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Table 14. Annual production of lignocellulose residues
generated by different agricultural sources

Lignocellulosic residues Millions of tons
Sugar cane bagasse 380 Sunflower straw 9.0
Maize straw 191 Bean straw 5.9
Rice shell 188 Rye straw 5.2
Wheat straw 185 Pine waste 4.6
Soya straw 65 Coffee straw 1.9
Yuca straw 48 Almond straw 0.49
Barley straw 42 Hazelnut husk 0.24
Cotton fibre 20 Sisal and henequen (Agave) straw 0.093
Table modified from Sanchez (2009) and based on Food and
Agriculture Organisation (FAQ) and similar official sources.
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Wood, that is, plant secondary cell wall, is the most widespread substrate on the
planet.

Except for lignin, the bulk of plant cell biomass consists of the polysaccharides
cellulose, hemicelluloses, and pectins in varying proportions depending on the
type of cell and its age.

Even though wall components predominate, the cytoplasm of dead cells
contributes lipids, proteins and organic phosphates to the remains; however,
wood itself is relatively poor in nitrogen and phosphorus.

Plant biomass does not consist of neatly isolated packets of polysaccharide,
protein and lignin; these three (and other materials) are intimately mixed
together, so that it is better to think of the degradation of lignocellulosic and/or
lignoprotein complexes.



« Lignin: 15%-25%
+ Complex aromatic
structure
» Very high energy content

+ Resists biochemical
conversion

« Hemicellulose: 23%-32%

+ Xylose is the second most
abundant sugar in the
biosphere

» Polymer of 5- and 6-carbon
sugars, marginal
biochemical feed

« Cellulose: 38%-50%

« Most abundant form of
carbon
in biosphere

+ Polymer of glucose, good
biochemical feedstock
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Cellulose is the most abundant organic compound on Earth and accounts
for over 50% of organic carbon; about 10!! tons are synthesised each year.

It is an unbranched polymer of glucose in which adjacent sugar molecules
are joined by B 1—4 linkages (Fig. 1); there may be from a few hundred to a
few thousand sugar residues in the polymer molecule, corresponding to
molecular masses from about 50,000 to approaching 1 million.
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Fig. 1. Structural formula of cellulose. There may be from a few hundred to a few thousand
sugar residues in the polymer molecule, corresponding to molecular masses from about
50,000 to approaching 1 milion. Modified from Moore, 1998,
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Hemicellulose is a name which covers a variety of branched-chain polymers
containing a mixture of various hexose and pentose sugars, which might also be
substituted with uronic and acetic acids.

The main hemicelluloses found in plants are xylans (1—4-linked polymers of the
pentose sugar xylose), but arabans (polyarabinose), galactans (polygalactose),
mannans and copolymers (e.g. glucomannans and galactoglucomannans) are also
encountered.

The major angiosperm hemicellulose is a xylan with up to 35% of the xylose
residues acetylated, and it is also substituted with 4-O-methylglucuronic acid in
dicotyledonous plants.

An example of a
OH Glucoronoxylan




Lignin is a highly branched phenylpropanoid polymer that comprises about 20-25% of wood
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Fig. 6. Schematic formula of the polymer structure of angiosperm lignin. Note the way the
three phenylpropanocid alcohols are used in the structure; note the predominance of ether
linkages and carbon-carbon bonding, and the presence of a few hydroxyls that can take
part in cross links to other polymers (polysaccharides and proteins). Above all, note the
predominance of benzene rings. Modified from Moore, 1998.

Noteworthy are the three phenylpropanoid alcohols are used in the structure; the
predominance of ether linkages (-C-O-C-) and carbon-carbon bonding, and the presence
of a few hydroxyls that can take part in cross links to other polymers (polysaccharides

and proteins, for example).
But above all, it is very essential to note the predominance of benzene rings.



Lignins are high-molecular weight, insoluble plant polymers, which have
complex and variable structures.

They are composed essentially of many methoxylated derivatives of benzene
(phenylpropanoid alcohols, also called monolignols), especially coniferyl,
sinapyl, and coumaryl alcohols, the proportions of these three differ between
angiosperms and gymnosperms, and between different plants.

CH,OH CH.OH CH,OH

i i T

CH CH CH

OCH,; CH.O OCH,

OH OH OH
coniferyl alcohol sinapyl alcohol p-coumaryl alcohol
Fig. 5. Chemical structures of the phenylpropanoid alcohols used to construct the lignin
polymer. These are also called monolignols. The proportions of these three phenylpropanoid
alcohols differ between the lignins of angiosperms and gymnosperms, and between lignins of
different plant species.
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Saprotrophs are the decomposers, the category probably covers the majority of fungi.

Biotrophs are found on or in living plants and they do not kill their host plant rapidly.
They may have very complex nutrient requirements, so they either cannot be grown in
culture or grow only to a limited extent on specialised media.

Saprotrophic fungi decompose many things, and because they can digest and extract
nutrients from so many of the materials that exist on, within and under the soil, fungal
mycelia act as sinks of organic carbon and nitrogen in the soail.

In many ecosystems, a fair proportion of the carbon fixed by photosynthesis ends up in
fungal mycelium because of the prevalence of the mycorrhizal symbiotic association
between fungus and plant roots.
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Diagrammatic representation of fungal action on organic and inorganic substrates which may be naturally-occurring and/or man-made
(Gadd 2004).



About 70% of the mass of wood is made up of cellulose, hemicelluloses and pectins, the
rest being lignin.

A particularly important ability of fungi is that they are the only organisms that can
digest wood; that is, plant secondary cell wall, which is the most widespread
substrate on the planet, constituting about 95% of the terrestrial biomass.

The lignin, which is complexed with hemicelluloses and cellulose in wood, is extremely
difficult to degrade and has evolved in part to be a deterrent to microbial attack on
long-lived plant parts.

Lignin digestion is restricted to fungi, mostly Basidiomycota but including a few
Ascomycota, which between them consume an estimated 4x10!! metric tonnes of
plant biomass each year.



A typical agricultural residue, like cereal straw or sugar cane bagasse, contains 30-40%
cellulose, 20-30% hemicellulose and 15-35% lignin.

Organisms that contribute to recycling may differ widely in their ability to degrade
components of this mixture.

On this sort of basis wood-decay fungi have been separated into white-rot, brown-rot
and soft-rot species:

. white-rot fungi (about 2 000 species, mostly Basidiomycota) can
metabolise lignin,

. brown-rot fungi (about 200 species of Basidiomycota) degrade the cellulose
and hemicellulose components without much effect on the lignin, and

. soft-rot species (mostly soil-inhabiting Ascomycota) have rather
intermediate capabilities, being able to degrade cellulose and
hemicellulose rapidly, but lignin only slowly.

These differences in behaviour are a reflection of the different enzymes produced by
these organisms and serve to emphasise that the organisms must digest complexes of
potential nutrient sources and assemble panels of different enzymes to do so.



WHITE-ROT AND BROWN-ROT MUSHROOM FUNGI




CELLULOSE BIODEGRADATION

Breakdown of cellulose is chemically straightforward, but is complicated by its physical
form. Mild acid hydrolysis of cellulose releases soluble sugars, but does not go to
completion; oligomers of 100-300 glucose residues remain.
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The cellulolytic enzyme (cellulase) complex of white-rot Basidiomycota like Phanerochaete
chrysosporium and Ascomycota like Trichoderma reesei consists of a number of hydrolytic enzymes:
Endoglucanase, exoglucanase and cellobiase (which is a B-glucosidase) which work synergistically and,
in both bacteria and fungi, are organised into an extracellular multienzyme complex called a
cellulosome (Bégum & Lemaire, 1996).

. Endoglucanase attacks cellulose at random, producing glucose, cellobiose (a disaccharide
made up of two glucose molecules) and some cellotriose (a trisaccharide).

= Exoglucanase attacks from the non-reducing end of the cellulose molecule, removing
glucose units; it may also include a cellobiohydrolase activity which produces cellobiose by attacking
the non-reducing end of the polymer.

= Cellobiase is responsible for hydrolysing cellobiose to glucose. Glucose is, therefore, the
readily-metabolised end-product of cellulose breakdown by enzymatic hydrolysis.
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HEMICELLULOSE BIODEGRADATION

Enzymes responsible for hemicellulose degradation are named according to their
substrate specificity; for example, mannanases degrade mannans, xylanases degrade
xylans, etc. As xylans predominate in plant walls, more is known about xylanases.

Xylanases can be induced by their substrate, the response being for the fungus to
produce a complex of enzymes rather than a single one.

The complex consists of at least two endoxylanases and a B-xylosidase.
The endoxylanases degrade xylan to xylobiose and other oligosaccharides while the

xylosidase degrades these smaller sugars to xylose. Some arabinose is also formed,
showing that the xylanase complex is able to hydrolyse the branch points in xylan.



LIGNIN BIODEGRADATION

This extreme resistance to microbial degradation is part of the principal function of
lignin as it can protect other polymers from attack.

We are used to hydrolases cleaving polymers (polysaccharides, proteins, lipids), but the
carbon-carbon and ether bonds that join subunits together in lignin must be cleaved by
an oxidative process and a range of enzymes are needed for lignin to be degraded.

Although ability to digest simple synthetic lignins has been reported for a few bacteria,
ability to degrade natural lignins is generally considered to be limited to a very few
fungi. The list includes a range of Basidiomycota and Ascomycota, and the fungi involved
are generally known as ‘white-rots’ because the lignin they digest away provides the
main pigmentation of wood.



Oxidative lignin breakdown depends on a panel of enzymes including:

> lignin peroxidase, (a haem [Fe]-containing protein) that catalyses H,O,-
dependent oxidation of lignin.

» manganese peroxidase, which also catalyses H,0,-dependent oxidation of lignin.

» laccase (a copper-containing protein) that catalyses demethylation of lignin
components.

These are the key enzymes, and are described in a little more detail below. In
addition,

» glyoxal oxidase, an extracellular peroxide-generating enzyme, and

» veratryl alcohol, which is a degradation product of lignin, also have important
functions in lignin break down.

The process of catabolic lignin degradation involves:

. cleavage of ether bonds between monomers;

. oxidative cleavage of the propane side chain;

. demethylation;

. benzene ring cleavage to ketoadipic acid which is fed into the tricarboxylic

acid cycle as a fatty acid.
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BIOTECHNOLOGICAL IMPLICATIONS AND APPLICATIONS
Lignin-degrading enzymes have considerable promise in several areas of biotechnology.
Biopulping has already been mentioned as an industry where ligninolytic enzymes can

improve the quality of pulp by releasing and purifying the cellulose (Breen & Singleton,
1999).

Laccases have potential, too, for:

> pulp bleaching,

» detoxification (particularly of pulp mill effluents),
» removal of phenolics from wines,

» chemical transformation of pharmaceuticals.

Further, many pesticidal treatments depend on benzene rings for their effectiveness;
chemicals like pentachlorophenol (PCP) and polychlorinated biphenyls (PCBs). These
persist in the environment because there are so few organisms able to catabolise them.

But organisms that can catabolise lignin have all the tools necessary to destroy persistent
pesticides as well (Reddy, 1995).



Bioconversion of lignocellulose into useful, higher value, products normally requires
multi-step processes, the steps including:

. collection and mechanical, chemical or biological pretreatment;

. hydrolysis of polymers to produce readily metabolised (usually sugar)
molecules;

. fermentation of the sugars to produce a microbial or chemical end-product;

J separation,

J purification,

. packaging and marketing.

Note that Table 14 shows official estimates of the annual production of these
agricultural wastes.

The amounts are staggering; the total of the entries shown in Table 14 is 1.2 billion
metric tons, and does not include municipal solid wastes like waste paper or garden
refuse collected for recycling.

Several uses have been suggested for bioprocessed lignocellulosic wastes, for example:
use as raw material for the production of ethanol, in the hope that an alternative fuel
manufactured using biological methods will have environmental benefits.
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potential products. Adapted from Sanchez, 2009.
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KupIdTEPEC EQaPUOYEC TTPOCTIOENEVNC agiag TTou oxeTi(ovTal e TNV
EKMETAAAEUON TWV HOKPOMUKATWV:

v KaAAiEpyeia eDWOINWY avITapIwyY

v Mapaywyr EVWOEWV JE QAPHAKEUTIKES I01I0TNTEC

v TovipéTtnTa Kai BeATiwan doung edawyv

v E€uyiavon edagwyv

v AVATTTUEN PUTWYV

v  ETNIOXETIKOTNTA KATA TWV EOAPOYEVWV OOBEVEIWV PUTWV
v Mapaywyr (woTpopwv

v ATTodounon £evoBIOTIKWY EVWOEWV

v [MpoopdPnaon-£LouUdETEPWAN TOLIKWV EVWOEWV

v ATTOXPWHATIONOS OPYAVIKWY PUTTAVTWIV

v Metatpotri-a&iotroinon ammoBARTwWY atrd YeEwPYIKES, SATIKES KAl
aypoBIouNXavikEG dpaaTNPIOTNTEG



MAPAAEITMA 1. ATOAOMHZH AYZTPONQN (“RECALCITRANT”) PYINNANTQN

ETTwaon yia didotnua Aiywv EBOONAdWY TOU £§AVTANNEVOU UTTOCTPWHATOG ATTO TNV
KaAAiépyela Tou edwdipou pavitapiov Pleurotus ostreatus trapoucia

TTEVTAXAWPOPAIVOANG 0BnyEi TNV ATTOOOUNCT TOU PUTTAVTI NECW MIAG
KATABOAIKAS S1adIKACIAG KATA TNV OTroid ATTONAKPUVOVTAI TA XAWPIWMEVA THRMATA
yia va akoAouBnoel didotraon Tou dakTuliou Tou Bevleviou (Chiu et al. 1998).
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BaoIKaG XapaKTNPIOTIKA TWV UYpwWV atroBARTwY eAaioupyeiwv (YAE)

+ [MMapaywyn 101aitepa peyaAwyv TToooTHTWYV (TrEPi Ta 10 EK. K.J. ETNOIWG OTIG
Xwpeg TNG Meooyeiou) péoa o€ TTEPIOPICHEVO XPOVIKA SidoTna (3-4 MAVEG)
2KOUPO KAPE — HOUPO XPWHA

EKTTONTI) OUCAPECTWY OCHWYV

YWnAn TTEPIEKTIKOTNTA O€ opyavikd goptio (BOD;: 35-110 g/L, COD: 60-120 g/l)
O&ivopH:3-5.5

YWnAR TTEPIEKTIKOTNTA O€ TTOAUQPAIVOAIKEG EVWOEIS (Ewg 80g/L)

KOl O€ alwpoUpeva oTEPEA (OAIKA oTeEpEd €wg 20g/L)
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NMAPAAEITMA 2. Arod6unon — amrotogikotroinon putravtwy (YAE) pe xprion HOKPOMUKATWYV
(Antoniou et al. 2003, Baldrian et al. 2005, ZepBdakng Kal CUVEPYATES, AdNUOCIEUTA)
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Avagpofiog avridpaotipag (AUNTTEPATOG KAl CUVEPYATES)

CSTR - evepydc 6ykog: 3L, Bepuokpaaia: 35 C

H emre€epyaaia Twv YAE pe Tn Xprion MUKATWY AEUKAC OAWNG £XEl EQAPMOOTED JE 1ID1aiTEPQ
IKAVOTTOINTIKA ATTOTEAETUATA KAl JTTOPEI VA ATTOTEAECEI UEBODO TTPOETTEEEPYATIAC TOU
ATTOBAATOU VIA TN YETETTEITA AvAEPOBIA XWVEUAT] TOU JE OTOXO TNV TTapaywyn ploagpiou



NMAPAAEIMA 3. Arodéunon — amrorodikotroinon putraviwy (AEE) ye xprion HOKPOMUKATWV
(Aggelis et al. 2002)

Total phenolics (mg ml™ syringic acid equiv.)
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NMAPAAEIMMA 4. MNapaywyn edwdipng Bropaldag amd amdéfAnTa eAaioupyEiwyv

Treatment of olive mill wastes
(OMWW and two-phase sludge by- . Mmegnt? e
product) by Pleurotus spp. and B e
Agrocybe cylindracea '
(Zervakis 2005, ZepBaKng,
adnuooisuta oToIxEia)







