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I • 	The ciliate Paramecium aurelia has been used as an experimental 

organism for the study of enzyme variation, which has been examined in (a) 

samples from two natural populations (b) single samples from a large number 

of widespread separate populations and (0) samples from each of the fourteen 
used 

known ayngens. The variants found in stocks of a single syngen have been/for 

genetic studies with special reference to (a) the inheritance of zitoohondrial 

enzymes and (b) the relationships between ieoenzymes. 
the enzymes of 

Measurements of enzyme activity have shown that paramecium contains/ 

the hexose-shunt,, Emden-Meyerhoff pathway and TCA cycle. Variations in the 

structure of some of these enzymes (mainly debydrogenaaes) have been detected 

using starch gel electrophoresis. The auboellular localisation of the bands 

of activity observed on starch gels has been determined by cell fractionation 

using the techniques of sucrose density gradients and differential centri-

fugation. 

Isooitrate dehydrogenase has been shown to occur in two distinct 

forms, one in the mitochondria and the other in the supernatant. Genetic 

studies have shown that the mitochondrial form is controlled by nuclear genes 

ithioh were shown not to be closely lirileed to the genes controlling the super-

natant form. The possible sub-unit structures and loci controlling their 

synthesis have been discussed in the light of these studies. 

3hydrorbutyrate dehydrogenaee has been shown to be located in the 

mitochondrion. Genetic studies have shown that this enzyme is controlled by 

nuclear genes and by observation of starch gel zymograms this enzyme has been 
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found to be a tetramer. 

50 	Malate debydrogenase  has been shown to occur in mitochondrial and 

supernatant tome. The aitoohondrial toni occurs as a smear of activity on 

starch gels and attempts to resolve this smear into discrete bands have failed.. 

No variants of the aitoohondnial form have been detected., but variants of the 

cytoplasisie form have been found and this form of the enzyme has been shown to 

be a diner. 

The linkage between the genes controlling isocitrate d&iydrog.naee 

(aitoobondrial form) and 3-hydro'butyrate  debydrogenase has been investigated 

but no close linkage could be demonstrated.. 

Clones derived from single separate isolations of paramecium from two 

natural populations of syngen 9  have been screened for variation in Lao-citrate 

dahydrogenase, gluooae-6-phosphate dehydrogsnaae, malate debydrogenase and 3-

hydrorbutyrate dehydrogenaae. No variation was detected in any of the enzymes 

wept 3'.hydrozybutyrat. dehydrogenase. Two alleles of the latter enzyme were 

detected in one of the populations and only one allele in the other population. 

Single samples isolated from separate populations of syngens I & 2 in 

different parts of the world were screened for variation in sucoinic deb.ydro-

genaa., glutamate debydrogeriase,  fucarase, iso-citrate dehydrogenase, 3-hydro- 

butyrate dehydrogenase and =LUte d.&iydrogenas. • Two alleles for malate 

dehydrogenase were found to occur at almost equal frequency in syngen I and a 

low frequency of variation in isocitrat. & 3-hydroybutyrate dehydroganases of 

zyngen 2. All the other enzymes  were found to be invariant. 

Comparison between stocks belonging to the fourteen ayngens have been 

made for variation in the six enzymes used in the intruyngen survey. Inter- 
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yngen variation has been shown in all enzymes except auocinio dehydrogenase, 

All the syngene, except I and 5, are different if all five enzyme mobilities 

are considered. Comparison of the type and frequency of intrasyngen variation 

suggested that the enzyme patterns observed for each syngen are typical. Theae 

differences have been used to classify stocks of unknown *yngen  and could be 

used in place of classification by mating reaction. 

9. (i) The lack of close linkage between the cytoplasmic and aitoohondrisi 

forms of iso-citrate dehydrogenase were discussed in relation to immunological 

and biochemical data obtained with the ma1lfl  enzyme. The results obtained 

here are in agreement with these findings. 

(ii) A critical account of the research which has been undertaken on the 

genetics of mitoohondrial proteins has been given. It was concluded that none 

of the approaches used gave any information about specific proteins determined 

by the mitochondrion. The results obtained in this study were discussed in 

relation to this work and were considered important as they provide information 

about the control of specific proteins. 

(iii)me practical value of the interayngen enzyme differences have been 

considered. Comparison of these differences to other more physiological 

differences shows that there is no correlation. The possible nature of the 

enzyme differences in intra.i. and intersyrig.n  comparisons has been considered. 
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INTRODUCTION 

For the purpose of this study protein variation is concerned with 

alterations in protein structure caused by mutations in the DNA of the cell. 

In ciliatee, the study of this type of variation has, in the past, been 

limited to work on enzyme variation in Tetraiwena pynformjs (Alien at a]. 

1963a & b; Allen, 1964., 19659 1968) and antigenic variation in Paramecium 

aurelia (Beale 1957;  Pringle  1956; Jones  1963, 1964.). This investigation 

was undertaken to extend the range of proteins studied and to apply the 

variation found to certain genetic and biochemical problems. The genetics 

and reproductive systems of Para meolms aureLia have been extensively studied 

and, together with certain special features, make this ciliate an obvious 

choice as an experimental organism. In fact, the technical difficulties 

encountered in studying the genetics of ciliates such as Mtra1irmena and 

Eup].ptes, make paramecium the only ciliate with which the genetic studies 

undertaken here are feasible. 

Before outlining the problems investigated, a brief description of 

the reproductive processes, organisation and biochemistry of paramecium is 

necessary. Paramecia can undergo three different reproductive processes, 

namely conjugation, autogasr (self-fertilization) and binary fission. Con-

jugation occurs when two stocks of complementary mating type are mixed; the 

ani mals adhere to each other in pairs, undergo nuclear reorganisation and 

exchange of haploid nuclei occurs between the two oonjugants (Sonn.born 1954). 

After this process the conjugants separate and, if each is isolated into fresh 

medium, undergo binary fission to produce two clones of genetically identical 
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animals. The process of conjugation allows one to discriminate between 

nuclear and cytoplasmic inheritance as the two exoonjugants are identical 

as regards their nuclear genes but their cytoplasm is derived from one or 

other parent. Thus, if the oonjugants differ in a certain factor, comparison 

of the clones derived from each exoonjugant should show whether the factor 

is inherited by nuclear genes (both exconjuganta identical) or through the 

cytoplasm (exoonjugants different). 

Under certain growth conditions clones of paramecia go into auto-

gamy. During this process the macronucl.ua degenerates and a process 

identical to that seen in conjugation occurs, except that no fusion of nuclei 

from different animals occurs • Instead two nuclei from the same animal fuse 

together and a new macronuoleus develops from then. It has been shown 

(Sonneborn 19147) that the two haploid nuclei which fuse are derived xnitoticaiiy 

from the same product of meiosis and therefore eutogamy produces .&&Ls 

homosygous at all loci. 

Paramecium occurs abundantly in separate populations all over the 

world and therefore potentially provides a large amount of material to examine 

for variation. A stock can be defined as a collection of organisms derived 

from a single wild isolation from one of these populations. The species 

Paraaeciu aure]j.a is divided into fourteen genetically isolated groups which 

are called syngena (Sonneborn 1938). In general no mating (conjugation) 

occurs between stocks of one syngen and stocks of another syngen. Certain 

intersyngen cross-mating reactions have been found (Sonneborn & Dipell 1946) 

but a low P1  survival is always observed. 
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Paramecium is a euoharyotic cell, possessing typical cell inclusions, 

such as mitochondria, endoplasaio reticulum, ribosomee, golgi apparatus etc. 

It differs from other eucharyotic cells in having two types of nucleus, namely 

the aaoronuoleus and the micronucleus. The macr nucleus is po).yploid and 

generally considered to control the same processes of the cell as the typical 

.uohaxyotio nucleus does. The micronucleus is smell and, as far as is known,, 

is only involved in the reproductive processes of autogazey and conjugation. 

The macronucleus is derived from division products of the micronucleus iifter 

conjugation and autogamy. 

Biochemical research on paramecium has been very Hwited, being 

largely restricted to whole cell respiration studies. The studies reported 

here and elsewhere (Xung 1968) show that paramecium contains the ensyaes of 

the hexose-shunt,, Emden-Mey.rhoff pathway and trioarboxylio acid cycle, 

although lactic deIydrogenase activity is absent. The work of Kung (1968) 

has shown the presence of several cytoobromee comparable to those found in 

mammAlian aitoohondria. These findings are difficult to reconcile with the 

nutritional requirements shown by paramecium in axenic medium. In a recent 

study (van Wagtendonk 1969) it was found that paramecium required eighteen 

common amino acids and certain fatty acids but no other carbon source, 

suggesting that the ensymes of the Emden..M'erhoff pathway are not being used. 

These results imply that considerabl3 metabolic changes occur when paramecium 

is transferred from the nox,ial bacterised culture into an axenic jaedium. 

Paramecium, when compared to other euoharyotie organisms, has 

several advantages for the study of protein variation and the application of 
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this variation to genetic studies. In any study of protein variation the 

availability of material to screen for variants is an important consideration; 

the wide distribution and occurrence of an immense number of separate populations 

provides a potentially,  large source of material for this study. The property 

of binary fission and cloning allows rapid sampling of wild collections and 

their .eintenanoe in the laboratory. In contrast the ma4nt.nanoe of samples 

of a given genotype, isolated from wild populations of other euoharyotea 

involves breeding with standard strains which is labori9us. For example if 

wild collections of drosophila are mado, crosses with a standard strain mist 

be undertaken before the wild isolate can be sacrificed for ,ralnation which 

makes analysis of the original population complex. The genetic analysis  of 

variants in mamals is hindered by factors such as long immaturity periods, 

small numbers of progeny, lack of hmoçrgous strains and,in Man,the impossibility 

of undertaking selected matingf. With paramecium few of these difficulties 

arise, since homosygous clones can be obtained by autogar, crosses can be 

made rapidly and large numbers of progeny can be obtained for genetic analysis. 

Also conjugation can be used for determining whether nuclear or cytoplasmic 

inheritance is present. The main object of this study has been to exploit 

some of these advantages to investigate YaFiOUs aspects of protein variation, 

as outlined below. 

Specific proteins rnuot be studied if genetic analysis of variants is 

to be undertaken. The ease with which enzymes, can be detected by specific 

assay mixtures make these proteins an obvious choice for this study. The 

above mentioned, advantages of paramecium were exploited in the study of the 

following topics: 



8. 

I • The genetics of certain aitoohondria]. enymes; 

The structural and genetic relationships between iaoenymee, and 

The variation of enlyme structure in natural populations, between 

stocks from different populations and between stocks from different 

syngena. 

Theae are the topics which can be most usefully studied using paramecium. Each 

problem and the approach taken in this study will be separately outlined. 

A large amount of research has been directed towards the elucidation of 

the function of mitoohondx'ial DNA. The studies of Work at al (Roodyn,  Suttis 

and Work 1962; Ealder, Freeman and Work 1966) measuring the incorporation of 

radioactive sidno acids into isolated mitochondria, have demonstrated that the 

only protein fraction showing significant incorporation was the insoluble 

structural protein of the sitoohondrial membrane. From this work and other 

studies the view has arisen that synthesis of the soluble proteins of the mito-

chondrion is controlled by the nucleus, although there is little direct evidence 

for this. With this background, some more evidence was sought using variants 

of sitechondrial enzymes of paramecium as markers for genetic analysis. 

Extensive biochemical studies, but relatively little genetic work, 

have been made on isoensymes in higher orgarisas and considerable information 

could be obtained about the structure and relationships between iso.nsyaes using 

a genetic approach. As paramecium is a single celled organism only the following 

types of isoensyme can be considered:- 

multiple forms of an ensyme which arise from different suboellular 

localiastiona 

multiple forms of an ensyne which result from protein-protein or 

protein-small molecule interactions. 
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Malate dahydrogenase illustrates both types of isoenzynte, exhibiting mito 

ohondrial and supernatant forms (Thrne 1960) and several bands of activity 

in the mitochondrial form after starch gel eleotrophoresie (Thne, Grossman 

& Kaplan 1963). In the present work it was planned to investigate the genetic 

relationship between the mitoohondrial and supernatant forms of an enzyme. 

Information as to the structural relationships between different zones of 

activity of theme enzyme can be obtained by the observation of the variants 

and of the h.terozygote patterns obtained by crossing the normal with the 

variant form. This sort of analysis is simplified by starting with homozygous 

clones thus avoiding the possibility of the observed multiple banding being 

due to b.terozygotea of two alleles coding for the enzyme. 

The study of enzyme variation in natural populations has been under-

taken with many organisms (Man, Harris 1969; voles, Sem.onoff & Robertson 1968; 

Drosophila, Gillespie and Kojima 1968; etc.) largely with the object of 

establishing the existence of polymorphism and measuring the frequency of 

different alleles in different populations. Enzyme polymorphism has not been 

established in paramecium before and so isolates were made from natural 

populations and screened for variation. As such a large number of populations 

occur, the existence of any gene flow between them could be investigated. 

Enzyme variation was also studied by comparison of stocks from all fourteen 

syngens, firstly to see if they could be distinguished and secondly to provide 

information on the relationships between the syngens. The division of 

paramecium into syngons might also provide a useful system for the study of 

protein evolutioh, by comparing the structure of correspondilig enzymes in 

different ayngens. 

There are two practical points to be considered izA the study of 

enzyme variation, firstly the method used to find or produce variation and 
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secondly the property of the enzyme which is examined for variation. The 

large amount of material available with paramecium makes it possible to 

screen stooks isolated from different parts of the world. In the present 

investigation, considerable numbers of existing laboratory stocks and a 

number of new collections made from natural populations were .r.4ned. 

The structure of an enzyme determines most, if not all, of its 

properties which can readily be measured, such as activity, heat stability 

and eleotrophoretie mobility. The techniques of complement fixation and 

peptids mapping can also be used. The properties mentioned are affected 

by variation in structure to a greater or lesser degree and although ideally 

one would like to detect all variation, the techniques involved are not 

completely practicable. Peptide mapping, activity and heat stability all 

require relatively large quantities of material, the production of which is 

very laborious with paramecium. The technique of complement fixation is 

very sensitive, but because of this will tend to give large experimental 

errors resulting in low precision. In a atu47 of variation of lactate 

deb.ydrogensse of Rm& PiDw-to (Saithe 1969)  this technique was used and showed 

a large number of indistinct differences which could be grouped into a 

f.w fairly distinct categories. This finding, together with the lack of 

suitability of the differences for genetic studies, made it seem impractic-

able to use this technique. 

Eleotrophoretic mobility is by far the most widely used of the 

techniques applied to enzyme variation (Shaw 1965). It is applicable to 

enyme studies and can be used to give information about the sub-unit 

structure of the enzymes studied, which is relevant to the proposed isoenayme 
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studies. The main disadvantage is that electzophoretio nobility does not 

detect all types of variation, but only those in  which a change in charge 

occurs. If starch or scrylazLde gels are used uncharged sminp acid sub. 

stitution.e may be detected if conformational or other changes result. 

Various supporting media are available for gone electrophoresis but in the 

present work only starch gels were used. Large gels can be poured Wing 

direct comparisons between extracts very easy and eliminating the need for 

marker proteins or completely standard procedure; the length of run can 

be reduced to 3.4 hra by using high voltages and an efficient cooling system. 

In general the object of this investigation was to study variation 

in .nsyme structure and to establish paramecium as an experimental organism 

suitable for this purpose. Initial studies were undertaken to assay for 

various ensyme activiiea and establish the optimum conditions for starch 

gel electrophoresis of the enzymes used in this study. Large numbers of 

stocks were screened for variation and any variants found used in the studies 

outlined. In the course of this work a considerable number of unf or's sen 

problems arcs., some of which were studied and found to give interesting new 

information, 
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MATERIALS AND METHODS 

Chemical Reagents. 

Hydrolysed starch for gel electrophoresis is a product of Connaught 

Medical Research Laboratories, Toronto, Canada. Sephadex G.100 is a product 

of Fharmaoia, Uppsala, Sweden, Whatinans DEAE-oeilulose (Ds.22) and No. if grade 

chromatograp)y paper are a product of Reeve and Angel Co. Ltd. Ielinec polyester 

film (Type o) was a gift from ICI. Biochemical reagents, enzymes and trio 

(Sigma 7-9)  were obtained from Sigma Chemical Company Ltd., London. Inorganic 

chemicals and sucrose (Analar Grade) were obtained from BDH Ltd. 

Stains. 

The following stains were used for examination of nuclei in whole cells. 

Aoetooarmine - Fast green 

10.5 parts saturated solution of acteocaraine in if acetic acid. 

4.5 parts if (,/v) acetic acid 

2 parts lN..HC1 

I part 16 (w/v) Fast green in qX6 ethanol 

Lacto-orcein 

I gm of synthetic orcein was dissolved in 22 ala lactic acid, 

36 ala of glacial acetic acid and made up to 200 ala with 

distilled water. 

Acetocaraine - Fist green was used routinely for detecting autogaj 

approximately 20 animals were isolated in the minimum fluid onto a glass slide 

and to this I drop of stain was added. This preparation was .ii4vted at a 

magrdfioation of 80X, autogamW being detected by the fragmentation of the normal 

dark staining nucleus. 

The laoto-oroein stain was used to detect post .utoganous asoronuclear 
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fragments in order to check that autogamW had occurred in a particular clone. 

1-3 Animals from a clone were isolated onto a slide in the sini MU5 of fluid 

and fixed in osniiô 2Cid vapour for 30 seconds. A drop of the stain was 

added to the fixed animals and the preparation eiunined under phase contrast 

microscopy. 

3. Culture media. 

Lettuce infusion: baked lettuce was boiled in distilled water (1.8 a/L) 

for 15-20  sins, filtered and autoolaved in stoppered fli*ka.  The medium was 

buffered with solid calcium carbonate and the p11 adjusted to 6.8 with 0.5N 

sodium hydroxide before us.. 

Grass infusion: dried grass was boiled with distilled water (120 ilL)  for 

15 sins, filtered through muslin and centrifuged at 7000g for 15 sins. IL 

aliquots of the infusion were dispensed into Thomson bottles and autoolaved 

(15 sins at 151bs/psi). 

a) Axenic: the medium was made up from its constituents as described by Soldo 

and van Wagtendonk (1966). The cultures used in this work were & gift from 

Dr. I. Gibson of the University of East Anglia. The constituents wee as follows:- 

CONSTITUENT 

Proteose peptone 
Trypticas. 
Yeast nucleic acid. 
M&304 71i20 
T1-4T 
Sligmasterol 
Calcium pantothenate 
Nicotiriamide 
'rdoxal HaL 

Fyri1oam4n. lICl 
Riboflavin 
Polio acid 
Thiamine HC1 
Biotin 
DL-thiotio acid  

49/21 	pg/mi 

10 
5 
I 

500 
100 

5 
5 
5 
5 

2.5 
5 

2.5 
15 

0.00125 
0.05 
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The pH of the medium was adjusted to 7.0 with sodium 1rdroxide. T1MJT is a 

mixture of fatty acids (0. ].aurio, 	myristic , palmitic, 27% steario, 

1$ linoleict and k oleic). This medium was sized with the quantities 

described and autoolaved in stoppered flasks. 

s. Stocks 

A stock of paramecium is a culture derived from a single ani =1  

isolated from a natural population. The stocks used in this atuãy were 

collected near Edinburgh by G.E. Beale and the author, obtained from T.M. 

Sonneborn, Indiana, collected in Europe and U.S.A. by G.E. Baa].s and sant by 

H. Koscivazko from Poland, Czechoslovakia, Hungary and Roumania. A complete 

list of the stooks used in given in Table I. Those referred to by an initial 

followed by a number were collected from natural populations in the Edinburgh 

area; the initial refers to the location and the number refers to the alone 

0090 Eu 3l/1 is a alone isolated from Huabie Quarry near Edinburgh, 4.3 

denoting the collecting vial and I denoting the clone isolated from that vial. 

The numbers given to the other stocks are arbitrary. 

5. Collection and isolation of stocks 

Samples of water and decaying vegetable matter were taken from the 

edge of a pond in 40 ml collecting vials w.th steel cape. About 10 ala of 

baoterised lettuce medium was added to each via], and the vials were incubated 

at 13 0 C for 2448 lu's. Samples from each vial were pip etted into depression 

slides and examined under the microscope. Single AnlMk15 (Para*soium surelia 

being identified by its morphology) were isolated by micropipette into 

depression slides containing bacterised lettuce medium. These clones, 

after being left to divide for a few days were transferred by pipette into 
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SYNGEN 

3 	231 (Vermont ), 92 (philadeiphia), 152 (nnectiout) 

4. 	32 (Maryland), 4.7 (a1iforn.t), 51 (Indiana), 127 (Florida ), 139 (orid.), 
139 (iLorida), 174. (Chile) 

5 87 (P}4Ladelplia), 314. 
( 

Illinois  ) 

6 101 (thjladephja), 163 (India), 225( 	) 

7 38 (Florida), 227 C 	rlAa), 325 (1or14a) 

8 214. (Florida),, 299 (Panama), 363 (Uganda) 

9 317 (France), 338 (Leningrad), Du 31/3, 76/5 (Scotland) 

10 223 (Florida) 

11 219 (ioirida), 247 (Florida ) 

12 274 (.t&) 

13 209 (France), 238 (Madagascar), 321 (Mexico) 

14 	328 (Australia) 

TABLE I (cont.): Stocks  of SYMens 3 - 14 used in this study. 
Those underlined are from the U.S.A. 

N.B. Only 3 stocks are known for syngen 13 and only 
I for syngen 14.. 



15 0 

sterile, plugged teat tubes. These cultures can then be stored at 11 0C with 

periodic (4-6 weeks) additions of baoterised lettuce medium, until required 

for enzyme studies. 

6. Culture of vitn*i. 

A detailed description of methods used for the culture of paramecia 

are given by Sonneborn (1950)  but a brief outline is given here as some of 

the methods used differ from those previously described. 

Genetic work and the maintenance of stocks was carried out using 

baoteriaod lettuce medium. The lettuce medium was inaocu3at•d with Aerobacter 

(cultured on agar slants) and incubated for 12.18 bra at 250C  to 

allow growth of the bacteria, before being used to culture paramecium. 
and 

Cultures for enme studies, cell fractionation / ooluiwiwork were grown on 

grass medium which gives greater density of growth. Two 91 41  methods for 

such mass culture were used and are described below' 

) 250 ml cultures for eleotrophoresis: 

A tube of lettuce-grown animals was innoculated into 100 mis of grass medium 

contained in sterilized, cotton woo]. stoppered 250  ml conical flasks and 

iueubsd at 25°C  or 31 0C (depending on the syngen under stucy). The oulture 

became cloudy due to bacterial growth atte 24 hrs and then after a further 

2-3 days the culture cleared as the paramecium ingested the bacteria. TO 

such a 'cleared' culture 100 mis of bacterised grass medium was added, and the 

culture incubated again until it had cleared the bacteria (final density 

4 x 104-  celia/mi). The culture was then ready for harvesting and preparation 

of extracts for eleotrophoreaie. 

b) 4 - 25L cultures: 

A tube of lettuce grown animals was inoculated. into IL of grass medium in a 
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stoppered 2.5L Thomson bottle and incubated at the appropriate temperature 

until the culture cleared, as described in (a). This IL seed culture was then 

used to cub-inoculate furthor IL aliquots of grass medium which were incubated, 

as before, until the bacteria had cleared.. 

Harvesting of paramecium: 

Cultures of either type were first filtered through 2 layers of muslin 

to remove debris formed in the culture. Small cultures (4L and less) were 

centrifuged in pear-shaped vessels in an U.S.E. oil testing centrifuge at 

1300 rpm for 5 njnR, The pellets of concentrated *M,.A15 obtained from the 

same culture were pooled and pipetted into conical centrifuge tubes which were 

centrifuged at 600 for 5 - 10 mine. A hard packed pellet of cells was 

obtained., from which culture debris and fluid were removed by pasteur pipette. 

Large cultures (3L and more) were first concentrated by centrifugation in an 

Alfa-Laval. Cream Separator which concentrated the culture to 1-21.. These 

concentrated cultures were then centrifuged as described for the small cultures. 

The cells from large cultures were washed with U.S. solution (0.013K NaC1, 

0,003K Kcl t  0.003K CaC12, 0.004U phosphate, pH a 6.8) and esdimented. 

Preparation of extracts for electrophoresis 

The p.11.ted arinui (see 7) were mixed with 1.5 volumes of 0.1K 
phosphate buffer (i a 74,  0.75K sucrose) and transferred to glass homogenizer 

tubes. This buffer was modified for isocitrate ttehydrogenase by adding 

0.1 xug/m]. NADP to stabilise the enzyme. Homogenisation was carried out at eC 
using a Tri-R-homogeniser with a close fitting teflon pestle. 25-30 strokes 

at setting 4.5 was found to be sufficient to break most of the cells, with the 

minimum dmaage to aitoohondria, although most of the enzymes weakly bound to 

this organelle are liberated.. 
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FIGURE 1 	 Electrophoresis apparatus 

Diagram showing the apparatus used for starch gel electrophoresis at )°C in the cold. 

room. The ice is replenished at hourly intervals. The two platinum electrodes (marked 

+ and -). are connected to a power pack with a stabilized voltage output. 



 

The homogenate was then centrifuged for 30 mine at 75, 000g at 4 °C and 

the supernatant decanted into serum tubes. The pellet was homogenised in 1% 

Triton X.100, left at 4°C for 15 mine, and then centrifuged, at 73,000g  for 10 

mine; the pellet from this centrifugation was discarded. The two fractions 

obtained in this wanner are referred to as supernatant (SN) and triton X.100 

extracted mitoohondria (IM) and were then ready for eleotrophoresis. 

Starch gels. 

The method used was si milar to that described by Smithies (1955) and 

Smith (1968). Dry bydrolysed starch was added to Buchner flasks, followed by 

buffer appropriate for the enzyme being studied. The flask was swirled to mix 

the starch and heated over a bunsen until a clear viseous liquid was obtained. 

The flask was left to cool for 2-3 mine and then evacuated at the pump to 

remove air bubbles. The gel was poured into glass moulds (4. x 17 x 20 mm & 

4x12x16mm) until just proud of the edges. The gels were lefts  uncovered 

at room temperature (18-20 °C) for 1 - 3 bra and then transferred to the cold 

room (4°C) for 30 sins before eleotrophoresis. The concentration of starch 

used was as directed by Connaught Research Laboratories (9-11%),  so that 

reproducible results were obtained from one batch of starch to the next. 

Electrophoresis (methods and apparatus). 

Pieces of 8 x 2 mm Whatmans 4. mM chromatography paper were soaked 

in the paramecium extracts and inserted into slits in the gel, previously matte 

by a razor blade. 

After inserting all the extracts in this manner, the gel was placed 

between two troughs (see Fig. 1) containing platinum electrodes, buffer and 4-5 

thicknesses of Whataane No. 4 Chromatography paper. The thicknesses of paper, 

soaked in buffer were then pressed firmly along both ends of the gel and a 



OTHER 	
ELECTROPHORESIS BUYLR 

_____ 
kI1ZTME 	SUBSTRATE 	COENZYME 	ADDITIONS 	

BUFFER 	
GEL 	ELECTRODES  

ISOITKATS 
sodium NLDP 

VxCl 2 20 mg 0,IM tria-HC1 0.OIM phosphate 0.05M phosphate 
D NIYDRO&ENASE  

isOcitrate 
15 Mg mg 

M117-tetr. 6 mg pH 8.4. -citrate -citrate 
PMS 0.5 mg 25 mla PH = 7.0 pH = 7.0 

I sodium HAD 
0 • 1 ml MDH 0 • IM phosphate 

PUMLRASE fumarate 6 mg ITT ph = 7.4 
0.125g 5 mg 0.5 mg HiS 25 mis 

3-HYDROXY- 
sodium-3- 
hydroy- 6 mg ITT 0.0761 trio- 0.31 borate-NaOH 

BUTTh- TE butyrate 
HAD citrate 

D!YDR0(NASE 0.25g 5 ag ph = 8.9 pH = 8.9 
2 12 	ATP 

pottasium 5*1 suocinic- 01 I auccinic . succiiic sodium 8 mg WI? 
phosphate 8. 7W triG o.i86M trim iiocrs succinate 20 
pH = 7.0 

jii]s 6.0 PH = 6.0  PH = 4.5,g  25 

C.LTJTJAIC sodium HAD 6 mg wn 0.11 phosphate 0.051 trim- 0.51 trim-borate- 

IHYDR0GENA3L €1.utamate 
5 	m . 05 mg PH = 7.4. 

25a1s 
borate-EDTA 

p11=8.0 
EDTA 
p11=8.0 

MALIC sodium NAD 6 ng  ITT 0.11 trio-HC1 0.011 phosphate 0.051 phosphate 
citrate 

DEHYDROGENASE xaalate 0.5 mg PUS ph = 8.4 -citrate 
0.27g 549 25 mis ph = 7.0 pH 	7.0 

GLUCOSE-6- so'ium glucose HAD? 6mgMTT ft PHOSPHATE 6-phosphate 
0.5  DEHYDR0GENAE 15 mg mg 

20 mg MgC12 
trio-HCi • 

0.021 verona]. 0.21 veronal 

HEXOKINASE 1.8mg glucose 50 mg  AT? ph = 8.6 pH = 8.6 

10 
0 	me 25 mis 	+ I • 0ole ZDTA 

la merat 
+1 • 0*1 EDTA 

imM merpt. 

TABLE 2. Showing the composition of assay mixtures used for developing symograms. Also shown are the buffer 
system3 used routiuey for eiectrophoresiz. 
I • Malate de}ydrogenase activity 475 imo1ar units/ ml. 2.G91 incubated in 30 ml sodium suociriate 
KHPO4. solution for 20 mins prior to adding stain. 
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sheet of Melmex polyester film was laid over the surface of the gel and wicks. 

Two cooling systems for the gel were used: 

flat bottomed tin trays filled with ice chips were placed on the gel 

(insulated by the Melinex sheet) in the cold zoom. The ice was replenished 

at regular intervals. 

brass cooling plates were placed above and below the gel and were connected 

to a Grant cooling unit and waterbath from which water at ec was circulated. 
This system was run on the bench in the laboratory. 

Using either of these systems electrophoresis was carried out with a 

voltage of 20Y/cm across the gel* Migration of the enema studied was achieved 

with runs of 3-4 hr. duration. At the end of this period the gel was removed 

from the .leotrophoresis apparatus and a thin slice (approximately I = thick) 

was removed from the upper surface of the gel and discarded. Thegel was placed 

in the mould and the enqae staining mixture poured over the cut surface of the 

gel, which was then incubated at 35°C, in the dark, for 1-2 brs or until bands 

of ensyme activity appeared. After developing the stain, the gel was rinsed 

overnight with cold tap water and then photographed. Using this method of 

staining,small volumes (25-30  ml.) of the assay solution can be used.. 

11 • Assay of enema and buffer systems for eleotrophoresis. 

The dehydiogenass staining systems depend on the reduction of the dye 

WT-tetrasoliu* (3(1495 dimetbylthiasole-2) - 2,5 dipheu.yltetrazolium) by reduced 

ooenqae generated by the oxidation of substrate by the ensyme. ?LTT-tetra-

solius was found to give more reproducible results than nitro-blue tetruoliun. 

The solutions used for st 4 n4 rtg are given in Table 2; all reagents (exoept ?s) 

were dissolved in buffer and mixed 1-2 hours before use and }S was added just 



ENZYME 	SUBSTRATE 	COENZYME 	OTHER 	 BUrnR 	.ABSORBTION 

	

ADDITIONS 	 MONITORED 

isocrmim 	0.006M sodium 	0 ,001351 	0.0181 VNC12 	0.251  trim-Rd 
DYDROGENAaE 	imocitrate 	N&DP 	 p11 a 7.4. 	

YOW 

	

0.1 All 	 011 ml 	 0.1 mu 

SUCCINIC 	02k sodium 	 0.3 nil 0,11 XCN 	0,1k sodium 
D1YDROGENASE 2 
	auccinate 	 - 	0.3 ml 0.01k 	phosphate 

	

0.2 ml 	 Pe(CN)6 	p1! = 7.4 

IALATE 	or*loaoetic acid 	NADU 	 0.11 sodium 
DEHYDROGENASE 	0 mgjni3.) 	 (imilnil) 	 - 	 phosphate 

	

0.1 ml 	 0.1 ml 	 pH a 7.4 
08 ml 

GLUTAKATE 	0.21 sodium 	0.021 HAD 	 0.051 sodium 
DEHTDROGENAS 	glutamate 	 - 	 phosphate 

	

0.2 ml 	 0.1 ml 	 pH a 7.6 

3-HYDROXYBUTYRATE 011 sodium dl- 	0.0151 MAD 	0.11 EEIftA 	0.IM trio-Ml 

DEHYDIOENASE 	3-you rate 	 pH a 8.1 	 pH a 9.0 

	

0.1 ni]. 	 01 ml 	 0.1 ml 	 0.5 ml 

0.031 sodium 	 0.051 sodium 
ACONITASE 6 	citrate 	 - 	 - 	 phosphate 

(in buffer) 	 p11 a 7.4 
2.9 ale 

MALIC ENZYME 	0.031 
a*1te 	0.0006791 	0.051 'N12 	0,251 tris-HC1 

MAD? 	 pHa7.4 E 

	

0.05 nil 	 0.2 ml 	0.06 ml 	 0*3 ml
0  

TABLE 3. Assay mixtures used for estimating enzyme activity. All mixtures were made up to 2.9 ml with 
distilled water and 01 ml of extract added to start the reaction. 

Referenoea:1, Ochoa (1955a); 2. Slater a Bonner (1952); 3. Oohoa  (1955b); 4. Strecker (1955); 5. Robinson & 
Coon (1957); 6. Anfineen (1955); 7. Ochos  (19550). 



19. 

before incubating the solution with the gel. The mixtures used have been 

modified from Fine and Costello (1963) and Smith (1968) except the 3-'hydroxy 

butyrate dahydrogenase assay mixture which was adapted from a histoohemical 

stain (Seligman 1963) by the author. The elootrophor.eis buffers (gels and 

electrode) used for the separation of the enzymes listed are also given In 

Table 2. 

Certain parts of this study have involved the speotrophotometrio 

assay of various enzymes, particularly those not detected on gels, and the 

details of the assay mixtures used are given in Table 3. The volumes of 

each solution giver are for use in I on light path spectrophotometer cells 

(volume z 3.5 ml) and the a*81y3 were carried out using a Bookman DB Speotro-. 

photometer and a Beckman pen recorder. Prom the trace the change in absorbtion 

over the first minute was calculated and taken to be a measure of the initial 

velocity. Specific activity measurements were made by measuring the amount 

of protein by the method of Lowry at a). (1951), using bovine serum albumin as 

a standard. In the assays detailed in Table 3, 0.1 ml of extract was added to 

each cuvette, and diluted until an almost linear trace of transmittance with 

time was obtained. 

12. Cell Fractionation. 

With paramecium, considerable difficulties are encountered in the 

isolation of cell organelles, uncontaminated with other a.)]. inclusions • The 

reasons for this are twofold, firstly the large number of intracellular 

particulates and secondly the bacteria which are present in considerable numbers 

even in stationary phase cultures, Paramecium contains the normal cell fractions 

found in astasoan cells namely nuclei, mitochondria, lysosomes, ribosomea and 
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"cytosol" (i.e. supernatant fraction) but also a homogenate will contain 

trichooysts, cilia, fragments of eell wall and gullet, glycogen granules and 

cytoplasmic crystals. These other inclusions nearly always contaminate any 

preparation of a particular can organelle. 

Differential centrifugation yields very impure preparations of can 

organelles, (Freer & Preer 1959). Mitochondria and maoronuclei have been 

prepared in a relatively pure state in this study, for the purpose of localising 

the various bands of enzyme activity observed on starch gels. 

Iaoronuclei wars prepared by differential centrifugation followed by 

flotation of contam(nmLting material in sucrose solutions according to the 

method of Stevenson (1967). This method involves homogenization in 0.1 

Tween 80, followed by centrifugation at 600g and then centrifugation through 

2.4K sucrose to remove unbroken cell., oytoplasmio debris and nucleate remains. 

Throughout the procedure, purification was monitored by staining with aceto-

osmine fast green. 

Mitochondria wore prepared by differential centrifugation followed 

by sucrose density gradient centrifugation (Stevenson 1967), a141 ar to the 

method described by Luck (1963, 1965). A variety of homogenisation buffers 

were used to determine which gave the beat preservation of mitochondria; the 

medium used was 0.1K sodium phosphate buffer pH a 7.4, 0 .75K in sucrose, and 

the cells were homogenised as described in section 8. The homogenate was 

centrifuged at 600g for 10 mine to sediment macronuolei, large pieces of cell 

wall, pieces of gullet and whole animals. The supernatant from this centri-

fugation was then centrifuged at 10,000g for 15 mms and the supernatant 

containing ribosomee and cytosol was discarded. The pellet was resuspended 

and resedimented twice in the buffered sucrose solution before finally being 
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FIGURE 2 	Sucrose density gradient fractionation of mitochondria. 

Fractionation of a sucrose density gradient of a 2X washed 10,000g 
mitochondrial pellet,obtained by differential centrifugation of a 
paramecium homogenate. A suspension of the crude mitochondrial pellet 
was layered on a 20rnJ. linear gradient (35%-65%) and centrifuged at 
40,000g for 2hrs. Traces of transmittance at 280mi and succinic d.ehydrogeflase 
activity in the fractions are shown. 

Identical sucrose density gradient of a bacterial homogenate 
prepared under similar conditions. A trace of transmittance at 280mt 
is shown. 
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suspended in a voluae of buffer equal to that of the original. bc.ogsnato. 

This suspension was than layered on 20 Al linear (3 	6) sucrose dmaitr  

gradients which had been prepared previously. The grsd.tsnts were aentri. 

tiiged for 2 bra at 40,0009 in a k.S,1, 3 z 20 al swing out head, and after 

coasting to a stop ware fractionated from the bottom, in I Al outs using an 

1.3 , tube piszo.r, As the gradient warn fractionated the effluent was 

monitored it 28OW with an La Uvisord attached to $ recorder. 

A typical result fran s=h a preparation is shown in ?ig. 2a1 

an initiaL low peak (A) of protein is observed, followed by a larger peak (B). 

This first peak (A) wem thought to be due to bacteria, but on rain4 rig a 

bacterial preparation on the sans yp@ of gradient (i.e  Fig. 2b) so peaks 

wore observed in the positioms shown is the witoohondrial preparation, 

Each I .1 fraction from the gradient was essayed for susainic d&ydrogsnass 

(sister & Banner 1952) which is known to be located exclusively in the 

sitoohondria, This oamWm was shown to be present in the second peak (B) 

only, VhJ Oh suggests that the first peak (A) is not due to nitooIzondris. 

Examination of material from each of the peaks by oil 4 '.r.ion phase 

contrast miarasooff showed that the first peak contained bacteria and large 

PLOD" of p.Uiols with mitochondria attached, vbil the second peak 

contained almost evclusivel.y mitochondria with son, broken tri.boaysts, 

Assays were performed directly on samples from the gradient traction., 

but before rtnviing on starch gels, the fractions  contain," material were 

diluted (1 z2) with distilled water and centrifuged at 10,0009 for 10 mine s  

the pellet of nitoohondria was than hoaogsnis.d in 1 TI.100 (or 

0.11d sodium phosphate butter pH • 7.0 and used for starch gel sl.ctropboreajs, 
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13. Chromatography. 

Work with columns was restricted, to attempts to purify and separate 

the different bands of malio d.by&rogsnaae observed on starch gels; both 

Sep had ex G.100 (gel filtration) and tE.A-cellulose (Whatnians DE 22 Lou 

exchanger) were used to determine whether the differences in mobility observed 

were due to charge or size differences and also to try and obtain better 

resolution of the aitoohoudria]. form. 

Sephadex G.100 was equilibrated at 400  with 0.IM ZC1 in 0.5k 

tris-1 buffer pH a 7.5 for 48 hra. The equilibrated Sephadex was packed 

in a I x I x 25 an column at a flow rate of 10 al/hr. A I ml sample of extract 

was applied to the column which was run at 25 4/hr., 3 ml fractions being 

collected. The effluent was monitored at 2% vp using an LKB Uvicord and the 

fractions were assayed for MDH activity as described in Table 3. 

A similar extract was run on DEAE-cellulose, equilibrated and re-

cycled as described. in Whatmans Laboratory Manual. A 1.5 x 25 an column was 

packed at a flow rate of 78 m],/hr and run at 20 al/hr for 12 hrs. before 

applying a I nil sample of extract. The sanq,le was eluted with a linear 

gradient from 0.02U phosphate to 0.2M phosphate pH a 7.0 at a flow rat. of 

20 ml/hr and the effluent from the column was monitored at 280 W. using an 

IB Uvicord, The fractions were then assayed for MDH activity an shown in 

Table 3. 

Fractions were concentrated for starch gel electrophoresis by pipetting 

into visHng tubing which was sealed at both ends and placed in 50) poly-

ethylene glycol at 40C. When the volume had been reduced to 0.1 - 0.2 ml 

the visking tubing was removed from the polyethylene  glycol and the 

concentrated fraction removed by pipette, ready for e].eotrophoresis. 



23. 

Crossing, cloning and induction of autog.iiy. 

The techniques for these three processes are described in detail 

elsewhere (Sonneborn 1950). Cloning involves the isolation of single *nii,*1 

by aicropipette into depression slides containing bacterised Lettuce medium. 

The slides were then incubated until approximately two hundred animals were 

observed in a single depression, 	transferred to tubes and then grown up 

for harvesting. 

Autogai' was induced by rapid growth followed by starvation 

(Sonneborn 1937). A single animal was introduced into a slide depression 

containing culture medium, after 24 bra one of its progeny was transferred to 

another slide depression and the process repeatedly daily. As the animali 

starved down, they were tested for autogar by staining a sample with Aceto-

carmine Fast green. Autoga*y was recognised by the disintegration of the 

macronucleus into several fragments; using this technique slide depressions 

with 90-00% autogamous animals were found. Exautogamous clones were then 

established and autogszy was backohecked after one or two fissions. 

Genetic analysis of enzyme variants. 

Crosses were made between clones with differing enzyme  eleatrophore tic 

mobilities and the two exoonjugants from such a cross grown up as separate 

clones. Comparison of two such clones derived from the same cross indicates 

whether the enzyme studied was controlled by a nuclear gene; if both clones 

were identical a nuclear gene was implicated., but if they were different, i.e. 

each expressed their respective parental types, a cytoplasmic "gene" would be 

implicated. If nuclear control was implicated in this manner, a further 

check was undertaken by obtaining an F2  from such a cross. An F 1  clone was 
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passed through autogamW and the resulting exentogaoua F clones were screened  

for the two parental types. A segregation into the two enzyme types approxi-

mating to a 1:1 ratio, would indicate control by a nucear gene. Thus using 

both techniques the location (nuclear or cytoplasmic) of the genes controlling 

a particular enzyme can be indicated and nuclear control, if it occurs, 

established conclusively. 
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FIGURE 3 
Diagramatio representation of starch zymograms of rnalate dehydrogenase(MDH),iso-citrate 

d.ehydrogenase(ICDFI) ,fumarase(FtJM) ,3-hydroxybutyrate dehydrogenase(3-HBDH) ,glutamate 

dehydrogenase(GDH) ,succinio dehyth'ogenase(SDH) and glucose-6-phosphate dehydrogenase 

(-6-PDH). The buffer systems and enzyme staining solutions are those shown in Table 2. 

Two inserts are shown for each enzyme,a 70,0009 supernatant fraction (sn) and a 
triton X-100 extract of a 70,0009 pellet fraction. 
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RESULTS 

Part I. Preliminary study of electrophorotic patterns and buffer systems. 

I • Substrate dependence and buffer systems. 

Tests were made for a range of ensyme activities after starch gel 

.leotropboresis of paramecium extracts, firstly to detect the presence of the 

enzyme in paramecium and secondly to find the optimum conditions for their 

separation. The enzyme activities found were then used for the studies 

outlined in the introduction. Typical results for stocks of syngen I are 

shown diagrtioslly in Pig. 31 each gel has two inserts, one being the 

supernatant fraction and the other being a crude sitoohondrial extract 

prepared by differential centrifugation. The sitoohondrial looaliaation 

was later confirmed by electrophoresis of uiitoohondria prepared by sucrose 

density centrifugation. 

Each mayae system was tested for substrate dependence by omitting 

substrate from the assay mixture before incubation. In this way malate 

deh.ydrogenase (NAD), fuasrase, 3—kydrozybutyrate dehydrogenas.  (NAD 

glutamate tehydrog.nase (NAD) and suooinio debydrogenaae were shown to be 

completely substrate dependent i.e. no stain was obtained in the absence of 

substrate. Glucose.-6-phosphate and isooitrate d.bydrogenaaea each showed 

two bands of activity on electrophoresis, one migrating towards the cathode 

and the other towards the anode. In the absence of substrate neither of the 

anodal bands corresponding to each enzyme showed any staining reaction but 

the oathodal band showed a staining reaction in both oases. Two explanations 
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were considered for the lack of substrate dependence of the cathodal band: 

either the band indicated the presence of a MAD? 'nothing' dehydrogsnase 

(Wilkinson 1965, Scandalios 1968) or there might have been activity due to 

bound substrate. In order to test the latter explanation extracts were 

dialyzed against 0.1K phosphate buffer pH a 7.4 (+ 0.1 mg/rn]. NADP) at 

for 12 bra. and then subjected to starch gel electrophoresis followed by 

staining. After this treatment the band was found to be wholly dependent on 

the presence of iooitrate in the assay  mixture and so was presumably isocitrate 

dehydrogenas.. Thus gluoose-6-phosphate dsbydrogenase occurs in a single 

form, namely the anodal cytoplasmic band. 

A variety of buffer systems have been used for the enzymes studied 

with the object of obtaining optimum conditions for the detection of variants. 

Iaooitrate dehydrogenase was subjected to eleotrophoresis using threc buffer 

systems other than that shown in Pig. 3. 0.01K trissoitrate at pH = 8.0 and 

p1! a 6.0 both gave greater migration rates but the sharpness of the cathodal 

band was considerable reduced and the anodal band was 	completely inactive. 

The discontinuous system of Poulik was also used but gave a considerable loss 

of activity. Although the migration given with 0.01K phosphate-citrate pH a 7.0 

was not great for the cathodal band, this system was routinely used due to the 

stability of the enzyme in this system as compared to the other systems. 

Five alternative buffer systems were used for the electrophoresis of 

furnarase, namely 0.01K phosphate citrate pH = 7.0 and pH a 6.0, 0.01K txia-

citrate pH - 6.0, 0.01K tria-HC1 p1! - 8.4 and the discontinuous system of Poulik. 

Using the first four systems similar migration distances were observed, with 

reduced activities in the last three of these. The discontinuous system of 
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Poulik gave enodal migration of this enzyme but the activity and sharpness of 

the bands were considerably reduced, so O.OIU phosphate-citrate p1! • 7.0 was 

routinely used. 

3-hydroqbutyrats de1ydrogenase was examined using the discontinuous 

system of POulik and 0.OIM phosphate-citrate p11 a 7.0. No migration from the 

origin was observed with the latter system and so the discontinuous system of 

POulik was routinely used. 

The catho daily migrating sons of activity of m.1io d.hydrogenase has 

not been resolved into discrete bands by the use of a wide range of buffer 

systems (0.01M phosphate-citrate pH a 7.09  0.01k tria-HC1 pH a 8.49  0.01k trio-

citrate pH a 8.0 and pH - 6.0 1, discontinuous system of poulik and 0.01k 

glyoine-NsOH pH = 9.0). Using any of these systems the cathodal band appeared 

as a smear and so 0.01k phosphate-citrate p11 = 7.0 was routinely used for this 

enzyme because the anodal bands were well resolved. 

Assays of several other enzymes (aoonitas., puruvio dahydrogenase, 

c"ketoglutarate dehydrogenaee, a,-glycerol phosphate dabydrogenase, choline 

oxid*se, m1i  0 enzyme, NAD-dependent in*-citrate dehydrogenase and hexokinase) 

were made after stach gel eleotrophoresia, but no activity was detected, 

except in the case of hexokin.ase. Spectrophotometrio assays were attempted 

with cz.-k.toglutarate dshydrogenase, malio ensyme and aconitase, but activity 

was only detected in the latter case. The negative results obtained with 

aconitass after starch gel electrophoresis oou1.i have been due to the assay 

mixture used; this consisted of sodium citrate, NADP, isocitrate d.1'drogenase 

and manganese chloride and was designed by the author. Possibly by varying 

the concentrations of reactants a workable system could be found. Both 
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FIGURE 4 	MitochondriaJ. Localisation of Enzyme Activity: 

The graphs(all referring to the same gradient) show the fractionation of a 2X washed 10,000g xnitochon-

dnal pellet on a linear sucrose density gradient( 35-65%) centrifuged at 40,0006 for 2hrs. The trans-

mittance at 280mt is shown by the continuous trace and the various enzyme activities by the discontinuous 

traces. The fractions ,34.,5&G,and 7&8 were pooled in the pairs given and centrifuged to sediment the 
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a-ketoglutarate and pyruvate dehydrogenaaee require several cofactors which 

were assumed to be in sufficient concentration in the extract but may not have 

been. Thus the lack of detectable activity may have been merely a reflection 

on the assay system used. 

2. Mitoohondrial localisation. 

Although the enzymes described have been ohown to be localized in the 

mitochondria by crude cell fractionation the possibility of contamination of 

the mitoohondrial fraction with other cell organellee cannot be excluded. 

To establish the localisation of these enzymes more rigorously, mitochondria 

were prepared by density gradient centrifugation (as described in Materials 

and Methods). Fig. *. shows such a gradient analysed for protein (abaorbtion 

at 280 zi), malate cIebydrogenase  ,suooinic debydrogenase, isooitrate deIydro- 

genase, 3-hydroxybutyrate deydrogenaae and glutamate dehydrogenaae. The 

enzyme activities show peeks oorre3pondlng to the second peak of protein, 

which has been shown to be mitochondrial. U3ing an identical gradient, 

mitoohondria from the same homogenate were pelleted by centrifugation from 

the fractions and subjected to starch gal electrophoresis after hcmogenisation 

in O.IM phosphate buffer pH = 7.4. 

Three fractions A, B and C (Fig. ) were obtained by pooling the 

pairs of fractions 3 and i, 5 and 6 end 7 and 8. The zymograms of these 

fractions, tagether with the homogenate and supernatant fraction are shown 

in Fig. 5. Before e].3otrophoresis for sUCOi::tc lehydrogenase, 0.05 ml 

of 1% triton X.100 was added to each fraction in order to release the enzyme 

from the mitochondria. Activity was only observed at the origin (Fig. 5); 

it is thought that this was due to the lack of release of enzyme from the 

mitochondria and does not indicate that the bands normally observed are not 
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FIGURE 5 	 Localisation of Zones of Activity on Starch Gels. 

Diagrammatic representation of zymograms showing. the banding pattern of 

various cell fractions,includi.ng mitochondria prepared by sucrose density 

gradient centrifugation (Fig4). The buffer systems and assay solutions 

are shown in Table 2. These results were obtained using a homogenate of 

paramecia from stock 513 (Syngen i). 
Key to Symbols: 	H - homogenate; Sn- supernatant from centrifugation 

of H at 10,000g for 20niins; A- fractions 3 & L. from density gradient (Fig.L-); 

B - fractions 5 & 6; C - fractions 7 & 8; Ba.- bacterial' homogenate pre-

pared in the same way as the paramecium homogenate. 
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mitochondrial, Fractions 3 and 6 (Pig. 4) were ,_mined, by phase contrast 

microscopy as described previously and together with the enzyme  profile 

indicate that peak (2) contains mitochondria and that the bands observed on 

starch gel are due to mitoohondrial enzymes. 

Although peak (2) oontains broken triohocyctc these are not present 

in large amounts. The enzyme activities show a distribution along the 

gradient similar to that of euocinio dehydrogenase which is exclusively 

mitoohondrial. It therefore seems unlikely that the trio hocysta are 

responsible for the observed enzyme activities. The peaks of enzyme 

activity are divided between fractions 5 and 6, malate and iaooitrate 

dehydrogenase appearing in fraction 5 and the remaining activities in fraction 

6. The reason for this is not known. Although this variation provides an 

interesting point for investigation, it does not invalidate the aitochondrial 

II 
	

localisation of the enzyme activities. 

3. Bacterial oon'tmination. 

The possibility of bacterial contamination in the preparation of 

extracts is a very real one as there will be considerable numbers present in 

the culture fluid. In order to eliminate the possibility that ay of the bands 

observed on starch gels were bacterial in origin, cultures of axenically grown 

cells were compared with those grown on bacterised medium. Stocks 51 (syngen4.) 

and 5OS (syngen 1) were compared for fumars.s., isocitrate d.hydrogenase, 

glutamate debydrogenaae and sucoinate debydrogenase.  These enzymes were shown 

to be identical in both axenic and bacterised, cultures and this demonstrates 

that these enzymes  originated from paramecium. 
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As regards aa]ste dehydrogenase, the mitoohond.rial and supernatant 

forms were identical in baoterieed and axanic oulturea, but the third set of 

bands (Pig. 3) were absent in the axenioally grown cultures, suggesting that 

these baths were bacterial (see Part III for details). T0  demonstrate that 

the 3'4ydrorbutyrate dehydrogenase observed on the gels was not due to bacteria, 

an extract of Aerobaotez vengenes was prepared and compared with an extract 

from a bs.cterised paramecium culture. The activities and eleotrophorstic 

patterns were totally different, the paramecium enzyme migrating towards the 

cathode and the bacterial enzyme towards the anode. This result establishss 

that the enzyms pattern obtained with paramecium extracts is due to the 

paramecium and not the bacteria. 

1, Conclusion. 

In this section it has been shown that Earameciuso surelia contains 

the following enzyme activities, isocitrati deliydrogenass, suocinic dskydro-

gonase, inalatø dehydrogonase, glutamate dahydrogena.se, glucose -6-pho spliat. 

dehydrogenase, 3-bydrobucyrate dshydrog.nas., fumaras., hexokinase and 

aconitase. All but the latter have been detected after starch gel sleotro-

phoresis and the suboelluJ.ar localization of the zones of activity has been 

rn*tablished by cell fractionation. The possibility that some of the zones 

of activity detected on starch gel aleotrophoresis were bacterial in origin 

has been considered and by using axenically grown cultures it has been shown 

that all the zones of activity, except for some in malate dehydrogenase, are 

due to paramecium. Assays for several other enzymes have been made without 

positive results, possibly due to technical difficulties rather than the 

absence of these enzymes. 
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Part II. Iaooitrat. dehydrogenaae. 

The object of studying  this enzyme was to examine the genetic 

relationship between the supernatant and mitoohondrial forms of the mayae 

and to study the nature of the genetic control of the aitoohondria]. enzyme. 

The genetic control of the supernatant form has been studied in the mouse 

(1endereon 1965), but no studies have previously been made on the mito-

ohond.rial form. Genetic variants of both forms have been found in 

paramecium and have been used for the studios outlined. 

1. Eleotrophoretio variants. 

Eleotrophoresis of extracts from two different stocks of paramecium 

(Syng.n 2) have shown two variants, one being in the cathodal bend and the 

other in the anodal band (Pig. 6(a)). The great majority of stocks, however, 

are al:Ure in regard to the positions of both anode] and cathodal bends and 

will be referred to as the norma]. types. Preparation of aitoohondria by 

sucrose density gradient centrifugation,, followed by starch gel electro-

phoresis of aitoohondrial extracts, confirmed that the cathodal band was 

mitoohondrial and the anodel band is cytoplasmic. 

The homozygous pattern of the cytoplasmic variant (ICD 0-'l) shows two 

bands of activity while the normal form (ICD 0-2) shows only a single band. 

The slow migrating (r) band of ICD0-1 is of lower activity than the fast 

migrating band (x), which has the same mobility as the normal form. The 
homosygoua 'normal' pattern of the initoohondrial enzyme (ICD a 1 ) shows a 

single bend, whereas the variant homozygous form shows three bands of activity 

(a, b and o). The central band (b) has the greatest intensity of staining 

while bands a and o are of lower and almost equal intensity. The possible 
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Starch gel zyxnograms (photograph & diagram) showing common and variant form 

of both supernatant and mitochondrial iso-citrate d.ehydrogenase. Also shown 

are the heterozygote patterns of two crosses: (i) the common mitochondrial 

form (ICDm_1) X the variant mitochondrial form (ICD-2) and (ii) the common 

mitochondrial form (ICDm_1) and the variant supernatant form (1cD 0-1) X the 

variant mitochondria]. form (ICDm72)  and. the common supernatant form (ICD0-2 

For cross (i) the two exconjuant clones (a & b) from one pair of conjugant 

are shown 

The stocks used were 1010 (ICD1 7 ICD0-2) ,Du 41/2 (ICD71,ICD0.-1) and  58 

(IcD,,,-2,IcD-2),all of Syngen I. 
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A. 	ICDMI 	 ICDM 2 	 TOTAL 

25 	 32 	 57 

X 2 a 0.86 not significant & the 5 level 

DMYME 	ICDCI 	ICDc_2 	TOTAL 

ICDMl 	5 	10 	15 

ICDj2 	8 	13 	21 

TOTAL 	13 	23 	36 

ICD 	2 

ICDc - 2 • 2.76 not 
significant at the 5% level. 

TABLE 4.: 

Segregation of the alleles for aitoohond.rial iso-citrate dehydrog.nase 
obtained by passing a heterozygote (ICDI-2) through autogainy. The value 
of K  given is for the expeoted 1:1 ratio. 

Segregation of the alleles for the supernatant (lcD ) and jaitoohondrial 
(ICDM) forms of iso-citrate dahydrogenase obtained by paaing an F 1  (stero- 
zygous for both sets of alleles) through sutogamy. The values of 	are 
given for the expected 1 :1 ratio. 

B. 
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explanations for these patterns will be discussed in detail in a later 

section (see p.33). 

Genetics of mitochondrial and supernatant forms 

The genetic studies consisted simply of crossing normal and variant 

forms and then passing the resultant heterosygote through autogar to obtain 

an P2  which was then screened for the segregation of the two types. Two 

crosses we made, one involving only the 'normal' and variant forms of 

mitochondrial isocitrate dehydrogenase (ICDm111  x ICDm12)  and the other in-

volving both types of variant (IC])..1. ICD0-2 x ICD2-29  ICD0'-l). 

The pattern shown by the two exoonjugant clones from a given pair 

of the first cross (ICD171-.2) is shown in Fig. 6 • Both are idu:iU.cal, 

suggesting that the enzyme is not controlled by a cytoplasmic genetic factor. 

The segregation of the two alleles into the two parental types after passing 

the heterozygote through autogai' is shown in Table 4(a). The ratio of the 

two types is not significantly different from the f :1 ratio expected and 

initoates that this mitcohondrial enzyme is controlled by nuclear genes. 

The heteroaygote pattern obtained in the second cross (ICD1,  ICD0 '-2 x 

ICD221 ICD0 '4) is shown in Fig. 6 . 	 Heteroaygotea of this type were passed 

through autogamW and the resulting F2  screened for the four possible phenotypes 

(IcD0-'1 1, ICDm'lJ  ICD0-2,  IcDm•l; ICD0-1,  ICDm2;  ICD0-'20  ICDm72)s  The 

segregation is shown in Table 4(b)  and although the numbers examined are small 

it can be seen that the mitoohondr'ial and supernatant forms are controlled 

by different gene loci. No close links  occurs between the two loci. 

Sub-unit structure. 

On starch gel electrophoresis, both the variant forms show multiple 

bands which cannot be due to the heterozygous, state as both are howosgoua 
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clones. By considering the homorgouse and heterozygous patterns obtained 

on starch gel eleotrophoresia deductions can be made about the sub-unit 

structure of this easy-me. 

The cytoplasmic variant form shows two bands of activity and when 

crossed to the common, single banded form the heterosygote  shows two bands as 

well, with the slower migrating form (r) giving a lower intensity of staining 

than in the homoaygous state • This pattern can be accounted for in three ways: 

I • the slower moving band is due to a separate protein not present in 

most stocks, 

the pattern is due to an alteration in the structure of the common 

form allowing two conformations of the ensy-me to exist, or 

the alteration in the structure of the variant form allows the 

binding of a small molecule which alters the charge of the enqae so 

that a bairn of slower mobility is produced. 

The following pieces of evidence suggest that the first explanation is unlikely 

and either of the other explanations could be correct. Mien clones heteroiygous 

for the variant and common forms were passed through autogaiy, the two bands of 

the variant segregated together and not independently. This suggests that the 

second band of activity in the variant is not a separate protein unless vezy 

closely linked to the isocitrate dehydrogenese locus. Also the second band has 

the same substrate, coenzyme and eofaotor requirements wiob would again suggest 

that this band of activity is due to the same protein as that in the first band 

of activity. Without further evidence it cannot be conclusively stated that the 

second band of activity is due to the same protein but it seems to be very 

probable. 

The three banded pattern observed with XCDa2  can be explained in 
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FIGURE 7 

Diagram of the possible explanations for the eleotrophoretic pattern of iso- 

citrate dehydrogenase. The enzyme phenotypes (homozygous and heterozygous) 

predicted by each explanation are shown,together with the ratios of the diff- 

erent types of dimer produced in each case. 

Symbols: 	o denotes a non-functional operator locus and X denotes a charged 

coenzyme or other small molecule. 
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several ways and from these explanations the expected beterosygote pattern 

can be predicted. These will be described and then considered in relation 

to the observed heteroz.ygote pattern and other relevant data. 

Multiple banding has been observed with other enzymes including 

aitochondrial malate d.ehyd.rogenase. Several explanations have been put 

forward, namely that the different bands represent conformers (Kitto at al. 

1966), or in the case of alcohol dehydrogenaae that they are due to binding 

by the protein of ooenaynies or other mpii  molecules (Unaprung & Carlin 1968; 

Kaplan 1968). Both hypotheses when applied to the pattern of ICDaU2  will 

predict a snd.lar banding pattern for the heterozygote formed when ICDm2 in 

crossed with ICD_l  and so only the small molecule binding theory wiL. be  

considered. ICDal  and  ICD72  are considered as different in structure, in 

that XCDm2  is able to bind one or two charged molecules (I') thus giving the 

three bands a, b an c (Tl-. 7(A)). In the heterosygous state half the 

quantity of bands b and c would be expected as only one allele for ICDa2  1 

present. An identical situation would arise if ICD2  was structurally 

altered in such a way that if could exist in three conformations of differing 

mobility. 

An analogous explanation to that verified for lactate debydrogenase 

(Shaw & Barto 1963) can be considered., i.e4, two looi determine the different 

polypeptides. If it is assumed that isocitrate dehydrogenase is a disier, 

each polypepticle being coded for by a separate locus, a three banded pattern 

for ICDa2  would be expected, namely the two pure types and an intermediate 

}ybrid type (Fig. 7(B)). The iCDm l type could be due to identical or 

different polypeptides which do not differ in charge at this pH and so produce 
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only a single band of activity. In the heterozygote, assuming random association 

of the polypeptidea, one would again expect three bands with intensities in 

the ratio 9:6:1, as there will be 3 poljpeptidss of identical charge to every 

one of different charge. 

A third explanation (Pig. 7(C)), similar to the last, is that ICDml 

and ICD2 are each controlled by two Loci and are identical except that the 

operator locus for polypeptide B in ICD.1  is nonfunctional so that only one 

type of polypeptide is produced and therefore one band on starch gel. eleotro-

phoresis. In the hetero*ygote one woulci expect three bands but with ratios 

of intensity of :4:1 as there would be two polypeptidea of identical charge 

to every one of a different charge. 

The heterosygote (ICI1..2 Fig. 6) 	shows oni: two bands, but when 

the extract was concentrated approximately threefold band a could just be 

detected. The prc2 :f band o in lower concentration in the heterosygote 

is predicted by all three explanations, but the relative amounts of band a are 

different in each case. Explanation It predicts that band a will be reduced by 

a factor of 2 compared to the homosygote, explanation Bediots a reduction by a 

factor of 4 and explanation C by a factor of 2.23. The absence of band a was 

used as a quantitative assay in the following way: extracts of ICD1-2 and 

ICDa12 were adjusted to equal total protein concentrations, ICD m 2  was diluted 

1:2, 1:4 and 1:6 and all five extracts were then subjected to starch gel 

eleotrophorosis. Band a was detected in ICD2  in all oases except at a 

dilution of 1:6 and was not detected in ICDm12•  If hypothesis A or C was 

correct activity should not have been detected at dilutions of 1:2 or I:4. as 

none was detected in the heterosygote, but as activity was detected in these 
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dilutions, this argues against either' of these hypotheses. The absence of 

activity in the 1:6 dilution is predicted by hypothesis B and so presents 

evidence in favour of this hypothesis. 

4. Conclusion. 

The results presented here for the inheritance of mitochondrial 

isocitrate itehy-drogenase confirm the current view that the soluble proteins 

of the mitochondria are controlled by nuclear genes. The lack of close 

linkage between aitoohondrial and cytoplasmic forms of this enzyme  provide 

genetic evidence for the separate control of these two forms, a view which 

has been held for some time on the basis of immunological differences between 

the two forms. Although conclusive evidence for the sub-unit structure of 

mitoohond.rtal isocitrate debydrogena86 has not been obt.irxed, circumstantial 

evidence suggests that it is a diner, each polypeptid.e being controlled by 

a different locus. Further evidence would be required to establish con-

elusively that this enzyme is a dimer and a variant at the polypeptide A 

locus would provide firm evidence for the existence of two loci determining 

the structure of this enzyme. 

Part III. 3-hydz'oqbutyrat. dehydrogenase. 

The enzyme 3-hydroybutyrate debydrogenue  has been shown by cell 

fractionation to be located exclusively in the aitoohond.rion. This study was 

undertaken to determine whether this enzyme was controlled by a nuclear gene 

or by cytoplasmic determinants, and to gain information of the sub-unit 

structure of this enzyme. 
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FIGURE 8 	Genetic control of 3-hydrobutyrate dehydrogenase. - 

Starch gel zymogram (photograph and diagram) of the two types of 

3-hyd.robutyrate d.ehydrogenase (HBD-1 and HBD-2) foud amoung stocks 

of Syngen 9. Also shown are the hejerozygote patterns of both ex-

conjugant clones from a cross between animals of different enzyme 

type (HBD-1-2,A and B). 	- 

Table showing the segregation,into the two parental types,of.an 

F2  obtained, by passing an F 1 ,of the type shown in A.,through autogaxny. 

I 
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I • Variant forms and genetic control. 

Eleotrophoretic variants of this enqme have been detected in stocks 

of eyngens 2 0  4 rm 9, although the variant in ayngen 4 has not been studied. 

The results for syngen 9 (Tait 1968) are described here and those for syngen 2 

in Part V (p.45). Two forms of the enyme were detected in isolates made 

from a natural population and have been designated HBD-1 and HBD-2 respectively 

(Pig. 8(A)). The two forms appear as single bands with 1.2 minor bends 

migrating slightly further towards the anode in each case. The nature of 

these minor bands is not known. 

Clones of the two different enzyme types were crossed and heterosygotee 

deriving cytoplasm from either parent were shown to be identical when subjected 

to starch gel electrophoresis (Fig. 8(A) HBI) i-2A and B). These heterozygotes 

were passed through autogany and the resulting 72  scored by starch gel electro-

phoresis for the tro prentnl types. The segregation was not significantly 

different from a 1:1 ration as shown in Pig. 8(B). This result together with 

the identical patterns of FI  clones deriving cytoplasm from either parent, 

indicates that this enzyme is controlled by nuclear genes which segregate in 

the expected Mendelian fashion. 

2. Sub-unit structure. 

The five banded pattern observed in the heterozygote (HBDI-2) can be 

explained if the enzyme is a tetramer of identical subunits (Shaw 1964.). Thus 

if HBD-1 consists of four sub-units A and MBD-2 of four sub-unite B, the 

heterosygote, assuming random mixing of the polypeptidee, will have five types 

of molecule A4., A3  B9  A2B20  AB3  and Bwhioh will be in the ratio 1:4.:6:4.:1. 

Initial observations of the beterozygote pattern showed almost equal intensities 

of the five bands; this could be explained by one of several possibilities, 
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namely *phenotypic drift', presence of .zsutogamoue an1aia,  low activity of 

the intermediate forms or non random association of the polypeptidea. 

Phenotypic drift has been observed in heterozygotes of ssteraae and 

phosphatase variants of Tetrehymena (Allen I 968)and results in the expression 

of predominantly one or other parental type after several fissions of hetero-

zygote sub-clones. The mechanism underlying this phenonema is obscure, but it 

seemed the most likely explanation of the observed band patterns as it had been 

observed in ciliates before. Heterozygotes (of paramecium) were sub-cloned at 

intervals of 3 days and the initial h.terosygoto and subsequent sub-clones were 

examined by starch gel electrophoresis. All sub-clones showed five bands of 

activity and the initial sub-clones showed ratios of intensity of the five bands 

which approximated to a 1:4t614:1 ratio. The increased intensity of the 

parental bands in subsequent sub-clones was correlated with an increased per-

centage of autogwzy and therefore formation of a proportion of homozygotes, 

thus accounting for the initial observation. 

3, Conclusion. 

The results presented here have shown that 3hydroTbutyrat, de1rdro 

gena.. is controlled by nuclear genes and that the enzyme consists of four 

sub-units of ideii ioal charge. The relative staining intensities of the five 

bands observed in the heterosygote have been shown to agree with the intensities 

expected if random association of the two different polypeptides occurred. The 

initial observation of equal intensities of these bands has been shown to be 

due to some of the heterozygotea passing though autogaziy. 
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Part IV. Malate dehydrogenase. 

Italate debydrogenase was studied with the object of investigating 

the genetic relationship between the supernatant and aitoohondzial forms of 

this enzyme. On the basis of immunological studies and amino acid composition 

of the mammalian enzyme (Thorne 1960; Grimm & Doherty 1961), it has been 

suggested, though without any direct genetic evidence, that the supernatant 

and mitochond.rial forms are under independent genetic control. For a study 

of this type, genetic variants are required and in the present study were 

obtained by screening for electrophoretio variants in stocks of the same •yngen. 

It was originaLly hoped that variants of the mitochondrial form of this enzyme 

could be obtained, so that information about its sub-unit structure and genetic 

control could be gained. with these objectives in mind, the eleotrophoretic 

pattern of malate dehydrogenaae was examined and a large number of stocks 

screened for variants. 

1. Zones of activity. 

The pattern observed after starch gel electrophoresis of paramecium 

extracts in 0.019 phosphate-citrate buffer ph = 7.0 has been described in Part I 

(Fig. 3), Throu zones of activity were observed, a osthodal smear, a sharp 

anodal band and 2-3 faster moving modal bands. 1-reparations of nuclear, 

mitoohondrial and supernatant fractions were made and extracts from these 

subjected to starch gel electrophoresis. This experiment showed that the 

cathoda]. smear (designated Ma) was ait000ndrial, the intermediate anoda]. band 

(designated Mc) occurred in the supernatant fraction and the group of rapidly 

migrating anoda]. bands (designated MA)  were derived from a cell traction which 
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FIGURE 9 	 Zones of Malate Dehydrogenase activity due to Bacteria. 

The photograph and diagram show the starch gel electrophoresis of various 

extracts,stained for malate dehydrogenase( for electrophoresis conditions 

see Table 2). 

Key to Symbols: 

S  — 75,000g supernatant from a homogenate of paramecia. 	 - 

Mtx_ 1% Triton X 100 extract of the 75,0009 pellet. 

B — homogenate of bacteria spun down from a culture after removal of the 

paramecium. 

B — homogenate of bacteria from a bacterial culture used to feed. 

paramecium. 

Bact — extracts' from paramecium cultured on bacteria. 

az — extracts from' azenically grown paramecium. 
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Wa3 particulate. The MA bands varied in mobility from one preparation to 
another, sometimes being absent altogether. In the cell fractionation studies 

these bands were found not to be consistently auociated with any one sell 

component, although they were usually in the aitoohondrial fraction when this 

was prepared by differential centrifugation. 

Several pieces of evidence suggest these bands (MA) originate from 
bacteria present in the culture medium. Repeated cru is fractionation of 

paramecium hoagenatee into supernatant and mitoohoncl.rial fractions showed that 

MA when present, was associated with the sitoohondrial fraction, which could 
contain bacteria. Bacterial extracts prepared in the same way as paramecium 

extracts showed the jresenoe of bands of malate de1ydrogenase activity and in 

one such preparation the zones of activity were of identical mobility to MA 

(Fig. 9). Crosses of stocks of paramecium exhibiting MA of differing mobility 

showed that this b1nd was not associated with any genie variation in paramecium. 

All these findings together with the absence of MA in axenioaUy grown cultures, 
suggest but do not prove conclusively that MA originates from bacteria present 

in the culture medium. 

2. Resolution of the mitoohondria]. form. 

Before screening stocks for variation in mitoohondrial palate dsIydro-

genus, attempts were made to resolve the cathodal smear into discrete bands so 

that variation might be detected more readily. Alterations in the pM ard 

buffer systems did not produce any improved resolutior , as described in Part I 

and so the following explanations for the pattern observed were considered:- 

there was abaorbtion of the enzyme onto other proteins migrating 

towards the cathode. 

there was incomplete extraction from the mitochondria so that the 

enzyme was still attached to fragments of the aitoohoz4rial menthrane 

which differ in charge. 
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(3) there was binding of Alnall molecules such as sialio acid 

residues or coenzymes. 

(4.) there were various oxidation states of the -311 groups (known to 

be present in the m.m1 e ian enzyme) resulting in a series of 

enzyme molecules of differing charge. 

(5) the smear was due to a basic property of the enzyme molecule. 

Experiments were undertaken to teat whether any of these possibilities occurred, 

so that treatments could be developed to allow resolution into discrete bands. 

Purification of the crude paramecium extracts was undertaken using 

both Sepliadex G.100 and DEAE-oeliulose to remove other proteins which might be 

migrating with the ensyae. The effluent from the columns was assayed for 

activi y and the active fractions concentrated against polyethylene glycol and 

then run on starch gels. In the case of DR"-celiulose, two peaks of activity 

were detected (li,. 1i) anLl the fractions shown were run on starch gel.; the 

supernatant and mitochondrial forms were separated, but no improved resolution 

of the mitoohondrial form was observed. A single broad peak of activity was 

observed using S.phad.ex G.1000  and fractions concentrated from this peak showed 

no improved resolution on starch gel eleotrophoresis • These two results 

suggest that the smeared pattern of the enzyme is not due to its abaorbtion 

onto other proteins. 

Two experiments were undertaken to examine the possibility that the 

enzyme was attached to .ni11 membrane fragments. Firstly the crude aitoohond 

rial fraction was treated with 1 d.00holate and 	triton X. 100 (searate17) 

and the resulting extracts were subjected to starch gel sleotrophoresis, but 

no further resolution was observed. Secondly, homogenates were centrifuged 
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rIuIE 10 	 DEAE-cellulose chromatography of malate dehydiogenase 

The graph shows the fractionation of malate dehycirogenase from a homogenate. 
The continuous line shows the profile of malate dehydrogenase in the column 
effluent after elution with a linear gradient of increasing phosphate buffer 
concentration (for details see Materials and Methods). 

• 	The photograph shows the electrophoretic patterns obtained when the fractions 
a,b,c,d,e and f were run on starch gels.These fractions were obtained by 
concentrating,against ethylene glyool,the various fractions shown on the 
graph. These results were obtained using a homogenate of stock 513 (Syngen i). 
For elecrophoretic buffer systems and assay solutions see Table 2. 
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for I h." at 120 1 000g which would sediment any fragments of the same order of 

size as ribosomes. On a].eotrophoresiz of the supernatant from such a run, 

no further resolution was observed. Although these experiments are not 

absolutely conclusive, if the smear is due to binding of mitoohondrial fragments, 

these must be very small and bound very,  firmly to the enzyme. 

Dialysis of paramecium extracts against the homogenisation buffer for 

12 bra, at 40C were undertaken to teat whether any loosely bound, snail molecules 

were involved in the smearing. Comparison of dialysed and undialysed extracts 

by starch gel electrophoresis showed that these extracts were identical. This 

result indicated that if the lack of resolution was due to the binding of some 

iirn1l molecule, then these molecules were firmly bound to the enzy 

The binding of NM) to alcohol dehydrogenaae has been shown to cause 

iso.n*yme formation (Jacobson & Murphy 1967, Jacobson 1968) and a similar 

possibility was oonsiclerod for malate dehydrogenase. Addition of HAD (o,O1M 

final concentration) to extracts for 24 bra, at 4 °C prior to eleotrophoresis 

produced no change in electrophoretio pattern, although with alcohol debydrogenaae 

this concentration did produce an effect. Neuraminidase is known to change 

the eleotrophor.tio pattern of phosphstue. (Butterworth & Moss 19669  Chosh & 
extracts 

Fishman 1969). Incubation of parameoium/(with this enzyme)  at two 

different ph' s (5,5 and  7.4) at 370C produced no change in pat lern. The 

possibility of different oxidation states of the -8ff groups in the protein was 

examined by pretreating extracts with a range (100mM, 50mM, 20mM & 10mM) of 

mercaptoethairiol concentrations for 24 and 48 hours prior to electrophoresis, 

but no change in pattern was observed with any of these treatments. 

These negative results suggest that the cathodal smear may be due to 
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38 	 1+1 	79 	 0.114 

	

MD-1 	MD-2 	TOTAL 

Auto gamy 

	

22 	32 	54 	1.86 

FIGURE Ii 	 Genetic control of supernatant malate dehdrogenase 

Zymogram of malate dehycirogenase (photograph and diagram) showing the 

two enzyme types (MD-1 and MD-2) found in stocks of Syngen I. Also shown 

is a heterozygote (MD-I-2) obtained by crossing animals of different enz-

yme type. 

This table shows the segregation of malate d.ehydrogenase alleles when 

an F 1  (MD-1-2) is either backcrossed. to MD-2 or passed through autogany. 

The values for X2 are not significant at the 5% level when the figures 

obtained are compared to the expected 1:1 ratio. 
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some structural property of the enrrme molecule such as conformational isomerism 

or to some other factor not considered here. A similar lack of resolution of 

malate de}rdrogen.ae has been observed in Tetra}wmena pynforts (Allen 1967), 

where neither aupernatant nor nd.toohondrial forms could be resolved. Screening 

of different Paramecium stocks within the same syngen and also comparison of 

stocks from all 14. syngene (of Paramecium aurelia) have shown that no variation 

in the pattern (of initochondrial MDII) occurs and so no genetic studies have been 

possible. 

3 ,  Genetics and sub-unit atructue v.' the supez'natc.n'L form. 

Stocks of syngen I isolated from different parts of the world were 

screened for variation in eleotrophorotic mobility of the zupernatant band (xe ) 

of malate debydrogenaze. Two forms were found and have been designated MD 0-1 

and MD0-2 (Fig. 11 a). Clones of the two types were crossed and the asulting 

heterosygote (L0 -, 	own in Fig. 11 a. Heterzygotes of the type shown 

(ND 0I-2) were backcroaaed, to one of the parental types and, in a separate 

experiment, passed through antogan' to obtain two sets of F 2 1 30 The scgr.gstion 

of the alleles controlling this enzyme is in accordance with Mendelian inherit-

ances as shown by the figures in Fig. 11(b). 

The heterozygote (MD012 Fig. 11(a)) shows three bands of activity 

consisting of the two parantal bands with a band, of intermediate mobility. 

The intensity of stini'tg of the baths approximately to a ratio of 1:2:1 (the 

Intermediate band being the most intense). If it is assumed. that the activity 

is proportional to the amount of enzyme present the banding pattern can be 

explained if malate doh.ydrogenue is a diner. Thus, if MD 0-1 conaists of two 

identical sub-unite A, and MD,-2 of two identical sub-units B, then the 
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heterosygote (MD0I-2) will have three molecular species AA, AD and BB. This 

accounts for the three banded pattern and for the ratio of intensities observed. 

L. •  Conclusion. 

The study of the interrelationship between the mitoohondrial and 

supernatant forms of ail&te dehydrogenase and the structure of the mitoohondxial 

form has been unsuccessful owing to the lack of resolution or variation of the 

latter form. Many attempts have been made to resolve the mitoohondrial form 

but have, in all oases, failed. The third sons of activity (MA)  has been shown 

to probably be bacterial in origin, although this is not certain. The genetics 

and sub-unit structure of the supernatant form (Is)  have been elucidated and 

illustrate the ease with which such studies can be made using paramecium as an 

experimental organism. 

Part V. Independeuce of genic loci for iso-citrate deb.ydrogenaae and 3-

hydrovbutyrat. dehydrogcnaae. 

Variant froms of both isocitrate dehydrogenase and 3-bydrobutyrato 

dehydrogenase have been found in ayngen 2 and provide material for studying any 

linkage between these two enzymes. Linkage has previously been found only 

once in paramecium (Beisson and Roasignol 1969).  It is worth noting that the 

two enzymes studied are bound to the mitoohondrial membrane and it was thought 

that this similar localiaation might be reflected in the genotype. 

A clone showing the common 3-)q'droxybutyrate dehydrogenase phenotype, 

but the variant mitoohondrial iso-citrate debydrogenase phenotype was crossed 

with a clone showing the variant 3-hydro3Wbutyrate de)ydrogenase phenotype, 

but the common mitoohondrial isocitrate dehydrogenaae phenotype. The resulting 



ENZYME ICDuI ICDji2 TOTAL 

H3D-1 17 21 38 

JIBD-2 8 11 19 

TOTAL 25 32 57 

ICDM 
2 

= 0.86 not significant at the 5$ level. 
2 

6.31j. not significant at the 1% level. 

TABLE S: 

Segregation of the aUele3 for 3-hy&roybutyrate 
ühytrogenaae (kLBD) and i8o-oitrate dekiytrogenaas (lcD) 
obtained by passing an F, (hstero*ygoua for alleles at 
both looi) through autogaay. 

Value 	are given for the ezpsot.t 1:1 ratio. 
HBD..2 and ICDM-1 are the common forma and 1f3D1 and 
ICDt-2 are the variant forma of these enay&se in ayngen 
2. 
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heterosjgote was passed through autogaq to obtain an F2  which was screened for 

the tour paren al phenotypes. The results of this experiment are shown in 

Table 5 and no close linkage is evident. The figures for the segregation of 

3-hydro7burrate alleles are in the ration 2:1, the common form being the 

least frequent. ;pplication of the X2test to this segregation shows that 

these figures do not differ significantly from a 1:1 ration at the 1% level 

of significance. This is in contrast to the segregation of iso-citrate 

de4droganass alleles which gives a much lower value or which is not 

significantly different from a 1:1 ration at the 	level. It is possible 

that the different segregation ratios obtained are due to sampling errors. 

The segregation of 3.)rdrovbutyrate dsIydrogenaas alleles in syngen 9  (Part 

III) were shown not to differ from a 1:1 ration at the 5 significance level. 

zart VI. Lnsyms loxL. 

Populations in which more than a single allele at a structural 

locus occur, each allele occurring relatively frequently, are referred to as 

polymorphic. In this study the structural loci arnined all determine 

certain ensymes. The different alleles, when they occur, have been studied 

both in natural populations and in single isolates from different ide1y 

separated populations. Natural populations were studied in order to 

establish the existence of enyme polymorphism and to measure the frequency 

of the different alleles found in separate populations. In the study of 

i11 samples from isolated populations, stocks which had been isolated from 

different parts of the world were compared to exazolne whether different alleles 
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occurred in different, widely separated populations. It is not known to 

what extent 041 ng occurs between populations of paramecium and both these 

studies could provide information on this point. 

The initial observations on stocks, allegedly belonging to the 

same oyngent  and originating from different parts of the world showed oon 

siderable variation in enzyme structure. On detailed examination, using the 

test for mating reaction, many of the so called variants were found to be 

stocks of syngens other than that under stud. This suggested the poesibi1ity 

of distinguishing zyngens on the basis of the electrophoretic mobility of 

their enzymes. The practical value of this would be considerable and such a 

study could also provide information about the evolutionary and taxomic 

relationships between different sygen a. 

1. Enzyme variation in two natural populations of zyngen 9. 

Two natural populations were studied both located about 10 miles from 

Edinburgh and within 500 yards of each other, one being a lake in a disused 

quarxy (Humbie) and the other a natural. loch (Dundan). There was no 

connection by water between the two populations. They therefore provide a 

useful system for comparing two populations and the evidence of any movement 

of paramecium between them. Single isolates of paramecium from each location 

were collected and screened by starch gel electrophoresis for gluoose-6-

phosphate, aalate,iaooitrate (MAD?) and 3-bydro3qbuyrate dehydrogenases by 

the methods previously described. In any population several syngens are 

usually found. In these populations syngena 1, 2 and 9  were identified and 

in addition a few members of an unidentified syngen. The syngens were 

identified by using the test for meting reaction with standard stocks of 
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known syngen. It was found that syngen 9 predominated and so results are 

given for this syngen only. 

A total of 53 c:Lo:es, each derived from a siu1e separate isolate, 

from Dundas and 4.0 clones from Humble were screened. No variation was found 

in isocitrate, sa].ate or gluoose"4'.phoaphate dehydrogenases. The Humbie 

population was found to be polymorphic  for 3.'hydroybutyrate de1ydrogenaae, 

two forms o" this enzyme being detected (HBD'l and HBD-2 Pig. 12(a)); KBD-1 

was found to predominate, 90% of the isolate; being of this type. In 

contrast IthD-1 was not detected at all in the Dundas isolates, these being 

exclusively of the !tBD-.2 type. The numbers of individuals .mted in this 

study were small but indicate th t variants of iso-citrata, malatc nd 

g.uooae4-phosphate dehydrogenases would, if present. occur with a relatively 

low frequency. The interesting feature of these r1ts is the great difference 

between the two pouiationa as regards 3-hydrobutyrate dehyclrogenase despite 

their proximity. The low frequency of HBD.2 in Huebie could represent a 

mixing of the populations, but one would expect to find a low frequency of 

HBD-1 in Dundas, unless the mixing is in one direction only or RBD-1 has a 

very low survival rate in Dund.as. As the effect of the different forms on 

the whole organism is unknown, it is impossible to state definitely whether the 

difference between the populations ocourred by chance or is the result of 

different selective forces in each location. These questions require further 

investigation before any firm conclusions can be drawn, but could provide a 

useful system for an experimental approach to understanding the difference. 

2. Intrasyngen variations in samples from widely separated populations of 

iyngens 1 9  2 and 4.9 

It is not known whether screening single stocks isolated from 
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FIGURE 12 	 Enzyme variants 

The two types of 3-hydrobutyrate dehydrogenase (HBDH) found in a 
natural population of Syngen 9 are shown. The frequency of each allele 
in the Humbie (Hu) and Dundas (Du) populations are recorded. 

The two types of malate dehydrogenase (MDH) found when stocks of 
Syngen I ,from all over the world,a.re compared. The frequency of each 
allele is also shown. 

The variant forms of iso-citrate dehydrogenase °(ICDH) found when stocks 
from different populations of the same syngen are compared. The com-
mon form in each syngen are shown by stock 1010(Syngen 2) and stock 
317(Syngen 9). 

The variant forms of 3-hydroxybutyrate d.ehydrogenase found when 
stocks from different populations of Syngens 2 and 4 are compared. 
The common forms in each syngen are shown by stock 583(Syngen 2) 
and stock 51 (Syngen 4) 
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separate populations all over the world increases, the likeliehood of detecting 

variants but one might expect to find greater differences in a survey of 

this nature than among samples from a ainl. population. This study could 

also provide information on the differences between populations and whether 

any movement of paramecium occurred between thefl. The enzymes  suocinic, iso-

citrate, glutamate, malato and 3.-hydrozybutyrate cieiiydrogenases together 

with fumarase were examined for variation. This could not be done with 

syngen 9,  as this syngen has only been found in W •  I.urope, but syngena 1 and 

2 are found all over the world. 

A total of 22 stocks of syngen I were screened for variation in 

r'alate dehydrogenase and 90 stocks for the other five enzymes mentioned above. 

The supernatant form was found to occur in two forms as described in Part TV. 

The patterns observed on starch gel electrophoresis are shown in Fig. 12(b) 

together with the frequencies of each type found. Bcth types have a wide 

distribution, MD-f is found in stocks originating from U.S.A., France, Chile, 

Hungary, Japan and U.S.S.R., and MD-2 from U.S.A., Feru, Au3tralia, Led.00 

and Japan. No variation was found in the other five enzyins examined. 

110 stocks from syngen 2 were screened for all enzymes mentioned 

above except ma].ate d.ebydrogenaao; a total of three types of variant were 

found. Variants of both mitochondria.l and supernatant forms of iaooitrate 

dehy-drogenaze were detected (Pig. 12(o)) in single separate stocks, also a 

variant of 3-hydro'butyrate deydrogsnaee (Fig.12(cI)) was found in two stocks 

from the same location. Only six stocks of syngen 4 have been soreoned for 

variation in the same enzymes as those used in the syngen 2 survey. A 
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FIGURE 13 	 Intersyngen enzyme variation 

The electrophoretic patterns of iso—citrate d.ehydrogenase (ICDH),fumarase 

(FtJM),3—hydrobutyrate dehydrogenase (ffBDIi),nd glutamate dehydrogenase 

(c.DH) frqm sample stocks of all fourteen syngens are shown diagramatically. 

The electrophoresis buffers and enzyme staining solutions are as described 

in Table 2. 	 - 
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variant of 3-bydrorbutyrate dekydrogenaee has been detected 

which shows a five banded pattern (Pig. 12(d)) but no genetic studies 

have been undertaken. 

Although more variants have been found in syngen 2 than syngen 1 

the frequency of variation is still very low. Due to the small number of 

stocks examined in qngen, it oazinot be said whether this represents a 

high or a low frequency of variation, but there is no reason to believe that 

the frequency of variation would differ in separate sygens. The frequency 

of variation appears to be very low and so casts some doubt on the ability 

of the technique used to detect intrasyngen variation. However, variation 

was readily detected when intera'ngen comparisons wero made (see next section) 

and suggests that the low frequency of intrasyngen variation is real. 

3. Interyngen enzyme variation. 

Stocks from each of the fourteen known eyngens were screened for 

variation of the six enzymes studied in the intrasyngen surveys. The results 

(except for mAlate  doydrogenase) are illustrated diagrammatically in Pig. 13. 

Considerable variation was found in fusarase, isocitrate de1ydrogenaae and 3-

kydroxybutyrate deky4rogenase, but very little in malate, glutamate and 

ueoinio dekydrogenasea, the latter being identical for all syngens. The 

number of differences between one syngen and another vary considerably, but, 

except for ayngens I and 5, each ayngen has a unique pattern. On the basis 

of these differences the syngen to which a stock1 isolated from the wild, 

belongs can be identified (except that syngen I and 5 cannot be distinguished 

by this method). Thi3 assumes that no variation of the type observed within 

*yngens occurs between syngens. 
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Paramecia belonging to syngene 6 and 8 showed no 3-hydroçybutyrate 

dehydrogenaee activity on starch gels. Stocks from these zyngena were 

shown to posses this enzyme by spectrophotometrio assay, but the specific 

activity was reduced by a factor of 2 when compared to stocks from syngen 1. 

Assays performed at the pH used for electrophoresis showed that there was 

almost negligible activity at this pH. Although intraeyngen variants have 

been detected for this enzyme in eyngena 2, 4 and 9, the patterns shown by 

theee variants do not resemble any of the forms seen in the intersyngen 

comparison. The frequency of variation has been found to be low in both 

syngens I and 2, and as already mentioned probably in syngen 4. Comparison 

of stocks of syngen 9 from different populations has shown that the allele 

found in high frequency in Humble is not found elsewhere suggesting that the 

frequency of variation between populations is low. As no variants have been 

detected in syiagen I and only one in ayngen 2 a low frequency of intre.eyngen 

variation is suggested. 

Two variants of zitochondrial isocitrate de}ydrogenaze were detected 

in syngen 2 and 9 together with a variant of the cytoplasmic form of the 

enzyme in syngen 2 (Pig. 12(o)). As with the intrasyngen variation of 3-

hydroybutyrate debydrogenaee, the type of variant pattern does not resemble 

acy of the forms seen in the intereyngen comparison. No variants have been 

found in 90 stocks of syngen 1, only 2 in 110 stocks of syngen 2 and no variants 

in the syngen 9 populations examined, although 2 variants have been found in 

stocks from lifferont Parts of the world. The low numbers of stocks wamined 

in the other syngens (Table 6) show no variation. 



1TNG NO. OF STOCKS NO, OP VAR.L1\N2.i 

I 90 - 

2 110 3 (H3D, 2ICDd) 

3 3 - 

6 

5 2 - 

6 3 - 

7 3 - 

8 3 - 

JIThIII A 	53 
POPULATIONS ) 	 40 36 (HID) 

6 2 (iiii, 1GM) 
POFULATICM  

10 1 - 

11 2 - 

12 1 - 

13 3 - 

IA,. I - 

mat 6: 

The number of stooks of each aynan examined for 
variation in a uooinis dshydrogsnaa., glutaaste dshydro-
pnees, 3-4drszybutyrst. tshydrog.nau, (HUH, Lao.. 
sitrut. *s)ayrogsasss (lCD) and fu.araa•. CnJ.y three 
stooks of mynjan 13 and one stock of iynsn 14 are 
known. The third column, Z'eOOr&s the number of  vwi&nts 
found in  each aynan and (in brackets) the variant 
snaya. 

N.3*  2hs nunbsrs of stocks 0main.4 within the two 
natural populations wor, not screened for glutamate 
dhydrogsnas., suooiaate 404drogsnaa. or tuaarssc, 
A - Dundas; B - taabis. 
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The low frequency of intrasyngen variation (Table ) shows that the 

enzyme patterns in Pig. 13 are typical for each syngen. Taken together with 

the type of intrasyngen variation observed, it is possibL to identify the 

syngen to which any stock belongs by examining the electrophoretlo pattern of 

the four enzymes in Pig. 13. In order to test this possibility a series of 

stocks of unknown syngen were screened for enzyme mobility and on this basis 

classified into syngens. This classification was then checked by testing for 

mating reaction and in nearly all oases shown to be correct. The results of 

this study are shown in Table 7, together with the classification of certain 

stocks which had previously been wrongly labelled. This table and the method 

of identification is best explained by taking an example; an extract of Till 2/3 

was examined by electrophoresis, together with extracts from stocks of the 

various syngeri. For each enzyme in Table 7 the syngene with identical 

enzyme mobility to PHI 2/3 were recorded and then the syngen with all enzyme 

mobilities identical to THI 2/3 was underlined and concluded, as the ayngen to 

which this stock belonged. Two features of this table squire comment s, firstly 

the identification of the syrigen 9 variants (He 2/8, He 4/9, Pisa 7A and 

Bi 205/2) and secondly the identification of a new ayngen (x, Stock Du 79/1). 

The variants of syngen 9 resemble this syngen in all enzymes studied except 
dehydrogenase 

mitoohondrial isocitrate/which was of a mobility unlike any other syngen. 

The stock Du 79/1,  designated syngen X. is also identical to eyngen 9 except 

for mitooiondrial isocitrate d&ydr'ogenaee, but this enzyme differs from the 

variants of syngen 9 in having a mobility identical to syngena 4, 10 and 11. 

These results have been checked by carrying out tests for mating reaction and 

shown to be correct, no mating reaction being obtained with IXI 79/1.  This 

I-k. 



SYNGEN 

STOCK ICDH FUMARASE 	3-0HbutDH ENZYME 
mobility 

using 
mating 

153/183 6 1,50,9,11,14. 69 8 6(1) 6 

M 4.1,10,12 
S 23 1,5,6,9,11,14. 4,9,11 X no 

reactions 

38 6 1,5,6,9,11,14. ,8 6(7) 6 

Hun-5 2 or 3(1) 2 

578 2 9 ,7 2 or 3(1) 2 

583 
11-N 

 2 or 3(1) 2 

THI2/3 1,5,7,8,2 1 ,5, 6 ,2, 11,14  4,,11 9 9 

SED-2 1,5,7,8,2 1,5,6,2,11,14. 4.,2,11 9 9 

P199/4. 10,72892 1,59 6 9 2,11,14. 4,,11 9 9 

He2/8 
MaiN 
S-195,7,8, 1,5,6,2,11,114. 4.,2, 11 9' 9 

- 11e4/9 
11-N 

S.'1,5,7,8,2 1 ,5,6,2,11,14. 
4,,11 9v 9 

B1205/2 
M-N
-1,5,7,8,1 1,5,6,2,11,14. 4.,2,11 9v 9 

Pisa-7& 
M-N 

S 1,5,7,8, 1,5,6,2,11,14. 4,,1i 9 

32 6 195,6,,i1,14 kv 8 6(4) 6 

TABLE 7: 

Identification of the syngen to which unidentified or wrongly labelled 
stocks belong, using enzyme mobilities. The syngena with enzymes of identical 
mobilities to those of the stock being examined are listed under each column 
headed by an enzyme. The syngens underlined in each of these columns are those 
common to all three enzymes for each stock. The underlined eyngen is recorded 
in the column headed syngen (enzyme mobility). The figures in brackets in the 
latter column refer to the syngen which the stock had originally been labelled.. 
The last column indicates whether the syngen classification has been confirmed 
by mating reaction. 

Key to symbols: M-mitoohondrial; S-supernatant; N-new form of enzyme nn14c. any 
found in other syngena; X-new syngen which does not conjugate with any ayngens 
tested; IC DM-iso-citrate deIydrogenase; 3-OHbutDH-3-4drobutyrate  deIydrogenase. 
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result brings out an important distinction between the banding pattern of a 

variant stock of a given eyngen and that of a new syngen. The variant shows 

a banding pattern in one enzyme which is not like the patterns observed in 

the common stocks of any syngen, whereas the new ayngen shows a different 

combination of the bands already exhibited by the other syngens. This 

distinction is however based on one example and therefore may not be valid 

in general. 

The results of run1ir.G stocks from all fourteen syngena for aslate 

debydrogenaao are shown in Fig. hi. In comparison with the other enzymes 

studied, this enzyme shows less intersyngen variability. The cytoplasmic 

form of this enzyme has been shown to be polymorphic in the intrasyngen study 

of syngen I to a much greater extent than the other enzymes. An the intra-

syngen variability has only been examined in one syngen this finding cannot 

be considered general without further screening within several other ayngens. 

1. Conclusion. 

It has been shown that enzyme pol.ymerphiam occurs in a natural 

population of paramecium and that the frequency of the alleles is very 

different between two populations in close proximity. A study of stocks 

Isolated from different parts of the world has shown that intrasyngen variants 

occur rarely with isocitrate dekydrogenaae  and 3*hydrorbutyrate but that 

malate debydrogenase occurs in two forms which are widely distributed. The 

data on the polymorphism of malate dehydrogenase between populations, suggests 

that one population can mix with another unless one assumes that the two alleles 

were produced in different populations entirely independently. The more 

detailed study of 3-bydrobutyrate dehydrogenaee does not give an unequivocal 
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of all fourteen syngens is shown diagramatically. The dotted band for 

Syngen I shows the position of the variant form whiôh was found in 

slightly lower frequenoy. The electrophoresis buffers and enzyme staining 

solution: is that described in Table 2. 
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answer to the question of the extent of mixing between populations, but 

provides a system for its study. 

The study of intersyngen enzyme differences has shown that con-

siderable differences occur and that each syngen, except for syngens I and 3, 

has a unique pattern. This is of considerable practical value in the 

identification of stocks isolated from the wild, The identification of a 

syngen by mating reaction is laborious as one must have representative stocks 

(of both mating types) of all fourteen syngene in a reactive state. 

Classification by enzyme mobility may also have considerable applications 

for the classification of other protozoa into sub species,, particularly 

where mating is difficult or impossible. If these differences were studied 

in more detail (by peptide mapping and amino acid analysis) information 

could be gained about the evolutionary relationships of the syiigens and the 

enzymes themselves, 



DISCUSSION. 

The aim of this work was to investigate the genetic control of 

certain entymes  and iao.ns.ymes in Paramecium aurelia. It has been established 

that variation in elsctropbor.tio mobility of certain enyaes occurs between 

stocks within natural natural populations of one syngen, in different natural 

populations of one syngen and in different syngens. The data on the first 

two types of variation are scanty compared to similar data obtained with 

populations of other organisms (Harris 1969; Stone .t al 1968) and so do not 

allow much discussion on the implication of these findings. Consequently 

this discussion has been limited to three specific topics: isoen&ymee, 

genetics of mitochondrial proteins and interayngen  enjWm variation. The 

results obtained and the kind of conclusions which may be drain from the 

experimental approaches used in this study will be considered in relation to 

work of a similar nature carried out with other organisms. 

1. Isoensymes: 

The term isoenqme is a very broad and ill-defined one and numerous 

classifications of different types of isoensyme have been ae4e on the basis 

of a few examples (Wi1HnAon 1965; Kaplan 1968). Different forms of an 

enzyme which are observed when different organisms or different tissues are 

compared will not be considered here, but only the multiple forms occurring 

in one can type. This allows a broad division of isoenayaes into two classes:  

(i) those enzymes exhibiting multiple forms due to genetic causes and (ii) 

those enzymes exhibiting multiple forms due to non-genetic causes. The first 

class can be illustrated by considering lactate dehydrogenaae and iso-citrate 
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debydrogsnas.. The multiple bands of lactate dehydrogenase are due to the 

random association of two poLypepti&es, specified by different loci,, into 

tetramerz (Shaw & Barto 1963),  The two zones of iso-citrate dehydrogenase 

(mitochondrial and supernatant) have been shown, in this study, to be coded 

for by separate loci specifying each form. Thus in both oases the multiple 

banding is a consequence of the presence of more than one locus affecting the 

enzyme. The second class consists of isoenaymes formed by as interaction 

of a single protein with small molecules (siilio acid, coenzymes, substrates, 

etc.) or with proteolytic enzymes; or by a single protein odsting in more 

than one conformation. These two classes are most probably found in para- 

mecium and research has been direoted, towards providing a better understanding 

of them. A genetic approach has been w'ed,iu this study, as it helps to enable 

the relationship between different forms of an enzyme to be established, as well 

as determining the sub-unit structure of the enzymes. The enzymes iso-citrate 

dehydrogenase, malate dehydrogenase and to a lesser extent, 3-hydro2ybutyrate 

delydrogenase have been studied in detail in this respect. 

The occurrence of two forms of several enzymes which are localized 

in the aitoohondrial and supernatant fractions respectively, has been described 

e.g. malate debydrogenas. (Thorne : Cooper 1964; Grimm & Doherty 1961), as 

partate amino transferase (Borat & Peters 1961; Elohel and Buktvsi 1961) and 

iso-citrate dehydrogenase (Henderson 1965).  The question has Loen posed 

(Henderson 1968) as to whether the ft forms are different proteins under in-

dependent genetic control or whether they are due to modification of one protein, 

which results from, or give, rise to, the differences in sub-cellular localization. 

Considerable biochemical and immunological work has been undertaken with both 
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no-late debydrogenaae (Seige]. & Enodbard 1962; Bnghard et .1 1961) and iso-. 

citrate debydrogenaa. (Kornb.rg & Pricer 1951; Lowenstein & Smith 1962; Bell 

& Baron 1964), These investigations have shown that the different forms of 

these two enzymes show considerable difference in eleotrophoretic mobility, 

catalytic properties, immunological specificity and, in the case of malate 

dehydrogenaae, in the peptide maps of the two forms. Prom such evidence, 

the different forms of these two enymea have been considered to be different 

proteins. The observation that variation in one form is not correlated with 

variation in the oth (Henderson 1965; Davidson & Coa'tner 1967 (a) a (b)) 

again suggests that the two forms are probably under independent genetic 

control and are therefore different proteins. As both forma of malate 

dehydrogenaae have been shown to be diners (Kitto and Kaplan 1966), the 

possibility of supernatant and mitoohondrial forms having one po]ypeptids in 

common cannot, however, be el1m4ntted. A similar situation could also 

occur with iso-citrate ds1rdrogenase but this is not certain as only the 

supernatant form has been shown to be a diner (Henderson 1965). 

The results presented in this study for malate ttehydrogenaee show 

that, in paramecium, mitoohondrial and supernatant forms of this enym. occur. 

The lack of variation and the poor resolution of the isitoohondrisl form has 

made it impossible to carry out any studies on its structure and relationship 

to the supernatant form. The genetic variation shown by the supernatant form 

has been used to show that the latter is a diner, as in most other organisms 

studied. Suggestive evidence for the independent genetic ountrol of the two 

forms is provided by thw i&k of concomitant variation in the nzitoobond.rial 

and supernatant forms. 
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In paramecium, Lao-citrate d.hydrogenase  has been shown to occur in 

two forms, one located in the supernatant fraction and the other in the 

mitoohondrial traction, as previouy described in 	 The supernatant 

form has not been shown to be a diner, but there is suggestive evidence that 

the aitoohondrial forms is diaerio. In paraaeciuin,aultiple zones of iso-

citrate debydrogenase activity are observed and can conveniently be divided 

into three ostegoriesi 

I • Two zones of activity which are located in the aitoohond.rial and 

super:. '.tant fractions respectively. 

Three zones of activity in a variant of the mitoohondrial form 

as compared to a single zone in the normal type. The variant pattern 

is probably due to the enzyme being determined by different loci. 

Two zones of activity in a variant of the supernatant form as 

compared to a single band in the normal type. Although the double 

banding occurs as a result of a genetic difference in the protein, it 

is probably caused by interaction of the variant protein with some other 

nel.oule and thus can be nterred to as non-genetic. 

The genetic variants of both supernatant and aitochondrial forms have been 

used to show that the loci determining theae two forms are not closely 14 n d. 

thus confirming the suggestion by Henderson (1968) for the souse enzyme.  The 

electrophoretic pattern of the homozygous variant of the aitoohondria]. form 

(IcD2) shows three bands and this has been explained by assuming that the 

enzyme is a diner, consisting of different po2ypeptid.ea.  Thus the three 

banded pattern is thought to be due to the presence of diners of one type of 

po4peptide, diners of the other polypeptida, together with a hrbrid diner 
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2. Genetics of aitoohondria]. proteins: 

A large amount of work has been undertaken on various aspects of mito-chond 
ria]. autonoy (for review see Rood.yn & W1Th(e 1968) and this work will not 

be reviewed here. Only a brief summary of t. main findings and a review of 

the various approaches which have been made toward, understanding the genetic 

and biochemical control of the mitochondrion will be given. Before dia. 

oussing these results the objectives of research on mitoohondria should be 

defined. In aW view, the object of this research is to determine the 

contribution of the iitoohondrion to the coding of its constituent proteins 

and to elucidate the nuclear and oytoplaRaio ocntrols involved in this process. 

The research on aitoohondrial inheritance can be conveniently divided into four 

parts:- 

I • properties of isolated mitochondria, such as DNA content and DNA, ILIA 

and protein synthesis. 

genetics of respiratory mutants in yeast and Neuzosporp, 

genetics of resistance of these organisms to the antibiotics .rytbrorcin 

and ohloramphenicol. 

genetics of specific mitoohon&rial proteins. 

Theae topics will be discussed largely in relation to the rpe of information 

which they can yield and in relation to the studies, reported here, on paramecium. 

The idea of mitoohondrial autonoirj in an old one, but evidence for this 

idea has only been obtained in the last fifteen years. The presence of DNA in 

the mitochondria of a wide range of organisms (Naas, Mass and Afielius 196) is 

now'U established. Lcorporation of radioactive nuo]eotides into isolated 

mitochondria have shown that DNA synthesis occurs (Hald.ar, Freeman & Work 1966) 

and by s141ar techniques evidence has been found for the presence of DNA 
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in mitochondria from different organisms (Piko it al. 1967;  Clayton & Vinograd 

1967). Calculations, based on a molecular weight of 10 7  daltons, have been 

made for the coding capacity of such DNA (Sinclair & Stevens 1966)   and & 

maxim= of 30 proteins of molecular weight 20,000 was found. The observation 

that the mitochondrial RNA isolated from yeast hybridizes with the mitoohondrial 

DNA (Winteraberger & Vierhauser 1968) suggests that the DNA codes for all the 

RNA of the mitochondrion and so reduces the possible number of proteins coded 

for even further. There are two sets of observations which make this calculation 

rather doubtful. Firstly it has been assumed that all molecules of DTA in the 

mitochondria, are identical, although more then one molecule has  been found in 

most Cases and evidence has been reported for more than one type of DNA in 

Neuroapoz'a mitoohondria (Reich & Luck 1966). Secondly in Tetramena and 

Parynecium the DNA content has been found to be larger than that in the stito-

chondria of other species (Suyama & Prier 1965). In a more detailed study of 

mitoohondrial DNA in Tetrs}t 	(S*ama & Miura, 1968) linear strand. of DNA were 

observed, oorrespondiag to a molecvLlar weight of 40 x IO daltone which would 

give a coding capacity for at least 100 proteins. If the coding capacity in 

the same in initoohondria from all organisms it must be assumed either that 

Tetrabymena DNA contains a large number of reiterated sequences or that eauh 

ring of DNA observed in other organisms represents a separate linkage group. 

In summary, studies on protein synthesis in isolated mitochondria 

cannot give direct evidence concerning the control of proteins by mitoohond.rial 

DNA, but suggest that mitochondrial DNA only codes for the insoluble proteins. 

Calculations based on th molecular weight of mitochondrial DNA can be used to 

deduce the number of proteins coded for and these studies indicate that the 
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mitoohondrial DNA can only code for some of the mitoohondrial proteins. 

Estimations of the actual number of proteins coded for ae rather dubious 

due to the variation between organisms, in the molecular weight of the DNA, 

and in the number of molecules present in each initoohondrion. Thus, al-

though both the DNA measurements ant. 	o acid incorporation data can yield 

valuable information, they do not provide unequivocal results on the contri-

bution of the mitoohondria in determining their constituent proteins. 

Genetic studies of respiratory mutants in yeast (Ephrussi 1953) 

and Neuro.eporp (Mitchell & Mitchell 1952)  have been carried out to determine 

whether these characters are controlled by nuclear or cytoplasmic determinant.. 

The 'petite' mutants of yeast are unable to respire aerobically due to the lack 

of various enzymes and cytoohromes (Sherman & Slonimskt 196). Genetic studies 

have shown that some of these mutants are nuclear and some are cytoplasmic (for 

review see Mounlou, Jakob and Sloni mAkj 1967). Studies of the content and 

properties of the aitoohondrial DNA of the oytop].asmio mutants (fT)  have shown 

that the DNA in altered in buoyant density but not in content (Mounlou, Jakob 

and Slouimaki 1966). These results suggest that the mutation is located in 

the mitoohond.ria]. DNA. 

Both nuclear and cytoplasmic mutants of Neu.rospora, (mi) lacking cyto-

chromes e,/a3  and b are found (Mitchell & Mitchell 1952). No studies of 

aitochondrial DNA have been undertaken but mioroin.jeotion of purified mutant 

mitoohondria into wild type cells (Diaownakos et al. 1965) has indicated that 

the., mutants are mitochondriafly inherited. Tharefore it seems established 

in both yeast and Neurospora that certain characters are determined by aito-

chondrial DNA and these characters could either be the oytoohroines themselves 

or some protein determining their activity. 
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The proteins which are controlled by mitoohondria]. DNA in these 

mutants have not been identified. The absence of oytochrois 	and b in 

both nuclear and mitockiondrial mutants does not make it clear whether these 

proteins are coded for by nuclear or mitochondria]. DTrA. Thus the inability to 

detect the primary biochemical lesion in either case does not allow one to 

determine which proteins are coded for by mitoohondrial DNL • Evidence has 

been obtained that the mitochondrial structural protein in the petite cyto-

pl*mio mutants is altered in eleotrophoretic mobility when compared to the 

corresponding structuxal protein in wild type and nuclear mutants (Polgiase & 

Peel, unpublished, cited by Work 1968). ;.netio analysis of this type of 

protein difference could be used in the future to determine whether specific 

proteins are coded for by mitoohondrial DNA. In Neurospor'a it has been shown 

that the mitoohondrial structural protein of the cytop].qsml a mutants is altered 

(Munkres & Woodward 1967). The differences observed involve only single amino 

acids detected by amino acid analysis. However, in view of the low accuracy 

of this technique these results must be considered in some doubt. 

Yeast mutants resistant to ohlorampheniool and .rythro-oin hays been 

isolated in several laboratories and the genetics of this resistance has been 

studied (Wilkie, Saunders & Linane 1967; Thomas & Wilkie 1968; Slordraaki, 

unpublished). These drugs inhibit the synthesis of oytochrontes s/a3  and b 

and spontaneously occurring resistant mutants can be isolated.. The genetics 

of these mutants shows a emilar pattern to the petite., namely there are both 

cytoplasmic and nuclear genes determining this resistance • The cytoplasmic 

mutants have been shown to be mitoohondrial by linking their inheritance to the 

p factor (Wilkie, Saunders and Linane 1967).  Very little progress has been 
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made in analysing the nature of the resistance i.e. what proteins or other 

components of the mitochondrion are altered in the resistant strains. 

The use of mitochondrial mutants, such as petites and drug resistant 

strains, allows the site (nuclear or mitoohondrial) of the control of these 

mutants to be establiaLed. In contrast the study of amino acid incorporation 

into isolated mitochondria is unable to determine the site of the control but 

can be used to establish which proteins are qnthesiaed by the aitoohondrial 

ribosomea. The main problem of using these mitochondrial mutants is the 

difficulty of determining whether a protein is controlled by a nuclear 

structural gene and initochondrial regul tor gene or a nuclear regulator gene 

and a sitochondrial structural gene and so elucidate which components of the 

mitochondrion are determined by its DNA. Thus, neither approach can, at this 

time, yield complete information about the control of nitoohondrial proteins, 

although if further biochemical research were undertaken to determine which 

proteins have been altered in the respiratory and drug resistant mutants, this 

objective might be achieved.. 

From this account of cytopla*ml oafly inherited mutants it can be seen 

that only by genetic analysis of specific proteins can a complete description 

of the genetic systems controlling aitoohondrial biogenesis be obtained. 

There are two possible approaches available at the present time, firstly to 

examine the drug resistant and petite strains in more detail, and secondly to 

examine the genetics of specific attoohoncirial proteins. This latter approach 

has been made with oytoohrome a, and structural genes for this enzyme have been 

shown to be 'ninleaz (Sherman 1 9"1 Sherman at a]. 1965). Work on aconitase 

(Ogur et al. 1964), c-hdror--keto acid reduotoisosierase and a..keto-f3-hydror.. 
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acid reduotase (Wagner at el. 1966) has suggested that these enzymes, are also 

controlled by nuclear genes, but as both these studies used the absence of the 

enymes mentioned in mutant strains other controlling factors could be mv. ived. 

and so these studies do not unequivocally establish that the structural genes 

are located in the nucleus. Mutants of malate d.e1ydrogenaso in Neurospora 

have been used for genetic studies (Munkres at el. 1965) and show that this 

.nqme is controlled by two imllnked. loci which are presumed to be nuclear. 

These results together with the data on amino and incorporation into isolated 

mitochondria,, have led to the view that the soluble enzymes  of the mitochondrion 

are determined by nuclear genes. The evidence for this generalization is not 

yet sufficient, in aLv view, for it to be accepted. In this study evidence has 

been obtained for the control of iso—citrate and 3-hydroybutyrate d.ehydrogenas.s 

by nuclear genes in paramecium; more recently the nuclear oontrol of mitoohondrial 

luLlAte debydrogenase in maize has been demonstrated (Longo & Scandalios 1969). 

These results support the idea that soluble aitoohondrial enzymes are determined 

by nuclear genes, but still do not establish the concept as universally valid. 

The main disadvantage of the approach using specific proteins is the difficulty 

of isolating mutants for genetic work; in the studies reported here and those 

with maiso, mutants have been obtained by screaming stocks from the wild, which 

is vez7 laborious. The studies on oytochorme c and malate dehydrogenas. (in 

Neurosporp) have used a selective system for obtaining induced Mutants w  and it 

is this type of approach 'hioh should he extended, if possible, to a wide range 

of aitoohondrial proteins. 

All the studies undertaken so far have disadvantages which hinder the 

elucidation of the problem of mitochondrial protein inheritance. The results 

reported in this study are considered ivportant as thr provide information on 
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specific mitochondrial proteins. The studies using yeast and Neurpspox*. on 

the other hand, are important in their demonstration of mitoohondrial in-

heritanoe, but, as shown in *10 case of oytoohroxnea 
81&3 

 and b, the absence of 

partioulsr proteins cannot be easily used for determining the site of their 

structural loci. Therefore it can be concluded that the most profitable 

approach, at this time, is the genetic study of proteins altered by mutation 

and in this respect further biochemical research into the petite and drug 

resistant mutants of yeast could be of considerable value. 

3, Interzyngen enzyme variation: 

The division of the species Farameoiu sreUs into yngexs based 

on mating reaction is not really comparable to any classification of higher 

organisms into species and sub-species, as these divisions are largely based 

on morphological criteria. The classification of wild collections of 

Pa18m0CiUm into e3tgena will become increasingly laborious as the number of 

Iaiown syngens increases. This is because the classification requires the 

availability of representative stocks of all syngens in a suitable reactive 

state for mating. Thus, the ability to detect stocks of different syngens by 

the eleotrophoretic irooility of their enzymes can be of great utility. Several 

physiological characters of stocks of different ayngena have been used to show 

the close relationship of certain syngen. (Sonneborn 1957).  Such characters 

together with the eleotrophoretic differences will be considered and discussed 

in relation to taxonomic and evolutionary problems. 

The characteristics which have been used to relate some of the syngens 

are size, optimal growth temperature, inheritance of mating type, intersyngen 

cross-mating reactions, serotypea and others. On the basis of these characters 

certain groups of syngens have been found which show similarities. These groups 
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Genetic Control of 9-Hydroxybutyric 
Dehydrogenase in 
Paramecium aurelia 
MAMMALIAN 3-liydroxyhutyric clehydrogenase is known to 
be firmly bound to the outer membrane of mitochondria, 
and can be extracted by the neutral detergent 'Triton 
X -100''. In the investigation reported here the same 
enzyme was shown—by it similar extraction procedure—
to be present in the mitochondria of the protozoan 
Paramecium aurelia. Extracts were made from a number 
of clones isolated from a natural population of P. aurelia 
(syngen 9). collected near Edinburgh and examined by 
starch gel elect rophoresis. Two clect.rophoreticoll distinct 
forms of the enzyme were found in different clones and 
have been designated HBD-1 and HBD-2 respectively 
(Fig. Ia). 

Paramecium aurelia is particularly convenient for the 
study of the genetics of mitocliondrial proteins, for when 
paramecia undergo conjugation, exchange of haploid 
nuclei occurs and the two ex-conjugants---each containing 
cytoplasm (including mitochondria) from one parent only 
—can he isolated and grown into clones. In this way 
clones of paralnec'ia are obtained which originate Cyto-
plasmically from one or other of the parent clones. but 
which contain nuclear genes from both. 

The mitocliomidrial fraction was homogenized in I per 
cent 'Triton X-100,' 01 M phosphate buffer pH 74, and 
kept at 4 C for 30 ruin. The supernatant front this 
extract was then run on a. 10 per cent starch gel in a 
trig-citrate buffer using the diseontituous system of 
1 1o11lik 2 . Electrophoresis was carried out. at 18 v/cm with 
time gel at 4 C (cooled by an ice-pack), until the brown 
borate line was 3-4 cm from the anodal wick. The gel 
was sliced and stained for f3-hydroxybutyric dehydro-
gc'nase activity using a method adapted from a histo-
logical stain3 . 

Heterozgates were obtained (from both eyt plasinic 
origins) by crossing partcinccma containing H/3D-1 and 
H 13D-2 respectively. The hybrids containing cytoplasm 
Item either coisJugant gave identical patterns on starch 
gel electrophoresis. This immediately suggests that the 
genetic factors controlling 3-hydroxybutyric dehvdro-
genuse are nuclear and not cytoplasmic. To confirm this, 
heterozygotes of the type HBD-1/HBD-2 were passed 
through autogamy and a I 1 ratio was obtained, indicat-
ing the segregation of a DUff of alleles corresponding to 
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Table I 

111W-1 	HED-2 	Total 
24 	34 	 58 

(z 	172 not significant at the 5 per cent level) 
The segregation of the two alleles hiD-i and IIBD-2, after passing the 

lieterozygote through aut ogamy. 

the two forms of the enzyme (for details of the genetics 
of P. anreha see ref. 4). These results are shown in 
I'nhle 1, and establish that this enzyme, although firmly 
hound to the initocliondrial membrane, is controlled by a 
nuclear gene. 

This raises further questions as to where the poly-
peptides are synthesized and how they pass into the 
iiiitoehoiulrial membranes. Using isolated mitochondria, 
Rood y ti, Work and Reis' found incorporation of radio-
actiVe amino-acids into a Triton X- 100' insoluble fl-ac-
ion; this would suggest that synthesis of proteins soluble 

in 'Triton X- 100' occurs outside the mitochondrion. This 
means that the polypeptides must be assembled and 
incorporated into the membrane from outside. 

A further piece of information which has come from 
this work is that -livdroxvbutyrie ilehydrogeisase is a 
tetranier. consisting of identical polypeptide chains. In 
the homozygous state the enzyme occurs as a single band, 
for all the polypeptides are identical, whereas in the 
heterozygous state a five banded pattern is obtained. 
This is easily explained if HR!)-I consists of four poly-
peptides AAAA and HBD-2 consists of BBBEl (A and B 
differing in charge): the heterozygote will then contain a 
randomly assorted mixture of the two types' as shown in 
Fig. lb. 
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