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Microorganisms have evolved different and yet complementary

mechanisms to degrade biomass in the biosphere. The

chemical biology of lignocellulose deconstruction is a complex

and intricate process that appears to vary in response to

specific ecosystems. These microorganisms rely on simple to

complex arrangements of glycoside hydrolases to conduct

most of these polysaccharide depolymerization reactions and

also, as discovered more recently, oxidative mechanisms via

lytic polysaccharide monooxygenases or non-enzymatic

Fenton reactions which are used to enhance deconstruction. It

is now clear that these deconstruction mechanisms are often

more efficient in the presence of the microorganisms. In

general, a major fraction of the total plant biomass

deconstruction in the biosphere results from the action of

various microorganisms, primarily aerobic bacteria and fungi,

as well as a variety of anaerobic bacteria. Beyond carbon

recycling, specialized microorganisms interact with plants to

manage nitrogen in the biosphere. Understanding the interplay

between these organisms within or across ecosystems is

crucial to further our grasp of chemical recycling in the

biosphere and also enables optimization of the burgeoning

plant-based bioeconomy.
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Introduction
Photosynthesis and the resulting plant biomass is the only

significant source of organic compounds in the terrestrial

biosphere. The primary product of photosynthesis, cellu-

losic biomass, has evolved to be recalcitrant to decon-

struction by microorganisms and their enzymes. This
www.sciencedirect.com 
recalcitrance is due to natural barriers in plant meso-

structure (bark, rind, and vascular networks); as well as

the composition, structure, and chemical linkages in the

plant cell wall. Cellulose crystallinity can be itself a

barrier to enzymatic deconstruction, but the complexity

and heterogeneity of the xylan matrix covering microfi-

brils further restricts enzyme accessibly and requires a

large suite of xylan degrading enzymes [1,2]. Finally,

lignification of the plant cell wall that provides rigidity

to the plant is an impediment to efficient deconstruction

by further reducing accessibly.

To overcome this natural recalcitrance, fungi and bacteria

have developed a diverse set of enzymes and strategies

suited for the ecosystem in which they occur. These

strategies are primarily based on the use of glycoside

hydrolases (GHs) (more than 140 GH families to date) [2].

Additionally, some fungi and bacteria can deploy oxida-

tive processes that assist GHs in the deconstruction of

biomass [3]. These enzymes are efficient enough for the

microorganisms to grow on biomass as their sole carbon

source, but have rather low turnover rates compared to

other enzymes. Additionally, they are often more efficient

in the presence of the microbe that produces them [4].

Biomass degrading microbes also rely on inter-microbial

synergy to thrive in their natural environment where

these interactions depend on the composition of micro-

bial communities and the specific environmental condi-

tions encountered. Moreover, these interactions can be

crucial to the survival of these microorganisms and repre-

sent a vast resource of knowledge that can help us

understand the chemical biology of carbon/nitrogen recy-

cling and biomass deconstruction in the biosphere.

Plant cell wall structure
Plant biomass is composed of several energy-rich bio-

polymers that are arranged into a hierarchical structure

to form the fiber reinforced matrix of plant cell walls.

This material, termed lignocellulose, displays impres-

sive structural complexity and robust functionality. Dur-

ing the lifetime of the plant, specialized cells in plant

stems provide physical support and also form the con-

duits through which water and nutrients are transported.

The mature cell walls in these supportive and conduc-

tive tissues typically comprise three ultrastructural

domains: the middle lamella, the primary wall, and

the secondary wall. The middle lamella of vascular cells
Current Opinion in Chemical Biology 2017, 41:61–70
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is heavily lignified and serves to adhere neighboring

cells. The primary wall is the first layer of the wall to be

synthesized during plant growth and consists of several

layers of differently oriented cellulose microfibrils [1].

The secondary wall is synthesized after the primary wall

is completed and provides substantial mechanical rein-

forcement to the vascular tissue. The secondary wall is

distinct from the primary wall in that it is synthesized by

the individual cell that it encapsulates whereas synthesis

of the primary wall is achieved jointly by both cells that

boarder the wall. By the time the secondary cell wall has

been produced and the cell wall has lignified it is

difficult to delineate the primary cell wall from the

middle lamella. The term compound middle lamella

(CML) is used to refer to these two layers collectively

(Figure 1a).

Although the precise architectural details of lignocellu-

lose nanostructure vary among plant species and tissues

and remain an active area of research, some general

agreement exists and informs future studies of efficient

plant deconstruction. Aggregates of cellulose chains

form strong and highly ordered bundles of cellulose

micro-fibrils and macrofibrils [5], which serve as the rigid

scaffolding structure and are deposited in discrete layers

or lamella in the cell wall. These cellulose fibrils are

decorated and interconnected with hemicellulose, which

is a structurally diverse, branched polymer composed of

various sugars including xylose, arabinose and mannose

(Figure 1b). In the case of cells that produce a secondary

cell wall, lignin, an amorphous polymer of different

phenylpropanoid units, fills much of the remaining void

volume of the cell wall [6]. Lignin provides additional

mechanical strength to the composite and increases the

hydrophobicity of the walls to aid in transport of water.

In addition, lignin serves as a defense mechanism to

prevent deconstruction by the hydrolytic enzymes

secreted by pathogens. In most land plants, most of

the cellulose is found in such lignified secondary cell

walls, which poses a considerable challenge to biochem-

ical deconstruction.
Figure 1

(a) Transmission electron micrograph of cell walls from vascular tissue in m

cell wall; PCW, primary cell wall. (b) Depiction of the structure of the lignoce
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Hydrolytic and oxidative mechanisms of
enzymatic cell wall deconstruction
In Nature, bacteria and fungi commonly deconstruct

biomass by producing and secreting a combination of

synergistically acting enzymes [7��]. The most abundant

enzymes in these mixtures are hydrolytic glycoside

hydrolases (GHs) and carbohydrate esterases. Other less

abundant enzymes include polysaccharide lyases,

‘auxiliary activity’ enzymes (AA) [2], and cellodextrin

phosphorylases. In the system used to classify carbohy-

drate active enzymes based on sequence and structure

(CAZy), the GHs are represented by more than 140 dif-

ferent families [2]. Based on their mechanism and role in

lignocellulose deconstruction there are three main classes

of GHs, exoglucanases, endoglucanases, and cellobiases.

Exoglucanases are processive enzymes and can cleave a

cellulose polymer from either the reducing or non-reduc-

ing end of the polysaccharide chain. Endoglucanases

typically hydrolyze cellulose chains nonprocessively any-

where along the polysaccharide chain. However in some

cases endoglucanases can be processive exhibiting high

cellulolytic activity [8–10]. Cellobiases primarily hydro-

lyze the cellobiose dimer into glucose monomers. These

GHs cleave glycosidic bonds using one of two different

types of catalytic mechanisms: Firstly, inverting, (i.e.

inversion of anomeric configuration), wherein the cata-

lytic acid and base residues generally achieve hydrolysis

in a one-step mechanism [11,12]; or secondly, retaining,

(i.e. retaining of anomeric configuration), wherein there is

a general acid/base residue and a potential nucleophile

used to conduct a Koshland type hydrolysis mechanism

[13]. In this two-step mechanism, the first step is glyco-

sylation (formation of a glycosyl enzyme intermediate)

and the second step is deglycosylation (the glycosyl

enzyme is hydrolyzed by water). The diversity of these

GHs represents a vast arsenal of specific activities for the

efficient deconstruction of biomass in the biosphere.

However, microorganisms have also evolved ways to

increase substrate specificity and enzyme kinetics by

physically linking polysaccharidases in close proximity,

increasing efficiency.
aize. CL, cell lumen; CML, compound middle lamella; SCW, secondary

llulose composite in secondary cell walls.
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In addition to producing different mixtures of enzymes

with a range of activities it is interesting to hypothesize

that microbes have tailored strategies to the biomass

available and the chemical environment in their ecosys-

tems by evolving different enzyme architectures. These

enzyme architecture strategies that are found in Nature

rely on the following general schemes of increasing com-

plexity for biomass deconstruction: mono-functional

enzymes, multi-functional enzymes, and highly aggre-

gated (cellulosomal) enzyme systems (Figure 2a). The

most common strategy used by lignocellulose degrading

fungi and bacteria involves mono-functional enzymes,

wherein GHs with a single catalytic domain are combined

with carbohydrate binding modules (CBMs) [7��,14].
CBMs are non-catalytic, functionally independent

domains, able to target a specific polysaccharide

[15,16]. CBMs have been shown to help substrate recog-

nition and increase catalytic activity on insoluble sub-

strates at low solids loadings. This strategy relies entirely

on synergism between CAZymes as first reported by

Reese et al. [17]. It is the strategy most commonly used

in commercial enzyme preparations and the major
Figure 2

(a) Examples of the complexity of the three main hydrolytic mechanisms us

the most studied cellulase representing the free enzyme/mono functional sy

multifunctional cellulase, highly active on crystalline cellulose, and the cellul

to be studied and shown to be highly active on biomass. (b) Examples of th

biosphere: AA9 LPMO from Neurospora crassa (4EIR), AA10 LPMO from Th

and AA13 LPMO from Aspergillus oryzae (4OPB).
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component, Cel7A (cellobiohydrolase/exoglucanase)

from Trichoderma reesei, is one of the most studied cellu-

lases to date. A strategy described thus far in thermophilic

bacteria also takes advantage of synergism within biomass

degrading enzymes that include more than one catalytic

domain within a single gene product, often with comple-

mentary activities. A notable example of a multi-func-

tional cellulase is CelA from Caldicellulosiruptor bescii that

couples an exoglucanase (GH48) with a processive endo-

glucanase (GH9-CBM3) and two additional CBMs to

efficiently degrade biomass [9��,18]. This combination

can be quite potent as CelA is to date the most active

cellulose-solubilizing enzyme reported. Finally, in con-

trast to the mono-functional or multi-functional cellulase

systems, some cellulolytic anaerobic bacteria and fungi

utilize CAZymes that self-assemble onto a protein scaf-

fold attached to the cell surface, forming a superstructure

called the cellulosome. Cellulosomes take advantage of a

proximity effect by coupling enzymes with complemen-

tary functionalities. This paradigm was first identified in

Clostridium thermocellum, which is still to date the most

promising and studied cellulosomal system reported
ed in the biosphere for cell wall deconstruction: Cel7A from T. reesei is

stem, CelA from C. bescii is a prime example of an efficient

osome from C. thermocellum was the first scaffolded CAZyme system

e diversity of oxidative enzyme families so far reported in the

ermofibida fusca (4GBO), AA11 LPMO from Aspergillus oryzae (4MAH),

Current Opinion in Chemical Biology 2017, 41:61–70
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[19,20,21,22�]. C. thermocellum is one of the best plant cell

wall biomass degraders in the biosphere. Moreover, its

cell-free cellulosomes are equally potent, inspiring sev-

eral important studies of synthetic cellulosomes aiming to

emulate the efficacy of the native system [22�,23].

Despite the diversity of families and the range of archi-

tectures, all of the enzymes discussed above share the

common feature of employing a hydrolytic mechanism. In

addition to hydrolytic deconstruction, aerobically favored

oxidative reactions were shown by Eriksson et al. [3] to be

involved in cellulose deconstruction in Sporotrichum
pulverulentum. More recent studies have continued to

reveal the role of oxidative processes in lignocellulose

deconstruction; a departure from the classic paradigm of

endocellulase, exocellulase, and cellobiase mediated cel-

lulose hydrolysis. Lytic polysaccharide monooxygenases

(LPMOs) are the primary class of enzymes responsible for

oxidative biomass deconstruction and have been the most

studied oxidative route over the past decade. Organisms

such as brown rot fungi however, also rely on non-enzy-

matic Fenton chemistry-based pathways [24,25].

The LPMOs are metalloenzymes capable of directly

attacking cellulose, chitin, starch, and hemicellulose

through oxidative reactions, utilizing a mechanism

involving a divalent metal ion (usually copper), molecular

oxygen, and an electron donor [26�,27,28]. LPMOs have

been re-classified from GH61 and CBM33 into four main

families of auxiliary activity (AA) enzymes [2]. The AA9

and AA10 families comprise LPMOs mainly from fungi

and bacteria, respectively [29], with AA9s oxidizing vari-

ous carbon positions (C1, C4, or C6) of the glucose ring

structure in the presence of reducing equivalents, and

AA10s acting on both crystalline chitin and cellulose to

produce aldonic acids. AA11 proteins cleave chitin chains

with oxidation of C1 [29], whereas AA13 LPMOs are able

to oxidatively cleave starch [27] (Figure 2b).

Several important aspects of LMPO activity, specificity,

and binding have only recently been studied. Jung et al.
[30] examined the properties of an LPMO from Gloeo-
phyllum trabeum (Gt), demonstrating that the addition of

GtGH61 increases conversion of pretreated oak and kenaf

by 12% and 11%, respectively, due to synergy with G.
trabeum family 10 xylanase (Xyl10G) and family 5 cellu-

lase (Cel5B). GtLPMO9A-2 from the same fungus was

recently shown to be active on cellulose and carboxy-

methyl cellulose and was able to fragment xyloglucan

anywhere along the b-glucan backbone, regardless of

substitutions [31]. Recently, Bennati-Granier et al. [32]

reported insights into the mechanism of action of AA9

LPMOs found in the exoproteome of Podospora anserine
(Pa). Among the seven LPMOs considered in this study,

those harboring a CBM1 domain were able to release

higher amounts of oxidized oligosaccharides. The PaLP-
MO9A and PaLPMO9H were shown to fragment
Current Opinion in Chemical Biology 2017, 41:61–70 
oligosaccharides at both C1 and C4, whereas PaLPMO9E

acted only at C1. Of industrial importance, when LPMOs

from Thermoascus aurantiacus were added to a commercial

cellulase formulation, a 60% increase in cellulose solubi-

lization was observed in the presence of oxygen and a

reductant [33�]. Similarly, several AA10 LPMOs from

Streptomyces coelicolor (Sc) were produced and character-

ized by Forsberg et al. [34], showing that LPMOs com-

plement the cellulolytic machinery of this microbe during

biomass deconstruction by deploying both C1

(ScLPMO10C) and C1/C4 (ScLPMO10B) oxidative

activities.

It should be noted that the complete role and mode of

action of LPMOs in vivo are not yet clear.

For example, LPMOs are thought to perform cellulose

fragmentation at the cellulose microfibril surface, relying

on GHs to conduct the majority of cell wall polysaccha-

ride depolymerization, which may not explain the �10–

15% boost in cellulose solubilization reported for LPMO

addition.

Microbially mediated deconstruction of plant
cell walls
In the biosphere, the action of biomass deconstruction

enzymes on plant cell walls is closely associated with the

production and presentation of such enzymes by micro-

organisms. Understanding microbially mediated plant

cell wall deconstruction requires consideration of a num-

ber of fundamental factors in addition to those associated

with the action of the enzymes. Lignocellulose solubili-

zation by anaerobic microorganisms has received inten-

sive study in recent years and is addressed here, focusing

on work with C. thermocellum.

The kinetics of microbially mediated cellulose decon-

struction in batch culture tends to be dominated by

biocatalyst concentration during the initial stages, and

by substrate concentration during the later stages. As a

result, the specific growth rate of cellulolytic microbes

goes through a maximum and varies continuously during

batch culture [35]. Based on cell-free enzymatic hydroly-

sis studies, it was long thought that the universal mecha-

nism of plant cell wall solubilization relied primarily on

the action of cellobiose-producing cellobiohydrolases.

However, studies with live cultures of C. thermocellum
provided strong evidence that cellodextrins are assimi-

lated (an average degree of polymerization of 4), with

approximately three quarters of b-D-glucosidic bonds

cleaved intracellularly via a phosphorolytic rather than

hydrolytic mechanism. As a result of phosphorolytic

cleavage combined with an inverse relationship between

cellodextrin chain length and the energy required for

substrate uptake, C. thermocellum realizes cellulose-spe-

cific bioenergic benefits greater than the bioenergetic cost

of cellulase synthesis [36]. Bioenergetic understanding of
www.sciencedirect.com
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cellulolytic anaerobes continues to progress, with recent

indications that glycolysis may be more reversible than in

other microbes [37] and that the ATP conserved per

glucose moiety metabolized may be �4 [38��].

The presence of metabolically active cells appears to

enhance the effectiveness of plant cell wall solubilizing

enzymes by several-fold [4]. Although the mechanism of

such enzyme-microbe synergy is not well-understood, it

likely involves the distinctive local chemical environment

in which microbially presented biomass deconstruction

enzyme systems function. Cellulolytic anaerobic microbes

typically express some cellulase enzymes on the cell

surface and form a near-continuous monolayer on plant

biomass particles [39,40]. As a result, cellulase enzyme

systems act in the space between the closely adjacent

surfaces of the substrate and the cell, and have evolved in

response to opportunities and constraints in this distinc-

tive milieu. The properties of water are known to be

radically different at surfaces in general [41], and the

surfaces of lignocellulose in particular [42]. The same is

no doubt true of the cell surfaces of biomass degrading

microbes, which have been subject to evolutionary pres-

sure to maximize the effectiveness of plant cell wall

deconstruction and capture of these products (Figure 3).

Recent comparative studies indicate substantial differ-

ences in the extent of plant cell wall solubilization

mediated by various microorganisms in pure culture.

Paye [43�] found that total fractional carbohydrate solu-

bilization of mid-season switchgrass under controlled

conditions varied from 0.24 for C. bescii to 0.66 for

C. thermocellum, with intermediate values obtained for

C. cellulolyticum, Clostridium clariflavum, a commercial

fungal cellulase preparation (Ctec2 and Htec2), and an

enrichment obtained from horse manure compost. Lynd
Figure 3

Bacterial mediated deconstruction by Clostridium thermocellum. Cellulolytic

confinement likely enhances deconstruction and product uptake. (a) Tomog

cross section of a bacterial cell attached to and actively deconstructing a p

bacterial cell (blue) near a plant cell wall surface (green) shows evidence for

www.sciencedirect.com 
et al. [38��] found total carbohydrate solubilization by C.
thermocellum cultures to be substantially higher than a

commercial cellulase preparation over a broad range of

reaction conditions and feedstocks, and to be about three-

fold higher for the most recalcitrant feedstocks.

Progressing to yet a higher level of aggregation and

complexity, anaerobic plant cell wall solubilization by

mixed microbial enrichments or ‘microbiomes’ have

received considerable recent study. Considerable progress

has been made at identifying the composition and struc-

ture of undefined microbial communities in environments,

such as the rumen [44], termite guts [45], and biogas

digesters [46]. Interspecies synergy in deconstructing

plant cell walls has been inferred based on genes and

transcripts for complementary enzymatic activities [45,47].

However, pure cultures were found to exhibit comparable

extents of carbohydrate solubilization to mixed enrich-

ments by Paye et al. [43�] and Reed et al. [48].

Cellulolytic microorganisms could in principle be used for

industrial processing, and have received considerable

attention in the context of one-step consolidated biopro-

cessing (CBP) without added enzymes. Exposure of plant

cell walls to some combination of heat and chemicals prior

to biologically mediated solubilization, thermochemical

pretreatment, has generally thought to be necessary in

order to make plant cell walls accessible to cellulase

enzymes. However, total fractional carbohydrate solubi-

lization of 0.88, comparable to that obtained using ther-

mochemical pretreatment, has recently been reported

using C. thermocellum in the presence of continuous ball

milling [49�]. Industrial processing of cellulosic feed-

stocks by cellulolytic microbes with milling during

fermentation, although still nascent and speculative,

has potential to offer transformative cost reductions
 bacteria express CAZymes directly near the cell wall surface. This

raphic slice from a 3D transmission electron tomogram showing a

lant cell wall surface. (b) Tomographic surface rendering of similar

 peeling of cell wall lamella. Scale bars = 200 nm.
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compared to technology based on the thermochemical

pretreatment and added enzymes [49�]. As pointed out by

Weimer et al. [50], ‘the cow employs a similar strategy of

alternating biological and physical attack.’

To be used for industrial processes, naturally occurring

cellulolytic microbes need to be modified so that they

produce desired products at high yields and titers and

exhibit robustness under industrial conditions. The status

of consolidated bioprocessing using thermophilic bacteria

has recently been reviewed [38��,51].

Lignocellulose deconstruction at the level of
the biosphere
Maintaining equilibrium in ecosystems through organic

carbon and nitrogen recycling relies on the deconstruc-

tion by natural microbial communities and sometimes

mutualistic symbiotic/saprotrophic microorganisms

[52,53��,54,55] (Figure 4). Here we mainly focus on

the microbial deconstruction on lignocellulose materials.
Figure 4

Carbon/nitrogen cycle and deconstruction at the level of the biosphere. In t

construction and deconstruction. Biomass construction is mainly driven by 

(NO3
�) to plants by nitrogen fixation and facilitate the nutrients uptake for p

biomass largely depends on the microbes. Cellulolytic microbes evolved en

cell wall and gain energy for their survivals. In soil, denitrifying bacteria recy
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Cellulolytic Bacteria: In terrestrial ecosystems, soil is the

principal carbon reservoir because of the accumulation of

humus, wood/leaf-litter and natural composts. Although

soil is generally considered the major habitat of cellulo-

lytic bacteria in terrestrial ecosystems [56�], many aerobic

and anaerobic bacteria can also be found in aquatic

ecosystems [57]. Cellulolytic bacteria are commonly iden-

tified in several Phyla, such as Actinobacteria, Bacter-

oides, Fibrobacteres, Firmicutes and Proteobacteria

[58,59�]. As mentioned above, one of the most promising

anaerobic bacteria for realizing cost effective biofuel

production is C. thermocellum, due to its high biomass

degrading efficiency and the ethanol titers reported in

optimized strains [51]. Several proteomic and transcrip-

tomic analyses reported that C. thermocellum relies heavily

on families GH5, GH8, GH9, GH11 and GH48 for

biomass deconstruction [21]. These GH families seem

to be preferred by many thermophilic bacteria [2]. Recent

meta-transcriptomic studies of the rumen of dairy cattle

revealed the relative abundance of Bacteroides, Fibro-

bacteres and Firmicutes species producing enzymes from
he biosphere, the recycling of carbon and nitrogen relies on biomass

photosynthesis of the plant for cell wall. Soil microbes provide nitrate

lant biomass construction. In contrast, the deconstruction of the

zymatic and chemical routes to break down the recalcitrance of plant

cle the nitrogen back to the atmosphere.

www.sciencedirect.com
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families important for the depolymerization of cellulose

(GH5, GH9, GH48 and GH74) and hemicellulose

(GH10, GH11, and GH43) and the high levels of

GH94 (cellobiose phosphorylase) suggested a putative

role of phosphorylation during the oligosaccharides

deconstruction [60��]. Going beyond polysaccharides,

bacteria with the ability to degrade lignin have been

investigated for biomass deconstruction and high-value

chemical production [61]. Additionally, recently engi-

neered bacterial candidates for simultaneous lignin depo-

lymerization and product generation are now considered

as promising routes for lignin consolidated bioprocessing

(‘L’CBP) [62].

Cellulolytic fungi: Most fungi in terrestrial ecosystems are

Ascomycota and Basidiomycota, and many of them pos-

sess the ability to degrade cellulose aerobically [63].

Although the majority of fungi are in terrestrial ecosys-

tems, several aquatic fungi, mostly Chytridiomycota and

Ascomycota, have been identified in both marine and

fresh water [64]. Similarly to bacteria, fungi are identified

as symbionts (parasitism/mutualism/commensalism) or

saprotrophs [65] in both aerobic and anaerobic environ-

ments [66]. A distinct feature of anaerobic fungi is the

presence of hydrogenosome, which couple the metabo-

lism of glucose to cellular energy production without the

need for oxygen [67]. In the terrestrial biosphere, Asper-
gillus, Chaetomium, Fusarium, Penicillium and Trichoderma
have been reported as the main fungal species responsible

for cellulosic biomass deconstruction [7��,58]. Among the

cellulolytic fungi, white-rot and brown-rot fungi (basid-

iomycete) are considered the most prevalent and efficient

decomposers of lignocellulosic materials [68]. For carbon

recycling, white-rot fungi accounts for 90% and brown rot

fungi constitutes about 7% of all wood rotting basidiomy-

cete fungi in Nature [68]. White-rot fungi (e.g. Phaner-
ochaete chrysosporium) cause progressive erosion of the

wood polymers by degrading cellulose, hemicellulose

and lignin under ‘simultaneous’ or ‘selective’ patterns

and typically colonize hardwoods; brown-rot fungi (e.g.

Oligoporus (Postia) placenta) cause the selective removal of

cellulose and hemicellulose along with slight modification

of lignin and are prevalent on softwoods [7��,24]. The

biochemical mechanism of wood decay is fundamentally

different between white-rot and brown-rot fungi. Besides

endo-glucanases and exo-glucanases and cellobiases for

cellulose deconstruction, white-rot fungi simultaneously

produce oxidases (e.g. lignin peroxidase, manganese per-

oxidase, versatile peroxidase, laccase) for delignification

of the biomass [69]. In contrast, brown-rot fungi deploy

non-enzymatic methods to open up the amorphous

regions of the cellulose microfibrils and use endogluca-

nases and hemicellulases to breakdown the overall holo-

cellulose component [70]. Non-enzymatic deconstruction

results in the depolymerization/fragmentation of the

wood polysaccharides and is presumably done by

hydroxyl free radicals, generated from the proposed
www.sciencedirect.com 
extracellular Fenton chemistry (H2O2 + Fe2+ + H+ !
H2O + Fe3+ + �OH) [25,71]. Furthermore, recent

research combining genomic data and biochemical meth-

ods has demonstrated that the availability of extracellular

electron donors is essential to fuel the fungal oxidative

attack on polysaccharides [72��].

Bacterial–fungal interaction and lignocellulose–microbes inter-
action: Bacterial–fungal interaction (BFI) creates an

important consortium with unique chemistries and meta-

bolic associations (planktonic, mixed biofilm and intra-

hyphal colonization), which may promote the opportunis-

tic strategy of cellulolytic bacteria [73]. These

interactions allow and facilitate the antibiosis, signal

molecule exchanges, and metabolite conversions

between the two species. A consortia of bacteria with

the white-rot fungus (Phanerochaete chrysosporium) showed

proficient utilization of lignin breakdown products under

the symbiotic lifestyle [74]. In the rumen, anaerobic fungi

belonging to Neocallimastigaceae are often identified along

with bacterial communities [60��,75] and the percentage

of fungi to total microbial mass was shown to be 18–67%

across various pasture and forest soils [76]. The BFI is a

factor that could shape the performance of microbial

communities and the concerted actions of their cellulo-

lytic enzymes could further promote efficiency toward

biomass deconstruction [56�,77��].

Additionally, synergism between bacterial and fungal

cellulases has been demonstrated, which may indicates

their interactions in natural processes [78]. Also, bacterial-

–fungal consortia can perform novel catabolic reactions

for the deconstruction of high-molecular-weight polycy-

clic aromatic hydrocarbons [79]. The type 3 secretion

systems of Gram-negative bacteria (Burkholderia rhizox-
inica) was shown to facilitate the intrahyphal survival of

bacteria itself and the sporulation of the fungal host

(Rhizopus microspores) [80]. Similarly, BFI and the forma-

tion of fungal-bacterial biofilm (FBB) have both been

shown to have better growth and colonization abilities

than the monoculture of fungi or bacteria [81,82].

Although FBB does not necessarily increase sugar yields

compared to fungal monoculture [83], the presence of

bacteria can significantly promote the wood decomposi-

tion ability of certain fungi (Hypholoma fasciculare and

Resinicium bicolor) [84].

Concluding remarks
We are beginning to understand that chemical recycling

in the biosphere involves all of Earth’s ecosystems. For

millennia, mankind has observed the terrestrial biosphere

primarily from the perspective of its emergent

properties – those that can be somewhat understood.

Now that descriptive science has set the stage, new trends

toward multi-scale science will enable new levels of

understanding. It is apparent that plants and microorgan-

isms have co-evolved in a way that ensures efficient
Current Opinion in Chemical Biology 2017, 41:61–70
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recycling of not only carbon, but also other nutrients and

micronutrients. This system is robust – as terrestrial eco-

systems recover from historical trauma, such as glacial

epochs, climate change, and the ever-changing array of

foraging animals.

To enable deeper understanding of the fate of carbon in

the biosphere, we must be able to observe and describe all

(or most) of the chemical reactions, either biotic or abiotic,

that impact the synthesis and deconstruction of plant

biomass. Microbiota excels at using enzymes and care-

fully mediated chemistry to depolymerize plant cell wall

polymers. Terrestrial plants excel at capturing carbon via

photosynthesis and storing it in the complex polymers of

cell walls. Most plants defend against microbes, using a

many-length scale system of protective tissues (rind and

bark), toxic secretions, thickened cell walls, and an array

of recalcitrant polymers. Microbes have responded to

these defenses by producing or adapting numerous enzy-

matic solutions – and are often aided in this process by

collaborations with insects (termites) and animals (rumi-

nants) providing mechanical disruption.

Once this natural complexity is sufficiently understood, it

may become possible to better harness chemical recycling

in the biosphere to enhance farming practices for food,

production and conversion of energy crops, and ecosys-

tem stability.
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