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Measuring toxicity in marine environments: critical appraisal of three commonly used
methods
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Abstract. Toxicity quantification is important in environmental monitoring, in the field of natural products, and in
chemical ecology. The sensitivity and precision of three commonly used methods detecting toxicity in marine
environments were compared, using the toxic marine sponge Crambe crambe as a test organism. The paper disk
diffusion method (run with marine bacteria) showed the least sensitivity and did not permit toxicity levels to be
quantified. The sea urchin and the MICROTOX® tests showed greater sensitivity, and the latter had the higher
precision. The relative performance of these methods is discussed. It is concluded that the MICROTOX® bioassay
displays the best characteristics for toxicity quantification.
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Toxicity detection is crucial in several aspects of
research, for example in assessing environmental con-
tamination or searching for natural products with po-
tentially useful activities. Moreover, as the release of
pollutants in sewage is regulated by law, the establish-
ment of standardized methods of quantification of toxi-
city is necessary both for setting the permitted pollutant
levels and for their routine monitoring. Toxicological
research has led to the application of some general
bioassays to environmental monitoring. Tests on organ-
isms such as sea urchins' or the fresh water cladoceran
Daphnia magna® have been recommended to assess the
levels of pollutants in water?.

The search for active natural products from marine
organisms has been vigorously pursued in recent
decades* as a response to industrial demand. The vari-
ous activities displayed by these compounds have led to
their being used for a wide range of applications. Natu-
ral marine products have provided a never-ending
source of valuable compounds for use in agriculture
(herbicides, fungicides, pest control), as antifouling
paints, and in pharmacology (antibiotic, antitumor, an-
tiviral compounds), to cite only a few examples. The
selection of potentially useful compounds relies heavily
on accurate detection of their activities by means of
different bioassays run with extracts of the organisms.

Selection of the bioassay is not a trivial step, but it has
often been disregarded. Accuracy in detecting toxicity,
in studies both of contamination and of natural prod-
ucts, depends on the test used. In our opinion, a suitable
method to detect toxicity should display a response to a
wide array of metabolites or toxicants (wide range). In
addition, if toxicity is to be quantified, the method

should discern slight changes in the amount of toxic
compounds present (high sensitivity). Finally, any
method used should have a great degree of repeatability
between experiments (high precision), which would al-
low for world-wide use and comparisons of measure-
ments made at different times or in different places. Of
course, other characteristics such as rapidity or ease of
use of the test should be considered, but they are
secondary in importance to accurate quantification.

The encrusting sponge Crambe crambe (Schmidt) was
selected for a comparative study on toxicity assessment
methods. This species has been reported to have strong
antimitotic’, cytotoxic® 7, antimicrobial®>®°, antifungal®,
and antiviral>’ properties. It also exhibited significant
toxicity in assays with Artemia salina®, Lebistes reticula-
tus'®, and Gambusia affinis (authors, unpubl. res.), and
inhibited the reaggregation of cells of Ephydatia fluvi-
atilis'°. In addition, it also showed a strong activity as a
Ca** channel blocker (ionic channels are known to be
important targets of the action of natural toxins®).
These properties, together with the abundance of C.
crambe in Mediterranean littoral waters, make this spe-
cies a suitable object for research on toxicity evaluation.
This study has a twofold goal: firstly, to compare the
sensitivity and precision of three commonly used
bioassays in the quantification of the toxicity of Crambe
crambe and secondly, to quantify variations of toxicity
within the species by comparing sponges of different
size ranges. Size has been claimed to have an important
influence on the properties of encrusting, substrate-
dependent benthic organisms'''2, The influence of bio-
logical or ecological variables on toxin production is a
rarely-explored field'3~'>. Besides providing valuable bi-
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ological information, a greater knowledge of variability
in toxin production could increase the efficiency of
exploratory surveys, for example in pharmacological
research, by providing guidelines for selecting specimens
of an organism that are likely to have high levels of
toxin-production.

Material and methods

All the specimens used in this study were collected in
Blanes (northwestern Mediterranean) from a commu-
nity in which sponges were the dominant organisms at a
depth of 10 m, by scuba-diving'?. The specimens were
individually collected and placed separately in plastic
bags while still under water. All handling and treatment
of the samples was done separately in order to ensure
truly independent replicates. Once in the laboratory, the
sponges were frozen and freeze-dried to obtain the dry
weight (DW) of each specimen. They were then ex-
tracted three successive times with 5ml dichloro-
methane (DCM) per 0.1 g (DW) of sponge for 5, 15,
and then 30 min. The three extracts were pooled, the
DCM evaporated, and the residue weighed and homo-
genized in different amounts of distilled water to obtain
concentrations appropriate for each assay (see below).
Sponges of three size categories were assayed separately:
1) smaller than 1000 mm? in area, 2) between 1000 and
10,000 mm? and 3) bigger than 10,000 mm?. Sponges in
these categories exhibited clear differences in shape and
other biological parameters'? and were, therefore, ex-
pected to show some differences in toxin production
also. The quantification of these differences would
provide an indication of the relative sensitivity of each
method. A minimum of 70 specimens was used in each
of the experiments involving these size classes. In order
to assess repeatability, some randomly-chosen speci-
mens were tested twice with the same method.

Description of bioassays. Three commonly used bio-
assays were analyzed in this study. The paper disk
diffusion method> '6-'°, the sea urchin test>2%2! and the
Photobacterium phosphoreum test using the commer-
cially available MICROTOX" system??-2*, Details of
these methods can be found in the references cited. A
brief description of the principles of the assays follows.
The paper disk diffusion method has been widely used
to detect antimicrobial activity in the screening of
marine organisms™!”. In this study, the assay microor-
ganism was a marine bacterium isolated from the vicin-
ity of the sponges. This provided a more ecological
basis for the interpretation of any toxicity detected than
using a test organism from elsewhere would have done.
Specimens were extracted as previously described. A
solution was made in distilled water with 5 mg (referred
to the sponge dry weight) per ml (5000 ppm). Five pl
portions of this solution were deposited on sterile paper
disks, 6 mm in diameter, with 4 replicate disks per
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specimen. The disks were placed on agar plates previ-
ously seeded with the bacteria. Controls had 5 pl of
distilled water per disk. The toxic effect was recorded as
the diameter of the inhibition zone (including the disk)
measured to the nearest mm after incubation for 24 h at
30 °C™.

The sea urchin test has been used in studies both of
environmental contamination assessment®®?’ and the
evaluation of natural toxicity of marine organisms?®'.
The assay organism used was the sea urchin Paracentro-
tus lividus (Lamarck). Spawning was induced by peris-
tomic injection of 1 ml of 0.5 M potassium chloride and
both sperm and eggs were released into filtered (0.45 um
pore diameter) sea water. Cross fertilization of a pair of
sea urchins was achieved by adding a small quantity of
sperm to the container with the eggs. Experiments were
run in 24-well plates. Solutions of the crude sponge
extract were added in 0.1 ml portions to 0.9 ml of sea
water containing the eggs, to obtain final concentrations
of 18, 12, 6, 3, 1.5, and 1 pg of sponge extract per ml
(ppm). Four replicates were used per concentration.
Controls had 0.1 ml of distilled water. The percentage
of embryos that did not reach the pluteus stage after
48 h was used as a measure of the toxicity. Finally, the
concentration at which 50 percent of the embryos are
expected to reach the pluteus stage (PTsy) was calcu-
lated by fitting the data to a bounded monotonic re-
sponse function of the following form:

| —

NE = o + hl ot dose

where NE =% of dead embryos, « = background re-
sponse or rate of dying, § =a location parameter for
the curve and y = a slope parameter for the curve. The
PT,, can be easily obtained from the former function:
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Since the MICROTOX" bioassay was launched in the
early 1980s, its use in environmental monitoring has
steadily increased®*~2°, This method is based on mea-
sures of bioluminescence in living cell suspensions of
the deep sea bacterium Photobacterium phosphoreum. A
vial of freeze-dried bacteria (approx. 10¢ cells) was
rehydrated in 1 ml of a reconstituent solution at 4 °C.
This suspension was then added to 50 ml of 0.2 M saline
solution. The toxic solution was prepared by adding
20ml of distilled water to the extract of 10 mg of
sponge (DW), resulting in a concentration of 500 ppm.
Molarity was adjusted by means of a molarity adjust-
ment solution (MOAS) added in the proportion of
250 ul of MOAS per 2500 pl of the toxic solution. In its
basic procedure, MICROTOX® analyzes four decreas-
ing concentrations (a dilution factor of two was used)
and one control per sample. Experiments were run

PT50 = —
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during five minutes at a temperature of 15 °C by adding
500 pl of each concentration to the wells containing the
500 pl of bacteria suspension. The light produced by the
bacteria was recorded before and after the addition in
terms of Gamma Units:(GU):

Rl

GU = |

t

where R, = correction factor, I,=Ilight at time O,
I, = light at time t.

Finally, the concentration at which GU is equal to 1 (50
percent of light reduction or estimated median effective
concentration, EC.,) was calculated by fitting the data
expressed in logarithmic form to a linear regression.
The toxicity units (TU) used in this study were calcu-
lated as 100/EC,,.

Parametric methods (ANOVA and Tukey HSD tests) for
hypothesis testing were used whenever the data featured
normality and homoscedasticity (according to Kol-
mogorov-Smirnov and Bartlett tests, respectively). Other-
wise, analogous non-parametric procedures (Kruskal-
Wallis and Dunn tests) were used?®.

Results and discussion

Sensitivity. Two out of the three methods used in this
study (sea urchin and MICROTOX® test) detected
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Figure 1. Toxicity measures obtained by the three methods for the
size classes considered. Toxicity units in the ordinate differ in each
test (TU, mm, and ppm for the MICROTOX™, paper disk, and sea
urchin assays, respectively). Therefore, only the pattern of relative
variation among size classes, not the absolute values, are compara-
ble. Bars are standard errors. i
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differences in toxicity among the three size-categories of
sponges (fig. 1) (MICROTOX®: Anova procedure
F=6.649, p=0.002, n=100 sponges;, sea urchin:
Kruskal-Wallis statistic = 12.514, p=0.002, n=70
sponges; paper disk: Kruskal-Wallis statistic = 1.658,
p=0.436, n =100 sponges). It should be noted that
toxicity is expressed in different units in each bioassay:
inhibition diameter in the paper disk assay in mm, PT,
in the sea urchin assay in ppm, and TUs in the MICRO-
TOX® assay. Accordingly, absolute toxicity values can-
not be directly compared between assays. However, if
the three tests were to be equally sensitive to toxic
variations, they should display the same pattern of
relative variation among size classes. This relative per-
formance can indeed be compared across assays. There-
fore, although the units in the ordinate axis have a
different meaning in each test, they are presented to-
gether in figure 1 to highlight that the pattern of toxicity
among different size classes varied according to the test
employed.

In the sea urchin test, specimens of the smaller size class
showed significantly less toxicity than medium-sized and
larger specimens (p < 0.01 for both pairwise compari-
sons in a Dunn test), while the toxicity of the medium
and large specimens shared a small and not significant
difference (p > 0.5). The MICROTOX® bioassay exhib-
ited results with a similar pattern, but the higher toxic-
ity of the medium-sized sponges was more marked. A
multiple comparison test (Tukey HSD), showed signifi-
cant differences between medium-sized sponges and
both the smaller (p = 0.002) and larger (p = 0.035) size
classes, while the smaller and larger sponges were not
significantly different (p = 0.35). The paper disk diffu-
sion test showed no significant difference between the
toxicity of extracts from the three size classes.

The three methods showed high correlation values when
their readings were compared for the three size classes
(fig. 2). However, the probabilities of Type I error
associated with these values were above the 0.05 level,
due to the low number of points (3) in the analysis (fig.
2, sed urchin and MICROTOX® r =0.976, p = 0.138;
sea urchin and paper disk diffusion r = 0.932, p = 0.236;
paper disk diffusion and MICROTOX¥* r=0.988,
p = 0.098).

The MICROTOX™ and the sea urchin methods exhib-
ited bigger toxicity differences among the size classes
compared with the paper disk diffusion test. Therefore,
the study of the degree of repeatability of the experi-
ments was performed on these two methods only.
Precision. Precision in evaluating toxicity has been
measured as the percentage of variation between experi-
ments run with the same samples. Results of this analy-
sis on the sea urchin test (17.repeated samples) and the
MICROTOX® test (13 repeated samples) showed sig-
nificant differences in the percentage variation between
these two methods (T-test on data arcsine transformed,
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Figure 2. Regressions between the mean toxicity values obtained
for each size class: 4 sea urchin (measured in ECs,) and paper
disk diffusion (measured in mm), B MICROTOX™ (measured in
TU) and paper disk diffusion (mm), and C MICROTOX™" (TU}
and sea urchin (ECs;).
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p < 0.01), the P. phosphoreum test being twice as precise
as the sea-urchin bioassay: only 14.5% (average) varia-
tion between the experiments compared to the 32.6% in
the sea-urchin bioassay.

Of the three methods analyzed, the paper disk diffusion
test appears to be the least sensitive. It failed to detect
the differences in toxicity among size classes that were
demonstrated by the other two assays. This assay may
not be a satisfactory means of obtaining information on
the toxic effects as a function of the toxicant concentra-
tion, since the area of inhibition of bacterial growth
might well depend on the physical, rather than toxico-
logical, properties of the molecules (e.g. diffusion rate in
the agar). Consequently, this method is not recom-
mended for environmental management or any other
study where pollutants or toxicity levels are to be
quantified. However, it could be a useful method for
assessing the biological or ecological roles of a particu-
lar bactericidal activity in marine organisms. Bacteria
from the surface, the inside or the near vicinity of the
organism which produces the bactericidally active
molecules can easily be cultured, and their vulnerability
to the bactericide then assayed'®.

The sea urchin bioassay detected the higher toxicity of
the medium-sized specimens well, but it showed less
sensitivity and precision than the MICROTOX" test,
despite the fact that eggs show a higher sensitivity to
toxic compounds than adult organisms (i.e., fishes and
crustacea) or even larvae®’. Some advantages of this
method have been pointed out by various authors: the
ease of obtaining adult sea urchins and their gametes,
easy fertilization and maintenance of constant experi-
mental conditions', and the possibility of investigating
effects on sperm?, embryos'#?"?° and larvae (ref. 29
and authors unpubl. res.) with a sole species. Moreover,
it allows for detection of toxicity as a function of time.
However, the low repeatability exhibited must be con-
sidered as an important disadvantage, since it makes it
difficult to compare bioassays separated in time or
space.

The toxicity assay using the bacterium. P. phospho-
reum, performed with the commercially available MI-
CROTOX™ system, showed the greatest sensitivity
and highest procision of the three methods analyzed.
It is conducted on lyophilized marine bacteria and
guarantees constant experimental conditions, which
permits standardization. Possible sources of variation
other than toxicity (genetic variations in the test or-
ganism or variation in experimental conditions) are
reduced to a minimum. P. phosphoreum, is sensitive to
an array of different toxins**?' and permits both a
quantitative (ECs,) and qualitative interpretation of
the results (the slope of regression between toxic con-
centration and toxicity units indicate different mecha-
nisms of action). It is rapid and easy to use.
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Consequently, we fully recommend its use for toxicity
quantification in marine environments, especially when
the toxicant is water-soluble (the assay can also be
used for particles in suspension).

Quantifying toxicity is a common aim in contamina-
tion studies, and may even become a routine proce-
dure for monitoring water quality in marine
environments in order to protect the environment
from human activities. Quantifiation has rarely been
carried out in studies of natural products'3-'>2!. Ac-
cording to the results obtained in this study with the
MICROTOX® test, specimens of C. crambe between
1000 and 10,000 mm? in surface area showed higher
toxicity than either smaller or larger specimens. To
our knowledge, this is the first time that such a study
has been conducted on modular, substrate-dependent
organisms. This kind of information is not only of
ecological interest, but may also aid in organizing
pharmacological surveys, since it may help in the se-
lection of specimens with a high concentration of ac-
tive substances.
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