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Toxicities of antifouling chemicals and natural
marine samples were evaluated by three assays, among
which bioluminescence assay using freshly incubated
Vibrio fischeri (V. fischeri) cells (NZ assay) and
MicroTox were regarded as short-term assays, and
growth inhibition assay was conducted as long-term
assay. Short-term toxicity levels evaluated by NZ as-
say were in good agreement with those by MicroTox
assay for all of the samples examined. Based on the
EC50 values of each chemical by respective assay, NZ
assay showed prior reproducibility and similar levels
of sensitivity when compared with those of MicroTox
assay. On the other hand, growth inhibition assay
showed lower sensitivity and reproducibility than NZ
and MicroTox assays. Four kinds of antifouling chemi-
cals, Irgarol 1051, Diuron, thiabendazole (TBDZ), and
N-dichlorofluoromethylthio-N′′′′′ ,N′′′′′-dimethyl-N-
phenylsulfamide (DCF), were detected to possess de-
layed toxicity from the judgments on the difference of
short-term and long-term toxicities. Four out of 16
seawater samples collected in Japan showed remark-
able toxicity in NZ assay, suggesting that they were
contaminated by several types of antifouling chemi-
cals. Considering time consumed, facility for opera-
tion, cost, and requirements, NZ assay was proved to
be efficient for toxicity evaluations for artificial and
natural samples.
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INTRODUCTION

The use of bioluminescent bacteria in the detec-
tion of toxic chemicals was proposed as relatively
simple and rapid method based on the measurement
of decrease in bioluminescence intensity (BLI) due
to the contamination of toxic compounds.1–4)

MicroTox assay, as representative one of short-term
assay, has been accepted as a standard method by
International Standard Organization (ISO) due to its
remarkable sensitivity.2,3) In addition to these short-
term methods, various assays with longer incuba-
tion time to detect the toxicities of new substances
have also been proposed.5,6) The long-term assay for
Vibrio fischeri (V. fischeri) using growth inhibition
was proposed to detect the persistent toxicity by
longer incubation time, normally more than 7 hr.5,6)

Recently Nagata and Zhou proposed a short-term
assay system using freshly incubated V. fischeri
cells,7) named as NZ assay in this text, which was
successfully applied to the toxicity evaluation for
some new antifouling chemicals.8) The benefits of
NZ assay, however, were not clearly demonstrated
due to the lack of data to compare with standard or
traditional assays.

To clarify the NZ assay’s sensitivity and repro-
ducibility for toxic chemicals, comparison of toxic-
ity data, which were obtained by NZ, MicroTox, and
growth inhibition assays, were conducted for 11
types of typical antifouling chemicals. Total 16 sea-
water samples, which were collected in seacoast of
Japan and possibly contaminated by antifouling
chemicals, were evaluated to clarify the sensitivity
and feasibility of NZ assay for natural samples.

MATERIALS AND METHODS

Culture Conditions —–—  A strain used in this study
was V. fischeri Deutsche Sammulung von
Mikroorganismen (DSM) 7151, which was grown
in two kinds of media. One was a LB medium which
contains 0.5% yeast extract (Difco Laboratories, De-
troit, MI, U.S.A.), 1.0% tryptone (Difco), and 0.5
M NaCl. The other was luminescence (LM) medium,
in which 0.5% yeast extract (Difco), 0.5% tryptone
(Difco), 0.1% CaCO3, and 0.3% glycerol were in-
volved in artificial seawater (ASW, JIS K-2510). The
pH of both media was adjusted to 7.0 with NaOH.
Another two strains, Brevibacterium sp. JCM 6894
and Escherichia coli (E. coli) K-12 IFO 3301, were
incubated in LB medium with and without 0.5 M
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NaCl, respectively. All of the strains were incubated
with a rotary shaker (120 rpm) at 30°C.
Measurements and Methods —–—  The details of
NZ assay were described previously.7) MicroTox
assay was performed by the following standard pro-
tocol of MicroTox. For all strains in long-term as-
say, both changes in cell density and BLI (V. fischeri
only) were traced after cell inoculation into LB me-
dia in the presence and absence of chemicals. BLI
was measured for 0.1 min integral time by lumines-
cence reader (BLR-201, Aloka, Tokyo, Japan). Cell
density was determined by measuring the turbidity
at 650 nm (OD650) using a spectrophotometer (DU
640, Beckman, Fullerton, CA, U.S.A.). The calcu-
lations of inhibition percentages [INH (%)] and ef-
ficient concentration at 50% inhibition (EC50) were
the same as those mentioned in our previous re-
ports.7,8)

The coefficient of variation (CV) was obtained
from the division of standard deviation (SD) by av-
erage of EC50, and it was used for the comparisons
of reproducibility. CV provides better estimation than
SD for method performance over a range of con-
centrations, that is, low CV indicates high reproduc-
ibility of the method.
Chemicals and Samples —–—  Purities of antifoul-
ing chemicals such as Irgarol 1051, N-
dichlorofluoromethylthio-N′,N′-dimethyl-N-phenyl-
sulfamide (DCF), thiabendazole (TBDZ), Diuron,
3-iodo-2-propynyl butylcarbamate (IPBC),
triphenylborane pyridine (TPBP), SeaNine 211,

Ziram, Cu-pt, Zn-pt and TBT-Cl, were higher than
95%. Molecular structures of chemicals used are
available in our previous paper,8) except for TBDZ
[2-(thiazol-4-yl) benzimidazole] and TBT-Cl
(Tributyltin chloride). Antifouling chemicals dis-
solved in dimethyl sulfoxide, 1% (v/v), were added
into LB medium, ASW or 2% NaCl solution for
growth inhibition, NZ, or MicroTox assays, respec-
tively. Total 16 seawater samples were collected and
stored at 4°C under dark, as shown in Table 1. Be-
fore use, they were first passed through a 90 mm
diameter glass fiber filter with 1 µm pore size and
then repeated by a 90 mm diameter membrane filter
with 0.45 µm pore size (Advantec Tokyo, Japan).

RESULTS AND DISCUSSION

Toxicity of Antifouling Chemicals
EC50 values of 11 types of antifouling chemicals

were evaluated by MicroTox assay as short-term
assay in Table 2. EC50 values by MicroTox assay
were compared with those by NZ assay reported
previously and cited in Table 2,8) from which simi-
lar values of the chemical toxicities were observed
at 30 min of incubations. The CV at 60 min of incu-
bation became higher than those at 30 min of incu-
bations, suggesting that the data at the latter is more
reliable than the former, 60 min incubation, in NZ
assay. The toxicities evaluated by these two rapid
assays were named as short-term toxicity in the text.

Table 1. Seawater Samples Examined

Sample code Sampling place Sampling Time pH ECa)

SP1 Moorings in Beppu Bay 3/19/2004 8.3 4.9

SP2 Ferry stage in Beppu Bay 3/19/2004 8.4 4.8

SP3 Fishery harbors in Beppu Bay 3/19/2004 8.4 4.1

SP4 Ferry stage in Takamatsu Bay 3/21/2004 8.4 4.9

SP5 Out dock in Takamatsu Bay 3/21/2004 8.4 4.8

SP6 Dock slope in Takamatsu Bay 3/21/2004 8.5 4.9

SP7 Fishery harbors in Takamatsu Bay 3/21/2004 8.4 4.9

SP8 Yacht harbors in Takamatsu Bay 3/21/2004 8.3 4.8

SP9 Fishery harbors in Takamatsu Bay 3/21/2004 8.4 4.8

SP10 Ferry stage in Takamatsu Bay 3/21/2004 8.4 4.8

DKH1 In a fixed dock in Osaka Bay (Fukae) 9/8/2003 8.1 4.9

DKH2 In a fixed dock in Osaka Bay (Fukae) 9/8/2003 7.8 4.6

DKH3 Out a fixed dock in Osaka Bay (Fukae) 9/6/2003 8.1 4.5

DKH4 Out a fixed dock in Osaka Bay (Fukae) 9/6/2003 8.2 4.4

DKH5 In a fixed dock in Osaka Bay (Fukae) 9/14/2003 8.1 4.8

DKH6 In a fixed dock in Osaka Bay (Fukae) 9/14/2003 8.1 4.5

a) EC indicates the electrical conductivity of sample.
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For long-term toxicities of antifouling chemi-
cals, growth inhibition assay using V. fischeri was
employed. As a reference, growth changes in
Brevibacterium sp. JCM 6894 and E. coli K-12 were
also examined. As shown in Table 2, the order of
this long-term toxicity by growth inhibition assay
was also quite similar as that of short-term toxicity
which was obtained by NZ and MicroTox assays.
Moreover, EC50 values obtained from BLI changes
using V. fischeri were much lower than those ob-
tained from cell density changes for all of the three
tested strains.

Comparison of NZ and MicroTox Assays
For NZ and MicroTox assays, sensitivities were

compared from respective EC50 values at 30 min of
incubations. As shown in Fig. 1A, equation of lin-
ear fit between logarithms of EC50 from NZ assay
(Y) and those from MicroTox assay (X) was as: Y =
1.01 X – 0.05 with r2 = 0.99. It was clearly observed
that the slope was near to 1 and intercept was quite
small. In addition, there exists a good relation (r2 =
0.99) between NZ and MicroTox assays. These re-
sults suggest that NZ assay possesses similar level
of sensitivity as MicroTox assay.

The CV, which can be calculated from the data
in Table 2, was also taken into account. From the
judgment of average CV of EC50 values, we can con-
clude that NZ assay was superior to MicroTox as-

say, since the former and the latter had 7.19 and
10.03% as an average at 30 min of incubations, re-
spectively.

The cells in MicroTox reagents are recovered
from frozen state, and thus during this storage their
activities might be reduced. The cells in NZ assay
have high activity due to the fresh preparation, which
also enables such cells to maintain higher and more
stable BLI during incubation time than those of
MicroTox assay. This difference in cell activity may
lead to the prior reproducibility in NZ assay than
that in MicroTox assay.

Comparison of NZ and Growth Inhibition Assays
EC50 values obtained by growth inhibition as-

say (8 hr BLI) and NZ assay (30 min) were shown
in Fig. 1B. In one case of TBT-Cl, Zn-pt, Cu-pt,
Ziram, SeaNine 211, TPBP, and IPBC, EC50 values
by growth inhibition assay were larger than or simi-
lar to those by NZ assay. The elongation of expo-
sure time to these chemicals did not lead to further
serious inhibitions on the cellular activities than those
by short-term assay, which indicates that NZ assay
possesses enough sensitivity to present acute toxic-
ity of chemicals. In the other case, EC50 values by
long-term assay for Irgarol 1051, Diuron, TBDZ, and
DCF, however, were much reduced with an increase
of exposure time, and they resulted in lower values
than those obtained by NZ assay. In the latter case,

Table 2. EC50 Values of Antifouling Chemicals Obtained by Different Assays (mg/l)a)

Chemicals Short-term assay Long-term assayb)

MicroTox assay NZ assay V. fischeri DSM 7151 Brevibacterium E. coli

sp. JCM 6894 K-12 IFO 3301

BLI (15 min) BLI (30 min) BLI (30 min) BLI (60 min) BLI (8 hr) OD650 (13 hr) OD650 (13 hr) OD650 (13 hr)

TBT-Cl 0.02 � 0.00 0.01 � 0.00 0.02 � 0.00 0.01 � 0.00 0.02 � 0.00 0.01 � 0.00 0.06 � 0.01 NDc)

Zn-pt 0.21 � 0.01 0.14 � 0.01 0.08 � 0.01 NDc) 0.15 � 0.08 1.49 � 0.19 3.25 � 0.28 1.62 � 0.21

Cu-pt 0.22 � 0.01 0.16 � 0.02 0.12 � 0.01 0.08 � 0.02 0.43 � 0.05 0.74 � 0.07 0.72 � 0.07 1.08 � 0.09

Ziram 0.49 � 0.04 0.31 � 0.04 0.31 � 0.02 0.22 � 0.08 0.31 � 0.04 0.49 � 0.05 3.57 � 0.36 3.38 � 0.41

SeaNine 211 0.44 � 0.03 0.32 � 0.03 0.28 � 0.02 0.21 � 0.03 0.44 � 0.06 0.58 � 0.06 0.28 � 0.03 4.41 � 0.43

TPBP 1.62 � 0.13 0.98 � 0.11 0.75 � 0.05 NDc) 1.26 � 0.21 1.38 � 0.12 2.17 � 0.19 6.35 � 0.71

IPBC 7.52 � 0.45 8.61 � 0.87 8.49 � 0.72 NDc) 15.2 � 1.65 28.9 � 2.67 11.24 � 1.08 17.78 � 1.55

Diuron 22.91 � 1.95 20.59 � 2.21 12.74 � 1.01 10.01 � 1.83 2.08 � 0.31 4.99 � 0.39 4.23 � 0.55 > 32d

TBDZ 42.91 � 5.04 28.48 � 2.74 33.25 � 1.17 NDc) 7.81 � 0.86 30.81 � 3.12 > 32d)
> 32d)

DCF 41.77 � 3.79 34.08 � 2.73 39.02 � 2.18 NDc) 19.51 � 2.02 > 32d) 15.41 � 1.65 > 32d)

Irgarol 1051 > 32d)
> 32d)

> 32d)
> 32d) 2.42 � 0.38 > 32d)

> 32d)
> 32d)

Average CV (%) 7.93 10.03 7.19 19.20 10.13 13.21 12.88 11.51

a) EC50 values indicate the efficient concentrations affording 50% inhibitions. All the data were the means � standard deviations from triplicate
experiments. b) Due to high BLI and stationary cell density, EC50 were calculated at 8 and 13 hr of incubations for BLI and OD650, respectively. c)
ND: not detected. d) Toxicities of chemicals were detected as very low level, i.e., INH (%) by 32 mg/l of each chemical was less than 50%.
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the increased exposing time led to an increase of
inhibition effects against the cellular activities for
these chemicals. The difference between above two
cases indicated that the toxicity of Irgarol 1051, Diu-
ron, TBDZ, and DCF were concealed to a certain
extent in short-term assays. But toxic effects of these
chemicals occurred due to the elongation of incuba-
tion time. This phenomena was regarded as delayed
toxicity,5,6) probably leading to the chronical con-
tamination in natural environment. According to our
knowledge, reports on the delayed toxicity of these
four biocides mentioned above have not been ap-
peared so far. Especially, Diuron and Irgarol 1051,
both of which were mainly regarded as efficient in-
hibitors for photosynthesis of plants and algae,
showed serious inhibition effect against V. fischeri
by long-term assay.

Except for Irgarol 1051, Diuron, TBDZ, and
DCF, NZ assay behaved with prior sensitivity (lower
EC50) to growth inhibition assay. In addition, CV of
growth inhibition assay using V. fischeri for all
chemicals indicates its poor reproducibility, which
ranged from 7.8–12.8% with an average of 10.1%
and from 10.4–15.7% with average of 13.2% for
OD650 (13 hr) and BLI (8 hr), respectively. The simi-
lar CV values were also observed in the growth in-
hibition assays using Brevibacterium Japan Collec-
tion of Microorganisms (JCM) 6894 and E. coli K-
12. In conclusion, it became clear that growth inhi-

bition assay has lower sensitivity and reproducibil-
ity than NZ and MicroTox assays.

In the growth inhibition assay, various organic
chemicals and color of culture media also has nega-
tive effect on the evaluation of actual toxicities of
samples, which might be the reason for the poor sen-
sitivity and reproducibility of growth inhibition as-
say.4) It also might be the reason that the linear fit (r2

= 0.84 in Fig. 1B) between logarithms of EC50 from
NZ assay (Y) and growth inhibition assay (X) re-
sulted in poorer correlation compared to that in
Fig. 1A (r2 = 0.99).

Evaluation of Natural Seawater Samples
16 kinds of natural seawater samples were col-

lected and evaluated to clarify the practical applica-
bility of NZ assay. INH (%) of these samples was
shown in Fig. 2, in which four samples among them
had negative effect against BLI of V. fischeri. The
inhibition effects of other samples, however, were
not observed. For four contaminated samples, INH
(%) was increased with the increase of incubation
time. The difference between toxic and nontoxic
samples became clear with the elongation of incu-
bation time, from which 30 min of incubation was
enough to distinguish the toxic samples from non-
toxic ones by NZ assay.

Among 6 samples from the fixed dock located
in Osaka Bay, Japan, samples of DKH01 and DKH02

Fig. 1. Interrelation between Different Assays
Interrelation between NZ and MicroTox assays (A) was obtained by EC50 values at 30 min of incubations. Interrelation between NZ and growth

inhibition assay (B) was described by EC50 values at 30 min and 8 hr of incubations, respectively. All data were shown as the means from triplicate
experiments on the logarithmic coordinate system and linearly fitted by Origin software version 7.5 (OriginLab Corporation, Northampton, MA, U.S.A.).
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were collected at different sites in the dock, where
the effluents were occurred by high-pressure-hos-
ing to clean the ship hull. Seawater flowing into the
dock after repair operation of ships, we collected
samples DKH05 and DKH06 just before ship de-
parture from the dock at 10 and 90% filling of the
dock volume, respectively. Samples DKH03 and
DKH04 were taken up out of the dock. In our previ-
ous work, high performance of liquid chromatogra-
phy (HPLC) and electrospray ionization tandem
mass spectrometry (ESI-MS-MS) analyses proved
that DKH01, DKH02, DKH05, and DKH06 con-
tained different concentrations of Irgarol 1051, M1
(a metabolite of Irgarol 1051)9) and Diuron.10) In our
earlier report, DKH01, DKH02, DKH05, and
DKH06 samples also had severe effects on the
growth of algae with 72-hour EC50 of 0.1–3.2% com-
pared with original seawater regarding as 100%.10)

Moreover, INH (%) of tested samples by MicroTox
assay resulted in almost the same as those by NZ
(data not shown). These results led us to confirm
that NZ assay is substantially feasible and reliable
toxicity evaluation for natural marine samples.

For the natural seawater samples NZ assay
showed the increase of INH (%) values with the in-
crease of incubation time, probably due to the pres-
ence of organic matters in natural seawater previ-
ously reported.4,7) The sensitivity of BLI at longer
incubation time, however, was more reduced and

Fig. 2. Evaluation of Natural Seawater Samples by NZ Assay
INH % values were obtained by NZ assay at 15, 30, and 60 min of incubations, those of which were shown as bars with blank, sparse, and medium

patterns, respectively. All the data are the means ± standard deviations from triplicate experiments.

deviations of data became larger in comparison with
those of shorter one, as realized from average CV
values in Table 2. Thus, it seems to be more effi-
cient to use the short-term and long-term assays by
using BLI reduction for 30 min and growth inhibi-
tion for 8 hr of incubations, respectively.
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