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The primary objective of the Crop Science Society of America is to

promote the public welfare by advancing research, extension, and teaching

of all basic and applied phases of the crop sciences. With the publication of

this book, the Society is taking anotherstep towardfulfilling this obligation

by making available in one compilation the results of 70 generations of

selection for oil and protein in maize. This ongoing project is uniqueinits

longevity, and publication of these results is timely because of increased

awareness of the importance of quality in food and feed crops. Hopefully,

the results reported here will provide both useful information and inspiration
to plant breeders and geneticists around the world.

Weare indebted to the University of Illinois and toall of the scientists
who have worked on the project over the years for carrying this work

through 70 generations of breeding. Weare particularly indebted to Dr.

John W. Dudley, the Editor and a contributing author, his coauthors, and

Drs. S. A. Eberhart and R. H. Moll whose objective reviews made important

contributions to this book.

February 1974 R. R. Davis, President

Crop Science Society of America
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Foreword

In 1896 at the Illinois Agricultural Experiment Station, C. G. Hopkins,

a chemist by training, began to select’for grain oil and protein percentagein

Burr’s White, an open-pollinated variety of corn. The experiment has con-

tinued at Illinois, with some modifications, through the perseverence of

L. H. Smith (1900 to 1921), C. M. Woodworth (1921 to 1951), and E. R.

Leng (1951 to 1965) until J. W. Dudley, R. J. Lambert, and D. E. Alexander
assumed responsibility in 1965. The long time span of this experiment in-

dicates an early and continued interest in the feeding quality of corn grain.

The experiment was conceived andinitiated before the rediscovery of

Gregor Mendel’s paper. There can be little doubt that Darwinism affected

the initiation of the experiment, although Hopkins, as far as can be ascer-

tained, did not mention the theory in his publications. He did cite the suc-

cess of selection in animals and in increasing sugar concentrationin the beet

as evidence that selection should be effective in modifying chemical com-

position of the corn kernel. However, the magnitude of the changes en-

countered during the experiment vastly exceed anything Hopkins must have
envisioned.

The extent of these changes over 70 generations andtheinterpretation

of their meaning are documented in the last chapter in this volume. How-

ever, a full appreciation of this classical experiment requires more than a

brief look at the final results. Thus, included in this volumeare key papers

showing the evolution of the experimentand the philosophy of someof the



researchers associated with it. The detailed data from each generation pro-

vided in the separate segments of this report will, hopefully, encourage

others to reevaluate the experiment and perhaps provide additional inter-

pretations.
In many of these papers, predictions of future progress in the experi-

ment have been made. It is remarkable that most of the predictions were

later refuted by further advancesin the direction of selection. However, this

experience does not deter us from predicting, as this experiment continues,

that the 140th generation will provide information as unexpected to usas

that of the 70th generation would have been to Hopkinsin 1896.

J. W. Dudley, Editor
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The photos show individual

and rowsof corn plants. This
breeding program, conducted

at the University ofIllinois,
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lection for oil and protein in
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individual corn plant is shown
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field is shown below.
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Improvementin the -
Chemical Composition z
of the Corn Kernel *

C.G. HOPKINS $

INTRODUCTION **

The manydifferent uses which are made of corn and the enormous

value of the crop to the United States in general, and to thestate of Illinois “So

in particular, may certainly be deemedsufficient reason for investigating the “eo

possibility of making improvements in the chemical composition of this im- "¢

portant grain. The nature of any desired improvementwill, of course, de-

pend upon the use whichis to be made of the crop produced. For example, 3
if corn is grown for the manufacture of starch, glucose-sugar, syrup, or alco- 3

hol, it is desirable that the grain contain a high percentage of carbohydrates,

and that the percentages of its other chief constituents, protein and fat, *
should be reduced as muchaspossible. If corn is to be used as feed for grow- Rs
ing animals or manufactured into corn flour for human food,a higher per- BS

centage of protein will certainly increase its value. If it:is to be used chiefly ¢%

for fattening stock, perhaps an increased percentage of fat would be an im- RS
provement. as

That the chemical composition of corn can be changed seems rea- %

sonably probable from the changes which have been produced in some.other

plants—notably in the sugarbeet. 2%

1
©, ©, ©, ©, ©, ©, ©, ©, 0. ©. ©, ©. ©. ©. ©. ©, ©, 0. 20. 2. 0. Os 2G. oO. Os Oe Oe Oe Ve 0% Mr o%,
GUOOOOU,OOOOOOOOOOOOUOUOUOCDUOUOUOUOUDUOUOUOUOUSUOUOUOUOUOUOUO09



2 HOPKINS

Preliminary Study

Before the work reported in this bulletin could be begun,it was neces-

sary to make a chemical study of the corn plant, and to devise methods for

conducting experiments with the object of improving the composition of the
grain. It is knownthat the mineral content of plants can be changed to some
extent by the addition to the soil of mineral materials in a form readily avail-

able to the plant, but that the temporary change thus effected would have

any appreciable hereditary tendency seems very unlikely. The method of

procedure which seemed most promising is based upon the common method

of making improvement in animals, namely, selecting the best examples of

the desired type and breeding successively and under the best conditions
from that stock, retaining from each generation only the highest types ob-
tained. This is practically the method by which the sugar content of certain

varieties of beets has been increased from less than 5% to 12% or even to

16%. A small portion of a beet is analyzed and,if it is found to besuffi-
ciently rich in sugar, the beet is then set out as a “mother,”or seed,beet.

From the seed produced beets are grown and anotherselection of seed beets

is made onthebasis of their sugar content. But the kernel of corn is not suf-

ficient in quantity to make a complete chemical analysis by any practical

method, and certainly the same kernel could not be used for analysis and

also for seed.

Early in the year 1896 the writer began a special study of the chemistry

of corn. Although,in the latter part of that year, all of the analytical records

of the work were destroyed by fire, some valuable knowledge of the subject

had been obtained. Among the important facts which the results obtained
indicated were: 1) that the ear of corn is approximately uniform throughout

in the chemical composition of its kernels, 2) that there is a wide variation in

the chemical composition of different ears of the same variety of corn.

That these conclusions are correct has been fully shown by some more

recent work of which the data have already been published in detail in Bulle-

tin No. 53, pages 150 to 157.

Plan of Experiments

The uniformity of the individual ear of corn makesit possible to deter-

mine very approximately the composition of the grain by analyzing a sample

consisting of a few rows of kernels. The remainder of the kernels on the ear

may then be planted if desired. The wide variation in composition between

different ears is a very important factor in the work ofselecting seed, as a

starting point is thus furnished in each of the several lines of desired im-

provement. The general plan of the experiments to improve the composition

of corn was to make analyses of samples from a large numberofears, select
for seed those ears which were found to contain a high percentage of a de-

sired constituent, plant in an isolated field (to avoid crossfertilization from

other corn), and grow the crop under as goodfield conditions as possible.
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From the crop obtained a large numberofears are selected, and samplesof
each ear are analyzed, seed being taken, as before, from those ears which are

found to be highest in the percentage of the constituent which it is desired

to increase. Each yearthis processis repeated.

While it may require 10 or 20 years’ work to enable one to form a very

definite opinion as to the extent to which it 1s possible to influence the

chemical composition of corn, it is believed that the data and results thus far

obtained maybeofpractical and scientific interest.

General Explanation

All work reported in this bulletin was done upon single variety of

corn, commonly knownas Burr’s White. It has been grownforseveral years

by this Station with precautions to keep the variety pure anddistinct.

The analytical methods employed have been described in detail in

Bulletins 43 and 53 of this Station. They are based upon the methodsofthe

Association of Official Agricultural Chemists.

By the term ash is meant the mineral matter which remainsafter the or-

ganic matteris burned.

Protein consists of the nitrogenous organic matter. It is the chief con-

stituent necessary to the growth andrepair of the animal body.

The fat is the material extracted from corn by ether. It is practically

pure corn oil.

The carbohydrates consist chiefly of starch, but include also the small

amounts of other allied substances found in corn, as sugar, fiber, and

pentosans.

Unless otherwise stated, all results are reported on the basis of dry

matter, or water-free substance.

For more complete explanations of technical terms, or information

concerning the uses of food constituents, the reader is referred to the appen-

dix to Bulletin No. 43.

SELECTION OF SEED CORN BY ANALYSIS

From the 1896 crop of Burr’s White corn grown upon the Experiment

Station farm, two bushels (163 ears) of good, sound ear corn suitable for

seed were taken. From each ear a sample consisting of three rows of kernels,

lengthwise of the ear, was taken for analysis. The data obtained from the

analysis of the 163 samples appear in Table 1.

Plans were made to carry on four separate experiments to change the

chemical composition of corn: 1) to increase the protein content, 2) to de-
crease the protein content, 3) to increase the fat content, 4) to decrease the

fat content. It is of course manifest that, if the percentages of protein and

and fat are increased, the percentage of carbohydrates is decreased, and vice

versa. From the lot of 163 ears, 4 different sets of seed corn were selected

on the basis of chemical composition.
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1. A set of 24 ears whose percentage of protein was comparatively
high.

2. A set of 12 ears each of which contained a low percentage of pro-
tein.

3. Aset of 24 ears high in fat content.
4. Aset of 12 ears low in fat content.

Table 1. Composition of corn from 163 differentears.
 
 

 

          

Corn . Carbo- Corn . Carbo-
No. Ash. Protein. Fat. hydrates.|| No. Ash. | Protein. Fat. hydrates.

76 1.70 10.05 4-77 83 48 131 1.47 10.49 4.86 83 18
977 1.45 10.42 5.24 82.89 132 1.55 II.13 4-55 82.77
78 1.55 11.00 4-90 82.55 133 1.39 11.13 4.10 83.38
79 1.62 10.89 4.88 82.61 134 1.30} 10.85 4.45 83.40
80 1.63 11.50 4.58 82.29 135 1.37] 11.29 4.53 82.81
81 1.47 113.49 4.26 82.78 136 1.59} 11.43 §.10/] 81.88
82 1.39 11.78 4.83 82.00 137 1.47 11.61 4.41 82.51
83 1.17 9.08 4.05 85.70 138 1.36 114.36 4.53 82.75
84 1.51 12.79 4.25 81.45 139 1.57 9.81 5.23 83.39
85 1.46 11.76 4.94 81.84 140 1.34 10.53 4.18 83.95
86 1.50 12.07 4.61 81.82 14I 1.45 12.42 4.51 81 62
87 1.59 12.40 4.74 81.27 142 1.37 9.31 4.82 84.50
88 1.35 9.34 4.84 84.47 143 1.29 11.33 4.49 82.89
89 1.61 10.71 4.70 82.98 144 1.42, 11.39 4.99 82.20
go 1.55 9.90 4.97 83.58 145 1.45 8.25 4.81 85.49
gI 1.56 10.68 4.91 82.85 146 1.47 11.29 4.83 82.41
92 1.46 12.96 3.97 81.61 147 1.26 12.21 4.49 82.04
93 1.48 11.80 4.80 81.92 148 1.54 11.94 4.74 81.78
04 1.74 11.89 4.55 81.82 149 1.36 11.29 4.08 83.27
95 1.55 10.49 5.5! 82.45 150 1.44 II.7I 4.03 82.82
96 1.60 Ir.10 4.38 82.92 151 1.40 9.31 4.96 84.33
97 1.59 | 11.84 4.96] 81.61 1§2 1.41 11.90 4.09 82.60
98 1.39] 10.23 5.51 82.87 153 1.35 12.5% 5.19 80.95
99 1.42 8.40 4.91 85.27 154 1.42 II.13 5.02 82.43
100 1.65 12.28 4.76 81.31 155 1.44 11.05 4.53 82.98
101 1.30 10.08 4.86 83.76 156 1.39 11.74 4.14 82.73
102 1.49 11.83 4.51 82.17 157 1.46 10.02 4.88 83.64
103 1.44 11.25 4.78 82.53 158 1.45 10.66 4.51 83.38
104 1.54 11.82 4.43 82.21 159 1.48 11.53 4.65 82.34
105 1.37 12.36 4.84 | 81.43 1€0 1.43 11.50 4.83 82.24
106 1.33 II.55 §.21 82.31 161 1.47 11.11 4.93 82.49
107 1.33 9.47 4.97 84.23 162 1.48 12.09 5.61 80.82
108 1.30 11.04 4.67 82.99 163 1.29 10.78 5.09 82.84
109 1.45 10.82 5.65 82.08 164 I. 30 9.36 4.34 85.00
110 1.60 12.81 5.21 80.38 165 1.47 10.50 4.75 83.28
111 1.31 10.76 4.13 83.80 166 1.65 11.29 3.84 83.22
112 1.26 10.48 4.54 83.72 167 1.37 9.58 4.72 84.33
113 1,10 9.30 4.38 85.22 168 1.49 10.94 4.34 83.23
114 1.33 9.12 4-10 85.45 169 I. II.79 4.22 82.39
115 1.29 10.41 4.17 84.13 170 1.36 11.06 4.39 83.19
116 1.10 8.38 4.88 85.64 171 1.44 11.18 5.75 81.63
117 1.42 9.95 4.23 84.40 172 1.45 12.28 3.99 82.28
118 1.44 11.40 5.02 82.14 173 1.39 10.14 4.35 84.12
I1g_ 1.55 12.38 4.62 81.45 174 1.30 10.19 5.22 83.29
120 1.39 9.97 4-42 84.22 175 1.40 12.68 5.29 80.63
121 1.36 10.09 4.82 83.73 176 1.37 9.86 4.73 84.04
122 1.36 10.31 5.25 83.08 177 1.48 13.06 4.93 80.53
123 1.34 9.68 4.01 84.97 178 1.37 10.93 4.76 82.94
124 1.44 11.87 4.61 82.08 179 1.32 11.87 5.03 81.78
125 1.34 10.73 4.53 83.40 180 1.39 11.27 4.55 82.79
126 1.49 13.87 5.72 78.92 181 1.47 9.66 4.21 84.66
127 1.43 11.53 4.32 82.73 182 1.37 10.97 3.94 83.72

(Continued)
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128

|

1.33

|

11.64

|

4.57

|

82.46 183

|

1.54

|

10.32

|

5.46

|

82.68

129

|

1.36

|

11.25

|

4.16

|

83.23 184

|

1.44 10.68

|

4.89

|

82.99

130 1.35 11.86

|

5.01 81.78 185 1.42 9.33 4.49

|

84.76

186 1.48 10.78 4.74 83.00 213 1.53 12.40 4.75 81.32

187 1.28 10.49 4-44 83.79 214 1.58 10,22 4.43 83.77

188 1.53 13.10 5.51 79.86 215 1.45 9.22 4.60 84.73

189 1.32 9.58 5.63

|

83.47 216 1.42 10.27 4.35 83.96

190 1.25 11.50 4.95 82.30 217 1.32 9.39 4.83 84.46

IQI 1.29 11.19 4.31 83.21 218 1.40 9.74

|

4.71 84.15

192 1.51 11.49 4.07 82.93 219 1.37 9.92

|

4.32 | 84.39

193 1,36 9.47 4.51 84.66 226 1.43 9.63

|

5.23 83.71

194 1.50 11.47 4.65

|

82.38 221 1.32 10.33 5.01 83.34

195 1.54 11.09 4.37 83.00 222 1.41 12.34 4.57 81.68

196 1.30 9.44 3.95 85.31 223 1.49 10.58 4.64 83.29

197 1.26 11.20 4.46 83.08 224 1.52 11.36 4.63 82.49

198 1.44 10.23 4.53 83.80 225 1.33 Qg.15 4.55 84.97

199

|

1.29

|

10.64

|

4.67

|

83.40 226

|

1.36

|

19.31

|

5.08} 83.25

200 1.39 10.13 4.84 83.64 227 1.46 12.63 5.15 80.76

201 1.38 9.64 5.22 83.76 228 1.41 12.16 4.12 82.31

202 1.39 11,26 4.96

|

82.39 229 1.36 II.04

|

4.52 83.08

203 1.26 10.48 4.59

|

83.67 230

|

1.43 12.10

|

4.29 82.18

204 1.66 12.57 4.82

|

80.95 231 1.33 10.95 4.60 83.12

205 1.46 10.71 5.36 82.47 232 1.52 12.76 4.10 81.62

206 1.34 10.27 4.65 83.74 233 1.40 9.75 4.14 84.71

207 1.25 II.09 4.27 83.39 234 1.39 10.78 4.76 83.07

208 1.48 12.05 4.78 81.69 235 1.58 9.97 5.27 83.18

209 1.48 10,22 4.30

|

84.00 236 1.40 10.18 6.02 82.40

210 1.45 11.16 4.75

|

82.64 237 1.47 11.16

|

5.13 82.24

211 1.48 10.44 4.21 83.87 238 1.60

|

11.42 5.20 81.78

212 1.27 9.75 4.12 84.86               
 

OUTLINE OF EXPERIMENTS

In the spring of 1897 the four sets of corn which had beenselected

were planted on four different fields, or plots, each of which wasfairly well

isolated from other corn fields in order to avoid cross fertilization by corn of

different chemical composition. For convenience these four plotsare called:

1) high-protein plot, 2) low protein plot, 3) high-fat plot, 4) low-fat plot. In-

variably the seed planted in each row wasall taken from single ear; so that

the high-protein plot, for example, contained 24 rows planted with seed

from the 24 ears selected for that purpose.

In the high-protein and high-fat plots the seed containing the very

highest percentage of the desired constituent was planted in the middle rows,

the remainder of the seed being planted in approximately uniform gradation

to either side. In the low-protein and low-fat plots the seed containing the

very lowest percentages of protein and fat, respectively, was planted in the

middle rows. This arrangement may be clearly seen by referring to the

tables.
By planting plots of both high-protein and low-protein corn,or of both

high-fat and low-fat corn, results may be obtained which showtheinfluence

of selected seed, as independent and distinguishable from the effects due to

the influence of the season.

The plots were given ordinary cultivation, and a good crop of corn was

grown on each. Whenthe corn was harvested a set of 10 good ears wasse-
lected from each row, excepting from some outer rows. From someof the
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middle rows duplicate sets of 10 ears each were taken from the same row, as
will be seen from the tables, the analytical data from such rows being given
in duplicate in all cases. Two rowsof kernels (lengthwise of the ear) were
taken from each of the 10 ears and mixed to form a composite sample to
represent the good corn grown oneachrow.

EXPERIMENTS TO INFLUENCE THE PROTEIN CONTENT OF CORN
The results from the experiments to change the percentage of protein

in corn will be first considered. Thetables are arranged to show the percent-
age of protein in the dry matter of the seed planted and the crop produced.
For reference, the Station laboratory serial numbers ofall samples analyzed
are also given (see Tables 2 and 3).

It is observed that the average composition of the com from the high-
protein plot shows a protein content of 11.10%; while 10.55 is the average
percentage of protein in the corn from the low-protein plot, indicating that
the difference, .55%, may be ascribed to the influence of the seed selection,
On accountof the plan,or order, in which the seed corn was arranged in the
plots, that is, with the corn of highest protein contentin the central rows of
the high-protein plot, and the corn of lowest protein content in the central
rows of the low-protein plot, we might expect to find a somewhat widerav-

Table 2. Protein in corn planted and harvested on high-protein plot in 1897.
 

 

 
 

 
 

 
    

Plot Corn planted. Corn harvested Plot Corn planted. Corn harvested.

No. Corn Protein, Corn| Protein, No. Corn! Protein, Corn] Protein,
° No. per cent.| No. per cent. ' No. |percent.| No. per cent.

I 94 11.89 270 9.61 14345 10.89
2 86) 12.07 275) 11-07 14 177 13.06 1 305 10.67
3 230

|

12.10

|

280! 10.94 § 3554 213| 12.40] 285] 11.48 75 188) 13.10, 265) gy'4g
5 100 12.28 290! 10.85 16 232 12.76 365] 11.05
6 119 12.38 295} 11.64 17 87 12.40; 370] 10.75
7 227 12.63 300| 11.46 18 204 12.57 375 10.86
8 153 12.51 305 11.57 19 105 12.36; 380] 11.07
9 175 12.68 310 11.17 20 141 12.42 385 10.88
10 84 12.79 315 11.14 21 172 12.28: 390] 11.73
II 110 12.81 320 i160 22 222 2.34 395 i46

325 11.6 23 147 . ' 400 .
12 x26) 13.87) ) 395) aiSy 23 M42) 1305 4o5 11.53

335 11.07
13 92 12.96 340 11.44 Plot averages} 12.54 |...... 11.10      
 

Table 3. Protein in corn planted and harvested on low-protein plot in 1897.
 

 

 
 

 

        
 

Plot Corn planted. Corn harvested. pjot Corn planted. Corn harvested.

N,W Corn Protein, Corn! Protein, No. Corn Protein, Corn Protein,
° No. per cent.} No. per cent. " No. percent.| No. per cent.

I 151 9.31 | 440 10.36
2 114 9.12 410| 10.55 7 99 8.40 445 10.20
3 83 9.08 415; 10.89 8 215 9.22 450 9.89
4 225 9.15 420; 10.26 9 185 9.33 4551 10.24
5 116 8.38 425] 10.10 10 164 9.36 460 11.20

30 10.73 II 113 9.30) 465: 12.246 145 8.25 4
4 . 435 9.90 12 193 9.47

Plot averages. 2.0.0.0... . ccs cece ccc c cece cceserees 9.03 |...... — 10.55   
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erage difference in protein content if we consider only the corn grown on

the central half of each plot. From rows7 to 18 of the high-protein plot we

find the average protein content of the corn produced to be 11.12%, while

10.21 is the average percentage of protein in the corn from rows 4 to 9 of

the low-protein plot, thus showing an average difference of .91%.

From each set of 10 ears from the 1897 crop, four of those which ap-

peared most suitable for seed corn were reserved for further use. These

amounted to 112 ears from the high-protein plot and 48 ears from the low-

protein plot. From each of these ears a sample consisting of three or four

rows of kernels was taken for analysis, only protein and dry matter being de-

termined. Tables 4 and 5 give the percentage of protein in the dry matter of

these samples. The laboratory numbers of these samples of single ears afford

ready reference to the row of the plot in which they grew and to the seed

from which they were grown. Thus, to each four ears are given the four

numbers immediately following the numbergiven to the composite sample

of 10 ears from the same row. For example, the composite sample from 10

ears from row 1, high-protein plot, 1897, is given No. 270, as will be seen by

reference to Table 2; and the four samples of single ears from the same row

are numbered 271, 272, 273, and 274 (Table 4). Table 2 also showsthat

Table 4. Protein in samples of 112 ears of corn grown on high-protein plot in

1897.
 

  

        

Corn Protein, Corn Protein, Corn Protein, Corn Protein,

No. per cent. No. per cent. No. per cent. No. per cent.

271 8.82 306 12.33 341 | 11.65 376 10.47

272 8.42 307 12.39 342 11.35 377 10.92

273 11.60 308 9.64 343 10..60 378 9.32

274 8.34 309 9.93 344 12.16 379 12.28

276 12.83 311 10.65 346 11.63 381 9.31

277 10.46 312 11.05 347 12.26 382 11.00

278 9.95 313 9.89 348 8.76 383 12.23

279 10.96 314 10.22 349 10.69 384 11.99

281 12.62 316 11.08 351 11.39 386 12.10

282 10.43 317 10.29 352 10.59 387 9.20

283 9.87 318 11.72 353 9.65 388 9.76

284 11.58 319 8.76 354 9.83 389 9.18

286 10.97 321 11.43 356 8.63 391 12.46

287 11.08 322 10.94 357 11.08 392 11.14

288 10.23 323 11.18 358 11.39 393 10.03

289 12.99 324 11.55 359 9.12 394 13.27

291 11.52 326 13.62 361 11.63 396 9.94

292 10.44 327 10.99 362 9.98 397 11.78

293 11.92 328 11.07 363; .10.45 398 11.30

294 11.25 329 9.18 364 11.89 399 11.08

296 11.11 331 11.40 366 12.01 401 11.23

297 12.07 332 12.24 367 9.51 402 10.92

298 13.58 333 10.06 368 11.43 403 9.72

299 11.68 334 11.02 369 11.76 404 11.14

301 10.80 336 10.78 371 11.75 406 10.44

302 12.26 337 11.28 372 9.46 407 12.72

303 11.20 338 11.09 373 11.17 408 12.80

304 11.97 339 12.85 374 8.67 409 11.17  
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these ears grew from corn No. 94, which contained 11.89% ofprotein in the
dry matter; so that the complete pedigree of each ear is kept from the begin-
ning of these experiments.

While, as has already been shown,the protein content of corn from the
high-protein plot averages higher than that from the low-protein plot, atten-
tion is called to the wide variationin the percentage of protein in corn from
different ears grown in a single season,in the same plot of ground, and from
seed of nearly uniform protein content. This is especially marked in the ears
from the low-protein plot (Table 5). For example, corn No. 458 contains
8.22% of protein and grew from seed No. 185 which contained 9.33% of
protein; while corn No. 466 contains 13.98% of protein and grew from seed
No. 113 whose protein content was 9.30%.

Of course the pedigree of the individual ears used for seed in 1897 was
not known,and possibly some variations may be due to hereditary influ-
ences, but it seems probable that the wide variations are caused principally
by local differences of soil conditions. Some efforts to obviate this diffi-
culty are discussed farther on.

In order to retain hereditary influences the seed for the high-protein
plot for 1898 wasall selected from corn which grew from seed ofhigh pro-
tein content the previous year. On this account corn with high protein con-
tent from the low-protein plot was rejected for seed. Likewise seed for 1898
for the low-protein plot was selected only from corn which grew uponthat
plot in 1897.

In planting the corn in 1898, the samegeneral plan of the previous year
was followed. Good crops of corn were grown. Sets of ten ears each were
taken from each row, duplicate sets being taken from somerows,as will ap-
pear in the tables. Composite samples to represent each row were made,as
before, by taking two rowsof kernels from each ofthe tenears.

Tables 6 and 7 give the percentage of protein in the seed planted andin
the crop produced in each rowoftheplots.

It will be seen that the average protein content of the corn from the
high-protein plot for 1898 is 11.05% while 10.55 is the average percentage
from the low-protein plot, making a difference of .50%. The difference be-
tween the averages becomes .70% if we consider only the central half of each
plot. These results are nearly the same obtained in 1897.

In order to avoid local differences in soil conditions, another plot of
ground was planted in 1898 with corn of knownprotein content. For want
of a better namethisis called the ‘“Mixed-protein Plot.” It contained 5 rows
of 10 hills each, or 50 hills. In each hill were planted four kernels of corn of
which twowerehigh and two were lowin protein content. The kernels were
so arranged in the hill that the stalk of corn produced by each could be
known. Whenthe crop was harvested 8 to 10 ears from both the high-pro-
tein seed and the low-protein seed were taken from each row. By taking 2
rows of kernels from each ear 10 composite samples were made of which 5



Table 5. Protein in samples of 48 ears of corn grown on low-protein plot in 1897.
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Corn Protein, Corn| Protein, Corn| Protein, Corn| Protein,
No. per cent. No. per cent. No. per cent. No. per cent.

411 11.37 426 11.46 441 10.25 456 10.16
412 11.47 427 8.29 442 10.28 457 10.22
413 11..36 428 10.19 443 11.40 458 8.22
414 11.15 429 9.69 444 9.34 459 11.92

416 8.88 431 10.98 446 8.84 461 11.61
417 9.26 432 9.67 447 11.27 462 10.85
418 11.62 433 9.91 448 9.05 463 10.04
419 10.43 434 12.85 449 8.95 464 11.68

421 9.60 436 9.38 451 10.80 466 13.98
422 9.93 437 10.03 452 10.07 467 12.55
423 12.45 438 10,97 453 12.13 468 13.89
424 10.43 439 9.28 454 10.04 469 12.19          
 

Table 6. Protein in corn planted and harvested on high-protein plot in 1898.
 

 

Corn planted. Corn harvested.
 

Corn planted. Corn harvested.
 

 

       
 

Plot Plot
row row
No. Corn Protein, Corn Protein, No, Corn Protein, Corn Protein,

No. per cent.| No. percent. No. per cent.| No. per cent.

r 384| 11.99] 820| 11.18 g60 11.74

| ee) eT gee > |e eee |3 386 . 840 | .6 980 .
4 347 12.26] 850 11.26 14 289 12.99 } oe 11.20
5 332 12.24] 860] 11.61 15 276 12.83 10900 11.34
6 306 12.33 870} 11.24 16 407 12.72 ro10 10.77
7 391 12.46 880 11.26 17 307 12.39 1020 11.03
8 281 12.62 890] 10.80 18 379 12.28 1030 10.96
9 408 12.80 900] 10.55 19 302 12 26) 1040, 10.47
10 339 12.88 g10 10.92 20 344 12.06 1050 10.33

1 920 : 21 383 . 1060 .
II 394 13.27 ; 930 10.62 22 297 12.07 1070 10.40

940 . 23 304 1.9 1080 72
12 326 13.62 950 12.48 24 364 11.89 1090 10.95

Plot averages. ........ ccc ccc cece ee cece enone 12.49 11.05   
 

Table 7. Protein in corn planted and harvested on low-protein plot in 1898.
 

 

 
 

 

       
  

Plot Corn planted. Corn harvested. Plot Core planted. Corn harvested.

No Corn Protein, Corn Protein, No. Corn Protein, Corn Protein,
‘| No. percent.| No. per cent. ‘| No. |percent.| No. per cent.

1 421 9.60 1100} 10.92 1170} 10.43
2 444 9.34 1110} 11.00 7 427 8.29 j 1180! 11.14
3 417 9.26 1120] 11.03 8 416 8.88 1190| 10.68
4 449 8.95 1130; 10.06 9 448 9.05 1200! 31.16
5 446 8.84 1140] 9.83 Io 439 9.28 1210| 9.93
6 8 8.22 | 3130 10.26 1x 436 9:38 1220| 10.27

45 . 1160| 10.19 12 432 9.67 1230} 10.83

Plot averages........... Luce eeeeceveveeeeuseeeese 9.06 |...... 10.55  
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represent the corn grownin the 5 rows from high-protein seed, and the other
5 represent the corn producedin the same rows from low-protein seed.

Table 8 shows the protein content of the seed planted and of the sam-
ples taken from the crop harvested.

The results show that in every row the high-protein seed produced corn
with a higher protein content than that produced by the low-protein seed.
The average protein content of the corn from the high-protein seed is
11.71%, while 10.46 is the average percentage of protein in the corn from
the low-protein seed. This makes an average difference of 1.25%.

In order to obtain more detailed information from this plot, 22 pairs of
ears were taken from 22 hills, one ear from each pair having grown from
high-protein seed and the other from low-protein seed. The protein in the
corn from each ear was determined,andtheresults are given in Table 9.

The average protein content of the 22 ears from high-protein seed is
11.11%, while 10.15 is the average percentage foundin the ears grown from
low-protein seed, showing a difference of .96% to be attributed to theinflu-
ence ofthe seed selection. In 6 of the 22 pairs the ear from low-protein seed
contains more protein than the ear from high-protein seed, these six differ-
ences varying from .21% in hill 3 to 3.32% in hill 21. In 16 hills the variation
follows the order of the seed, the greatest difference being 4.41% in hill 20.

Table 8. Protein in corn planted and harvested on mixed-protein plot in 1898.
 

 

 

 

      
 

Plot Corn planted. Corn harvested.|| Corn planted. Corn harvested.
oO

No Corn

|

Protein,

|

Corn

|

Protein,

|}

Corn| Protein,

|

Corn

|

Protein,
°

|

No. per cent.| No.

|

percent.

||

No.

|

per cent.| No.

|

per cent.

I 408

|

12.80 698

|

11.24 446

|

8.84 697 9.72
2 326 13.62 7oo 11.75 458 8.22 699 11.04
3 407

|

12.72 702

|

12.10 427

|

8.29 7or

|

10.09
4 304 |}11.97 704 |11.68 416 |8.88 703 |10.89
5 364

|

11.89 706

|

11.81 448

|

9.05 705

|

10.58

Plot averages............ PETEee ce eee 10.46    
 

Table 9. Protein in corn from 44 ears grown on the mixed-protein plot in 1898.
 

 

 
 

From high- From low- From high- From low-
Hil] |Protein seed. proteir seed. Hil] | Protein seed. protein seed.

No. Corn Protein, Corn Protein, No. Corn Protein, Corn Protein,
No. |percent.| No. percent. No. percent.| No. percent.
 

708 8.89 707 10.68 12 730 12.12 729 9.96
710 9.11 709 8.03 13 732 12.20) 731 12.06
712 10.17 711 10.38 14 734 8.85 733 9.82
714 9.88 713 10.42 15 736 11.55) 735 10.23
716 11.64 715 9.45 16 738 11.56 737 11.19
718 12.28 717 8.64 17 740 11.49 739 8.63
720 11.23 719 9.34 18 | 742} 10.04] 741 10.49
722 12.39 721 10.21 19 744 9.33 743 7.99
724 12.39 723) 10.68 20 746 13.55 745 9.14
726 10.23 725 8.73 21 748 11.49) 747| 14.81
728 12.24) 727; 11.32 22 750} 11.73 749] 11.16

AVETageS . 6... cece cece cee eee eee cee eee It.an |].... |10.15
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It should be stated that owingto crossfertilization no seed corn wasselected

from this plot. Table 9 offers some goodillustrations of the wide variation

in the chemical composition of different ears of corn grown from seed of the

same variety, of the same composition, during the same season, and in the

same soil. Compare, for instance, the corn grownin hills 20 and 21. The

corn from high-protein seed showsa difference of 2.06% of protein in favor

of hill 20, while the corn from low-protein seed is 5.67% higherin protein in

hill 21. Between hills 19 and 21 a difference ofsoil is indicated byall results

obtained, and the corn from the high-protein seed is only 2.16% higher in

protein in hill 21 than in hill 19, while a difference of 6.82% appears in the

corn from the low-protein seed.

It is evident that this apparent individuality of each particular corn

plant will admit of much further study. The most probable explanation

which has occurred to the writer is, that the roots of the plant which pro-

duces the comof highest protein content push into the surrounding soil

somewhat in advanceof the roots of the other plants in the hill and are thus

enabled to take upthe larger part of the available supply of nitrogen. How-

ever, the marked differences frequently observed amongdifferent animals of

exactly the same breeding lead one to question if the variation in the supply

of food materials will entirely explain this individuality of the corn plant.

Incidentally it may be stated that the writer has found different ears of good

sound Burr’s White corn varying from 7.50 to 16.11% of protein in the dry

matter. The fact that one good ear of corn has been produced with a protein

content above 16% is a promise of the possibility of improving corn in that

direction. This belief is strengthened by the experimental results thus far ob-

tained at this Station. A summary ofthese results will be found at the end

of this bulletin.

In Bulletin No. 53, pages 138-141, are quoted some results of com-

bined chemical and mechanical study of the corn kernel. These results show

that the protein in the corn kernel is contained principally in the glutenous

layer surrounding the main body of the kernel. This layer 1s very thin at the

crown of the kernel, but quite thick at the sides. The germ,in the center of

the tip end of the kernelis also rich in protein,although the entire germ con-

stitutes only about 12% of the kernel. The starchy portion, lying between

the germ andthe glutenous layer and occupying also the center of the crown

end of the kernel, consists almost entirely of carbohydrates, although the

glutenous layer contains also a large percentage of carbohydrates.

On the basis of this knowledge of the general structure of the corn ker-

nel and chemical composition of its several parts, the writer has made some

investigations as to the possibility of selecting corn of high protein content

and of low protein content by purely mechanical means, and has found that

such a methodis both possible and practicable.

By making cross sections and longitudinal sections of several kernels

from an ear of corn, one can judge with a very satisfactory degree of accu-

racy whetherthe corn is rich or poorin protein.
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Theillustration (Fig. 1) here shown was made from a photograph taken
of the corn kernels and sections with a magnification of three diameters. At
the left are two sections and a whole kernel from corn No. 945, containing
14.92% of protein. The sections and whole kernel at the right are from corn
No. 1104, containing 7.76% of protein. About one-fourth of the kernel was
cut off from the tip end in making the cross sections. In the longitudinal
sections the tip end of the kernel points upwardto theright.

It will be seen that in the cross sections the white, starchy layer nearly
disappears in the high-protein corn but becomes very prominentin the low-
protein corn. In the longitudinal sections this difference is also apparent, the
white starch in the high-protein corn being confined almost entirely to the
crown end of the kernel, while in the low-protein corn it extends into the tip
end in considerable amount. The germ in the high-protein corn is somewhat
larger. This is also indicated by the depressions in the whole kernels.

As an experiment a numberof ears of both high and low content of
protein were mixed together and then separated by mechanical examination.
It was found that by examining only one or two kernels from each ear the
separation could be madewith very fewerrors.

In order to make a morepractical test 318 ears of corn were examined.

 
Figure 1. Left: Corn No. 945; Protein 14.92%.

Right: Corn No. 1104; Protein, 7.76%.
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The protein content of the ears in the entire lot did not vary as much as
would ordinarily be the case, because 34 of the ears highest in protein and

26 of those lowest in protein had already been removed from this lot of

com. From what remained, however, 18 ears were picked out by mechanical

examination as possessing the physical characteristics which indicate a com-

paratively high content of protein, 15 ears which appearedto be lowin pro-
tein being selected at the same time. Table 10 showstheresults in detail, the
percentage of protein in the corn from each ear being given as previously de-
termined by chemical analysis.

The average protein content of the 18 ears selected for high-protein

corn is 11.38%, while 9.83 is the average percentageof protein in the 15 ears
selected for low-protein corn. Only oneear (No.3) selected for high-protein
corn contains less than 9.83%, and a single ear (No. 1) also selected for low
protein corn contains more than 11.38%.

Table 11 shows the results obtained in picking out corn by mechanical

examination from a lot which contained corn of only very high or very low

protein content.
It will be seen that no errors were madein selecting corn of high protein

content, while three mistakes occurred in picking out low-protein corm.It
may be stated, however, that these separations were commonly made upon

the examination of but one kernel from each ear, and in no case were more

than two kernels from an ear examined.

Table 10. Actual protein content of corn selected by mechanical examination.
 

 

   

   

  

        
   
 

 
 

 

 

 

 

 

 

 

Corn selected for Corn selected for Corn selected for

Ear High Low Ear High Low Ear High Low
No. protein. protein. No. protein. protein No. protein. protein.

Percent. Percent. Percent. Percent. Percent. Percent.

I 11.47 11.48 7 11.64 9.11 13 11.87 11.27
2 12.04 9.06 8 11.22 10.25 14 10.21 9.36
3 9.69 9.90 9 11.97 8.63 15 11.71 10.25
4 11.78 9.15 10 11.94 9.63 16 11.59
5 11.65 9.67 II 10.96 8.61 17 12.31
6 11.38 10.11 12 10.83 10.95 18 10.54

AVETAZeES 00... cece cece cece teen ete e eee cece eeeeees 11.38 9.83

Table 11. Actual protein content of corn separated by mechanical examination.

Corn selected for Corn selected for Corn selected for

Ear'| High Low Ear High Low Ear High Low
No. protein. protein. N©- protein protein. No. protein. protein.

Per cent.|Per cent. Per cent.|Per cent. Per cent.|Per cent.

I 13.03 13.46 6 12.83 12.39 II 12.78 8.32
2 12.88 8.82 7 13.25 8.57 12 12.97 7.85
3 14.92 13.05 8 12.98 9.02 13 13.04 8.58
4 14.05 8.95 9 13.04 7.85 14 16.08 7.50
5 12.97 7.76 10 12.82 8.29 15 12.30 8.62          
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The examination consists in simply cutting cross sections and longitudi-
nal sections from the kernels with a pocket knife and judging as to the com-

bined amount of glutenous layer and germ im relation to the quantity of the

white starchy matter, the observation being made with the naked eye. Some

difficulties are met in attempting to form a correct opinion as to whether a
kernel is rich or poor in protein. For instance, the disposition of the white
starchy matter is not strictly uniform in all kernels. It sometimes happens

that the tip end of the kernel containsbut very little white starch and a cross

section near that end would indicate a high protein content, but at the crown
end there may be an excessive proportion of starch and the kernel as a whole
be low in protein. For this reason it is important that both cross sections

and longitudinal sections be made before judgment is taken. Another diffi-
culty is caused by the great variation in the size of kernels of corn from dif-
ferent ears. A very large kernel, for example, may show a considerable quan-

tity of white starch, extending evento thetip of the kernel, and yet contain
a high percentage of protein. |

In making the selections given in Tables 10 and 11, the time given to

each ear was about a half minute, and it is not assumedthat the writer pos-
sesses any special skill in judging the comparative sizes of small areas or sur-

faces, the chief point involved in making these examinations. Indeed,it

seems but fair to suppose that the average corn grower could, with some
practice and care, make a better selection. In fact, the selections here shown

Table 12. Average weights of kernels from 24 ears of high-protein corn.
 

 

 

       

Ear Corn Kernel, Protein, Ear Corn Kernel, Protein.
No. No. ave. wt. per cent. No. No. ave wt. per cent.

I 1045 .470 12.35 13 951 .410 14.25
2 1039 .290 12.39 14 895 .330 13.46
3 851 .355 12.48 15 962 .400 13.25
4 1096 .370 12.74 16 984 .430 13.12
5 826 .390 12.83 17 864 310 13.04
6 961 .340 12.97 18 IOI .405 12.99
7 1062 .395 13.03 19 976 .320 12.98
8 845 .440 13.05 20 1004 .420 12 88
9 953 358 13.21 21 871 .375 12,82
10 985 .378 13.34 22 904 .405 12.55
II 959 .360 14.05 23 885 .325 12.45
12 945 .370 14.92 24 1055 .295 12.37

General average ..... 2. cece ccc ee cee eee e ce eeees 372    
Table 13. Average weights of kernels from 16 ears of low-protein corn.
 

 

 

       

Corn Kernel, Protein, Corn Kernel, | Protein,
Ear No. No. ave. wt. per cent. Ear No. No. ave. wt. | per cent.

I 1159 .385 9.02 y 1104 .410 7.76
2 1188 .355 8.83 10 1165 .355 7.85
3 1211 .305 8.66 II 1225 .280 8.32
4 1149 .290 8.62 12 1131 .310 8.58
5 1139 345 8.57 13 1173 .335 8.63
6 1167 .340 8.29 . 14 1219 .360 8.82
7 1133 .360 7.85 15 1151 .350 8.90
8 1144 .275 7.50 16 1184" .335 8.95

General average.......... 00. c cece eee e encesLedeen eeeeeee 337    
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were made upon material which wasat hand and for the purpose of showing

the feasibility of the method, rather than the extent to which it may be

carried.
The question whether the size of the corn kernel bears any special rela-

tion to the percentage of protein it contains was investigated. Tables 12 and
13 give the average weights in gramsoftheair-dry kernels from 40 different
ears which were used in 1899 as seed for the high-protein and low-protein

plots. The percentage of protein in the dry matter is also shown.

The weight of kernels is shown to vary from .290 to .470 g.in the high-

protein corn, and from .275 to .410 g in the low-protein corn,with a differ-
ence between the general averages of .035 g. It is evident that the actual

weight of the kernel gives verylittle, if any, indication as to the percentage

of protein which it contains (see Figs. 2 and 3).

 
Figure 2. Left: CornNo. 945; Protein, 14.92%; Kernel wt (avg), .370 g.

Right: Corn No. 1104; Protein, 7.76%; Kernel wt(avg), .410 g.
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Figure 3. Left: CornNo. 951; Protein, 14.25%; Kernel wt (avg), .410 g.

Right: Corn No. 1149; Protein, 8.62%; Kernel wt (avg), .290 g.

EXPERIMENTS TO INFLUENCE THE FAT CONTENT OF CORN

From the lot of 163 ears of corn from the 1896 crop, the analyses of
which are given in Table 1, seed was selected for the high-fat and low-fat
plots for 1897, as already explained (under “Outline of Experiments”).
Tables 14 and 15 show the percentage of fat in the seed planted andin the
crop produced.

These results indicate that the fat content of com is influenced very
markedly by selecting seed according to its percentage of fat. The average
fat content of the seed for the high-fat plot is 5.33%, while 4.04 is the aver-
age percentage in the seed for the low-fat plot. This shows an average differ-
ence in the seed for the two plots of 1.29% of fat. The difference between
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Table 14, Fat in corn planted and harvested on high-fat plot in 1897.
 

  

 

        

Corn planted. Corn harvested. Corn planted. Corn harvested.
Plot Plot

No. Corn Fat, Corn Fat, No. Corn Fat, Corn Fat,
" No. |percent.| No. per cent. ‘ No. percent.; No. per cent.

I 118 5.02 13 171 §.75 520 4.99
2 163 §.09 14, 162 5.61 525 4.84
3 136 5.10 470 4.43 15 98 5.51 530 §.23
4 220 §.23 475 4.74 16 205 5.36 535 4.70
5 zor §.22 480 4.77 17 122 §.25 540 4.47
6 174 | 5.22 485 4.65 18 139 §.23 545 4.81
7 77 §.24 490 4.50 19 235 5.27 550 4.38
8 183 §.46 495 4.53 20 106 5.21 555 4.80
C 95 5.51 500 4.98 21 238 §.20 560 4.58
10 189°! §.63 505 4.75 22 237 §.13 565 4.46
II 109 5.65 510 5.40 23 154 §.02
12 236 6.02 515 4.65 24 144 4.99

Plot averages...... 0... ccc ee cee cece eee ween eeee §.33 |......| 4.73    
Table 15. Fat in corn planted and harvested on low-fat plot in 1897.

 

  

 

         

Corn planted. Corn harvested. Corn harvested.| Corn planted.
Plot Plot

No. Corn Fat, Corn Fat, No. Corn Fat, Corn Fat,
°- No. per cent.| No. per cent. ‘ No. percent.| No. per cent.

I 149} 4.08 7 182 3.94 595 4.01
I 152} 4.09 570 3.96 8 123} 4.01 600 4.06
3 150 4.03 575 4.21 9 228 4.12 605 3.97
4 192 4.07 580 4.31 10 133 4.10 610 4.05
5 196} 3.95 585 4.05 II 212 4.12 615 4.22
6 166} 3.84 590 3.79 12 156 4.14

Plot averages... .... cece eee cece cece eee e eee eees 4.04 |...... 4.06       
 

the average fat contents of the crops from the twoplots is .67%, the average

from the high-fat plot being 4.73 and from the low-fat plot 4.06% of fat.

There is a difference of .79% of fat between the averages of the two crops,if

we consideronly the central half of each plot. It is noteworthy that the low-

est percentage of fat in the corn from any row ofthe high-fat plot, namely,
4.38% in row 19, is higher than the highest percentage obtained from any

rowin the low-fat plot.

_ It will be seen that samples were not taken from someof the outer rows

in these plots, namely, rows 1, 2, 23, and 24 in the high-fat plot, and rows 1

and 12 in the low-fat plot. From all other rows sets of 10 ears each were

taken, the results here given being obtained by the analysis of the composite

sample for each row.

From each set of 10 ears from the 1897 crop, 4 ears were taken forin-

dividual analysis, a sample of 3 or 4 rows of kernels (lengthwise of the ear)

being taken for this purpose. In these samples only fat and dry matter were

determined. The system of numbering the samples was the sameasthatfol-
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lowed in the experiments with the protein content of corn, the multiple of

five being given to the composite sample and the next four numbersto the

samples of four single ears from the same row. Thus, the composite sample

from row 3, high-fat plot, 1897, is numbered 470 (Table 14), and the four

samples of individual ears from the same row are numbered 471, 472, 473,

and 474 (Table 16).
Eighty samples of single ears from the high-fat plot and 40 from the

low-fat plot were analyzed. The percentage of fat in the dry matteris given
in Tables 16 and 17.

It will be remembered that extreme variations are commonin the pro-
tein content of different ears of corn even when grown the sameseason,from
seed of uniform protein content, and in practically the samesoil. Such varia-

tions do not seem characteristic of the fat content. Of the 80 ears selected
from the high-fat plot, only one contained less than 4.20% of fat, while 4.06

is the average percentage of fat in the corn from the low-fat plot. On the
other hand no ear from the low-fat plot was found to contain above 4.74%

Table 16. Fat in samples of 80 ears of corn grown on high-fat plot in 1897.
 
 

 

        

Corn Fat, Corn Fat, Corn Fat, Corn Fat, Corn Fat,
No. percent. No. percent. No. percent. No. percent. No. per cent.

471| 4.44 491| 4.85 511 5.44 531| §.04 551| 4.31
472| 4.79 492| 4.38 512 5.45 532| 4.82 552} 4.33
473| 4.42 493} 4.93 §13 5.49 533| 4.98 553| 4.24
474| 4.59 494| 4.97 514 5.39 534| 5.27 554| 4.33

476| 4.84 496| 4.26 516 4.63 536 4.97 556 4.93
477| 4.82 497| 4.59 517 5.26 537| 4.50 557| 4.68
478| 5.39 498| 4.76 518 4.81 538| 4.92 558| 4.92
479| 4.40 499| 4.45 519 4.44 539| 4.83 559| §.12

481| 5.04 so1| §.45 521 4.98 541| 4.78 561| 4.41
482| 4.87 502} 4.95 522 4.22 542!| 3.60 562| 4.62
483 4.46 503 4.64 §23 4.91 543 4.91 563 4.95
484| 5.07 504| 4.77 524 5.68 544| §.02 564} 4.23

486} 5.03 506| 4.91 526 4.70 546| 5.20 566| 4.39
487| 4.20 507} 4.69 527 5.43 547| 5.00 567} 4.20
488] 4.72 508; 5.04 528 5.12 548} 4.90 568; 5.05
489| 4.86 509| 4.20 529 4.68 549| 4.81 569; 4.42    
 

Table 17. Fat in samples of 40 ears of corn grown on low-fat plot in 1897.
 

 

Corn| Fat, Corn| Fat, Corn| Fat, Corn| Fat, Corn| Fat,
No. per cent. No. percent. No. percent. No. percent. No. percent.

571 4.00 581 4.74 591 3.85 601 4.68 611 3.84
572 3.96 582 4.69 592 3.72 602 3.55 612 4.08
573 3.89 583 4.68 593 3.38 603 3.80 || 613 4.39
574 3.83 584 4.07 594 3.39 604 4.42 614 3.39

576 4.21 586 4.21 596 4,21 606 3.50 616 4.08
377 4.28 587 4,74 597 4.22 607 4.40 617 4.19
578 4.18 588 3.70 598 4.42 608 3.90 618 4.43
579 4,41 589 3.85 599 4.04 609 3.90 619 4.68              
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of fat, although 60% of the ears from the high-fat plot contained abovethat
percentage of fat, the maximum being 5.68%.

For 1898 the seed for the high-fat plot was from corn which grew on
the high-fat plot in 1897, 24 of the 80 ears whose fat content is shown in

Table 16 being selected. For the low-fat seed 12 ears were selected from the

40 ears whose percentage of fat is shown in Table 17, all of which were
grown from low-fat seed in 1897. The system of planting the highest of the
high-fat seed and the lowest of the low-fat seed in the middle rowsofthere-

spective plots was followed in 1898. Good crops of corn were grown,and,
when harvested, sets of 10 ears each were taken from each row, composite

samples to represent each row being made,as before, by taking 2 rowsof ker-

nels from each of the 10 ears.
Tables 18 and 19 give the percentage of fat in the composite samples

and also in the seed planted in each row.

The average fat content of the com from the high-fat plot for 1898 is

5.15%, while 3.99 is the average percentage of fat in the corn from the low-

Table 18. Fat in corn planted and harvested on high-fat plot in 1898.
 
 

  

 

        
 

Corn planted. Corn harvested. Corn planted. Corn harvested.
Plot Plot
row row

No. Corn Fat, Corn Fat, No. Corn Fat, Corn Fat,
No. per cent.; No. percent, No. percent. No. per cent.

I 521 4.98 1240 4.86 13 513 5.49 1360 §.21
2 533 4.98 1250| -4.74 14 512 §.45 1370 5.44
3 486 §.03 1260 4.94 15 527 §.43 1380 5.48
4 531 5.04 1270 §.17 16 514 5.39 1390 5.26
5 568 5.05 1280 5.36 17 517 §.26 1400 5.55
6 528 §.12 1290 4.79 18 559 §.12 1410 §.23
7 546 5.20 1300 4.87 19 484 5.07 1420 5.06
8 534 §.27 1310 §.20 20 544 §.02 1430 4.89
9 478 5.39 1320| 8.16 21 508 5.04 1440] 5.00
10 511 5.44 1330 5.25 22 547 5.00 1450| 5.10
11 501 5.45 1340 5.21 23 536 4.97 1460 5.05
12 524 5:68 1350 5.63 24 494 4.97 1470 §.21

Plot averages. ....... cece eee eens tence neces 5.20 |......|. 5.15   
 

Table 19. Fat in corn planted and harvested on low-fat plot in 1898.
 
 

  

 

       
 

Corn planted. Corn harvested. Corn planted. Corn harvested.
Plot Plot

No. Corn Fat, Corn Fat, No. Corn Fat, Corn Fat,
' No. percent. No. percent. ‘ No. percent.| No. percent.

I 589 .85 1480 3.97 7 593 3.38 1540/ 3.69
2 574 3.83 1490 4.32 8 606 3.50 1550 3.78
3 592 3.72 1500 4.08 9 588 3.70 1560 3°93
4 602 .55 1510; 3.99 10 603 3.80 1570 4.18
5 594 3.39 1520 1 II 611 3.84 1580 4.21
6 614 3.39 1530 3.81 12 591; 3.85 1590 4.11

Plot averages........ cece eens cece cece eee c enone 3.65 |...... 3.99   
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fat plot, making a difference of 1.16% between the averages, andthediffer-
ence becomes 1.45% if we consider only the central half of each plot, or
1.56% if only the central third of each plot is considered. The effect of
planting the seed in gradation as to fat content from the center rows to
either side is decidedly noticeable in the crop. It is only necessary to take
averages of the fat content of the composite samples from the high-fat plot
in groups of four to obtain a regular gradation in the same order as that of
the seed. Thus—

Corn Fat,
from rows average %

ee4.93
B— Boec cece cece cece eee 5.06
I-12ccc cee eens 5.31
ee05.35
17-20... ccc cee cence 5.18
ee5.09

In the low-fat plot the percentages of fat in the composite samples from
the single rows are in regular gradation, if we omit only the outside rows,
Nos. 1 and 12. This may beseen in Table 19.

There is some indication of the influence of the season upon the fat
content of corn, which becomes apparent by comparingthe results obtained
in the two different years 1897 and 1898 (see Table 20).

The season of 1897 seems to have favored the production of com of
low fat content, the average percentage of fat in the crop from the low-fat
plot being but .02% higher than in the seed, while in the high-fat plot the
crop is .60% below the seed in fat content. In 1898 the production of corn
high in fat seems to have been favored, the fat content of the crop being only
-05% below that of the seed in the high-fat plot and .34 above that of the
seed in the low-fat plot.

Table 20. Average percentages of fat in corn planted and harvested in 1897 and
1898.
 
 

  

 

 

  

Season . 0...cccccc cece ccc ceceeccnecce, 1897. 1898 .

Fat in corn planted............. 5.33 5.20

High-fat plot. Fat in corn harvested........... 4.73 5.15

Difference ................. .60 .05

Fat in corn planted............. 4.04 3.65

Low-fat plot. Fat in corn harvested........... 4.06 3.990

Difference ...............6. .02 .34   
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In 1898 a third plot of ground for the study of the fat content of com
was planted. This is called the ‘‘Mixed-fat Plot,” and was planted after the

same plan as the mixed-protein plot. It contained 50 hills arranged in 5 rows

of 10 hills each. In each hill two kernels of high-fat corn were planted on

one side and two of low fat content on the other. The special object in this

work was, of course, to avoid the influence of soil differences. When the

crop was harvested composite samples were made of the corn from each side

of each row, two rows of kernels from eight to ten ears being used for each

composite sample. Table 21 shows the fat content of the seed and of the
crop for each side of each row.

The difference between the average fat content of the corn from high-

fat seed and that from low-fat seed is 1.11%. The lowest fat content of any

composite sample from high-fat seed is 4.66%, and 4.20 is the highest per-

centage of fat in a composite sample of corn from low-fat seed.

From the mixed-fat plot 27 pairs of ears were taken from 27 hills, one

ear in each pair having grown from high-fat seed and the other ear from low-

fat seed. Table 22 gives the fat content in the com from eachoftheseears.

Table 21. Fat in corn planted andharvested on mixed-fat plot in 1898.
 
 

 

 

     
 

Plot Corn planted. Corn harvested. Corn planted. Corn harvested.

No. Corn Fat, Corn Fat, Corn Fat, Corn Fat,
' No. percent. No. percent. || No. percent.| No. percent.

rt 546 §.20 752 4.66 504 3.39 751 3.60
2 511 5:44 754 4.87 614 3.39 753 3.86
3 524 5.68 756 §.38 593 3.38 755 4.13
4 513 5.49 758 5.14 606 3.50 757 4.20
5 527 §.43 760 5.35 588 3.70 759 4.06

Plot averages... ........ S.08 |....eee eee. 3.97    
 

Table 22. Fat in corn from 54 ears grown on the mixed-fat plot in 1898.
 
 

 
 

 

       
  

From high-fat | From low-fat From high-fat From low-fat
. seed. seed. . seed. seed.

Hill Hill

No. Corn Fat, Corn Fat, No. Corn Fat, Corn Fat,
No. per cent.| No per cent. No. per cent.| No. per cent.

I 762 4.05 761 3.82 14 788 §.03 787 4.08
2 764 4.42 763 3.62 15 790 §.57 789 3.57
3 766 4.65 765 3.03 16 792 §.32 791 4.69
4 768 4.90 767 3.92 17 794 §.75 793 3.96
5 770; 5.16 769 3.94 18 796 4.95 795 4.64
6 772 §.06 771 3.99 19 798 4.79 797 4.30
7 774 §.13 773 4.15 20 800 4.59 799 4.33
8 776 4.95 775 3.75 21 802 §.56 801 3.77
9 778 §.59 777 3.60 22 804 5.34 803 4.17
10 780 4.10 779 4.04 23 806 4.92 805 4.50
II 782 4.49 781 3.56 24 808 §.91 807 3.58
12 784 §.25 783 4.26 25 810 5.86 809 4.55
13 786 §.65 785 4.15 26 812 4.59 811 3.96

27 814 §.02 813 4.23

AVETAgGS. 0... eee cece cece eenskas wee 5.06 |...... 4.01   
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The average percentage of fat in the 27 ears from high-fat seed is 5.06,
while 4.01% is the average fat content of the same numberofears from low-
fat seed. It is interesting to note that in the 27 hills there is no instance
where the ear of corn from high-fat seed does not contain more fat than the
ear grown from low-fat seed in the samehill. The difference in fat content
betweenears in the samehill varies from .06% in hill No. 10 to 2.33% inhill
No. 24.

The ear which grew from low-fat seed in hill No. 3 has the lowest fat
content, 3.03%, of any ear of corn which has been analyzedin these experi-

ments. The maximum fat content which has been foundin an ear of Burr’s

White corn up to the present time is 6.71%. It seems reasonable to suppose

that these limits may be reached again or exceeded, and possibly by corn in
larger amounts than single ears. The experiments upon the fat content of
com are summarizedat the end ofthis bulletin.

The fact that the fat, or oil, of the corn kernel is contained almost en-

tirely in the germ (see Bulletin No. 53, pages 139 and 140) suggested to the

writer the possibility of selecting corn, of high or low fat content by me-
chanical examination of the kernel and judging as to the quantity of germ

compared with the remainder of the kernel. It was found that the methodis

 
Figure 4. Left: Corn No. 1338; Fat, 6.08%.

Right: Corn No. 1512; Fat, 3.64%.
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possible and rather moresatisfactory than the method (already described) of
judging the protein content of the corn kernel by mechanical examination,as

it is less complicated than thelatter.

Figure 4 (made from a photograph taken with a magnification of three

diameters) illustrates the difference in corn kernels of about the samesize
but of very different fat content. The cross sections, shown at the top, were

made by cutting off about one-fifth of the kernel from the tip end. In the

longitudinal sections the tip end of the kernel points downwardtotheleft.

The sections and kernel shownat the left are from an ear of corn (No. 1338)

which contains 6.08% of fat. Those at the right are from an ear (No. 1512)
containing 3.64% of fat.

 
Figure 5. Left: Corn No. 1338; Fat, 6.08%; Kernel wt (avg), .335 g.

Right: Corn No. 1512; Fat, 3.64%; Kernel wt (avg), .310 g.
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It will be seen that the germ is larger in the high-fat corn andthatit ex-
tends nearly the entire length of the kernel, while in the low-fat com the
germ is small and about two-thirds as long as the kernel. Aside from the
rather slight difference in the size of the depressions,the general appearance
of the whole kernels is about the same whethertheyare rich or poorin fat
content. This is true also of ears with kernels of about the samesize. This
may be seen from Figure 5 whichillustrates the two ears from which were
taken the kernels shownin Figure 4, the high-fat ear being at the left and the
low-fat at the right.

There is apparently some tendency toward large kernels with ears of
corn having a low fat content, and vice versa, indicating that the change in
the percentage of fat is brought about, inpart,at least, by the absolute in-
crease or decrease of carbohydrates. In other words, in selecting seed with a
low percentage of fat, as determined by chemical analysis, the ears chosen
will have a tendency not only to small germsbutto large kernels. Thisis il-
lustrated by Tables 23 and 24, which give the average weights in grams ofthe
air-dry kernels from 28 different ears which were used in 1899 as seed for
high-fat and low-fat plots. The percentage of fat in the dry matter is also
given.

The average weight of the high-fat kernels is .345 g, while the low-fat
kernels average .420 g. However,there are wide variations from this apparent
tendency.

Table 23. Average weights of kernels from 12 ears of high-fat corn.
 
 

 

     
 

; Corn

|

Kernel, Fat, Corn

|

Kernel, Fat,
Ear No. | No. ave. wt.

|

per cent. Ear No. No. ave. wt.

|

per cent.
I | 1413 .325 5.83 7 1354 .295 6.49
2 | 1342 .370 5.90 8 1476 .400 6.343 i 1338 .335 6.08 9 1308 .315 6.09
4 | 1314 .345 6.28 10 1276 .405 5.905 1389 .305 6.47 II 1379 .340 5.896 ; 1352 .340 6.71 12 1259 .370 5.82

General average... 21... . cece cece ccc c ccc eccnccees .345   
Table 24. Average weights of kernels from 16 ears of low-fat corn.
 
 

 

       
 

Ear Corn Kernel, Fat, Ear Corn Kernel, Fat,
No. No. ave. wt.

|

percent. || No. No. ave. wt.

|

per cent.

I 1521 .490 3.64 9 1522 .525 3.27
2 1559 .430 3.63 10 1531 .380 3.33
3 1564 .500 3.58 II 1545 .470 3.35
4 1538 .370 3.56 12 1486 .430 3.39
5 1504 .390 3.38 13 1557 .500 3.56
6 1539 .355 3-34 14 1543 .410 3.597 1516 .390 3.32 15 1512 .310 3.64
8 | 1529 .320 3.22 16 1548 .450 3.65

General Average .............cceseeeeees Lee eeceecene .420    
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While the tendency of high-fat corn to small kernels and of low-fat corn
to large kernels aids, in a way,in the selection of corn of high or low fat con-

tent, the difficulty of judging the percentage of fat by the comparativesizes

of germ and kernelis greatly increased by the wide variations in thesize of

kernels. With kernels of approximately the same size, and with germs of

similar shape, as those shown in Figure 4, it is an easy matter to distinguish

between high-fat corn and low-fat corn; but frequently a large kernel of low

fat content will have a larger germ than a smaller kernel of a higher percent-

age of fat; or the germsin the kernels from one ear maybe short andthick,

and from another ear they may be long andslender, the difficulties in the

way of forming accurate judgmentbeingthusincreased.

To obtain exact data as to the relation between the percentage of fat

and the percentage of germ in the corn kernel, the germs were removed from

a large number of kernels, the weight of the whole kernel and also of the

separated germ being determined and reported on the basis of dry matter,

having been dried in hydrogen before being weighed. It was found that after

soaking corn kernels in hot water for about 30 minutes the germsareeasily

removed in the entire state and quite free from otherportions of the kernel.

In Table 25 are given the results from 80 kernels of corn, 10 kernels be-

ing taken from each of 8 different ears. No. 1354 represents an ear of high

fat content, 6.49%, and small kernels, average weight .2652 g. The germs

average .0374 g in weight, and amountto 14.11% of the whole kernel. Corn

No. 1564 contains 3.58% of fat. The kernels average .4631 g and the germs

.0421 g in weight. The germs amountto only 9.10% of the whole kernel al-

though the average weight of the germ is considerably more than in No.

1354. This ear, No. 1564, illustrates a relatively low fat content produced

by an absolute increase in carbohydrates. In corn No. 1352, containing

6.71% fat and No. 1529, containing 3.22% fat, the kernels are approximately
uniform in size, the former being .3013 and the latter .3181 g in average
weight. The germsin the high-fat ear amount to 12.40% of the whole ker-

nels, and to only 8.56% in the low-fat ear. This difference is due to the abso-

lute difference in the size of the germs, the germs from the high-fat kernels

being .0373 g and from the low-fat kernels only .0272 g average weight. Nos.

1338 and 1512 are the sameears as are shown in Figure 5, and from which

the kernels shown in Figure 4 were taken. The fat content is 6.08 and 3.64%

and the percentage of germ 12.01 and 8.28, respectively. Nos. 1259 and

1516 are ears with medium-sized kernels, the average weight being about the

same from each ear. The former contains 5.82% of fat and 13.30% of germ,

the latter 3.32% of fat and 8.73% of germ,as an average.
It will be seen that the general relation between the percentage of fat

and the percentage of germ in the corn kernel is clearly established. Of
course there are minor individual differences among the kernels from the

same ear, and it is also noted that there is a difference in different ears as to

the relation between fat content and germ content. For example, corn No.
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Table 25. Weights of corn kernels with weight and percentage of germ.
 
 

Kernel
No

 
Kernel,
wt. gms.

 
Germ,

wt. gms.
 
Germ,

per cent.
Kernel
No.

 
Kernel,
wt. gms.

 
Germ,

wt. gms.
 
Germ,

per cent.
 

Corn No. 1354.— Fat= 6.49 percent. Corn No. 1564.— Fat = 3.58 per cent.
 

 

I 2611 -O4II 15.74
2 .2718 .0385 14.16
3 - 2633 .0370 14.05
4 .2789 .0382 13.70
5 2427 .0347 14.30
6 . 2859 .0372 13.01
7 . 2642 .0362 13.70
8 .2595 .0329 12.68
9 . 2567 .0359 13.99
10 . 2680 .0422 15.75

Averages,| .2652 .0374 14.11    
Corn No. 1352.— Fat= 6.71 per cent.

 

 

 
   

I -4478 .0418 9.33
2 4428 .0446 10.07
3 - 4402 .0402 9.13
4 -4943 .0420 8.50
5 -4205 .0405 9 63
6 4714 -0439 9.31
7 .4968 -0436 8.78
8 - 4398 .0361 8.21
9 4581 .0446 9.74
10 . 5188 .0432 8 33

Averages,} .4631 .042I1 9.10  
 

Corn No. 1529.— Fat = 3.22 percent.

 

   

I 3113 .0391 12.56 I .2859 .0250 ! 8.742 .2872 .0360 12.53 2 . 2882 0237. 8.223 . 2864 .0340 11.87 3 - 3533 .0297 8.414 . 2821 .0374 13.26 4 3135 .0265 8.455 . 2667 .0360 13.50 5 - 3277 .0273 8.336 . 3694 .0442 11.97 6 -3417 .0310 9.077 - 3434 .0414 12.06 7 2918 .0257 8.818 . 2682 .0300 11.18 8 3178 .0276 8.689 3116 .0402 12.90 9 . 3273 .0278 8.4910 2870 .0348 12.13 10 . 3338 .0280 , 8.39
|

Averages,| 3013 .0373 12.40 Averages,; .3181 0272 8.56      
Corn No. 1338.— Fat = 6.08 per cent. Corn No. 1512.— Fat = 3.64 per cent.

 

 

I . 3268 .0373 11.41 I .2813 .0258 9.172 . 3229 .0385 11.92 2 3156 .0259 8.213 . 3031 .0308 10.16 3 . 2674 .0206 7.704 . 3122 .0400 12.81 4 .2740 .0229 8.365 3025 .0349 11.54 5 . 2805 .0250 8.916 . 3018 .0384 12.72 6 - 2935 .0232 7.907 . 2963 .0363 12.25 7 3223 .O251 7.798 . 3095 .0361 11.66 8 .27§2 .0238 8.659 2871 0395 13.76 9 . 3008 .0233 7.7510 3424 .0407 11.89 10 . 2664 .0222 8.33

Averages

|

3105 0373 12.01 Averages

|

.2877 .0238 8.28       
Corn No. 1259.— Fat = 5.82 per cent. Corn No. 1516.— Fat = 3.32 per cent.
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.2719 .0371 13.64 I - 3969 .0338 8.52

. 3172 .0390 12.30 2 3293 .0246 7.473571 .0468 13.11 3 3586 .0364 10.15. 3602 .0514 14.27 4 - 3434 .0318 9.26. 3446 .0482 13.99 5 3401 .0296 8.70. 3786 .0455 12.02 6 3348 .0283 8.453453 .0450 13.03 7 3317 .0272 8.20. 3206 .0454 14.16 8 . 3096 .0240 7.75. 3927 .0472 12.02 9 3843 .0340 8.85. 3304 .0476 14.41 10 - 3733 .0373 9.99

3419 0453 13.30 Averages

|

.3502 0307 8.73        
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1354 contains 6.49% of fat and 14.11% of germ; while corn No. 1352 con-
tains a higher percentage of fat but a lower percentage of germ. Again the

corn of lowest fat content is not quite the lowest in percentage of germ.

These minor differences are perhaps duein part, to the varying percentage of

fat in the remainderof the kernel, although the variation in the percentage of
fat in the germ is doubtless the chief factor in producing such differences.

For example, Voorhees found 26.65% of fat in the germs of the corn kernel,

while Balland found 39.85%. (See Bulletin No. 53, page 140).

The methodof selecting corn of high or low fat content by mechanical

examination is similar to that described under the work on the protein con-
tent of the corn kernel, excepting that the size of the germ alone as com-

pared with the remainderof the kernel is considered. Judgmentis formed by

examining with the naked eye the cross sections and longitudinal sections of

a few kernels from an ear.
Table 26 showsthe results obtained in picking out corn by mechanical

examination from a lot which contained corn of only very high or of very

low fat content.
In picking out 15 ears for high-fat corn and 15 ears for low-fat corn but

one error was made, namely, the fourth ear selected for high-fat corn which

really contained a low percentageoffat.
To make a more practical test of the method a miscellaneouslot of corn

was examined—in all 272 ears, which varied in fat content from about 3.60

to 5.80%. Twelve ears of very high fat content and sixteen ears of very low

fat content had been taken from this lot and used for seed in 1899 (see
Tables 23 and 24), otherwise the results would no doubt have been more

marked than theyare.

From the lot of 272 ears, by mechanical examination 18 ears were se-

lected which appeared to possess a comparatively high fat content, and at the

same time 30 ears apparently low in fat were selected. Tables 27 and 28 give

the results.
The average fat content of the ears selected for high-fat corn is 5.24%,

while 4.13 is the average of that selected for low-fat corn.

If we omit ear No. 2 in Table 27 and ear No. 15 in Table 28, the lowest

percentage of fat in the ears selected for high fat contentis higher than the

highest percentage in the low-fat selection.

Table 26. Actual fat content of corn separated by mechanical examination.
 

 

 
  

   

 

   

Corn selected for Corn selected for Corn selected for

rar High fat. Low fat. har Highfat. Low fat. nar High fat. Low fat.

Percent. Per cent. Per cent. Percent. Per cent. Percent.

I 5.90 3.56 6 6.71 3.65 II 5.80 3.67
2 6.08 3.59 7 6.49 3.22 12 6.09 3.50
3 6.28 3.63 8 5.94 3.67 13 §.82 3.63
4 3.65 3.58 9 5.87 3.27 14 5.90 3.64
5 6.47 3.32 10 6.34 3.39 15 5.89 3.64       
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Table 27. Fat content of 18 ears selected by mechanical examination for high-fat
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corn.

Ear Fat, Ear Fat, Ear Fat, Ear Fat, Ear Fat,
No.

|

per cent.

||

No.

|

per cent.

||

No.

|

per cent.

||

No.

|

per cent.

||

No. per cent.

I 4.94 5 5.23 9 §.22 13 5.27 17 4.97
2 4.30 6 5.58 10

|

§.33 14 5.12 18 5.21
3 5.43 7 5.06 II 5.55 15 5.73
4 5.64 8 5.26 12 4.99 16 5.43

AVCTAZE. 0... eee eee cece een eee ee cc eccccceeeees sees cece..| §.24  
Table 28. Fat content of 30 ears selected by mechanical examination for low-fat

 
 

 

             

corn.

Ear Fat, Ear Fat, Ear Fat, Ear Fat, Ear Fat,
No.| per cent.

||

No.| per cent.

||

No.| per cent.

||

No. percent.

||

No.

|

per cent.

I 4.01 7 4.07 13 3.73 19 4.52 25 4.09
2 4.11 8 4.20 14

|

3.76 20 4.29 26 4.27
3 3.64 9 3.91 15 5.21 21 3.81 27 4.02
4 3.67 10 4.85 16 3.63 22 4.39 28 3.87
5

|

4.52 II 4.35 17 4.02 23 4.43 29 4.00
6 3.66 12 4.52 18 4.55 24 3.80 30 3.98

Average ............ eee e weeseee eee eee e ecto er ee eesseceeees 4.13 
 

Table 29. Weight of corn kernels with weight and percentage of germ.
 
 

 

 

   
    

Ear 2. Table 27.—Fat = 4.30 percent. ||Ear15. Table 28.— Fat= 5,21 per cent.

Kernel

|

Kernel,

|

Germ, Germ, Kernel

|

Kernel, Germ, | Germ,
No. wt. gms.

|

wt. gms. | per cent. No. wt. gms.

|

wt. gms.| per cent.

I . 3580 .0346 9.66 I .4014 .0450 11.21
2 . 3670 .0362 9.86 2 . 3674 .0348 9.47
3 . 2939 .0277 9.42 3 - 3975 .0463 11.65
4 . 2841 .0306 10.77 4 . 4392 .0410 9.33
5 . 2969 .0262 8.82 5 -4571 .0539 11.79
6 . 3054 .0326 10.67 6 3541 .0442 12.48
7 3156 0304 9.63 7 . 3968 .0377. | 9.50
8 . 2866 .0284 9.91 8 4225 .0463 | 10.96
9 3452 .0354 10.25 9 . 3850 .0497 | 12.91
10 3053 .0280 9.17 10 . 4096 .0464 , 11.33

I

Averages .3158 .0310 9.82 Averages .4031 .0445 | 11.06     
 

Ten kernels from each of the two ears just mentioned were taken, and
the exact percentage of germ in each kernel determined,in orderto ascertain
whether these ears were selected because of incorrect judgmentor were ex-
ceptions to the general rule that the percentageoffat varies with the percent-
age of germ in the corn kernel. Theresults are given in Table 29.

While some variations in individual kernels from the same ear exist, it is
seen that the corn of 4.30% fat contains 9.82% of germ, while the ear with
5.21% fat contains 11.06% of germ,in the kernel as an average, showingthat
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the judgment was incorrect, having been formed possibly from insufficient

data.

SUMMARYOF EXPERIMENTSTO IMPROVE THE CHEMICAL COMPOSITION OF
THE CORN KERNEL

All results thus far obtained indicate that it is possible to influence the

composition of corn; that by proper selection of seed any of its principal

constituents, protein, fat, or carbohydrates, may be increased or decreased.

In 1897 a plot of corn planted with seed containing a high percentage

of protein produced a crop containing 11.10% of protein, while 10.55 was

the percentage contained in a crop grown from seed of low protein content.

By considering only the central half of each plot, the crop from seed high in

protein shows 11.12% of protein, and the crop from low-protein seed shows

10.21%.
In 1898 the crop of corn from the seed of high protein content con-

tained 11.05% of protein, while that from low-protein seed contained

10.55%. If only the central half of each plot is considered the results show

11.17% and 10.47% of protein in the corn from the respective seed.
The average protein content of 22 ears of corn grownin 22 different

hills from high-protein seed was 11.11%, while 10.15 was the average per-

centage of protein contained in 22 other ears grown in the same 22 hills

from low-protein seed.

Fifty hills of corn were planted with two kernels of high-protein seed

and two kernels of low-protein seed in each hill. The average protein content

of the crop grown from high-protein seed was 11.71%, while 10.46 was the

average percentagein the crop from the low-protein seed.

In the six tests the selection of seed corn of high and low protein con-

tent has produced differences in the crops varying from .50 to 1.25% of pro-

tein.
In 1897 a plot of corn planted with seed of high fat content produced a

crop containing 4.73% of fat, while the crop produced on a plot planted

with seed of low fat content contained an average of 4.06%. Considering

only the central half of each plot the crop from the high-fat seed contained

4.82% of fat, while that from low-fat seed contained 4.03%.

In 1898 the high-fat seed produced a crop containing 5.15% of fat and

the crop from low-fat seed contained only 3.99%. Again by considering only

the central half of each plot the percentages of fat in the crops are found to
be 5.29 and 3.84, respectively.

The average fat content of 27 ears grown in 1898 in 27 different hills

from high-fat seed was 5.06%, while 4.01 was the average percentage of fat

contained in 27 other ears grown in the same 27 hills from seed of low fat
content.

Fifty hills were planted with two kernels of high-fat seed and two ker-

nels of low-fat seed in each hill. The average fat content of the crop pro-
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duced from the high-fat seed was 5.08%, while 3.97 was the average percent-
age in the crop from low-fat seed.

In the six tests the selection of seed of high and low fat content has

produced differences in the crops varying from .67 to 1.45% offat.

The fat content of corn is even more susceptible 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 protein is essentially dependent upon the supply of available

nitrogen in the soil.

As the percentage of carbohydrates (principally starch in corn) varies
inversely with the combined percentages of protein and fat it follows that
the carbohydrates are increased in percentage whenever the combinedper-

centage of protein and fat is decreased, and vice versa.

It has been found that the protein content of corn varies chiefly with

the proportion of glutenouslayer in the kernel and that by mechanical ex-

amination of corn kernels this variation in the proportion of glutenouslayer

can easily be observed with the naked eye.
It has also been found that the fat content of corn varies quite uni-

formly with the proportion of germ in the kernel and that by mechanical ex-

amination this variation in the relative amount of germ in the whole kernel

can also be observed with the eye.

By actual trial it has been found both possible and practicable to select

corn by mechanical examination with either high or low content of protein,

fat, or starch.

While further investigations are necessary, and are in progress, to deter-

mine more accurately the best methods and moredefinitely the possibilities

of improvementin the chemical composition of corn,it is here stated, tenta-

tively, that essentially by the methods reported in this bulletin any corn

growerwill be able to select seed and to breed corn to increase or to decrease
the percentage of any oneofits three principal chemical constituents.

All experiments reported in this bulletin have been carried on with the

one variety of corn, namely, Burr’s White. Of course,it is not believed that

Burr’s White is the best variety for improvement in corn in every oneofthe

several important lines. Indeed it seems highly probable that one variety of
corn will be found best adapted to but one line of improvement. Wehave in

progress chemical studies of other varieties of corn, and a considerable

amountof data and information has beenalready acquired,butit is reserved,

pending further investigations, for future publication, the special object of

this bulletin being to give the data, thus far obtained, indicating the possi-

bility and establishing the fact that the corn kernel may be improved in
chemical composition.

It may be stated that improvementin the composition of other parts of

the corn plant is under consideration by this Station. Plans are made also to
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investigate other questionsrelating to this general subject; such as the effect
of changes in the chemical composition of corn uponits digestibility, vi-

tality, yield,etc.
The results obtained in our investigations to improve the composition

of corn have suggested the possibility of improving other grains by somewhat

similar methods. It seems not improbable that the different grains or kernels
produced in a single head of wheat, oats, barley, etc., may be foundto be ap-

proximately uniform in composition. If so, a methodis thus offered for se-

lecting seed according to its chemical composition.
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SUMMARY

The investigations reported in this bulletin serve to establish the following

facts:

1. The kernel of corn consists of six readily observable and distinctly differ-
ent physical parts, which are known as 1) the tip cap, 2) the hull, 3) the horny
gluten, 4) the horny starch, 5) the white starch, 6) the germ.

2. The tip cap covers the tip or base of the kernel and comprises only about
1.5% of the grain.

3. The hull is the very thin outer coat. It comprises about 6% of the-kernel

and contains a lower percentage of protein (about 4%) than any other part of the
kernel.

4. The horny glutenous part (aleurone layer) lies underneath the hull sur-
rounding the kernel. It comprises from 8 to 14% of the grain (being more abundant

in high-protein corm), and it contains from 20 to 25% of protein, being the richest

in protein ofall the parts of the corn kernel.

5. The horny starchy part is the chief substance in the sides and back of the
kernel (the germ face being considered the front of the kernel). This substance
comprises about 45% of ordinary corn, but is much more abundantin high-protein
corn and less abundant in low-protein. Although rich in starch, it contains about
10% of protein (morein high-protein corn andless in low-protein corn). It contains

a greater total amountof protein than any otherpart of the kernel.

6. The white starchy part occupies the center of the crown end ofthe kernel

and usually partially surrounds the germ. It comprises about 25% of the kernel(less
in high-protein corn and morein low-protein corn). It is poor in protein (5 to 8%).
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7. The germ occupies the central part of the kernel toward the tip end. It

comprises about 11% of the kernel (more in high-oil corn andless in low-oil corn).
The germ contains from 35 to 40% of corn oil, or from 80 to 85% of the total oil

content of the corn kernel.
8. High-protein corn contains a large proportion of the horny parts (both of

the horny glutenouspart and the hornystarchy part) and a correspondingly smaller
proportion of the white starchy part. The horny parts comprise more than 60% of

high-protein corn and contain about 80% of the total protein content of very high-
protein corn.

9. The value and reliability of the method proposed in previous bulletins by

which any farmer can select high-protein seed corn (selecting for a large proportion
of horny parts) by a simple mechanical examination of the corn kernels has been
fully confirmed by the results which have been frequently obtained and which are

now reportedin this bulletin.
10. The value of the method proposed for picking out high-oil seed corn by

selecting for a large proportion of germ is also fully established.

11. The degree of correlation existing in the corn kernel between the percent-

age of germ andofprotein is very slight and is frequently entirely absent; conse-

quently the proportion of germ in the corn kernelis not a reliable index ofits pro-
tein content.

12. The composition of the different products obtained from corn by hominy

mills, as well as by other factories, serves greatly to emphasize the importance of

breeding corn for special purposes.

Note: For more complete details of corn breeding,the readeris referred to Bulletin

No. 100, “Directions for the Breeding of Corn, Including Methods for the Prevention of

Inbreeding.”

INTRODUCTION

The possibility of selecting seed corn for improved chemical composi-

tion by a simple mechanical examination of sections of kernels (which any

one can easily make with a pocketknife) was clearly established by the ex-

periments reported in Bulletin No. 55, “Improvement in the Chemical Com-

position of the Corn Kernel’’; and the practical value of this methodofse-

lecting seed corn for high protein, high oil, or other desirable qualities has

been fully confirmed by subsequent investigations andtrials by the Experi-
ment Station and by practical seed-corn breeders, as shownin Bulletin No.

82, ‘Methods of Corn Breeding.”
A considerable amount of additional data relating to this matter has

been accumulating with the progress of our experiments in corn breeding,

and because of the very great importance of this subject to the corn growers

and corn breeders of Illinois, and also because of the marked interest which

is manifested in this matter both by progressive, practical farmers andbysci-

entific investigators, it has seemed advisable to publish in somewhatgreater

detail the results of our investigations alongthis line.

PARTS OF THE CORN KERNEL

There are six distinctly different parts in a kernel of com, as will be

readily seen by reference to Figs. 1 and 2.

1. Tip cap.—This is a small cap covering the tip end of the kernel and
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Figure 1. Low-protein corn kernel from drawing (small kernels from photograph).

serving as a protection to the end of the germ. It consists of material some-

what resembling the cob. Occasionally in shelling corn the tip cap remains

attached to the cob, leaving the tip end of the germ uncovered, but nearly al-

ways it remains on the kernel.

2. Hull.—This is the very thin outer covering of the kernel. It consists

largely of carbohydrates, especially fiber or cellulose, although it also con-

tains a small percentage of other constituents.

3. Horny glutenous part.—This part lies immediately underneath the

hull. It constitutes a second covering of the kernel, usually much thicker
than the hull. For short it is called horny gluten, although, of course, it is

not pure gluten. However,it is the richest in protein of any part of the corn

kernel, as has been stated in bulletins already published by this station and
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Figure 2. High-protein corn kernel from drawing (small kernels from photograph).

previously by Doctor Voorhees, Director of the New Jersey Experiment Sta-

tion.

4. Horny starchy part.—This part lies next to the horny gluten, on the

back and sides of the kernel. For shortit is called hornystarch, althoughit

is not pure starch,as it contains considerable amounts of other constituents,
especially protein. In an examination of the kernel with the unaided eye, the

horny glutenous part and the horny starchy part are not readily distin-
guished from each other, the line between them being somewhat indefinite
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and indistinct. Considered together, these two parts constitute the horny

part of the kernel.

5. White starchy part.—This part occupies the crown endofthe kernel

above the germ andit also nearly surrounds the germ toward thetip end of

the kernel. For convenience this material is called white starch, althoughitis

not pure starch, as has been clearly shown in former publications. In some

kernels the horny starch extends nearly or quite to the germ (near the mid-

dle of the kernel), and thus separates more or less completely the white

starch into two parts, which wecall crown starch andtip starch.

6. Germ.—The germ occupies the center of the front of the kernel

toward the tip end and usually extends about one-half or two-thirds the

length of the kernel. Within the body of the germ are the embryo stem,

pointing upward toward the crown end, and the embryo root, pointing

downward toward the tip of the kernel, both of which are, of course, parts

of the germ. These embryo parts within the germ maybeeasily seen by any

one whowill carefully shave off the front side of the germ from a kernel of

corn. (See small photographic reproduction of sections of kernels of high-

and low-protein corn in Figs. 1 and 2.)

MECHANICAL SEPARATION OF THE DIFFERENT PARTS

It is not a difficult matter to obtain very pure samples of each of the

above-named parts of the corn kernel, although in making the separations

there is of necessity some waste material consisting of a mixture of three dif-

ferent parts: namely, horny gluten, horny starch, and white starch.’

By the use of a small, sharp knife any one can make the following sepa-

rations:

1. Tip cap 5a. Crownstarch

2. Hull 5b. Tip starch

3. Horny gluten 6. Germ

4. Horny starch 7. Waste (mixed material)

In making these separations the kernels are first soaked in hot water for

15 or 20 minutes.
Thetip cap is then very easily and perfectly separated by simply cutting

underone edge and then pullingit off.
The hull is separated without difficulty by peeling it off in strips. It is

only necessary to use the knife to start the peeling at the tip end where the

hull has been broken by removing the tip cap. With somecare the hull can

be completely peeled out of the dent in the corn.

The horny gluten is more easily distinguished after the hull is removed.

It will be plainly seen that it covers the entire kernel, excepting possibly the

exposed part of the germ. The hornygluten is removed bycarefully shaving

it off with a sharp knife. Adhering particles of starch can be moreeasily

1s used in this bulletin, the term “starch” is employed in a technical or commercial

sense, and not as the nameof a definite chemical compound.
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separated from the horny gluten after the shavings have been allowed to dry
for some time. In scrapingoff theseparticles of hornystarch or white starch
adhering to the shavings, more or less horny gluten will also be scraped off,
so that, while we are thus able to obtain a pure, clean sample of the horny
gluten, we also obtain some waste material, consisting of particles of horny
gluten, horny starch, and whitestarch.

The germ is next removed, and with care this can be done very per-
fectly. If any particles of starch adhere to the germ, they can easily be com-
pletely removed. After the tip cap, hull, horny gluten, and germ have been
removed, the remainder of the kernel, consisting of the horny starch and
white starch only, is allowed to dry, and the kernel is broken in two length-
wise.

The crown starch is dug out with the knife as completely as possible
without taking any of the hornystarch.

The tip starch is next removed in the same manneras the crownstarch.
The hornystarch from eachside usually remainsin a solid piece. This is

now carefully scraped to remove all adhering particles of white starch or
horny gluten, the scrapings being carefully saved and addedto the waste ma-
terial.

By this method of separation we obtain eight different products, in-
cluding the waste material. Seven of these products, excepting the crown
starch and tip starch, are pure samples of distinctly different parts of the
corn kernel. Although the crown andtip starch of course belong to the
white starch, they are kept separate because found in different places, fre-
quently being entirely separated in the kernel, although more commonly
there is some white starch continuous from crown to tip.

COMPOSITION OF THE DIFFERENT PARTS

Table 1 showsthe percentage of these eight different products, or parts,
and the percentage composition of each part, also the percentage composi-
tion of the whole corn,for each of three different ears of corn. Ear No. 1 is
corn of comparatively low protein content”. Ear No. 2 has aboutthe usual
protein content of ordinary corn. Ear No. 3 is high-protein corn. About
200 g (nearly .5 lb) of kernels from each ear were separated into the dif-
ferent parts, and each part was then weighed and analyzed separately,
another sample of the corn from each ear being analyzed to give the compo-
sition of the whole corn. (All results are given on the water-free basis.)

It should be understood that Ear No. 1 (9.28% protein) and Ear No. 3 (12.85% pro-
tein) do not represent extremesin protein content, indeed, in our breeding of corn for
low protein we have produced good ears containing less than 6.5% of protein, and in our
high-protein field we have produced corn containing over 16% of protein. In extremely
low-protein corn the percentage of hornypartis very muchless than in Ear No.1, and in
extremely high-protein corn the tip white starch is frequently almost entirely wanting and
the crown white starch very greatly reduced, both being replaced by the horny part, as
shownin the drawings andalso in the actual photographsofsections of kernels shown be-
side the drawingsin Figs. 1 and 2.
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Table 1. Percentage of different parts and percentage composition of each part.
 

 

Ear No.1 (low in protein)
 

 

 

      
 

 

  
 

 

 

Composition of parts

Percent Garbo-

f t of
Names of parts whole

|

Protein,

|

Oil, Ash,

|

hydrates,
percent

|

percent

|

percent percent

Tip CapS..csececeees 1.20 1.36 1.16 91 90.57

Hulls......csseseceee 5.47 4.97 .92 .82 93.29

Horny gluten....... 7.75 19.21 4.00 .92 75.87

Horny starch....... 29.58 8.12 16 .18 91.54

Crown starch....... 16.94 7.22 19 -.32 92.27

Tip starch.......... 10.93 6.10 .29 .29 93.31

Germs ........0--0:- 9.59 19,91 36.54 10.48 33.07

Mixed waste........ 18.53 9.90 1.06 .61 88.43

Whole corn......----

|

sees 9.28 | 4.20 1.41 85.11

Ear No. 2 (medium in protein)

Tip CapS..ccccsseee. 1.46 8.83 2.30 1.11 87 .76

Hulls..... cece ceseee 5.93 3.96. .89 79 94 .36

Horny gluten....... 5.12 22.50 6.99 1.72 69.09

Horny starch....... 32.80 10.20 24 24 89.32

Crown starch....... 11.85 7.92 17 24 | 91.67
Tip starch..... eeeee 5.91 7.68 3) 31 91.62

Germs.. ..---.: wees 11.53 19.80 34.84 9.90 35.46

Mixed waste........ 25.40 11.10 1.23 .O7 87.10

Whole corn.....-.--

|

ws ee 10.95 4.33 1.55 83.17

Ear No. 3 (high in protein)

Tip caps...... beeeee 1.62 4.64 1.99 1.87 91.50
Hulls .........---0e- 6.09 3.84. 16 1.10 94.30

Horny gluten....... 9.86 24.58 4.61 1.74 69.07

Hornystarch....... 33.79 10.99 22 21 88.58

Crown starch....... 10.45 8.61 52 37 90.50

Tip starch.........- 6.23 7.29 1.36 .6U 90.75

Germs ....eeeeeeoees 11.93 19.56 33.71 10.00 36.73

Mixed waste...... o. 20.03 12.53 1.15 61 85.71

Whole corn.......+.

|

ese . 12.85 5.36 1.67 80.12     
 

A careful study of Table 1 reveals some very interesting and useful facts

regarding the structure of the corn kernel and the composition of the differ-

ent parts. It is certainly an interesting fact that there are so many different

parts in a kernel of corn, andit is exceedingly useful to be able by a me-

chanical examination of corn not only to pick out high-protein com orhigh-

oil corn, as one may desire, but even to separate the several distinctly differ-

ent parts from one anotherby purely mechanical means—toseparate, for ex-

ample, the horny gluten, containing (in the high-protein ear) nearly 25% of

protein, and then the white starchy parts, with only 7 or 8% of protein; or

the germs, containing about 35% of oil and 10% of ash, and then the horny

starchy part, containingless than .25% of either oil or ash.

The hulls contain about 4% of protein andare clearly the poorest in

protein of any part of the kernel, the next poorest being the tip caps and
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white starchy parts, containing about 7 or 8%, the tip starch beingslightly
poorer than the crown starch. The hornystarchis richer in protein than the
white starch, especially in the medium- and high-protein corn, wherethedif-
ference amounts to more than 2%, the horny starchy part containing from
10 to 11% of protein. The protein content of the germs is very uniform in
the different ears, although the poorest germs are found in the high-protein
com and the richest in the low-protein corn, the variation being from 19.56
to 19.91%. The horny glutenis the richest in protein of any part of the ker-
nel in both ordinary and high-protein corn, as was pointed outseveral years
ago by Doctor Voorhees(1), Director of the New Jersey Experiment Station,
and as we have quoted in previous publications of the Illinois Experiment
Station. In the high-protein corn the protein content of the horny gluten
amounts to 24.58%; in the low-protein cornitis slightly less than that of the
germ.

It is plainly seen that the oil in corn is very largely in the germ,al-
though the horny gluten also contains a considerable percentage, the germ
containing about 35% ofoil and the horny gluten about 5%. Both the horny
and the white starch are exceedingly poorin oil, averaging about .25%,if we
disregard the tip starch in Ear No. 3, which appears to have absorbed some
oil directly from the germ, which it adjoins and partially surrounds. The
hulls contain slightly less than 1% of oil and the tip caps slightly more than
1%, and it is quite possible that this oil may have been obtained,in part at
least, by absorption from the horny gluten and germ. Indeed,it seemshighly
probable that practically all of the true oil in the corn kernelis originally de-
posited in the germ andhornygluten, and that the small percentage, or mere
trace, which is found in the other partsis largely obtained by absorption.
That such absorption actually does occur is definitely proved by the fact
that the percentage of oil in hominy and hominy products increases with the
age of the corn used in the milling. (Hominy consists largely of the horny
starch, with moreorless adhering white starch.)

It may be of interest to state in this connection that in 1866 Haber-
landt (2) discovered with the microscope that the germ of the corn kernel
contains a large amountofoil. He observed nooil in the remaining portions
of the kernel. By chemical analysis Lenz (2) found, however,that after the
germs were removed the remaining portion of the kernel contained 1.57% of
oil. These results were fully confirmed by Doctor Atwater (3), who found
1.63% of oil in the corn after removing the germs and adjoining material,al-
though neither Lenz nor Atwater appear to have ascertained that the horny
gluten (the aleurone layer) contains the chief percentage ofoil outside of the
germ.

By further reference to Table 1 it will be observed: 1) that the germ
contains about 10% of ash or mineral matter; 2) that this is about 10 times
the average percentage of ash contained in the other parts; and 3) that the
percentage of ash in the different parts varies with the percentage of oil, to
quite a noticeable degree.
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Of course, the percentage of carbohydrates (starch, cellulose, pento-

sans, etc.) varies inversely as the sum of the other constituents, being about

35% in the germ, 70% in the horny gluten, and from 90 to 95% in the other

principal parts.

The marked degree of uniformity in the entire percentage composition

of the germs from each of these three ears, whether low-protein, medium-

protein, or high-protein, seems especially noteworthy. The percentage of

protein varies only from 19.56 to 19.91; the oil from 33.71 to 36.54; the ash

from 9.90 to 10.48; and the carbohydrates from 33.07 to 36.73. It will also

be noted that the percentages both of protein and of oil are lower in the

germs from high-protein corn than in those from the low-protein corn, al-

though the differences are not marked.

MATHEMATICAL DISTRIBUTION OF WASTE

It will be borne in mind that in making the mechanical separations, in

order to obtain each of the seven different parts in pure condition, unmixed

with any other part, there was necessarily some waste product. This waste

substance amounted to about 20% of the whole. As has already been ex-

plained, this mixed waste material consists of only three distinctly different

parts—horny gluten, horny starch, and white starch (from crown and tip),

the other three parts—tip caps, hulls, and germs—beingeasily separated com-

pletely and in pure form.

By a simple computation the mixed waste material can be distributed

amongthe respective parts of which it is composed, provided we maybeal-

lowed to make the assumption (which is approximately the truth) that the

horny starch and the white starch are present in the waste material in the

same proportions as they are in the pure, separated portions. Any error

which might be introduced by following this assumption would havebutlit-

tle effect, because in composition the horny starch and the white starch are

not very markedly different (the protein differs by from 2 to 3%); and also

because the total amount of waste material to be distributed is only from

one-third to one-half the sum of the separated horny starch and white starch.

It will be observed (see Table 1) that the mixed waste is alwaysricher in

protein than the horny starch, thus showing that, besides horny starch and

white starch, it also contains more orless horny gluten, which, of course, we

knowto bethe fact.
If in 100 g of com welet

x equal the numberof g oftip starch,

Bx equal the numberof g of crownstarch,

Cx equal the numberofg of hornystarch,

y equal the numberofg of horny gluten, and

S equal the sum of these four parts; then

x+Bx+Cx+y=S.
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Now if welet

a equal the % of protein in thetip starch,
6 equal the % of protein in the crownstarch,
c equal the % of protein in the hornystarch,
d equal the % ofprotein in the horny gluten, and
s equal the numberof g of protein in all of these four parts; then

ax + bBx + cCx + dy =s.
Thus we have two equations with which to solve for x and y, which are

the only unknown quantities, B and C being factors which can be obtained
by dividing the percentages of separated crown starch and horny starch,re-
spectively, by that of tip starch, and S$ being the sum of the separated tip
starch, crownstarch, horny starch, horny gluten, and mixed waste, as given
in Table 1; and a, b, c, d being the respective percentages of protein in the
four separated materials, tip starch, crown starch, hornystarch, and horny
gluten, and s being the total number of grams of protein contained in these
four separated parts and in the mixed waste,all of which data are also given
in Table 1.

PHYSICAL COMPOSITION OF THE CORN KERNEL

From the above computations we obtain the results given in Table 2,
which gives the total percentages of each of the seven different parts con-
tained in the corn kernel (counting crown starch and tip starch as twoparts),
and with no waste material.

It will be observed that the percentages of horny gluten, hornystarch,
and germsare noticeably higher in the high-protein corn than in the low-
protein corn; while the opposite is true with the white starch, the percent-
ages of crownstarch andtip starch being markedly higher in the low-protein
com than theyare in the high-protein com. It is noteworthy that the horny
gluten in high-protein corn not only contains a higher percentage of protein
than the germs, but that the proportion of hornygluten in the kernel equals
or exceeds that of the germs. The only discrepancies appearing in Table 2
are the low percentage of horny gluten and the high percentage of horny
starch in Ear No. 2. Otherwise the percentages of parts in the medium-

Table 2. Total percentages of the different parts of the corn kernel.
 
 

Kar No. 1,|Ear No. 2,|/Ear No.3,
Namesof parts (low- (medium- (high-

protein)

|

protein)

|

protein)
 

Tip caps..............%fe eee w eee ceeer ences 1.20 1.46 1.62Hulls........eceeee Cee c cece cee eeeeececs 5.47 5.93 6.09
Horny gluten..... eaeees eo ee cece cece eeeece 11.61 8.51 13.32Horny starch...........scccceees ev eeeees 37.15 47.08 44.89
Crownstarch..... eee e cece ccc ee ete eenees 21.26 17.01 13.88Tip starch ........ cece cece ccc scecsecveees. 13.71 8.48 6.28
Germs........... bee ce cece eeeeerecceseeeees 9.59 11.53 11.93
    Total... .ccccccccccceccecccccecevceees 99.99 100.00 100.01
 



Table 3. Percentages of the different parts of the corn kernel as commonly ob-
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served in mechanical examination for seed-corn selection.
 
 

 

 

Ear No. 1,|Ear No. 2,|EKar No.3,

Namesof parts (low- (medium- (high- Average
protein) |protein) |protein) P

Tip CAPS. .cccccecccccensccroeees 1.20 1.46 1.62 1.43

Hulls....... ence cere reece eeorees 5.47 5.93 6.09 5.83

Horny part... ..ccseecceccceerer: 48.76 55.59 58.21 54.19

White starch......cccccccsreeeee 34.96 25.49 22.16 27.54

Germs .... ccc cree cece cere cence: 9.59 11.53 11.93 11.02

Total... cece cvccceeereeees 99.98 100.00 100.01 100.00
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protein ear are always intermediate between those in the other twoears, as

would be expected. Even these discrepancies disappear if the two horny

parts be added together and considered as one part, as is donein the practi-

cal work of selecting seed corn for higher protein content by mechanical ex-

amination,as will be seen by referring to Table 3.

In this table the crown starch andtip starch are also added together and

the sum recorded as white starch. The increase in the amountof horny part

(from 48.76 to 58.21%) and the decrease in white starch (from 34.96 to

22.16%) as we pass from the low-protein to the high-protein corn,is plainly

apparent.

DISTRIBUTION OF CHEMICAL CONSTITUENTS

Table 4 shows the location or complete distribution of the chemical

constituents among the seven different physical parts of the corn kernel. In

other words, this table represents the separation of 100 g (or 100 Ib) of corn

into seven different structural or physical parts, and the subsequentdivision

of each of these parts into the four chemical constituents, protein, oil, ash,

and carbohydrates.
The complete data shown in Table 4 are presented especially for the

benefit of farmers who are corn breeders, and also for the benefit of the

manufacturers of corn products. The agreement between the sum of the

separate determinations and the direct determinations of the same constitu-

ent in the whole corn is very satisfactory, considering that these results are

obtained by computation from the analyses of nine different materials, in-

cluding the whole corn. The greatest difference is well within the limit of

unavoidable error in sampling and analytical determination. A careful study

of this table will reveal some interesting and valuable facts. For example,it

will be seen that in 100 lb of the low-protein corn the horny gluten contains

only 2.23 lb of protein; while 3.27 Ib of protein are contained in the horny

gluten in 100 lb of the high-protein corn. Again, in 100 lb of the low-protein

corn the horny starch contains only 3.02 lb of protein; while 4.93 Ib of pro-

tein are contained in the hornystarch in 100 lb of the high-protein corn.

On the other hand, in 100 Ib of the low-protein corn the crownstarch

and tip starch contain 1.53 and .84 lb of protein, respectively; while 1.20
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Table 4. Physical and chemical distribution of 100 g (or 100 Ib) of corn.

Ear No. 1 (low in protein)
)

 

 

 

 

        

 

 

 

      
  

  

       
  

 

 

  
 

 

Physical Chemical distribution
distribu- Carbo-

Namesof parts tion Protein Oil Ash hydrates
(grams or|(grams or|(grams or|(grams or gtamsor
pounds) |pounds) |pounds) jpounds) |pounds )

Tip caps............ 1.20 .09 .O1 01 1.09
Hulls ............08. 5.47 .27 .05 04 5.10

Horny gluten....... 11.61 2.23 .46 11 8.81
Hornystarch....... 37.15 3.02 .06 .07 34.01

Crown starch....... 21.26 1.53 .O4 .07 19 62Tip starch.... .... 13.71 84 .04 04 12.79

Germis.............. 9.59 1.91 3.50 1,01 3.17|

Total. ... .... 99.99 9.89 4.16 1.35 84.59
Whole corn.......... wees eee 9.28 4.20 1.41 85.11

Ear No. 2 (medium in protein)

Tip caps............ 1.46 13 .03 .02 1.28
Hulls.......... wees. 5.93 .23 US .05 5.60

Horny gluten....... 8.51 1.89 59 15 5.88
Horny starch...... 47.08 4.80 11 11 42.05

Crown starch....... 17.01 1.35 .03 .04 15.59
Tip starch.......... 8.48 .65 .03 .03 7.77

Germs..... eee cee 11.53 2.28 4.02 1.14 4.09

Total. .......... 100.00 11.33 4.86 1,54 82 26
Whole corn..... J... wee 10.95 4.33 1.55 83 17

Ear No. 3 (high in protein)

Tip caps........... 1.62 .08 03 .03 1.48
Hulls..... cee eeneee 6.09 .23 .05 .07 5.74

Horny gluten....... 13.32 3.27 61 23 9.20
Horny starch....... 44.89 4.93 10 09 39.76

Crown starch....... 13.88 1.29 .07 .05 12.56
Tip starch.......... 8.28 .60 11 US) 7.51

Germs .............. 11.93 2.33 4.02 1.19 4,38

Total ........... 100.01 | 12.64 4 99 171 80 63
Whole corn... weeeee: 12.85 5.36 1.67 80.12

Table 5. Pounds of protein in 100 poundsof corn.

Low- Medium-| High-
Names of parts protein

|

protein

|

protein
corn corn corn

In tip Caps... ... cece cece cc cee cc ecsececees .09 .13 .08
In hulls..... Cece reece reese esc caceee ec cceees .27 .23 .23

In horny part..... wees Cece cece cesseceesess| 5.25 6.69 8.20
In white starch. ............ ccc cc cuuee ceeeee] 2.37 2.00 1.80

In germs ............. See e cece cece eooee.| 1.91 2.28 2.33

60)) 9.89 11.33 12.64    
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and .60 are the respective amounts contained in the correspondingparts of
the high-protein corn.

If we add together the horny parts and then add together the crown

starch andtip starch, as is donein the practical selection of seed corn by me-
chanical examination, we obtain the results shownin Table 5.

It will be observed that the increase in protein in high-protein corn over

that in low-protein corn occurs almostentirely in the horny part of the com

kernel. As indicated in previous bulletins, there is also a slight increase in

protein in the germ, althoughthisis quite insignificant as compared with the

increase in the horny part. In passing from low-protein corn to high-protein

corn, there is an appreciable decrease in the amountof protein contained in

the white starch. Of course, this is due to the marked decrease in the actual

amount of white starch in high-protein corn. Indeed, this decrease in the

quantity of white starch is even more marked than would appear from Table

5, because the white starch in the high-protein cornis actually richer in pro-

tein thanis that in low-protein corn, as would be expected andas is shown in
Table 1.

The data given in Table 5 strongly confirm the results which wehaveal-

ready obtained in practical experience in corn breeding. For example, we

have been breeding both high-protein corn and low-protein corn for the past

7 years. In the high-protein corn wefind that the proportion of homy part

has increased very markedly, while the white starchy part has markedly de-

creased. In the low-protein corn the opposite is true, the horny part having

decreased and the white starchy part having markedly increased in propor-
tion.

By computation from the data given in Table 4, we have constructed

Table 6, which showsthe percentagedistribution of the different chemical

constituents amongthe several physical parts of the corn kernel.

It will be seen that,.as an average, about 22% ofthe total protein is con-
tained in the horny gluten, nearly 40% in the horny starch, and nearly 20%
in the germ. Thus these three parts contain about 80% of the total protein
in the kernel.

The germ contains from 80 to 84% ofthe oil, while all other parts com-

bined contain only 15 to 20% ofthe total oil in the kernel. Based uponthis

fact is the method for selecting high-oil or low-oil seed corn by mechanical

examination, the ears whose kernels show large proportion of germ being

high-oil corn and those with small germs low-oil corn (see Fig. 4).
About 12% of the total oil is contained in the horny gluten, leaving

only about 5% ofthe oil distributed among the remainingfive physical parts,

and, as stated above, more orless of this amount is undoubtedly absorbed

from the contiguous germ orhornygluten.

It will be noted that the ash is closely associated with the oil, nearly

75% of the total ash being contained in the germ and about 10% in the
horny gluten,as an average.
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Table 6. Percentage distribution of chemical constituents among physical parts.
 
 

Ear No. 1 (low in protein)
 

 

  
 

 

 

 

 

 

Percent Percent Percent Percent
Names of parts of total of total of total carbo.

protein oil ash hydrates

In tip caps...... ec cc ere cccecces .89 .33 .81 1,29
In hulleto e028 @eesoeeeceeeceoeoseeeeeaaesne 2.75 1.21 3.34 6.03

In horny gluten..... see cceeeeees 22.56 11.13 7.96 10.41
In horny starch.....cssccsoesees 30.51 1.43 4.98 40.22

In crown starch...... cece cee caes 15.52 97 5.07 23.18
In tip starch........cccccccecces 8.46 095 2.96 15.12

In Zerms...cecsceereeees eet wees 19.31 83.99 74.87 3.75

Total... ccccccccccescceeces 100.00 100.01 99 .99 100.00

Ear No. 2 (medium in protein)

In tip Caps........c cece eee es eeee 1.14 .69 1.06 1.56
Im full... cece ee eee eee oe 2.07 1.08 3.06 6.80

In horny gluten................. 16.67 12.21 9.56 7.15
In horny starch..............06. 42.36 2.32 7.38 51.12

In crown starch.........--.seee. 11.88 59 2.67 18 .96
In tip starch...........ccesceees §.75 .68 1.72 9.45

Im ZETMS..... ccc ccccscvcccrevees 20.14 82.43 74.55 4.97

Total... ..cc ccc e eee ee ee ees 100.01 100.00 100.00 100.01

Ear No. 3 (high in protein)

In tip CapS....cecerccccccesceces .59 .65 1.76 1.84
In hull.......... eee eee eer e ee eees 1.85 .93 3.90 7.12

In horny gluten. ........ eee seee 25.88 12.29 13.49 11.41
In hornystarch..... cece eceens oe 39.00 1.98 5.49 49 31

In crown starch........ cece econ 9.45 1.44 2.99 15.58
In tip starch...........20-seeae, 4.77 2.25 2.89 9.32

In ZErmS....... cece cece ec eee ones 18.45 80.46 69.46 5.43

Total... .. ce ccc ce eee 99.99 100.00 99.98 100.01    
 

Table 7 shows, for direct comparison, the percentage distribution of the

protein amongthe different physical parts in each ear, the two hornyparts,

and also the two white starchy parts, being combined,as in Table 5.

Table 7 illustrates very plainly the fact that, as we pass from low-

protein corn to high-protein corn, the protein decreases in the white starchy

part and increases in the horny part; in other words, in breeding corn for

high protein we decrease the white starchy part, which is comparatively poor

in protein, and increase the horny part, which averages very muchricherin

protein, the horny starch containing from 2 to 3% more protein than the

white starch, and the horny gluten being richer in protein than any other
part of the kernel. As rule, in breeding for high protein thereis also a slight

increase in the proportion of germ, which,beingrich in protein, adds some-

whatto the increase in protein.
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Table 7. Distribution of 100 g (or 100 lb) of protein amongthe physical parts as
observed in mechanical examination.
 

 

 

 

 

Low- Medium-| High-
Namesof parts protein protein protein

corn corn corn

In tip CapS...ccccscccsccccccccecceccceseeees 89 1.14 .59
In hulls... ....ccces cece crete ee cece eecesees 2.75 2.07 1.85

In horny part....... eee e eee cece ere eseeeees 53.07 59.03 64.88
In white starch.........cccecccecccseeeeeees 23.98 17.63 14,22

IM ZELMS...... cece ccc cece cee cess eee er eens 19.31 20.14 18.45

Total ....... ccc ccescccceveccceceneeecees 100.00 100.01 99.99
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MECHANICAL METHODSOF SELECTING SEED CORN FOR IMPROVEMENTIN

COMPOSITION

As has already been shownin our Bulletin No. 82, “Methods of Com

Breeding,” we have foundit entirely feasible and practical to select seed comm

of higher protein content by a simple mechanical examination ofa few ker-

nels from each ear. With some care any farmer or corn growercan learn to

pick out high-protein seed com by dissecting and examining a few kernels

from each ear (by meansof a pocketknife), selecting for high-protein seed

the ears whose kernels show a large proportion of hornypart, and rejecting

those showinga small proportion of horny part (see Figs. 1 to 3).
This method is already in use by practical corn breeders, and with a

very satisfactory degree of success. For example, in selecting seed corn by

this method, Mr. Ralph Allen, of Tazewell County, obtained seed ears for

the year 1902 which were 1.46% higher in protein than the rejected ears

from the same lot, and for this season (1903) his selected seed ears contain

1.58% more protein than the ears which he hasrejected. In other words,his

selected seed cornis richer by 1.58 lb of protein per 100 lb of corn than that

rejected.
The method proposed some years ago by Professor Willard, Director of

the Kansas Agricultural Experiment Station, of picking out high-protein seed

by simply selecting for large germs, enables one, as a rule, to make somegain

in protein, but the gain is very much greater when the proportion of horny

part is considered. In fact, from our own experience wefind that the selec-

tion for a large proportion of horny part is a very much more trustworthyin-

dex than the size of the germ in securing high-protein seed, and weoften find

corn with large germs whichis actually low in protein because of a small per-

centage of protein in the remainderof the kernel. The fact that only 20% of

the total protein of the kernel is obtained in the germ (as shownin Table 7)

is evidence of the uncertainty of obtaining high-protein seed corn, and of the

improbability of making any very considerable gain in protein, by this

method of selection. This difficulty was well understood by Professor

Willard, as will be seen in the following quotation from the Kansas Experi-

ment Station Bulletin No. 107, page 63.
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Figure 3. Left: High-protein kernels (much hornypart; little white starch). Right:
Low-protein kernels(little horny part; much white starch).

“There are undoubtedly great differences in the protein content of the

part of the kernel exclusive of the germ, and it is conceivable and not im-

probable that a large germ, though in itself tending to produce high protein

content might be overcomeby the low protein of the remainderof the ker-

nel.”’ (Protein is substituted for nitrogen in this quotation.)
Of course, if one picks out corn with large germs andat the sametime,

either consciously or unconsciously, selects those ears whose kernels contain

a large proportion of horny part, he may makeconsiderable gain in protein,
but in such case the gain should not be attributed solely to the large germs.

The method of selecting seed corn for high oil content on the basis of

large germs (Fig. 4) is certainly well founded, because of the fact that more

than 80% of the total oil of the kernel is contained in the germ.
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Figure 4. Left: High-oil kernels (large germs). Right: Low-oil kernels (small
germs).

THE CORRELATION OF SOME PHYSICAL PARTS AND CHEMICAL

CONSTITUENTS OF THE CORN KERNEL

As was clearly shown in our Bulletin No. 55, there is usually a marked

correlation between the percentage of germ and the percentage ofoil in the

corn kernel, as will be seen from the following summary of 100 separate de-

terminationsreported in that bulletin.
While there is, of course, somevariability, due in part to the different

percentages of oil in germs from different kernels (especially in kernels from
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Table 8. Correlation between germ andoil in corn kernels.
 

 

 

 

 

Small-germ corn Large-germ corn

Number of determinations Germ, Oil, Germ, Oil,

percent percent percent percent

LO... ccc cece ee cece ereccseesvess 9.10 3.58 14.11 6.49
10..... bon cencenescrnvesevevecuce 8.56 3.22 12.40 6.71
pC 8.28 3.64 12.01 6.08
pC 8.73 3.32 13.30 §.82
|eevee cree eceeee 9.82 4.30 11.06 §.21

General average...........se00. 8.90 3.61 12.57 6.06     
different ears) and in part to the different percentages of oil in the horny
gluten (and to some extent in other parts) from different ears (see Table 8),
nevertheless it will be observed that there is a marked correlation between

the percentage of germ and the percentage ofoil in the corn kernel. In other

words, the percentage of oil varies with the percentage of germ. It will be
observed, however, that a high percentage of germ is accompanied bya still
higher proportionate percentage of oil, indicating that increased proportion
of germ in the kernelis due to an increase in the quantity of oil more largely
than of the remainderof the germ.

CORRELATION BETWEEN OIL AND PROTEIN

That there is a marked correlation between the percentages of germ and

oil in the corn kernelis certainly well established; consequently,if the pro-

portion of germ werea reliable index to the relative protein content of the

kernel, there would, of course, be some marked correlation betweentheper-

centages. of oil and protein in corn.
In Table 1 of Bulletin No. 55 are recorded the proximate analyses of

163 different ears of corm. Table 9 is derived from that data, and shows the

percentages of oil and protein contained in the ten ears whichare lowestin
oil and in the ten ears whichare highest in oil, the analyses being arranged in

the descending orderfor protein.

The correlation between oil and protein is certainly very slight. In the

low-oil corn the oil varies from only 3.84 to 4.08%, while the protein varies

from 9.08 to 12.96%. In the high-oil corn the oil varies only from 5.46 to

6.02, while the protein varies from 9.58 to 13.87%, making a difference of

4.29% protein between these extremeears, while the difference in oil is only

-09% between the same ears. The average percentagesof oil in these two lots

of corn vary from 3.99 to 5.64%, while the corresponding averagesfor pro-
tein are 11.02 and 11.19, thus showing very little correlation between the

percentages of oil and protein in the corn kernel.

Table 10 is also derived from Table 1 of Bulletin No. 55, and is similar

to Table 9, except that the analyses of the ten ears lowest in protein and of

the ten ears highest in protein are chosen. This showsthereverse correlation;
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Table 9. Correlation between oil and protein in the corn kernel.
 

 

 

 

 

Low-oil corn High-oil corn

Oil, Protein, Oil, Protein,
percent percent percent percent

3.97 12.96 5.72 13.87
3.99 12.28 5.51 13.10
4.03 11.71 5.61 12.09
4.07 11.49 5.75 11.18
3.84 11.29 5.65 10.82
4.08 11.2 5.51 10.49
3.94 10.97 5.46 10.32
4.01 9.68 5.51 10.23
3.95 9.44 6.02 10.18
4.05 9.08 5.63 9.58

Average 3.99 11.02 5.64 11.19   
 

Table 10. Correlation between protein andoil in the corn kernel.
 

 

 

 

 

Low-protein corn High-protein corn

Protein, Oil, Protein, Oil,
percent percent percent percent

9.31 4.96 13.87 5.72
8.40 4.91 13.10 5.51
8.38 4.88 12.68 5.29
9.31 4.82 12.81 5.21
8.25 4.81 12.63 §.15
9.22 4.60 13.06 4.93
9.15 4.55 12.57 4.82
9.30 4,38 12.79 4,25
9.12 4.10 12.76 4.10
9.08 4.05 12.96 3.97

Average 8.95 4.61 12.92 4,90   
 

that 1s, between protein and oil. Of course, the results should be practically

the same as shown in Table 9, the chief value of Table 10 beingthatit uses

almost an entirely different set of analyses, and consequently gives a dupli-

cate illustration of the lack of correlation between these two constituents.

It will be observed that although the averages for protein vary from

8.95 to 12.92%, the averages for oil vary only from 4.61 to 4.90%. These

averages indicate only a slight correlation between protein and oil, and the

analyses of the individual ears show that even this correlation is by no means

constant.

In connection with some investigations relative to heredity, Professor

Frank Smith of this university has prepared correlation tables (see Tables 11

and 12) from the 163 analyses of individual ears of corn recorded in Table 1

of Bulletin No. 55. Table 11 showsthe correlation between protein and car-

bohydrates, the entire 163 ears of corn being grouped accordingto the per-

centages of protein and carbohydrates which they contain. This table well

illustrates what is meant by a high degree of correlation. With an increasing
protein percentage there is a decreasing percentage of carbohydrates, and
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Table 11. One hundredsixty-three ears of corn grouped according to percentages
of protein and carbohydrates.
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The correlation of high protein with low carbohydrates and vice versa

equals 90.05 percent.

there are no marked exceptionsto this rule. Note, for example, that thereis

one ear containing 14% of protein, but that this ear contains only 79% of
carbohydrates, being the highest in protein and also the lowest in carbohy-

drates of the 163 ears. There are 19 ears containing only 12% of protein, but

none of these 19 ears contains less than 81% of carbohydrates; 13 of them

contain 82% of carbohydrates, while 5 others are within .5% of that amount.

Oneear contains only 8% of protein, but this ear contains 85.5% of carbohy-

drates, being both the lowest in protein and the highest in carbohydrates of

the 163 ears. It will be observed that of the 163 ears, several groupsfall in

the squares representing low protein (8 to 10%) and high carbohydrates (84

to 85.5%); also that manyears fall in the squares representing high protein

(12 to 14%) and low carbohydrates (80 to 82%); so that, including the ears
with medium content of protein and carbohydrates, we find that the group

numbers of the 163 ears fall almost in a straight line extending from the

lower left-hand corner to the upperright-hand cornerof the table. It will be

seen that no ears whateverfall in the squares representing high protein and

high carbohydrates or in those representing low protein and low carbohy-

drates. By mathematical computation Professor Smith has found that we

have in this table 90.05% of a perfect correlation.
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Table 12. One hundred sixty-three ears of corn grouped according to percentages
of protein and oil.
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The correlation of high protein with high oil and of low protein with low

oil equals 3.81 percent.

Table 12 shows the degree of correlation which exists betweenoil and

protein. It will be seen that there is no such grouping as in Table 11. In

other words, there. is no marked correlation betweenthe oil and the protein

in corn. Someears are rich in one of these constituents and poor in the

other; other ears are rich in both, andstill others are poor in both, so that

the grouping of the numbers of ears according to the percentages of oil and

protein which they contain resembles a circle much more nearly than a

straight line. By computation it is found that there is a slight tendency for

the protein to increase with increasing oil content, but the degree of cor-

relation amounts to only 3.81% of a perfect correlation.

All of the above data tend to prove that as the percentage of protein in-

creases in com the starch decreases, while the oil remains almost unchanged;

and that we mayincrease or decrease the percentage ofoil or of germ in com

without markedly affecting the percentage of protein. This was the conclu-

sion drawn when the above-mentioned 163 ears of corn were analyzed more

than 6 years ago. The different strains of corn which wehavefinally pro-

duced in our regular corn-breeding workfurnish us excellent material for as-

certaining what effect is produced upon the oil content of corn by breeding

for a higher or lower protein content; and, vice versa, what effect is pro-

duced upon the protein content by breeding for a higher or lower oil con-
tent.

In 1900 weplanted 10 field rows (called the ‘“‘mixed plot’) with two
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Table 13. Oil and protein in corn harvested from the “‘mixed-oil” plot in 1900.
 

 

 
 

 

 

Low-oil side High-oil side

Row No. Oil, Protein, Oil, Protein,
percent percent percent percent

1 3.93 10.07 5.61 10.06
2 3.78 9.26 5.74 9.05
3 3.73 10.21 5.88 9.12
4 3.75 8.47 5.99 9.65
5 3.89 9.39 5.71 10.08
6 3.80 9.77 5.91 10.23
7 3.60 9.80 5.60 9.91
8 3.58 9.65 5.84 10.32
9 4.22 9.18 5 68 9.15
10 3.27 9.26 5.82 9.32

Average...... 3.81 9.51 5.78 9.69     
kinds of corn in every row, one kind having been bred for 4 years for high oil
content, the other (originally from the same variety and stock) having been
bred during the same 4 years for low oil content. These two kinds of seed

were planted in every row andin fact in every hill, the low-oil kernels and
the high-oil kernels in the same hill—just far enough apart so that the iden-

tity of the individual plants could be known as they grew duringthe season.

The corn from each of the ten rows washarvested in twolots, one lot being

corn from high-oil seed and the other lot being from low-oil seed. The two
lots from each row were kept separate, the one being labeled as corn from

the “‘high-oil side”’ of the row and the other from the “‘low-oil side.”

The percentages of oil and of protein contained in these different lots

of corn are shownin Table 13.
These data are considered very reliable, both kinds of corn having been

grown during the same season and in exactly the samesoil and each individ-
ual sample whose composition is shown in Table 13 being a composite sam-

ple representing many ears. The average difference in oil content between

the high-oil side and the low-oil side is 1.97% of oil, while the average differ-

ence in protein is .18%. Considering that the percentage of protein in the

corn is twice as large as the percentage ofoil,it will be seen that thereis less

than 5% of a perfect correlation between theoil and protein.

COMPOSITION OF PEDIGREED CORN

In order that it might be shown with even more absolute certainty

which physical part of the corn kernel should be increased in order to in-

crease the protein content, or the oil content, etc., 40 ears of corn were se-

lected from the 1902-crop from our oldest breeding plots, 10 ears being

taken from each of 4 different strains, namely:

“Tlinois” High-Protein Corn

“Tlinois”” Low-Protein Corn

“Tlinois” High-Oil Corn

“Tlinois”” Low-Oil Corn
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each of which represents the seventh generation of pedigreed corn, bred as
indicated by the name. Twenty-five average kernels were taken from each of

these 40 ears, the germs separated from the remainderof the kernel and both

parts (that is, germs and endosperms?) analyzed separately, for each ear,

another sample of the corn from eath ear also being analyzed to show the
composition of the whole corn. The tabular statements show theresults ob-
tained.

By referring to Tables 14 and 15 it will be seen that the protein content

of the low-protein ears varies from 6.36 to 7.09%, with an average of 6.71%,

while the protein content of the high-protein ears varies from 13.98 to

15.01, with an average of 14.44%. The average oil content ofthe low-

protein corn is 4.21% and of the high-protein ears 4.93%. The general aver-

ages indicate a slight correlation between oil and protein; however, there are

several of the high-protein ears which contain less oil than someof the low-

protein ears, thus showing that such correlation is not constant.

Table 16 shows the percentages of protein and of germ in both the low-

protein and high-protein ears.

Here again wesee a slight correlation between the average percentage of

protein and that of germ in the corn kernel, although there are noteworthy

discrepancies. Thus we have an ear containing 6.37% of protein and 9.53%

of germ, while another ear contains 14.74% of protein and 9.51% of germ.

3s here used, the term “endosperm”?includesall parts of the kernel except the germ.

Table 14. Chemical composition of ten ears of “Illinois” low-protein corn.
 

 

 

 

Kar Protein, |. Oil, Ash, Carbohydrates,
No. percent percent percent percent

4276 6.98 4.69 1.43 86 .90
4281 6.60 4.21 1.33 87 . 86
4286 6.87 4.16 1.19 87.78
4287 6.37 3.90 1.40 88. 33
4295 6.46 4.14 1.15 88.25

4313 7.01 4.13 1.27 87.59
4321 7.09 3.84 1.46 87.61
4328 6.36 4.05 1.43 88.16
4346 6.89 4.33 1.45 87.33
4368 6.48 4.67 1.56 87.29

Average....... 6.71 4.21 1.37 87.71  
   

Table 15. Chemical composition often ears of “Illinois” high-protein corn.
 
 

 

 

 

Kar Protein, Oil, Ash, Carbohydrates,
No. percent percent percent percent

4174 14.70 5.87 1.48 77.95
4189 14.74 4.46 1.70 79.10
4202 14.21 4.54 1.50 79.75
4212 14.61 4.57 1.66 79.16
4218 14.37 4.61 1.63 79.39
4227 14.03 5.26 1,54 79.17
4242 14.28 5.33 1.51 78.88
4244 14.49 4.71 1.57 79.23
4253 15.01 5.01 1.38 78.60
4265 13.98 4.96 1.67 79.39

Average...... 14.44 4.93 1.56 79 .06     
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Table 16. Protein and germ in low-protein and high-protein corn.
  

 

 

  

 

Low-protein corn High-protein corn

Ear Protein, Germ, Kar Protein, Germ,
No. percent percent No. percent percent

4276 6.98 9.52 4174 14.70 13.31
4281 6.60 8.81 4189 14.74 9.51
4286 6.87 8.42 4202 14.21 11.44
4287 6.37 9.53 4212 14.61 10.92
4295 6.46 7.95 4218 14.37 11.64

4313 7.01 8.98 4227 14.03 11.15
4321 7.09 10.30 4242 14.28 13.21
4328 6.36 8.88 4244 14.49 11.22
4346 6.89 10.14 4253 15.01 9.82
4368 6.48 10.79 4265 13.98 12.14

Average.... 6.71 9.33 Average.... 14.44 11.44     
 

In other words, the two ears contain practically the same percentage of

germ, although oneof them contains more than twice as much protein as the
other. One of the lowest-protein ears (6.48%) contains 10.79% of germ,
while the highest protein ear (15.01%) contains only 9.82% of germ.

Attention is called to the fact that in selecting seed corn by chemical

analysis for high protein there is a tendency to increase not only the horny

starchy part (which contains more total protein than any other part of the

corn kemel), but also to increase both the horny gluten and the germ, both

of which, although small in amount,are rich in protein; and consequently

there is a slight tendency for the oil to be increased, not only in the germ,

but also in the hornygluten (aleurone layer), which it will be rememberedis
also quite rich in oil. This is the evident explanation as to whythereis a
slightly higher degree of correlation between oil and protein in our pedigreed

strains of corn thanthereis in ordinary corn which has notbeenso bred.

Tables 17 and 18 show the percentage composition of the low-oil and

high-oilears.
The average for the low-oil corn is 2.52% of oil and 9.98% of protein,

while the high-oil contains 7% of oil and 11.31% of protein. In-other words,

the high-oil corn contains almost three times as muchoil as the low-oil corn

but is less than one-seventh richerin protein, showing only slight correlation

betweenoil and protein, and with several ears no correlation whateverexists.

For example, we have one ear with 10.89% of protein and 2.40% ofoil, and

another ear with 10.79% of protein and 7.01% of oil, the protein being prac-

tically equal, while the one ear contains nearly three times as much oil as the

other. Again, the low-oil ear No. 4555 (2.65% of oil) contains 11.92% of
protein, or .61% more than the average ofall of the high-oil ears.

Table 19, giving the percentages of oil and germ in the low-oil and high-
oil corn, showsa very marked correlation betweenoil and germ. The 10 low-

oil ears contain from 2.12 to 2.68% of oil (average 2.52) and from 7.06 to

8.47% of germ (average 7.74), while the 10 high-oil ears contain from 6.74
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Table 17. Chemical composition of ten ears of “Illinois” low-oil corn.
 
 

  

 
  

Kar Protein, Oil, Ash, | Carbohy~
No. percent percent percent percent

4474 9.40 2.68 1.45 86.47
4486 9.16 2.65 1.64 86.55
4491 9.49 2.60 1.29 86.62
4495 9.57 2.59 1.41 86.43
4509 8.96 2.53 1.36 87.15

4512 10.64 2.45 1.46 85.45
4521 9.97 2.12 1.42 86.49
4537 10.89 2.40 1.54 85.17
4548 9.77 2.54 1.36 86.33
4555 11.92 2.65 1.42 84.01

Average...... 9.98 2.52 1.44 86.07   
 

Table 18. Chemical composition of ten ears of “Illinois” high-oil corn.
 
 

 

    
 

 

 
 

 

 

   
 

Ear Protein, Oil, Ash, Carbohydrates,
No. percent percent percent percent

4374 11.26 7.10 1.64 80.00
4411 10.79 7.01 1.40 80.80
4412 9.58 6.87 1.58 81.97
4417 10.33 7 O01 1.66 81.00
4421 12.55 7.02 1.53" 78.90

4423 11.66 6.95 1.56 79.83
4436 11.47 7.17 1.59 79.77
4441 12.94 7.37 1.57 78.12
4448 11.75 6.78 1.52 79.95
4462 10.76 6.74 1.48 81.02

Average | 11.31 7.00 | 1.55 | 80.14

Table 19. Oil and germ in low-oil and high-oil corn.

Low-oil corn | High-oil corn

Kar Oil, Germ, Kar Oil, Germ,
No. percent percent No. percent percent

4474 2.68 8.05 4374 7.10 12.90
4486 2.65 8.13 4411 7.01 12.73
4491 2.60 7.92 4412 6.8 13.73
4495 2.59 7.39 4417 7.01 14.50
4509 2.53 7.06 4421 7.0 14.65

4512 2.45 .89 4423 6.95 13,834521 2 12 13 4436 7.17 14.10
4537 2.40 .57 4441 7.37 14.53
4548 2.54 .83 4448 6.78 14.35
4555 2 65 47 4462 6.74 13.03

Average. . | 2.52 | 7.74 | Average .. J 7.00 | 13.84
 

57
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to 7.37% of oil (average 7), and from 12.73 to 14.65% of germ (average
13.84). There is no overlapping, and the correlation is very distinct. Every

low-oil ear contains a small percentage of germ andevery high-oil ear a high

percentage of germ. Attention is called to the fact that the high-oil corn1s

even richer in oil than would be indicated by the high percentage of germ as
compared with the percentage ofoil and germ in the low-oil corn,indicating

that the breeding for high-oil has not only increased the oil by increasing the

percentage of germ (which contains mostoftheoil), but that the percentage

of oil in the germsitself has increased. (Of course, there is also an increase in

the percentage of oil in the horny glutenouspart.) Similarly, the percentage

of oil has decreased even more rapidly than the percentage of germ in the

low-oil corn. These results are very apparent in the data shownin Table 20.

EFFECT OF BREEDING ON COMPOSITION OF GERMS AND ENDOSPERMS

As already explained, 10 ears were selected from each of the 4 different

strains of corn (low-protein, high-protein, low-oil, and high-oil), and 25 ker-

nels were taken from each of these 40 ears, the germ being separated from

the remainder of the kernel, which we call the endosperm. After the per-

centage of germ was determined from each individual ear, the germs from

each lot of 10 ears were put together to make 2 samples, each samplerepre-

senting 5 ears. The endospermswere likewise put together, so that we have

duplicate samples of both germs and endospermsforeach of the four differ-

ent strains. These samples were analyzed chemically and the results are given

in Table 20.

Table 20. Chemical composition of germs and endosperms from low-protein and
high-protein corn and from low-oil and high-oil corn.
 
 

 

  

Kind of Part of Protein, Oil, Ash, hydrates

corn kernel percent percent percent percent

. 18.05 33.59 10.19 38.17
Low-protein...... Germs 17.96 34.60 10.16 37.28

. ‘ 20.85 34.99 10.12 34.04
High-protein..... Germs 21.65 36.02 10.07 32.26

. G 21.70 25.01 13.13 40.16
Low-oil ........-- erms 21.71 24.62 13.36 40.31

: . 17.55 41.76 8.75 31.94
High-oil.......... Germs 17.84 41.75 8.81 31.60

a8
Low-protein...... Endosperms { 5-68 Fe 43 3+O

High-protein..... Endosperms 1 13-03, 7 re oS-

. . 4 .
Low-oil.......... Endosperms { er 32 1b oOoe

. . 10.62 1.07 36 87.95
High-oil.......... Endosperms 1 1010 1 24 39 88.27   
 



STRUCTURE AND COMPOSITION 59

These results show in a very striking mannertheeffect of breeding in
changing the composition of the different physical parts of the kernel. Thus
the germs from the low-oil corn contain about 25% ofoil, while those from
the high-oil corn contain nearly 42% of oil. As stated above, breeding to
change the oil content not only changes the percentage of germ,butit also
changes the percentageofoil in the germ. It should also be noted that endo-
sperms from the high-oil corn contain more than twice as muchoil as those
from the low-oil corn, although the percentage of oil in the endosperm is
very small even in the high-oil corn, and this oil is largely contained in the
hornygluten.

Perhaps the most marked andvaluable results are shown in the percent-
ages of protein contained in the endosperms from low-protein and high-
protein corn; the endospermsfrom the low-protein corn contain less than 6%
of protein, while those from the high-protein corn contain nearly 14% of
protein. These results, in connection with others which we have given,
would seem to prove very conclusively that to select high-protein seed corn
by mechanical examination we should select principally for a large propor-
tion of the more nitrogenous part of the endosperm; thatis, the horny part.
To select only for large germs will have but a slight effect upon the protein
content of the corn, although it will produce a rapid and markedincrease in
the oil content.

Referring again to Table 20, it will be seen that the endosperms from
the high-oil corn contain about 1% moreprotein than those from the low-oil
corn. On the other hand, the germs from high-oil corn contain less protein
(17.7%) than those from low-oil corn (21.7%), the difference being 4% pro-
tein in favor of the low-oil corn.

These results were to be expected even from a study of the analyses of
the 163 ears reported in Bulletin No. 55, in 1899, which showed that large
germs were naturally evenricher in oil than the size of the germs would indi-
cate, and that there is but very slight correlation between oil and protein, the
increased oil tending to decrease the percentage, though not the actual
amount of protein in the germ. It will be seen from Tables 19 and 20 that
the high-oil corn contains nearly twice as much germ as the low-oil corn, and
that the germs from high-oil corn are more than one and one-half times
richer in oil than the germs from the low-oil corn; but that, although the
high-oil germs contain a larger total amount of protein, because of their in-
creased size, they are really considerably poorer in percentage of protein
than the low-oil germs.

It is perhaps worth while to consider the evident fact that, even if the
protein should increase in the germ in the sameproportion astheoil (which
is not the case), we should need to increase the oil 2 Ib for every 1 Ib in-
crease in protein obtained, if we depend upon the method of picking our
high-protein seed corn by selecting for large germs. In other words,to in-
crease the protein in corn from 10% to 15% by this method would require
the oil in the corn to be increased from 5% to 15%.
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Although we do not assumeto say what should be the percentageofoil

in corn for feeding purposes, we do take the liberty of raising the question

whether the popular opinion that the oil in corn should be increased for

feeding purposes maynotbeerroneous. Certainly the investigations of Leh-

mann in Germany and of Shutt in Canada haveindicated very strongly that

corn is already toorich in oil to be suitable as a foodstuff for bacon hogs. It

may also be called to mind that some other excellent foodstuffs, such as

oats, bran, barley, red clover, and alfalfa, contain less than half as muchoil

as is already contained in ordinary corn.
Attention is called to the fact, that although the physical parts of the

com kernel which contain nearly all of the oil (namely the germ and the

horny gluten) also contain most of the ash, yet a high percentage of ash in

the germsis associated with a low percentageof oil, and vice versa, indicating

that the ash content of the germ (which includes the majorpart of the ash of

the entire kernel) bears a more constant relation to the oil-free material in

the germ than to the whole germ. By computation wefind thatthe oil-free

germs contain the percentages of ash given in Table 21 (assuming theoil to

contain no ash, which is approximately correct).*

Breeding for high or low protein produces no marked effect upon the

ash content or the oil content of either the germs or the endosperms, and

only slightly influences the protein content of the germs. (The low-protein

germs contain about 18% ofprotein and the high-protein germs about 21%.)

The results show that such breeding produces exceedingly marked effects

upon the protein content of the endosperms, the low-protein endosperms

containing less than 6% and the high-protein endospermsnearly 14% of pro-

tein. In this connection it is well to rememberthat the corn kernel usually

contains only about 11% of germ while the endosperm amountsto about

89% of the kernel. The significance of this becomes more readily apparent

by an examination of Table 22, which shows where the protein actually

exists in 100 Ib of corn.

Wethus find as a result of corn breeding that in the seventh generation

we have a maximum difference of only .75 lb of protein in the germs from

100 lb of low-protein and high-protein corn, while in the endosperms from

4 Actual determinations of the ash in corn oil have shownthat the oil contains only

2% of ash.

Table 21. Percentage of ash in germs.
 
 

 

In fresh In oil-free
germs germs

From low-protein Corn... 2.2... sesseeee reer eees } 10 de ie84

From high-protein Corn .......sseceeeseverseeeee: .br 19-97

: 13.13 17.51
From low-oil corn ......... eee eee r en nccncceencens 13 36 17.72

From high-oil corn ........cceseeesssteeeceeeerens 1 8.76 3  
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these two kinds of corn we have a difference of 7.06 lb of protein in 100 Ib

of corn. In other words, in changing the protein content of corn theeffect

produced in the endosperms amounts to almost ten times the effect pro-

duced in the germs.

THE COMPOSITION OF HOMINY MILL PRODUCTS

Besides the investigations which we havecarried on along this particular

line in connection with our work of corn breeding, we have also made some

study of factory products, especially the products from hominy mills, which

makeuse of immense quantities of corn.

In the regular process of milling corn, a very large numberof separa-

tions are made andseveral distinctly different final products are obtained,

some of which are composed almost entirely of certain distinct physical

parts of the corn kernel. The followingis a brief and very general description

of the usual process of corn milling:

The whole corn is somewhat softened by steaming and is then run
through a hulling machine, which not only removesthe hull but loosens the

germ and breaks off the horny gluten and moreor less white starch. The

dust, or pulverized material, coming from the hulling machine consists

largely of white starch and horny gluten. The hulls and germsare each sepa-

rated, but not in very pure condition, leaving what is termed hominy, which

consists chiefly of the horny starchy part of the kernel with more orless ad-

hering white starch.
The product which is knownasgrits is made from the hominy and con-

sists of the horny starchy part separated in very pure form. In makinggrits

the coarse hominyis run through a grinding machineand reduced to a coarse

powder, which may be termed coarse grits, much of the adhering white

starch being rubbed off from the horny starch in this process. The coarse

grits are then run through one or two more grinding machines, until the

horny starch is reduced to a rather fine powder, which may be termedfine

grits. This material consists of the horny starch in very pure condition.

After each grinding, the fine dust, consisting largely of the white starch,1s

separated from thegrits and goes into the product knownas corn flour.

In addition to the corn flour thus regularly separated and handled in

considerable quantities, there is constantly produced a small amount of what

is termed ‘‘break’”’ flour. This is an exceedingly fine dust also produced in

Table 22. Protein in 100 poundsof corn.
 

 

 

 

   

Low-protein corn High-protein corn Differ-

Names
of Percent] Percent| Pounds Percent} Percent Pounds |Pounds

parts of of of of of of of
corn protein protein corn protein protein |protein

In germs....| 9.33 18.01 1.68 11.44 21.25 2.43 75
In endo- .
sperms ....| 90.67 5.69 5.16 88.56 13.80 12.22 7.06     
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Table 23. Composition of parts of the corn kernel separated by hominy mill and
by hand. |
 

 

 

     

Methods of| Protein,| Oil, Ash, Carbo-
Names ofparts separation percent| percent| percent |hydrates,

percent

Hulls.......... Lewes wee-| By mill 6 . 85 2.94 1.11 89 . 10
Hulls..... ccccceee eens By hand 4.97 .92 -82 93.29

Hornystarch (fine grits)} By mill 8. 46 .44 . 26 90 .84
Horny starch...... ..... By hand 8.12 .16 18 91.54

White starch (corn flour*)! By mill §.91 1.63 49 91 . 97
White starch(break flour)| By mill 5. 88 2.04 .68 91.40
White starch (from tip) By hand 6.10 .29 .29 93.31

Germs....ccccceccecceces By mill 15.84 21.26 7.41 55 . 49
Germs... ...... 5.2 eceees By hand 19.91 | 36.54 10.48 33.07

Whole corn ............ Millsample} 9.31 4.20 1.43 85 . 06
Whole corn............6. Ear No.1 9.28 4.20 1.41 85.11
 

*Obtainedby direct separation from grits.

the process of breaking the corn particles in the grinding machines whichre-

duce the hominyto grits. The break flouris carried from the machine by an

air current through conduits and finally collected. This is another very pure
form of the white starch.

Thus, in the regular milling process there are two physical parts of the

corn kernel that are separated in very pure form: namely, hornystarch (fine

grits) and white starch (break flour or corn flour), and two otherdistinct
parts which are separated somewhatless perfectly, the hulls and the germs.

By the courtesy of the manager of the American Hominy Company’s

Mills at Decatur we were allowed to collect representative samples of these
different products for analysis. The composition of these productsis given

in Table 23, and it will be found interesting to compare these results with

the composition of the same products, or parts, which were obtained by

exact hand separation,as given in Table 1. For convenience in comparison,

Table 23 also shows the composition of these parts as obtained from Ear No.

1 (Table 1), which is very similar to the corn which was being used in the
mill at the time the samples were taken. This wasfairly representative of the

ordinary white corn grown in 1902, nearly all of which was abnormally low
in protein, owing to seasonal influences.

In general the composition of these mill separations agrees with the

composition of the sameparts separated by hand, althoughin nearly all cases

the mill products show more or less contamination or mixture with other
parts of the kernel. Thus the mill hulls are noticeably high in protein andoil

owing to the presence of someparticles of horny gluten and germ; while the

mill germs are too low in protein and oil because of the presence of some

hulls and tip caps. Furthermore, someoilis lost from the germ and absorbed

by other parts in the milling process. The fine grits are almost pure horny

starch, except that they contain about twice as much oil as the hand-

separated product. This is doubtless due to the fact that some germsare
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broken or crushed in the hulling machine and theliberated oil is absorbed to

some extent by the hominy,chiefly, of course, by the white starch,as indi- _

cated by the high oil content of the break flour and the other regularly sepa-

rated corn flour, although it is evident that a small portion of this liberated
oil remains adhering to the fine grits. The white starch contains 5.88 to

5.91% of protein, while the hornystarch (fine grits) contains 8.46%, oral-
most one-half more.

It will be observed that the two samples of whole corn are almost iden-

tical in composition. While the corn is fairly representative of much of the

white corn grown during the season of 1902, attention is called to the appar-

ent fact that this is not the most suitable corn for the manufacture of

hominy andgrits. It seems evident that corn containing a higher percentage

of the horny starchypart would be morevaluable for the hominy mill. The

manager of the American Hominy Company’s Mills at Decatur has assured

the writer that he prefers corn which shall run high in grits (horny starch),
but he does not desire that the oil content should be increased; indeed,it

would be much better for milling purposes to have the percentage of oil in

corn reduced, because of the difficulty of preventing the oil from being ab-

sorbed by other products and injuring their quality, the tendency being for

the oil to become rancid when exposed to the air. The hominy mills offer

some encouragement to farmers to grow corn especially suited to their use.
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len Generations of Corn
Breeding

INTRODUCTORY NOTE

In 1896 the Illinois Experiment Station began the improvementof corn by varying

the composition of the grain through selection and breeding. The results of the first 2

years of these investigations were published in Bulletin No. 55 “Improvementin the

Chemical Composition of the Corn Kernel.”’ This same work has been carried on con-
tinuously since that time, and although several publications have been issued in the mean-

time bearing upon different phases of the subject of corn improvementasit has been de-
veloped, including Bulletins 82, 87, 100, and 119, there has, however, been no complete

report published of the results obtained in the progress of this original line of work de-
scribed in Bulletin No. 55.

It is the present purpose therefore to present the results which have been obtained,

in the first ten generations, in improvement in composition in various directions, namely,

for high protein, for low protein, for high oil and for low oil, of the single variety of corn
from which these four different strains have been produced,and whichis knownas“Illi-
nois”’ corn.

Since the discovery of the possibility of improving corn for special adaptation and
the general recognition of its importance, this Station has extended its work to other
standard varieties of corn best adapted to different sections of the state, applying the

methodsandprinciples workedoutin the original experiments with the “Illinois” variety.

This work of improving the other standard varieties both for yield and for special adapta-
tion is being carried on largely in co-operation with seed corn breeders of the state. A
large amount of data relating to this later work has already accumulated, butit is pro-
posed to reserve this for future publication rather than to attempt to coverin this report
all of the corn breeding work nowin progress believing that such a division of the subject
will allow a clearer presentation.

Inasmuchasthe editions of Bulletins 53 and 55 are already exhausted andthe de-
mand for the information containedthereinisstill unsatisfied, it is proposed to make the
nature of this report as complete a presentation of the investigation as is possible without

making too great repetition of material already published.

For several years Professor Louie H. Smith has been largely responsible for the con-

duct of these investigations, valuable assistance having also been rendered during recent

years by Doctor E. M. East, now agronomist at the Connecticut ExperimentStation, Mr.

R. W. Stark, now chief chemist for the Cuban Experiment Station, Mr. H. H. Love, and

Mr. C. H. Myers.

Cyril G. Hopkins, Chief in Agronomy
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Ten Generations of Corn
Breeding

L. H. SMITH
9

SUMMARY

1. The results of 10 years experiments in breeding corn to modify the com-

position of the grain and thereby adaptingit to various special purposesare here

reported.

2. Starting with a variety of average composition, it has been possible by se-

lection and breeding, in ten generations: (1) to increase the average protein content

from 10.92 to 14.26%; (2) to decrease the average protein content from 10.92 to

8.64%; (3) to increase the average oil content from 4.70 to 7.37%; (4) to decrease

the average oil content from 4.70 to 2.66%. In other words,out of a single variety

of corn twostrains have been developed of which one is now almost twice as rich in

protein as the other, and two other strains have been developed, one of whichis
now nearly three timesas rich in oil as the other.

3. Variations amongindividual ears have been foundrangingin protein con-

tent from 6.13% in the low-protein strain, to 17.79% in the high-protein strain, and

in oil content from 1.60% in the low-oil strain to 8.59% in the high-oil strain.

4. Climatic conditions exert, in certain years, a marked effect upon the

composition of the corn crop as regardsits protein, oil, and starch content.
5. Altering the composition of the grain has produced no very markedef-

fect upon the composition of other parts of the corn plant.

6. Continued selection appears to have induced a certain correlation be-

tween protein and oil content.

7. Selection for the composition of the grain has resulted in characteristic

types of kernel.
8. Perceptible modifications in the type of ear have likewise been wrought.

9. Selection for high-protein is evidently accompanied by a reduction in

yield. In the other strains the yields for the most part have been maintainedin spite

of the rigorous selection for the special chemical characteristics.
10. The detailed plot records of each of the four strains and the analytical

results of nearly 5000 individual ears which have been analyzed during the 10 years’

workare placed on record in the appendix to this bulletin in such arrangement that

the maternal pedigree record of every ear is shown.

11. These four breedingplotsare still being continued.

[Editor’s Note: Appendix, which appearedin original bulletin, has been deleted.

Page numbersfor each of these numbereditemshavealso been deleted.|
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IMPORTANCE OF CORN IMPROVEMENT

Aside from the purely scientific interest attached to this work, the prac-

cal importance of improvement of corn to adapt it for special purposes as

well as for increased yield is now becominggenerally recognized. Thesignifi-

cance of improving the chemical composition of corn has already been

pointed out in Bulletins 55, 82, 87, and 100 of the Illinois Experiment Sta-

tion, and it is scarcely necessary to dwell uponthis phase of the subject fur-

ther than to refer briefly to some of the demands for corn improved along

these particular lines.

No other crop is made to serve such a variety of purposesas corn, and

in consideration of these many different uses is suggested the question of
special adaptation.

Purpose of Increasing the Protein. In the nutrition of man and beast

protein is the most expensive nutrient. Of all of our American foodstuffs
corn is the cheapest, because of its economical production. But because corn

does not contain sufficient protein for most purposes of feeding, it must be
re-inforced by other more expensive foodstuffs in order to obtain the proper

ratio of this important nutrient. It is from these considerations that farmers,

and especially stock feeders, recognize the importance of breeding corn for
increase of protein content.

Purpose of Decreasing the Protein. On the other hand,thereis a de-

mand from the manufacturers of those products which are derived from the

starch of corn such as glucose, gum, dextrine, syrup, and alcohol, for a corn

having a large proportion of carbohydrates and not so rich in protein. The

practical effect of decreasing the percent of protein is to increase the percent
of starch; therefore, for such purposes there should be a place on the market

for corn whichis bred for decrease of protein content.

Purpose of Increasing the Oil. The oil of corn has in recent years found

such a wide commercial use that underthe present market conditions,it has

become, pound for pound, by far the most valuable constituent of the grain,

and whereas formerly in the glucose factories and corn mills the germs con-

taining the oil were almost a waste product, there is now an actual demand

on the part of these industries for corn whichis richerin oil. It is proposed

to meet this demandby breeding corn forincrease of oil content.

Purpose of Decreasing the Oil. There is also a practical use for corn

with a low oil content. It has been foundby investigation that in feeding

swine, the oil in the corn tends to produce a soft, flabby quality of flesh

which is very undesirable, especially for our export trade where the demand

of the marketis for a hard, firm product. A remedy forthis lies in the reduc-

tion of the oil content of the corn which is fed. Thus here we have a very

importantpractical object for breeding corn for decrease ofoil content.
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These special purposes mentioned for which cornis being improved sug-

gest the possibility of many others demandedbythevarious industries which

utilize the corn crop and which require different qualities init.

Corn improvement should, of course, embrace- quantity as well as

quality and in all practical work of selection looking toward improvement,

the matter of increased yield per acre should be given first consideration.

Recognizing the importance of this principle, the methods usedin these ex-

periments have been chosen with the view of maintaining or increasing the

yield, and productiveness is made thebasis of thefirst selection, even some-

times at a sacrifice in percentage of the desired chemical constituent.

FUNDAMENTALPRINCIPLES

Before taking up this work of the improvement of corn by systematic

selection and breeding, it was necessary to make a preliminary study of the

subject such as is reported by Doctor Hopkins in Bulletin 53 “Chemistry of

the Corn Kernel.”’ In this study a large amount of valuable knowledge was

gained which bears uponthe technical side of the work, such as the chemical

principles involved and the laboratory manipulations upon whichthe success

of the entire work so intimately depends. Further, important data were ob-

tained from which were derived the principles of selection upon whichall of
this work in improvement of the composition of corn is based. All improve-

ment by selection and breeding depends, of course, upon variation, therefore

it was necessary to make a preliminary study in order to learn how corn

varies with respect to its composition. As the result of such an investigation

the following data were obtained:

Analysis of Parts of the Ear. In studying this question 30 duplicate

analyses were first made on different parts of ears. Five ears were divided
lengthwise into 3 samples each in the following manner: If the ears were 12-

rowed, 3 samples of 4 consecutive rows each were made;if 16-rowed, 3 sam-

ples of 5 consecutive rows each were made,one row beingleft, etc., etc.

Duplicate analyses of 15 samples thus prepared from 5 different ears

gave the results shown in Table 1. The different ears are distinguished by the

letters (a), (b), (c), (d), and (e).

These results indicate uniformity in the composition of different parts

of the ear. The following shows the greatest total variation in the single

determinations of each constituent in any oneear; andalso the total varia-

tion betweenthedifferent ears.

 

Ash Protein} Oil Carbohydrates

In anysingle ear .09 58 .28 .55
In five ears 24 2.13 1.09 2.86

 

 

    
 

Another lot of five ears was selected and each of these was divided

crosswise into 3 samples of approximately equal amounts, which for con-
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Table 1. Variation in composition in samples from the sameear and from different

 

 

 

ears.

Sample & Ear. Ash. Protein. Oil Carbohydrates.

1, 1.42 10.79 4.57 83.22
(a) 1.43 10.75 4.58 $3 24

> 1.48 10.97 4.54 83.01
2 (a) 1.47 10.94 4.51 83.08

3 (a) 1.50 10.66 4.53 83.31
1.51 10.72 4.55 83.22

4 (b) {1.51 12.00 4.60 81.89
1.52 11.98 4.59 81.91

5 (b) (1.49 12.01 4.57 81.93
11.48 12.05 4.57 81.90

6 (b) (1.48 12.19 4.85 81.48
11.47 12 08 4.80 81.65

7 (c) § 1.37 10.09 5.24 83.30
(1.37 10.10 5.17 83.36

8 (c) 1.31 10.14 5.08 83.47
1.34 10.18 5.18 83.30

y (1.36 10.15 5.20 83.29
(c) 11.37 10.20 5.17 83.26

1.39 10.46 4.28 83.87
10 (d) 1 1.38 10.46 4.29 83.87

1.43 10.25 4.22 84.10
11 (d) } 142 10.27 4.20 84.11

; (1.43 10.09 4.16 84.32
12 (d) 11.45 10.06 4.15 84.34

(1.34 11.19 4.80 82.67
13 (e) 11.36 11.20 4.78 82.66

1.30 10.66 4.91 83.13
14 (e) } 1.38 10.62 4.89 83.21

1s 1.36 10.81 4.83 83.00
(e) 1.36 10.92 4.79 82.93     

venience are designated “tip,” “middle” and “butt,” the ears being lettered
(f), (g), (h), (i) and (j). The results of the duplicate analyses are given in
Table 2.

It is observed that in every case the tip is the lowest in protein and that
usually the middle is lower than the butt, the average total difference in the
ear being 0.73% and the widest 1.13% as shownin thetotal variations fol-
lowing Table 2.

The variation in ash andoil is small and showsno such peculiarity. The
carbohydrates, being determined by difference, appear, of course, as the
complement to the sum ofthe other substances and show in the opposite di-
rection approximately the variation of the most variable determinable con-
stituent.
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Table 2. Variation in composition in butt, middle and tip portions of the same ear
and of different ears.
 

 

  

Sample & Ear. Ash. Protein. Oil. Carbohydrates.

16 (f) 1.58 11.78 5.09 81.55
Tip 1.59 11.76 5.10 81.55

17 (f) 1.58 12.22 5.13 81.07
Middle 1.57 12.26 5.03 81.14

18 (f) 1.56 12.36 5.04 81.04
Butt 1 1.58 12.42 5.03 80.97

19 (g) 1.49 11.99 4.86 81.66
Tip 1.49 11.97 4,84 81.70

20 (g) 1.51 12.49 4.77 81.23
Middle 1.51 12.49 4.76 81.24

21 (g) {re 13.02 4.57 80.91
Butt 1.51 13.10 4.59 80.80

22 (h) 1.37 9.72 3.90 85.01
Tip 1.35 9.67 3.93 85.05

23 (h) 1.37 10 07 3.98 84.58
Middle 1.35 10.08 3.97 84.60

24 (h) 1.51 10.49 4.01 83.99
Butt 1.49 10.46 4.00 84.05

25 (i) 1.47 19,58 4.58 83.37
Tip 1.48 10.61 4.60 83.31

26 (i) \io4s 11.05 4.56 82.96
Middle 1.44 11.03 4.60 82.93

27 (i) 1.47 11.03 4.48 83.02
Butt 1.48 lu.96 4.46 83.10

28 (j) 1.77 10.87 4.36 83.00
Tip 1.74 10.78 4.37 83.11

29 (j) 1.65 11.35 4.56 82.44
Middle 1.62 11.31 4.58 B2.4Y

30 (j) {it 11.32 4.28 82.69
Butt 1.72 11.28 4.29 82.71     

The following showsthe total variation:

Ash Protein Oil Carbohydrates

In anysingle ear .16 1.13 .30 1.06

In five ears 42 3.43 1.23 4,25

 

 

     

Partial Analyses of Single Kernels. For the work on ash content several

ears of corn were selected, and from each a sample of corn, consisting of a

numberof rowsof kernels and believed to fairly represent the ear, was taken
and its percentage of ash in the dry matter determined. Then for special in-

vestigation of ash content of single kernels four ears from the lot were

chosen, of which two were high and two low, comparatively, in percentage

of ash as previously determined. From each ear 10 kernels wereselected at

approximately equal distance throughout the length of the ear, the kernels
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being numbered from 1 to 10 and the order running from tip to butt. The
data from the ash determination in single kernels and also percentage ofash

in the large sample from the sameearare given in Table 3.

These results confirm those of the previous experiments in indicating

uniformity in the composition of the ear in all parts, although, of course,

slight variations are found.

In the work onthe protein content of single kernels, 5 ears, 3 of which

were high and 2 relatively low in protein, were selected from a number of

ears in a manneranalogousto that described in the previous experiment. In

Table 4 are showntheresults of these protein determinations.

Here in the protein content, as in the case of the ash, we find on the
one hand comparative uniformity amongdifferent kernels of a single ear and

on the other, marked variation amongdifferent individualears.

The results of these analyses of different ears from a single variety to-

gether with analyses of different parts of single ears establish beyond ques-

Table 3. Variation in ash content in kernels from the same ear and from different
ears.
 

 

 

     

Kernel Ear No. 1 Ear No. 2 Ear No.3 Ear No. 4

1 1.50 1.64 1.10 1.14
2 1.57 1.64 1.08 1.23
3 1.61 1.63 1.09 1.13
4 1.56 1.65 1.10 1.17
5 1.67 1.59 1.07 1.13
6 1.69 1.63 1.09 1.22
7 1.71 1.68 1 07 1.25
8 1.64 1.65 1.19 1.19
9 1.64 1.70 1.21 1.11
10 1.74 1.60 1.11 1.10

Composite 1.73 1.65 1.10 1.11
of ear
 

Table 4. Variation in protein content in kernels from the same ear and from differ-

 

 

 

 
   

ent ears.

Kernel Ear No.1 |Ear No.2 |Ear No. 3 Ear No. 4 Ear No. 5

1 12.46 12.17 11.53 7.45 7.72
2 12.54 12.94 12.32 7.54 8.41
3 12.44 12.51 12.19 7.69 8.37
4 12.50 13.42 12.54 7.47 8.31
5 12.30 13.12 12.14 7.74 8.02
6 12.49 14.59 12.95 8.70 8.76
7 12.50 13.21 12.84 8.46 8.89
8 12.14 13.43 ..... 8.69 9.02
9 12.14 13.16 12.04 8.86 8.96
10 12.71 14.05 12.75 8.10 8.89

Composite 13 .06 13.87 12.96 7.59 8.40
of ear     
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tion two important fundamental facts upon whichall of this subsequent

workof selection and breedingis founded.
The statement of these facts is as follows:

(1) The ear of corn is approximately uniform throughout in the chemt-

cal composition of its kernels.

(2) There ts a wide variation in the chemical composition of different
ears of the same variety of corn.

With these two principles established, we have a working basis for the

chemical selection of seed corn. With uniformity in the individual ear, it is

possible to determine very approximately the composition of the grain by

analyzing a sample consisting of a few rowsof kernels, and this is the actual

practice in the examination of individualears. If the ear represented by this

sample is found to be desirable for seed, the remainderof the kernels of the
ear may thenbeplanted.

The wide variation in composition between different ears of the same

variety is a very important factor in theselection of seed; as a starting point

is thus furnished in each ofthe several lines of desired improvement.

It is to be observed that this principle of uniformity within the indi-

vidual, and variation as between different individuals within the variety,

holds not only for the chemical composition of the kernel but it applies as

well to other characteristics such as the structure, for example, and whenever

any such characteristic is related to productiveness or other utility of the

crop, it should be taken into accountin the breeding.

GENERALPLAN OF THE EXPERIMENTS

In the general plan of these experiments, it was proposed to determine the influ-

ence upon the chemical composition of corn by selection and breedingin the fourdirec-

tions namely, (1) for increase of protein content, (2) for decrease of protein content, (3)
for increase of oil content, (4) for decrease of oil content.

The method employed wasas follows:
For the first selection a large number of ears were analyzed both for protein and

for oil. In the high protein breeding, for example, the 24 ears highest in protein werese-

lected for seed and planted in a plot isolated from other sorts of corn, each ear in a sepa-
rate row.

These rows were harvested separately and the seed for the next planting was se-

lected from ears of this crop which were found to be highest in protein, repeating this
process each year. The breeding for low protein and for high oil and low oil was con-

ducted on the same plan. Under this system eachselection rapidly gaverise to a “‘pure”’
strain. As each original ear had its own register number andasall succeeding ears bore

corresponding numbers the exact pedigree of each row (on the female side) wasatall
times fully known.

This general method has been maintained from the beginning, although some minor

modifications of details have been made from time to time during the progress of the

workas experience indicated as being desirable or as necessity demanded.

The Breeding Plot

The size of the breeding plot has varied in the different plots and in the different
years. The numberof rowsincludedin any plotis always given in the plot records.
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The locations of these breeding plots have always been chosen with reference to

their isolation from other corn fields in order to prevent cross fertilization from other
kinds of corn. It is quite difficult with so many corn experimentsasare carried on at this
ExperimentStation to obtain conditions that are ideal in this respect, but by taking ad-

vantage of tall hedge rows, and other barriers, prevailing winds, and other corn fields of

the samestrain, there has been butslight, if any, admixture in these breeding plots. A

system of alternating the locations of the breeding plots of the opposite strains has been
carried out. For example, after the first two years the locations of the high-protein and
low-protein plots were reverse; that is the high-protein plot was planted on the same
ground that the low-protein plot had occupied the two preceding years and vice versa.
After two years more these plots were shifted back to their original locations. The high-

oil and low-oil plots were managed in the same manner. Thedesign ofthis alternation of
location of the plots was to provide something of a check uponthepossible influence of
soil upon the composition of the crops. The plots have been changedto otherlocations
in later years but this system of alternating has been maintained. For each of these breed-

ing plots there is now provided a double area which makespossible a crop rotation sys-

tem including clover and other legumes, for maintaining the productivity of the land.

Cultural Conditions

The cultural methods, including the preparation and cultivation of the soil, planting

harvesting, and handling of the crop on these breeding plots have been suchasis con-

sidered good practice in ordinary corn growing. The seed has alwaysbeen planted in hills

in preference to drills. The present practice is to plant the hills three feet apart each way
andto allow twostalksto the hill.

Attention is paid to the matter of preventing the distribution of pollen from weak,

barren or otherwise undesirable plants by detasseling all such plants at the propertime.

After discovering the great advantage to be gained by the methodofdetasselingal-

ternate rows and taking seed only from such detasseled rows, as pointed out in Bulletin

100, this system has beenapplied to all of our regular breedingplots.

The methodof harvesting has been that of cutting and curing in the shock.

Sampling and Selecting

In the earlier years of the experiments a sample from eachofall of the rows wasre-

served by selecting a certain numberofthe choicest ears as judged from their physical ap-

pearance. But as the possibility of improvement became moreclearly established,a sys-
tem was adopted by which seed ears for the next year’s planting are taken only from
those rows which prove to be most productive as determined by the weight of ear com
produced,all other rows of the plot being rejected as a source of seed, andsincethein-
troduction of the system of detasseling alternate rows, only the best of the detasseled or

‘“‘dam”’ rows have been selected. This method of selecting the choicest ears to represent
the plot-row has been followed throughout the work although details of the system asre-

gards the numberof ears taken have been somewhat modified in the different years, as
will appear in connection with the data which follow in the appendix.

The ears, thus chosen on accountof their physical superiority, are then subjected
to chemical analysis and from the results of these analyses is madethefinal selection of

seed for the succeeding season.

In the sampling for these analyses two rows of kernels are taken lengthwise of the

ear to represent the composition of the individual ear. At the same time composite sam-

ples to represent the selected plot-rows are taken by mixing together one row of kernels

from eachselected ear of the respective plot-rows. Each seed ear thusselectedis given a
permanent “Register Number” which designates that ear for all future reference.
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Registering

By our system of numbering the “‘Register Number” showsat the same time the

number of the ear and the generation of the breeding. Thisis doneby starting the first

year in the 100 series numbering the ears to be planted in succession from 101, and the

second generation starting with the 200 series running up from 201 andso on,starting

each succeeding year of the breeding with a higher hundred. Thus Ear No. 1018 shows

that this ear belongs to the tenth generation and was planted in row 18 of the breeding
plot of that year. The ‘““Dam No.”’is the register numberof the parentear and is useful in

tracing the pedigree record from year to year. The ‘“‘Annual Ear No.”’ is simply a tempo-

rary numbergiven to each ear to be used during examination for selection and as soon as

the selection of the seed ears has been determined and the arrangementfor planting has

been decided the ears are given their permanentregister numbers.

A description of the physical as well as the chemical characteristics of all the seed

ears is kept on record including length of ear, tip circumference of ear, butt circumfer-

ence of ear, number of rows of kernels, number of kernels in row, weight of ear, weight

of cob, tip circumference of cob, and butt circumference of cob. Besides this numerical

description 2 photographrecordis also kept of every ear planted.

The performance record of each seed ear is shown by the weight and numberof

ears producedas well as the average composition of its progeny.

For a more detailed description of the system of registry used in our corn breeding

workthereaderis referred to Bulletin 100.

Variety

The variety of corn selected for this investigation was one of medium size and of

safe maturity for this latitude. It has been grown upon the Experiment Station farm
every year since 1887. Previous to that time it had been carefully grown for several years

by Mr. F. E. Burr of Champaign county, and it was known locally as Burr’s White; and

this name was usedin our records until 1903, when it was decided to change the name to
“Tlinois.”” The fact that these strains of corn are no longer typical Burr’s White, and the
fact that this corn was carefully grown for several years pricr to 1896 bytheIllinois Ex-

periment Station and that since that time it has been most carefully bred by this Station

for improvementin both yield and quality, so that there have been developed from this
variety four different strains of corn each of which hasan established pedigree now cover-

ing ten generations,—these facts have seemed to justify giving this corn a name which

shall be distinctive and which shall also showits Illinois breeding; and nowit is known in

the records and publications of the Illinois Experiment Station as “Tllinois’’ corn, the

four different strains being designated as:

1. “Illinois High-Protein.”

2. “Illinois Low-Protein.”’
3. “Illinois High-Oil.”
4. “Illinois Low-Oil.”’

First Selection of Seed

From the 1896 crop of Burr’s White corn grown upon the ExperimentStation farm

about two bushels (163 ears) of good sound ear corn suitable for seed were taken. From
each ear a sample consisting of three rows of kernels lengthwise of the ear was taken for

analysis. The results of these analyses are given in the first table of the appendix. !

The data obtained show remarkable variation in the relative proportions of the dif-

1As noted at beginning of this Chapter, Appendix, which appeared in original, has

been deleted. References to the Appendix, however, have been retained.
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ferent constituents, The ash varies from 1.10 to 1.74%, the protein from 8.25 to 13.87%,

the oil from 3.84 to 6.02% and the carbohydrates from 78.92 to 85.70%. This is a good
illustration of the variation in composition existing among individual ears of the same

variety and indicates somethingof the possibilities for selection.

Accordingto these variations there were taken from the 163 ears four groups: (1) a

set of 24 ears whose percentage of protein was comapratively high, (2) a set of 12 ears
each of which contained a low percentage of protein, (3) a set of 24 ears high in oil con-
tent, (4) a set of 12 ears low in oil content.

These ears were taken as indicated in the last two columnsof Table 15 (Appendix),

for the seed with which to start the four respective breeding plots.

It is believed that the interest in this investigation is such as to demandthe publica-

tion of a complete record of the results in detail, but this data forms such a mass of ma-

terial as to make it seem advisable to place it in an appendix to this bulletin and to sum-
marize here only the yearly averages which show very well the general results of the
work. The reader who maybeinterested in further detail of the experiments at any point

is therefore referred to the appendix where will be found the complete data recorded in

systematic arrangement.

BREEDING TO INFLUENCE THE PROTEIN CONTENT

In order to obtain a general survey of these experiments to influence

the protein content of corn the following table is compiled from the general

averages obtained each generation from the corresponding tables given in the

appendix.
From this arrangement of the data we may comparetheresults of the

different seasons and at the sametimeobservethe relations between the two

plots, thereby enabling us to follow the progress of the breeding from year

to year.

Starting with the crop of 1896 with an average protein content of

10.92%, as represented by the original 163 ears, the average of the seed ears

selected for the high-protein plot of 1897 was 12.54% while at the same

time low-protein seed ears were selected which averaged 8.96%. The crop

harvested from the high-protein plot in 1897 gave an average of 11.10% of

Table 5. Ten generations of breeding corn for increase and decrease of protein.
 

 

 

 

     

High-protein plot, Low-protein plot, Difference

average percent protein.|| average percent protein. between
Year crops,

In seed In crop In seed In crop percent.
planted. harvested. planted. harvested.

1896 wee 10.92 wees 10.92 .00
1897 12.54 11.10 8.96 10.55 55
1898 12.49 11.05 9.06 10.55 .50
1899 13.06 11.46 8.45 9.86 1.60
1900 13.74 12.32 8.08 9.34 2 98
1901 14.78 14 12 7.58 10.04 4.08
1902 15.39 12.34 8.15 8.22 4,12
1903 14.30 13.04 6.93 8.62 4.42
1904 15.39 15.03 7.00 9.27 5.76
1905 16.77 14.72 7.09 8.57 6.15
1906 16.30 14.26 7.21 8.64 5.62  
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protein while the average of the corresponding low-protein plot was 10.55%.

Then selecting again the highest-protein ears out of this year’s crop from the

high-protein plot, seed for the following year was obtained which averaged

12.49%. Selecting the lowest protein ears from the low-protein plot, the

seed for this plot in 1898 averaged 9.06%.
Repeating this process each year the effect has been in a general way to

gradually increase or decrease the protein content in the corn according to
the selection.

In glancing over the records there are a few irregularities to be seen.

Comparing theresults of the season of 1898 with that of the preceding year

we seem to have lost a little ground in the high-protein breeding, and in the

low-protein plot there was no advance made.

The next year however, following a more favorable seed selection in

each case, good gains were made in both directions in 1899, and the sameis

true of the year 1900.

In 1901 the results are abnormal and here wehavea strikingillustration

of the effect which may be produced by the climatic conditions of the sea-
son upon the composition of the crop. This year the protein rises abnor-

mally high in the high-protein crop gaining 1.8% over that of the year before

and in the low-protein crop, instead of getting the expected decrease this

year the protein content rises to over 10%, thusreverting back to a point

higher than it had been for two generations. The season of 1901 wasan ex-

tremely dry one and from the lack of sufficient moisture much of the corn

did not properly “fill out.”” In the formation of the kernel the proportion of

protein is greatest in the youngerstages of growth andthis proportion gradu-

ally diminishes as the carbohydrates are deposited. If the conditions are

such that this deposition of carbohydrates is checked, as they were this sea-

son, the corn comes to maturity with an abnormally large proportion of pro-

tein.

In the case of the high-protein plot the damagingeffect of this drouth

was so pronouncedasto renderthe crop almost a total failure. The yield of

ear corn amounted to only about six bushels per acre and consisted mostly

of mere nubbins. On accountofthe scarcity of ears, it was impossible to fol-

low the regular system of sampling, so the entire product from each plot-row

was collected andall of the sound ears and even many nubbinswereselected

for analysis in order to obtain the results of the year and to get any sort of

seed with which to maintain the experiment. The composite samplesrepre-

senting the high-protein crop are therefore not obtained from the best 20

ears from each plot-row according to the regular system but they were taken

from all of the corn fit to analyze from each row. Thus there werealto-

gether only 60 individual ears from which only five were chosen for seed as

being fit to plant. Fortunately it was possible to supplement these with

some seed ears from our“Special High-protein”’ plot which was being carried

on for another experiment but which was planted from the samestrain as
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the regular high-protein plot so that these ears could be substituted without
disturbing the pedigree record. The low-protein plot did not suffer so badly
from the drouth, so that here the sampling and selection were madeas usual.

During the season of 1902 the climatic conditions as regards rainfall

were just the opposite to those of the previous year and weobservein there-

sults obtained precisely the opposite effect. With the very wet season this
year we have a great diminution of protein content in the cornin the high-

protein as well as in the low-protein plot.
This seasonal condition which seems to have such a markedinfluence

upon the composition of the corn is quite significant. The season of 1901

was very dry and it was attended by an abnormally high protein contentin

all the corn examined that year. The season of 1902 was unusually wet and
the general tendency was to produce corn low in protein. Theseresults are

in accordance with those of otherinvestigations, particularly in irrigation ex-

periments whereit has been observed that the quantity of water supplied has
a direct influence upon the composition of corn, wheat, and oats, the pro-
tein content of the grain decreasing as the water supply increases. Thesere-

sults support what seems to be a general principle namely, that a lack of

moisture tends to increase the proportion of protein and abundance of

moisture reducesit, due, of course, to the effect of water supply uponcar-

bohydrate formation.

With a fairly normal season in 1903 the high-protein crop made a

notable advance, but the low-protein in spite of the extremely low content

of the seed this year did not go down to the point attained in the low-

protein season of the previous year, and in fact we have never been able

since to bring it back to the extremely low point reachedthat year.

The season of 1904 appears to have been anotherone favorable to the
production of protein, for the high-protein plot madea gain of 2% this year

and reached its maximum figure, 15.03%, a point which has not since been

attained. The low-protein plot showsa similar effect, for instead of decreas-

ing this year, it goes up to 9.27 the highest average percentagein thelast five

generationsof the breeding.

In 1905 as might be expected the contentin the high-protein crop was
not so highas in the preceding high-protein season. In the low-protein plot a

good gain was madethis year for low-protein.

In 1906 the percentage in the high-protein wasstill lower than in 1905

while in the low-protein crop, the percentage wasa little higher than in the

year before although the differenceis not great.

The figures in the last column of the table showing the difference be-

tween the percentages of protein in the two crops produced each year are

perhaps most instructive because they show thereal progress attained in the

breeding. They enable us to appreciate more fully the scientific value of

breeding for high protein and low protein simultaneously and thereby ob-

taining a control upon the work whichserves to eliminate the question as to

the effect of seasonal tendenciesin either direction.
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These figures practically show a continuously increasing separation be-

tween the high-protein and the low-protein strains as the breeding advances
up to 1906 so that with the exception of twoslight regressions, whether the

tendency of the season has been toward the production of high-protein corn

or low-protein corn, the force of an hereditary influence is demonstratedal-
ways to have beenin operation.

It is to be recognized of course that there are practical limits both

maximum and minimum to which this matter can becarried and we should

expect to finally reach a state where we would interfere with the normal

physiological functions of the seed.

As to whether this last year’s result in which no more gain was madein

the difference between the high andlow,is to be taken as indicating that we

have reached theselimits cannotyet be positively decided. It seems scarcely

probable that with seedstill unimpaired in vitality and developing into nor-
mal crops that the ultimate limits should be at hand. It is proposedstill to
keep up theselection along these lines and the outcome of the next few
years will be awaited with interest.

The results of these experiments thus far show that starting with a sin-
gle variety of corn, it has been possible in ten generations by these methods

of selection and breedingto increase the protein content from 10.92% in the
original to 14.26%, thus making a gain of 3.34%, and at the same time by
breeding in the opposite direction it has been possible to reduce the protein

content from 10.92% to 8.64%, making a reduction of 2.28%, thus pro-
ducing a total difference between the twostrains of 5.62%. In other words
the composition of this variety of corn has been so modified that two strains
have been developed, one of which is now nearly twice asrich in protein as
the other.

Mixed-Protein Plot

In order to eliminate the question as to whatever influence thesoil

might exert on the protein content of the corn an experiment was under-

taken in which high-protein and low-protein seed were planted together in

one plot, our so-called “Mixed-Protein Plot,” where the twostrains must de-

velop underidentical surrounding conditions.

The description and results of the first year of this experiment are given

in Bulletin 55. The first year this mixed-protein plot contained five rows of

ten hills each. In each hill were planted two kernels of high-protein corn on

one side and two kernels of low-protein on the opposite side in such manner

that the resulting plants could beidentified.

Whenthe crop was harvested eight to ten ears were selected from each

kind of corn from each row and from these ears composite samples were

madefor analysis. These analyses showed that the average protein content

of the corn from the high-protein seed was invariably higher than in that

produced from the low-proteinseed.
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This same experiment was repeated in a somewhatlarger plot in 1899
and also in 1900. (See Tables 96, 97 and 98 in the appendix for details).

The differences in protein content between the crops from high-protein

and low-protein seed were 1.25% in 1898, 2.58% in 1899, and 2.86% in
1900.

Besides these composite samples there were analyzed from the mixed-

protein plot of 1899, 137 pairs of ears in which each pair consisted of an ear

produced from a high-protein kernel and one from a low-protein kernel and

growing together in the same hill. The results of these analyses are given in

Table 99 of the appendix and they show an average difference of 2.58% to

be attributed positively to the influence of the seed selection. But withstill

further interest, it is to be noted that among these 137 different pairs, there

are only 10 cases in which the higher percentage of protein is not found in

the ear produced from the high-protein kernel. The most notable of these

exceptions occurs in case of Row No. 2, Hill No. 11 where the low-protein
kernel produced an ear 3.73% higher in protein than the ear resulting from
the high-protein kernel. However, these abnormal individual variations are

to be expected and they have frequently been observed throughoutall of

these experiments.

The results of these experiments with the mixed-protein plots during

these three different years establish beyond question the fact that the pro-

tein content of the corn crop is influenced directly by the seed planted,in-

dependently of soil, seasonal, or cultural conditions.

BREEDING TO INFLUENCE THE OIL CONTENT

Summarizing the results of the ten generations of breeding to influence

the oil content in the same manneras wehave considered the protein breed-

ing, there are brought together from the detailed records in the appendix the

general yearly averages of the high-oil and low-oil plots as arranged in Table

6.
The results show that the response to selection for oil has been even

more pronounced and moreregular than that for protein as indicated by the

total relative increase and decrease and by the changes from yearto year.

In the percentages representing the crop produced each year in the

high-oil plot there has been with but one exception, namely, in 1901, a con-
stant increase in oil content as the breeding proceeds. Likewise in the low-

oil plot there has been a steady decrease from year to year with the single

exception ofthelast year.

We have noted the marked effect which the abundanceorscarcity of

moisture may have upon the protein content of corn, and in these experi-
ments the oil content appears also to be susceptible to somepeculiar sea-
sonal conditions. What these conditions are have not been determined, but

that they exist is made apparent if we comparetheincrease and decrease in

the percentage of oil in each generation in the two plots. It would appear as
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Table 6. Ten generations of breeding corn for increase and decrease ofoil.
 

 

 

 

High-oil plot, Low-oil plot, Difference

average percent oil. average percentoil.Year. as _* between
In seed In crop Inseed | Incrop percent.
planted. harvested. planted. harvested.

1896 eee 4.70 eee 4.70 .00
1897 5.39 4.73 4.03 4.06 .67
1898 5.20 5.15 3.65 3.99 1.16
1899 6.15 5.64 3.47 3.82 1.82
1900 6.30 6.12 3.33 3.57 2.55
1901 6.77 6.09 2.93 3.43 2.66
1902 6.95 6.41 3.00 3.02 3.39
1903 6.73 6.50 2.62 2.97 3.53
1904 7.16 6.97 2.80 2.89 4.08
1905 7.88 7.29 2.67 2.58 4.71
1906 7.86 7.37 2.20 2.66 4.71        

though certain seasons were particularly favorable to the production ofoil,

while other seasons may be normal or unfavorable in this respect. This ef-

fect is particularly apparentin the first 2 years of the breeding; thus, the sea-

son of 1897 seemsto have been very unfavorable, while the season of 1898

appears to have been very favorable, to the production ofoil.

From the last columnin the table which shows, by the differences in

percentage between the high-oil and the low-oil crops each year, the real

progress accomplished by the breeding, we see that there has been a con-

tinuously increasing difference between the percentages of oil in the com

from the two plots up to the tenth year wherethis difference remainssta-
tionary. The high-oil corn has increased from 4.70% to 7.37% of oil, and the
low-oil corn has decreased from 4.70 to 2.66%, the difference between the

two strains having grown from nothing in 1896 to 4.71% in 1905. Curiously

enough the oil breeding resembles the protein in the fact that there is con-

stant progress indicated until the tenth year whenin eachcase this progres-

sion ceases. In the protein experimentsit will be recalled that the figures in
in this ‘‘difference column” show actually a slight regression in the tenth

year while here in the oil breeding the differences between the averages of

the high-oil and low-oil crop stands exactly stationary in the last twoyears.

As has already been remarkedin the discussion of the protein breeding
results, it would be rash to decide at this time from these figures that the

limits to which the breeding can be carried are now determined.

Summarizing the results of the 10 years’ experiments to influence the

oil content into one general statement we maysay that starting with a single

variety of corn and breedingin the two opposite directions, there has been a
constantly widening separation between the twostrains as the breeding ad-

vancesuntil finally after ten generations there have been produced two kinds

of corn, one of whichis almost three timesasrich in oil as the other.

Mixed-Oil Plot

In order to eliminate any question of the influence of the soil upon the
oil content in these experiments, a third plot was planted called the “‘mixed-
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oil plot,” after the plan of the “‘mixed-protein plot” already described under
that heading. In 1898 there were planted in this plot 50 hills arranged in five

rows of ten hills each. In each hill two kernels of high-oil corn were planted

on one side and two of low-oil on the opposite side and when the crop was

harvested composite samples were madeto represent the corn of each side of
the row.

This same experiment wasrepeated in 1899 and also in 1900 the details

being given in Tables 100, 101 and 102 of the appendix.

From theresults it is to be noticed that never in any of the rows has

the percentage of oil in the crop of the low-oil side approached that of the

high-oil side. In 1898 the average difference in oil content in the corn re-
sulting from the two kinds of seed was 1.11%, in 1899 it was 1.35% and in

1900 it was 1.97%.
From the mixed-oil plot of 1899 there were taken besides these com-

posite samples 85 pairs of individual ears in which eachpair consists of one
ear produced from a high-oil seed kernel and one from a low-oil kernel, both
ears from plants growing in the samehill. Each of these individual ears was
sampled and analyzed and these results are given in Table 103 of the appen-

dix. |

The average of all of the individual ears from high-oil seed is 5.22% and

from low-oil seed it is 3.82%. But the point of most interest, perhaps, in
connection with this table is the regularity with which the oil content of the
crop respondsto that of the seed planted, for among the 85pairs there are

only four cases in which the oil in the ear, resulting from low-oil seed hap-

pens to surpass in percentage that from the high-oil seed.

The results of these 3 years’ experiments with the mixed-oil plotareall

in accordance and they establish beyond dispute the possibility of influenc-
ing the oil content of corn bytheselection of the seed, showing conclusively

that heredity has been responsible for the results obtained quite independent

of soil, climatic or cultural conditions.

SECONDARY EFFECT PRODUCED BY SELECTION TO CHANGE THE

COMPOSITION OF THE GRAIN

As is always the case in investigations of this sort, the work had not

proceeded far before a multitude of interesting side questionsarose, inviting

investigation in all directions from the main issue. What secondary effects

are produced bythis intense selection for these special chemical characteris-

tics? What, for example, is the effect of changing the proportion of protein
in the grain upon the other constituents? How is the composition of other

parts of the plant affected? Whatinfluence has it upon the physical type of

of the kernel and of the ear? And, whatis of especially practical impor-

tance, howis the yield affected?

Having established the possibility of influencing the composition of the
kernel in this way byseveral years of breeding and after having actually pro-
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duced the different kinds of corn to work with, it became possible to take

up the study of some of these important secondary effects. The results of

the investigation of some of these questions are given in the following pages.

Effect on the Composition of Other Parts of the Plant

After the breeding plots had been under way for 5 years and marked

changes had been produced, a study was begunto ascertain how the compo-

sition of other parts of the plant was being affected by altering that of the

grain.

Beginning in 1903, there have been collected every year at harvest time

representative plants from each of the four “Illinois” breeding plots. These
plants were divided in the following mannerinto three parts, namely, upper-

stalk, lower-stalk, and leaves. The leaves were first stripped off from the

stalks and these, including the husks, constituted the sample designated here
as “‘leaves.”” Then at the joint where the ear was borne,the stalk was divided

and the part below this point comprised the sample called “lower-stalk,”’ and
all above including the tassel, made up the sample designated as “upper-

stalk.”

It may be observed that the condition of these samples is just as it

would be in the ordinary handling of corn stover on the farm. It was cured

in the field in the ordinary manner, the stalks having lost someparts of the

leaves and tassels. Then this rather arbitrary division into parts follows

somewhat in the natural way in which the stover is eaten by animals as fed

entire without cutting or shredding. The leaves and husksare entirely con-

sumed and usually a portion at least of the upperstalk is eaten. If anyis re-

fused, it is the coarser part of the stalk corresponding somewhatto our sam-

ple of “lower-stalk.”’ With this practical bearing in mind,thereis lent some-

thing of an addedinterest to the analyses.

The results of the analyses of these samples are brought togetherin the

tables that follow. For convenient comparison each constituent is con-

sidered by itself in a table showing the percentages foundin theseveral parts
of the plant in the different strains each season.

In the first 2 years of the work these samples were taken from every in-

dividual breeding row in the four plots so that the results shownherereally

represent averages of several hundred analyses, but these data form such a

mass of material that lack of space forbids presenting them herein detail.

Effect on the Ash Content

We will consider first the effect produced by the breeding upon the ash

content as shown in Table 7.

Comparing the percentages of ash in the high-protein and low-protein

strains in the upper-stalk, there is no regularity apparent. In two of the sea-
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Table 7. Ash contentin different parts of plant.
 

 

 

 

 

 

 

Year. Strain. Upper-stalk. |Lower-stalk} Leaves. Grain.

High-Protein........ 5.25 4.08 8.21 1.57
Low-Protein........ 5.82 5.09 8.64 1.45

1902
High-Oil............ 5.65 4.89 7.59 1.54
Low-Oil............. 4.91 3.72 7.11 1.42

High-Protein........ 5.23 4.52 9.66 1.52
1903 Low-Protein......... 4.86 4.28 7.98 1.34

High-Oil............. 5.20 3.98 8.23 1.47
Low-Oil......-...05 4.75 4.27 7.27 1.47

High-Protein........ 4.38 3.95 6.56 1.60
Low-Protein......... 5.14 4.57 7.51 1.41

1904
High-Oil............. 5.05 5.80 7.66 1.56
Low-Oil.........0... 5.59 5.53 8.12 1.43

High-Protein........ 4 30 4.02 6.52 1.54
1905 Low-Protein......... 5.00 4.61 7.47 1.50

High-Oil............. 5.26 5.92 8.06 1.58
Low-Oil.......... aoe 5.69 5.47 8.34 1.28

High-Protein........ 4.77 4.93 9.08 1.48
1906 Low-Protein......... 4.28 4.15 8.85 1.41

High-Oil............. 5.05 5.61 7.72 1.64
Low-Oil......-.eeeee 5.67 4.84 7.01 1.46      
 

sons the percentage was greater in the high-protein plot and in the three

other seasons it was smaller. The lower-stalk varies in the different seasons

in accordance with the upper-stalk, and the sameis true of the leaves. In the

grain the differences are very slight but they show every seasona little more

ash in the high-protein corn.

Comparing the samples of the various parts from the high-oil and low-

oil strains, we find no regularly concordant variations except in the case of

the grain where usually the percentage of ash has beena trifle higher in the
high-oil than in the low-oil corn. In regard to the distribution of the ash over

the plant as a whole wefind, as we should expect in accordance with whatis
generally observed in plant studies of this nature, the lowest proportion of

ash in the seed and the highest in the leaves where it amounts sometimesto

almost one-tenth of the dry substance.

Effect on the Protein Content

It is especially interesting to note how the change in the proportion of

protein in the grain has affected this constituent in other parts of the plant.

For example, does the increase of protein in the kernel mean an increase of

this substance in the other organs of the plant, or is this higher content in

the kernel the result of an accumulation produced at the expense of other
_ parts?
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Table 8. Protein content in different parts of plant. (Protein derived by multiply-
ing the nitrogen content by the factor 6.25.)
 

 

 

 

 

 

 

Year. Strain. Upper-stalk. Lower-stalk| Leaves. Grain.

High-Protein........ 3.31 3.28 5.00 12.34
1902 Low Protein......... 2.90 3.21 4.99 8.22

High-Oil............. 3.70 4.72 5.13 10.83
[Low-Oil......-...06. 2.78 2.83 4.86 9.31

High-Protein........ 4.00 3.20 4.92 13.04
1903 Low-Protein......... 3.80 4.26 5 28 8.62

High-Oil............ 3.20 3.28 5.04 11.04
Low-Oil..........0.6. 3.50 3.58 5.04 10.22

High-Protein........ 6.52 5.68 5.34 15.03
1904 Low-Protein......... 3.06 3.46 4.77 9,27

High-Oil............. 4.53 4.08 4.86 12,29
Low-Oil............. 4.00 4.94 5.10 10.88

High-Protein........ 6.13 6.03 6.46 14.72
1905 Low-Protein......... 3.59 4.59 5.81 8.57

High-Oil............. 4.38 6.32 6.42 12.12
Low-Oil............. 4.41 4.09 5.74 9.86

High-Protein........ 5.99 4.94 5.27 14 26
1906 Low-Protein... ..... 5.61 6.48 7.13 8.64

High-Oil............. 5.38 6.56 5.57 11.81
Low-Oil..........66. 4.37 4.37 5.03 10.54     
 

 

Table 8 showsthe results of the protein determinations in the various

parts of the plant.

Upon comparingthe protein content of the upper-stalk samples wefind

that the percentage has always beengreater in the high-protein plot varying

in the different seasons, from only a slight difference to over double the

amount.

The lower-stalk follows the upper-stalk in this respect in three of the

seasons but in the other twoyears the protein runshigherin the low-protein

strain. The leaves agree quite closely in every case with the lower-stalk.

The wide differences in the protein content of the grain are, of course,

the direct result of the selection which have already been considered so that

we need notdiscuss them further in this connection.

Turning now to the oil breeding, there seems to be a lack of anysigni-

ficant regularity in the parts of the stover. In the upper-stalk the percentage

of protein runs higher three out of the five seasonsin the high-oil strain. In

the lower-stalk it is three times out of five higher in the high-oil strain but

corresponding only three times with the upper-stalk. The leaves correspond
with the lower-stalk in this comparison.

But a very markedcorrelation appears in the grain where there has been

every year a notable increase in protein in the high-oil strain over that of the

low-oil. This is indeed significant and is of such interest that it will be dis-

cussed morefully later on.
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Regarding the general distribution of the protein in the plant, the data
show;that in the other parts, the proportion of protein is neveras high asit
is in the grain; that among the other parts, the leaves have averaged some-
what higher than the stalks although this condition has not been constant in
every year; that, as between the upper and lowerportions of the stalk no
regular difference can beestablished.

Effect on the Crude Fat Content (Ether Extract)

It will be noticed that the term “crude fat”is used here for designating
this determination rather than “‘oil” as has been usedin the rest of this work
in which only the kernels were concerned. It should be considered that
while in the kernels the substance extracted by etheris practically all oil, in
the stalk and leaves it consists to a considerable extent of other constituents
besides true fats, or oil, such as coloring matters, waxes, organic acids, etc.
On this account these results of the ether extraction are not to be taken as
necessarily explicitly expressing the relations of the amount ofoil or fat in
the various organsof the plant to that of the kernels. Howeverin the chemi-
cal analyses of food stuffs, the ether extraction is the best practical method
that we have at present of classifying these substances, and in view of the
fact that it is usually made and reported in fodder analyses this determina-
tion was madein this study with the idea that the information would be of

interest and might prove suggestive. The results are given in Table 9.

Table 9. Ether extract in different parts of plant.
 

 

  

 

 

 

 

 

  

 

_

Year. Strain. Upper-stalk. |Lower-stalk] Leaves.

|

Grain

High-Protein seeeeeee 0.98 1.31 1.02 4.85
902 Low-Protein......... 0.82 0.95 1.02 4.15

1 . .High-Oil............ 1.08 1.27 0.99 6.41
Low-Oil........Pesos 0.87 1.21 1.02 3.02

High-Proteinees enees 0.92 1,42 1.04 4.83
Low-Protein........ 0.77 0.88 0.90 4.08

1903 . .
High-Oil Sec c ee teeees 0.69 0.86 0.98 6.50
Low-Oil...... ...... 1.18 0.98 0.98 2.97

High-Protein. wees 0.77 1.23 1.16 5 07
Low-Protein ........ 0.78 0.81 1.00 4.17

1904 . .
High-Oil............. 0.67 0.87 1.10 6.97
Low-Oil............. 0.69 0.90 0.98 2.89

High-Protein........ 0.95 1.20 1.21 5.04
Low-Protein........ 0.88 0.95 1.28 3.85

1905
High-Oil............. 0.82 1.00 1.24 7.29
Low-Oil............. 0.72 0.82 1.09 2.58

High-Protein........ 1.02 1.69 1.25 5.28
1906 Low-Protein........ 1.62 1.89 1.46 3.86

High-Oil............. 1.07 2.05 1.32 7.37
Low-Oil............. 1.29 1.46 1 23 2.66     
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The proportion of ether-extract in the stalks and leavesis not very large
ranging mostly around 1% andthere are no apparent relations amongthese
results that would indicate any significant influence of the selections either

in the protein orin theoil breeding.

In the case of the grain, however, there is an interesting correlation

manifested. We have already seen howtheprotein contentofthe grain is in-
fluenced by the oil selection, and, just as the protein rises and falls with the

oil content, so here the oil follows the protein selections, and in every sea-

son there is a decided increase of oil in the high-protein strain over that of
low-protein.

The figures show in regard to therelative proportions of ether-extract

in the different parts of the plant, that the crude fat in otherparts scarcely
ever approaches in percentage the oil in the kernel and also thatit is gener-
ally greater in the lower-stalk and leaves than in the upper-stalk.

Effect on the Phosphorus Content

On account of their especial bearing upon questionspertaining to soil
fertility a knowledge of the phosphorus and potassium contentsin these dif-
ferent strains of corn is of interest. Accordingly determinations of these two

elements in the samples of the different parts of the plants have been made

since 1903. The percentages are given in Tables 10 and 11 being expressed

in terms of the elementary substances.

Comparing the high-protein and low-protein strains it is interesting to
note that with only the exception of the upper-stalk and leaves in 1906, the
phosphorus content is always somewhat higher in.the samples representing

the high-protein plot both in stover and grain.

Table 10. Phosphoruscontentin different parts of plant.
 

 

 

  

  

  

Year. Strain. Upper-stalk. |Lower-stalk| Leaves.

|

Grain.

High-Protein........ 0.19 0.19 0.15 0.36
1903 Low-Protein......... 0.12 0.10 0.14 0.30

High-Oil............ 0.10 0,08 0.10 0.34
Low-Oil............. 0.10 0.09 0.13 0.31

High-Protein........ 0.26 0.24 0.18 0.38
Low-Protein......... 0.14 0.10 0.12 0.33

1904
High-Oil............ 0.21 0.12 0.16 0.38
Low-Oil............. 0.17 0.17 0.18 0.35

High-Protein........ 0.26 0.22 0.18 0.32
Low-Protein......... 0.12 0.09 0.12 0.30

1905
High-Oil............ 0.18 0.11 0.12 0.34
Low-Oil............. 0.17 0.14 0.17 0.25

High-Protein........ 0.28 0.32 0.21 0.34
1906 Low-Protein......... 0.29 0.21 0.24 0.30

High-Oil............ 0.25 0.22 0.19 0.35
Low-Oil........eeee. 0.19 0.14 0.15 0.31      
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Table 11. Potassium contentin different parts of plant.
 
 

  

  

 

 

Year. Strain. Upper-stalk. |Lower-stalk| Leaves. Grain.
1

High-Protein........ 1.47 1.64 0.90 0.35
1903 Low-Protein......... 1.52 1.64 0.97 0.32

High-Oil............. 1.34 1.10 0.76 0.36
Low-Oil... ccc csecees 1.33 1.54 1.25 0.36

High-Protein........ 1.07 1.10 1.02 0.37
1904 Low-Protein........, 1.67 1.67 1 31 0.35

High-Oil............. 1.63 1.70 1.48 0.39
Low-Oil............. 1.55 1.74 1.56 0.39

High-Protein........ 1.03 1.07 1.05 0.34
1905 Low-Protein.... eovoeve 1.61 1.62 1.35 0.37

High-Oil..........0.. 1.65 2.36 1.39 0.36
Low-Oil............. 1.81 2.08 1.60 0.37

High-Protein........ 1.17 1.54 0.88 0.36
1906 Low-Protein......... 0.89 1.17 0.82 0.40

High Oil............. 1.59 2.14 1.22 0.39
Low-Oil.........006- 1.59 1.79 0.92 0.40     
 

 

In the breeding for high and low-oil, however, such a correlation does

not appear in the stover but in the grain wefind regularly a higher phos-

phorus content in the high-oil corn. Taking the plant as a whole the grainis
decidedly the richest part in phosphorus thus conforming to what has been
generally observed.

Effect on the Potassium Content

Comparing the high-protein and low-protein plots the different parts of

the stover show agreementin three out of the four years in being somewhat
richer in potassium in the low-protein strain. The other seasonall parts were
richer in this element, in the high-protein strain.

In the grain samples the comparisons show conflicting results but the

differences here are so small as to be scarcely significant.

As between the high-oil and low-oil breeding no regularity among the

stover samples can be made out. In the grain the percentagesare just trifle
greater in the low-oil corn but the differences are too slight to be considered

seriously.
These results likewise accord with the usual observance that the stover

carries a muchlarger proportion of potassium than the grain. Thestalks and

leaves do notvary greatly in this respect.

Conclusions

The preceding data afford material for numerous other comparisons

and a critical study would doubtless reveal many other suggestive facts, but

it is our present purpose only to derive as direct an answeras possible to our

main question regarding the effect produced upon the composition of the
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Table 12. Oil content in high-protein and low-protein strains.
 

 

Average percentoil.
 

 

   

Year. High-protein crop. Low-protein crop. Difference.

1897 4.52 4.35 0.17
1898 wee wee sees
1899 wee wee wees
1900 4.75 4.31 0.44
1901 4.82 4.30 0.52
1902 4.85 4.15 0.70
1903 4.83 4.08 0.75
1904 5.07 4.17 0.90
1905 5.04 3.85 1.19
1906 5.28 3.86 1.42
 

plant as a whole byaltering the relative proportions of the constituents of

the kernel.

Summarizing the results of this study and putting them into the form

of a general statement we maysay, that aside from the correlation developed

between protein and oil in the grain, there has not been produced any very

marked effect. The ash in the grain appears to be influencedvery slightly by

the protein as well as the oil selection, following these selections in direct

correlation. The sameis true of the phosphoruscontent.

Further there is seemingly a tendency toward an increased phosphorus
content in the stover resulting from high-protein selection, but this observa-
tion needs further confirmation.

Correlation Between Protein and Oil in the Kernel

At the beginning of the breeding the correlation between the protein
and oil content in the kernel was only very slight. The result of the mathe-

matical calculation of this correlation in the original 163 ears from which

the first selections were made,as given in Bulletin 87, shows only 3.81% of a

perfect correlation.

But, although this correlation is insignificant at first, it seems to have

advanced with the breeding so that, as we have just observed, after five years

it became very prominent bothin theprotein andintheoil selections.

It is interesting to trace the developmentof this correlation in the prog-

ress of the breeding as may be done in Table 12 in whichare given the per-

centages of oil in the high-protein and low-protein strains each generation
excepting the second and third years when these determinations were not

made.

The last column which shows the difference in oil content each year

brings out the principle in a most interesting way. This difference between

the two plots begins with a very small figure which gradually increasesas the
breeding goes on correspondingto the differencesin the protein itself, until
in the tenth generation this difference becomes so significant as to amount

to about one-third of the total quantity ofoil.



90 SMITH

Table 13. Protein content in high-oil and low-oil strains.
 

 

Average percent protein.
 

 

Year. High-oil crop. Low-oil crop. Difference.

1897 10.7 11.03 - 0.27
18998 flee lk es coos
1899 fee ae cease
1900 10 83 11.00 -0.17
1901 12.32 10.03 2.29
1902 10.83 9.31 1.52
1903 11.04 10.22 0,82
1904 12.29 10.88 1.41
1905 12.12 9.86 2.26
1906 11.81 10.54 1.27    

In like manner the behavior of the protein in the high and low-oil
strains is shown in Table 13.

Although the differences in protein content in the high-oil and low-oil
plots have not been as regular or constantas in the case of the oil content in
the high-protein and low-protein plots, yet the sameprinciple is evident, for,

whereas in the earlier years the protein actually averagesa little higher in the

low-oil strain as indicated in the table by the minussigns, in later generations

after the breeding had advanced and greater differences in the oil content

had been induced, the correlation appears and remains, although fluctuating
in intensity from year to year.

Effect on the Type of Kernel

That the selection for certain chemical constituents has a very notice-

able effect upon the physical characteristics of the kernel was observed very

early in the work and in Bulletin 55 descriptions with photographs were
published showingthe possibility of distinguishing between high-protein and

low-protein corn as well as between high-oil and low-oil corn by the me-

chanical structure of the kernel. The matter has been mentioned again in

Bulletins 82 and 100, and Bulletin 87, “The Structure of the Corn Kernel

and the Composition of its Different Parts,”’ deals especially with this phase
of the subject, treating it in considerable detail. Therefore it is not proposed
to discuss this matter at length here, but only to call attention briefly to the

facts observed in this connection.

Selection for high-protein has developed a type of kernel havinga rela-
tively larger proportion of that part characterized by its horny structure, the
soft starchy part which immediately surrounds the germ and runs up into

the crown of the kernel being less prominent. In the type of kernel resulting

from low-protein selection this condition is reversed and here the soft

starchy part predominates. Viewed externally the high-protein kernel has a

somewhatglassy appearance while the low-protein presents a milky effect.

Following the fact that about four-fifths of all the oil in the kernelre-

sides within the germ,the selection for high-oil has resulted in a kernel hav-
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ing a relatively large proportion of germ, while the low-oil selection has pro-

duced a kernel whose germ occupies a relatively small proportion of the

space.
It should be borne in mind that a reduction of the proportion of germ

does not necessarily depend altogether upon a decrease in the absolutesize,
for the same effect would be produced byincreasing the size of the endo-
sperm, and in our low-oil strain this is what has really taken place to some

extent, so that the selection has resulted in a large broad type of kernel ad-
mitting fewer rows on the cob.

The question is often asked as to whetherthere is any difference ap-
parent in germination on accountof this effect upon thesize of the germ. In

laboratory tests under carefully controlled and comparable conditions a dif-

ference in the rate and vigor with which the germination starts off has been

observed, the first signs of growth appearing about 24 hours earlier in the

high-oil corn. This difference, however, becomesless apparent as the devel-

opment of the young plantlet proceeds and in the field there is as yet no
detrimental effect noticeable due to impaired vitality in the seed brought
about by the selection for low-oil.

Effect on the Type of Ear

That the selection in these different directions has likewise had its ef-
fect upon the physical characteristics of the ear is clearly shown in Bulletin

119, ‘Type and Variability in Corn,” in which Dean Davenport and Doctor

Rietz have madethis matter the subject of a special study.

In this investigation ears from each of the four “‘TIllinois’’ strains from

the crops of the ninth and tenth generations were subjected to measure-
mentsof their length, circumference, weight, and numberof rowsofkernels.

The variability of each one of these characteristics was studied by the

statistical method in which are determined mathematical expressions show-

ing the “mean,” or average value of the character in question, as well as its

tendency to vary from this average, expressed by the “standard deviation”

and the “coefficient of variability.” Taking from these tabulated results

those figures which are of especial concern in this connection, the following

interesting facts are brought out.

Selection for high-protein has produced an ear averaging somewhat

smaller than the low-protein ear as shown by a comparisonofthe length,cir-

cumference and weight; the numberof rows of kernels also averagesslightly

less on the typical high-protein ear.

Similarly the high-oil selection has resulted in a smaller type of ear than
has the low-oil, the length, circumference and weight being less in each case

in the high-oil strain. However, in spite of the fact that the typical low-oil

ear is the largest of any of the strains the number of rowsof kernels is the

least, this being due to the broadening of the kernel as previously explained.
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Effect on the Yield

Oneofthe first questions to be taken into consideration from the prac-
tical standpointis, of course, the effect that selection for these various char-
acteristics has upon the productiveness.

In this connection it should be bome in mind that during the earlier
years of these experimentsin the selection of seed nospecial precaution was
taken against in-breeding. If the pedigree lines be traced back in the high-

protein plot it will be found that they all converge in a single ear grown in

1901. The low-protein strain as it now exists is the progeny of two of the

original ears and the sameis true of the low-oil. The high-oil strain traces

back to three original ears. Thus the pedigree records show that there must
have been a considerable amount of rather close in-breeding which has

probably exerted a more or less detrimental effect upon the yield. It was

not until the ninth generation that we started our present system of taking
seed from detasseled rows only and arranging the planting of the seed ears
with reference to their relationship, in order to prevent as far as possible
such close in-breeding.

Neither was there in the earlier years of the breeding any selection

based upon productiveness other than the choice of the largest, finest seed

ears. In the sixth generation a system ofrejecting a few of the lowest yield-

ing rows was begunbutit was not until the ninth generation that our present

system was adoptedofselecting one-half of the detasseled rows according to

their performanceas regards productiveness.

Therefore in speaking of the yielding propensities of these several
strains of corn, these handicaps which they have undergonein the breeding
should be taken into consideration.

In order to test this matter of yield, seed has been taken every year

since the sixth generation from each of the four breeding plots and planted

in our variety test plots where they are given conditions of soil and culture

as uniform as possible for securing comparableresults.

In this variety test there are planted at certain intervals so-called
“Standard plots” from one of the best standard varieties of this region the
purpose of these being to serve as a check for comparisonin different parts

of the field. In Table 14 the yield each year in terms of bushels of shelled

corn per acre is given for each of the four “Illinois” strains along with that
of the standard variety.

In looking overthese results there are someirregularities to be seen and

it is still too early to draw final conclusionsin all respects. The maximum

yield varies amongthefourstrains in the different years. In two of the sea-

sons the low-oil gave the highest yield and in two others the low-protein
yielded most.

But the lowest yield has in every season been produced by the high-

protein corn and this fact accords with our previous observation regarding
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Table 14. Yields of “‘Illinois”’ strains in variety test plots.
 

 

 

     

High- Low- High- Low-
Year. protein protein oil oil Standard variety.

strain. strain. strain. strain.

1903 27.3 37.7 32.7 41.3 40.9 (BooneCo.White)
1904 32.1 55.5 41.9 40.5 5S3.7( “ “OS
1905 56.6 60.7 58.4 58.1 oe. {Sivermine)
1906 65.1 73.2 66.3 83.2 \ 7.9 ( Leaming
 

the type of ear where we found the typical high-protein ear to be the
smallest of all the four strains. So it seems a high-protein content and the
highest productivity do not go together.

The formation of protein depends, of course, upon the supply of nitro-

gen in the soil. In fact the relation is so intimate that it has been observed in

experiments that the protein content can be increased in corn bythe applhi-

cation of nitrogenousfertilizers. This suggests the possibility of a limitation
of growth on ordinarysoil due to an extra high nitrogen requirement on the

part of the high-protein strain.

If, however, we consider the production of protein per acre we will find

a very decided gain in the production of protein in the high-protein breed-

ing. For example in 1906 the high-protein strain produced 65.1 bushels per

acre and the protein content of the crop that year as we have seen was
14.26%. This would yield (reckoning 56 poundsshelled corn per bushel)
520 pounds of protein per acre: At the same time the low-protein strain

produced 73.2 bushels carrying 8.54% of protein which would yield 354

pounds. This makes a difference of 166 poundsof protein per acre in favor

of the high-protein breeding. This, however, from the practical standpoint,
would be an unfair comparison because ordinarily what the farmer has to
deal with is corn of ordinary protein content rather than low-protein corn.
We have no “Illinois”? strain now unaffected by chemical selection with

which to make the comparison. But suppose we compare our “I]linois High-

Protein” with the standard white variety for this year, that is the ‘‘Silver-

mine,”’ which has had no chemical selection, and assumethat it contains the

same percentage with which westarted the “Illinois”’ breeding, that is 10.92,
which as a matter of fact is not far from the average of ordinary dent corn.

Making the computation we find that the 75.7 bushel yield containing

10.92% would give us 463 pounds of protein per acre. Based uponthisesti-

mate there was a gain this year of 57 poundsof protein peracre bythehigh-

protein breeding and this is of no mean consequence whenweconsider that

this 57 poundsrepresents about one-eighth of the total quantity of protein

produced.
On the whole theseresults of the yields are quite gratifying when we

consider that these “Illinois” strains have maintained their productivenessas

well as they have in spite of the intense selection they have undergone for
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other special characteristics. With the exception of one season, some one of
the Illinois strains has even surpassed in yield the supposedly good variety
used as a standard. All of this goes to show thatintenseselection for a spe-
cial character is not necessarily accompanied by a reduction inyield, this not
implying, of course, that selecting for yield alone would not makegreater
progress when unhamperedbyconsideration for other characteristics.
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The Mean and Variabiuity
as Affected by Continuous
Selection for Composition

in Corn
F.L.WINTER
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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 2. Progress of high-oil and low-oil corn breeding.
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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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Selection for Protein
and Oil in Corn
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INTRODUCTION

Fifty generations of selection at the Illinois Station for high and low

 

protein and high and low oil in corn were completed with the 1949 crop.

This experiment was started in 1896 in the Burr White variety by Dr. Cyril

G. Hopkins. It was continued to 1921 by Dr. L. H. Smith and his co-

workers. Direction of the project was assumedbythesenior author in 1921
and continued to the present time with the help of various persons who have
been on the Plant Breeding staff since that time. The work was suspended
for 3 years, 1942, 1943, and 1944, because of lack of manpowerduring the

war. However, seed of the 1941 crop was held over and used to plant the
1945 crop.

Few adequate reports of progress on this experiment have been pub-

lished especially during the latter part of the 50-generation period. The first

report was published by Hopkins(3) in 1899 after 3 generations; the second

by Smith (4) in 1908, after 10 generations; and the third by Winter (6) in

1929, after 28 generations. Progress on generations 29 to 50 inclusive has

been described in the annual reports of the Illinois Agricultural Experiment

Station. Charts showing progress of selection for generations 1 to 47 in-

clusive were presented by Woodworth and Jugenheimer(7).

The purpose of this paperis to give in brief form the main results and
trends of selection for protein and oil in corn for 50 generations together

with observations on variability of the selected strains and effect of non-
random selection and ofreverse selection. It is planned to publish a complete

report as an Illinois Experiment Station bulletin at a later time.
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EXPERIMENTAL PROCEDURE

Selection was begun in 1896 from a foundation seed stock of 163 ears of the Burr

White variety of corn. Four selected strains were established, namely: Illinois High Oil,

Low Oil, High Protein, and Low Protein. Ear-to-row selection was practiced for the first

28 generations of the experiment, with each selected strain being grownin a separate iso-

lated plot. Within each plot, after the first nine generations of selection, alternate rows
were detasseled and seed was saved only from the highest yielding detasseled rows. After
1921 (25 generations) yielding ability was disregarded and ears were saved for chemical

analysis from all 12 of the detasseled rows. This changed procedure was continued until

1925.
The numberof ears analyzed in each strain was somewhat variable duringthefirst

nine generations of the experiment. In the tenth to twenty-eighth generations of selec-
tion, 120 ears of each strain were harvested for analysis. The 24 ears most extremein the

desired direction of selection were used as seed for the succeeding generation. For ex-

ample, in Illinois High Oil 120 ears were selected for each year for oil analysis from the

six highest yielding detasseled rows, or 20 ears from each row. From 1921 to 1925, 10

ears were taken for analysis from each of the 12 detasseled rows. The 24 ears with the

highest oil content were then used as seed for planting the High Oil plot the next year.
In 1925, the breeding system and method of selection were considerably altered,

because of the difficulty of locating isolated plots. Ear-to-row selection was discon-

tinued, and the numberof ears harvested from each strain was reduced to 60. In each

strain, the 12 ears most extremein the desired direction of oil or protein content were

saved for seed. These were divided into two bulked lots of seed from six ears each, and

the lots were planted separately in adjoining plots. Pollinations were made by hand,using

bulk pollen mixtures from one lot of a given strain. on silks of the other lot, and vice
versa. At harvest, 30 ears of each lot were saved for analysis. This procedure has been

followed without change up to the present time.

All chemical analyses reported in this paper are on a moisture-free basis. Sampling

methods used were discussed by Smith (4). Detailed descriptions of the analytical
methods used in the earlier stages of the experiment were given by Hopkins (2). The
analytical methods followed more recently have been summarized in part by Hoener and
DeTurk (1). At present, total nitrogen is determined by the official Kjeldahl—Gunning—
Arnold method, except that the mercury or mercuric oxide was replaced by approxi-

mately 0.15 g copper wire. Protein percentage is found by multiplying total nitrogen per-
centage by 6.25. Oil percentage was determined by extraction with Skellysolve F for 16

hours in a Butt apparatus.

RESULTS

Selection for Oil Content

The mean oil content of the foundation seed lot of Burr White was

4.70% in 1896. In 1949, after 50 generations of selection, the mean oil con-

tent of High Oil was 15.36%, while that of Low Oil was 1.01% (Table 1).

The range between the means of the two strains was thus 14.35%, the

greatest observed during the entire experiment. The mean oil content of
High Oil in 1949 was more than 1% higher than the previous high record,

while the mean oil content of Low Oil was the second lowest observed. The

record low meanoil content in Low Oil was 0.76% in the 1947 crop.

Analyses of each generation of High Oil and Low Oil are shown graphi-

cally in Fig. 1, together with the best-fitting straight-line trend of oil content
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Table 1. Effect of 50 generationsof selection for oil and protein contentin IIlinois
chemicalstrains of corn.
 

 

 

 

Year Generation High Oil Low Oil High Protein Low Protein

% oil ————— —_———-_ % protein

1896 0 4.70 10.92
1901 5 6.24 3.45 13.78 9.63
1906 10 7.38 2.67 14.26 8.65
1911 15 7.52 2.06 13.79 7.90
1916 20 8.51 2.07 15.66 8.68
1921 25 9.94 1.71 16.66 9.14
1926 30 10.21 1.44 18.16 6.50
1931 35 11.80 1.23 20.14 7.12
1936 40 10.16 1.24 22.92 7.99
1941 45 13.73 1.02 17.76 5.79
1949 50 15.36 1.01 19.45 4.91
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Figure 1. Effect of 50 generations of selection on oil content of corn. Actual data
indicated by solid lines; fitted trend lines are shownas brokenlines.

in High Oil and the best-fitting curvilinear trend of oil content in Low Oil. It

is apparent that progress toward high oil content in High Oil has been made

at a remarkably uniform rate throughout the entire course of the experi-

ment. In Low Oil, on the other hand,relatively little progress toward low oil

content has been madein the last 15 to 20 generations of selection. Varia-

tion from season to season has been low in bothstrains, with 1937 (forty-

first generation) being virtually the only year in which majorfluctuations

from the general trends were observed.

Selection for Protein Content

The mean protein content of the foundation seed lot was 10.92%. The
mean protein content of High Protein in 1949 was 19.45%, that of Low Pro-

tein was 4.91% (Table 1). The range between the meansof the twostrains,

14.54%, was the second greatest on record. The greatest range observed dur-

ing the course of the experiment was 14.93% in 1936 (fortieth generation).

The mean protein content of the 1949 crop of Low Protein was the lowest
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Figure 2. Effect of 50 generations of selection on protein content of corn. Actual
data indicated by solid lines; fitted trend lines are shownas brokenlines.

on record, while that of High Protein was the eighth highest observed during

the course of the experiment. The highest mean protein content reached in

High Protein was 23.79%, in the drouth year of 1934 (thirty-eighth genera-
tion).

The actual analyses and best-fitting straight-line trends of protein con-

tent in the two protein strains are shown graphically in Fig. 2. Progress

toward low protein content in Low Protein was very slow during the first 25

generations of selection (6), but has been more rapid and consistent during

the second 25 generations. It appears that little progress toward high pro-
tein content has been made in High Protein in the last 15 generations of the

experiment.

Variations in protein content from season to season have been much

more pronounced thanthosein oil content. This observation has been made

repeatedly during the course of the experiment (4, 6). Extremely high levels
of protein content in both strains during the drouth years of 1933, 1934,

and 1936 (generations 37, 38, and 40, respectively) indicate the magnitude

of environmentaleffects on protein content.

Variability Within Selected Strains

As pointed out by Winter (6), selection for oil and protein content was
expected not only to shift the mean chemical content of the selected strains

toward the desired type, but also to reduce variability in chemical composi-

tion within each strain. From an examination of the results of the first 28

generations of the experiment, Winter concluded that variability in oil and
protein content depended on thesize of the meanof the selected character.
When measured bythe coefficient of variation, variability was found to de-

crease in both high strains and toincrease in both low strains. When meas-
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Figure 3. Straight-line trends of coefficient of variation (C. V.) and Weinberg con-
stant (W) in Illinois High Oil and Low Oil corn. Trends of C.V. indicated by

broken lines; those of W bysolid lines.

ured by the standard deviation, Weinberg’s formula (5), or the extramodal
coefficient, variability was found to increase in both highstrains and to de-

crease in both low strains. Winter suggested that the apparent increase in

variability of the high strains probably resulted from the presence of more

material for interaction with the environment.

Variability within the selected strains has been studied for the entire 50

generations of the experiment by use of the standard deviation, coefficient

of variation, and Weinberg’s formula. The constant W calculated by the

latter formulais:

[s (highest variate — lowest variate)| 72
W=

|(highest variate — mean)(mean — lowestvariate
 

)”

where s = the standard deviation of the sample. The size of W tends to

parallel that of the standard deviation, butit is also influenced by the skew-

ness of the distribution. Skewnessis roughly indicated by the denominator

of the formula.

Figs. 3 and 4 show the best-fitting straight-line trends of the coefficient

of variation and W for the fourselected strains. In the oil strains, the only

apparent major change in variability has been a very markedincreasein the

coefficient of variability of Low Oil. Variability, as measured byeither the

coefficient of variation or by W, has remainedvirtually unchanged in High

Oil. Also, there has been very little change in W in Low Oil. In general, the

trends in variability in the protein strains for the entire 50 generations have

been similar to those found by Winter for the first 28 generations (6). The
coefficient of variation has increased slightly in High Protein and decreased

slightly in Low Protein. The size of W has increased considerably in High

Protein and decreased in Low Protein.
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Figure 4. Straight-line trends of coefficient of variation (C. V.) and Weinberg con-
stant (W) in Illinois High Protein and Low Protein corn. Trendsof C. V. indicated
by brokenlines; those of W bysolidlines.

Effect of Random Selection

Beginning with seed from the 1933 crop, a system of random or “‘non-

selection”” was compared with the regular selections in each of the four
chemical strains for 8 years (1934 to 1941). The randomly-selected material
was handled in exactly the same mannerastheregular selections, except that
no selection for chemical composition was made in choosing seed ears for

each new generation.

Results of eight generations of random breeding are shownin Table 2.

In all four strains, the nonselected groups showed sometendencyto revert
toward the composition of the original Burr White variety. This tendency

was most pronounced in High Oil, where the nonselected group had a mean
oil content for the 8-year period of 1.49% less than that of the regularselec-

Table 2. Selection compared with random ornonselectionin theIllinois chemical
strains of corn, 1934-1941.
 

 

    

 

 

High Oil Low Oil High Protein Low Protein

Year Non- Non- Non- Non-
Selected selected Selected selected Selected selected Selected selected

% oil —_————————- % protein

1934 11.36 10.79 1.04 1.16 23.79 22.42 10.73 11.42

1935 12.27 9.57 1.32 1.19 17.71 17.33 5.90 7.09

1936 10.14 9.36 1.24 1.19 22.92 20.34 9.61 9.30

1937 14.11 12.27 2.88 2.27 18.57 17.54 6.15 6.81

1938 13.14 12.10 1.34 2.52 17.57 18.15 5.80 6.35

1939 12.61 11.37 1.37 1.82 15.64 16.16 5.37 5.74

1940 12.57 11.04 1.36 1.77 19.92 19.25 6.02 8.31

1941 13.73 11.51 1.02 1.47 17.76 17.69 5.79 6.45

Mean 12.49 11.00 1.45 1.67 19.24 18.61 6.92 7.68
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Table 3. Effect of reversing direction of selection after 48 generations of selection

in Illinois chemical strains of corn.
 

 

High Oil Low Oil High Protein Low Protein
  

Year Regular Reverse Regular Reverse Regular Reverse Regular Reverse
selection selection selection selection selection selection selection selection
 

 % oil % protein

1947 13.45 0.76 19.24 5.11
1948 14.25 13.45 1.04 1.10 19.14 18.20 5.50 5.53
1949 15.36 13.32 1.01 1.03 19.45 18.81 4.91 5.62
 

tion. Average differences between the two breeding systems in the other
three strains were 0.22% in Low Oil, 0.63% in High Protein, and 0.76% in
Low Protein.

Effect of Reversing Direction of Selection

To determine if genetic variability still existed within the long-timese-
lected strains, a ‘“‘reverse selection” phase of the experiment was begun in
1948. In addition to the regular seed selections made from the 1947 crop,

the six ears of each strain most extreme in composition in the opposite direc-

tion to the regular selection were chosento begin the reverse strains. For ex-

ample, the six ears of Illinois High Oil lowest in oil content were chosen as

the foundation seed stock for the “Low” High Oil strain. Reverse selections
have since been handled in exactly the same mannerastheregular strains,

except that selection for chemical composition has been towardthat of the

original Burr White variety.

Results of the first two generations of reverse selection are shown in

Table 3. As was the case in the random-breeding phase of the experiment,

High Oil has been more affected by a change in the direction of selection
than have the otherthree strains. In 1949, the reverse strain of High Oil was

2.03% lower in oil content than the regular selection. Progress has also been

made by reverse selection in High Protein and Low Protein, although to a

lesser degree. Two years of reverse selection have produced no apparent
change in the meanoil content of Low Oil. It is intended to continuethe re-

verse selection phase of this experiment for a numberof generations.

Morphological Characters and Yield of Selected Strains

Very early in the experiment, it was recognized that selection for

chemical composition was also leading to changesin the physical characteris-

tics of the ears and kernels of the selected strains, and wasalso tendingto re-

duce their yields of grain, particularly in High Protein (4). These changes
have become more pronouncedasselection has progressed,until at the pres-
ent time each ofthestrains has a distinctive kernel type (Fig. 5) and ear type
(Fig. 6). [Fig. 5 was also shown by Woodworth and Jugenheimer(7)]. High

Oil has a relatively small ear and a small kernel with a large germ. Low Oil
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SELECTION FOR COMPOSITION

High Protein

Low Protein

High Oil

Low Oil 
Figure 5. Kernel characteristics of Illinois chemical strains of corn. High Protein
and Low Protein differ greatly in proportions of horny and soft endosperm starch;
High and Low Oil differ greatly in kernel size and germ volume. Photographed by
Dr. W. J. Mumm (now Director of Research, Crow Hybrid Corn Co., Milford,IIl.).
Also shownas text figure by Woodworth and Jugenheimer(7).

has a large ear with low row number, and a very large, deeply dented kernel

with a small germ. Ears of High Protein are small, with large cobs, and the

kernels are hard, flinty, and translucent, with a medium dent. Ears of Low

Protein are large, with a relatively high row number, andthekernels are long

and starchy, with very little or no dent.

The fourstrains also differ in maturity, plant height, ear height,tillering

tendency, and susceptibility to leaf firing (Table 4). High Oil is the earliest
and shortest of the four strains, while Low Oil is the latest and tallest, and

the two protein strains are intermediate in both maturity and height. High

Protein and Low Oil both tendtotiller strongly, and both are rather suscep-

tible to leaf firing under deficienty of available nitrogen.

Grain yields of all four strains have been reduced so that they are ap-

proximately 50% as muchas those of adapted hybrids (Table 4). Smith (4)
pointed out this tendency toward loweryield at the end of 10 generations of

selection, but was able to show that High Protein, despite its low yield, pro-
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Figure 6. Ear characteristics of Illinois chemical strains of corn. Left to right:
High Protein, Low Protein, High Oil, and Low Oil.

duced substantially more total protein per acre than the original variety. Ta-
bles 5 and 6 compare the total production ofoil and protein per acre of the
four chemical strains with that of an adapted commerical hybrid, a standard
single cross, and three-way crosses involving inbred lines to which highoil or

Table 4. Yield and other agronomic charactersof Illinois chemical strains of corn,
compared with hybrid U.S. 13, Urbana,IIl., 1949.
 

 

 

Yield Days from Erect Plant Ear Tillers/ Leaves
Strain or hybrid buacre planting to plants, height, height, 100 fired,

half-silk % feet inches plants Aug. 24

Illinois High Oil 55 61 66 5.9 36 6 1
Illinois Low Oil 56 76 44 8.6 55 30 3
Illinois High Protein 51 72 49 6.8 45 46 5
Illinois Low Protein 56 69 75 7.5 48 7 0

2U.S. 13 106 68 76 8.8 54 13
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Table 5. Comparison ofIllinois High Oil and Low Oil strains of corn with commer-
cial hybrids and high-oil three-waycrosses, for yield, oil content, and total produc-
tion of oil per acre, Urbana,IIl., 1949.
 

 

 

 

: ; Yield, Oil Lb. oil/
Strain or hybrid bu/acre content, % acre

Illinois High Oil 55 12.7 330
Illinois Low Oil 56 1.0 26

U.S. 13 106 4.5 225
WF9 X Hy 103 4.1 200

Til. 4002* 102 6.1 294
Ill. 4006+ 104 5.9 290

* (WF9 X Hy) X [(H.O. X 38-11) X H.O.] S4. + (WF9 X Hy) X [(H.O. X 187-2) X H.O.] Sq.

Table 6. Comparison of Illinois High Protein and Low Protein strains of corn with
commercial hybrids and high-protein three-way crosses, for yield, protein content,
and total production of protein per acre, Urbana,IIl., 1949.
 

 

 

 

. . Yield, Protein Lb. protein/
Strain or hybrid bu/acre content, % acre

Illinois High Protein 51 17.2 415
Illinois Low Protein 56 5.4 143

U.S. 13 106 9.8 491
WF9 X Hy 103 9.5 463

Ill. 4013* 88 12.3 512
Ill. 4016+ 100 10.8 512

* (WF9 X Hy) X [(HP X 38-11) X HP] Sg. + (WF9 X Hy) X [(HP X 187-2) X HP] Sg.

high protein has been transferred from Illinois High Oil or High Protein (7).
From these data, it appears that Illinois High Oil, despite its greatly reduced

grain yield, produced more poundsofoil per acre than commercial hybrids

or the best three-way crosses involving onehigh oil line. Illinois High Pro-

tein, on the other hand, was exceeded in the total amount of protein pro-

duced per acre by both the high-protein three-way crosses and by both
standard hybrids.

SUMMARY

Fifty generations of selection in the Illinois chemical strains of corn

were completed in 1949. Selection for both high and lowoil and high and

low protein content was begun in the Burr White variety in 1896. Ear-to-row
selection was practiced for the first 28 generations, while mass selection with

intra-strain controlled cross-pollination has been employed for the last 22

generations. |

The original variety had a mean oil content of 4.70% and a meanpro-

tein content of 10.92% in 1896. After 50 generations of selection, the mean
oil content of Illinois High Oil was 15.36%, that of Illinois Low Oil 1.01%;
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the mean protein contentof Illinois High Protein was 19.45%, that of Illinois
Low Protein was 4.91%. Progress in the direction of selection is apparently

still being made in the High Oil and Low Proteinstrains, while little progress
has been made in either High Protein or Low Oil in the last 15 to 20 genera-

tions of selection.
Variability, as measured by either the coefficient of variation or the

Weinberg formula, has remained virtually unchanged in High Oil. The co-

efficient of variation of Low Oil has increased markedly, while the Weinberg

constant has shownlittle change. High Protein has shown an increase and

Low Protein a decrease in both measuresof variability as a result of selec-

tion.

Eight generations of random breeding were compared with regular se-

lection in each of the four strains in the years 1934—1941. Average differ-

ences between the two breeding systems ranged from 0.22% in Low Oil to

1.49% in High Oil, all changes in the random-bredstrains beingin the direc-

tion of the original Burr White analysis.

Two generations of reverse selection, begun in 1948, have indicated
that High Oil, High Protein, and Low Protein maystill possess considerable

genetic variability. Virtually no change in the oil content of Low Oil has

thus far been madebyreverseselection.

All selected strains have been considerably modified in a number of

morphological and agronomic characters, and they yield approximately 50%

as much grain as adapted hybrids. The high strains have been used by the

Illinois and otherstations in an effort to transfer high oil or high protein to

standard inbredlines.

EDITOR’S NOTE

Title footnote stated: ‘Contribution from the Plant Breeding Division, Departmentof

Agronomy, Illinois Agricultural Experiment Station, Urbana,Ill. Published with approval

of the Director, Illinois Agricultural Experiment Station. Presented at the annual meeting

of the American Society of Agronomyat Cincinnati, Ohio, November 1, 1950. Received
for publication March 28, 1951.”

Author footnote stated: ‘‘Professor, Assistant Professor, and Professor of Plant

Genetics, respectively. The authors gratefully acknowledge the assistance of various mem-
bers of the Soil Fertility Division, Department of Agronomy, in making the chemical

analyses of the material discussed in this paper.”’
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6
Nitrogen Fractions of the
Component Parts of the
Corn Kernel as Affected
by Selection and Soil

Nitrogen
E.O. SCHNEIDER

E.B. EARLEY

E.E. DE TURK

Oe

INTRODUCTION

In the summer of 1944 an extensive research program wasstarted by

the Division of Soil Fertility on several phases of nitrogen metabolism of the
corn plant. The program included field experiments to determine the inter-
action of hybrid, rate of planting, level of nitrogen fertility, and location on
yield and protein content of grain; a study of the weekly absorptionofsoil
nitrogen by the corn plant and the rate and forms of nitrogen compounds

translocated into the developing grain; and a comparative study of various

plant compounds and enzymesystemsof corn lines differing widely in pro-
tein contentof the grain.

The first object of this research program was to determinethe principal

factors responsible for the reported decline in the protein content of hybrid

corn grain. The second object, though equally as importantas thefirst, was

to study in detail a few of the metabolic processes of the corn plant known

to be associated with protein synthesis.
As a fundamental supplement to these investigations, a quantitative

study was made of the variousclasses of protein in the germ and endosperm

of six strains of corn which differed widely in total nitrogen. The results of

this study are reported in this paper.
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REVIEW OF LITERATURE

The only work foundin the literature on the fractionation of the various proteins
in different parts of the corn kernel is that of Osborne and Mendel (7). They used only
one variety of corn which contained 2.33% total nitrogen. Total nitrogen and otherele-

ments have been determined on the various parts of the corn kernel by Hopkins, Smith,

and East (5), Osborne and Mendel (7), and Earle, Curtis, and Hubbard (3).

SOURCE OF MATERIALS

Funk’s G-80 corn was usedin this study. (The Illinois chemical strains of corn used

in this investigation were secured from the Division of Plant Breeding through the courtesy

of Dr. C. M. Woodworth. Funk Bros. Seed Co., Bloomington,Ill., provided the other

corn.) All strains except G—80, a commercial hybrid, have beenselected for their respec-

tive chemical characteristics since 1896 (5). Nitrogen and oil analyses for these strains of

corn and those discussed from the literature are given in Table 1, but only the nitrogen

data will be considered in this paper.

The grain from Illinois High and Low Protein andIllinois High and Low Oil corn

was produced in 1945 on the Agronomy south farm at Urbana,Ill. Funk’s G—80 was
produced the same year near Urbana,IIl., on two plots with different levels of soil nitro-

gen. Oneplot received no nitrogen fertilizer, and the corn from this plot is referred to as

low-soil-nitrogen corn. The other plot received 2,400 poundsper acre of 21% ammonium

sulfate applied on the surface and plowed under. Corn from this plot is referred to as

high-soil-nitrogen corn. G—80 was plantedatthe rate of three kernels perhill checked in

40-inch rows and the other strains were drilled at the rate of one kernel per hill about
every 12 inchesin rows40 inchesapart.

DISSECTION OF KERNELS

A known numberof air-dried kernels were dissected into tip cap, hull, germ and

endosperm. Only a few kernels were completely dissected at one time so that the water

used for softening them would not have timeto dissolve the water-soluble nitrogen.

The kernels were placed in distilled water at room temperature for approximately

10 minutes, or until the tip cap and hull were easily removed with a knife. First the tip

cap was removed, then the hull was pulled down to the dent endin strips and carefully

pulled off so as to remove as little aleurone layer as possible. These strips served as a

means of removingthe hull adheringto the dent.

The germ and endosperm remained intact. They were separated after the hulled

kernel had beenin water for about 15 minutes, or until the germ becameturgid andflexi-
ble. This point was determined bytrial. The germ was removed mostsatisfactorily by

starting at the tip end and slowly prying the turgid germ from the endosperm. This proc-

ess was continued down alongthesides of the germ until it was nearly free, then the germ

was removedbystarting at the tip cap end and pulling up. Theportion of the germ that

filled the small groove in the endosperm beneath the germ was removedfairly satisfac-

torily in this manner. A muchcleaner separation was made if the germ remained whole

throughout the entire operation. Extreme caution was used to remove portions of the
endosperm or germ that clung to other parts. Color and luster combined with hardness

were usedfor identification of parts in this separation.

The moist tip cap, hull, germ, and endosperm were dried overnight in a forced-draft

oven at 40 C and 2 days allowed for the material to come to equilibrium with the atmos-

phere in the laboratory. The parts were then weighed and ground in a small Wiley mill

equipped with a 20-mesh screen. After grinding, each part was thoroughly mixed and
stored in a 6-ouncebottle.
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Moisture was determined on a ground sample of each part of the kernel by drying

in a vacuum oven at 76 Cfor 5 hours. The chemical data are reported on the moisture-
free basis.

ANALYTICAL METHODS

Total Nitrogen

Ground samples of whole corn and of the parts which had been usedfor moisture
determinations were also used for total nitrogen as determined bythe official Gunning

method(1).

Fractionation of the Total Nitrogen

Nitrogen was extracted from each sample with the following solvents in succession:

water, 0.5 M sodium sulfate, 71% ethanol, and sodium hydroxide of pH 12.5. There-

maining nitrogen in the sample was determined anddesignated insoluble nitrogen.

A ground sample of approximately 2.5 g of germ and 4 g of endosperm or whole
corn was used for fractionation. The sample was placed in a 125-ml Truog pyrex centri-

fuge tube and kept there throughoutthe succession of extractions. The final sampleresi-
due was transferred into a Kjeldahl flask and oxidized for determination of the insoluble
nitrogen.

The combined extracts of each solvent, which were decanted into Kjeldahl flasks,
were evaporated nearly to dryness on a steam bath or on the electric heater of the
Kjeldahl apparatus after receiving 5 ml of 18 M sulfuric acid to preventloss of nitrogen.
Total nitrogen was then determined by the Gunning method.

Water-soluble nitrogen. Approximately 60 ml of distilled water, at room tempera-
ture, was added to each of duplicate samples and the tubes stoppered and shaken on a
mechanical shaker for 1 hour. The tubes were removed, and any material clinging to the
stopper andsides of the tube was washedinto the solution with a small amountof dis-

tilled water. The tubes were then centrifuged at 2000 rpm for 10 minutes and the super-
natant liquid decanted into a Kjeldahl flask. This procedure was repeated two other

times. Additional extractions did not removesignificant amounts of nitrogen, as found

by preliminary trials.

Salt-soluble nitrogen. About 60 ml of 0.5 M sodium sulfate solution, at room

temperature, was added to each of the tubes containing the water-extracted samples. The

salt-soluble nitrogen was removedin a manneridentical to that used for the water-soluble

nitrogen.

Alcohol-soluble nitrogen. About 60 ml of 71% ethanol (250 mlof distilled water
and 750 ml of 95% ethanol) by volume was added to each tube and thoroughly stirred
into the sample. The tubes were then transferred into a constant-temperature water bath

at 55C, attached to reflux condensers, and left overnight. They were then removed,

centrifuged, and the alcohol decanted into Kjeldahl flasks. The second andthird extrac-
tions were made at room temperature with continuous shaking for 1 hour each, using the
same amountand concentration of ethanolas in the first extraction.

Alkali-soluble nitrogen. About 60 ml of sodium hydroxide (approximately 0.2%)
adjusted to pH 12.5 was addedto each tube. The tubes were stoppered and shakenfor 1
hour on the mechanical shaker. The centrifuging and the other two 1-hourextractions
werecarried out as described for the water and salt extractions.

Insoluble nitrogen. The nitrogen remaining in the sample was determined by the

Gunning method andreferredto as insoluble, or residual, nitrogen.
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Table 1. Nitrogen and oil content of the six strains of corn used in this work and
of the corn discussed from theliterature.
 

 

 

Ill. High Ill. Low Ill. High Ill. Low Funk’s G-80 Com-
Original Protein Protein Oil Oil § mercial White
parents* hybrids corn
(1896) t t t t t t t t h-s-n 1-8-n

N, %...------- 1.76 2.06 2.72; 1.48] 1.06] 1.81] 2.08] 1.60] 1.86] 1.71 1.46 1.65 2.38
Oil, %...--. --- 4.70 5.386 5.156; 4.20, 3.138 7.00 18.01 2.52] 1.42] 4.73] 4.62 4.80 —              

* Original corn from which Illinois High Protein, High Oil, Low Protein, and Low Oil strains were selected.
t Hopkins, e¢ al. 1903.(Alter 7 years of selection).
t Schneider, e¢ ai (After 49 years of selection).
$ H-s-n is ‘high soilwtrogee. L-s-n is low soil nitrogen.
ll Earle, e¢ af. 1946.
fl Osborne and Mendel. 1914.

RESULTS AND DISCUSSION

The six strains of corn used in this investigation and those discussed

from the literature are listed in Table 1 with their percentages of total nitro-

gen and oil.

The discussion of all comparative data for the Illinois High and Low

Protein andIllinois High and Low Oil strains is based on the 43-year selec-

tion period (from 1903 to 1945). Comparative data for G—80 are based on
the corn grown on twolevels of soil nitrogen during the 1945 season.

Percentage Distribution of the ComponentParts of the Corn Kernel

The data from this investigation and those from the literature, giving

the distribution of the componentparts of the corn kernel in termsofper-
centages, are presented in Table 2. For the six strains of corn investigated

the endasperm averaged 80.90% of the weight of the whole kernel, the germ

11.71%, the hull 6.37%, and the tip cap 1.02%.
Forty-three years of selection for high protein resulted in an increase in

the proportion of hull and germ and a decrease in tip cap and endosperm in

the kernel. The increase in germ amounted to 6.37%, and the decrease in

endosperm, 2.59% of the original proportions. Selecting for low protein dur-
ing the same period resulted in an inverse variation, namely, an increase in

the proportion of hull and endosperm and a decrease in that of the tip cap
and germ. The amount of endosperm increased 0.93% while the germ de-

creased 12.41%.
The weight of the germ of Illinois High Protein corn was 24.40% greater

than the germ of Illinois Low Protein corn in 1903, and 51.07% greater in

1945.

The result of selection for high and low oil was evidenced by an in-

crease of 61.42% in the proportion of germ in the High Oil kernel and a de-

crease of 10.85% in that of the Low Oil kernel. No data are available for the
other parts of the kernels for 1903, or for the original corn in 1896.

In 1903 the germ ofIllinois High Oil corn made up 78.81% more of the
weight of the kernel than did the germ ofIllinois Low Oil corn, and in 1945

it made up 223.77% more.
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Table 2. Percentage nitrogen in componentparts of the corn kernel.
 

   

 

 

 

  

   
   

  
  

   
   

  
  

 

Percent of Percent Percent nitrogen
; kernel found nitrogen of whole kernel

Strain Parts in parts Percent in parts Percent found in parts Percent
increase increase increase

1903° 1945 1903° 1945 19038* 1945

Illinois ; Tip cap. .... _...- 1.62 1.06 —34.6 0.74 0.13 —82.4 0.66 0.05 —02.4
High Protein Hull. ......-....--. . 7. 30.4 0.61 0.67 9.8 1.84 1.96 6.5

Germ____...... ._.. 11.93 12.69 6.4 3.13 3.26 4.2 18.48 15.21 —17.7
Endosperm. ___.... 80.37 78.30 — 2.6 1.99 2.87 44.1 79.18 82.62 4.3
Whole kernel... ..- — —- 2.06 2.72 32.0 — —

Illinois Tip cap.......-----' 1.20 0.99 —17.5 1.18 -0.18 —89.0 0.90 0.12 —86.7
Low Protein Hull_.........._--- 5.47 6.11 11.7 0.80 0.85 6.2 2.74 4.90 78.8

Germ._........__..- 9. 8.40 —12.4 3.18 2.87 —9.8 19.30 22.74 17.8
Endosperm..___..-. 83.72 84.50 1.46 0.89 —39.0 77.37 70.95 — 8.3
Whole kernel... ---| —— — 1.48 1.06 —30.4 — —

lllinois Tip cap. _--._------ —_— 0.99 — 1.37 — 0.65
High Oil Hull_.....- Wee eeee —_— 5.34 — 0.86 — 2.21

Germ.__...._.----- 13.84 22.34 61.4 2.83 2.48 —12.4 21.64 26.64 23.1
Endosperm.__.. --- — 71.33 1.66 2.08 25.3 — 71.33
Whole kernel — _-.-.| —— — 1.81 2.08 14.9 — —

Illinois Tip cap__.-_.--.--- —_— 1.03 — 1.28 — 0.71
Low Oil Hull. __-__-- wee eaeee —_— 5.50 — 0.79 — 2.34

Germ. _-_-__. Diet lees 7.74 6.90 —10.8 3.47 3.74 7.8 16.79 13.87 —17.4
Endosperm ___.--. _..| —— 86.57 1.46 1.79 22.6 — 83.31
Whole kernel___ - —_— —_— 1.60 1.86 16.2 — —

Funk’s G-80 Tip cap_..-_----.-- —_— 1.05 _—_— —_—_ 0.15 — 0.92 —_
(H. 8S. N.) Hull. ___.-- ween ee- —_— 7.21 —_ — 0.83 —_ — 3.50 —_—_—

rMm__.__._.------ —— 10.24 — — 2.95 —_—— —— 17.67 —
Endosperm.____-_- .-| —— 81.50 — — 1.66 — —— 79.12 ——_.
Whole kernel... -.-| —— — —_—_— — 1.71 —_— — — ——

Funk’s G-80 Tip cap._.-_..----- — 0.99 —_ — 0.15 —_ — 1.02 —
(L. S. N.) Hull.._...._------- — 6.10 -_ — 0.63 — — .63 —_—

Germ__..._...____. — 9.68 —_— — 2.83 — — 18.76 ——_
Endosperm. __.. ---- — 83.23 __ —_— 1.38 ——_— —— 78.67 —_——
Whole kernel.. -._.| —— — — — 1.46 — — — —_—

White* corn

|

Tip cap). ween ee — { —— — if ——. __ _

Hull wee ee eee — 8.50 —_—- — \1.52 —_—_—_— — 5.54 —
Germ________.. _..| —— 11.00 —_— — 3.42 — —— 16.14 —_—
Endosperm... ____- — 80.50 — — 2.28 _— — 78.77 —_—_—
Whole kernel. .. —— — —- — 2.33 — — — —_—

Commercial Tip cap_-..- eee o— 0.80 —_—_— — 1.45 —- — 0.70 —
hybrids* Hull___...--Ee i 5.30 — — 0.60 — — 1.93 —

Germ__._..... —— 11.90 —- —_ 3.00 —_—- — 21.64 —
Endosperm. .. — 81.90 —_— — 1.50 — —— 74.45 —
Whole kernel. —_— — —_ — 1.65 ——- —_— — —_.          
 

* Data taken from the Hterature.

Funk’s G—80, underconditions of high soil nitrogen, produced a higher
proportion of tip cap, hull, and germ and a lower proportion of endosperm

than when grown with low soil nitrogen. The percentage increase in germ

amounted to 5.78% (Table 2).
These data show that growing corn with high soil nitrogen and selecting

for high protein and high oil resulted in an increase in the proportion of
germ and a decrease in endosperm,whereas growing corn with low soil nitro-

gen and selecting for low protein and low oil gave the opposite results,

namely, an increase in the proportion of endosperm and a decrease in germ.

This was an unexpected modification of the germ and endosperm in protein

selection since the physical changes did not correlate with the principal
changesin nitrogen content.

Percent Nitrogen of the Component Parts of the Corn Kernel

The percentage of nitrogen in the componentparts of the corn kernels

studied in this investigation and those reported in the literature are given in

Table 2.
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It will be observed that for each variety of corn the germ contained the

highest concentration of nitrogen with the endosperm next in order, and

with the hull and tip cap having the lowest concentrations of nitrogen. The

average percent nitrogen for the parts of the kernels for the six strains of
corn wasas follows: germ, 3.02; endosperm, 1.78; hull, 0.77; and tip cap,
0.54.

Selecting for high protein resulted in a 44.22% increase in concentra-

tion of endosperm nitrogen and a 4.15% increase in germ nitrogen. Selecting

for low protein brought about a 39.04% reduction in concentration of endo-

sperm nitrogen and 9.75% reduction in germ introgen. These data show that

endosperm nitrogen is principally involved in either increasing or decreasing

the concentration of grain nitrogen throughselection.

Approximately the same concentration of germ nitrogen was found in

both protein strains in 1903, but in 1945 Illinois High Protein had a 13.59%

greater concentration of germ nitrogen than Illinois Low Protein. There was
a muchgreater difference in the concentration of endosperm nitrogen than
there was in germ nitrogen in 1903 and 1945 for these two strains of corn.

In 1903 and 1945 the endosperm of Illinois High Protein contained 36.30%

and 222.47% greater concentrations of nitrogen, respectively, than the endo-

spermofIllinois Low Protein.
Selecting for high and low oil resulted ina 12.37% reduction in germ ni-

trogen and a 25.30% increase in endosperm nitrogen for the High Oil strain,

and a 7.78% increase in germ nitrogen and a 22.60% increase in endosperm

nitrogen for the Low Oil strain. The concentration of the germ nitrogen was

affected to a smaller extent than that of the endosperm nitrogenin selecting
for high or low oil grain.

The concentration of nitrogen in the germ of Illinois High Oil corn was

18.44% lower in 1903 and 33.68% lower in 1945 than the germ nitrogen of

Illinois Low Oil corn. Also, the concentration of nitrogen in the endosperm

of Illinois High Oil corn was 13.70% higher in 1903 and 16.20% higher in
1945 than the endosperm nitrogen of Illinois Low Oil corn.

Funk’s G—80 corn grown with high soil nitrogen contained a higher

concentration of nitrogen in all parts of the kernel, except the tip cap, than

- when grown with low soil nitrogen. The increases for germ, endosperm, and

hull were 4.24%, 20.29%, and 31.74%, respectively.

Distribution of the Total Nitrogen of the Corn Kernel among the ComponentParts

The percentage of the total nitrogen of the whole kernel in the com-

ponent parts as determined in this study and reported in theliteratureis

given in Table 2. Results from this investigation showed that the endosperm

averaged 77.67% of the nitrogen in the whole kernel, the germ 19.15%, the
hull 2.92%, and the tip cap 0.58%.

Selecting for high protein during the 43-year period resulted in a

17.69% decrease in proportion of the total nitrogen of the kernel in the germ
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and a 4.34% increase in the endosperm. Selecting for low protein during this
time brought about a 17.82% increase in proportion of the total nitrogen of
the kernel in the germ and an 8.30% decrease in the endosperm.

In 1903 and 1945 the germ of Illinois High Protein corn contained
4.25% and 33.11% less of the nitrogen of the kernel, respectively, than the
germ of Illinois Low Protein corn. For these same years the proportion of

the total nitrogen in the endosperm ofIllinois High Protein corn was 2.34%

and 16.45% higher, respectively, than in the endosperm ofIllinois Low Pro-
tein corn.

Selecting for high and low oil brought about an increase of 23.10% in
the proportion of germ nitrogen in Illinois High Oil corn and a decrease of

17.39% in the proportion of germ nitrogen in Illinois Low Oil corn. No data

are available for the proportion ofthe total nitrogen of the kernel contained

in the endosperm of these twostrains of corn.

In 1903 the proportion of the total nitrogen of the kernel in the germ

of Illinois High Oil corn was 28.89% greater than that in the germ ofIIlinois
Low Oil corn and in 1945 it was 92.07% greater.

Funk’s G—80 grown on highsoil nitrogen contained a greater propor-

tion of the total nitrogen of the kernel in the endosperm and hull and a

smaller proportion in the germ and tip cap than when grown on lowsoil

nitrogen.

Nitrogen Fractions in ComponentParts of the Corn Kernel

Nitrogen fractions were obtained onall parts of the corn kernel except

the tip cap (Table 3). Hulls from only the high- and low-protein strains were
fractionated.

It will be observed from the data in Table 3 that a higher concentration

of each nitrogen fraction was found in the germ and endosperm ofIllinois

High Protein corn than in the corresponding parts of the Low Protein corn.

The greatest difference was found between the concentrations of alcohol-

soluble nitrogen in the endosperm whereIllinois High Protein corn had over

six times as great a concentration as the Low Protein corn.

The data for the oil strains show that the germ ofIllinois High Oil corn

had lower concentrations of the nitrogen fractions than the germ of the Low

Oil corn. With the exception of the salt-soluble fraction, the endosperm of

the High Oil strain contained a higher concentration of the nitrogen frac-

tions than the endosperm of the Low Oilstrain.
The data on Funk’s G—80 grain from the high- and low-soil-nitrogen

plots show that the germ from the former had slightly higher concentra-

tion of water-soluble, salt-soluble, and insoluble nitrogen, and slightly

lower concentration of alcohol- and alkali-soluble nitrogen than from the

latter. On the other hand, the endosperm of the grain from the high-soil-

nitrogen plot had a higher concentration of nitrogen in all fractions except
the alkali-soluble.
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Nitrogen of the corn germ was predominantly water soluble (Table 4).
It averaged 53.0% of the total germ nitrogen for the varieties studied. The

insoluble nitrogen was next highest, averaging 25.5% of the total. In each

germ sample the alcohol-soluble nitrogen was the lowest of the variousnitro-

gen fractions and constituted an average of 3.9% ofthe total germ nitrogen.

The germ nitrogen of the six strains of corn had the following average solu-
bility distribution: 53.0% water soluble, 10.5% salt soluble, 3.9% alcohol

soluble, 6.3% alkali soluble, and 25.5% insoluble.

Corn selected for high and low protein and corn grown with high soil

nitrogen varied very little from the average in the proportion of the nitrogen

fractions in the germ. Selecting corn for high and low oil brought about a

slight difference from the average in the proportion ofsalt-soluble, alcohol-
soluble, and alkali-soluble nitrogen and a considerable difference in the pro-

portion of water-soluble and insoluble nitrogen in the germ. Slightly over

65% of the total nitrogen of the High Oil germ was water soluble as com-

pared to 43.5% for the Low Oil germ.
Corn endosperm nitrogen was predominantly alcohol soluble, averaging

40.4% of the total nitrogen of the part (Table 4). Next wasthe alkali-soluble
which averaged 28.9% of the endosperm nitrogen. This was closely followed

by the insoluble fraction with an average of 20.8%. Water- and salt-soluble

nitrogen madeup 4.4 and 4.0% of the endosperm nitrogen, respectively.
It is of interest to note from the data in Table 4 that as the total nitro-

gen of the grain was increased byselection or by addition of nitrogen to the

soil, the proportion of alcohol-soluble nitrogen in the endosperm was in-

creased and the alkali-soluble nitrogen was decreased. The proportions of

the other nitrogen fractions were not altered appreciably by these two ways

of increasing grain nitrogen.

Table 4. Nitrogen fractions in different parts of the corn kernel expressedas per-
centage of the total nitrogen in the part.

 

     
 

Part of kernel Water- Salt- Alcohol- Alkali- Insoluble Sum of
soluble soluble soluble soluble fractions

Illinois High Protein Corn (2.72% Nitrogen)

Hull.........------.... ee 15.7 13.4 8.8 11.8 49.8 99.5
Germ__.._...--_---__----e- 52.8 15.6 3.2 7.0 26.6 105.2
Endosperm.._____. . _-- 2.6 2.9 §1.2 17.7 24.1 98.5

Illinois Low Protein Corn (1.06% Nitrogen)
Hull..-.--2 16.5 . 6.5 12.2 48.5 99.8
Germ____.._._.._. .. _..-.-- 52.3 7.9 3.6 4.2 29.0 97.0
Endosperm ..—_—_.....__.-- . 6.0 5.6 27.9 40.4 22.3 102.2

Illinois High Oil Corn (2.08% Nitrogen)

Germ___..._...-.... .._.... 65.2 10.0 3.5 | 6.5 | 17.9 | 103.1
Endosperm _.._ .._........ - 4.4 | 3.7 49.8 19.4 22.8 100.1

Illinois Low Oil Corn (1.86% Nitrogen)

Germ._......-. . . a 43.5 | 13.3 | 4.4 8.5 | 31.2 | 100.9
Endosperrm _--———-——s—s—ititt. 4.2 4.3 40.8 28.9 22.9 101.1

Funk’s G-80 High Soil Nitrogen Corn (1.71% Nitrogen)
Germ_.___.. ee 54.4 | 8.0 | 4.2 | 5.2 | 24.6 | 96.4
Endosperm.. . . ..- .._—.-’ . 4.4 3.7 41.0 29.5 19.2 97.8

Funk’s G-80 Low Soil Nitrogen Corn (1.46% Nitrogen)
Germ_._..... ....-..- 50.0 8.3 4.5 6.5 23.8 93.1
Endosperm ee ee eee 5.0 | 4.0 | 32.0 37.7 | 13.3 | 92.0

Average

Hull._......... 0-2-2 eee 16.1 14.8 7.6 12.0 49.2 99.7
Germ.........__.. Ween 53.0 10.5 3.9 6.3 25.5 99.2
Endosperm...___.__......-.. 4.4 4.0 40.4 28.9 20.8 98.5  
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Table 5. Percentage of the total nitrogen of each solubility fraction contained in
the different parts of the corn kernel.
 

 

     
 

  

 

 

 

Part of kernel Water- Salt- Alcohol- Alkali- Insoluble
soluble soluble soluble soluble

Illinois High Protein Corn (2.72% Nitrogen)

Hull. ___... coe ee 2.54 5.47 0.42 1.28 3.70
Germ.....si«nys«w|sOw a eee eee ee 69.21 50.78 1.09 6.20 15.65
Endosperm __-_--------------- 18.41 51.56 96 .97 85.04 77.10
Total ee 90.16 107.81 98.48 92.52 96.45

Illinois Low Protein Corn (1.06% Nitrogen)

Hull... 6seee eee 4.66 . 1.78 1.81 7.99
rm... eee 65.28 21.84 5.32 3.01 22.36

Endosperm... —_____-___._------.--------- 23.83 48 .28 124.26" 91.57 53.67

otal =§ «- si eeeeee 93.77 79.32 131.36 96.39 84.02

Illinois High Oil Corn (2.08% Nitrogen)

Germ _.._- 67.98 41.98 2.59 10.40 31.5
Endosperrm -.--------- 12.43 41.98 95.60 | 82.95 107.96*
Total Bo ee ete 80.41 83.96 98.19 93.35 139.49

Illinois Low Oil Corn (1.86% Nitrogen)
Germ _.....- wee eee eee 63 .64 24.64 1.57 4.52 21.89
Endosperm ............--------- 39.93 48 .55 90.84 91.99 | 95.94°

Total ..._. 100.57 73.19 92.41 96.51 117.83

Funk’s G-80 High Soil Nitrogen Corn (1.71% Nitrogen)

Germ _.......___.....--- De eee ee eee 56.36 25.00 2.56 4.8 18.05
Endosperm.. fee ee ee eee 20.62 53.12 109.06* 121.65* | 63.41
Total ... . ween ee eee 76.98 78.12 111.62 126.53 81.46

Funk’s G-80 Low Soil Nitrogen Corn (1.46% Nitrogen)

Germ ......... ..-----.---- 20-0 eee 59.31 23.96 3.30 4.72 26.00
Endosperm .._........-.---..... .--e-- 24.68 47.92 100.27* | 96.83 60.00
Total. —_si#‘an. 83.99 71.88 103 .57 101.55 86.00

Average

Hull__... Ceee eee te ee eee 3.60 1.34 1.10 1.54 5.84

Germ _..______§ —«—si¥-e ee ee eee 63 .63 31.37 2.74 5.62 22.58

Endosperm ... - -.- © —.«-we eee ee 22 .82 48 .57 94.47 89.68 63.54
Total . Soee 90.05 87.28 98.31 96.84 91.96

 

* Slight error in analysis; not included in average.

These data verify the correlation between the total nitrogen of the

grain and the alcohol-soluble nitrogen of the endosperm as reported by

Hansenetal. (4).
Further study of the nitrogen fractionation data (Table 5) showsthat

the germ contained approximately 63% of the water-soluble nitrogen of the
whole kernel, 31% of the salt-soluble, 3% of the alcohol-soluble, 5% of the

alkali-soluble, and 22% of the insoluble nitrogen. The endosperm contained

about 23% of the water-soluble nitrogen of the whole kernel, 48% of the
salt-soluble, 94% of the alcohol-soluble, 90% of the alkali-soluble, and 63%

of the insoluble nitrogen.

Nitrogen Fractions of the Whole Kernel

The average total nitrogen of the whole grain (Table 6) of the six

strains of corn was divided into the various solubility fractions as follows:
16.3% water soluble, 6.5% salt soluble, 31.5% alcohol soluble, 23.5% alkali

soluble, and 21.3% insoluble.

The data show that in selecting for high protein corn there was a larger

proportional increase in the alcohol-soluble nitrogen than in any of the other

nitrogen fractions. It is believed that fertilizing for high protein corn also
gives a larger proportional increase in the alcohol-soluble nitrogen than in

any of the other fractions, since the data do not clearly indicate that such is

not the case. Selecting for high oil, which also resulted in a slight increase in



NITROGEN FRACTIONS 143

Table 6. Nitrogen fractions in different parts of the corn kernel expressedas per-
centages of the total nitrogen in the whole kernel.

 

 

   
      

Part of kernel Water- Salt- Aleohol- Alkali- Insoluble Sum of
soluble soluble soluble soluble fractions

Illinois High Protein Corn (2.72% Nitrogen)
Hull.....2.---68. 0.3 0.3 0.2 0.2 1.0 2.0
Germ__._....-.... ©__. 8.0 2.4 0.5 1.1 4.0 16.0
Endosperm____._.._________. 2.1 2.4 42.3 14.6 19.9 81.3
tal... 10.4 5.1 43.0 15.9 24.9 99.3

Whole corn stié#ty 11.6 4.7 43.7 17.2 25.8 103.0

Illinois Low Protein Corn (1.06% Nitrogen)

Hull.-.-.2. 0.8 0.8 0.3 0.6 2.4 4.9
ween eee ee eee 11.9 1.8 0.8 0.9 6.6 22.0

Endosperm._.. .. ._._____- 4.3 4.0 19.8 28.7 15.8 72.6
otal. -.... ...-- ee. 17.0 6.6 20.9 30.1 24.8 99.5

Whole corn 18.2 8.2 15.9 31.3 29.5 103.1

Illinois High Oil Corn (2.08% Nitrogen)
rm__---. 17.4 2.6 1.0 1.7 4.8 27.5

Endosperm _._....._.....__. 3.2 2.6 35.5 13.8 16.3 71.4
otal... 20.6 5.2 36.5 15.5 21.1 98.9

Whole corn 25.5 6.3 37.2 16.6 15.1 100.7

Illinois Low Oil Corn (1.86% Nitrogen)

Germ_.._____. 6.0 1.8 0.6 1.2 4.4 14.0
Endosperm 3.5 3.6 34.1 24.1 19.1 84.4
otal............. 9.5 5.4 34.7 25.3 23.5 98.4

Whole corn _ . 9.5 7.4 37.6 26.2 19.9 100.6

Funk’s G-80 High Soil Nitrogen Corn (1.71% Nitrogen)
Germ-—_ oo. 9.6 1.4 0.8 0. 4.3 17.0
mdosperm ___. 3.5 3.0 32.4 23.3 15.2 77.4
otal. _____. . 13.1 4.4 33.2 24.2 19.5 94.4

Whole corn : 17.0 5.6» 29.7 19.2 24.0 95.5

Funk’s G-80 Low Soil Nitrogen Corn (1.46% Nitrogen)

Germ._.... 9.4 1.6 0.8 1.2 4.4 17.4
Endosperm 3.9 3.2 25.0 29.3 10.3 71.7
Total____. 13.3 4.8 25.8 30.5 14.7 89.1
Whole corn 15.8 6.6 25.0 30.3 17.1 94.8

Average of Six Lines

_ a o
o

n
p
— a
)

.
o
© aWhole corn _. bee ee | 6.5 | 31.5 | 23.5

protein content, did not modify the proportion of alcohol-soluble nitrogen
from that of the Low Oil corn. It did, however, increase the proportion of

water-soluble nitrogen in the whole kernel and decrease the proportion of

alkali-soluble nitrogen. The surprising thing was that the alcohol-soluble ni-

trogen ofIllinois High Oil and Illinois Low Oil corn made upessentially the

same proportion of the total nitrogen of the whole kernel.

Analysis of the Distribution of the Nitrogen Difference BetweentheIllinois

High and Illinois Low Protein Corn

Data in Table 1 show that the Low Protein corn contained 1.06% nitro-

gen and the High Protein corn contained 2.72% nitrogen. These values repre-

sent a difference of 1.66% nitrogen in favor of the High Protein corn. The

data in Table 7 show thedivision of the nitrogen increase (1.66%) between

germ and endosperm andthedistribution of the nitrogen in each part on the

basis of its solubility in the various dispersing agents.

It may be observed from these data that of the difference of 1.66% in
total nitrogen considered as an increase for the High Protein corn, 10.4% of

the increase occurred in the germ and 89.9% in the endosperm, with noin-
crease going to the other parts of the kernel. Of the 10.4% increase in germ

nitrogen, 53.2% of this amount was watersoluble, 26.6% salt soluble, 2.3%

alcohol soluble, 11.0% alkali soluble, and 23.1% insoluble. Of the 89.9% in-
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Table 7. Distribution of nitrogen increasein Illinois High Protein corn overIllinois
Low Protein corn among the different classes of proteins and also between the
germ and endosperm.

 

 
 

 

 
 

      
 

Section 1 Section 2 Section 3*

Germ Endosperm Whole kernel ¢Classes of protein
I II Hl IV v VI VII Vu IX Xx XI XII XIII XIVL-P H-P Inc. q 1 L-P H-P Ine. 1 q L-P H-P Inc. q

emst emst gmst % % gms§ gms§ gms§ % % gms|j gmsil gmsff %
0.126 0.218 0.092 53.2 5.5 0.046] 0.058 0.012 0.8 0.7 0.193 0.315 0.122 7.3
0.019 0.065 0.046! 26.6 2.8 0.042 -066 0.02 1.6 1.4 0.087 0.128] 0.041 2.5
0.009 0.013 0.004 2.3 0.2 0.201 1.151] 0.941 63.0 56.7 0.169} 1.188] 1.019} 61.4
0.010 02 0.019 11.0 1.1 0.304] 0.398 0.094 6.3 5.7 0.332 0.468] 0.136 8.2

Lose 0.070 0.110 0.040 23.1 2.4 0.168 542 0.374 25.0 22.5 0.313 0.703 0.390 23.5
0.234 0.435 0.201 —_— — 0.770 2.215 1.445 1.100 2.810 1.710 —_—

eee eee eeeee 0.241 0.414 0.173 —_—_ —- 0.754 2.247 1.493 1.060 2.720 1.660 —_—art as per-
cent whole kernel. —— — — — 10.4 — — — — 89.9 — —_ —— —

 

               
* The datain section 3 are not derived from section 1 and 2.
+ Whole kernel including tip cap and hull. The combined value for germ and endosperm does not meet the actual totals for whole kernel because the
small values for the tip cap and hull were omitted and because of the accumulated analytical errors.
+ Gramsof germ nitrogen in 100 grams of whole kernels.
§ Grams of endosperm nitrogen in 100 grams of whole kernels.
f Gramsofnitrogen in 100 grams of whole kernels.
|| See following for explanation.

IV. Increase of high protein over low protein in the respective classes of protein nitrogen in the germ expressed as percentage of the total germ in-
crease found by analysis. The difference by analysis is used as the basis for calculation rather than the sum ofthe differences because the former is sub-
ject to fewer experimental errors.

V. Increases for high protein over low protein,as in columnIV,except that the increases are computedas percentage of the overall difference in total
protein nitrogen for the whole kernel instead of the germ alone, namely, 1.66%.

IX. Sameas columnIV exceptthat it applies to endosperm.

X. Same as column V note except thatit applies to the endosperm nitrogen.
XIV. Increase of high protein over low protein in the respective classes of protein nitrogen in the whole grain expressed as percentage ofthe totalnitro-

gen increase of high protein over low protein byanalysis (1.66). Difference by analysis is subject to fewer experimental errors than the sum offractional
differences andis, therefore, used as the basis for computation.

crease in endosperm nitrogen, 0.8% was water soluble, 1.6% salt soluble,
63.0% alcohol soluble, 6.3% alkali soluble, and 25.0% insoluble.

Comparison of these data with those in Table 5 shows that the in-
creased nitrogen of the germ ofIllinois High Protein corn gaveessentially the
same solubility pattern as did the total nitrogen of the germ. The increased
nitrogen of the endosperm of the High Protein corn gave a solubility pattern
which differed from that given by the total nitrogen of the endosperm. The
increased nitrogen in the germ and endosperm of Funk’s G—80grain on high
nitrogen soil gave the same general solubility patterns as did the increased ni-
trogen in the germ and endospermofIllinois High Protein corn.

These data indicate that when the total nitrogen of corn grain is in-
creased by selection or by nitrogen fertilization of the soil, the solubility
pattern of the germ nitrogen is not appreciably modified, whereas the solu-
bility pattern of the endosperm nitrogen is appreciably modified.

The higher proportion of alcohol-soluble nitrogen (zein) in Illinois High
Protein and Funk’s G—80 onhighsoil nitrogen, as comparedtoIllinois Low
Protein and Funk’s G—80 onlow soil nitrogen, indicates that the biological
value of protein of higher protein corn is less than that of protein of lower
protein corn. However, recent experiments have shownthat high protein
corn is of greater economicvalue to the feeder than low protein corn (2).

Nutritional Value of the Proteins of Illinois High and Low Oil Corn Strains

The question frequently arises concerning the nutritional value of grain
protein of high and low oil corn. It has been suggested that since the large
germ of high oil corn contains larger proportion of thetotal grain nitrogen
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than the small germ of low oil corn, high oil corn should be a superior pro-
tein feed (Table 2). Its protein should have a higher biological value than
protein of low oil corn.

The basis for this line of reasoning is that corn germ is a high-quality

protein feed (6) and corn endosperm a low-quality protein feed; conse-
quently, an increase in size of germ at the expense of endosperm will im-
prove the nutritional value of the protein of the whole kernel. This reason-

ing is based on the assumption that the increase in the proportion of germ

nitrogen in high oil corn is largely at the expense of the low-quality protein

of the endosperm; namely,zein.
However, the nitrogen fractionation data for the Illinois High and Low

Oil corn (Table 6) do not substantiate this line of reasoning, for the increase
in the proportion of germ nitrogen in the High Oil corn was at the expense
of the alkali-soluble nitrogen of the endosperm and not at the expense of

zein. Since the alkali-soluble protein is considered high quality (7), an in-
crease in the proportion of germ nitrogen at the expense of alkali-soluble
endosperm nitrogen may not appreciably raise the biological value of the
corn protein as a whole. It will be observed (Table 6) that the alcohol-

soluble nitrogen, or zein, constituted about 37% of the grain nitrogen in

both the High and Low Oil strains. On this basis these two strains of corn

might be expected to have about equalvalue as a protein feed. On the other
hand,if the increase in the proportion of germ nitrogen of the High Oil corn
were brought about at the expense of the alcohol-soluble rather than the
alkali-soluble nitrogen of the endosperm, no one would question its superior

protein feeding value over the Low Oil corn.

Workis now in progress to learn more aboutthenitrogen fractionation

pattern of several strains of corn which have approximately the sameper-
centage of total nitrogen, but which differ widely in content ofoil.

SUMMARY

The purpose of this investigation was to determine the effect of selec-

tion and nitrogen fertilization of the soil on the weight of the component

parts of the corn kernel, the percent of total nitrogen in the kernel andits

parts, and the percent of nitrogen in the various solubility fractions of the

whole kernel andits parts. |

Kernels from six different strains of corn,Illinois High Protein, Illinois

Low Protein, Illinois High Oil, Illinois Low Oil, Funk’s G—80 from high soil
nitrogen plots, and Funks G—80 from low soil nitrogen plots were studied.

Kernels were dissected into four parts, tip cap, hull, germ and endo-

sperm. The componentparts ofall the kernels, except those from the High

and Low Oil lines where the germ and endosperm had undergone remarkable
changes, showed only minordifferences. Percent nitrogen of the parts was

in the decreasing order of germ, endosperm,hull, andtip cap.

Selecting for high protein from 1903 to 1945 resulted in an increase of

44.22% in the concentration of endosperm nitrogen and an increase of
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4.15% in germ nitrogen. Selecting for low protein during the same period

brought about a 39.04 and a 9.75% reductionin the concentration of endo-

sperm nitrogen and germ nitrogen, respectively. The endosperm is princi-

pally involved in increasing or decreasing the nitrogen of the corn kernel by

selection or by nitrogen fertilization of the soil.

Nitrogen of the whole kerneland of the germ and endosperm wassepa-

rated into five solubility fractions: namely, water, salt, alcohol, alkali, and

insoluble. Germ nitrogen was predominantly water soluble and endosperm

nitrogen predominantly alcoholsoluble.

All nitrogen fractions of the whole kernel usually increased when the

total nitrogen of the kernel was increased by breedingor by nitrogenfertili-

zation of the soil; however, the alcohol-soluble nitrogen (zein) increased at

the fastest rate. Since zein is a low-quality protein these data indicate that
the protein of high protein corn hasa lower biological value than the protein

of low protein corn.
An analysis of the distribution of the nitrogen increase of 1.66% for

Illinois High Protein over Illinois Low Protein corn showed that 10.4% of

the increase occurred in the germ and 89.9% in the endosperm.
The germ ofIllinois High Oil and Illinois Low Oil corn contained 26.64

and 13.87%, respectively, of the total nitrogen of the kernel. From thisit

appears reasonable to concludethat protein of high oil corn has a higherbio-
logical value than that of low oil corn. However, since the alcohol-soluble

nitrogen (zein) of each of these strains constituted about the samepercent-

age of the total nitrogen of the kernel, it is suggested that there maybelittle

or no difference in the biological value of their proteins.

EDITOR’S NOTE

The title footnote stated: ‘Contribution from the Department of Agronomy,Agri-
cultural Experiment Station, University of Illinois, Urbana, Ill. Published with the ap-

proval of the Director. The major part of this work was includedin a thesis submitted by
the senior authorin partial fulfillment of the requirements for the Master of Science de-
gree in the Graduate College. This investigation was made possible by a cooperative gift
fund from Funk Bros. Seed Co. of Bloomington, IIl.; Mr. George M. Moffett, Chairman of

the Board of Corn Products Refining Co.; and the Corn Industries Research Foundation.
Paper received for publication May 12, 1951.”’

The author footnote stated: ‘Graduate student, Associate Professor, and Pro-

fessor of Soil Fertility, Department of Agronomy, University of Illinois, respectively.”
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Results of Long-Term
Selection for Chemical

Composition in Maize
and Their Significance
in Kvaluating Breeding

Systems

E.R.LENG

 ® , ¢

A. INTRODUCTION

The primary objective of plant or animal breeding is the production of
desired phenotypic changes in the selected material. These changes must be

under hereditary control if they are to be of value. In some cases — unfor-

nately few in proportion — the hereditary situation is simple, and the desired

changes can be made quickly andstabilized readily in the new population.

Much more frequently, the hereditary control of important economic
characters is complex, and its manipulation in a breeding program is diffi-
cult. It is therefore of great importance to the breeder to make use ofall

available genetic information and experimental evidence which may help

him to make easier, greater, or more rapid progress in his breeding work.

Therelatively slow rate of reproduction and high cost of handling substan-

tial populations in most domestic animals or cultivated plants makes the

conduct of deliberate comparisons expensive and slow. Much useful infor-

mation has been derived from long-term selection experiments with labora-

tory organisms, such as those with Drosophila, reported by Robertson

(1955), Bell et al. (1955), Clayton and Robertson (1957), and others, and

149

oferferfeatertertesfesferierferteskesfesfesfeate-the-shetietengeeneSONOSNNNT

SOHO

C7

5

‘4

S
e
M
e
M
e
M
e
M
e
M
e
G
e
V
e
M
e
M
e
G
e
M
e
H
e
M
e
Y
e
N
e
Y
s
V
e
Y
e
V
e
H
e
Y
e
N
e
V
e
M
e
H
e
V
e
M
s
V
e
W
e
G
e
W
g
V
e
W
e
H
e
V
g
U
e
W
e
W
e

W
e
W
V

S
e
W
g
W
e
W
e
W
e

We
W
e
W
e
V
e
V
g
W
e
W
e
W
e
V
e
V
e
V
e
W
e
W
e
W
s
V
e

V
e
V
e
N
e
a
e
W
e

Ve
,
Me
,
M
e
,
M
s
M
e
W
e
a
e
a
e
M
e

a
e

a%
e-
aM
e
st

e
at

e
a
e

at
e-

at
e-
a
s
a

at
e
at

e
at

e
st

e-
at

e-
at

e-
at

e-
at

e
e
e
e
e
e
e
e

e
e
e
e
e
e
e
e
O
e

a
e

 



150 LENG

with mice by MacArthur (1949) and Falconer (1953, 1955). Research in
breeding theory has also been pursued energetically by many workersspe-

cializing in statistical genetics. Much of the breeding theory developed by

laboratory or statistical research has not been adequately evaluated under

practical conditions. This is particularly true in cultivated plants, where very

little critical evidence is available for testing the fundamental premises on
which breeding theory should be based.

The long-term selection experiment with chemical composition in

maize conducted for 61 generationsat the Illinois Agricultural Experiment

Station, affords unique material for evaluating breeding theory by compari-

son with actual observations. In addition to the obvious advantages resulting

from the accumulation of data over such a long period, the following favor-

able aspects of this experiment should bestressed:

1. Selection was practiced for economic characters in an economically-

importantplant species.
2. The characters studied could-be sampled, determined, and recorded

easily and accurately.

3. Selection was conducted in two chemical constituents, each of

which wasselected for higher and lowerlevels by the same breeding

system and with the sameselection intensity.

4. Only four different persons have supervised the work from 1896
until the present time; this has insured continuity in the expert-
mental procedure.

The purpose of this paper is to present the principal results achieved in

the long-term selection experiment, and to discuss theseresults in their rela-

tion to someofthe basic concepts of breeding theory.

B. MATERIAL AND BREEDING SYSTEMS

Selection was begun in 1896 in a population based on a well-adapted local open-

pollinated variety of maize. Four selected sub-populations(“strains”) were established.
These have been maintained as closed breeding groups continually during the entire

course of the experiment. With the exception of the years 1942, 1943, and 1944,a gen-

eration of selection has been conducted each year since 1896. Thus, the 61st generation

of selection in the following four “‘regular’”’ strains was completed in 1960.
“Tlinois High Protein”

“Tllinois Low Protein”

“Tlinois High Oil”’

“Tlinois Low Oil”

The original breeding method, as described by Hopkins (1899) and Smith (1908)

was modified several times during the course of the experiment, but the basic breeding

principle — that of selecting desirable individuals and intercrossing their progeny — hasre-
mained unchanged. Weaver and Thompson (1957) have pointed out that the breeding

systems employed incorporatethe essential principles of “‘recurrentselection for a pheno-

typic character” as defined by Johnson (1952).

|. The Original Breeding System

The original objective of the experiment was to determine if the oil and protein

content of maize could be altered by selection. Hopkins (1898) described in detail the
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chemical composition of the source material. A random sample of 163 open-pollinated
ears was drawn from thelocal maizevariety ‘“‘Burr White,” and each earwas analyzed for
protein and oil content. The fourselected strains were then established by selecting seed

from the ears most extremein the desired direction of chemical composition. The “High

Protein” and “‘High Oil” strains were based on the 24 ears highest in protein or oil con-

tent, respectively. The “Low Protein” and “‘Low Oil” strains were based on 12 each.

Each selected strain was maintained by “‘ear-to-row”’ selection in an isolated plot.
During the first 9 generations of selection, the numberof ears analyzed in each strain was

somewhat variable. Approximately 5 ears per row, or 120 ears per strain, were analyzed
each generation. Seed taken from the 24ears, in each strain, most extreme in the desired

direction of composition wasplanted in the respective isolation plot, each ear in a sepa-

rate row. Pedigree records were maintained to show the maternal ancestry of each se-
lected ear.

Il. Modified Ear-to-Row Selection

Declining vigor and yield in each of the selected strains called attention of the

breeders to the relatively high level of inbreeding which resulted from the breeding sys-

tem being employed. Since it was desired that the selected strains have satisfactory yield-
ing ability, as well as modified chemical composition, the breeding system wasalteredaf-
ter 9 generations of selection. From the 10th to the 25th generation of selection, alter-

nate rowsin each breeding plot were detasseled, and ears for analysis were harvested only

from the detasseled rows. Moreover, selection for yielding ability was begun, and ears for

analysis were saved only from the 6 highest yielding detasseled rows in each strain. Thus,

only 12 of the seed ears in any given generation could provide male parents for the next

generation, and only 6 (different) ears could provide the female parents.
For chemical analysis, between the 10th and 25th generations, 20 ears were har-

vested from each of the 6 maternal parent rows. All of these ears were then analyzed,

and 24 (20%) of the analyzed ears wereselected as seed for the next generation.

In 1921, the system was again altered. According to Winter (1929), this was also an

attempt to reduce the amountof inbreeding. Yielding ability was disregarded, and two

seed ears were chosen from each of the 12 detasseled rows.

Ill. Intra-Strain Reciprocal Crossing

A fundamental change in the breeding system was made in 1925, after 28 genera-

tions of ear-to-row breeding had been conducted. Partly, the changed system was made
necessary by the difficulty of securing adequate isolation for the four breeding plots. In

part, also, it appears that a change in the supervisory personnel! introduced majoraltera-

tions in the evaluation of basic concepts in the study. The production of commercially-
feasible varieties by the breeding methods being employed was considered impractical.

However, the selection experiment was continued because of its theoretical interest and

because the “high’’ strains were considered to be potentially valuable as parental material

in future breeding programs.

Ear-to-row selection was discontinued, and a system ofintra-strain reciprocal cross-
ing between sub-strains was introduced. Natural pollination in isolated plots wasalso dis-
continued, being replaced by controlled hand-pollination. The number of ears analyzed

per generation in each strain was reduced to 60, but the selection intensity was main-
tained at the samelevel (1 in 5), since 12 seed ears were selected each year to produce the
next generation.

Seed ears were divided into two “‘lots’” of 6 ears each. Seed from each lot was
bulked and planted in sufficient quantity to give about 100 plants after thinning. In each
 

1The late Professor Dr. C. M. Woodworth assumed direction of the experiment in
1921. Dr. L. H. Smith directed the project from 1900 until 1921.
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strain, pollen was collected from 15 to 20 plants of “Lot I,” bulked, and usedto polli-

nate 50 to 60 ear-shoots of “Lot II.” Similarly, bulked pollen of “Lot II’? was used to
pollinate ears of “Lot I.” At harvest, 30 well-filled ears were chosen from eachlot of

each strain for chemical analysis. The 12 highest (or lowest) ears were then chosen for
seed, but identity of the two lots was maintained to a considerable extent. This breeding

procedurehas been continuedto the present time’.

IV. Random Mating (Non-Selection)

Beginning with seed from the 1933 crop (37th generation), a system of random

mating or “‘non-selection’’ was compared with the regular breeding system for 8 genera-
tions (1934 to 1941). The random-mated populations were of the same size and handled

in the same manneras the regular selections, except that no selection for chemical com-
position was made.

V. Reverse Selection

Using seed from the 1947 crop (48th generation of selection), the author beganse-

lection reversal in all four strains in 1948. This phase of the experiment was begun as a
study of the presence of genetic variability in the long-selected strains. From the source
material, the 6 ears most extreme in chemical composition in the opposite direction to

the regular selection were chosen; for example,the 6 ears of “‘Illinois High Oil’’ lowest in

oil content were chosen as the foundation seed stock for the ‘‘Reverse High Oil” strain.

These were divided into two lots of 3 ears each; planting, pollination, harvesting, and

analytical techniques were the sameas those used for the regularselections.
In subsequent generations of reverse selection, the numberof ears analyzed and the

numberselected for seed were the sameas in the regular strains. The only difference was

that selection was in the direction opposite to that practiced in the regular strains — that

is, it was toward the chemical composition of the original Burr White population.

The 13th generation of reverse selection was completed in 1960.

VI. Switchback Selection

After 7 generations of reverse selection, the Reverse High Oil strain was again sub-

divided. Reverse selection, in the mannerdescribed above, was continued; also, selection

was again turned toward higher oil content. To begin the ‘“‘switchback High Oil”’ strain,

the 12 ears of Reverse High Oil with highest oil content were chosen. Population sizes

and methods employed were identical with those used in “regular” and “‘reverse”’ selec-

tion. The 6th generation of “‘switchback”’ selection was completed in 1960.

C. METHODS AND CHEMICAL ANALYSIS

Sampling and analytical methods during early years of the experiment were de-

scribed in detail by Hopkins (1898) and Smith (1908). The analytical methods followed

during the middle generations of the study were summarized by Hoener and DeTurk
(1938).

During the morerecent generations of regular selection, and for the entire period of

reverse and “‘switchback”’ selection, the experimental material has been grownin a por-

tion of the maize breeding nursery of the Department of Agronomy. Thesoil is a mod-

erately well-drained,fertile silt loam to silty clay loam. Productivity has been maintained

at a moderately high level through crop rotation and the application of limestone and
fertilizers in the manner normal for maize productionin the area. Until 1952, no supple-

*The author became responsible for field operations and data processing in 1947, and
assumedfull direction of the project in 1951.
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mentary nitrogen fertilizer was applied. In 1952, all strains were grown on land which

had received pre-planting nitrogen fertilization at a rate of approximately 90 kg/ha N.
From 1953 to 1957, the “‘oil’’ strains were grown without supplemental N fertilization,
while the “‘protein”’ strains were grown both with and withoutadditional nitrogen. Since

1958,all strains have again been grownonlandfertilized with approximately 90 kg/ha of

supplementalnitrogen.

Sprinkler irrigation was provided during the 1954 and 1959 growing seasonsto sup-

plement moisture deficiencies arising from drought. In all other years, the entire supply
of moisture for the crop was provided by naturalrainfall.

Insofar as possible, only well-filled, fully-developed, and disease-free ears are chosen
for chemical analysis. After harvest and drying, 50 to 75 kernels are shelled from each
ear. The samples are then ground medium-fine in a laboratory mill, oven-dried, and

chemical composition is determined and reported on a water-free basis.

Total nitrogen is determined by the official Kjeldahl-Gunning-Arnold method,

slightly modified. Protein percentage is computed by the formula:

% protein = 6.25 (% total N)

Oil percentage is determined by extraction of the ground whole-grain samples with

Skellysolve F in a Butt apparatus. The extraction time normally is 16 hours.

D. RESULTS

I. Degree of Inbreeding

Although the original breeding plan did not contemplate the employ-

ment of anyspecial degree of inbreeding, the method of selection which was

followed actually resulted in a very rapid narrowing ofthe ancestral base in

each of the four selected populations. Table 1, compiled from data pre-

sented by Surface (1913) and Winter (1929), shows the rapid rate at which
the majority of the original families were eliminated from the selected popu-

lations. As shown by Winter, each of the four selected strains now traces

maternally to a single ear in the original population. These “source ears”

and their chemical compositionare listed in Table 2.

Because male parentage was not controlled and could not be pedigreed,

no precise estimate can be madeofthe inbreeding coefficient at any stage of

selection in any strain. Rough computationsby the authorand his students

(unpublished) indicate that the coefficient of inbreeding at least is 50% in

each strain, and is more probably on the order of 70 to 80%.

Decreases in yield and vigorin all four selected strains were recognized

early in the experiment, and were correctly evaluated as resulting from in-

breeding depression. Several modifications, mentioned above, were made in

the breeding system in attempts to reduce the degree of inbreeding. These

attempts appear to have beenrelatively unsuccessful until the major change

to intra-strain reciprocal crossing was made in 1925. Woodworthetal.
found grain yields in all four selected strains to be approximately half those

3 For many years, the Soil Fertility Division of the Department of Agronomyper-

formed the chemical analyses of the material described in this paper. More recently,

these analyses have been carried out by the Service Laboratory of the Departmentof
Agronomy, underthe general supervision of Prof. Dr. E. B. Earley.
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Table 1. Numberoforiginal maternal families represented after selection.
 

 

       
 

 

Generations Selected strain

of selection High Protein Low Protein High Oil Low Oil

1 24 12 24 12

2 16. 6 16 6

3 15 5 9 5

4 12 5 8 5

5 6 5 8 4

6 3 4 6 4

7 3 3 4 3

8 3 3 4 3

9 2 3 4 3

10 1 2 2 3

11 1 2 2 2

12 1 2 2 1

13 1 2 2 1

14 1 2 1 1

15 1 2 1 1

16 1 2 1 1

17 1 1 1 1

18 et seq. 1 1 1 1

Table 2. Source ears and their chemical composition.

Strain Source ear number Composition, °/o

High Protein H.P. 121 12.28 (protein)
Low Protein L.P. 106 8.25 (protein)

High Oil H.O.111 5.65 (oil)
Low Oil L.O. 110 4.10 (oil)      

of adapted cross-pollinating types of maize. Although obviously notcritical

evidence, this observation suggests that the level of inbreeding at that time

was equivalent to 2 or 3 generationsofself-fertilization, or that the inbreed-

ing coefficient was in the range 75 to 87.5%.

Il. Regular Selection

The unexpectedly great changes in chemical composition achievedas a

result of selection in this experiment have been discussed by Winter (1929),

Woodworth e¢ al. (1952), and Leng and Woodworth (1953, 1954). As
shownin Fig. 1 and 2, and also indicated in Table 3, there is clear evidence

that progress in the direction of selection wasstill occurring in all four

strains during the most recent decade ofselection. In fact, the response rate

in the “High Protein” and ‘“‘Low Oil” strains appears to have been fully as

great in the most recent generations of selection as it was in muchearlier

stages of the experiment. Progress in the direction of selection in the “Low

Protein” and “High Oil” strains has been somewhat slowerin recent genera-
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tions than formerly, but significant progress was also made in both these
strains during the most recent 10 generations ofselection.

Measurementofthe rate and level of response to selection in this ma-
terial is complicated by the standard of measurement employed (chemical
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Figure 1. Effects of 61 generations of regular selection and 13 generations ofre-
verse selection on protein content in maize. Range between highest and lowest
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Figure 2. Effects of 61 generations of regular selection, 13 generations of reverse
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Table 3. Progress in altering chemical composition of maize byselection.
 

 

  
 

 

Decadeof Meanprotein, °/o Change from previous decade, °/o
selection . .

High Protein Low Protein High Protein Low Protein

0 10.93

1 14.42 8.25 + 41 — 15

2 15.08 7.87 + 5 — §

3 18.31 7.05 + 21 — 10

4 17.95 5.95 —- 2 — 14

5 19.53 5.23 + 9 -~12

6 21.79 4.85 + 12 — 7

Decade of Meanoil, °/o Change from previous decade, °/o
selection . ; ; . . ;

High Oil Low Oil High Oil LowOil

0 4.68

1 6.98 2.82 + 49 — 40

2 8.45 2.04 + 21 — 28

3 10.42 1.43 + 23 — 30

4 12.74 1.34 + 24 -- 7

5 13.77 0.96 + 8 — 28

6 14.83 0.77 + 8 — 20      
 

composition, expressed in percentage), and also by the familiar difficulty of

separating heritable changes from changesresulting from varying environ-

mental conditions. The latter problem is particularly troublesomein assess-
ing response in the “protein”strains, since the level of protein content in

cereal grains is well known to be influenced profoundly by environmental

conditions such assoil fertility, moisture supply, and length of the growing

season. Forthis reason,it is more satisfactory to evaluate progress by con-

sidering average performance during several years than by studying data

from individual years. Also, it appears justifiable to eliminate from consid-
eration the data from years where drastic environmental changes be shown

to have produced major effects on chemical composition. Therefore, the

data in Table 3 reflect 3-year averages at the end of each decade (10-year

period) of selection; protein data for the extreme drouth years of 1934 and

1936, and oil data for the years 1936, 1937, 1947 and 1949 are not in-

cluded in the computations.

Summary of the data by decades, and comparison of the responses

from decade to decade, reveal highly interesting trends of response in all

four strains (Table 3). These trends may be summarizedasfollows:

1. High Protein

The meanlevel of protein content after 60 generations of selection was

approximately twice that of the source population mean. Response during
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the sixth decade of selection was greater than that in any previousperiod,
except the first and third decadesofselection.

2. Low Protein

Mean protein content after 60 generations of selection was about 45%
that of the source population. Response during the sixth decadeofselection
wassignificant, but lower than in any previous decade of selection except the
second. Response during the second 30 years of selection, however, was

greater than during thefirst 30 generations.

3. “Protein Strains” Together

The “total range” (Falconer 1960), or difference between the means of

the high and lowstrains after 61 generations of selection, was 19.75% pro-

tein, or 19 times the phenotypic standard error of the original population.
The difference between the means of the twostrains in the 61st generation
was the greatest observed during the entire course of the experiment.

4. High Oil

The mean oil content after 60 generations of selection was more than 3
times that of the original population mean, and was approximately 2.5 times
as great as the oil content of the highest segregate in theoriginal strain. Re-
sponse during the last two decades of selection was appreciably slower than
during the first 40 generations, but was nevertheless significant, even in the
most recent decade.

5. Low Oil

After 60 generations of selection, the mean oil content was only 16%
of the original population mean, and was 5 times lower than that of the low-
est segregate in the original population. Response during thefifth and sixth
decades of selection, measured as percentage change from the respective pre-
ceding decades, was fully as great as at any stage of the selection program,
except the first 5 to 6 years.

6. Oil Strains Together

The “total range” between meansof the High Oil and Low Oilstrains
in the 61st generation of selection was 14.06% oil, more than 34 times the
phenotypic standard error of the original population. The difference be-
tween means of the “oil” strains in the 61st generation was the second
greatest observed during the course of the experiment, being exceeded
slightly only in 1949, when an abnormally high oil analysis occurred in the
High Oil strain.
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I1l. Random Mating (Non-Selection)

A brief comparison between the regular selectian .phase and random
mating (non-selection) was made by Woodworth et al. (1952), who com-
mented that:

“in all four strains, the nonselected groups showed some tendency
to revert toward the composition of the original Burr White

variety.”

Reconsideration of the data in their relation to response trends in the
selected strains since 1945 leads the present author to the opinion that the
conclusion quoted above is erroneous. Therefore, the results of random

mating and its comparison with regular selection are again presented (Fig. 3),
and will be re-evaluated in their general relation to the effects of continued

selection.

1. High Protein

Except in 1934 and 1936, when extreme drouth resulted in the pro-

duction of abnormally high protein percentages, there was no evidence of

any difference between the non-selected and selected populations. Actually,

the mean protein content during the last four generations of this study was
slightly higher in the random-mated population — 17.81% as compared with
17.72% in the selected group. The difference is non-significant. It may be
concluded that neither continued selection nor the relaxation of selection

26 HIGH PROTEIN 10+ \ LOW PROTEIN
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pressure produced any significant change in protein content during the 8
years of this study. Logically this could be explained as indicating that genes
for high protein content were essentially fixed in the High Protein strain in
1933, and that further response to selection should not have been expected.
As already indicated, this explanation becomesunsatisfactory whenthe fur-
ther response in this strain, during the fifth and sixth decadesofselection,is
considered.

2. Low Protein

A clear appraisal of the effects of continued selection and random mat-
ing in this strain is difficult. At the beginningofthis study, rainfall was de-
ficient and summer temperatures were unusually high in three of thefirst
four years. This led to the production of abnormally high protein content,
obviously muchhigher than could normally have been expected in the Low
Protein strain. Data from the years 1929 to 1931 indicate that the normal
level of protein contentin this strain should have been about 7.05% when
random mating was begun. If this assumptionis correct, 8 generations of
random mating resulted in no change,or a slight decline, in protein content.
There is no evidence of any “reversion” toward the original population
mean. In contrast, the corresponding generations of regular continuedselec-
tion producedsignificant progress toward lower protein content. Thesere-
sults are in agreement with conventional expectations and with data ob-
tained in later generations of continued selection in the Low Proteinstrain.

3. High Oil
The effects of random mating and continued selection were similar to

those observed in the Low Protein strain, except that the trendsare less ob-
scured by environmentally-inducedvariations in the data. It is clear that the
random-mated population changedlittle, if any, in mean oil content, while
significant progress was made through continued selection in the regular
High Oil strain. Here also, the observations are in agreement with theoretical
expectations and with the responseto later generationsofselection.

4. Low Oil

As shownin Fig. 3, the oil content of the random-mated Low Oil popu-
lation wasvirtually identical with that of the selected stock duringthefirst
four generations of this study. In 1937, a drastic increase in oil content
occurred in both the selected and random-mated populations (a similar in-
crease also occurred in the High Oil strains). The selected Low Oil stock
reached an oil content of 2.88% — more than twicethe level of the immedi-
ately preceding generations, and actually higher than at any stage of selec-
tion since the 8th generation. In the following year, 1938, oil content in the
selected population returned to approximately the previous level, and then
declined slightly in subsequent generations of selection. In the random-
mated population of Low Oil, the oil content actually increased further in
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1938, and remained relatively high in the subsequent years of the “non-
selection” study.

The cause of this sudden and drastic change in oil contentis not clear,

but the behavior of the random-mated stock definitely indicates that the

change washeritable in nature. Segregates tending towardhigheroil content

probably would have been discarded in the course of later selection in the

“regular’”’ stocks, but obviously were retained in the random-mated popula-
tion. These changes could have arisen through accidental contamination of

both stocks during the severe drouth in 1936, although there is no actual evi-

dence that this occurred. Also, the increases could have resulted from muta-

tions of major genes controlling oil content.

Unfortunately, seed of the random-mated stock was discarded while

the selection experiment was suspended for three years during World WarII.

Therefore, no further biological evaluation of the events reported above was

possible.

5. Effects of Random Mating

Summarizing the comparisons between continuedselection and random

mating, it is obvious that reversion toward the original population(“‘regres-

sion” in the Galtonian sense) did not occur in any of the fourstrains. Only

in the Low Oil strain was there any significant change in the direction of the

original population mean, and in this case, the change clearly resulted from

some sudden and drastic genetic alteration which occurred in both the se-

lected and random-mated stocks.

IV. Reverse Selection

Reverse selection was begun to test the existence of genetic variability

in the long-selected strains. Analyses by Winter (1929) and Woodworth et
al. (1952) indicated that total variability, as determined byvariousstatistical

measures, had remained essentially unchanged or had actually increased in

these strains. The breeding system employed did not permit directstatistical

partitioning of variance to estimate its genetic and environmental compon-

ents. Therefore, it was decided that the actual biological test of reverse se-

lection offered the best opportunity for determining if significant genetic

variability remained after 48 generations of selection for chemical composi-

tion.

Selection reversal was immediately effective in shifting mean oil con-

tent of the High Oil strain back toward the original phenotypic level. Prog-

ress in the reverse-selected High Protein and Low Protein strains also became

obvious in the first few generations, as pointed out by Woodworth etal.

(1952) and by Leng and Woodworth (1953, 1954). Reverse selection in the
Low Oil strain showed little effect in the first several generations, but then

became rapidly and markedly effective. After 13 generations of reverse se-

lection, it is obvious that, significant levels of genetic variability have been

shown to exist in each of the four long-selected strains (Tables 4 and 5).
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Table 4. Results of selection reversal after 48 generationsof selection for protein
content in maize.
 

   

 

   

High Protein Low ProteinYear

Regular

|

Reverse

|

Difference| Regular

|

Reverse

|

Difference

°/o protein
1947 19,24 — 5.11 —
1948 19.14 18.20 — .94 5.50 5.53 .03*
1949 19.45 18.81 — .64 4.91 5.62 .70
1950 18.85 18.42 — .43 5.56 5.64 .08*
1951 20.28 18.67 — 1.61 5.23 5.45 22
1952 22.52 20.52 — 2.00 6.33 6.54 21

1953 20.42 18.13 — 2.29 5.53 5.92 39
1954 19 39 17,42 —1.97 | 5.66 6.11 45
1955 22.36 18.25 — 4.11 5.17 6.60 1.43
1956 21.10 15.95 5.15 4.80 5.47 67
1957 17.80 14.80 — 3.00 4.54 5.08 54

1958 20.54 15.06 — 5.48 4.79 6.54 1.75
1959 23.04 14.71 — 8.33 4.91 6.76 1.85
1960 24.93 15.09 — 9.84 5.18 8.13 2.95         
 

*) Non-significant difference; all other differences are significant.

Table 5. Results of selection reversal after 48 generationsof selection for oil con-
tent in maize.
 

  

 

   

High Oil Low OilYear

Regular Reverse

|

Difference} Regular

|

Reverse

|

Difference

°/o oil
1947 13.45 — 76 —
1948 14.25 13.45 --- 80 1.04 1.10 .06*
1949 15.36 13.32 — 2.04 1.01 1.03 .02®
1950 13.22 11.37 — 1.85 .96 1.13 17
1951 13.83 11.66 — 2.17 89 1.13 24
1952 13.18 10.65 — 2.53 17 1.15 38

1953 13.26 9.66 —— 3.60 77 1.27 50
1954 12.16 9.68 — 2.48 52 1.04 52
1955 13.91 8.78 — 5.13 62 1.36 14
1956 14.30 9.56 — 4.74 86 1 67 81
1957 14.15 9.74 — 4,41 1.02 1.76 74

1958 14.79 10.16 — 4.63 91 1.82 91
1959 15.03 10.31 — 4.72 .76 2.02 1.26
1960 14.66 9.97 — 4.69 .65 1.84 1.19          

*) Non-significant difference; all other differences are significant.

1. High Protein

Significant differences between the regular and reverse selected stocks
have been observedin every generation of the reverse selection. These differ-
ences wererelatively small in the early generations ofreverse selection. They
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rapidly becamelarger, as regular selection resulted in further increases in

protein content, while reverse selection brought about definite decreases.

After 13 generations of reverse selection, Reverse High Protein had a

mean protein content of approximately 15%, while the regular stock aver-

aged nearly 24% protein in 1959 and 1960. As shownin Fig. 1, the mean

protein content of the reverse strain was approximately the sameas that in

regular High Protein in the 20th generation of regular selection, and wasap-

proaching the upperlevel of the original phenotypic range in the Burr White

variety.

2. Low Protein

Differences between reverse and regular selections in Low Protein were

non-significant in two of the first three generations. Althoughstatistically

significant, these differences remained small until the 7th generation of re-

verse selection. Each year thereafter, except 1957 (9th generation), there

has been clear evidence that reverse seleciton wasresulting in a rather rapid

increase in protein content. During this same period regular selection ap-

pears to haveresulted in slight further decreases in protein percentage.

Thus, in the 13th generation of reverse selection, the mean protein con-

tent of Reverse Low Protein was about 60% higher than that of the regular

selection, and was approximately equal to that of the lowest segregate in the

Burr White original population.

3. High Oil

Reverse selection in the High Oil strain has produced large andsignifi-

cant differences in oil content, as compared with regular selection, in each

generation. While the regular stock showedlittle change, or even a decrease,

in oil content between 1949 and 1955, the oil content of the reverseselec-

tion decreased very rapidly. Since 1955, there has been little change in oil

content of the reverse-selected stock, while oil percentage in the regular

stock hasrisen appreciably.

After 13 generations of reverse selection, the Reverse High Oil stock

had about 70% as much oil as the regular stock. Oil content of the reverse

stock at this time was approximately the sameasthat in the regular High Oil

strain after 30 generationsofselection.

4. Low Oil

During the first two generations of reverse selection, the oil contentof

the reverse stock was virtually identical with that of the regular-selected ma-

terial. Until the 7th generation of reverseselection, oil content remainedal-

most unchanged in Reverse Low Oil, while declining sharply in the regular

Low Oil strain. In succeeding generations, oil percentage in the reverse stock

rose very rapidly.
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Table 6. Response to first 13 generations of selection, expressed as percentage of
phenotypic mean valueatstart.

 

Response, °/o of starting level
Selected strain P ° arting leve

Regular selection |Reverse selection
 

High Protein .......... 45 25
Low Protein ............ 20 60
High Oil .............. 55 30
Low Oil ................ 50 100     

Reverse Low Oil, after 13 generations of selection, has an oil percent-
age nearly 3 times higher than that of the regular Low Oil strain, and ap-
proximately twice that in the regular strain at the beginning of the reverse
selection phase. Considered in relation to the phenotypic levels of the ma-
terial concerned, progress in Reverse Low Oil has been the most rapid ob-
served in any phaseofthe entire selection experiment.

5. Rate of Response

Not only the marked effectiveness of reverse selection, butalso the ra-
pid rate at which it resulted in significant changes in all fourstrains is
worthy of attention. As shownin Table 6, response in the Reverse Low Pro-
tein and Reverse Low Oilstrains has been more rapid than initial response to
the regular phase ofselection, beginning from theoriginal Burr White popu-
lation. Comparatively, response to reverse selection has been less rapid, but
still surprisingly great, in the two “high”strains. Considering the fact that
all four strains had been intensively selected for 48 generations, and that
each was based maternally on a single open-pollinated ear in the source
population, the results of reverse selection lead to the astonishing conclusion
that as much genetic variability was present after long-term selection as ex-
isted in the original unselected population.

V. “Switchback’”’ Selection

This phase of selection was conducted only in the High Oil strain. Se-
lection was again directed toward higher oil content, after the Reverse High
Oil strain had been carried through 7 generations of selection for loweroil
content. Results of the first three generations of this selection phase were
confusing, but indicated no significant change as a consequence of “‘switch-
back”selection. In the fourth generation and subsequently,this type ofse-
lection resulted in significant increases in oil content, as compared either
with the starting level, or with the current oil content of Reverse High Oil.
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Table 7. Oil content in regular, reverse, and “‘switchback”’ selections, Illinois High

Oil.

 

 

Phase of selection

Year Regular Reverse Switchback

9/9 oil

1954 12.16 — ~--

1955 13.91 8.78* 8.02

1956 14.30 9.56 10.40*

1957 14.15 9.74 9.85

1958 14.79 10.16 11.47*

1959 15.03 10.31 11.71*

1960 14.66 9.97 11.47*     
 

*) Significant differences between reverse and “switchback” stocks. All differences

between regular selection and others are highly significant.

The mean oil content of the ‘“‘switchback” stock is now approaching the

mid-point between that of the reverse and regular High Oilstrains (Table 7).

Vi. Associated Phenotypic Changes

Marked changes in various phenotypic characters were recognized inall

four selected strains during the early generationsofselection, as pointed out

by Smith (1908). Woodworth e¢ al. (1952) summarized and illustrated

changes which have occurred in kernel, ear, and plant characters of the se-

lected strains. Perhaps the mostsignificant changesare certain alterations in

kernel structure which are clearly correlated with modifications in chemical

composition. These were discussed briefly by Woodworthet al., and new

evidence regarding the relations with oil content was introduced by Leng

and Woodworth (1953, 1954). These changes and their significance may be

summarized as follows:

1. Protein Content

An association between endosperm texture and protein contentof the

kernel was recognized early in the experiment, and was mentioned by Smith

(1908). High protein content has been found to be associated with a high

percentage of horny endosperm starch, while low protein content is associ-

ated with a high soft starch content. At present, the High Protein strain is

characterized by small, flinty kernels. The kernels of Low Protein are larger,

undented, and show verylittle horny starch. Although adequate quantita-

tive data are not available, it is apparent from these relationships and from

analytical evidence that changesin the zein-rich proteinaceous matrix of the

endosperm are primarily involved in the alterations of protein content which

have been producedin the two “protein”strains.
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2. Oil Content

The association between germ size (principally, scutellum size) and oil
content of the grain has long been recognized, since the scutellum was
shown by Hopkins(1898) to contain most ofthe oil in the corn kernel. This

physical association has been used by Woodworth and Jugenheimer(1948),

and no doubt by others, as an easy and practical method for rapidly making

selections towardhigheroil content.

Separation of oil content into two major componentsa) germ size, and
b) oil content of germ hasrevealed interesting differences between the High

Oil and Low Oil strains, as shown by Leng and Woodworth (1953). As

graphically demonstrated in Fig. 4, selection for increased oil content ap-

parently resulted in early fixation of oil percentage in the germ in High Oil.

As a result, continued response to selection in this strain resulted primarily
from increases in germ size. Selection for decreased oil content in Low Oil

resulted in fixation of germ size in a very few generations; continued re-

sponse to selection in this strain resulted almost entirely from further de-

creases in oil content of the germ. Thus, the character “oil content’ ac-

tually can be divided into two components which have respondedvery dif-

ferently to selection. A more detailed discussion ofthis situation, presented

in another paper (Leng 1961) points out the significance of these different

responses, so far as prediction of future response and estimation of selection

limits are concerned.

E. DISCUSSION

In evaluating breeding methods,efficiency frequently is mentionedas a

major standard of evaluation. This normally refers to the rate of response,

considered in relation to cost factors, labor requirements, elapsed time, and
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so on. In manyrespects, effectiveness — the capacity for obtaining a high

level of response — is a more importantattribute of a successful breeding
system. Particularly, the ultimate potential limit of response to selection is

of fundamental importance, especially in the most highly-selected, economi-

cally important species. Evidence on bothefficiency and effectiveness is fur-

nished by data from the long-term selection studies, and will be discussed in
the following paragraphs.

Since the majority of quantitative genetic theory is strictly applicable

only to idealized situations, it is not surprising to find the results of an ac-

tual breeding experiment differing in certain important aspects from theo-

retical assumptions. However, in several respects, the results of the Illinois

long-term selection work differ so widely from normal expectations that

somere-evaluation of standard breeding theory appearsto be indicated.

Response to long-term selection was asymmetrical, very irregular in

rate, and yet reached muchgreaterlevels than anticipated, both in protein

and oil content. Most surprisingly, great progress toward the objectives of

selection in all four selected strains did not lead to decreases in total varia-
bility, and reverse selection produced rapid retrograde changesinallstrains.

These results are especially unusual when considered in connection with the

high degree of inbreeding assumedto have occurred.

|. Asymmetry of Response

Falconer (1960) has pointed out that several two-directional selection
experiments have shownsignificant differences in response depending on the

direction of selection. Moreover, although listing a numberof possible ex-

planations for such asymmetry, he commented that its cause was in most

cases unknown.
Asymmetry in response was apparentearly in the Illinois selection ex-

periment, and was discussed briefly by Winter (1929) and Woodworthe¢al.

(1952). In the “protein”strains, selection for high content produced much

more rapid initial progress than selection for low protein. From about the

35th to the 45th generation ofselection,little progress was apparent in High

Protein, while significant response occurred in the “low”’ strain. During the
most recent 10 to 15 generations, response has been relatively similar in

both strains. Asymmetry has been even more pronounced in the “oil”

strains, where responseto selection for high oil content continued in anes-

sentially straight-line trend for 45 to 50 generations. Response of the Low

Oil strain was very rapid in the first few generations of selection, then
slowed appreciably. In the most recent generations, the situation appears to
have becomealmostreversed, since the low strain has shown the more rapid

relative responseto selection.

Falconer (1960) has listed as possible causes of such asymmetricalre-

sponse the following:
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1. Inequality in selection differential.
2. “Genetic asymmetry,” either in direction of dominance or in

gene frequency.

3. Selection of heterozygotes in one direction.

4. Inbreeding depression.

5. Maternal effects.

He pointed out that examples of actual situations can readily be found
which do notfit any of the proposed explanations.

The observed asymmetry of response in the “protein” strains is not

readily explained, and nocritical evidence is available to aid evaluatingits

causes. In the “‘oil’’ populations, it appears that much of the asymmetry can
be explained by considering the phenotypic role of the two major compon-

ents of oil content, and by evaluating the changes which occurred in these

components underselection for total oil content. Leng (1961) discusses this

matter in detail, pointing out that germ size in Low Oil wasrapidly fixed at

its lowest fitness level, thus leaving oil content of the germ as the only com-

ponent able to respond to selection. In High Oil, relative germ size con-

tinued to increase at a nearly constant rate for at least the first 50 genera-

tions of selection. Oil content of the germ in this strain responded quickly

in early generations of selection, then at a declining rate, apparently tending

toward a limitin the vicinity of 50%.

These observations suggest the conclusion that an asymmetry ofre-

sponse to selection may occurif the “character” being selected actually is
composed of separate physical or physiological components whichreactdif-

ferently and at different rates to opposite directions of selection. If ade-

quate componentanalysis of such characters could be made, such anomalies

as asymmetrical response might moreeasily be explained.

Il. Rate of Response

Attention has already been drawn to the variations and asymmetries

observedin rate of responseto selection in the different strains. No constant
or uniformly-changing rate of response appears to apply to anyofthese-

lected strains. The rates of response in this material can be characterized in

general as

1. step-wise, rather than steady in rate, and

2. much greater after successful long-term selections than antici-

pated under any of the usual assumptions about the rate of

genetic fixation underselection.

The sustained high rates of response are especially unexpected because

of the high level of inbreeding assumed to have occurredin the early genera-

tions of the experiment. The continued response must beinterpreted as re-
flecting the existence of significant genetic variability after many generations
of selection. This conclusion is supported by the rapid rate of response to
reverse selection which wasfoundinall fourstrains.
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ltl. Level of Response and Selection Limits

Response to continued selection is expected to diminish in rate, and ul-

timately to cease whenall the “‘favorable”’ loci have been fixed. The selected

population is then considered to have reached a “selection limit’. The more
intense the level of inbreeding during selection, the more quickly theselec-
tion limit is expected to be reached.

Falconer (1960), summarizing the results of four long-term selection

experiments — two each in Drosophila and the mouse — concludedthat:

1. Response continued for 20 to 30 generations.

2. The “total range” (difference between means of “high” and
“low” populations) was 10 to 20 times the phenotypic stand-
ard deviation in the original population.

3. The total response to selection was less than might be ex-

pected.

It has already been emphasized that none of the four long-selected
“chemical strains” appears to have reached selection limit, even after 61
generations of breeding. This is in itself a surprising fact, made more so by

the clear evidence that each selected strain originated maternally from sin-

gle ear. Moreover, there appears to be little basis for predicting when these-

lection limit will be reached, except possibly in the Low Oil strain (Leng
1961).

The total range between the two “protein”strains, as mentioned above,
was 19.75% protein, or 19 times the original phenotypic standard deviation.

In the “‘oil”’ strains, the total range at this time was 14.06% oil, more than

34 times the original phenotypic standard deviation. The total response to

selection was thus muchhigherthan indicatedby 20 to 30 generationsofse-
lection in Drosophila or mice, and apparently could increase significantly

underfurther selection.

It is especially noteworthy that the levels of oil and protein content

achieved as a result of long-term selection were far higher (or lower, respec-

tively) than any knownto exist in normal populations of dent maize. For

these characters, at least, the breeding methods used have created pheno-

typic levels of expression quite unknownin the species. Yet, genetic fixa-

tion of the selected characters has notresulted.

IV. Retention of Genetic Variability

The failure of total variability to decrease in the selected strains was

clearly shown by Winter (1929), who however apparently considered that

much of the “retained variability” was non-genetic in nature. Subsequent

observations, especially the rapid and marked responseto reverse selection,

have madeit clear that all four strains possessed significant levels of genetic

variability after 48 generations of selection. Present evidence indicates that

genetic variability still remains after 60 generations ofselection.
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This fact, more than any otherof the observations madein this experi-

ment, stands in direct contradiction to the conventional expectationsin se-

lection. Falconer (1960) has discussed the retention of variability in long-

selected populations, suggesting these possible explanations:

1. An increase in environmental (non-genetic) variance.

2. Retention of heterozygosity through the action of natural se-

lection for fitness.

3. Favoring of heterozygotes through artificial selection, or a

combination of natural and artificial selection.
Either or both of the latter two situations could be operating in the

long-selected “chemical strains”. However, comparison of the rate of prog-

ress under reverse selection with response rates in the early generations of

regular selection leads to the conclusion that meanlevels of oil and protein

content were shifted drastically by selection with no decrease in heterozy-

gosity of the genes controlling these characters. Yet, such a conclusion

scarcely seems reasonable, and cannot readily be reconciled with conven-

tional theory on genetic control of quantitative characters.

V. Possible Genetic Interpretations

It therefore remains necessary to look for genetic interpretations which

fit the patterns of response to long-term selection observed in this study.

Possible reasons for the continued existence of genetic variability in long-

selected material include:

1. Accidental outcrossing (contamination).
2. Favoring of heterozygotesin selection.

3. <A high mutation rate of the genes controlling the characters

underselection.

4. Release of genetic variability through some mechanism other

than those described above.

The first of these explanations can essentially be dismissed from con-

sideration in this study. Technical control of purity in pollination has been

strict, at least since ear-to-rowselection was discontinued. The “‘oil’’ strains

are practically isolated from crossing with each other and with otherstrains,

because High Oil flowers very early and Low Oil very late. Most important,

a biological control of purity is provided by the fact that all four “chemical”’

strains have white endosperm (recessive), while all other maize in the sur-
rounding nursery carries the dominant yellow alleles. Thus, any contamina-

tion by pollen from surrounding maize can be detected whentheearsare ex-

amined at harvest, and ears showing such contamination are always dis-

carded.

Favoring of heterozygotes in selection has already been mentioned as
an unsatisfactory explanation for the observed results of long-term selection
in this material. The rapid responseto reverseselection in all fourstrains, if

it were attributed to residual heterozygosity alone, would have required the
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level of heterozygosity to have remained at nearly the samelevel through 48
generations of successful selection. This appears highly improbable. Even
more important, genetic variability was demonstrated in both the “high”
and “low” stocks, for both oil and protein content. Retention of heterozy-
gosity underselection is theoretically possible in unidirectional selection,

butit is unreasonable to expect the degree of retention to be high in both di-
rections whena trait is selected for opposite extremes.

The recent findings of Sprague et al. (1960) that appreciable mutation
rates exist for genes controlling some economic characters in maize may be

interpreted as evidence that mutation could provide an important source of

continued variability in the “chemical strains’. Attempts by the present

author and his students to estimate mutationrate in the High Oil strain have

thus far been unsuccessful (unpublished). However, there. appears to be no

evidence that the rate of mutation in genes controlling protein and oil con-

tent is significantly higher than the order of 104 to 10°8, reported by Fal-
coner (1960) as being those normally accepted. So far as physical character-
istics of the selected strains are concerned,all four strains are relatively uni-

form and show no evidence of being highly mutable. Thus, mutation is not

considered a likely explanation for the apparently high level of genetic varia-

bility remaining in the long-selectedstrains.

By exclusion, some other mechanism producing continuedrelease of

genetic variability must be considered the most logical explanation for the

long-continued response to selection with retained. genetic variability.

Dobzhanskyet al. (1959) have discussed a mechanism in Drosophila prosal-

tans which leads to continued release of genetic variability through recom-

bination. The existence of such a situation in other organisms, as for exam-

ple maize, must be considered possible. Unfortunately, no critical evidence
is presently available to test the assumption that such a mechanism has oper-

ated in the long-selected maize strains. Yet, the fact that the breeding pro-

gram employed has involved selection and continual recombination within a

relatively small, close-bred population suggests that recombination must in

some manner have played an important role in the response obtained. A
more detailed and critical consideration of this possibility appears to be
highly important.

Vi. Application to Breeding Theory

The prediction of response to selection and the evaluation of breeding

systems are based on extrapolation from observed trends to anticipated fu-
ture events. In the experiments reported in this paper, even 61 generations

of observations do not appear sufficient to permit accurate prediction ofre-
sponse to continuedselection. Yet, it appears reasonable to assumethat fur-

ther response can be expectedinall four long-selected strains.

In evaluating the desirability of different breeding systems,it is nec-

essary to distinguish between early response rate and the possibility of ob-



SIGNIFICANCE OF LONG-TERM SELECTION 171

taining the highest maximumresponse. Most current evaluations of breeding

methodsare based on short-term results, which often may notreflect the ac-

tual long-term potentialities. Especially where a species or population shows

evidence of approaching a selection limit for a desired character — as may
for example betrue of grain yield in maize — breeding systems which offer

possibilities of obtaining response without appreciable loss of genetic varia-
bility merit particular attention.

The high level of response obtained andits long durationin the Illinois

selection experiments suggest that breeding systems involving frequent re-

combination may be especially effective in obtaining maximum levels of
phenotypic expression before a selection limit is reached. Suchselection ap-

parently can be conducted even in relatively small, closed populations with-

out excessive loss of genetic variability. These observations lead to the con-

clusion that, where high ultimate levels of phenotypic expression are desired,

breeding systems emphasizing recombination are preferable to those leading

to rapid genetic fixation.

SUMMARY

Selection for both high and low levels of total protein andoil percent-
age in the grain has been conducted in maize for 61 generations. Despite a

relatively high apparent level of inbreeding, response to selection has per-

sisted in all four strains, and further response appears to be possible.

Phenotypic mean values in all four selected strains have been com-

pletely outside the phenotypic range of the original population since the
first few generations of selection. After 61 generationsof selection, the total
range between the high andlow strain means was about 19 times theoriginal

standard deviation in the “protein”strains, and more than 34 times the

original phenotypic standard deviation in the “oil”strains.

Response to selection has occurred in an irregular, stepwise manner,

rather than at a uniform rate. Thus, prediction of response trends has been

difficult and inaccurate.
Total variability has remained at unexpectedly high levels in the se-

lected strains. Rapid and significant response to reverse selection have indi-

cated that high levels of genetic variability were presentin all fourstrainsaf-

ter 48 generations of selection in the original program.

Important questions about the nature of genetic changes under long-

term selection are raised by the rapid rate and high levels of response to se-
lection in this material. Accidental outcrossing, heterozygote superiority,

and high mutation rate have been evaluated as causes of the continued exist-

ence of significant genetic variability under long-term selection pressure.

None of these situations appears to offer an adequate explanation of the ob-

served results.
Continued release of genetic variability through recombination, possi-

bly assisted by favorable mutations and someretention of heterozygosity, is
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suggested as the primary mechanism involved in continued responseto selec-

tion under the breeding system employed. Unfortunately, critical evidence

is not presently available to test this assumption.

The high level of response obtained, and the long duration of response,

suggest that breeding systems which permit continued recombination during

many generations may beespecially effective in obtaining maximumlevels

of expression in desired characters.

EDITOR’S NOTE

This paper was based on a lecture series presented at the Max-Planck-Institut fur

Zuchtungsforschung, Koln-Vogelsang, during tenure of a Fulbright Senior Research
Fellowship, in 1961. At that time the author was Professor of Plant Breeding and
Genetics, College of Agriculture and Illinois Agricultural Experiment Station, University
of Illinois. The paper was dedicated to Dr. W. Rudorf, who suggested its preparation

and presentation, and to the memory of the late Dr. C. M. Woodworth, “‘whose keen

scientific judgement was responsible for continuity in the experiment during manyyears
when its value was not generally appreciated.”” A German summary,printed with the
original text, has been deleted.
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Genetic Variability After 65
Generations of Selection in
Illinois Oil and Protein

Strains of Zea mays L.
J.W. DUDLEY

R.J. LAMBERT
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means, was found forboth oil and protein content after 65 generations of selection

in Illinois high oil (IHO), low oil (ILO) high protein (IHP) and low protein (ILP)

strains of maize (Zea mays L.). Correlated responses between oil and protein over

the 65 generations of selection have been small. Predicted gains per generation
based on selection of the upper 20% ofhalf-sib families from a test of one replicate
grown at onelocation in 1 year were slightly higher than those observed as an aver-

age of 65 generations for IHP and ILP and lower for IHO and ILO.

 

Additional index words: Correlated response, Heritability.

 

INTRODUCTION

Periodic reports on the changesoccurring in the Illinois long term selec-

tion experiments have been made [ Hopkins (1899), Winter (1929), Wood-
worth, Leng and Jugenheimer (1952), and Leng (1962)] . Through 1965, se-
lection had been continuous for the character and direction indicated in the

Illinois high oil (IHO), low oil (ILO), high protein (IHP) and low protein

(ILP)strains of maize (Zea mays L.) for 65 generations. Leng (1962) dem-
onstrated the existence of residual genetic variability after 48 generationsin

all four strains by reverse selection experiments. However, no attempt was
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ABSTRACT

. Significant genetic variability, as measured by variation amonghalf-sib family

S&
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made to measure the relative magnitude of the genetic variance remaining in

the populations.

The objectives of this study were: (1) to determine whethersignificant

genetic variability for oil and protein contentstill exists in IHO, ILO, IHP,

and ILP, (2) to determinethe relative magnitude of such genetic variability if

it existed, (3) to measure the correlated response betweenoil and protein in

the four populations which occurred during 65 generationsofselection, and

(4) to predict possible future gains from selection.

MATERIALS AND METHODS

Leng (1962) gave a detailed description of the selection procedures used in develop-
ing the IHO, ILO, IHP, and ILP populations. Seed for this study came from the 1965

crop of 60 ears analyzed from each population and represent the populationsat the end

of 65 generations of selection. In 1966, remnant seed from each of the 60 ears

from each population was used to establish four experiments of 60 half-sib families

each to measure the magnitude of any residual genetic variability. The four ex-

periments were grown in the samefield on the Agronomy South Farm, Urbana,Ill. Each

test consisted of three replications of single row plots, 10 plants long with 1 m between

rows and .33 m between plants within a row. In 1967, remnant seed from the sameears

was used to establish four identical experiments plus a test of [HP to which an additional

application of 280 kg/ha of nitrogen (N) (applied as a complete fertilizer in a 2:.83:.44

ratio of N:P:K) was made approximately 3 weeksprior to silk emergence. In each experi-

ment the 60 ears were assigned at random to fourblocks of 15 entries each. Blocks were

randomized within replications and ears were randomized within blocks. At pollinating

time pollen from plants grown from the bulked, remnant seed of the 60 ears of each ex+

periment was collected in bulk and used topollinate five or six plants in each row of the

corresponding experiment. At harvest seed from the center portions of four well filled

ears resulting from such pollinations were bulked for chemical analyses of each plot.

Oil content of a 25-g sample from each plot was determined by nuclear magnetic

resonance spectroscopy as described by Alexanderet al. (1967). Protein content wasde-

termined by the official Kjeldahl-Gunning-Armold method,slightly modified.

Because of poor stands in the ILO population no data were obtained in 1967. In

the ILP population only 31 families were available for a combined analysis over both

years because of poorstands in 1967. The IHO and IHP populations had 58 and 55 fami-

lies, respectively, included in the combined analysis over both years. Because of the miss-

ing families the combined data were analyzed as a randomized complete block grown in 2

years. Years and families were considered random in estimating components of variance.

RESULTS AND DISCUSSION

The original Burr White population in 1896 had 10.9% protein and

4.7% oil (Hopkins, 1899). The data in Table 1 represent the largest number

of analyses, in a given year, of each population since the beginning of the ex-

periment andindicate a gain of 14.3 percentage points protein in IHP,a loss

of 5.7 percentage points protein in ILP, a gain of 10.5 percentage pointsoil

in IHO,and a loss of 4.3 percentage points oil in ILO.

Oil content was slightly higher and protein contentslightly lower forall

three populations in 1967 than in 1966 (Table 1). Meansin Table 1 include

only families for which data were available from both years where 2 years’

data are shown.
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Table 1. Mean oil and protein contents of Illinois long-term chemical selections
grown in 1966 and 1967.

 

  

 

 

 

 

  

 

Oil, % Protein, %

Population 1966 1967 Avg 1966 1967 Avg

Illinois high oil 15.0 15.4 15.2 15.5 13.1 14.3
Illinois low oil 4 --- - 12.8 --- ---
Illinois high protein 5.4 6.1 5.7 25.9 24.5 25.2
Illinois low protein 3.2 3.4 3.3 5.2 5.1 5.2
Illinois high protein (high N) --- 6.1 --- --- 25.6 -

Table 2. Estimates of components of variance for oil and protein content from
Illinois long-term chemical populations.

Oil Protein

Population opt Opyt o? + Of Oey o?

Illinois high Oil .0724* .0075 5007 .1082* .0538 .7891
Illinois low oil .0008* --- F .0039 .0859** --- .2243
Illinois high protein .0438** .0029 .0632 .1726** 0275 6434
Illinois low protein .0090* -.0031  .0522 .0538* 0268  ~=—.1535
Illinois high protein (high N) .0210** --- .049 1 .3136** -- .8888
 

* and ** indicate componentssignificant at the .05 and .01 probability levels as measured byF test.
tog = progeny components; o$y = interaction of progeny componentbyyears; 0? = error component8 BY ; . ;
of variance. + No measure of genotype X year interaction because data were obtained from ILO only
in 1966 and from IHP (HN)only in 1967.

The correlated responses that have occurred are of particular interest.

Average oil content of IHP and ILP is 4.5%, not greatly different from the

4.7% of the original population. However, oil content in IHP increased 1.0

point while it decreased 1.4 points in ILP. Thus, drastic alteration of protein

content has had only a minoreffect on oil content. The protein content of

both IHO andILOis higher than in 1896. However, IHOis 2.7 points higher
in protein than ILO. Theincrease in protein content of ILO since 1896 may

be due to increased N fertilization rather than to an effect of selection. It

seems reasonable to assumethat the 2.7 point difference in protein content
between IHO and ILO in 1966reflects the results of selection. This differ-
ence is quite comparable to the 2.4 point difference in oil content between
IHP and ILP. Although the absolute changesin oil content in IHP and ILP

were similar the differences per unit change in protein content were quite

dissimilar. In IHP, each percent increase in protein was accompanied by .07-

point increase in oil while in ILP each percent reduction in protein content

was accompanied by a reduction of .25 in oil percent. Thus, the magnitude
of the correlated response varied with the direction of selection.

From these results it is apparent that altering either oil or protein con-

tent in an ordinary maize selection program is unlikely to lead to major

changes in the other character.

Estimates of Op” the progeny component of variance were significant

for all five populations for both oil and protein (Table 2) indicating that de-
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tectable genetic variability still exists after 65 generations of selection. The

genotype X year interaction (Ggy’) was small and nonsignificantin all cases

where it could be measured. The progeny component represents the co-

variance of half sibs but cannot be interpreted in termsof a fraction of the

additive genetic variance because the degree of inbreeding andstate of link-

age disequilibrium are unknown. Direct comparisons of Oy” between char-

acters and populations cannot be made because of varying magnitudes of

error variance. However,theratio of Og" to (dg? + Ogy* + 0”) a rough measure

of heritability on a single plot basis, should be comparable between characters

and tests (Table 3). Heritability for the non-selected characters in each

population was expected to be higher than for the selected characters since

the only force restricting genetic variability would be inbreeding while for

the selected characters both inbreeding andselection were operating. The

small correlated response observed reinforced this expectation. For ILO and

IHP heritability for the non-selected character was higher than for the se-

lected. However, there was little difference in the heritability of oil and pro-

tein in the IHO and IHP (HN) populations while in ILP heritability for pro-

tein was higher than foroil.

Heritability for oil content in ILO wasslightly higher than in IHO.

However,it is doubtful if the observed variability in oil content in ILOis us-

able for continued selection toward low oil since observation indicated that

plots varied in percent germless kernels. In maize, oil is found primarily in

the germ. Thusvariation in percent germless kernels would increase the ge-

netic variability for oil content but the increased variability would notbe us-

able because germless kernels could not be propagated. An additional indica-

tion that oil content in ILO has reached a lower limit comes from the experi-

ence in 1967 in the regular selection from ILO in which the lowestoil ears

could not be used because of a high percent of germless kernels and poorger-

mination of kernels having germs.
The purpose of including the high nitrogen treatment in IHP (HN) was

to determine whether genetic variability for protein content might be in-

creased undera higher N regime. In theory, gene combinations might have

accumulated that were limited in their phenotypic expression of protein con-

tent because of the level of soil N. Heritability for protein content was

slightly higher in IHP (HN) than in IHP (Table 3), and the mean was in-

creased (Table 1). The range in 1967 for IHP was 3.0% while for IHP (HN)

it was 3.2%, values that are not greatly different. However, the genotype by

nitrogen level interaction was highly significant. Examination of the family

meansindicated that only five families were included in the top 12 of both

IHP and IHP (HN). In addition, seven families had lowered protein contents

in the INP (HN) experiment than in the IHP experiment. Thusthe general

effect on IHP families of increasing N level was to increase protein content

in the lower protein families more than in the higher protein families. A

similar, and more striking genotype X N level interaction occurred for oil

content. In fact the lowest oil family (5.6% oil) and the highest oil family
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Table 3. Ratios (in percent) of Oy to phenotypic variance of a plot for oil and
protein content.
 

 

 

Population Oil Protein

Illinois high oil 12.5 11.4
Illinois low oil 16.77 27.7t
Illinois high protein 39.8 20.5
Illinois low protein 15.5 23.0
Iihnois high protein (high N) 30.0F 27.3¢
 

ft Based on data from only oneyear.

Table 4. Average gain per generation (65 generations) and predicted gain at end of
65 generations for the selected character in long term chemical populations,
 

 

Gain per generation}
 

 

Population Actual Predicted#

IHO .16 13
ILO -.07 -.02
IHP 22 .26
ILP -.09 -.16
IHP (HN) --- 42
 

} Values are percent oil for [HO and ILO andpercentprotein for IHP, ILP and IHP (HN). + Based on
selection among plot means from 1 year, 1 location, 1 replication using the formula G = KopH where
K = 1.4 (selection differential when the upper 20 percent of families are selected); Op = phenotypic
standard deviation; and H = heritability values from Table 3.

(6.8% oil) in the IHP experiment had nearly equal oil contents (6.3 and

6.2%, respectively) in the IHP (HN) experiment. There was a general tend-
ency for families showing increases in oil content with increased N to show

reductions or very small increases in protein content.

The presence of significant genetic variability in the long term popula-
tions indicates that additional progress should be possible in all except the

ILO population where a selection limit may have been reached. The herita-

bility values reported apply strictly to selection based on a plot basis. Be-

cause the basic design of the classical selection experiments dependson selec-

tion amongindividual ears predicted progress would be less than is indicated

by the heritabilities reported here.
Actual average change per generation (based on 1966-67 means and

original population values) for 65 generations in the selected character

ranged from -.07% oil in ILO to .22% protein in IHP (Table 4). Predicted

changes based ontheheritability values in Table 3 and selection of the upper

20% of families ranged from -.02 for ILO to .26 for IHP (Table 4). The pre-
dicted gain in IHP and ILP on thisbasisis slightly higher than the average
gain actually achieved over 65 generations while it is lower for IHO and ILO.

EDITOR’S NOTE

Title footnote stated: “Contribution from the Agronomy Department, University of
Illinois, Urbana. Received Aug. 9, 1968.”

Author footnote stated: ‘‘Associate and assistant professor of Plant Genetics, re-
spectively, University of Illinois, Urbana 61801.”
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INTRODUCTION

Seventy generations of divergent selection for both oil and protein con-

centration in the maize (Zea mays L.) kernel were completed with the 1969
crop. The experiment was initiated in 1896 by C. G. Hopkins to determine

whether chemical composition of the corn kernel could bealtered byselec-

tion. In 1908, L. H. Smith listed a practical objective for each strain in the
selection program:

1. Increasing percent protein is desirable because corn does not

contain sufficient protein for most feeding purposes.

2. Decreasing percent protein is desirable for manufacturers of

products derived from thestarch in corn.

3. Increasing percent oil is desirable because corn oil is, pound

for pound, the most valuable constituent of the grain in com-

mercial use.

4. Decreasing percent oil is desirable for feeding purposes be-

cause corn oil tends to produce soft fat in pork.

Although the fourstrains, Illinois high protein (IHP), Illinois low pro-

tein (ILP), Illinois high oil (IHO), and Illinois low oil (ILO), have not been
used directly as commerical varieties, germplasm from thestrains has been

used commercially. The first apparent practical use of germplasm from this

experiment was in the widely used doublecross hybrid, the Double-Crossed
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Burr-Leaming. Oneof the single-cross parents of this hybrid was produced
by crossing an inbred line from IHP with one from ILP.

In the 1940’s, at the Illinois Agricultural Experiment Station, high pro-

tein lines developed by crossing standard inbred lines to IHP and backcross-

ing to the standard inbred parent were tested in hybrid combinations (Jugen-

heimer, 1958). Because yields were low and the increased protein was of

poor nutritional quality, the lines never became commercially important. In

the 1960’s, inbred lines higher in oil were developed using IHO asa genetic

source for increased oil percent. Someof these lines are being used commer-

cially on a small scale.

Information on the nature of responseto selection, which the accumu-
lated data can provide, is as importantas the use ofthe strains as germplasm

sources. Thus, this chapter will present a comprehensive summaryandinter-

pretation of the direct and correlated responses to 70 generations of diver-
gent selection for both oil and protein concentrations in the maize kernel,

evaluate and interpret results of reverse selection, and examinetheresults of
supplementary experiments designed to verify the results observed in the
main selection experiment.

MATERIALS AND METHODS

Breeding Procedures

A detailed description of the selection procedures and analytical methods used in
in the first 10 generations was given by Smith (1908). Winter (1929) described the breed-
ing procedure through 28 generations. Leng (1962a) summarized the breeding and ana-

lytical procedures used throughthe first 60 generations. A summary of these procedures

is includedhere to aid interpretation of the results.
The population selected for study was the open-pollinated variety, ‘Burr’s White.’

Seed of Burr’s White were obtained from Mr. F. E. Burr, Champaign County,Illinois in
1887. The variety was maintained by the Illinois Agricultural ExperimentStation until

selection was initiated (Smith, 1908). In 1896, 163 open-pollinated ears (.6 hl = 2 bu)
were analyzed for percent oil and percent protein. After analysis the 24 ears highest in

protein, the 12 ears lowest in protein, the 24 ears highest in oil, and the 12ears lowest in

oil were selected to initiate the Illinois high protein (IHP), low protein (ILP), high oil

(IHO), and low oil (ILO) strains, respectively. Seed from the selected ears of each strain

were planted ear-to-row in a separate isolated field. Through generation 9, the number of

ears analyzed andselected each generation varied (Table 1). However, approximately equal
numbers of ears from each row were analyzed and the most extreme ears were saved

without regard to the row from which they came. In generation 10, the system was

modified in an attempt to reduce the amount of inbreeding. Alternate rows were de-

tasseled and four ears from each of the six highest yielding detasseled rows were selected.

In generation 25, the system was changedtoselect 2 ears from each of the 12 detasseled
rows. In generation 29, the numberof ears analyzed was reduced to 60 and a system of

intrastrain crossing was introduced. Twelve selected ears from eachstrain were arbitrarily
divided into two lots, A and B, of six ears each. Seed within each lot were bulked and

planted in the nursery. Pollen from several plants (15 to 20) in lot A was bulked and
used to pollinate several plants in lot B. Similarly, pollen from B was usedto pollinate
plants in A. After harvest, 30 ears with good seed-set from each lot were analyzed. Of

the 60 ears analyzed within a strain the 12 more extreme ears were selected. This pro-

cedureis still being used.
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Table 1. Numberof ears analyzed and selected each generation in IHP, ILP, IHO,
and ILOstrains.
 

  

 

IHP ILP IHO ILO

Genera-

tion* Ana- Selected Ana- Selected Ana- Selected Ana- Selected
lyze lyze lyzed lyzed

0 163 24 163 12 163 24 163 12

] 112 24 48 12 80 24 40 12

2 252 24 126 16 216 12 108 16

3 216 24 135 16 108 12 144 16

4 216 15 144 14 108 14 144 14

5 132 14 125 14 125 14 125 14

6 90 22 90 22 90 22 90 22

7 100 22 100 22 100 22 90 22

8 100 25 100 25 101 25 100 25

9 119 24 120 24 120 24 119 24

10 to 28 120 24 120 24 120 24 120 24
Except

for:

12 119

13 25 23 25

29 to 70 60 12 60 12 60 12 60 12

Except
for:

34 38

38 34 43

40 50

46 80 38 56 31

59 10 10 10 10

60 57

64 59

67 57 52

68 58 58

69 57

Total 6287 5916 6007 5842

 

* Except for generations andstrains indicated the numberof ears analyzed andselected is the same
for all generations andstrains.

The forward selection phase of the experiment, therefore, can be divided into four

segments based on the breeding procedures used and the generation whennitrogenferti-

lizer was first added as follows: 1) generations 0 to 9, selection based only on chemical
composition; 2) generations 10 to 25, selection based on yield and chemical composition;
3) generations 26 to 52 in IHP and ILPand generations 26 to 58 in IHO andILO,intra-
strain crossing with selection for chemical composition and no added N; and 4) genera-
tions 53 to 70 in IHP and ILP andgenerations 59 to 70 in IHO and ILO,intrastrain cross-

ing with selection for chemical composition and the addition of 90 kg/ha of N.

In generation 48, reverse selection was initiated in each of the four strains (Leng,

1962b). The procedure was identical to that in the forward selection experiment except
that selection was for low protein in the high protein strain, high oil in the low oil strain,
etc. Thus, four new strains were formed: reverse high protein (RHP), reverse low protein
(RLP), reverse high oil (RHO), and reverse low oil (RLO). In theinitial generation ofre-
verse selection only six ears were saved in each strain (Table 2). Thereafter, with 1 ex-

ception, 12 ears were saved each generation. After 7 generations of selection in RHO,a

new strain, designated switchbackhigh oil (SHO), wasinitiated by selecting the 12 ears in

RHO that were highest in oil (Leng, 1962b).
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Table 2. Number of ears analyzed and selected each generation in RHP, RLP,

RHO,and RLOstrains.
 

 

 

 

 

RHP RLP RHO RLO
Genera-

: Ana- Ana- Ana- Ana-
*tion lyzed Selected lyzed Selected lyzed Selected lyzed Selected

0 60 6 60 6 60 6 60 6

1 to 22 60 12 60 12 60 12 60 12
Except

for:
5 ; 51 45
6 59 59
8 49 50

11 10 10 10 10
19 54
20 54
21 59
 

* Except for generations and strains indicated the numberof ears analyzed and selected is the same

for all generations andstrains.

The reverse phase of the experiment was divided into two phases based on the date

of application of N as follows: 1) generations 0 to 4 in RHP and RLPandgenerations 0

to 10 in RHO and RLO;and2) generations 5 to 22 in RHP and RLPandgenerations 11

to 22 in RHO and RLO.

Statistical Analysis

In each generation, seed from each ear in a particular strain were analyzed for the

selected trait (e.g., protein percentage in IHP). At the same time, a bulk sample of seed

of all ears was analyzed for the nonselectedtrait (e.g., percent oil in IHP). Thus, for each

generation of each strain, individual ear data are available for the selected trait and an

average value is available for the nonselected trait. In addition, the selected ears were

identified. From these data the following statistics were calculated for each generation:

mean of the selected character (x), mean of the selected ears (x,), selection differential

(x,—x), variance, standard deviation (S. D.), and coefficient of variation (C. V.).

Because of the small difference in protein percentage between IHO and ILO, even

after 70 generations of selection (Table 3), and the large year-to-year fluctuation in per-

cent protein, the mean protein values for IHP, ILP, RHP, and RLPfor a particular year

were adjusted by subtracting the mean percent protein of IHO and ILO for that year.

Adjusted protein values were used to calculate realized heritabilities and correlated re-

sponse. Oil values from the oil strains were not adjusted because of low year-to-year fluc-

tuation and an apparentdecline in percentoil in ILP.

Realized heritabilities for each strain were calculated from regression of generation

means on cumulative selection differential for each of the four segments of the experi-

ment. The procedure of dummyvariables in multiple regression, as described by Draper

and Smith (1966), was used. This procedure assumesa linear relationship between the

mean and cumulative selection differential within each segment and that progressin each

succeeding segment starts from the point where progress in the preceding segment

stopped. Estimates of additive genetic variance for segments 1, 3, and 4 were calculated

by multiplying twice the average total phenotypic variance for each segment times the

realized heritability for the segment. For segment2, additive genetic variance was calcu-

lated as 2.6667 times the average within-row phenotypic variance timesthe realized her-

itability. This procedure adjusts for differences in breeding procedures between segment

9 and the other segments but does notadjust for inbreeding. Correlations of means with
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Table 3. Data from 70 generations ofselection in Illinois High Oil and Illinois Low

 

 

 

 

Oil.

Illinois High Oil Illinois Low Oil

Gen. __Mean% m%  _Mean% %
era- All Select Pro- All Select Pro-

tion* Ears Ears S.E.¢ C.V. tein Ears Ears S.E.f C.V. tein

0 4.69 5.33 42 9.0 10.9 4.69 4.04 42 9.0 10.9
1 4.79 5.20 .38 7.9 10.8 4.10 3.65 39 9.4 11.0
2 5.10 6.15 48 9.3 --- 3.95 3.47 33 8.3 ---
3 5.65 6.30 43 7.6 =-- 3.85 3.33 33 8.5 --
4 6.10 6.77 45 7.3 10.8 3.57 2.93 36 10.2 11.0

5 6.24 6.95 45 7.3 12.3 3.45 3.00 .26 7.7 10.0
6 6.26 6.76 52 8.3 10.8 3.00 2.62 33 11.0 9.3
7 6.51 7.15 .48 7.3 11.0 2.99 2.90 23 7.8 10.2
8 7.12 7.73 58 8.1 12.3 2.91 2.66 .25 8.5 10.9
9 7.29 7.92 55 7.5 12.1 2.58 2.30 27 10.4 9.9

10 7.37 7.90 45 6.1 11.8 2.66 2.29 31 11.7 10.5
1] 7.43 7.98 47 6.3 10.9 2.59 2.40 .22 8.6 9.2
12 7.20 7.90 56 7.7 11.2 2.39 2.07 .26 10.6 10.9
13 7.04 7.68 .48 6.8 10.4 2.23 2.06 25 11.1 10.3
14 7.72 8.33 51 6.6 10.2 2.20 1.90 .24 11.1 10.0

15 7.52 8.27 .68 9.0 10.2 2.05 1.83 .22 10.7 10.1
16 7.71 8.26 50 6.5 11.1 2.18 1.84 .26 12.1 9.8
17 8.15 8.98 .64 7.9 11.4 1.90 1.66 .24 12.9 10.5
18 8.30 9.04 .64 7.7 11.6 1.98 1.79 .26 13.0 9.8
19 8.46 9.11 57 6.8 10.1 2.07 1.84 .24 11.7 10.4

20 8.50 9.18 57 6.7 11.3 2.06 1.70 .50 24.1 11.2
21 8.52 8.08 54 6.4 9.7 2.09 1.85 .25 11.8 9.0
22 9.35 9.97 53 5.7 11.4 1.87 1.60 .30 16.1 9.2
23 9.06 9.77 .68 7.5 10.3 1.77 1.54 .20 11.6 8.5
24 9.28 9.98 52 5.6 --- 1.79 1.49 .22 12.3 10.3

25 9.94 10.67 .62 6.3 12.8 1.69 1.42 .26 15.5 11.4
26 9.85 10.46 52 5.2 12.2 1.67 1.37 .23 13.8 10.2
27 10.08 10.91 .63 6.3 12.5 1.58 1.35 .25 15.8 10.8
28 9.86 10.61 .69 7.0 12.0 1.51 1.24 .23 15.2 11.1
29 10.21 11.02 .63 6.2 12.2 1.43 1.08 28 19.8 11.0

30 10.21 11.20 73 7.1 10.8 1.43 1.07 27 18.7 11.2
31 10.85 11.62 .61 5.6 11.3 1.42 1.13 .23 16.4 10.4
32 11.25 12.09 59 5.3 12.0 1.29 1.11 .24 18.3 13.9
33 11.52 12.24 .61 5.3 12.3 1.36 1.17 19 13.7 10.2
34 12.10 12.91 .65 5.4 13.6 1.28 1.18 .20 15.4 13.5

35 11.80 12.53 .67 5.7 13.8 1.25 1.06 .22 17.4 12.6
36 12.04 12.85 .63 5.2 15.0 1.18 88 23 19.4 12.4
37 11.97 13.14 .92 7.7 14.8 1.27 1.05 21 16.5 13.3
38 11.36 12.76 1.19 10.5 16.0 1.04 93 .20 19.5 16.8
39 12.48 13.65 77 6.2 --- 1.32 95 .28 21.5 --

40 10.14 11.32 91 9.0 17.6 1.22 87 27 21.9 13.8
41 14.11 15.47 94 6.7 12.6 2.88 2.50 .28 9.6 12.2
42 13.14 14.24 .80 6.1 12.7 1.34 1.11 17 12.6 11.4
43 12.61 13.74 85 6.8 11.9 1.37 1.13 19 13.6 10.2
44 12.57 13.58 .69 5.5 12.9 1.36 1.05 27 20.0 12.6

45 13.73 14.74 .90 6.6 13.7 1.02 .78 .22 21.2 10.6
46 12.62 13.71 .93 7.4 --- 1.53 1.15 51 33.7 ---
47 14.12 15.64 1.04 7.4 13.1 1.21 .94 21 17.5 12.1
48 13.45 14.61 92 6.9 12.5 .76 54 .16 20.5 12.2
49 14.25 15.30 .78 5.4 13.5 1.04 75 .20 19.4 11.6

(Continued)
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Illinois High Oil Illinois Low Oil

Gen- __Mean’% % % %
era- All Select Pro- All Select Pro-

tion* Ears Ears S.E.t C.V. tein Ears Ears S.E.+ C.V. tein

50 15.36 16.60 .90 5.9 12.8 1.01 | 17 17.0 11.2
51 13.23 14.69 1.12 8.4 13.1 96 .76 18 18.6 11.2
52 13.83 15.03 86 6.2 14.4 89 .69 19 21.1 12.1
53 13.21 14.36 .86 6.5 13.4 77 57 18 23.0 12.1
54 13.26 15.00 1.29 9.7 13.6 77 56 18 24.0 12.8

55 12.15 14.33 1.78 14.6 16.2 52 42 ll 22.0 12.8

56 14.01 16.42 1.86 13.3 14.2 .62 52 17 27.5 13.2
57 14.31 16.50 1.62 11.3 13.7 .86 .68 14 16.4 11.3
58 14.15 15.62 1.30 9.2 11.0 1.02 .80 17 16.3 11.8
59 14.80 16.21 .94 6.3 12.8 91 67 19 20.8 11.4

60 15.03 16.36 1.02 6.8 12.5 76 .55 17 22.4 12.1

61 14.66 16.45 1.26 8.6 14.1 .65 .40 -16 24.7 13.4

62 14.76 16.23 1.16 7.8 14.3 .60 47 16 27.5 13.3
63 14.86 16.18 1.03 7.0 --- .68 50 12 18.1 ---
64 15.22 16.86 1.26 8.3 12.7 84 .65 16 19.5 11.6

65 15.29 17.08 1.34 8.8 14.3 .60 36 16 27.3 12.2
66 16.75 17.72 77 4.6 13.8 77 53 19 24.7 12.0
67 15.59 16.98 .94 6.0 13.8 74 57 12 15.7 11.8
68 15.41 16.83 1.23 8.0 12.5 72 52 23 31.6 13.2
69 17.50 18.93 1.08 6.2 13.4 56 41 12 21.0 12.0

70 16.64 17.98 1.05 6.3 14.2 40 .16 17 43.1 11.8
 

* Generation 0 = 1896; Generation 45 = 1941 and Generation 46 = 1945, years are consecutive from

1896 to 1941 and 1945 to 1969. + Standard error of an observation.

variances, standard deviations, and coefficients of variation were calculated for all genera-

tions of eachstrain.
Average change per generation was calculated from the meanspredicted from re-

gression of means on cumulative selection differential as the difference between thelast
generation of one segment andthe last generation of the preceding segment divided by

the numberof generations in the segment.
Inbreeding coefficients were calculated for each strain using the relationship

F = 1/8N,, + 1/8Ny (Falconer, 1960) where Nn = effective number of males and Ny =

effective number of females. From generations 0 to 9 and 29 to 70 the effective number

of males and of females was equal to the numberof ears saved. For generations 10 to 24,

there were 6 females and 12 males, whereas from generations 25 to 28 there were 12

males and 12 females. From the F values for each generation a panmictic index (P =
1 — F) was calculated; P for the 70th generation was computedasthe productofall the P

values. F 79 was then calculated as 1 — P49.

Chemical Analysis

Sampling and chemical analytical methods have been described by Hopkins (1898),

Smith (1908), Hoener and De Turk (1938) and Leng (1962a). Since 1962, a slightly

modified Kjeldahl-Gunning-Arnold method has been used for nitrogen determination
with % protein = % N X 6.25. Before 1964, oil percentage was determined by 16-hour
extraction of ground, whole-grain samples with Skellysolve F in a Butt apparatus. Since

1964, oil percentages have been determined by nuclear magnetic resonance (NMR)as

outlined by Alexanderetal. (1967).
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Supplementary Experiments

In 1970, generations 65 to 70 of IHP, ILP, IHO, and ILO and generations 19 to 22

of RHP weretested in a 10-replicate randomized complete blocktrial at Urbana, Illinois.
Plots consisted of 1 row, 13 plants long, with 76 cm between rows and 38 cm between
plants within a row. Five to seven plants in each row wereself-pollinated. Seed from five

well-filled ears in each row were saved for chemical analysis. The experiment wasre-
peated in 1971 with the addition of the latest generation to each experiment.

In a separate experiment during 1970-1972, a yield trial including the 70th genera-

tion of all 9 strains was grown in a 3-replicate randomized complete block design. Plots

consisting of 3 rows 14.4 m long with 76 cm between rows were thinned to a stand of

44,500 plants/ha. The center row washarvested foryield.

RESULTS AND DISCUSSION

Direct Response

Total

Smith (1908) reported that selection was effective in increasing and de-
creasing oil and protein percent. Winter (1929) suggested that IHP and IHO

showed no indication of approaching an upper limit, ILP had changed very

little in the preceding 20 years, and ILO was approaching a physiological

lower limit. Leng (1961) interpreted the data through 60 generationsas in-

dicating that the selection limit had not been reachedin anyofthestrains.

Examination of Fig. 1 and 2 and Tables 3 to 7 reveals that, with the possible

exception of RHO,progress has continuedinall strains in the 10 generations
following Leng’s analysis.

The magnitude ofthe responsecan beillustrated by considering change

as percent of the original mean. Forthis purpose, the mean of generation 70

predicted from the regression of the mean on cumulativeselection differen-

tial was used. Change, as percent of the original mean, was 115, 77, 241,

and 86% for IHP, ILP, IHO, and ILO,respectively. Because the lowest

possible value for ILP and ILOis zero, the maximum changeforthesestrains

is 100%. In terms of standard deviations of the original population, genera-
tion 70 meanswere 12, 8, 27, and 10 S. D. beyond the original mean in IHP,

ILP, IHO, and ILO,respectively. These changes were achieved byevaluating

approximately 6,000 ears in each of the 4 populations (Table 1). Because

only 2.6 X 10-2 individuals in a normally distributed population are ex-
pected to exceed the mean by as manyas7 S.D., mild selection combined

with frequent opportunity for recombination have been powerful tools in

achieving progress with a minimal numberofobservations. If the same num-

ber of ears had been analyzed in the original population, the most extreme

ear expected would have beenonly 3.8 S. D. from the mean.

The effectiveness of selection also can be measured by the number of

generations required before ranges of divergently selected strains no longer
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Figure 1. Mean percent oi! for IHO, ILO, RHO, RLO, and SHOplotted against
generations.

overlap. After only four generations the ranges of IHO and ILO no longer

overlapped. However, 16 generations were required to separate the ranges of

IHP and ILP. In thereverse selection strains, the numberof generationsre-

quired to separate the ranges was 11 for ILO and RLO, 14 for IHO and

RHO, 13 for RHO and SHO, and 12 for IHP and RHP. Theranges of ILP

and RLPstill overlapped after 22 generations ofselection.
On an individual ear basis, the highest and lowest protein percentages

observed were 29.8 (generation 70, IHP) and 3.44 (generation 69, ILP). In
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Figure 2. Mean adjusted percent protein for IHP, ILP, RHP, and RLP plotted
against generations.

the oil strains the most extreme values recorded were 19.6% (generation 69,
IHO) and .10% (generation 70, ILO). To our knowledge, these values en-
compassthetotal range of oil and protein percentages observed in maize.

Asymmetry

Leng (1962a) discussed the asymmetry of response of IHP compared to
ILP and IHO compared to ILO. He suggested that asymmetry in the oil
strains could be explained if changein percentoil in the germ and in percent
germ in the kernel were considered separately. Subdividing the experiment
into segments, comparing realized heritabilities, and evaluating the reverse
selection data permit a more detailed analysis of the causes of asymmetrical
response.

Differences in average change per generation in populations divergently
selected from the sameinitial population indicate asymmetrical response. In
the protein strains, comparisons of IHP with ILPforall four segmentsof the
experiment and of IHP with RHP and ILP with RLPin thelast segment
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Table 4. Data from 70 generations of selection in Illinois High Protein andIllinois

Low Protein.
 

 

 

 

 

 

Illinois High Protein Illinois Low Protein

Mean % Protein Mean % Protein
Gen-
era- All Select Adjust- % All Adjust- %

tion* Ears Ears edt S.E.+ C.V. Oil Ears edf S.E.¢ C.V. Oil

0 10.9 12.5 0 1.05 9.6 4.69 10.9 0 1.05 9.6 4.69

1 11.00 12.5 08 1.17 10.6 4.52 10.6 -0.26 1.33 12.5 4.35

2 11.0 13.1 -- 1.23 11.2 - 10.5 --- 1.33 12.6 -

3 11.6 13.7 --- 1.27 109 --- 9.5 --- 1.01 106 --

4 12.6 14.7 1.71 1.02 8.1 4.75 9.1 -1.78 1.04 11.4 4.31

5 13.7 15.4 2.50 1.23 9.0 4.82 9.6 -1.53 1.11 11.5 4.30

6 12.9 14.1 2.84 1.10 8.5 4.85 7.9 -2.21 73 9.3 4.15

7 13.5 15.2 2.83 1.44 10.7 4.83 8.0 -2.61 84 10.5 4.08

8 15.0 16.7 3.45 1.35 9.0 5.07 8.2 -3.42 86 10.5 4.17

9 14.7 16.1 3.74 1.24 8.5 5.04 8.6 -2.42 1.05 12.2 3.85

10 14.2 16.0 3.07 1.32 9.3 5.28 8.6 -2.53 93 10.8 3.86

11 13.9 15.6 3.80 1.50 10.8 5.00 7.3 -2.77 89 12.2 3.77

12 13.9 16.0 2.90 1.68 12.1 4.67 9.0 -2.08 1.25 14.0 3.69

13 13.3 15.0 2.90 1.47 11.1 5.01 7.5 -2.91 95 12.7 3.70

14 14.9 16.5 4.77 144 9.7 4.79 8.2 -1.85 89 10.8 3.60

15 13.8 16.3 3.63 1.80 13.1 4.70 7.9 -2.26 1.18 15.0 3.76

16 14.5 16.0 4.05 1.15 8.0 4.75 8.2 -2.20 .76 9.3 3.72

17 14.8 16.3 3.87 1.24 8.3 4.69 7.7 -3.25 96 12.5 3.55

18 15.0 16.8 4.32 141 9.4 5.13 7.6 ~3.07 96 12.6 3.96

19 14.5 16.1 4.26 1.49 10.2 5.07 7.3 -3.01 86 11.8 3.89

20 15.7 17.2 444 1.34 8.5 4.70 8.7 -2.54 1.01 11.6 3.99

21 14.4 16.7 5.09 1.85 12.8 4.75 7.1 -2.28 69 9.7 3.62

22 15.5 16.9 5.15 1.38 8.9 4.66 7.1 ~3.20 71 10.0 3.96

23 14.7. 16.6 5.28 1.55 10.5 4.83 6.4 -2.97 54 8.3 3.72

24 14.0 16.1 3.73 1.79 12.8 -- 7.5 -2.75 91 12.1 3.90

25 16.7 18.4 4.53 182 10.9 4.60 1 -3.00 1.37 15.0 4.16

26 17.3 18.7 6.14 1.23 7.1 4.59 7.4 -3.78 74 10.0 3.82

27 16.5 18.1 490 1.42 8.6 4.55 6.5 -5.15 70 10.9 3.45

28 16.6 18.2 5.05 1.18 7.1 4,64 8.4 -3.17 1.16 13.8 3.58

29 18.3 19.9 6.68 1.34 7.3 4.71 7.5 -4.14 83 11.1 3.74

30 18.2 19.5 7.18 1.09 6.0 4.86 6.5 -4.50 67 10.3 3.90

31 18.4 19.9 7.59 1.15 6.2 4.97 7.2 -3.63 85 11.7 3.70

32 18.3 20.2 5.31 1.65 9.1 5.06 6.8 -6.13 94 13.8 3.90

33 17.7. 19.9 6.46 1.84 10.4 4.94 6.3 -4.92 69 10.9 3.64

34 20.1 21.3 6.55 1.04 5.2 5.17 7.8 -5.73 1.07 13.7 4.03

35 20.2 21.3 6.96 93 4.6 4.62 7.1 -6.06 69 9.6 4.17

36 19.4 21.4 5.66 1.58 8.1 5.11 8.7 . -4.99 1.18 13.6 3.86

37 21.8 23.8 7.72 1.60 7.4 5.45 9.1 7.4 -4.98 1.30 14.4 3.83

38 23.8 24.9 7.36 1.20 5.0 4.52 10.7 8.6 -5.70 1.65 15.4 3.48

39 17.7 19.8 --- 1.66 9.4 -- 5.9 5.3 - 52 8.9 --

40 21.6 23.8 5.93 1.67 7.7 4.45 8.0 7.1 -7.69 73 9.1 2.28

41 18.6 20.7 6.14 184 9.9 6.70 6.1 5.3 -6.28 65 10.5 4.47

42 17.6 20.8 5.54 2.53 14.4 6.48 5.8 5.3 -6.23 44 7.6 5.07

43 15.6 19.5 4.55 2.77 17.7 5.52 5.4 4.9 -5.72 39 7.2 3.55

44, 19.9 21.7 7.20 1.57 7.9 5.16 6.2 5.5 -6.53 74 11.9 3.36

45 17.8 21.1 5.58 2.32 13.0 5.72 5.8 5.2 -6.39 51 8.8 3.19

46 17.6 20.6 --- 2.15 12.2 -- 6.3 5.5 --- 72 11.4 £4--

47 20.1 22.0 7.51 1.69 8.4 5.15 5.8 5.1 -6.80 61 10.6 3.13

48 19.2 21.2 6.86 142 7.4 4.48 5.1 4.6 -7.26 42 8.2 2.65

49 19.1 21.7 6.58 2.13 11.2 5.20 5.5 4.8 -7.06 54 7.8 2.99

(Continued)
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50 19.3 20.7 7.28 1.42 7.4 5.84 49 4.4 -7.10 40 8.2 3.00
51 18.9 21.7 6.70 2.29 12.2 4.93 5.6 4.8 -6.60 78 14.0 3.08
52 20.3 22.6 7.04 1.88 9.3 5.52 5.2 4.6 -8.02 52 9.9 3.07
53 22.5 24.1 9.76 1.09 4.8 4.30 6.3 5.2 -6.49 1.24 19.9 2.84
54 21.7 23.2 8.48 1.17 5.4 5.26 5.6 5.0 -7.61 54 9.6 3.08

55 21.8 23.6 7.29 1.389 6.4 5.26 6.7 5.5 -7.82 1.25 18.7 2.56
56 22.4 23.7 8.68 94 4.2 3.64 5.2 4.3 -8.49 73 13.9 3.12
57 22.2 23.8 9.68 1.37 6.2 5.67 4.8 4.2 ~7.66 48 10.0 2.88
58 19.8 23.0 8.45 2.38 12.0 4.57 4.6 4.2 ~6.81 32 7.1 2.90
59 20.5 23.0 8.44 2.03 9.9 4.52 4.8 4.3 -7.31 50 10.4 2.84
60 23.0 25.5 10.73 2.09 9.1 5.12 4.9 4.5 -7.40 35 7.1 3.16
61 24.9 26.9 11.18 1.37 5.5 3.95 5.2 4.6 -8.57 46 8.9 3.11
62 24.0 26.1 10.22 1.92 8.0 4.84 5.2 4.4 -8.62 -63 12.1 3.20
63 23.3 25.1 --- 1.38 5.9 - 4.4 4.0 --- 35 8.0 2.93
64 22.5 25.2 10.37 2.18 9.7 4.67 4.5 4.1 -7.65 35 7.8 3.23

65 23.1 24.4 9.88 94 4.1 5.10 5.1 4.5 -8.18 62 12.2 2.96
66 24.9 260 11.97 1.02 4.1 3.71 4.4 4.0 -8.45 43 9.7 3.31
67 25.2 27.1 12.41 1.49 5.9 5.70 4.6 4.3 -8.21 .29 6.3 3.21
68 24.7 264 11.89 1.52 6.1 5.91 4.5 4.1 ~8.39 34 7.6 2.91
69 23.9 259 11.18 1.54 6.4 5.35 4.2 3.9 ~8.48 23 5.3 2.92
70 26.6 28.6 13.65 1.69 6.3 4.82 4.4 4.1 -8.57 -23 5.3 3.10

* Generation 0 = 1896; Generation 45 = 1941 and Generation 46 = 1945, years are consecutive from
1896-1941 and 1945-1969. + Observed mean % protein—average % protein in IHO and ILO.
+ Standarderrorof an observation.

 

Table 5. Data from 22 generations of selection in Reverse High Protein and Re-
verse Low Protein.
 

 

 

 

 

Reverse High Protein Reverse Low Protein

Gen Mean % Protein Mean % Protein

era- All Select Adjust- % All Select Adjust- %
tion Ears Ears edt S.E.¢ C.V. Oil Ears Ears edt S.E.4 CV. Oil
 

 

0* 19.2 16.6 6.86 142 7.4 4.48 5.1 5.9 -7.26 42 8.2 2.65
] 18.2 13.2 5.64 3.03 16.6 -- 5.5 6.2  -7.03 48 8.6 --
2 18.8 16.5 6.79 140 74 -- 5.6 6.3 -6.40 41 7.3
3 18.4 14.1 6.26 2.77 15.1 --- 5.6 6.7 -6.52 67 11.8
4 18.7 15.9 5.42 1.93 10.3 --- 54 6.0 -7.80 45 8.2
5 20.6 18.4 7.82 145 7.1 -- 6.5 7.8 -6.21 80 12.2 --
6 18.8 17.1 5.64 1.17 6.2 4.48 6.2 7.3. -6.99 -64 10.3 2.94
7 18.6 16.8 4.13 136 7.3 5.62 7.1 8.2 -7.45 71 10.1 2.54
8 17.4 15.3 3.69 1.43 8.2 3.36 7.2 86 -6.56 1.09 15.3 2.56
9 17.3. 15.9 4.84 1.12 65 4.76 5.5 6.3 -6.97 54 9.7 2.81

10 15.7 13.4 4.37 1.58 10.0 4.38 5.6 6.7 -5.73 76 13.5 2.76
11 15.1 12.1 2.96 1.96 13.0 4.26 65 86 -5.57 1.54 23.5 2.73
12 14.7. 12.5 2.39 1.82 12.4 5.13 68 8.1 ~5.56 91 13.5 3.38
13 15.1 12.7 1.34 169 11.2 4.14 8.1 9.6  -5.62 1.09 13.4 3.05
14 12.3 10.3 -1.50 1.54 12.5 4.19 7.7 9.3 -6.13 1.07 14.0 3.22
15 10.8 9.5 --- 1.20 11.1 -- 7.9 9.2 --- 102 13.0 --
16 9.7 8.8 -2.42 17 =7.9 3.82 74 8.9  -4.73 97 13.2 3.12
17 8.8 8.1 -4.44 34 62 -- 7.9 9.2 -5.31 91 11.5 --
18 9.0 8.3. -3.87 57 6.3 3.70 8.0 93 -4.84 1.00 12.4 3.35
19 9.1 8.3 -3.75 66 7.3. -- 8.6 10.0 -4.19 91 10.5 ---
20 9.1 8.3. -3.79 56 6.2 4.22 9.3 10.9 -3.54 1.13 12.1 3.44
21 8.2 7.5  -4.53 58 7.1 4.15 9.0 10.7 -3.67 1.14 12.6 3.68
22 8.5 7.7 -4.43 66 7.8 4.26 9.6 11.6 -3.42 1.67 17.5 3.55

* Generation 48 ofIllinois High Protein, 1947. + Observed mean % protein—average % protein in
IHOand ILO. +Standard error of an observation.



192 DUDLEY, LAMBERT, AND ALEXANDER

Table 6. Data from 22 generations of selection in Reverse High Oil and Reverse

 

 

 
 

 

 

 

 

 

 

Low Oil.

Reverse High Oil Reverse Low Oil

Gen. —Mean%Oi gy Mean% Oil %
era- All Select Pro- All Select Pro-

tion Ears Ears S.E.t C.V. tein Ears Ears S.E.+ C.V. tein

O* 13.45 11.79 92 6.9 12.5 .76 1.03 16 20.5 12.2

] 13.45 12.08 93 6.9 --- 1.10 1.35 18 16.2 ---

2 13.32 11.06 1.48 11.1 - 1.03 1.29 18 17.3 ---

3 11.37 9.57 1.19 10.5 - 1.13 1.42 .23 20.3

4 11.67 10.18 1.02 8.7 1.13 1.42 23 20.4 --

5 10.65 9.03 1.05 9.9 --- 1.15 1.42 .24 21.3 ---

6 9.64 8.18 1.09 11.3 12.8 1.27 1.66 .30 23.5 13.4

7 9.69 7.94 1.42 14.7 13.5 1.05 1.38 .24 22.4 12.6

8 8.80 6.99 1.35 15.3 14.1 1.36 1.70 .24 17.8 14.0

9 9.56 7.89 1.22 12.7 12.6 1.67 1.96 .20 12.3 10.4

10 9.74 7.89 1.30 13.4 10.6 1.77 2.17 30 16.7 10.4

11 10.16 8.47 1.15 11.4 9.8 1.82 2.13 23 12.9 10.3

12 10.31 8.64 1.16 11.2 11.5 2.02 2.48 34 16.6 11.2

13 9.97 8.49 1.14 11.5 12.0 1.84 2.11 .20 11.1 11.5

14 9.78 8.28 1.10 11.3 11.8 1.82 2.20 25 13.7 10.8

15 9.78 8.30 1.02 10.4 --- 1.81 2.06 17 9.6 ---

16 9.51 8.13 1.03 10.8 11.3 2.26 2.52 .20 9.0 10.5

17 8.61 6.51 1.44 16.7 “+ 2.65 3.04 33 12.3 -

18 10.80 8.79 1.28 11.8 -- 2.58 2.94 .24 9.5 --

19 9.03 7.88 .80 8.9 --- 2.23 2.53 23 10.3

20 8.54 7.35 1.01 11.8 “-- 2.23 2.57 28 12.6 ---

21 9.07 7.61 1.00 11.1 10.1 2.20 2.52 .28 12.6 10.5

22 8.85 7.56 93 10.5 11.1 2.38 2.90 35 14.5 10.6

* Generation 48 ofIllinois Low Oil andIllinois High Oil, 1947.
+ Standard error of an observation.

Table 7. Data from 15 generationsof selection in Switchback High Oil.

Mean % Oil

Generation All Ears Selected Ears S.E.j CV.

O* 9.69 11.83 1.42 14.7
1 8.03 9.24 90 11.2
2 10.40 12.30 1.31 12.6
3 9.85 11.67 1.16 11.8

4 11.48 13.13 1.29 11.3

5 11.71 13.17 1.04 8.8

6 11.47 13.33 1.38 12.0
7 12.15 13.52 1.04 8.6
8 11.84 13.19 1.03 8.7
9 12.32 13.33 91 7.4

10 11.76 13.28 1.06 9.0

11 13.58 14.64 82 6.1
12 12.83 14.23 94 7.4
13 13.01 14.40 1.00 7.7
14 14.05 15.84 1.31 9.3

15 14.02 14.96 .66 4.7

 

* Generation 7 of Reverse High Oil, 1954. + Standard error of an observation.
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measure asymmetry. If differences in cumulative selection differential are
responsible for asymmetry of response, then realized heritability values in
the divergent populations should be similar even if average change per gen-
eration is different.

Response in IHP and ILP wassimilar in segment 1 (Table 8). In seg-
ment 2, change per generation was 2.5 times as high in IHP as in ILP but the
realized heritabilities were not significantly different (Fig. 3, Table 8). Thus,

Table 8. Change in percent protein per generation andrealized heritabilities (h2)
for the protein strains.
 

 

 

Segment Change/generation h? Change/generation h?

IHP ILP
l 31 .20 + .05 24 18 + .04
2 15 .08 + .02 .06 .05 + .02
3 .09 .04 + 01 .16 17 +.01
4 27 15 + .0] .05 .09 + .03

RHP RLP
] -.12 + .07 -.10 + .14
2 .64 40 + .03 19 15+
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CUMULATIVE SELECTION DIFFERENTIAL
Figure 3. Mean adjusted percent protein for IHP, ILP, RHP, and RLP plotted
against cumulative selection differential. Slopes of lines represent realized herita-
bility values.
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the asymmetry observed through generation 25 can beattributed to differ-
encesin selection differential. Reduced progress in segment2 in bothstrains

can be attributed in part to simultaneous selection for yield. In segment 3,

changepergeneration andrealized heritability were both higher in ILP than

in IHP; however, in segment 4, response per generation andrealized herita-

bility increased drastically in IHP and decreased in ILP. The only difference

between segments 3 and 4 wasthe application of N fertilizer in segment 4.

Therefore, the slower response of IHP in segment 3 and thedrastically in-

creased response in segment 4 probably resulted from the lack of adequate

soil N to permit maximum expression of high protein genotypes in segment
3. With the added soil N in segment 4, genotypes capable of producing

higher percent protein in the presence of additional N could be identified

and progress at a rate similar to that in segment 1 was achieved. The lower

change per generation andrealized heritability in ILP in segment 4 may have

resulted from masking effects of higher N levels or a decrease in genetic var-

ability.
Change per generation and realized heritability in RHP were approxi-

mately 2.5 times as high as in segment 4 of IHP (Table 8). Progress in RLP

also wassignificantly higher than in the fourth segment of ILP. In RHP only

14 generations of reverse selection were required to reduce percent protein

by an amountequal to that achieved by 48 generations of forward selection.
If the confounding effects of selection for yield and inadequate N levels to

support higherlevels of protein are considered, the numberof generations of

forward selection required to reach the level observed after 48 generations

would have been reduced. However,the realized heritability and change per

generation in RHP were twiceas high as the highest values in IHP, suggesting
that reverse selection wasat least twice as effective as forward selection.

The results from selection for percent oil are strikingly different from

those observed for protein (Table 9, Fig. 1 and 4). In the first segment,

change per generation andrealized heritability in IHO and ILO were nearly

the same. Change per generation in each of the last three segments was

Table 9. Change in percent oil per generation andrealized heritabilities (h2) for
the oil strains.
 

 

 

Segment Change/generation h? Change/generation h?

1HO ILO
1 22 34 t .09 21 50 + .05
2 .20 31+ .03 .06 .24 + .03
3 14 14+ .01 02 .10 + .02
4 11 .08 + .01 02 .13 + .04

RHO RLO

1 37 .22 + .04 .09 .29 + .05
2 01 .01 + .03 07 19 + .04

SHO

] 33 .21 + .02
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markedly higher in IHO than ILO. However,therealized heritability values
were not significantly different, indicating that the asymmetrical response

resulted from differences in selection differential. The differences in cumu-

lative selection differential are graphically illustrated in Fig. 4.

I8r

 O ! 1 1 { 1 1 I 1 | 1 I | 1 1

5 lO I5 20 25 30 35 40 45 5O 55 60 65 70

CUMULATIVE SELECTION DIFFERENTIAL

Figure 4. Mean percent oil for IHO, ILO, RHO, RLO,and SHO plotted against

cumulative selection differential. Slopes of the lines represent realized heritability
values.
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In the first 10 generations of RHO, progress per generation was nearly

twice as high as in any segment of IHO (Table 9). However,realized herita-

bility was approximately midway between the highest and lowest values in

IHO. Essentially no progress occurred during the last 12 generations of

RHO. This was the only case of failure to achieve progress from selection
observed in the entire experiment. SHO,initiated after 7 generationsof se-

lection in RHO, showed progress similar to the first 10 generations of RHO,

indicating that despite the fact that most of the progress in RHOalready had

occurred, genetic variability still remained. If the rapid progress now occur-

ring in SHO continues, the mean will eventually equal or exceed IHO.

Change per generation in RLO was higher than in the corresponding seg-

ments of ILO. During the first 10 generations of RLO,realized heritability
was nearly 3 times as high as in segment 3 of ILO. However, realized herita-

bility in the last 12 generations of RLO wasnotsignificantly different from

the last segment of ILO.
Estimates of additive genetic variance (0A’) paralleled the realized her-

itability values except for IHO andthefirst segment of RHO (Table 10). In
IHO,estimates of oA" changed little from segment 1 to segment 4. The de-
cline in realized heritability in IHO was offset by an increase in phenotypic

Table 10. Means, estimates of phenotypic variance (Op2) and additive genetic vari-
ance (042) genetic coefficients of variation (Gc.y.), and coefficients of variation
(C. V.) by segmentsforall strains selected for chemical composition.
 

 

 

 

Scrain Segment Mean Op op Gey. C.V.

%

IHP 1 12.7 1.4558 5823 6.00 9.6
2 14.6 2.3366 4732 4.71 10.4
3 18.9 2.8525 2282 2.53 8.9
4 23.2 2.5147 .1544 3.74 6.7

ILP 1 9.3 1.1033 3972 6.78 11.1

2 7.8 9055 1111 4.27 11.8

3 6.7 .6748 .2294 7.15 10.9
4 5.0 3536 .0636 5.04 10.0

IHO 1 5.97 .2272 .1545 6.58 8.0
2 8.22 3193 .2215 5.72 6.8

3 12.42 4767 .1334 2.94 7.3

4 15.54 1.2135 .1942 2.84 7.1

ILO 1 3.51 .1067 .1067 9.31 9.1

2 2.10 .0747 .0417 9.72 12.8

3 1.22 .0500 .0100 8.20 18.7

4 .69 0277 .0072 12.30 24.7

RHP 2 13.3 1.5395 1.2316 8.34 8.6

RLP 2 7.5 1.0643 3193 7.53 13.2

RHO l 11.0 1.2476 5489 6.74 11.0

2 9.5 1.2100 .0242 1.64 11.4

RLO ] 1.22 .0532 .0308 14.38 19.0

2 2.15 .0696 .0264 7.56 12.1

SHO 1 11.8 1.2111 5087 6.04 9.5
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variance. In RHO, the phenotypic variance in the first segment was nearly

the same as in segment 4 of IHO andrealized heritability was nearly tripled,

which resulted in a high estimate of oAS. Changesin the genetic coefficient

of variation paralleled those for realized heritability.

In all four cases of reverse selection, initial change per generation and
realized heritability were higher than in continued forwardselection. These
results support the suggestion of Mather and Jinks (1971) that selection

builds up blocks of genetic material which act as large effective factors. This

concept is further supported by the rapid progress made in SHO. However,

if realized heritability values from the reverse populations are compared with

those from the segment of the forwardstrains precedinginitiation of reverse
selection, only RHP had significantly higher realized heritability. The low

realized heritability in segment 3 of IHP may have resulted from limiting

levels of soil N.

Additive genetic variance and hence progress from selection are func-
tions of gene frequency (Falconer, 1960). If, at a given generation,thefre-
quency of genes favorable for progress in a forward direction is higher than

that for unfavorable genes, the rate of continued forward progress will be

slower than in preceding generations because additive genetic variance (maxi-

mum at intermediate gene frequencies) will decrease as further increases in
favorable gene frequency occur. If selection is reversed, the frequency of
genes favorable for progress in the reverse direction is lower than the un-

favorable and hence progress from reverse selection proceedsat an increasing

rate. Thus, the results from reverse selection may beas easily explained by

gene frequency changesas by the concept of Matherand Jinks (1971).

Within-Strain Variation

Changes in within-strain variation were analyzed in an attemptto deter-

mine the effects of selection on genetic variation. Winter (1929) reported a

detailed analysis of changes in means,coefficients of variation, and standard

deviations for the first 28 generations of selection in IHP, ILP, IHO, and

ILO. He concluded that variability measured by the standard deviation in-
creased as the mean increased and coefficients of variation increased as the

mean decreased.

The major changes in the coefficients of variation and phenotypicvari-

ances resulting from selection can be seen by comparing average values for

the different segments of the experiment (Table 10). Values for each genera-
tion are given in Tables 3 to 7. In JHP thevariance changedlittle from seg-

ment | to 4 but the coefficients of variation decreased because the meanin-

creased. Variances in ILP decreased steadily from segmer.t 1 to segment 4

with little change in coefficients of variation. In RHP, the variances and co-

efficients of variation for the first 15 generations were similar to those in

IHP (Table 5). Variances in the last 7 generations were markedly lower and

similar to those in segment 3 of ILP. The means for RHP in these genera-
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tions were also similar to those in segment 3 of ILP. Mean variancesof seg-

ments in IHO and ILO were almostlinearly related to the means with the

variance of segment 4 of IHO thehighest and segment 4 of ILO the lowest.

A moredetailed evaluation of the relationship of changes in means to
changes in variability was made by evaluating correlations of means with

variances and coefficients of variation (Table 11). In all strains except IHP,

RHO, and SHO,the correlations between meansand variances were positive

and significant. Since IHP, RHO, and SHO are the only populations in

which nearly all the means are above 10%, this result is in accord with the

theory that means and variancesare correlated if percentage data are in the
range of 0 to 10%. This observation was confirmed by correlating the means
and variances in the first 26 and the last 44 generations of IHO separately.

In the first 26 generations, means ranged from 4.6 to 10% andin thelast 44

from 10.0 to 17.5%. There waslittle correlation between meansand varti-

ances (r = .151) above 10% oil and a highly significant correlation (r = .633)

below 10% oil. As expected, significant negative correlations between means

and coefficients of variation were obtained in the three populations (IHP,

RHO, and SHO; Table 11) in which meansandvariances were notsignifi-

cantly correlated. The means and coefficients of variation also were nega-

tively correlated in ILO and RLO. In these populations, the means con-

tinued to decrease after the variances reached a minimum. Thus, the means

and variances in ILO werepositively correlated because of the reduction in

meansafter reduction in variances ceased. In ILP the meansandcoefficients

of variation were positively correlated as were the means andvariances, indi-

cating that the variances decreased relatively more rapidly with selection

than the means. Because of these various types of association,it is difficult

to use changes in means, phenotypic variances, and coefficients of variation

to assess the presenceorlack of genetic variability.
Results from reverse selection demonstrated the existence of genetic

variability after 49 generations of selection in all 4 populations (Leng,

1962b). Analysis of half-sib families by Dudley and Lambert (1969) re-

Table 11. Correlations of means with variances and coefficients of variation in the

Illinois long-term chemical selection experiment.
 

 

Correlation of mean with
 

 

Population Variance C.V. Nt

IHP .072 ~.582* 66
ILP .818* .480* 66
IHO .611* -.048 71
ILO .597* -.735* 71
RHP 521* .250 23
RLP .687* 378 22
RHO -.018 -.627* 23
RLO .520* -.7/97* 23
SHO -.336 -.777* 16
 

* Significance at the .01 probability level. + Numberof values correlated.
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Table 12. Mean (1970-71) percent protein of latest generations of protein popula-
tions and percentoil of oil populations grownin the sameyears.
 

 

 

 

Generation IHP ILP RHP IHO ILOt

65 24.9 5.47 15.9 1.02
66 24.7 5.66 16.2 83
67 (19)+ 24.8 5.00 9.21 16.2 81
68 (20) 24.6 5.10 9.05 16.8 714
69 (21) 25.5 4.84 8.68 16.9 .66
70 (22) 25.5 4.60 8.45 16.7 .76

SX .40 .28 12 .20 .05

b§ .18* -.19* -.26** .19* -.05**

* and ** = significant sum of squares due to linear regression when tested against the error mean
square at the .05 and .01 probability levels, respectively. ft Data from 1970 only.
+ Generation of RHP. § b = regression of X on generation.

vealed significant genetic variability after 65 generations ofselection. Sig-
nificant realized heritability values in the last segmentofall strains except
RHO (Tables 8 and 9) provided additional evidence that genetic variation
had not been exhausted.

Significant regressions of means on generation numberin the supple-
mentary experiments which compared thelatest generations in the same
year (Table 12) provide further evidence that progress is continuing in IHO,
ILO, IHP, ILP, and RHP. Examination of the meansreveals that progress
was not continuous but tended to occurin particular generations. In IHO
significant mean differences were found between generations 65 and 66 as
well as between 67 and 68, in ILO between generations 65 and 66, in IHP
between generations 68 and 69 and in ILP between 66 and 67 and from 68
to 70. The b values in Table 12 (regression of mean on generation) estimate
average change per generation for the last six generations. Compared to the
last segmentof the experiment (Tables 8 and 9) changein thelast six genera-
tions wasgreater in IHO and ILPandless in ILO, IHP, and RHP.

Inbreeding Coefficients

Leng (1962a) suggested, based on yields reported by Woodworth, Leng,
and Jugenheimer (1952) that the level of inbreeding in IHO, ILO, IHP, and
ILP after 50 generations was in the range of 75 to 87.5%. Based on ourcal-
culations, inbreeding coefficients of the 9 strains at the end of 70 genera-
tions ranged from .82 to .83 (Table 13). Inbreeding within thesestrains,at
present,is similar to the level of inbreeding within an So or Sgline.

Effects of the selection procedure onincreasein level of inbreeding per
generation are directly related to the numberof parents saved. Thus, maxi-
mum inbreeding per generation occurred in generations 10 to 24 in which 6
females and 12 males were saved each generation. Ironically, that breeding
procedure was adopted in an attempt to reduce the amountofinbreeding.
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Table 13. Inbreeding coefficients of 9 chemical strains after 70 generationsofse-

 

 

 

lection.

Population F*

IHP 8182
ILP 8278
IHO .8208
ILO 8263

RHP 8220
RLP 8315
RHO 8246
RLO .8300

SHO 8246
 

* Calculated on basis given in text.

Falconer (1960) presented an equation

h? = [he (1—F,)] /(1—h3F,)

where hé = heritability in generation t, he = heritability in the noninbred

population, and F, = coefficient of inbreedingin generationt for calculation
of heritability within a line given theheritability in the original line. This
equation is based on the assumption thatall gene effects are additive. Usin

the realized heritabilities from the first segment of the experimentas ho,

predicted heritabilities were calculated for generation 70 (Table 14). For

IHO and ILOtherealized heritabilities for segment 4 were close to those

predicted on the basis of adjusting for inbreeding. However, the he values
for IHP and ILP were considerably lower than the realized heritability
values. Falconer points out that actual heritabilities may be higher than pre-

dicted if dominanceor natural selection is important. In this experiment,se-

lection was always exerted for the characters for which heritability was

measured. Thus, one would expect realized heritability to be lower than pre-
dicted on the basis of inbreeding alone. However, inbreeding alone could ac-
count for the reductions in heritability noted in all four populations. The

better agreement between the predicted and realized heritabilities in the oil

strains maybe a result of 1) less environmental influence on percentoil or 2)

more completely additive genetic control of percent oil than of percent pro-

tein.

Table 14. Predicted heritabilities (ng) for generation 70 based on reduction in
heritability resulting from inbreeding andrealized heritability in segment 4.
 

 

 

Realized h?. 2
Strain he Segment 4

IHP .042 .149

ILP .037 * 090

IHO .084 .076

ILO 143 - 126
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Correlated Response

Oil and Protein

The phenotypic correlation between percent oil and percent protein in

the original population was only .019. Unless the genotypic correlation was

vastly different from the phenotypic, little change in percent oil would be
expected from selection for percent protein or in percent protein from selec-

tion for percent oil. However, Smith (1908) and Hopkins, Smith, and East

(1903) reported that divergent selection for percent protein had produced a

divergence in percentoil. Smith (1908) noted a trend for percent protein to
diverge in the oil populations. Dudley and Lambert (1969) foundthat in the
66th generation grown in 1966 and 1967, protein content in both IHO and

ILO was higher than in generation 0. ILP was lowerand IHPslightly higher

in percent oil than generation0.

The mean percentoil in the first 10 generations of IHP (4.89) was not

significantly different from that of the last 10 generations (4.92). By con-

trast, the mean percent oil of the first 10 generations of ILP (4.15) was

higher than the meanfor the last 10 generations (3.21) and lower than the
mean for the first 10 generations of IHP. The meansfor percent protein in

the last 10 generations of both IHO (13.7) and ILO (12.4) were higher than
in the first 10 generations (IHO = 11.4, ILO = 10.4). If a correlated response

existed in IHO and ILO it was overshadowed by environmental changes

which caused a general increasein protein level.

Significant positive phenotypic correlations between percent oil and

percent protein were obtained in ILP, RLP, and IHO (Table 15). Significant

negative correlations were obtained in ILO and RLO. Thesituation in the

oil strains is anomalous. If a true correlated response had occurred, the

Table 15. Simple and partial correlations over generations used to measurecorre-
lated response of percentoil and percent protein.
 

 

 

 

Characters ; Simple Partial
Correlated Population Correlation Correlationt

Adjusted % protein vs % oil: IHP .032
ILP .715**
RHP .458
RLP .842**

% protein vs % oil: IHO .601** .298*
ILO -.512** .206
RHO .056 -.034
RLO -.710** -.362

% oil THP vs ILP .148
% oil RHP vs RLP -.184
% protein IHO vs ILO .756**
% protein RHO vs RLO 825**

* and ** Significant at the .05 and .01 probability level, respectively. + Correlation between
protein and oil within the population holding percent protein constant in ILO for IHO,in IHO for
ILO, in RHOfor RLO and in RLO for RHO.
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correlations in IHO and ILO would have hadthe samesign. Correlations of
percent protein in IHO with percent protein in ILO andof percent protein
in RHO with percent protein in RLO were positive and highly significant,

suggesting that the variation in protein content among years was primarily

environmental in nature. Thepartial correlation of percent protein vs per-
cent oil in one oil strain, holding percent protein in the other constant
(Table 15), was significant only for IHO at the .05 probability level. Thus,

selection for percentoil hadlittle influence on percent protein.
Since percent oil and percent protein in IHP were not significantly

correlated and the difference in mean percent oil between the first and last
generations was small, selection for high protein had little effect on percent
oil. The reduced oil percent and highly significant correlation of percentoil
and protein in ILP and RLP indicate that selection for low protein hasre-

duced percent oil. The small nonsignificant correlations of percent oil in

IHP with percent oil in ILP and in RHP with RLP suggest that variation in
percentoil in the pairs of strains was notthe result of environmental effects

commonto particular years.
Although reduced percentoil in ILP (Table 4) could be due to chance

selection of low oil ears, most of the reduction occurred in the first and

third segments of the experiment whenrealized heritability for percent pro-

tein was highest (Table 8). The increase in percentoil in RLP also occurred

in the segment in which realized heritability was similar to that of the third

segment of ILP. The change in percent protein during the third segment of

of the experiment spanned approximately the same range in percent protein

as in the duration of selection in RLP. These results suggest that reducing

percent protein from 9 to 5% may have caused a reductionin percentoil.

Yield

The first data on yield in IHP, ILP, IHO, and ILO werereported by

Smith (1908) for the years 1903 to 1906. As an average of the 4 years, ILP

and ILO had nearly identical yields (Table 16) whereas yields of IHO and

IHP were lowerwith IHP having the lowest yields. Yields were also obtained

from 1918 to 1927 with ‘Reid’s Yellow Dent’ (RYD) included as a check

each year. Regression of mean yields of IHO, ILO, IHP, and ILP onyield of

RYD accounted for 84.3, 83.9, 84.6, and 67.7%, respectively, of the varia-

tion in yield of the selected strains. Thus, yields changedlittle from 1912 to

1927. However, the mean yields from 1912 to 1927 of IHP, ILP, IHO, and

ILO were 85.8, 85.7, 85.3, and 79.6%, respectively, of the 1903-1906 means

suggesting that yield of ILO had declined relative to the other strains. The

ranking of the strains for yield was unchanged.
The only critical comparisons of changesin yield as a result of selection

other than the 1912-1927 data are between 1949 and 1970-71. The double

cross, U. S. 13, had similar yields in both 1949 and 1971 (Table 16). Be-

cause the 1949 data came from the generation whenreverse selection was
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Table 16. Yield (bu/A) by years for the forward andreverse selected strains.
 

 

 

 

Year IHP ILP IHO ILO Check

1903 27.3 37.7 32.7 41.3

1904 32.1 55.5 41.9 40.5

1905 56.6 60.7 58.4 58.1

1906 65.1 73.2 66.3 83.2

Mean 45.3 56.8 49.8 55.8

1912 26.3 32.6 31.5 31.8 44.2*

1913 27.0 34.1 28.3 23.3 44.0*

1914 38.7 47.5 39.8 46.3 61.1*

1915 43.0 58.0 46.8 48.3 53.1*

1916 16.9 32.6 20.0 19.1 28.8*

1917 48.9 56.6 56.0 51.4 63.6*

1918 38.8 47.8 46.6 58.2 61.2*

1919 50.2 55.4 45.3 58.0 62.4

1920 55.8 70.1 63.2 65.0 76.4*

1921 39.8 57.8 47.7 48.3 62.5*

1922 46.3 52.5 51.6 56.7 69.7*

1923 48.5 52.6 52.6 51.3 65.7*

1924 37.8 38.2 41.4 39.0 52.5*

1925 30.5 47.5 27.5 32.4 46.1*

1926 33.5 44.8 36.1 37.1 59.5*

1927 40.7 51.2 45.6 44.4 59.7*

Mean 38.9 48.7 42.5 44.4 56.9*

1936 42.4 46.0 31.8 63.6 77.2

1941 58.0 70.5 53.2 71.6 ---

1949 51.0 56.0 55.0 56.0 106.0**

1970 32.0 55.4 45.3 27.3 ---

1971 33.1 54.6 38.9 30.4 112.4**

Mean (1970-71) 32.6 55.0 42.1 28.9 ---

RHP RLP RHO RLO

1970 55 71 45 58

1971 52.6 77.7 37.3 48.7

Mean 54.0 74.5 41.0 53.5

* Station Reid. ** U.S. 13.

initiated, effects of continued forward selection and reverse selection on

yield can be evaluated. Continued forward selection in IHP from 1949 to

1970 resulted in a 36% reduction in yield as percent protein changed from

19.3 to 26.6. In contrast RHP went from 19.3 to 8.5% protein with little

change in yield. Forward selection in ILP hadlittle effect on yield. In RLP

a 33% increase in yield occurred as percent protein increased from 4.9 to

9.6%. As mean oil percent in IHO increased from 15.4 to 16.6 yield de-
clined by 23%. However, a similar decline in yield occurred in RHO where
oil content was reduced to 8.8%. In ILO, yield decreased nearly 50% as oil
content declined from 1.01 to 0.4%. Selection in RLO hadlittle effect on

yield even thoughoil content increased to 2.4%.

Since the levels of inbreeding ofall the strains tested in 1970-71 were
similar (Table 13) it is apparent that extremealteration in chemical compo-
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sition of the grain affects yield independently of levels of inbreeding. An in-
crease in protein from 19 to 27% had a drastic effect on yield, yet decreasing
it from 19 to 8.5% had little effect. Comparison of yield of ILP and RHP

suggests that reducing percent protein from 8.5 to 4.9 had little effect.

However,the increased yield of RLP over ILP suggests that in ILP, reduction

in protein percent affected yield. Thus, for a range in protein from 4.9 to
9.0% the results were contradictory. In ILO, reduction of percent oil from
1.01 to 0.4% had a drastic effect on yield but increasing it to 2.4 in RLO
had little effect. The results from IHO and RHOare again contradictory.

Increasing percent oil from 15.4 to 16.6% and decreasing it to 8.8% both re-

sulted in a 25% reductionin yield.

Kernel Weight

Data presented by Hopkins (1899), unpublished data from 1934, and

data from 1962 to 1968 (Table 17) show that all four strains have suffered

reductions in kernel weight. However, the largest reductions occurred in

IHP and IHO. Even in 1899, Hopkins noted that kernel weight was greater
in ILO than in IHO. The general reduction in kernel weightin all strains can

be attributed to inbreeding depression. The differential reduction among

strains can be attributed to the effects of selection. If the data from 1934

are typical, changes in kernel weight occurred in different segments of the
experiment in the different strains. In ILP most of the reduction occurred
after 1934, in IHO and ILO most reduction occurred prior to 1934, and in

IHP reduction occurred in both phasesof the experiment.

Reverse selection increased kernel weight in RHP, RLP, and RHO

(Table 17). However, RLO showed a decrease in kernel weight compared

with ILO. Because the reverse strains have approximately the samelevel of
inbreeding as the regular strains, part of the decreased kernel weight in the
regular strains must be attributed to response to changes in chemical compo-

Table 17. One hundred kernel weights of nine strains at different stages in the

chemical experiment.
 

 

 

 

 

Year

Strain 1899* 1934 1962 to 1968 1972

g

IHP 37.2 22.2 17.6 13.7

ILP 33.7 31.4 25.0 20.3

IHO 34.5 20.2 20.2 15.0

ILO 42.0 34.4 34.6 34.3

RHP 22.4 18.3

RLP 34.1 29.7

RHO 24.0 19.0

RLO 30.3 27.7

SHO 21.0 16.0
 

* From Hopkins(1899).
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sition. RLP from 1962 to 1968 had approximately the same percent protein
as ILP in 1899 and kernel weights were nearly the same. However, RHP had
nearly the same percent protein in 1962-1968 as ILP in 1899 and kernel
weight was drastically less. Thus, changesin kernel weight in IHP have been
greater than can be accountedfor by changesin percent protein.

Most of the variation in yield among the protein strains can be ac-
counted for by differences in kernel weightif the average 100 kernel weights
from 1962 to 1968 are compared with the 1970-71 yields. Kernels of IHP
are lighter than those of ILP suggesting that selection for high percent pro-
tein reduced kernel weight. However, kernels of RLP were heavier than
those of ILP. In addition, despite similar levels of protein, kernels of RLP
were heavier than those of RHP, again suggesting that selection in IHP has
reduced kernel weight more than can be accounted for by changesin percent
protein alone. The results from RLP suggest that extremely low percent pro-
tein also hasresulted in reduced kernel weight.

Except for ILO, differences in yield amongthe oil strains and between
the oil and protein strains are associated with kernel weight. The yield of
ILO in 1970 was much lower than expected based on kernel weight.

Ear Length and Kernel Row Number

Data on ear length and row numberareavailable only from 1905,
1906, 1946, and 1961 (Table 18). Ear length decreased in IHP, ILP, IHO,
and ILO from 1905-06 to 1961 by from 1.5 to 3.5 cm (0.6 to 1.4 inches).
In IHO and ILO,most of the reduction in ear length occurred prior to 1946.
Number of kernel rows changedlittle from 1905-06 to 1961. However, the
populations differed in row numberwith IHO having the most rows and ILO
the least. This difference was established at least as early as 1905, as noted
by Davenport and Reitz (1907).

Maturity and Plant Height

After 48 generations of selection, IHO wasthe earliest and shortest of
the 4 original strains; IHP and ILP were intermediate in maturity andheight,

Table 18. Length of ear and numberof kernel rowsin the forward selected strains
at different stages of the selection experiment.
 
 

 

Year IHP ILP IHO ILO

Ear length, cm

1905-6 19 21 18 20
1946 17 19 16 18
1961 16 18 17 18

Rownumber
1905-6 13.7 14.4 15.2 13.0
1946 13.4 13.8 14.9 14.0
1961 13.0 14.4 15.6 12.0
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Table 19. Maturity and plant height data (expressed as percent of U.S. 13) in gen-

erations 48 and 70.
 
 

 

 

 

Maturity Plant height

Gen. 48 Gen. 70 Gen. 48 Gen. 70

THP 106 105 77 - 70
RHP 105 83

ILP 101 108 85 80

RLP 106 91

IHO 90 96 67 64

RHO 99 65

SHO 95 66

ILO 112 115 98 82

RLO 116 80

U.S. 13 68* 81* 268(cm) 223(cm)

 

* Maturity in Gen. 48 measured as days from planting to half-silk, in Gen. 70 as daysto full silk.

whereas ILO wasthelatest and tallest strain (Woodworthetal., 1952). Data

from the 70th generation (Table 19) show that this ranking for maturity has

not changed in the last 22 generations. However, ILP plants were similar in

height to ILO plants. :

Reverse selection hadlittle effect on maturity (Table 19) in any of the

strains and little effect on height in RHO, SHO, or RLO. However, both

RLP and RHPweretaller than the strains from which they originated. These

differences resulted from approximately equal increases in height of RHP

and RLP and a reductionin height of IHP and ILP. Weoffer no explanation

for these shifts. Correlation of height with protein percentage should have

resulted in change in opposite directions in RLP and RHP. Both RHP and

RLP now haveprotein percentages near the mean of the original population.

If there is an optimum protein percentage for maximum plant height, then

selection toward the optimum from either direction could result in increased

height. The reduction in height of IHP, ILP, ILO, and RLO could bethere-

sult of inbreeding depression. However,levels of inbreeding in these strains

are similar to those in IHO, RHO, and SHO which showednoreduction.

Componentsof Percent Oil

Percent oil in the kernel is a function of percent germ and percentoil in

the germ since very little oil is present in the endosperm (Hopkinsetal.,

1903; Curtis, Leng, and Hageman, 1968). Percent germ is determined by

weight of germ and weight of the kernel. By plotting all the available data

(Table 20) on percent germ,percentoil in the germ, weight per 100 kernels,

and weight per 100 germsagainst percentoil, a clear picture of the effects of

selection for percentoil on its components emerges(Fig. 5).

Over the entire range of values, percent germ increased linearly at a

constant rate as percent oil increased. Selection for high oil increased per-

cent oil at a rate whichparalleled the increase in percent germ. Theincrease

in percent germ accompanyingselection for high oil resulted first from an
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Table 20. Percent oil, percent germ, percent oil in the germ, weight/100 kernels,
and weight/100 germs for different generations in Illinois High Oil, [linois Low
Oil, Reverse High Oil, and Reverse Low Oil.*
 

 

 

 

. % Oil % 100 100
Population Year Kernel Germ Germ Reine derms

IHO 1964 16.4 56.2 29.0 17.4 5.06
IHO 1960 14.6 49.5 28.3
IHO 1949 14.4 50.8 25.1
IHO 1945 13.0 --- 22.3
IHO 1936 11.6 44.4 19.8 21.8 4.06

RHO 1960 10.0 46.3 21.0
RHO 1964 9.1 49.0 18.3 18.1 3.33
IHO 1902 7.0 41.8 13.8
{HO 1898 6.3 --- 13.0 30.5 3.9
ILO 1898 3.4 -- 8.7 35.5 3.1

ILO 1902 2.5 24.8 7.7
RLO 1964 2.3 25.2 7.9 28.7 2.28
RLO 1960 1.8 24.4 7.4
ILO 1945 1.4 - 7.0
ILO 1936 1.2 11.4 7.9 31.0 2.30
ILO 1949 1.1 11.6 6.4
ILO 1964 0.8 10.3 5.5 29.8 1.63
ILO 1960 0.6 8.5 7.5
 

1902 data from Hopkins (1903); 1945 data from Schneider, Earley, and De Turk (1952); 1964 data
from Curtis et al. (1968); 1898 data from Hopkins (1899); 1936, 1949, and 1960 data previously un-
published.
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Figure 5. Graphicalrelationships of percent oil in the kernel with percentoil in the
germ, percent germ, g/100 kernels, and g/100 germs. Data taken from Table 20.
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overall reduction in kernel size which began after percent oil reached 6.3.

Between 6.3 and 9.1% oil, weight of germ remained constant. Above 9.1%,

weight of germ increased and the rate of decrease in kernel weights wasre-

duced. Increased oil percent occurred in three stages. Initially, up to ap-

proximately 7% oil, the increase resulted primarily from an increase in per-

cent oil in the germ. From 7 to 9.1%, percentoil in the germ continued to

increase but percent germ also increased as a result of an overall decrease in

kernel weight. Above 9.1%, percent oil in the germ, percent germ, and

weight of germ increased while kernel weight continued to decrease.

Selection for low oil had little effect on kernel size. Most of the reduc-

tion in percent germ resulted from a decrease in weight of germ. Thepri-

mary effect of selection for low oil was reductionin percent oil in the germ.

To the extent that kernel weight affects yield, the point at which in-

creased percent oil causes a significant reduction in kernel weight becomes

critical. From the data in Fig. 5, this value appears to be between 6.2 and

9.1% oil. Unpublished data from our laboratory, comparing percent oil and

kernel weight for nine cycles of selection for high oil in each of two synthet-

tics over a range from 5.2 to 9.8% oil anda period of 3 years show a negative

linear relationship between kernel weight and percent oil above 7.0% oil.

Significant decreases in yield occurred above 8.0% oil in both synthetics.

The negative relationship between kernel weight and percent oil re-

ported here differs from the results reported by Alexander and Seif (1963)

whofound nonsignificant correlations between kernel weight and percent oil

in two synthetics. However, the ranges in their synthetics were from 4.2 to

9.5 and 3.1 to 6.3% oil. Thus, most of their material fell in the range in

whichselection for increasedoil had little effect on kernel weight.

Componentsof Percent Protein

Unlike oil, protein is a major component of both the germ and endo-

sperm. A comparison of IHP and ILP in 1947 (Table 21) shows that the

lower percent protein in ILP resulted from a major reduction in percent pro-

tein in the endosperm,a reduction in percent germ,and a small reduction in

percent protein in the germ. The reduction in percent germ was dueentirely

to higher endosperm weight in ILP. Weight per 100 germs was not different.

Comparisons of IHP in 1902, 1945, and 1947 suggest that the differ-

ences in whole kernel protein between 14.4 and 20.4% resulted almost en-

tirely from differences in percent protein in the endosperm (Table 21). The

differences in percent germ between 6.6% (ILP, 1945 and 1947) and 17.0%

protein (IHP, 1945) wereas large as for 6.6 and 20.4% (IHP, 1947). Differ-

ences in percent protein in the germ between 6.6 and 14.4% whole kernel

protein were as large as for 20.4 and 6.6% whole kernel protein. Thus, per-

cent germ may have been oneofthe first componentsaltered as percent pro-

tein diverged, followed by increased percent protein in the endosperm.
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Table 21. Percent germ; weight of germs, kernels, and endosperms; and percent
protein in kernel, endosperm, and germ in Illinois High Protein and Illinois Low

 
 

 

 

 

 

Protein.

IHP ILP

1902* 1945* 1947+ 1902 1945 1947

% germ 11.4 12.7 12.7 9.3 8.4 8.9
g/100 germs 2.45 2.65
g/100 kernels 19.2 29.6
g/100 endosperms 14.7 22.9
% protein: Kernel 14.4 17.0 20.4 6.7 6.6 6.6

Germ 21.2 20.4 22.0 18.0 17.9 17.9
Endosperm 13.8 17.9 21.4 5.7 5.6 5.3

* From Schneideretal. (1952). t From Watson (1949).

Other Long-Term Selection Experiments

Falconer (1960) summarizedtheresults of long-term two-wayselection
experiments in Drosophila and mice. In general, response continued for 20
to 30 generations and the total range was 10 to 20 timestheoriginal pheno-
typic standard deviation (op) or 15 to 30 times the square rootof the addi-
tive variance (0A) in the original population. A morerecent report (Wilson
et al., 1971) covering 84 generationsofselection for high body weightin the
mouse showedprogress through approximately 35 generations. Total re-
sponse (one direction only) was approximately seven times the original
phenotypic standard deviation.

Jones, Frankham,and Barker (1968) in contrast with most other long-
term selection experiments found progressstill continuing at the end of 50
generations of selection for bristle number in Drosophila. Response varied
with population size andselection intensity.

Falconer (1971) reported two-way selection for litter size in mice. In
his population, plateaus were reached after 20 generations in the low line
and 35 in the highline. Total response was only 1.8 op or 3.8 OA.

In nearly all cases of long-term selection reported to date, the popula-
tions studied have plateaued, response has been asymmetrical, andreverse se-
lection effective.

The results from long-term selection for percent oil and percent protein
in maize are similar to the results in laboratory animals in that selection was
effective in both high and low directions and reverse selection produced
more rapid changes than continued forward selection. A unique feature
with maize was the continued response in both directions for the entire
duration of the experiment. In addition, observed asymmetry of response
can be accounted for by either differences in selection differential, changes
in the selection procedure, or changesin culturalpractices.

The total range (i.e., the difference between high and low lines at the
last generation reported) is expressed in Table 22 in terms of the original
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Table 22. Total range as percent of mean and multiple of Op or 0A.

 
 

Total Range

 

Strains Compared % Mean [op [Oa

IHP vs ILP 192 20 21
IHP vs RHP 100 12
ILP vs RLP 117 1
IHQ vs ILO 332 37 *
IHO vs RHO 52 7
ILO vs RLO 233 12
 

mean, op and oA. Forpercent protein the value of 20 op is similar to that

reported by Falconer (1960) for abdominal bristles in Drosophila. However,

for percent oil the range of 37 op and 43 GA are larger than any values

found in the literature as is the value of 332% of the original mean. The

total ranges of reverse selection in RHP and RLP of 12 and 11 op, respec-

tively, are quite similar despite the fact that realized heritability in RHP was

greater than in RLP.
The long period of continued response to selection, despite relatively

high amounts of accumulated inbreeding, contrasts sharply with the results

from animal experiments. This difference may result from the traits selected

being percentages rather than absolute values. In addition, they are storage

products which apparently havelittle survival value to the organism.

SUMMARY

After 70 generations of selection, means of the selected characterin theIIli-

nois high protein (HP), low protein (ILP), high oil (IHO), and low oil (ILO)strains

were 215, 23, 341 and 14%,respectively, of the means of the original population

(10.9% protein, 4.7% oil). Reverse selection, initiated after 48 generations of for-

ward selection, waseffective in all 4 strains. The meansofreverse high protein and

reverse low protein were equal after 20 generations.

Effects of changes in breeding procedure and cultural practices were evalu-

ated by dividing the experimentinto four segments: 1) generations0 to 9, with se-

lection based only on chemical composition; 2) generations 10 to 25, whereselec-

tion for yield was imposed; 3) generations 26 to 53 in IHP and ILP and 26 to 59 in

IHO and ILO with intrastrain crossing and noselection for yield; and 4) the remain-

ing generations with the breeding procedure unchanged but nitrogen fertilizer

added to the plots. Selection for yield drastically reduced progress in both IHP and

ILP. The addition of nitrogen fertilizer accelerated progress in IHP..

Realized heritability values were significantly different from zero in all seg-

ments of all forward and reverse strains except the last segment of RHO. Addi-

tional evidence that selection has not exhausted genetic variation comes from com-

parisons of the last six generations of IHP, ILP, IHO, ILO, and RHPgrownin 19 70

and 1971 where significant differences among generations were found, and from

significant estimates of genetic variation among half-sib families of the 65th genera-

tion.

Correlated response between oil and protein percent was found only in ILP in

which a reduction in protein to 4.5% was accompanied by a significant reduction in

oil percent. Protein percent increased in both IHO and ILO as

a

result of increased

soil fertility.
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Selection for chemical composition caused a marked change in kernel weight
and phenotype amongstrains. Kernels of IHP and IHO are small and vitreous with

those of IHP being the smaller. In contrast, kernels of ILO and ILP are larger with

with a high percentage of soft starch. Kernels of ILO are the largest of any of the

strains.

Yields of IHP, ILP, IHO, and ILO averaged 2,062; 3,454; 2,627; and

1,921 kg/ha (33, 55, 42, and 29 bu/acre), respectively, in 1970-71. Yields of the

reverse strains were higher than the regular except for reverse high oil. Although

comparisons of these yields with those from earlier generations are notcritical be-

cause of changesin cultural practices, IHP, since 1903, was consistently the lowest

yielding strain while ILP wasusually the highest.

Selection for percent oil consistently altered percent germ in the kernel and
percent oil in the germ. In contrast, selection for percent protein altered percent
protein in the endosperm and,to a lesser degree, percent germ in the kernel.

The results of this experiment provide a vivid demonstration of the effective-
ness of mild selection and recombination. In 70 generations, only about 6,000 ears

have been analyzed per strain. The meansof IHP, ILP, IHO, and ILO are now 12,

8, 27, and 10 S. D., respectively, beyond the mean ofthe original population. If
6,000 ears had been analyzed in the original population, the most extremeear ex-
pected would have been 3.8 S. D. from the mean.
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