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The Effects of Inbreeding and @mssbreeéa

ing Upon Development,”

"INTRODUCTION.

Among the higher seed plants certain groups are characterized
by almost universal and continuous self-fertilization. On the
other hand certain ofher groups are completely, or to a large
extent, eross-fertilized in évery generation. Between these two
exfremes every gradation in the degree of self- and cross-fertiliza-
tion can be illustrated. The structure and function of the floral
organs have become more or less clearly adapied to the customary
mode of sexual reproduction characteristic of each species. In
the thallophytes, bryophytes and pteridophytes much the same
situation existe whereby the gametes which enter into a sexual
fusion may arise either from the same or from different organisms.

In the lower animals the same variation in the mode of sexual
reproduction exists as in plants. Among the higher animals,
however, hermaphroditism is replaced entitely by bisexuality; and
sexusl reproduction, except when parthenogenesis fakes place,
results only from the union of gametes originating in different
organisms.

This array of f&cts has naturally led to searching inquiries as
to the purpose of sexual reproduction as compared to other
methods of propagation as well as to the effects of artificial in<
breeding in bisexual animals and in naturally crossfertilized
plants. Bound up with this latter problem is that which is:eon-
cerned with the effects of cross-fertilization in all types of amma,ls
and plants of different degrees of relationship.

The development of the Mendelian theory of heredity, calr:;rmg
with it the conceptzon of definable, hereditary units which are
sufficiently stable in their transmission from generation o genera-
tion to be recognized and their somatic expression to be described,

* Submitted to the Faculty of the Bussey Institution of Harvard
University in partial fulfillment of the requirements for the degree of
Doctor of Science, Degember, 1917.




6 CONNEOTICD? EXPERIMENT STATION BULLETIN 207.

has made possible an attack wpon these problems which has
opened a way towards their solution.

“Prom the knowledge of alternate inheritance it is possible to
ascribe, very definitely and surely, certain of the results of in-
- breeding to the segregation and isolation of hereditary factors
which results were formerly thought to be due solely to inbreeding
as » cause in itself. Certain pathological, abnormal or otherwise
undesirable conditions occurring more frequently in animals
and plants produced by matings between nearly related individuals
were formerly attributed to inbreeding as the cause, and it was
thought that inbreeding. must always show such undesirable
results. Tt is now known that many of these pathological and
shnormal conditions resulting from inbreeding do not owe their
origin to that process, but are due solely to the segregation, mto
s pure state of the hereditary factors causing the anomalies
which factors were present in the organisms previous to their
being inbred. Inbreeding, then, has nothing fo do with the
origin of the undesirable characters under consideration but
merely brings them into visible expression, and whether or not
they appear depends upon their presence originally in the ghock
before inbreeding takes place. There still remains a conviction,
however, that all the manifestations attending inbreeding and
the converse effects of cross breeding cannot bhe aceounted for
solely on the basis of the operation of definable, hereditary factors,
but that there is a stimulating effect resulting from crossing,
which is lost by inbreeding, and that this stimulation differs
somewhat from the expression of hereditary factors which can

he transferred and fixed in different organisms. This stimulation -

is supposed to be of 2 physiologieal nature appearing when dis-
similar germ-plasms are united, and disappearing as the germinal
heterogeneity disappears in subsequent recombinations.

Since this physiological stimulation bas always been purely
hypothetical, baving never been definitely proven, and since it
has been used to account for certain facts heresofore inexplicable
in any other way,.the existence of such a stimulation may fairly
“be questioned, in so far as the facts can be logically accounted
for in other ways. Recent advances in the knowledge of the
methods of inheritance have made it. possible to meet certain
objections previousty held against the view that the effects of
inbreeding and crossbreeding can be attributed solely to the
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operation of hereditary factors without assuming an additional
hypothetical stimulation. .

Yome of the previous work bearing upon the effests of inbreed-
ing and crossbreeding is reviewed here and with this are given
original data obtained from the naturally cross-fertilized corn
plant, Zea mays L. The facts at hand co-ordinate with the exist-
ing knowledge of heredity in such a way that it seeros to the
writer unneécessary any longer to make the fundamental dis-
tinction bebween the effects of inbreediilg and crossbreeding and
of heredity in development. :

'No attempt is made to canvas the extensive literature on
hybridization (a bibliography of which alone would fill 2 volume)
in order to list all the cases In which crossing does or does not '
result in increased development and inbreeding in a reduction.
1t does not take one long in reading over the many published
regults of crossing ‘in. animals and plants to become convinced
that an increase in development following a cross is a frequent
occurrence. It is hoped thaf sufficient references are- given o
show something as to the universality and nature of the phenom-
enon and a review of the more important confributions is made
in order to sketch briefly the development of the ideas concerning
the cause of the stimulation and the part it has played in evo-
lution and in breeding practice.

The experiments on inbreeding, which have resulted in the
material from which the data given here have been gathered
were started by Professor E. M. Rast at the Connecticut Aa“ri:
‘cultural Experiment Station and carried on by him and sulsse-
q};&nﬂy by Professor H. K. Hayes and later by the writer. From
time to time reports en these experiments have been made and
ccn_clusions drawn from the facts as observed. These include
various publications under the titles “ Inbreeding in Corn,”
“The Distinction between Development and Heredity in 1;1-
breeding ”’ published by Professor East in the Reporb. of the
Connecticut Experiment Station and in the American Naturalist
and ‘ Heterozygosis in Ewvolution and in Plant Breeding ™ by
Professors East and Hayes in a Bureau of Plant Industry bulletin.

“Under the title of “ Dominance of Linked Factors as a Means -

of‘ Accounting for Heterosis ' the writer had proposed & differept
view as to thf.a cause of hybrid vigor. This was published in
Genetics and its application is discussed here in more detail.
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Further publications are planmed which will discuss more ade-
quately mueh of the data which are seantily treated here.

The significance which these investigations may have for the
practical improvement of plants and animals has only been briefly
alluded to here. This phase of the subject has been reserved
for another time when the methods which have suggested them-
selves as the result of these investigations have been more thor-
oughly tested. Finaily this collection of facts and theories should

be viewed as a report of progress rather than a weil rounded
presentation of the subject of inbreeding and crossbreeding.

The writer is especially indebted to his predecessors whose
work Dhas made these experiments possible. Grateful acknowl-
edgement is due Dr. K. M. East for his careful supervision of the
work and for his kindly advice and helpful criticism as to the
presentation of the results obtained. The writer alone, however,
Taust assume the responsibility for the opinions expressed. Much
credit is due Mr. C. D. Hubbell, Dr. Charles Drechsler and Mr.

. G. A. Adsit for their careful assistance in the collection and

preparation of the daba.

DrPFINITIONS.

The knowledge of a stimulating effect resulting from a cross
between different animals and between different plants which.
gives progeny which may excel their parents in general vigor,
size or other visible characteristics has naturally led to the use
of terms to describe this effect. This stimulation is variously
spoken of as “vigor due to crossing” or “hybrid vigor.” Bince

hybrid vigor occurs only in crosses of which the parenis are dis-

similar in hereditary constitution more exact and comprehensive
terms were needed. The zygote resulting from a union of unlike
gametes is spoken of as a heterozygote (following the usage of
Rateson), hence the ferm heterozygosis {used by Spillman, '09)

refers to that germinal heterogeneity which results from the union -

of unlike gametes, and the stimulation to development which accorn-
panies such & condition is spoken of as a “stimulus of heterozy-
gosis,” or “heterozygotic stimulation,” meaning the stimulating
effects of hybridity or the stimulation due to differences in uniting

gametes. The converse fact of a reduction in vigor ACCOMpPanying .

g return to a homozygous condition is therefore said to be due to,

-
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or result from, homozygosis. Shull ("14) has proposed the term
“heterosis” to designate this increase in development which may
result from a heterozygous condition; hence, heterosis, as used
here, will be considered synonymous with “hybrid *.’rigor” or
dgtimulus accompanying heterozygosis,” in whatever form this
may be manifested or whatever cause or causes.it may be due fo

Shull proposed this term, as he says, ... to avoid the implication.
that all the genotypic differences which stimulate cell-division

growth,_ anfi other physiological activities of an organism a.r(;
Menc_iehan in their inheritance and also to gain in brevity (;f ex-
pression. . . . Hence the term heterosis is not meant as a mere
gontraction of heterozygosis and-is not synonymous with it. The
adgec_é;ive “heterotic” has also been proposed and such én ax-
pression as “‘heterotic stimulation” is synenymous with heterosis

.y Earuy INvesTIGATIONS WITE PLANTS.

ert'a,in evidence remains from the carvings ie
: Egyptlans to show that they had some concep%iorf foft:eseiit;llei? .
in plants. However, it was not until the last of the 17th centur .
_When Camerarius first demonstrated siich condition, that iﬁ%;erejsz’é
in the production of artificial hybrids began. 'ﬁ;’ ig significant
that the first artificial hybrids to be systematically s%udiéd
those o.f Kolreuter (1776}, furnished some of the best examples 91;
hefﬁerosxs. Kélreuter made many interspecifie crosses in Nicotiana
ch_mihus, ?‘erbascum,. Mirabilis, Duatura and othérs, maeny 0%
which astonished their producer by their greater size, incfe%asad
number of flowers and general vegetative vigor, as co,mpared to
the parental species entering into the cross. Concerning one of
’E,he tobacco  crosses he says: (pp. 57-58) “Hybrids obtained
’,Iram the cross of Nicotiona maj. € and glut. & produced a far
gré;ater number of flowers and grew to an uncommonly gi‘eéter
| height and a much greater circumference than the pure species
_ ‘dﬂéel: the same condifions; the height of the plants which were
- ke_pt in the hot bed or were set out in the field after they had ob- -
tained full growth, amounted to eight feet and 1 to 10 inches;

tl}e whole circumference of the branches to 24 feet; the lar esii,'
- diameter of the stalks from 2 inches to 2 inches and}S lines; i}id

the Earg_est leaves were 2 feet, 2 inches and 9 lines long and i foob
and 4 inches wide. Never has anyone seen more moagnifi -
tobaceo plants than these were.” B
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Thomas Andrew Knight (1799) was one among several ab that
. time who experimeilted with hybrids with the view of producing
more desirable varieties of vegetables, flowers and fruits. Knight
observed many instances of high vigor resulting from crossing;
among these we note the following remarks about a eross between

two wvarieties of peas.

{P. 200) “Ry introducing the faring of the largest and most luxuziant
kinds into the blossoms of the most diminutive and by reversing this
process, I found that the powers of the male and female in their effects
_ on the offspring, are exactly equal. The vigor of the growth, the size of

the seeds produced, and the season of maturity, were the same, though
the one was a very early, and the other 2 very late variety. I had, in
this experiment, a striking instance of the stimulative effects of erossing
the breeds; for the smallest variety, whose height ravely exceeded two

feet, was inereased to six feet; whilst the height of the large and luzuriant

kind was very little diminished.”

Tt is evident that, in these crosses, Knight was dealing with
dwarf and standard peas and the dominance of standardness is
expected. A sufficient number of cases, however, were observed
in which the crosses were more vigorous than an sverage of the
parents to convince him that “nature intended that a sexual
intercourse should take place between \neighboring'plants of the

same species.” It was this principle which Darwin elaborated

50 years later. ‘ , ) .
Sageret ('26) reports vigorous hybrids in Nicoliana and also

between different types of the Cucurbitacese. Among other’

things he notes that in human crosses between one individual
which shows a hereditary pathological condition and a normal
individual, that the disease disappeared in the first generation
bt reappeared in the second; and following generations. Wiegmann
(’28) gives instances of hybrids in the Cruciferae which showed
distinet evidences of heterosis. . '
Probably the most extensive series of experiments on hybridiza-
tion were those -of Gértner (49) and of Focke {81). According
to Lindley (’52) Gartner made 10,000 crosses between 700 different
- species and produced 250 different hybrids. Many of these hy-
brids showed distinet evidences of heterosis, and this phenomenon
was manifested in many different ways. Gértner speaks especially
of their general vegetative luxuriance, increase in root develop-
ment, in height, in number of flowers and their hardiness and early
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and prolonged blooming. Focke made equally extensive observa-
tions and cataiogue§ his own experiments with many of those
made previously. His valuable book shows clearly that the phe- -
nomenon of heterosis is widespread and may be expected in the
gymnosperms and pteridophytes as well as in the anglosperms.
Both the works of Géirtner and of Focke have been so thoroughly
reviewed in recent times (East and Hayes ’12} in eonnection with
the problem in hand that it would be a needless repetition fo say
more about their results here. Special points in their observations,
as they supplement the experirnents recorded here, will be referred
to later.

While the work of Gértner and Focke must always rank high as

eontributions to our knowledge of genstics one eannot refrain

from remarking that they both missed by their extensive studies

- of many species the point which Mendsl discovered by hig inten-
- sive and careful sfudy in one species. .

" Naudin (65} next to Mendel will always be remémbered, no

Jd&ubt, as the first o conceive of a method in the uniformity of

the first generation and the variability of the second. His con-
ception of the segregation of parental qualities asa whole leads
up naturally to Mendel’s law whereby the characters of the
parents segregate as units and when finally appreciated the
chaotie observations of Gértner, Focke and their contemporaries
began to be understood as orderly facts. In Nandin's classical
experiments there are many excellent examples of heterosis,
Out of 36 interspecific crosses which he made in Papaver,
Mirabiles, Primula, Datura, Nicotiana, Petunia, Digitalis, Linaria
Luffa, Cocetner and Cucumis, 24 show positive evidence of heti
erosis. Among the most notable crossesin this respect was that
of Datura Stramonium with D. Tatula in which both reciprocal

- hybrids were ftwice as fall ag either parvent. Concerning the

Daturs erosses Naudin says:

~ “A shape very much taller than the two parental types, and the pre-
mafure falling off of the flowers in the first dichotomies, which leads to
tarjcly fructification are the principal characteristics of this hybrid of
which all the plants in the collection present the greatest uniformity.

© We.shall see that these different characteristics appear in all the hybrids

of this section of the genus Datura.”

Mendel (’65) also records instances of heterosis in his pea

hybrids as is shown in the following passage:
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“The longer of the two parental stems is ususlly exceeded by the
hybrid, a fact which is possibly only attzibutable o the greater luxurianee
. which appears in a3l paris of plants when stems of very different lengths
are crossed. Thus, for instance, in repeated experiments, stems of 1 foot

and 6 feet in length yileded without exception hybrids which varied in -

length between & feet and 734 feed.”

Tae OBSERVATIONS OF DARWIN UPON PLANTS.

Of all the contributors to our knowledge of the effects of in-
breeding and crossbreeding no one has collected as many facts
as Darwin (75, *77). Although undoubtedly much confusion
and misunderstanding have resulted from Darwin’s conclusions
on this problem, one cannot but admire his painstaking efforts
to accumulate facts from the behavior of many species of plants
through many generations of crossing and selfing before advancing.-
his conclusions. No one was more frank to acknowledge the
diserepancies between the facts as he found them and the con-
clusions he drew from them. Those parts of his results whidh,
were nob clear to Darwin are clearer to us through our knowledge
of Mendelism of which he was not permitted to know. Singe
his method of experimentation, and the sesulls obtained are
familiar to all interested in the problem at hand no extensive
veview of his work is necessary. Only a brief summery of the
results obtained and the conclusions which he drew from them
will be given here, reserving a more detailed review of special
parts for a later part of this paper. !

Among animal breeders in Darwin’s time it was a common
belief that whatever evil effects resulted from more or less close
inbreeding were due to the accumulation of abnormal, diseased,
or morbid tendencies in the offspring of parents which possesséd
such tendencies. Darwin refused to ascribe any large part of the
effects of inbreeding %o this cause because he knew so many cases
were weakened and reduced types of both plants and animals
which gave vigorous progeny when crossed among themselves.
Tnstead of an accumulation of the undesirable traits of both
parents the very reverse seemed to be true. Had Darwin known
of the way by which recessive chardcters’ may exist for many
generations without. making their appearance, doubtless his views
on this point would have differed materially. _

Darwin clearly thought that the evil effects of inbreeding kept
on accurnulating until eventually a plant or animal propagated
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' in that manner was doomed to extinction. His own restlts came

far short of proving such an assumption. The two wild plants
with which inbreeding was practiced the longest—Ipomea and

' Mimulus—showed very little further loss of vigor after the first

generation. What these experiments did show, most clearly,
was that there was segregation of the inbred stock into diverse
types which differed in minor, visible, heriditary characters and
which also differed in their ability to grow. In both species

"plants appeared which were superior to other plants derived

from the same source and some were even equal or superior in
vigor to the original cross-pollinated stock. They differed from
this race, however, most noticeably in the uniformity of all
visible characteristics. ) '
After several generations of inbreeding Darwin found that it
made no difference in the resulting vigor, whether the plants in

* an inbred lot were selfed or were crossed among themselves.

his he correctly attributéd to the fact that the members of

. such an inbred strain had become germinally alike. From hig

views on the effect of the environment on organisms, it is easy
to sée why he attributed this approach to similarity in inherited
qualities to the fact that the plants were grown for -several
generations under the sare conditions. This view he thought
wag supported by the fact that crosses of his selfed lines with
the intercrossed Hnes (also inbred, but to a less degree} did not
give as great increase in vigor as the crosses of either lines with
s fresh stock from distant regions. The crosses between two
inbred lines did give a noticeable increase in vigor, in many
cases, equaling the original variety. This is lustrated in the

. Dianthus crosses in which the selfed line was crossed with the

intercrossed line and with a fresh stoek. The ratio of both
crosses to the selfed plants in height, number of eapsules and
weight of seed produced is as follows:

Se%éed Selged
Inter-crossed Fresh stoek
Height, compared toselfed. . ... ... ... ... 100:65 100:81
No. Capsules, compared to selfed. ....... ... 100:67 100:39
. Weight of seed, cormpared to selfed.......... - 100:73 104:33

Like Darwin we now attribute the greater increase of vigor
in a cross with distinet stocks to a greater germinal diversity
although we may differ in our ideas as to the way in which that -
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diversity was brought about. Whatever may be the explanation-
of that, eredit is due Darwin for being the first to see that i was
not the mere act of crossing which induced vigor but the union
of different germinal complexes. This he states clearly in the
following sentences (Cross and Self Fert., p. 270):

t These several cases taken together show us in the clesrest manner

. that it is not the mere crossing of any two individuals which is beneficial
to the offspring. The benefit “thus derived depends on the plants which .
are united differing in some manner, and there can hardly be a doubt
that it is in the constifution or nature of the sexus] elements. Anyhow,
it is certain that the differences are nob of an external nature, for two
plants which resemble each other as closely as the individuals of the same
species ever do, profit in the plainest manner when intercrossed, if their
progenitors have been exposed during the several generations to different

. conditions.” . #

RucENT INVESTIGATIONS WITH PranTs.

.

" Although Darwin was the first to attack the problem from the -

standpoint of determining the effects of inbreeding, it is doubtful

if he clearly recognized that the same phenomenon was concerned-
in both inbreeding and crossbreeding. 1t remained for Shull (08,

09, ’10, ’11 and ’14), Bast (08, 09) and East and Haybs 19} .
to bring out clearly the fundamental similarity of both processes
and to put the matter in such a lght that a far clearer under-
standing of the nature of the effects of inbreeding has resulted.

Their conclusions in regard to the causes of the. effécts of
inbreeding and crossing were for the most part entively new and
dependent for their support upon the Mendelian prineiple of the
segregation and recombination of inherited qualities as inde-!
pendent units and upon Johannsen’s genctype conception of
heredity. Stated briefly their main tenets, based upon their
own careful experiments and a survey of previous results bearing
upon the problem, are as follows:

- 1. Inbreeding automatically sorts out info homogygous, pure
breeding lines, the diverse and variating complex of hereditary
characters found in a naturally cross-poliinated species.

2, Although ecomplete homozygosity is difficult to attan in
practice, after several generations of selfing, members of the
resulting inbred lines are uniform among themselves but the

- yespective lines may differ greatly among each other in visible
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. hereditary characters. The strains may also differ in their power

of development, some being Iarger, stronger and more productive
than others at normal maturity. Some individuals are often
jsolated which are so lacking in necessary characters that they
perisk because of inability to reproduce themselves.
3. Those inbred strains which are able to survive finally be-
corne constant; no further reduction in vigor or change in visible
characters Is to be expected by continued inbreeding. These
 constant types are thus quite comparable. to naturally self-
fartilized species and may exist indefinitely.
4. When these pure breeding types are crossed there is com-
monly an immediate and striking increase in general size and
vigor to be expected in the resulting first hybrid generation.
To account for this increase in development, following a cross,
" a physiolegical stimulation was postulated which accompanied
-hetergzygosity of hereditary factors and disappeared as the
qrganisms approached homozygosity. As an illustration the
* gpnion of factor “A” with it allelomorph “a” was considered to
evolve developmental energy which was lacking when either
“ A7 or “a” were united with themselves. This stimulus to devel-
opment was considered fo be due to the union of unlike factors
alone and to have an effect quite different from whatever part
each factor had by itself in the developinenf of the organism.
Stated in their own words the main econclusions of ¥ast and
Hayes (12) are as follows (p. 8): '

%

“1. Mendel’s la,w-——’_shat is, the sepregation of character factors in
t}ze' germ cells of hybrids and their chance recombinafions in sexual
fusions—is a general law.

2. Btimulus to development is grester when certain, or possibly all,

. characters are in the heterozygous condifion than when they are in a
homozygous condition.

3. Thi.s stirfm'ius to {?.evelopment is cumunlative up to a limiting point
and varies diveefly with the number of heterozygous factors in the

organism although it i recognized that some of the factors may have »
more powerful action than others.” '

It was clearty apparent to recent investigators that many of
the unfavorable characters which appear on inbreeding a naturally
crogs-pollinated species are recessive characters which are segre-
g}ated out of the original complex. In a naturally crossed species,”’

_these are hidden from sight on account of being ecntinu&]i:}
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crossed with dominant characters, That dominance of factors
could in any way be an essential factor in the vigor and eXGeHe’n-ce
of hybrids, an idea first proposed by Keeble and Pellew (10}
and also by Bruee ('10), has not been accepted by most Wr1t§r§
on this subject. They considered don}inance 1o be tota%ly inx
adequate to account for the Widespread and almost universal
" oecurrence of heterosis in plants and animals and the fa.ct that
nearly all naturally cross-fertilized domesticated species are
reduced by inbreeding. _ .
Collins ('10) has shown clearly $hat many orosses hetween
varieties of Indian corn already widely crossed among .themselv?s
and grown in the same regions may not_ g.zlve any increase in
praductiveness,‘ but when these same varietles are c'resseé wn:,h#
varieties from distinet geographical regions greal Increases -,
productiveness are obtained. Further evidence as to the occurrence
of heterosis is seen in the many publications which have %ppearefd
from time to time urging the commereial utilization of this hybrid
vigor as a method of increasing production in many plants.
Among these are Beal ('76-82), MeCleur (92), Morrow a,n‘d
. Giardner (°03-'04), Swingle and Webber (97), Hayes and Easit
("11), "Hartley ('12), Wellington (12}, Hayes ('13), Haygs and'
Jones (*18). 3
In view of the innumerable cases in which an increase In devel-
opment, in some character, results from orossing and the converse,
tact of reduction following subsequent inbreedn.ag, o_f Y.Vhl{lh t]fle
preceding paragraphs refer to only & small fraction, it 1s surprs-
ing to note such radically diverse opinions as are held by Burek
(°08) and championed by Stout ('16). _
Stout attributes the following statements to Burck: (p. 418)

or artificial, of all but one type. On the other hand, there is
abundant evidence to show that crossing between different vari-
eties or between different wild species of self-pollinated plants
often results in striking increases in size and vigor. It is only

or between distinct types of Nicoiiana, Pisum, and Lathyrus—

plants which are naturally self-fertilized—give unmistakable
evidence of heterosis.

experiments have been carried out with strietly wild eross-polli-
nated species of plants. Collins ("18) in a brief note states that
teosinte, a semi-wild relative of maize, s not affected by in-
- breeding o the extent that maize is. That there is “abundant
evidence of continued vigor and high fertility resulting from
long continued self-fertilization’ no one longer doubts. There is,
_ ‘however, hardly enough evidence from planits, so far o record,
- ™o justify the sweeping statement, which the quotation implies,
’ that, cross-fertilized wild species are never reduced by inbreeding.

What evidence there is indicates that naturally crossed wild
species are not reduced by inbreeding to anything like the extent
that domesticated races are. More will Da.said about this differ-
ence between wild and domesticated races later. There is some
evidence, however, to show that strictly wild species are affected
by inbreeding. Darwin compsred the progeny of artificially self-
fertilized plants with the progeny of artificially intercrossed
plants of many wild species. Many of these species were such as
were for one cause or another almost completely cross-fertilized
in their natural state at all times. Although the difference may
be slightly exaggerated there can be no question but that the
difference in the first generation which Darwin obtained between
the selfed plants and the intercrossed plants represents in many

“hat (1) plants that are regularly sieif—fertil-ize?i show no benefits
from crossing and that (2) nowhere in' wild species is there_evi&ence of
an injurious effect from self-fertitization, _a:nd that ‘there is abundant
evidence of continued ‘wigor and high fertility resulting from long con-

sinved seli-fertilization.” examples of widely crossed wild species in which a reduction in

the first generation of inbreeding was obtained by Darwin, one
- can, therefore, eite: Digitalis purpurea, Linaric vulgaris, Sorc-
themnus scoparius snd Reseda lutea.

Moreover, no matter how much domestication may change -
plants from the wild, one cannot cast aside, as of no consequence,
the results obtained from cultivated plants.

1*

If by the first statement is meant that crossing betw:een membel:rs
of the same variety or between individuals of a uniform speeles
does not give an Increase in developx}lel‘lt g,uch a result would be
expected because of the germinal‘mmﬂanty b'rougk}t about by
long continued selfing and elimination by selection, either natural
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necessary to refer to the work of Kolreuter, Knight, Girtner, .
Naudin and Mendel where many crosses between different species:

Turning to the effects of inbreeding, almost no long-continued ‘

cases the effect which inbreeding has upon these plants. As ..
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INVESTIGATIONS WITH ANIMALS.

According to Darwin, the mule, that classic example of hybrid
vigor, was known in the time of Moses, when s hardihood and,
general good qualities doubtless endeared this amimal to the Jews.
1o less than %o the Southern cotton planters of to-day. A similar
eross of the ass with the wild zebra aceording to Riley (10) gives
s fivst generation hybrid animal of considerable merit. .

In the early history of the establishment and fixation of breeds
of livestoek we mote in Darwin’s “Animals and Plants ynder
Domestication” that cerfain crosses betiween different breeds often
resulted in progeny excelling individuals of either parent breed;
just as to-day it is not an uncommon practice for livestoek raisers

1o cross certain well-established breeds to produce crossed animals”.

to feed for market. .

In looking over the reports of experiments designed to test the
effects of crossing in both wild and domesticated animals there i
little disagreement as o the results usually obtained. All are
practically in accord that crossing diverse breeds or races of
animals, if not too distantly related, may frequently result in

vigorous, large and tortile offspring, excelling either parent in

one or more respects. For example, Castle et al (°06) find that’

crossing diverse stocks of Drosophila results in an inerease in
fertility and that matings between different inbred lines give
progeny with increased fertility up o or beyend that of the more
fertile parental race. In Meriones Bonhote ('15) stafes that
fertility and size are increased by crossing. Castle (18) has
erossed domesticated races of puines-pigs with the wild species
from Peru with the vesult that there is a noticeable inerease in
body weight over either pure parent. Gerschler (’14) crossed
different geners of fishes and obtained large increases in size in
the first hybrid generation. Xiphophorus strigatus, of which the
males were 43.0 em. long and the females 52.0 cm., when crossed
with Platyposcilius maculatus, of whieh the males were 26.0 and
the females 31.0 cm. in length, gave hybrid males 54.0 em. and
females 57.5 cm.  He speaks of their “gigantic size.” '
Tischer (13) in his study of the Rehoboth hybrids, a race in
South Africa resulting from a mixture of Hottentots.and Boers,
states that their average height is somewhat greater than either
the Hottentots or the Hollanders and South Germans of whom
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statistics are gvailé.ble. All the members of this new race are not
first gepera,%.ion crosses by any means, but they are not many
generations removed and crossing with the pure Hottentots, the
shorter parental race, is frequent. }
Whena'howev,er, the literature on the effects of inbreeding in
ag%m.a,ls is examined one finds the greatest diversity of facts and
opinions. We find the extreme views of Kraemer (*13) who states
th‘at f.‘continued inbreeding always must result in weakened con-
stitution, through its own influence” together with the equally
Eaxiaremfe and biased opinion of Huth ('75) that in mankind there
is mo injuriotss effect resulting from consanguineous marriages
which cannot be accounted for on other grounds. .
} Crampe (’83}, Ritzema-Bos (94}, Guaita (*98), Fabre-Domengue
('98) and Weismann (°04) by inbreeding mammals ‘and birds
found that the proecess was accompanied b}} decreased fertility,

* attended more or less commonly by lack of vigor, diminution in

size, an(_i pa,thqlegical malformations. Castle, Carpenter et al (06)-
11.1’t‘)reedmg extensively the fruit fly, Drosophila, maintained fer-
tility .by selection, so that at the end of 59 generations of brother
and sister matings in one line the fecundity was no less at the end
of 1':he experiment than it was at the start. There was some indi-
cation of reduction in size of inbred flies when compared to nor-
mally crossed stock flies reared under the same conditions, Fur-
Fhermort_a, fertility was increased by crosses between certain
m‘pred lines and between the inbred lines and stock flies. Trom
this fact and from the fact that their experiments show that the
number of flies in a brood fluctustes greatly, due to temperature
&z}d food‘ conditions, it is not positive that inbreeding was wholly
without injurious effects. It is evident that their ex;eﬁments do
show clearly:

1. That inbreeding results in strains of unequal fertility. .

2. That the ocourrence of absolute sterility was pronounced in
the. first part of the experiment with the “A” lne but almost
entirely disappeared in the later part of the experiment. The

. figures as I have caleulated them from i
t -
as follows: ' rom their table I, p. 736, are

Percent of matings
totally sierile

Generations......... e 8 to 24 17.80
S RREREEEEEEE 25 fo 42 18.47

..................... 43 to 59 3.87
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This result is to be expected on the view that inbreeding isolates
homozygous individuals and these whenever sterile are, of course,
elirninated.

Moenkhaus {'11) and Hyde ('14) by sirailar inbreeding experi-

ments with Drosophila have also found that sterility is increased
in the first stages of inbreeding but tends to be eliminated after

this process is long continued. Hyde tound definite evidence that

inbreeding caused reduction in size, vigor, rate of growth, longevity

and fecundity and that there was a return to the normal condition .

on crossing. Asin the other experiments Hyde found that selec-
tion was an effective agent in controiling sterility. .
Both Whitney (12a) and A. F. Shull (12a) have shown that

inbreeding and crossbreeding have considerable effect upon the

rotifer, Hydatina Senta, in the size of family, number of eggs 1a1d
per day, rate of growth and in the difficulty of rearing the animals.

King {’16) has obtained results with
quite in agreement with those of Castle. By growing about one

. thousand rats in each inbred generation, and selecting the best
animals have been carried through 22 ..

individuals for mating,
generations of brother and sister matings without loss of size,,
fertility, longevity, resistance o disease and with constitutional
vigor unimpaired. This writer states: ’

«rPhe vesults so far obtained with these rafs indieate that close inbreed-
ing does not necessarily lead to & loss of size or_constitutional vigor or of
fertility, if the animals s0 mated came from sound stock in the beginning *
and sufficient eare is taken o breed only from: the best individuals.” -

Here, as in Drosophila,
different degrees of excellence. In this case individuals are ob-
tained which surpass the original stock before inbreeding. Thus
we have “Goliaths”” among inbred rats as Darwin found “Heroes”

in morning-glories.

_Clagtle (°18) has faund that in inbred rats “races of fair vigor and
fecundity can be maintained under these conditions, but that when two
of these inbred races are crossed with each other, even though they have
their origin in a small common stock many generations earlier, an imme-
diate and striking increase of fecundity occurs.”’ ' s

The evidence from relationship marriages in human stocks is
even more conflicting and conelusions sl more difficult to draw. -

_Hﬁth ("75) has certainly done a service in showing that consan-

albino rats which are |

inbreeding isolates diverse types of .
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" puineous Marriages seldom result in the disastrous effects usually
- gttributed to them. e has shown that incest was. nob & rare
custom and that races which have undergone such practices are
many of them far from weak. Certainly, races have practiced
close intermarriage for many generations with no marked deterio-
" iation. The Persians, Spartans, the ruling classes among the
" Egyptians and Polynesians are cited by Huth in support of this
assertion. The data from human matings, however, are of little
yalue since the close unions are seldom continued many genera- )
tions in succession, and the results from isolated communities mean
~ little, since often +he original stock is exceedingly diverse so as to
" make the resulfing races extremely heterogeneous in hereditary
constituents. This is particularly true of the ‘Rehoboths and the
Pitcairn Islanders which are cited as instances of close inter-

marrying without loss of racial vigor.

Looking over the experiments upon animals it seemns as unwise

to expeet that inbreeding may not have some deleterious effects

" which, in some cases at. least, cannot be overcome by the most,
- rigid selection, as it is to hold that inbreeding must always resuit

__'--injuriously. It is to be expected that all breeds of domestic -

o animals and wild species will not be equally affected by inbreeding.

" Domesticated animals in many cases are more widely crossed and

: -divers‘iﬁed than wild species, and those characters affected by

. ix_lbreed:lng are more accentuated: Certain wild species, which, -

by their mode of life, are forced to endure long periods of isolat:ion,

“and gonsequently more or less close inbreeding, would be expecte'ti

" to show less change under artificial inbreeding. Finally, as I

-ghall atternpt to show that there is no longer a qaestionJaS to

::vhethel: or not inbreeding, in #self, is injurions, the effect which

; mbret?dmg will have on any organism depends solely on the -
?_ereditary constitution of that organism at the time the inbreed-

ing process is commenced.

Univezsazary or HETEROSIS.

ObF;om the literature on the subject of crossbreeding it is to he
"'"V:S-e_jfi.ved, therefore, that the occurrence of an ineentive $o in-
?_gﬁed deveiop.ment accompanying germinal heterogeneity Is
%.Lﬁptead, as it -has been noted in plants in the anglosperms
osperms and pteridophytes, and according to Britton (’98)" :
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there is even some slight evidenee that heterosis oecurs in the
sporophyte of the bryophytes. '
In animals the mammals, birds, fishes, insects and rotifers show
the phenomenon of heterosis although in some of the unicellular
animals, as we shall see later, the evidence is not so clear. )
I shall now take up, in some de$ail, experiments on inbreeding
and crossbreeding in cultivated plants, principally in maize.

A TrrorETICAL CONSIDERATION OF INBR¥EDING. .

“Up to the present time it has been maintained that the effect,‘s
of inbreeding were of two kinds, an isolation of homozygous
biotypes together with & loss of a physiological stimulation which
was considered to be roughly proportional to the number of heters

ozygous allelomorphs present in the organism at any time. The

reduction of the number of heterozygous allelomorplis in an inbred
population is automatic and varies with the closeness of inbreeding.

Pearl ('15) on the basis of the number of ancestors which malke
up the pedigree of any individual has worked out 2 coefficient:
of inbreeding which is an indication of the degree to which that
individual has been inbred. The fewer the number of ancestors
the greater the degree of inbreeding which may vary from ng

inbreeding, In which no one ancestor appears Inore than onoe -

in the pedigree of an individual, to the closest kind of inbreeding
in which no more than ,_oﬁe ancestor is concerned in any one
generation in {he production of an individual (selffertilization).
The latter degree is only approached by hermaphroditic plants
and animals, which are capable of celf-fertilization and in function~
ally bisexual animals and plants by brother and sister matings,
This statement of inbreeding must, of course, leave out of econ-
. sideration any germinal change which might take place by means

other than hybridization and as Clastle (716) has pointed out is

modified by the differences in he‘ge_rozygosity of the ancestors
making up the pedigree. : _
The automatic reduction in the number of heterozygous allelo-

morphic pairs in an inbred population, by selffertilization, '

follows the well known Aendelian formula by which any hetero-

zygous pair. forms in the next generation 50 percent homozygotes k
and 50 percent heterozygotes in respect to that pair. Since the

homozygotes must always remain homozygous and the hetero-
zygotes are halved each. time and one half added %o the homo-

: -'?5%"
ST

25% i
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: aygotes the redu?tion in the number of heterozygous elements
- proceeds as & ifariablg approaching & limit by one half the differ-
~ence in each generation. ~The curve ustrating this condition

is.shpwn-'as No. 1 in Fig. I. Various formule dealing with

10C% ¥

Percent of Heterozygous
Indgividuals in EaGEESelfe&
Genersition when the Numher
of Allelemorphs Concgrmed
Arer 1,5,10,15. :

Segregating Gengrations’

re I. The percent of heterosygous individuals and the percent (ln“

heterozygous allelomorphi irs i ion i
; phic pairs in the 1!
_ generafion of self-fertiiizatiorﬁ ' whole population in each

inbreeding have been diseussed by East and Hayes (°12), Jennihgs

: -,’16)’? Pearl ('15) and Bruce (17).
t-_should be rez_nembered that this reduction applies only 10
& whole population in which every member is inbred and all

>



4 THREORETICAL CONSIDERATION OF INERERDING. 25

24 CONNECTICUT EXPERIMENT STATION rULLETIN 207.

the progeny grown in every generation. In practice, In an - g
inbreeding experiment, only one individual in gelf-fertilization or g 5
two individuals in brother and sister matings are used to produce 23 2% | 8pl .- N
the next generation. Thus the rate at which comaplete homo- & f § 35 °?«§§__§§§-§ §§§§%£23 Z
zygosis is approached depends on the heterozygosity of the 2 34 § +§ ﬂ“m'gggg“,gdgiifm :;g
individuals chosen. Theoretically in any inbred generation the 8 gg M- e ™
progenitors of the next generation may either be completely ;3 g § g .
homozygous or completely heterozygous or any degrees in between e all 5% = ‘
depending upon chance. The only condition which must follow g g ) f;ﬁ'j
in self-fertilization is that no individual ean ever be more hetero- @ = - Spt -
zygous than its parent but may be the same or Jess. Thus it is 5 g £ A %i SS8gR28g5snsrg e (85
seen that inbreeding, as it is practiced, may theoretically never - E 3 8 N.f“;i 2“2' §§2§§.§1’~‘" S8
cause any reduction in heterozygosity, or it may bring about. B £ (mF 0 S S g
complete homozygosity in the first inbred generation. In other $o5 28
words the rate at which homoszygosity is approached may vaxry. B E |-t
greatly in different lines. However, as the number of heter- ' 5 s i‘ § 8
ozygous factors at the cormmencement of inbreeding increases the = % Iy .g_ Ot 59 68 100 5 e 08
more nearly will the reduction to homozygosity follow the curve : sl 52 £ RS e
shown because the chance of choosing a completely homozygous § B w3 ol
or completely heterozygous individual in the first generations BRI & £ £l 2
will become less. . : EE T § 2] B loweamoo :
Tn Table 1 is shown the theoretical classification of the progeny Z 5 ,§ 58 § S inia R
of a self-fertilized organism which was heterozygous with respect & g P )
t0 15 independent mendelizing units. It will be seen that the o & f 25
bulk of the individuals lie between elasses 6 and 11 where none of g £ Py g’ £
the members are heterozygous for more than 10 factors nor less '% §~, 223 mmcmom :
fhan 5. In other words any individual selected for the progenitor % % D 5 RG22 288888R80 | 84
of the next generation would probably come from the middle 2 E L5 B e F GG e
classes and therefore it would be heterozygous for about half ' g il %gi%’ b
the factors that its parent was. ‘The chance that this individual Ec R is
would not come from the mid-classes between 6 and 11 would be AN TR
about 1 out of 10. The chance that it would be completely homo- Sy f % 2 2
zygous or completely heferozygous would be 1 out of 32,768. If . ;*5 g fgg ‘% RIS ggg%gg{oocom s
o0 instead of 15 factors were concerned the chances would be SEl 2SZs gﬂgggg«gqchgwﬁf% Ba&
T out of 1,048,576, o I 5 PRt SR e P EEREEEE
This condition by which the progenitor of each generation tends g8 EER %? RS P Ly o
£ be half as heterozygous as its parent holds true for any pumber & L2 3 E e =]
_ of factors and in every generation. Also in Table 1 it can be seen - ~ R =
that the progeny as a whole has an equal number of heterozygous - ! o . -
‘factor pairs as homozygous factor pairs in respect to those 5 5= memdnoroegoaesee ol
, : _ "
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characters in which the parent was hetefozygous. So'it is that
in practice the reduction in growth accompanying inbreeding
(on the assumption that heterosis is correlated with heter@zygosﬁt&)
is greatest at first, rapidly becomes less and finally ceases for all
practieal purposes. ' "

1§ there were no deviating factors the curve of reduetion should,
in the majority of cases, approximate curve 1 in Fig. I. ‘However,
it has never been assumed that the amount of heferosis was
perfectly correlated with the number of heterozygous factors.
Moreover, since the heterozygous individuals are more vigorous
than the homozygous, selection, either nmeonseious or purposeful,
would favor the more heterozygous so that the tendehcy might
be that the actual approach to homozygoesity would not proceed
at as fast 4 rate as the theoretical curve would indicate.

Selffertilization is the quickest and surest means of obtaining

complete homozygosis-for the reason that whenever any pair of
allelfomorphs becomes homozygous it must always remain so long
as self-fertilization takes place, whereas in brother and sister
mating a homozygote may be maied to a heterozygote. Thus
we see from Jennings’ ('16) tables that & generations of self-

fertilization are more effective than 17 generations of ‘brother -

and sister matings in bringing about homoszygosis. The reduction-
in heterozygous allelomorphs in a population-as a whole follows
curve 1 in Fig I irrespective of the number of factors concerned,
provided, as stated before, that a random sarople of all the different
classes of individuals are selfed and used as progenitors for the

next generation and that there is equal productiveness and equal-

viability. If the heterozygotes are more productive, as in many
cases they are, the reduction to complete homozygosity will be
delayed. .

The number of completely homozygous individuals in any gener-
ation, inbred by self-fertilization, differs according to the number
of heterozygous factors concerned at the time that the inbreeding

process is commenced. The curves showing the reduction in'the -

number of individuals heterozygous in any factors, where, 1, 5,
10 and 15 factors are concerned at the start are given in Fig. I
ealoulated from the formula given by Fast and Hayes (12).
The curve for the reduction in heterozygous individuals, where
one factor only is econcerned, is identical with the curve showing
the reduction in heterozygous factors in an inbred population
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where any. number of factors are concerned. In any case almost,
“eomplete homozygosity is reached in about the tenth generation
on the average, although theoretically it may be reached in the
-first generation, or may never be reached when 2 single individual
.is used in each generation to perpetuate the line. ,
Assuming, then, that the loss of the stimulation, iccémpanymg
heterozygosity, is correlated with the reduction in the number
‘he_terozygous allelomorphs we should expedt to find the decrease
-0f heterosis greatest in the first generations, rapidly becoming
less until no further loss is noticeable in any number of gubsequent
generations of inbreeding, and that, on the average, the loss will -
“become negligible at about the eighth generation and from then
n no further marked change will take place. Some cases are
_to be expected in which stability is reached before this gerieration
and some cases in which it is not reached until later or may ‘even
‘theoretically never be reached. With these assumptions in mind
et us see what are the actual results of long continued inbreeding
in maize.

-THE Resvrrs or INBREEDING THE NATURALLY CROSS-POLLINATED
Marze Prant. '

. The behavior of maize during six generations of inbreeding by
-self-fertilization has already been reported by Hast and Hayes
'12)." The same inbred strains have been continued and in some
“cases the results up to the eleventh generation are given here.
In the previous publication it was stated that a loss of vege~
tative vigor has followed every case of inbreeding in maize.
Some plants had been obtained which were unable to reproduce
fhemselves. Those straing which were maintained became uni-
form but differed considerably from each other. It was con-
sidered at the end of the period of inbreeding that some strains
were appreciably better than others in their ability to yield.
Six additional years of inbreeding with this material has confirned,
inthe main, these conclusions. A further appreciable reduction
m pmduc’civeness, however, has taken place in all lines togethér
with certain changes in various parts of the plants.

.. The original experiment began with four individual plénts
: obt__a,ined from. seed of a commercial variety of Leaming dent
orm.grown in Illineis. This variety was given the number 1
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and the four plants which were self-pollinated and selected for
‘continuation of the inbreeding experiment were numbered 1-6,
1-7, 1-0 and 1-12. These four straing were continued each year
by self-pollination. In the second inbred generation two self-
pollinated plants in the 1-7 line were saved for seed and from them

two inbred lines were split off which therefore came originally .

from one line inbred iwo gemerations. These are numbered

1-7-1-1 ete. and 1-7-1-2 ete.

inbred lines, were further split up in subsequent generations.

After the experiment was started with the dent corn inbreeding
was commenced with other material.

have been maintained and also two strains of flint, Nos. 5 and 29,

and two strains of popcorn Nos. 64 and 65. Chief attention has.
‘been paid to the inbred strains of Leaming corn (the longest :
inbred) and most of the data presented here have resulted from’”
Many other varieties besides these have been
inbred for many generations in connection with other investi-:
"gations and while they are not specifically mentioned the observa-

this material.

tions as a whole include these.

In Tables 2 and 3 the yield and height of some of these mbred
strains are given. In.1916 seed of the original Leaming variety
was obtained which had been grown in the meantime in the same

locality whence it was originally secured and was grown for’

comparison with the inbred strains. This variety in Hlinois in

1905 yielded at the rate of 88 bushels per acre, and in Connecticut :

in 1916 at the rate of 74.7 bushels. While there is no proof fhat-

_any change has not taken place in the original variety there is no-
reason to suppose that it has changed to any great extent. Grown

under the same conditions in 1916 the four inbred Leaming
strains vielded from one-third to one-half as much as the eriginal,
non-irhred variety.

With regard to rate of reduction in yleld or the constancy of
the varieties durzng the later generations it is diffcult to draw
conclusions from these figures owing to the fluctuation in yield
from year to vear due to seasonal conditions and to the difficulty

of accurate testing in field plot work, which is recognized by all - -
who have made such tests. As was stated in the first report the -
yields for 1909 were too low and in 1911 much too low on acocount -
No yields were taken on any of the strains in -

of poor seasons.
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Tapzm 2. THE ¥FFECT OF INBREEDING ON THE YIELD AND HETGHT OF MAYZE,

In & similar way these, and the other

Two inbred strains of
floury corn, Nos. 10-3 and 10-4, originally from the same variety,

No. of Four inbre;d'strains derived from a variety of Leaming dent corn.

g&‘;;_ 1-6-1-8-ste. 1-7-1-1-tec. 1-7-1-Beete. 1 o-1-2ot0.
tions Yield i Yield | Wield i o
selfed | bu per | Helght bu. per Height | bu.lep.er Height bzfeéir Helght

acre inches acre inches acre » inches acre inches

0 74.7 | 117.3 74,7 | 111.8 74.7 | 117.38 74.7

0 88.04....... 83.0 4....... 88.04....... 88.0

1 5.1 {....... 60.9 ¢....... 60.9°....... 42.3

2 85.2 |......, BTG E ... .. WEEG 3 | ... .., 51.7

3 57.9 1....... BEAG 0 F ... ... w0 7 L. 35 4

4 - 80.014..... 63.21....... 68. 1 §....... 47.7

5 27.7 86.7 25 .4 81.1 41:3 090.5 | 26.

(LR P IOV (PR PN ST S WIE3E 9 ..., .

7 41.8 ....... 9.4 | e w45 4 | BEO
© 8 78.8 96.0 47.2 83.5 58. 5 88.0 1 W21 .6 {...y..,

-9 25.5 ....... 248 1o e me30 6 | 78.7
10 32.8 97.7 32.7 84.9 19.2 86.9 w731 .8 82 .4

11 46.2 | 103.7 423 78.6 37.6 83.8 b . i,

A\
Tapre 3. Tae EFFECT OF.INBREEDING ON‘THE YIBLD OF MA‘IZE.
Two inbred strains of One inbred s’sl‘-ai;x of

No. of fioury corn , flint cors
genera~ 10-3-7-ete. 19-4-8-ete. 5~8-Beetie.

tm‘ns Yield Yield Yield

selied bu. per bu. per bu. per

2.01.'9 aere acre

0 70.5 70.5 75.7

1 56.0 43.0 475

2 67.0 48.7 36,1

2 39.1 20.8 11.5

5 32.2 495 30.4

g e 52.6 38.1

8 13.9 16.6 18.3
9 26.6 24.0
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10192, . The yields in 1914 are too high and in 1915 too low for the
same reasons. . Also in 1915 the yields are unreliable because
only & few plants were available to caleulate yields from ag most
of them were used for hand pollination. During the Jast_three
years of the test samples of corn have been dried to a uniform

moisture basis and the yields caleulated to bushels of shelled .
corn per acre with 12 per cent. moisture. This has probably
bad & tendency to reduce the yields somewhat as these inbred

girains are very late in maturing and eonsequently contam Iarge
amounts of water.

With these points in mind an examination of the table shows _
that from the beginning of the experiment 0 the ninth generation

there has been a tremendous drop in productiveness, so that in

that generation the strains arve approximately only one-third as

productive as the variety before inbreeding. From the ninth
to the eleventh generation there has been at least no reduetion
in productiveness, and practically no change in visible plant or
ear characters.

Tn the previous publication it was stated (U. 8. Dept. of Agric.,
B. P. L Bull. 243, pp. 23—24) that

“strain No. 6, is a remarkabiy good variety of éorn even
z,fter ﬁve generations of inbreeding. Tt yielded eighty bushels per acre
in 1810. The vield was low in 1911, but since all yields were low shat
year it san hardly be doubted that this strain will continue 16 produce
good normal yields of grain. .. ... The poorest strain, No. 12, is partially
sterile, never fills out at the tip of the ear and can hardly exist alone.

In 1911 it yielded scarcely any corn but will no doubt continue its exist- '

ence as a partly sterile variety.”

These statements will have to be modified somewhat. Although
No. 6 is, in the eleventh generation, still the most vigorous inbred

strain, as a producer of grain, however, i can hardly be considered .
to give “good normal yields.”” The plants, nevertheless, are
perfectly healthy and functionally normal in every way except -

for an extreme reduction in the amount of pollen which they

prociuce The strain No. 12 was lost. Since the diffieulty of

earrying along any inbred strain is very great owing to failure
1o pollinate at the right time, attacks of fungus on the ear enclosed

in a paper bag, and poor germination in the cold, wet weather .

common in New England at corn planting time, the loss of this
strain might be easily accounted for without supposing that it
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sunply ran out. It may be that this straln could have been
perpetuated if sufficient effort had been put forth o do so. In

‘view of the further reduction in the other strains, however, the
. maintaining of this strain would bave been extremely difficult.

Complete records on the height of plant are wanting for many;
of the generations, and, unfortunately, in the first part of the

- inbreeding period. What figures are available certainly show

that very little change in height has taken place in all four straing
during the last seven generatzons Strain No. 6 has inereased
in height, if anything. Height is less affected by environmental
factors than-is vield and in that respect is a more reliable indicator.
However, great changes in the structure, size and productiveness
may take place without height of plant bemg greatly altered.
From the figures given in Table 2 there is some evidence that
these 'strains have reached about the limit of reduction in pro-

~ductiveness and that there has been very little change in the last
“three years. This, however, is not proven. The continuation
. of inbreeding is necessary for conclusive evidence on this point.
_ As the erosses between individual plants within these inbred

strains have given very litile increase over the gelfed strains,
as will be shown later, and from the fact that almost no visible
cha;nge has taken place in these four straing during the past three
years that I have had them under observation, it seems apparent
to me that the reduction in vegetative vigor and productiveness
iz very nearly at an end. ' '

In Tables 4, 5, 6 and 7 are given the frequency distributions of
height, length of ear, number of nodes and the number of rows
of grain on the cob of the original, non-inbred Leaming variety
and several inbred strains dexived from this variety after nine
or ten generations of selfing. All the plants from which the data '
were taken were grown on the same field in the same year. - Four
different plots of the variety were grown in different parts of the

. field and the data on these plots are given separately and totaled

in the tables. It can be seen from these that no great variations

_in range, mean, standard deviation or coefficient of variability

were caused by environmental factors. The pedigree wumbers
show the relationship of the several inbred strains to each other.

From these tables it can be seen that both height of plant
and length of ear have been reduced, but in different degrees
in different lines. In some strains reduction in height amounts
10 40 inches and in length of ear to 3.5 inches. The reduction in
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length of ear is even more than it seems from this table because
the variety contained plants which produced two ears of which
the second is usually smaller than the first; whereas the inbred
strains almost never produce more than one ear o a plant.

The number of nodes per plant is reduced but as compared to
height and length of ear this reduction is very much less. In
‘the number of rows of grain on the cob there is a reduction in
some lines and an increase in others. These tables show in the
clearest manner that inbreeding has a greater effect on some
characters than on others, and that segregation of characters
has oceurred. Perhaps the most noticeable effect of inbreeding
“as shown by these tables is the reduction in variability as brought
out by the range and statistical constants. This reduction in
" variability is most apparent in the characters which are the least
reduced by inbreeding—number of nodes and number of rows
of grain on the ear—-although the low variability is also apparent

in height and length of ear. In variability, also, thereis a difference -

between different lines.

The varizbility in height and length of ear of the inbred strains
is higher than it should be, owing to the fact that it was difficult
to obtain a perfect stand of plants, on account of poor germina~
tion of the seeds of the inbred strains. The aim was to have
three plants in a hill. From four to eight seeds were planted as
far as & limited supply of seed would permit, and later, thinned
to three plants. In spite of this precaution it was extremely
difficult to get anything like a perfect stand, so missing piants
were replanted as soon as possible.
their late start, never entirely caught up with the other plants
and are shorter in height and have smaller ears in consequerwce,
It is unfortunste that this practice was followed because it is

believed that much more refiable results would have been obtained -

otherwise. On the other hand missing plants introduce another
souree of error—that of unequal opportunity to grow. Because
there was abundant seed of the variety, and it germinated well,
practically compie’ne gtands of these plants were obtained.

The reduction in variability is more apparent in the details-

of the structure of the plants and ears which cannot be expresged
statistically.

photographs. (Plates I to V).

These replants, owing o’

The beautifal uniformity of these plants in all-
characteristies at the present time is one of their most striking -
features. This can be seen fairly well in the accnmpanymg :

i In view of this fact of great uniformity and econstancy as a
result of inbreeding one is astonished at the statement made
“recently by Stout ('16) in a discussion of the results obtained
- from. inbreeding in maize by East and Hayes. Stout says (pp.
A420-421): '

‘strains similar in homozygosity show widest variation indiestive of
sponta.neous variation in natural vigor which is suggested that in such
highly eultivated varieties such as corn extrere sporadic variations may
he constantly ccourring, & eondition which is well shown by the numgrous
snd well-known results of the ear to row test.”

+

S_everal curious misconceptions az*e to be noted in this statendent.
- In the first place, it has never been maintained by anyone to my
- knowledge thatan equalnumber of generationsof inbreeding produce
- an equal amount of homozgosity in different lines. Secondly, it has
-never been proposed that the degree of heterozygosity determined
the form or structure of any organism, but that such a condition
- was accompanied by a stimulus to development which merely
. Increased the expression of many hereditary factors. This stimulus
- is considered to be without any great effect in siself on variability.
> Gr_a,nted that the inbred strains were equal in homozygosity at
- that time, that was no reason why they should be similar in
© vigor or in any other respect—in fact the expectation is exactly
- the reverse of this. With regard to “spontaneous” and “sparadlc”
variation these inbred strains show unmistakably that there is
‘practically no sporadic or spontaneous variation, that the indi-
* viduals making up an inbred strain are remarkably constant and
uniform after some degree of homozygosity is obtained and that
the diversity between different lines can be perfectly accounted
for on the basis of segregation of characters. Also, in the following
" paragraphs in his paper Stout fails to see the distinction between
erosses of diverse inbred lines and between crosses of non-inbred
commercial varieties. Because Colling ('14) and Hayes (14)
failed to obtain increases in all crosses between coramereial vari-
eties of similar type Stout would question whether crossing in
maize was ever beneficial. It is quite to be expected that, there
‘_-'a;re many varieties already so widely crossed that further crossing
does not result in greater heterozygosity, but may even reéduce it.
It is only in crosses between somewhat different varieties, like
" flint z_md dent {Jones and Hayes '17) or between varieties from .
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different geographical regions (Collins 710) that any great amount

of heterosis in naturally widely crossed varieties is to be expected. - 2 S gﬁ gg g% gt‘s ﬁﬁ E% 3 e
‘Although there has been a striking reduction in size of plant, 8 = H HHE HH ?H% HH HH HE HAH
general vegetative vigor and productiveness in these inbred - 3% 8 S8 88 BE £8 88 3IF =23
strains of maize, and in comparison with non-inbred varieties the 5. oo 3% b= D= T @ 0@ =5
inbred plants are more difficult to grow, emphasis must be put on @ SRR i o T o i ©m
i .. = oD [ Roal) OF v o0 el - el ol 03 i O T e
the fact that the plants ave normal and healthy. The monstrosities 2 H5 A4 A4 S A H fH A4
which are common in every field of maize, such as the occurrence , g 4 (o ew om I s =
of seeds in the tassels, anthers in the ears, dwarf plants, completely 2 % BER R3 an zh 85 B2 818
sterile plants, mosaic and albino plants and other similar anomalies =
never appear in these inbred strains. Furthermore, in the detalls & ' :
of the size, shape, structure and position of the tassels, leaves, £ 2% B8 &8 2% 8% R B B8
stalks and ears, these inbred strains show the most striking unl- : .
formity. These minor details which characterize each of these 'g g1«
groups of plants are difficult to deseribe but are perhaps the most Bl glglm s mm =y
noticeable feature about them. The stalks, the tassels or the ears 2 E,
of all of these four Leaming strains if mixed together could be : : “lag e ¥ © AN
separated without the slightest difficulty by anyone familiar with Elslal~: oo om —— ~ - 3
them. Some of the differences which characterize the ears of el & " oo - oo
these four strains are shown in Plate Ib. It is to be noticed in g SRS mEORR e e g-ogw
this photograph that Nos. 1-7-1-2 and 1-7-1-1, which were. : § g e me we Qo cw 28
originally from the same line, both have flat cobs. In one of them, 2
however, it is colored, in the other uncolored. Other differences A 2 3 I “E s B T 3
are to be seen in shape and color of seeds. ; E Slwle - o - - ey
The segregation of row number accompanied by a reduction in 2 o e -
variability in these two strains is shown in Table & and Fig 11. - B a :
Data previous to the third generation are not available but since o Dooonoonnonornn P
then & noticeable change in average row number has taken place ‘g . R T S S E;;
without any selection one way or the other. The variability of Sl T S @i‘:
each line has decreased at the same time. Whether the increase . ; z N A e e 9
in.variability, after the eighth generation, has any significance " % Lo <o i{«\"g ::g i;;’i 32
is not known. It is possibly due to the fact that both lines have =8 I B 8 OEa IR o4 ond ::0:’
become irregular in row number so that the correct determination B R B L L RN R o )
of the row number has been rendered more difficult in the later 8 oOOnE oW ORN NN IR ::‘
generations. Also the number of plants grown in the generations = g 2| -
from the 7th to the 10th are much too few to base accurate con- %1l S27 wowmoew we mhoeE =5
chisions upon. The sharp increase in average row number and B -
decrease in variability in the 8th generation are probably due to S B8 (88 29 oo 899 s 3w o It
the unusually favorable growing conditions of that year. =g 2T S8 28 88 32 28 a8 =3
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3.obtained for planting in order to have enough plants upon
which to make any fair observations. :

Tn-every case inbreeding in maize has so far resulted in & reduc-
tion In_size, vigor and productiveness. Some thirty or forty
inbred strains have been observed, many of which are additional
‘the ones reported previously. ' X

vorn the preceding statements in regard to the effect of in-
breeding it can be said that this process produces types which
differ in their power of development as follows:

pollen suffices for fertilization when conditions are right. For that
reason uhconseious selection for good ovule production has heen
much more rigid than for pollen produetion. That is the reason,
I believe, that more inbred strains now show a greater reduction
- in the staminate funection than in the pistillate. '
A significant feature of the effect of inbreeding upon sterility is"
that some inbred strains are perfectly normal in their production
of pollen, and the amount of pollen produced is only a little less
than non-inbred plants, owing to the reduced vigor and size of
the plants which produce the tassels. -Out of about twenty-five
inbred strains carried through at least seven generations, three of
them are perfectly normal in the structure and funetion of their
staminate parts. One of the Leaming strains (No. 1-9) produces
more pollen than many non-inbred- varieties growing nearby. In
every case, however, those plants which produce the best devel
oped ears are the poorest producers of pollen, and those strains:
which produce abundant pollen have ears which are poorly de-
veloped. In other words, inbreeding is bringing about a tendency
for maize to change from a functionally monoecions plant to a.
funetionally dicecious plant although, morphologically, both:
staminate and pistillate parts are still present. This is fTlustrated:
in Plates VI, a and b, where tassels and ears of four of the inbred:
strains are shown. . ,
AltHough no systematic selection has been praciiced throughout
the inbreeding experiment & great deal of selection upon many.
characters has been unavoidable as it is unavoidable in any in-
breeding experiment. In maize, the difficulties of hand poliing-
#ion result in the selection of plants whose staminate and pistillate:
. parts are matured synehronously. Any great differences in this
yespeet, particularly towards proterandry, would render self<
tertilization difficult or impossible, as pollen, according to Andro-
nescu ('15) has very short viability, which fact my own axperiencd
confirms. Of course, all plants which are wealk, sterile, diseased
or in any way abmormal tend to become eliminated wherever
these causes reduce the chance of obtaining seed. This uncon-
seious selection becomes more rigid as reduction in vigor and pro-
ductiveness increases in the later generations of inbreeding. The
small amount of seed produced by hand pollination, under the
- most favorable civeumstances necessitates the using of the best

1, Plants which cannot be perpetuated.
2. Plants which fail to complete normal development and can
propagated only with the greatest difficulty.

Plants which are perfectly normal but varying in the amount
of grov%th they attain at maturity.

'Tl__}ese normal inbred plants, so far obtained in maize, are not
as's rule as large, vigorous or productive as the original cross-
fertilized plants. I is theoretically possible to obtain such plants,
hich cannot be reduced in vigor in a homozygous condifion as
'be explained Iater. 'There is some evidence from the experi-
nis of Darwin, that such plants have been obtained by in-
breeding in other materfal, for example, in Ipomea and Mimulus.
election will help fo obtain these vigorous, unreduceable indi-
uals but may not be fully effective in doing so. More or less
ungonscious selection is wnavoidable in any inbreeding experiment.
‘These homozygous, normal, inbred strains, after the reduction
i growth has ceased, are quite comparable to plants of a naturally
lffertilized species. Darwin found that self-poliination -caused
veduction in vigor in Nicotiana, Pisum, Lathyrus, Phaseolus
d-other genera which are naturally self-fertilized to a large
ent. Hayes and Jones ('17) have found similar results with:
tomato. The only effect that inbreeding may have on guech
ants is merely to isolate pure lines, which are quite uniform
miong themselves, but may be diverse from one another, as
wn by soy beans (Jones and Hayes ('17), but which show no
gtion in vigor on continued artificial inbreeding. These
sults are perfectly in accord with Johannsen’s genotype con-
aption. ’
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1t now remains to be seen whether or not these inbred strains
are reaching the limit of reduction. There are two ways of de-
termining this, one is by growing two successive inbred generations:
side by side in the same year, the other is by erossing d1ffe1‘en’u
plants within the same inbred strain.
In Table © the results from two successive genmerations grown
side by side in the same year are compared. On the whole, an -
additional year of inbreeding after the sixth produces very little
change. In Table 10 are given the height, yield and length of ear
of selfed and sib-crossed plants which were grown in 1917. In"
1916, in each of the strains of which figures are given in the table, .
some plants were selfed and some were crossed by another plant :
within the same strain. Since all the plants grown that year in’
any one strain came from one individual of the preceding genéra~
tion, that generation is the significant one. In other words if
the plant in that generation was homozygous, no inerease of the
sib-crossed plants over the selfed plants would be expected. The:
figures show that there is, on the whole, a slight increase in all
the characters studied. The increase, however, is no greater in
the cases where the common ancestor was inbred for seven geners
tions than in the cases where it was inbred nine generations.
Shull (11) compared sib-crosses with selfed plants in whic
the significant generation, as I understand it, was the fourth, an
found that the crossed plants slightly excelled the selfed plants in
height, number of rows on the ear and yield of grain, Similarly .
the By, X Sibs exceeded Fy X self in yield, showing that in the,
fourth generation complete homozygosis had not been attained.
. Whether or not complete honaozygo&s has been attained by
gome or all of the strains shown in Table 10 cannot be state
positively from the data glven In most cases the increase of the
sib-crosses over the selfs is slight and probably of no significance:
sg there are about an equal number of cases in which the reverse
condition is shown. A few of the sib-crosses arve, however, con-
siderably greater than the selfs in all three characters and it ma;
very well be that these strains have not attained the degree of:
homozygosity that the other strains have, More data are needed
0 establish this point with certainty ss environmental factors
which' favored a certain plot in one character would also favo

the other character as well.

Tarrm 9. g
9. THE YIELD, HEIGHT AND LENGTH OF BAR OF TWO SUCCESSIVE INERED GENERATIONS OF MAIZE BO0TH GROWN
S5IDE BY SIDE IN THE SAME YEAR. )
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sib crosses

shove selfed
g1l
O T )
4 24,08
—. 3. 08
4.3 08
+.1

Difference of

Bib
Crosses
5.5

Length of ear in inches

Selfed
straios
0. 07
4. 05
5.4

sib crogses
above selfed
+.01

Difference of

Sib
russes
.20 -
.30

Seifed
25
.26

©.31
.38
.24
.20
.33
44
.40
.37
.20
.23
15
.28
.26
it

Yield of grain in lbs, per plant
straing

.55

41l Lok, Th
-2, 84,80
+1.5:.73
—1.14.41
42,2450

42,80
+2.14:.85
—2.34.80
5.0 54,89
$1.854.81

46,4
—3,6:2:.69

sily erosses
above selfed
42,1477
4+ . 84.64
+2. 7474

Differcnce of

Sib
oTOS5es
93,4550
94,252
871,73
95.9 .46
81.64.99
84.24:.37
109430
100 5. 58
108,42 36
95.2:4.63
85,04, 57
§1.5:£.60
81.2.53
802255
78,31k 55
$0.%

Height of plant in inches

Belfed
strains

foPHE HBIGHT, YIELD OF GRAIN AND LENGTHE OF RAR OF SHLFED STRAING OF MAIZE WITH

CROSEES BETWEEN INDIVIDUAL PLANTS WITHIN THHE STRAINS.

91,34.58
93.14.53
80,06k, 53
04 . 4. 56
82.7:4.29
82.04.33
103.04:.42
118.5 .37
10%.8 4,53
95.64:.50
83.84.68
83.8.%.53
76.14.72
78.7 4-.00
75,6449

89.7

Signifi-
cand
genera-
tion
7
7
7
7
8
8
9
9
9
9

Pedigree

number
1-6-1-3-4~4-4-24-4-2. ..
1o ln3-4-dd2 g 1-3. .
1-6-1-3-4-4-4-2-5-3-2. . .
1-6-1-3-4-4-4-2-5-5-2. . .
17-1-2-2.9-2-1~1-4-3, . .
1-7-1-1-1da7-0-4-5-2. .,
1-7-1-1-1-4-7~5-4-7-1. ..
1-7-1-1-1-4-7-5-8-1-1...
1.7-1-1-F4-7-5-2-6-1. ..

1-9-3-2-4-8-7-53-6-2 . . . .
1-9-1-2-4-6-7-5-3-2_ . ..

TapLe 10. A COMPARISON ©

10-4-8-3-5-8-4-5-2.. .. ..
AVETBER, <o rvvaaarrrans

10-3-7-8-8-T-0-4-20 00 L0
10-4-8-3-5-3-4-8-2. ... ..

10-3-T-3-9-7-6-1-1. . ....

HE ErFpor oF HI}’E‘EROZYGOSIS ON VEGETATIVE LUXURIANCE

The most noticeable mamfes’samon of heterosis in plants is a
general increase in vegetative luxuriance: In maize this is par-
ticularly noticeable in increased height of plant, diameter of stalk,
root development, length of ear and productiveness of grain (see
Flates III, V, VII, VIII, IX, X and XII). In crosses between
inbred strains of maize the amount of heterosis shown is inversely
ploportlonal to the degree of relationship as shown in-Table 11.
Montgomery ('12) has obtained similar results.
Some characters are much more affected by heterozygosis than
others. In comparing Tables 12, 123 and 14 with Tables 15-and 16
will be noticed that the yield of the crosses is inereased 180
er cent., height is increased 27 per cent. and length of ear 29
per cent. over the average of their pavental lines. On the other
hand, the number of nodes per plant and number of rows of grain
ori-the ear is increased only 8 and 5 per cent. respectively. In
other words, heterozygosis does not inerease the number of parts
£ anything like the extent that it increases the size of those parts.
Those parts of the plants which are more or less indeterminate in
size, like internodes, ears and seeds are augmented by crossing as
the result of an increase in the rapidity and rate of cell division.
he increase in size of parts is probably brought about by an
ifcrease in size of cells as well as an enormous increase in number
of cells. Tupper and Bartlett ("16) have shown that gigus mutants
- Oenothera have larger cells than the non-mutant type, so that
change in cell size may accompany & germinal change.
Trom Table 11 it will also be seen that some first generation’
yhrids may even surpass’ the original variety in yield, height or
Iength of ear, although the comparison is rather unfair 4% the
caming variety was not acclimatized as were the inbred str_'ams
The return of vigor realized in the first generation crosses is often
erigrmous, 2nd the same is true of crossmg inbred strains derived
om totally different types of maize as is shown in Table 17,
‘Although there is an immediate and striking return to the
svigorous eondition of the non-inbred stock there is not a return
in variability as shown in Tables 18, 19, 20, 21 and 22. The first
eneration crosses are mo more variable than the inbred strajns
v which they are produced, in many cases less variable, and show
iking differences when compared to the original stock. The
ﬁiclent of variability is entirely inadequate in bringing out
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Taprm 14, THE EFFROT OF CROSSING INBRED STRAINS OF MATZE nin 16, THD DFFECT OF CROSSING INBRED STRAING OF MAIZE AS.
- ! SEOWN

AS SHOWN BY THE INCRBASE IN THE LENGTH OF BEAR.

Pedigree number ‘Pedigree nurmber edigree number Nuwber of rows of grain on the ear Pedi
of sirain-—A A AXB BXA B of strain—DB f strain—A A edigree number
: - AXEB BXA B of strain-B

Length. of ear in inches
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: 3 - M . - Cee e P2 L - W
Average. .. ... ..o 5.8 7.2 5.3 18.2 7.9 -
TREreass. . o voeenn - 1.6 : a 17.7
Percent increase. ... 28.57 5'_29
Tupim 15. THE RFFECT OF CROSSING TNERED STRAINS OF MAIZE Tasre 17. THE EFFECT OF CROSSING INBRED STRAINS DERIVED
AS SEOWN BY THE INCREASE IN THE NUMBER CF NODES. . FROM DIFFERENT TYPES OF MAIZE
Pediares b MNumber of nodes Padi o " -
adigree number adigree number - Vield |Increase
of strain—A A ANMEB BKA . B of atrain—38 . - Pedigree number bu. above | Height Ifgzzze T;?iit:l En:;easee
. B OV
per | ave. of | inch r i
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1.6-1-3-4-4-d:2-4-1 | 11.5::.05 ] 14.0.05} . -0-vnnnr 13.04.08 | +7-1.2-2-8-2-1-1- 1 {10-3T-3-9-T-54-3... .. 104 §........ 75.5 4. 5 T
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1-6-1-3-4-4-4-2-5-3 | 12.2::.06 | 33.3%.06 4 /....oons 11.6:.10 | 1-7-1-1-1-47-5-2 |(1-6-1-8) X (10-3-7-8). .| 90.4 | +87.7 | 12
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~ TapLm 18, THE BFFECT OF CROSSING UPON VARIABIL
. pY THE HEIGHT OF PLANT.

: . IEE} REFECT F CROSSI PON VARI IITY A N
. C O 088! NG TPO AB 5 BEOW
BY THE NUMBER OF NQODES.

oY AS SHOWN

Pedigree number Coeflicient of variability of number of nodes

, \ Cosfcient of variability of height c '
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SES RETWEEN THESE INBRED STRAINS.

Helght of plant in inches
¢3.5 98.5 103.5 108.5 113.5 118.5 123.5 128.5 133.5 188.5 143.5

y ROM THIS
A NON-INBRED VARIBTY OF MAJZE, OF SEVERAL INERED STRAINS DERIVED FROQ
.

VARIETY AND FIRST GENERATION CROS
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he beautiful uniformity of these crosses between inbred strains.
In-every respect each plant is & replica of the other. A collection
f

of-such vigorous and uniform maize plants in the field is & novel
sight (see Plates I1Ib and Vh).

‘Bhull ("14) has pointed out that vigorous plants may be less”
susceptible to the effect of the environment than wealker types

and ‘that first generation hybrids, between uniform strains, may
even show a reduction in variability. '

"The results obtained show this quite noticeably. Particularly
was this true of several Fy’s grown between their parental strains
i a demonstration plot on rich low ground. During both seasons
(1916-"17) when they were grown on this piece of ground, the
eather was especially unfavorable when the plants wers just
tarting, the ground being saturated with water most of the time.
The germination in the selfed lines was extremely poor and many
lants which did grow were stunted, and remained so throughout
he season and never attained full height nor did they produce
‘tassels or ears: The variability of height, in these plants,
far greater than in many non-inbred varieties. Several
s, when killed by frost in the fall, were not, over 30 inches fail
e the average height of this strain is from 80 to 5 inches,
The hybrids also had a poorer start than non-inbred varieties
grown on the same ground on account of the small seed, but were -
le:to overcome their handicap and in a few weeks were guite
form. At the end of the season the difference in variability
veen the Ty on the one hand and the inbred strains and the
eties on the other was striking. These plants were not used
the statistical work given here. The crosses and parents which
re used and which were apparently quite uniform show a slight
eduction in variability, in the number of nodes and in height in
/s as compared with their parents as can be seen in Tables
ad 20. As Shull also pointed out, the variability of some
acters may be increased by heterosis. This is shown in number
ws on the ear. The inbred strains rarely or never produce & .
nd ear. The vigorous hybrids almost always do, and as the
ata have been obtained by counting all the ears gathered from g
163, ';5he variability of the crosses, as shown in Tables 19 and 21,
equently seems greater than it really is as the second ear on
early every plant is smaller and contains a fewer number of rows.
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| Strain Nuniber 1
veloped of all

‘ in - -9 is
Although reciprocal crosses are on the whole nearly equal in

respect to the degree in which heterosis is shown, there(a) i};zc;z;l;} ;ans
t this is not always so. ‘ )

dence, from Table 12, tha  plmeys so. Observabors

crosses in the field showed elearly .

iii;nintkll\?umber 1-6 was used as the female, were usua;llly_z%?g:

vigorous and productive than the oﬁhers. In Tablef23; ‘il )ehya:iving

of all the erosses and reciprocal crosses (from 1040 ea;: ) g
the same parental races are averaged. An average o ‘tho

florescence.

- AINS OF
Tasre 23. YIsLp OF RECIPROCAL CROSSES AMO}TG INBRED STR
MAIZE. .

{AX crosses grown 1916. Yield given as bushels per acre.}

1912 1712 7l 1613 . with the other two bec:
¢ ? ? i Average & related. This correlatio
and development of the seed which
86.7 g - ) : .
1912 & 821 100.5 89.8 hybrid plant. The seeds of strain 1
o those of Number 1-6 are the best.
6.0 70.9 103.6 79.9 (1-6) x (1—79) have 5 'bett'er start than
1-7-1-2 & : cross. This assumption is-barne dutb
. : generation starting from large fully
55.8 57.2 98.7 70.4 vigorous F, plants are laxger at the start
1-7-1-1 & from small, poorly developed seeds pro
- 45.2 This is shown in Fig. IIT and Plate I'X.
613 @ 87.7 95.8 92, h however, i :
' shown in _
Average 9 62.0 78.4 87.9 96.3 ‘been obtained by Castle ¢ _
. ) - vigorous T, females, are larger at the start 4
Y}e}é( isgif% - 31.5 %,g %g:% gg:s but do not surpass tI_le
(1016} 30.6 : seen from this that in
Ave. weight o7 o 16. 341 inbreeding, the ¥, is handicapped in comparis
of seed-cg. 16.6 . )

It is not certain that

w. é rain was iESe(i aS { 1@ }ia]e a;[ld jaa} Whlch ;
g ]

each was used as the female pa@nt sho*:;vs somebsﬁr;iiléli ;zsitez |
" Those erosses on the whole in Whlc_h strain Num] er {g'hich ) e
a3 the fermnale gave the lowest yield. Those crosses in Steain
_;Tsumber 1-6 was used ag the female are ciegrly the hmos{ pJ;S -
e e St mfonessonce is the best doveloped

i i ate in
z?iiseafiirftfaiz}:;?a?i}; expense of the staminate inflorescence

This acecou
cbtained at that time,

HETEROZYGOSIS AND VEGETATIVE LUXURIANCE.
he inbred strains in ifs stamin

Approximately
tained in all these crossed plo
In'the same field in the same year. *
a marked correlation in the develop
ence between the mother and her hybrid progeny. The high yield
of the crosses in which Number 1
to the fact that its average yield
yielding crosses in' which i was u
which 1-7-1-1 and 1-7-1

*The crossed straing were not
' . A5 Was the ease in the yields reported in U. 8, Dept. of Agrie.,, B. P, T.
nts in part for the extraordinarily large yields
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just the reverse of this, It is the best de-

ate inflorescence,

8 uniform stand of plants was ob-
8. They were all grown side by side
* There seems, therefore, to be

—9 was used as the male is due
was not pulled down by the low
sed as g female. The erosses in
—2 were used cannot be compared fairly
ause these two strains are more closely

produces first generatiop
-9 are the poorest developed,
Hence, the plants of crosses
the plants of the reciprocal
by the fact that the second
developed seeds grown on
than the B, plants grown
duced on inbred plants.

i8) in guinea-pigs, ¥, animals, out of
han either parent
Fy individuals as in this case. It will be
plants or animals which gre reduced by

on with the F; and

the immediately following generations.

the differences between reciprocal erosses

€ accounted for on a purely nutritional basis. There is the
possibility of unequal germingl reactions

with different, cytoplasms,

grown between their inhred barental straing
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Figure IIT.

40 50 50 70 a0 a0 100
. Yumber of Days from Planting
Growth curves of two inbred strains of maize and their

first and secohd generation hybrids.

INBREEDING IN PLANT AND ANIMAL IMPROVEMENT. . &%

Ter VALUE oF INBREEDING IN PLANT AND ANIMAL IMPROVEMERT.

Thege inbreeding and crossbreeding experiments on corn have
considerable theoretical importance in the improvement of culti-
vated plants and domesticated animsls. . We have seen that in-
breeding results in the elimination of abnormal, pathological and

_ undesirable characters in general. This result has been obtained
‘with a loss of size, vigor and productiveness. When these inbred
‘strains are . crossed, however, vigor and productiveness are re-

turned in increased amount due to the uniform excellence of the
individuals freed from undesirable characters. In this way a new

" variety or breed can be synthesized from the purified inbred

strains of an old stock. A great sacrifice is thus made to attain a
great good. Of course such a variety would have to be fized by
selection during a number of generations. The common practice
of crossing in animals and plants already extremely heterozygous.
In order to obtain further improvermment is like trying %o solve a
pivture puzzle in the dark. It is only by resolving a naturally
erossed species into homozygous types by inbreeding that it ean
be best analyzed and its desirable characters most surely selected
for the recreation of an improved type.

The practical value of inbreeding has long been recognized by
the breeders of domesticated animals. To galn uniformity and
the highest expression of certain desirable characters they often
practice inbreeding until the vigor of the breed is frequently im-
paired. From the results obtained with maize it seerns that they
stop just before the greatest good is to be accomplished. What if’
vigor is lost? " It can always be regained immediately by erossing.
There is no surer way of eliminating undesirable characters and dis-
covering the best that there is in a stock than by a process of rigid
inbreeding followed by subsequent testing in different crosses. This.
Is not offered as a practical plan of procedure for the improverment.
of animals. Tt is merely intended to call atiention to a principle.

which has probably not been used to its fullest extent. It may be

that many domesticated breeds of animals cannot endure in-
breeding to the exten$ that maize can. The cost of obtaining such
pure types might very easily be prohibitive. The writer believes,
however, that the splitiing up of a breed of animals or a naturally
crossed variety of plants by long continued inbreeding of the
closest kind possible followed by the recombination of the most

desirable inbred types, obtained in sufficient numbers to nsure
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that nothing of value present in the stock at 1‘:he start, is .10513, is &
valuable, practicable method of improvement in many animals and
plants. According to this method a varety or bread *ﬁ.ro.uld.be Te-
created and then continued in a naturally crossed condition just as
it was before. The value of this procedure as a method for plant
improvement is now being tested. It is, of cqulr.se, 2 long tirzﬂe
proposition and one that must be carried on extensively to promise
results. - - ‘

With a few plants which are easily crossed it %s-possfble to
utilize hybrid vigor to the fullest extent by growing only ﬁrs_t
generation plants. Attention bas been repeateély called to tl:ns
method of increasing the productiveness, partmfala-rly of MaLze
and tomatoes. The greatest amount of hybrid vigor 18 showxn m
- maize when the plants have been previously 1J;bred. T_Jnfo‘rtua
nately, when the inbreeding is carried on for sevgrai generations
the reduction in the vigor of the resulting plants 1s 80 great that
the small size and low vitality of the seeds borne on inbred plants
seriously handieaps the hybrid plants grown from these seeds as
just shown. So what is gained by an increased amount of heterosis

may be partly lost by the poor start which the plants have. This-

handicap, in comparison with normally-crossed var%et}es, the ¥y
may not be able to overcome entirely even though it 1s _fa.r more
uniform and free from barren, mal-formed an.d otherlwme unde-
sirable plants—factors which count heavily in maxmum L?ro-
duetion. .~ T - o

A way to overcome this handicap suggests Hself Whlc}‘l‘ls t_o
eross two vigorous first generation hybrids whose composition is
such that the resuliing cross will not be less heterogygoxzs than
either parent and, therefore, theoretically no 16"SS vigorous _and
productive. This is easily accomplished by taking four distinet
inbred strains which are of such a composition that & cross b_e‘%:ween
any two of them gives a vigorous product.. Now by crossing two
"of these strains to make one first generation hybrid, and at the
same time crossin
combining the twi first generation hybrids there should be no
reduction in heterozygosity. ‘These doubly erosse{?l plants, hm?-.
ever, starting from large seeds produced on Eé_lrge, vtl.gcrous hyi})lm(cil
plants would be freed from the handicap which their parents ha
and although somewhat less uniform should be more productive.

While it may be out of place to say anything about this method'

the other two to make another, and then by,

HETEROZYGOSIS AND SELECTIVE FERTILIZATION, 61
> until it has been theroughly tested it is a method which is more
promising than the ‘plan originally advocated because by this
method crossed seed for general field planting is produced much

~more abundantly than when non-vigorous inbred strains are
-orossed.

Tar Errecr 07 HETEROZYGOSIS UPON HENDOSPERM DEVELOP-
MENT AND SELECTIVE FERTILIZATION.

Together with the increase in size of other parts of the plant
there is also an appreciable increase in the size and weight of seeds
of maize immediately resulting from cross-pollination. This has
been shown clearly by Colling and Xempton (*13) by pollinating
several ears of maize with a mixture of the plant’s own pollen and
that of & different variety. Roberts ('12), Carrier (13) and Wolfe
{’15) have also shown that in maize the endosperm is increased by
grossing.  The writer ('18) has shown that this increase in endo-
sperie development appears even more strikingly in reciproeal
rosses between different inbred strains of maize. At that time
Teciprocal crosses had not been obtaired between different indi-
vidual plants. In Table 24 are given the distributions of the
weights of the seeds shown in Plate XIa. Two plants were pol-
limated with a mixture of pollen obtained from these same two
plants. One of the plants had white seeds and the other yellow
and the selfed and crossed seeds on each ear could be easily
distinguished. The same pollen mixture was also applied o a
third plant of an inbred strain different from either of the other
two but more nearly related to one than: to the other. The
average difference in weights between the selfed and crossed seeds
.on each ear are large. The two out-crossed lots of seeds on the
third ear do not differ ag greatly but the heavier seeds resulted
from the wider eross.

Table 25 gives a nurober of averages of the weights of seeds

from similar pairs of ears each having selfed and reciproecally

orossed seeds. In every case there is s noticeable increase in

weight as the result of crossing. In Table 26 the weights of the

ut-crossed seeds resulting from some of the same pollen mixtures

areg given. Here again the heavier seeds are those which have

resitted from the wider cross. A and C are two inbred strains

erived from one. variety at the start while B is derived from a
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- .
§ 3 3 N 5. THE IMMEDIATE EFFECT OF POLLINATION UPCON TEE WEIGHT OF SEEDS OF
% HH ﬁ marzn.  (Seifed and reciprocally crossed seeds from “the same ears.)
- — .
S A AXB BXA B
I~ T S - Pedigree number, of - " Pedigree number of
SR :: i : ; ® | " parent plant—a. Selfed Crossed | Crossad Selfed parent plant—8
. 4 . ;io% ;i;i b N L "- : White Lizht yellow Yellow
o8 % § 8 i -
a e 8 21.3-13-9-7-57-1 27.0 32.1 30.3 22 14-10-30-4-3-7-13-4
o o & 121-3-18-87-57-2 | 20.3 21.9 25.2 21 14-10-30-4-3-7-11-3
z % 5 8 X = 21-3-13-9-7-37-3 26.0 31.1 30.9 - 22 14.10-30-4-3-7-11-10
21-3-13-8-7-57-5 22.2 24.3 31.4 .1 25 14-10-30-4-3-7-11-2
- 21-3-13-9-7-57-7 25.9 311 35.2 28 14.10-30-4-4-2-7-6
121-3-13-9-7-57-10{ 27.8 32.4 29.9 23 14-10-30-4-3-7-11-1
@ 21-3-13-9-7-57-141 28.0 30.3 39.4 29 14-10-30-4-4-2-7-3
121-3-13-9-7-57-201 30.9 35.5 21.6 21 14-10-30-6-11-3-11-3
@ = 21-3-13-8.7-57-241 28.5 33.0 29.1 Z5

14-10-4-6-4-7-8-5

121-8-13-0-7-57-25; 24.8 290.7 36.6 30.
21-3-13-6-7-57-201 B82.4 88.4 24.1 19

21-3-13-9-7-57-311 147 | 17.8 24.3 20
121-3-13-0-7-57-33.  16.5 18.9 23.6 13
21-3-13-9-7-657-35; 19.2 23.6 31.3 25

14-10-4-6-16-2-12-8
14-10~30-4-3-7-11-7
14-10-30-4-3-7-11-8
14-10-30-4-3-7-11-9
14-10-30-4-3-7-11-18
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F TWO DIFFERBNT INBRED STRAING.

NATION ON THE WEIGHET OF SHEDS OF MAIZE A5 SHOWN BY SELEED,

CROSSED SHEEDS OBTAINED PROM A MIXTURE OF POLLEN

o
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2 Cle-w a © 121.3-13-9-7-57-36, 22.3 25.1 36.4 28 14-10-30-4-4-2-7-14
diw . |21+3-13-8-7-57-43, 20.6 22.7 34.5 27. 14-10-30-4-4-2-7-2
Fials & o8 -
EiglS e 24.2 | 28.0 | 30.2 | 24.4
AN fngesed 3.8 5.8
; £ S s e .- -« o2 et et L I I - .
~§ ; e + oo © 8 increase 15.70 23.77
;:i Sl o3 @ o8
o g Clo = w o & & vE 26, THE IMMEDIATE EFFECT OF POLLINATION TFON THE WEIGHT OF SEEDS
2 oon = : a1zE.  (Oub-crossed seeds resulting from some of the same pollen mixtures
5 & g ale ©w 5 2 used in Table 25.) | B
[= IS < b
B A é z =] - ® - Average weight of seeds in centigrams
B = ;
© E § =1 o R ‘ex number Pollen mixtare Cross Cross
S o © =1 nurcher CxA CXB
a ﬁ = = - - & o« B T
EZg ! 1 20.5 245
= B = ] - e BAREE35-3. L L 2 19.7 ©23.9
8 o 3 25.4 25.0
ERe — ! 35-11 6 - 20.3 22.9
g3 Do : 8 27.8 27.5
;é 3] . F .- - 9 25.9 277
= ?: "8 . . - . . 13 20.2 20.1
. S e g oo : 3318, 20.}Es , 25.8
3] - Do N LRI 93 975
ol = EEZ 2 35.18. ... 16 21.6 20.9
I T T OE 2 35-21...... 20.2 18.9
“ © i £ 2 i £ 2 2580 | 21.7 : 21.2
] 5 5 & @ 85-37...... . .
: EEREE = £1.6 i
= R o - < o Ave. 215  321.5 ] 22.6  22.8
r-«: % % X X - - -
e £ i< <« mom 00 L 22.7 24.3
ease ol (CXB) over (CXA).... | 1.6
Percenb increase. . ........... 7.05
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different variety. All the data-taken together clearly show that 3 $£12 ] cwem CE %ﬁ . §§
an increase in endosperm development in maize is one of the E Tg | FA|O|TTT = e & T
cormon manifestations of heterosis. & 2 | 3 B8
Since the crossed seeds receive a noticeable impetus in develop-. 2 g é o 28 :: iﬁf
ment it seemed quite likely that the foreign pollen might be more g . °T15E N BTSN m’:- e WS | :
officient in fertilizing than the seli pollen and hence a greater X S 250 BERT 27 st 8 71 3S
number of crossed seed than selfed would be produced. Such is gé B . + &
not the-case, however, as an examination of a large amount of § E . %5‘
data has shown. , _ Sz E2 ness -4
In- performing the mixed pollinations no attempt was made to 23 e E%
have more than approximately equal quantities of pollen, It is- A ; . SE
impossible to get a mixture of equal quantities of functional ' CE ail JE.. .| g 83 ,:( §
pollen because it varies so in respest to viability. Since the same B g £9 £ 2 jalwodge - loe :j; : T
mixture of pollen was applied to both plants-the ratio of the seeds EE T é ” = B . g £
resulting from ‘“yellow” pollen to the seeds produced by the 5% 2 8
ttyrhite” pollen should be the same on both ears. Thus if there : §§ =B, o 3 H : ”C;%
were no selective fertilization the percent of white seeds on one . SE) fadt Ylevexs |og o ; RO I
sar plus the percent of dark yellow seeds on the other, selfed seeds gA | vg”” | RasRs 8T © R
in both cases, should equal the sum of the percents of the crossed Eg S 8%
seeds on each ear. An excess of crossed seeds would then indicate 3 ; B gm::
a selective fertilization in favor of the crossed pollen. Asa small a8 é% RERAS a )
excess of selfed seeds was obtained any selective fertilization in % ; ? Emg
favor of the foreion pollen certainly did not take place. : G B e— T
‘The numbers of the crossed and selfed seeds, of which the - - é EE 25 | m 1B %3 o ‘“:‘:::g
weights are given in Tables 25 and 26, together with a large - B §~§"§"‘g X pmEmemeem g ey B Sj%
amount of similar data are not given here for fear of unduly Ea i ) jf?‘:
burdening this publication with tables but they show, on fhe- : .Sg " T = ngﬁ
whols, a small excess of selfed seeds instead of crossed seeds. BE BEi oo R3] e 5iE
The results of an experiment designed to test this point in & some- a i 1 24T MRS %%% E & &+ e E“"‘:Q‘
what different way are given in Table 27. Here ingtead of taking - % u B = gcl; -
a . mixture of pollen from two plants of two different strains a- ﬁz 5 e s ¢ T §3F§
large amount of pollen was collected from an approximately : g5 2 moregwine | S o] | LE 58
equal mumber of plants of two long inbred and exceedingly uni~ &8 g g %I B IR =
form strains of maize. The two lots of pollen were sifted 0. g _ ;‘g"-g S S ol §§§
obtain pure pollen and equal quantities of each were carefully’ S§§ N g % ég;
measured out, thoroughly mixed_‘i;egether and applied to a number HEE 5 i.g( i E B ajwj
of ears of each of the two strains which furnished the pollen— 2 _E'}(jf‘ 5.§ 2lez a;f 2 gﬁ
A and B— and to & third strain— C—distinet from either. . 35 %’ é 212 i g §5 755
SECH-RP AR

Alhough the tassels were bagged on the same day and the poller
collected two days later and equal quantities of each taken there:
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ﬁraé'net equal quantitiés of functional pglien as the 'numl;(’ar o§
seeds given in Table 27 show. The great meq%;;ahty ﬁ}f fax;et;loenaﬁ
j due to the fact that the pollen o 3
ol Y e be('m corecate into a focculent.
in was more moist and tended to aggres culex
j:;zz while the pollen of the other was perfec%%gf dry annd ;}a:&;grgi}?
iz e others. For this reaso s dif-
rerisined separated from the of , : i e e
oA s \len equally and the dry p
geult to measure the two lots of po . ¥ bolen
: t pollen when the
: tered. about the fine lumps of mois :
%le:r:vere mixzed and was probably first to gain access to the

stigmas. The difference between the two kinds of pollen was not

due to any external differences, as far as gould b}f dsgfan, a;mi
indicate -differences in the rase of maturing after she fl;ltgl -
‘Whatever may be the cause of the great d%fferertsxlce :;n erti ;Izowg_
- i ffect the point-under investigation. HOUWS
power this does not e t e ellow
i a7 be, the seeds resulting v ¥
ever different the pollen may be, the o o
‘ e in the same ratio to the seeds resulting 1o
pallen S o o +io of the same two kinds of
¢ white " pollen on one ear as the ratio o
eg?ton ’ile other ear within the limits of the error ofhmnéili)m
zajmpling if there is no selective fertilization one way OT the other.

And both® these ratios should be the same as the third ratio -

obtained when this same mixture of peﬂen_ is ﬂgetg to ngoigc;z
1 iety of maize. letus
on a plant of a different vare naize.
?;;eedgigures Ziven in Table 27 show. Of the }“eclprgcal crf}sses and
aelfs the proportion, expressed as percent, 15 as follows:

White Yellow White
g:zlézf Crossed Crossed Selfed
. 1510 i 96.600 3.400

Seed color carried by pulle-n ............
Type of Seeds.... RERRERERD [RERETSEREE
Actual proportion obtained. .. .. 9%.490

P D seTe e . - 9 + : 455
@] (lSeSi el’ie(}t Topor tion 9; 54‘5 2 4:35 9; 54'5 2

The deviation from the closest pérfect ;_}roportion is n ;fax;(l)r
" of the selfed seeds.  This theoretical ratio agrees very closely

i i he out-crossed seeds as.:
i actual ratio obtained from t : ' :
Z}zz};vrfh?na?ﬁfable 97 although there. 1s considerable difference.

in the results from the different sars. Letting 8 stand for selfed

and. C for crossed the probable errox of the determination

A g
. 6745 /(5)(©) The fraction &
oo BE §ro Ysyoo TeW S

gives the percent of selfed seeds and th;a probable error is stated

) . . . e
as percent. Likewise the fraction &=

¢

gives the percent of
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crossed seeds and the probable error is the same as for the percent
of selfed seeds. .

This same experiment was repeated with about .the same
number of plants with the result of 2 similar excess of selfed
seeds greater than would be expected from the probable error
on the assumption that there is no selective fertilization. Does
this mean that there is a selective fertilization in favor of a plant’s
own pelien and that the plant diseriminates agailnst foreign pollen
even though the seeds resulting from that foreign pollen are
greatly-increased in size, weight, viability and the rate of growth
of the ensuing plants? Unless there has been & constant error in
classifying the seeds this seems to be the necessary conclusion to
be drawn from the results so far given by maize. A sufficient
number of plants will be grown from this seed to defermine
definately whether or not there has been any error in the separa-

tion of the seeds so that this question can be answered with a
high degres of certainty. ' :

_In the meantime there is little doubt but that there is no great.

selective fertilization in favor of cross-pollination, if any, however

much that cross-pollination may benefit the resulting seeds and
he plants grown from them. If this is true crossing is without

effect until the zygote is formed at the time of the union of the
-male and female nuclef. '

- In a consideration of selective fertilization it should be remem- .
bered that there are two different conditions which may be included
in the term selective fertilization. One may be said to be the

‘selestion of different germ-plasms; the other the selection of
“different cytoplasms. For example a heterozygous plant produces
~pollen grains with different germinal compositions but all enclosed

in the same cytoplasm. On the other hand pollen from different
plants may differ in the nature of the cytoplasm as well as in
hereditary factors carried in the nuclear material. TEast and
Park ("18) have demonstrated that in tobacco there is no selective
ertilization between gametes coming from one plant although
the pollen grains differ in factors which determine fertility or
sterility of thé ensuing plants. The case is quite similar to that
of the shape of pollen grains in peas which may be either all
ound or all cylindrical according to the germinal composition
of the sporophyte which produced them and not according to
he factors which they carry. Where pollen grains differ both
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in the factors %hich_ they carry and in the.plan‘f.s -frpl}"ln Wh'lch
they come, as i§ the case with these experiments W.lt mg{ze,
the conditions are quite different. It jWOlﬂ‘d 1n0%- be sxirprlsu:lgt
that there should be selective fertilization n oné case and 1110!
in the other. Bast and Park have shown' that a tqbs,cco P an;
which was self-sterile, pollinated with a J?zlxture of .1t-s own anu
pollen from snother plant with which 1’0_\‘#&5‘_ fertile, gave &

erossed seeds—a maximum of selective fertilization.

Darwin (% Cross and Self Fertiiizat.ion ™y foun_d iﬁf}a’a there ;vast a
selective fertilization in favor of foreign pollen in dlffere?nt P m}l sa;
Many of Darwin’s experiments, however, Were made cind 81;; 2
way as to be open to doubt whether or not hg really ( 1 0 g
guch an effect. His experiments, 1N applying fqrelgnh.p}ri Zn
sometime after self-pollination had taken place, in walch ne
obtained in some cases mainy or all _a,_pp&rentls.r crosse{_i preglenirs,
are open to other interpretations. The p‘.}_l‘i.tj_f of ?hg plam
pollinated was nob known. Extfarnal gonditions n uencmdg
fertilization were not guarded against. Taken as they stand,

however, his experiments with Memulus, Theris, Brassiea, Raphi~ .
H T

nus, Alliim and Primule do indicate that In ‘61:1686 plants t]gter_e
may be a selective fertilization in favor of fgrfelgn pol}en. 1;1'5
to be expected that plants Whi.e.h ,s}ncw partial se'lf—mwn;pa 1;
bility would show selective fertlhzathn when a mxture 2‘ seé
and foreign pollen was applied. Inmaize, however, as meli 10}:1(31
before, the sterility- shown is in the 1_1ature'of pollen and ovule
sbortion, and whenever well formed pc}jﬁez} is proc}uqed 1?5 s;)ems
to be able o fertilize equally any plants if not teo dls_%.mct in yped.
A distinetion should be made, then, between se]f—fe_r’?ﬂe plants an
self-gterile plants when dealing with selective fertilization.

Hyde ('14) has shown clearly that in Drosophila hoth males -

and females of inbred lines.are more prqductéve of offspring
when mated to an individual of a different line than when mated

to one of their own. Both males and females, thert.efor‘e,_ pz’.odi_lce,
‘more functional gametes than are itilized when 111‘d1v1duals of
the same inbred kines are paired.. Hence a female, impregnated

with s mixbure of two kinds of spermatozod from the same and

srom different lines would produce more hybrid progeny than.
inbred progeny even i equal quantities of both types of spermas :
+0708 were available for jertilization. In other words there would |

be selective fertilization in tavor of cross-fertilization.

LONGEVITY, HARDINESS AND “VIABILITY.. 69

“Whether or not there may be a similar condition in other animals
1 do not know. Even in Drosophiia, fertilization by the two types
of sperm may take place equally, and a greater proportion of -
-close-fertilized eggs, than crossfertilized, fail to hatch, due to
“lesser vigor or lethal factors. In Hyde's experiments the type
- of fertilization had no marked effect on the number of eggs laid,
only on the percentage which hatched.

In maize, and possibly all plants which show no self-incompati-
hility, the fact seems elear that crossing is wholly without effect
‘until the fertilization process is completed. :

Although there is apparently no effect of crossing in maize
until the zygote is formed, such an effect is apparent mmediately
afterwards. In addition to theinerease in endospermn development
there Is also an increase in the vigor of the embryo. Whether or
not the size of the embryo in the seed is increased has not been

“actually determined, other than by inspection, buf it undoubtedly

.. is,-along with the endosperm. When crossed and selfed seeds

from the same ear, grown on a plant which has been inbred
‘previously for several generations, are planted a striking difference
is soon apparent. The crossed seedlings appear from one to two
.days before the selfed seedlings and may be two or three Inches

-above ground before any of the selfed plants begin to appdar.
(See Plate XIb). From then on the superiority of the crossed

50_ver the selfed plants increases rapidly as shown by the curves
in Figure IT1. '

Tar Errzcr or HeTeROZYGO0SIS UPON LONGEVITY, HARDINESS
: AND VIABILITY.

-~ An increased longevity, viability and endurance against un-
avorable climatic conditions have been frequently noted in
hybrids. Kolreuter and Wiegmann both mention this fact.
(Gértner in his book “Bastarderzeugung im Pflanzenreich” devotes
gonsiderable attention to.this feature. Under the heading
¢ Ausdaner und Lebenstenacitit der Bastardpflanzen’” he mahes
he - following statements.

U Thereis certainly no essential difference between annual and biennial

plants and between these and perennials in rvegard-to their longevity;

ariit is 1ot seldom that different individuals of the same species have a
onger life at times as, for example, Draba verna, which has anpual and



70 CONNECTICUT EXPERIMENT STATION BULLETIN 207,

Mennial forms; the longevity of a plant furnishes. thereby no specific
differences bui signifies at most a varlability as Prof. W. D. 1. Koch
has shown. However, in hybrids this difference deserves special con-
sideration. In most hybrids an inereased longevity and greater endur-
" ance can be observed as compared with their parental races even if they
¢ome into bloom -a year earlier. The union of a annual, herbaceous
female plant with a perennisal, shrubby speeies through hybridization
does not shorten the life ovcie of the fortheoming hybrid as the union
‘of Hyoscyamus agresiis with miger, Nicolgana rustica ~with perennis,
- Caleeclaria plantaginea with rugosa shows, and so salso in reciprocal
crosses when the perennial species furnishes the seed and the annual
species supplies the pollen, as Nicofiuna glauca with Langsdorfii, Dianthus
caryophylius with chinensis, Malvo sylvestris with Mauritiane or biennials
with perennials and reciprocally as Digitalis purpurea with Ochroleuce or
lutea snd lufea with purpures or ochroleuce with purpures. From the
union of two races of different longevity comes usually a hybrid into
which the longer life of one or the other of its pareat races is earried
whether it comes from the male or female parent species.’’

Many more instances are-given by Gértner from his. own ob-
servations and those of others to enable him to reach the following

conclugion:

“ "Phese examples support the statement of Kolreuter’s that the longer
life of hybrid plants is to be counted among their usual properties.”

With regard to the resistance of hybrids to unfavorable weather
conditions he goes on to say: ) '

“ With their longevity stands, in %he closest relation, the fairly
common property of hybrids to withstand lower temperatures than their

pavental races without injury to their growth and vegetative life. Kol

reuter first observed that Lyciuwm barbare-afrum in south Germany
withstood tHe winter in the open field; although Lycium gfrum must be
wintered over, at leass, in a cold frame. The cross of Nicotiane Tabaco-
undulata, aceording to Sageret in France had an increased life, although
in & protected place, in open field. =~ W. Herbert reports that Rhododen~
dron altaclaree, which is a hybrid union of E. pontice-caniawbiense @ with
the very semsitive Nepalense arboreum coccineum ¢, has been grown im
the open in Bngland; also Robert Sweet confirms the same result by
a hybrid erinum and many other hybrids of bulbous plants grown im
open field whose parental species must be grown in the hothouse.

“ Lobelia syphililico-cardinalis wintered over with a light ocovering

in the winter of 1832-1833 with 5°F in open field. DLychnicucubalus
albus and ruber lasted thrse years in open field although eucubalus
viscosus in south Germany did mob survive in open field. All hybrids
of genus coceinewm stood over the winter of 1842-1843 with §°F. in the
open, although the pure species seldom lives through our usual winters
_of 43° to 9.5° F. Prof. Wiegmann reports similar results. B
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—_" Very frost sensifive species of Nicotians and their hybrids dié not
mthst.a,nd,_under the same conditions, such low teméeratares as ﬂ(l)
afore-mentioned plants; but we haye flowered and carried over 'z
of _th.‘?:m‘ wherever they were well covered with snmow, for example P%IJ;
quadri-valyis glutinosa, ristica-quadrivalvis, these -withétbod ‘25° I:I'f",'&n&
yet have continued blooming although -&. gluiz'nbsa, guadrivalsis c;n'
late, Tabocum and rustica were already frozen by 32° F. Moreo;’eg; :gu-
CToSSes of.‘_very sensitive and tender species of this genus as pamimjlaizl-‘
Langsdorfm, z_;incaef.iommLangsdorf?}i, vineae-flora-guadrivalyis ‘have been
carried overin an active growing condifion two to three years, and
glouce-Langsdorfii three years in a -cold House with 39° to 42° " Th
hybrid" N. peniculatarusiica~-paniculeia was kept over in a cold hcl)use-z i::

‘- ;the 'coId Wint.er of 1839-40 but its leaves were yellow. Among all the
species of this genus the cross of N. suaveolenti-macrophylle showed
.. itself to be the most hardy. On the 16th of October of its first year

{1828). its top was frozen but it did not suffer from this, and 12 days later

- pubout & new shoot from the root and its leaves lasted through the winter

in a cold house in a fresh, green condition although the other species

- were yellow and this plant was the first to starb into growth in the spring
_ The same endurance Ssgeret observed in Nicotiana suaveolenfi«-v‘irginica.

All these. plants in the last year of their vegetitive )ifé seemed o die

. off more as the result
o esult of the unfavorableness{of the weather tha,a_ of old

3

Exoeptions_ are noted by Gértner in that some species which
were not resistant to cold did not give resistant hybrids. In

-many cases the hybrids were weak because of the distant re-

lationship of the parental races. . ‘
- Sargent ("04) reports & remarkably vigorous and hardy hybrid

~ tree supposed to be a cross of the tender English walnut, Juglans

regia and the common butt ;
s ernut Juglans cinered.  He says:

- "My attention was first called %o the fact by observing that a trée which

I had supposed was the so-called Engli
: glish walnut—Juglans regia, i
grounds connected with the Episcopal School of Harvard g:)zl,lelgneﬁ]:,:

" Cambridge, was not injured b i
G _ L by the cold of the severest winte
- Juglans regia generally suffers from cold hers— and rarely I;oaiihzgg};

large size. This individual is really a noble tree; the trunk forks sb u

-fivefeet above the surface of the i i i

< B ; . : ground into limbs-and girths

pfn%zt' where its diameter is smallest, fifteen feet and twa rgilnche; &tc;}ﬁg
- divisions of the trunk.spread glightly and form a wide round-;bo ed
“Bead of pendulous branches and unususl. symmetry a-ﬁé{ beauty, pznd

probably sixty to seventy feet high.”

P Heterosis is also shown in -a resistance to bacterial and fungus
.diseases. Some of the inbred strains of maize are very susceptible
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to the bacterial leaf-wilt and in some vears at the end of the
season all the plants of these $trains appear as if they had been
scorched by fire while other sirains in adjoining rows arve un-
towched. Other strains have quite a large percentage of pl&pts
attacked by smuf. Crosses, however, of these suscepiible strains
with those which are not affected by these parasitic organisms
are only slightly or not at all affected.

TABLE 28. Suscerwrsiary To sMmuTr { Ustilago zeae) OF A NON-INBRED
VARIETY OF MAIZE, SEVERAL INBRED STRAINS DERIVED FROM THIS
VARIETY ANR THE FIRST AND ‘

BETWEEN THE MOST SUSCEPTIBLE AND THE LEDAST SUSCEPTIBLE

STRAINS.
Perce;m of plénts affected “Total Total
Pedigree number number pereent
of plants | of plants
Plos I Plos 11 Plot 112 arown afected -
Tooo oot e 1.75 114 Egz
1-G-1-2-4-6-7-5. . .. ..... 0 27 .56 596 .
1. 7.1.2-2-0-2-1, . ... ... 2.17 .35 0 408 .49
I ) T O T - . 8.79 10.16 5.77 950 9.79
1-6-1-3-4-4-4-2. . ... ..., 0 1) 0 992 -0
(1-8-1-3) X (I-T-L.D)F,...] .... 2.48 . 0 439 2.28
(1-6-1-3) X (3-7-1-1}F,. . 5.15 Q7 5.15

f

In Table 28 are given the per cent. of plants affected by smut
(Ustilago zea, Beck. Ung.) of the original, nen-inbred Leami.ng
variety of maize préviously spoken of and four inbred strains
derived from this variety by ten or eleven generations of self-
pollination. Seed of the four inbred strains was planted in three
rather widely separated plots in the same field in 1917. Two of
the strains showed only a small infection by this parasite; one
showed about 10 per cent infection and one had not a single plant

affected in all three plots in a total of nearly one thousand plants.

Since the differences which these four strains show are fairly con-
sistent in the different places grown it can hardly be doubted but

that segregation of susceptibility to parasitism has occurred in -

the inbreeding process. The first generation hybrid between the
most resistant and the most susceptible strain was free from smut
‘in one plot and but slightly affected in ahother. ~The second
generation hybrid grown side by side with first generation showed

SECOND GENBRATION CROSSES )
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- considerably more infection although the number of plants grown
~was small. This is fairly good evidence that resistance to smut
~in maize tends o dominate in crosses between plants which differ
~in this respect. -

. Tigdale, according to L. R. Jones ('18) also finds that in flax
- disease resistance tends to be dominant although the hybrids
.are more or less intermediate in this respect and the method of
inheritance is rather complex. Biffen (’12), on the other hand,

concluded that the resistance to rust in wheat was recessive.

Likewise, Weston (’18) states that maize and teosinte-maize hy-
brids are extremely susceptible to a downy mildew {Peronospora
Maydzs, Rac.) in Java and other places, although teosinte (Buch-
aeng mexicana, Schrad.) is immune.

“ Data from another sourcé have been obtained from the garden

adish { Raphanus sativus, L.). A whiterooted variety of radish

was allowed to go to seed alongside a red-rooted radish. Seed

coliected from the white-rooted plants was sown thickly in a flat

and when they came up it was seen that a number of the seedlings

re crossed from their red ‘colored stems. The seedlings were

ite badly attacked by the “damping-of” fungus and large

mbers of them were killed, but a far less number of the crossed

edlings were affected as shown by the decay of the tissues at

he base of the stem. - The figures obtained are given in Table 29.

CABLE 20. COMPARATIVE SUSCRPTIBILITY To ¥ DAMPING-OFF *’ DISHASE
OF SELFED AND CROSSED RADISH SEEDLINGS. ’

White Seedlings, Selfed Red Seedlings, Crossed
iety of Radish | Number Number Percent Number Number Percent
! ) Zrown affected affected grown affected affected
hort, white...| 340 | 142 | 40.7 30 4 | 133
ng, white, . . 78 28 j 36.8 7 0 0

(ernert ('17) reports a case of immunity to aphis attack of
mte-maize hybrids in which the maize parent was badly
ested whereas the teosinte parent and the hyhrid entirely
icaped injury. -

Together with these manifestations of heterosis in its influence
o hardiness there is 'an increase in the viability of crossed seeds
compared to selfed seeds from the same ears as shown in Table
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hey may have, no matter h

OW many generations of asexual re-
‘productions take place.

Undoubtedly most varicties of cuiti-

vated fruits, flowers, orna

mentsl plants and field crops which are
ol % 2 | g § 38 ;commonly. propagated vegetatively, owe their excellence m part
- |EmE |8 8 12 | 8§ | & g; to heterosis. . .
E s | = - 'g R - e - From time to time the supposed degeneration of plants in long-
_ SRR it B I g ol e 8s continued vegetative propagation has been‘ rauch  disputed.
Pedigree number Pei“g;}”é’;ﬂkﬁ & 23 gé =5 | B2A% Enight ('99) and Van Mons (36) gontended that they did degen-
of female parent > : E?ﬁ e 's:‘é 58 | o8 2 ;,gf erate, but Lindley (’52) reviewing Knight's work thought that
S50 52| ag 35| 38| fs|is: the evidence did not support such a view. Girtner states that
g0 e T a8 '_ B E the characteristics of 5 hybrid do not change throughout the
306213513 | 8.2 121 | 3¢ 1 46 ;gg 32:3, whole-fife eyele of the individual, even when it is propagated and
21»3-13-9-;??;:13 ii:10;30'5“1'1‘3‘11‘17 18.8 gg gg_ : ?2”; |75 9006 disseminated by buds cuttings or layers
2;121?33317-57-21 14-10-30—6-11;3;3"315;4 . ﬁgjé 92 | 14 | 22 |63.6 13252 - Darwin believed that 5 degeneration took place largely for the
A ddnrs | 13| 33 b B By 2.5 ame reason that he thought long continued self-fertilization was
2;2:}3:317:57-54 14-10-3047?7:25':3;'; g‘.g 1?}3 43 1 68 | 43.0 ,133'2 mjurious. Asa Gray (’76), in reviewing Darwin’s opinions on
2?'2?33‘?2??3 ﬁ:igigiﬂ&m ig.g ;? 22 ;?) _;g:g ‘0.8 Is matter, says (p. 847):
21*3'13‘9'7'5;”23 iiigj_’gi;ﬁ:ﬁg 13.3 | 14 i :;- Sﬁi lgg:g ““The conclusion of the matter, from the selentific point of view is, that
ﬁ}jﬁjﬁﬁiﬁiﬁivﬁss 17 . ‘ 12.; . g §¢ 86 | 96.6 | 98.9 xally propagated varieties of races, although liable to disappear through
14-10-80-4-4-2-7:1Z |21-3-18-9-7-57-83 e hangs, need not be expected 0 wear out and there is no proof that they
Total |16.3 | 685 | 330 | 442 | 53.4 | 6.6 ub that non-sexually propagated varieties,

* Seeds crossed but number of perent unknowhn.

'

30. Seeds which were secured from someof \g’li }Ilnlizeli}?;]?;igoi

. . N n Hats. fhceleiis :

reviously, were sown In otion tha
reportgdégecis showed: & higher percentage of gem.%lngl;i -
'E;OS"S:Efed seeds from the same ears as can be seen. in ar

e's ; _ _ ine. .

) ; ths affer ripeping. :

] seds were planted two mon " e
T‘:nesi :zeiﬁscréase in.age would show greater dlff.erences n v;z}:;ﬁ; :
s DOg known but it is quite likely that the fiﬁereTnheeEH:vg o
o II];OB even greater with age up to a certain pomé. - ; fheo eafs wa
ue N of b%th crossed and selfed seeds in some © X t, > énin
ﬁ?ﬁ the fact that they were moldy on account of late ripenin

and damp weather. S

i if by an increases
The increased vegetative vigor as ém;n};es‘ffs 2ieznr;;Z;teﬂ
i ion i rids has
il f vegetative propagation m ny 7
. %&reuter, Wiegmann, Sageret and

spoken "of. r, | : >
sgéci‘al mention of this phencomenon.

Moreover there is no positive evidence that 'pl_aéntsv tx;?lcrl; jf
-probagated Végetati'vely lose any of their hybri m‘g :

Focke makg

_ though not especially
able to change, may theoretically 2
ery fong time ahout it,” '

Gray, however, cites cases of horticultural varieties propagated
ce the time of the Romans with no apparent loss of vigor.
tney ('12a, b, ¢) and A, T, Shull ("12b) believe that an actusl

generation takes place in parthenogenetic reproduction in the

tifiers. The work of Enriques (07), Woodruff (11} and J ennings

{’12) -on Paramecium broves almost beyond doubt that there ig

degeneration in this organism although reproduction by
iori in the infusoria may be considerably different from vegetative
opagation in the higher plants. Hedrick (’13), from the evi-
ioes of long-continued varisties of fruits, and East ('08) working
thf:potatoes and reviewing extensively the whole question be-
2ve that, there is no evidence that a real degeneration takes place

b cannot be accounted for on the basis of the accumnlation

disease or other external effects. Fast ('10), however, suggested

such o degéﬁerapion, if ever proven, might be accounted for
the basis of a decreasing effect of the physiological stimulation
ured to be derived from

beterozygosity., A, T. Shull- (12a)
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mtt';em;ediate’;l in time of fowering. There was an increase in the

rate of growth necessarily as rger

o Ofg, o par-ents.a‘r;}y ag the plants.were larger than the av-
Dat_a bearing upon the relation of heterozygosis to the time of

mg,tur_mg has been secured from-two different plants, tomato

and corn. A large part of the data on tomatoes was C(’)Hected bei

Prof. H. K. Hayes, now a$ the Minnesota College and- Station ’
Fgur commereial varieties of tomatoes were suceessively sélf—

polhnate(% fpr four years. Two first geﬁeration crosses between

these vajrlemes were grown in each of the four yeé,rs and compared

- a8 to yleld of fruit and time of production with the tWo selfed
parents. In €very cdse the same plants which were used $o pro

~ duce the selfed seed for the next generation were also uséc? ﬁ{;
make the crosses. For this reason and because toniatoes are

naturally self-pollinated and are hence in a homosygous condition

_the first generation crosses can b N A
: ¢ compa i .
parents. pared strictly Wit_h their

v

holds & similar opinion. From the nature of the problem it can -
hardly be settled satistactorily one way or the other by experi-
mental means.  As it stdnds at present there is no clear evidence
that there is & degéneration in long continued asexually propagated
plants. The burden of proof rests with the positive side.

Tyue ErrEor 0P HETERCEYGOSIS UPON THE Ty oF FLOWERING '
AND MATURING: '

Many investigations have indicated that there is a hastening
of the time of maturity due to heterozygosis. - That there is an
acceleration in the rate of growth is, of course, evident from the -
great increase in size shown by hybrids grown In the same season
with their parents. There is, moreover, considerable evidence .
from previous work and from the data to be given here to show
that hybrids not only grow to a larger size but complete their:
growth in a shorter time than the parents. take to complete a:
smaller amount of growth. In other words, heterozygosis tends.
10 hasten the time of maturity as well as to increase size.

The investigations of Kélreuter, Girtner, Focke and Darwin’
show a large number of specie- and variety-crosses wherein the
hybrid flowers before either of the parents. Both Kélreuter and’
Géartner give instances of perennials whieh commonly bloom m
+he second or third year whose hybrids bloom in the first year.

The most extensive observations bearing on this relation o
heterosis to time of flowering are those given by Darwin in hi
t“Cross and Self' Fertilization in the Vegetable Kingdom.”
gives the time of flowering of 28 crosses between different strains
within many different species—which show positive evidence of
Thybrid vigor. Of these 28 crosses 81 per cent. flower before the
parents. TFour cases are given where the- crosses are less Vigorous;
than the parents and in each of these the parents flowered first.

Tecent experiments in hybridization show, almost withou
exception, that crosses which result in an increase in vigor als
. yesult in a hastening of the time of flowering. One exception o
this statement must be noted in the cross between a large dent
and & small pop variety of corn repotted by Emerson and Hias

("13). This cross showed distinet evidence of hybrid vigor in &

increase in internode length over that of both paremts. The:
parents differed in time of flowering by 25 days. The first gener:
+i6n of the cross grown the same year as the parents was “distinet.

. From thirty to fifty plants of each variety and cross were orown
each year. The fruit was picked as it ripened at intervals ol‘cg from
3 to 5 days and the average production per plant was determined
One of the.crosses was between varieties which had approximatel '
the same time of ripening. This first generation cross did not e:»:jf
-'_ce'aed, in total yield, the average of the two p:ezrentsand did not
“differ from them in respect to time of production. °

: The other cross, however, yielded, each yéar, an average of 16
:.percf.a_n’{, a,b.ove the better parent.” The two varieties Tlsed in
making this cross differed in time of production by an average
Qf;ﬁve days. The first generation cross while yielc?ing 16 pereeit
~more than the late parent was each year fully a8 early as the
early parent. Although the difference in time of production
-between these varieties is small the consistent results obtained iu
§Qmj' suecessive years are certamnly significant.

' Similar results were secured with sweet corn. A first generation
LT0SS betvs{een an early varlety of sweei corn, Golden Bantam and
: late variety, Evergreen, was grown in 1916 together with the
wo parental varieties and compared in time of fowering number
{ ears per plant and in height. They were all plante,d ab the
ame ?une but rather late in the season so that the early and late
avieties bloomed at more nearly the same time than is usuall
he case. Abott half of the plants of the early variety weri
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showing " silks before the late variety commenced to silk out
The first generation cross was slightly earlier than the sarly
parent in producing silks. The eross was noticeably affected by
vigor of crossing in that it was fully as fall as the taller parent
and averaged morve ears per plant than either parent although
the ears were nod as large as those of the Evergreen. variety.
Much more extensive and authoritative data have been secured
from a comparison of inbred strains of corn with their first genera-
tion crosses. Forty-two strains of corn which had been continu-
ously selfed for from 5 to 11 generations and 100 first generation
crosses representing different combinations between these selfed
straing were grown under the same conditions as to time of
planting and culture. Roth the inbred strains and thelr crosses
were exceedingly uniform in time of flowering and maturing.
All the plants in any selection fowered and matured within a few
days. About 60 plants of each were grown. Ab intervals of one
week during the flowering season

selfs and crosses which had flowered by that time were noted.

Qimilarly at the end of the season the selections which were mature

were noted at intervals. Although the fime of maturity can not
he 5o definitely determined as the time of flowering all the plants
in a selection were uniform in this respect.
the glazing of the
the kernels were taken as indications of maturity. The crosses
yielded, on the average, 180 per cent more than their parents.

Together with this Increase in the amount of growth there.
was 5 noticeable hastening of both the sime of flowering and
the crosses were four days and
in maturing eight days earlier ihan the average of their parents..
the total amount of

growth and produced this growth in a somewhat shorter time than.

maturing. In time of flowering

Since the crosses gave a large increase in

their imbred parents it is all the more evident that heterozygosis
increases the rapidity of growth. See Plates VII a and b.

Tre RELATION
THE LNVIRONMENT.

Fast (16) "has stated that heterozygosis * affects a result
comparable to favorable external conditions.” In a cross between
he found that the first generation:

two varieties of Nicotiana

the number of selections of the -

For the dint varieties
ears and for the dent varieties the denting of -

or TEE ErFecrs OF HETBROZYGOSIS AND OF

A
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gave a noticeable increase in the amount of growth as shown by~
the hgight and general size of the plant as the result of heter(z

ngff%(;ig -b’s[r‘h:ngiorolla length of the flowers, which iz very liftle

IO ; irigres '

v twor;z:;:l;?i fact?rs, was not mc-n’eased above the

- - The similarity of the effects of heterozygosis to the environ
mental effects Is also shown mn the affect of croséin—g on the numhes
of nodes and internode lengths of corn. As was noted from
'I_‘al?les 15 an'd 13 the number of nodes is increased only 6 percen

“while the height of plant is increased 27 percent. This is exact]
_:the effect that nutritional factors have. The height of plant iz

}je._daced under poor conditions by a reduction in internode lengtg

vglthout reducing appreciably the number of nodes.

Inlgenerg,l it ig evidently true that heterozygosis affects man
characters. mn thfa same way as the environment, but it should bi
oted‘-tha,t in time pf matburity these two factors have direcﬂfy
pposite effects. It is generally recognized, T believe, that favor-
hle exterr_z&l conditions such as increased moisture’ or fersilit;
__.I;ere ‘these are limiting factors, which result in a greater tot:z:i

o of g’r‘owth tend to prolong both the time of flowering and
8 pqmplethn of growth. Conversely unfavorable external
o_ndltmns :Wblch stunt the plants and limit their growth fend tc
asten their period of flowering and maturity. There are, of
ourse, certain exceptions to this statement. oo
Whethgr or 71;.1(}13 the-effect of heterozygosis in hastening maturit
a,,n;—:-rfaan.lfest itself independent of any increase in vegeﬁativi
txuriance or oth§ manifestations of hybrid vigor is not known
he :?esalts given here would indicate that the vigor-derived from.
Iijis}_S.mg gnables the_plant to carry on its life processes more
}igrg*e:?m:lore eﬁment.}y and thus to accomplish its task in a
Wlth regard to. the effects of heterozygosis in anima;ls much
he?__;_sg,m.e‘. -relation is shown with the external environmental
ffacts ag in plants although the rate of growth and size obtainesé
_aﬁunty:mgy be more definitely fized in animals than in
ts According to Castle ('16) there is an increase in the rate
gr_c;w‘th as.weﬁ as the attainment of a larger size at maturit;
hybrid guinea-pigs. Hyde (’14) also finds'an increase in-rati
ot wih and hastening of sexual maturity on erossing in Droso-
hil ,_?hese'effects in animals are probably greater than could
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‘be obtained by any amount of feeding or care just as it is the case - SUsnany or Ta Err BCTS OF INBREEDINGAND CROSSBREEDING.
in plants. ‘. . . .

Tt may be stated briefly that the effects of heterozygosis in
both animals and plants, not too distantly related, all together
contribute towards an increased reproductive ability and this
effect has probably been of fundamental importance in evolution
in establishing sex. '

” Be.for‘e.taking up & theoretical consideration of the cause of
| _hyb;‘ld vigor and Its importance in the establishment of sex it is
well o summarize briefly some of the main conclusions. with

regard to the e_ﬁ“ects of inbreeding and c'rossbreeding on dévelb-pu
‘ment, to be arrived at from a study of the Investigations discussed.

EFFECTS OF INBREEDING.

In the foregoing account of some of the most noticeable effects
of crosshreeding upon development we have been dealing only
with crosses among closely related organisms. Tt is-of course,
well known that in crosses between distantly related forms the
beneficial effects of crossing may disappear and the effeets become
ineressingly more injurious as the degree of dissimilarity becomes
greater. The most frequent, promouncedly injuricus effect Is
the reduetion or complete loss of fertility. This may or may not
be accompanied by a great acceleration of growth. This is
shown in many plants, notably by Gravatt's Radish-Cabbage
hybrid and by Wichura’s Willow hybrids as well as by many
good illustrations given by Gértner and Focke. It is perhaps
not surprising that the reproductive ability should be the first
to guffer since reproduction is the most difficult task the organism
has to perform. The failure of the Peproductive mechanism

- might divert the emergies into bodily growth and thus in part
account for the large size and great vigor of some sterile hybrids
but, as all are agreed, this can not entirely account for the great
increases in size nor obviously does it apply to the more common
cases where both size and productiveness are increased at the!
same time. o '

T6 sum up one can therefore say that, in plants, crossing may.
_have a great range of effects, according to the degree of relation-
‘ship of the parents, from a condition in-which: the crossis not
possible and no seed produced; seed may be produced- but fail
to germinate; plants may be produced which are either very weak,
normal or very vigorous without, being able to reproduce ther-
_selves; plants which are both more vigorous and more productive:
than ‘their parents; to a condition in which they are so clogely’
related that the crossed plants do not differ appreciably from:
selfed plants. = A similar series can be arranged with animals.

(30111;; 1Oonf?iuf;led inbreeding results in the segregation of a variable
piex mito a number of diverse 1 i 1nifor

within themselves, R Wi-uCh e wniforms
— 1' 2. 'Ijhe sggregates‘whfch differ in visible, qualitative characters
:a so differ n quantitative characters; types with abnormalities
appear which ca,nn'ot reproduce themselves; others appear which
are perpetuated W'lth difficulty; others are obtained which are
pérﬁegtly normal in structure and funmction. These Iatter are
Eiua ¥ Iess.vsfeii developed, but may be as well or better developed

an the original stock from which they are derived.

_3: Ifh.e cl:}agge in size, structure, or function and reduction in
;arlaél?ﬁlty 1s most noticeable in the earlier generations of in-
zeeding, rapidly becomses less and the surviving ; i
are uniform and constant. ving pred strains

4: The ﬁfse of approach o uniformity and constancy differs

.5, These uniform and constant inbred straing are quite com-
argble to naturally self-fertilized species.

6 No 51.ngle effect can be attributed to inbreeding other than
he reduction in variahility. l

‘7. All these results are in conformity with Mendel’s law and
phanns&n’s genotype concepfion.

‘A . THE EFFECTS OF CROSSEREEDING.

-.17 .Hft;l}'osis accompanies heterogeneity in germinal constitu-
ton whether or not the organisms crossed &

diverme st - | re from the same or |
2. Heterosis is wides in I

2] ] pread in its occurrenee througho

plant and animal kingdoms. ghout the
T g
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‘whole, is the amount of stimulation. These differences need not be
! Meqde}i‘a.n in their inheritance, although in most organisms they prob-

] is i increase in-the size of parts rather
-osis s shown as an increase in ' : . )
3. Heteros ably are Mendelian to a prevailing extent.”

than an increase in the number of parts. ‘ . '
! iﬂ Cross-fertilization is without effect until the zygote 1s foll;mie]_;l i
from that tiree on heterosis may be apparent throughout the life
% the individusl. o -
Gfé eHeterozygosis has an undiminished effect on plants props
ted vegetatively. ' _ ) ]
gaﬁe Be’?@rozygosis may have a stlmﬁiat?LHg effect on some char-
acters and a depressing effect on Others. in the same organism,

. Both the viéw stated above and that of East and Hayes assume
that the increase in development is due to & reaction between
ifferent elements in the nucleus and that this stimulus disappears
hen homozygosity is reached. A. F. Shull ("12a} has proposed
 slightly different idea in that he assumes the stimulus to be due
to- the reaction of new elements i the nucleus, brought in by -
cross-fertilization, to the maternal eytoplasm. According to his - -
view. there might still be 8 stimulation even after complete homo-
zygosity is attained. Also in asexual propagation he supposes
hat the eytoplasm might become gradually accustomed to a
heterozygous nueleus, hence long continued agexusl reproduction
might lead to a gradual reduction in vigor which this writer finds
does oceur in the rotifer, Hydatina senia. ('12h), .
Tt should be remembered, however, that both these hypotheses,
f’c:o the effect of germinal differences, postulate a stimulation to
count, for an increase in development as the facts demand. It
ould have been even more plausible to postulate a depressing
ot had the facts been otherwise, The ounly basis for a stimu-
ion of this kind is in the fact that fertilization initiates the
levelopment of the egg. Heterozygosis, however, is not con-
ed Wwith the starting of the development of the egg, but only
th-the rite of development after growth is commenced. Is it
ot more plausible that “a lack of balance” occasioned by the
lon of unlike germplasms would retard development rather
i stimulate 147 :
eeble and Pellew (10} first suggested that dorminance of
acters contributed by both parents might be s factor in the
cereased vigor of hybrids. They illustrated this conception by
58 between two varieties of peas which possessed features of
parents, and were taller than either. '
ruce (10) has shown that the total number of dominant
0ly is greater in s hybrid population than in either parental
ation and that there is consequently a correlation between
mber of dominant factors and hybrid vigor. As far as I
Bruce has never followed up this suggestion. He did not
why.it-was that the presence of a greater number of domi-
factors brought about an increase in ‘growth, nor did he

A MENDBLIAN INTERPRETATION OF HETEROSIS.

Tt is due to the work of G. H. Shull (08, 09, '10, 11} anrocf1 ,
Fast (08, '09) and Fast and Hayes ('12), supplemente 1;m
conﬁrme’dJ by the results given here, that Wg no l'onfer be AS:V

i ing 1 ' f continuous degeneration. Also’.
hat inbreeding is a process O : oo
Ehz:se investigators first demonstrated cfle&rly that i;hg s.ar.ne
principle wag involved in the loss of vigor BCCOMPANYIng I
breeding and the increase in vigor resulting from c1:035mg.

To account for this well nigh universal lo§s of vigor Whhen d]zﬁ.
mesticated races of plants and animals are mb;eg, they hf };}ugas.r
i iological sthpulation whic :
it necessary to assume a physio : N

i lasms were united and whic P

D e mmomyeors ht about automatically by:
s homozygosis was broug t abo by,
§$§rISSdiig Paxt o? the effects of inbreeding Wei‘i due,fa,fétizi?frdilllm
v vi i into pure lines o erent

their views, to the segregations 1n : ' |
flce)aré&itary complexes and the appearance of prewousg h?din”
recessive characters, and part were due to the loss of this s thual

lation. . ' -
(. H. Shull’s ('14) opinion as to the way germinal heterogene;t

induces vigor is stated briefly as follows (p. 126):

#The essential featuzes of the hypotl}esis may be staizeé in mor: ng;::;ea
as follows: “The physiclogical vigor of an organism, as ma Lot
;Gzrf;: rapidity of growth, its height and general robus;ne;s, 13h§;zzlunie
i issimilarity in the gametes by w.
he degree of dissimilarity in © g
Corre}at:,i:;lfhhis bee; formed. In other wor@s, the res:ults;nt het;x;f
tiie?éf and laek of balance produced by such chﬁere]?ceslm i;e_ ;2::%3
; : i wcells act as a stimulus to I
i elements of the germ-ce :
anlili éliljfszicnni%owth, etc. The more numerous f;he dzﬁ"erencis bit:z;
zlie_uniting ’o;metes——at least within sertain limits—ihe greater,
L)
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show ‘why it wag that all the dominant features could rarely or

never be accumulated in certain individuals and races which would
therefore show no reduction in vigor when inbred. -

Fast and Hayes (12) attempting to distinguish between domi-
nance and the effects of heterozygosis make the following state-
ment (p. 31}:

“The term vigor has hitherto been used  with. the general meaning

which the biologist readily understands, We will now endeavor to show,

in what plant characters this vigor finds expression. It is not an sasy
tack because of the possibility of confusing the phenomenon of Mendelian
dominance with theé physiological effect due to heterozygosis. The con-

susion is due to a superficisl resemblance enly. Dominance is the ex~

pressed potency of a character in s cross and affects the character as a
whale. A morphological character, like the pods of individual maize
seeds, or the product of some physiclogical teaciion like the red color of
the seed pericarp in maize, may be perfecily dominant, thai is, it may be
developed completely when obtained from only one parent. Size char-

acters, on the other hand, usually lack dominance -or at least show in-
The vigor of the Erst hybrid generstion theoreti-
. cally has nothing %o do with these facts. This is easily demonstrated if

one remembers that the inereased vigor manifested as height in the

complete dominance.

generation cannot Be obtained as a pure homozygous Mendelian segregate,

which would be possibleif due to dominanoce. Furthermore, the univer-
sality with which vigor of heterozygosis is expressed as height shows the
If the greater height were the
expression of the meeting of two factors (T, ta, X i, T2) both of whick were
the character, one could not account for the frequency
Nevertheless, in practice the confusion exists, and
while we have considerable confidence in the eonclusions drawn from our

distinetion between the two phencmena.

necessary to preduce
of the occurrence.

experiments, we have no intention of expressing them dogmatieally.”

G. H. Shulls statements of the way in which crossing brings
about increased development, and the relation that this stimula-
tion of growth has to dominance of Mendelian characters is fairly

stated, T believe, in the following passage (11, pp. 244--245) :
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Smay jne without effect upon vigor, or even depressing. The presence of
unpaired genes, or the presence of unlike or urequal paired genes, was
_ssnmed. to produce the greater functional activity upon which l’arger
ize and greater efficiensy depend.” This idea has been elaborated b
Dr.-i_-ﬁa:st and showh to agree with his own extensive experiments in selfzi
e}ftﬂilz%ug and erossing maize. He suggests that this stimulation due to
yhridity may be analogous to that of ionizstion. . :
~Mr. Ao B: Bruce proposes a slightly different hypothesis in which the
degree of vigor is assumed to depend upon the number of dominant
1en.mnts present, rather than the number of heterozygous elements
A hile 211 of my data thus far are in perfect accord with myﬂ own hypothé-l
sis, anc} I knm_v of no instance in which self-fertilization of & corn-plant
maximum vigor has not resuited in & less vigorous progeny, it is guite
loss;ble that 1 have still insufficlent data from which to ’distinguish
etween the results expected under these two hypotheses. However,
'_ the purpose of the present discussion, it is nof necessary to decidé
i.hm_h of thess two hypotheses (if either) is correet. Both of them are
aged upon the view that the germ-cells produced by any plant whose
rigor has been increased by crossing are not uniform, some possessin
sitive elements or genes not possessed by others.” , ¢

_F. Sh}ﬂ‘{ does not consider dominance as an adequate means
ceounting for heterosis, agreeing with East and Hayes and
H. Bhuli, as the following quotation shows: ('1Za, p. 10)

“The vie_zw that vigor depends upon heterozygosis of the individual
S to me m_herently more probable than that it is due to the presence
?t__a.-m dominant genes. The former view admits of & plausible foun-
in eell physiolagy, and the essence of it may be extended to cases
ease of vigor in which there is no change in genotypie constitution
hich are therefore without the pale of either theory.” J

astle is also in accord with the general belief that heterosis is
due to dominance of factors and draws a distinetion bétween

. ffects of inherited characters and the stimulus resulting from
ssing: - In spealdng of the increase in size in crosses between -
eISe Taces of guinea-pigs he says: ('16, p. 212.)

Ty 1908 I suggested a hypothesis to explain the apparent deterioration
attendant upon seli-fertilization, by pointing oub that in plants, such as
maize, which show superiority as a result of cross-fertilization, this
guperiority is of the same nature as shat so generaily meb with in Fy
hybrids. T assumed that the vigor in such cases is due to the presence
of heterozygous elements in the hybrids, and that the degree of vigor i
correlated with the number of characters in zespect to which the hybrids
are heteronygous. I do not believe that this correlation is perfect, of
course, but spproximate, as it is readily conceivable that even though
the general prineiple should be correct, heterozygosis in some elements

) far as heredi"cy is. concerned, the inheritance is bleading, but F.
Ws. an inerease in size due to hybridization. This increased size
oweve V_do_es nob persistinto Fy. If seems to be due not to heredity at aﬁ.’:

a'_,gz}-in on pages 223 and 224.)

;ee.ding has, then, the same advantage over close breeding that
jon ‘has over parthenogenesis. I% brings together differentiating
which, reacting on each otker, produce greater metabolic activity.
not the uniting gametes differ by Mendelian unit-characters
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: ) In most cases dominance does not change throughout the

of the individual and remains the same through innumerahle
lonal generations.
While none ‘of these features of dominance offers any definite
ans of proving the truth of the hypothesis advanced, is it only
cincidence that they fit in exactly with what the facts of het-
rosis demand? It remains to show that those characters which
nable a plant or animal to obtain the best development are, for

most part at least, partielly dominant over those characters
hich retard or prevent maximum growth. :

he essential difference between the two hypotheses may he
stated briefly. According to the. previous view the hybrid combi-
atlon of factors Aa carried the ability to stimulate development
ause of the union of unlike elements. This stimulation was
absént in either of ‘the homozygous combinations AA and aa,
and this stimulation had no direct relation to the part that either
a had in development as bereditary entities. According to
onception of dominsnce, first proposed by Keeble and
eilew and carried out more fully by the writer, the hybrid union
\bb with 2aBB, resulting in the heterozygous combination
Bb, increases development because two dominant characters
‘present here together, whereas each parent has only one
minant character. A similar factorial arrangeraént has been
oppsed by Hyde (714) to account for the increased fertility of

osses among partially sterile strains of Drosophila,.

In crosses between different types of domesticated animals and
cciltivated plants it has frequently been noted that thers is a
rdency towards a return to the characters of the wild species
which they were derived. Sageret ('26) makes. particular
te of this point. It is well known that crosses between different
eds of pigeons is quite apt to bring back the wild-type of
umage. The hybrid between radish and cabbage described by
avatt ('14) illustrates this point strikingly. Tke hybrid pro-
uced had neither a succulent “head” Like its cultivated male
ent nor a fleshy root like its female parent. In other respects,
vell, it showed this return to wild-type characters. It was
lso exceedingly vigorous, but sterile, like so many hybrids between
yerse stocks. . :
Drosophila furnishes the best illustration of the appearance of
d type characters in the first hybrid generation. Of the more

is probably of no consequence. That they differ chemicai.ly.is doig{ff:;
the essential thing in producing addefi viggr. Hete}r}ozygos;s;s men
merely as an evidence of such chemical difference.

'ffzese quotations suffice to show that a distinction }Sbhveki}' }Zy
biologists at the present time bet‘wee:fl the effects of in Eaeﬁheg
and cross breeding and of hered%ty in @eveiopmf?nt, an ) t:;r
believe that dominance of hereditary fajctors b madequa e .
account for the widespread, if 1}0&: }Jnlvel'sai phenomfe:aor;1 ;}'
heterosis. The reasoa why biologists in general J{lave re u;e to
believe that dominance was in any way responsfz.)le fcr % ei .m};
creased vigor of hybrids has been c?tue 10 two ob;ectlonshw ui :
have seemed to make this hypothesis untgnabie. Th(g; i (fug i
‘that if hybrid vigor was due to the dominance of de hil ; g -
herited characters that all these favorabi_e cha_racters which bring
about heterosis could be easily recqzn})med into a homnggoxés
individual which would show no red%ch;-lon on subsequent %n zegi (i
ing. Since no clear case was known in maize where a plan
not lose vigor on inbreeding this seemed to be a convincing au};gu—
ment. Another dbjection to dominance as a mea*i}s of .agc;uz gg
for heterosis was raised by Emerson and Ea§t~ (’13) in tha A e
distribution in F, should be unsymmetrzga,l in res.peot flo t 0:3
" characters in which heterosis was shpwr} in Fy. . Since tl e;sttllﬁ )

. frequency distributions in calgzs of this kind are symmetrical, this
biection appeared to be valid. .
’ i—Iow bot;j of these objections do n.ot hold Whe:n linkage of heriii
ity factors is taken into consideration, the ertgr hgsl a{stemi d
to show in a reeent publication (’17?.- Because of llm fage, © a,ré
acters tend to pass from one generation to the next m' gro*ugpskan _
are not. easily recombined. Furthermore, on a,ccoux;t. of H;; 1?%?
. skewness is not expected in the second hjgrbrzd generation. J h?_.
the recently acquired knowledge of herf%dlty ma,l_«?es it seem 1g : 1y
prbbable that heterosis may bt;, iaérggi? si not entirely, accountable
is of dominance of linked factors. '

onljlhic:aljssitiering' these two hypotheses,-both attergptmg ‘cktln 31{;

count for heterosis, the following facts about dominance should

bei%egzri?aiﬂézi:;mance of characters i¢ a w-idespread OCOUITENeE

i -animals. .

- ??lagziﬁ:nce, of course, does not appear until after the zygote

is formed.
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zoots, and usually does not show the slightest tendenc

a8 shgwn in Plates XIIa and b. Emegrson i) desﬁrfgeios?rigzli
_pia.n‘?s In’ which the root deficiency is also recessive. Another
_stnlkmg feature is shown in this llustration. The inbred strain
-Wblch lacks brace roots is derived from a floury variety of corn
and shows a decided tendency to branch at the base of the stallk
_These branches form stalks with tassels and ears and many ofl
them are fully as well developed as the main stalk. In this wa
two or timree stalks may be developed from one seed. The ethef'
parent of the cross shown never branches in this way and never
even dv'eve}ops small branches or “suckers.” The first hybrid
generation shows this tendency to bramch evén more strongly
developed than the branching parent. The plants shown are from
three hills grown side by side and each hill is the product of three
seeds. Thus it will be seen that hoth parents have contributed
c_hgracters to the hybrid. Both these characters are such as to
able .the plants to attain a greater development in general
vegetative luxuriance than would be possible if either were lacking
Emerson ("12) gives an even better illustration of two extreznely:
..nprodactwe types of maize which give a vigorous hybrid, one
f the parents contributing tall stature, the other green chlorop,hyll.
Many mére illustrations of a similar operatibn of hereditary
acj;ors favoring & hybrid in #s development might be cited. I
ehgve that enough have been given to clear 4he way towarcils the
c%zptance of the doctrine that hybrid vigor is due largely to the
ormal functioning of definable, hereditary factors.

It is r.eco.gm'zed that the characters used as llustrations here are
gperﬁcxal in nature. The characters which are really concerned
“heterosis are those deep-seated, fundamental, physiclogical
_ocesses.whi{_;h govern metabolism and cell-division. As to the
ode gf inheritance of these characters we, as yet, know little
(ht_ire is no reason to believe, however, but that many or all Of'
them are Mendelian in mode of inheritance and that many of
th_erg operate in the same way to ensble hybrid progeny to
fain & more complete development than their parents. If this
othesis, as to the way in which heterosis is brought about, is
s essential features correct, it points the way towards a m(;re
fuz_xdamentai application of Mendelism to the physiclogical
ocesses of growth than is generally acceded.

than one hundred mutations found in Drosophila by far the
largest number of these are recessive. Almost all of them are
characters which are less favorable to development. . It is stated
that any attempt to collect a large number of the recessive char-
acters into one race is rendered difficult by the weakened consti-
tution of the flies possessing any great accumulation of recessive
characters, (Muller, "16). Whenever crosses are made between
diverse types the first generation fly is in many of its characters
more like the wild stock and hence more vigorous than its parents.
Altlethal factors, well illustrated in Drosophila, furnish additional
support to the hypothesis of dominance as a means of accounting
for heterosis. Muller (’17) has shown that a condition of “bal-
anced lethals” may be brought about in which only the hetero-.
zygotes can'live. As dominant lethal factors are always eliminated
as soon as they oceur, so, also, is there always a strong tendency
for selection to eliminate any dominant character which is at all
unfavorable to the organism’s best development. Unfavorable
recessive factors also tend o be éliminated, but much more slowly,

If the results obtained in Drosophila are applicable o other
animals and to plants we must infer that recessive mutations
oecur the most commonly. Hence recessive mutations make up
thé characters, to a large degree, that man has selected in the
production of domesticated animals and plants. Just as in Dro-

" sophila, crosses between diverse domesticated types tend t0
~ resul$ in the reappearance of wild-type characters which are more
useful to the plant or animal whose chief aim in life is, apparently,
to reproduce itself. : '

This is well shown in an illustration from maize! As stated
before, inbred strains have been obtained which are markedly:
deficient in root development. On these plants the large brace;
rootes which commonly appear when the plants begin to need extra
support, are almost completely lacking. Conseguently, the plants
are blown over when they become heavy at the time of ear for-
mation. "I have observed these strains three years and each time
they have fallen down. This character is not determined by soil
conditions or insect damage or any external conditions as far as
can be seen. Other plants on either side are perfectly uprigh
‘When these strains are crossed with other strains, inbred for a
equal or longer period, which have well developed brace roots,
the first hybrid generation has remarkably well developed brace
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There now remains to be discussed the part that crossing-over
Lor breaks in the linkage of hereditary factors would play according
" to this hypothesm If any large number of characters are con-
cerned and the dominant and recessive genes are equally appor-
tioned between the two parents, and distributed at random on
the chromosomes, the chance of crossovers occurring in such &
“way as to bring 21l the dominant factors in one individual at cne
time would be almost ineonceivably small, especially when the
phenomenon of interference is taken into consideration. How-
gver, when crossing-over does occur in such a way as to bring
about more fortunste combinations in certain individuals, those
individuals would be the ones selected by man in domesticated.,
races, or by nature in the wild. Partial linkage does not prevent
reeombmatmn but merely adds to the complexity of the process.
The chance of fortunate recombinations would be greater in the
more widely .crossed animals and plants but such combinations
would’ be again broken up by further crossing. The tendency
would ‘be, however, for the best -combination of characters 0
survive and gradually supplant theé others in time. In naturally
- gelfed plants, most of which are cressed at more or less infrequent
intervals, a fortunate homoszygous combination would be fixed
and the planis possessing such combinations would in time suy
plant their less fortunate relations. ,
Thus there would always be the tendency for all the mon
favorable characters to be gathered together and the others
eliminated. In time all the individuals of a locality would tend
30 become equal in their hereditary characters and crossin
between individuals in a given locality would not accurnulat
any greater number of favorable characters than Ythe parenty
possessed and hence would no$ show any evidences of heterosis.
That this is the condition which is brought about Darwin hag
shown. Individuals from the same locality derive little or nf
benefit from crossing while crosses between individuals from
different geographical regions show a greater effect of crossing
The work of Collins (10) and the results obtained at the Con
necticut Station (Jones and Hayes "17) show this also—varieties
of maize of similar characters and from the same region give less
increase when crossed than do varieties of dlverse type or frem
w1ée§y separated geographical regions.

- It by crossing-over and subsequent recombination the charac-
ters which brlng, about the great development in ¥y can all be
accumulated in a homozygous condition in an individual, that
individual should show a greater development even than the 7y
as A. F. Shull (12) has pointed out. This is on the ase umption
“$hat most characters which play a part in heterosis are not fully
dominant. That a factor in the dipleid condition has a greaterd
effect than when in the haploid condition is indicated by the

W(}ﬂ'{ of Hayes and East ('15) on endosperm characters in maize.
Their results show that in reciprocal crosses a double dose of
one allelomorph in the maternal endosperm fusion nucleus over-
. comes a single doge in the paternal endosperm nucleus. In other
words factors have an accumulative effect.

‘ 'I?he evidence that such superior individuals have been obtained
by inbreeding is not very convincing it must be admitted. Dar-
-win, however, in Ipomea obtained plants— Hero” and its.
descendan%;s——whmh were certainly no less vigorous than any
pla'mts at the beginning of the inbreeding period and the same
thing occurred in Mimulus. These are the two species which
- were -the most extensively inbred. Miss King, as mentioned
before, has obtained inbred rats which are larger and more
- vigorous than individuals present in the original stock. = Nothing
- of this kind has occurred in maize and on scceunt of the small
chance of recombmmg many of the most desirable charsciers
%m one plant, it is not at all surprising that such mcizmdua,ls hgve
- not'as yet been produced. , -
_ The production of individuals by inbreeding which excel any
of the original crossbred stock offers some means of deciding
~between the two hypothesis attempting to account for heterosis.
" According to the hypothesis of a physiological stimulation it
~would be difficult to see how Individuals more vigorous than
~ the parents could be produced by inbreeding.
*. The hypothesis of dominance also, possibly, makes it easier to
:-‘Aunderstand why naturally crossed wild species, whick have not
: b‘een outcrossed with fresh stocks for long periods of time, may
not show any markedly injurious effects from artificial inbreeding.
According to-the former view different characters of equal value
o the organism which might persist indefinitely in & species,
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were reduced to homozygosity by artificial self-fextilization.
According to the view of dominance if the allelomorphs were all
equal in their contributions to development there might be
differences in a species and still "no loss of vigor would result
from inbreeding. It is assumed that the less favorable characters
have been eliminated by selection. On either hypothesis there
would be no reduction from inbreeding if all the members of
species were exactly alike’ whether they are naturally crossed
or naturally self-fertilized.

The hypothesis of physiolegical gtimulation also implies the
assumption that naturally crossed species’ of cultivated plants

are inherently more efficient as producers than naturally seifed

plants. This is hardly justified when we recall such vigorous
and productive plants as wheat, cats, barley, rice, peas, beans,
tobacco, tomatoes and many others which aré usually self pol-

| linated. It is, however, difficult to make a fair eomparison on
this basis. : ‘

To sum up, i% may then be stated briefly that dominance of
characters as opposed to the former idea of an indefinable physio-
logiesl stimulation makes more understandable the facts that:

1. Heterozygosis produces a stiraulating, and not an indifferent
or depressing effect in crosses between related. stocks and that
the reverse is true in widely diverse stocks.

9. Heterozygosis operates throughout the lifetime of the

individual even through many generations of vegetative propa-
gation..

3. Inbreeding may result in individuals more vigorous than the

original cross-bred stock. .

4. Inbreeding may not bring about a reduction in some naturally
erossed wild species. :

“Whether or not dominance of factors is wholly adequate to
sccount for all of the immediaté effects of exogamy remains to
be seen. The former view {hat dominance was not concerned
at all has been maintained so insistently that I have taken the
extremely opposite view in order to show that dominanece at least
¢an be held responsible for a large part of the increased develop-
ment shown by hybrids. The treatment of the subject in this
light has been dogmatic. That cross-fertilization may produce
some effect which can never be attained in self-fertilization or a
sexual reproduction is still possible. The view of the problem

@
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W-hze_h‘ Is presented here ‘makes certain heretofore indefinite effects
moore mtell.lgible. It is not meant to preclude entirely any bene-
?mal physiological stimulation resulting from germinal diversit
i such an effect can be demonstrated. R
: ,-:The difference between the two hypotheses are not as great as -
._,'(ﬂlg]%t seem at first sight. The older hypothesis is general in its
applftcatzon and does not commit itself to the interpretation of
. spe@ﬁc_effeets. The view presented here is specific in its applica—
5 Elf@nﬁan? may be showa to be inadequate for the interpretation
éro:S_fZ-ﬁiz t?iniz,he problera of increased development following
- ’I‘hggz’eatest progress in our knowledge of inbreeding and cross-
-:-breedmg was made when their effects were linked with Mendelian
p,henome-na. This was the big step forward.. The two wavs of
interpreting jhhese effects discussed here, differ only in n{inor
: _eatw{es and 1t is not putting the matter fairly to hold them up as
wo rival hyg_)otheses, one to be chosen from the other. Plasin
the effects of inbreeding and cross-breeding entirely on s M endeiiag

basis is merely the logical out, i '
4813 growth of the older view as Ik
:the methods of inheritance increased. &S nOWEet‘ig@

HE PART THAT HETEROSIS HAS PLAYED IN THE ESTABLISHMENT
% OF SEX.

Sinee heterosis is widespread in its manifestation it can hard]
f}"d_‘oubted that it has played some part in the initiation ang
amtenance of sexual differentiation in organisms. Jennines
135, howe}rer, has shown that conjugation in Paramecium dois
) ot rest_ﬂt, immediately, to the advantage of the organism. The
}'a,te' 9§ reprot‘lgction is actually diminisbed and many -of the
rgamisms perish. The advantage which is derived from con-
J}{zgai-mn, h:e considers with Weismann, is due to the fact that
biparental inheritance makes possible a greater varisbility and
€0 __sequgntly a greater chance of recombinations, some of which
re._*;’_bet@r able to persist. Hence, while many"oﬁspring from
Qgg}lgatl.ng paramecia die, some may be able to survive
Q];lj%l_g?;ti{)n therefore makes possible a greater elasticit in.
cl_aptlﬁenfess to new and varied surroundings. o
fthzs Immediately depressing effeet found in Paramecium is
gene;ai in the lower animals, heterosis would probably have
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played no part in the inauguration of sex. Both A. F. Shull
(12a) and Whitney (*12a) have shown, however, that heterosis
dpecurs in the rotifer, Hydating senta.

In the lower plants heterosis would have significance only in
gpore formation, as the majn life of the plant is carried on in the
haploid condition where heterozygosis could not, of course,
operate. As organisms beeame more differentiated and specialized
the accumulation of factors in the zygote from two somewhat
different parents would have increasing signifieance. If, for
example, an Organism should vary in a character A by one mew
“dominant mutation A’, the heterozygote AA’, according to the
hypethesis of dominance, would be superior to the . combination
AA but ‘not to the combination A’A’. According to the former
view of a physiological stimulation the heterozygous combination
AA’ might be superior to either homozygous cornbination. The
matter is not so simple as this, however. The breeding facts
show that recessive unfavorable varistions are far more COMINCH
than dominant favorable ones. The charbes would be that
those individuals which varied by dominant mutations would.
also vary from the parental stock, sooner or later, by recessive
mutations as well, so that any hybrid union would tend to accu-
mulste more favorable factors than egither parental individual
possessed and hence show heterosis. Heterosis would be an
immedate factor for natural selection to work upon.

Moreover it seems possible that heterosis has had considerable
to do with the rise of the sporophyte and the decline of the game-
tophyte In plants. Recombination of characters can take place

" as well when the dominant generation is the haploid as well as
when it is diploid in respect to the chromosome arrangement.
From the standpoint of adaptiveness through recombination
of charachers it might even be t0 the organism’s advantage %0
retain the haploid generation as the one in which the principal
life processes were carried on, since the different’ combinations
would then be more surely tested and the best more easily

. selected in the simplex: than in the duplex condition. Heterosis
can only operate in. the sporophyte. - The union of different
hereditary complexes gives to the sporophyte an advantage over
the gametophyte in that all new favorable variations work fo-
gether whereas segregation in
reduces the efficiency of this -generation.

the formation of the gametophyte
On the basis of the

AETEROSIS AND THE ESTABLISHMENT OF SEX. 95
: chemplime_nta,ry actio'n of factors according to the dominance
bypothesxi_s of heterosis the gamebophyte would pz’é,eﬁcally always
+ be ab a -d}s&dv@ntage,a? compared to the sporophyte as long as
. variations were occurring so that heterosis must have pl d

some part in these important changes. ) P
. Ezisher/ on i;hg bagis of inducing variability or stimulatin
| ?ET@ opment, sex would be & creation of no value to organismi
Wr.fl{:h are n@;rer cross-fertilized. 1t may be questioned if reany
such exist. In either case the sexual ism 1

_ mechanism is so 1

and deep-seated in the lifé of th i i &t be
and d afs e organism that i ig not to
.f;szald;d easﬂy. Wl}enever the best possible combination }3)?

?ctfl)lrs or a given (.enmo?:lment is produced, # is to the advantage
_ge gﬂ‘e z.rganzszzl possessing that combination to give up crosgs
fertilization and resort to either self-fertilizati A

: : : - zation or some f
of sexual 1eprodue§:19n, for the reason that these are more efﬁc(i)é‘rxl)?c
.m‘eané:, of propagatlon. When the environment changes, those
g;g:}z:éa_smz Whlchhare not crossferfilized may either b: (ioom‘ed
mmetion. or handicapped in becoming adapt
ditions and the io R i o
ditic perpetuatio i
ions aad o P n of the sexual mechanism thereby
‘aez‘ifhaiefver. may be the V&I}le or significance of héteroéié to
o aun or this phﬁngmengn 1t is, for the most part, anneceqs,;ar
izétissuzzﬁ) that ik}zer; 1s an indefinite stimulating effect of hybridy
ng with the expression of definable heredi .

Hence the 'distinetion is n i oot e T
Hence the di o longer needed between the eff
§afr-ier.t1 iz[\z;tzoﬁl and cross-fertilization and of herédity in d:x?;so;f

ent. ¢ heretofore indefinite ph; iologi i i )

en : ysiological stimulation re-
-tiim?f fro?atgfterozygosls and the related effects accompanyifg

; loss o g stimulation following 1 i

1 _ g inbreeding can ther
be’?}?'ren & strictly Mendelian interpretation. B oan therelore
ﬁ;br 1sd !oemg S0 ﬁlz-ler.e ?'s 10 longer a question as to whether or not

_Bi‘_eed{ng‘v per se 1s mjurious, Whether good or bad reéults from
efoi: ;;1% é(-;p@n@ solely on the constitution of the ocrganisms
bef reeding 1s commenced. Inbreeding i
befor : . >d. £ 1s concerned

_1‘021 t}}e mamfestatlo.n of conditions. pre-existing. Asa me&r?sng
?& ygmg and of p1_1r‘1fy11_zg & cross-bred stock by the elimination
un eswa,bi.e qualities, inbreeding is therefore a method of first
mportance in plant and animal improvement.
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a. A non-inbred variety of Leaming dent corn.

Four m'bn?d straing derived from the Leaming variety after nine gen-
erations of self-fertilization showing an ear, a cob and
& cross-section of a cob of each.
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PLATE V.

Representative plants of the original, non-inbred Teaming varieﬁy

; i : ve plants of the firsé generation cross of inbred strain No.
b . Representative plants of the inbred strain No. 1-6-1-3, etc. 1-6-1-3 by 1-7-1-2.

re on the same acale.)



LEY .
PLATIE VII.

PLATE VL

6. Two fully developed tassels on the left snd two partially sterile tasse
the right characteristic of four different inbred strains of maize. TFrom. lef
right they are, 20A-8-5-10; 1-9-1-Z; 1-§-1-3; 21-3-13-8.

_strains of dent corn, No. 1-6-1-3 at tl ; ¥
: . . -1-3 a he right and No.
hoé_rc;f.ﬁ_ﬁ%cilthe ﬁ}rs’n gg_ne;ratmn cr0ss in the center. The thr:e
W " aqual ¢ b ather ;
o matur(:litly%. conditions and gothered on the same day to

b. Representative ears from the corresponding strains shown 'in_t, gg:é _

tration zbove. The first strain on the left produces fully developed Qggg

and moderately developed ears. The second produces the best de i‘e;ug@%w
S

tassels and the poorest ears. The other two have poorly develope
and moderately well developed ears.

bred: strains of dent corn, N 1
: . No. 1-7-1-2 at the right and N
nd the first generaélon cross in the center gshmiindg 1\1;‘}(1)&5



PLATIE VIIL PLATE IX,

a. Two inbred straing
of dent ecorn, No. 1-6-1-
at the right and No
1-7-1-2 at the left, and
their first generation
Cross.

- two inbred strains of corn fand the seeds produced upon the
_'ti_o_n- hybri¢ plant in the center. The second generation plants

mi-these large seeds have an advantage over either the parents or
neration hybric.

b. An inbred flint and
an inbred dent corn
compared with the firsh
generation cross.

sirding: and their first ﬁnd secdnd generation hybrids,
gre: inbred strain Ne, 19-1-2; No. 1.7-1-1, (18 x 1-7)




The same two inbred strains and their first and seeond generakion hybrid.s

B
asin IX b. From right to left they are:. #nbred strain No. 1-9-1-2, No. 1-7-14

(1-9 x 1~7) P, and ¥

éc_iprocaily crossed and out-crossed seeds obtaired b inati
vea . | ; v pollinatin,
hree different strains with a mixture of yellow and white—carrying

rossed seeds from the same ears from five different planis.
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&. The firsh g;neration ¢rosg of an inbred strain “which lacks brace %60
but has the habit of branching freely from the base of the plant (sh
a6 the right) with an inbred strain (shown st thé left) which has we

veloped brace toots but does not braneh at the base. The three lots

plants have resulted from three seeds each.
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b. A closer view of the roots of the plants shown in the above illus_f_ra‘



