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Abstract. Wild Anagallis monelli exhibits blue or orange flower colors in geographically
isolated populations. A new red flower color was developed through breeding, and a
three-gene model was proposed for the inheritance of flower color in this species. In this
study, blue and orange wild diploid accessions were used as parents to develop six F,
populations (n =19 to 64). Sexual compatibility between blue and orange wild individuals
was low with only 29% of the hybridizations producing F, individuals. Six of 14 cross
combinations between F, siblings produced fruits, and fruiting success ranged from
55% to 90%. The number of seeds per fruit averaged 14.1 and germination rates for
the F,s were low (16.8% to 30.7%). In three of six F, populations obtained, flower color
segregation ratios for orange, blue, and red were not significantly different from the
expected ratios under a previously proposed three-gene model. White flower color was
obtained as a fourth color variant in two of the remaining F, populations. For one of these
populations, segregation ratios were not significantly different from expected ratios for
an expanded four-gene model. White flowers did not contain anthocyanidins, suggesting
that there was a mutation in the early stage of the anthocyanin pathway. Orange flower
color was found to be primarily the result of pelargonidin, blue to malvidin, and red to
delphinidin. These three pigments may be present simultaneously, and their ratios play a
significant role in determining flower color. Other factors such as copigments, metal ions,
or a different molecular conformation of the anthocyanin could also be involved in flower
color determination.

Anagallis monelli is an ornamental annual
used for hanging baskets and as a bedding
plant because of its very bright and unusual
flower colors. This genus currently belongs
to the Primulaceae, although recent studies
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based on three chloroplast genes and mor-
phology locate it in the Myrsinaceae
(Kallersjo et al., 2000). Genetic information
about A. monelli is scarce, but it is known
to exhibit gametophytic self-incompatibility
(Gibbs and Talavera, 2001; Talavera et al.,
2001), and sampling of several wild popula-
tions detected only diploid (27 = 2x = 20)
plants (Svefepova, 1972; Talavera et al.,
1997; Valdés, 1970).

Wild individuals of A. monelli are native
to the Mediterranean region and have small
flowers, which are either blue or orange.
Populations with these two flower colors are
geographically isolated; plants with blue
flowers are found in southern Spain, whereas
plants with orange flowers are found in
southern Italy and Morocco (Talavera, per-
sonal communication). Until recently, blue
and orange were the only flower colors avail-
able in commercial cultivars Skylover Blue
and Sunrise, respectively. Since 2002, the
Ornamental Breeding program at the Univer-
sity of New Hampshire (UNH) has released
additional commercial cultivars of Anagallis
in the ‘Wildcat’™ series with blue, orange,
dark orange, and red flower colors.

Genes involved in the anthocyanin path-
way that are responsible for flower color vari-
ation have been widely studied, mostly in
Petunia and Antirrhinum majus (Brouillard,
1988; Gerats et al., 1982; Holton and Cornish,
1995). In Anagallis, Harborne (1968)
detected the flavonols quercetin and kaemp-
ferol in flowers of A. arvensis and 4. linifolia;
and 3- and 3,5-glycosides of malvidin, del-
phinidin, and pelargonidin were detected in
different color forms in 4. arvensis. Ishikura
(1981) identified malvidin 3-rhamnoside,
luteolin, luteolin 7-glucoside, and quercetin
3-rthamnoside in blue-flowered A. arvensis.
Elsherif (2000) isolated the enzymes chal-
cone synthase and flavanone 3-hydroxylase
from flowers of 4. monelli ‘Skylover Blue’
and ‘Sunrise’ and reported finding only
pelargonidin derivatives in flowers of ‘Sun-
rise’ and only malvidin derivatives in flowers
of ‘Skylover Blue’.

At UNH, hybridizations between the
blue- and orange-flowered 4. monelli culti-
vars Gentian Blue and Sunrise, respectively,
produced progeny populations from which
plants with a new red flower color were
isolated (Freyre and Griesbach, 2004).
Genetic and biochemical analyses were per-
formed on 65 plants comprising a pooled set
of four F, populations derived by selfing and
reciprocally mating two F; plants obtained
from the cross ‘Gentian Blue’ X ‘Sunrise’.
High-performance liquid chromatography
(HPLC) confirmed that orange color is attrib-
utable primarily to pelargonidin, blue to mal-
vidin, and red to delphinidin. A three-gene
genetic model for flower color inheritance
with an expected F, generation segregation
pattern of 52 orange:9 blue:3 red was pro-
posed (Freyre and Griesbach, 2004).

The objective of this study was to further
investigate the genetic basis for flower color
variation in 4. monelli, this time focusing on
wild-collected germplasm of potential value
to a breeding program. In this study, blue-
and orange-flowered diploid plants collected
in the wild were hybridized to create several
F, populations, and color segregation ratios
were analyzed. To better understand the bio-
chemistry of flower color in this species, a
sample of individuals with different tones for
each flower color was analyzed for anthocya-
nidin content.

Materials and Methods

Development of plant populations. A
collection of blue wild diploid accessions of
A. monelli from Spain (individuals denoted
here with code B) and orange wild diploid
accessions from Italy (individuals denoted
with code O) was established at UNH in Apr.
2002. Plants were maintained at UNH re-
search greenhouses under standard cultural
conditions as previously described (Freyre
and Griesbach, 2004) and propagated vege-
tatively by tip cuttings as needed. During July
2002, hybridizations were performed be-
tween blue- and orange-flowered plants to
obtain F; individuals. In early morning, buds
were crosspollinated by hand and labeled
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with plastic color ties. Seeds were harvested
from fruits that were totally mature and dry.
In Feb. 2003, seeds were sown in plastic seed
trays and placed under intermittent mist.
When seedlings started to germinate, trays
were moved from the mist onto a greenhouse
bench. Seedlings were initially transplanted
into small cell packs and later into 15-cm
pots.

Self-incompatibility in F; individuals was
confirmed by their lack of fruit formation
after manual self-pollinations or when indi-
vidually maintained in cages for isolation. Thus,
between July and Sept. 2003, hybridizations
were performed between F; siblings and be-
tween nonrelated progeny plants in all possi-
ble combinations to obtain second-generation
populations. All second-generation seed ob-
tained was sown in Dec. 2003.

Flower color determination. Flower color
was determined by visual observation as soon
as F| and second-generation plants started to
bloom. For second-generation individuals
chosen for biochemical analysis, flower color
was also determined with the Munsell Color
Chart (Nickerson, 1947) in freshly opened
flowers under indirect sunlight. This chart
was used because it is more accurate and
informative than the Royal Horticultural
Society Color Chart for determination of
different tones of the same color, because it
evaluates the flower color based on different
attributes (hue, value, and chroma) so that
color differences may be noted more specif-
ically (Griesbach and Austin, 2005a). A color
code was determined for each individual as a
three-value code (e.g., 8.3 PB 3.2/16.0). The
first number and letters refer to the “hue”,
which is the tone itself, the second number
refers to the “value”, which is how much
white or black is in the color, and the third
number stands for the ‘“chrome”, which
defines color intensity.

High-performance liquid chromatography
analysis. Analyses of anthocyanidin contents
were performed on parental and F; individ-
uals. In the F, populations, a sample of
individuals was selected for each flower
color, aiming to capture the variation of tones
in each color. Fresh flowers were ground in
1% (v/v) HCI in methanol. The extract was
filtered and reduced to dryness under reduced
pressure at 40 °C. The residue was dissolved
in 1% (v/v) HCl in methanol and clarified by
centrifugation at 100,000 X g for 2 min.

The anthocyanins were characterized by
HPLC as previously described (Griesbach
et al., 1991) using a 7.8 X 300-mm column
of 5 um Bondapak C18 with a 30-min linear
gradient of 0% to 10% (v/v) acetonitrile in
aqueous 1.5% (v/v) phosphoric acid and 15%
(v/v) acetic acid followed by a 10-min linear
increase to 20% (v/v) acetonitrile and finally
held at 20% (v/v) acetonitrile for an addi-
tional 10 min. Flow rate was 1.0 mL-min™'
and detection was by absorption at 540 nm.

Individual anthocyanin peaks were col-
lected and acid hydrolyzed at 100 °C in 3 N
HCI for 1 h. The hydrolyzed anthocyanidin
products were characterized by HPLC as
previously described (Griesbach et al.,
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1991) using a 7.8 X 300-mm column of
5 um Bondapak C18 with a 20-min linear
gradient of 0% to 15% (v/v) acetonitrile in
aqueous 1.5% (v/v) phosphoric acid and
15% (v/v) acetic acid and held at 15% (v/v)
for an additional 20 min. Flow rate was
1.0 mL-min! and detection was by absorp-
tion at 540 nm. Anthocyanidins were char-
acterized by coelution with known standards
and by comparative ultraviolet spectropho-
tometry with known standards (Harborne,
1968).

Statistical analysis. Flower color segre-
gation ratios in second-generation progenies
were evaluated by y* analysis for goodness
of fit to ratios based on the previously pro-
posed three-gene genetic model (Freyre and
Griesbach, 2004) and to an expanded, four-
gene model.

Results and Discussion

F; populations. Flower production in
parental individuals was variable; thus, the
number of hybridizations performed for each
combination of blue and orange parents
varied from one to 11. The number of hybrid-
izations performed, number of fruits har-
vested, and F; individuals obtained are
presented in Table 1. Not all hybridizations
were successful, and fruiting success ranged
from 0% to 100%. This may indicate that
reproductive barriers exist between these
allopatric wild populations. Interestingly, in
some cases, hybridizations failed in one
direction (e.g., B1 x O3), whereas the recip-
rocal was successful.

All available seed from 16 different
crosses were sown but very few F; progeny
were obtained. Initially, 15 F; individuals
were obtained but four of them died soon
after germination, resulting in 11 F; individ-

uals from six different crosses. All 11 F;
individuals had orange flowers.

Although more fruits were obtained from
orange X blue (25) than from blue X orange
crosses (17), the crosses in which the seed
parent was blue-flowered were more success-
ful in recovery of viable F; hybrids. Only one
of 13 different orange X blue crosses pro-
duced one viable F; individual [O4 x BI1
(F1F)], whereas 10 different F; individuals
were obtained from blue X orange crosses
(Fig. 1). Three crosses, B2 x O5 (F;D), B4 x
06 (F,E), and O4 x B1 (F,F), had only one F,
individual. The cross B2 x O4 resulted in
three F, individuals, coded F;A;, F|A,, and
F1A;. Similarly, cross B3 x O1 had three F,
individuals, coded F;B;, F{B,, and FBs.
Cross B4 x 04 had two F, individuals, coded
F,C; and F;C,. Wild orange-flowered indi-
viduals of A. monelli from Italy had an
average flower diameter of 2.2 ¢cm, whereas
blue-flowered individuals from Spain aver-
aged 1.8 cm. F; plants showed hybrid vigor
evidenced by larger flowers averaging 2.5 cm
in diameter as well as stronger stems and
more robust growth than their wild parents.

Second-generation populations. Twenty
self-pollinations were performed on each of
the 11 F; hybrids, and no fruits were formed.
In addition, these F; individuals were vege-
tatively propagated and one replicate plant
for each individual was maintained in iso-
lation inside a mesh cage in the greenhouse.
Over 1500 flowers were produced per plant
during a period of 3 months with no fruit
formation. These results are consistent with
the presence of self-incompatibility as
reported in blue-flowered accessions from
Spain (Talavera et al., 2001). To obtain a
second generation, 20 hybridizations were
performed between siblings in each of F{A,
FB, and F,C populations in all possible
combinations. Because it was unknown

Table 1. Crosses performed between orange- and blue-flowered wild individuals of A. monelli to obtain F;

populations”.

Pollen Fruiting

Seed parent parent No. crosses No. fruits success (%) F; progeny F; code
Bl 03 2 0 0 0

Bl 04 3 0 0 0

B2 04 2 2 100 3 FA
B2 05 4 4 100 1 F\D
B3 0Ol 4 2 50 4 (1 died) F,B
B4 04 10 4 40 5 (3 died) F,C
B4 06 11 5 45.5 1 FE
Total 36 17 10

o1 B1 4 2 50 0

0Ol B3 4 4 100 0

02 Bl 4 2 50 0

02 B2 1 0 0 0

02 B3 1 0 0 0

03 B5 3 3 100 0

03 Bl 3 2 66.7 0

03 B2 3 1 333 0

03 B3 3 3 100 0

04 B1 2 2 100 1 F.F
04 B2 3 2 66.7 0

05 B1 3 3 100 0

05 B2 4 1 25 0

Total 38 25 1

“Number of crosses, number of fruits, and number of seedlings per cross are included. Letters in the code
of the individuals refer to the flower color: O for orange-flowered plants and B for blue-flowered plants.
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whether these hybridizations would be com-
patible, five to 10 hybridizations between
individuals from different F; populations
were also performed.

A total of 28 different crossing combina-
tions between F; individuals were performed.
For crosses between unrelated F; plants,
fruiting success ranged from 16.6% to
100% with an average of 61.9% (data not
shown). Seven crossing combinations and
their reciprocals were performed between
F, siblings, and fruits were produced in only
six combinations (F;A; X F;A, and its
reciprocal; F1A; X FiAjz and its reciprocal;
F,C; X F{C, and its reciprocal; Table 2). For
these combinations, fruiting success ranged
from 55% to 90%. Crosses between siblings
that failed to produce any fruit could be the
result of gametophytic self-incompatibility
as previously described (Talavera et al.,
2001).

Fruits were harvested over a period of 3
months. All seed were initially dried with
silica gel for 3 d and then stored. To have a
better understanding of germination rates in
this plant material, seeds per fruit were
counted. A taxonomical description of A.
monelli states that fruits contain 20 to 45
seeds (Tutin et al., 1972). Studies on blue-
flowered wild individuals of 4. monelli report
20 to 30 seeds per fruit (Gibbs and Talavera,
2001); however, in diallel crosses, some fruits
were found to contain only one to two seeds
explained as the rare consequence of a few
pollen tubes crossing the self-incompatibility
“barrier” in the style (Talavera et al., 2001).

In this study, the number of seeds per fruit in
crosses between siblings ranged from 8.5 to
16.7 with an average of 14.1. For crosses
between unrelated F; individuals, the number
of seed ranged from nine to 24.7 with an
average of 15.4 (data not shown). Again, this
low seed number may be explained by repro-
ductive barriers between the two populations,
suggesting that these populations are genet-
ically divergent.

Ten days after the final seed count, all F,
seed was sown. Seed germination time was
very uneven, ranging between 8 to 51 d.
Although the erratic germination could be a
characteristic of the species, it may have been
influenced by different harvest dates and
storage periods. Germination rates in the F,
populations were very low ranging from zero
to only 33.3%. In the six F, populations
obtained from crosses between siblings, ger-
mination rates ranged from 16.8% to 30.7%
(Table 2). One explanation for low germina-
tion rates is that capsules were harvested
before they naturally dehisced to prevent
losing seeds, and seed may not have been
completely mature. Other factors may have
been presence of dormancy or unviable
embryos; however, in such small seed (size
of a poppy seed), it is impossible to assess
embryo viability. Our low germination rates
agree with previous studies on natural pop-
ulations of blue-flowered A. monelli
explained by low female fecundity resulting
from ‘“male-dominant” (impaired female
fertility) individuals (Gibbs and Talavera,
2001).

Fig. 1. Parents and F, individuals of crosses between orange- and blue-flowered wild Anagallis monelli. In
each individual picture, seed parent (top left), pollen parent (top right), progeny (second row).

Table 2. Successful crosses between F, siblings in A. monelli that produced F, populations.

Flower color segregation. Six F, popula-
tions obtained from crosses between siblings
and their respective reciprocals [F,1, F>1(R),
F>2, F>2(R), F,7 and F,7(R)] were selected
for segregation analysis, whereas progenies
obtained from crosses between unrelated
individuals were not used. Because of the
problems with fertility, limited numbers of F,
seedlings could be obtained, but population
sizes were sufficient to permit testing of
observed results to ratios expected on the
basis of relevant genetic models (Table 3).
Orange-, blue-, and red-flowered segregants
were represented in all six populations. Sur-
prisingly, the F,2 and F,2(R) populations
also contained white-flowered segregants.
This flower color is nonexistent in natural
populations, as far as we are aware. The F,2
and F,2(R) populations fit a 3 pigmented:1
unpigmented monohybrid segregation ratio
(x*=1.87,P=0.17 and x> = 0.16, P = 0.69,
respectively, data not shown), suggesting that
white flower color was the result of homozy-
gosity for a single, recessive gene, “d”, in
these populations. The parental source of the
“d” allele cannot be deduced from the avail-
able information. The presence of white-
flowered individuals suggests an upstream
mutation in the anthocyanin pathway, result-
ing in a colorless product (Fig. 2). This
mutation may have been carried by one of
the parents of family F;A, B2, or O4 in which
case, F; individuals segregating genotypes
would be heterozygous (F;A, and F;Aj3) or
dominant homozygous (F;A,) for the reces-
sive mutation.

In the genetic model for flower color
inheritance previously proposed for A. mon-
elli (Fig. 2), genotypes A---- and --bb-- have
orange flowers (as a result of pelargonidin),
aaB-C- have blue flowers (as a result of
malvidin) and aaB-cc have red flowers (as a
result of delphinidin) (Freyre and Griesbach,
2004). Under this model, 21 different geno-
types specify orange, four specify blue, and
two specify red. The respective epistatic
interactions are somewhat complex such that
the A locus has influence only in the presence
of genotype “B---", the B locus has influence
only in the presence of the genotype “aa--",
and the C locus has influence only in the
presence of the genotype “aaB-". Given that
parental source populations were monomor-
phic for their respective blue (Spain) and
orange (Italy) flower colors, and that red
flower color has not been reported in either
of the source populations but did occur in all
of the F, populations studied here, inferences
can be drawn as to source population and
parental genotypes.

No. No. Fruiting No. Avg. no. No. Percent
F, Cross description crosses fruits success (%) seeds seeds/fruit F, progeny germination
F,1 FiA; x F1A, 20 18 90 276 153 70 254
F,1 (R) Fi1A; x F1A 20 11 55 176 16.0 54 30.7
F,2 Fi1A; x F1A; 20 16 80 241 15.1 60 24.9
F,2 (R) Fi1A; x F1A, 20 13 65 110 8.5 19 17.3
Fy7 F,Cy x F1Cy 20 15 75 250 16.7 42 16.8
F,7(R) F,Cy x FiCy 20 12 60 145 12.1 43 29.7
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Table 3. % goodness of fit test for flower color segregation ratios in F, populations of A. monelli.

Expected Flower color

Family segregation ratios” Orange Blue Red White Total X df P
F,1 Observed 38 17 9 64

52:9:3 Expected 52 9 3 64 22.88 2 0.00001075

48:12:4 Expected 48 12 4 64 10.4 2 0.995
F,1 (R) Observed 38 5 5 48

52:9:3 Expected 39 6.75 2.25 48 3.84 2 0.15

48:12:4 Expected 36 9 3 48 32 2 0.8
F,7 Observed 29 11 2 42

52:9:3 Expected 34.13 591 1.97 42 4.9 2 0.09

48:12:4 Expected 315 7.875 2.625 42 1.59 2 0.55
F,7 (R) Observed 33 6 1 40

52:9:3 Expected 325 5.63 1.88 40 0.44 2 0.81

48:12:4 Expected 30 7.5 2.5 40 1.5 2 0.53
F,2 Observed 31 6 2 19 58

156:27:9:64 Expected 353 6.1 2.1 14.5 58 1.93 3 0.59
F,2 (R) Observed 8 6 1 4 19

156:27:9:64 Expected 11.6 2 0.65 4.75 19 9.42 3 0.02

“Expected segregation ratio for a three-gene genetic model (52:9:3), a three-gene genetic model (48:12:4), or for a four-gene genetic model (156:27:9:64).

naringenin _”_>

pelargonidin

Y.
—ph—

dihydrokaempferol

B
—)  dihydromyricetin

delphinidin

malvidin

aa B- C-

Fig. 2. Proposed four-gene model for the inheritance of flower color in Anagallis monelli. Genotypes and
loci are indicated in italics. Anthocyanidins detected in this species are pelargonidin, delphinidin,
and malvidin, which are primarily responsible for orange, red, and blue flowers, respectively. It is
hypothesized white flower color results from an upstream mutation in the metabolic pathway.

The Spain population is observationally
monomorphic for blue flower color. To be
such, this source population can be inferred to
harbor no “A” alleles (which would confer
orange flower color), no “b” alleles (which
would confer orange flower color in homo-
zygous form), and no “c” alleles (which
would confer red flower color in the homo-
zygous form in the presence of aaB). As such,
the Spain population must be monomorphic
for the genotype aaBBCC, and blue-flowered
parent plants, B2 and B4, must both have this
genotype.

By extension from the foregoing reason-
ing, either the Italy population must be the
source of the “c” allele or the “c” allele must
have arisen de novo in parental plant O4. To
segregate in all six F, populations, the “c”
allele must have been transmitted to all five
F, plants used in the F, intercrosses, so it is
most likely {[P = 1 — (0.5)°] > 0.94} that
parental plant O4 was homozygous for the
“c” allele. This finding, along with the prior
occurrence of red-flowered plants in proge-
nies of crosses between ‘Sunrise’ and ‘Gen-
tian Blue’ (Freyre and Griesbach, 2004),
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argues against a de novo mutational source
for the ““c” allele. However, if the “c” allele
was present in the Italy source population,
then the absence of red-flowered (aaB-cc)
plants in the Italy population implies that this
population must have lacked either the “a”
allele (thereby excluding the “aa” genotype),
the “B” allele (thereby excluding the B-
genotype), or both (thereby excluding the
aaB- genotype). On the basis of this, the
inferred genotype possibilities for plant O4
are AAbbcc, Aabbcec, and AABbcc. How-
ever, the Aabbcc possibility can be excluded,
because the cross Aabbcc (orange) X
aaBBCC (blue) would be expected to pro-
duce a 1:1 ratio of orange (AaBbCc) and blue
(aaBbCc) F; plants, but all 11 F; plants had
orange flowers. On this basis, and given the
putative aaBBCC genotype of blue-flowered
parents B2 and B4, all 11 orange-flowered F,
plants had one of two possible genotypes:
AaBbCc or AaBBCc. Accordingly, the F,
populations could be expected to segregate in
one of two possible ratios depending on the
combination of F; genotypes in the F, inter-
cross: AaBbCc x AaBbCc would yield the

previously modeled trihybrid ratio of 52
orange:9 blue:3 red, whereas AaBbCc X
AaBBCc and AaBBCc x AaBBCc would
each yield an expectation of 48 orange:12
blue:4 red.

With respect to the expected three-class
color segregation pattern, populations F,1(R)
(P = 0.15 and P = 0.8, respectively), F,7
(P = 0.09 and P = 0.55, respectively), and
F,7(R) (P =0.81 and P = 0.53, respectively)
did not differ significantly from the mod-
eled 52:9:3 and 48:12:4. Additionally, pop-
ulation F,1 (P = 0.99) did not differ
significantly from the modeled 48:12:4.
These data permit the inference that the
genotypes of the F; plants (F1A;, FA,,
F,C,, and F;C,) that were variously inter-
mated (Table 2) to produce these F, popula-
tions were AaB-Cc.

For the two populations in which white
flower color appeared, we tested a four-gene
model with the expected segregation ratio
156 orange:27 blue:9 red:64 white. Segrega-
tion of F,2 did not differ significantly from
the model with x*=1.93, P=0.59 (Table 3).
Reciprocal population F2(R) did not fit
the indicated ratio, but this data set
was considered too small (n = 19) to provide
a meaningful test of a four-class expected
ratio.

Overall, with the exception of family F,1,
the predictions of the three- and four-gene
models used here provided a reasonable fit
to the observed segregation patterns. Statis-
tically significant or nonsignificant devia-
tions from the expected ratios may be
attributable to a variety of factors. As one
possibility, such deviations could reflect seg-
regation distortion resulting from genetic
linkages between anthocyanin pathway
genes and loci that are the subject of game-
tophytic or sporophytic selection. This hypo-
thesis is consistent with the generally low
and inconsistent seed germination rates
observed here. The distortion of Mendelian
ratios in crosses involving wild-collected
parental plants has been widely reported in
many taxa, including Fragaria (Yu and
Davis, 1995), Mimulus (Hall and Willis,
2005), and Oryza (Li et al., 1997). Distortion
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that occurs in only one direction of the cross,
as seen in Fragaria (Davis and Yu, 1997) and
here in family F,1 but not in F;1(R), may be
attributable to  differential interactions
between uniparentally inherited cytoplasmic
genomes and biparentally inherited nuclear
alleles.

As another possibility, such deviations
could be the result of the color classification
methodology. We previously reported (Freyre
and Griesbach, 2004) that flowers that
appeared orange could contain more than
50% malvidin and less than 44% pelargoni-
din. Further studies were undertaken to ana-
lyze pigment composition of segregants
within the F, populations.

High-performance liquid chromatography
analysis. For selected families F,1, F52, and
F,7, flower color of seed and pollen parents,
F, individuals, and a total of 19 F, individuals
were determined more precisely using Mun-
sell color codes. Additionally, anthocyanidin
contents were analyzed with HPLC. Three
white individuals were analyzed for antho-
cyanidin contents, and none were detected.
For the F5s, individuals in different shades for
each color (orange, blue, and red) were sel-
ected aiming to capture the biggest range of
color variability. As was expected from the
previous study, three anthocyanidins were
found to determine flower color in this spe-
cies, pelargonidin being primarily responsible
for orange flower color, delphinidin for red,
and malvidin for blue (Freyre and Griesbach,
2004). However, our results indicate that
individuals of the same color class can have
varying combinations of these three pigments
(Table 4).

The two wild blue accessions used as
parents for the F; families in this study had
slightly different flower colors (Table 4). The
B4 parent was colored 7.4 PB 2.8/16.4 and
contained exclusively malvidin, whereas the
B2 parent was colored 8.3 PB 3.2/16 and
contained mostly malvidin (88.4%) with
11.2% pelargonidin and a trace of delphini-
din. On the other hand, the orange parent O4
was colored 0.1 YR 6.4/143 and contained
mostly pelargonidin (89.9%) with small amounts
of delphinidin (6%) and malvidin (4.1%).

The flower color of the F; plants were all a
shade of orange but varied in the pelargonidin
concentration. One group of plants (F;Aj,
F,A,, and F,A;) contained mostly pelargo-
nidin (78% to 89%) with small amounts
of malvidin (11% to 16%) and delphinidin
(0% to 6%). The other group of plants (F,C,
and F|C,;) contained mostly delphinidin
47% to 56%) with smaller amounts of
pelargonidin (28% to 29%) and malvidin
(15% to 25%). Both of these groups share
the same orange-flowered parent (O4) but
have a different blue-flowered parent (B2 and
B4 for families F;A and F,C, respectively).
These results suggest that parents B2 and B4
differed in their genotypes at loci influencing
flower color, including alleles or loci other
than those specified by the used genetic
model.

Variations in the shade of orange color
also varied between F, plants. The flowers
from four of five plants contained mostly
pelargonidin (88% to 95%) with small
amounts of delphinidin (1% to 3%) and
malvidin (0% to 11%). On the other hand,
the flowers from the fifth plant, F,2—Orange

Table 4. Munsell color code, and anthocyanidin contents of parents, Fy, and F, individuals of 4. monelli

selected for biochemical analysis.

Anthocyanidin

Plant Color Pelargonidin Delphinidin Malvidin
04 (orange parent) 0.1 YR 6.4/14.3 89.9 6 4.1
B2 (blue parent) 8.3 PB 3.2/16.0 11.2 0.4 88.4
B4 (blue parent) 74 PB2.8/16.4 0 0 100
FiA/” 0.1 YR 6.7/14.0 87.2 0 12.8
Fi1Ay 0.1 YR 6.4/15.0 78.4 5.7 15.9
F|A5” 0.5 YR 6.4/15.0 88.7 0.2 11.1
F,Cy 9.7R 6.7/11.9 27.7 47 253
F,Cy 0.1 YR 6.7/13.5 29.4 56 14.6
F,1 (orange 1) 0.1 YR 6.4/14.3 94.8 32 2
F>1(R) (orange 2) 9.0R 6.1/14.0 87.6 1.1 11.3
F,2 (orange 3) 0.1 YR 6.4/14.3 329 66.7 0.4
F,2 (orange 4) 0.5 YR 6.2/15.9 97.9 2.1 0
F,7(R) (orange 5) 9.0 R 5.9/15.8 89.7 1.2 9.1
F,1 (blue 1) 1.4P4.5/13.3 1 0.9 98.1
F,1 (blue 2) 9.5 PB 4.4/13.0 0.1 0 99.9
F,1(R) (blue 3) 8.3 PB 4.4/13.6 0 0.4 99.6
F,1(R) (blue 4) 8.0 PB 5.6/10.5 0 2.6 97.4
F»2 (blue 5) 9.4 PB 4.0/14.9 0 33 96.7
F,2(R) (blue 6) 8.5 PB 4.0/15 1.1 1.1 97.8
F,2(R) (blue 7) 8.3 PB 3.2/15.1 0 2.5 97.5
F,7 (blue 8) 9.5 PB 4.4/12.9 32 0 96.8
F,7 (blue 9) 9.8 P5.1/17.2 0 0.6 99.4
F,7(R) (blue 10) 9.0 PB 3.3/15.4 0 0 100
F,1 (red 1) 0.8 R 6.0/14.3 0 95 5
F,1(R) (red 2) 9.4 RP 6.2/14.5 0 100 0
F, 2 (R) (Red 3) 9.4 RP 6.2/14.5 0 99.2 0.8
F,7 (red 4) 3.5R 5.1/16.6 0 100 0

“F1A1, F1A,, and F A3 are derived from a cross of B2 x O4.

YF,C; and F,C; are derived from a cross of B4 x O4.
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3, contained mostly delphinidin (67%), pelar-
gonidin (33%), and a trace of malvidin.
Another unusual orange-flowered plant was
also reported by Freyre and Griesbach (2004)
with mostly malvidin (50%), slightly less
pelargonidin (44%), and a small amount of
delphinidin (6%). Results of the analyses for
F s and F,s indicate that even with amounts
as low as 28% pelargonidin, the perceived
color is orange.

For blue-flowered F, plants, variations in
shade were greater than those for orange-
flowered plants. However, all blue-flowered
plants contained predominantly malvidin
(97% to 100%). Freyre and Griesbach
(2004) observed that only one of five blue-
flowered plants contained pelargonidin (4%).
In this study, of 10 F2 plants sampled, only
one plant, F,7-Blue 8, contained a small
amount of pelargonidin (3%). Moreover,
not all blue-flowered plants with the same
anthocyanin profile were the same color. For
example, both B4 and F,7(R)-Blue 10 con-
tained 100% malvidin and had 7.4 PB 2.8/
16.4 and 9.0 PB 3.3/15.4 colored flowers,
respectively.

For F, red-flowered plants, variations in
flower shade also occurred. However, as
expected, in all cases flower color was the
result of predominant delphinidin (95% to
100%) with trace amounts of malvidin (0% to
5%). Similar to blue-flowered plants, not all
red-flowered plants with the same anthocya-
nin profile had the same color. For example,
both F>1(R)-Red 2 and F,7— Red 4 contained
100% delphinidin but had 9.4 RP 6.2/14.5
and 3.5R 5.1/16.6 colored flowers, respec-
tively. It is interesting that none of the red
flowers contained any traces of pelargonidin.
In this case, the enzyme’s affinity to dihy-
dromyricetin appears to be complete with
no affinity to dihydrokaempferol. However,
very low levels of pelargonidin were detected
in 20% to 30% of the blue-flowered plants
analyzed. Maybe if more red plants were
sampled, some of them would have shown
some traces of pelargonidin.

The simplest explanation for these obser-
vations is that multiple alleles at both the B
and 4 loci compete for the same precursors.
For example, both 4 and B compete for
dihydrokaempferol. With an 4 allele com-
pletely dominant over a B allele, 100%
pelargonidin would be produced. However,
partially dominant alleles would result in a
mixture of anthocyanidins. The two blue-
flowered parents that were used would be
expected to have different but functional
alleles at either the 4 or B locus. This is
similar to the situation observed in Petunia
in which nearly all the anthocyanin biosyn-
thetic enzymes that have been studied will
accept the different precursors as substrates
(Griesbach, 1993; Huits et al., 1994).
Detailed studies with microorganisms have
resulted in mathematical models to predict
the flow in biosynthetic pathways resulting
from competing alleles (Keightley, 1989).

By analyzing a diverse range of individ-
uals for each flower color, we have confirmed
that multiple anthocyanidins can be found in
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the different color types, presumably as a
result of affinity of enzymes to more than one
substrate. In few of the plants studied, the
perceived flower color did not match the
expected genotype. For example, orange-
flowered plants are expected to be either 4
or bb and to contain predominantly pelargo-
nidin. However, at least one orange-flowered
plant contained over 60% delphinidin (F,2—
Orange 3).

Our results have also demonstrated that
plants with the same anthocyanin profile
were identified with different Munsell color
codes. This is indicative that in addition to
anthocyanidin contents, more factors are
involved in determination of final flower
color in 4. monelli. One of the known factors
affecting flower color is petal pH (Asen et al.,
1977; Brouillard, 1988; Griesbach, 1996).
However, using previous methods (Freyre
and Griesbach, 2004), we determined that
there was no difference in petal pH between
the two groups of orange flowers (data not
shown). Moreover, in another study, petal pH
in blue, red, violet, and lilac flowers of A.
monelli was not found to be significantly
different (Quintana et al., 2007). Other fac-
tors that may be affecting flower color may
include copigments, metal ions, or a different
molecular conformation of the anthocyanin
(Griesbach, 2005b).

Conclusions

The three-gene model previously pro-
posed to explain the inheritance of flower
color in A. monelli was expanded to include
an additional gene to explain the new discov-
ered white-flowered phenotype. Incomplete
dominance of different alleles competing for
the same precursor could explain the aberrant
segregation patterns in some populations.
Additionally, segregation distortion could
be caused by linkages of anthocyanin genes
to genetic factors influencing fertility, game-
tophyte, or embryo viability as is common is
crosses involving wild, genetically diverged
parents. The “c” allele that determines red
flower color was inferred to be present only in
the Italy source population. The new white-
flowered phenotype (with no anthocyanidins)
was not significantly different from the
expected ratios of a single gene model
(pigmented versus white). We hypothesize
that the white color is the result of an
upstream mutation in the anthocyanin path-
way, blocking the pathway before the pro-
duction of colored anthocyanidins, resulting
in a colorless product. This mutation would
have originated from one of the wild parents.
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Flower color in 4. monelli is determined
by a complex balance of anthocyanidin pig-
ments. Pelargonidin is the main anthocyani-
din responsible for orange flower color,
delphinidin for red flower color, and malvidin
for blue flower color. However, each of these
pigments is not exclusively biosynthesized;
all three of them may be present simulta-
neously, and their ratios determine flower
color and different tones for each color. Other
factors such as copigments, metal ions, or a
different molecular conformation of the
anthocyanin could also be involved in flower
color determination in this species. Further
testing of hypotheses about the genetic con-
trol of flower color variation in this species
would be aided by the cloning of its antho-
cyanin pathway genes, providing opportunity
to evaluate associations between specific
candidate genes and particular flower color
phenotypes.
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