cobalt-60 gamma irradiation). This sterilization method was selected because 
alternatives are less effective. Ultraviolet (UV) light will have low penetration of the FOG layer 
and autoclaving posed a risk of altering substrate characteristics. Each batch of sample was 
exposed for 24 hours in a Cobalt-60 gamma irradiator chamber with an exposure rate of ~ 22 
Gray/hr. All irradiations were conducted at the research facility of the Nuclear Digester Program, 
Department of Nuclear Engineering at North Carolina State University.  
 
For Task 1A, feedstock was prepared by mixing target substrate (e.g., carbohydrate, protein, 
lipid, acids, FOG, GIW) at approximately 30% COD with TWAS as shown in Table 1. The 
amount of substrate added was chosen based on our previous work on FOG wastes 10,11,12 as a 
good starting loading rate ensuring enough stress intensity to develop community assembly 
without causing a process failure and to prepare microbial communities for higher level 
disturbances for Task 1B. For Task 1B, feedstock was prepared by mixing GIW (consisting of all 



three components from a GI, including food particles, wastewater, and FOG) at 50% (low dose), 
78% (medium dose) and 95% COD (high dose), respectively, with TWAS (Table 1). 
 
 
Table 1. Feedstock loading concentration in Task 1  
 

  Target feedstock Feedstock content 
  %vol %VSc %COD 

Task 1A 
Mother digester 

TWASa 100 100 100 
Carbohydrate - 46 28 

Protein - 45 28 
Lipid 0.5 19 30 

Acetic acid 1.2 0 28 
Propionic and butyric acids 4.1 0 28 

Food particles and FOG 1.8 24 28 
GIWb 15 25 29 

Task 1B 
Daughter digester 

Low GIW 30 45 50 
Medium GIW 60 74 78 

High GIW 90 94 95 
a thickened waste activated sludge 
b grease interceptor waste 
c volatile solids    
 
 
 
For Experiment 2, a previously described feed solution13 was modified and used. The two 
digesters were subjected to a daily continuous organic loading rate (OLR) of 0.5 g-glucose/L/d 
during the first 28 days of the experiment (Figure 3). After 28 days, the feed composition 
(glucose), hydraulic retention time (HRT, 6 hours) as well as all other conditions remained 
identical for both digesters.  However, Digester A was operated with a semi-continuous feeding 
of 1 L over the course of one day, representing a system with continuously low substrate 
concentrations inside the digester. Digester B was operated in pulse mode, with the daily total 
volume of 1 L fed in 10 minutes. Influent COD (glucose) concentration was changed such that a 
step increase of 0.5 g-glucose/L/d in OLR was achieved when pre-defined criteria were met. The 
criteria were: (1) COD removal was higher than 85% for two consecutive measurements (4 days) 
and (2) the pH of the digester was above 6.5. The experiment was ended when the digesters 
could no longer remove 85% of the influent COD and other measured parameters (volatile fatty 
acids, methane content, and methane yield) showed stressed conditions. Digester runs were 
performed in duplicate (Figure 3). 
 



 

 

Figure 3. Duplicate run of the anaerobic reactors showing faster start-up and higher organic 
loading rate achieved by pulse-fed reactor. Top: run 1. Bottom: run 2  
 

2.3. Experimental setup 
 
Experiment 1 was investigated using eight identical mother-daughter digester systems, and each 
was composed of three mother and six daughter replicate digesters. We designed special column 
system (Figure 4) that allowed easier sampling and feeding. Each digester consisted of a 
polypropylene screw lid with a unique grip lug and a leak proof seal ring. The lid was inserted 
with a nylon straight barbed connector with a silicon washer to keep the digester airtight. A high-
performance precision tygon tubing connected the barbed connector to a PVDF 3-way stopcock 
for biogas sampling and to a flex-foil gas bag fitted with a hose valve for biogas collection. 
Another PVDF 3-way stopcock was fitted on the bottom side of the digester chamber serving as 
a decant/feed port. All anaerobic digesters were operated on a platform shaking table with a 
shaking duration of 30 min/hr (Figure 5) in a temperature-controlled room to maintain 
mesophilic conditions (37°C). Digesters were fed every four days in a draw-and-fill semi-
continuous mode with a solids retention time (SRT) of 20 (Task 1A) or 14.67 days (Task 1B). 
Each feed time, 160 mL (Task 1A) or 80 mL (Task 1B) effluent was removed, followed by 
injecting the an equal amount of prepared feedstock into the digester using a syringe through the 
decant/feed port. 



In Experiment 2, we used two 8 liter Plexiglas anaerobic digesters (A and B) with 6 liters of 
working volume (Figure 6) were operated as sequencing batch digesters at conditions optimal for 
mesophilic organisms (37 °C). 
 
 

 
 

Figure 4. Digester setup used in Experiment 1 
 
 
 
 

 
 
 

Figure 5. Platform shaking table with wooden grid frame used in Experiment 1 
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Figure 6. Digester setup used in Experiment 2 
 
 
 

2.4. Analytical methods 
 
In Experiment I, every four days (before decanting and feeding the digesters), biogas collected in 
gas bags were recorded and normalized to STP conditions. Biogas samples were obtained 
through a 3-way stopcock on the digester lid for CH4 and CO2 analysis using a gas 
chromatography (GC Shimadzu) equipped with a thermal conductivity detector.  
 
In Experiment II, 50 ml of effluent samples were collected daily from both reactors. Biogas 
production was recorded on a daily basis and biogas samples were analyzed daily for methane 
content by gas chromatography (SRI 8610C, SRI Instruments, Torrance, CA). Three 10 ml 
samples of mixed liquor from both reactors at each sampling day were stored at -80 °C for 
further microbial analysis. 
 
All effluent samples were analyzed for COD (HACH, Loveland, CO), pH, alkalinity, TS, and VS 
according to Standard Methods14. Concentrations of individual volatile fatty acids (VFA; e.g., 
acetic, propionic, butyric, and valeric acids) were determined by acidification, centrifugation, 
filtration, and direct injection into a GC (GC-2014 Shimadzu) equipped with a flame ionization 
detector according to the VFA gas chromatographic method (5560 D) in Standard Methods14.  
 
2.5. High-throughput 16S rRNA gene sequencing 
 
Effluent samples were preserved at -80 °C, then subsequently extracted for genomic DNA 
(gDNA) components using aluminum sulfate DNA extraction method used in our lab. Forward 
and reverse primer pair sequences, modified 341F (CCTAYGGGRBGCASCAG) and modified 
806R (GGACTACNNGGGTATCTAAT), respectively, were used to amplify a DNA fragment 
of approximately 460 bp length flanking the V3 and V4 regions of the 16S ribosomal RNA 
(rRNA) gene of bacteria and archaea in the gDNA samples15. Library preparation, quantification, 



normalization, and pooling will be performed according to the Illumina 16S metagenomics 
protocol. 16S metagenomics pooled libraries were run on an Illumina MiSeq platform for a 300 
bp paired-end read sequencing at the Genomic Sciences Laboratory, North Carolina State 
University. 
 
Based on previous experience, we have established a bioinformatics analysis pipeline for 
sequencing data processing. Amplicon sequence pairs were merged, trimmed to remove primer 
sequences, and quality filtered using the QIIME pipeline16 and Trimmomatic 0.3317. OTU 
clustering were performed using QIIME open-reference OTU picking workflows18, 19. RDP 
Classifier 2.2 20  was used to assign taxonomy to each cluster representative generated from OTU 
clustering based on the Greengenes taxonomy and reference database 21, 22. Sequences were 
aligned based on the Greengenes core reference alignment 23 using PyNAST24. Chimeric 
sequences were identified using ChimeraSlayer 25 and removed from the alignment to build a 
phylogenetic tree using FastTree 2.1.3 26. All samples were subjected to the same processing 
pipeline. 
 
The statistical analysis of this study included (1) diversity analysis using varying diversity 
indices, and (2) community profiling using principle coordinate analysis (PCoA) and nonmetric 
multidimensional scaling (NMDS) analysis. Alpha diversity analysis was performed in QIIME 
using a series of subsamplings to calculate the number of distinct OTUs (observed OTU counts), 
Shannon, Simpson’s evenness, and Gini indices at the same rarefaction depth. Phylogenetic 
distances and variation between every microbiome were calculated using both weighted and 
unweighted UniFrac distance metrics 27, and visualized in a PCoA plot with the first two 
principle coordinates on Emperor. Taxon abundance profile was visualized using R ggplot 
package. NMDS analysis was performed using R vegan package 28. The compositional 
differences between microbiomes were analyzed using NMDS statistics applying the Bray-Curtis 
similarity index on normalized taxon abundance dataset.  
 

3. Results and Discussion  
 
3.1 Feedstock characterization 
 
The characteristics of raw TWAS and GIW used in Experiment 1 are shown in Table 2. The 
GIW is defined as the entire contents of a grease interceptor and therefore comprises FOG, food 
particles, and associated wastewater. Due to the nature of the GIW obtained, food particles and 
FOG layers were difficult to separate, and thus results of combined components are reported. 
The characteristics of prepared feedstock used in Experiment 1 are presented in Table 3. 
 
 
 
 
 
 
 
 



Table 2. Characterization of raw substrates and co-substrates used in Experiment 1 
 TWAS 

GIW 
Wastewater Food particles and FOG layer 

TS (g/kg-wet sample) 24.4 ± 1.45 a 2.70 ± 0.10 352 ± 7.14 
VS (g/kg-wet sample) 17.0 ± 1.22 2.39 ± 0.05 349 ± 6.33 

VS/TS (%) 69.81 88.59 99.28 
COD (g/L) 33.8 ± 5.81 5.65 ± 0.67 744 ± 229 

a Mean ± standard deviation (n ≥ 3). 
 
 

Table 3. Characterization and loading profiles of prepared feedstock used in in Experiment 
1 
 

  

Target feedstock 

Feedstock content Total OLRe OLR of  feedstock 

  %vol %VSc %CODd g-VS/L/day g-COD/L/day g-VS/L/day g-COD/L/day 

Task 1A 
Mother 
digester 

TWASa 100 100 100 0.90 1.69 0.90 1.69 
Carbohydrate - 46 28 1.55 2.35 0.71 0.66 

Protein - 45 28 1.54 2.35 0.69 0.66 
Lipid 0.5 19 30 1.05 2.41 0.20 0.73 

Acetic acid 1.2 0 28 0.84 2.32 0.00 0.65 
Propionic and butyric acids 4.1 0 28 0.85 2.07 0.00 0.58 

Food particles and FOG 1.8 24 28 1.11 2.31 0.27 0.65 
GIWb 15 25 29 1.00 2.03 0.25 0.60 

Task 1B 
Daughter 
digester 

Low GIW 30 45 50 1.57 3.24 0.70 1.63 
Medium GIW 60 74 78 2.03 4.17 1.50 3.25 

High GIW 90 94 95 2.56 5.11 2.42 4.88 
 

a thickened waste activated sludge 
b grease interceptor waste 
c volatile solids 
d the amount of COD supplied by target feedstock in addition to TWAS (base substrate) 
e organic loading rate 
 
 
3.2. Task 1: Common garden experiment 
 
For all mother-daughter digester systems, the operation was divided into four experimental 
stages corresponding to various operational strategies and feedstock loading rates, as shown in 
Figure 2: (1) cultivation of mother digesters, (2) combining and distributing mother digester 
content into daughter digesters, (3) cultivation of daughter digesters, and (4) disturbing daughter 
digesters under low and high GIW loading rates. Each stage was determined complete when pre-
defined operational criteria were met. These criteria were: 

(1) During cultivation, mother digesters were determined ready for merging and splitting 
when stable biogas characteristics were observed. 

(2) During cultivation, daughter digesters were determined ready for low, medium, and high 
GIW disturbances when stable biogas characteristics were observed and at least a total of 



40 days of cultivation for mother and daughter digesters combined was achieved (two 
SRT cycles). 

(3) Disturbance experiment was determined finished when no biogas production was 
observed in all replicate digesters or when a total of 20 days of operation was achieved (5 
feeding days of low or high GIW dose), whichever criterion was met first. 

 
3.2.1. TWAS (control) and carbohydrate digester assembly 
 
TWAS (control) and carbohydrate digesters were operated for approximately 116 days. Mother 
digesters were cultivated for 64 days (days 0 to 64), merged and split into smaller daughter 
digesters, and cultivated for another 40 days (days 65-104).  The decrease in methane yield and 
methane content on day 68 was because of merging and re-distributing digester content. The 
operation time was much longer for TWAS and Carbohydrate digesters compared to other 
substrate systems because they were the first sets of experiment and additional caution was 
exercised to ensure monitored parameters were stable.  
 
During cultivation, TWAS digesters were operated at 1.69 g-COD/L/day (100% TWAS), and 
carbohydrate digesters were operated at 2.35 g-COD/L/day in which 28% COD was supplied by 
carbohydrate in addition to TWAS (base substrate).  
 
At the end of phase 2 (Day 104), the Carbohydrate digester had reached the typical anaerobic 
digestion methane content of 60% and also exhibited a constant and stable biogas production 
with a mixing duration of 30 min/hr. On day 104, three replicate daughter digesters were 
exposed to the medium GIW loading rate with GIW constituting 78% of the feed COD. The 
results (Figure 7) show that the methane yield immediately dropped to ~9% for both the TWAS 
and Carbohydrate digesters. The methane content also dropped to ~53% for both. The digesters 
were monitored for another 12 days, but the methane yields and methane percetnages did not 
recover, indicating failing reactors. The three replicate daughter reactors exposed to the high 
GIW loading rate also failed, with average methane yields of 7.5 and 8.7 mL/g-COD for the 
TWAS digesters and carbohydrate digesters, respectively. The methane percentages in biogas 
also dropped to ~50-52%.  
 
These results are consistent with the original hypothesis: shifting the microbial populations using 
substrate selection will not lead to better GIW digestion if the microbial populations selected are 
not limiting the anaerobic degradation of GIW. In this case, the expected increases in 
carbohydrate-degrading microorganisms did not lead to increased anaerobic degradation of GIW.  
 
To provide more definitive evidence to support this hypothesis, samples were collected regularly 
during all the runs for DNA extraction and sequencing. This work is ongoing, and is expected to 
be completed by July 2017. 



 
Figure 7. Biogas characteristics over time of TWAS (control) and Carbohydrate (Carb) 
digester systems during cultivation, medium, and high GIW organic loading rates (OLR) 
 
 
3.2.2. Protein, Lipid, Acids Assembly 
 
Mother-daughter protein and lipid reactors were operated for 72 days, with 40 days of 
cultivation, followed by 10 days of cultivation in replicate daughter reactors. The reactors were 
then exposed to medium and high GIW loadings from Day 64-72. The results (Figure 8) show 
that while the lipid reactors had a lower declining slope in methane content and methane yield 
(compared to the protein reactors), the levels were still quite low and characteristic of slowly 
failing systems.  
 

 
Figure 8. Biogas characteristics over time of Protein and Lipid digester systems during cultivation, 
medium and high GIW organic loading rates (OLR) 



 
 
Acetic acid and propionic/butyric acid reactors were operated for 74 days, with 34 days of 
cultivation, followed by 20 days of cultivation in replicate daughter reactors. The reactors were 
exposed to medium and high GIW loadings from Day 54-74. The results (Figure 9) were similar 
to the protein, lipid, and acid reactors, where both methane content and yields drastically 
lowered, characteristic of failing systems. 
 
 
3.2.3. FOG and GIW Assembly 
 
The food particles/FOG and GIW reactors were operated for 56 days, with 16 days of 
cultivation, followed by 20 days of cultivation in replicate daughter reactors. The reactors were 
exposed to medium and high GIW loadings from Day 40-54. The results (Figure 10) were 
similar to the protein, lipid, and acid reactors, where both methane content and yields drastically 
lowered, characteristic of failing systems. However, it was interesting that the FOG reactors had 
a lower drop in methane content compared to GIW reactors, suggesting that food particles and 
FOG-degrading microorganisms are limiting the rate of GIW decomposition. Again, we expect 
DNA sequencing results to support this insight. 
 
 

 
  
Figure 9. Biogas characteristics over time of Acetic acid and Propionic/Butyric acids digester 
systems during cultivation, low and high GIW organic loading rates (OLR) 
 



 
Figure 10. Biogas characteristics over time of Food particles/FOG and GIW digester systems 
during cultivation, medium and high GIW organic loading rates (OLR) 
 
 
The average methane yield and content for all digester systems in the common garden 
experiment, for medium and low GIW disturbances (Table 4, Figures 11, 12, 13) show that the 
lipid and food particles/FOG digesters were least affected by the GIW overloading disturbances. 
Again, these results appear to support the hypothesis that GIW degradation is likely rate-limited 
by lipid degradation pathways. However, none of the reactors fully recovered from the GIW 
loads applied. Thus, it appears that the GIW disturbances applied were higher than what the 
microbial communities could handle. The experiment was thus continued, with lower GIW 
loading rates applied to the daughter digesters. These experiments are ongoing, and are expected 
to be completed by July 2017. We intend to complete the experiments beyond the WRRI funding 
and scope, to ensure a more complete understanding of microbial community responses to GIW 
degradation. Similarly, the DNA sequencing analysis will provide a more comprehensive and in-
depth understanding of specific microbial community and population relationships with GIW 
overload. 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 4. Average methane yield and methane content of different digester systems during 
cultivation, and medium and high GIW organic loading rates (OLR) 
 

Digester system 
Methane yield (mL/g-COD) Methane yield (mL/g-VSc) Methane content (%) 

Cultivation 
period 

Medium 
GIW 

High 
GIW 

Cultivation 
period 

Medium 
GIW 

High 
GIW 

Cultivation 
period 

Medium 
GIW 

High 
GIW 

TWASa 76.8 9.35 7.53 145 36.2 28.5 64.9 52.5 52.8 

Carbohydrate 115 9.16 8.67 197 35.5 25.6 60.4 53.1 50.6 

Protein 123 2.76 7.39 215 10.7 28.0 70.9 47.7 38.7 

Lipid 129 20.0 12.7 263 77.6 48.0 70.5 56.7 55.0 

Acetic acid 133 3.47 3.09 334 13.4 11.7 67.3 47.9 43.6 

Propionic and butyric acids 133 4.41 3.51 312 17.1 13.3 69.8 47.2 44.1 

Food particles and FOG 135 25.1 22.0 283 97.1 83.4 69.1 58.2 59.4 

GIWb 128 10.6 9.01 261 40.9 34.1 68.4 52.3 43.8 
a thickened waste activated sludge 
b grease interceptor waste 
c volatile solids 
 

 

 

Figure 11. Methane yield (COD basis) of different digester systems during cultivation, and medium 
and high GIW organic loading rates (OLR) 
 
 
 



 

Figure 12. Methane yield (VS basis) of different digester systems during cultivation, and medium 
and high GIW organic loading rates (OLR) 
 

 

Figure 13. Methane content of different digester systems during cultivation, and medium and 
high GIW organic loading rates (OLR) 

 

3.3. Task 2: Anaerobic startup experiment 
 
3.3.1. Influence of feeding strategy on start-up of anaerobic reactors   
 
The reactors were operated identically for 28 days to allow stabilization of performance after 
seeding with anaerobic digester sludge. After the initial stabilization phase, the corresponding 
OLR for Reactors A (continuous feeding) and B (pulse feeding) were increased independently as 
described in Methods and Materials. The results (Figure 14) showed that Reactor A could not 
reach 85% COD removal after the 38th day at 2.0 g-glucose/L/d OLR and Reactor B could not 
reach 85% COD removal after the 55th day at 3.0 g-glucose/L/d OLR. The difference in methane 
production between two reactors was not significant during Day 29 and Day 38 (t-test, p > 0.05). 
However, significantly higher methane production (t-test, p < 0.05) was observed in Reactor B 
than in Reactor A from Day 38 to 55. If start-up time is defined as reaching 1.5 g-glucose/L/d 



OLR, there appears to be no significant differences induced by the two feeding strategies. 
However, the data indicate that pulse feeding can reach a higher methane production and OLR 
(up to 3 g-glucose/L/d) while continuous feeding was “stuck” at the lower methane production 
and OLR. If the required OLR is 2 g-glucose/L/d, the start-up time of Reactor B was 38 days 
while the start-up time of Reactor A was more than 66 days. Similar results were observed in the 
duplicated run of 94 reaction days (Figure 14), where again the pulse-fed reactor reached 3 g-
glucose/L/d, while the continuously fed reactor only reached 2 g-glucose/L/d. These results 
indicate that pulse-fed anaerobic reactors can reach higher OLR with a reduced start-up time 
compared to continuously-fed anaerobic reactors, which is consistent with a previous finding that 
an improved stability of the process against organic overloading was achieved by employing less 
frequent feeding regimes.29 

 
Figure 14. Changes in organic loading rate (OLR), chemical oxygen demand (COD) removal, and 
methane production in Reactor A (with continuous feeding) and Reactor B (with pulse feeding) 
over 66 days of operation   



3.3.2. Correlation between methane production and community compositional dissimilarity 
 
A high similarity was observed in the composition of microbial community and methane 
production between Sample 1 (continuously-fed) and Sample A (pulse fed) at the end of the 
initial stabilization phase (Figure 15). After Day 28, the communities began to diverge due to the 
selection imposed by the feeding strategy. While the OLR was stuck at 2 g-glucose/L/d in 
Reactor A (continuously-fed), the change in microbial community composition was slow. The 
microbial communities on Day 39 and 44 were similar and the communities at Day 50, 56 and 66 
were clustered together, which may be the cause of the slow increase in methane production in 
Reactor A. The methane production achieved on Day 66 in Reactor A was achieved on Day 44 in 
Reactor B. Dissimilarity was found among all microbial communities within 64 days in Reactor 
B, which shows a more dynamic community induced by pulse feeding, leading to the higher 
methane production being achieved faster. It is likely that the stress of high organic loading 
drove the more rapid changes in the types and/or levels of functional species for substrate 
degradation in the pulse-fed reactor.  All these results suggest that a pulse feeding strategy leads 
to faster development of microbial communities that could function well at higher OLR 
compared to a continuous feeding strategy. 
 
 

 
Figure 15. NMDS statistics with environmental contours applying Bray-Curtis similarity index on 
taxa abundance profiles of bacterial and archaeal 16S rRNA amplicon sequences, showing the 
correlation between community compositional dissimilarity and the reactor methane yield 
(contour lines). Pulse feed samples (Reactor B) are dark blue circles (A to G); continuous feed 
samples (Reactor A) in light blue circles (1 to 7). Inoculum is green circle (0).  



3.3.3. Microbial community analysis   
 
At the end of the stabilization phase (Day 28), high similarities in diversity (Shannon index), 
richness (Chao1 index) and functional organization of microbial communities were observed in 
both reactors (Figure 16). Continued operation led to a decrease in diversity in the pulse-fed 
reactor compared to that in the continuous-fed reactor, although both reactors exhibited similar 
and higher richness values after Day 28. A less even community was formed by pulse feeding, 
which is supported by the higher Fo values (higher functional organization) in the pulse-fed 
reactor compared to the continuous-fed reactor. The degree of functional organization is the 
result of the action of the microorganisms that are most benefit from the ongoing environmental-
microbiological interactions, indicating that pulse feeding led to a more specialized and highly 
functional community. Again, this is in line with previous observations that low microbial 
diversity or evenness can coincide with a high functional stability, as the flexibility of the 
community, instead of its diversity, is crucial to ensure stable operation.30,31  

 
Figure 16. Changes in diversity (Shannon index), richness (Chao1 index), and functional 
organization (Fo) of microbial communities in Reactor A (with continuous feeding) and Reactor 
B (with pulse feeding) over 66 days of operation.    



3.3.4. The impact of feeding strategy on selection of functioning populations   
 
The microbial community composition of all samples (Figure 17) shows that nineteen abundant 
operational taxonomic units (OTUs) with relative abundance above 3% were detected. Very 
similar microbial communities were found at the end of stabilization phase for both reactors 
(comparing Sample 1 [continuously-fed] with Sample A [pulse fed]). After Day 28, the relative 
abundance of the dominant methanogen Methanosaeta increased from 6.2% to 10.1% in Sample 
2 and from 6.1% to 7.5% in Sample B, respectively. The dominant OTU assigned to Clostridium 
increased significantly from 10.9% to 20.1% in Sample B but decreased from 12.2% to 6.0% in 
Sample 2. Another increase in abundance was found in the OTU assigned to Streptococcus in 
Sample B (from 1.5% to 5.8%), while the change in Streptococcus was negligible in Sample 2. 
Many species of Clostridium are capable of forming diverse fermentation pathways.32 Apart 
from their role in acidogenesis and acetogenesis, they are also efficient hydrogen producers,32 
suggesting higher hydrogen generation in Reactor B. Although the relative abundance of 
Methanosaeta was relatively lower in Sample B than in Sample 2, the predominance of 
Clostridium may increase the activity of hydrogenotrophic methanogens, leading to similar 
methane production in both reactors as previously described. The enrichment of Streptococcus is 
likely due to its role in acidogenesis; a previous study has demonstrated that Streptococcus can 
convert glucose to lactic acid.33  
 
When OLR was increased to 2 g-glucose/L/d in both reactors, pulse feeding led to the 
enrichment of Anaeromusa (in Clostridiales order) in Sample C, which may perform 
fermentation during acidogenesis.32,34 In contrast, only a slight increase was observed in two 
OTUs assigned to Anaeromusa and Enterobacter in Sample 3. Although the relative abundance 
of Enterobacter, a hydrogen producing bacterium,35 was higher in Sample 3 compared to Sample 
C, the proliferation of Clostridium and Anaeromusa in Sample C may have significantly 
enhanced glucose fermentation and hydrogen production, leading to higher methane production 
in Reactor B. This is supported by the slightly higher relative abundances of hydrogenotrophic 
methanogens (e.g., Methanospirillum and Methanolinea) in Sample C than in Sample 3 (data not 
shown). 
 
From Samples 4 to 7, continuous feeding resulted in the gradual increase of Anaeromusa, 
Enterobacter and Methanosaeta. In contrast, pulse feeding together with the increasing OLR led 
to drastic changes of the relative abundance of Clostridium, Anaeromusa, and TM7 phylum. 
From Samples D to E, TM7 appreciably increased, while the percentages of the fermenting 
microorganisms (Anaeromusa, Clostridium and Streptococcus) dropped. Although the TM7 
phylum has been detected in the sludge of digesters,36 little is known about its function in 
anaerobic digestion. Since the highest methane production was observed in Sample E, it is likely 
that the OTU belonging to TM7 might contribute to glucose fermentation.  Despite much higher 
percentages of Clostridium and TM7 observed in Samples F and H, the decreasing levels of 
Methanosaeta may be responsible for the decreased methane production and the failure of 
Reactor B, which is consistent with the relatively low pH (6.3) due to the accumulation of acetic 
acid (data not shown).  
 
All these results indicate that the changes in microbial community composition were more rapid 
in the pulse-fed reactor than in the continuous-fed reactor. The dominant fermenting 



microorganisms selected by pulse feeding were different from those selected by continuous 
feeding. Moreover, efficient hydrogen producers (e.g., Clostridium) selected by pulse feeding 
enhanced hydrogenotrophic methanogenesis, which may be responsible for the high tolerance to 
high organic loading. The dynamic environment within a pulse-fed reactor likely provided more 
functional niches for the acidogenic bacteria to grow and degrade the substrate more efficiently 
compared to a continuously fed reactor. Adopting a pulse-feeding strategy to achieve faster start-
up and higher achievable loading rates is a clear example of linking microbial ecology to 
improved process performance. 8 

 

 

 
Figure 17. Dominant microbial populations in the inoculum (0), continuous-fed reactors (1 to 7), 
and pulse-fed reactors (A to G)  
 
 
 
 



4. Summary and Recommendations 
 
The common garden experiment using eight community assemblies showed that lipid substrates 
and FOG/GIW substrates led to microbial communities that had better responses to GIW 
overloading, compared to microbial communities trained on carbohydrate, protein, and acids. 
This suggests that the crucial step in optimizing anaerobic co-digestion of GIW is in the 
degradation of lipids and subsequent conversion to methane. These changes in microbial 
communities will be revealed using high-throughput 16S rRNA gene sequencing, which we 
expect to finish in July 2017. These analyses are expected to reveal the increased roles of 
syntrophic bacteria and hydrogenotrophic methanogens. Thus, “training” a reactor to achieve 
higher rates of GIW degradation would mean increasing the levels of these micoorganisms using 
selective substrate enrichment, if possible. 
 
The common garden experiment also showed that there are limits to this training, as it appears 
that the medium and high GIW doses used in Experiment 1 were too severe to overcome 
inhibition. Experiments with lower GIW doses are ongoing, and are expected to show the 
FOG/GIW and the lipid “training” would be able to handle the GIW stresses better than the other 
assemblies. 
 
In Experiment 2, we showed that pulse-feeding led to a faster start-up and higher achievable 
organic loading rates, compared to continuous feeding. DNA sequencing showed increases in  
H2 producers and hydrogenotrophic methanogens in pulse-fed reactors, and that these drastic 
changes likely allowed the improved performance. While this experiment used glucose, a similar 
effect in GIW reactors is expected. 
 
The combined results show two levers that can be used to improve the performance of GIW co-
digesters: substrate selection and pulse-feeding. Both levers appear to influence the levels of 
important microbial populations- syntophic bacteria and hydrogenotrophic methanogens- that 
can allow a reactor to reach higher organic loadings (and thus higher methane yields) and/or 
faster start-up. 
 
These results clearly link microbial populations to reactor performance. However, a crucial issue 
in full-scale operation is the variability in feed/substrate characteristics. Feed from different 
restaurant GIWs may change, depending on the restaurant type or time/season. A utility with 
excess anaerobic digestion capacity may also contemplate accepting food waste directly from 
groceries or food service establishments, and this food waste can vary greatly from day to day. 
Thus, optimizing methane yield while avoiding inhibition would be key, and would require 
knowledge of the impact of a particular feedstock on anaerobic digestion under dynamic 
conditions. Much like the human gut, it would be helpful to know a priori if binge eating on a 
particular food (e.g., a truckload of discarded tomatoes) would upset a reactor optimized for 
GIW. This requires conducting dynamic experiments and delineating between acceptable and 
disastrous changes in feed and loading. The results of such an experiment would then allow 
“dietary guidelines” that utilities can follow, based on the underlying microbial populations. This 
will allow stable production of methane under different conditions. 
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