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INTRODUCTION 

ALTI{0UGH the tenet'Joel and  stat is t ical  principles f u n d a m e n t a l  to the  

proper design of an  experimem; for s tudy ing  the  nat , -re  of the  intex- 

act ions of genes d i f f e ren /a t ing  quanti ta. t ive characters  are the sa.me as 

those essential  go p l a n i n g  any  ~eseareh prob]em in  genetics, cer ta in  

di/~eulties arise t h a t  are of major  impor tance  in  suet. studies. [['he pur -  

pose of the  present  paper  is to report  the results  from an exper iment  

designed to eliminate,  in  so f~r as possible, t.hese dimeuldes and  dis- 

t u r b i n g  factors and  go repor~ the results from a s~udy on the na tu re  of 

the  Jut.erections of the  genes differentiat ing n u m b e r  of locales and size of 

f ru i t  in  Lycope~'sico~ hybrids.  

• Senior Geneticist, Division of :F,r~it aud Vegetable Crops and Diseases, 33ure~u of 
"Plant Ladustry, United Sta~es Department. of Agrie~]ture, I{ort~eultura] :Pield ,Station, 
Cheyenne, ~yoming. 
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One of the most d[fticult prob].ems is the identification of the geno- 
t)qJss resulting from a segreo'ation of the genes differentiating tffe 
quantita~,ive characters under investigation In some studies the gsno- 
~ypss can be identified d~rsctly (I-Iayes & JrL~flan, 1920; Wexe.lsen, 
1934; Powers, ].93~), and thus seg.rsgates of different genotypes san be 
accusately classified. }Ioweve4 in the majority of the cases the different 
genotypes dependent upon segregation of" the genes differentiating the 
quantitativ e character cannot be determined and then ib is necessary 
to study the ns,ture of the interactions of ~he genes by means of markers 
(Powers, 1936). In most eases the study is less COml)lex i~ the marker 
genes are indeps~clently inherited. 8one of Vhe problems involved have 
been discussed in a previous article by Powers (t939) and need not be 
repeated here. 

Another problem of major importance is the method of verifying 
genetioM results. Two methods are quite commonly used by geneticists, 
namely, the progeny test and the baekeross. Emerson (1910) in studies 
on the inheritance of qua.atitative characters points out the dii~en~ties 
involvecl in using the progeny test. It is obvious that (with the possible 
exception of some asexually propagated or perennial materiM) the 
paren6s and progeny cannot be grown the same season and therefore the 
genot-ypie and seasona~ effects are confounded. By such an experimental 
design th~ interaction between yea.rs and generations, years and gsno- 
types, and generations and genotypes cannot he determined. .%1I of 
these interactions, however, san be determined by growing -g.s and back- 
cross generations over a period of years, tn the present sttldy the Fz 
and backcross generations were grown in a randomJ.zed block experiment. 

Since in such studies sections of the chromosome (Powers, 19:36, 1.939) 
are being dsMt with, it is desirable to inqniie as to the probable size of 
tl~ese sections as compared with the entire ohrm.nosome. Number of 
chiasm.ata formed in any one pMr of chromosomes and their distribution 
hays s, bearing upon the size of the section. From Darling~on (1987, 
p. 990) i*~ can be seen that the means of 2, 3, ¢ ~nd 5 for nmnbsr of 
oh.is, smuts are the most scram.on and that the range in number of ehias- 
mate is from 1 to 14. Since one chiasma represents only 50% inter- 
change between homologous chromatids, co mparati.vely speaking, some, 
if not eli of the interchanged blocks between chromatids, must be large. 
This can be J:eadily comprehended by considering a bivalent ch.romosome 
having two chiasmata both of which iavotve gee same homologous 
oh.romatids. Then the ree~ombined chromatkls wmdd be composed of 
only three blocks. This means that all the genes of the two ohromatids 
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would have been reeombined on the basis of only three gz'o~ps; whereas 
the genes carrie([ in the sister ehromatids would not have undergone 
recombination but instead would have been passed on to their respective 
gametes as umts. It is clear that in stlldying ehe nature of the inter- 
actions of genes a.ff~eting quantitative characters by means of marks1 • 
genes the investigator may be, and[ probably is, dealing wRh more than 
one loons affeebi~g the qu.angtative character per section of the chromo- 
some studied. 

Problems of a more statistical nature that can be studied by experi- 
me.n~ation are those involving measurement of the qua, n%itative character, 
randomness of occurrence of the genotypes dependent upon segregation 
of the marker genes, homogeneity of ~mrianoes malting up a generalized 
error, traa~sformadon of data and tes~s of significance. The purpose of 
this paper is eo report data having a bearing on these problems together 
wRh the results obtained from a study of the nature of the interactions 
of genes differentiat2ag number of locales and size of ilu~it in a cross 
between L. .ese¢dentu~. and L. 2#~~p.~;~df, ifobu~.m 

DESI~ oF f~ ~X~m~mE~T 

Powers (1936) gives a method of design allowi.ng for analysis of 
variance and eovarianee within and between genotypes. The same 
method of analysis was used by Ourrenee (19.38). The variation between 
plants within genotypes provided an estimate of error. I-lowever, this 
design did not provide for measuring the variability due to position in 
the experimental area on which the phmts were grown. To allow for any 
possible differences due to position, the experimental area was di~dded 
into bloolrs and the generations and parents were replicated zdthin 
blocks. The number of plots of each parent and generation was based 
upon genetieal considerations and hence= being dependent upon the 
dietaees of the study, should vary from experiment to experiment. 

In designing the experiment it was apparent that as many plants of 
the parents ~ere not needed as of the segregating generations. Likewise, 
since for any one factor pMr the baekeross generations would be segre- 
gating in a I : 1 ratio a.nd the 27 s generation would be segregating in a 
1 : 2 : 1 ratio, more plants of the Yz generation would he needed. How 
ever, it seemed desirable to have the generation resubing from back- 
crossing to the recessive paren~ occurring somewhat more frequently 
than was indicated by the 1. : 1 and I : 2 : 1 ratios because ~h.e data 
obtained from the progeny resulting from crossing the 7~ to th.e recessive 
parent furnish considerable information on ~he nature of the interactions 
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of the genes. Also, ig seemed more desirable fie have the plots of the 
backeross go the recessive parent occurring more freq~mntly than plots 
of the backcross to the dominanC parent. In order to distingmsh .the 
smaller differences that would be expected between the backorosses to 
the dominant parent  and the dominant parent  it was thought desirable 
to have ~he latter occtu'ring somewhat more f}eqnently tha.n the recessive 
parent. 

iCIaving these points in mind the experiment was designed as follows, 
the nxtmbers of each item being as indicated: 

!~'Iarker gene pairs . . . . . . . . . . . . . . .  2 
Generations and parents . . . . . . . . . . . .  5 
Plants wighin a plot . . . . . . . . . . . . . . .  24 
Pto~s within a block . . . . . . . . . . . . . . .  .37 

Joha.nnisfeuer . . . . . . . . . . . . . . .  2 
Red currant . . . . . . . . . . . . . . .  3 
B~ to red currant . . . . . . . . . . . . . . .  g 
B z ~o Johannisfe~mr . . . . . . .  - . . . .  ].2 
_F~ generation . . . . . . . . . . . . . . .  ~16 

Blocks . . . . . . . . . . . . . . . . . . . . .  .9 

Each plot consisted of a row ~wenty-four plants long wi~h the rows 
spaced 3.} ft. apart  and the plants spaced 3½ ft. wifihin the row. The 
twenty-fear plant plot i)rovides that  the reeessi~e for any one gene pair 
in the F~ generation should occur on the average of six times in each row. 
The positions of plots, of generatio~ts and of parents were randomized 
within blocks by  the use of TippeWs (19°-7) gables. TMs randomization 
existed while the pla~ts were growing in the greenhouse as wei1 as when 
~he 7 were growing in the field. Hence, gay possible positional effect in 
the greenhouse or field would not be confounded with comparisous for 
which the study was designed. I t  wiU be noted that such a design allows 
for testing whether the genotypes occur at  r~ndom.; the homogeneity of 
variances between gun.re:aliens, between genotypes a~J.cl between, blocks; 
the desirabjJiby of transforming the data;  atad. whether b.~eraceions 
between gene pairs exist and, if so, the natttre of ~lxe interactions. 

t~g~e.rfta~we of the ,mc~'£er shc~rc~cf¢.rs 
The genes used as markers i.c~ Lhe present, s~udy were ~:.hose di:ffer- 

entiating depth of grooves a~Ac[ shape of fruit. The ratio of ]?]ants having 
smoo/h or slightly grooved, fz'uit.s to those having deeply grooved, iYuits 
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was 2508 : 87Lfor the P. generation and 1272 : 1229 for the proge-y of 
the 2~ I ba.ekcrossed to Johannisfeuer. All of the phmts from the 771 
generation ba.ckerossed to red clu'ran~ had smooth or slightly grooved 
fruRs. As to shape of fruit, the ratio of round fruited plants to somewhat 
oblate to decidedly oblate was 851 : 1651 : 877 for the ~v~ generation, 
the ratio of somewhat oblate to decidedly oblate was t249 : 1252 for 
the progeny of the JF~ backorossed to Johannisfeuer and the ra{,io of 
round to somewhat oblate was ~1t0 : 438 tel ~ the 7~ backerossed to red 
currant, i t  is apparent th.~t as to depth of grooves and shape of frnit 
eacll is differentiated by one major factor pair. ]Both the environment 
and other genes modify the expression of these two characters, but it is 
evident that  they do not prohibR a classification based on the segregation 
of the ma~or factor pairs involved. Lindstrom (1927, 1928) believes that 
a series of mNtiple alleles govern fruit shape in tomatoes. Sh~ce he 
.found that rotmd and oval shape of frmt segregated as expected on the 
basis of one factor pair, and since the segregation for round and oblate 
shape of fruit reported herein is that expected on the basis of one factor 
pair, the present study offers further suppor~ for the dedl.lotions made by 
Lindstrom. 

The symbols used to designate the genes involved were as follows: 
G, symbol used for the gone differentiating slightly grooved or smooth 

from deepty grooved type of fruit. 
g, symbol used for the allde of G. 
O, symbol used for the gone differentiating round from oblate shape 

of frttit. 
o oh, symbol used for the allele of O. 
I t  should be kept in mind that the homozygous dominants and the 

heterozygous dominants are classed together for the ~2 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 resaIted from back- 
crossing the _F~ to the designated parent. 

Mea.~ureme~t of the ~z,angitative characters 

One of the most important problems in such a study is an adequate 
measureof the quantitative characters under investigation, The two 
quantitative characters nnder consideration in this study are number of' 
]ocu]es and size of fruit, In obtaining a measure of numJ~er of loonies, it 
wotdd be desirable to count the number of locules for each fruR of every 
I)lan¢. }Iowever, the labottr involved usually prohibits such a procedure, 
Yeager (19.37) obtained satisfactory results by counting the locule 
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number o~ only ten fruits of each plant. Since, in the present study, over 
7500 plants were involved it was no~ practical to count tcr~ fruits per 
plant. Therefore, it was decided to count the number of Iocules of one 
fruit for each plant and ~hen cheek the reliability of such a method by  
counting ten frMts ~¥om each plant of a sample of the population. 
Atypical fruits are frequcn@y found within a single tomato [)lang, Iu 
• the counts on locale number in which onIy one fruR per plant was 
aera ted  these abnormM or fruits obviously not typical of the plant were 
avoided. In  the case .of the counts involving ten fruits per plant, the 
selection was entirety at random. The mean number of loc~des based on 
a count of one fruit per plant and the mean number of ioeutes based on 
a count of ten fruits per plant, together with an analysis of variance of 
number of loeules for "between and within plants % are given in Table I. 

TABLE I 

The .mea.n ~v~mbe.r of !oc~d~s bossed on c~ co~ t  of o.~.~e frMt per ?~c~nt c~-~d the 
'~r~ea.~ numbe~" of Zoc,~des based o.n a eo~nt qf te,n fruits.ier ~p~ant ; and an 
c~alysis 4' eari~nce of m~nzbo" of ~oeuZes for ~: betwee~ a~g wit/ tn 
2~c~~ts", the data bei,~ 9 based on 6 count of te.~ fruits per .d)tc~ 

Parent or ~ _ _ a  
genera~[on I £ruig 10 fruRe Difference* 

P~ed currant ' 2"00 2-08 -0,08 4-0.09 
~ ~o red curra.tt~ 2--/:1 2-19 0-22 4-0" 13 
2~ geaera~ion 3'03 2.93 0-i0 :I_0'13 
171 to Joha~m~sfeuer ,1-2,5 443 - 0.18 10"l:S 
gol~annisfouer 9-13 8.37 0.76 :h0'07 

Degrees of 
freedom Varia~nces 

Between ~,Vithhl Between Within 
JiL~nts pI,%nts pla.nts plan~s 

19 180 0.062 0.089, 
~1 198 0 .342-~  0.176 
69 632 13.609.~ 0.011 
23 ~16 30-.5~3 .~ 2-742 
23 216 7-365) 5.363 

* The standard errors of the ¢[idt%ronces are given. 
2<0-05. $ P <O-OL 

The differences between means are not significant in any case if odds 

as great as I9 : I against th.c deviations no~ed as being due to the probable 
errors of random sampling a,re accepted as a e i t e i o m  Obviously, a 
cottnt of one fruit per plant is satisfactory when %he data are based upon 
means derived from a number of ]?lungs, such as is the case in the :research 
reported herein. 

From bt~e analysis of variance listed, in Table i information cat~. be 
obtamed conee:ming ~he suitability of number of locales :for ass in studies 
on the nature of the interactio~Js of" genes differentiating quanti tat ive 
characters. I~ witl be .~aoted tha~ the variances for ' :between plants" ,  
as regards both parents, closely approximate t]J.eir respective variances 
for "wi th in  plants".  2['his is not true for a.ay of the three segregating 
generations, the vat:iances for "between planes" being considerably 
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greater than t.he variances fo~' "within plants". This is particularly 
noticeable for the F.~ and B~ to gohannisfeuer generations. Since differ- 
enees between p]ants within the parents must be mainly due to the effect 
of position ~dthin the plot, it may be concluded that the relative im- 
portance of tile variability due to the segregation of genes is considerably 
greater than the importance of ~he va.riability due to position of the plants 
in the plot. Such being the case, nnmber of locules is a quantitative 
character we!l suited to studies for determining the natua'e of the into> 
actions of the genes. 

Since the sizes of the fruits of red currant (L. p~.~2~&e~hfo~i~)~) and 
Johan.nisfeuer (L. ese~at~~) are so different, it was decided to base 
sizes of fruit upon observationM grades of from 1 to 9 inclusive. After 
the grades had been recorded a sample of ten frNts per plant, includ.ilLg 
all parents and generations, was taken and the average weight in grams 
of each grade was determined. Such a procedure ma2es it possible to 
deferrable the relationship between the grades and absolute weights. 
Then the measm'ements of weights as taken provide an estimate of the 
weights of each grade. Such being the ease, %he data can be transformed 
to absolute weights. Tests of significance of such transfomned data must 
be based on constants derived from the variation due to grades as well 
as ~he variation due to an estimation of ~he mean weights of these 
grades. The grades and mean weights per fruit with the standard errors 
are listed below: 

(1) 0"6~+0'05 (4) 7-78_+O.85 (7) 20'32+1.25 
(2) 2-69_+0-13 (5) 11.14 .+ 0-55 (8) 30.0,I±2.27 
(3) @39+0-20 (6) 14-95±0.76 (9) g0"ll + 1"79 

As expected, these data show that size of fruit based on grades and 
%ize of fruit based 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 that part of the research 
concerning the natm'e of the interactions of the genes affecting the 
quantitative characters. 

I~a~zdom. dis#ibutio~z of #e~zot?/pes 
[From genetic considerations alone, random distribution of genotypes 

as regards position within plots, distribution between plots and distri- 
bution between ])locks would seem probable, iIowever, if random 
assortment of gcnctypes was not the case, ]?oss{ble effects due to position 
would ]~e confounded with. possible genot)q)ie etfec~s and any conclusions 
regarding the nature of the interactions of the genes d.ifferentia,tin.g ~tm 

Jo=rn. of ~ene~ics XXxlx I0 
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quantRative characters might be misleading. The X ~- values obtained for 
testing independence between genotypes and any one of twengy~foar 
possible posRions within plo~,s, between genotypes and plots and between 
genotypes..~md blocks are given in Table II.  From bhe data  in this table 
R can be seen that  the different genotypes are distributed a~ random.. 

TABL~ II 

X ~ vcth~.es obtt~.i.~ecl, fo'~" tes~i.~ W i'}~..depe~de.~,ce bea~'ee'~~ cye~ot~/f)es ct,~zd c~'~y of 
~ve~z~y~fo~r possible Fosi~io~,s ,~.oiG~i~ y~ots, bd~vee~ (/e,~ot~/,pee a.~,zd plo~s 
e~zd beaoee.~, ge.~m~;ql)es a~.~d blocks* 

Distribution 
< 

l h 

]Position Be~weeu 2Between 
Oenotypes within pb~s plots ?)locks 
GgOo °b 13"230 7'632 ~-731 
GgoO~o ~ 24-355 17'8:~5 6'160 
ggOoo~ 20-885 16-807 5'696 
ggo°'~o ~" i3-596 5-28~[ 2'74~ 

* The X ~ ~aMes necessary to give a P value ~s sm~ll as 0-05 ~e 35.172, 19-675 ~nd 
t5--507, respec~ively, 

Ho,moge~~ei~g of vc~ric~~ees 

Powers (I9.36) found that  the variances were not homogeneous for 
~%etween gmlotypes", and[ therefore ~,]lag a generalized error was not 
saRable for tes~,ing the sigmficance of differences be~wee~ genotypic 
means. From these resul t s i t  seems ~hat, in order go have information 
for designing an experiment on genetic studies dealing wRh the nature 
of the interactions of tke genes differentiating quant i ta t ive  characters 
and in order to kave reliable methods of reducing the data  from these 
same studies, more informatio~ concerning the variabiIity of the variances 
is needed. For example, it is desirable to know whether the variances 
are homogeneous for "between genotypes",  for ' :between generations", 
and for ; 'between blocks"; and if such is not the case, whether some 
transformation of ~he data will overcome 5he difIicuRies involved. The 
experiment was designed so tha t  the homogeneity of the variances could 
be ~ested. Tke da~a are presented in TaMe IIL 

Detailed[ statistical analyses are not ~ecessary to demonstrs,te that  
the variances for nural~er of loonies-are not homogeneous for "beh.~-eea 
genotypes °' and for "between generations". [['he same was found to be 
true .for the variacmes of size of fruR. I{owever, it was not  possible from 
an inspection of the data ~o determine wh.ether the variances were 
hebm:ogeneoas for ':be~ween blocks". Consequen.~ly the X ~- values for 
testing ehe heterogeneity of the variances for both number  of locales and 
size of fruR were calculated and are shows in the last two colum.ns of 
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Table I I I .  Steveas 's  @936) form~da for calculating the ,y~ values was 
u s e d .  

From these data it can be seen that  i~ the majori ty  of the cases the 
variances are not homogeneo us f o r "  betweeu blocks".  This is pa.rtkcuh;rly 
true for number of loeules, f t  seems the homogeneity of the variances for 
"between blocks" is a function of the genotype~ being purlieu[aNy 
eviden~ in the X ~ values listed for size of fruit. The o°~o °~ genotype for 
size of fruit has a X ~ value smaller ~han 15.507 for both the F~ and B~ 
generations. I~ san be seen from the footnote a~ the bot tom of Table I I I  
that a X ~ value of 15"507 gives a P of 0"05. The other X a values listed for 

TABLE IV 

Deg~'ee~ of freedm~, a.~w~ F vcdues for testi~ W the eject of b~oc/~s ,~q)o'~ t]~e , 
,mea,~zs of the diffe..re~ ge,;mty2es c~nd t~e ~ilec~ns of the pere~z~s 

F va lue  
0, 

A 

~Degrees of f r eedom N u m b e r  o f  locuIes Size of  f i 'ui t  

a n d  ;pa~rcnt.s E .  2~ f~_ B I F~ B 1 

G g O o  o5 2260 1.026 0-84.0 2. '489-  "7-001~ 3-209~ 
Ggo°bo °b $30 ~28 0-774 1.366 0 .906 1-742 
g g O o  c'~ 224  :~05 0-C67 2"403~ 1-885 2-273 
ggo°~o ~b 629 i0O@ 1,928 2-668~ 4 ,107~ 6-603~ 
B~ to r ed  currant 

O0 401 -- 0"432 - -  12 '534~ - -  
O o  °b 420 - -  1"168 ~ 12-872"~ - -  

P~ed cu r r~n t*  573 ~ -  0-277 - -  - -  -- 

J o b a n n i s f e u e r  394 5.4971" - -  3 -934 t  - -  

* .~k~ 2 ~ value ibr size of £rui~ of r ed  cuxran~ could o.ot, be eMculated as MI fruits of the 
red eurran~ pl~nts clo,ssi.fied h~ grade I. 

? P<0.od. 

size of fruit are highly significal~t if odds as great as, or greater than, 
19 : 1 are accepted as a criterion. 

BZo& @c~ 
Before finally setting up the method of rednetiou of the data, it is 

desirable to ascertMn the el:re.el of blocks apo~J, the genobypes and parents.  
The degrees of fYeedom and ~ vMaes (Sued.coot, t9.38) for testing the 
effect of blocks upo.o tl~.e means of the differentgenotypes and t~ae means 
of eke parents are given in Table IV, From this table ib is ewident tha t  
there is a block effect for both number of locules and size of fruit as 
regards some genotypes and the Johatmisfeuer ]parent; showing g]aab 
~umber  of loeu].es as well a,s size of fruit is influenced by en,vbonmeatal  
eondi, gioas, Mso, it may  be concluded that, a iuebhod of reduction of th.e 
data  removing the variat ion between blocks from an estimate of error 
wo~lcl result in. greater ]?recision. 
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A comparison between the sizes of the 3 ~ values listed in Table IV is 
interesting. In no case are the F values for the Ggo°bo °b genotype of 
sufficient magnitude go give a P value as low as 0-05, and in only one 
case are the E values for the a g e s  °b genotype of sttfl~cient magnitude to 
give a P v a n e  as low as 0.05. Moreover, in only o~e case does the P 
value of the Ggo°bo °b geuot3q?e exceed that of the a g e s  °~ genotype. 
;For these two genotypes R can be seen t.hat the degrees of fl'eedom 
(Table IV), the size of the variances (Table III)  and the size of the m.ea, ns 
(Table Vt) are very si~i.i.lar. With the exception of number of locales in 
the B~ generation all of the F values for the GgOo °b and the gas°be °b 
gmaotypes are of suN.dent magnitude to give a P value lo~-~er than 0.(15; 
and in every case are larger than the F values for either the Ggo°~o°b 
or the a g e s  °b genotypes. In evaluating these findings the degrees of 
freedom for each genotype (Table IV), the size of the ~,ariances (Table I I I )  
and the size of the means (Table VI) should be kept in mind. trrom these 
co~lsiderations it would seem that  to some extent at least the sizes of the 
~' values are flmctions of the genotypes. 

Es~.i'mc~.~e of m'J'or a.~zd ~es~. of sig~z~ficcmce 

The analysis of the data for the variances makes it very clear tha t  a 
generalized estimate of error cannot be used legitimately in evaluating 

differences between generations and between genotypes and for testing 
the statistical significance of the interactions unless some transformation 
of the data can be made. It is equally clear that  a logical basis of trans- 
formation is dependent upon the nattu'e of the data.. Therefore, until 
such a basis for transformation has been established by  research, it does 
not  seem logical to use a transformation in reducing the da~a. 

Since, as shown from a study of the variances, a generalized error is 
' not applicable to the data, it is necessary t.o run an analysis of variance 
for each genot)q~e ~/thin generations and for each parent. The tack of 
homogeneity for variances within genotypes, generations and parents 
shows that greater precision would be obtained by making the an@sis  
within blocks also. [blowever, since in this study a comparison between 
means of blocks is of no coneer~ and since the added precision obtained 
by confining the analysis to within blocks does not warrant the extra 
labour required for making the calculations (in. respec~ to these data), 
the analysis was not made for each block separately but il~stea.d a 
generalized error as regards blocks was calculated. The detailed method 
of analysis need be illustrated %r only one genotype and generation. 
This is given in Table V for the ggo°bo°b genotype of the progeny 
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obtMned by  bsekcrossing the f~ generatio~ to the Johanaisfeuer l?aren~. 
The rnesn square within blocks shown in the summary  at  the bot tom 
of ~he tab]e is used as an. estimate of error. An esti.ma~e of the errors :for 
[he other genotypes was obtained in che same manner. Since the stuns 
of gquares for "within blocks" usually is obtained by  subtracting the 
sums of squares for "be tween means"  of blocks from the forM, column 6 
of this table serves as a cheek as to the correctness of the eMculations 
for stuns of squares. From the subheadings for rows in Table I I I  it can 
be seen tha t  this method of reducing the data involves the calculation of 
12 estimates of error, one for each genotype within the three generations 
aa~d one for each ioaren~. 

TABLE V 

Analysis of var.ia~ee fo~" '~h~.mber of ~omde.s with6~ tl~e ggo°bo°~ ye,notype 
of the 2~1 generation badocrossecI to Joha~miffeuer 

Blocks hr, N X  N Y  ~ (~gX)a/zV" N X  ~ - ( g X ) ~ / N  ' 

I I16 829 6543 5924.491 6IS-509 
11 115 814 0398 576t.704 636-296 
!II 103 793 7103 6105-330 997-670 
IV 119 928 8252 7236.840 1015-160 
V 119 900 7728 6806.723 921-277 
VI Ii0 813 689I 6008-809 882.I9[ 

VII  113 868 7480 6667.469 812.531 
VIII 117 798 6390 5442-769 947-231 
IX 103 853 8329 7064.165 1264-835 

Total 1015 7596 65114 57018.301 8095-699 

Correction factor ---- 56846,518. 

Ana~ysf~ summary 

Varia6ion due ~o D.~- Sums of aqu~res 31e~.n square 

To~M i 01 ~ 8267-482 -- 
Between means of blocks 8 171-783 21,473 
Within blocks (error) 1006 8095"699 8'047 

With these eseimates of error available it is possible to test for 
signifcance of differences between means of ~]xe genotypes and ~o test  
whether the interactions are sta~istically significant. To test significance 
a slight modificafiion of the t test as given by Fisher (193'I, p. 120) was 

used. As the variances for the different gsnotypes and generations were 
found to be non-homogeneous J.~ is not logica.] to pool the stuns of squares 
in calculating t. The formula :for ob 6ai~iug t used in testing the significance 
of the first order interactions is as follows: 

$ = ~ l + ~ - x 2 - z 3  divided by  , / ~ .... :~+  ~" . ,+  ..... ~ + - - ~ b  
'V \ '~%[  9~I ~%2'~%2 ~3753 q~'4 '~'~',l / 

In  the above fonnn].a :rl, ~.~, % ~ncl ~,~ are fee means for the di:fferen~ 
geno~ypes within generations : 6~i ~, 6'a 2, ~.~ and S,~ ~ are the sm~s of squares 
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for the estimation of the separate errors; ?~.~, n=, % and % are the degrees 
of freedom available for an estimation of the separate errors; and nz, 
%', n a' and n~' are the total number of individnals for the genotypes 
whose means are involved in the ealc~atlon of the interaction; This 
formnla is easily modified for testing the significance of differences 
between means and for testil~g the significance of the hidher order 
interactions. In fact, for testing the significance of differences between 
means, it is identical with the one commonly used (see ttay9s & Garbe:c, 
1927, p. 38). 

Tf~e effects of &ffere.nt .regions of the ehromoso.me a~d 9eneration~ u2~on the 
q.uan~itc~tive character's, a.nd the nature of the .i'nterastio.~,s of ~hs cjene~ 

F,~ndame,nta,[ co~s.id, erations. 

The linkage relationships of the marker genes, some matters of 
terminology and the theory of gene action as developed by Goldschmidt 
(1938) are of aid in an interpretation of the data. ]0herefore, they are 
considered before Salting up 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)(go °b) with 
t8 i0"76% of crossing-over in the F~ generation and 15i0-71~o of 
crossing-over among the progeny of the ~1 backcrosse.d to aohannisfeuer. 
As will be shown later, a preponderance (in effect) of the genes favourable 
to an increase of both the quantitative characters is linked with the g 
and o °b marker genes and these genes tending to increase the two 
quantitative characters are partially recessive. 

As in a previous paper (2owers, 1939), that part of the chromosome 
delimited, by the marker genes is referred to as the Gg--Oo oh 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 a region of the 
chromosome. Hence the sections of the chromosomes have defmRe 
limits, whereas the regions do not. 

The theory of gene action as developed by Goldsehmidt (1938) has a 
direct bearing npon an interpretation of the data concerning the nature 
of the increase. Goldschmid~ pictures the development of the indRddual 
as due to reaction velocities in tune and fm'ther that  the reactions in~ 
volved are cata]ysed by genes. That the genes control rates of reactions 
(Wright, 1916) and (Goldschmidt~ 1917) is basic to this theory. Other 
biological p}xenomena basic to Ooldschmid.t's theory of gene action are 



thresholds, timing, interrelationships of the different reactions eat~Iysed 
by the genes ~t~cl the numerical systems involved. Because of the relation 
they have to the interpretation, of the nature of the interactions o:f the 
genes as meastu'ed by end products, it is very much worth while to 
consider these phenomena further. 

First, consider thresholds. One type of action of the gene may be 
visualized as that in which a substance is prodttced by catalytic action at 
a definite rate and which must be present [n a certain emn.centration, 
threshold value, before any morphogeneMe eft'eel is produced. Then the 
velocity of the race reaction may depend upon the concentratiom of tlle 
substance above this threshold rm~il a maximum is reached above wlaieh 
no speeding up of tl~e morphogenetic change takes place. I t  is apparent 
that two thresholds may exist, one a~ which ~he morphogenetie eh.ange 
starts and another above which no i.mcreased speed of flee morphogenetie 
change occurs. The above conception as developed by Goldschmidt (1938) 
may vary greatly in detail, but the fundamental principle of rates of 
reaction as regulaged by genes through some eatalysi~ag agency a~ad the 
fm~damentaI principle of threshold values would still be valid. 

Proper aiming of these different rea,etions is im.portant to the fullest 
development of fihe character. I t  can be seen that if one substance is 
totally or partially dependent upon another for its reaction, or upon a 
certain stage or phase of development of an organ, tha~ the time at whi& 
this substance is produced or the quantity of the substance present is of 
paramount importance f,o deveIopment. For example, suppose that a 
certain subst~,nee :: A" causes a speci~c morphogenetie result only in the 
presence of a second substance "B"  that appears and remains only 
dmdng a certain period of development, gurther, let us suppose, that the 
rate of reaction is dependent upon ~he coneenfiration of the two sub- 
stances. TheJa, it is apparent th.at if [he processes wh.ieh produce the two 
s~.lbstanees synchronize and proceed, along parallel lines, bol)h reaching 
their maximum concentratio~t at the sa,me time, bhe greatest morpb.o- 
genetic change possible would be obtained. A continuous shift iia th.e 
time of production o:[ either one or the ocher o.f Chose substances wmdd 
result ill a smaller and. smaller effect depending upon the degree o]! 
asynchronizatiom This proper interplay of reactions is called ~ani.ng })y 
Goldsc.hmidt (19.38). 

~l'urning to the interrelaeionships of the reaetiolls, the researches of 
Wright (1916, 1917, 192.5 aazd 1927) and the studies of Lawrence & 
Scobt-Nouerief{ (19.3.5), dealing with mammalian c~at colottrs and flower 
colour in Du,]g'~& respectively, should be mentioned. Wright obtained 
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evidence that an as,sumpdon of couipetition, for some common substance 
between factors determining yellow and those determining black was 
basic in interpreting factor interactions in mammalian coat eolonrs. 
l~rom theb stNdies, Lawrence & Seotb){onoi'ieff concluded that ~he limi~ 
of pignient source which can be made available in Dtdl,~,ia., whatever 
factors are present, can be expressed as six units and tlTat eac.h factor 
compe~,es fo~ this source in %ei'ms of its potential units. Then the to~al 
pigment production depends upon the proportion and strength of 
intera,ebim~ of all the factors. In other words, the different reactions 
involved in pigme~at production are not independent but compete for 
a limited substance f?om a common soure, e. It can be see~ readily tha~ if 
the amount were .not limited, and hence no competition, the nature of 
the interactions as measured by the end product (amount of pigment 
produced) for -the different genot~pes would be consi~lcrab]y differe~it. 

The numerioaI system remain to be considered. It is apparent that at 
least two numer ica l  systems are of interest. ]¢irst, there may not be any 
interactions ]~etween the genes affecting the quantitative character. Then 
the effects of these gen.es will be arithmetically cumulative. Secondly, 
the nature of the interactions of 3he genes affecting the ciuangitativ e 
character may be such that the eft'sets of the genes are geometrically 
cumulative. That in certain cases the effects of the genes are arith- 
metieMly cumulative is well illustrated by the work of 3fan~elsdorf & 
Fraps (1931) on the ~dta.min 2 units ill kernels of corm They found that. 
the vitamin A units per g r a m  increase approximately 2-25 for eacb. 
additional Y gene. k number of investigators have realized that the 
effects of the forces i~lffuenoing growth are geometrically cum.tdatjve. 
GaRon (].879) expressed the belief that the forces acting on vital ph.eno- 
menu tend to have co, stunt rate effects (effects in geometric progression). 
E, ast (191-3,) and @roth (191.5) came to the conclusion, tha~ in certain 
cases at least the effects of genes differentiati~ag quantitative characters 
are geometl;ieally cumulative. Lindstrom (I925), from. studies to deter- 
mine the nature of the interactions of the genes affecting size of fraR 
involving crosses between species of Lyeol)er~ieo~ ' clearly realizes the 
ilnpor~al~ee of not confounding the interactions between ])airs of alleles 
with dominance and the probability that the nature of the interactions 
of the genes may be m~ch that their effects are geometrically cumulative. 
}toughtaling (I935) worldng with the tomato fruit came to the conclusion 
tha.t the effects of die growth forces regulating cell number and cell 
expansion should be geometricMly emnulattve, Sin~ott (19.37), MaeArthu.r 
& Butler (1938) and Ch.ar]es & Smith (19.39), from a stn@ of the means 
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and frequency dist~:ibution of the paretlts, F z and fe~_ generations, inter- 
preted the results lk'om size inheritance studies on the basis that the 
effects of the genes differentiaeing the quantitative characters are geo- 
metrically cum.ulat.ive. Powers (1939) found that the nattu'e of the 
interactions between the genes carried in different regions of the chromo~ 
some and the natt~re of the interactions between the factors represented 
by generations and those carried i.,a the different regions of the chromo- 
some were such that the effects of these genes were geometrically oami~- 
lative. I t  may be concluded that at least two numerical systems are 
important in a study of [,he nature of the interactions of genes differ- 
entia~ing quantitative characters. 

I t  must be kept in mind that in a large number of the stuclies dealing 
with the inheritance of quantitative 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 results. Ia connexion with an interpretation of the data 
in the present study the interest lies in what effect this. interplay of the 
above biological 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 interreNtionships, the natt~re of the interactions of the 
genes may be such that the effects of the genes are sigher arithmetically 
cumulative or geometrically cumulative. ?Iowever, i~ those cases in 
which independence did not s~st  the numerical system, wmfld be modified° 
zesadting in. at least four types of interactions of the genes as determined 
by measurement of end products. One would be such that the effects of 
the genes would be less than arithmetically eumulatR, e, another would 
be such that the effects of the genes wotdd be arithmetically cm~ulative, 
still another would be s~eh that the effects of the genes would be some- 
what more than amithmetieally ctmaulative, and the fourth would, be 
such that the effects of the ge~es would be geometrically cumulative. 

Met]~ods of c~n~@s'is and der~,atio,~ qf form~dae. 

With Eke a, bove co.nsklerations in mind the means of the diII'ereni~ 
genot~2)es of the F~ and backcross generatio.as, for the characters number 
of loeules and size of 5:nit, may be analysed more logic~lly. Size of fruit 
is give~ on t;ke basis of grades and on the basis of g~ades transformed to 
absolute weights expressed in grams. T]~e means and standard errors of 
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the diff'erent genotypes and generations for number of looules and size of 
frmt are given in [['able VI. 

From this ~able i t  can. be seen that  there are 7 degrees of freedom for 
each character, i~he 3 degrees of freedom attributable to main ell%ors are 
gg Gg, oObo°b--o0 °b and ,  B 1 - P  ~. The firsJ5 t w o  main effects involve 
comparisons between alleles of 5he marker genes, whereas the third main 
effect involves comparisons between generations. Three mo~e distress of 
freedom are accounted for by the first order interactions which may be 
desigaated as Gg x Co °b, Gg x generations and Co eb x generations. The 
remaining degree of freedom is taken up by. the second order interaction 
and may be designated as Gg × Co °b × generations. Since dominance is 

TABLE 'VI 

Mea~s and standard era'ors of ~/~s difj'erent 9eno~yl)es a~u~ ge.~erc~Eo~s for 
~zumbsr of ~oeules and size of fruit 

Size of fi.uit 
. _  ] . _ _  

Geno~ypie Based on 
Geno~ypes* symbols No. of locales ]3a,sed on grades weight, in grams 

G g O o  °b a 2-5~ ±0-016 2-91 -~0.013 4.4:5 ± 0-2:~I 
GgO~bO°b b 3-51 ±0-086 3-60 ± 0'04:9 5"99 £:0'334 
g 'gOo °b z 3.52 ___0.055 3'46 --0-051 6.05 _q_ 0,346 
ggo°~o ~ d 5.~2 ~0.088 4-2.6 "0 '038  8-78 --0.500 

B 1 to Johamaisfeuer 
G g O o  ~'5 a '  3.61 4-0-044 4-39 ±0.024 9.15 ~0,4:75 
Ggo°bo°~ b' 5-04±0.153 5.08±0-059 11-76~0-707 
g g O o  ~ o' 5-03 ±0.137 5,00 ±0.060 11-42 ±0-677 
ggoDbo°:~ d" 7-48 ±0"089 5"89 ~:0'030 15"25 ±0-955 
* The homozygous domA~ant.s and  the  hegerozygoua domiu~nts  were not  separated in 

the  F2 generation, 

not confounded with the interactions (Powers, 1939) and since effects 
attributable to regions and generations are due to genes differentiating 
the quantitative characters, the interactions listed above eonl~ain all of 
the in{ormation 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 loeules are given in. the first row of figures nnder each row 
heading of TMJe ¥ I I .  In every ease the main effects and interactions 
~epresent differences. Any main effect is the difference between two 
means (column 3 of Tab]e ¥I) ,  any first order interaction is the difference 
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be ~ween ~wo main effects and any second order interaction is the differ- 
ence ])e~ween [wo fi.rst order infieraotions. The c[ifferences listed unc[er 
main effects provide inform~tion, as to whether the regions of the 
chromosome and tl~e geLerat~ons possess genes differell~iating num]?er of 
locules. The differences listed under interactions furnish information as ~o 
whether there is an interaction between pairs.of' alleles as represented by 
regions a~d g'enerations, and if so, the nature of th.e in%rue{ion. If  there 
is no interaction between the genes carried in o~e region of t~ae chromo~ 
some and those carried in another region of ~he chromosome, then the 
di:fferenees listed under t, he firs~ order interactions (in our example 
Gg x Co °b) should not be statistically signifieank Likewise, if there is 
no interaction between the genes carried i~ different regions of the 
chromosome and the genes differentiating generations, ehe first order 
interactions (iz~ on- example Gg x generations and Co °b 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 arRhm.etically cumulative, On the other hand: if the first 
order interactions are statistically significant, it may be that the nature 
of the interactioz~s of the genes is such that their effects are geometrically 
cumulative. 

This brings up ~he problem of testing whether the data obtained meet 
the specifications required by tire hypothesis ~hat the nattrre of the 
interactions of the genes is such that  the effects of %he genes are geo- 
metricaIly cnmula,~ive. The formulae necessary for making such a test 
need to be developed. The def i i t ion for a geometric progression given by 
Wilczynski & Slaught (1916, t~. 86) may be used as a basis for deriving 
such formulae. Their definition is as follows. "~Let us divide each term 
of .a sequence (excepting the first) by the term which immediately 
precedes it. I f  all of the quotients obtained in this way have the same 
value f, the sequence is called a geometric progression, and. ~" is called 
the common ratio of the progression." In order to expedRe ~he derivation 
of the formulae for testing whether the ef:feets of ehe genes are 
geometl'[ea]ly cumtdative, cons.ider ~he mean values for m~mber of 
Ice,des given under cob.ann .heading .'-3 of Table Vt. [Further, let us limit 
the consic[eration to the means of tYe F~ generation. I t  is apparent 
that  all 4: of these means ~J:e il~voNed in. the first order interaction 
Gg x Co°b; because by using Ge symbols a, b, c and d for the ~liffere~.t 
genotypie meat~s this interaction may be written, either ( b - c ~ ) - ( d - o )  
or (c-e)-(d-b). Since b and s do not~ecessarily need. be be equal, the 
means involved, in the iateractima do not Form a seci~lence from which 



any logicM conclusions can be drawn, cgncerning the ha,trite of the 
i~teractions, by dividing each germ b_y che term which in~m.eclia,t.eIy 
precedes it. ttowever,'ff b and c were always equal, as would be the case 
i:f Gg and Oo°b-~,vere duplicate regions of the chromosome, b/a shot~ld 
equal d/5 5.f a geometric progression were involved, t t  is apparent that  the 
test cannot be for s geometric progression, but the data can be tested to 
determine whether a common ratio is involved. For example, 5/a should 
equal d/c, witl:in the limits expected due to the probable errors of ra,ndom 
sampling, if the nature of the interactions of the genes for the interaction 
Gg x Co °b is such ~hat the effects of' these genes are geometrically 
cumulative. Then, the ratio (b+a)+(d+c) which tests the interaction 

/t'fcd~ @eta' 
R,egions 

/'~ gener~tfiion B a generat ion 
¢ . . . . . . . . .  -, z- e h 

OoQb OOhOD~ O0ob 0o~0o~ 
g g - G ~  c - - a  d ÷ b  g +a" d" +b'  

G g  g g  G ~  g g  
o°bo°5-Oo °~ 5 -> ~ g -i- c 5' : a," d" ÷ c" 

t3enerations 
G g O o  o~ Ggooho ob g g O o  o~ ggoOboOb 

7~-F~ a '  + a b' + b c' -- c d" .--" d 

Interact,ions 
~ generation B= generat ion 

Gg × ooob , (d + b) + (c + a) (d' + b') + (~' + a')  
O o O b  O ~ b O ~ b  

GN x general, ions (o' + a') + (c + a) (d ~ + b') + (d + b) 
GN g g  

Oo°b × genera¢ious (b '+a. ' )+(b--a)  ( d ' + c ' )  + ( g + c )  
G g  x Co  °b x gsnerat io~s [(d' + 5') ÷ (c" + a')] + [(d ÷ b) + (c ~- a)] 

Gg × Oo °b should not differ signifieantly from fruity. ]By use of the 
same arguments She reflowing formulae for obtaining the ratios of the 
main effects and the interac[ions were developed. 

Da~ par~itio~zec~ i~to ge'~otyl)e8 and ge.nercaio~. 
The effects of the different regions of the chromosome and generations 

upon number of Ioeules together with the interactions are shown in. 
Table VII. The data in Table VII show that  fihe different xegions of the 
chromosomes as represented by alleles have an effect upon number of 
loc~des. Also, more than one gone pair is necessary to accotmt for t]~e 
differences noted between regions for the two generations and the 
differences between generations show that a gone ])air or pairs other than 
those located in the Gg" and C O  °b regions of ~he chromosome have an 
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influence upo~ number of [ocules. Finally, since all of the first order 
interactions are staliseieally significant, a b least three gene pairs affecting 
n~tmber of locules muss be segregating during gametogenesis of the F,  
hybrid. In every case the nature of ~he interactions of C, he genes was 
such tha~ ~hose favourable to an incre~se in number of locales gave 
greater differences over their contrasted alleles when in combination 

TA.BLE V! i  

fl~.e effects and E~.e i.nteractions of the ge~zes d.ifferentic~ting 
n,uazber of bczdes* 

Con b~s~ed regions, 
generations and  

interactions and genogypes" 

~'2aim effeet.s 
P~egions 

F~ generat ion 
_ _ 2 . _ _  % %OOh 0~1~0~ 

g ' g - G g  ~o.  1.00 1-71 
I?,a~io 1,397 1487 

G g  g g  
o°bo~LO0 ~ NO. 0'99 1'70 

R.aHo 1'393 1"/83 
Generations 

G g O o ~  Ggo°5o °b gg'Oo °b ggo°5o °~ 
B~_,u_~ No.  1.oo 1.53 I-5~ 2.ss 

~ , t i o  i .aaa 1.4.36 1-429 1-4:aS 

In{erections 
2~ B~ 

G g  x Co o~ No, 0-71 1"02 
P ~ i o  1.0642 1.065£ 

Ooch Oo~OOh 

G g  x generations No. 0-42 0.73 
P~a~io 0-997+ 0.9985 

GN g g  
Oo "~ "< generabious No, 0'44~ 0"751 

~t io  i.o0% ],003:~ 
GN x Co ~1' ;< generations No. 0.315 

P ~ i o  1.0015 

Differences expressed in numbers  and ~he ratios 
for "wi~hht  the various generations 

B: generation 

• 00,05 Oe~Oe~ 

l :393 1-484 

G g  g g  
1-43 ~.45 
1,396 1.487 

The t ~es~ gives ~ v~hie of P <O.O[ for M[ rabies matess sb~ted otherwiss. 
2 5 0 - 0 1  bu~ <0.02. $ ff>O-05. 

with. genes Mso tmlding to increase number of loeules than when ilx oom- 

binmtion with gen.es not so favotu'able to am increase ia this character, 

This fact imd[egCes that  the ha, bare of the ine, eractions of the genes 
might be such tha~. fihe.efl%ces of She genes are geometrically cumulative. 
For the reasons previously given the ratios provide s tes6 whether ~,he 
resutgs obbai.aed are ghost expected on the basis of such a hypothesis. 
The face ~hat none of the ra~ios (Table VII) listed under the blberacl:,ions 
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are signifieanfily different from unity shows that  the data do fi~ the 
hypothesis, 3lla~ ~he nature of g}le interactions of ~he genes is such that 
their effects are geometrically onmuta,tive. 

Next conskter size of t'rmt as based on grades. The effecfis and the 
interactions of different regions of the chromosome and generat, ions upon 
size of frtfit are listed in Table VIII. Before proceeding wigh the in.ger- 
pretation of the data, i~ is advantageous to determine the dominance 
relationship of the genes sffeoting size of fl'ui& A~I of the red[ c~u'rant 
parent plants were classified in grade 1, the 2"z generation had a mean 
grade value of' 3.2 ± 0.20 and the Johannisfeuer parent had a mean grade 
value of 7-98 ± 0"337. Data were collected again in 19,38 in which five 

TABLE VIII 

2Ae effects ~,~,~d, the (rite.factions oj" the eyeless cl, z,f//'e~.e.~,ga~,[,~g 
size oj' fi'~.it based o~ 9~'ades* 

Contrasted regions, Differences expresser/in grades a~d the ratios 
generatior~s anti for "within  the various generations 

interactions aud genotjq~es ': 
] ia iu  e~bc~s 

I{egions 

gg~Gg" 

OobOob--O0o~ 

Generations 

2i--F~ 

Og x Oo el 

G g  x generations 

/'~ genera£ioa /~  generation 

Ooe5 O~oob Ooeb O~bO~g 
Grade 0'55 0-66 0.61 0"81 
~a t io  1"189 1.I83 1-139 t '159 

Gg' gg" C-g" g g  
Orade 0"69 0.80 0.69 0"89 
~atio 1-237 1,281 1-157 1.178 

Oo °b x generations 

Gg x Oo °b × generations 

Gg, OoOl~ Ggo~oQb ggOo.~ ggoO~o 0~ 
Grade 148 1-48 1-54 1.63 
R.atio 1.509 1.411 1-443 1.883 

Interactions 
/7"- /?i 

G~rade 0"1I* 0-20 "~ 
t~atio 0"995* 1'018" 

O0ob ' OohOOb 

Grade 0-00" 0-15" 
1%~¢io 0-958* 0'980* 

C~g g g  
Oi'ade 0-00 e 0.097' 
R.a~io 0'935* 0.9577, 
Ci'ado 0"09* 
~at io  1'023" 

* The ~ tee%, gives a vMae of JP <0-01 for all values not  marked with an asterisk, and a 
value of 2>0"0.5 for all values marked wi5h an asteriM<, 

fruits of each plant were weighed, and ex]?re,ssed in grams. The weight of 
the red currant parent was 0.93 + 0-040 g. per fruit, tha t  of She /~1 



160 Ge~es D.fjfe,re~#,ictt,~g @~c~,~titcst.fve Ut~¢src~ete,rs 

generation was 4.53 ±0.152 ft. per fruit and that of the Jo]]annisfeuer 
parent was 38.29+1-611 g. per fruit. Clearly, small size of fruit  is 
partially dominant if' the phenotypic expression of the character in the 
ff~ as compared with ~,hs parents is taken as a criterion. In an inter- 
pretation of the data listed in Table VIII;  R is essen~ia.1 to know what 
effect partial dominance of small size of fruit would h a v e u p o n  ~he 
differences. 

Powers (1939) has published tables to aid in determining the eft'sots 
of different degrees of dominance together with a consideration of otb.e~ 
problems that  arise in reaching a correct interpretation of such data  as 
]?ressnt.ed in Table VIII .  From this work it is evident tha t  certain 
facts must be kept clearly in mind. Tits values list~ed in Table VI I I  for 
aomparisons between regions are not  so large as they would have been 
if dominance were complete. I{owever, any in ter¢ct ionsnoted ar_e true 
in~eractions since neither dominance no~ crossing-over is confounded 
with possible interactions. With these facts as a guide a logical inter- 
pretation of the data .may be made. 

From Table VII I  it can be seen that  both regions of the chromosome 
have an effect upon size of fr~dt based on grades. The effee~ of the 
Co °~ region is consistently greater ~han that  of the Gg region. Likewise, 
there is an effect due to generations, which shows that  genes other the& 
those located in the Gg and Oo °b regions of the chromosomes are 
affecting size of fruit. Any one interaction considered alone is no~ 
statistically significant if' odds of 19 : 1 against the deviation noted being 
due to chance are accepted as signifiean.~. Itowever, taken as a whole, 
it is evident tha t  these deviations cannot be explained as due to the 
probable errors of random sampling. Here, as shown by previous work 
(Powers, 1936), the natttre of the interactions is s~:tch that  genes favour- 
able to an increase in the quanti~,afiive character give greater increases 
over their alleles when in combination wRh genes also favourable to an 
increase than when in eombmation with the alleles tha t  are not  so 
favo~lrabJ.e to an increase in the character being studied. Since the 
same was found to be trne for nmnber of leones ~he question, arises as to 
the nature of the increase. None of the rabies (liven in Table VI I I  and 
listed under the interactions are statistically significant, which shows 
that the data obtained are those expected based, on the hypothesis tha t  
the nature of the interactions of the genes is such that  their e.ffec~s are 
geometrically cumulative. 

Since th.e grades were determined by  observation, it seemed desirable 
to transform the grades to absolute weigh.% and thus de~ermine the 
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effects and the interactions of the genes differentiating size of fruit. The 
da.ta are presented in Table tX.  All of the main effects are statistically 
significant Jf odds of 19 : 1 against the deviations noted being due to the 
probable errors ot' random sampling are accepted as a ez'iterion. Again, 

TABLE IX  

The effects a'nd the %nZercmfions of th.e yenes differe~t#.~t.ing sdze of.p,ait 
based on the 9redes trc~nsfm"med to absoh~te weights* 

Cougrasted xegionG Differences expressed in grams a, nd the ratios 
generations aud for "within the varicose geuerations 

interactions a:nd genoty]?es" 
Ma.fl~ effee~s 

R.eg%as 

g g - G g  Gra,m.~ 
gatio 

oC~o¢~-00 ~ Grams 
l~atio 

Generaglons 

Gg × Oo ~ 

Gg x ge~era{ioaa 

C o  ~b × genera$ions 

Gg x Oo o~ x generations 

~rallls 
Y~itio 

Intera.ctio~s 

G G 
Grams 1.19" 1'22" 
I lado 1-078" 1"039" 

Oo @ o0bo05 

Grams 0.67* 0.70* 
ga~,io 0'918' 0"885* 

Gg, ag 
Grams 1.07* 1 . I0 '  
I%a~io 0-955* 0,920" 
Grams 0'03* 
iga~io 0.964* 

iF s generatio~ /?~ generation 

Ooe~ OobO~'o oo~oo~ 

1-60 2-79 S.27 3'49 
1.360 ][.'466 I';~I8 I-2,97 

Gg g~  G g  g~ 
1-54, 2'73 2"61 3'83 
1.346 1-451 1-28.5 1-335 

GgOo eb GgoObo o~ agOG ob ~goO~o ob 

4-70 5"77 5-37 6"$7 
2'056 1-963 1'888 1.737 

* The t tesg gives ~ vMue of P <0,01 fez" all ~,alues not marked-wigh an asterisk, and 
value of P > 0-05 for all values marked with an asterisk. 

the values for the interactions, expressed in gram,% are all positive, which 
shows tha t  the effects of the genes are more than arithmetic, ally cumu- 
lai, ive. Since nol~e of the ratios are signifiea.nt]y d i ferent  from unity i t  
may  be oonc/uded t)iat the data are in accord with the hypotlaesis, tha t  
the nature of the interactions of the genes is such that  the effects of the 
genes are geometrically cumulative. 

J'ourn, of Qenetie~ XXXIX 11 
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Data/artitio~~ed o.n the basis oj'pare,~ts and ,qe,neratio,ns. 
Oharles & Smith (1939) present formulae for use in ~esting whether 

the data taken on the parents and on the ~1, F~ and backcross generations 
are in accord wick the geometric gene effect hypothesis. They state: 
:'Since no :geniq' dominance is ordinarily assumed in the geometric 
scheme a'ia '  ~ is as many times larger than a'S~ ~ as a'j% is than ~./~i, 
namely by a factor which is here represented as (1 + 7~,;)." I t  is apparent 
that  their formulae do not take into account "genie :' dominance. 

Dominance or recessiveness is generally accepted as the pL.enotypic 
result of the action and interactions of genes and usually is determined in 
the E z 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 natt[re of the interactions of the genes 
determining dominance differs froal that  involving comparisons between 
genes within generations in that  ~he interactions between alleles within 
pairs is additional. Wright (I934) 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. @oldschmidt (1938) 
also points out the importance of threshold values, the type of effect and 
the numerical system of the independently determined process that  is 
involve[[. In other words, the phenomenon of dominance or recessiveness 
is based upon genie actions of the same nature as those involved in the 
differentiation of any character. Snob being the case, it is clear that  a 
s tudy of dominance should lead to a better understanding of the nature 
of the a,ctiou of ~he gene. 

The formulae given by Charles & SmRh (1939) have been applied. 
wRh the results reported in Table X. The standard errors are given for 
the obtained means. From Table K, it can be seen tha t  t0he d.a~a are 
not in accord with the ari~hmetle gene eft%or hypothesis, nor are the 
obtained mea,~s in close ag:reement with the means calculated on, the 
basis of formulae given by Charles & Smith (1939). The data for number 
of loct~tes show sma.ll~ number of loenles to be partially doninan5 on 
eRher th.e arithmetic or geometric scale. The same is ~rue for the data on 
size of frttit taken in. 19:38. Wright (personal correspondence) points out 
that  acceptl_ng .partial dominance and app13dng the .multiple factor 
hypothesis, the formula for obtain.ing the logarithm of the @aeoretieal 
mean for %he 27~ generation becomes 

leg Pa + log Pc 
2 ~ + log F~ 

2 
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in which P1 a.nd P~ are the means of the two parents, and/?~ is ~he mean 
of the F s generation. Then the a,ntilogarithm may be obtained ~o give 
the cale~]a.ted mean. The means calm~lated thus, for the F e generation 
in 1937, are 3.31, 3.0] and 4.7I for number of boules, size of fruit  based 
on grades and size of fmfit based on weights, respeetive]y. For 1938 the 
means of the xV~ genera,riCh calculated in the same manner are 3.23 and 

5"90 for nmnber of loonles and ,size of i'~-uit, resl?eCtively. In every ease, 
the means for the F~ generation calculated on the ]oasis 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, as can be seen from a.n inspecbion of the standard errors, the 

TABLE X 

Obtcd,~~ed and ecde.~dctted ~ea%s fo.r w~mber of Zomdes and, size of frzdt based 
on g~'ades and baxed on grades t~'ansfor'med ~o weights. The oalcugatecg 
mea~zs are based on fbrmv~lae given by Char{es & Smith (1939) 

Size of fruit Size of fl'ui3 
Number of loeMes 

Generations f ~  - - ~  
a~d parents Obtah~ed Ca.le. 

1937 
ICed cm~'ant 2.04±0.013 - -  1.00 -- 
BI ~o red em'z'an~ 2.29±0-0]7 2-54 1-92±0.007 1-80 
)~z generation 2,~0:k0.245 4.58 3.20±0.200 2,82 
ff'~ generation 3-t7--0.022 4.58 + 3-24,~0.0]3 2,82 + 
/~ ~o Joh~m~isfeuer 5,44±0.044 5-71 5.19~0.017 5-08 
Johannisfeuer 10.27 ~O-id:4 -- 7.98 +_0'337 -- 

1938 
Red em'r~nt 2..03 -0.025 - -  
~z genera%ion 9.48-0-087 4"91 
2 z genera,~.ion 2,.95 --0.062 4"21 + 
Johannisfeuer 8'75 ±0.269 -- 

based on grades based on  weights 

Obtained Calc. Obtained Ca~c. 

0'64~0.050 - -  
2 ,49~0d32 1.87 
5.07 :k0-328 4-38 
5-49 ±0.302 4-38 + 

12.07 ±0-703 12,82 
:~9,96 ~I-982 

0,93 ~0-040 - -  
4-53~0,152 5.97 
4.7:g ±0.I36 5'97+ 

38.29~1-611 -- 

differences between the obtained means and those ea]enIated on the basis 
of partial dominance and the muRip!e factor hypothesis are too great to 
be aeeonnted for by the ]~robabte errors of randem sampling. 

I)180178870N AiN-D CONCLI/SIONS 

The ]aek of homogeneity of 9he variances for generations and geno- 
types invalidates the use of a generalized error to test the significance 
of differences between means of generaions and for testing the signifi- 
cance of the interactions unless some 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 sho~vs that the di~ 

curies  involved due to lac'k of homogeneity of variances might be ovm:- 
come by transi'ornliug the plant measurements fbr number of ]oeules 

11-2 



and size of f r t i t  to logarithms. Kowever, by so doing information con- 
cerning some of the interactions is sacrificed. For example,' all of the 
interactions for number of loculcs have insignificant/T values when the 
data are transformed to logarithms and subjected to the analysis of 
va¢iance. Since the interactions constitute' 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 logicM 
to use a transformation that  theoretically is based upon the assumption 
that  an interaction exists. Also, transformation of $he data to logarithms 
requires that  one must think in terms of logarithms in interpreting ~he 
data, which adds to the complexity of the problem. At least until more 
information concerning the nature of the progression of such data is 
available, the method of estimating the error for within homogeneous 
groups whoss means are involved in the coniparisons appears to be the 
simplest and most efficient mcthoc[ of obtaining from the.claSs all the 
available information. If  some transformation is used in reducing the 
data the fundan%ntaIprinciples basic to such a transformation must be 
kept in mind when interpreting the results. 

There should be some biological explanation for the nature of the 
interactions of the genes, differentiating number of locules and size of 
fruit, being such that  the effects of these genes are geometrically camtt- 
lative. The morphogenetic studies conducted by Itoaghfialing (19.35) and 
NaeArthur A Butler (1938) furnish a basis for interpreting ths results 
obtained. The basic principles established by thgir work are that  the 
fruits of the many lomdsd varieties or s~rains s~art from a broader 
mcristematic platform; that  fruit size at maturi ty  is related to cell 
number and to cell size; that  up to flowering the potential differences in 
size are due to differences in celt number; and that  after flowering increase 
in size is primarily due to cell expansion. These facts lead to the deduction 
that  since the many-loculcd fruRs have a broader .msristematic platform 
than the fewer-Ioculsd fruRs, the pattern for number of loculcs is laid 
down very early &J_ring flower development, and therefore that cell 
tanltiplication due to physiological genetic processes tend.lug to increase 
~mmber of locuhs is distinct from the type of cell division which follows 
and ceases at ghs time of flowering. Then chronologically cell nnmbcr is 
superimposed upon iocnle pattern and cell expansion upon both number 
of locales and ceil number. 

To determine what effect such a system of morphological dcvelop~ 
ment would have upon the measurement of the end product, in ~his 
case size of fruit, a simpls algebraic formtfia may be developed. Let 
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x=ultimate size of fruit; a=number of cells constituting the meri- 
stemat.ic platform just after locule nnmber pattern formation; b= cell 
multiplication as determined by the ratio--final number of cells +a;  and 
c--average size of the cells after exi~ansion ceased. Then it is obvious, as 
regards these ~hree variables, that x =~bc. This formula shows that these 
three developmental stages would combine geometrically, t t  is interesting 
to note that " a "  in this formula erorresponds to the original size of 
Sinnott (t921) and ].~eed (1927) and ~o Ashby's (I932) initial capital.- 
It is undoubtedly a stage of development a.nd probably resuRs from 
locuIe number pattern formation within the promeristem.~ 

Since these ~tn'ee 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 ceils would be geometrically 
cumulative. Again, the simplest method of deternaining what would be 
expected theoretically is ~hrough the development of a simple algebraic 
formula. Noreover, let us limit ~he consideration to a single pair of 
alleles for each of the developmental stages. Let An--the gene pair 
whose segregation results in a" certain amount of differentiation in 
number of locales; let Bb=the  gene pair whose segregation resuRs in a 
certain amount of differentiation in cell multiplication; and let Cc = the 
gene paix. whose segz'egation results in a certain amount of differentiation 
in cell expansion (cell size). Among the twenty-seven resulting genotypes 
let the interaction ( A A B B O 0 - 2 ~ A B B O c ) -  (A~BBC0--daBBOc) repre- 
sent any possible interaction of factors. Then, on the supposition that 
the genie effects are geometrically cumulative, 2,4.  B B .  CO + A.~t. BB.  Oc 

should equal An. BB.  CO + A s .  BB.  Cc. By rearranging the equation in 
the form 

AA.B]~.  CC .4a.BB.  CC 
2 2 .  BB .  Cc = A( t .BB.  Cc ' 

R becomes apparent that the above statement is true as a solution of the 
equation shows that the ~wo members are identities. Theoretically, the 
nature of the interactions between th.e factors differentiating number of 
locules and those differentiating celt multiplication and those differ- 
entiating cell expansion would be such that the effects of ~he genes would 
be geometrically cumulative. This is what may be termed an interstage 
type of internerich of the genes. In addition to this interaction between 
genes of d~fferent 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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effeets were geomegricaily cumulative. Then a combination of the inter- 
actions between and withi~ stages would be expected to be of such a 
nature as to result in the effects of the genes being geometricadly cumn~ 
Iative. Such was found to 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 been considered here. 

Since the nature of ~he interactions of the genes atfooting number of 
locales 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 ~he genes regulating 
the phenomenon of dominance wouN be such that  the mean of the 2~1 
generation should equal the geometric mean ..of the two parents. I t  will 
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 ].attractions between non-allelic genes 
differentiating number of loeules and size of fruit. In the expression of 
dominance both interactions between members of a pair of alleles (for 
example, between alleles such as G and if) and interactions between pairs 
of alleles (for example, between non-alleles such as Gg and Co °b) are 
imvolved, whereas, in studies, such as reported herein, on the nature of 
the interactions of genes differentiating quantRative characters by use 
of marker genes, only J.nteraeions between, pairs of alleles are involved. 
Then, it may be concluded that since the experimental data have shown 
that  the nature of the interactions regulating the exp:,'ession of dominance 
is not such as to result in the F~ generation mean equalling the geometric 
mean of the two parents, whereas, the nature of the interactions between 
the genes carried .i.n different regions of the chromosome and the o.atare 
of the interactions between the genes represented by gen.e:,'atioas a~d 
those efirried ~n different regions of the chromosome were such that their 
effects were geometrically cumula~;ive; it necessarily follows that  the 
interactio~s between members of a ]pair o:[ al.[e|es and the interactions 
between pairs of alleles are independent of each other, izl the souse that 
both need. not be the same. 

Then_, it is clear that  the experimental design and method.s of aus,lysing 
the data J.nvolving studies o.[ the na t , r e  of the interactions of genes 
affecting quantitative characters should not have the inter'serious between 
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members of a pair of alleles and the i~:iteractions between ]?airs of 
alleles sol,founded. ~As shown previously by i~owers (1939): the experL 
mental design and nlethod of analysis used in t]Jese studies are mlch that  
the natm'e o:[ ~he interactions of the genes is not confounded wRh possible 
el!loots due to dominance. Th~s is brottght out ftzrther by t]~e equa, tion 

2N.BB,OO yl~.BB,O0 

II .BB . Oc - ic~.BB. Cc ' 

as a solution of this equation shows thai; the two members are identities 
regardless of the value assigned to 0o. [For the derivation of this equation 
the reader is referred to a previous paragraph of this discussion. 

~UI~IMARY 

1. The data were collected from a cross between Ly~oj~eg'si~o~ 

2. The genotypes resulting from a segregation of $he marker genes 
were fonnd to be distributed at  random as regards position within plots 
and as regards plot a~d. block frequencies. 

3. As regards both number of locules and size of fz'Luts, tlhe variances 
were heterogeneous for "between genotylJes" and for "between genera- 
tions % Also, in some of ~he genotypes the variances were heterogeneous 
for "between blocks". 

4. At least to a certain extent the varig]~ility of the variances is a 
function of the genotype. 

5. ]Both the G~" and Co °b regions of the chromosome were found %0 
have an effeo~ upon number of ]ocules and size of fr.mt. 

6. At  least three gone pairs (pro]oahty many more are involved) 
affecting n'umber of loenles and s~ze of f n i t  were segregating d~zring 
game~ogenesis of t]~e F 1 generation. 

7. The e~ects of the genes differentiating number of locules were 
geometrically cumulative. Ats9~ %his was true of the effects of the genes 
differentiating size of frnit. 

8. I t  was shown from morphogenedc considerations that,  theoretically~ 
the nature of the interactions between stages of deve]opment~ in respect 
to the genes differentiating number of locales, cell mu]tiplieatJon and cell 
expansion should be such as to result in their effects being geometrically 
cumlj ative. 

9. The ehal~acter size of f~uit is an end product dependent for its 
expression upon the action and £sterac~ions of genes differentiating 
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stages of devdiopment.  Two of these stages, cell multiplication and. cell 
expansion, were studied by }Ionghtaling (1935) and ±KacArthur & Butler  
(1938). Their studies pertained to the interactions between stages. A 
thh 'd stage, number  of loeules, was seudied by  Powers (1.939, and ifi the  
present paper). ]Both the interactions of the genes for " b e t w e e n ' '  and 
for "wi th in  s tages"  were considered in the la%er study. 

10. I n  a s tudy  of the phenomenon of dominance, or recessiveness, 
neither the f~  generat ion mean nor the F~ generagi.on mean equalled the 
geometric mean  of ~he ~wo parents. 

11. The interactions within pairs of alleles and between pairs of 
alleles were found to be independent,  in the sense tha t  they  -w-ere nob the 
same. Kence, it is impor tan t  in such studies t ha t  the experimental  
design and methods  of analysing the da ta  be such t h a t  the  interact ions 
between members  of a pair of alleles and the interactions between pairs of  
alleles are no t  confounded. 
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