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Abst rac t  With triethanolamine as sole source of energy 
and organic carbon, a strictly anaerobic, gram-positive, 
rod-shaped bacterium, strain LuTria 3, was isolated from 
sewage sludge and was assigned to the genus Acetobac- 
terium on the basis of morphological and physiological 
properties. The G + C content of the DNA was 34.9 + 1.0 
mol %. The new isolate fermented triethanolamine to ac- 
etate and ammonia. In cell-free extracts, a triethanolamine- 
degrading enzyme activity was detected that formed ac- 
etaldehyde as reaction product. Triethanolamine cleavage 
was stimulated 30-fold by added adenosylcobalamin (co- 
enzyme B12) and inhibited by cyanocobalamin or hydroxoco- 
balamin. Ethanolamine ammonia lyase, acetaldehyde:ac- 
ceptor oxidoreductase, phosphate acetyltransferase, acetate 
kinase, and carbon monoxide dehydrogenase were mea- 
sured in cell-free extracts of this strain. Our results estab- 
lish that triethanolamine is degraded by a corrinoid-de- 
pendent shifting of the terminal hydroxyl group to the 
subterminal carbon atom, analogous to a diol dehydratase 
reaction, to form an unstable intermediate that releases 
acetaldehyde. No anaerobic degradation of triethylamine 
was observed in similar enrichment assays. 
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Abbreviat ion NTA nitrilotriacetate 

detergents, and other surfactants (Howard 1990) and is 
also used as a buffering agent. Little is known about the 
microbial degradation of this compound. Triethanolamine 
is converted, probably via triethanolamine N-oxide, into 
diethanolamine and glycolate by a gram-negative rod 
(Williams and Callely 1982). The comparably high stabil- 
ity of the alkyl-nitrogen linkage causes considerable prob- 
lems for anaerobic degradation of this compound. A sim- 
ilar problem exists with degradation of nitrilotriacetate 
(NTA), which is used as a chelating agent in detergents. In 
aerobic degradation by Pseudomonas species, NTA is 
converted by an NADH-dependent monooxygenase into 
an unstable aldimine hydrate that decomposes easily into 
iminodiacetate and glyoxylate (Cripps and Noble 1973). 
Degradation of NTA in the absence of molecular oxygen 
was reported for a nitrate-reducing bacterium (Egli et al. 
1990). In this case, dehydrogenation followed by water 
addition leads to formation of iminodiacetate and glyoxy- 
late; the dehydrogenase enzyme has been purified re- 
cently and couples with high-potential electron acceptors 
such as phenazine methosulfate (Jenal-Wanner and Egli 
1993). 

The present study shows that in the absence of molec- 
ular oxygen, the alkyl-nitrogen linkage of triethanolamine 
can be split through a corrinoid-dependent hydroxyl shift 
reaction, analogous to the cleavage of  ether bonds in 
anaerobic polyethylene glycol degradation (Schramm and 
Schink 1991; Frings et al. 1992). 

Introduction 

Triethanolamine is a constituent of agricultural chemicals, 
aquatic herbicides (as copper-triethanolamine), household 
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Materials and methods 

Source of organisms 

Strain LuTria 3 was isolated from anoxic digested sludge of the 
municipal sewage plant in Ttibingen-Lustnau, Germany. 

Media and growth conditions 

Carbonate-buffered, sulfide-reduced mineral medium, prepared as 
previously described (Widdel and Pfennig 198l), contained 7-vit- 
amin solution (Widdel and Pfennig 1981), selenite-tungstate solu- 
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tion (Tschech and Pfennig 1984), and the trace element solution SL 
10 (Widdel et al. 1983). The final pH of the medium was adjusted 
to 7.2-7.4. The growth temperature was 28 ~ C-30 ~ C. 

Isolation and characterization 

Pure cultures were obtained using the agar shake culture method 
(Pfennig 1978). Purity was checked microscopically and by 
growth tests in medium containing 5 mM fumarate, 5 mM pyru- 
vate, 0.05% yeast extract, and 5 mM triethanolamine. Gram stain- 
ing was carried out according to Bartholomew (1962). The DNA 
base composition was determined by high-pressure liquid chro- 
matography (Tamaoka and Komagata 1984; Mesbah et al. 1989) 
after extraction of DNA according to Marmur (1961). The DNA of 
bacteriophage X was used as a reference. Substrate utilization was 
tested in 22-ml screw-cap tubes. Substrates were added from neu- 
tralized and filter-sterilized stock solutions. Utilization of H2 was 
tested in 15-ml Hungate tubes sealed with butyl rubber septa, with 
10 ml basal medium under an atmosphere of 80% H2/20% CO2. 
Optical densities were measured directly in a Bausch and Lomb 
Spectronic 20 photometer (Milton Roy, Rochester, N.Y., USA) in 
22-ml screw-cap tubes. Cell dry matter was calculated from the 
turbidity at 420 nm using the conversion factor 0.1 OD420 = 15.4 
mg dry matter per liter, which was obtained by direct gravimetric 
determinations in 1-1 cultures grown with triethanolamine. 

Preparation of cell-free extracts 

Cells were harvested in the late log phase (OD4z0 = 0.45) by cen- 
trifugation under anoxic conditions for 30 min at 4 ~ C and 3000 • 
g in 125-ml infusions bottles (Mtiller & Krempel, Biilach, Switzer- 
land). The pellet was washed once with 50 mM potassium phos- 
phate buffer (pH 7.0; prereduced with 2.5 mM titanium citrate) and 
resuspended in the same buffer. Cell-free extracts were prepared 
by five runs through an N2-flushed French pressure cell at 138 
MPa and centrifuged at 3000 • g to remove cell debris. 

Chemicals 

Chemicals were obtained from Boehringer, Mannheim, Germany; 
Fluka, Neu-Ulm, Germany; Merck, Darmstadt, Germany; and 
Sigma, Deisenhofen, Germany. All chemicals were of analytical 
quality. Gases were obtained from Messer Griesheim, Darmstadt, 
Germany, and from Sauerstoffwerk, Friedrichshafen, Germany. 

R e s u l t s  

Enrichment cultures in minimal medium with 5 mM tri- 
ethanolamine were inoculated with anaerobic digestor 
sludge. After five to six transfers, three strains of morpho- 
logically similar bacteria were isolated by two subsequent 
agar shake dilutions, and one of these, strain LuTria 3, 
was characterized in detail. 

Morphology and cytology 

Cells of strain LuTria 3 were straight rods with rounded to 
slightly pointed ends, 1.0 • 2.0-3.25 ~tm in size (Fig. 1). 
They occurred singly, in pairs, or in short chains. Cells 
were motile in the early logarithmic growth phase. Spores 
were never detected, and the cells were gram-positive. 
The G + C content of the DNA was 34.9 + 1.0 mol %. 

Enzyme assays 

All enzyme assays were carried out under strictly anoxic condi- 
tions in N2-gassed- and rubber-sealed cuvettes. Activities were 
measured photometrically in a Hitachi 100-40 spectrophotometer 
(Hitachi, Tokyo, Japan). Triethanolamine-degrading enzyme ac- 
tivity was determined as NADH-dependent reduction of acetalde- 
hyde formed, at a wavelength of 340 nm (modified after Toraya 
and Fukui 1982). The reaction mixture contained 500 mM potas- 
sium phosphate buffer (pH 8.0; prerednced with 2.5 mY/titanium 
citrate), 0.2 mM NADH, 10 U alcohol dehydrogenase, and 50 mM 
triethanolamine. Phosphotransacetylase and acetate kinase were 
measured by standard methods (Bergmeyer 1983). Acetaldehyde:ac- 
ceptor oxidoreductase and pyruvate:acceptor oxidoreductase were 
determined with benzyl viologen as electron acceptor (modified 
after Odom and Peck 1981). Carbon monoxide dehydrogenase was 
assayed with benzyl viologen as electron acceptor (Diekert and 
Thauer 1978). 

Chemical analyses 

Acetate was determined by gas chromatography as previously de- 
scribed (Platen and Schink 1987). Formation of ammonia was an- 
alyzed according to Chaney and Marbach (1962). Protein was de- 
termined as described by Bradford (1976) using bovine serum al- 
bumin as a reference. 

Fig. 1 Phase-contrast photomicrograph of  strain LuTria 3. Bar 
equals 10 gm 
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Fig.2 Fermentation time course of strain LuTria 3 growing with 
10 mM triethanolamine as substrate. OD420: optical density at 420 
nm wavelength. Symbols." C) cell density; �9 acetate 



Table 1 Stoichiometry of fermentation and growth yield of strain 
LuTria 3. Values given are means of two independent assays 

Triethanolamine degraded 500.0 gmol 
Acetate formed 1701.0 ~mol 
Ammonia formed 467.0 btmol 
Ethanol formed 26.2 umol 
Cell dry mass formed ~ 4.9 mg 
Acetate assimilated b 101.0 gmol 
Ammonia assimilated 47.6 gmol 
Carbon recovery 98.2 % 
Electron recovery 98.1% 
Nitrogen recovery 103.0% 
Growth yield 9.8 g mo1-1 

Calculated via cell density using an experimentally determined 
conversion factor (0. I OD420 = 15.4 mg dry cell matter 1 1) 

Calculated according to the formula: 
I7 CH 3 COOH ---> 8 <C4H703> + 2 CO 2 + 6 H20 

Physiology 

Strain LuTria 3 grew only under strictly anoxic conditions 
in freshwater medium. NaC1 concentrations were toler- 
ated up to 5 g/1. Growth was not inhibited by  phosphate 
up to 50 raM. The pH range was 6.0-8.2,  with an opti- 
m u m  at pH 7.1-7.4. The temperature range was 12 ~ to 37 ~ 
C; optimal growth was found at 25 ~ to 30 ~ C with a doubling 
time of  12 h (Fig. 2). Triethanolamine was fermented to 
acetate and ammonia  according to the fol lowing equa- 
tion: 

4 (HOCH2CH2)3NH + + 6 C O  2 q- 6 H20 --4 
15 CH3COO- + 15 H + + 4 NH4 + 

The stoichiometry of  substrate utilization, product  forma- 
tion, and growth yield are presented in Table 1. Formate, 
3,4,5-trimethoxybenzoate, 3,4,5-trimethoxycinnamate, 1,2: 
propanediol,  acetoin, glycerol, lactate, pyruvate, and etha- 
nolamine, but no sugars, were utilized as growth sub- 
strates (Table 2). Neither  inorganic electron acceptors 
(sulfate, thiosulfate, sulfur, nitrate) nor  fumarate was re- 
duced. 

Enzyme  activities 

Enzymes were assayed in cell-free extracts of  strain LuTria 
3 grown with triethanolamine (Table 3). A triethanolamine- 
degrading enzyme activity forming acetaldehyde as reac- 
tion product  was measured; optimal activity was found 
with a potassium phosphate buffer o f  high ionic strength 
(500 mM). This reaction was stimulated 30-fold by added 
adenosylcobalamin (coenzyme BI2, 10 btM) and inhibited 
completely by cyanocobalamin (vitamin B12 ' 10 gad) or 
hydroxocobalamin (10 btM). The triethanolamine-degrad- 
ing enzyme activity measured with added coenzyme B12 
was tenfold higher than the physiological  activity of  cells 
growing exponentially with triethanolamine (0.197 btmol 
min -I mg protein). In cell-free extracts of  the new isolate 
conversion of  diethanolamine was also measured. 
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Table 2 Substrates tested for growth with strain LuTria 3; con- 
centration of substrates added was 10 raM, unless indicated other- 
wise (in parentheses) 

Substrates utilized: 
H2/CO2 (80%/20%), formate (20), 3,4,5-trimethoxybenzoate 
(5), 3,4,5-trimethoxycinnamate (5), 1,2-propanediol, acetoin, 
glycerol, lactate, pyruvate, ethanolamine, diethanolamine, U'i- 
ethanolamine 

Substrates not utilized: 
Methanol, ethanol, propanol, butanol, pentanol, ethylene gly- 
col, 2,3-butanediol, fumarate, malate, glucose (5), fructose (5), 
arabinose (5), xylose (5), mannose (5), galactose (5), sucrose 
(5), maltose (5), lactose (5), ribose (5), choline (5), betaine, 
ethylamine (5), triethylamine (5), diethylene glycol, PEG 400 
(0.1%), methoxyethanol 

Table 3 Enzymes measured in cell-free extracts of strain LuTria 3 
grown with triethanolamine 

Enzyme EC Specific activity 
number (btmol min -1 

mg protein -1) 

Triethanolamine-degrading 
enzyme a - 1.960 

Ethanolamine ammoniaqyase 4.3. 1.7 0.086 
Acetaldehyde: acceptor oxido- 

reductase b 1.2.1.10 2.440 
Phosphate acetyltransferase 2.3. 1.8 7.410 
Acetate kinase 2.7.2.1 0.081 
CO-dehydrogenase c 1.2.99.2 3.460 
Pyruvate: acceptor oxido- 

reductase b 1.2.7.1 0.125 

a Coenzyme B12-dependent 
b Benzyl viologen and coenzyme A-dependent 
c With benzyl viologen as electron acceptor 

E thanolamine  ammonia - lyase  was detected at low 
activity (44% of  the phys io logica l  activity) and was not  
inf luenced by various corrinoids.  Ace ta ldehyde :accep-  
tor oxidoreductase,  phosphate acetyltransferase, and car- 
bon monox ide  dehydrogenase  all were found  at suffi- 
cient activities, whereas  the acetate kinase activi ty mea-  
sured accounted for only 40% of  the physiological  activ- 
ity. 

Discussion 

Physiology and biochemistry 

In the present study, fermentative degradation o f  tri- 
ethanolamine is described for the first time. The new iso- 
late, strain LuTria 3, fermented triethanolamine to acetate 
and ammonia.  The key reaction in degradation of  tri- 
ethanolamine is cleavage of  the comparably stable alkyl- 
nitrogen linkage. From our results obtained by enzyme as- 
says with cell-free extracts of  strain LuTria 3, we propose 
the pathway of  anaerobic triethanolamine degradation de- 
picted in Fig. 3. A triethanolamine-degrading enzyme ac- 
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Fig.3 Proposed pathway for anaerobic triethanolamine degrada- 
tion by strain LuTria 3 

tivity was detected that led to the formation of acetalde- 
hyde as product and was stimulated 30-fold by added 
coenzyme B m and inhibited by other corrinoids. This re- 
sult indicates that in the first step, a terminal hydroxyl 
group of triethanolamine is shifted to the subterminal car- 
bon atom, analogous to a coenzyme B12-dependent diol 
dehydratase reaction (Toraya and Fukui 1982). By this re- 
action, cleavage of the alkyl-nitrogen linkage is prepared 
because the hemiaminal thus formed is unstable and de- 
composes easily to acetaldehyde and diethanolamine. In 
the same way, diethanolamine is cleaved to ethanolamine 
and acetaldehyde. In cell-free extracts of  strain LuTria 3, 
ethanolamine ammonia lyase activity forming acetalde- 
hyde and ammonia was present, but was not influenced by 
various corrinoids. In contrast, the ethanolamine ammonia 
lyases of other bacteria, e.g., Clostridium sp., Escherichia 
coli, Klebsiella aerogenes, or Salmonella typhimurium, 
are coenzyme B]2-dependent (Babior 1982). The ethanol- 
amine cleavage by strain Lutria 3 is possibly dependent 
on other corrinoids, or con'inoids of this strain could be 
bound tightly to the enzyme and not be displaced by 
added cobalamines. 

The acetaldehyde formed in triethanolamine degrada- 
tion is oxidized to acetate by an acetaldehyde:acceptor ox- 
idoreductase that reacts in the cell probably with a low po- 
tential electron acceptor such as ferredoxin, to form acetyl 
coenzyme A. Phosphate acetyltransferase and acetate ki- 
nase were measured in cell-free extracts of  the new isolate 
as well. The reducing equivalents are utilized to reduce 

CH3-CO0- + H + 

carbon dioxide to acetate through the carbon monoxide 
dehydrogenase pathway. 

Our results demonstrate for the first time that the alkyl- 
nitrogen linkage of triethanolamine is cleaved by a reac- 
tion mechanism similar to that postulated for the cleavage 
of the ether bond in anaerobic polyethylene glycol degra- 
dation (Schramm and Schink 1991; Frings et al. 1992). In 
both cases, corrinoid-dependent shifting of a hydroxyl 
group forms an unstable intermediate (a hemiacetal or 
hemiaminal), which decomposes easily. 

Other alkyl-nitrogen compounds, such as triethylamine 
or NTA, were not degraded in our experiments, either by 
strain LuTria 3 or by sulfide-reduced strictly anaerobic 
enrichment cultures. These observations indicate that a free 
terminal hydroxyl group is required to allow cleavage of the 
alkyl-nitrogen linkage through a hydroxyl shift reaction. 

Energetics 

Conversion of triethanolamine to acetaldehyde and am- 
monia is an exergonic reaction [calculation after Thauer et 
al. 1977; the AGf ~ value for triethanolamine, -315.6 kJ/mol, 
was calculated after the increment method (D'Ans and 
Lax 1983)], 

(HOCH~CH2)3NH + ~ 3 CH3CHO + NH4 + 
/~G ~ = -77.3 kJ/mol triethanolamine 

The further reaction to acetate is an exergonic process as 
well: 

4 CH3CHO + 2 CO2 + 2 H20 ---> 5 CH3COO- + 5 H + 
A G  o" = -55.9 kJ/mol acetaldehyde 



It is unl ike ly  that the free energy o f  t r ie thanolamine con- 
vers ion to ace ta ldehyde  and ammon ia  is conserved  by  
these bacteria;  the cor responding  po lye thy lene  g lycol  
c leavage  react ions  are also not  explo i ted  energet ica l ly  
(Schramm and Schink  1991; Fr ings  et al. 1992). Fermen-  
tat ion of  ace ta ldehyde  to acetate includes  a substrate level  
phosphory la t ion  step, and further energy should be con- 
served in homoace togen ic  acetate synthesis.  Nonetheless ,  
the cell  y ie ld  obta ined (<3.3 g/mol  aceta ldehyde)  is low, 
indica t ing  that ei ther the Y~a'p value is unusual ly  low with 
this bac te r ium (Stouthamer  1979) or  that this fermentat ion 
involves  energy-consuming  steps such as reversed  elec- 
tron t ransport  or e lect rogenic  substrate /product  t ransport  
processes .  

Taxonomy 

The new bac te r ium descr ibed  in this communica t ion ,  
strain LuTr ia  3, was enr iched and isolated with t r iethanol-  
amine  as sole source of  energy and carbon. The  new iso-  
late was able  to grow auto t rophica l ly  with H2/CO 2. For-  
mate, 3,4,5-trimethoxybenzoate, 3,4,5-trimethoxycinnamate, 
1 ,2-propanediol ,  acetoin,  glycerol ,  lactate,  pyruvate ,  and 
e thanolamine  were  fermented.  Carbon monox ide  dehy-  
drogenase  was found at h igh activity, and the G + C con- 
tent of  the D N A  was de te rmined  to be 34.9 + 1.0 mol  %. 
These  propert ies ,  together  with the character is t ic  cell  
shape and moti l i ty,  a l low the ass ignment  o f  strain LuTria  
3 to the genus Acetobacterium (Schink and Bomar  1991). 
The  new isolate  differs f rom other  species  o f  the genus 
descr ibed  so far by  its capaci ty  to grow with tr iethanol-  
amine  and its inabi l i ty  to ut i l ize e thylene g lycol  or  fruc- 
tose. Strain LuTr ia  3 was depos i ted  with the Deutsche 
Sammlung  ftir Mik roo rgan i smen  GmbH,  Braunschweig ,  
Germany,  under  D S M  8909. 
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