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ABSTRACT: The ras gene product of the marine sponge Geodia cydonium mediates the proliferative 
response of the sponge cells after binding of the Geodia aggregation factor to its specific membrane- 
bound receptor. Previously we determined that in field experiments ras gene expression in regenerating 
sponge cubes strongly reacts to genotoxic xenobiotics in seawater In this report, we show that 
reaggregation of dissociated G, cydoniurn cells is induced by an aggregation factor Expression of ras 
gene in the cells, caused by the aggregation factor, was inhibited by detergents at concentrations in a 
pollution-relevant range. Incubation of single sponge cells in the presence of aggregation factor 
together with the anionic detergent sodium dodecyl sulfate (SDS) or the cationic detergent cetyl- 
trimethylammonium bromide (CTAB) at concentrations from 1 X 10-l' to 1 X I O - ~  g ml-' (0.1 ppb to 
10 ppm) resulted in a reduction of ras mRNA level by ca 50 % at 1 X 1O-' g SDS rill-l and 1 x 10-E g 
CTAB ml-' (10 h incubation period), and in an inhibition of aggregate formation by ca 50 % at 1 X 10-E 
g SDS ml-' and 1 x I O - ~  g CTAB ml-l (2 h incubation period). Our results show that aggregation-factor- 
caused ras gene expression in dissociated G. cydonium cells is a sensitive indicator model for studylng 
detergent pollution of seawater in a concentration range comparable to or lower than that found in 
marine coastal areas. 

INTRODUCTION 

Sponge cells are suitable biological indicators of cell 
adhesion (Miiller e t  al. 1990). After chemical dissocia- 
tion single cells of a siliceous sponge (Geodia 
cydonium Jameson) adhere in the presence of an 
aggregation factor (AF) (Muller e t  al. 1978a) to form 
large clumps (secondary aggregates) with a diameter 
> 1000 vm (Muller & Zahn 1973). In the absence of AF, 
small clumps (primary aggregates) with a diameter of 
ca 70 pm are formed. When secondary aggregates are 
incubated for 1 to 3 d ,  the cells rearrange and reconsti- 
tute a solid functional sponge with water-filled chan- 
nels (Muller & Zahn 1973). The adhesion of sponge 
cells is initiated by the binding of extracellular AF to 
the membrane-bound aggregation receptor (AR) (Mul- 

ler et al. 1990) and requires Ca2+ ions (Muller et al. 
1974); monovalent cations inhibit the adhesion process 
(Miiller et al. 1 9 7 8 ~ ) .  

Previously, it was shown that the intracellular signal- 
ling system of Geodia cydonium, which mediates the 
proliferative response of the sponge cells caused by 
extracellular AF, provides a sensitive biological indi- 
cator of marine contaminants (Ugarkovik e t  al. 1990). 
The sponge ras gene product is one important compo- 
nent of the AF-induced intracellular signalling path- 
way in sponges (for review see Muller et al. 1990). 

ras genes (ras = acronym derived from rat _sarcoma) 
are a small but ubiquitous eukaryotic gene family; they 
are so named because their oncogenic alleles were first 
identified in rat sarcoma viruses (Barbacid 1987). Field 
experiments with regenerating sponge cubes of G. 
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cydonium exposed to various pollutants revealed pro- 
nounced changes in the intracellular signal transduc- 
tion system (Ugarkovik et  al. 1990): (1) expression of 
the ras gene, which is low in unpolluted environments, 
strongly increased in response to moderate pollution 
but decreased in heavily polluted environments; (2) 
protein kinase C was translocated from the cytosolic to 
the membrane fraction in moderately polluted environ- 
ments, and (3) DNA polymerase a activity, as a meas- 
ure of sponge cell proliferation, decreased with 
increasing contaminant load (Ugarkovie et al. 1990). 
Regenerating sponge cubes of G. cydonium have also 
been used to study effects on DNA, RNA and protein 
synthesis caused by seawater contaminated by poly- 
cyclic aromatic hydrocarbons (Zahn-Daimler et al. 
1975, Zahn et al. 1981), sodium dodecyl sulfate (SDS), 
and commercial laundry detergents (Zahn et  al. 1977). 

In the early phase of sponge cell adhesion, the AF 
acts as a growth factor (Muller et al. 1987): (1) it 
stimulates production of the lectin-containing extracel- 
lular matrix by Geodia spp. cells (Muller et  al. 1988), 
and (2) it induces expression of ras gene, which 
becomes maximal after 10 h and later (Schroder et al. 
1988b). The ras gene product then associates with the 
lectin receptor in the plasma membrane (Schroder et  al. 
1988b). This in turn allows a switch of the cell adhesion 
mechanism, from cell-cell to cell-matrix interaction. 
The growth-regulatory functions of the AF-AR system 
are then taken over by the matrix lectin and its receptor 
(Muller et al. 1979, Schroder et al. 198813, Gramzow et 
al. 1989). 

The biological effects of low doses of detergents, one 
major group of contaminants in coastal waters, have 
been investigated in only a few studies. At high doses 
they affect biological systems at all levels (selected 
references listed in Zahn et  al. 1977). In this work, 
the influence of realistic detergent concentrations 
(Zvonaric et  al. 1973, Kozarac et al. 1975, 1976) was 
studied on AF-induced aggregation and ras gene 
expression of dissociated Geodia cydonium cells. Previ- 
ously we showed that in the presence of AF, the cells 
respond with a differential gene expression; while e.g. 
the transcription rate of actin remains constant, the 
expression of ras gene increases drastically (Schroder 
et al. 198813). 

MATERIALS AND METHODS 

Materials. The following materials were obtained: 
Thymidine 5 ' - [ c ~ - ~ ~ ~ ] t r i ~ h o s ~ h a t e  ( [ c Y - ~ ~ P I ~ T T P ,  specif- 
ic activity 3000 C1 mmol-l) from Amersham Buchler 
International (Bucklnghamshire, England); SDS from 
Sigma (St. Louis, Missouri, USA); cetyltrimethylam- 
monium bromide (CTAB) from E. Merck (Darmstadt, 

Germany); nitrocellulose sheets (BA85) from 
Schleicher & Schull (Dassel, Germany); and Kodak X- 
Omat XAR-5 X-ray film from Eastman Kodak (Roches- 
ter, New York, USA). Stock solutions of l O P 3  g ml-' of 
detergent were prepared and diluted immediately pnor 
to use. 

Live specimens of Geodia cydonium Jameson 
(Demospongiae: Tetractinomorpha: Geodiidae) were 
collected by divers from 20 to 30 m depth at a manne 
site of minimal pollution near Rovinj, Yugoslavia. 

Buffers. Tris-buffered Ca2+- and Mg2+-free sea- 
water (CMFSW) was made as described in Miiller et 
al. (1978b). Ca2+- and Mg2+-containing artificial sea- 
water had, in addition to the components in CMFSW, 
50 mM MgCll and 10 mM CaC12. Distilled water 
passed over a column of Chelex 100 (Bio-Rad) was used 
for preparing the solutions. 

Isolation of AF. The AF of Geodia cydonium was 
isolated and purified as described elsewhere (Muller & 

Zahn 1973, Conrad et al. 1984). The AF is a multipro- 
tein complex with a sedimentation coefficient of 90S, 
which has been characterized both electron-micro- 
scopically and biochemically (see Muller et al. 1990). 
One of the proteins building up this complex is the cell- 
binding fragment of AF, a 47 kilodalton polypeptide, 
which interacts with the AR at the cell surface. The 
specific aggregation-promoting activity of the AF pre- 
paration used was 3.5 X 106 aggregation units mg-'. 
The definition of aggregation units has been given 
earlier (Muller & Zahn 1973). The cell-binding frag- 
ment of AF was obtained from this preparation as 
described in Gramzow et al. (1986). 

Reaggregation of dissociated Geodia spp. cells and 
ras gene expression can be induced by addition of 
either intact, purified AF or the cell-binding fragment 
of AF (Muller et  al. 1990). The agglutination experi- 
ments described here were performed in the presence 
of intact AF, while in the experiments on ras mRNA 
formation the cell-binding fragment was used. Control 
experiments revealed that replacement of AR by cell- 
binding fragment and vice versa gives similar results. 

Dissociation of sponge cells. Viable single sponge 
cells were obtained using a previously described pro- 
cedure (Muller & Zahn 1973); archaeocytes, mucoid 
cells, and choanocyte clusters were prepared from the 
total cell populations (Rottmann et al. 1987). The cells 
were used 6 h after dissociation. 

Aggregation assay. The aggregation assay (Muller 
et al. 1 9 7 8 ~ )  contained 75 + 15 X 106 cells in a final 
volume of 3 m1 CMFSW. Unless stated otherwise, 
1.5 krg cell-binding fragment ml-' or 20 kig AF ml-' was 
added. SDS or CTAB was added at final concentrations 
of 0, 1 X 10-10, 1 X 1 0 - ~ ,  1 X I O - ~ ,  1 X 1oP7, 1 X I O - ~ ,  
or 1 X 10-5 g detergent ml-' The suspensions were 
placed into glass tubes and revolved at 35 rpm for 1 h at 
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20 "C (Muller & Zahn 1973). Then the assays were 
incubated for up to 16 h without rotation. 

RNA blot hybridization. Total RNA was prepared 
from Geodia cydonium cells by the method of Chirgwin 
et al. (1979). Poly(A)-rich RNA was isolated on 
oligo(dT)-cellulose (Ausubel et al. 1987). The dot-blot 
assay was a modification (Schroder et al. 1988a) of the 
method of White & Bancroft (1982). A dot-blot apparatus 
(model Minifold, Schleicher & Schiill, Dassel, Germany) 
was used for application of RNA to nitrocellulose sheets. 
The 0.6 kbase EcoRI fragment, containing the ras cod- 
ing sequence of G. cydoniurn (Robitzki et al. 1990) 
inserted into pBR322, was used as ras-specific probe. 
The actin DNA probe was prepared from the plasmid 
p41, which contains the mouse p-actin coding sequence 
cloned into the PstI site of pBR322 (Alonso et  al. 1986). 
The probes were labeled with [ u - ~ ~ P ] ~ T T P  by nick- 
translation (Rigby et al. 1977) to specific activities of 6 to 
7 X 107 counts min-' pg-' DNA. The dried nitrocellulose 
filters were exposed for 2 d at -70 "C to Kodak XAR-5 X- 
ray film backed by 1 intensifying screen. Relative 
amounts of RNA transcripts were estimated densitomet- 
rically (Schroder et al. 1 9 8 8 ~ ) .  

Determination of cell viability. Cell viability was 
checked by vital staining as described elsewhere (Mul- 
ler et al. 1976). In brief, cells were transferred into a 
solution of 0.2 % trypan blue and incubated for 10 min 
at 20°C. The percentage viability was calculated 
according to: 

[Total no. of cells - No, of dead (stained) cells] 
X 100 

Total no, of cells 

Statistics. Student's t-test was used to determine 
significance (Sachs 1984). The Friedman test (non- 
parametric 2-way analysis of variance) was performed 
as described (Theodorsson-Norheim 1987). 

DNA and protein. DNA was determined as 
described by IGssane & Robins (1958) after pretreat- 
ment (Munro & Fleck 1966). Protein concentrations 
were measured by the Fluoram method (Weigele et al. 
1973), using bovine serum albumin as a standard. 

RESULTS 

At the concentrations used (1 X 10-l0 to 1 X I O - ~  g 
ml-l), the detergents were not toxic for the cells as 
checked by vital staining. After incubation of sponge 
cells in the presence of the cell-binding fragment of AF 
and detergent for 15 h, r 95 % of the cells were alive 
(no. of cells checked: 600). 

In the absence of Ca2+ ions in artificial seawater, no 
adhesion of dissociated Geodia cydoniurn cells oc- 
curred (diameter of aggregates <20 pm; not shown). 
Therefore, in the adhesion experiments, the artificial 

seawater was supplemented with 10 mM c a 2 +  ions 
(Muller et al. 1974). Table 1 shows that, under the 
conditions used (20 "C), clumps with a diameter of ca 
l500 pm were formed in the presence of AF and cal- 
cium ions. Aggregate formation depends on tempera- 
ture; at 0 'C the diameter of clumps, formed under 
identical conditions, was < 100 pm (Miiller et al. 
unpubl.). Addition of SDS or CTAB strongly inhibited 
the adhesion process (Table 1). CTAB was less active 
than SDS. A significant effect (p <0.01; t-test) was 
already observed at 1 X l O - '  g SDS ml-' and l X 1 0 - ~  g 
CTAB ml-' (Table 1). As shown in Fig. 1, the decrease 
in diameter of the clumps was not due to an increase in 
the lag phase observed during aggregate formation 
after addition of the AF. In the presence of 1 X 10-B g 
SDS ml-', the diameter of clumps formed after an  
incubation period of 2 and 6 h decreased from 1530 and 
1670 pm respectively to 710 and 900 pm respectively, 
and in the presence of 1 X I O - ~  g CTAB ml-' to 680 and 
830 pm respectively (Fig. 1). With both compounds a 
significant decrease (p <0.01; t-test) in diameter of the 
clumps was measured after a 2 h incubation period. 

Table 2 shows the effect of SDS and CTAB on ras 
gene expression in isolated Geodia cydonium cells. 
The level of ras mRNA was quantified by densitometric 

Table 1 Geodia cydonium. Effect of sodium dodecyl sulfate 
(SDS) and cetyltrimethylammonium bromide (CTAB) on the 
secondary aggregation process. Dissociated sponge cells were 
incubated at 20 "C in the presence of 20 pg aggregation factor 
ml-' and calcium ions. After an incubation period of 2 h, the 
size of aggregates was determined. Values are mean + SD of 

10 determinations 

Additive Diam, of secondary 
compound aggregates 

(g m1-l) (pm) 

None 
SDS 10-l0 1530 f 130 

I O - ~  1560 + 110" ,~  
I O - ~  1210 + l l ~ ~ , ~  
10-' 7 1 0 f  goC.' 
10-6 550 f 
I O - ~  540 + 40C,d 

420 4 60C,e 

CTAB 10-l0 1580 f 14oa." 
I O - ~  1520 f 1 6 0 " , ~  
1 0 P  1140 k 100b,e 
I O - ~  680 k 8oc,' 
I O - ~  540 f 50C,e 
1 0 - ~  570 f 60C.d 

Significance with regard to control (assay without deter- 
gent): not significant, p C0.01, C p <0.005 

Significance with regard to the assay with the next lower 
concentration of the same detergent: not significant. 

p <0.01, ' p  ~ 0 . 0 0 5  
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ments with 2 different concentrations of SDS and CTAB 
are shown in Fig. 2. No significant expression of ras man test) increased and reached maximal levels after 
gene was detected in sponge cells before addition of an incubation period of 10 to 15 h (Fig. 2; see also 
cell-binding fragment (Fig. 2). After addition of the Schroder et al. 1988b). Addition of low concentrations 
fragment, ras mRNA level strongly (p (0.005; Fried- ( l  X 10A8 and 1 X I O - ~  g ml-l) of SDS or CTAB strongly 

A B C 
Incubation SDS CTAB 

-8 -5 0 10 15 h 0 10-' 0 10 10 g l r n l  

'"S *a g I'. I * a  ." 

E m  a e e m e a 
1 2 3  4 5 6  7 8 9  

Fig. 2. Geodia cydonium. Dot-blot analysis of ras RNA and actin RNA from sponge cells incubated with the cell-binding fragment 
of aggregation factor in the absence or presence of detergent. Incubation with 1.5 61g cell-binding fragment of aggregation factor 
ml-l, for (A) 0 h (column l ) ,  10 h (column 2) or 15 h (column 3) in the absence of detergent; or for 10 h in the presence of (B) sodium 
dodecyl sulfate or (C) cetyltrimethylammonium bromide, at concentrations of 0 (columns 4 & 7). 1 x 10- " (colums 5 & 8) or 1 x I O - ~  
g ml-' (columns 6 & 9). Poly(AJ-rich RNA was ~solated, applled onto nitrocellulose (4  py RNA dot ' I  and assayed with "'P-labeled 
ras (upper row) and p-actin (lower row) probes Autoradiograms were evaluated densitometr~cally; amounts of ras RNA and actin 

RNA in the detergent-free assays after an incubation period of 10 h were set at 100 X 
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Table 2. Geodia cydonium. Effect of sodium dodecyl sulfate 
(SDS) and cetyltrimethylammonium bromide (CTAB) on the 
aggregation-factor-caused increase in the level of rasmRNA in 
isolated G. cydonium cells. Dissociated sponge cells were 
incubated for 10 h in the presence of 1.5 k~g cell-binding 
fragment of aggregation factor ml-' and at the indicated 
detergent concentrations, and levels of ras mRNA and actin 
mRNA (used as a reference mRNA) were determined. The levels 
of actin mRNA and ras mRNA after a 10 h incubation period in 
the absence of detergent were set at 100 %. Mean values from 

5 parallel experiments are glven; SDs were always <20 % 

0 1 2 3 L 5 6  
Incubation time (h1 

Fig. 1 Geodia cydonium. Adhesion kinetics of dissociated 
sponge cells in the presence of 20 kg aggregation factor ml-' 
with (0) no additive. (a)  1 X 10-@ g sodium dodecyl sulfate 
ml-', or (c) 1 X I O - ~  g cetyltrimethylammonium bromide ml-l. 
Results are from 5 parallel determinations; the mean values 

presented have a maximum variation of 15 % 

scanning of the autoradiograms from dot-blot analyses 
of the RNA isolated from sponge cells, incubated in the 
presence of the cell-binding fragment of AF with or 
without detergent. P-actin mRNA was used as a refer- 
ence message. In cells incubated for 10 h in the pres- 
ence of AF together with 1 X IO-' g SDS ml-' or 
1 X 10-' g CTAB ml-l, the level of ras mRNA was 
decreased by ca 55 and 45 %, respectively (p <0.001 
and <0.005; Friedman test), compared to cells incu- 
bated without detergent (Table 2). At higher concen- 
trations (10-6 g ml-l) of SDS and CTAB the level of ras 
mRNA became less than l5 the concentration 
found in detergent-free assays (p < 0.001; Friedman 
test) (Table 2). The autoradioarams of dot-blot e x ~ e r i -  

Additive ras mRNA Actin mRNA 
compound (%l  ("/.l 

(g ml-') 

None 
SDS 10-"' 100 100 

1 0 - ~  godnd 
1 0 - ~  ssc.' 9P.d 
1 0 - ~  2ocJ 1 1 oa." 
1W6 2oCmd goa,* 

15C,d 1 Ood.* 
15',~ 

CTAB 10-l0 1 OOa.d 
1 0 ~ ~  8sand 100a,d 
1 o - ~  45C,' 105"~" 
I O - ~  35C,C 
10-" 15',' 1 OO"md 
10-= W.d 1 OO".~  

Significance with regard to control (assay without deter- 
gent): a not significant, = p.,0,005 

Significance with regard to the assay w ~ t h  the next lower 
concentration of the same detergent: not significant. 
e p < 0.01, f p < 0,005 
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suppressed the AF-caused expression of ras gene (sig- 
nificance: p < 0.001 and <0.005 respectively, or higher; 
Friedman test). No significant differences (p<0.20; 
Friedman test) in levels of actin mRNA between deter- 
gent-containing and detergent-free assays were 
detected (Fig. 2). 

DISCUSSION 

Our results show that ras mRNA level in Geodia 
cydonium cells strongly reacts with detergents in the 
low-concentration range (1 X 10-S to l X 10-' g ml-l, or 
even lower). The level of one control message, actin 
mRNA, was not affected. The decline in ras mRNA 
level in the presence of the anionic detergent SDS was 
more pronounced than in the presence of the cationic 
detergent CTAB. A significant inhibition of increase in 
ras gene expression, which occurs in response to the 
AF stimulus (Miiller et  al. 1987), was found in the 
presence of 1 x 1 0 - ~  g SDS ml-' and 1 X 10-a g CTAB 
ml-'. These detergent concentrations are common in 
polluted marine-bay environments (Zvonaric et al. 
1973, Kozarac et al. 1975, 1976, Leithe 1975). Detergent 
concentration in waste waters is estimated to range 
from 800 to 20 000 ppm (0.8 X 1OP3 to 20 X I O - ~  g ml-') 
(Zimmemann 1965). Total concentrations of substan- 
ces with anionic detergent character have been deter- 
mined by Kozarac et al. (1975) and ranged from 
1 X 1 0 - ~  to 6 X 10-' g SDS equivalents ml-' (10 to 620 
ppb) at 4 coastal stations in the northern Adriatic at a 
depth of maximally 0.5 m. Using polarographic techni- 
ques, Zvonanc et  al. (1973) and Kozarac et  al. (1976) 
detected higher values. 

One consequence of the inhibition of ras gene 
expression by detergents may be an impairment of the 
sponge adhesion process, which has also been demon- 
strated in this paper (although the detergent concen- 
trations required for inhibition of aggregation were 
somewhat higher). The ras gene product has previously 
been shown to be  a key protein in the intracellular 
signal transduction chain in Geodia cydonium cells 
induced by the homologous AF (Schroder et al. 1988b). 
Dissociated cells of G. cydonium, which do not prolifer- 
ate, lack ras mRNA and ras gene product. Expression of 
ras gene is induced by incubating cells with the 
homologous AF (Schroder et al. 1988b). At present it is 
unknown whether the detergent-caused decrease in 
ras mRNA level is a consequence of an  interaction of 
the detergent with an  early step of the sponge intracel- 
lular signalling chain, occurring prior to ras gene acti- 
vation, or of a direct impairment of ras mRNA synthesis 
at the transcriptional level. SDS has been shown to be 
taken up by sponge cells and to accumulate in the cells 
(Zahn et al. 1977). Therefore, the possibility cannot be  

excluded that SDS directly interferes with ras gene 
expression. However, SDS has been found not to be 
incorporated into the macromolecular fractions (Zahn 
et  al. 1977). 

SDS effects on AF-induced ras gene expression in 
dissociated sponge cells at low concentrations also 
affect thymidine, uridine and phenylalanine incorpo- 
ration into acid-insoluble fractions (Zahn et al. 1977, 
1978). Incorporation of these precursors into the acid- 
insoluble fraction was inhibited at detergent concen- 
trations of 10-* g ml-' and higher; in contrast, a signifi- 
cant decrease of the uptake of these precursors into the 
acid-soluble fraction was found only at a 10-fold higher 
concentration (1OP7 g ml-'; Zahn et al. 1977). 

The reported effect of SDS and CTAB on ras gene 
expression in dissociated Geodia cydonium cells, 
which was observed at low and pollution-relevant con- 
centration levels, together with earlier results on the 
effect of pollutants on regenerating cubes of the same 
sponge (Zahn-Daimler et  al. 1975, Zahn et  al. 1977, 
1978, 1981, UgarkoviC et al. 1990), offers the G. 
cydonium system as a suitable medium for environ- 
mental research. 
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