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InTRODUCTION

Artrouen the genetical and statistical principles fundamental to the
proper design of an experiment for studying the nature of the inter-
actions of geunes differentiating quantitative characters are the same as
those esgential to planning ahy research problem in genetics, certain
difficulties arise that are of major importance in such studies. The pur-
pose of the present paper 1s to report the results from an experiment
designed to eliminate, in =0 far as possible, these difficulties and dis-
turbing factors and to Teport the results from a study on the nature of
the mteractions of the genes differentiating number of locules and size of
fruit in Lycopersicon hybrids.

' Benior Gencticist, Division of Fruit ansd Vegetable Crops and Diseases, Bureau of
TPlant Tndastry, United States Department of Agriculture, Horticultural Field Station,
Cheyenne, Wyoming.
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One of the most difficult problems is the identification of the geno-
types resulting {rom a segregation of the genes differentiating the
quantitabive characters under investigation. In some studies the geno-
types can be identified directly {Hayes & Harlan, 1920; Wexelsen,
1834; Powers, 1934), and thus segregates of different genctypes can be
accurately elassified. However, in the majority of the cases the different
genobypes dependent npon segregation of the genes differentiating the
quantitative character cannot be determined and then ib is necessary
to study the nature of the interactions of the genes by means of markers
{Powers, 1936). In most cases the study is less complex if the marker
genes are independently inherited. Some of the problems involved have
been discussed in a previous article by Powers (1939) and need not be
repeated here. .

Another prohlem of major importance is the method of verifying
genetical results. Two methods are guite commonly used by geneticists,
namely, the progeuy test and the backcross. Bmerson (1910) in studies
on the inheritance of quantitative characters points out the difficulties
involved in using the progeny test. It is obvious that (with the possible
exceplion of some asexually propagated or perennial material) the
parents and progeny cannot be grown the same season aud therefore the
genotypic and seasonal effects are confounded. By such an experimental
cesign the interaction between years and generations, years and geno-
types, and generations and genobypes canuot be determined. ANl of
these interactions, however, can be determined by growing ¥, and back-
cross generations over & period of years. In the present study the F,
and backcross generations were grown in a randomized block experiment.

Since in such studies secticus of the chromosome (Powers, 1936, 1939)
are being dealf with, it is desirable to inquire as to the probable size of
these sections as compared with the entire chromosome. Number of
chiasmata formed in any one pair of chromosomes and their distribution
have a bearing upon the size of the sestion. From Darlington (1937,
p. 290} it can be seen that the means of 2, 3, 4 and 5 for number of
chiagmata are the most common and that the range in number of chias-
mata is from 1 to 14. Since one chiasma represents only 509, inter-
change between homologous chromatids, comparabively speaking, some,
if not all of the interchanged bloclks between chromatids, must be large.
This can be readily comprehended by considering a bivalent chromosome
having two chiasmaba both of which involve the same homologous
chromatids. Then the recombined chromatids would be composed of
only three blocks. This means that all the genes of the two chromatids
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would have been recomhined on the ba.si.s of ovly three growps; whereas
the genes carried in the sister chromatids would not havg underggne
recombination but instead would have been passed on to their respective
gametes a5 umts. It is elear that in studying the nature of the inter-
actions of genes affecting gquantitative characters by means of marker
genes the investigator may be, and probably is, dealing with more than
one locus affecting the quantitative character per section of the chromo-
some studied.

Problems of a more statistical natare that can be studied by experi-
mentation are those invelving measurement of the quantitative character,
randomness of ocenrrence of the genotypes dependent upon segregation
of the marker genes, homogeneity of variances walking up a generalized
error, trausformation of data and tests of significance. The purpose of
this paper 1s to report data having a bearing on these problems together
with the results obtained from a study of the nature of the interachions
of genes differentiating number of locules and size of fruib in a oross
between L. esculentwn and L. prmpinellifolim.

DEesiexw oF THE ExPERmMENT

Powers (1936} gives a method of design allowing for analysiz of
variance and covariance within and between genotypes. The same
method of analysis was used hy Currence (1938). The variation between
plants within genotypes provided an estimate of error. However, this
design did not provide for measuring the variability due to position in
the experimental area on which the plants were grown. To allow for any
possible differences due to position, the experimental area was divided
izto blocks and the generations and parents were replicated within
blocks. The number of plots of each parent and generation was based
upon genetical considerations and hence, being dependent upon the
dictates of the study, shounld vary from experiment to experiment.

In designing the experiment, it was apparent that as many plants of
the parents were not needed as of the segregating generations. Likewise,
since for any one factor pair the hackeross generations would be segre-
gating in a 1:1 ratio and the F, generation would be segregating in a
1:2:1 ratio, more plants of the T, generation would be needed. How-
ever, it seemed desirable to have the generation resulting from baclk-
crossing o the recessive parent ceournng somewhat more frequently
than was indicated by the 1:1 and 1:2:1 ratios hecause the data
obtaived from the progeny resulting from crossing the F, to the recessive
parent furnish considerable information on the nature of the interactions
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of the genes. Also, it seemed more desirable to have the ploss of the
backeross to the recessive parent ocourring more frequently than plots
of the backcross to the dominant parent. In order to distinguish the
smaller differences that would he expected between the hackerosses to
the dominan$ parent and the dominant parent it was thought desirable
o have the latter occurring somewhat more frequently than the recessive
parent.

Having these points In mind the experiment was designed as follows,
the numbers of each item being as indicated:

[}

Marker gene pairs

(tenerations and parents 5
Plants within a plot 24
Plots within a block ... 37
Johannisfeuer e 2
Red currant 3
B, to red currant 4
B, to Johannisfeuer 12
16

'y generation L
Blecks ... 9
Hach plot consisted of a row twenty-four plants long with the rows
spaced 3% ff. apart and the plants spaced 3§ ft. within the row. The
twenty-four plant plot provides that the recessive for any one gene pair
in the 7, generation should ocour on the average of six times in each row.
The positions of plots, of generations and of parents were randomized
within blocks by the use of Tippett's (1927) tables. This randomization
existed while the plants were growing in the greenhouse as well as when
they were growing in the field. Hence, any possible positional effect in
the greenhonse or field would not be confounded with comparisons for
which the study was desigued. Tt will be noted that such a design allows
for testing whether the genotypes occur at random; the homogeneity of
variances hetween generations, between genotypes and between blocks;
the desirability of transforming the data; and whebher interactions
befween gene pairs exist and, if so, the nature of the inferactions.

IXPERIMBNTAL DATA
Inleritance of the marker characters
The genes used as markers in the present study were those differ-
entiafing depth of grooves and shape of fruit. The ratio of plants havieg
sinooth 0 slightly grooved [ruits to those having deeply grooved fruifs
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was 2508 : 871.for the F, generation and 1372 : 1229 for the progeny of
the A, hackcrossed to Johannisfeuer. All of the pla,ntg from the F,
generation backerossed to red currant had smopth or slightly grooved
fruits. Asto shape of fruit, the ratio of round fruited plants to somewhat
oblate to decidedly oblate was 851 :1651: 877 for the F, generation,
the ratio of somewhat oblate to decidedly oblate was 1249 : 1259 for
the progeny of the F bhackerossed to Johannisfener and the rafio of
rornd to somewhab oblate was 410 : 438 for the F, backcrossed to red
currant. It is apparent that as to depth of grooves and shape of fruit
each is differentiated by one major factor pair. Both the enyironment
and other genes modify the expression of these two characters, but it is
evident that they do not prohibit a classification based on the segregation
of the major factor pairs involved. Lindstrom (1927, 1928) believes that
a series of multiple alleles govern fruit shape in tomatoes. Since he
found that round and oval shape of fruit segregated as expected on the
basis of one factor pair, and since the segregation for round and cblate
shape of fruit reported herein is that expected oun the basis of one factor
pair, the present study offers further support for the deductions made by
Lindstrom.

The symbols used. to designate the genes involved were as follows:
. G, symbol used for the gene differentiating slightly erooved or smooth
from deeply grooved type of fruit.

g, symbol used for the allele of G.

O, symbol used for the gene differentiating round from oblate shape

of froit.
0% symbol used for the allele of O.

It should be kept in mind that the homozygzous dominants and the
heterozygous dominants are classed together for the F, generation in the
study that follows. The symbol B, which will appear both in the tables
and in the text signifies that the progeny studied resulted from back-
crossing the ¥, %o the designated parent.

Measurement of the quantitative characiers

One of the most important problems in such a study is an adequate
measure of the guantitative charicters under investigation, The two
quantitative characters under consideration in this study are number of
locules and size of fruit. In obtaining a measure of numher of locules, it
would be desirable to count the number of locules for each fruit of every
plant. However, the labour involved usnally prohibits such a procedure.
Yeager (1937) obtained satisfactory results by counting the locule
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number of only ten fruils of each plant. Since, in the present study, over
7500 plants were involved it was not practical to count ten fruits per
plant. Therefore, it was decided to count the number of Jocules of one
fruit for each plant and then check the reliability of such a method by
counting ten fruits from each plant of a sawple of the population.
Atypical froits are frequently found within a single tomato plant. In
the counts on locule number In which only one fruit per plant was
counbed these abnormal or fruits obviously nos typical of the plant were
avoided. In the case of the counts involving fen fruits per plant, the
selection was entirely at random. The mean number of locules based on
a count of one fruit per plant and the mean number of loonles hased on
& count of ten fruits per plant, together with an analysis of variance of
number of locules for “hetween and within plants™, are given in Table [,

TABLE T
The mean number of locules bused on o eount of one firuit per plant and the
mean number of locules based on a count of ten fruits. per plané; and an
analysis of wvariance of number of locules for ““between and within
plants”, the data being based on @ count of ten frutis per plant
Degrees of

freedom Variances
Means P —A o A \
Parent or e  Between Within Between Within
generation 1 fruib 10 fruits Difference®  plants plants  plants plants
Red currant - 200 2-08 ~ 008 1009 19 130 0-062 0082
B to red currant 241 2-19 0225013 21 198 0-342+ 0176
Iy generation 303 293 0-1040-13 a9 632 136097 Q611
B, to Johannisfeuer 4-25 443 ~0-1840-48 23 216 30-5431 2742
Johannistener 9-13 837 076 £0-67 23 216 7362 5-363
* The standard ervors of the differences are given.
- P <005, 1 P<00L. -~

The differences between means are not significant in any case if odds
as great as 19:1 against the deviations noted as being die to the probable
errors of random sampling are accepted as a criterion. Obviously, a
count of one fruit per plant is satisfactory when the data are hased upon
means cerived from a number of plants, such as is the case in the research
reported herein.

Trom the analysis of variance listed in Table T information can he
obtained concerning the suitability of:_;number of locules for use in studies
on the nature of the interactions of genes dilferentiabing quantitative
characters. It will be noted that the variances for “hetween plants”,
as regards both parents, clogely approximate thelr respechive variances
for “within plants™. This is not true for any of the three segregating
generations, the variances for “hetween plants” being considerably
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greater than the variances for “within plants”. This is particularly
noticeable for the Fy and B; to J ohannisfeuelj gener.ations, Since differ-
ences between plants within the parents must he mairly due to the eﬁect
of position within the plot, it may be conch}ded that t}_.le relative jm-
portance of the variability due to the segregation of genes is considerahly
greater than the importance of the variability due to positior of the plants
?11 the plot. Such being the case, numbexr of locules is a quantitative
character well suited to studies for determining the nasure of the intor-
actions of the genes.

Since the sizes of the fruits of red currant (L. pimpinellifolivin) and
Johannisfener (L. eseulgntum) axe so different, it was decided to hasge
sizes of fruit upon observational grades of from 1 to 9 inclusive. After
the grades had been recorded a sample of ten fruits per plant, including
all parents and generations, was taken and the average weight in arams
of each grade was determined. Such a procedure makes it possible to
determine the relationship between the grades and absolute welghts.
Then the measurements of weights as taken provide an estimase of the
weights of each grade. Such being the case, the data can be transformed
to absolute weights, Tests of significance of such transformed date must
be based on constants derived from the variation due to grades as well
as the variation due fo an estimation of the mean weights of these
grades. The grades and mean weights per fruit with the standard errors
are listed below:

(1) 0-64+008 (4) TT8+0G:35 (7)) 2032+1.95
(2) 2-69 +0-13 (5) 1114055  (8) 30-0442:97
(3) 4394020 (6) 14954076 (8) 40:1141-79

As expected, these data show that size of fruit based on grades and
‘size of fruit hased on absolute weights are closely associated. For that
reason a detailed analysis of size of fruit based on a transformation of the
" grades to absolute weights is given only for shat part of the research
concerning the nature of the interactions of the genes nffecting the
quantitative characters.

Random disiribuiion of genotypes
From genetic considerations alone, random distribution of genotypes
as regards position within plots, distribution between plots and distri-
bution between blocks would seem probable. However, if random
assortment of genotypes was not the case, possible effects due to position
would be confounded with possible genotypic effects and any conclusions
regarding the nabure of the interactions of the genes differentiating the

Journ. of Genetics x¥x1x 10
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quantitative characters might he misleading. The »* values obtained for
testing independence between genotypes and any one of twenty-four
possible positions within plots, between genotypes and plots and between
genotypes-and blocks are given in Table II. From the data in this table
it can be seen that the different genotypes are distributed at random.

TABLE II
x* values obtained for festing independence between genobypes and any of
fwenéy-four possible posiiions withan plots, between genotypes and plots
and between genotypes and blocks™

Distribution
A

s hY

Position Between Between
Genotypes within plots plots blocks
GgQo®t 13-230 T-632 4731
Ggooltgdh 24-355 17835 6:150
ggOos 20-385 16-807 56086
ggoobgol 13-596 5284 2744

* The y* values necessary to give a P value as small as 0-05 are 35172, 15875 and

15-307, respectively.
Homogeneity of variances

Powers (1836) found that the variances were not homogeneous for
“between genotypes”, and therefore that a generalized error was not
guitable for testing the significance of differences bebween genotypic
means. From these results it seems that, in order to have information
for designing an experiment on genetic studies dealing with the nature
of the interactions of the genes differentiating quantitative characfers
and in order to have reliable methods of reducing the data from these
same studies, more information concerning the variability of the variances
18 needed. Tor example, it is desirable to know whether the variances
are homogeneous for “between genotypes”, for “hetween generations”,
and for “between blocks™; and if such is not the case, whether some
transformnation of the data will overcome the difficulties involved. The
experiment was designed so that the homogeneity of the variances could
be tested. The data are presented in Table ITL

Detatled statistical analyses are not necessary to demonstrate that
the variances for number of locules-are rot homogenecus for “befween
genotypes” and for “Detween generations”. The same was found to he
true for the variances of size of fruit. However, it was not possible from
an inspection of the data to determine whebher the variances were
heterngeneous for “between blocks™. Consequently the yx* values for
testing the heferogeneity of the variances for hoth number of locules and

size of fruik were caleulated and are shown in the last two columns of
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Y

Table III. Stevens’s (1936) formula for calculating the ¥* values was
used.

From these data it can be seen that in the majority of the cases the
variances are not homogeneous for “between blocks ™. This is particularly
true for number of Jocules. % seems the homogeneity of the variances for
“hetween Dblocks™ is a function of the genotype, being particularly
evident in the y* values listed for size of fruit. The 0®0%® genotype for
size of fruit bas a y* value smaller than 15507 for both the F, and B,
generations. Lt can be seen from the footncte at the bottom of Table 111
that a x* value of 15-507 gives a P of 0-05. The other y* values listed for

TABLE IV
Degrees of freedom and F values for testing the effect of blocks upon the -
means of the different genotypes and ihe means of the parents

F value
- ! A
Degrees of freedom N:meer of locules Size of fruit
Glenotype, B, S PO —— U S—
and parents Fy B, Fy B, Fi B,y
GgOoot 2260 1026 (-840 2-439% 7-001% 3-2007
Ggotbpeb 230 228 0-774 1-366 0-9086 1-743
gg0aet 224 265 0-667 2-4031 1-885 2-273
gEatignt G29 1004 1-928 2-668% 41071 8-6037
B, to red eurrant
00 401 —— 0-432 — 12-5347 —
Qood 428 —_ 1-168 — 12-872¢ —
Red currant® 573 — 0-277 — - —
Johannisfeaer 304 - 5-487T — 3-9347 —

* An F value for size of fruit of ved currant could not be caleulated as all fruits of the
red currant plants classified in grade 1.

t PE005.
size of fruit are highly significant if odds as great as, or greater than,
191 are acoepted as a criterion.

Block effect

Before finally setting up the method of reduction of the data, it is
desirable to ascertain the effect of blocks wpon the genotypes and parents.
The degrees of freedom and F values (Snedecor, 1958} for testing the
effect of blocks upon the means of the different genotypes and the means
of the parents are given in Table IV. I'rom this table it is evident that
there is a block elfect for hoth number of locules and size of fruit as
regards some genctypes and the Johanaisfewer parent; showing thab
number of locules as well as size of fruit is influenced by environmental
condifions, Also, it may be concluded that a method of reduction of the
data vemoving the variation between blocks from an estimate of error
would result in greater precision.
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A comparison hetween the sizes of the F values listed m Table TV is
interesting. In no case are the F values for the Ggo®P0® genotype of
suflicient magnitude to give a P value as low as 0-05, and in only one
case are the F values for the ggQo° genotype of suflicient magnitade to
give a P value as low as 0-05. Moreover. in only one case does the #
value of the Ggo®Po®? geuotype exteed that of the ggOo°® genatype.
For these two genotypes it can be seen that the degrees of freedom
(Tahie IV), the size of the variances {Table III} and the size of the means
(Table VI) are very sighilax. With the exception of number of locnles in
the F, generation all of the # values for the GgOo®® and the ggotPooh
genotypes are of sufficient magnitude to give a P value lower than 0-05;
and in every case are larger than the F values for cither the Ggo®oob
or the ggOo® genotypes. In evaluating these findings the degrees of
freedom for each genotype (Table IV), the size of the variances (Table III)
and the size of the means (Table VI) should be kept in mind. From these
considerations 1t would seem that to some extent at least the sizes of the
F walues are functions of the genotypes,

Estimate of error ond test of significance

The analysis of the data for the variances makes it very clear that a
generalized estimate of error cannot he used legitimately in evaluating
-differences between generations and between genotypes and for testing
the statistical significance of the interactions unless some fransformation
of the data can be made. It is equally clear that a logical basis of trans-
formation is dependent upon the nature of the data. Therefore, until
such & basis for transformation has been established by research, it does

not seem logical to use a transformation in reducing the data.
Since, as shown from & study of the variances, a generalized ervor is
- not applicable to the data, it is necessary to run an analysis of variance
for each genotype within generations and for each parent. The lack of
homogeneity for variances within genotypes, generations and parents
shows that greater precision would be obtained by making the analysis
within blocks also. However, since in this study a comparison between
means of blocks is of no concern and since the added precision obtained
by confining the analysis to within blocks does not warrant the sxtra
fabour requived for making the calewlations {In respect to these data),
the analysis was not made for each block separately bubt instead a
generalized ervor as regards blocks was caleulated. The detailed method
of analysis need be illustrated for only one genotype and generation.
This is given in Table V for the ggooboob genotype of the progeny
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obtained by backerossing the F; generation to the Johannisfeuer parent.
The mean square within blocks shown in the summary at the bhoftom
of the table is nsed as an estimate of ervor. Axu estimate of the errors for
the other genotypes was obbained in the sarme manner. Since the sums
of squares for “within blocks” usually is obtained by subtracting the
sums of squares for ““ between means” of blocks from the total, column 6
of this table serves as a check as to the correctness of the calculations
for sums of squares. From the subheadings for rows in Table IIT it can
be seen that this method of reducing the data involves the caleulation of
12 estimates of error, one for each genotype within the three generations
and one for each parent.

TABLE V

Analysis of variance for fumber of locules within the ggo®Po®® genotype
of the B, generation backerossed to Johawnnisfeuer

Blocks N 8¥ Sx (SXypar X2 - ($X92) N
I 116 839 5543 5024-401 618-509
II 115 814 6398 3761704 636-206

TII 103 793 7108 5105-330 897-670
v 119 928 8252 7236840 1015-160 -
v 119 900 7728 6806723 §21-277
VI 110 313 G891 B6008-309 882.191
VI 1i3 368 T480 6667465 812-531
I 117 795 6390 5449769 947-931
IX 103 853 8329 7064165 1264-835
Total 1015 7596 85114 57018301 8005-699

Correction factor =56846-5318.

Analysis swnmary

Variation due to D.F. Sums of squares Mean sgquare
Total 1014 8267-482
Between means of blocks 8 171-783 2] L’73
Within blocks ferror) 1006 8095-699 8047

With these estimates of error available 1t is possible to test for
significance of differences between means of the genotypes and to test
whether the interactions are sbatistically significant. To test significance
a shight modification of the ¢ test as given by Fisher (1934, p. 120) was
used. As the variances for the different genotypes and generations were
found to he non-homogeneous it is not logical to pool the sus of squares
in calculating ¢. The {ormula for abtaining ¢ used in testing the significance
of the first order interactions is as follows:

b=y + By — Ty — By chwdedby\/ e 87 L S A )

"19?'1 gty Mgy mgmy

In the above formula %, 7,, %, and %, are the means for the different
genobypes within generations: 5,7, 5,2, S,% and S? are the sums of squares
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for the estimation of the separate ervors; ny, 7y, 15 and 2, ave the degrees
of freedom available for an estimation of the separate errors; and o, ,
7", ny' and n," are the tofal number of individuals for the genctypes
whose means are involved in the caleulation of the interaction-.‘This
formula is easily modified for testing the significance of differences
between means and for testing the significance of the higher order
interactions. Tn fact, for testivg the significance of differences helween
mesns, it is identical with the one commonly used (see Hayes & Garbex,

1927, p. 38).

The effects of different vegions of the chromosome and generalions upon the
quantitotive characters, and the nature of the interactions of the genes

Fundamental considerations.

The linkage relationships of the marker genes, some matters of
terminclogy and the theory of gene action as developed by Goldschmidt
(1938) are of aid in an interpretation of the data. Therefore, they are
considered before taling wp the effects of the different regions of the
chromosome and generations upon the quantitative characters and
before going into the nature of the interactions of the genes.

The linkage relationship of the marker genes is {(GO) (g0} with
181 0-76% of crossing-over in the F, generation and 1540719 of
crossing-over among the progeny of the #, backerossed to Johannisfeuer.
As will be shown later, a preponderance (in effect) of the genes favourahle
to an increase of both the quantitative characters is linked with the g
and 0% marker genes and these genes tending o increase the twc
quantitative characters are partially recessive.

As in a previous paper (Powers, 1939), thas part of the chromosome
delimited by the marker genes is referred to as the Gg-O0 section of
the chromosome and that part of the chromosome extending for some
distance on either side of the locus of a marker gene as region of the
chromosome. Hence the sections of the chromosomes have definite
limits, whereas the regions do not.

The theory of gene action as developed by Goldschmidt {1938) has a
direct bearing upon an interpretation of the data concerning the nature
of the increase. Goldschmidst pictures the development of the individual
as due to reaction velocities in tune and further that the reactions in-
volved are catalysed by genes. That the genes contral rates of reactions
(Wright, 1916} and (Goldschmidt, 1917) is basic to this theory. QOther
biological phenomena basic to Goldschmidt’s theory of gene action are
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thresholds, fiming, interrelationships of the different reactions catalysed
by the genes and the numerical systems involved. Because of the relation
they have to the interpretation of the nature of the interactions of the
genes as measured by end products, it is very much worth while to
eonsider these phenomens fursher.

First, consider thresholds. One type of action of the gene may he
visualized ag that in which a substance is produced by catalytic action at
a definite rate and which must be present in a cerfain concentration,
threshold value, before any morphogenetic effect is produced. Then the
velocity of the rate reaction may depend upon the concentration of the
substance above this threshold until & maximum is reached above which
no speeding up of the morphogenetic change takes place. It is apparent
that two thresholds may exist, one at which the morphogenetic change
starts and another above which no increased speed of the morphogenetic
change cceurs. The above conception as developed by Goldschmids (1938)
may vary greafly in detail, but the fundamental principle of rates of
reaction as regulated by genes through some catalysing agency and the
fundamental principle of threshold values would still be valid.

Proper timing of these different reactions is iportant to the fullest
development of the character, It can be seen that if one substance is
totally or partially dependent wpon ancther for its reaction, or upon a
certain stage or phase of development of an organ, that the time at which
this substance is produced or the quantity of the substance present is of
paramonnt lmportance to development. For example, suppose thab a
certain substance .47 causes a specific morphogenetic result only in fhe
presence of a second substance “B” that appears and remains only
cduring a certain period of development. Further, let us suppose that the
rate of reaction is dependent upon the concentration of the two sub-
stances. Then, it is apparent that if the processes which produce the $wo
substances synchrounize and proceed along parallel lines, both reaching
thelr maximum concenfration at the same time, the greabest morpho-
genetic change possible would he obtained. A continuous shift in the
time of production of either one or the obher of these substances would
result in o smaller and smaller effect depending upon the degree of
asynchronization. This proper interplay of reactions is called tuning by
Goldschmidt (1938).

Turning to the interrelationships of the reactions, the resesrches of
Wright (1916, 1917, 1925 and 1927) and the studies of Lawrence &
Scott-Monerieff (1935), dealing with mamialian evat colours and flower
colour in Daklin, respectively, should be mentioned. Wright obtained
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evidence that an assumption of competition for some common subgta‘nce
between factors determining yellow and ﬁhose detern—mung black was
basic in interpreting factor interactions n I%a‘mma.han coat colo_m‘.?;.
From their stydies, Lawrence & Scot'b—l\l[oncm_eﬁ' conpluded t'hat ‘ahe Hmig
of pigment source which can he made af\fa-ﬂa}?le i Dalilic, whatever
factors ave present, can he expressefl‘a.s SiF u.u.lts an_d that each factor
competes for this source in terms of its potential .umts. Then the total
pigment production depends upon the proportion :?L}Jd strength‘ of
interaction of all the factors. In other words, the different reactions
involved in pigment production are not independent hut compete for
a limited substance from a common source. [t can be seen readily that if
the amount were not limited, and hence no compesition, the nature of
the interactions as measured by the end product (amount of pigiment
produced) for the different genotypes would be considerably different.
The numerical system remain to be considered. Tt is apparent that at
least two numerical systems are of interest. Hirst, there may not be any
interactions hetween the genes affecting the qnantitative character. Then
the effects of these genes will be arithmetically cumulative. Secondly,
the nature of the interactions of fhe genes affecting the quantitative
character may be such that the effects of the genes are geometrically
cumulative. That in certain cases the effects of the genes are arith-
metically cumulative is well illustrated by the work of Mangelsdorf &
Fraps (1931) on the vitamin A nnits in kernels of corn, They found that
the vitamin A units per gram increase approximately 2-25 for each
additional ¥ gene. A number of investigators have realized thak the
effects of the forces influencing growth are geometrically cumulative.
Galton (1879) expressed the belief that the forces acting on vital pheno-
mena tend to have constant rate effects {effects in geometric progression).
East (1913) and Groth {(1915) came to the conclusion that in certain
cases at least the effects of genes differentiating quantitative characters
are geometrically enmulative. Lindstrom (1935), from studies to deter-
mine the pature of the interactions of the genes affecting size of fruit
involving crosses between species of Lycopersicon, clearly realizes the
importance of not confounding the interactions between pairs of alleles
with dominance and the prohability that the nature of the interactions
of the genes may be such that their effects are geometrically cumudative.
Houghtaling (1935} working with the tomato fruib came to the concinsion
that the effects of the growsh forces regulating cell number and cell
expansion should be geometrically cumulative, Sinnott (1937), MacArthur
& Butier (1938) and Charles & Smith (1939), from o study of the means
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and frequency distribution of the parents, I, and F, generations, inter-
preted the results from size inheritance studies on the basis that the
sffects of the genes differentiating the quantitative characters are geo-
metrically cumulative. Powers (1939} found that the nature of the
mberactions between the genes carried in different regions of the chromo-
some anc the nature of the interactions between the factors represented
by gemerations and those carried in the diffsrent regions of the chromo-
some were such that the effects of these genes were geometrically cumu-
lative. It may be concluded that at least two numerical systems are
important in a study of the nature of the interactions of genes differ-
entis#ng quantifative characters.

It must be kept in mind that in a large number of the studies dealing
with the inheritance of guantitative characters, the geneticist is analysing
measurements of end products resulting from the effects of forces
regulating growth processes. Then, the interplay of thresholds, timing,
interrelationships and the numerical systems would provide for a large
diversity of end vesults. In connexion with an interpretation of the data
in the present study the interest lies in what effect this interplay of the
above hiclogical phenomena would have upon the nature of the inter-
actions of the genes as determined by measurements of end products.
In those studies in which the numerical system is independent of thres-
holds, timing and interrelationships, the nature of the interactions of the
genes may be such that the effects of the genes are either arithmetically
cumulative or geometrically cumulative. However, in thosé cases In
which independence did not exist the numerical system would be modified,
resulting in at leagt four types of interactions of the genes as determined
by measurement of end produets. One would be such that the effects of
the genes would be less than artthmetically cumulative, another would
be such that the effects of the genes would he arithmetically cumulative,
still another would be such that the effects of the genes would be some-
what more than arithmetically cumulative, and the fourth would be
such that the effects of the genes would he geometrically cumulative.

Methods of wnalysis and derivation of formulae.

With the above cossiderations in mind the means of the different
genobypes of the F, and hackeross generations, for the characters nuumber
of locules and size of fruit, may be analysed more logically. Size of fruit
is given an the basis of grades and on the basis of giades transformed to
absolute weights expressed in grams. The means and standard errors of
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the different genotypes and generations for number of locules and size of
fruit are given in Table VI.

From this table it can be seen that there are 7 degrees of freedom for
each character. The 3 degrees of freedom attributable to main effects are
gg-Gg, 0%6%-00% and B-F,. The first two main effects involve
comparisons hetween alleles of the marker genes, whereas the third main
effect involves comparisons bebtween generations. Three more degrees of
freedom are accounted for by fhe first order interactions which mway bhe
designated as Gg x 0o, Gg x generations and Oo°P x generations. The
remaining degree of freedom is taken up by the second order interaction
and may be designated as Gg x O0°® x generations. Since dominance is

TABLE VI
Means and standard ervors of the different genotypes and generalions for
number of locules and size of fruit

Bize of fruit
A

CGlenotypic o Baged on
Genotypes*  symbols No. of locuies Based on grades weight in grams
F
GgOoot a 2:52 4-0-016 291 £0-013 4-45 £ (-221
Ggota & 3-31 £0-086 3-60 £0-049 5-984.0-334
ggOo®h ¢ 352-£0-085 346 £0-051 605 4 (-346
et a 592 10088 4-96 £ 6038 §-7820-500
B, to Johannisfouer
GgOosh a’ 361 £0-04 4-30 £0-024 815 £0-475
Ggo®hosh & 50440153 508 4-0-059 11-76 4-0-707
gg 0o o 5-03 £ 0-137 500 1L0-060 11-42£0-677
gEothoot d 7-48 20-089 5-80 50-030 1525 £0-955

* The homozygous dominants and the heterozygous dominants were not separated in
the ¥, generation.
not confounded with the inferactions (Powers, 1939) and since effects
attributable to regions and generations are due to genes differentiating
the quantitative characters, the interactions listed above contain all of
the information concerning the nature of the interactions of those genes
differentiating the quantitative characters and associated with the marker
genes or with the generations.

The genetic significance of the interactions can be understood most
easily by examining the means of one of the characters partitioned into
the 7 degrees of freedom. The main effects and their interactions for
number of locules are given in the first row of figures under each row
hesding of Table VII. In every case the main effects and interactions
represent differevces. Any main effect is the difference between two
means {column 3 of Table VI}, any first order inferaction is the difference



156 Genes Differentiating Quantitative Characters

between two main effects and any second order interaction is the differ-
ence between two first order interactions. The differences listed under
main effects provide information as to whether the regions of the
chromosome and the generations possess genes differentiating number of
locules. The differences listed under interactions furnish information as to
whether there is an interaction between pairs of alleles as represented by
regions and generations, and if so, the nature of she interaction. If there
is no interaction between the genes carried in cne region of the chromo-
some and those carried in avother region of the chromosome, then the
differences listed under the first order interactions {in our example
Grg % 00°%) should not be statistically significant. Likewise, if there is
no interaction between the genes carried in different regions of the
chromosome and the genes differentiating generations, the first order
interactions {In our example Gg x generations and Oo% x generations)
should not be statistically significant. Then, if there is no interaction of
the genes, the effects of the genes as represented by regions and genera-
tions must be arishmetically cumulative. On the other hand, if $he first
order interactions ave statistically significant, it may be that the nature
of the interactions of the genes is such that their efects are geometrically
cumulative.

This brings up the problem of testing whether the data obtained meat
the specificasions required by the hypothesis that the nature of the
inferacticns of the genes i3 such that the effects of the genes are geo-
metrically cumalative. The formulae necessary for making such a test
need o be developed. The definition for a geometric progression given hy
Wilczynski & Slaught (1916, p. 86) may be used as a basis for deriving
such formulae, Their definition is as follows. “Let us divide sach term
of a sequence (excepting the first) by the ferm which immediately
precedes it. If all of the quetients obtained in this way have the same
value 7, the sequence is called a geometric progression, and = is called
the common ratic of the progression.” In order fo expedific the derivation
of the formulae for festing whether the effects of the genes are
geometrically cuwmulative, consider the mean values for number of
locules given under colwmn heading 3 of Table VI. Further, let us limib
the consideration to the means of the F, geueration. 1} is apparent
that all 4 of these ineans are involved in the frst ovder interaction
Gg x 00°; hecause by using the symbols @, b, ¢ and d for the different
genotypic means this interaction may he written either (b—a)—{d—¢)
or (¢—a)—~(d~h). Jince b and ¢ do not necessarily veed to be equal, the
means involved in the interaction do not form a seqgence from which
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any logical conclusions can be drawn, concerning the nature of the
interactions, by dividing each ferm by the term which immediately
precedes it. However,'if b and ¢ wezre always equal, ag would be the case
if Gg and Oo®Myere duplicate regions of the chromosome, b/a should
equal d/b if a geometric progression were involved. Itis apparent that the
test cannot be for a gecmetric progression, but the data can be tested to
determine whether a common ratio is involved. For example, /e should
equal d/e, within the imits expected due to the prohable errors of random
sampling, if the nature of the interactions of the genes for the interaction
Ggx 00 ig such that the effects of these genes are geometrically
cumulative. Then, the ratic {(b+a)+(d+¢) which tests the interaction

Moin effects

Regions

T, generation B, generation
I r A R
Opob orbgod Ooet aobped
ge-Gg C- d+b ¢ a’ df b
Gg gg Gg gg
oL L g Tt ben d=e ¥ —a df ¢’
(Gencrations
Ggooch Ggoohogb ggOD"b ggoobgab
B,-F, a'ta ¥b ¢ +c a’+d
Interactions
I, generation B, generation
Gg = Qoo (@B {c+a) (d'+8)+{¢'+a’)
Ooob gobaot
Gig x generations {¢+a')+{c+a) (@' + ') A{d +b)
Gg g8
Qo x generations b ay - (ba) (d' ey (d+e)
Gg x 0o x generations Hd =8 +{c +a)] - [(d+B) = {c+a)]

Gg x 00" should not differ significantly from wnity. By use of the
same arguments the following formulae for obtaining the ratios of the
main effects and the interactions were developed.

Data partitioned diuto genotypes and generalions.

The effects of the different regions of the chromosome and generations
upon number of locules together with the interactions are shown in
Table ViI. The data in Table VII show that the different regions of the
chromosomes as represented by alleles have an effect upon number of
locules. Also, more than one gene pair is necessary to account for the
differences noted between regions for the two generations and the
differences between generations show that a gene pair or pairs other than
those located in the Gg and Qo regions of the chromosome have an
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infuence upon number of locunles. Finally, since all of the first order
interactions are statistically significant, at least three gene pairs affecting
nuwmber of locules must be segregating during gametogenesis of the £
hybrid. In every case the nature of the interactions of the genes was
guch thab those favouwrable to an increase in number of locules gave
greater differences over thelr contrasted alleles when in combination

TABLE VII
The effects and the interactions of the genes differenizating
number of locules™

Contrasted regions, Differences expressed in numbers and fhe rabios
generations and for “within the various generations
interactions and genotypes”
Main effects
Eegions
F, geperation By generatbion
™ ™y
Coob ptbaet Ooob athagub
gg-Gg No. 1-00 1-71 142 344
Ratio 1-397 1-487 1-393 1-454
Gg gg Gg g2
052t No. 089 170 1-43 %45
Ratio 1-393 1483 1-306 1-487
Generations
Ggooub Ggouboub ggoonb ggo“o“b
B-F, No. 109 1-33 1-51 2-26
Ratio 1435 1-436 1-429 1-433
Inferactions
By B,
Gg x Dot No. 0-71 1-02

Ratio 10641 1-063%
Ooob oobgob

Gig » generations No. 0-42 073
Ratio 0-997¢  0-993%
Gg g
Qo x generations No. Ot 0751
Ratio  1-0031 1-003f
Gg x Oo® « generations Na. 031t

Batio 10011
# The i best gives a value of P <10 Ol for all valoss unless stated otherwise,

T P>001 hut <0-02. T P>005.
with genes also tending to increase number of locules than when in com-
binatiou with genes no$ so favourable to an increase in this character.

This fact indicates thab the nature of the inferactions of the genes
might be such that the.effechs of the genes are geometrically cumulative.
For the reasons previously given the ratios provide a test whether the
results obtained are those expested on the basis of such a hypothesis.
The fact that none of the ratios (Table VII} listed under the interactions
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are significantly different from unity shows that the data do fit the
hypothesis, that the nature of the interactions of the genes is such that
their effects are geometrically comulative.

Next consider size of {fruit ag based on grades. The effects and the
interactions of different regions of the chromosome and generations upon
size of fruit arve listed in Table VIII. Before proceeding wish the inter-
pretation of the data, it is advanfagecus to determine the dominance
relationship of the genes affecting size of frmit. All of the red currant.
parent planis were classified 1n grade 1, the F, generation had s mean
grade value of 3-2 4+ 0-20 and the Johannisfeuer parent had a mean grade
value of 7-98+0-337. Data were collected again in 1938 in which five

TABLE VIII

The effects and the interactions of the genes differentialing
size of frunt based on grades®

Contrasted regions, Differences expressed in grades and the ratios
generations and for “within the various generations
interactions and genotypes”
Main effects
Regions
= F, generagion B, generation
'*"_““ﬁ f”'—_‘“‘”JL'_—""\
Oooh abgob folert] autgot
ge-Gg Grade G55 0-66 (3-61 81
FRatio 1189 1-183 1-139 1-154
Gg 82 Gg g€
0%pob_(get Grade  (-69 (3-80 0-69 (-89
Ratio 1-237 1:231 1-187 1-178
Clenerations
G.goeo'b chohonh ggoonh ggon‘noab
B-F, Grade 148 148 1-54 1-63
Ratio 1509 1-411 1-445 1-383
Interactions
P, B,
Gg x Ooed CGrade  (-11% 0-20%
Ratic 0-095%  1.D18*
el ooigot
Gg x generations Grade  0-05* 0-15%
Ratio 0-958%  0-980%
Gg
0o x generations Grade 0-00*
Ratic 0-935%
Gg » Qo% x generations Grade  0-09%

Ratio 1.023%

* The £ test gives a value of P<0-01 for all values not macked with an asterisk, and a
value of P>0-05 for all values marked with an astesisk.

fruits of each plant were weighed and expressed in grams, The weight of
the red currant parent was 093+ 0-040 g. per fruit, that of the F,
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generation was 453 +0-152 g. per fruit and that of the Johannisfeuer
parent wag 38294 1-611 g per fruit. Clearly, swall size of frwit is
partially dominant if the phenotypic expression of the character in the
7y as compared with the parents is taken as a criterion. In an inter-
pretation of the data listed in Table VIII; it is essential to know what
effect partial dominance of small size of fruit would have upon the
differences.

Powers (1939) has published tables to aid in determining the effects
of different degrees of dominance together with a consideration of other
problems that arise in reaching a correct interpretation of such data as
presented in Table VIII. From this work it is evident thab certain
facts must he kept clearly in mind. The values listed in Table VIII for
comparisong between regions are not so large as they would have been
if dominance were complete. However, any interactions noted are true
inferactions since neither dominance nor crossing-over is confounded
with possible interactions. With these facts as a guide a logical inter-
pretation of the data may be made.

From Tabie VIIT it can be seen that both regions of the chromoszome
have an effect upon size of fruit based on grades. The effect of the
00°? region is consistently greater than that of the Gg region. Likewise,
there is an effect due to generations, which shows that genes other than
those located in the Gg and Oo°" regions of the chromosomes are
affecting size of fruit. Any one interaction considered alone is nof
statistically significant if odds of 19 : 1 against the deviation noted being
due to chance are accepted as significant. However, taken ag a whole,
i iz evident that these deviations cannot be explained as due to the
prebable errors of random sampling. Here, as shown by previous work
(Powers, 1936), the nature of the interactions is such that genes favour-
ahle to an increase in the quantitative character give greafer increases
over their alleles when in combination with genes also favourable to an
increase than when in combination with the alleles that are nct so
favourable to an increase in the character being studied. Since the
same was formd to be true for number of locules the ¢uestion arises as to
the nature of the increase. None of the ratios given w Table VIIT and
listed under the interactions are statistically significant, which shows
that the data obtained are those expected based on the hypothesis that
the nature of the interactions of the genes is such that their effects are
geomedrically cumulative.

Since the grades were determined by observation, it seemed desirable
to transform the grades to absolute weights and thus defermine the
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effects and the interactions of the genes differentiating size of fruit. The
data are presented in Table TX. All of the main effects are statistically
significant if odds of 19 : 1 against the deviations noted being due to the
probable ervors of random sampling are accepted as a criterion. Again,

TABLE IX

The effects and the inleractions of the genes dufferentiuting size of fruit
based on the grades tronsformed to absolule weights®
Contrasted regions, Differences expressed in grams and the ratios
generations and for "within the various generations
interactions and genotypes”
Main effects

Reglons .

F, generation B, generation
"—""/-“""_—\ fh'_'"_—') Y
Dot oGt Qoo ooboel

gg-Gg Grams  1-60 2-79 227 349
Ratio 1-360 1-466 1-248 1-297

Gg g5 Gg gg

oaot_Qgot Grams  1-54 2.53 2-61 3-83
Ratio 1-346 1-451 1-285 1-335

Generations

GgOo®? G-g‘a““o“b g500% ggovool

By-F, Grams 470 577 3-87 647
Ratio 2.056 1.963 1-888 1737

Interactions
. . B
Gg » Oott Grams  1-19% 1.22%
Ratio 1-078%  1-030%
Qo Gobgob
Gg « generations Grams  0-67* G-70%
Ratio 0-818*  (-BB5*
Gg g3
Qo » generations (Grams  1-07* 1.70%
Ratio 0-955%  0-820*
Gg x Oo% x generations Grams  0:03%

Ratio (984 %

* The ¢ test gives a value of P<0-01 for all #alues not marked-with an asterisk, and =
value of P>0-05 for all values marked with an asterisk.

the values for the interactions, expressed in grams, are all positive, which
shows that the effects of the genes are more than arithmetically cumu-
lative. Since none of the ratios are sigrificantly different from unity it
may be concluded that the data are in accord with the hypothesis, that
the nature of the interactious of the genes is such that the effects of the
genes are geometrically cumulative.

Journ, of Gonetics xXXIX 11
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Daie puristioned on the busis of parents and generaiions.

Charles & Smith (1939) present formulae for use in testing whether
the data talen on the parents and on the F,, F, and backeross generations
are In accord with the geometric gene effect hypothesis, They state:
“Bince no “genic’ dominance is ordinarily assumed in the geometric
scheme o';0'; 1s as many fimes larger than o';4; as a';q; is than a,a;,
naely by a factor which is here represented as (1+%,).” It is apparent
that their formulae do not take info account “genic” deminance.

Dominance or recessiveness is generally accepied as the phenotypic
result of the action and interactions of genes and usually is determined in
the I, generation. Then, it is evident that two types of interactions
are involved, those between the two members of any one allelic pair and
those between pairs of alleles. The nature of the interactions of the genes
determining dominance differs from that involving comparisons between
genes within generations in that the interactions betweern alleles within
pairs is additional. Wright (1934) and Goldschmidt (1938) believe that
the phenomenon of dominance or recessiveness is based on the velocities
of reaction controlled by the main gene or genes. Goldschmidt (1938)
also points out the importance of threshold values, the type of effect and
the numerical system of the independently determined process that is
invelved. In other words, the phenomenon of dominance or recessiveness
is based upon genic actions of the same nature as those involved in the
differentiation of any character. Such being the case, it is clear that a
study of dominance should lead to a better understanding of the nature
of the action of the gene.

The formulae given by Charles & Smith (1939) have been applied
with the results reported iv Table X. The standard errors are given for
the obtained means. From Table X, it can be seen that the data are
not in accord with the arifhmetic gene effect hypothesis, nor are the
obtained means in close agreement with the means calewlated on the
hasis of formulae given by Charles & Smith (1939). The data for number
of locules show small number of locules to be partially dominant on
either the arithmetic or geometric scale. The same is true for the data on
size of fruit taken in 1938. Wright (personal correspondence) poiunts ous
that accepting parsial cdominance and applying the multiple factor
hypothesis, the formula for obtaining the logarithm of the theoretical
mean for the F, generafion hecomes

log Pljlog L, +log I,

Fai

2 2
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in which P, and P, are the means of the two parents, and F, is the mean
of the 7, peneration. Then the antilogarithin may be obtained to give
the calonlated mean. The means calculated thus, for the 7y generation
in 1937, are 331, 3-01 and 471 for number of locules, size of fruit based
on graces and size of fruit based on weights, respectively. For 1938 the
means of the F, generation caleulated in the same manner are 3-23 and
§-20 for nuomber of Tocules and size of fruit, respectively. In every case,
the means for the F, generation caloulated on the basis of partial domin-
ance and the multiple factor hypothesis give a better fit in comparison
with the obtained means than do the calculated means listed in Table X.
However, ag can be seen from an inspection of the standard errors, the

TABLE X

Obtained and calouluted means for number of locules and size of fruit based
on grades and based on grades transformed to weights. The calewlated
means are based on formulae given by Charles & Smith (1939)

Size of fruit Size of frait
Number of locules based on grades based on weights
Generations e i e - A ~
and parents Ohtained Cale. Obtained Cale. Ohtained Cale.
1937
Red currant 204 20015 - 100 e 064400050 —
B, to red eurrant 2:284+0-017 2-54 1-92 4-0- 007 1-3¢ 249 -0-132  1-87
I, generation 2:40..0-245 4-58 320 +0-200  2.82 507 4+0-328  4-38
_F, generation 31740032 458+ 32410013 282+ 54040302 438+
B, to Johannisfeuer 5-44..0-044 571 51240017 5-08 12:07 £0-703 12:82
JFohannisfeuer 10-27 40144 — T8 40337 — 39496 +1-082 -
1538
Red cuarant 203 £0:025  — — e 093 +0-040 —
F, genaration 248.10-087 421 — — 4-55 +0-152 597
F, generation 95 10662 421 + — — 472 40-136 5387+
Johannisfener 876 0268 — — 3829 L1611  -—

differences between the obtained means and those caleulated on the basis
of partial dominance and the multiple factor hypothesis are too great to
be accounted for by the probable errers of random sampling.

DiscUssioN ARD CONCLUSIONS

The lack of homogeneity of the variances for generations and geno-
types invalidates the use of a generalized error to test the significance
of differences hetween means of generations and for testing the signifi-
cance of the interactions unless gome transformation of the data can be
made. The fact that the variances for generations and genotypes, to a
considerable extent, are a function of the means shows that the difh-
culties involved due to Jack of homogeneity of variances might he over-
come by transforming the plant measurvements for number of locules

11-2
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and size of fruit to logarithms. However, by so doing information con-
cerning some of the interactions is sacrificed. For example, all of the
interactions for number of locules have insignificant F values when the
data are transformed to logarithms and subjected o the analysis of
variance. Since the interactions constituse that part of the data giving
the most information concerning the nature of the interactions of the
genes differentiating the quantitative characters, it does not seem logical
to use a transformation that theoretically is based upon the assumption
that an interaction exists. Alse, transformation of the data to logarithms
requires that cne must think in terms of logarithms in interpreting the
data, which adds to the complexity of the problem. At least until more
information concerning the nature of the progression of suchk data is
avallable, the method of estimating the error for within homogeneous
groups whose means are involved in the coniparisons appears to be the
simplest and most efficient method of ohtaining from the data all the
available information. If some transformation iz used in reducing the
data the fundamental principles basic 5o such a transformation must he
kept in mind when interpreting the results.

There should he some biological explanation for the nature of the
interactions of the genes, differentinting number of locules and size of
fruit, being such that the effects of these genes are geometrically cumu-
lative. The morphogenetic studies conducted by Houghtaling (1935) and
MacArthur & Butler (1938} furnish a basis for interpreting the results
obtained. The basic principles established by théir work are that the
fruits of the many loculed varieties or strains sfart from a broader
meristematic platform; that fruit size at maturity is related to cell
number and to cell size; that up to Howering the potential differences in
size are due to differences in cell number; and that after fowering increase
1n size is primarily due to cell expansion. These facts lead to the deduction
that since the many-loculed fruits have a broadér meristematic platform
than the fewer-loculed fruits, the pattern for number of locules is Jaid
down very early during flower development, and therefore that cell
multiplication due to physiological genetic processes tending to increase
number of locules is distinet from the type of cell division which follows
and ceases at the time of flowering. Then chronclogically cell number is
swperimposed upon locule pattern and cell expansion upon both number
of locules and cell number.

To determine whas effect such a system of morphological develop-
ment would have upon the measurement of the end product, in this
case size of fruit, o simple algebraic formula may be developed. Let
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z=ultimate size of fruit; a=number of ceils constituting the wmeri-
stematic platform just after locule number pattern formation; b=cell
multiplication as determined by the ratio—final number .Of Aceﬂs +a; and
c=average size of the cells after expansion ceased. Then b is obvious, as
regards these three variables, that 2=ube. This formula shows that these
three developmental stages would combine geometrically. Itisinteresting
to note that “¢” in this formula crorresponds to the original size of
Sinnott (1921) and Reed (1927) and to Ashby’s (1932) itial capital.-
It is undouhtedly a stage of development and probably results from
locule number pattern formation within the promeristem.-

Since these three developmental stages are geometrically cumulative,
it seems probable that the effects of the genes differentiating number of
locules, the effects of the genes differentiating cell multiplication and the
effects of the genes differentiating size of cells would be geometrically
cumulative. Again, the simplest method of determining what would be
expected theoretically is through the development of a simple algebraic
formuda. Moreover, let us Lmit the consideration to a single pair of
alleles for each of the developmental stages. Let Ag=the gene pair
whose segregation rTesults in a” certain amount of differentiation in
number of locules; let Bb=the gene pair whose segregation results in a
certain amount of differentiation in cell mulfiplication; and let (¢ =the
gene pair whose segregation results in a certain amonnt of differentiation
in cell expansion (cell size). Among the twenty-seven resulting genotypes
let the interaction (4 4ABBCC —~ 4 ABBCc) - (4aBBCC — 4aBB(C¢) repre-
sent any possible interaction of factors. Then, on the supposition that
the genic effects are geometrically cumulative, 44 . BB.CC = A4 . BB Ce
should equal da.BB.CC+ da.BB.Ce. By rearranging the equation in
the form

A4.BB.0OC 4a.BB.CC

A4 BB Ce™ da.BE Co’
it becomes apparent that the above statement is true as a solution of the
equation shows that the two members are identities. Theorstically, the
nature of the interactions between the factors differentiating number of
locules and those differentiating cell multiplication and those differ-
entiating cell expansion would be such that the effects of the genes would
be geometrically cumulative. This is what may be termed an interstage
type of interaction of the genes. In addition to this interaction between
genes of different stages of development there would be an interaction of
genes Within any one particular stage. Genes differentiating number of
locules were studied and the nature of the interactions was such that the
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effects were geometrically cumulative. Then a combination of the inter-
actions between and within stages would he expected to be of such a
nature as to result in the effects of the genes being geometrically cumu-
lative. Such was found %o be the case from the data obtained, both as
regards between means of genotypes and between means of generations.
Then the character size of fruit is an end product dependent for its
eXpression upon the action and interaction of genes differentiating stages
-of development, three of which have heen considered Lers.

Since the nature of the interactions of the genes affecting number of
locules and size of fruit has been shown to be such that the effects the
interactions produce are geometrically cumulative, it seems reasonable
that the nature of the action and interactions of the genes regulating
the phenomenon of dominance woul be such that the mean of the F,
generation should equal the geometric mean of the two parents. It wiil
be remembered from a previous discussion of the experimental data that
such was not the case. This finding raises a problem of biological import-
ance, the solution of which involves a consideration of the types of
interactions of genes tending to regulate the phenomenon of dominance
compared with the type of interactions between non-allelic genes
differentiating number of locules and size of fruit. In the expression of
dominance hoth interactions between members of a pair of alleles (for
example, between alleles such as G and g) and interactions between pairs
of alleles (for example, between non-alleles such as Gg and Oo0°?) are
involved, whereas, in studies, such as reported herein, on the nature of
the interactions of genes differentiating quantitative characters by use
of marker genes, only interactions between pairs of alleles are involved.
Then, it may be concluded that sinee the experimental data have shown
that the nature of the intervactions regulating the expression of dominance
is not such as to resulf in the ¥, generation mean equalling the geometric
mean of the two parents, whereas, the nature of the interactions hetween
the genes carried in different regions of the chromosome and the nature
of the interactions between the genes represented by generations and
those carried in different regions of the chromosome were such that their
effects were geometrically curmulative; it necessarily follows that the
interactions between members of a pair of alleles and the interactions
between pairs of alleles are independent of each other, in the seuse that
hoth need not be the same.

Then, itis clear that the experiniental design and methods of analvsing
the data involving studies of the nature of the interactions nf genes
allecting quantitative characters should not have the interactions between
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members of a pair of alleles and the interactions beiween pairs of
alleles confounded. “As shown previcusly by Powers (1939), the éxperi-
mental design and method of analysis used in these studies ave such that
the nature of the interactions of the genes is not confounded with possible
effects due to dominance. This is brought out further by the equation

A4 .BB.CC  da. BE.CC
A4 BB . (¢ da. BB.Ce’

ag a solution of this equation shows that the two memhers aze identities
regardless of the value assigred to Ce. For the derivation of this equation
the reader is referred to a previous paragraph of this discussion.

BUMMARY

1. The data were collected from a cross between Lycopersicon
esculentum and L. pimpinellifolizm,

2. The genotypes resulting from a segregation of the marker genes
were found fo be distzibuted at random as regards position within piots
and as regards plot and block frequencies. _

3. As regards both number of locules and size of fruits, the variances -
were heterogeneous for “between genotypes” and for “between genera-
tions”. Also, in some of the genotypes the variances were heterogeneous
for “between blocks”.

4. Af least to a certain extent the variability of the variances is a
function of the genctype.

5. Both the Gg and 0o regions of the chromosome were found to
kave an effect upon number of locules and size of frwt.

6. At least three gene pairs (probably many more are involved)
affecting number of locules and size of fruit were segregating during
gamebogenesls of the Fy generation.

7. The effects of the genes differentiating number of locules were
geometrically cumulative. Alsp, this was true of the effects of the genes
differentiating size of fruit.

8. Itwasshown from morphogenstic considerations that, theoretically,
the nature of the interactions between stages of development in respect
to the genes differentiating number of locudes, cell multiplication and cell
expansion should be such as to result in their effects being geometrically
curnulative.

9. The character size of fruit 15 an end product dependent for its
expression upon the action and interactions of genes differentiabing
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stages of development. Two of these stages, cell multiplication and cell
expansion, were studied by Houghtaling (1935} and MacArthur & Butler
(1938). Their studies pertained to the interactions between stages. A
third stage, number of locules, was studied by Powers (1939, and in the
present paper). Both the interactions of the genes for “between” and
for “within stages” were considered in the latter study.

10. In a study of the phenomenon of dominance, or recessivensss,
neither the F} generation mean nor the F, generation mean equalled the
geometric mean of the two parents,

11. The interactions within pairs of alleles and between pairs of
alleles were found to be independent, in the sense that they were not the
same. Hence, 15 is important in such studies that the experimental
design and methods of analysing the data be such that the interactions
between members of a pair of alleles and the interactions between pairs of
alleles are not confounded.
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