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ABSTRACT Color markers in insects facilitate research in many areas, including devel-
opmental genetics and the study of sperm competition. Laboratory populations of the
soapberry bug Jadera haematoloma contain two color variants, orange and lemon, in
addition to the wild-type, red. Results of experimental crosses among these three types
support a two-locus model with two alleles at each locus. The two loci interact epistatically
such that individuals possessing two recessive genes at the second locus are lemon
regardless of which genes are present at the first locus. The putative genotypes are red, R/~

B/—; orange, r/r B/—; lemon, —/~ b/b.
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Jadera haematoloma Herrich-Schaeffer, the
“soapberry bug” (Carroll 1991), is a bright red
and black insect that feeds on mature seeds of
plants in the family Sapindaceae (Schaefer &
Mitchell 1983, Carroll & Loye 1987). It is distrib-
uted from the southern United States to northern
South America (Blatchley 1926). J. haematoloma
is an important model system for studies of mat-
ing systems and host race evolution (e.g., Carroll
& Boyd 1992, Carroll 1993). Here, we investigate
visible genetic markers that may facilitate stud-
ies of developmental genetics and sperm compe-
tition in this species. The wild-type color of J.
haematoloma is red. Two color mutants, orange
and lemon, occur in laboratory populations. To
determine the genetic basis of this color poly-
morphism, we experimentally crossed individu-
als of the three color types. We conducted the
work in two stages. In stage 1 we performed
exploratory crosses between red and orange in-
dividuals, as well as between their F, offspring.
In stage 2, we constructed a two-locus genetic
model based on the results from stage 1 and
tested its predictions with lemon X lemon, or-
ange X orange, and orange X lemon crosses. For
clarity, we first introduce the genetic model and
then report the results of the two series of
crosses.

Model

Based on extensive exploratory crosses (de-
scribed below), we constructed a two-locus Men-
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delian model with two alleles at each locus to
explain the color polymorphism of J. haemato-
loma. The first locus contains two alleles; the
allele for red (wild-type) (R) is dominant, and the
allele for orange (r) is recessive. The second lo-
cus, which is unlinked to the first, also contains
two alleles; wild-type (B) is dominant, and
lemon (b) is recessive. The two loci interact epi-
statically such that individuals possessing two
recessive alleles (b/b) at the second locus are
lemon regardless of which alleles are present at
the first locus. Thus, the putative genotypes are
red, R/~ B/—; orange, r/r B/—; lemon, —/— b/b.

Materials and Methods

Jadera haematoloma specimens were col-
lected in Woodward, OK, and Leesburg, FL, and
raised in large cultures at 32°C with a photope-
riod of 14:10 (L:D) h. Orange- and lemon-color
mutants were removed periodically from the
main culture and raised in separate cultures;
however, these lines were not pure breeding
lines. Bugs were supplied with cotton-stoppered
water vials and seeds from their respective host
plants, the soapberry tree, Sapindus saponaria
(L.) v. drummondii (Hooker & Arnott) Benson,
and the goldenrain tree, Koelreuteria paniculata
Laxman, for the Woodward population and a sec-
ond species of goldenrain tree, K. elegans (See-
mann) Smith, for Leesburg.

In each of the experiments described below,
virgins were obtained by removing fifth instars
from the main colonies and observing them daily
for adult eclosion. Virgins were paired individu-
ally and placed in 90-mm petri dishes lined with
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Table 1. Average color-morph ratios for F, offspring of red X orange crosses in families that produced no lemon

offspring
No Total no. Avg Avg
Population fami]ies of frequency frequency Gy Gp Gr
offspring red orange
Woodward 16 2,002 0.765 0.235 12.96 0.35 13.32
Leesburg 14 1,075 0.747 0.253 20.24 0.02 20.25
Expected —_ — 0.750 0.250 — — —

P > 0.05 for all values of G.

filter paper and containing a water vial and
seeds. Eggs, which were deposited loosely on
the filter paper, were collected daily and stored
in plastic vials; they were censused once a day
for hatching. The color morph of each hatchling
was recorded immediately. Color morph does
not change during development.

Stage 1: Exploratory Crosses. For red x orange
crosses, we established 23 pairs of Leesburg
bugs and 23 pairs of Woodward bugs; pairs in-
cluded both red males crossed with orange fe-
males and orange males crossed with red fe-
males. All F; offspring were red, except for
siblings from a single Woodward family that
were not used for further crosses. We crossed the
resulting F, offspring (22 pairs from Leesburg
and 24 from Woodward) and recorded the color
of the F, offspring from each family. Families
were divided into two groups based on the pres-
ence or absence of lemon offspring. For each
group in each population we then computed a
color-morph ratio as the mean of the family ra-
tios; families producing <20 offspring were ex-
cluded from this analysis. We used a heteroge-
neity G test to compare the offspring color-morph
ratios predicted by the model with those ob-
served in the F, offspring. Gy (G for heteroge-
neity) tests whether the offspring color-morph
ratios among families are homogeneous versus
heterogeneous, Gp (G for pooled data) tests the
goodness-of-fit of the pooled data to the expected
color-morph ratios, and Gt (= Gy + Gp) is the
total G.

Stage 2: Tests of the Model. In a second series
of crosses, we tested the genetic model with pre-
dictions about lemon X lemon, orange X orange,
and orange X lemon crosses. Lemon X lemon
crosses should produce exclusively lemon off-
spring. To test this prediction, we paired 30
Woodward lemon males with 30 Woodward
lemon females and recorded the color of the off-
spring.

Orange X orange crosses should produce ei-
ther exclusively orange offspring or orange and
lemon offspring in a ratio of 3:1. To test this, we
paired nine Woodward orange males with nine
Woodward orange females and recorded the
color of their offspring.

Orange X lemon crosses should produce a mix-
ture of offspring colors dependent upon the pa-

rental genotypes. Thus, to determine the ex-
pected offspring color-morph ratios, we first
needed to determine the parental genotypes. We
used the presence or absence of particular colors
from the offspring of orange X lemon crosses to
assign parental genotypes. Offspring color fre-
quencies predicted from the parental genotypes
were compared with observed frequencies to
test the model.

Ten Woodward orange sires were paired seri-
ally with multiple (up to four) Woodward lemon
females, and 12 Woodward lemon sires were
paired serially with multiple orange females.
Each male was kept with his mate for at least 1 d;
he was then removed from the petri dish and
paired with another female.

We assigned genotypes to each parent using
the rules given below. The numbers in parenthe-
ses are the probabilities of erroneous genotype
assignment, given that our two-locus model is
correct. These error probabilities were calcu-
lated by computing the expected offspring color
ratios of all six possible genetic combinations of
orange and lemon parents and calculating the
probability of not observing the least frequent
offspring color, given that 20 offspring were pro-
duced.

1.) Orange parent

A. If any offspring are lemon = 7/r B/b (P =
9.54 x 1077)
B. If no offspring are lemon = r/r B/B (P =
9.54 x 1077)
I1.) Lemon parent

A. If no offspring are orange = R/R b/b (9.54
x 10”7 < P < 0.0032)

B. If no offspring are red = r/r b/b (0 < P <
0.0032)

C. If at least one offspring is orange and one
isted = Rir b/b (0 < P < 9.54 x 1077)

After we had determined the parental geno-
types, we calculated the predicted offspring
color ratios using Punnett squares, and used chi-
square tests to compare predicted and observed
ratios. Then we looked for consistency of each
male’s assigned genotype across the multiple fe-
males he was paired with, because each male’s
genotype was calculated independently for each
of the pairs.
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Table 2. Average color-morph ratios for F, offspring of red X orange crosses in families that produced at least one

lemon offspring

. No. Total no. Avg Avg Avg
Population families offspring ﬁeqrzgncy frz(g::gn:y frig:‘ix;cy Gy Gp Gr
Woodward 6 605 0.547 0.199 0.254 2.14 0.17 2.31
Leesburg 5 423 0.601 0.172 0.227 4.14 5.99 7.31
Expected — — 0.563 0.188 0.250 — — —
P > 0.05 for all values of G.
Results and, for lemon male X orange female crosses

Stage 1: Exploratory Crosses. Virtually all the
F, offspring were wild-type (866 from Leesburg
and 377 from Woodward); thus, the direction of
the cross did not affect offspring color. The single
exception was a Woodward family that produced
16 red, 9 orange, and 8 lemon offspring; this
result is consistent with the model if the red
parent was heterozygous at both loci. The F,
crosses produced two types of families. Most
pairs produced only red and orange offspring in a
ratio of 3:1 (Table 1), whereas other families pro-
duced red, orange, and lemon offspring in a ratio
of 9:3:4 (Table 2).

Stage 2: Tests of the Model. The lemon X
lemon crosses produced 1,116 total offspring;
100% were lemon, as predicted by the model.

The results of the orange X orange crosses
were also consistent with the model. Eight of
nine crosses produced a total of 420 exclusively
orange offspring; one cross produced both or-
ange (n = 41) and lemon (n = 5) offspring.

For the crosses between orange males and
lemon females (Table 3), all 17 offspring color
ratios were consistent (P > 0.05) with our model,

(Table 4), 14 of 18 offspring ratios were consis-
tent with the model. Three of the four inconsis-
tent family ratios were the offspring of one male
(Table 4, male no. 2); in those families, there
were excess red individuals, too few orange sib-
lings, and, in one case, too few lemon individuals
(P < 0.001).

There are two cases in the lemon male X or-
ange female crosses where the predicted male
genotype is not consistent across dams (Table 4,
males no. 1 and 4); however, in both of those
cases, the family size is <20.

Discussion

The red/orange/lemon color polymorphism in
J. haematoloma can be explained by our two-
locus model. The first locus contains two alleles,
R and r; R/~ individuals are red, and r/r individ-
uals are orange. A second independent locus,
which also contains two alleles, B and b, inter-
acts epistatically with the first locus such that the
phenotype of B/- individuals is determined by
the first locus, and b/b individuals are always
lemon.

Table 3. Offspring color-morph ratios resulting from orange male X lemon female crosses

Observed Expected
Male Female No. No. color Predicted Predicted color
no no eggs eggs ratio of male female ratio of X
. : laid hatched offspring genotype genotype offspring
L:O:R L:O:R
2 2d 97 73 32:17:24 Bb Rrbb 2:1:1 2.45
4 4b 52 39 0:39:0 BB rbb 0:1:0 0.00
4c 135 116 0:69:47 BB Rrbb 0:1:1 4.17
4d 93 61 0:32:29 BB Rrbb 0:1:1 0.15
5 5c 85 71 35:18:18 rBb Rrbb 2:1:1 0.01
5d 68 57 32:0:25 rBb RRbb 1:0:1 0.86
6 6a 137 108 0:62:46 BB Rrbb 0:1:1 2.37
6b 26 11 0:5:6 BB Rrbb 0:1:1 —
6¢ 126 68 0:41:27 BB Rrbb 0:1:1 2.88
6d 105 92 0:40:52 BB Rrbb 0:1:1 1.57
8 8a 115 77 41:12:24 rBb Rrbb 2:1:1 4.06
8b 60 14 6:4:4 rBb Rrbb 2:1:1 —
8c 189 7 6:1:0 rBb rrbb 1:1:0 —
8d 195 146 69:77:0 Bb rtbb 1:1:0 0.44
9 9a 170 116 51:37:28 rBb Rrbb 2:1:1 3.09
9b 189 120 61:59:0 rBb rtbb 1:1:0 0.03
9¢c 313 159 82:77:0 rrBb rbb 1:1:0 0.16
9d 113 83 37:0:46 rBb RRbb 1:0:1 0.98
10 10b 294 218 99:119:0 rBb rtbb 1:1:0 1.83
10c 147 93 49:0:44 rBb RRbb 1:0:1 0.27

Chi-square tests were performed only on families with at least 20 offspring. P > 0.05 for all values of *.
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Table 4. Offspring color-morph ratios resulting from lemon male X orange female crosses
Observed Expected
Male Female l\j)c;. l\j’?' color Predicted Predicted color
ratio of male female ratio of X
no- no. t]?gg(is h eg}gls d offspring genotype genotype offspring
ai atche L:O:R L:O:R
1 1b 15 13 4:8:1 Rrbb rBb 2:1:1 —
lc 48 35 0:35:0 rhb rBB 0:1:0 0.00
1d 99 92 46:46:0 tbb rBb 1:1:0 0.00
2 2a 195 96 46:10:40 Rrbb rBb 2:1:1 18.90***
2b 98 49 3:7:39 Rrbb rBb 2:1:1 67.75%**
2¢ 98 37 0:1:36 Rrbb rBB 0:1:1 33.11%%*
3 3a 11 8 2:4:2 Rrbb rBb 2:1:1 —
3b 69 34 14:9:11 Rrbb rBb 2:1:1 1.29
3c 64 51 0:28:23 Rrbb BB 0:1:1 0.49
3d 30 26 11:5:10 Rrbb rBb 2:1:1 2.54
4 4b 33 14 10:4:0 rbb rBb 1:1:.0 —
4d 60 15 0:8:7 Rrbb BB 0:1:1 —
5 Sa 220 158 0:74:84 Rrbb BB 0:1:1 0.63
5b 95 50 0:25:25 Rrbb rBB 0:1:1 0.00
Sc 25 5 0:1:4 Rrbb BB 0:1:1 —
7 Ta 26 12 2:5:5 Rrbb rrBb 2:1:1 —
7d 70 45 19:12:14 Rrbb rBb 2:1:1 1.27
8 8b 162 93 34:32:27 Rrbb rBb 2:1:1 7.26*
8¢ 115 35 17:10:8 Rrbb rBb 2:1:1 0.26
8d 212 77 31:21:25 Rrbb rBb 2:1:1 3.34
10 10a 166 64 33:31:0 rrbb rBb 1:1:0 0.06
10b 259 112 49:63:0 tbb rrBb 1:1:0 1.75
10d 23 15 6:9:0 tbb rBb 1:1:0 —
11 1la 25 6 3:0:3 Rrbb rBb 2:1:1 —
11b 20 10 8:1:1 Rrbb rBb 2:1:1 —
11c 84 54 22:21:11 Rrbb rBb 2:1:1 5.56
11d 124 51 29:11:11 Rrbb rBb 2:1:1 0.96
12 12a 107 4 2:1:1 Rrbb rBb 2:1:1 —
12¢ 36 10 0:8:2 Rrbb BB 0:1:1 —
12d 22 17 0:7:10 Rrbb BB 0:1:1 —

Chi-square tests were performed only on families with at least 20 offspring. *, P < 0.05; *** P < 0.001.

Our experimental crosses strongly support our
model. The one exception is that the offspring
color-morph ratios of male no. 2 in the lemon
male X orange female crosses (Table 4) have an
excess of red individuals, too few orange sib-
lings, and, in family no. 2b, too few lemon sib-
lings. Although the offspring color-morph ratios
of families no. 2a and 2c¢ could be explained by a
back mutation in the male’s spermatogonium
from R/r b/b to R/R b/b, the offspring color-morph
ratio of family no. 2b is not consistent with this
explanation. The inheritance of color morph may
involve a third locus.

The two-locus/two-allele mode of inheritance
of color morph found in J. haematoloma is also
found in other species (Johnson 1984, Strick-
berger 1986, Farnsworth 1988). Natural popula-
tions of the Jersey tiger moth Callimorpha quad-
ripunctaria Poda have individuals with red,
orange, or yellow hindwings, and the mode of
inheritance is analogous to the inheritance of
red, orange, and lemon color morphs in J. hae-
matoloma (Liebert & Brakefield 1990). In C.
quadripunctaria, the second locus (analogous to
the “B” locus in J. haematoloma) may control
metabolism of a basic yellow pigment to an in-
termediate orange pigment, and the first locus
may control the metabolism of the orange pig-

ment to a red pigment (Liebert & Brakefield
1990).

The color mutants we studied have not been
observed in nature. However, a population in the
state of Puebla, Mexico, contained “color vari-
ants” on the red wild-type that included reddish
individuals with pink, orange, golden, and green
elements in their base color (S.P.C., personal
observation). Pink bugs also occur in the labora-
tory and appear to be related genetically to
lemon-colored bugs (L.A.M., unpublished data).
Although the Puebla population has not been
studied, it is possible that the genetic elements
that contribute to the color variation are related
to those controlling the color mutants observed
in the laboratory.

The mode of color inheritance we have found
should be a useful tool for genetic studies.
Lemon-colored individuals are true-breeding,
and both color mutants are recessive to the wild-
type. By sequentially mating a mutant female
with same-color and wild-type males, we can
obtain information on sperm competition. In ad-
dition, if such males differ in other phenotypic
traits, such as wing length, this model provides a
means of distinguishing genetic control versus
maternal effects in determining the phenotypes
of the resulting offspring.
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Wild-type and mutant individuals derived
from several United States populations are main-
tained in our laboratory. Interested parties may
gain access to them by contacting S.P.C.
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