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Abstract—Hymenoptera typically have low levels of allozyme variation yet genetic markers are required for
studies of relatedness. Results of a survey of allozyme variation in the order are presented. Data were
analysed both in terms of the proportion of times variation has been found with particular enzyme-staining
systems and the average heterozygosity detected with each system. Some of the most frequently variable
enzymes have not been routinely surveyed. Some possible reasons for this are discussed and some
technical improvements are suggested.

Introduction

Allozyme variation can be used to calculate coefficients of relatedness among inter-
actants in natural populations (for a review of methods for estimating relatedness see
[1]). Such studies are particularly crucial to the understanding of the evolution of
sociality in the Hymenoptera because of the high coefficients of relatedness among
sisters that may result under conditions of haplodiploidy and monoandry [2, 3]. The
demonstration of high relatedness among nestmates would support the genetic
relatedness hypothesis for the evolution of a worker caste. Unfortunately, com-
paratively few investigations of relatedness among nestmates in hymenopteran
societies have been performed, particularly for primitively eusocial species [4, 5]. One
reason for this has been the comparative paucity of suitable allozyme variation in the
Hymenoptera as a whole [6-8].

It is well known that there is substantial variation in heterozygosity among enzymes
[9, 10]. However, there have been no published surveys of the frequency with which
different enzyme systems have been found to exhibit variation in the Hymenoptera.
This paper serves to fill this gap. We find that some of the potentially most useful {i.e.
most frequently variable) enzymes are not routinely surveyed.

Two measures of genetic variation were used: P,—the proportion of loci for a
particular enzyme staining system that exhibited variation and H,—the average
expected heterozygosity. Both variables are averaged across taxa for each of the 49
enzyme staining systems for which sufficient data were available. Wherever the
number of loci (A} is referred to, all isozyme loci for an enzyme are included. Where
the number of studies (\,) is referred to, an enzyme is included for each species once,
irrespective of the number of isozyme loci reported.

Results

Data were available for a total of 172 species, some of which have been studied more
than once to give a total of 194 species/populations surveyed for allozyme variation. Of
these, 27 (20) were sawflies (figures in brackets refer to the number of species
surveyed, those before brackets include a species once for each separate study), 22
(21) parasitica, 46 (44) ants, 22 (20) vespid wasps, 71 {61) bees, five (five) sphecid
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wasps and one (one) a scoliid. The number of loci surveyed per species ranged from
seven to 51 (average 18.3+10.3) and the entire data set represents over 3,700
hymenopteran loci. The mean number of haploid genomes was 80.7+81.5 for species
sampled as free-living individuals (as opposed to colonies). For social species with
results presented as number of nests sampled rather than the number of individuals,
the mean number of colonies surveyed was 19.1+17.8.

The enzymes surveyed, their EC numbers (from [11]} and estimates of P, and, where
calculable, H, are listed in Table 1. The data are broken down into various taxonomic
subgroups. G tests (with Williams' correction) were performed for intertaxon
comparisons where 15 or more loci had been studied per subgroup. Twenty-two
comparisons were made, thereby making it likely that some significant results were
obtained through type 1 error. However, only two comparisons were significant at the
0.05 level (Lap and Mdh), the remainder were more highly significant as follows: Amy
is less variable in sawflies that in ants (P<C0.001), Fum and Iddh are less variable in
sawflies than in bees (P<<0.01 in both cases) and Pgm appears less variable in ants
than in other Hymenoptera (P<<0.005).

Spearman’s rank correlation coefficient was calculated between A, and both P, and
H, across the 49 enzymes. Neither relationship was significant (r,=0.204 and 0.182
between A, and P, and H,, respectively). This suggests that not all of the more variable
enzymes are routinely surveyed in studies of Hymenoptera.

Discussion

The most highly variable enzyme systems can be seen at a glance in Fig. 1. Of the most
variable systems, only four are routinely surveyed (Est, Gpi, 6Pgd and Pgm with 89,
118, 64 and 128 studies, respectively). The other most variable enzyme systems have
been surveyed an average of only 23 times (these are Aat, Aha, Ala, Amy, Cat, Diap,
Bgal and Gda). Why are these systems less frequently investigated?

it is not easy to obtain clear staining results for some of these variable enzymes.
Aha and Bgal are more active in larvae or pupae [12] than in the adult stage normally
used in electrophoresis. Nonetheless, we have successfully used Aha on recently
eclosed bees and have obtained faint, but scorable, resuits from one-year-old queen
sweat bees (unpublished). We have not yet obtained clear results for Bgal. We have
had great difficulty obtaining results with Ala despite having tried a wide variety of
recipes and buffer systems. Most recipes for Amy cannot be used on starch gels (for
exceptions see [13, 14]) and we have not detected activity for this enzyme using
cellulose acetate. Polyacrylamide may give better results. We find resuits with Cat
recipes are blurry and often ephemeral and difficult to score. Gda can be stained
clearly in Halictidae when the recipe (see appendix) is followed carefully but seems
more difficult to visualize in other bee families (unpublished) and perhaps other
hymenopteran groups. NADPH-dependent diaphorase is not often surveyed perhaps
because of the great expense of the substrate (NADPH). For a recipe that uses less of
this chemical see Ref. 15.

Interlaboratory variation in the detection of genetic variation is well known [16]. Not
many laboratories have tested a wide range of hymenopteran taxa for a wide range of
enzymes. The six significant differences in individual enzyme P, among taxa may
result from variation in methods used among laboratories rather than reflecting real
differences among taxa. Nonetheless, there is one comparison for which a speculative
explanation for the significant difference may be justified: that between levels of Amy
variation in sawflies and ants. All sawflies surveyed are herbivorous, whereas the ants
are predominantly animal-eating. Starch digestion is more important to sawflies,
perhaps resulting in greater constraints upon amylase variation than in ants. This could
be tested by comparing amylase variation in parasitoid sawflies {the family Orussidae)
and ants with much starchy food in their diet (e.9. Pogonomyrmex).
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The results presented herein suggest that some enzyme systems are more likely to
detect genetic variation useful for relatedness estimation than others. However, it
should be stressed that some of the less frequently variable systems do provide useful
genetic markers in some instances. It is recommended that 30 or more individuals be
tested for as many enzymes as possible. The cost of surveying this number of
individuals for around 35 enzymes, resulting in between 45 and 52 scorable loci, in our
laboratories approximates U.S.$320 for all chemicals including starch. It should be
possible to reduce this by using cellulose acetate gels for the most expensive enzyme
stains. In addition to the detection of as many variable loci as possible, such efforts will
also produce useful estimates of heterozygosity, themselves badly needed to test the
various hypotheses of the causes of low levels of genetic variation in the
Hymenoptera.

We would be grateful for summaries of the kind of information presented here from
researchers who have surveyed allozyme variation in Hymenoptera not included in our
review.

Methodological

We surveyed the literature for studies of hymenopteran allozyme variation. Early
reports that presented information on one or a few systems are not included as these
were frequently biased towards documenting variation. Similarly, we have not
included data from papers that estimated relatedness using allozyme markers without
also reporting those loci that proved to be monomorphic.

The entire hymenopteran literature on allozyme variation has been surveyed, not
just that for groups which contain social species. This is because there were many
enzyme systems surveyed by students of one taxonomic group that had not been
used by researchers of other taxa. Efforts to stain enzymes that are variable in one
group but unstudied in others should be worthwhile but first we have to know which
enzymes these are.

With one exception, a species is included in the survey each time it has been
studied. The exception is the honey bee for which repeated verification of the mono-
morphism or polymorphism of particular loci has been made independently for
different races or the same race from different localities. Only those enzymes for which
10 or more loci (i.e. 10 species for a single locus system, five species for a two locus
system) have been studied are included in the analysis.

Two measures of variability were considered: P,, the proportion of loci detected by
a particular enzyme staining system that was variable at any frequency at all within
species/populations; and H,, the average expected heterozygosity calculated across
taxa. The latter parameter often had to be calculated for individual taxa from published
raw data. Some studies listed variable and invariant loci without providing hetero-
Zygosity estimates or actually stating gene frequencies. Consequently, sample sizés
are smaller for analyses of A, than for A,.

Published data were often presented by populations of a species. In such cases, an
allozyme locus was scored as variable if one or more populations exhibited any
heterozygosity at that locus and heterozygosity was calculated after combining allele
counts across populations.

No attempt has been made to homologize different isozyme loci within an enzyme-
staining system across taxa because information permitting this was not always
presented. For example, some studies differentiated between mitochondrial and
soluble forms of enzymes such as Acon and Mdh. However, this was not always done,
necessitating the grouping together of all isozymes for a particular enzyme system.

When an aldehyde is used as substrate, most studies have called the enzyme
aldehyde oxidase. We have found better results when NAD is added to the enzyme
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FIG. 1. LEVELS OF VARIATION IN A, AND H, FOR 49 ENZYME STAINING SYSTEMS AVERAGED ACROSS ALL HYMENOPTERA
SURVEYED. For abbreviations used for the enzymes see Table 1. £, and H, are expressed as percentages, Figures along the
abcissae represent the maximum values attained by any entry in the column above.

recipe and, consequently, may be staining aldehyde dehydrogenase (EC 1.2.1.3). In our
analyses we have combined all records of these two enzymes together.

For some analyses, the entire data set for Hymenoptera was broken down into
taxonomic subgroups. The categories chosen reflect the biases of a social insect
biologist. Consequently, the aculeate Hymenoptera (which contains all of the eusocial
species) are subdivided more finely than the other two major groups. This is justifiable,
perhaps, because there are more data for the various subgroups of the aculeata than
for the other major divisions of the Hymenoptera.

Acknowledgements—We thank Drs T. Unruh, K. Ross and G. Otis for providing us with prepublication copies
of their results and Drs P. Pamilo and S. Menken for answering questions about their published work. Dr R.
Crozier is thanked for providing the recipe that enabled us to stain Gda. This research was supported by NSERC
operating grants to the authors.



VARIABLE ENZYME SYSTEMS IN THE HYMENOPTERA 7

References

1. Pamilo, P. (1990) Evolution 44, 1378.

2. Hamilton, W. D. (1964) J. Theor. Biol. 7, 1.

3. Gadagkar, R. (1990} Social Insects and the Environment (Veeresh, G. K., Mallik, B. and Viraktamath, C. A.,
eds), p. 539. Oxford & IBH, New Delhi.

4. Ross, K. G. and Matthews, R. W, (1989) Am. Nat. 134, 574.

5. Davis, S. K., Strassmann, J. E., Hughes, C., Pletscher, S. L. and Templeton, A. R. {1990) Evolution 44, 1242.

6. Metcalif, R. A., Marlin, J. C. and Whitt, G. S. (1975) Nature 257, 792.

7. Pamilo, P., Varvio-Aho, S.-L. and Pekkarinen, A. (1978) Hereditas 8, 93.

8. Lester, L. J. and Selander, R. K. (1979) Genetics 92, 1329.

9. Koehn, R. K. and Eanes, W. F. (1978) Evol. Biol. 1M, 39.

10. Ward, R. {1977) Biochem. Genet. 15, 123.

11. Webb, E. C. (1984) £nzyme Nomenclature. Academic Press, Orlando.

12. Singh, R. S. and Rhomberg, L. R. (1987) Genetics 117, 255.

13. Ashton, G. C. (1965) Genetics 51, 431.

14. Abe, T. and Osihi, T. (1974) Anim. Blood-grs. Res. Inform. 3, 17.

15. Packer, L. and Owen, R. E. (1989) Can. £nt. 121, 1049.

16. Simon, C. and Archie, J. (1985} Evolution 39, 463.

17. Kuenzl, F. M. and Coppel, H. C. (1986) Biochem. Syst. Ecol. 14, 423.

18. Sheppard, W. S. and Heydon, S. L. Evolution 40, 1350.

19. Woods, P. E. and Guttman, S. I. (1987) Ann. Ent Soc. Am. 80, 590.

20. Hung, A. C. F,, Day, W. H. and Hedlund, R. C. {1988} Entomophaga 33, 7.

21. Menken, S. B. J. (1982) Experientia 38, 1461.

22. Propp, G. D. (1986} Ent Soc. Am. Misc. Publ, 61, 164.

23. Shaumar, N., Rojas-Rousse, D. and Pasteur, N. (1978) Genet. Res. 32, 47.

24. Unruh, T. R., White, W. and Woolley, J. B. (1989) Ann. Ent. Soc. Am. 82, 754.

25. Halliday, R. B. (1981) Evolution 35, 234.

26. Pamilo, P., Rosengren, R., Vepsalainen, K., Varvio-Aho, S.-L. and Pisarski, B. (1978) Hereditas 89, 233.

27. Ross, K. G., Fletcher, D. J. C. and May, B. (1985) Biochem. Syst. Ecol. 13, 29.

28. Ross, K. G., Vargo, E. L. and Fletcher, D. J. C. {1987) Evolution 41, 979.

29, Ward, P. S. (1980) Evolution 34, 1060.

30. Ward, P. S. (1984) Aust. J. Zool. 32, 131.

31. Ward, P. S. and Taylor, R. W. (1981) J. Aust. Ent. Soc. 20, 177.

32. Metcalf, R. A., Marlin, J. C. and Whitt, G. S. (1984} J. Hered. 75, 117.

33. Nozawa, K. and lto, Y. {1989) /nsectes Soc. 36, 183.

34. Varvio-Aho, S.-L., Pamilo, P. and Pekkarinen, A. (1984) /nsectes Soc. 31, 375.

35. Kukuk, P. F. and May, B. (1986) Evolution 40, 226.

36. Packer, L. and Owen, R. E. (1991} Heredity 65, 241.

37. Pamilo, P., Varvio-Aho, S.-L. and Pekkarinen, A. (1984) Hereditas 101, 245.

38. Pekkarinen, A. (1979) Acta Zool. Fenn. 158, 1.

39. Snyder, T. P. (1975) Evolution 28, 687.

40. Wagner, A. E. and Briscoe, D. A. (1983) Heredity 50, 97.

41. Yong, H.-S. (1986) Comp. Biochem. Physiol. 83B, 627.

42. Yong, H.-S., Khoo, S. G., Sarjan, R. and Tho, Y. P. (1987) Comp. Biochem. Physiol. 878, 465.

Appendix

Recipe for guanine deaminase {modified from Crozier, unpublished).

Guanine stock solution: Guanine, >>100 mg; 1M sodium hydroxide, 5 ml; distilled water, to 50 ml; heat gently
in water bath at 60°C. Stain recipe: Gda stock, 3 ml; Tris pH 8.0, 20 ml; 1% MTT solution, 1 ml; 1% PMS
solution, 100 pl; xanthine oxidase, 3 units. Combine, then add 20 ml of 2% agar in Tris pH 8.0.



