
Identifying Novel Lignocellulosic 
Processing Enzymes from Cellulomonas 

fimi using Transcriptomic, Proteomic and 
Evolution Adaptive Studies

Nurashikin Ihsan 

Doctor of Philosophy

University of York 

Biology 

May 2017



Abstract
The declining reserves of fossil fuel twined with an increasing concern about the environmental 

consequences of burning these fuels and rising carbon dioxide levels, means that a more 

sustainable replacement is required. Lignocellulosic biomass is an attractive candidate that has 

been shown to be the best sustainable alternative source to produce bioethanol for liquid 

transportation fuels. It has enormous availability, is renewable and cost-effective. As an 

agricultural residue, it does not compete with food production. However, lignocellulosic 

biomass of plant cell walls is composed mainly of cellulose, hemicellulose and lignin, which are 

extremely resistant to digestion. Converting this biomass to useful products of fermentable 

sugars for bioethanol production has met with little success as harsh pretreatment and costly 

enzyme applications are required. An arsenal of enzymes and a synergistic mechanism are 

required to deconstruct recalcitrant lignocellulosic biomass for an efficient production of 

lignocellulosic bioethanol. To achieve this goal, this study used transcriptomic and proteomic 

approaches with the objective of identifying new genes and enzymes involved in lignocellulose 

degradation. This revealed that the only one AA10 of Cellulomonas fim i was among the highest 

enzymes identified during the degradation of cellulose. Another other 20 hypothetical proteins 

co-expressed with CAZymes have been identified including a potentially exclusively new C. fim i 

P-glucosidase (PKDP1) that contains a PKD-domain and oxidoreductase predicted function of 

PQQ-domain. A naturally mutagenized C. fim i population also was screened from an adaptive 

evolution experiment involving exposure to a wheat straw environment. One of the strains in 

the adaptive population (Strain-6) showed a higher association with wheat straw biomass, which 

may be an indication of the strategy that being used by the adapted strain to tackle obstinate 

substrates to sustain growth. These results show many new enzymes would be revealed from 

the C. fim i repertoire in order to have a better enzymatic cocktails for lignocellulose breakdown. 

For the future, this encourages a deeper understanding of lignocellulose deconstruction 

mechanisms by an orchestra of multiple enzymes in a bacterial system.
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1 Introduction

1.1 WORLD'S TREND ON WATER-FOOD-ENERGY DEMAND

Chapter 1: Introduction

The demand for water, food, and energy are predicted to increase by 40, 35, and 50 percent, 

respectively in the coming decades (1). This leads to the debate on 'resource scarcity' where 

the scientific findings suggest that humanity has exceeded the planetary boundaries and is 

threatening its own safety (2). Water, food and energy resources are tightly interconnected, 

forming a policy nexus (3,4) that is being discussed all over the globe by policy makers and 

scientists looking for solutions for sustainable development planning (Figure 1.1).

Figure 1.1: The world's trend demand and policy nexus.

It is predicted that by 2030 the world will need to produce around 50 per cent more food and 

energy, together with 30 per cent more fresh water, whilst mitigating and adapting to climate 

change. Illustration is reproduced from Beddington (5).

1.1.1 Global resources insecurity and climate change

Water is important for life and is a vital resource for the economy. It is also plays a fundamental 

role in the climate regulation cycle. Therefore, the management and protection of water 

resources is one of the keystones of environmental protection (4). Water insecurity caused by 

unmonitored development and environmental stress such as climate change may have a 

material impact on the economy. Climate change is the change in climate parameters such as 

regional temperature, precipitation, or extreme weather caused by increase in the greenhouse
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effect. It is significantly impacted by agriculture due to increasing water demand, limiting crop 

productivity and reducing water availability in areas where irrigation is most needed (4). Several 

other sectors can also cause climate change; e.g. from burning activities by the release of CO2 

from fossil fuel combustion and an underestimated source of greenhouse gases (GHG) emissions 

that is anticipates from tropical deforestation (6- 8). The term Greenhouse gases refers to gases 

that contribute to the effect by absorbing infrared radiation (heat). The greenhouse effect is the 

process where the greenhouse gases (water vapors, CO2, methane, etc.) in the atmosphere 

absorb and re-emit heat being radiated from the Earth, hence trapping warmth that causes 

global warming (9). Global climate change is linked to the accumulation of greenhouse gases 

which causes concerns regarding the use of fossil fuels as the major energy source. To mitigate 

climate change while keeping energy supply sustainable, one proposal solution is to rely on the 

ability of microorganisms to use renewable resources for biofuel synthesis. Figure 1.2(A) shows 

the percentage of global greenhouse gas emissions from a study conducted by 

Intergovernmental Panel on Climate Change (IPCC) from 2010 (10). Electricity, heat production 

(25%) as well as agriculture, forestry and other land use (24%) contributed the most greenhouse 

emissions followed by transportation sector (14%). The increment production of GHG and black 

carbon emission are among the disadvantages of human activities that create a serious 

environmental concern. A study showed that the emission of CO2 is projected to be increased 

since 1750 towards 2050 (Figure 1.2(B)).

Chapter 1: Introduction

Figure 1.2: Proportions of global greenhouse gas emissions by economic sectors (A) and the 

projection of CO2 emission (B).

A) Six major economic sectors that use energy and produce GHG based on a global emissions 

study from 2010 reported in IPCC report, 2014 (10). B) Projection of global carbon dioxide 

emissions from fossil fuel burning since 1751 to 2012 (11).
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Large scale tropical deforestation caused by burning activities in countries such as Indonesia as 

well as the burning of agricultural residues which occur particularly in developing countries e.g. 

in India and Vietnam cause toxic and severe air pollution (8). The National Aeronautics and Space 

Administration (NASA) revealed the severity of these activities from the satellite images taken 

from space (Figure 1.3). The maps revealed that stubble-burning was not widespread in 2000. 

However, the problem had grown alarmingly by 2002 and continues to be a major health hazard.

A)

B)

Figure 1.3: Fires from open burning in India and Indonesia detected by NASA satellites.

A) NASA satellite pictures reveal the evolution of paddy-stubble burning problem in Punjab, 

India since 2000. Each orange dot represents 1 sqkm2 area where significant fires were 

observed. Each map shows cumulative farm fires from Oct 1 to Nov 10, each year. Images are 

reproduced from an article in 2015 by Amit Bhattacharya (12). B) Fires in Sumatra, Indonesia 

detected by NASA's Moderate Resolution Imaging Spectroradiometer (MODIS) sensor in 2013. 

Fires set for deforestation/land clearing in Indonesia triggered health warnings in Singapore and 

most parts of Malaysia. Images courtesy of Google Earth and NASA, reproduced from an article 

from The Economist (13).
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The NASA images are clear proof that widespread crop burning has become a major contribution 

to air pollution and GHG emission specifically in Asian countries. These are among the examples 

that emission of CO2 and GHG contribute to the net carbon change in the atmosphere which 

trigger the climate instability and result in global warming (6). Black carbon emissions are a 

potential danger to human health and may cause premature deaths (14). The real scenarios are 

happening on the ground when the farmers burn fields to clear crop stubble left after harvest. 

However, as many farmers cannot afford to spend extra money to use a tractor and plough 

stubble into the earth to be decomposed, open-burning of the stubble became the fastest and 

cheapest option. To decompose the stubble, the farmers have to further invest in watering 

systems. As this process takes time, it is not favorably practiced. Furthermore, the quality of the 

stubble after being harvested using a machine is not usable as fodder and could not be recycled 

into cardboard (15).

The International Energy Agency (IEA) are targeting a 50% reduction of greenhouse gasses by 

2050 (16). Several technologies for generating bioenergy to produce heat and power already 

exist, ranging from conventional solid wood heating installations for buildings to biogas 

digesters for power generation, to large-scale biomass gasifications, as well as the production 

of biofuels especially for transportation sector (16). Renewable sources for the generation of 

electricity and heat and can be produced from tidal and wind energies. However, these 

resources cannot be utilized as fuels; particularly liquid fuel for transportation. Therefore, the 

only way to produce sustainable renewable liquid fuels is through the use of renewable 

biological products to create biofuels.

1.2 BIOETHANOL AS A BIOFUEL

Biofuels are produced by the conversion of biomass into liquids or gases, such as ethanol, lipids 

as biofuel precursors, biogas, or hydrogen, via biological or thermal processes. Bioethanol 

(CH3 CH2OH) is a liquid biofuel which can be produced from several different feedstocks. 

Bioethanol can be used as a chemical in industrial applications or as fuel for energy generation; 

neat or blended with gasoline or diesel fuels. Biofuels can be broadly divided into first 

generation and second generation. Briefly, first generation bioethanol is mainly produced from 

edible crop feedstock by fermenting starch or sugars. The issue with first generation fuels is that 

their use of food commodities adds stress to world food security in an unsustainable manner. 

Second generation biofuels are produced from woody, non-food (lignocellulosic) plant biomass

Chapter 1: Introduction
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such as crop residues or dedicated biomass crops. This is achieved via several pretreatments 

steps of the biomass, enzymatic hydrolysis and fermentation of the resulting sugars.

1.2.1 First generation of biofuel

Currently, first generation biofuels are sourced from crops such as starch, sugar, vegetable oil 

as energy-containing molecules, or even animal fats processed by conventional methodologies. 

First generation biofuels offer benefits for reducing CO2 emission and can aid to improve 

domestic energy security. Biodiesel (bio-esters), bioethanol and biogas are the examples of the 

first generation biofuels that have been categorized by its ability to be blended with petroleum- 

based fuels and combusted in existing internal combustion engines (17,18). The production of 

first generation biofuels is now commercially competitive with the largest ethanol producing 

countries, United States of America (USA) and Brazil being responsible for the production of 54 

x 106 and 21 x 106 m3 in 2011, respectively (19). However, the source of feedstock raised 

concerns on the possible impact on biodiversity and land use; besides the competition with food 

crops (17). The disadvantage with these first generation biofuels is that they compete for 

resources with food commodities, adding to the stress on world food security brought about 

the growing global human population. This apparent conflict greatly limits the amount and 

sustainability of the biofuels that can be produced. One way in which the food security issue can 

be avoided is by producing biofuels from the woody non-food parts of crops and other residues.

1.2.2 Second generation of biofuel

Second generation bioethanol can be produced by fermenting sugars from the lignocellulosic 

biomass of dedicated bio-energy crops e.g. miscanthus, or those from co-products such as cereal 

straw (20). Three major steps are involved in biomass-to-ethanol process; 1) biomass 

pretreatment and fractionation, 2) enzymatic hydrolysis of cellulosic fraction, and 3) 

fermentation of the derived sugars to ethanol. Many factors contribute to the overall costs of 

producing biomass derived ethanol, however, the feedstock cost has been reported to be 

among the highest (21). To reduce these costs, one of the possible ways forward is by making 

use of underutilised biomass materials such as wheat straw from agricultural farms. In England, 

there is a potential cereal straw supply of 5.27 million tons (Mt) from arable farm types; 3.82 Mt 

are currently used and 1.45 Mt currently chopped and incorporated (22). Approximately 10 Mt 

of cereals straw was generated from 3 million hectares of wheat, barley, and oats in 2015 

(23,24). Of this, 75% of straw is used for animal bedding, 23% is chopped and recombined into
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the soil, and 2% is used for the mushroom compost. Wheat straw is an example of lignocellulosic 

biomass which comes from an agricultural by-product by harvesting the cereal grains. There 

could be up to 1.4 million tons of wheat straw per annum available for the potential sectors such 

as the biofuel industry in the UK alone (25). The variations in regional straw yields (t ha-1) have 

a great effect on the England supply of straw and the potential amount of bioethanol that can 

be produced. This shows that commercially competitive substrates are available. However, 

biomass digestibility is still a major challenge. Thus, a few approaches still need to be improved;

1) to make biomass more digestible without compromising crops yield, and 2) to apply more 

effective pretreatments and enzymes for bioethanol conversion (26).

1.3 LIGNOCELLULOSIC BIOMASS

Lignocellulosic biomass is an attractive resource for fuel and biochemical production due to its 

abundance in nature. Waste biomass, the stalks of agriculture crops such as wheat and paddy, 

corn stover and wood can serve as raw materials. One of the attractions of woody plant biomass, 

or lignocellulose, is that it is rich in polysaccharides that can be converted into sugars for 

fermentation. However, one of the reasons that lignocellulose is abundant is because it is hard 

to break down into simple sugars due to its naturally durable structure. The plant cell wall is a 

structure characterized by a network of polysaccharides, structural proteins, and phenolic 

compounds. This network of polymers protects the plant against external stresses and provides 

structural and mechanical support to plant tissues. It is biochemically resistant mainly due to 

the presence of polyphenols called lignin that serve as protection and natural barrier of the 

plant against hydrolytic enzymes produced by microorganism in nature (27). The chemical 

composition and mechanical properties make plant cell walls a rich source of chemicals and 

fermentable sugars for the production of biofuels as it is comprised of roughly 70% 

polysaccharides that can potentially serve as a source of fermentable sugars (28). Plant cell walls 

are classified as primary and secondary cell walls. Both are different in their physiological roles 

as well as their chemical composition. Primary cell walls are located around dividing and 

elongating cells which consists of a large proportion of polysaccharides (cellulose; 40-50%, 

hemicelluloses; 20-40%, and pectin; 20-30%). Secondary cell walls are made up of cross-linked 

hetero-matrix of cellulose, hemicelluloses, and lignin and are laid down on the interior of the 

primary cell walls (Figure 1.4). The relative abundant of these three polymers varies depending 

on the type of biomass (29).
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Figure 1.4: Illustration of a plant cell walls.

The features of the plant cell wall are shown. Relative thickness of the cell wall layers, relative 

abundance and specific localization of the various cell wall components, such as pectin, 

cellulose, hemicellulose, lignin and protein are illustrated. Image is reproduced from 

Achuyathan et al., 2010 (30).

1.3.1 Cellulose

Cellulose is the main component of plant cell walls and the most abundant organic compound 

in terrestrial ecosystems. A linear cellulose polysaccharide consists of hundreds to over ten 

thousand P-1,4 linked glucose units (Figure 1.5A). The cellulose chains aggregate into 

microfibrils via hydrogen bonding and van der Waals interactions shows in Figure 1.5B (31,32). 

These microfibrils are crystalline, non-soluble, and challenging for enzymatic saccharification. 

Consecutive sugars along chains in crystalline cellulose are rotated by 180 degrees, meaning 

that the disaccharide (cellobiose) is the repeating unit. Cellulose tends to contain both well- 

ordered crystalline regions and disordered, more amorphous regions. While its recalcitrance to
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enzymatic degradation may contribute problems, one big advantage of cellulose is its 

homogeneity. Complete depolymerization of cellulose yields just one product, glucose. Cellulose 

deconstruction is critical to ecosystem functioning and the global carbon cycle. Only selected 

lineages of fungi and bacteria have evolved the ability to efficiently degrade this highly 

recalcitrant substrate (33).

A)

B)

Figure 1.5: Overview of cellulose structure.

A) Cellulose chain (partial structure) consists of glucose monomers depicting an internal network 

of hydrogen bonds. The carbon numbering scheme is depicted on one glucosidic unit. Image is 

reproduced from Hemsworth et al., 2013 (34). B) Simplistic sketch of a P-cellulose microfibril. 

Parallel cellulose chains aggregate into crystalline structures called microfibrils. Illustration is 

reproduced from Horn et al. (35).

1.3.2 Hemicellulose

Hemicelluloses are a large group of polysaccharides found in the primary and secondary cell 

walls. Hemicelluloses are built up by pentoses (D-xylose, D-arabinose), hexoses (D-mannose, D- 

glucose, D-galactose) and sugar acids (36). These are including P-glucan, xylan, xyloglucan, 

arabinoxylan, mannan, galactomannan, arabinan and so on. The hemicelluloses found in cereal 

straws are largely represented as complex heteropolysaccharides with various degrees of 

branching of the P-1,4-linked xylopyranosyl main chain structure (37). Softwood contains mainly
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glucomannans, while in hardwood xylans are most common. Hemicelluloses interconnect with 

other cell wall components through covalent bonds and secondary forces (38). Both the 

cellulose and hemicellulose can be broken down enzymatically into the component sugars which 

may be then fermented to ethanol. Multiple classes of enzymes are required for effective 

degradation of cellulose and hemicelluloses (39). The break down process involves enzymes like 

glycoside hydrolases, carbohydrate esterases, polysaccharide lyases, endo- hemicellulases and 

others, the concerted action of which hydrolyze glycosidic bonds, ester bonds and remove the 

chain's substituents or side chains. These include endo-1,4-P-xylanase, P,-xylosidase, P- 

mannanase, P-mannosidase, a-glucuronidase, a-L-arabinofuranosidase, acetylxylan esterase 

and other enzymes (40).

1.3.3 Lignin

While cellulose and hemicellulose are built from carbohydrates, the random structure in the 

tridimensional network inside the cell which consists of lignin is built up by oxidative coupling of 

three major C6-C3 (phenypropanoid) units, namely syringyl alcohol (S), guaiacyl alcohol (G), and 

p-coumaryl alcohol (H) (41,42). Lignins are highly branched, substituted, mononuclear aromatic 

polymers in the cell walls of certain biomass, especially woody species, and are often bound to 

adjacent cellulose fibers to form a lignocellulosic complex (Figure 1.6). This complex and the 

lignins alone are often quite resistant to conversion by microbial systems and many chemical 

agents. The lignin-hemicellulose complex surrounds the cellulose with which it is bound through 

extensive hydrogen bonding to form a supramolecular structure that protects the cellulose and 

is the reason for biomass recalcitrance (30). Lignin is one of the most abundant natural polymers 

expected to play an important role in the near future as a raw material for the production of 

bio-products. Large amounts of lignin are produced each year by the pulp and paper industry as 

by-products of delignification. The amount of lignin in plants vary widely, and is normally in the 

range of 20-30% by weight (43). Lignin is an aromatic hetero-biopolymer role as the constituent 

of an internal cell wall in all vascular plants including the herbaceous varieties. In the plant cell 

wall, hemicelluloses serve as a connection between lignin and cellulose and gives the whole 

cellulose-hemicelluloses-lignin network structure more rigidity besides 20 different types of 

bonds present within the lignin itself (44). Owing to its cross linking, lignin in-situ is usually 

insoluble in all solvents, unless it is degraded by physical or chemical treatments.
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04

Figure 1.6: Structure of lignin.

Unlike most natural polymers, such as cellulose and starch, which consist of a single monomer 

and intermonomeric linkage, lignin is a network polymer made up by oxidative coupling of three 

major C6-C3 (phenylpropanoid) units with many carbon-to-carbon and ether linkages, such as 

P-0-4, 4-0-5, P-P, P-1, P-5, and 5-5' (45). It is covalently linked to polysaccharides, forming a 

lignin-hemicellulose network made up of benzyl-ether, benzyl-ester, and phenyl-glycoside 

bonds (44). Image is reproduced from Crestini et al., 2011 (46).

1.4 LIGNOCELLULOSE DIGESTION IN NATURE

Despite lignocellulose being a hard-to-digest structure, a range of animals and microbes can 

digest lignocellulosic biomass in nature. Animals such as termites (47,48), beetles (49,50) and 

marine wood borers (51,52) have evolved to live on a diet of lignocellulose. Microbes are the 

main source of lignocellulose digestion in these animal systems and also serve to turn over 

woody biomass in the environment. Filamentous fungi are major degraders of lignocellulosic 

biomass in the environment due to their ability to degrade lignin. This is mostly achieved
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through the action of enzyme-mediated oxidative free radical attack of the lignin, exposing the 

polysaccharides for hydrolytic enzyme attack. Many biomass-degrading organisms secrete 

synergistic cocktails of individual enzymes with one or several catalytic domains per enzyme, 

whereas a few bacteria synthesize large multi-enzyme complexes (cellulosomes) which contain 

multiple catalytic units per complex (39,53). The cellulosomes present in obligate anaerobic 

microbes contain many catalytic units per individual complex, linked to a single carbohydrate 

binding module (CBM) bearing scaffoldin via cohesin-dockerin interactions (54,55). Although 

lignocellulolytic fungi such as Aspergillus, Penicillium, Schizophyllum, Trichoderma, 

Phanerochaete and Sclerotium  species can secrete industrial quantities of extracellular 

enzymes, bacterial enzyme production can be more cost-efficient (56).

1.4.1 Aerobic lignocellulolytic bacteria

The rapid growth and multi-enzyme complexes with increased functionality and specificity 

ensure that the lignocellulolytic bacteria tolerate larger and more diverse environmental 

stresses during lignocellulose decomposition and occupy wider niches than filamentous fungi 

(57). A few bacterial species are currently known to degrade both cellulose and lignin. Among 

them are member of the genera Pseudomonas (order Pseudomonadales), Streptomyces, as well 

as Cellulomonas (order Actinomycetales) which are likely to employ extracellular laccases and 

peroxidases to attack lignin (42,58,59). With respect to recent trends in lignocellulose 

decomposition research, the broad studies conducted by scientists on laccases and peroxidases 

have identified that aerobic lignocellulolytic microbes exhibit free and complex enzymes synergy 

which require terminal or intermediate electron acceptors to support the decomposition under 

limited carbon source conditions (60).

1.4.2 Glyosyl Hydrolases (GHs)

In Nature, the enzymatic deconstruction of cellulose and hemicellulose is achieved by the 

orchestrated action of various carbohydrate-active enzymes (CAZymes), typically acting 

together as a cocktail with synergistic activities and modes of action (61) (see Figure 1.7). GHs 

are important enzymes that cleave glycosidic bonds that exist in cellulose and hemicellulose. 

The capacity of GHs are aided by polysaccharide esterases that remove methyl, acetyl and 

phenolic esters, permitting the GHs to break down hemicelluloses (62). Additionally, 

polysaccharides are depolymerised by the activity of polysaccharide lyases (PL) (63).
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More recently, the action of lytic polysaccharide monooxygenases (LPMOs) has been shown to 

be critical for efficient cellulose hydrolysis by the oxidative cleavage of difficult to access glucans 

on the surface of crystalline cellulose microfibrils (64,65). Across the Tree of Life, the GH cocktail 

composition varies significantly in composition depending on the kingdom of the cellulolytic 

organism, the evolutionary pressure, and the environmental niche of the cellulolytic habitats 

(61). Lignocellulose-utilising creatures secrete some GHs, however most benefitted from a 

mutualism relationship with their enzyme-secreting gut microflora, a particular example in 

termites. However, in shipworms the system consists of GH-secreting and LPMO-secreting 

bacteria that separate from the site of digestion, whereas, the isopod Limnoria solely relies on 

endogenous enzymes (51,52).

Figure 1.7: Schematics of microbial mechanisms of lignocellulose degradation.

Aerobic cell-free cellulase system employed by most of bacteria and fungi. Cellulose is digested 

via the synergistic interaction of individual GH and LPMO secreted enzymes. NR-, non-reducing 

ends; -R, reducing ends. Image is reproduced from Cragg et al. (51).

1.4.3 Lytic polysaccharide M onooxygenase (LPMO)

Lytic polysaccharide monooxygenases (LPMOs) are a type of enzyme which requires a reducing 

agent (either a small molecule reducing agent or cellobiose dehydrogenase), oxygen, and a 

copper (Cu) ion bound in the active site for activity (57,66,67). The glycoside hydrolases, pectate 

lyases, esterases and the new LPMOs are all often found as parts of multi-modular enzymes that 

contain substrate-targeting carbohydrate-binding modules (68). These enzymes are important 

for the decomposition of recalcitrant biological macromolecules such as chitin and plant cell wall
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polymers (61,69). Since their discovery, LPMOs have become integral factors in the industrial 

utilization of biomass, especially in the sustainable generation of cellulosic bioethanol (70). 

LPMOs were originally designated as GH61 and CBM33, but now classified as Auxiliary Activity 

(AA) 9, AA10 and AA11 in the CAZy database (69,71,72). The reclassification of GH61 to AA family 

was based on the findings that although some GH61s appeared to have weak endoglucanase 

activity, enzymes from this group could enhance enzymatic depolymerization of cellulose into 

soluble sugars by GHs. The AA9 contains fungal enzymes and AA10 predominantly bacterial 

enzymes (73). 3D structural analyses of lytic polysaccharide monooxygenases of both bacterial 

AA10 (previously CBM33) and fungal AA9 (previously GH61) enzymes uncovered structures with 

b-sandwich folds containing an active site with a metal coordinated by an N- terminal histidine 

(68). LPMO are copper-containing enzymes (metalloenzymes) that depolymerize recalcitrant 

polysaccharides by breaking down the glycosidic bonds and direct oxidative attack on the 

carbohydrate polymer chains through a flat site with a centrally located copper atom (65). 

LPMOs cleave the polysaccharide chain by utilising the oxidative capacity of molecular oxygen 

to scission a glycosidic C-H bond. To break these bonds, LPMOs activate oxygen, in a reducing 

agent dependent manner, at a copper-containing active site known as the histidine brace 

(34,74,75). Working together with both canonical polysaccharide hydrolases and other electron 

transfer compounds, these enzymes significantly boost the deconstruction of polysaccharides 

into oligosaccharides. Consequently, they have real potential for improving the production of 

biofuels from lignocellulose sustainable sources.
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1.4.4 Cellulomonas fim i  ATCC® 484™

At a biochemical level, one of the best understood cellulose-degrading bacterial systems is 

derived from Cellulomonas fimi. C. fim i is a Gram-positive coryneform bacterium, a group which 

includes a range of cellulolytic facultative anaerobes. The C. fim i genome encodes an array of 

glycosyl hydrolases (GHs) and Carbohydrate Active Enzymes (CAZymes) with similar numbers 

(176 CAZymes) to those found in other cellulomonads (Cellulomonas Uda, Cellulomonas 

flavigena and Cellulomonas sp. CS-1) but it has a slightly lower number of CAZymes compared 

to other cellulase-secreting bacteria such as Fibrobacter succinogenes (190 CAZymes), 

Streptomyces coelicolor (268 CAZymes), Streptomyces bigichenggensis (276 CAZymes), and 

Streptomyces davawensis (337 CAZymes) (76). Despite the lesser number of CAZymes, previous 

studies reported its proficiency and capability to utilize cellulose by expressing extracellular 

cellulases which include exoglucanases (39,77-80), and endoglucanases (80,81) towards 

digestion of diverse set of carbohydrates including crystalline cellulose, in vitro. From the 

reported studies, 30 structures of proteins from C. fim i are available in the Protein Data Bank 

(PDB) and 10 well-characterized enzymes have been fully reviewed in Universal Protein 

Resource (UniProt KB) database (see Table 1.1) regarding to the mode of action of their catalytic 

and carbohydrate-binding module of actions towards various of polysaccharides (82-85). C. fim i 

is still of interest due to significant gaps in knowledge with regard to its ability to digest 

recalcitrant lignocellulose. Interestingly, the C. fim i genome not reveal any homology to typical 

cellulosome components such as scaffoldins, dockerins or cohesins which exists commonly in 

facultative anaerobes enzymatic systems (86). This is in contrast with other reports where C. 

fim i was reported to have a mutually exclusive approach by using both "secreted-enzyme" and 

"surface-enzyme" strategies during cellulose digestion other than the reported carbohydrate- 

binding proteins (87,88). This characteristic was only found in two cellulolytic facultative 

anaerobes bacteria including C. fermentans (86).
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Table 1.1: Characterized C. fimi proteins involving in polysaccharide degradation as listed in the UniProt KB database.

Reviewed C. fim i characterized proteins as curated in the UniProt KB database accessed in April, 2017.

UniProt
ID

UniProt 
Entry name Length Protein name Gene

names Catalytic activity Protein family/CAZy References

P14090 GUNC_CELFA 1,101 Endoglucanase C
cenC

Celf_1537

Endohydrolysis of (1->4)-P-D- 
glucosidic linkages in cellulose, 
lichenin and cereal P-D-glucans.

CBM4. Carbohydrate- 
Binding Module Family 4.

GH9. Glycoside Hydrolase 
Family 9.

(89-92)

P50899 GUXB_CELFA 1,090 Exoglucanase B
cbhB cenE, 
Celf_3400

Hydrolysis of (1->4)-P-D-glucosidic 
linkages in cellulose and 
cellotetraose, releasing cellobiose 
from the non-reducing ends of the 
chains.

CBM2. Carbohydrate- 
Binding Module Family 2.

GH48. Glycoside Hydrolase 
Family 48.

(77,93,94)

P50400 GUND_CELFI 747 Endoglucanase D cenD
Endohydrolysis of (1->4)-P-D- 
glucosidic linkages in cellulose, 
lichenin and cereal P-D-glucans.

CBM2. Carbohydrate- 
Binding Module Family 2.

GH5. Glycoside Hydrolase 
Family 5.

(93)

P07984 GUNA_CELFI 449 Endoglucanase A cenA
Endohydrolysis of (1->4)-P-D- 
glucosidic linkages in cellulose, 
lichenin and cereal P-D-glucans.

CBM2. Carbohydrate- 
Binding Module Family 2.

GH6. Glycoside Hydrolase 
Family 6.

(39,89,95,96)
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UniProt
ID

UniProt 
Entry name Length Protein name Gene

names C a ta ly t ic  a c tiv ity Protein family/CAZy References

P26255 GUNB_CELFI 1,045 Endoglucanase B cenB
Endohydrolysis of (1->4)-P-D- 

glucosidic linkages in cellulose, 
lichenin and cereal P-D-glucans.

CBM2. Carbohydrate- 
Binding Module Family 2.

CBM3. Carbohydrate- 
Binding Module Family 3.

GH9. Glycoside Hydrolase 
Family 9.

(81,97)

P50401 GUXA_CELFA 872 Exoglucanase A
cbhA

Celf_1925

Hydrolysis of (1->4)-P-D-glucosidic 
linkages in cellulose and 
cellotetraose, releasing cellobiose 
from the non-reducing ends of the 
chains.

CBM2. Carbohydrate- 
Binding Module Family 2.

GH6. Glycoside Hydrolase 
Family 6.

(93,98)

Q7WUL4 HEX20_CELFI 496
P-N-
acetylhexosa-
minidase

hex20
hex20A

Hydrolysis of terminal non
reducing N-acetyl-D-hexosamine 
residues in N-acetyl-P-D- 
hexosaminides.

GH20. Glycoside Hydrolase 
Family 20.

(99)

P54865 XYND_CELFI 644

Bifunctional
xylanase/

deacetylase

xynD
Endohydrolysis of (1->4)-P-D- 
xylosidic linkages in xylans.

CBM2. Carbohydrate- 
Binding Module Family 2.

GH11. Glycoside Hydrolase 
Family 11.

(100-103)
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UniProt
ID

UniProt 
Entry name Length Protein name Gene

names C a ta ly t ic  a c tiv ity Protein family/CAZy References

P07986 GUX_CELFI 484
Exoglucanase/
xylanase

cex xynB

Hydrolysis of (1->4)-p-D- 
glucosidic linkages in cellulose 
and cellotetraose, releasing 
cellobiose from the non
reducing ends of the chains.

Endohydrolysis of (1->4)-p-D- 
xylosidic linkages in xylans.

CBM2. Carbohydrate- 
Binding Module Family 2. 
GH10. Glycoside Hydrolase 
Family 10.

(39,85,96,97,104
109)

Q7WUL3 NAG3_CELFI 564
P-N-acetylgluco-
saminidase/b-
glucosidase

nag3
nag3A

Hydrolysis of terminal non
reducing N-acetyl-D- 
hexosamine residues in N- 
acetyl-p-D-hexosaminides.

Hydrolysis of terminal, non
reducing p-D-glucosyl residues 
with release of p-D-glucose.

GH3. Glycoside Hydrolase 
Family 3.

(99)

35



References

References
1 Dudley B. British Petrol (BP) Energy Outlook 2017 Edition. 2017 [cited 29 April 2017]. 

Available from: http://www.bp.com/en/global/corporate/energy-economics/energy- 
outlook.html

2 Chung R. The Status of the Water-Food-Energy Nexus in Asia and the Pacific [Internet]. 
United Nations Economic and Social Commision for Asia and the Pacific. 2013 [cited 1 
May 2017]. Available from: http://www.unescap.org/resources/status-water-food- 
energy-nexus-asia-and-pacific

3 Vogt KA., Patel-Weynand T., Shelton M., Vogt DJ., Gordon JC., Mukumoto CT. f, et al. 
Sustainability unpacked: Food, energy and water for resilient environments and 
societies. 1st ed. Sustainability Unpacked: Food, Energy and Water for Resilient 
Environments and Societies. Abigdon, Oxon: Earthscan; 2012. 1-306.

4 Waughray D. Water security: the water-food-energy-climate nexus: The World 
Economic Forum water initiative. Island Press; 2011. Pg 248.

5 Beddington J. Food, Energy, Water and The Climate: A Perfect Storm of Global Events? 
[Internet]. Government Office for Science. 2009 [cited 30 April 2017]. Available from: 
http://webarchive.nationalarchives.gov.uk/20121206120858/http://www.bis.gov.uk/a 
ssets/goscience/docs/p/perfect-storm-paper.pdf

6 Van Der Werf GR, Randerson JT, Giglio L, Collatz GJ, Mu M, Kasibhatla PS, et al. Global 
fire emissions and the contribution of deforestation, savanna, forest, agricultural, and 
peat fires (1997-2009). Atmos Chem Phys. 2010; 10(23): 11707-35.

7 Chen B, Bai Z, Cui X, Chen J, Andersson A, Gustafsson O. Light absorption enhancement 
of black carbon from urban haze in Northern China winter. Environ Pollut. 2017; 221: 
418-26.

8 Pearson TRH, Brown S, Murray L, Sidman G. Greenhouse gas emissions from tropical 
forest degradation: an underestimated source. Carbon Balance Manag. 2017; 12(1): 3.

9 Chen X. The Greenhouse Metaphor and the Greenhouse Effect: A Case Study of a 
Flawed Analogous Model. 2012; Philos Cogn Sci. (2): 105-14.

10 Edenhofer, O., R. Pichs-Madruga, Y. Sokona, E. Farahani, S. Kadner K, Seyboth, A.
Adler, I. Baum, S. Brunner, P. Eickemeier, B. Kriemann, J. Savolainen, S. Schlomer, C. 
von Stechow TZ and JC, (eds.) M, editors. IPCC, 2014: Climate Change 2014: Mitigation 
of Climate Change. Contribution of Working Group III to the Fifth Assessment Report 
of the Intergovernmental Panel on Climate Change. Cambridge, United Kingdom and 
New York, NY, USA.: Cambridge University Press, Cambridge, United Kingdom and New 
York, NY, USA.; 2014.

11 UEA. News Release: CO2 emissions set to reach new 40 billion tonne record high in 
2014. Glob Carbon Proj. 2014; (0): 8-10.

12 Bhattacharya A. Widespread crop burning began over dozen years ago. The Times of 
India (Delhi). 2015; 1.

225

http://www.bp.com/en/global/corporate/energy-economics/energy-
http://www.unescap.org/resources/status-water-food-
http://webarchive.nationalarchives.gov.uk/20121206120858/http://www.bis.gov.uk/a


References

13 South-East Asia's smog: Unspontaneous combustion [Internet], The Economists. 2013 
[cited 30 April 2017]. Available from:
https://www.economist.com/news/asia/21580154-forest-fires-bring-record-levels-air-
pollution-and-end-not-sight-unspontaneous

14 Perera FP. Multiple Threats to Child Health from Fossil Fuel Combustion: Impacts of Air 
Pollution and Climate Change. Environ Health Perspect. 2016; 125(April): 141-8.

15 Aradhna Wal. Toxic Air: Young Farmers Vs Old Guard on Crop Burning in Punjab, 
Haryana [Internet]. News18, India. 2016 [cited 20 Apr 2017]. Available from: 
http://www.news18.com/news/india/delhi-pollution-old-guard-in-punjab-haryana- 
fields-choking-efforts-to-clear-capital-air-1308314.html

16 Richard T. L. Challenges in Scaling Up Biofuels Infrastructure. Science. 2010; 329 
(5993): 793-796.

17 Naik SN, Goud V V., Rout PK, Dalai AK. Production of first and second generation 
biofuels: A comprehensive review. Renew Sustain Energy Rev. 2010; 14(2): 578-97.

18 Aro EM. From first generation biofuels to advanced solar biofuels. Ambio. 2016; 45(1): 
24-31.

19 Komendantova N. and Pachauri S. Renewables 2012 Global Status Report [Internet]. 
International Institute for Applied Systems Analysis. 2012 [cited 30 Apr 2017].
Available from: http://pure.iiasa.ac.at/10134/

20 Glithero NJ, Ramsden SJ, Wilson P. Barriers and incentives to the production of 
bioethanol from cereal straw: A farm business perspective. Energy Policy. 2013; 
59(100): 161-71.

21 Burkhardt S, Kumar L, Chandra R, Saddler J. How effective are traditional methods of 
compositional analysis in providing an accurate material balance for a range of 
softwood derived residues? Biotechnol Biofuels. 2013; 6(90): 1-10.

22 Glithero NJ, Wilson P, Ramsden SJ. Straw use and availability for second generation 
biofuels in England. Biomass and Bioenergy. 2013; 55: 311-21.

23 Yuill A. Sustainable Straw Combustion of Straw for Combined Heat and Power 
[Internet]. 2016. Natural Power. Available from: 
https://www.naturalpower.com/sustainable-straw/.

24 Wilson P, Glithero NJ, Ramsden SJ. Prospects for dedicated energy crop production 
and attitudes towards agricultural straw use: The case of livestock farmers. Energy 
Policy. 2014; 74: 101-10.

25 Roy J, Tucker GA, Sparkes DL. Wheat straw for biofuel production. [PhD project final 
report AHDB Cereals & Oilseed, RD-2007-3690] University of Nottingham; 2014.

26 Gomez LD, Steele-King CG, McQueen-Mason SJ. Sustainable liquid biofuels from 
biomass: the writings on the walls. New Phytol. 2008; 178(3): 473-85.

27 Zhu Z, Rezende CA, Simister R, McQueen-Mason SJ, Macquarrie DJ, Polikarpov I, et al. 
Efficient sugar production from sugarcane bagasse by microwave assisted acid and 
alkali pretreatment. Biomass and Bioenergy. 2016; 93: 269-78.

226

https://www.economist.com/news/asia/21580154-forest-fires-bring-record-levels-air-
http://www.news18.com/news/india/delhi-pollution-old-guard-in-punjab-haryana-
http://pure.iiasa.ac.at/10134/
https://www.naturalpower.com/sustainable-straw/


28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

References

McNeil M, Darvill AG, Albersheim P. Structure of Plant Cell Walls: XII. Identification of 
Seven Differently Linked Glycosyl Residues Attached to O-4 of the 2,4-Linked l- 
Rhamnosyl Residues of Rhamnogalacturonan I. Plant Physiol. 1982; 70(6): 1586-91.

Chandra RP, Bura R, Mabee WE, Berlin A, Pan X, Saddler JN. Substrate Pretreatment: 
The Key to Effective Enzymatic Hydrolysis of Lignocellulosics? In: Biofuels. Berlin, 
Heidelberg: Springer Berlin Heidelberg; 2007. 67-93.

Achyuthan KE, Achyuthan AM, Adams PD, Dirk SM, Harper JC, Simmons BA, et al. 
Supramolecular self-assembled chaos: Polyphenolic lignin's barrier to cost-effective 
lignocellulosic biofuels. Molecules. 2010; 15(12): 8641-88.

Somerville C, Bauer S, Brininstool G, Facette M, Hamann T, Milne J, et al. Toward a 
Systems Approach to Understanding Plant Cell Walls. Science (80). 2004; 306 (5705): 
2206-11.

Parthasarathi R, Bellesia G, Chundawat SPS, Dale BE, Langan P, Gnanakaran S. Insights 
into Hydrogen Bonding and Stacking Interactions in Cellulose. J Phys Chem A. 2011; 
115(49): 14191-202.

Book AJ, Lewin GR, McDonald BR, Takasuka TE, Wendt-Pienkowski E, Doering DT, et al. 
Evolution of High Cellulolytic Activity in Symbiotic Streptomyces through Selection of 
Expanded Gene Content and Coordinated Gene Expression. Hillis DM, editor. PLOS 
Biol. 2016; 14(6): e1002475. https://doi.org/10.1371/journal.pbio.1002475

Hemsworth GR, Davies GJ, Walton PH. Recent insights into copper-containing lytic 
polysaccharide mono-oxygenases. Current Opinion in Structural Biology. 2013; 23: 
660-668

Horn SJ, Vaaje-Kolstad G, Westereng B, Eijsink VG. Novel enzymes for the degradation 
of cellulose. Biotechnol Biofuels. 2012; 5(1):45.

Mohanram S, Amat D, Choudhary J, Arora A, Nain L, Bringezu S, et al. Novel 
perspectives for evolving enzyme cocktails for lignocellulose hydrolysis in biorefineries. 
Sustain Chem Process. 2013; 1(1): 15.

Bastawde KB. Xylan structure, microbial xylanases, and their mode of action. World J 
Microbiol Biotechnol. 1992; 8(4): 353-68.

Kumar R, Wyman CE. Strong cellulase inhibition by Mannan polysaccharides in 
cellulose conversion to sugars. Biotechnol Bioeng. 2014; 111(7): 1341-1353.

Duedu KO, French CE. Characterization of a Cellulomonas fim i exoglucanase/xylanase- 
endoglucanase gene fusion which improves microbial degradation of cellulosic 
biomass. Enzyme Microb Technol. 2016; 93: 113-21.

Woolridge EM. Mixed Enzyme Systems for Delignification of Lignocellulosic Biomass. 
Catalysts. 2014; 4:1-35.

Lan W, Lu F, Regner M, Zhu Y, Rencoret J, Ralph SA, et al. Tricin, a Flavonoid Monomer 
in Monocot Lignification. Plant Physiol. 2015; 167: 1284-95.

de Gonzalo G, Colpa DI, Habib MHM, Fraaije MW. Bacterial enzymes involved in lignin 
degradation. J Biotechnol. 2016; 236: 110-9.

227

https://doi.org/10.1371/journal.pbio.1002475


References

43 Liu L, Ye XP, Womac AR, Sokhansanj S. Variability of biomass chemical composition and 
rapid analysis using FT-NIR techniques. Carbohydr Polym. 2010; 81(4): 820-9.

44 Davin LB, Patten AM, Jourdes M, Lewis NG. Lignins: A Twenty-First Century Challenge. 
In: Biomass Recalcitrance. Blackwell Publishing Ltd.; 2008. 213-305.

45 Xu F, Yu J, Tesso T, Dowell F, Wang D. Qualitative and quantitative analysis of 
lignocellulosic biomass using infrared techniques: A mini-review. Appl Energy. 2013; 
104:801-9.

46 Crestini C, Melone F, Sette M, Saladino R. Milled Wood Lignin: A Linear Oligomer. 
Biomacromolecules. 2011; 12(11): 3928-35.

47 Sethi A, Scharf ME, Sethi A, Scharf ME. Biofuels: Fungal, Bacterial and Insect Degraders 
of Lignocellulose. In: eLS. Chichester, UK: John Wiley & Sons, Ltd; 2013.

48 Nimchua T, Thongaram T, Uengwetwanit T, Pongpattanakitshote S, Eurwilaichitr L. 
Metagenomic analysis of novel lignocellulose-degrading enzymes from higher termite 
guts inhabiting microbes. J Microbiol Biotechnol. 2012; 22(4): 462-469.

49 Scott JJ, Oh D-C, Yuceer MC, Klepzig KD, Clardy J, Currie CR. Bacterial protection of 
beetle-fungus mutualism. Science. 2008; 322(5898): 63.

50 Adams AS, Adams SM, Currie CR, Gillette NE, Raffa KF. Geographic variation in 
bacterial communities associated with the red turpentine beetle (Coleoptera: 
Curculionidae). Environ Entomol. 2010; 39(2): 406-14.

51 King AJ, Cragg SM, Li Y, Dymond J, Guille MJ, Bowles DJ, et al. Molecular insight into 
lignocellulose digestion by a marine isopod in the absence of gut microbes. Proc Natl 
Acad Sci U S A. 2010; 107(12): 5345-50.

52 Kern M, McGeehan JE, Streeter SD, Martin RNA, Besser K, Elias L, et al. Structural 
characterization of a unique marine animal family 7 cellobiohydrolase suggests a 
mechanism of cellulase salt tolerance. Proc Natl Acad Sci U S A. 2013; 110(25): 10189
94.

53 Liu Z, Ho S-H, Sasaki K, den Haan R, Inokuma K, Ogino C, et al. Engineering of a novel 
cellulose-adherent cellulolytic Saccharomyces cerevisiae for cellulosic biofuel 
production. Sci Rep. 2016; 6:24550. DOI: 10.1038/srep24550.

54 Bayer EA, Henrissat B, Lamed R. The Cellulosome: A Natural Bacterial Strategy to 
Combat Biomass Recalcitrance. In: Biomass Recalcitrance. Blackwell Publishing Ltd.; 
2008. 407-35.

55 Gilbert HJ. Cellulosomes: microbial nanomachines that display plasticity in quaternary 
structure. Mol Microbiol. 2007; 63(6): 1568-76.

56 Delmas S, Pullan ST, Gaddipati S, Kokolski M, Malla S, Blythe MJ, et al. Uncovering the 
Genome-Wide Transcriptional Responses of the Filamentous Fungus Aspergillus niger 
to Lignocellulose Using RNA Sequencing. PLoS Genet. 2012; 8(8): e1002875.

57 Woo HL, Hazen TC, Simmons BA, DeAngelis KM. Enzyme activities of aerobic 
lignocellulolytic bacteria isolated from wet tropical forest soils. Syst Appl Microbiol. 
2014; 37(1): 60-7.

228



58

59

60

61

62

63

64

65

66

67

68

69

70

71

References

Levasseur A, Lomascolo A, Chabrol O, Ruiz-Duenas FJ, Boukhris-Uzan E, Piumi F, et al. 
The genome of the white-rot fungus Pycnoporus cinnabarinus: a basidiomycete model 
with a versatile arsenal for lignocellulosic biomass breakdown. BMC Genomics. 2014; 
15(1): 486.

Brown ME, Chang MCY. Exploring bacterial lignin degradation. Current Opinion in 
Chemical Biology. 2014; 19: 1-7.

DeAngelis KM, Sharma D, Varney R, Simmons B, Isern NG, Markilllie LM, et al. Evidence 
supporting dissimilatory and assimilatory lignin degradation in Enterobacter 
lignolyticus SCF1. Front Microbiol. 2013; 4: 1-14.

Cragg SM, Beckham GT, Bruce NC, Bugg TD, Distel DL, Dupree P, et al. Lignocellulose 
degradation mechanisms across the Tree of Life. Curr Opin Chem Biol. 2015; 29: 108
19.

Van Den Brink J, De Vries RP. Fungal enzyme sets for plant polysaccharide degradation. 
2011; 91: 1477-92.

Gilbert HJ, Knox JP, Boraston AB. Advances in understanding the molecular basis of 
plant cell wall polysaccharide recognition by carbohydrate-binding modules. Current 
Opinion in Structural Biology. 2013; 23: 669-677.

Crouch LI, Labourel A, Walton PH, Davies GJ, Gilbert HJ. The Contribution of Non- 
Catalytic Carbohydrate Binding Modules to the Activity of Lytic Polysaccharide 
Monooxygenases. J Biol Chem. 2016; 291(14): 7439-49.

Kjaergaard CH, Qayyum MF, Wong SD, Xu F, Hemsworth GR, Walton DJ, et al. 
Spectroscopic and computational insight into the activation of O2 by the mononuclear 
Cu center in polysaccharide monooxygenases. Proc Natl Acad Sci U S A. 2014; 111(24): 
8797-802.

Forsberg Z, Mackenzie AK, S0rlie M, R0hr Ak, Helland R, Arvai AS, et al. Structural and 
functional characterization of a conserved pair of bacterial cellulose-oxidizing lytic 
polysaccharide monooxygenases. Proc Natl Acad Sci U S A. 2014; 111(23): 8446-51.

Tan T-C, Kracher D, Gandini R, Sygmund C, Kittl R, Haltrich D, et al. Structural basis for 
cellobiose dehydrogenase action during oxidative cellulose degradation. Nat Commun. 
2015; 6: 7542.

Hemsworth GR, Henrissat B, Davies GJ, Walton PH. Discovery and characterization of a 
new family of lytic polysaccharide monooxygenases. Nat Chem Biol. 2013; 10(2): 122
6.

Busk PK, Lange L. Classification of fungal and bacterial lytic polysaccharide 
monooxygenases. BMC Genomics. 2015. 16:368 DOI 10.1186/s12864-015-1601-6

Langston JA, Shaghasi T, Abbate E, Xu F, Vlasenko E, Sweeney MD. Oxidoreductive 
cellulose depolymerization by the enzymes cellobiose dehydrogenase and glycoside 
hydrolase 61. Appl Environ Microbiol. 2011; 77(19): 7007-15.

Andre I, Potocki-Veronese G, Barbe S, Moulis C, Remaud-Simeon M. CAZyme discovery 
and design for sweet dreams. Current Opinion in Chemical Biology. 2013; 19: 17-24.

229



72

73

74

75

76

77

78

79

80

81

82

83

84

85

References

Madhuprakash J, El Gueddari NE, Moerschbacher BM, Podile AR. Catalytic efficiency of 
chitinase-D on insoluble chitinous substrates was improved by fusing auxiliary 
domains. PLoS One. 2015; 10(1): e0116823. doi:10.1371/ journal. pone.0116823

Beeson WT, Vu V V, Span EA, Phillips CM, Marletta MA. Cellulose degradation by 
polysaccharide monooxygenases. Annu Rev Biochem. 2015; 84: 923-46.

Hemsworth GR, Taylor EJ, Kim RQ, Gregory RC, Lewis SJ, Turkenburg JP, et al. The 
Copper Active Site of CBM33 Polysaccharide Oxygenases. J Am Chem Soc. 2013; 
135(16): 6069-77.

Quinlan RJ, Sweeney MD, Lo Leggio L, Otten H, Poulsen J-CN, Johansen KS, et al.
Insights into the oxidative degradation of cellulose by a copper metalloenzyme that 
exploits biomass components. Proc Natl Acad Sci U S A. 2011; 108(37): 15079-84.

Lombard V, Golaconda Ramulu H, Drula E, Coutinho PM, Henrissat B. The 
carbohydrate-active enzymes database (CAZy) in 2013. Nucleic Acids Res. 2014; 
42(Database issue): D490-5. doi:10.1093/nar/gkt1178

Shen H, Gilkes NR, Kilburn DG, Miller RC, Antony R, Warren J. Cellobiohydrolase B, a 
second exo-cellobiohydrolase from the cellulolytic bacterium Cellulomonas fimi. 
Biochem J. 1995; 311: 67-74.

Tomme P, Kwan E, Gilkes NR, Kilburn DG, Antony R, Warren J. Characterization of 
CenC, an Enzyme from Cellulomonas fim i with Both Endo-and Exoglucanase Activities.
J Bacteriol. 1996; 178(14): 4216-23.

Din N, Damude HG, Gilkes NR, Miller RC, Antony R, Warren J, et al. C1-Cx, revisited: 
Intramolecular synergism in a cellulase. 1994; 91: 11383-7.

White a, Withers SG, Gilkes NR, Rose DR. Crystal structure of the catalytic domain of 
the beta-1,4-glycanase cex from Cellulomonas fimi. Biochemistry. 1994; 33(42): 
12546-52.

Meinke A, Braun C, Gilkes NR, Kilburn DG, Miller RC, Warren RA. Unusual sequence 
organization in CenB, an inverting endoglucanase from Cellulomonas fimi. J Bacteriol. 
1991;173(1):308-14.

Poon DKY, Withers SG, McIntosh LP. Direct demonstration of the flexibility of the 
glycosylated proline-threonine linker in the Cellulomonas fim i xylanase Cex through 
NMR spectroscopic analysis. J Biol Chem. 2007; 282(3): 2091-100.

Tesic M, Wicki J, Poon DKY, Withers SG, Douglas DJ. Gas Phase Noncovalent Protein 
Complexes that Retain Solution Binding Properties: Binding of Xylobiose Inhibitors to 
the p-1, 4 Exoglucanase from Cellulomonas fimi. J Am Soc Mass Spectrom. 2007; 18(1): 
64-73.

Le Nours J, Anderson L, Stoll D, Stalbrand H, Lo Leggio L. The structure and 
characterization of a modular endo-P-1,4-mannanase from Cellulomonas fimi. 
Biochemistry. 2005; 44: 12700-708.

Notenboom V, Williams SJ, Hoos R, Withers SG, Rose DR. Detailed structural analysis of 
glycosidase/inhibitor interactions: Complexes of cex from Cellulomonas fim i with 
xylobiose-derived aza-sugars. Biochemistry. 2000 Sep 26;39(38):11553-63.

230



86

87

88

89

90

91

92

93

94

95

96

97

98

References

Christopherson MR, Suen G, Bramhacharya S, Jewell KA, Aylward FO, Mead D, et al. 
The genome sequences of Cellulomonas fim i and "Cellvibrio gilvus" reveal the 
cellulolytic strategies of two facultative anaerobes, transfer of "Cellvibrio gilvus" to the 
genus Cellulomonas, and proposal of Cellulomonas gilvus sp. nov. PLoS One. 2013;
8(1): e53954.

Jing H, Cockburn D, Zhang Q, Clarke AJ. Production and purification of the isolated 
family 2a carbohydrate-binding module from Cellulomonas fimi. Protein Expr Purif. 
2009; 64(1): 63-68.

Hashimoto H. Recent structural studies of carbohydrate-binding modules. Cell Mol Life 
Sci. 2006; 63(24): 2954-67.

Moser B, Gilkes NR, Kilburn DG, Warren RAJ, Miller RC. Purification and 
Characterization of Endoglucanase C of Cellulomonas fimi, Cloning of the Gene, and 
Analysis of In Vivo Transcripts of the Gene. Appl Environ Microbiol. 1989; 55(10): 
2480-7.

Coutinho JB, Moser B, Kilburn DG, Warren RA, Miller RC. Nucleotide sequence of the 
endoglucanase C gene (cenC) of Cellulomonas fimi, its high-level expression in 
Escherichia coli, and characterization of its products. Mol Microbiol. 1991; 5(5): 1221
33.

Johnson PE, Tomme P, Douglas G. Kilburn A, McIntosh and LP. Structure of the N- 
Terminal Cellulose-Binding Domain of Cellulomonas fim i CenC Determined by Nuclear 
Magnetic Resonance Spectroscopy. Biochemistry. 1996; 35 (45: 14381-94.

Brun E, Johnson PE, Creagh AL, Tomme P, Webster P, Charles A. Haynes A, et al. 
Structure and Binding Specificity of the Second N-Terminal Cellulose-Binding Domain 
from Cellulomonas fim i Endoglucanase C. Biochemistry, 2000; 39 (10), 2445-58.

Meinke A, Gilkes NR, Kilburn DG, Miller RC, Warren RAJ. Cellulose-binding 
polypeptides from Cellulomonas fimi: Endoglucanase D (CenD), a family A P-1,4- 
glucanase. J Bacteriol. 1993; 175(7): 1910-18.

Shen H, Tomme P, Meinke A, Gilkes NR, Kilburn DG, Warren RA, et al. Stereochemical 
course of hydrolysis catalysed by Cellulomonas fim i CenE, a member of a new family of 
beta-1,4-glucanases. Biochem Biophys Res Commun. 1994; 199(3): 1223-28.

Raymond Wong WKK, Gerhard B, Guo ZM, Kilburn DG, Anthony R, Warren J, et al. 
Characterization and structure of an endoglucanase gene cenA of Cellulomonas fimi. 
Gene. 1986; 44(2-3): 315-24.

Lakhundi SS, Duedu KO, Cain N, Nagy R, Krakowiak J, French CE. Citrobacter freundii as 
a test platform for recombinant cellulose degradation systems. Lett Appl Microbiol. 
2016; 35-42.

Meinke A, Gilkes NR, Kilburn DG, Miller RC, Warren RA. Multiple domains in 
endoglucanase B (CenB) from Cellulomonas fimi: functions and relatedness to domains 
in other polypeptides. J Bacteriol. 1991; 173(22): 7126-35.

Meinke A, Gilkes NR, Kwan E, Kilburn DG, Warren RAJ, Miller RC. Cellobiohydrolase A 
(Cbha) from the cellulolytic bacterium Cellulomonas fim i is a P-1,4- 
exocellobiohydrolase analogous to Trichoderma reesei CBH II. Mol Microbiol. 1994; 
12(3): 413-22.

231



99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

References

Mayer C, Vocadlo DJ, Mah M, Rupitz K, Stoll D, Warren RAJ, et al. Characterization of 
a a-N-acetylhexosaminidase and a  -N-acetylglucosaminidase-glucosidase from 
Cellulomonas fimi. FEBS J. 2006; 273(13): 2929-41.

Millward-Sadler SJ, Hall J, Black GW, Hazlewood GP, Gilbert HJ. Evidence that the 
Piromyces gene family encoding endo-l,4-mannanases arose through gene duplication. 
FEMS Microbiol Lett. 1996; 141(2-3): 183-8.

Simpson PJ, Bolam DN, Cooper A, Ciruela A, Hazlewood GP, Gilbert HJ, et al. A family 
IIb xylan-binding domain has a similar secondary structure to a homologous family II a 
cellulose-binding domain but different ligand specificity. Structure. 1999; 7(7): 853-64.

Simpson PJ, Xie H, Bolam DN, Gilbert HJ, Williamson MP. The structural basis for the 
ligand specificity of family 2 carbohydrate-binding modules. J Biol Chem. 2000;
275(52): 41137-42.

Bolam DN, Xie H, White P, Simpson PJ, Hancock SM, Williamson MP, et al. Evidence for 
synergy between family 2b carbohydrate binding modules in Cellulomonas fim i 
Xylanase 11A. Biochemistry. 2001; 40(8): 2468-77.

O'Neill G, Goh SH, Warren RAJ, Kilburn DG, Miller RC. Structure of the gene encoding 
the exoglucanase of Cellulomonas fimi. Gene. 1986; 44(23): 325-30.

Tull D, Witherst SG, Gilkes NR, Kilburn DG, Antony J Warren R, Aebersold R. Glutamic 
acid 274 is the nucleophile in the active site of a "retaining" exoglucanase from 
Cellulomonas fimi. J Biol Chem. 1991; 266(24): 15621-5.

MacLeod AM, Lindhorst T, Withers SG, Warren RAJ. The Acid/Base Catalyst in the 
Exoglucanase/Xylanase from Cellulomonas fim i Is Glutamic Acid 127: Evidence from 
Detailed Kinetic Studies of Mutants. Biochemistry. 1994; 33(20): 6371-6.

Xu G-YY, Ong E, Gilkes NR, Kilburn DG, Muhandiram DR, Harris-Brandts M, et al. 
Solution structure of a cellulose-binding domain from Cellulomonas fim i by nuclear 
magnetic resonance spectroscopy. Biochemistry. 1995; 34(21): 6993-7009.

Notenboom V, Birsan C, Nitz M, Rose DR, Warren RAJ, Withers SG. Insights into 
transition state stabilization of the P-1,4-glycosidase Cex by covalent intermediate 
accumulation in active site mutants. Nat Struct Biol. 1998; 5(9): 812-8.

Notenboom V, Birsan C, Warren RAJ, Withers SG, Rose DR. Exploring the Cellulose / 
Xylan Specificity of the -1, 4-Glycanase Cex from Cellulomonas fim i through 
Crystallography and Mutation. 1998; 2960(97): 4751-8.

Cheng H-R, Jiang N. Extremely rapid extraction of DNA from bacteria and yeasts. 
Biotechnol. Lett. 2006; 28: 55-59.

Bradford MM. A rapid and sensitive method for the quantitation of microgram 
quantities of protein utilizing the principle of protein-dye binding. Anal Biochem. 1976; 
72(1-2): 248-54.

Stackebrandt E, Schumann P, Prauser H. The Family Cellulomonadaceae. In: The 
Prokaryotes. New York, NY: Springer New York; 2006.983-1001.

Gao J, Wakarchuk W. Characterization of five b-glycoside hydrolases from 
Cellulomonas fim i ATCC 484. J Bacteriol. 2014; 196(23): 4103-10.

232



114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

References

Mansfield SD, Meder R. Cellulose hydrolysis -  the role of monocomponent cellulases in 
crystalline cellulose degradation. Cellulose. 2003; 10(2): 159-69.

Rasmussen S, Nielsen HB, Jarmer H. The transcriptionally active regions in the genome 
of Bacillus subtilis. Mol Microbiol. 2009 Sep;73(6):1043-57.

Van Vliet a. HM. Next generation sequencing of microbial transcriptomes: Challenges 
and opportunities. FEMS Microbiol Lett. 2010; 302:1-7.

Ragno S, Romano M, Howell S, Pappin DJC, Jenner PJ, Colston MJ. Changes in gene 
expression in macrophages infected with Mycobacterium tuberculosis: a combined 
transcriptomic and proteomic approach. Immunology. 2001; 104(1): 99-108.

Cho S, Cho Y, Lee S, Kim J, Yum H, Chang Kim S, et al. Current Challenges in Bacterial 
Transcriptomics. Genomics Inf. 2013; 11(2): 76-82.

Koide T, Reiss DJ, Bare JC, Pang WL, Facciotti MT, Schmid AK, et al. Prevalence of 
transcription promoters within archaeal operons and coding sequences. Mol Syst Biol. 
2009; 5:285. doi: 10.1038/msb.2009

Cho B-K, Zengler K, Qiu Y, Park YS, Knight EM, Barrett CL, et al. The transcription unit 
architecture of the Escherichia coli genome. Nat Biotechnol. 2009; 27(11): 1043-9.

Pinto AC, Melo-Barbosa HP, Miyoshi A, Silva A, Azevedo V. Review Application of RNA- 
seq to reveal the transcript profile in bacteria. Genet Mol Res. 2011; 10(3): 1707-18.

Sorek R, Cossart P. Prokaryotic transcriptomics: a new view on regulation, physiology 
and pathogenicity. Nat Rev Genet. 2010; 11(1): 9-16.

Sims D, Sudbery I, Ilott NE, Heger A, Ponting CP. Sequencing depth and coverage: key 
considerations in genomic analyses. Nat Rev Genet. 2014; 15(2): 121-32.

Metzker ML. Sequencing technologies - the next generation. Nat Rev Genet. 2010; 
11(1): 31-46.

Wang Z, Gerstein M, Snyder M. RNA-Seq: a revolutionary tool for transcriptomics. Nat 
Rev Genet. 2009; 10(1): 57-63.

Soon WW, Hariharan M, Snyder MP. High-throughput sequencing for biology and 
medicine. Mol Syst Biol. 2014;9(1):640-640.

Croucher NJ, Thomson NR. Studying bacterial transcriptomes using RNA-seq. Curr Opin 
Microbiol. 2010; 13(5): 619-24.

Philippe N, Boureux A, Brehelin L, Tarhio J, Commes T, Rivals E. Using reads to 
annotate the genome: influence of length, background distribution, and sequence 
errors on prediction capacity. Nucleic Acids Res. 2009; 37(15): e104.

Guell M, Yus E, Lluch-Senar M, Serrano L. Bacterial transcriptomics: what is beyond the 
RNA horiz-ome? Nat Rev Microbiol. 2011; 9(9): 658-69.

He Y, Vogelstein B, Velculescu VE, Papadopoulos N, Kinzler KW. The Antisense 
Transcriptomes of Human Cells. Science. 2008; 322(5909): 1855-7.

Parkhomchuk D, Borodina T, Amstislavskiy V, Banaru M, Hallen L, Krobitsch S, et al. 
Transcriptome analysis by strand-specific sequencing of complementary DNA. Nucleic 
Acids Res. 2009; 37(18).

233



132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

References

Croucher NJ, Fookes MC, Perkins TT, Turner DJ, Marguerat SB, Keane T, et al. A simple 
method for directional transcriptome sequencing using illumina technology. Nucleic 
Acids Res. 2009; 37(22): e148. doi: 10.1093/nar/gkp811.

Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-efficient alignment 
of short DNA sequences to the human genome. Genome Biol. 2009; 10(3): R25. (doi: 
1186/gb-2009-10-3-r25)

Benson DA, Karsch-Mizrachi I, Lipman DJ, Ostell J, Sayers EW. GenBank. Nucleic Acids 
Res. 2009;37(Database): D26-31.

Trapnell C, Pachter L, Salzberg SL. TopHat: discovering splice junctions with RNA-Seq. 
Bioinformatics. 2009; 25(9): 1105-11.

Nordberg H, Cantor M, Dusheyko S, Hua S, Poliakov A, Shabalov I, et al. The genome 
portal of the Department of Energy Joint Genome Institute: 2014 updates. Nucleic 
Acids Res. 2014; 42(D1): D26-31.

Gotz S, Garcia-Gomez JM, Terol J, Williams TD, Nagaraj SH, Nueda MJ, et al. High- 
throughput functional annotation and data mining with the Blast2GO suite. Nucleic 
Acids Res. 2008; 36(10): 3420-35.

Robinson MD, McCarthy DJ, Smyth GK. edgeR: A Bioconductor package for differential 
expression analysis of digital gene expression data. Bioinformatics. 2010; 26(1): 139
40.

Book AJ, Yennamalli RM, Takasuka TE, Currie CR, Phillips GN, Fox BG. Evolution of 
substrate specificity in bacterial AA10 lytic polysaccharide monooxygenases. 
Biotechnol Biofuels. 2014; 7:109. doi: 10.1186/1754-6834-7-109. eCollection 2014.

Oliveros JC. Venny - An interactive tool for comparing lists with Venn's diagrams 
[Internet]. Venny 2.0. 2015 [cited 28 Dec 2016]. Available from: 
http://bioinfogp.cnb.csic.es/tools/venny/index.html.

Vaaje-Kolstad G, Westereng B, Horn SJ, Liu Z, Zhai H, S0rlie M, et al. An oxidative 
enzyme boosting the enzymatic conversion of recalcitrant polysaccharides. Science. 
2010; 330(6001): 219-22.

Kracher D, Scheiblbrandner S, Felice AKG, Breslmayr E, Preims M, Ludwicka K, et al. 
Extracellular electron transfer systems fuel cellulose oxidative degradation. Science. 
2016; 352(6289): 1098-101.

Park S, Baker JO, Himmel ME, Parilla PA, Johnson DK. Cellulose crystallinity index: 
measurement techniques and their impact on interpreting cellulase performance. 
Biotechnol Biofuels. 2010; 3(1): 10.

Wakarchuk WW, Brochu D, Foote S, Robotham A, Saxena H, Erak T, et al. Proteomic 
analysis of the secretome of Cellulomonas fim i ATCC 484 and Cellulomonas flavigena 
ATCC 482. PLoS ONE 11(3): e0151186. https://doi.org/10.1371/journal.pone.0151186

UniProt: the universal protein knowledgebase. Nucleic Acids Res. 2017; 45(D1): D158- 
69.

Henrissat B, Claeyssens M, Tomme P, Lemesle L, Mornon JP. Cellulase families 
revealed by hydrophobic cluster analysis. Gene. 1989; 81(1): 83-95.

234

http://bioinfogp.cnb.csic.es/tools/venny/index.html
https://doi.org/10.1371/journal.pone.0151186


147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

References

O 'farrell PH. High Resolution Two-Dimensional Electrophoresis of Proteins. J Biol 
Chem. 1975; 250(10): 4007-21.

Eng JK, McCormack AL, Yates JR. An approach to correlate tandem mass spectral data 
of peptides with amino acid sequences in a protein database. J Am Soc Mass 
Spectrom. 1994; 5(11): 976-89.

Gu Q, Yu LR. Proteomics quality and standard: From a regulatory perspective. Journal 
of Proteomics. 2014; 353-359. https://doi.org/10.1016/j.jprot.2013.11.024

Guest PC, Gottschalk MG, Bahn S. Proteomics: improving biomarker translation to 
modern medicine? Genome Med. 2013; 5(2):17. doi: 10.1186/gm421. eCollection 
2013.

Crutchfield CA, Thomas SN, Sokoll LJ, Chan DW. Advances in mass spectrometry-based 
clinical biomarker discovery. Clin Proteomics. 2016; 13(1): 1. doi: 10.1186/s12014-015- 
9102-9

Hou S, Jones SW, Choe LH, Papoutsakis ET, Lee KH. Workflow for quantitative 
proteomic analysis of Clostridium acetobutylicum  ATCC 824 using iTRAQ tags.
Methods. 2013; 61(3): 269-76. doi: 10.1016/j.ymeth.2013.03.013. Epub 2013 Mar 22.

Manavalan A, Adav SS, Sze SK. ITRAQ-based quantitative secretome analysis of 
Phanerochaete chrysosporium . J Proteomics. 2011; 75(2):642-54. doi: 
10.1016/j.jprot.2011.09.001. Epub 2011 Sep 13.

Wu WW, Wang G, Baek SJ, Shen RF. Comparative study of three proteomic 
quantitative methods, DIGE, cICAT, and iTRAQ, using 2D gel- or LC-MALDI TOF/TOF. J 
Proteome Res. 2006; 5(3): 651-8.

Tuveng TR, Arntzen M0, Bengtsson O, Gardner JG, Vaaje-Kolstad G, Eijsink VGH. 
Proteomic investigation of the secretome of Cellvibrio japonicus during growth on 
chitin. Proteomics. 2016; 1904-14.

Guilherme AA, Dantas PVF, Santos ES, Fernandes FAN, Macedo GR. Evaluation of 
composition, characterization and enzymatic hydrolysis of pretreated sugarcane 
bagasse. 2015; 32(1): 23-33. dx.doi.org/10.1590/0104-6632.20150321s00003146

Martinelli LA, Filoso S. Expansion of sugarcane ethanol production in Brazil: 
Environmental and social challenges. Ecol Appl. 2008; 18(4): 885-98.

Collins SR, Wellner N, Martinez Bordonado I, Harper AL, Miller CN, Bancroft I, et al. 
Variation in the chemical composition of wheat straw: the role of tissue ratio and 
composition. Biotechnol Biofuels. 2014; 7(1): 121.

Harper SHT, Lynch JM. The chemical components and decomposition of wheat straw 
leaves, internodes and nodes. J Sci Food Agric. 1981; 32(11): 1057-62.

Himmel ME, Ding S-Y, Johnson DK, Adney WS, Nimlos MR, Brady JW, et al. Biomass 
recalcitrance: engineering plants and enzymes for biofuels production. Science. 2007; 
315(5813): 804-7.

Li B, Fillmore N, Bai Y, Collins M, Thomson J a., Stewart R, et al. Evaluation of de novo 
transcriptome assemblies from RNA-Seq data. Genome Biology. 2014; 15:553. 
doi: 10.1186/s13059-014-0553-5

235

https://doi.org/10.1016/j.jprot.2013.11.024


References

162 Teather RM, Wood PJ. Use of Congo red-polysaccharide interactions in enumeration 
and characterization of cellulolytic bacteria from the bovine rumen. Appl Environ 
Microbiol. 1982; 43(4): 777-80.

163 Lever M. A new reaction for colorimetric determination of carbohydrates. Anal 
Biochem. 1972; 47(1): 273-9.

164 Ishihama Y, Oda Y, Tabata T, Sato T, Nagasu T, Rappsilber J, et al. Exponentially 
modified protein abundance index (emPAI) for estimation of absolute protein amount 
in proteomics by the number of sequenced peptides per protein. Mol Cell Proteomics. 
2005; 4(9): 1265-72.

165 Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of image 
analysis. Nat Methods. 2012; 9(7): 671-5.

166 Boraston AB, Tomme P, Amandoron EA, Kilburn DG. A novel mechanism of xylan 
binding by a lectin-like module from Streptomyces lividans xylanase 10A. Biochem J. 
2000; 350: 933-41.

167 Pohleven J, Renko M, Magister S, Smith DF, Kunzler M, Strukelj B, et al. Bivalent 
carbohydrate binding is required for biological activity of CNL, the LacdiNAc 
(G alN A cp i- 4GlcNAc)-specific lectin from basidiomycete Clitocybe nebularis. The Jour. 
Of Biol. Chem. 2012. 287; 10602-612.

168 Boraston AB, Creagh | A Louise, Alam MM, Kormos JM, Tomme P, Haynes CA, et al. 
Binding Specificity and Thermodynamics of a Family 9 Carbohydrate-Binding Module 
from Thermotoga maritima Xylanase 10A. Biochemistry. 2001; 40 (21), 6240-6247. 
doi: 10.1021/bi0101695

169 Gaskell A, Crennell S, Taylor G. The three domains of a bacterial sialidase: a p- 
propeller, an immunoglobulin module and a galactose-binding jelly-roll. Structure. 
1995; 3(11): 1197-205.

170 Copley RR, Russell RB, Ponting CP. Sialidase-like Asp-boxes: sequence-similar 
structures within different protein folds. Protein Sci. 2001; 10(2): 285-92.

171 Kane S. The Degradation of Cellulosic Material by Cellulomonas fim i [PhD]. University 
of Edinburgh; 2015.

172 Krogh A, Larsson B, von Heijne G, Sonnhammer EL. Predicting transmembrane protein 
topology with a hidden markov model: application to complete genomes. J Mol Biol. 
2001; 305(3): 567-80.

173 Das SP, Ghosh A, Gupta A, Goyal A, Das D. Lignocellulosic fermentation of wild grass 
employing recombinant hydrolytic enzymes and fermentative microbes with effective 
bioethanol recovery. Biomed Res Int. 2013; Article ID 386063, 14 pg.

174 Boraston AB, Bolam DN, Gilbert HJ, Davies GJ. Carbohydrate-binding modules: fine- 
tuning polysaccharide recognition. Biochem J. 2004; 382: 769-81.

175 Hekmat O, Florizone C, Kim Y-W, Eltis LD, Warren RAJ, Withers SG. Specificity 
fingerprinting of retaining beta-1,4-glycanases in the Cellulomonas fim i secretome 
using two fluorescent mechanism-based probes. Chembiochem. 2007; 8(17): 2125-32.

236



176

177

178

179

180

181

182

183

184

185

186

187

188

189

References

Pollet A, Delcour JA, Courtin CM. Structural determinants of the substrate specificities 
of xylanases from different glycoside hydrolase families. Crit Rev Biotechnol. 2010; 
30(3): 176-91.

Xu F, Shi Y-C, Wang D. X-ray scattering studies of lignocellulosic biomass: a review. 
Carbohydr Polym. 2013; 94(2): 904-17.

Kaneko S, Ichinose H, Fujimoto Z, Kuno A, Yura K, Go M, et al. Structure and function of 
a family 10 p-xylanase chimera of Streptomyces olivaceoviridis E-86 FXYN and 
Cellulomonas fim i cex. J Biol Chem. 2004; 279: 26619-26.

Thomas L, Joseph A, Gottumukkala LD. Xylanase and cellulase systems of Clostridium 
sp.: An insight on molecular approaches for strain improvement. Bioresource 
Technology. 2014; 158. 343-350.

Perez-Avalos O, Sanchez-Herrera LM, Salgado LM, Ponce-Noyola T. A bifunctional 
endoglucanase/endoxylanase from Cellulomonas flavigena with potential use in 
industrial processes at different pH. Curr Microbiol. 2008; 57(1): 39-44.

Rashamuse KJ, Visser DF, Hennessy F, Kemp J, Roux-Van Der Merwe MP, Badenhorst J, 
et al. Characterisation of two bifunctional cellulase-Xylanase enzymes isolated from a 
bovine rumen metagenome library. Curr Microbiol. 2013; 66(2): 145-51.

Clarke JH, Laurie JI, Gilbert HJ, Hazlewood GP. Multiple xylanases of Cellulomonas fim i 
are encoded by distinct genes. FEMS Microbiol Lett. 1991; 67(3): 305-9.

Gilbert HJ, Jenkins G, Sullivan DA, Hall J. Evidence for multiple carboxymethylcellulase 
genes in Pseudomonas fluorescens subsp. cellulosa. MGG Mol Gen Genet. 1987;
210(3): 551-6.

Clarke JH, Davidson K, Gilbert HJ, Fontes CMGA, Hazlewood GP. A modular xylanase 
from mesophilic Cellulomonas fim i contains the same cellulose-binding and 
thermostabilizing domains as xylanases from thermophilic bacteria. FEMS Microbiol 
Lett. 1996; 139(1): 27-35.

Penttila PA, Varnai A, Pere J, Tammelin T, Salmen L, Siika-aho M, et al. Xylan as limiting 
factor in enzymatic hydrolysis of nanocellulose. Bioresour Technol. 2013; 129: 135
141.

Salamanca-Cardona L, Ashe CS, Stipanovic AJ, Nomura CT. Enhanced production of 
polyhydroxyalkanoates (PHAs) from beechwood xylan by recombinant Escherichia coli. 
Appl Microbiol Biotechnol. 2014; 98(2): 831-42.

Buist G, Ridder ANJA, Kok J, Kuipers OP. Different subcellular locations of secretome 
components of Gram-positive bacteria. Microbiology. 2006; 152: 2867-74.

Sutcliffe IC, Harrington DJ. Pattern searches for the identification of putative 
lipoprotein genes in Gram-positive bacterial genomes. Microbiology. 2002; 148: 2065
77.

Peabody MA, Laird MR, Vlasschaert C, Lo R, Brinkman FSL. PSORTdb: expanding the 
bacteria and archaea protein subcellular localization database to better reflect 
diversity in cell envelope structures. Nucleic Acids Res. 2016;44(D1): D663-8.

237



References

190 Caspi J, Barak Y, Haimovitz R, Gilary H, Irwin DC, Lamed R, et al. Thermobifida fusca 
exoglucanase Cel6B is incompatible with the cellulosomal mode in contrast to 
endoglucanase Cel6A. Syst Synth Biol. 2010; 4(3): 193-201.

191 Miller RC, Langsford ML, Gilkes NR, Wakarchuk WW, Kilburn DG, Miller RC, et al. The 
Cellulase System of Cellulomonas fimi. Microbiology. 1984; 130(6): 1367-76.

192 Coutinho JB, Gilkes NR, Warren RAJ, Kilburn DG, Miller RC. The binding of 
Cellulomonas fim i endoglucanase C (CenC) to cellulose and Sephadex is mediated by 
the N-terminal repeats. Mol Microbiol. 1992; 6(9): 1243-52.

193 Moser F, Irwin D, Chen S, Wilson DB. Regulation and characterization of Thermobifida 
fusca carbohydrate-binding module proteins E7 and E8. Biotechnol Bioeng. 2008; 
100(6): 1066-77.

194 Gilkes NR, Jervissi E, Henrissat B, Tekant B, Miller RC, Antony R, et al. The Adsorption 
of a Bacterial Cellulase to Crystalline Cellulose. J Biol Chem. 1992; 267(10): 6743-9.

195 Mclean BW, Boraston AB, Brouwer D, Sanaie N, Fyfe CA, Antony R, et al. 
Carbohydrate-binding Modules Recognize Fine Substructures of Cellulose. J Biol Chem. 
2002; 277(52): 50245-54.

196 Notenboom V., Boraston A. B., Kilburn D. G., and, Rose D. R. Crystal Structures of the 
Family 9 Carbohydrate-Binding Module from Thermotoga maritima Xylanase 10A in 
Native and Ligand-Bound Forms. 2001; 40: 6248-56.

197 Varrot A, Basheer SM, Imberty A. Fungal lectins: structure, function and potential 
applications. Curr Opin Struct Biol. 2013; 23: 678-85.

198 Davies GJ, Henrissat B. Cracking the code, slowly: the state of carbohydrate-active 
enzymes in 2013 Editorial overview. Curr Opin Struct Biol. 2013; 23: 649-51.

199 Vincent P, Shareck F, Dupont C, Morosoli R, Kluepfel D. New a-arabinosefuranosidase 
produced by Streptomyces lividans: Cloning and DNA sequence of the abfB gene and 
characterization of the enzyme. Biochem J. 1997; 322: 845-52.

200 Shareck F, Roy C, Yaguchi M, Morosoli R, Kluepfel D. Sequences of three genes 
specifying xylanases in Streptomyces lividans. Gene. 1991; 107(1): 75-82.

201 Kataeva IA, Seidel RD, Shah A, West LT, Li X-L, Ljungdahl LG. The fibronectin type 3-like 
repeat from the Clostridium thermocellum cellobiohydrolase CbhA promotes 
hydrolysis of cellulose by modifying its surface. Appl Environ Microbiol. 2002; 68(9): 
4292-300.

202 Kim DY, Han MK, Park D-S, Lee JS, Oh H-W, Shin D-H, et al. Novel GH10 xylanase, with a 
fibronectin type 3 domain, from Cellulosimicrobium sp. strain HY-13, a bacterium in 
the gut of Eisenia fetida. Appl Environ Microbiol. 2009; 75(22): 7275-9.

203 Mello BL. Biophysical characterizations of Cellulomonas fim i hypothetical protein, 
Celf_0121. [PhD]. University of Sao Paolo; 2017.

204 Rigden DJ, Mello L V, Galperin MY. The PA14 domain, a conserved all-p domain in 
bacterial toxins, enzymes, adhesins and signaling molecules. Trends Biochem Sci. 2004; 
29(7): 335-9.

205 Duine JA. The PQQ story. J Biosci Bioeng. 1999; 88(3): 231-6.

238



206

207

208

209

210

211

212

213

214

215

216

217

218

219

References

Bauer R, Janowska K, Taylor K, Jordan B, Gann S, Janowski T, et al. Structures of three 
polycystic kidney disease-like domains from Clostridium histolyticum  collagenases ColG 
and ColH. Acta Crystallogr D Biol Crystallogr. 2015; 71(3):565-77.

Yoshida E, Hidaka M, Fushinobu S, Koyanagi T, Minami H, Tamaki H, et al. Role of a 
PA14 domain in determining substrate specificity of a glycoside hydrolase family 3 p- 
glucosidase from Kluyveromyces marxianus. Biochem J. 2010; 431(1): 39-49.

Chen M-H, Chen K-S, Hou J-W, Lee C-C, Huang J-S. Coexistence of autosomal dominant 
polycystic kidney disease and neurofibromatosis: report of a family. Am J Nephrol. 
2002; 22(4): 376-80.

Bycroft M, Bateman A, Clarke J, Hamill SJ, Sandford R, Thomas RL, et al. The structure 
of a PKD domain from polycystin-1: implications for polycystic kidney disease. EMBO J. 
1999; 18(2): 297-305.

Hughes J, Ward CCJ, Peral B, Aspinwall R, Clark K, San Millan JJL, et al. The polycystic 
kidney disease 1 (PKD1) gene encodes a novel protein with multiple cell recognition 
domains. Nat Genet. 1995; 10(2): 151-60.

Orikoshi H, Nakayama S, Hanato C, Miyamoto K, Tsujibo H. Role of the N-terminal 
polycystic kidney disease domain in chitin degradation by chitinase A from a marine 
bacterium, Alteromonas sp. strain O-7. J Appl Microbiol. 2005; 99(3): 551-7.

Wong CM, Wong KH, Chen XD, Ming Wong C, Hei Wong K, Dong Chen X. Glucose 
oxidase: natural occurrence, function, properties and industrial applications. Appl 
Microbiol Biotechnol. 2008; 78(6): 927-38.

Bauer R, Wilson JJ, Philominathan STL, Davis D, Matsushita O, Sakon J. Structural 
comparison of ColH and ColG collagen-binding domains from Clostridium histolyticum.
J Bacteriol. 2013; 195(2): 318-27.

Suma K, Podile AR. Chitinase A from Stenotrophomonas maltophilia shows 
transglycosylation and antifungal activities. Bioresour Technol. 2013; 133: 213-20.

Jing H, Takagi J, Liu J, Lindgren S, Zhang R, Joachimiak A, et al. Archaeal surface layer 
proteins contain b-propeller, PKD, and b-helix domains and are related to metazoan 
cell surface proteins. Structure. 2002; 10(10): 1453-64.

Huang J, Wu C, Liu D, Yang X, Wu R, Zhang J, et al. C-terminal domains of bacterial 
proteases: structure, function and the biotechnological applications. J Appl Microbiol. 
2016; 1- 11.

Sandford R, Sgotto B, Aparicio S, Brenner S, Vaudin M, Wilson RK, et al. Comparative 
analysis of the polycystic kidney disease 1 (PKD1) gene reveals an integral membrane 
glycoprotein with multiple evolutionary conserved domains. Hum Mol Genet. 
1997;6(9):1483-9.

Wang X, Chi N, Bai F, Du Y, Zhao Y, Yin H. Characterization of a cold-adapted and salt- 
tolerant exo-chitinase (ChiC) from Pseudoalteromonas sp. DL-6. Extremophiles. 2016; 
20(2): 167-76.

Malecki PH, Raczynska JE, Vorgias CE, Rypniewski W. Structure of a complete four- 
domain chitinase from Moritella marina, a marine psychrophilic bacterium. Acta 
Crystallogr Sect D Biol Crystallogr. 2013; 69(5): 821-9.

239



References

221

222

223

224

225

226

227

228

229

230

231

232

233

234

220 Yang H, Liu L, Xu F. The promises and challenges of fusion constructs in protein 
biochemistry and enzymology. Appl Microbiol Biotechnol. 2016; 100(19): 8273-81.

Ouidir T, Jarnier F, Cosette P, Jouenne T, Hardouin J. Characterization of N-terminal 
protein modifications in Pseudomonas aeruginosa PA14. J Proteomics. 2014; 114(2): 
214-25.

de Groot PWJ, Klis FM. The conserved PA14 domain of cell wall-associated fungal 
adhesins governs their glycan-binding specificity. Mol Microbiol. 2008; 68(3): 535-7.

Larsbrink J, Izumi A, Ibatullin FM, Nakhai A, Gilbert HJ, Davies GJ, et al. Structural and 
enzymatic characterization of a glycoside hydrolase family 31 a-xylosidase from 
Cellvibrio japonicus involved in xyloglucan saccharification. Biochem J. 2011; 436(3): 
567-80.

Gruninger RJ, Gong X, Forster RJ, McAllister TA. Biochemical and kinetic 
characterization of the multifunctional p-glucosidase/p-xylosidase/a-arabinosidase, 
Bgxa1. Appl Microbiol Biotechnol. 2014; 98(7): 3003-12.

Bayer EA, Shoham Y, Lamed R. Lignocellulose-decomposing bacteria and their enzyme 
systems. In: The Prokaryotes: Prokaryotic Physiology and Biochemistry. 2013; 215-266.

Goossens KVY, Ielasi FS, Nookaew I, Stals I, Alonso-Sarduy L, Daenen L, et al. Molecular 
mechanism of flocculation self-recognition in yeast and its role in mating and survival. 
MBio. 2015; 6(2): e00427-15.

Henrissat B. A classification of glycosyl hydrolases based on amino acid sequence 
similarities. Biochem J. 1991; 309-16.

Lynd LR, Weimer PJ, van Zyl WH, Pretorius IS. Microbial cellulose utilization: 
fundamentals and biotechnology. Microbiol Mol Biol Rev. 2002; 66(3): 506-77.

Zhang Y-HP, Cui J, Lynd LR, Kuang LR. A transition from cellulose swelling to cellulose 
dissolution by o-phosphoric acid: evidence from enzymatic hydrolysis and 
supramolecular structure. Biomacromolecules. 2006 ;7(2): 644-8.

Duine JA, Jzn. JF, Van Zeeland JK. Glucose dehydrogenase from Acinetobacter 
calcoaceticus. FEBS Lett. 1979; 108(2): 443-6.

Anthony C. The structure of bacterial quinoprotein dehydrogenases. Int. J. Biochem. 
1992; 24(1): 29-39.

Oubrie A, Tte H, Rozeboom J, Kalk KH, Olsthoorn AJJ, Duine JA, et al. Structure and 
mechanism of soluble quinoprotein glucose dehydrogenase. EMBO J. 1999; 18(19): 
5187-94.

Mitchell AE, Jones AD, Mercer RS, Rucker RB. Characterization of pyrroloquinoline 
quinone amino acid derivatives by electrospray ionization mass spectrometry and 
detection in human milk. Anal Biochem. 1999; 269(2): 317-25.

Yoshida H, Araki N, Tomisaka A, Sode K. Secretion of water soluble pyrroloquinoline 
quinone glucose dehydrogenase by recombinant Pichia pastoris. Enzyme Microb 
Technol. 2002; 30(3): 312-8.

240



References

235

236

237

238

239

240

241

242

243

244

245

246

247

Matsushita, H. Toyama, M. Yamada, O K, Toyama H, Yamada M, Adachi O. 
Quinoproteins: structure, function, and biotechnological applications. Appl Microbiol 
Biotechnol. 2002; 58(1): 13-22.

Mathieu Y, Piumi F, Valli R, Aramburu JC, Ferreira P, Faulds CB, et al. Activities of 
secreted aryl alcohol quinone oxidoreductases from Pycnoporus cinnabarinus provide 
insights into fungal degradation of plant biomass. Appl Environ Microbiol. 2016; 82(8): 
2411-23.

Rucker R, Chowanadisai W, Nakano M. Potential physiological importance of 
pyrroloquinoline quinone. Altern Med Rev. 2009; 14(3): 268-77.

Duine JA, Strampraad MJF, Hagen WR, de Vries S. The cooperativity effect in the 
reaction of soluble quinoprotein (PQQ-containing) glucose dehydrogenase is not due 
to subunit interaction but to substrate-assisted catalysis. FEBS J. 2016; 283(19): 3604
12.

Hofer M, Bonsch K, Greiner-Stoffele T, Ballschmiter M. Characterization and 
Engineering of a Novel Pyrroloquinoline Quinone Dependent Glucose Dehydrogenase 
from Sorangium cellulosum So ce56. Mol Biotechnol. 2011; 47(3): 253-61.

Southall SM, Doel JJ, Richardson DJ, Oubrie A. Soluble aldose sugar dehydrogenase 
from Escherichia coli: a highly exposed active site conferring broad substrate 
specificity. J Biol Chem. 2006; 281(41): 30650-9.

Sakuraba H, Yokono K, Yoneda K, Watanabe A, Asada Y, Satomura T, et al. Catalytic 
properties and crystal structure of quinoprotein aldose sugar dehydrogenase from 
hyperthermophilic archaeon Pyrobaculum aerophilum. Arch Biochem Biophys. 2010; 
502(2): 81-8.

Miyazaki T, Sugisawa T, Hoshino T. Pyrroloquinoline quinone-dependent 
dehydrogenases from Ketogulonicigenium vulgare catalyze the direct conversion of L- 
sorbosone to L-ascorbic acid. Appl Environ Microbiol. 2006; 72(2): 1487-95.

Matsumura H, Umezawa K, Takeda K, Sugimoto N, Ishida T, Samejima M, et al. 
Discovery of a Eukaryotic Pyrroloquinoline Quinone-Dependent oxidoreductase 
belonging to a new auxiliary activity family in the database of carbohydrate-active 
enzymes. PLoS One. 2014; 9(8): e104851.

Takeda K, Matsumura H, Ishida T, Samejima M, Ohno H, Yoshida M, et al. 
Characterization of a novel PQQ-dependent quinohemoprotein pyranose 
dehydrogenase from Coprinopsis cinerea classified into auxiliary activities family 12 in 
carbohydrate-active enzymes. PLoS One. 2015; 10(2): e0115722.

Garajova S, Mathieu Y, Beccia MR, Bennati-Granier C, Biaso F, Fanuel M, et al. Single
domain flavoenzymes trigger lytic polysaccharide monooxygenases for oxidative 
degradation of cellulose. Sci Rep. 2016; (6): 28276. doi:10.1038/srep28276

Sun MZ, Zhang XY, Xin Y. Purification and characterization of an endo-D-arabinase 
produced by Cellulomonas. Protein J. 2012; 31(1) :51-8. doi: 10.1007/s10930-011- 
9374-5.

Yelton MM, Hamer JE, Timberlake WE. Transformation of Aspergillus nidulans by using 
a trpC plasmid. Genetics. 1984; 81: 1470-4.

241



248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

References

Alshahni MM, Makimura K, Yamada T, Satoh K, Ishihara Y, Takatori K, et al. Direct 
Colony PCR of Several Medically Important Fungi Using Ampdirect ® Plus. Jpn J Infect 
Dis. 2009; 62: 164-7.

Fogg MJ, Wilkinson AJ. New Methods for the Study of Protein-Nucleic Acid 
Interactions Higher-throughput approaches to crystallization and crystal structure 
determination. Biochem. Soc. Trans. 2008; 36: 771-775. doi:10.1042/BST0360771

Vincentelli R, Canaan S, Offant J, Cambillau C, Bignon C. Automated expression and 
solubility screening of His-tagged proteins in 96-well format. Anal Biochem. 2005; 
346(1): 77-84.

Lobstein J, Emrich CA, Jeans C, Faulkner M, Riggs P, Berkmen M. SHuffle, a novel 
Escherichia coli protein expression strain capable of correctly folding disulfide bonded 
proteins in its cytoplasm. Microb Cell Fact. 2012; 11: 56.

Ferre F, Clote P. DiANNA: A web server for disulfide connectivity prediction. Nucleic 
Acids Res. 2005; 33(SUPPL. 2): 230-2.

Boeke JD, LaCroute F, Fink GR. A positive selection for mutants lacking orotidine-5'- 
phosphate decarboxylase activity in yeast: 5-fluoro-orotic acid resistance. Mol Gen 
Genet. 1984; 197(2): 345-6.

Ameyama M, Shinagawa E, Matsushita K, Adachi O. D-Glucose Dehydrogenase of 
Gluconobacter suboxydans: Solubilization, Purification and Characterization. Agric Biol 
Chem. 1981; 45(4): 851-61.

Yamada M, Elias MD, Matsushita K, Migita CT, Adachi O, Elias MD, et al. Escherichia 
coli PQQ-containing quinoprotein glucose dehydrogenase: its structure comparison 
with other quinoproteins. Biochim Biophys Acta - Proteins Proteomics. 2003; 1647(1-
2): 185-92.

Olsthoorn AJJ, Duine JA. Production, characterization, and reconstitution of 
recombinant quinoprotein glucose dehydrogenase (soluble type; EC 1.1.99.17) 
apoenzyme of Acinetobacter calcoaceticus. Arch Biochem Biophys. 1996; 336(1): 42-8.

Krogh A, Larsson B, von Heijne G, Sonnhammer EL. Predicting transmembrane protein 
topology with a hidden markov model: application to complete genomes. J Mol Biol. 
2001; 305(3): 567-80.

Smialowski P, Martin-Galiano AJ, Mikolajka A, Girschick T, Holak TA, Frishman D. 
Protein solubility: sequence based prediction and experimental verification. 
2007;23(19):2536-42.

Kyte J, Doolittle RF. A simple method for displaying the hydropathic character of a 
protein. J Mol Biol. 1982; 157(1): 105-32.

Lolkema JS, Slotboom DJ. Estimation of structural similarity of membrane proteins by 
hydropathy profile alignment. Mol Membr Biol. 1998; 15(1): 33-42.

White SH. Hydropathy Plots and the Prediction of Membrane Protein Topology. In: 
Membrane Protein Structure. New York, NY: Springer New York; 1994. 97-124.

Baneyx F, Mujacic M. Recombinant protein folding and misfolding in Escherichia coli. 
Nat Biotechnol. 2004; 22(11): 1399-408.

242



References

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

Harper S, Speicher DW. Purification of proteins fused to glutathione S-transferase. 
Methods Mol Biol. 2011; 681: 259-80.

Novick RP, Londono-Vallejo A, Harry E, Stragier P, Losick R. Genetic systems in 
Staphylococci. Methods Enzymol. 1991; 204(2): 587-636.

Porowinska D, Czarnecka J, Komoszynski M. Chaperones Are Necessary for the 
Expression of Catalytically Active Potato Apyrases in Prokaryotic Cells. 2014; 173(6): 
1349-59. doi: 10.1007/s12010-014-0858-6.

Hartinger D, Heinl S, Schwartz HE, Grabherr R, Schatzmayr G, Haltrich D, et al. 
Enhancement of solubility in Escherichia coli and purification of an aminotransferase 
from Sphingopyxis sp. MTA144 for deamination of hydrolyzed fumonisin B 1. Microb 
Cell Fact. 2010; 9: 62. doi: 10.1186/1475-2859-9-62.

Bessette PH, Aslund F, Beckwith J, Georgiou G. Efficient folding of proteins with 
multiple disulfide bonds in the Escherichia coli cytoplasm. Proc Natl Acad Sci USA.
1999; 96(24): 13703-08.

Chen J, Song JL, Zhang S, Wang Y, Cui DF, Wang CC. Chaperone activity of DsbC. J Biol 
Chem. 1999; 274(28): 19601-5.

Delisa MP, Tullman D, Georgiou G, Beckwith J. Folding quality control in the export of 
proteins by the bacterial twin-arginine translocation pathway. Proc Natl Acad Sci 
USA. 2003; 100(10): 6115-20.

Hearn MTW, Acosta D. Applications of novel affinity cassette methods: use of peptide 
fusion handles for the purification of recombinant proteins. J Mol Recognit. 2001; 
14(6): 323-69.

Hedhammar M, Alm T, Graslund T, Hober S. Single-step recovery and solid-phase 
refolding of inclusion body proteins using a polycationic purification tag. Biotechnol J. 
2006; 1(2): 187-96.

Terpe K. Overview of tag protein fusions: from molecular and biochemical 
fundamentals to commercial systems. Appl Microbiol Biotechnol. 2003; 60(5): 523-33.

Boyer TD. Special article the glutathione S-transferases: An update. Hepatology. 1989; 
9(3): 486-96.

Smith DB, Johnson KS. Single-step purification of polypeptides expressed in Escherichia 
coli as fusions with glutathione S-transferase. Gene. 1988; 67(1): 31-40.

Frangioni JV, Neel BG. Solubilization and Purification of Enzymatically Active 
Glutathione S-Transferase (pGEX) Fusion Proteins. Anal Biochem. 1993; 210(1): 179
87.

Smith DB. Generating fusions to glutathione S-transferase for protein studies.
Methods Enzymol. 2000; 326: 254-70.

Kaplan W, Husler P, Klump H, Erhardt J, Sluis-Cremer N, Dirr ' H. Conformational 
stability of pGEX-expressed Schistosoma japonicum  glutathione S-transferase: A 
detoxification enzyme and fusion-protein affinity tag. Protein Sci. 1997; 6(2): 399-406.

Pina AS, Lowe CR, Cecilia A, Roque A. Challenges and opportunities in the purification 
of recombinant tagged proteins. Biotechnol Adv. 2014; 32: 366-81.

243



279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

References

Meyer V, Minkwitz S, Schutze T, van den Hondel CAMJJ, Ram AFJ. The Aspergillus niger 
RmsA protein: A node in a genetic network? Commun Integr Biol. 2010; 3(2): 195-7.

Oates N. Mining Compost for Novel Lignocellulosic Enzymes from Graphium sp [PhD 
thesis]. University of York; 2017.

Isaksen T, Westereng B, Aachmann FL, Agger JW, Kracher D, Kittl R, et al. A C4- 
oxidizing Lytic Polysaccharide Monooxygenase Cleaving Both Cellulose and Cello- 
oligosaccharides. J. Biol. Chem. 2013; 289: 2632-42.

Oubrie A, Tte H, Rozeboom J, Dijkstra BW. Active-site structure of the soluble 
quinoprotein glucose dehydrogenase complexed with methylhydrazine: A covalent 
cofactor- inhibitor complex. Proc Natl Acad Sci USA. 1999; 96(21): 11787-91.

Ferri S, Kojima K, Sode K. Review of glucose oxidases and glucose dehydrogenases: a 
bird's eye view of glucose sensing enzymes. J Diabetes Sci Technol. 2011; 5(5): 1068
76.

Lambertz C, Garvey M, Klinger J, Heesel D, Klose H, Fischer R, et al. Challenges and 
advances in the heterologous expression of cellulolytic enzymes: a review. Biotechnol 
Biofuels. 2014; 7(1): 135.

Rosano GL, Ceccarelli EA. Recombinant protein expression in Escherichia coli:
Advances and challenges. Front Microbiol. 2014; 5: 172.

Li Y-L, Li H, Li A-N, Li D-C. Cloning of a gene encoding thermostable cellobiohydrolase 
from the thermophilic fungus Chaetomium thermophilum and its expression in Pichia 
pastoris. J Appl Microbiol. 2009; 106(6): 1867-75.

Liu R, Chen L, Jiang YP, Zhou ZH, Zou G, Punt P, et al. Efficient genome editing in 
filamentous fungus Trichoderma reesei using the CRISPR/Cas9 system. Cell Discov. 
2015; 1: 15007. doi:10.1038/celldisc.2015.7

Zhu Z, Gonzalez F, Huangfu D. The iCRISPR Platform for Rapid Genome Editing in 
Human Pluripotent Stem Cells. Methods Enzymol. 2014; 546C: 215-50.

Liu Q, Gao R, Li J, Lin L, Zhao J, Sun W, et al. Development of a genome-editing 
CRISPR/Cas9 system in thermophilic fungal Myceliophthora species and its application 
to hyper-cellulase production strain engineering. Biotechnol Biofuels. 2017; 10(1): 1.

Xu T, Li Y, Shi Z, Hemme CL, Li Y, Zhu Y, et al. Efficient Genome Editing in Clostridium 
cellulolyticum via CRISPR-Cas9 Nickase. Appl Environ Microbiol. 2015; 81(13): 4423-31.

Mougiakos I, Bosma EF, de Vos WM, van Kranenburg R, van der Oost J. Next 
Generation Prokaryotic Engineering: The CRISPR-Cas Toolkit. Trends Biotechnol. 2016; 
34(7): 575-87.

Hansen MAT, Ahl LI, Pedersen HL, Westereng B, Willats WGT, J0rgensen H, et al. 
Extractability and digestibility of plant cell wall polysaccharides during hydrothermal 
and enzymatic degradation of wheat straw (Triticum aestivum L.). Ind Crops Prod.
2014; 55: 63-69.

Wilson DB. Three microbial strategies for plant cell wall degradation. In: Annals of the 
New York Academy of Sciences. 2008; 1125: 289-97. doi: 10.1196/annals.1419.026.

244



294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

References

Jeoh T, Ishizawa CI, Davis MF, Himmel ME, Adney WS, Johnson DK. Cellulase 
digestibility of pretreated biomass is limited by cellulose accessibility. Biotechnol 
Bioeng. 2007; 98(1): 112-22.

Bhalla A, Bansal N, Kumar S, Bischoff KM, Sani RK. Improved lignocellulose conversion 
to biofuels with thermophilic bacteria and thermostable enzymes. Bioresour Technol. 
2013;128:751-9.

Bartley LE, Ronald PC. Plant and microbial research seeks biofuel production from 
lignocellulose. California Agriculture. 2009; 63(4): 178-184.

Ragauskas AJ, Laser J, Sinskey AJ, Ragauskas A, Williams C, Davison B, et al. The Path 
Forward for Biofuels and Biomaterials. Science. 2006; 311(5760):484-9.

Kurosawa K, Laser J, Sinskey AJ. Tolerance and adaptive evolution of triacylglycerol- 
producing Rhodococcus opacus to lignocellulose-derived inhibitors. Biotechnol 
Biofuels. 2015; 8: 76. doi: 10.1186/s13068-015-0258-3

Rai PK, Singh SP, Asthana RK, Singh SP. Biohydrogen production from sugarcane 
bagasse by integrating dark- and photo-fermentation. Bioresour Technol. 2014; 152. 
140-146.

Whittle DJ, Kilburn DG, Warren RA, Miller Jr. RC, Miller RC. Molecular cloning of a 
Cellulomonas fim i cellulose gene in Escherichia coli. Gene. 1982; 17(2): 139-45.

Poulsen OM, Petersen LW. Growth of Cellulomonas sp. ATCC 21399 on different 
polysaccharides as sole carbon source Induction of extracellular enzymes. Appl 
Microbiol Biotechnol. 1988; 29(5): 480-84.

Plucain J, Suau A, Cruveiller S, Medigue C, Schneider D, Le Gac M. Contrasting effects 
of historical contingency on phenotypic and genomic trajectories during a two-step 
evolution experiment with bacteria. BMC Evol Biol. 2016; 16: 86. doi: 10.1186/s12862- 
016-0662-8.

Martin M, Holscher T, Dragos A, Cooper VS, Kovacs and Akos T. Laboratory evolution 
of microbial interactions in bacterial biofilms. J. of Bacteriol. 2016. 
doi:10.1128/JB.01018-15

Charlesworth J, Eyre-Walker A. The rate of adaptive evolution in enteric bacteria. Mol 
Biol Evol. 2006; 23(7): 1348-56.

Rajaraman E, Agarwal A, Crigler J, Seipelt-Thiemann R, Altman E, Eiteman MA. 
Transcriptional analysis and adaptive evolution of Escherichia coli strains growing on 
acetate. Appl Microbiol Biotechnol. 2016; 100(17): 7777-85.

GroGkopf T, Consuegra J, Gaffe J, Willison JC, Lenski RE, Soyer OS, et al. Metabolic 
modelling in a dynamic evolutionary framework predicts adaptive diversification of 
bacteria in a long-term evolution experiment. BMC Evol Biol. 2006; 16 (1): 163.

Schoustra S, Punzalan D. Correlation of mycelial growth rate with other phenotypic 
characters in evolved genotypes of Aspergillus nidulans. Fungal Biol. 2012; 116(5): 
630-6.

Patyshakuliyeva A, Arentshorst M, Allijn IE, Ram AFJ, de Vries RP, Gelber IB. Improving 
cellulase production by Aspergillus niger using adaptive evolution. Biotechnol Lett. 
2016; 38(6): 969-74.

245



References

309 Dalgaard P, Ross T, Kamperman L, Neumeyer K, McMeekin TA. Estimation of bacterial 
growth rates from turbidimetric and viable count data. Int J Food Microbiol. 1994; 
23(3): 391-404.

310 Bollet C, Gevaudan MJ, De Lamballerie X, Zandotti C, De Micco P. A simple method for 
the isolation of chromosomal DNA from Gram positive or acid-fast bacteria. Nucleic 
Acids Res. 1955; 19(8): 1955.

311 Yu Ip CC, Manam V, Hepler R, Hennessey JP. Carbohydrate composition analysis of 
bacterial polysaccharides: Optimized acid hydrolysis conditions for HPAEC-PAD 
analysis. Anal Biochem. 1992; 201(2): 343-9.

312 Chomczynski P, Sacchi N. The single-step method of RNA isolation by acid guanidinium 
thiocyanate-phenol-chloroform extraction: twenty-something years on. Nat Protoc. 
2006;1(2):581-5.

313 Hatayama K, Esaki K, Ide T. Cellulomonas soli sp. nov. and Cellulomonas oligotrophica 
sp. nov., isolated from soil. Int J Syst Evol Microbiol. 2013; (63): 60-5.

314 Shi Z, Luo G, Correspondence GW, Wang G. Cellulomonas carbonis sp. nov., isolated
from coal mine soil. Int J Syst Evol Microbiol. 2012; 62: 2004-10.

315 Bremer H. Variation of generation times in Escherichia coli populations: its cause and
implications. J Gen Microbiol. 1982; 128(12): 2865-76.

316 Powell E 0. Growth Rate and Generation Time of Bacteria, with Special Reference to 
Continuous Culture. J Gen Microbiol. 1956; 15(3): 492-511.

317 Blet-Charaudeau C, Muller J, Laudelout H. Kinetics of Carbon Dioxide Evolution in 
Relation to Microbial Biomass and Temperature. Soil Sci Soc Am J. 1990; 54(5): 1324.

318 Lagaert S, Belien T, Volckaert G. Plant cell walls: Protecting the barrier from
degradation by microbial enzymes. Seminars in Cell and Developmental Biology. 2009; 
20: 1064-73.

319 van Beelen P, Doelman P. Significance and application of microbial toxicity tests in 
assessing ecotoxicological risks of contaminants in soil and sediment. Chemosphere. 
1997; 34(3): 455-99.

320 Dilly O. Regulation of the respiratory quotient of soil microbiota by availability of
nutrients. FEMS Microbiol Ecol. 2003; 43(3): 375-81.

321 IAWQ Task Group on Respirometry. H, Spanjers H, International Association on Water
Quality. G, Dold PL. Respirometry in control of the activated sludge process: principles. 
International Association on Water Quality; 1998. 48.

322 Lawrence D, Fiegna F, Behrends V, Bundy JG, Phillimore AB, Bell T, et al. Species
Interactions Alter Evolutionary Responses to a Novel Environment. Ellner SP, editor. 
PLoS Biol. 2012;10(5): e1001330.

323 Alfenore S, Molina-Jouve C. Current status and future prospects of conversion of
lignocellulosic resources to biofuels using yeasts and bacteria. Process Biochem. 2016; 
51(11): 1747-56.

246



324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

References

Kovacs R, Hazi F, Csikor Z, Mihaltz P. Connection between oxygen uptake rate and 
carbon dioxide evolution rate in aerobic thermophilic sludge digestion. R Period 
Polytech Chem Eng. 2007; 511: 17-22.

Mei C-F, Liu Y-Z, Long W-N, Sun G-P, Zeng G-Q, Xu M-Y, et al. A comparative study of 
biodegradability of a carcinogenic aromatic amine (4,4'-Diaminodiphenylmethane) 
with OECD 301 test methods. Ecotoxicol Environ Saf. 2015; 111: 123-30.

Zhang X, Rogowski A, Zhao L, Hahn MG, Avci U, Knox JP, et al. Understanding how the 
complex molecular architecture of mannan-degrading hydrolases contributes to plant 
cell wall degradation. J Biol Chem. 2014; 289, 2002-12. doi: 10.1074/jbc.M113.527770

Boraston AB, McLean BW, Guarna MM, Amandaron-Akow E, Kilburn DG. A family 2a 
carbohydrate-binding module suitable as an affinity tag for proteins produced in Pichia 
pastoris. Protein Expr Purif. 2001; 21(3): 417-23.

Ratnayake S, Beahan CT, Callahan DL, Bacic A. The reducing end sequence of wheat 
endosperm cell wall arabinoxylans. Carbohydr Res. 2014; 386. 23-32.

Harris PJ, Stone BA. Chemistry and Molecular Organization of Plant Cell Walls. In: 
Biomass Recalcitrance. Oxford, UK: Blackwell Publishing Ltd.; 2008. 61-93.

Sarvas M, Harwood CR, Bron S, Van Dijl JM. Post-translocational folding of secretory 
proteins in Gram-positive bacteria. Biochimica et Biophysica Acta - Molecular Cell 
Research. 2004; 16941-3: 311-327.

Levasseur A, Drula E, Lombard V, Coutinho PM, Henrissat B. Expansion of the 
enzymatic repertoire of the CAZy database to integrate auxiliary redox enzymes. 
Biotechnol Biofuels. 2013; 6: 1.

Boraston AB, Nurizzo D, Notenboom V, Ducros V, Rose DR, Kilburn DG, et al.
Differential Oligosaccharide Recognition by Evolutionarily-related P-1,4 and P-1,3 
Glucan-binding Modules. J Mol Biol. 2002; 319(5): 1143-56.

Ries L, Pullan ST, Delmas S, Malla S, Blythe MJ, Archer DB. Genome-wide 
transcriptional response of Trichoderma reesei to lignocellulose using RNA sequencing 
and comparison with Aspergillus niger. BMC Genomics. 2013; 14(1): 541.

Rytioja J, Hilden K, Hatakka A, Makela MR. Transcriptional analysis of selected 
cellulose-acting enzymes encoding genes of the white-rot fungus Dichomitus squalens 
on spruce wood and microcrystalline cellulose. Fungal Genet Biol. 2014 ;72: 91-8.

Chopra S, Ramkissoon K, Anderson DC. A systematic quantitative proteomic 
examination of multidrug resistance in Acinetobacter baumannii. J Proteomics. 2013; 
84(0): 17-39.

Matulich KL, Martiny JBH. Microbial composition alters the response of litter 
decomposition to environmental change. Ecology. 2015; 96(1): 154-63.

Portillo F, Yashchuk O, Hermida E. Evaluation of the rate of abiotic and biotic 
degradation of oxo-degradable polyethylene. Polym Test. 2016; 53: 58-69.

Raeside C, Gaffe J, Deatherage DE, Tenaillon O, Briska AM, Ptashkin RN, et al. Large 
chromosomal rearrangements during a long-term evolution experiment with 
Escherichia coli. MBio. 2014;5(5): e01377-14.

247



References

339 Kim H-D, Choi S-L, Kim H, Sohn JH, Lee S-G. Enzyme-linked assay of cellulose-binding 
domain functions from Cellulomonas fim i on multi-well microtiter plate. Biotechnol 
Bioprocess Eng. 2013; 18(3): 575-80.

340 Garrett TR, Bhakoo M, Zhang Z. Bacterial adhesion and biofilms on surfaces. Prog Nat 
Sci. 2008; 18(9): 1049-56.

341 Feng G, Cheng Y, Wang S-Y, Borca-Tasciuc DA, Worobo RW, Moraru CI. Bacterial 
attachment and biofilm formation on surfaces are reduced by small-diameter 
nanoscale pores: how small is small enough? Nat Publ Gr. 2015; 1. 
doi:10.1038/npjbiofilms.2015.22

342 French CE, Barnard DK, Fletcher E, Kane SD, Lakhundi SS, Liu C-K, et al. Synthetic 
Biology for Biomass Conversion. In: New and Future Developments in Catalysis. 
Elsevier. 2013; 115-40.

343 Giannoukos G, Ciulla DM, Huang K, Haas BJ, Izard J, Levin JZ, et al. Efficient and robust 
RNA-seq process for cultured bacteria and complex community transcriptomes. 
Genome Biol. 2012; 13(3): R23.

344 Peano C, Pietrelli A, Consolandi C, Rossi E, Petiti L, Tagliabue L, et al. An efficient rRNA 
removal method for RNA sequencing in GC-rich bacteria. Microb Inform Exp. 2013; 3: 
1.

345 Rajoka MI, Malik KA. Enhanced Production of Cellulases by Cellulomonas Strains 
Grown on Different Cellulosic Residues. Folia Microbiol. 1997; 42(1): 59-64.

248


