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The utilisation of the organic fraction of municipal solid waste as feedstock for
bioethanol production could reduce the need for disposal of the ever-increasing
amounts of municipal solid waste, especially in developing countries, and fits with the
integrated goals of climate change mitigation and transport energy security. Mixed
culture fermentation represents a suitable approach to handle the complexity and
variability of such waste, avoiding expensive and vulnerable closed-control operational
conditions. It is widely accepted that the control of pH in these systems can direct the
fermentation process toward a desired fermentation product, however, little empirical
evidence has been provided in respect of lignocellulosic waste substrates and different
environmental inocula sources. We evaluated ethanol production from the organic
fraction of municipal solid waste using five different inocula sources where lignocellulose
degradation putatively occurs, namely, compost, woodland soil, rumen, cow faeces
and anaerobic granular sludge, when incubated in batch microcosms at either initially
neutral or acidic pH and under initially aerobic or anaerobic conditions. Although
ethanol was produced by all the inocula tested, their performance was different in
response to the imposed experimental conditions. Rumen and anaerobic granular
sludge produced significantly the highest ethanol concentrations (∼30 mM) under
initially neutral and acidic pH, respectively. A mixed-source community formed by
mixing rumen and sludge (R + S) was then tested over a range of initial pH. In
contrast to the differences observed for the individual inocula, the maximal ethanol
production of the mixed community was not significantly different at initial pH of 5.5
and 7. Consistent with this broader functionality, the microbial community analyses
confirmed the R + S community enriched comprised bacterial taxa representative of
both original inocula. It was demonstrated that the interaction of initial pH and inocula
source dictated ethanologenic activity from the organic fraction of municipal solid waste.
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Furthermore, the ethanologenic mixed-source community enriched, was comprised of
taxa belonging to the two original inocula sources (rumen and sludge) and had a broader
functionality. This information is relevant when diverse inocula sources are combined
for mix culture fermentation studies as it experimentally demonstrates the benefits of
diversity and function assembled from different inocula.

Keywords: bioethanol, organic municipal solid waste, mixed culture fermentation, resource recovery from waste,
bacterial community composition, environmental biotechnology

INTRODUCTION

Research into bioethanol production from lignocellulosic
biomass has focussed on agricultural (Talebnia et al., 2010; Sarkar
et al., 2012; Agrawal et al., 2015) and industrial (Kádár et al., 2007;
Frankó et al., 2016) products and wastes as feedstocks. Little
attention has been paid to the organic fraction of municipal solid
waste (OMSW). However, OMSW is an attractive substrate due
to (i) its high cellulose content (Sun and Cheng, 2002; Li et al.,
2012) and because (ii) it has already been discarded. The latter
contrasts with feedstocks specifically produced for bioethanol
production, which utilise productive agricultural land, or with
feedstocks which have alternative uses such as compost (Blake
et al., 2017). Furthermore, internationally there is a drive to
reduce the quantities of waste going to landfill. This is of special
relevance in the rapidly growing urban regions of developing
countries, where overpopulation, lack of landfill space and MSW
treatment/disposal associated negative costs collude (Kalogo
et al., 2007; Bozorgirad et al., 2013; Leme et al., 2014).

Bioethanol production requires a complex process, capable
of hydrolysing lignocellulose into cellulose and hemicellulose,
and transforming the resulting mixture of sugars into ethanol
(Balat, 2011). To address these challenges, numerous studies
have been directed toward metabolic engineering of well-studied
ethanologenic and/or industrially friendly microbial strains (e.g.,
Saccharomyces cerevisiae, Zymomonas mobilis, Escherichia coli,
etc.) to expand their metabolic capabilities, aiming to improve
monoculture fermentations (Hong and Nielsen, 2012; Zhou et al.,
2018). Nevertheless, these processes necessarily operate under
narrow closed-control conditions, are still limited and the subject
of improvement (Mohd Azhar et al., 2017; Zhou et al., 2018).

An alternative approach for the sustainable production of
ethanol is the application of eco-biotechnological principles
(Kleerebezem and van Loosdrecht, 2007), where the production
of metabolic products is achieved by employing open mixed
cultures and ecological selection principles (Kleerebezem and
van Loosdrecht, 2007; Temudo et al., 2008; Varrone et al.,
2015). Such a mixed culture fermentation (MCF) approach is a
promising alternative to enzymatic treatment and monoculture
fermentation as it has shown enhancement in the conversion
of cellulose to EtOH by virtue of synergistic metabolic
capabilities, reducing problems such as end-product inhibition
and incomplete enzyme pathways and circumvented the need to
supplement high concentrations of enzymes (Kato et al., 2004;
Okeke and Lu, 2011; Cheng and Zhu, 2012; Ronan et al., 2013;
Oksanen et al., 2018). In addition, consortia are more resistant
and resilient to perturbation, resulting in a lower requirement for

process control, potentially making OMSW based mixed culture
ethanol production robust and exploitable with low operational
and maintenance costs (Kato et al., 2005; Okeke and Lu, 2011).

Mixed culture communities for bioethanol production should
be sourced from an appropriate source environment or indeed
multiple environments. This raises the question how critical the
choice of a source or multiple sources might be. In addition,
the comparison of the community composition arising from
different inocula sources employed in MCF has been sparingly
reported (Peacock et al., 2013; Jimenez et al., 2014; Simmons
et al., 2014), and although some studies have mixed different
inocula sources for the inoculation of MCF reactors (Temudo
et al., 2008; Lin et al., 2011; Du et al., 2015), an evaluation of
whether the enriched community and its function was derived
from a combination of these sources has not been addressed
so far. This might be due to the traditional conception that
“everything is everywhere, but, the environment selects” (De
Wit and Bouvier, 2006). As consequence, environmental factors,
particularly pH, have been studied as major means to control
the direction of fermentative metabolism (Temudo et al., 2007;
Rodríguez et al., 2008; González-Cabaleiro et al., 2015). MCF
studies have been performed in neutral to alkaline conditions;
however, only a few have explored initially acidic media pH
and showed good ethanologenic performance (Zhang et al.,
2012; Ganigué et al., 2016). Fermentation at initially acidic
conditions could simplify the production process, as it would
facilitate the pH conditioning step considered necessary after
acid-pretreatment of lignocellulosic substrates (Jönsson et al.,
2013; Jönsson and Martín, 2016).

Moreover, to further simplify the production process, it has
been proposed that MCF under initially aerobic conditions could
not only reduce the process operational costs (Ronan et al., 2013),
but also provide stability to complex microbial communities
(Kato et al., 2005).

In this work, we sampled diverse environments with potential
microbial lignocellulose degradation activity and incubated them
with OMSW. We evaluated the resulting ethanol production
and soluble fermentation profiles under either initial aerobic or
anaerobic conditions and at initially neutral or acidic pH. Inocula
producing the highest EtOH concentrations at the initial pH
values tested were selected and combined to evaluate the ethanol
production of the resulting mixed-source communities over a
range of pH values. We hypothesised that a novel community
enriched by mixing the previous best performing inocula could
benefit from functional redundancy, allowing the mixed-source
community to produce EtOH at a broader range of pH values.
We also hypothesised that the enriched mixed-source community
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would be comprised of taxa retained from both original inocula
sources and this mixed community composition would explain
the putatively broader functional potential. The ultimate aim of
this work was therefore to enrich and characterise a mixed-source
microbial community able to produce EtOH from OMSW under
minimal operational conditions, these being initially acidic pH
and aerobic conditions.

MATERIALS AND METHODS

Inocula Description and Sampling
Five different environments were sampled to enrich for bacterial
communities with the diverse metabolic capabilities required to
disrupt and transform lignocellulose:

(1) Compost, taken from the surface layer of a composting
pile from Newcastle University’s Nafferton Farm,
located 19 km west of the city of Newcastle
upon Tyne on the north side of the Tyne valley
(54◦59′08.6′′N 1◦53′56.2′′W).

(2) Woodland soil, taken near the river Ouseburn at
Jesmond Dene from around trees where the leaf-mat
was visible. Jesmond Dene is a parkland/woodland
located between the areas of South Gosforth and
Jesmond Vale in the city of Newcastle upon Tyne
(54◦59′21.6′′N 1◦35′26.2′′W).

(3) Cow faeces, collected immediately after excretion by
a cow at Newcastle University’s Nafferton Farm. The
cattle at Nafferton farm are reared for milk production.

(4) Rumen from a wether sheep (Suffolk cross breed)
provided by Oluwaseun Bolaji from the Department
of Agriculture, Food and Rural Development at
Newcastle University. Pre-slaughter, the sheep was
fed a silage-based total mixed ration plus vegetables
including turnips.

(5) Anaerobic digestate granular sludge from a paper
industry waste water treatment facility, provided by Dr.
Paul Sallis from the Environmental Engineering group
at Newcastle University.

Organic Municipal Solid Waste (OMSW)
Analogue Composition, Preparation
and Pre-treatment
An OMSW analogue was prepared based on the putative
biodegradable categories of Mexico City’s Municipal Solid Waste
(MSW), as proxy for high organics MSW of overpopulated
cities in developing countries, in this case amounting to 60% of
its total composition (Durán-Moreno et al., 2013). Proportions
were calculated based on the organics, paper and cardboard
categories as part of the OMSW. As no further information was
available regarding Mexico City’s organics category composition,
this component was simplified to food waste for the analogue’s
preparation. Therefore, the organics category was integrated
based on the proportions of food waste in United Kingdom and
Wales (Quested and Johnson, 2009). Supplementary Table S1
brings the two data sources together, listing the components

and proportions used in this work to prepare the OMSW
analogue. All mass values in this study are reported in terms of
dry weight mass.

To prepare the OMSW analogue, the spring greens, apples,
bananas oranges and watermelon were purchased (Hutchinson’s
Fruit and Veg Ltd., Fenham, Newcastle upon Tyne). The fruits
were consumed, keeping the apple cores, banana, oranges, and
watermelon peelings. The baguette, own brand egg fried rice
(Tesco Stores Ltd., United Kingdom); and Butcher’s Market
British meatballs pack (Iceland Foods Ltd., United Kingdom)
were also purchased locally.

Using the National Renewable Energy Laboratory Analytical
Procedure (Hames et al., 2008) as a guideline, each of these
components was cut into small pieces and individually dried for
2 days at 55◦C ± 5◦C. The dried material of each food category
was then individually weighed, blended into a fine powder and
sieved through a 1000/µm mesh.

The paper category was produced from used office paper,
sheets from magazines and newspaper, whereas the cardboard
category was formed from thin, lightweight card from breakfast
cereal and other packaging along with layers taken from
corrugated or fluted packing board from cardboard boxes. These
two fractions were also cut into small pieces and blended.
Although these materials did not form a powder, their surface was
disrupted and softened. The dried powdered material obtained
from each food category, and the blended paper and cardboard
were stored individually in polypropylene containers and kept
refrigerated at 4◦C until pre-treatment.

The powder material from each food component was mixed
following the proportions specified in Supplementary Table S1
to form the food waste fraction of the OMSW analogue. For the
diluted acid pre-treatment (Li et al., 2007), H2SO4 1% v/v was
added to the food waste mixture (3 mL acid:1 g food waste)
and in separate containers, to the blended paper and cardboard
fractions (4 mL acid:1 g paper/cardboard). The three individual
waste categories were then incubated at 60◦C overnight.

OMSW Medium Basic Characterisation
Pre-treated OMSW analogue’s moisture (12.9 ± 0.4%), total
(87.1 ± 0.4%), volatile (88.8 ± 0.5%), and fixed solids
(9.8 ± 0.4%) contents were determined according to the APHA
standard method 2540 (APHA, 2012) and NREL laboratory
analytical procedure for moisture content (Sluiter et al., 2008).

Liquid samples taken from serum bottles containing acid and
steam pre-treated mineral medium with OMSW (prepared as
all microcosms in this project, see section below) were used
to determine the Chemical Oxygen Demand (COD) according
to the APHA method 5220 (Rice et al., 2012). The COD
of the liquid fraction of the medium was 19.7 ± 0.3 g/L,
equivalent to a concentration of 2,450 me− eq/L. For the
electron balances, COD was quantified using 8 gCOD/e−
eq while mmol of end-products were converted to electron
milliequivalents (e− meq.) using electron equivalents per mole
values (Rittmann and McCarty, 2001).

The total COD (TCOD) of the OMSW was estimated
using the proportions of the general waste categories in
Supplementary Table S1: 83% food waste, 10% paper and 7%
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cardboard, with TCOD contents (in gCOD/gmaterial) of 1.1, 0.1
and 0.1, respectively, as reported in the literature (Bayard et al.,
2018) giving a TCOD content of 01.3 gCOD/gOMSW. As the
input per bottle was 2.5 gOMSW/50 mLmedium (see microcosms
preparation), the estimated TCOD content of the medium if
all the OMSW dissolved would be 65 gCOD/L equivalent to
8125 me− eq/L. Electron balances were calculated as described
for the COD of the liquid fraction.

Experimental Design
The initial experimental design to test the effects of inocula
source, initial oxygen presence and initial pH on EtOH
production, was divided into two independent set ups, each one
corresponding to incubations under initially neutral or acidic pH
(see Supplementary Figure S1). Both set ups considered two
factors: (A) Inocula source and (B) Initial oxygen conditions.

At initially neutral pH, factor (A) had 8 levels, the 5 inocula
sources (compost, woodland soil, cow faeces, rumen, and
sludge), plus microcosms inoculated with a mixture of all
original sources (henceforth named “All”), inocula only control
(“IOC”, microcosms with the mixture of all inocula without
carbon source) and substrate only control (“SOC,” microcosms
with media and OMSW analogue, without inocula added).
Factor (B) had 2 levels, namely, initial anaerobic or aerobic
conditions. The 16 possible combinations (A∗B) were each
tested in triplicate with exception of the substrate only control
which was run in duplicate. A total of 46 microcosms were
thus prepared. To narrow down the inoculum selection for
subsequent analysis, at initially acidic pH, the set up described
above was repeated excluding the two inocula with the lowest
EtOH production observed. The 12 possible combinations were
tested in triplicate. These microcosms were incubated at an
initial pH of 5.5, the approximate pH of the substrate after acid
pre-treatment. To evaluate the effect of initial pH on EtOH
production, the results of maximal EtOH production by the
inocula tested in both experiments were statistically compared as
described below.

The previously described experiments results informed
the experimental design for the subsequent independent test
(see Supplementary Figure S2), in which two factors were
considered: (A) Inocula source and (B) Initial pH. Factor (A)
had 4 levels, rumen, sludge and the mixture of both (R + S),
plus substrate only control (SOC). Factor (B) had 3 levels, initial
pH 4.5, 5.5 and 7.0. Substrate only controls (SOC) were only
prepared for pH 4.5 and 7. The 11 possible combinations were
tested in triplicate.

Microcosms Preparation and Set Up
In line with the objective of this study of achieving low-
control EtOH production, RM medium (Ronan et al., 2013)
containing urea (2 g/L), KH2PO4 (2 g/L), K2HPO4 (3 g/L), yeast
extract (2 g/L), trace mineral solution 1:100 (v/v), and resazurin
(0.002 g/L), was modified, replacing urea and yeast extract with
the acid pre-treated OMSW analogue fractions (83% food waste,
10% paper, and 7% cardboard). 2.5 g of the acid pre-treated
OMSW analogue (2 g of food waste, 0.3 g paper, and 0.2 g
cardboard) were placed into 120 mL serum bottles, after which

50 mL of modified RM media were added to each of these
(5% organics medium).

The bottles were autoclaved at 121◦C for 15 min for the
double purpose of sterilising the culture media, and completing
the OMSW analogue pre-treatment, as it has been shown that
the combination of diluted acid and steam pre-treatments is
more effective for the disruption of lignocellulosic materials
(Li et al., 2007).

After autoclave sterilisation and before inoculation, the pH of
the medium was measured using a Mettler ToledoTM FiveEasyTM

Plus FP20 pH metre, fitted with an InLab pH electrode, and
adjusted, if necessary, according to the experimental design with
NaOH 1 M or H2SO4 1 M. No further pH adjustment was made
after inoculation. It must be noted that the addition of some of
the inocula had an effect on the initial pH of the medium, and
the pH values reported in this study for day 0 are those measured
after inoculation.

Each bottle was then inoculated with 2.5 g of the corres-
ponding inoculum, manually agitated and initial samples were
taken. Microcosms prepared to test possible mixed-source
ethanologenic enrichments (“all” and R + S) in the different
experiments were inoculated with equivalent mass proportions of
each of the corresponding inocula adding up to 2.5 g (e.g., 1.25 g
of each, rumen and sludge were used as inoculum for the
R + S replicates). The bottles were then sealed with butyl
rubber stoppers and aluminium seal crimp caps. All experimental
set ups were incubated in the dark, at room temperature
(approximately 20◦C) under static conditions.

GC-FID Quantification of Soluble
Fermentation Products
Soluble fermentation products (EtOH, butanol and acetic,
propionic and butyric acids) were quantified using a gas
chromatography with flame ionisation detection method
(GC-FID). A Trace GC Ultra from Thermo Scientific coupled
with an automatic injector was used. The injection volume was
1 µL, and to prevent contamination of the capillary column
the injection port was fitted with a glass liner (5-mm i.d.),
appropriate for split analysis (split ratio 30:1). An Agilent
J&W HP-INNOWAX column coated with polyethylene glycol
(30 m × 0.25 mm × 0.25 mm) was used. The temperature of
the FID was 220◦C, and the injector temperature was 220◦C.
Hydrogen was the carrier gas at a flow rate of 1.5 ml/min at
55 kPa, running at 35◦C (5 min)-150◦C/5(0)-250/20(2), for
38 min per sample. Solutions of ASC reagent grade ethanol,
butanol, acetic, propionic and butyric acids were prepared
in distilled water at concentrations of 0, 2, 4, 8, 15, 30, and
60 mM. These solutions were then analysed in triplicate
for the construction of calibration curves at the beginning
of each experiment. For quality control, freshly prepared
standard solutions of EtOH and a mixture of volatile fatty
acids (VFAs) were prepared and quantified at the start and
end of each run of GC-FID analysis. Liquid samples from
each experiment were centrifuged at 13,300 rpm for 3 min.
1 mL from these was then filtered using a hydrophilic 0.2 µm
pore sterile Millipore philtre. Filtered samples were stored in
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a GC glass vial and kept at 4◦C until analysis on the same
day of sampling.

Statistical Analysis of
Physicochemical Data
The R programming language and free software R version 3.4.3
(2017-11-30) – “Kite-Eating Tree” was used to conduct statistical
analyses of physicochemical data. The quantitative comparison
of the effects of the different variables tested and their possible
interactions on EtOH production was done through 2-way
ANOVA analyses. To assess if the data met the 2-way ANOVA
test assumptions, the homogeneity of variances and normality
of the residuals were examined through the Levene’s test for
homogeneity of variance and the Shapiro–Wilk normality test.
When the 2-way ANOVA analysis was valid and significant
(p-value < 0.05), a Tukey HDS test was conducted to do
multiple pairwise-comparisons between the means of groups and
determine which of them were significantly different.

Correlation analyses were also computed to evaluate the
relationship between pH and inocula source in EtOH production.
To assess the validity of the correlation analyses, the linear
relationship of the continuous variables and normal distribution
of the data sets were examined through linear regression and
the Shapiro–Wilk normality test. As the data of one or more
variables in each data set was not normally distributed, the
non-parametric Kendalls’s rank correlation tau was done for
consistency in the analyses. The alternative to the null hypothesis
was that true correlation coefficient is not equal to 0 at the 95%
confidence level.

Molecular Biology Analyses
DNA Extraction
Due to the heterogeneity of the samples containing a high
number of solid particles, the PowerSoil

R©

DNA Isolation Kit
(Mo Bio Laboratories Inc., United Kingdom) was used to
extract genomic DNA from 0.5 mg of samples taken from
microcosm listed in the Supplementary Table S2 according to
the manufacturer’s protocol. A procedural blank was included.

Ion Torrent PGM Sequencing
Pooled Library Preparation
For bacterial community analyses, DNA extracts were subjected
to PCR amplification using the universal primers F515 and
R926 encompassing the V4–V5 region of the 16S rRNA
gene (Quince et al., 2011). Following the manufacturer’s
guidelines (Life Technologies, 2012), fusion primers were used.
Hence, the F515 primer included an ‘A’ adaptor (25 bp,
5′-CCATCTCATCCCTGCGTGTCTCCGACTCAG-3′) followed
by a unique Golay barcode per sample (12 bp) and a key spacer
(3 bp, 5′-GAT-3′) at the 5′ end for error correcting (D’Amore
et al., 2016). Primer R926 was ligated to a ‘B’ truncated P1 adaptor
(25 bp, 5′-ATCACCGACTGCCCATAGAGAGG-3′) attached to
the 5′ end. Adding up to a 481 bp amplicon size. Details
of the Golay barcodes used per sample can be found in the
Supplementary Table S2.

A Bibby Scientific Techne TC-512 gradient thermal cycler
was used to conduct the amplification. The PCR programme

consisted of 4 min of initial denaturation at 95◦C followed by
30 cycles of 1min denaturation at 95◦C, 45 s for annealing at
55◦C and 1 min of extension at 72◦C. The final extension was
done for 10 min at 72◦C. The amplified libraries were purified
using an Agencourt Ampure XP purification Kit (Beckman
Coulter Inc., United Kingdom). The manufacturer’s protocol
was followed. After which an equimolar pool of the amplicon
libraries was prepared. The pooled library was submitted to
the Environmental Engineering research laboratory, Newcastle
University for sequencing with the Ion Personal Genome
Machine R© (PGMTM) System using an Ion 316TM Chip v2 (Life
Technologies, United Kingdom). This Targeted Locus Study
project has been deposited at DDBJ/EMBL/GenBank under the
accession KCKJ00000000. The version described in this paper is
the first version, KCKJ01000000.

16S rRNA Sequencing Processing and
Community Composition Analyses
The Mothur v.1.39.5 software (Schloss et al., 2009) was used
to quality process and cluster sequences with a minimum
length of 275 nt (from 6,96,397 high quality reads) into OTUs
(97% similarity) as described by Schloss et al. (2011), in the
454-SOP. All libraries were rarefied to the smallest library count
(8,987 reads). The OTU table and associated files generated were
then used to conduct ecological and ordination analyses.

The OTUs/abundance rarefied data was imported into
PRIMER 7 software (Primer-E Ltd., Plymouth, United Kingdom)
to compute the Bray Curtis similarity matrix between each
rarefied sample. The Bray–Curtis similarities were then used
within PRIMER 7 to produce an nMDs ordination plot. A non-
parametric ANOSIM test was used to evaluate the statistical
significance (0.1% significance level of sample statistic) of
community composition differences between groups of samples.
The most frequent and abundant OTUs for each group
of samples defined by the ANOSIM test, were determined
using the similarity percentages (SIMPER) test on the Bray–
Curtis similarity matrix indices. Before the resemblance matrix
computation, the data set was standardised, and square root
transformed. Additionally, under the assumption that the most
abundant OTUs are the most active within a community, the
transformed data set was filtered (Clarke and Gorley, 2015) to
only consider OTUs accounting for >1% percent of the total
number of individuals in each sample.

Additional to the taxonomy assignments (up to genus level)
for the OTUs made by Mothur [using the Silva database release
128 (Quast et al., 2013)], the most abundant representative
sequences within each OTU were aligned against the 16S RNA
sequences (Bacteria and Archaea) GenBank database using the
megablast algorithm (Boratyn et al., 2012).

RESULTS

Effect of Initial pH and Inocula Source on
EtOH Production From OMSW
The conversion of an acid pre-treated OMWS analogue
by different inocula to soluble fermentation products when
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FIGURE 1 | Fermentation products by the different inocula tested under initial (A) neutral and (B) acidic pH. The error bars represent the standard error of the mean
(SE), n = 3.

incubated under initially anaerobic or aerobic conditions at
initially neutral or acidic pH was studied and compared
(Figure 1). After 2 days of incubation, EtOH production was
observed in all microcosms, however, its dominance within the
fermentation products quantitatively varied in relation to the
initial pH and inocula source.

At an initially neutral pH (6.70 ± 0.04), the rumen inoculum
significantly produced the highest EtOH concentrations (2-way
ANOVA with Tukey HDS post hoc analysis, p-values < 0.05.
See Supplementary Table S3 for details), with EtOH being
the dominant end-product. In contrast, the main soluble
fermentation product of the rest of the inocula was butyric
acid (see Table 1). When comparing incubations under initially
aerobic or anaerobic conditions for any of the inocula there
was no significant difference in their maximal EtOH production
(i.e., rumen-aerobic vs. rumen-anaerobic p-value 0.927). See
Supplementary Table S3 for details on the relevant results of
Tukey HDS analysis. No fermentation activity was observed
either in the inocula only or substrate only controls.

At an initially acidic pH (5.33 ± 0.02), EtOH was the
major soluble fermentation product of all the inocula
tested (Figure 1B). However, at this initial pH sludge
produced significantly the highest EtOH concentration (2-way
ANOVA with Tukey HDS post hoc analysis, p-values < 0.05,
Supplementary Table S3) after 14 days. In these experiments the
woodland soil and compost inocula were omitted but incubation
times were increased to 30 days (see experimental design for
justification). As for the neutral pH experiment, no fermentation
activity was observed in the inocula only controls. However,
EtOH was produced by the substrate only controls, under both,
anaerobic and aerobic conditions (Table 1), after 14 and 21 days
of incubation, respectively, suggesting potential contamination
after autoclaving or the possible enrichment of fermentative
microorganisms from the acid pre-treated OMSW analogue. No
other fermentation products were detected in the controls. As
for the neutral pH incubations, the initial oxygen conditions did
not have a significant effect in the maximal EtOH production
reached by the different inocula (Supplementary Table S3).
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TABLE 1 | Maximal concentrations of measured fermentation products by each inocula tested.

Inoculum In. pH In. O2 Fermentation products [mM]max

EtOH BuOH Acetic Butyric Propionic

C. faeces Neutral − 15.6 ± 3.2 2.28 ± 0.6 0.5 ± 0.5 31.7 ± 1.2 1.3 ± 0.4

+ 18.4 ± 2.3 3.8 ± 0.8 9.0 ± 0.3 28.0 ± 1.4 1.2 ± 0.0

Acid − 21.0 ± 6.5 ND 3.4 ± 3.3 3.4 ± 0.3 1.3 ± 0.7

+ 22.6 ± 2.8 2.8 ± 1.6 8.8 ± 1.7 5.7 ± 2.8 ND

Rumen Neutral − 26.8 ± 3.2 1.3 ± 0.7 8.9 ± 0.2 19.2 ± 1.9 ND

+ 33.6 ± 2.8 2.2 ± 0.2 8.7 ± 0.3 21.9 ± 7.5 1.1 ± 0.6

Acid − 12.3 ± 1.2 10.9 ± 6.7 2.9 ± 2.7 7.1 ± 1.2 4.6 ± 0.4

+ 17.3 ± 4.4 35.5 ± 20.1 8.2 ± 1.1 5.4 ± 0.9 ND

Sludge Neutral − 28.6 ± 23.6∗ 2.1 ± 0.2 13.5 ± 0.9 31.5 ± 23.3 8.5 ± 2.2

+ 6.3 ± 1.2 2.4 ± 0.1 17.6 ± 0.2 18.9 ± 2.6 7.1 ± 0.5

Acid − 41.2 ± 1.6 8.3 ± 1.3 10.0 ± 0.2 19.2 ± 0.9 6.8 ± 0.6

+ 33.3 ± 5.6 4.8 ± 0.7 10.0 ± 1.6 16.3 ± 5.9 0.4 ± 0.3

All Neutral − 11.7 ± 1.2 2.4 ± 0.5 10.9 ± 0.3 21.2 ± 2.9 2.2 ± 0.2

+ 2.2 ± 0.6 2.4 ± 0.4 19.1 ± 6.9 25.1 ± 4.7 10.5 ± 0.6

Acid − 15.7 ± 2.8 2.6 ± 1.3 4.6 ± 4.6 9.5 ± 0.2 12.8 ± 1.4

+ 18.8 ± 2.5 3.2 ± 0.5 7.6 ± 3.8 7.6 ± 0.4 0.7 ± 0.4

Compost Neutral − 11.6 ± 1.6 3.0 ± 0.2 24.2 ± 2.5 31.4 ± 4.2 1.9 ± 0.3

+ 9.6 ± 1.7 2.7 ± 0.2 24.5 ± 0.5 22.5 ± 6.1 1.2 ± 0.0

W. soil Neutral − 10.0 ± 1.3 6.0 ± 0.4 23.8 ± 1.3 52.7 ± 11.1 3.1 ± 0.6

+ 11.0 ± 0.9 5.0 ± 0.8 17.5 ± 0.4 28.6 ± 7.7 1.5 ± 0.2

Substrate only control Acid − 8.7 ± 3.8 ND ND ND ND

+ 4.5 ± 4.0 ND ND ND ND

In., Initial; [mM]max, fermentation product maximal concentration produced by the individual inoculum; ND, Not detected. ∗High [EtOH]max is due only to one replicate
(n = 3), if n = 2, [EtOH]max = 4.40 mM ± 1.62 mM.

In a statistical comparison between the initially neutral
and acidic experiments (2-way ANOVA and Tukey HDS
post hoc analysis) maximal EtOH concentrations were overall
significantly different (p-value 0.044). However, the maximal
EtOH production by the rumen at an initial neutral pH was
not significantly different to that of sludge under initially acidic
conditions (p-value 0.159).

Likewise, general comparisons of the maximal total
productivity (summative soluble end-products) by rumen and
sludge were done (2-way ANOVA, 95% confidence level). The
total productivity of rumen at neutral pH (185.6± 38.9 solubleC
meq./L, 976.2 ± 197.9 e− meq./L) and sludge at acidic pH
(202.3 ± 6.8 solubleC meq./L, 711.2 ± 58.79 e− meq./L) in
terms of carbon and electron equivalents were not significantly
different (p-value 0.060). However, the proportion of EtOH from
these total maximal production values by rumen (38.5 ± 4.8%
solubleC meq./L, 43.2 ± 5.0% e− meq./L) were about 10% lower
than those of sludge (48.5 ± 3.9% solubleC, 58.7 ± 3.4% e−
meq/L), suggesting initial acidic pH moderately drives mass and
electron balances toward EtOH production.

In average, about 10.4% of electrons estimated to be initially
fed as OMSW (TCOD) were recovered in both systems (rumen
and sludge). While 34.4% of electrons in the liquid fraction of
the medium (COD) ended up as soluble fermentation products,
from which EtOH represented more than 50%. These results
suggest that hydrolysis of the solid material seems to be the
bottle-neck of the process and future work should look at

the biodegradable methane potential of the OMSW before and
after pre-treatment.

Analysis of pH and Maximal EtOH
Production in Ethanologenic Incubations
Figure 2 provides a direct comparison of the maximal EtOH
concentrations reached in the previous experiments together
with the corresponding initial pH and pH of the medium when
maximal EtOH concentration was observed. The data shows a
clear separation between the initial pH of the neutral (pH∼6.8)
and acidic (pH∼5.3) treatments. However, disregarding their
apparent optimal initial pH for ethanologenesis, pH values of
rumen and sludge inoculated microcosms measured on the day
of their corresponding maximal EtOH production were not
significantly different (pH∼6. 2-way ANOVA with Tuckey HDS
post hoc analysis, p-value 0.722).

To further evaluate whether differences observed in the
performance of the inocula tested in these experiments were
related to the pH of the medium, Kendalls’s tau non-parametric
correlation rank (maximal EtOH concentrations, initial pHs and
pHs at maximal EtOH) of combined replicate data from both
aerobic and anaerobic data sets were computed (Table 2).

Significant correlations between maximal EtOH concen-
trations and initial pH were found, but also with the pH of the
medium at the day of maximal EtOH production for the rumen
and sludge inocula. Remarkably, rumen had a positive correlation
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FIGURE 2 | Boxplots of: (A) maximal EtOH production by the different inocula tested in initially acidic and neutral pH, (B) their initial pH, and (C) their pH at max.
EtOH concentrations.
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TABLE 2 | Correlation analysis results of maximal EtOH production, initial pH, and
pH at maximal EtOH concentration.

Initial pH-max pH at max Initial pH-pH at

Inocula [EtOH] [EtOH]-max [EtOH] [EtOH]max

τ p-value τ p-value τ p-value

All −0.455 0.045 −0.412 0.063∗ 0.565 0.011

C. faeces∗∗ 0.061 0.840∗ 0.078 0.730∗ 0.791 0.000

Rumen 0.708 0.002 0.626 0.005 0.657 0.003

Sludge −0.600 0.01 −0.564 0.017 0.382 0.121∗

τ , Kendalls’s τ . ∗Not significant at 95% confidence level. ∗∗Data did not meet the
linear covariation assumption for correlation test validity.

with both initial and pH at [EtOH]max, whereas sludge had a
negative correlation with initial pH and pH at max [EtOH].

These results revealed that similar ethanologenic activity
could be achieved at either initial acidic and neutral pH
values when using different inocula sources, namely rumen
and sludge, leading to the hypothesis that a novel community
enriched by mixing these inocula sources could benefit from
specialised functional redundancy, allowing EtOH production
at a range of pH.

Ethanologenic Activities of Single and
Mixed-Source Communities Over a
Range of Initial pH
To test the specialised functional redundancy hypothesis
and more generally to evaluate the reproducibility of the

different inocula responses observed in the previous experiment,
microcosms amended with OMSW were inoculated with rumen
or sludge or a mixture of both sources (R + S) and incubated at
initial pH values of 4.5, 5.5, and 7.0 (Figure 3).

In these experiments the maximal ethanologenic activities of
the sludge and R + S incubations were not significantly different
to each other when incubated at initial pH values of both 4.5
and 5.5. However, they were significantly different at an initial
pH of 7, where notably, the R + S maximal EtOH production
was not significantly different to that of the rumen incubations.
Whereas, the sludge inoculated microcosms EtOH productivity
was significantly lower and similar to that of the substrate only
control (Supplementary Table S4).

Comparing ethanologenesis across these experiments rumen
maximal ethanologenic activity at pH 7 (17.39 mM ± 1.18 mM)
was not significantly different to that of sludge
(18.03 mM ± 2.24 mM) or R + S (17.19 mM ± 1.82 mM)
at pH 5.5. Additionally, EtOH producion by R + S under initial
pH 5.5 and 7 was also not significantly different (p-value 0.902),
supporting the hypothesis that a combination of rumen and
sludge inocula leads to a robust community able to produce
EtOH at a broad range of pH values.

Rumen, Sludge and R + S
Bacterial Communities’ Composition
and Ordination
After quality processing 31,356 OTUs were identified among
all samples and inocula only controls. The t0 rumen library
had the richest (3,190 ± 37 OTUs), most diverse (159 ± 10)

FIGURE 3 | (A) EtOH production profiles and (B) pH curves of rumen, sludge, and R + S incubated at a range of initial pH. SOC, substrate only control at initial
neutral pH. The error bars represent the standard error of the mean (SE), n = 3.
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FIGURE 4 | nMDS plot of incubation communities at the time zero (denoted by “0”) and the time of maximal EtOH production (denoted by “11”). Blue or pink circles
encompass communities which share 30 and 50% similarities, respectively. The 2D stress value indicates good representation of the data on these 2D nMDS plots.
ANOSIM R values (0.1% significance level) range from 0 to 1 where 1 = high dissimilarity between clusters. R, rumen pH 7; S, sludge pH 5.5; R + S, mixed-source
community pH 5.5; SOC, substrate only control.

and most even (0.1 ± 2.6e-3) bacterial community among the
inocula, while the t0 sludge richness (2,022± 58 OTUs), diversity
(12 ± 1.4) and evenness (5.7e-3 ± 5.4e-4) were the lowest.
Initially, R + S showed high richness (2,673 ± 146 OTUs),
but low diversity (34.2 ± 12) and evenness (1.2e-2 ± 3.6e-3).
The inocula controls were comparatively less rich (1,810 ± 15
OTUs), but were highly diverse (207 ± 13) with even bacterial
composition (1.1± 7.9e-3).

After 11 days, the richness of all the communities had
dramatically drecreased (53% for rumen, 40% for sludge and
34% for R + S) as well as their respective diversity and
evenness indices. Rumen had the least diverse (6.6 ± 0.5)
and least even (4.4e-3 ± 2.1e-4) bacterial composition, while
R + S richness (1775 ± 138 OTUs), diversity (14.4 ± 2.6), and
evenness (8.0e-3 ± 8.9e-4) although variable, were the highest
among the inocula. Sludge remained the least rich (1207 ± 58
OTUs) community, but showed higher diversity (7.1 ± 1.1) and
evenness (5.8e-3± 6.4e-4) than rumen, with values that remained
relatively constant with those obtained for t0. The substrate only
blank bacterial composition indices also decreased notably (48%).
The decrease in richness and diversity in all inocula suggests the
enrichment of OTUs fitted to grow under the specific initial pH
conditions and utilise OMSW as substrate.

Additionally, nMDS ordination plots of the day 0 microcosms
and after 11 days enrichment revealed distinct community
composition differences between the inocula inocula (Figure 4).
Although the sludge and R + S t0 samples shared at least 30%
similarity, after 11 days of enrichment, each set of replicates for
the individual inocula ordinated close together.

The SOC bacterial enrichment indicates that after autoclaving
there was potential for contamination. However, the community
compositions in the substrate controls were highly variable
across sampling times and replicates, appearing to be completely
independent of each other, which could also suggest the
autoclave and pre-treatment survival and subsequent enrichment
of bacterial communities randomly derived from the OMSW
waste. Regardless of this contamination or survival of indigenous
organisms the authors do not consider this to have had a major
impact on the community composition and function of the
environmental inocula as the lag phase for this activity was so
much longer than observed in the inoculated microcosms.

SIMPER analysis (see section “Materials and Methods”) was
conducted to identify the most abundant OTUs which most
characterised each group of treatment replicates (Table 3) i.e.,
those that cumulatively contributed to at least 70% of the total
similarity between groups.
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TABLE 3 | Most frequent and abundant OTUs (genus level) found in each inocula group at the beginning of the experiment and after 11 days of enrichment as
determined by a SIMPER test.

OTU Identity Sim/SD Contr% OTU Identity Sim/SD Contr%

Rumen day 0 Rumen 11 days

Average similarity: 83.62 Average similarity: 84.48

Cumulative similarity: 74.75 Cumulative similarity: 71.35

13 Ruminococcus 17.95 11.78 2 Pseudomonas 21.74 31.92

14 Millionella 8.08 10.37 4 Aeromonas 11.06 20.66

19 Lutispora 20 9.63 12 Carnobacterium 44.07 6.9

23 Prevotella 17.35 8.61 10 Enterococcus 8.7 6.37

20 Succiniclasticum 21.75 8.61 5 Leuconostoc 7.05 5.5

34 Holdemania 17.7 7.14 – – – –

41 Victivallis 8.73 6.7 – – – –

37 Spiroplasma 7.95 6.36 – – – –

65 Paraprevotella 6.58 5.57 – – – –

Sludge day 0 Sludge 11 days

Average similarity: 86.29 Average similarity: 88.04

Cumulative similarity: 70.65 Cumulative similarity: 72.44

1 Pseudomonas 23.69 31.02 3 Clostridium 38.07 21.85

7 Lentimicrobium 12.37 17.7 9 Pseudomonas 35.25 15.7

6 Proteiniphilum 21.67 11.11 5 Leuconostoc 41.32 14.01

16 Clostridium 19.89 5.61 1 Pseudomonas 7.5 10.81

8 Acinetobacter 3.53 5.21 11 Macellibacteroides 10.62 10.06

R + S day 0 R + S 11 days

Average similarity: 77.03 Average similarity: 81.93

Cumulative similarity: 71.67 Cumulative similarity: 71.89

1 Pseudomonas 3.53 17.82 3 Clostridium 57.48 14.66

6 Proteiniphilum 4.22 12.51 10 Enterococcus 146.71 11.62

13 Ruminococcus 34.51 7.68 8 Acinetobacter 52.91 9.55

7 Lentimicrobium 5.91 7.58 12 Carnobacterium 12.88 8.91

21 Leptolinea 9.82 4.93 1 Pseudomonas 14.91 7.1

15 Paludibacter 50.93 4.84 2 Pseudomonas 3.48 6.85

14 Millionella 10.88 4.68 5 Leuconostoc 2.37 6.67

24 Mucinivorans 65.25 4.68 4 Aeromonas 18.41 6.53

16 Clostridium 6.36 3.84 – – – –

11 Macellibacteroides 2.35 3.12 – – – –

Contr%, an OTU’s individual contribution to the average composition of each inoculum/sampling day group in descending order. Sim/SD, the ratio of the average
contribution divided by the standard deviation of those contributions across all sample pairs in each group (Sim/SD). This metric allows the identification of OTUs that
contributed consistently to the average bacterial composition of each group of replicates.

The SOC initial average similarity (43.97%) was mostly
due to five OTUs, three of which were not taxonomically
assignable below the bacterial domain level, This diversity
decreased (32.29%) by 11 days and was characterised by three
sequence types all closely related to Leuconostoc mesenteroides
(>97% similarity), a facultative anaerobe typically found on
the skin of fruits and vegetables (Lampert et al., 2017) and
two Pseudomonas sequence types related (99% similarity) to
Pseudomonas proteolytica and Pseudomonas weihenstephanensis,
both isolated from raw milk and dairy products (Stoeckel
et al., 2016; Von Neubeck et al., 2016). These sequence types
accounted for up to 73.87% of the cumulative similarity of these
11-day replicates.

Immediately after inoculation the rumen community
composition was comprised of OTUs closely related (>97%)
bacteria typically dominant in the rumen environment according
to the study of Henderson et al. (2015). which looked at the
rumen microbial community compositions of >700 samples
from 32 animal species and 35 countries. These OTUs included
Prevotella and Ruminococcus, as well as other OTUs related to
Succiniclasticum, Mollicutes, and Paraprevotella, and members
of the Erysipelotrichaceae and Victivallaceae families (Henderson
et al., 2015). Although less specifically, Lutispora and Millionella
also belong to the commonly found rumen orders Bacteroidales
and Clostridia, respectively (Henderson et al., 2015). After
11 days of enrichment, a complete shift in the community was
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observed, which was now dominantly comprised of Leuconostoc
OTUs (a common rumen member) and the non-prevalent,
Carnobacterium and Enterococcus taxa also known to occur
in the rumen. In contrast, Pseudomonas and Aeromonas are
not considered part of the rumen bacterial composition,
however, it must be noted that the same OTUs similar to both
L. mesenteroides and P. weihenstephanensis were also enriched in
at least one of the inocula blanks.

The sludge average bacterial community showed an initial
composition most closely related to: Pseudomonas caeni (99%),
isolated from the sludge of an anaerobic ammonium-oxidising
bioreactor (Xiao et al., 2009); Proteiniphilum saccharofermentans
(96%), isolated from mesophilic laboratory-scale biogas reactors
(Hahnke et al., 2016); a member of the genus Clostridium
(Clostridium papyrosolvens, 91% similarity isolated from the
effluent of a paper-mill 42) and an OTU assigned to the
phylum bacteroidetes [Lentimicrobium saccharophilum, 87%,
novel species from a novel family isolated from a methanogenic
granular sludge (Madden et al., 1989; Sun et al., 2016)]. Most
Acinetobacter species (98% similarity) are typical members of
aerobic granular sludges (Adav et al., 2009). After 11 days of
enrichment only the OTU related to P. caeni remained as part
of the most abundant OTUs in sludge inoculated microcosms
which was now dominated by a Clostridium species (99%
similarity) a commonly reported member of anerobic sludge
bacterial communities (Fang et al., 2002). Macellibacteroides
fermentans (98% similarity), an obligate anaerobe isolated from
an anaerobic philtre treating wastewater from an abattoir (Jabari
et al., 2012) was also enriched along with L. mesenteroides
and P. proteolytica (both 99% similarity) which as mentioned
above could probably have emerged from the substrate, as found
in at least one of the substrate only controls and the rumen
inoculated microcosms.

The most frequent and abundant OTUs accounting for
about 50% of the community composition in the initial
R + S community were mostly likely derived from the sludge
component, i.e., OTUs related to P. caeni, P. saccharofermentans,
M. fermentans, L. saccharophilum, and C. papyrosolvens
along with Leptolinea tardivalis, which has been isolated
from mesophilic anaerobic granular sludge (Yamada et al.,
2006). Since the SIMPER analysis had a cut off at 70%
cumulative composition, other ruminal derived bacteria
might not be included in the list (Table 3). After 11 days
of incubation, the mixed-source community was comprised
by a balanced enrichment of bacteria also observed in the
sludge (Clostridium, P. caeni, and Acinetobacter) and rumen
(Enterococcus, Carnobacterium, and Aeromonas) enrichments,
thus supporting the central hypothesis of this study. The initial
composition and enrichment of different OTUs closely related
to bacteria known to be found in the original inocula sources,
rumen and sludge, validates the enrichment from these inocula
despite of the growth of bacteria that might derive directly
from the substrate and also observed in the mixed community,
i.e., P. weihenstephanensis and L. mesenteroides. Additionally,
in agreement with the evenness indices, the results for the
SIMPER analysis corroborated the sludge and particularly
R + S communities evenness increased with enrichment

(see contribution percentages in Table 3), effect that could
provide stability to these communities (Begon et al., 2007).

In summary, these results confirmed the observations from
the previous two independent experiments, where rumen
produced higher EtOH concentrations when inoculated at
initially neutral pH, while sludge showed the best ethanologenic
performance at initially acidic pH. Additionally, microcosms
inoculated with a mixture 1:1 (w/w) of these inocula (R + S)
significantly produced the same EtOH concentrations than
the original inocula sources at both initial pH incubation
conditions (pH 7 and 5.5).

DISCUSSION

Ethanologenic fermentation appears to be a common property
of microbial communities from the diverse environments tested
individually in this study, however, their performances were
different in response to the imposed experimental conditions,
indicating that the soluble end-products formed not only
depended on the operational conditions, but also in the
microbial community composition and dynamics of each system.
This observation goes against a common statement in MCF
experimental and modelling studies where pH has been proposed
as a principal variable to direct and control the product spectrum
in these systems regardless of the inoculum used (Rodríguez et al.,
2006, 2008; Temudo et al., 2007). Interestingly, in this work the
interaction of both initial pH and inoculum, was shown to drive
in opposite directions the ethanologenic activity of rumen and
sludge inocula, where maximal EtOH production was achieved
at an initial neutral pH or at an initial acidic pH, respectively.
Furthermore, R + S, the mixed-source community enriched
from the combination of the latter inocula sources, produced
EtOH at a wider pH range than the individual inocula of which
it was enriched.

Important for practical applications is that (i) despite
fermentation being an anaerobic process, no significant
differences in EtOH production or the time taken to achieve
maximal concentrations was observed when the process was
initiated under aerobic conditions; and that (ii) a moderately
initially acidic pH (pH 5.5) had a twofold effect: it did not
negatively affect ethanol production, and promoted EtOH
being the main soluble fermentation product by most of
the inocula tested.

EtOH as Major Fermentation
Product at Initially Acidic pH
In contrast to the EtOH being the main soluble end-
product of some single species fermentative metabolism [e.g.,
S. cerevisiae; (Madigan, 2015)], the inocula tested in this study
were expected to yield EtOH at lower concentrations because
of their complexity. The likely reasons are twofold: energy
production in the form of ATP is low in anaerobic fermentative
metabolism (as opposed to respiration) (White, 2007), and it is
generally accepted that microbial populations goal is to grow
(biomass production), therefore it can be assumed that under
any given environmental condition, microbial metabolism will
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follow the most energy yielding pathways. During substrate level
phosphorylation (SLP), ethanol production does not contribute
to direct ATP formation, while acetic and butyric acids do (2 and
1 ATP molecules, respectively) (Rodríguez et al., 2006; White,
2007; Temudo et al., 2008).

Additionally, based on the anaerobic food chain, once
secreted, EtOH could be further oxidised by some other
inoculum member (e.g., acetogens) (White, 2007), eventually
leading to methane and carbon dioxide as final products
(Bertsch et al., 2016). Circumstance that could help explain the
observations presented in the metabolic profiles of inocula under
initial aerobic/neutral conditions (Figure 1A) and particularly
of sludge under acidic conditions (Figure 1B), where the
ethanol peak concentration is followed by a constant decline.
Nonetheless, EtOH was the main soluble fermentation product
in rumen inoculated microcosms at initial neutral pH, and
in all the microcosms incubated under initial acidic pH and
anaerobic conditions.

Other studies working with complex natural inocula degrad-
ing cellulose in batch systems, have reported EtOH (Lin et al.,
2011) or the product pair EtOH/acetic acid (Ronan et al.,
2013) as major fermentation products. However, these results
were obtained at an initial pH range of 7–8, with a drop to
pH 6 followed by a recovery to neutrality. These studies were
done at temperature >50◦C, reporting peak EtOH titers of
13.02 and 12.0 mM, respectively, in both cases lower to the
∼30 mM achieved here.

Although it was not possible to find similar results from
comparable studies to the presented here in the literature,
diverse projects have examined the effect of pH on the
MCF of glucose, with the work from Temudo et al. (2007)
providing a detailed carbon balance analysis of the shifts in
the generation of diverse gaseous and soluble fermentation
products by a mixture of two sludge sources as inoculum
growing in a chemostat as a function of pH. However, the
results from this study indicated pH higher to 6.5 would favour
acetate/EtOH production.

Furthermore, based on the latter study, González-Cabaleiro
et al. (2015) constructed a metabolic model which largely agreed
with those experimental observations, apart from the discrepancy
of whether propionate or formate accompany acetate production
at high pH values in the switch from butyrate formation, this
model predicted EtOH production to be favoured at high pH,
particularly at the 8–8.5 pH range.

Contrarily, using the model of Rodríguez et al. (2006) as
reference, EtOH production would be favoured at environmental
pH below 5.6, as a low pH would make excretion of acids
against the chemical gradient. Additionally, although the ionised
form of these products could then be excreted, the cell
membrane negatively charged, forces the movement of ionised
molecules to be actively mediated (González-Cabaleiro et al.,
2015), exceeding the energy benefits of acetic or butyric
acid production. Moreover, the bacterial production of EtOH
typically involves the oxidation of 2 molecules of NADH, thus
regenerating NAD+, a fundamental electron carrier for metabolic
redox reactions, including ATP synthesis, ATP hydrolysis and
ultimately biomass production.

In agreement with these predictions, almost all the
microcosms incubated with initial acidic pH (∼5.3) had
EtOH as the major soluble end-product. The exception being
rumen under initial aerobic conditions, which showed a high,
but variable, butanol production.

Another experimental observation that can be linked to
external pH driving fermentation products formation as
predicted by Rodríguez et al. (2006), is the dominance of butyric
acid closely followed by acetic acid in microcosms incubated
at initial neutral pH. As the pH of the media moved from ∼7
to ∼5.5, acetic acid decreased likely due to the active transport
energy cost associated with the movement of its ionised form
across the membrane, yet butyric acid production, although less
efficient in ATP formation than acetic acid, mediates the synthesis
of ATP and NAD+ regeneration (White, 2007).

Interestingly, rumen was the exception in this case, producing
EtOH as major fermentation product when starting at pH 6.9
and up to a minimum of pH 5.7, theoretically still favourable
for butyrate formation. Thus agreeing with the predictions of
Temudo et al. (2007) and González-Cabaleiro et al. (2015).

Although in conjunction, the three studies previously
described can provide an overall explanation of what has been
experimentally observed, it must be noted that they solely
considered the fermentation of glucose as carbon source at 30◦C
under steady state conditions achieved by means of a chemostat
type reactor operation or simulation. In addition, the metabolic
models were constructed treating the microbial community as a
single organism, neglecting phylogenetic diversity and assuming
the environmental conditions direct product formation based
on the thermodynamics of maximum energy yield. While the
cause for the disagreement between these reports regarding pH
and soluble fermentation products formation is not entirely
clear, González-Cabaleiro et al. (2015) coupled FADH2 to the
reduction of acetaldehyde to ethanol, which in their words, was
necessary to ensure the prediction of the observed experimentally
by Temudo et al. (2007), but otherwise, a mechanism without
foundation in the literature. On the other hand, Rodríguez
et al. (2006) only accounted for NADH/NAD+ in their model,
which could be an over simplification. Also, the works from
Temudo et al. (2007) and González-Cabaleiro et al. (2015)
operated under substrate limitation (4 g/L) of glucose, whereas
Rodríguez et al. (2006) utilised a higher concentration of
this sugar (10 g/L), and it has been observed that substrate
concentration is another environmental factor affecting MCF
product spectrum (Rodríguez et al., 2008; Temudo et al.,
2008). In the present project, the concentration of OMSW
was 50 g/L, likely causing further deviation from the glucose-
based studies.

The metabolic energetics-based models proved to be useful
tools to explain the general patterns observed experimentally,
however, one of the most important limitations of their
predictions is the neglection of community composition, thus
ignoring the potential existence of microbial interactions that
would make possible otherwise thermodynamically unfavourable
reactions. Moreover, glucose was considered the only carbon
source, which is a valid generalisation as the hydrolysis
of cellulose, starch and other simpler carbohydrates would
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follow glucose metabolism, but under represents the complex
composition of OMSW.

The disagreement of the predictions and the lack of further
information in the literature regarding direct EtOH production
by rumen as inoculum impose a limitation in the explanation of
the results observed.

Enrichment of a Mixed-Source
Novel Community
Nevertheless, EtOH production profiles along with 16S RNA
sequencing analyses demonstrated the successful enrichment of a
novel mixed-source community, whereby bacteria derived from
both original inocula seemed to equally contribute to the total
relative abundance, with the additional enrichment of bacteria
probably derived from the substrate itself.

Several studies have used a number of sludge sources as
inocula for mixed culture fermentation (MCF) (Fang et al.,
2002; Wongwilaiwalin et al., 2010; Liang et al., 2014; Liu
et al., 2016) while the utilisation of rumen in this type of
systems has not been reported. Prior work using sludge, manure,
compost and soil as inocula has demonstrated changes in
microbial community composition in relation to pH (Temudo
et al., 2008; Lauber et al., 2009; Karadag and Puhakka, 2010),
however, the comparison of communities arising from different
inocula sources has been sparingly explored (Peacock et al.,
2013; Jimenez et al., 2014; Simmons et al., 2014). Even more,
although some studies have mixed different inocula sources for
the inoculation of MCF reactors, the determination of whether
the enriched community and its function was derived from
the combination of this sources has been neglected. This could
be due to the usual enrichment approaches used employing
sequential transfers until stable degradation/fermentation activity
is reached in batch reactors (Haruta et al., 2002; Kato et al.,
2004; Guo et al., 2010; Ronan et al., 2013) or until steady
state conditions are established in continuous reactors (Temudo
et al., 2008; Sun et al., 2015; Wu et al., 2017). In these studies,
the bacterial community compositions were only determined
at this stage for potential isolation of the most abundant
members (Kato et al., 2005; Wahyudi et al., 2010; Zhou
et al., 2015), or for the general characterisation of the system
(Temudo et al., 2008; Lin et al., 2011; Ronan et al., 2013).
Although this is understandable, since the final community
would be the one used for further production, elucidating the
mechanisms of enrichment, adaptation and potential enhanced
capabilities could also provide more efficient identification of
promising communities/species for the transformation of specific
lignocellulosic substrates into the desired metabolic products
(Garcia et al., 2011; Peacock et al., 2013; Jimenez et al., 2014).
Additionally, the initial study of community composition is
particularly relevant for mixed-source inocula projects, since
the combination of inocula may not even be necessary, thus
simplifying the process for future reproducibility.

Here, although only the R + S community enriched at an
initial pH of 5.5 was analysed, functional redundancy, resulting
from the mixing process, can be assumed because of: (i) the
presence of both ruminal and sludge derived OTUs in the

enriched community; and (iii) the fact that EtOH production
by this community was not significantly different to that of the
rumen when inoculated at an initial pH of 7 or the sludge at an
initial pH of 5.5.

Putative Functions of the Enriched
Communities’ Members
Rumen and anaerobic granular sludge are specialised anaerobic
environments where organic matter fermentation is a major
community function (Schmidt and Ahring, 1996; Flint, 1997).
However, inherent differences in their natural microbial
composition and commonly degraded carbon sources were
expected to select for different bacteria in the OMSW
enrichments. Additionally, since the pH of these inocula
sources before incubation was in both cases close to neutrality
(7.14 ± 0.02, 6.91 ± 0.02, rumen and sludge, respectively),
their opposite behaviour regarding EtOH production over the
initial pH range tested is not directly attributable to pH selection
at source, but unknown factors which have controlled the
composition of their respective communities.

Broadly, it can be inferred that all the enriched communities
(considering OTUs contributing to the 70% of the total relative
abundance) displayed linked trophic interactions, whereby
putatively aerobic (Pseudomonas and Aeromonas) and facultative
anaerobes (some Bacilli members) might have initiated the
OMSW consumption of the readily available sugars dissolved,
causing CO2 accumulation and O2 consumption, thus providing
an appropriate environment for the growth of obligate anaerobes
(Clostridia and some Bacilli members) capable of fermentation
and degradation of more complex organic matter (cellulose). This
degradation likely releases simpler organic compounds into the
media, as previously proposed in other studies of MCF initially
incubated under aerobic conditions degrading and fermenting
cellulosic substrates (Kato et al., 2005; Guo et al., 2010).

However, to elucidate how this seemingly straight forward
mechanism led to different ethanologenic activity by the inocula
tested here in response to the initial pH of the media, a closer
inspection to the OTUs found to be typical in each enrichment
(Table 3) was conducted and compared against the literature.

Based on the general metabolic activities of the dominant
OTUs, the MCF process could be simply divided in two
major metabolic functions: organic carbon oxidation under
aerobic conditions, followed by fermentation by facultative
anaerobes/obligate anaerobes once most of the oxygen had been
consumed with concomitant carbon dioxide accumulation and
pH drop (Figure 5). Since this work is focused on EtOH
production, a third metabolic distinction could be proposed
between general fermenters and those with potentially higher
EtOH production (numbered in hierarchical order for each
community under the assumption of higher metabolic activity by
the most abundant organism).

As expected, functional redundancy occurred not only
between but within communities, and it was not exclusive of
the general divisions among aerobic oxidation and fermentation
of organic matter, but also of the particular traits that could
benefit or damage the communities. It is worth highlighting
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FIGURE 5 | Diagram of the putative functions of the dominant OTUs enriched from the different inocula under study. Turquoise rectangles: rumen enriched. Yellow
rectangles: sludge enriched. Pink rectangle: R + S enriched. The numbers before the species name indicate in hierarchical order their contribution to the total relative
abundance of their community. Numbers in brackets after the species name, signal OTUs also enriched in the R + S community in hierarchical order of contribution
to the total relative abundance for this community. ± symbols before specific OTUs putative functions indicate an activity possibly benefiting (+) or damaging (−)
the community.

here that the abundant enrichment of bacteria able to degrade
aromatic compounds and detoxify the medium may indicate that
the acid pre-treatment without further conditioning imposed an
additional constraint for the enrichment.

Another important finding is the co-enrichment of rumen
and sludge-derived OTUs in the R + S community. As these
OTUs were not present or highly abundant directly after
inoculation in the R + S microcosms, it is safe to assume
their actual enrichment, which provided the R + S community
with further functional redundancy and indicates Clostridium
and Enterococcus might be the major EtOH producers in the
original inocula enrichments. This result also demonstrated
that most of the OTU enriched were capable of function and
even to produce EtOH under acidic conditions (pH > 4.5),
questioning which mechanisms occurring in R + S allowed the
enrichment of ruminal-derived bacteria under initial pH 5.5,
when it was previously shown (Figure 3) the low ethanol
production by this inocula when incubated at initial acidic pH.

Future work should look at how these communities can be
optimised and maintained.

CONCLUSION

It was demonstrated that although initial pH can be considered
a key environmental factor for ethanol production from the
organic fraction of municipal solid waste, the inoculum selection
also has a significant effect in the formation of this soluble
end-product, as the interaction of both factors was shown to
drive a divergence in the ethanologenic activity of rumen and
sludge inocula, where maximal EtOH production was achieved
at an initial neutral pH or at an initial acidic pH, respectively.
The mixed-source community proved to be enriched from
the combination of these inocula and produced EtOH under
both initial pH conditions, likely due to its high functional
redundancy. At the moment of writing, this work is the first
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determining whether the initial ethanologenic mixed-source
community was indeed comprised of members belonging to
the original inocula sources. This information is relevant
when different inocula are combined for MCF studies, as
it experimentally demonstrates the benefits of diversity and
function assembled from different sources. Besides, since the
combination of inocula could not be even necessary, this
information could help to simplify batch processes inoculation.
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