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Gram-negative, nonfermentative bacteria isolated from biofilters for off-gas treatment of animal-rendering-
plant emissions were differentiated by whole-cell fatty acid analysis, quinone analysis, and numerical taxonomy
based on their physiological reaction profiles. The last system consisted of 60 physiological tests and was

arranged as a microtest system on microtitration plates. Based on fatty acid analyses, 31 isolates were separated
into six clusters and five single-member clusters. The isolates of two clusters were identified as Alcaligenes
faecalis and Pseudomonas diminuta. The remaining nine clusters were characterized by their fatty acid profiles,
quinone systems, and physiological reaction profiles. Clusters resulting from fatty acid analyses were compared
with those resulting from physiological reaction profiles. Six clusters could be confirmed this way. The
efficiency of the physiologica' test system was increased by the prearrangement of the isolates according to their
quinone type.

Biofilters are used in increasing numbers for waste gas

treatment because they are economical. In contrast to the
extensive efforts to increase efficiency by improving the
design or the packing material, few investigations are con-

cerned with the naturally developing bacterial population
responsible for degradation by a biofilter (1, 4). Although
these bacteria were isolated by plate culture methods and
therefore do not represent the complete bacterial population
of biofilters, it is necessarily the first step to obtain bacteria
for physiological studies. These studies can disclose the
relation between the degradation capacities of biofilters and
the bacteria responsible for the degradation process. Such
studies are an important step toward the understanding of
biofilters.
An important aspect of biofilters is the heterogeneous

bacterial populations that naturally develop during exposure
to waste gases. Effective differentiation criteria have to be
found in order to detect newly appearing organisms, which
are of great interest because of their presumable degradation
properties. These criteria should characterize and, if possi-
ble, identify the strains in question. A reliable identification
or a sufficiently precise characterization allows for compar-
ison of isolates from various biofilters, from wastewater
treatment plants, or from soils. Once a strain is identified,
further investigations can take advantage of its known prop-
erties.

This study dealt with gram-negative, nonfermentative
bacteria isolated from experimental biofilters used in odor
abatement of animal-rendering-plant emissions. The propor-
tion of these bacteria in the culturable population varied
strongly depending on the waste gas composition (1). Iso-
lates originating from different biofilters were pooled to
establish methods useful for differentiation of a spectrum of
gram-negative, nonfermentative bacteria from these
sources. Until now, differentiation and identification of these
bacteria were based on a limited number of physiological and
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morphological tests and allowed only a rough and sometimes
uncertain classification (4). In this study, whole-cell fatty
acid analyses and quinone analyses were applied to obtain
more reliable information about the identity of the gram-

negative, nonfermentative bacteria isolated from biofilters.
These chemotaxonomic methods have already been used
successfully for the characterization of Thiobacillus species
(10), members of the family Rhodospinillaceae (11), Morax-
ella and related taxa (20), the Flavobactenium-Cytophaga
complex (22), Pseudomonas species (23), and methanol-
utilizing bacteria (25). Additionally, in this study, a physio-
logical test system with microtitration plates was applied,
and the results were compared with those obtained by the
chemotaxonomic methods. As a result of that, it became
clear that the efficiency of the physiological test system can
be increased by prearranging the isolates based on chemo-
taxonomic markers.

MATERIALS AND METHODS

Chemicals. Chemicals were purchased from Merck (Darm-
stadt, Germany), Sigma (Deisenhofen, Germany), Riedel de
Haen (Seelze, Germany), Difco (Detroit, Mich.), and
GIBCO (Eggenstein, Germany).

Origin and cultivation of strains. The reference strains
used were obtained from the Deutsche Sammlung von Mi-
kroorganismen GmbH (DSM), Braunschweig, Germany; In-
stitute for Fermentation, Osaka (IFO), Japan; and Labora-
torium Microbiologie Rijksuniversiteit Gent (LMG), Ghent,
Belgium. Strains were cultivated on antibiotic sulfonamide
sensitivity test agar (ASS agar; no. 5392; Merck) at 30°C.
Isolates were obtained from several experimental biofilters
supplied with different kinds of off gases from an animal-
rendering plant. The constituent classes of compounds in the
rendering emissions were alkylsulfides, mainly dimethyldi-
sulfide, furans, thiophenes and, in one kind of off gas,
carbonyl compounds such as aldehydes and ketones as well
as hydrogen sulfide. Additionally, ammonia and carbon
dioxide occurred in high concentrations (1).

2053

Vol. 58, No. 6



APPL. ENVIRON. MICROBIOL.

Physiological tests. Sixty physiological tests were selected
from a more extensive number of tests, from which those
tests which gave negative results for all investigated strains
and therefore supplied no information for differentiation
were excluded. The tests were performed in microtitration
plates (Greiner, Nurtingen, Germany). The vessels were
filled with 50 ,ul of double-concentrated test medium. The
following test media were used: for esculin hydrolysis, 5.0 g
of peptone from meat (Merck) per liter, 3.0 g of meat extract
(Merck) per liter, 1.0 g of esculin per liter, 0.5 g of ammo-
nium ferric citrate per liter, pH adjusted to 7.0 with NaOH;
for urease activity, 1.0 g of peptone from meat (Merck) per
liter, 5.0 g of NaCl per liter, 2.0 g of KH2PO4 per liter, 0.08
g of bromthymol blue per liter, 1.0 g of glucose per liter, 20.0
g of urea per liter, pH adjusted to 6.5 with NaOH; for
arginine dihydrolase, 2.0 g of peptone from casein (GIBCO)
per liter, 1.0 g of yeast extract (GIBCO) per liter, 5.0 g of
NaCl per liter, 0.3 g of Na2HPO4. 7H20 per liter, 0.08 g of
bromthymol blue per liter, 0.5 g of glucose per liter, 10.0 g of
L-arginine HCl per liter, pH adjusted to 6.5 with HCl.
Medium without arginine was used as a control. For acid
production from carbohydrates, we used 0.2 g of peptone
from casein (GIBCO) per liter, 0.1 g of yeast extract
(GIBCO) per liter, 0.3 g of Na2HPO4 7H20 per liter, 0.08 g
of bromthymol blue per liter, and 5.0 g of NaCl per liter, and
the pH was adjusted to 7.2 with HCl. The following carbo-
hydrates were added to give a concentration of 15.0 g/liter:
glucose, rhamnose, sucrose, xylose, fructose, lactose, and
maltose. Medium without carbohydrates was used as a
control. For citrate utilization with alkalinization, we used
0.2 g of MgSO4- 7H20 per liter, 1.0 g of NH4H2PO4 per
liter, 1.0 g of K2HPO4. 3H20 per liter, 2.0 g of Na
citrate 2H20 per liter, 5.0 g of NaCl per liter, and 0.08 g of
bromthymol blue per liter, and the pH was adjusted to 6.7
with NaOH. For malonate utilization with alkalinization, we
used 1.0 g of yeast extract (GIBCO) per liter, 2.0 g of
(NH4)2SO4 per liter, 0.6 g of K2HPO4- 3H20 per liter, 0.4 g
of KH2PO4 per liter, 2.0 g of NaCl per liter, 3.0 g of malonic
acid per liter, 0.25 g of glucose per liter, and 0.08 g of
bromthymol blue per liter, and the pH was adjusted to 6.7
with NaOH. For nitrate and nitrite reduction, we used 8.6 g
of peptone from meat (Merck) per liter, 6.4 g of NaCl per
liter, and 0.1 g of KNO3 or KNO2, respectively, per liter,
and the pH was adjusted to 7.2 with NaOH. Medium without
KNO3 and KNO2 was used as a control. Hydrolysis of
chromogenic substrates was tested in phosphate buffer con-
taining 3.5 g of Na2HPO4 7H20 per liter, 1.5 g of KH2PO4
per liter, and 5.0 g of NaCl per liter; chromogenic substrates
were added in final concentrations of 1 mM for the para-
nitroanilide (pNA)-linked substrates and 2 mM for the para-
nitrophenyl (pNP)-linked substrates; the pH was adjusted to
7.2. The chromogenic substrates used are listed in Table 5.
The tests for carbon source utilization were performed in
yeast nitrogen base (Difco) as the basal medium. Carbon
sources were added to give a final concentration of 0.2%,
and the pH was adjusted with NaOH or HCI to 7.0. The
carbon sources used are listed in Table 5.
For the physiological tests, the reference strains and

isolates from the biofilters were grown on ASS agar for 2
days at 30°C. Cell material was suspended in 0.9% NaCl to
give an opacity equivalent to a McFarland standard of 0.5. A
SO-,ul sample of this cell suspension was added to each vessel
in the microtitration plate. The media for urease and arginine
dihydrolase activity and the corresponding control medium
were overlaid with 3 drops of sterile paraffin. Microtitration
plates were incubated for 3 days at 25°C. Two drops of nitrite

reagent (dimethyl-oa-naphthylamine, 0.6%; sulfanilic acid,
0.8%; acetic acid, 30%) (18) were added to the test media for
nitrate reduction to nitrite and nitrite reduction and to the
corresponding control medium. Results were read by a
microtitration plate reader (Dynatech, Denkendorf, Germa-
ny). Tests for esculin hydrolysis, urease and arginine dihy-
drolase activity, acid production from carbohydrates, and
citrate and malonate utilization with alkalinization were read
at 630 nm. Tests for nitrite and nitrate reduction, hydrolysis
of chromogenic substrates, and assimilation were read at 410
nm. For conversion into positive and negative results,
threshold values were determined by measuring the extinc-
tion of all reference strains for each test. The threshold value
was defined as that value with equal distances to the extinc-
tion of the closest positive and negative test result of the
reference strains. Results were defined as positive if the
differences between the extinction of the test medium and
the control medium exceeded the threshold value. For the
test of nitrite reduction, the result was defined as negative if
the difference between the extinction of the test medium and
the control medium exceeded the threshold value. The
following threshold values were determined: for nitrate
reduction to nitrite, 0.32; for nitrite reduction, 0.13; for
urease activity, 0.17; for arginine dihydrolase activity, 0.10;
and for acid production from carbohydrates, 0.14. For tests
without corresponding control media, results were defined
as positive if the extinction of the medium exceeded the
threshold value. For esculin hydrolysis, the threshold value
was set to 0.97; for citrate utilization with alkalinization, it
was set to 0.35; and for malonate utilization with alkaliniza-
tion, it was set to 0.29. Threshold values for the hydrolysis of
chromogenic substrates and the assimilation tests were set to
0.30 and 0.07, respectively, according to the method of
Kampfer et al. (8). The transformation of the reaction
profiles into similarity coefficients (Jaccard coefficient) and
generation of dendrograms by using unweighted average
linkage clustering were performed as described by Sneath
and Sokal (24).
Quinone analysis. Cells were grown in shake cultures in

100 ml of brain heart infusion broth (Difco) at 30°C. Cultures
were centrifuged, washed twice with deionized water, and
lyophilized. Quinones were extracted and separated into
menaquinones and ubiquinones by thin-layer chromatogra-
phy with Silica Gel layer 60 F254 (Merck) (13). Further
separation of the ubiquinones according to the different
isoprenyl chain lengths was performed with HPTLC-RP 18
F2,4s layer (Merck).

Fatty acid analysis. Cells were grown on Trypticase soy
broth (Becton Dickinson, Heidelberg, Germany) with 1.5%
agar for 3 days at 30°C. Saponification, methylation, extrac-
tion and identification of fatty acids, and the presentation of
the results in the form of a dendrogram were performed as
described by Kroppenstedt et al. (15).

RESULTS

Fatty acid analysis. Cluster analysis was applied to the
fatty acid profiles of 31 gram-negative, nonfermentative rods
isolated from the biofilters and 25 reference strains. The
quantitative and qualitative differences in the fatty acid
patterns were transformed into Euclidean distances and
plotted as a dendrogram (Fig. 1). Three main groups, which
could be distinguished by the following properties, were
found. Group 1 included all strains containing mainly iso-
and anteiso-fatty acids (Table 1), group 2 included all strains
with a low content of octadecenoic acid (18:1-cis 11) and
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FIG. 1. Dendrogram generated from fatty acid composition.

methyleneoctadecanoic acid (19:0-cyclo 11-12) (E < 47%)
(Table 2), and group 3 included all strains with a high content
of the fatty acids 18:1-cis 11 and 19:0-cyclo 11-12 (E > 47%)
(Table 3). Furthermore, the isolates could be divided into
distinct clusters. All isolates which formed a cluster at a
Euclidian distance smaller than 14 together with a reference
strain were named after the species name of this reference
strain. This applied to five isolates which were identified as
Alcaligenes faecalis and five isolates which were identified
as Pseudomonas diminuta. The remaining isolates showed a
larger distance to the closest reference strain, and therefore
no further assignment to any reference strain was made.
These clusters were named type A-I.

Table 4 shows the diagnostic fatty acids of the clusters
obtained with the biofilter isolates. The values of Table 4
give the arithmetic mean of the percent fatty acid composi-
tion of the members of the clusters. The Alcaligenes faecalis
cluster was characterized by the main fatty acids hexadeca-
noic acid (16:0), methylenehexadecanoic acid (17:0-cyclo),
and 3-hydroxytetradecanoic acid (14:0-30H), which were
present in amounts of 32, 32, and 11%, respectively. The
Pseudomonas diminuta cluster contained the fatty acids 16:0
and 19:0-cyclo 11-12 in amounts of 34 and 32%, respectively,
and the fatty acid 18:1-cis 11 in an amount of 21%. The type
A, B, and C clusters contained mainly branched-chain fatty
acids. The typical fatty acids of the type A cluster were

Cluster

group 1

group 2

group 3
tas
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TABLE 2. Percent fatty acid composition of isolates and reference strains of group 2 with low levels
of 18:1-cis 11 and 19:0-cyclo 11-12 (E < 47%)

C. W
Cluster Reference strain or isolate 0 0

~~~ = O = C OC,l . ,

Pseudomonas alcaligenes DSM 50342 Q-9 3 tr tr 7 5 tr 2 4 21 15 1 tr 36 tr
Pseudomonas mendocina DSM ,0017 Q-9 tr 5 tr 11 tr 6 tr tr 2 16 17 1 4 1 33 tr tr
Pseiudomonas pseludoalcaligenes Q-9 tr tr tr 9 tr tr tr 2 15 16 2 6 2 43 tr 2
DSM 50188

Hydrogenophaga palleronii DSM 63 Q-8 tr tr 36 30 9 tr 23 tr
Comamonas acidovorans DSM 39 Q-8 3 2 1 4 9 25 30 14 3 8
Alcaligenes xylosoxydans subsp. denitni- Q-8 1 3 tr 5 8 tr tr 10 34 27 tr 6 2 2

ficans DSM 30026

Alcaligenes 1748/8a.1 Q-8 tr 4 3 tr 2 11 tr 3 32 33 tr 4 1 3
faecalis 1746/7.1 Q-8 3 3 tr 2 11 tr tr 5 30 35 tr 6 tr 2

Alcaligenes faecalis DSM 30033 Q-8 3 2 tr 2 10 tr tr 5 35 34 tr 4 tr 2
2017/1 Q-8 3 2 tr 2 9 tr 9 34 30 tr 6 1 2
2012/1 Q-8 3 3 1 11 tr 5 34 32 tr 7 2 2
1160/1 Q-8 3 3 1 13 tr 7 28 29 tr 10 2 2

Alcaligenes eutrophus DSM 531 Q-8 tr tr 5 3 11 tr tr 29 26 tr 12 tr 12 tr tr

Type D 1685/1 Q-8 4 tr 4 9 17 34 23 6 tr tr

Pseudomonas putida DSM 291 0-9 tr 4 4 7 5 tr tr 6 10 29 tr 18 tr 14 tr tr

Type E 1602/1 Q-9 tr 4 4 6 4 6 1 6 21 15 12 tr 19

a tr, less than 0.9C.h B, location of the double bond unknown.

12-methyltridecanoic acid (iso-14:0) (23%) and 14-methyl-
pentadecanoic acid (iso-16:0) (16%). The type B cluster was
characterized by a high level of 12-methyltetradecanoic acid
(anteiso-15:0) (22%). The main fatty acids of the type C
cluster were 13-methyltetradecanoic acid (iso-15:0) (47%)
and 15-methylhexadecenoic acid (iso-17:1) (19%). The type
D isolate contained the fatty acids 16:0 (34%), 17:0-cyclo
(23%), and hexadecenoic acid (16:1-cis 9) (17%). The type E
isolate contained the fatty acids 16:0 (21%) 19:0-cyclo 11-12
(19%), 17:0-cyclo (15%), and 18:1-cis 11 (12%). The type F
cluster contained the fatty acid 18:1-cis 11 (73%). A charac-
teristic feature was the occurrence of nonadecanoic acid
(19:0), which was detected only in members of this cluster.
The amount of heptadecanoic acid (17:0) differed within this
cluster. The amounts of 14% for two isolates and 6% for four
isolates suggest a division into two subgroups. The type G
cluster contained the predominating fatty acids 18:1-cis 11
(49%) and 19:0-cyclo 11-12 (16%). Moreover, 14:0-30H,
3-hydroxyhexadecanoic acid (16:0-30H), and 3-hydroxyoc-
tadecanoic acid (18:0-30H) were found. The type H isolate
contained the fatty acids 18:1-cis 11 (54%), 16:0 (12%), 17:0
(11%), and the characteristic 3-hydroxy-9-methyldecanoic
acid (iso-11:0-30H) (3%). The type I cluster contained the
fatty acids 18:1-cis 11 (58%) and 19:0-cyclo 11-12 (23%). For
Rhizobium leguminosarum DSM 30132 and Methylobacte-
rium mesophilicum DSM 1708, fatty acid composition could
not be determined because they failed to grown on Trypti-
case soy broth agar.
Quinone analysis. The results of the quinone analyses are

shown in Tables 1 to 3. Sixteen isolates contained ubiqui-

none 10 (Q-10), 1 isolate contained ubiquinone 9 (Q-9), and
14 isolates contained ubiquinone 8 (Q-8). Menaquinones
(MK) were never found in the isolated strains. The occur-
rence of Q-10 was strictly associated with the presence of
high levels of 18:1-cis 11 and 19:0-cyclo 11-12 (E > 47%).
Quinone types of Xanthomonas maltophilia DSM 50170,
Xanthomonas maltophilia LMG 981, and Methylobacterium
mesophilicum DSM 1708 were obtained from published data
(26, 29).

Physiological tests. Table 5 shows the reaction profiles of
the reference strains and the biofilter isolates obtained with
the physiological microtest system. The dendrogram which
was generated from these data is shown in Fig. 2. In
accordance with the cluster arrangement based on the fatty
acid composition, the Pseudomonas diminuta cluster, the
type A cluster, the type B cluster, the type F cluster, the
type G cluster, and the type I cluster could be confirmed by
using only physiological data. However, the Alcaligenes
faecalis cluster contained the reference strains Alcaligenes
xylosoxydans subsp. denitrificans DSM 30026 and Pseudo-
monas mendocina DSM 50017. The type C cluster also
contained the isolate of the type D cluster, the isolate of the
type H cluster, and the reference strain Flavobacterium
odoratum DSM 2801. The reaction profile of the type E
isolate is similar to that of Pseudomonas pseudoalcaligenes
DSM 50188, which is in contrast to the results of the fatty
acid analysis. For the dendrograms shown in Fig. 3, the
same physiological data were used, but the reaction profiles
were prearranged by the quinone type of the different
strains. This led to a better reproduction of the clusters
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TABLE 3. Percent fatty acid composition of isolates and reference strains of group 3 with high levels of 18:1-cis 11
and 19:0-cyclo 11-12 (I2 > 47%)

Cl.~~~~~~~~~~~~

Cluster Reference strain or isolate >O 0 - s
C0~~~0 0c0 0- .
CA~~~~~~~~~~~~~~~~~~. C - z - o_ ozoz

Methylobacterium radiotolerans Q-10 tr 1 4 1 88 6
DSM 1819

Type F 884/1 Q-10 4 3 4 tr tr 5 76 5 2 1
906/1 Q-10 3 tr 3 tr 8 73 4 5 2
901/1 Q-10 4 3 tr 4 80 4 2 3
881/1 Q-10 4 tr 3 tr 6 77 4 2 1
778/1 Q-10 4 tr 3 tr tr 13 61 5 5 1
888/1 Q-10 3 1 3 tr tr 14 64 5 5 1

Sphingomonas capsulata DSM 30196 Q-10 tr 15 tr 6 9 62
Thiobacillus versutus DSM 582 Q-10 5 3 tr 13 tr 61 2 11
Paracoccus denitrificans DSM 65 Q-10 5 4 tr 10 tr tr 70 2 3
Thiobacillus versutus IFO 14568 Q-10 3 3 tr 9 tr 79 1 tr

Pseudomonas 845/2 Q-10 3 1 1 4 34 tr 1 15 1 38
diminuta 891/1 Q-10 3 1 1 3 34 1 2 14 1 40

679/1 Q-10 3 tr 1 5 32 tr 1 29 tr 27
786/1 Q-10 3 tr 1 5 34 tr 1 27 tr 29
619/1 Q-10 3 1 1 2 34 1 3 24 1 28
Pseudomonas diminuta DSM 1635 Q-10 3 2 1 1 39 tr 2 18 1 31

Zoogloea ramigera DSM 287 Q-10 1 tr 3 15 8 tr tr 1 52 2 1 11 4

Type G 1700/0 Q-10 tr 9 1 4 8 2 2 2 2 49 tr 1 16

Agiobacterium radiobacter DSM 30147 Q-10 1 10 tr 4 12 6 6 43 18
Agrobacterium tumefaciens DSM 30205 Q-10 6 2 8 4 2 62 14

Type H 779/1 Q-10 3 12 2 11 54 7 9

Thiobacillus novellus DSM 506 Q-10 9 2 69 2 18

Type 1 1777/15.1 Q-10 1 10 1 65 3 16 2
1773/14.1 Q-10 tr 10 tr 1 1 53 4 25 3
854/1 Q-10 tr 7 1 tr 56 4 27 3

tr, less than 0.9%.
"B, location of the double bond unknown.
ECL, for unknown fatty acids, the respective ECL is given.

which were defined by fatty acid analysis (Fig. 3). Improve-
ments were obtained for the type H cluster, which was
separated from the type C and type D clusters. Pseudomo-
nas mendocina DSM 50017 was separated from the Alcali-
genes faecalis cluster. However, the reference strain Alcali-
genes xylosoxydans subsp. denitrificans DSM 30026 could
not be separated from the Alcaligenes faecalis cluster. The
physiological reaction profile of Thiobacillus novellus DSM
506 could not be determined because the strain failed to grow
on ASS agar.

DISCUSSION

Based on the fatty acid analyses, the investigated biofilter
isolates were differentiated into six clusters and five single-
member clusters (Fig. 1). Compared with these results, the
physiological test system could reproduce four clusters and
two single-member clusters, and when it was combined with

quinone analysis, a third single-member cluster (type H)
could be reproduced (Fig. 3). This shows that fatty acid
analysis is a more efficient method for differentiation than
the analysis of physiological reaction profiles alone. The
clusters were characterized by their diagnostic fatty acids.

Identification was successful for 10 isolates, which were
distributed over two clusters. These clusters contained ref-
erence strains which allowed their identification down to
species level as Pseudomonas diminuta and Alcaligenes
faecalis (Fig. 1). These results were confirmed by the
physiological reaction profiles for the Pseudomonas
diminuta cluster and, with some reservation, for the Alcali-
genes faecalis cluster, which could not be separated from
Alcaligenes xylosoxydans subsp. denitrificans DSM 30026
by numerical analysis of the physiological data. However,
the failure of growth on adipate allowed an assignment of the
isolates of the Alcaligenes faecalis cluster to Alcaligenes
faecalis DSM 30033 (12) (Table 5). The fatty acid profiles of

APPL. ENVIRON. MICROBIOL.
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the Pseudomonas diminuta and the Alcaligenes faecalis
clusters are in accord with published data. For Alcaligenes
faecalis, Dees and Moss (3) found the fatty acids 16:0, 17:0,
and 14:0-30H in amounts comparable to those found in this
study. However, the levels of the fatty acids 16:1 and 18:1
were reported to be about threefold higher. This may be due
to the shorter growth period of the cells used by Dees and
Moss (3). The decrease in the amount of monounsaturated
fatty acids with an increase in the incubation time was
already described by Law et al. (17). For Pseudomonas
diminuta, the characteristic fatty acid profile, which corre-
sponds well to our results, has been described before (6, 19,
23). These positive correlations confirmed the validity of the
identification methods used. They also showed that a com-
parison between the unidentified clusters and the increasing
number of published bacterial fatty acid profiles is feasible,
disclosing possible taxonomic relations between the uniden-
tified clusters and already established taxa. In addition, the
physiological reaction profiles and the quinone types pro-
vided valuable clues as to the confirmation or rejection of an
assumed taxonomic relation. With this approach, the resem-
blance of the type A, B, and C isolates to the genus
Xanthomonas and the resemblance of the type G isolate to
the genus Agrobacterium has been disclosed.
The isolates of the type A, B, and C clusters possessed

branched-chain fatty acids. Usually, this is a typical feature
for gram-positive bacteria; only a few gram-negative bacteria
such as Spirochaeta, Xanthomonas, Legionella, Thermus,
Flavobacterium, Cytophaga, Sphingobacterium, Bacteroi-
des, and Desulfovibrio species contain branched-chain fatty
acids (9). The fatty acid composition of the type A, B, and C
clusters differed from that of the Flavobacterium-Sphingo-
bacterium-Cytophaga complex in the occurrence of 9-meth-
yldecanoic acid (iso-11:0) and iso-11:0-30H and the lack of
3-hydroxy-13-methyltetradecanoic acid (iso-15:0-30H) as
well as 3-hydroxy-15-methylhexadecanoic acid (iso-17:0-
30H). Moreover, for the type A, B, and C clusters, the Q-8
quinone type was found. This is in contrast to the Flavobac-
terium-Sphingobacterium-Cytophaga complex, which con-
tained the MK type (Table 1). The fatty acid patterns of the
type A, B, and C clusters showed similarities to those of the
reference strains of the species Xanthomonas maltophilia.
The type A isolate was more related to Xanthomonas
maltophilia LMG 981 (subj. syn.: Pseudomnonas pictorum
Gray and Thornton 1928 [16]) according to the higher levels
of iso-14:0 and iso-16:0, whereas the type B cluster was more
related to Xanthomonas maltophilia DSM 50170, as indi-
cated by the lower levels of these fatty acids. Ikemoto et al.
(7) used this feature for a subdivision of the species Xan-
thomonas maltophilia (formerly Pseudomonas maltophilia)
into two biovars. BiovarI, including the methionine-requir-
ing strains, is further characterized by growth on sucrose but
not on DL-3-hydroxybutyrate, whereas biovarII, including
the methionine-independent strains, is characterized by
growth on DL-,3-hydroxybutyrate but not on sucrose. Ac-
cording to these characteristics, Xanthomonas maltophilia
DSM 50170 and the type B cluster could be designated
biovar I strains and Xanthomonas maltophilia LMG 981 and
the type A isolate could be designated biovarII strains
(Table 5). However, numerical analysis of the physiological
reaction profiles of the type A, B, and C clusters showed
equal similarities of the type B cluster to both reference
strains of Xanthomonas maltophilia and low similarities of
the type A and C clusters to these reference strains (Fig. 3).
The type D isolate showed a fatty acid composition similar

to that of Alcaligenes eutrophus DSM 531 (Table 2) and had
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TABLE 5. Physiological reaction profiles of reference strains and isolates
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TABLE 5-Continued
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TABLE 5-

% Po,

Reference strain
or cluster

Alcaligenes faecalis cluster"

Alcaligenesfaecalis DSM 30033

Alcaligenes xylosoxydans subsp.
denitnificans DSM 30026

Pseudomonas diminuta cluster'
Pseudomonas diminuta DSM 1635

Type A cluster

Type B cluster

Type C cluster

Type D cluster

Type E cluster

Type F cluster

Type G cluster

Type H cluster

Type I cluster

Agrobacterium radiobacter DSM
30147

Agrobacterium tumefaciens DSM
30205

Alcaligenes eutrophus DSM 531

Comamonas acidovorans DSM 39

Cytophaga aquatilis DSM 2063

Flavobacterium breve DSM 30096

Flavobacterium odoratum DSM 2801

Hydrogenophaga palleronii DSM 63

Methylobacterium mesophilicum
DSM 1703

Methylobacterium radiotolerans DSM
1819

Paracoccus denitrificans DSM 65

Pseudomonas alcaligenes DSM 50342

Pseudomonas mendocina DSM

50017

Pseudomonas pseudoalcaligenes
DSM 50188

Pseudomonas putida DSM 291

Rhizobium leguminosarum DSM
30132

Sphingobacterium spiritivorum DSM
2582

Sphingomonas capsulata DSM 30196

Thiobacillus versutus DSM 582
Thiobacillus versutus IFO 14568
Xanthomonas maltophilia LMG 981
Xanthomonas maltophilia DSM 50170

Zoogloea ramigera DSM 287

the same quinone type. However, the physiological reaction
profile showed that no relationship to this reference strain

-Continued exists. Therefore, the assignment of this isolate to Alcali-
sitive genes eutrophus DSM 531 or to the other reference strains of
__________________________ this genus could not be confirmed.

Growth with: The type E isolate was the only one containing Q-9, and it
was therefore chemotaxonomically far separated from the
other isolates, which contained Q-8 or Q-10. The fatty acid
profile of this isolate differed from that of the other Q-9-
containing reference strains of the genus Pseudomonas in a
high content of 19:0-cyclo 11-12 (19%) and the occurrence of
the fatty acid iso-11:0-30H (4%) (Table 2). The physiological
reaction profile of this isolate formed a cluster with the
profiles of Pseudomonas alcaligenes DSM 50342 and Pseu-
domonas pseudoalcaligenes DSM 50188. However, since
the Jaccard similarity coefficient was used, this similarity

:Qx,QQ.:> .= = was based only on the positive test results of the hydrolysis
u_~,n° - 3 of L-alanine-pNA and nitrate reduction to nitrite (Table 5). A; > > x o;physiological marker of the type E isolate was urease

: -> X- i * > X activity, which could not be shown for any other isolate
100 80 60 40 0 20 100 0 (Table 5). With respect to the different fatty acid composi-
+ - + - - - + _ tion, the type E isolate could not be assigned to Pseudomo-
+ - + - - - + - naspseudoalcaligenes DSM 50188 and Pseudomonas alcali-

genes DSM 50342.
0 0 0 100 0 0 20 0 The type F cluster was characterized by its content of the

fatty acid 19:0 of about 3%, which could not be detected in
any other isolate or reference strain (Table 3). The presence00 0 0 0 10 0 100 0 of 3-hydroxydecanoic acid (10:0-30H), 19:0, and an un-

0 0 0 0 0 0 0 0 known fatty acid with an equivalent chain length (ECL) (14)
0 0 0 0 0 0 0 0 of 19.828 distinguished this cluster from Methylobacterium

100 0 0 0 0 0 0 0 radiotolerans DSM 1819. Although Urakami and Komagata
100 17 50 67 67 0 67 0 (26) reported the occurrence of 19:0 in some isolates which
100 0 100 100 100 100 100 0 they placed into the genus Protomonas (which was later

0 0 0 100 0 0 0 0 reclassified as Methylobacterium [2]), there is no report of
100 0 0 100 67 100 100 0 the occurrence of 10:0-30H within this genus (5, 25-27).
+ - - + + + + - This leads to a clear distinction from the genus Methylobac-

terium which was even more pronounced when using the
+ - + + + + + - physiological reaction profiles (Fig. 2).

Based on the fatty acid profile, the type G isolate showed
+ - + + - - - - similarity to the reference strains Agrobacterium radiobac-
+ + + + - - + - ter DSM 30147 and Agrobacterium tumefaciens DSM 30205.

- Especially, the presence of the fatty acids 14:0-30H and
16:0-30H was described by Veys et al. (28) as a character-

+ - _ --+ - istic criterion for Agrobacterium radiobacter within the
+ _ _ _ _ _ group of clinical relevant bacteria. Yokota (30) described the

hydroxy fatty acids as useful indicators for the differentia-
- + + - - - - - tion of members of the family Rhizobiaceae and reported

that 14:0-30H and 16:0-30H are typical predominating hy-
+ + - + + - + - droxy fatty acids for the genus Agrobacterium. The combi-

nation of these two fatty acids was found in the reference
+ + + + - - + + strains of the genus Agrobacterium, the type G isolate, and
+ ._ + also in the reference strain Zoogloea ramigera DSM 287

(Table 3). The last strain was similar in fatty acid composi-
+ - - + + + + + tion and physiological reaction profile to the reference

strains of the genus Agrobacterium. Based on the fatty acid
composition, Zoogloea ramigera DSM 287 could be sepa-
rated from the Agrobacterium cluster by the lower content
of 14:0-30H (1%) and an unknown fatty acid with an ECL of

- - - + - - - - 19.368 (Table 3). The physiological reaction profiles repro-
+ - + + - - - - duced the cluster arrangement of these four strains and

confirmed, therefore, the relationship of the type G isolate to
+ + - _ ---the genus Agrobacterium.
+ - - + + + + - The type H isolate could not be assigned to any reference

strain by means of the fatty acid composition and the
physiological reaction profile (Fig. 1 and 2).
The isolates of the type I cluster had a fatty acid profile
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Jaccard similarity coefficient
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FIG. 2. Dendrogram generated from physiological reaction profiles.

which was similar to that of the reference strain Thiobacillus
novellus DSM 506, except that trace amounts of the fatty
acid 12:0-30H and an unknown fatty acid with an ECL of
19.828 were detected in the type I cluster (Table 3). Thioba-
cillus novellus DSM 506 contained no hydroxy fatty acids,
which was in accordance with the results of Katayama-
Fujimura et al. (10). They found Thiobacillus novellus to be
the only species of the genus Thiobacillus lacking hydroxy
fatty acids. The physiological properties of the type I isolate
differed clearly from those of Thiobacillus novellus DSM 506
since this reference strain failed to grown on ASS agar.

Fatty acid analysis proved to be a useful tool for the
differentiation and characterization of gram-negative, non-
fermentative bacteria isolated from biofilters. The physiolog-

ical test system reproduced most of the clusters, which could
be regarded as confirmation of these clusters. This applied to
isolates showing a reaction profile with at least six positive
test results, equivalent to 10% of the reactions tested.
However, for the isolates with a smaller number of positive
test results (type C, D, E, and H isolates), major differences
occurred in comparison with the fatty acid analyses. This
indicates that the physiological test systems are of limited
usefulness when applied as a single method for the differen-
tiation of isolates from biofilters and possibly from other
environments as well, such as wastewater treatment plants
or soils. Actually, many bacteria can be isolated from these
sources, which exhibit low reactivity in the usually applied
physiological identification systems. The prearrangement of
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Jaccard similarity coefficient
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FIG. 3. Dendrogram generated from physiological reaction profiles with prearrangement according to the quinone type of the strains.

the biofilter isolates into distinct groups according to their
quinone type improved the coincidence with the clusters
obtained by fatty acid analysis. This suggests that the
application of physiological test systems should be restricted
to those groups of organisms which are prearranged, prefer-
ably by a chemotaxonomic marker such as the quinone type.
An important result of the identification procedure was the

reliable proof of Alcaligenes faecalis and Pseudomonas
diminuta among the isolates from biofilters for off-gas treat-
ment of animal-rendering-plant emissions. The involvement
of these species in the biofilter population and possibly in the
degradation process of the specific waste gas compounds
could supplement the known properties of these species by

interesting aspects. On the other hand, the identification of
the biofilter isolates was successful only for 10 of 31 strains.
This indicates that physiological data bases, which usually
do not consider the species present in a biofilter population,
should be used with great caution for identification proce-
dures.

Information about the whole biofilter population has to
remain fragmentary when using the methods applied in this
study. Investigations of plate counts of bacteria from organic
soil showed that about 1% of the total counts could be
recovered by culture techniques (21). Additional techniques
such as direct extraction of DNA, RNA, or chemotaxonomic
markers can give valuable contributions for future ap-

Cluster
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proaches of population analyses. Nevertheless, in view of
the low costs, the quick and simple method, and the large
extent of automation of fatty acid analysis, efforts should be
made to optimize the culturing methods for the bacteria
established in biofilters. Not only would this make the
greatest possible number of bacteria available for this advan-
tageous differentiation method, but also it is necessary for
further physiological studies which are important steps
toward the understanding and future optimizing of the deg-
radation capacities of biofilters.
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