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ABSTI~CT 

Quantitative polygenic activity has been described for a 

number of phenotypes in diploids but not to any extent in autotetra

ploids. Since little attention has been given to the polygenic action 

influencing _the activity of enzymes, the activity of the enzyme 

a-amylase was chosen for analysis by biornetrical techniques developed 

for autotetraploids. The activity of a-amylase and the amount of 

soluble protein per seed during germination are observed in generations 

of Cucurbita seeds, from which estimates of gene action are obtained. 

Three biometrical genetic descriptions for analyzing polygenic action 

in autotetraploids are given in terms of generation means. The three 

genetic descriptions can be used for testing the presence of maternal, 

embryonic or both maternal and embryonic genetic influences on the 

phenotype. 

Included in the biometrical analysis is a method for the loca

tion of polygenes and their centromeres. This method utilizes double 

reduction and dominance relationships and is introduced as a tool in 

the mapping of polygenes during development. 

The estimates of gene action indicate the activity of a-amylase 

in Cucurbita seeds is under the influence of polygenes located next to 

their centromeres, acting in an additive manner during the first 12 

hours of seed germination. At 24 hours intra-genic and intergenic 

action are manifested by polygenes located at least 50 map units from 

xi 
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their centromeres. Additive polygenes 40 to 50 map units from their 

centromeres are acting from 36 to 48 hours of seed germination. The 

shift in polygenic action is discussed in relation to recent findings 

about the enzyme ct-amylase in other seeds. 

The amount of soluble protein per seed is under the influence 

of maternal additive polygenes during the first 12 hours of seed germi

nation with embryonic additivity the most prevalent form of gene action 

from 24 to 48 hours of germination in Cucurbita seeds. The diminishing 

maternal influence on the amount of protein per seed suggests an effect 

of maternal substances residing in the seed coat. 

The dry weight of autotetraploid seeds is determined by both 

maternal and embryonic additive genes, whereas the diploid seed weight 

is predominately influenced by maternal additive gene action. This 

effect of doubling the gene dosage from the diploid to the tetraploid 

is discussed as possibly caused by limitations in the substrates for 

the enzymes of maternal genes. 



INTRODUCTION 

Qualitative genetic analysis has been the predominant method 

for studying the inheritance of enzyme activity. Detailed quantita

tive genetic investigations of gene activity responsible for enzymatic 

production and activation have not been completed. The enzyme, 

a-amylase, has been well studied in its state of optimum activity. 

Quantitative genetic effects which contribute to the optimization of 

a-amylase activity and its subsequent decline have not been studied. 

The primary objective of this study is to determine the types and 

relative importance of quantitative gene action responsible for the 

activity of a-amylase in the cotyledons of Cucurbita seeds. 

In cotyledons of germinating seeds, maternal influence may be 

an important factor in determining initial developmental events, espe

cially since the embryo is surrounded by maternal tissue and substances. 

The second objective of this study is to determine the importance of 

maternal effects on the activity of a-amylase, protein concentrations 

and seed weight during germination. 

Quantitative genetic models have been developed to a great 

extent in diploids but not in tetraploids. Those genetic models that 

have been developed in tetraploids are incomplete in many respects. 

The third objective is to develop a quantitative description of gene 

action for maternal and embryonic effects in autotetraploids. 

1 
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In the past, polygenic inheritance has been restrictive in 

theoretical considerations for the location of polygenes on the chro

mosomes. Development of a method for determining the location of 

polygenes on the chromosomes is the fourth objective of this research. 

The species of Cucurbita utilized in this investigation were 

chosen because of their desirable interspecific fertility and the 

availability of plant material. 



LITERATURE REVIEW 

In 1903 W. Johannsen (Peters, 1959) demonstrated that heritable 

and non-heritable forces were jointly responsible for continuous varia

tion in the process of evolution. He clearly demonstrated the useful

ness of pure breeding lines in quantitative studies of heredity, 

bringing the biometrical ideas of Galton (1889) and the genetic concepts 

of Mendel (Peters, 1959) together. The multiple factor hypothesis 

advanced by Nilsson-Ehle (1909) provided a greater degree of integration 

of biometrics and genetics. The term "multiple factor" has since been 

replaced by the term "polygene" by Mather (1943). Nilsson-Ehle's mul

tiple factor hypothesis led to many primary investigations. C. B. 

Davenport (1913) applied the hypothesis to the inheritance of skin color 

in humans. E. M. East (1915) studied the inheritance of corolla length 

in tobacco. Fisher (1918) demonstrated the use of Mendelian inheritance 

and the correlations between relatives. The inheritance of the number 

of digits in the guinea pigs was investigated by S. Wright (1934). E. S. 

Russell (1949) carried out a quantitative histological study of pigment 

found in coat-color mutants of the house mouse. Falconer (1960) pro

vided an introductive textbook of quantitative genetics, which covers 

the general principles of quantitative inheritance. The basic tenets of 

the multiple factor hypothesis remain as the foundation of present day 

understanding of quantitative inheritance. Sophisticated analyses and 

3 
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statistical methods have led to a better understanding of polygenic 

inheritance. 

The study of metrical traits has advanced using either the 

correlation between relatives or generation means analysis. The ideas 

of Jay L. Lush (1943, 1947a, 1947b) have inspired investigators to 

separate and analyze heritable variation by the method of correlation 

between relatives. Partitioning the hereditary variance through the 

analysis of covariances among relatives has been put forward mainly by 

C. Clark Cockerham (1954, 1956a, 1956b, 1961, 1963) and 0. Kempthorne 

(1954) . Generation means analysis and its generalizations have been 

elucidated by Mather (1949), Cavalli (1952), Hayman (1955, 1958, 1960), 

Hayman and Mather (1955), Jinks and Jones (1958), Jinks and Mather 

(1955), Jinks and Perkins (1969, 1970), Jinks, Perkins and Breese 

(1969), Kearsey and Jinks (1968) and Mather and Jinks (1971). Both 

methods have proven to be useful in the analysis of continuous pheno-

typic variation. 

Usually gross characters such as weight, yield, size and produc

tivity have been subject to biometrical analysis. Characters such as 

enzyme activity under polygenic control have been somewhat neglected. 

Mather and Jinks (1971) state that continuous variation has yet to be 

recorded and analysed for enzyme characters. This is partly due to the 

non-integration of biometrical techniques, biochemical techniques and 

genetic methods. 

Although some enzyme systems are not suitable for such inte

gration of analyses, others are well known, throughly studied and 
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amicable to this integration, a-amylase appears to be such an enzyme. 

The use of a-amylase has a long history. Keen (in Kerr, 1950) states that 

brewing was established by 5000 B.C. and malt was prepared as early as 

7000 B.C.. According to Bayliss (1914), Dubrunfaut made an extract 

from malt which converted starch to sugar in 1830. Three years later 

Payen and Perzog precipitated a substance from malt with strong hydro-

lytic action on starch. Payen and Perzog called the substance 

diastase"'". In 1890, Haberlandt observed the dissolution and liquefi-

cation of the starchy portion of the endosperm in rye. Subsequent 

observations by Brown and Escombe (1898) confirmed Haberlandt's obser

vation. One of the substances mainly responsible for the liquefication 

of starch has been identified as a-amylase (a-1,4-Glucan-4-glucanohydro-

lase), which hydrolyses ct-l,4-glucan links in polysaccharides containing 

three or more a-1,4-linked D-glucose units, a-amylase is termed the 

"amylase of activity" due to its appearance after germination starts, 

a-amylase is sometimes referred to as the dectrinogenic-amylase owing 

to the products of its action on starch., 

Shuster and Gifford (1962) have developed a method utilizing 

changes in the substrate of a-amylase in order to measure its activity. 

Varner (1964, 1967) demonstrated the hormonal control of a-amylase in 

the endosperm of barley. The role of the hormone Abscisin II in the 

inhibition of gibberellic acid induced a-amylase formation was described 

by Chrispeels and Varner (1966). Further study by Chrispeels and Varner 

(1967) showed the major activity of the enzyme to be isolated in the 

1. Diastase is from the Greek meaning "to separate." 
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aleurone layer of the endosperm. They determined that gibberellic acid 

induces the de novo synthesis of the enzyme a-amylase. Tanaka and 

Akazawa (1970) investigated the isozymes of a-amylase in gibberellic 

acid-treated half seeds of barley. Mechanisms of starch breakdown have 

been investigated by Tanaka, Ito and Akazawa (1970) in germinating rice 

seeds. The hormonal control of multiple forms of amylase has been 

investigated by Jacobsen, Scandalios and Varner (1970). Differential 

allelic expression of a-amylase in maize has been described by Chao 

and Scandalios (1971). 

The properties of a-amylase and its control are still under 

study by many investigators. One primary form of control which mediates 

enzyme activity and subsequent phenotypes, is polygenic control. Deter

mining the types and relative importance of quantitative gene action 

responsible for the observed activity of a-amylase is one of the objec

tives of this study. 

Another objective is to develop a quantitative description of 

gene action for maternal and embryonic effects in autotetraploids. 

Kempthorne (1957) has given a general model for polysomic inheritance 

in terms of genetic variances and Mather and Jinks (1971) have put 

forward some of the aspects of autotetraploid inheritance in terms of 

generation means. Kempthorne's model is mainly theoretical covering any 

level of ploidy and any number of alleles per locus. He does not in

clude maternal inheritance or the possibility of double reduction and 

genetic interaction. The approach of Mather and Jinks deals with one 

locus and two alleles without the complications of double reduction, 



genetic interaction or maternal inheritance. Mather and Jinks limit 

their discussion of polysomic inheritance to autotetraploids. They 

define additive effects as the difference between homozygotes around a 

mid-homozygote value and three types of phenotypic deviations from the 

mean for the triplex, duplex and simplex genotypes. Neither method has 

been utiliz ed mainly because of inherent difficulties and the lack of 

practical applications. 

Any quantitative genetic analysis requires information about 

related generations. When initial crosses are between true breeding 

lines, a generation means approach is useful. Self-mating, inter

crossing and backcrossing facilitate easy analysis. These schemes of 

mating will necessarily set limitations on the types of organisms which 

can be analyzed. Ideally a plant which can self and cross pollinate 

is desirable. The value of using inbred lines comes from the easy 

application of Mendelian theory to the transmiss ion of genes . Inbre d 

lines also make mathematical partitions of genetic effects less diffi-

cult, since gene frequencies are known. 

Double reduction, the process by which sister factors enter 

the same game te on meiosis, is a unique aspect of autotetraploids. 

Double reduction is expressed as the frequency of gametes receiving 

sister alleles . This frequency will be represented by (a) as used by 

Fisher and Mather (1943). The frequency of double reduction is equal 

to zero when the locus is linked to its centromere and may achieve a 

maximum of 1/7 when chromatid segregation occurs. Double reduction can 

be utilized to determine the position of the centromere as Welch (1962) 

7 
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has done in maize. For double reduction to occur, a crossover must 

occur between the centromere and the gene, and secondly genetic nondis

junction must take place in the second division of meiosis. In order 

for these events to take place, quadrivalents or trivalents must be 

formed during prophase I of meiosis. The types of chromosome associa

tions and conditions neces sary for double reduction to occur are given 

by Levings and Alexander (1966). The relationship bet,.veen diploid and 

tetraploid recombination frequencies has been pointed out by Sved (1964). 

The main effect of double reduction in a quantitative model for auto

tetraploids is a change in the genotypic frequ enc ies of segregating 

generations. Bailey (1961) presents theoretical ramifications of gene

tic linkages in polysomic inheritance that are useful in developing 

Mendelian patterns for polygenes. Although doubl e reduction has been 

utilized to map genes and their centromeres, it has not been used to 

map polygenes and their centromeres. 

In order to estimate embryonic and maternal effects in terms 

of generation means for autotetraploids, it was desirable to have two 

isogenic lines, their hybrid, F
2

, backcross, reciprocal hybrid and 

reciprocal backcross generations. Most of these generations were 

available from two species of gourds (Cucurbita). Cucurbita palmata 

and Cucurbita cylindrata were available in the natural diploid and 

induced tetraploid state. The diploids have 20 pairs of chromosomes. 

The autotetraploid species have undergone at least three generations of 

selfing, assuring some degree of homo~ygosity. The two species form a 

good interspecific hybrid, F
2 

and backcross generation. For these 
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reasons, Cucurbita palmata and Cucurbita cylindrata were chosen to study 

the inheritance of a-amylase activity as it proceeds thru the process of 

germination. Along with the analysis for a-amylase activity, inheri

tance of the amount of protein per seed and weight per dry seed were 

analyzed. 



MATERIAL AND METHODS 

Species 

Cucurbita palmata is a xerophytic, perennial species indigenous 

to the southwestern United States and northwestern Mexico. It is found 

in southern California from the Mohave Desert southward into northern 

Baja California and eastward into western Arizona (Bemis and Whitaker, 

1969). Cucurbita cylindrata is also a perennial xerophytic species 

found only in south-central Baja California, Mexico, (Bemis and 

Whitaker, 1969). A taxonomic description of the two species is given 

by Bailey (1943). 

In descriptions of crosses and analyses, Cucurbita palmata is 

referred to as (P^) and Cucurbita cylindrata as (P|). The tetraploid 

derivatives of the parents were obtained by colchicine treatment of 

diploid seedlings. Verification of ploidy was determined by karyotype 

analysis. The diploid and tetraploid plant material was donated by 

Professor William P. Bemis. The crossing scheme, showing autotetraploid 

generations used in this study is given in Figure 1. 

Plant Material 

Fruits were obtained from plants growing in the greenhouse 

under controlled pollination. They were allowed to mature on the vine 

for a minimum of 30 days after pollination after which the seeds were 

10 
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P' Cucurbita cvlindrata 

P Cucurbita palmata 

Figure 1. The crossing scheme for autotetraploid generations. 
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harvested a minimum of 60 days after pollination, allowed to dry and 

stored in paper envelopes at room temperature until use. 

Seed Treatment 

Seeds for the a-amylase and protein assays were surface steri

lized by allowing a 7^% clorox solution to flow over them for 2 minutes 

followed by rinsing in flowing distilled water for 5 minutes. Six seeds 

from each generation were then transferred to a sterile petri dish con

taining 20 ml of double distilled water. The seeds were allowed to 

imbibe water for 0, 12, 24, 36 or 48 hours at 27°C in an environmental 

chamber with a twelve hour cycle of light and dark. At appropriate time 

intervals five to six seeds were cut in half with a razor blade and the 

embryos dissected. The embryonic tissue was diced, then ground in a 

cold mortar with an aliquot (2 ml) of .001 M sodium acetate buffer 

pH 4.8. The resultant milky solution was centrifuged for 15 minutes 

at 3,100 x g on the International Equipment Co. Model HT centrifuge. 

The supernatant was carefully pipetted, leaving the lipid layer on top 

and the cellular debris in the pellet. The supernatant was again cen

trifuged for 45 minutes at 15,000 x g on the Model HT centrifuge. The 

resultant supernatant was used as the crude extract in the assay for 

a-amylase and soluble protein. 

a-amylase Assay 

The assay for a-amylase was carried out using a modified method 

of Shuster and Giilord (1962). They measured the colorimetric dif

ference between starch stained with iodine in the presence and absence 
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of enzyme. This difference is used as an expression of the activity 

of the enzyme a-amylase. 

The assay used in this study contains the following components. 

The starch solution (substrate) was made using 150 mg electrophoresis 

grade starch, 600 mg KH^PO^ and 200 ymoles of calcium chloride in a 

final volume of 100 ml of .001 M sodium acetate buffer pH 4.8. The 

solution was heated until boiling, cooled and centrifuged at 2,000 x g 

for 20 minutes. The supernatant was decanted and used as the substrate 

in the a-amylase assay. An aliquot (75 yl) of the crude seed extract 

was placed in a colorimeter tube and brought to 1 ml with sodium acetate 

buffer. The colorimeter tubes with buffer and sample were placed in a 

water bath at 30°C. The reaction was started by adding 1 ml of the 

substrate (1.5 mg/ml starch). After 5 minutes the reaction was stopped 

by adding 1 ml of iodine reagent. The iodine reagent consisted of 4 ml 

iodine stock solution (6 g of KI and 600 mg of iodine dissolved in 100 

ml of water) brought to a final volume of 100 ml with 0.05 N 11C1. The 

reaction mixture was brought to 8 ml with 5 ml of distilled water, mixed 

and the percent transmittance read at 620 my on a spectronic 20 color

imeter. A standard curve was determined simultaneously by measuring the 

percent transmittance of 1.5 mg, 1.35 mg, 1.20 mg, 1.05 mg, .90 mg and 

.75 mg of starch in the reaction mixture with 75 yl of buffer substitu

ted for the sample. Percent transmittance was converted into optical 

density by the transformation, 

optical density = 2 - log(% transmittance). 

The least squares solution of the regression of optical density on 
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starch concentration was utilized in determining the activity of 

a-amylase in the samples. The activity of a-amylase for a 75 yl 

sample is expressed as yg starch converted/seed/5 minutes. 

Protein Assay 

Protein determinations were carried out by the method of Lowry, 

et al. (1951). A standard curve was determined by measuring the percent 

transmittance of 200 yg, 160 yg, 100 jig, 60 yg, 20 yg and 0 yg of bovine 

serum. Percent transmittance was converted into optical density by the 

transformation 

optical density = 2 - log(% transmittance). 

Just as in the a-amylase assay, the least squares solution of the re

gression of optical density on protein concentration was utilized in 

determining the amount of protein in a 50 yl sample. The quantity of 

protein is expressed as mg protein/seed. 

The Experiments 

a-amylase activity 

Data were collected in order to determine the components of gene 

action responsible for the activity of a-amylase in Cucurbita seeds. 

Initially the determination of a-amylase activity was carried out on 

three 75 yl samples of the crude seed extract for each of the non-

segregating generations (P^ Pj and F ) at five different time periods 

of water imbibition (0, 12., 24, 36 and 48 hours). Each time period 

determination was replicated four times. 
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Analysis of these initial determinations indicated that the 

variation of activity within the crude seed extracts was small enough 

to eliminate the necessity of three samples within the crude seed 

extract. 

The remaining available tetraploid generations (F2 9 BC^ and BC^r) 

were assayed for a-amylase activity for each time period of water 

inhibition (0, 12, 24, 36 and 48 hours) with two 75 yl samples of the 

crude seed extract. Each time period determination was replicated 

three times. 

The activity of a-amylase for each sample was averaged to give 

the activity of cx-amylase for each generation at that time period and 

replication. The experimental design is essentially a factorial design 

with unequal replication, since replication of the time periods for 

each generation was not the same. 

Protein per Seed 

Data were collected on the same crude seed extract as in the 

a-amylase experiments, for the determination of the types of gene ef

fects contributing to the amount of soluble protein per seed. The 

protein assays were carried out immediately following the a-amylase as

say within the same experimental framework. A 50 yl sample of the crude 

seed extract was utilized in determining the amount of protein per seed. 



GENE ACTION IN AUTOTETRAPLOIDS 

The aim of this description of gene action is to elucidate 

the relationship between the genes and the phenotype which they express. 

Inbred lines will be used in order to utilize Mendelian theory of the 

transmission of genes. Throughout the description, an upper case 

letter will indicate an allele contributing to a positive manifestation 

of the phenotype and a lower case letter the allele responsible for a 

negative manifestation of the phenotype. Maternal alleles will be 

represented by (M, m) and embryonic alleles will be indicated by (e, E). 

A description of gene action in autotetraploids for maternal and 

embryonic genes in continuous variation is restricted because of some 

basic assumptions. 

Assumptions 

Non-heritable variation is not considered an important factor 

in this description, although it should not be completely ignored. The 

assumptions upon which the genetic analysis is based are: 

1. Parental lines must differ by one allele at one or more loci. 

2. The different loci must be homozygous for their different 

alleles in the parental lines. 

3. The loci must be assorting at random and are undergoing either 

random chromatid or random chromosomal segregation with 100% 

quadrivalent formation. 

16 
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4. All genes have small, similar and supplementary effects. 

5. All genes of + (increasing) effect are present in one parent 

and all genes of - (decreasing) effect are present in the other 

parent. 

6. Dominance increments are unidirectional at all loci. 

Genotypes 

Maternal loci are the genes in the maternal parent that affect 

the expression of the character in the generation under consideration. 

The major sources which allow maternal alteration of the phenotype are 

the cytoplasm of the maternal gamete which carries the effect of the 

mother's genes and/or the maternal tissues which contribute developmen

tal substances under the direction of the mother's genes. The frequency 

of genotypes in the generations under investigation for maternal loci 

are given in Table 1. There are no segregating generations for maternal 

loci, since the maternal parent for any generation is either a parental 

line or the interspecific hybrid. 

The embryonic loci are the genes contributed by both parents 

that affect the expression of the character. These genes are carried 

on the chromosomes and transmitted to the embryo by the gametes. The 

frequency of genotypes for the generations under investigation for 

embryonic loci are given in Table 2. There are three non-segregating 

generations and three segregating generations, since all reciprocal 

crosses are identical to the original cross for embryonic loci. 

The genotype of the parental line (P.) is M.M.M.M.E.E.E.E. and 
b  J l  1  1  1 1 1 1 3 3 3 3  

the genotype of the other parental line (P' ) is m.m.m.ra.e.e.e.e. where 
6  ^  1  1 1 1 1 3 3 3 3  
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M is the allele of m at locus i for maternal loci and E is the allele 

of e at locus j for embryonic loci. 
th 

The frequencies in the g genera-

tion of the maternal "m" genotypes MHHM, HMMm, HMmm, Mmmm and mmmm are 

represented by pg , pg , r , s and t respectively. Similarly the 
m thm gm gm gm 

frequencies in the g generation of the embryonic "e" genotypes EEEE, 

EEEe, EEee, Eeee and eeee are represented by p , q , r , s 
ge ge ge ge 

respectively. The frequencies of genotypes as given in Table 1 for 

maternal loci and Table 2 for embryonic loci are determined assuming 

the loci are undergoing random chromosomal segregation. 

Double Reduction 

If the frequency of quadrivalent formation is (a) and the fre-

quency of equational separation and non-disjunction is (e), then the 

frequency of double r~duction . (a) is the product of (a) and (e) i.e. 

a= (a) x (e). 

The gametic output of the duplex individual (EEee) is given in Table 3 

and the corresponding genotypic proportions of the F
2 

and backcross 

generations are given in Table 4. The genotypes of the maternal genera-

tions are not changed by double reduction since there are no segregating 

generations for maternal loci. The double reduction parameter a is 

equal to 0 under random chromosomal segregation and 1/7 under random 

chromatid segregation. The overall effect of double reduction is a 

change in the proportions of the genotypes in the segregating genera-

tions. The change in genotypic proportions will only change the 

dominance coefficients in the model to be presented. 
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Table 1. The frequency of maternal genotypes for autotetraploid 
generations. 

The crosses are given for each generation with the maternal 
parent always written first. 

Genotypes: M.M.M.M. 
1 1 1 1  

M. M. M. m. 
1 1 1 1  

M, M. m. m. 
1 1 1 1  

M.m.m.m. 
1 1 1 1  

m.m.m.m. 
1 1 1 1  

Frequency: \ r 
8m 

s 
8m 

t 
8m \ r 

8m 
s 
8m 

t 
8m 

Generations: 

pi© 
1 0 0 0 0 

pi® 
0 0 0 0 1 

pi x Pi-Fi 
1 0 0 0 0 

P^ X P^F-jT 0 0 0 0 1 

F1® +F2 
0 0 1 0 0 

P1 X VBC1 
1 0 0 0 0 

Fx X Pj+BC^r 0 0 1 0 0 

pi x VBCi 
0 0 0 0 1 

Fx X Pj+BC^r 0 0 1 0 0 

Genetic effect a dl +%a 
m mm 

62 d3 ~ha 
m mm 

-a 
m 
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Table 2. The frequency of embryonic genotypes for autotetraploid 
generations. 

The crosses are given for each generation with the maternal 
parent always written first. 

Genotypes: E.E.E.E. 
l i i x  

E.E.E.e. 
1 1 X 1  

E. E. e. e . 
X  1 1 X  

E.e.e.e. 
1  X  1  X  

e. e . e. e. 
X  1  X  X  

Frequency: \ \ r 
ge 

s 
ge 

t 
8e 

Generations: 

pi© 1 0 0 0 0 

pi® 0 0 0 0 1 

p i x  p ^ F i  
0 0 1 0 0 

pi x W 0 0 1 0 0 

F1© 2̂ 1/36 8/36 18/36 8/36 1/36 

P1 X VBC1 1/6 4/6 1/6 0 0 

X P^BC-jT 1/6 4/6 1/6 0 0 

X F^+BCj 0 0 1/6 4/6 1/6 

F1 X Pj+BCjr 0 0 1/6 4/6 1/6 

Genetic effect a dl +%a d2 d3 -%a -a 
e e e e e e e 



21 

Table 3. The frequency of gametes formed by the duplex individual 
(EEee) undergoing double reduction (a). 

Frequency of Gametes 

EE Ee ee 

^  ,  . . . . . .  1  +  2 o t  4 ( 1  -  a )  1  +  2 a  
Duplex individual EEee —^ —5—g——g 



Table 4. The frequency of embryonic genotypes for segregating autotetraploid generations consider
ing double reduction (a) in the individual. 

Genotype: E.E.E.E. E.E.E.e. E.E.e.e. E.e.e.e. e.e,e.e. 
l x x i  1 1 x 1  1 1 1 1  1 1 1 1  l i i i  

Frequency: p q r s t 
g e  S e  S e  S e  S e  

Generations 

F2 
f l+2a 

2 
(l+2a)4(1-a) 4(1-a) 

2 
+ 2 fl+2a] 

2 (l+2a)4(1-a) f l+2a] 
2 

F2 6 J \ / 18 6 V y 

2 
+ 2 I 6 J 18 I 6 J 

BC1 
1+2 a 
6 

4(1-a) 
6 

1+2 a 
6 

0 0 

BC r 
1+2 a 
6 

4(1-a) 
6 

1+2 a 
6 

0 0 

BC^ 0 0 
1+2 a 
6 

4 (1-a) 
6 

1+2 a 
6 

BC^r 0 0 
l+2a 
6 

4(1-a) 
6 

1+2 a 
6 

ro 
fO 
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Generations 

The crossing scheme for the generations used in the genetic 

model (Figure 2) utilizes the following definitions. 

P^: The parental generation Cucurbita palmata is obtained by 

selfing. 

: The parental generation Cucurbita cylindrata is obtained 

by selfing. 

F^: The first filial generation has P^ as the maternal parent 

and P^ as the paternal parent. 

F^r: The reciprocal first filial generation has P^ as the ma

ternal parent and P^ as the paternal parent. 

The second filial generation is obtained by selfing the F^. 

BC^: The backcross generation has P^ as the maternal parent and 

F^ as the paternal parent. 

BC ̂r: The reciprocal backcross generation has F^ as the mater

nal parent and P^ as the paternal parent. 

BC^: The backcross generation has P| as the maternal parent 

and F^ as the paternal parent. 

BC^r: The reciprocal backcross generation has F^ as the mater

nal parent and P| as the paternal parent. 

Effects 

The effect of a one gene difference on the phenotype in an auto-

tetraploid can be described by four parameters. The gene's additive 

effects are symbolized by a^ and ag for maternal and embryonic loci 

respectively. The definition of an additive effect is similar to the 
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p' Cucurbita cvlindrata P. Cucurbita palmata 

BC 

BC' r BC BC,r 

Figure 2. The crossing scheme for generations used in the genetic 

model. 
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definition given by Mather and Jinks (1971) for additive components in 

diploids. An additive effect is defined as the resulting change in 

phenotype on substitution of the positive allele for the negative al

lele. If the difference between the quadriplex and nulliplex is 2a, 

then the effect of substitution will be Jga, since there are four pos

sible substitutions for the difference of 2a. On a completely additive 

scale the quadriplex, triplex, duplex, simplex and nulliplex phenotypes 

will have values a, %a, 0, -%a and -a respectively. 

Deviations of the phenotypes from the completely additive scale 

are defined as dominance effects. The definition of dominance effects 

is similar to Mather and Jinks' (1971) definition for dominance com

ponents in diploids. The dominance effects for embryonic loci dl^, d2^ 

and d3& are the respective deviations of the triplex, duplex and simplex 

phenotypes from additivity. Corresponding to this dl^, d2^ and d3m 

are the dominance effects for maternal loci defined as deviations of the 

triplex, duplex and simplex phenotypes from additivity. 

If maternal and embryonic genes are considered together 25 

genotypes are possible in a tetraploid organism and 24 parameters are 

necessary to give a complete description of the phenotypes. Since there 

are no segregating generations for maternal loci, then the triplex and 

simplex genotypes are not present for maternal genes and the number of 

genotypes possible for both embryonic and maternal genes considered 

together reduces to 15. With 15 genotypes possible, 14 parameters are 

necessary for a complete description of the phenotypes. Two of these 

are additive effects (a and a ) and four of these are dominance effects 
m e 
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(d2 , dl , d2 and d3 ). The remaining 8 correspond to the interaction m e e e 

between non-allelic genes. Four main types of interactions are con-

sidered. The first is the interaction of homozygotes for the maternal 

and embryonic loci. The second type is the interaction of homozygotes 

of maternal loci with heterozygotes of embryonic loci. The third type 

is the interaction of heterozygotes of maternal loci with homozygotes 

of embryonic loci. The fourth type of interaction is the interaction 

of heterozygotes of maternal and embryonic loci. The symbols for the 

effects are represented as follows. 

a 
m 

a 
e 

d2 
m 

dl 
e 

d2 
e 

d3 
e 

a xa 
m e 

a xdl 
m e 

a xd2 
m e 

a xd3 
m e 

a xd2 
e m 

d2 xdl 
m e 

additive effect of maternal loci. 

additive effect of embryonic loci. 

dominance effect of maternal duplex genotypes . 

dominance effect of embryonic triplex genotypes. 

dominance effect of embryonic duplex genotypes. 

dominance effect of embryonic simplex genotypes. 

additive maternal X additive embryonic interaction. 

additive maternal X dominance (1) embryonic 

interaction. 

additive maternal x dominance (2) embryonic 

interaction. 

additive maternal x dominance (3) embryonic 

interaction. 

additive embryonic x dominance (2) maternal 

interaction. 

dominance (2) maternal x dominance (1) embryonic. 

interaction. 
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d2 xd2 = dominance (2) maternal x dominance (2) embryonic 
m e 

interaction. 

d2 xd3 = dominance (2) maternal x dominance (3) embryonic 
m e 

interaction. 

For simplicity, similar types of interactions are combined as 

follows. 

a xa 
m e 

a xdl 
m e 

a xd2 
m e 

a xd3 
m e 

a xd2 
e m 

d2 xdl 
m e 

d2 xd2 
m e 

d2 xd3 
m e 

= e 
me/-

= f 
m/le 

= f 

= f 

m/2e 

m/3e-

= f 
e/2nr 

= h 

= h 

= h 

/ 2mle~ 

/ 2m2e 

/ 2m3e-

= / 
me/ 

m/e 

"e/m 

/me 

The amount of additive and dominance effects present in a gener

ation will be determined by the proportions of the genotypes in that 

generation. The amount of interaction present in a generation is de

termined by the product of the proportions of the interacting genotypes 

in that particular generation. If the proportions of genotypes and types 

of gene effects for embryonic and maternal loci are utilized simul

taneously, then a general equation expressing the mean for a generation 

can be written. 
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General Equation For One Locus 

The general equation for expressing the mean of any generation 

in terms of maternal and embryonic genetic effects is the sum of the 

product of genotypic proportions times genotypic effects present in 

that generation. The linear equation expressing a generation means is 

as follows. 

M = y + a a + a a + v d2 + 3 dl + y d2 + 
g gm m &e e gm m ge 6 ge 6 

& d3 + a a (a xa ) + a 3 (a xdl ) + a y (a xd2 ) + 
g e  g g m e  g g m e  g g m e  6e &m e in °e °m e 

a 6 (a xd3 ) + a y (a xd2 ) + y g (d2 xdl ) + 
gg m e g g e m gg m e 6m e be am °m °e 

y y (d2 xd2 ) + y 6 (d2 xd3 ). (1) 
' g ' g  m  e  g g  m  e  fom be &e 

The coefficients (2) of each effect are defined against the 

background population proportions, similar to the manner of Hayman 

(1958), as follows. 

"g " [<pg " cg } " (pb ' 'b 
°m m m mm 

Y = (r - r, ) 
m m 

"g _ [(pg • 'g > " (Pb " Cb >' " 1/2 [(<1g " sg } " 
ee e 6e e e e ee 

<1b " Sb )] 
e e 

3 = q - q ,  y = r - r ,  6  =  s  -  s  ( 2 )  
E R b g g b g g b Be e e &e e e &e 6e e 
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The one locus equation (1) may be extended to the polygenic 

equation (7) for any number of maternal loci (m) and any number of 

embryonic loci (n), under the assumption that the high parent is 

homozygous for genes of + (increasing) effect and the low parent is 

homozygous for genes of - (decreasing) effect. This extension results 

in equation (7) since the proportions of genotypes for maternal (3) 

and embryonic (4) loci are the same for each locus and the corres

ponding coefficients (2) of the effects (5), (6) are identical as 

notated below. 

Since, 

p = p =. . . . p and t = t = . . . . t 
8m., 8m9 8m 8m 8m„ 8m 
12 m 1 2 m 

r = r =. . . . r (3) 
8m.. 8m„ 8m 
12 m 

p  =  p  = .  . . . p  , t  =  t  = . . . . t  
8e e 8e ge Se ge 
el 2 n 1 2 r 

Q  —  C I  —  •  •  •  •  Q  •  S  —  S  • * " • • • •  S  
8e ge ge 8e ge ge 
el 2 n 1 2 n 

r = r =. . . . r (4) 
8e 8e 8e 
1 2 n 
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Then, 

a = a = a = a 

m̂, 8m 8m gm 
12 m 

v =Y = Y ~ J (5) 
V V gm 8m 
12 m 

and 

a = a = a = a 
8e se~ 8e 8e 
12 n 

g =3 = B = e 
8e 8e 8e 8e 
1 2 n 

Y = Y = Y =Y 
8e 8e 8e ge 
el 2 n 

6  = 6  =  6  = 6  (6 )  

S S 8en §e 12 n 

General Equation For Polygenes 

The general equation for expressing the mean of any generation 

in terms of maternal and embryonic polygenic effects is the sum of the 

base population mean (y) and the products of the coefficients (5) and (6) 

times the summed effects of maternal and embryonic loci. The general 

equation (7) is given below. 



m n m 
M  =  y  +  a  ( ) " a  )  +  a  (  T  a  )  +  Y  (  X  d . 2  )  +  
g g .t.-, m. g \L, e. 'g m. 6 6m l-l x e 3=1 j 6ra i=l 1 

>. < I dle > + ''e ( I d2e > + 6e ( £ d3e > + 
e j=l j e j=l j e j=l j 

z m n 
a a ( 5" a xa + 2 J y a x a ) + 
g g \L. m. e. » , . m. e. 6m e 1=1 l j i=l 3=1+1 i  3 

z m n 
a B ( J a  x d l  +  2  I  I  a  x  d l  )  +  
g g m. e. m. e. 
m e 1=3 l 3 1=1 3=i+l l 3 

z m n 
a y C y a  x d 2  +  2 7  l a  x d 2 )  +  
g ' g . ^ . m .  e .  .  ̂  .  v . ,  m .  e .  
m e 1=3 1 3 1=1 3=1+1 1 3 

z m n 
a  6  (  7  a  x d 3  +  2  I  I  a  x d 3 )  +  
g g m. e. , 1 . ?Ll m. e. 6m 6e i=l 1  3  i=l 3 =i+l 1  3  

z m n 
a  y  (  y  a  x d 2  +  2  £  I  a  x d 2 )  +  
g g . . e. m. ~ e. m. 6e m 1=3 3 1 i=l 3=1+1 3 1 

z m n 
Y 3 C J d2 x dl + 2 y y d2 x dl ) + 
g g • • m. e. . n . .,1 m. e-6m e 1=3 1 j 1=1 3=1+1 1 j 

z m n 
y y ( y d2 x d2 + 2 J [ d2 x d2 ) + 
'g 'g .L. ra. e. Z, . L.,, m. e. 
m e 1=3 1 3 i=l 3=1+1 1 3 

z m n 
Y  6 ( I d2 x d3 + 2 I 7 d2 + d3 ) + 
e g . . m. e. . . m. e. 
Bm 6e 1=3 1 3 i=l 3=i+l 1 3 

where z = m<n or n<m. 
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If the summed effects are expressed as a , a , etc., and the 
m. e. 

interactions are expressed according to the combined form given on page 

27 then the general equation for the mean of any generation (7) can be 

written in the condensed form as, 

M = u + a a + a a + Y d2 + S dl + y d2 +6 d3 + 
g g m. g e. g m. g e. 'g e. g e. 6 &m e m °e e °e 

a  a  e  .  +  a  ( B  + Y  + 6 ) f , + a y f . +  
gm se me/ gm 8e e 8e m/e 8e 8m e/m 

Y  ( 3  + Y  + 5  ) h ,  + e  ( 8 )  
«m ee /me 

The matrix form of the condensed equation (8) is 

Y = XI + e 

where the observations M = Y 
g ~ 

the coefficient matrix = X 

the parameter vector = 

and the error vector = ja 

The normal equations are X'XjS = X'Y 

When X'X has an inverse, the least squares solution of J3. is, 

1 = (X'X)"̂ '! 

When the error variance of the observations are estimated, the 

weighted solution is given as, 

1 = (X1 V~ 1X ) ~ 1X1 V~1Y (9) 

where V is the inverse of the square matrix with the error variances 

of the observations on the diagonal and zeros on the off diagonal. 
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The general condensed equation (8) utilizes eleven parameters 

to describe the effect of polygenic differences on the phenotypes. A 

minimum of eleven generations is necessary to estimate the eleven para

meters of equation (8). With only eleven generations, there will be 

perfect agreement between observed and expected generation means and 

the model is non-testable. With fewer parameters included in the 

model fewer generations are necessary for estimating and testing the 

model. By making various assumptions the general condensed equation 

(8) can be simplified as follows. 

Complete Embryonic Description 

Assuming there are no maternal gene effects, the complete 

embryonic description is, 

Complete Maternal Description 

Assuming there are no embryonic gene effects, the complete 

maternal description is, 

Mixed Additive Description 

Assuming there are no dominance effects and no maternal 

by embryonic interactions, the mixed additive description for maternal 

and embryonic genes is 

M  =  y  +  a  a  + g d l  + v d 2  + 6 d 3  + e  
g ge e. ge e. 'ge e. ge e. 

(10) 

(11) 

M = y + a a + a a + e (12) 
g gm m. ge e. 



The Goodness of Fit Test 

The adequacy of a model can be tested by using a Chi-square, 

if there are more generations available than parameters ~stimated. 

The Chi-square is given as, 

n 
(H - E )2 

x2 
g g 

I (n-p) 2 
g=l 0 

M 
g 

where n II of generations observed 

p II of parameters estimated 

H of the g 
th 

generation mean 
g 

E exp e cted mean of the g 
th 

generation 
g 
2 

error variance of the g 
th 

generation. o M = 

g 

In matrix notation the Chi-squa re is give n as 

x2 
(n-p) 

X]_) 

Location of Polygenes 

(13) 

The double reduction parameter (a) changes the frequency of 

genotypes for the segregating generations (Table 4) resulting in a 

change in the coefficients of dominance effects of embryonic genes . 

The change in coefficients of dominance effects will result in dif-

ferent estimates of effects and expected means. Therefore, genetic 

descriptions for autotetraploids which contain embryonic dominance 

effects can be compared under differing amounts of double reduction 

with the goodness of fit test (13). 

34 
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The values of double reduction which have a minimum Chi-square 

will indicate the most probable location of the polygenes in relation 

to their centromeres for that genetic description. The value 1/7 is 

taken to be the maximum possible double reduction and will represent 

at least 50 map units between polygenes and centromeres. 



RESULTS 

a-amylase Activity 

The activity of a-amylase for: a 75 yl sample is expressed as 

yg starch convcrted/seed/5 minutes. The means and error variances for 

each generation at each time period is given in Table 5. A graph re

presenting the mean of each generation at each time period is presented 

in Figure 3. 

The ANOVA (Table 6) was determined by a least squares analysis 

of variance of the a-amylase factorial experiment with unequal replica

tion. The ANOVA for a-amylase activity detected generation differences 

and hour differences at the .05 significance level, but no interaction 

between generations and hours. This -indicated that the generations 

perform essentially the same over time, lending support to the theory 

that genetic effects are stable over time. Inspection of Figure 3 

shows the hour effect is mainly quadratic with a maximum at 12 hours 

and minimums at 0 and 48 hours. The generation effect implies different 

levels of gene activity for the different generations. Since generations 

do differ, the types of gene effects responsible for these differences 

were analyzed according to the three simplified equations (10, 11 and 12) 

of the general condensed equation (8). The genotypic frequencies 

were utilized as the background population genotypic proportions. The 

weighted solution (9) was used in estimating the parameters, since the 

36 



Table 5. The mean and error variance for a-amylase activity (yg starch converted/seed/5 min) for 
each generation and each time period. 

HOURS 

GENERATIONS 

0 12 24 36 48 

P1 
26.56±3.94 31.84±6.44 *29.25±0.48 27.12+3.76 28.8219.44 

pi 
18.95+6.60 26.91±3.25 27.1612.80 18.52+12.91 19.6112.56 

F1 
23.87±19.54 28.66±1.26 32.4710.72 27.14+5.11 25.52+8.43 

F2 
24.36±4.36 28.4210.36 24.7210.86 24.33+0.19 22.28+4.22 

BC1 
29.78±2.18 29.78±2.18 26.1110.72 25.00+0.23 24.8614.88 

BC^r 26.08±5.99 29.75+0.77 24.16+3.02 25.0512.76 25.95+3.30 
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Figure 3. The changes of a-amylase activity (yg starch converted/seed/ 
5 minutes for a 75 yl sample of the crude seed extract) for 
all generations over time. 

The non-segregating generations are represented as solid lines 
( ) and the segregating generations are represented 
as dashed lines ( ). 
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Table 6. Analysis of variance for a-amylase activity. 

SOURCE D.F. MEAN SQUARE 

GEN 5 103.424063* 

HOUR 4 90.587913* 

GEN X HOUR 20 16.910028 

ERROR 75 17.018027 

* significant at .05 probability level. 



means of each generation were not known with equal precision. The 

standard errors of the estimates were taken from the diagonal of the 

-1 -1 
variance covariance matrix (X'V X) of equation (9). Significance 

from zero was determined by an approximate t-test. The goodness of 

fit test (13) was utilized in determining the adequacy of the models. 

Embryonic Description 

The first four parameters (~, a , dl , d2 ) of the complete 
e e e 

40 

embryonic description (10) were estimated according to weighted solution 

(9). The fifth parameter d3e was not estimated since the BCi and BClr 

generations were not available, resulting in larger error variances in 

the variance covariance matrix when d3 was included in the model. 
e 

The estimates and their standard errors for a-amylase activity 

under random chromosomal segregation are given in Table 7. The esti-

mates and their standard errors for a -amylase activity under random 

chromatid segregation are given in Table 8. Significance from zero at 

the .05 level is denoted in the tables with an (*). The estimates of 

the best fitting random chromatid or random chromosomal models, which 

ever fits best, are presented graphically in Figure 4. The differ ence 

between the estimates for random chromosomal and random chromatid 

segregation were small and non-significant. The difference between 

goodness of fit (13) of the random chromosomal and random chromatid 

segregation is of interest since this gives some indication about the 

location of the polygenes in relation to their centromeres. 

Analyses were conducted for values of double reduction (a ) 

varying from random chromosomal (a=O) segr egation to random chromatid 
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(a=l/7) segregation in steps of 1/70. The adequacy of these models 

were compared for goodness of fit with equation (13), in order to 

determine the relative positions of the polygenes and their centromeres. 

The degrees of freedom for the Chi-squares are two since four parameters 

are estimated for the six observed generations. These Chi-squares are 

given in Table 9. 

Initially (0 hours) the best fitting model is random chromosomal 

segregation and the only significant genetic effect is additivity 

(Table 7). At 12 hours the best fitting model is still random chromoso

mal segregation with no significant genetic effects (Table 7). At 24 

hours the goodness of fit reveals an inadequate model, although the 

best fitting model has changed from random chromosomal segregation at 

0 and 12 hours to random chromatid segregation at 24 hours. Additivity 

is positive. Dominance (dle) in the triplex genotype is negative and 

dominance (^2^) in the duplex genotype is positive. It appears that 

there is a strong negative influence of the high parent's (P^) genes in 

the triplex (EEEe) condition at 24 hours. The duplex (EEee) gives a 

positive effect but not as strong as the negative dominance expressed 

in the triplex. A balance of parental genes may be important in opti

mizing the activity of a-amylase as exemplified by the phenotype at 

24 hours. At 36 hours the best fitting model has a Chi-square value 

of 0.0 between 7/10 and 9/10 of the maximum possible double reduction. 

This indicates random chromatid segregation with the genes responsible 

for a-amylase activity located approximately 40 map units from their 



Table 7. Estimates and standard errors for the complete embryonic description (10) under random 
chromosomal segregation for oc-amylase activity (yg starch converted/seed/5 min). 

HOURS 

0 12 24 36 48 

y *26.56+1.98 *31.75±2.53 *29.2010.69 *27.1011.94 *28.7213.07 

a 
e 

*3.8111.61 2.56±1.54 *2.0410.87 *4.5911.82 *4.6411.73 

dl 
e 

5.08±3.32 -1.0112.82 *-5.8011.42 -0.7412.13 -1.71+3.81 

d2 
e 

1.05+3.87 -0.7811.91 *4.1211.24 4.0812.96 0.1213.10 

* Significance at the .05 probability level. 



Table 8. Estimates and standard errors for the complete embryonic description (10) under random 
chromatid segregation for a-amylase activity (yg starch converted/seed/5 minutes). 

0 12 

HOURS 

24 36 48 

y *26.56±1.99 *31.79+2.53 *29.2310. 69 *27.1311.94 *28.7713.07 

a 
e 

*3.83411.60 2.61±1.51 *2.00±0. 86 *4.21+1.65 *4.68±1.73 

dl 
e 

5.8613.97 -1.20+3.20 *-7.3911. 63 -1.64±2.41 -2.2914.40 

d2 
e 

0.90±4.23 -0.71±1.92 *4.5411. 24 4.32±3.04 0.48+3.23 

* Significance at the .05 probability level. 



Figure 4. The changes in genetic effects for the best fitting complete 
embryonic description (10) for random chromosomal or random 
chromatid segregation. 

Activity is expressed as the yg of starch converted/seed/ 
5 minutes for a 75 yl sample of the crude seed extract. The 
estimates of additive gene effects are represented as a solid 
line ( ). The estimates of dominance in the triplex 
(dl ) are represented as a dashed line ( ). The es
timates of dominance in the duplex (d2 ) are represented as a 
long dash, short dash line ( J. 
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r 

3.0 

2 . 0  

1.0 

0 . 0  
48 HOURS 

-1.0 

- 2 . 0  
dl 

-3.0 

-4.0 

-5.0 

- 6 . 0  

-7.0 

- 8 . 0  

Figure 4. The changes in genetic effects for the best fitting complete 
embryonic description (10) for random chromosomal or random 
chromatid segregation. 



Table 9. The Chi-square va lues for the complete embryonic (10), 
complete materna l (11) and mixed additive maternal and 
embryonic (12) models at each time period, for a-amylase 
activity. 

The Chi-square va lues of the comp lete embryonic mode l (10) 
has t wo degrees of freedom, while the compl ete maternal (11) 
and mixed additive maternal and embryonic (12) models have 
three degrees of freedom each. Each increment of (a) 
represents 5 ma p units from the centromere. 

0 

.00000 1.320 

. 01429 1.321 

. 0285 7 1.321 

. 04286 1.322 

.05715 1.323 

. 07143 1.324 

.08572 1.325 

.10000 1.326 

.11429 1.327 

.12858 1.329 

.14286 1.331 

0 

HOURS 1.54 

EHBRYONIC DESCRIPTION 
HOURS 

12 36 

.159 17.41 .104 

.161 16.79 .080 

.163 16.19 .060 

.164 15.60 .043 

.166 15.03 .028 

.167 14.46 .017 

.167 13.92 .008 

.168 13.38 .003 

.168 12.86 .001 

.168 12.35 .002 

.168 11.86 .006 

MATERNAL DESCRIPTION 

12 24 36 

2.067 24.36 4.67 

48 

.909 

.900 

.891 

.881 

.872 

.861 

.851 

.840 

.829 

.818 

.807 

48 

3.57 

MIXED ADDITIVE HATERNAL AND EHBRYONIC DESCRIPTION 

0 12 24 36 48 

HOURS 2.75 .341 27.24 3.20 1.09 

45 
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centromeres. Additivity is the only significant effect at 36 and 48 

hours with random chromatid segregation describing the activity of 

a-amylase best at 48 hours. 

In summary, the best fitting models place the polygenes respon

sible for the activity of a-amylase activity next to their centromeres 

in the first two time periods and 40 to 50 map units from their centro

meres in the last three time periods. The first two time periods are 

primarily under the control of additive genetic effects acting in a 

positive manner as are the last two time periods. The 24 hour model 

is inadequate, although indications are that additive and strong 

opposing dominance effects are manifested by genes located 50 map units 

from their centromeres. 

Maternal Description 

The three parameters (y, a^, d2^) °f complete maternal 

description (11) were estimated according to the weighted solution (9). 

The estimates and their standard errors are presented in Table 10. 

Significance from zero at the .05 probability level is denoted in the 

table with an (*). 

This description shows that maternal additive effects are signi

ficant at 0, 24 and 48 hours with a decrease in the first 24 hours and 

an increase in the second 24 hours (Figure 5). Maternal dominance is 

only significant at 24 hours in a negative direction. The 24 hour 

maternal description is inadequate as seen in the large Chi-square value 

at 24 hours. 



Table 10. Estimates and standard errors for the complete maternal description (11) for a-amylase 
activity (yg starch converted/seed/5 min). 

HOURS 

0 12 24 36 48 

y *28.1011.42 *30. 3211.17 *28.4710.53 *25.19+0.46 *26.6411.72 

a 
m 

*4.55+1.45 1. 68+1.07 *-1.6510.71 1.2911.44 *3.3411.20 

d2 
m 

1.54+2.12 0. 2110.92 *-5.52+1.02 0.48+1.47 1.0411.76 

* Significance at the .05 probability level. 
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5.0 

3.0 

1.0 

0 . 0  

HOURS 

-1.0 

-3.0 

-4.0 

-5.0 

- 6 . 0  

Figure 5. The changes in genetic effects for the complete maternal 
description (11) for a-amylase activity. 

Activity is expressed as the ng of starch converted/seed/ 
5 minutes for a 75 yl sample of the crude seed extract. 
The estimates of additive gene effects are represented as 
a solid line . The estimates of dominance in 
the duplex (^2^) are respresented as a dashed line ( ). 
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Mixed Additive Maternal and Embryonic Description 

The three parameters (p, a^, a£) of the mixed additive maternal 

and embryonic description (12) were estimated according to the weighted 

solution (9). The estimates and their standard errors are presented in 

Table 11. Significance at the .05 level is denoted in the table by an 

(*). The Chi-square values for each time period indicating the goodness 

of fit are given in Table 9. 

The mixed additive maternal and embryonic model shows signifi

cance for additive maternal and embryonic genes at the 24 hour time 

period but no other time period. Just as in the embryonic and maternal 

description the goodness of fit at 24 hours (Table 9) reveals the 

description is inadequate. At 24 hours the maternal additive effect is 

positive while the embryonic additive effect is negative. (Figure 6) 



Table 11. Estimates and standard errors, for the mixed additive maternal and embryonic description 
(12) for a-amylase activity (yg starch converted/seed/5 min). 

HOURS 

0 12 24 36 48 

y *28.42+1.48 *30.87+1.07 *27.71±0.61 *26.13+1.12 *27.7611.55 

a 
m 

2.70±2.64 0.05±0.94 *4.77±0.93 0.16+1.21 0.4312.04 

a 
e 

1.61±3.02 2.24±1.28 *-3.2211.01 1.75+2.12 3.75+2.34 

* Significance at the .05 probability level. 

Ui 
o 
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5.0 

4.0 

3.0 

2 . 0  

1.0  

0.0 

12 

-1.0 
HOURS 

- 2 . 0  

-3.0 

-4.0 

Figure 6. The changes in genetic effects for the mixed additive mater
nal and embryonic description (12) for a-amylase activity. 

Activity is expressed as the yg of starch converted/seed/ 
5 minutes for a 75 pi sample of the crude seed extract. The 
estimates of maternal additive gene effects (a ) are repre
sented as a solid line ( )- The estimates of 
embryonic additive gene effects (a ) are represented as a 
dashed line, ( ) . 
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Protein 

The amount of soluble protein per seed is expressed as 

mg protein/seed. The means and error variances for each generation 

at each time period are given in Table 12. A graph representing the 

mean of each generation at each time period is presented in Figure 7. 

The ANOVA (Table 13) was determined by a least squares analysis 

of variance for the amount of soluble protein per seed. The ANOVA 

detected generation and hour differences at the .05 significance level 

but no interaction between generations and hours. This indicated that 

the generations perform essentially the same over time, lending support 

to the theory that genetic effects are stable over time. As seen in 

Figure 7, a linear increase in mg protein/seed is the major component 

of the hour effect. The generation effect implies different levels of 

soluble protein per seed for the different generations. Since different 

amounts of protein implies different levels of gene activity, the types 

of gene effect responsible for these differences were estimated in the 

three simplified equations (10, 11 and 12) of the general condensed 

equation (8) describing gene action. The P^ genotypic frequencies were 

used as the background population genotypic proportions. The weighted 

solution (9) was used in estimating parameters, since the means of each 

generation were not known with equal precision. The standard errors of 

the estimates were taken from the diagonal of the variance covariance 

matrix (X'V "'"X) of equation (9), Significance from zero was deter

mined by an approximate t-test. The goodness of fit Chi-square (13) was 

utilized in determining the adequacy of the models. 



Table 12. The mean and error variance for mg protein/seed for each generation and each time period. 

2NERATI0NS 

0 12 

HOURS 

24 36 48 

P1 
.948±.003 .909±.021 .985±.007 1.040±.004 1.1221.022 

P i  
.600±.001 .566±.0003 .583+.002 .5181.005 .6631.013 

F1 
.881±.004 .846±.002 .833+.0003 .790±.003 .9311.029 

F2 
.  766±.  00.1 .926±.003 .788+.004 .8781.002 .889+.002 

BC1 
.848±.009 1.103±.0002 1.068±.003 1.0561.001 1.197+.005 

BC r  .780±.010 .989±.0002 .996±.002 1.0621.006 1.080+.003 

Ui 
UJ 



1.2 

BC, r 

0 12 24 36 48 
HOURS 

Figure 7. The changes of rag protein/seed for all generations over time. 

The non-segregating generations are represented as solid 
lines ( ) and the segregating generations are 
represented as dashed lines ( 



Table 13. Analysis of Variance for mg protein/seed. 

55 

SOURCE D.F. MEAN SQUARE 

GEN 5 .538128* 

HOUR 4 .081396* 

GEN X HOUR 20 .016968 

ERROR 78 .022212 

* Significant at the .05 probability level. 
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Embryonic Description 

The first four parameters (y, a , ^^-e» ^e) t^ie c°roplete 

embryonic description (10) were estimated according to weighted solution 

(9). The fifth parameter d3^ was not estimated since the lack of the 

BC^ and BC|r generations limited information about d3g to the F£ 

generation. 

The estimates and their standard errors for mg protein/seed 

under random chromosomal segregation are given in Table 14. The esti

mates and their standard errors for mg protein/seed under random 

chromatid segregation are given in Table 15. Estimates which are 

significant at the .05 significance level are denoted in the tables with 

an (*). The differences between the estimates for random chromosomal 

and random chromatid segregation were small and non-significant. The 

estimates of the best fitting random chromosomal or random chromatid 

models are presented graphically in Figure 8. The difference between 

goodness of fit (13) of the random chromosomal and random chromatid 

segregation is of interest since this gives some indication about the 

location of polygenes in relation to their centromeres. 

The Chi-squares for values of double reduction (a) varing from 

random chromosomal (a=0) to random chromatid (a=l/7) in steps of 1/70 

are given in Table 16. 

Table 16 shows that the genes controlling mg protein/seed are 

undergoing random chromatid segregation at 0, 12 and 36 hours. The 

additive gene effects are significant and positive for all time periods. 

The dominance effect in the triplex (dlg) is significant at 12, 24 and 



Table 14. Estimates and standard errors for the complete embryonic description (10) under random 
chromosomal segregation for mg protein/seed. 

HOURS 

0 12 24 36 48 

V *.9471.054 *.919±.144 *.9821.085 *1.0421.066 *1.1171.147 

a 
e 

*.174±.031 *.176±.073 *.2031.043 *.2541.047 *.2361.093 

dl 
e 

-.119±.113 *.2931.146 *.1941.099 *.2171.087 .1911.164 

1 
1 

0) 
CM 

.0811.064 .1191.085 .0511.052 .0281.072 -.0401.150 

* Significance at the .05 probability level. 



Table 15. Estimates and standard errors for the complete embryonic description (10) under random 
chromatid segregation for mg protein/seed. 

HOURS 

0 12 24 36 48 

u *.947±.054 *.914±.145 *.984±.085 *1.0401.066 *1.1181.147 

a 
e 

*.1751.031 *.1731.073 *.2041.048 *.2541.047 ".2451.092 

dl 
e 

-.144+.125 *.3401.164 *.217±.112 *.256±.100 .2261.190 

d2 
e 

.096+.068 .116±.085 .052±.052 .0181.074 -.0441.166 

* Significance at the .05 probability level. 



Figure 8. The changes in genetic effects for ing protein/seed of the 
best fitting complete embryonic description (10) for random 
chromosomal or random chromatid segregation. 

The estimates of additive gene effects are represented as a 
solid line ( )- The estimates of dominance in the 
triplex (dl ) are represented as a dashed line ( ). 
The estimates of dominance in the duplex (d2 ) are represented 
as a long dash, short dash line ( ). 



59 

34 -

. 2 2  
\ dl 

H 

48 
d2 

HOURS 

-.04 

- . 0 8  

-.10 

Figure 8. The complete embryonic description (10) for mg protein/seed. 
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Table 16. The Chi-square values for the complete embryonic (10), 
complete maternal (11) and mixed additive maternal and 
embryonic (12) models at each time period, for 
mg protein/seed. 

The Chi-square values of the complete embryonic model (10) 
has two degrees of freedom, while the complete maternal (11) 
and mixed additive maternal and embryonic (12) models have 
three degrees of freedom each. Each increment of (a) 
represents 5 map units from the centromere. 

EMBRYONIC DESCRIPTION 
HOURS 

a 0 12 24 36 48 

.00000 .835 33. 66 2.02 . 836 2.17 

.01429 . 788 33.64 2.04 . 797 2.20 

.02857 • 743 33.62 2.06 • 758 2.22 

. 04286 . 699 33.60 2.08 . 719 2. 25 

.05715 .658 33.57 2.10 . 680 2.28 

. 07143 • 618 33.55 2. 12 . 642 2.30 

.08572 .581 33.52 2. 14 . 604 2.33 

.10000 . 546 33.50 2.16 . 567 2.37 

.11429 .513 33.48 2.19 . 531 2.40 

.12858 .482 33. 45 2.21 . 495 2. 43 

.14286 . 453 33.42 2.23 . 460 2.47 

0 

MATERNAL 

12 

DESCRIPTION 

24 36 48 

HOURS 3.68 3.03 8.10 4.60 7.63 

MIXED ADDITIVE MATERNAL AND EMBRYONIC DESCRIPTION 

0 12 24 36 48 

HOURS .451 14.42 6.23 7.08 3.24 



61 

36 hours and positive. Dominance in the duplex is not significant at 

any time period. The hour effect (Table 13) is most probably a result 

of an increase in the mean (y) since the additive effects are about the 

same and dominance in the triplex is only significant in the 12, 24 and 

36 hour time periods. The goodness of fit is poor for the 12 hour 

period and the description can not be considered adequate at 12 hours. 

Maternal Description 

The three parameters (y , a^, d2^) of the complete maternal 

description (11) were estimated according to the weighted solution (9). 

The estimates and their standard errors are presented in Table 17. Sig

nificance at the .05 significance level is denoted in the table with 

an (*). 

The complete maternal description shows significance and posi

tive maternal additive effects for all five time periods. Maternal 

dominance is significant and positive for 12» 24 and 36 hours. The 

changes of genetic effects are presented graphically in Figure 9. The 

Chi-square values for each time period (Table 16) indicate the model is 

slightly significant at the .05 level for the 24 hour time period but 

adequate for all other time periods. 

Mixed Additive Maternal and Embryonic Description 

The three parameters (y, a , ag) of the mixed additive maternal 

and embryonic description (12) were estimated according to the weighted 

solution (9). The estimates and their standard errors are presented in 

Table 18. Significance at the .05 significance level is denoted in the 



Table 17. Estimates and standard errors for the complete maternal description (11) for mg protein/ 
seed. 

HOURS 

0 12 24 36 48 

y *.949±.044 *1.102+.014 *1.059±. 036 *1.052±.032 *1.184±.062 

a 
m 

*.170±.027 *.267±.012 *.231±. 032 *.266±.036 *.260±.064 

d2 
m 

-.012±.043 *.151±.018 *.106±. 039 *.130±.047 .041±.023 

* Significance at the .05 probability level. 

to 
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.30 

. 2 0  

M 

.10 
o 
a 

.00 

HOURS 

-.10 

Figure 9. The changes in genetic effects for the complete maternal 
description (11) for mg protein/seed. 

The estimates of additive gene effects are represented as a 
solid line ( ). The estimates of dominance in the 
duplex (d2 ) are represented as a dashed line ( — ). 
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table by an (*). The Chi-square values for each time period indicating 

the goodness of fit are given in Table 16. 

Maternal effects are important during the initial time periods 

but are less important than embryonic additive effects in subsequent 

time periods. The mixed additive maternal and embryonic description is 

not adequate at the 12 hour period (Table 16) but is adequate at all 

other time periods. The 12 hour period is also the only time period 

where both mat e rnal and embryonic additive effects are significant 

(Table 18). The changes of maternal and embryonic additive effects 

are graphically presented in Figure 10. 

Tissue Wei ght 

During the course of experimentation the seed, seed coat and 

embryo \veights '\vere determined on the dry seed of all generations. The 

means and standard errors of seed, seed coat and embryo we ights are 

given in Table 19. The types of genetic effects responsible for the 

observed generation differences were estimated according to the three 

simplified equations (10, 11 and 12) of the general condensed e quation 

(8) describing gene action. The P
1 

genotypic frequencies were us e d as 

the background population genotypic proportions. The weighted solution 

(9) was used in estimating parameters, since the means of each gene ration 

were not known with equal precision. The standard errors of the esti-

mates were taken from the diagonal of the variance covariance matrix 

-1 -1 
(X'V X) of equation (9). Significance from zero was determined with 

an approximate t-test. The goodness of fit Chi-square (13) was utilized 

in determining the adequacy of the genetic description. 



Table 18. Estimates and standard errors for the mixed additive maternal and embryonic description 
(12) for mg protein/seed. 

HOURS 

0 12 24 36 48 

u *.933±.040 *1.201+. 015 *1.112±.039 *1.168±. 042 *1.258±.063 

a 
m 

*.105±.061 *.089±. 018 -.007±.026 -.023+. 051 .0761.077 

a 
e 

.062±.070 *.231±. 023 *.275±.041 *.330±. 068 *.255±.097 

* Significance at the .05 probability level. 
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.40 

.30 

.10 

.00  

HOURS 

.10 

Figure 10. The changes in genetic effects for the mixed additive mater
nal and embryonic description (12) for mg protein/seed. 

The estimates of maternal additive gene effects (a ) are 
represented as a solid line ( „ . ). The estimates of 
embryonic additive gene effects (a ) are represented as a 
dashed line ( ). 
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Embryonic Description 

The first four parameters (~, a , dl , d2 ) of the complete 
e e e 

embryonic description (10) were estimated according to weighted solution 

(9). The fifth parameter d3 was not estimated since the lack of the 
e 

BCi and BCir generations limited the information about d3e to the F2 

generation. The estimates and their standard errors for seed, seed coat 

and embryo weight under random chromosomal s egregation are given in 

Table 20. The estimates and standard errors under random chromatid 

segregation are given in Table 21. The differences between the esti-

mates for random chromosomal and random chromatid segregation are small 

and non-significant. The difference between the goodness of fit (13) 

of the random chromosomal and random chromatid segregation is of 

interest since this gives some indication about the location of poly-

genes in relation to their centromere. 

The Chi-squares for values of double reduction (a) varying from 

random chromosomal (a=O) to random chromatid (a=l/7) in steps of 1/70 

are given in Table 22. 

The complete embryonic description indicates significant addi-

tive effects and dominance effects of the duplex (d2 ) for seed, seed 
e 

coat and embryo weight. Dominance effects of the triplex is only 

significant for coat weight for the random chromat i d segregating de-

scription. The random chromatid segregation pattern is favored by the 

lower Chi-square (Table 22) but these Chi-square values are all signi-

ficant and the complete embryonic description can not be considered 

adequate. 
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Table 19. The means and standard errors of dry seed, seed coat and 
embryo weights in mg for all generations. 

SEED SEED COAT EMBRYO 

P1 
76.3611.35 45.2911.03 31.19+1.21 

pi 
43.77±1.00 21.22±0.59 22.83±0.76 

F1 
75.52+2.23 40.29±0.97 35.22±1.43 

F2 
57.08±1.38 32.90+0.66 24.19±0.92 

BC1 
73.46+0.60 41.09±0.91 32.37±0.91 

BC.r 64.16±1.92 35.43±1.14 28.7311.02 
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Table 20. Estimates and standard errors for the complete embryonic 
description (10) under random chromosomal segregation for 
seed, seed coat and embryo weight in mg. 

SEED SEED COAT EMBRYO 

y *76.19±1.34 *45.15±1.03 *31.05±1.05 

a 
e 

*16.54±0.84 *12.13±0.06 *4.38+0.65 

dl 
e 

-2.08+2.36 -2.83±1.51 0.70±1.52 

d2 
e 

*8.50+2.07 *5.23±1.05 *4.11+1.41 

* Significance at the .05 probability level. 
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Table 21. Estimates and standard errors for the complete embryonic 
description (10) under random chromatid segregation for 
seed, seed coat and embryo weight in mg. 

SEED SEED COAT EMBRYO 

u *76.28±1.35 *45.23+1.03 *31.12±1.05 

a 
e 

*16.62±0.84 *12.16±0.59 * 4.47±0.65 

dl 
e 

-4.66±2.76 *-4.19±1.73 -0.3911.77 

d2 
e 

*10.79+2.21 *6.03 ±1.09 *5.36 ±1.48 

* Significance at the .05 probability level. 



Table 22. The Chi-square values for the complete embryonic (10), 
complet e maternal (11) and mixed additive maternal and 
embryonic (12) models for seed, s eed coat and embryo 
weight in mg. 

71 

The Chi- square values of the complete embryonic model (10) 
has t wo d egr e es of freedom, while the complet e maternal (11) 
and mixed a dditive maternal and embryonic (12) models have 
three degrees of freedom each. Each increment of (a) 
represents 5 map units from the c en tromere. 

EMBRYONIC DESCRIPTION 

a SEED COAT EMBRYO 

.00000 48.21 31.37 41.29 

.01429 47.49 30.63 40.88 

.02857 46.7~ 29.90 40.47 

.04286 46.02 29.19 40.04 

.05715 45.28 28.49 39.60 

.07143 44.53 27.80 39.16 

.08572 43.77 27.;3 38.71 

.lOOOO 43.02 26.47 38.25 

.ll429 42.26 25.84 37.78 

,12858 41.51 25.22 37.32 

.14286 40.75 24.62 36.84 

MATERNAL DESCRIPTION 

SEED COAT EMBRYO 

57.73 71.99 37.77 

MIXED ADDITIVE MATEill~AL 
AND EMBRYONIC DESCRIPTION 

SEED 

7.82 

COAT 

2.178 

EMBRYO 

16.57 
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Maternal Description 

The three parameters (p, am> d2^) of the complete maternal 

description (11) were estimated according to the weighted solution (9). 

The estimates and their standard errors are presented in Table 23. 

Significance at the .05 significance level is denoted in the table with 

an (*). 

The complete maternal description (11) has significant additive 

effects in the seed, seed coat and embryo, with maternal dominance sig

nificant in the embryo. The goodness of fit as determined by the 

Chi-square (13), shows the complete maternal description is not 

adequate. 

Mixed Additive Maternal and Embryonic Description 

The three parameters ()j, a^, a&) of the mixed additive maternal 

and embryonic description (12) were estimated according to the weighted 

solution (9). The estimates and their standard errors are presented 

in Table 24. Significance at the .05 significance level is denoted in 

the table by an (*). The Chi-square values for seed, seed coat and 

embryo indicating goodness of fit are given in Table 22. 

The mixed additive description shows significant additive 

maternal and additive embryonic effects in the seed coat. The seed and 

embryo have significant additive maternal components. The goodness of 

fit given in Table 22 indicates that seed and seed coat are adequately 

described but the embryo weight is not. 
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Table 23. Estimates and standard errors for the complete maternal 
description (11) for seed, seed coat and embryo weight in mg. 

SEED SEED COAT EMBRYO 

y *76.71±1.01 *44.60±0.65 *32.67±0.67 

a 
m 

*15 74±0.72 *11.07±0.45 * 4.43±0.51 

d2 
m 

-1.48+1.31 -0.01±0.70 *-1.87±0.86 

* Significance at the .05 probability level. 
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Table 24. Estimates and standard errors for the mixed additive 
maternal and embryonic description (12) for seed, seed 
coat and embryo weight in mg. 

SEED SEED COAT EMBRYO 

V *76.09+1.01 *44.62±0.66 *31.78±0.68 

a 
m 

*12.99+1.71 * 6.76±0.56 * 5.86±1.02 

a 
e 

* 3.35±1.91 * 4. 95±1.03 -1.24±1.17 

* Significance at the .05 probability level. 



DISCUSSION 

ot-amylase 

Polygenic systems are comprised of genes with small, similar 

and supplementary (or balancing) effects. Since the members of a sys

tem of polygenes have similar effects, they lack specificity (Mather 

and Jinks, 1971). In the analysis of a-amylase activity the estimates 

of additive and dominance effects are for the polygenic system con

trolling the activity of the enzyme a-amylase. This polygenic system 

could take several forms. 

1. The polygenes could control the transcription of the DNA 

coding for the enzyme a-amylase. 

2. The polygenes could control the translation of the m-RNA 

into the enzyme a-amylase. 

3. The polygenes could control the release or degradation of 

the translated enzyme a-amylase. 

4. The polygenes could exert differential influence on tran

scriptional, translational and post translational processes 

Chrispeels and Varner (1967) have shown that gibberellic acid 

triggers a-amylase synthesis and is continuously required during the 

period of enzyme formation in barley aleurone layers. Varner (1967) 

has pointed out that the hormone abscisic acid functions in inducing 

75 
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dormancy, by blocking the production of hydrolytic enzymes, such as 

a-amylase. Apparently abscisic acid prevents the action of gibberellic 

acid through the inhibition of enzyme specific RNA or through a mecha

nism which prevents the incorporation of the RNA into the enzyme 

synthesizing machinery (Chrispeels and Varner, 1966). Differential 

amounts of hormones such as abscisic acid and gibberellic acid could 

control the observed activity of a-amylase in the cotyledons of 

Cucurbita seeds. The genetic effects estimated in the descriptions 

of gene action would measure such differential activity of the parental 

polygenes. 

Jacobsen, Scandalios and Varner (1970) determined that the 

addition of gibberellic acid to isolated layers of barley aleurone 

caused the de novo synthesis of four a-amylases. Besides a-amylase 

four 3-amylases were detected in the endosperm attached to the dissected 

aleurone. The g-amylases seemed to arise by activation of zymogen 

already present. Tanaka and Akazawa (1970) suggest isozymes of amylase 

may function intracellularly in a cooperative manner. Tanaka, Ito and 

Akazawa (1970) made time sequence comparisons of amylase zymograms for 

rice seeds. They detected four major and nine to ten minor isozyme 

bands at the optimum stage of enzyme activity, with subsequent reduction 

of banding after 5 days of incubation. Genetic studies of the basis for 

isozymes of amylase in maize conducted by Chao and Scandalios (1971) 

showed that one a-amylase (Amy-1) has two genetic variants controlled by 

two codominant alleles. The expression of the alleles was shown to be 
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dependent on development. They found Amy-1 activity increases during 

seed germination without changing its electrophoretic mobility and 

is both tissue and age dependent. 

The asynchronous appearance of different forms of amylase 

produced by different loci may account for the shift from a random 

chromosomal to a random chromatid segregating genetic description of 

a-amylase activity in the cotyledons of Cucurbita seeds. The a-amylase 

activity of the first two time periods would be under the control of 

loci located close to their centromeres. At 24 hours the complete 

embryonic description (10) was inadequate, indicating possible epistatic 

effects or linkages. If other loci controlling the activity of 

a-amylase were to become active at 24 hours, which were located some 

distance from their centromeres, both linkage and interaction could 

result in the inadequacy of the model. If in subsequent time periods 

the second set of loci were in control, adequacy of the description 

would be restored. In order to test this hypothesis, electrophoresis 

of the crude extracts used in the a-amylase activity experiments would 

be carried out and compared with the analysis of quantitative gene 

action. 

Gene Intra-action 

Diploids have three genotypes for two alleles and require two 

descriptive parameters, additivity and dominance deviations. Genetic 

models for diploids which do not adequately describe the phenotypes by 

additive and dominance effects must utilize gene interaction or linkages 

(Hayman, 1958). 
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An increase in ploidy results in more genotypic possibilities 

for the two allele case and consequently more descriptive parameters 

are within a single locus. Autotetraploids are useful in exploring 

these gene intra-actions, since there are five genotypes for a two 

allele series. The increase from the nulliplex to the quadriplex geno

type can be made in an equal and additive increment. This condition 

is trivial and requires only a mean and additive effect to describe 

the phenotypes. If the simplex, duplex and triplex genotypes each 

deviate from linearity by an e qual amount, then the generations can be 

described in terms of additive and one form of dominance effects. If 

the simplex, duplex and triplex genotypes deviate from linearity in 

different amounts or different directions then three forms of dominance 

deviations are necessary. When three dominance deviations are involved 

in the de scription of generation means, at least five gene rations are 

needed to estimate the parame ters and more than five generations are 

necessary to test the adequacy of the mod e l. 

When F
2 

and F
3 

generations are needed to test the adequacy of 

the model, the investigation will be restricted to an autotetraploid 

organism which does not require excessive space, since segregating 

generations do produce more genotypes in autotetraploids than their 

diploid relatives. In fact a diploid F
1 

with one locus and two alleles 

segregates to give 3 genotypes while the autotetraploid F
1 

segre ga tes 

to give 5 genotypes. One half of the diploid F
2 

genotypes will segre

gate while 17/18 of the autotet r aploid F
2 

genotypes will segregate 

(assuming random chromosomal segregation). On expa nding the diploid 
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and autotetraploid generations to contain (n) non-linked loci with two 

alleles per locus, the diploid F^ segregates to give 3n genotypes while 

the autotetraploid F^ segregates to give 5° genotypes in the F^. The 

proportion of diploid F^ genotypes which will segregate is 1 - (%)", 

while the proportion of the tetraploid F^ genotypes which will segre

gate is 1 - (l/18)n. It is apparent that the amount of sampling 

necessary for estimates of quantitative genetic effects in an auto

tetraploid as opposed to a diploid is large. With two parental lines, 

and F^ and the two backcross generations, six generations are avail

able for estimating the intra-genic effects of a single locus or an 

arbitrary number of loci where there is no epistacy or linkage. This 

will leave one degree of freedom for testing the adequacy of the model. 

Seed characteristics are suitable in this case since the F^ is the only 

segregating generation and seeds representing F^ and backcross pheno-

types can be collected from individual plants. The estimates of 

dominance effects which arise are somewhat analogous to dominance de

viations in the diploid case. 

The genetic difference of dominance deviations in autotetra-

ploids is in the nature of the background in which the heterozygote is 

acting. The simplex and triplex genotypes are heterozygotes in a 

homozygous background. The duplex is a heterozygote in a heterozygote 

background. These dominance deviations along with additivity comprise 

four forms of genetic effects within a locus and are gene intra-actions. 

These intra-actions involve gene dosage or addition effects rather than 

solely gene substitutions as in the diploid situation. 
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Gene Addition 

In preliminary studies, the inheritance of seed weight of the 

diploid was adequately explained by a complete maternal diploid de-

2 
scription. The tetraploid derivatives of the parental diploids gave 

resulting generations with inheritance of seed weight adequately 

described by a mixed additive maternal and embryonic model but not by 

either the complete embryonic or complete maternal models. An increase 

in ploidy has produced a gene addition effect which required both 

maternal and embryonic genes for the determination of the seed weight 

in the tetraploid. 

The nature of the gene addition may be in the relative ability 

of maternal and embryonic genes to respond to doubling of their dosages. 

The response to the doubling of gene dosage depends on the concentration 

of the substrate that binds with the enzyme, produced by the genes, and 

the concentration of the enzyme. When the substrate is in excess the 

rate of enzyme catalysis is determined almost entirely by the concentra

tion of the enzyme. When the substrate concentration becomes low then 

the rate of the enzymatic reaction is determined by both the enzyme con

centration and the substrate concentration. 

The embryonic genes may be functioning under conditions in the 

diploid and tetraploid such that the substrate concentrations are in 

excess, on the other hand maternal genes may be limited by the substrate 

concentration in the tetraploid. These conditions would allow a 

2. Analysis of diploid seed weight was conducted prior to 
the investigation of autotetraploid seed characteristics (Starmer, 
Unpublishedj 1971). 
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maternal description of diploid seed weight but would necessitate a 

mixed maternal and embryonic description of tetraploid seed weight. 

Just such comparisons between different levels of polysomic 

inheritance can be useful to the investigator in determining the 

kinetics of gene action. 

Location of Polygenes 

Determining the relative position of polygenes gives the re

searcher the ability to locate the sites on the chromosomes where 

genetic activity is taking place. The method presented here for 

locating the polygenes in relation to their centromeres is a matter of 

comparing the goodness of fit of a genetic description under different 

degrees of double reduction. In order to utilize double reduction in 

determining the location of the centromere relative to the polygenes, 

it is necessary to have generations segregating for the alleles in 

question and dominance relations in the description of gene action. 

The statistical methods presented here are not completely 

satisfactory and future study may provide methods for testing the 

hypothesis about the location of polygenes. Levings and Alexander 

(1966) state that recombination values in tetraploids should not be 

expected to be the same as a diploid recombination value, since Sved 

(1964) has shown multiple crossing over affects diploid and tetraploid 

recombination frequencies in different ways. When two diploid genes 

are mapped, maximum likelihood estimators can be used to estimate the 

recombination frequency and its variance. Maximum likelihood estimators 

have many desirable statistical properties which allow for probabilistic 
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statements about the estimators. The only probabilistic statement 

which can be made about the map distance between the centromere and 

the polygenes is the relative probability for the goodness of fit of 

different values of double reduction. These probabilities are dependent 

on the genetic description being utili2ed and another description may 

prove more adequate with different estimates for polygenic location. 

No variance for the map distance between polygenes and centromeres is 

available and may not be possible under the conditions and assumptions 

described for these genetic models. In any case useful information 

can be obtained about the location of polygenic activity by this method. 

When gene action is followed thru development, as in this 

investigation, one gains insight into where polygenes, which direct 

initiative processes versus degregative processes are located. In the 

a-amylase experiment it seems that the polygenes responsible for the 

initial increase in activity are close to the centromeres, while those 

responsible for the decrease in activity are located near the ends of 

the chromosomes in relation to the centromeres. It has already been 

pointed out that the appearance of different forms of amylase produced 

by asynchronous loci may account for the shift in adequacy of the 

embryonic description (10) from random chromosomal to random chromatid 

segregation for a-amylase activity in the cotyledons of Cucurbita seeds. 

The method presented here for the mapping of polygenes in 

development can give useful information about the organization of 

genetic material in the chromosomes. 



The relationship of areas of the chromosome which are known 

to contain either euchromatin or heterochromatin could be elucidated 

in terms of polygenic activity. A two dimensional genetic map with 

the linear arrangement of DNA on one axis and developmental progress 

on the second axis would be possible and perhaps enlightening. 

Maternal Effects 
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When the phenotype of a developmental stage, which is closely 

surrounded by maternal tissue, maternal effects and maternal inheritance 

is an important consideration. This is especially true in seed and 

seedling characteristics. 

The seed coat is maternal tissue and may contain substances 

which delay or allow germination to proceed. Substances such as hor

mones could have a maternal origin and would influence the activity of 

the DNA and subsequent enzyme activities. Mather and Jinks (1971) 

say that generally variation due to cytoplasm is insignificant by 

comparison to the genotypic variation, but juvenile characters may 

reveal plasmatic variation. 

Maternal inheritance can be detected genetically with reciprocal 

crosses. Although all reciprocal crosses were not available in this 

study, the estimation of maternal effect was possible. The variances 

of the estimates are larger when a minimum of reciprocals are used. 

This should be kept under consideration since possible maternal effects 

may go undetected when a minimal number of generations are observed. 

The experiment on mg protein/seed indicated a maternal additive 

effect in the initial time period of the mixed additive maternal and 
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embryonic description and embryonic additive effects for the second thru 

the fifth time periods. These estimates suggest diminishing maternal 

effect with age, as might be expected when substances of the maternal 

cytoplasm or in the maternal tissue surrounding the seed are contri

buting to the development of the seed and seedling. 

The mixed additive maternal and embryonic description (12) is 

not adequate at 12 hours (Table 16) but is adequate at all other time 

periods. The only description which is adequate at 12 hours is the 

complete maternal description (11). This would indicate maternal 

dominance is occurring at 12 hours. In fact if maternal dominance was 

included in the mixed additive maternal and embryonic description of 

mg protein/seed, the model would be adequate. 

The gross weight of the embryo from which the soluble protein 

was extracted is not adequately described by any of the descriptions 

tested in this study. Seed and seed coat are adequately described in 

terms of the mixed additive maternal and embryonic description (12) 

and the embryonic weight is best under this mixed description. This 

would indicate gene interactions or linkages are involved in determining 

embryo weight under the mixed additive maternal and embryonic, 

description. 

Summary 

Polygenes are located by comparing the goodness of fit of 

estimates of generation means under different degrees of double reduc

tion. The values of double reduction which fit best will indicate the 
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most probable location of the polygenes in relation to their centro

meres for that genetic description. 

The activity of a-amylase is under the control of two sets 

of polygenes. One set is located near the centromeres acting in an 

additive manner during the first 24 hours of seed germination. The 

second set of polygenes is located 40 or more map units from the 

centromeres and are acting in an additive manner from 24 to 48 hours, 

of seed germination. 

Autotetraploids can be used in the investigation of gene 

intra-actions involving gene dosage or addition effects rather than 

solely gene substitutions as in the diploid situation. 

Maternal additive effects are present in the initial deter

mination of mg protein/seed but disappear on the appearance of embryonic 

additive effects in later time periods. 

Of the three genetic descriptions (10, 11, 12) tested; a-amylase 

was described best at all time periods by the complete embryonic de

scription, mg protein/seed was described best by a combination of the 

three descriptions, seed, seed coat and embryo weight were described 

best by the mixed maternal and embryonic description. 
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