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Abstract

This report describes work initiated at the Shell Biodomain Houston to evaluate candidate
species for use as consolidated bioprocessing (CBP) hosts for conversion of
lignocellulose (LC) to fuel. A systematic literature review regarding desirable
characteristics for LC CBP hosts identified eight potential species: Bacillus subtilis 168,
Cellulomonas fimi, Clostridium cellulolyticum, Clostridium thermocellum, Escherichia coli,
Lactobacillus plantarum, Thermoanaerobacterium saccharolyticum and Thermobifida
fusca. Commercially available APl CH 50 kits were shown to be a rapid convenient
method of testing the ability of all the species to ferment a wide range of carbohydrates.
Analysis of batches cultured in the most important LC-derived sugars (D-glucose,
cellobiose, D-xylose, L-arabinose) for biomass, ethanol, acetate and lactate production
prompted T. fusca to be discarded as a potential host. This highlighted the high efficiency
to which L. plantarum could achieve high product (lactic acid) yields. Physiological
characterisation by imaging flow cytometry (IFC) established that it is possible to separate
populations of different bacteria for the purpose of future sorting of complex consortia.
Based on all these results a two-member microbial consortium was designed in which the
biomass-to-model fuel product (lactate) pathway was shared among two species in co-
culture with each species being specialised for specific processes i.e. C. fimi as the
cellulolytic, and L. plantarum as the biofuel-producing specialist. For population
monitoring of consortia IFC technology was utilised to establish a microbial demographic
of C. fimi and L. plantarum separately and co-cultured together. Subsequently, a novel
method to determine species abundance in synthetic consortia was developed allowing
high-throughput testing. This could be used in industry for rapid process optimisation of
synthetic consortia, and as an online monitoring and management system to detect

consortium population-balance in industrial fermentations.
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1. Introduction

1.1. Energy and Fuel

Transport fuel currently represents 65.6 % of oil consumption (1) and is predicted to
rise from 95 million barrels per day in 2017 to 106 million barrels per day in 2040;
transportation accounting for 60.6 % of this (2). Moreover, transport is the second
largest producer of global greenhouse gases, with attendant environmental pollution
and putative global warming (2). World population is projected to increase to nearly
8.8 billion people by 2035, with increasing global prosperity leading to demand for
energy (3). CO2 emission mandates are currently in place for transportation: several
governments are set to ban new fossil fuel-only cars by 2040 and set lower,
increasing, limits on biofuel content (4) with the USA specifying lignocellulosic

sources (5).

Transport is dominated by non-renewable fossil fuels, primarily oil (3). Fossil fuels
are energy dense and extremely versatile, however, for a number of practical,
political and environmental reasons the combustion of fossil fuels is not sustainable
(6). Biofuels (biologically-derived combustible fuels) are the current practical
commercial solution for “carbon-neutralisation” of the transport sector; combustion
of plant-derived biofuel releases CO-, previously removed by plant growth, back into
the atmosphere with no net increase in the atmospheric carbon stock (7,8). This in
theory makes biofuels carbon neutral, however, in practice, differing factors
contributing to biofuel production means the process is unlikely to be entirely carbon
neutral. Although the CO> released from biofuels is comparatively less than fossil
fuels. Fossil “carbon positive” fuel combustion releases carbon dioxide sequestered
for millions of years (9). The widespread use of biofuels in the place of fossil fuels

would help reduce CO2 emissions in the transport sector.

Today we can at least begin the transition from oil to future more sustainable
alternatives. Utilising the most abundant, renewable biopolymer on the planet —

lignocellulose — as some form of energy carrier is an attractive place to start.



1.2. Biofuel Production from Lignocellulose

Biofuel production from LC biomass (second generation biofuels) is a superior
alternative to biofuel production from food crops (first generation biofuels,
predominantly ethanol) as it diminishes the ‘food vs fuel’ debate currently
surrounding first generation biofuel production. Although, it is important to consider
that this debate is not entirely negated for LC biomass if agricultural land/fresh water
is required for biomass production. Additionally, low-cost technology for overcoming

recalcitrance of LC biomass is still lacking (10).

1.2.1. Lignocellulosic biomass
LC biomass can be obtained from a number of plant sources including dedicated
bioenergy crops (e.g. Sorghum, Miscanthus, Corn stover, switchgrass), agricultural
and forestry residues (e.g. rice straw, crop residue, sugarcane bagasse) and some
types of industrial or municipal wastes (rice straw, crop residue, sugarcane bagasse
(10,11). This reduces the ‘food vs fuel’ controversy as land/resources required for
energy production do not compromise food production. These sources of LC can
subsequently be converted into various liquid fuels, such as ethanol, isobutanol,
biodiesel, and others (12).

LC comprises lignin, hemicellulose, and cellulose in a complex, strong
nanoscale composite (Figure 1). Lignin is an insoluble, branched phenolic polymer
strengthening plant cell walls by cross-linking phenylpropane units via carbon-
carbon or ether linkages. Hemicellulose is a network of cross-linked heteropolymeric
fibres (xylan, xyloglucan, arabinoxylan and mannan) enclosing cellulose fibrils in a
matrix. Cellulose comprises B(1->4) linked D-glucose units that assemble into larger
units known as protofibrils or elementary fibrils packed into microfibrils and

subsequently into cellulose fibres.

1.2.2. Lignocellulosic biofuels
Lignocellulose is intrinsically recalcitrant requiring expensive pre-treatment
processes for conversion to biofuel. Pretreatment alters the biomass structure as
well as its overall chemical composition to facilitate rapid and efficient enzyme

access and hydrolysis of carbohydrates to fermentable sugars (13,14).



There are two main routes for biofuel production from LC biomass:

1)

Thermochemical conversion: commonly referred to as biomass to liquid
conversion process whereby biomass is pyrolyzed or gasified to produce
“syngas” (synthesis gas, a mixture of carbon monoxide and hydrogen),
subsequently reformed to fuels using catalytic or biological conversion.

Biochemical conversion: transforms sugar polymers in biomass (cellulose
and hemicellulose) to monomeric sugars, which are fermented to fuels or

chemicals using natural or genetically modified microorganisms.

A hybrid of these two routes can be used e.g. a chemical intermediate, produced by

a biochemical process is then transformed into higher value products using a

thermochemical route. This report will focus on biofuel production by the biochemical

route, broadly categorisable into four biologically mediated events (Figure 2):

1)

Pretreatment of LC biomass: (i) physical pretreatment (size reduction by
grinding, milling (15), extrusion at elevated temperature (16), etc.); (ii)
chemical pre-treatment under alkaline conditions (AFEX (17), ammonia
percolation process (18), soaking aqueous ammonia lime (19), alkaline
wet oxidation (20), steam explosion under alkaline condition, etc.), neutral
conditions (ionic liquid (21), liquid hot water (22), ozonolysis (23), super
critical water), or acidic conditions (dilute sulfuric acid (24), organic acid
(25,26), concentrated acid (27), organosolv under acidic condition (28),
etc.); (iii) physiochemical pretreatment (steam explosion under acidic
conditions (29)) and (iv) biological pretreatment (30,31).

Enzyme production: involves numerous microorganisms for the
production of cellulases and hemicellulases, most commonly the
cellulolytic fungus Trichoderma reesei (32,33). Research has focused on
isolating optimised enzyme cocktails for cellulose and hemicellulose
depolymerization, and genetic-engineering-based strain improvement
(34) for producing significantly more cellulases than the original QM6a
isolate, up to 100g of cellulase per litre of fungus (35).

Hydrolysis of cellulose and hemicellulose: deconstructs cellulose and
other carbohydrate polymers into sugar monomers and/or oligomers

convertible into valuable products through biological or chemical



processes (36). This is carried out by native or engineered
microorganisms (37).

4) Fermentation of soluble cellulose/hemicellulose hydrolysis products:
performed by microorganisms, usually genetically engineered. For
example, the industrial bioethanol producer Saccharomyces cerevisiae
has been engineered for pentose as well as hexose fermentation (38—41).

Product recovery completes the conversion process from LC to biofuel.

1.2.3. Consolidated Bioprocessing
Recent estimates of biofuel production costs show that second generation biofuels
are two to three times more expensive than petroleum fuels on an energy equivalent
basis (42). Pretreatment and saccharification dominate operational costs and so
determine the economic feasibility of biofuel production from LC biomass (43);
efficient technologies to accomplish these stages are crucial to square the economic
circle.

An example of such a technology is consolidated bioprocessing (CBP) in
which enzyme production and fermentation of cellulosic and hemicellulosic products
occur in a single process step (Figure 2; 44,45). Biomass processing technology has
shifted towards increasing consolidation in which cellulase production, hydrolysis,
and fermentation of all products are accomplished in a single process step. Reducing
multiple unit operations to this single CBP operation is modelled to reduce ethanol
production cost over fourfold (44). Therefore, the incentive for developing such
processes is obvious.

The typical CBP strategy entails engineering all functionalities into a single
microbial biocatalyst (46-51). The anaerobic cellulolytic bacterium Clostridium
thermocellum is the most widely studied host for CBP followed by industrial
Saccharomyces cerevisiae (Table 1). However, engineering and optimising multiple
heterologous functionalities in a single microbe is inherently challenging, and there
are few reports of commercially viable CBP yields and titres (45). The highest
reported CBP vyield is from a Thermoanaerobacterium saccharolyticum-C.
thermocellum co-culture combining efficient cellulose hydrolysis by C. thermocellum
with broad sugar utilisation and high ethanol yield of T. saccharolyticum (52) which

led to 40% conversion efficiency. CBP successes in fuel ethanol production (52)



have not yet been replicated for advanced biofuels, such as higher molecular- weight

alcohols and hydrocarbons.
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Figure 1. Microbial Route to Lignocellulose Degradation

Simplified schematic diagram of lignocellulose degradation detailing each key step and the
enzymes responsible, highlighted in red (Enzyme commission (EC) number shown).
Approximately 30 individual cellulose molecules are assembled into larger units known as
protofibrils, which are packed into larger units known as microfibrils and these in turn
assemble into cellulose fibres. Hemicellulose forms a matrix surrounding the cellulose fibre
consisting of structures such as xylan, xyloglucan, galactomannan, galactoglucomannan.
Finally, lignin surrounds this structure forming a protective layer. Firstly, the lignin layer is
degraded by lignin peroxidases (EC 1.11.1.14), manganese peroxidases (EC 1.11.1.13),
versatile peroxidases (EC 1.11.1.16) and laccases (EC 1.10.3.2). Hemicellulose structures
are degraded by xylanases (EC 3.2.1.8), endo-1,4-B-xylanase/B-D-xylosidase (EC
3.2.1.37), arabinosidase (EC 3.2.1.55), a-galactosidase (EC 3.2.1.22). Endoglucanases
(EC 3.2.1.4) hydrolyse cellulose bonds internally, cellobiohydrolases/exoglucanases (EC
3.2.1.91) cleave cellobiose units from the ends of the polysaccharide chains and [3-
glucosidases (EC 3.2.1.21) hydrolyse cellobiose units, releasing glucose, the main carbon

source readily metabolised by bacteria.
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Figure 2. Consolidation of biomass processing technology

Separate hydrolysis and fermentation (SHF) involves four discrete process steps and up to
four different biocatalysts. Simultaneous saccharification and fermentation (SSF)
consolidates hydrolysis and fermentation of cellulose hydrolysis products into one step, with
cellulase production and fermentation of hemicellulosic products occurring in two additional
discrete process steps. Simultaneous saccharification and cofermentation (SSCF) involves
two process steps: cellulase production, and cellulose hydrolysis and fermentation of both
cellulose and hemicellulose hydrolysis products. In CBP, cellulase production, hydrolysis,
and fermentation of all products, are accomplished in a single process step. Each grey box
is representative of a separate unit operation required for that processing step i.e. in SHF,
enzymes are first produced in one reaction, such as cultivation of a cellulase-producing
bacterium and isolation of resulting enzymes, followed by another reaction step where the

isolated enzymes are added to biomass for hydrolysis.



Number of hits with organism name
AND CBP on Web of Science (as
searched in February, 2019)

Saccharomyces cerevisiae 160
Escherichia coli 143
Clostridium thermocellum 76
Trichoderma reesei 35
Clostridium acetobutylicum 17
Bacillus subtilis 16
Fusarium oxysporum 10
Clostridium cellulolyticum 7
Caldicellulosiruptor bescii 6
Corynebacterium glutamicum 5
Clostridium phytofermentans 4
Thermoanaerobacterium saccharolyticum 3
Yarrowia lipolytica 3
Lactobacillus plantarum 2
Thermobifida fusca 2
Geobacillus thermodenitrificans 1
Rhodosporidium toruloides 0
Thermoanaerobacterium ethanolicus 0
Cellulomonas fimi 0

Table 1. Common CBP hosts in the literature

Common species used for CBP development were identified in the literature then searched

in the paper archive Web of Science against the term ‘CBP”. The number of ‘hits’ was

recorded, and species are listed in order of decreasing popularity.



1.3. Microbial Consortia for Biofuel Production by Consolidated Bioprocessing

In contrast to the CBP “superbug” paradigm, microbes live in synergistic
communities in most natural environments in which individual species with
specialised roles cooperate to survive and thrive together (53). Natural microbial
consortia hold many appealing properties - stability, functional robustness, and the
ability to perform complex tasks (54). Thus there is growing interest in engineering
synthetic consortia for biotechnology applications (55,56).

Consortia can be defined as groupings of microorganisms undergoing
interactions via modes such as commensalism, mutualism, competition, and
predation, with synthetic consortia artificially designed for a specific purpose. These
are often fragile and unstable, unlike their natural counterparts, currently limiting their

use in industrial bioprocessing.

1.3.1. Minimising complexity in microbial consortia
To apply synthetic consortia to industrial processes such as CBP, variables
contributing to complexity should be reduced, such as: 1) number of populations, 2)
degree of physical separation between populations, 3) difference between
population local environments, 4) volume of cultures and 5) time-scale of co-culture
(54). These variables can mostly be characterised for respective microorganisms in
single culture (55). So far, most studies of synthetic microbial consortia focus on a
‘build a consortium to understand it’ principle. For synthetic microbial consortia, more
design principles and models are required to reveal the interactions and dynamic
changes of high-performance synthetic systems (56).

Mathematical modelling and computational biology are integral to
understanding consortia dynamics (57). Efficient computational modelling can
address experimentally inaccessible aspects of microbial communities, such as
inter-species interactions (57). For example, Shou et al. (68) built a mathematical
model to analyse the requirements and constraints of their engineered yeast strain
co-culture; stable population equilibrium was achieved through mutualistic
cooperation for metabolite exchange, modelled using initial growth, survival, and

metabolite production, rates.



In silico metabolic modelling can also elucidate interactions within microbial
communities (59). For instance, an analysis of the syntrophic bacteria Desulfovibrio
vulgaris and Methanococcus maripaludis generated a dual-species stoichiometric
model, including 170 reactions and 147 metabolites comprising the central
metabolism of both species (60). Hanly et al. (61) combined genome-scale metabolic
models for two E. coli strains ALS1008 and ZSC113, engineered for glucose and
xylose uptake respectively as a way to optimise batch co-cultures through computer
simulations. However, despite design of complex computer and mathematical
models of the co-culture by flux balance analysis (mathematical approach for
analysing the flow of metabolites through a metabolic network), the model was not
validated experimentally — a key step in model development, refinement and
application. In addition, metabolic models are highly complex to curate,
disadvantageous to minimising complexity in microbial consortia.

Successful co-cultures for biofuel production have previously been reported
(52,61-63). Here, co-cultures are often tested in large volumes using bioreactors,
which involves time and resources to set up. This can be time-consuming if
numerous conditions are required for testing co-culture compatibility. High
throughput experiments with predictable output is a defining aspiration of synthetic
biology. Increasingly, protocols are being designed to produce higher outputs than
their standard counterparts by, for example, reducing culture volume allowing an
increase in sample size (i.e. 96-well plate transformations).

Therefore, it seems an optimum microbial consortia design could be achieved

by use of a mathematical model followed by testing using a high throughput method.

1.3.2. Target microorganism selection for optimal consortia
A key challenge and one of the least studied aspects in microbial biofuel production
is host selection. A discussion of the ‘ideal microorganism for biofuel production’
frames two alternatives to host selection: ground-up genetic engineering in an
‘industry-friendly’ model host (e.g. Escherichia coli or Saccharomyces cerevisiae) or
enhancing a novel host which already possesses some of the required functional
elements for substrate degradation or fuel production (64). These can also be called
the recombinant strategy and the native strategy respectively. Given the wealth of

potential hosts in the literature, it is difficult to select the final host species merely



from a literature search; also with complexities of consortia it is best not to be
constrained by the species initially chosen. Subsequent strain characterisation of the
most promising CBP species will allow experimental validation of their potential and

assessment of between-laboratory discrepancies.



2. Project aims

This project aims to:

Define desirable criteria for host selection to discern potential candidates for
industrial CBP of lignocellulose

Systematically review species in-literature using developed criteria to select
microbial species with highest potential as an industrial CBP host
Characterise selected candidate species metabolically and physiologically in
order to design a co-culture model for the conversion of cellulose to fuel
Development of a novel method to separate different bacterial populations
and determine species abundance in co-culture to allow high-throughput

testing.



3. Materials and methods

3.1. Selection of industrially-relevant, CBP candidate hosts

Novel host selection began by initial broad scoping of potential microorganisms suited for
CBP and genetic engineering by searching for organisms commonly associated with CBP
research (Table 1), followed by an extensive literature review of the final chosen

candidates. Candidates were assessed on a list of traits (Table 2).

3.2. Revival of lyophilized species

Eight bacterial species were investigated: Bacillus subtilis 168 (DSM 402), Cellulomonas
fimi (DSM 20113), Clostridium cellulolyticum (DSM 5812), Clostridium thermocellum
(DSM  1237), Escherichia coli, Lactobacillus plantarum (DSM  20174),
Thermoanaerobacterium saccharolyticum (DSM 7060), and Thermobifida fusca (ATCC
BAAG29) (Table 3). Species were obtained from two separate culture collections in freeze
dried form - the DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen) and
the ATCC (American Type Culture Collection), and stored at 4 °C until rehydration
according to the culture collection’s instructions. For aerobic species, 100 ul of culture
was plated onto the recommended agar and 250 ul of culture was inoculated into 25 ml
of the recommended media, in a 125 ml vented, baffled flask. For anaerobic species, all
inoculation and handling of active cultures was carried out in an anaerobic hood (Whitley
A35 Anaerobic Chamber, Yorkshire, UK). Subsequently, 250 pul of culture was plated onto
recommended agar and 250 pl cells were inoculated into 5 ml of the recommended media
in a 50 ml centrifuge tube. All species were incubated under the conditions recommended

by the culture collection (Table 3).

3.3. Media composition

All chemicals were reagent grade and obtained from Sigma-Aldrich (Poole, UK) and
Fisher Scientific (Loughborough, UK) unless indicated otherwise. All solutions were made
with water purified using a MilliQ system and either autoclaved at 121 °C for 20 min or

filter sterilised (0.22 um filter, ThermoFisher) prior to use.



Trait

Notes

Growth conditions

O, requirements e.g. aerobic or anaerobic, optimal growth temperature and temperature

range, pH tolerance.

Publically  available

genome sequence

Allows genomic analysis of host without re-sequencing.

Hazard class

Only the use of hazard class 1 organisms will be considered as these are generally

regarded as safe (GRAS) e.g. non-pathogenic.

Previous  industrial

utilisation

Assumes microorganism has well-established genetic tools and a track record of industrial

applications.

Genetic tractability

Ease of genetic manipulation either by genetic or metabolic engineering is advantageous

as this will likely be necessary for strain improvement.

Cellulolytic Shows whether organisms have LC-degrading capabilities

capabilities

Metabolism Five- and six-carbon sugars that are commonly found in lignocellulosic material include
xylose, arabinose, glucose, mannose, galactose and the disaccharide cellobiose. The
ability to metabolise all of these sugars increases efficiency of the biofuel production
process

Product A microorganism that naturally produces a biofuel molecule avoids the need to engineer a

novel biofuel-producing pathway, which is energetically costly to the cell

Table 2. List of traits by which each microorganism was assessed by in the literature in order to

test suitability as a CBP host




Culture
Host collection Growth conditions® Recommended Media“
numbera
Temperature (°C) | pHe 02 requirements
Typtone soya broth (DSM-
Bacillus subtilis DSM 402 30 7.0-7.2 | Aerobic 545)
Dubos salt medium (DSM-
Cellulomonas fimi DSM 20113 30 7.0-7.2 | Aerobic 1161)
Clostridium cellulolyticum
Clostridium cellulolyticum DSM 5812 35 7.0-7.2 | Anaerobic (CM3) medium (DSM-520)
Clostridium thermocellum
Clostridium thermocellum DSM 1237 60 7.0-7.2 | Anaerobic medium (DSM-122)
Escherichia coli 37 7.0-7.2 | Aerobic Luria Bertani (LB) Broth
Lactobacillus plantarum DSM 20174 37 6.2-6.5 | Aerobic MRS medium (DSM-11)
Thermoanaerobacterium Thermoanaerobacter SP.
saccharolyticum DSM 7060 60 7.2-74 | Anaerobic medium (DSM-144)
Hagerdahl medium (ATCC
Thermobifida fusca ATCC BAAG29 | 50 7.2-714 | Aerobic 2382)

Table 3. Overview of host species ordered from corresponding culture collection detailing

recommended culture conditions.

@The specific strain ordered for each species. All species ordered were the type strain other than
Bacillus subtilis (strain 168) and Thermobifida fusca (strain YX).
® The optimal growth conditions for each host species as specified on the strain product sheet.

Product sheets are available online at: www.dsmz.de. or www.atcc.org. Liquid cultures for all

bacteria with aerobic O2 requirements were incubated in a shaking incubator at 200rpm.

°The pH ranges of the media in which the bacteria were cultured.

4The media the culture collection recommends reviving each species in plus the corresponding
media code i.e. DSM-53. Composition can be found online.

¢ Anaerobic cultures incubated in either a Whitley a35 anaerobic cabinet or in a BD GasPak 100

kTM

using GasPak'"' EZ anaerobe container system sachets to achieve anaerobic conditions.



3.4. Growth of species on complex fermentation media

If a given strain showed single colony formation upon revival on agar, a single colony was
used to inoculate liquid media. All aerobic species were inoculated into 25 ml of medium
in a 125 ml vented, baffled flask using a single colony and incubated at identical conditions
as described previously. All anaerobic species were inoculated identically as aerobic
strains but in a 50 ml falcon flask. All handling of active cultures was performed inside an
anaerobic hood. Growth was confirmed by media turbidity as measured by absorbance
(at 600 nm).

3.5. Cryo-storage of species

For long-term microbial storage, 500 ul stationary phase culture was added to 500 pul 50
% wilv sterile glycerol and thoroughly mixed by inversion. Samples were snap frozen in
liquid nitrogen and stored at -80 °C. The viability of the cryo-stocked species was tested
by streaking onto recommended agar and incubating under conditions as described

above.

3.6. Carbon utilization of the species

Carbon source versatility was tested for all aerobic species by culturing in 125 ml vented,
baffled flasks in standard media supplemented with 10 g I D-(+)-Glucose, D-(+)-
Cellobiose, L-(+)-Arabinose, or D-(+)-Xylose (conditions as in Table 3). Growth was
monitored after 24 h by dry cell weight in the absence of added carbon source.
Additionally, 800 pl samples were taken at the beginning and end of culture and
centrifuged at 15,000 rpm, 3 min, room temperature (in Eppendorf 5424 R; Corning®
Costar® Spin-X® centrifuge tubes containing 0.22 um nylon membrane filter) in order to
remove solid particulates and cells; 200 pl of resultant filtrate was analysed by high
performance liquid chromatography (HPLC). Sugars and organic acids were separated
using an HPX-87H (Biorad) column with Refractive index (RI) detection (512.00 p RIU),
mobile phase 0.005 % H2SOu4, flow rate 0.500 ml min-!, 50 °C, 20 pl injections. Cellobiose,

glucose, xylose, arabinose, glycerol, lactic acid, acetic acid and ethanol were quantified



by comparison with standards. Anaerobic species were assessed identically except that

cultivation was performed in 50 ml centrifuge tubes.

3.7. Carbohydrate fermentation profiles using API strips

API1 50 CH (bioMérieux, Basingstoke, UK) strip tests for carbohydrate fermentation were
used to study fermentation of 49 carbohydrate and related substrates (heterosides,
polyalcohols, uronic acids). The species recommended medium was dyed with 0.1 g |
of bromothymol blue pH indicator. For all species, 10 ml of media was inoculated with a
loopful of bacteria which was used to inoculate the API strip wells. A drop of mineral oll
was used to seal each well to prevent medium evaporation and allow anaerobic
fermentation. Strips were incubated at species growth temperature (Table 3) for at least
48 h or until a colour change (blue to yellow) was visually detected indicating acidification

by fermentation. The first well contained no substrate so acts as a negative control.

3.8. Growth Curves to determine time-points for imaging

Growth curves were performed for each species to identify suitable time points at which
to sample for lag, log and stationary phases. Single colonies of each species were used
to inoculate 5 ml of species-specific media with 5 biological replicates. Cultures were
grown overnight under species-specific conditions (Table 3). Overnight cultures were
used to inoculate 10 ml of the relevant media to an optical density of 0.05 measured at
600 nm (ODeoonm = 0.05) in @ 50 ml centrifuge tube. Identical incubation conditions were
kept for sub-cultures as per overnight cultures. OD measurements were taken with a

Tecan Sunrise (Tecan, Switzerland) until stationary phase was reached.

3.9. Imaging flow cytometry

An ImageStream (Amnis Corporation, WA, USA) flow cytometer was used to determine
morphological features for each species at lag, log and stationary phases. To prepare
samples for analysis, 150 ul of culture was transferred to a 2 ml centrifuge tube, and
filtered through a 100 uM pore filter. All samples were acquired at 60x magnification (pixel

size 0.3 uM?), with the low flow rate/high sensitivity setting using INSPIRE software. Each



sample was imaged at six wavelengths: 435-405 nm, 505-560 nm, 560-595 nm, 595-642
nm, 622-745 nm and 745-780 nm. 10,000 events were collected for each sample. Raw
ImageStream data resulting from analysis of culture was analysed using IDEAS software

(Amnis Corporation, Seattle, WA) was used.

3.10. Growth of bacteria in different media

To test whether C. fimi and L. plantarum could grow in the same media so that the species
can be co-cultured, each bacterium was grown separately in Dubos salt medium (DBS: 1
g I'" NaNOs, 2.0 g I'" K2HPO4, 1 g " MgS04.7H20, 1 g I KCI, 0.002 g I'' FeS04.7H20),
Lysogeny broth (LB: 10 g I'' NaCl; 10 g I'' Tryptone; 5g I yeast extract [BD, United States
of America]) and MRS broth (MRS: 10 g I'' peptone, 10 g I'" meat extract, 5 g I'' yeast
extract, 20 g I' glucose, 1 g I Tween 80, 2 g I'" K:HPOQOy4, 5 g I' Na-acetate, 2 g I
(NH4)3 citrate, 0.20 g I'' MgS04.7H20 and 0.05 g I-1 MnSO4.H20). For each species,
single colonies were used to inoculate 5 ml of species-recommended media and grown
overnight at 30 °C, with shaking at 200 rpom. For each of the resulting cultures, 1.6 ml was
transferred to 3x tubes and centrifuged at 13, 000 rpm for 3 min to pellet cells. 1x cells
were then re-suspended in either 1.6 ml of DBS, LB or MRS. Cultures were subsequently
diluted to an ODsoo = 0.05 with relevant media; 200 ul sub-culture was pipetted into 5x
wells on a 96-well plate. This included 4 biological replicates for each medium for each
species (1x plate per species). The outermost wells contained sterile LB media in order
to reduce edge effects. Plates were then incubated at 30 °C, 800 rpm. Absorbance

measurements were taken as previously described.

Following growth of all species in DBS, growth in larger DBS culture volumes was tested.
A single colony chosen from an agar plate was inoculated into 5 ml of species
recommended media and grown overnight at 30 °C, 200 rpm in a shaking incubator. The
resulting culture was centrifuged at 5,000 rpm for 10 minutes to pellet cells and remove
supernatant. Cells were re-suspended in 5 ml DBS. Resulting culture was diluted to an
absorbance of 0.05 with DBS media with 5 biological replicates for each species. Cultures

were incubated at 30°C, 200 rpm, and absorbance measured as previously.



3.11. C. fimi/L. plantarum co-culture experiment

A 96-well plate co-culture experiment was performed to determine whether the
ImageStream could be used to determine percentage abundance of species. Co-
cultures were tested with growth on either glucose or xylose. Overnight cultures of C.
fimi and L. plantarum were prepared as described previously (Section 3.10). 2 ml of
each of the resulting cultures were transferred to 4x tubes and centrifuged at 13, 000
rom for 3 min to pellet cells. Cells were then re-suspended in 2 ml DBS (plus 10 g I!
glucose or 10 g I xylose). Cultures were subsequently diluted (Table 4). 200 pl sub-
culture was pipetted into 3x wells on a 96-well plate. This included 4 biological
replicates for each consortium (1x plate for glucose and 1x plate for xylose). The
outermost wells contained sterile DBS media to reduce edge effects. Two identical
plates were prepared, one of which was immediately sampled using the ImageStream
96-well plate auto-sampler, while the other was incubated at 30 °C, 800 rpm for 24 h

then sampled identically as above.



Inoculation Ratio (ODsoonm)

Consortium Name C. fimi L. plantarum

CF100 0.1 -
LP100 - 0.1
CF50LP50 0.05 0.05
CF25LP75 0.25 0.75
CF75LP25 0.75 0.25

Table 4. Inoculation ratio of C. fimi and L. plantarum for co-culture

Numbers indicate optical density at 600nm (ODeoonm) Of both microbial species inoculated
on 96-well plates. 4x biological replicates were included with 3x technical replicates for
each co-culture. 2x plates were prepared for destructive sampling at 0 h and 24 h.
Cultures were inoculated from a 5 ml overnight bacterial culture to an ODeoonm = 0.1.
Positive controls of C. fimi and L. plantarum were included to check for accurate growth

of both species. CF = C. fimi, LP = L. plantarum.



4. Results

4.1. Selection of industrially-relevant hosts for CBP

4.1.1. Literature-based study of potential chassis for CBP

Sixteen bacterial and fungal species were reviewed by considering a broad-spectrum of
primary literature using the search engine Web of Science. Species were appraised
according to desirable traits for biofuel production from lignocellulose. Only species which
are considered non-pathogenic to humans, plants and animals were considered.
Phenotype, oxygen requirement and growth conditions were informative for adaption of
optimal culture conditions in vitro. Some species commonly used in industry have well-
established genetic tools and a long track record of successful industrial applications so
are considered likely to perform reliably as industrial biofuel hosts (37). An innate ability
of a host species to naturally degrade lignocellulose substrates, and/or possession of
biochemical pathways for biomass conversion into biofuel-like products indicates the
potential as biofuel production hosts. In addition, genetic competence and high
transformation efficiency are important traits as metabolic engineering approaches will be

necessary to optimise biofuel-processing competency in selected species.

Using the results of the literature review (Table 5), eight bacterial species were identified
by the industrial sponsor Shell Research Ltd. for investigation as potential industrial CBP
hosts, comprising five microorganisms with natural characteristics advantageous to

biofuel production, and three species already widely used in industry.

Cellulomonas fimi, Thermobifida fusca, Clostridium cellulolyticum and Clostridium
thermocellum were chosen for their ability to hydrolyse pure cellulose and natural
lignocellulosic materials (65—68). C. fimi and T. fusca are aerobes from the phylum
Actinobacteria; C. fimi is mesophilic and T. fusca is thermophilic. C. cellulolyticum and C.
thermocellum are obligate anaerobes from the phylum Clostridia; C. cellulolyticum is
mesophilic and C. thermocellum is thermophilic. = Thermoanaerobacterium

saccharolyticum is also a member of the class ‘Clostridia’ and was chosen for its CBP



capabilities as it is xylanolytic and may ferment a wide array of carbohydrates with ethanol

as the main product (69).

Following the reported strategy of host selection, three industrially-utilised species were
chosen: Bacillus subtilis, Escherichia coli and Lactobacillus plantarum. B. subtilis and L.
plantarum are both widely studied industrial hosts and model organisms in their field
(70,71). E. coli remains one of the most frequently used hosts for demonstrating
production of biofuel candidates including alcohol-, fatty acid- and terpenoid-based
biofuels (72).



Species Phenotype 0 Growth Used in Genetic Lignocellulose Biofuel production (native or engineered strains)
Requirements  Conditions Industry Competence degrading
(literature)
Bacillus subtilis* Bacteria, Gram Facultative 25-35°C,pH  Yes 103 - 10* cfu; No  Engineered for production of few higher alcohols; 24
+ve, aerobe 6.0-9.0 several mg I Butanol (74) and 6.1 g I'' isobutanol (75)
transformation o Native isoprene producer
protocols available
(70,73)
Escherichia coli* Bacteria, Gram-  Facultative Opt 37 °C Yes 109 cfu; Most quick ~ No o Engineered for production of many higher alcohols:
ve anaerobe (extensively)  and efficient 143 g I isopropanol (76), 50.9 g/l isobutanol (77), 30
transformation g I 1-butanol (78), etc.
system known; o Engineered for production of many fatty acid
extensive genetic derivatives: 1.95 g I'' fatty alcohols (79), 0.6 g/l fatty
toolkit alkanes (80), 1.1 g I fatty ester (81) etc.
o Engineered for production of many terpenoids via
MEP or MVA pathway: 2.2 g/l isopentenal (82), 0.53 g
[ farnesol (83), 1.1 g I'' bisabolene (84), >60 g I
isoprene (85) etc.
Lactobacillus plantarum* Bacteria, Gram Facultative 15-45 °C, Yes Very good; 10° No (however  Engineered to produce ethanol however at very low
+ve anaerobe pH>3.2 efficiencies reported  engineered to titer: 90-130 mM ethanol (89)
(86); established show cellulolytic
genetic toolbox and xylanitic
activity (87,88)
Yarrowia lipolytica Fungi Micro-aerobic ~ 20-40 °C (opt ~ Yes 104 - 108 cfu; No (however o Natively produces lipids >20% of its dry biomass
15-24), pH Established engineered to « Engineered for production of fatty acid derivatives:
2.5-8.0 electroporation show cellulolytic

protocol (90);
developed genetic
toolbox

activity (91) and
xylanase activity
(92))

0.5 g/l decanol (93), 4.98 mg/l pentane (94), and 0.64
g/l hexadecanol (95)

o Engineered for a-farnesene production via MVA
pathway: 0.26 g/l a-farnesene (96)

Table 5a. Industrially-utilised species for use as hosts for biofuel-production from lignocellulose



Species Phenotype 02 Growth Used in Genetic Lignocellulose Biofuel production (native or engineered strains)
Requirements  Conditions Industry Competence degrading
(literature)
Acidithiobacillus Bacteria, Gram - Aerobic Opt 30 °C, Yes Few attempts (97) No o Natively CO2 and N; fixing
ferooxidans/Acetobacter ve, acidophilic pH<1-2 (opt (bioleaching)
aceti 2)
Bacillus pseudofirmus Bacteria, Gram Facultative 37°C,pH7.5- No Few attempts No
+ve, alkaliphilic ~ anaerobe 11.4 (opt>9.5) (98,99)
Burkholderia thailandensis Bacteria, Gram-  Aerobic 25-42°C,pH  No Naturally No  Native rhamnolipid producer on glycerol and canola
ve 6.0-7.0 transformable (100); oil (101)
lambda red
Cellulomonas fimi* Bacteria, Facultative 30°C,pH7.0- No Few attempts Yes (secreted o Developed as a microbial fuel cell to generate
Gram +ve anaerobe 7.2 cellulase system) electricity (38.7 mW/m over a 7 day period) from
cellulose (102)
Halobacterium salinarum Archaea, Gram -  Obligate 35-50°C (opt  No 102 cfu; by No o Photosynthetic
ve, extreme aerobe 37),pH 7.2 spheroblast o Natively ferments arginine
halophile 74 transformation;
Established protocol
(103); development
of genetic tools
(104); cannot
electroporate
Rhodotorula toruloides Fungi, yeast, Micro-aerobic 30-37°C,pH  No Few transformation ~ No o Natively produces lipid <70% of its dry biomass
5 attempts; laborious
protocol (105-107)
Shewanella oneidensis Bacteria, Gram-  Facultative 0-35°C, pH No 103 cfu; Established ~ No » Developed to be a microbial fuel cell for electricity
ve anaerobe 6.0-9.0 electroporation production from pentose and hexose sugars (109)
protocol (108)
Sulfolobus islandicus Archaea, hyper-  Aerobic 65-85°C,pH  No Established No
thermophile 2.0-4.0 electroporation
protocol (110);
CRISPR-Cas (111)
Thermobifida fusca* Bacteria Aerobic 45-55°C (opt  No 103 cfu (112) Yes (reported
55), pH 4.0- cellulase and
10.0 xylanase activity;
identified
ligninase)

Table 5b. Aerobic species with native advantageous traits for use as hosts for biofuel-production from lignocellulose



Species Phenotype 0 Growth Used in Genetic Lignocellulose Biofuel production (native or engineered strains)
Requirements Conditions Industry Competence degrading
(literature)
Clostridium/Ruminiclostridium  Bacteria, Gram  Obligate 25-45°C (opt  No 105 - 107 cfu; Yes (by multi- o Native producer of ethanol on pentose and hexose
cellulolyticum™* +ve anaerobe 32-35), Established enzymatic sugar but at very low titres
pH>5.0 conjugation and structure — the o Engineered for production of butanol titre: 40 mg I
electro- cellulosome) and 120 mg "' n-butanol from cellobiose and cellulose
transformation respectively (116)
protocol (113,114);
CRISPR/Cas9 (115)
Clostridium thermocellum Bacteria, Gram  Obligate 37-69°C (opt  No 103104 cfu; Yes (by multi- o Native producer of ethanol on hexose sugars at very
+ve anaerobe 60°C), pH Established enzymatic low titre; engineered for enhanced ethanol production:
6.0-7.7 electroporation structure — the 3.0 g I (53 % theoretical yield) from cellulose (118)
protocol (117); cellulosome) « Natively CO2 fixing by novel pathway (119)
genetic tool
development
Thermoanaerobacterium Bacteria, Gram  Obligate 45-70°C,pH In Established  Natively ethanol producing from pentose and hexose
saccharolyticum® +ve anaerobe 45-7.0 developmen  electroporation sugars; engineered strain produces highest titre of

t

protocol (120,121)

ethanol thus reported for a thermophilic anaerobe: 37
g (122)

 Engineered for production of higher alcohols: 1.05 g
I n-butanol (26 % theoretical yield; (123))

Table 5c¢. Anaerobic species with native advantageous traits for use as hosts for biofuel-production from lignocellulose

Selection based on following criteria: 1) Organism description, oxygen requirement and growth conditions determine the feasibility of

culturing microorganism in a laboratory environment 2) Previous use of microorganism in industry assumes there is already a large

prior knowledge base for this species 3) High transformation efficiency and a well characterized genetic system are desirable for

selected host species 4) Inherent cellulolytic capability gives species competitive advantage to release fermentable sugars from

lignocellulose for conversion to biofuel 5) Natively-producing biofuel is advantageous as it avoids the energetic constraints of genetic

engineering pathway. The symbol ** after a species name denotes that it was one of the selected host species for further study.



4.2. Metabolic characterisation of selected hosts

4.2.1. Rationale

Lignocellulose (LC) is the most abundant and readily available raw material on Earth for
the production of biofuels (12). LC consists mainly of the polysaccharides cellulose and
hemicellulose and the phenolic polymer lignin. Enzymatic hydrolysis of lignocellulosic
biomass deconstructs cellulose and hemicellulose into fermentable sugars that can be
converted into valuable products through biological or chemical processes (14). The
prevalent fermentable sugars released from cellulose is the monosaccharide glucose and
the disaccharide cellobiose (124). The main fermentable sugar released from
hemicellulose is the monosaccharide D-xylose; D-galactose, L-arabinose, D-mannose, L-
fucose and L-rhamnose are also released (124). The ability of a biofuel production host
to ferment these sugars (in addition to glucose) significantly increases production
efficiency (125). This is therefore a highly desired characteristic for a biofuel production

host.

The aim of this study is to test the potential of the eight bacterial species chosen by Shell
Research Ltd. to ferment a variety of LC derived sugars, using the APl 50 CH biochemical
strip test, and by batch fermentations of the four predominant LC sugars. The range of
utilisable, fermentable sugars will indicate the microbial candidate strains potential and
may highlight sugars that can be used across all species, thus determining a novel

potential management strategy for optimisation of a defined LC/CBP co-culture.



4.2.2. Carbohydrate fermentation profiles for candidate industrially-relevant species

APl 50 CH is a standardised system composed of 50 biochemical tests for the
determination of sole carbohydrate utilisation of microorganisms. APl 50 CH strip
experiments established which of the seven species selected by Shell were capable of
fermenting carbohydrates commonly derived from LC biomass (Figure 3). T. fusca was
discounted from this study as it showed inconsistent growth and was difficult to work with
due to culture heterogeneity caused by its filamentous growth. The fermentation tests
were inoculated with bacterial culture with a pH indicator. During incubation, fermentation
was revealed by a colour change in the tube, caused by the anaerobic production of acid
and detected by the pH indicator colour change. There was an absence of sugar in first

tube to act as a negative control.

All seven bacterial species tested fermented L-arabinose and D-glucose whereas none
fermented L-fucose, D-arabitol, L-arabitol, esculin or methyl-BD-xylopyranoside. The
aerobic species - B. subtilis, C. fimi, E. coli, and L. plantarum — fermented 53 %, 57 %,
41 % and 45 % of the test carbohydrates, respectively (Figure 3). The anaerobic species
— C. cellulolyticum, C. thermocellum and T. saccharolyticum — fermented 12 %, 33 % and

41 % of the carbohydrates, respectively (Figure 3).

The carbohydrates of most relevance i.e. LC-derived were the monosaccharides,
disaccharides, trisaccharides and polysaccharides (Figure 3). When considering these
carbohydrates alone, C. fimi fermented 75 % of total carbohydrates, B. subtilis and T.
saccharolyticum fermented 57 % of total carbohydrates, C. thermocellum fermented 50
% of total carbohydrates, and L. plantarum, E. coli and C. cellulolyticum fermented 46 %,

39 % and 11 % of total carbohydrates, respectively.

Carbohydrate fermentation results for L. plantarum were inputted into the APl web service
for Lactobacillus and related genera identification. This was to act as a test quality control.
The input of L. plantarum AP CH 50 test result into the APl web service returned a ‘very

good identification’ result with 99.9 % ID for Lactobacillus plantarum.
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Figure 3. Carbohydrate fermentation profiles for selected industrially-relevant hosts

Carbohydrate fermentation was determined using API CH 50 strips (BioMérieux). Bacterial media
were dyed with a pH indicator (bromothymol blue) before inoculating with bacteria cultured on an
agar plate. 1 ml of culture was then pipetted into each well on the API strip (total 50: 49
carbohydrates and one control well with no carbohydrate). Strips were incubated at the species
optimal growth temperature (Table 3) for 48 h or until colour change could be seen. A positive

result was indicated by a colour change from blue to orange.



4.2.3. Investigation of utilisation of hexose and pentose sugars by candidate industrially-

relevant species

It was important to understand which LC hydrolysis derived sugars could be utilised by
the eight species selected by Shell i.e. glucose, cellobiose, arabinose and xylose. By
measuring dry cell weight and lactic acid, acetic acid and ethanol production before and
after growth on the species recommended media containing glucose, cellobiose,
arabinose or xylose, the ability of the eight species to utilise products of LC degradation
was assessed (Figure 4). This was compared to growth in a no sugar control. To
determine if there was a significant difference between growth on glucose, cellobiose,
arabinose and xylose with the no sugar control an ordinary one-way ANOVA with a post-

hoc Tukey multiple comparison test was performed (Table 6).

From the results it can be concluded that in these conditions C. cellulolyticum, C. fimi and
T. fusca may utilise glucose, cellobiose, arabinose and xylose. E. coli can utilise glucose,
arabinose and xylose but not cellobiose. L. plantarum can utilise glucose, cellobiose and
arabinose but not xylose. T. fusca can utilise glucose, cellobiose and xylose but not
arabinose. C. thermocellum can utilise cellobiose but not glucose, arabinose and xylose.
Results for B. subtilis were inconclusive as B. subtilis recommended media was a rich
medium containing additional sugars that could have supported growth in addition to the
added glucose, cellobiose, arabinose or xylose. L. plantarum produces the highest
concentration of lactic acid as its main product compared to the other seven species
whereas T. saccharolyticum produces the highest concentration of ethanol on glucose,

cellobiose, arabinose and xylose.
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Figure 4. Dry cell weight, lactic acid, acetic acid and ethanol production on four main LC-derived sugars for industrially-relevant hosts

Growth was determined by dry cell weight measurements in gram per litre (g I_1) after 24 h. Product concentration (g I_1) was determined

by HPLC analysis of culture broth after 24 hour fermentations and for each time point. Experiments were performed in triplicate. The

initial concentration of each sugar in the growth media was 10 g Al species were grown in their recommended media and culture

conditions. Growth in sugar-enriched media was compared to growth in identical media with no sugar. Standard deviation bars shown.
(Graphs rendered in Prism).



Glucose Cellobiose Arabinose Xylose
Organism Change
DCW |Lactic acid |Acetic acid| Ethanol DCW |Lactic acid |Acetic acid| Ethanol DCW |Lactic acid [Acetic acid| Ethanol DCW |Lactic acid [Acetic acid| Ethanol
B. subtilis Abslt. (g -1) 269 0 0.94* 0 248" 0 0.79* 0 212 0 0.78* 0 3.18* 0 0 0
Rel. (%) 40 0 94 0 29 0 79 0 10 0 78 0 66 0 0 0
C. fimi Abslt. (g 1-1) 222 0 0.99 0 1.89* 0 0.64* 0 1.25 0 1.16* 0 1.52* 0 0.26* 0
Rel. (%) 696 0 1142 0 578 0 703 0 348 0 1364 0 445 0 226 0
C. cellulolyticum Abslt. (g -1) 0.29* 0.1* 0.54* 0.16* 0.72* 04* 0.63* 048* 042 04* 0.61* 0.29* 049* 0.26* 0.66* 0.33*
Rel. (%) 106 196 361 278 400 432 436 103 196 432 414 570 242 376 460 655
C. thermocellum Abslt. (g 1-1) 0.13 0 0.11 0 0.28* 0 0.25* 0 0.108 0 0 0 0.16 0 0 0
Rel. (%) 6 0 32 0 106 0 211 0 61 0 0 0 48 0 0 0
E. coli Abslt. (g 1-1) 1.66* 0 0.89* 049 0 0 0 0 1.79* 0 22 04 248" 0 0.3* 04
Rel. (%) 166 0 89 143 0 0 0 0 179 0 220 100 248 0 30 100
L. plantarum Abslt. (g 1-1) 148* 13.7* 543* 0 1.56* 10.6* 6.85* 0 0.77* 341* 6.52* 0 0.72* 045* 469" 0
Rel. (%) 173 3749 176 0 188 2868 48.2 0 43 855 41 0 34 26 2 0
T.saccharolyticum|  Abslt. (g 1-1) 0.71* 0 1.69* 3.23* 0.76* 0 1.46* 278 0.7 0 142* 201" 0.71* 0 161" 278"
Rel. (%) 34 0 465 1043 373 0 387 886 335 0 375 613 341 0 440 886
T.fusca Abslt. (g 1-1) 2.64* 0 0 0 1.53* 0 0 0 0 0 0 0 348" 0 0 0
Rel. (%) 1234 0 0 0 672 0 0 0 0 0 0 0 1658 0 0 0

Table 6. Absolute (Abslt.) and relative (Rel) change in dry cell weight (DCW), lactic acid, acetic acid and ethanol

production on four main LC-derived sugars for industrially-relevant hosts

Absolute change represents the value for DCW, lactic acid, acetic acid and ethanol in grams per litre (g I'') for each species

after 24 h fermentation with either glucose, cellobiose, arabinose or xylose. Relative change represents the percentage

increase or decrease in DCW, lactic acid, acetic acid and ethanol for each sugar as compared to the no sugar control at 24

h. “*’ symbol next to number means there is a significant difference (P<0.05) between growth on sugar compared to the no

sugar control. This was determined by an ordinary one-way ANOVA with a post-hoc Tukey multiple comparison test.

Analysis was performed using the statistics software Prism.




4.2.4. In silico analysis of sugar utilisation pathways for hexose and pentose sugars by

selected industrially-relevant species

The Kyoto Encyclopedia of Genes and Genomes (KEGG; 126) was used to investigate
whether the eight industrially-relevant species selected by Shell had the corresponding
genes coding for enzymes in utilisation pathways for glucose, cellobiose, arabinose and
xylose (Figure 5). This was used to verify and support the results obtained from batch
fermentation analysis for the eight species with glucose, cellobiose, arabinose and xylose
(Figure 4).

D-glucose is transported into the cell by the phosphotransferase (PTS) system where it
is converted to pyruvate by glycolysis which can then be anaerobically broken down to
lactate, ethanol or acetate, which requires the enzymes: lactate dehydrogenase, alcohol
dehydrogenase and aldehyde dehydrogenase respectively. These products are excreted
from the cell and hence can be detected in the culture broth. The disaccharide cellobiose
can be cleaved into glucose monomers by beta-glucosidase or can be transported into
the cell by a PTS system and then cleaved by phospho-beta-glucosidase. Arabinose and
xylose require the transporter L-arabinose isomerase and xylose isomerase in order to
be transported into the cell. Arabinose is then converted to L-ribulose, phosphorylated,
converted to D-xylulose and subsequently to D-ribulose which enters the pentose
phosphate pathway. The pentose phosphate pathway converts D-ribulose to pyruvate
which is metabolised by glycolysis. Xylose follows the same pathway however, once

transported into the cell it is converted to D-xylulose and then phosphorylated.

C. thermocellum only utilised cellobiose and not glucose, arabinose or xylose; this
corresponds to C. thermocellum encoding for only a beta-glucosidase enzyme for
cellobiose utilisation (Figure 5). L. plantarum could not utilise xylose which corresponds
to a reported lack of the enzyme xylose isomerase for xylose utilisation. T. fusca was
not observed to utilise arabinose which corresponds to a reported absence of the
enzyme arabinose isomerase for arabinose utilisation. C. fimi and C. cellulolyticum were

observed to utilise all sugars tested which corresponds to the reported presence of



beta-glucosidase, arabinose isomerase and xylose isomerase enzymes. Both genomes
are not reported to encode for a glucose PTS system however code for a hexose kinase
enzyme for the utilisation of glucose. E. coli could not utilise cellobiose which
corresponds to a lack of beta-glucosidase enzyme. B. subtilis has all the required
enzymes for the utilisation of glucose, cellobiose, arabinose and xylose (Figure 5).
Statistical significance was inconclusive for B. subtilis, most likely because this
bacterium was grown in a rich medium therefore there was less difference between the
no-sugar control and the sugar supplemented media. Therefore, further work would be
required to confirm sugar utilisation in B. subtilis. T. saccharolyticum showed statistically
significant growth and ethanol production on all four sugars which corresponds to the
reported presence of necessary enzymes for fermentation of all sugars (Figure 5). This
shows the successful prediction of the performance of the organisms on the different

sugars.
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Figure 5. Reconstructed sugar utilisation pathways for glucose, cellobiose, arabinose and

xylose in the selected host species

Reproduced from KEGG Pathways. Boxes represent the key enzymes involved in sugar
utilisation; ovals represent pathways involved in sugar utilisation. Boxes highlighted in species

colour (see key) represent the presence of this enzyme.



4.3. Physiological characterisation of selected host species

4.3.1. Assessment of monoculture bacterial morphologies during candidate growth
phases
4.3.1.1. Establishment of lag, log and stationary phase of growth for selected

hosts

Mono-species morphology was assessed using an imaging flow cytometer
(ImageStream) to identify distinct morphological features that could distinguish between
bacterial species in a consortium. This was assessed at three key stages of bacterial
growth: 1) Lag phase, 2) Log phase, 3) Stationary phase, to discriminate if significant

changes occurred in cell morphology.

Before ImageStream samples could be taken, the lag, log and stationary phases of
growth for each bacterial host had to be established to identify at which time points
sampling was most appropriate. Each species was grown in 10 ml culture volume in 50
ml centrifuge tubes. ODsoonm measurements were taken to monitor growth over time
(Figure 5). The natural log of these values were then plotted against time to establish
each phase of growth — where the points lie in a straight line determine when cells are
growing exponentially compared to lag/stationary phase. This is represented by the red

lines in Figure 5 establishing tiag, tiog and tsta for each species.
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Figure 6. Growth curves for selected bacterial hosts in order to determine lag, log, and

stationary phase of growth to identify time points for ImageStream sampling

All species were grown in 10ml culture volume in the species recommended media in 50 ml
centrifuge tubes. Incubation was at the species optimal temperature; aerobic species were
incubated with shaking at 220 rpm, anaerobic species were incubated in a static incubator.
Cultures were inoculated from a 5 ml overnight bacterial culture to an ODey = 0.05. Points
represent the mean from 5 biological replicates, with standard deviation bars shown unless hidden
by the symbol. Curves represent the best fit of the data using a third, fourth or fifth order
polynomial equation, rendered using Prism software. Red lines separate lag phase, log phase
and stationary phase; ‘BS-tag’ means Bacillus subtilis at time = lag phase. Red arrows indicate
where samples will be taken to image using the ImageStream in order to identify distinct

morphological features at each phase of growth.



4.3.1.2. Characterisation of single cell monoculture bacterial morphology using

imaging flow cytometry

To identify distinct morphological features between the species and to ascertain whether
this could be used to distinguish between species in a co-culture, single cell morphology
was studied using imaging flow cytometry. The ImageStream filters cells through a
channel and takes an image of each cell at six different wavelengths. Corresponding
feature values can be extracted for each image e.g. cell length, width, area etc. In this
study, brightfield microscopy was used to discern the morphology of cells as this channel

gave the clearest morphological images.

At the three key stages of growth (as established from growth curves), flow cytometry
images were taken of cells (Figure 6). From the images it can be seen that all the species
studied are rod shaped and similar in size; images were chosen that had the median cell

length from the sample population.

From stationary phase images (as this assumes that cells have grown to their full length),
C. fimi has the smallest mean in length (5.7 um (0.2 um)) followed by C. thermocellum
(7.7 um (0.4 um)) and E. coli (8 um (£0.2 um)); C. cellulolyticum and T. saccharolyticum
have the longest cell length (13.3 um (£0.9 um) and 12.7 um (£0.9 um) respectively) and
B. subtilis and L. plantarum both have a cell length 10.7 um (£0.4 um) and 11.3 um (£0.6
um) respectively. Mean values are an average of 5 biological replicates plus or minus the
standard deviation. Therefore, cell length could potentially be useful as a parameter for
separating species in a co-culture by, for example, plotting all events on a histogram of
cell length to discern if there are two distinguishable peaks at the expected lengths for the

individual species.
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Figure 7. Representative brightfield images of bacterial hosts during lag phase (tag), log phase
(tog) and stationary phase (tsta) of growth

Images acquired from ImageStream” imaging cytometer and processed using IDEAS software.
Scale bars shown in bottom left hand corner of each image. White numbers in top right hand
corner of each image represents length of cell in um. Length represents median cell length of
sample (10,000 cells in one sample). 150 ul of bacterial culture was sampled at relevant time

point, as identified in Figure 5. Each species grown in the same conditions as in Figure 5.



4.3.2. Using Imaging flow cytometry to separate populations of different bacteria during
co-culture

In addition to bacterial cell morphology, it is possible to separate populations of different
bacteria by comparative cell area plots (Figure 8). These data can also be acquired on
the ImageStream. To assess this, the data acquired from stationary phase samples (as
described above) were used to combine the 10,000 events analysed for each species

into one dot plot.

The three bacteria chosen by recombinant selection were compared against the four
bacteria chosen by native selection. This is based on the principle that the recombinant

bacteria will be co-cultured with a native bacterium.

Figure 8 showed clear differences in cell area in bacterial populations between some
species. For example, cell populations for C. cellulolyticum/E. coli and C. cellulolyticum/L.
plantarum could be more clearly distinguished compared to T. saccharolyticum/B. subtilis
or T. saccharolyticum/E.coli. This approach and these data could be useful when gating

the cell populations in a co-culture in order to distinguish the ratio of each species.
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Figure 8. Imaging flow cytometry (ImageStream) plots comparing area of cell populations for the

selected hosts

Plots of area in pm? of front cell face (determined by bright field microscopy on the ImageStream)
vs. area in um? of side cell face (determined by laser 745-780 nm). Data acquired from
ImageStream*imaging cytometer and processed using IDEAS software. 10,000 events shown for

each population. X-axis scaled from 0 pm?to 500 um?. Y-axis scaled from 0 um? to 500 pm?.



4.4. Co-culture of C. fimi and L. plantarum

4.4.1. Design of co-culture model

Following physiological and morphological characterisation of the eight bacterial species,
a co-culture model was designed. This was with the ultimate goal of converting LC
biomass into a fuel molecule, for example alkanes. Here, the consolidated process will
be split across the two bacteria in the co-culture, with a ‘cellulolytic specialist’ performing
the enzyme production and hydrolysis stages of CBP and a ‘production specialist’
performing the hexose/pentose fermentation stage of CBP.

Of the cellulolytic species, T. fusca showed inconsistent growth and C.
cellulolyticum and C. thermocellum were slow to grow and grew to a low culture density
compared to the other hosts. Therefore, C. fimi shows most potential as the cellulolytic
specialist in co-culture.

For the production specialist, B. subtilis, E. coli and L. plantarum all show promise;
growth rates are similar (0.43 h™', 0.8 h”', 0.58 h! respectively) and each species can
grow at the same growth temperature as C. fimi. Furthermore, from an industrial
fermentation perspective, L. plantarum is the most relevant host given the higher product

yield in keeping with previous data.



4.4.2. Exploring the use of 96-well plates for co-culture

In this study, the use of 96-well plates for co-cultures will be assessed. This will allow
high-throughput testing of different co-culture conditions e.g. different starting population
ratios of bacteria, different substrates (glucose, xylose etc.), different species of bacteria.
Evolution of the co-culture populations can be tested using the ImageStream which has

a 96-well plate sampler allowing time-course experiments.

To initially test the feasibility of a 96-well plate co-culture format, C. fimi and L. plantarum
were grown separately in a 96-well plate, in each of their corresponding media and LB
(Figure 9). One 96-well plate was used for C. fimi and one 96-well plate was used for L.
plantarum. Each plate was set up as follows: 20 wells were used for DBS medium, 20
wells were used for LB medium and 20 wells were used for MRS medium — each medium
had 5x technical replicates with 4x biological replicates; peripheral wells contained sterile
LB medium to reduce edge effects. 96-well plate benchtop shaking incubators were used

at 30 °C with shaking at 800 rpm for all bacteria.

C. fimi and L. plantarum grew in DBS medium and LB medium (Figure 9). C. fimi was
unable to grow in MRS broth. Given that both species grew to a similar ODgoonm (0.9 — 1.1
at 600 nm) in DBS medium, this shows promise to be used for future co-culture
experiments. DBS is a minimal medium supplemented with 1 g I'" of yeast extract and 10
g I'" glucose therefore reduced growth compared to LB and MRS media (rich media) is to

be expected.
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Figure 9. Assessment of growth of C. fimi and L. plantarum in Dubos salt medium (DBS), Luria
Bertani broth (LB) and MRS medium (MRS)

C. fimi and L. plantarum were cultured separately in DBS media, LB media and MRS broth. Both
species were cultured in a 96-well plate; peripheral wells on the plates were filled will blank LB
medium to reduce edge effect. Benchtop shaking incubators were used to incubate bacteria at 30
°C, 800 rpm. Cultures were inoculated from a 5 ml overnight bacterial culture to an ODeoonm =
0.05. Points represent the mean of four biological replicates from five technical replicates, with
standard deviation bars shown, unless hidden by the symbol. Curves represent the best fit of the

data using a third order polynomial (cubic) equation, rendered using Prism software.



4.4.3. Validation of growth in selected media in larger culture volume

Before continuing with the 96-well plate co-culture experiments, confirmation of growth of
C. fimi and L. plantarum in DBS media in a larger culture volume was tested. This was to
validate that the 96-well plate method is representative if the experiment is to be scaled-
up. For growth of cultures at larger volumes, C. fimi and L. plantarum were grown in 50
ml DBS media in 250 ml flasks, at 30 °C with shaking at 200 rpm (Figure 10).

DBS media supports growth of C. fimi and L. plantarum in a larger culture volume as
shown by an increase in ODeoonm (Figure 10). C. fimi and L. plantarum grow at similar
rates in DBS medium (0.17 h™' and 0.13 h™' respectively) suggesting that this may be a
suitable growth medium for a co-culture such that one species will not out-compete the

other.
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Figure 10. Confirmation of growth of C. fimi and L. plantarum in DBS media in 50 ml culture

volume

150 ml flasks were used to culture C. fimi and L. plantarum in DBS media with 10 g I glucose at
30 °C, 200 rpm. Cultures were inoculated from a 5 ml overnight bacterial culture to an ODegoonm =
0.05. Points represent the mean of 5 biological replicates, with standard deviation bars shown,
unless hidden by the symbol. Curves represent the best fit of the data using a third order

polynomial (cubic) equation, rendered using Prism software.



4.4.4. Separating populations of C. fimi and L. plantarum by autofluorescence of the cells

from imaging flow cytometry

Based on data from ImageStream studies, it was determined that different populations of
bacteria could be separated using imaging flow cytometry (Figure 7). This was
established by using forward scatter vs. side scatter of the cells. For the two species of
interest to co-culture, C. fimi and L. plantarum, forward scatter vs. side scatter of the cells
was not an appropriate parameter to use to separate these two particular populations of
bacteria. Therefore, a different parameter to separate populations of C. fimi and L.

plantarum was explored.

C. fimi and L. plantarum were grown separately in 96-well plate format from a starting
ODeoonm = 0.05 and sampled using the ImageStream 96-well plate sampler after 24 h.
This was to replicate the exact conditions of the co-culture experiment. To assess whether
populations of C. fimi and L. plantarum could be separated using imaging flow cytometry,
the data acquired from ImageStream samples were used to combine the 10,000 events

analysed for each species into one dot plot.

Figure 11 shows that L. plantarum cells auto-fluoresced at 505-560 nm wavelength in
channel two of the ImageStream whereas C. fimi cells did not. Therefore, C. fimi and L.
plantarum populations could be separated using the intensity parameter at 505-560 nm
vs. 745-780 nm (side-scatter of cells) on the ImageStream. Also present in both samples
were round particles which were discovered to be a medium component due to presence
in media controls. These particles could also be separated using the intensity feature.
Percentage abundance can be determined on the ImageStream: C. fimi accounted for 48
% of the population; L. plantarum accounted for 48 % of the population and the round

particles accounted for 4 % of the population (Figure 12).
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Figure 11. Separating cell populations of C. fimi and L. plantarum in a ‘model’ co-culture from

imaging flow cytometry

Imaging flow cytometry (ImageStream) plot of autofluorescence intensity of cells at 505-560 nm
vs. 745-780 nm wavelength (A) with corresponding images of gated populations from three
channels (505-560 nm; Brightfield; 745-780 nm). Data acquired from ImageStream* imaging
cytometer and processed using IDEAS software. 10,000 events shown for each population.

Percentage abundance determined on IDEAS software by gating populations.



4.4.5. Co-culture of C. fimi and L. plantarum on a hexose and pentose monosaccharide

To assess whether the cellulolytic specialist, C. fimi and the biofuel-production specialist,
L. plantarum could be co-cultured, an experiment was performed in which C. fimi and L.
plantarum were co-cultured on a 96-well plate and sampled at 0 h and 24 h using the
ImageStream. This was to determine percentage abundance and cell density of each
species at the beginning and end of the fermentation (as shown from Figure 11). Different
starting volume inoculation ratios of each species were tested (Table 6). Previous studies
showed that C. fimi and L. plantarum both grew in DBS medium supplemented with
glucose (Figure 10) therefore co-culture experiments were performed in this medium.
DBS medium supplemented with xylose was also tested as it was previously observed

that L. plantarum was unable to utilise xylose whereas C. fimi could (Figure 4).

Figure 12 shows that L. plantarum is the dominant species compared to C. fimi in the co-
culture when grown on glucose and C. fimi is the dominant species in the co-culture

compared to L. plantarum when grown on xylose.

The set template for separation of C. fimi and L. plantarum populations (Figure 11)
showed some inconsistencies with expectation. There was a ~10 % error for the C. fimi
positive control (10 % of the population was identified as L. plantarum) and a ~3 % error
for the L. plantarum positive control (3 % of the population was identified at C. fimi) (Figure
12A). Additionally, there was a ~3 % error for the C. fimi positive control (3 % of the
population was identified as L. plantarum) and a ~20 % error for the L. plantarum positive
control (20 % of the population was identified at C. fimi) (Figure 12B). The difference in
error of population overlap for glucose and xylose highlights the variability between

experiments, or the error inherent in the measurement methodology, or both.



Inoculation Ratio (%)

Consortium Name C. fimi L. plantarum

CF100 100 -
LP100 - 100
CF50LP50 50 50
CF25LP75 25 75
CF75LP25 75 25

Table 7. Inoculation ratio of C. fimi and L. plantarum co-culture for sampling by imaging flow

cytometry

Numbers indicate percentage inoculation ratio of both microbial species inoculated on 96-well
plates. 4x biological replicates were included with 3x technical replicates for each co-culture.2x
plates were prepared for destructive sampling at 0 h and 24 h. Cultures were inoculated from a 5
ml overnight bacterial culture to an ODeoonm = 0.1. Positive controls of C. fimi and L. plantarum

were included to check for accurate growth of both species. CF = C. fimi, LP = L. plantarum.
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Figure 12. Percentage abundance and cells per ml of C. fimi and L. plantarum co-culture grown on glucose (A) and xylose (B)

Percentage abundance and cells per ml determined on the ImageStream. Cultures grown in 96-well plates. Bars represent the mean
from 4 biological replicates and 3 technical replicates, with standard deviation bars shown.
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5. Discussion

A review of the long-range Biodomain research-bioengineering project objectives at Shell
made clear that as a priority the program should re-visit potential microbial CBP host
selection and progress in the wider scientific/industrial community. This was after
extensive research was performed on the then-relevant host Geobacillus. Despite
promising outcomes with Geobacillus strains i.e. successful expression of endo- and exo-
glucanases in Geobacillus thermoglucosidasius DSM 2542 and positive activity of two
natural cellulase enzymes (127), the ongoing challenges of transformation within this
species and the lack of intrinsic desirable characteristics of a consolidated bioprocessing
host prompted an executive decision to stop work on this micro-organism. Therefore, the
search for an alternative novel host began by initial broad scoping of potential micro-
organisms suited for Consolidated Bioprocessing (CPB) and genetic engineering,

followed by an extensive literature review of the chosen candidates.

The aim of this project was to explore and identify (from the literature) a suite of
microorganisms suitable for CBP of cellulosic biomass into useful products. The host
selection yielded eight species with potential as CBP hosts. These species were
subsequently ordered from a culture collection (ATCC, DSMZ) and characterised
metabolically and physiologically for use in a CBP microbial co-culture for bioprocessing
of LC.

5.1. Selection of a chassis for consolidated bioprocessing

Although the need to use cheap feedstock for bioprocessing of commodity products such
as biofuels has long been well appreciated (128), remarkably little research has been
carried out to evaluate the suitability of industrial production host strains to utilise these
substrates. One study focused on directly comparing six widely used industrial species
by evaluating performance in growth conditions commonly encountered in second-
generation production processes (129). Despite the development of a unified synthetic
minimal medium to support growth of all species, no simple, clear conclusion regarding

the hosts suitability due to differences in growth conditions between species was reached.



This study aimed to define desirable criteria for host selection in order to assess species
impartially from the literature (Table 2). These criteria were based on previously identified
desirable characteristics identified for CBP production hosts either in the literature (51) or
in-house (127). Other reviews on CBP hosts have focused on a review of the literature
rather than a systematic approach to identify the best candidate species for the process
(51,128). Here, 16 species were systematically reviewed, resulting in identification of
eight candidate species that show the most potential for use as CBP hosts. However,
before deciding on the final species, it was important to locally characterise each species

in vitro in order to confirm compatibility.

5.2. Combined metabolic and physiological characterisation of candidate species

The combined studies of sugar metabolism, growth and morphology allowed for
candidate host species to be assessed based on adaptability to LC-derived sugars in
biomass and cell size and shape parameters (Figure 3-7). This study reports the use of
API 50 CH strips as a suitable, rapid and simple method for testing of candidate host
species to ferment a wide range of LC-relevant sugars; utilisation and product generation
of the four predominant sugars released from LC degradation (glucose, cellobiose,
arabinose, xylose); confirmation of sugar pathway presence with KEGG and cell

morphology using imaging flow cytometry.

The API 50 CH fermentation strips manufacturers ascribed use is the identification of
Lactobacillus and related genera. In this study, APl 50 CH strips were applied to study
carbohydrate metabolism of seven different species of bacteria in order to determine
adaptability to LC-derived sugars. They proved a rapid and reliable method to initially
screen candidate species for carbohydrate fermentation (Figure 3). Batch-culture
fermentations highlighted L. plantarum as the species with greatest biofuel-producing
potential with the highest product yield (Figure 4). Despite the anaerobic species,
particularly C. thermocellum and T. saccharolyticum, proving prevalent in literature (Table

1), in-house results with these species proved them to be slow-growing, unreliable and



laborious to work with (Figure 5). T. saccharolyticum was noted to have the greatest
potential as a biofuel-producing specialist as it produces the highest ethanol yield on
glucose, cellobiose, arabinose and xylose (Figure 3) and has a faster growth rate
compared to the other anaerobes (Figure 5). However, due to the assay method for the
co-culture, aerobic growth is preferred therefore L. plantarum was favoured as the biofuel-

producing specialist and C. fimi as the cellulolytic specialist.

5.3. Microbial consortia for CBP of LC

LC biomass is an attractive renewable carbon source for bioenergy applications because
of its large-scale availability, low cost, and environmentally benign production. The
primary barrier for bioconversion of lignocellulosic bio-mass to liquid fuels is the absence
of the low-cost technologies to overcome the structural recalcitrance of these feedstocks
to enzymatic degradation. Consolidated bioprocessing (CBP), a process that
consolidates lignocellulolytic enzyme production, LC biomass deconstruction, and sugar
fermentation into a single step, is a promising approach to overcome this barrier as it has

the potential to significantly reduce costs in a biorefinery (45).

The industrial and scientific community are moving toward the use of microbial consortia
to perform complex industrial processes (54). The complexity of processes that consortia
can perform exceed that of monocultures and are less susceptible to contamination and
elimination by viruses. In this study, the cellulolytic bacterium Cellulomonas fimi and the
industrially-utilised bacterium Lactobacillus plantarum were used to act as a proof of
principle co-culture for CBP of LC.

C. fimi is considered an “un-domesticated” species in a laboratory context, as there
is no reported use in industry or transformation protocol. However, the naturally ability to
degrade cellulose and hemicellulose provide an incentive to characterise this species for
use as an industrial host.

L. plantarum has recognised potential as a biofuel-producing specialist due to
natural tolerance to fermentation conditions i.e. acidophile (130) and prevalence in silage

systems (131). Further engineering of this species would be required if lactic acid were



not the desired product of the bioprocess, which L. plantarum is capable of producing in
high yields (Figure 4). In fact, an engineered strain of L. plantarum is capable of degrading
cellulose and hemicellulose through use of a cellulosome complex (87). Thus the potential
of L. plantarum as a CBP host has previously been recognised and the development of
this species into a CBP host either as part of a consortium or single host is promising.

Most notably, L. plantarum has been usefully engineered.

5.4. Imaging flow cytometry for study of microbial consortia

To effectively monitor, understand and optimise microbial consortia for industrial use, their
accurate characterisation and quantification must be robust and reliable (132,133).
Historically, a variety of microbiological, biochemical and molecular biology based
approaches have been used to assess cellular abundance, metabolic characteristics and
taxonomic diversity profiles (134). Microbiological approaches include community-level
physiological profiles, and cell-counting microscopic and colony-forming unit
measurements, and biochemical approaches include metabolic assays, cell lipid-
composition studies, and DNA association studies to measure sample complexity (134).
However, these methods provide characteristics of the consortium community as a whole,

but cannot infer presence or function of particular species (134).

For process optimisation of industrial consortia the assessment of the relative cellular
abundance of the different species is important to determine whether bacterial
populations are balanced or out-competing (48). However, current methods to study

bacterial populations within consortia are labour-intensive or expensive (134).

This study applied the technique of imaging flow cytometry (IFC) to synthetic CBP
consortia for biofuel production (Figure 8,12,13) to answer the question: is a microbial
demographic sufficiently accessible using IFC? IFC combines features of flow cytometry
with advanced microscopy to analyse thousands of cellular events with real images (135).
Previous use has focused primarily on the analysis of eukaryotic cells in medical

research. Here however, IFC was applied to better understand microbial consortia



dynamics. To the best of our knowledge, it is the first study to utilise IFC to evaluate

consortia dynamics to evaluate percentage abundance of species in synthetic consortia.

To better understand consortia dynamics during fermentation, a high throughput method
for quantifying percentage abundance of species present was developed. This 96-well
plate assay for bacterial fermentation as previously tested (Figure 10) and sampled using
the 96-well plate sampler on the ImageStream with the applied template (from Figure 12)
to determine percentage abundance and cells per ml of the two species (Figure 13). This
method for study of consortia proved effective as a high-throughput method as minimal
set up was required; one limitation is the overlap of the template for the two species.

Further work would require optimising this parameter.

Applying IFC to the study of microbial consortia is most effective when monitoring
population changes in synthetic consortia; it requires a pure culture of each species so
that a species-specific template can be determined. Once species profiles have been
characterised on the IFC software, then this method is robust and reliable in that it can
be routinely applied to test the population dynamics during fermentation of the synthetic
consortia. The accessibility of this method would depend on the laboratory’s availability
to an imaging flow cytometer; after the preliminary cost of the machine the running cost
is minimal. The application of this technique to complex microbial communities e.qg.
environmental samples, would be less effective at determining the species present

however could give an idea of different populations present.

5.5. Progress and further work

With regards to further experimental work, a number of approaches can be taken to clarify
findings or to continue experiments that could not be completed during the course of this
project. It is interesting that under certain experimental conditions L. plantarum is noted
to be outcompeting C. fimi (on glucose) whereas C. fimi appears to outcompete L.

plantarum on xylose (Figure 13). It would therefore be interesting to investigate the effect



different substrates have on consortia dynamics for example on cellulose, filter paper and

a LC substrate (Sorghum).

Similarly, Figure 13 illustrates that inter-species competition is a problem for synthetic co-
cultures. General strategies have been suggested to control species populations in a
‘division of labour’ consortium (e.g. saccharolytic and fermentation specialists) (62,63).
For example, one study showed that equilibrium population composition can be tuned by
modulating relative co-operator-cheater benefits and possibly other ecological
parameters (62). More broadly, the co-operator-cheater concept could serve as a general
tool for designing and regulating consortia, and represents a complementary approach to
previous efforts to stabilise/tune consortia via mutualistic interactions (62,63). Co-
operator-cheater tuning could be accomplished via manipulation of culture conditions or
genetically programmed cellular behaviour. The IFC method described in this study
allows high throughput of consortia and therefore allows different culture conditions to be

tested quickly allowing for tuning of consortia dynamics to be achieved rapidly.

This study offers a novel approach to the use of IFC for the optimisation of industrial
fermentation systems (Figure 14). For example, in a continuous bioreactor, percentage
abundance of C. fimi and L. plantarum by IFC would allow population balance to be
determined so that the respective sugar substrate could be added to increase/decrease
the respective population (e.g. glucose addition to increase L. plantarum abundance;
xylose to increase C. fimi abundance). This would allow a rapid assessment of synthetic
consortium dynamics and culture progression during industrial fermentation with minimal

sample sacrificed (maximum IFC sample = 200 pl).
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6. Conclusion

At the beginning of the study the following criteria for CBP hosts were identified as
important features to determine a species potential to perform effectively and co-
operatively as an industrial CBP chassis. : O2 requirement, growth conditions, previous
and established industrial use, genetic competence, ability to degrade lignocellulose, and
inherent biofuel-producing pathways. This analysis highlighted eight microbial hosts with
industrial relevance for selection to be tested for CBP of LC. Physiological and metabolic
characterisation highlighted C. fimi and L. plantarum as suitable species to co-culture in

exploring the design of a model biomass-to-fuel consortium.

IFC was shown to be an effective method to monitor bacterial populations in synthetic
consortia, and suitable to be effectively used as a high throughput method for monitoring
population dynamics in future process optimisation. To the best of our knowledge, it is the

first study to utilise IFC to evaluate consortium dynamics.

Clear avenues for future study include high throughput testing of C. fimi and L. plantarum
in order to find optimal conditions to balance populations, and testing consortium
performance on a wider range of substrates, including standard cellulose and LC
biomass. Our novel IFC based method will facilitate the construction of reliable and robust

synthetic consortia for efficient LC biomass conversion into commercial products.
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