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Rapid Detection of Nocardia amarae in the Activated Sludge Process
Using Enzyme-Linked Immunosorbent Assay (ELISA)
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Nocardia amarae, a mycolic acid-containing bacterium, has often been reported to cause foaming of acti-
vated sludge in wastewater treatment plants. In this study, the number of N. amarae cells in the activated sludge
process was estimated by enzyme-linked immunosorbent assay (ELISA) with anti-N. amarae polyclonal an-
tibody. Use of the antibody enabled /N. amarae to be detected at levels of 10¢ to 107 colony forming units. On
the other hand, the antibody reacted with only a small portion of activated sludge, in which no N. amarae cells
were detected by the plate count method. Competitive ELISA was employed to estimate the V. amarae cells in
samples taken from a municipal wastewater treatment plant, including raw wastewater and activated sludge
foam. The cell numbers estimated by competitive ELISA corresponded well with those obtained by plate
counts. Hence, the antibody produced in this study was shown to be effective for the rapid monitoring of N.

amarae in the activated sludge process.

[Key words:
assay]

The activated sludge process has contributed widely to
the treatment of domestic and industrial wastewater.
One of the most important and well-known characteris-
tics of this process is solid-liquid separation. However,
the formation of a highly viscous and stable foam is
often reported in treatment plants worldwide (1), giving
rise to operational problems such as effluent quality de-
terioration, increased time requirements for plant main-
tenance, the creation of malodors by decomposing
foam, and in extreme cases, hazardous working condi-
tions resulting from foam spilling out of the aeration
basin. Aside from these operational inconveniences, it is
very important to solve the foam problem from a sani-
tary point of view, since a novel foam-producing bac-
terium isolated from activated sludge plants has been iden-
tified as an opportunistic pathogen (2).

Nocardia amarae (3) [presently Gordona amarae (4,
5)}, which has often been isolated as the dominant
microorganism from foaming activated sludge, belongs
to a group of mycolic acid-containing bacteria that in-
cludes actinomycetes such as Rhodococcus spp. (6) and
Mpycobacterium sp. (7). The involvement of N. amarae
in foaming in the activated sludge process has been exten-
sively investigated from the following viewpoints: nutri-
tional requirements (6), cell surface hydrophobicity and
affinity of the cells to air bubbles (8), and the production
of surface-active agents (9).

For the purpose of controlling the growth of the
microorganism in aeration tanks, relatively quick and
practical methods for monitoring N. amarae have been
developed using the plate count technique to enumerate
viable cells (10, 11). However, cultivation for several
days is needed for the confirmation of viable colonies
on the plate. In view of this, the development of more
rapid means of N. amarae detection is desired.

Recently, two molecular approaches have been intro-
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duced as useful tools for understanding the population
dynamics of N. amarae in the activated sludge process.
rRNA-targeted oligonucleotide hybridization probes were
investigated by de los Reyes et al. (12, 13), who reported
that the use of such probes specific for N. amarae strains
led to the detection of the targeted microorganisms and
their accurate quantification in activated sludge. The
other approach, an immunological method using fluores-
cently labeled antibody, was applied by Hernandez et al.
(14) to the enumeration of N. amarae in activated sludge
and anaerobic digesters. In their study, the filamentous
cells of N. amarae were shown to be stained with the
fluorescent antibody, and the cell mass could be detected
by measuring the filament length.

Although both the above approaches have provided
many useful findings on bacterial population dynamics,
the immunological method appears more suitable as a
useful means of rapidly monitoring the targeted bacte-
rium on site, i.e. in wastewater treatment plants. There-
fore, in the present study the novel, rapid and accurate
detection of N. amarae by enzyme-linked immunosor-
bent assay (ELISA) using anti-N. amarae polyclonal an-
tibody was experimentally investigated. In addition, the
applicability of ELISA for effective monitoring of N.
amarae in activated sludge is discussed from a practical
point of view.

MATERIALS AND METHODS

Bacterial strains and growth conditions The bacte-
rial strains used in this study are listed in Table 1.
N. amarae was previously isolated from activated sludge
scum and characterized by Sakai et a/ (15). The other
strains were obtained from the American Type Culture
Collection (ATCC) or the Institute for the Fermentation,
Osaka (IFO). All the strains were grown in the liquid
media shown in Table 1 at 28°C. MS medium consisted
of 5.0 g peptone, 2.5 g yeast extract, 1.0 g glucose and 4.5
g Na propionate per liter; pH 7.5. Media 227, 297, and
802 were prepared according to the IFO microorganisms
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TABLE 1. Bacterial strains and growth media used in the study
Organism Abbreviation  Medium
Nocardia amarae NA MS
Gordona amarae IFO 15530 GA 227
Nocardia nova IFO 15556 NN 227
Dietzia maris IFO 15801 DM 297
Rhodococcus equi ITFO 14956 REq 802
Rhodococcus erythropolis ATCC 4277 REr MS
Rhodococcus rhodochrous ATCC 13808 RRh MS
Rhodococcus ruber IFO 15591 RRu 227
Mycobacterium phlei IFO 13160 MP 802
Mpycobacterium smegmatis IFO 13167 MS 802
Tsukamurella paurometabolum IFO 12160 TP 802
Corynebacterium variabilis IFO 15286 Ccv 802

catalog (16). Cells were harvested in the late logarithmic
growth phase, washed with sterilized water, and normally
stored at —80°C after freeze-drying. However, in the ex-
periments for counting the N. amarae cell numbers, har-
vested cells were used immediately.

Activated sludge samples Activated sludge acclimat-
ed to artificial sewage wastewater by fill-and-draw cultiva-
tion (17) was used to the test of specificity of anti-N.
amarae antibody. The sludge was collected and washed
by centrifugation at 800 x g for 5 min.

The following samples were obtained from a munic-
ipal sewage treatment plant (Fig. 1): influent (raw sew-
age), effluent from the primary settling tank (primary
effluent), effluent from the aeration basin, scum in the
secondary clarifier, and effluent from the secondary
clarifier (secondary effluent). In a previous study, N.
amarae was shown to be a causative bacterium of foam-
ing in this plant (10). The mixed liquor suspended solid
(MLSS) and water content were determined according to
the standard methods for the examination of sewage
(18).

Anti-N. amarae antibody Freeze-dried N. amarae
cells were suspended in physiological saline and dis-
persed by sonication (130 W, 1min), resuspended in
10% formalin solution, and allowed to stand at 37°C
for 24 h in order to kill the cells. A portion of the killed
cells (dry weight, 200 zg) was subcutaneously injected
into three New Zealand White rabbits (nos. 1 to 3) at
2-week intervals over 6 weeks. All the sera from im-
munized rabbits 1 and 2 were harvested 50d after the
first immunization. In the case of rabbit 3, all the serum
was harvested after 70d.

ELISA ELISA was carried out using a 96-well
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microtiter plate. N. amarae cells were diluted with phos-
phate buffer saline (PBS) to a concentration of 5 g (dry
weight)/ml, and 200 gl of the suspension was put into
each well. Cells were precipitated by centrifugation
(600x g, 20min) and immobilized by treatment with
0.1% glutaraldehyde for 30min at room temperature
(19). After removing excess glutaraldehyde, 250 ¢l of a
blocking solution containing 0.1% bovine serum albu-
min (BSA) and 0.1 M glycine in PBS was added, and the
plate was allowed to stand for 2h at 28°C. The wells
were washed with PBS containing 0.05% Tween 20
(PBST) and finally filled out with PBS containing 0.25%
BSA, 3 mM MgCl,, and 0.15 M NaCl. The plate-immobi-
lized cells were stored at 4°C. Anti-N. amarae antiserum
was diluted to 1:256 with PBST. A 200-zl portion of
the diluted antiserum was added to each well and the
plate was incubated for 2h at 28°C. After washing
thoroughly with PBST, the antibody associated with im-
mobilized N. amarae cells was labeled with goat anti-rab-
bit IgG (H +L)-peroxidase conjugate (Wako Pure Chemi-
cal Industries, Osaka), which was diluted 1000 times
with PBST before use. Color development at 490 nm
was monitored with a microplate reader (EL 340; Bio-
Tek Instruments, Winooski, VT, USA) for 30 min after
addition of 200 g1 of a citrate buffer, pH 4.8, containing
(per liter) 400 mg o-phenylenediamine and 100 ¢l of 30%
H,0,.

Competitive ELISA The reactivity of anti-N. amarae
antibody with mycolic acid-containing bacteria was deter-
mined by competitive ELISA. Bacterial cells suspended
in PBS were added (0.2 pg/well) to plate-immobilized N.
amarae (see above). PBS not containing free cells was ad-
ded to a control well. Diluted antiserum (final dilution
rate, 1:256) was then added and the plate was incubated
for 30 min at 28°C. After washing thoroughly with
PBST, the amount of antibody absorbed on the M.
amarae immobilized in the wells was measured in the
same manner that was used in the ELISA procedure.
The efficiency of inhibition by free cells in the liquid
phase was determined on the basis of following calcula-
tion:

Inhibition (%)=[(A4.—~ Ax)/A] x 100

where A, is the absorbance of the well supplemented
with free cells and A, is absorbance of the well without
free cells (control).

Determination of N. amarae cells
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Schematic diagram of the activated sludge process in the sewage treatment plant. The arrows show the streams of wastewater,

effluents, and sludges. The samples used in this study were: 1, raw sewage; 2, primary effluent; 3, aeration basin effluent; 4, scum in secondary

clarifier; 5, secondary effluent.
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amarae cells in monocultures or in samples obtained
from the activated sludge process, colony forming units
(CFU) were counted using serial dilution plates of OD
medium, as previously described (10). Scum was homo-
genized for 2 min at 10,000 rpm before use. All samples
were dispersed by sonication for 8 min at 130 W before
being diluted serially 10 times with Na tripolyphosphate
(5mg/l). N. amarae cell numbers are expressed as CFU
per ml of a sample or per mg-MLSS of a sample.

Competitive ELISA N. amarae cells in samples
were also determined by competitive ELISA. Samples
appropriately diluted with PBS were added to plate-
immobilized N. amarae (1 pg/well) to measure their in-
hibition efficiencies. N. amarae cells were estimated using
a calibration curve (Fig. 3): N. amarae cells were applied
to plate-immobilized N. amarae at 10* to 107 CFU/well
to show the relationship between the N. amarae cell num-
bers and the inhibition efficiencies obtained by competi-
tive ELISA.

RESULTS AND DISCUSSION

Production of anti-N. amarae polyclonal antibody
In all three rabbits, the antibody titers against N.
amarae cells increased gradually and reached maximum
levels as a result of 3 or 4 immunizations. Rabbit 1
produced antiserum with the highest antibody titer (Fig.
2). On the other hand, the reactivity of the antiserum
with activated sludge was much lower than that with N.
amarae cells, especially when activated sludge was tested
at concentrations of 0.5 to 1.5 xg/well (Fig. 2). This find-
ing suggests only limited antibody reaction with other
microorganisms and constituents of activated sludge.
The activated sludge used in this study, which was accli-
mated to artificial wastewater in our laboratory, had
never experienced foaming. No nocardioform bacteria
were detected in the sludge by microscopic observation
or with OD medium (see Materials and Methods),
although the possibility of the presence of N. amarae
and/or other related bacteria could not be definitely
ruled out. The antibody from rabbit 1 was used in fur-
ther experiments since it appeared to be the most useful
for the specific detection of N. amarae in activated
sludge.

Detection of N. amarae by competitive ELISA The
competitive ELISA experiment revealed a good cor-
relation (r2=0.97) between the numbers of N. amarae
cells and their inhibition efficiencies (Fig. 3). The anti-N.
amarae antibody was thus able to determine CFU levels
in the range from 10* to 107. In a previous study, the
numbers of N. amarae cells in a municipal wastewater
treatment plant were enumerated using the colony count-
ing method with OD medium (20). The results, for exam-
ple, 7.1 x10% 8.5x10° and 4.5 % 105 CFU/mg-MLSS in
raw sewage, primary effluent and sludge foam, respectively,
confirmed the presence of N. amarae cells at levels of
104 to 106 CFU/mg-MLSS. The competitive ELISA inves-
tigated here would be able to detect such numbers of N.
amarae cells.

Reactivity of antibody with mycolic acid-containing
bacteria Mycolic acid-containing bacteria other than
N. amarae have been reported to accumulate in activated
sludge foam (7, 21, 22). To determine whether such bac-
teria were recognized by the antibody similarly to N.
amarae, its cross-reactivity was tested by competitive
ELISA (Fig. 4). G. amarae (IFO strain) exhibited a
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FIG. 2. Antibody titers against N. amarae cells (O, ¢, A) and
activated sludge (®). Antisera were harvested from rabbits 1 (O @), 2
(<), and 3 (4).

high degree of inhibition efficiency (50%), correspond-
ing to 81% of the inhibition level of N. amarae. This
result shows that the antibody strongly recognized G.
amarae as it did N. amarae, presumably because the two
strains are taxonomically identical. Except for Rhodococ-
cus equi, Tsukamurella paurometabolum, and Coryne-
bacterium variabilis, the antibody showed moderate re-
cognition toward cells of the other strains, whose inhi-
bition levels ranged from 29 to 65% that of N. amarae.
In this study, we could not find a clear tendency in the
reactivity of antibody in relation to each genus, although
the results can be summarized as follows: Nocardia and
Gordona=> Dietzia, Rhodococcus and Mycobacterium >
Tsukamurella> Corynebacterium.

In treatment plants where mycolic acid-containing
bacteria other than N. armarae predominate in the foam,
it may be difficult to detect only N. amarae cells by the
method described here due to reactivity of the antibody
with the other bacteria. However, since N. amarae has
been shown to be dominant in most plants (15, 23), the
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FIG. 3. Detection of N. amarae cells by competitive ELISA.
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FIG. 4. Cross-reactivity of anti-N. amarae antibody against
mycolic acid-containing bacteria. For strain abbreviations see Table 1.

anti-N. amarae antibody should be widely applicable.
Determination of N. amarae in the activated sludge
process N. amarae cell numbers (CFUs) in samples
obtained from the activated sludge process were deter-
mined by the plate count method (Table 2). The activat-
ed sludge scum contained the largest number of N.
amarae cells (1.0 x 107 CFU/mg-MLSS), while the secon-
dary effluent content was relatively large (1.3 %106
CFU/mg-MLSS). These results confirm that N. amarae
is accumulated in the sludge scum, as previously
described (10, 20). Different degrees of inhibition were
obtained when the samples were subjected to competitive
ELISA. The numbers of N. amarae cells were estimated
from the inhibition efficiencies using the calibration
curve shown in Fig. 3. The results estimated by competi-
tive ELISA corresponded well with those obtained by
the plate count method (Fig. 5). The use of anti-N.
amarae antibody was thus clearly shown to be applicable
to estimating cell numbers of N. amarae as the dominant
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FIG. 5. Estimation of N. amarae cells in the activated sludge
process by competitive ELISA. The values determined by competitive
ELISA are compared with those determined by the plate count method
(Table 2). The numbers next to the plots correspond to the sample
numbers in Fig. 1.
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TABLE 2. N. amarae cell numbers in the activated sludge process
Water
Sample MLSS cor tant N. amarae cell number
(mg/)) "oy (CFU/ml) (CFU/mg-MLSS)
Raw sewage 246 — 4.7 104 1.9>10%
Primary effluent 74 — 27108 3.6>x10°
Aeration
basin effluent 2090 — 1.3x10° 6.2 10°
Scum in
secondary clarifier — 95 — 1.0x 107
Secondary effluent 7.0 — 9.3x10° 1.3x 100

species among foam-causing bacteria in the activated
sludge process.

Conclusions In this paper, the production of anti-
N. amarae antibody and its application to determining
N. amarae cells in the activated sludge process were in-
vestigated. The antibody from rabbit 1 recognized only a
small portion of the activated sludge, indicating the pos-
sibility of using the antibody for the specific detection of
N. amarae cells in activated sludge, although its cross-
reactivity against gram-negative and gram-positive bacte-
ria other than mycolic acid-containing bacteria was not
tested in this study. The applicability of the antibody
was actually demonstrated by experiments in which N.
amarae cells in the activated sludge process were estimat-
ed by competitive ELISA. Some countermeasures, includ-
ing the addition of chemicals and physical procedures,
have been adopted to prevent the growth of N. amarae
in activated sludge. However, to control N. amarae
growth effectively, its rapid detection and estimation are
needed. In conclusion, the ELISA technique developed
in this study is seen as a novel and effective method for
monitoring N. amarae cells in the activated sludge
process.
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