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WASHINGTON, D. C.

INHERITANCE OF WINTER HARDINESS, GROWTH
HABIT, AND STEM-RUST REACTION IN CROSSES
BETWEEN MINHARDI WINTER AND
H-44 SPRING WHEATS!?

By Karu 8. QuisexsErny,? dssociate Agronomist, Qffice of Cereal Crops
Diseases, Bureau of Flant Industry
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RESEARCH AND BREEDING PROBLEMS

In order to plen intelligently & method of atteck upon the problem
of breeding an improveﬁ variety of wheat, plant breeders should
have s knowledge of the manner of inheritance of the characters in
question. Many characters that have to do with the reaction of the
plant to its environment may be complicated in inheritance. Because
of this, much research is needed to arrive at & thorough understand-
ing of these factors.

The purpose of the present study was to obtain more {undamental
information on the inheritance of winter hardiness, winter-spring
growth habit, and rust reaction, and the interrelations of these char-
acters in & winter X spring wheat cross. These characters are
influenced by environment, and & study of their inheritance is
difficult. .

1 Submitted In pactial fuifiliment of the requirements for the dagree ol doctor of pnilosophy wi the

University of Alnnesots. i .
1 Dhe writer wishss to express his appreciation ta H. K. Hoyes, chiof of the division of agrouomy and

plant gonetics, University of Minpesols, for his suggestions in cmtlining sod condueting thess experl-
fents angd in providing cectain fncilities for cartying them out] to B, O, Stakmag, professor of plant path-
alogy, fov suggestions 03 to melhods of conducting the stidies of rust reaction; te J, Allen Clarlr, penior
agronomist, Ofice of Cereal Crons anit Trisenses, Bureau of Plant Industry, for makiog awvailable for thia
study the necessary fachitius of the western whent project; ond to C. Q. Celeard, seientific aide, Office of

Corenl Crops snd Diseases, for checking all calenintions.
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HISTORICAL REVIEW

work has been done already on the inheritance of the more
d ant characters involved in this study, 1. e., winter hardiness,
winter habit, and stern-rust reaction.

WINTER HARDINESS

Winter wheats vary greatly in their ability to resist cold and to
survive the winter. Many reporis have been published on the
relative resistance of variefies of wheat to killing by cold, but few
data are aveilable on the inheritance of this charscter. Nilsson-
Ehle {80 crossed two varieties of intarmediste hardiness and ob-
teined some lines that were more hardy and other lines that were
less hardy than the parents, He concluded thab winter resistance
behsved as other quantitative charnciers, being controlled by several

genetic factors. Akermen {4) salso crossed two varieties inter-
mediate for resistance to cold with much the same results,

From a Turkey X Odessa cross, Hayes and Garber (19) reported
the uevelopment of new wheats more cold resistant than the Odessa
parent. One of the wheats, Minbhardi, was determined by Clark,
Martin, and Parker (8) to be the most hardy winter wheat tested in
the United States and Canada.

Gaines as reported by Schafer {35) found that herdiness was reces.
sive to lack of herdiness in & cross, Turkey % Jenlkin,

Martin {24) studied F; lines of Kanred X Minhardi for hardiness,
but was unable to determine the number of genetic factors involved,
although most of the strains were intermediate between the parents
in resistance to cold.

Hayes and Aamodi ({8} reported s study on the inheritance of
cold resistance and growth habit in a cross of Marquis (spring) and
Minhardi and Minfurki (winter) wheats. This work was continued
from the ¥, through the F, generation. They agreed with Nilsson-
Ehle that cold resistance is inherited in the same menner as other

ugntitative characters, although they, likewise, were unable to
getermine the number of {actors involved. The relation between cold
resistance and winter-spring growth habit also was studied, but due
to the large number of plants eliminsted in ¥, from fallsown me-
terial o definite inheritance could not be established. They did find
a close correlation in F, between spring-growth habit and low
winter resistence. Some lines were obtained, however, which were
cold resistant and which headed when spring sown. In all cases
these cold-resistant spring wheats were later in meturity than Mar-
quis, the spring parent.

Summarizing 10 years’ work on breeding for winter hardiness,
Quisenberry snd Clark (8%) concluded that the winter-hardiness
character, while hexitable, is very complex and is greatly influenced
by environment. From & large number of crosses between winter
wheets of varying degrees of hardiness, segregates were obtained
which were as hardy eos, and in some cases hardier than, the hardy
parents, Most of the lines obtained wera intermediate between the
two parents.

As pointed out by various workers (24, 33), relative cold resistance
often is rather difficult to determine in the field. The winter may be

§ Ttallc pumhersTin]parenthnses rofer to Lilorgtura Ghed, p, 43,




INHERITANCE IN WHEREAT CROSBES 3

mild and little or no killing will occur, or a severe winter mey wipe
cut an entire experiment, Salmon (84) points out that winterkjl;ing
may be due to any or all of the following four causes: {1) Heaving,
{2) smothering, (3) physiological drought, end (4) direct effect of low
tempersfure on plant tissues. The present study, dealing with the
inheritance of winter hardiness, is not concerned with the nature of
winter hardiness, and ounly such studies ss bear directly on the
determination of relative hardiness will be considered.

Newton (27, 28, 29) atterapied to find some chemical or physical
measure that would give an indication of resistance to cold. He
used six varieties of wheat of known relstive winter hardiness—
Minhardi end Buffum, both very hardy; Eanred and Turkey, inter-
mediate; and Super and Fulcaster, tender. He concluded that ihe
hardier the variety the lower the moisturs content of the leaves, and
that in hardened-off leaves this moeisture is held under a greater foree.
He found that the volume of press juice per 100 grams of hardened
tissue was inversely proportionsl to hardiness. The quantity of
hydrophylic colloids in the press juice was directly proportions! to
bardiness,

Martin (24) conducted experiments similar to those of Newton
and concluded that none of these chemical or physical messures
offered a more sccurste test of resistance to cold than did a careful
fleld study. Martin carrmed his tests further and made artificial
freezing studies on & few F; lines of Kanred x Minhardi, and, although
these studies were not entirelv satisizctory, he concluded that this
method offered the greatest promise of any izboratory method for the
study of resistance to cold. Martin pointed out that considerable
care must be exercised in properly hardening off the material before
subjecting it to low temperatures.

il and Sslmon (22) subjected to artificial freezing a series of
winter-wheat varieties varving in degree of hardiness. In their
experiments Kanred and EKharkof were more hardy then Minhardi,
which does not agree with field tests, This result was undoubtediy
due to the methods of hardening off which were used, since Minhardi
seems to be unable to withstand sudden chapges in temperature until
after it bas been well hardened off. In general, however, their
results agreed fairly well with field studies.

Working chiefly with winter wheats, Tumanov and Borodin (38)
studied laboratory methods of deiermining hardiness of plants by
direct freezing and indirectly by determining the percentage of dry
matter in the expressed sap and the freezing point of the sap. In
general, the correlation between laboretory and field tests was good.
These workers state that the resistance to frost of the seedlings de-
pended in a high degree on the temperature at which germination had
taken place. .

Nilsson-Leissner (31), reviewing a book by Akerman, points out
that Akerman suggests the use of artificial refrigeration in the study
of resistance to cold and that by using this method he was able to
show transgressive segregation in some hybrid material.

GROWTH HAEBIT

Wheets usually sre classified (7) as having either winter-growth or
spring-growth habit. True winter whests do not produce heads if
sown in the spring. They may or inay not have the ability to survive
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severe winter weather. Spring wheats, on the other hend, head
normally when spring sown and as & rule do not survive severs winter
weather when fall sown., Some workers (10, 13) recognize a third or
intermediate group, consisting of forms that survive the winter when
fall sown and head normally when spring sown. Selections of this
letter type that bred true were obtained by Hayes and Asmodt (18)
from crosses of Mearquis by Minturki and Minhardi.

No sharp line of demarcation c¢an be drawn betwesn winter and
spring wheats, since there is every gradation between extremes of the
two types, and since environment may modify the expression of this
seasonal growth character. A slight variation in the date of spring
sowing has e marked effect on the smount of heading that oceurs, for
instance, in winter varieties. As a rule the earlier the date of sowing
the greater the amount of heading. Rarliness is relative, however
for each variety, and all varieties do not react in the same manner.*

Several investigators have crossed winter and spring wheats and
have studied the behavior of the segregating hybrids. Because segre-
gation is so greatly influenced by environment, results have seemed
contradictory and are not at all conclusive. In some cases (/2, 36)
there was & dominance of winter-growth habit over spring-growth
habit; in others (6" the K, was intermediate in time of ripening, and
in F, the bulk of the plants were enrlier than the late parent.

Vavilov and Eouznetsov (39) report that in crosses between spring
and winter wheats spring-growth habit was dominani over winter-
growth habit. In the F. generation they obtained 9.6 springs to 1
winter. X; lines were obtained which were homozygous for different
dates of heading. They conclude that growth habit is controlled by
several factors. Aamodt (/) and Gaines and Singleton (I4) report
results similar to those of Vavilov and EKouznetsov.

Cooper studied several winter X spring wheat crosses (10). When
Marquis was used as the spring parent he obtained a ratio of 13 spring
jorms to 3 winter forms. Using Haynes Bluestem (Minnesota No.
169) as the spring parent, the ratio was 3 springs to 1 winter. To

. explain these results Cooper assumed that the winter varieties used
in his crosses had the genetic constitution 83ii. Marquis was as-
sumed to be ssIl, the II {actor inhibiting winter habit. Haynes Blue-
stemn (Minnesota No. 168) was assumed to be SSIL

In crosses of Marquis and Kota with Kanred, Aamodt (8) obtained
in the ¥, generation a ratio of 15 springs to 1 winter. In the F;
generation grown from s random F;, segregation approximated 7 pure
springs, 8 heterozygous, and 1 pure winter. The results were ex-
plained by assuming that Marquis and Kota each possess two pairs of
dominant factors for spring habit, the winter Kanred possessing their
recessive allelomorphs.

RUST REACTION

Several publications giving complete summaries of previous work
on breeding rust-resistant wheat are available. The interested
reader is referred to papers by Hayes and Stakman (20); Hayes,
Stakman, and Aamodt (27); and Asmodt (3). Work similar to the
present investigations only will be considered,

1 BavLEs, B. B, and MaArTIN, 1. F.  GLOWTI BARIT AKD YIELD IN WHEAT A3 INFLUENCED DY TIME OF
AEEDING, fIn manuscript.}
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In & Marquis X Kenred cross Melchers and Parker (26) found &
single-factor difference for rust reaction, immunity being dominant
‘when the plants were inoculated at heeding time in the greenhouse.
Aamodt (7) and Hayes and Stakman (20) also worked with Kanred X
Marquis crosses. They found that in the seedling sktage one
genetic factor or & group of factors may control the reection to several
physiologic forms of rust. Lines resistant to stem rust in the
greenhouse may be susceptible in the field, owing entirely to the

resence of different physiologic forms under field conditions or to
gjﬁerences m reaction at various sbages of growth. In studying a
Marquis X Kote cross, Hayes and Aamodt (I7, p. 1011} concluded
that—

the study of F; seedlings in the greenhouse in their reaction to Forms XIX and
XXVIIL was not satisfactory as & means of isolating F; lines which would exhibit
the Xota type of resistanee under field conditions.

Crossing Marquillo, which is resistant in the mature stage in the
field but susceptible in the seedling stage in the greenhouse, with
Marquis X Kanred lines, which are immune in the seedling stage
to 11 forms of rust, Hayes, Stakmen, and Aamodt (21) found that
the Marquis X Kanred seedling reaction in the greenhouse is con-
trolled by a single pair of factors. The field reaction of Marquillo
was best explained as being controlled by two major genetic factors,
although minor modifying factors were involved. The factors for
field resistance of the Marquillo parent appeared to be inherited
Independently of the factors for greenhouse inmunity of the Kanred
parent. Homozygous types were obtained which combined the two
types of reaction.

Aamodt (2) assumed that lines showing immunity or resistance in
the greenhouse would probably be resistant in the field.

In a cross of H-44 X Marquis, Goulden, Neatby, and Welsh (15)
found no relation between the greenhouse seedling resctio. to forms
21 und 36 and the field reaction of the mature plant. It was assumed
thet different genetic factors controlled resistance in the greenhousa
and in the field. It was concluded that two genetic factors were
necessary to explain the reaction in the greenhouse to form 36. The
studies conducted in the field indicated that resistance was con-
trelled by a single pair of factors.

In crosses of Hope with Marquis and Reliance, Clark and Ausemus ®
have shown thet in the mature stage there are immune, resistant,
and susceptible strains breeding true and that there are four segre-
goding types. After » study of the I, and F, generations of these
crosses, the results were expleined on the basis of a 2-factor difference.
Phenotypic ratios for the immune, resistant, end susceptible groups
were approximately 4:11:1. In » Hope X Ceres cross, however,
they found only a single-factor difference or a 3:1 ratio for the immune
and resistant groups.

It is known that there may be several types of resistance, i. e,
Physiological (37), morphological (23), or funectional (76). During
the seedling stage in the greenhouse the reaction may be due to

hysiological or true protoplasmic resistance. In the mature stage
In the field the reaction may be due to physiological resistance, to

# QLARK, T, A., snd Ausenus, E. R, INIIEKITANCE OF (MM UKLTY FIAY NLACK BTEM RUBT, YIELR, AND
FROTEIN CONTENT IN HOIE WIEAT CROSHES WITIL BUSCEFTINLE AND RESISTANT VARIETIES. Woshivgton,
1628, [Mlimeographed, o 8]
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morphological resistance, such ss the size of the collenchyma bundles,
or to functional resistance, such as the fime when the stomeate open
in the morning. Thus the reaction of seedlings in the greenhouse
and of mature plants in the field may be due to different phenomena,
each controlled by independent genetic frctors.

MATERIAL AND METHODS

The problem in the present study was to combine winter hardiness
and rust resistance in a single variety., No available winter variety
possesses the degree of rust resistance desired. It therefore was
necessary to use s highly rust-resistant spring variety sud a very
hardy winter variety.

PARENT MATERIAL

The itwo varieties used for parents in this study are both common
wheats, Tretzcum vulgare Vill,
MINHARDI

The winter parent, Minhardi, is a sclection from an Odessa X
Turkey cross made at the Minnesota Agricultural Experiment Sta-
tion, University Farm, St. Paul, Minn_, in 1902. Minhardi hes an
awnless spike and & soft red kernel. It is susceptible to black stem
rust. As previously mentionsd, this is one of the most hardy varieties
so Tar tesied in the Uniied States and Cansda. The Minhardi
perental materisl was from a single head obtained from the wheat
classification herbarium in the Ofhice of Cereal Crops and Diseases,
Bureau of Plant Industry, United States Department of Agriculture.

H-44

The spring parent, 1144, is an unnamed selection from a Marquis X
Yarosiav-emmer cross made in 1916 by McFadden (25). The
selection H-44, made in 1923, has been grown at University Farm,
8t. Paul, Minn., since 1925, The H-44 1s bearded, has & hard red
kernel, and is highly resistant to stem rust, leaf rust, loose smut,
snd bunt. It is suscoptible to black chaff and root rot. The H—44
strain and Hope, 8 named selection from the same cross, seem to
possess much of the disease resistance of emumer. The H—-44 parental
material used in crossing was from a plant selection made in the fall of
1925, obtsined from H. K. Hayes, University Farm, St. Paul, Minn.

CONTRASTED CHARACTERS
The contrasting characters of the parents are as follows:

Chnraclers Minhardi _ Ti-4§

Winter hardiness. ... _.__.__ Hardy_ . __ * Tender.

Growth habit_ . _.._.._ Winter oL © Bpring,
Stem-rust reaction. .. .__ - Suseeplible. ... ._.__ Highly resistant.
Hending period. . oo __ Late e " Darly.
Awnedness. o oo oo Awnlefed .. ... ... - Awnced.

Coleoptile color_ o __._._ 61 . Purple,
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METBODS

Crosses were first made by the writer in & greenhouse at the
Arlington Experiment Farm, Rosslyn, Va., during the winter of
1925-26, Reciprocal crosses were made by G. F. Sprague at North
Platte, Nebr., in 1926, and by V. H. Florell at Davis, Calif,, in 1927.
Seven F) plants of the Minhardi X H-44 cross were grown from
spring seeding at Bozeman, Mont., in 1926. These planis matured
so late that the seeds were badly frosted before harvest with conse-
quent reduction in germination to about 40 per cent. A number of
¥, plants of the cross were grown in & greenhouse at the Arlington
Farm during the winter of 1926-27. Additional F, plants were grown
from. spring seeding at Moccasin, Mont., in 1927.

The F, generation was grown from fall seeding at Devis, Calif,,
during 1927-28. The kernels were spaced 6 inches spart in rows 1
foot apert, and the crop was irrigated as necessary, in order to obtain
as much seed as possible from each plant. At this station both winter
and spring wheats survive from fall seeding, and sll types head at
nearly the same time in the spring. A random selection of the K,
population was made as & basis for continuing the study in the I,
generation.

In the fall of 1928 the F; generation was sown at University Farm,
8t. Paul, Minn. From the seed of each T, plant, duplicate 5-foot
rows were space planted with 25 kernels each. A few rows were
similarly planted with F, kernels and some with F, kernels. Check-
rows of Minhardi were sown every tenth row, and every fiftieth row
was sown with H-44,

A duplicate planting of the I'; material was mode at the Judith
Basin substation, Moceasin, Mont., except that the F, and I; mate-
rial was not included. In so far as seed was available, each Fy line
was sown in duplicate 5-foot rows at both stations.

For determining segregation for growth habit, 50 kerncls of each
F; line were sown in a single 10-foot row at University Farm in the
spring of 1929. More F, and ¥, material also was grown {rom spring
seading. A check of the I1-44 parent was grown in every tenth row,
and the Minhardi parent was grown in every fiftieth row.

At University Farm artificial stem-rust epidemics wers produced
on both the fall-sown and the spring-sown materiol, by transferring
wheat secdlings covered with urodiniospores from the greenhouse
to the field. When the hybrid plants were starting to shoot they
also were sprayed with « suspension of urediniospores. For pro-
ducing the artificial epidemic in the field, about 15 physiologic forms
of stom rust were used.

For the greenhouse rust studies, lknown physiologic {forms were
used, the plants being inoculaled when the first leaf was about 2
inches long. The physiologie forms of rust for these studiss were
supplied and identified by E. C. Stakman and M. N, Levine, Uni-
versity Farm, St. Paul, Minn.

For laberatory freezing tests the plants were grown in 4-inch pots,
five plants per pot. When the plants were 6 weeks old they were
exposed to artificially produced low temperatures and then allowed
to recover. The methods used in conducting this phase of the
experiment are explained by presenting the results.
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From the foregoing outline it will be seen that a good yield of seed
from each ¥, plant was necessery in order to carry on the K; tests.
From the seed of each F, plant 100 kernels were sown in the fall, 50
kernels were sown in the spring, 60 kernels were used for the freezing
tests, and between 40 and 80 kernels were used for the greenhouse
rust studies. By growing the ¥, material at Davis, Celif., under
irrigation, it was possible to obtain the necessary seed, but it was not
possible to obtain F. data on most of the characters, the study, of
necessity, therefore, being based upon F; results. For the study of
winter hardiness in fall-sown material and the study of growth habit
in spring-sown meterial all the F, plants that mstured sufficient seed
were continued. For the laboratory studies & rendom sample of the
F, plants was taken.

RESULTS

Experimental results on winter hardiness, growth habit, rust resc-
tion, heading period, coleoptile color, and swnedness are presented in
this seme order.

WINTER HARDINESS

The following method was used in teking fhe notes on winter
hardiness: Before growth stopped in the fall, counts were made of
the total number of plants in each row. In the spring, after growth
was well started, the number of surviving plants were counted. The
surviving plants were classified as “strong” or “‘wesk,” depending
upon the vigor of growth. In obfaining a mathematical messure of
survival for each row the number of strong plants was multiplied by

1 and the number of weak plants by 0.5. The sum of these two cal-
culstions divided by the total number of plants in the row, in the fall,
gave & survival percentage which was weighted for the spring condi-
tion of the plants. This percentage is termed hardiness index, and
glthough arrived at in s slightly different manxer, is the same value
as that used by Hayes and Aamodt (18).

AT ST. PAUL, MINN.

The entire nursery at University Farm was sown on September 7,
1928. A week of cool, damp weather immediately following caused
poor germination, resulting m a reduced number of plants per row.
In general the fall was mild, and while there were nights when the
temperature dropped below freezing, there was no subzero weather
until December 5, when —1° ¥. was recorded. Throughout the early
part of December there were several light snows, but the ground
was not covered long at a time. Temperatures below zero were
recorded on two occasions when little or no snow covered the ground.
An inspection of the nursery on December 27 showed tha$ the plants
apparently were still in good condition, sithough a fuw H-44 plants
showed signs of killing. The weather was very mild irom December
24 to 29, and nearly all the snow melted. Following this mild weather
it suddenly turned very cold, the meen temperature for January
being 1.9°, with a low of —24°. Throughout this cold weather, how-
ever, there was & good covaring of snow over the entire nursery. The
westher remaineg cold through February, with no thew occurring
until eerly in March, when the weather wermed up and the snow
quickly melted. It wes feared that the cold weather of January
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following so quickly the thaw of late December might have killed
the entire nursery, but apparently the plants were well hardened off,
and with the protection afforded by the snow cover some plants were
able to survive.

In Table 1 are given the survival data for fallsown F, and F,
plants compared with parent plants grown in adjacent rows. None
of the H-44 plants survived, while the Minhardi parent had a sur-
vival percentage of 90.8 and a hardiness index of 89.6. Only four
Fy plants came up in the fall, and all of these died. The hardiness
index of the F, plants was 48.4, this being about halfway betwacn
the indexes of the two parents. Approximately Lalf of the surviving
¥, plents were classed as ‘‘strong.”

Tasie 1.—Hardiness indezes of fall-sown parents and F; and Fy plants of Minhardi
K H—44 crosses grown at University Farm, St Pdul, Minn., winter of 1928-29

‘ i Nutber of plants ¢lassl- |

' patal fted as— Prereent- | Hardi-
R e age of ness
¢ P : i | survivel | lndex
i Strong - Wesk i Dead
| :

Yariaby or cross

H—44 : 81 ; 0
Minhardi 183 . h 3 X B0.5
Minhardi X H44 T, L E N 4 0
Minhavdi ¥ H-44 Fs oo 350 [ ; . 48,4

A total of 620 F, lines were grown in the field-hardiness study,
Because of poor germination the mumber of plants per line was
smaller than anticipated, but it is believed that numbers were large
enough to give an indication of the relative resistance to cold of the
different lines. The hardiness index was determined for each row,
end the duplicate rows of a given line wers averaged 1o obtain the
hardiness index for the line. In Table 2 these data are srranged in
frequency distributions.

TaBLE 2.—Hardiness index classes of parents and 620 Fy lines of H-44 and Min-
hardi wheal crosscs grown af University Farm, St. Paul, Minn., 192829

Numbar of lines with hardiness indexes indicated ilrpogﬂ[.
Variety or cross 1 , —— hersr Mesn
d 23 5| : 75 | 85 i 05 ;| lines
R H . i '

H- ' - | oo eee 15 0.340.2
Minbardi : : 10 {41 80 8B 3x LB
Y44 % Mioghgrdi : Bla : i 17} 11, 5 292 3L641.1
Minhardi X H-44 30 . § 00 16] 687 337 0.6x£L0

53| 5 ' ar| or| 1 em 31x .7

|

Fifteen rows of H-44 were grown in each replication. In one of
these rows one plant survived, and it was classed as “weak.” This
plant did not mature. Minhardi had an average hardiness index
of 88.3. An inspection of Table 2 shows that the F; lines ranged
from those totally killed to those that were as hardy as the winter
parent. Of the total sumber of hybrid lines grown, 31.9 per cent

13247—31—2
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had & hardiness index of 5 or less, which was the range of the spring
perent, 18.3 per cent fell within the range of the winter parent, an
49.8 per cent were intermediate. The gist.ribution on a percentage
basis is shown graphically in Figure 1. This distribution is a Jitﬁe
different from that usvally obtained from quantitative characters.
Als a rule one would expect to have more piling up in the intermediate
classes.

It is impossible to know whether any of the F, lines were less hardy
than H-44, since in this test practically all plants of this strain were
killed. The Minhardi pavent had a rather wide range of swival,
many of the rows having a hardiness index of 100. A total of 11 F,
lines had s bardiness index above 81, and, of these, two were above 95.
In no case did an F, line have a hardiness index of 100. It seems safe
to conclude, however, that.lines as bardy as the Minhardi parent were
obtained.

As noted previoudy, each Fy line was grown in duplicate 5-foot rows.
Replication is desirable in the study of a character such as resistance

,

l
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Froune 1.—Hardiness indezes of parent and Fi lines of H-44 apd
Minherdi wheat crosses prown at 8t. Peul, Minn,, 162829

to cold, since soil or slight topographic varistions might cause differ-
ences o killing not due to heredity. In this study there was some
variation in survivel between the replications, as there were spots
in the field where killing, based on the behavior of the checkrows,
was much greater than in other places. In a few cases a line was
completely killed in one replication and had & good survival in the
other replication. In general, however, the results were fairly con-
sistent, as the hardiness index of each ¥; line in the first replication
when vcorrelated with that of the sccond replication gave a value of
r=-+0.631+0. 017.
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AT MOCCASIN, MONT.

At the Judith Basin subsiation,® Moceasin, Mont., only F; and
parental material was grown. All of the F; lines of which there was
sufficient seed were sown in duplicate 5-foot rows. The nursery was
sown August 23-24, 1928. Germinstion was very good, many of the
rows having perfect stands. The plants made a vigorous fall growth
and went into the winter in good condition. The winter was long and
cold, but with a heavy snow cover. The desp snow gave enough
protection to the plants, so that killing was rather Light.

In Table 3 are presented survival data of the 608 F; lines and their
parents. [Fifteen rows of H-44 were grown in each replication, and
in 7 of these rows there were surviving plants. The average hardi-
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FIOURE 0. —Hardiness inderes of parent and Fy lnes of H-4 and Min-
bardi whesl erosses grown ot Moeerasin, Aont., L0829

LY

ness index of H~44 at Moccasin was 2.3. The 90 rows of Minhardi
pad & hardiness index ranging between 91 and 100, that of the majority
being 100, showing that killing was much less severe than at St. Paul.,
Of the 608 B, lines, 5.9 per cent had s survival within the range of
H-44, 41.9 per cent were within the range of Minhardi, and 52.2
per cent were intermediate. In Figure 2 are shown the distribusions
by hardiness indexes of the parents and hybrid lines charted on a
percentage basis. In this case there is o piling up on the hardy end
of the curve, while at St. Paul the piling up was at vhe opposite end
of the curve. .

 The writer wishes to thank B, B. Baylesand J. L. Sutberlsad for growing the material and toking the
wirvival ootes b Moecasin.
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TaBLE 3.—Huardiness index classes of parents and 608 Fy lines of H-44 and Min-
?gf‘dg-i z;heat erosses grown ai the Judith Basin substation, Moccasin, Mont,,
282

Number of lines indicated with hardiness indexes Totalll
Vuriaty or cross ggﬂf] Mepn
5 j15 | 25 | 864 45 | 65 | €66 | 75 lines

T
H-dd ... 7 . 15 , 2.3:1:0. 4
Minhards Ko 90 [ 95.0
H-d ¥ Minbardi 2| 15] 17] 18] 16
Flinbardi X H—i4 5

3 23| 27| 87] 82| 0L 4kl
0] 0| 1| 1| 25| %] 2| 20108 320 61+ .9

2f 2 3| 2 w6 s2f 4] 60 25| 08 00.3% .8

The average hardiness index of all F; lines grown at Moccasin
was §9.3, while at St. Paul it was 31.1, The smaller amount of
killing in Montana is a reasonable explanation for the different types
of distribution of the hybrid lines obtained at the two places. At
St. Paul killing was probably due chiefly to low temperature, while
at Moccasin additional factors may have been of importance, par-
ticularly drought, soil blowing, and root rots.

In the Montansg experiments the ¥, lines of H-44 X Minhardi had
an gverage hardiness index of 61.4+£1.3, while the average for the
Minhardi X H—44 Lnes was 76.1+0.9. This difference, 14.7+ 1.6,
might be considered significant, except that at St. Paul the reciprocal
crosses had nearly identical averages. There was some variation in
hardiness index between the replications grown at Moccasin, although
in general the results agreed fairly well. The correlation between
the bardiness indexes of the F; lines in the first and those in the
second replication was r = +0.552+0.018. The killing seemed to be
beaviest, however, in the series where the first replication of the
H—44 X Minhardi cross was sown. Both replications of the Min- "
hardi X H-44 cross were grown under slightly more favorable con-
ditions. This probably sccounts for the difference in survival between
the reciprocal crosses at Moccasin,

RELATION BETWEEN HARDINESS AT ST. PAUL AND AT MOCCASIN

Since the same F; lines were grown at both St. Paul and Moceasin,
it is possible to correlate survival at the two places. In Table 4 is
presented a correlation surfece showing the relation of hardiness
indexes at the two places. A total of 607 Fy lines were used in this
comparison, in which r=+40.416 £0.023. The correlation ratio was
0.422+0.023, and the difference between w* and 7* is 1.9 times ifs
probable error. This value, while not large, shows that Lines hardy
at one place tend to be hardy at the other, indicating that the same
ftictor, low temperature, was the chief cause of winterkilling at both
places.
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TaBLe 4—Correlation between the hardiness indexes of Fy lines of H-44 and Min-
hardi wheat crosses grown at Moccasin, Mant., and the herdiness indezes of the
same lines grown b Sl Paul, Minn., 192829
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1="10.416-20.023. 7=0.422:£0.023, %q,p.

A study of the correlation surface gives & possible explanation as
to why the coefficient of correlation was not higher. Many of the
Iines that had low survivals at St. Paul had high survivals at Mocca-
sin. Of the 191 lines which at St. Paul fell in the hardiness index
classes of 5 und less, 99 had hardiness indexes of 65 or more at Moe-
¢asii. Among the more hardy lines the correlation in survival at
the two places was greater. In other words, the test in Montana
was not severe enough to kill many of the less hardy lines.

From the date on winter hardiness obtained in the field the com-
plicated nature of the character is shown. It is easily seen that
environment greatly influences results, making any detailed explana-
tion of inheritance out of the question. Tt is probeble, however,
that several factors are involved, their expression being greatly
influenced by environment.

LABQRATORY STUDIES 7

Laboratory freezing tests were made on 118 Fy lines of the H—44
and Minherdi wheat crosses, selected at randem. Each of the lines
used for this test also was grown from fall seeding in the fieid at both
- St. Paul and Moccasin. A 'large number of plants of each parent also
were grown in the laboratory.

Four-inch clay pots were filled with steam-sterilized soil, made up
of & mixture of 3 parts loam to 1 part sand. After the pots were
filled they were thoroughly wet down previous to sowing on Novem-
ber 6. From six to eight seeds were placed in each pot in order to
insure a uniform stand of five plants per pot.

A total of 12 pots were sown for each line. In order to overcome
variations in growth due to difference in Jight and temperature at
various places in the greenhouse, the pots of each line were systemati-
cally distributed in groups of three each at four different places cn
the greenhouse benches. Parent check material was similarly
distributed so as to be wholly comparable.

7 Tha writer expresses bis nppreciation ta R, B, Harvey, University Farn, St. Pasl, Mina., for his valun.
ble sugrestions and kind cooperation in conducting these lests, and to 8, €. Solmon, Kansas State Agprl-
eiltural College, Manhetten, Kaus., for suggestions in planning the experiment.
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Germinavion was slow and mice caused some damage, making
necessary a small amount of reseeding and some transplanting in
order to have a uniform number of plants in each pot. The tem-
%erature was held near 70° F. until emergence was complete on

ovember 14, and then lowered ty between 55° and 60°. It wes
«desired to meintein a temperature s neer 55° as possible, but during
the middle of the day the temperature occasionally went up before
the ventilators could be opened and the heat shut off. There were
1o autemetic controls in the house in which this material was grown,
‘making close regulation of the temperature difficult.

By November 21 the plants had reached the second-leaf stage,
and from this time on the temperature was slowly lowered wuntil
December 2, when the mean femperature was below 40° F. In
Figure 3 is presented o curve of the daily mean air temperature from
November 6, the date of planting, until December 14, when the
last pots were frozen. On December 4 the minimum temperature
dropped to 28°, causing the plants and soil to freeze. The tem-
perature was raised in order to thaw out the plants and soil, and
afterwards the temperature was held between 32° and 40° as far as
possible. Owing to a very mild spell of weather, it was very difficult
to maintain the desired iow temperafure. On clear days, between

[ 21
-

| /
P -~ 4
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NOAEATRER DECEANBER

Froung 3.—Daily mean air femperaturs in the greonhouse during the per:od of growliog the
plants for freczing siudies

10 a. m. and 2 p. m., the temperature would go up above 40° but
would fall quickly after the sun went down. It will be seen from the
chart that the mean temperature was below 40° from December 2 to
9, when the weather warmed up again, and as a result the greenhouse
temperature went up, slthough all heat was shut off.

Throughout the period of growth the pots were watered whenever
they seemed to be dry. No attempt was made togiveequal quantities
of water to each pot, but the pots were kept uniformly moist In so
far as it was possible to do so {rom inspection only.

The low-temperature equipment of the department of boteny,
University of Minnesota, weaa used for the freezing. Preliminary
tests were run on parental materisl to determine the proper tem-
peratures and duretion of exposure, as the amount of hardening off
would largely determine how low a temperature the plants would be
able to withstand.

From these preliminary trials a 23-bour exposure af 14° F. was
chosen for the first test. On the evening of December 10 four pots
of each of the I, linds, one from each replication, together with
parent checks, o total of 600 pots, were placed in the cold room at
the same time. The pots were ellowed to remsin in the low-tem-
perature room for about 23 hours. Owing to unavoidable accidents,
good temperature control was not obtained. During more than 6 of
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the 23 hours the temperature was below 14° F. For 4 hours the
tempersture was below 10°, dropping as low as 3° for about 20
minutes. Temperatures were sutomatically recorded every 10 min-
utes, and the mean of all these readings was 11.5°. After removing
the pots from the cold room, they were placed in a greenhouse fo
thaw out.

The second test was set for 23° ¥, and ran for about 23 hours. As
before, 4 pots of each of the F;lines, with parent checks;, & total of 600
pots, were tested. Temperature control again was poor, and for 6 hours
the temperature was below 10°, being as low as 1° to 2° for about 40
minutes. The average temperature for this test was 15.6°.

A third test, using the final 600 pots of F; hybrid and parent
material, also was set at 23° F. In this test the temperature remained
relatively constant, varying only abouf 5°, the mean temperature
for the entire 23-hour period being 23.5°.

After freezing, the material from all three lots was placed in a
greenhouse, held st a temperature of 55° to 60° F., and kept well
watered in an attempt to revive the plants, Ten days after freezing,
records were taken on plant condifion. These records took into
account numbers of living and desd plants and also the degree of
injury in surviving plents. A pumber of pot cultures selected io
show the different degrees of killing are illustrated in Plate 1. In
arriving at a numerical measure of condition, the plants in each pot
were graded according to the criteria given in Table 6. If all five
plants were uninjured, the condition value for the pot was 5X20,
or 100. If the pot had two dead plants and three wesk plants the
value was 2X0+3X%8, or 24. The average value for the four pots
of each F; line was taken as the measure of hardiness for that line in
the test concerned.

"TaBLE 5.—Pol cullures of wheat planis graded fo show different degrees of killing
caused by erposure to arlificially produced freezing lemperatures

Conrlition ~ Survival
10 days . 30days
after . after
{reazing freezing

Parent or cross

Fer ccn-!o ‘ Per gend

PR I I
Alinbardi

Tapre 6.—Crileric for evalualing plant condition 10 days ofler ezposure fo low
temperalure

. . ' Assigned
Description i Y isikle eriteria . nuemerica]
. value

. Nosign of life. -
{ fhowing only small smountsief living tssue ...
Leuves mh%re r}:g]n[ ll:;ﬂr(!]amed
Heavy lnjury Leaves nhout il killed .. c.ooooe
Ligh?inltlxry- ..\ Tips of leaves killed
MO B ULY e eerccmem e e : No sign of killing.
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A second observation was madc 30 days after the freezing test.
At this time the plants were classed as dead or alive, no attempt
being made to segregate the living plents as to vigor of growth. It
sesmed certein that by this time all the plants that had not died were
not injured severely enough to prevent ultimafte recovery.

Data on plant condition 10 days after freezing are presented in
Table 7. In the first test, at a mean temperature of 11.5° I, the
H-44 plants were nearly all killed, the average condition being only
0.5, while the Minhardi plants had an average condition of 67.8.
The condition of the 118 F; hybrid lines ranged from 0 to 52.5 per
cent, some lines being as tender as H—44, none as resistant as Min-
hardi, and the masjority Ielling into the less resistant classes. In
the second test, at a mean of 15.6° F., the average condition of H—44
was 0.9 and Minhardi 79.1, Minhardi being considerably higher than
in the first test. In this test also some of the F; lines were as tender
as the H—44 parent and two lines were within the limits of Minhardi.
'I];he general distribution for the F; lines in the two tests was about
the same.
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TanLe 7.—Condition values for plants of parents and 118 Fy lines of H~44 and Minhardi whedal crosses, 10 daya ofter frégzing

Test and variety or cross

First test, 14° F.;
H—44.

Minhard]

Numbor of lines hnvlng average condltlon values (ner mnt) Of—

176

28,5

a4

37, 5[ 48

H~44 and Minhardi crosses. .

Second test, 2° B
-

Mmhn di..

-4 and Mlnhnrdi €rosses
Third test, %3°

H-44.
Minherdi

H-44'and Minhardi erosses

AvomE&ur tirst and second tests:
MIBaTd.. o one e oo RS

H~44 and Minhardi crosses

b2, 5

87.5

§{07.8

72,5

i S

.8

825

Total
num-
b erof]
6] Mnes

Men oon«
dition
volues

0, 83:0, 2
07, 8:k1, (1)

s 8
70,121,
26, 0::1,0

61, 61,0

07,24 ,2
78,34 4

Dil
74 1210

24, -3
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In the third test, at a mean of 23.5° F., the material was not
frozen hard enough to give good differentiation between the hardy
and nonhardy lines. The data, however, show no F, lines less hardy
than H—44. While there was not the wide difference between the
two g)arents shown by the tests at lower temperatures, the general
trend of the hybrids was similar to that in the other tests.

Data from the third test were not avernged with those from the
first and second fests, since they did not show sufficient killing or
differentiation. The average data of the first two tests show that
five F; lines fell within the [imits of the H-44 parent and two within
the limits of Minhardi, the remainder of the lines being intermediate
between the two parents. Data on parents and hybrids are presented
graphically in Figure 4.
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Despite the slightly different temperatures of the first and second
tests, the correlation for the 118 F; lines in the two tests was highly
significant, = +0.8220.020. This correlation is higher than that
between replications in the field or between the data from St. Prul
and from Moceasin.

Data taken 30 days after freezing are presented in Table 8. Date
from the first two freezing tests only are given, since in the third test
practically ell plants survived. No H—44 plants survived in either of
the two tests, while Minhardi had an average survival of 86.3 per cent.
The spring parent and some I, lines were totally killed, while in both
tests a few hybrid lines had survivals within the limits of Minhardi.
Averaging the two tests, 10 lines had no survivals and 5 lines had
survivals within the limits of Minhardi. The correlation between
the percentage of plants alive in the first freezing test and in the second
was r=-+0.761 1 0.026.




Tanus 8. —~Survival of parents and 118 s lines of H-44 and Minhardi wheat crosses 30 days afler freezing
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44

Minhardi | ) y ! : ' i
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MmhnrdL \ . . 3
44 and Minhardi crosses. ... ;. S— j 1] 3 1 1 1 1
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The relative velue of the two sets of hardiness data, the one taken
10 deys and the other 30 days after freezing, is of interest. Using av-
erages, in both cases, the correlation between condition 10 deys after
freezing and survival 30 days sfter freezing was r=+0.910+0.011,
This high correlation indicates that either method can be used fo
mesasure hardiness.

RELATION BETWEEN FICLD AND LARBORATORY HARDINESS RESULTS

Although freezing studies can be conducted in the laboratory under
controlied conditions, the results are of practical value only in so far
as they are correlated with field results. In these studies the same
F, lines were exposed to freezing temperatures in the laboratory and
were grown. {rom <all planting in the field, both at St. Paul and at
Moccasin. Since plant condition 10 days after freezing and survivsal
30 days after freezing were highly correlated, only one of these criteria
need be considered in determining the correlation between field and
leboretory studies. Survival 30 days after {freezing seems to be more
compearable with the field resuits and is used in comparing the Iabo-
ratory and field methods. Survival in the Jaboratory when correlated
with the hardiness index as determined in the field at 8t. Paul gave a
correlation = +0.582+0.041., Survival in the laboratory correlated
with the hardiness index in the field at Moscasin results 1n a slightly
higher coefficient, 7= +0.629 £+ 0.038. Using the average of the har-
diness indexes a{ Moccasin and St. Paul as the messure of the field
tesction and correlating with survival in the laboratory, the coefii-
cient is still higher, r=--0.713+0.031. The correlation suriace for
this comparison is shown in Table 9.

TarLe 9—Correlation belween average ficld hardiness index and luboralory survival
30 deys after freezing for 118 Fy lines of H-44 and Minhardi wieal crosses

; e )
i Number of lines with o Oeld hardiness index {per cont) of— Total

Labotatory survival {per ._ et e I pum-
cent) !

1 o T o T . ] 77 "berof
52.51?.5-12‘5 17.522.557, 532. 537 5.42. 547, 5 52. 5 57, 562, 5 67. §,72. 5775 lines
: : i ! ' ' i

-, _”r._ e e S RS P, S P

= 7130621, 7=0.776£0.025.

In general, the relation between feld and laboratory tests is very
good. The five lines with outstanding hardiness in the field also
showed & high degree of resistance to artificially produced low tem-
peraturcs. None of the lines with & low survival in the greenhouse
were hardy in the field, but a few of the lines which appeared to be
resistant to cold in the greenhouse were not hardy in the field. Trom
this rather limited test it would seem that artificial freczing offers
considerable promise in eliminating hybrid lines susceptibie to cold.
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By subjecting hybrid material to artificially produced low tempera-
tures it should be possible to select the more cold-resistant lines, and
these could then be iested in the field for final selection. Freezing
tests can be conducted during the winter regardiess of extreme changes
in temperature and without the danger of {ailing to get a test or of
losing all of the plant materisl.

GROWTH HABIT

Growth habit designates the genersl characteristics that separate
winter and spring wheats. True spring wheats when spring sown
will produce heads, while true winter wheats remain vegetative and
produce few if any heads when spring sown under Minnssota con-
ditions. This study of growth babif is based almost entirely on
spring-sown I; material, grown at University Farm. Some data
were obtained, however, on the behavior of ¥, and ¥, plants, grown
with the F; lines.

The absence or presence of heads and the dste of heading were
used to separate the winter, spring, and segregating lines. Three
days after the first hesd appearsd all plants upon which at least
one head had completely emerged were tagged. Three days later
gll the plants that had headed since the tagging of the first group
were tagged. This method of tagging was continued for eight periods
or 24 days after the first head appesred in the nursery. By this time
the number of plants heading had decreased so materially that the
tagging was continved only ab 6-day intervals, designated as periods
10 and 12. The plants that bad not headed by the twelftk period,
36 days after heading started, were considered to be winter plants.
Such plants began to die at this time.

Of the 3,608 plants of the H-44 pareat grown as checks with the
B, F., and F; material at University Farm, 57.8 per cent headed in
period 1, 32.8 per cent in period 2, 8.9 per cent in period 3, and 0.5
per cent in period 4. Not s single plant of the Minbardi parent
produced heads, dnd after the twellth period they all dried up, due
to hot weather end g heavy epidemic of leaf rust.

Dats on the growth habit of F; and F, hybrids and of some parent
material are presented in Table 10. Of the 267 plants of H-44 grown
in rows adjacent to the F, and ¥, plants, most of the plants headed
in the first two periods, a few in period 3, and 1 in period 4, A
total of five F, plants were grown, all of which headed somewhat later
than the spring parent. Other F, material grown from spring sowing
in previous years behaved in gbout the same menner. In 1626
seven Fy plants grown at Bozeman, Mont., headed 10 days later
than the H-44 parent. In 1927 an F, plant grown at Moceasin
from spring sowing headed 13 days later than the spring parent.
A number of ¥, plants grown in & greenhouse at the Arlington Ex-
periment Farm headed slightly earlier than H-44 plants sown at the
same time. ‘These observations indicate p dominance of spring-
growth habit 1n this ¢ross,
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TaBLE 10.—Growth habil of Frand Fy hybrids and parents of H-4{4 and Minhard:
wheat crosses grown at St Paul, Minn.

Mumher of plants of heading period stoted

Varioty or cross Spring perlod
Winter
period

4156
!

B4 ..
Minherdi_.
Minhardi X H-44, Fy -
B4 % Minhardi, Fi. : ISR

Minhardi 3 H-44, s a8 | a2 12 7 B8
B-44 X Minherdi, ¥; ] 30 ; B 716191

Total s bybrids 77(60 75 (30 [1a 2437

Of the 439 F, plants, 48 headed in periods 1 and 2, resembling
the H-44 parent. A total of 221 plants, or more than half the popu-
lation, headed in periods 3, 4, and 5, resembling the F;. Some
plants headed in periods 6 to 12, or much later even than the F,.
Only 42 true winter plants failed to head.

The F; data, grouped on the basis of spring and winter types,
together with theoretical numbers calculated from several ratios,
are presented in Table 11. The observed numbers do not fit closely
the calculated numbers for any of these theoretical ratios. The
observed number of winter types falls nearly half way between the
calculated numbers for a 15:1 ratioand a 55:9 ratio. Although the
deviation of observed from calculated is lowest for the 15:1 ratio,
the odds favor the 55:9 ratio.

In 1927 & small F; population was grown from spring sowing né
Moceasin, Mont. Here the observed ratic was 175 spiing to 6
winter. The deviation from the caleulated 15:1 ratio, 5.3 +2.2,
was only 2.4 times its probable error. .

Tanue 11—=Segregation of 489 Fa planis of H-44 and Minherdi wheal crosses
for growth habit, compared with caleulated nambers for 15:1, 13:9, and §5:9
ratios

Nuﬁhtesr tlnr 11-‘:1 'i
o ving | : .
i f— : Dovintion+
growth hablt o | Deviation .I‘renrtr:sll_ﬂu probable
e R arror

.Thuoratical retlo

i
Bpring | Wintor i

5:1% i
Observerd 307.4 X : [
Caletlated 411. § Y .0 .42 ! 4. 2071

307.0 ) i { -
350.7 ) ! -52 ; High.

I so7.0 , ! i
Caleulated 3718 . 10.7] d4.q1 3 142:1

In the F, generation grown at 8t. Paul from spring seeding, there
were 622 lines which were selected entirely at random. These lines
when separated into the two phenotypic-growth habit groups give
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589 spring to 33 winter. These numbers are compared with the theo-
retical ratios, 15:1, 13:3, and 55:9, in Table 12. In this case the
fit to & 15:1 ratio is very close. Since an F, test is more reliable
than an F; test, 1 would seem that segregation for growth habit in
this cross best fits & ratio of 15 spring to 1 winter. Two genetic
factor pairs therefore are necessary fo explain the segregation.

TasLE 12~—Segregation of 628 Fy lines of H—44 and Minhardi wheai crosses for
growth habit, compared with calculated numbers jor 16: 1, 15:3, and 66 : 9 ratios

- - - +
. Wumber of Falines | ’ i
having  growth !

babit of— Deviation

Theosetical ratio Deviation TIORAVIY probabie

orTar

" Spring | Winter

13:3;

Caleulated : X 3 A BT High.
Baud ’ i

Calulated . 4 . .38 X High,

_In order to analyze the F; lines more fully they were classified into
six genotypic groups, depending upon their breeding behavior. The
groups are distinguished as follows:

(1) Easly spring, where all plants headed as sarly as tbe spring parent.

(2) Late spring, where all plants headed during s relatively short period, bui
later than the spriag parent.

(8) Sepregating spring, where all planis headed but the hepding extended over
gseveral periods.
i (4])? Segregating like Fp, where all types appesred in proporiions similar to

& M,
(5) Begregating spring =nd winter, where segregation accurred for late spring
and winter $ypes.

{6y Wiuter, where no planis headed.

While it is net desirable to give all the data obtained on growth
habit, a few examples of the various types of segregation arc given in
Table 13. In making up this table an attempt was made fo give a
ressonable example of the method of classification. It will be seen
thet F, lines were recoversd which headed within the limits of the
spring parent, also spring lines which were spparently homozygous
for later heading. The amount of variability present slso can be
seen from the data in this table. In Plate 2 the different types of
growth habit are illustrated.
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TasLE -IS.—T}gl?es of segregation for growth habit oblained in Fy lines of H—-44 and
inhardi wheat cresses in comparison with the parents

Mumber of plants of hepding period siated

Total
Wame of pavent or hybrid No. Spring period num-

. Winter | bar of
pariod | Plants

Pagents
H-4d 3] 3/ 2| elee 41
Do a|lz| 5 ) I O Tl Al 41
3]30-—— - nlz| 47V ig
Minhardi - N ol r e 43 43
Dg ...... 40 10
Fi bybrid linos: i % i
Earily Cs:gﬂ!ng-—-
3123 |15 - 41
03 .. mwlisl' g 40
10G-2-18_ . 5lo7| 4 . 36
Late spring—
s S 17118 @ - 44
| slei2 . 38

b
@

)
=
ot
L]

4

'

"
=

15{ 6 1 11, 39
1 T A s e e B
» H 1 j A IO
Segri!gnging liko Fa— Tprege *
~2___.. ——— 6lIl] 3l 3| 2 21 7| ¥ 2 42
icae8.. fav g 2| 4 3o 4. 3 4 42
10‘1‘1”(’---.-"————--: .............. P 2y 6| s 1t 2] 2| 1 ] a5
Eegregating 5pring and winter—
BC-2-3T7 —— R cmrafeaea B 2L __ ) 2] 7 26 42
1C-2-24. | 5] 4 2l 21 211 T 17 50
o o T S — 31 6| 2l 2___|12 12 a5
Winter—
10-1-92, . 48 48
10-2-4 . —— -
L1} S 42 42

The number of F; lines that could be placed in esch of the six
growth-habit groups enumerated above are given in Table 14, The
data show that 40 lines were classed as early spring, 68 late spring,
33 winter, and the remainder in the segregating groups. Since the
number of early spring and winter types each closely approximate
one-sixteenth of the total, calewlated numbers based ona 1:2:4:4:4:1
genotype ratio were oblained. The observed and caleulated num-
bers, compared by the goodness-ci-fit method, are shown together in
Table 14.  The value of P=0.38 indicates that 38 times in 100 trials

alpoorer it then the one obtained would be expected, due to chance
Rlorie.

Tapre 14.—Segregation of 622 Fy lines of H-44 and Minhardi wheal crosses Jor
growth habil, compared by the goodness-of £t method with o caleulated 1 VAV ANAY
genotypic ralio

Fy lines - (1
Growth-habit groupa o-C ©-on
- Cbserved | Caleuiuted ¢
Number Number
Early spriog.. 4 38. 0 1.1 .03
Lotespring. . oo N 08 7T -7 LM
Begrepnting spring — 153 183, 5 4.6 .13
Begregating Lks Fs. 176 155, 5 126 2,45
Begrepating sprimg eod wiater. ..o . iy 1555 ] .58
‘WinLer, - a3 38. 0 —5.9 . 8%
Total .. H22 o

XI=5.78. P=0.38,
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The following hypothesis is suggested to explain the observed
segregation: Assuming spring-growth habit to be dominant and two
factors necessary to explain the segregation, the early spring parent,
H—44, may be considered to have the genotype AABB and the
Minbhardi winter parent the genctype aabb. The F, would be AaBb
.and head as & late spring wheat. The F, genotypes and their breed-
ing behavior in the ¥; generstion would be as follows:

Fy genobype I Parts of 16 Breeding In ¥3 05—

Barly spring.

Late spring.

Segreg.&ti ng spring.
Segregating like Tf,.
Segregating spring and winter,
Winter.

In general, it seems that the 2-factor hypothesis here advanced
satisfactorily explains the results obtained, although the writer
believes that such a deflinite interpretation might not always hold
true, since expression of the growth-habit charscter is so greatly
influenced by environment. It is possible that in a different season
or with difficrent dates of seeding the segregation might have been
materially changed. In grouping the F; lines it was necessary to
keep constantly in mind the fact that environmentel factors, such as
soll, moisture, and stand, had a considerable effect upon growth
habit. In general, the results obtained on growth habit agres with
the worlc of Aamodt (3) and of Vevilov aund Kouzne tsov {39).

RELATION BETWEEN WINTER HARDINESS AND GROWTH HABIT

Since each of the Fy lines was fell sown at Moceasin and St. Paul
and spring sown at St. Pail, and sl the lines tested for hardiness in
the laboratory were spring sown, it is possible to determine the
relationship between growth habit and hardiness, as determined both
in the field and in the leboratory.

IN THE FIELD

The data for hardiness indexes are given by growth-habit groups
in Table 15. Hardiness data for both St. Paul and Moccasin and
the average for the two stations are given. The data from each sta-
tion end the averages show the same general relations, regardless of
the fact that killing was much less severe at Moccasin than at St.
- Paul.  The lines classed as early spring had the lowest average hardi-

ness indexes, although some of these lines were more hardy than the
spring parent. The lines classed as late spring were more hardy on
the average than the enrly spring lines. At 8t. Paul the lines classed
as segregating spring were less hardy on the average than the late
spring lnes, whiﬁ; at Moecasin the reverse was true. For the average
of the two stations the segregating spring and late spring lines are not,
significantly different as tc hardiness indexes. 'The lines segregating
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like ¥, were still more liardy, as were the lines that segregated for late
springs and winters. The lines classed as winter, while few in num-
ber, had the highest average hardiness indexes. At St. Paul about
half of the lines classed as havmg winter-growth habit were less hardy
than the lower limit of Minhardi. Spring lines more hardy than the
spring perent were obtained. Some early spring lines were obtained
that were as hardy as some of the winter lines. The segregating lines
that contained some winter types were more hardy £han the lines
having no winter types.

In Figure 5 the average hardiness indexes at St. Paul and Mocesasin
by growth-habit clesses are shown graphically.

AREERAELE HARBLINESS WWEEX, PER LENT
a 2 B0 30 40 S s I S 9O

ERBLY SPRING
LiBlTE SFRINE
SECREGATING SN G

TEEGREETNE LRE - R
SIS, A?T/A"G SEENE —-——-
TNVL EFINTER, ; T

FIGURE 5.—Diagram shawing the average izrdiness indaxes of Filines af 1-44 and Mionhardi wheat
erosses by geowth-hablt proups

TasLE 15— Relation between hardiness indeves and growth habit of pevenis and ['a
Hnes of H-44 and Minhardi wheal crosses groum in the field af St Paud, Minn.
oand at Meceasin, Moni,, in 1929

: |

i MNumber of lines with hardiress index of—  Total
Parents and ¥ lines by growth-habit nirm-

gToups . - ] ber of

13125, 35145 55 |65 75|85 i04
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Tardinoss
E indexes

&t. Paul:

H-=d4.

Minhardi
B3 lnes—

Early spring

Lats spring

Bogregating spring. .

Bepregating ke T

Segregnting spring and winter._.

et
Lk~ R B Ry &

Minhardi
1 lineg-—~

Ear]y Spring

Lato spring.._

Segrogatlng SP

Begregating |

Begregating sprmg

T~ b=y =i

Eerly spring

Late spring,
Segregating spring.
Sogregating llke Fy
Segregating spring and winter. ..
‘Winter ! . | 80. 51 3
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IN THE LABORATOREY

The reletion between the percentage of planis alive 30 days after
freezing and growth habit is shown in Table 16. As in the field, the
aversge resistance to cold is in direct relation to luteness of heading
or to the percentage of winter-habit plents in the class. The early
heading group, however, contains some lines with greater resistance to-
cold then the H—i4 parent. The winter-habit lines gave the highest
average survival of any of the growth-habit groups, although the
difference befween the winter group and the segregating spring and
winter group is not significant in the Iight of its probable error.

It would have besn desirable to test a larger number of early
spring and winter lines, but when the laboratory experiments were
made information on growth habit was not available and of necessity
the selection of lines was entirely at random.

Both fieid and lanoratory data show a relation between growth
habit and winter hardiness. It is possible that a factor or factors
responsible for winter-growth habit also may be responsible for
resistance to cold. It also is possible that factors for growth habit
and factors for resistance to cold are linked. This linkage, if present,
is not complete, or it would be impossible to obtain spring lines more
hardy than the spring parent or winter lines less hardy than the .
winter parent. Because of the complicated nature of resistance to
cold it would seem that many factors are involved in the expression
of this character, and undoubtedly factors other than those having to
do with growth habit are concerned.

The relationship of herdiness and growth habit also is of some
importance with spring wheat. The production of hardy wheats
heving a spring-growth habit should be of considerable economic
nnporta.uce in extending wheat production into higher latitudes or
altitudes. In practice “the extreme recombinations are probably
lost in larpe part, since spring wheats will not survive severe winters
such as are encountered in Minnesota; and the tender winter segre-
gates are lost, since they do not head from spring seeding and are not
sble to withstand the-severe winters.

STEM-RUST REACTION

One of the importent phases of the present study is the reaction of
the hybrid lines to blnck-stem rist, Puceinie graminds iritiei.  Studies
were conducted in the greenheiss on Fy lines only and in the field
on all the materinl growing at St. Paul, The field studies did not
cover o true raundom sample of the hybrid population, since many
plants and lines were lost from winterkilling in fall-sown material,
and seme spring-sown lines and plants failed to head and rust notes

could not be obtained.
FIELD STUDIES

‘When grown in the field, H-44 shows a high degree of resistance to
stem rust, while Minherdi is very susceptible. The field-rust notes
were taken about one week before the plants were ripe, and are
designated as the mature-plant reaction. In teking notes the plants
were classed in three rust-reaction groups—resistant, semiresistant,
and susceptible. Plants that showed [Little or no rust were called
resistant, those heavily rusted were eclassed as susceptible, and the
plants having an intermediate infection were classed as semiresistant.




TasLe 16.—Relation between survivat 30 days after freezing and growth habit of parents and Fy lines of H-44 and Minhardi wheat crosses

Number of lines having a percentnge of survival of—
Parents and Fs lines by growth-liabit groups = - k
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EPRING-50WN MATERTAL

The H-44 parent grown in rows adjacent to ¥, and F, plants was
classed as resistant. (Table 17.) None of the Minhardi plants
beaded and no rust data wers taken on them,

TapLE 17 —Rusi reaction of F; and Fq plonts of H-3} and Minhardi wheal crosses
and the H-44 pareni grown from spring sowing

v

' MNumber-of plants

Varlety or cross

: - Semiresisi- Suscep:i-é
Resistent unt ble i Tatal

par

B.}'brilis:
4 ¥ Minbardi F,
Aiphardi X H-H Fy

H X Minhardi Faooe oo imcan
Minhardi X H-H Fy

Towl Fr bybrids

Five F, plants were grown from spring sowing, and these were all
classed as semiresistant or intermediate in rust reaction. Rust notes
weare obtained on a small ¥, population of 397 plants. The 88 resist-
ant, 203 semiresistant, and 106 susceptible plants approach a theo-
retical 1:2:1 ratio. Comparing these data with those calculated on
a 1:2:1 ratio by the x* method {Table 18), the value P=0.41 indi-
cates that 41 times in 100 frials a worse result would be expected,
owing to chance alone.

TasLe 18 —Goadness-of-fil (o & 1:2:1 ratie for rusl reaction of Fy generalion of
H—44 and Minhardi whea! crosses grown from spring sowing

; : .
Observed ' Coletilated .  0—C io:c_,‘_’l’.

Number | Number
Resistans____ : ).
Semiresistent. .-

Euzreptibie

Ad=LEl. Paldl.

A summary of the dats from the spring-sown ¥; lines is shown in
Table 19. The F; plants were described as resistant, semiresistant,
and susceptible, and the lines later were classed as to breeding behavior
into the six breeding groups shown in the table. The rust epidemic
was fairly heavy in some parts of the nursery, while in other parts
the infection was much lighter. Since the Ity families were grown
only in single rows, it is possible that the true rust reaction of some
families was not obfained.
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TABLE 19.—Rusl reaction of the parent H-4{{ and of 888 Fy lines of H—44 and
Minhardi wheat crosses grown from spring sowing

? Mumbsr of lines baving breeding bebavior of—

Segrepating ' Total

number
Semmire- 1 [ " Buseep- | of lines
sistzat |Resistantio poo. : frosist. . tible |-

to' S
iery . B0L O SUS-
suseeptible coptible

Varieby or eross

H
H

Parent: H—i4.

Hybrids:
T4 X Mfinkardi Fp
Minhardi X II-i4 Fy

Total Fy lincs _ 34 % : 5 50

The data in Table 1% do not indicate & simple single-factor inheri-
tance, because in the extreme classes there sre too few susceptible
and too many resistant lines, and also because three {amilies bred
true for semiresistance. There were segregafing lines containing only
resistant and semiresistant plants and others containing only semi-
resistant and susceptible plants. IfisImpossible, therefore, to explain
these data on the basis of a single genetic factor difference between
the resistant and susceptible pmrents.

FALI-S0WN MATERIAL

Rust date were taken on the few T, plants of the Minhardi X
H-44 cross that survived the winter at St. Paul, and these are given
in. Table 20. The Minhardi plants, which were grown in rows
adjacent to the F. material, were all classed as susceptible. Of the
158 B, plants, 80 were resistent, 35 semiresistant, and 34 were sus-
ceptible. Combining the resistant and sewnivesistapt ageinst the
susceptible plants, the numbers are 125 to 34¢. The deviation from

“a celculated 3: 1 ratiois 5.75 +2.24, indicating a very good fit, although
for n single-factor explanstion to be tenable there should be ne more
resistant than susceptible plants.

TABLE 20.-—Rust reaclion of the paren! Minhardi end of 159 Fa planis of the Min-
hardi X H-4{4 cross grown from fell sowing

Wumber of plants haviog reaction -

class of— B
" Toisl num-

Varigly or cross ! F - - ber of
¢ - Semizesist- plaxts
: ant

Resisteh Susceptible

'
|
H
t

Minhardi ——-
Minbardl X -8 Fracnnas 0

34 150

i
|

The rust date from the F; material are summarized in Table 21.
In s totsl of 492 F; familics, 100 were classed as susceptible, sugeesting
an approach to one-fourth of the lines. Fowever, there were 25 T,
families that bied true for semiresistance, 74 families that segregated
for resistant and semiresistant plants, and 44 families thet segregated
for semiresistent and susceptible planis only. A single factor does
not explein this segregation, for it could not account for the lines
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breeding true for semiresistance and those segregating for only two
of the three classes.

TasrLe 21.—Rust reaction of {he g:r‘areﬂt Minhardi and of 452 F, lines of H-44 and
Minhardi wheal crosses grown from fall sowing

Number of ¥y lines baving breeding bebavior of—

. ! ! Segregatiog
Varielr or cross

- Buscen-
tible

. Resist- i
ant Semire-
sistant o .

susceptible’

i Tesistant TResistant
| tosemsl- 10 suscep-

i Tegistapt tikhe

Farent: Minhardl
Hyhrida:
H-{i ¥ Minhardi ._
Minhardi X H-4s5_

Total F; lines

a1
261

492

236
38

4

A single-factor segregetion is suggested by the data obtained from
the F» grown from spring sowing and salso {rom the number of sus-
csﬁtible plants from the fall-sown Fis. In the F; generation from both
feil and spring seeding, howerver, lines were obtrined which so behave
that a single-frctor explanation is inadequate.

HELATION BETWEEN RUST REACTION OF FALL~-SOWN AND SPRING-SGWN XMATERIAL

Since all the F; lines were grown at St. Paul from both {aH and spring
seeding, it is possible to compare the rust reaction of a line when fell
sown with the reaction of the same line when sown in the spring.
Plants of 466 F; families headed {from both fall and spring seeding,
and the rust reactions of these lines are shown jn Tablc 22. While
there was some correlation between the rust reaction of a line when fall
sown and when spring sown, the correlation was not absolute. For
example, of the 86 families that were elassed as resistant in the fall-
sown nursery, only 45 were also resistant when spring sown, 3 being
susceptible and the remainder segregating in various ways. There
were 94 ¥, families that were susceptible when fall sown, and of these
32 were susceptible when spring sown and 8 were resistant, 1 semi-
resistant, and 53 segregated in various ways.

Tasue 22—Comparison of the rust reaction of Fy lines of H-44 and Minhardi
wheat crosses grown from fall and spring sowing

" Number of llacs baving rust teactiop of lines when spring sewn—

Rust reaction of lines when |

i
fail zown Resis

ant

Eogregating

b

|
.

. Tesisg-
414

Semi- -

" Hesistant

o somi-

resistont

Resistant - Smoire-
to suseop- | sistont to -
tihie  ; susceptible .

Teglatent

Bemlresisiont

Heslstant to semireslstant
Registant to susceptiblo. ...
Beralresistant to susceplibla.
Busceptibls :

Total
numher
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The exact cause for the difference in behavior is not known, al-
though there are several possible explanations. Since the nurseries
were about & mile apart, it is possible that different physiologic forms
of stem rust were present, although the epidemic was first started in
the guard rows swrrounding the {all-sown nursery, and inoculum from
these rows was used in starting the epidemic on the spring-sown ma-
terial. It is possible that different genetic {actors are involved. The
game factor or factors that control rust reaction when the plants are
spring sown may partly control the reaction when they are fall sown.
In addition to the main factor or factors, however, there may be
additional factors of minor importance which operate when the
meterial is grown over a longer feriod from fall sowing. It also might
be possible that Tactors for rust reaction are lnked with factors for
growth habit. The fact that in the spring-sown material there were
proportionately more resistant Fy lines and in fall-sown material
more susceptible lines would tend to support such a conclusion. How-
ever, when the rust data from both fall-sown and spring-sown ma-
terial were recorded by growth-habit clesses there was Tittle or no
indication of any gradual change in rust reaction as the groups
changed from spring to winter growth habit.

Because of the nature of the material, 2 complete study could not
be made. The data cover only a part of the population, since the
less hardy lines were eliminated {rom the {all-sown nursery by winter-
killing, and the winter types were eliminated from the spring-sown
nursery by their failure to head. Rust resdings could not be obtained
for the Iy lines thus eliminated, and even for many ol the lines on
which daeta were talken the numbers of plants surviving the winter or
heading from spring seeding were probably too small to give a true
picture of breeding behavior. In disease reaction two organisms, the
plant and the pathogene, are involved, both of which are influenced by
environment. In this particular case the inadequacy of the material
due to environmental effects and the complicated mature of the
character involved certainly justify no definite conclusions.

LABORATORY STUDIES

Rust studies, using known forms of rust, were made in the green-
house on seedling plants of parents and F; hybrid lines. For this
study stem-rust lorms 36 and 60 were used. The methods of con-
ducting such greenhouse seedling rust tests and the taking of data
have been described (2, 21).

REACTION TO FOGM &

In the seedling stage 44 is highly resistant to form 60. A total
of 972 plants of H—44 were infected with form 60, and of these 933
were classed as type 1 in reaction and 39 as type 2, both being resist-
ant renctions. Minhardi, on the other hand, was very susceptible to
this form of rust. A total of 980 plants were infected, all of which
hed & type 4 or susceptible reaction. (Pl. 3.)

The data {rom the greenhouse studies with form 60 are shown in
Table 23. In all, 264 F; lines of H-44 X Minhardi and 216 ¥, lines
of Minhardi X H-44 were grown. Since the reaction was very dis-
tinct, it was comparatively easy to separate the Fy lines into three
breeding groups—resistant, segregating, and susceptible. (PL 3.)
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The number of families falling into each proup were 114, 265, and
101, respectively. These are compared in Table 24 with & similer
total calculated on a 1:2:1 ratio, using the goodness-of-fit method.
The value of P=0.05 indicates that only 5 times in 100 trials would 4
result as bad or worse be expected due to chance alone. The poor fit
is due chiefly to the fact that there were too few susceptible and too
many segregating lines recovered. Although the agreement between
the observed and the calculated ratios is not good, the writer believes
that s single-factor difference is largely responsible for the results,

is.ji;:ce only one type of segregation was obzerved in the heterozygous
es.

TaBLE 23.—Rcaclion lo siem rusi form 60 of parents and 480 Fy lines of H-44 and
Minhardi wheat erosses grown in the greenhouse

13
. Number of lives having reaction of— |

Total
Vuriety and eross - : Pmm——— = nnmber of

|
: Resistant iSugregating Susceptible!

lines

Parents:
H

s 3 T
Minhardi

Hybrids:
H—H X Minhardl Faooeooo .
Minhardi X H—44 Fa____

Twotal Fs lines

TaBrLE 24.—Reaclion io stem rust form 80 - f {80 Fy lines of H—i4 and Minhardi
wheat crosses, compared with a calculated i 2:1 ratio by the gosdness-of-fit method

HNomber of lines

Breeding groups i : -
Obtained ' Calcylated

Resistoat., ' 114 : 170
Segregating, 245 1)
Sngeeptible. . 101 12

Total__ 48 480 .

x=5.01. P=005,

Some variztion wes observed in the expression of resistance to
form 60 in the seedling stage. It was pointed out that the reaction
of H—44 was mostly type 1, with some type 2. A majority of the pots
of H-44 had all plants classed as type 1. Among the 114 resistant
hybrid lines, 10 lines had all plants classed ms having type 1 reaction.
Exfty-seven lines had more type 1 than type 2 plants, 47 lines had more
type 2 than type 1 plants, and 1 line was classed as all type 2.

In the rust tests one pot of each line was run at one time and 2
second pot later, in order to check certain inconsistencies. The lines
giving both type 1 and type 2 reaction were separated into two
groups—those giving the same reading both times and those giving
reversed readings in the two tests. II a line had more type 2 than
type 1 plants both times, 1t was placed in the first group; but if in the
first test there were more type 2 than type 1 plants and in the second
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test more type 1 than type 2, the line was put in the second group.
Of the 113 lines giving types 1 and 2, 39 showed reversed resction in
the two irials. 'This indicates that while minor factors may have
been operating in the resistant lines, environmental fluctuation was
so great as to make a study of these minor factors impossible.

REACTION TO FORM 3G

A second experiment was conducted on 150 hybrid lines to deter-
mine their reaction to form 36. The parental reaction to this form
was identical with that for form 60, H-44 being resisiant, mostly
type 1 with a few type 2 plants, and Minhardi susceptible. The
hybrid lines were chosen on ihe basis of their reaction to form 60.
Sixty lines resistent to form 60, 60 susceptible lines, and 30 segregating
lines were selected. In all cases reaction was the same as for form 60,
indicating that the same gepetic factor or factors control the seedling
reaction to these two forms of rust in the greenhouse.

RELATION BETWEEN SEEDLING AND MATURE.-PLANT REACTION

To be of practical value, seedling-rust reaction in the greenhouse
must give an indication of the mature-plant reaction in the field.
The greenhouse seedling reactions of 459 F; lines arve compared with
the field reaction of the same lines grown from spring sowing. (Table
25.) Of the 105 lines which were resistant in the greenhouse, only 42
were resistant when grown in the field, and 7 of the lines bred true for
susceptibility. More than half of the 257 lines segregating in the
greenhouse also segregated in the field, 65 were resistant and 18 sus-
ceptible. There were 97 suscepiible lines in the greenhouse, and of
these 12 proved Lo be resistant and 31 susceptible in the field. There
was some relationship between the greenhouse and the field reactions.
It would seem that the factors or group of factors that control seedling-
rust reaction only partly control the remction of the plants in the
mature stage. In addition there are other independent factors con-
trolling the mature-plant reaction.

TaBLE 25.—Seedling-rust reaction in the greenfiouse of 459 Iy lines of H—-44 and
Minhard: whea! crosses compured with the mabure-plant fiold reaciion of the same
lines when spring sown

Numhber of lines hoving muture-plant Neld reaction of—

l Segregating Tatal
Urgenhouse seedling repgtion 1 TR DU L num-
+ Resisi- reﬂs?;l.: ; ; ) Suscep- l'lliar ot
nt } TV gemirestst- | Resislant | Semircsist- | tibly nes
: mmbto ¢ {osuse ant io sus-
! 1 resislont 1 coptible ecptible
: - SR :;
Ttesistant i 4 2! ! 37 1 7 106
Bogirepnting, H L1 R, ! 20 145 2 18 BAT
Soseontible. e i [ 45t 1 3l v7
P ) DO E o, 2 41 27 i 14

I i 40

Comparing the greenhouse-seedling reaction with the mature-plant
field reaction of the If; lines grown from fall seeding (Table 26), there
is less correlation than for the spring-sown ficld material. Of the
84 lines classed as resistant in the greenhouse, 15 were resistant and
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10 susceptible in the field. Among the 87 lines that were susceptible
in the greenhouse, 11 were resistant In the field and 26 were susceptible.

TaBLE 26.—Seedling-rust reaciion <n the }?reenkause of 380 Fy lines of H-44 and
Minkardi whea! erosses compared with the malurc-plant field reaction of the
same lines when fall sown

r
Number of lines baviag mature-plant field reaction of— |
1

! i " Tatal
; [ Bepregating . num-
i e - ber ol
Resist- Semijre-! i _ {Susecop- | Iinwr
ant  sistant ! Resistant | Resistant . Semiresist-+ tibla |
i ' tosemire- | tosuscep- | ant to B
t sistant tikle | susceptible [

Greenbouseseedling reaction

Registant ; 1

1
Sepregating i ! e 1
Susceptible e H 10

s

ag ;

T
53 120 ] : 7

Here agsin the daita indicate the presence of additional factors
for mature-plant reaction in the field. It would seemn that in this
case the additional factors have as much influence on rust reaction
in the field as the factor for contiolling seedling reaction. It is
hardly possible to explain the results on the basis of two independent
factors, for the reason that a single factor will not explain the results
obiained in the field. Additional factors would kave to be assumed
for & complete explanstion.

The conclusion that different factors control the reaction of the
seedlings in the %eenhouse and the mature plants in the field is in

t.

agreement with the work of Hayes and Aamodt (17) and Goulden,
Neatby, and Welsh (15).

HEADING PERIOD
It wes impossible to make a careful study of the time of heading

in the fall-sown material, as many plants winterldlled. Early head-
ing is an important character in winter wheat, however, and notes
were taken to determine whether some of the hybrids were as early
as or earlier than Minhardi in time of heading.” A single date was
recorded for each row, being the date when heading was general in
the row. The data from the two stations are presented in Table 27.

In the material grown at St. Paul the Minkardi checkrows headad
from June 17 to June 24, with most of the rows heading between
June 18 and June 21. Among the hybrids, heading started June 14
and continued until June 28. The mode and mean dates of heading
of the hybrids sre earlier than for the Minhardi parent, Of the
swviving lines, 18.5 per cent headed before the earliest date for
Minhard:, and 2.6 per cent after the latest date for Minhardi,

In Montana, Minhardi headed from June 22 to June 28, most of the
rows heading between June 25 and June 27. The hybrid lines started
heading on June 16 and continued until June 30. A total of 65.6

er cent of the hybrid lines headed before the earliest row of the

ardi, and only 1.3 per cent of the hybrid lines headed Iater than
the latest Minhardi row.
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Tanue 27.—Dale of heading of Minhardi and Fs lines of H-44 and Minhardi wheat crosses grown from fall seeding at St. Paul, Minn., and

Variety or eross

Moccasin, Mont.

St. Paul;
Minhardi

H-44 X Minhardi

Numpber of lines heading June—

23 24

Total
num-
ber of.
iines

19.54:0. 1

Minhardi X H-44

18. 14,1
17.0%& .1

Total hybrids. ..
Moccasin:
Minhardi....

H-44 X Minhardi...

18,04 .1
26, 1k .

Minbardi X H-#4

Total hybrids.. . .em-

2p 4 1
20,2 .

20,7 , 1

WIALTADIYOV JO "IJHA *S "A ‘817 NILATIOH TVOINHOEL g¢
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Many ‘more hybrid lines were earlier than Minhardi st Moccasin
than at St. Peul. There may be st least two explanations for this
behavior. At Mocecasin killing was less severe and more spring-
growth habit types may have survived, these types tending $o hesd
earlier. It is known that under different environments varieties of
wheat may head at relatively different periods, and it is possible that
Minherdi heads relatively later at Moceasin than at St. Paul, thus
giving & different standard of comparison.

The date of heading at St. Paul wes correlated with the date of
heading at Moccasin for 476 F; lines heading st both places. The
coefficient r=1.0.468 £ 0.024 shows a tendency for the lines to react
the same for date of heading at both stations. This correlation
between date of heading for the hybrid lines grown at the two sta-
tions is slightly higher than that for winter hardiness at the two
places, the latter correlation being + 0.416 +0.023.

COLOR OF COLEOPTILE

As the young wheat plant emerges from the soil its first foliage
leaf is inclosed in the plumule shesth or coleoptile. Near the tip
there is & slit through which the foliage leaf ercerges. Percival (32)
has described the coleoptile in some forms of whest as pale green or
coloriess, while in others it is pink.

The coleoptiles of H—44 plants when emerging from the soil in the
greenhouse have o rather distinet purple color. This color persists
after the foliage leaves grow out of the coleoptile, and in some cases
the base of the first leaf shows the purplish tinge. Minhardi, on the
other hand, bas a light-green coleoptile. In growing the hybrid
plants for the laboratory freezing tests and for the greenhouse rust
studies it was possible to obtain data on the color of the coleoptile of
the parents and hybrids. The number of plants available for study
in each of the hybrid lines varied from 12 to nesrly 100, and in addi-
tion 8 large number of parent plants were classified. All the studies
were made on F; material, but since the lines were selected at random,
they probably are more accurate than i made on F. material oniy,

The development, of coleoptile color proved to be extremely vari-
eble, apparently being considersbly infinenced by temperature and
sunlight at the time of germination snd emergence. Since pots of
the seme lines were grown st several different fimes, it was possible
to obtain data that revesled the variability of the cheracter under
varying conditions. All the data for a given T, line were combined
1o determine its breeding behavior.

The plants were described and grouped in three clesses—dark
purple, light purple, and green. The plants of B-44 were classed as
dark purple and light purple, there being 1,703 dark purple and 288
Light purple. Minhsrdi plants, of which 2,208 were grown, were all
classed 8s green. Out of 480 F; hybrid lines, 33 proved to be homo-
zygous for green. The retio of 447:33 deviates from & calculated
15:1 ratio by 3.0 £3.58.

Although the expression of the purple color was somewhat varisble,
making classification difficult, the F, lines were classed into six groups,
#s sbown in Table 28. The observed numbers sre compared with
celculated numbers based on a 24factor difference. Observed and
calculated deta do not agree very well, the goodness-of-fit test giving
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a value of Z=0.08, indicating that 9 times in 100 trials & result as
bad or worse would be expected from chance alone. The high »?
and low P velues sre caused by wide deviations in the true derk-
purple and true light-purple groups and in the groups segregating for
ight purple and green. It is believed that these discrepancies were
ceused by difficulties of classification incident to the varieble expres-
sion of the purple color. The homozygous grean lines were distinet
and the expression of the green color was uniform, so it is believed
that this group was properly classified. On this basis it seems evi-
dent that at least two genetic factors are needed to explain the results.

TABRLE 2B.—Breeding behavior for coleopiile color of {80 Fy lines of H-44 and
Minhardi wheat croases compared with g coleulaled genolypic 1:2:4:4:4:1 ratio
by the goodness-aof-fit melhod

Number of iines

Breeding hebevior for coleoptile color
Gbssrved | Caleuiated

True dark pacple.. . ki)
True light purple... - &0 68
Begregating derk purpla to Yght purpleo ..o 120
Begregating derk purple to grean 120
Segregating light purple to green 1 120
Trae green . - an

Tatsl —— 4B

x3=9.42, P=0.9,

The following hypothesis is presented. Assuming as present in
H-44 two duplicate dominant fasiors, cumulative in effect for dark-
purple coleoptile (P.P,P.P;), and as present in Minhardi the recessive
allelomorphs pip; p:p. ceusing green coleoptile color, the Fy would be
Pﬂ}i Ill"gpg, while the F; genotypes and F, breeding behsvior would be
as follows:

Fz genotype 1 Fy breeding behavior

True for dark purple.
True for light purple.

Segregating for dark purple and light purple.
Segregating for dark purple, light purple, and green.
Sepregating for light purple and green.

PiP: PP oo - True for green.
1

This hypothesis gives the genotypic 1:2:4:4:4:1 ratio used in Table
28. The discrepancies between observed and calculated date have
been previously explained as probably due to difficulties of classifica-
tion due to the variable expression of the purple color. A 2-factor
hypothesis, therefore, seems to give an sdequate explanation of the
sogregation observed. These results are in sgreement with those
obtained by Goulden, Neatby, and Welsh (75) in an H-44 X Marquis
Cross.
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AWNEDNESS

‘The H~44 parent is awned, while Minhardi is classed as awnless,
although there are short awnlets at the tip of the spike. The F,
hybrid of this cross had slightly longer awnlets than the Minhardi
parent. The F, plants weve, therefors, described in three classes
annlfted like Minhardi, strongly awnleted like ¥, and awned like

—44,

The date.from ¥, plants obtained at Davis, Calif., in 1928 and at
St. Paul in 1929 are given in Table 29. The Davis material was &
true random sample, there heing no elimination due to winterkilling
or to plants failimg to head. In this population there were 501
awnleted and strongly awnleted to 122 awned. The wide deviation
from & 3:1 ratio, 33.75£7.29, was caused by a deficiency of awned
plants, Inspection of the data shows that the separation of the K,
material into homozygous awnleted and heterozygous or strongly
awgieteg classes also was not good, as too many were classed as
awnleted.

TABLE 29.—8egregation for awn development of Fu plants of H-44 and Minhardi
wheal crosses

Numbher of plants

Sirongly !

Awnleted awnletetl |

Avwned

Davis, Calif., 1027-28; :
H 44 X Minhardi___ o e 53 203
Minhardi X H-44.__. —- 155 , 60

Totai Fi- 200 o1 | 122 623
8t. Paul, Minn , 1920 (spring sown):
H-il i.

¥ Minhard - J— 57 i &0 203
Miohardi 3 H-44 . 45 107 12 19

Total Fs. '. 102 i u03 oz | 397

The F; material grown at 3t. Paul was not a true random sample,
because the winter plants failed to head. In this material there
were 305 awnleted to 92 awned, which deviated 7+ 5.82 from a cal-
culated 3:1 retio. In this case the observed and calculated ratios
agree reasonably well,

Data on breeding behavior for awn development were taken on all
Fy hybrid lines. This made possible a comparison of the Fy classifi-
cation with the F, breeding behavior and a correction of the If,
classification.

The data in Table 30 show that in F; it was difficult to separate
the homozygous from the heterozygous awnleted types. Of the 199

lants classed in F, as awnleted, 43 produced segregating progeny in

s, while 12 of the 301 plants classed as strongly awnleted bred true
in ;. AB of the plants classed as awned in F, bred true in Fa.

Correcting the F; ratio of the Davis material on the basis of F,
breeding behavior and comparing the observed numbers with a caleu-
lated 1:2:1ratio by the goodness-0f-fit method gives & value P =0.008.

- (Table 81.) This very low probability is due to the small number of

awned plants in I, although ell of these when grown bred true.
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The K, generation grown at St. Paul, while not a true random sample,
did not show this lack of awned plants. In spite of the apparent lack
of agreement in the Davis I; materiel, caused by the deficiency of
true-breeding awned lines, the fact that there was only one type of
segregation In Ky makes it almost certain that only a single genetic-
factor difference controls the awn situation in this cross. It is possible
that this poor fit, as well as those observed for some of the other
<haracters, conld be due in part to the sbnormal chromosema} behav-
ior of H—44, as reported by Elders (11). This single-factor difference
is similar to the early results of Biffen (5), those of Hayes and Aamodt
(17), Gaines and Singleton (14), Goulden, Neatby, and Welsh (15),
snd Clark and Quisenberry (9) in crosses between swmnleted and
.awned wheats,

"TABLE 30.— Breeding behavior for awn development of Fy lines of H-44 and Minhard?
wheat crosses compared with the Fo aun clussification

1
! Breeging behavior in Fy lines
. [ ‘Tatal num-
Classed in F as— I i ber of lines
L Awnleted |Segregatingt Awned
? |
Awnleted .. ..___ i 156 A 199
Btrongly mwrnleled . 12 b 3oL
Awned b ! 122 122
Total. ... ot 168 33z | 12 [ 622
| i

"TaBLE 3l.~—Comparison of the Fy breeding behavior for awn development of H—-44
r_md; ﬂ’é’inhardi wheal crosses with a calculaled 1:2:1 ralio by the goodness-of-fit
metho

Number of lines i
-t
Breeding group I 0= (© Cm
Observed | Caleulated
13
Avwnleted_ 165 | 153. 5 12.5 1.00
-.Begregating ] aL o 2.0 1.42
. T S 122 185. 5 —33.5 T2
Total. 622 ; orof . fommrmmeman
| |

x*=081. P=0,008.
CHARACTERS NOT ASSOCIATED

Throughout the foregoing presentation the more important asso-
-cistions of the characters have been presented and discussed. It wes
shown, for example, that winter-growth habit and eold resistance
were associated, as well as dete of heading of fall-sown material and
hardiness.

All dota were talken s0 as to mel=s it possible to study the associa-
tion of the various characters. No relation was found between awn
type and date of heading in the F. material grown from spring sowing
At St. Paul. 'This study was limited, of course, to the plants that
headed. In this same material no significant relation was found
between rust reaction and date of heading. There was only a slight
-‘tendency for such association, and this was probably due to the fact
‘that these later plants had a bebter chance to become infected, sinee
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there was & greater asbundance of inoculum present late in the season.
%hfir; also was no relation between awn type and rust reaction in

2 £5. .

In the F; material there was no relation between awrs and average
hardiness index. There was no relation in F, betwesn growth habit
and date of heading when fall sown. The purple coleoptile color of
H-44 was not associated with seedling resistance to rust.

DISCUSSION

A study of the inheritance of hardiness is difficult to conduet. If
studied in the field the work must be done in & locality where differ-
ential killing can be obtained. If the winter is mild, very little or no
killing will oceur, depending upon the hardiness of the material being
studied. On the other hand, if the winter is very severe, with con-
tinued low temperatures and little or no snow covering, all of the
material may be lost. Such conditions make necessary the growing
of material at more than one place, snd, for & thorough test, over a
period of several years. No chemical test yet devised can be used
satisfactorily as & substitute for actuel {reezing, either in the field or
in the laboratory. The data here presented show that artificial
freezing in the laboratory msay be used on breeding material, with
reasonable assurance of success. The correlation between survival
from artificial freezing and survivel from field experiments is fairly
good, even though there is reason to believe shat laboratory methods
might be improved.

There are reasons why field and laboratory hardiness tests may
never completely agree, The laboratory freezing test gives a measure
of the resistance to cold of & vuriety or & hybrid strain at the time the
test is made, The weskness of the artificial test lies in the fact that
it is very difficult to harden off the material thoroughly, in order to
get an absolutely correct picture of the resistance of the straius to
cold. No doubt varieties differ greatly as to their speed in hardening
off and ability to build up resistance. Another disturbing factor is
that in the field tests, while resistance to cold usually is of first
importance, there are other factors, such as drought, soil blowing, and
heaving, which cause winterkilling.

The data presented indicate a correlation between winter-growth
habit and winter hardiness. This relationship seemed to go still far-
ther, since in general the earlier-heading spring types were less hardy
than the later-heading spring types. This association was not com-
plete, however, since early spring-habit lines were obtsined that
were more hardy than H-44. Winter-habit lines also were obtained
that were less hardy than Minhardi. This fact is of practical im-
portance in winter-wheat breeding work. TFor certain aress, espe-
cielly in Montans and Minnesota, it is necessary to have a hardy
winter-wheat variety, the date of maturity being of secondary im-
portance. In southern Nebraska and in Kanses a successful variety
should have both winter hardiness and early meturity. The data
indicate that the production of such e variety is difficult but not im-
possible. It does emphasize, however, the difficulty of breeding
hardy adapted varieties for the more southern areas when the breeding
operations are confined solely to those areas. The problem can be
met, however, by dividing the seed of selected lines, growing part
where & measure of winter hardiness can be obtained snd the other
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part when there will be a true expression of time of maturity. From
the two sets of data it should be possible to select among the early
types adapted to the southern area those that ere more winter hardy
and vice versa.

SUMMARY

Crosses were made between H—44, o spring wheat, and Minhardi,
o winter wheat, and the segregu.tlon for. winter hardmess, winter-
growth and spring-growth habit, rust reaction, and other plant char-
acters was determined.

The ficld studies on winter hardiness were conducted at University
Farm, St. Paul, Minn., and at Moccasin, Mont. At St. Paul the
killing of the F; material was heavy, and there was a piling up ot the
less hardy end of the curve. In Montansa, where killing was less
severe, there was o piling up on the hardy ‘end of the curve. The
correlation between the hardiness of the F; lines at Moceasin and at
Bt. Paul, however, was +0.416 £0.023, showing that in general the
same condition, chiefly low temperature, caused the killing at both
places. The winter-hardiness charecter appears to be controlled by
several genetic factors, the final expression being greatly influenced
by the environment under which the material is grown.

In iaboratory freezing tests the ¥ lines varied in cold resistance
from ths tenderness of the H-44 parent to the hardiness of the Min-
hardi parent, with a preponderance of tender lines. A correlation of
+0.713 £0.031 was obtained between cold resistance, as measured
by the laboratory freczing test, and field survivals, showing that cold
resistance was the principal character determining winter hardiness,

Growth-habit studies were conducted on I, and T, material.
Limited T, data indicated a ratio of 15 having spring growth to 1
having winter-growth habit. A genetic explanation for growth-habit
segregation in If; 1s suggested by assuming duplicate dominant factors
{or spring-growth halat, H-44 (spring) having the genotype AABB
and Miphardi (winter) having the genotype aabb. This hypothesis
gave nn adequate explanation of the results obtained. The presence
of a dominant foctor or factors gives spring forms varying in earliness
from those as early as H-44 to those which hend very late.

A correlation was found between winter-growth habit and winter
hardiness, as expressed by both field and laboratory tests. The asso-
ciation was not complete, since winter forms were obtained that were
less hardy than Minherdi ss well as spring forms that were more
hardy than the spring parent.

Date on rust reaction in the field at 3t. Paul were nonc too satis-
{nctory, since from the Tall sowing many plants were Idlled and from
spring sowing many plants failed to hesd. A sinple-fagtor diflerence
for resistance and susceptibility was indicated by the T, results from
the material grown from both fall and spring sowing. The F; studies,
hewever, proved such an explanstion to be inadequate. In addition
to the ma]m genetic factor involved, other miner modifying factors
must be assumed to explain the reaction obtained.

There was little relation between the rust reaction of & line when
fall sown and the same lines when spring sown, indicating the presence
of different forms of rust or & diflerent expression of the genetic {factors
due to the different length of the growing period.

In the greenhouse & segregation approximating 1 resistant, 2 seg-
regating, and 1 susceptible was obtained from I lines inoculated with
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hysiologic form 60 of stem rust. There was an indication of minor

actors influencing the expression of Tust reaction, even in the green-
house. The behavior of the lines was the same when inoculated with
form 36, showing that the same factor or factors control the reaction
of the seedlings to these two forms of rust.

No close relation was found between the greenhouse-seedling reac-
tion and the reaction of the mature plants in the field. It would
seem that genetic factors, in addition to those controlling the reaction
in the seegﬁng siage, are necessary to explain the resction in the
mature-plant stage.

Date on the date of heading were obtained at both stations on the
I'; Lines that survived the winter, a single noie being taken on each
row. At St. Paul the F; lines started heading before Minhardi and
continued later. The mode for heading in the hybrids was earlier
than the mode of the winter parent. At Moccasin, the hybrid lines
started heading six days before Minhardi, the majority being headed
before Minhardi started. The correlation between date of heading
at St. Paul and at Moceasin was +0.468 £0.024.

Greenhouse seedlings of H-44 have a purple-colored coleoptile,
while seedlings of Minkardi have a green coleoptile. A ratio of 15
purple or segregating lines to 1 homozygous green line was obtained
in the ¥, indicating dominant duplicate factors, It is assumed that
H-44 has the genetic constitution P,P, P.P, and Minkardi p,p; p.p..

H-44 is awned, while Minhardi is classed as awnless or awnleted.
Segri:gaéion of this character Indicates that a single genetic factor is
involved.
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