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CHAPTER 2

LITERATURE SURVEY

2.1 Anaerobic Digestion

2.1.1 Theoretical Overview

o 1

The ane{erpﬁig--digesﬁon of organic material, like cellulosic wastes, is
chemically a very complicafed’ process, r‘vglving hundreds of possible intermediate
compounds and reactions, each/of which isi_catalyzed by specific enzymes or catalysts.

idd

However, the overall chemicak*‘reactidn is o,i%n'simpliﬁed to:
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Anaerobic

Organic matter _—*=", = (CH +CO, + H +NH; +H,S  (2.1)
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In géiieral, anaerobic digestion is considefgél to occur in the following
stages (Opasawatchai, 1983) :
1. liquéfaction orpolymerbreakdown,
2. acid formation, and

3... methane formation
Stage 1: Liquefaction

In this stage organic polymer (cellulose) is broken down by extracellular
enzymes produced by hydrolytic bacteria, and dissolved in water. The simple, soluble,
organic components (or monomers) which are formed are easily available to any acid-
producing bacteria. It is difficult to distinguish this stage from what is known as stage

2 (acid-formation stage), because some molecules will be absorbed without further



breakdown and can be degraded internally. The hydrolysis reactions in this stage will
convert cellulose into simple sugars. However, the liquefaction of cellulose and other
complex compounds to simple monomers can be the rate-limiting step in anaerobic
digestion (Op den Camp et al., 1988), since this bacterial action is much slower in
stage 1 than in either stage 2 or 3. The hydrolysis rate is dependent on substrate and
bacterial concentrations, as well as, on environmental factors such as pH and

temperature. 'y

Stage 2: Acid formation

The monomerigs components réleased by the hydrolytic breakdown due to
bacterial action in stage/}’ at;e fnrther converted to acetic acid (acetates) and Hy/CO,
by the acetogenic bactena’ Volahie fatty'}aclds are produced as the end-products of
bacterial metabolism of cellﬁloée 1n whlch_gcetlc propionic, and lactic acids are the
major products. Carbon di ox;de an‘c_ld.hydrogen gas are also liberated during cellulosic
catabolism, with methanol, a‘;d ‘oﬁhé'simpleié&lols, being other possible by-products
of cellulosic breakdown The - pri_jportion;?oﬁ{hese different substrates produced

depends on the ﬂora gw_semFuMmmMMWMal conditions (Archer and
Peck, 1989). .

Stage 3: Methane formation

The products of stage 2 are finally convérted to CH4 and“Other end-products
by a group ‘of bacteria | called ‘methanogens. | Methanogenic bacteria are obligate

anaerobes whose growth rate is generally slower than the bacteria stages 1 and 2.

The methanogenic bacteria use acetic acid, methanol, or carbon dioxide and
hydrogen gas to produce methane (Wiegel, 1986). Acetic acid or acetate is the single
most important substrate for methane produced from acetic acid (Oremland, 1988).
The remaining methane comes from carbon dioxide and hydrogen. A few other

substrates can also be used, such as formic acid (Reeve, 1992), but these are not
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important, since they are not usually present in anaerobic fermentation. The
methanogenic bacteria are also dependent on the stage 1 and stage 2 bacteria to
provide nutrients in a usable form (Wilkie and Smith, 1989). For example, organic
nitrogen compounds must be reduced to ammonia to ensure efficient utilization by the

methanogenic bacteria.

The methane formation reaction m’ st }e 3 is very important in anaerobic
digestion. Besides producing CHy gas, the methanogens also regulate and neutralize
the pH of the digester slur . by convertmg the volatile fatty acids into CH, and other
gases (Peillex et al., 1988)" The conversion of Hy into CH, by the methanogens helps
reduce the partial preS)u/4 Hj in t:L
activity of the acetogenijxfna (Colbe:g, 1988). If the methanogenic bacteria fail to
1l eJlttle or (y) CHj production from the digester, and so

digester slurry, which is beneficial to the

function effectively there

waste stabilization is not a 'eyfcd becausg the organic compounds will be converted
only to volatile fatty acids, ﬁvhlcjx can cay}i_g further pollution if discharged into a

F e e
water-course or on land. S st —_":‘

The current understanding of the microbiology of anaerobic digestion
is illustrated in-Figure,2.1- There-are;four-main groups-of.bacteria involved in the
process, namely (Brownrand Tata, 1985):

(1). acid-forming (hydrolytic and fermentative) bacteria,
(i) acetogenic (acetate and H,-producing) bacteria,
(iii) acetoclastic (methane-forming) bacteria, and

(iv) hydrogen-utilizing methane bacteria

The acid-forming bacteria are involved in the hydrolysis and
breakdown of complex organic compounds into simple products such as CO,, Ha, and

other volatile fatty acids via two main pathways (Gunnerson and Stuckey, 1986):



Substrate —— CO, + H, + acetate 2.2)

Substrate —> propionate + butyrate + ethanol 2.3)

The products from equation 2.2 can be utilized directly by the

acetoclastic bacteria (equation 2.4) land fthe hydrogen-utilizing methane bacteria

(equation 2.5) to produce CH.. / /;/
2 .-ﬂ#_'_
< 9 ™
CH3C‘09'(K'-FF-I1 —> CHj+ HCO5"+ energy (2.4)
4H, s H —%—) CH, + 3H,0 + energy (2.5)
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: ant ( 81) reported that the reaction in equation

Mclnesriey ai
(2.2) will predominate in@ digester hgl‘{lmg 3 low H, partial pressure. At high H, partial
pressure equation (2.3) will' b aVored w1t1}'the formation of volatile fatty acids having

. (e g prop{;m}e and butyrate) and ethanol. These
products are converted further t_o Eﬂ)anog-q_n(; substrate such as acetate, Hy, and CO,

by the acetogenic bagterla through the acetogemc dehyprogenatlon reaction. Some

more than two carbon at

acetogenic bacteria gg'h also convert H, and CO, to ace__dte through the acetogenic
hydrogenation (Flgure 2. 1). i)

Brown and Tata (1985) reported that the acetoclastic bacteria have a
longer generation time than the acid-forming bacteria (i.e. 2-3 days vs. 2-3 hours at
35°C, under optimuin conditions).| Thus, ‘anaerobic digestgrs 'sho_uld not receive too
high organic loadings because the acid-fdrming bacie}ia w1ll I;roduce volatile fatty

acids faster than the rate at which the acetoclastic bacteria can utilize them.
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Figure 2.1 Biomethanation of cellulose (Brown and Tata, 1985)
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It is currently known that the growth of acetogenic bacteria is sensitive
to the H; partial pressure in the anaerobic digestion system (McInerney and Bryant,
1981). If the H, partial pressure is above 0.0001 atmospheres, the equation (2.3)
reaction will take place, and the production of acetate will be minimized. Since about
70 percent of CH, is formed by the reaction in equation (2.4) (Wilkie and Smith,
1989), the rate of biogas production will be decreased.

/7,

It appears _that the reaction in"€quation (2.5) is important to the

7
anaerobic digestion process beeause it removes. H, gas from the system and helps

maintain the low H, pargﬂ/ﬁsﬁe. H

This progess /shows that H, is essential in the interaction among
anaerobic bacteria, whl:h/{vglvésa precgss' ‘termed “interspecies H, transfer,” where
some bacteria produce d gthers consupae ;t (Ljungdahl, 1986).

"

al .'4' £ J'I:'...
213 Environmen{al Requirements -/
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g : Iy '\-_‘J_—-

Like iny other biological process, mé{rablc digestion is a multi-

parameter controllea process, each individual parameter having control over the
process either through'its own effect on the system or through interaction with other
parameters. These, patameters -includes temperature;, pH .and alkalinity, nutrient

concentration, loadings;-etc.

Temperature hasia pronounced effect orl.the rate of.gas production.
Generally two ranges of temperature are considered in methane production. These are
mesophilic (25-40°C) and thermophilic (50-65°C). The rate of methane production
increases as the temperature increases, but there is a distinct break in the rise at around
45°C, as this temperature favors neither the mesophilic nor the thermophilic bacteria

(See Figure 2.2).
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Figure 2.2 Effect of 4/4 '

?e on ¢ gas ?roductlon (Price and Cheremisinoff, 1981)

The oper oqil range of pI-JI,:r ir; anaerobic digesters should be between
6.6 and 7.6, with the optinium range being 7 to 7.2 (Pfeffer, 1980). Although acid-
forming bacteria can tolerate a p_H as lo? as 5.5, the methanogenic bacteria are

inhibited at such low pH values (Goodwin and Zeikus, 1j9§7) Appropriate measures

should be taken promp'tly when there is a lowering of pH m" an anaerobic digester, due
to accumulation of volatile fatty acids, or increase in Hy partial pressure, and the rate

of CH, production decreases(Fathepure, 1987).

2.2 Biogas

Biogas (also called ‘marsh gas’), a by-product of anaerobic decomposition of
organic matters, has been considered as an alternative source of energy. The biogas
can be used in small family units for cooking, heating, and lighting, and in larger
institutions for heating or power generation. Some variations in the composition of
biogas can be noticed, but it approximately conforms to methane (the main product),

carbon dioxide, nitrogen, hydrogen, and hydrogen sulfide, depending on factors such
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as the composition of raw materials, organic loading, and the time and temperature of

anaerobic decomposition.

Of the different gases produced, CH, is the most desirable gas, because it has
a high calorific value approximately 1009 Btu/ft’ (Lewis, 1993). The approximate heat
value of the biogas is 4,5000-6,300 kcal/p depending on the contents of the other

gases besides CH,. f’f 7

Cellulose Jis ef most a.g:mdant of all naturally occurring organic
compounds, probably compisia at -léhst ;:tpird of all vegetable matter on earth. It is
located in the primary and se ndgx_‘g cetl Wle_s of plants and exists as a highly ordered
crystalline structure composed 6{‘ D =(+)- g"Iucbd’é moieties joined via B-1,4-glucosidic
linkages (See Figure 2.3). Theie are betwee‘nﬂ?f)OO and 10,000 and on occasion as
many as 15,000 glae _mmmh&m “be hydrolyzed partially to
form cellobiose, a disaccharide that contains the B-1 4bond or completely to yield
glucose by acid or microbial enzyme hydrolysis (Colberg, 1988).

HOCH,

£ >.@ r

b - n

Figure 2.3 Model of cellulose (based on Colberg, 1988)
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Cellulose almost never occurs alone in nature, but is usually associated
with other plant substances (Kennedy, Phillips, and Williams, 1990). This association
may affect its natﬁral degradation. Cellulose fibrils are embedded in a matrix of other
polymers, primarily including hemicelluloses, pectin, and proteins. Cellulose imparts
tensile strength to the wall to resist turgor pressure. High compression strengths are
achieved when lignin, a complex polymer, .!_replaces water in the matrix of cell walls.

Ty
2.3.2 Enzymatic Hydrolysis of Celitlose”
2

. I

In rec;gpg}é/il},”ihe biSdegradation of cellulose has attracted more

attention worldwide th }a?'}rpblem 'of wood chemistry and biochemistry. Among

the large amount of informagio

gbcummE?ed concerning the cellulolytic activities of
enzymes called cellulases ‘ I.he éast&eaades, the cellulases produced by aerobic
white-rot fungi, Trichodermia reesei, _’havéi:lgfeq'n mostly studied, followed by those of
a,l Q)gfvstridi;?pji thermocellum (Stafford, Wheatley and

Hughes, 1980). Foinas. ﬂ_:j_fa

anaerobic thermophilic bact

l

T ]

-

Thell‘idrol sis of cellulose i mplex process in which a group
of cellulolytic enzfﬁés is involved. Cellulolytic enz";/"mes in anaerobic bacteria
examined thus far appeélr to be somewhat different froni‘one another, as well as from

those of aerobic-organisms.-In general showever, ;most-mierobial cellulases include the
following (Zeikus, 1980) "

(@) endo-f-1;4-glucairases that act ramdomly oii crystalline cellulose.
In addition, different endoglucanases have different substrate specificities and can

attack a variety of substrates.

(b) exo-B-1,4-glucanases that are either glucohydrolases or
cellobiohydrolases that act on the nonreducing end of the cellulose chain splitting off

cellobiose
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(c) cellobiase or B-glucosidase which cleaves cellobiose into glucose,

the end product of complete hydrolysis.

These components act synergistically to effectively solubilize
crystalline cellulose. Nevertheless, the mechanism for enzymatic cellulose degradation
has not yet been completely clarified, despite numerous recent investigations (Beguin,
1990; Bhat and Maheshwari, 1987; Kremer ;ﬁg«'Wood, 1992; Leschine, 1995).

,"'E

J
To date, bacteria represent a promising source for the production of

industrial cellulolytic en;ymeg,,',-Many thermophilic bacterial species produce cellulases
that are stable and activeat high temperaiure, resistant to proteolytic attack, and stable
to mechanical and chenn}_df&tnaﬁudfi_dn é_[iﬁdson, Morgan, and Daniel, 1990, 1991).
. ,;': {__ B H} 4
Compared yhth ﬁmgal systcms, Linden and Shiang (1991) stated that
major limitations of cellul{sew from fungi arg* low-temperature stability and low rate of
enzyme production. Thermophlhc bactena;géw rapidly and produce thermostable

cellulase but generally have not yielded high ﬁmductmtles (N g and Zeikus, 1981).

&

w_

-

Y et :
Moreover, there are potential advantageé to the isolation of enzymes
from, or the use of, thermophilic cellulolytic bacteria. Céllulolytic enzymes from these
sources are potentially-more, economical, and anaerobie, growth is simpler because of

lower oxygen solubility at higher temperature (Reynolds ef al., 1986).

2.3.3 The Use of Congo Red in Cellulaseé Detection

Usually when detecting the cellullolytic activity of bacteria, the clear
zones around the bacterial colonies are evident. However, time is required in order to
observe the lytic zones. At present, Congo red has been used in the detection of
bacterial cellulase. Since the formation of insoluble complex occurs only with B-D-
glucan (cellulose), dye binding of Congo red and the associated changes are used to

monitor hydrolytic enzyme activity (Wood ef al., 1988). When cellulases attack the
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bonds that link glucan units, Congo red cannot form a complex with the polymer.
Thus, when Congo red is destained, it leaves a yellow halo surrounding the bacterial
colony that possesses cellulolytic activity. It provides the basis ofr a rapid and sensitive
assay system for cellulolytic bacteria (Teather and Wood, 1982). A vivid contrast
between the uniform red color and the halos surrounding the colonies makes this
method of differentiation of cellulolytic bacteria superior to other methods (Hendricks,
Doyle, and Hugley, 1995). 'y

J
2.4 Anaerobic Cellulolytic Bacteria

Anaerobic celly.ldiyhc bagcteria g a group of bacteria that play an important
role in the cellulose de m‘po.sitioﬂf in ér;'éerobic environments. They degrade and
consume cellulose as th;ig ks’;)lg";cgrbonh. andbenergy source. Among various fermentation
products of cellulolytic” Hana"érdbgs, .- they ﬁlclqde Hy, CO,, short-chain volatile fatty

acids, and/or ethanol. S

2.4.1 Habitat __Z=200/ 2/,

= -

In zliﬁ’;erobic environments rich in dé'é;ying plant material, the
decomposition of celluiose is brought about by complex communitites of interacting
bacteria. Anaerabic (cellulolytic- activity, starts, jin, rumen;, termite guts, cecum of
ruminant animals, even'in area closeto the surface'in soils and composts, as well as in

freshwater, marine, estuarine sediments, and thermal springs.
2.4.2 Culture Media

More than 40 years ago, Hungate (1950) successfully isolated pure
cultures of mesophilic cellulolytic bacteria using a selective media contained rumen
fluid and swollen cellulose. Since then, it has been many researches provide medium
conditions similar to rumen condition in order to maintain other cellulolytic anaerobes

(Pavlostathis, Miller, and Wolin, 1990, Miller and Wolin, 1995). At present, it is
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elucidated that rumen fluid is not essential for growth of most cellulolytic anaerobes,
except for those rumen cellulolytic bacteria (Coughlan and Ljungdahl, 1988). Jin and
Toda (1989) showed the effects of nutrients on cellulase production that the cellulose
hydrolysis and endocellulase increased when using a new modified medium, in which
urea and K;HPO, concentrations were increased and the yeast extract concentration
was decreased. The growth factors required for growing cellulolytic anaerobes are
biotin, pyridoxamine, vitamin By, and p—jfxmilfxgbenzoic acid (Zehnder and Brock,
1980). Besides the buffering system, rejuciﬁg,'igé;xts, such as cysteine, are added to
the culture medium to maiatain 3 low oxidation-reduction potential. Resazurin, the
most common used redax 1pdicator 13l also added as an oxygen indicator. In the
oxidized state, it is blgz*’ébove pH 6:5° and changes irreversibly to pink below this
value. When mixed w1;c,h redumng agent‘ the medium should gradually change to
colorless. Media that later turn pmk havé become oxidized and should be discarded

."J

(Levett, 1991). I N Ady 4

|

PPN
243 Isolation Methdds =~

kY Lo =
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A vaget;LQf_mcthods_ls_ayaxlable_for fhe culture of anaerobic
-

cellulolytic bacteria :
(i) cExclusion of oxygen from ipart; of, the .medium is the simplest
method, and is gffected by growing the organisms within the medium as a shake or

fluid culture

(i) When an anaerobic atmosphere is required for obtaining surface

growths, anaerobic jars and cabinets provide the routine methods of choice.

(iii) A more sophisticated method for the surface culture of anaerobes
is the pre-reduced anaerobically sterilized roll-tube technique (Hungate, 1950) and
various modification of it. This technique utilizes specialized equipment, is time-

consuming, and requires specially trained staff and specialized medium preparation
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facilities. It provides the most meticulous anaerobic conditions, and is appropriately
used for the isolation and study of exacting anaerobic species that are highly sensitive
to oxygen. The method, however is too demanding in time and space for routine use in
most diagnostic laboratories where anaerobic work is but one facet of a service

commitment.

Comparative studies havé; P ,hown that pre-reduced anaerobically
sterilized methods are not superior to the anaeroﬁ'J C jar and cabinet for the recovery of
relevant anaerobes in dlaggpsuc settmg,s (Demain and Solomon, 1986). Throughout
this thesis work, an anae;pb‘l’cf _ ;

ber ﬁrecommended.

An anaerobi chambef e:tlljﬁpped with glove ports and a rigid airlock

for transfer of materials, stan/ ox&ge‘n-free environment (See Figure 2.4) in
. . £ F sl : o

which conventional bacteriolg ical techr;fqge can be applied to the isolation and
manipulation of obligate fobes, in condﬁjp_ps of strict and continuous anaerobiosis.

P -_..'}‘.."h

Figure 2.4 Anaerobic chamber

Anaerobiosis in the chamber is achieved with palladium catalyst pellets
and a non-explosive gas mixture (10% hydrogen + 5% carbon dioxide + 85% nitrogen)
maintained at a slight positive pressure. The interchange is programmed automatically

to evacuate and flush with gas mixture prior to access being gained to the main



18

working chamber; traces of oxygen entering the cabinet from the interchange are

rapidly removed by catalysis (Ferrara-Guerrero, Marty, and Bianchi, 1993).

2.4.4 Known Anaerobic Cellulolytic Bacteria

The cellulolytic systems of anaerobic bacteria have been reviewed
recently by Coughlan and Ljungdahl (1988i)'? ,It )ﬁf worth knowing to concentrate on the
transcription regulation systems of Aceiivibrio _cellulolyticus, Bacteroides sp.,
Butyrivibrio fibrilsolveﬁg Clostridi:z:m sp., Lubacterium cellulosolvens and

Ruminococcus sp. (See Fable.2.1). To| date, however, few have been known which

F

decompose cellulose ux‘l}/Zwémely thermophilic and obligately anaerobic conditions
” ,

except for the reports olds ‘ez al- J('1986) and Sissons ef al. (1987) in which

¥

cellulolytic anaerobes werg ab

2 4

Table 2.1 Some known 4na. ‘obig_gfellulog_m bacteria

0 grow aste'mperature higher than 75°C .
a0k

Bacteroides succinogenes

Suceinate; propionate,. -~ ~Rumen

Russell, 1987

\..\'_‘ll acetate, formate 1’:.; 2
Butyrivibrio fibrisolvens: j - Lactate, butyrate, acetate, Rumen Buchanan and Gibbons,
_ | formate, H;, CO; 1 1974

Ruminococcus albus Succinate, acetate, Rumen Miller and Wolin, 1995
formate, Hy

Ruminococcus flavefaciens ~ Succinate, lactate, Rumen Linden and Shiang,
acetate, ethanol, formate, 1991
H;, CO;

Eubacterium cellulosolvens  Lactate, butyrate, acetate, Rumen Buchanan and Gibbons,
formate 1974

Clostridium thermocellum Succinate, lactate, Soil, marine Hormeyer et al., 1988

acetate, ethanol, formate,

mud, sewage /

H,, CO, dairy waste
Clostridium cellobioparum  Lactate, acetate, ethanol,  Soil, rumen, Buchanan and Gibbons,
formate, H,, CO, lake sediments 1974

Acetivibrio cellulolyticus

Acetate, ethanol, H,, CO,

Sewage sludge

Mackenzie et al., 1987
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2.5 Biomethanogenesis
2.5.1 Definition

Bacterial methanogenesis is a process by which a wide variety of

organic materials can be converted by bacteria into a gas rich in methane. This is a

ubiquitous process whereas the environmeniis in the absence of oxygen. The
q p onmtgvf Xyg .

methanogenic bacteria are the most importarii-#the process to help convert volatile

9 _
fatty acids and reduce carbon diexide to methane (Zeikus, 1977). Like other biological
processes, serveral con(@«d factori are essential in biomethanogenesis.

The m éb lic iathw;é:iy Ofﬁ; mel;hane production has been reviewed in
detail be many investigators ( Jone, Nagle; jpd Whitman, 1987; Rouviere and Wolfe,
1988; Wolfe, 1990). At present,' -ﬂ*ls elumd&f«i that the process involves at least six
coenzymes of methanogemc bacteria in thefmduetlon of carbon dioxide to methane,
namely coenzyme M(2mpt_oqmg_e_suio_mg_amd),_@gnfyme Fa2 (7,8-didemethyl-
8-hydroxy-5- deazarnboﬂavm 5’ phosphate), coenzyme F430 (tetrahydrocorphin),
methanopterin , methanofuran, and component B (7-mercaptoheptanoylthreonine
phospate or HS-HTP). The propose model for-the reduction of CO, to CH, is shown
in the Appendix A

In the methanogenesistpathway, the first'coenzyme to be involved is
methanofuran. It is a carrier of the first CO, reduction step (Rouviere and Wolfe,
1988), but the mechanism is unknown. Formaldehyde is then converted to methane by
methanopterin with Fsz as a cofactor or a 2-electron donor. Coenzyme M, the first
enzyme discovered, is the smallest among the six known enzymes. It generates the
methyl group in the terminal step of CO, reduction to CH, (Balch ef al., 1979) in
which component B acts as an inhibitor of methane formation (Wolfe, 1990) and F3 is

the cofactor in the reaction (Jone et al., 1987).
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2.6 Methanogenic Bacteria

Methanogenic bacteria or methanogen are any of a group of bacteria that
obtain energy from the metabolic production of methane gas, basically from carbon
dioxide and hydrogen. It was first mentioned by the great Italian physicist Alessandro
Voltra in 1776 (Blaut, Miiller, and Got;tschalk, 1990). Methanogenic bacteria are
found in a variety of anaerobic habitats 1ncluﬁpg /sediments (Kiene et al., 1986; Zeikus
and Winfrey, 1976), sludge (Smith and Frﬁxﬂ(;"“fﬂSS), and animal waste digesters
(Angelidaki and Ahring, 12‘,93, Boone, f982), the larg;e bowel of man (Misawa ef al.,
1986) and animals (Mill,er—f'ff‘! 1986), the guts of insects, wetwood of living trees,
rumen (Beuvink and %:a, 1992; Sribenjalux and Vejjanukroh, 1984), and
extreme environmentsu(‘ c 1935, Dafé)sta, Duarte, and Williams, 1989; Zhao et

7
inogen

'y -
al., 1986). They are abundant eﬁ‘)w Eh v@ue‘s of -200 mV (Jone, Nagle and Whitman,

f/ sf‘/ngtpi.ﬁéctivg;_gdvin the presence of oxygen, although not
every species is rapidly killed by oxygen (Kemavuthanon, 1994). There are no reports

1987). In general, meth

B i : P o ==
which indicate if any attempt has been mad_e’;tﬁ study occurrence and abundance of

methanogenic bacteria in oxic envitonments. . -
A £

. ol
- e |

26.1 UnigieC e Taxonomy
Methanogens are fastidious-and; occur, as-mierobial consortia. They
possess some unique’ features which' distinguish them as ‘a 'special group of bacteria.

These include :

a) | the absence of peptidoglycanin the cell wall(Woese, 1981).

b) the presence of mainly ether-linked isoprenoids rather than ester-
linked phospholipids in the membranes (De Rosa, Gambacorta, and Gliozzi, 1986;
Koga et al., 1993).

c) the presence of unusual coenzymes such as coenzyme M, factor

Fa, factor Fi30, methanopterin, methanofuran, and component B of the
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methylereductase system (Wolfe, 1990). These coenzymes play important roles in the
reduction of CO, to CHy. The structures of these coenzymes are listed in Appendix A.

Due to F4, cells of methanogens can be recognized by their

strong autofluorescence under oxidizing conditions (Jone, Nagle, and Whitman, 1987).

d) based on the uniqué lﬁfoT'BNA structure that differ from those
of other procaryotes, methanogens have been"ifiouped under ‘archaeobacteria’, the
9
third kingdon of life (Woesg,_.l~981).

years with the devel Anﬂ 1mpfbvements in the techniques and tools for

There %} a numbir of methanogens isolated during the last 20
opine

gse’ sthct&aﬂaerobes (Baich et al.,1979; Bernhardt,
87) By usmg sthe 165 ribosomal RNA oligonucleotide

cultivation and isolation jof
Jaenicke, and Ludemann,
sequence catalogs, as we as;“bloc_hgmlcal a.dd morphologlcal characteristics, Balch et
al. (1979) proposed a major revtsxon of the tax omy of methanogens. This work was
based on the charactenstlcs -of-the 13 spec:ds—(17 strains) available at the time.

Methanogens were gre‘ ped into { t’erzales Methanococcales,
and Methanomzcrobzales) comprised of four families and seven genera. Moreover,
Bryniok and Trosch (1989) used ELISA techniques to determine the taxonomy of
methanogens. Thus, the studyin, this fields not limited.<At.the time of this present
thesis (1996), the number of ' formal fiterature reports of methanogenic species in pure
culture has risen dramatically and there are preliminary reports, of séveral new isolates.
Two new families (Methanoplanaceae and Methanhathermaceae)'and-five new genera

have been added since the 1979 revision (Table 2.2)

2.6.2 Culture Isolation

Methanogenic bacteria can be isolated using the Hungate technique

(Hungate, 1950) or anaerobic chamber technique as described in 2.4.3. Since they are
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very strict anaerobes, exclusion of oxygen in the selective medium is surely necessary,

similar to that of anaerobic cellulolytic bacteria (See 2.4.2).

In addition, the physiologically different groups of methanogens can be
cultured in selective media containing restricted carbon sources: formate under H,-CO,
' ens acetate under N»-CO, (80:20), for

la mine under N»-CO, (80:20), for
, and Bianchi, 1993).

(80:20), for hydrogen-utilizing met

aceticlastic methanogens; methqgo\,

N ?}

methylotrophic methanog

Table 2.2 Validated '? anogenic B cteria (Koga ef al., 1993)
: «/I .

Methanobacteriales

" Methanobrevibacter

ano us 2
"%Ie anosphaera 2
Ad i :
FF T B %
4 Sl fzi
Methanococcales Methanococcaceae —giethanococcus 7

‘-_- "‘f . > ".%
B % o R
— - f:’z- 'f. o - -
\OINIr

¥ b
Methanomicrobiales %"}.Methanomie robiac

1

1

1

MMethanogemum 4
AugANENI AN
ethanocorpusculaceae ethanocorpusculum 5
Methanoplan cgze_ n / 2
PRI N Y
Methanococcoides 1

Methanolobus 3

Methanothrix 2

Methanohalophilus 4

Methanohalobium 1

Halomethanococcus 1

Undefined Methanopyrus 1
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To date, many novel species of thermophilic methanogens have been

isolated with temperature optima from 50°C to 88°C (See Table 2.3). They are mostly

of interests in biotechnology and biochemistry due to their ability to grow at high or

very high temperature. The most hyperth

ophilic methanogen, Methanopyrus strain

AV19, isolated by Huber ez al. (1989),‘ de'd(;éi& es that methanogenesis can occur at

temperature above 100°C..The fascingted

Z

abﬁ-to live in thermal environments

becomes very interesting. .

Table 2.3 Characteristi

Loweetal.,

*

bhitic methanogenic archaebacteria (based on

Methanobacterium strain CB12 Hy + COEIWmate Sludge sample from a
LA mesophilic biogas plant,
«.',H',% q"—'?ir 4
Methanobacterium strain FTF | = Formate, H, + CO, Thermophilic digestor
Methanobacterium thermoforr:icis:um H, +CO, , formate 'ﬂ!ermoph.i?:: manure digestor
Methanobacterium wolfei __)l Obligate autotroph, H, + CO, Sewage sludge and river
sediment
Methanogenium frittonii H; + CO, sformate Nonthermal freshwater
; sediments
Methanogenium thermophilicum Formate, H, + CO,, 0.2 M Marine cooling channel of
salt optimum nuclear power plant
Methanogenium"stain UCLA Foftnate; H, ! CO, Ahastobic sludge digertor
Methanopyrus strain AV19 H, + Cﬁz Sediment sammiples at dua’ymés
Basin hot vents
Methanosarcina strain CHTI 55 Acetate, methanol, Thermophilic digestor
methylamines
Methanosarcina thermophila Acetate, methanol, Sludge from thermophilic
methylamine, digestor
trimethylamine, H, +
CO,
Methanothermus sociabilis Obligate autotroph, H, + CO,  Terrestrial solfataric muds

56'C,pH 7.4

55°C,pH 7.5
55°C,pH 7-8
55-65°C, pH 7.0-7.5
57°C, pH 7.0-7.5

55°C,pH 7.0

55-60°C, pH 7.2
98°C, pH not
reported, 1.5% NaCl
57°C,pH 6.8

50°C, pH 6-7

88°C,pH 6.5
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2.7 Thermophily

'Life at high temperature has been a subject of interest and studies for many
years (Brock, 1978, 1985, 1995) and a considerable number of thermophilic bacteria,
including cellulolytic and methanogenic bacteria, has been discovered as metioned
above. In order to live within a particular temperature range, organisms have to adapt
structurally and functionally to the environmé_n@} temperature. This means they must
“love” these temperatures. to be alive “at hfgh temperatures, they must be
thermophilies. H

#

The taxonomy’,duﬁa e molecu;ar mechanism of most thermophilic bacteria

are far from complete/a‘{ the -pre'sént Brhe However, there are some group of
researchers who try to 'qlu,cidage the se_ﬁ;{et-' of thermophiles and/or their enzymes,
including Amelunxen and Mﬁrdogk__l(i978)f:1§<o_\gve efal. (1993), and Zuber (1979).
F F 2278

In thermophilic bacierié,f their ada@i&n to the temperature means a shift of
the temperature optimum for growth of the metabolism anc} of the biological active cell
components to hlghe:g_tcmpﬁxatunes_compa[ed_to_thatj,af the mesophilies. These
thermophilic cell coﬁ];onents should be more thermostaﬁ-é at high temperatures and
less active or effective”at low temperatures (Zuber, 1978). It is conceivable that at
extreme temperatures, .g. at the,upper temperature limit .of a-thermophilic bacterium,
an increase in denaturation will cause an increase in resynthesis. Yet, this remains to be

elucidated.

2.8 Biogas Production by Thermophilic Pure Cultures

Many microorganisms have performed biogas production in the natural
environment. They are involed with all types of bioconversion and various cycles of
matter on earth. In nature, microorganisms compete with each other and the most

suitable species predominate in certain niches. At any one time one would expect to
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find a mixed population interacting in the environment in antagonistic or symbiotic

relationships.

In order to maximize the performance of desirable microorganisms, it is
imperative to isolate pure cultures from the environment and study their cultural

characteristics in great detail.

To explain the beneficial use of selectcd“f'bennophlllc bacteria, this sample of

cellulose degradation may be. appropnate First; the fermentative species that possess

the requisite enzymes (M ly extracellullar) act to attack macromolecules and
convert them to simplerﬁo(‘ty grsand zgomers such as acetate, alcohols, fatty acids,
Hy and CO», eg. Cyé;m ili;zﬁn(;‘cgllum converts cellulose to hexoses and
ethanol, lactate, acetat}/ I-}g and CO; (Hormeyer et al., 1988); Clostridium

thermohydrosulfuricum anﬁ Fhermoanaefobmm brockii (Lowe, Jain, and Zeikus,
1993) convert amino ac1ds ayd sugars to a:é%ate ethanol, lactate, Hy, CO> and long-

e,—a.i

chain fatty acids (longer than acetEt«é) Hydﬁg’en evolving acetogenic bacteria oxidize

Y eyl T

propionate, butyrate and other fatty acids to acetate, H‘Q and CO3. These bacteria

require low hydrogekutensnons although they often live m_ﬂabltats that have high and
continuous rates of hydrogen evolution. This parado_x may be resolved by the
discovery of thermophilic-.obligately autetrophic Hy-oxidizing bacteria such as
Hydrogenobacter autotrophz'cu‘.s~ and Calderobacterium hydrogenophilum (Ferguson
and Mah, 1983). The end result of these activities is the fermentation of complex
cellulosé to Hy and'COy; acetate and formate that are converted to methane by the
methanogens. These include Methanobacterium thermoautotrophicum (Hp and CO,
to CHy);, Methanococcus thermolithotrophicus (Hp, COp and formate to CH4 and
some CO7) and Methanothrix sp. (acetate to CHy and COj) (Peillex ef al., 1988;
Zinder et al., 1984). Methanogenesis in defined co-cultures has been studied on
fermentation of sugar beet pulp. C. thermocellum alone produced acetate, succinate,

methanol, ethanol, Hy and CO,. A coculture with a species of Methanobacterium
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resulted in only trace amounts of ethanol and succinate (Weimer and Zeikus, 1977).
Acetate concentration was about three times that produced by C. thermocellum alone.
Association of this coculture with Methanosarcina resulted in 75% of total
carbohydrate in the pulp being converted to methane (Ahring and Westermann, 1987,
Yang and Tang, 1991).

In this study, the e were conducted at 55°C using
thermophilic cellulolytic bact ~=7:.,_ therm
to biogas. Although this th

mentioned above showed tha \ culture and coculture would be
indubitably implied and gould \\' 0 the country.

hanogen to convert paper waste

ab ratory scale, some indications

ﬂusfmﬂmwmm
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