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Gram-positive, spore-forming, motile, cellulolytic rods were isolated from 107 dilutions of pig fecal samples.
The pigs had previously been fed pure cultures of the ruminal cellulolytic organism Clostridium longisporum.
Isolates formed terminal to subterminal spores, and a fermentable carbohydrate was required for growth.
Besides cellulose, the isolates utilized cellobiose, glycogen, maltose, and starch. However, glucose, fructose,
sucrose, pectin, and xylose were not used as energy sources. Major fermentation products included formate
and butyrate. The isolates did not digest proteins from gelatin or milk. Unlike C. longisporum, which has
limited ability to degrade cell wall components from grasses (switchgrass, bromegrass, and ryegrass), the swine
isolates were equally effective in degrading these components from both alfalfa and grasses. The extent of
degradation was equal to or better than that observed with the predominant ruminal cellulolytic organisms. On
the basis of morphology, motility, spore formation, fermentation products, and the ability to hydrolyze
cellulose, the isolates are considered to be a new species of the genus Clostridium. It is unclear whether C.
longisporum played a role in the establishment or occurrence of this newly described cellulolytic species. This
is the first report of a cellulolytic Clostridium sp. isolated from the pig intestinal tract.

We have previously reported that some of the predomi-
nant fiber-degrading bacterial species found in the rumen are

also found in the intestinal tract of pigs in numbers compa-
rable to those seen in the rumen (15, 17). These organisms
include Fibrobacter succinogenes, Ruminococcus flave-
faciens, and Prevotella (Bacteriodes) ruminicola. With the
recent reisolation of the ruminal cellulolytic species Clos-
tridium longisporum (16), this organism was fed to pigs in an
attempt to ascertain whether this organism can colonize the
intestinal tract or transfer cellulolytic activity to one of the
clostridial species normally found in the intestinal tract.
Clostridial isolates from intestinal contents of pigs have been
found at concentrations of 1 to 7% of the total cultured flora,
but none have been reported to be cellulolytic (7-10).
Although efforts to establish the ruminal cellulolytic or-

ganism C. longisporum in the pig intestinal tract were

unsuccessful, we did isolate a different cellulolytic Clostrid-
ium sp. from these pigs. This article describes the charac-
teristics of this new cellulolytic organism.

MATERIALS AND METHODS

Organisms. C. longisporum B6405 and OC4 and Rumino-
coccus albus B6403 (16) were obtained from our culture
collection. F. succinogenes S85, R. flavefaciens C94, and
Clostridium cellulovorans 35296 (13) were obtained from the
Microbiology Division, Department of Animal Science, Uni-
versity of Illinois, Urbana. R. albus SY3 was obtained from
C. S. Stewart, Rowett Research Institute, Aberdeen, United
Kingdom. Cultures were maintained on an alfalfa cell wall
(neutral detergent fiber) medium and on maintenance agar
slant medium (see below).
Media and cultivation conditions. The composition of cel-

* Corresponding author.
t Present address: Children's Nutrition Research Center, Agri-

cultural Research Service, U.S. Department of Agriculture, Hous-
ton, TX 77030.

lulose agar roll tube medium (per 100 ml) was as follows:
clarified preincubated ruminal fluid (5), 15 ml; Trypticase
(BBL Microbiology Systems, Cockeysville, Md.), 0.2 g;

yeast extract, 0.05 g; mineral S2 (11), 5 ml; cellulose (What-
man no. 1 filter paper ball milled with flint pebbles for 18 h),
0.2 g; resazurin, 0.0001 g; Na2CO3, 0.4 g; cysteine-hydro-
chloride, 0.05 g; and purified agar (BBL), 0.7 g. For alfalfa
cell wall medium, alfalfa cell walls (1.0%) (16) were substi-
tuted for filter paper cellulose, and no agar was added. The
composition of the maintenance agar slant medium (per 100
ml) was as follows: clarified ruminal fluid, 30.0 ml; glucose,
cellobiose, maltose, starch, xylose, and glycerol, 0.03 g

each; Trypticase, 0.2 g; resazurin, 0.0001 g; mineral S2, 5 ml;
Na2CO3, 0.4 g; cysteine-hydrochloride, 0.05 g; and purified
agar, 1.75 g. The composition of the medium for evaluating
growth at various temperatures (per 100 ml) was as follows:
clarified preincubated ruminal fluid, 15 ml; Trypticase, 0.2 g;
peptone, 0.2 g; yeast extract, 0.1 g; mineral S2, 5 ml;
cellobiose, 0.5 g; vitamins (16), 0.5 ml; resazurin, 0.0001 g;
Na2CO3, 0.4 g; and cysteine hydrochloride, 0.05 g. These
media were prepared under CO2 gas phase by the Hungate
anaerobic culturing method as described by Bryant (2).
Growth of bacterial cultures was measured in tubes (18 by

150 mm) at 660 nm with a Bausch and Lomb spectropho-
tometer (Spectronic 88).

Isolation and characterization. Six crossbred pigs (80 kg)
were penned separately and fed ad libitum a corn-soybean
meal or a 40% alfalfa meal diet for 14 days prior to inocula-
tion with C. longisporum. During the 14 days, two fecal
samples were obtained from each pig. The cellulolytic or-

ganisms were enumerated and tentatively identified by pick-
ing colonies or zones of clearing which appeared in roll tubes
containing filter paper. Pigs were then fed a culture of C.
longisporum OC4 grown on alfalfa cell walls (150 ml per pig;
107 organisms per ml). At the same time, 150 ml of culture
(108 organisms per ml grown on cellobiose) was administered
by rectal infusion. Fecal samples were monitored on days 3,
5, and 7 and then weekly for 8 weeks for the presence or
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absence of C. longisporum by examining cellulose roll tubes
for orange-pigmented colonies and picking colonies or zones
of clearing. Cellulolytic clostridia were characterized by
using the methods of Holdeman et al. (6). Organic acid
fermentation products from supernatant fluids (passed
through 0.22-p.m-pore-size filter) were analyzed with a high-
pressure liquid chromatograph (model 6000A; Waters, Mil-
ford, Mass.) equipped with a UV detector set at 210 nm
and absorbance set at 0.08 (model SPD-6A; Shimadzu Corp.,
Kyoto, Japan), an integrator (model 760 Series Interface;
Nelson Analytical, Cupertino, Calif.), and an organic acid
column (HPX-87H; Bio-Rad Laboratories, Richmond,
Calif.), operated at 41°C. The eluting solvent was 0.0025 N
H2SO4 at 0.6 ml/min, and the injection volume was 25 pI.
Ethanol was analyzed by flame ionization detector gas
chromatography, using a Hewlett Packard model 5840A with
a coiled glass column (182.9 by 0.2 cm [inner diameter])
packed with 80/120-mesh Carbopak B-DA-4% Carbowax 20
M (Supelco, Bellefonte, Pa.) (13a). A nitrogen carrier gas
was used at a flow rate of 20 ml/min, a sample size of 1 pI,
and a temperature gradient from 70 to 170°C, 5°C/min.
Hydrogen was analyzed by thermal conductivity detector
gas chromatography using a Packard model 428 with a coiled
glass column (182.9 by 0.2 cm [inner diameter]) packed with
60/80-mesh Molecular Sieve SA (Supelco).

Grass and alfalfa cell wall degradation. The new cellu-
lolytic isolate was examined for its ability to degrade alfalfa,
bromegrass, and switchgrass cell wall components (cell
walls, cellulose, and hemicellulose) at 24, 48, and 72 h in
comparison to ruminal cellulolytic organisms and one meth-
anogenic digestor cellulolytic organism, C. cellulovorans
(13). The forages were ground to pass through a 1-mm-pore-
size screen prior to being used to prepare the cell walls. They
were boiled for 1 h with neutral detergent, and the insoluble
residues (cell walls) were extensively washed to remove
detergent before drying (14).
The composition of the basal in vitro digestibility medium

(per 100 ml) was as follows: clarified preincubated ruminal
fluid, 20 ml; Trypticase, 0.1 g; yeast extract, 0.05 g; mineral
S2, 5 ml; resazurin, 0.0001 g; Na2CO3, 0.4 g; and cysteine
hydrochloride, 0.05 g. Twenty-seven milliliters of this me-
dium was added to 0.5 g of cell walls (dry sterilized for 30
min) in glass tubes (25 by 142 mm) with rubber stoppers. The
inocula for this medium were either 3 ml of ruminal fluid
passed through two layers of cheesecloth from a fistulated
steer fed a grass-alfalfa haylage diet or 3 ml of cellulolytic
culture grown with cell walls from the respective forage and
transferred every 30 to 36 h for three consecutive times
before being used as inocula. Three replicate tubes for each
inoculum and for each time interval of 0, 24, 48, and 72 h
were incubated at 37°C in tube presses (Bellco, Vineland,
N.J.). The samples were vigorously shaken at 0800 and 1600
h daily. As each digestion period was completed, samples
were centrifuged at 2,500 x g for 20 min. The residue pellet
was frozen and later analyzed for fiber content by the
sequential detergent system (14). Sulfuric acid (72%) was
used to solubilize cellulose and isolate crude lignin plus ash.

Total cell wall was defined as neutral detergent fiber.
Hemicellulose and cellulose were calculated by weight dif-
ference as follows: neutral detergent fiber minus acid deter-
gent fiber equaled hemicellulose, and acid detergent fiber
minus acid detergent lignin equaled cellulose. Degradation
was calculated as the disappearance of the component
during fermentation relative to the initial concentration.
Correction was made for the addition of the components in

the inoculum. Each result plotted is the mean of three
replicate tubes.
G+C content. Cell suspensions from late log phase were

mixed with an equal volume of glass beads (0.2-mm diame-
ter) and disrupted in a Braun cell homogenizer. Chromo-
somal DNA was isolated by using a modification of the
method of Berns and Thomas (1). Cell lysates were gently
extracted four times with Tris-phenol. The DNA was pre-
cipitated with an equal volume of ethanol, resuspended in
TE buffer (0.01 M Tris-HCl [pH 8.0], 0.001 M EDTA) and
treated with 20 p.g of DNase-free RNase per ml and 100 ,ug
of protease per ml at 37°C for 1 h. The DNA solution was
then gently extracted twice more with Tris-phenol and twice
with phenol-chloroform. The DNA was precipitated with 0.6
volume of isopropanol, resuspended in TE buffer, and dia-
lyzed extensively against TE buffer. DNA purity was
checked by scanning the absorbance of the DNA samples
between 200 and 400 nm and monitoring the A260A280 and
A260/A230 ratios.
G+C contents of chromosomal DNAs were calculated

from the buoyant density values measured by cesium chlo-
ride density centrifugation (12). Determinations were made
with a model E analytical ultracentrifuge (Beckman Instru-
ments, Inc.) equipped with an electronic scanner and were
based on three or more separate determinations. Micrococ-
cus luteus (synonym, "Micrococcus lysodeikticus") and
Escherichia coli DNAs were used as the reference DNAs
and have buoyant densities of 1.7311 and 1.7104 g/ml,
respectively.

RESULTS

Isolation and morphological features. One week after six
pigs were fed and given rectal infusions of C. longisporum
OC4 cultures, 107 dilutions of fecal samples from two of the
pigs not only produced zones of clearing (diameter, 2 to 4
mm) typical of F. succinogenes and R. flavefaciens but also
large zones of clearing (diameter, 10 to 20 mm) in cellulose
agar roll tubes (Fig. 1). Both of these pigs were fed the
corn-soybean meal diet. Ten to 15 of the cultures producing
the larger zones per tube readily hydrolyzed all of the filter
paper cellulose in 1 week. None of these large zones of
clearing were observed in any of the six pigs before C.
longisporum was fed to the pigs. Numerous attempts failed
to generate a pure cellulolytic culture from these zones of
clearing. Finally, three isolates were obtained in pure culture
by scraping the outer border of the clearing. One of these
isolates, 54408, was representative of the other isolates. The
isolates required subculturing every 3 to 5 days when main-
tained on agar slants or viability was lost. Storage at -700C
maintained viability for 6 months and possibly much longer.

Vegetative cells from strain 54408 were gram-positive,
motile rods, 1 p.m wide by 3 to 8 p.m long (Fig. 2a).
Clostridial cells were 1 to 2 pum wide by 7 to 10 pum long and
contained subterminal to terminal spores 1 pum wide by 1 to
2 p.m long (Fig. 2b). Spores were rarely observed.

Biochemical characteristics. After comparing several char-
acteristics of C. longisporum OC4 and the new isolate,
54408, which appeared to belong to the genus Clostridium,
we concluded that the new isolates appear to be a new
species. Besides lacking the bright orange pigment of C.
longisporum, Clostridium sp. strain 54408 differed in that it
did not utilize glucose, fructose, pectin, salicin, or sucrose;
nor did it digest proteins from gelatin or milk. It did
metabolize glycogen, maltose, and starch, which C. longi-
sporum did not. Other substrates not utilized by the new
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my'T,.
FIG. 1. Cellulose agar roll tube (18 by 150 mm) which was

inoculated with a pig fecal sample. Small (2- to 4-mm-diameter)
zones of clearing were typical of F. succinogenes or R. flavefaciens
isolates, while the large (10- to 20-mm diameter) zones of clearing
were typical of the new cellulolytic isolate.

isolate were amygdalin, arabinose, erythritol, inositol, lac-
tose, mannitol, mannose, melezitose, melibiose, raffinose,
rhamnose, ribose, sorbitol, trehalose, and xylose. Esculin
and lecithin were not hydrolyzed, and indole production and
nitrate reduction were negative. Clostnidium sp. strain 54408
produced formate (28 mM) and butyrate (12 mM) as major
fermentation products when cultured with cellobiose. Etha-
nol and hydrogen were produced. When cultured with
filter-paper cellulose, acetate was assimilated. C. longispo-
rum OC4 produced ethanol, acetate, formate, butyrate, and
hydrogen as fermentation products. Anaerobic conditions
were always essential for growth. The optimum temperature
for growth was between 39 and 42°C. No growth occurred at
25 or 55°C. Cultures could be adapted to grow at 45°C.
Clostnidium sp. strain 54408 and C. longisporum OC4 both
grew on cellulose and cellobiose.
The G+C contents of the DNA were 37.5, 38.9, and 38.2

mol% for strains 54408, 1406-Al-A, and 412-Cl-K, respec-
tively.

Degradation of forages. The new swine isolate, Clostnid-
ium sp. strain 54408, was able to degrade cell wall fractions
of alfalfa at rates comparable to those of ruminal cellulolytic
organisms (Fig. 3). After 72 h, the extent of degradation by
the new isolate exceeded that of the ruminal isolates. Ap-
proximately 35, 40, and 45% of the alfalfa cell walls, cellu-
lose and hemicellulose, respectively, were degraded by the
swine isolate after 72 h compared with 33, 36, and 50%,
respectively, degraded by a mixed population of organisms
in ruminal fluid. The swine isolate was equally effective in
degrading cell wall fractions from two grasses, bromegrass
and switchgrass. After 48 and 72 h, the swine cellulolytic
isolate 54408 degraded more of the bromegrass fiber frac-
tions than did the ruminal organisms (Fig. 4). The swine
isolate degraded 40, 40, and 47% of the bromegrass cell
walls, cellulose, and hemicellulose, respectively, after 72 h
compared with 35, 35, and 45%, respectively, for a mixed
population of ruminal organisms.

FIG. 2. Phase-contrast photomicrographs of vegetative cells (a)
and clostridial cells with spores (b) from cellulolytic strain 54408.
Bars, 5 ,um.

DISCUSSION
This is the first report of a cellulolytic Clostridium sp.

isolated from the intestinal tracts of pigs. Phenotypically, the
swine cellulolytic Clostridium sp. strain 54408 is very differ-
ent from C. longisponrm OC4. Clostridium sp. strain 54408
will metabolize maltose, starch, and glycogen, which C.
longisporum OC4 does not; strain 54408 does not utilize
glucose, fructose, pectin, salicin, or sucrose, whereas C.
longisporum OC4 does. Strain 54408 effectively degrades
cell wall components from bromegrass and switchgrass,
whereas C. longisporum appears to have limited ability to
degrade structural carbohydrates from grasses (Fig. 4) (18).
The G+C content of the DNA from the swine isolate is 38 to
39 mol%, whereas for C. longisporum OC4, it is 23 mol%
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