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ABSTRACT. Honey-bee queens (Apis mellifera L.) were mated to single drones from either
European (Baton Rouge, Louisiana, USA) or Africanized (Maturin, Monagas, Venezuela)
honey-bee colonies. Stings and heads from worker-bee offspring of these matings were
collected in methylene chloride and later analyzed by gas chromatograph for 12 sting-
associated alarm pheromones. Heritability values of 0.48 to 1.98 were estimated for 10 of
the pheromones. Two were not estimable due to negative variance components. Genetic
correlations were significant and positive between all sting pheromones except octyl
acetate, indicating common genetic regulation. Octyl acetate was genetically correlated
with 2-heptanone produced by the mandibular glands.

AS PART of a major project to reduce the
impact of the northward-spreading African-
ized honey bee (Apis mellifera L.) on North
American agriculture, estimates were made
of heritabilities for a number of characters
that differ between the Africanized honey
bee and European honey bees currently used
in the United States. These estimates were
needed to assess the feasibility of a selection
program to alter the Africanized phenotype,
and for the design of the selection program
itself. The Africanized bee is smaller’, builds
a smaller comb!?, has differences in its forag-
ing behavior!!, swarms more frequently!”, is
more defensive of its colony’ and produces
more of some of the sting alarm pheromone
components (Collins et al., ms. in prep.). The
differences in foraging, swarming, and colo-
ny defense make the Africanized bee uneco-
nomical and undesirable for use by U.S. bee-
keepers.

Because the honey bee is a social, haplo-
diploid organism, there are a number of con-
straints on the method for estimation of heri-
tability (4?). Drones (males) develop from
unfertilized eggs and are haploid; while dip-
loid females (nonreproductive workers and
reproductive queens) develop from fertilized
eggs, depending on the treatment they re-
ceive as larvae. In addition, queens normally
mate with 7-17 drones’!6, utilizing the
stored semen throughout their lives (up to
five years). Since all the semen from a single
drone is genetically identical, drones repre-
sent gametes from a queen?, and a more usu-

29

al diploid situation can be imposed if matings
are viewed as between a virgin dam-queen
and a sire-queen through her drones. Many
of the economically important characters,
like colony defense, are dependent on the
social interaction between many individual
workers. Therefore, under normal conditions
the basic unit of selection is the colony, a
collection of super-sib families having the
same dam-queen but different sire-queens.
Rothenbuhler'4 proposed using highly in-
bred queens (homozygous at many loci) and
mating them with one drone (identical
sperm) to obtain workers that are genetically
very uniform (coefficients of relationship
greater than 0.75). Rinderer!® proposed us-
ing this technique to produce an array of
inbred dam-queens mated to several sire-
queens and calculating heritabilities from
the between sire-queen variance components.
Heritabilities for comb cell size, hoarding
behavior (a laboratory measure of honey pro-
duction), colony defense and response to an
alarm pheromone, isopentyl acetate (IPA),
in the laboratory are previously reportedS.
Because of the importance of alarm phero-
mones in initiating and mediating defensive
behavior, and their differing levels of produc-
tion in the two ecotypes (Collins et al., ms. in
prep.), estimation of the A2 of production also
is important. This article reports on such esti-
mates for 11 major alarm pheromones asso-
ciated with the sting (butyl acetate, isopentyl
acetate, 2-methyl butanol, hexyl acetate, 1-
hexanol, 2-heptyl acetate, 2-heptanol, octyl



acetate, 1-octanol, 2-nonyl acetate and 2- drones. Drones (which can mate only once)  Yji = response of the I'" colony in the kth
nonanol) and one from the mandibular gland  from each of these 12 sources were used to queen line, jth sire-queen and ith bee
of the head, 2-heptanone?315, singly inseminate nine virgin dam-queens per . type
source, three queens each from three inbred = overall mean
. lines obtained from USDA-ARS bee labsin T; = fixed effect of the it bee type (Af-
Materials and Methods Wisconsin and Louisiana. Each dam-queen ricanized or European) (i = 1,2)
Based on the colony response in a stand- headed a small colony consisting of 1 kg (ca. Sj;) = random effect of the ji sire-queen
ardized test of defensive behavior®, six Euro- 9000) of her worker-daughters on 3-4 stand- nested in the ith bee type (j =
pean sire-queens were chosen from colonies ard (20 X 43 cm) ‘combs. '2Fhese colonies also 1.’ o2 8) th .
in Baton Rouge, Louisiana, U.S., and six were used to estimate k2 for measures of Qx = fixed effect of kth queen line (k =
.. o7 > e honey production and colony defense, and 1,...,9)
Africanized sire-queens were chosen froi i AN .
ducens W n from cornb cell size as reported by Collins et al’. TQi = fixed interaction effect of the ith

colonies in Maturin, Monagas, Venezuela.
The European colonies are representative of
various commercial stocks available in the
U.S., mixtures of several A.m. subspecies.
The Africanized colonies are descendants of
hybrids between A.m. scutellata from Africa
and various European subspecies, all import-
ed to Brazil. The two least defensive, two
most defensive, and two intermediate colo-
nies of each race were used as a source of

Table L. Least-squares mean levels (& SD) (1g/
worker bee) of 12 alarm pheromone components

Foraging age workers were collected in
plastic bags from the entrance of each colony
and frozen. The stings and heads from three
samples of 10 bees each per colony were col-
lected over ice in 1 ml pesticide-grade methyl-
ene chloride (with sodium sulfate as a drying
agent), sealed in a septum vial and then kept
in a freezer until analysis. Samples were ana-
lyzed using a Perkin-Elmer Sigma 3 gas
chromatograph fitted with two glass col-
umns, (6’ X /47 OD, 2 mm ID, packed with
SP1000 on 80/100 mesh Chromasorb W,
with 10 percent loading) run as dual column
compensation beginning at 70°C for 3 min-
utes and rising 5°C/min to 120°C. Amounts
of components were calculated by electronic

bee type with the ktP-queen line
SQjx(;) = random interactions of the jt" sire-
queen with the kP queen line, nest-
ed in the ith bee type
= random residual effect of the /*h
colony in the k" queen line, jt sire-
queen and i bee type assumed
NID (0, ¢2).
Rinderer!0 showed that the sire-queen vari-
ance component estimated one quarter of the
additive genetic variance. Heritability was
estimated as:

e1(ijk)

4052

2 2 2
ag" + 050 + o0,

Component X + SD
integration on a Varian CDS 111. where

Butyl acetate 0.12+0.22 Replicate observations on each colony os? = estimates of sire-queen variance
Isopentyl acetate 1.26 £ 0.83 were used to calculate a colony mean, the component
2-Methyl butanol 034015 best estimate of the colony value. Data for 11 osg> = estimate of the sire-queen by queen
E;‘Z)l‘::zltate g(l)? :g(l); sting-associated alarm pheromones and one line in bee-type variance compo-
2-Heptyl acetate 0:1 0L 0:1 0 produced i.n the hc::1d (2-heptanone) were an- ner}t ‘
2-Heptanol 0.04 & 0.03 alyzed using a mixed model least squares 02 = estimate of the colony in queen
Octyl acetate 0.06 + 0.09 procedure as described by Harvey®. The lin- line, sire-queen and bee type vari-
1-Octanol 0.48 + 0.49 ear model assumed was: ance component.
2-Nonyl acetate 0.11 £0.17 Yo = u b T4 S+ Qenetic correlations were computed by.di-
2-Nonanol 0.05 + 0.08 ikt = B it S+ O viding the covariance component for sire-
2-Heptanone* 1.23+£0.70 queen for two traits by the geometric mean of

* This compound is from the mandibular glands, all
others are associated with the sting

»

+ TQy + SQuiy + ewiny

where:

the sire-queen variance components for the
two traits.

Table I Estimates of heritability and genetic and phenotypic correlations for production of 12 alarm pheromone components*

Butyl Isopentyl 2-Methyl Hexyl 2-Heptyl Octyl 2-Nonyl 2-

acetate acetate butanol acetate 1-Hexanol acetate 2-Heptanol acetate 1-Octanol acetate 2-Nonanol Heptanone
Butyl acetate 1943066 0991023 Lt 099+002 063+033 081£025 090+028 0.04 £ 0.52 1.10 £ 0.09 0.63+£027 —0.14£0.63
Isopentyl acetate 0.47 057£0.53 0954020 1.07+£042 1124016 1.71£0.68 0.46 + 0.59 1.01 £0.21 1.19 £ 031 0.16 £0.79
2-Methyl butanol 0.03 0.35 . - . e . . e e A
Hexyl acetate 0.92 0.59 0.07 1. 66 070+031 089+£089 1.03£02] 0.15£0.50 1.11 £0.08 0.71+£023 —0.10+£0.62
1-Hexanol 0.42 0.35 0.24 0.47 089087 1424043 120£025 0.51 £0.56 1.47 £0.44 1.29£0.28 ...
2-Hepty! acetate 0.48 0.71 0.32 0.63 0.43 067057 1.54+£051 —007+0.66 1.17 £0.19 126 £026 —0.37£0.8!
2-Heptanol 0.40 0.53 0.31 0.57 0.59 0.65 054£054 0534055 1.23£0.24 1.09+021 -0354075
Octyl acetate 0.14 0.26 0.03 0.22 0.24 0.19 0.35 048 £ 032 S ~0.09£0.59 —027+£054 2.09 £ 2.04
1-Octanol 0.27 0.34 0.21 0.36 0.50 0.40 0.59 0.57 o . o .
2-Nonyl acetate 0.71 0.56 0.12 0.77 0.61 0.57 0.61 0.31 0.52 0.96 £ 0.62 1.024£009 —0.46 = 0.67
2-Nonanol 0.50 0.33 0.24 0.50 0.62 0.42 0.57 0.21 0.50 0.71 7072064 —092+£0.59
2-Heptanone! 0.02 0.11 0.16 0.01 0.23 -0.01 0.23 0.57 0.45 0.21 0.27 0359054

* Genetic correlations are above the diagonal, heritabilities are on the diagonal, and phenotypic correlations are below the diagonal
* Value not estimable due to negative variance components
* This compound is from the mandibular glands, all others are associated with the sting
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Results and Discussion

Least-squares means and standard errors
for the 11 alarm pheromones associated with
the sting and 2-heptanone from the mandib-
ular glands are presented in Table I. They lie
within the ranges found in the two popula-
tions (Collins et al., ms. in prep.).

Table I lists the heritabilities, and genetic
and phenotypic correlations for production
levels. The hZ values for butyl acetate, hexyl
acetate, 2-nonyl acetate and 2-nonanol are
very high (close to 1). Values for isopentyl
acetate, 1-hexanol, 2-heptyl acetate, 2-hep-
tanol, octyl acetate and 2-heptanone are in-
termediate (0.48-0.89); however, the stand-
ard errors associated with these h?s are of
equal magnitude to the hZs, so there actually
may be a gréater proportion of variation due
to the environment than the k2 values indi-
cate. These standard errors are greater than
those associated with response to isopentyl
acetate, comb-cell size, and measures of de-
fensive behavior using the same matrix of
colonies®.

The k2 values for 2-methyl butanol and 1-
octanol were not estimable due to negative
variance components, probably the result of
greater environmental variability for these
two components.

Keeping in mind the high standard errors
associated with the A2 estimates, the most
likely candidates for inclusion in a selection
program for defensive behavior would be
butyl acetate, hexyl acetate, and the 2-nonyl
moieties. However, further study of the func-
tion of the alarm pheromones in regulating
colony defense, especially related to the dif-
ferences between European and Africanized
ecotypes, is necessary to evaluate the inclu-
sion of such characters in a selection pro-
gram.

The phenotypic and genetic correlations
are also presented in Table II. All of the sting
components, except octyl acetate, are highly
genetically correlated, indicating common
genetic regulation. Nothing is known about
the specific biochemical pathways utilized

for the production of these alarm phero-
mones, nor why such a plethora of com-
pounds are produced when fewer might be
equally effective and more energy efficient.
The genetic correlations found here would
suggest the existence of some commonality
of pathway involving the same enzymes or
precursors. Perhaps the less abundant com-
ponents, including 1-hexanol, heptyl alcohol
and 2-nonyl acetate (Blum et al., unpub.
data) are simply breakdown products occur-
ring after secretion of the pheromone onto
the sting shaft. _

Octyl acetate, the second most abundant
pheromone?, is not significantly genetically
correlated with the other sting components.
It may be synthesized separately from the
others. A possible interpretation of this situa-
tion is that isopentyl acetate (having the
highest level of production), and octyl ace-
tate are the two primary biologically active
sting alarm pheromones. However, no syner-
gy has been found between these two, (Col-
lins, unpub. data), a phenomenon that com-
monly occurs in pheromone complexes!3.

Finally, 2-heptanone, the alarm phero-
mone identified from the mandibular gland,
was negatively correlated with the sting com-
ponents, with the possible exception of octyl
acetate, although the standard errors here
are also high. This suggests that the two bio-
chemical pathways may compete for precur-
sors, but probably not enzymes as the synthe-
sis occurs in two separate glandular areas.

Given the magnitude of the heritability
estimates made for 10 of the alarm phero-
mone components, a selection program to re-
duce their level of production should be suc-
cessful. The desirability of such a selection
program would depend on the importance of
the pheromone in affecting the intensity of
colony defense.
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