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E.P. 1T

HETEROZYGOSIS IN EVOLUTION AND IN
PLANT BREEDING.

INTRODUCTION.

When a biologist begins any line of genetic work with cither
plants or animals he generally has oceasion to differentiate his stock
into more or less pure types by in-and-in breeding. Frequently in
the case of animals, and nearly always in the casc of plants that are
naturally crossfertilized, he finds there is a loss of vigor, usually
nuaccompanied by pathological symptoms. This loss of vigor is
generally expressed by a decrease in the size of the individual, but it
may be shown by a slight decrease in fertility. The phenomenon,
although it probably occurs in all great groups reproducing sexually,
is not, general, however, for in many animals and in plants that are
normally self-fertilized 1t is unnoticeable,

If after obtaining his ““ pure’ stocks the experimenter has occasion
to cross strains that differ in character, he often finds that the reverse
phenomenon oceurs. The vigor of the hybrid is greater than that of
either parent.

These manifestations have been noticed for over o century by
plant breeders and for probably two thousand years or morc by
animal hybndizers. Until the end of the nineteenth century the
interpretation of the phenomena, if, indeed, that which is only a
paraphrased statement of the facts can be called an interpreta-
tion, was that deterioration both morphological and physiological
is the direct result of inbreeding, and thercfore occasional crossing
of genetically distinet blood lines is a necessary requisite 1o vigor in
every sexually propagaled species.

Seven years ago an cxtended scries of investigations was started
at the Connecticut Agricultural Exporiment Station having as
their primary object an interpretation of these facts in keeping with
the more extended knowledge comprised in modern biology., This
paper presents a full account of the views that the writers have
come to hold through the data gathered in thes¢ experiments,
although it has not besn thought necessary or advisable to confuse
the argumoents by ovelloadmg it with all of the data in their posses-

i I'ablished also as a contribution o 1 La.hnr.ilnr)- of G(‘uetus FBussey Tnsiliution of Harvard Unia
vorsity.
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8 HETEROZYGORIE TN EVOLUTION AND PLANT BREEDING.

sion. [t 13 hoped that an adequate number of fncts are ciled to sup-
port the thesis, and it is sufficient on this occasion to say that not
a single fact has been discovered that is irreconcilable with it.

THE PROBLEM.

The experimental dats upon which the defenze of our thesis
Is based have becen obtained entirely from plants, but observations -
of animal hybrids and published records lead us to believe that the
factz are the same among animalz. We beliove, therefore, that
our conclusions apply alike to the animal and the vegetable kingdoms,
For we believe the propositions upon which the arguments are hased
are applicable to all organisms reproducing sexually.  These propo-
sitions are:

(1) Mendel's law—that is, the segregation of character factors in
the germ cells of hybrids and their ¢hance recombination in sexual
fusions—is a general law.

(2) Stimulus to development 1s greater when certain, or possibly
all, characters are i the heterozygous condition than when they
are in a homozygous condition.

{(3) This stimulus to development iz cumulative up to a limiting
point and varies directly with the number of heterozygous factors
in the organism, although it is recognized that some of the fnctors
may have a more powerful action than others.

We later in this bulletin take up brielly some of the specific reasons
for extending these theories to the animal kingdom, but at present
we shall c.onﬁne ourselves to developing the botanical proof.

EARLY INVESTIGATIONS.

The number of cases in which hybridizers have noticed an increase
1n ¥igor in crosses between subvarieties, botween varieties, and between
specles 18 so great that an extended citation of the facts s superfluous.
Without exception the horticultural writers of the nineteenth century
noted the phenomenon and many of them deseribed it at great
length. We have taken some trouble te find out its generality, and
have found records of its oceurrence In the gymnosperms (Darwin!
1876; Focke, 1881) and pteridophytes (Focke, 1881} as well as
throughout the angiosperms. In fact, out of 85 families of angio-
sperms in which artificial hybrids have beon made, instances of
hybrid vigor exceeding that of the parent species have been noted
n 59,

Kélreuter {1763), the earliest botanist to study artificial plant
hybrids—as Darwin notes—gives many exact measurcrients of hls
hybrids and %]}eakq with astonishment ol their ““statura portentosa’™

L Cilatons Iy Yiierature throughout this bulletin refer to 1he ' Binliogreph v ** on pames 49-51.
242




EARLY TNVESTTGATIONS, @
and “‘ambitus vastissimus ac altitude wvalde conspicua.” Later,
after having been struck with certain nalnral adaptalions for eross-
[ertilization, he made a passing remark which plainly showed that
he thought nature had intended plants to be cross-lertilized and
that benefit resulted therefrom. The hybridists that followed
Kolreuter were all interested in the plienomenon, but up te the
time of Darwin only Knight and Gértner attempted to generalize
from thelr observations. Perhaps this was beeause ecach one noted
the fact Lhat some species hybrids were small and weak., Knight
(1799), however, made the somewhal generalized statement that
nature had something more in view than self-fertilization and in-
tended that sexual intercourse should take place hetween ncigh-
boring plants of the same species. On the whole, however, Girtner
has given the best expression of the views of the botanical experi-
menters down fo 1849, and for this reason we have translated in
full his section on “‘Wachstum, Tuxuriation und Sprossungsver-
mdagen der Bastarde” {Girtner, 1849, p. 526), 1Je writes as follows:

One of the most conspicwous wod common characlerisiios of plant hybrids is the
luxurianec of all their paris, a luxuriance thai iz shown in the rankness of their growih
and a pradigal development of roof shools, branches, leaves, and hlossoms that could
nof. be Inducad in the parent stocks by the most careful enltivation, The hyhrids
usually reach the jull development of their paris only when planted inthe open, ae
Kikcuter (1763) has already remarked; when grown in pows and thus limited in food
supply theit Lendeney is toward fruil development and seed production.

Concerming the great vigor of hybrids all ohservers are agreed; on this point may
be cited Kilreuter (1763), Sageret (1826}, Rabine Berthollet (1827), W. Herbert (1837),
Manz (1825}, and Lecog (1845).  The vigor of a plant can even gerve to indicate ils
hybtid nature in a doubiful case, as Kilreuter has done with Mirabilis jelapo-
dicholoma.

Begides possessing general veperative vigor, hybrids are often noticeable for the
exiraordinary lengih of (heir slems,  In various hybrids of the genus Verbaseum, for
example Iychnitis-fhopsus, the stem shoots up 12 40 15 feet high, with a panicle 7 to 9
feal, the #x highert gide branches 2 to 3 feet, and the stom 11 inches in diatneter at the
basze; in Aftheea cannabino-officinalis the stem iz 10 0 12 feet; in Molva wanerifno-
syfvestris 9 (o 11 feel; in Digitalis g pureo-ochrolenca 8 to 10 fnet, with panicles 4 to 5
feat; and in Petunda agetnginifloro-phoenicen and Lobelin cardinali-syphilitica 3 to 4 feet,
each. Prof. Wiegmann also corroboratos 1hesa observations.

Hybrids in the genera Mirabiliz and Datura are especially conspleucus for their
enormons gize, ag Kileuter has already sialed. The different hyhbrids of Dofure—
Stramonio-tutula, quercifolioferor, feevi-tafule, and lvevi-feror—orew so large as 1o
be almost treelike, with branches and leaves thai ncarly weighed down the stems,
even before the time for developing their numerous bloesoms,  Likewise such species
hybrids as Nieotiana sugvolenti-macrophylla, Nicotiana rustica-marylondicn, and Trop-
acolitm, wagus-minus reach a notoworthy height and circumference,

The root sysiem and the power of germinaiion of hybrids are highly comalated with
their great vegetative vigor. Many hybrids, therefore, which are not =0 luzuriant
in growth as those just described, for example, Dianthus, Lavaters, Lycium, Iych-
nis, Lobelia, Gieum, and Pentstomon hyhrids, pul forth stalks easily and (herefore are
readily propagated by layers, stolems, or cuilings. The obeorvations of Kélrewter
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10 HETEROZYGOSIS IX FEVOT.ULION AND PLAKT BREEDING.

{1783), Hageret (1826), and Wiegmann (J828) agree with ours in this respect, This
extranrdmary =ide brunching and tillering, as well as the growth of the main stem, in
mozt hybrids continues until late in the fall and in many until frost, a8 we have oh-
served in Lobelia syphilitico-eardinalis, Petunia nycm.giﬂ-l:ﬁom-phom-icf,ﬁ, Nicotiana
sunveolenti-marraphylla,  Pentstemon  gentlanoideo-angustifolivg, Digitalis  purpureo-
ochroteuca, Malva mauritiano-sylvesters, Althuea cannabino-officinefis, cle. Sagersi
{1826} makes the same statement about Nicotlanag fabavo-undulata. There are other
hyhrids, however, that are without this ahility to form sprouts, such as Maéthiola
arnnio-giobra and those between soveral Nicotiany specier.

Taxuriation expresses ltself at times as proliferation; for instance, in Lyckats diurno-
Sor enenli the receptaculum is changed Lo a bud that puts ferth branches and lenves,
If, moreover, the vigor of the hybrids especially aflects the stem and the branches,
particularly their length, nevertheless the leaves take part In it by becoming larmer,
Hybrids in the genera Datura, Nicotiana, Tropacolum, Verbuscum, and Pentstemon
are examples,

Kolreuter (1763} expressez the apinion that the sirength and Tuxuriance of hybrids
continued long afier blootning rests upon Lhe fact that the plants are nor exhausied
and worn ot by the production of seed. Similarly, Edw. Blyth {1837} sees in the
impotence or sterility of animul hyhrids the explanation of their groat muscular devel-
opment, while the considerable size which these hybrids reach in comparison with
their parents may he interpreted in the same manner, sinee capons are able io make g
like growth. '

TNut if we take into consideration that: (1) Such a sex condition way cxist n
dieecious plante without resulting in the luxurisnce shown by hybride, then the reason
riven above may be no adequale explanation of that phenomenon.  (2) The luxu-
riance of the hybhrid plants is already present and visible before the development of the
flowers, although one may not doubt that the derangement of the sexual activities
and of the development of those organs iz not wilhout consequences to the inner life
of these plants wnd that there muy oblain essential dilference between the weakening
or tle entire suppression of ope or the other of the sexual aclivities of the hybrids and
of the normal separation of the sexes.  (3) Not all partially fertile and sterile hybrids
are gifted with an inereased vegelative power, sinee we have observed several abeo-
Tutely sterile hybrids with weakensd and limited vegetalive vigor; for example,
Nirotiana grandifforo-glutinose, N, glutinosa-gquodrivalvis, N. rustico-suavolens, N,
suuveolinti-guadeivalvis, Dianthus borbato-deltoides, 1), covcusioo-aronarins, Teabascum
bluttario-Tychribls, ele: ol the same time many other hybrids keep the srowth rela-
tionships of the parent plants unchanged. {43 Among all the hyhnds that we have
vhserved, those which show the greatest luxuriance in all their parts are precisely
those which show the greatest fertility, for example, Datura stramonio-fatule, Datura
guercifolioferor, Tropaeolum majus-minus, Lovetaa pseudollio-thuringiacn, Lycium
barbaro-afrum, aud Jrabilis jelupo-dichoiome,  (3) Planting partially fertile hybrids,
such as Nicotigna rustico-panteulate and Dianthus barbato-chinensis, ete., In pots makes
the production of frnit and seed easier through limiting the vegetalive growth, but a
sterile plant is never made fertile by this method. Luxuriance is therefure a peculiar
quality of several hybrids, although it is not possessed by v1l in the same degree,

Although the early hybridizers paid more attention to crosses
between distinet speeies than they did to crosses between races that
differed by only a few relatively unimportant characters, there is no
question but that they noted a very great number of cases where
crosses of the lalter character gave plants that were remarkable for
their vigor.  Tn fact, we have found no record of intervarietal crosses
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EARLY TNVESTIGATIONS. il

where delieate or wealk hybrids resulted.  On the other hand, species
¢rosses sometimes result in hybrids constitutionally feeble. It Is
obvious, therefore, that o reasonable intefpretation of the facts must
include an explaination of each category. ‘I'his matter must be left
until later, however, for the work of the early investigators is cited
only to show the prevalence of the phenomena under discussion.

Gértrer’s researches were followed by but hittle systematic study
of cross and self fertilization in plants until the time of Darwin, and
even Darwin's earlier work was confined to the natural means o plant
pollination. This carly work, mainly a study of pollination in
orchidy, was summed up in 1862 by the sayimg “ Nature abhors per-
petual self-fertilization,” a dictum that lias beeome known as the
Kmight-Darwin law. This important conclusion gave a great
impetus to the study of the means of flower pollination throughout
the angiosperms. A huge lterature of several thousand titles was
built up, {romm which al times important compilations, such as those
of Miiller (1873) and Knuth (1898), have been inade.  HEvery possible
variation in {lowering habil was argued inio an adaptation for cross-
fertilization with an ingenuity and zeal similar to that shown by
zoologists 1 their work upon protective coloration and minicry,
and often with as enthusiastic prodigality of extravagant logic.  The
carnestness of these observers extended our knowledge of the me-
chanies of pollination in the anglosperms beyond that of any one
phase of general botany, yet in the last half of the nineteenth cen-
tury Darwin was the only scientst who made a syslematie experi-
mental inquiry into the physiological effeet of eross-pollination com-
pared with self-pollination. The net result of the work of the other
obsesvers was simply (o show the widespread occeurrence of means by
which erosg-pollination might take place. This fact may be taken
to indicale that cross-fertilizalion is an advantage to a species, but
1t certumnly does not prove that erossfertilization is indispensable.
The many plants naturally self-fertilized preclude it.

Darwin’s Iater experimental work on tins subject was so impertant,
both from the standpoint ol compleleness and brilliancy of analysis,
that it must be considered by itself. For this reason we will dis-
regard chronology and conclude this part of our historical summary
with the observations of the greatest hybridizer contemporary
with Darwin, W. O. Focke., In Focke's line work “Die Pilanzen-
Mischlinge™ he gives a chapter on the properties of hybrids, [rom
which the following extract is taken:

Crosses between different races aned dillerent varieties are distinguished from individ-
nals of the pure lype, as 8 rule, by their vegatative vigor.  Hybrids beiween mark-
edly differeni species are frequently quite delicate, especinily when young, so that
the seedlings are difficult 1o raise. Hybrids between spevies or hefween races thaf
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12 HETEROZYGOSIS IX EVOLUTION AND PLANT BREEDING.

are more nearly related are, as a rule, uncommonly tall and robust, ax is shown by
their size, rapidity ol growth, earliness of flowerine, abundance. of hloscoms, long
duration of life, ea=¢ of asexual propagalion, incrcascd size of individual organs,
and similar characters. :

To undertake a closer examination of the above propositions, it will be neceszary
to cite & few examples.  The following hybrids are abnormally weak: Nymphaea alba
when crossed with foreign species, Hibiscus, Rhodndendron rhodora with other spoeies,
R. sinense with Eurhododendron, Convolynlus, the polyhvbrids of Salix, Ceinum,
and Narcissus. Moreover, it has often been noticed that other hybrid scedlings are
somewhat delicate and are brought to materity with difficelty.  Really dwarf growths
have been but =eldom cbserved in hybrids; compare, however, certain hybrids of
Nicotiana. (Page 255 sbove, and especiully N. guuadrivelvis X tabacum macro-
phylla, p. 202} Gient growihs are more frequent; note lor example Lycium, Datura,
Tsoloms, and Mirabilis, In size the hybrids generally surpass both the parental
species, or atb the least they surpass the aversge height of the two; compare many
hybrids of Nicotiana, Verbascum, and Digiraliz. Development often goes on with
great rapidity, as Klotzsch has emphasized in his hyhrids of Ulmus, Alnes, Quercus,
and Pinue, Further, the blessomz of hyhride often appear earlier than do these
of the parent species, for example, Papaver dubium X somaniferim, many DHanthus
hybrids, Rhododendron arborewn % catawbiense, Lycium, Nicotiuna rustion X ponicu-
Tafg, Dizitalis, Wichura's six-lold Salix hybrids, Gladiolus, Hippeustrom vitlatum X
reginee, clo., and cspecially many hybrids of Verbascum. O the contrary, it must
be ;ldimftcd therc are several hybrids that blossom only after a long growth periad
or not at all, examples of which may be found in the geners Cerenus mld Lhododen-
dron.  Of carlier ripening of the seed independent of earlier blossoming only one
example has come down to me, namely Nuphar. Very frequently, one might say
very generally, an extraordinary numerical production of flowers has been observed,
for example, Capsella, Heliarnthemum, Tropacolum, Passiflora, Begonia, Rhododen-
dron, Nizotiana (rustica 3 peniculgte, gluiinese ) tebecum, and others), Verbascum,
Digitalis, many of the Gesneraces, Mirabilis, and Cypripedium. The size of the
blossoms is ofien increased in hybrida. DBy erossing two species with flowers of dil-
terent size, those of the hylields very ncarly reach {noil seldom entirely reach) the sizc
of the [arzer varicty, Examples of hybrids with unusually laree blossoms are Dign-
thus arenariug 3 superbus, Rubuy caestuy X bellardiv, and hybrids of Rosa gellica, Be-
gonii boliviensis, and Jsoloma tydecum.

A great eapacity for vegetative propagation j= very general in hvbrids; among the
good cxamples of such a phenomenon may be mentioned Nymphaea, hybrids of
Rubus caestus, Nicotiana suaveolens X {atissima, Linarig stricte X vulgeris, and Pota-
mogeton. Great longevity may be mentioned as a characteristic of a few hybrid:
of Nicotiana and Dhgitalis, ability fo withstand cold is especially noticeable in Nico-
tiang suavéolens X tabecum latissima, while Salfr vimtnalis X purpureq is more
sensitive to frost than either of the parent species.

These fucls point in part to 2 certain weakness of constitution which is a peculiarity
of the hybrid as o result of its abnormal crigin and in pard o an exiraordinary vogela-
tive vigar. An explanation of the Iast phenomenon, which has been observed much
more frequently than the weakness, has only recently been found. The noteworthy
experiments of Knight, Lecog, and others have been familiar for some time, bat
only through the painstaking expernments of Charles Darwin haz the hencfit of a
cross botween individuals wnd races of one and the saie species been clearly demon-
strated. Theintenszification of veretative vigor ju species hyvbrids is obyviously g vor-
responding expericnee which reqnires nocspecial explanation on the basiz of peeuliar
conditions in hybrids. [t was formerly believed that the decreased sexual fertility of
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TIIE WORK OF DARWIXN. 13

hybrids was compensated by a‘greater vegetative luxuriance, a conception the untena-
bility of which, as Gartner showed, is refuted in the simplest manner by the experience
that many of the most feriile crosses (Datura, Mirabilis) are at the same time chareter-
izad by the most excessive stature.

THE WORK OF DARWIN.

Through Darwin’s work we get a very different insight into the
meaning of eross and sclf fertilization. At the beginning of his
work the knowledge on the subjecl gained from the experiments and
observations of the older hrbridists might be summed up in one
sentence: Crosses between varicties or between speeies often give
hybrids with a greater vegetative vigor than is possessed by either
parent. To be sure there was also a belief that ill effeets result
from inbreeding, but this beliel was generally eonfined to the animal
kingdom. At the cnd of Darwin’s brilliant experiments, or, rather,
brilliant analyses of simple but great experiments, not a single point
of the many ramifieations into which the problem may be divided
but had been [ully covered. Unfortunately Mendel's experiments
were unknown, and the master key of the situstion was not available
to him. Had it been we can not doubt that he would have made
zood use of it.

Darwin's interest in the subject arcse of course from its connection
with the problem of evolution. If the offspring from a eross-fertiliza-
tion has an advantage over the offspring of a self-fertilization in the
struggle [or existence, one can hardly doubt the power of natural
selection in fixing the structures of flowers. And this being granted,
it 1s obvious (hat in many flowers mechanical deviees Lo procure
cross-fertilization would have been developed. Ilaving found this
to be the case in several plants, he bent all his encrgies to interpreting
all flower strueturcs in the same manner.  As staled before, the
fascination of the work thus initiated has brought us a huge litera-
ture on the subject, some of the arguments of which are fantastic to
say the least. Darwin himsclf never allowed his conelusions to get
ahead of hus facts, a trait that his followers did not always copy,
Iie firmly believed that sel-fertilization wus so injurious that plants
dependent upon it must ultimately perish, but he frankly admitted
the obstacles which self-fertilized families like Leguminosse placed
in the way of his conclusions. If he had known of the vigorous
plants that reproduce apogamously no doubl he would have
regarded the obstacles wmore seriously than he did. Nevertheless
ene must admit that at that time, considering the importance of
placing cvolution on an impregnable fouvndation, Darwin did not
overstate his conclusions. e proved conclusively the advantage
of eross-fertilization and the numerous means by which itis obtuined.
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14 HETEROZYGOSTS TN RVOLUTION AND PLANT BRERDING.

If he did not distinguish between the advantage a process may hold
forth and the necessity of that process, it was because he was not
in possession of all the facts. One does not criticize Darwin, there-
fore, if in a carcful examination of his data in the light of modern
knowledee many [acts arc lound that may rcasonably have some-
what different interpretations than those originally given.

The first point we will consider is the benefit arising from erosa-
fertilization. It musl be granied [rom the data already presented
that an inerease in vigor generally resuits when different specias
or markedly different varieticz are crossed. It is also perleetly
obvious that many plants are naturally designed for cross-feriili-
zation. It ean hardly be argued, however, that specific crosses
could have had a widezpread value inihe eourse of evolution. Tt must
be shown, therefore, that in plants not widely different in character
cross-lerlilization shows an advaniage over sell-fertilization. Tn
Table A (*Cross and Self Fertilisation,” p. 240) Darwin's results
on this subject arc given. To be lair, 15 of these experiments
should be discarded, because the number of planls measured in the
comparison between those crossed and those sclfed is less than five.
There are 37 experiments left. Of these, the crossed plants were
higher in 24 cascs, provided an error of 5 per cent is allowed, In
13 cases, Lhen, eross-ferlilization showed no delinite advantage.

In Table B3, where the weights of entire plants are considered,
cross-fertihzation showed to advantage in 5 experiments out of 8.
From these data it scems logical to arguc ihat cross-ferlilization
between neavly related plants 13 often a benefit, yet since types that
are self-pollinated in nature legumes, wheat, tobacco, etc.— are
among the mest vigorous of Hving plants, it can not be sald to be
indispensable. TFurthermore, about 25 of our most vigorous species
of angiosperms have given up sexual reproduction cither partially
or entirely and have hecome apogamous.

Did the simple act of crossing produce these beneficial results?
Il so, why was the advantage due to cross-fertilization not general
and without exception? Darwin himself answered these questions.
1le¢ says (loc. eit., p. 269):

A cross between plants that have been self-fertilized during several succeszive gen-
erations and kept all the time under nearly uniform eonditions docs not benefit the
offspriug in the least, or only in o very slight degree.  Mimulus and the descendants
of Ipomoea named Hero offer instances of this rule. Again, plants seli-fertilized
during several generations profit only to a small extent by a cross with intercrossed
plants of the same stock (as in-fhe case of Dianthus) in comparison with the effccts
of a cross by a fresh steck, Plants of the same stock intercrossed during several gen-
erations (as with Pelunia) were inferior in 4 masked mannerin fertility 1o those derived
from the corresponding scll-fertilized plants crossed by a fresh stock.  Tastly, certain
plants which are regularly intercrassed by Inssctsina state of nature and which were
artificially erossed in cach succocding generation in the course of my experiments, o
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that they can never or most rarcly have suffered any ewvil from sell-leriilization {as
with Eschscholizia and Ipomoea), nevertheless profited greatly by a cross with a fresh
stock. These several cuses taken together show us in the clearest manner that it is
not the mere crossing of any two Individuals which is beneficial in the offspring.  The
benefif. thus derived depends on the plants which are united differing in =ome manner,
and there can hardly be a doubt that it is in the constitution or nature of the sexual
alements.  Anylw, it is cerlain that the dillerences ure nol of an external nature,
for two plants which resemble each other as closely us individuals of the spme species
ever do profil in the plainest manner when Intercrossed if (heir progenitors have been
exposed during zeveral generations to different conditions.

In other experiments that Darwin performed it was shown conclu-
sively that crosses between individual flowers borne on the same
plant conferred no benefit whatever on the progeny. It is evident,
therelore, since plants may differ in nonvisible transmissible charac-
ters, that dillerences in transmissible [aetors alone account lor the
benefit produced by crossing and are indispensable to its oceurrence.
This is clearly shown by the fact that even types naturally sell-
ferlilized, such as the garden pea (Pisum safivum), showed a remarl-
able increase in vigor when eniirely different strains were erossed.
We may well believe, then, that if Darwin’s plants used in his Table
A had all been heterozygous at the start they would all have showed
a considerable difference in favor of the progeny of those continnally
cross-feriilized.  Furthermore, leaving cut of consideration our own
beliefs, a study ol his own experiments {Ipomoea) shows that if his
comparisons had been kept up lor a considerable nuraber of genera-
tions the cross-fertilized stocks would have become so nearly like the
gelf-fertilized stocks in constitution that the advantage due to cross-
fertilization would have heen small. But to this peint we shall
again recur,

Fet us now consider whether the known cffects of inbreeding and
crossbreeding are manifestations of the same phenomenon. In
“Animals and Planls Under Domestication” he says (vol. 2, p. 80):

The gain in constituiional viger derived from an oceasional cross between indi-
viduals of the same variety but belonging to different families, or between distinet
varieties, has not been so lurgely or so frequently discussed as have the evil effects
of too close interbreeding.  But the former point iz the more important of the two,
inazmuch as the evidence {s more decisive.  The evil resulis from close interbreeding
are difficnlt to detect, for they accumulate elowly and differ much in degree with
different species, whilst the gnod effects which almost invarably follow a cross are
from the firet manifest. It ehould, however, be clearly understood that the advantage
of close interbreeding, asfar as the retention of characier is concerned, is indisputable
and often outweighs the evil of a slight loss of constitudional vipor.

Tl is obvious that Darwin believed in a definite accumulation of
evil eflects [rom sell-lertilization, but his experiments do not justify
this view. He is perflectly correct in saying that the good effects
of crossing arc immediately evident. This is clear when it is remem-
bered that if two plants differ in several transmissible allelomorphs
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16 IIRTEROZYGOSIS [K BVOLUTION AND PLANT BRELEDING.

the first hvbrid generation is helerozygous in all these characters,
while lulure generations as a whole are helerozygouns in only part
ol these characters.  Furthermore, one may cross iwo plants dillering
but slightly and obtain only a small increase in size; he may then
recross with a third plant of widely different nature and obtain a
great increase. Wlen once inbrecds, however, he relies on chanee
combinations to elininate heterozygosis. This occurs through the
action of the laws governing probabilitics. Many hetcrozygons
corbinations are climinated at onee. This lowers the number of
such combinaiions, and, while the pereentage of elimination 1s the
same, the cffect of the inbreeding deercnses.  Complete homozygosis
is approached as a variable approaching a limit. Ii may be illus-
trated by the old story of the dog decreasing the distance [rom the
hare by half at cach jump. The effects of inbrecding, therefore,
appear to accumulate, while the effects of crossbreeding are imme-
diately manifesl. But is the apparent aceumulation of evil effects
real? And are the effecls evil? Our interpretation is that the
effecis of inbreeding are not to accumulate ill effects, bul to isolule
homozygous sirains, One does away with a stimulus due to hetero-
zygosis, and one sometimes isolates strains with poor Lransmissible
qualities. DBui one also isolates good sirains; sirains that remain
good in spile of conlinued self-fertilization. In oiher words, the
apparent evil cffects of self-fertilization decrease directly with the
pumber ol generations it is practiced, due to the inerease in homo-
zygosis,  On the theory entertained by us it should come to an end
with complete homozygosis; practically, complete homozygosis is
difficult to obtain.

Did such a decrease in deterioration actualiy occur in Darwin’s
experiments as they were inercased in duration? They did. Dar-
win himsell noted the point. Jle says (“Cross and Seclf Fertilisa-
tion,” p. 55):

As the planis which were self-fertilized in each succceding generation necessarily
hecame much more closely interbred in ihe Tater than in tho esvlier generations, it
might have been cxpected that the differencs in height between them and the erossed
planis would have gone on inercasing; but so far was this from being the case that the
difference hefween the two setz of planis in the seventh, cighth, and ninfh genera-
tions taken together is less than the first and second (and thied) taken together,

This statement was made concernimg his experiments with Jpo-
moee purpurea, which were conlinued lor 10 generations. The ralio
of heights of erossed to heights of seifed plants varied from 100 to 68
in the third generation t¢ 100 te &6 in the lourth generation, but in
the ninth generation the ratio was 100 to 79, which is higher than
that ol the first generation, The tenth generation was indeed . low,
bul it may with all fairness be rejected, for Darwin states that the
plants were discased.
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We Lnow, further, that Darwin was not, dealing with the same
strain at the end of his exporiments that he was at the heginning.
This change wag due, ag we now know, to the climination of Mende-
lian segregates. The pianis in the beginning vavied greatly in ihe
cotor of their flowers. Indeed, they varied during the whole tiwe
of experimentaiion; but the color of the later generations was much
more uniform than that of the caddier generations. The selfed gen-
erations were so uniform, in fact, that his gardener said “thay did
not need to he labeled.”

In thisz experiment ag well as in those with other species, such as
Mimadus Tutews and Nieofiona tabecwm, romarkably vigorous self-
fertifized iypes appeared. Tt may be that new transmissihle varia-
tions arose, but it 18 unneeessaly to assume it. One may account
lor every result obiained by Darwin hy granting the izolation of
homozygous Mendelian segregates, accompanied by loss of the vigor
due to heterozygosis through self-fertilizalion.

RECENT INVESTIGATIONS.

Bince the time of Drarwin. several wrilers, whose resulls wili be
discussed Inler, have investigated the eflect of inbrecding on animals,
Botanists, howover, have in general been interested only in the super-
ficial results ol inbreeding and erosshreeding and have made no
attempts until recently to bring together and to correlate our knowl-
edge regarding them.

Tn 1905, Shuil and the senior writer each started independent inves-
tigations concerning the effects of inbreeding in mnize, which may be
regardod as an ideal erose-Tertilized specics. To suppiement these
experiments we have made a large series of erosses with species of
the genus Nicotiana which are generally selffertilized, ss well as
minor observations on other phants.  We will nol discuss our previ-
ous papers (East, 1907, 1008, 1909, 1910; Hayes and East, 1611) as
the present paper gives a résumé of those experiments. Concerning
SBhull’s work (1908, 1909, 1910, 1911), wo wish to quote his own con-
clusions for they are stated very concisely. Furthermore, Shull's
data and our own, independently oblained, are corroborative in every
detail and thercfore have greater weight than either alone. Fven
the additional conclusions drawn from the data presented in this
papet are largely an application of the carlior anulysis to the hroader
problems that are legitimately concerned.

Shall’s conchusions up to the year 1910 are summarized hy him
ag follows (Shull, 1910}

(1) The progeny of every scl-fortilized corn plant is of inferior size, vigor, and pro-

ductiveness as compared with the progeny of u normally crossbred plant derived from
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i8 HETERQZYGOSIS IN EVOLUTION AND PLANT BEFEDING.

the same =ource, This iz true when the chosen parent i= above the average condi-
ticn as well as when below it ]

(2} The decrease in size and vigor which secompanies self-fertilization iz the great-
esl in the firsi genemtion and becomes less and less in each suceeeding generalion
urrlil & comdition is reached in which there is {presumably) no more Ios= of vigor,

(3) Seli-fertilized families from a commen ovigin differ from one another in definilc
heveditary morphological characters.

{1} Regression of fluctnating characters has been observed 1o take place away from
the common mean or average of the several families Instead of toward it

(5} A cross between sibs (sister and brother) within a self-fertilized family shows
little or no improvement over self-fertilization in the zame family.

(67 A eross between plants belonging to two gelf-fertilized families resulis in a
progeny of ws greal vigor, size, and produectivensess as are possessed by familigs which
hud never been sell-fertilized.

(7} The reciprocal crosses between two diziincet seli-fertilized families are egual
and possess! the chavacters of the original corn with which the experiments were
gtarted. ]

{8} The F, generation from g combination of plants belonging to certain seli-fertilized
families produces a vield superior to that of the original crezsbred stock.

() The yield and guality of the crop produced are funclions of the particular com-
bination of seli-fertilized parental types und these quulitics remain the same whenever
the cross is repeated.

(10) The F, habrids are no mare variable than the pure strains which enter into
them,

(113 The T, shows much greater variability than the F,.

(123 The vield per acre of the I7, is less than that of the I},

We should also like to quote Shull (1911) upon one important
point upon which we have but few data:

Necessary corollaries of the view that the degree of vigor = dependent on the degree
of hybridity or, in other words, (hai 1l is dependent roughly upon the number of
helerozyveous elements preszent and ngt npon any injurious efiect of inbreeding per =¢
are {a) that when (wo planiz in (he same self-fertitized lumily, or within the same
genotype, however distanily the chosen Individuals may be related, are bred iogether
there shull be no increaze of vigor over that shown by zelf-fortitized plants in the same
genotype, since no new hereditary element is intredneced by such a cross; (#) that first-
generation hybrids produced by crossing individuals belonging to two seli-fertilized
Tines or pure genotype: will show the highest degree of vigor possible in progenies
reprezenting combinations of those fwo genotypes, because in the #irst generalion
every individual will be helerozygous with respect (o all of the characiers which dif-
ferentiate the (wo genolypes 1o which the chosen parents belong, while bn subsequent
generations recombinations of these characters will increase the average number of
heterozygous genes present in each individual; {¢) that crosses hetween sibs (sister
and hrother) among the first-peneration hybrids between two genotypes will yield
progenies having the same characteristics, the same vigor, and the same degree of
helerpgeneity as will be shown by the progenies of self-fertilized plants belonging to
the same first-gensration family.

ATl of these propositions have now been tested In a limited way. In 1910, nine
different seli-fertilized families were compared with nine erosses between sibs within
the same seli-fertilized family; fen crosses hetween eibe in F, families were compared

1 Ty ame useaily 25 vigormas o oee vigorous (han the original straiiis, but maT or may not have the
original characiers. Some characters mar have been ootircly climinated. —E. M. E,
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with ten seli-fertilizarions in the same F, families; seven families were raised ae firsi-
weneraiion hybrids between individuals belonging fo different seli-fertilized familics;
and ten families were grown in which seli-fertilization had been entirely precluded
during the pasi. five years. The average height ol planis in decimeters, the average
number of rows per ear, and the average yvield in bushels per aere in these 55 families
are given in the fullowing table:

Belfel w | Selfml o o = I 1l ross-

self. yibs, Hr, Fo | Fxeell) g Dreds.
Average heighi 19,28 20, 00 25.00 33,42 24. 85 23, 30 2243
AVCLZe TOWS. .. 12, 24 138, 24 14,41 13,67 13, 13 14,73 15,13
Averaga yleld..... 001 SU.17 35,07 44,62 4157 47. 77 G152

An examination of this table indicates to me that on the whole my self-fertilized
iamilies are not yet quite pure bred; for the sib crosses give on the average a slightly
greater height, number of rows per ear, and yield per acre than the corresponding
seli-fertilized families as shown by o comparizon of the firel 1wo columns of the table.
The same fact is apparent irem a comparizon of the “F; X sell” and “F, X aibs?
columns, except that in this caze the heights and numhber of rows per car are esseniially
equal while the yield per scre ig significantly higher in the &b crosses than in 1he
gelf-fertilized families.

These statements shounld be sufficient to indicate Shull’s work
and point of view. Other writers have proposed methods designed
to utilize commercially the inerease in vigor shown by first-generation
hybrids, and at least two other theoretical interpretations of this
increase have been submitied (Jost, 1907; and Keeble and Pellew,
1610). These papers will be considered later. We will now take up
the data obtained in our own cxperiments.

EXPERIMENTS ON A NORMALLY CROSS-FERTILIZED SPECIES,
ZEA MAYS,

EFFECTS O INBREEDING.

In these experiments over 30 varieties ol muaize, including all the
varieties widely differentiated [rom each other, have been artificially
self-fertilized for [rom one to seven generations. In every case »
loss of vegetative vigor has followed. At least, following the carlier
usage, one may say the reault is a loss of vigor if it is LLpt clearly in
mind that pathelogical degeneration is nol what is meant. The
universal decline in vigor consisis simply in a somewhat less rapid
cell division or slower growth and & smaller total amount of cell
division resulting in smaller plants and plant organs,

Besides this pheTmmenon to which there has been no L\L{-‘ph()ﬂ
the progeny always become more or less dillerentiated in normal
morphological characters, although this is lTess marked in some varie-
ties thanin others. For example, from the vellow dent variety known
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20 HETEROZ¥GOSIS IN EVOLUYION AND PLANT BREEDIKG.

as Leaming vacious strains differing in the following characters have
becn isolated during the several generations that theyhave beeninbred:

Red pericarp and eolorless pericarp '

Red cob and colorless cob.

Feed zillis and colurless silla,

Red glume: and colorless glumes.

Profuscly branched tassels and seantily branched tassels,

T.ong ears and short. ears.

Tars wilh various numbers of rows.

Lars with large seeds and ears with small zeeds,

Ears with steaight rows and ears with crocked rows.

Fars high on the stalk and ears low on the stalk.

Sralle with many Gllers and stalks with fow tillews,

Other minor differences have heen observed, butl these will serve
to show just what is meant by “‘normal differences.”” There were
also differences in vield of seed---described later in this hulletin—
some of which may not seem Lo be normal in character at first thought,
but which we hope to show are not less normal than those given
above.

Besides these variations, aberrant individuals appeared in a few
strains with characters which might well be called abnormal; that is,
they arc monstrous characters.  DBut this docs not mean that they
might not have originated in the same manner as normal characters,
for they are tranamitted as such. Two of these charactars, fasciated
ears and bifurcated cobs, show a simple Mendelian segregation with
incomplete dominance; two others, striped leaves and dwarf plants,
are probably recessives. It is possible, however, thal one form of
striped leaf is the heterozygote between pure white and normal
ereen, It may be that the first two of these abuormalitics are not
simply isolated as Mendelian segregates. They have also appeared
in commereial varieties grown on very fertile soil, a fact that suggceats
thelr origin through interference with normal processes of cell divi-
sion, aceeleration in one case and retardation in the other.

The variability of the straing in the above characters deercased as
inbreeding was continued, until after four generations they were
practically constant for all grosser characters. This does not mean
that physiological fluctuation was not as great as in the original
strain. Tt was not reduced in the least degree. Nor can it be said that
no new heritable wvariations arose. Certain vaviations did appear
which may have been new to the strain—witness the fasciated cars—
bul of this one could not be certain. Furthermore, it i3 not meant that
after four or five generations of mbreeding a type 1s homozygous in all
of its characters. Such a gametic condition is theoretical and could
never be recognized in & pedigree culture.  But.near homozvgotes or
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near homozygous genolypes are obtained withouf selection simply
by inbreeding. The reason for this is simple.

Moendel in his orginal paper showed that if equal fertility of all
plants in all generations is assumed and, furthermore, if every plant
is always sell-lertilized then in the ait generation the ratio of any pue-
ticular allelomorphie pair (A, @) would be 22—1 AA4:2 A 022 -1 c.
If we consider only homozvgotes and heterozygoles, the ratio is
22— 1:1. Ol course the matter is not quile so simple when several
allelomorphs are concerned, but in the end the result is similar,
1Teterozvgotes are eliminated and homozypgotes remain. The prob-
able number of homozvgotes and any pariicular class of hetero-
zvgotes in any generafion r is found by cxpanding the binomial
[14+(2r— 1Y% whvn\ n represents the mumber of character pairs
involved.  The exponent of the first term gives the number of hetero-
zyvgous and the exponent of the second term the number of homo-
zyvgous characlers. As an example, suppose we dosire to know the
pr Ob&Lb]P charaeter of the filth segregatiing generution (F)) when
inbred, if three character pairs are concerned.  FExpanded we get

PP+ 31031 [+ 37131 4] (31~

Redueing, we have a probable filth-generation population consisting
of I hetervaygous for three pairs; 93 helerozygous for two pairs;
2,883 heterozygous for one pair; 28,791 homozygous in all three
character combinations.

From this illuztration we think it is fairly casy to see that no
matter in how many characters a plant s heteromygous, continued
wbrecding will sooner or later eliminate them. Close selection, of
course, tends toward the same end, but not with the rapidity or cer-
tainty of self-fertilization.

Inbreeding o naturally erossbred plant, then, has these results:

(1) There iz partial Josz of power of development, causing a
reduction in the rapidity and amount of cell division. This phe-
nomenon 1z universal and therefore can not be related to inheritance.
Further, 1t continues only to a certaln point and is in no sense an
actual degeneration.

(2) There is an isolation of subvarieties differing in morphologieal
characiers accompanying the loss of vigor.

{3) There is often regression away from instead of toward the mean
of the general population.

(4) As these subvurietics becomne more constant in their characters
the logs of vigor ceases to be noticeable.

(5) Normal siraing with such hereditary characters that they may
be called degenerate strains are somotimes, though rarely, isolated.
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{6) It is possible that pure straing may be isolated that are so
laclking in vigor that the mechanism of cell division does not properly
perform its funetion, and abnormalities are thereby produced.

The maize families shown in Table T ilustrate some of these facts,
it the vield of shelled corn per acre i3 taken as a basis of comparison
of vigor. These families are not gelected (o it & theory, but include
representatives of four of the great subdivisions of the species out of
those grown in sufficient quantity to give considerable confidence in
the determination of vield. Many other types have been inbred for
from one to four vears, but neither land nor time was available to
grow them i large quantities. Their bebavior, however, was the
same. Inbreeding always reduced the vield of seed and the height
and delayed the time of flowering.  In general, the deerease in vigor
feszened with the inbreeding. Further, both good and bad strains
were isclated.

Tapre I —FEfect of inbrecding on the yleld of muize.

| | e
Nnm- -t | NOme- | - "
- Yield in | - . Yield in
Variety. | g:ro?i ?iifsf bustieds || Variety, g;'o‘if; 13_?};’: s hels
' iﬁhrv:d.; JHIT AT pars | er acre,
Fyratson's flint Ne. 5. 1808 o, . y 757 | Leaming dent—Contd.
Ko, 0=8cviirooroon| 1804 1k 47.5 WNo 1-7-1-1........ 1403 4 46,0
Na. 5—8—3 .......... 1510 z 6.1 | Neo.o -i--1-1. . 15810k % | B3 2
Slgrehy Nao, 110 = LR et =t T3 |I o 1=v-1 1.1 .1 1ulT 5 A
I\D. T L 1005 1§ .0 Noo l-7-1-3. ... 18ce 3 507
(e e R 0 2 671l il Mo A=l o o 910 4 68,1
1\'0. L i R, 101t 3 Al . No. 1-7—-1-2-2-9,.... 1911 i, 4l
Mo, 01 i 14 1 43.0 | Leaming dent 3o, 1ooo.| TS ou.vi.-- 5.0
o fe I [ T SO 1610 2 48,7 1 No. 1-4. e 1906 15 42,3
No. i-1-5-3. ... ... 111 B 3 | 8 2 ] By G 1 2l al.7
Browell's swoek Wo, 18| 1968 | 93.2 FEe B il SRR | Ten 3 34,4
Mo, 19-d.. .. _..__| 1910 1 13,7 | Mo, --1-2-1 .. JaJiH 4 a7
No. 19——1—72 ........ 1411 29 50,2 1 Won 1--1-24-6..... 1911 3 246.0
e ) 19111 il A6 | Leaming denf Noo 1o__.| 1903 ... .. : BE.0
No, 10528, 111 2 | 42,1 y | i Erat]
Lepming dent o, S T S | 58.0 2 8258
No, 1=6. . FE 1 5.1 3 40,2
Ko, 1-6-1. e 95, 2 4 23.3
No. 1-6-1=3 i an | i 16. 4
No. 1-f-1-34 4 A0, 0 L} 2 A}
Mo 1-f-1-3- ! { ] | PR . L b 287
Lewrning dend No, 1. AETIRT B 5.0 No, 1230-1—14.. .| 10 a h 3
Nool-T...._..._... %6 1 G 9 No. 1-i2-1-1--14-3_| 1611 4 2.0
o et Wy 2‘ 9.3 | 5

1 Pwa sefectlons from Lhe progeny of 1hls esr grown.
* Probably s normal vield. Grovwn on a more fertile scil than therest in 1911,

The dilferent families were all planted on the same plat under uni-
form conditions each season, but, unfortunately, circumstances made
it mecessary to grow them upon different fields each season. It is
thereflore necessary to take into consideration the dillerences in soil
fortility and meteorological conditions each vear to see the truth of
our conclusions, namely, that continued inbreeding caused only
isolation of strains of varying potency. The greatest differences in
the environmental conditions were in the years 1908, 1909, and 1911,
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In 1908 the land used was highly fertile and the general environmental
conditions much above the normal.  Four stalks per hill were grown
this season, bul as only three were grown in other years the n,("mal
yields ]mve been Teduced on&fnulth. Even at this disadvantage
the vields in 1908 are probably somewhat hich. For oppesite rea-
sons, poor soil and badly distributed rainfall, the yiclds of 1909 ave
somowhat too low and the yields of 1911 are very much too low.
This will be appreciated if the low yields for 1911 are examined in
Table 1.

Since the data on the Leaming dent variety are the most interesting
they are repeated in a somewhat different form in Table II.  There
they are shown in a regular line of descent.

TanLe 11 —Efuct of infireeding oi o variety nf Leaming dent maize.

{Y el In bosliely, of shelled corn per acre.)

|
Generatlons inbred and years in which grovwa.

| Parent variely. i et _‘
] 2 3 4 D ) ‘
|
a0.1 05.2 a7.4 A0 2.7 s
|| C1906) (1308 (15600) 19105 (1M1}
46, 1) 532 25.4 |
0. sa.3 (1505} {1970} ey |.. :
SN IR oI T R T
| B&.0 {LA05).. (1008 {1410 {1411)
‘ 405 81,7 6.4 | AT | WS |
I} {1o06) (1905} {1508) {1910) (1911)
' 233 1.5 2.0
2%, 1 0.5 462 (1509} {1040 {Latt)
| {1961y {1947} {140R) 2H7 """" P 35
J = i (1509} {Imny (1011

The Leaming, a well-known commercial dent varlety, yielded 88
bushels per acre the year before it was first inbred. The season was
normal, and this yvield may be considered fairly typical of what the
variety will do on a moderately good soill. Four ears were inbred
and were grown in 1906,  This was again an average year. The four
strains showed marked deercases in yield and notable differences in
their characters. The year 1907 was again an average year, and the
second Inbred generations are normal. Two strains were net grown
as socond inbred generations until 1908, ]mwm?er, and they are there-
fore too high.  Tn 1909 the yvields are too low; in 1910 normal, and in
1911 much too low.  With these facts in mind, an examination of the
tables shows how the strains became more and more differentiated.
The first strain, No. 6, Is a remarkably good varety of corn even after
five generations of inbreeding. It vielded 80 bushels per acre in 1910.
The yield was low in 1911, but since all yields were Iow that yearit can
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hardly be doubted that this strain will continue to produce good nor-
mal yields of grain, In the field, even in 1911, the planfs wero
uniformly vigorous and healthy and were especially remarkable tor
their low variability. The poorest strain, No. 12, is partially sterile,
nover fills out at the tip of the ear and ean hardly exist alone. 1n
1911 it yielded scarcely any corn but will no doubt continue its exisi-
ence as a partly sterile varicly. Plate T shows ears and Lassels ol an
almost storile st1ain Isolated by inbreeding.

CROSSING TNBRED TYPES.

When two of these inbred straing are again erossed, the I, generation
shows an immediate return to normal vigor. The plants are earlier
and taller, and there is a greater total amount of dey matler per
phant.  For oxample, in 1911 the average hoight of all the strains of
inbred Leaming dent was 84 inches while the average height of the
16 hybrid combmatlons was 111 inches and the height of the shortest
hybud combination was 1 foot greater than that of the tallesi inbred
strain.

"I'able IIT gives the yields of shelled corn per acre of several inbred
types, together with the yields of many first-gencration crosses,
Many interesting poinls may be learned from (s table, provided it 1s
romernbered that maize iz greatly influenced by environmental con-
ditions and therelore only populations grown in the same season
should be compared with each other.  For this reason the compari-
sons between first-generation hybrids and the unselected commercial
types from wliich the inbred straing came are not to be given too great
woight. On the other hand, there is such an enormous difference
botween many ol the first-generaiion hybrids and the normal eom-
mereial variotios that the conclugion that the former are often better
15 porfectly just.

Tanwe HI.—Comparative yiclds of inbred types of maize and their first-generation trosses,

. Comparison
iime- S bt weetl

T Year | berof | Fyand
Waricly., SPowil | yoary b_"%s_hﬁl ubseleaied
ffthped. R ROTE | commereial

glrains.

| |
; | = e

White derit No. B, ou. i icieie i ime i SLIp e S e 121.0
Leamiag el Noo 1-7 .. S cewesaa| 1908 3 2.0 | 43,0
Ny (TR o o JOrER e e t 1440 14 1)
i S SRR 1506 1 17. 5 9.7
1509 1 442 18.0
19688 et Tl Wd
105 1 £7. 5 T30
Leaming dent Mo, 1-6 ... 1005 3 a6 8.0
Mo, (531-0), Fiees oo aiins T e R 0 5.0
Na. (ax1-4), Fi. . T [ 105, 5 105.5
Na. (5% 1-B)-1, F‘g 1110 1 5t 1 51,1
NS = e R 13140 ‘ it 48, % 44,9
Starchy No. T e T80 2 1%, 7 | 0.5
Learuing dent No. 1- Buvnnnn oo ] S 4 RU.4| 85,4
3y per s R e e e e e B FRO e L S e e e L 130, 0 130.0
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EXPERTMENTS ON ZEA MAYS, 2hH

Tasie IIl.—Comparative q:e(d& of inbred types of maize and their first-generation
crassee—Continued.

Comn parison
MNuin- Yield in bl wrmen

. Your | Twerof e Fyaml
Varlety. prown, | Fears lﬁ;"’;';.i_rg unsalagtand
| inhred. P TR eommercial
| strains,
Leaming doemd N 1=F. o e iaeas 4 il i RO
Chsnh e e e B S R e 2 = L Gd.t 2
B O i T 2.7 142§
Teeanitr e TeRe e s s 4 5 HE0
Leeaming dent g, =12 .. ... 3 3.t 85, 0
I bl RS R S e e Luh 2 L 2
I e T S| 1175 117. 5
‘x‘i o4 1 I G R 1 1.2 {[§2504
2] 1 ar g a1
No. £l l?xl—fi) SRR i ] 3 a1.3
Leaming Jent 1=t g i I fe e o
Leaming dent Eaiiia s 5 L R e
Teaming dent 1-v=2_____.____ i3 S P R
Leaming dent 1-0-2 a 250 -
Slaegie RPN R e e R & N R e
Tasming deal 1=18=1____ . __________.. fi AR L
No. (163 1-7-13, Frocveienvann. Sl R R B b ] | SR B AR et
No. (1= 1=i=2Y, Toe oo ) 3 52| LR
N b dmbmity S e 2 5 SR R
iyt T P b T e e e e | SRR R, | LI e e
Sy el R bl e ol [ R S R e e e 5 SRsRE s A
e e o B & 4 AR R
Mo (1-T-1%1-0-23, 11 . 1 SLEhEpE e
I S IR R e i T & j Lol P e
T e oy e T L B
Mo, (1-7-25¢1-67, I'1. . SR L e e e e LR LU | S s e e E
Wo. (1-7-2:¢ 1=1. alay Ty CIIITITIITITT i [ e
i e TR AN R BT R e i R e e | ( EREER R M
No. (1=8=25 1710, Fyoo oL A e
Ty el e ST L e b e e s e e R B (e N
B e B O S s s < WS e L

T R s e e L e i

Altention 1z called first to the faet that in combinations (5x1-6)
and (1-12%1-9) both the first and second hybrid generations are
grown in the same vear. The first hybrid generation gives an cnor-
mous inerease over the inbred types. The second ]W’bl‘](l generalion
ts also mueh greater than the inbred sirains, buti re .combinalion with
the production of homozyiotes has taken place, and this generalion
gives much lower yields than when the greatest possible heterozygosity
existed as i the first hybrid gencration.

Attention should next be directed to the results of 1911, when
nearly all the possible combinations ol (he inbred Leaming strains
wore made.  The yields of the inbred types given are those with one
more year of ihbreeding than the real parents of the first-generation
hybrids. DBut considering the amount of previous inbreeding to
which they had been subjected this probably makes but little differ-
ence.  As stated belore, the vields in 1911 were very much reduced
by the unfavorable seasou, and this too must be given due weight in
studying the yiclds. As a whole the combinations into which
No. 1-7 was introduced were the best while those into which the poor
type No. 12 was inlroduced are the poorest. The combination
(1-7-1X1-12-4) was, however, a very good cross,
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26 HETEROZYGOSTR IN EVOLUTION AND PLAXT BREEDING,

Possibly a question may arise as to whether the fine yiclds of the
combination (1-12x1-9) in 1909 and 1910 and the peor yields of
combination (1-9-2x1-12-2) In 1911 are nol due Lo a Jdifference
in the behavior of a reoiprnuﬂ cross.  This s probably not the eorrect
reason, for in general there is no diference in rccmrocalq N, 19912
was further inbred when the combinations grown in 1911 were maude
and this is probably the cause of their poor Showmg. In the earlier
combination, No. 1-12 undoubtedly had a somewhat different
gametic constitution than when the later crosses were made,  Some
essential factor may have been eliminated, therefore, during the
further inbreeding. On the ather hand, the who]e expla.nat-lon may
lie in the poor season of 1911,

The marked inereasc in productivencss of the F, hybrid over the
parent inbred types ol maize is well shown in Plates IT and FIT, while

Plate TV illustrates the falling off in productivencss of the F, genera-

tion as compared with the I, generation from inbred t¥pes. Plate ¥
serves to show the striking inercase in vigor of the F, generation from
a cross of pure lines.

The logical conclusion from the facts brought out above is appar-
ently that good inbred strains arc better than poor oncs in combina-
tion, but that good and poor straing crogsed tovether may give very
strong plants.

EXPERIMENTS ON SPECIES GENERALLY SELF-FERTILIZED.

As experimental material that contrasts well with maize, the
genus Nicotiana was selected. This genus contains a large number
of species and varieties, most of which have Howers adapted Lo self-
fortilization. No doubt cross-fertilization sometimes occurs in most
of them, but it is not the rule.

Seeds of several species and many varictics were obtained from
various parts of the world through the kindness of a number of
friends. The same species did not always arrive with the same
name, and we have not been fortunate enough o have the aid of

4 Nicotiana S]}Bcla]lab in their identification. We have, however,
studlcd them in pure-line cultures during the past four years and
have compared them with specimens in the Gray Herbarium of
Harvard University. This gives us some confidence that the names
used are in accord with (he species as accepted and deseribed by
Comes in his ‘Monographie du Genre Nicotiana,” Naples, 1899.

Many crosses have been made berween dillerent varieties within
the two species Nieoftana fabacum, L., and N. rustica, L.  Some of the
varieties of N. fabacum have been practically identical as far as
external appearance is concerned, although reeeived under different
nanics. When this has been the case, the results have been varied.
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EXPRREIMENTS ON SPECIES GENFRALLY SELF-FERTITIZED, e

| For example, two exceedingly similar varieties may give hybrids
with no greater luxuriance of growth than the pure parent strains;
other varietics as similar in appearance may give hybrds with as
much as 25 per cenl greater vigor than the average of the two par-
ents. In this case the criterion of greater vigor 13 height of plant.
If one accepts the old view that nonrelationship hefween the indi-
viduals used as parents is the reason for the increased vigor of the
hybrids, there would be no logical reason why all such crosses should
not show the same condition. 1, on the oiher hand, the correct
explanation ig to be sought in the suwlarity or dissimilarity of the
gametic constitution of the parents, it is quite evident that different
crosses among varieties similar in external characters may hehave in
a different manner. Plants having a close genetic relationship with
each other—that is, descendants of a previous cross—may be quite
different 1n gametic constitution and Ltherefore show an increased
vigor in the F, hybrid; but genctically unrelated plants of praecti-
cally the same gametic constitution may he obtained from different
parts of the world under different names and not be expecied to
show an increased vigor in the hybnd.
An example of the amount of increase in height in crosses between
Nicotiana rustica brazilic Comes and N. rustice scabra Comes, both
abtained from Ttaly, is shown in Table TV,

T'ante IV.—Heighi of crosses behween Nieotiana rusticg seabra (352) and N. risico
brazifin (349).

Class ¢emtors in inches,

Variety or closs. |
42

45

45

The reciprocal crosses both showed a marked tendency to advance
the mode until in each esse it is higher than the highest plant of the
Aaller parent. Different straine of N. febecum var. “‘Sumatra,” of
N. fabaeum var. “Iavana,” and of V. rustice var, brazilia, identical
in external appearance, obtained both from the sume locality and
from opposite parts of the world, have also shown inereased height
when crossed. On the other hand, straing of V. tabacum varieties
“Sumatra” and “Havana,” [rom seed of plants grown in Connecti-
cut, when erossed with like varieties from sced of planis grown in
Italy have shown no increase in vigor. Accounts ol other similar
crosses could be given, but it secrs unnecessary to multiply exam-
ples.  We will therefore pass to a consideration of the specific crosses
shown in Table V.,
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Tanng Vo Ccmditmn of hybrids in crosses belween species of Nicotiona.

oz,

Germing-| o) v |

flom.

Conudition of hybrin,

M. alats Lk and Otto, var. groandi-

Heorn Cormes: !
N, forgotinnma Horl, {Eand.).

¢ N, langsdorfil Weinm, ... .

HI. lomgifora Cav..ooe oo
S NG panaealata Tooo L.

s N tabacam Too oo .o
K. bigelovid YWaia.:

¥ X alata vrandlﬁum Collas.

WML ]ung;ﬁora Cav o

S Nogmadrivalvis Paesh.,

5 . allvesiris Speg, and Comes
s N otabienm Lo (L

N. Ior: e-tla.ua Tlort, {(Sand.):
3 M. olata grandifora Comes. .

3 N langsdor @il Welnm.. oo
oo tabaonm le oo el o
W, glanca Grah 2 N mlseum L.
N, glutingsa T., x W, tabaenn T

W lungsdor Ml Welnm.:

K M. alata Ll Olte, wvar,
gn.ndlﬂ oI f'oﬂlc"* |

ML bigelovii Wats.. ...

Sl [m pedlana Hort. (‘-md. 1

¥ W.paniculata T. ... .
N.longitlora Cav. = N alata Lk
and Otto, var. grandidora Comes.
N, pa.nicu.lai.n. L |
¥olata Lk, tnd Otfo, vat,
grandiflora Comes.
AN hipelovii Wals o
¥ W langsdordlii Weinm
X M. longiflora Cav., ... i
Do R e R R S

= N labacam L.
N.oplnmbuarinifali |u \ v, }( ‘\I
longiflora Cav,
N. q11:a.d.rivalvi$ Prursh. X N. bige-
lovh Watgs.
N.rusiica L.:
M. alats Lk, and Ottg, var.
randidora Comes.
x Nl gacdortil Welmm. .__..

yopanimlate Toe s en
5SS A (L G B S e e
N.silvestris Speg, and Comes:

% N longlflors Cav.aaa,
x M. tabneom Lo ...

N, mbmomim Lt
X W alate Lk, and Otto, var.
grandiflora Comes,
XN, bigelovd Wats..iooo..oo:

w N, glauea Grah, .

S

ohutinosa L. oo oa oo
o laamgsidord I Welnim, ..o

4 longifiora Cav__ ..
. panienlata Lo,
plu mhu.glmlollu Sl
5uvestrls Apeg. and Comes

Per vent .

100 | Feriile, .

|
|
[

100 i‘..do....
WG | Stevile, .
2 | slightly’
Tonil:
a qt\e1"|1r~(r‘)
2 L
(Bl SR
LNy | Fertile. .
|
03
160 | Sierile, ..
1} | Forifle. .
o 2o,
pEe
Gl | Blerile, ..
i
i
100 | Feriile.
100 | Bterile_ .
100 | Ferilla. .
sib.. 2l
100 | Bterile. ..
23 | Alightly
S0 dle.
%
o
1]
L) Tartially
lariile.
5 Berile?)
100 Fertile ..
100 B LS
R e
H | SterilD
100 | Partially
frox ke,
| Sterile...|

|
108 | Slerile |

|

2 -_._dn_.,..:
100 | Almost
sierile.
fif | Bierils .
S e e
Il ..de ..
0|
1!
{

100 | Sierite.

25 por eend in height: very vigorous end pro-
(s In flovwers,
105 per cent in heiphis wigorous wnd profise
Tlorwits.
W per centin height; 100 per cent in viger.
Sfper cend in Belglif; 80 per cenl in general vigor,
2

Yory weak; secdlings died.

125 per cend in heighi;
yigor.

1 por cent in peneral

L2 per cent Lo Ledglit; 120 per cont in vigor; pro-
fuse in flowners,

1u5 er cenl in hLl,..ht 130 per eent in genera,l
vizor; profuse in Aovwers.

| 160 per cent in hPlghL L5 per cent in gencral

vigor; profuse in flowers.

A0 et cent in hefehi: less vigorans.
Gilrlner abtained planis higher and wore vigor-
ous than parents.

105 per-cent in heiglt: 100 per cent in vigor.

110 per cent m height; very wgoroub.
110 per cent in heighi; 100 per cent in tlgur, ro-
Tses in fowers.

1N per cent in height and general vigor.

o3 per cont in tedghe; ratheor weak.

100 per cend in heighi; 45 per cenu in vipar.
15 poer went in height; very wealk and stanged.

125 per cent in hejght; very vigorons and pr&
fnge in flowers.

Tlants very weak and smsll.

125 per eend in bright: 110 per eeni in general
Vigor.

110 per cent in height: 100 per cent in generul
vigor; profuse in Howers,

So wealk thal plants lived only about lwa weeks.

110 per eent in height; 110 per cent m viger; vory
relise i Howels, ;
128 per ot o elghid; veey vigorons; proluss: o
GIVETS,
1800 per cent m height; extremely vigorous; pro-
Tuse In flowers.

14ib pex eent in height; 120 per eanl it vigor; pro-
Tuse in flowers. i

1 por cend ol weerage ol puenls in beight and in
general ¥igor. i

120 per cent of average of parents in height and in
general vigor,

85 per cemt of average of parents n height 2nd 50
_por cent in ganera] vizol.

23 per cent ol Gverage of pacents in height; Girt-
ner oblained plants NoTe Figorous t.'rl:a.u parents.
G0 poer eond of average of parents in height; 73 per

et in pemwend vigor,

Very small and weak; dicd befors flovwiring.

135 per cent of average of parents in height; 120
por eenl in viger; profuse In fowers.

243



PLATE VI

Bui. 243, Burzay of P ant Industry. U, S, Dept. of Agriculture.

(rams (eI U 5 [y peange 38)

NOLLYHINTD) 14 *ALIIHFA WNOvEY ]
ALTIHYA WNDYAY] YNYILOJIN—E "Dl WX YNYXI L VOILENM YNYILOZIN—'Z "Dl

(ewrs JTITTn L2

WNTXT L WOILSNY YNYILODIN—'| "D




PLATE V(I

ladustry, U. 3. Dept. of Agricul{ars.

Bul. 243, Bursau of Plan

(7 DETLET] 1 QT R 8120

NHIA 7 iR o oy Do)
TUUILG AMT NTTAR  WNDYEY L N X Py
FHONHIOMYLY] FLY 1Y YRYILOOIN—T "0 TALIIEY A NNDVEY L YNFILDOIN—] "DId WHOTSIONYH] v.L9TY YRYLLCDIN—"] "]




LXTERIMENTS ON SPECIES (ENERALLY SELF-FERTITIZED. 29

The voluminous data that lLave been collected on these hiybrids
have been concensed and approximated so that they include only
[acts germanc to the matter in hand., Those crosses designated as
not having germinated arc crosses in which seed was obtained, but
from which no planl was obtained from a planting of at least one
hundred sceds.  In some of these crosses the seed waspoorly formed
(without embryo) and one may say eonclusively that ihey would
never produce plants. Other crosses gave {ully mature, perfect seed
which did not germinate. Possibly the proper conditions for their
germination were not obtained. At least it would be rash to conclude
that all of the erosses of which the seed did not germinate wonld
never produce plants under any conditions. But it is proper to say
that some crosses are possible in which the hybrid plant reaches no
further than the sced stage. A few hybrids, viz, Nicotiana tabacum
N. paniculata, N. rustica X N. alate grandiflora, ete., germinated and
produced a few woak plants that died before flowering.  There were
still others that produced mature plants, but plants shorter than
cither parent and weak in character. By far the majority of the
hy brids, however, were taller than the average of the parents and
many were taller than either parent. The luxuriance of their growth
was also =uch that they may be said to be more vigorous than cither
parent. DPlate VI shows the result of a cross between Nicotiana
tabaewm, var., and Nicotiona sifvestris.

One gets the idea [rom a survey of the crosses in this genus that
there are () plants so different that they will not cross; () crosses
that produce seed that contain no proper embryo; {¢) crosses that
produce seed with embryo, bul which go no further than the resting
stage of the seed; () crosses less wigorous than either parent;
(¢) crosses more vigorous than the average of the parents; and ()
crosses more vigorous than cither parent. It scems probable, then,
that actual fusion may take place between gametes either so difler-
ent in character that the zygote can not develop or in which the
male cell doss not bring in the proper substance to stimulate develop-
ment. On the other hand, when development does take place in &
normal manner the great majority of cases show a stimulus greater
in the hybrids than in the pure species. Compare Plate V1I.

Tt might be supposed that the luxuriant development of many of
these hybrids is due to their sterility, that is, due to the fact that no
energy 1= used in sced formation. Such an idea was held by some
of the earlier hybridizers, but was disproved by Giirtner. Nor is it
justifisad by our own experience. Fertile crosses between plants
difering in character either equal or exceed the parental vigor;
sterile crosses muy show a great increase in vigor or they may show
a great diminution in vigor. Plate VI represents a sterile hybrid
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30 HEIEROZYGOEIS IN EVOLUTION AND PLANT BREEDING.

showing 'decided diminution in vigoer. DBut there need be no con-
fusion in the interpretation of thesc facts, It is known that some
plantz are so unlike that there iz mechanical or chemical obstruction
to fertilizalion. In one case the stigmatic [luid may be polsonous
to certain foreign pellen; in another case the pollen tubes ean not
penetrate the micropyle; sometimes nuclel do not enter the micropyle;
frequently the two nuelel will not fuse.  Sueh conditions absolutely
prevent a cross.  On the other hand, where crossing is possible, all
of the physiclogical processes normal to the plant may not be carried
out. The dilliculty often lies in the maturation of the sex cells, the
reduction of {he chromalin, and the preparation for a new sexua]
act. In the proposed parent plants this has already taken place
naturally. The male and female gamotes are ready for fusion, and
1f nething interferes this fusion takes place. DBut this does not mean
thal normal development can take place. Cell division may be so
difficult that no embryo is forned, there being simply o pericarp
formed by the reaction of maternal tissue to stimulation. Again,
development of the embryo may take place, primarily because the
difliculty of development is decreased through the nutrition furnished
by the mother plant. But it may stop at this peint. Thus it is
obvious that where the parent plants are so different that normal
somatic cell division can not take place, weak plants result even
though they are heterozygous [or many characters. If, however,
cell division is normal we may believe that the vigor of the hybrid
increases directly with the amount or the kind of heterozygosis
present, without regard to whether the plant iz sterile or feriile.
Sterility, therefore, is often simply an inability (o mature the sex
elements propoerly, possibly because of mechanical obstruction to
novmal reduction of chromosomes differing widely in their character,
and sometimes it is correlated with abnormal onlogeny.

Wa make the statement that hybrid vigor imcreases with the
amount or with the kind of heterozygosis advisodly. The increased
vigor may vary roughly with the number of heterozyvgous characters
present, up to that lmiting case where the action of other forces pre-
vents or obscurcs their influnence, or it may depend largely upon the
quality of the characters that ave heterozygous. This matter has
not been determined; in reality it makes no difference with the
thesis under diseussion. 1t is an interesting problem, but can hardly
be tested experimentally by crossing owing Lo the number of unknown
characters that may be present in either a heterozygous or homozy-
gous condition. The proof submitted here rests entirely upon the
effectz obtained by continued inbreeding as explained by the mathe-
matical expectancy of homozygotes and heterozygotes under con-
tinued inbrecding.
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THE CITARACTERS AFFECTED BY HETEROZYGOSIS. 31

One turther point ought to be noted here. It has been shown that
wenk types are sometimes isolated from maize by inbreeding, their
delicate constitution being due, it is assumed, to homozygosiz of
heritable characters that produce weakness and not to the mere fact
of inbreeding. Docs onc obtain weak types in sell-fertilized species?
Undoubtedly such strains avise, but it 1z difficult to obtain examples
because the weakness of individual plants is usnally a physiological
fluctuation due to external conditions and is not transmitted. This
has been found to be truc by growing seedhngq from weak plants
that have been self-fertilized. They usually give normal plants.
Wenk strains have heen isolated, however, from Nicotiana fabacun,
from N, peniewdeta, and from N, aftenuata that continued (o transmit
their poor constitution. We may conclude, therefore, that weak
strains arise in self-fertilized species, but are climinated by natural
selection. :

THE CHARACTERS AFFECTED BY HETEROZYGOSIS

The termn vigor has hitherto been used with the general meaning
which the hiologist readily understands.  We will now endeavor to
show in what plant characters this vigor finds expression. Tt is not
an casy task because of the posmblhty of confusing the phenomenon
of Mendelian dommance with the physiological effect due to hetero-
zygosis, The conlusion 1s due lo a superficial resemblance only.
DPominance is the expressed potency of a character in a cross and
afleets the character as a whole. A morphological character like
the pods of individual maize seeds, or the product of zome physio-
logical reaction lhike the red color of tho seed pericarp in maize may
be perfectly dominant, that ig, it may be developed completely when
obtained from only one parent. Size characters on the other hand
usually lack dominance or at best show incomplete dominance,
The vigor of the first hybrid generation theoretically has nothing io
do with these facts. This 13 easily demonstrated if one remembers
that the incrcased vigor manifested as-height in the I, generation
can not be obtained as a pure homozygous Mendehan segregate,
which would be possible if due te dominance. Furthermore, the
universality with which vigor of heterosygosis is expressed as height
shows the distinction between the two phenomena. If the greater
height were the expression of the meeting of two factors (T4 x,7,)
both of which were necessary to produce the character, one could not
account for the frequency of the occurrence.  Nevertheless, in prac-
tice the confusion exists, and while we have considerable confidence
in the conelusions drawn from our experiments, we have no intenticn
of expressing them dogma[ica]lv

It has been stated that the vigor due to hC'E-OT‘Oﬁj" rosis 18 primarily

ah increase and an acccleration of cell division; in other wor ds, al
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mereased power of assimilation. This 1s first of all expressed by the
inereased size of the root syvstem, a fact noticed by Kolrenter and
Girtuer as quoted on page 9. This is the first noticeable difference,
for the gize of the cotyledons of the hybrid is largely inflluenced by
the size of the maternal pericarp, vet there is a slight inerease in the
cotvledon size, us we have found in experiments with speeies of the
genus [mpatiens and with the tomato, Lycopersicum esculentum.
Hybrid seedlings next show (he inereased vigor by their rapidity of
growth tending toward an earlier maturity. This feature is the accel-
eration of cell division referred to above.  Ullimstely, however, there
is nol only acceleration but inereased ecll division, resulting in taller
plants. TData supporting this fact have already been shown in
papers on maize (East, 1911, 1911a). The increased size is entirely
internodal.  Neither in crosses between maize varieties nor between
varieties ol Nieotiana fabgeum is there anyv tendency to inerease the
number of nodes. This stemn growth is comparatively much greater
than is inercased leaf surface In the plants mvestigated (N. Zabacum),
although the latter can be definitely traced.

The size of the {lower is not affected, at least not certainly. The
fruit also does not seem to be affected where there is o small nagural
amount of cell division, as in the capsule of tobacco, In {leshy fruits
like the tomato or cggplant there 18 a marked inercase.  This 18 prob-
ably true also of the large pomes and pepos, but this is only a surmise
by aualogy, )

The inercased vigor of the whole plant makes 1t possible for more
flowers and [ruit to be produced, as we have determined in tobaeco
and lomato. A more or less indeterminate infloreseence is always
prolonged, which probably accounts for the inereased size that Is
found in the ears of maize hybrids.

There are many less Important plant characters upon which no
data have been gathered, but the action of heterozygosis 1s known well
enough to justify the former statement that it allects the amoeunt and
rapidity of assimilation as expressed by cell division. %

THEGRETICAL INTERPRETATION OF REBULTS.

At this point it may be well to stop, collect our facts, and discuss
their theoretical interpretation, notwithstanding a certaln repetition
it will involve. We believe it to be cstablished that—

(1) The decrease in vigor due to inbreeding naturally eross-lertilized
species and the increase in vigor due to crossing naturally self-
fertilized species are manifestations of one phenomenon. 'This phe-
nouenon is heterozvgosis.  Crossing produces heterozrgosis n all
characiers by which the pavent plants differ. <Inbreeding tends to
produce homozygosis nutomatieally.
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(2) The phenomenon exists and is in fact widespread in the vege-
table kingdom.

(3} Inbreeding is not injuriouns in itsell, but weak types kept in
existence in a cross-fertilized species throngh heterozygosis may be
iwolaled by its means,  Weak types appear in self-fertilized species,
but are eliminaied because they must stand or fall by their own
merits,

The logical interpretation of all of these facts rests, we believe, on
the acceptunce of Johannsen's (1903, 1909) “genotype conception
ol heredity.”  This conception In turn is an extension of Welsinann-
ism*® without Weismann’s mechanistic speculations, supported by
Mendelisin. Johannsen (1911) gives the essential points of this con-
ception in these paragraphs:

The personal gqualitics of any individual organtsm do not at all cause the qualities
of 1ts offspring, but the qualities of both ancestor and descendant are in quile the
same manner determined by the nature of the “sexual substances'—i. e, (he
sametes—irom which they have developed. Personal qualities are then the reac-
tions of ithe gametes joining to form a zygote; hut the nature of ‘the gameies 3 not
determined by the personal qualilies o the parents vr unceslors in question,  This is
the modern view of heredity.

The main result of all true analytical cxperiments in questions concerning genetics
iz the upsetiing of the (mnsmission conception of heredity, and the two dilferent ways
ol genetie research, pure-line breeding as well as hybridization alter Mendel'y moded,
have in that vespect led o the same peint of view, the “genofype concepfion” as we
may call the conception of heredity just now skelched,

A simple illustration of what 1s meant by the above statement is
as follows: Suppaose a malze with ved pericarp (BR) be erossed with
one with a colorless pericarp (¢r).  In the hybrid the gametcs B and
r are formed in equal guantities. By chance mating 1RR:2 Br: lrr
are obtained. Now Lhe homozygous dominant RE is exactly like the
heterozygote firin appearance, but the one breeds tiue to red pericarp
and the other aguin throws aboutl 25 per cent white progeny, In
other words, the gametic composition of the zygotes determines
whether the resulting plants shall have ears with red or with colorless
pericarps, bul the [act that a plant has an ear with a red pericarp
does not show what kind of gametes it will form.

The genotype conception of heredity, as stated before, vests on the
noninheritance of somatic modifications and the gencral truth of
Mendelism, The first pari of the proposition now has almost univer-
sal support. All data pomt to a germ-cell-to-germ-cell hereditary
transmission.  In certeln animals it has been demonsirated that
there 1s an early segregation or setting apart of the material designed

! Ont need beeomne a Welsinammisn only so far as te agres wilth the observed Jacts which have shown
fhsl vhe transmission of acguired characters nust Le s¢ relatively infregquent as to make the possiblity
oegligible in experimentul genetics and plant breeding.
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to beeame the germ cells.  This fact naturally has been proved in bus
few animals, but from it one must infer that mw all mmetazoa there is
a relative Independence of soma and gern plasim undreained of a
few deeades ago.  In the higher plants no visible diflerence between
germ plasm and soma plasin has been proved, yet the iceent experi-
ments of Baur and of Winkler on perielinal chimerag or false-graft
hybrids have shown that one of the subepidermal layers is probably
alone responsible for the sexual celle.  Tn recent years fow biologists
have believed that swrounding eonditions did not oceasionally
modify gametic structures. On the other hand, fewer and fewer
investigators have maintained that any sort of somatic adaptation
would mpress the germ plasm with the ability to transmit the same
modifies Lion. _

The experimental work on the genotype coneeption of heredity has
been largely o demonstration of the last statement. Ti has shown
that in general fluctuations caused by ordinary environmental
changes are not inherited. The idea involved is comparatively old.
Yilmorin's promulgation of his “isolation prinetple” n plant breed-
ing m the middle of the nincteenth century might be called its start-
ing point.  Vilmorin used the everzge chareter of 4 plant’s progeny
ag the index of that partieular plant’s breeding capacity, This is the
genotype conception, pure and simple. Since that time all plant
breeding by selection which has been at all profitable has been done
in this way, although the theoretical interpratation of the results
obtained was unknown, This was given by Johannsen through his
worle upon barley and beans.

Since then corroborative results have been obtained by Jennings
(1908, 1910) on Paramaeecium, Hanel (1907) upon Hydra, Pearl
(1909, 1911) upon fowls, Barber (1907) upon yeasts, Woltereck
(1909) upon Daplnia, Jensen (1807) upon bacteria, East (1810a)
upon potatoes, Love {(1910) upon peas, and Shull (1911) and East
(1911) upon maize. And no one to my knowledge Las made a
successful attack upon the position taken. If is true that.attacks
have been made by Pearson (1810) and Harriz ((911), but their main
argument is that the genotype theory is wrong, because 1t antago-
nizes the utterly cironcous biometric 1dea that Leredity is measured
only by the correlation between parents and progeny m somatic
characlers.

To be sure a caveat has been filed by Castle {(*Heredity”,
New York, 1011) to the effect that unit characters so called can
sometimes be modified by selection.  This is 110 real criticism of the
genotype conception of heredity, however, for Castle firmly believes
in the generality of Mendelism and the general noninheritance of
somatic modifications. It must simply be understood that, like
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most chemical compounds, characters are generally stable under ordi-
nary conditions, but also like chemical compounds they may some-
times be modified.  This modification then becomes a new character
ar is the olil characler in a shghtly different form, de pendlng on the
point of view.

The second part of the propesition rests upon the law ol segrega-
tion and recombination of gamelie factors, which 15 the essence of
Mendelism.  Every <ay the generality of thiz law becomes more
probable. Leaving out of consideration experiments on apogamous
and parthenogenetic species almost every paper published gince 1000
dealing with crosses between varieties fertile inter se in which quali-
tative differences have been studied has shown that factors repre-
senting these characlers segregate in the germ cells of the hylhiid
and recombine in the next generation. The lew exceptions have
heen papers dealing with characters evidently quantitative, treated
from a biometrical standpoint and not proving or disproving any-
thing.

Recently there have also been investigations (Emcevson, 1010;
East, 1910, 1911; East and Hayes, 1911; Lang, 1911, Tammes,
1911) showing thai size or gquantitative characters also segregate.
Of course all selection experiments on cross-fertilized specics using
Vilmorin's isolation principle and the Investigations just eiled in
support of Johannsen have really proved segregation and recombi-
nation of size characters, else strains differing in sueli characters
could not be isolated from complex hybrids. The scnior writer
(1910}, however, has shown how such segregation can be given a
strict Mendelian iterpretation by postulating absence ol domimance
and multiplicity of determinants affecting the same general charae-
ters.  The experimental basis upon which it rests is the investiga-
tlons of Nillson-Ehle {1909) upon oats and wheal and his own upon
INAN7Ee.

It is possible that there are many apparent exceptions to the law
of seceregation; it is even possible that practically there are real
excoptions, but these exceptions are likely fo be in the nature of
changed conditions which modily the action of Mendel's law through
new sets of eonditions.  Our meaning is shown by parallels in the
domain of physics and chemistry, where certain laws act perfeetly
only under ideal conditions w hth are very often not fulfilled in
nature. For examph' De Vreles (1907) siales thal Burbank's and
Janczewski's bramble hybrids have bred true. Without any data
upon which to base a eritical judgment one does not know whal to
say, but taking the statement at full value, any number of conditions
may cause this hybrid constancy without invalidating the law of seg-
regation. There may be apogamy, all zygotes may not develop,
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selective fertilization may occur, or the action of the law may he
opposed orsuspended by other conditions of which we know nothing,

Personally we consider the genotype conception not as a theory
but as a fact. Considering it as a fact, how does it ald the interpre-
Lation of the results obtained by inbreeding and by crossing inbred
types of maize?  Maize as a cross-fertilized spocios of great, variability
is in a constant state of hvbridization. It is a eollection of complex
hybrids. Its usual mode of pellination through the ageney of the
wind keeps up lhis state of hybridization. Inbreeding, however,
tends to produce homozyeous types. As already shown, if one
assumies oqual fertility for all plants and that each plant lives and -
produces offspring n the s generation there is a ratio 2%—1 pure
dominants, 2 heterozygotes and 27— 1 pure recessives [or eael allelo-
morphie pair.

This theoretical state of affairs may wot oeccur for other reasons
(as unpaired chromosomes) and the large number of allelomnorphic
pairs in a complex hybrid may prolong the time required for isola-
tion of strains that are completely homozygous, but final isolation
of strains completely homozygous i3 the goal toward which inbreed-
ing tends. These completely homozygous strains are Johannsen's
homozygous genotypes. Perbaps no one has ever isolated a real
homozygous genotype, but straing homozygous for many characters
are constantly being separated, This, indeed, 13 the sole funetion
of selection.

Weismann assigned two purposes to the gametic fusion termed
sexual reproduction; one being to mingle the hereditary characters
carried by the two germ cells, the other to stimulate development
of the zygote. This gencral statement was so obviously a fact that
biologists were unanimous in its aceeptance and two distinet hnes of
investigation have developed from it. Research concerning trans-
mission phenomena has been almost divoreed from the study of the
physiology of development in its intimate connection with sexual
reproduction.  This separation, in view of the subject ol this bulletin,
seems unnecessary and unwise, for it may permit only a partial and
distorted view of the results of reproduction. At any rate the data
given here are of interest from both view points, since they deal with a
purely physiological result brought abonl by a strictly morphological
fransmission phenomenon, -

The hypotheses in regard to the way by which the act of ferliliza-
tion initiates development are numerous, but since they are entirely
speculative it 1s not necessary to discuss them here.  The only conclu-
sion that scems justilied is that they are not immediately psychological
or vitallstle in nature, T.oeb’s remarkable rescarches prove this. Bul
whatever may be the explanation of the means by which the process
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s carried out, the statement can be made unreservedly that the
Leterozygous condition earries with it the funetion of inercasing this
stimulus to development. It may be mechanieal, chemical, or elec-
trical.  One can say that greater developmental energy is evolved
when the male to an allelomorphic pair is lacking than when both
are present in the zygote.  In other words, developmental stimulus
is less when like genes are received from both parents. But it is
clearly recognized that this is a statement and not an explanation.
The explanation 18 awaited.

The developmental stimulug ig to a certain degree cumulative.
In other words, the expregsion “the greater the degree of heterozy-
gous condition the greater is the vigor of the resulting plant’ ’ rouwhly
OX presses the facts. This does not mean that the poabcgsmn of ce
tain allelomorphic pairs in a hetewzycruu;s condition 13 not more
necessary than others of normal development. Castle and Little
(1910), for example, have shown the probability that zygotes which
are potentially homozygous yellow mice are formed but do not
develop. Baur (1909) has shown that homozygous recessives of
pelargoniums  that lack the necessary meclmru%m for eh]nrnphvﬂ
formation are formed but can live only a few days. Of course in
tlie latter case there 15 actual abgence of a physmlﬁgwal mechanism
that is absolutely essential to development.  Whether the condition
iz similar in the yellow mice 18 unknown. 1t is quile possible that
lack of normal or presence of abnormal factors will account for many
cases of improper developinent, but these facts must not be con-
fused with the phenomenon under consideration, What we are con-
cernedd with here is thatl developmoental stimulus due Lo heterozygosity
increases roughly with the number of heterozvgous allelomorphic
pairs, even though some of these pairs may produce a much greater
stimulus than others,

Inbrecding, then, tends to iselate homozygous strains which lack
the physiological vigor due to hetcrozygosity. Decrease in vigor
due to inbrewxding lessens with decrense in heterozygosity and van-
ishes with the isolation of a complelely homozygous strain.  More-
over, these homozygous strains can be quite diflerent from ecach
other In natural inherent vigor. Ifrom a single strain of Leaming
dent maize one isolated type is a good profitable corn after four
generations of inbreeding, havmg vielded at the rate of 80 bushels
per acre in 1910; another Lype is partially sterile and can hardly
develop to maturity after five generations of inbreeding, and yielded
in 1916 only 9.5 bushels per acre. Thus we sce the true explanation
of the apparent degencration that so many vbservers have attributed
to inbreeding per se,
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When species that are naturally close fertilized produce variations
that are weak and degenerate, thoy perish m the natural struggie
for existence or are not allowed to propagate by man. Since only
the experimental breeder sees the origin of degenerate strains of
close-fertilived species {as we have done in the genus Nieotiana),
biologists bave left them out of their consideration and have con-
cluded that some exception to the natural laws of plysiology has
hecnt made i their favor so that they could stand the inbreeding for
which they are naturally fitted. Nothing could be further from the
facts. Species whichh through their flower structure must be sell-
fertilized prodace as many degenerate strains as any specics,  They
are produced, but they do not survive; they are lost and forgoften.
Species which through thewr flower structure are naturally cross-
fertilized, on the other hand, produce strains poor in natural vigor,
degencrate strains, amnd they are kept from sight. They survive
the seythe of natural selection; they are selected for propagation by
man because they arc crossed with other strains and are vigorous
through heterozygosity., Inbreeding tears aside their mask. They
must then stand or fall on their own merits. Those strains with a
high amount of inherent natural viger, due to gametic constitution,
lose the added vigor due to a heterogygous condition, but are stiil
good strains, ready to stand up forever under constant inbreeding.
The poor strains that have had the help of hybridization with good
strains, combined with the added vigor due to heterozygosity. arc
stripped of all pretense, shown in all their weakness, and inbreeding
is given as the cause for their degencracy. At least inbreeding has
until recently been given as the cause, but it is hoped that the newer
interpretation will now be accepted as logically interpreting all the
facts, :

Although the inercased power of growth of hybrids and the de-
creased vigor attending inbreeding have nol been recognized asthe
same phenomenon until the work of Shull and the senior writer,
nevertheless there has been a so-called interpretation of the inereased
vigor of hybrids current among plant physiologists. It is the theory
of rejuvenocseence or rencwal of youth in the protoplasm. Continued
self-fertilization is thought to be comparable to vegetalive repro-
duetion und continued vegetative reproduction is supposed to bring
ahout a senile condition in the protoplasm. This theory was horrowed
from zoology, having long since heen proposed by Blitschli to account
for conjugation in protozoa. It can not be considered a theory that
helps in interpreting the vigor of hybrids, for it tells us nothing.
Moreover, it may be buased upon wrong premises. It is not at all
certain that conjugation is an absolutely necessary phenomencn.
Woodrull (1911) has demonstrated that protozoa can be kept in
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healthy condition without conjugation for at least 2,300 generalions.
Jennings has been unable to make certain genotypes of Paramaecium
conjugate.  Nuelear fusions sometimes occur in some of the ascomy-
cetes and basidiomycetes, but in general these fungi reproduce
asexually and possibly have produced hundreds of species in this
manner. In the higher plants there are many species in which
either no seed is produced or sexual propagation is scldom resorted
to, and vet they scem Lo be in no danger of degeneration. Among
them may be mentioned the banans, lop, sirawberry, sugar cane,
and many of the grasses. There are also ecrtain apogamous genera,
such as Tarazacum and TTeracium, that are exceedingly vigorous.
From these faets it is reasonably conclusive that sexual reproduction
mway be a benelit, hut is not a necessity.

I eebls and Pellew (1910) have recently suggested that “the greater
Leight and vigor whieli the 19, gencration of hybrids ecommonly
exhibit may be due to the mecting in the zygote of dominant growth
factors of more than one allelomorphic pair, one (or more) provided
by the gametes of one parent, the other (or others) by the gamotos
of the otlier parent.”  We do not believe this theory is correct. The
“tallness” and “dwarfness™ in pess whieh Keeble was investigat-
ing is a phenomenon appurently quite diflerent from the ordinary
transmissible size differences among plant varieties. Dwarf vari-
eties exist among many cultivated plants, and in many known cases
dwarfness is recessive to fallness. Tt acts as 2 monohybrid or possibly
a dihybrid in inheritance, and tallness is fully dominant. Varietal
size differences generally show no dominance, however, and are
caused by several factors. Transmissible size differcunces are un-
doubtedly caused by certain gametic ecombinations (ISast, 19113, but
this has nothing to do with the inercase of vigor which we are dis-
cussing. The latter is too universal a phenomenon among erosses
to have any such explanation. LFurthermore, such interpretation
would not fitly explain the fact that all malze varieties lose vigor
when inbred.

EXTENBION OF THE CONCLUBIONE TO THE ANIMAL KINGDOM.

Can the conelusions in regard to heterozygosis be extended to
animals? The answer is affirmative as far as an interpretation of
the known faets is concerned. No experimental attack from the
standpoint taken in this paper has been made, but the older work
furnishes many data that readily {it this view. As a matter of fact,
Lhowever, it is questionable whether it s necessary to make formal
proof in the matter. Sexual reproduction has undoubtedly arisen
several times In the vegetable kingdom and at least once independ-
ently in the animal kingdom. Why or how it arose, one need not
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meuire; having arisen, the purposes served are esscntially the same
if the simifarity of the methods is an argument.  The duplex nature
of organisins, the halving of the chromatin and the production of
simplex cells at the maturation of the sex cells, the [usion of two
simplex cells as the starting point of a new organismm, the general
result of this fusion in the matter of development, and the trans-
mission of heritable characters, are so similar in their main points
that it would be quite wonderful if the process both in plants and
animeals did not now fulflll like requirements.

Since our conclusions are based upon the generality of Mendelism,
wlich has been vendered highly probable by the multiphicity of zoolog-
ical reseavches, it seemns only necessary to show that heterozygosis in
animuls does cause (or accompany) an Increase in vigor. Tt is easier
to do this than to attack the still widespread belief that inhreeding is
injurious per se. e lave seen fertile crcsses between different
varietics of cattle, of swine, of sheep, and of domestic birds that were
more vigorous than either parent.  There ave several swine ralsers in
the Middle West who make u practice of selling only first-generation
crosses on account of their size. A number of very vigorous sterile
Ly brids of both domestic and wild animals might also be cited, but
with these erosses a complication is encountered.  In plantz swe found
that the presence or absence of normal sexual organs made little if any
difference in the amount ol vigor induced by heterozygosis. Tn ani-
mals the case is undoubtedly different. From their very mode of
development—animals being closed forms and plants open forms—
internal secretions plax a great réle.  And it 1s o matter of common
knowledge that castration, In vertebrafes at least, causes an extra-
ordinary development of the body.  In the human race this develop-
ment is especially neticeable in the femur bones, so that Havelock
Ellis states that the cunuchs of Cairo can be readily picked out of a
crowd by their great stature. It is obvious, therefore, that there are
two causes ol vigorous somatic development, climination of sexual
organs and heterozygosis, In stevile hybrids, therefore, one can not
say how much of the induced stimulation is due to cach cause, but in
fertile crosses there is no question about 1ts source. :

Tt is unch more diflieult to argue against the supposed mjurious
effects of inbreeding.  Abhorrence of incest, which probably had a
religious origin among our ancestors, is so diffieult to cradicate from
our minds that judgment is made before the facts are heard. This
belief 1s not yniversal in the human race if Westermarek, the ercatest
authority on the history of marriage,Ss to be trusted, but the retort
is made that the races that approve incestuous unions are low in intel-
ligence.  The answer does not prove anything, however, as low races
with both beliefs are found, and, furthermore, as disapproval of inces-
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tuous relations is bath religious and esthetie, it would only be expected
In races of somge mlelligence, Noy is the answer germane, for il s not
shown that incestuous tribes are less well developed physically than
related tribes with different customs, which is the real matter under
examination.

But let us confine the discussion to the lower ammals. II this 18
done there are two things Lo consider, the closeness of matings and
their result. The statement is often made that self-fertilization in
plants is & much closer sexual relationship than can obfain in bisexual
anmimals.  With a germ-to-germ transmission conception of heredity
it is doubtful if this is true. After a wide cross, a sell-fertilized plant
of the F, gencration produces markedly different progeny, due to
recombinations of gametic factors. After continuous self-fertiliza-
tion for many gencrations, the gametic factors tend to become homo-
zygous and their maiings are close in relationship. Thus it 18 por-
fectly clear that it is not kinship of the two organisms [urnishing the
sex cells that determines the closeness of the mating, but the stmi-
larity ol the constitution of the cells themselves. There is no o priord
reagon, therefore, why bisexual animals may not be bred as thor-
oughly in-and-in as plants.

On this account the statement must be made very emphatic that
investigations such as studics of cousin marriages in the human race
amount to nothing. A cousin murriage may be a wide cross, it may
be very narrow.

There is a possibility that has not been mentioned, however, that
may prove to be an cssential difference between the reproduction of
bisexual animals and hermaphroditie plants.  There i8 no question
but that gex in the higher amimals is essentially Mendelian i its
behavior. There is no neeessity of tying its interpretation to the
chromosomes or Lo Lhe aecessory chiromosome In particular.  Castle's
(1909) simple explanation that the female 18 gametically ' the male
plus a theoretical X factor has mterpretated so many facts that its
correctness—possibly somewhat modiflied—is highly probable. Under
this interpretation one sex is always heterozygous. No similar expla-
nation hag been advanced to account for hermaphroditism.  Possibly
the same thing aceounts for the dilferentiation into microgamete and
macrogamete in plants, although not accompanied there by somatic
changes.  Sinee we are ignorant of the facts in plants, we can not say
that sex furnishes a real reason [or believing bisexusl animal matings

1 Mot the wards “gametically the male.” Thiz is not st all the same thing as saving the male plus some-
thing else. Thoe X may produce many important changos during ontogeny,

There are Lo classes of facts; oo themale is homowygous, having ne X facrors, while the fermale s one.
In the other the male is heterozy pous, having one X facter, while the fonale is homozy gons, with 1w 3 fac-
tors. Thehuman race probably belonps Lo the second Lype.
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less Incestous than plants, The facts are simply given for what they
are worth.

We arc now ready to take up the actual effect of inbreeding in ani-
mals.  In the statements of Darwin's correspondents wo lind through-
out the fendency to mix csthetic feelings and facts. TBut here and
there an independent obscerver maintamed that breeding good stocks
in-and-in_ had noe evil efleel. Undoubtedly there iz sometimes a
slight loss in vigor (we should say vegotative vigor as we have done in
plants, because constitutional vigor is not lost), but there is no degen-
eratlon.  On the other hand, there is segregation ioward homozygous
strains, and these straing differ in constitutional vigor. The greatest
breeds of horses, cattle, swine, and sheep have been developed by
in-and-in breeding. Breeders have worked for homozycous strains,
for they desired gtraing that bred true.  Tnbreeding has been accused
of producing everything undesirable in many of these strains, but the
accusations are extremely illogical. Consider one or two examples,
The race horse has undoubtedly been inbred more than the dralt horse.
Did inbreeding produce the nervousness and delicate constitution of
the former? Certainly not. It is absolutely essential that the race
harse be nervous, 1t has been thus selected for generations.  Again,
the delicate constitution of the Boston terrier or even the toy ferrier
is pointed out as the effect of inbreeding. We doubt very much if
there has been any more inbreeding in the case of the Boston termer
than with the St. Bernard, but the selective ideals have been quife
ditferent. :

The necessity for heterozygosis may be very different in various
species of ammals.  In some the stimulus to zygotic development may
be insullicient when like germ cells conjugate; in others, it may pro-
duce normal development, Weismann has made much of the fact
that hermaphroditic animals arve always cross-fertilized at times, It
may be necessary in these species or it may be coincidence., Possibly
hermaphroditic speeics will be found that are always sclf-fertilized yet
retain their vigor even as In plants. At any rate Welsann's argu-
ments seem to have little {orce, considering the widespread preva-
lenee of parthenogenesis in the animal kingdom. 1t seems reasonable
to conclude that in animals as in plants cross-fertilization may be
advantageous but is not a necessity. _

The actual experiments of Crampe (1883), Ritzema Bos (1894},
and Von Guaita (1898) on mammals, of Fabre-Domengue (1898) on
birds, and of Castle et al (1906) on the Ly Drosephile ampelophila
Low may all be interpreted in this way. Fertility wasg decreased in
some strains. Those strains needed the stimulus due to a certain
amount of heterozygesis for their proper development.  Other strains
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were perfeetly fertile in spite of inbreeding. Sometimes combinn-
tions of hereditary characters resulted in relatively weak strains;
other combinations of chavacters gave strong strains.  In no case
was there absolute and universal degencration due direetly to
inbreeding.

As a final example of the simple way in which these experiments
on animals {it the heterozygosis theory, we will take & case that
puzzled Weismann (1204). Nathusius allowed the progeny of a
Yorkshire sow to inbreed for three gencrations. Welsmann says:
“The result. was unfavorable, for the young were wealdy in consti-
tution and were not prolific. One of the last female animals, for
instance, when paired with its own uncle, krown to be fertile with
sows of a different breed, produced a litter of 6 and u second lt-
ter of 5 weakly piglings; but when Nathusius paired the same
gow with a boar of a small black breed, which hoar had begotten
7 to 9 young when paired with sows of his own hreed (the black
breed evidently near homozygous through close breading), the sow
of the large Yorkshire breed prodoced in the first litter 21 and in
the second 18 piglings.”

VALTE OF HETEROZYGOSIS IN EVOLUTION.

DBefore nndertaking te discuss the part that heterozygosis may have
played in evolution, emphasis must be laid upon one point of eriti-
clzm directed aganst almost all speculative evelutionary philosophy.
Unconsciously, perhaps, many ol the conditions that are widespread
among living forms have been spoken of as having been scleeted to
gontinue their existence in nature because they are indispensable lo
the organism. This ig certaliily untrue. One has only to recall
other epochs of geclogy to appreciate the fact. The huge reptiles of
the Cretaceous period were long in developing their peculiar speciali-
zations, yot they were swept away. Tn a present-day post-inortem
we can assign many reasons why they were eliminated [rom the
organic world, but if their characters were so unfit for their environ-
ment, how did they come to be developed? Tt is sald the environ-
ment changed and left them too spectalized for adaptive response.
This is plausible enough, but, nevertheless, possibly untrue.

Must we not be just as skeptical about the question of sexual dif-
ferentiation? 1t hag arisen several times; it has persisted. Ilaving
arisen, it undoubtedly has a function. Perhaps it was necessary;
perhaps it was a fundamental blunder, as was once humorously
stated., Speculation ig, of course, futile. We merely wish to point
out that in discussing & function intimately commected with sexual

reproduction it is absolutely wunocessary te suppose that sex fullills
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a protoplasmic neeessity or demand.! We do not say that the belief
is untrue, but that it is not known to be true and therslore should not
be treated as a fact. '

In other words, electrie drills and hammers are very useful in build-
ing & hridge, but good bridges have been built without them. Sexual
reproduction serves a purpose, but several of the most, vigorous genera
of our higher plants have given it up. It is evidently unnecessary
to them. e must cast a vote, therefore, against the belief in the
rejuveneseenee theory of sexual reproduction. Furthermore, we
believe thal any hypothesis in which an endeavor is made to twist
the phenomena attending sexual reproduction inlo requisites indis-
pensable to the evolution of all species possessing it is without basis.
All one can do is to suggest how it may have been benclicial at times
10 s0Ie species.

Transmissible variations arc produced in great numbers by apoga-
mousgenerasuch as Taraxacum and ] lieracium, so that sexual reprodue-
tion is not the cause of variation. Johannsen's (1906) and many other
pedigree-culture studies have shown that 1t presumably never increases
variation. But it does permit recombination of the gametic factors of
the parents, and this has no doubt been of great service in evolution.
Galton and Quetelet (Welsmann, 1904) have argued that the intereross-
ing thus allowed is a means of keeping thoe species constant, but even
with the old idea of blended mheritance this scems to us to be an
oxaggeration.  Greatest constancy in the actual descendants, if new
heritable varistions are disregarded, would come [rom asexual repro-
duction. Tf the species group is considered as a whole and compara-
tively free from compctition, a great amount of intercrossing---as in
a naturally cross-fertilized strain—would help toward a general fixa-
tion of type, even though it did not contribute toward the produe-
tion of homozygous factors; but il a rigid competition is allowed,
new and better combinations of characters would replace the old.
Perhaps this matter may be made clearer by an illustration drawn
[rom our maize studics. Height is & complex due to many contribut-
ing factors. Home of them are probably correlated in inheritance,
but a sufficient number are transmitted independently to give the

1 Vitalistic interprotations of the origin of charaeters, though largely eonfessions of Ipnerance of ulti-
mate catlses, desorve consideration for calling attention to that foet; vet one must admift thet if eviay.
thing is accounted for by some * perfecting prineiple this erealive force has made many trials and errors.
Of eourse things do not jusi happen. The chemist sees cortain series of compeunds give similar menes
tions under like conditions, while othet serics rive other reaciiong under thase condfiions. More complex
chomienls under e generel (erm protoplzsm probably act in the same manmer and produce variafiong
through their reactions. Some of these variations sre widespread—that s, they are general reactions;
others are less penemul—ihai fg, 1hey are gpecific reactions.  Uersonally this anslogy helps in (e conerption
of cortain orthogenetic phenomens, bat the concormtion leads Dack o the same Dlanlk wall of ignorance.,
The vitaliat and the belicver in mechanico-chemical thearies reach the same point, btk the latier is ploased
it e isalde to redues & series of facts to the shorthand of a forraula; the former iz worried becanse knowledge
stopa &t the mest inleresling place. ¥
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example validity, There is no dominance, and when two individuals
dillering in stature are crossed there 18 a blend in the first hybrid
gencralion. There Is a real segrogation, Lhowever, resuiting in an
increased variability in the F, generation. In the F, generation
there is a normal Irequency deviation due (o noninherited [(luctua-
tions. In the I, generation there is a similar curve, but with greater
variability, due to {luctuating variability plus the variability due fo
the recombination of gametic factors. This conditon of allairs
tends toward the maintenance of a general mean in height, but this
mean is false. Tt is [alse beeause the modal class which Galton and
Quetelel 100k to be the type toward which the species is tending
actually containg more heterozygous individuals and individuals
heterozygous for more factors than any other. An individual
sclected from this class is less likely to breed true than one selected
from the extremies. Cross-fertilization, therefore, may tend toward
the production of a mean that gives falsely an appearance of fixity
of type.

This preliminary discussien has necessarily been rather long in
order to have a basis for considering the part that heterczygosis
may have played in evolutionn. We ghall confine ourselves to the
higher plants, slthough we think a portion of the statements made
are equally true when applied to animals. Tt can hardly be doubted
that heterozygosis did aid in the development of the mechanisms
wherchy flowers are eross-fertilized.  Variations must have appeared
that lavored eross-fertilization. These planis produecing a cross-
fertilized progeny would have had more vigor than the self-fertilized
relatives. The crossing mechanism could then have become homo-
zygous and fized, while the advaniage due lo cross-lertilization
continued.  But was this new mechanism an advantage? It must
have been often an advantage to the species as a whole. In compe-
tition with other species, the general vigor of those which were
crogs-fertilized would aid in their survival. But the mechanism
may not have been useful n evolving real vigor in the species,
because of the survival of weak sirains in combination. In sclf-
fertihized species, new characters that weakened the individual
would have been immediately eliminated. Only straing thal stood
by theraselves, that survived on their own merits, would have been
retained. On the olher hand, weak genotypes in cross-fortilized
species were retained through the vigor that they exhibited when
crossed with other genotypes. The result is, therefore, that self-
fertilized strains that have survived eompetition are inherently
stronger than eross-fortilized straing. On this account weak geno-
types may often be isclated from a cross-fertilized species that as a
whole is streng and hardy.
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VALUE OF HETEEROZYGOSIS IN PLANT BREEDING,

First-gencration hybrids of many cconomic plants give a vield
sulliciently greater than pure strains te pay for their production
and lcave a profit. This is frue only of crops where crossing iz easy
and where profit is made from accelerated and increased ccll divi-
sion or number of fruits.  In general, it is not true where the selling
price is groatly inercased by the possession of some speeial quality.
As Collins has remarked, value may at times accrue also from the
fact that a plant breeder who has found & great increase in yield
from growing the first hybrid generalion of a particular ¢ross may
keep the parents # secret and maintain a justly remunerative busi-
ness by selling hybridized sead or seedlings. A few suggestions as
to the erops to which this method may be applied are given below.

MALLE,

Mailze Is our mosi important field crop, and an Inerease of one
bushel per acre to the sverage yield would add many millions of
dollars annually to the nation’s resources. The methods now in
general usc for its improvement all follow Vilmorin's isolation
prineiple.  Progeny-row tests are grown from individual ears. This
means Lthat good strains are isolated, but it also means that the
longer sclection is earried on the nearer is 4 homozygous condition
approached.  Thus the inercased stimulus duce to helerozygosis is
lost. Since from both Shull’s tests and our own, strains mado
almost homozygous by artifieial inbreeding have yielded as high as
250 per cent increase over the average of the parents, this stimutus
is not Lo be lightly disregarded. Of course those tests were made
with strains so nearly homozygous that thev gave very low yields.
But we have obtained yields of ear vorn very much higher than are
ever given on land of Dike fertilily by commercial Lypes. Shull
(1909) has therefore suggested that near-homorygous straing ba pro-
duced by seli-fertilization, the besl combination: determined by ex-
periment, and hybridized seed of this combination scld. This pro-
cedure is undoubtedly the best in theory, becavse the grealest degree
of heterozygosis is thereby obtained. Perhaps it can be made prae-
tical, but we are afraid very few commereinl men would undertake it.

As a moethod whose practicability outweighs its theoretieal disad-
vantage, the zenior writer (Kast, 1909) has suggested that combina-
tiong of commersial varieties be made, testing them until the moat
profitable combination is found. Sinee maize is moneeious, this
method can be used on a large seale at a small cozt. It 18 only neces-
sary to take two varieties, A and B, plant them in alternate rows,
and detassel all of the plants of one variety. The seed gathered
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from this detasseled varicty is all crossed seed and will give, in gen-
eral, a greater yicld than the average of the two parents. Crossed
seed can be produced in this manner at an additional cost over
natural seced of not over 9 conts per bushel. If it averages {wo
bushels per acre incrcase in yield, the producer can sell it at one
dollar advance over natural seed and still allow the buyer a good
profil. The method is given in greator detail in another paper
(Hayes and East, 1911).

This plan we thought original, but Colling (1910) has shown that
it is comparatively old. 1t bas been suggested time and again with-
out gaining a foothold in agricultural practice. Lel us hope thal
the time is now ripe for a scientific mothed Lo be understood, appre-
clated, and used.

1t is fortunate that we have at hand dats from many agriculturists
showing the value of using {irst~generation hybrids in maize. They
arc very convineing, We will not diseuss them in detail, but refer
the reader to Colling's paper (1910},  We may say, however, that the
following rescarches have shown thatl a commercial uge of the method
is possible: Beal at the Michigan Experiment Station in 1880, Inger-
sell at the Indiana Experiment Station in 1881, Sanborn at the
Maine Experiment Station in 1889, Morrow and Gardner at the
Jllinois Iixperiment Station in 1892, Shull of the Carnegie Institution
Station for Experimental Evolution in 1909, East at the Connecticut
Experiment Station in 1909, Colling and his assistants of the United
States Department of Agriculture in 1910, Haves and HEast at the
Connecticut Experiment Station in 1911, and Hartley and his assist-
ants of the United States Department of Agriculture in 1912,

TRUCK CROPS.

In some Lruck and garden crops, such ag beans and peas, the diffi-
culty of making artificial crosees absolutely precludes a comrereial
use of the stimulus due to heterozygosis. Other crops, such as
pumpkins and squashes, are too plentiful and cheap to be worth the
trouble. Besides, these crops are so ollen ecrossed naturally that
they are always more or less heterozygous. On the other hand, -
there are garden crops that are in demand at all seasons of the year
and are grown under glass during the winter with profit. Some of
them are casily erossed and will pay for their crossing.  As examples,
tomatoes and eggplants may be cited. Both are casily crossed and
are worth crogssing.  We grew a cross between Golden Queen and
Sutton’s Best of All tomatoes in 1909. It outylelded both parents.
Further, we are informed that several unpublished experiments at
the New York Experiment Station by Wellington have shown that
crossed seed is worth its produetion.
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Eggplants have another advantage that should be mentioned.
Variotics exist whose fruits are so large that the buyer does not carc
for them, the scller makes no profit, and the plant produces a very
fmited number. Other varieties have very small fruit. Now [ruit
gize s intermediate in the first hybrid generation, while the number
produced is incrcased and the time of ripening advanced,

PLANTS REFRODUCED ASEXUALLY.

The one type of plants where heterozygosis has been utilized,
though not purposely, 18 that elass which is reproduced asexually by
cuttings, gralts, ele.  Potatoes and grapes are good examples.  Com-
mercial varietics are always hybrids, and the reason, we think,
because the hybrids yield so profusely. The eross is made and the
best plant ol the first generation iz simply multiphed indefinitely by
divisien. This method could be applird more generally to bush
fruils, such as gooscherries, raspberries, blackberries, cole., and to the
larger fruits, like apples, pears, and peaches.

FORESTRY.

There is one other elass of economic plants where it seems possible
to make 2 practical use of heterozygosis, We refer to trees uged for
lumber. 3any plang for breeding [orest troes have been suggested,
yvot we have never seen Ltho use of first-generatlion hybrids suggested.
This omission seems strange, for as early as 1855 (Darwin, “Animals
and Plants,” vol. 2, p. 107} M. Klotzsch crossed Ponus sylvesiris and
nigrieaits, Quercus robur and pedunculate, Alnus glutinosa and incona,
Ulmus campestris aaud effuse amil planted the erossed seeds and seeds
of the pure parent species in the same place and at the same time.
The result was thal alter eight years the hybrids averaged one-third
taller than the parvent trees. Further, the quick-growing hybrid
walnuls produced by Luther Burbank undoubtedly owe that vaju-
able quality to heterozygosis.

A large amount of mperlmental work will he mecessary befors
definile recommendations ¢an be made as to what species can ho
crosscd, what result may bo expected, and what extra cost must be
allowed lor the produclion of hybnd seed. 1t 1s perfecliy evident
that hybrid seed will be impossible in many cases, and even where
hybrids can be produced comparatively fow can be crossed at a small
enough cost to make the scheme a commeorcial succoss.  On tho other
hand, we have no doubt that with many good lumber trces crossing
wowld be found easy and hybrid seed could be sold with a wide
margin of profit both to producer and to forester.
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