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The long road from emerging biotechnologies to commercial “green” biosynthetic routes for chemical production relies in
part on efficient microbial use of sustainable and renewable waste biomass feedstocks. One solution is to apply the
consolidated bioprocessing approach, whereby microorganisms convert lignocellulose waste into advanced fuels and
other chemicals. As lignocellulose is a highly complex network of polymers, enzymatic degradation or “saccharification”
requires a range of cellulolytic enzymes acting synergistically to release the abundant sugars contained within.
Complications arise from the need for extracellular localisation of cellulolytic enzymes, whether they be free or cell-
associated.
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| 1. Introduction

Many of the social and technological advances in the last century, from transportation fuels to materials and
pharmaceuticals, have been due to an increase in our understanding and utilisation of organic chemistry 2. Much of this
chemistry relies on the use of fossil carbon as synthons and is therefore inextricably coupled to the petrochemical
industries. These reactions often require high temperatures, high pressures and rare metal catalysts [, thereby
generating polluting waste. Recognition of a global environmental crisis is in part driven by our over use and reliance on

petroleum-based fuels and chemistries [&. Alternative “green” synthetic routes have been developed, utilising non-fossil
(BI[41[5](61[7]B][9][10][11][22][13]

fuel-derived renewable biomass as synthons These emerging biotechnologies rely on the
microbial conversion of biological carbon biomass (e.g., sugar cane; biomass waste streams) into advanced synthetic
fuels and bio-based chemistries 4. A report into the development of the bio-economy through to 2030 suggests
biotechnological routes have the potential to produce 75% of pharmaceutical or 35% of total chemicals currently made via

synthetic chemistry 131,

Traditional genetic engineering routes to biocatalytic processes are increasingly being superseded by synthetic biology
technology, which employs a fermentative recombinant microbial approach to fine chemical production BIZ6IL7I18I191[20] |p
this case, individual “parts” of the introduced enzyme pathway(s) (e.g., enzyme homologues, promoters and ribosomal
binding sites) are optimised to increase the flow through the pathway 2112223 This process is often assisted by
computer-aided-design programs to predict the optimal arrangement and sequence of each component 24 This
revolutionary approach allows for the development of de novo pathways to chemicals not found in nature, and can take
advantage of enzyme engineering technologies to generate enzymes that catalyse novel reactions 22, Examples of
(bio)compounds produced by engineered microorganisms using a synthetic biology approach include artemisinic acid 28],
B-farnesene &1, linalool 142811291 hoscapine BY, butanol BY, 6-aminocaproic acid B2 and styrene 231, The most complex
to date was the complete synthesis of noscapine in Saccharomyces cerevisiae; an antitumor alkaloid derived naturally
from Papever somniferum (opium poppy) B9, In this case, eighteen heterologous enzymes were expressed in S.
cerevisiae, of which only thirteen sequences were obtained from the native poppy.

While the uptake of bio-based synthetic routes is increasing, significant advances are needed to increase the cost-
effectiveness of these processes, to enable them to compete commercially with existing synthetic chemical or native
biological routes 24, As a result, few biosynthetic routes have reached industrial commercialisation, largely due to low
product yields and the high cost of feedstocks. The largest scale commercial bioproduct is bioethanol produced from S.
cerevisiae 13 with 29,000 million gallons generated worldwide in 2019 (8 Most bioethanol is produced through
anaerobic fermentation of glucose derived from either corn or sugarcane 48 However, both crops are in direct
competition with land use for food production. In a world where deforestation and famine are major issues, this has led
some people to declare these fuels of little benefit compared to traditional fossil fuels B,

A more environmentally sustainable solution is the utilisation of waste plant biomass or lignocellulose waste. Each year,
around 200 billion tonnes of lignocellulosic waste are produced by industries such as farming and agriculture ¥%, and



have limited commercial value. Typically, this waste would either be combusted, composted or used as a bulking agent in
animal feed. The utilisation of this waste in synthetic biology applications could add commercial value to the waste and
provide a carbon neutral source of fuels and other high value compounds. However, existing commercial microbial
fermentations utilising lignocellulose waste as a carbon source rely on the release of the abundant recalcitrant sugars
(e.g., glucose) via expensive pre-treatment strategies 11,

An alternative approach could be to employ a consolidated bioprocessing (CBP) strategy, whereby biocatalytic enzyme
production, lignocellulose degradation (saccharification) and fermentation are accomplished within a single
microorganism. This approach would likely reduce feedstock pre-processing requirements (and associated costs), making
a more industrially viable and “green” process. To achieve this, either existing commercial strains require engineering to
incorporate an extracellular localising cellulolytic system, or secondary product biocatalytic pathways need to be
integrated into naturally cellulolytic microorganisms.

| 2. Lignocellulose as a Carbon Source
2.1. Lignocellulose: A Heterogeneous Source of Polymeric Sugars

Lignocellulose is potentially an ideal target as a low-cost carbon and energy source for microorganisms as it is the most
abundant biologically derived polymer found in nature 4l |t is composed of an intricate species-specific network of
cellulose (40-50%), hemicellulose (20—40%) and lignin (20-35%). The hemicellulose interweaves with cellulose polymers,
while the lignin content protects the cellulose from degradation “2. The compact and intertwining nature of the individual
polymer types in lignocellulose makes it a multifaceted and challenging task for enzymatic degradation.

The major saccharification target is cellulose, a polysaccharide composed B-1,4 linked D-glucose (Figure 1) ¥l This
polysaccharide can pack together using a network of hydrogen bonding (i.e., “crystalline” cellulose) to form tightly packed
microfibrils, which are difficult to be degraded by enzymes 3l This is due to the difficulty of lignocellulose-degrading
enzymes to gain access to the majority of the glucose monomers when it is in the crystalline state. Therefore,
lignocellulose usually undergoes thermochemical or similar pre-treatment strategies prior to enzymatic saccharification to
remove the hemicellulose and lignin, and decrease the crystallinity of the cellulose fibres. As glucose is the most widely
accepted carbon source for microorganisms 4! unlocking this recalcitrant cellulose to release the abundant glucose
molecules makes lignocellulose a potentially rich feedstock.

Figure 1. Enzymatic degradation of cellulose to glucose.

Hemicellulose is a heterogenous polysaccharide that is comprised of a diverse array of C5 and C6 sugar monomers. It
generally contains a xylan (major component), galacto(gluco)mannan or xyloglucan backbone ¥ with branching side
chains (Figure 2a) €. Differences in hemicellulose composition are seen between plant species, including the range of
sugar and sugar acid classes present and their linkage types. These monomeric units include D-xylose, D-mannose, D-
galactose, D-glucose, L-arabinose, 4-O-methy! glucuronic acid, D-galacturonic and D-glucuronic acids “2. The monomers
are linked via (-1,4- and B-1,3-glycosidic bonds. Given the diversity in hemicellulose composition, efficient degradation
requires a broad range of hemicellulases compared to cellulose breakdown 4. Hemicellulose is considered to be of
lower value as a carbon source compared to cellulose due to the presence of C5 sugars, which are often not degraded by
microorganisms 48],



o (ol
-0

Hemicellulose (xylan)

: 1 H3CO CCH;

OH

p-CoumamI alcohol Coniferyl alcohol Sinapyl alcohol

’t%&/

Figure 2. Example structures of (a) hemicellulose (xylan) and (b) monomers of lignin.

Lignin is a complex heteropolymer composed of units of phenylpropane derivatives, such as p-coumaryl-, coniferyl- and
sinapyl alcohols (Figure 2b) 2. These compounds are linked via C—C and C-O bonds, and form p-phenyl- (H type),
guaiacyl- (G type) and syringyl (S type) structural monomers. Lignin is covalently linked to both cellulose and
hemicellulose, and provides the plant with structural support and impermeability. It also functions as a resistance against
microbial attack and oxidative stress. Given these characteristics, lignocellulose requires pre-treatment to remove lignin to
release the cellulose prior to enzymatic saccharification. Lignin is generally not considered to be a target carbon source
for microorganism cultivation, but instead is a source of valuable phenolic synthons for the production of high-value
compounds 42159

2.2. Lignocellulose Pre-Treatments

Currently, most commercial and pilot scale processes utilising lignocellulose as a feedstock require physical and/or
chemical pre-treatments to remove hemicellulose and lignin, reduce the crystallinity of the cellulose and minimise the
release of hemicellulose-derived inhibitory compounds (e.g., furfural). The resultant amorphous regions of the cellulose
then undergo enzymatic hydrolysis by commercial cocktails of cellulolytic enzymes to release glucose for later
fermentations B4, There are four main classes of lignocellulose pre-treatment strategies tested for their effectiveness in
releasing amorphous cellulose with minimal inhibitory compounds. The first are purely physical techniques designed to
break down the size of cellulose fibres and degrade lignin and hemicellulose. These techniques include size reduction
(chipping, grinding and milling), microwave irradiation, ultrasound and high-pressure homogenisation 41, These energy-
intensive processes successfully reduce the crystallinity of the cellulose, but are generally not commercially viable
options.

A second group of pre-treatments are physio-chemical processes, such as steam explosion and hot liquid water treatment
(41 steam explosion treatment is an effective process, leading to the breakage of the fibres, allowing easy access of
enzymes to the cellulose for hydrolysis to occur. It also causes delignification and solubilisation of hemicellulose.
However hemicellulose transformation is incomplete, and toxic compounds are released. Chemical treatments with acids

152 alkalis 28, oxidation agents, biological solvents 24 and aqueous—organic solvents have also been devised with mixed
success 44, They often successfully remove lignin with low inhibitor release, but suffer from high reagent costs and the
need for corrosion resistance in scaled equipment. The final class of pre-treatments is purely biological, where cellulolytic
microorganisms are used to partially decompose the lignocellulose to break up its structure. Typical microorganisms used
include brown, white and soft rot fungi, with higher yields of glucose release after later enzymatic treatments due to
increased cellulose purity. The disadvantage of biological treatments is the lower reaction rates, with extended residence
times needed for efficient breakdown of lignocellulose 44,

Overall, there have been extensive studies on determining the most efficient and cost-effective method for lignocellulose
pre-treatment to maximise glucose output for later fermentation 4UBSISEIS7] - Consideration must be paid to the type of
lignocellulose (cellulose vs. hemicellulose content), the potentially high costs involved and the formation of toxic side
products which can inhibit subsequent microbial fermentations 8|, The environmental impact must also be considered,
such as the high energy usage and harsh chemicals needed in many pre-treatments, which impact on an otherwise
“green” process.

2.3. Enzymatic Lignocellulose Degradation



More than 160,000 cellulases have been identified B2 which share a general acid/base mechanism of catalysis 1691,
These cellulose and hemicellulose degrading enzymes are classified into different families within the CAZy
(Carbohydrate-Active Enzymes) database, based on sequence and structural features. Almost all glycosyl hydrolase (GH)
cellulolytic enzymes studied to date for commercial utilisation have originated from fungal species, with only a few bacteria
examples investigated (1. The known crystal structures of these enzymes show they typically contain a carbohydrate
binding module, which is attached to the catalytic domain via a flexible linker region #2.. In addition, most fungal cellulases
have undergone N- and O-glycosylation by post-translational modification. Glycosylation enhances catalytic activity, and
increases structural and thermal stability 62, Bacterial cellulases do not undergo glycosylation, and the functioning of
bacterial homologues is less well understood.

Cellulose is enzymatically degraded to glucose units (C6 sugar) by glycoside hydrolases (cellulases) via the hydrolysis of
its B-1,4 glycosidic bonds €%, The complete degradation of cellulose microfibrils requires the synergistic action of three
types of cellulases, namely an endoglucanase, exoglucanase and B-glucosidase (Figure 1) 63 Endoglucanases

randomly cleave (-1,4-glycosidic bonds between glucose monomers within the cellulose chain. They can be either non-
processive or processive; the latter allowing several consecutive cleavages on the same polysaccharide chain as the
substrate threads through the active site 4. They are generally most active in the amorphous region of cellulose 8,
Conversely, exoglucanases cleave cellobiose (glucose—glucose unit) from the end of cellulose chains in a processive
manner, and are often more active in the crystalline regions of cellulose 8. Processive exoglucanases are also known as
cellobiohydrolases, and are usually the major constituent of natural and commercial cellulase mixtures. Finally, -
glucosidases cleave cellobiose to release two free glucose molecules, which can then be used as a carbon and energy
source by microorganisms €3, Natural cellulolytic microorganisms often contain several different exo- and endo-acting
cellulases, to enable them to degrade different forms/faces of cellulose 4],

In addition to classic cellulases, the glycosyl hydrolase family GH61 are known to exhibit “cellulolytic enhancing ability”
when combined with common cellulases 7. For example, TaGH61 from T. aurantiacus generates C1 oxidised
polysaccharide oligomers from cellulose with a non-reducing end oxidised species. This enzyme enabled an increase in
microcrystalline cellulose degradation by other cellulases in the presence of gallic acid. This new class of enzymes are
known as copper-dependent lytic polysaccharide monooxygenases (LPMO) B4l They cleave the glycosidic bond within
crystalline regions of the cellulose to produce aldonic acids 84, Oxidation occurs at the C1 carbon, and possibly also C4
and C6, dependent on the enzyme homologue. This leads to a breaking up of the crystalline regions of cellulose, which
greatly enhances the degradation of cellulose by allowing access to traditional cellulases 42,

Due to the complex nature of hemicellulose, sugar release requires the cooperative action of multiple types of enzymes.
For xylan degradation, one of the two predominant enzymes required are endo-1,4- B-xylanases, which hydrolyse (-1,4-
xylan to yield xylo-oligosaccharides. The second major enzymes are exo-1,4- B-xylosidases, which hydrolyse xylobiose
and xylo-oligosaccharides to produce xylose (C5 sugar). Mannan (B-1,4-linked mannose) and glucomannan are major
hemicellulose constituents of softwood 42, Degradation of these C6-sugar polymers requires the action of endo- B-1,4-
mannanases, which hydrolyse oligosaccharides with three to four monomers. This is followed by exo- -1,4-mannosidase,
which hydrolyses terminal non-reducing B-mannose residues. For glucomannan cleavage, B-glucosidases cleave the
bond between mannose and glucose units in the polymer 42,

Additional accessory enzymes are found in natural systems to assist in the efficient hydrolysis of hemicellulose 42, These
enzymes are acetylxylan esterase, feruloyl esterase, p-coumaroyl esterase, a-L-arabinofuranosidase, xylan a-1,2-
glucuronosidase and o-glucuronidase. However, strategies for the utilisation of lignocellulose as a carbon source usually
involve the removal of its hemicellulose content. One would envisage that the inclusion of all eight recombinant
hemicellulose-degrading enzymes as well as the three cellulose-degrading enzymes within the target host may not be the
most efficient strategy for optimising carbon utilisation.

Commercial cellulase cocktails, produced by companies such as Novozyme, are typically made up of cellulases from T.
reesei 1881 supplemented with additional enzymes 89 such as a-xylosidase 29 or GH5 4. The cost of using commercial
enzyme cocktails to release free sugars from lignocellulose has been shown to represent up to 48% of the final cost of
second-generation bioethanol in some demonstration scale plants 4. Reducing this cost is therefore essential in the
development of future cost-competitive and renewable bio-based processes.

Lignin removal is one of the primary targets of thermochemical lignocellulose pre-processing as it is highly insoluble and
can form covalent crosslinks with hemicellulose side chains, conferring additional strength to plant cell walls Z2l. The
composition of lignin is plant species specific, and is not a readily fermentable carbon source for microorganisms. There
are natural enzymes that can degrade lignin, namely laccase, peroxidases, oxidases, aryl-alcohol dehydrogenase,



cellobiose dehydrogenase, catechol oxidases and tyrosinases 42, The exact combination of enzymes and mechanism of
degradation varies by microorganism type [Z4],

2.4. Cellulase Localisation

Degradation of the highly insoluble lignocellulose by microorganisms requires that all cellulolytic enzymes must be
expressed extracellularly. In naturally cellulolytic microorganisms, the extracellular saccharification machinery exists as
either free (secreted) enzymes 72, or associated with the outer membrane in multi-enzyme cellulosomal complexes 28
(Eigure 3). The targeting of enzymes into either cellulosomes or as free extracellular enzymes is achieved by the

presence of an N-terminal signalling peptide sequence. Aerobic bacteria and fungi tend to secrete multidomain cellulases,
such as Tricoderma reesei /21, These enzymes diffuse to and bind lignocellulose, the latter via their carbohydrate binding
modules (CBMs). The associated catalytic domain then hydrolyses the substrates, releasing oligosaccharides for later
hydrolysis into free sugars 4. The cellulase CBM domains increase the rate of hydrolysis of lignocellulose by effectively
increasing the enzyme concentration around the substrate compared to enzymes containing only a catalytic domain.
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Figure 3. Schematic representation of free cellulases and cellulosomes.

Cellulolytic anaerobes, such as Clostridium thermocellum, employ cell-associated multi-enzyme cellulosomes composed
of all the key hydrolases needed for lignocellulose degradation (Figure 3; [8). These complexes are formed around
proteins called scaffoldins, consisting of multiple cohesin domains and a dockerin domain. The anchoring scaffoldin
contains a single, C-terminal, S-layer-like domain which binds peptidoglycans in the microbial cell wall, anchoring the
cellulosome to the cell. The hydrolases contain both an active catalytic domain and a second, non-catalytic dockerin
domain. These dockerins bind the cohesion domains and effectively target the enzyme within the cellulosome. The CBMs
are contained within the primary scaffoldin, and play a role in binding the cell to the cellulosic substrate.

Variability exists in the exact arrangement between the different protein constituents within cellulosomes; however, the
primary roles of the components remain unchanged. Cellulosomal systems generally have a lower lignocellulose
hydrolysis rate than free enzyme systems, as they are limited by the upper limit of enzyme surface loading onto the
microorganism’s outer membrane 8. In addition, enzymes displayed on cell surfaces cannot penetrate as deep into
lignocellulose as do free enzymes. In spite of this, cellulosomes enable an increase in the localised concentration of free
sugars available to the cell /2. Additionally, cellulases often display synergism with one another, and localisation within a
cellulosome may enhance this effect 89,

A difficulty encountered with some target bacterial microbial chassis is the poor efficiency of extracellular secretion of
recombinant proteins through the outer membrane, whether it be for cell-surface display or as free enzymes. This is
especially problematic with Gram-negative bacteria, such as non-pathogenic strains of E. coli. These organisms contain
an outer membrane lipopolysaccharide bilayer that acts as an effective permeability barrier. Enzymes are secreted via the
general secretory (sec) or twin-arginine translocation (tat) pathways, and typically end up in the periplasmic space
separating the two membranes 811, Extracellular protein secretion is sometimes achieved by inefficient passive transport
from the periplasmic space via outer membrane proteins 2, Whilst secretory pathways are present in Gram-negative
bacteria 83, they are often poorly understood and successful extracellular secretion is technically challenging to achieve
in many cases. The challenges involved in exporting the required enzymes are one of the biggest challenges faced for the
engineering of microorganisms for CBP. A variety of factors can affect the rate of extracellular secretion within E. coli. The
most frequent problems encountered are incomplete secretion into the periplasmic space, insufficient capacity of the
export machinery, and proteolytic degradation of the recombinant proteins B4, Additional factors influencing secretion
efficiency include protein size, leader peptide amino acid composition (sequence) and protein production rates
outstripping the maximal secretion rate [84],



Gram-positive bacteria, in contrast, can often secrete large amounts of recombinant proteins into the surrounding
medium, which makes them attractive microbial chassis for growth on lignocellulose waste. Gram-positive bacteria and
fungi have a single cell membrane through which enzymes can be transported via either the sec 8 or tat pathways (881,
Not all classes of proteins are well secreted, but the efficiency generally outstrips the relatively poor levels seen with
Gram-negative bacteria. Efficient secretion can also face bottlenecks of proteolytic cleavage, secretion stress with the
associated metabolic burden. Examples of Gram-positive bacteria with proven ability for efficient protein secretion include
the genera Bacillus, Corynebacterium, Streptomyces and Lactobacillus.

Yeast is a promising microbial host for secondary metabolite production from cells grown on pre-treated lignocellulose. It
has the added advantage of containing the cellular machinery required for post-translational glycosylation of enzymes,
enabling highly efficient fungal cellulases to be expressed and secreted in an active form. For example, one study
described Saccharomyces cerevisiae strains which were engineered to secrete both a cellulase and a xylanase for
efficient degradation of partly delignified corn stover [B4. The synergistic action of both enzymes increased ethanol titres
by up to 3.4-fold compared to wild type S. cerevisiae. A second study engineered the Clostridium thermocellum scaffoldin
gene CipA and anchoring protein gene OlpB into the industrial yeast Kluyveromyces marxianus 8. This organism
expressed a cellulosome containing a mixture of dockerin-fused fungal cellulases, including exoglucanase, 3-glucosidase,
endoglucanase and accessory cellulase “booster” genes. This enabled growth on phosphoric acid-swollen cellulose,
which yielded ethanol titres of 8.61 g/L (€8],

| 3. Consolidated Bioprocessing

Consolidated bioprocessing (CBP) is a biomanufacturing approach that combines the saccharification of lignocellulose
waste with fermentation to produce the desired compounds within the same microbial chassis B2. By combining these
steps into a single microbial process, there is the potential to reduce the costs associated with the saccharification of pre-
treated lignocellulose by eliminating the need to pre-release sugars for fermentation using expensive commercial enzyme
cocktails. A successful CBP strategy requires the microorganism to secrete a range of native or recombinant extracellular
cellulolytic enzymes in addition to the required pathway enzymes for making the industrially useful secondary product.

Microbial host selection is critical when designing CBP routes to chemical and advanced synthetic fuel production.
Naturally cellulolytic microorganisms are obvious targets, as they contain all the machinery for completely digesting
lignocellulose with minimal pre-processing. However, naturally cellulolytic microorganisms may not be the most industrially
robust chassis for chemical production, and may require engineering to introduce the pathways to make the desired
compound, or improve the natural titres. Alternatively, non-cellulolytic microorganisms which currently produce high yields
of the target compounds could be engineered to introduce a secretable cellulolytic system.

3.1. Naturally Cellulolytic Microorganisms

Naturally cellulolytic microorganisms are superbly adapted for lignocellulose degradation and subsequent growth
compared to de novo engineered bacteria. The major challenge often associated with these organisms is the need to
develop rapid and efficient synthetic biology tools to enable the incorporation of pathways necessary to produce high
yields of target compounds 9. This may include non-native pathway incorporation and/or upregulation of cellular
precursors and natural (bio)chemical production.

The main research in this area is looking at improving biofuel titres with the microorganisms Trichoderma
reesei, Clostridium cellulolyticum and Clostridium thermocellum grown on lignocellulose. In one study, T. reesei CICC
40360 underwent nitrosoguanidine treatment followed by genome shuffling mutagenesis to increase ethanol production.
This improved ethanol titres five-fold under aerobic conditions, in addition to enhancing ethanol resistance 29, The
thermophilic anaerobe C. thermocellum ATCC 31924 was also investigated for its ethanol production titres when grown on
crystalline cellulose. This cellulosome-producing strain under optimised cultivation conditions generated 0.3 g ethanol per
gram of cellulose digested, with >95% cellulose conversion 21, A further 20% increase in ethanol titres was achieved by
shifting carbon flux away from lactate production by the inclusion of acetate in the medium 24,

A modified isobutanol pathway was engineered in C. cellulolyticum based on the L-valine biosynthetic pathway 22, This
route is based on diverting glucose-derived 2-keto acid intermediates through to isobutanol using recombinant enzymes
from Bacillus subtilis, E. coli and Lactococcus lactis. Isobutanol titres of 0.66 g/L were obtained when grown on cellulose,
compared to 15-20 g/L from free glucose-based carbon sources [22. Therefore, increases in the cellulose utilisation rate
will likely be needed before this process becomes commercially viable. The thermophilic variant C. thermocellum also
underwent engineering for isobutanol production 2], Unfortunately, this strain suffered from enzyme toxicity and other
challenges during pathway engineering. Eventually, a stable genomic integrated isobutanol-producing strain was



generated, showing isobutanol titres of 5.4 g/L when grown on cellulose at 50 °C (41% of the theoretical yield) [23]. This
study highlighted some of the problems encountered when using non-model organisms as microbial chassis with fewer
available molecular biology tools.

3.2. Non-Cellulolytic Chemical Producers

The alternative strategy for CBP is to engineer existing microorganisms producing commercially relevant compounds,
both native and engineered systems, with a functional extracellular cellulolytic system. This opens up a wider range of
possible microbial chassis, and allows us to take advantage of the extensive molecular engineering toolboxes available
for model organisms. The incorporation of an efficient cellulolytic system into a new microbial chassis requires additional
considerations over biocatalytic pathway engineering, as each enzyme must be either secreted extracellularly or
displayed on the outer membrane.

Yarrowia lipolytica is a non-conventional yeast with significant biotechnological potential due to its native ability to produce
bio-surfactants, y-decalactone, citric acid, intracellular lipids and lipase 241, It has undergone multiple engineering studies
to increase its hydrolytic secretome to include growth on complex polysaccharides such as starch, cellulose, xylan and
inulin. Genome analysis of Y. lipolytica revealed the presence of multiple intracellular and extracellular B-glucosidase
genes and putative cellobiose transporters, which explained why cellobiose could be assimilated intracellularly, but growth
on cellulose was not possible 23, Growth on pre-treated corn stover was achieved (50%) after engineering in the T.
reesei cellulase genes EGII and CBHII 24, A dormant pathway for xylose utilisation was found in the Y. lipolytica genome,
but not xylan degradation. Multiple studies engineered xylanase genes into Y. lipolytica, including the cell-surface
expression of the XYN gene from Thermobacillus xylanilyticus 28 Interestingly, the sole expression of Xynll
from Trichoderma harzianum into Y. lipolytica enabled growth on birchwood xylan as the sole carbon source [£4],

The transition from first generation (sugar-starch feedstocks) to second generation (lignocellulose biomass) bioethanol
production necessitated the incorporation of secretable saccharolytic machinery into S. cerevisiae. In one study, three
cellobiohydrolases (cbhl from Asperqgillus aculeatus and cbhl/cbh2 from Trichoderma reesei) were integrated into the
genome of S. cerevisiae under constitutive promoters, in combination with the endoglucanase eg2 (T. reesei) and (-
glucosidase bgll from A. aculeatus. Cultures were cultivated on acid- and alkali-pre-treated corncob-containing media,
and the highest ethanol titres obtained within 7 days were 18.6 g/L [18],

Cell-surface display of cellulolytic enzymes has been demonstrated in S. cerevisiae using the glycosylphosphatidylinositol
anchoring system 4. This was achieved by incorporating a novel signal peptide sequence from the S. cerevisiae
SED1 gene onto A. saculeatus B-glucosidase (BGL1) and T. reesei endoglucanase Il (EGII). Both secreted and cell-
associated BGL1 and EGII were detected, showing higher levels (up to 1.9-fold activity) than using more conventional
signal tags from enzymes glucoamylase (Rhizopus oryzae) and a-mating pheromone (S. cerevisiae). Ethanol titres of
these constructs were up to 8.9 g/L when cultivated on cellobiose for 8 h 7,

An alternative to cell-surface display in S. cerevisiae is the production of trifunctional minicellulosomes (28 The
minicellulosomes were constructed using a miniscaffoldin containing a cellulose-binding domain and three cohesin
modules, which were tethered to the cell surface through the yeast a-agglutinin adhesion receptor. Up to three types of
cellulases were included, namely an endoglucanase, a cellobiohydrolase, and a B-glucosidase, each containing a C-
terminal dockerin. Successful minicellulosome formation was dependent on the expression of the miniscaffoldin. These
trifunctional complexes showed enhanced enzyme—enzyme and enzyme proximity synergy, and allowed the yeast to
degrade and ferment phosphoric acid-swollen cellulose to ethanol (~1.8 g/L) (281,

Minicellulosomes have also been generated in bacterial systems, such as in the butanol-producing bacterium Clostridium
acetobutylicum 189, The cellulolytic genes Cel9G, Cel48F, and Xyn10A from C. cellulolyticum were integrated into the C.
acetobutylicum genome with a miniscaffoldin derived from C. cellulolyticum CipC. Cellulosome anchoring was achieved
using the native sortase system. The engineered strain demonstrated improved ability to grow on xylan as a sole carbon
source with increased butanol titres, although no growth on cellulose polymers was observed 22,

3.3. Model Organism: E. coli

One of the most extensively utilised microbial chassis for bioengineering development is the bacterium E. coli. This is due
to the development of an extensive genetic toolbox for manipulating its genome and transcriptome 199 and a detailed
understanding of its endogenous metabolic pathways and regulation is available 19, Steady-state metabolic flux models,
such as EcoCyc, can predict the effects of gene knockouts and varying nutrient conditions 222, which are a useful tool for
optimising strains for industrial applications. E. coli also possesses physiological properties highly desirable in an
industrial host, such as fast growth kinetics 193, high levels of intracellular recombinant protein production 124 growth



under both aerobic and anaerobic conditions 2221 and use of a wide range of carbon sources including both Cs and

Cg sugars 191, The commercialisation of model organism E. coli as a microbial chassis is demonstrated in the production

of insulin 197 and 1,3-propanediol 298],

Initial “proof-of-principle” pathway engineering and testing is commonly performed using E. coli prior to transitioning into
more industrially relevant hosts. Examples of biotechnological routes to chemical production developed in E. coli are
summarised in Table 1. The wide range of secondary products generated by engineered E. coli include synthetic fuels
(primary and advanced), bioplastic monomers, flavours and fragrances, platform chemicals and pharmaceutical drug
intermediates 1231,

Table 1. Examples of compounds produced using engineered biosynthetic pathways in E. col.

Product Use Design Yield Ref.

Glycerol-3-phosphate dehydrogenase (DAR1 and GPP2)
from S. cerevisiae. Glycerol dehydratase (dhaB1, dhaB2 and
dhaB3) from Klebsiella pneumoniae. Endogenous ene-
reductase (YqhD).

1,3-Propanediol PTT production 1 130 g/L 108

Succinate semialdehyde dehydrogenase from E.
coli and Porphyromonas gingivalis.

Advanced biofuel 4-hydroxybutyrate dehydrogenase and 4-hydroxybutyryl-CoA 20 giL 29

1,4-Butanediol

Polymer transferase from P. gingivalis.
Alcohol dehydrogenase from Clostridium acetobuylicum.
109
Ethanol Biofuel Pyruvate decarboxylase and alf:f:hol dehydrogenase from Z. 46 gIL ”
mobilis.
Endogenous 2-hydroxy-3-ketol-acid reductoisomerase,

. dihydroxy-acid dehydratase and alcohol dehydrogenase. 111

Isobutanol Advanced biofuel Acetolactate synthase from B. subtilis. Ketoisovalerate 229t

decarboxylase from L. lactis.
Hvdrocarbon Multiple de novo metabolic routes based on amino acid

y Advanced synthetic utilisation, fatty acid biosynthesis, Clostridial butanol 30-180 112
gases . . - . - . 2 113

: fuels production and single step from butyric acid via fatty acid mglgld

(bio-LPG)
photodecarboxylase.
) (+)- _ Bioplastics Mentha spicata route to carvone with an ene-r_eductase and 6.6 mglL 114
Dihydrocarvide cyclohexanone monooxygenase variant.
. Hygiene p':OdUCtS; “Plug-and-play” monoterpenoid production platform with 363 (28]
Linalool chemical . 3 [29]
linalool synthase. mg/L

intermediate

Fatty acid I Thioesterase (tesA) and wax-ester synthase. Pyruvate 115
esters Biodiesel decarboxylase and alcohol dehydrogenase from Z. mobilis. 674 mg/L
Platform chemical Heterologous methylerythritol 4-phosphate (MEP) pathwa 116
Limonene Pharmaceutical 9 . yiery p p . p y- 430 mgl/L 117
X Limonene synthase from Mentha spicata.
industry
Naringenin Pha'rmaceutlcal Flavanone pathway from L-tyrosine. 199 mg/L (18]
industry
Isobropene Svnthetic rubber Heterologous mevalonate (MVA) pathway. Isoprene synthase 60 alL [119]
prop y from Populus alba and P. kudzu. 9 120
. Taxol (anti-cancer Heterologous MEP pathway. Taxidene synthase from Taxus [26]
Taxiden-5o-ol drug) brevifolia, taxadiene 5a-hydroxylase and cytochrome P450. 58 mg/L
Succinic acid Tetrahydrofuran Knockdown of metabolic pyruyate_dralns: Pyruvate 99 gIL 9]
carboxylase from Rhizobium etli.
f 0. P 121
Hydrocodone Opiate Thebaine 6-O-demethylase and morphinone reductase 2.1 mgiL .

from Pseudomonas putida and (R)-reticuline biosynthesis.

1 Polytrimethylene terephthalate; 2 30—180 mg propane per g cells per day; 3 Linalool titres are mg/L organic overlay,
equivalent to 73 mg/L culture.

Previous attempts to endow E. coli with cellulolytic capabilities have focused on targeting specific secretory mechanisms,
or in some cases the exploitation of chance discoveries (Table 2). These have included producing secreted soluble
enzymes 1231 cell-surface display 124 and the upregulation of naturally secreted “cryptic” cellulases in E. coli 123, |n each



case, the major challenge was to overcome the barrier of cellulase secretion beyond the periplasmic space. This involves
screening a variety of (typically) Gram-positive bacterial N-terminal signalling tags that have been proven to enable
recombinant protein secretion in Gram-negative bacteria.

Table 2. Engineered E. coli to facilitate growth on lignocellulose carbon sources.

Export

Feedstock Cellulases Tag Product Yield Ref.
Fatty acid ethyl mn;L
lonic liquid pre-treated B-Glucosidase, endoxylanase and OsmY esters s n? L 123
switchgrass xylobiosidase fusion Butane 1 g
Pinene )
mg/L
. Cel-CD 126
Amorphous cellulose Cel-CD and B-glucosidase tag 3-hydroxybutyrate 0.3g/lL
Dilute acid pre-treated Endoglucanase Cel5A, exoglucanase 124
corn stover Cel9E, and B-glucosidase PsgA Ethanol 03glL
0.36
Corn straw Endogenous cellulase Native Ethanol gL 125
Hydrogen 3.3
mL/g

The role of fusion partners in natural protein secretion in the laboratory strain E. coli BL21(DE3) was established by
examining its extracellular proteome 127, The most efficient fusion partner was OsmyY, with titres of 250-700 mg/L of the
target proteins alkaline phosphatase (E. coli), a-amylase (B. subtilis) and human leptin under high cell density cultivation.
A later study used the OsmY-fusion protein approach to secrete B-glucosidase (Cellvibrio japonicus), endoxylanase
(Clostridium stercorarium) and xylobiosidase (C. japonicus) from E. coli 123 A co-culture of cellulolytic and
hemicellulolytic strains successfully grew on ionic liquid pre-treated switchgrass (Table 2). These strains were
subsequently engineered to produce fuel substitutes or precursors suitable for petrol, diesel and jet engines. For example,
cultures grown in media containing 3.9% ionic liquid pre-treated switchgrass yielded 1.7 + 0.6 mgL pinene. Improvements
in both biofuel synthesis titres and lignocellulose digestion efficiencies could lead to the development of an economical
route to advanced synthetic fuels 231,

The catalytic domain of cellulase Cel-CD from Bacillus sp. Z-16 was demonstrated to be efficiently secreted from E. coli to
high levels (514 mg/L) in the absence of any known N-terminal signalling tag (Table 2) 1271281 However, the N-terminal
twenty amino acid sequence was found to be useful as a signalling tag to support the extracellular localisation of
recombinant proteins in E. coli. For example, cellulose-hydrolysing strains of E. coli were engineered by fusing either Cel-
CD or its N-terminal sequence to the B-glucosidase gene from T. fusca 128l Further engineering was performed to
incorporate a poly-3-hydroxybutyrate (PHB) synthesis pathway. This strain yielded 2.6—-8.2 wt% PHB from cultures grown
on amorphous cellulose and cellobiose, respectively. Two endoxylanases were also efficiently secreted into the culture
medium when expressed with the N-terminal tag or a Cel-CD fusion [128],

Cell-surface display of cellulases on the E. coli LYO1 outer membrane has been achieved by utilising the cell surface
anchor PsgA from B. subtilis (Table 2) 129 The C. cellulolyticum endoglucanase (Cel5A), exoglucanase (Cel9E) and B-
glucosidase were surface displayed, allowing the strain to directly ferment dilute acid pre-treated corn stover to ethanol at
0.3 g/L. Higher titres were achieved from growth on phosphoric acid-swollen cellulose (3.6 g/L) 1241,

A strain of E. coli has been isolated from bovine rumen that was capable of fermenting corn straw directly to both ethanol
and hydrogen gas (Table 2) 125 This strain was found to excrete cellulases with quantifiable exoglucanase,
endoglucanase and -glucosidase activities. Secondary product titres of 0.36 g/L ethanol and 4.71 mL/g hydrogen were
achieved from growth on corn straw, with a cellulose/hemicellulose degradation ratio of 14.3%/11.4% [125] Therefore,
native E. coli strains exist with natural cellulolytic capabilities, which could potentially be exploited for secondary product
generation with further engineering to increase growth rates on lignocellulose carbon sources.

These studies demonstrate the possibility of endowing cellulolytic properties on E. coli with secondary product titres, albeit
at a reduced growth rate. In order for CBP to become a commercial reality, both increases in target compound titres and
more efficient utilisation of lignocellulose waste need to be significantly improved. These latter gains could be made
through the use of more efficient cellulases, improved extracellular secretion, higher levels of enzyme synergy, secretion
and/or display.



References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

. Anastas, P.; Eghbali, N. Green chemistry: Principles and practice. Chem. Soc. Rev. 2010, 39, 301-312.

. Oosthoek, J.; Gills, B.K. Humanity at the crossroads: The globalization of environmental crisis. Globalizations 2005, 2,

283-291.

. Baumschlager, A.; Khammash, M. Synthetic biological approaches for optogenetics and tools for transcriptional light-co

ntrol in bacteria. Adv. Biol. 2021.

. Carbonell, P.; Currin, A.; Dunstan, M.; Fellows, D.; Jervis, A.; Rattray, N.J.W.; Robinson, C.J.; Swainston, N.; Vinaixa,

M.; Williams, A.; et al. SYNBIOCHEM-a SynBio foundry for the biosynthesis and sustainable production of fine and spe
ciality chemicals. Biochem. Soc. Trans. 2016, 44, 675-677.

. Chang, M.C.Y,; Keasling, J.D. Production of isoprenoid pharmaceuticals by engineered microbes. Nat. Chem. Biol. 200

6, 2, 674-681.

. Kim, 1.-K.; Roldao, A.; Siewers, V.; Nielsen, J. A systems-level approach for metabolic engineering of yeast cell factorie

s. FEMS Yeast Res. 2012, 12, 228-248.

. Mitchell, W. Natural products from synthetic biology. Curr. Opin. Chem. Biol. 2011, 14, 505-515.

. Nazhand, A.; Durazzo, A.; Lucarini, M.; Santini, A. Recent advances in metabolic engineering and synthetic biology for

microbial production of isoprenoid-based biofuels: An overview. In Bioprocessing for Biofuel Production; Molina, G., Gu
pta, V.K., Singh, B.N., Gathergood, N., Eds.; Springer: Singapore, 2021; pp. 183-201.

. Patra, P.; Das, M.; Kundu, P.; Ghosh, A. Recent advances in systems and synthetic biology approaches for developing

novel cell-factories in non-conventional yeasts. Biotechnol. Adv. 2021, 47, 107695.

Rollié, S.; Mangold, M.; Sundmacher, K. Designing biological systems systems engineering meets synthetic biology. Ch
em. Eng. Sci. 2012, 69, 1-29.

Smanski, M.J.; Zhou, H.; Claesen, J.; Ben, S.; Fischbach, M.A.; Voigt, C.A. Synthetic biology to access and expand nat
ure’s chemical diversity. Nat. Rev. Microbiol. 2016, 14, 135-149.

Zhang, J.; Chen, Y.; Fu, L.; Guo, E.; Wang, B.; Dai, L.; Si, T. Accelerating strain engineering in biofuel research via build
and test automation of synthetic biology. Curr. Opin. Biotechnol. 2021, 67, 88—98.

Zhang, Y.H.P.; Myung, S.; You, C.; Zhu, Z.; Rollin, J.A. Toward low-cost biomanufacturing through in vitro synthetic biol
ogy: Bottom-up design. J. Mater. Chem. 2011, 21, 18877.

Liao, J.C.; Mi, L.; Pontrelli, S.; Luo, S. Fuelling the future: Microbial engineering for the production of sustainable biofuel
s. Nat. Rev. Microbiol. 2016, 14, 288—-304.

Arundel, A.; Sawaya, D. The Bioeconomy to 2030: Designing a Policy Agenda 2009; OECD Publishing: Paris, France,
2009.

Ajikumar, P.K.; Xiao, W.-H.; Tyo, K.E.J.; Wang, Y.; Simeon, F.; Leonard, E.; Mucha, O.; Phon, T.H.; Pfeifer, B.; Stephano
poulos, G. Isoprenoid pathway optimization for Taxol precursor overproduction in Escherichia coli. Science 2010, 330,
70-74.

Amiri, P.; Shahpiri, A.; Asadollahi, M.A.; Momenbeik, F.; Partow, S. Metabolic engineering of Saccharomyces cerevisiae
for linalool production. Biotechnol. Lett. 2016, 38, 503-508.

Hong, J.; Yang, H.; Zhang, K.; Liu, C.; Zou, S.; Zhang, M. Development of a cellulolytic Saccharomyces cerevisiae strai
n with enhanced cellobiohydrolase activity. World J. Microbiol. Biotechnol. 2014, 30, 2985-2993.

Vemuri, G.N.; Eiteman, M.A.; Altman, E. Succinate production in dual-phase Escherichia coli fermentations depends on
the time of transition from aerobic to anaerobic conditions. J. Ind. Microbiol. Biotechnol. 2002, 28, 325-332.

Yim, H.; Haselbeck, R.; Niu, W.; Pujol-Baxley, C.; Burgard, A.; Boldt, J.; Khandurina, J.; Trawick, J.D.; Osterhout, R.E.;
Stephen, R.; et al. Metabolic engineering of Escherichia coli for direct production of 1,4-butanediol. Nat. Chem. Biol. 20
11, 7, 445-452.

Biz, A.; Proulx, S.; Xu, Z.; Siddartha, K.; Mulet Indrayanti, A.; Mahadevan, R. Systems biology based metabolic enginee
ring for non-natural chemicals. Biotechnol. Adv. 2019, 37, 107379.

Budin, I.; Keasling, J.D. Synthetic biology for fundamental biochemical discovery. Biochemistry 2019, 58, 1464—1469.

Lin, G.-M.; Warden-Rothman, R.; Voigt, C.A. Retrosynthetic design of metabolic pathways to chemicals not found in Na
ture. Curr. Opin. Syst. Biol. 2019, 14, 82-107.



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Keasling, J.D. Synthetic biology and the development of tools for metabolic engineering. Metab. Eng. 2012, 14, 189-19
5.

Siegel, J.B.; Zanghellini, A.; Lovick, H.M.; Kiss, G.; Lambert, A.R.; St Clair, J.L.; Gallaher, J.L.; Hilvert, D.; Gelb, M.H.; S
toddard, B.L.; et al. Computational design of an enzyme catalyst for a stereoselective bimolecular Diels-Alder reaction.
Science 2010, 329, 309-313.

Paddon, C.J.; Keasling, J.D. Semi-synthetic artemisinin: A model for the use of synthetic biology in pharmaceutical dev
elopment. Nat. Rev. Microbiol. 2014, 12, 355-367.

Meadows, A.L.; Hawkins, K.M.; Tsegaye, Y.; Antipov, E.; Kim, Y.; Raetz, L.; Dahl, R.H.; Tai, A.; Mahatdejkul-Meadows,
T.; Xu, L.; et al. Rewriting yeast central carbon metabolism for industrial isoprenoid production. Nature 2016, 537, 694—
697.

Karuppiah, V.; Ranaghan, K.E.; Leferink, N.G.H.; Johannissen, L.O.; Shanmugam, M.; Ni Cheallaigh, A.; Bennett, N.J.;
Kearsey, L.J.; Takano, E.; Gardiner, J.M.; et al. Structural basis of catalysis in the bacterial monoterpene synthases lina
lool synthase and 1,8-cineole synthase. ACS Catal. 2017, 7, 6268—6282.

Leferink, N.G.H.; Jervis, A.J.; Zebec, Z.; Toogood, H.S.; Hay, S.; Takano, E.; Scrutton, N.S. A ‘Plug and Play’ platform fo
r the production of diverse monoterpene hydrocarbon scaffolds in Escherichia coli. ChemistrySelect 2016, 1, 1893-189
6.

Li, Y;; Li, S.; Thodey, K.; Trenchard, I.; Cravens, A.; Smolke, C.D. Complete biosynthesis of noscapine and halogenated
alkaloids in yeast. Proc. Natl. Acad. Sci. USA 2018, 115, E3922—-E3931.

Gaida, S.M.; Liedtke, A.; Jentges, A.H.W.; Engels, B.; Jennewein, S. Metabolic engineering of Clostridium cellulolyticu
m for the production of n-butanol from crystalline cellulose. Microb. Cell. Fact. 2016, 15, 6.

Turk, S.C.H.J.; Kloosterman, W.P.; Ninaber, D.K.; Kolen, K.P.A.M.; Knutova, J.; Suir, E.; Schirmann, M.; Raemakers-Fr
anken, P.C.; Miller, M.; de Wildeman, S.M.A; et al. Metabolic engineering toward sustainable production of Nylon-6. A
CS Synth. Biol. 2016, 5, 65-73.

Liu, C.; Men, X.; Chen, H.; Li, M.; Ding, Z.; Chen, G.; Wang, F; Liu, H.; Wang, Q.; Zhu, Y.; et al. A systematic optimizati
on of styrene biosynthesis in Escherichia coli BL21(DE3). Biotechnol. Biofuels 2018, 11, 14.

De Jong, E.; Jungmeier, G. Biorefinery concepts in comparison to petrochemical refineries. In Industrial Biorefineries a
nd White Biotechnology; Elsevier: Amsterdam, The Netherlands, 2015; pp. 3-33.

Toogood, H.S.; Scrutton, N.S. Retooling microorganisms for the fermentative production of alcohols. Curr. Opin. Biotec
hnol. 2018, 50, 1-10.

Association, R.F. Annual Fuel Ethanol Production U.S. and World Ethanol Production. Available online: (accessed on 2
0 January 2021).

Bhatia, S.K.; Kim, S.-H.; Yoon, J.-J.; Yang, Y.-H. Current status and strategies for second generation biofuel production
using microbial systems. Energy Convers. Manag. 2017, 148, 1142-1156.

Lopes, M.L.; de Lima Paulillo, S.C.; Godoy, A.; Cherubin, R.A.; Lorenzi, M.S.; Giometti, F.H.C.; Bernardino, C.D.; de A
morim Neto, H.B.; de Amorim, H.V. Ethanol production in Brazil: A bridge between science and industry. Braz. J. Microb
iol. 2016, 47, 64—76.

UNCTAD. Second Generation Biofuel Markets: State of Play, Trade and Developing Country Perspectives 2016; United
Nations Publication: Herndon, VA, USA, 2016; p. 69. Available online: (accessed on 17 May 2021).

Alcalde, M. Engineering the ligninolytic enzyme consortium. Trends. Biotechnol. 2015, 33, 155-162.

Beig, B.; Riaz, M.; Raza Naqvi, S.; Hassan, M.; Zheng, Z.; Karimi, K.; Pugazhendhi, A.; Atabani, A.E.; Thuy Lan Chi, N.
Current challenges and innovative developments in pretreatment of lignocellulosic residues for biofuel production: A rev
iew. Fuel 2021, 287, 119670.

Andlar, M.; Rezié, T.; Mardetko, N.; Kracher, D.; Ludwig, R.; Santek, B. Lignocellulose degradation: An overview of fung
i and fungal enzymes involved in lignocellulose degradation. Eng. Life Sci. 2018, 18, 768-778.

De Souza, W.R. Microbial degradation of lignocellulosic biomass. In Sustainable Degradation of Lignocellulosic Biomas
s—Techniques, Applications and Commercialization [Online]; Chandel, A.K., da Silva, S.S., Eds.; IntechOpen: Rijeka, C
roatia, 2013; pp. 208-247.

De Vries, R.P.; Visser, J. Aspergillus enzymes involved in degradation of plant cell wall polysaccharides. Microbiol. Rev.
2001, 65, 497-522.

Schéadel, C.; Blochl, A.; Richter, A.; Hoch, G. Quantification and monosaccharide composition of hemicelluloses from dif
ferent plant functional types. Plant. Physiol. Biochem. 2010, 48, 1-8.

Gibson, L.J. The hierarchical structure and mechanics of plant materials. J. R. Soc. Interface 2012, 9, 2749-2766.



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Alvarez, C.; Reyes-Sosa, F.M.; Diez, B. Enzymatic hydrolysis of biomass from wood. Microb. Biotechnol. 2016, 9, 149—
156.

Hahn-Héagerdal, B.; Karhumaa, K.; Fonseca, C.; Spencer-Martins, |.; Gorwa-Grauslund, M.F. Towards industrial pentos
e-fermenting yeast strains. Appl. Microbiol. Biotechnol. 2007, 74, 937-953.

Beckham, G.T.; Johnson, C.W.; Karp, E.M.; Salvachua, D.; Vardon, D.R. Opportunities and challenges in biological ligni
n valorization. Curr. Opin. Biotechnol. 2016, 42, 40-53.

Biswas, B.; Bisht, Y.; Kumar, J.; Yenumala, S.R.; Bhaskar, T. Effects of temperature and solvent on hydrothermal liquefa
ction of the corncob for production of phenolic monomers. Biomass Convers. Biorefin. 2020.

Chandra, R.P.; Bura, R.; Mabee, W.E.; Berlin, A.; Pan, X.; Saddler, J.N. Substrate pretreatment: The key to effective en
zymatic hydrolysis of lignocellulosics? Adv. Biochem. Eng. Biotechnol. 2007, 108, 67-93.

Solarte-Toro, J.C.; Romero-Garcia, J.M.; Martinez-Patifio, J.C.; Ruiz-Ramos, E.; Castro-Galiano, E.; Cardona-Alzate,
C.A. Acid pretreatment of lignocellulosic biomass for energy vectors production: A review focused on operational conditi
ons and techno-economic assessment for bioethanol production. Renew. Sustain. Energy Rev. 2019, 107, 587-601.

Kim, J.S.; Lee, Y.Y.; Kim, T.H. A review on alkaline pretreatment technology for bioconversion of lignocellulosic biomas
s. Bioresour. Technol. 2016, 199, 42-48.

Wang, F.-L.; Li, S.; Sun, Y.-X.; Han, H.-Y.; Zhang, B.-X.; Hu, B.-Z.; Gao, Y.-F.; Hu, X.-M. lonic liquids as efficient pretreat
ment solvents for lignocellulosic biomass. RSC Adv. 2017, 7, 47990-47998.

Akhtar, N.; Gupta, K.; Goyal, D.; Goyal, A. Recent advances in pretreatment technologies for efficient hydrolysis of lign
ocellulosic biomass. Environ. Prog. Sustainable Energy 2016, 35, 489-511.

Baruah, J.; Nath, B.K.; Sharma, R.; Kumar, S.; Deka, R.C.; Baruah, D.C.; Kalita, E. Recent trends in the pretreatment o
f lignocellulosic biomass for value-added products. Front. Energy Res. 2018, 6, 141.

Galbe, M.; Wallberg, O. Pretreatment for biorefineries: A review of common methods for efficient utilisation of lignocellul
osic materials. Biotechnol. Biofuels 2019, 12, 294.

Jonsson, L.J.; Alriksson, B.; Nilvebrant, N. Bioconversion of lignocellulose: Inhibitors and detoxification. Biotechnol. Biof
uels 2013, 6, 16.

Lombard, V.; Golaconda Ramulu, H.; Drula, E.; Coutinho, P.M.; Henrissat, B. The carbohydrate-active enzymes databa
se (CAZy) in 2013. Nucleic Acids Res. 2014, 42, 490-495.

Davies, G.; Henrissat, B. Structures and mechanisms of glycosyl hydrolases. Structure 1995, 3, 853—859.
Wilson, D.B. Microbial diversity of cellulose hydrolysis. Curr. Opin. Microbiol. 2011, 14, 259-263.

Greene, E.R.; Himmel, M.E.; Beckham, G.T.; Tan, Z. Glycosylation of cellulases: Engineering better enzymes for biofue
Is. In Advances in Carbohydrate Chemistry and Biochemistry; Baker, D.C., Horton, D., Eds.; Academic Press: Cambrid
ge, MA, USA, 2015; Volume 72, pp. 63-112.

Juturu, V.; Wu, J.C. Microbial cellulases: Engineering, production and applications. Renew. Sustain. Energy Rev. 2014,
33, 188-203.

Horn, S.J.; Vaaje-Kolstad, G.; Westereng, B.; Eijsink, V. Novel enzymes for the degradation of cellulose. Biotechnol. Bi
ofuels 2012, 5, 45.

Lynd, L.R.; Weimer, P.J.; van Zyl, W.H.; Pretorius, I.S. Microbial cellulose utilization: Fundamentals and biotechnology.
Bioresour. Technol. 2002, 66, 506-577.

Teeri, T.T. Crystalline cellulose degradation: New insight into the function of cellobiohydrolases. Trends Biotechnol. 199
7,15, 160-167.

Dimarogona, M.; Topakas, E.; Christakopoulos, P. Cellulose degradation by oxidative enzymes. CSBJ 2012, 2, e20120
9015.

Bischof, R.H.; Ramoni, J.; Seiboth, B. Cellulases and beyond: The first 70 years of the enzyme producer Trichoderma r
eesei. Microb. Cell. Fact. 2016, 15, 106.

Lopes, A.M.; Ferreira Filho, E.X.; Moreira, L.R.S. An update on enzymatic cocktails for lignocellulose breakdown. J. Ap
pl. Microbiol. 2018, 125, 632—645.

Jabbour, D.; Borrusch, M.S.; Banerjee, G.; Walton, J.D. Enhancement of fermentable sugar yields by a-xylosidase sup
plementation of commercial cellulases. Biotechnol. Biofuels 2013, 6, 58.

Ye, Z.; Zheng, Y.; Li, B.; Borrusch, M.S.; Storms, R.; Walton, J.D. Enhancement of synthetic Trichoderma-based enzym
e mixtures for biomass conversion with an alternative family 5 glycosyl hydrolase from Sporotrichum thermophile. PLoS
ONE 2014, 9, €109885.



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Liu, G.; Zhang, J.; Bao, J. Cost evaluation of cellulase enzyme for industrial-scale cellulosic ethanol production based o
n rigorous Aspen Plus modeling. Bioprocess. Biosyst. Eng. 2016, 39, 133-140.

Annamalai, N.; Rajeswari, M.V.; Sivakumar, N. Cellobiohydrolases: Role, mechanism, and recent developments. In Mic
robial Enzymes in Bioconversions of Biomass; Gupta, V.K., Ed.; Springer: Berlin/Heidelberg, Germany, 2016; pp. 29-3
6.

Janusz, G.; Pawlik, A.; Sulej, J.; Swiderska-Burek, U.; Jarosz-Wilkotazka, A.; Paszczynski, A. Lignin degradation: Micro
organisms, enzymes involved, genomes analysis and evolution. FEMS Microbiol. Rev. 2017, 41, 941-962.

Druzhinina, I.S.; Kubicek, C.P. Genetic engineering of Trichoderma reesei cellulases and their production. Microb. Biote
chnol. 2017, 10, 1485-1499.

Yamada, R.; Hasunuma, T.; Kondo, A. Endowing non-cellulolytic microorganisms with cellulolytic activity aiming for con
solidated bioprocessing. Biotechnol. Adv. 2013, 31, 754-763.

Shoseyov, O.; Shani, Z.; Levy, |. Carbohydrate binding modules: Biochemical properties and novel applications. Microbi
ol. Mol. Biol. Rev. 2006, 70, 283-295.

Bayer, E.A.; Belaich, J.-P.; Shoham, Y.; Lamed, R. The cellulosomes: Multienzyme machines for degradation of plant ¢
ell wall polysaccharides. Annu. Rev. Microbiol. 2004, 58, 521-554.

Hyeon, J.E.; Jeon, W.J.; Whang, S.V.; Han, S.O. Production of minicellulosomes for the enhanced hydrolysis of cellulos
ic substrates by recombinant Corynebacterium glutamicum Enzyme. Microb. Technol. 2011, 48, 371-377.

Fontes, C.M.G.A.; Gilbert, H.J. Cellulosomes: Highly efficient nanomachines designed to deconstruct plant cell wall co
mplex carbohydrates. Annu. Rev. Biochem. 2010, 79, 655-681.

Costa, T.R.D.; Felisberto-Rodrigues, C.; Meir, A.; Prevost, M.S.; Redzej, A.; Trokter, M.; Waksman, G. Secretion system
s in Gram-negative bacteria: Structural and mechanistic insights. Nat. Rev. Microbiol. 2015, 13, 343—-359.

Yang, H.; Lu, X.; Hu, J.; Chen, Y.; Shen, W.; Liu, L. Boosting secretion of extracellular protein by Escherichia coli via cel
| wall perturbation. Appl. Environ. Microbiol. 2018, 84, e01382-18.

Burdette, L.A.; Leach, S.A.; Wong, H.T.; Tullman-Ercek, D. Developing Gram-negative bacteria for the secretion of hete
rologous proteins. Microb. Cell. Fact. 2018, 17, 196.

Mergulhdo, F.J.M.; Summers, D.K.; Monteiro, G.A. Recombinant protein secretion in Escherichia coli. Biotechnol. Adv.
2005, 23, 177-202.

Green, E.R.; Mecsas, J. Bacterial secretion systems—An overview. Microbiol. Spectr. 2016, 4.

Patel, R.; Smith, S.M.; Robinson, C. Protein transport by the bacterial Tat pathway. Biochim. Biophys. Acta Mol. Cell. R
es. 2014, 1843, 1620-1628.

Xiao, W.; Li, H.; Xia, W.; Yang, Y.; Hu, P.; Zhou, S.; Hu, Y.; Liu, X.; Dai, Y.; Jiang, Z. Co-expression of cellulase and xyla
nase genes in Sacchromyces cerevisiae toward enhanced bioethanol production from corn stover. Bioengineered 201
9, 10, 513-521.

Anandharaj, M.; Lin, Y.-J.; Rani, R.P.; Nadendla, E.K.; Ho, M.-C.; Huang, C.-C.; Cheng, J.-F.; Chang, J.-J.; Li, W.-H. Co
nstructing a yeast to express the largest cellulosome complex on the cell surface. Proc. Natl. Acad. Sci. USA 2020, 11
7, 2385-2394.

Yan, Q.; Fong, S.S. Challenges and advances for genetic engineering of non-model bacteria and uses in consolidated
bioprocessing. Front. Microbiol. 2017, 8, 2060.

Huang, J.; Chen, D.; Wei, Y.; Wang, Q.; Li, Z.; Chen, Y.; Huang, R. Direct ethanol production from lignocellulosic sugars
and sugarcane bagasse by a recombinant Trichoderma reesei strain HJ48. Sci. World J. 2014, 2014, 798683.

Singh, N.; Mathur, A.S.; Gupta, R.P.; Barrow, C.J.; Tuli, D.; Puri, M. Enhanced cellulosic ethanol production via consolid
ated bioprocessing by Clostridium thermocellum ATCC 31924. Bioresour. Technol. 2018, 250, 860—867.

Xin, F.; Dong, W.; Zhang, W.; Ma, J.; Jiang, M. Biobutanol production from crystalline cellulose through consolidated bio
processing. Trends Biotechnol. 2019, 37, 167-180.

Lin, P.P.; Mi, L.; Morioka, A.H.; Yoshino, K.M.; Konishi, S.; Xu, S.C.; Papanek, B.A.; Riley, L.A.; Guss, A.M.; Liao, J.C. C
onsolidated bioprocessing of cellulose to isobutanol using Clostridium thermocellum. Metab. Eng. 2015, 31, 44-52.

Celinska, E.; Nicaud, J.-M.; Biatas, W. Hydrolytic secretome engineering in Yarrowia lipolytica for consolidated bioproce
ssing on polysaccharide resources: Review on starch, cellulose, xylan, and inulin. Appl. Microbiol. Biotechnol. 2021, 10
5, 975-989.

Guo, Z.; Duquesne, S.; Bozonnet, S.; Cioci, G.; Nicaud, J.M.; Marty, A.; O’'Donohue, M.J. Development of cellobiose-de
grading ability in Yarrowia lipolytica strain by overexpression of endogenous genes. Biotechnol. Biofuels 2015, 8, 1-16.



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Duquesne, S.; Bozonnet, S.; Bordes, F.; Dumon, C.; Nicaud, J.M.; Marty, A. Construction of a highly active xylanase dis
playing oleaginous yeast: Comparison of anchoring systems. PLoS ONE 2014, 9, €95128.

Inokuma, K.; Bamba, T.; Ishii, J.; Ito, Y.; Hasunuma, T.; Kondo, A. Enhanced cell-surface display and secretory producti
on of cellulolytic enzymes with Saccharomyces cerevisiae Sed1 signal peptide. Biotechnol. Bioeng. 2016, 113, 2358-2
366.

Wen, F.; Sun, J.; Zhao, H. Yeast surface display of trifunctional minicellulosomes for simultaneous saccharification and
fermentation of cellulose to ethanol. Appl. Environ. Microbiol. 2010, 76, 1251-1260.

Willson, B.J.; Kovéacs, K.; Wilding-Steele, T.; Markus, R.; Winzer, K.; Minton, N.P. Production of a functional cell wall-an
chored minicellulosome by recombinant Clostridium acetobutylicum ATCC 824. Biotechnol. Biofuels 2016, 9, 109.

Wang, C.; Pfleger, B.F,; Kim, S.W. Reassessing Escherichia coli as a cell factory for biofuel production. Curr. Opin. Biot
echnol. 2017, 45, 92-103.

Keseler, I.M.; Mackie, A.; Santos-Zavaleta, A.; Billington, R.; Bonavides-Martinez, C.; Caspi, R.; Fulcher, C.; Gama-Cas
tro, S.; Kothari, A.; Krummenacker, M.; et al. The EcoCyc database: Reflecting hew knowledge about Escherichia coli K
-12. Nucleic Acids Res. 2017, 45, 543-550.

Karp, P.D.; Ong, W.K.; Paley, S.; Billington, R.; Caspi, R.; Fulcher, C.; Kothari, A.; Krummenacker, M.; Latendresse, M.;
Midford, P.E.; et al. The EcoCyc Database. EcoSal Plus 2018, 8.

Sezonoy, G.; Joseleau-Petit, D.; D’Ari, R. Escherichia coli physiology in Luria-Bertani broth. J. Bacteriol. 2007, 189, 874
6-8749.

Baeshen, M.N.; Al-Hejin, A.M.; Bora, R.S.; Ahmed, M.M.; Ramadan, H.A.; Saini, K.S.; Baeshen, N.A.; Redwan, E.M. Pr
oduction of biopharmaceuticals in E. coli: Current scenario and future perspectives. J. Microbiol. Biotechnol. 2015, 25,
953-962.

Unden, G.; Becker, S.; Bongaerts, J.; Schirawski, J.; Six, S. Oxygen regulated gene expression in facultatively anaerobi
¢ bacteria. Antonie van Leeuwenhoek 1994, 66, 3—-22.

Koppolu, V.; Vasigala, V.K. Role of Escherichia coli in biofuel production. Microbiol. Insights 2016, 9, 29-35.

Goeddel, D.V,; Kleid, D.G.; Bolivar, F.; Heyneker, H.L.; Yansura, D.G.; Crea, R.; Hirose, T.; Kraszewski, A.; Itakura, K.;
Riggs, A.D. Expression in Escherichia coli of chemically synthesized genes for human insulin. Proc. Natl. Acad. Sci. US
A 1979, 76, 106-110.

Nakamura, C.E.; Whited, G.M. Metabolic engineering for the microbial production of 1,3-propanediol. Curr. Opin. Biotec
hnol. 2003, 14, 454-459.

Ingram, L.O.; Conway, T.; Alterthum, F. Ethanol Production by Escherichia coli Strains Co-Expressing Zymomonas PD
C and ADH Genes. 1988. Available online: (accessed on 17 May 2021).

Yomano, L.P.; York, S.W.; Zhou, S.; Shanmugam, K.T.; Ingram, L.O. Re-engineering Escherichia coli for ethanol produc
tion. Biotechnol. Lett. 2008, 30, 2097-2103.

Atsumi, S.; Hanai, T.; Liao, J.C. Non-fermentative pathways for synthesis of branched-chain higher alcohols as biofuel
s. Nature 2008, 451, 86-89.

Amer, M.; Hoeven, R.; Kelly, P.; Faulkner, M.; Smith, M.H.; Toogood, H.S.; Scrutton, N.S. Renewable and tuneable bio-
LPG blends derived from amino acids. Biotechnol. Biofuels 2020, 13, 125.

Amer, M.; Wojcik, E.Z.; Sun, C.; Hoeven, R.; Hughes, J.M.X.; Faulkner, M.; Yunus, |.S.; Tait, S.; Johannissen, L.O.; Har
dman, S.J.0.; et al. Low carbon strategies for sustainable bio-alkane gas production and renewable energy. Energy En
viron. Sci. 2020, 13, 1818-1831.

Ascue Avalos, G.A.; Toogood, H.S.; Tait, S.; Messiha, H.L.; Scrutton, N.S. From bugs to bioplastics: Total (+)-dihydroca
rvide biosynthesis by engineered Escherichia coli. Chem. Eur. J. Chem. Biol. 2019, 20, 785-792.

Steen, E.J.; Kang, Y.; Bokinsky, G.; Hu, Z.; Schirmer, A.; McClure, A.; del Cardayre, S.B.; Keasling, J.D. Microbial produ
ction of fatty-acid-derived fuels and chemicals from plant biomass. Nature 2010, 463, 559-562.

Martin, V.J.J.; Pitera, D.J.; Withers, S.T.; Newman, J.D.; Keasling, J.D. Engineering a mevalonate pathway in Escherich
ia coli for production of terpenoids. Nat. Biotechnol. 2003, 21, 796-802.

Alonso-Gutierrez, J.; Chan, R.; Batth, T.S.; Adams, P.D.; Keasling, J.D.; Petzold, C.J.; Lee, T.S. Metabolic engineering
of Escherichia coli for limonene and perillyl alcohol production. Metab. Eng. 2013, 19, 33-41.

Dunstan, M.S.; Robinson, C.J.; Jervis, A.J.; Yan, C.; Carbonell, P.; Hollywood, K.A.; Currin, A.; Swainston, N.; Le Feuvr
e, R.; Micklefield, J.; et al. Engineering Escherichia coli towards de novo production of gatekeeper (2S)-flavanones: Nar
ingenin, pinocembrin, eriodictyol and homoeriodictyol. Synth. Biol. 2020, 5, ysaa012.



119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Yang, J.; Xian, M.; Su, S.; Zhao, G.; Nie, Q.; Jiang, X.; Zheng, Y.; Liu, W. Enhancing production of bio-isoprene using h
ybrid MVA pathway and isoprene synthase in E. coli. PLoS ONE 2012, 7, e33509.

Whited, G.M.; Feher, F.J.; Benko, D.A.; Cervin, M.A.; Chotani, G.K.; McAuliffe, J.C.; LaDuca, R.J.; Ben-Shoshan, E.A.;
Sanford, K.J. Development of a gas-phase bioprocess for isoprene-monomer production using metabolic pathway engi
neering. Ind. Biotechnol. 2010, 6, 152—-163.

Minami, H.; Kim, J.-S.; Ikezawa, N.; Takemura, T.; Katayama, T.; Kumagai, H.; Sato, F. Microbial production of plant be
nzylisoquinoline alkaloids. Proc. Natl. Acad. Sci. USA 2008, 105, 7393-7398.

Nakagawa, A.; Matsumura, E.; Koyanagi, T.; Katayama, T.; Kawano, N.; Yoshimatsu, K.; Yamamoto, K.; Kumagai, H.; S
ato, F.; Minami, H. Total biosynthesis of opiates by stepwise fermentation using engineered Escherichia coli. Nat. Com
mun. 2016, 7, 10390.

Bokinsky, G.; Peralta-Yahya, P.P.; George, A.; Holmes, B.M.; Steen, E.J.; Dietrich, J.; Lee, T.S.; Tullman-Ercek, D.; Voig
t, C.A.; Simmons, B.A; et al. Synthesis of three advanced biofuels from ionic liquid-pretreated switchgrass using engin
eered Escherichia coli. Proc. Natl. Acad. Sci. USA 2011, 108, 19949-19954.

Ryu, S.; Karim, M.N. A whole cell biocatalyst for cellulosic ethanol production from dilute acid-pretreated corn stover hy
drolyzates. Appl. Microbiol. Biotechnol. 2011, 91, 529-542.

Pang, J.; Liu, Z.-Y.; Hao, M.; Zhang, Y.-F.; Qi, Q.-S. An isolated cellulolytic Escherichia coli from bovine rumen produces
ethanol and hydrogen from corn straw. Biotechnol. Biofuels 2017, 10, 165.

Gao, D.; Luan, Y.; Wang, Q.; Liang, Q.; Qi, Q. Construction of cellulose-utilizing Escherichia coli based on a secretable
cellulase. Microb. Cell. Fact. 2015, 14, 159.

Qian, Z.-G.; Xia, X.-X.; Choi, J.H.; Lee, S.Y. Proteome-based identification of fusion partner for high-level extracellular p
roduction of recombinant proteins in Escherichia coli. Biotechnol. Bioeng. 2008, 101, 587-601.

Gao, D.; Wang, S.; Li, H.; Yu, H.; Qi, Q. Identification of a heterologous cellulase and its N-terminus that can guide reco
mbinant proteins out of Escherichia coli. Microb. Cell. Fact. 2015, 14, 49.

Ashiuchi, M.; Nawa, C.; Kamei, T.; Song, J.J.; Hong, S.P.; Sung, M.H.; Soda, K.; Misono, H. Physiological and biochemi
cal characteristics of poly gamma-glutamate synthetase complex of Bacillus subtilis. Eur. J. Biochem. 2001, 268, 5321—
5328.

Retrieved from https://encyclopedia.pub/entry/history/show/24557



