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ABSTRACT: Embryos of the inland silverside Menjdia beryllina were exposed to 3 teratogens: (1) 2,4- 
dmitrophenol. (2,4-DNP), (2) 'produced water' (PW), and (3) naphthalene (NPH). Tests were conducted 
by placing single embryos in glass tissue culture tubes containing 6 m1 of saline exposure media. 
Twenty tubes were used for each exposure concentration and for controls. A severity-index based upon 
craniofacial, cardiovascular, and skeletal terata was used to rank responses each day. The compounds 
tested caused teratogenic expressions in embryos and larvae exposed from the 2- to 4-cell and blastula 
stage through 7 to 8 d post-fertilization. However, combined survival in control embryos and larvae, and 
those exposed to respective teratogens, were not significantly different in 5 of 6 tests, except the 2- to 
4-cell embryos exposed to 2,4-DNP. There was a marked Increase in the relative frequency of terata 
with increasing nominal exposure concentrations of each compound. Post-hoc comparison of mean 
rank scores for severity of expression between control and exposed individuals revealed statistically 
significant (a = 0.05) levels of terata at 1.8 and 3.2 mg 2,4-DNP I-'; 10 and 20 % PW; and 5.6 and 10 mg 
NPH I-'. 

INTRODUCTION 

The effect of the pesticide and fungicide 2,4-dini- 
trophenol (2,4-DNP) on developing fish embryos has 
been studied in several species including medaka Ory- 
zias latipes (Waterman 1939), Atlantic herring Clupea 
harengus harengus (Rosenthal & Stelzer 1970, Stelzer et 
al. 1971), and trout Salmoirideus(Devillers & Chanconie 
1972). Concentrations of 2,4-DNP ranging from 1 to 4 mg 
1-' caused severe malformations, such as anophthalmy, 
symmetrical and unilateral microphthalmy, curled 
bodies, and dedifferentiation of embryos. 

'Produced water' (PW) is usually a saline formation 
water, that may be a by-product of oil and gas produc- 
tion. This water is separated from crude oil products, 
and is generally discharged to surface waters. It may 
contain aliphatic and aromatic compounds, sulfur, and 
heavy metals, among other components (Middleditch 
1981, 1984). Many of the components found in our 
sample of PW are also present in the water-soluble 
fraction (WSF) of crude oil. 
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The WSF of crude oil has produced terata in fish 
embryos and larvae. Exposure of Pacific herring 
Clupea harengus pallast embryos to the WSF of 
Prudhoe Bay crude oil at an initial concentration of 0.68 
mg lP' (major components: naphthalene 17 %, methyl- 
naphathalene 13 %, and dimethylnaphthalene 5 %) 
resulted in gross abnormalities including flexures in 
the body that reduced or prevented locomotion. 
Defects in mouth structure were also noted (Smith & 

Cameron 1979). In a follow-up study, electron micros- 
copy revealed abnormal inter- and intracellular spaces 
in brain and muscle tissue of newly hatched larvae 
(Cameron & Smith 1980). 

Because naphthalenes are usually a major con- 
stituent in the WSF of crude oil (and also PW), several 
studies have examined the response of fish embryos to 
these compounds. Reductions in length at hatchlng 
were observed in larval lullifish Fundulus heteroclitus 
exposed to approximately 1.5 mg 1-' total aqueous 
hydrocarbons (0.4 mg naphthalene I-'). The instan- 
taneous uptake rate of 14C-naphthalene was highest in 
2-d-old embryos and decreased in older embryos 
(Sharp et  al. 1979). Moreover, exposure of embryos of 
6 species of marine fish to 2-methylnaphthalene for 4 d 
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revealed that sensitivity apparently was a function of 
chorion thickness. Initial concentrations of 1 to 6 ppm 
resulted in irregular cleavage patterns consisting of 
retarded cell divisions and divisions into cells of differ- 
ent sizes. Opaque spots were also observed in the 
blastodisc, which often was irregular in shape. Abnor- 
malities were observed in at least 50 '10 of the embryos 
of 5 species and in about 15 O/O of plaice Pleuronectes 
platessa embryos. The latter have a relatively thick 
chorion (Stene & Lonning 1984). 

Our study determined the feasibility of using glass 
tissue culture tubes for exposing Menidia beryllina 
embryos to teratogens. This method of exposure 
requires the use of a small volume of toxicant solution 
and reduces observer risk because tubes are tightly 
sealed fnr the duration of the test. Tests were begun 
with 2- to 4-cell and blastula stage embryos (Lagler et 
al. 1977). Three teratogens currently being introduced 
into the environment were used. They included: (1) 
2,4-dinitrophenol (2,4-DNP), a known teratogen used 
as an insecticide, acaricide, and fungicide (Farm 
Chemicals Handbook 1986), (2) 'produced water' (PW), 
a saline by-product of crude oil production that is 
discharged to the environment and which may contain 
substantial quantities of hydrocarbons (Middleditch 
1981, 1984), and (3) naphthalene (NPH), an insecticidal 
fumigant that was also a component of the 'produced 
water' tested in this study. 

MATERIALS AND METHODS 

Embryos for testing. Naturally spawned and fer- 
tilized embryos of the inland silverside Menidia 
beryllina were obtained from a population of adults 
collected from Lake Chicot, Arkansas, USA, and main- 
tained in the laboratory. The laboratory spawning sys- 
tem was described by Middaugh & Hemmer (1984) and 
Middaugh et al. (1986). 

In brief, 60 individuals (sex ratio 1:1) were placed in 
each of a pair of 1.3 m diameter brood tanks in a 
recirculating spawning system. The system was filled 
with aged (2 wk) tap water. Instant Oceanm Sea Salt' 
was added to provide a measured salinity of 2 ppt (%D). 

Water was pumped from a reservoir-filter system 
through the brood tanks, producing a surface current 
velocity of 6 to 8 cm S- ' .  A gravity-flow drain returned 
water to the reservoir via a filter unit containing layers 
(surface to bottom) of aquarium filter fiber, activated 
charcoal, crushed oyster shell, and coarse pea gravel. 
'Cool-white' fluorescent lamps provided 6.5 to 7.5 yE 
m-2 S-' light intensity. The photoperiod was 13L:l lD. 

Mention of commercial products does not imply endorse- 
ment by the US Environmental Protection Agency 

Light-tight curtains shielded the tanks from outside 
disturbance. Adults were fed Tetraminm (Standard 
Mix-Large flake) food 4 times daily A spawning sub- 
strate made of polyester aquarium filter fiber, 15 cm 
long X 10 cm wide X 10 cm thick, was suspended just 
below the surface of the water and in contact with the 
side of the brood tank. Fertilized embryos in the 2- to 4- 
cell or blastula stage were harvested from the spawn- 
ing substrate between 08:OO and 11:00 h on days when 
tests were started. 

Exposure procedures. Seawater from Santa Rosa 
Sound, Florida, USA, used in all tests, was treated by 
pre-filtration through a 20 pm polypropylene filter. It 
was then passed through a 6 l m  vacuum filtration unit, 
diluted to 5 960 salinity with deionized water, and auto- 
r l a v ~ d .  For tests with PW. an appropriate salinity rancj- 
ing from 0.35 to 7%" was obtained by diluting with 
deionized water. 

2,4-DNP. A stock solution of 1 mg 2,4-DNP ml-' was 
prepared by dissolving the analytical grade chemical 
(EPA Repository, Research Triangle Park, North 
Carolina, USA) in deionized, glass-distilled water. 
Appropriate aliquots of this stock solution were added 
to 250 m1 volumetric flasks containing sterile saline 
media at 5 %D salinity to yield nominal concentrations of 
0.56, 1.0, 1.8, and 3.2 mg 2,4-DNP 1-l. 

Six m1 of respective stock solutions (or clean 5%" 
saline water for controls) was added to each of 20 
borosilicate glass tissue culture tubes 16 X 93 mm 
(window size 11 x 55 mm). Tubes, including 20 con- 
trols, were then randomized and a single 2- to 4-cell, or 
blastula stage embryo was added to each. A teflon- 
lined screw cap was used to seal each tube. Thus, 20 
tubes were used for each exposure concentration and 
for each control in respective tests with 2,4-DNP, PW 
and NPH. Tubes, with an airspace of 7 ml, were placed 
in racks and stored in a horizontal position in an 
incubator at 25 + 1 "C with a 14L:lOD photoperiod. 
Cool-white fluorescent lamps provided 17.5 pE m-2 S-' 

illumination during the light phase. Concentrations of 
2,4-DNP in exposure tubes were measured at the end 
of the 7 to 8 d tests. 

Samples were analysed by direct injection of expo- 
sure solutions into a Waters High Pressure Liquid 
Chromatograph with a CL-4A (BioAnalytical System, 
West Lafayette, Indiana, USA) electrochemical detec- 
tor operated in the reductive mode. A 25 cm C-18 
column with a mobile phase of 60 O/O methanol, 40 % 
0.05M, pH 2.5 phosphate buffer was used for the sep- 
aration. The flow rate was 1.0 m1 min-' at ambient 
temperature. Samples were quantified using peak 
height measurement; the detection limit was 0.03 mg 
1-l. 

At the end of each test, 5 tubes from each treatment 
were checked for oxygen saturation by uncapping the 
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tube and slowly withdrawing a sample Into a 1.0 m1 
syringe. Individual samples were injected into a 
Radiometer BMS 3 MK2 Blood Micro System with 
attached PHM 71 MK2 Acid-Base Analyser and a direct 
measurement recorded for partial pressure of oxygen 
which was converted to dissolved oxygen (DO; ml-l). 
The pH of test solutions was also measured in 
5 additional tubes from each treatment uslng an Orion 
SA 520 pH meter. 

'Produced water'. The PW sample used in this study 
was a saline effluent discharged from a centralized 
collection pit for producing inshore oil wells. The PW 
was collected directly into a sterile 20 1 glass carboy 
until it was filled to capacity (no air space), and sealed 
with a teflon-lined cap. The carboy was placed in a 
large insulated cooler containing crushed ice and 
returned to the laboratory. Thereafter, the sample was 
stored at 4 "C in darkness until used. 

Prior to testing, the original sample was stirred for 
3 min using an electric lab stirrer and a subsample 
removed by decanting into a sterile 1 1 volumetric flask. 
The subsample, salinity 35 was diluted in sterile 1 1 
glass bottles, using deionized, glass-distilled water to 
yield final nominal concentrations of 1,  5, 10 and 20 % 
PW. Twenty embryos in individual tissue culture tubes 
were exposed to each concentration of PW. Salinity in 
the diluted samples ranged from 0.35%0 for the 1 %  
concentrabon of PW to 7 %O for the 20 % concentration. 
Accordingly, 2 groups of controls (N  = 20 each) were 
maintained in tests initiated with 2- to 4-cell and blas- 
tula stage embryos. One control group was at 0.35 %o, 

another at 7 %O salinity. 
Chemical analyses were not conducted at the end of 

the 7 to 8 d exposures. However, a scan of PW for 319 
substances; non-volatile and volatile organics, metals, 
and other components was conducted 2 wk after the 
original sample was collected. Analytical procedures 
are summarized in US EPA 1987. Methods for meas- 
urement of DO and pH in each test with PW were 
identical to those described for 2,4-DNP. 

Naphthalene. A stock solution of 1 mg NPH ml-' was 
prepared by dissolving analytical grade chemical 
(Applied Science Corp., Deerfield, Illinois, USA) in 
deionized, glass-dishlled water. Appropriate aliquots 
of this stock solution were added to 250 m1 volumetric 
flasks containing sterile seawater at 5 %O salinity to 
yield nominal concentrations of 1.8, 3.2, 5.6 and 10 mg 
NPH 1-l. Twenty embryos in individual tissue culture 
tubes were exposed to each concentration of NPH and 
20 control tubes were maintained in respective tests. 
Concentrations of NPH in exposure tubes were meas- 
ured at the end of tests. 

Soluhons containing NPH were analysed by extrac- 
tion with hexane. The hexane was injected, without 
concentration, into a gas chromatograph equipped 

with a 2 n1 X 2 mm, 5 '10 OV 101 column with a flame 
ionization detector. The oven was maintained isother- 
mal at  110 'C. Quantitation was accomplished with a 
Hewlett-Packard 3357 Lab Automation System; the 
detection limit was 0.2 mg 1-l.  Sampling procedures for 
amb~en t  DO and pH at the end of each 7 to 8 d test 
were identical to those described for 2,4-DNP. 

Utilization of tissue culture tubes allowed us to incu- 
bate developing embryos in a sealed system for the 
duration of each test. This approach was desirable 
because it essentially eliminated potential exposure of 
observers to toxlcants of unknown hazard. Moreover, a 
test with 4 exposure concentrations resulted in less 
than 500 m1 of toxic waste which had to be disposed of 
in a responsible manner. 

Observations for effect. Individual embryos exposed 
to each toxicant, and respective controls, were 
observed daily 7 to 8 d until death or hatching occur- 
red. A Zeiss Invertoscope D Microscope, equipped for 
photomicrography, was used to categorize results. 
Observed terata were scored each day using a numeri- 
cal 'seventy-index' for craniofacial (CR), cardiovascular 
(CV), and skeletal (SK) defects. Numerical scores for 
categorical data (Table 1) were based upon classifica- 
tion schemes devised by Weis & Weis (1977), Weis et  al. 
(1981), and Weis & Weis (1982) for scoring defects in 
embryonic mummichogs Fundulus heteroclitus and 
Atlantic silversides Menidia menidia. 

Statistical analysis. Survival data. Upon complebon 
of a test, the combined percentage survival (for 
embryos and larvae) was calculated for the control(s) 
and each treatment concentration. Survival data were 
then arc sine transformed and multiple comparisons, 
based upon the chi-squared distribution, were made 
between control(s) and treatments, a = 0.05 (Maras- 
cuilo & McSweeney 1977). 

Total severify-indices. Analysis of teratogenic 
responses was performed in the following manner: for 
each tube, CR, CV and SK values (Table 1) were 
summed to provide a total daily score which could 
range from 0 for a normally developing embryo to a 
maximum of 13 for a severely deformed embryo, (i.e. 
CR 3 + CV 5 + SK 5 = 13). If an  embryo died before 
the end of the test, a value of 14 was assigned to the 
tube each day from the date of death until test termi- 
nation. The 7 or 8 daily scores for each tube were then 
summed to generate a total severity-index for each 
embryo. It should be pointed out that assignment of a 
value of 14 to dead embryos on the day of death and 
for all subsequent days, until the end of each test, 
enabled us to account for embryo mortalities without 
introducing bias Into total severity-indices for 
teratogenicity. By assigning a value of 14 to teratogen- 
exposed and control embryos that died, the uncer- 
tainty of causal effect for death was effectively 
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Table 1. Menidia beryllina. Synopsis of observed teratological responses in embryos and numerical severity-index for craniofacial 
(CR), car&ovascular (CV) and skeletal (SK) defects. Adapted in part from Weis & Wels (1977, 19821, and Weis et al (1981) 

Craniofacial Cardiovascular Skeletal 
Value Effect Value Effect Value Effect 

0.  None observed 0. None observed 0. None observed 
1. Slight defect in structure or slze 1. Sllght defect In structure or func- 1. Slight bend or kink 

tion including reduced circulation 

2. Moderate defect in structure or 2. Tube heart, beating with or with- 2. Major bend or kink (greater than 
size including synopthalmia out circulation 90" angle, or more than one bend) 

3. Severe defect in structure or size 3. Tube heart, not beating 3. Stunted 
including micropthalmy, anopthal- 
my or anencephaly 

4. Beating tissue, but no heart struc- 4.  Very stunted, but axis discernible 
ture 

5 .  No discernible heart 5. No axis d~scernible 

accounted for without biasing the total severity-indi- 
ces for terata. To test for differences in teratogenic 
response beween control(s) and treatment concen- 
trations non-parametric Van der Waerden normal 
scores tests (SAS 1985a) and Van der Waerden post- 
hoc multiple comparison procedures, a = 0.05 (Maras- 
cuilo & McSweeney 1977) were then conducted using 
the total severity-indices. 

Categorical severity-indices. Analysis of individual 
response categories, CR, CV and SK (Table 1) was 
conducted as follows: for each embryo, the daily score 
for the CR index could range from 0 to 3, for CV 0 to 5 
and for SK 0 to 5. If an embryo died before the end of a 
test, a daily value of 4 was assigned to the CR index; 
the CV and SK indices were assigned a daily value of 6. 
As with the total severity-index, assignment of values 
for embryo death in individual categories enabled us to 
account for mortalitites without introduction of bias, by 
mortalities of unknown cause. 

Respective categorical indices were then analysed 
using the Van der Waerden normal scores test (SAS 

1985a) and post-hoc multiple comparison procedures 
(Marascuilo & McSweeney 1977). 

Graphical presentation. Plots of combined embryo 
and larval survival, and standardized mean rank scores 
for terata, were generated to provide a visual overview 
of response trends. In each test, mean rank scores for 
terata were standardized by subtracting the lowest 
score for a control or exposure treatment from the 
remaining (higher) scores. Combined embryo and lar- 
val survival, and standardized mean rank scores, were 
plotted using Statistical Analysis System SAS/Graph 
Proc GCHART procedures (SAS 1985b). 

RESULTS 

Each of the test compounds (2,4-DNP, PW and NPH) 
was teratogenic. However, survival in control and 
exposed embryos and larvae was not significantly 
different in 5 of 6 tests; the only exception being the test 
with 2- to 4-cell embryos and 2,4-DNP = 16.23,4 df). 

Table 2. Men id~a  beryhna. Nominal and measured exposure concentrations of 2,4-DNP. Measured dissolved oxygen (DO) and 
pH values are also summarized 

Embryonic 2,4-DNP (mg I - ' )  DO (mg l- ' )  PH 
stage tested Nominal conc. Measured conc. X Range X Range 

2- to 4-cell Control ND 7.8 (7.7-7.9) 7.2 (6.9-7.6) 
0.56 0.34 7.3 (6 5-7.6) 6.8 (6.6-6.9) 
1.00 0.60 7.5 (7 2-7.8) 7.0 (6.7-7.5) 
1.80 1.06 7 2 (6.5-7.8) 7.1 (6.9-7.8) 
3.20 2.00 7.6 (7.3-7.7) 7.0 (6.9-7.2) 

Blastula Control ND 7.9 (7.8-7.9) 7.2 (6.9-8.4) 
0.56 0.72 7 6 (7 5-7.6) 7.0 (6.9-7.3) 
1 00 1.20 7 6 (7 4-7.7) 7.0 (6.9-7 6) 
1.80 2.17 7.6 (7.3-7.7) 7.1 (6.9-7.6) 
3.20 3.43 7.6 (7.4-7.9) 7.1 (6.8-7.7) 

ND: not detected 
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Nominal exposure concentrations of 2,4-DNP and 
measured amounts are summarized in Table 2. Also 
reported are final values for DO and pH. An example of 
terata observed in embryos exposed to 2,4-DNP is 
shown in Fig. l a .  Teratogenic expressions included 
reductions in cephalization (head size), defects in car- 
diac structure and function including malformed 
valves, tube heart and reduced circulation; and mild 
scoliosis or lordosis with stunting of the skeletal axis. 

The combined percentages for embryo and larval 
survival in tests begun with 2- to 4-cell and blastula 
stage embryos exposed to 2,4-DNP are summarized in 
Fig. 2a. Both control groups had 10O0/0 embryo and 
larval survival. The percentages trended downward as 
nominal concentrations of 2,4-DNP increased from 0.56 
to 3.2 mg  1-l. At the 2 highest concentrations of 1.8 and 
3.2 mg  2,4-DNP I-', overall response indicated a sharp 
decline in embryo hatching, but not survival, for tests 
initiated with the 2- to 4-cell stage. In comparison, tests 
started with blastula stage embryos yielded compar- 
able overall survival but a much higher proportion of 
hatching at  1.8 and 3.2 mg  2,4-DNP 1-' (Fig. 2a). This 
trend occurred even though measured exposure con- 
centrations of 2,4-DNP were higher in tests begun with 
blastula stage embryos (Table 2). 

The standardized mean rank scores, presented in 
Fig. 2b, provide an overview of teratological responses 
in embryos exposed to 2,4-DNP. The scores are a sum- 
mation of craniofacial (CR), cardovascular (CV) and 
skeletal (SK) indices. There was a marked increase in 
terata with increasing exposure concentration. The 2 
highest nominal concentrations of 2,4-DNP demon- 
strated the strongest response (Fig. 2b). Post-hoc anal- 
yses comparing respective controls with each exposure 
concentration revealed statistically significant respon- 
ses in CR, CV and SK indices at  the 2 highest concen- 
trations; the one exception being the SK index in the 
blastula stage at  1.8 mg 2,4-DNP 1-' (Table 3). 

Table 3.  Menidia beryllina. Post-hoc comparison of responses 
at 4 nomlnal concentrations of 2,4-DNP to controls in tests 
initiated with 2- to 4-cell and blastula stage embryos. CR: 
craniofacial; CV: cardiovascular; SK: skeletal index. NS: not 

statistically significant; S: statistically significant, a = 0.05 

2,4-DNP Initial developmental stage 
concentration 2- to 4-cell Blastula 
(mg I-') CR CV SK CR CV SK 

0.56 NS NS NS NS NS NS 
1.00 NS NS NS NS NS NS 
1.80 S S S S S NS 
3.20 S S S  S S S  

Produced water 

Concentrations of identified components in the sam- 
ple of PW tested are summarized in Table 4. Nominal 
exposure concentrations (% PW) are summarized with 

Table 4.  Menidia beryllina. Chemical characerization of PW 
used in t h ~ s  study. Detection limits for individual non-volatile 
and volatile organics 10 to 50 pg l-'; metals 0.1 to 1000 pg I- ' ;  

other components 10 to 100 pg 1-'  

Compound 
detected 

Analytical Measured 
procedure' conc. (yg l-l) 

2- Propanone 
Benzene 
Methylene chloride 
2-Butanone 
Naphthalene 
2-Methylnaphthalene 
Biphenyl 
o-Cresol 
Ethylbenzene 
2,4-Dimethylphenol 
p-Cresol 
4-Methyl-2-pentanone 
Toluene 
Phenol 
n-Dodecane 
n-Eicosane 
n-Decane 
Hexanoic acid 
n-Hexadecane 
2-Hexanone 
n-Octadecane 
n-Tetradecane 
n-Docosane 
n-Hexacosane 
n-Octacosane 
n-Tricontane 
n-Tetracosane 
Iron 
Lithium 
Magnesium 
Potassium 
Silicon 
Strontium 
Tin 
Arsenic 
Barium 
Boron 
Zinc 
Calcium 
Ammonia 
Sulfur 
Fluoride 
Oil and grease 

' Analytical procedures as follows. A: US EPA Method 
1624C for volatde organics; B: US EPA Method 1625C for 
non-volatitle organics; C: US EPA Methods 200.7M, 204.2, 
206.2, 245.5, 270.2, 272.2, 279.2, 785 and 3020 (Acid &ges- 
tion) for metals; D: US EPA Methods 160.1, 160.2, 160.3, 
340.1, 350.2, 413.1; E: US EPA Methods-Super Scan (US 
EPA 1987) 
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Score 

CTL 0.56 1 .O 1.8 - 3.2 - 

CTL 0.56 1 .O 1.8 3.2 

CONCENTRATION ( mg/L ) 

Fig. 2. Menidia beryllina. Results for tests initiated with 2- to 4-cell and blastula stage embryos exposed to 2,4-DNP for 7 to 8 d. (A) 
Combined percentage survival for control embryos and larvae, and teratogen-exposed individuals. (B) Standardized mean rank 

scores for combined teratological expressions in control and exposed embryos and larvae 

respective final values for DO and pH (Table 5). 
Because the l % PW solution had a salinity of 0.35%0 
and the 20 % PW solution a salinity of 7 '%W, 2 controls 
were maintained in each test: one at the lowest test 
salinity, a second at the highest salinity. 

An example of terata observed in embryos exposed 
to PW is shown in Fig. lb .  Responses include moderate 
to severe reductions in cephalization, tube heart, and 
moderate to severe reductions in circulation including 
hemostasis, stunted axes, and lordosis, scoliosis, or 
kyphosis. 

The combined percentages for embryo and larval 
survival in tests begun with 2- to 4-cell and blastula 
stage embryos exposed to PW are summarized in Fig. 
3a. Control survival in tests begun with 2- to 4-cell 
embryos ranged from 74 % (low salinity), to 95 O/O (high 
salinity). Sunrival of embryos and larvae was similar to 
controls at each PW concentration. However, the 20 % 
PW exposure caused a substantial reduction in the 
proportion of hatched larvae, but not embryo sunrival. 
A similar trend was observed in tests begun with blas- 
tula stage embryos (Fig. 3a). 

The standardized mean rank scores presented in Fig. 

3b summarize overall PW teratogenicity. The summary 
data show an increase in terata with increasing concen- 
trations of PW. Post-hoc analyses compared both the low 
salinity and high salinity controls to terata in the 3 effect 
indices (CR, CV and SK). The 1 and 5 O/O PW solutions did 
not result in responses significantly different from low or 
high salinity controls. However, exposure to the 10 and 
20 O/O PW solutions did produce significant responses in 
CR, CVand SKindices; depending on the developmental 
stage tested and whether comparisons were made to 
responses in low or high salinity controls (Table 6). While 
comparisons to both low and high salinity controls were 
made, it is apparent that 2- to 4-cell embryos exposed to 
10 and 20 % PW, and compared to the high salinity 
control, were more sensitive than blastula stage embryos 
exposed to similar PW concentrations (Table 6, bottom). 

Naphthalene 

Nominal exposure concentrations of NPH and mea- 
sured amounts are summarized in Table 7. Also reported 
are final values for DO and pH from individual tubes. 
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Table 5. Menidia beryllina. Percentage PW exposures. Refer to Table 4 for list of individual components. Measured dissolved 
oxygen (DO) and pH values are also summarized 

Embryonic PW conc. (%) DO (mg I - ' )  
stage tested X Range - pH 

X Range 

2- to 4-cell CTL (low sal.) 7.8 (7.6-7 9) 6.1 (5 7-6.9) 
CTL (high sal.) 7.1 (7.1-7 3) 6.9 (6 8-7.0) 

1 7.6 (7.5-7.7) 6.8 (6.8-6.9) 
5 7.3 (7.3-7.4) 6.9 (6.8-7.0) 

10 7.0 (6.0-7.5) 7.0 (6.9-7.0) 
20 6.7 (5.7-7.0) 7.1 (7 .O-7.1) 

Blastula CTL (low sal.) 8.0 (7.9--8.2) 5.9 (5.7-6.1) 
CTL (high sal.) 7.5 (7.4-7.5) 6.8 (6.66.8) 

1 7.9 (7.8-8.0) 6.7 (6.66.8) 
5 7.7 (7.1-8.0) 6.9 (6.9-6.9) 

10 7.6 (7.4-7.8) 7.1 (7.0-7.1) 
2C 7.4 (7.3-7.6) 7 '2 (7 1-7.2) 

Responses were noted primarily in the cardiovascular also high at all NPH exposure concentrations. Although 
system and included tube heart, reduced circulation or very few of the 2- to 4-cell and blastula stage embryos 
hemostasis, and stunted axes. The combined percent- exposed to 10 mg NPH 1-' hatched, nearly all embryos 
ages for embryo and larval survival in tests begun with survived the 7 to 8 d test (Fig. 4a). 
2- to 4-cell and blastula stage embryos, exposed to NPH, The standardized mean rank scores presented in Fig. 
are summarized in Fig. 4a. Both control groups had 95 O/O 4b show a trend of increased teratological expression 
combined survival. The combined percentages were with increasing NPH concentrations. Exposure to nom- 

PRODUCED WATER r l -Surv~val 

-Hatch 

-Std. Rank Score 

CTL CTL 1 .O 5.0 10.0 20.0 

LOW SAL. HIGH SAL. CONCENTRATION (%) 

CTL CTL 1 .O 5.0 10.0 20.0 

LOW SAL. HIGH SAL. CONCENTRATION (%) 

Fig. 3. Menidia beryllina. Results for tests initiated with 2- to 4-cell and blastula stage embryos exposed to PW for 7 to 8 d. 
(A) Combined percentage survival for control embryos and larvae; and teratogen-exposed individuals. (B) Standardized mean 

rank socres for teratological expressions in control and exposed embryos and larvae 
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Table 6. Menidia beryllina. Post-hoc comparison of responses at 4 nominal concentrations of PW to low salinity (top) and high 
salinity (bottom) controls. Tests were init~ated with 2- to 4-cell and blastula stage embryos. CR: craniofacial; CV: cardiovascular; 

SK: skeletal index. NS: not significantly different; S: statistically significant, cr = 0.05 

'Produced water' Sal. ( % o )  Initial developmental stage 
concentration 2- to 4-cell Blastula 
percentage CR CV SK CR CV SK 

Table 7. Menidia beryllina. Nominal and measured exposure concentrations of naphthalene. Measured d~ssolved oxygen (DO) 
and pH values are also summarized 

Embryomc Naphthalene (mg 1-l)  
- 

DO (mg 1-') 
- pH 

stage tested Nominal conc. Measured conc. X Range X Range 

2- to 4-cell Control 
1.8 
3.2 
5.6 

10.0 

Blastula Control 
1.8 
3.2 
5.6 

10.0 

hTD: not detected 

Table 8. Menidia beryllina. Post-hoc comparison of responses trations for tests begun with 2- to 4-cell embryos. The 
at 4 nonunal concentrations of NPH to controls in tests initi- blastula stage was less responsive (Table 8) .  
ated with 2- to 4-cell and blastula stage embryos. CR cranio- 
facial; CV: cardiovascular; SK: skeletal index. NS: not siqnifi- - 

cant; S: statistically significant, cl = 0.05 
DISCUSSION 

Naphthalene Initial developmental stage 
concentration 2- to 4-cell Blastula 
(m!3 1-7 CR CV SK CR CV SK 

1.8 NS NS NS NS NS NS 
3.2 NS S NS NS NS NS 
5.6 S S S NS NS S 

10.0 S S S  S S S  

There are several advantages in testing develop- 
mental effects of toxicants in aquatic species. The 
organisms are less costly to obtain and maintain, the 
embryonic period is usually shorter than in mammals 
and direct observation of developing embryos is pos- 
sible (Weis & Weis 1987). 

Each environmental contaminant tested in this study 
was teratogenic to Menidia beryllina embryos. In gen- 

inal concentrations of 5.6 and 10 mg NPH 1-' caused eral, combined embryo and larval survival in respective 
marked increases in rank scores for terata, indicating tests was similar to controls, even at the highest toxic- 
that 2- to 4-cell embryos may have been more sensitive ant concentrations, indicating that 2,4-DNP, PW and 
than the blastula stage (Fig. 4b). Post-hoc analyses NPH were not lethal, but teratogenic. 
revealed statistically significant responses in the CR, Responses of Menidia beryllina emblyos to 2,4-DNP 
CV and SK indices at the 2 highest exposure concen- were characterized by reductions in cephalization 
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NAPHTHALENE 
-Survival 

-Hatch 

- Std. Rank Score 

CTL 1.8 3,.2 5.8 10.0 , 
CONCENTRATION ( mg/L 

CTL 3.2 5.6 10.0 

CONCENTRATION ( mg/L ) 

Fig. 4.  Menldia beryllina. Results for tests initiated with 2- to 4-cell and blastula stage embryos exposed to NPH for 7 to 8 d. 
(A) Combined percentage survival for control embryos and larvae. and teratogen-exposed individuals. (B) Standardized mean 

rank scores for teratological expressions in control and exposed embryos and larvae 

(head size), slight defects in heart structure including 
reduced circulation, and mild scoliosis or lordosis with 
some stunting of the skeletal axis (Fig. la) .  A similar 
response was noted by Waterman (1939) who exposed 
late cleavage embryos of medaka Oryzias latipes to 
2,4-DNP concentrations ranging from 8.3 to 25 mg 1-'. 
Abnormalities in the heart and extra embryonic vascu- 
lar system were observed. Deformities and reductions 
in the myotomes were also common, generally 
reflected in shortening and curious shapes and posi- 
tions of the tail. 

Exposure of herring Clupea harengus embryos to 
2,4- and 2,5-DNP at concentration of 0.005 to 0.1 mm01 
1-' (0.93 to 18.4 mg 1-l) also produced various malfor- 
mations including anophthalmy, symmetrical and mi- 
crophthalmy, curled bodies and dedifferentiation. 
Exposure to 2,4-DNP started with 48 h old embryos 
resulted in a higher proportion of abnormalities than 
exposures started with 55 h old embryos (Rosenthal & 

Stelzer 1970). A similar age-dependent sensitivity to 
2,4-DNP was noted in rainbow trout Salmo ir~deus 
embryos. The maximum exposure time, after which 

some eggs continue to develop, increased from 8.5 h for 
8-cell embryos to 72 h for blastula stage embryos 
(DeVillers & Chanconie 1972). The response of 
Menidia beryfina embryos to 2,4-DNP also appears to 
be age dependent. At the higher exposure concen- 
trations, there was a lower proportion of hatching for 2- 
to 4-cell embryos than blastula stage individuals. Con- 
trol hatching in these groups was identical at 100 O/O. 

2,4-DNP has been shown to be a true uncoupling 
reagent, which inhibits the phosphorylation of ADP. 
Exposure of Clupea harengus embryos to 0.1 mm01 1-' 
2,4-DNP (18.4 mg 1-l)  caused an increase in respiration 
ranging from 30 to 400 % above controls. Under the 
influence of 2,4-DNP, embryos metabolised more car- 
bohydrate in 1 d than during the entire normal develop- 
mental period. The changeover to increased decomposi- 
tion of carbohydrates was explained as a dislocation of 
energetic sources from the normal respiration process to 
glycolytic phosphorylation (Rosenthal & Stelzer 1970, 
Stelzer et al. 1971). Bodine & Boell(1938) suggested that 
the toxic effect of 2,4-DNPmay be due to an accumulation 
of toxic metabolic products wi th~n  the organism. 



bliddaugh et al . .  Teratological responses in Menidia beryllina 63 

The 'produced water' used in this study contains 
many of the components that comprise the water- 
soluble fraction (WSF) of crude oil (Kuhnhold 1974, 
Kuhnhold & Busch 1978, MacLeod et al. 1978). The 
histopathology, teratogenicity, and toxicity of the WSF 
of crude oil has been studied in a variety of fish 
embryos and larvae (Linden et al. 1980, Stoss & Haines 
1979, Reichert & Varanasi 1982). 

Exposure of Menidia beryllina embryos to 10 and 
20 O/O PW resulted in a high rank score for terata. 
Responses included moderate to severe reduction in 
cephalization, tube hearts lacking normal chambering, 
morphology and/or pumping capacity, reduced circula- 
tion or hemostasis, and stunted axes. 

In tests with adult Menidia beryllina, Solanzi & Over- 
street (1982) observed approximately 50% mortality 
after exposure to 5 or 50 % WSF of southern Louisiana 
crude oil for 27 d. Total measured hydrocarbons were 
2.49 and 2.75 ppm, respectively. Histopathological 
changes included epithelia1 hyperplasia and fusion of 
gill lamellae, separation of respiratory epithelium from 
underlying tissue, necrosis of both neurosensory and 
sustentacular cells of olfactory lamellae and susten- 
tacular epithelium, extensive lipid vacuolation in 
hepatocytes, and atrophy and necrosis of intrahepatic 
exocrine pancreatic nodules. The pancreas serve as the 
most specific pathological indicator of oil pollution. 

Exposure of early stage embryos of Pacific herring 
Clupea harengus pallasi to the WSF of Prudhoe Bay 
crude oil at an initial concentration of < 1 pg g-' water 
(measured concentration after 48 h was 0.68 pg total 
hydrocarbons g-' water) led to a statistically significant 
increase in larval abnormalities such as reduced 
cephalization, stunted bodies, or bent backs in an L, S 
or helical configuration. Enlarged pericardial cavities 
were also recognized. Scanning electron microscopy of 
larvae provided evidence of pectoral fin erosion, a 
misfit of the lower jaw into the upper and a missing 
premaxillary bone. Branchiostegal membranes were 
also absent (Smith & Cameron 1979). Exposure of older 
embryos, late neurula stage, for 4 to 144 h yielded no 
gross abnormalities in larvae. However, transmission 
electron microscopy did reveal inter- and intracellular 
spaces in brain and muscle tissue of exposed fish, but 
not controls. Many mitochondria in the body muscle of 
exposed specimens were swollen, some with 
deteriorating cristae structure (Cameron & Smith 1980). 

The acute toxicity of PW from the Buccaneer Field 
offshore production wells approximately 60 km SSW of 
Galveston Island, Texas, USA, was studied by ~ a l l a -  
way et al. (1981). They computed 96 h LC50 values of 
between 0.95 % PW for larvae and 11.6 O/O PW for adult 
brown shrimp Penaeus aztecus. The single reported 
value for a fish, the crested blenny Hypleurochilus 
geminatus, was 26.9% PW. Rose & Ward (1981) 

reported 96 h LDS0 values ranging from 0.7 to 40.8 % 
PW in tests conducted with crested blennies and water 
from the Buccaneer Field. Median lethal responses of 
crested blennies of 0.7, 26.9 and 40.8 % PW compare 
favorably to statistically significant increases in terata 
for Menidia beryllina embryos exposed to 10 and 20 % 
PW. 

Exposure of Menidia beryllina embryos to nominal 
concentrations of 5.6 and 10 mg NPH 1-' resulted in 
moderate to severe reductions in cephalization, slight 
defects in heart structure and reduced circulation; or 
tube hearts without chambers or valves, and greatly 
reduced circulation or hemostasis. Skeletal expressions 
included scoliosis and stunting. 

Kuhnhold & Busch (1978) reported on the penetra- 
tion of hydrocarbons into salmon Salmo salar embryos. 
After 3 d exposure, penetration was 98% for naph- 
thalene, 90 % for benzopyrene, and 52 % for hexa- 
decane. Solbakken et al. (1984) also observed rapid 
accumulation of naphthalene and phenanthrene in 
Atlantic cod Gadus morhua eggs; followed by rapid 
loss when exposures ended. Resistance of fish embryos 
to 2-methylnaphthalene (2-MN) was studied by Stene 
& Lonning (1984). They observed that chorion thick- 
ness, which may have retarded 2-MN penetration, vol- 
ume of perivitelline space and percentage lipid in eggs 
had an influence on susceptibility. Lumpsucker 
Cyclopteus lumpus embryos with a chorion thickness 
of 60 pm and dry weight lipid content of 21 to 26 % 
were unaffected by 4 d exposure to 10 mg 2-MN 1-l. In 
contrast, embryos of the long rough dab Hippo- 
glossoides platessoides (chorion thickness 2.5 pm, lipid 
11 to 13 %),  were highly susceptible with no normal 
eggs present after 4 d exposure to 1 mg 2-MN 1-l .  

Sharp et al. (1979) reported a decrease in permeabil- 
ity of the chorionic membrane to NPH during develop- 
ment of Fundulus heteroclitus eggs. In Menidia 
beryllina exposed to 1.8 to 10 mg NPH I-', the 2- to 4 -  
cell stage demonstrated higher mean rank scores for 
terata than the blastula stage. Higher scores could 
indicate increased chorionic permeability in recently 
fertilized 2- to 4-cell embryos or perhaps the effect of 
longer exposure to NPH. Saethre et al. (1984) also 
studied the effect of NPH, 1- and 2-MN, and dimethyl- 
naphthalenes on Atlantic cod Gadus morhua embryos 
and suggested changes in permeabhty and structure 
of the egg membranes. A similar phenomenon was 
noted in cell walls of Chlamydomonas angulosa 
exposed to hydrocarbons (Soto et al. 1979). 

Our results with Menidia beryllina embryos exposed 
to 2,4-DNP are similar to responses reported for other 
freshwater and marine fish embryos. The teratogenic 
responses in M. beryllina embryos exposed to PW and 
one of its constituents, NPH, are cause for concern. 
Discharge of hydrocarbon-laden saline waters, which 
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m a y  also contain  substant ia l  quant i t ies  of heavy  met-  

a ls ,  into biologically productive near-shore  or semi-  

enclosed es tuar ine habi ta ts  (Biglane & LaFleur 1967, 
G u n t e r  1967) is a potent ia l  env i ronmenta l  haza rd  tha t  

m a y  requ i re  addi t ional  s tudy.  
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