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Xylan degradation: a glimpse at microbial diversity
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The key to taking the measure of biodiversity lies in a downward adjustment of scale. . .Most of the Earth’s largest
species—mammals, birds, and trees—have been seen and documented. But microwildernesses exist in a handful
of soil or aqueous silt collected almost anywhere in the world. . .Bacteria, protistans, nematodes, mites and other
minute creatures swarm all around us, an animate matrix that binds the Earth’s surface.

Edward O Wilson (1994. Naturalist . Island Press, Washington, DC)
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Introduction desire to explore the microbial biosphere, and to encourage
the desire to make new discoveries and develop newAs suggested by Edward O Wilson, the birds, the trees,microbial-based technology for use in industry.and the terrestrial plants that inhabit the Earth’s surface are

largely known. The demise of animal species, such as the
Dodo bird and the passenger pigeon, at the hand of manWhy study xylan degradation?
and the threatened extinction of other groups of animals,Xylan (a major component of hemicellulose) and celluloseeven insects, are widely recognized. What we know vir-account for more than 50% of all plant biomass. Conse-tually nothing about is the extent ofmicrobial life—and quently, in total, both polymers together constitute the mostdeath. And this despite the fact that the survival of life onabundant organic carbon resource on the planetEarth depends upon the health and well-being of our[3,8,14,15,21,40,44]. They are products of photosynthesismicrobial population. The bacteria alone operate to reintro-and, as such, constitute an inexhaustible renewableduce dinitrogen into thebio-cycle, without which life as resource. Coughlan [3] has suggested that the energy con-we know it would cease to exist. Microbial cells also act tent of both xylan and cellulose, based upon estimates ofto oxidatively cycle metal ions and carbon in soils andthe total global plant biomass, is equivalent to almost 640aqueous environments, and to degrade, or mineralize, allbillion tons of oil.plant and animal materials back to the elemental carbon, As major components of plant biomass, xylans play anhydrogen, nitrogen and oxygen from which they were for-important role in ruminant animal and insect nutritionmed. In addition to ‘cleaning’ the planet, the microbial where the polymer is bioconverted into small digestibleworld can delight human appetites with foods, such asmolecules [2,19,20,25,38,42,43]. Likewise, developmentcheeses, yogurt, and other dairy products, with ‘pickled’of biotechnological methods for polymer conversionviacabbage, cucumber and vegetable products, and with finexylose (from xylan) into acetate, propionate, lactate, or suc-wines and other alcohol beverages from fruits and grains.cinate by using microbial fermentation technologiesConversely, microbes can also destroy and kill by causing[4,25,27], could provide a fully renewable resource of feed-animal and plant disease. Surprisingly with this awarenessstock molecules for the chemical and pharmaceutical indus-of the importance of microorganisms, we still know very tries [21]. With acetate, or with hydrogen and carbon diox-little about ‘who is doing what and how’ in the microbial ide (from polymer mineralization), methanogenic bacterialworld. Our work to find answers to these questions definesreactors could be used to produce inexhaustible supplies ofthe current study of microbial biodiversity. methane, as a nonpolluting fuel source.In this minireview, I will attempt to illustrate one facet Our current knowledge of microbial action on xylans hasof the remarkable biodiversity that exists in our environ-already led to suggestions about new technologies that arement by discussing the range of microbes that function toready for development in both agriculture and in industrydegrade, to bioconvert, or to mineralize the plant product,[8,21,24,40,46]. Some examples of these applications sug-xylan. In addition, I will survey some of the conditions gested in a review by Gilbert and Hazlewood [8] were that:under which the microbial xylan-degrading enzymes oper-pretreatment of forage crops with xylanases and associatedate in order to illustrate their functional diversity. The polymer degradation enzymes may be used to improvedetailed physical properties, chemical composition, anddigestibility of ruminant feeds and to aid in composting;molecular mechanisms of the enzymes will not be con-addition of xylan-degrading enzymes to pig and poultrysidered. The present review is intended to stimulate thecereal diets may improve nutrient utilization and intestinal

absorption resulting in greater animal weight gain; and
enzymatic saccharification of xylan in agricultural, indus-Correspondence: Dr RL Uffen, currently chief executive officer of Partners
trial, and municipal wastes may be applied to obtain sugarin Research, Inc, 1125 North Utah St, Arlington, VA 22201, USA
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producing specialty products, such as artificial sweeteners. follow a host-specific lifestyle in ruminant animals or in

the intestines of wood-eating insects.Maatet al [24] reported that treatment of poor grade wheat
flour with Aspergillus nigerxylanases improved dough tex- Under mesophilic growth conditions, xylanolytic activity

has been reported in a wide variety of different genera andture and handling, and the quality and the flavor of the
final baked product. Finally, results of numerous studies species of fungi and yeast [5,10,46]. For example, xylan

degradation occurs in certain strains ofAspergillus niger,[6,21,26–28,47] have shown that pretreatment of paper
pulps to partially degrade xylans aids in brightening theAspergillus funigatus, Neurospora crassa, Trichoderma

harzianum, Trichoderma reesei, Trichoderma viride, Peni-paper product. Treatment with xylanase appears to loosen
lignin surrounding cellulose fiber bundles and therebycillium janthinellum, Penicillium wortmanni, Penicillium

capsulatum [7], Pichia stipitis, Aureobasidium pullulans,reduces use of environment-polluting chlorine in paper pulp
bleaching processes [6,28,34,39]. Candida shehatae, andFusarium oxysporum[2,46]. Élis-

ashvili [5] describes and references a long list of additional
xylanolytic fungi. Thermophilic fungi that degrade xylansXylans include Humicola lanuginosa, Thermoascus aurantiacus,
Sporotrichium thermophile,andTalaromyces byssochlamy-Xylans are major structural heteropolysaccharides in plants

where they can represent up to 30% of the dry weight of thedoides [35].
As among the fungi and yeasts, xylanolytic degradationcell walls of monocots and hardwoods [41]. The polymer is

second only to cellulose in abundance on Earth, and is thus also extends across bacterial generic lines involving both
Gram-positive and Gram-negative staining aerobic anda major reserve of reduced carbon in the environment

where roughly 1010 metric tons are turned over annually. anaerobic microbes, including cell types that live in
extreme environments.Unlike cellulose, xylans constitute a group of complex

structural polymers collectively referred to as ‘hemicellu- Gram-positive staining, spore-forming bacteria are
ubiquitous soil microbes that play important roles in plantloses’. They are described as alkali-soluble, linear or

branched polysaccharides, precipitable from aqueous sol- and animal biomass turnover. These spore-forming bacteria
either respire and grow aerobically, or grow under anaer-ution by alcohol, and more easily hydrolyzed by mineral

acids than cellulose [44]. Isolated xylans are typically obic conditions and ferment xylan with production of vol-
atile fatty acid and gas products. Among aerobic, or facul-polydispersed heteropolysaccharides and comprise a back-

bone ofb-1,4-linked d-xylopyranosyl residues. The xylo- tative anaerobic species, xylanolytic activity has been
reported inBacillus subtilus, Bacillus circulans, Bacilluspyranosyl backbone is substituted at positions C-2, C-3, and

C-5 to varying degrees depending upon the plant and thepumilus, and Bacillus polymyxa [11,46]. Streptomyces
species with xylanolytic activity includeStreptomycesstage of development of the plant when the polymer was

obtained [16,46]. In monocots, at the C-2 position 1→2- exfoliatus, Streptomyces flavogriseus, Streptomyces livid-
ans, Streptomyces xylophagus, andStreptomyces halstediilinked a-d-glucuronic acid or 4-0-methyl-a-d-glucuronic

acid might occur, while at C-3 of xylopyranose, one fre- JM8 [33,46]. Strictly anaerobic, fermenting microbes,
which grow under mesophilic conditions, have also beenquently finds 1→3-linked a-l-arabinofuranose. In some

xylans, particularly in hardwoods, xylopyranose residues reported, such asClostridium acetobutylicum, Clostridium
stercorarium, andClostridium papyrosolvensC7 [27,46].may be0-acetylated at the C-2 or (more commonly) the C-

3 positions. Additionally, a small, but important amount of The Gram-negative staining, aerobic, non-spore-forming
soil microbe,Pseudomonas fluorescenssubspcellulosa, hasphenolic components, such as ferulic andp-coumaric acids

(associated with lignin), may be esterified to xylanvia their also been shown to degrade xylans [10,18]. Other pseudo-
monas-type xylanolytic Gram-negative staining bacteriacarboxyl groups to C-5 of arabinose branches [17].

In plants, xylans or the hemicelluloses are situated seem to reside principally in ruminant animals. These cells
represent a large, fastidiously anaerobic group of cells thatbetween the lignin and the collection of cellulose fibers

underneath. Consistent with their structural chemistry and includeButyrivibrio succinogenes, Butyrivibrio fibrisol-
vens, Bacteroides ruminicola, Bacteroides ovatus, andside-group substitutions, the xylans seem to be interspersed,

intertwined, and covalently linked at various points with theRuminococcus albus[10,25,38,42,43].Aeromonas caviae
ME-1 was recently isolated from the intestine of a herbivor-overlying ‘sheath’ of lignin, while producing a coat around

underlying strands of cellulose [2,15]via hydrogen bond- ous insect [19,20]. Finally,Cytophaga xylanolyticasp nov
[12], a new cytophaga species which grows anaerobicallying [16]. The xylan layer with its covalent linkage to lignin

and its noncovalent interaction with cellulose may be warrants additional comment.
The cytophagas are normally aerobic, Gram-negative,important in maintaining the integrity of the cellulosein

situ and in helping protect the fibers against degradation non-fruiting, rod-shaped bacteria that exhibit gliding
motility and are commonly found on forest litter where theyby cellulases.
degrade a diverse collection of plant and insect biopoly-
mers, including xylans, cellulose, and chitin.C. xylanoly-Microbial biodiversity
tica grows luxuriously under anaerobic conditions with
xylan and other mono-, di- and polysaccharides (but notMany bacteria and fungi are able to degrade xylan. Some

of these microbes are saprophytic, free-living soil or aquatic with cellulose) as sole carbon and energy source [13]. Its
specificity for xylan and its anaerobic lifestyle makes it ancells, some grow anaerobically while others grow aerob-

ically, some grow at room temperature (mesophilic interesting candidate for use for methane formation in
xylan-driven anaerobic methanogenic biodigesters.conditions) while others grow thermophilicly, and some
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In addition tomeso-temperature conditions and environ- however, may become evident from a discussion of the

diverse biochemical properties of two important types ofments near neutral pH values, a host of unidentified bacteria
inhabitextremeenvironmental conditions where they thrive xylan-degradation enzymes; endo-b-1,4-xylanase (hence-

forth referred to as xylanase) anda-l-arabinofuranosidase.and grow at temperatures above 50°C, at pH values 9.0 or
greater [9,23,27,35,45,46], and/or in high ionic strength
aqueous systems containing salt approaching saturatingThe xylanases

During searches to find the ‘ideal’ enzyme for use in spe-concentrations [46,47].Bacillus stearothermophilus[9] is
one of the aerobic, thermophilic bacteria shown to actively cific commercial processes, more than 50 microbial xylan-

ases have been isolated and studied [35]. Broadly baseddegrade plant polymers, including xylan.B. stearothermo-
philus is a Gram-positive staining, aerobic, spore-forming upon results of these studies, the molecular weights and the

isoelectric point (pI) of the different proteins suggested thatmicrobe. Anaerobic, spore-forming, thermophilic cells
includeClostridium thermocellum, Clostridium thermohyd- the enzymes might be divided into two groups. One group

was comprised of enzymes with an MW less than 30 kDarosulfuricumand Clostridium thermosaccharolyticum[2].
Additional anaerobic cells that grow and thrive at high tem- and which had alkaline pI values ranging from 8.5 to 10.0.

The larger enzymes of the second group with MW>45perature with xylan includeThermoanaerobacter etha-
nolicus, Thermoanaerobacter acetigenum[27], Ther- kDa, generally exhibited pI values ranging from 4.5 to 7

[39,46]. Using this designation, for simplicity’s sake, onemoanaerobium brockii, Thermoanaerobacteriumsp strain
JW/SL-YS485 [35], andThermobacteroidesspecies [2]. could hope that a xylan-degrading microbe be equipped

with one type of enzyme or the other. However, it was notUse of microorganisms at temperatures above 50°C and
in alkaline conditions is especially desirable for kraft pulp long before neither this idea, nor this division of xylan-

degrading enzymes appeared useful. For example,C. ster-treatment in the paper industry [6,28,47]. For this purpose,
hyperthermophilic eubacteria have been isolated that growcorarium was found to produce three ‘diverse’ xylanases

with MW values of 44.0, 62.0, and 72.0 kDa, respectively,anaerobically at temperatures above 80°C. These microbes
includeThermotoga maritimaMSB8 [45], Thermotogasp with all three proteins exhibiting pI values of 4.4–4.5.

Another example of this diversity occurred in the fungus,strain FjSS3-B.1 [34],Caldocellum saccharolyticum[23],
Dictyoglomusspecies [26,36], andRhodothermus marinus T. reesei. T. reeseiproduced two xylanases with MW 19

and 21 with pI values of 5.2 and 9.0, respectively [37,39].[4]. During growth on xylan these cells produce fermen-
tation products such as acetate, sometimes lactic acid In addition to synthesizing a diverse collection of xylano-

lytic enzymes with different MWs and pI values, microbial(depending on the cell type), ethanol, H2 and CO2. Xylano-
lytic enzymes in these hyperthermophilic cells operate cells also degraded the plant polymer under a variety of

different environmental conditions.around neutral pH. Yanget al [47] recently published the
results of studies on aBacillussp that degrades birch wood The ordinary temperature optimum of both fungal and

bacterial xylanases ranged from 45° to 60°C. However,xylan around pH 9. However, xylanolysis by this cell
occurred under modest thermophilic conditions at 50°C. since it is desirable to operate at even higher temperatures

in many industrial applications, studies were undertaken to
discover hyper-thermophilic bacteria (which grow aboveXylanases in microorganisms 80°C) that also metabolize xylans. As a result, a xylanase
gene was obtained from the gene bank of the hypertherm-As suggested in previous discussion, microorganisms are

primarily responsible for xylan degradation in nature. The ophileThermotogasp strain FjSS3-B.1. TheThermotoga
gene expressed inEscherichia coliattacked pine kraft pulpcomplex chemical structure of xylan has been described as

a linear polymer of repeating xylopyranosyl groups substi- at 95°C, but the enzyme operated best at pH around 6.3,
below a preferred pH value around 9.0 [34]. Othertuted at various carbon positions with different sugars

and/or acidic compounds. As a result, complete and enzymes have also been examined from hyperthermophilic
bacteria. However, in these cases, the enzymes, onceefficient enzymatic hydrolysis of the complex polymer

requires that the microbial cell produce an array of enzymes removed from cells, were more active at temperatures lower
than cell growth temperatures and at pH values aroundwith diverse specificity and modes of action. Some of the

enzymes known to be involved in xylan degradation are: 7.0 [27,28,36].
endo-1,4-b-xylanases, which hydrolyze theb-1,4-linked
xylose backbone;b-xylosidases, which hydrolyze xylo- Xylanase multiplicity and mixed function

During studies to isolate microorganisms with the abilitybiose and other short xylooligosaccharides resulting from
action of endoxylanase; debranching enzymes such asa- to degrade xylans and to extract and purify their xylan-

degrading enzymes, it became apparent that both fungal andglucuronidase anda-l-arabinofuranosidase; and esterases,
such as acetyl- and xylan-acetylesterases and arylesterases bacterial cells produce a multiplicity of enzymes that may

belong to the same functional class and which sometimeswhich act to remove acetyl and phenyl side groups, respect-
ively [1,2,46]. also exhibit broad plant polymer specificity similar to the

cellulases [10,46]. One example of this enzyme multi-Because of the complex chemical nature of plant xylans,
it is not surprising for xylan-degrading cells to produce an plicity was studied in the fungus,T. reesei [46]. Results

suggested thatT. reeseiproduced four xylanases [46], eacharsenal of polymer-degrading proteins. How this collection
of enzymes occurs and how they interact together in a cell, one with different MW and pI values. The question whether

these enzymes, all with the same apparent function, wereor in a cell population, to degrade xylans is poorly under-
stood. Some of the complexities the cell(s) must deal with, different gene products was examined by To¨rrönen et al
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[37]. This research team successfully cloned twoT. reesei while other cells localize xylan-degrading enzymes on their

outside surface.genes,xyn1andxyn2, that appeared to encode separate pro-
ducts, XYL1 and XYL2. XYL1 and XYL2 exhibited simi- The suggestion that certain bacteria produce structured

enzyme aggregates, or xylanosomes [36], is analogous tolar MWs (19 and 21 kDa, respectively) but had pI values
of 5.2 and 9.0. Both xylanases operated at pH around 4.5, the formation of cellulosomes in some cellulose-degrading

clostridia [22]. It was first reported [36] inB. fibrisolvensbut the XYL2 exhibited a Vmax 16-fold faster than XYNI
and XYNII. cultures where it was released into the culture medium as

an insoluble ‘structure’ exhibiting a molecular mass greaterIn analogous studies using bacteria, Gosalbeset al [11]
cloned genesxynD and gluB from B. subtilis. Data sug- than 669 kDa. TheB. fibrisolvensxylanosome appeared to

consist of at least 11 xylanolytic active proteins ranging ingested that thexynDgene encoded a xylanase (XYND) and
gluB encoded an endo-b-(1,3)-(1,4)-glucanase (GLUB). size from MW 45 to 180 kDa. A related multiprotein com-

plex was also reported to occur in the supernatant cultureBoth gene products exhibit xylanase activity. In this
microbial system, however, XYND seemed to be multi- fluid ofC. papyrosolvensC7 cells growing with cellulose

[29]. Although neither xylanosome nor cellulosome wasfunctional and also acted as ana-l-arabinofuranosidase. In
a similar study, the singleB. fibrisolvens xylBgene also used to describe theC. papyrosolvensprotein aggregates,

they ranged in size from 500 to 660 kDa, containing bothencoded abifunctional protein with bothb-d-xylosidase
and a-l-arabinofuranosidase activities [38]. cellulolytic and xylanolytic activities.

In a different bacterial system, Shaoet al [35] reportedIn her review, Thomson [36] presented an interesting
discussion about the diversity of xylan-degrading enzymes the localization of xylanase in the S-layer fraction of the

anaerobic, thermophilic microbe,Thermoanaerobacteriumand the role multiple xylanases may play in the cell. She
suggested various mechanisms that could account for the sp strain JW/SL-YS 485. This appears to be the first report

of xylanase association with the S-layer of a cell, althoughmultiplicity of function and specificity of the xylan-degrad-
ing enzymes. ‘Multiple’ proteins could, for example, arise in an earlier study from a different laboratory [30], some

xylanolytic activity was reported associated with growingfrom post-translational modification of a gene product
through glycosylation and/or proteolysis, or the appearanceCellulomonas udacells. A second example of a specific

cell-wall associated xylan-degrading system has been sug-of secondary, minor xylanases could be ‘artifacts’ produced
during protein purification [36]. On the other hand, mul- gested in the anaerobic, gliding bacteriumC. xylanolytica

[31]. In C. xylanolytica, an enzymatic cell associationtiple enzymes with broad range specificity might be pro-
ducts of separate genes on the same, or on different operons seems particularly appropriate to the lifestyle of the

microbe as it glides over the surface of plant material andcoordinately controlled by ‘global’ regulation. According
to Thomson, this arrangement might serve the cell as a digests xylan underneath.
mechanism of change in response to different types of xyl-
ans confronting it. Role of a-L-arabinofuranosidase

Fungi, yeast, and bacteria with xylanolytic activity, inNevertheless, the molecular basis for xylanase multi-
plicity and ‘mixed’ specificity in a single cell is unknown. addition to enzymes that hydrolyze the xylan ‘backbone’

polymer into xylose, xylobiose, xylotriose and other shortIn a recent study, Ruiz-Arribaset al [33] cloned a xylanase
gene fromS. halstediiJM8 that appeared to be transcribed xylooligosaccharides, also form a roster of ancillary

enzymes to cleave off polymer side groups. An example ofto produce two xylanases, Xys1L and Xys1S. Xys1L and
Xys1S exhibited similar reaction characteristics but the one such enzyme isa-l-arabinofuranosidase (ARAF),

which attacksa-l-arabinosyl side-chains of xylans andMW values of the proteins were 45 and 35 kDa, respect-
ively. As a result, the researchers suggested that post-tran- releases arabinose.

Ancillary enzymes that hydrolyze xylan side-chains exhi-scriptional modification of the gene product resulted in the
two different xylanases. However, their suggestion needs bit biochemical biodiversity similar to the xylanases. As

noted above,bifunctional xylanase/ARAF enzymes haveto viewed with caution, since, at that time, they had not
determined base sequence of the cloned gene. been reported [38] and enzyme multiplicity also occurs,

albeit observed to a lesser extent than among the xylanases
or theb-xylosidases. ARAF also comes in a wide range ofXylanase delivery systems

With the aim of developing effective xylan-degrading tech- MW values. The enzyme isolated and characterized from
B. stearothermophilusT-6 has an MW of 256 kDa. It isnology using whole cells in industry, it is important to

understand the mechanism(s) of release of xylan-degrading comprised of four identical protein subunits, and operates
best at 70°C and at pH 5.5–6.0 [9].C. xylanolyticastrainenzymes into the system. At present, much of our under-

standing of xylanolytic enzyme action comes from studies XN3 appears to produce a single similar ARAF. This
enzyme has a molecular mass of 210 kDa comprising sub-on aerobic fungi and yeasts where xylan-degrading proteins

are secreted by the cells. More recently, because of the units of 56 kDa. At 45°C, C. xylanolyticaARAF exhibits
maximal activity at pH 5.8, but the enzyme is stable overremarkable diversity of enzyme systems in the bacteria,

enzyme release from bacteria is also being explored. a pH range from 4.0 to 10.0. Finally,P. capsulatumpro-
duces two ARAF enzymes [7], Ara I and Ara II. FungalAs in fungi and yeast systems, bacteria also release

xylan-degrading enzymes to their surroundings, but the Ara I and Ara II enzymes exhibit an MW of 64.5 and 62.7,
respectively. Both enzymes operate maximally at pH 4.0 atmechanism may be quite different. In bacteria, for example,

some cells appear to ‘release’ xylan-degrading enzymes in 55–60°C.
The combined action of ARAF and other side chain-spe-the form of ‘protein complexes’ or ‘xylanosomes’ [36],
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5terization of two arabinofuranosidases from solid-state cultures of thecific enzymes in the microbial xylan-degrading arsenal may
fungusPenicillium capsulatum. Appl Environ Microbiol 62: 168–173.work together with multiple xylanases andb-xylosidases

8 Gilbert HJ and GP Hazlewood. 1993. Bacterial cellulases and xylan-to improve the efficiency of polymer metabolism. Studies ases. J Gen Microbiol 139: 187–194.
suggesting that this is the case are cited in earlier reviews9 Gilead S and Y Shoham. 1995. Purification and characterizationa-l-

arabinofuranosidase fromBacillus stearothermophilusT-6. Appl[1,2,36,46]. In 1994, Viikariet al [39] published the results
Environ Microbiol 61: 170–174.of studies suggesting the cooperative action of twoT. reesei

10 Gilkes NR, B Henrissat, DG Kilburn, RC Miller Jr and RAJ Warren.xylanases on kraft pulp. However, as yet experiments have
1991. Domains in microbialb-1,4-glycanases: sequence conservation,

not provided a clear picture of how either the molecular or function, and enzyme families. Microbiol Rev 55: 303–315.
the biochemical basis for this cooperative action may occur.11 Gosalbes MJ, JA Pe´rez-Gonza´lez, R Gonza´lez and A Navarro. 1991.

Two b-glycanase genes are clustered inBacillus polymyxa: molecularOn this note, it is also interesting that the presence of mul-
cloning, expression, and sequence analysis of genes encoding a xylan-tiple xylan-degrading enzymes may not be beneficial. For
ase and an endo-b-(1,3)-(1,4)-glucanase. J Bacteriol 173: 7705–7710.example, Maatet al [24] reported that treatment of poor

12 Haack SK and JA Breznak. 1992. Xylan-degrading enzyme system of
quality flour with A. niger var awamori xylanase signifi- a new, anaerobicCytophaga. In: Xylans and Xylanases. Prog Biotech-
cantly improved the quality of dough and baked goods. nol vol 7 (Visser J, G Beldman, MA Kusters-van Someren and AGJ

Voragen, eds), pp 491–492, Elsevier, Amsterdam.However, fractionated fungal enzyme extracts specifically
13 Haack SK and JA Breznak. 1993.Cytophaga xylanolyticasp nov, alacking ARAF activity produced the best results. Was it the

xylan-degrading, anaerobic gliding bacterium. Arch Microbiol 159:absence of ARAF that made the difference and why?
6–15.

14 Henrissat B. 1992. Analysis of hemicellulases sequences. Relation-
ships to other glycanases. In: Xylans and Xylanases. Prog BiotechnolConclusion
vol 7 (Visser J, G Beldman, MA Kusters-van Someren and AGJ Vor-
agen, eds), pp 97–110, Elsevier, Amsterdam.In this review I have attempted to provide a glance at the

15 Jeffries TW. 1990. Biodegradation of lignin-carbohydrate complexes.remarkable variety of cells and the diversity of biochemical Biodegradation 1: 163–176.
systems present in the microbial world that have evolved16 Joseleau JP, J Comtat and K Ruel. 1992. Chemical structure of xylans
to degrade xylan. Clearly, during evolutionary history, and their interaction in the plant cell walls. In: Xylans and Xylanases.

Prog Biotechnol vol 7 (Visser J, G Beldman, MA Kusters-van Som-microorganisms followed many different routes to grow at
eren and AGJ Voragen, eds), pp 1–15, Elsevier, Amsterdam.the expense of xylan. The array of different schemes and

17 Kato Y and DJ Nevins. 1985. Isolation and identification ofO-(5-O-different enzymes for this purpose is in part a response to feruloyl-alpha-l-arabinofuranosyl)-(1→4)-d-xylopyranose as a com-
the complex structure of xylan itself. The resulting array ponent of Zea shoot cell-walls. Carbohydr Res 137: 139–150.
of enzymes with their different physical properties, their 18 Kellett LE, DM Poole, LMA Ferreira, AJ Durrant, GP Hazlewood

and HJ Gilbert. 1990. Xylanase B and an arabinofuranosidase frommultiplicity in a single cell, and their broad catalytic speci-
Pseudomonas fluorescenssubspcellulosacontain identical cellulose-ficities contribute to our understanding of extraordinary
binding domains and are encoded by adjacent genes. Biochem J 272:microbial versatility and biochemical ‘flexibility’ that
369–376.

occurs in the biosphere. 19 Kubata BK, H Horitsu, K Kawai, K Takamizawa and T Suzuki. 1992.
The question of what new microbes will be found and Xylanase I ofAeromonas caviaeME-1 isolated from the intestine of

a herbivorous insect (Samia cynthia pryeri). Biosci Biotechnolwhat special traits they might possess will only be answered
Biochem 56: 1463–1464.as we continue to explore the diversity of the microbial

20 Kubata BK, K Takamizawa, K Kawai, T Suzuki and H Horitsu. 1995.world [32].
Xylanase IV, an exoxylanase ofAeromonas caviaeME-1 which pro-
duces xylotetraose as the only low-molecular-weight oligosaccharide
from xylan. Appl Environ Microbiol 61: 1666–1668.Acknowledgements 21 Kuhad RC. 1993. Lignocellulose biotechnology: current and future
prospects. Crit Rev Biotechnol 13: 151–172.I thank Dr JA Breznak, MJ Renner and Kwi Kim for help-

22 Lamed R and EA Bayer. 1988. The cellulosome ofClostridium therm-
ful discussions and material in preparing this review. ocellum. Adv Appl Microbiol 33: 1–46.

23 Lüthi E, NB Jasmat and PL Bergquist. 1990. Xylanase from the
extremely thermophilic bacterium ‘Caldocellum saccharolyticum’:
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