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CONVERGENT IMPROVEMENT
IN CORN'
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INTRODUCTION

The determination of the cause of hybrid vigor is a fundamental
problem in practical corn breeding. The major programs of corn
& ymprovement in the United States to-day invelve the isolation of
" more or less homozygous lines through selection and self-fertilization
8s the first step. At present these inbred lines must be crossed into
«= verious hybrid combinations for commercial utilization. The extent
9 to which better inbred lines can be obtained and also the possibility
&2 of obtaining high-yielding homozygous lines depend upon just what is
< the cause of hybrid vigor. .
ca _ There are two major hypotheses as to the cause of hybrid vigor.
One of these assumes the existence of an unexplained physiologic
¢> stimulation resulting from the mere fact of heterozygosis; it hoﬁ]ls
== thaf there is some kind of physiclogie stimulation attributable to the
fact that the gametes are unlike. The other hypothesis attributes
hybrid vigor to the combined action of dominant favorable genes
coming from the two parents.
The development of these theories and the experimental evidence
upon whick they are based have been reviewed so frequently and so.
adequately (I, 2, 3, 5, 8) that further review here seems unnecessary.
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So far as the writers are aware, either hypothesis fits all of the ob-
gerved facts addueed from many careful experiments on inbreeding
and outbreeding. This is true because in these experiments a change
in heterozygosis provided & corresponding change in the opportunity
for the action of dominant favorabf:a genes. The dominant-favorable-
gene hypothesis, however, is in agreement also with the interaction of
genes sis observed in extensive, detailed genetic investigations. Con-
sequently, the consensus of opinion smong geneticists supports the
dominant-favorable-gene hypothesis, with the reservation that physi-
ologic stimulation from heterozygosis, too, may play some part, or at
least that the existence of such stimulation has not been disproved.

A possible means of distinguishing between these two hypotheses
experimentally was suggested, from theoretical considerstions, in a
previous paper (7). Itis desired in the present paper to review briefly
the theory of convergent improvement and to present such experimen-
tal data as have been accumulated.

Convergent improvement consists of & more or less definite system
of crossing, back pellinating, and selfing, sll accompanied by selection,
in an effort to improve ipbred lines of corn without interfering with
their behavior in hybrid combination. It seeks to do this by bringing
abount the convergence of the favorable dominant genes from two or
more inbred lines into a single stream of germ plasm.

. Regarding yield as the measure of vigor, the theoretical basis for
gonvergent improvement assumes that—

{1} Selfed lines that combine inte a high-yielding cross carry,
together, the important dominant genes necessary for increased yield,
and are alike for such necessary genes as are recessive.

(2) The excess yield of & cross above that of one parent may be
gttributed to the dominant favorable genes received from the other
parenst. .

(3) Back pollinating & cross, as N XR, to one of the homozygous
parents, ac R, in several successive generations, without selection and
in the absence of linkage, will recover the genotype of the recurrent
parent, R, according o the series ¥, ¥, %, ete. :

(4) Selection of only the more vigorous, productive plants during
the period of successive back pollination will retain some of the domi-
nant favorable N genes, which will be present in the heterozygous
condition, however, as long as back pollinating to R is continued.

(5) Selection within selfed lines after back pollinating will produce
& line homozygous for the dominant R and some of the dominant N
genes, This recovered line may be designated B (N'). It should
vield more than R because of the added dominant favorable (N’)

enes, and should behave the same as R in crosses with N, as only the
gominant genes would be expressed in the heterozygous condition.

{8) Two reciprocally recovered lines R (N'} and N (R’) would differ

_in fewer dominant genes than the parental lines N and R. By repeat-
ing the breeding program, using these recovered lines es foundafion
stock, therefore, further increments could be added reciprocally, bring-
ing about & gradual convergence of the dominant favorable genes from
N and R into a single strain.

Briefly stated, then, convergent improvement involves the recip-
rocal addition to each of two homozygous selfed lines that combine
to produce a high-yielding cross of those dominant favorable genes
which one lino lacks, but which are carried by the other, by (1) crossing
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the two lines, (2) back pollinating to one line through each of several
generations fo recover the dominant genotype of that line, (3) at the
same time practicing selection to retain favorable dominant genes
- entering the cross from the nonrecurrent parent, (4) selecting within

gelfed lines to fix the added genes in the }Lomozygous condition, (5)
performing these operations in parellel with each of the original lines
8s the recurrent parent, and (6) repeating the operation to achieve
further improvement, using the recovered lines in place of the original
parent lines as foundation stocks.

Success in such a program is possible only if the interaction of
dominant favorable genes is the cause of hybrid vigor. Under this
- hypothesis, moreover, a cross between R (N') and N (R’) should be
ag productive as, or more productive than, the cross batween R and
N Under the hypothesis of physiologic stimulation, on the other
hand, crosses between these recovered lines would be expected to yield
less than those between the original parents. This follows from the
fact that the recovered lines would be more nearly like each other and
crosses between them consequently would be less heterozygous.
Agreement of experimental results with one of these different expec-
tﬁt.ioqs accordingly should differentiate critically between the two
theories.

Yield data are reported here bearing on the effects (1) of back
pollinating to a recurrent parent for different numbers of successive
generations, and (2) of crossing such lines, back pollinated for different
numbers of generations, with the nonrecurrent parent or with s recip-
rocelly back-pollinated line. Before proceeding with the data, it is
desirable to discuss briefly the breeding program from which the
stocks were dertved,

THE BREEDING PROGRAM

Most of the inbred lines used as foundation stocks were selected
from varieties adapted to Corn Belt conditions. The lines of C. L+
No. 227 (a strain of a Bloody Butcher type from China) and of C. I. No.
228 (Lancaster Surecrop) were selected at the Arlington Experiment
Farm, in Virginia. The line of C. I. No. 540 was obtained from H.
A. Wellace, Des Moines, Towsa, and the lines of C. 1. No. 549 were
ohtained from J. R. Holbert, Bloomington, I1l. Selection of the lines
oi C. L. No. 201 (Delta Prolific) was begun in Avkansas and has been
continued at the Arlington Experiment Farin.

It is unnecessary to give detailed yields of the F, crosses used.
They are all two or more times as productive as the parent inbreds,
thus evidencing an abundance of hybrid vigor. F, crosses and
double crosses nvolving the parent inbreds also have produced high
absolute yields. One double cross was second among the hybrid
entries in the Ames district of the Iowa State Corn Yield Test in 1928,
producing 11 bushels per acre more than the best opep-pollinated
variety. Another double cross was first in the same distriet in 1929,
yielding 9 bushels per acre more than the best open-pollinated variety.
Several of the foundation ¥, crosses yield practically as much as these
double crosses, and the rest are only slightly less productive. It is
obvious, therefore, that reasonably good germ plasm is carried b the
breeding siocks,

4 Aeeession number of the Divisivn of Corosl Crops and Disenses, formerly Offica of Cereal Investigatlona,

’
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SELECTION IN BACE.-POLLINATED LINES

In beginning selection in back-pollinated lines, from 2 o 5F, pleats
have been pollinated with pollen of the recurrent parent. From 40
to 100 plants have been grown from the seed so produced and the
beiter of these have been back pollinated. The seed from what.
appeared at harvest to be the best of these plants then was planted
in ear-to-row progenies, back pollinating and selecting being continued
within and between these progemies. From 18 to 25 plants have
been grown in the progeny rows, depending upen the number of
progenies to be grown and the Jand available,

Most of the pollinating has been controlled by hand. In oneseascn
it was possible to have several isolated plots. Each of these was
vtilized for one recurrent parent line, the back-pollinated progenies
being grown in two of every three rows and detasseled. This practice
eliminates the preliminary selection ordinarily made during hand
pollinating unless this selection is made & specisal task. In the present
experiments, where the number of progenies back pollinated to any one
recurrent psrent was relatively sma%, the use of isolated plots did
not add much to the efficiency of operation. If many progenies were
being back pollinated to one recurrent parent, isolated plots would
be helpful.

‘The specific crosses and the recurrent parents being used in the
convergent-improvement program st the Arlington Farm are shown
in Table 1. The number of progenies grown in esch breeding line in
each generation through 1930 is also shown. A relatively large num-
ber of lines was used in order to provide generality of experience.
This fact, together with adverse seasonal conditicns during three
years of the experiments, has kept the possibilities of selection within
the individusal lines below what seems desirable.

Tarrs 1.—Pedigrees of siecks in the program of convergeni improvement

Number of progenies grown in stated
generntion of—

Pedigree No. Back pollinating I Selfing

2 3 4

o B O B £ B e 1 T

549-A~810X227-2-85
515-B-510x227-2-35
227-1-84X207-3-54

...... e fmrmuoammmssmmmmmmamro—raAsEasemme

5494 -8 HIX 227-3-56.
B40-B-310X227-3-87.
227-1-54 X 227-4-4
227-2-84 X B27T—4-54d
227-1-§4 X 227-6-24
207-2-84X22i-6-84..
e Bk B et By S A — v aaeiam . mmaman

M B e S G b G € G B R G et GG EA G aka b3 s BRI LD b ER
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© ¢ TABLE 1.—-—Pedz'grees of stocks in the program of convergeni improvement.—Contd.

Number of progenies grown in stated.
generation 0£~—_-_

Fedigree No, " Bock poltlinatng - Relfing

112 3

Broomn
=

Wb PRI G D A1 O O b T OO b ] O O T b B L B Q0 G

. 540~
H0-A-S100225-4 3-07.
S40-B-S10X 2284857 ...

BB-A-SMNE29R-5-5-87_
S4G-D-S100 278 8-5-97.
201-C-S0201-4-57
20L-H-89X201-A-87,
20i-C-S8X 201-B-58
201~-F-24X 261-B-56...
201-EF-S8X 201-B-86.
201-A-B7X 201-C-50
201-B-563 201-C-59
201-F-E9x201-0-80.
201-H-39X 261-0-89_____.
201~-E-511 X 20i-E-87
201-B-86 X 201-F-89_..
201-C-56% 201-F-59. ...

20%-A-S7 2201 -H-50_

B3 1 i 1 3 3 1 i b <1 0 G L1 €43 bt S RGN0 bt g 61 45 b £ 1 83 13 B3 £ 69

f
!

1 RI DS e 1D BT RS BD 1D B bt B3 L0 B3 B0 B RS 1 pe G 80 i 15 B B 13 00 B b 1 e D 0 D3 B3 1t

HH-F-S6X20L-H-59

|

GREENHOUSE SELECTTON

In order to advance the breeding program sas rapidly &s possible,
a ¢rop has been grown in the greenhouse each winter. The greenhouse
crops were restricted chiefly to material being back pollinated for the
first or second time, though & few progenies further advanced were
also grown. Except for minor differences, the F; plants would be
expected fo be slike genetically, providing no opportunity for selec-
tion. Genetic differences would become apparent emong the plants
in the lines back pollinated once and among the progenies and plants
in the lines back poiiinated two or more times.

Selection among plants in the greenhouse was attempted by planting
25 seeds of a progeny 2 inches apart and thinning out the poorer seed-
lings as they became apparent, until only the 4 or 5 best plants
remained. Seed from zll the pollinated ears that eould be obtained
from these selected plents then would be planted in the field the next
season. Generally no attempt was made to select among progenies
except in the field, either all or none of the ears of a certain line of
breeding being carried forward in the greenhouse.

. Selection was made once among progenies, however, by the {ollow-
ing method. Seed from the available ears was planted in sand on 8
slowly rotating table, 17 seeds from each ear to s row. The seedlings
were measured shortly asfter emergence amd again 11 days later.
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Differences in the growth increments were ‘sssumed to be due to
differences in inherent vigor. An experiment planned to verify both
this and the efficeey of plant selection within the progenies could not

FIGURE }.—Motor-drivan roteting teble for growing corn seedlings under conditions of uniform
light and temprrature
be completed because of failure to obtain the necessary seed. Obser-
vation of the mature plants, however, showed that the seedling
differences persisted through the immediste generation. Kyle's {6)

FrauRE 2—Appearcucn of sgedlings grown on rotating toble, showing krrongement

results, moreover, have shown that similar differences found in the
field carried into the next filial generation. The appearance of the
seedlings on the rotating table ie shown in Figures I and 2, and that
of the greenhouse crop of 1929-30 is shown in Figure 3.
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EXPERIMENTS ON BACK POLLINATING AND RECROSSING

In the original discussion of convergent improvement (7}, it was
estimated that six generations of back pollinating might be adequate
for recovering that parb of the recurrent parent genotype important
for practical corn tmprovement. It was recognized, however, that
any relisble estimate of the number of generations necessary would
have to wait on the accumulation of experimentel dats. Experiments
were conducted in 1929 end 1930 to provide evidence on this question
spd on the question of how long back pollinating could be continued
without losing too many of the favorable genes coming in from the
nonrecurrent parent. ‘The councepis hack of these experiments wers
(1) that back pollinating could be continued as long a3 the plants were

FiaUse #.—Covp broeding stocks produced {p the greonhouse during the winter of 100%-4p

appreciably superior to the recurrent parent, and {2} that back
pollinating must be continued until the cross between a back-polli-
nated line and the nonrecurrent perent yielded spproximately
equally with the cross between the original recurrent and nonrecurrent
parents. FEquality of the original cross with a cross between recov-
ered lines obtained by back pollinating to both parents would be
equivalent evidence of sufficieney of back pollination.

The system of pedigrees used in the breeding program is illustrated
in Table 2. The foundation F; cross is in parentheses, with the
recurrent psrent last, regardless of the direction in which the cvoss
was made. The numerals followin g and separated by dashes indicate
generations of back pollinating to the recurrent parent. Crosses
recorded. without parentheses are shown as made, the pistillats parent
being written first, Where the particular pedigree is unimportant, s
generalized pedigree is used. ‘The exponent of the recurrent parent

“
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shows the number of times that parent has been nsed. Thus, (6—5X
4-8% Is the cross (6—5X4-8) back pollinated once to parent line 4-8,
whereas (6-5X4-8%) is the same cross back pollinated three times te
4-8. A more generalized form of the same system is used to indicate
the generation of operation where the particular cross is of no impor-
tance. Here the letters N and R indicate the nonrecurrent and the
recurrent parent. The letter S indicates the beginning of selfing, or,
with & subseript, the number of selfed genecations,

Tasre 2.—Designalions uzed in convergent improvement experimenis

- . N

} Pedigres

Genoration H Operation l
General

Specifie examples

NXR, RXN, or Fr....| 8-5X4-8, or 4-8X6-5 .. \ : -
(NXEY (G-5X4-8) X4-8 j (B-5X4-8)-1.
(N3CR3) (6-53K4-8) X 4-8) a8 ! A (5-5%4-8)-1-1.

i gaxag-12
(NXIY {6-5X4-B) X 4-8; X4-8; X1-8

| 5%

(NXRHS P-4 MO WAR; WS, B  {-GX4-898. .

! S a .
(NXRGE: i (6-5X4-9) X4-8; X485, X4-5; )8, X5 (A-5X4-898a. . {(6-5X4-8)-1-2-1-51-1.

GROWING SEED FOR THE EXPERIMENTS

In preparation for yield comparisons in 1930, seed was grown in
1928 to represent the various generations completed. FEight back-
pollinated })ines were chosen for which remnant seed of the preced'mg

enerations was available. Each generation of each line was plante
%etween rows of the recurrent and of the nonrecurrent parent. The
recurrent parvent was pollinated with pollen of the different genera-
tions of the back-pollinated line. This advanced each lot one
generstion and provided seed representing succezsive generations of
back pollinating. As all this seed was produced on plants of the
inbre(f recurrent. parent, any material systematic variation in seed
size was avoided. Similarly, the nonrecurrent parent was pollinated
by the different generations of the back-pollir;:ted line to obtain seed
representing crossing with the nonrecurrent parent affer successive
generations of back pollinating to the recurrent parent. Here, all
of the seed was produced on plants of the inbred nonrecurrent parent.
Where reciprocally back-pollinated lines were available, crosses were
made between them in the various generations, The following dia-

am shows the plan of E]anting for producing seed of 4-8X6-5
Efmk pollinated to 4-8 and to 6-5, and seed of the crosses between
the reciprocally back-pollinated lines.




6-5
bt
48 6-5, F,
x
-8
b-5
X
{48 6-5)-25
X
£5

X
(65X 48 ~23
X

6-5

65 4-8
4-8 65

b
{4-8 ¥ 6-5)-1-3-2
X

45
-5

X X
{{;(—5 X 4-8}-1-1-3-1 J Ky (-8 X E-5)-1-3-2-1
X

6-5
-8

X _
(6-53¢ 4—8)-1-1-83-1-1
X
65

ot
(6~5X 4+-8}—~1~1-3
X

6~5

-8 6-3

X X
(6-53<4-8)-1-1 {4-8X6-5-1-3
hod >

4-8 1

METHODS OF COMPARING YLELDS

Weather conditions were exceedingly unfavorable following emer-
gence of the seedlings in 1929. Growth was slow, and the stand,
originally good, was decimated by the southern corn rootworm,

eavy rain on June 21 flooded the field and caused further damage.
As a result of these conditions it was impossible to obtain seed of all
the combinations or as much seed as was desired.

Seed wes obtained in quantities for what seemed adequate replica-
tion in several different hines of breeding. This was planted in 1930,
and the plants emerged to a good stand only to meet the serious
drought of that summer. Where the soil was not too sandy, reason-
able growth was made in spite of the drought. The corn on the
sandy spots was a total loss. As these spots oceurred at more or less
frequent intervals over the field used for the comparisons, they elimi-
nated some of the experiments entirely and some of the replications
in other experiments. Inasmuch as the individual replications were
smell and each was a unit in itself, however, it was possible to obtain
results for several comparisons that seem reliable within the limits of
their errors. The present discussion is confined to these.

The plan of planting to compare the effects of successive generations
of back pollinating is shown in Table 3. Each pedigree represents a
13-hill single-row plot of the kind stated. Excess seeds were planted
and the plot was thinned to a final stand of three plants per hill.
The arrangement was such that, beginning with the most vigorous
material, the ¥, cross, the inbreeding of the successive plots increased
to that represented by the selfed recurrent parent and then decreased
again to the ¥;. In the second series of 13-hill rows the order was the

! Useil In pizce of (-5%4-8)-1 and (-5 4-H}-1, of which no .'aeed was avallahle.
67001—31——2
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reverse of 'thi's, and the third series was similar to the ﬁrsﬁ.. For

the; particular experiment shown in Figure 5 there were eight replica-

. tions, but for most of the comparisons seed was available for only six.

TanLe 3.—Planting arrangement in three series (;f 18-hill rows a}{ corn with three
plants per hill, for comparison of successive generations of back pollinating

" SGerles 1 Series 3

B-3X540 Fy | 65 Ba - --| 6-5X540 F1,

6-5X (540X 6-5) .. G52 (540551 65X {520X8-5),

-5 (65T __ i gli¥ s (HDXG—&?.

65 (5H0X6-5% 6-53 (GA006-59),

B-B (B0 BB i =52 (640 46-5) -5 {540 6-51),
E-5X0 Ty 6-5 Su.

-5 8. .

&5 B ceu| B=6XE40 Fy --| 65 84,

§-5X (500-59) -5 (5408 5)_. 6-5X{5A0X(B-54.

= s—sxfmxs-w.

B-5X {5403¢6-57) .

| 6-5X(540X6-61) = B-5X {640 XE-5).

8-5 Sy 6-5X540 Fr.

B=5X . 65 S ——— .

HX} -5 (540659

6-5X (0% 6-54) 3

5—5X(540><Hz;

0_.

85 8

The plan of planting for comparing crosses of the nonrecurrent
parent with the successively back-pollinated lines was entirely simuar.
Both of these arrangements minimized competition by placing together
the generations most nearly alike. Guard rows of the F; crosses or
of the selfed parents bordered similar rows where these occurred on
the outside. Stends were nearly perfect. The writers do not believe
that competition influenced the yields materially in these experiments,
either when inequalities occurred because of the differences in the
vigor of adjacent plots or because of the very minor differences in

stand which existed. _
EXPERIMENTAL DATA

The yields presented are the mean air-dry weights of ear corn from
the number of replications stated. Except for the two cases noted,
they are based only on complete replications. The product of three
or more replications of each experiment was dried in » steam-heated
room, the percentages of shrinkage calculated, and the yields of the
other replications computed to air-dry weights from these data,

The probable errors for the individual experiments were determined
through the analysis of variance as suggested by Fisher (4). The
net varisnce for any generation, however, was maintzined in the
same ratio to the net variance for the experiment as the total variance
for that generation bore to the total variance for the experiment.
This was done because of the large differences in yield and variability
of the different generations. The probable errors reported for the
means of the corresponding generations in similar experiments are
besed on weighted averages of the variances in those experiments.

" Thet is, the different experiments are not treated as replications,

but their yields and errors are averaged only to provide & more
convenient basis for discussing the experiments as & whole. It is
believed that the results in the different experiments are enough alike
to warrant this simplified consideration,

The yields of the I, crosses suceessively back pollinated for different

- numbers of generations to one parent and the yield of that parent ere

shown in Table 4. The number of replications ranged from four to
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_.seven. The two cases in which one géneration was not represented

‘i el} replications are indiceted by references to footnotes 1 and 2.
‘The probable errors in the different: experivients and generations
probably differ no more. than should be expected. Their averages
for the different generations range from about 4 to about 5 per cent.

. TasrLp 4-—Plot yielde of F'; corn crosses successively back pollinaled io one parent
For different numberg of generaiions, and of thal parent

Yialds for desinated generation and for parent
Paroaf stogks [ Rep- .
(N and R), | lica- |
i ber tions | RXN, Fs
’ *

BX BX 1 BRX R¥ RX By R {se}fed)
(NXR) | (NXRY [(NXRY [{(NXES| @TXRS | (NXRY i

t
Num-,
ber | Pounds | Poustds | Peunds | Pounds | Pounde | Pounds : Paynds
&40-4 pnd 4-5_... 4 83, 240, 8012 4-0. 95/ 7. L8118, 540 144, 940, 48
3 .57 &, &, S L 328, 6= L - 14,330, 13

<4110, 84 . 33{8. 8 . 5. 5= .22
WA 7. » 2015, 0= L &

i B L2318, 2T
121 5= . 78113, 6= - 63} 8.0k 346, 8- .

I }:9.?ﬂ=.ea|u,?ﬂ=.54 V3707, 2 . 3005, 82 , 31lP 4 5ake L1004, 6o .20 3.0k .
! ;

t Omly 4 raplications. # Oply 5 replications. 3 In soma ratio to 3.0 as to owa parents.

The product of each generation in each experiment is illustrated
in Figure 4. KEach lot shown represents the mean weight for all
replications. The smaller size and poorer ﬁIBn% of the ears of the
more inbred generations are typical and perfectly familisr o those
who have carried on inbreeding with corn. The heights of the
columns of ears afford o fair picture of the sctual mean yields. This
is shown more clearly, however, in Figure 5. T

The excess yield of an F, cross, A XB, above that of one of its pir-
ents, B, may be attributed to genes brought in from the other parent,
A. The cross will be heterozygous for these genes, and successive
generstions of back- pollination to the parent B, without selection,

will decrease the percentage of heterozygosis in accordance with =

the series ¥, 4, 4, ete.

Similarly, if the excess yield cccurs because the genes from A are
dominant and favorable, the number of such genes in each generation,
without selection, would be halved. Under either hypothesis, then,
the yield of & cross back pollinated to one parent without selection
should approach the yield of that parent as a limit approximately in
accordance with the same series. Effective seléction of the more
vigorous plants during back pollinating would retain the more hetero-
zygous individuels, or those carrying thelarger numbers of dominant
favorable A genes, and so maintain yield above the theoretical. :

The lower limit of each graph in Figure 5 represents the yield
of the recurrent parent gs 0 per cent, and the upper limit represents
the yield of the ¥, cross as 100 per cent. The series ¥, ¥, %, etc., is
shown by the solid lines as the theoretical behavior of strains back
pollinated withoutselestion. Theobserved behaviorof thestrains back
pollinated with selection is shown by the broken lines. For the
experiment with stock {(549A X 4-8) no yield of the recurren$ parent is
- available, and the theoretical decrense in the later generations is

lglot.tsd as %, %, ete., of the decresse from the ¥; generation to the
) generation back pollinated once. ' ' .
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The date from the different experiments are in excellent major
agreement. The lines back pollinated once range closely around the
mid-point between the ¥, cross and the recurrent parent. At this
stage theory and observation should be most likely fo agree, as there

T S

FroURE 4.—Ears harvested from ons replication esck of gn ¥y cross {Ieﬂ:@, of that cross back pollin-
ated for i, 2, 3, ate,, generatlons to one of the Iubred parents, and (right} of that inbred parent, for
eaolt of tha six sxparlments

could be practically no selection among the F, plants first back pol-
linated. After this generation selecticn could be effective, and all of
the yields but one are in excess of the theoretical no-selection yields
based on =& series ¥, %, %, etc. There is considerable variation in the
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amount of the excess, but probably no'more than reasonsbly might bs
expected from the random sampling of different breeding stocks pius .
the experimental variation.
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The mean yields of the different generations in the six experiments
are shown graphically in Figure 6. The actial yields are indicated on
the left margin, On the right the range from the perent to the Fy cross
again represents 0 to 100 per cent, and the theoretical no-selection
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curve is shown by the solid lite. The excess yields of the lines back
pollinated three and four times above the theoretical appear to afford

_ample evidence that selection has been effec

o0

LT

RXN, | F,

PERLENTAGES, PIRENT 70 F, (ROSS

VIELDS N POUNDE

‘Lm:-w OF BECURRENT PARENT

a
5

/ 2 E - =
GENERATIONS OF BACK POLLINATING

—— T SELECTION, OFSERVED
NO SELECTION, THEORY

Figune §,—Diagram shewing the mean yields of six F, crosses and of
the six recurvent inbrod perants, together with the theoretics] yiald
sxpeoted without selection and the ghserved yiold obtained with
seloction. ‘The figutes 2and 1 in the fifth and sixth generations of
back pollinating indieate that only 2 and 1 experiments have pro-
gressed this fr

&

tive in retaining some
"additional favorable
dominant factors en-
tering the cross from
the nonrecurrent par-
ent,.or else in retain-
ing plants more het-
erozygous than theex-
pectancy. In either
case, and to this ex-
tenf, then, the lnes
at these stages are
more nearly like the
nonrecurrent parents
then would be theoret-
ical unselected back-
pollinated lines.
Leaving the results
of back pollinating for
themoment, the ylelds
of F; crosses hetween
the nonrecurrent par-
ent and the lines re-
covered after succes-
sive generations of
back pollinating with
the recurrent parent
are shown in Table 5.
These datainciude for
two sfocks the yields
of F, crosses between
two lines derived by
back pollinating a
cross to each of its par-
ents. As the latter
theoretically should

behave like the former, and as they actually appear to do so, no fur-
ther disfinction will be made between them here.

TABLE 5.~~Plot yields of Fy corn crosses back pollinated lo one parent for different
numbers of generalions and then crossed with the nonrecurrent parent

en-

Yields for designated generation!

Ca-

i
Parent stocks (Nand R,
n - tions

unther NX%R ¥y (Nh;éi’) (ngéla) NY

{(NXRY)

N N
xRy | aiiRe |NXR, F

Paunda
20, 110, 23

Pounds
18, 5==0). 19|
16, 34~ .
12, 22 ,
11, b= .
13, 81
2.0 .,

14, 8= . 17(18. =

d -5
48 0-5 and 6-5X4-E.
3X2and 23

&7

11, 30, 54
7.3% .27

Pounds
21, 150, 24
17. 64 . 31|10, 6L . 3

14. 7=z . 33|16, 4 , 28]
16, 6 L17(14. 4= .
40}11. 4:£1. 05|18, 0k

Potinds
20 140, 55
17.8:% .20
[, d=b= , 3L
7. 6= .24
774 .37
17. 521,32

Pounds | Pounds

0|

- 26{14. 4=£0. 20|15, 04:0. 22

13. 5=+ .

9.4% .65 29!15. Tadz L3017, 5k

17.84- 48

L35119. 3 ‘33[1?.& .22

i For (4-8X06-5)X
.of generations bafore crossing.

{f-54-8) and for (32} % {23}, both parents wera back pollinated the somse numbar

Mean valeas not based on all crozsesare computed (osameratic totha mesnof tha Fi'sestotheirown Fy's.
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- The more uniform soil occupied by these experiments is reflected in
the fact that all six replications could be used in all of the experiments

but one;in which four were available. Moreover, the probable errors
are slightiy smaller than in the experiments on back pollinating.

FIGURE 7.—Ears harvested from one replcation of each generstion in the
slx experlments on recrossing alter back pollinating
The appearance of the crop from each of the different generations
is shown in Figure 7. Here, too, each lot represents the mean weight
of ears for eac% generation,
Just as the yields under continuous back poliination without selec-
tion should approach the yield of the recurrent parent, so the vields of
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crosses between unselected back-pollinated lines and the nonrecurrent
parents should approach the yields of the original F; crosses as o limit,
according to the series ¥, ¥, etc. The solid lines in Figure 8 show this
theoretical behavior for crossing following back pollinating without
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GENERATIONS OF BACHK POLLINATING BEFORE CRISSING
—— e ITH SELECTION, OBSERVED
NO SELECTION, THEORY

FiGURE 8, —DHagrams showing the ylelds of crosses of the type N {N¥BY, N (N R, ete,, z2nd
of the original N W It, ¥y lor compariaon, In the sl experimants eu recrossing after back pollinating

selection. The broken lines show the observed yields of crosses made
following back pollinating with selecfion. .
No data on the N X (N X R) generation are available for the crossin
experiments. In the expertments on back pollinating the mean yiel
of this gencration, i. e., the F; crosses which had been back pollinated
once, was alinost exactly 50 per cent of the range from the parents to
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“the F, crosses. On the basis of numerical relationships, the yield of
the cross following one generation of back pollinating, N X (N X R2),
would be halfway farther toward the original Iy, or 75 per cent of the
total range. Accordingly, the percentages shown on the graphs are
-on & scale of from 75 per-cent for the N X (N X R2) generation to 100
per cent for the original eross. The theorstical points for the succeed-

Ing generations represent increments of ome-balf of the remaining
‘Tange.

The resulis in the different experiments again seem sufficiently
uniform to warrant discussion on the basis of the aversge tendencies.
“The mean yields of the corresponding generations are shown graph-
ically in Figure 9. Here, as in the back-pollinating experiments, the
observed yields ob-
tained with selection ) s
are in excess of the /zey - et s
theoretical valves for e L7

1o selection. In fact, /

the mean yield of the

6 crosses made follow;
ing 3 generations o
back pollinating is
almost equal to that
of the original crosses,
and the mean yield of
the 3 crosses made fol-
lowing 4 generations
of back pollinating is

in slight excess of that o el

=4

§

G

$

8-
PERCENTAGES, Nt (NARY 7o F, = 75— 00

YIELDS N POUNDS

3

of the original crosses.
On the basis of these FM “T\']
data, it required only @ L 1 - 4 ol

Ly
three or four gemera- % rone
tions Of back poﬂmat— e ITH SELECTION, ORSERVED

OF BALK POLLINATING BEFORE CROSEING

ND EELECTION, THECRY

ing to the recurrent
FiGURE ¢.—Diagram showing the menn yields for six experiments aof
parent to produce re- erases of the type NXINYRT), NXNKRI, ete.. snd the o ighml

covered lines which ®XRF
behaved like that parent in crosses with the nonrecurrent parent. This
answers the second question, namely, how long must back pollinating

be continued.
DISCUSSION

The data for the experiments on back pollinating and crossing are
shown graphically in Figure 10. Because of the losses of some of the
experiments undertaken, two of the six lines in the back-pollinating
experiments are not represented in the crossing comparisons. Simi-
larly, data are not avalable on the back-pollinated lines used in one
of the six crossing experiments. This lack of strict comparability is
unfortunate, but does not appear seriously to limit the value of the
results obtained. As plotted in Figure 10, the mean yield of the recur-
rent parents is 0 per cent and that of the foundation T, crosses is 100
per cent. The data on crossin% have been displaced one generation
to the left so as to bring those {or crossing following = generations of
back pollinating on the same ordinates as those for the parents buack
pollinated z times.
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RELATION TO THE THEORY OF HYBRID VIGOR

The aversge yield of the six F erosses back pollinated once to their
recurrent parents was almost exactly midway between the average
yield of the ¥, crosses and thet of the recurreut parents. In these
experiments, then, regardless of their method of action, one-balf of the
onginal number of genes from the nonrecurrent parent was one-half
as effective as the original number. This same relation may be ex-
pected to hold on the average for the smaller fractions of the nonre-
current-parent genes that would be present after additional genera-
tiens of back poilinat-

CROSSING ing to the recurrent

wrk  weafered) wefnend) wefrrot) sefnee ) wefwer 6

e parent. As a matter
o0 rf’h:':. of fact, the yields of
3 SoRREE lines back pollinated,
23FY with selection, for
three and four gener-
ations were consist-
ently and significantly
in excess of the theo-
retical no-selection
values,

It is reasonable to
conclude that this ex-
cess yvield was due to
genes from the non-
recurrent parent re-
tained by selection
during back pollinat-
ing, in excess of those
that would be expect-
ed from the mere proc-
ess of halving. These
selected back-polli-
- 4 nated lines, therefore,
54 F i adad were more nearly like
o E— the nonrecurrent par-

£enw  Rafwsg] Relwr@d) Bafwred) esfoney) oofmee’) 2y ents than would be
o ot mrron, ogsseveD unselected back-polli-
NO SELEGTION, THECRY noted lines. It fol-
FiGoRE 10—Disgram of the mesu yields In the back polfiveting nad  lows immediately that
tho recrossing experiments crosses between the
nonrecurrent parents and the selected back-pollinated lines would
be less heterozygous than would analogous crosses involving unse-
lected back-pollinated lines, If heterozygosis, as such, were the cause
of hybrid vigor, these less heterozygous crosses shouid yield less than
the theoretically expected yields of crosses involving unselected back-
pollinated lines. The actual crosses involving selected lines yielded
significently more than the theoretical values, however, and the results
accordingly are in direct negation of the hypothesis that heterozygosis,
as such, Is the cause of hybrid vigor.

Tkis last conclusion is based on deviations from expeeted theoretical

values. It is supported and strengthened by other facts in the cross-
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ing experiments. The ¥, crosses (3 X249} X (2X 3*) and (3 X 2%) X (2 X 8%)
yielded more than the actual parental F, cross 2% 3. (Table 4 and
fig. 8.) Data are not available in these experiments to show that
{3 X 2%} and (3 %X 25) are superior to 2 and that {2>¢3*) and (2 X385} are
superior to 3. It may be stated from a knowledge of the stocks,
however, that such is the case. This superiority can be the resulf
only of genes from the other lines not yet lost through back pollinating.
The ¥, crosses between these parily recovered lines, accordingly, are
less heterozygous but more productive than the parental F; cross.

A similar situation oceurs for the cross (4-8 X 6-5%) X (6-5 > 4~-8%)
In comparison with the parenfal F; cross 6-5X4-8. (Table 4 and
fig. 8.) Here, however, data on the back-pollinated lines (Table 3 and
fig. 5) show them after four generations of back pollinating (N X R¥%)
to have been significantly more productive than their selfed parents.
Finally, the eross of 549-B X (549-B X 4-8*) was much more productive
than 549-B X 4-8. In all of these cases, then, the less heterozygous
crosses were more productive than were comparable, more hetero-
zygous crosses. 'This appears to constitute crueial evidence that
heterozygosis, as such, has not been the cause of hybrid vigor within
" the limits of the differences in yield between the parent lines and the
selected back-pollinated lines m these experiments.

Heterozygosis, however, Is not excluded completely as a possible
artial cause of hybrid vigor. There was a tendency for the selected
nes and their crosses to approximate, with consistent departures, the
theoretical curves for back pollination without selection. The gen-
eral approximation might result from either (1) a decrease in hetero-
zygosis, or (2) a lack of effective selection during back pollination.
Such g lack of effective selection might be due to the fact that many
genes of small individual effect prec'fuded it or to the conduct of this
particular experiment.

The lines recovered by back pollinating in these experiments now
have been self-pollinated for two additional generations. They are
more nearly like the nonrecurrent parents then were the foundation
stocks. If these recovered lines produce results in a second cycle of
convergent ilnprovement comparable to those reported here, the prob-
ability that dominant genes are the sole cause of hybrid vigor will have
been further incremsed. Thus, with each repetition, the possible
importance of heterozygosis ag such should be shown to be less and
less, or otherwise, depending upon the results. The possibility that
heterozygosis has some effect can not be excluded completely, however,
unless hiph-yielding lines can be obtained which do not decrease in
vigor with it hreeding,

RELATION TO CORN BREEDING

Since they concern the csuse of hybrid vigor, the results of these
experiments naturally bear on the theory of present-day corn breeding.
They have, however, far more concrete relations. Any progress
made is progress in an actual experimental program of corn improve-
ment involving breeding stocks of demonstrated productiveness in
bybrid combination., Furthermore, the results provide reasonably
definite evidence on methods that may be followed in similar programs
of corn breeding.

Three of the six crosses between the nonrecurrent parent and the
lines back pollinsted to the recurrent parent for three generations

were more productive than the ¥, crosses between the foundation
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parents. An additional cross between recovered lines after four gen-
erations of back pollinating was more productive than the foundation
crozs. The actuel lines used in these experimments were chosen from
the breeding program as a whole, more or less at randorm, largely on
the basis of remnant seed available in the different generations.
Accordingly, it seems reasonable to conclude that three or four genera-
tions of back, pollinating are adequate to recover the important part
of the recurrent parent genotype, that is, the part necessary for the
Tecovered line to behave like the recurrent parent in crosses.

This does not mean that every line after three or four generations
of back pollinating will behave m crosses like the recurrent parent,
but that some among every few thai are tested are very likely to do so.
"This substitutes perhaps three or four generations of back pollinating
for the six postulated-as possibly necessary in the original publication
(7). Experience also indicates that only two or three generations of
selfing after back pollinating will be required to fix the recovered
lines sufficiently for a second cycle of convergent improvement. If
this latter indication is supported in future experiments, some 5 to 7
generations for a cycle will be substituted for the possible 12 originally
suggested. This would materially shorten the time required.

It seems sufficiently clear that back pollinating must be continued
three or four generations. How much advantage can be retained at
this stage? Of the six back-pollinated lines compared in these experi-
ments, sll yielded mora than would be expected from theoretical un-
selected lines. The average excess above the theorstical was 30 per
cent of the yield of the recurrent parents after three generations and
27 per cent after four generations of back pollinating.

Inasmuch as this excess presumably is due to the retention of addi-
tional dominant genes from the nonrecurrent parent by selection
during back pollinating, the recovered lines #re heterozygous for these
genes. Accordingly, with self-fertilization and without selection, only
half of these would be retained, becoming homozygous, whereas the
recessive allelomorphs of the other half would become homozygous,

On this basis, one-half of the excess at the termination of back pol-
linating should be retained after continued selfing without selection.
Tt seems reasonable to assume, therefore, pending further evidence,
that at least one-half of this gain can be retained. This would be a
permanent improvement of some 13 to 15 per cent in the productive-
ness of the inbred stocks. Considering the fact that opportunity for
selection in these stocks has been materially less than is desirable for
such a program, as already noted, this seers to constitute a real gain.

This gain is in vigor as measured by productiveness. There are
other objectives in corn breeding. Thus, for some of the recurrent
parents used, resistance to lodging was one of the very important
characters sought. Much improvement has been accomplished in
this direction. Again, all of the lines of C. I. No. 227 have a red
pericarp, which is undesirable, and some have white endosperm for
which it was desired to substitute yellow. DBoth of these desiderata
have been accomplished wholly or in part. TFinally, 227-6 has such
scanty pollen that it is difficuli to mmntain, After four generations
of back pollinating, lines have been recovered which strongly resemble
227-6 but which have ample pollen. Some of the recovered lines in
which miscellaneous improvement has been accomplished are not
Tepresented in the experiments for which data have been reported but
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remain to be tested. They appear, however, to be more productive
then the recurrent parents, in sddition to their superiority in the spe—
cific character sought. There also seems no resson to suppose that
some of the several lines represented in each stock should not behave
mnch like the recurrent purente in crosses with the nourecurrent
piérents,
.~ Oms further condition remains to be noted. Convergent improve-
ment was suggested as a mesns of increasing the productiveness of
inbred lines without interfering with their behavior in hybrid combi-
nation. In the six comparisons of crossing after back pollinating
reported here, at least three of the crosses between recovered lines
yielded more than the foundation crosses. These results suggest,
therefore, that convergent improvement may be uulized not only to
improve the inbred parents but also to increase the productiveness of
the crosses in which these parents are used. Thiz may provide a
method by which the yields of our present crosses can be brought to an

even higher leveal.
h‘g SUMMARY

The yields of F, croszes between selfed lines of corn back pollinated
once to one parent were, in accordance with theory, almost exactly
intermediate between the yields of the parents and those of the ¥,
crosses. The yields of progeny lines derived by successive generaticns
of back pollinating to the same recurrent parent, with selection of the
more vigorous plants in each generation, were somewhat above the
theoretical yields for back pollinating without selection.

The yields of F, crosses between these selected back-pollinated
lines and the nonrecurrent parents also were in excess of the theoretical
values for similar crosses with unselected back-pollinated lines.

The excess yields of the selected back-pollinated lines may be
attributed to dominant favorable genes retained by selection during
the back pollinating. The fact that the yields of the crosses involving
these lines also are in excess of the theoreticel values for beck polli-
nating without selection supports the hypothesis of dominant genes
as the cause of hybrid vigor and is in contravention of the physiologic-
stimulation hypothesis. ]

The yields of the crosses made following three and four generations
of back pollinating were approximately equal to the yields of the F,
crosses between the foundation parent lines. Three or four genera-
tions of back pollinating to a recurrent parent, then, was enough to
recover lines which behaved like that parent in crosses with the
nonrecurrent parent. In these generations there was an indicated
permanent improvementi of 13 to 15 per cent over the recurrent parent,
allowing for differences in the degree of inbreeding,

In addition to the larger yields of the recovered lines, improvement
has been schieved in ability to resist lodging and in the amount of
pollen shed. Yellow endosperm has been substituted for white and
clear pericarp for red, all without changing significantly the behavior
of the lines in crosses.

Convergent improvement, suggested originally from theoretical
considerations as a means of improving selfed lines of corn without
interfering with their behavior in bybrid combination, so far has
been found suecessful. Furthermore, the results suggest that this '
method alse may provide a means by which the yields of I, crosses
between selfed lines cen be raised to an even higher level.
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