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ABSTRACT 

Mitochondrial heterosis has previously been de

scribed as a mechanism which can produce hybrid vigor in 

terms of greater potential growth rates and yields due to 

increased efficiency of energy conservation. The oxygen 

polarograph enables rapid determination of such measures as 

ADPrO, RC, and rates of respiration for evaluation of mito

chondrial heterosis and complementation. 

Several heterotic interspecific F^ hybrids of 

Cucurbita were used to determine the feasibility of 

utilization of plant parts from the mature plant as mito

chondrial sources for obtaining polarograph data and sta

tistical comparative analysis. Several commercial hybrids 

(Cucurbita pepo and Cucumis sativus) were also incorporated 

into these studies in an effort to determine whether mito

chondrial heterosis and complementation could be detected at 

the seedling stage of growth and development. Some indica

tion of mitochondrial heterosis and complementation in the 

reciprocal interspecific F^ hybrids (C. moschata x C. 

lundelliana) was noted. With the exception of higher ADP:0 

mean values of the F^ hybrid and the mitochondrial mixture 

from 72 hour germination cucumber cotyledons, the commercial 

hybrids, under the conditions of these experiments, did 

not exhibit mitochondrial heterosis or complementation. 

x 
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This may be due to lack of mitochondrial interactions, or in 

such a manner as to produce such slight differences so as 

not to be able to statistically separate the hybrids and 

mixtures from the parents. 

Further investigations were carried out with mito

chondrial heterosis and complementation as correlated with 

hybrid vigor in Drosophila melanoqaster hybrids. The 

faster developmental rates and heavier weight of the F^ 

hybrid imagoes were noted as an expression of heterosis. 

Mitochondrial heterosis in terms of higher ADP:0 ratios in 

the reciprocal hybrids was found over that of one parental 

line. Mitochondrial mixtures produced higher ADP:0 ratios 

than either parental line or the theoretical midparent. 

Mitochondria isolated from the 13. melanoqaster 

imagoes were found to rapidly utilize pyruvate, acetate, 

and alpha-glycerophosphate, but not alpha-ketoglutarate or 

malate. The inhibition of state 3 respiration utilizing 

pyruvate was accomplished with as little as 1 mM malonate. 

The sensitivity of these mitochondria to malonate indicates 

that the observed rates of inhibited state 3 respiration may 

involve not only the oxidation of pyruvate but also carboxy-

lation to one or* more intermediates of the tri-carboxylic 

acid cycle. 

The enzymatic determination of ADP concentrations 

added to the mitochondrial suspensions in the polarograph 

reaction vessel was done in an effort to establish the 
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experimental validity of the ADP:0 values obtained in these 

investigations. With this technique, the concentrations of 

ADP were determined to be as calculated on the basis of 

molecular weight. 

The nature of the physiological functions of mito

chondrial membrane proteins and those (if any) translated 

from templates transcribed from mitochondrial DNA has been 

hampered by the nature of their insolubility. In an effort 

to better understand the mechanism(s) involved in energy 

conservation and mitochondrial complementation, investiga

tions were initiated in which mitochondrial proteins of C. 

moschata cotyledons were solubilized and electrophoretically 

separated while avoiding the denaturation of these proteins. 

The electrophoresis of these solubilized proteins resulted 

in heterogeneity of molecules including MDH isoenzymes 

visualized as separate bands on acrylamide gels. The 

presence of multiple MDH isoenzymes in these preparations is 

significant as an indication of the ability of these pro

cedures to solubilize mitochondrial proteins while maintain

ing the necessary conformational association of enzymes to 

non-enzymatic proteins necessary for enzymatic activity. 



INTRODUCTION 

In the past decade, since the discovery of DNA and 

RNA in such subcellular organelles as mitochondria, a 

considerable amount of research has involved not only the 

functions of mitochondria but also structure and inheritance 

of the components of which mitochondria are composed. The 

possibility of mutations within the mitochondrial genome and 

biparental inheritance of these organelles or their genetic 

material is pertinent to the concept of mitochondrial 

complementation. 

The phenomenon of heterosis has been described as 

being associated with mitochondrial heterosis and complemen

tation (McDaniel and Sarkissian, 1966; McDaniel, 1967; 

Sarkissian and Srivastava, 1969; McDaniel and Grimwood, 

1971; Hobson, 1971; Yakovlev, Tukeeva, and Raskova, 1971). 

Mitochondrial complementation in terms of enzymatic activi

ties (French, 1971) and amino acid precursors (Leiter et al., 

1971) has also been reported. 

The feasibility of using mature plants as mito-

condrial sources to assess the phenomenon of mitochondrial 

heterosis and complementation was investigated with a number 

Cucurbita species and the interspecific hybrids which were 

available for evaluation here at The University of Arizona. 

The possible occurrence of mitochondrial heterosis in the 

1 
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interspecific hybrid would be significant as an indication 

of interspecific genome-cytoplasm interactions. In addition, 

no previous attempts had been successful in isolating active, 

tightly coupled mitochondria from Cucurbita at different 

stages of plant growth and development, including photo-

synthetic tissue. Several commercial hybrids (Cucurbita 

pepo and Cucumis sativus) and the parental varieties were 

also available for study. 

Another portion of this research involved biochemical 

studies of mitochondria from Drosophila melanoqaster. 

Futher information was sought regarding the phenomenon of 

mitochondrial complementation and heterosis as correlated 

with hybrid vigor in animals. The ADP:0 stoichiometry of 

D. melanoqaster mitochondria with pyruvate as substrate and 

mitochondrial activities with other substrates as well as 

inhibitors and cofactors were investigated. 

In an effort to better understand the mechanisms 

involved in energy conservation and mitochondrial complemen

tation, mitochondrial membrane proteins were to be solu-

bilized and separated to determine whether these proteins 

could be resolved as heterogeneous molecules after solu

bilization and electrophoresis. The membrane proteins are 

difficult to solubilize due in part to the close association 

with lipids. Most techniques involve extraction of lipids 

by organic solvents followed by solubilization of proteins 

either by high molarity urea or sodium dodecylsulfate (SDS). 
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These procedures are capable of denaturing proteins, and 

the need for another approach to solubilization has been 

stressed by Kaplan and Criddle (1971). Mazia and Ruby 

(1968) were successful in solubilizing erythrocyte membrane 

proteins by strictly eliminating ions during solubilization 

procedures. I utilized this approach for solubilization of 

mitochondrial proteins from cotyledons of C. moschata 

followed by electrophoretic separation on acrylamide disc 

gels to determine whether heterogeneity of molecules could 

be resolved. Protein denaturation as judged by loss of 

malate dehydrogenase (MDH) isoenzyme activity was also 

determined as a means of evaluating the structural integrity 

of the solubilized proteins. Such activity would indicate 

the usefulness of this technique for further studies of the 

mechanisms involved in energy conservations and mitochondrial 

complementation. 



LITERATURE REVIEW 

The presence of mitochondria in essentially all 

eukaryotic cells is indicative of the extreme importance of 

these organelles. A great amount of research has been 

carried out dealing with mitochondria and this research 

interest is reflected in the large number of books, reviews, 

papers, and symposia which have been published on the subject 

within the last decade. In this literature review it will 

be necessary to discuss rather diverse topics as mitochon

drial biogenesis, structure, and function. The phenomenon 

of heterosis will be discussed as well as various genetic 

mechanisms which may lead to the expression of hybrid vigor. 

Cytologists had reported cellular components decades 

prior to 1898 when Benda discovered that these components 

which he termed mitochondria were separate cellular struc

tures. In the same year Michaelis, utilizing the supravital 

dye Janus green B reported oxidation reduction reactions of 

the dye associated with mitochondria in living cell prepara

tions (Lehninger, 1965a). In 1912 Kingsbury suggested that 

mitochondria were sites of "cellular oxidations. It was not 

until 1939 when Kalckar demonstrated that formation of ATP 

was dependent upon respiration and Belitzer systematically 

compared the stoichiometry of coupled uptake of phosphate 

and oxygen. Belitzer postulated that the energy of electron 

4 
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transport from substrate to oxygen was the source of energy 

required to generate ATP (Lehninger, 1965a). In 1949 

Kennedy and Lehninger, utilizing the technique of Hogeboom, 

Schneider, and Palade (1948), demonstrated in vitro oxida

tion of tricarboxylic acid (TCA) cycle intermediates coupled 

to oxidative phosphorylation in rat liver mitochondria. 

Detailed reviews of recent developments in mitochondrial 

research and bioenergetic mechanisms can be found in books 

by Lehninger (1965a, 1965b) and Racker (1965). Recent 

symposia on mitochondrial biogenesis, regulation, function, 

and structure have been published (Ernster and Drahota, 

1969; Slater et al., 1968). Review papers on biological 

oxidations and energy conservation have been written by 

Boyer (1965), Pullman and Schatz (1967), van Dam and Meyer 

(1971), and Slater (1969, 1971). 

The majority of mitochondrial investigations have 

been carried out with animal mitochondria. Hanson and 

Hodges (1967) have reviewed concepts of bioenergetic mech

anisms of energy conservation utilization as specifically 

investigated in plant mitochondria. 

Mitochondrial Energy Conservation 

The precise nature of the energy conservation mech-

anism(s) made available by oxido-reductions in the inner 

membrane of plant and animal mitochondria has not been 

resolved. This dilemma also applies to the grana membranes 
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of photosynthetic plants, the inner membrane of bacteria, 

and the chromatophores of photosynthetic bacteria (Slater, 

1971). There are three main hypotheses concerning the 

nature of the primary energy-conserving process. 

1. In the so-called chemical hypothesis (Slater, 1953) 

the energy is conserved in substrate-linked phos

phorylation by an energy-rich compound between one 

of the products of the redox reaction and a ligand 

variously indicated as C (Slater, 1953) or I (Chance 

and Williams, 1956). The use of the symbol ~P 

indicates a high free energy of hydrolysis. As 

Lehninger (1965b) pointed out, the high energy phos

phate bond means only that the difference in energy 

content between the reactants and the products of 

hydrolysis is relatively high due to the resonance 

of the molecular structure of adenosine triphosphate 

(ATP) and the high free energy change necessary for 

electron transfer. 

2. The chemiosmotic hypothesis of Mitchell (1961, 1966, 

1968) reviewed by Greville (1969) considers trans

location of protons across the inner membrane as the 

primary energy conserving mechanism. The resulting 

membrane gradient or potential is utilized to produce 

ATP. 

3. The conformational hypothesis originally proposed by 

Boyer (1965) suggests that the primary energy 
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conservation process involves conformational change 

in a respiratory protein (a flavoprotein or cyto

chrome). The energy conserved in the folding of the 

polypeptide chains in the protein is utilized to 

produce ATP. 

The chemical and conformational hypotheses are 

formally similar, the difference being that the former is 

considered to be a result of covalent bond formation or 

cleavage between a component of the respiratory chain and a 

ligand, while the latter is considered to conserve energy in 

folding chains of the apoprotein (Slater, 1971). A number 

of reviews on the subject of energy conservation mechanisms 

have recently appeared (Storey,1970, 1971; Slater, 1969, 

1971; Greville, 1969; Packer, 1970; Skulachev, 1971). Still 

another hypothesis has been presented by Bennun (1971). This 

is a mechanistic approach to coupling and energy transforma

tion based on membrane bound ATPase as the high energy inter

mediate. It is evident that experimental evidence is lacking 

to establish with certainty the exact mechanism of energy 

conservation in mitochondria and other energy transducing 

membranes. 

Lehninger suggested that mitochondrial energy con

servation processes are accompanied by some kind of con

formational transitions (Lehninger, 1965a). Changes were 

observed in mitochondrial volume and shape at various 
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functional stages as determined with light scattering tech

niques (Lehninger, 1959). Green and Harris (1969) reported 

configurational changes in mitochondria as observed in 

electron micrographs. The relation of structure to energy 

conservation has been reviewed by Green and Harris (1969), 

Packer (1970), and Green and Young (1971). Conformational 

changes of mitochondrial membranes at the molecular level 

have been associated with changes in functional states as 

measured by circular dichroism and optical rotary dispersion 

(Wrigglesworth and Packer, 1968), fluorescence changes with 

fluorochrome probes (Azzi et al., 1969; Azzi and Gherardini, 

1971; Katsumata, Miyazi, and Ozawa, 1970; Radda, 1971a) and 

electron spin resonance (Koltover et al., 1968, 1971). 

Radda (1971b) reviewed the subject of conformational changes 

in enzymes and membrane proteins in terms of biochemical 

control. Although the observed conformational and configu-

rat-ional changes have been associated with energy transi

tions, there is still question whether these changes result 

in energy coupling in mitochondria. 

An extension of Boyer's conformational hypothesis 

of oxidative phosphorylation has been proposed by Slater 

(1969) in which the energy conservation mechanism of mito

chondria involves allosteric enzymes based on the model of 

Monod, Wyman, and Changeux (1965). The role of allosteric 

ligands in conformational transition states of enzymes and 
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other membrane proteins has been discussed by Changeux and 

Thiery (1967), Alpers and Paulus (1971), and others. 

In 1951 the colleagues of Lardy and Boyer inde

pendently showed that the respiration of mitochondria could 

be limited by absence of ADP as a acceptor (Lehninger, 

1965a). This phenomenon now known as respiratory control 

has proven to be especially useful when used with the 

polarographic determination of oxygen following phosphory

lation associated with respiration. The use of oxygen 

polarographic techniques has been fully developed for 

biological applications after the pioneering work by Chance 

and Williams (1955, 1956). The various metabolic states of 

mitochondria used in the present work follow the nomenclature 

of Chance and Williams (1955) as described by Lehninger 

(1965a), Klingenberg (1967), and others. 

Mitochondrial preparations which exhibit respiratory 

control (RC) are used for the study of net phosphorylation 

activity. The ADP:0 ratios calculated from polarographic 

methods have been shown to be numerically equivalent to the 

P:0 ratios (number of molecules of P^ esterified per mole

cule of oxygen utilized) determined by manometric techniques 

(Hagihara, 1961).-

Studies of oxidative phosphorylation in a number of 

laboratories have shown that Kreb's cycle oxidations yield 

an average ADP:0 of 3.0. The NAD-linked oxidations give 

ADPrO ratios of 3.0; alpha-ketoglutarate (akg) oxidations 
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have an average maximal ADP:0 of 4.0 due to the substrate 

level phosphorylation. These ADP:0 ratios are generally 

accepted as the maximum theoretical values and assume 

passage of two electrons through the electron chain for 

every 3 ATP produced. A number of workers (Smith and 

Hansen, 1964; Gurban and Cristea, 1965; Wand and Bacigalupo, 

1965; Lynn and Brown, 1965; Sarkissian and Srivastava, 1969; 

McDaniel and Grimwood, 1971) have reported ADP:0 values 

which exceed the classical values. There is no theoretical 

objection to high ADP:0 ratios (Boyer, 1967) as the question 

whether the phosphorylation in the flavoprotein and cyto-

chrome region is coupled to a one- or two-electron transfer 

process has not been determined. Further possibilities 

which might be considered here include more coupling sites 

than the generally accepted number of three and branching or 

dual electron transport chains. Storey (1970) proposed that 

a fourth coupling site exists which is thermodynamically 

coupled to sites II and III. Boyer (1965) suggested that on 

the basis of energy coupling via protein conformation 

change, there may be only one phosphorylation site for the 

entire electron transport system. Further, oxidation-

reduction reactions in different portions of an organized 

unit may lead to deformations transmitted to one locus 

where strict stoichiochemistry would not be essential (Boyer, 

1965). Separate electron transfers, individually incapable 
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of producing a high-energy bond might be capable of acting 

in unison yielding net phosphorylation (Boyer, 1965). 

Pullman and Schatz (1967) described how other 

investigators have been able to show the high ADP:0 ratios 

determined manometrically to result from underestimation of 

oxygen consumption. Determination of substrate disappear

ance (Lynn and Brown, 1965) and polarographic techniques 

eliminate the problem of underestimating oxygen consumption. 

However, one possible source of error in calculating ADP:0 

ratios may result from deviations of the calculated ADP 

concentrations added to the reaction vessel of the oxygen 

polarograph. Use of the oxygen polarograph and standardiza

tion of ADP concentrations by molar extinction coefficients 

and enzymatic assay (Adams, 1963) may determine the experi

mental validity of ADP:0 ratios. Boyer (1967) stated that 

experimentally valid ADP:0 ratios are likely to represent 

minimal values. The high ADP:0 ratios obtained by Lynn and 

Brown (1965) were explained on the basis that more efficient 

mitochondria maintain a high redox potential while syn

thesizing ATP (Lynn, 1970). 

Mitochondrial Biogenesis and Structure 

It is now generally acknowledged that mitochondria 

from all organisms so far studied, with the possible excep

tion of some petite mutants of Saccharomyces. contain the 

necessary components for genetic transcription and 
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translation (Ashwell and Work, 1970; Wagner, 1969). A 

number of investigators have been involved in the character

ization of mitochondrial DNA and RNA as well as the enzymes 

involved in translation and transcription. Mitochondrial 

RNA polymerase has recently been isolated from Neurospora 

by Kuntzel and Schafer (1971) further indicating genetic 

transcription in the mitochondria. 

. T h e  s i z e  o f  D N A  m o l e c u l e s  i n  p l a n t s  a n d  a n i m a l s  h a s  

been compared to that of the smaller viruses (Ashwell and 

Work, 1970). The molecular weight of the circular DNA mole-

n 
cule of animal mitochondria (1 x 10 daltons) is consider

ably smaller than that of the DNA molecule from plant mito-

Q 
chondria (1 x 10 daltons). The high degree of structural 

and functional capacity of the mitochondrion along with the 

rather limited amount of DNA, even if present in multiple 

and non-homologous forms, necessitates that the majority of 

genetic information responsible for mitochondrial components 

is derived from the nucleus (Ashwell and Work, 1970). 

The possibility exists that observed replicative 

properties of mitochondrial DNA are a function of repair 

processes dependent upon nuclear DNA. Recent evidence by 

Kasamatsu, Robberson, and Vinograd (1971) has eliminated the 

concept of DNA repair mechanism as the only function of 

mitochondrial DNA. These workers found that over fifty per 

cent of the mitochondrial DNA from synchronized mouse L 

cells contain short loops. The properties of these loops 
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indicate the replication of existing DNA molecules. Repair 

processes would not be expected to be limited to one small 

region of the entire DNA molecule. Further evidence for 

replicative properties has been reported by Ter Schegget 

and Borst (1971). 

Protein synthesis in mitochondria in vitro and in 

vivo has been reviewed in detail by Ashwell and Work (1970) 

and Hawley and Greenawalt (1970). The majority of radio

active amino acids are incorporated in the inner membrane. 

The antibiotic cycloheximide specifically inhibits protein 

synthesis in the cytoplasm and was used with in vivo studies 

of incorporation of labelled amino acids into mitochondrial 

proteins (Schatz and Saltzgraber, 1969; Schweyen and 

Kaudewitz, 1970, 1971; Sebald, Schwab, and Bucher, 1969; 

Hawley and Greenawalt, 1970; Thomas and Williamson, 1971; 

Swank, Sheir, and Munkres, 1971a, 1971b). Certain tempera

ture sensitive mutants of yeast are also being utilized to 

determine which proteins are specifically being synthesized 

in the mitochondria (Thomas and Williamson, 1971; and 

Schweyen and Kaudewitz, 1971). 

The exact function(s) of mitochondrial DNA has 

not been resolved. Swanson (1971) detected incorporation 

of high molecular weight polynucleotides by isolated Xenopus 

mitochondria. It was suggested that these polynucleotides 

serve as templates for polypeptide synthesis on mitochon

drial ribosomes. More recently, Brown (1972) reported that 
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coding for mitochondrial ribosomal RNA and transfer RNA is a 

major, and possibly the only, function of Xenopus mito

chondrial DNA. Brown (1972) suggested that any sequences of 

mitochondrial DNA not coding for ribosomal or transfer RNA 

could code for the synthesis of mitochondrial ribosomal 

proteins or, alternatively may not code for any final 

protein. If such a final product exists, it may be trans

cribed as part of precursor molecules (Brown, 1972). 

Investigations into resolving the exact nature of 

the proteins synthesized in mitochondria has been hampered 

by the nature of the insolubility of the inner membrane. 

The techniques generally employed include the use of 

extremes of pH, high molarity urea, deoxycholate, and 

organic solvents which are generally considered to destroy 

any biological activity which may have been present in the 

native protein in the intact membrane (Kaplan and Criddle, 

1971,; Chavin, 1971). Criddle et al. (1962) described a 

homogeneous protein from the mitochondrial inner membrane. 

This protein, called a "structural protein," was considered 

to be non-enzymatic and in association with phospholipids 

formed the backbone of the membrane. These views were 

supported by evidence for insolubility of the protein and 

its apparent homogeneity. A large proportion of total 

mitochondrial protein was of this type and exhibited the 

ability to bind to respiratory chain components. More 

recently, these proteins have been found to be heterogeneous 



by Lenaz et al. (1968a, 1968b) and others. The structural 

function and the in vitro characteristics of the membrane 

protein as isolated according to the technique of Criddle 

et al. (1962) have recently undergone reassessment (Senior 

and MacLennan, 1970; Kaplan and Criddle, 1971). Evidence 

of denatured enzymes in the "structural protein" prepara

tion has been reported (Senior and MacLennan, 1970). Per

haps more appropriate terminology than that of "structural 

protein" has been suggested by Vanderkooi (see Green, 1971) 

where those proteins which form an integral part of the 

membrane continuum would be referred to as intrinsic 

proteins and those attached to the surface in miscellaneous 

ways be called extrinsic proteins. 

Characterization of the proteins specifically syn

thesized by mitochondria has proven difficult as previously 

mentioned due to insolubility of the membrane. A number of 

workers have succeeded in obtaining heterogeneous proteins 

on polyacrylamide disc gels with the use of sodium dodecyl-

sulfate (SDS) for solubilization (Lejsek and Lusena, 1969; 

Curtis, 1970; Tsai, Tsai, and von Ehrenstein, 1970; Singh 

and Wasserman, 1970; Thomas and Williamson, 1971; Martin 

and Bosmann, 1971).* Multiple proteins specifically syn

thesized by yeast mitochondria (Thomas and Williamson, 1971) 

and Neurospora (Swank et al., 1971a, 1971b) were separated 

by electrophoresis. Martin and Bosmann (1971) further 

resolved rat liver mitochondrial inner membrance proteins by 
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electrophoresis and found several glycoproteins. Kadenbach 

(1971) reported a single peptide of molecular weight near 

2,000 which was synthesized by rat liver mitochondria. 

In order to better understand mitochondrial protein 

synthesis and the conservation of energy in membrane 

proteins a portion of the research for this dissertation 

was directed to establishing protein solubilization tech

niques. This may lead to more meaningful results in terms 

of function of these proteins. 

Mitochondrial Heterosis and 
Complementation 

Various genetic aspects of heterosis have been dis

cussed in detail by many writers, among them Brieger (1950), 

Rendel (1953), Hagberg (1953), Lewis (1954), Mather (1955), 

Shull (1948), Thoday (1955), Penny, Russel and Sprague 

(1962), Briggle (1963), Brewbaker (1964), and Milkman (1967). 

The book Heterosis (Gowen, 1952a) is invaluable for historic 

background. Fincham's (1966) book reviews molecular inter

actions which lead to genetic complementation and heterosis. 

Manwell and Baker (1970) discuss in detail the current state 

of knowledge regarding heterosis at the genetic, molecular, 

and applied levels with emphasis upon animals. 

A number of theoretical genetic explanations for 

heterosis have been proposed. The dominance theory of Jones 

(1917, 1952) combines superior genes from both parents to 

produce a heterotic F^. The difficulties encountered in 
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attempts to maintain hybrid vigor in generations succeeding 

the F^ have been the main criticism of this theory. However, 

a large number of non-linked loci producing heterotic 

effects would be quite difficult to maintain as a unit 

without inversions due to recombination and mutation. 

The common occurrence of inbreeding depression and 

subsequent attainment of heterosis upon outbreeding has 

caused speculation that it is heterozygosity per se rather 

than dominance which is responsible for heterosis (e.g., 

Lerner, 1958; Falconer, 1960). 

East (1936) proposed that heterosis results from a 

series of alleles each having a positive action whose effects 

are cumulative in the hybrid. East's theory known generally 

as overdominance (Hull, 1945) has been associated with 

single ̂ gene heterosis and interallelic complementation 

(Fincham, 1966). 

The concept of one genetic locus influencing the 

expression of another is known as epistasis. Some evidence 

for epistatic interactions leading to hybrid vigor comes 

from the correlation of sickle cell anemia and thalassemia 

with variants of glucose-6-phosphate dehydrogenase (G6PD). 

Allison (1964) found evidence for a positive correlation 

between the incidence of G6PD deficiency, a sex-linked 

condition, and sickle cell anemia, an autosomally determined 

condition. It has been suggested that G6PD deficiency may 

reduce the severity of anemia (see Manwell and Baker, 1970). 
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As pointed out by Manwell and Baker (1970), the 

phenomenon of complementation as originally described in 

heterokaryon formation in fungi, offers a more precise 

explanation for the various genetic theories of heterosis. 

Experimentally testable explanations for dominance, over-

dominance, and epistasis are possible with the use of 

different molecular mechanism involving interaction of 

proteins or their subunits. 

The first evidence for a hybrid protein resulting 

from allelic interaction was given by Irwin and colleagues 

in 1932 (reviewed by Irwin, 1951, 1952). Certain pigeon 

and dove hybrids were found which had blood group antigens 

not present in either parental species or the in vitro 

mixture of their blood. Irwin (1952, 1971) pointed out 

the importance of these findings as a possible biochemical 

basis for hybrid vigor. Fincham (1966) has interpreted 

Irwin's findings in terms of polypeptide chain complementa

tion. Manwell and Baker (1970) point out the possibility 

of enzyme complementation which could produce such complex 

moieties as ligands which are involved in the structural 

chemistry of blood group substances. 

•The pioneering studies of Beadle and Tatum in the 

1940's with the nutritional chemistry of Neurospora hetero-

karyons led to the discovery by Fincham and Pateman (1957) 

and Giles, Partridge, and Nelson (1957) of heterokaryon 

repair of a single enzyme. The first explanation for 
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complementation in enzyme formation was given by Catchside 

and Overton (1958) and Fincham (1959) in which it was 

postulated that interallelic complementation resulted from 

the combination of different polypeptide chains. 

Crick and Orgel (1964) postulated that interallelic 

complementation is due to repair of altered structures which 

results from association of differently altered subunit 

monomers of normally oligomeric proteins. It was suggested 

by Crick and Orgel that repair was most likely to occur 

near binding sites of a symmetrical homomultimer. McGavin 

(1968) on the basis of the model of allosteric enzymes of 

Monod et al. (1965) suggested the possibility for an enzyme 

to become inactivated due to damage at any one of several 

allosteric sites. Further emphasis for conformational 

changes rather than modification of the sites being involved 

in complementation came from studies by Perutz and colleagues 

(Perutz and Lehmann, 1968; Perutz, 1970) on the stereo

chemistry of hemoglobin. 

One of the first examples attempting to provide a 

physiological and molecular basis for hybrid vigor was 

given by Manwell, Baker, and Childers (1963). Certain 

interspecific hybrids of sunfish produced hybrid hemoglobin 

molecules as observed by electrophoresis. Manwell and Baker 

(1970) have attributed the hybrid vigor to heme-heme inter

actions which result in better blood gas transport prop

erties. Further evidence for hybrid proteins, allosteric 
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effects, and stability as related to heterosis is reviewed 

by Manwell and Baker (1970). Complementation at the level 

of different proteins is also discussed by Manwell and 

Baker on the basis of heterosis at two intergradating 

levels. The first level is considered to be between poly

peptide chains within a quaternary protein. The second 

level is between enzymes in a metabolic pathway where 

protein-protein interaction occurs between juxtaposed 

enzymes organized in a macromolecular unit such as a mem

brane. The first level is further divided into interallelic 

variation described as electrophoretic hybrid zymogram zones 

in the heterozygote. Complementation between polypeptide 

chains within a quaternary protein is further described for 

biquaternary proteins arising by gene duplication followed 

by mutational divergence and selection. Such biquaternary 

complementation is described as heterosis arising by the 

interaction of distinct genetic loci (epistasis) by Manwell 

and Baker (1970). Irwin (1966a, 1966b, 1971) and Holm 

(1968, 1971) also suggest that interaction may occur between 

subunit products of non-alleles in the formation of protein 

molecules. 

Landridge (1962) proposed a molecular basis for 

heterosis in Arabidopsis and Drosophila resulting from 

greater stability of certain hybrid proteins at high temper

atures. Not all adverse temperature effects on protein 

involve heat denaturation. Temperature adaptation can also 
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require adaptation to low temperatures or ju&t to varying 

temperatures. Cannon, as quoted by Strickberger (1968), 

developed the term homeostasis to denote the tendency of a 

physiological system to react to an external (environmental) 

disturbance in such a way that the system is not displaced 

from its normal values. This concept has been expressed in 

genetic terms by Dobzhansky and Wallace (1953), Mather 

(1953), Lewis (1954), and Thoday (1955). 

Whaley (1952) and Robbins (1952) emphasized the 

importance of physiological, balance in microorganisms and 

plants. Rendel (1953) stated that heterosis may be due to 

interaction between gene products achieved by buffering or 

balance. Gowen (1952b) found that hybrid vigor in Drosophila 

contributed consistently high performance to all individuals 

rather than exceptional performances to a few. Adams and 

Shank (1959) considered the relationship of heterozygosity 

to homeostasis in maize hybrids. Parsons (1971) emphasized 

that it is the extremes of environment which best enhance 

heterotic effects. Griffing and Zsiros (1971) believe that 

hybrids under environmental stresses such as temperature 

extremes and low nutritional conditions cannot be expected 

to show hybrid vigor when compared to highly selected 

inbred lines. Caspari and Santway (1954) and Caspari 

(1956) reported less variability of phosphorus/nitrogen 

ratios from liver mitochondria of mice hybrids as compared to 

the inbred parental strains. It was interpreted that the 
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hybrids exhibited superior homeostasis with respect to mito

chondrial composition of P/N. Caspari (1956) suggested that 

mitochondria could be mechanisms for maintaining homeostasis 

and that the genetic control of mitochondrial structure and 

function might represent a physiological basis for the 

superiority exhibited in certain genotypes. 

Ross and Michaelis (reviewed by Michaelis, 1954) 

discovered increased activity of oxidative enzymes in 

certain race hybrids of Epolobium. The heterotic race 

hybrids were suggested to result from the increased activity 

of oxidative enzymes leading to higher rates of respiration. 

Goldschmidt (1955), in a discussion of his own work with 

Lymantria and Michaelis1 work with Epilobium. suggested that 

the manner in which mitochondria are inherited may affect 

the activity of oxidative enzymes. 

Further suggestions for the involvement of mito

chondria in heterosis have been made by Hanson, Hageman, and 

Fisher (1960) and Duvick (1965). McDaniel and Sarkissian 

(1966, 1968) and McDaniel (1967) found that in vitro 

mixtures of mitochondria isolated from inbred lines of 

maize exhibited higher ADP:0 ratios than the theoretical 

midparent (assuming equal parental contributions of mito

chondria) as well as the highest parent. This phenomenon 

was termed mitochondrial complementation (McDaniel and 

Sarkissian, 1966). The ADP:0 ratios of the in vitro 

mixtures of mitochondria obtained from the parental lines 



were similar to the ADP:0 ratios of mitochondria isolated 

from the hybrid and was termed mitochondrial heterosis 

(McDaniel, 1967). Mitochondrial complementation and 

heterosis have been reported more recently in maize 

(Yakovlev et al. , 1971), barley (McDaniel, 1971), and wheat 

(Sarkissian and Srivastava, 1969; Hobson, 1971). The first 

report of mitochondrial heterosis and complementation in 

animals was made by McDaniel and Grimwood (1971). In these 

investigations increased ADP:0 ratios were found in both 

reciprocal hybrids and the in vitro mixtures of parental 

mitochondria. Mitochondrial complementation in terms of 

enzymatic activities has been reported in the mosquito 

(French, 1971) and amino acid precursors in Neurospora 

(Leiter et al., 1971). 

The evidence for replicative activity of mito

chondrial DNA may lead to hetergeneous populations of mito

chondria in terms of structure or function within an 

organism through mutation (Wagner, 1969). Heterogeneity 

of mitochondrial enzymes and mitochondria have been reported. 

The possibility that this represents different stages of 

mitochondrial development has not been ruled out in most 

cases. Kuff and Schneider (1953) found heterogeneity in 

certain enzymes associated with mitochondrial particles 

isolated from mouse livers. Avers and King (1960) also 

reported evidence of mitochondrial heterogeneity in plants 

as did Swick et al. (1967) in rat livers. It was suggested 
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that unequal segregation of mitochondria at cell division 

might explain biochemical heterogeneity found between mono

zygotic armadillo quadruplets (Storrs and Williams, 1968). 

Sarkissian and McDaniel (1967) reported mitochondrial poly

morphism in a maize hybrid as seen on sucrose density 

gradients. Multiple populations of mitochondria of a 

barley hybrid were found by Grimwood and McDaniel (1970) as 

determined by buoyant densities and malate dehydrogenase 

isoenzyme distribution. Further evidence of mitochondrial 

heterogeneity was reported by Raicu et al. (1970) with an 

interspecific hamster hybrid. 



METHODS AND MATERIALS 

Plant Material Used in 
Mitochondrial Studies 

1. Cucurbita equadorensis Cut. and Whit. 

2. C .  foetidissima HBK. 

3. C. lundelliana Bail. 

4. C. maxima Duch. cv. 'Hubbard,' 'Warren' (squash) 

5. C. moschata Duch. ex Poir. cv. 'Butternut' (squash), 

Seed Research Specialists. 

6. C. palmata Wats. 

7. C. pepo L. cv. 'NK 560' hybrid and parental 

varieties (squash), Northrup, King, and Company. 

8. Cucumis sativus L. cv. hybrid and parental 

varieties (cucumber), Northrup, King, and Company. 

9. Reciprocal interspecific hybrids, C. lundelliana 

x C. moschata. 

10. Various genomic constitutions where M = C .  moschata. 

F = C. foetidissima. and P = £. palmata: 

MMMM tetraploid 

MMFF amphidiploid 

MMF alloautotriploid 

MPP alloautotriploid 

MMP alloautotriploid 

2 5  
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Animal Material Used in 
Mitochondrial Studies 

1. Drosophila melanocraster Meigen 1 Oregon-R-Cf • 

•Swedish-C' parental stocks, and reciprocal F.^ 

hybrids. 

Isolation of Plant Mitochondria 

Mitochondria were obtained from a number of tissues 

of Cucurbita species and Cucumis sativus. Cotyledons and 

hypocotyls used in these studies were grown under etiolating 

conditions at 20 degrees centigrade. The seeds were ob

tained either from the collection at The University of 

Arizona or commercially and had not previously been treated 

with insecticides or fungicides. Seeds were rinsed under 

tap water for 5 to 10 minutes, then placed between Kimtowels 

in a shallow tray. Distilled water was used to saturate 

the towelling which was then covered with an inverted tray. 

Excess water was allowed to drain from the trays by tipping 

them on edge for 5 minutes. Cucurbita cotyledons were used 

96 hours after the beginning of water imbibition. Cucumber 

cotyledons were utilized after 72 and 80 hours of imbibition. 

Cucurbita hypocotyls were utilized after the fifth day and 

cucumber hypocotyls, after the fourth day of imbibition. 

Plant material from the greenhouse included vine 

and ovary. Vines from rapidly growing plants were etiolated 

in covered 30 gallon fiber drums. Under proper conditions, 

several weeks would be sufficient for elongation to several 
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meters. Although etiolated vines produced leaves reduced 

in size, the production of normal appearing male flowers by 

C. lundelliana during the same period on green portions of 

the plant indicated that the etiolated vine was functionally 

normal. Ovaries from unfertilized female flowers were 

harvested and mitochondria isolated the same day as flower

ing. All material from the greenhouse was harvested and 

placed on ice or refrigerated until used. 

All isolation procedures were carried out at 0-5°C 

and the same general similar isolation procedures could be 

used for the various sources of tissue. Two grams of coty

ledons or ovary and eight grams of hypocotyl or vine pro

duced a mitochondrial pellet containing from 1 to 2 mg 

protein as determined by the Lowry technique (Lowry et al., 

1951). The exocarp of the ovary was removed to eliminate 

as much green material as possible. To facilitate grinding 

procedures, the tissues were sliced or chopped with stain

less steel razor blades before placing in a prechilled, 

unglazed mortar with approximately 5 ml of grinding buffer 

(0.5 M sucrose, 2 mM EDTA,'l mM K^HPO^, pH 7.2 at 4°C) and 

ground gently for 30 to 60 seconds with a pestle. The 

homogenate, still containing some unground tissue, was 

filtered through monofilament nylon cloth (4,624 apertures 

per cm [General Biological Supply House, Inc.3) into 40 ml 

nylon centrifuge tubes. The mortar; pestle, and nylon 

cloth were rinsed with grinding buffer to bring the final 
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volume to about 30 ml. Centrifugation in a Sorvall RC2-B 

differential centrifuge at 3,000 x c[ for 5 minutes resulted 

in a low-speed pellet which was discarded. The supernatant 

was centrifuged at 12,000 x ̂  for 5 minutes producing a 

mitochondrial pellet. The mitochondrial pellet from 

cotyledons covered a small lipid pellet and was surrounded 

by a yellow "halo." Higher respiratory control was ob

tained, especially with cotyledon mitochondria, by care

fully resuspending the pellet in about 5 ml of wash medium 

(0.3 M mannitol; 1,mg/ml bovine serum albumin, BSA, fraction 

V, Nutritional Biochem.) leaving the lipid undisturbed. The 

mitochondrial suspension was poured into clean tubes and the 

centrifugation steps repeated. The small yellow halo 

usually surrounding the final pellet was washed free of the 

mitochondria with 2 ml of wash medium and discarded. The 

mitochondrial pellet was then resuspended in 1 ml wash 

medium and poured into the reaction vessel containing 2 ml 

reaction medium (0.3 M mannitol; 10 mM I^HPO^; 5 mM MgC^; 

1 mM thiamine pyrophospate, Calbiochem.; and 0.75 mg/ml 

BSA). The mitochondrial suspension was allowed to equili

brate for several minutes to the temperature (27°C) of the 

water bath (Haake). 

Mitochondrial respiration and oxidative phosphory

lation was measured on a Yellow Springs Instrument Co. 

oxygen polarograph calibrated to 240 (JM oxygen/3 ml water 

(27°C), full scale with modified Clark-type electrode, and 
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recorded on a Sargent 100 mv linear recorder. Substrates 

were added to the reaction vessel through the access slot 

with a 25 ul Hamilton syringe after establishing state 1 of 

respiration. Successive additions of adenosine-5'-di

phosphate (ADP, Grade I, Sigma) were added to the reaction 

vessel with a 10 ul Hamilton syringe after establishing 

state 2 and state 4 respiration rates until all oxygen had 

been used up in state 5. The concentrations of substrates 

added to the 3 ml reaction suspension were 15 mM alpha-

ketoglutarate (akg), malate, and pyruvate delivered in 15 

Ul. The concentration of ADP per addition to the 3 ml 

reaction suspension was 150 uM delivered in 2 g.1 increments. 

Isolation of Animal Mitochondria 

Inbred wild-type stocks of D. melanoqaster (Oregon-

R-C and Swe-C) were maintained in pint culture bottles at 

21°C on Difco Bacto Drosophila medium M. Virgin females 

were collected for the crosses by removal of all imagoes 

from the culture bottles and separating newly hatched 

females from the males within 8 hours. The males used in 

the crosses were the same age as females (2 days or less). 

The crosses were set up in fresh culture bottles with 20 

flies per bottle (5 females:1 male). One week after the 

crosses had been made, the parents were removed and dis

carded. The parental stock cultures to be used as controls 

in the experiments were prepared in the same manner. 
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Mitochondria were isolated from the 2 day old 

imagoes in the following manner. The flies were removed 

from the culture bottles and immobilized by chilling and 

subsequently placed in a cold petri dish for counting (100, 

mixed sex) and separation. The flies were then placed in a 

chilled, unglazed mortar for immediate isolation of mito

chondria, or in a 2 ml plastic sample beaker with holes 

punched in the cap to be re-chilled for use within 1 hour. 

All steps of isolation were at 0-5°C. The flies in the 

mortar were moistened with several ml of Prosophila grinding 

buffer (0.25 M sucrose; 1.0 mM ethylenediamine-tetraacetate, 

EDTA; 10.0 mM hydroxymethyl-amino methane, Tris buffer, 

pH 7.4 at 4°C; and 0.5 mg/ml BSA) and ground gently with 

the pestle for several seconds. Approximately 10 ml of 

grinding buffer was added to the homogenate, which was then 

further ground for a total of 20 seconds. The homogenate, 

which still contained a few intact flies, was filtered 

2 
through the monofilament nylon cloth (4,624 apertures/cm ) 

into Pyrex centrifuge tubes. The mortar, pestle, and cloth 

were rinsed with 5 ml grinding buffer to bring the total 

volume to 15 ml. The filtrate was centrifuged at 125 x c[ 

for three minutes, producing a diffuse, red pellet which 

was discarded. The supernatant was centrifuged in a clean 

tube at 3,000 x£ for 3 minutes. The final mitochondrial 

pellet, red in color, was then gently resuspended in 1 ml 

grinding buffer and poured into the reaction vessel 
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containing 2 ml reaction medium (0.25 M sucrose and 20 mM 

phosphate buffer, pH 7.4). The suspension was allowed to 

equilibrate to the water bath (Haake) temperature of 27°C. 

Each mitochondrial preparation contained from 2 to 3 mg 

protein as determined by the Lowry technique (Lowry et al. , 

1951). When alpha-glycerophosphate was to be used as sub

strate, 5.0 mM MgC^ was added to the reaction medium. 

Respiration and oxidative phosphorylation were 

measured on the oxygen polarograph and recorded as described 

for plant mitochondria. It was determined that 0.5 mM 

pyruvate added to the reaction suspension with the Hamilton 

syringe via the access slot was adequate for respiration. 

Solubilization and Electrophoresis of 
Mitochondrial Proteins 

The seeds of C. moschata were germinated as 

previously described. After five days of germination, 60 

to 80 grams of cotyledons were harvested and rinsed in 

deionized water and chilled. The cotyledons were drained 

of water and slightly chopped with a stainless steel razor 

blade. The crude mitochondrial pellet was obtained as 

earlier described and further purified on linear sucrose 

density gradients. The gradients' were prepared on a linear 

density gradient former (Instrumentation Specialties 

Company) in 40 ml cellulose nitrate gradient tubes (0.95 M -

1.90 M sucrose, 5.0 mM EDTA). The mitochondrial pellet was 

resuspended in 5 ml of 0.3 M mannitol and layered on the 
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gradient, and placed in a SW 27 rotor and centrifuged in the 

Spinco Model L2 preparative centrifuge at 100,000 x c[ for 1 

hour. The rotor was allowed to decelerate with the brake 

off. 

Comparative buoyant density studies of mitochondria 

were made with the use of a SW 50 rotor. The linear sucrose 

density gradients were formed in 5 ml cellulose nitrate 

tubes with the gradient former. The mitochondrial pellets 

obtained from differential centrifugation were resuspended 

in 0.6 ml mannitol (0.3 M) and layered on the gradients 

which were then centrifuged 125,000 x cj. for 1 hour. The 

rotor was allowed to decelerate with the brake off. 

The purified mitochondrial fraction to be studied 

biochemically was pipetted out of the 40 ml gradient tubes 

after previously removing the supernatant. The mitochondrial 

fraction was placed in Pyrex centrifuge tubes to which 15 ml 

of mannitol (0.3 M) per tube was added. The mitochondria 

were centrifuged at 48,000 x c[ for 5 minutes in the Sorvall 

RC2-B. The mitochondrial pellets were resuspended in 

mannitol and re-centrifuged at 48,000 x c[ for 5 minutes. 

Solubilization and separation of mitochondrial 

proteins was carried out at 0-5°C as were all steps pre

ceding this phase. The importance of deionization as 

stressed by Mazia and Ruby (1968) was strictly adhered to. 

All buffers are routinely prepared in doubly deionized 

water (distilled water deionized twice on Barnstead 
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mixed-bed resin columns) and all glassware rinsed in the 

deionized water. 

Washed mitochondrial pellets were resuspended in 50 

ml 0.1% Triton-X-100 (Rohm and Haas) in deionized water. 

Two grams of mixed-bed ion exchange resin were added to 

remove ions liberated by the disruption of the mitochondria 

with the non-ionic detergent. This preparation was stirred 

vigorously for 5 minutes after which the cloudy white 

suspension was decanted from the resin beads. The mito

chondria-detergent suspension was then washed twice by 

placing in Pyrex tubes and centrifuging at 48,000 x c[ for 30 

minutes with the pellets being resuspended in deionized 

water. The membrane pellet was then resuspended in 3 ml 

deionized water and placed in a dialysis bag. The prepara

tion was dialyzed against deionized water which had been 

brought to pH 9.5 by stirring under ammonia vapor as des

cribed by Mazia and Ruby (1968). The dialysis was done at 

0-6°C with constant stirring. The pH of the water remained 

stable during the 24 hour period of dialysis. 

As described by Mazia and Ruby (1968), the dissolu

tion contained very fine particles presumably lipid in 

nature. The turgid supernatant was pipetted from the sedi

ment and centrifuged at 48,000 x£ for 15 minutes which 

produced a small dark gray pellet with a white center. The 

clear supernatant consisting of protfeins and probably some 

'lipids was held on ice until ready for electrophoresis. 
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The electrophoretic separation of solubilized mito

chondrial proteins was carried out on polyacrylamide disc 

gels modified from the procedures of Ornstein and Davis 

(1962). The gels were polymerized and electrophoresed in 

glass tubes (5 mm inner diameter x 64 mm). The running gel 

{1% and 14%) was pipetted into the tube to within 19 mm 

from the top. A water layer (25 nl) was placed on top of 

the unpolymerized acrylamide to allow polymerization and 

prevent formation of a meniscus in the gel. After poly

merization, the tube was dried of water with a cotton swab 

and the stacking gel consisting of 3%% acrylamide was placed 

on top of the running gel to within 7 mm of the top of the 

tube followed by another water layer. After polymerization 

of the stacking gel, the water was removed and the tube 

dried. The protein solution (0.15 mg) was layered on top of 

the stacking gel and several crystals of sucrose were 

dropped into the solution to allow layering of unpolymerized 

stacking gel above the liquid sample without mixing. The 

top of the glass tube was covered with a coverslip to allow 

polymerization of the acrylamide which formed a plug, 

preventing mixing of the protein sample with the electro

phoresis buffer. 

Electrophoresis was carried out at 2-6°C and 2 ma 

per gel to prevent possible denaturation of proteins. The 

reservoir buffer contained 0.38 M glycine, 0.42 M Tris 
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buffer pH 8.6, with bromphenol blue added to the upper 

reservoir to mark the "running front." 

After electrophoresis, the gels to be stained for 

general proteins were placed in amido black 10-B (1% in 1% 

acetic acid) and destained by diffusion in 7% acetic acid 

with the apparatus by Hoefer Scientific Products. Other 

gels stained for general proteins were placed in Coomassie 

Blue (1% in 1% acetic acid) and destained in 10% trichloro-

aceitc acid. Gels to be assayed for malate dehydrogenase 

activity according to Grimwood and McDaniel (1970) as 

modified from Goldberg (1963) were pre-rinsed in ice water 

and incubated for 15 minutes at 37°C in a reaction mixture 

containing 25 mM malate, 0.98 mM nitro blue-tetrazolium, 

13 nM nicotinamide adeninedinucleotide (NAD), 14 nM phenazine 

methosulfate, and 0.82 mM Tris buffer (pH 7.5). The gels 

were then rinsed in ice water and placed in 1% acetic acid 

to stop enzymatic activity. 

Analysis of ADP Concentration 

Nucleotide content of ADP solutions was determined 

at the 260 nm in a Beckman DBG spectrophotometer. The 

concentration of ADP delivered in 1 |il from the Hamilton 

syringe was determined enzymatically according to the tech

nique of Adams (1963) using an extinction coefficient for 

NADH of 3.30 cm^/(.iM at 366 nm. The ADP (Grade I), pyruvate 

kinase (Type I with lactate dehydrogenase), 



phosphoenol-pyruvate (crystalline), myokinase (Grade III) 

were obtained from Sigma. The reactions, carried out at 

20°C, were buffered at pH 7.55 with 0.05 M triethanolamine/ 

HCl and 0.05 M HEPES, Sigma (Good et al., 1966; Stinson 

and Spencer, 1968). 



RESULTS 

Comparative Studies of Cucurbita and 

Cucumis Mitochondria 

With the study of interspecific F^ hybrids of 

Cucurbita. the production of hybrid seeds is typically 

reduced as is the size of the embryo, thus necessitating the 

use of such material as ovary and vine for mitochondrial 

isolation. As is shown in Figure 1, it is possible to 

isolate actively respiring, tightly coupled (RC>2) mito

chondria from such plant tissues as etiolated vine and 

ovary. 

Plant mitochondria typically utilize akg quite 

readily in vitro. It was found in these experiments that 

Cucurbita mitochondria utilize akg and malate but not 

pyruvate, unless in combination with akg or malate as sub

strate. Determination of the rates of respiration and 

average ADP:0 values with these substrates was accomplished 

by adding the second substrate to the mitochondrial sus

pension after the 4th cycle. (Details of the terminology 

accompanying oxygen polarograph data as described by Chance 

and Williams [1955] is given in Figure 14 of the Appendix.) 

The utilization of malate as the initial substrate added 

and in combination with akg or pyruvate was examined with 

mitochondria from ovaries of C. maxima. In Figure 2 it can 
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Figure 1. Oxygen polarographic traces of mitochondria isolated from (A) cotyledons 
(13) hypo co ty Is (C) vine (D) ovary of Cucurbita mo s chat a — Mean values 
(X, n=3) are for oxidative phosphorylation (ADP:0), respiratory control 
(RC) , and rate of state 3 respiration (O2, |iM/3 ml/min). Substrates 
concentration at beginning of each trace, 15 mM/3 ml akg and 240 nM/3 ml 
oxygen. ADP concentration per addition, 150 uM/3 ml. 
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Oxygen polarograph state 3 respiration rates 
from ovary tissue mitochondria of C. maxima 
showing effect of akg and pyruvate when added 
to mitochondria utilizing malate as substrate — 
Contrasts were made from means' of 3 separate 
experiments for each group (I, II, III). Letters 
of the same case indicate no significant differ
ences at the 5% level according to Duncan's new 
multiple range tests. Substrate concentration 
when added: 15 mM/3 ml malate, akg, and pyruvate. 
Oxygen concentration at beginning of each trace, 
240 |iM/3 ml. State 3 respiration rate (pM/3 ml/ 
min). 
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be seen that both akg and pyruvate significantly increase 

the rate of state 3 respiration (uM/3 ml/min) as compared 

to malate as the only substrate through the 4th cycle. The 

rate of respiration decreases slightly from the 1st cycle 

to the 4th cycle with malate as substrate. When akg and 

pyruvate are added at the 4th cycle the increase of respira

tion is noted. The ADP:0 ratios obtained from the same 

oxygen polarograph traces are presented in Figure 3. The 

ADPrO ratios are increased only when akg is added indicating 

that at least in plant mitochondria the ADPzO stoichiometry 

for malate and pyruvate are similar. The increase in 

respiration when pyruvate is added indicates that this sub

strate is being utilized in these mitochondria. The 

statistical analysis of these data is based upon three 

separate experiments. 

Since most procedures for oxygen polarograph studies 

of plant mitochondria include NAD in the reaction mixture, 

its effect was examined when added to the mitochondrial 

reaction with akg as substrate. Table 1 presents the 

statistical analysis of data collected from polarograph 

traces of mitochondria isolated from ovary tissue of C. 

moschata and C. foetidissima. No significant differences of 

ADPzO and RC ratios or state 3 respiration rate were found 

at the concentration of which NAD was added (0.37 mM). Sig

nificant differences of ADPrO and RC were found between the 

two species as determined by orthogonal contrasts and 



41 

3.0-

2.9-

2.8-

2.7-

2.6 
o 
61 2.5-
O 
< 

2.4-

2.3 

2.2-

2.1-

2.0-

Sllllllll 
SiiniiQ 

Malate + Malate 

I 

Malate + a kg 

n 

Malate + Pyruvate 

HE 

Figure 3. Oxygen polarograph ADP:0 ratios from ovary 
tissue mitochondria of C. maxima showing the 
effect of akg and pyruvate when added to 
mitochondria utilizing malate as substrate — 
Contrasts are made within and between 3 groups 
(I, II, III) each representing the means of 3 
separate experiments. Similar letters (a,a) 
indicate no significant differences at the 5% 
level according to Duncan's new multiple range 
tests. Substrate concentration when added: 
m5 mM/3 ml malate, akg, and pyruvate. Oxygen 
concentration at beginning of each trace, 
240 MM/3 ml. 
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Table 1. Statistical analysis of polarographic data from 
mitochondria of C. moschata and C. foetidissima 
ovary tissue and the effect when NAD is added to 
the akg substrate. 

C. moschata 
(n = 4x5) 

C. foetidissima 
(n = 5x5) 

+NAD -NAD +NAD -NAD F value 

ADP: 0 2.87a 2. 88a 2.46b 2.52b 8. 78** 

RC 3.13a 3.17a 2.76b 2.80b 6. 74* 

State 3 
respiration 43.7 38.1 41.1 40. 3 

Horizontal means of oxidative phosphorylation 
(ADP:0) and respiratory control (RC) followed by the same 
letter are not significantly different at the 5% level of 
confidence according to Duncan's new multiple range test. 
Substrate concentrations at beginning of each trace: 15 mM/ 
3 ml akg, 0.37 mM/3 ml NAD when added, 240 |-iM/3 ml O2. Rate 
of respiration (O2, state 3, \M/3 ml) (n = replications x 
observations or cycles). 
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analysis of variance. In this and'subsequent statistical 

analyses, the analysis of variance for state 3 respiration 

rates was performed and found to be the most variable of 

the three measures (ADP:0, RC, and state 3 respiration). 

Since the protein content of each mitochondrial preparation 

was not determined, the respiration was not on a mg protein 

basis and the variation observed may, in part, reflect 

differences in total numbers of mitochondria extracted from 

the same weight of fresh tissue. In Table 1 and following 

tables, state 3 respiration means are presented, but without 

the statistical analysis. 

An approach to the question whether mitochondrial 

complementation could be found at the interspecific level 

was made with mitochondria from ovaries of C. moschata and 

foetidissima. As is shown in Table 2, no significant 

differences were found in ADP:0 or RC ratios or state 3 

respiration rate between the two species and the in vitro 

mitochondrial mixture. 

Evaluation of ovary mitochondria from C. moschata 

and the F^ hybrid (£. moschata x C. lundelliana) is summar

ized in Table 3. As these data were collected over a period 

of two years, a good deal of experimental variation is to be 

expected. No significant difference of ADP:0 or RC ratios 

or state 3 rate of respiration was found between the parental 

species and the interspecific F^ hybrid. Under greenhouse 

conditions, the other parental species of this cross C. 



44 

Table 2. Statistical analysis of polarograph data from 
ovary mitochondria of C. moschata and C. 
foetidissima and the in vitro mitochondrial 
mixture. 

C. moschata 
(n = 5x5) 

C. foetidissima 
(n = 4x5) 

Mixture 
(n = 3x5) 

ADP :0 2.61a 2.39a 2.47a 

RC 2.79a 2.83a 2. 68a 

State 3 
respiration 45.1 45.5 43. 3 

The horizontal means of oxidative phosphorylation 
(ADP:0) and respiratory control (RC) followed by the same 
letter are not significantly different at the 5% level 
according to the F values obtained by orthogonal contrasts 
and analysis of variance. Substrate concentrations at the 
beginning of each trace: 15 mM/3 ml and 240 jiM/3 ml oxygen. 
State 3 rates of respiration ((j.M/3 ml/min) (n = replications 
x observations or cycles). 

Table 3. Statistical analysis of polarograph data from 
ovary mitochondria of C, moschata and the inter
specific F^ hybrid C. moschata x £. lundelliana. 

C. moschata 
(n = 9x5) 

Fi hybrid 
(n = 8x5) F value 

ADP :0 2.79 2.67 < 1 

RC 3.47 4.01 < 1 

State 3 
respiration 34.4 29.9 — 

The horizontal means of oxidative phosphorylation 
(ADP:0) and respiratory control (RC) are not significantly 
different at the 5% level according to the F values obtained 
from analysis of variance. Substrate concentrations at the 
beginning of each trace: 15 mM/3 ml and 240 |aM/3 ml. Rate 
of state 3 respiration (nM/3.ml/min). 
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lundelliana produced low numbers of female flowers. This, 

plus the small size of the ovary prevented isolation of 

mitochondria from this source for statistical comparisons. 

That mitochondrial heterosis may be involved in the hybrid 

vigor observed in the reciprocal F^ hybrids of C. moschata 

x C. lundelliana is indicated in Table 4 which summarizes 

data from polarograph traces made on one occasion when 

enough material of the one parental species and the 

reciprocal hybrids was available for two replicates each, 

one of which is shown in Figure 4. The parent and hybrids 

were not significantly different at the 5% level with such 

low numbers of replicates. 

The difficulty of obtaining ovaries from C. 

lundelliana prompted the use of etiolated vine as a mito

chondrial source. As was already shown, tightly coupled, 

actively respiring mitochondria could be isolated from 

etiolated vine of £. moschata. The polarograph data from-

v i n e  m i t o c h o n d r i a  i s o l a t e d  f r o m  C .  m o s c h a t a  a n d  C .  

lundelliana are summarized in Table 5. No significant 

differences of ADP:0 or RC ratios or state 3 respiration 

rates were found between the two spacies at the 5% level of 

confidence. The age of the plant, light intensity, and 

temperature appeared to be limiting factors for the produc

tion of etiolated vine. On one occasion it was possible to 

obtain enough material from the two species for individual 

polarograph traces of each and of the mixture. These traces 
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Table 4. Statistical analysis of polarographic data from 
ovary mitochondria of C. moschata (MM) and the 
reciprocal interspecific hybrids C. moschata x 
C.. lundelliana (ML) and lundelliana x C. 
moschata (LM). 

MM 
(n = 2x5) 

ML 
(n = 2x5) 

LM 
(n = 2x5) 

ADP: 0 2.65a 3.06a 3.22a 

RC 4. 39a 5.87a 5.17a 

State 3 
respiration 23. 2 20.0 21.8 

Horizontal means of oxidative phosphorylation 
(ADP:0) and respiratory control (RC) followed by the same 
letter are not significantly different at the 5% level 
according to F values obtained from orthogonal contrasts and 
analysis of variance. Substrate concentrations at beginning 
of each trace: 15 mM/3 ml and 240 nM/3 ml. Rate of state 3 
respiration (taM/3 ml/min) (n = replications x observations 
or cycles). 
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Figure 4. Oxygen polarograph traces of mitochondria isolated from ovary tissue 
of C. moschata (MM) and the reciprocal F^ hybrids, £. moschata x C. 
lundelliana (ML) and C. lundelliana x C. moschata (LM) — Mean values 
(X) are for oxidative phosphorylation (ADP:0), respiratory control (RC) , 
and state 3 respiration rate (O2, uM/3 ml/min). Substrate concentra
tion at beginning of each trace, 15 mM/3 ml akg and 240 iiM/3 ml 
oxygen. ADP concentration per addition, 150 |iM/3 ml. 
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Table 5. Statistical analysis of polarographic data from 
etiolated vine mitochondria of £. moschata and 
C. lundelliana. 

C. moschata 
(n = 3x5) 

C. lundelliana 
(n = 3x5) 

ADP:0 2.59a 2.73a 

RC 3. 65a 3.99a 

State 3 respiration 
(UM/3 ml/min) 44.1 37.4 

The horizontal means of oxidative phosphorylation 
(ADP:0) and respiratory control (RC) followed by the same 
letter are not significantly different at the 5% level 
according to the F values obtained from orthogonal contrasts 
and analysis of variance. Substrate concentrations at 
beginning of each trace: 15 mM/3 ml akg and 240 uM/3 ml 
oxygen (n = replications x observations or cycles). 
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are shown in Figure 5. Mitochondrial complementation may be 

indicated in the higher ADP:0 ratios of the mitochondrial 

mixture. Further replications and statistical analysis was 

not possible. 

A supply of a commercial F^ hybrid and the parental 

varieties of C. pepo (NK 560) from a seed company was 

obtained for the purposes of studying comparative mito

chondrial activity. The cotyledons were used after four 

days of germination. The data from the polarograph traces 

of these experiments are summarized in Table 6 where it is 

seen that the female and male parent mean ADP:0 and RC 

values are not significantly different from the F^ .hybrid. 

Further mitochondrial studies were carried out with 

a commercial F^ hybrid and the parental varieties of cucumber 

(Cucumis sativus). Mitochondria were isolated from 72 and 

80 hour germination cotyledons and 96 hour hypocotyls. The 

procedures for isolation of these mitochondria were the same 

as those for Cucurbita with the exception that BSA was not 

added to the cotyledon preparations. 

The polarographic data from 72 hour cotyledons are 

summarized in Table 7. The ADP:0 and RC values of the F^ 

hybrid and the mitochondrial mixture are significantly 

higher than the theoretical midparent and the female parent 

according to Duncan's new multiple range test at the 5% 

level. Representative polarograph traces from this material 

are presented in Figure 6. The analysis of polarographic 
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Figure 5. Oxygen polarograph traces of mitochondria isolated from etiolated vine 
of C. moschata (MM) and C. lundelliana (LL) and the mitochondrial 
mixture from the two species — Mean values (X) are for oxidative 
phosphorylation (ADP:0), respiratory control (RC), and state 3 
respiration rate (O2, HM/3 ml/min). Substrate concentration per 
addition, 150 IJIM/3 ml. Substrate concentration at beginning of each 
trace, 15 mM/3 ml akg and 240 |jM oxygen (mitochondrial mixture, 1:1 ui 
fresh weight). 0 
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Table 6. Statistical analysis of polarographic data from 
cotyledon mitochondria of a commercial F-^ hybrid 
and the parental varieties 'NK 560' of C. pepo. 

Female 
parent 

(n = 3x5) 

Male 
parent 

(n = 3x5) 

F1 
hybrid 

(n = 3x5) 

ADP:0 2.49a 2. 66a 2.64a 

RC 2. 73a 2.71a 2.79a 

State 3 
respiration 25.9 30.4 35. 2 

Horizontal means of oxidative phosphorylation 
(ADP:0) and respiratory control (RC) followed by the same 
letter are not significantly different at the 5% level 
according to Duncan's new multiple range test. State 3 
respiration rate ((J.M/3 ml/min). Substrate concentrations 
at beginning of each trace: 15 mM/3 ml akg and 240 |jM/3 ml 
oxygen (n = replications x observations or cycles). 



Table 7. Statistical analysis of polarographic data from 72 hour germination 
cucumber cotyledon mitochondria of a commercial F! hybrid, the parental 
varieties, and the mitochondrial mixture. 

Female 
parent 
(n=3x5) 

Male 
parent 
(n=3x5) 

hybiid 
(n=3x5) 

LSD 
5% 

Mitochondrial 
mixture 
(n=3x5) 

Calculated 
midparent 

LSD* 
5% 

ADP: 0 1.90a 2.llab 2.35b 0.28 2.38b 2.00a 0.24 

RC 1.65a 2.01b 2.13b 0.35 2.23b 1.83a 0.30 

State 3 
respiration 29.0 32.1 25.5 31.1 

Horizontal means of oxidative phosphorylation (ADP:0) and respiratory 
control (RC) followed by the same letter are not significantly different at the 
5% level according to Duncan's new multiple range test. LSD* has been computed 
to compensate for unequal subclass size of the calculated midparent and mito
chondrial mixture. Substrate concentrations at beginning of each trace: 15 mM/ 
3 ml and 240 uM/3 ml oxygen. Respiration rate at state 3 (uM/3 ml/min) (n = 
replications x observations or cycles). 
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Figure 6. Oxygen polarograph traces of cucumber (Cucumis sativus) cotyledon 
mitochondria isolated after 72 hours of germination — Traces are for 
the female parent, male parent, the hybrid, and the parental mito
chondria mixture (1:1 fresh weight). Substrate concentration at 
beginning of each trace, 15 mM/3 ml akg and 240 (iM/3 ml oxygen. ADP 
concentration per addition, 150 (iM/3 ml. 
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data from 80 hour germination cotyledons did not show 

significant differences between the hybrid, the mixture, 

and the parents as is summarized in Table 8. Furthermore, 

no significant differences between the parents, hybrid, or 

mixture were found ('Table 9) when data from 72 and 80 hour 

germination cotyledons were combined. Mitochondria from 

hypocotyIs of the same cucumber hybrid and parental 

varieties were analyzed statistically and were judged not 

to be different at the 5% "level as is shown in Table 10. 

Comparative Studies of Drosophila 
Mitochondria 

Mitochondria from D. melanoqaster had previously 

been isolated from 2 day old imagoes and found to be 

actively respiring and tightly coupled with pyruvate as sub

strate as determined on the oxygen polarograph (McDaniel and 

Grimwood, 1971). The faster developmental rates and heavier 

body weights of the F^ hybrids have been correlated with the 

higher ADP:0 ratios as compared to the inbred parental wild-

type stocks Oregon-R-C and Swedish-C. Mitochondrial comple

mentation in terms of higher ADP:0 ratios of the mito

chondrial mixture (1:1 fresh weight) from the parents to 

that of the calculated midparent was also found. The data 

from the oxygen polarograph traces were analyzed statisti

cally by analysis of variance and Duncan's new multiple 

range test. A representative analysis of variance table is 

shown in Table 11. Representative polarographic data from 
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Table 8. Statistical analysis of polarographic data from 
80 hour germination cucumber cotyledon mitochon
dria of a commercial F-^ hybrid, the varietal 
parents, and the mitochondrial mixture. 

Female 
parent 
(n=4x5) 

Male 
parent 
(n=4x5) 

F1 
hybrid 
(n=4x5) 

Mitochondrial 
mixture 
(n=4x5) 

ADP: 0 2.27a 2.17a 2.25a 2.23a 

RC 2.18a 2.10a 2.20a 2. 21a 

State 3 
respiration 33.5 27.8 33.8 30.4 

Horizontal means of oxidative phosphorylation 
(ADP:0) and respiratory control (RC) followed by the same 
letter are not significantly different at the 5% level 
according to the F values obtained from orthogonal contrasts 
and analysis of variance. Substrate concentrations at 
beginning of each trace: 15 mM/3 ml and 240 uM/3 ml. Rate 
of state 3 respiration (uM/3 ml/min) (n = replications x 
observations or cycles). 
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Table 9. Statistical analysis of polarographic data from 72 
hour and 80 hour germination cucumber cotyledon 
mitochondria of a commercial F-^ hybrid, the 
varietal parents, and the mitochondrial mixture. 

Female 
parent 
(n=7x5) 

Male 
parent 
(n=7x5) 

*1 
hybrid 
(n=7x5) 

Mitochondrial 
mixture 
(n=7x5) 

ADP:0 2.11a 2.15a 2.29a 2.29a 

RC 1.95a 2.06a 2.17a 2.21a 

State 3 
respiration 31.5 29.6 30.3 30.7 

Horizontal means of oxidative phosphorylation 
(ADP:0) and respiratory control (RC) followed by the same 
letter are not significantly different at the 5% level 
according to the F values obtained from orthogonal contrasts 
and analysis of variance. Substrate concentrations at 
beginning of each trace: 15 mM/3 ml and 240 |jM/3 ml. Rate 
of state 3 respiration (uM/3 ml/min). 
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Table 10. Statistical analysis of polarographic data from 
cucumber hypocotyl mitochondria of a commercial 
F^ hybrid, the varietal parents, and the mito
chondrial mixture. 

Female 
parent 
(n=3x5) 

Male 
parent 
(n=3x5) 

F1 
hybrxd 
(n=3x5) 

Mitochondrial 
mixture 
(n=3x5) 

ADP:0 2. 30a 2.21a 2. 29a 2.23a 

RC 2.47a 3. 55a 3. 50a 3.41a 

State 3 
respiration 33. 3 34.4 36.5 36.3 

Horizontal means of oxidative phosphorylation 
(ADP:0) and respiratory control (RC) followed by the same 
letter are not significantly different at the 5% level 
according to the F values obtained from orthogonal contrasts 
and analysis of variance. Substrate concentrations at 
beginning of each trace: 15 mM/3 ml and 240 (iM/3 ml oxygen. 
Rate of state 3 respiration (^iM/3 ml/min) (n = replications 
x observations or cycles). 
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Table 11. Analysis of variance from representative 
polarograph data from experiments of mitochon
drial heterosis and complementation in D. 
melanoqaster. 

Source 
Degrees of 
freedom 

ADP:0 ratios 

Mean square F value 

Genotype (G) 4 0.3953 7.05** 

Replication (R) 2 0.0281 <1 

Observation x 
Replication x 
Genotype (0,R,G) 24 0.0478 <1 

Error A (GR + R) 10 0.1043 

Observation (0) 3 0.3428 6.12** 

Error B (0,0G,0R,0RG) 45 0.0559 

Significance of F value is indicated by **, 1% 
level. Replication = each mitochondrial isolation, Observa
tion = each cycle or transition from state 3 to state 4. 
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such an experiment are shown in Figure 7. The data taken 

from these traces have been presented in Table 12 where it 

is seen that the greater number of cycles (additions of ADP) 

possible for the hybrids and mixture reflects the higher 

ADP:0 ratios indicating greater efficiency of ATP produc

tion per unit of oxygen consumed. 

Mitochondrial activity and efficiency of energy 

conservation is maintained during aging. Polarographic 

traces of mitochondria isolated from 14 day old imagoes of 

Oregon-R-C and Swedish-C and the F^ hybrid are shown in 

Figure 8. These data are summarized in Table 13 where it is 

seen that the higher ADPrO ratios for the hybrid indicates 

the higher efficiency of energy conservation. 

Biochemical Studies of Prosophila 
Mitochondria 

The procedures for obtaining tightly coupled 

Drosophila mitochondria were examined. It was found that 

the mitochondria actively respired with pyruvate as sub-

++ 
strate in the absence of exogenous Mg . It was determined 

that 5 mM/3 ml MgC^ in the mitochondrial reaction suspen

sion increased the rate of respiration while decreasing 

ADP:0 ratios and RC as is shown in Figure 9. 

Mitochondria isolated from the entire fly utilize 

pyruvate quite rapidly. The utilization of such TCA inter

mediates as akg or malate is very slow with little or no 

coupling as is shown in Figure 10. Acetate is rapidly 
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Figure 7. Oxygen polarograph traces of mitochondria isolated from 2 day old D. 
melanogaster imagoes of the parental stocks, the reciprocal F^ hybrids, 
and the parental mitochondria mixture — Higher efficiency of energy 
conservation is indicated by larger number of cycles (state 3 state 
4) of the hybrids and mixture (5) than the parents (4) per unit of 
oxygen. Substrate concentration at beginning of each trace, 1.5 mM/ 
3 ml pyruvate and 240 |jM/3 ml oxygen. ADP concentration per addition, 
150 nM/3 ml. Swe (Swedish-C), Ore (Oregon-R-C), and SwerOre (parental 
mitochondrial mixture 1:1 fresh weight). 
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Table 12. Representative data from polarograph traces of 
D. melanoqaster mitochondria from parental 
stocks, the reciprocal F-^ hybrids i and the 
parental mitochondrial mixture. 

Cycle Swe Ore OrexSwe SwexOre Ore+Swe 

I ADP: 0 3.26 3.13 3.95 4.00 3.95 
RC 3.41 4.75 3.63 3.43 3.79 

II ADP: 0 3.00 3.13 3.57 3.57 3.75 
RC 3.68 4.43 3.31 3.65 4.25 

III ADP: 0 2.89 3.26 3.26 3.67 3.95 
RC 3.75 4.40 3.75 3.47 4.55 

IV ADP: 0 2.61 3.26 3.75 3.57 3.57 
RC 3.89 3.96 3.23 3.20 4.88 

V ADP: 0 State 5 State 5 3. 26 3.41 3.26 
RC 3.23 3.03 4.15 

Higher oxidative phosphorylation (ADP:0) ratios of 
the hybrids and the mitochondrial mixture indicate 
greater efficiency of energy conservation. Parental stocks, 
Swedish-C (Swe), and Oregon-R-C (Ore). Substrate concentra
tions at beginning of each trace: 1.5 mM/3 ml pyruvate and 
240 |-iM/3 ml oxygen; 150 |iM/3 ml ADP per addition. 
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Figure 8. Oxygen polarograph traces of mitochondria 
isolated from 14 day old D. melanoqaster imagoes 
of the parental stocks and the hybrid — That 
higher efficiency of energy conservation of the 
hybrid is maintained in aging flies is indicated 
by the greater number of cycles (state 3 state 
4) per unit of oxygen, 5 for the hybrid and 4 for 
the parents. Substrate concentration at 
beginning of each trace, 1.5 mM/3 ml pyruvate and 
240 nM/3 ml oxygen. ADP concentration per 
addition, 150 |iM/3 ml. 
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Table 13. Representative data from polarograph traces of 
D. melanoqaster mitochondria from parental 
stocks and the Fn hybrid — The imagoes were 14 
days of age at the time of mitochondrial isola
tion. 

Cycle Ore Swe SwexOre 

I ADP:0 3.41 3.75 4.41 
RC 3.72 3.88 2.50 

II ADP: 0 3.13 3.57 3.75 
RC 3.60 3.94 2.55 

III ADP:0 3.00 3.26 3.95 
RC 3.95 3.40 3.23 

IV ADP:0 2.88 3.13 3.75 
RC 3.54 3.23 3.11 

V ADP: 0 State 5 State 5 3.41 
RC 2.71 

Higher oxidative phosphorylation (ADP:0) ratios of 
the hybrid (SwexOre) indicate greater efficiency of 
energy conservation is maintained during aging. Parental 
stocks Swedish-C (Swe) and Oregon-R-C (Ore). Substrate 
concentration at beginning of each trace: 1.5 mM/3 ml 
pyruvate and 240 |_iM/3 ml oxygen; 150 |jM/3 ml ADP for each 
addition. 
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Figure 9. Oxygen polarograph traces of mitochondria isolated from D. melanoqaster 
(Swedish-C) showing the effect of MgC^ when added to the reaction 
mixture — Mean values (X, n=6) are given for oxidative phosphorylation 
(ADP:0), respiratory control (RC), and state 3 respiration rate (02, 
p.M/3 ml/min). Substrate concentration at beginning of each trace, 
.5 mM/3 ml pyruvate and 240 |jM/3 ml when added, 5 mM/3 ml MgCl2 and <r> 
150 ^M/3 ml ADP. * 
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Figure 10. Representative oxygen polarograph traces of D. melanoqaster (Swedish-
C) mitochondria from 2 day old imagoes showing effect of different 
substrates — Substrates and concentrations added in State 1, 15 mM/ 
3 ml akg, 1 mM/3 ml acetate, 15 mM/3 ml malate, 15 mM/3 ml alpha-
glycerophosphate (aGP). Pyruvate concentrations added to first three 
traces to restore coupling, .5 mM/3 ml, 1.5 mM/3 ml, 1.5 mM/3 ml 
respectively. Concentration: oxygen at beginning of each trace, 
240 nM/3 ml; ADP per addition, 150 ^M/3 ml. 
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utilized with loss of coupling. These mitochondria are 

intact and capable of oxidative phosphorylation as is 

evidenced when pyruvate is added to akg, acetate, and 

malate. An immediate response to added pyruvate is noted 

by the increase in respiration rates and further response 

to added ADP. 

The competitive inhibitor of succinate dehydrogen-

ace, malonate, was used in studying pyruvate metabolism. 

When as little as 1 mM malonate was added to the mito

chondrial suspension with pyruvate as the substrate, the 

state 3 respiration was completely inhibited. Further 

additions of pyruvate or ADP did not result in a state 3 

rate of respiration as is seen in Figure 11. It is also 

seen that the OAA does not overcome malonate inhibition but 

when either akg or malate is added state 3 respiration 

follows immediately with respiratory control. 

Heterogeneity and Enzymatic Activity 
of Mitochondrial Proteins 

Techniques for the solubilization of mitochondrial 

membrane proteins generally include organic solvents and 

high molarity urea, but the use of such harsh denaturants 

was avoided in these experiments. The mitochondria from C. 

moschata cotyledons were isolated as previously described 

and the mitochondrial pellets obtained from differential 

centrifugation were further purified on linear sucrose 

density gradients (0.95-1.90 M). The mitochondria were 
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Figure 11. Oxygen polarograph traces of D. melanogaster (Swedish-C) mitochondria 
from two day old imagoes showing inhibition of state 3 respiration 
with malonate — Trace A: Oxaloacetic acid (OAA) did not overcome 
inhibition of malonate (1 mM/3 ml) when akg was added immediate 
recovery of state 3 respiration occurred. Trace B: Additional 
pyruvate not sufficient to overcome inhibition by malonate (5 mM/3 ml). 
Trace C: Malate added to malonate (1 mM/3 ml) inhibited system was 
effective in regaining coupling. Concentration of oxygen at 
beginning of each trace, 240 (j.M/3 ml. ADP per addition, 150 uM/3 ml. 

<n 
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found to sediment in the region of 1.5 M sucrose as is shown 

in Figure 12 where the buoyant density of cotyledon mito

chondria is compared to that of etiolated vine and ovary 

mitochondria from the same species, C. moschata. The slight 

differences of buoyant density noted between the mito

chondrial populations are believed to represent changes of 

size, structure, or function of these organelles during 

plant growth and development. 

Electrophoretic separation of the solubilized 

proteins produced multiple bands as is shown in Figure 13. 

The tetrazolium reaction for detection of MDH isoenzyme 

activity produced multiple bands. Three closely spaced 

bands and a diffuse band toward the origin can be seen in 

gel A, Figure 13. Two MDH isoenzymes are closely spaced 

preceded by a very faint band not visible in gel C, Figure 

13, plus two bands of MDH activity at and near the origin 

of the running gel. These slow moving molecules may be high 

molecular weight enzymes or intrinsically associated with 

other proteins. A comparison of general proteins is also 

made with the amido-Schwartz and Coomassie Blue stains. The 

relatively low concentrations used per gel (o.l5 mg) pro

duced up to 8 bands, some of which were not detectable by 

spectrophotometric scanning. Three fast moving protein 

bands are visible in the 14% gels of Figure 13 (gels D and 

E). The streaking evidenced in some gels indicates the 
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-1.43 M 

-1.90 M 

Cotyledon Vine Ovary 

Figure 12. Mitochondria on linear sucrose density 
gradients — Sources of mitochondria Cucurbita 
moschata cotyledon, vine, and ovary. Cotyledon 
and vine mitochondria appear as white bands 
below the 1.43 M region of the gradients. The 
vine mitochondrial band is more faint and is at 
the 1.43 M region and above. 
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Figure 13. Representative polyaerylamide disc gels of C. 
moschata cotyledon mitochondrial proteins. 

A. Malate dehydrogenase isoenzymes on 7% acrylamide 
gel. 

B. General proteins stained with amido-Schwartz on 
7% acrylamide gel. 

C. Malate dehydrogenase isoenzymes on 14% 
acrylamide gel. 

D. General proteins stained with amido-Schwartz on 
14% acrylamide gel. 

E. General proteins stained with Coomassie Blue on 
14% acrylamide gel. 

Bands visible at anodal end of gels A, B( and D are 
bromphenol blue "running front" markers. 
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presence of lipid in the protein preparation, either as a 

contaminant or still associated as a lipoprotein. 

It would thus appear that the techniques of solu

bilization and electrophoresis of mitochondrial proteins 

used in these investigations will be useful in determining 

the size and function of the protein(s) synthesized by the 

mitochondria. Further information may also result utilizing 

these procedures regarding conformational and allosteric 

properties of the intrinsic enzymes as these properties may 

relate to energy conformation and mitochondrial complementa

tion. 

Enzymatic Determination of 
ADP Concentration 

The enzymatic determination of ADP was carried out 

so that the ADP:0 ratios obtained in these investigations 

could be evaluated. Figure 14 shows a typical trace and 

calculations. HEPES buffer was substituted for triethanol-

amine as buffer (pH 7.55, 20°C). From the calculations, the 

concentration of ADP added to the cuvette (delivered in 2 

Hi) was determined to be 150 (aM/3 ml as determined from 10 

reactions. 
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Figure 14. Enzymatic determination of ADP and AMP concen
tration for calculating ADP:0 ratios. 

A. Reaction medium with Lactate Dehydrogenase 
(LDH), Pyruvate Kinase (PK), phosphoenolpyruvate (PEP), and 
NADH in excess. 

B. Addition of ADP solution: 0,D.=1.00 

2 ADP + 2 PEP *2 ATP + 2 pyruvate 
PK, Mg , K 

2 pyruvate + 2 NADH + 2 H * r 2 lactate + 2 NAD 
LDH 

C. Addition of Myokinase (MK):AO.D.=0.5 

AMP + ATP " 2 ADP 
MK, Mg 

Calculations: A0.D.ADp = B - C; = volume of 
reaction medium in cuvette; 

e = extinction coefficient ITADH/25 C, 
e366 = 3.30 (cm /^m); d = light path 
of cuvette. 

|iM/3 ml ADP added = 
*D*ADP x C 

x d 
. 5 x 3  

x 333.3 

3.30 x 1 
x 333.3 = 151.3 

|.JM/3 ml 



DISCUSSION 

In these investigations, it has been determined that 

tightly coupled mitochondria from Cucurbita cotyledons, hypo-

cotyls, vine, and ovary could be isolated following essen

tially the same procedures. It may be possible to follow 

important developmental changes utilizing such material and 

procedures. It was demonstrated that mitochondria from 

ovaries and vine of the same plant (Figure 1) could be 

obtained. The capability of utilizing the same plant in 

this manner, or by propagating vegetatively, may prove 

advantageous in future studies of mitochondrial structure 

and function (including heterosis) in which variation due to 

meiotic recombination can be avoided. 

Mitochondria isolated from all plant sources in 

these studies were found to readily utilize akg. NAD is 

commonly used in plant mitochondrial reaction media. It was 

determined (Table 1) that the addition of NAD to mitochondria 

utilizing akg had no effect upon ADP:0, RC, or respiration. 

Thus, it was decided to omit NAD as part of the standard 

components of the Cucurbita reaction media. Further informa

tion of substrate utilization was obtained when it was 

determined that C. maxima ovary mitochondria utilizing 

malate as the initial substrate responded to further addi

tions of akg and pyruvate by increased respiration (Figure 
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2). Although pyruvate was being utilized in these mito

chondria, the failure to increase ADP:0 ratios (Figure 3) is 

an indication of similar ADP:0 average values for these two 

substrates. The increase in ADP:0 ratios obtained when akg 

was added to malate utilizing mitochondria is expected due 

to the substrate level phosphorylation. 

The studies of mitochondrial heterosis and comple

mentation in Cucurbita and Cucumis were analyzed when 

possible by orthogonal contrasts and analysis of variance. 

No evidence of interspecific mitochondrial complementation 

was found (Table 2) between £. moschata and C. foetidissima. 

This lack of significant interaction between mitochondria 

from these two species may be a reflection of the evolution

ary divergence of these two species. The cross-incompati

bility between the wild-xerophytic species, £. foetidissima 

and the cultivar moschata produces hybrids which are 

completely sterile (Bemis, 1964). However, the F^ plants 

were vegetatively very vigorous once the plants had become 

established (Whitaker and Bemis, 1965). 

C. lundelliana is a wild-mesophytic species and has 

been found to be highly cross-compatible with the cultivated 

species, especially C. moschata (Whitaker and Davis 1962; 

Whitaker and Bemis, 1965) with viable F^, F^, and backcrosses 

but with reduced fertility. The small, immature embryos 

which are viable produce a highly vigorous plant not only 

in terms of vegetative growth but also in flower production. 
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The investigations of mitochondrial heterosis and 

complementation with ovary mitochondria from C. moschata and 

C, lundelliana and the reciprocal F^ hybrids were restricted 

by the low numbers of female flowers produced by C. 

lundelliana. The comparison of mitochondria polarograph-

ically was limited to the one parent, C. moschata and the 

hybrids. Even with these sources it was found difficult to 

obtain enough ovaries for replicate runs on consecutive days. 

No significant differences could be found between the parent 

and hybrid. In the few instances where enough material was 

available for consecutive replicate analysis, the ADP:0 

ratios of the reciprocal F^ hybrids averaged 20% higher than 

the parental values. In this statistical analysis, the mean 

values could not be separated due to the low number of repli

cates. Since it was not possible to compare the mitochon- . 

drial mixture from the parental species using ovaries, 

etiolated vines as a mitochondrial source was considered. 

Factors which influence the production of etiolated vine 

include age of the plant, light intensity, and temperature. 

Thus, on only one occasion was it possible to obtain enough 

material from both species for analysis of mitochondrial 

complementation. In this instance ADP:0 ratios of the 

mixture were 20% higher than the average of the parental 

species. Thus, some evidence is available which indicates 

that mitochondrial heterosis may be involved in the increased 

growth potential of these hybrids. 
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Commercial hybrids and the parental varieties of C. 

pepo and cucumber were obtained for study. Although no 

field data were available for these F^ hybrids, the commer

cial availability may indicate acceptable hybrid performance, 

whether it is expressed in uniformity or quality of fruit, 

flowering intensity, disease resistance, or growth and yield 

potential. 

Mitochondria were isolated from C. pepo and examined 

polarographically. No differences were found in ADP:0 

ratios or RC between the parents and the hybrid (Table 6),, 

thus studies of mitochondrial complementation were not felt 

justified. Mitochondria from cucumber cotyledons and hypo-

cotyls were also analyzed. The isolation procedures for 

isolating these mitochondria were the same as those used for 

Cucurbita with the exception that BSA was omitted in these 

studies. The statistical analysis from polarograph data of 

72 hour germination cucumber cotyledon mitochondria resulted 

in significantly higher ADP:0 ratios and RC's for the F^ 

hybrid and mitochondrial mixture over those of the female 

parent and theoretical midparent (Table 7) according to 

Duncan's new multiple range test. It was not possible to 

separate the parents, hybrid, and mixture from polarograph 

data taken from 80 hour germination cotyledon mitochondria 

(Table 8). When the data from 72 hour and 80 hour germina

tion cotyledon mitochondria were combined, no differences 
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between the parents, the hybrid, or mixture were found by 

analysis of variance and orthogonal contrasts (Table 9). 

It has been reported that glyoxosomes (B reidenbach 

and Beevers, 1967) are present in the cotyledons of cucumber 

(Trelease et al., 1971) which is not surprising in view of 

the considerable quantity of storage lipids which are 

present. The differences observed between the 72 and 80 

hour germination cotyledons may be due to a shift in 

metabolic activity in vivo. It is also possible taat newly 

formed glyoxosomes are contaminating the mitochondrial prep

aration causing in vitro uncoupling or the differences found 

may be due to the rapid changes in mitochondrial structure 

and activity which are known to occur during germination in 

pea cotyledons (Nawa and Asahi, 1971) and squash cotyledons 

(Lott and Castelfranco, 1970). The results of experiments 

using mitochondria from hypocotyls of the same cucumber 

hybrid and parental varieties indicate that no mitochondrial 

heterosis or complementation can be detected under the 

conditions of these experiments. 

It is believed that the lack of positive interactions 

leading to convincing evidence of mitochondrial complementa

tion and heterosis in these investigations with commercial 

hybrids may be due to the fact that, according to Allard 

(1960), the intraspecific hybrids of cucurbit cultivars do 

not exhibit "conspicuous heterosis." 
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The first documented report of mitochondrial 

heterosis and complementation in animals came from McDaniel 

and Grimwood (1971). Mitochondria were isolated from 2 day 

old imagoes of D. melanoqaster and analyzed with the oxygen 

polarograph. The faster developmental rates and heavier 

body weight of the hybrids were correlated with superior 

efficiency of mitochondrial energy conservation. Mito

chondrial complementation was also found with higher ADP:0 

ratios for the mitochondrial mixture as compared to the 

theoretical midparent. In these investigations the higher 

efficiency of energy conservation in the hybrid was main

tained during aging, as judged by the higher ADP:0 ratios 

from mitochondria isolated from 14 day old imagoes. 

The mechanism(s) responsible for mitochondrial 

complementation in terms of oxidative phosphorylation have 

not been determined. McDaniel (1967) reported that a direct 

contact between mitochondria was necessary for interaction. 

It has been proposed that such contact could result in the 

conformational changes of membrane components and alter the 

kinetic properties of specific mitochondrial enzymes 

(McDaniel, 1971). Membrane conformational changes have 

been observed in bacteria (Changeux and Thiery, 1967) and 

Neurospora (Woodward, 1968). 

The concept of conformational changes being directly 

involved in energy conservation has been discussed. In 

recent reports, Sabet and Schnaitman (1971) and Rolfe and 
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Onodera (1971) have described mutants of E. coli in which 

membrane proteins are altered or missing at the colicin 

receptors which in some way alters the ability to bind 

colicins. The composition of the receptors is not known, 

but Sabet and Schnaitman (1971) suggest that the functional 

receptor is a complex of protein and lipopolysaccharide or 

some other cellular polysaccharide. Active sites or recep

tors in mitochondrial membranes are difficult to conceive 

with the classical models of membrane structure. Sjostrand 

and Barajas (1970) have suggested that lipid bilayers exist 

between multimolecular complexes associated with electron 

transport. More recently Simpkins, Panko, and Tay (1971) 

have reported experimental data based on electron spin 

resonance techniques which suggest that lipid regions are 

discrete from those of the protein in mitochondrial and red 

blood cell membranes. A concept of mitochondrial membrane 

with active regions or sites may more readily explain energy 

conservation in terms of conformational and allosteric 

changes in enzymes. 

+ + Although Mg is routinely added to mitochondrial 

++ preparations, the use of Mg in the Prosophila mitochondrial 

preparations with pyruvate as substrate was discontinued 

when it was determined that 5 mM MgC^ decreased ADP:0 and 

RC values. An explanation for these results may be that 

added Mg++ binds all the EDTA or that Mg++ increases Mg-

dependent ATPase activity and thus increases steady state 
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levels of ADP. Similar results and conclusions have been 

made by Tarjan and Von Korff (1967) for animal mitochondria 

and by Ikuma (1970) and Matlib, Kirkwood, and Smith (1971) 

for plants. 

The utilization of pyruvate by Prosophila mito

chondria in vitro was found to be rapid (Tupper and Tedeschi, 

1969; McDaniel and Grimwood, 1971). In these investigations 

it has been determined that the TCA intermediates akg and 

malate are only slowly utilized. Acetate and alpha-

glycerophosphate (aGP) were readily utilized by the isolated 

Drosophila mitochondria. Intact mitochondria of blowfly 

flight muscle oxidize aGP at a high rate but do not oxidize 

endogenous tri- and dicarboxylic acids of the TCA cycle at 

significant rates (Childress and Sacktor, 1966). The aGP 

was found to be actively utilized in Drosophila mitochondria 

in vitro (Farnsworth and Jozwiak, 1969). Sacktor (1961) 

determined that the aGP cycle can account for the oxidiza

tion of all NADH formed by glycolysis in insect flight 

muscles. The aGP cycle is also important as a shuttle for 

NADH oxidization in a number of tissues such as brain and 

smooth muscle (Mahler and Cordes, 1966). 

The effects of malonate on biological systems have 

been extensively reviewed by Webb (1966). Malonate is best 

known as a competitive inhibitor of succinic dehydrogenase. 

Malonate has also been reported to be metabolized to 

Malonyl-CoA, a potent inhibitor of pyruvate carboxylase 
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(Mehlman and Walter, 1968). According to these investiga

tors, the inhibition of pyruvate utilization for rat liver 

mitochondria in the presence of malonate is due for the most 

part to the decrease in carboxylation of pyruvate to such 

dicarboxylic acids as malate or OAA rather than to decreased 

oxidation of pyruvate. 

In these investigations it was found that as little 

as 1 mM malonate completely inhibits state 3 respiration in 

Drosophila mitochondria utilizing pyruvate as substrate. 

The brief increase in respiration when ADP was added to the 

malonate inhibited mitochondria may be an indication that 

small amounts of malate or OAA are present endogenously and 

were rapidly depleted thus inhibiting further state 3 respi

ration. An immediate return to state 3 was obtained when 

akg or malate was added to the inhibited system. Rather 

surprisingly, OAA was not effective in restoring state 3 

respiration. The failure of OAA to overcome inhibition may 

be due to permeability barriers, or as Chappell (1964) 

suggested, the formation of malate from succinate is needed 

for the oxidation of isocitrate since it provides a means of 

re-oxidization of NADPH as catalyzed by the malic enzyme. 

The rapid respiration with pyruvate may be due to carboxyla

tion to malate and akg which may account for the ADP:0 

stoichiometry (>3.00) and recovery of malonate inhibited 

state 3 respiration by akg and malate. 
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In an effort to better resolve the structure and 

function of mitochondrial membrane proteins, a portion of 

these investigations was devoted to the solubilization and 

separation of these proteins by avoiding techniques which 

are considered to cause denaturation of the globular 

proteins. Organic solvents are commonly used to extract 

lipids and the proteins are solubilized by such chemicals as 

urea, which is capable of denaturing proteins. A number of 

investigators have reported the use of SDS as an effective 

means of solubilization, however the protein molecules are 

reduced to monomeric subunits, thus destroying any biological 

activity. Another technical problem with SDS procedures 

arises when staining for proteins electrophoresed on gels. 

It was thought that perhaps more meaningful studies would 

result in which the purifed protein molecules were maintained 

as closely as possible to the native state. 

Multiple mitochondrial proteins were solubilized 

and separated by electrophoresis. The presence of MDH iso

enzymes in these preparations indicates the maintenance of 

these enzymes in native conformational and structural form 

as associated with other intrinsic proteins. The evidence 

for close association of mitochondrial MDH isoenzymes with 

"structural proteins" has been discussed (Woodward, 1968; 

Criddle and Willemot, 1970). This is the first report of 

mitochondrial MDH isoenzymes from Cucurbita. Grimwood and 

McDaniel (1970) obtained multiple forms of mitochondrial MDH 



from a barley hybrid. In this case, the purified mito

chondria were directly placed upon acrylamide disc gels and 

electrophoresed. 

Further work is needed to evaluate this procedure of 

solubilizing mitochondrial proteins with other methods, 

especially those utilizing solvents for lipid extraction 

followed by solubilization with SDS. The separation of the 

inner and outer membranes on gradients after disruption of 

the membranes by Triton-X-100 plus quantitative and quali

tative studies will be helpful in future studies to deter

mine the efficiency of solubilization and the enzymatic 

binding characteristics of these proteins. 

An attempt was made to determine the experimental 

validity of ADP:0 ratios obtained in these investigations. 

The oxygen polarograph is a useful tool for determining the 

ADP:0 ratio as it avoids some of the problems associated 

with manometric methods. It is necessary to calibrate the 

oxygen polarograph by determining the concentration of 

oxygen present in the 3 ml suspension containing buffer and 

reaction mixture. It is also necessary to determine the 

actual concentrations of ADP added to the reaction vessel as 

it is considered in the calculation of the ADP:0. 

The oxygen concentration of the reaction medium was 

calculated to be between 230 and 240 |aM as determined from 

standard tables adjusting for altitude and temperature. The 

concentration of ADP added with a micro-syringe was 
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calculated to be 75 |iM/|_il/3 ml according to enzymatic 

analysis as described by Adams (1963). 

The APP:0 ratios obtained for the Prosophila hybrids 

and parents were well above the theoretical value of 3.00 

with pyruvate as substrate. A number of possibilities have 

been discussed which may explain experimentally valid ADP:0 

ratios higher than the "so-called" theoretical values. 

Among these are: more than 3 coupling sites, one-electron 

transfer rather than two-electron transfer at some or all 

phosphorylating sites, branching or multiple electron trans

port chains or as Boyer (19 65) has suggested on the basis of 

energy coupling via protein conformational change, strict 

stoichiometry may not be essential. Still other possi

bilities exist for explaining the ADP:0 ratios obtained with 

Prosophila mitochondria utilizing pyruvate. The rapid respi

ration rates observed may not be due to oxidization alone of 

pyruvate. Pyruvate may be carboxylated to TCA intermediates 

via pyruvate carboxylase followed by substrate level phos

phorylation. The glycolytic pathway may also be active in 

the Prosophila mitochondrial preparations raising the 

possibility that the substrate level phosphorylation 

associated with glycolysis may be utilizing added APP. 

Further work is needed to determine the pathway of pyruvate 

metabolism in these mitochondrial preparations. 



SUMMARY 

Actively respiring, tightly coupled mitochondria 

were isolated from cotyledons, hypocotyls, vines, and 

ovaries in several species of Cucurbita and Cucumis sativus. 

Mitochondria from all of these sources readily utilized akg 

as substrate. Mitochondrial activities with malate and in 

combination with akg and pyruvate exhibited increased respi

ration with both multiple substrates, while only malate + 

akg produced higher ADP:0 ratios due to the substrate level 

pho spho rylat io n. 

Mitochondrial complementation and heterosis in 

Cucurbita and Cucumis was not convincingly demonstrated when 

statistically analyzed by orthogonal contrasts and analysis 

of variance. Some evidence for mitochondrial heterosis and 

complementation in terms of ADP:0 ratios was indicated in 

the reciprocal interspecific F^ hybrid C. moschata x C. 

lundelliana. Possible reasons for the lack of positive 

interaction to produce higher ADP:0 ratios in both the 

interspecific hybrids and the intraspecific commercial 

F^ hybrids are discussed. 

Drosophila melanogaster mitochondria were isolated 

from 2 day and 14 day old imagoes. Mitochondrial comple

mentation and heterosis in terms of higher ADP:0 ratios for 

the reciprocal F^ hybrids and the mitochondrial mixtures 
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were found with pyruvate as substrate. The faster develop

mental rates and heavier body weights of the hybrids as 

compared to the inbred wild-type parental stocks is 

believed to be correlated with increased efficiency of 

energy conservation as judged by the higher ADPrO means 

analyzed statistically by analysis of variance. 

D. melanoqaster mitochondria isolated from the 

imagoes were determined to readily utilize pyruvate, acetate, 

and alpha-glycerophosphate. Malate or akg did not produce 

++ 
respiration coupled to oxidative phosphorylation. Mg 

added to the reaction media produced lower ADPrO and RC 

values while increasing respiration with pyruvate as sub

strate. The effect of Mg++ upon mitochondrial activity is 

discussed in terms of increased ATPase activity. Malonate 

inhibited state 3 respiration with pyruvate as substrate 

was overcome with akg or malate but not OAA added to the 

reaction vessel. The sensitivity of these mitochondria to 

malonate is discussed in terms of pyruvate oxidization and 

carboxylation to TCA intermediates. The ADP:0 ratios 

obtained with pyruvate as substrate (>3.0) may in part be 

due to substrate phosphorylations in the TCA and/or 

glycolytic cycles. 

As a means of calculating ADP:0 ratios on more of 

an absolute basis the molarity of the ADP solutions prepared 

for polarograph studies was determined by the spectrophoto

metry enzymatic assay for ADP. On the basis of these 
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results it was established that the calculated ADP:0 values 

in these investigations are experimentally valid. 

Mitochondria from C .  moschata cotyledons were 

purified on linear sucrose density gradients then fraction

ated with Triton-X-100 with strict attention to the elimina

tion of ions in the preparation. Heterogeneous protein 

molecules including MDH isoenzymes were separated by acryla-

mide disc gel electrophoresis. It is concluded that this 

procedure will be useful in resolving the structure and 

functions of mitochondrial intrinsic proteins for investiga

tions of mitochondrial biogenesis, and mechanism(s) of 

energy conservation and mitochondrial complementation. 



APPENDIX 

NOTES ON TERMINOLOGY, TECHNIQUES, 
AND STATISTICAL ANALYSIS 

In most studies of mitochondrial respiration and 

oxidative phosphorylation, it is standard procedure that 

all isolation procedures are carried out at 0-5°C to main

tain respiratory control. Table 14 presents data from 

polarograph traces of C. foetidissima ovary mitochondria 

in which one mitochondrial isolation was carried out at room 

temperature (20°C) and the other at 0-5°C. It can be seen 

that at least for this source of mitochondria and following 

the procedures described in METHODS AND MATERIALS, tightly 

coupled mitochondria can be obtained with all steps at room 

temperature (20°C). 

Actively respiring, tightly coupled mitochondria 

from D. melanoqaster imagoes were isolated by the use of 

Nitex nylon monofilament screen cloth (Kressilk Products 

Inc.) combined with one short, low speed centrifugation. 

The mitochondria were prepared as described earlier up to 

the centrifugation steps. The filters were made from plexi

glass tubing (35 mm x 90 mm) with the screen cloth attached 

to one end with plexiglass adhesive. The mitochondria were 

drained from one filter to the next in the order of descend

ing pore diameter (25|i, 20|i, 15(i, 10|j.) into beakers held on 
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Table 14. Data from polarograph traces of (3. foetidissima 
ovary mitochondria isolated at 20°C and 0-4°C. 

Cycle ADP: 0 RC 
State 3 

respiration rate 

20°C I 2.50 2.00 30 
II 2.59 2.40 36 

III 2.67 2. 53 43 
IV 2.67 2.57 49 
V 2.50 2.61 47 

o
 o
 

o
 

I 2.41 2.07 27 
II 2.67 2.83 34 

III 2.67 2.47 37 
IV 2. 50 2.80 42 
V 2. 50 2.81 45 

The mitochondria were isolated according to the 
procedures described in Methods and Materials with the 
exception of temperature. This indicates that mitochondria, 
at least from this source, does not require chilling during 
isolation procedures. Temperature of the water bath con
taining reaction vessel, 27°C. Substrate concentrations at 
beginning of each trace: 15 mM/3 ml akg and 240 |aM/3 ml 
oxygen. State 3 respiration rate, nM/3 ml min. 
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ice. The filtering process took five to ten minutes, after 

which the filtrate was poured into centrifuge tubes and 

centrifuged for 3 minutes at 3,000 x c[ (20°C). The mito

chondrial pellet was resuspended in Drosophila grinding 

buffer and placed in the reaction vessel for polarographic 

analysis as previously described. 

The trace of a typical mitochondrial filtration 

preparation is shown in Figure 15 where it is seen that the 

mitochondria readily respond to ADP and exhibit respiratory 

control with pyruvate as substrate. 

Orthogonal Contrasts and 
Analysis of Variance 

The oxygen polarograph data from Cucurbita and 

cucumber experiments of mitochondrial complementation and 

heterosis were analyzed statistically by orthogonal contrasts 

and analysis of variance as is shown in Table 15. 

Various Species and Genomic Constitutions 
of Cucurbita 

In Table 16, data from oxygen polarograph traces of 

several species of Cucurbita not earlier mentioned is 

included as are data from various genomic constitutions. 

Of all species of Cucurbita studied, C. palmata proved to be 

the most difficult in obtaining tightly coupled mitochondria 

from the ovary, possibly due to in vitro contamination by 

alkaloids or other substance. 
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Figure 15. Oxygen polarograph trace of D. melanoqaster 
mitochondria isolated through filtration and 
one short centrifugation — Nytex filters of 
different pore diameters (25|a, 20|i, 15|i, and 
10|a) were used to separate mitochondria from 
cellular debris. One centrifugation for 3 
minutes at 3,000 x c[ was sufficient to pellet 
mitochondria. Mitochondrial respiration (|JM/ 
3 ml/min): State 1—Mitochondria suspended in 
reaction; 2—Substrate added; 3—ADP added; 4— 
ADP concentration limiting; 5—Oxygen concen
tration limiting. Each cycle is considered as 
a state 3 » state 4 transition. 
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Table 15. Analysis of variance of ADP:0 ratios from 72 hour 
germination cucumber cotyledon mitochondria. 

Source 
Degrees of 
freedom Mean square F value 

Genotype (G) 3 0.6141 7.45* 

Mixture vs. Hybrid 1 0.0038 <1 
Male Parent vs. Female 
Parent 1 0.2583 3.13 
Mixture vs. Midparent 1 1.1275 13.68* 
Hybrid vs. Midparent 1 0.9823 11.92* 

Replication (R) 2 0.0329 <1 

Error A (GR) 6 0.0824 

Observation (0) 3 0.0329 <1 
1st vs. mean of others 1 0.1008 5.06* 
remainder 2 0.0075 <1 

Error B (OR,OG,OGR) 33 0.0199 

Degrees of freedom have been partitioned in order to 
allow orthogonal contrasts to be presented. Repetitious and 
non-meaningful contrasts have been omitted here for presenta
tion. Significance of F value is indicated by *, 5% con
fidence level. 
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Table 16. Data taken from oxygen polarograph traces of 
mitochondria from various species and genomic 
constitutions. 

Source Cycle ADP: 0 RC (nM/3 ml/min) 

SS I 1.80 2.06 33 
diploid II 2.34 2.00 40 
cotyledon III 2.21 2.25 45 

IV 2.41 2.14 45 

PP I 1.50 2.16 13 
diploid II 1.74 2.14 15 
ovary III 1.70 2.14 15 

IV 1.67 2.00 14 

MMMM - I 2.50 2.25 18 
tetraploid II 2.50 3.50 22 
ovary III 2.59 3.29 23 

IV 2.50 3.29 23 

MMFF I 2.10 2.00 30 
amphi- II 2.08 2.37 45 
diploid III 2.14 2.50 45 
ovary IV 2.27 2.42 46 

MMF I 2.34 2.00 25 
alloauto- II 2.50 2.00 30 
triploid III 2.34 2. 39 31 
ovary IV 2.37 2.13 32 

MPP I 1.59 1. 53 20 
alloauto- II 2.03 2.07 27 
triploid III 1.87 2.00 30 
ovary IV 2.21 2.00 30 

MMP I 2.21 2.14 15 
alloauto- II 2.67 2.71 17 
triploid III 2.34 2.37 19 
ovary IV 2.34 2.25 18 

Genomic constitution: M = C. moschata 
F = £. foetidissima 
P = £. palmata 
S = C. sororia 
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Technical Note on the 
Polarograph Probe 

After many hours of use, the modified Clark oxygen 

polarograph probes (Yellow Springs Instrument Co.) gradually 

lose sensitivity at low oxygen concentrations. Eventually 

the loss of sensitivity is accompanied by fluctuations 

which worsen to the extent shown in Figure 15. Replacing 

the membrane and cleaning the electrodes with ammonia as 

recommended by the manufacturer does not improve either 

sensitivity or stability. I made an attempt to stabilize 

the probe, at least for temporary use. After removal of the 

membrane, the probe was placed in a vacuum desiccator until 

(24 hours) the formation of white crystalline material 

(presumably KCL) was no longer formed along the edges of the 

electrodes. After drying, a new membrane was placed over 

the electrodes. The stability would last for several days, 

after which the probe would again respond to drying in the 

desiccator. Sealing the edges of the electrodes with epoxy 

resin after drying increased the period of stabilization for 

at least one month. 
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Figure 16. Oxygen polarograph traces 
hybrid ovary mitochondria 
and recovery (B) after 24 

of Cucurbita mo s chat a x C. lund el liana F.^ 
showing instability (A) of oxygen probe 
hours in vacuum dessicator. 
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