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as Affected by Continuous
Selection for Composition

in Corn
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INTRODUCTION

The effectiveness of selection in cross-fertilized crops such as maize

may be explained uponthe followingprinciples:

1) There are heritable variations existing among the different individ-

uals of the population at the beginning.

2) There is a gradual elimination of the undesirable type because the
selected types consist of more desirable and fewer undesirable individuals in

each generation.

3) Desirable mutations which may occur are retained and causedto :

combinewith the desirable factors present.

4) Recombination of the desirable factors produces more desirable |

types.

Selection for a given type not only tends to bring the populationto |

that type but is expected to decrease the variability. This decrease in varia-

bility of the population is brought aboutby a reduction in the percentage of
heterozygousindividuals. After the population becomes homozygousfor the

selected character, no further reduction in variability through selection can ;

be expected. The variability that still remains is attributed to environment, |

upon whichselection has no influence.
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It is the purpose of this paper to present the effect of 28 years of con-

tinuousselection for composition in maize upon the meanandthevariability

of the selected character.

MATERIAL

In 1896 a series of breeding experiments was begun at the Illinois Agri-
cultural Experiment Station to determine whether the chemical composition

of corn could be influenced by selection (8). One hundred and sixty-three
ears of a variety known as Burr’s White were used as the foundation stock,

from which selections were made in four different directions, namely, for

high oil, low oil, high protein, and low protein.

These four strains were carried on in the same way. In thehigh protein,
for example, the 24 ears highest in protein were selected for seed and

planted in anisolated plot, each ear in a separate row. These rows were har-

vested separately and the seed for the next crop selected from the ears which
were found to be highest in protein. Nine years later the system was modi-

fied somewhatin an attempt to prevent loss of vigor by inbreeding. Alter-

nate rows were detasseled and seed was selected only from thehighest yield-

ing detasseled rows. In 1921 this system was again modified to reduce the

amount of inbreeding. Twoseed ears were taken from each of the detasseled

rows regardless of yield. The high-oil, low-oil, and low-protein tests were

similarly conducted, selection being made each year of ears highestin oil,

lowest in oil, and lowest in protein, respectively.

The analytical methods employed have been described in detail in Illi-

nois Agricultural Experiment Station Bulletins 43 and 53 (6, 7).

EFFECT OF SELECTION FOR PROTEIN CONTENT

The effect of selection for protein content in the corn grain is shown in

Fig. 1. The average protein content which was 10.92 in 1896 had in 1924

been increased to 16.60% in the high-protein strain and had been decreased

to 8.38% in low-protein strain. This is a difference of 8.22%. When meas-

ured by the best fitting straight lines, the difference is 9.49%. When com-

pared with the original variety from whichthestrains were selected, the pro-

portion increase is 50.01% and the proportional decrease is 23.26%.

EFFECT OF SELECTION FOR OIL CONTENT

From an average of 4.70% in 1896, the oil content had been increased

to 9.86 in the high-oil strain and decreased to 1.51% in the low-oil strain in

1924. This is a difference of 8.35%. When measured bythe bestfitting

straight lines, the difference is 8.85%. Relatively, selection has been much

moreeffective in bringing about a change in oil content than in protein con-

tent. When compared with the original variety, the proportional increase in

oil is 109.79% and the proportional decrease is 67.87%. (Fig. 2.)
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Figure 1. Progress of high-protein and low-protein corn breeding.
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Figure 2. Progress of high-oil and low-oil corn breeding.



98 WINTER

It is very probable that a more rapid shift in type with respect to both
the oil and protein would have been obtainedif only the ears that were high-

est and lowest in protein or in oil had beenselected for seed, regardless of

the yielding ability of the detasseled rows. On the otherhand,if selection

had been carried on without taking yield into account, inbreeding might
have resulted in such lossof vigor that it would have been impossible to

continue the strains. When it is rememberedthat the original purpose of the

experiment was to produce good-yielding strains having the desired composi-

tion, any great reduction in yield would have defeated the purpose.

PEDIGREES

Graphic presentations of the pedigrees of the strains of corn used in this
workare on pages 99 and 100.

A study of the pedigrees of the four strains shows that there has been a

rapid elimination of lines until the four strains are now represented by only a
single ear each of the original seed stock. The high-protein strain traces back

to ear 121 which on analysis showed 12.28% protein and 3.99% oil. Thisis

slightly below the average composition of 12.54% for the stock seed ears but

considerably above the average of the original 163 ears, 10.92%. The low-

protein strain goes back to ear 106, which on analysis yielded 8.25% protein
and 4.81% oil. The average for the stock seed ears of the low-protein strain
was 8.96%. The high-oil strain goes back to ear 111, which on analysis

showed 5.65% oil and 10.82% protein. The average for the stock seed ears

for the high oil was 5.33% as compared to 4.70%,the average for theoriginal

163 ears. The low-oil strain traces back to ear 110, which when analyzed

was foundto contain 4.10% oil and 11.13% protein. The average percentage

of oil for the stock seed ears was 4.04. Thus, in the 28th year of selectionall

of the 96 ears of the 4 strains trace back to 4 ears of the original Burr’s
White.

Even though the ear has been used as the unit of selection and thehis-

tory of the strains traced through the female side only, the reduction of the
ancestry to a single ear for each strain indicates that thestrains at the present
date are likely to be more nearly homozygousthan wastheoriginal material

from which they came. Further evidence that the strains are more homo-

zygous than open-pollinated varieties is furnished by selfing the strains. It

has been shownatthis station that uponselfing, a condition of uniformityis
reached more quickly than with open-pollinated varieties. Although thein-

dividual inbred lines coming from any oneofthestrains differ among them-

selves in composition, they are alwayssignificantly different from any of the

inbreds coming from the otherstrains.

That there is still some heterozygosity left in the individual within the
strains is indicated by the fact that there is a reduction in vigor uponselfing.

East (2), in fitting curves to the data for the first 10 generationsofse-
lection, found that at first the curve was concave, showinggreat progress,
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later convex, showing that progress becameslower, andat last horizontal,in-

dicating that no more progress would result from selection. An inspection of

Fig. 1 and 2 presented here will show that, contrary to East’s results, there

has been considerable progress since the 10th generation forall of the strains

with the possible exception of the Illinois low protein. The Illinois high-oil

strain has shown greater progress since the 10th generation than it did

before.

It does not seem possible to predict a limit to the progress that selec-

tion will make in the Illinois high-oil and the Illinois high-protein strains by

the application of curves to the data at hand. Apparently the low-protein

strain has made butlittle change in the last 20 years. If the average protein

content for the years beginning with 1902 be compared with the protein

content of ear 106, to which the strain nowtraces, nosignificant difference

appears.
The low-oil strain is approaching a physiological limit. The greater per-

centage ofthe oil in a grain of corn is contained in the germ (9). Hence, in

selection for low-oil content the size of the germ has been decreased both ab-

solutely and relatively in comparison with thesize of the endosperm. In the

ear containing the lowest percentageofoil on record, namely, 0.69%, 80% of

the grains were germless. The necessity of using ears having grains that will

germinate naturally tends, therefore, to check the progress of selection, and

eventually maystop it altogether.

EFFECT OF SELECTION UPON VARIABILITY

It seems to be accepted by most biologists that selection for a given

character in a cross-fertilized crop like corn leads to a lowervariability. That

this reduction in variability may have its limits is brought out by Davenport

(1) whenhestatesthatselection in a cross-fertilized crop such as corn simply

shifts the type but does not appreciably changethe variability unless a phys-

iological limit is reached. As evidence for this belief, he cites Karl Pearson as

stating that 10 to 13% reduction in variability obtained by the selection of

two parents is almost the limit that can be reached,evenif the complete an-

cestry had been selected. Davenport also uses the first 8 years’ data on the

Illinois “chemical” strains of corn, employing the coefficient of variation as

a measure of variability, and states that there is no significant change in

variability. It is of interest to see how the matter standsafterthe results of

20 more years of continued selection have been secured.

Variability Measured by the Coefficient of Variation

Protein

The effect of selection upon the variability in protein content as meas-

ured by the coefficient of variation from the beginning of the experiment

through the 28 years of selection can be seenin Fig. 3. Although the yearly

variations as measured by this coefficient are rather large, there are decided

trends that run in directions opposite to the line of selection. As selection
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Figure 3. Yearly variations in protein content of corn andtheir straight-line trends
as measured bythe coefficient of variation.

 

leads to a low mean,thevariability increases, and vice versa. As measured by
the best fitting lines, the variability has increased 14.05% in the low-protein
strain over that at the beginning and decreased 4.83% in the high-protein
strain.

Oil

Similar results have been obtained for the oil content; only here the di-
vergence is more marked. The variability, according to the coefficient of
variability, has increased 69.84% for the low-oil strain and decreased 23.21%
for the high-oil strain. (Fig. 4.)

le~

  

 
   

Figure 4. Yearly variations in the oil content of corn andtheir straight-line trends
as measured bythecoefficient of variation.
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It appears from these results that selection can change variability, as

measured by the coefficient of variation, more than 13% and that the varia-

bility may either increase or decrease, depending upon the magnitude of the

mean. Although the coefficient of variation has been the most commonly

used means of comparingvariability when different types of variation are in-

volved in the comparison,it is recognized to have decidedlimitations. Pearl

(12) states that, ‘‘. . . the coefficient of variation has never been an entirely

satisfactory constant to biologists, at least,’ and also that (11, p. 275) “one

should always rememberthat this constant simply measures the degree of

scatter of the distribution in relation to the mean value of the thing vary-

ing.” Such a relation may have a real and significant meaning but sometimes

it does not have, for reasons inherentin the nature of the facts themselves.

Variability Measured by the Standard Deviation

The standard deviation has usually been accepted as the standard

method of measuring in absolute terms the degree of variability. It has the

advantage that it is a constant of the mathematical formula for the curve of

variation representing the distribution of a population.

Protein

The variability for protein contentin the Illinois high-protein and Illi-

nois low-protein strains, as measured by the standard deviation (Fig. 5),

shows trends opposite to those obtained whenthe coefficientofvariation1s

used to measure the variation. Although showing considerable yearly fluctu-

.
479
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Figure 5. Yearly variations in protein content of corn and their straight-line trends

as measured by the standard deviation, 1896-1924.
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Figure 6. Yearly variations in oil content of corn and their straight-line trends as

measured by the standard deviation, 1896-1924.

ation, the variability tends to move in the samedirection as the mean; e. ge,

the high-protein strain is more variable than the low-protein strain for pro-

tein content. During the course of the experiments anincrease in variability,

according to this index, of 32.97% for the high-protein strain and a decrease

of 14.71% for the low-protein strain have been obtained.

Oil

The variability measured by the standard deviation for the oil content

showssimilar results (Fig. 6). Here also the variability is greater in the strain

having the higher content. An increase in variability of 50.95% in the high-
oil strain and a decrease of 36.44% in the low-oil have been obtained. Again,
the greater divergence in variability occurs between theoilstrains.

When the standard deviation is used as a measureofvariability, greater

changes are exhibited than whenthecoefficient of variation is employed ex-

cept for the low-oil strain. However, the standard deviation has its limita-

tions also. It can not be used to comparevariability except wherelike things
are measuredin like units.

Variability Measured by the Weinberg Formula

Weinberg (14) has recently proposed a method for measuringvariation

which is free from most of the limitations of the coefficient of variation and
standard deviation. Thecoefficient W =

0 (My — Mo)”
 

[(Ma — Mo) (Mn — Ma)] #

when Mpis the highest value in the distribution, Mo is the lowest value in

the distribution, Mgis the mean value ofall variants.
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Table 1. Comparison ofcoefficient of variation with Weinberg’s formula for meas-
uring variation.

 

 

 

 

  

Example 1 Example 2

Class f Class f
1 1l

2 1 12 1
3 1 13 1
4 1 14 1
5 1 15 1
6 1 16 1
7 1 17 1
8 1 18 1
9 1 19 1

Mean=5 Mean=15

CRcsin SR rhe= Ol. 0 « Vill. 0

W.=1.83 W.=1.83  
The denominator of the formula measures roughly the skewness of the

variability curve, while the second term in the numerator measuresthe range,

The greater the skewness or the widerthe range, or both, the greater thevari-

ability. The coefficient thus obtained is not affected by the magnitude of

the meanasis the coefficient of variation, noris it limited by unlike material

or unlike units of measure as is the standard deviation. Like the coefficient
of variation, however, it expresses variation as an abstract figure.

In Table 1 Weinberg’s method is compared with the coefficient of varia-
tion for measuring variation by means of two examples. In example 1 the

mean is 5, the standard deviation, 2.582, and the coefficient of variation is

51.64%. By the Weinberg methodthevariation is 1.83. In example 2 each
class is 10 units higher. The mean is 15, the standard deviation is the same as

in example 1, but the coefficient of variation is 17.21%. Variation, as ex-

pressed by Weinberg’s formula, is the same as in example 1. It is believed

that for comparative purposes the Weinberg formula gives a better concep-

tion of variability than does the coefficient of variation.

Protein

The effect of selection upon variability for protein content, as meas-

ured by the Weinberg formula (Fig. 7), is similar to the results obtained
when the standard deviation is used in that variability increases as selection
leads to a high mean and decreasesas selection leads to alow mean. Thein-

crease in variability for the high-protein strain was 25.49%. However, the de-
crease in variability for the low-protein strain was only 3.94%.

Oil

Similar results were obtained for variability in oil content of the oil

strains. (Fig. 8.) The increase in the high-oil strain was 23.97% and the de-
crease in the low-oil strain was 30.18%. Again, the divergencein variability
is greater between theoil strains than between the protein strains.
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Figure 7. Yearly variations in protein content of corn and their straight-line trends
as measured by Weinberg’s formula, 1896-1924.
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Figure 8. Yearly variations in oil content of corn and their straight-line trends as

measured by Weinberg’s formula, 1896-1924,

Variability Measured by the Modal Class

Since the type of the population is represented by the modal class,it is

of interest to know what proportion of the population resides within the

modal class as selection continues.

A graphical representation of the modal classes in respect to composi-

tion for the four different strains taken at periodic intervalsis seen in Fig.9.
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Figure 9. Graphic presentation of the modalclasses with respect to the percentage
composition of Illinois high and low oil, and high and low protein corn,at periodic

intervals between 1896 and 1924,

The blocks representthe relative proportion of the population residing in the

modal class for the respective years. Although there is considerable fluctua-

tion, it can be seen that the trend is downwardfor the high-oil and the high-

protein strains, 1. e., as selection leads toward a higher mean fewer and fewer

individuals of the population reside within the modal class. In the low-oil

strain there is a decided trend upward. The trend in the low-proteinstrainis

slightly upward. Hence, selection for a low meanincreases the percentage of

individuals lying in the modal class.

The percentage of the population in the modal class may be taken as a
rough measure of the uniformity, and, correspondingly, the percentage out-

side of the modal class as an expression of variability. In general, the greater

the percentage of the population lying in the modal class the less the varia-

bility, and vice versa. This variability may be expressed in the form ofa ratio

100-Y
Y

The smaller Y is the greater the ratio; hence, the greater the variability.

Variability may also be expressed by the inverted straight-line trend for

the modal classes. For the purposes of this work such trends were deter-

 where Y is the percentage of the population lying in the modal class.

mined by the use of the formulas oe = Xo and7= Xq when Yo
O

is the origin and Yq the destination of the best fitting straight line for the

modal classes, and Xo and Xqare the origin and destination, respectively,

for the lines to be determined. The quotient thus obtained may becalled the
extramodal coefficient because it takes into account the population outside

the modal class. The trends thus obtained (Figs. 10, 11, 12, 13) indicate that

variability becomes less as a low mean is approached andgreater as a high

mean is approached. The method is empirical and therefore has the limita-
tions that most empirical formulashave.
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Figure 10. Comparison of four different measures of variation for protein content
of Illinois high-protein corn as expressed by the best fitting straight lines; the
broken line showsthe trend of the mean protein content.
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Figure 11. Comparison of four different measures of variation for protein content
of Illinois low protein corn as expressed by the best fitting straight lines; the

broken line showsthe trend of the mean protein content.
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Figure 12. Comparison of four different measures of variation for oil content of
Illinois high-oil corn as expressed by thebest fitting lines; the broken line shows
the trend of the mean oil content.
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Figure 13. Comparison of four different measures of variation for oil content of
Illinois low-oil corn as expressed by the best fitting straight lines; the broken line

showsthe trend of the mean oil content.
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Table 2. Comparison of change in variability for chemical composition in four
Illinois strains of corn as determined by the best fitting lines for four different
measures ofvariability; 1896 and 1924.
 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

         

Year Percent-

age of ine

Strain Method used to measure variability Ch)oror

1896 1024 |d
(-)

{
[Soeticient,of variation 10 03 9. oA ‘:=f5

! eviati L. 87
High protein..........- Weinbere’s formula. 95] Li9| +25.26

Extramodalcoefficient . 3. 79 6. 37 Tit 07

[Standarddeviation Ot tse| sesseviati . _
Low protein............ ) Weinberg’s formula 89 . 86 —3. 37

Extramodal coefficient 4.19 3. 14 —25. 06

Standarddeviation 31 “al yaaeean eviation . .
High oil Weinberg’s formula "59| 273 +2 73

Extramodal coefficient 4.09 6.02 22, 74
Coefficient of variation 8 50| 14.44 +69. 88

Lowoll Standard deviation 3 23 —3& 24
Weinberg’s formula. . 56 a!) —30. 36
Extramodal coeflicient. 3. 68 1. 50 —50. 24

4 These figures differ slightly from those in the text. Tne figures in the text were based on four figures
after the decimal.

COMPARISON OF THE DIFFERENT MEASURESOF VARIABILITY

A comparison of the four different measures of variability discussed

above for each of the fourstrains is shown in Figs. 10, 11, 12, and 13. The

standard deviation and the coefficient obtained by the Weinberg method are

multiplied by 10 so that they may be plotted on a commonscale with the
other measures. It is to be noted thatin all cases variability progresses in the
same direction as the mean when measuredbythe standard deviation, Wein-

berg formula, and the extramodal coefficient. If variability is expressed as a

percentage of the mean it decreases as the meanincreases, and vice versa. Of

the four strains, the low protein shows on an average the least change in

variability (Table 2).

RELATIVE VARIABILITY IN PROTEIN AND OIL

The protein strains show greater variability than do the oil strains

(Tables 3 to 6), thus suggesting that the former maybe affected to a greater
extent by the environment, Hopkinsstates (8, p. 239) “the fat content of
corn is even moresusceptible to the influence of seed selection than is the

protein content, doubtless due to the fact that the primary materials from

which fat is manufactured, namely, carbon dioxide and water, are usually

furnished to the plant in unlimited supply, while the formation of proteinis

essentially dependent upon the supply of available nitrogen in the soil.”

Variability is usually augmented when the living material under study 1s

grown at a minimum or maximumrather than at the optimum condition.
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Table 3. Average protein content and its percentage variability in Illinois high-
protein strain corn, 1896-1924, as measured by different methods, together with
extremevariates.
 

 

 

 

         

Average Coeffi- bilinyb Popula-: Ears ie Standard| «+ y OY) Lowest Highest tion in
Year analyzed Protein deviation cient of Wein- variate variate modal

y content variation! berg’s class
formula

Number Per cent Per cent Per cent
1896....2-....2..----2. 163 210. 93 21.04 29. 50 0. 881 8.3 13.9 20. 9
1897... 112 10. 99 1.16 10. 90 1. 008 8.3 13.6 |...-...--.
1898_.2.2-2-2lk 252 10. 98 1. 22 11.15 . 912 7.7 14.9 Joi
1899.22... 216 11. 62 1, 28 11.00 1,012 8.4 Ce.
1900...22-22 216 12. 62 1.02 8. 09 . 795 9.3 15.7 19.4
1901.22. 114 13. 78 1,17 8. 48 1. 103 11.5 16.0 }_.-..--...
1902_.2222 90 12. 90 1.10 8. 50 . 965 9.5 15.0 J...2Lee
1903...2.222228 100 13. 61 1. 36 10. 04 . 925 8.5 17.3 |-.-22.28.
1904...ee 100 15. 03 1. 36 9. 05 1. 040 10. 6 17.8 Jo... 22 eee
1905.2... 119 14. 73 1. 26 8. 55 . 998 10.8 17.4 21.0
1906...2...-2222k 120 14. 26 1.31 9. 19 . 978 10.5 17.7 jot... eee ee
1907.2.2222-222 120 13. 90 1.49 10. 72 1.119 10.3 17.4 |e-ee
1908.2... 119 13. 94 1. 66 11. 91 1. 193 9.4 Ar 2
1909.22.22. 120 13, 29 1. 43 10. 76 1. 076 9, 2 2
:t:)() 120 14. 87 1. 44 9. 68 1. 109 11,2 18.0 15.8
WM 120 13. 79 1.79 12. 98 1. 344 10.3 A2
1912 120 14. 49 1.13 7. 80 . 854 10.3 17.5 Jo...eee
1)5 120 14. 83 1. 22 8. 23 . 965 11.6 18.0 Jo... . 2 lle
1914.22.22el 120 15. 04 1, 42 9. 44 1. 148 11.5 17.8 Jo... 2eee
Dt)Fs 120 14. 54 1, 47 10. 19 1. 076 10.7 18, 2 15.0
1916 120 15. 66 1. 34 8. 56 1, 047 12.7 a
1917_2.2 120 14. 45 1. 85 12. 80 1.277 10. 2 3
1918_.2. 120 15. 49 1. 36 8.78 1. 022 11.8 18.9 j..-..-....
1919.22 120 14. 70 1. 55 10. 54 1, 201 11.1 17.8

eeecncceeenenue 120 14. 01 1. 79 12. 78 1, 287 9.5 17.4 11.7
1921.22.02 120 16. 66 1. 84 11. 04 1. 441 9.4 18.8 J....-2222e
1922_..2222 2-2eee 120 | 17. 34 1.24 7.15 . 890, 12.6 20.6 foe.
1923......---2.28 120 16. 53 1. 41 8. 50 1.116 13. 1 19.7 Jo... ell
1924...ee 120 16. 60 1.19 7.17 1.120 14. 6 19. 2 16.7
 

2 Data for the years 1896-1903 are taken from Davenport’s Principles of Breeding (J, p. 446) means and
standard deviations for the remaining years are calculated by the nongrouping method.

Table 4. Average protein content and its percentage variability in Illinois low-
protein strain corn, 1896-1924, as measured by different methods, together with
extremevariates.
 

 

 

 

 
 

 
 

Average Coeffi bilityby Lo | Highest Popula-Ears =~ Standard| , : west ghest tion in
Year a rotein ree cient of Wein-
ea analyzed aeatent deviation variation| berg’s variate variate modal

formula

Number Per cent Per cent Per cent
1896__....-...-...-..- 163 210.93 41,04 429, 50 0. 881 8.3 13.9 20. 9
1897_........--...... 10. 63 - 90 8. 47 . 759 8.2 14.0 J.....2eek
1898_........-...--..- 126 10. 49 1, 32 12, 61 1. 089 7.5 13.4 |..-..- 2...
1899_.........-....--- 144 9. 59 1,01 10. 50 . 802 6.7 13.1 {.---.-...-
1900_.....-.--....-... 1 9. 13 1,04 11. 34 . 937 71 12.3 19. 4
1901__......--....-.-. 126 9. 63 1.10 11. 47 . 975 7.6 ia
1902_............-.--. 90 7. 86 75 9. 60 . 829 6.4 9.7 |.-.....--.
1903_......-20.------- 100 8. 00 . 83 10. 41 862 6. 4 10.2 [..-...--..
1904_...2-.--222-22. 100 8.17 81 9. 91 773 6.1 10.5 J.....-..-.
1905 120 8. 58 85 9. 91 . 753 6.6 12.1 20. 0
1906. .....--.-222 120 8. 65 .92 10. 64 . 6.7 10.9 |----- 2228.
1907....--....-----..- 120 7, 32 92 12, 57 1 5.8 10.5 boillle
1908........----.222.e 120 8. 96 1. 26 14. 06 1,117 6.3 11.4 [elle
1909......-...-.------ 120 7. 48 94 12, 57 842 5.5 10.8 J..-..-..-.
1910...-.-2ete 120 8. 26 10, 41 827 6.5 11.0 21.7
1911_.....-..2..--22-e 120 7.90 1.17 14. 81 1. 005 5.9 12,1 [.---.22e ee
1912 120 8, 23 82 9. 96 8. 860 6.8 10.8 J...--..---
1913_.....-...-.-222-- 120 7.71 95 12, 32 861 5.7 10.8 |..-.....-.
1914.22.222ee 120 7. 67 -95 12. 39 . 890 5.9 10.8 j......---.
1915 120 7.27 85 11. 69 854 5.7 9.9 27.5
1916 120 8. 68 1. 03 11. 86 994 6.6 10.9 J...-.--...
1917..-...---.---eee 120 7. 09 | 10. 01 . 233 5.6 9.6 |.-.-.--.-.
1918 120 7.13 75 10, 52 . 894 5.9 8.8 je
1919 120 6. 46 . 52 8.05 . 629 5.4 8.3 J... 2Le

p.|ne 120 7. 54 89 11. 80 6.0 10. 5 22. 5
1921...2-2.ee 120 9.14 1, 35 14. 77 1.074 6. 6 13.4 |...ee
1922. _._.......------- 120 7. 42 70 9. 43 0774 6.1 9.6 {.-..-...--
923..-..---2--eee 120 6. 48 . 1. . 708 5.0 9.4 J.......22e
1924 120 8. 38 1.17 13. 96 . 998 6.1 11.8 20. 0         

° Data for the years 1896, 1898, 1899, 1900, 1901, 1902, and 1903 are taken from Davenport’s Principles of
Breeding (/, p. 446); means and standard deviations for the remaining years are calculated by the non-
grouping method.
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Table 5. Average oil content andits percentage variability in Illinois high-oil strain
corn, 1896-1924, as measured by different methods, together with extreme vari-

 

ates.

‘Varia- Poee pula-
Year Ears Average Standard Goch bilityby Lowest

|

Highest

|

tion in
analyzed content deviation variation| berg’s variate

|

variate modal

formula

Number |Per cent Per cent Per cent
1896....-22k 163 e 4.68 «0. 41 * 8.83 0. 585 3.9 6.0 19. 6
1897.2 80 4.79 38 7. 87 . 543 3. 6 5.7 |onncnncene
1898...222222. 216 5.10 . 48 9. 33 - 615 4.1 6.7 |..---.....
1899...222 108 5. 65 42 7.47 . 582 4.3 6.6 |-.....-.-.
1900.....---.--2.22. 108 6.10 44 7. 26 . 27 4.6 7.4 23. 11901....2-2-22k. 126 6. 24 45 7. 26 . 621 4.9 71 jee ce eeeee
1902..........-.------ 90 6. 25 - 50 8. 06 - 680 5.0 7.2 |.nceccee
1903......--.--....... 100 6. 51 - 46 7. 07 . 608 5.5 A
1904...ke 101 711 . 61 8. 61 . 792 6.0 8.4 |...elle
1905_..-..-222..22222.- 120 7. 30 49 6. 70 . 651 6.3 8.6 14.2
1906........0----..-.. 120 7. 38 - 40 5. 46 . 594 6.6 i
1007...wl 120 7. 43 61 6. S2 . 522 6.2 ii
1908...2222--le 120 7.21 53 7. 36 . 658 5.9 8&5 foele1909...2.22.22tke 120 7. 05 47 6. 62 - 80 5.8 a

D

|)|| 120 7.72 57 7. 36 718 6&5 9.0 19.2
Wl.| 120 7. §2 . 69 9. 20 . 763 5.9 i
1912.2 120 7.71 . 50 6. 49 .778 6.5 i
1913.22.22.22 120 8.16 . 62 7. 63 . 700 6.4 Oe
1914.22.22 2el 120 8. 30 . 68 8. 23 . 668 5.8 10.1 je...eel
1915.22.22le 120 8. 47 . 49 5.77 . 576 6.9 9.8 15.01916... 120 8. 51 49 5. 80 . 592 7.2 10.0 ji...
1937.22.22... -28. 120 8. 52 . 58 6. 78 . 762 7.2 9.7
1918.22.22--22 120 9. 36 53 5. 67 . 674 8.0 10.5
1919.22.el 120 9. 06 -& 9. 25 . 961 7.3 10.4
1920.2... 20-2202.le 120 9. 28 52 5. 57 - 619 7.8 10.6 17.81021-22 120 9. 94 - 66 6. 64 729 8.4 1L7
1922.22.22. 120 9. 86 . 64 5. 48 . 674 8.7 11.3
1923... ..2.2--222.-2 22... 120 10. 08 . 65 6. 45 . 695 8.3 11.8
19024.....2..22 120 9. 86 - 61 6.19 - 676 8.4 11.7 18.3

? Data for the years 1896-1903 are taken from Davenport’s principles of breeding (1, p. 446); means and

 

               
standard deviations for the remaining years are calculated by the nongrouping method.

Table 6. Average oil content andits percentage variability in Illinois low-oil strain
corn, 1896-1924, as measured by different methods, together with extremevari-

 

 

 

 

ates.

Varia-
. Ir Popula-Year Ears Average Standard Goo bilityby Lowest

|

Highest

|

tion in
analyzed content deviation variation| berg’s variate

|

variate modal

formula

Number

|

Per cent Per cent Per cent1896. ....-..22--22-88 163 a 4.68 29.41 a 8.83 0. 585 3.9 6.01897.22.22- 50 4.10 29 7.10 - 510 3. 4 4.7 |...le1898...22.22ee 108 3. 59 »32 8.13 - 689 3.2 4.8 Jocel1899. ..-.2-22 144 3. 85 32 8. 42 - 484 2.8 4.6 |...22k1900....-.--..---28. 144 3. 57 36 10. 13 - 522 2.6 4.5 24.41901_.2.--.22 126 3. 45 26 7. 59 - 456 2.8 4.1 feet1902....-..--.2-2 90 3.00 32 10. 83 . 492 2.1 8.8 |...2228.1903... 90 2. 99 23 7. 83 441 2. § i1004....2.222222 100 2. 89 - 46 15. 91 . 920 2. 4 3.4 fo. 221005.22.22.ee 119 2. 58 -3l 11. 86 - 502 1.8 3.1 30.31906....--..--2-2-2 120 2. 67 30 11.35 - 443 1.6 Ke1907.....22-2-2222 120 2. 60 2A 9. 04 - 466 2.2 xi i1908..2.....-----2 120 2. 39 27 11.09 - 507 1.8 2.9 |...eelke1909.22.22. 120 2. 24 23 10. 40 - 402 1.4 2.8 |..-----.2.1910.2.-..-.2---2 120 2. 21 20 9. 05 . 084 1.6 2.7 30. 01911.22.22. 120 2. 06 23 11.02 - 398 1.4 2.7 |------ecee1912... 22-22( 120 2. 19 22 10. 05 . 386 1.3 2.7 |.-------ee1913 120 1.91 24 12. 30 . 451 1.3 a1914.22.22. 22. 120 1. 98 - 26 13. 33 - 446 1.3 2.7 |.-------ee1915... 120 2. 07 . 25 11.93 - 410 1.4 3. 1 35.61916_--2.22222. 120 2.07 . 50 24. 30 - 828 1.3 4.7 |e.celle1917.22.22. 120 2.10 . 24 11. 38 - 474 1.7 2.8 |....---.281918_-. 2.22le 120 1. 88 32 16. 86 - 489 1.2 Be|1919...2222le 120 1.77 21 11. 92 394 1.3 2.5 |-neeee1920....222-222le. 120 1.80 21 13.83 . 323 1.0 2. 4 37.51921__...-222 120 1,71 15 8.77 - 264 1.0 2.3 |_.---.----1922.....--2-22. 120 1.68 19 11. 55 347 9 2.2 |--------e-1923..-.2-2 120 1. 58 . 24 15. 19 - 480 1.1 21 joeeeee1924...2.2le 120 1.51 . 22 14. 57 . 387 .9 2.2 38.3         
4 Data for the years 1896, 1898 1899, 1900, 1901, 1902, and 1903 are taken

Breeding (1, p. 446); means and
grouping method.

from Davenport’s Principles of
standard deviations for the remaining years are calculated by the non-
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SYMMETRY OF DISTRIBUTION

A numberofotherstatistical expressions have been proposed intended

to describe the nature of a population with respect to its distribution. Cer-

tain of these expressionsare of interest in connection with the present study.

An important item of information in regard to a distribution is whether the
variates are symmetrically distributed with reference to the mean or whether
there is a bunching ofvariates on oneside of the mean anda longtailing out

of the variates on the otherside; i. e., to know the amount of skewness.

Another item that should be knownis whetherthe variates are densely

grouped at the mean, giving a high peak to the frequency polygon, or

whether the distribution is rather flat in the middle and contracted at the
ends, or whether the distribution of the variates is intermediate between
these two conditions; i. e., to know the amountof kurtosis. A normal distri-

bution is said to be mesokurtic, a peaked curve leptokurtic, and a flat curve
platykurtic.

The mean, median, mode,standard deviation, coefficient of variation,
variation by Weinberg’s formula, skewness, and kurtosis are given in Table 7
for each of the four strains taken at periodic intervals. The median, mode,
skewness, and kurtosis were calculated on the basis of percentiles.’ Kelley
(10, p. 58—62, 75—77) states that ‘“‘this method of determining curve types,
although in general not as accurate as the longer method of Pearson, can be

used where the populationsare large and the standard errors are small.”” The

variates of the high-oil and the low-oil strains appear to be fairly symmetri-

cally distributed with reference to the mean. In nocaseis skewnesssignifi-

cantly different from zero. In 5 of the 7 years studied the medianis greater

than the meanin the high-oil strain. In the low-oil strain the median is lower

than the mean in 4 of the 7 years. The differencesin all cases are very small.

The distributions for the low-protein strain are negatively skewed,i. e.,

tail out on the high side for each of the years studied except 1896. Although

the skewnessis muchgreater than in the case of theoil strains, in no instance
is skewnesssignificantly different from zero. Likewise, the distributions for

the high-protein strain show greater skewness than do the distributions for
the oil strains, but in no case is the skewness significantly different from
zero.

1 Mode = Mean — 3.03 (mean — median); Skewness = P_59 — %D (S.D. of Sk = 0.55914
D/N”, D = P50 — P.10); Kurtosis = Q/D (Q = quartile deviation, S.D. of Ku =
0.27779/N%). To determine the class in which the pN + % measurelies, let fp = the fre-
quency in this class, ip = the interval or range covered by this class, Fp = the sum of the

frequencies in all classes below this class, vp = the value of the lower boundary of this
class, N = the total population, Pp = percentile (the value of which is to be calculated),
p = proportion of classes having values smaller than Pp. Then:

Pp = Vp + [(pN — Fp)/fp] ip.
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Table 7. Measurements of central or average tendencies, and of dispersions for dis-
tributions of the variates of four Illinois strains of corn taken at periodic intervals.

HIGH-PROTEIN STRAIN
 

 

          
 

        
 

    
 

Varia-

Num- Stand- Coem-| bility
y berof Me- ardde-| cient ,0Y b cear ears Mean di Mode viati f Wein- Skewness Kurtosis

ane " tion© [riation «| bere’s
lyzed for-

mula

1896. .... ] 10.96 11.04] 11.18 1.04 9. 60 0.88 +0. 1082-0. 0874 —0. 0008-0. 0147
1900. ..... 216 12.69; 12.64; 12.55 1.02 8. 09 .80 —.138124 .0704 +.0101+% .0127

owceee 119 1477 14.94] 15.29 1.26 8. 55 1.00 +.3097 .2312 —.03204 .0172
1910..... 14. 93 15.08 15.37 1.44 9. 68 lil +. 21594 .1313 +. 02294: .0171
1916-2... 1 14.55 1467 14. 92 1.47 10. 19 1.08 +.2447+ .1426 +.01062 .0171

a-neeee 120 14.04] 13.92} 13.67 1.79 12. 78 1.29 —, 28854- .1775 +. 0206+ .0171
1924._.... 120 16.68 16.65] 16.58 1.19 7.17 1.12 —.1027+ .1237 —.0065+ .0171

LOW-PROTEIN STRAIN

1896...J 163{| 10.96] 11.04] 11.18] 1.04] 9.50] 0.88 +0. 1082--0.0874 +0. 0008+-0. 0147
1900.--..] 144] 9.19] 9.07] 883] 1.04] 11.34 94 —. 2044 .0922 +.0043-+ .0156
1905_.... 4 120] 864, 8.48] 8.15 .85 9.91 .75 —.17724: .0046 +. 0398: .0171
1910... 120| 832] 8.24] 808] .86] 10.41 .83 —.1443 .0870 —.0085+ .0171
1915_..... 120 7. 30 7.16 6. 85 .85 11.69 .85 —. 21824: .0775 +. 00182 .0171
1920. ....- 120 7. 60 7. 60 7. 29 89 11.80 .89 —. 1543+ .0835 +.00614 .0171

1924_.....) 120 8. 44 8.34 8.14 1.17 13.96 1.00 —. 18654 .1049 —. 0060+ .0171

HIGH-OIL STRAIN

1896. ..... 163 474 4. 83 5.00 0. 41 8. 83 0. 59 +0. 0323-0. 0391 —0. 0368=-0. 0147
1900. ...-. 108 6.15 6. 20 6.31 44 7. 26 53 +. 06544 . 0653 —, 00514: .0180
1905. ..... 120 7.35 7.34 7.32 49 6.70 .65 —.0053+ .0519 + 03302 0171
1910. _.... 120 7. 78 7.72 7. 60 . 67 7. 36 ~72| —.1000+ .0507 —.0274+ .0171
1015__.... 120 8. 52 8. 58 8. 69 . 49 §.77 68 +.1008+ .0574 +. 0014-++ .0171
1920. ..... 120 9.34 9.35 9.38 . 62 5. 57 .62 +.0850+ .0491 —.0192+ .0171
1024. -.... 120 9.92 10.00] 10.17 .61 6.19 .68 +.01172: .0726 —. 03014 .0171

LOW-OIL STRAIN

1896...... 163 4.74] 483] 5.00] 0.41| 883] 0.59 +0.0323+0.0391 —0. 0368-0. 0147
1900. ..... 144] 3.63] 3.61 3.56 .36 10.13 .52 —.0565+ .0304 +.0007+ .0153

jb- 119 2. 64 2. 62 2. 58 .3l 11. 86 -50} —.0197+ .0262; +. 0250-5 0172
1910...... 120 2. 26 2. 27 2. 29 . 20 9. 05 .38 -+.0260+ .0241 +, 0171+ ‘0171
1915.22... 120 2.13 2.12 2.12 .25 11.93 . 41 =, 01772 .0209 +.0155+% .0171
1920. ..... 120 1. 84 1, 86 1.89 .2i 11. 83 .382 ++.02574 .0227 —. 02684 .0171
1924._..| 120 1, 56 1. 54 1. 52 ~22 14.57 .39 —.0130+ .0240 —. 0822+ .0171         
4 Taken from Tables 3, 4, 5, and 6.
: A positive sign (+) indicates that the distribution tails out on the low side.; a negative sign (—) indi-

cates the reverse.
¢ Data reported equals Ku. less 0.26315. If sign is positive (+-) curve is platykurtic; if sign is negative

(—) curve is leptokurtic.

The four strains show but little deviation from a mesokurtic curve.

The small deviations from the normal probability curve are as frequent in the

direction of a leptokurtic curve as of a platykurtic curve.

A study of the extremevariates of the different strains for the period of

selection (Fig. 14) shows that in the high-oil strain the variates deviate as far
on the low side as they do on thehigh side. In the low-oil strain the de-

viation is slightly greater on the high side. However, the extremevariates in

the high-oil strain are about twice as far from the mean asthose in the low-

oil strain. The range in the low-oil strain is becoming less while that in the
high-oil strain is becominggreater.

The extreme variates in the low-protein strain are farther from the

meanin a positive direction than in a negative direction, while in the high-
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Figure 14. Comparison of the range between the lowest variate and the mean
(solid line), and the highest variate and the mean (broken line), for high-protein,
low-protein, high-oil, and low-oil Illinois corn as expressed by the bestfitting
straight lines.

protein strain the reverse is true. This means that the distribution tails out

toward the meanof the original nonselected material in both cases.

GENERAL DISCUSSION

If, as has been stated by many, the population with the greatest varia-

bility offers the greatest chance for improvementbyselection then it should

be possible to makestill greater progress in the Illinois high-protein andIIli-

nois high-oil strains in future years than has been madein the past because

the range of each was greater in 1924 than it was in 1896 (Fig. 15). Such a
conclusion would be rather questionable. As has beenstated, the strains now

appear to be more nearly homozygous than was the original material, and

our knowledge of genetics and the effects of selection would lead us to be-

lieve that they should be. Being more nearly homozygous, they should be

less variable genetically. The apparent increase in variability must then be

due either to the environment or to the methodsof measuringvariability.

Emerson (4, p. 30—31) in speakingof the variability in numberof rows
on an ear of corn says: “. . . It is more reasonable to suppose that an ear

which can vary in any oneofeight spikes will show a greater degree of fluc-

tuation than one which can vary only in any oneoffour spikes. Forthis rea-

son it is likely that strains with a high number of rows will never show the
low variability seen in strains with a low numberof rows.”’ One may reason

in like manneraboutvariability of the oil and of the protein contentfor the

different strains. The high strains are morevariable than the lowstrains be-

cause there is more material present for the environmentto interact with.

Supposing the germ ofthe high-oil strain to contain 600 cells and that of the
low oil to contain 300 cells, we might expect twice the effect on the high-oil
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Figure 15. Comparison of the ranges between the highest variate and the lowest
variate for high-protein, low-protein, high-oil, and low-oil Illinois corn as expressed
by the best fitting straight lines.

 
 

strain from environmental action as on the low oil under identical condi-

tions.

Zeleny (15, p. 15) states: “It is a common principle of embryology
that a changed condition does not act by accretion, i. e., by addition or sub-

traction of individual parts without affecting the rest. On the contrary, the

action is upon all of the preexisting parts of the organ.”’ This he calls the

theory of proportionate action. Zeleny,in the study of the effect of selec-

tion for eye facet numberin the white bar-eye race of Drosophila melano-

gaster, found that a race with 300 facets was affected ten times as much as a

race with only 30 facets by a 1C change in temperature. In order to measure

the variability of races with different facet numbershescaled his classes for

grouping so that each class range was a fixed percentage of the mean ofits

class. He used as a mid or zero point the mean of the original population

from which his selected material came. He (15, p. 15) goes on to explain

that “the standard deviation, as determined by this method,is expressed in

factorial units and serves directly as a coefficient of variation strictly com-

parable in all cases, regardless of the mean values of the different stocks that
may be compared.”’

Should such a method of measuring variability be applied to thedistri-
butions of the oil and protein strains in the present study, it can be readily

seen that the degree of deviation from the means would depend upon the
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value taken as a percentage of the meansofthe classes. The larger this figure
the smaller the deviation of the high strain as compared to the lowstrain.

Also, the farther the high strain is removed from the low strain the greater
will be its comparative reduction in variability. The factorial method of

measuring variability has not been used in an analysis of these data because
the method affords no manner of determining the figure to be used in ar-
riving at the class ranges with such data. Such a figure might be 10, 20,or

23%. Zeleny apparently uses such a figure as will give a normal distribution
for the populations studied. As has been shown,thedistributions for pro-

tein and for oil content thus far studied do not show significant deviation

from the normal curve.

Although it appears logical to attribute the increase in variation in the
high strains to the fact that there is more material for the environment to
interact with, it is impossible to prove it, because the variability due to the

environment can not be separated from thevariability due to the segregation

and recombination of factors. The complexity of the inheritance of protein

and oil content and the manner of conducting the selection work makeit en-
tirely impossible to analyze the four strains genetically. Others who have
studied the protein content of corn have also found it impossible to deter-

mine the genetic factors involved. East (3) lists a large numberof factors

other than genetic that may and probably do affect protein content,e. g.,

numberof seeds on theear, size of pericarp, lack of phosphorus, and de-

parture from optimum temperature and moistureat critical periods. In addi-

tion to these there may beconsidered the factors affecting size of germ,size
of endosperm,absorption of different amounts of food elements through the

roots and their translocation through the stalk and subsequent deposition

within the pericarp. The total protein content is made up chemically ofat
least four protein groups (13) each of which mayberepresentedbya single
or several genes in the germ plasm. Someof these factors may be dominant
and others recessive, or there may be any graduation of dominance. Hayes

(5) states: “Protein content is therefore inherited in much the same wayas
other characters which are dependent for their full expression on manydif-

ferent inherited factors of the plant and likewise upon environmental condi-
tions.’’ What has beensaid of the protein content may likewise be said of

the oil content.

SUMMARY

Twenty-eight years of continuousselection for protein and oil content

in corn has produced four types which are distinctly different in their com-

position. When compared withthe original nonselected material the high-

protein and the high-oil strains show a proportional increase of 50.01 and

109.79%, respectively. The low-protein and low-oil strains show a propor-

tionaldecrease of 23.26 and 67.87%, respectively.
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The high-protein and high-oil strains show no indications of having

reached a limit to furtherincreases.
The low-protein strain has changed butlittle during the last 20 years.

The low-oil strain is approaching a physiological limit to further de-

creases. Ears with extremely low oil content have a high percentage of germ-

less seeds.

The four different strains now trace back in their pedigrees to a single

ear each.

Variability has been shown to change considerably followingselection.

The degree of change in variability depends somewhat upon the method used

in measuringit.
Variability of oil or protein content appears to depend upon the magni-

tude of the meanofthe selected character.

Variability as measured by the coefficient of variation increases when

selection leads to a low mean,andviceversa.

Variability, as measured by the standard deviation, Weinberg’s formula,

and extramodal coefficient, increases whenselection leads to a high mean,

and vice versa.

The percentage of the population lying in the modal classes decreases

whenselection leads to a high mean,andviceversa.

The symmetry of thedistribution curve as determined bythe percentile

method for the four strains taken at periodic intervals is not significantly dif-

ferent from that of the normalvariability curve.
It is suggested that the apparent increase in variability of the high

strains may be dueto the fact that there is more material present for the en-

vironmentto interact with.
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