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Abstract 

Methane-arrested anaerobic digestion (AAD) is a waste management strategy that produces carboxylic acid precursors to in- 

dustrial products (fuels, bio-based polymers, and pharmaceuticals) from organic wastes. A major challenge preventing ap- 

plication of AAD is highly variable product profiles resulting from an inability to control the microbial communities under- 

lying waste decomposition and product biosynthesis. Over time, lactic acid bacteria (LAB) often dominate AAD bioreactors 

and overproduce shorter chain acids causing acidosis. Here an AAD bioreactor where caproic acid production increased from 

an average of 3.9 g/l to an average of 12.3 g/l when the feedstock was switched from manure and paperboard to food waste. 

Time series shotgun metagenomics is used to investigate how microbial dynamics drive performance shifts. The dominant LAB 

shifted from L actobacillus amylovorus spp. t o L actiplantibacillus pentosus spp. following the feedstock switch, correspond- 

ing with increased diversity and relative abundance (26.2%) of Caproicibacter spp. (putative chain elongator). Additionally, L. 
amylovorus MAGs encoded biosynthesis genes to produce the bacteriocin helveticin often produced by LAB to target closely 

related species. Lactiplantibacillus pentosus MAG.84 encodes bacteriocin-degrading enzymes and helveticin resistance genes, 

suggesting putitive mechanisms for bacteriocin resistance. These results suggest that bacteriocins may be an underappreci- 

ated mechanism for shaping microbial community dynamics in AAD. 

Keywords methane-arrested anaerobic digestion, chain elongation, metagenomics, bacteriocin, lactic acid bacteria, caproic acid, circular economy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Introduction 

Nearly one third of food produced in the United States is wasted, 

and nearly a quarter of the organic matter in landfills is wasted 

food (Lettuce Not Waste: New EPA Research Highlights Food 

Waste Contributions to Climate Change | US EPA, n.d., Quanti- 

fying Methane Emissions from Landfilled Food Waste | US EPA, 

n.d.). In 2023, it was estimated that the waste sector is respon- 

sible for ∼18% of methane emissions globally (Maasakkers et al. 

2022 ). When organic matter decomposes under low-oxygen con- 

ditions, methane (a potent greenhouse gas) is produced (Lettuce 

Not Waste: New EPA Research Highlights Food Waste Contribu- 

tions to Climate Change | US EPA, n.d., Quantifying Methane Emis- 

sions from Landfilled Food Waste | US EPA, n.d.). Looking for- 

ward, technologies are needed to incorporate carbon from organic 

waste streams (food, manure, agricultural crop residues, and yard 

trimmings) into value-added products to promote a circular econ- 

omy instead of contributing to climate change (Wiatrowski et al. 

2024 ). Anaerobic digestion (AD) has been used for centuries to pro- 

duce energy from waste in the form of biogas (Abbasi et al. 2012 ). 

Methane-arrested anaerobic digestion (AAD) is an emerging tech-

nology, which produces valuable carboxylic acids from organic

waste streams. 

Carboxylic acids are highly valued precursors to many prod-

ucts across industries; the carboxylic acid market is predicted

to grow from an estimated $2 billion USD in 2025, to $3.76 bil-

lion USD by 2032 (Carboxylic Acid Market Size, Competitors &

Forecast to 2032, n.d.). End products include sustainable fuels,

biopolymers, cosmetics, and pharmaceuticals (Carboxylic Acid 

Market Size, Competitors & Forecast to 2032, n.d.). Longer chain

acids are more highly valued compared to shorter chain acids

(Kim et al. 2019 ). For example, acetic acid is valued at ∼$550

USD/ton, while caproic acid is valued at ∼$2700 USD/ton (Kim et

al. 2019 , Debergh and Van Dael 2022 ). Despite the potential for

high earnings from AAD systems, widespread application of this

technology is currently limited by low yields of desired high-value

acids and frequent system failures (Goux et al. 2015 ). AAD em-

ploys a diverse community of microorganisms to convert organic

waste into carboxylic acids (Abbasi et al. 2012 , Wiatrowski et al.

2024 ). 
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Generally, three metabolic processes are necessary for car- 

oxylic acid biosynthesis: hydrolysis, fermentation, and chain 

longation (Giduthuri and Ahring 2023 ). First, hydrolysis breaks 

part complex organic polymers into more digestible monomers, 

uch as the conversion of cellulose into sugar. Fermentation is mi- 

robial metabolism using an internal organic electron acceptor in- 

tead of more energetically favorable external electron acceptors 

ike oxygen, iron, or sulfur (Madigan and Parker 2015 ). Fermen- 

ation products including ethanol, acetate, lactate, butyrate, and 

thers are used as building blocks for chain elongation (Ziels et 

l. 2019 ). The β-oxidation cycle typically catabolizes fatty acids 

o produce energy; however, certain microorganisms can operate 

he β-oxidation cycle in the reverse (anabolic) direction, elongat- 

ng the hydrocarbon tail by two carbon atoms per cycle (Aboul- 

aga et al. 2013 , Buckel and Thauer 2018 , Scarborough et al. 2020 ). 

lectron bifurcation enables bacteria to couple a favorable reac- 

ion with an unfavorable one; in reverse β-oxidation (rBOX) the re- 

uction of crotonyl-CoA (spontaneous) and the reduction of ferre- 

oxin (non-spontaneous) are coupled. Reduced ferredoxin oxi- 

izes the RNF complex, creating an ion motive force which pow- 

rs an ATP synthase, producing ATP (Aboulnaga et al. 2013 , Buckel 

nd Thauer 2018 , Scarborough et al. 2020 ). For AAD to work, hy- 

rolyzers, fermenters, and chain elongators must work together 

t similar rates so intermediate products do not accumulate to in- 

ibitory levels. 

In AAD, the desired microbial metabolisms are enriched using 

elective environmental conditions; operational parameters (e.g. 

H, temperature, and hydraulic retention time) are known to be 

trong drivers of microbial dynamics and system outputs (Jiao et 

l. 2017 , Wu et al. 2023 ). Because chain elongation yields very lit- 

le energy compared to other metabolisms, the growth of chain 

longators is typically slow and vulnerable to competition from 

ther more favorable metabolisms (Joshi et al. 2021 ). Lowering 

H inhibits both methanogenesis and excessive ethanol oxida- 

ion, thereby reducing competition (Qiu et al. 2023 , Quintela et al. 

024 ). Stable production of desirable carboxylic acids in econom- 

cally viable concentrations remains challenging due to stochas- 

ic (random) microbial community assembly, underappreciated 

icrobial dynamics driving system outcomes, and imbalance be- 

ween metabolic processes (Fernandez et al. 2000 , Goux et al. 

015 , Wu et al. 2023 , Wiatrowski et al. 2024 , Liu et al. 2025 ). 

Overproduction of small, low-value carboxylic acids (like acetic 

r lactic acids) is another cause of system failure; fermenters can 

row more quickly than chain elongators, and too much buildup of 

maller acids can become inhibitory, leading to acidification and 

ollapse of the metabolic network, and/or process failure (Gu et 

l. 2018 ). Lactic acid bacteria (LAB) are fermenters that are used in 

ilage (Contreras-Govea et al. 2013 ) and food preservation (Marco 

t al. 2017 , Einson et al. 2018 ). LAB often domina t e AAD biore ac- 

ors as they tend to have high growth rates (Rezvani et al. 2017 ), 

lexible metabolisms (Rezvani et al. 2017 ), and are known produc- 

rs of bacteriocins (Mokoena 2017 ). Bacteriocins are antimicrobial 

eptides which have largely underappreciated impacts on micro- 

ial community dynamics (Todorov 2009 , Mokoena 2017 ). System 

akeover by Lactobacillacae spp. and overproduction of lactic acid 

s a recognized cause of system failure in anaerobic digestion of 

ood waste (Gu et al. 2018 ). 

This study builds on prior work by Anderson et al. ( 2026 ) , 

here the overall composition of volatile carboxylic fatty acids 

VFAs) increased in value after the feedstock was switched from 

manure and paperboard to food waste. Prior to the feedstock

switch, acetic acid was the dominant product; following the feed-

stock switch, caproic acid production dramatically increased from

an average of 3.9 g/l before the switch, to an average of 12.3

g/l. This unexpected result is particularly exciting as the market

value of caproic acid is nearly five times that of acetic acid (Kim

et al. 2019 , Debergh and Van Dael 2022 ). By investigating the mi-

crobial dynamics driving this change in product profile we seek

to uncover basic knowledge that can be to the basis of future

studies eventually leading to future AAD systems with more pre-

dictable outcomes. Here we build on the prior study by Anderson

et al. ( 2026 ), using timeseries shotgun metagenomics to generate

mechanistic hypotheses to explain the microbial dynamics and

improved performance observed previously. The present study

considers three hypotheses: (1) The microbial community will

be functionally redundant before and after the feedstock change

(in terms of polymer degradation and fermentation genes), (2)

Micro-aeration during feeding favors aerotolerant microbes over

non-aerotolerant microbes, and (3) Bacteriocin-producing and/or

bacteriocin-degrading genes will be encoded by microorganisms

dominant in the final (caproate-producing) microbial community.

While this present case study is limited in its ability to definitively

answer these hypotheses, we hope that the ideas findings pre-

sented here will be a starting point for future mechanistic work

in AAD. 

Materials and methods 

Experiment design and sample collection 

A fed-batch bioreactor was maintained at pH 5.0 ± 0.2 by auto-

mated additions of acid (5 N HCl) or base (5 N NaOH) for 126

days at 35◦C. Deviations from the set pH occurred due to tech-

nical malfunctions during the experiment; samples selected for

this present study were chosen from a time period with no large

pH fluctuations. A previous study by Anderson et al. ( 2026 ) inves-

tigated the effect of feedstock change on production of volatile

products (acetic acid, lactic acid, formic acid, propanoic acid, bu-

tyric acid, valeric acid, caproic acid, heptanoic acid, isovaleric acid,

and ethanol). A bioreactor from the Anderson et al. study is inves-

tigated in depth here with metagenomic sequencing. Bioreactor

operation details are described in depth in Anderson et al. , but

briefly the bioreactor was inoculated with cattle rumen fluid and

fed homogenized grass ( Table S3 ) every 14 days until day 56, when

the feedstock was switched to a slurry of cattle manure and paper-

board (National Overview: Facts and Figures on Materials, Wastes

and Recycling | US EPA, n.d.) ( Table S4 ); on day 70 the feedstock

was switched to leachate food waste ( Table S5 ). Our feeding pro-

tocol consisted of allowing solids in each bioreactor to settle for 2

hours prior to drawing off 200 ml of liquid and replacing with 200

ml of fresh feedstock. Triplicate samples were collected and imme-

diately centrifuged (10 000 × g for 10 min), decanted, and frozen

separately at −80◦C. The pellet was used for DNA extraction, and

the supernatant was used for high performance liquid chromatog-

raphy (HPLC) to quantify select metabolites. Samples from days

45, 51, 57, 70, 77, and 81 were chosen for metagenomic sequencing

based on the product profile measured by the HPLC. We acknowl-

edge that this study has intrinsic limitations since it is based on six

single-replicate timepoints from a single bioreactor. Despite these
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limitations, we believe that this study will bring attention to un- 

derappreciated yet important dynamics in engineered microbial 

systems. 

Volatile fatty acid quantification 

Liquid chromatography was used to quantify production of 

volatile fatty acids including: acetic acid, lactic acid, formic acid, 

propanoic acid, butyric acid, valeric acid, caproic acid, heptanoic 

acid, isovaleric acid, and ethanol. Briefly, in-house standards were 

made from stock solutions to create standard curves for each 

acid (R2 > 0.995). Samples and standards were run on a high- 

performance liquid chromatograph Agilent 1200 series with an 

Aminex HPX-87H column (Analysis of sugars, small organic acids, 

and alcohols by HPLC-RID V.2, n.d.). Data quality control was per- 

formed in Excel, and analysis was performed in R (Team 2013 ). 

To determine whether there was a statistically significant dif- 

ference between the amount of each product produced before 

the feedstock change versus after the feedstock change, we per- 

formed a Kruskal–Wallis test with a Dunn post-hoc test, using 

the Benjamini–Hochberg method to adjust p-values for multi- 

ple comparisons (Kruskal and Wallis 1952 , Dunn 1964 , Benjamini 

and Hochberg 1995 ). All statistics were performed in R using the 

dunn.test and FSA (Ogle et al. 2020 ) packages. 

Metagenomic sequencing and analysis 

To obtain sufficient DNA for metagenomic sequencing, pellets 

were extracted manually with a Zymo Quick-DNA Fecal/Soil ex- 

traction kit (Irvine, CA). Samples were sent to Novogene Corpora- 

tion, Inc. (Sacramento, CA) for metagenomic sequencing. Raw se- 

quencing files were assessed for quality using fastqc (Babraham 

Bioinformatics—FastQC A Quality Control tool for High Through- 

put Sequence Data, n.d.) and quality filtered using sickle (GitHub—

najoshi/sickle: Windowed Adaptive Trimming for fastq files us- 

ing quality, n.d.). Raw data has been submitted to the SRA un- 

der PRJNA1423891. Then forward and reverse files were inter- 

leaved using BBMap (Bushnell 2014 ), and then were assembled 

using MEGAHIT (Li et al. 2015 ). Assembled reads were indexed and 

mapped using Bowtie2 (Langdon 2015 ) and SAMtools (Danecek et 

al. 2021 ) before binning was performed with MetaBat2 (Kang et al. 

2019 ). Bins were dereplicated at 99% identity using Galah (Parks 

et al. 2020 a, 2020b ). Quality was assessed with CheckM2 (Parks 

et al. 2015 , GitHub—chklovski/CheckM2: Assessing the quality of 

metagenome-derived genome bins using machine learning, n.d.) 

using the following criteria to define quality thresholds: high (com- 

pleteness > 90%, contamination < 5%), medium (completeness 

≥ 50%, contamination < 5%), low (completeness < 50%, con- 

tamination < 10%), and contaminated (contamination ≥ 10%). 

Taxonomy was assigned using GTDB-tk (database release 220) 

(Chaumeil et al. 2019 ). Genes were annotated with Prokka (See- 

mann 2014 ) and metaErg (Dong and Strous 2019 ). Relative abun- 

dances were estimated using CoverM (Aroney et al. 2025 ). All raw 

results were further analyzed with custom pipelines in R (Team 

2013 ) and tidyverse (Wickham et al. 2019 ), available on github 

at https://github.com/lgschaer/Feedstock-Switch . All data figures 

were generated in R using ggplot2 (Wickham et al. 2019 ), or cre- 

ated/edited in BioRender (Understanding the importance of citing 

BioRender—BioRender Help, Schaerer 2026 ). 

Results 

During this experiment, the overall concentration of carboxylic

acids and ethanol more than doubled (average total production

of 17.26 g/l before the switch compared to an average total pro-

duction of 43.40 g/l after the switch) ( Table S1 ). The overall prod-

uct profile improved considerably following the feedstock switch

as well with marked increases in the more desirable acids includ-

ing valeric (23.7% increase), caproic (31.7% increase), and hep-

tanoic acids (7% increase) (Fig. 1 A). From day 45 to day 70, acetic

acid was the primary product produced by the microbial com-

munity (average 6.8 g/l); then around day 74 lactic acid produc-

tion dramatically increased to 26.7 g/l on day 73, followed by in-

creased production of valeric (average 8.2 g/l), caproic (average

12.27 g/l), and heptanoic acids (average 1.28 g/l) until day 100

( Table S1 ). A Kruskal–Wallis test determined that the shifts in pro-

duction were statistically significant (chi-squared = 93.7, degrees

of freedom = 17, and P -value = 1.3e-12). However, a Dunn post-

hoc test with Benjamini–Hochberg correction for multiple com-

parisons revealed that only the production of ethanol was statis-

tically different before and after the feedstock switch ( Table S2 ).

Although the statistic was not significant, there was a visible in-

crease in the production of valeric, caproic, and heptanoic acids.

Because the production of longer acids did not increase until three

sampling points after the feedstock switch, we expect that this

trend could be biologically meaningful, despite the lack of statis-

tical significance. 

To survey the bacterial and archaeal taxa driving the changes in

productivity, metagenome assembled genomes (MAGs) were ob- 

tained from the six metagenomic samples. The final set of 112

dereplicated and quality filtered (high and medium quality) MAGs

represent 34 taxonomic families ( Fig. S1 ). When mapped to the

final set of dereplicated MAGs, the quality trimmed and filtered

sequencing reads represent > 90% of the relative abundance per

sample. 

The overall change in MAG abundances during this experiment

highlights a shift from predominantly Gram-negative to predom- 

inantly Gram-positive taxa. Additionally, we observed a decrease

in the number of dominant genera present after manure was fed

and recovery of diversity after the food waste was fed; there were

a total of 16 unique genera ( > 5% relative abundance) in the grass-

fed bioreactor, dropping to 9 unique genera ( > 5% relative abun-

dance) in the manure-fed bioreactor which increased to 17 unique

genera ( > 5% relative abundance) in the food waste-fed bioreac-

tor (Fig. 1 B, Table S7 ). On days 45, 51, and 57, the microbial com-

munity was dominated by Prevotella ( > 50% relative abundance).

On day 70, following the feedstock change, the relative abundance

of Lactobacillus amylovorus spp. increased to ∼40% relative abun-

dance. Then by days 77 and 81, L. amylovorus had decreased sub-

stantially, and Lactiplantibacillus pentosus had increased in abun-

dance. Prior to the feedstock switch, L. pentosus was not detected.

Interestingly, Caproicibacter MAG.64 was present at ∼15% relative 

abundance on day 45; however, it decreased in abundance and

eventually disappeared from the dominant microbial community 

on day 70; Caproicibacter was not part of the dominant community

again until day 81 when Caproicibacter MAG.93 increased to ∼20%

relative abundance. Likewise, the dominant product shifted to lac-

tate when the community became dominated by members of the

Lactobacillus and later the Lactiplantibacillus , both belonging to

the family Lactobacillaceae (Fig. 1 ). 
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Figure 1 (A) Production of volatile carboxylic acids and ethanol produced between days 45 and 100 of the experiment. Vertical lines indicate when 

bioreactor was fed with grass (green), manure and paperboard (brown), and leachate food waste (pink). (B) Relative abundance of metagenome 

assembled genomes (MAGs) for six time points. 
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To investigate the hypothesis that microorganisms added with 

he food waste alleviated functional limitations within the micro- 

ial community, we counted functional genes for natural polymer 

iodegradation (cellulose, chito-oligosaccharides, fructans, galac- 

uronan, hemicellulose, peptidoglycan, and polysaccharides ) and 

or production of certain fermentation products (acetate, butyrate, 

thanol, formate, lactate, propionate, and succinate) in the MAGs 

or both the dominant microbial community (present at > 3% rel- 

tive abundance) and all MAGs both before and after the feed- 

tock switch (Fig. 2 , Table S6 ). Chain elongation products (hep- 

anoate, caproate, valerate, and sometimes butyrate) were not in- 

luded here since the products are all generated from the same 

our core enzymes of the beta oxidation cycle. The goal of this 

nalysis was to compare the functional potential of the organisms 

hat are dominant in the starting microbial community to the mi- 

roorganisms that are dominant after the feedstock switch; RNA 

nalyses were outside the scope of this project, so our analysis 

ocused on shotgun metagenomic DNA sequencing analyses and 

PLC quantification of products. 

We found that the whole microbial community had very lit- 

le variance in functional potential before and after the feedstock 

witch; however, the dominant microbial community showed 

emarkable shifts in functional potential before and after the 

eedstock switch. The pre-switch dominant community encoded 

igher numbers of cellulose and hemicellulose degrading genes 

elative to the post-switch dominant community which encoded 

higher numbers of chito-oligosaccharide degrading genes. Like-

wise, higher numbers of acetate-producing genes were encoded

by the pre-switch community relative to the post-switch commu-

nity, which encoded more genes for ethanol, formate, and lactate

production (Fig. 2 ). 

To test the hypothesis that microaeration (small amounts of

oxygen added with the feedstock) impacted the microbial com-

munity composition, we searched each MAG for its ability to en-

code genes involved in grow and energy production under aero-

bic and anaerobic conditions. We looked for genes used to sense

oxygen and switch metabolism between aerobic and anaerobic

(facultative) (Fig. 3 , O2 Req., Fig. S2 ). We found that all MAGs

had some genomic evidence of being able to perform anaerobic

fermentation. Some known obligate anaerobic taxa were identi-

fied as having some aerobic metabolism genes, due to encoding

partial TCA cycles, which is not unusual for anaerobes (Zhou et

al. 2009 ). Additionally, to test our hypothesis that highly abun-

dant microorganisms directly following the feedstock switch are

auxotrophic for certain nutrients (alleviated by the addition of

nutrient-rich food waste, allowing for rapid growth), we estimated

pathway completeness for amino acid biosynthesis. We found that

the L. amylovorus MAGs and L. pentosus MAG.84 lack pathways for

biosynthesis of several amino acids each (Fig. 3 , Fig. S4 ). 

Finally, we hypothesized that bacteriocin production, particu-

larly by Lactobacillaceae spp. would shape microbial community

dynamics. Results show that many MAGs encode genes for both
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Figure 2 Summary of functional genes before and after the feedstock switch from manure and paperboard to food waste (denoted on the x -axis with “B”

for before and “A” for after). Genes are shown for carbohydrate biodegradation (cellulose, chito-oligosaccharides, fructans, galacturonan, hemicellulose, 

peptidoglycan, and polysaccharides) and production of fermentation products (acetate, butyrate, ethanol, formate, lactate, propionate, and succinate) 

encoded by (All MAGs) All MAGs (n = 112 before the switch, and n = 109 after the switch) and (Dominant MAGs) versus MAGs present at greater than 3% 

relative abundance (n = 9 before the switch, and n = 11 after the switch). 

Figure 3 Oxygen requirements, beta oxidation capabilities, and amino acid synthesis potential of MAGs present at > 3% relative abundance. Oxygen 

Requirements indicates whether > 1 enzyme is present for anaerobic respiration genes (Ana), aerobic respiration genes (Aer), or facultative genes (Fac). 

Beta oxidation indicates MAGs encoding initiation enzymes typically associated with fatty acid catabolism (Fwd), % pathway completeness (%), and 

whether taxa are from known chain elongating genera (Tax). Amino Acid Pathways indicates MAGs encoding genes for amino acid biosynthesis. Color 

saturation indicates the number of different pathways encoded by each MAG. Only pathways > 80% completeness are shown. 
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Figure 4 Bacteriocin production and resistance genes. X -axis is the number of genes encoded by each MAG in each category. MAGs are divided in to 

Gram-negative (G-, top panel) and Gram-positive (G + , bottom panel). 
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acteriocin production and resistance (Fig. 4 ). The Lactobacillus 
AGs encode more bacteriocin genes than other genera of mi- 

roorganisms (average seven genes encoded per MAG, Table S8 ), 

nd Lactiplantibacillus MAG.84 encodes more bacteriocin degrad- 

ng genes than any other genus (30 genes, Table S8 ). A Wilcoxon 

ank sum test was run to determine whether there was a statisti- 

ally significant difference between the number of putative bac- 

eriocin production and bacteriocin degrading genes encoded by 

AGs abundant before the feedstock switch and after the feed- 

tock switch. The test showed no statistical significance for both 

acteriocin production ( P -value = 0.1399) and bacteriocin resis- 

ance genes ( P -value = 0.1097); however, the lack of significance 

ould be due to small sample sizes (Before: n = 9, After: n = 8). 

uture validation studies with additional replication would be a 

aluable addition to the scientific community. 

iscussion 

esults presented in this manuscript are six single-replicate time- 

eries samples from a single bioreactor, thus there are inherent 

imitations in the conclusions we are able to infer from these data. 

n transparency, this study was performed nearly a year after the 

riginal experiment, thus, it is a hypothesis-generating case study 

f an interesting phenomenon that was observed. Because of the 

ost-hoc nature of this study, we were unable to collect mea- 

urements of activity (RNA, direct measurements of bacteriocins, 

tc.), or measure other parameters such as oxygen or nutrient con- 

entrations. Despite notable limitations, these data show tempo- 

al association between microbial abundances, system outputs, 

nd changes in gene content. This work serves as a starting point 

or future investigations to improve AAD systems and the circular 

conomy. 

VFA production from organic waste relies on microorganisms

capable of reversing the beta oxidation cycle to produce the de-

sired medium chain carboxylic acids (Xu et al. 2020 , Palomo-

Briones et al. 2022 ). Many of these taxa are from the family

Clostridiales and include genera such as the Caproicibacter and

Caproiciproducens which are both known caproic acid (caproate)

producers (Flaiz et al. 2020 , Palomo-Briones et al. 2022 ). The

Caproicibacter are Gram-positive strict anaerobes, which are

known chain elongators that produce caproic acid (Flaiz et al.

2020 ). Caproicibacter MAG.64 has the complete beta oxidation

pathway needed for chain elongation, thus based on taxonomy

and the presence of beta oxidation genes, we have identified this

MAG as a putative chain elongator. We also identified Caproicibac-
ter MAG.93 as a putative chain elongator based on taxonomy, de-

spite it lacking the beta oxidation pathway (Fig. 3 , Beta Ox., Fi

g. S3 ). We acknowledge that this is tentative without additional

work; future studies could interrogate whether these organisms

are true chain elongators. While additional MAGs, Xanthamonas
MAG.57 and Anaerococcus MAG.81 encode the beta oxidation path-

way, the degrative thiolase that is also encoded by these MAGs

has been associated with the catabolic (forward) direction of beta-

oxidation (Bhaskar et al. 2020 , Xu et al. 2020 ); thus, based on their

genomes and previous literature, these organisms are putative

fatty acid degraders (Flaiz et al. 2020 ). These speculations could

be confirmed by future mechanistic studies. 

The genera Prevotella , Lactiplantibacillus , and Lactobacillus are

the dominant putative fermenters observed during the course

of this experiment (Fig. 1 ). Prevotella are Gram-negative obligate

anaerobes and putative producers of metabolic end products

such as acetate, formate, and succinate (Takahashi and Yamada

2000 a, 2000b ), matching our observation that acetic acid (acetate)

was the dominant product while the community was predomi-

nantly Prevotella (Fig. 1 ). Additionally, more of the dominant MAGs
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pre-switch encode genes to produce acetate compared to after the 

switch when Lactobacillaceae spp. become more abundant (Figs. 

1 and 2 ). 

The Lactobacillaceae are Gram-positive facultative anaerobes, 

known to frequently dominate microbial communities due to their 

robust metabolism (high growth rates, aerotolerant traits, etc.), 

and ability to produce warfare molecules targeting competing taxa 

(Todorov 2009 , Contreras-Govea et al. 2013 , Mokoena 2017 ). Thus, 

there are several potential explanations for the increased abun- 

dance of Lactobacillaceae following the addition of food waste 

and contributing to the increased abundance of lactate producing 

genes (Fig. 2 ). 

First, we found that the L. amylovorus MAGs and L. pentosus 
MAG.84 lack pathways for biosynthesis of several amino acids, al- 

though more complete genomes or pure culture work are needed 

to tease out whether these pathways are truly absent from the 

genome, or simply absent from the MAG (Fig. 3 , Amino Acid Path- 

ways, Fig. S4 ). Other LAB including Lactobacillus helveticus and L. 
amylovorus are known to be auxotrophic for multiple amino acids 

(Christiansen et al. 2008 , Singh et al. 2018 ); thus, we speculate that 

the addition of nutrient-rich food waste could have alleviated nu- 

trient limitations allowing these LAB to thrive. This would need fur- 

ther confirmation from replicated mechanistic studies. 

Second, Lactobacillaceae MAGs from this study encoded genes 

to sense oxygen in their environment and switch metabolism ac- 

cordingly. This is aligned with previous literature (Suissa et al. 

2022 , Walter and O’Toole 2023 ) where Lactobacillaceae spp. were 

identified as facultative anaerobes. The strict anaerobe Anaero- 
coccus (Morand et al. 2021 ) slowly increased in relative abundance 

over time after the feeding and suspected micro-aeration event on 

day 70 (Figs. 1 and 3 , Table S6 ). Thus, we observed that with the 

addition of food waste, competitive dynamics could have shifted 

to favor aerotolerant and facultative microorganisms, although, 

this is speculative without replication and direct oxygen measure- 

ments. 

Thirdly, we investigated whether putative bacteriocin produc- 

ing genes could have shaped dynamics within this bioreactor, as in 

previous studies (Riley and Gordon 1999 , Todorov 2009 , Mokoena 

2017 , Karkaria et al. 2020 , Arbulu and Kjos 2024 ). We found that 

Lactobacillus MAGs encoded more bacteriocin producing genes 

than other genera of microorganisms (average seven genes en- 

coded per MAG, Table S8 ), and Lactiplantibacillus MAG.84 encodes 

more bacteriocin degrading genes than any other genus (30 genes, 

Table S8 ) (Fig. 4 ). It is plausible that Lactiplantibacillus offers a 

benefit to other community members by degrading bacteriocins, 

potentially enabling the re-establishment of putative chain elon- 

gator Caproicibacter MAG.93, although this is speculative without 

further investigation. 

Conclusions 

We found that switching the feedstock from manure and paper- 

board to food waste resulted in a fundamentally reshaped the 

microbial community within an AAD fed-batch bioreactor. Shifts 

in the microbial community coincided with positive changes in 

bioreactor performance, although future studies will be required 

to determine if the change in performance was causal or sim- 

ply an interesting correlation. At the beginning of the experiment, 

Prevotella spp. dominated the community but were briefly re- 

placed by L. amylovorus following the switch to food waste. Pos-

sible microaeration occurred with the feeding of the food waste,

which may have selected against the growth of less aerotolerant

anaerobes. Lactiplantibacillus pentosus then increased in abun- 

dance, correlating with increased microbial diversity, including 

the re-establishment of Caproicibacter spp. (putative chain elon-

gator). Re-establishment of Caproicibacter spp. coincided with 

23.7%, 31.7%, and 7% higher production of valeric, caproic, and

heptanoic acids, respectively ( Table S1 ), although without sup-

port from further mechanistic studies it is possible that these

trends are simply correlative. While community functional po-

tential remained broadly conserved, dominance patterns and 

metabolic outputs changed markedly, highlighting the impor- 

tance of community structure rather than gene inventory alone.

Genomic evidence suggests that bacteriocin production and re-

sistance could be a key underappreciated mechanism mediat-

ing these shifts, although future work measuring expression of

key bacteriocin-related genes and direct measurements of bac-

teriocins are needed to explore these potential effec t s. Our r e-

sults, while preliminary, suggest that L. pentosus could poten-

tially mitigate the effects of antimicrobial peptides through bac-

teriocin degradation or resistance, offering exciting potential to

drive microbial community composition and bioreactor outcomes

through the addition of microorganisms with strategic metabolic

abilities, although this idea warrants future testing to determine

if it is plausible. This concept is in line with other recent studies

which have suggested that keystone functional guilds maintain

structure and function in microbial communities (Cottee-Jones 

and Whittaker 2012 , Banerjee et al. 2018 , Carlström et al. 2019 , Liu

et al. 2025 ). 
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