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Intraruminal doses of L-tryptophan cause acute pulmonary edema and
emphysema in cattle. The D and L isomers of tryptophan and 22 related indolic
compounds were incubated with ruminal microorganisms in vitro. Incubation of
L- [U-benzene ring- `C ]tryptophan with ruminal microorganisms for 24 h resulted
in 39% of the added radioactivity being incorporated into skatole, 7% into indole,
and 4% into indoleacetate (IAA). D-Tryptophan was not degraded to any of these
metabolites. The major pathway of skatole formation from L-tryptophan
appeared to be by the decarboxylation of IAA. Incubation of [2-14C ]IAA with
ruminal microorganisms for 24 h resulted in 38% incorporation into skatole.
L-[5-Hydroxy]tryptophan was degraded to 5-hydroxyskatole and 5-hydroxyin-
dole, whereas 5-hydroxyindoleacetate was degraded to only 5-hydroxyskatole.
Incubation of indolepyruvate, indolelactate, and indolealdehyde with ruminal
microorganisms resulted in the formation of both skatole and indole. Under
similar conditions, indoleacetaldehyde was converted to IAA and tryptophol.
The addition of increasing concentrations of glucose (O to 110 mM) reduced the
formation of both skatole and indole from L-tryptophan and resulted in the
accumulation of IAA. Antibiotics reduced the degradation of L-tryptophan to
skatole and indole, with kanamycin and neomycin particularly effective in
reducing the decarboxylation of IAA to skatole.

Previous studies on the ruminal degradation
of tryptophan have established that several
metabolites are formed by ruminal microorga-
nisms. Indole, indoleacetate (IAA), and indole-
propionate were detected in washed cell suspen-
sions of ruminal microorganisms incubated with
tryptophan (22). Short incubations of L- [3-
methylene- "C ]tryptophan with ruminal mi-
croorganisms resulted in the radioactivity being
incorporated into IAA (30). Indole and skatole
were formed in vitro and in vivo from DL-trypto-
phan (23, 24). More recently, tryptamine has
been detected in in vitro incubations of DL-tryp-
tophan with ruminal microorganisms (29). Sev-
eral studies also report the natural occurrence of
low concentrations of indole and skatole in
rum'inal fluid (9, 24, 31).
Renewbd interest in the ruminal metabolites

of tryptophan degradation was prompted by
recent studies that demonstrate that the in-
traruminal administration of large doses of
tryptophan or IAA will induce pulmonary
edema and emphysema in cattle (10, 11, 14).
Because tryptophan induces the disease when it

' Scientific paper no. 4054, College of Agriculture Research
Center, project 1893.

is given intraruminally but not when given
intravenously or intraperitoneally, it suggested
that a metabolite of tryptophan fermentation
by ruminal microorganisms might be the causa-
tive agent (10). This investigation was con-
ducted to identify ruminal metabolites of tryp-
tophan which may be responsible for pulmonary
edema and emphysema in cattle.
This paper was presented in part at Fed.

Amer. Soc. Exp. Biol. Meet., April 1972, Atlan-
tic City, N.J.

MATERIALS AND METHODS
Preparation of ruminal fluid. Ruminal fluid used

in the in vitro studies was obtained from two steers
maintained on an alfalfa-grass hay diet. About 1 liter
of fluid was withdrawn 4 h after the morning feeding
and transported to the laboratory in vacuum bottles.
The fluid was strained through four layers of cheese-
cloth to remove debris and used immediately in the
experiments.

Incubation conditions. Incubations were con-
ducted in 50-ml Erlenmeyer flasks fitted with rubber
sleeves. The substrates (5 to 10 mg) were dissolved in
1 ml of 0.1 M NaOH and added to the incubation flask
along with 24 ml of strained ruminal fluid. Addition of
the NaOH increased the pH of the ruminal fluid to 7.2
to 7.6, but the pH returned to normal (6.8) within an

540



DEGRADATION OF INDOLIC COMPOUNDS

hour. Each flask was flushed for 30 min by inserting a
syringe needle, attached to a cylinder of carbon
dioxide, through the rubber sleeve and using another
needle as an exhaust. After the flasks were flushed
with CO2, the exhaust needle was removed first, and
positive pressure was attained by removing the gas-
sing needle. Incubations were conducted at 37 C in a
reciprocal water bath shaker for 24 h. Substrate
controls, using both boiled (20 min) ruminal fluid and
distilled water, were incubated at the same time.

Incubations were terminated by the addition of
three drops of 85% phosphoric acid. The entire incu-
bation mixture was centrifuged at 20,000 x g for 30
min. The pellet was washed twice with 10 ml of 0.05M
potassium phosphate buffer (pH 7.0) and recen-
trifuged. The two washings were combined with the
original supernatant and saved for analysis. The final
pellet was discarded. When "4C-labeled substrates
were incubated, the pellet fraction contained less than
2% of the initial radioactivity.

Extraction of metabolites. Indolic metabolites
were extracted with methylene chloride from the
supernatant under acidic, basic, and neutral condi-
tions (27). The pH of the supernatant (45 ml) was
adjusted to 2.0 with 85% phosphoric acid and ex-
tracted three times with 3 volumes of methylene
chloride to remove the neutral and acidic indolic
metabolites. The basic metabolites were not extracted
into the organic phase. The methylene chloride phase
was drawn off and washed three times with distilled
water adjusted dropwise to pH 8.0 with saturated
K2CO,. The acidic metabolites partitioned into the
aqueous phase. Readjustment of the pH for the two
remaining aqueous phases permitted the extraction of
the basic and acidic metabolites by methylene chlo-
ride. The separated acidic, basic, and neutral frac-
tions were taken to dryness in a warm water bath
(35 C) by using a rotary evaporator and brought back
to a volume of 5 ml with methylene chloride.

Thin-laygr chromatography. Acidic, basic, and
neutral methylene chloride fractions were spotted on
precoated Silica Gel G plates (20 by 20 cm) (E. Merck
AG, Darmstadt, Germany). The solvent systems used
for development were: 2-propanol-ammonia-water
(20:1:2 vol/vol) (solvent 1), 1-butanol-acetic acid-
water (12:3:5 vol/vol) (solvent 2), benzene-
chloroform (6:94 vol/vol) (solvent 3), and cyclohex-
ane-chloroform-diethylamine (4:5: 1 vol/vol) (solvent
4). Skatole and indole, inseparable in the acidic
(solvent 1) and basic (solvent 2) solvent systems,
could be partially resolved in 6% benzene-chloroform
(solvent 3) and completely separated in the cyclohex-
ane-chloroform-diethylamine system (solvent 4) (18).
Three 1-h developments of the same chromatographic
plate with solvent 4 gave a retardation factor (R.)
value of 0.65 for skatole and 0.54 for indole.

Indolic metabolites were located with several rea-
gent sprays: Ehrlich, Van den Bergh, Pauly, Van Urk,
and Gibb (18, 21, 26). Color reactions with these
reagents for the various indolic metabolites men-
tioned in the text are: blue, brown, blue green, blue
gray, gray brown, orange, purple, purple brown, pink,
red, red brown, violet, violet brown, yellow, and-
yellow brown. Identification was based on the R,

values of the metabolite in the four solvent systems
and its color reactions with the various reagent sprays
against authentic compounds spotted on the same
chromatographic plate.
The presence of oxindole, catechol, and other

phenolic compounds in the L-tryptophan and IAA
incubations was tested by using thin-layer chroma-
tography (TLC) in two solvent systems: benzene-
methanol-acetic acid (45:8:4 vol/vol) and chloro-
form-methanol-water-formic acid (100: 20:19:0.8 vol/
vol) (13). Reagent sprays used for detection were:
nitrite-molybdate reagent (2), Gibb reagent (21), and
6% ferric chloride-ferric cyanide reagent (5).
When "C-labeled substrates were used, metabo-

lites were first visualized on chromatograms with
Ehrlich reagent and then scraped into scintillation
vials containing 10 ml of Bray solution (8). A Nuclear
Chicago-Corp. liquid scintillation spectrometer
(model 720) was used. Counting efficiency determined
by using ["C ]toluene as the internal standard was
between 40 to 60%, depending on the color complex
formed between the indolic compounds and Ehrlich
reagent.

Gas-liquid chromatography. Skatole and indole
were determined by gas-liquid chromatography
(GLC) by using a Beckman (model GC-5) gas chro-
matograph equipped with a hydrogen flame ioniza-
tion detector (7). A stainless-steel column (2 m by 2
mm) packed with 20% Carbowax 4000 on Chromosorb
W, DMCS, (60 to 80 mesh) was used. An isothermal
column temperature of 180 C was used with helium as
the carrier gas. The peak area determined by the
height times width at half-height was measured
against a standard curve established with authentic
skatole and indole.

Preparation of protozoa enrichments. Crude pro-
tozoa enrichments were obtained by sedimentation
and low-speed centrifugation of ruminal fluid (12).
Freshly collected ruminal fluid (1 liter) was allowed to
stand for 1 h in 250-ml separatory funnels kept at
38 C. The sedimented protozoa were drawn off, and
the remaining ruminal fluid was centrifuged at 121 x
g for 10 min to bring down the smaller protozoa. The
two protozoal fractions were combined, washed, and
resuspended four times in a buffer solution containing
0.1% NaHCO,, 0.5% NaCl, 0.01% MgSO4, 0.01%
CaCl2, and 0.1% KH2PO4 (17). The protozoa were
divided into two 24-ml portions and incubated in the
same buffer solution with or without penicillin and
streptomycin. Twenty-four ml of the original ruminal
fluid and the centrifuged ruminal fluid, freed of
protozoa, were incubated at the same time. Incuba-
tion was for 24 h at 37 C under CO,.

Skatole and indole in ruminal fluid in vivo.
Ruminal fluid (50 ml) was collected just before
feeding and at 4-h intervals over a period of 24 h from
two steers fed a hay diet once daily. The fluid was
strained through cheesecloth, and the fine debris that
passed through the cloth was permitted to settle to
the bottom. Two ml of ruminal fluid essentially free of
debris was extracted three times with 20 ml of
methylene chloride by using a Burrell shaker. Three
extractions were sufficient to remove all of the skatole
and indole as determined by TLC and GLC of
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ruminal fluid spiked with a standard skatole and
indole mixture. The extract was evaporated to ap-

proximately 1 ml over a water bath (25 C) with a

rotary evaporator. The concentrated extract was

transferred to a 3-ml conical test tube with four 0.5-ml
washes of methylene chloride and evaporated at room
temperature to 0.1 ml with N2 gas. Samples of 2
,gliters were analyzed for skatole and indole by GLC as

described above.
Substrates. DL- [U-benzene ring- "C ]tryptophan

(95 mCi/mmol) and [2-"CJIAA (58 mCi/mmol) were

obtained from Amersham-Searle Corp., Arlington
Heights, Ill. L- [U- "C ltryptophan (592 mCi/mmol)
was from New England Nuclear Corp., Boston, Mass.
Examination by TLC in two solvent systems showed
these compounds to have a radiochemical purity of
greater than 98%. In some instances L- [U-benzene
ring- 14C ]tryptophan was obtained from DL- [U-ben-
zene ring-14C]tryptophan by paper chromatography,
using a solvent system of methanol-1-butanol-ben-
zene-water (20: 10: 10: 1 vol/vol), modified by substi-
tuting 1-butanol for 1-pentanol (25). 5-Hydroxy-
skatole was chemically prepared from skatole (19).

L-Tryptophan, D-tryptophan, IAA, and other in-
dolic substrates were obtained from several commer-

cial sources and were of reagent grade.

RESULTS

In vitro incubations with indolic
compounds. Table 1 shows the R. values and
color reactions of identifiable metabolites de-
tected in the 24-h incubations of L-tryptophan
and other indolic compounds with ruminal
microorganisms in vitro. L-Tryptophan was de-
graded to three indolic metabolites identified
from their Rr values and color reactions in
solvents 1, 2, and 4 as skatole, indole, and IAA
(Table 1). Incubation of L- [U-benzene ring-
14C ]tryptophan with ruminal microorganisms

and analysis by TLC in solvent 4 confirmed that
these are the major metabolites of L-tryptophan
degradation (Fig. 1). Skatole and indole were

not degraded to oxindole, catechol, or other
phenolic compounds by ruminal microorga-
nisms. No other metabolites were detected in
the acidic and neutral extracts when using the
various solvent systems and detection sprays.
The basic extract from the L-tryptophan incu-
bations showed a faint spot on chromatographic
plates corresponding to tryptamine when
sprayed with Ehrlich reagent. When L- [U-ben-
zene ring- TC ]tryptophan was incubated, no

radioactivity was detected in this spot.
When 5-hydroxy-L-tryptophan was incubated

with ruminal fluid, two metabolites with R.
values and color reactions distinctly different
from skatole and indole were formed. One of
these metabolites resulted in an immediate
blue-green color with Ehrlich reagent, turning
dark blue after 24 h. Its R. values and color
reactions were similar to that of synthetic
5-hydroxyskatole. By comparison with authen-
tic compounds, the other metabolite formed
from 5-hydroxy-L-tryptophan was identified as

5-hydroxyindole. Although 5-hydroxyindoleace-
tate was not detected as an intermediate in the
incubation of 5-hydroxy-L-tryptophan, the in-
cubation of this compound with ruminal micro-
organisms resulted in its further degradation to
5-hydroxyskatole.
IAA was degraded to a neutral, Ehrlich-posi-

tive metabolite with R. values and color reac-

tions identical to skatole. The metabolite was

extracted from incubations under neutral con-

ditions and was shown to also have the same

retention time as skatole with GLC. Incuba-

TABLE 1. R, values and color reactions of L-tryptophan and metabolites detected in the incubations of indolic
compounds with ruminal microorganisms in vitro

R, valuesa Color reactions'

Compounds Sol- Sol- Sol- Sol-
vent 1 vent 2 vent 3 vent 4 Ehr VB Pa VU G

Skatole .................. 0.68 0.76 0.60 0.65 P B Y RBr Y BGy - Br
Indole ................... 0.67 0.74 0.54 0.54 PK RBr Y Or RBr
IAA ................... 0.22 0.70 0.00 0.00 P R B P GyBr
5-Hydroxyskatole ........ 0.65 0.68 0.13 0.22 BG -. B YBr RBr YBr Br
5-Hydroxyindole ......... 0.65 0.72 0.08 0.18 Br - Y Br RBr Br Br
Tryptophol .............. 0.64 0.71 0.05 0.18 P Y Y Y VBr
L-Tryptophan ............ 0.23 0.39 0.00 00.O iP Y Y Y PBr

a Solvent systems used for development of the indolic compounds are described in the Materials and Methods
section.

'Color reactions of the indolic compounds were obtained by spraying the chromatograms with various spray
reagents as also described in the text. Abbreviations for spray reagents: Ehrlich (Ehr), Van den Bergh (VB),
Pauly (Pa), Van Urk (VU), and Gibb (G). Color reaction abbreviations: blue (B), brown (Br), blue green (BG),
blue gray (BGy), gray brown (GyBr), orange (0), purple (P), purple brown (PBr), pink (PK), red (R), red brown
(RBr), violet (V), violet brown (VBr), yellow (Y), and yellow brown (YBr).
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I , ....... h resulted in 39 ± 4% standard error mean
21 .......(SEM) of the added radioactivity being incor-
19 _ L-TRYPTOPHAN porated in skatole, 7 ± 2% SEM into indole, and9 4 ± 0.5% SEM into IAA. Similarly, when
17_ [2-14CRIAA (1.1 x 10-3 M, 0.018 mCi/mmol)was incubated, 38 ± 8% SEM of the added
15_ SKATOLE radioactivity was found in skatole. The forma-

tion of ["C ]skatole from [2- "C ]IAA suggested a
13 decarboxylation reaction with the '4C label

N located on the methyl carbon of skatole. The
Q I _AA formation of nonradioactive indole by the cleav-

INDOLE age of acetate from [2- '4C JAA was a possibility.
a: 9 _ l l l _ However, examination of IAA metabolites bya:

l l lTLC as well as the metabolites of the incuba-7 tion of [U-benzene ring-"CJIAA with ruminal
microorganisms indicated that this reaction

5_ does not occur.
3-

; \2Thein vitro degradation of L-tryptophan to
skatole and indole is only apparent with long
incubations. The results summarized in Table 2
indicate that at 6 h of incubation only 0.1% of

3 5 7 9 I 13 5 17 19 21 23 25 27 the added radioactivity from L- ["C ]tryptophan
FRACTION NO. was incorporated into skatole. This increased to

FIG. 1. Incubation of L-[U-benzene ring-'4C~tryp- 1.8% with 12 h of incubation, 10.3% with 18 h,
tophan with ruminal fluid. Ruminal fluid (24 ml) was and 15.0% at 24 h. The incorporation of 14C
incubated with L-[U-benzene ring-"4C~tryptophan label into indole increased from 0.1% with 6 h
(9.8 x 10-i M, 0.021 mCi/mmol) dissolved in 1 ml of
0.1 M NaOH. Incubation was for 24 h at 37 C under
CO2. Metabolites were extracted with CH2CI2 and 21
separated by TLC (solvent 4). Fractions of 0.5 cm
were scraped from the plate and counted by liquid 19
scintillation spectrometry. Symbols: ruminal fluid
incubation (0); boiled ruminal fluid control (A). 17]
tion of [2-14C]IAA with ruminal microorga- 15
nisms and analysis by TLC in solvent 1 con- 1AA
firmed that skatole was the only metabolite 13_
formed (Fig. 2).
Both skatole and indole were formed during N

the incubation of indolepyruvate, indolelactate, 0
and indolealdehyde with ruminal microorga- x 9
nisms. Indoleacetaldehyde was converted to 2 SKATOLE
IAA and tryptophol. 7

D-Tryptophan was not degraded to eitherl
skatole, indole, or IAA by ruminal microorga- 5
nisms under the experimental conditions. Other
indolic compounds that were not degraded by 3\
ruminal microorganisms in vitro included: 5-
methoxy-DL-tryptophan, N-acetyl-tryptophan,
5-methoxyindoleacetate, indolecarboxylate, in- 3 5 7 9 11 13 15 17 19 21 23 25 27
dolepropionate, indolebutyrate, indoleacetoni- FRACTION NOtrile, indoleacrylate, indoleglyoxalate, in- FATO O
doleacetamide, tryptophol, 5-hydroxytrypta- FIG. 2. Incubation of [2-14CIIAA with ruminal
mine (creatinine sulphate complex and hydra fluid. Ruminal fluid (24 ml) was incubated withmine (creatininesalt) hand coyptamplexH~.and[2-14CIIAA (1.1 x 10- IM, 0.018 mCi/mmol) dissolvedgen oxalate salt), and tryptamine-HC . in 1 ml of 0.1 M NaOH. Incubation was f6r 24 h atIncorporation and time sequence studies. 37 C under CO2. Metabolites were extracted by
In six experiments, the incubation of L- [U-ben- CH2CI2, separated by TLC (solvent 1), and counted as
zene ring-'4C Itryptophan (9.8 x 10- 4 M, 0.021 described under Fig. 1. Symbols: ruminal fluid incu-
mCi/mmol) with ruminal microorganisms for 24 bation (0); boiled ruminal fluid control (A).
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of incubation to 2.3% with 24 h of incubation.
Incorporation into IAA showed a reverse trend
with 8.2% of the added radioactivity being as-
sociated with this metabolite at 6 h, increasing
to a maximum of 12.1% at 12 h, then decreas-
ing to 9.3 and 2.6% by 18 to 24 h. The aqueous
fractions, containing the undegraded L [14C]-
tryptophan and other metabolites not extracted
by methylene chloride, decreased from 7.8 to
1.4% over the 24-h incubation period. Total ra-
dioactivity found in the aqueous fraction and in
the metabolites examined could only account
for 16.2% of the added radioactivity at 6 h, 19.7%
at 12 h, 23.5% at 18 h, and 21.3% at 24 h.

Influence of ruminal protozoa and bacteria
on the formation of metabolites. Incubation of
L- [U-benzene ring- 4C Itryptophan with a crude
preparation of ruminal protozoa for 24 h re-
sulted in only 0.1% of the added radioactivity
incorporated into skatole, 3% into indole, and
8% into IAA (Table 3). L- [1C ]tryptophan was
not removed from the incubation by methylene
chloride extraction, and it represented 70% of
the added radioactivity remaining in the aque-
ous fraction. Addition of antibiotics, penicillin,

TABLE 2. Time sequence of metabolites formed from
L-tryptophan by ruminal microorganisms in vitroa

Added radioactivity incorporated
Incubation into:' (%)
time (h) Aqueous Skatole Indole | IAA T Total

6 7.8 0.1 0.1 8.2 16.2
12 5.5 1.8 0.3 12.1 19.7
18 2.6 10.3 1.3 9.3 23.5
24 1.4 15.0 2.3 [2.6j 21.3

a The complete system contained L- [U-benzene
ring- 14Cjtryptophan (4.9 x 10-4 M, 0.083 mCi/mmol)
dissolved in 1 ml of 0.1 M NaOH and 49 ml of strained
ruminal fluid.

Samples of 10 ml were removed, acidified, ex-
tracted with CHCl,, separated by TLC, and counted
as described in the text.

and streptomycin (400 itg/ml) to the incubation
decreased IAA but had no effect on skatole,
indole, or the aqueous fraction. Incubation of
L- [4C ]tryptophan with ruminal fluid, freed of
protozoa, resulted in 13% incorporation into
skatole, 4% into indole, and 50% into IAA. Only
16% of the added radioactivity was found in the
aqueous fraction. The use of untreated ruminal
fluid resulted in 26% incorporation into skatole,
4% into indole, and 3% into IAA. Only 44% of
the added radioactivity could be accounted for
by skatole, indole, IAA, and the aqueous frac-
tion.

Effect of glucose concentration on the for-
mation of metabolites. The addition of in-
creasing concentrations of glucose (0 to 110 mM)
to the incubations resulted in a progressive de-
crease in the incorporation of L- [U-14C ]trypto-
phan activity into skatole and indole but an
increase in incorporation into IAA (Table 4).
With the exception of the 17 mM glucose
concentration, the incorporation of radioactiv-
ity into skatole fell from 26% in the control to
less than 2% with increasing glucose concentra-
tion. Similarly, the incorporation of radioactiv-
ity into indole fell from 5% to 0.1%. IAA
increased from 3 to 7%. The aqueous fraction,
containing the undegraded L-tryptophan and
other metabolites not extracted by methylene
chloride, increased from 14% in the control to
63% in the flask containing the highest glucose
concentration (110 mM). Final pH values ob-
tained at the termination of the 24 h incubation
showed a decrease from 6.1 in the control to 4.2
in the flask containing the highest glucose
concentration.

Effect of antibiotics on the formation of
metabolites. With the exception of strep-
tomycin, all of the antibiotics tested at 400
Ag/ml reduced the conversion of L-tryptophan to
skatole (Table 5). Polymyxin B, chlorotetracy-
cline, and oxytetracycline were most effective
with only 0.2, 1.2, and 2.0% incorporation into

TABLE 3. Formation of L-tryptophan metabolites by ruminal bacteria and protozoa preparationsa

Added radioactivity incorporated into:' (%)
Preparation a

Aqueous Skatole Indole IAA Total

Protozoa....................... 69.6 0.1 3.0 7.8 80.5
Protozoa + antibiotics .......... 72.0 0.1 3.3 4.7 80.1
Bacteria ........................ 15.7 12.6 3.9 50.4 82.6
Ruminal fluid .................. 10.8 26.3 4.0 2.5 43.6

a Each flask contained L-[U-benzene ring- 14C Itryptophan (9.8 x 10-4M, 0.021 mCi/mmol) dissolved in 1 ml
of 0.1 M NaOH and 24 ml of strained ruminal fluid or buffer. Values reported are the means of two experiments.

'Metabolites were extracted with CH2C1,, separated by TLC (solvent 4), and counted by liquid scintillation
spectrometry.
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TABLE 4. Effect of increasing glucose concentration
on the formation of metabolites from L-tryptophan by

ruminal microorganisms in vitroa

Added radioactivity incorporated
Glucose into:b (%)

concentra- pH
tion (mM) Aque- Skat- Indole IAA Total

ous ole

Control 6.1 14.0 25.5 4.9 2.6 47.0
6 6.0 32.8 16.0 4.7 2.9 56.4
11 5.8 34.5 15.7 4.1 2.2 56.5
17 5.6 15.3 24.4 4.4 2.6 46.7
28 5.5 45.7 9.0 2.3 2.7 59.7
56 5.1 50.2 5.1 0.5 7.1 62.9
78 4.5 56.8 2.5 0.1 6.5 65.9
110 4.2 62.9 1.5 0.1 6.5 71.0

a Each flask contained L- [U-benzene ring- 14C ]tryp-
tophan (9.8 x 10- M, 0.021 mCi/mmol) dissolved in 1
ml of 0.1 M NaOH, the appropriate amount of
glucose, and 24 ml of strained ruminal fluid. Incuba-
tion was for 24 h at 37 C under CO2. Values reported
are the means of two experiments.

b Metabolites were extracted, separated, and
counted as described in the text.

TABLE 5. Effect of antibiotics on the formation of
metabolites from L-tryptophan by ruminal

microorganisms in vitroa

Added radioactivity incorporated
into: (%)

Antibiotic
Aque- Skat- Indolel IAA Totalous ole

Control.35.6 13.7 5.1 3.1 57.5
Chlorotetracycline .. 69.5 1.2 1.1 4.4 76.2
Kanamycin. 31.9 4.7 4.3 31.6 72.5
Neomycin.18.7 6.7 5.3 40.9 71.6
Oleandomycin. 59.3 4.7 2.4 6.3 72.7
Oxytetracycline 55.4 2.0 2.0 17.1 76.5
Penicillin G. 51.3 5.4 5.4 7.4 69.5
Polymyxin B. 64.6 0.2 5.5 5.2 75.5
Streptomycin. 47.6 14.7 4.0 2.4 68.7

a Each flask contained L- [U-benzene ring-'C ]tryptophan
(9.8 x 10-' M, 0.021 mCi/mmol) dissolved in 1 ml of 0.1 M
NaOH, 10 mg of antibiotic (400 ,g/ml), and 23 ml of strained
ruminal fluid. Incubation was for 24 h at 37 C under CO2.
Values reported are the means of two experiments.

Metabolites were extracted, separated, and counted as
described in the text.

skatole, respectively. The untreated control
showed 14% of the added radioactivity of L-
["C tryptophan incorporated into skatole. In-
corporation into indole was also reduced by the
tetracyclines, but not by neomycin, penicillin
G, and polymyxin B. The addition of the
aminoglycosidic antibiotics (kanamycin and
neomycin, and to a lesser extent, oxytetracy-
cline) reduced the incorporation of radioactivity
into skatole and increased (10- to 13-fold) the

radioactivity into IAA. The undegraded L-tryp-
tophan, represented by the radioactivity re-
maining in the aqueous fraction after methylene
chloride extraction, ranged from 19% (neomy-
cin) to 70% (chlorotetracycline) compared with
36% for the control.

Skatole and indole concentrations in ru-
minal fluid. Skatole and indole were detected
in ruminal fluids in variable but low concentra-
tions over several months. Quantitative analysis
of ruminal fluid obtained at 4-h intervals for 24 h
from two steers fed once daily showed that
skatole was present from 0.09 to 0.59 Ag of
ruminal fluid per ml (Fig. 3). Measurable con-
centrations of indole were present in the rumi-
nal fluid of only one steer at 0 and 4 h after
feeding, with values of 0.15 and 0.30 jig/ml,
respectively. Trace amounts (<0.001 gg/ml) of
indole were detected in samples obtained from
both steers at longer intervals after feeding.

DISCUSSION
The data indicate that skatole, indole, and

-o

U-

c

0

E
E

0.5-

0.3H

0.I F

0 8
Hrs. after

16 24

Feeding
FIG. 3. Concentration of skatole in ruminal fluid.

Steers were fed at zero time, and 50-ml samples of
ruminal fluid were collected at 4-h intervals. Strained
ruminal fluid (2 ml) was extracted three times with
20 ml of CH2CI2, evaporated to 0.1 ml, and analyzed
by GLC. Values are reported as micrograms of rumi-
nal fluid per milliliter. Steer no. 1 (0); steer no. 2 (A).

I I

545VOL. 27, 1974



YOKOYAMA AND CARLSON

IAA are the major indolic metabolites of L-tryp-
tophan fermentation by ruminal microorga-
nisms in vitro and that skatole is the chief
indolic metabolite produced. IAA has previ-
ously been shown to be a product of tryptophan
degradation in short-term in vitro incubations
with ruminal microorganisms (30). Another
study demonstrated that IAA was incorporated
into microbial cells and that strains of Rumino-
coccus albus synthesize tryptophan from this
metabolite (1). Our results (Table 2, Fig. 2)
indicate that the major route by which skatole
is formed from L-tryptophan is by a two-step
process involving (i) the initial formation ofIAA
from L-tryptophan, and (ii) the subsequent
decarboxylation of IAA to skatole. The second
reaction in this sequence is only apparent in
vitro with long-term incubations, as indicated
in Table 2.
This study also indicates that other indolic

compounds are converted to skatole and indole
by ruminal microorganisms. Besides trypto-
phan and IAA, indolepyruvate, indolelactate,
and indolealdehyde may serve as precursors for
the formation of skatole and indole in the
rumen. Based on the indolic compounds that
are degraded by ruminal microorganisms to
identifiable metabolites, it is possible to derive
a tentative scheme for the fermentation path-
ways occurring in ruminal fluid in vitro (Fig. 4).

NH2

ctiJI-~lCH2-C-COOHH
L-TRYPTOPHAN

CCHO CH2-C-C00H

H H H
INDOLEALDEHYDE INDOLEPYRUVIC INDOLE OH

C C CH2-CCOOHN71 LN2tCL-INDOLELACTIC
H H

TRYPTOPHOL INDOLEACETALDEHYDE

CI J2COOH
H

INDOLEACETIC

(c~~~-jJCH3
H

SKATOLE
FIG. 4. Tentative pathway for the fermentation of

L-tryptophan and. related indolic compounds by ru-
minal microorganisms in vitro.

It is clear from several of the studies con-
ducted, especially Table 2, that the majority of
the labeled tryptophan incubated with ruminal
microorganisms cannot be accounted for by the
formation of the indolic metabolites, skatole,
indole, and IAA. Methylene chloride extraction
to remove the indolic metabolites from the
aqueous fraction will not remove tryptophan.
The radioactivity remaining in the aqueous
fraction is, therefore, due to undegraded trypto-
phan and other labeled metabolites not ex-
tracted by methylene chloride. Even in consid-
erirhg the radioactivity remaining in this frac-
tion, all of the added radioactivity cannot be
accounted for. It is possible that some of this
loss may be attributed to assimilation by mi-
crobial cells and complete degradation to la-
beled carbon dioxide.
The study conducted with crude preparations

of ruminal bacteria and protozoa indicates that
in the absence of protozoa, L-tryptophan can be
degraded to skatole, indole, and IAA. It does not
exclude the possibility that ruminal protozoa
may also be important in the formation of these
metabolites on a quantitative basis. The differ-
ence between the incorporation of label into
metabolites by the bacteria preparation and
untreated ruminal fluid could be explained by
the treatment of the ruminal fluid to remove the
protozoa prior to incubation. Ruminal bacteria
are strict, obligate anaerobes and may have
been affected during the separation procedure.
The inhibitory effects of the antibiotics tested
(Table 5) would strongly suggest that the bacte-
rial population of ruminal fluid is responsible
for the formation of these metabolites.

Previous studies (6, 16) demonstrate that the
formation of indole by tryptophanase can be
induced by tryptophan and repressed by glucose
in pure cultures. Addition of increasing
amounts of glucose to in vitro incubations of
ruminal microorganisms resulted in a progres-
sive decrease in the incorporation of L-
["C Itryptophan label into both skatole and
indole. It is, therefore, conceivable that like
indole, the formation of skatole can be induced
by the appropriate substrate and repressed by
glucose. One cannot, however, rule out the
effects of the decrease in pH observed in this
study.
Although antibiotics will effectively control

the degradation of L-tryptophan to skatole and
indole, no attempt was made to assess their
effects on the total microbial population in
ruminal fluid. Because these antibiotics were
tested at a relatively high level and may have
had multiple effects, any assessment of their
usefulness in preventing the tryptophan-
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induced emphysema in cattle must take this
factor into account. The aminoglycosidic an-
tibiotics, kanamycin and neomycin, were most
effective in reducing the decarboxylation of IAA
to skatole.

Quantitative analysis by GLC and qualita-
tive analysis by TLC of ruminal fluid obtained
from two steers indicate that skatole is the
predominant naturally occurring indolic metab-
olite in vivo. We have also shown that the
intraruminal administration of large doses of
L-tryptophan (0.35 g/kg BW) resulted in rela-
tively high skatole concentrations (4.4 gg/ml) in
ruminal fluid (unpublished data). Ruminal
fluid periodically obtained over several months
from the steers used in these studies showed
that the concentration of skatole and indole did
vary. Other studies (9, 24, 31) indicate that
indole is the predominant metabolite in the
rumen. No immediate explanation is apparent
for the observed variations in skatole concentra-
tion of ruminal fluid between animals or with
respect to time after feeding. Although both
animals were housed together and received the
same diet, the ruminal fluid from steer 2 was
consistently higher in skatole concentration.
The specific bacteria responsible for the deg-

radation of L-tryptophan to skatole, indole, and
IAA in ruminal fluid remain to be isolated and
identified. We have obtained in pure culture
from ruminal fluid a bacterium capable of
degrading L-tryptophan to only indole and IAA.
A mixed culture that we are also maintaining
will only effect the decarboxylation of IAA to
skatole. These metabolites are usually associ-
ated with the lower intestinal tract and fecal
material.

Skatole and indole are toxic to rumen ciliate
protozoa (3, 15) and to Tetrahymena (4, 20),
resulting in cell immobility and disintegration
of membranous structure. Skatole and indole
also show a bacteriostatic action on gram-nega-
tive enteric bacteria (32, 33). Although the
exact mechanism of this toxicity is not known,
it is believed to be related to the lipophilic
properties of these compounds (15, 28).

In other studies, we have examined skatole as
a possible causative agent of tryptophan-
induced pulmonary edema and emphysema.
Our findings indicate that when administered
intraruminally and intravenously to cattle and
intraruminally to goats, skatole will induce
emphysema similar in clinical signs and lung
lesions to the tryptophan-induced disease (11).
We now believe skatole to be the metabolite of
L-tryptophan fermentation in the rumen that is
responsible for the experimentally induced em-
physema.
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