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Heterozygosity at the malate dehydrogenase
locus and developmental homeostasis in

Apis meiifera
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We compared fluctuating asymmetry (FA) of wing vein lengths in honeybees (Apis mellifera)
between heterozygotes and homozygotes at the malate dehydrogenase (MDH) locus. FA is an
indirect measure of developmental homeostasis — the ability of individuals to develop normal
phenotypes despite genetic and environmental stresses. Heterozygosity is thought to have a
positive influence on developmental homeostasis; hence we hypothesized that honeybees
heterozygous for the MDH locus would have greater developmental homeostasis and less FA
than homozygotes. Our data support this hypothesis. For one of the five characters measured,
MDH heterozygotes displayed less FA than homozygotes in both colonies we examined. We
also detected differences in character size and character correlation between MDH hetero-
zygotes and homozygotes, although these patterns were not consistent across colonies. A
discriminant function analysis of wing vein characters revealed significant differences between
homozygotes and heterozygotes.
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Introduction

Developmental homeostasis is the ability of individ-
uals to develop phenotypes within the normal range
of expression despite environmental and genetic
perturbations (Lerner, 1954). Some individuals may
have greater homeostatic capacity than others and
therefore should exhibit morphological phenotypes
closer to the population mean. One form of
morphological variation particularly useful to
students of developmental homeostasis is fluctuating
asymmetry (FA) — uncorrelated differences
between paired characters on either side of a bilat-
erally symmetrical organism (Van Valen, 1962).
Paired characters on either side of an organism
should be under the control of the same develop-
mental mechanism and should reach identical
proportions unless perturbations disrupt canaliza-
tion. FA is assumed to be negatively correlated with
the capacity for developmental homeostasis.

Two nonmutually exclusive hypotheses for genetic
influence on developmental homeostasis are genetic

*Correspondence

coadaptation and heterozygosity. Genetic coadapta-
tion results from the balance of alleles both within
and among chromosomes and is thought to be main-
tained by stabilizing selection (Mather, 1973; Clarke
et aL, 1992; Clarke, 1993). Several recent studies
offer evidence for the influence of genetic coadapta-
tion on developmental homeostasis (reviewed by
Clarke, 1993; McKenzie & O'Farrell, 1993). More-
over, there is a great deal of evidence demonstrating
a positive relationship between heterozygosity and
various measures of developmental homeostasis
(Mitton & Koehn, 1975; Bruckner, 1976; Eanes,
1978; Mitton, 1978; Soulé, 1979; Leary et a!., 1983,
1985; King, 1985). In many cases, especially those
involving inbred populations, it has been difficult to
sort out the influences of heterozygosity and genetic
coadaptation. In the case of Soulé's (1967, 1979)
work on lizard populations, his original conclusion
that developmental homeostasis resulted from genic
balance was amended to express the conclusion that
heterozygosity alone could have accounted for much
of the variation in FA. We stress the fact that there
is room for both of these mechanisms — heterozy-
gosity and genetic coadaptation — to operate within
individuals.
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Haplodiploid organisms provide a particularly
interesting system in which to examine the effect of
heterozygosity on developmental stability. Because
reproductive drones are haploid, heterozygosity
cannot influence developmental stability in males.
Nevertheless, increased heterozygosity in females
may give them added buffering capacity as well as
influence differences in developmental homeostasis
between females. Previous studies of developmental
homeostasis in honeybees have produced conflicting
results. Comparing inbred and outbred stocks,
BrUckner (1976) found that highly heterozygous
workers were less morphologically variable than
highly homozygous workers and that workers in
general were less variable than hemizygous drones.
In contrast, Clarke et a!. (1992) found no significant
relationship between degree of inbreeding and FA.
Honeybees are already highly homozygous because
of haplodiploidy and other factors (Lester &
Selander, 1979; Avery, 1984). Therefore it may be
difficult to detect differences between inbred and
outbred colonies. We chose to avoid this problem by
choosing one enzyme locus and assessing the rela-
tionship between heterozygosity at this locus and
developmental homeostatis as revealed by the level
of FA.

Honeybees show very little genetic variation
within populations and are monomorphic at most
enzyme loci (Pamilo et a!., 1978). Malate dehydro-
genase (MDI-I) is an unusual exception to this
pattern in that it is polymorphic in most honeybee
populations (Badino et aL, 1983). Furthermore,
Coelho & Mitton (1988) demonstrated a relation-
ship between MDH genotype and maximal metabolic
rate in honeybees. Because of its consistent
polymorphism and relationship to physiological effi-
ciency, we chose the MDH locus for our comparison
of FA among genotypes. We hypothesized that indi-
viduals heterozygous for the MDH locus would
display less FA than individuals homozygous at this
locus.

Methods

Collection

We collected 100 mature foragers of Apis mellifera
ligustica from each of two separate colonies main-
tained in Boulder County, Colorado. Workers from
colony one were collected in September 1991.
Workers from colony two were collected in Septem-
ber 1993. Bees were collected by removing them one
at a time from the hive entrance as they returned
from or were departing on foraging trips. The bees

were frozen within 1 h of collection and stored at
—20°C.

Electrophoresis

We removed the head of each bee and pulverized it
in 0.2 mL dl H20. We centrifuged the resulting
homogenate in a clinical centrifuge for one minute
and extracted the supernatant for use in horizontal
starch gel electrophoresis. The samples were subjec-
ted to 50 mA and 150 mV for 4 h at 4°C using the
buffer system described by Tanaka et al. (1980). The
gels were then stained for MDH activity (Shaw &
Prasad, 1969).

Morphometric measurements

For each bee we measured wet weight, without the
head. We then removed the forewings from the
thorax and mounted them on glass slides. We desig-
nated five wing veins to be examined for fluctuating
asymmetry. We mounted the glass slides on a photo-
graphic enlarger and measured the length of each
vein in the enhanced image with callipers (Fig. 1).
The length of the enlarged image of the vein was
measured in millimetres. The length of the glass
cover slip on each slide was also measured to check
that the amount of enlargement did not vary. As a
blind, measurements were taken without previous
knowledge of each individual's MDH genotype.
Some of the wings were damaged during mounting;
hence we were unable to measure every character
for each bee.

Statistical analysis

As indices of FA, we used both E j R1—L, I/N and
(R—L)2/N (Palmer & Strobeck, 1986). For each
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Fig. 1 Characters measured on forewings of Apis mellifera.
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index, we compared fluctuating asymmetty between
heterozygotes and homozygotes by ANOVA. The test
was one-tailed, with the expectation that homozy-
gotes should display greater FA for the characters
measured. We also examined the possibility that
wings of different genotypes at this locus might
differ in shape. We compared mean vein lengths for
each wing vein among MDH genotypes by ANOVA.
We also tested whether correlation coefficients
between wing vein lengths varied among genotypes
using a test of homogeneity among correlation
coefficients (Sokal & Rohlf, 1969). We also
performed a direct discriminant function analysis
using the five wing vein length characters, separating
bees into heterozygotes and homozygotes at the
MDH locus. Missing values for individual characters
were excluded.

Results

Genotypic frequencies

Electrophoresis revealed two MDH allozymes in the
colonies, fast (F) and slow (S). The M allozyme was
not found in either of the two colonies. Of the 96

bees from colony one, 61 were FS heterozygotes and
35 were SS homozygotes. There were no FF homo-
zygotes. Of the 106 bees from colony two, 45 were
FS heterozygotes, 34 were FF homozygotes, and 27
were SS homozygotes.

Charactersize

In colony one, four of the wing veins (Li, L4, Ri
and R4) showed differences in length between
heterozygotes and homozygotes (Table ia). No such
differences were found in colony two (Table ib). In
each of the cases where differences were found,
measurements for heterozygotes were larger than
measurements for homozygotes. Heterozygotes had
a mean weight of 82.8 mg. The mean weight for
homozygotes was 84.0 mg. These means were not
different by a t-test (t90 = —0.897, P>0.3). This
would imply that the differences in wing vein length
between heterozygotes and homozygotes are not
necessarily simply a matter of heterozygotes being
larger. The comparison of correlation coefficients
and the discriminant function analysis support this
interpretation.

Table 1 Mean lengths in mm SE, of wing veins of Apis melitfera measured from an enlarged image (with sample sizes in
parentheses)

Wing vien FS SS FF P

(a) Colony 1
LI 27.965±0.070 (53) 27.624±0.090 (29) — 0.0001
L2 11.608±0.038 (59) 11.580±0.050 (33) — 0.6891
L3 10.212±0.036 (60) 10.233±0.045 (32) 0.7656
L4 5.083±0.031 (59) 4.936±0.035 (33) — 0.0375
L5 5.466±0.037 (55) 5.377±0.061 (33) — 0.2119
Ri 27,948±0.059 (53) 27.741±0.096 (29) — 0.0058
R2 11.618±0.040 (59) 11.612±0.068 (33) — 0.9358
R3 10.206±0.036 (60) 10.267±0.048 (32) — 0.3870
R4 5.117±0.033 (59) 4.924±0.035 (33) — 0.0063
R5 5.437±0.039 (55) 5.395±0.039 (33) 0.5578

(b) Colony 2
Li 18.328±0.046 (41) 18.211 0.062 (24) 18.313±0.057 (29) 0.2941
L2 7.781±0.026 (45) 7.767±0.041 (26) 7.818±0.030 (33) 0.5570
L3 6.999±0.039 (45) 6.87±0.037 (26) 6.963±0.031 (33) 0.0639
L4 3.299 0.026 (44) 3.352 0.030 (26) 3.331 0.030 (33) 0.4205
L5 3.864±0.036 (45) 3.768±0.043 (25) 3.884±0.038 (34) 0.1327
Ri 18.350±0.045 (41) 18.213±0.060 (24) 18.311±0.053 (29) 0.2114
R2 7.746±0.022 (45) 7.726±0.029 (26) 7.777±0.031 (33) 0.4228
R3 6.969±0.033 (45) 6.892±0.043 (26) 7.020±0.039 (33) 0.0963
R4 3.305±0.032 (44) 3.363±0.030 (26) 3.340±0.038 (33) 0.4841
R5 3.873±0.033 (45) 3.809±0.048 (25) 3.844±0.038 (33) 0.4758

L indicates left wing, R indicates right wing. Larger measurements for colony
Means are compared by ANOVA and Fisher's PLSD.

1 are the result of greater enlargement.
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Fluctuating asymmetry

Homozygotes at the MDH locus had higher levels of
FA for wing vein 2 in both colonies. In colony one,

I R1—L I/N was significantly less for heterozygotes
than for homozygotes (Table 2a). In colony two,

(R1 —L)2/N was significantly less for heterozygotes
than for pooled homozygotes (Table 2b).

Correlation analysis

In colony one, the correlations between R3 and R5
were significantly different between heterozygotes
and homozygotes (x = 8.59, P<0.01) (Table 3).
This difference suggests that the wings of hetero-

zygotes and homozygotes in colony one had
different shapes. In colony two, the pattern of corre-
lations is more complex because of the presence of
three genotypes. The correlation between R2 and
R3 is different between heterozygotes and pooled
homozygotes and between heterozygotes and FF
homozygotes; however, it is not different between
heterozygotes and SS homozygotes or between FF
homozygotes and SS homozygotes (Table 4). The
correlation between R2 and R4 follows the same
pattern. The correlation between R3 and R4 differs
between the two homozygotes, but it does not differ
between either homozygote and heterozygotes
(Table 4). Again, these relationships suggest a

Table 2 Mean fluctuating asymmetry (FA) SE for wing veins of Apis mellifera (wing sample sizes in parentheses)

Wing
vein Heterozygotes

Colony 1 Colony 2

Heterozygotes Homozygotes FHomozygotes F

(a)FA= IL—RI
1 0.309±0.037 (53) 0.314±0.052 (29) 0.005 0.198±0.027 (45) 0.157±0.023 (60) 1.138
2 0.150±0.030 (53) 0.205±0.017 (29) 2.859* 0.135±0.014 (45) 0.167±0.016 (60) 2.055
3 0.179±0.017 (60) 0.163±0.022 (32) 0.344 0.161±0.018 (45) 0.165±0.018 (59) 0.027
4 0.131±0.013 (59) 0.152±0.021 (33) 0.795 0.156±0.017 (45) 0.149±0.016 (61) 0.100
5 0.207±0.022 (55) 0.200±0.039 (33) 0.030 0.178±0.021 (45) 0.151±0.015 (61) 1.160

(b) FA = (L1—R)2
1 0.166±0.040 (53) 0.175±0.065 (29) 0.015 0.072±0.018 (45) 0.055±0.018 (61) 0.447
2 0.040±0.009 (59) 0.070±0.021 (33) 2.359 0.027±0.005 (45) 0.043±0.007 (60) 2.844*
3 0.050±0.009 (60) 0.041 0.009 (32) 0.348 0.040±0.008 (45) 0.047±0.010 (59) 0.307
4 0.027±0.005 (59) 0.037±0.008 (33) 1.116 0.037±0.007 (45) 0.037±0.007 (61) 0.010
5 0.070±0.013 (55) 0.088±0.047 (33) 0.208 0.052±0.013 (44) 0.036±0.006 (62) 1.438

Means for homozygotes and heterozygotes compared by ANOVA (one-tailed, expecting homozygotes to be larger).
*P<0.05.

Table 3 Matrices of Pearson correlation coefficients for wing vein lengths for
colony 1 of Apis mellifera

Ri R2 R3 R4 R5

Heterozygotes
Ri 1.000 0.559* 0.110 0.367* 0.377*
R2 1.000 0.248 0.405* 0.321*
R3 1.000 0.056 0.471*t
R4 1.000 0.281*

Homozygotes
Ri 1.000 0.702* 0.013 0.289 0.235
R2 1.000 —0.053 Q•375* 0.469*
R3 1.000 —0.324 —0.205t
R4 1.000 0.260

* Different from zero, P <0.05; tdifferent between heterozygotes and
homozygotes.
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Table 4 Matrices of Pearson correlation coefficients for wing vein lengths for
colony 2 of Apis mellifera

Ri R2 R3 R4 R5

Heterozygotes
Ri 1.000 0.120 0.115 —0.134 —0.211
R2 1.000 0.358*11: —0.11911: 0.061
R3 1.000 —0.134 0.003
R4 1.000 0.226

FE and SS homozygotes pooled
Ri 1.000 0.137 0.133 0.076 0.186
R2 1.000 0.091 0.349* 0.229
R3 1.000 —0.050 —0.109
R4 1.000 0.302*

FE homozygotes
Ri 1.000 0.139 —0.005 —0.039 0.020
R2 1.000 —0.047 0.393* 0.181
R3 1.000 —0.238T —0.232
R4 1.000 0.204

SS homozygotes
Ri 1.000 0.039 0.169 0.318 0.283
R2 1.000 0.174 0.301 0.269
R3 1.000 0.377 —0.110
R4 1.000 0.488*

*Different from zero, P <0.05; tdifferent from FE and SS homozygotes pooled;
tdifferent from FF homozygotes; §different from heterozygotes; ¶different from
SS homozygotes.

difference in shape among genotypes, although the
pattern differs from that in colony one.

Discriminant function analysis

In colony one, a direct discriminant function analysis
correctly classified 73 per cent of the individuals as
either homozygotes or heterozygotes based on the
five wing vein characters used in this study
(P 0.02). Wing vein characters Ri and R4, which
showed significant differences in size between
heterozygotes and homozygotes, were also the most
useful characters for the discriminant function analy-
sis (Table 5). In colony two, the analysis correctly
classified 61 per cent of individuals as either homo-
zygotes or heterozygotes (pooled EF and SS)
(P 0.39). The most useful characters for discrimi-
ination in this colony were R4 and R5 (Table 5).
When the three genotypes in colony two were
grouped separately, the analysis correctly identified
45 per cent of individuals by MDH genotype
(P  0.39).

Table S Standardized canonical discriminant function
coefficients distinguishing wings of MDH heterozygotes
and homozygotes of Apis mellifera

Wing
vein

Discriminant function coefficient

Colony 1 Colony 2

Ri 0.415 0.250
R2 —0.392 —0.144
R3 —0.321 0.273
R4 0.768 —0.892
R5 0.239 0.791

Discussion

Fluctuating asymmetry is greater in homozygotes
than in heterozygotes at the MDH locus for at least
one wing vein character in honeybees. This finding
supports the hypothesis that heterozygosity contri-
butes to developmental homeostasis in this haplo-
diploid species. We acknowledge that other factors,
including genetic coadaptation, probably also contri-
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bute to developmental homeostasis in honeybees,
but these data clearly demonstrate a role for hetero-
zygosity. The argument for the importance of
heterozygosity in this case is especially convincing
given that a within-population difference in FA
could be detected between heterozygotes and homo-
zygotes at a single polymorphic enzyme locus. It is
not surprising that only one character out of five
showed differences in FA. Symmetry of wing veins
in honeybees may be under stabilizing selection,
which could obscure differences in FA.

It is unclear as to whether it is heterozygosity at
the MDH locus or at a linked locus which appears to
enhance developmental homeostasis. The possibility
also exists that MDH might serve as an index of total
heterozygosity, although we believe this to be
unlikely. The bees used in this study were from colo-
nies with naturally mated queens. Honeybee queens
typically mate with 7—17 males (Winston, 1987).
Therefore, MDH genotype for any daughter bee
results from the inheritance of one allele from the
queen and one allele from any of these many
possible haploid males. This significantly reduces the
possibility that MDH genotype in every worker is
linked to the same entire set of chromosomes inher-
ited from the male.

The results of this study also suggest that not only
do heterozygotes at the MDH locus exhibit greater
developmental homeostasis, but genotype at this
locus or a locus in linkage disequilibrium with it may
directly influence development. This finding is
consistent with other research demonstrating an
effect of allozymes on development. DiMichele et a!.
(1991) and Paynter et a!. (1991) demonstrated that
LDH (lactate dehydrogenase) allozymes have an
effect on the development of killifish. Leary et al.
(1993) examined the influence of a null allele at the
LDH locus and revealed that heterozygotes for a
null allele had greater fluctuating asymmetry than
homozygotes for an active allele. They concluded
that they were measuring the developmental conse-
quences of genetic variation at a single locus.

Based on our comparison of wing vein lengths
between heterozygotes and homozygotes, it would
appear that heterozygotes possess a different wing
shape from homozygotes. For colony one, the data
on wing vein size alone may suggest that hetero-
zygotes are merely larger overall. However, the
weights of heterozygotes and homozygotes did not
differ, suggesting no difference in overall size
between the two. Also, colony two did not exhibit
these size differences. Several characters were corre-
lated differently in homozygotes than in heterozy-
gotes — implying that heterozygotes and

The Genetical Society of Great Britain, Heredity, 76, 616—622.

homozygotes do indeed differ in shape. Again, the
pattern was different for the two colonies. Perhaps
the most compelling evidence for a difference in
developmental outcome is the result of the discrimi-
nant function analysis. This analysis was able to
classify correctly individuals as heterozygotes or
homozygotes in 73 per cent (P<0.02) of cases for
colony one and 61 per cent (P.<0.39) of cases for
colony two. We believe these results suggest a
discernible, although inconsistent, effect of MDH
allozymes on development in honeybees.
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