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Abstract. Sequence data of mitochondrial 16S ribo- Introduction

somal DNA (mt-rDNA) and nuclear 28S ribosomal DNA ) ) )
(nuc-rDNA) were compared in two honeybee SpeciesAIthough there are plausible theories on the evolution of
(Apis melliferaand Apis dorsaty and a selection of 22 sociality in Hymenoptera (Breed and Page 1989; Crozier

wasp species (Vespidae) with different levels of social-2nd Pamilo 1996), the consequences of social life for
ity. The averge substitution rates in mt-rDNA and nuc- hatural selection and evolutionary processes are less well

rDNA were almost-equal in solitary species. In Speciesunderstood. By definition, sociality clusters individuals
with larger nests, however, the difference between thdt@ groups and causes characteristic patchy patterns in
nuclear and the mitochondrial substitution rate signifi-POPulations, typically called nests or colonies. Thus so-
cantly increased. The average substitution ratjio ciality causes dramatic changes in the population struc-
(nucleotide substitutions in mt-rDNA/nucleotide substi- turé which are bound to have an impact on mechanisms
tutions in nuc-rDNA) was 1.48 + 0.12 (SE) among the of natural selection and evolution. In contrast to popula-
solitary Eumeninae, 3.70 + 0.15 among five primitive tions with solitary organisms, natural selection in social

social Stenogastrinae species, 3.24 + 0.20 among fiyRopulations will operate on both the individual (outside

Polistinae species, 5.76 + 0.33 among nine highly euso@nd within the social group) and the society itself (Moritz

cial Vespinae, and 12.7 in the twipisspecies. The high and Southwick 1992). Moreover, there is extremely re-
egg-laying rate and the effective population size skewpProductive division of labor, with a single or few females

between the sexes may contribute to the rise of the sufdueens) producing extremely large numbers of eggs,
stitution ratio in the highly eusocial species. Drift and whereas the infertile workers usually produce no off-

bottleneck effects in the mitochondrial DNA pool during SPring. This may have consequences for the inheritance

speciation events as well as polyandry may further en¢°f mitochondrial DNA. If mitochondrial !I)NA is 'inher-.
hance this phenomenon. ited exclusively through the maternal lineage in social

Hymenoptera [as shown fakpis mellifera(Meusel and

Key words: Vespidae —Apis— Mitochondrial DNA Moritz 1993)], this will lead to a bias between the effec-
— Nuclear DNA tive size of the nuclear and that of the mitochondrial
DNA pool. This bias is particularly large with highly
polyandrous mating systems, which are often found in
social Hymenoptera. For example, queens of the giant
honeybee Apis dorsata have been shown to mate with
an average of more than 30 males (Moritz et al. 1995;
Oldroyd et al. 1996). Thus, although the effective popu-
lation size for nuclear genes is larger with multiple pa-
Correspondence tal. Schmitze-mail: jschmitz@www.dpz.gwdg.de ~ ternity than with single paternity (Sugg and Chesser
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Table 1. Tajima and Nei (1984) distance of mitochondrial 16S rDNA (upper right) and nuclear 28S rDNA (lowér left)
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A. mellifera 0.080
A. dorsata 0.006
V. crabro 0.065 0.116 0.099 0.113 0.121 0.136 0.147 0.117
V. tropica 0.007 0.132 0.119 0.151 0.177 0.175 0.175 0.139
P. anomala 0.014 0.021 0.035 0.169 0.146 0.178 0.180 0.143
P. nocturna 0.021 0.028 0.007 0.155 0.150 0.178 0.179 0.156
D. maculata 0.021 0.029 0.021 0.029 0.111 0.134 0.147 0.142
D. sylvestris 0.018 0.025 0.018 0.025 0.011 0.107 0.166 0.117
D. saxonica 0.018 0.025 0.018 0.025 0.011 0.000 0.153 0.126
V. vulgaris 0.032 0.040 0.032 0.040 0.040 0.036 0.036 0.085
V. germanica 0.029 0.036 0.029 0.036 0.036 0.032 0.032 0.004
P. dominulus 0.145 0.147 0.187
P. saggittarius 0.025 0.087 0.174
P. flavus 0.028 0.025 0.156
B. petiolata 0.062 0.058 0.070
B. somereni 0.062 0.058 0.070 0.007
P. mellyi
P. alternata
L. vechti
L. flavolineata
E. fraterna
E. sp.
A. oviventris
A. nigricornis

2Typical nest sizes and the substitution ratio are lislgdralues, average distance dafg;values, branch length comparison. Ancestral distances
correspond to the lengths of the terminal branches.

1994), the effective size for mitochondrial genes is notof Hymenoptera with morphologically, physiologically,
affected by this mechanism and remains constrained bgnd behaviorally extremely different taxa (Ross and Mat-
the number of reproducing females. Because randonthews 1991). They comprise solitary species in the uni-
drift is less effective in large populations (Ohta 1976; voltine Eumeninae as well as eusocial species with long-
DeSalle and Templeton 1988), the polyandrous systerfived queens, colony fission, swarming, and colony sizes
maintains genetic diversity in populations, which in turn of up to 1.3 million adults inAgelaia vicina(Jeanne
reduces the rate of genetic divergence between two sepd991). Therefore, the Vespidae form an ideal taxonomic
rated populations during molecular evolution. group to study the impact of sociality on molecular evo-
Mitochondrial genomes should thus diverge morelutionary rates.
quickly in social insets than nuclear genomes. The po- Here we analyze DNA sequences in a set of solitary
tential significance of sociality for molecular evolution and social Vespidae and twapis species to determine
was discussed by Crozier et al. (1989). He pointed outhe average substitution rati¢, between mitochondrial
that the effective population size is rather low in socialnucleotide substitutions and nuclear substitutions repre-
insects compared t®rosophila species, which might sented in ribosomal DNA. A regression analysis of nest
have consequences for evolutionary processes. Indeesize (as a measure of the egg-laying capacity of the
Crozier et al. (1989) found that the rate of nucleotidequeens) versuss will indicate whether life in social
substitutions in the mitochondrial geneomeAqfis mel-  groups can have impacts on evolutionary processes on
lifera was much higher than iDrosophila,matching the  the molecular level.
above predictions. However, as mentioned by Crozier et
al. (1989), the two analyzed lineages have had extremelx/I .
different life patterns in their evolutionary history and Materials and Methods

factors other than the differences in effective population

sizes may have been the primary forces for their 0bser§amp|es‘f_he samples were collect_ed on several field tr_|ps in Germgny
Apis mellifera, Vespa crabro, Dolichovespula sylvestris, D. saxonica,

vation. Consequently, |t.seems r?Ward'”g to study mor espula germanica, V. vulgaris, Ancistrocerus oviventris, A. nigricor-
closely related taxa, which yet display the full range ofnis), Greece Polistes dominulds Malaysia @pis dorsata, Vespa
sociality. The wasps in the family Vespidae are a grouptropica, Provespa anomala, P. nocturna, Polistes saggittarius,
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Table 1. Continued
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A. mellifera 25,000 12.70 0.0274 0.0031 8.84
A. dorsata 65,000 12.70 0.0490 0.0031 1581
V. crabro 4,563 5.71 0.0171 *0.0035 4.89
V. tropica 3,130 5.39 0.0457 0.0070 6.53
P. anomala 2,500 6.88 0.0205 *0.0035 5.86
P. nocturna 4,946 5.09 0.0136 0.0070 1.94
D. maculata 1,500 5.71 0.0563 0.0070 8.04
D. sylvestris 940 6.69 0.0418 *0.0035 11.94
D. saxonica 1,521 7.24 0.0601 *0.0035 17.17
V. vulgaris 15,383 477 0.0536 0.0035 15.31
V.germanica 14,181 4.40 0.0278 *0.0035 7.94
P. dominulus  0.190 200 3.78 0.0693 0.0104 6.66
P. saggittarius  0.202 200 3.67 0.0382 0.0104 3.67
P. flavus 0.164 64 2.86 0.0555 0.0139 3.99
B. petiolata 0.046 100 2.85 0.0102 0.0034 3.00
B. somereni 128 3.05 0.0309 0.0034 9.09
P. mellyi 0.177 0.269 0.255 0.306 35 3.67 0.0789 0.0170 4.64
P. alternata 0.039 0.221 0.211 0.285 24 3.44 0.0749 0.0208 3.6
L. vechti 0.072 0.725 0.143 0.266 27 3.92 0.0762 0.0208 3.66
L. flavolineata 0.076 0.072 0.035 0.249 89 3.87 0.0645 0.0137 4.71
E. fraterna 0.088 0.077 0.050 0.039 9 4.38 0.0998 0.0207 4.82
E. sp. 0.212 0.217 4 1.24 0.0537 0.1194 0.45
A. oviventris 0.170 0.095 4 1.61 0.0345 0.0070 4.93
A. nigricornis 0.175 0.021 4 1.59 0.0562 0.0142 3.96

Parischnogaster alternata, P. mellyi, Liostenogaster flavolineata, L.
vechti, Eustenogaster fraterna, Eumersps), South Africa Belono-
gaster petiolata, B. somergniand the United State®6lichovespula
maculata, Polistes flavyisAt least four individuals per species were

and cloned inE. coli DH5a. Sequence analysis was done with the
Sequenase kit (U.S. Biochemical) usig®S-dATP for DNA labeling.

The sequence reactions were electrophoresed in 7% acrylamMe, 7
urea gels and visualized by autoradiography. Sequences were multiply

stored in ethanol until further processing of the DNA. The nest sizesaligned using the Clustal V algorithm of Higgins and Sharp (1989).

(number of cells) were obtained from the following sources: Ruttner
(1988) for Apis; Matsuura and Yamane (1990) faf. crabro, V.
tropica, Provespa, Dolichovespula saxoni@nd D. maculata; Ed-
wards (1980) forDolichovespula sylvestris, Vespula vulgarsd V.

germanica;Ohgushi et al. (1983, 1986) for Stenogastrinae; Richards

(1978) forPolistes flavusKeeping and Crewe (1983) f@elonogaster
and our own observations for other Polistinae species; arith@n
(1961) for Eumeninae.

DNA Analysis.DNA was extracted by routine techniques (Sam-
brook et al. 1989). The'%end of 28S nuc-rDNA [nucleotide positions
448 to 735, corresponding to théespa crabrosequence of Schmitz
and Moritz (1994)] and the'Send of mitochondrial 16S rDNA [cor-
responding to positions 13,543 to 13,841 of &ms mellifera ligustica
mitochondrial genome (Crozier and Crozier 1993)] were amplified us-
ing the following primer pairs: for nuclear ribosomal DNA (nuc-
rDNA), 5'-AAAGATCGAATGGGGAGATTC-3' and 5-
CACCGGGTCCGTACCTCC-3 and for mitochondrial ribosomal
DNA (mt-rDNA), 5'-TTGACTGTACAAAGGTAGC-3 and 5-
GATATTACGCTGTTATCCC-3.

The PCR conditions were as follows: initial, 94°C for 3 min (de-

naturation); cycles, 30 times at 94°C for 30 s (denaturation), 55°C for

30 s (nuc-rDNA annealing) or 50°C for 30 s (mt-rDNA annealing), and
72°C for 30 s (polymerization). An elongation of PCR products by

72°C for 3 min completed the reaction. We used about 10 ng template

DNA, 400 rM primer, 1.25 nM dNTPs, 1.5 iVl MgCl, 10x reaction
buffer, and 5 U/10Qul Tag polymerase.
The PCR products were purified, inserted in the pUGHS4 site,

Results

The sequence data were deposited in the EMBL data
bank and can be retrieved under no. AF066893—
AF066939 and AF067145. The sequences of the 28S
rDNA and 16S rDNA were multiply aligned only within
each subfamily. This avoided difficulties in the align-
ments due to insufficient homology. We determined the
number of substitutions of a given species compared to
each of the other species in the subfamily. The substitu-
tion frequency per nucleotidd, was estimated using the
method of Tajima and Nei (1984) for both nuclear and
mitochondrial DNA (Table 1). We calculated the average
substitution ratioys;, between mitochondrial and nuclear
substitutions as follows:

pIE
_ i#]
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Substitution Ratio W1 an alternative statistical analysis: using the branch and
bound search of the PAUP package (Swofford 1991), we
developed a parsimony tree based on the combined data
12 - sets of mt-rDNA and nuc-rDNA for each subfamily. The
resulting topologies were taken as user-defined trees to
reconstruct phylogenetic trees from the separate data
sets.

The hypothetical sequence of the nearest ancestor to a
terminal taxon was determined by the PAUP option
“states for interior nodes,” and the Tajima and Nei
(1984) distance was calculated. These distanagfof
mt andb; for nuclear DNA), which reflect the terminal

14 L L 1 L 1 L L L

05 1 15 2 25 3 35 4 45 s branch lengths, were used to calculgteseparately for
log-number of cells each species
_a
lbzi - bi
Substitution Ratio W2 wherea, is the Tajima and Nei distance of specids a
s e ey hypothetical ancestor for mt-rDNA arigl is the Tajima
6] o i and Nei distance of specieégo a hypothetical ancestor
o ¢ for nuc-rDNA.

In some eusocial wasps (labeled with an asterisk in
Table 1) we found no substitutions in nuc-rDNA be-
tween the hypothetical ancestor and the species in ques-
tion. In these cases we made the assumption that one
more sequenced nucleotide would have yielded a substi-
tution to avoid a division by zero. Hereby we overesti-
mated the nuclear substitution rate. Thus we underesti-
matedys, to various extents in the Vespinae, which may

05 1 1,5 2 25 3 35 4 45 5 have weakened the observed correlation between nest

log-number of cells size andJs,. Since this technique provides only one data
Fig. 1. Plot of the substitution ratio versus the nest size of various p_omt per Species, the variance is much Ia}rger than I_n the
Vespidae and twa@\pis species. Species belonging to the same sub-fIrSt prOCEdure- Nevertheless, after p|0tt|ng these inde-
family are marked with the same symbo# ] Apinae, (J) Vespinae,  pendent substitution ratios versus nest sizes (Fig. 1, bot-
(W) Polistinae, ©) Stenogastrinae, andj EumeninaeTop: ¢, val-  tom), we found that, with increasing nest size, also
ues (average distance dat8pttom: {:, values (branch length com- jncreases. In spite of the large variance, we obtained a
parison) (see Table 1). highly significant correlation betweapand nest sizert
ghly sig ah
= 0.61, P< 0.0001, for the average distance data ehd

whereg; is the Tajima and Nei distancd, in the mt- = 0.38,P < 0.002, for branch length comparison). This
rDNA between speciesand specie§ b is the Tajima  value gains in significance in the light of the very
and Nei distanced, in the nuc-rDNA between speciés roughly estimated colony sizes, which were obtained
and specie§ andn is the number of species analyzed in from various literature sources (see Fig. 1) and might
the subfamily. have distorted the observed correlation.

Irrespective of the absolute number of substitutions
and the actual phylogenetic distances among the species
within a subfamily, we obtained a measure for differen-Discussion
tial substitution rates in the mitochondrial and nuclear
genomes. The solitary Eumeninae havealues close to  Our results clearly indicate an increase in the substitution
1, with an average of 1.48 + 0.12 (SE). The primitive ratio {s with increasing nest size. Data available for other
social Stenogastrinae have an averagealue of 3.70 £  species show that substitution ratios between mitochon-
0.15, Polistinae wasps an average of 3.24 + 0.20, therial 16S rDNA and nuclear 28S rDNA are usually close
eusocial Vespinae an average of 5.76 + 0.33, and the twto unity. For example, a multiple sequence alignment
honeybee speices @f, value of 12.7 (Fig. 1, top). among three species of mammalidys musculus, Rattus

The analysis suffers from the lack of independence ofsp., andHomo sapiengHassouna et al. 1984; Gutell and
the data points resulting from averaging the values  Fox 1988; Gonzales et al. 1990)] leadsdiovalues of
within each subfamily. To avoid this problem, we chose0.83, 0.79, and 0.7, respectively, similar to those ob-
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Table 2. Mean genetic distances (Tajima and Nei 1984) between the investigated subfamilies for mitochondrial 16S rDNA (upper right) an
nuclear 28S rDNA (lower left)

Apinae Vespinae Polistinae Stenogastrinae Eumeninae
Apinae 0.353 0.462 0.493 0.344
Vespinae 0.297 0.270 0.426 0.268
Polistinae 0.348 0.123 0.449 0.284
Stenogastrinae 0.253 0.286 0.363 0.379
Eumeninae 0.305 0.143 0.204 0.290

2Boldface numbers are used in the relative rate test in Fig. 2.

tained for the solitary Eumeninae wasps in our studysociality, we expect an accelerated rate of evolution for
The ¢ values are obviously higher for social Vespinaethe per se reduced mitochondrial gene pool compared to
and the twoApisspecies than for more primitively social the larger nuclear gene pool. Wilson et al. (1985) dem-
and solitary species. The significant correlationjcdind  onstrated very strikingly the different effects of the re-
nest size holds also after omitting the bees from theduction of population sizes for mitochondrial and nuclear
analysis in the distance comparisarf (= 0.58, P <  DNA, respectively. Furthermore, Hale and Singh (1991)
0.0001) and remains significant by consulting the branchargued that small population sizes in combination with
length comparisonrf = 0.28,P < 0.02). The branch low levels of migration could affect nuclear DNA and
length comparison of terminal taxa is based on autapomitochondrial DNA variability differently.
morphic characters which results in a severe reduction of The number of offspring produced by a social repro-
the data set. This explains the extensive variation of theluctive dominant female is much larger than that by a
Ui, values (see Fig. 1, bottom) and the weaker correlationsolitary female. In general, a queen of a large nest will
What are the potential reasons for the increasing subproduce thousands of eggs which develop into infertile
stitution ratios? The investigated taxa are phylogenetiworkers before a new female reproductive (gyne) is
cally relatively closely related. Therefore, there are noreared. The mitochondrial haplotype is prone to drift dur-
reasons to assume principal differences in evolutionaryng each cell division in the female germ line. Potential
mechanisms (repair efficiency, hitchhiking effects, con-heteroplasmy is lost rapidly until it reaches the drift-
certed evolution of nuc-rDNA, AT content etc.) forcing mutation equilibrium. If speciation events coincide with
a substitution bias with increasing social complexity. strong bottlenecks, the equilibrium is distorted and it
High substitution ratios can result either from a highrequires many generations to reestablish the new equi-
nucleotide substitution rate in the mitochondrial genomdibrium frequency of heteroplasmic individuals (Wade et
or from a low rate in the nuclear genome. We calculatedal. 1994). At equilibrium ancestral alleles are lost due to
a relative rate test (Avise et al. 1994) using the meammutation alone and no longer through drift effects. This
genetic distances of the members of each subfamilgrift-mutation equilibrium for mitochondrial alleles in a
(Table 2). Both effects (increasing of substitutions inmatrilineage can be reached in the social species within
mt-DNA and decreasing of substitutions in nuc-DNA a single generation. The same process can take thousands
with increasing social complexity) may be involved to a of generations in a solitary species with a low egg-laying
varying extent, depending on which three-subfamilyrate. As a consequence, the loss of ancestral haplotypes
combination was used (Fig. 2). Since the relative rate teslue to drift should be less pronounced in solitary but
requires comparison of the DNA sequences between thmore severe in the social species.
subfamilies, sequence similarities for mitochondrial
DNA were lower than 70% in several cases. Therefore I . .
the results of the tree taxon test are of only limited value Reduced Substitution Rate in nuc-DNA with
The comparisons of the within-subfamily parametérs Increased Sociality

are not prone to this problem. Polyandry counteracts the effects of genetic drift by in-

creasing the effective population size. This favors main-
Enhanced Substitution Rate in mt-DNA with tenance of ancestral genomes in diverging populations
Increased Sociality and thus reduces genetic distances between these popu-
lations. Cole (1983) found that polyandry in social Hy-
At first glance it may seem counterintuitive to expect anymenoptera increases with increasing nest size. This hy-
impact on the substitution rate in the mitochondrial ge-pothesis may hold true for wasps, and polyandry has
nome as a consequence of sociality. However, Crozier dieen shown to be high in Vespinae wasps. Ross (1986)
al. (1989) argued that the effective population size inand Ross and Carpenter (1991) found effective male
social bees is reduced compared to solitary insects. If thisumbers of 3.3 and 7.1 fovespula squamosand V.
holds true in a graduated manner for different levels ofmaculiformis, respectively. The degree of polyandry
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Fig. 2. Relative rate test of Vespinae and Eumeniriasdt treescorrespond to mitochondrial 16S rDNAght treescorrespond to nuclear 28S
rDNA. The outgroups were chosen according to Schmitz and Moritz (1998). The inferred branch lengths (Tajima—Nei distances) are shown.

seems to be less for Politinae wasps. Metcalf (1980}he substitution rate in mitochondria and the other reduc-
found only single- or double-mated queensHuolistes ing the substitution rate in the nuclear genome. Further
variatusandP. metricus.Muralidharan et al. (1986) re- studies, e.g., determining the degree of polyandry in so-
ported on single or a low degree of multiple mating in cial wasps using microsatellite variability like those al-
primitively eusocialRopalidia marginata.We are un- ready published for honeybees (Estoup et al. 1994;
aware of any data on multiple mating for the StenogasMoritz et al. 1995), may contribute further to clearing the
trinae and Eumeninae, but in light of Cole’s (1983) ob-issue. Comparative analyses, studying nest size in detalil
servations, it would be surprising to find a high degree ofand further potentially relevant parameters such as popu-
polyandry in these species. An extremely high degree ofation sizes and dispersal rates of males and females,
polyandry has been reported for the twis species should further improve our understanding of the impact
(Estoup et al. 1994; Moritz et al. 1995, Oldroyd et al. of sociality on evolution at the molecular level.
1996, 1997), with average effective male numbers be-
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vations. Yet nest size depends strongly on ecological
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Potential effects at the evolutionary level are thereforeRGfe“':'nces
difficult to detect. As long as we have little information ) o L
on mean and variance of nest sizes for most species, tHAé"?e JC, Nelson WS, Sugita H (1994) A speciation history of "living
. . L ossils”: Molecular evolutionary patterns in horseshoe crabs. Evo-
data do not sensibly allow for an analysis at this fine o 48:1986-2001
scale. Blithgen P (1961) Die Faltenwespen Mitteleuropas (Hymenoptera,
We conclude that life in social groups with reproduc-  Diploptera). Akademie-Verlag, Berlin
tive hierarchies seems to have a differential effect on thé&reed MD, Page RE (1989) The genetics of social evolution. Westview
molecular evolutionary rates at the mitochondrial and _Press Boulder, CO- . . -
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. . S . . allocation and kin selection. Oxford University Press, Oxford
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