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FLOWER COLOR INHERITANCE IN DIPLOID
AND TETRAPLOID ALFALFA:
A REEVALUATION

By D. K. Baexes,' reseerch peneticist, Crops Research Divigion, Agricullural
feesearch Nervive

BACKGROUND

For nearly 50 years geneticists
and plant breeders have searched
for gene markers in order to under-
stand slfalfa inheritance patterns.
Flower color inheritance has been
studied more intensively than any
other qualitative character in al-
falfa. ~ More than 20 scientific
papers have dealt with the subject.
Hagem (20)* and Moe (28) were
among the first workers to describe
the variability in flower colors
found in F, progenies from crosses
between purple-tlowered Medicago
sativa L. and yellow-flowered A edi-
cago faleata 1. The many patterns,
hues, and intensities of purple, yel-
low, and variegated flowers (mix-
tures of purple and yellow pig-
ments produce numerous classes of
greens and blues) have caused difi-
culty in phenotypic classification of
plant progenies.

Hagem (20) suggested that two
disomic genes controlled purple
flower color and ons disomic gene
controlled yellow flower color. The
theory of disomic inheritance was
also preferred by most later re-

searchers. Waldron E.{;O), Koro-
hoda (21), Burkart (8), Burton
(9, 10}, Lepper and Odland (22),
Armstrong and Gibson (4), Wei-
hing (47), Wood (42), and Stor-
gaard (35)—all suggested that at
least two and as many as four diso-
mic genes contrelled flower color.
The tendency to interpret genetic
results in alfalfa on the basis of
disomie inheritance was not limited
only to flower color genes; it in-
cluded all qualitative characters
studied.

Autotetraploid inheritance in al-
falfa was first proposed by Tysdal
(37) and wus later illustrated by
Tysdal, Kiesselbach, and Westover
(58) from a reanalysis of data on
leaf shape previously reported by
Korohoda (2I). However, a con-
clusive case for tetrasomic inherit-
ance in alfalfa was not presented
nutil Stanford (32) described the
inheritance of a gene controlling
white flower color. Since that time
Armstrong (3), Lesins (23), and
Stanford and Clement (84) have
reported cases of cytological devia-

1 pAcknowledgement is made to W. M. Clement, Jr, Vanderbilt University, and
R. L. Uooper, Uuiversity of Minnesota, for their contribution of uapublished data
and for their compreheueive review of this bulletin.

1 Ttnlic numbers in pareutheses indicate references listed on pige 24,
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tions from & ftrue autotetraploid
behavior. Ifowever, most of cyto-
logicul evidence reported by Arm-
strong {3}, (irun (79}, and Cleve-
land and Stanferd (11) su]la ort the
presence of autotetraploid-like pair-
ing in tetraploid U sative. Besides
the cytological evidence for auto-
tetraploid hehavior, most recent
studies of gualitative genes have
been interpreted on the basis of
tetrasomic Inheritance, ie., inherit-
ance of elongated hypocotyle,
Davis {17} ; exposed stigma, Mar-
kus and Wilsie {26} ; zebra leaf,
Stanford (33} ; and root-knot nem-
atode resistance, QGoplen and
Stanford (18).

Because of the incressing genetic
and cytogenetic evidence for auto-
tetraploid Dbehavior in cultivated
alfalfu, all data available on flower
color inheritance have been brought
together and the possibility of a
tetrasomic inferpretution has been
considered. The objectives of this
publication are to (1) report recent
findings on flower coler inheritunce,
{2) consolidate all data on flower
color inheritance into a single
source, (3) compare the obvioussim-
ilarity of data among studies, (4)

set forth a uniform system of gene
designations for researchers to refer
to, atd (5) compare the interpreta-
tions of flower color inheritance in
tetraploid alfulfu with those from
diploid alfalfa.

The limitat:ons and difficulties of
interpreting tetrasomic segregations
of characters controlled by tweo or
mors genes were discussed by Little
{25}, Some difliculties that have
often plagued research workers
studying [ower color inheritance in
tetraploid alfalfa have been: {1)
the use of small populations, which
is often necessitated by increased
self-incompatibility after several
generations of inbreeding; (z; the
difliculty in making definite pheno-
typic classification because of the
continuous nature in expression of
several Hiower color genotypes: and
{3} the failure to grow critical Ty,
It,, or backeress generstions, which
are often necessury to demonstrate
tetrasemic Inheritance. I'wamley
{36}, Bulker and Davis (7), and
Cooper and Kiliott {75, 74) tried to
circumvent some of these difficulties
by studying flower color inheritance
on the diploid level rather than or
the tetraploid level.

FLOWER COLOR INHERITANCE IN DIPLOID ALFALFA

Purpie Pigments

Twamley (86), Buker and Dayvis
{7}, and Cooper and Ihiott (13)
all extructed anthocyanins drom
purplie-fiowered diploid alalfa.
Twamley and Buker and Davis did
not. identily the specilic anthocya-
nins isolated.  Cooper identified
thres anthocyanin pigments from
purple alfalfa flowers by means of
paper chromatography. The three
anthocyanin plgments were identi-
fied as malvidin 3-5 diglucoside,
petumidin 3-5 diglucoside, and del-
phinidin 3-5 diglucoside. Cooper

cbserved that in all crosses the three
anthocyanin pigments were inher-
Med as a vnit. If one pigment was
present, all three were present; how-
ever, the relative amounts sometimes
varied.

These results were in general
agreement with similar studies of
tetraploid alfalfa. ILesins {(24)
identified the anthocyanins as deriv-
atives of the three aglycones—del.
phinidin, petunidin, and malvidin.
All of the anthoeyanin pigments
appeared to be inherited as a genetic
unit with the possible exception of
the independent segregation of the
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malvidin derivative in one cross.
In another study of tetraploid al-
falfa Davies (16) identified two of
the nnthocyanin aglycones as del-
phinidin and malvidin, but thethird
aglycone was identified as cyanidin
rather than petunidin.

Genetic data based on phenotypic
classification of purple vs. non-
purple flowers reported by Buker
and Davis (table 1) suggested that
a single dominant gene () con-
trollod the presence of purple color.
Genetic data presented by Cooper
indicated a similar pattern of in-
heritance. The majority of Twam-
ley’s data indicated segregation of
a single gene controlling purple
flower color (table 1). But Twam-
ley separated out three F, families
and one F, family, which gave a
better {it to a pattern of two com-
plementary genes than to a mono-
factorinl segregation. The possibil-
ity of two genes controlling purple
pigments cannot be totally dis-
counted. But the basis for separa-
tion of the four families is ques-

tionable, especially since all four
families were very small. Although
it 1s true that the limited data fit a
9:7 ratio better than a 3:1 ratio,
none of the four families failed to
fit 2 3:1 ralio. According to Mather
(27), 95 plants (94.32) are necessary
in order to distinguish hefween 3:1
and 9:7 raiios with a minimum cer-
tainty of 0.025. The published data
tend to indicate that a single dom-
nant gene (P) controls purple
flower color in diploid alfalfa.

Yellow Pigments

Twamley (38) found that the yel-
low flower ealor of M. felcata was
due to two unrelated yellow pig-
ments. One pigment was insoluble
in water but soluble in acetone and
petroleum ether. It-wastentatively
identified as the plastid pigment
carotene. The other pigment, which
was only extractable In hot water,
was presumed to be one of the sap-
soluble anthoxanthin pigments.
Cooper and Elliott (13, 14) identi-

Tasve 1-—Segregutions for purple and nonpurple flower color in F
and backcross families of diploid alfalfa, and chi-square tests for goodness

of fit () to genetic ratins

]
Number | Obhserved ratio i Author's
Author and gencenation of ! | expocted P
y familics l ralio
t Purple ‘ Nonpurple
Buker and Davis (7): 1 I
Py _ 7 242 &6 3:1 0. 627
Cooper (14): | |
Tl 2 81 33 3:1 340
Fi K nonpurple__.__ . i 50 44 1:1 LY
Iy Wpurpleo o _o__ 7 101 b 120 fjooooooon
Nonpurple.___. _ ... . a 01 50 1 0:1 [__..___.
Twamicy (38): : )
ool . 12 RRUN 70 3:1 95
Faoo . - 1. i 1 13:1 L 184
o o il 7 I 4 131 . 403
Pl i 1 L fi 1yd:l 131
T e, 1t 4‘ 3 131 270
} i

! Previously reporied by sulher as fitting 9:7 ratio.
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Hed the yellow carotene pigments as
xanthophyll esters, which are
closcly related derivatives of caro-
tene. Chromatographic studies by
Buker and Davis (7} indicated the
presence ofd'our pigments—two fat-
soluble piginents with characteris-
tics similar to carotenoids and two
water-soluble pigments with char-
acteristics of flavones and flavonols.
Traces of yellow pigments were also
uncovered at four additional chro-
mutographic locations.

(Genetic data presented by Twam-
ley (table 2) suggested that three
or more genes were very likely in-
volved in the production of yellow
pigment. Only 1 of 342 diploid F,
plants from crosses of purple and
yellow Howered plants was identical
to the purple-flowered parent and
contained no trace of yellow pi
ment. Although about one-fourth
(85 plants) of the ¥, population
was yellow flowered (table 2) none

=
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of the plants produced cream flow-
ers or were as deeply pigmented as
the A, fulcata pavent,
Unpublished data by Barnes and
Cleveland ® gave additional support
to the hypothesis that three or more
genes controlled yellow flower color
(table2}. Allofthe ¥, planis from
o cream-flowered M. safive plant
crossed  with an orange-yellow
flowered . falcata plant were yel-
low flowered. Seven T, famnilies
were produced. Three of the T,
families failed to segregate for
creanmi-Howered progenies, bub a
backeross to the cream-flowered
parent produced cream-lowered
plants in an approximate 15 yellow:
1 cream ratio. The remaining four
I, familles segregated 63:1 and
baekerosses to the cream-flowered

*Barnes, D. K., and Clereland, R. ¥,
Dept. Agron., Pa. State Univ., University
Park, Pa. Unpublished data. 1962

Tasrue 2.—Segregations for yellow and cream flower color in ¥y and back-
eross families of diplowd alfalfe, and chi-square tests for goodness of fis

() o genetic rutios

Autlbor and l
goneration

of
¢ families

Nt.m’iberi Observed ratio

| Author’s |
expected
ratio

!

Yellow | Cream |

Barnes and Cleveland; 1 }

P, {eream X yellow).____ __ -

Ehl
A 1

BC (Fy X eream)
Buker and Davis {7):?
Fy (purple X yelow)
F; {yellow @}
Cooper and Eiliott (14): 3
By {variegnted @)
Twamley (56):2 .
Fa (purple X yeilow)__ .. __

[ )
LS v T [t s ol R oni i ]
1 = e
V=RV mI RN

bt b

o]

t Unpublished data.
phenobypic classification,

Pa. State Univ,, University Purk, Pa.; dufa based on visuut

* Considered only F; plants without purple pigments in flowera.
? Prusenec or ubsence of yetlow pigments identified chemically in both purple-flowored

and non purple-flowered piants,
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garent segregated approximately
: 1.

The yellow flower color data pre-
sented by Buker and Davis {table
2} were interpreted by them as
being controiled by a single gepe.
However, this interpretation should
be viewed with seme caution because
elthough the majority of the fami-
lies gave good fits to 0. 3: L ratio, sev-
eral of the I'; and ¥, families gave
as good or better fits toa 15: 1 ratio.
Cooper and Eiliott {74} did not rely
on visual cobservations of yellow
flower color per se, as the other re-
seterch workers did; they chemically
analyzed individual plants for the
prosence and absence of xantho-
phyll. The segregations they ob-
served (table 2) definitely estab-
lished the presence of at least two
genes controlling xanthophyll pro-
duction.

The dats indicate that at least
three and probably four genes with
accumulated effeets control vellow
flower color in diploid alfalfa. Two
of the four genes have been identi-
fied as controlling xanthophyll pro-
duction. It seems appropriate to
assign the gene designations ¥um,
Ya,, Y3, and T, to the four loci con-
irolling yellow color. The Yz
designation refers to the two genes
described by Cooper and Elliott
{14) sas controlling xanthophyll
production. The other two genes
can remain as ¥ until further
sludies demonstrate that they are
additional xanthophyll genes or
that they control some other pig-
ment, at which time & subscript let-
ter can be added.

Basi¢ Color Factor

A white-flowered diploid alfalfa
plant (S2128) was found by Dr.
J. L. Bolton, Central Experimental
Farm, Ottawe, Canada. 'The

phenotype was similar to the ¢
genoe previously reported in tetra-
ploid alfalfa. The phenotypic ex-
pressions and inheritance pattern
of the € gene in tetraploid alfalfa
are summarized on pp. 8, 10-12 of
this bulletin. Clement* reported
that diploid plants which were ho-
mozygous recessive for the €' gene
were weak and had poor fertility.
Crosses between whife-flowered
plants and purple-flowered plants
produced purple-flowered F.’s. The
I, segregations were approximately
3 purple to 1 white, and progenies
from backerosses to the white-
flowered parent segregated approxi-
mately 1 pnrple to 1 white. A
deficiency of white-flowered plants
was observed in all crosses. Sub-
sequent dats from crosses [ (white X
yellow, Y. falcata) X white]
closely fit a ratio of 1 white to 1
yellow.

Clement * studied critical crosses
in diploid alfalfa and concluded
that the ¢ gene is a basic color
factor for both purple- and yellow-
flowered plants. The dominant
aliele had to be present for the pro-
duction of color. The homozygous
recessive genotype masked the usual
expression of the primary factors
for purple and yeliow, However,
gome pigment factors in M. falcata
wera able to express themselves asa
cream flower color. There ap-
peared to be at Jeast two kinds of
cream flower color: those C-ppyy,
and those recessive for the basic
color factor and the p locus, but
dominant for one or more y factors.
The phenotypic expression for each

* Clement, W. M., Jr., Crops Res. Div,,
U.8. Agr. Res. Serv., Dept. Agron. and
Plant Genet., Uriv, Mian,, St. Panl. Un-
pubtished data, {Personul correspond-
ence dated Sept. 23, 1964.)

* Sce foctnote 4,
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of the different genotypes was as
foliows:

Genalype* Phenotype
CP—Y— e e variegnted
C—P-yy__ " purple
O-ppY— . Fellow
DY e e cream
ceP=Y— . cream
COP=*Y ol e White
CePPY — ol e Cream
ceppyy wiite

*Locr controiling yellow tlower color of
M. fultatu parent were not specifically
indentificd, so Y is used 0s general desig-
pation for asny of Yo, Yo, 1, 2nd ¥,
genes.

Modifying Pigments

Little research has been con-
ducted on the nature and identifica-
tion of pigments other than the pri-
mary purple and yellow pigments.
Only Cooper and Liliott (1%) have
chemically identified any of the so-
ealled modifying pigments. In
addition to the three previously
described anthocyanin pigments,
Cooper and Elliott isolated nine
anthoxanthin pigments from varie-
gated flowered alfalfs. Six of the
anthoxanthins (designated Q,, Q.,
Qz, Qi Qs, and Q) were quercetin
glycosides, and three (X, K., and
K;) were kaempferol glycosides.
None of the nine anthoxanthin pig-
ments imparte¢ a phenotypically
significant color of its own, but they
tended to act either as intensifiers
or as modifiers when copigmented
with anthocyanin or xanthophyil,
Only two of the nine anthoxanthin
glycosides exhibited segregation in
enough families to permit a genetic
analysis.

Kuempferol glycoside K, was
present in every plant examined;
the other two kaempferols, I, nnd
K., segregated in 3:1 ratics. The
inheritance of the produaction of
kaempferol glycoside I, and K; was
shown to be controlled by twe n-
dependent dominant genes.

Quercetin glycoside Q,° wus pres-
ent in various concentrations in
nearly all plants (782). All of the
progeny from crosses among plants
lacking quercetin glycoside Q. also
lacked the same gT*cosida. There-
Tore, Cooper suggested that the ab-
sence of quercetin glycoside Q; was
controlled by one or more genes in
the homozygous recessive condition,
The concentration of quercetin gly-
cos.de Q. appeared to influence the
concentration of the nther guercetin
glyeosides. Couper suggested that
the simultaneous increases in inten-
sity of all six quercetin glycosides
indicated that an intensifier gene
or genes was acting on the agly-
cone quercetin, Two possible hy-
potheses that he suggested for the
inheritance of quercetin glycosides
were: {1} two quantitafive genes
affecting the intensity of the agly-
cone quercetin, and segregating for
various infensities in 2 ratio of
1:4:6:4:1; and {(2) a single domi-
nant gene controlling the produe-
tion of quercetin glycoside Q, and
modified by another single quantita-
tive factor segregating 1:2:1.

Pink bud eolor was observed and
deseribed in floral buds of many
white- and yellow-flowered plants
from advanced generation hybrids
between diploid A{. safiwe and
diploid M. falecata by both Cooper
(12} and Twamley (36). Doth re-
search workers hypothesized that
the color was due to an anthocyanin
pigment, but unfortunately no an-
alyses were made to substantiate
this. The pink color usnally faded
away soon afler the flowers opened.
The inheritance of the character was
studied by Barnes and Cleveland
{6). 'They found no M. falcule
plants with pink buds. Their

® Listed in Ph, D. thesis {I2) as quer-
cetin glycoside A, but later referred to by
Cooper and Blott {I15) as Q.
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studies indicated that pink bud
eolor required the presence of two
dominant genes with complemen-
tary action. They concluded that
one deminunt genc, £s, cume from
M. sutive and the other dominant
- gene, 8f, came from A, falcale.

Floral vein color is also another
source of flower pigmentation, be-
cause darkly pigmented veins are
present in mmany alfalfa flowers.
These veins extend from the throat
of the ftower towurd the forward
edge of the standard, Some plants
have pigmented veins throughout
the standard petal; other plants are
devoid of floral vein pigmentation.
Tloral vein color pigments have not
been chemically analyzed. There-
fore, they could be the source of one
or more of the modifying pigments
which were isolated Lut whose fune-
tions were not specifienlly identified
by Buker and Davis {7} and Cooper
{22). Barnesand Cleveland {5} re-
ported that the presence of darkly
pigmented veins in yellow-flowered
diploid alfzlfs wus controlled by
the presence of one or more domi-
nant alleles from eithier or both of
two duplicate genes {¥s, and Vs,).
Absence of vein color was due to the
homozygous recessive genotype of
both genes. An association of wing
petal vein pigmentation and stand-
ard petal pigmentation was ob-
served but was not studied.

Joint Pigmentation

¥, progenies from crosses be-
tween purple-flowered M. saliva
and yellow-flowered M. falcata have
varieguted flowers. The buds and
freshly opened flowers nsually con-
tain morve anthogyanins than do
flowers several days old. Accord-
ing to Lesins (£€3), purple pigmen-
tation is in the epidermal layer of
the flower, which in turn is over a
background of yellow. This copig-
mentation usually gives the varie-

TO4-3T0—B6——2

gated flowers from F, progenies a
green appearance, but as the antho-
cyanins decrease with age the flower
color fudes to o dirty yellow, The
varions dosages of purple, yellow,
and modifying pigments found in
¥, and Fy progenies give additional
patterns of variegated flower colors.

Cooper and Eliott (14) chemi-
calty studied joint segregations in
individual plants for: (1} antho-
cyunin and kuempferol glycoside
K, (2) anthocyanin and kaemp-
ferol glycoside I, (3) anthocyanin
and xanthophyll, (4) xanthophyll
and kaemplerol glycoside K., and
{#) xanthophyll and kaempferol
K. All joint segregations indi-
cuted independent assveigtions be-
tween the renes invelved.

Buker und Davis (7) phenotyp-
ieally elagsified F. progenies from
several crosses of M. sative and A
falcate into green, purple, yellow,
and cream flower color classes.
Data from six of the seven I¢, fam-
ilies and from the pooled data of
all seven families fit 2 9:3:3:1 ra-
tio. A chi-square test for linkage
was not significant for any one in-
dividual family, but the pooled data
indicated that the one purple gene
and the one yellow geng they pro-
posed for contreliing flower color
may be linked (39=38 units). Bu-
ker and Davis listed possible ex-
pianatiens for the incousistency in
the data. They suggested that an
error in elassification could throw
genatypically green-flowered plunts
nto the purp?e class, and if this
was accompanied by a misclussifica-
tion of cream as yellow, it would
give the a| pearance of linkage. A
smull number of misclassificutions
in each faniily could be responsible
for the significant linkage test in the
pooled data. Another possibility is
that Buker and Dawvis (?) and
Cooper and Elliott (74) did not
stiudy the same yellow flower color
genes.
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The chemical Investigation of in-
dividual plants enabled Cooper and
Elliott (14} to obtain correlations
between various combinstions of
pigments and modifiers with the
phenotypic appearance of the
flower. According to Cooper and
Elliott the presence of one or more
dominant :Jleies of the & gene gov-
erns antheeyanin gynthesis and pro-
duces a light blue to purple color in
alfalfy flowers. Anthocyanininten-
sity ranged from deep purple to
very dilute purple to almost
white flowers. The phenotypic
variability in purple flower color
was probably due to blending
or copigmentation elfects of anthox-
anins and background eflects of
xanthophyll. Kuaempferol glyco-
sides produced little or no color
when present in white flowers, but
had some effect when present in
joint pigmeniation with anthocya-
ning. All plants with a maroon
phenotype confained ab least one
tactor for xanthophyll production,
but none of these plants contained
both kaempferol giycosides K, and
I Inplantscontaming no xanthe-
phyll, & siganificantly greater num-
ber of reddish-blue #iowered plants
were found in the &Lk, 200, and
koks genotypes than in the K./
genotype. However, there was some
overfapping of phenotypes between

these classes. The blueing effect was
assumaed to result from copigmenta-
tion of glycosides K. and I, with
anthocyanins.

Cooper {J2) reported that it was
diflicult to ascertuin thoe exact
phenotypic eflects of the quercetin
glycosides because of the epistatic
effect of the yellow xanthophylls.
Traces of yellow in some pheno-
types void of xanthophyll indicated
some phenotypic eflect, but the ef-
fect was only evident wlen the con-
centration of quercetin glycosides
was abave o certain level.

Xanthophyll was the most im-
portant pigment in determining
yellow {lower color. Xuntllophyﬁ
was neb present in cream flowers;
conversely, the Intense or urange-
yellow flowers from AL, faleate con-
tained a high intensity of xantho-
phyll plgments, Indications were
thut quercetin glycosides produced
o phenotypic effect only when low
intensities of xanthophy!l pigments
weres present.  ITowever, xantho-
phyll at high intensities may mask
the effect of the quercetin pigments.

An inheritance chart tor flower
color in diploid alfalfa was pre-
pared by Cooper and Blliott (14).
Becanse the chart is essential for
understanding the inberitance of
tho many flower color paiterns, it is
presented in figure 1.

FLOWER COLOR INHERITANCE IN TETRAPLOID ALFALFA

Inheritance of white flower color
has undoubtedly eaused more prob-
lems in genetie mberpretations than
any other single character in tetra-
ploid alfalfa. This has been due to
the presence of two genotypically
different types of white flowers.
These two types can be designated
as white and eream flower color.

White vs. Purple Flower Color

Whaldron (39) reported that in
1914 he received a small quantity of

“albino geed.” The seed was pro-
duced on a plank with “pure white
flowers, which lacked even the vio-
let veining in the petals of the young
flowers usually found en so-called
white-flowered alfalfa™ The seed
itself also lacked the pigment of
normal alfalfa seed. Seed from
self-poitinated plants bred true for
the albino flower-seed character.
Open-pollinated seeds {rom the
white-flowered plant produced all
purple-flowered F; plants; this in-
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Figure 1.—Genetic hypothesis for flower color inheritance in diploid
alfalfa.* (Source: By permission Cooper and Elliott (14).

Genotype Phenotype

YeYz, Ya¥x P K, K, variegated {dark purple}

P K, K; orange yellow

Yz¥z, ¥Yxyz P Ji6) K; variegated (purple)

7 K, K; bright yellow

Ya¥z, gy P K, K, variegated (purple}

k, variegated (purple to maroon)
ks K, variegated (purple to maroon)
k;  variegated (maroon)
P K, K, yellow

Yuayz, yoyz P {s K, purple

I k, purple to maroon

ks K, purple to marcon

I k, maroon

P K, K, light yellow

YTyE, Yy P XK, K; Dblue

| %,  blue to reddish blue

ks K, blue to reddish blue

| k; rteddish blue

P K, K, white {cream)

Yx—=factors for xanthophyil production and Intensity. P=fector for anthocyenin Pruduction.
ngdracgor for kasmpterol glyeoside K. prodoetlon.  Ks=foetor tor kpempfercl glycoside Ea
production,

*Thig inharitance chart hag been used to show the fnteraction of the varlous color factors in
elfalfa fowers and the reistfonship between genotyge and pheootype. ‘To determloe the
genotype of any given pheootype atart ot the pame and follow the jine to the left apd upbward
entil £l genes ars geeounted for, The multiple parallel lnes Indleate no phenotyple effect of
the underlined genes.
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diealed that a naturn! cross had oc-
curred with ordinary purple-
flowered alfulfn. The T, progeny
segregated  for  purple-flowered
plants and white-flowered plants.
Most rescarch workers who have
used  white-flowered  parents in
tetraploid Hower eolor studies have
futled Lo distinguish between white-
and erenm-flowered plants,  ow-
éver, through carelul inspeetion of
the data, it usually has been pos-
sible to establish which type of
flower color was used in each study.
The factor(s) econtrolling white
flower color can be generally de-
serthed ug epistalic to the /2 gene,
whiclt is responsible for anthocyn-
nin prodaction in the llowers, The
action of the color-conditioning fae-
tor blocks not only the formation of
purple flower color pigments, but
also the normal anthoeyanin pro-
duction in the seedeoat and vegeta-
tivasterus.  Clement 7 veported that
tho anthocyanins produced hy the
{2d gene, which controls red roots in
alGalfa, are also aflected. Burkard
(8}, Covas and Ferndndes (15),
sl Stanford (32) reported that
white-flowered plants had green
hypocotyls in the seedling stage,
whereas some anthocyanin pigmenis
were Tound in the hypocolyls of
purple-flowered plants. The white
{lower factor deseribed by Waldron
(49} was apparently present in
some of the parental matecial uged
in studies by Burkart (&), Lepper
and Odlund (22), Stanford (22),
Storgaard  (35), Twamley ES’()‘
Weihing (47}, and Wood (42).
All of the eatly research worlkers
(8, 22, 39) interpreted the inherit-
“ance of white flower color as being
controlled by two or more disomic
genes.  Ilowever, Stanford (38)

¥

T (lement, W. M., Ir., Crops Res. Div.,
T.A. Agr. Res. Serv. nnd Dept. Agron, and
Plant Genot,, Tnlv. Minn, 8t I'nul, Un-
pmiblished dnrtn. {Personrl correspond-
pnee dated Deceminber 14, 1062)

grew the critical generations neces-
sary to diflerentiate befwen di-
somic and tetrasomic inheritance
and established that a factor con-
troling purple vs. white fower color
in alfalin was inherited Ju o telra-
somic manner. Stanford indieated
that he had been studying o factor
for purple flower color, but i was
moro precisely the study of a basic
color factor.  Besides the study by
Stanford, only Pwumley (36} in-
terpreted the inberitinee of white
flower color on a tetrusomic basis.
The ¥, data from studies by
Waldron (82} and Lepper and
Odland (22) fit » disomic seheme of
inheritance better than the tetra-
somtie schemes.,  ITowever, Lepper
and Odland’s daka represented com-
bined progenies Trom eight different
crosses and no assurance was givea
that all crosses represented the sume
gonotypes.  The results from the
study by DBurkart (8) fit cither
disomic or fetrasomic inheritance,
A summary of the results from
papers presenting date on crosses
between purple-flowered plants and
plints homozygous for white ffower
color are presented in table 3.
When interpreting many of these
studies, 1t should be remembered
that the critical ¥,, F,, and back-
cross generafions that were needed
lo positively differentiate between
disomic and tetrasomic inheritance
were nol grown.

After considering tho evidence
Tor tetrasomic inheritance presented
by Stanford (32} and in view of the
lack of conerele evidence for disomic
inhevitance from advanced gener-
ations, it appeurs reusonable to as-
sumae thaf tetrasomic inheritance is
the normal inheritanee patiern for
the basic color fuctor that produces
white flower color. Stanford {32)
dicd noy specifiently assign n lettor
designation to the gene, but he nsed
the symbol ¢ in & tablo describing
expected telrasomic segregations.




TaBLE 3.—Segregations for purple and white flower color wn tetraploid alfalfa from crosses among white-flowered.
and purple-flowered plants, and chi-square tests for goodness of fit (P) to both disomic and tetrasomic rutios

Observed ratio Expected tetrasomic ratio !

Num- Expected
Author and generation ber of | disomie Random Raundom
families | Purple | White y chro-

mosome

Burkart (8):
}2, (purple X white) )z?zl;
BC (F; X white) 12

Lepper and Odland (22):
¥, (purple X white) All
e e e e e ———— 411

Stanford (32):
F, (white X purple) ] ‘7%{.)1

B =t E 302
422

Combined data 724

Raw data not
presented.
d

OTdVILAL GNV QI0TdId NI EINVIIGHHEHNI 40100 dIMOTd

Waldron (39):
P, (white ®)
g; (white X purple)

Vavav ai

1 Expeeted ratios -caleulated on the basis of segregaticn limits Tit of Fs familics to & tetrasomic pattern of inheritance, expected
presented by Allard (). segregation (calculated with double reduction=0.144)=0,8 (1:0):
2 Progenies - from Fy; family segregating 3:1, self-pollinated.  10.8 (35:1): 22.1 (3:1): 12.3 (0.1), X 3=1.601, P=0.562.

T
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Lepper and Odland (92), Weihing
(41}, and Wood {42) all used ¢ to
designate u factor for the produc-
tion of color; Twamley {36) used ¢
to describe white flower color; and
Oldemeyer (29} used ¢ to describe
one of the factors he proposed for
controlling white seed color. Since
all of these papers have dealt with
effects of what is apparently the
same gene, it seems appropriate to
maintain the gene symbeol ¢ as the
designation for the basic color gene
controlling  white flower color.
Available evidence indicates that
white flower color is expressed by
the homozygous recessive genotype
of the ¢ gene {ccee). The presence
of one or more doses of the domi-
nant allele (- — -} permits the ex-
pression of anthocyanins.

Cream vs. Purple Flower Color

Cream-colored flowers wusually
have pigmented floral veins and
appear practically white, but when
they are compared directly with
truly white flowers they will have
& slight ivory or off-white hue.
Plants with cream-colored flowers
have some anthocyanins in the stems
and have yellow or tan seeds. Itis
thercfore possible to differentiate
between cream-flowersd and white-
fiowered plants.

Resegreh on the inheritance of
eream vs. purple flower color has
been reported by Armstrong and
{xibson (1), Barnes and Cleveland®
Soudah (37}, Stovgnard (35), and
Weihing (47). The data from these
studies have been summarized in
table 4. Data from some of the F.
families presented by Armstrong
and (zibson [ either a fetrasomic
or disomic pattern of inheritance,
but this work should be interpreted

®Barpes, D. K., and Cleveland, R. W.,
Dept. Agron., Pu. State Univ.. University
Park, Pa. Unpublished dota. 1662,

cautiously because it’ deals with |
crosses hetween M. media Pers. and
M. glutinosa Bieb. At the present
time, little is known zbout the ge-
netics of M. glutinosa and its rela-
tion to M. sativa.

F, and backeross data presented
in the study by Welhing (47) fit
either a disomic or tetrasomic pat-
tern of inheritance. If the tetra-
somic model is used, the data from °
all six F, families ean be pooled and
the data from both backeross fami-
lies consolidated because all of the
¥, plants appeared to have the same
genotyps. 1f the disomic mode] is
used, the F; plants need to be sepa-
rated into two genotypes. The re-
sults of this study are inconclusive
because the T generation was not
grown,

Almédovar {2) conducted & quan-
titative study of cream vs. purple
flower color, but drew only general
conclusions from it because of small
population sizes. Soudah (37)
used parental material obtained
from Almddovar and studied in
soraewhat greater detail the inherit-
ance patterns of cream vs. purple
flower color. Soudah observed the
segregation from crosses among
plants that were nulliplex, simplex,
and duplex for the gene controlling
purple flower color. The evidence
obtained from these crosses {table
4} did not fit expectnd disomic
segregations, but it did fit a tetra-
somic pattern of inheritance. Sou-
dah also presented data on the
relation of plant genotypes and
flower color intensity. He pro-
posed the idea that the effects of
the gene controlling purple fower
color were acecumulative and could
be used as criterian for pheno-
typic classification of various geno-
types (ie., nulliplex=cream, sim-
plex=light purple, duplex=purple,
triplex=deep purple, and quadri-
plex=very deep purple). Thedata
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&s presented suggested this interpre-
tation, but no progeny tests were
grown to verify or disprove the
theory.

The F, and backeross data pre-
sented from the study by Barnes
and Cleveland ® fit either a disomic
or tetrasomic pattern of inheritance
much the same as did the data by
Weihing (47). However, Iy segre-
gations gave conclusive evidence
that cream flower color was due to
the homozygous recessive condition
of & tetrasomically inherited domi-
nant gene., It was ascertained that
cream vs. purple flower color was
studied without the presence of the
recessive allele of vhe ' gene. This
was checked by crossing the true-
breeding cream parent with a white-
flowered plant of the same genotype
used by Stanford (32). All T,

lants wers purple flowered; this
mndicated that the cream parent car-
ried at Jeast three doses of the domi-
nant allele of the & gene. The
presence of the dorainant ¢ allele in
the ¥, plants allowed expression of
the allele for anthocyanin produe-
tion that was carried in the white-
flowered parent.

When cousidered in total, all
available evidence indicates eream
flower color is due to the homozy-
gous recessive condition of a single
gene. This gene is inherited in a
tetrasomic manner and produces
purple fHower color when one or
more doses of the dominant allele
are present. The most appropriate
gene designation for this character
would be /2. The P symbol was first
used by Lepper and Odland (22) to
designate & geno controlling purple
flower color.  Since that time P has
been used by most workers when
referring to purple flower color in-

*Barnes, D, K., and Cleveland, R. W.,
Dept. Agron., Pa. Stite Univ., University
Furk, i'a. Tupublished data. 1962,

heritance. Cream and purple lower
colors can be expressed genotyp-
ically as cream=(- - —pppp und
purple={~ — -P—~ — —,

Cream vs. White Flower Color

The criteria for phenotypically
differentiating cream-flowered and
white-flowered plants were de-
seribed on pages 10 and 12. The
small and often subtle phenotypic
differences between eream and white
Howers were not always recognized.
Nevertheless, from genetic evidence,
some research workers became
aware of the presence of at least two
genotypically different types of
white-flowered plants. Risius {30),
Storgaard (35}, Twamley z36),
Weihing (47), and Wood (42) all
presented data demonstrating that
crosses bebween cream- and white-
flowered plunts sometimes produced
purple-flowered ¥, progeny (table
5). All workers except Risius and
‘Twamley inferpreted the various
segregations for purple vs. white
flower color on the basis of disomic
inheritance. Since conclusive evi-
dence was presentled in tables 3 and
4 for tetrasomic inheritance of the ¢
and P genes, and since several of the
proposed models for disomic in-
heritance were very complex, only
sxpected ratios for tetrasomic n-
heritance are presented in table 5.
However, several proposed models
for disomic inheritance are dis-
cussed below.

Weihing (47) suggested that a
color factor ¢ was present, which
was  complementary to purple.
Purple flower color was expressed
only in the presence of one or more
doses of the dominant & allele and
one or more doses of the allele for
purple. Wood {42}, continuing the
studies begun by Weihing, produced
an F. generation and suggested a
disomic hypothesis similar to
Weihing’s based on the idea that
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"TanLe 4.—Segregations for purple and cream flower- color in tetraploid alfalfa, and chi-square tests for goodness of
Jit (P) to both disomic und tetrasomic ratios

Observed ratio

Expected tetrasomic ratio?

Number Expected
Author and generation of fami- disomic p Random
lies Purple | Cream ratio Random P ehromo- P
chromatid some
Armstrong and Gibson (4):
P, (purple ®) oo 1 90 L4 ORI FOUOIVIIN SHOOUPIIPINIIL PUOIPIS NP RSO URIPI SR
Py feream @) e 0 F:% 1 30 SR NI SIEUIEP ORSUOY SOOI FU N
Fr(Py X Py e 1 Al (1) PO NI PRSI SUIPRUR SIS TN TP
5 365 102 3:1 0. 121 2.5:1 0. 001 3:1 0. 121
B Cemseeses 2 239 9 15:1 096 | 20.8:1 479 35:1 430
6 702 5 63:1 071 20. 8:1 . 000 35:1 . 001
Combineddata... ... .. ... ... 8 041 ) I S ST S 20.8:1 . 000 35:1 015
Barnes and Cleveland: 3
Ps (cream ®)____--0_A-..,..--_,_ 1 0 14
P4 (purple [+) J S S L 34 ]
Fi(Py X P . 1 56 0
S .. 71 1,000 23 11 . 851 35:1
BC (I X eream). ... ... ... ... 1 16 3 1 L 731 5:1
BC (Fy X purple}... . ....... 1 30 0 :0 1:0 Jooo ool 1:0 Joomaonil
2 0 37 H (1335 N PSR 0:1 oo
Fot 13 274 85 3:1 2.5:1 | 3:1
Blrmmmmmmmm i e 23 837 36 15:1403:1 |onioon 20. 8:1 518 35:1 . 016
17 531 0 1:0 oo 783:1 foemoo 1:0 Jaeooo o
Soudah (31): )
Py (cream L) T 1 0 9 0:1 oo (113 N RN RPN
l’a (purple ®g--_--_-..‘.”----_.- 1 13 1 15:1 . 897 2,.5:1 . 080 3:1 . 131
s)urple ) J NI 1 55 4 15:1 875 20. 8:1 439 35:1 . 065
1'1 (Pe X Po)e i 4 52 39 3:1 . 001 0.87:1 047 1:1 180
By (s X 1’7) ................... 4 66 25 3:1 L 603 3.7:1 158 5:1 . 001
Fr(Po X Pr)con il 4 122 20 15:1 . Q0L 7.7:1 L343 11:1 014
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Stof%aa\rd (85):°

0
165
63

All

P {cream @) . .
Py '(imrplc () PR -
By (Ps X Py)
Weihing (41):

I (purple X eream)

D - OO
n
Q000

fo]

219
22
197
44

—
~Nwores

Ty,
BC (I; X cream)

)

BC (F; X cream)

191

416
66

F,, combined data
]3(z), combined data

OO | b=t QO i L bt

bt
Wi o

. 836
. 205

1 Expected ratios calculated on the basis of segregation limits
presented by Allard (7).

2 Cream parent = Medicago glutinosa.

3 Unpublished data; Pa. State Univ,, University Park, Pa.

¢ Fit of I; families to a model of tetrasomie, random chromo-

some inheritance, expected scgregation==1.5 (0:1): 12,2 (3:1):

27.5 (35:1): 13.8 (1:0), XN2=1.697, P=0.642.
¥it of Fy familics to a model of 3 genes with disomic inherit-
¥

ance, expected segregation=0.9 (0:1): 5.2 (3:1): 17.2 (16:1+
63:1): 31.7 (1:0), X2=21,817, P=0.000. _

5 Py represents combined data from 2 cream-flowered plants;
Py and P; each represent combined data from 2 purple-ﬂowm'ed
plants.  Author’s proposed genotypes are pppp, Pppp, and PPpp,
respeetively. )

¢ Author lists cream planis as clones 8(8), 207(10) and 77(3),
purple plant as clone C-194,

C1 VATVAIV AIQ0TAVHLIL ANV dI0TdId NI FONVEIYTHNI 010D HIMOTL |




TanLe 5.—Segregations for purple and for white and cream flower color in tetraploid alfalfa from crosses among
whate-flowered and cream-flowered plants, and chi-square tests for goodness of fit (P) to genetic ratios*

Observed ratio

Expected tetrasomie ratio 2

Number
Author and generation Assumed of
' genotype families White Random Random
Purple and chromatid P chromo- P
cream some

Risius (30):3

P, (white @)ocaoooo oo cccePPP—.____._ B PR, 0 PN | I U U IO KU

P, 2cream [:2) JRE CCC-PPPP i mmeiieeae 0 Al [ e e

Fr(Py X Pa) e e el All [ R PRSP DRI

TSSO SOOI 9 3, 890 206 10.2:1 0. 001 17.3:

BC (Pt X P ccmccmse | cmie e, 10 2,462 465 3.7:1 . 001 5:

BC (Po X Fy) o v et 10 3,041 490 3.7:1 . 001 5:
Storgaard (35): 4 )

P; (white ®) .. ._______ cccePPP—. el |aei o [T DT 0:1 0:

Pi(cream ®)oven .. CecepPPPacc e ool 0 19 0:1 0:

Ps (cream ®).-._ ... . CCeepppp-zocoifoso oo 0 9 0:1 0:

Fl (PaXP;) ....................................... 3 4 0.87:1 1:

FiiPs X Pr) oo o ciimiaac o e i e 8 0 3.7:1 5:

Fi(Pe X Po) oo oo 0 23 0:1 0:

‘LdTA °S'A ‘g¢eT "ON NILITINH TVOINHDAL o1

JIALTADIYOV d0




e foream ).l
P; (white @)oo .ol .
fl (PoXPﬂ-*-” R

BC (L %
Weihing {4 I) s
Py {cream @)
l’ (white ). ... .. .
(Pe X 15)--_-,H“,,, .
\\700(1 (/2
9

I;v..‘.. . - . - T 0

Twamle{' (56):

cee- m)pp .
ececPPP-_

[SAR IR Ay ]

COC-pppp... ..
cece-PPpp.

Zris =

0
22
34

All
All
14

618 51
1, 904 816

! Pmonlnl [,vnotypes and expected ratios cnlcu]utod by reviewer
on basis of inherifance patterns indicated for ¢ and # genes in
tables 3 and 4, respectively,

2 Jixpeeted mho% caleulated on hasis of segregafion limits pre-
sented by Allard (7).

# Qriginal clone. designations J and N assigned T and Py by
reviewer.

4 Original elone numbers 77(3), 8(9), and combined data from
clones 8(8) and 207(10) assigned Py, Py, and Py designations by
reviewer for brevity and elarity.

5 Interpreted from original data that parental clones 2, 3, 8, 9,
10, and 12 (listed in table as Pyg) were eream and plobably all of
U\o COC-p »PP genotype.  Both parental clones 4 and 6 (listed
in tnblo as Py) appeared to be eccePPpp.

¢ Assuming genotype of parents COCC-pppn X cceePPpp, then
Ty familios from purple-flowered ¥, plants should segregate for
random chromosome-tetrasomic inheritance in a - ratio of 1
(17,3:1): 4 (2. 7:1). X?=0.000, P=1. 000.
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flower color was conlrolled by two
sets of duplicate genes {C.¢,, Cuca,
and Pipy, Papa, Pops). A detailed
study of tha duta from the combined
studies of Wood and Weihing indi-
cated that eight parentnl clones ap-
peared to represent only two differ-
ent genotypes and that they fit o
tetrusomic pattern of inheritance
better than the previously proposed
model of five disomic genes. For
this reason, the data from several
families with sumilar genotypes
were pooled. The consolidated

ata (fable 5) gave a good fit to the
praposzd model for tetrusomic in-
heritunce. It should be pointed out
that, aecording to the probability
values for the F, duta presented by
Wood (42), neither family gave
close fits to the expected segrega-
tions for tetrasomic Inhemtance.
Iowever, the actual ratios of purple
to white were 12.1:1 and 2.3:1,
which are near the midpeint be-
tween mndom  chromosome nnd
rundomn  chromatid  segregations.
Even though fits to both extremes
are poor, both fumilies fadl within
the expected limits of tetrasomic
segregations for two independent
Toei.

Risius {32} and Twamley (36)
presented I, and backeross dala
Irom crosses between cream- and
white-flowered plants, Al of their
data presented in table 5 could be
explained on the basis of two tetra-
somic genes, except for one back-
cross family from the study by
Risius. IMowever, those backcross
data represented a total of 10 fam-
ilies, 7 of which gave satisfactory
fits to the expected tetrasomic ratios.
Even though it is only academic and
would not alter the expected segre-
gations or interpretations of the
data, it should be pointed out that
the parental genotypes as presented
by Twamley should be reversed if
they are to be in agreement. with the
findings of other workers and the

pattern of inheritance previously
described in this review for the ¢
and P genes. Ilants with white
seed should be of the ceccP- — -
type instead of O— — -pppp.

For several unavoidable reasons,
very small populations wers used in
a study by Storgaard (35). Never-
theless, the data indicate the same
pattern of inheritance as the other
studies, The expected segregation
patterns for two sets of disomically
inherited genes (as suggested by
Weihing, Wood, and fater Stor-
gaard) and the expected segregation
patterus for two independently in-
herited tetrasomic genes are similar
in many respects. 1lowever, the
two types of ¥, segregations ob-
tained from the study by Woods and
the backeross data reported by
Twamley only support the hypoth-
esis of two tetrasomic genes (¢ and
7Y proposed by T\\'anﬁey as well as
by Risius and previously described
in this review.

When discussing the gene action
Letween the two types of white-
fiowered plants most research work-
ers have referred to the purple color
as being conditioned by two comple-
mentary genes. Inall cases thisas-
sumption has been based on data for
two color classes—purple vs. white.
However, the two types of white-
flowered plants can be phenotyp-
jeally differentinted as white and
cream. Diflerentiation between the
twe  white-flower types would
change the expected disomic ratios
from § purple: 7 white te 9 purple:
3 cream:4 white. The expected
ratios for tetrasomic random
chromosome inheritance similarly
would be changed from 1,225 pur-
ple: 71 white to 1,225 purple:35
cream : 36 white.

Yellow vs, Purple Flower Color

Many earlier alfalfa studies dealt
with orosses between purple-
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flowered Af. satinve and yellow-
flowered 1. faleata. Observations
of flower color segregations were
often reported. Hagem (20), Ko-
rohoda (21), Moe (£8), and Wal-
dron (40) described F, plants from
crosses between f. sative and M.
faleata as lacking dominance of
cither the purple or yellow genes;
this resnlted in a variegated pheno-
type. According 1o Teesins (23},
the variegated appearance was due
to purple pigmentation in the epi-
dermal layer of the flower, which
was over a background of yellow.
Flower ¢colors in the F, generations
varied widely with fev clear-cut
groups. The parental phenotypes
seldom appeaved. Severzl research
workers tried te catalog the various
colors, but were largely unsuccess-
Tul beeause of variation in vein pig-
mentation, keel color, bud color, and
fading characteristics of the varie-
aated {lowers.

Durton (9, 10), Korohoda (27),
Lepper and Odland (22), Storgaard
(35), and Waldron (40) all sug-
eested that three factors with di-
somic inheritance controlled purple
vs. yellow flower color. Data from
rhese studies are presented in table
. None of the original investiga-
Lors attempted to interpret the data,
on o letrassmic basis. A reinter-
prefation of the results on a tetra-
somic basis has been included in the
tible. Segregations were reported
on the basis of {lowers with purple
pigments vs. {lowers without pur-
ple pigments (yelow and white
flower colors). It was felt that no
other general presentation of the
data would be valid because difler-
ent research workers used different
systems Tor elassifying flower colors
and it has been noted in diploid
alfalfa that some purple phenotypes
often mask the presence of small
amounts of yellow pigments. This
means that, without chemical analy-
ses for floral pigments, crosses of

purple and yellow flowers will pro-
vide accurate information only on
the inheritance of the factovs con-
trolling purpis flower color.

All the data concerning purple
flower color inheritance presented
in table 6 agree with the coneclusive
evidence presented in table 4, Pui-
ple flower color appeared to be con-
trolled by a single gene, P, with
tetrasomic inheritance.

Yellow vs. Cream Flower Color

Little work has been published on
the inheritance of yellow flower
coloy in tetraploid alfalfa. To be
accurately analyzed, yellow flower
color inheritance should be studied
either phenotypieally in the absence
of purple pigments or chemically.
Uy to the present time, all the chem-
ical studies of yellow flower coior
have dealt only with diploid alfalfa.
Those studies were discussed on
pages 3-3. In tetraploid alfalfa
only three limited phenotypic in-
heritance studies of crosses between
yellow-flowered and cream-fowered
plants have been reported. The
data from two of these studies
(Storgaard (35) and Weihing
(41}) are presented in table 7. Both
Storgaard and Weihing interpreted
their data on the basis of disomie
inheritance of tivo or three additive
genes. The data from these studies
wera reinterpreted in this review on
the busis of one dominant gene with
tetrasomic inheritance controlling
yellow flower color. With either
interpretation, the data are incon-
clusive because they fit both disomie
and tetrasomic patterns of inherit-
ance and because the critical ¥, and
I, generations were not grown.

There are several reasons for
favoring the tetrasomic model of in-
heritance. Neither Storgaard nor
Weihing used parent plants that
were of the darls yellow phenotype
usually associated with L. faleata.




TABLE 6.—Segregations for purple and nonpurple flower color in tetraploid alfalfa from crosses among purple-flowered
and yellow-flowered plants, and chi-square tests for goodness of fit (P) o genelic ratios’

Observed ratio Txpected tetrasomic ratio 3
Number
Author and generation of .
families Purple Non- Random P Random p
purple 3 chromotid chromosome
Burton (9): )
Fy (M. falcata X M. saliva) e aecnos 1 100 3 20. 8:1 0. 435 35:1 0. 937
Burton (10): ,
F; (M. falcata X M. sativa) ..o _ 1 461 10 20. 8:1 .011 35:1 . 406
Korohoda (21):
Fy (M. sativa X M. felcata) .- __.___ 1 513 22 20. 8:1 . 616 35:1 . 064
Liepper and Odland (22):
F, (purpie X yellow) o _ .. o . _.. .0 1 38 11 2.5:1 . 356 3:1 . 685
Storgaard (36): ) )
y {yellow X purple) 4 _ . o oo aa s 3 42 12 3.7:1 . 873 5:1 . 278
Waldron (40): ;
Fy (M. sativa X M. falcata) oo _-_ 1 225 3 20.8:1 . 019 35:1 .185

! Expected ratios calculated by reviewer or basis of tetrasomic
inheritance patterns indicated . for the P gene as presented in

table 4.

2 Nonpurple includes both crcam- and yecllow-flowered plants.

presented by Allard (1).

8 Expected ratios calculated on the basis of segregation limits

1+ Genotype of purple parent (C-194) is PPpp, according to data

in table 4.
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TaBLE 7.—Segregations for yellow and cream flower color in tetraploid aljalfa from crosses among yellow-flowered and
cream-flowered plants, and chi-square tests for goodness of fit () to both disomic and tetrasomic ratios

Observed ratio Expected tetrasomie ratio !
Num- Expected
Author and generation ber of disomic :
families ratio Random Random
Yellow | Cream chromatid chromo-
some

Storgaard (33):?
Py (light yellow ®)
P, (light yetlow ®)
P; (dark yellow ®)
Py (cream Q)
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1 Bxpeeted ratios calculated on the basis of segregation limits ~ combination of data from two similar clones which were listed
presented by Alard (1), by Storgaard as 8(8) and 77(3).

2 Clone numbers assigned by Storgaard as 140(6), 113(5), and 3 Yellow and cream parents listed in table as P; and Pg represent
208(2) referred to in table as P;, P, and P;. P, represents a  plants listed as  and 3 by Weihing.
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Therefore the pavent plants were

robably segregates of crosses with
AL, sativa and were not the genotype
of unadulterated . foleaéa. Data
discussed on page 4 showed that at
least three genes control yellow
flower color in diploid alfalfa. The
ohserved segregations presented by
Storgaard and Weihing would fit o
pattern of three genes with disomic
inheritance, but in no instanes <did
they describe the recovery of plants
with the dark yellow phenotype of
M, faleata.

An example of the difliculty in
obtaining parental types from If,
segregates of n tetraploid cross he-
tween cream-lowered planis and a
dark-yellow-flowered plant was de-
seribed by Twamley (J46). DBoth
parent plants were self-pollinated
and ylelded  uniform-appearing
progenies, as did the F, population.
The hybrid plants were intermedi-
ate in depth of color between the
whita and the yellow pacents. The
I', population consisted of 257
plants and was divided into 13
clusses.  No segregates were Tound
that approximated cither of the pa-
rents, wlthough parental types were
recovered in the Fy.  The modal I,
class corresponded to the F, in
depth  of yellow pigmentation.
This segregation pattern required
at least live or more genes with di-
somic inheritance or at least two
genes with tetrasomic inheritance.
Tetrasomic inheritance appears
more likely Leeause of the pattern
of mheritance of yellow (lower color
in diploid alfalfa and because of the
predominantly autotelraploid be-
havior deseribed for the 2 and ¢
flower color genes and for the many
morphologie traits  reviewed by
Barnes and Hanson.®

*An illustrated summary of genctic
traits In tetraplold and diploid alfalfa is
now bheing prepired in the Agricultural
Researeh Servicee,

Available diploid and tetraploid
data suggest that yellow flower color
is probably due to the accumulative
eifeets of two or more duplicate
genes (the greater the number of
dominant alleles, the darker the
shade of yellow fower color). The
gene symbol ¥ was first suggested
by Lepper and Odland (22) for
designating the gene controlling
yellow flower color. Since that
time, the 1" designation has been ac-
cepted by most resenrch workers.
Twamley's data suggest the possi-
bility that two tetrasemically in-
herited genes conirol yellow flower
color. These Lwe genes could be des-
ignated ag ¥, and ¥, until the yel-
low pigments have been identified,
at which time the syubols could be
appropriately changed. Tt is very
likely that the ¥, and ¥, genes in
tetraploid alfalfa could be the same
as the }'z, and Tz, genes described
by Cooper (#4) in diploid alfalfa.

Yellow vs. White Flower Color

Only three reports of crosses be-
tween yellow-flowered and white-
flowered plants have been uncov-
ered.  Lepper and Odland (22) and
Stovgaard (85) described the T,
hybrids from such a cross as having
purpleflowers. In both studies, the
genotype of the white-flowered pa-
rent was probably cecePPP-, The
action of the P allele was suppressed
by the epistatic action of the ceee
renotype. When the white-flowered
plané was crossed with a yellow-
flowered planf, supposedly of the
CCC—ppppY ¥— genotype, the ac-
tion of the £ allele was no longer
suppressed; so that the T, plants
haed purple or variegated fiowers.
No attempt was made to analyze the
data from these studies because
there was no way to determine the
genotype of the parents and because
the If, populations were small.
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No tetrapleid evidence has been
reported as to whether the cece gen-
obype is epistutic to the ¥ gene, but
diploid datz {pages 5-6) mdicated
that the cc/’PYy¥y is cream col-
ored. Assuming that the ¢/, 2, and
17 genes in tetraploid alfalfa are
dentical to the ¢, £, and Fa
genes previously deseribed in di-
ploid alfalfa, it can be postulated
that: the (" gene is a basic color fac-

tor for yellow pigments as well as
for anthocyanins. Therefore, as-
suming tetrasemie inheritance with
random chromosome segregation,
the I, generation of the cross cece
PPPPyyyy X COCCpppp¥Y Y Y'Y
should theoretically segregute for
flower eolor in a ratio of 1,225 pur-
ple: 42,875 variegated:1,225  yel-
low: 1,293 cream : 36 white.

SUMMARY

1. T’ublished data from diploid
and tetraploid alfalfa flower color
studies and unpublished data from
studies conducted by the author and
othiers were summarized and re-
evitluated. The flower color data
from tetraploid alfalfa were rein-
terpreted necording to a tetrasomic
pattern of inheritance. Xt was in-
tended that this paper should con-
sofidate all data on flower color
inheritance Into a single source,
compare the obvious similarity of
data among studies, set forth n uni-
form system of gene designations,
and compare the interpretations
from tetraploid studies with recent
studies using diploid V. sative and
M. felenia.

2. Chemical analyses of diploid
alfulfu indicated that purple flower
color is due to three anthocyanin
pigments Inherited as a unit and
controlled by one dominant gene
(£},

3. Yellow flower color pigments
in siploid alfulfa were identified as
being primarily xanthophyll, with
a small amount of B carotene pres-
ent. (ienctic datn suggested that
yellow flower color was controlled
by at least three and probably four
genes with additive effects. Two of
the genes controlling xanthophyll
were designated Yo, and ¥z, The
other twe genes were not identified
with any specific piement and were

designed 2 and 37, The homozy-

ous recessive condition of the
four 1" genes and the P gene pro-
duces u cream flower color.

4. Nine anthoxanthin pigments
have been chemically identified as
flower-color modifying pigments in
diploid alfulfa. Six of the antho-
xanthins were quercetin glycosides,
and three were kaempferol glyco-
sides. None of the pigments ap-
peared to imlpart a pﬁenot pically
significant color of its own, but they
tended to act us modifying genes
when copigmented with an antho-
cyanin or xanthophyll color gene.
The inheritance of the production
of two kuempferol glycosides wus
shown to be controlled by two domi-
nant independent genes, which were
desigrnated K, and /(.

5. Two additional modifying
flower-color characteristics in dip-
loid alfalfa were purple bud color
and floral vein (:o}or. Purple bud
eolor required the presence of two
dominant genes (Bs and Bf) with
complementary action. Iloral vein
color in yellow-flowered diploid al-
faifa was controlied by the presence
of one or more dominant alleles of
two duplicate genes (s, and Vs,).

6. No associntion or linkage was
shown between the P, ¥z, Y., I(,,
and A7 genes in diploid alfaifa,

7. White- and cream-flowered
plants wero described in both dip-
loid and tetraploid alfalfa, White-
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flowered plants were completely
devoid of all anthocyanin pigmenta-
tien in flowers, seeds, stems, leaves,
and roots. The white-flowered
Ehenotype was produced by the

omozygous recessive condition of
thec gene, Cream flower color, was
due to the homozygous recessive
condition of the P gene, which con-
trols purple-flower color and was
inherited tetrasomically. The gen-
otype of cream-flowered plants did
not alter color production of any
other organs of the plant except the
flower. T, hybrids of crosses be-

twean cream- and white-flowered
plants usually had purple flowers,
8. Data available on the inherit-
ance of yellow flower color in tetra-
ploid alfalfs were interpreted on a
pattern of either disomic or tetra-
somic inheritance, Mowever, a
pattern of tetrasomic inheritance
controlled by seversl genes with
acenmulative effects was favored.
9. Results of genetic studies have
demonstrated a close relationship
between the pattern of inheritance
for purple and yellow flower color
in diploid and tetraploid alfalfa.
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