
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Mar. 1982, p. 686-693 Vol. 43, No. 3
0099-2240/82/030686-08$02.00/0

Physiological Diversity of Rumen Spirochetes
B. J. PASTERt AND E. CANALE-PAROLA*

Department of Microbiology, University of Massachusetts, Amherst, Massachusetts 01003

Received 31 August 1981/Accepted 28 November 1981

Bovine rumen fluid contained relatively large numbers of spirochetes capable of
fermenting polymers commonly present in plant materials. Polymers such as
xylan, pectin, and arabinogalactan served as fermentable substrates for the
spirochetes, whereas cellulose did not. Furthermore, spirochetes cultured from
rumen fluid utilized as growth substrates hydrolysis products of plant polymers
(e.g., D-xylose, L-arabinose, D-galacturonic acid, D-glucuronic acid, cellobiose),
but did not ferment amino acids. Viable cell counts of spirochetes capable of
fermenting individual plant polymers or their hydrolysis products yielded mini-
mum values ranging from 0.2 x 106 to 4 x 106 cells per ml of rumen fluid. Thirteen
strains of rumen spirochetes were characterized in terms of their fermentation
products from glucose, the guanine plus cytosine content of their DNA, their
ultrastructure, and their ability to ferment pectin, starch, or arabinogalactan. Of
the 13 strains, 6 fermented glucose mainly to formate, acetate, and succinate,
whereas the remaining 7 strains did not produce succinate, but instead formed
ethanol, in addition to formate and acetate. The succinate-forming strains had two
periplasmic (axial) fibrils per cell, measured 0.2 to 0.3 by 5 to 8 pLm, had a guanine
plus cytosine content of the DNA ranging from 36 to 38 mol%, and lacked the
ability to ferment pectin, starch, or arabinogalactan. The ethanol-forming strains
had from 8 to more than 32 periplasmic fibrils per cell, tended to be larger in cell
size than the succinate-forming strains, and had a guanine plus cytosine content of
the DNA ranging from 41 to 54 mol%. Some of the ethanol-forming strains
fermented pectin, starch, or arabinogalactan. The results of this study indicate
that the bovine rumen is inhabited by a physiologically and morphologically
diverse population of spirochetes. It is likely that these spirochetes contribute
significantly to the degradation of plant materials ingested by the ruminants.

Recent studies have shown that large numbers
of morphologically different spirochetes are
present in the bovine rumen (16). However, only
a limited amount of information is available on
the metabolic activities of these spirochetes.
Stanton and Canale-Parola have isolated and
described a species of rumen spirochetes that
interacts with cellulolytic bacteria (17). This
species, named Treponema bryantii, does not
break down cellulose, but utilizes glucose and
cellobiose released into the external environ-
ment by the metabolic activities of rumen bacte-
ria that degrade cellulose (17). Furthermore, it
has been shown that other rumen spirochetes
are capable of catabolizing pectin (19, 20).
One of the major objectives of the studies we

report here was to determine whether spiro-
chetes contribute significantly to the breakdown
of various polymers present in the plant materi-
als ingested by ruminants and of other organic
molecules commonly found in the rumen. Thus,

t Present address: Department of Dairy Science, University
of Illinois, Urbana, IL 61801.

we enumerated spirochetes present in bovine
rumen fluid that were capable of fermenting
selected plant polymers and the hydrolysis prod-
ucts of such polymers. Polymers used in the
enumeration studies included pectin, xylan,
arabinogalactan, and cellulose. In addition, we
isolated strains of different rumen spirochetes
and characterized them with regard to key phys-
iological properties, their ultrastructure, and the
guanine plus cytosine (G+C) content of their
DNA.
Our investigations were aimed at obtaining a

greater understanding of (i) the extent of physio-
logical diversity that occurs among rumen spiro-
chetes, (ii) the roles played by spirochetes in the
complex metabolic processes that occur in the
rumen, and (iii) physiological interactions be-
tween spirochetes and other rumen bacteria.

MATERIALS AND METHODS
Bacterial strains and culture media. Strains of rumen

spirochetes characterized in this study included: (i)
seven strains (GL, GP, XA, PA, LB, LU, and PB)
which were isolated during this investigation; (ii) strain
606 isolated by Ziolecki (19); and (iii) six strains (6M,

686



RUMEN SPIROCHETES 687

6A, 8G, CA, DA, and T. bryantii RUS-1) isolated
previously by Stanton and Canale-Parola (16, 17).
The strains listed above, except for strain 606, were

cultured in medium RFG and medium MVTY. The
composition of medium RFG, a rumen fluid-containing
medium, was described by Stanton and Canale-Parola
(17). Medium MVTY contained a supplement of fatty
acids, yeast extract, and Trypticase Peptone (BBL
Microbiology Systems, Cockeysville, Md.) instead of
rumen fluid. This medium was identical to medium
VTY described previously (17), except that it did not

contain acetic and propionic acids. Other cultural
conditions were identical to those described by Stan-
ton and Canale-Parola (16). Strain 606 did not grow in
RFG or MVTY media and was cultured in a pectin-
containing medium described by Tomerska (18).

In experiments involving enumeration of spiro-
chetes, a modified medium MVTY was used. This
medium, called enumeration medium, differed from
medium MVTY because it contained 0.02 g of yeast
extract per 100 ml of medium (instead of 0.2 g/100 ml).
Media were solidified by adding 0.7 g of agar per 100

ml of medium. Agar media (RFG, MVTY, and enu-

meration medium), to which potential growth sub-
strates (0.2 g per 100 ml of medium) had been added in
place of glucose, were used in the isolation and
enumeration of rumen spirochetes. In most of the
isolation and enumeration experiments, rifampin (1 ,ug
per ml of medium) (16) was added to these media.
Rifampin served as a selective agent because the
growth of rumen spirochetes is not inhibited by con-

centrations of this antibiotic that inhibit the growth of
many other rumen bacteria (16). Substrates tested in
these experiments included Casamino Acids, ball-
milled cellulose (17), carboxymethyl cellulose (sodium
salt, low viscosity; Sigma Chemical Co., St. Louis,
Mo.), pectin (polygalacturonic acid methyl ester,
grade I; Sigma Chemical Co.), polygalacturonic acid,
xylan, arabinogalactan, D-xylose, L-arabinose, L-

rhamnose, D-galactose, D-glucuronic acid, D-galactur-
onic acid, cellobiose, and glucose. D-Glucuronic acid
and D-galacturonic acid solutions (adjusted to pH 7.0
with 2 N KOH) were filter-sterilized and then were

added aseptically to the media before inoculation.
Pectin, polygalacturonic acid, and xylan were added to
agar media before autoclaving. Solutions of the other
substrates tested were sterilized separately by auto-
claving and then were added aseptically to agar media
before inoculation. Pectin, polygalacturonic acid, xy-
lan, arabinogalactan, and starch preparations used in
this study were washed three times in 70% ethyl
alcohol or dialyzed against distilled water before addi-
tion to media to remove contaminating low-molecular-
weight sugars. Growth substrates used in the isolation
media were: pectin for strains GP, PA, and PB; D-
xylose for strain XA; D-glucuronic acid for strains GL,
LB, and LU. However, strains GP and PA were not
pectinolytic, and strain GL did not utilize D-glucuronic
acid as a growth substrate.
Rumen fluid samples. Rumen fluid samples for via-

ble counts and for isolation of spirochetes were ob-
tained from four fistulated cows housed at the Univer-
sity of Massachusetts Dairy Facility, South Deerfield,
Mass. These cows (Holstein breed) were fed a mixed
diet of hay and corn silage. Rumen fluid samples were

collected at random times, i.e., without consideration
of the cows' feeding times.

Methods used for collecting and transporting rumen
fluid samples were described earlier (16). Rumen fluid
is defined as described previously (16).

Viable cell counts. Viable cell counts were per-
formed to determine the numbers of spirochetes in
rumen fluid that were capable of fermenting plant
polymers, the hydrolysis products of these polymers,
and other compounds. Viable cell counts of other
bacteria were also determined. Rumen fluid samples
were serially diluted (30 to 60 min after collection) into
agar deeps of enumeration medium or RFG medium to
which potential substrates were added in place of
glucose. In most experiments, rifampin (1 ,ug per ml of
medium) was added as a selective agent. After 24 to 72
h of incubation at 39°C, the colonies that developed in
these agar media were counted. Spirochete colonies
were readily recognizable because of their characteris-
tic spreading appearance, which results from the abili-
ty of spirochete cells to migrate through agar media
(4). The different morphological types of spirochete
colonies that were observed are described below.
Agar medium test tube cultures (deeps), each con-

taining approximately 10 to 60 spirochete colonies,
were used to estimate the numbers of viable spiro-
chetes in the rumen fluid samples.
Not all colonies that had the appearance of spiro-

chete colonies consisted of spirochetes. Thus, when
performing viable counts, it was necessary to deter-
mine whether the colonies were indeed spirochete
colonies. This was accomplished by examining the
cells in each colony by light microscopy when the agar
deep cultures contained 30 or fewer spirochete-like
colonies. When the cultures contained more than 30 of
these colonies, an estimation of the number of spiro-
chetes was performed, as described by Stanton and
Canale-Parola (16).

Selective isolation of rumen spirochetes. Rumen spi-
rochetes were isolated as follows. Rumen fluid sam-
ples were serially diluted into deeps of MVTY or RFG
agar media that contained pectin, xylose, or glucuron-
ic acid instead of glucose as growth substrate. Rifam-
pin (1 ,ug per ml of medium) was added to the medium
as a selective agent. Spirochetes were isolated and
cloned from the colonies that developed in these media
by methods described earlier (16). The isolates were
cultured routinely in MVTY or RFG agar media.
To determine whether the isolates were saccharolyt-

ic, we measured growth in MVTY broth media with
and without the addition of carbohydrate. Spirochete
cell yields were determined by means of direct counts
in a Petroff-Hausser counting chamber. Counts were
performed after three transfers in any given liquid
medium.

Pectinolytic, cellulolytic, amylolytic, and arabinoga-
lactan-hydrolyzing activities. Pectinolytic activity was
determined by testing the ability of growing spirochete
cells to liquefy pectin (1.0 g per 100 ml of medium)
present in RFG or MVTY broth from which glucose
had been omitted. Cellulolytic or arabinogalactan-
hydrolyzing activities were determined by measuring
the growth of spirochetes in MVTY broth that con-
tained ball-milled cellulose or larchwood arabinogalac-
tan, respectively (0.2 g per 100 ml of medium) instead
of glucose as growth substrate. Furthermore, cellulo-
lytic activity was determined by observing the disap-
pearance of the cellulose from the medium. Larch-
wood arabinogalactan (a gift from A. A. Salyers) was
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used in this investigation primarily because it has a
structure comparable to that of many other polysac-
charides present in plant cell walls (15). Starch hydrol-
ysis was determined by adding Lugol's iodine solution
to 24-h stab cultures in enumeration medium to which
soluble starch (0.2 g per 100 ml of medium) was added
in place of glucose. A clear zone around the line of
growth indicated starch hydrolysis (amylolytic activi-
ty).

Analysis of end products of glucose fermentation. For
qualitative analysis of fermentation end products, spi-
rochete strains were grown in MVTY broth medium.
Formate was assayed colorimetrically as described by
Lang and Lang (12). Other nongaseous fermentation
end products were determined by gas-liquid chroma-
tography with a Varian 3700 gas chromatograph (Var-
ian Instrument Division, Palo Alto, Calif.) equipped
with a flame ionization detector. Methylation of non-
volatile fatty acids and ethyl ether extraction of vola-
tile fatty acids and alcohols for gas-liquid chromatog-
raphy were performed as described by Holdeman et al.
(7). Products were separated on a glass column (6 ft
[ca. 1.83 m] by 1/4 in [ca. 0.635 cm] outer diameter)
packed with SP (Supelco Phase)-1000-H3PO4 (10/1%)
on 100/200 Chromosorb WAW (Supelco, Inc., Belle-
fonte, Pa.). Detector and injector temperatures were
200°C. Sample injection volumes were 5 pLl, and carrier
gas (N2) flow rate was 30 ml/min. Nonvolatile fatty
acids were separated isothermally at 120°C. In the
separations of volatile fatty acids and alcohols, the
oven temperature was maintained at 70°C after sample
injection and was increased after 7 min to 130°C at a
rate of 44°C per min.

Uninoculated MVTY broth was analyzed to deter-
mine the background level of fermentation products.
G+C content of the DNA. The G+C content of the

DNA of rumen spirochetes was determined by thermal
denaturation analysis as described by Breznak and
Canale-Parola (2) and calculated by using the equation
of DeLey (5). DNA isolated from Escherichia coli K-
12 was used as a control

Electron microscopy. Samples for scanning electron
microscopy were prepared as follows. One-milliliter
samples of rumen fluid were centrifuged at 3,000 x g
for 10 min, and the resulting pellets were fixed in
freshly prepared 2% (wt/vol) glutaraldehyde in 0.2 M
phosphate buffer (pH 7.0) for 2 h at 5°C. The fixed
samples were washed three times in buffer and then
were suspended in 1 ml of buffer. Samples of the
suspension (0.2 ml) were filtered through Nuclepore
filter disks (pore diameter, 0.1 ,um; disk diameter, 13
mm). The filters, impregnated with cells and debris,
were then dehydrated through a graded ethyl alcohol
series consisting of 20, 50, 75, 95, and 100% ethyl
alcohol for 10 min, twice at each concentration. Sam-
ples were immediately critical-point dried, mounted on
copper stubs, and vacuum coated as previously de-
scribed (9).

Negatively stained specimens for electron microsco-
py were prepared as follows. Spirochetes were cul-
tured to late logarithmic growth phase in MVTY or
RFG broth. A drop of culture was placed on a Form-
var-coated, carbon-reinforced copper grid (300 mesh),
and the excess fluid was drawn off with tissue paper
after 90 s. Then the cells on the grid were stained with
1% (wt/vol) phosphotungstic acid (pH 6.5) for 10 to
15 s.

Thin sectioiis of spirochetes were prepared by a
modification of the method of Sabatini et al. (14). Five-
milliliter cultures were centrifuged as described above,
and the cell pellets were fixed in 1 ml of 2% (wt/vol)
glutaraldehyde in Millonig's buffer (pH 7.2) for 1 h at
5°C. The fixed cells were washed five times in Millo-
nig's buffer (pH 7.2) by centrifugation and then were
fixed in 1% (wt/vol) osmium tetroxide in buffer for 1.5
h at 5°C. After the fixed cells were washed three times
in buffer, the samples were embedded in Noble agar (2
g per 100 ml of Millonig's buffer) (8). The agar gel was
cut into blocks, and the specimens were dehydrated
through a graded ethyl alcohol series as described
above. The samples were impregnated with propylene
oxide and with Epon 812 as described by Holt and
Leadbetter (8). Ultrathin sections were cut with a
Sorvall Porter Blum MT-2 Ultramicrotome and stained
for 10 min with 2.5% (wt/vol) uranyl acetate and then
for 10 min with Reynolds' lead citrate solution.
Some samples were examined with a Philips EM 200

transmission electron microscope operating at 60 kV
and photographed on Kodak fine-grain release positive
film 5302. Other samples were examined with a JEOL
100S transmission electron microscope operating at 80
kV and photographed on Kodak electron image film
4463 photograph emulsion. Liquid nitrogen cold fin-
gers at the level of the specimen were used to reduce
contamination. Samples for scanning electron micros-
copy were examined with a JEOL 25S scanning elec-
tron microscope operating at 15 kV and photographed
on Polaroid type 665 positive-negative Land film.

RESULTS
Enumeration of rumen spirochetes. Substrate

concentration had a marked effect on the mor-
phology of the spirochete colonies that devel-
oped in agar medium deeps. For example, when
an individual strain of rumen spirochetes was
inoculated in enumeration medium to which no
growth substrate had been added, the colonies
that developed were spherical and almost trans-
parent (Fig. la). Growth of the cells in these
colonies was supported by substrates present at
very low concentrations in some of the complex
constituents of the medium (e.g., yeast extract
or agar). When a growth substrate was added at
a low final concentration (e.g., 0.02% [wt/vol]),
the spirochetes formed smaller, less transparent
colonies that had well-defined edges (Fig. lb).
At higher substrate concentrations (e.g., 0.2%
[wt/vol]), the colonies that developed had a
denser center and diffuse edges ("cotton-ball-
like" colonies [16]; Fig. lc). The cells in these
colonies utilized for growth the substrate being
tested and thus attained relatively high popula-
tion densities within the colonies.
When determining the numbers of spirochetes

in rumen fluid that were capable of utilizing a
given substrate, the final concentration of the
potential growth substrate added to the enumer-
ation medium was 0.2% (wt/vol). When the
enumeration medium containing this concentra-
tion of substrate was inoculated with rumen
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Eu.
FIG. 1. Photographs of subsurface colonies of ru-

men spirochete strain PB grown for 24 h in enumera-
tion media at three different substrate concentrations.
(a) No glucose; (b) 0.02% glucose; (c) 0.2% glucose.
All micrographs are at the same magnification. Bar = 2
mm. Colonies were photographed on Kodak Tri-X film
at ASA rating 400. Exposures were made by dark-field
illumination in a Leica R3 camera equipped with a
macro 60 Elmarit lens.

fluid, usually all three types of spirochete colo-
nies (Fig. la through c), as well as other bacteri-
al colonies, developed. However, of the three
types of spirochete colonies present in the agar
medium deeps, only the cotton-ball-like colonies
(Fig. lc) were counted. In addition to the cotton-
ball-like colonies, we counted another type of
spirochete colony that developed in enumera-
tion medium to which either pectin or polygalac-
turonic acid was added as growth substrate.
These colonies, formed by cells utilizing pectin
or polygalacturonic acid for growth, were simi-
lar in appearance to those shown in Fig. lb, but
had a much denser central portion.

Spirochetes capable of utilizing amino acids or
cellulose as fermentable substrates were not
detected in rumen fluid (Table 1). On the other
hand, relatively high population densities (0.2 x
106 to 4 x 106 cells per ml of rumen fluid) of
spirochetes that fermented xylan, pectin, arabin-
ogalactan, as well as hydrolysis products of
these polysaccharides, were present in the ru-
men fluid samples that we tested. Furthermore,
as reported previously (16), products of cellu-
lose hydrolysis, such as cellobiose and glucose,
supported the growth of relatively large numbers
of rumen spirochetes (Table 1).
When media that contained rumen fluid (e.g.,

medium RFG) were used for the enumeration of
rumen spirochetes capable of utilizing individual
growth substrates, it was difficult to differentiate
colonies on the basis of their morphology be-
cause the media were turbid as a result of the
presence of rumen fluid. However, rough esti-
mates of the number of spirochete colonies
growing in these rumen fluid-containing media
yielded viable count values two to five times
higher than viable count values obtained with
the enumeration medium. These higher viable
counts probably resulted because rumen fluid
contained growth factors that allowed the
growth of spirochetes that were not able to grow
in the enumeration medium. Regardless of the

FIG. 2. Scanning electron micrographs of a rumen
fluid sample demonstrating various morphological
types of rumen spirochetes. Most of the spirochetes
are indicated by the arrows. All micrographs are at the
same magnification. Bar = 2 pum.

medium employed, spirochetes represented
from 0.3 to 15% of the total number of rumen
bacteria that grew under the experimental condi-
tions used.

Viable counts of spirochetes varied by as
much as twofold from sample to sample of
rumen fluid from the same cow and by as much
as fivefold from samples from different cows.
These variations, which have been reported
previously (10, 16), may be due to different times
of sampling or to changes in the feeding habits of
the animal (10). The effect of these factors on the
number of spirochetes in rumen fluid was not
determined since this line of inquiry was not
within the scope of the investigations reported
here.

Characterization of spirochetes. The enumera-
tion studies showed that spirochetes present in
rumen fluid possess considerable nutritional ver-
satility. Furthermore, spirochetes differing in
cell size and cell coiling patterns were observed
commonly in rumen fluid (Fig. 2). Thus, it
appeared that pronounced physiological and
morphological heterogeneity existed among spi-
rochetes indigenous to the rumen. To under-
stand more clearly the nature of this heterogene-
ity, we investigated key physiological and
morphological characteristics of 13 strains of
spirochetes isolated from rumen fluid. These
strains were studied with respect to their fer-
mentation end products, the G+C content of
their DNA, their ultrastructure, and their ability
to utilize pectin, arabinogalactan, and starch as
growth substrates.

All 13 strains were obligately anaerobic and
used carbohydrates, but not amino acids, as
fermentable growth substrates. The strains fer-
mented glucose and could be divided into two
groups on the basis of the fermentation end
products that they formed from this sugar.
Strains in one of the two groups produced for-
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TABLE 1. Enumeration of rumen spirochetes that utilize different substrates

Total no. of No. of spirochetes that % of
Growth substrate spirochetesa utilized substrate' (106) spirochetes'

(06)

None 3.0 NDC
Amino acidsd 3.0 ND
Cellulose NCe ND
Carboxymethyl cellulose 2.2 ND
Pectin 3.2 0.6 0.4
Polygalacturonic acid 4.5 1.5 2.5
Xylan 11.0 0.8 2.7
Arabinogalactan 10.0 0.4 0.3
D-Xylose 5.0 4.0 3.0
L-Arabinose 6.4 4.0 10.0
L-Rhamnose 2.0 0.2 0.7
D-Galactose 4.3 2.5 5.0
D-Glucuronic acid 1.3 0.5 0.6
D-Galacturonic acid 3.0 0.5 1.0
Cellobiose 2.5 1.5 3.8
Glucose 4.5 3.5 6.0

a Viable counts of spirochetes per ml of rumen fluid serially diluted into enumeration agar media containing the
substrate indicated in the table and rifampin. Total number of spirochetes was obtained by counting all
morphological types of spirochete colonies (see the text). The numbers of spirochetes that utilized the substrates
indicated were obtained by counting only cotton-ball-like colonies (see the text). However, when the substrates
were pectin or polygalacturonic acid, colonies similar to those shown in Fig. lb were also counted, in addition to
the cotton-ball-like colonies (see the text). The numbers represent the average of two determinations performed
in triplicate with rumen fluid samples from the same cow. Determinations carried out with rumen fluid from three
other cows yielded similar results.

b Percentage of spirochetes among all bacteria that utilized the substrate being tested. Total numbers of
bacteria were determined by subtracting the number of bacteria grown in enumeration media that contained no
added substrate from the number of bacteria grown in media that contained the substrate under test. These total
viable counts were obtained with agar media that did not contain rifampin. -, None.

c ND, Not detected. The lower limit of resolution was 104 cells per ml.
d Amino acids were added to the medium as casein hydrolysate (salt free, vitamin free; Nutritional

Biochemical Corp., Cleveland, Ohio).
e NC, Not counted. The cellulose fibers in the media masked the detection of transparent spirochete colonies.

mate, acetate, and succinate as major nongas-
eous end products, whereas the strains in the
other group did not produce succinate but in-
stead formed ethanol, in addition to formate and
acetate.
The succinate-forming strains (strains GL,

GP, XA, 6M, 8G, and RUS-1) constituted a

rather homogeneous group in terms of theii
morphological and physiological characteristics,
as well as the G+C content of their DNA (36 to
38 mol%). Cells of these strains measured 0.2 to
0.3 by 5 to 8 ,um. Although differences in cell
coiling patterns existed among some of these
strains, it seemed likely that they all were strains

TABLE 2. Characteristics of rumen spirochetes that produce formate, acetate, and ethanol from glucose

Strain Periplasmic fibrils G+C Pectinolytic Growth on Amylolytic
per cella Cell size (i.m) (molM) activity arabinogalactan activity

PA 8 0.3-0.4 by 5-8 43 - - +
LB 8 0.3-0.4 by 5-8 43 + - NAb
6A 8 0.3-0.4 by 5-8 43 - - NA
LU 12 0.4 by 10-12 41 + + +
CA 16-20 0.4-0.5 by 10-15 42 + + +
DA .32 0.6 by 12-15 46 + - -
PB .32 0.6-0.7 by 12-20 54 + + +

a Periplasmic fibrils have also been called axial fibrils and endoflagella. The number of periplasmic fibrils in
strains DA and PB could not be determined accurately because the fibrils were present in a bundle. At least 16
fibrils were inserted at each end of the cell.

b NA, Not assayed.
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FIG. 3. Transmission electron micrograph of one end of a negatively stained cell of rumen spirochete strain
PB. An outer sheath (OS), a protoplasmic cylinder (PC), and a bundle of periplasmic fibrils (PF) are visible. Bar
= 0.3 ,um.

of T. bryantii (17). They differed from the etha-
nol-forming strains not only in fermentation end
products, but also because they were usually
smaller in size, had only two periplasmic fibrils
(axial fibrils, endoflagella) per cell, and had a
lower G+C content of the DNA. Furthermore,
they lacked the ability to utilize pectin, arabino-
galactan, or starch.

In contrast to the relative uniformity of char-
acteristics exhibited by the succinate formers,
marked diversity was found among the ethanol-
forming spirochetes. Depending on the strain,
the ethanol formers had from 8 to more than 32
periplasmic fibrils per cell and varied considera-
bly in cell size (Table 2; Fig. 3 and 4). Strains
with larger cells tended to have a greater number
of periplasmic fibrils per cell (Table 2; Fig. 3 and
4). With respect to the G+C content of their
DNA, all except one of the ethanol-producing
strains were clustered in the 41 to 46 mol%
region (Table 2). The G+C content of the DNA
of the remaining strain (strain PB) was 54 mol%.
Most ethanol formers were able to ferment pec-
tin and starch, and only some utilized arabinoga-
lactan (Table 2). However, pectinolytic strains
of spirochetes did not form ethanol when pectin
was the fermentable substrate in the growth
medium. The main end products of pectin fer-
mentation were formate and acetate.

Strain 606, a rumen spirochete isolated by
Ziolecki, does not ferment glucose, but ferments
pectin primarily to formate and acetate (19).
Cells of strain 606 measured 0.6 by 15 pum and
possessed 32 or more periplasmic fibrils, as

revealed by electron microscopy. The G+C
content of the DNA of this spirochete was 46
mol%.
As previously mentioned, all strains of succi-

nate formers and ethanol formers utilized glu-
cose as a fermentable substrate. However, some
strains (strains LB, 6A, LU, and CA) grew to
final growth yields of approximately 5 x 107 to 8
X 107 cells per ml in RFG or MVTY broth media
from which glucose had been omitted. Addition
of amino acids to these media did not result in an
increase in cell yields. In broth media that
contained glucose (e.g., RFG or MVTY media),
the growth yields of these strains were four to
five times greater. The other strains required
glucose in these media for growth.

DISCUSSION
Our study showed that relatively large num-

bers of spirochetes with diverse dissimilatory
capabilities are present in rumen fluid. It is
important to note that the numbers of spiro-
chetes that we determined (Table 1) account for
only a fraction of the spirochetes that were, in
fact, present in the rumen of the animals we
tested. This incomplete enumeration can be at-
tributed to the following reasons. As described
above, an agar medium had to be used which
was transparent enough to allow accurate visual-
ization of the spirochete colonies that devel-
oped. However, this enumeration medium did
not support the growth of as many spirochetes
as did more nutritionally complex, but less
transparent media. In addition to being relative-
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FIG. 4. Transmission electron micrograph of a thin
section through a cell of rumen spirochete strain CA.
Note that the periplasmic fibrils (PF) are present as a
bundle and are surrounded by an outer sheath (OS).
Bar = 0.2 ,um.

ly transparent, the enumeration medium had the
desirable feature of not supporting the develop-
ment of cotton ball colonies when carbohydrate
was omitted from it. This indicated that the
carbohydrateless medium did not contain appre-
ciable amounts of carbon and energy sources for
the spirochetes. In contrast, richer media (e.g.,
RFG medium), from which the carbohydrate
was omitted, supported the development of cot-
ton ball colonies when inoculated with some of
the rumen fluid samples.
Another reason for the lower enumeration

values is that spirochetes that were associated
with rumen epithelial surfaces (1, 13) or adhering
to forage particles undergoing degradation in the
rumen (6) were not counted by our procedure.
The numbers of polysaccharide-degrading spi-

rochetes present in bovine rumen fluid are suffi-
ciently high to justify the conclusion that these
bacteria contribute to the breakdown of plant
polysaccharide material ingested by the animal.
This conclusion applies to plant polysaccha-
rides, such as pectins, xylan, and arabinogalac-
tan, but not to cellulose inasmuch as cellulolytic
spirochetes were not detected in rumen fluid.
Furthermore, most of the ethanol-producing iso-
lates utilized starch as a fermentable substrate.
Rumen fluid contained relatively high popula-

tion densities of spirochetes capable of utilizing
as fermentable substrates the hydrolysis prod-
ucts of pectin, hemicelluloses, and cellulose
(e.g., galacturonic acid, glucuronic acid, xylose,
arabinose, galactose, cellobiose). Stanton and

Canale-Parola have demonstrated that some ru-
men spirochetes interact with cellulolytic bacte-
ria since they use as carbon and energy sources
soluble sugars released from cellulose by the
metabolic activities of the latter bacteria (17). By
analogy, it is possible that interactions exist in
the rumen between pectinolytic or hemicellulo-
lytic bacteria and spirochetes that ferment
breakdown products of pectin or hemicelluloses.
According to current taxonomic criteria (3),

all anaerobic spirochetes that are indigenous to
animal hosts are classified in the genus Trepone-
ma. From this genus are excluded spirochetes
that are etiological agents of relapsing fever,
which are placed in the genus Borrelia, and large
spirochetes indigenous to the intestinal tract of
molluscs, which are classified in the genus Cris-
tispira. Borrelias probably are not anaerobic
(11), and the relationship of cristispiras to 02 is
not known. There are two other recognized
genera of spirochetes, Spirochaeta and Lepto-
spira (3). None of the species of Spirochaeta is
host-associated, and the genus Leptospira in-
cludes only obligately aerobic spirochetes.

In accordance with the taxonomic scheme
summarized above, all of the strains of rumen
spirochetes we investigated should be classified
in the genus Treponema. However, many of
these strains differ markedly from one another in
morphology, physiology, and in the G+C con-
tent of their DNA, which ranges from 36 to 54
mol% in the 13 strains isolated in our laboratory
and in Ziolecki's strain 606. Because of such
pronounced differences it seems inappropriate
to classify these 14 strains within a single genus.
Thus, the information yielded by our character-
ization studies of rumen spirochetes emphasizes
the need for developing a new taxonomic treat-
ment of anaerobic, host-associated spirochetes.
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