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Abstract  

The metabolic pathways involved in degradation of tannin-protein complex (T-PC) were investigated in vari- 
ous facultatively anaerobic bacteria, with specific reference to fecal isolates from the koala including T-PC- 
degrading enterobacteria (T-PCDE), Streptococcus bovis, Klebsiellapneumoniae, and K. oxytoca. It was dem- 
onstrated that T-PCDE and S. bovis biotype I were capable of degrading protein complexed with gallotannin 
(a hydrolyzable tannin), but not that complexed with quebracho (a condensed tannin). Subsequent studies 
showed that these strains metabolized gallic acid to pyrogallol. Strains of Klebsiella pneumoniae and K. ox- 
ytoca, which did not degrade T-PC, also metabolized gallic acid into pyrogallol. Pyrogallol was not degraded 
by any strains studied, but it was not detected in fresh feces of the koalas. The majority of strains isolated from 
feces could degrade phloroglucinol. Based on these findings, we propose that members of the gut microflora 
of the koala cooperate in the degradation of T-PC. 

Introduct ion  

Tannins are phenolic compounds that occur widely 
in the plant kingdom (Bate-Smith & Lerner 1954; 
White 1957) and are known to form chemical com- 
plexes with proteins in vitro (Hagerman & Butler 
1981; McManus et al. 1983). These complexes have 
been considered to be resistant to degradation 
within the gut of mammals thus reducing apparent 
digestibility of protein (Feeny 1976; McLeod 1974; 
Rhoades & Cates 1976) and increasing fecal nitro- 
gen excretion (Mole & Waterman 1987). On this ba- 
sis, tannins have been considered as a defense 

mechanism of plants against herbivory (Rhoades & 
Cates 1976; Swain 1978). 

Tannins are broadly classified into two groups, 
based on structure: hydrolyzable tannins and con- 
densed tannins (Zucker 1983; Salunkhe et al. 1989). 
Hydrolyzable tannins contain a central core of car- 
bohydrates (i.e., glucose and polyhydric alcohol) 
which are esterified by phenolics (i.e. gallic acid). 
Condensed tannins are structurally more complex, 
not hydrolyzable, and do not contain carbohy- 
drates. 

The koala, Phascolarctos cinereus, is an arboreal 
marsupial inhabiting the forest of eastern Australia. 
It feeds almost exclusively on the foliage of Euca- 
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lyptus spp. (Eberhard 1978; Eberhard et al. 1975), 
which are known to have a high content of tannins 
(Macauley & Fox 1980; Cork & Pah11984). This led 
us to the hypothesis that the koala possesses gut mi- 
croflora actively metabolizing tannin-protein com- 
plex (T-PC). Recently, we have reported that Strep- 
tococcus bovis biotype I (Osawa 1990; Osawa & 
Mistuoka 1990; Osawa 1991) and T-PC-degrading 
enterobacterium (T-PCDE) (Osawa, 1992), both of 
which occur frequently in the alimentary tract of the 
animal, had the unique property of degrading pro- 
tein complexed with a hydrolyzable tannin (tannic 
acid). However, it is not known how the complex is 
degraded by these bacteria, and whether those bac- 
teria are also capable of degrading protein com- 
plexed with a condensed tannin. 

It has been known for some time that gallotannin 
(a hydrolyzable tannin) was readily hydrolyzed to 
yield gallic acid by the enzyme called 'tannase (tan- 
nin acylhydrolase)' produced by some fungal 
strains belonging to the genus of Aspergillus (Jean 
et al. 1981; Pourrat et al. 1987) and Candida (Aoki et 
al. 1976). There is also evidence that gallate and rel- 
evant trihydroxybenzenoids (i.e. pyrogallol, and 
phloroglucinol) were metabolized by some rumen 
bacteria such as Eubacterium oxidoreducens 
(Krumholz & Bryant 1986), S. bovis (Tsai & Jones 
1975), and Coprococcus sp. (Tsai & Jones 1975; Tsai 
et al. 1976). Krumholz et al. (1987) proposed a path- 
way for the anaerobic catabolism of gallic acid by E. 
oxidoreducens, in which it was metabolized to pyro- 
gallol, and further to phloroglucinol. Thus, the pre- 
sent study was designed to determine whether such 
metabolic pathways are involved in the degradation 
of tannin-protein complex (T-PC) by the koala iso- 
lates. 

Materials and methods  

Bacterial strains 

Twelve strains were used in the present study. These 
included 7 strains isolated from fresh feces of koalas 
and 5 strains from established cultures for compari- 
son. Those koala isolates were: T-PCDE UQM 
3666 and UQM 3667; Streptococcus bovis biotype I 

UQM 3611; Escherichia coli LPKS 110 and LPKS 
112; Klebsiella pneurnoniae LPKS 104; K. oxytoca 
LPKS 109. The strains from the established cultures 
were: Enterobacter agglomerans UQM 1615; S. bo- 
ris biotype II UQM 3539; S. bovis biotype I UQM 
3546; E. coli UQM 845; K. pneumoniae UQM 90. 
All strains were maintained on nutrient agar (Ox- 
oid Ltd., Basingstoke, Hampshire, United King- 
dom) with 5% defibrinated horse blood. 

Media used 

Nutrient Broth No. 2 (Oxoid) supplemented with 
0.1% yeast extract (Oxoid) was used as basal medi- 
um (BM) throughout the present study. Using BM, 
three kinds of media were prepared as follows. 

(1) Plate media: BM was supplemented with 1% 
agar (Oxoid) and autoclaved. The BM agar (BMA) 
was allowed to cool to 50 ° C. The BM was then 
either mixed with filter-sterilized tannic acid (a hy- 
drolizable tannin; Kanto Chemical Co., Inc., Nihon- 
bashi, Tokyo, Japan) or quebracho tannin (a con- 
densed tannin extracted from wood of Schinopsis 
lorentzii [Anacardiaceae]; Hardie Tradings Ltd., 
Sydney, Australia) at a final concentration of 0.5 % 
(wt/wt), and poured on to sterile petri dishes to pro- 
duce two kinds of plate media, hydrolyzable- and 
condensed-tannin basal medium agar (HTBMA 
and CTBMA, respectively). The BMA was initially 
transparent but, with addition of the tannins, it be- 
came opaque, indicating that the protein fraction in 
BMA was bound to the tannins to form T-PC. 

(2) Biphasic medium: HTBMA was poured onto 
multiwell tissue culture plates (24 wells, sterilized 
flat-bottomed with lid; 0.5 ml per well) and left at 
4°C overnight. BM (1.5ml) was then overlaid on 
HTBMA in each well (referred to as BM/HTBMA) 
to prepare a biphasic medium. 

(3) Broth media: BM containing either 20mM 
gallic acid (GA) or pyrogallol (PY) or phlorogluci- 
nol (PH) with or without 20mM glucose were pre- 
pared to produce 6 different broth media (GA, 
GA+ glucose, PY, PY+ glucose, PH, PH+ glucose, 
respectively). In addition, BM containing increas- 
ing concentrations (0, 20, 40, 60, 80,100raM) of gal- 
lic acid was prepared. The broth media thus pre- 



pared were poured aseptically onto multiwell tissue 
culture plates (2ml per well). 

All media described above were adjusted using 
NaOH and HC1 to an initial pH 6.7 and stored un- 
der anaerobic conditions (8-10% CO2, 10-12% H 2, 
78-82% N2), using Bio-bag (Becton-Dickinson & 
Co., Cockeysville, Maryland, USA) before use. 
This anaerobic storage was necessary to avoid un- 
desirable darkening of the media due to oxidation 
of tannins and phenolics. 

Inoculation and incubation 

For plate culturing, fresh cultures of the bacterial 
strains grown on nutrient blood agar were harvest- 
ed by lgt  loop and inoculated onto HTBMA and 
CTBMA. The plates were incubated for 7 days. 

For bi-phasic and broth culturing, a welt estab- 
lished colony of each bacterial strain was suspended 
in 10ml sterile water. With this bacterial suspension, 
the media were inoculated (40gl per well) and in- 
cubated for 7 days (biphasic media) or 3 days 
(broth). All incubations were performed anaerobi- 
cally using Biobag (Beckton-Dickinson & Co.) at 
37 ° C throughout the study. 

Analytical methods 

Presence of a zone of clearing or decreased cloud- 
iness in the tannin-containing media was used as a 
qualitative index of degradation of T-PC in culture. 
The pH of bi-phasic medium before and after the 
incubation was also measured. Bacterial growth in 
the broth media was determined by measuring 
changes in optical density (OD) at 660nm in a spec- 
trophotometer (DMS 200, Varian Pty. Ltd. Mul- 
grave, Australia). 

Reversed-phase high performance liquid chro- 
matography (HPLC) as described by Hoefler & 
Goggon (1976) was used to quantify end products of 
the degradation of tannin-protein complex or other 
phenolic substrates in the spent broth media. A 
Model 2152 HPLC system (LKB Produkter AB, 
Bromma, Sweden) equipped with a solvent condi- 
tioner was used at ambient temperature (23°C) 
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with flow rate at lml/min. Samples were injected 
onto a Phenomenex gBondpak C18 (10 gm) column 
(300x 3.9mm) with a 30x 3.9mm guard column, 
through an injector (Model 7125, Rheodyne Inc., 
Cotati, California, USA) fitted with a 200gl loop. 
Eluent was monitored using a variable wavelength 
unit (Model 2151, LKB) set at 254nm, and connect- 
ed to an integrator (C-R6A Chromatopac, Shimad- 
zu Co., Kyoto, Japan). Solvent for the column, 
0.02M citrate-phosphate buffer pH 4.5, and sam- 
ples were filtered through a 0.45 gm millipore filter 
prior to use. Metabolites were identified by their 
elution times, which were unaffected by compo- 
nents in the broth. 

Detection of gallic acid, pyrogalloI, 
and phloroglucinol in koala feces 

Fresh fecal pellets excreted from the anogenital ori- 
fice of four adult koalas kept at Lone Pine Koala 
Sanctuary, Brisbane, Australia, were collected 
aseptically into a sterile test tube containing 10ml of 
0.25 strength Ringer solution (Oxoid). A quantita- 
tive and qualitative analysis were made on faculta- 
tively anaerobic microflora of these fecal samples. 
The fecal samples were subsequently analyzed for 
presence of gallic acid, pyrogallol, and phlorogluci- 
nol by HPLC. 

Results 

Degradation of Tannin-protein complex 

Table 1 shows the results of bacterial degradation of 
tannin-protein complex (T-PC) in nutrient broth 
medium. Although all strains grew on hydrolyza- 
ble-tannin basal medium agar (HTBMA) and con- 
densed-tannin basal medium agar (CFBMA), for- 
mation of a clear zone around colonies was observ- 
ed only with tannin-protein complex-degrading en- 
terobacteria (T-PCDE) and Streptococcus bovis 
biotype I strains on HTBMA (Fig. 1) and the size of 
the colonies was larger than that of any other 
strains. A similar sign of T-PC degradation was also 
observed in the solid layer of the bi-phasic medium 
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Fig. 1. Formation of a clear zone by T-PCDE and S. bovis biotype 
I on nutrient agar containing 0.5% tannic acid (hydrolyzable tan- 
nin). 

Legends for strains: a, T-PCDE UQM 3666; b, T-PCDE UQM 
3667; c, Enterobacter agglomerans UQM 1615; d, Streptococcus 
bovis biotype I UQM 3546; e, S. boris biotype I UQM 3611; f, S. 
boris biotype II UQM 3539; g, Escherichia coli UQM 845; h, E 
coli LPKS 110; i, E. coli LPKS 112;j, Klebsiella pneumoniae UQM 
90; k, K. pneumoniae LPKS 104; 1, K. oxytoca LPKS 104. 

( B M / H T B M A )  inoculated with T - P C D E  and S. bo-  

ris  biotype I strains, with opaci ty of  the layer slight- 

ly decreased.  
Subsequent  analysis of  the aqueous  layer of  BM/ 

H T B M A  revealed that  T - P C D E  and S. bor i s  bio- 

type I strains p roduced  pyrogallol  f rom T-PC. Pyro-  

gallol was also p roduced  by Klebsie l la  p n e u m o n i a e  

and Klebsie l la  oxy toca  strains but  the amoun t  was 

much  smaller than that  p roduced  by T - P C D E  and S. 
bor i s  biotype I strains. Gallic acid was detec ted  in 

all samples including the control  sample (not  inoc- 
ulated with any bacterial  strain) except for those in- 

oculated with T - P C D E  and S. bor i s  biotype I 

strains. H P L C  analysis indicated that  tannic acid 

used in the present  study did not  consist solely of  

gal lotannin but  conta ined 8 -9% (wt/wt) free gallic 

acid. Thus,  it is mos t  likely that  the gallic acid de- 

tected in these samples is the free gallic acid eluted 
f rom the solid layer containing tannic acid. Phloro-  

glucinol was never  observed  in any samples. Final 
p H  of  bi-phasic media  that  were inoculated with the 

bacterial  strains was in the range of  7.06-7.47, 

slightly higher than that  of  the un- inoculated medi-  

um (pH  6.91). The  p H  of the media  inoculated with 
these T-PC-degrading strains (Lk-1, Lk-2, Sb-1, and 

Sb-2; see Table I for  abbreva t ion  of  strain identifica- 
t ion) was, in mos t  cases, slightly lower than p H  of 

those inoculated with the enterobacter ia .  

Table 1. Bacterial degradation of tannin-protein complex (T-PC). 

Medium/test Strain 

Lk-1 Lk-2 Ea Sb-1 Sb-2 Sbt Ec-1 Ec-2 Ec-3 K p - 1  Kp-2 Ko Cont 

CTBMA 
growth + + + + + 
clear zone . . . . .  

HTBMA 
growth + + + + + 
clear zone + + - + + 

BM/HTBMA 
Product conc. (raM) 
gallic acid 0 0 1.8 0 0 
pyrogallol 4.4 3.7 0 3.6 3.4 
phloroglucinol 0 0 0 0 0 

Final pH 7.11 7.06 7.07 7.08 7.11 

+ + + + + + + 

+ + + + + + + 

1.9 1.6 1.1 1.1 0.3 0.2 0.5 1.2 
0 0 0 0 0.8 0.8 1.1 0 
0 0 0 0 0 0 0 0 

7.10 7.09 7.36 7.47 7.22 7.28 7.37 6.91 

Strains used: Lk-1, T-PCDE UQM 3666; Lk-2, T-PCDE UQM 3667; Ea, Enterobacter agglomerans UQM 1615; Sb-1, Streptococcus bovis 
biotype I UQM 3546; Sb-2, S. boris biotype I UQM 3611; Sbt, S. bovis biotype II UQM 3539; Ec-1, Escherichia coli UQM 845; Ec-2, E coli 
LPKS 110; Ec-3, E. coli LPKS 112; Kp-1, Klebsiella pneumoniae UQM 90; Kp-2, K. pneumoniae LPKS 104; Ko, K. oxytoca LPKS 104. 
Cont = control. 
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Metabolism of  gallic acid, pyrogallol, 
and phloroglucinol 

Table 2 shows the results of bacterial degradation of 
gallic acid, pyrogallol, and phloroglucinol. In the 
BM containing gallic acid, T-PCDE, K. pneumo- 
niae, and K. oxytoca strains metabolized gallic acid 
to pyrogallol. The conversion appeared to be com- 
plete with T-PCDE strains since the amount of py- 
rogallol produced by these strains equalled that of 
gallic acid consumed. This was, however, not the 
case with K. pneumoniae and K. oxytoca strains: 
these strains consumed a large amount of gallic acid 
but produced pyrogallol at much lower concentra- 
tion than what was expected. 

By contrast, K. pneumoniae and K. oxytoca 
strains metabolized gallic acid to pyrogallol com- 
pletely when the medium was supplemented with 
glucose. With this glucose supplementation, S. bovis 
biotype I strains also showed a capacity to metabo- 
lize gallic acid to pyrogallol. 

Pyrogallol could not be further metabolized by 
any strains used in the present study. The strains of 
S. bovis biotype I metabolized phloroglucinol in the 
medium without glucose. This metabolic property 
of S bovis was not evident when the medium was 
supplemented with glucose. In the glucose-supple- 
mented medium, T-PCDE UQM 3666, Escherichia 
coli UQM 845, and K. pneumoniae LPKS 104 me- 
tabolized phloroglucinol. S. boris biotype II strain 
UQM 3539 metabolized phloroglucinol regardless 
of presence of glucose in the medium. 

Metabolism and growth of  the strains at increasing 
concentrations of  gallic acid 

Table 3 shows the bacterial metabolism of gallic 
acid at varying concentrations. In agreement with 
the observations described above, T-PCDE strains 
metabolized gallic acid to pyrogallol much more ac- 
tively and completely than did K. pneumoniae and 

Table 2. Bacterial degradation of gallic acid (GA), pyrogallol (PY), and phloroglucinol (PH). 

Substrate Benzonoids Bacterial strain 

(mM) detected 

after 3 days Lk-1 Lk-2 Ea Sb-1 Sb-2 Sbt Ec-1 Ec-2 Ec-3 Kp-1 Kp-2 Ko Cont 

Ga 

GA+ glucose 

PY 

PY+ glucose 

PH 

PH+ glucose 

GA 0* 0* 18.0 17.7 19.3 20.4 19.3 17.1 17.5 0* 0* 11.9" 19.6 
PY 19.8" 21.4" 0 0 0 0 0 0 0 13.8" 12.6" 3.0* 0 

PH 0 0 0 0 0 0 0 0 0 0 0 0 0 

GA 0* 0* 21.0 0* 0* 20.7 18.6 18.7 19.8 0* 0* 0* 20.2 

PY 18.5" 18.8" 0 19.5" 20.5* 0 0 0 0 19.0" 20.8* 21.0" 0 

PH 0 0 0 0 0 0 0 0 0 0 0 0 0 

PY 19.3 19.2 20.5 17.8 20.4 18.9 19.9 20.4 19.2 20.5 18.4 20.7 19.9 

PH 0 0 0 0 0 0 0 0 0 0 0 0 0 

PY 18.9 18.9 20.2 20.4 19.8 19.7 20.6 19.4 19.9 19.6 20.6 19.3 20.4 

PH 0 0 0 0 0 0 0 0 0 0 0 0 0 

PH 21.0 20.8 21,7 14.6" 14.5" 14.4" 20.8 19.6 20.7 21.3 21.5 20.8 20.8 

PH 14.3" 20.4 16.1 20.5 20.2 15.2" 16.4" 19.0 20.2 20.3 11.6" 19.1 20.5 

The data are means of triplicate tests. 
* Significantly different (Student t-test, P< 0.01) from concentration in the controls. 

See Table 1 for abbreviations of bacterial names. 
Cont= control. 

Growth conditions: in basal medium, incubated anaerobically at 37 ° C for 3 days. 
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K. oxytoca. For example, the amounts of pyrogallol 
produced by T-PCDE and K. pneumoniae in the 
medium initially containing 100raM gallic acid 
were, on average, 100 mM and 55 mM, respectively, 
despite the fact that nearly all of the gallic acid ap- 
peared to have been consumed by both groups of 
bacteria. Pyrogallol was also detected in the spent 
broth of S. boris biotype I but the amount (less than 
0.1raM) was negligible when compared to that pro- 
duced by the above strains. Phloroglucinol was nev- 
er detected in any samples. 

Figures 2a, b, c, and d show maximum growth 
yields (OD) of the bacterial strains with different 
concentration of gallic acid added to BM. Growth 
yields of T-PCDE strains were linear with gallic acid 
concentration up to 100mM while those of E. coli, 
K. pneumoniae, and K. oxytoca strains did not seem 
to be affected by either the presence or concentra- 
tion of gallic acid. BM used in the present study did 
not seem to support the growth of either E. agglom- 
erans or S. bovis strains of both biotypes regardless 
of presence of gallic acid. 

Table 3. Bacterial degradation of gallic acid at varying concentration. 

Gallic acid, pyrogallol, and phloroglucinol in feces 

The facultatively anaerobic microflora of koala fe- 
ces consisted mainly of T-PCDE, S. boris biotype I, 
E. coli, K. pneumoniae (or K. oxytoca) as enumer- 
ated by cell-froming units. No gallic acid, pyrogal- 
lol, or phloroglucinol was detected in these fecal 
samples. 

Discussion 

Hydrolyzable tannins such as tannic acid and gallo- 
tannin have an optimum pH (pH 4-6) for their pro- 
tein-binding property. Acidic and alkaline shifts 
away from this optimum pH-cause dissociation of 
the complex (Van Buren & Robinson 1969; Van 
Sumere et al. 1975). Condensed tannins such as sor- 
ghum tannin and quebracho bind to protein almost 
independently of pH in the range 3.5-7.0 (Barry & 
Manley 1984; Van Sumere et al. 1975), thus forming 
relatively stable (undegradable) complexes with 
protein in the alimentary tract of mammals (Zucker 
1983). In the present study, the degradation of tan- 

Benzenoid Initial concentration Bacterial strain 

(mM) detected (raM) of gallic acid 
a f t e r 3 d a y s  Lk-1 Lk-2 Ea Sb-1 Sb-2 Sbt Ec-1 Ec-2 Ec-3 Kp-1 Kp-2 Ko Cont 

Gallic acid 

Pyrogallol 

0 0 0 0 0 0 
20 0* 0* 18.0 17.7 19.3 
40 tr* 0* 37.3 36.0 39.2 

60 tr* tr* 57.3 52.4 56.8 
80 tr* tr* 80.3 79.7 81.1 

100 tr* tr* 91.2 101.0 101.8 

0 0 0 0 0 0 
20 19.8 21.4 0 0 0 
40 36.8 43.1 0 tr tr 

60 58.0 63.9 0 tr tr 
80 83.6 83.6 0 tr tr 

100 99.2 103.1 0 tr tr 

0 0 0 0 0 0 0 0 
20.4 19.3 17.1 17.5 0* 0* 1t.9" 19.6 

39.6 40.3 36.8 35.8 0* 0* 38.1 38.8 
57.4 60.9 58.8 51.5 4.0* 0* 53.9* 54.3 
77.6 80.1 79.0 74.8 3.8* 1.5" 50.3* 78.3 

100.2 94.0 95.4 93.3 0.4* 1.0" 69.2* 98.6 

0 0 0 0 0 0 0 0 
0 0 0 0 13.8 12.6 3.0 0 
0 0 0 0 18.1 16.4 2.4 0 
0 0 0 0 50.0 30.2 2.2 0 

0 0 0 0 53.1 42.3 4.8 0 
0 0 0 0 62.8 49.8 7.6 0 

tr, trace (<0,1mM). 
* Significantly different (Student t-test, P<  0.01) from concentration in the controls. 
See Table i for abbreviations of bacterial names.  

Growth conditions: in basal medium gallic acid, incubated anaerobically at 37 ° C for 3 days. 
Cont = control. 
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Fig. 2. Maximum growth of bacteria with different levels of gallic acid as a substrate in basal medium. 

A: Lk-1, T-PCDE UQM 3666; Lk-2, T-PCDE UQM 3667; Ea, Enterobacter agglomerans UQM 1615. 
B: Sb-1, Streptococcus bovis biotype 1 UQM 3546; Sb-2, S. boris biotype I UQM 3611; Sbt, S. boris biotype II UQM 3539. 
C: Ec-1, Escherichia coil UQM 845; Ec-2, E coli LPKS 110; Ec-3, E. coli LPKS 112. 
D: Kp-1, Klebsiella pneurnoniae UQM 90; Kp-2, K. pneurnoniae LPKS 104; Ko, K. oxytoca LPKS 104. 

nin-protein complex (T-PC) was observed for the 
protein complexed with gallotannin but not with 
quebracho. From this evidence, it was initially con- 
sidered that the alkaline change in pH of the medi- 
um due to bacterial metabolism might have simply 
weakened the binding, and resulted in a dissocia- 
tion of the T-PC. However, this was considered un- 
likely because there was no significant difference in 
pH between the spent medium with apparent T-PC 
degradation and the one without (Table 1). 

As described earlier, hydrolyzable tannins are 
readily hydrolyzed by tannase (tannin acylhydro- 
lase) produced by some fungal strains (Aoki et al. 
1976; Jean et al. 1981; Pourrat et al. 1987). Its pres- 
ence or activity can be determined simply by mea- 

suring gallic acid liberated from the gallotannin or 
methylgallate (Jean et al. 1981; Pourrat et al. 1987). 
Recently, we observed Osawa, unpublished hydro- 
lysis of methylgallate to gallic acid by tannin-pro- 
tein complex-degrading enterobacteria (T-PCDE) 
and Streptococcus boris biotype I strains, indicating 
positive tannase activity in these bacterial strains. 

Bacterial metabolism of gallic acid was reported 
with Klebsiella aerogenes (Grant and Patel 1969), 
Citrobacter sp. (Yoshida et al. 1982), Eubacterium 

oxidoreducens (Krumholz et al. 1987), and Pleobac- 

ter acidigallici (Samain et al. 1986). The metabolism 
involves decarboxylation of gallic acid to produce 
pyrogallol (Booth et al. 1959; Grant and Pate11969; 
Scheline 1966; Krumholz et al. 1987). In the present 
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study, the decarboxylation was observed with Kleb- 
siella strains as well as T-PCDE and S. boris biotype 
I. Furthermore,  a higher growth yield was observed 
with increasing concentration of gallate in T-PCDE 
strains. Such gallate-dependent growth was report- 
ed with Citrobacter sp. (Yoshida et al. 1982), Pelo- 
bacter acidigallici (Samain et al. 1986), and Eubacte- 
rium oxidoreducens (Krumholz & Bryant 1986). 
This was, however, not observed with the pyrogallol 
producing S. boris biotype I and Klebsiella strains in 
the present study: conversion of gallic acid to pyro- 
gallol by these strains was negligible or incomplete, 
respectively, when the culturing medium did not 
contain glucose. 

Transformation of pyrogallol to phloroglucinol 
has been demonstrated in E. oxidoreducens (Krum- 
holz et al. 1987) and P. acidigallici (Samain et al. 
1986). However,  none of the strains used in the pre- 
sent study showed such a capability, although pyro- 
gallol was never detected in the fresh feces of koa- 
las. Rayudu et al. (1970) reported that pyrogallol 
had a severe depressing effect on growth of chicks 
and that about 100% mortality was observed when 
the dietary level of the compound reached 2%. 
Since the koala thrives on a diet likely to yield high 
levels of this toxin, the suggestion can be made that 
the pyrogallol may be degraded by other members 
of microflora (i.e. obligate anaerobes) in the ali- 
mentary tract of the koala. Alternatively, the detox- 
ification may take place in the liver of the animals. 
Further investigation is necessary to distinguish be- 
tween these possibilities. 

In the present study, phloroglucinol was degrad- 
ed by some, though not all, strains belonging to T- 
PCDE,  S. boris, Enterobacter agglomerans, Escher- 
ichia coli, and Klebsiella pneumoniae strains. Deg- 
radation of phloroglucinol was reported for many 
bacterial strains including Rhodopseudomonas gel- 
atinosa (Whittle et al. 1976), Streptococcus bovis 
(Tsai & Jones 1975; Tsai et al. 1976), Coprococcus 
sp. (Tsai & Jones 1975; Tsai et al. 1976), Pelobacter 
acidigallici (Schink & Pfennig 1982; Samain et al. 
1986), and Eubacteriurn oxidoreducens (Krumholz 
et al. 1987), most of which produced acetate as an 
end product  of the substrate. Consistent with the 
finding presented by Tsai & Jones (1975), all S. boris 
strains used in the present study degraded phloro- 

glucinol. It was, however, not determined why 
those S. boris biotype I strains failed to do so with 
the presence of glucose in the media. 

Cork et al. (1983) measured high digestibility of 
phenolics in koalas fed on a species of eucalypt 
known to contain hydrolyzable tannin. They inter- 
preted this to mean that much of the tannin was de- 
graded in the stomach. Various studies and reviews 
have suggested that hydrolyzable tannins can be de- 
graded in the stomach and small intestine of mam- 
mals (Glick and Joslyn 1970; McLeod 1974; Robbins 
et al. 1987). However,  Cork et al. (1983) found sig- 
nificant concentration of phenolics in the contents 
of the caecum/proximal colon, indicating that not 
all degradation occurred in the upper gut. 

Recently (Osawa and Walsh, unpublished), we 
observed that tannic acid is apparently not hydro- 
lyzed by highly acidic (pH 1-3) treatments. The evi- 
dence supports that at least some hydrolyzable tan- 
nin contained in the eucalypt foliage escapes hydro- 
lysis in the acid of the stomach and reaches the cae- 
cum/proximal colon in the koala. Thus, it is most 
likely that the predominant members of the micro- 
flora, at least the facultatively anaerobic bacteria in 
the alimentary tract of this species cooperate in the 
degradation of T-PC and in the metabolism of the 
phenolics produced during the course of this activ- 
ity. 
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