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INTRODUCTION

It is advantageous for the plant breeder to be able to conceive of &
definite system of fixed genes operating in relation to the characters in
which he is momentarily interested. But if the gene system becomes
too complex there is a tendency to avoid a factorial interpretation and
to rely only on the easily demonstrable fact that the characters are
inheritable and that with suitable perseverance he can hope to obtain
desitable new coribinations. In resistance to parasitic diseases in
plents there are specific instances in which attempts at a complete
factorial interpretation are discouraged because of complexities attend-
ing an unstable symptomatology and an involved host-parasite inter-
action, especially where there are an indefinite number of forms of the
pathogen; yet it is conceivable that inheritance of disease reaction
may have a comparatively simple factorial basis in spite of the outward
complexities.

The sharp differentiation of the scveral pathogenic strains of
Colletotrichum Lindemuthianum (Sace. and Magn.) Briosi and Cav. on
suitable bean (Phase-lus vulgaris 1..) varicties, together with the com-
plicated though sharply differentiated symptomatology, seemed to
suggest that bean anthracnose would offer a faverable set-up for a
comprehensive study of the inheritance of disease resistance. The

1 Submitted for publieation May 28, W41, This work was performed chiefly under an allotment (rom the
Special Research Fupnd suthborized by Title I of the Bankhend-Fones Aet of June 20, 1935.
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case with which the host can be ecultivated in greenhouse and field, the
low percentage of cross-pollination, the fairly large sib populations
that can be obtained, and the adaptability of the pathogen to pure-
culture manipulation were other advantages which the project seemed
to offer.  Several contributions already published on the genctics of
bgaln anthracnose (1,3, 4,6,7. 8, 82 will be referred to in the discussion
of data.

The work was hegun in 1932 with § intervarietal crosses and parental
sclfed lines, and over a period of 6 years was supplemented by 22
additional meervarictal crosses. A total of 398 F, plants Liave been
carried through the Fy generation, many of them through the ¥, and a
few through the Fy; 145 F, plants were inoculated. An approximate
total of 32,600 plants have been inoculated and elassified in ¥, 1,900
families (108,000 plants) analyzed in Iy, and 2 considerable number in
F,. Although the development of anthracnose-resistant varicties was
not an original objective of the mvestigation, many strains have been
isolated that are resistant to several of the known physiological forms
ol Colletotrichum lindemuthiani v

METHODS

Methods of handling the anthracnose organism in eulture and of
applving moculum had been developed previous to 1932 in councetion
with a study of physiological forms of the pathogen. Cultures used
for inoculation were invariably grown on cooked bean pods, usually in
tubes but oceasionaliy in small flasks and Petri dishes. On this
medium they produced a profusion of pink- to orange-colored spore
masses, which could easily he washied ofl into wats ¢ with a camel’s-hair
brush. A rough uniformity in spore concent.ation was obtained by
allowing one hean pod culture te each 200 cc. of water. It was observed,
however, that a wide range of dilution exerted no appreciable offect on
the amount or character of infection.  The coudition of the culture
used, on the othier hand, exerted an important effect on the amount of
mfection.  Cultures in which the spore mass»s had begun to turn
white, or had become colorless and watery, were unfit for use.

The most suitable age of eulture was affected vastly by differences
m temperature,  Also exposure to direct sunlight caused them to
deteriorate rapidly- -an observation earlier made by Budde (2) and
others. In the winter months, cultures at laboratory temperature
were usually in prime condition at 6 to 14 days of age. Tt was possible
to prolong the useful life of cultures by putting them at 10° to 14° C.
refrigeration after the seventh day. During the summer months
the cultures were incubated at aboul 14° during their entire period
of growth.

Six physiologic forms of Colletotrichum lindemuthionum were avail-
able. Tour of these were known to oceur in the United States, and
the other 2 had been isolated from material from Brazil and from
Jamaica. The first 4 were selected for use in this study hecause of
their possibly greater economic importance. They comprised the
alpha, beta, and gamma forms, obtained from Prof. W. H. Burk-
holder, of Cornell University, and a new form, delta, isolated from
North Carolina. material. Trom the data available it is not possibie

3 Italle numbers in parenthesss refer to Literature Cited, p, 24,
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to identify delta with any of the 24 physiologic forms of C. Iinde-
muthignum deseribed by Schireiber (8). Later 1t was found necessary
to eliminate the alpha form from the inheritance study until further
preliminary work could be done, particularly with reference to devel-
oping parental lines having a high degrec of resistance to it.

The method of applying inoculum underwent a considerable evolu-
tion during a 6-year period. The 2-ounce DeVilbis atomizers used
during the carly part of the investigntion were supplemented by
l-quart continuous atomizers as more space beeame available and
the scope of the project enlarged. The I-quart sprayers woeve sup-
plemented by 14-guart knapsack sprayers in the later field inocula-
tions. The 2- by 3-foot glass cages, used as infection chambers in the
early experiments, were very soon supplemented by especially built
glass-covered henehes accommodating approximately 500 4-inch pots,
Field incculations were in all coses made under overhead irrigation.

The time during whieh the plants weee held in the inlection ehamber
varied from 24 to 48 hours, and no offeet of Lime on infection was ab-
served within these limits.  Usually plants were put in the chamber
in late afternoon and removed on the seeond following morning, a
period of about 42 hous.

On the other hand, conditions inside the chamber exerted an im-
portant cffeel on the amount of infection.  Methods were standard-
1zed to such sn extent as practically Lo insure moisture deposilion on
the plants inside the chamber, a condition that seemed to he necessary
for maximum infection. The more important factors in this procedure
probably were an initial exeess of moisture and w falling temperature.
The first condition was met by a liberal applieation of water in the
empty chamber, and the second by covering the ulnss ops with a
double thickness of checseeloth, which was [requently sprinkled and
which previded & hroad evaporation surfacr.

The renction of o large number of bean varieties Lo the 4 forms of
anthracenose was known {rom preliminary tests; also methods of
handling large numbers of bean plants in the greenhouse woere to
some extent standardized before the gonetie study began.  In all the
lerger samples, representatives of each parent were inoculated side
by side with their hybrid population.  Plants to be inoculated were
customarily handled in 4-imeh pols and moved in trays of a convenient
size, holding 15 or 18 pots. The I, plants were planted 1 seed per
pot, the Ty 2 to 4 seeds per pol, and the ¥y usually 4 seeds per pot.
Less than 50 pereent of the Fy plants were inoculated, the others Leing
planted direetly in the feld to obtain higher yields.  The inoculated
T, plants were transplanted Lo soil m o sereenhouse or to ficld plots,
and with individual eare, many of these produced large Fs popula-
tions. One ¥, plant, grown in 8 6-inch pot on a screenhouse ground
bed, produced the phenomenal yield of 1,396 seed, or 382 gin.

A number of inoe Lnaed Iy planis, after classifiention, were teans-
planted to beneh sod in the greenhouse, and many of these produced
lnrre T, familios when given special eare. Most of the F; familivs,
however, were from plants propagated in the field.  In cortain crosses
the larger Ty familics were divided into two parts and inoculated
sepirately with forms betn and gamma,  In some instances it was
po.'ii;ible to divide them into three parts and inoculate with deltn as
well.
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The selection of varieties for crossing was made so as to include
representatives of several different reaction classes in respect to the
4 forms of anthracnose. The original hybrid material involved inter-
crosses of 8 varieties, and, in the many new crosses made, only 4 addi-
tional varieties and 3 new selections were used; the object was to
determine the anthracnose reaction genotype by intercrossing a few
varieties in several combinations. The 15 varieties used represent
6 reaction classes (table 1).

TaBLE 1.—Reaciion of 15 parent bean varielies and selections to 4§ physiological forms
of Colleloirichum lindemuthianum

Reaction to form—

Variely or seleclion
Alpha Beta Gamma Delta

Dark Red Mahogat¥_ . oooe.oeeoa . ‘
U. 8. No. 1 Refuges. .. ..--|rBusceptible.. .| Busceplibla____| Snuseeptlble.__.| Susceptible.
Selection No, 11,
Geoeve Hed Kidney_

Boston Marrow_ .. . I do.._... | Resistant.... ... do________. Bao.
Eerrsf Mumrow selection -
Pg,‘i';,siﬁ;;';;‘;:_‘:_u_ - }-.,.do ......... S S Resistant__ .. De.
genltutckﬁ \f\'under bid -

orhetil Refupen . ___ . .
Tdnho No. 1 Mogaie Resistoni Great |f-+--80---meor| Tuleragt...... Taleragt......] Do

Northern.?

Balection Ne, 29 o ae el . :
Canadiarnt _“"Q‘Lédcl: hush selection ‘3 ...... }""do‘ Temerns " Susceptible.. Ty Resistant.
Seheotion Mo, oo Jormia) SEICEOn b - w-|} 0. urrcea. . Resistant... Do.

L From Ginnt Stringless W Wells Bed Kidney,

# Designated subsooguently in Lhis bulleln as Gireal Northern.

* From Small White (Cafifornfa) X Dark Ied Mahogany,

1 Designated subsegiently in this balletin o5 Capadian Wonder.
f Designated snbsecuently in this bullelin as Small White,

¢ From Robust 3 Small Wihits (Californis).

The most favorable age for the plar* .0 be inoculated had been de-
termined previously in an extensive series of varviety tests. Except
for irregularities due to diffevences in rate of germination and the
natural heterogeneity of hybrid populations, all greenhsuse plants
were inoculated in the primary leaf stage., However, in the ficld it
was found desirable to delay inoculation unéil the plant had developed
a considerable bush. In populations {rom crosses involving hard
seed coats, all seed were scarified before planting, to insure a high per-
centage of and more uniform germination.

A fow of the parvent varicties were known to be heterogencous in
respect to reaction to anthracnose, butonly lines of known homogeneity
were used in the actual crosses. For example, one strain of Perry
Munrrow is resistant to gamma and another is susceptible. Both
strains were used in the crosses but were kept separate and the parent
lines checked repeatedly along with the hybrid populations. Seven
of the varieties were selfed for two ar more generations preceding the
hybridization, and of the remaining variettes, five were selfed pre-
ceding supplementary crosses but not preceding the original ones.
In several instances a parent variety used in later crosses was not
known te be a lineal descendant of the same parent used in an earlier
cross; the infection pattern, bowever, was always the same, and
data from such sources were combined only when there was no reason
to suspect heterogenelty.
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Froviek 1= Clisses of antieenese reaetion oo beans 13 days after inneniatio:
A, Plants dleft o vight) elassilied as /2, £, S, &2, 5, and 8: 03, plants classilicd ns
RO B

With the exeeption of one group of Fy families, all plants weee elassi-
fied s 1o infeetion type by the senior author personally, but over the
periad of several yvoars there wery, unavoidably, some changes in the
syxtem of elassifiention. The system finaHy used. and upon which
most of the data are based, conzisted of three classes defuied as foltows;

R Hesislant - rungg frame o visible injury to o faint browning or searifi-
eifion of lewl veins, petioles, sl sfeins,

/ Intermedinte aoticenble teal feeking and with Houear lesions priveipably
anc the ypper stenn, These Tesions differ i eolor and usually in shape
Featn (ost oo a0 Bl soseeptible plant ad adso eantain few or no
gonidin.  The tolerant parenis would fall in this class.
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S =Busceptible—plants in this class seldom survive to maturity in the
greenthouse but usually survive in the field. A small amount of error
may be introduced by lethal agents other than anthracnose.

It is probable that there are two quite different types included in the
intermediate class, one (corresponding to the tolerant parents) being
due to the action of a particular gene or pair of genes and the other
being due to the lnck of dominance in heterozygous genotypes. It was
impossible to distinguish these types except in theiv breeding behavior,

Figure 1 includes examples of the three reaction tvpes. Plants were
always classified on the seventh day after inoculation but frequently
were observed over a longer period.  For the purpase of testing for
Mendelian segregation, the first two classes were usually combined as
resistant; in & few instances, however, the proportion of intermedinte
phenotypes was such that they could be fitted to a particular genatype.
Yates’ continuity correction was applied to the estimates of chi-square
{x?) deviation of all ¥, Mendelian ratios and to all two-part F, distri-
bufion x? ratios. The continuity correction was not applied to I
ratios used in caleulating heterogencity or total x2 values,

INHERITANCE OF RESISTANCE TO BETA
REsisTANT X RESISTANT

In the cross Robust X Small White all of 50 T, plants inoculated
with befa proved to be vesistant. In the cross Small White X
Boston Marrow and reciprocal all of 131 plants were resistant in the
¥, generation. The cross selection No. 3 % Boston Marrow SCETen
gated in T, generation 99 resistant to 7 susceptible, a good approxi-
mation to a 15 to 1 Mendelian segregation (x*=0.003). Presumably
both parents carried at least 1 recessive factor for beta susceptibility,
No F,; families from these crosses were inoculated with beta,

ResisTANT X SUSCEPTIBLE

Resistance was dominant in the F, gencration of the cross Dark
Red Mahogany X Geneva Red Kidney. The other ¥, plants were
not inoculated. A lIack of complete dominance in erosses of beta
resistant > beta susceptible is shown in subsequent generations where
intermediate phenotypes appear in the several crosses. Whenever
tested in Fy most of the individuals in the intermediate class were
proved to be heterozygous. Data involving 1,744 F, plants from 5
crosses of beta resistant 3 beta suscoptible as well as 130 F; families
from 3 crosses are shown in table 2.

The total x* of 14.031 for a 3:1 ratio in the 5 crosses shown in
table 2 is considerably outside the 5-percent point (11.070); hence o
single-factor hypothesis will hardly suffice lor all the data., It may
be considered possible, therefore, that the cross Dark Red Mahogany
X Geneve Red Kidney, which gives the poorest fit to a 3:1 ratio, is
actuelly segregating 11:5. An 11:5 Mendolian ratio results from the
introduction of both a dominant and a recessive gene for the same
character in a cross and involves a rather complex scries of interactions.
Interaction between a dominant and recessive gene for the same
phenotype in different allelomorphic series vesults in a 13:3 ratio,
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TaBLE 2,-—Tnheritance of resistance to beta in F; and Fy generations of crosses resistant X susceptible or the reciprocal

No. and cross

et st s

Observed
segregation

Fy plants!

Fs familiegt

xl

Classification
in Fa

Segre-
gating

Distribu.
tion x?

Population
oot
segregating
families

Hoeteroge-
neity x?

Total x?

. 1, 8. No. 1 Refugee X Geneva Red Kidney. ... .
. Selection No. 1 X Geneva Red Kidney _ ...
. Perry Marrow X U. S, No.1 Refugee . ... .._.... ..

. Dark Red Matiogany X Qeneva Red Kidney
. Canadian Wonder X Dark Red Mahogany.

344 R:1106 8. .
1Bl R:84 8.
396 R:158 §. .

191 R:50 S ...

N7 RIS, . {

{

19,427
11.515
13.475
? 5. 503°
¢

LIl

12,104
.507

Unelagsified.. .
Class R and I.
Unclassified .
Unelassified .
Class R

Number
6

Number
16

0.340

11, 455°*
16, 641+

s4, 175"

55, 995**
9, 6080
7T 723
4 40, 440°

¢ 56.335**
21.063*
24, 363*

544,614

! *=Significant at 5-percent level. **=Significant-at 1-pergent level,

1 Based on 3:1 ratio.
3 Omitted from x! caleulation,

4 By elimination of the 2 most divergerit populations, population x? is reduced to 0.004, total x? to 25.380, and heterogoneity x? to 25.379; all nonsignificant values,

8 By elimination of the 2 most divergent families.
¢ Based on '11:5 ratio.
7 Based on 13:3 ratio.

SNVEd NI FONVILSISHY HASONIVUELNV
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but an additional interaction between allels of the same sories can
produce an 11:5 ratio. If the 11:5 hypothesis is valid, the Dark Red
Mahogany parent must carry one dominant factor for susceptibility,
and the same factor would upsct the ratio in the cross of Canadian
Wonder X Dark Red Mahogany, which is seen to give a closer approxi-
mation to & 13:3 than to & 3:1 ratio. Unfortunately, no F, data are
available with which to test the irregularity in the two crosses involving
Dark Red Mahogany. Evidence that Dark Red Mahogany does
carry a dominant factor for susceptibility will be presented in s
succeeding section {p. 11).

In respect to the first 3 crosses in table 2, Fy data tend to confirm
the 3:1 hypothesis. The proportion of all-resistant, sceregating, and
all-susceptible families {from planis not tested in Fy) conforms satis-
factorily with the calculated 1:2:1 ratio in 2ll 3 crosses represented.
Analysis based on the ratic of resistant to suscentible plants in each
segregating family shows that in the cross U.8. No. 1 Refugee X Geneva
Red Kidney 30 {amilies segregated 3:1 with a total x* of 56.335 and
heterogeneity x* of 55.995, slightly outside the 1-pereent point.
The total resistant and susceptible in the 30 segregating {amities also
approxtmated a 3:1 ratio (population x*=0.340),

Data on 10 segregating {amilic , from the cross selection No. 1 X
Geneva Red Kidney are less conclusive, but the small sample would
not justify rejection of the 9:1 hiypothesis.  Heterogeneity x? is low,
but the population x*is high and indicates a deficiency of suscepitibles.

The 29 segregating families from the cross Perry Marrow X U. 8.
No. 1 Refugee give a total x? 0f 94.363 and a heterogeneity x? of 77.723,
which is far outside the l-percent level of significance.  Most of the
deviation was contributed by 2 lamilies which seeregated 85 resistant
to 3 suseeptible and 17 vesistant to 24 susceptible, and wheu they are
removed from the calculation the heterogoneciby x* is reduced to
approximately the 5-pereent level for 26 degrees of freedom.

The excess of homozygous resistant families from 19 pavents classi-
fied as R in I¥; of the Perry Marrow X U, 8. No. | Refugee cross might
be due to the frel that most plants classified as J in B, were eliminated
becaunse of weak growth; the intermedinte class was presumabiy
heteroszygous in genotype. This was verified only in the case of 3 7
plants i the U, 5. No. t Refugee X Geneva Red Kidney cross, all
of which proved to be heterosygous.

Resistant X TOLERANT

The twa varieties Corbett Refugee and Great Northern, although
both were called tolerant on the hasis of slight fiecking of the leaf
veins and lamina, ncbually differed from cach ather shightly in the
extert of injury. [from a practical point of view, hoth varicsics are

highly resistant to both beta and gamma. The crosses resistant X
to%cmnt., therefore, are bebween varioties that differ but slightly in
their anthracnose reaction.

Five resistant X tolerant crosses were made and 3 types of SUEregn-
tions obtained i F, (table 8), Corbest Refugee was the tolerant
parent in 4 crosses, and the results pointio thelikelihood that 3 different
genobypes are represented among the 4 resistant pareitts, Most of
the plonts cinssified as intermediate in ¥, of the Perry Marrow X Cor-
bett Refugee cross appear to be of the hypotheticel genotypes Aabd
or aaeBb. Of 16 plants so classified, 12 were proved to be heterozygous.
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TaBsLe 3.—Inheritance of resistance to beia in Fa and Fy generations of the crosses resistant X lolerant or the reciprocal

No. and eross

F3 plants?

¥, families !

Observed segre-

Classification in Fy

Segre-
gating

All'S

Distribution
X

Population

x? of segre-

gating fam-
flles

1. Perty Marrow X Corbett Refugee and romprom\\
2, Boston Marrow X Corbett Refugee. o
3. Canadian Wonder X Corbett Refugee.. ... ... .

4. Geneva Red Xidney X Corbett Refugee and reciprocal
8. Perry Marrow X Great Northern and reciproeal.  ..cooe e

Number
29

43,183

t *=Significant at §-percont lovel. **= =Significant at 1-percent level.

2 Based on 183 1 ratio.
3 Based on 7: 8 ratio,

1 Based on 27+ 5 ratio.
$ Greenhouse tost.

¢ Based on 63 : 1 ratlo.

7 Based on 37:26 ratio.
s Bascd on 378: 38 ratio in a total population of 6,585.

v Fieid test.

10 Based on 13 : 3 ratio.

SNVAd NI HONVISISHE HSONOVHHILNY




10 TECHNICAL BULLEDIN 810, U. §. DEPT. OF AGRICULIUR®

The first 3 ervsces entered in table 3 segregated 15 resistant to 1
susceptible in F.. The combined data for the 8 crosses also closely
approximate & 15:1 ratio. The 15:1 hypothesis is supported further
by Fy data on 50 families from the Perry Marrow X Corbett Refugee
cross {table 3), where the ealculated proportions of all-resistant and
segregating familics and the ratio of totsl resistant to total suseeptible
plants in the segregating {amilies are nearly realized,

The eress Geneva Red Kidney X Corbett Refugee seems to exhibit
a $3:1 type of inheritance.  Actually the . population segregated in
the proportion of 62:2, which corresponds to a 14:2 type of inheritance
to he deseribed later in the discussion of gninma inheritance {p. 16).
The 62:2 hypothesis. however, Is not supported by the F; data, which
on the contrary mdicate a 83:1 ratio.  Apparently one or more of
the genes entering into the eross are especially sensitive to environ-
mental conditions; thevelove, the response to different environments
of the heterozyeote derived {rom this gone pair could aceount for the
variable proportions of resistant and susceptible phenotypes repeatedly
ohserved in different samples of the Iy population.

Anotlier {actor conducive to ervor in this cross is the oecurrence of
n semilethal (principslly a chlorophyll deficieney). which affects
approximately 7 pereent of the F, plants.  Individuals weakened or
kilied by the lethal factor are difficult to classifv in respect to anthene-
nase reaction. In view of this situation a rather large deviation
might he expected in the populntion x? for segregaling families.

Thearetically the ¥y data could be subjected to the {following
measures of goodness of fif:

(1Y The proportions of nll-resistant, segregnting, and all-suseeptible families.

{2} The ratio of the total nunmber of resistant and suscepiible plants within
the segregating [nmilics,

{3Y The proportions of different elasses of segregating families.

Actualiv only the first two measures are avaitable, sinee, so far as
the present authors are aware, no method has been devised for equably
soparating dillerent Mendelian segregaling clnasses {rom a mixed
population. The method of subjecting each segregating family to
a x° Lest for two rntios and assigning the family to the class that it
most nearly approximales may {except by chanee) lead to a false
interpretation

A total of over 16,000 E, plants from the cross Geneva Red Kidney
X Corbett Refugee have been inoculnted with beta.  Most of these,
14,518, represent 307 families [rom T, plants classified in the field and
verifiod in the greenhouse.  Smaller groups of ¥y lamilies from plants
classified in the greenhouse wore verified both in the greenhouse and
in the field.  The families varied in size from 6 to 269 individusals end
averaged 47.

Thirteen of the Iy families wore from plants classificd as susceptible
in the ficld and ench proved to be all sugeeptible in the greenhouse,
The remaining 361 [nmilies were from plants resistant in Iy it is
thevafore possible to consider only the ratio ol all-vesistant tosegregating
familics. On that basis the dala conform witl the 63:1 hypothesis.
According Lo a 63:1 hypothesis, IFy families should oceur in the ratio

11t woull be innpproprinte here to diseuss {he mpihematienl basis for relection of the moethod. The

objectlon 1s based, Bowever, an eprars iittrad et by the zone of overiapping of two distribulion systems, ag
represented by & bitnodal frequeney ¢urve involving percontuge elasses (o7 rotios).
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of 37 all-resistant to 26 segregating to 1 all-susceptible. Actually the
37:26 ratio is realized in table 3.

The ratio of resistant to susceptible plants in al] scgregating families
combined does not conform satisfactorily to the 63:1 ratio. According
to o 63:1 hypothesis the segregating families would be 6/26, 48:16
(3:1); 12/26, 60:4 (15:1); end §/26, 63:1; and the combined ratio of
resistant to susceptible plants would be 378:38. The observed data
(table 3) show a significant excess of suscepiibles, or 731 where the
caleulated number would be 601 out of a total population of 6,585.
Perhaps it should be pointed out that the cxeess of suseeptibles, al-
though highly significant from a statistical standpoint, involves only
about 2 percent of the total population.

ToLERANT ¥ TOLERANT

Ameong the 15 parent varicties and scleetions, there were 3 that were
classed as tolerant to the beta anthracnose fungus (table 1). Seven
¥, plants from the cross Corbett Refugee X Great Novthern were
inoculated with beta. The F, plants, as well as the parents, were
tolerant to beta. -

Segregation in Fs was us shown in table 4. Although an excellent
15:1 rotio is obtained by combining all resistant and iutermediate
plants into one class, the 13:2:1 ralio is more satisfactory in that it
associates the plants classified as intermediate with o definite genotype.
According to the authors’ interpratation, beta resistance m the cross
Great Northern X Corbett Refugee {ollows o modified 13:3 ratio, in
which the two 21A’bb genotypes are partially susceptible whereas the
one A’ A’bb genotype is fully susceptible.  Na Fy data are available for
this cross.

TaRLE 4.— nheritance of vesisianee lo beta in the Fy generation of the cross Greal
Narthern X Corbelt Refugee

157 1 ratio ! 13:2:1 ratio

Infection type : Total . ; ) i
i | Observed, %&ER" 1o P _.rObs.cr\'mi; {;:::3 :

v :
. Meanber | Nuwwaber

C Number | Number  Nimber
. W 5?0].. I ]{ o
35 8. :

@ I

608 605 0,178 | 070 -}_"' 608 I‘Gs" Ty

12 degrees of ireedorn.
SUsSCEPTIBLE X TOLERAXT

Susceptibility was deminant in the cross Dark Red Mahogany X
Great Northern and the reciproeal; 7y plants in the ficld were all
susceptible to beta, A progeny test of 222 random K. plants confirmed
the observation that susceptibility is dominant in this cress (fig. 2)
and incidentally tends to strengtlien the belief, expressed in the dis-
cussion of rvesistant X susceptible crosses (p. 6), that Dark Red
Mahogany carries 1 dominant susceptible pair of factors.

The actunl segregation of bota renction does nol conform to any
simple Mendelian ratio. Of the 222 families, 5 were all resistant, 169




Ficure 2.—F; segregation in the susceptible X tolerant cross: A, The tolerant parent; B, the susceptible parent; C, two all-resistant
families; D, seven segregating families; E, eight all-susceptible families.
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segregated, and 48 were all susceptible. In the segregating families
the proportion of intermediates was high, and there was slmost com-
plete intergradation of infection types ranging from dead to com-
pletely resistant. The individual ratios observed among the segre-
gating families suggest a 15:1 type of inheritance, but ghe number of
segregating families is excessive, It is possible thatl 3 pairs of factors
are segregating in the cross, and that certain of them are cumulative
in effect.

- ISTERPRETATION OF BETA

1n the inoculations with the beta anthracnose fungus on nine inter-
varietal crosses there were obtained in the F, generation five possibly
different Mendelian ratios, some of which scem to be wholly incom-
petible (fig. 3). The three ratios, 3:1, 15:1, and 63:1, all supported by
F, data, are adequately explained cn the assumption that there are
three independent pairs of factors controlling bete reaction, with
resistance dominant. But subsidiary evidence, based principally on

GREAT NORTHERN GANADIAN WONDER

GORBETT REFUGEE DARK RED MAHOGANY

PERRY maRROW—2L U Ne, ——3+-— GENEVA RED HIDNEY

TFiauRe 3.—The Fs ratios obtained when seven varvieties were intercrossed in nine
direetions and the crosses were inoeulated with the beta anthracnose fungus.
The ratios for the following crosses are supported by Fy data: Corbett Refu-
gee X Perry Marrow, Corbett Refugee X Geneva Red Kidney, Perry Mar-
row X U. & No. 1 Refugee, and Geneva Red Kidoey X U. 8. No. 1 Refugee

F, data, indicates strongly that the interpretation of beta inheritance
will need to include factors dominant for susceptibility as well as for
resistance (the 13:3, 11:5 ratios, and the Dark Red Mahogany X
Great Northern cross). It would need alse to account for the presence
of intermediate grades of injury and inclnde certain genotypes that
are peculintly susceptible to environmental conditions. Since there is
never any evidence of more than a trihybrid segregation, the factors
should probably not extend beyond three allelic series. To be fully
useful'such an explanation should provide & basis for predicting the
results of crosses not yet made.

After rejecting many tentative hypotheses, one involving three
series of allels combined with geue mteractions at two points was
selected as one of the few which would explain all the data at hand and
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still provide for fixity of gene action. The allelic series would be
defined as follows:

A series 4 B series C sevies+
A= R (dominant) B=R (dominant) C (zlone or with A’, (¥, or
A’ (alone or with (h=8 &’ {alone)=48 B=8
A’ (with B' or ")=R B’ (with &', ¢, or C)=R C (with 4 or B')—R
a==3 {recessive) b=8 (recessive) C’ (alone or with (N =8
C (with 4° or BY=R
e=N5
e'=8
A series of genotypes - B series of genobypes C series of genotypes
AA'=FR : BB =R CC' =8
Ade=R Bb=R Ce=8
A'e=8 Bb=8 Ce'=R
Ce=8
Ce'=8§
ce' =R

With the 10 factors in 3 series, 36 homozygous genotypes are
possible—11 susceptible and 25 resistant. If the §2:9 type of in-
heritance, first ocbserved in the F, generation of the Corbett Refugeex
Geneva Red Kidney cross, should be proved invalid, it would be
necessary only to eliminate the hypothetical gene ¢’ and consequently
the interaction between ¢ and ¢’, which was introduced to account for
the 62:2 ratio. It should be borne in mind that the gene hypothesis
is offered only to show the sort of set-up that would be required if all
the data are to be interpreted along Mendelian lines. The possibility
of non-Mendelian inheritance, in certain cfosses at least, is not ex-
cluded. Tt is possible also, and perhaps even probable, that the
Corbett Refugee and certain other parental varieties have introduced
lethal or semiletha] genes that upset normal ratios to such an extent
s to make a factorial interpretation too difficult,

The F, ratios that would be expected, according to the hypothesis,
when 22 of the 36 possible genotypes are intercrossed, are shown in
table 5, and the 9 beta-inoculated erosses from which the hypothesis
i8 constructed are outlined in figure 8. If the 7 parent varieties are
fitted to their appropriate genotypes in table 5, there is presented a
working hypothesis for predicting the results of many future crosses.
Table 5, however, should be regarded only as an illustration of how
predictions might be made and not as & serious attempt at making
them, because the parental genotypes shown are tentative and would
not be completely known until ali possible intervarietal crosses had
been made.

1 Bymbols B=resistant and Sw=susceptibie, as cxplained an . 5.




TABLE 5.— Theoretical F, ratios from all possible intercrossings of 22 of 36 possible genotypes, including tentative genotypes
of 7 parents tesled for resistance to bela

Segregation ratio or Injection type for indicated genotype! Parent of
e - - e e e - o rm'ossc;sttested

[ B ! or resistance to

Genotype |41 19{ 13 17 |18 ‘ i 21 |2 | 2 25 | beta

constitution !

12:4 { : }15:49 { ) 577 : Corbett Ref-
. ) ugee.

: }15:1 11 47:17 5:1] 59:5

13:3 : : 3:1

R : : R 13:3 1
15:1 : : R 51:13 : : }Grent North-

R| R 51:13, 63:1 }nm:x 63:1
" ’ R sn, 63:1
Advbee..., |-} Rl sps | 631 {02:2
raragee | 8| 3 al 3a
L avaBBee | 13:3
A’A’BBcc. ... AU T R|?13:3
A A'BBe . g e 15:1
wrappec
sappec.
P ATATR Bec R
Aapmee ||| , S 0| LR
L ATA’BBCC 1 1. R R I:3
ATABC G . [ R TR S I RN PR T R 7 15:10 1531
A'A’bbec B TS T ISTRSR IR AN AU DUUUN USROS UURUI ISR I : : }15:1 51:13

. . - : 63:1 .
Pasbee AP IR FORURH S I e af srnf 190 { faigfsrinn
' aaBBCC: . ;. .| .| . . oo . . A . H 3:1] 13:3
“aaBBC'C' .. .)...| o |- ] SN EUURR I N 1333 R
‘.aaBBec. ... . o Y ST . . 3:1] 15:1

:(mBBc’c" . U U [P B PR L l551}15:1

‘aaB'B'CC.. .. - T I _ R AN R : : .
30 : aaB'B'C'C' .| . e S . U SO I I . R Canadian

31 B'B Wonder.
caaB'B'ce ....]..
32* aaB’'B'c’c’. ...

orn.

R| 50:5 Geneva Red
| Kidney.
51:13 R R H Perry Marrow.

63:1 Rl R
15:1{ }15:1. 16:1

15:11 15:1

3:1{351:13| 47:1 Dark Red Ma-
hogany.

15:1

13:3
R

ERE R R R T T A 1)
——
B i o
—

— LS detnhdaln O3

}U. 8. No. 1
Refugee.

SNVAE NI FONVISISIdY FSONOVIHLNY

' Genotype numbers of susceptible genotypes aro showti in bold face arid genotype constitutions in bold-face italic.
3 Ratios actually obtained with beta anthracnoss.
3 Supported by F: data.
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INHERITANCE OF RESISTANCE TO GAMMA
REstsTANT X SUSCEPTIBLE

The three resistant by susceptible crosses probably involve simpic
monobybrid and dihybrid types of mheritance, although better fits are
obtained when more complex gene systems are hypothesized (tabie 6).
The ratios, 13:3, 11:5, 57:7, all suggest the existenee of either fixed
dominant susceptible genes or an unstable dominance of resistant
genes. The ¥y data are from inoculations made in the greenhouse at
a time when no facilities were available for earrying plants to maturi ty,
conscequently Iy data were not obtained.

KEsIsSTANT 3 TOLERANT

Only three F, plants from resistant X tolerant parcrits {sclection
No. 3 X Great Northern) were tested and all were resistant,  Five
crosscs were tested in the F; generation and five different ratios were
obtained (table 7). A significant difference appeared m reciproculs of
the Corbett Refugee X Perry Marrow cross, 14:2 in one direction and
13:2:1 in the other. Reeiproeals were combined in other erosses. The
populations were adequate in size and the segregation of fully suseep-
tible plants was wnusually distinct; the evidence therefore indicales
that the five parental varietics represent five different genolypes.

TABLE 6.— Inkerilance of resistance lo gamme in the F, generalion of the crosses
resistent X susceplible or the reciprocal

; ! ' N
. [ : Observed i Rolio l !
Cross i Total ) segregalion } testod - x! i i~
: L SN S
Number i j e |
: - - 3 . X .y . G770y 1L 0.3
8aleetion No. 3 X Boston Marrow . ___ M ATR fAN S 1{ ML Taste ol
Boston Marrew X sunall Witite I o oweaas 0 Fay e L0
Th . . . 3:1 2,754 i
Small White X Dark Red Muhogany... ] w weras .. 3 2B 00
i .

I *=8ignificant at 5-percent isvel.

Conccivably the tolerant parents carry unstable genes that are
particularly susceptible to environmental effects ‘or are peculiar in
their interactions with other allelomorphs. The important effect of
environment is suggesied in the unusually lacge number of inter-
mediate grades of disease reaction.  An interesting observation is the
fact that selection No. 3 (table 7, ¢ross No. 5) scems to carry no
recessive gene or genes for suseeptibility to the gamma anthracnose
fungus.

Ar apparent difference in reciprocals of the Corbott Refugee X
Perry Marrow cross (No. 2, table 7) is possibly due to the small popu-
lation in the one direction. Combined reciprocals give a fairly satis-
factory 14:2 ratio, a type of inheritance discussed more fully on
page 19. F; data from the Corbett Refugee X Perry Marrow cross
tend to support the 14:2 hypothesis, whicli is based on interaction of
two susceptible genes.

A total of 82 families were studied in the F, gencration. According
to the 14:2 hypothesis, & random sample of F; familics would be all-
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TanLe 7.—Inherilance of resislance to gamma in F; and F; generations of the crosses resistant X tolerant or the recipfocal
f ! Fs famites!

F; plants

Distrlb Pt;ptrllatlon
) riba-i x* of segre-
AU'S tion x? gating
famillies

No. dnd cross

Clagsificationin Fa | AU R Seglr:éznt-

Observed segregation” | x? for ratlo Indieated

Number | Number | Nuinber

SILR:ES
716 R 100 8-

0,827 (63:1) ... - .
L0044 (14:2). . I . S
2§ R A8 11 14 8 1.820 (1352 ) camecnn . JE e O R

e s | rasR D e L } 1,741 8 4440
T 1156

3. Great Northern X Small White and reciprocal .. LW R8BS . 018 (1631) . ceunmnns ¢ R T F } $ 3,408

333 R 205 S 2,524 (9:7) } 13,240 ¥.108
411 R:0 8 eomr i . -

1. Small White X Corbett Refuges.......<osvisuais
2. Corbett, Refugee X Perry Marrow.
Pesry Marrow X Corbett Hofugee

Combined .. ....o.c..o oo
¢ 11, 634**

4 Great Northern % Perry Marrow and reclprocal. ..
5. Selection No. 3 X Great Northern ... ... -

1 *=Significant at 5-percent level. **=Signiflcant at 1-percent level

1t Based on 43 10 ratio.

s Hetcrogeneity x? for reciprocals=11.128, whieh is Just beyond I-percent level.
+ Based on 4:10:2 ratlo.

# Based on 7: 8 ratlo,
8 Rased on 27: 5 ratio,
* Based on 1:8 ratlo,
£ Based on 21: 11 ratio,

TABLE 8.~ Inheritance of resistance to gamma in Fy and F generations of the crosses susceplible X tolerant or the reciprocal

F, plants ! | F3 familles

Population
x? of segre-
gating
families

No. and cross Distri-

Observed segregation Classification AR gr‘fﬁ',fg ans | bution

Number | Number | Number
Class 8. ceivicunn e 0 8

Class R (classified
in field).

SNVAS NI EONVISISHY dSONOVUHLNY

- . 10.060.... .
Corbe{t Refirgee X Qeneva Red Kidney and recip- PATRI20S. . {‘ \33‘.‘.(‘%‘11"
r

rhett S1,082 R: 58 ... { }

Corbett Refugee X Dark Red Mahogauy.. e MIR WS .
. Corbett Refugee X Perry Marrow selection. .. 28 R: 541: 30 S...

. Boston Marrow X Corbett Refugee. .. ... .- 172R: 368 ...

Canadian Wonder X Corhett Refugee........-- MWIR WS L
Perry Marrow selection X Great Northern. 18 R:.518 ... ..

1 *=8ignificant at 5-percent lovel. **= Significant at 1-percent level. + Based on 15:1 ratio, * Based on 738 ratlo, 1¢ Based on 13:3 ratlo,

1 Greenhouse test.
3 Based on 14:2 ratio.

¢ Field test,

¢ Omitted from x?! caleulation.

* Based on 27:5 ratio,
® Based on 1:2;1 ratio.

1l Based on 3:1 ratlo.
13 Based on 1:3 ratio.

ok
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resistant to segregating to all-susceptible in the proportion of 4:10:2,
The 32 familics from plants not classified in the ¥, genervation (table 7)
constitute an unbiased sample, and they give sn excellent approxima-
tion of the 4:10:2 ratio. The samples from plants classified in Fy also
support the 14:2 hypothesis and mcidentally show s tendency for
certein heterozygous genotypes to give an intermediate discase
reaction, whereas the presumably homozygous resistant genotypes are
less often represented in the intermediate grades,

The second measure of goodness of fit applied to the ¥y data is
based on the assumption that in the 14:2 inheritance the segregating
families would be of three classes: 2/10,1:1; 4/10, 3:1; and 4/10, 14:2.
From this it can be caleulnted that the total of resistant and sus-
ceptible plants in the segregating families would be in the ratio of 3:1.
The obscrved data (table 7) approach this caleulation with a fair
degree of accuracy, being ontside the 5-pereent point of probability
but within the 1-percent point for | degree of froedom.

The meager F; data [rom the Small White X Great Northern Cross
scarcely support the 15:1 B, hypothesis. The 34 familios {cross No.
3, table 7} were all from parents classified in tho I% generation, and
since the elasses are not representod in their trup proportions, the ratio
of all-resistant to segregating familics would not he expected to con-
ferm to any caleulated ratio: actually the deviation probability is still
within the 5-percent point for a 7:8 ratio. The data indicate also
that plants giving the intermediate reaction (I} are predominately
heterozygous and that dominance is incomplete.  Considering the
fact that the proportion of 7 plants varies enormously even in differ-
ent samples from the same cross, however, it could be coneluded that
dominance of certain genes at least is extremely variable.

The second measure of goodness of fit applied to the Small White X
Great Northern F; date shows an excess of susceptibles in the cal-
culated 27:5 ratio (table 7). This is insufficient to invalidate the
15:1 Fohypothesis, in view of the small numbor of families and the small
family size. Families varied in size from 11 to 74 and averaged 30.

When the same measures of goodness of ft are applied to I, data
frem the Great Northern X Perry Marrow cross, excellent support
for the 9:7 F, hwpotlicsis is obtained (table 7). The F, phenotypes,
B and I, are represented in approximately their observed proportions,
and the ratio of sll-resistant to segregating conforms to the ealeulnted
1:8. The ratio of total resistant to total susceptible in the 40 segregat-
ing families conforms to the ealeulated 21:11 ratio based on an equal
number of 3:1 and 9:7 families. The actual ratios obscerved in the
separate Fy families were quite variable, but heterogenecity x? cannot
be used here. It is probable that considerable fluctuntion of dominance
was taking place in this cross, due perhaps to the presence of a single
unstable gene from the tolerant parent.

TOLERANT X SUSCEPTIBLE

Of 21 F, plants tested in the greenhouse, 2 showed a degree of leaf
flecking comparabie with that on the Corbett Refugee (tolerant)
parent and 19 showed no injury.  Onocross, Corbett Refugee X Genova
Red Kidney, was tested in both field and greenhouse in the F, gener-
ation, and g significant difference in the proportion of susceptible plants
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was noted (table 8). Intermediate phenotypesthatsegregate outin the
greenhouse usually fail to show up in the field. No significant differ-
ence was cbta,ine(f in reciprocals, which were therefore combined.

Although great variability charancterized the tolerant X susceptiole
crosses (table 8), it should be observed that the tolerant parent was
the same (Corbett Refugze) in five crosses, and probably is the source
of any unstable genes. The sixth cross, with Great Northern as the
tolerant parent, 1s unique in that susceptibility to gamma is domi-
nant over tolerance or resistance, an observation that has since been
verified in the F, generation. An earlier instance of dominance of
susceptibility was described in the study of beta inheritance.

A clue to the cnuse of variahbility in disease reaction is to be found
in the Corbet$ Refugee X Geneva Red Kidney data in which the cross
and reciprocal were ot represented in comparatively large numbers.
No significant differences were observed between the cross and recip-
rocal, but a highly significant difference occurred hetween greenhouse
and fleld data in both the cross and the reciprocal. It can be said
with a reasonable degree of certainty, therefore, that environment
is sn especially important factor in reaction to anthracnose where
certain genotypes are involved.

It is unlikely that the 14:2 ratic is one that might be expected to
occur by chance. The F, data presented are compounded of numer-
ous samples acquired on different dates and from different individual
parents. The 14:2 ratio recurred with remarkable constancy in the
different samples of greenhouse data. It is probable, therelore, that
a certain amount of fixity of gene action is involved in the 14:2 ratio
and a hypothesis involving interaction of two suseeptible genes (p. 14),
would suffice to explain this peculiar expression of inheritance,

Of 75 F, plants of Corbett Refugee X Geneva Red Kidney parent-
age classified as susceptible in the field, 53 were grown to maturity.
The 53 families ranged in size from 9 to 232 and averaged 43 plants
each. Of 1,082 F, plants classified as resistant in the field, 321 were
grown to maturity. The 321 families ranged in size {rom 10 to 232
but averaged 56. A total of 20,274 plants are included In the Fy
analysis.

Of the 53 families from plants suseeptible in the field, 8 were defi-
nitely heterozygous. These are considered to be due to error in
field classification. Sixteen other families contained & small pro-
portion of resistant plants which is attributed to ecross-pollination
in the field (the B plants being of the K, gencration), known to occur
to the extent of 5§ percent or more under favorable circumstances.
Families from parents susceptible in the feld therefore segregated
45 homozygous susceptible to 8 heterozygous.

F,; data obtained in greenhouses at the United States Regional
Vegetable Breeding Laboratory, Charleston, 8. C., with 321 families
from resistant parents failed to confirm the 14:2 hypothesis for F,
greenhouse reaction obtained at the United States Horticultural
Station, Beltsville, Md. On the contrary it is rather plain (table 8)
that ¥y families segregated according to a 15:1 type of inheritance,
which would correspond with the F, field data obtamned at Beltaville,
One irregularity in the 15:1 interpretation is the presence among 321
families of 8 all-susceptible families, whercas none were expected.
The occurrence of 8 all-susceptible among 321 families indicates an
error of 2 or 3 percent in field classification in the ¥, generation,
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Also, the distribution of segregating families is not the bimodal
distribution thot would be expected if only two classes were present
(3:1 and 15:1); instead there is an excessively large number of families
intermediate between 3:1 and 15:1 that fail to approximate either of
those ratios (fig. 4). The multimodal distribution suggests that there
msy be as many as six segregating classes. However, considerable
variability among progenies must be expected even from & regular
15:1 inheritance.
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SUSCEPTIBLE (FERGENT)

F1GURE 4.—~Frequency distribution of 169 F; segregating families from the eross
Corbett Refugee X Geneva Red Kidney arranged accord ing to percentage elasses.
Significant numerical ratios are superposed at their approximate percentage
classes,

It is likely that certain genes, probably derived from the Corbett
Refugee parent, are so susceptible fo ‘environmental effects that
variability in anthracnose reaction occurs not only between preen-
house and field but also between greenhouses situated in different
climatic areas. With such material one can seareely hope to approach
a correct analysis of the parental genotypes in respect to anthracnose
reaction. It is probable, therefore, that the factorial interpretation
cannot be applied to the Corbett X Geneva Red Kidney cross inocu-
lated with the gamma anthracnose fungus without introducing &
number of dubious hypotheses.

SUSCEPTIBLE % SUSCEPTIRLE

Samples of F, populations totaling 263 plants from 4 crosses of
susceptible X susceptible were all fully susceptibie to gamma in the
greenhouse. No field tests were made. The crosses were U. 8.
No. 1 Refugee X Geneva Red Kidney, selection No. 1 X Geneva Red
Kidney, Perry Marrow selection X U. 8. No. 1 Refugee, and Boston
Marrow X selection No. 2.

INTERPRETATION OF GAMMA

The assortment of ratios obtained in intervarictal erosses inoculated
with beta is paralleled by the gamma data. The similar character
of the ratios would seem to indicate that the same genetic principles are
operating in the inheritance of resistance to both forms of the disease.
For example, 3 pairs of independent factors are all that seem to be
operating in any one cross; there is evidence of dominant factors both
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for resistance and for susceptibility; the 62:2 ratio obtained with beta
in the F. gencration of the Corbett Refugee X Geneva Red Kidney
cross (greenhouse data) is supported by the 14:2 ratio obtained in
F, with gamma with a similar deviation in Fa data; finally, if there
are only 3 series of allels. in order to account for the different ratios in
different parental combinations there must be more than 2 allels in
each serics. It is not surprising therefore to find that the system of
10 allels in 3 series. which sufliced to explain the beta inheritance,
would suffice also to explain the inheritance of reaction to gamma.

If the assumptions made regurding the anthracnose gene system
have any basis in facl, there would scem to be 2 clear indication that,
in any one hean variety, the genes that control renction to beta and
those that contrel reaction to gamms are identical, but that their
influrnce on the host-parasite inferaction is different i respeet to the
two forms of the pathogen. Proof that the sume gene or genes are
actually operating in the control of renction to more than one form of
the pathogen would be havd to obtain.

INHERITANCE OF RESISTANCE TO DELTA
RESISTANT 3 SUSCEPTIBLE

Bight crosses of resistant < susceptible parents were tested with
deltn. Twentvosix I, plants from three erosses were all vesistant,
Five of the cight crosses segregated 3:1 {table § In F. and three
crosses searegated 9:7 (table 10).  Four of the 3:1 crosses and one of the
9:7 crosses wore carvied through Ty, The five 3:1 crosses still give a
3.1 ratio when combined, and no heterogencity is indicated. The
gencs segregating are not necessarily the same it all five erosses, and
it is conceivable that certain of them are more suseeptible to environ-
mental cffects than others.

The I, data for the 3:1 crosses conform sutis{actority to the mono-
factorial bypotliesis at most points. Families [rom unclassified
parents are the only reliably random samples, and in each case these
approximate the 1:2:1 ratio of allresistant 1o segregating to ail-
suseeptible families (distribution x*. The measures ol goodness of
fit applicd to the combined segregating families show them to vary far
hevond the normal expectation.  Ltis prabable, however, that where
variubility in expression of o character is high, as in the case of discase
reaction. one must especialiy rely on the distribution of the F; lamilies
and place very little emphasis on the variations within those families.

The 9:7 ralios are represented in the Fy generation only by the
Small White X Great Northern cross.  Over 1,000 families from this
cross (including reciprocal) were tested in I The comparatively
Taree amount of Fy datn was abtained in order to clarify the apparent
offoct of direction of eross on proportions of phenotypes evident in F..
However, the Fy data revesled a certain amount of misclassification,
and when an appropriate correction is applied to the original (F.) data
the resulting ratios ave brought much closer to a caleulated 9:7 ratio
{lable 10), and the apparent difference between reciprocals becomes
less. That a difference hotween reciprocals still exists is further indi-
cated by the tendeney for misclessification lo occur to & greater
extent in the susceptible X resistant than in the resistant X suscep-
tible cross.




TABLE 9—Monofactorial inheritance of resistance io delta in F, and Fy gencrations of crosses resislani 3%

A2

susceplible or the reciprocal

No. and cross

Fj plants

¥; families !

Observed segrega-
tion

Classification in Fy

AllR

Segre-
gating

ANS

Distribu-

Population
x1of Fa

segregating
families

Hetero-

tion x? geneity x?

Total x*

1. Small White X Corbett Refugee...

2. Small White X Robust and reciprocal

3. Small White X Boston Marrow and reciprocal ...

4. Selection No. 3 X Boston Marrow

and reciproeal. .

5. Selection No, 2 X Kentucky Wonder Wax

Combined (5 crosses). .

344 R: 116 S
1979 R:645 8. __

800 R:264 S
77T R3S e
229 R:65 S e

3438 R 1,123 S_. ..

Unclassified. ... ..

Number| Number,
18 31

Unclassified. .. ._. 8
Class T.........ol 12
Class Rand 7 70

Combined. ..
Unclassified. ...

Unclassified

144

Number
11

0. 809

. 27.312
132, 030°¢

181. 562

28, 120
213. 601**
50. 046

"I, 655

{Unc]nssmod

Class R and 7 327

3 Based on 1:2:1 ratio, i Based on 1: 2 ratio.

**==Significant at 1- ent level,
Significant ag L-percent love 4 Omitted from x? ealenlation.

} *==Significant at §-percent level,
1 Based on 3:1 ratio,

TaBLE 10~ Bifactorial inheritance of resistance to della in F, and Fy generations of crosses resistant X susceplible or the reciprocal

F3 (433 segregating

F1 (173 unclassified families) familics)

Fiplants!

No. and cross

Distri-
bution x?

Resistant
plarnts

Susceptible

Segre-
plants

gating

Segregation Al R AllS

6. Small White X Great Northern:

Adjusted for 4-percent escape. .
Reciprocal:
Observed. et ...
Adjusted for 7-percent escape._
Direction of cross uncertain:
Observed. ...
Combined data:
Observed.... “ .
Adjusted for 5.5-Percent eSCADE. . .., ol vnooa it ———
7. Selection No. 8 )i Great Northern and reciprocal:
Observed.. . o oiucee s oomeaiinis
8. Canadian Wonder X Corbett Refugee:
Observed -

Number

Number
7 86
10.8

86.5

Number
18, 204" 80
2,841

348,794
112, 058°

1,080

327,371
1,598

14, 330*
1,619

0, 107
20, 873.4

3,811 R:2,781 8,
3,687.4 R:2,931.6

875 12:455 § _.
813.8 R:516.3

286 R1220 8 .

5,002 R:3,465 S.
4, 726.9 R:3,740. 1

I3 R30S
133 R: 903 8

T *=8ignificant at 5-percent level. **=Significant at T-percent level. Bised on 9:7 ratio. 3 Based on 1:8:7 ratio.
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The only unbiased sample of F; families is that from unclassified
parents, and the calculated 1:8:7 ratio of all-resistant to segregating
to all-susceptible families is closely approsched (table 10). When
the segregating families are separately analyzed, however, it iz found
that susceptible individuals are occurring in & proportion greatly in
excess of that expected according to 2 9:7 type of inheritence. Since
the two expected classes of segregating families, 3:1 and 9:7, cannot
be seperated equably (see p. 18}, a calculated ratio of 21:11 (12:4-+
9:7) s used for the whole population {table 10). The observed ratic
deviates extremely from the 21:11, and the deviation was in the
direction of excess susceptibles in all samples.

Tinally, the frequency distribution of 433 segregating families, based
on percent of susceptibles in each family (fig. 5), shows distinctly the
expecied bimodal curve with s
modes in the vicinity of 3:1 (25
percent) and 9:7 (44 percent).
It 1s significant that the 9:7 por-
tion of the distribution is definitely
skewed in the direction of 7:9 and
that a faint indieation of » third
modal class is present in the vicin-
ity of 1:3, which may indicate &
tendency toward reversal of domi-
nance. (Obviously something is
upsebting the inheritance in this
cross, and since the deviation is
consistently in one direction the
possibility of reversal of domi-
nance seems likely. Such & hy-
pothesis would imply that certain
heterozygous genotypes, which of-
ten were ahzerved to give an inter-
mediate reaction in F,, are under
different environmental conditions
falling inte thke fully susceptible L
class. . The action of lethals could Froure 5.— Distribution into percentage

. o . classes of 433 Fi segregating fomilies
account alsc for the deviations In  from the cross Small White X Great
this cross, but no dircet evidence Northern and reciprocal. The modes
of the presence of lethals was found.  approximate 3:1 and 8:7 classes.

The Small White » Great Northern cross illustrates once again the
difficulties in trying to impose & strict gene interpretation of diseuse
reaction where there is an obvious shift in phenotype from resistant fo
susceptible or from susceptible to resistant as a result of differences in
level of infection in different samples. It is doubtfu] if any system of
modifiers, linkages, or gene interactions would explain adequately the
kind of variability that is experienced in discase reactions. %Yhere
seems to be a tendency for the inheritance of anthracnose reaction to
conform to Mendelinn principles, but the ordinary measures of proba-
bility will not encompass the degree of variability that apparently must
be expected when dealing with disense renction classes. Tt is assumed
that the Small White X Great Northern cross exhibits & 9:7 type of
inheritance, becguse the many samples of data tend to vary around
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FARILIES (NUMBER }
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that ratio and because no other simple factorial interpretation will
explain the results to & greater satisfaction.

SUSCEPTIBLE ¥ SUSCEPTIBLE

Eight crosses of susecptible X susceptible varietics were tested with
the delta anthracnose fungus in the ¥, generation. At the time these
tests were made the natural supposition was that all progeny from
such crosses would be susceptible te delta, and for that reason only
smell populations were sacriliced for the purpose (table 11).

A few apparently resistant plants niight occur as a result of escape;
plants with intermediate reaction, however, obvicusly were not
escapes and it is probable that higher grades of reaction are actunlly
segregating from cortain susceptible X susceptible crosses. Such a
resuit is not unexpected, sinee the 8:7 retios obtained in resistant 3¢
susceptible crosses (table 10) imply that one pair of dominant factors
for resistance to delta may be carried in susceptible plants.  Tf several
varieties susceptible to delta can carry among them different factors
for resistance to delta, the appropriate intercrosses should produce a
proportion of resistant segregunts.

The actual rafios observed in table 11 are unimportans, because the
populations are small. It may be borme in mind, however, that
ratios of 1:1 and 1:3 are predicted from susceptible X susceptible
crosses in the hypothesis first suggested in the discussion of beta
inheritance {p. 14).

TarLs 11.—/Fnherilance of resistance lo della in the Fy generalion 6f crosses sus-
ceplible X susceplible

Ohbserved segrogation
“Totrl T T

i
: Dlonts Resist- . Inter-  Buscep-
t ant moedinte tibie

No. gnd cross

i

Number | Number | Number | Number
i 10

1. Seleetinn No.§ ¥ Geneva Red Kidooy 0} ] n

2. Corbwett Hefugee X Porry Marrow_. . H 20 3 u! pd)
3. Boston Marrow X Qreat Northern. ... 54} V] o o
4. Creat Northern X Terry Marrow selept 120 . 1 3 125
5. U. 5. Mo, 1 Hefupoe X Uenevn Hed Kidoey_ . T 2 B! 20
8. Perry Marrow X U. B No. 1 Refugee . aas T B 5 | 50
7. Corbett Refugee X Genovae Red Kidnoy_ .. . T | 17 15 38
8. Peyry Marrow X Great Northern. ... ov e oeeceeeem e e 0 10 i | 0

i .

InrEreneraTION OF DELTA

According to the simplest explanation of a 9:7 inheritance, the
resistant parvent would be of the genotype AABR and the suseeptible
parent aebb. A 3:1 ratio would result if the susecptible parent were
of the genotype AAdb or aaBB, However, due to the fact that two
resistant parents (Cansdian Wonder and Small White) give 8 017
and 3:1 ratio, respectively, with the same suscaptible perent (Cor-
bett Refugee), it is necessary to suppose that there arc at least two
genotypes represented among the resistant patents; hence there
should be involved at least thice pairs of genes for deltn resistance.
Tt 1s interesting to note that the gene set-up proposed in explanation
of beta inheritance is not excluded in the ease of delts.  An extension
of table 5 would provide for a 9:7 ratio in the cross A'A'B'Bee!
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X aabbee and A’A'B'B'¢’c’ X aabbe’c and e 3:1 ratio in other ap-
proprinte combinations. Also the hypothesis anticipsates the irregular
recessive X recessive data desceribed in $he preceding section.

LINKAGE

There are only nine peirs of chromosomes it beans, and since genes
governing anthracnose resction sre carried on at least three chromo-
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BETA j t GAMMA
378 FAMILIES WHOLE POPULATION 398 FAMILIES

RESISTANT FAMILIES
B2 SEGREGATING FAMILIES
BB suscerTiBLE FAMILIES
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Fiaure 5.—Correlation between F; sced-coat color and susceptibility to beta
and gamme anthracnose fungi in the F; generation of the cross Corbett Ref-
ugee X Geneva Red Kidney and the reciprocal.

somes, the probability is high that linkage is involved in some of the
intervarictal crosses made during the course of this study. Most of
the irregulerities observed in discase reaction, however, were of &
sort that eould hardly be due to linkage, and it is concluded thet, in
spibe of probabilities in its favor, linkage is not invelved to any
important extent in the inheritance of anthracnose reaction.

In certain crosses date were taken on seed-cont color, among the few
chervacters in  addition fe snthreenose resetion. Linkage wss
observed between red seed-coat color and suseeptibility to the beta
and gamma anthracnose fungi in the cross Corbett Refugee X Geneva
Red Kidney and the reciprocal. The involved genetics of both
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characters (seed-cont color and enthracnose reaction) makes ealcula-
tion of the actual percent linkage especially difficuls by the usual
methods, but the fact of its oecurronce is demonstrated arithmetically

in figure 6. .
DISCUSSION

It would scem to be self-evident in the field of plant brecding that
any vegetable as highly devecloped and interbred as, for example,
tomatoes, melons, peas, and beans would possess extreme intervarietal
heterogeneity in respeot to genotypes, and that any study of inherit-
ence based on the results of & single intervarietal cross, or even few
crosses, would set forth a small fraction of the information pertaining
to the species. The present study, based on only 30 intervarietal
crosses and representing only 15 out of a possible 200 or more varisties
of beans, amply demonstrates the heterogencity of genotypes in
respect to one charnctor, anthracnose reaction.

Maeny difficulties were encountered in trying to apply a factorial
interpretation to the bean anthracnose data, Certain crosses would
not conform to any such interpretation. The question arose: should
the factorial interprotation be rejocted because some crosses do not
conform to uny simple Mendelian type of inheritance? The situation
is perhaps similar with many plant discases.  Although it is ‘probable
that discase reactions are subject to gene countrol, the tendency
of phenotypes to shift from one reaction class to another in response
to differences in level of infection at times would render & factorial
interpretation practically invalid. There has been proposed here a
Tactorial mterpretation that will account for most of the irregularitics
observed in the bean anthracnose data, but the future usefulness of
the hypothesis remains to he determined. It is assumed that a cer-
tain cross exhibits o 14:1 type of imheritance, for example, beeause
meany samples of data tend to vary around that hypothesis and beeause
no other interpretation will explain the results with a greater degree
of satisfaction. At the same time it must be observed that the
ordinary measures of probability do not countenance the degree
of variability thet apparently is to be expeeted when dealing with
disease reaclion clnsses,

Gengtiie studies based on one or a fow intervarietal crosses have
often led to an impression that the charpcters in question are con-
trolled by one or two simple Mendelian factors when a broader survey
of parental material might reveal many excoptions. The carliest
study reported on the inheritance of resistance to anthracnose in
beans was based on five intervarietal crosses mvolving six varicties
(6, 7). Resistance to alpha anthrnenose was found to be control-
led by a single dominant Meudclian factor. Dihybrid ratios were
obtained only when alphie and beta were both present in the inoculum.,
Fortunately the research was continued, and, in two intercsting and
important papers (8, 9), Schreiber was able to give evidenee of the
operation of not less than cight pairs of factors in the determination
of anthracnose reaction.

Sclireiber’s eonclusions were based primarily on 2 intervarietal
crosses involving 3 parental varicties, with a total F, population of
1,032 and F; plants Lo the number of §,520. His technique was to
inceulate samples with 1 physiological form of Colletotrichum lindemu~
thignum and with mixtures of 2, 3, and 4 physiological forms. A
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monohybrid ratio was obtained in the sample inocuisted with a
single culture and dibybrid, trihybrid, ete., ratios when 2 or more
strains were used in mixed inoculum.

The present authors were led tie roject the mixed-inocuium Sechnigue
because I some preliminary experiments two physiclogical forms
{slpha and beta) in mixed suspension seemed to experience gn interac-
tion which influenced the host response. A phenomenoh probably
of a similar nature has been described by Leitzke (5). The experi-
ments have not continued far enough to determine the nature of the
interaction but only far enough to demonstrate that an important
element of uncertsinty exists in the use of mixed cultures of the
anthracnose fungus. The writers were not inclined to reject Schreiber’s
conclusions, but it secmed desirable in the projected research to an-
alyze the inheritance of resistance to each physiologicalformseparately.

In respect to the likelihood that there are o relatively large number
of Mendcliap factors concerned in the inheritance of anthracnose
reaction the present data tend to confirmm Schreiber’s findings, but
uncertainty exists, at least in some instances, 8s to whether the writ-
ers are dealing with simple Mendelian factors only or with a complex
of cytoplasinic and external envirovmental foctors as well.

Contrary to the previous observations on the inheritance of anthrac-
nose resistance {I, §, 7, §, 9, all of which agree that resistance to any
single form of Colletotrichum lindemuthianum is controlled by & single
dominant gene, the present results bring to light a variety of dihybrid
and tribybrid types of inberitance as well. Several of thesc were
studied on an extended scale and leave no reason to suppose that they
represent only deviations from simpler Mendelian ratios but that they
faithfully reflect a complex mode of inheritance.

Three forms of bean anthracnose were investigated separately, and
the conclusions, based only on those crosses that were represented
by both F, and Fs data, are as follows: Control of reaction to each of
the 3 forms of anthracnose rests in not less than 3 pairs of allels in not
less than 8 allelic series. Supplementary evidence based on Fp data
alone or on ¥y dats alone indicate that in addition to the 3 dominant
resistant genes there is 1 dominant suseeptible gene opersting in
relation to forms bela and gamma. Also a peculiar 14:2 ¥, ratio,
apparently well-substantiated by F, data, requires the action of an
additional gene pair to explaiu fully the inheritance of reaction to
gamma, A tentative hypothesis involving 10 genes in 3 allelic series
will apparently satisfy all the data. _

The very existence of & large numbet of physiologic forms of 2
parasite would seem to call for a corresponding multiplicity of geno-
types among the differential varieties of the host. This assumption
is borne out in the data for 8 physiologic forms of the anthraenose
fungus on 15 varicties and selections of garden bean. The data
permit gssigning a theoretical genotype to only o few of the parental
variebies.

Table 12 iHlustrates how the genotype of § varieties will need to be
expressed in order to explain the ratios obtained both with beta and
with gamma anthracnose pathogen. Corbett Refugee reacts alike
to forms beta and gamma, and its presumed genotype is the same for
both. Great Northern is tolerant to both beta and gamma, and its
caiculated genotype shilts in one series {rom ¢ b0 C’, both of which
symbolize susceptible genes that differ only in their interactions with
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two other members of the same allelomorphic series (see p. 14). The
remaining three varieties are resistant to form beta and susceptible to
gamma and in each case there is a shift in symbolic expression from a
-Tesistant to a suseeptible genotype.

Tapre 12.—Hypothesized genotypes of parental bean varielics in respect fo the bela
and gamma forms of anthracnose

Varlety or selection Pafthugen Qenotypa

Corbeit Refuges.
Great Northern. _

Perry Marrow sel
(leneva Red Kidnay. .
Cenadian Waonder.

Do these difierent denominations mean that a different set of genes
is operating in the reactions to the two forms of the pathogen, or are
the same genes reacting differently to different environments fur-
nished by the two strains of the pathogen? It can be conceived that
a comparatively simple system of fixed genes could control reaction
to many or all forms of the parasite, and tEat their symbolic denomina-
tion alone would need to be altered in order to express the possible
different types of hosi-parasite interaction,

SUMMARY

The inheritance of resistance to three physiologic forms of Colleto-
trichum lindemuthianum (beta, gamma, and delta) has been studied in
intervarietal crosses of Phaseolus vulgaris. Fifteen parent varieties
and selections were used in 30 combinations, Inoculations were made
in field or greenhouse on 145 first-, about 32,600 second-, 108,000 third-,
and a considerable number of fourth-generation plants.

Parent varieties were resistant, tolerant, or susceptible. In crosses
of resistant X tolerant and resistant X susceptible, resistance was
always dominant. In two crosses of tolerani X susceptible, sus-
cepti%ﬂity was dominant in the I, generation and sebsequent genera-
tions.

A few resistant X resistant crosses segregated a proportion of
susceptibles; likewise certain susce]iutible X susceptible crosses segre-
gated a proportion of resistant plants. Tt is suggested that such
crosses offer the quickest way to ascertain the existence of hetero-
geneity of genotypes in host species.

Monohygrid and dihybrid ratios were obtained with all 8 forms of
the pathogen, and trihybrid ratios also were obtained with 2 forms,
A system of 10 genes in 3 allelomorphic series, involving both duplicate
and complementary genes for resistance, 1 dominant gene .for suscep-
tibility, and gene interactions at 3 points, is proposed ss the simplest
Mendelian hypothesis that will coordinate all the data for bets and

"gamms anthracnose. A simpler explanation (3 independent pairs of
genes) would suffice for delta, but the more complex gene system is not
thereby excluded.
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The hypothesis calls for 11 susceptible and 25 resistant parental
genotypes of which 2 susceptible and 5 resistant were apparently
realized in the beta data alone.

In certain instances differences were noted in the proportion of sus-
ceptible segregants as between greenhouse and field, between second
and third gencrations, and between reciproeals, It is considered that
one gene could be responsible for all the irregularities,

It could be presumed that the same genes are operating in respect
to all three forms of the pathogen, but that they exercise a modified
or reversed function, depending upon the form o which the host is
exposed. Although the genotype of any individual is strietly speaking
unchangeable, it would be necessary to express the disease reaction
genotype by different symbols expressive of the host-parasite inter-
action. On this basis the number of genes involved in anthracnose
reaction is not necessarily proportional to the number of physiologic
forms of the parasite.

Linkage was observed in one cross between red seed-coat color and
susceptibility to beta and gamma anthracnose.
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