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A combined or mixture toxicity study for two organic chemicals, ethylamine and methylamine, was per- 
formed using a bioluminescence-reduction bioassay. This assay employs the marine bacterium Vibrio 
harueyi as the test organism. An additive index method was used to evaluate the combined toxicity of these 
two chemicals at  each of their estimated median effective concentrations (EC,,). Combinations or mixtures 
at 20% intervals of the EC,,, using both the isobole plot and the isobologram method, were invesitgated. 
Mixtures of ethylamine and methylamine exhibited an additive effect based on evaluation of confidence in- 
tervals using the isobole and isobologram plots. Combined concentrations of these chemicals using their 
EC,, values had a synergistic effect based on the additive index method. A statistical difference was ob- 
served between the most descriptive antagonistic and synergistic mixture intervals. No other intervals, in- 
cluding the comparison between single chemical evaluations, were statistically different. 

KEY WORDS: Bacterial bioassay, chemical mixture studies, environmental toxicology, combined toxi- 
city, ethylamine/methylamine. 

INTRODUCTION 

Most environmental toxicology studies evaluate the effects of a single cnemical on an 
organism (Thomulka et al., 1993a). In the real world, most chemical exposures occur 
as a result of mixtures, not individual toxicants (Kreitzer and Spann, 1973; de Zwart 
and Slooff, 1987; Deneer e f  al., 1988; Dirilgen and Inel, 1994). Chemical combinations 
often occur as a result of two or more materials being applied as a mixture to increase 
their effectiveness, which can result in smaller application amounts and reduced costs 
for each of the chemicals applied (Marking, 1985). Because of the joint toxicity and 
the potential for pollutant releases from different sources or operations, combined or 
mixture toxicity can have dramatic effects on an ecosystem that would not normally 
be seen with a single toxic agent (Marking, 1985). The major drawback in studying 
multiple, joint or combined chemical toxicity is the complexity and difficulty in per- 
forming these evaluations (Konemann, 1981; Spliid and Torslov, 1994). 

This investigation evaluated the combined or mixture toxicity of ethylamine (EA) 
and methylamine (MA) using a previously described bioassay procedure that employs 
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the marine bacterium Vibrio harueyi (Thomulka et al., 1992, Thomulka et al., 1993b). 
Ethylamine and methylamine are common organic solvents used in many commercial 
and industrial activities (Hathaway et al., 1991). The common use of these chemicals 
makes it likely that they will be found jointly as contaminants in the aquatic envi- 
ronment. Methylamine, by both its oral toxicity (LD,, 0.02 mg/kg - for rats) and EC,, 
values in direct and growth bioassays using Photobacterium phosphoreum and Vibrio 
harue-yi, is descriptively more toxic than ethylamine (LD,, 0.4 mg/kg - for rats) 
(Williams and Burson, 1985; Thomulka et al., 1992). Combined or mixture toxicity 
was evaluated for synergistic/antagonistic/additive effects using an isobole plot pro- 
cedure (Roales and Perlmutter, 1974a), isobologram method (Altenburger et al., 1990) 
and an index formula method (Marking and Mauck, 1975). A statistical comparison 
was also performed for mixtures (Roales and Perlmutter, 1974a). 

Isobole plots are graphic representations of the combined result of two chemicals 
that are administered in different ratios of their EC,, concentration. If the mixture of 
chemicals is additive, combined ratios will fall along a straight line between the indi- 
vidual EC,, values. Combination ratio values falling below or above this line are sug- 
gestive of being synergistic or antagonistic (Marking, 1985). Graphic representations 
of isobole plots have been used to categorize mixtures descriptively. Inclusion of con- 
fidence intervals (CI) for combination ratios and individual EC,, values have been 
used in statistical evaluation of these plots (Thomulka and Lange, 1995). 

Isobolograms are the graphic representation of two chemicals mixed in various pro- 
portions of their individual EC,, concentrations. Resultant effects of the mixture con- 
centration is multiplied by the outcome, as counts per second, for V. harueyi (Thomulka 
and Lange, 1994). This proportion is used in determining each point in the isobolo- 
gram (Altenburger et al.,1990). An isobologram can be evaluated statistically in the 
same manner as the isobole plot. 

Both the isobole plot and isobologram are based on the same concept and graphi- 
cally present mixture data by representing ratio values of the chemicals. This two-di- 
mensional representation can be used to conceptualize combined effects. Inclusion of 
statistical parameters strengthens the ability to interpret these plots. 

MATERIALS AND METHODS 

The bioassay used Vibrio harueyi, a marine bacterium, which was obtained from 
David Lopota at the Naval Oceans Systems Center, San Diego, CA. Stock cultures 
of this organism were maintained on nutrient agar containing 3% NaCl (NA) 
(Thomulka et al., 1993a). An overnight nutrient broth culture (ONC) containing 3% 
NaCl with 25 ml of medium in a 125 ml Ehrlenmeyer flask was inoculated from a stock 
culture, capped loosely and incubated for 24 hours. Since oxygen is required for lu- 
minescence (counts of light) a Morton Closure was used to cap the flask. All incuba- 
tions were at 23 "C (Thomulka et af., 1993a; Thomulka and Lange, 1994). Iniidazole 
buffered saline with sucrose and nutrient broth (NB) (IMS-SNB) was made by adding 
10 ml of NB and 5 grams of sucrose to 2 M imidazole dissolved in 30% saline. The 
pH was adjusted to 7.0 with NaOH and the final volume adjusted to 1 litre with 30% 
saline. This was a lox stock solution which was kept refrigerated. It was diluted 1:lO 
in distilled water before use. 
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COMBINED TOXICITY TESTS WITH VIBRIO 185 

A cell suspension was prepared by adjusting the absorbance of the ONC to 0.5 at 
600 nm and then further diluted 1:lO. Both the adjustment and dilution used cold 
IMS-SNB. The diluted ONC was continuously refrigerated or maintained in an ice 
bath until use. Time period for use of this diluted ONC did not exceed 2 hours. 

Stocks of ethylamine (EA) and methylamine (MA) were prepared fresh for each ex- 
periment. All stock solutions were used within 2 hours of preparation. The control 
tube, which functioned as a blank, consisted of 950 yl of IMS-SNB and 50 y1 of cell 
suspension. No agent was added to control tubes. Each reaction tube (polystyrene 
tube, 12 x 55 mm) contained 10-100 p1 of agent (ethylamine and/or methylamine), 
50 p1 of cell suspension and sufficient IMS-SNB for a final volume of 1,000 pl. All 
tests were conducted using nominal concentrations for experimental toxicants. 

The assay was initiated by adding, at 20 second intervals, 50 y1 of cell suspension 
to each tube, vortexed and placed in a water bath at 23" (Ribo and Kaiser, 1987; 
Thomulka et al., 1993a). The cell suspension was vortexed briefly after addition to 
every tenth reaction or control tube to ensure uniformity. Tubes were incubated with 
the chemical(s) for one hour and the luminescence (counts of light production by the 
bacterial-bioluminescence) was then determined. Bacteria are not growing in the di- 
rect assay, although the buffer contains sufficient nutrients for at least five hours of 
luminescence (Thomulka and Lange, 1994). 

After incubation, the tubes were counted individually for 6 seconds to determine 
luminescence (counts). Values given in this paper are counts per second. As a tube was 
being counted, the next was removed from the water bath, dried with a paper towel, 
vortexed and placed in the photometer. One complete cycle (load, count, print and 
unload) required 20 seconds. The photometer used was a Los Alamos Diagnostic 
Model 735 Luminometer which provides a printout of counts (luminescence). 

The estimated median effective concentration (EC,,) was determined singly for each 
of the organic chemicals, ethylamine and methylamine, using graphic methods (Dutka 
and Kwan, 1981; Thomulka et al., 1993a). EC,, values are reported in ppm 
(Somasundaram et al., 1990). Confidence intervals (CI) at 95% were determined for 
EC,, values using a method described by Frumin et nE. (1992), modified for bacterial 
assays by Thomulka et al. (1993b). The numerical value for n was 20 and 34 for com- 
bination mixtures (isobologram and isobole plots) and additive index mixtures, res- 
pectively, used in determining the CI, and represents the number of replicates analyzed 
for each chemical (Thomulka et nl., 1993a; Thomulka et al., 1993b; Thomulka 
et a1.,1993c). Each replicate consisted of 4 experimental tubes analyzed at the same 
time. Replicates were analyzed as separate experiments and were performed at different 
time periods. CI intervals for luminescence counts were determined using standard sta- 
tistical techniques (Daniel, 1991; Timko and Downie, 1992). All mixtures for the isobole 
and isobologram were performed with a given fraction of each chemical, MA and EA, 
that would arithmetically, using the additive equation model, equal 100% of the EC,,. 
For example, a 8O%/2O% of EMMA combination represents 80% of EA's and 20% of 
MA's EC,, which for this combination mixture was 116 and 17.4 ppm, respectively. 

Combined or mixture effects of the two organic chemicals (ethylamine and methy- 
lamine) together, were evaluated at the same time by three methods used in mixture 
studies, an index (additive index) (Marking and Mauck, 19751, an isobole plot proce- 
dure (Roales and Perlmutter, 1974a; Roales and Perlmutter, 1974b) and an isobolo- 
gram plot method (Altenburger et al., 1990). 
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Isobole plots were reported as counts for each solution composition. By graphing 
these data, the shape of the curve is used qualitatively in determining the type of effect. 
Toxicity was determined for each organic compound singly and in fractional combi- 
nation (Roales and Perlmutter, 1974a; Marking, 1985). Combined effects employed 20% 
intervals from the EC,, concentration of each organic chemical as previously described 
(Roales and Perlmutter, 1974a; Roales and Perlmutter, 1974b). The intervals tested were 
0.2 (20%), 0.4 (40%), 0.6 (60%), 0.8 (80%) and 1.0 (100%) times the EC,,for one chem- 
ical with the other chemical constituting the remaining percentage of the mixture, as 
determined by its EC,, times the fraction amount, to determine the combination ratio. 

Thus, possible combinations are 200//80%, 40%/60%, 60”/0/40%, 80%/20”/0 for each 
chemical combination. The EC,, concentrations for ethylamine and methylamine are 
145 ppm and 87 ppm, respectively (Thomulka et al., 1992). Exposure concentrations 
are determined by multiplying the chemical’s EC,, by contribution (i.e. 20% is 0.2). 
To quantify these values better, an overlap of their CI with the CI and the straight 
line between 100% concentrations of each individual chemical is considered additive 
toxicity (Altenburger et al., 1990). Overlap values below and above these CI ranges 
are qualitatively representative of either synergism or antagonism (Marking, 1985; 
Altenburger et al., 1990). 

Isobolograms are based on the same concept as isobole plots except that this tech- 
nique plots the two chemicals against each other in their individual proportions 
(Altenburger el al., 1990). The mixture effect is determined from the calculated value 
and its CI for the individual chemical and combinations as described for the isobole 
plot. Thus, the resultant effects of the mixture can be determined quantitatively ;-d 
qualitatively in the same manner as isobole plots (Altenburger et al., 1990). 

A concentration at the EC,, value for each chemical (ethylamine - EC,, = 87 ppm 
and methylamine - EC,,= 145 ppm) was added together, at the same time, to the re- 
action mixture and luminescence was determined as described. This combined value 
was then compared to luminesc,ence for each chemical individually at its EC,, con- 
centration to determine the additive index value (Marking and Mauck, 1975). For this 
additive index evaluation, the experimental reaction tube contained 145 and 87 ppm 
of methylamine and ethylamine, respectively. 

The additive index(s) was calculated by summing the contributions of counts for 
combined EC,, chemical concentrations. These counts (luminescence) were used in the 
additive index equation, below, to determine the sum of toxic action as previously de- 
scribed (Marking and Mauck, 1975; Marking, 1985): 

S = Am/Ai+Bm/Bi 

where A = chemical A 
B =chemical B 
S = sum of toxic action 
m =mixture of each at its EC,, value, as represented by counts 
i = individual EC,, value, as represented by counts. 

The range of effect for the additive mixture was determined by substituting the upper 
and lower CI for the average number of counts that corresponds to the EC,, value as 
previously described (Marking, 1985). Negative values of the index suggest qualita- 
tively a less than additive toxicity, with zero being additive and positive values being 
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suggestive of synergistic effects (Marking and Mauck, 1975). To quantify this index 
better, the CI overlap with zero can be evaluated (Roales and Perlmutter, 1974a; 
Marking, 1985). If no overlap exists, the mixture is considered quantitatively to devi- 
ate from additivity. 

Evaluation of combinations with each other was performed using the t-test as de- 
scribed by Roales and Perlmutter (1974a). A probability value was calculated for var- 
ious combinations. 

CIS and statistical comparisons were both represented and evaluated at the 95% 
level. Each of these methods employed the counts of bioluminescence in determining 
the mixture effects. 

RESULTS AND DISCUSSION 

Combined and single toxicity of ethylamine and methylamine at various combinations 
of 20% intervals of EC,, values are shown in Table I. Toxicity was determined by 
change in bioluminescence of the test organism, K harueyi. A decrease in biolumi- 
nescence (counts of light), as compared to the control or comparison test, represents 
the toxicity of the chemical exposure of the organism. The larger this difference, the 
greater the toxicity. Counts can be related to the effectiveness of the chemical as rep- 
resented by its median reduction in bioluminescence (EC,,) as previously described 
(Thomulka et al., 1992; 1993a). Chemicals in this study were evaluated as mixture 
components at the same time (Dirilgen and Inel, 1994). 

The graphic (isobole) representation (Figure 1) of these data shows variation among 
the different combinations tested. The 80% ethylamine/20% methylamine mixture sup- 
ports a greater than additive (synergism) effect. However, the combinations 60%/40% 
and 40%/60% of ethylamine/methylamine appear to be almost additive, with no ten- 
dency toward synergism or antagonism. At the highest combination concentration for 
methylamine (20% ethylamine/80% methylamine), this point is above a straight line 
between the single chemical tests (1 00% ethylamine/O% methylamine and 0% ethyl- 
amine/lOO% methylamine), and is observationally suggestive of antagonism as defined 
by Roales and Perlmutter (1974a). This allows a qualitative evaluation of the com- 
bined effects. Statistical assurance can be derived from these data by determining 

Table I Combined and single toxicity of ethylamine (EA) and 
methylamine (MA) using various solution compositions. 

Solution 
90 EA 

Composition 
% M A  

100 
80 
60 
40 
20 
0 

0 
20 
40 
60 
80 

100 

Counts f CI 

252439 31399 
214375 39112 
242388 52097 
239051 35721 
243686 31654 
225878 17369 

100% ethylamine and 100% methylamine corresponds to each chemical's 
EC,, value. Other chemical amounts are related to a fraction of the EC,, 
as indicated. The counts represented for each solution composition are 
the arithmetic average of 20 assays. 
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Figure 1 
percentages of the EC,, concentration for ethylamine (EA) and methylamine (MA). 

whether these mixture values on the plot are different from the straight line between 
single EC,, concentrations (100% and 0%) (Altenburger et al., 1990; Thomulka and 
Lange, 1995). To evaluate these chemical combinations quantitatively in relationship 
to the straight line, a comparison of the CI for both the single experimental values and 
mixtures must be performed (Altenburger et al., 1990). If an overlap exists between 
the CI values of the mixture and the individual components, no statistical difference 
is considered to exist. Using this criterion, if an overlap exists between the straight line 
and mixture, the mixture is considered not to deviate quantitatively from additivity. 
The CI around this straight line has been called the “confidence belt of the additivity 
line” and represents a method of determining statistical significance for mixture stud- 
ies by Altenburger et al. (1990). Descriptively, the 20% EA + 80% MA mixture on the 
isobole plot is synergistic and the 80% EA + 20% MA is slightly antagonistic. The 
CI’s for 100/0% EA and 100/0% MA overlap, suggesting that they do not vary from 
additivity based on a statistical difference. This illustrates the importance of includ- 
ing statistical techniques when evaluating mixture study data. 

The isobologram, as described by Altenburger et al. (1990) for these data, are shown 
in Figure 2. Comparison of the CI for the individual chemicals, MA and EA, which 
are represented as their EC,,s and the CI for mixtures, suggest that all the combina- 
tions tested are qualitatively additive, with little or no synergistic or antagonistic ten- 
dency. Evaluation of CI overlap, as discussed for isobole plots, also suggest that these 
mixture combinations are quantitatively additive. These data support the previous 
isobole plot and Table I, further suggesting the additivity of these mixtures. 

Isobole plot dosage-count curve for Vibrio haroeyi bioluminescence after exposure to varying 
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Figure 2 lsobologram plot of various combinations of ethylamine and methylamine EC,, concentrations 
for bioluminescence counts of Vibtio fzartieyi. 

The additive index model, which uses the EC,, concentrations of each chemical to- 
gether (EC,, concentration of EA and EC,,concentration of MA together in the same 
experimental reaction tube), suggests that these chemicals are synergistic using the 
Vibrio bioassay (Table 11). The synergism for the combined EC,, concentrations may 
be a result of the high concentrations of these chemicals in the mixture. Concentrations 
of these chemicals at approximately equal mixtures but at individual concentrations 
of each chemical below its EC,, value, as seen for 40% ethylamine/60%0 methylamine 
and 60% ethylaminel4Oo/~ methylamine, appear to have an additive effect using both 
the isobole plot and isobologram methods. Thus, the concentration of the chemical 

Table I1 
methylamine (MA) and its range. 

Mixture Additive Index Range 

Evaluation of additive toxicity of ethylamine (EA) and 

100%) EA, 1 OO'Yo MA 1.65 1.63 - 1.67 
~~~ ~ ~~~ ~ ~ ~~~~~ 

Additive index is calculated using the additive index equation published 
by Marking and Mauck (1975). The index and range were determined 
from the arithmetic average of 34 assays. 1000/; corresponds to each chem- 
ical's EC,. 
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mixture to which the test organism is exposed appears to be important for determin- 
ing the outcome. Evaluation of these chemicals singly, at their EC,, concentration val- 
ues, was found to have counts and a CI of 225878k77369 for ethylamine and 
252439 k 31 399 for methylamine (Table I). Inclusion of CI values for each chemical 
allows statistical comparison with other bioassay studies (Lange and Thomulka, 1993). 

Since methylamine is descriptively more toxic, it is not surprising that at a higher 
mixture ratio (20% ethylamine/80% methylamine) synergism is observed qualitatively 
on the isobole plot. However, the qualitative occurrence of antagonism and a clear 
lack of synergism at the lower mixture ratio of methylamine with ethylamine is in- 
triguing. All proportions evaluated using the isobologram method are quantitatively 
additive. No descriptive variation, including at the higher MA ratio, is observed in the 
isobologram. It is possible that ethyl and methyl groups have different sites of action 
on the bacterium or different kinetics of uptake at varying ratios as seen in many meta- 
bolic pathways (Moat and Foster, 1988). This, in part, could explain the different EC,, 
values, but appears to provide no clue as to the similar toxicity of the mixtures as in- 
dicated by the isobologram and the qualitative synergism seen on the isobole plot for 
20% EA and 80% MA. 

Statistical comparisons between the various interval groups are shown in Table 111. 
Evaluation using the t-test suggest that the difference between the two extreme values, 
80% ethylamine/20% methylamine and 20% ethylamine/80% methylamine are statis- 
tically significant. No other comparisons were statistically different at the 0.05 level 
for any of the other interval groups. The statistical datum (80% ethylamine/20% methy- 
lamine and 20% ethylamine/80% methylamine) supports the qualitative or descriptive 
interpretation of synergism and antagonism related to the isobole plots. However, cau- 
tion must be applied since no statistical significance exists between the single compo- 
nent toxicity results (straight line between 100/0% ethylamine/methylamine and 
0/100% ethylamine/methylamine) and either of these (80% ethylamine/20% methy- 
lamine or 20% ethylamine/80% methylamine) values. This lack of a statistical difference 
between the single chemical experiments, suggests that their EC,,s are statistically sim- 
ilar, although descriptively different. Comparison of the other interval groups, and 

Table 111 
and methylamine (MA) interaction comparison tests. 

Combinations t value Probability 

Significance of difference between toxicants in the ethylamine (EA) 

100% EA VS. 100% MA 1.215 n.s. 
0% EA, 100% MA VS. 0.754 n.s. 

20% EA, 8Oy0 MA vs. 0.371 n.s. 
40% EA, 60% MA 
40% EA, 60% MA VS. 0.204 n s .  

60% EA, 40% MA VS. 0.226 ns .  

80% EA, 20% MA VS. 2.229 >0.02 <0.05 

80% EA, 20% MA VS. 0.470 n.s. 

20% EA, 80% MA 

60% EA, 40% MA 

80% EA, 20% MA 

20% EA, 80% MA 

100% EA, 0% MA 

N=20, p=0.05 when t=  1.729 
n.s. - not significant at 0.05 
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their lack of a statistical significance with the synergistic or antagonistic combinations, 
suggest that these terms of toxicity for this evaluation must be considered only 
descriptive. Thus, synergism and antagonism can be defined in either descriptive (qual- 
itative) or statistical (quantitative) terms depending on the comparison of the com- 
bined mixture and each of the single components’ (ethylamine and methylamine) 
toxicity. However, chance must be considered in any statistical or descriptive evalua- 
tion, with all conclusions, especially those having a descriptive characteristic, being 
tempered with caution. 

When evaluating the procedure presented here to describe combined effects of chem- 
icals, each method appears to exhibit some unique characteristics (Marking, 1985). 
This study, although limited in nature, suggests that these methods after quantifica- 
tion appear to be equally effective in predicting response. However, other techniques 
have also been proposed for evaluating chemical combinations or mixtures (Kraak 
et al., 1993; Konemann, 198 1) including evaluation of individual chemicals separately 
to determine combined interactions (Sokal and Rohlf, 1995). 

When evaluating and conducting mixture toxicity studies various physical, chemi- 
cal and biological characteristics of the assay must be considered (Ghosh and Doctor, 
1992; Lange and Thomulka, 1993; Thomulka et al., 1993b; Codina et al., 1993). This 
is illustrated by comparing these data with a previous study (Thomulka et al., 1992) 
that evaluated ethylamine and methylamine using this assay procedure. The previous 
investigation used frozen stocks of these chemicals and phosphate buffered saline, 
rather than stocks freshly prepared for each experiment, and using imidazole buffer, 
resulting in a lower EC,, than seen in this study. These slight differences in experimental 
protocol can have not only dramatic effects on comparative data for single chemicals, 
but can also greatly affect mixture studies due to the interaction between chemicals. 

‘The unusual effect observed in this study of two chemicals at different concentra- 
tions having both synergistic and antagonistic effects on the same organism is inter- 
esting. Since the natural environment is often composed of numerous chemicals, 
additional studies on combination toxicity are warranted to understand the relation- 
ship between chemicals in the environment (Marking, 1985; Alabaster et al., 1988; 
Thomulka and Lange, 1995). The use of a bacterial bioassay system, as described in 
this paper, will allow these more complex investigations to be made, without the 
difficulty associated with multi-cellular assay systems. 
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