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Abstract

A search for organisms yielding commercial products
from. bioresources resulted in a group of 37 isolates from
a cattle-waste digester. Using strict anaerobic technique,
the organisms were cultured by direct isolation and con-
tinuous perfusion on straw, ball-milled cellulose and
dewaxed cotton as substrates. Gram-negatively staining
rods (though showing a Gram-positive wall in electron
micrographs) were straight to slightly-curved with taper-
ing ends, 0-25-0-7% 1:5-3-5 um, with peritrichous flagel-
lation. Cultures showed extensive degradation of filter
paper; 27-42:7% and up to 31% solubilization of straw
and cotton respectively. Cellobiose, -triose and -tetrose,
but not glucose, resulted from cellulose hydrolysis, Fer-
mentation products were ethanol, acetate, formate, lac-
tate, succinate and, with some strains, propionate, with
CO, and H, as fermentation gases. Though major tests
were done on all, isolates U311, U191, T111, U62 and
C400 were examined extensively. All the test strains
showed strong to moderate fermentation of glucose, cel-
lobiose, aesculin, maltose, fructose, lactose, mannose,
melibiose, ribose, starch, xylose, xylan, raffinose and
sucrose, The mol% G+ C ratio of the DNA for three
strains was 39:5-439 (T,,). Characteristics of the organ-
isms isolated overlapped with those of Eubacterium
cellulosolvens NCDO 2433, 2430, ATCC 43171; Clos-
tridium cellobioparum ATCC 15832 and Clostridium
thermocellum ATCC 27405. In the present investigation
E. cellulosolvens strains produced ethanol, spores in
sporulation medium (Lett. Appl. Microbiol., 1, 31,
1985) and a G+ C ratio of 42'5 for strain 2433. C.
thermocellum grew at 37°C. Under recommendations
3—4, rule 42 of the international code of nomenclature of
bacteria, we propose the name Clostridium hobsonii for
U311, a species of biotechnological imporiance, in
honor of P. N. Hobson B.Sc., Ph.D., D.Sc., F.LBiol,
F.RS.C,FRS.E.
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INTRODUCTION

The role played by anaerobic micro-organisms in the
digestion of organic matter, and in particular cellulose
and hemicellulose, is important and so investigations
have been made into the exact role of these micro-
organisms in the rumen, as well as in systems for the
production of liquid and gaseous fuels with con-
comitant pollution control, and other products of
industrial importance like acids, solvents and chemicals
(Hobson er al., 1984). The rumen has been the prin-
cipal system investigated, In the rumen, two morpho-
logical types have been implicated as the main agents
of cellulose breakdown: cocci (two species of Rumino-
coccus) and a rod (Fibrobacter succinogens, formerly
known as Bacteroides succinogenes; Montgomery et al.,
1988) with a further rod type (Butyrivibrio fibrisolvens)
playing a generally smaller role. Occasionally, repre-
sentatives of other genera (e.g. Clostridium) or other
unnamed morphological types have been isolated, but
some of these have appeared to be fortuitous and have
never been consistently found. For instance, Clostri-
dium cellobioparum was isolated by Hungate (1944)
and since then no report has appeared of its reisolation.
There was a gap of more than a decade between the
isolation of Eubacterium cellulosolvens by Bryant et al.
(1958) and its reisolation by Gylswyk and Hoffman
(1970) and by Prins et al. (1972). Clostridium thermo-
cellum, initially isolated by Viljoen, Fred and Peterson
in 1926, was next isolated by Ng, Weimer and Zeikus
in 1977.

However, lack of continued isolation of a particular
species from some environment should not be con-
strued to mean that it does not play an important role.
For instance, it was earlier suggested that as Bacteroides
succinogenes has not been isolated on many occasions
or in high numbers, then probably its role in the rumen
was of little significance; however, today the concept
has changed with its successful reisolation.

In the present report, a number of cellulolytic
isolates obtained from a cattle-waste digester by direct
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isolation and a continuous-culture technique = as
described previously (Sharma & Hobson, 19854;
Sharma, 1983) are compared with those species which
had been classified as Eubacterium cellulosolvens,
Clostridium cellobioparum and Clostridium thermo-
cellum, and based on the results Clostridium hobsonii
comb. nov. is suggested.

METHODS

Cultures

Isolates given in Tables 1 and 2 were from direct isola-
tion and those in Tables 35 were from the continuous
culture. Two strains of Eubacterium cellulosolvens
were kindly given by Dr M. D. Collins, National Col-
lection of Dairy Bacteria, National Institute for
Research in Dairying, Shinfield, Reading, UK. Eubac-
terium cellulosolvens 2433 was one of the strains iso-
lated by Prins et al. (1972) and the other strain 2430
was one of the strains isolated by Gylswyk and Hoff-
man (1970). Eubacterium cellulosolvens ATCC 43171,
Clostridium cellobioparum ATCC 15832 and Clostri-
dium thermocellum ATCC 27405 were procured from
the American Type Culture Collection Center, Rock-
ville, Maryland, USA.

Media
Peptone yeast extract (PY), peptone yeast extract
glucose medium (PYG), PY-lactate and Py-pyruvate
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media were as described by Holdeman, Cato and
Moore (1977). Medium 1 (Sharma & Hobson, 19854)
was used for the maintenance of cultures. ATTC C
thermocellum was initially grown in ATCC medium
1191, C. cellobioparum in ATCC medium 1015 and E,
cellulosolvens in ATCC medium 1365. Detailed com-
positions of ATCC media were as given in ATCC Cata-
logue of Bacterial Cultures and Phages, 18th edn,
ATCC, Rockville, Maryland, USA.

All cultures were incubated at 39°C unless stated
otherwise. Optical densities were recorded at 640 nm
in a Beckman DB spectrophotometer.

Purity of cultures

This was checked periodically both by microscopic
examination and fermentation-product analysis over a
period of 3 years and properties were found to be con-
sistent.

Atmosphere in culture tubes for biochemical
characterization

All the media for biochemical characterizations, unless
stated otherwise, were prepared under oxygen-free
carbon dioxide (20%) plus nitrogen (80%); this is
similar to the procedure recommended by Holdeman,
Cato and Moore (1977) for anaerobes. In the present
work, the bacteria were isolated from a digester runn-
ing at a pH of about 7-2 and might be expected to have
optimum growth near neutral pH. Conversely, many

Table 1. Fermentation products on PYG medium (mmolar)

Product Isolate and products

U62 C120 U311 T180 C400 Ti138 U191 T111 T211 C48 T83 U352 . T113
Ethanol 89-6 76 963 702 41 4-8 927 899 711 704 161 788 865
Formate P P P P P P P P P p P P P
Acetate 77 8-8 80 52 247 57 4-8 81 32 54 128 7:6 75
Propionate 0-5 — — — 11 27 — 07 03 08 21 06 -
Lactate 57 P 108 P P P P) 160 P P P P) 162
Succinate 1-8 P 79 P (P) P 75 52 P P P P 104
Averages of duplicates.
P, (P); present but not quantified, present in trace amounts.
—; Nil.
Strain C120 formed some butyrate (5-0), no other n- or i-volatile fatty acids up to caproic were found.

Table 2. Fermentation products on PY, PY-pyruvate and PY-lactate media (mmolar)
Product | Medium, isolate, products
PY PY-pyruvate PY-lactate

Usll  Tiil C400 U191 U311 TI111 C400 U191 U311l TIi11 C400 Ul91
Ethanol 24-5 241 22:8 14-3 214 271 279 214 294 52:9 50-3 269
Formate — — — P P P P P - - — —
Acetate 135 136 143 180 275 340 313 300 16'5 14-3 150 130
Propionate 89 0-8 1:5 15 74 17 16 15 74 1:5 15 12
Lactate - P P (P) P P P P P P p P P
Succinate P P ND ND (P) P P P P P P P

Isolate U311 formed n- and i-butyrate (7-1, 3-6) on PY medium and n-butyrate (2+5) on PY-lactate medium.

No other acids were formecd.

Symbols as Table L. ND; not determined. Averages of triplicate cultures,
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Table 3. Fermentation properties of MC, GC and A isolates on PYG medium (mmolar)

Product Isolate and products
MC A ' GC

1 2 3 7 8 9 10 7 9 10 11 23
Ethanol 44-4 1051 586 250 250 14-0 301 122 449 87-3 3-8 58
Acetate 172 141 102 147 98 59 1141 134 1000 250 253 10-3
Propionate —_ 01 - 04 — 10 01 06 - — 06 0-3
Butyrate — 07 — - - — — 147 — 05 — —
Lactate P 23 57 P 43 155 31 14+4 86 14-0 27 66
Succinate P 16 42 r 95 2:8 13 16 52 09 54 46

Formate was produced by all isolates but not quantified.
P; present but not quantified.

—; Nil. i-Butyrate, n- and i-valerate and n- and i-caproate were not produced,
Incubated at 39°for 5 days, averages of 2 or 4 repeats of duplicate cultures.

Table 4. Fermentation properties of F isolates on PYG medium (mmolar)

Product Isolate(s) and products
F1 2 5 6 7 8 9 10 11 12 13 14
Ethanol 190 193 192 293 62 28-0 590 43 — 10 0:6 0-6
Acetate 131 79 151 284 59 136 77 75 75 14-0 100 9:0
Propionate 0-8 13 14 01 0-5 05 01 — 4-5 40 43 38
Lactate 2:8 P 106 54 254 12:3 57 P 42 09 87 P
Succinate 12 P 19-9 35 19 12:3 2:5 P 306 378 233 P

Formate was present but not quantified for all isolates. Isolate 2 produced 4-0 mm valerate.

All other acids as Table 1 were not detected.
For symbols see Table 1.

anaerobes require carbon dioxide. A gas phase of
100% carbon dioxide tends to give media of rather low
pH after autoclaving, but with carbon dioxide and
nitrogen mixtures a higher pH can be obtained, while
keeping carbon dioxide and bicarbonate in the medium
in equilibrium. The pH was measured with a meter
with an electrode in the open culture tube, with the
medium kept in equilibrium with bubbled carbon
dioxide. Fermentation of a test compound was deter-
mined by comparing the pH of the culture, visual tur-
bidity of growth and gas production, with an
uninoculated culture. -
Atmosphere in anaerobic jars

Cultures in anaerobic jars containing two sachets of
cold palladium catalyst were under an atmosphere of
10% carbon dioxide, 90% hydrogen. Main charac-
terization tests were done as recommended by Holde-
man, Cato and Moore (1977), with a few modifications
as described previously (Sharma, 1983).

Sporulation .
This was tested by the methods described previously
(Sharma & Hobson, 1985b).

Fermentation products
Acids, alcohols and gases were determined as
described previously (Sharma & Hobson, 1985a).

Cellulolytic activities

Filter-strip disintegration, loss in weight of dewaxed
cotton or of non-delignified barley straw were deter-
mined by the methods described previously (Sharma & '
Hobson, 19854).

Qualitative analysis of sugars from cellulose hydrolysis
This was done to compare the new isolates with E.
cellulosolvens, C. cellobioparum and C, thermocellum.
The final method employed, after inadequate separa-
tion in our hands using the method of Vomhoff and
Tucker (1965), was as follows:

The sugars were separated on TLC plates (20 x 20
cm) coated with homogeneous Kiesel Gel G60
(Merck). The slurry was prepared by homogenizing
25 g of Kiesel gel in 75 ml water for 2-3 min in a glass
blender. Well-cleaned plates were rinsed with methanol
and the slurry was spread with a Shandon apparatus.
The plates were dried for 2-3 min in the air before
drying for 5-10 min at 100°C. Plates were stored in a
desiccator until used. The solvent mixture was iso-
propanol: water : ethyl acetate (6°5:4:5:90).

Cultures with ball-milled cellulose were incubated
for 3 months at 39°C and then 3 ml of supernatant was
dried in vacuo in a desiccator and the solids taken up in
the minimum amount of 50% iso-propanol. Standards
were 1% solutions of glucose, cellobiose, xylose, cello-
triose, cellotetrose and thamnose in 50% iso-propanol.
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Samples and standards were applied with a micro-
pipette 2 cm above the bottom edge of a plate on which
the gel film had been grooved 05 cm from each side to
eliminate edge effects (Brown & Benjamin, 1965).

The plates were developed by allowing the solvent
to ascend twice to 15 cm, with intermediate drying in
the air current in a fume cupboard for 2 h (Thoma,
1964). The sugars were visualized by spraying with
anisaldehyde (p-methoxy benzaldehyde: Stahl and
Kaltenbach, 1961), and then drying at 100°C for 25
. min. Only spots characterized by running with the
standard sugars are mentioned in the results. In some
cases, unidentified pink or blue spots were also present
on the plates.

Desulfoviridin detection
This was done by the method of Postgate (1959) and
also by a modified method (Sharma & Hobson, 1987).

Detection of dipicolinic acid (DPA)

The presence or absence of dipicolinic acid (pyridine-
2,6-dicarboxylic) acid was detected by the method of
Janssen, Lund and Anderson (1958).

Hibitane resistance tests

Since Hibitane (chlorohexidine gluconate; ICI Chemi-
cals Ltd, UK) is autoclavable in low concentrations, it
was sterilized in 7-5 ml of PYG broth in the following
concentrations (#g/ml of the medium): 0-1, 1-0, 10-0
and 20-0.

SDS-polyacrylamide-gel electrophoresis

Sample preparation
Samples of centrifuged (10 000g, 30 min) and washed
cells were lysed by sonication and subsequently spun to
remove debris. Phenyl methyl sulfonyl fluoride (PMSF:;
50 pl of 100 mum stock solution in isepropanol per ml
of cell suspension) was added to inhibit serine pro-
teases, and EDTA (1 ul/ml-final concentration) was
added to inhibit metallo-proteases. PMSF and EDTA
were added before lysis by sonication. Protein estima-
tions, to quantitate equal amounts of protein load in
each lane, were done by the use of the bicinchoninic
acid (BCA-Pierce) method of Smith ez al. (1985).

An equal amount of protein load (2 ug each) was
used for the comparison of C. hobsonii with the other
test cultures.

Electrophoresis

Gel preparations and running conditions were essen-
tially as per the method of Laemmli (1970), with the
following modifications:

® Bis-acrylamide was replaced by piperazine diacryla-
mide (BioRad) on a weight-to-weight basis, as deve-
loped and recommended by Hochstrasser et al,
(1988a,b) to reduce background staining, increase
physical strength of the gel and to reduce swelling of

the gel as is normally seen with the gels made with
bisacrylamide as the cross-linker.

® Acrylamide solution N (30%; 146 g acrylamicde and
4-0 g piperazine diacrylamide dissolved in 500 ml
deionized water) was mixed with two scoops of
activated carbon and stirred for 2 h, left to stand for
1 h and then filtered through a 022 um Millipore
filter and stored at 4°C in an amber bottle. Charcoal
treatment bleached away some impurities and color
in the acrylamide.

¢ SDS was not used in the separating gel [12:5%, 20-8
ml of acrylamide solution N, 12:5 ml of 1-5 M Tris
HCI, pH 88, and 167 ml deionized water] but its
concentration was increased to 0-2% in the gel-
running buffer, this was done to reduce the inter-
ference caused by SDS in silver staining the gel
(Dunn & Burghes, 1983; Hochstrasser et al,
1988a,b).

Gels with 12:5% T (1-5 mm thick) were run at 15 m
amp gel stacking time, and 30 m amp/gel as the dye
reached the separating gel and the current was kept at
this value until the dye front reached the end of the gel.
Gels were run in a Hoeffer gel chamber SE 600
wherein the gel-running buffer was cooled by circula~
ting cold water (10°C). Generally, the following pro-
teins (BioRad) were subjected to electrophoresis as
described above for SDS-PAGE and served as molecu-
lar-weight standards: B-galactosidase, 116 250; phos-
phorylase b, 97 400; bovine serum albumin, 66 000;
ovalbumin, 45000; carbonic anhydrase (bovine),
31000; soybean trypsin inhibitor, 21 500 and lyso-
zyme, 14 400,

Silver staining of the gel

The method used was an adaptation from Oakley et al.
(1980), Switzer et al (1979), Adams and Sammons
(1981), Huerkshoven and Dernick (1985) and Hoch-
strasser et al. (1988a). The protocol worked out by
experimentation was as follows. The reagent volumes
given below applied to two 1-5 cm thick, 16 X 20 c¢m
gels per glass tray. Larger or smaller volumes might be
appropriately made, depending on the gel thicknesses
and/or numbers.

The gel was washed for 1 min in 400 ml deionized
water to remove SDS.

Protein fixation: the gels were then soaked in 400 ml
of ethanol:acetic acid:water (40:10:5 0) for 2 h, or in
20% TCA, and kept on an orbital shaker at 40 rpm.
Methanol was not used at any step of the fixation, in
order to avoid background staining, At times, the gel
was left in this solution ‘overnight and processed the
next day, ,

The fixing solution was then replaced by 400 ml of
ethanol :acetic acid :deionized water solution (10:5:85)
and the gel washed in this solution for three changes of
30 min each.

The gel was further washed for two changes of 30
min each in 400 ml of deionized water,

The gel was placed in a staining solution (an
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ammoniacal silver nitrate solution) for 10 min, The
ammoniacal silver nitrate solution was prepared as
follows. A 20% AgNO, solution (10 ml) was poured
into 50 ml of deionized water in a 1 1 beaker and put on
the magnetic stirrer. Ten milliliters of concenirated
ammonium hydroxide solution was slowly added so
that the brown precipitate formed disappeared on
further stirring, Then 15 ml of 1 m NaOH solution was
added and well mixed, The solution was diluted to 1 1
with deionized water and mixed well with the magnetic
stirrer. The solution was crystal clear, This solution was
not reusable.

The silver nitrate solution was decanted and the gel
washed with three changes of 5 min each of 200-300
ml deionized water, followed by agitation for 2 h in
fresh deionized water,

The deionized water was decanted and 300 ml of
ammoniacal silver nitrate solution added and allowed
to react with the gel for 90 min and the gel washed with
four changes of 5 min each of 300-400 ml deionized
water.

The water was decanted and 400 ml of reducing
solution (0-5 ml of 37% formaldehyde and 5 ml of 1%
citric acid in 1 1 of deionized water) added. The usual
development time was 15-20 min. The development
was stopped by decanting the reducing solution and
treating the gel for at least 1 min with 300 ml of 1%
acetic acid solution {stop bath).

The stop bath was drained and the gel was given
three washes (5 min each) with 300 ml deionized water.

Color enhancement to reinforce variegated color
bands was achieved by agitating the gel for 2 h with 1%
sodium carbonate solution, which was replaced with a
fresh solution after an hour. Color enhancement given
without the stop bath treatment or the subsequent
washing could have led to a gel with a dark back-
ground.

Some gels were recycled to stain some weakly-stain-
ing bands by extensively washing the gel with the
deionized water to remove the stop bath, or else omitt-
ing the stop-bath step, extensively washing the gel with
deionized water to remove formaldehyde and starting
the recycling with the ammoniacal silver nitrate solu-
tion treatment.

Gels which were overstained were destained by the
use of Farmer’s reducer (Kodak Photography product).

Gels from the pouring to the development stage
were handled while wearing disposable gloves, to avoid
fingerprinting the gel, to prevent the skin protein
mixing with the sample because of the use of SDS and
to avoid the toxic effect of acrylamide on the skin.

G+ Cratio
Values were determined essentially by the procedure
described by Gibson and Ogden (1979).

Gptimum pH and temperature for growth

Optimum temperature for growth was monitored by
growing test culture in 7-5 ml PYG broth at tempera-
ture intervals of 5°C from 20 to 50°C and 2°C from 35

to 39°C. Optical density and terminal pH was recorded
after 20 h of growth, A control with the same inoculum
(two drops) as the experimental cultures was prepared
immediately before recording the optical density to
account for background turbidity. In a few cases
growth was also tested at 4 and 10°C. Media for opti-
mum pH required some modifications as the pH
tended to change after autoclaving. So, sodium bicar-
bonate was omitted from PYG medium and it was dis-
pensed under 100% O,-free nitrogen. The following
pH values were tested: 40, 4'5, 50, 55, 6:0, 6'5, 70,
7:5 and 80, In a few cases, growth was also tested at
pH 96, There was no caramelization of sugars at pH
4-0 and only a very slight browning occurred at pH 8:0,
which was compensated for by using tubes of the same
pH as controls against the test cultures, Optical density
and pH were observed at 20 h intervals.

Adaptation tests

Adaptation experiments for growth at higher tempera-
ture were conducted for cultures U311, T111, U62
and C120. The adaptation experiments were first con-
ducted in PYG medium and then in the following three
media, developed during the course of the investiga-
tion; 1-3, 1-3-1 and L-3-2; the latter two were varia-
tions on the 1-3 medium. 1-3 medium had the follow-
ing composition (g/100 ml): Bacto-casitone, 0-3;
glucose, 0-5; cellobiose, 0-6; K,HPO,, 0-03; KH,PO,,
0-2; sucrose, 6-844; trisodium citrate, 0-3; MgSO,, 0-3;
sodium lactate, 0-5; NaCl, 0:01; CaCl, .2H,0, cysteine
HCI1 0-1 and volatile fatty acids, vitamins and trace ele-
ments as used for medium 2 (Sharma & Iobson,
1985a). 1-3-1 and 1-3-2 media were as for the above
medium except that L-3-1 contained only glucose while
1-3-2 had only cellobiose; this was done on the
assumption that some strains might show a preference
for one of the two carbon-sources and the presence of
the other might interfere with the utilization of the sub-
strate of choice.

Inocula were prepared from the cells by centrifuga-
tion and by then carefully transferring the sediment to a
fresh medium. A large inoculum was used as it seemed
very likely that only a small number of the cells growing
in a culture would be adapting relatively rapidly, and
the usual procedure of transferring small inocula
proved inadequate.

Increase in temperature of incubation was gradual
(1°C per sub-culture) after transfers (usuvally 10) at
45°C onwards.

RESULTS AND DISCUSSION

For the amended description of Clostridium hobsonii
comb. nov., the present isolates were compared with
reported properties of E. cellulosolvens, C. cello-
bioparum and C. thermocellum, except for a few pro-
perties which were tested in the present work. The
general properties of present isolates are shown in
Tables 1~5.
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Table 5. Gas composition in the head-spaces of PYG

cultures :
Isolate Gas (%)
N, Co, CH, H,
U311 362 583 — 54
U191 356 563 — 81
T111 364 59-0 — 46
Control 90-0 10-0 — —_

Average of triplicates, —; Nil.

Colony form

E. cellulosolvens

Surface colonies 3~5 mm, circular, entire, flat, slightly
translucent; deep colonies lenticular (Bergey, 1974).
Deep colonies in cellulose rumen-fluid agar have sharp
edging and are light tan in color. Some colonies show
branching which gives them a star-like appearance; one
strain produces woolly colonies (Prins ez al., 1972).

C. cellobioparum

Surface colonies 0-5~1-5 mm, circular, entire, convex,
opaque, creamy white to yellowish, glossy (Bergey,
1974). Young colonies become more complex in shape,
often by growth of a daughter disc at right angles to the
- original one (Hungate, 1944).

C. thermocellum _
Surface colonies watery, slightly convex, frequently
with an insoluble yellow pigment (Bergey, 1974). Deep
colonies of three strains in CM 3 agar (Ng, Weimer &
Zeikus, 1977) were tannish yellow, roughly round but
filamentous. All strains produced a yellow pigment on
cellulose which was not evident on cellobiose.

Present isolates

Surface colonies on cellobiose agar (medium 2; Sharma
& Hobson, 1985a) were watery, slightly convex, with
an insoluble pigment and a light tan color which
became pronounced in transmitted light. Colonies in
cellulose roll tubes (medium 2) were mainly circular;
although some were lenticular. In some colonies, the
margin gave off shoots and one isolate produced
- woolly colonies. The description shows that with the
named genera and present isolates colonies are similar
in shape, size and color.

Cell morphology

E, cellulosolvens

In young cultures cells are Gram-positive and show
long chains with a peculiar zig-zag pattern. In older
cultures, cells become Gram-negative and the chains
break up to singles and pairs. The cells are 07 and
3 pm (typically 1-2 wm) in length by 0:5-1-2 um in
width (typically 0:6-08 um) (Prins et al., 1972) with
peritrichous flagellation.

C. cellobioparum

Two cells may remain attached and on one occasion in
a colony growing in cellulose agar a long spiral of cells
was seen. Cells are Gram-negative rods 3-5 um long
and 03-04 um wide, appearing slightly curved
(Hungate, 1944) with peritrichous flagellation. The
cells decolorize easily (Holdeman, Cato & Moore,
1977). This could be taken as saying that the cells are
Gram-~positive.

C. thermocellum

These have been described as Gram-negative rods,
0-5-06 X 4-5 um (Ng, Weimer & Zeikus, 1977) and
Gram-negative rods 0-6-0-7 X 2:5-3-5 um (Bergey,
1974, ATCC 27405, NCIMB 10682), with peri-
trichous flagellation.

Present isolates

Long filamentous chains, which broke mainly into
pairs, could be seen in young cultures. The cells were
Gram-negative but had a Gram-positive wall structure
in electron micrographs (EM — Fig. 1). It has been
reported that Gram negative staining by cells having
Gram positive wall is often seen (Sharma & Hobson,
1986). Cells were straight to slightly-curved rods, with
tapering ends, 0-25-0-45 % 1-5-3-5 um, though longer
cells up to 4-5 um could be seen in the same isolates
and wider cells 0-65-0:75 um, were seen in some
isolates. One isolate was shown to be motile with peri-
trichous flagellation (Fig. 2). All others with vitally-
stained cells appeared motile in wet mounts.

Spores

E. cellulosolvens

Spores have not been reported. However, in the
present investigation, NCDO strains 2433 and 2430
and ATCC 43171 survived heat at 80°C for 10 min
after sporulation in the medium described previously
(Sharma & Hobson, 1985b), although it took more
than a week of subsequent incubation for these strains

Fig. 1. Electron micrograph of a transverse section of C.
hobsonii (culture number U311), Note Gm-+ve cell-wall
structure,
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Fig. 2. Shadow casting of C. hobsonii comb. nov. (isolate
number U311) with gold-palladium on formvar-coated grid,
30°.

and the present isolates to give turbidity. Strain 2433
showed better growth than strain 2430. Microscopic
examinations, and in a few cases fermentation products
also, were used to rule out the possibility of con-
taminants.

C. cellobioparum

Spores rarely remain attached to cells. Although spores
were originally described as spherical (09 um) by
Hungate (1944), the same strain has been reported as

forming spherical to oval terminal spores (Bergey,

1974).

C. thermocellum

Spores are terminal, ovoidal (Ng, Weimer & Zeikus,
1977), but size has not been reported. According to
Avegerinos and Wang (1980) the type strain, ATCC
27405, produces spherical spores on solid media but
not in broth.

Presentisolates

In liquid media these had terminal, spherical spores
rarely attached to cells, about 0-9-1-2 um, the larger
size occurring rarely and only in cultures with the
larger cell-size. Only one isolate produced spores (1
per 10 fields) on solid media.

The above results suggest, again, that all these
genera are the same. Eubacterium either does not
sporulate easily or produces detached spores which
could have escaped earlier detection. A number (U62,
191, 313, 316, 352; T111, 179; C121, 122) of the

present isolates showed some terminal regions which

did not take up the spore stain. Eliner’s medium
(1956), which will sporulate the poorly sporulating C.
welchii, provided heat resistance only up to 70°C for
10 min for 10 of the present isolates, thus confirming

the finding of Duncan and Strong (1968) that Ellner’s
medium does not provide heat-resistant spores, How-
ever, all these cultures sporulated well in the sporula-
tion medium described previously (Sharma & Hobson,
1985b), and produced heat-resistant spores (80°C).

Sugars liberated from cellulose

E. cellulosolvens
No glucose detected, but it can use glucose (Prins et al.,
1972).

C. cellobioparum
No glucose detected in 3 month-old spent cultures, but
it can use glucose (Hungate, 1944),

C. thermocellum

No glucose detected (Ng, Weimer & Zeikus, 1977), but
it metabolizes glucose, although it has some preference
for cellobiose (Ng & Zeikus, 1982); this contradicts the
catlier reports that glucose was not metabolized.

Present isolates

Glucose was not detected in spent culture liquids (con-
centrated or otherwise), though cellobiose, -triose and-
tetrose were found.

Fermentation products

E. cellulosolvens

The type strain B;48 forms primarily lactate with small
amounts of acetate and formate but no butyrate, pro-
pionate, succinate or hydrogen (Bryant et al., 1958).
Strains isolated by van Gylswyk and Hoffman (1970)
produce small amounts of butyrate, valerate and
hydrogen.

Holdeman, Cato and Moore (1977) reported the
production of lactate, formate, butyrate and succinate,
but it may or may not produce propionate. Prins ef al.
(1972) found two groups, one conforming to the type
culture (Bryant’s B;48), the other producing substantial
amounts of hydrogen, formate and butyrate in addition
to lactate and taking up acetate from the medium,
Small amounts of propionate were also produced.
However, Prins et al. (1972) thought that, by looking at
the carbon recoveries, one compound was lacking in
fermentation products and this was presumed to be
ethanol, One strain isolated by them was shown to
produce 0:5 mm ethanol in the present investigation.
Uptake or production of acetate by Butyrivibrio fibri-
solvens depends on cultural conditions (Bergey, 1974)
and even Prins ef al. (1972) found one of their strains
took up, rather than produced, propionate. So the
uptake of acetate by their second group, apart from
strain variation, could also be a reflection of cultural
conditions,

C. cellobioparum _
It produces ethanol, acetate, formate, lactate, succinate,
CO, and H, (Hungate, 1944).
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C. thermocellum

It produces ethanol, formate, acetate, lactate, succinate,
CO, and H, (Bergey’s Manual, 1974). However, for
the same type strain (ATCC 27405), formate produc-
tion is not reported in the 1984 edition. Viljoen et al.
(1926) reported the production of formate and also
some butyrate with some strains. McBee (1950) also
detected formate with C. thermocellum strains.

Present isolates

These produced ethanol, acetate, formate, lactate and
succinate, with some propionate; U311 produced
some butyrate on PY medium and C120 some on PYG
medium. Only one isolate, F-2, out of 37 tested pro-
duced small amounts of valerate in addition to other
products. Ethanol production was quite variable
(Tables 1-4). The lack of ethanol detection with E.
cellulosolvens could be because of a lack of sufficiently
sensitive analytical methods. Prins et al. (1972), using
an enzyme assay, did not find it, but in the present work
it was found with one of the strains. The Anaerobe
Manual does not report ethanol for C. cellobioparum
but Hungate (1944) detected it: CO, and H, were also
produced by the isolates tested.

The fermentation products are similar in the named
genera and the present isolates. The amount of a parti-
cular product formed can vary from strain to strain of a
species and even for the same strain under different
conditions of growth.

Optimum temperature and pH of the present isolates
Isolate U311 was examined in detail, with results being
determined after 20 h of growth. Growth was nil at pH
50 and 80 and there was a sharp optimum at pH 6°5.
A little growth was apparent at 20°C, but none at 45
and 50°C and the optimum was 35-37°C. Optical
density measurement to observe bacterial growth is a
widely-followed method (Stabholz et al, 1993a,b;
Lyte & Ernst, 1992; Li ez al.,, 1993; Newbold & Rust,
1992) and compares favourably to the plate count
method (Li et al., 1993). Meng et al. (1991) have also
shown that bacterial growth measurements by optical
density or by colony counts do not show any statis-
tically significant differences; this means optical density
measurement can reflect the specific growth-rate of a
given organism under the test parameters.

Other biochemical properties of the present isolates
with those of the test cultures are listed in Table 6.

Cellulolytic activity

Only two isolates obtained in the present work by
direct isolation showed filter-strip disintegration of
three units (an arbitrary scale described previously;
Sharma & Hobson, 1985a) and loss in weight of
ground, untreated straw of 25:8-27%. For the rest of
the isolates, loss in weight of straw varied and was up to
42-7%, and filter-strip disintegration was 4—5 units. As
shown in Table 8, this activity stayed more or less the
- same, unlike the cellulolytic Sporolactabacillus species
(Sharma & Hobson, 1986) which lost much of its

activity. McBee (1950) found that the C. thermocellum
strain isolated by Viljoen et al. (1926) had lost cel-
lulolytic activity. Dewaxed cotton solubilization by the
present group of isolates from continuous culture was
up to 31% (data not presented).

Sulfate reduction o

Some of the present isolates reduced sulfate and
formed sulfides from cysteine. Cultures kept at 50°C
overnight reduced sulfate on further incubation at
39°C, but cultures kept at 60°C did not, although the
cells remained viable; this could suggest that in these
isolates sulfate reduction is plasmid mediated and is
‘cured’ at elevated temperature (60°C), unlike reduc-
tion in Desulfotomaculum nigrificans.

The present isolates were found to grow in the
presence of 01-1-0 ug/ml of Hibitane, but not in the
presence of 10-20 ug/ml. As sulfate reduction seemed
to be plasmid mediated and ‘curable’, it is not a con-
stant taxonomic character which can be used in defini-
tion of a species. Prevot (1948) also observed that
clostridia lose and acquire the property of sulfate
reduction,

Adaptation tests

It is well known that high-temperature adaptation
requires that cells show some structural and functional
adaptation in their enzymes and proteins (Zuber,
1979). However, no unequivocal reason (Lungdahl,
1979; Zuber, 1981) for the exact basis of thermophily
is known which would provide a basis for producing an
environment fostering quick adaptation of the culture
to higher temperature, though transfer of thermal-
resistance factors has been suggested as a possibility in
some cases (Castenholz, 1979),

The formulation of the media was to meet some of
these changes produced in the cell at high temperature.
For instance, a higher sucrose concentration was used
as an osmotic stabilizer to eliminate the pleomorphic
forms observed in PYG medium at higher temperature.
Divalent cations can stabilize some protein molecules
(Langworthy et al., 1979) so MgSO, and CaCl, were
included in higher concentrations than normally used
in medium 2. The initial pH was 6-9 and the final pH
values of cultures were 6-4-6-5.

I-3 medium, with its varjants 1-3-1 and 1-3-2, was
found to eliminate the pleomorphic forms found in
PYG medium at elevated temperature, However,
growth could not be induced beyond 50°C. So after a
few unsuccessful attempts at higher temperatures the
experiment was abandoned. It was concluded that
although growth at higher temperature through adapta-
tion seemed possible, it would require a much longer
time than that available. Though the adaptation of the
present isolates to higher temperature growth was
successful up to 50°C in the time available, the adapta-
tion of cells growing at higher temperature to lower
temperature is more convenient. It was reported earlier
(Sharma & Hobson, 19854; Sharma, 1983) that
Desulfotomaculum nigrificans NCIMB 8395 (T-range
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Table 6, General properties of the present isolates and named species
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*ECl1, %, 3, 4.)E. cellulosolvens: Prins et al. (1972); Bryant et al. (1958); van Glyswyk and Hoffman (1970); Holdeman, Cato and
Moore (1977). S

CC1, 2. CI cellobioparum: Hungate (1944); Holdeman, Cato and Moore (1977).

CT. CI. thermocellum: Viljoen et al, (1962); Ng, Weimer and Zeikus (1977).

(+), Weakly positive.

N, Not reported. 4(2) etc., number of strains positive (weakly) out of those tested; 7 for EC1, 9 for EC 3. E, Ethanol. A, Acetic
acid.

Blanks under the present strains show tests not done.

No other properties than those shown have been recorded for CT and some of the properties described by Viljoen et al. do not
now seem to be accepted by Bergey.

RCD, rennet clot digested; C, clot; a, acid.

*Determined in present investigation,

With E. cellulosolvens spores were not detected by the authors reported but heat resistance and spores were shown in the
present experiments. ,

In the present fermentation tests a difference of 0-2 pH unit, from the control was taken as weakly positive, 0-4 pH unit, or more
as positive, :
Production of ethanol would not change the pH, so a smaller pH change than usual was taken as positive, Visual turbidity and
gas in Durham tubes (compared with control) were also used as an indicator of fermentation.
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Table 7. Filter strip disintegration and loss in weight of
water insoluble fraction of straw by some C. hobsonii comb.

nov. isolates
Isolate Filter strip Loss in wt. Final
number disintegration of straw (%)* pH
U62 4 396 65
U191 5 353 64
U311 4 41-8 65
U352 5 338 66
T83 3 27:0 64
TILI1 4 373 61
T1i13 5 322 63
T138 3 25-8 64
T180 4 369 64
T211 4 34-6 64
C48 5 391 64
C120 5 427 6:0
C400 5 362 62

Filter strip disintegration showed the maximum disintegra-
tion unit 5. Duplicate tubes showed the same units of dis-
integration.

*Averages of triplicates.

45-70°C, and T, 55°C) and Clostridium thermo-
saccharolyticum. NCIMB 9385 (Top 55°C and Ty,
45°C) could be gradually adapted to growth at 39°C.
Likewise, C. thermocellum ATCC 27405 could be
adapted to show some growth at 37°C. However, it is
also well documented that thermophily is a secondary,
rather than primary, character (Langworthy et al,
1979) and Egorova (1938) has isolated many thermo-
philes from Arctic regions. Mesophiles having a growth
span extending well into the normally considered
thermophilic range have been well documented; for
instance, Bacillus stearothermophilus strains can grow
from 37 to 70°C (Bergey’s Manual) and Clostridium
thermohydrosulfuricum and  Thermoanaerobacter
ethanolicus have growth spans over 40°C, covering
the usual mesophilic and thermophilic range. Other
examples of bacteria growing from 37 to 70°C include,
though are not limited to, Bacillus schlegelii (Schenk &
Aragno, 1979) and Chloroflexus auranticus (Pierson &
Castenholz, 1974 ). Other common mesophiles, such as
Bacillus subtilis (SW-25) and Bacillus coagulans (43P)
have maximal growth temperatures of 50 and 60°C,
respectively (Pace & Campbell, 1967). Streptomyces
albus can readily grow from 25 to 60°C (Waksman &
Henrici, 1943). From the point of view of morpho-
logical and biochemical tests described above, the
present isolates are very similar to E. cellulosolvens, C.
cellobioparum and C. thermocellum and so this sug-
gests that these latter organisms are the same.

Polypeptide profiles (SDS-PAGE)

As is evident from Fig. 3, the polypeptides produced
by all cultures generally ranged from lower than 14
kDa to over 116 kDa. C. hobsonii, C. cellobiparum
and E. cellulosolvens produced 54, 52 and 54 clearly
discernible bands in the molecular range from over
116 kDa to lower than 14-4 kDa. Clostridium thermo-

Fig. 3. SDS-PAGE comparison of C, hobsonii U 311
whole cell lysates with the whole cell lysates of other cultures.
Lanes 1, 2: molecular mass markers; lane 3: C. hobsonii; lane
4: C. cellobioparum; lane 5: E. cellulosolvens; lane 6: C.
thermocellum growth at 55°C; lane 7: C. thermocellum
growth at 37°C. Arrows are drawn for only a few poly-
peptides showing similar positioning, though there are far
more which share a similar position; for details see text.

cellum (grown at 55°C) produced 48 polypeptides,
mainly in the range from 21'5 to over 116 kDa,
whereas growth at 37°C of the same, organism pro-
duced 51 polypeptides in the molecular range shown
by other organisms (mainly 14 kDa to over 116 kDa).
This phenomenon of having relatively low concentra-
tions of lower molecular weight polypeptides (usually
below 31 kDa) has already been observed with high
temperature growth of the one organism: Methanobac-
terium thermoautotrophicum, where growth at 72°C
revealed relatively fewer bands below 31 kDa than did
growth at 55 or 48°C (Sharma, 1988; other un-
published observations). Apart from this, it is evident
that the polypeptide profiles of the cultures tested
appear similar, as is shown by the arrows drawn (Fig.
3). Based on polypeptide positioning, intensity and
pattern, percentage similarity of C. hobsonii and C.
cellobioparum, E. cellulosolvens, C. thermocellum
(growth at 55°C) and C. thermocellum (growth at 37°C)
is 87,926, 815 and 94-4% respectively.

G + Cratio

Dr Holdeman reported (private communication) that
G+ C values were not available for E. cellulosolvens,
so a value was determined here and it was found to be
very close to the present isolates. The values for C. cel-
lobioparum are rather different. However, the two
values reported for the same strain differ in themselves
(Hungate, 1944; Holdeman, Cato & Moore, 1977) and
variation in G+C values for different strains and
species of genera seems to be common. Reported
values for Pseudornonas vary from 35-1 to 45% and up
to 55 and 70%; 29-35% and 37-50% and as high as
62-67% have been reported for Vibrio spp. For
Rurninococcus flavefaciens strains, 39-8-43:5% have
been reported (Sharma, 1968), and for 19 strains of
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Bacillus stearothermophilus 44-53%. Likewise, species
having similar or nearly similar G + C values may not be
the same organism; for instance, Bacillus megaterium
has a G+ C ratio of 36-38% which is close to the
upper limits of 39-7 for Staphylococcus aureus, 39% for
Streptococcus pneumoniae and 38-4~38:6 for Strepto-
coccus faecium. The importance of a particular G+ C
value as a taxonomic criterion may thus seem unclear,
However, Krieg (1968) and Sharpe (1979) suggested
that overall morphological, biochemical and physio-
logical characters, as well as G+ C ratios, should be
taken into account for identification and taxonomic
positioning,

Further evidence

Various methods, morphological, biochemical, physio-
logical properties, G+ C ratio (Kaneuchi et al., 1976;
Sly, 1985; Urakami & Komagata, 1986; Murray,
1986), sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) (Moore et al., 1980;
Corbel et gl, 1982; Jackman, 1985; Jackman &
Pelczynska, 1986; Clink & Pennington, 1987; Barsotti
et al, 1988; Slayne et al, 1990) or thin-layer iso-
electrofocusing (Gjerde, 1982), immunological studies
(Postgate & Campbell, 1963), DNA-DNA hybridiza-
tion studies (Holdeman & Johnson, 1982; Cummins &

Johnson, 1971) or DNA-rRNA hybridization studies"

(Tanner et al., 1981), aliphatic linear polyamines
(Hamana & Matsuzaki, 1992), membrane fatty acids
and their derivatives (Brondz & Olsen, 1986; Guckert
et al, 1991; Deluca et al, 1990; Asselineau &
Asselineau, 1990), have been used to prove similarities
of various taxonomically different species or for simple
taxonomic positioning of some unknown species using
some reference strains, In the present work, the first
approach mentioned, combined with the use of poly-
peptide profiles (SDS-PAGE) has been used, this is
widely followed, time tested and quite comprehensive
in itself. Some variation in the polypeptide profile of
the same strain is acceptable because of growth condi-
tions or as a result of strain variation. For instance,
Bekker, Hogh and Jenssen (1990) have noted varia-
tions in the polypeptide profiles of Fusobacterium
nucleatum as a reflection of growth conditions, and
Abath, Almeido and Ferreira (1990) noted variations
in polypeptide profiles of Yersinia pestis as a result of
strain variations. Yotis ef al. (1991) have also reported
some slight variation in polypeptide profiles of sero-
vars a, b and ¢ of Treponema denticola, although the
banding pattern was reproducible with each serovar on
SDS-PAGE analysis. All the characters studied and
compared for the proposed species C. hobsonii are
reflections of the genetic makeup of the strains and
show strong similarity. The approach followed in the
present work suggests characteristics which are similar
and thus prove the similarities of the species.

Taking numerical taxonomy and unweighted group
pair arrangements into consideration (this leads to
thermophily being only one characteristic), then using
75 operational taxonomy units (morphological, bio-

chemical, physiological and G + C ratios) the isolates of
the present group show among themselves a similarity
coefficient (S,,) of 92:2%. When the present isolates
as a group are compared with E. cellulosolvens, C. cel-
lobioparum and C. thermocellum combined as a group,
they show a homology of 93-:3%, suggesting that the
species under consideration are the same, Since they all
fall into one group, a simple dendrogram is not drawn.

CONCLUSIONS

It can be deduced from the foregoing that the present
isolates, with isolate U311 suggested as a species type
of C. hobsonii, share similar morphological characters
with C. cellobioparum, E. cellulosolvens and C.
thermocellum. Sporulation by some strains of E. cel-
lulosolvens tested in this work, including ATCC 43171,
is confirmed. The present isolates stain Gram-negative,
but have a Gram-positive cell wall, as was made
evident by electron micrographs. Likewise, C. hobsonii
produced similar major fermentation products
{ethanol, acetate, formate, lactate, succinate, with some
strain propionate) to those produced by other test
cultures. Production of hydrogen and carbon dioxide
as the fermentation gases released by the present iso-
lates is similar to other test cultures.

Other similarities of the present isolates to the other
test cultures are as follows:

® No glucose liberated as a result of cellulose hydro-
lysis, other sugars released are similar.
e A variety of similar biochemical characteristics.

~® G+ C ratios falling within the range for a given

species.

® Partial adaptation of growth of C. hobsonii to higher
temperature and adaptation of the growth of C.
thermocellum to 37°C.

o Similar polypeptide profile shown by SDS-PAGE
analysis. According to Jackman (1987), a com-
parison of polypeptide profiles of whole cells pro-
vides the same level of differentiation as is achieved
by DNA-DNA hybridizations.

® In stating the above similarities, some slight varia-
tion shown by these cultures has also been taken
into consideration, but then such variation is
normally encountered with different strains of the
same species.

It is concluded from the above evidence that the
named genera and species are similar and that they and
the present isolates should be included in a new speices
— Clostridium hobsonii comb. nov. As the temperature
ranges for growth of thermophilic bacteria and the pos-
sibilities of gradual adaptation or mutation of meso-
philic to thermophilic strains are not at present fully
investigated, the exact relationship of mesophilic to
thermophilic bacteria can be a matter of debate.

Since the present isolates were consistently found in
the digester and have high cellulolytic and hemicel-
lulolytic . activity (non-delignified barley straw con-
tained both cellulose and hemicellulose), it suggests
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they were playing a significant role in anaerobic diges-
tion. Since the isolates are similar to E. cellulosolvens
and C. cellobioparum, it can be safely assumed that this
species — C. hobsonii (comb. nov.) — is also playing a
role in the digestion of cellulosic and hemicellulosic
materials in the rumen,; this suggests the present species
is the more widely distributed in nature than had been
thought previously because of its sporadic isolation.

Emended description of Clostridium hobsonii comb.,
nov.

Surface colonies on cellobiose agar (medium 2, Sharma
& Hobson, 1985a) are 0-5-1-5 mm, watery, slightly
convex, with an insoluble yellow pigment and light tan
color, more pronounced in transmitted light.

Colonies up to 3 mm can be found if the colonies
are well dispersed. Colonies in cellulose roll tubes
(medium 2) are mainly circular, although some are
lenticular. In some colonies, some off-shoots may be
present and a few isolates may produce woolly
colonies.

Cell morphology

Long filamentous chains are seen in young cultures and
the chains break mainly into pairs. Cells stain Gram-
negatively but have a Gram-positive wall structure in

EM, and are straight to slightly-curved rods with taper-

ing ends, 0-25-0-7 (typically 0-25-0-45) X 1:5-3-5 um.
Some cells may show some beaded structure.

Spores

In liquid media, spores are terminal, spherical, rarely
attached to cells and about 0-9-1-2 um, the larger size
occurring rarely and only in cultures with the larger cell
size. Spore formation is unlikely on solid media. Sporu-
lation was found in the medium of Sharma and Hobson
(1985b).

Fermentation products ‘

Fermentation products include ethanol, acetate,
formate, lactate and succinate, with, in some cases,
propionate. Some isolates may produce butyrate on PY
or PYG medium, but butyrate is generally not pro-
duced. Exceptionally, some valerate may be produced
in small amounts. Ethanol production is variable
(Tables 1-5). No glucose, but cellobiose, -triose and
-tetrose, is found in spent cellulose cultures.

Head space gases include carbon dioxide and hydro-
gen, though the latter may be absent in a few cases
(Table 6). Major characterization tests are as follows:
acetyl methyl carbinol is generally not produced. Iso-
lates may weakly, or not at all, ferment the following;
adonitol, inositol, mannitol, melezitose, rhamnose,
sorbitol and trehalose. There is a small fall in aesculin
pH. Glucose is strongly fermented by all strains, which
may ferment to a varying extent the following: cello-
biose, aesculin, maltose, dulcitol, fructose, insulin,
lactose mannose, melibiose, ribose, salicin, starch,
xylose, raffinose and sucrose; raffinose and sucrose
may occasionally not be fermented. Erythritol is

usually not fermented. Gelatin is hydrolyzed. Milk is
clotted and also digested in some cases. Meat is not
digested. Lecithinase and lipase are not produced.
Nitrate is not reduced. Colonies are non-hemolytic.
Urease, as tested for by the current methods, is not
produced. Ethanol is produced from lactate and
acetate from pyruvate (Table 2). G+ C mol % ratio is
from 381 to 439 and, in one exceptional circum-
stance, has been reported to be 28; 25 for the same
strain (Hungate, 1944; Holdeman, Cato & Moore,

1977).

Optimum pH and temperature

Cultures show no growth at pH 50 and 8-0 and there is
a sharp optimum at pH 6-5. A little growth is apparent
at 20°C but generally none at 45 and 50°C and the
optimum usually is 35-37°C. Some strains may show
optimum growth at 60-65°C. Since thermophily is a
secondary, rather than a primary, character, as sug-
gested earlier (Langworthy er al., 1979; Zuber, 1981),
there appears to be no need to separate strains with
high temperature optima into biotypes. Gradual
adaptation to higher temperature and vice versa may
be possible under suitable environments.

Habitat

Isolated from an anaerobic cattle-waste digester. Other
similar sources, including the rumen, can be considered
as possible habitats.

Strain deposition

The type strain C. hobsonii is strain U311. This strain
has been deposited with NCIMB, Torry Research
Station, Aberdeen, UK.

ACKNOWLEDGEMENT

VKS thanks the Association of Commonwealth
Universities for a research scholarship for part of this
work., He also thanks Dr D. M. Gibson, Torry Research
Station, Aberdeen, for the permission to use his lab
facilities for G+ C ratio analysis. He also thanks Pro-
fessor W. A. Hamilton, University of Aberdeen for
helpful discussions and suggestions.

REFERENCES

Abath, F. G,, de Almeida, A. M. & Ferreiro, L. C. (1990).
Strain specific variation of outer membrane proteins of
wild Yersinia pestis strains subjected to different growth
temperatures. Memorias do Instituto Oswaldo Cruz., 85,
107-11. .

Adams, L. D. & Sammons, W. D. (1981). A unique silver
staining procedure for color characterization of poly-
peptides. In Electrophoresis, ed. R. C. Allen & P. Arrand.
Walter de Gruyter, New York, p. 81.

Asselineau, C. & Assefineau, J. (1990). Lipid analysis in
bacterial taxonomy: proposal for a standardized method.
Biochem. Cell Biol., 68, 379-86.

Avergetinos, G. C, & Wang, D. L. C, (1980). Direct morpho-
logical conversion of cellulosic to ethanol. In Anaual
Reports on Fermentation Processes, Vol 4, ed. G. T. Tsao.
Academic Press, London, pp. 165-91.



Characterization of Clostridium hobsonii comb. nov. 73

Barsotti, O., Comby, C., Morrier, I. I, Benoy, G., Decoret,
D., Guinet, R, & Dummont, J. (1988). Improved SDS-
PAGE method for protein profile analysis of actinomyces
species, Journal de Biologie Buccale., 16,219-23,

Bakker, V,, Hogt, B, T. & Jenssen, H, B. (1990), Growth con-
ditions and outer membrane proteins of Fusobacterium
nucleatum. Scand. J. Dent, Res., 98, 215-24.

Bergey's Manual of Determinative Bucteriology, 8th edn
(1974), ed. R. E. Buchanan & N. E. Gibbons. Williams &
Wilkins, Baltimore.

Bergey's Manual of Systematic Bacteriology, Vol. 1 (1984), ed.
N.R. Krieg & J. G. Holt. Williams & Wilkins, Baltimore,
Brondz, . & Olsen, 1 (1986). Microbial chemotaxonomy,
chromatography, electrophoresis and relevant profiling

technique. J, Chromatog., 379, 367-411,

Bryant, M. P., Small, N,, Bouma, C. & Robinson, I, M,
(1958). Characteristics of ruminal anaerobic_celiulolytic
cocci and Cillobacterium cellulosolvens n., sp. J. Bacteriol.,
76,529-37,

Brown, T. L. & Benjamin, J. (1965). Useful thin layer
chromatographic techniques. Anal, Chem., 36, 446-7.

Clink, J. & Pennington, T. H. (1987). Staphylococcal whole k

cell polypeptide analysis: evaluation as a taxonomic and
typing tool. J. Med. Microbiol., 23, 41-4,

Corbel, M. T, Brewer, R. A. & Hendry, D. M. (1982), Disc
electrophoresis of phenol:acetic acid:water soluble
proteins for the identification of Yersinia species. Res. Vet.
Sci,, 33,43-0. .

Castenholz, R, W. (1979). Evolution and microbial ecology
of thermophilic microorganisms. In Strategies of Life in
Extreme Environments, ed. M. Shilo. Verlag Chimie, New
York, pp. 373-92. :

Cummins, C. S. & Johnson, J. L, (1972). Taxonomy of the
clostridia, wall composition and DNA homologies in
Clostridium butyricum and other butyric acid producing
bacteria. J. Gen, Microbiol,, 67, 33-47. '

Deluca, S., Sarver, E, W,, Harrington, P, D, & Voorhees, K.J.
(1990). Direct analysis of bacterial fatty acids by Curie-.

point pyrolysis tandem mass spectrometry, Anal. Chem.,.”

62, 1465-72.

Duncan, C. L. & Strong, D, M. (1968). Improved medium for
sporulation of Clostridium perfringens. Appl. Microbiol.; . ..

16, 82-9.
Dunn, M. J. & Burghes, A. H. M. (1983). High resolution

two-dimensional polyacrylamide gel electrophoresis. I

Methodological procedures. Electrophoresis, 4, 97-116.

Egorova, A. A. (1938). Thermophile bacteria in Arctic.
Compt. rend (Doklady). Academy of Science, URSS, 19,
649-50.

Ellner, P. D. (1956). A medium promoting rapid quantitative
sporulation in Clostridium perfringens. J. Bacteriol., 721,
495-6.

Gibson, D. M. & Ogden, 1. D. (1979). A rapid method for
purifying bacterial deoxyribonucleic acid. J. Appl. Bacter-
iol.,46,421-3.

Gjerde, J. (1982). Thin layer isoelectrofocusing of intra-
cellular bacterial proteins in classification of some repre-
sentatives of  families Enterobacteriaceac  and
Vibrionaceae. Acta Pathologica, Microbiologica, et
Immunologica Scandinavica — Section B, Microbiology,
90, 383-8.

Gylswyk, N. O. V. & Hoffman, J. P. (1970). Characteristics of
cellulolytic Cillobacteria from the rumen of sheep fed teff
(Eragrostis teff) hay diets. J. Gen. Microbiol., 60, 381-6.

Guckert, I. B., Ringelberg, D. B., White, D. C., Hansen, R. S.
& Bratina, B. J. (1991). Membrane fatty acids as pheno-
typic markers in the polyphasic taxonomy of methylo-
trophs within the Proteobacteria. J. Gen. Microbiol., 137,
2631-41.

Hamana, X. & Matsuzaki, S. (1992). Polyamines as chemo-
taxonomic character in bacterial systematics (review). Crit.
Rev, Microbiol., 18,261-83.

Hobson, P. N., Reid, W. G. & Sharma, V. K. (1984). Anaero-
bic conversion of agricultural wastes into chemicals and
gases. In EEC Symposium on Anaerobic Digestion and
Carbohydrate Hydrolysis of Wastes, ed. G, L. Ferrero, M. P.
Ferranti & H. Naveau, Elsevier Applied Science Pub-
lishers, Barking, pp. 369-80. ,

Hochstrasser, D. F,, Patchornick, A. & Merrill, C. R. (19884).
Development of polyacrylamide gels that improve the
separations of proteins and their detection by silver stain-
ing. Anal, Biochem.,173,412-23,

Hochstrasser, D. F,, Harrington, M. G., Hochstrasser, A. C,,
Miller, M, J. & Merrill, C. R. (1988b). Methods for
increasing the resolution of two dimensional protein
electrophoresis. Anal. Biochem., 173, 424-35,

Holdeman, L. E. V., Cato, E. P. & Moore, W. E. C. (1977).
Angerobe Laboratory Manual, 4th edn. Virginia Poly-
technique Institute and State University, Blacksburg,

Holdeman, L. E. V. & Johnson, J. L. (1982). Description of
Bacteroides loeschii sp. nov. and emendation of the
descriptions of Bacteroides melanogenicus (Oliver &
Wherry) Roy and Kelly, 1939, and Bacteroides denticola
Shah and Collins, 1981. Int. J, Syst. Bacteriol, 32,
399-409.

Huerkshoven, J. & Dernick, R, (1985). Simplified method for
silver staining of proteins in polyacrylamide gels and the
mechanism of silver staining, Electrophoresis, 6,103-12,

Hungate, R, E, (1944). Studies on cellulose fermentation: the
culture and physiology of an anaerobic cellulose digesting
bacteria. J. Bacteriol., 48, 499-513.

Hungate, R. E. (1950). Anaerobic mesophilic cellulolytic
bacteria. Bacteriol. Rev., 14, 1-49.

Jackman, P. J. H. (1985). Bacterial taxonomy based on whole
cell protein patterns, In Chemical Methods in Whole Cell
Bacterial Systematics, ed. M. Goodfellow & D, Minnikin.
Academic Press, London, pp. 115-29.

Jackman, P, J. H. & Pelczynska, S. (1986). Characterization
of Corynebacterium group JK by whole-cell protein pat-
terns. J. Gen. Microbiol., 132,1911-15.

Jackman, P. J. H. (1987). Microbial systematics based on
whole cell protein patterns. In Methods in Microbiology,
Vol. 19. Current Methods for Classification and Identifica-
tion of Microorganisms, ed, R. R, Colwell & R. Grigrovora.
Academic Press, London, pp. 209-26.

Kaneuchi, C., Watanabe, K., Terada, A., Bemno, Y. &
Mitsuoka, T. (1976). Taxonomic study of Bacteroides clos-
tridiformis subsp. clostridiiformis (Burri and Ankersmit)
Holdeman and Moore and of related organisms: proposal
of Clostridium symbiostum (Stevens) comb, nov. Int. J. Syst.
Bacteriol., 26,195-204.

Krieg, R, E., Jr (1986). PhD thesis. Iowa State Univ. Sci.
Technol., Ames, lowa.

Laemmli, U. K. (1970). Cleavage of structural proteins
during the assembly of the head of bacteriophage T,.
Nature (London), 227m 680-5.

Li, R. C., Nix, D. E. & Schenteg, I. J. (1993). Turbidimetric
assay for quantitation of viable bacteria cell densities.
Antimicrobial Agents Chemotherapy, 37, 371-4.

Lyte, M. & Ernst, S. (1992). Catecholamine induced growth
of Gram-negative bacteria. Life Sciences, 50, 20312,

Langworthy, T. A., Brock, T. D., Castenholz, R. 'W., Essen,
A F, Johnson, E. J.,, Oshima, T., Tsubbi, M., Ziekus, I. G.
& Zuber, H. (1979). Life at high temperature — a group
report. In Strategies of Microbial Life in Extreme Environ-
ments, ed. M. Shilo, Verlag Chimie, New York, pp.
489-502.

Ljungdahl, L. G. (1979). Physiology of thermophilic bacteria.
Adv. Microbial. Physiol., 19, 1-57.

McBee, R. H. (1950). The anaerobic thermophilic cel-
lulolytic bacteria. J. Bacteriol., 16,51-61.

Meng, X., Nightingale, C. I. & Sweeney, K. R. (1991). Quan-
tification of in vitro post antibiotic effect based on mean
recovery time. Il A comparison of colony counting versus



74 V. K. Sharma, J. C. Hagen

photometric methods for the determination of bacterial
growth. J. Antimicrobial Chemotherapy, 28, 515-21.

Montgomery, L., Flesher, B. & Stahl, D, (1988). Transfer of
Bacteroides succinogenes (Hungate) to Fibrobacter gen.
nov., as Fibrobacter succinogenes comb. nov. and descrip-
tion of Fibrobacter intestinalis sp. nov. Int. J. Syst. Bac-
teriol., 38, 430-5,

Moore, W. E. C.,, Hash, D. E., Holdeman, L. V. & Cato, E. P.
(1980). Polyacrylamide slab gel electrophoresis of soluble
proteins for studies of bacterial floras. Appl. Environ.
Microbiol., 39, 900~7,

Murray, W. D. (1986). Acetivibrio cellulosolvens is a
synonym for Acetivibrio cellulolyticus, emendation of the
genus Acetivibrio. Int. J. Syst. Bacteriol,, 36, 314~16.

Newbold, J. R. & Rust, S. R.(1992). Effect of asynchronous
nitrogen and energy supply on growth of ruminal bacteria
in batch cultures. J. Animal Sci., 70, 538-46.

Ng, T. K., Weimer, P. J. & Zeikus, J. G. (1977). Cellulolytic
and physiological properties of Clostridium thermocellum.
Arch. Microbiol., 114, 1-7,

Ng, T. K. & Zeikus, J. G. (1981). Differential metabolism of
cellobiose and glucose by Clostridium thermocellum and
Clostridium thermohydrosulfuricum. J. Bacteriol., 150,
1391-9.

Oakley, B. R, Kirsch, D. R. & Morris, W. R. (1980). A sim-
plified ultra sensitive silver stain for detecting proteins in
polyacrylamide gels. Anal. Biochem., 105, 361-3.

Pace, B. & Campbell, L. L. (1967). Correlation of maximum
growth temperature and ribosome heat stability. Proc. Natl
Acad. Sci., 57,1110-16.

Pierson, B. K. & Castenholz, R. W. (1974). A phototrophic,
gliding, filamentous bacterium of hot springs, Chloro-
flexous auranticus, gen. and sp. nov. Arch. Microbiol., 100,
5-24.

Postgate, J. (1959). A diagnostic reaction of Desulphovibrio
desulfuricans. Nature, 153,481-2,

Postgate, J. R. & Campbell, L. L. (1963). Identification of
Coleman’s sulfate reducing bacterium as a mesophilic
relative of Clostridium nigrificans. J. Bacteriol., 86, 274-9.

Prevot, A. R.(1948). Recherche par ler bacteries anaerobics.
Ann. Inst. Pasteur, 75, 571-2.

Prins, R. A., van Vugt, F. V,, Hungate, R. E, & van Vorsten-
bosch, C. J. A. H. V. (1972). A comparison of strains of
Eubacterium cellulosolvens from the rumen. Antonie van
Leeuwenhoeck. J. Microbiol. Serol., 38, 153-61.

Schenk, A. & Aragno, M. (1979). Bacillus schlegelii, a new
species of thermophilic, facultatively chemolithotrophic
bacterium oxidizing molecular hydrogen. J. Gen. Micro-
biol., 115,333-41.

Sharma, M. P. (1968). PhD thesis. North Carolina State
University, Raleigh.

Sharma, V. K. (1983). Isolation and characterization of cel-
lulolytic bacteria from a cattle waste digester. PhD thesis,
University of Aberdeen.

Sharma, V. K. & Hobson, P. N. (19854). Isolation and cel-
lulolytic activities of bacteria from an anaerobic cattle
waste digester and the properties of some Clostridium
species. Agric. Wastes, 14, 173-96.

Sharma, V. K. & Hobson, P. N. (198556). A sporulation
medium for strict anaerobes. Lett. Appl. Microbiol., 1,
31-2.

Sharma, V. K. & Hobson, P. N. (1986). Propetties of a cellu-
lolytic Sporolactobacillus and some non-spring cellulolytic
rods, presumptive clostridia, from an anaerobic digester. J.
Appl. Bacteriol., 61,257-62,

Sharma, V. K. & Hobson, P. N. (1987). A diagnostic reaction
for sulphate reducers. Lett. Appl. Microbiol., 5,9-10.

Sharma, V. K. (1988). Two-dimensional protein profile of
Methanobacterium thermoautotrophicum grown at four
different temperatures. 4th Int. Congress on Cell Biol.,
Montreal, Canada, Abst, No. P-4.1.11.

Sharpe, M. E. (1979). Identification of Lactobacilli. In Identi-
fication Methods for Microbiologists, ed. F. A. Skinner &
D. W. Lovelock, Academic Press, London, pp. 233-60.

Slayne, M. A., Aldred, M. J. & Wade, W. G. (1990). A rapid,
semi-automated SDS-PAGE identification system for oral
anaerobic bacteria, J. Appl. Bacteriol., 687,391-5.

Sly, L. L (1985). Emendation of the genus Blastobacter
zavargin 1961 and the description of Blastobacter nota-
torius sp. nov. Int. J, Syst. Bacteriol., 35, 40-5.

Smith, P. K,, Krohn, R. I, Hermanson, G. T., Mallia, A, K.,
Gartner, F. H.,, Provenzano, M. D., Fujimoto, E. K., Goeke,
N.M,, Olsen, B. J. & Clenk, D. C.(1985). Measurement of
protein using bicinchoninic acid. Anal. Biochem., 150,
76-85.

Stabholz, A., Kettering, J., Aprecio, R,, Zimmerman, G. &
Baker, P. J. (19934). Antimicrobial properties of human
dentin impregnated with tetracycline HCl or cholr-
hexidine. An in vitro study. J. Clin. Periodontol., 20,
557-62.

Stabholz, A., Kettering, J., Aprecio, R,, Zimmerman, G.,
Baker, P. J. & Wikesio, U. M. (19935). Retention of anti-
microbial activity by human root surfaces after in sifu sub
gingival irrigation with tetracycline HCl or chlorhexidine.
J. Periodontol., 64, 137-41.

Stahl, E. & Kaltenbach, K. (1961). Au nuschicht chromato-
graphic VI nittilung spuronanalyse von zuckergemischen
auf kiesel gur G schienten. J. Chromatog., 5, 351-5.

Switzet, R. C., Merrill, C. R, & Shifrin, S. (1979). A highly
sensitive silver staining for detecting proteins and poly-
peptides in polyacrylamide gels. Anal. Biochem., 98,
231-7.

Tanner, R. S,, Stackbrandt, E., Fox, G. E. & Woese, C. R.
(1981). A phylogenetic analysis of Acetobacter woodii,
Clostridium barkeri, Clostridium butyricum, Clostridium
lituseburense, Eubacterium limosum and Eubacterium
tenue. Curr. Microbiol., 5,35-8.

Urakami, T. & Komagata, K. (1986). Emendation of Methyl-
obacillus Yordy and Weaver 1977, a genus for methanol
utilizing bacteria. Int. J, Syst. Bacteriol., 36, 502-11.

Viljoen, I. A, Fred, E. B. & Peterson, W. H. (1926). The fer-
mentation of cellulose by thermophilic bacteria. J. Agric.
Sci., 26, 117, ,

Vomhoff, D. W. & Tucker, T. C. (1965). The separation of
simple sugars by cellulose thin layer chromatography. J.
Chromatog., 17, 300-6.

Yotis, W, W,, Sharma, V. K., McNulty, J., Gopalasami, J.,
Chegini, S. & Simonson, L. (1991). Biochemical pro-
perties of the outer membrane of Treponmea denticola. J.
Clin. Microbiol., 29, 1397-406.

Waksman, S. A. & Henrici, A. T. (1943). The nomenclature
and classification of thermophilic actinomycetes. J. Bacter-
iol,, 46,337-41.

Zuber, H. (1979). Structure and function of enzymes from
thermophilic micro organisms. In Strategies of Microbial
Life in Extreme Environments, ed. M. Shilo. Verlag
Chimie, New York, pp. 393-4135,

Zuber, H. (1981), Thermophily, In Current Trends in Chemi-
cal and Fuel Production, ed. A, Hollaender, Plenum Press,
New York,



