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A GENETIC ANALYSIS OF RED SEED-COAT
COLOR IN PHASEOLUS VULGARIS"**

FRANCIS L. SMITH*

INTRODUCTION

SEVERAL VARIETIES of red beans are grown commercially in California.
The market grades of these beans are determined largely by variations
of the red color. The red changes to brownish red and brown after a
year or two of storage. The occurrence of brown beans in these red varie-
ties is considered by the trade to indicate old beans. Some varieties,
especially Red Kidney, are easily discolored by the sun during the har-
vest so that occasionally newly threshed beans appear to be a year old.

The present study is a genetic analysis of red seed-coat color in the
common bean (Phaseolus vulgaris L.) preliminary to a breeding program
that might result in the introduction of factors that would stabilize the
color of the Red Kidney variety. Commercial conditions are adverse to
the introduction of varieties with new colors. The breeding problem,
then, resolves itself into making more fast the red color without alter-
ing it. The ideal may be visualized as a color between the normal red
and a darker red, and it was hoped that such an intermediate type could
be developed. Crosses were made between red beans of several varieties.
This paper reports the results obtained from these experiments.

REVIEW OF LITERATURE

The common bean is world-wide in distribution and is represented by
hundreds of horticultural varieties with scores of seed-coat colors and a
number of patterns of distribution of color. The species hybridizes
easily. Therefore there is little wonder that the literature on the genetics
of this species is voluminous and polylingual. Since different workers
used different varieties and described the colors by various standards
there is little wonder that the results, too, are variable and often appar-
ently contradictory. There is no standard usage of symbols for the genes
which have been analyzed; the same symbol has been used to mean a
number of different characters. Beans were used by a number of the
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early hybridists including Mendel (15).° No attempt will be made here
to unravel all the complications and disagreements extant in the litera-
ture. This task was undertaken by Kooiman (7) in his monograph on
the genetics of the genus Phaseolus. Reference will be made, however, to
earlier workers on those genes encountered in the present studies.

White Color—Tschermak (26-29) was first to report on the white
character. In crosses between colored and white beans he assumed a
basic factor necessary for color. Later he (30) proposed the symbol A
to represent the presence or absence of this factor. Shull (22) used the
symbol P for yellow or brown pigment and p for white; and Emerson
(2, 3) used the same symbols to represent presence or absence of pig-
ment. In his monograph, Kooiman (7) used the A symbol to represent
the presence of the primary color gene; later workers (9, 17) have re-
sorted to the use of P. Since the symbol has priority rights this gene will
be referred to as P in this paper. The conception of P is that of a funda-
mental color gene which of itself gives no color. Thus two types of white
beans are possible: p whites lacking the fundamental color factor and
P whites which lack any complementary color genes. This will explain
the results of Shaw and Norton (20) who obtained colored ¥, plants by
crossing two white varieties. Lamprecht (12) has obtained P white ex-
perimentally. Most white varieties, however, are p white.

Mottling.—The early workers were greatly concerned with the mot-
tling character. From their results it soon became apparent that there
were at least two genetic types of mottling—constant and inconstant.

Some bean varieties are mottled and this is a true breeding character.
Tschermak (28) showed that mottling was a simple dominant in crosses
between mottled and self-colored varieties. He considered the mottling
distinet from the color genes. Shull (22) designated the symbol M for
mottled beans and m for self-colored. This type of mottling has been
studied by a number of workers. Another type of mottling which is
similar in breeding behavior was reported by Tjebbes and Kooiman
(25). The striping factor found in Cranberry beans they thought re-
stricted the expression of the red color to stripes. It was given the sym-
bol 8. In a later paper Tjebbes (24) reported strong linkage between S,
B, and R, the latter two being genes for seed-coat color.

Tschermak (28), Emerson (2), Shull (21) and numerous other work-
ers found another type of mottling which was somewhat baffling. Its
general characteristics may be seen by the breeding behavior of some
crosses. Self-colored X self-colored gave mottled F',; and F, ratio was
1 mottled : 1 self-colored. Self-colored X some white varieties gave mot-

? Italic numbers in parentheses refer to “Literature Cited” at the end of this paper.



Oct., 1939] Smith: Seed-Coat Color in Phaseolus Vulgaris 555

tled F,; and in F, the ratios were 3 mottled: 3 self-colored: 2 white.
Emerson (2) called this type of mottling X-mottled in contrast to the
true-breeding M type. Later he (3) proposed two closely linked genes
Y and Z as being responsible for both types of mottling. In the mottled
varieties both genes were present as dominants P YZ. Self-colored races,
each with one dominant and one recessive, when crossed would give the
inconstant mottled type. For instance, P yZ (self-colored) X P Yz

(self-colored) would give a mottled F,, namely % y?Z_ The F, from such
2

. PyZ PY:z
a cross would segregate into 1 — =— (self-colored) : 2 — — .
g PyZ( ) Pz (mottled) : 1

1—; ? (self-colored). The genotype P yz, he thought, carries no mottling
2

factors. White beans could carry any combination of mottling factors in
a latent condition. Since the yZ and Yz were completely linked, the
breeding behavior is the same as expected for a single heterozygous gene.
No crossing-over was ever observed between these two hypothetical
genes, so their existence could not be proved. Kooiman (6) offered a more
likely theory of inconstant mottling. A bean with a heterozygous color
gene B is mottled. When homozygous for B the color is darker, and
when homozygous for b it is lighter. To conserve space homozygous genes
will here be represented by a single symbol and heterozygous by the
symbols for the dominant and the recessive allelomorphs. The reaction
of the B gene can be shown in a single case taken from Kooiman’s mono-
graph (7): P B C = coffee brown, P Bb C = coffee brown mottled,
P b C =sallow yellow.

Kristofferson (8) used the symbol K to represent the same thing:
P K =bhblack; P Kk ==black mottled; P %k =steel gray. This type of
mottling has been worked out in great detail by Lamprecht (9—12). The
color gene which causes mottling when heterozygous he called C. It also
acts as a modifier in the presence of other color genes. Its action is illus-
trated in the following zygotic genotypes where mottling is indicated
by a slant-line fraction, with the darker color as the numerator and the
lighter color as the denominator: P C J G B==argus brown; P Cc J @
B = argus brown/buckthorn brown ; and P ¢ J/ G B = buckthorn brown.
Likewise, P C J = chamois; P Cc¢ J = chamois/raw-silk yellow; and
P ¢ J =raw-silk yellow. And finally, P C = sulfur white ; P Cc = sulfur
white/white ; and P ¢ = white.

In alater paper Lamprecht (14) presented data from a cross between
Canadian Express and de la Chine. The color of the former was dark
plum violet to Bordeaux red; the latter was sulfur white, which was
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shown in previous experiments to be P C § g b v. The F, was weakly
mottled, plum violet/chamois. This mottling could not be due to Cc be-
cause P C j is sulfur white and P ¢ j is white. He supposed that the
heterozygous gene pair B r was the cause of mottling. The color reac-
tions observed in F', and F, were: P C J R, dark plum violet; P C J Rr,
dark plum violet/chamois ; P C J r,chamois; P C j R,lightlilac; P C j Rr,
light lilae/sulfur white ; and P C j r, sulfur white.

Red Color—Shaw and Norton (20) first called attention)to red color
inheritance in beans. They recognized two color series, the yellow-black
and the red caused by anthoeyanins which they represented by M and
M’ respectively. Further red modifiers were postulated : E for purplish
red as in the variety Mohawk, and D for light red as in Red Valentine.
The supposition of the M and M’ factors seems superfluous in the light of
more recent work. Tjebbes and Kooiman (25) used three genes to ac-
count for the color in Cranberry beans, namely, B, Bl, and Z. Their
interactions were represented as follows: Rr, pale red; R, red; E, Z,
brownish black ; Rr Bl, violet ; B bl, purple ; Rr Bl Z, bluish gray ; R Bl Z,
black. The color due to 7 only was not indicated. Tjebbes (24) described
wine red as B ¢ and Burgundy red as R C. The genes R and S (8 for
striping) were linked with about 1 per cent crossing-over. Reference has
already been made to Lamprecht’s (14) red gene and its phenotypic
expression. In some of the crosses reported in the present paper there is
segregation for a gene which is similar to Lamprecht’s (14) R because
beans heterozygous for this red gene are mottled. Therefore the symbol
R is used, assuming it is the same gene as Lamprecht’s E.

Gloyer (5) reported progeny tests from a cross, White Kidney X Red
Kidney. He made no attempt to analyze the genetics of color, but merely
presented his data. Since his data support those obtained in this work
they will be summarized later. The red color of Red Kidney behaved as a
recessive, the dominant allelomorph being buff. This gene will hereafter
be designated as EF.

Eyed Beans.—Emerson (3) studied the heredity of partial color in
beans. Self-colored X eyed, gave self-colored in the F,; and in the F,
they segregated into 3 self-colored : 1 eyed. White X eyed gave self-col-
ored in the F',, and in the F, they segregated into 9 self-colored : 3 eyed :
4 white. He postulated two genes, P, the primary pigmentation factor,
and T a gene which restricted color to the area about the hilum. The
interaction was 9 P T, self-colored: 3 P ¢, eyed : 4 p, white. In addition,
he proposed the symbol E for self-colored, and e for eye pattern. Tscher-
mak (30) used the symbol Z to represent this pair of genes. Surface (23)
grew progenies from natural hybrids between New Improved Yellow
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Eye (large-eye pattern) and Old Fashioned Yellow Eye (small-eye pat-
tern). The F, was piebald, with the color irregularly dispersed over
most of the seed. In F, he observed 146 piebald : 50 large eye: 70 small
eye. He thought the low number in the large-eye class was due to linkage
of the pattern factor and a lethal ; but his hypothesis was not proved. If
the data are fitted to a 2:1:1 ratio by x* goodness of fit test, the prob-
ability value is .12. The secondary assumption therefore seems un-
grounded. The results of Shaw and Norton (20) were explained by
Emerson’s (3) P T hypothesis. Sax (19) believed the eye pattern was
due to a double recessive condition for ¢ and e, because white X eyed
gave an F', which fitted the ratio of 45 colored : 3 eyed : 16 white better
than it did a 9 :3 :4 ratio. Miyaki, et al., (16) crossed two partially colored
types, saddle X bald, and in F', obtained a ratio of 12 bald: 3 saddle: 1
eyed. Lamprecht (13) found five genes responsible for twenty-two par-
tial color patterns. These genes were independent of four color genes. In
pattern his partial-colored types varied from a dot on either end of the
hilum scar to almost complete self color. The dot type was due to the
recessive condition of the bip (bipunctata) gene; the dominant Bip had
a “virgarcus” pattern. In the experiments reported in this paper there is
but one eye pattern which is similar to Lamprecht’s “virgargus” (plate
1, figs. 34, 35). It will be represented by the symbol E (self-colored) and
¢ (eyed) following Emerson’s (3) nomenclature.

Colored Hilum Ring.—According to Liamprecht (12) three color
genes also color the hilum ring in the presence of the ground factor P.
These are B, J, and G. Prakken (17) also noted colored hilum rings
with his genes, S, C, and V (probably identical to Lamprecht’s B). In
the studies reported here segregation for hilum ring was found only
in some crosses involving the variety Mexican Red which has a black
hilum ring.

MATERIALS AND METHODS
The crosses made to provide material for genetic analysis involved va-
rieties of red beans, mottled beans that were predominantly red, white
beans, and derivatives from these crosses. In the hybrids it was soon
found that some standard of color must be employed to designate the
different tints and shades. Ridgway’s (18) Color Standards and Color
Nomenclature was used. In order to save time in matching, each time a
new color type appeared it was matched with the color book and a speci-
men sample placed in a Riker mount and labeled with the color name;
the beans in each progeny were then matched with the type specimens.
These standards represented modal classes, allowing for slight varia-
tions. The distinguishable colors are more numerous than the pheno-
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types so that the grouping of several closely related colors is necessary
to avoid confusion in studying the actual phenotypes. This becomes ap-
parent in F, progeny tests made from beans which were classified for
color in F,.

The varieties used in these crosses together with the author’s acces-
sion numbers were :

Red Kidney 4370 (plate 1, fig. 1) White Kidney of different genotypes
Red Kidney 4395 derived from F; Red Kidney X
Geneva Red Kidney 4387 White Kidney
Nagazura 4390 (plate 1, fig. 2) Dark Red Kidney (65)31 (plate 1, fig.
Speckled Kidney 50(51)30 (plate 1, 4)
fig. 5) China Red 4414 (plate 1, fig. 6)
Long Roman 4521 (plate 1, fig. 3) Mexican Red 4437 (plate 1, fig. 8)
Red Eye 4387 (plate 1, fig. 34) Buff (plate 1, fig. 7) derived from true-
White Kidney 4516 (plate 1, fig. 33) breeding F, extracts of Nagazura X
Red Kidney
RESULTS

In this discussion of results the colors of mottled beans are written as a
fraction as explained in the section “Review of Literature” ; this usage
has already been accepted in the literature as indicating mottling. In
the tables the zygotic genotypes are represented as follows : heterozygous
genes are shown as a fraction, the dominant allelomorph as the numera-
tor and the recessive as the denominator ; homozygous genes, either dom-
inant or recessive, are represented by a single symbol. This method
makes it easier for the reader to see which genes are segregating. The x?
method was used as a measure of goodness of fit. The probability values
(P) shown in the tables were taken from Fisher’s table for the x* values
(4). Interpolations of probability were made for x? values which were
intermediate between any two values given in the table.

The genetic analysis of the crosses made are discussed in the following
paragraphs. Each cross is treated separately and where possible the
genotypes of the parents are indicated by symbols in the topic heading.

NAGAZURA X RED KIDNEY
(Formula: P M Rk bl X P m rk Bl)
Nagazura is a red/buff mottled bean (plate 1, fig. 2). The F, was pur-
ple/buff (plate 1, figs. 9, 10, 11). It is assumed, therefore, that the Red
Kidney (plate 1, fig. 1) carries a gene which changes the red in a mot-
tled bean to purple. This gene is similar in action to the Bl deseribed by
Tjebbes and Kooiman (25) and will therefore be designated by this
symbol. In the presence of the recessive bl, mottled beans are red-mot-
tled. Since both these varieties are colored, they both carry P. Nagazura



Oct., 1939] Smith : Seed-Coat Color in Phaseolus Vulgaris 559

carries M, the mottling gene. In the F', only two self-colored classes were
obtained, buff (plate 1, fig. 7) and testaceous, like the Red Kidney (plate
1, fig. 1). Since other red colors will be encountered later, this shade of
red will be known as testaceous. This gene pair is represented by Rk
(buft) rk (testaceous). The F', should segregate for three genes: M, Rk,
and BI. Since the red parent contributed Bl the buff phenotypes may be
P m RE Bl or P m RE bl and the testaceous, P m rk Bl or P m rk bl. In
other words, the presence of Bl cannot be distinguished in the self-col-
ored segregates. In the mottled beans four classes can be distinguished
as follows: P M Rk Bl purple/buff, P M rk Bl purple/testaceous, P M
Rk bl red/buff, and P M rk bl red/testaceous. Thus, the Bk gene can be
distinguished in both mottled and self-colored beans, m Rk being buff
self-colored, M Rk mottled on buff background, m rk testaceous self-
colored, and M rk mottled on testaceous background. The Bl bl pair can
be distinguished only in the mottled types, M Bl being purple-mottled
and M bl red-mottled. The expected ratio in F, should be 27 P M Rk Bl
purple/buff: 9 P M rk Bl purple/testaceous: 9 P M Rk bl red/buff: 3
P M rk bl red/testaceous: 12 P m Rk buff: 4 P m rk testaceous. F,
progeny tests were made of a few F', phenotypes. The results of F,
and F, from this cross are presented in table 1.

If the assumptions in respect to the genotypes are correct, the purple/
buff (P M Rk Bl) should segregate for all three, any two, any one, or
none of the genes M, Rk, Bl. In the progenies tested one segregated for
M, Rk, Bl; one for M, Bl; one for M Rk ; and one for BI.

The purple/testaceous (P M rk Bl) should segregate for either one or
both of the genes M and Bl. No purple/buff, red/buft, or buff segregates
are expected because all F', beans of this phenotype are homozygous for
rk. Only one progeny test was made. It segregated for M and Bl. The
red/buff (P M RFE bl) should segregate for only two genes at most, M
and Bk. No purple mottled are expected in any of the progeny because
they all carry bl. One of those tested segregated for M and Rk and an-
other bred true. The buff phenotype (P m Rk) should segregate for Rk
or breed true. Four progeny tests were made ; three segregated for RF,
the other bred true. The testaceous phenotypes (P m rk) should all
breed true, and four progeny tests made of this phenotype did so.

SPECKLED KIDNEY X RED KIDNEY
(Formula: P M Rk bl X P m rk Bl)
The maternal parent of this cross (plate 1, fig. 5) is red/buff. The F,

was purple/buff (plate 1, fig. 9). The F', should segregate 27 P M Rk Bl
purple/buft: 9 P M rk Bl purple/testaceous: 9 P M Rk bl red/buff: 3
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P M rk bl red/testaceous : 12 P m Rk buff : 4 P m rk testaceous, as did the
last cross. Results are shown in table 2. The F, with 275 plants gave a
probability value of 0.05 fitted to such a ratio. In F, the same results
should be expected as reported in table 1. Five purple/buff F', progenies
segregated for M, Rk, and Bl; one for M and Rk; three for M and Bl;
three for Rk and Bl; and three for R%k. The purple/testaceous had one
progeny segregating for M and Bl; two for M; and three for Bl. Two
bred true. Three red/buff segregated for M and Rk, one for Rk, and two
bred true. Four red/testaceous progenies segregated for M. In one of
these progenies, there unexpectedly appeared two purple/testaceous
plants ; these were probably due to natural hybridization with a purple-
mottled bean. Three red/testaceous F, plants bred true in F,. Five
progenies from buff segregated for Rk and six bred true. Bight testa-
ceous progenies bred true as expected.

RED KIDNEY X LONG ROMAN
(Formula: P m rk Bl X P M Rk bl)

There are two crosses grouped together in table 3. Long Roman (plate
1, fig. 3) is red/buff. The F'; was purple/buff, so similar results are ex-
pected in these crosses as in the preceding ones. The probability value
for x? is very small. For this reason the calculated numbers are here
given for each color group. The major discrepancy is the low number
of purple/testaceous plants and the high number of red/testaceous. The
self-colored testaceous class is also low. Is this disecrepancy due to some
disturbing genetic conditions or could it be due to errors in classifica-
tion? The three segregating genes are M, Rk, and Bl. There were 256
mottled (M) and 78 self-colored (m). This fits a 3:1 ratio with a proba-
bility value of 0.49. The total number of beans with Rk were 262 and
with r%, 72. This fits a 3:1 ratio with a probability value of 0.16. Only
mottled beans show reaction for the Bl gene. There were 168 Bl and 88
bl. For a 3:1 ratio, 192:64 is expected. The probability value is 0.05.
Thus it appears that each gene taken separately fits the expected ratios
fairly well.

Linkage between M and Bl cannot be measured because Bl is not ap-
parent in self-colored (m) beans. Segregation for M and Rk was: 196
M Rk, 60 M rk, 66 m Rk, and 12 m rk. Fitted to a 9:3:3:1 ratio the ex-
pected numbers are 187.87: 62.63: 62.63: 20.87, respectively, with a
probability value of 0.22, indicating no linkage. Segregation for B% and
Bl can be studied only in the mottled beans. The segregation of Rk and
Bl was: 144 Rk Bl, 52 Rk bl, 24 rk Bl, and 36 rk bl. For a 9:3:3:1 ratio
the calculated numbers for these classes are 144 : 48: 48:16. Thus the
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purple/testaceous (rk Bl) class is too small and the red/testaceous (rk
bl) eclass is too large for a good fit. The probability value is very low
when these data are fitted to such a ratio. Since the R% gene came from
one parent, and the Bl from the other, the double recessive class rk bl
should be low if linkage were the cause of the poor fit. As a matter of fact
the reason for the poor fit is that this class is too large, which leaves no
explanation for the diserepancy except a failure to accurately distin-
guish between purple/testaceous and red/testaceous color classes.

A single F, purple/buff was tested in F;. Fitted to the expected ratio
for three independently segregating genes these data showed no diserep-
ancy as observed in the F',, the probability value being 0.60.

RED EYE X RED KIDNEY
(Formula: P erk X P E rk)

Red Kidney is testaceous self-colored (plate 1, fig. 1) ; Red Eye is a
white kidney bean with a red eye pattern like Lamprecht’s (13) “yir-
garcus” (plate 1, figs. 34, 35).

Now if the red color is genetically the same in both varieties, we should
expect a monohybrid segregation for eye pattern, e. The F', was testa-
ceous self-colored. The F, and F', ratios are shown in table 4. The prob-
ability value for F, data fitted to a 3:1 ratio was 0.33 and for nine
segregating families in F, it was 0.84. Twelve F, families from testa-
ceous F, were tested ; 9 segregated testaceous eye and 3 bred true. The
probability value is 0.55 when these data are fitted to the expected 2:1
ratio.

The red color in Red Eye is therefore genetically the same as in Red
Kidney. These varieties differ only in the gene e for eye pattern. As
pointed out by Lamprecht (13) this type of pattern may in fact be due
to a dominant Bip (“virgarcus”) gene, the recessive bip (bipunctata)
not being present. The genotype for Red Kidney then is P E Bip rk and
for Red Eye P ¢ Bip rk.

BUFF X RED EYE, AND RECIPROCAL
(Formulas: PE Rk X Perkand Perk X P E Ek)
The buff beans used in these reciprocal crosses were true-breeding F,
extracts from the cross reported in table 1 and were therefore of the
genetic constitution P m Rk. If the assumptions are true for the cross
reported in table 4, the results can be predicted for these. The F'; should
be buff self-colored and the F, should segregate into 9 P E Rk buff self-
colored : 3 P ¢ Rk buff eye: 3 P E rk testaceous self-colored : 1 P e rk tes-
taceous eye. The results are shown in table 5. They are in conformity
with expectations. These results prove that the red (testaceous) found
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in Red Kidney is due to the expression of a recessive gene, the dominant
allelomorph being buff, which is represented by the symbol Rk (buff)
rk (testaceous). A recessive gene e is responsible for eye pattern demon-
strated first by Emerson (3). Its dominant allelomorph, £ makes beans
self-colored. There is no indication of linkage between Rk and E.

WHITE KIDNEY X RED KIDNEY
(Formula: p M Rk X P m rk)

The F, in this cross was mottled purple/buff. The white parent there-
fore carried M and Rk and one of the two parents carried Bl; it is im-
possible to know which, because the Bl reaction is not evident in either
testaceous or white beans. In F, there were a number of purple-mottled
types ranging from bluish to dark red. These colors were not deseribed
accurately enough in the author’s original notes to enable one to follow
the segregation of Bl or its modifiers. The genes segregating in this cross
were P, M, and Rk. The results are shown in table 6. Since all genotypes
homozygous for p are white, the M and Rk genes can only be followed in
three-fourths of the population. The expected ratio for this cross is 27
P M Rk mottled on buff : 9 P M rk mottled on testaceous: 9 P m Rk buff :
3 P m rk testaceous: 16 p white. In an F, population of 133, a probabil-
ity value of 0.99 was obtained, when fitted to this ratio. In F,, five prog-
enies from mottled on buff were segregating for P, M, and Rk. No mot-
tled-on-testaceous beans were found in a population of 142 although
there were 9 self-colored testaceous. The absence of this mottled class
made a very poor fit for the expected ratio. Perhaps some mottled-on-
testaceous beans were misclassified. Two F, mottled-on-buff types segre-
gated for P and M. Three segregated for P and three bred true.

Only two mottled-on-testaceous F', plants were submitted to progeny
tests. Both segregated for P and M. The results here are spurious be-
cause the mottled offspring were all expected to be mottled on testaceous.
There were none of this class but there were 19 mottled on buff which
were not expected. This discrepancy may have been due to misclassifica-
tion of the F', plant. The buff F, plants could segregate for P and Rk or
breed true. Four were tested in F',. One segregated for P and Rk; one
for P; and one for Rk. One testaceous F, plant and four whites bred true
in F,.

The results of this cross show segregation for P, M, and Rk. In F', prog-
eny tests, the number of plants mottled on testaceous background (P M
rk) was usually low. This low number may have been due to miselassifi-
cation but it is possible that the presence of modifiers altered the segre-
gation of P M rk types.
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WHITE KIDNEY X RED KIDNEY
(Formula: P M Rk bl X P m rk Bl)

This cross is the same as the one just discussed ; the colors in the F', were
more carefully classified so the segregation of Bl could be followed.
Table 7 gives a summary of the results. This summary, however, fails to
show all the variability encountered. Some phenotype classes contain
several colors. The purple/buff class had 54 dark Yvette violet/pinkish
buff, 56 Urania blue/pinkish buff, and 108 Ramier blue/pinkish buff,
making a total of 218 plants. The purple/testaceous class consisting of
76 plants included 52 analine black/testaceous and 24 dark Corinthian
purple/ocher red. The red/buff class had 69 plants which were divided
into 19 dark vinaceous-purple/pinkish buff and 50 vinaceous-purple/
pinkish buff. The color names indicate that these beans were purple.
They showed a slight tinge of purple but were predominantly red. The
other colored classes were more uniform, all the red/testaceous were
classified as oxblood red/testaceous, all the buff as light pinkish cinna-
mon, all testaceous as testaceous, and white as white.

There were no F, progeny tests made in this cross so it is not possible
to say whether the classification made was absolutely correct. Four inde-
pendent genes were segregated, namely, P, M, Rk, and BI.

GLOYER’S CROSS, WHITE KIDNEY X RED KIDNEY
(Formulas: p C Rk X pcrkand Pcrk X p C Rk)

In 1928, Gloyer (5) reported on a cross between these two varieties.
Inasmuch as the Rk gene was encountered, his results are given in table
8. He made no attempt to classify the genotypes, so this has been done
from his data. The F, was mottled brown/buff; it might be supposed,
therefore, that White Kidney contributed M and Rk. In the F',, however,
the segregation was 103 mottled: 102 self-colored: 56 white. This is
much nearer a 6:6 :4 ratio than to a 9:3:4. The mottling, then, was due
to a heterozygous gene like Lamprecht’s C. The F', was brown/buff ; and,
since brown/buff, brown/red, buff, red, and white were obtained in F,,
this cross obviously segregated for R% as well as for P and C. In the F',
a number of brown segregates were found—bronze, brown, dark brown,
and seal brown. In F, there was no consistency in the way these brown
beans segregated. Bronze, for instance, segregated into bronze, brown,
and seal brown, but so did seal brown. For purposes of classification the
browns may be grouped together. This classification undoubtedly over-
simplifies the situation as will appear later. The browns may be consid-
ered to be homozygous for C. They may be either P C Bk or P C rk. The
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buff and red colors are homozygous for c, buff being P ¢ Rk and red, P ¢
rk. Furthermore, in the mottled beans the brown/buff is P Cc¢c Rk and
the brown/red P Cc rk. Whites, of course, are homozygous for p.

Using these assumptions, the F', of this cross should segregate as fol-
lows: 18 P Cc¢ Rk brown/buff: 6 P Cc¢ rk brown/red: 12 P C Rk and
P Crkbrown:9 P c Rkbuff: 3 P ¢ rk red: 16 p white. The probability
value, when the F, data on 261 plants were fitted to this theoretical
ratio, was 0.03.

Gloyer presented F, and F, data. In his tables he included plants
which were obviously different in color from the major part of the popu-
lations. These few cases should be disregarded because they were un-
doubtedly due to natural hybridization in the field. In a total popula-
tion of 1,810 F', plants, 28 of these off-types were obtained. This would
be 1.5 per cent natural cross-pollination. F', data need not be considered
here because they were presented in such a way that one cannot judge
whether the ¥, progenies were from single plants. Some were numeri-
cally é) large as to preclude such an assumption. The data on F, plants
are also summarized in table 8. If the assumptions made to explain the F',
ratios are correct, the F, ratios should fall into certain patterns. The
mottled types should not breed true but should segregate mottled and
self-colored in the ratio of 1:1.

In the brown/buff, segregation for P, C, and Rk is expected. Four
progenies segregated for these three genes. Four progenies also segre-
gated for P and C. In these cases no red or mottled-on-red beans are
expected. Four progenies segregated for C and Rk. Here no whites are
expected. Six progenies segregated for only C, giving 1 brown : 2 brown/
buft : 1 buff. The fit to this ratio was not very close, the probability value
being 0.01. One progeny test of a buff F, behaved as a brown/buff segre-
gating for Cec. It was probably misclassified in F',,.

F, progenies from the brown/red should have segregated for only P
and C. No buff or buff-mottled beans are expected in any of the prog-
enies. Six progenies segregated for P and C and three for C only.

The brown F, were grouped into two color classes, seal brown and
bronze. If all browns are classed together the breeding behavior is simi-
lar in both types. According to the assumptions here proposed by the
present author these browns are of the constitution P C Rk or P C rk.
They should segregate for the P gene only. As a matter of fact, some
buffs and reds appeared in the progeny tests—a result not expected on
these assumptions because buffs and reds are both homozygous for ¢. In
order to segregate these colors the brown beans would have to be P Cc¢
RE rk; but brown beans cannot be heterozygous for C, for these are al-
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ways mottled. It is likely, therefore, that these assumptions will have to
be amplified to explain the breeding behavior of the brown segregates.
Sinee Gloyer recognized a number of brown colors presumably due to
other modifiers this is not fatal to the remainder of the hypothesis.

The buff plants may segregate for P and Ek. One segregated for both
and two for Rk only. In addition, one progeny test was made of a brown/
buff F', which behaved as a buff in F';, segregating for Rk. The red (tes-
taceous) plants should segregate for P or breed true. One segregated
for P and two bred true. The whites, being p white, should all breed true
and the results of twelve progeny tests agreed with the expectation.
However, 3 plants with colored beans were found in 491 white F, plants;
these were undoubtedly due to natural hybridization.

The assumption of three segregating genes, P, C, and Rk will explain
most of the results of this cross. A supplementary hypothesis must be
made to explain the breeding behavior of some brown beans. This, how-
ever, is beyond the purpose of this review which was made to show that
the Rk gene has been noted in the literature but the relation between the
dominant and recessive allelomorphs was not recognized.

WHITE KIDNEY X NAGAZURA

White segregates taken from F, White Kidney X Red Kidney, were
used as parents in crosses with Nagazura. The white used as the pistil-
late parent in cross 34.160 was a segregate in an F'; population from a
buff F, (table 6). This buff was segregating for P and Rk. These whites
could be p m Rk or p m rk. The presence of Bl or bl could not be told
since Bl does not modify the color of buff beans. The white used as the
pistillate parent in cross 34.161 segregated from a purple/buff F, plant
(table 6). This white should be p M Rk Bl since the F', test showed segre-
gation for P only. These two whites differed in that one carried M, the
other m. F', populations of these crosses showed there were actually four
white genotypes: p m rk Bl, p m Rk Bl, p M rk Bl,and p M Rk Bl. The
results of these genotypes used in crosses with Nagazura (P M Rk bl)
are shown in tables 9-11.

The third type of segregation was hardly expected because in the F,
family in which the white parental strain appeared there were no testa-
ceous or testaceous mottled beans, so they were assumed to be Rk. Pos-
sibly the F; population was not large enough to recover the rk geno-
types. All the whites used were homozygous for BI.

In eross 34.160a (formula: p m rk Bl X P M Rk bl), four genes should
segregate. The F', data fitted to a 81:27:27:9:36:12:64 ratio gave a
probability value of 0.27. The results of F', and F, are summarized in
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table 9. There were a number of colors in F', which were grouped in the
following way : purple/buff included raisin black/pinkish buff (plate 1,
fig. 9) ; Indian purple/pinkish buff (plate 1, fig. 10) ; and dark helio-
trope slate/pinkish buff (plate 1, fig. 11). Purple/testaceous included
raisin black/testaceous (plate 1, fig. 12) and Indian purple/testaceous
(plate 1, fig. 13). Red/buff included oxblood red/pinkish buff (plate 1,
fig. 15), maroon/pinkish buff (plate 1, fig. 14) ; and deep hellebore red/
pinkish buff (plate 1, fig. 16). Red/testaceous included oxblood red/
testaceous (plate 1, fig. 22) and maroon/testaceous (plate 1, fig. 17).
Buff was classed as pinkish cinnamon (plate 1, fig. 7), testaceous as
testaceous (plate 1, fig. 1) and white as white (plate 1, fig. 33).

The F', color descriptions in general were similar to those of F';. In one
case madder brown was chosen as the standard color. This was an unfor-
tunate choice because both reddish purple and reds were classed in this
group. Had colors been chosen a little farther off this borderline descrip-
tion, the I, results would appear more convincing. As it is, some mad-
der-brown mottled beans showed in their breeding behavior to be carry-
ing Bl and others were homozygous for bl. Progeny tests also showed
that P M Rk and P M rk genotypes were not always clearly distinguish-
able. Some beans described as mottled on buff bred as mottled on testa-
ceous and vice versa. F'; progeny tests of the purple/buff phenotype
showed that one F', plant was segregating for P, M, Rk, and Bl. The poor
fit is due to the small number of 17 plants, where 256 were needed to re-
cover all genotypes. Four segregated for P, Rk, and Bl. Here a poor fit
was obtained because fewer red /buff types appeared than were expected.
One segregated for P, M, and BIl; one for P, M, and Rk; two for P and
Rk ; one for P and Bl; one for P and M ; five for M, Rk, and Bl; one for
RE and Bl; two for M and Bl; two for M and Rk; and one for M.

Of the purple/testaceous F, plants subjected to progeny tests, two
segregated for P, M, and Bl; one for P and Bl; and one for Bl. In the F,
progenies from red/buff four segregated for P and M ; one for P and
RE; one for P, three for M and Rk; one for Rk; three for M ; and one
bred true. Four progenies of red/testaceous segregated for P and M;
five for P; one for M ; and one bred true.

‘With some exceptions, probably caused by misjudgment of color of
F, plants, these results bear out the assumption that the white parent
was p m rk Bl. In some cases the size of the population in ¥, was too
small for very good agreement with expectancy.

In the F, of cross 34.160b (formula: p m Rk Bl X P M Rk bl), Rk
was homozygous, so no mottled-on-testaceous or self-colored testaceous
beans were expected. Three genes were segregating in F',, P, M, and Bl,
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giving a 27:9:12:16 ratio. The F, results fitted to this ratio gave a prob-
ability value of 0.13.

The purple/buff F, plants were slate-purple/pinkish buff and Indian
purple/light pinkish cinnamon (plate 1, fig. 10). Both gave results in
conformity with expectation. This phenotype may segregate for P, M,
and Bl. Two segregated for P, M, and Bl; three for P and M ; three for
P and Bl; two for M and Bl; four for P; two for Bl; two for M ; and one
bred true. The red/buff phenotypes were oxblood red/light pinkish cin-
namon (plate 1, fig. 15) and light red/light pinkish cinnamon. This
phenotype should segregate for only P and M. Three progenies segre-
gated for P and M ; four for M; and five bred true. These results, as
shown in table 10, are all in conformity with the assumption that the
white parent was p m Rk Bl.

In cross 34.161a (formula: P M rk Bl X P M Rk bl), M was homozy-
gous so no self-colored types were expected. The segregating genes were
P, Rk, and Bl. The F, results from two progenies of this eross were as
follows: Purple/buff, 73; purple/testaceous, 12; red/buff, 26; red/
testaceous, 8; and white, 26. Fitted to the theoretical ratio of 27:9:9:3:
16 there should be in a population of 145, 61.2 purple/buff, 20.4 purple/
testaceous, 20.4 red/buff, 6.8 red/testaceous, and 36.2 white plants. The
probability value for such a fit is 0.07. No F', progeny tests were made
of this cross.

In cross 34.161b (formula:p M Rk Bl X P M Rk bl), M and Rk were
both homozygous ; therefore segregation for only P and Bl was expected
in the hybrid. No self-colored or mottled beans with a testaceous back-
ground were expected. The results of this cross are presented in table
11. The F, results fitted to a 9:3 :4 ratio gave a probability value of 0.01,
owing to the small number of white beans. However, the results from F,
fitted the expectations very well. The purple/buff were all slate purple/
pinkish buff. Four progenies in F, segregated for P and Bl; two for P;
four for Bl; and one bred true. The red/buff which were classified as
oxblood red/light pinkish cinnamon in F, should have segregated for P
or bred true because M and R% were homozygous. Two progenies tested
in F, segregated for P and five bred true.

The experiments with the whites of known genotypes bear out the
conclusions made in the earlier tests. Mottling is due to the presence of a
single gene, M ; in the presence of its recessive allelomorph m, the beans
are self-colored. The Rk gene can be distinguished in both mottled and
self-colored beans. In mottled beans the ground color is buff if Rk is
present and testaceous if 7% is present ; in self-colored beans Rk is buff
and rk is testaceous. Bl may be carried in white, testaceous, and buff
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beans with no modification in the expression of color. When Bl is added
to a red-mottled bean the mottling is changed from red to purple. There
is no indication of linkage between M, BI, or Rk.

RED KIDNEY X CHINA RED, AND RECIPROCAL
(Formulas: Prrk Bl X PR Rk bland P B Rk bl X Prrk Bl)

Since both of these varieties were colored they were homozygous for P.
The China Red is a dark-red bean (plate 1, figz. 6) which matches very
closely Ridgway’s (18) oxblood red or is even a little darker—Victoria
lake. The F, plants of these crosses were all mottled. If this mottling
were due to a heterozygous color gene the ratio of mottled to self-colored
in I, should be 1:1; actually it was 134:107. In the F', segregants eight
color types were obtained. Among these were the familiar buff and tes-
taceous. This cross then, was segregating for Rk. The presence of Rk ex-
plains the two ground colors, buff and testaceous in the mottled beans.
The action of Bl can also be seen in the mottled beans, some being purple
mottled, others red. Two other self-colors were obtained in F',: purple
(plate 1, figs. 23, 24) and oxblood red (plate 1, fig. 25). To acecount for
these, the assumption was made that China Red has a red gene similar
to, if not identical with Lamprecht’s (14) R which produces mottling
when heterozygous ; Red Kidney is homozygous for r. Segregation for
three genes explained the results if the following assumptions for the
genotypes were made : Br Rk Bl is purple/buff ; Rr rk Bl is purple/tes-
taceous ; Br Rk bl is red/buff and Rr rk bl is red /testaceous. Purple may
be B Rk Bl or R rk Bl; oxblood red may be R Rk bl or R rk bl; buff may
be r Rk Bl or r Rk bl; and testaceous, r rk Bl or r rk bl. The expected
ratio should be 18:6:6:2:12:4:12:4, respectively, for the eight colors.
These assumptions were tested in progenies from F, plants. All mottled
F', beans should segregate mottled and self-colored in the ratio of 1:1.
The colors would depend on the interaction of Rk and BL.

The purple/buff F, should segregate for R, Rk, and Bl. Since the
mottling is due to Rr, no mottled types should breed true. It is possible,
however, for some to be homozygous for Bk or Bl. Some F, progenies
bred in F, as purple/buff but the colors noted for the F, plants were not
purple/buff. These plants are indicated in table 12 by an asterisk fol-
lowing the color which is not in conformity with the breeding behavior.

Seventeen F, purple/buff segregated for B, Rk, and Bl in F,; six
segregated for R and Rk; three for R and Bl; and four for R.

Thirteen F, purple/testaceous plants were tested in F, ; since rk was
present in this genotype segregation for only R and Bl was expected.
Nine segregated for R and Bl and four for E.
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Seventeen F, red/buff were tested in F';. Some of these had been mis-
classified as red/testaceous in F',. Since red /buff is Br Rk bl segregation
for only R and Rk is possible. Ten progenies segregated for R and RE,
and seven for R.

Seven red/testaceous F, plants were tested in F';. This genotype, be-
ing Rr rk bl, should segregate for R only, giving 1 R rk bl oxblood red :
2 Br rk bl red/testaceous: 1 r rk bl testaceous. The numbers obtained
were 25:44:24. If the assumptions made were correct, the purple F,
should segregate for Bl only. Thirteen progenies segregated for Bl and
five bred true. All oxblood red phenotypes should breed true. The thir-
teen tested conformed to expectation. The buff phenotypes should segre-
gate for Rk or breed true. Five segregated for Rk and two bred true.
Only two testaceous F', were grown in F', and they bred true as expected.

CHINA RED X RED KIDNEY
(Formula: P R rk bl X P rrk Bl)

In this cross the F', was purple/testaceous rather than purple/buff as in
the crosses reported in table 12. The China Red in this cross must have
been P R rk bl while in the others it was P R Rk bl. The F, was in con-
formity with expectations in that no buff or mottled-on-buff beans ap-
peared. The F', progenies grown from F, plants were all homozygous for
rk. Seventeen purple/testaceous F, plants were tested in F,. Eight of
them segregated for R and Bl and nine segregated for R only. Seven
red/testaceous segregated for R as expected. Five purple F', segregated
in F, for Bl and three bred true. One oxblood red bred true as did three
testaceous.

The color of China Red, then, is due to the presence of R. This variety
may carry Rk (table 12) or rk (table 13). In all crosses there was segre-
gation for the purple gene Bl, the dominant allelomorph coming from
Red Kidney. Only one strain of China Red has been used in the crosses-
but the results found here prove that within the variety there are at
least two genotypes. Since the presence of Rk does not alter the color of
the bean, this genetic variation in the variety cannot be detected by
examination of the beans themselves.

CHINA RED X GENEVA RED KIDNEY

The F, and F, data from this cross are given in table 14. The Geneva
Red Kidney is a testaceous segregate from the cross White Kidney X
Red Kidney made by Gloyer (5). A summary of his results regarding
color segregation was given in table 8. Owing to its origin, this variety
may carry brown modifiers, at least ¢, and probably others which could
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very likely give different results from those obtained with other Red
Kidney beans.

The F, of this cross was not mottled so that neither the R nor the C
genes were segregating. This is rather disconcerting because the pres-
ence of R has been shown to be the reason for the oxblood red color in
the China Red variety in crosses with other strains of Red Kidney. This
cross was different in other respects as well. In the F, population of 82
plants, nine colors were recognized : Corinthian purple (plate 2, fig. 46) ;
liver brown (plate 2, fig. 47) ; chestnut-brown (plate 2, fig. 48) ; ma-
hogany red ; Hay’s russet (plate 2, fig. 49) deep Corinthian red (plate
2, fig. 50) ; oxblood red (plate 2, fig. 51) ; vinaceous-fawn (plate 2, fig.
52) ; and testaceous (plate 2, fig. 53). The occurrence of liver brown and
Corinthian purple indicates that Bl is segregating ; similarly the brown
segregates indicates the presence of some brown color modifiers. Oxblood
red was reclaimed only three times in the population, hinting that its
expression is due to a double recessive condition of two genes ; the num-
ber expected for a 15:1 ratio in a population of 82 is 5.1. Only one ox-
blood red was tested in F,. This one did not breed true as expected on the
above hypothesis. It segregated 1 Hay’s russet and 1 testaceous in a
population of 12.

The vinaceous-fawn color was proved to be a variation of testaceous
because F'; progenies from this color all bred true for testaceous exeept
one which had 1 oxblood red and 1 mahogany red plant in a population
of 20. This could be explained as a natural outeross in the F, generation.
The vinaceous-fawn and testaceous colors, then, can be combined in F,,
giving a total of 18 plants. This is about one-fourth of the population.
The number expected on a 3:1 ratio is 20.5; this fits the expected ratio
with a probability value of 0.53.

Hay’s russet showed in the F, tests that it may segregate both oxblood
red and testaceous colors. It, therefore, carries brown modifiers which
are able to alter the colors in red beans.

It is interesting to note that seven of the ten ¥, progeny rows tested,
segregated testaceous. The number of testaceous plants segregated in
these seven progenies was 33 in a total population of 145. When these
data are fitted to a 3:1 ratio the probability value is 0.54.

DARK RED KIDNEY X RED KIDNEY
(Formula: P R Rk Bl X P rrk bl)
This cross segregated like the crosses involving China Red. Dark Red

Kidney is reddish purple classed as Indian purple (plate 1, fig. 4). It
should therefore carry Bl. Since this cross segregated purple and red
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self-colored beans it must be assumed that bl came from Red Kidney.
The segregation of Bl is somewhat surprising because in all other crosses
involving Red Kidney Bl is present. The results of this cross are sum-
marized in table 15. In F, purple/buff was described as raisin black/
avellaneous and in F, as raisin black/light pinkish cinnamon (plate 1,
fig. 26). The purple/testaceous class was described as raisin black/Corin-
thian red in F', and as Indian purple/testaceous in F, (plate 1, fig. 13).
The red/buff phenotype was divided into Bordeaux/light pinkish cinna-
mon and oxblood red/light pinkish cinnamon; in ¥, they were all de-
seribed as oxblood red/light pinkish cinnamon (plate 1, fig. 21). No
red/testaceous beans were recognized in the F', ; in F;, they were labeled
oxblood red/testaceous (plate 1, fig. 27). The purple phenotype included
raisin black and Indian purple in F',, dull violet-black (plate 1, fig. 23),
and Indian purple (plate 1, fig. 29). The red beans were described as
Victoria lake in F', and as oxblood red (plate 1, fig. 25) in F,. Buff
was called light pinkish cinnamon in F, and pinkish cinnamon (plate 1,
fig. 7) in F',. The testaceous (plate 1, fig. 1) phenotype was called by that
color name in both F, and F, generations.

The F, population of 458 plants gave a poor fit for the expected ratio.
This was because of the fact that one phenotype, red/testaceous, was
not recognized. This was clearly an error in classification because one of
the thirteen red/buff F, plants subjected to F', progeny test proved to
be a red/testaceous genotype. In the purple/buff F', plants grown in F,
ten segregated for R, Rk, and Bl; three for R and Bl; two for R and Rk ;
and four for R only. Fifteen purple/testaceous F, plants were tested.
Seven segregated for B and Bl, and eight for R only. Twelve red/buff
plants were grown in F'y. Three segregated for R and Rk and nine for B
only. The single red/testaceous plant tested in F'; was classed as a red/
buff in F, ; it segregated for R.

In the purple phenotypes two shades of purple were distinguished
in F,, raisin black and Indian purple. In breeding behavior these were
identical. Five raisin black F,; progenies segregated for Bl and ten bred
true; seven Indian purple progenies segregated for Bl and three bred
true. The oxblood red group was called Victoria lake in F, ; however, in
F, ten progenies bred true for oxblood red. No buff or testaceous F,
plants were grown in F,.

LONG ROMAN X CHINA RED, AND RECIPROCAL
(Formulas: P M R Rk bl X Pm R Rk bland P m R Rk bl X P M R Rk bl)

In the cross, Red Kidney X Long Roman (table 3) the red/buff Long
Roman (plate 1, fig. 3) was found to be of the genetic constitution P M
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Rk bl. The China Red has been found to be P B Rk bl (table 12) and
P R rk bl (table 13). Since genes for two types of mottling, Rr and M,
have been shown in these two varieties it was hoped that an interaction
of the two could be seen in this cross. In that case the F, should show
double mottling and the F, should segregate into 6 double mottled Rr M :
2 mottled R : 6 mottled M : 2 self-colored r» m and R m.

However, in this reciprocal cross shown in table 16, the ', was red/
buff and in F, there was segregation for mottled and self-colored ox-
blood red in the ratio of 3:1, with a probability value of 0.30, for a
population of 320. On the basis of a 3:1 ratio there should be 80 reds.
There were actually 88 so that a 14 :2 ratio is very improbable.

As expected, there is no segregation for Bl since both varieties have
been shown to be homozygous for bl.

In the F,, four colors were recognized : the red/buff phenotype was
classified as Bordeaux/pale pinkish cinnamon and amaranth purple/
pale pinkish cinnamon; and the red phenotype was divided into Bor-
deaux and Pompeian red. In the F', progeny tests there was overlapping
of the colors so that in table 16 they are grouped in only two classes,
red/buff and red.

Only four F, plants were grown in F,. One red/buff segregated for M
and one bred true. Both oxblood reds bred true.

Since no testaceous phenotypes arose in this eross both varieties must
have been homozygous for Rk; and since no purple plants were found
they were both homozygous for bl. The genotype of the China Red may
then be written, P m R Rk bl; and for Long Roman, P M R Rk bl. The
presence of R in Long Roman, however, was not detected in crosses with
Red Kidney (table 3). The poor fit to expectation in the crosses re-
ported there, however, was due to misfits of two mottled classes red /buff
and red/testaceous. Segregation for M was 256 mottled : 78 self-colored ;
expected, 250.5:83.5. Had R been segregating simultaneously, the ratio
of mottled to self-colored should have been 292.25 :41.75. It seems prob-
able that the red mottling is due to the interaction of M and R. To ex-
plain all the facts presented here M and R would have to be linked. Such
alinkage of M and R offers a workable hypothesis as to the nature of the
red in red-mottled beans. In the previous crosses the cause of the red
mottling was not discussed; M was considered to be a gene which re-
stricts the expression of the darker color in bicolored beans, and it has
been shown to be independent of Rk and Bl. If M and R were linked, the
following color types would be expected : purple/buff would be P MR

Rk Blor P ™ R BI; purple /testaceous, P MR & Bl or P " o1 BI;
. mr mr
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red/buff, P MR Rk bl or P mR RF bl; red/testaceous, P MR rk bl or
mr

P mR rk bl; purple, P mR Rk Bl or P mR rk Bl; oxblood red, P mR
mr

RE bl or P mR rk bl. Thus the oxblood red color in both self-colored
and red-mottled beans could be due to the same gene, R. If there is a
linkage between M and R it must be very strong because no cross-overs
have been noted. The crosses reported in tables 1, 2, and 3 are between
red/buff mottled beans and Red Kidney. Assuming linkage, these crosses
may be represented as P MR Rk bl X P mr rk Bl; the F, would be

P ME Ek ﬂ The cross-over classes would be mR and Mr; of these, the
P mr rk Bl

mR cross-overs should be easily identified as self-colored oxblood red,
P mR bl, or self-colored purple, P mR Bl. Since none of these appeared
in any of these crosses, the crossing-over would have to be very small,
if any. This argument is faulty for the same reason that Emerson’s (3)
Y Z mottling theory was. Tjebbes (24) found close linkage between a red
gene R and a striping gene S which occurs in the Cranberry variety. His
red gene is not the same as the one encountered here because when
heterozygous it does not produce mottling. It is probable, also, that M
and S are not identical. It seems to be a strange coincidence that two red
genes should each be linked with a mottling gene. More critical data are
needed to study the interaction of M and R.

CHINA RED X MEXICAN RED, AND RECIPROCAL

Both these varieties are dark red, matching Ridgway’s (18) oxblood
red very closely. Mexican Red, however, has a black hilum ring. The F,
was slightly darker than either parent and was classed as Victoria lake
.although it was more purple than this color. The hilum ring was black.
In F,, 52 mottled beans were found in a population of 364. These mot-
tled ones were not recognized until some mottled beans appeared in F,.
The remnant F, seed was then reéxamined and the F, results given in
table 17 are based on the second examination. It is possible therefore
that some F, seed which were grown in F;, although described as self-
colored, were actually mottled. Unfortunately no remnant seed was
available for those F, plants submitted to progeny tests. As is indicated
in table 17 some mottled beans appeared in F, from all three colors
tested. From Victoria lake, two progenies out of eighteen tested segre-
gated 5 mottled and 26 self-colored ; from oxblood red three progenies
out of twenty-five segregated 11 mottled and 37 self-colored ; and from
Vandyke red five progenies out of twenty-seven tested segregated 25
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mottled and 73 self-colored. It is thus apparent the segregation of mot-
tled and self-colored beans in this hybrid is not constant. If the mottling
were due to the action of the R gene, the self-colored beans should breed
true unless some modifying factors prevented the expression of mottling.
The mottled types should segregate mottled and self-colored plants in
the ratio of 1:1.

The only available data on this question are the results from progeny
tests of two F'; mottled plants. These segregated 10 mottled and 11 self-
colored. This information though meager bears out the assumption that
the reactions of the B gene were obscured in F', and partially in F', by
modifying genes and it was not until these were eliminated in F, that
clear-cut segregation for R could be detected.

The segregation of color of the seed coat in this cross is almost as baf-
fling. The shades of red obtained in the F', and F; were so numerous and
gradual that separation into modal classes was difficult. It is certain,
however, that no testaceous beans were obtained in any of the F, or F,
populations. Since China Red has been shown to carry Rk (table 12) and
rk (table 13), and since no testaceous rk types appeared in this cross,
both parents must have been homozygous for the Rk gene. It must be
assumed, however, that the presence of other modifying genes prevented
the buff Rk types from appearing because no buff beans were found in
any of the offspring from this cross.

The presence of a colored hilum ring is a difficult character to study
because not all beans from a single plant show the hilum ring color. It is
therefore very easy to make errors in classification. Furthermore, the
color of the hilum ring depends largely on the color of the seed coat.
This is demonstrated in the F, data. The beans were classed as Victoria
lake, perilla purple, oxblood red, Pompeian red, and ocher red. There
were 44 plants with Victoria lake seed-coat color, 36 with black hilum
ring, 1 with orange ring, and 7 with no ring. All 11 of the plants with
perilla purple seed coats had black hilum ring. The oxblood red plants
numbered 132 of which 89 had black ring, 15 had orange, and 28 had no
ring. The 132 Pompeian red plants were classed as 72 with black hilum
ring, 18 with orange, and 13 with no ring. In 22 ocher-red plants, 11 had
black hilum ring, and 11 had orange. Segregation for hilum-ring charac-
ter in this cross is shown in table 18. Some progenies bred true for both
black and orange hilum ring but no true-breeding progenies with no
hilum ring were obtained. Some of the F, plants classed as having no
hilum ring proved in progeny tests to have rings. The character for
orange hilum ring bred true in two progenies of oxblood red and two
of Vandyke red. Black ring seems to be dominant over orange but there
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are cases of F, plants with orange ring segregating plants with black
rings. The genetic nature of the hilum ring character therefore is diffi-
cult to understand.

TABLE 18

SEGREGATION FOR HILUM-RING CoLoR IN CHINA RED X MEXICAN RED (Cross No.
34.172) anDp RecrprocAL (Cross No. 34.176)

Hilum-ring color of segregants

- . Parental color | Progenies Total seg-
Parental color of hilum ring tested No regants
Black Orange hilum
ring
F1 generation F2 generation
Victoria lake. .................. Black......... 16 269 47 48 364
F2 generation F3 generation

7 59 .. 31 90

Victoria lake................... Black......... 1 5 4 9
7 75 75

Victorialake................... Noring....... 2 4 1 4 19
1 3 5 8

4 39 15 10 64

Oxblood red.................... Black......... 3 3 - 3 34
1 .. 10 7 17

l 5 52 52

6 9 28 37 74

Oxbloodred.................... Noring....... 4 23 6 29
2 20 20

5 60 13 17 90

Vandykered................... Black......... 3 15 6 - 2
2 14 3 17

1 8 8

Vandykered................... Orange........ 5 6 42 3 51
4 39 39

Vandykered................... Noring....... 6 21 42 5 68
2 17 17

MEXICAN RED X RED KIDNEY

The results from this cross are summarized in table 19. The F', was violet
carmine. The names given to the color classes varied somewhat between
the F, and F, generations. The relation between them was as follows:
Beans which were classified as dull purplish black in F, were black and
Indian purple in F,; Victoria lake was used in both generations; in F',
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liver brown and burnt umber were grouped together as chocolate in F,;
oxblood red was used in both generations; beans classed as Pompeian
red in F, were called Vandyke red in F,. A number of light-red types
similar to testaceous were distinguished in F', but all proved to be testa-
ceous when submitted to progeny tests. These F, color names, then, can
all be grouped together : orange-cinnamon, Japan rose, ferruginous, and
testaceous. F, progeny tests were made of a number of F, plants but
owing to poor stand in the nursery, the F, populations were too small to
obtain accurate ratios.

Although the colors do not segregate in definable ratios a number of
illuminating facts are observed. The colors obtained in this cross are
illustrated in plate 2, figures 54-59. The F', was purplish red (violet car-
mine) therefore the Bl gene was able to modify the color in this hybrid.
It appears that each parent contributed some purple modifying genes
because in F'; progenies from F, Indian-purple plants (plate 2, figs. 63—
64), some beans appeared which could be described by no better word
than black (plate 2, fig. 54). These may well be due to accumulation of
darkening modifiers contributed from both parents. The light-red beans,
such as Vandyke red (plate 2, fig. 58), may well be due to homozygous
combinations of red genes with bl and other recessive purple modifiers.

Another interesting fact noted in this cross is the absence of segrega-
tion of color of the hilum ring, presumably due to the fact that both Red
Kidney and Mexican Red have colored hilum rings; the ring in the for-
mer is orange and in the latter, black. On this basis, crosses between Red
Kidney and China Red or Dark Red Kidney should have segregated for
colored hilum ring. This, however, was not observed ; but no special atten-
tion was paid to this character in those crosses.

Still another fact is apparent in the Mexican Red X Red Kidney
cross. In the F, population of 496 plants, there were 118 testaceous
plants (table 19). Fitted to a 3:1 ratio there should have been 124 ; the
probability value for such a fit is 0.54. In the ¥, progenies there were
7 which segregated 10 testaceous plants in a population of 47. The prob-
ability value for these results, fitting a 3:1 ratio, is 0.57. Thus it is
apparent that the recessive gene rk is segregating normally in this cross.
But what has become of Rk since no buff beans were found in any of the
progenies? It is now apparent that Mexican Red either has a third
allelomorph of the Rk rk gene pair or other color genes prevent its ex-
pression as buff.

Still another fact is apparent in this cross which should not be over-
looked and that is the absence of mottled beans. Since some mottled
beans were obtained in the China Red X Mexican Red cross the assump-
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tion was made that the B gene was segregating. China Red is known to
carry the dominant allelomorph R ; so, if mottling were due to heterozy-
gous R, Mexican Red must carry r. This fits in with the facts obtained in
this cross. Red Kidney has been shown to carry r and if Mexican Red
does also, no mottled beans are expected in the progeny of this cross.

MEXICAN RED X DARK RED KIDNEY

The F, of this eross was classed as Vandyke red with a black hilum ring.
In F, it segregated for the hilum-ring character. The results of the segre-
gation for seed-coat color are given in table 20 and for the hilum ring
character in table 21.

Regarding mottling, much the same result was obtained here as in the
China Red X Mexican Red cross. The faint mottling was entirely over-
looked in F',. When the F', was obtained showing mottled beans, the F',
remnants were reéxamined and four mottled beans were found which
had been previously classified as Corinthian purple. Two F, progenies
segregated such a high proportion of mottled offspring in F, that they
must have been mottled in F,. These two progenies, which are indicated
in table 20, consisted of 42 plants of which 22 were mottled. For a 1:1
ratio there should have been 21. Fitted to such a ratio the probability
value is 0.76. It is apparent that the R gene is segregating in this cross
but some modifying genes prevent the expression of mottling in some
cases. Further proof for the presence of R was obtained by subjecting
known mottled F', beans of this cross to progeny tests. From eight prog-
enies 120 plants were harvested, 56 being mottled and 64 self-colored.
These data fitted to a 1:1 ratio give a probability value of 0.47.

Since some reddish purple (Indian purple, plate 2, figs. 63, 64), and
purple (perilla purple, plate 2, fig. 65) beans were obtained, it is assumed
that the color genes in Dark Red Kidney (Indian purple, plate 1, fig. 4)
were responsible. No blacks, however, were found in the F', so there was
no accumulation of dark modifiers as in Mexican Red X Red Kidney.
In the cross Dark Red Kidney X Red Kidney (table 15) evidence of
segregation of Bl was obtained. Thus the Bl gene carried by Red Kidney
is not the same gene as the purple modifier in Dark Red Kidney or black
beans would have been obtained in the F, of the cross Mexican Red X
Dark Red Kidney. Oxblood red was reclaimed often in the F, of this
cross and so was a still lighter red, classed as acajou red (plate 2, figs.
69, 70). Acajou red is lighter in color than the Mexican Red parent and
indicates that it may have fewer dominant color genes for red or purple
than either parental variety. No testaceous beans were obtained in this
cross indicating that neither parent carries rk.
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In the study of the hilum-ring character, summarized in table 21, the
same difficulties of clearly distinguishing the different phenotypes were
encountered as described in the China Red X Mexican Red. Here there
was further evidence that the color of the hilum ring and the color of the
seed coat are associated. This condition has already been noted in the
literature (12, 17). In the F, generation the Indian-purple progeny

TABLE 21

SEGREGATION FOR HILUM-RING CoLorR IN MEXICAN RED X DARK RED KIDNEY,
Cross No. 34.171

Hilum-ring color of segregants

P Parental color | Progenies Total seg-
arental color of hilum ring tested No regants
Black Orange | hilum

ring

F1 generation F2 generation
Vandykered................... Black......... 3 82 20 28 130

F2 generation Fs generation
Indian purple.................. Black......... 7 93 39 65 197
9 122 42 33 197
Corinthian purple.............. Black......... J 8 114 31 145
1 1 2 13
1 25 25
[ 2 54 26 5 85
Deep helleborered............. Black....... .. 3 35 14 49
1 21 21
Oxbloodred.................... Black......... 3 £3 16 12 81
Deep helleborered............. Orange........ 2 47 4 51
3 41 41
2 7 45 8 60
Oxbloodred.................... Orange........ 1 1 2 - 3
3 37 12 49
4 41 41
Indian purple........ ......... No hilum ring f ! !
T 11 1 14 15
Corinthian purple.............. No hilum ring 1 9 16 14 39
1 2 2 8 12
. s . 4 17 21 38
Oxbloodred.................... No hilum ring | 2 14 - 14
[ 2 27 27
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were classed as 10 with black hilum ring and 4 with no ring; in the
perilla purple, 59 had black hilum ring, 9 had orange, and 1 no ring;
in the oxblood red, 9 had black hilum ring, 11 had orange, and 22 no
ring; in the perilla purple/light perilla purple all 4 had black hilum
rings.

The plants with black hilum rings seem to be able to segregate both
orange rings and no rings as well as breed true. Orange hilum ring
usually breeds true or segregates no ring but occasionally some progeny
with black ring come from F', plants with orange hilum ring. F, plants
classed as having no rings did not always breed true—in fact most of
them reverted to orange rings or in a few cases black. Two F', progenies
from oxblood with no hilum ring bred true in F,.

As can be seen in table 20 there is some discrepancy in the color de-
seription of F, and F,. The two colors, Corinthian purple and deep hel-
lebore red recognized in F, were grouped together in F, as perilla
purple.

NATURE OF THE COLOR COMPLEX IN MEXICAN RED

In the three crosses just discussed no attempt was made to give the
genetic formula of Mexican Red. We can, however, make some assump-
tions which are based on the results of the crosses involving this variety.

Both China Red and Dark Red Kidney carry R and since some mottled
beans were found in F', and F',, when these varieties were used in crosses
with Mexican Red, the mottling was attributed to the action of R. F,
data from both China Red X Mexican Red and Mexican Red X Dark
Red Kidney crosses were presented to show that mottled hybrid beans
do segregate in the ratio of 1 mottled to 1 self-colored as expected. This
was explained on the basis that the reactions of R were obscured by
interactions of other color genes but when these modifiers were elimi-
nated in the F, the action of R could be readily seen. Thus Mexican Red
carries r. Since Red Kidney also carries r there should be no mottling in
the progeny of a cross between these varieties. Since none were found
this is further evidence that Mexican Red must carry r.

Some F, beans were obtained in these crosses which were darker than
either parent, a fact explained by assuming that the Mexican Red car-
ries purple modifiers as well as the other varieties and the dark colors
are due to accumulation of these modifiers in homozygous condition in
some genotypes. The reverse situation was also observed. Some F'; beans
were lighter red than either parent indicating the elimination of the
dominant purple modifiers. The genetic nature of the colored hilum ring
has not been settled in this work. Because it is difficult to always distin-
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guish this character, errors are easily made in classification. After they
have been made it is hard to reconcile the notes on the hybrids in the
succeeding generation. There is some evidence that the color of the ring
is associated with the color of the seed coat but there are also enough
exceptions to make a general rule untenable.

Mexican Red was shown in crosses with Red Kidney to carry a domi-
nant allelomorph of rk since one-fourth of the F', and segregating F,
progenies were testaceous. China Red and Dark Red Kidney have been
shown to carry Rk a dominant allel of & which makes beans buff in
color in the absence of the dominant red gene R. Now, since Mexican
Red does not carry R, and since no buff beans were found in any of the
crosses, it must carry other red color genes which prevent Rk from ap-.
pearing as buff. Another explanation, advanced earlier in the paper is
that this variety may carry a third allel in the Rk rk series. No critical
data are available to make a choice between these two possibilities.

Crosses involving Mexican Red were the most difficult to analyze
genetically but the hybrids show more promise as a foundation for a
breeding program to improve the color of Red Kidney than any other
variety tested. The new light-red colors which may be useful are : Pom-
peian red (plate 2, fig. 44), and ocher red (plate 2, fig. 45) from the cross
China Red X Mexican Red; Vandyke red (plate 2, fig. 58) from the
cross Mexican Red X Red Kidney ; and acajou red (plate 2, figs. 69, 70)
from the eross Mexican Red X Dark Red Kidney. Whether these reds
will prove useful to this end remains to be seen in later breeding work.

SUMMARY

Hybrids between red-seeded varieties of common beans were made to
study the genetic nature of red. Ridgway’s (18) color nomenclature was
used in the descriptions. The results of this study are applicable in im-
provement of the Red Kidney variety, which changes in time from red
to brown or tan while in storage or when in sunlight. Six genes were
encountered which affect seed-coat color or its distribution.

P is a primary pigmentation factor necessary for any color to develop.
Beans with P but without any complementary pigmentation color genes
are white. All the bean varieties studied carried one or more comple-
mentary color factors. Beans homozygous for p are white regardless of
the color genes they may have.

M is a mottling gene which was found in a number of red-mottled
varieties; its recessive allelomorph, m, is self-colored.

Rk, a gene for buff color, is the dominant allelomorph of rk, which is
responsible for the testaceous color typical of the Red Kidney variety.
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The interactions of Rk rk have not been known heretofore. M Rk beans
are mottled on buff background, and M rk are mottled on testaceous
background.

R is a gene for deep red (oxblood red). In the genotypes studied R Rk
and R rk were oxblood red; r Rk, buff; and r rk, testaceous. Beans
heterozygous for R are mottled : those with Br Rk are mottled on buff
background and those with Rr rk are mottled on testaceous.

Bl is a color modifier which changes oxblood red to purple. It also
changes red-mottled beans to purple-mottled when the mottling is caused
by either heterozygous E or M.

E is the dominant allelomorph of e, a gene for eye pattern. E beans
are self-colored. The eyed variety used was white with a red eye, the red
being due to rk.

No linkage was found between Rk M Bl, Rk R Bl, or Rk E. Linkage
between these genes and P could not be demonstrated because all p geno-
types are white. Some data were obtained indicating complete linkage
of M and R. No cross-over classes were found.

Not one of these genes was suitable as a color modifier of Red Kidney.
However, F', segregates were obtained in crosses involving Mexican Red
which were nearer the ideal type. Further experiments are necessary to
ascertain the practical value of these reds. The genotype of Mexican
Red was not obtained because it carries a number of modifiers which
made classification difficult. No buff segregates were found in crosses
involving Mexican Red, although about one-fourth of the ', popula-
tion was testaceous in the cross Mexican Red X Red Kidney. Mexican
Red either has modifiers which prevent the expression of buff or it car-
ries a third allelomorph for the Rk rk gene pair.
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PLATE 1
PARENTAL VARIETIES:

Fig. 1. Red Kidney 4370. Fig. 5. Speckled Kidney 50(51)30.
Fig. 2. Nagazura 4390. Fig. 6. China Red 4414.
Fig. 3. Long Roman 4521. Fig. 7. Buff P Rk.

Fig. 4. Dark Red Kidney (65)31. Fig. 8. Mexican Red 4437.

F; SEGREGANTS OF WHITE KIDNEY X NAGAZURA:

Fig. 9. Raisin black/pinkish buff (P M Rk BI).

Fig. 10. Indian purple/pinkish buff (P M Rk Bl).

Fig. 11. Dark heliotrope slate/pinkish buff (P M Rk Bl).
Fig. 12. Raisin black/testaceous (P M rk Bl).

Fig. 13. Indian purple/testaceous (P M rk Bl).

Fig. 14. Maroon/pinkish buff (P M Rk bl).

Fig. 15. Oxblood red/pinkish buff (P M Rk bl).

Fig. 16. Deep hellebore red/pinkish buff (P M Rk bl).
Fig. 17. Maroon/testaceous (P M rk bl).

Fig. 18. Oxblood red/orange cinnamon (P M rk bl).

F; SEGrEGANTS oF CHINA RED X RED KIDNEY:
Fig. 19. Raisin black/pinkish buff (P fj RE BI).

Fig. 20. Raisin black/testaceous (P fj‘ rk Bl).
Fig. 21. Oxblood red/light pinkish cinnamon (P TE RE bl).

Fig. 22. Oxblood red/testaceous (P fj rk bl).

Fig. 23. Dull violet black (P R Bl).
Fig. 24. Dull purplish black (P R Bl).
Fig. 25. Oxblood red (P r bl).

Fs SEcrEGANTS OF DARK REDp KipNEY X RED KIDNEY:
Fig. 26. Raisin black/light pinkish cinnamon (P rg Rk Bl).

Fig. 27. Oxblood red/testaceous (P E rk bl).

Fig. 28. Black (P R Bl).

Fig. 29. Indian purple (P R Bl).

Fig. 30. Violet carmine (P R Bl).
F; SEGREGANTS OF CHINA RED X MEXICAN RED:

Fig. 31. Victoria lake/testaceous, with black hilum ring.

Fig. 32. Oxblood red/testaceous, with black hilum ring.
PARENTAL VARIETIES:

Fig. 33. White Kidney 4516.

. Fig. 34. Red Eye 4387.

F: SEGREGANT oF RED EYE X BUFF:

Fig. 35. Buff eye.

(All natural size.)
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PLATE 2.

F; SEGREGANTs OF CHINA RED X MEXICcAN RED:

Fig. 36. Pompeian red/testaceous.

Fig. 37. Victoria lake, with black hilum ring.
Fig. 38. Oxblood red, with orange hilum ring.
Fig. 39. Oxblood red, with no hilum ring.

Fig. 40. Pompeian red, with black hilum ring.
Fig. 41. Victoria lake, with no hilum ring.

Fig. 42. Perilla purple, with black hilum ring.
Fig. 43. Oxblood red, with black hilum ring.
Fig. 44. Pompeian red, with orange hilum ring.
Fig. 45. Ocher red, with orange hilum ring.

¥, SEGREGANTS OF CHINA RED X GENEVA RED KIDNEY:

Fig. 46. Corinthian purple. Fig. 50. Deep Corinthian red.

Fig. 47. Liver brown. Fig. 51. Oxblood red.
Fig. 48. Chestnut brown. Fig. 52. Vinaceous fawn.
Fig. 49. Hay’s russet. Fig. 53. Testaceous.

F3; SEGREGANTS oF MEXICAN RED X RED KIDNEY:

Fig. 54. Black. Fig. 57. Oxblood red.
Fig. 55. Victoria lake. Fig. 58. Vandyke red.
Fig. 56. Chocolate. Fig. 59. Testaceous.

F; SEGREGANTS OF MEXIcAN RED X Dark RED KIDNEY:

Fig. 60. Indian purple/testaceous.

Fig. 61. Perilla purple/light perilla purple.
Fig. 62. Oxblood red/Pompeian red.

Fig. 63. Indian purple, with black hilum ring.
Fig. 64. Indian purple, with no hilum ring.
Fig. 65. Perilla purple, with black hilum ring.
Fig. 66. Oxblood red, with black hilum ring.
Fig. 67. Oxblood red, with orange hilum ring.
Fig. 68. Oxblood red, with no hilum ring.
Fig. 69. Acajou red, with black hilum ring.
Fig. 70. Acajou red, with orange hilum ring.

(All natural size.)
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