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Thirty-two strains of nonflocculating bacteria isolated from sewage-activated sludge were tested by a spec-
trophotometric assay for their ability to coaggregate with one other in two-membered systems. Among these
strains, eight showed significant (74 to 99%) coaggregation with Acinetobacter johnsonii S35 while only four
strains coaggregated, to a lesser extent (43 to 65%), with Acinetobacter junii S33. The extent and pattern of
coaggregation as well as the aggregate size showed good correlation with cellular characteristics of the
coaggregating partners. These strains were identified by sequencing of full-length 16S rRNA genes. A. johnsonii
S35 could coaggregate with strains of several genera, such as Oligotropha carboxidovorans, Microbacterium
esteraromaticum, and Xanthomonas spp. The role of Acinetobacter isolates as bridging organisms in multigeneric
coaggregates is indicated. This investigation revealed the role of much-neglected nonflocculating bacteria in

floc formation in activated sludge.

The importance of bacterial aggregation as a primary step
towards biofilm development, host colonization, and floccula-
tion of activated sludge, etc., has long been realized. Efficient
aggregation and proper settling of flocs is important for the
generation of good-quality effluent in the activated sludge pro-
cess. However, attention is focused mainly on floc-forming
bacteria, such as Kluyvera cryocrescens, Pseudomonas sp., and
Flavobacterium sp., etc. (7, 8, 21, 22). The presence of nonfloc-
culating bacteria is often considered a nuisance responsible for
increased turbidity and poor quality of the treated effluent. As
a result, it is difficult to contemplate the role of nonflocculating
bacteria in floc formation.

The ability of bacterial cells to recognize and communicate
with one other, leading to coaggregation, is extensively inves-
tigated with regard to oral biofilms. A large amount of litera-
ture exists on the types and mechanisms of interactions in
bacterial tooth plaques (5, 10), in addition to some reports on
coaggregation of organisms in the urinogenital tract (16) and
chicken crops (24). Relatively few studies of coaggregation
between aquatic biofilm bacteria have been reported (3, 17).
Although environmental factors such as substrate gradient,
chemical and/or physical stress, and predation are known to
trigger bacterial aggregation in activated sludge systems (1),
specific cell-cell interactions and coaggregation among pure
cultures of nonflocculating sludge bacteria have never been
investigated.

This study explores and describes the possibility of interge-
neric coaggregation among bacteria isolated from a municipal
sewage treatment plant. A systematic study has been con-
ducted to identify the coaggregating pairs among 32 strains of
nonflocculating bacteria. The time courses and the aggregate
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sizes and structures have been examined in cases of efficient
coaggregations. A correlation between coaggregation and the
cellular characteristics of the partners has also been demon-
strated.

MATERIALS AND METHODS

Bacterial isolates. Fifty-two bacterial strains were isolated by ultrasonic treat-
ment of a sludge sample obtained from the Kawada Sewage Treatment Plant,
Utsunomiya, Japan. These strains were characterized by Gram staining and
standard biochemical tests. Flocculation characteristics of the isolates were ex-
amined using polypeptone medium as described before (7). Isolates were iden-
tified based on sequencing of the full-length 16S rRNA genes through National
Collections of Industrial, Food and Marine Bacteria—Japan.

Medium and growth conditions. Bacterial isolates were cultured at 25°C by
using polypeptone liquid medium. The medium consisted of the following (per
liter of distilled water): polypeptone, 10 g; (NH,),SO,, 1 g; NaNO;, 0.5 g; NaCl,
0.1 g; MgSO, - 7TH,0, 0.2 g; CaCl, - 2H,0, 0.05 g; FeCl; - 6H,0, 0.01 g; and
K,HPO,, 1 g. The pH before sterilization was adjusted to 7.0. The bacterial
growth was monitored by the measurement of the optical density at 660 nm
(ODggp) in a 10-mm-path-length cuvette with the use of a spectrophotometer
(Hitachi model no. 101).

Hydrophobicity assessment. Surface hydrophobicities of the bacterial strains
were examined by the microbial adhesion to hydrocarbon assay. This test, orig-
inally reported by Rosenberg et al. (18), was modified and used as follows. The
samples were washed twice with 3 mM NaCl containing 0.5 mM CaCl, and
suspended in the same solution. A 5-ml aliquot of the washed cell suspension and
5 ml of p-xylene were transferred into a 20-ml round-bottomed test tube. The
mixture was shaken 20 times and allowed to stand for several minutes. Adhesion
of the test samples to p-xylene was examined qualitatively, and adsorption per-
centage was calculated based on the measurement of the ODg4os of the cell
suspension before and after the assay.

Preparation of bacterial suspensions for coaggregation assay. Round flat-
bottomed Sakaguchi flasks (500 ml) containing 250 ml of liquid polypeptone
medium were inoculated with pure bacterial strains grown on solid medium (NY
agar [polypeptone, 5 g/liter; meat extract, 3 g/liter; yeast extract, 5 g/liter; agar, 20
glliter] or Bl agar [NY agar lacking yeast extract but containing 3 g of NaCl/
liter]). Liquid cultures were incubated at 25°C and 300 rpm for suitable periods
of time depending upon the growth rates of the bacterial strains to be used. Cells
were harvested in the late exponential growth phase by high-speed centrifugation
(11,000 X g for 10 min), washed twice in 3 mM NaCl containing 0.5 mM CaCl,,
and suspended in the same solution. Subsequently, the cell suspension was
centrifuged at 650 X g for 2 min and the remaining cell suspension was used for
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TABLE 1. Characterization and identification of bacterial isolates by sequencing of full-length 16S rRNA genes

Accession no. of

% Identity of Result of
Isolate d sequence. base Proposed identity gram Shape Motility Color Presg:nce of  Presence of
etermined in . oxidase catalase
this study sequences stalmng
S11 AB101445 92.87 Xanthomonas sp. - Rod - Cream + +
S23 AB099659 99.19 O. carboxidovorans - Twisted rod + White + +
S28 AB099660 99.19 O. carboxidovorans - Twisted rod + White + +
S29 AB099658 99.74 M. esteraromaticum + Rod curved to V + Yellow - +
S33 AB10144 99.97 A. junii - Rod - White - +
S35 AB099655 99.51 A. johnsonii - Rod - White - +
S38 AB099656 99.41 M. esteraromaticum + Rod - Yellow - +
S51 AB099657 99.77 M. esteraromaticum + Rod + Yellow - +
S53 AB101447 95.13 Xanthomonas sp. - Rod - Cream + +
S54 AB101446 92.99 Xanthomonas sp. - Rod - Cream + +

aggregation experiments. The ODgq, of the cell suspension was measured and
readjusted to 0.3 by using the same solution (3 mM NaCl containing 0.5 mM
CaCl,). Finally, the pH of the cell suspension (ODge, = 0.3) was adjusted to 7.0.

Coaggregation assay. The cell suspensions (ODgg, = 0.3; pH = 7) of each of
the pure bacterial partners were prepared separately as described above. Equal
volumes (100 ml each) of the suspensions of coaggregating partners were mixed
in 300-ml beakers and immediately incubated at 20°C and 300 rpm. Pure bacte-
rial suspensions (200 ml each) were incubated under similar conditions as con-
trols to check self-flocculation. Several 10-ml aliquots of coaggregating mixtures
were withdrawn at regular intervals over the course of a 360-min duration, and
the aggregation indices were measured by two different assays (with and without
a centrifugation step). In the first assay, samples were simply allowed to stand for
5 to 60 min. The ODggs of the carefully pipetted supernatant (upper layer) were
measured after 5, 10, 30, and 60 min and used to calculate the aggregation
indices. In the alternate assay, samples were immediately centrifuged at 650 X g
for 2 min and the ODgg, of the supernatant was measured. The aggregation
index was calculated as follows:

OD(mml) - OD(aupernamnl)

X 100
OD(mlal)

Aggregation index (%) =
Phase-contrast microscopy and SEM. The sizes and shapes of coaggregates
were observed by phase-contrast microscopy with an optical microscope (Olym-
pus BX50 F4). The samples for scanning electron microscopy (SEM) were
washed and hardened by suspension in 2.5% (wt/vol) glutaraldehyde solution for
1 h. Subsequently, the samples were dehydrated in series of 20, 40, 60, 80, and
99.5% ethanol solution for 30 min each. Finally, the pellet was suspended in

3-methylbutyl acetate for 12 h, after which critical point drying was performed
using a critical point drier (Hitachi HCP-2). Then the samples were fixed and
scanned with a scanning electron microscope (Hitachi S-4500).

Nucleotide sequence accession numbers. DDBJ accession numbers of 16S
rRNA gene sequences determined in this study are shown in Table 1.

RESULTS

Characterization and identification of bacterial isolates by
sequencing of full-length 16S rRNA genes. The flocculation
characteristics of 52 strains of bacteria isolated from activated
sludge are summarized in Fig. 1. About 31% of the bacterial
isolates were good floc formers (aggregation index of 50% or
more), while 58% were nonflocculating bacteria (aggregation
index of 20% or less) and 11% were partially flocculating
bacteria (aggregation index of 20 to 50%). Relative abundance
of nonflocculating bacteria in this sewage sludge prompted
further studies on the role of these bacteria in aggregation. A
preliminary survey of adsorption of the nonflocculating bacte-
ria to octyl-Sepharose CL-4B indicated that some of the strains
were hydrophobic. Acinetobacter johnsonii S35, Acinetobacter
junii S33, and Oligotropha carboxidovorans S23 isolates that
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FIG. 1. Flocculation characteristics of the sewage sludge isolates.
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FIG. 2. Comparison of results from the two assays (with and without a centrifugation step) for measurement of aggregation indices of larger
coaggregates (110 wm) of A. johnsonii S35 and M. esteraromaticum S29 (A) and smaller coaggregates (50 wm) of A. johnsonii S35 and M.

esteraromaticum S51 (B).

exhibited high or moderate hydrophobicities were then picked
up as core bacteria for investigation of the possibility of their
coaggregation with remaining nonflocculating bacteria. Over-
all, about 100 bacterial pairs were tested and the results indi-
cated that A. johnsonii S35 had the ability to coaggregate with
the highest number of bacterial strains.

All those strains that coaggregated with A. johnsonii S35
were identified by sequencing of full-length 16S rRNA genes.
The characteristics, DDBJ accession numbers, and percent
identities of the base sequences with the closest sequences in
the database (proposed identities) are shown in Table 1. Iden-
tification revealed that all the partner strains belonged to one
of three groups: Oligotropha carboxidovorans (S23 and S28),
Microbacterium esteraromaticum (529, S38, and S51), and Xan-
thomonas spp. (S11, S53, and S54). Due to relatively lower
sequence homology (93 to 95%), strains belonging to the Xan-
thomonas genus could not be identified to the species level.
Further, three strains of M. esteraromaticum did not show iden-
tical morphologies. S29 cells were long rods, often curved into
a V, while S38 and S51 cells were short rods.

Identification of coaggregating pairs. In sewage treatment
plants, 30-min-settled sludge volume is used as an index to
evaluate settleability of sludge. Therefore, in the present study,
the extent of coaggregation among different pairs was initially
measured by using either settling (5 to 60 min) or centrifuga-
tion of the coaggregating mixtures. Comparison of the aggre-
gation indices recorded by the two assays is shown in Fig. 2.

Letting the samples stand for 30 to 60 min before measure-
ment of ODs gave aggregation indices similar to those ob-
tained after centrifugation, with both larger (Fig. 2A) and
smaller (Fig. 2B) coaggregates. Therefore, the assay involving
the centrifugation step was used as the standard assay through-
out this study to obtain quick results.

O. carboxidovorans S23, A. junii S33, and A. johnsonii S35
were initially used as the core bacteria in this study to test
coaggregation with 29 other strains, and the results are shown
in Table 2. The data for 22 strains that did not show coaggre-
gation with any of the core strains are not shown here. O.
carboxidovorans S23 coaggregated with only two strains and
hence was no more anticipated to be a core bacterium. A.
johnsonii S35 showed coaggregation with 8 of 31 strains. As
shown in Table 2, aggregation indices during coaggregation of
A. johnsonii S35 varied from 73 to 98% depending upon the
partner bacterium. Moreover, strains of the same species
showed various coaggregation abilities, indicating that the ex-
tent of coaggregation was strain specific. A. junii S33 also
coaggregated to a lesser extent with four partner strains of A.
johnsonii S35. Aggregate sizes assessed using phase-contrast
microscopy (micrographs not shown) indicated that these also
varied depending upon the bacterial combination involved. A4.
johnsonii S35 coaggregates were generally larger (50 pm to
over 100 wm) than A. junii S33 coaggregates (20 to 30 wm).
The scanning electron micrographs of A. johnsonii S35 (Fig.
3A) and A. junii S33 (Fig. 3B) show that both these strains had

TABLE 2. Aggregation indices during coaggregation of O. carboxidovorans S23, A. junii S33, and A. johnsonii S35 with other
nonflocculating bacteria

Aggregation index (%) at 360 min of:

Strai Cell length
train

(jum) O. carboxidovorans S23 A. junii $33 A. johnsonii S35
A. junii S33 1.00 62.3 17.3
A. johnsonii S35 1.05 98.5 17.3
Xanthomonas sp. strain S11 1.25 15.3 18.9 90.7
O. carboxidovorans S23 1.50 62.3 98.5
O. carboxidovorans S28 1.50 14.7 65.2 98.3
M. esteraromaticum S29 0.9-1.0 28.3 17.3 91.8
M. esteraromaticum S38 0.75 30.0 48.3 78.7
M. esteraromaticum S51 0.75 19.7 43.7 73.3
Xanthomonas sp. strain S53 1.25 14.7 29.5 91.7
Xanthomonas sp. strain S54 1.25 25.0 29.5 72.7
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FIG. 3. Scanning electron micrographs of the coaggregates. (A) A. johnsonii S35. (B) A. junii S33. (C) A. johnsonii S35 and O. carboxidovorans
S23. (D) A. junii S33 and O. carboxidovorans S23. (E) A. johnsonii S35 and M. esteraromaticum S51. (F) A. junii S33 and M. esteraromaticum S51.
(G) A. johnsonii S35 and Xanthomonas sp. strain S53.
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protrusions on the cell surfaces, on the basis of which they
could be readily distinguished from partner strains in the scan-
ning electron micrographs of coaggregates (Fig. 3C to G).

Time course of coaggregation. Coaggregation patterns of all
the efficient pairs were examined in detail, and the time course
of coaggregation by one representative strain of each genus is
presented (Fig. 4A to C). The results were quite reproducible
for most of the coaggregating pairs, and representative values
from three or more experiments are reported here. Broadly,
two types of patterns could be demonstrated. In the first case,
significant coaggregation occurred as soon as the bacterial
suspensions were mixed and instant formation of significantly
large aggregates could be seen with the naked eye. Such a
pattern was observed in the case of coaggregation of 4. johnso-
nii S35 with O. carboxidovorans strains (Fig. 4A). On the other
hand, during coaggregation of A. johnsonii S35 with M. ester-
aromaticum or Xanthomonas spp., aggregation indices gradu-
ally increased with time (Fig. 4B and C). In no case did the
aggregation indices decline with time, indicating that the ag-
gregates were stable and that no deflocculation occurred dur-
ing the process. The time courses of coaggregation between A.
Junii S33 and its partners are also plotted in Fig. 4. A. junii S33
did not coaggregate with any of the strains of Xanthomonas
spp-

Correlation between cellular characteristics and coaggrega-
tion. The correlation between aggregation index, aggregate

APPL. ENVIRON. MICROBIOL.
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FIG. 4. Time courses of coaggregation of A. johnsonii S35 and A.
Junii S33 with O. carboxidovorans S23 (A), M. esteraromaticum S51 (B),
and Xanthomonas sp. strain S53 (C). Symbols: @, A. johnsonii S35; ¢,
A. junii S33; m, partner strain; A, A. johnsonii S35 and partner strain;
A, A. junii S33 and partner strain.

size, and hydrophobicity (percent adsorption to p-xylene) dur-
ing coaggregation of A. johnsonii S35 with other nonflocculat-
ing bacteria is shown in Fig. 5. Positive correlation between cell
surface hydrophobicities of the strains and aggregation indices
was observed (Fig. 5A). Hydrophobicity could be well corre-
lated with aggregate size except in the cases of Xanthomonas
spp. strains S53 and S11 (Fig. 5B). Similarly, in the plot of the
correlation between aggregation index and aggregate size, both
these strains of Xanthomonas spp. (S53 and S11) were the
outliers (Fig. 5C). After 360 min of coaggregation, Xanthomo-
nas sp. strain S53 coaggregates were much larger (125 wm)
(Fig. 6A) than Xanthomonas sp. strain S11 coaggregates (75
pwm) (Fig. 6B). In the case of Xanthomonas sp. strain S53, the
coaggregate size increased between 60 min (80 wm) and 240
min (125 pm), indicating that the smaller coaggregates had
joined to form larger ones. On the other hand, in the case of
Xanthomonas sp. strain S11, the same coaggregate size was
retained until the end point of 360 min. However, the reason
for such different aggregate structures of the two strains of
Xanthomonas spp., which have similar hydrophobicities and
aggregation indices, could not be elucidated. Thus, the aggre-
gation index during coaggregation of A. johnsonii with M. es-
teraromaticum or O. carboxidovorans strains was better corre-
lated with hydrophobicity and aggregate size.

DISCUSSION

Factors determining coaggregation behavior. A preliminary
report (3) on coaggregation among aquatic biofilm bacteria
speculated that the extent of coaggregation assessed by aggre-
gation score is also a measure of sizes or densities of aggre-
gates. Based on phase-contrast microscopic examination, we
found a definite and positive relationship between the aggre-
gation index and aggregate size. Further, the aggregation index
and aggregate size appeared to depend upon the cellular char-
acteristics of the participating bacteria. A. johnsonii S35 was
found to be more hydrophobic (showing 85% adsorption to
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p-xylene) than A. junii S33 (63%), and this finding could well
explain the higher coaggregation scores of the former with the
same partner bacteria. Among the partners, O. carbox-
idovorans S23 (66%) and O. carboxidovorans S28 (69%) were
the most hydrophobic, followed by M. esteraromaticum S29
(56%), while hydrophobicities of the rest of the coaggregating
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FIG. 5. Correlation during coaggregation of A. johnsonii S35 with
other nonflocculating bacteria. (A) Cell surface hydrophobicity (per-
cent adsorption to p-xylene) and aggregation index. (B) Cell surface

hydrophobicity and aggregate size. (C) Aggregation index and aggre-
gate size.

strains ranged from 16 to 47%. It is interesting that although
M. esteraromaticum S29 (aggregation index = 92%) and M.
esteraromaticum S51 (aggregation index = 73%) were identi-
fied to the same species level, their coaggregation scores with
A. johnsonii S35 varied reasonably due to differences in cell
surface properties. Thus, differences in hydrophobicities and
cell morphologies of the two strains of M. esteraromaticum led
to varied aggregation indices and aggregate sizes. Cell surface
hydrophobicity is known to be a dominant characteristic pro-
moting bacterial adhesion (15), and hence the role of hydro-
phobic interactions during coaggregation of A. johnsonii S35
and A. junii S33 with other bacteria cannot be ignored. How-
ever, further studies essential to elucidate the exact mechanism
of coaggregation are in progress. Although no direct correla-
tion could be observed between the cell length and the aggre-
gation index, often strains with longer cells had higher aggre-
gation indices. Further, our results show that the coaggregation
pairings of bacteria belonging to the same genera were quite

FIG. 6. Phase-contrast micrographs of the coaggregates. (A) A. johnsonii S35 and Xanthomonas sp. strain S53. (B) A. johnsonii S35 and

Xanthomonas sp. strain S11. Bar, 50 pm.
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similar, while the extents (aggregation indices) and patterns of
coaggregation varied. Such differences in coaggregation behav-
iors of Prevotella nigrescens and Prevotella intermedia with Ac-
tinomyces naeslundii strains have been previously demon-
strated in the case of oral pathogens (5).

Ecological significance of multigeneric coaggregations. All
the eight strains showing good coaggregation ability with A4.
johnsonii S35 have been identified. Although several of the
strains belong to the same species or genera, the results show
that A. johnsonii S35 is an efficient coaggregator which can
coaggregate with bacteria belonging to various groups. In ad-
dition, A. junii S33 can also coaggregate with some of the
common partners. These results suggest the possibility of for-
mation of multigeneric coaggregates with the Acinetobacter
isolates as bridging organisms, similar to the role proposed for
Fusobacterium and Prevotella in dental plaques (9, 10). Such
bridging organisms are believed to carry complementary re-
ceptors recognized by functionally similar adhesins on cells
from distinct genera (11). Unlike other strains, A. johnsonii S35
had the striking combination of low zeta potential (—=5.6 = 1.3
mV) and high hydrophobicity (85%). In their studies involving
adhesion of 23 bacterial strains (from a culture collection) to
sulfated polystyrene, van Loosdrecht et al. (25) found that
none of the hydrophobic bacteria had low electrophoretic mo-
bility. They suggested that hydrophobic bacteria with low elec-
trokinetic potential are expected to adhere very strongly to
other surfaces as well as to one other and hence have fewer
chances of being isolated. However, Zita and Hermansson (27)
reported that adhesion of Escherichia coli strains or sludge
isolates to activated sludge flocs can be better correlated with
the surface hydrophobicity than with the cell surface charge.
Possibly the combination of high surface hydrophobicity and
low zeta potential is responsible for coaggregation of A.
johnsonii S35 with several strains and for its role as a bridging
organism. We have earlier observed that A. johnsonii S35 can
also adhere to the activated sludge flocs with much higher
efficiency than the other nonflocculating bacteria. Some pro-
trusions on the surfaces of A. johnsonii S35 and A. junii S33
cells could also be observed through SEM (Fig. 3A and B).
There is a possibility that such surface structures mediate the
process and participate in coaggregation. However, further
studies are required to ascertain the structure and role of these
protrusions in coaggregation.

A role for Acinetobacter spp. in bioaccumulation of phos-
phate and heavy metals along with bioemulsan and biodis-
persan production has been reported (2, 23). The wide meta-
bolic versatility of these species makes them a prospective
candidate for bioremediation of a range of recalcitrant aro-
matic contaminants (4), including benzene, toluene, and xy-
lene. Acinetobacter spp. strains have been isolated from diverse
environments, such as a deep radioactive liquid waste reposi-
tory (14), oil-contaminated soil (19), and even Siberian tundra
soils (20), indicating their universal existence in natural envi-
ronments. However, this is the first report concerning coaggre-
gation capabilities of Acinetobacter spp. Coaggregate forma-
tion will have various advantages for sludge bacteria, such as
protection against washout and protozoan predation, resis-
tance to toxins, and better provisions for carbon and energy
sources (1). Consequently, the potential ecological significance
of various coaggregations involving A. johnsonii S35 or A. junii
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$33, although unknown at present, may hold great promises
with respect to effluent treatment. However, recent studies
employing in situ identification methods argue the dominant
presence of Acinetobacter species in activated sludge (12, 26).
Very few reports indicate the presence of strains belonging to
the Xanthomonas group and Microbacterium spp. in activated
sludge or drain biofilms (6, 13). Therefore, our future studies
will be focused on application of fluorescence in situ hybrid-
ization to in situ observation of coaggregating bacterial species
and coaggregates in activated sludge to confirm the natural
occurrence and significance of these coaggregations in sewage
treatment plants.

Through this investigation, we have exposed the occurrence
of intergeneric coaggregation among nonflocculating sludge
bacteria. We have demonstrated that a positive correlation
exists between extent of coaggregation, coaggregate size, and
the cell surface characteristics of the partners. The results of
our ongoing studies indicate potential similarity of patterns
and mechanisms of these coaggregations to those of oral
pathogens and aquatic bacteria. Examination of the remaining
groups of sludge bacteria for their coaggregation ability will
further increase the potential significance of the highly specific
coaggregations described here.
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