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Regulation of Surface Antigens Expression in Paramecium primaurelia Genetic and Physiological Factors Involved in AUelic Exclusion Yvonne Capdeville, Corinne Vierny, and Anne-Marie Keller Centre de G~n~tique Mol~culaire du C.N.R.S. F-91190 Gif-sur-Yvette,France



Summary. In Paramecium aurelia, allelic exclusion can be considered as a basic feature of the surface antigens system in the same way as intergenic exclusion. Our studies on allelic exclusion in G156/G168 heterozygotes show that (1) allelic exclusion does not depend on discrete regulatory genes dispersed throughout the genome; (2) it does not seem to be influenced by cytoplasmic factors ; (3) it occurs regardless of the surface antigen expressed by the parental strains at the time of the cross. These results are discussed in relation to both intergenic and interallelic exclusion for which a common basis is proposed.



Introduction A systematic phenomenon of antigenic variation has been demonstrated in Paramecium aurelia (Beale, 1952; Finger, 1957; Melechen, 1954; Sonneborn and Lesuer, 1948; Pringle, 1959) and also observed in other free living or parasitic protozoa (Loefler et al., 1958; Koizumi, 1966; Brown, 1974; Bridgen etal., 1976). In Paramecium aurelia, the antigenic variation corresponds to a phenomenon of mutual exclusion of the expression of the different loci controlling the surface antigens (also designated as ciliary or immobilization antigens). A homozygous clone can express as many as 12 different, surface antigens, but it generally expresses only one under stable environmental conditions (for a review see Beale, 1954; Preer, 1968; Sommerville, 1970; Finger, 1974; Sonneborn, 1974). Furthermore, in Paramecium primaurelia, a species of the Paramecium aurelia group which
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displays an important antigenic polymorphism (Beale, 1954), the occurrence of allelic exclusion has been demonstrated in heterozygotes for particular allelic combinations (Capdeville, 1969, 1971). Allelic exclusion is not an exceptional phenomenon in the surface antigens system of Paramecium aurelia. Indeed, it has been found although not always recognized as such, for several loci in the three species of Paramecium aurelia in which surface antigens have been studied. In Paramecium primaurelia, Beale (1952) studying the G and D loci has noted that "frequently the Fl's resembled one parent much more closely than the other". In the case of the D locus, Jones (1965) found that in D60/D90 heterozygotes there was a majority of 60D molecules. Among D33/D156 heterozygotes, we have observed clones expressing only the antigen 156 D (unpublished data). In his early studies on the surface antigens, Sonneborn (1943) observed in G16/G60 heterozygotes a case of allelic exclusion that he explained as a case of "dominance". In Paramecium biaurelia and tetraurelia, fewer alleles have been identified and studied than in Paramecium primaurelia. In Paramecium biaurelia, allelic exclusion has been observed for 2 different loci, C (Finger, 1957) and E (Finger and Heller, 1964). In Paramecium tetraurelia depending on the temperature at which heterozygous clones were grown, the A29 and D51 alleles are not expressed in A29/A51 and D32/D51 heterozygotes (Sonneborn et al., 1956). Similarly the H 51 allele is not expressed in H29/H51 heterozygotes (Sonneborn and Balbinder, 1953). Thus it appears that allelic exclusion can be considered as a basic feature of the surface antigens system in the same way as intergenic exclusion. These phenomena of exclusion between alleles or between different loci, which resemble what is observed for the immunoglobulins (Pernis et al., 1965; Cebra, 1966; Froland and Natvig, 1972) raise the problem of the underlying regulatory mechanisms.
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A s a first step t o w a r d s t h e u n d e r s t a n d i n g o f t h e s e r e g u l a t o r y m e c h a n i s m s , it s e e m e d n e c e s s a r y to ascert a i n w h e t h e r t h e p h e n o m e n o n o f e x c l u s i o n was m o d u l a t e d by " r e g u l a t o r y g e n e s " a n d / o r by " c y t o p l a s m i c f a c t o r s ". T h i s a n a l y s i s c a n be c a r r i e d o u t in an easier a n d m o r e r i g o u r o u s w a y in the case o f i n t e r a l l e l i c exclusion. I n d e e d , i n t e r a c t i o n s c a n be a n a l y z e d in single cells or c l o n e s k e p t u n d e r t h e s a m e e n v i r o n m e n t a l c o n d i t i o n s , w h i l e in t h e case o f i n t e r g e n i c e x c l u s i o n , i n t e r a c t i o n s h a v e to be a n a l y z e d e i t h e r in d i f f e r e n t cells o r c l o n e s o r in d i f f e r e n t e n v i r o n m e n t a l c o n d i tions. O u r studies o n allelic e x c l u s i o n in G 156/G 168 hete r o z y g o t e s s h o w t h a t (1) allelic e x c l u s i o n d o e s n o t depend on discrete regulatory genes d i s p e r s e d t h r o u g h o u t t h e g e n o m e ; (2) it d o e s n o t s e e m to be i n f l u e n c e d by c y t o p l a s m i c f a c t o r s ; (3) it o c c u r s reg a r d l e s s o f the s u r f a c e a n t i g e n e x p r e s s e d by t h e p a r e n tal strains at t h e t i m e o f t h e cross. T h e s e results a r e d i s c u s s e d in r e l a t i o n to b o t h int e r g e n i c a n d i n t e r a l l e l i c e x c l u s i o n for w h i c h a c o m m o n basis is p r o p o s e d .



Materials



and



Methods



Strains Wild-type strains 156 and 168 of Paramecium primaurelia, according to the new nomenclature (Sonneborn, 1975) and formerly Paramecium aurelia, syngen 1 or variety 1, kindly provided by Professor Beale, were used in these experiments. - Strain 156ER is a mitochondrial erythromycin resistant mutant obtained after U.V. irradiation of the wild-type strain 156. - Strain 168ES-tsl is a strain sensitive to erythromycin, carrying a temperature sensitive nuclear recessive gene: tsl is the new nomenclature (Sonneborn, 1974) stands for 01 (Capdeville, 1969; 1971).



Growth Conditions Growth conditions have already been described (Sonneborn, 1970). Cells were grown in a "Scotch grass" infusion or baked lettuce infusion bacterized with Klebstella pneumoniae. The temperature of growth was 24 ° C, unless otherwise indicated.



Genetic Analysis The genetic analysis was performed as previously described (Capdeville, 1971) according to the usual techniques (Sonneborn, 1950; 1970; Beale, 1954). Crosses were carried out at 24° C, unless otherwise specified.



F1 Phenotypes a) Erythromyein-Resistance Test. The resistant versus sensitive character was tested in normal medium supplemented with 150 pg/ml



erythromycin. At this concentration of erythromycin, resistant cells grow and divide normally while sensitive cells only undergo one or two residual fissions.



b) Thermosensitivity Test. Thermosensitivity versus thermoresistance of clones was assayed by comparing the growth of subclones at 36° C and 24 ° C. At 36° C homozygous cells tsl/tsl die whereas heterozygous cells tsl/tsl + grow and divide normally. c) Immobilization Test. The surface antigen present on a cell can be identified in vivo, by performing the immobilization test. The immunological reaction between surface antigen molecules and antibodies prevents the cilia from beating: cilia are seen to clump together and finally the cell is immobilized (Harrison, 1955). Strains 156 and 168, grown at 24 ° C, express surface antigen G; when grown at 34° C, they both express surface antigen D; when grown at 30 ° C, strain 156 expresses surface antigen G whereas strain 168 expresses surface antigen D. The antisera prepared against the surface antigens 156 G and 168 G are specific in the immoMization test. The antisera prepared against the surface antigens 156D and 168D, used in these experiments, display a strong cross reaction which does not allow discrimination between these antigens. Preparation, titration of antisera and immobilization tests have been previously described (Capdeville, 1971). Immobilization tests were performed at various stages after conjugation to identify the phenotype of each F1 clone with the two specific antisera 168G and 156G, and the antisera 168D and 156D, when necessary. The early immobilization test permits the identification of the parental origin of the ex-conjugant clones since the initially expressed antigenic phenotype persists during the first few cell divisions (Beale, 1948). This test was performed on cells issued from the first or the second post-conJugal fission using 168 G antiserum.



Results



L Genetic Analysis I n crosses b e t w e e n w i l d - t y p e strains 156 a n d 168 m a i n t a i n e d at 24 ° C, t h e m a j o r i t y o f the h e t e r o z y g o u s c l o n e s e x p r e s s e s o n l y 1 5 6 G a n t i g e n . I n grass m e d i u m , the p e r c e n t a g e o f t h e h e t e r o z y g o u s c l o n e s co-expressing the two parental antigens 156G and 1 6 8 G , is a b o u t 5 % w h e r e a s in l e t t u c e m e d i u m , t h e p e r c e n t a g e o f c o - e x p r e s s i n g h e t e r o z y g o u s c l o n e s falls to a b o u t 0 . 5 % . Since t h e s e t w o strains 156 a n d 168 w e r e f o u n d in d i f f e r e n t g e o g r a p h i c a l a r e a s (strain 156 in C o n n e c t i c u t , U . S . A . , a n d s t r a i n 168 in J a p a n ) , t h e y m a y c a r r y v a r i o u s n u c l e a r a n d / o r c y t o p l a s m i c differences in a d d i t i o n t o v a r i a t i o n at t h e G locus. I n o r d e r to f i n d o u t if s u c h d i f f e r e n c e s p l a y a r61e in t h e o b s e r v e d p h e n o t y p i c e x c l u s i o n o f t h e allele G 168, the f o l l o w i n g g e n e t i c a n a l y s i s was p e r f o r m e d .



1. Role o f the Nuclear Genetic Background. T o k n o w w h e t h e r this r e s t r i c t i o n in a n t i g e n i c e x p r e s s i o n is d u e to r e g u l a t o r y genes d i s t i n c t f r o m t h e G locus, successive b a c k - c r o s s e s w e r e c a r r i e d o u t to p l a c e the g e n e G 156 in a 168 g e n e t i c b a c k g r o u n d .
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Table 1. Phenotype of G156/G168 heterozygotes in the course of isogenization to wild-type strain 168 Generation



Cross



F~ Phenotypes H o m o z y g o u s clones



Heterozygous clones A



B



I



II



[1566] 1st 2nd 3rd 4th 5th



st. 156 x st. 168 F l l x st. 168 F 1 2 x st 168 F13 x st.168 F~4 x st 168



:



:



10th



F19 x st. 168



I



[15661



[1560]



C II



[1566 1686]



II [1680]



I



[1686]



30 10 11 22 22



4 1 0 2 2



14 10 22 24



•



.



:



14



1



11



In crosses between wild-type strains 156 and 168, two classes A and B, of pairs of conjugants were obtained (first line). In class both F1 ex-conjugant clones (I and II) displayed an identical phenotype, [1566]. In class B, the F1 ex-conjugant clones (I and displayed a different phenotype, [156G] versus [1566 168G]. F r o m the second generation onward, the successive crosses involved one heterozygous G156/G168 clone (selected a m o n g the of the previous cross) and the wild-type strain 168. Such crosses gave either pairs of heterozygous G156/6168 F1 clones (class and B) or pairs of homozygous 6168/G168 F i clones expressing tile 168G antigen (class C). The figures represent the n u m b e r of pairs of each class



Starting with one heterozygous clone issued from a cross between wild-type strains 156 and 168, a series of nine back-crosses with strain 168 was carried out. At each generation, one heterozygous G156/6168 clone expressing only the 156G antigen was selected as parent for the next cross. Table 1 shows that in the course of this isogenization process, no change in the interaction between the alleles G 156 and G 168 was observed. At each generation the same pattern of exclusion was obtained. A more extensive confirmation of this result was provided by the study of heterozygous 6156/6168 clones from the tenth generation of back-cross. After autogamy these clones yielded homozygous cells, G156/G156 or 6168/G168 (the nuclear background of these autogamous cells then being essentially 168). 47 homozygous 6156/G156 clones were then crossed by the wild-type strain 168. Altogether 409 pairs of F~ clones from these 47 crosses were studied; only 3 of these heterozygous clones co-expressed the two antigens 156G and 168G.



2. Role of the Cytoplasm. It does not seem that the cytoplasm plays a r61e in the exclusion of the allele G168 in heterozygotes since this allele is excluded in the majority of heterozygous clones regardless of their 156 or 168 cytoplasmic origin. Furthermore, whenever caryonidal analysis was performed (Capdeville, 1971 and unpublished data), it was observed



A, II) F1 A



that only one of the four caryonidal Fi clones coexpressed 156G and 168G. However, it was possible (a) that the minority of F i clones co-expressing 156 G and 168 G arose preferentially in the 168 cytoplasmic lineage, or (b) that their occurrence was correlated with the transfer to the 156 parent of some cytoplasmic factors present in the 168 parent. a) The parental origin of F1 clones was established by performing an early immobilization test. The results given in Table 2 indicate that the clones coexpressing 156G and 168G derive from parent 156 as well as from parent 168. b) Cytoplasmic factors can be transferred when a cytoplasmic bridge unites the two conjugants at the end of the conjugation. The cytoplasmic exchanges are bi-directional as shown by reciprocal transfer of mitochondrial markers (Adoutte and Beisson, 1970). We have followed the cytoplasmic exchanges during crosses either by observing the end of conjugation and noting the formation of cytoplasmic bridges or by marking one parent with a mitochondrial mutation conferring erythromycin resistance. The results of these crosses in which caryonidal analysis was carried out, are reported in Table 3. They show that the expression of the 168G antigen in heterozygotes derived from the 156 parent is not related to the occurrence of cytoplasmic exchanges. Furthermore the co-expression of 156G and 168 G was again observed to be limited to one caryonidal clone out
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Table 2. Relationship between parental origin and phenotype of F1 clones Parental origin F~ phenotype



156 [156G]



1st experiment 2nd experiment



168 [156G]



156 [156G]



168 [1566 168G]



554 169



156 [156G-168G]



8 10



168 [156G]



3 6



The early immobilization test permitted the identification of the parent from which each F1 ex-conjugant clone derived. Three categories of pairs were obtained. In the first category, both F1 ex-conjugant clones expressed only 156G. In the second category the F 1 ex-conjugant clone derived from parent 168 co-expressed 156G and 168G. In the third category, the F~ ex-conjugant clone derived from parent 156 co-expressed 156G and 168G. The figures represent the number of pairs of each category. The 1st experiment was carried out in lettuce medium, and the 2nd experiment in grass medium



Table 3. Relationship between cytoplasmic exchange and phenotype of F 1 clones Parental origin F1 phenotype



156 / ~



/



168 ~



156



168



C~ C2 Ct C2 C1 C2 C1 C2 [156G] [156G] [156G] [156G] [1566] [156G] [156G 168G] [156G1



With cytoplasmic exchange



14 a



Without cytoplasmic exchange



40



156



168



C1 C2 C1 C2 [156G-168G] [156G] [156G] [156G]



In crosses between strains 156 and 168.tsl, the pairs which had undergone a cytoplasmic exchange (cytoplasmic bridge observed) were analyzed. In crosses between strains 156.E~ and 168.ES.tsl, the absence of cytoplasmic exchange was demonstrated by the absence of transfer of the ER character to the sensitive parent. In all crosses, caryonidal analysis (i.e. analysis of the two products, C1 and C2, of the first post-conjugal division) was performed. Three categories of pairs were obtained. In the first category, the four caryonidal clones expressed only the 1566 antigen. In the second category, one caryonidal clone derived from the 168 parent and co-expressed 156G and 168G. In the third category, one caryonidal clone derived from the 156 parent and co-expressed 156G and 168G. The figures represent the number of pairs of each category. a



Out of these 14 pairs, one was obtained in the cross 156.ER x 168.ES.tsl



of the four issued from each pair of conjugants. These facts indicate that the two new m a c r o n u c l e i which develop in each e x - c o n j u g a n t can be i n d e p e n d e n t l y c o m m i t t e d to exclusion or co-expression.



H. The Role o f the G Surface Antigen in the Onset o f Allelic Exclusion I n several cases, a " c y t o p l a s m i c " c o n t r o l of the m u t u al exclusion between different surface antigens has been demonstrated. W h e n two strains displaying a different surface a n t i g e n were crossed, the two F1 exc o n j u g a n t clones c o n t i n u e d to express the surface antigen, of their cytoplasmic parent, despite their identical heterozygous nuclear genotype ( S o n n e b o r n a n d Lesuer, 1948 ; Beale, 1952). It was therefore interesting to determine whether the allelic exclusion observed



in G 1 5 6 / G I 6 8 heterozygotes was also influenced by the surface a n t i g e n expressed by the parents at the time of the cross. Since the a n t i g e n is G if the parents are g r o w n at 24 ° C, a n d D if the parents are grown at 34 ° C, the following four types of crosses were carried out. a) Type I cross, ( G x G), corresponds to the control cross. The two strains were grown a n d crossed at 24 ° C a n d the F1 m a i n t a i n e d at this temperature. b) Type II cross, (D x D), was carried out between strains grown a n d crossed at 3 4 ° C a n d the F1 was kept at 34 ° C. Subclones of the F1 lines were transferred to 24 ° C after 2-5 fissions to induce a shift to a n t i g e n G expression. I n the other two types of crosses, only one p a r e n t expressed surface a n t i g e n G while the other expressed D.
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Fig. 1. Relationships between parental phenotypes and the onset of allelic exclusion. Four types of crosses G × G, D x D, D x G, G x D, were carried out between parents expressing either G or D antigen. In type II cross, a caryonidal analysis was performed. The phenotype of the two Ft ex-conjugant clones (or four F~ caryomdal clones) of a given pair was studied at the temperature of the cross and at 2 4 ° C when the cross was carried out at a higher temperature. The antigen(s) expressed by the parental strains and the F~ clones are symbolized as follows: 0 - 1 5 6 G ; @ 168G; g 156D or 168D; @-156G and 168G. The figures represent the number of pairs of each category. (a) The F1 clones expressing only the 156G antigen all derived from the 156 parent, and those expressing D from the 168 parent. *In type II cross, in addition to the 54 pairs, we obtained one pair displaying an exceptional phenotype at 24 ° C; one of the four caryonidal clones expressed only the 168G antigen. This exceptional situation might be most simply explained by macronuclear regeneration, a p h e n o m e n o n favoured by elevated temperature (Sonneborn, 1940; Preer, 1968)



c) Type III cross, (D × G), was carried out at 24 ° C between strain 156 grown at 34 ° C, expressing D, and strain 168, expressing G. The F1 clones were kept at 24 ° C. d) Type IV cross, (G × D), was carried out at 30 ° C between parents grown at this temperature. Strain 156 expressed G while strain 168 expressed D and the F 1 clones were kept at 30 ° C, an intermediate temperature permitting the expression of antigen G in G156/G156 homozygotes and the expression of antigen D in G168/G168 homozygotes. Subclones of the F~ lines were transferred to 24 ° C at various stages after conjugation (6th, 12th, 18th and 20th post-conjugal fission). The results are presented in Figure 1. They show that at 2 4 ° C (i.e. under conditions permitting the expression of the G locus), exclusion of the allele G168 always takes place regardless of the surface antigen expressed by the parents at the time of the cross and regardless of the temperature conditions in which the new macronuclei developed. In type IV cross, at 30 ° C, the antigenic expression seems to obey in general a " c y t o p l a s m i c " determinism. In F1 clones derived from the 156 parent, the



antigen 156G continued to be expressed and 168G was excluded while in the F1 clones derived from the 168parent, the D antigen continued to be expressed. For this last category, it was impossible to determine whether both D parental antigens were expressed or only one of them, because of the very strong cross reaction shown by antigens 156D and 168D at least with the antisera used. In a minority of pairs (4 out of 28), a shift to antigen G expression was observed for both ex-conjugant clones. Conclusion



and



Discussion



Our results on the regulation of allelic expression in G156/G168 heterozygotes can be summarized as follows. Ten generations of isogenization of strain 156 by strain 168 do not modify the pattern of the allelic interaction observed in the progeny of crosses between the two wild-type strains. The co-expression of both parental antigens in a minority of heterozygous clones does not seem to depend upon or be favoured by "cytoplasmic factors ".
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G156/G168 heterozygotes always display allelic exclusion when placed at 24 ° C, regardless of the G or non G(D) phenotype previously expressed by their parents or themselves. From these data, two conclusions can be drawn. 1) Allelic exclusion does not depend on discrete regulatory genes dispersed throughout the genome, as would be expected after the model of Britten and Davidson (1969). If regulatory sequences were involved, they are either adjacent to each structural gene or included in the structural genes themselves. It might also be possible that no regulatory sequences at all are involved, and then the exclusion would result from the properties of the gene products. This conclusion is most probably also valid in the case of mutual exclusion between the different loci controlling the surface antigens. Regulatory genes responsible for intergenic exclusion have not been found. In the exceptional cases of regular co-expression of two antigens controlled by two different loci (Margolin, 1956; Finger et al., 1962), the absence of mutual exclusion was shown to depend on specific properties of the structural genes themselves (or of their products) at least in the case analysed by Margolin. 2) Allelic exclusion is not influenced by "cytoplasmic" factors. Although in Paramecium biaurelia, for the locus E, Finger and Heller (1964) stress the effect of the "cytoplasmic state" (i.e. the antigen expressed) a~t the time of the cross, it seems to us from the published data that the allele E72 is preferentially excluded in E72/E197 heterozygotes, regardless of the antigen expressed by the parents. In apparent contrast to this absence of influence of "cytoplasmic factors" on interallelic exclusion, the cytoplasm seems to play an important role in intergenic exclusion. This is observed, for example, in type IV crosses carried out at 30°C (Fig. 1). At 30 ° C, the antigenic expression seems to obey a "cytoplasmic inheritance": F1 clones derived from the 156 parent continue to express the t 5 6 G antigen, while those derived from the 168 parent continue to express the D antigen. This is similar to the phenomenon of maintenance in F1 clones of the expression of the antigen previously expressed in the "cytoplasmic" parent as described by Sonneborn and Lesuer (1948) and Beale (1952). However, the significance of this "cytoplasmic inheritance" is strongly limited by the fact that the cytoplasmic inheritance is observed only when environmental conditions are favourable to the stability of expression of both loci. Any change in the environmental conditions will induce a shift to the expression of another antigen. Therefore what is inherited or maintained through cellular Continuity is not a cytoplasmic state



controlled by specific molecules such as the plasmagenes postulated by Sonneborn and Lesuer (1948) or inducers and repressors of the bacterial type as proposed by Finger (1967). What is inherited is a "dynamic equilibrium" resulting from interactions between the cell and the milieu. In this interaction, the antigen itself and its specificity would play a key r61e as previously suggested (Kimball, 1947; Preer, 1959; Nanney, 1963) in controlling its own stability at the membrane level. The degree of fitness of a given antigen would condition both its maintenance and in turn the exclusion of the others, whether allelic or controlled by different loci. Thus, the same regulatory mechanisms would be involved in both intergenic and interallelic exclusion. Therefore, it is probable that comparative studies of the physicochemical properties of the different antigens and their structural relationships to the membrane may provide a basis for understanding exclusion allelic and intergenic. Acknowledgments. The authors are particularly grateful to Dr. J. Beisson for advice throughout this work and for helpful comments on the manuscript. They thank very much Dr. J.K.C. Knowles for critical reading of the manuscript.
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