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Abstract

A Gram-negative bacterium was isolated from river sediment which was able to grow with nitrilotriacetic
acid as a combined carbon, nitrogen and energy source in the absence of molecular oxygen using nitrate as
the terminal electron acceptor. Batch growth parameters and mass balances are reported for growth under
both aerobic and denitrifying conditions.

The strain was characterized with respect to its substrate spectrum and other physiological properties. This
denitrifying isolate is serologically unrelated to the comprehensively described Gram-negative obligately
aerobic NTA-degrading bacteria all of which belong to the a-subclass of Proteobacteria. Chemotaxonomic
characterization, which revealed the presence of spermidine as the main polyamine and ubiquinone Q-8,
excludes the new isolate from the phylogenetically redefined genus Pseudomonas and indicates a possible
location within the y-subclass of Proteobacteria close to, but separate from the genus Xanthomonas.

Introduction tergents, NTA enters the aquatic environment in

large quantities (Egli 1988).

The wide-spread eutrophication of lakes and rivers
is mainly due to the extensive use of polyphos-
phates in household detergents, to extensive appli-
cation of fertilizers and to the overloading of soils
with liquid manure from intensive animal husband-
ry (Vollenweider 1968; Stumm & Morgan 1981). In
order to reduce the load of phosphate introduced
into surface waters, polyphosphates have been
banned from washing powders in Switzerland. One
of the chelating agents used in large amounts to
substitute the polyphosphates is nitrilotriacetate
(NTA). Due to its increasing use in household de-

Under oxic conditions NTA is known to be read-
ily degraded in sewage treatment plants and sur-
face waters (Bernhardt et al. 1984; Anderson et al.
1985), but its fate in the anoxic compartments of
both technical and natural systems has been little
investigated (Ward 1986). In spite of the fact that
NTA has been used in Canada since 1970 without
apparent negative effects (Shapiro et al. 1978),
there is still considerable concern about potential
problems under anoxic conditions. Due to the com-
plexing capacity of NTA, incomplete degradation
could lead to remobilization of heavy metals in
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anoxic sediments and the subsequent transport of
NTA/heavy metal complexes through the several
process steps employed for drinking water produc-
tion (Garnett et al. 1987). Even though some data
are available on the degradation of NTA in anoxic
environments (Tabatabai & Bremner 1975; Moore
& Barth 1976; Kuhn et al. 1987), little is known
about the microorganisms involved or their bio-
chemistry (Enfors & Molin 1973a, b).

Recently, a denitrifying mixed culture was en-
riched from sediment of the River Glatt which was
able to grow on NTA as a combined carbon and
nitrogen source using nitrate as the terminal elec-
tron acceptor (Egli & Weilenmann 1986). Here the
isolation, characterization and some growth char-
acteristics of the Gram-negative bacterium re-
sponsible for NTA biodegradation in this enrich-
ment culture are described.

Materials and methods
Isolation and cultivation

Isolation and maintenance of the enrichment cul-
ture has been described previously (Egli & Weilen-
mann 1986). For isolation, samples from the en-
richment culture were diluted with sterile distilled
water and plated out on plate count agar (PCA)
2/10 strength (Difco) or NTA/acetate agar plates
and incubated aerobically at 30°C. NTA/acetate
plate medium was prepared according to Egli &
Weilenmann (1986) but modified by the addition of
0.5g 17! acetate. Well separated colonies from the
plates were transferred into serum flasks and in-
cubated under oxygen-free conditions in a synthet-
ic medium (SM) described by Egli & Weilenmann
(1986) containing 0.5g 17! NTA as the combined
carbon and nitrogen source and 0.5 g 17! nitrate as
the terminal electron acceptor. Isolates that were
able to grow through three successive transfers in
this medium were rechecked for purity using PCA
plates and selective agar plates containing either
NTA/acetate or NTA. The ten pure cultures of
denitrifying NTA-degrading bacteria obtained in
this way were subjected to further characteriza-
tion.

Characterization

Initially, purified cultures of denitrifying NTA-de-
graders were characterized using API20B test
strips, a test system for classification of facultative-
ly aerobic, heterotrophic bacteria (API bioMé-
rieux, France). Isolate TE 11 was selected for fur-
ther detailed characterization.

DNA base ratio. DNA was extracted from cells
grown on SM containing 4g 17! NTA as the sole
source of carbon, nitrogen and energy. For extrac-
tion of high quality DNA and the determination of
the DNA G+C base ratio the methods described
by Egli et al. (1988) were employed.

Quinones. Extraction, purification and identifica-
tion of isoprenoid quinones was performed on
both, fresh and freeze-dried cells as reported by
Kroppenstedt (1982) and Auling et al. (1986).
Identical results were obtained from both SM/NTA
and PYEA medium (peptone and yeast extract 1 g
1" each, plus 2.0 g 1! acetate, pH 7.0, 27° C) grown
cells.

Polyamines. In order to compare the polyamine
pattern of strain TE 11 to those published for 50
reference species of Proteobacteria (Busse & Aul-
ing 1988) and those reported for obligately aerobic
NTA-utilizing strains (Egli et al. 1988; El-Banna
1989) cells were grown in PYEA medium and har-
vested when the culture reached 70% of the final
optical density. Extraction, analysis and quantifi-
cation of polyamines was done according to Busse
& Auling (1988).

Pattern of soluble proteins. SDS-PAGE (sodium
dodecyl sulfate polyacrylamide gel electrophore-
sis) of soluble proteins was carried out as described
by Auling et al. (1986). Cells were grown on PYEA
medium and harvested as described in the previous
section on polyamines.

Serological methods. Cross-reaction of isolate TE
11 with antisera raised against the three obligately
aerobic NTA-degrading strains ATCC 29600, TE 2
and TE 6 was tested using both an immunodiffu-



sion and an indirect immunofluorescence test.
Preparation of antisera in rabbits and Ouchterlony
double diffusion assays with bacterial extracts were
carried out as described by Auling et al. (1976).
Details on the preparation of antisera and the in-
direct immunofiuorescence test have been de-
scribed by Wilberg (1990).

Antibiotic susceptibility tests. The susceptibility to-
wards antibiotics was tested with impregnated discs
(API bioMérieux, France) by the Kirby-Bauer
method. Inhibition zones were assessed on Miiller-
Hinton agar and evaluated after 18 and 24 hours of
incubation at 30° C according to the manufacturer’s
instructions.

Substrate utilization spectrum. The ability of strain
TE 11 to grow with different carbon substrates
under oxic conditions was investigated in test tubes
containing liquid SM supplemented with NH,Cl
(0.54 g 171) and the carbon source (0.20g17!) to be
tested. The ability to grow with a selection of pri-
mary, secondary and tertiary amines structurally
related to NTA was tested in liquid SM containing
0.5g 17! of amine, but no NH,Cl, under both aero-
bic and denitrifying conditions. To test for growth
under denitrifying conditions the SM was supple-
mented with 0.5g 17! nitrate and the tubes were
flushed with helium after inoculation and sealed.
Only if the cells were able to grow with either a
particular carbon source or an amine during three
successive transfers into fresh medium was growth
considered positive.

Other tests. All other tests used for the taxonomical
characterization of isolate TE 11 were performed
as described previously (Egli et al. 1988).

Electron microscopy. The methods described by
Wehrli & Egli (1988) have been used for electron
microscopy of the isolated strain.

Stoichiometry

Yield coefficients and mass balances for aerobical-
ly growing cultures were obtained by growth ex-
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periments carried out in a MBR Mini Bioreactor
(MBR Bioreactor AG., Switzerland) of 3 liter op-
erating volume using the synthetic medium supple-
mented with a mixture of vitamins as described by
Egli et al. (1988). NTA (1g17!) was supplied as the
source of carbon, nitrogen and energy and nitrate
(1g1™) as the terminal electron acceptor. Temper-
ature and pH were kept constant at 30°C and 6.8,
respectively. For anaerobic cultivation, the culture
was flushed continuously with oxygen-free helium
(approximately 5 ml min~?). Helium was rendered
free of oxygen by passing it through a reduced
chromium(II) solution (prepared by reduction of a
Cr(III) solution in the presence of Zn® and HCI)
before it entered the bioreactor. Mass balances for
anaerobically growing cultures were carried out in
sealed 1 liter flasks containing 500ml of growth
medium. pH was regulated discontinuously be-
tween 6.8 and 7.0 and the temperature was main-
tained at 30° C. For experiments under denitrifying
conditions flasks were flushed with helium after
inoculation.

Growth was measured spectrophotometrically at
546 nm using an UVIKON 860 spectrophotometer
(Kontron Instruments, Switzerland). NTA and bi-
carbonate were determined by ion exclusion HPLC
according to the method described by Schneider et
al. (1988). Nitrate and ammonium were both mea-
sured using an automated ion analyzer (Skalar,
The Netherlands). Molecular nitrogen and nitrous
oxide were determined gas chromatographically
using a Shimadzu GC 8A fitted with a thermal
conductivity detector (column: molecular sieve
5A, 80/100 mesh, 2.5m; oven temperature, 70°C;
carrier gas helium, 40 ml min~'). Dissolved organic
carbon was measured with a TOCOR2 type TOC/
DOC analyzer (Mayhak, Federal Republic of Ger-
many). A C,N,S-analyzer model 1500 (Carlo Erba,
Italy) was used to measure the carbon and nitrogen
content of cells. All chemicals were purchased
from Fluka (Switzerland) and were of pure grade
or better.
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Results

Composition of enrichment culture and isolation of
the bacterium responsible for NTA degradation

In our laboratory a culture able to degrade NTA as
the sole source of carbon, nitrogen and energy was
enriched under anoxic conditions in a chemostat
(D = 0.02h™!) using a synthetic medium with ni-
trate as the potential electron acceptor (Egli &
Weilenmann 1986). Initial attempts to isolate the
bacterium responsible for NTA degradation in this
mixed culture enriched from sediment of the River
Glatt by plating out on NTA/nitrate agar plates and
incubation under anoxic conditions were not suc-
cessful. Colonies developed slowly under such con-
ditions and invariably failed to grow with NTA/
nitrate in liquid medium. Therefore, on the as-
sumption that the bacterium would be a faculta-
tively anaerobic heterotroph, samples from the en-
richment culture were diluted 10° to 10 times and
were plated out on both PCA and NTA/acetate
agar plates and incubated aerobically. On PCA
plates four different types of colonies were recog-
nizable. Three comprized fast growing bacteria
that were unable to grow on NTA under any of the
conditions tested; the fourth type was a slow grow-
ing bacterium that formed small, white, round col-
onies which became visible only after 34 days of
incubation. If samples of the enrichment culture
diluted less than 10® times were plated, the non-
NTA-degraders completely overgrew the slowly
growing NTA-utilizing bacterium and isolation was
impossible. As could be estimated from colony
numbers on PCA plates more than 99% of the
enrichment culture consisted of this NTA-degrad-
ing strain and less than 1% were non-NTA-degrad-
ing contaminants, probably growing on either lysis
or excretion products of the NTA-degrading strain.
From NTA/acetate agar plates ten well separated
colonies were picked and, after their ability to grow
in liquid culture with NTA/nitrate under anoxic
conditions was confirmed, were selected for fur-
ther characterization.

Fig. 1. Electron micrographs of the denitrifying, NTA-degrad-

ingisolate TE 11. A) Negative-staining; B) Thin-section, arrow:
outer membrane, arrow head: cytoplasmic membrane.

0.5,u

Characterization

Characterization with API20B revealed that all the
ten isolates selected exhibited identical properties
in this test system. Therefore, they were assumed
to be identical and only the strain that exhibited
fastest growth was chosen for further work and was
designated strain TE 11, in analogy to the novel
obligately aerobic NTA-degrading bacterial strains
TE 1-TE 10 isolated recently (Egli et al. 1988).

Morphology. In the electron microsocpe cells of
isolate TE 11 were always rod-shaped (approxi-
mately 1.2-1.4 X 0.5 um) and exhibited the typical
Gram-negative cell wall arrangement (Fig. 1B).
Motile cells usually exhibited one to three sub-
polarly inserted flagella (Fig. 1A). Formation of
pleomorphic cells or the presence of an S-layer, as
in the case of the obligately aerobic Gram-negative
NTA-degrading bacteria (Wehrli & Egli 1988), was
never observed.



Nutritional proporties. The ability of isolate TE 11
to grow with various organic carbon compounds as
sole source of carbon and energy, including a range
of primary, secondary and tertiary amines structur-
ally similar to NTA, was tested in liquid culture.

Carbon sources which supported growth were:
Sugars and sugar alcohols: Arabinose, D-(+)-cel-
lobiose, D-(—)-fructose, galactose, gentobiose, D-
(+)-glucose, glycerol, inositol, D-(+)-maltose,
mannitol, D-(+)-mannose, rhamnose, D-(+)-ri-
bose, saccharose, D-(—)-sorbitol, xylitol and D-
(+)-xylose. Amino acids: Arginine, alanine, as-
partate, glutamate, glycine, glycyl-glycine, lysine
and serine. Acids and alcohols: acetate, n-butanol,
butyrate, citrate, gluconate, glycollate, glyoxylate,
lactate, malate, propionate, pyruvate. Amines: di-
methylamine, methylamine, N-(2-acetamido)imi-
nodiacetate, N-acetylglucosamine, N-methylami-
nodiacetate, N,N-dimethylglycine, trimethyla-
mine, sarcosine, Tris-(hydroxymethyl)-amino me-
thane.

No growth was recorded with the following sub-
strates: Sugars and sugar alcohols. Adonitol, arabi-
tol, erythritol, esculine, fucose, lactose, D-(+)-
raffinose. Amino acids and amines: Acetamide,
dimethylformamide, methylacetamide, methyl-
diethylamine, iminodiacetate, phenylalanine,
triethanolamine, urea. Acids and alcohols: Etha-
nol, formate, iso-propanol, malonate, methanol,
succinate. Others: Aniline, benzoate, dimethylsul-
foxide, H,/CO,, methane, n-decane, phenol, xy-
lene.

In addition, growth under denitrifying condi-
tions was observed with N,N-dimethylglycine, N-
methylaminodiacetate, sarcosine and trimethyla-
mine but not with dimethylamine. In the absence of
oxygen isolate TE 11 grew on various substrates
(acetate, glyoxylate, glycollate) when nitrate was
supplied as terminal electron acceptor and, in the
absence of any other nitrogen source, nitrate was
used as source of nitrogen for growth as well as
serving as the terminal electron acceptor.

Biochemical and physiological properties. Isolate
TE 11 was characterized chemotaxonomically and
with respect to a range of physiological properties.
The DNA base ratio was found to be 65.3%
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0.3mol% guanine plus cytosine. Ubiquinone with
eight isoprenoid units in the side chain (Q-8) was
the dominating quinone component. In addition,
minor amounts of Q-10 (<15% of total Q) were
present. Characteristic for the intracellular polya-
mine pattern of isolate TE 11 was the high content
of spermidine (41.7 umol/mg dry cell weight) and
the much lower concentrations of spermine (5.7),
cadaverine (6.4) and putrescine (2.9), whereas
sym-homospermidine was not detectable,

Strain TE 11 was found to be resistant towards
the following antibiotics (concentration given in
ugor units): penicillin G. (10), ampicillin (10}, car-
benicillin (100), cephaloridine (30), cephalexin
(30), streptomycin (10), neomycin (30), kanamycin
(30), gentamycin (10), tobramycin (10), tetracy-
cline (30), doxycycline (30), erythromycin (15), ri-
fampicin (30), novobiocine (30), vancomycin (30),
nalidixic acid (30) and sensitive against chloram-
phenicol (30), polymyxin B (300) and trimetho-
prim/sulphamethoxazole (1.25/23.75). Such multi-
resistant characteristics clearly discriminate the de-
nitrifying strain TE 11 from the obligately aerobic
NTA-utilizing Gram-negative bacteria of the pro-
posed new genera ‘Chelatobacter’ and ‘Chelatococ-
cus’ (Egli et al. 1988; El-Banna 1989; El-Banna,
Auling, Wilberg & Egli, manuscript in prepara-
tion).

In immunological studies, cell homogenates or
whole cells of the denitrifying isolate TE 11 did not
cross-react in either immunodiffusion (Fig. 2) or
immunofluorescence tests with polyclonal antisera
raised against the central strains ATCC 29600, TE
6 (‘Chelatobacter’) and TE 2 (‘Chelatococcus’) of
the recently isolated obligately aerobic NTA-de-
grading bacteria (Egli et al. 1988; El-Banna 1989;
Wilberg 1990).

Electrophoretic separation of cellular proteins
represents a further tool recommended for taxo-
nomic evaluation of the relationship between bac-
terial isolates (Norris 1980; Kersters 1985). The
results in Fig. 3 show that the PAGE soluble pro-
tein pattern of isolate TE 11 is completely different
from that of the obligately aerobic NTA-utilizing
bacteria (Egli et al. 1988). Because the chemo-
taxonomic results indicated a possible relationship
of the denitrifying strain TE 11 to the genus Xan-



36

Fig. 2. Cross-reactivity of anti-TE 2, anti-TE 6 and anti-ATCC
29600 antiserum with bacterial homogenates of NTA-utilizing
bacteria.

a) central well: anti-TE 2 antiserum; A: TE 2; B: TE 1; C: TE
11; D: ATCC 29600.

b) central well: anti-TE 6 antiserum; A: TE 6; B: ATCC 29600;
C: TE 2;D: TE 11.

¢) central well: anti-ATCC 29600 antiserum; A: ATCC 29600;
B: TE 6; C: TE 2; D: TE 11.

Fig. 3. Discrimination of isolate TE 11 from other NTA-degrad-
ing bacteria and from some reference strains of Xanthomonas by
PAGE of soluble proteins. The lanes contain 1, ‘Chelatobacter’
sp. TE 6; 2, ‘Chelatococcus’ sp. TE 2; 3, ‘Chelatobacter’ sp.
ATCC 29600; 4, Isolate TE 11, 5, Xanthomonas fragariae DSM
3587; 6, Xanthomonas pelargonii DSM 1350; 7. Xanthomonas
axonopodis DSM 3585; 8, Xanthomonas albilineans DSM 3583.

thomonas extracts of four reference strains of this
genus were included in the PAGE fingerprinting.
However, no similarity of the protein patterns was
observed (Fig. 3).

Additional data on various physiological proper-
ties of strain TE 11 are given in Table 1. Although
acid formation from glucose was positive if tested
with API20B no significant accumulation of short
chain volatile organic acids was detected during
growth either with glucose or ethanol under oxic
and anoxic conditions when acids were tested for
gaschromatographically (< 1mg 1! propionate, n-
butyrate, iso-butyrate, 2-methyl butyrate, 3-me-
thyl butyrate and valerate). Cells of TE 11 were not
acid-fast and degradation of protein was found to
be weak. Also it should be noted that the ability to
produce acetoine was strongly dependent on the
medium used for growth and that aerobically
grown cells were not able to reduce nitrate to nitrite
when tested with API20B.



Growth of isolate TE 11 and mass balances

During batch cultivation in the bioreactor using
NTA as a combined source of carbon, energy and
nitrogen and nitrate as the terminal electron ac-
ceptor strain TE 11 grew under anoxic conditions
with a doubling time of 22.8 h. The typical growth
pattern for growth under denitrifying conditions is
shown in Fig. 4. Although the ratio of N,/N,O
produced during denitrification was not constant
for different experiments, N,O was mostly pro-
duced in the late exponential phase by pure cultur-
esof TE 11. When oxygen was present the doubling
time was reduced to 8.6 h. As expected, the growth
yield coefficient (Yx,s) was lower during growth
with NTA under denitrifying conditions when com-
pared to oxic growth (Table 2). With glucose as the
supplementary carbon source, growth rates were
doubled under both oxic and anoxic conditions
(Table 2). The surplus nitrogen from NTA was
excreted as ammonium ions in a medium where
NTA was the only carbon source, but the NTA-
nitrogen was completely incorporated into biomass
in the presence of glucose. Nitrate was assimilated
only in the absence of ammonium and NTA in a
glucose-containing medium. When using NTA as

Table 1. Physiological characterization of NTA-utilizing strain TE 11.
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ODs46
Substrate, product concentration (g I'h

Time (h- 107Y)

Fig. 4. Growth of isolate TE 11 in batch culture with NTA as the
only source of carbon, energy and nitrogen and nitrate as the
terminal electron acceptor. pH= 6.8-7.0; Temperature =
30°C. @—@, NTA-carbon; O—O, ODs,; A-——- A, Ni-
trate-N; l---— M, N,; O0---0, N;O-N.

the sole source of carbon, energy and nitrogen a
change from oxic to anoxic growth conditions al-
ways resulted in a lag phase of 3—4 days before
growth resumed, whereas no lag phase was observ-

Gelatin liquification! -
B-Galactosidase!

Cytochrome oxidase® +
Catalase! +
Urease! +
H,S formation' -
Acetoin formation? +2

Indole formation! -
Nitrate reduction’ -
Nitrite reduction’ -
Gas from glucose -
Glucose fermentation -
Vitamin requirement -
Growth with 1% NaCl +
Growth with 10% NaCl -
Pigment formation? -
PHB inclusions® +

Acid from saccharose’
Acid from arabinose!
Acid from mannitol!
Acid from fructose!
Acid from glucose!
Acid from maltose!
Acid from amidone!
Acid from rhamnose!
Acid from galactose!
Acid from mannose!
Hydrolysis of DNA
Hydrolysis of starch -
Hydrolysis of Tween 80 -
Nitrate as N source +
N, as N source -
Tellurite reduction? +
KCN tolerance -

+ L+

1Tested with API20B with cells grown aerobically on NTA agar or PCA plates; 2PCA-grown cells were negative; 3 Tested on King’s
medium A and B; *Formation of black colonies on Tellurite agar; * From EM observations. Details on the methods used are given

in Egli et al. (1988).
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ed after a change from anoxic to oxic conditions.
During aerobic growth cultures of TE 11 grown on
glucose and ammonium alone always required a
period of adaptation after inoculation into medium
containing NTA only, but cells growing exponen-
tially on peptone started to grow immediately after
transfer to a medium containing NTA as the com-
bined carbon and nitrogen source. This suggests
that either peptone contains a factor which induces
the synthesis of NTA-degrading enzymes or that
these enzymes are derepressed during growth in a
medium containing peptone.

Pure cultures of isolate TE11 were able to com-
pletely degrade NTA to carbon dioxide, ammoni-
um and bacterial biomass. No significant amounts
of byproducts were formed. For batch growth, aer-
obic (Eq. 1) and anaerobic (Eq. 2) NTA degrada-
tion by the pure culture and anaerobic NTA degra-
dation by the enrichment culture (Eq. 3, from Egli
& Weilenmann 1986) can be described by the fol-
lowing mass balance equations:

CGN(NTA)—> C1.8N0'4(cells) +
0.6NH,*-N + 4.2CO,-C 1)

CN(NTA) + 3.5NO,"-N— C, N, ,(cells) +
0.75NH,*-N + 5CO,-C+ 1.4N,N+
2.1N,O-N )

CN(NTA) + 2.8NO,"-N— C, N, (cells) +
0.81NH,*-N + 5CO,-C + 2.8N,-N 3)

The nitrogen balances from both enrichment and
pure culture indicate that under denitrifying
growth conditions nitrate served exclusively as the
terminal electron acceptor and was not assimilated.
This again implies that the ammonium excreted

was derived from the surplus nitrogen contained in
NTA.

Discussion
Taxonomical aspects

A number of NTA-degrading bacterial isolates
have been described in the literature and most of
them are Gram-negative obligate aerobes (Bern-
hardt et al. 1984; Egli 1988). So far, only two bacte-
ria able to degrade NTA in the absence of oxygen,
both of them denitrifiers, have been isolated in
pure culture (Enfors & Molin 1973a, b; Kakii et al.
1986). All of these strains have consistently been
assigned to the genus Pseudomonas. However, this
allocation was based on a limited number of physi-
ological and biochemical properties. Only recent-
ly, a number of obligately aerobic isolates, includ-
ing the two reference strains ‘Pseudomonas’ spp.
ATCC 27109 and 29600, have been investigated in
more detail (Egli et al. 1988; Wehrli & Egli 1988;
El-Banna 1989). It was found that neither of these
bacteria belonged to the genus Pseudomonas but
should be included in the a-subclass of Proteobac-
teria where they form the basis of two new genera,
the proposed names of which are ‘Chelatobacter’
and ‘Chelatococcus’ (El-Banna, Auling, Wilberg &
Egli, manuscript in preparation).

Apart from its inability to grow on some of the
carbon sources tested (phenylalanine, benzoate,
ethanol, isopropanol and succinate), its consider-
ably higher DNA base ratio, its remarkable resist-
ance to antibiotics and its ability to use nitrate as a
terminal electron acceptor, there are few differ-
ences in the nutritional and physiological proper-

Table 2. Growth parameters of isolate TE 11 determined from aerobic and denitrifying batch growth in synthetic medium. NTA (1g1-)
or NTA/glucose (1g 17%/1g 1™!) served as sources of carbon, energy and nitrogen.

maximum specific growth rate constant (h™!)

growth yield (g gNTA™)

Aerobic growth on NTA 0.08
Aecrobic growth on glucose/NTA 0.13
Denitrifying growth on NTA 0.03

Denitrifying growth on glucose/NTA 0.06

0.27

0.17




ties exhibited by isolate TE 11 when compared with
the obligately aerobic ‘Chelatobacter’ spp. de-
scribed previously. However, the tests for cross
reactivity reported in this study revealed no ser-
ological relationship between the denitrifying iso-
late TE 11 and the Gram-negative obligately aero-
bic NTA-degrading bacteria. Quinone and polya-
mine patterns also discriminate TE 11 from the
latter (El-Banna 1989; El-Banna, Auling, Wilberg
& Egli, manuscript in preparation), as do protein
fingerprints and antibiotic susceptibility. The pres-
ence of ubiquinone Q-8 and spermidine as the main
polyamine strongly suggest that isolate TE 11 does
not belong to the a- and the B-subclass of Proteo-
bacteria but should be allocated to the y-subclass
where it can be excluded from the phylogenetically
redefined genus Pseudomonas. These two taxo-
nomic parameters suggest allocation to the genus
Xanthomonas (Ikemoto et al. 1980; Busse & Aul-
ing 1988; Busse et al. 1989; Auling & Kneifel,
unpublished results). The G+C ratio of 65.3 = 0.3
does not contradict this allocation. However, pro-
tein fingerprints — although not all reference strains
of the presently ill-defined genus Xanthomonas
(Vauterin et al. 1990) have been included — and the
physiological and nutritional characteristics of
Xanthomonas spp. shown in Table 3 (Bradbury
1984) indicate that it will be highly unlikely that the
NTA-degrading isolate TE 11 can be included into
the genus Xanthomonas. Clearly, there is more
work required to elucidate the exact phylogenetic
position of this Gram-negative bacterium, e.g., by
sequencing of 16S rRNA. The possibility remains
that a new genus has to be established to allocate
strain TE 11.

Growth characteristics

When comparing anaerobic growth of the pure
culture with that of the enrichment culture (Egli &
Weilenmann 1986), it becomes evident that for
each mole of NTA degraded more nitrate was re-
duced by the pure culture than by the enrichment
culture and that nitrate was partly reduced to both
nitrous oxide and di-nitrogen by the pure culture.
The smaller amount of nitrate reduced by the en-
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richment culture is consistent with the view that
complete reduction of the terminal electron accept-
or results in the generation of more biologically
useful energy for biomass production. The accu-
mulation of nitrous oxide by the pure culture can-
not be fully explained yet. Important factors influ-
encing N,O accumulation include the presence of
other nitrogen oxides and oxygen, the availability
of carbon substrates, pH and temperature {(Golter-
man 1985). However, in most respects the pure
culture mass balance did not differ significantly
from that of the enrichment culture. Therefore, the
influence of contaminants on NTA degradation in
the enrichment culture can be considered to be
essentially negligible.

Biochemistry of NTA degradation

Isolate TE 11 can degrade NTA under both oxic
and anoxic growth conditions. In all strains of obli-
gately aerobic NTA-degrading bacteria studied so
far NTA breakdown is catalyzed by an O,/NADH-
dependent mono-oxygenase (Cripps & Noble
1973; Firestone & Tiedje 1978). Since isolate TE 11
is able to grow on NTA under denitrifying condi-

Table 3. Comparison of physiological and biochemical charac-
teristics of the denitrifying NTA-utilizing isolate TE 11 and
Xanthomonas spp.!

Strain TE 11  Xanthomonas

Plant pathogenicity
Denitrification

Colonies yellow/fluorescent
Oxidase test

Growth factors required
PHB inclusions

Urease

Voges-Proskauer test
Xanthan production +

Flagellation 1-3sp? 1p (rarely 2p)?
Acid from rhamnose + -

Acid from sorbitol + -

Acid from mannitol + -

(or weak)

L+ 1+ 1+

L+ ++ 1+ 1+

!Data for Xanthomonas spp. taken from Bradbury (1984);
only properties listed which are the same for all species within
the genus. ?p = polar, sp = subpolar.
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tions another enzyme which splits NTA in the ab-
sence of molecular oxygen must be present in this
bacterium. Either removal of a carboxyl or of an
acetyl group from NTA by either a decarboxylase
or a dehydrogenase, respectively, can be hypothe-
sized as possible enzymic steps in the pathway of
NTA degradation. In preliminary studies using
cell-free, membrane-free extracts of isolate TE 11
grown under denitrifying conditions the presence
of a dehydrogenase was confirmed and the stoi-
chiometrical formation of iminodiacetate and
glyoxylate from NTA was observed (Kemmler et
al. 1990). In aerobically grown cells this NTA de-
hydrogenase activity was absent and, instead, ac-
tivity of an oxidase — that also produced iminodia-
cetate and glyoxylate from NTA - was detected.
Isolation of both enzymes will be necessary to con-
firm these findings. Also, the influence of growth
conditions on the regulation of the synthesis of
both enzymes remains to be examined in detail.
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