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Surface structures of representatives of the genus Thermobifida were examined by scanning electron
microscopy. Spores formed at the tips of multibranched sporophores initially resembled short sausages;
then, upon maturation, they gradually built up their typical ovoid shape. Characteristic differences were
observed between T. cellulolytica strain TB108 and 7. fusca strains TMS51. The spores of TB108 were
larger (0.8%1.3 um) than those of TM51 (0.6x1.1 pm) in consequence of the more thickened outer squa-
mous layer. When Thermobifida strains were grown on cellulose as sole carbon source, the mycelium
was found to coil around the cellulose crystals and multiple protuberances emerged, resulting in a
scabrous appearance to the mycelial surface. The presence of these cellulosome-like structures yielded a
24.5% surface enlargement of the scabrous mycelium as compared with the smooth one. The cellulosome
emergence pattern paralleled the proportional increase in free endoglucanase activity measured during
the culturing of these actinomycetes in the presence of cellulose.
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INTRODUCTION

Thermophilic aerobic actinomycete strains that form single spores on aerial myceli-
um and frequently occur in heating plant biomass were originally affiliated by
Henssen into the genus Thermomonospora [5]. Further actinomycetes were subse-
quently assigned to the genus and the ninth edition of Bergey’s Manual of
Determinative Bacteriology has already accepted six species within this group of
prokaryotes [12]. On the basis of phylogenetic, chemotaxonomic and phenotypic evi-
dence, the genus has recently been reclassified [18] and a new genus, named
Thermobifida, has been constructed to group together the real cellulolytic ther-
mophiles in a distinct taxon. Only two species are at present assigned to this genus,
Thermobifida alba and T. fusca. Both organisms are Gram-positive, chemo-organ-
otrophic and non-acid-fast, with a cell wall containing meso-DAP (cell wall type III).
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Their sugar, phospholipid and fatty acid patterns are of type C (no diagnostic sugar),
type II (phosphatidylethanolamine, glycolipid) and type 3e (10 methyl-17:0- and iso-
16:0-branched fatty acids are predominant). The members of the genus Thermobifida
are ecologically important organisms comprising one of the most active groups of
lignocellulose-decomposing bacteria producing multiple cellulases, xylanases and
lignolytic enzymes [2, 7, 11].

We earlier isolated a number of thermotolerant and thermophilic actinomycete
strains from the hot region of composted horse manure. All of them were capable of
hydrolyzing soluble, microcrystalline and crystalline cellulose, as well as xylan,
gelatin and the surfactant Tween 80. These prokaryotes could grow on straw as sole
carbon source, although their lignin-solubilizing activities varied greatly. The tem-
perature ranges required for growth of the strains were between 27 and 69 °C. The
traditional determination traits led to these thermophilic actinomycetes being identi-
fied as Thermomonospora alba, T. fusca and T. spp. [8].

When the revision of the genus Thermomonospora became accepted, we re-exam-
ined the whole thermophilic actinomycete collection of our laboratory and confirmed
that these strains really do belong in one or other species of the Thermobifida, name-
ly T fusca. However, although some of the isolates exhibited morphological and bio-
chemical characteristics typical of Thermobifida, they could not be assigned into
either of the two known species of the genus. These isolates were therefore subject-
ed to chemotaxonomic investigations and 16S rDNA sequence analysis. The molec-
ular traits revealed by these examinations resulted in their classification as represen-
tatives of a new species, under the name Thermobifida cellulolytica sp. nov. [9].

There have been a few investigations of the fine structure morphology of these
thermophilic actinomycetes, and they have been limited to Thermobifida (Thermo-
monospora) fusca [4]. Ultrastuctural data allowing comparisons of species or strains
within this group of aerobic thermophiles are lacking. The aim of the present study,
therefore, was to compare the scanning electron microscopic surface ornamentation
of representatives of two species of Thermobifida, T. cellulolytica and T. fusca. The
ultrastructural changes that occurred upon induction of the cellulase systems of these
organisms were also determined.

MATERIALS AND METHODS
Culturing procedures

The actinomycete strains used in these experiments, 7. cellulolytica TB108 and T.
fusca TM51 have been deposited in the culture collection of the Department of
Microbiology, Szent Istvan University, G6doll6 [8]. They were cultivated on a basal
medium containing NaNO; 1 g, KC1 0.3 g, MgSO,xH,0 0.5 g, K,HPO, 1 g, yeast
extract (Sigma, St. Louis, USA) 0.5 g, peptone (Sigma) 0.5 g, and distilled water
11 (pH 7.6) at 50 °C. MN 300 cellulose powder (Machery Nagel, Diiren, Germany)
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(10 g I'"), carboxymethyl cellulose (Sigma) (10 g 1) or glucose (5 g 1'!) was added
as carbon source to this solution. Solid media were prepared by adding 20 g I'! agar
(Reanal, Budapest, Hungary).

Scanning electron microscopy

For scanning electron microscopy, cultures were grown on basal medium containing
MN 300 cellulose powder at 55 °C under saturated humidity for 4 days. Sporulating
colonies were scraped off the agar surface with a scalpel and small sections of these
colonies were stuck onto the grids by means of low melting point agarose. The spec-
imens were fixed according to Bozzola et al. [3] with minor modifications. The grids
with the adherent specimens were placed overnight in 0.5 M cacodylate buffer con-
taining 2% (w/v) glutaraldehyde and dehydrated in a serial dilution of acetone
(25-100%). Specimens were preserved by critical point drying in Baltec CDP 030
equipment (Baltec AG, Neugriit, Liechtenstein) in liquid CO, at 50 bar. They were
then gold-coated by using a Baltec SCD 005 sputter coaster (Baltec AG).
Preparations were examined with a Zeiss EM910 electron microscope at 40 kV,
recorded digitally and video-printed with a Mitsubishi P78E recorder (Mitsubishi
Electric Co., Tokyo, Japan). The dimensions of the actinomycete structures were
measured by using the Pro 3.00 software analySIS package (Soft Imaging System
GmbH, Miinster, Germany).

Determination of endoglucanase activity

Endoglucanase activity was measured by a viscosimetric method according to
Whitney [17]. The reaction mixture, containing 1 ml of culture supernatant (or whole
culture suspension) and 4 ml of 0.5% (w/v) carboxymethyl cellulose solution, was
incubated at 37 °C. Incubation was stopped after 2, 5, 10, 15 or 20 minutes by adding
100 ml of 1% (w/v) HgCl, solution. The decrease in relative viscosity was deter-
mined with an Oswald viscosimeter and the results were graphically analyzed. One
unit of enzyme activity was equivalent to a 50% decrease in relative viscosity after
incubation for 10 min.

RESULTS AND DISCUSSION
Spore morphology
The members of the genus Thermobifida produce single aleuriospores on extensive-
ly branched non-fragmenting aerial hyphae. The sporophores may be simple or abun-
dantly branched. Repeated sporophore branching results in dense clusters of spores

endowing the colonies with a mealy surface (Fig. 1). The spores formed at the tips of
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Fig. 2. Sporogenesis of Thermobifida fusca strain TM51
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Fig. 4. Spore surface ornamentation of Thermobifida cellulolytica strain TB108
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the sporophores initially resemble short sausages, as can be seen in Fig. 2, right,
below; then, upon maturation, they gradually build up their characteristic ovoid
shape.

On superficial examination, the spore surface looked smooth, corresponding to
previous observations on Thermomonospora fusca [12] and to the original descrip-
tion of the genus Thermobifida [18]. However, high-resolution scanning electron
microscopy revealed a typical squamous surface, resembling a pine-cone. This squa-
mous structure was found to be more distinct in mature spores than in young ones.
Early electron microscopic observations on 7. fusca [4] led to this outer layer of the
spores being described as a globular or tubercular surface. These structures, howev-
er, were artifacts due to the inadequate fixation technologies; the limited resolving
power of scanning electron microscopy some 25 years ago did not reveal this tech-
nical weakness.

Slight but consistent differences were observed between strains TB108 and TMS51
the representatives of 7. fusca and T. cellulolytica, respectively (Figs 3 and 4). The
spores of TB108 were larger (0.8x1.3 um) than those of TM51 (0.6%1.1 um) in con-
sequence of the more thickened outer squamous layer that covered the former.
However, these differences are not of descriptive value at a species level because of
the considerable interstrain variability detected when other isolates of these two
species were subjected to scanning electron microscopy.

Cellulosome-like structures on the surface of T. fusca mycelia

When T fusca TM51 was grown on basal medium containing glucose as a sole car-
bon source, the mycelial surface of the actinomycete was found to be smooth (Fig.
5a). However, when this bacterium was grown on cellulose, the mycelium coiled
tightly round the cellulose crystals and the digestion activity exerted by the cellulase
system caused deep furrows on the substrate (Fig. 6). Higher magnification revealed
an altered surface topology of the mycelium. As shown in Fig. Sb, multiple protu-
berances emerged on the surface, giving the mycelium a scabrous appearance. These
hemispheric protuberances had an average diameter of 69 nm (Fig. 5¢) and appeared
to be similar to the cellulosomes described first by Lamed et al. [10] in Clostridium
thermocellum. Cellulosome-like structures have also been observed on the mycelium
surface of Thermomonospora curvata cultivated on cellulose, xylan [6] or cellobiose
[15].

Cellulosomes are considered to harbor complex cellulase systems and provide
both physical and chemical adhesion factors that promote the tight adhesion of the
actinomycete to insoluble polymeric substrates [1, 16]. The presence of cellulosomes
additionally contributes to a significant increase in the surface area, providing
ordered sites for the synergistic interaction of the multiple cellulases [14] and
improving the efficiency of nutrient transport [1]. We calculated the average number
of cellulosomes per um? of surface area of 7. fusca hyphae to be 64. If these struc-
tures are presumed to form a normal hemisphere (which in fact they do), their pres-
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Fig. 5
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Fig. 5. Hyphal surface of Thermobifida fusca TMS51. (a) Smooth surface of mycelium grown on glucose
as carbon source. (b) Cellulosome-like structures emerged upon induction by cellulose. (c) Morphology
of cellulosomes shown by higher magnification
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Fig. 6. Thermobifida ce-llulolytica mycelium coiling around cellulose crystals
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Fig. 7. Comparison of free and mycelium-associated endoglucanase activities during the culturing of
Thermobifida fusca TM51 on cellulose as sole carbon source

ence results in a 24.5% surface enlargement of the scabrous mycelium as compared
with the smooth one.

T fusca TM51 was grown as a shaken culture on basal medium containing car-
boxymethyl cellulose as sole carbon source. Suspension samples were taken at 24-h
intervals and endoglucanase activities were determined by viscosimetry. Three sub-
samples were subjected to endoglucanase measurements. The total endoglucanase
activity was determined by measuring the enzyme activity in the whole suspension
sample, comprising the substrate, the mycelial mat and the soluble fraction of the
medium. Free (soluble) endoglucanase activity and mycelium-associated activity
were determined in the culture supernatant and the sediment, respectively, obtained
after centrifugation at 5000 r.p.m. for 10 min. Figure 7 presents a graphic compari-
son of the free and the mycelium-associated endoglucanase activities.

The cellulosome emergence pattern followed the proportional increase in free
endoglucanase activity. These structures became apparent on the second day of cul-
turing; they increased in both number and size during the next 48 h, remained in a
constant state for an additional 2 days of cultivation, and then gradually disappeared.
This pattern of cellulosome development was paralleled by a progressive increase in
free endoglucanase activity that occurred at the expense of the mycelium-associated
activity. The free endoglucanase activity involves enzymes liberated from the cell
surface after proteolytic cleavage [13], whereas the mycelium-associated activity is
due to large, membrane-bound complex enzyme molecules.

*
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By means of scanning electron microscopy, we demonstrated that the squamous
spore surface is typical of the actinomycetes belonging in the genus Thermobifida.
All strains investigated to date display these structures and the minor differences
observed in the shapes and sizes of the spores are not suitable for a differentiation
between the known species of this group of prokaryotes. Further investigations on
the surface structures of representatives of Thermobifida revealed for the first time
the presence of cellulosomes, which emerged on the mycelial surface upon induction
of the cellulase complex in these organisms.
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