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Abstract

Immediately after fertilization carp eggs were exposed to Cr(VI) concentrations of 3.9 and 
9.6 //mol • I"1 at water pH 7.8 and 6.3. At regular intervals mortality, the incidence of spinal cord 
deformation, heart rate, tail movements, hatching success, whole body concentration of K, Na, 
Mg, Ca, and Cr, and ultrastructure of skin and gills were assessed. No effects of Cr on any of 
the examined parameters were observed at pH 7.8, while 9 .6//mol-I"1 Cr at pH 6.3 decreased 
total Na concentration of larvae, and increased mortality of the larvae. Skin of larvae (144-h) 
exposed to 9.6 //mol -I"1 at pH 6.3 showed increased numbers of mucus-secreting cells. The gill 
epithelium had a wrinkled appearance, and dark circle-shaped spaces, probably of mucus cells, 
were seen. After 240 h, the larvae were almost completely covered with mucus. In controls at 
pH 6.3 no significant changes of any of the above parameters were observed when compared to 
controls at pH 7.8.
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1. Introduction

C hrom ium  (Cr) is a com m on co n tam in an t  o f  surface waters (Pickering, 1980; 
Slooff et al., 1989). C oncen tra t ions  o f  C r  in the m icrom olar  range have frequently 
been reported in rivers and lakes (Beg et al., 1990; Alves et al., 1993; Z hang  et al., 
1994). This metal may either be present in the trivalent form (Cr(III)) or in the 
hexavalent form (Cr(VI)). The latter is considered the most toxic form to aquatic  
organisms (Van der Putte et al., 1981a,b). W ater pH  is one o f  the most im portan t  
characteristics determining C r toxicity to fish (Van der Putte et al., 1981 a,b). The
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dom inan t  species o f  Cr(III) are C r(O H )2+ at pH  4, C r (O H )2 at pH  6 and C r(O H )3 at 
pH  8 (Stern, 1982). Cr(III) is largely associated with particulate  matter, subject to 
sedimentation and filtration, m aking  it less bioavailable. The dom inan t  species o f  
Cr(VI) are H C r 0 4 at pH < 6.5 and C rO :4" at pH  > 6.5 (Jop et al., 1987). As Cr(VI) 
species are negatively charged, they do not complex with anionic particulate  m atte r  
and are more bioavailable. Van der Putte et al. (1981 a,b) have shown tha t  Cr(VI) 
was more toxic to ra inbow  trou t at lower pH , because the gills concentra ted  signific­
antly more Cr at pH  6.5 than at pH  7.8, irrespective o f  exposure time and concen­
tration.

Little in form ation  is available on the pH  effects o f  Cr(VI) toxicity to the early life 
stages o f  fish. M ost o f  the literature concerns results from eyed-embryos or swim-up 
larvae (Van der Putte et al., 1981 a,b). The m ain  objective o f  this study is to investigate 
the effects o f  Cr(VI) at pH 7.8 and pH 6.3 on the em bryonic  and larval development 
o f  carp (Cyprimts carpió), immediately after fertilization o f  the eggs. In addition to 
mortality, m alform ation , total body K, Na, Mg, Ca and C r contents, and hatching 
success, a tten tion  was paid to pathological changes o f  skin and gill s tructure  by using 
scanning electron microscopy.

2. Materials and methods

2.1. In vitro fe r t  ilization and incubation o f  eggs

G am etes were obtained  after artificial fertilization o f  carp  eggs as described by 
Oyen et al. (1991). Eggs from one female were divided over 6 petridishes (300-400 
eggs per dish). The eggs o f  each petridish were fertilized by sperm from different 
males resulting in 6 genetically different batches o f  eggs (// = 6). This procedure  was 
carried out for controls  as well as for each Cr-exposed group. Immediately  after 
fertilization, the petridishes with the fertilized eggs stuck to the b o t tom  were placed in
4-1 aquaria  (for details see Oyen et al., 1991; Oyen, 1993). To avoid low concen tra ­
tions o f  Cu and Al normally  present in Nijmegen tapwater,  we used demineralized 
water and added the following salts (mmol-1“ 1): 0.06 KC1; 0.40 N a H C 0 3; 0.20 
M g S 0 4; 0.80 C aC l2. In each aquar ium  one petridish was used to examine mineral 
content, heart rate and tail m ovem ents  o f  the developing embryos. Larvae were fed 
with artem ia starting 72 h after hatching.

Eggs were exposed to UV-sterilized water (23°C; 8.7 ppm  D O C ; 12 h light/dark 
cycle) o f  pH 7.8 and  pH  6.3 (controls) and to C r (as N a 2C r 0 4-4H 20 )  in nominal 
concentra tions  o f  3.9 and  9.6 / /m o l -I"1 at either pH  (experimentáis). W ater pH  was 
adjusted to 7.8 and 6.3 via gradual addition  o f  solutions o f  either 0.01 M sodium 
hydrogencarbona te  or 0.01 M sulphuric acid, using pH -s ta t  equ ipm ent (variation o f  
the water <0.1 pH units). C ons tan t  C r  concentra tions  were m ain ta ined  via a flow­
th rough  system with partial replacement o f  the water, resulting in a complete  tu rn ­
over o f  the system’s water conten t in 24 h. Desired total C r  concentra tions  were 
within 5% o f  the calculated values as verified every 12 h by Inductive Coupled  Plasma 
A tom ic  Emission Spectrometry  (Plasma IL200, T h e rm o  Electron, USA).
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2.2. Mortality and deformation o f  the spinal cord

Dead eggs and larvae were counted at 6, 12, 24, 48, 58, 72, 96, 120, 144, 168, 192, 
216, 240 and 264 h after fertilization, and immediately removed to prevent fungal 
growth. Eggs were considered dead when parts  o f  the content turned  opaque  and 
white, or when heart  beat had stopped. The percentage o f  deform ation  o f  the spinal 
cord o f  the larvae (including dead ones) was determined by microscopic examination. 
Deformed larvae did not swim but lay on the bo ttom  o f  the aquaria .

2.3. Heart rate and tail movements

Fifty hours  after fertilization, heart rate (beats -m in-1) and rate o f  tail movements 
(beats -m in-1) were determined for 20 em bryos per group.

2.4. Mineral content and chromium accumulation

To determine their mineral content, 100 eggs or larvae from each g roup  were 
collected at 6, 12, 24, 48, 58, 72, 96, 120, 144, 168, 192, 216, 240 and  264 h after 
fertilization. To discriminate between the am o u n t  o f  C r  adsorbed  to the chorion  and 
the am o u n t  o f  C r  absorbed by the em bryo, an extra 10 embryos were stripped from 
their chorion  just  before hatching (50 h after fertilization). The eggs, chorions, em bry­
os and larvae were freeze-dried to constan t weight and  total K, Na, Mg, C a  and Cr 
contents were calculated. Tissues were dissolved during  24 h at 70°C in 65% H N 0 3. 
The K and N a concentra tions  were analyzed in a flame photom etric  A u to  Analyzer 
(Technicon); Mg, Ca, and Cr(VI) were analyzed with Inductive Coupled Plasma 
Atomic Emission Spectrometry  (Plasma IL200, T herm o  Electron, USA). All concen­
trations are expressed as / /m o l -g " 1 dry weight.

2.5. Hatching success

H atching  success was defined as the percentage o f  larvae hatched every 3 h, from 
51 h to 72 h after fertilization. H atch ing  was defined as rup ture  o f  the chorion. Fully 
as well as partially hatched larvae were counted.

2.6. Scanning electron microscopy ( S E M )  o f  skin and gills

Five larvae were sampled at 144 and  240 h after fertilization in each g roup  (controls 
at pH  7.8 and  pH 6.3 and respectively 3.9 and  9.6 / /m o lT -1 C r at pH  7.8 and  pH  6.3). 
For SEM , tissues were dehydra ted  in increasing concentra tions  o f  ethanol, t ran s­
ferred to liquid C 0 2, and  coated  with gold in a Balzers coating unit (C P D  020, 
Balzers, Switzerland). Skin and  gills were examined in a Jeol-JSM  T  300 scanning 
electron microscope.
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2.7. Statistical analysis

D ata  are expressed as means ± s.e. (// =  6). A one-way analysis o f  variance was 
used to assess differences between groups. Significance o f  differences was tested using 
unpaired Student /-test. Significance was accepted for P < 0.05. Significance is ex­
pressed at the level o f  (a) P < 0.05; (b) P < 0.02; (c) P < 0.01; (d) P < 0.001 com pared  
to control values.

3. Results

3.1. Mortality and deformation o f  the spinal cord

N o difference in m orta li ty  was found between eggs and larvae exposed to C r  at pH 
7.8 and to pH 7.8 alone while exposure to 9.6 / / m o l T 1 C r a t pH  6.3 resulted in 
increased mortality  o f  larvae com pared  to controls  (Table 1). D eform ation  percent­
age was similar for Cr-exposed groups at pH  7.8 and 6.3 when com pared  to controls 
(Table 1).

Table 1
Mortality of carp eggs and larvae and percentage of deformed larvae during exposure to Cr(VI) at pH 7.8 
and 6.3 : mortality is expressed as percentage of total number of eggs and larvae: means ± s.e. (n -  6) arc 
given (n.d.. non detectable; less than 1 • 10_<,//m ol‘ I”1)

[Cr]//moM  1 Mortality of eggs (%) Mortality of larvae (%) Deformation of larvae (%)

pH 7.8 pH 6.3 pH 7.8 pH 6.3 pH 7.8 pH 6.3

n.d. 8.1 ± 1.5 9.1 ± 1.1 7.8 ± 1.6 7.0 ± 1.0 7.3 ± 1.0 9.8 ± 1.9
3.85 8.3 ± 1.2 8.9 ± 1.2 8.1 ± 2.5 9.0 ± 2.9 7.9 ± 1.5 9.4 ± 2.5
9.62 8.7 ± 1.2 9.3 ± 0.6 9.7 ± 2.4 33.3 ± 3.0d 9.8 ± 1.6 8.2 ± 2.5

'Significantly different when compared to all other values on larval mortality (P < 0.001).

Table 2
The heart rate (beats -min-1) and the frequency of tail movements (beats min-1) of carp embryos 50 h after 
fertilization exposed to different ambient Cr(VI) levels at pH 7.8 and 6.3. Data are expressed as 
means ± s.e. (// = 6) (n.d., non detectable; less than 1 • 10_,’/ /m o l- 1 -1)

[Cr]//moM  1 Heart rate Tail movements

pH 7.8 pH 6.3 pH 7.8 pH 6.3

n.d. 116 ± 8 103 ± 6 11 ± 3 14 ± 5
3.85 95 ± 13 101 ± 5 13 ± 3 12 ± 3
9.62 99 ± 9 99 ± 6 14 ± 2 11 ± 4
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Fig. 1. Whole body Na concentrations (/miol -g_l dry weight) of carp eggs and larvae exposed to Cr(VI) at 
pH 6.3. Data are expressed as means ± s.e. (// = 6); d, significantly different from control and 3.85//mol • l_l 
Cr values (P < 0.001).
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ig. 2. Whole body Ca concentrations (//mol-g_l dry weight) of carp eggs and larvae exposed to Cr(VI) at 
>H 6.3. Data are expressed as means ± s.e. (n = 6).
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Fig. 3. Concentration of Cr in carp eggs and larvae exposed to Cr at indicated concentrations at pH 7.8 and 
pH 6.3. Hatching started at 60 h. Data are expressed as means ± s.e. (/; = 6); in the eggs exposed to pH 6.3, 
the Cr concentration was significantly increased after 24 h (P < 0.001); the Cr concentrations of eggs 
exposed at pH 7.8 were indistinguishable from those of the controls; after hatching all Cr concentrations 
measured were significantly increased after 144 h (P < 0.02 at pH 7.8 and P < 0.001 at pH 6.3).

3.2. Heart rate and tail movements

At pH  7.8 and 6.3, heart rate and  tail m ovem ents  remained unchanged  in the 
presence o f  C r (Table 2).

3.3. Mineral content

W hole body K, N a , M g and  Ca conten t o f  eggs and  larvae did not differ between 
controls  and  groups exposed to 3.9 and  9 .6 / /m o lT _l C r at pH  7.8 (results not shown). 
At pH  6.3 and  the same C r concentra tions, similar results were found for K, M g and 
C a (only results o f  N a  (Fig. 1) and  Ca (Fig. 2) are shown). However, N a  conten ts  in 
larvae exposed to 9.6 /zm o lT -1 C r at  pH  6.3 decreased significantly (P  < 0.001).

3.4. Chromium accumulation

At pH  7.8, C r  was found neither in the chorion , no r  in the em bryo  (Fig. 3). A t pH
6.3, C r  entered the chorion  in a concentra tion-re la ted  m an n er  (Fig. 3). A fter  dissec­
tion no C r  could be detected in chorions or embryos. However, immediately after

hatching ■ = control pH 7.8
A = 3.85 ¿umol.r’ Cr pH 7.8
V = 9 .62 junrtol.r1 Cr pH 7.8
•  = control pH 6.3
O  = 3.85 yumol.r' Cr pH 6.3
□ = 9 .62  Aimol.r Cr pH 6.3
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ig. 4. Scanning electron microscopy of pavement cells at the skin surface of control larvae (144-h) at pH
3, showing microridges (1500 x ).
ig. 5. Scanning electron microscopy of pavement cells at the skin surface of larvae (144-h) exposed to 9.6 
inoM " 1 Cr at pH 6.3, showing microridges with dark areas representing the orifices of mucus cells (1)
500 x ).
ig. 6. Scanning electron microscopy of pavement cells at the gill surface of control larvae ( 144-h) at pH 6.3 
'lowing microridges (1500 x ); (j), developing lamellae.
ig. 7. Scanning electron microscopy of pavement cells at the gill surface of larvae (144-h) exposed to 9.6 

mol 1 1 Cr at pH 6.3, showing microridges and wrinkled gill epithelium with dark areas representing the 
riiices of mucus cells (1 ) (1500 x ).
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Fig. 8. Scanning electron microscopy of pavement cells at the skin surface of control larvae (240-h) at pH 
6.3 showing microridges (1500 x ).
Fig. 9. Scanning electron microscopy of pavement cells at the skin surface of larvae (240-h) exposed to 9.6 
z/mol • l_l Cr at pH 6.3, showing microridges with excessive mucus secretion (1500 x ).

hatching, larvae at both  pH  7.8 and  6.3 started to accum ulate  C r  in a concentra tion- 
related manner. The difference with the controls  was highly significant at pH  6.3 only.

3.5. Hatching success

H atching  success o f  the eggs exposed to Cr at pH  7.8 and  6.3 (respectively 98.6% 
and 99.1%) was not significantly different from tha t  o f  control eggs (98.8%).

3.6. Scanning electron microscopy ( S E M )  o f  skin and gills

Scanning electron microscopy pictures o f  skin and  gill from contro l and  Cr-ex- 
posed larvae are shown in Figs. 4-9. Skin o f  144-h controls  (Fig. 4) and  Cr-exposed 
larvae (9.6 / /m o lT -1 C r at pH  7.8; not shown) showed pavem ent cells with mi­
croridges w ithout mucus cells, whereas skin o f  larvae exposed to 9.6 / /m o lT -1 C r at 
pH  6.3 (Fig. 5) exhibited several actively secreting mucus cells. Similar results were 
obtained for 240-h-old control larvae (Fig. 8) and larvae exposed to 9.6 / / m o l T '1 C r 
at pH  7.8. W hereas only rem nants  o f  the m ucus layers were observed on the skin o f  
Cr-exposed larvae, on the skin o f  Cr-exposed larvae at pH  6.3 large am oun ts  o f  
mucus were observed (Fig. 9). The  skin o f  larvae exposed to 9.6 / /m o lT " 1 C r at pH  6.3 
was almost completely covered with mucus. In tact branchial epithelium with few 
mucus cells was seen in the 144-h control larvae (Fig. 6) and in larvae exposed to 9.6
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/ / m o l - r 1 C r at pH  7.8. Contrastingly, branchial epithelium o f  larvae exposed 9.6 
//mol l-1 C r a t  pH  6.3 (Fig. 7) was wrinkled, whereas mucus cells were 
common. Observations o f  the gill epithelium o f  240-h-old larvae could not be made 
because the gills were completely covered by the opercula.

4. Discussion

At water pH 6.3, C r  seriously affected larval developm ent at a concentra tion  which 
did not show any effect at pH  7.8. H atching  success was not changed, indicating that 
the chorion and  the perivitelline fluid (pvf) form an effective barrier  for Cr(VI) during 
the egg stage. Indeed, the freshly hatched larvae conta ined  a very low content o f  Cr. 
This protective effect has earlier been dem onstra ted  for o ther  metals such as Al, Zn, 
Hg, Cu, Ag an d  Pb (Eddy and  Talbot, 1985; R om bough ,  1985; Oyen, 1993; S tou thar t  
et al., 1994). R om bough  (1985) suggested tha t  the chorion  may act as a cation ex­
changer, preventing metal ions with high binding affinities (H g2+, C u 2+ and A g+) from 
entering the pvf, whereas metals with low binding affinities (Z n 2+, P b 2+ and C d 2+) 
easily pass the chorion  and accumulate  in the pvf according to the D o n n an  equilibri­
um. Since C r was neither found in the chorion, no r  in the embryo, it likely accum ula t­
ed in the pvf. M ost o f  the Cr in biological material is strongly associated with p ro ­
teins, nucleic acids, and a variety o f  low-molecular-weight ligands (Strik et al., 1975) 
and perivitelline com pounds  such as proteins, gelatins and  collagens are able to bind 
cations, because o f  their net negative charge (Eddy and Talbot, 1985). This will re­
duce their toxicity, and could very well explain why alm ost no C r was found in the 
embryos at pH  7.8 and pH  6.3.

During the larval stage C r accum ulated  and  mortality  increased. A rem arkable  
effect was the specific decrease o f  the N a  content in the larvae exposed to 9.6 / /m o lT " 1 
Cr(VI) at pH  6.3. The question arises how Cr(VI) exerts this toxic action. Van der 
Putte et al. (1981a) found tha t  the gills o f  adult  t rou t  concentra ted  significantly more 
Cr(VI) at pH  6.5 than  at pH 7.8, irrespective o f  exposure time and  concentration . The 
pH -dependent uptake o f  Cr(VI) may, therefore be related to the relatively high co n ­
centration o f  H C r 0 4~, which, because o f  its m onovalency (Tram a and  Benoit, 1960), 
is more readily taken up by the gill tissue than  C r 0 42-. A decrease in pH  and  therefore 
an increase in H C r 0 4” concentra tion  is also associated with an increased oxidizing 
action o f  Cr(VI) (Sillen and Martell, 1964). This may further explain the greater 
toxicity o f  C r at low pH. We found that  C r at pH  6.3 reduced the N a  concentra tion  
of the larvae, w ithout affecting their Ca concentra tion .

After hatching, fish larvae actively accum ulate  ions from the water, such as C a 2+ 
and N a +, which are required for growth and  ionic homeostasis. The likely sites o f  
active ion up take  from the water are the chloride cells in the yolk sac epithelium, skin 
and the developing gills (Shen and  Leatherland, 1978; H w ang  and H irano , 1985; 
Oyen, 1993). Oyen (1993) found tha t  the first chloride cells appear  outside the b ra n ­
chial area, while later on they become restricted to the gills. D uring  the em bryonic  
stage chloride cells are generally concentra ted  in the skin covering the epicardial 
region, on the yolk sac and  in the tail region o f  the trunk  (Alderdice, 1988). Gill et al.
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(1987) observed that Cr caused hypertrophy  and hyperplasia o f  the chloride cells. 
Branchial uptake o f  w aterborne  C a 2+ and N a + is mediated by chloride cells in a
transport  process that is passive across the apical m em brane  and active across the

t

basolateral m em brane  (Perry and Flik, 1988; Flik et al., 1993). Cr likely interferes 
with the osm oregula tory  processes o f  gills, kidney and intestine. Indeed, K u h n er t  et 
al. (1976) showed that N a +/K +-ATPase activity o f  kidney and intestine significantly 
decreased in adult  ra inbow trout exposed to 0.2 //m ol I"1 Cr. The possibility tha t  in 
our  experiments Cr inhibited the active uptake o f  N a +, by decreasing N a +/K +-ATPase 
activity appears  therefore likely. Because o f  the specific effect o f  C r  on the N a  concen­
tration o f  the larvae, it is im probable  tha t  this effect was caused by osmotic water 
uptake or changes in the permeability characteristics o f  the gills.

O ur  scanning electron microscopic results showed tha t  especially the skin and gills 
o f  the Cr-exposed larvae (144-h) at pH 6.3 exhibited circle-shaped spaces, probably  
orifices o f  mucus cells, between the pavem ent cells o f  the skin and gills. In addition, 
the gill epithelium appeared  to be wrinkled. E xam ina tion  o f  the skin in 240-h-old 
Cr-exposed larvae at pH 6.3 was impossible because o f  a thick mucus layer covering 
the skin. Also no observation could be m ade o f  the gills at this stage, because o f  
coverage o f  the opercula. Gills o f  Cr-exposed adult Barbus conc/ionius showed wilting 
o f  the pillar system o f  the branchial lamellae, together with separation  and  d isruption  
o f  the lamellar epithelium (Gill et al., 1987). This s tructural change is likely to affect 
the oxygen uptake by the gill lamellae due to disturbed blood flow and increase in the 
water-to-blood dillusional distance.

Cr apparen tly  stimulated m ucus secretion at low pH. S timulatory effects o f  heavy 
metals on mucus secretion in the gills and skin o ff ish  have been reported by several 
investigators (Lock and Van Overbeeke, 1981; Eddy and Fraser, 1982; M allatt ,  1985). 
A lthough in mucus no specific metal-binding proteins have been isolated so far, the 
glycoproteins and  proteoglycans o f  the mucus apparently  have a high binding cap ac ­
ity for heavy metals (Lock and Van Overbeeke, 1981). Indeed, Part  and Lock (1983) 
found that mucus acted as a s trong complexing agent for C d 2+ and H g2+. The s trong  
metal complexing capacity o f  mucus might prevent passage o f  heavy metals through 
the epithelial m em brane. Also the mucus layer on the gills may increase the water-to- 
blood diffusional distance (M allatt ,  1985). F o r  example, Ultsch and G ross  (1979) 
found that the increased m ucus secretion in the gills o f  carp  in acid water was co rre la t­
ed with reduced oxygen concentra tions  in the arterial blood o f  these fish. A decreased 
rate o f  oxygen transfer to the blood may have contr ibu ted  to the increase o f  larval 
mortality  as observed in ou r  experiments.

In summary, it can be concluded that  water pH is a crucial factor determ ining the 
toxicity o f  Cr(VI) for em bryonic  development o ff ish .  A lthough  9.6 / /m o l -I"1 Cr(VI) 
did not affect egg or larval developm ent at pH 7.8, a slight decrease o f  water pH 
already caused Cr(VI) to significantly increase larval mortality . Similarly, Van der 
Putte et al. (1981a,b) found N O E C  values o f  3.9 / /m ol T_1 C r at pH 7.8 but 0.4 
/ /m o l - 1“1 C r at pH  6.5 for eggs o f  Oncorhynchus mykiss  (late eyed stage). 
Therefore, this increasing effect o f  acidification o f  na tura l  waters by hum an  activities 
in m any  parts  o f  the world should be taken into account when evaluating the water 
quality  s tandards  for heavy metals such as Cr.
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