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In vitro cultures of ruminal microorganisms were used to determine the effect of cinnamic acid and vanillin
on the digestibility of cellulose and xylan. Cinnamic acid and vanillin depressed in vitro dry matter
disappearance of cellulose 14 and 49%, respectively, when rumen fluid was the inoculum. The number of viable
Bacteroides succinogenes cells, the predominant cellulolytic organism, was threefold higher for fermentations
which contained vanillin than for control fermentations. When xylan replaced cellulose as the substrate, a 14%
decrease in the digestibility of xylan was observed with vanillin added; however, the number of viable
xylanolytic bacteria cultured from the batch fermentation was 10-fold greater than that of control fermenta-
tions. The doubling time of B. succinogenes was increased from 2.32 to 2.58 h when vanillin was added to
cellobiose medium, and absorbance was one-half that of controls after 18 h. The growth rate of Ruminococcus
albus and Ruminococcus flavefaciens was inhibited more by p-coumaric acid than by vanillin, although no

reduction of final absorbance was observed in their growth cycles. Vanillin, and to a lesser extent cinnamic
acid, appeared to prevent the attachment of B. succinogenes cells to cellulose particles, but did not affect
dissociation of cells from the particles. B. succinogenes, R. albus, R. flavefaciens, and Butyrivibrio fibrisolvens
all modified the parent monomers cinnamic acid, p-coumaric acid, ferulic acid, and vanillin, with B.
fibrisolvens causing the most extensive modification. These results suggest that phenolic monomers can inhibit
digestibility of cellulose and xylan, possibly by influencing attachment of the fibrolytic microorganisms to fiber
particles. The reduced bacterial attachment to structural carbohydrates in the presence of vanillin may

generate more free-floating fibrolytic organisms, thus giving a deceptively higher viable count.

Various studies suggest that phenolic compounds of plant
cell walls inhibit digestion of forages in the rumen (10-12).
Phenolic acids are toxic to rumen bacteria and protozoa (3,
6). Cellulolytic rumen bacteria are intimately associated with
plant material undergoing degradation, and such organisms
might encounter concentrations of phenolic acids higher
than those found in rumen fluid. Nevertheless, Chesson et
al. (6) showed that rumen cellulolytic strains in pure cultures
are no more tolerant to added phenolic acids than rumen

bacteria not normally found associated with plant particles.
Hydrogenation of the more toxic phenolic acids to a less
toxic form may be one mechanism of defense for organisms
active in fiber degradation. Further degradation of the hy-
drogenated phenolic acids may then occur.
Few studies have been conducted to determine the influ-

ence of phenolic compounds on forage digestibility and the
toxic effects they may exert on rumen microorganisms.
Studies in our laboratories indicated that certain forage
phenolic compounds routinely inhibit in vitro dry matter
disappearance (IVDMD) of cellulose (10, 11). The objectives
of our study were to examine the effect of two phenolic
compounds, cinnamic acid and vanillin, on the population of
cellulolytic and xylanolytic bacteria involved in batch fer-
mentations. Growth rates of rumen cellulolytic bacteria in
the presence of various phenolic compounds were also
examined. The two phenolic compounds depressed the
IVDMD of cellulose by 14 and 49%, respectively; however,
the total number of Bacteroides succinogenes cells was

threefold greater for fermentations which contained vanillin.

* Corresponding author.

MATERIALS AND METHODS

Bacteria. B. succinogenes S85 and Butyrivibrio fibri-
solvens 49 were a gift from the Microbiology Division, Dairy
Science Department, University of Illinois, Urbana. Rumi-
nococcusflavefaciens C94 and Ruminococcus albus 7 were

gifts from I. M. Robinson, National Animal Disease Center,
Ames, Iowa. The purity of the cultures was checked by
examining colonies on roll tubes and by microscopic exam-

ination of Gram-stained smears.

Culture methods. The Hungate anaerobic culture method
as described by Bryant (5) was used throughout the study.
The composition of the cellulose and xylan agar roll tube
medium was as follows (per 100 ml): clarified rumen fluid, 15
ml; mineral S2 (21), 5 ml; Trypticase (BBL Microbiology
Systems, Cockeysville, Md.), 0.2 g; yeast extract, 0.05 g;
hemin, 0.000125 g; cellulose (Whatman no. 1 filter paper ball
milled with flint pebbles for 18 h), 0.2 g, or xylan (larchwood;
Sigma Chemical Co., St. Louis, Mo.), 0.24 g; Na2CO3, 0.4 g;
cysteine hydrochloride and sodium sulfide, 0.0025 g each;
resazurin, 0.0002 g; and purified agar (BBL), 0.5 g. The gas
phase was 100% CO2, and incubations were at 37°C. The
composition of the IVDMD fermentation medium was as

follows (per 30 ml): McDougall buffer (18), 24 ml; Solka-Floc
or xylan, 0.5 g; and cinnamic acid or vanillin (Sigma), 30 mg.
Rumen fluid (6 ml), collected from a fistulated steer fed an

alfalfa-mixed grass diet and strained through four layers of
cheesecloth, was added as a source of inoculum. Fifty-
milliliter plastic centrifuge tubes with screw caps were used
for the in vitro fermentations. They were inverted 10 times at
8 a.m. and 4 p.m. daily.
The in vitro fermentations were stopped by storing them at

0°C for up to 48 h or by centrifugation at 2,500 x g for 20
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TABLE 1. Effect of cinnamic acid and vanillin on cellulose fermentation by mixed rumen bacteria (after 48-h fermentations with
phenolic compounds"

No. of cellulolytic bacteria
Fermentation medium'9 IVDMD (107/ml)' VFAI concn 4Lmol/ml)

B. succinogenes Others Acet Prop Buty Acet/Prop

Control 44.8* 3.03' 0.69 30.3' 13.1* 2.4* 2.33§
Cinnamic acid (0.1%) 38.6' 3.40§ 0.68 27.1# 10.2* 2.2t 2.66§'
Vanillin (0.1%) 22.8W 9.48 0.56 21.7 5.0t 1.3t 4.32
SEM 1.1 1.88 0.22 1.37 0.6 0.01 0.31

' Data are the means of five replicates from two experiments, with the exception of VFA data, which represent the means of two replicates from one
experiment. Means in same column not showing a common superscript symbol differ. *, t, and t indicate P < 0.05; § and 11 indicate P < 0.10.

b Composition of IVDMD fermentation medium is given in the text. Control is without phenolic acids.
Counted as zones of clearing in agar roll tube medium after 2 weeks of incubation. Others include all bacteria that formed a zone of clearing besides B.

succinogenes.
d Acet, Acetate; Prop, propionate; Buty, butyrate.

min, and residual pellets were analyzed for cellulose by the
procedure of Crampton and Maynard (7). Xylan was esti-
mated by differences in dry weight before and after fermen-
tation. Digestibility was calculated as the amount of xylan or
cellulose that disappeared during the fermentation relative to
initial concentration. These digestibility values were cor-
rected for xylan or cellulose added with the inoculum. It is
assumed that xylan is partially soluble; however, this only
increases the significance of our digestibility value when
differences were observed, based on a dry weight. Separate
IVDMD tubes were used for determining the number of
cellulolytic or xylanolytic bacteria. The contents of triplicate
tubes were combined and blended under a stream of CO2
with a Waring blender. One milliliter of this mixture was

serially diluted in anaerobic buffer (4), and 10', 10-6, and
10-7 dilutions were used to inoculate three cellulose or xylan
agar roll tubes from each dilution. Cellulose zones of clear-
ing, with and without colonies, were counted after 10 to 14
days, and the xylan zones of clearing were counted after 24
h of incubation.
A procedure similar to that of Minato and Suto (19, 20)

was used to qualitatively measure attachment of B. silC-
cinogenes to cellulose particles. B. succinogenes was cul-
tured in cellobiose medium to mid-log phase. This culture
was used to inoculate the following media: (i) cellulose broth
medium alone (same as cellulose agar roll tube medium,
except no agar was added and the cellulose concentration
was increased to 0.8 g/100 ml) or (ii) with 0.2% vanillin, (iii)
with 0.2% cinnamic acid, (iv) or without the addition of
cellulose. The media were inoculated with a 50% volume
from the cellulose medium, inverted 1Ox, incubated at 37'C
for 15 min, and centrifuged (150 x g for 10 min). The culture
supernatant was withdrawn, and the A600 was read. The
change in A60( readings from the two controls (media i and
iv) indicated that the phenolic compounds affected attach-
ment.

Volatile fatty acid (VFA) analysis was performed on the
supernatant from the in vitro cellulose fermentations. The
supernatant was passed through a 0.22-[Lm-pore membrane
filter (Millipore Corp.), acidified to pH 2.0 with H3PO4, and
analyzed with a Hewlett-Packard model 5840A gas chro-
matograph as described previously (28). The roll tube me-

dium without agar and with cellobiose (0.5%) replacing
cellulose was used for the growth rate studies. The medium
was inoculated with 0.05 ml of a late-log-phase culture, and
the A600 was read every 2 h with a Bausch and Lomb
Spectronic 88 spectrophotometer. Results are presented as

the mean of triplicate tubes. Once the cultures reached
stationary growth, they were centrifuged at 15,000 x g for 10

min, and the A300 of the supernatant was read to measure the
amount of phenolic compound remaining. The absorbance of
uninoculated fermentation broth media served as controls.

Statistics. Data were analyzed by least-squares analysis of
variance and by Duncan's multiple range test (23).

RESULTS
The effect of cinnamic acid and vanillin on the cellulose

fermentation by mixed rumen bacteria is shown in Table 1.
After 48 h, cinnamic acid and vanillin depressed the IVDMD
of cellulose by 14 and 49%, respectively. B. succinogenes,
identified by zones of clearing without colony formation,
Gram stain, cell morphology, and fermentation products of
representative strains, was the predominant cellulolytic bac-
terium in all fermentation media. Although cellulose digest-
ibility was reduced 49% with vanillin, the number of viable
B. succinogenes cells was threefold greater in the fermenta-
tion containing vanillin than in the control fermentation. The
number of other cellulolytic bacteria was similar between the
three fermentation media. The concentration of VFA was
lower in the fermentation containing vanillin than in the
control. The acetate-to-propionate ratio was also greater for
this fermentation, primarily because of the large decrease in
the concentration of propionate.

Differences in the number of cellulolytic bacteria between
the control and vanillin in vitro fermentations began at 24 h
(Table 2). The differences were greatest at 36 h (1.83 x 107
versus 7.85 x 107, respectively) and then declined until none
was seen at 96 h. Lysis of B. succinogenes cells may occur
after 36 h in the vanillin medium (6).
When xylan replaced cellulose as the substrate in the

IVDMD medium, a response similar to that of cellulose was

TABLE 2. Effect of incubation time on number of rumen
cellulolytic bacteria cultured from in vitro fermentations

containing phenolic compounds"

No. of cellulolytic bacteria from fermentaiton media
Incubation (107/ml)
time (h) Control Cinnamic acid Vanillin SEM

Control (0.1I%) (0.1%) SE

0 0.35
12 0.65 0.31 0.48 0.16
24 2.38* 2.35* 3.56' 0.11
36 1.83* 2.46* 7.85' 0.66
48 1.57* 1.68* 3.08t 0.14
96 2.83* 0.80' 2.22* 0.28

Means of thr-ee replicates. Means in same column not showing a common
superscript symbol differ at P < 0.10.
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TABLE 3. Number of rumen xylanolytic bacteria and IVDMD of
xylan after 48-h fermentations with phenolic compounds"

No. of xylanolytic bacteria cultured
on roll tube media (107/ml)

Fermentation medium6 IVDMD
(%) Control Cinnamic acid Vanillin

(0.2%) (0.2%)

Control 62.5* 4.83* 4.67 4.71§
Cinnamic acid (0.1%) 58.8t 4.42* 4.33
Vanillin (0.1%) 53.7t 46.75t 51.601

SEM 0.7 9.14 1.22 7.09

Means of three replicates. Means in same column not showing a common

superscript symbol differ: *, t, and t indicate P 0.05; § and 11 indicate P 0.10.
b Composition of IVDMD fermentation medium is given in the text.

observed (Table 3). For the control and fermentation con-

taining vanillin, IVDMDS of 62.5 and 53.7%, respectively,
were observed, giving a 14% decrease in xylan digestibility
with vanillin present. This corresponded to a 10-fold in-
crease of xylanolytic bacteria, 4.83 x 107 and 46.75 x 107/ml,
respectively, in the control and vanillin fermentations. When
the xylanolytic bacteria from the control fermentation were

cultured on roll tube medium containing 0.2% vanillin, the
viable count (4.71 x 107/ml) did not change compared with
roll tube medium without vanillin (4.83 x 107/ml). When the
xylanolytic bacteria from the fermentation containing vanil-
lin were cultured on roll tube medium containing 0.2%
vanillin, the count (51.6 x 107/ml) was much higher than the
count from the control fermentation (4.71 x 107/ml). How-
ever, the count for the vanillin-cultured fermentation (51.6 x

107/ml) was not significantly greater than the count for the
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FIG. 1. Growth of B. suc-cinogenes in the absence and presence

of four phenolic compounds. Descending order of inhibition: vanillin
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FIG. 2. Growth of R. albus in the absence and presence of four
phenolic compounds. Descending order of inhibition: p-coumaric
acid > vanillin > ferulic acid > cinnamic acid.

control roll tubes (46.75 x 107/ml). This suggested that
vanillin in the fermentation medium exerted an effect on the
xylanolytic bacteria, but vanillin did not have a subsequent
effect on viability of xylanolytic organisms in roll tubes.
The effect of various phenolic compounds on the doubling

time (td) and growth rate (R) of B. succinogenes in cellobiose
medium is shown in Fig. 1. In descending order of inhibition,
with the td of the control at 2.32 h, increases in td were as
follows: vanillin, 2.58 h; cinnamic acid, 2.52 h; ferulic acid,
2.40 h; p-coumaric acid had no effect on td. Absorbance
readings at 18 h indicated that B. succinogenes in the
presence of vanillin grew to only one-half of the cell mass of
the control.

Figures 2 and 3 show the effect of these phenolic com-
pounds on the growth of R. albus and R. flavefaciens,
respectively. The descending order of inhibition by the
phenolic compounds was the same for both ruminococci:
p-coumaric acid, vanillin, ferulic acid, and cinnamic acid. In
contrast to B. succinogenes, vanillin did not inhibit the final
cell yield.
Data from three replicate experiments suggested that

vanillin and cinnamic acid influence the attachment of B.
succinogenes to filter paper (Table 4). Cultures were grown
on cellobiose medium to mid-log phase, from which samples
were removed and incubated with or without filter paper and
in the presence of vanillin or cinnamic acid for 15 min. The
cultures were centrifuged slowly to remove only the filter
paper particles and the attached cells. The culture superna-
tants with vanillin had consistently higher absorbance read-
ings than those with filter paper alone, indicating that vanillin
inhibited attachment of B. succinogenes to the particles.
Cinnamic acid produced a similar effect.
When vanillin was included in the in vitro fermentation
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medium and serial dilutions were made in anaerobic buffer,
the first dilution, but not the second, was immediately
oxidized. It was thought that the brief oxidation may detach
cellulolytic bacteria from fiber particles, thus explaining the
higher count of cellulolytic bacteria in the medium contain-
ing vanillin. An experiment was done to determine if this was
true. B. succinogenes was grown on cellulose broth medium
for 48 h. The culture was diluted 1:1 without blending in
anaerobic buffer containing 0.2% vanillin and in buffer free
of vanillin. Each buffer was serially diluted two ways. The
first dilution in one series was deliberately exposed to
oxygen until the resazurin turned pink, while the following
dilutions in the series were treated anaerobically. The other
serial dilution was treated anaerobically throughout the
dilution procedure. Four sets of cellobiose roll tubes were

inoculated (vanillin buffer without 02 exposure, vanillin

TABLE 4. Effect of vanillin and cinnamic acid on attachment of
B. s-cuinogenes to ball-milled filter paper"

A(X) with treatment

Replicate Without With Filter Filter

exp filter filter paper paper +
SEM

paper paper vanillin cinndmic

1 0.39* 0.33' 0.38* 0.35*± 0.01

2 0.57* 0.44k 0.51 0.49" 0.02

3 0.69* 0.49t 0.55k 0.53i 0.02

See text for details.

Means in same column not showing a common superscript differ at P <

0.0)5.

buffer with 0, exposure, buffer without vanillin and without
0, exposure, and buffer without vanillin but with 02 expo-
sure), and viable counts were determined. No differences
were observed in the viable counts from the four sets of roll
tubes, suggesting that brief 02 exposure did not affect the
viability or detachment of B. succinogenes from fiber parti-
cles. This also indicated that although vanillin may interfere
with attachment of B. succinogenes to cellulose particles,
vanillin did not enhance dissociation once the organisms
were attached.
The data in Table 5 suggest that the rumen cellulolytics are

able to modify phenolic monomers. B. fibrisolvens modified
the original monomeric structures much more than did the
other three cultures, with no more than 14% of any of the
monomers remaining after the growth phase was completed.
This may, in part, be due to the longer period of time
required for B. fibrisolvens to reach stationary phase (40 h)
compared with 6, 16, and 20 h for R. flavefaciens, R. albus,
and B. succinogenes, respectively. Considering the means
for all four monomers, R. flavefticiens was the second most
active in modifying the monomers with roughly 50% remain-
ing at stationary phase, followed by B. siuccinogenes with
greater than 50% remaining, and finally R. alblus with greater
than 60% remaining in most cases.

DISCUSSION
It is difficult to correlate the decrease in the IVDMD of

cellulose and xylan with the increase in the number of
respective organisms that degrade these substrates when
vanillin is present. We initially thought that vanillin-induced
oxidation of anaerobic conditions might be involved during
our serial dilutions and during initial set up of IVDMD
fermentation medium. If vanillin initially oxidized the
IVDMD fermentation medium, this may delay the initiation
of cellulose or xylan hydrolyses and may explain the reduced
IVDMD. However, this oxidation hypothesis does not ex-
plain the increase in the number of cellulolytic organisms
which occurred when we deliberately exposed the IVDMD
fermentation medium to oxygen and vanillin. After 24 h, the
cellulolytic organisms in the fermentation medium contain-
ing vanillin outnumbered those in the control (Table 2).
Although succinate, a product of B. su*ccinogenes which is
rapidly decarboxylated to propionate in the rumen (22), was
not determined in our fatty acid analysis, the VFA data
(Table 1), especially the lower propionate concentration in
the fermentation medium containing vanillin, suggest that
the metabolism of cellulose by B. succinogenes may be
inhibited by vanillin. The lower cell densities and slower

TABLE 5. Phenolic compound remaining after incubation of pure
cultures to stationary growth phase

Phenolic compound remaining t%Y

Species Cinnamic p-Coumaric Ferulic Vanillin

acid acid acid

B. succinogenes 51.2* 58.8* 74.2* 46.2*

B. fibrisolv'ens 0.3f 4.3t 8.2t 13.9t

R. albis 66.81 63.0* 82.5* 58.4t

R. flav'efaciens 46.8* 54.8* 50.V 52.3*

SEM 7.1 7.2 8.4 5.2

1' Means in same column not showing a common superscript symbol differ
at P < 0.05.
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doubling times of B. succinogenes when grown on a soluble
substrate such as cellobiose in the presence of vanillin (Fig.
1) contradict the increased viable count when insoluble
cellulose is the substrate. However, these data (Fig. 1)
support the decreased IVDMD, i.e., fewer organisms, less
activity, and thus less IVDMD. Chesson et al. (6) found that
growth of various rumen bacteria in simple sugars medium is
affected to a variable degree by different phenolic acids.
Ferulic acid and p-coumaric acid were most toxic, but the
growth of the cellulolytic organisms, B. succinogenes, R.
flavefaciens, and R. albus, was retarded rather than sup-
pressed at concentrations of these acids which might arise
from the amounts ingested by the animal. However when
vanillin concentrations were approximately 13 mM (0.2%),
cell densities declined; Chesson et al. (6) also found that
increasing concentrations of 1, 5, 10, and 20 mM decrease
final cell densities.

Vanillin may interfere with attachment of B. succinogenes
to cellulose (Table 4). Several studies suggest that B. suc-
cinogenes must attach to fiber particles to degrade the plant
cell wall components (1, 16). Mandatory attachment is
reasonable in that B. succinogenes is assumed to have a
membrane-bound cellulase system (8); therefore, it must be
in close proximity to its substrate for degradation to take
place. Vanillin may in some way inhibit attachment and thus
reduce cellulose degradation. This reduction in attachment
due to vanillin may be one explanation for the increase in B.
succinogenes counts when vanillin is present in the medium.
When bacterial numbers were estimated by the roll tube
method, the free-floating and attached bacteria were both
counted. However, if bacteria remain attached to the cellu-
lose particles during serial dilution, each cellulose particle
will result in a clearing, which may be due to the activities of
several individual cells. In contrast, each free-floating bac-
terium results in a separate clearing. However, the phenolic
compounds may also modify the normal spatial existence,
pairs, and short chains of B. siuccinogenzes. Phenolic com-
pounds could affect growth habit, septum formations, and
cell divisions, resulting in increased free-floating viable
counts.
Akin (3) found that 0.1% p-coumaric acid delays the

growth of unidentified cellobiose-utilizing rumen bacteria
initially; however, after 24 h, absorbance is the same. This
acid also delays cellulose degradation by two to three times.
Interestingly, his study showed that p-coumaric acid inhibits
the growth of xylan-utilizing bacteria and also causes a
reduction of about 50% of the colonies appearing on xylan
roll tubes. This compares with a 10-fold increase that oc-
curred with vanillin. This marked difference may be due to
the different inocula used. Akin (3) used rumen fluid from
cattle fed Bermuda grass, whereas we used rumen fluid from
cattle fed an alfalfa-mixed grass diet.
Based on other studies (9, 24-26), it may seem somewhat

unusual that we routinely found B. succinogenes to be the
predominant cellulolytic organism in the IVDMD fermenta-
tion tubes. However, in past studies 2% agar was used in
cellulose roll tube medium which appears to restrict move-
ment of B. succinogenes, thus making it difficult to observe
zones of clearing. Macy et al. (17) demonstrated that selec-
tive isolation of B. succinogenes from rat gastrointestinal
tracts is not successful unless the purified agar concentration
is lowered to 0.5%. We found this to hold true for isolation
of B. succinogenes from the pig gastrointestinal tract (27).
No effort was made to identify the products formed from

the phenolic monomers given in Table 5. In some cases a
hydrogenation of the 2-propenoic side chain may occur (5).

Of interest was the extensive modification that B. fibrisol-
vens caused in relation to the other cellulolytic organisms.
Chesson et al. (6) found that Streptococ-(cus bovis and the
cellulolytic bacteria, in particular the ruminococci, show at
least a limited ability to modify ferulic and p-coumaric acids,
which they found most toxic, by hydrogenation of the
2-propenoic side chain. The hydrogenated products are
considerably less toxic to these organisms than the parent
acid.
Akin (2) has shown that a rumen bacterial strain uses

ferulic and sinapic acids under anaerobic conditions as the
sole carbon and energy sources. However, growth is sparse
and slow. It has not been reported that B. succinogenes can
utilize phenolic acids for growth. Krumholz and Bryant (13)
isolated a new bacterial species from the rumen that uses
vanillin as an energy source for growth by converting it to
butyrate, protocatechuic aldehyde, and protocatechuate. It
can also catabolize ferulate and syringate. Other organisms
that they recently isolated from the rumen include
Eubacterium oxidoreducens, which is capable of anaerobic
degradation of gallate, pyrogallol, phloroglucinol, and
quercetin (14), and Syntrophococcus sucromutans, which
demethoxylates various phenolic compounds (15).

It would be of interest to combine some of the strains that
Krumholz and Bryant (13-15) have recently isolated with
some of the cellulolytic organisms to determine if increased
digestibility of forage cell walls occurs. Even though some of
these new isolates are found in the rumen in low numbers
(<106/ml of rumen fluid), they may be required only in
catalytic numbers to degrade the phenolic compounds, thus
making the cellulose and hemicellulose more accessible to
the respective organisms that degrade these substrates.
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