Received: 3 October 2018 | Revised: 27 May 2019

Accepted: 31 May 2019

DOI: 10.1111/mec.15159

ORIGINAL ARTICLE

Yoy ed WILEY

The association between mitochondrial genetic variation and
reduced colony fitness in an invasive wasp

Jana Dobelmannt
Monica A. M. Gruber?!

School of Biological Sciences, Victoria
University of Wellington, Wellington, New
Zealand

’Department of Anatomy, University of
Otago, Dunedin, New Zealand
3Department of Biology, Katholieke
Universiteit Leuven, Leuven, Belgium

Correspondence
Jana Dobelmann, School of Biological

Sciences, Victoria University of Wellington,

Wellington, New Zealand.
Email: jana.dobelmann@vuw.ac.nz

Funding information

Ministry of Business, Innovation and
Employment, Grant/Award Number:
C09X1501; Royal Society of New Zealand,
Grant/Award Number: 13-VUW-037

1 | INTRODUCTION

Mitochondria play a central role in energy metabolism. Despite
this, mitochondrial DNA (mtDNA) variation was mostly thought
to approximate neutrality and used as neutral marker for decades
(Ballard, Pichaud, & Fox, 2014). However, variation in mitochondrial

| Alana Alexander?

| Oliver Quinn?

| Neil J. Gemmell? |
| Philip J. Lester!

| James W. Baty!

| Tom Wenseleers®

Abstract

Despite the mitochondrion's long-recognized role in energy production, mitochon-
drial DNA (mtDNA) variation commonly found in natural populations was assumed
to be effectively neutral. However, variation in mtDNA has now been increasingly
linked to phenotypic variation in life history traits and fitness. We examined whether
the relative fitness in native and invasive common wasp (Vespula vulgaris) popula-
tions in Belgium and New Zealand (NZ), respectively, can be linked to mtDNA varia-
tion. Social wasp colonies in NZ were smaller with comparatively fewer queen cells,
indicating a reduced relative fitness in the invaded range. Interestingly, queen cells
in this population were significantly larger leading to larger queen offspring. By se-
quencing 1,872 bp of the mitochondrial genome, we determined mitochondrial hap-
lotypes and detected reduced genetic diversity in NZ. Three common haplotypes in
NZ frequently produced many queens, whereas the four rare haplotypes produced
significantly fewer or no queens. The entire mitochondrial genome for each of these
haplotypes was sequenced to identify polymorphisms associated with fitness reduc-
tion. We found 16 variable sites; however, no nonsynonymous mutation that was
clearly causing impaired mitochondrial function was detected. We discuss how de-
tected variants may alter secondary structures, gene expression or mito-nuclear
interactions, or could be associated with nuclear-encoded variation. Whatever the
ultimate mechanism, we show reduced fitness and mtDNA variation in an invasive
wasp population as well as specific mtDNA variants associated with fitness variation
within this population. Ours is one of only a few studies that confirm fitness impacts

of mtDNA variation in wild nonmodel populations.
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genes is increasingly recognized as subject to selection on pheno-
typic variation in life history traits, including effects on ageing,
reproduction and energy metabolism (Ballard et al., 2014; Camus,
Wolf, Morrow, & Dowling, 2015; Dowling, Friberg, & Lindell,
2008). Accumulating evidence also suggests that mitochondrially
encoded fitness effects can be caused by mutations as small as
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single base pair substitutions (Camus, Clancy, & Dowling, 2012;
Clancy, 2008; Patel et al., 2016; Xu, 2008; Yee, Sutton, & Dowling,
2013). Nonsynonymous single nucleotide polymorphisms (SNPs)
can cause drastic reductions in sperm number and decrease fer-
tility and lifespan (Clancy, 2008; Patel et al., 2016; Xu, 2008; Yee
et al., 2013) with potential negative effects on population viability
(Gemmell, Metcalf, & Allendorf, 2004; Wolff, Gemmell, Tompkins,
& Dowling, 2017). Most of these polymorphisms have been ob-
served in Drosophila fruit flies where divergent mtDNA haplotypes
have been tested against a controlled nuclear background (Camus
etal., 2012; Yee et al., 2013). Several studies suggest that even ap-
parently synonymous polymorphisms can affect haplotype energy
metabolism without altering the protein sequence (Camus et al.,
2015; Camus, Wolff, Sgro, & Dowling, 2017).

Outside of the laboratory, there is accumulating evidence of the
importance of mitochondrial variants on reproductive traits (Smith,
Turbill, & Suchentrunk, 2010), local adaptation (Lamb et al., 2018),
phylogeographic population structure and differentiation, (Morales,
Sunnucks, Joseph, & Pavlova, 2017), the fitness of hybrids (Ellison &
Burton, 2006) and thus the stability of hybrid zones (Blier, Dufresne,
& Burton, 2001), and perhaps even speciation (Gershoni, Templeton,
& Mishmar, 2009; Hill, 2019). Therefore, the mitochondrial genetic
variation found in wild populations (Dowling et al., 2008) should
have strong implications for organismal fitness. Few currently avail-
able studies provide evidence for functional differences among
mitochondrial haplotypes in the field and in nonmodel organisms
(Blier et al., 2001; Ellison & Burton, 2006; Flight, Nacci, Champlin,
Whitehead, & Rand, 2011; Schwartz, Arendsee, & Bronikowski,
2015; Smith et al., 2010). Most mtDNA polymorphisms are assumed
to be caused by an accumulation of slightly deleterious mutations fa-
cilitated by genetic drift and week purifying selection (Rand & Kann,
1996). Yet, how these polymorphisms affect fitness remains unclear.
Seeking evidence of functional differences among mtDNA vari-
ants is required to improve understanding of associations between
mtDNA variation and fitness.

Species introductions provide an interesting opportunity to
examine mitochondrial fitness effects in wild populations, as mi-
tochondrial haplotypes are expressed in a new environment with a
potentially different climate and diet (Ballard et al., 2014), and are
subject to the founder effect where a subset of individuals initiates
a new population leading to a reduction in mtDNA diversity (Nei,
Maruyama, & Chakraborty, 1975). This genetic bottleneck can be
beneficial for removing harmful alleles segregating in the source
population (Garnas et al., 2016). However, a small initial popula-
tion size may also increase the frequencies of deleterious variants
through genetic drift overriding selection and may lead to delete-
rious mtDNA variants becoming more abundant in the new popu-
lation (Marsden et al., 2016). Under these circumstances, a founder
population experiences reduced adaptive potential and is at an in-
creased risk for fitness declines (Bock et al., 2015). Genetic drift and
rapid growth of expanding populations can lead to the accumulation
of deleterious mutations, which may persist for many generations
after range expansion (Peischl, Dupanloup, Kirkpatrick, & Excoffier,
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2013) making deleterious mtDNA variants that affect fitness poten-
tially more common in invasive populations.

A group that is globally successful at such species invasions are
social insects (Lowe, Browne, Boudjelas, & De Poorter, 2000; Moller,
1996). Very few or possibly only one inseminated female can found
a new population and lead to low mtDNA haplotype diversity in the
new population (Arca et al., 2015; Lester et al., 2014; Moller, 1996).
The mtDNA bottleneck and social structure that leads to a small
effective population size makes social insects more vulnerable to
genetic or demographic changes than solitary species (Chapman &
Bourke, 2001; Pamilo, Gertsch, Thorén, & Seppa, 1997). This makes
social insects a particularly interesting system for examining the
impact of species introductions on fitness associated with mtDNA
variation.

The eusocial common wasp (Vespula vulgaris) is a successful
invading social insect. Native to Eurasia, the species has been ac-
cidently introduced to New Zealand (Donovan, 1984), Australia
(Matthews, Goodisman, Austin, & Bashford, 2000) and South
America (Carcamo et al., 2016; Masciocchi & Corley, 2013). In New
Zealand, extremely high densities of up to 40 common wasp nests
per hectare can be found in the Fuscospora beech forests of its
South Island (Beggs et al., 1998; Lester, Haywood, Archer, & Shortall,
2017). In comparison, the highest density of wasp nests found over
22 years of observation in England, part of the common wasp's na-
tive range, was approximately 1.8 nests per hectare (Archer, 2001).
Vespula wasps, including the common wasp, have become a major
pest in New Zealand, causing NZ$133 million in damages every year
across the apiculture and livestock farming industries (Maclntyre &
Hellstrom, 2015), devastating terrestrial invertebrate communities,
and harming native biota (Elliott, Wilson, Taylor, & Beggs, 2010;
Lester & Beggs, 2019; Toft & Rees, 1998). Studying mitochondrial
genetic variation in common wasps could aid in understanding fit-
ness variation in this and other invasive species.

In this study, we tested whether fitness variation in the na-
tive and introduced range of the common wasp is associated with
mtDNA variation. Initially, we measured fitness indicators, for ex-
ample nest size and new queen output, of wasp colonies. Next, we
looked at mitochondrial genetic variation and defined haplotypes in
both populations by sequencing CytB and a fragment from Cox1 to
Cox2, spanning intergenic region between the genes. We expected
to find reduced mtDNA haplotype diversity in the invaded range of
New Zealand caused by the introduction bottleneck. This is import-
ant as variation in these genes and in the intergenic region has been
previously associated with fitness effects in other insect species
(Clancy, 2008; Johnson, Schmid-Hempel, & Schmid-Hempel, 2011;
Patel et al., 2016). We then examined associations between fitness
traits and mitochondrial haplotypes using generalized mixed models.
Lastly, in the search for mutations that could lead to reduced mi-
tochondrial function and affect relative fitness, we sequenced the
entire mitochondrial genome of a subset of common wasp samples.
Naturally occurring mitochondrial haplotypes in these wasps may
show variation that could help in understanding the role of mtDNA
in phenotype fitness of invasive species.
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FIGURE 1 Sampling locations and haplotype frequencies in New Zealand and Belgium. Left: Points show sampling sites Braeburn, Six
Mile and Tin Line (left to right), in Fuscospora beech forest in Nelson Lakes National Park in Saint Arnaud, New Zealand. Pie charts (left) show
haplotypes detected in each site, and a summary pie chart (top right) combines all New Zealand samples (n = 51). Right: Points show nest
locations in Leuven. Pie chart shows the haplotypes detected in these samples (n = 19). Maps were made using the maps package (Minka &
Deckmyn, 2016) in r [Colour figure can be viewed at wileyonlinelibrary.com]

2 | MATERIALS AND METHODS

2.1 | Sampling

Whole Vespula vulgaris nests were collected in Belgium and New
Zealand in early autumn (September and March, respectively) from
2014 to 2016. The climate at both sampling locations is similar with
mean annual temperatures around 10°C, but higher annual rainfall
in New Zealand (Table S1). In the invaded range of New Zealand, 62
nests (18 in 2014, 25 in 2015 and 19 in 2016) were sampled from a
high-density wasp population in a Fuscospora beech forest in Nelson
Lakes National Park, near Saint Arnaud using three collection sites
(Six Mile: 41.769°S; 172.957°E, Braeburn: 41.795°S; 172.516°E and
Tin Line: 41.281°S; 173.509°E; Figure 1). Each year, nests were col-
lected within 3 days at the end of the wasp season. Nests were found
in the ground, among tree roots, or in tree trunks near the ground by
observing foraging workers returning to the nest entrance. Before
carefully extracting each nest, we anaesthetized the wasps using di-
ethyl ether poured into the entrance through a flexible 15-cm-long
plastic tube. Excavated nests were placed in buckets while in the
field and chilled for approximately 2 hr before handling. The wasps
were alive and could be handled safely after chilling.

In Belgium, 32 nests (12 in 2014, 6 in 2015 and 14 in 2016) were
collected around Leuven (50.879°N; 4.702°E; Figure 1). Wasp densi-
ties in Belgium were lower and therefore nests were more difficult to
find than in New Zealand. The local community and the fire brigade
provided information about nests. All nests were collected within
3 weeks at the end of each wasp season. Nest locations were in or
near the ground, among shrubs and roots, or in artificial structures
like wall cavities, compost heaps, or hanging in garden houses and
attics. Without anaesthesia, whole nests were excavated and trans-
ferred into sealed buckets. In Belgium, we used CO, to anaesthetize
wasps before collecting live wasps from the nests. A subset of five
wasps were taken from each nest in both New Zealand and Belgium
for genetic analyses and snap frozen in a liquid nitrogen dry shipper
at -196°C.

2.2 | Colony fitness analysis

To assess colony size and relative reproductive output, we removed the
nest paper, separated combs and placed them flat on a table to photo-
graph the cells and combs (Figure 2). Common wasp nests are initiated
by a single inseminated queen (Matsuura & Yamane, 1990). This queen
invests in colony growth by producing workers until autumn, when re-
sources are allocated towards reproduction and new queens and males
are produced (Johnson et al., 2009; Matsuura & Yamane, 1990). Workers
in this wasp species are highly effective in removing worker laid eggs,
which would develop into males, so that the queen maintains a repro-
ductive monopoly (Foster & Ratnieks, 2001). Larger cells, specifically
built for queen rearing (queen cells), can be easily distinguished from the
small cells (worker cells) used to rear multiple generations of workers and
the majority of males (Spradbery, 1971). Although numbers of queens
and males produced are overall equal, investment in new queens is gen-
erally considered to be larger as queens have approximately 1.6 times
the dry mass of males (Archer, 1980, 1998). The number of queen cells
depends on the adult female worker force, which can be indirectly meas-
ured from the number of worker cells previously constructed (Spradbery,
1971), and can be used as an estimate of colony fitness. Using ImageJ2
software (Schindelin, Rueden, Hiner, & Eliceiri, 2015), the sizes of a mini-
mum of 10 queen and 10 worker cells were measured from digital pho-
tographs from every nest to calculate mean queen and worker cell size.
When worker cell size differed among combs within a nest, cell numbers
were calculated separately for each comb. The total area of the respec-
tive cell type was then measured and used to estimate the number of
queen and worker cells per nest.

We tested for differences between New Zealand and Belgium
in the proportion of queen cell producing colonies using Pearson's
chi-squared test and used t tests to compare cell sizes and numbers
between nests sampled in New Zealand and Belgium. Within these
two populations, the correlation of queen and worker cells was ana-
lysed using a Pearson's correlation test. Linear regression models of
queen cell production were built using the Im function in R v3.3.2 (R
Core Team, 2014) to calculate the efficiency of queen cell production.
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FIGURE 2 Nestanalysis. (a) Large nest with approx. 12,700 cells, including regular brood pattern and queen cells (see d and e). The first
comb (1/9) is at the top and the nest extended downwards (through 9/9). (b) Exemplary analysis: worker cell area shaded in blue and queen
cell area green. (c) Small nest with approx. 1,400 cells. No queen cells and irregular brood pattern are present. (d) Zoom on comb 4 from
panel a: concentric rings of white-capped brood with uncapped cells containing eggs or larvae and some empty cells in between. (e) Zoom
on comb 7 from panel b: hexagons show the difference in worker (bottom) and queen (top) cell size. Red scale in a, b and cis 17 cm [Colour

figure can be viewed at wileyonlinelibrary.com]

Because collections in Belgium were spread out over 3 weeks, we
used Spearman's correlation to test whether collection date affected
the worker and queen cell number of mature colonies (with both cell
types). Boxplots and correlation plots were made using the ccpLoT2
package (Wickham, 2016), and multiple plots were arranged with the
GRIDEXTRA package (Auguie, 2016).

2.3 | DNA extraction

DNA was extracted from pools of five wasps per nest due to the
expectation that all individuals would carry the same mtDNA as
the nest queen. Wasps were homogenized in GENEzol reagent
(Geneaid) containing B-mercaptoethanol using a bead beater (Mini-
Beadbeater-16, BioSpec). DNA was then purified using phenol/chlo-
roform or by using the viral RNA/DNA isolation kit (Macherey-Nagel)
in a King Fisher™ Flex Purification System (Thermo Fisher Scientific).
Kit-extracted DNA was isolated from residual salt precipitate by
incubation at 65°C for 3 min followed by centrifugation for 1 min
30 s at 15,340 x g. DNA quality and concentration were determined
using a ND-1000 Spectrophotometer (NanoDrop).

2.4 | Mitochondrial DNA PCR and
Sanger sequencing

We used PCR to amplify the mtDNA genes CytB, Cox1, Cox2 and
the intergenic region between Cox1 and Cox2 that contains tRNA-
Leu (hereafter referred to as tLeu + Cox2) from 51 nests from New
Zealand and 19 from Belgium. Primers for CytB were taken from
Simon et al. (1994). Primers for Cox1 and tLeu + Cox2 were de-
signed using the NCBI Primer-BLAST algorithm (https://www.ncbi.
nim.nih.gov/tools/primer-blast) with the mitochondrial genome
of a related wasp species, Vespula germanica (GenBank Accession
no. KR703583), as a reference. Primer sequences and annealing
temperatures are shown in Table 1. PCR mixes consisted of 150-
500 ng template DNA, 1x PCR buffer, 1.5 mM MgCl,, 200 uM of
each dNTP, 0.4 uM each of forward and reverse primer, and 0.5
units of Tag DNA polymerase (Invitrogen, Thermo Fisher Scientific).
Cycling conditions were 3 min at 94°C, 30 cycles of 45 s at 94°C,
30 s variable annealing temperatures (Table 1) and 55 s at 72°C,
followed by 10 min at 72°C. Before sequencing, PCR products were
purified using ExoSAP-IT (Affymetrix, Thermo Fisher Scientific).
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TABLE 1 Primersusedin PCR and sequencing reactions

Target gene Primer name Sequence 5'-3’ Amplicon (bp) Annealing temp. (°C) Reference
CytB CB10933 TATGTACTACCATGAGGACAAATATC 473 45.0 Simon et al.
CB11367 ATTACACCTCCTAATTTATTAGGAAT (1994)
Cox1 Vg Cox1 F TACCAGTTCTTGCAGGAGCAAT 940 48.0 This study
Vg Cox1 R GTGGCGTAAGGAATTTGTTCA
tLeu + Cox2 VgtLeu F ATCTGGTTTTCCTCGACGATACT 854 50.0
VgtLeuR TACGTCCAGGGGTAGCATCA
Set A Vv mtDNA-A F TGGGCAGGAACTTTAGGAGC 9,566 63.4
Vv mtDNA-AR TGCCCAATATAGGGGATGGC
SetB Vv mtDNA-B F AGTTTTCCTACCAACCCCTGT 11,202 63.0
Vv mtDNA-B R AGGGAATCAGTGAATAAATCCTGC

Note: Primers were designed to target cytochrome b (CytB), cytochrome c oxidase subunit | (Cox1) and the intergenic region including tRNA leucine to

cytochrome c oxidase subunit Il (tLeu + Cox2). Forward primer given first, then reverse primer. Primer sets A and B were used to cover the whole mito-
chondrial genome in the long-range PCR for next-generation sequencing. Primer positions are shown in Figure 5.

Sequencing in both directions was carried out by the Genetic
Analysis Service at the University of Otago, Dunedin, New
Zealand. Forward and reverse sequences were aligned using the
ClustalW algorithm (Thompson, Higgins, & Gibson, 1994), low-
quality ends were manually trimmed, and the Cox1 and tLeu + Cox2
sequences that overlapped were assembled in Genelous v8.0.5
(Kearse et al., 2012). To confirm sequence authenticity, the se-
quences were verified using a NCBI BLASTn search (http://blast.
ncbi.nlm.nih.gov/). Sequences generated in this study have been
deposited in GenBank (Accession nos. MK967473-MK967508).
To assess amino acid variation, sequences were translated into
protein sequences by using the V. germanica mitochondrial ge-
nome (KR703583) as a reference for annotation. To find the best
model for molecular evolution, we used Bayesian information
criterion (BIC) scores in Meca v7.0.18 (Kumar, Stecher, & Tamura,
2016). Then, for every gene, Tajima's neutrality test was per-
formed to test deviations from expectations of neutral selection
(Tajima, 1989).

2.5 | Genetic variation and population structure

To analyse haplotype fitness associations, the three PCR ampli-
cons for CytB, Cox1 and tLeu + Cox2 (1,872 bp) were concatenated.
Number of haplotypes, haplotype diversity and nucleotide diversity
were generated using DNASP v5.10.01 (Librado & Rozas, 2009). We
determined whether the sample size represents the diversity of
haplotypes in the two populations by generating rarefaction curves
using the vecan package and rarefaction.txt function (Jacobs, 2011;
Oksanen et al., 2017) in r. To analyse population structure and ex-
amine whether genetic diversity was partitioned among or within
populations, an analysis of molecular variance (AMOVA) was con-
ducted in GeNALEx (v6.503) using F-statistics with 1,000 permuta-
tions (Peakall & Smouse, 2012). We finally used TempNet (Prost &
Anderson, 2011) to construct a structured haplotype network with
populations as layers, allowing visualization of the relationships
within and among the two populations.

2.6 | Whole mitochondrial genome
lllumina sequencing

A subset of ten samples from New Zealand were chosen for whole
mitochondrial genome sequencing. This subset included two sam-
ples each from haplotypes A, B, C, and A2, and one sample each
for A1 and B1. For each sample, we prepared two long-range PCRs
to cover the entire mitochondrial genome in two fragments, using
primer set A and B (Table 1). PCR mixes contained 50 ng DNA,
0.5 uM each of forward and reverse primers, and Platinum SuperFi
PCR Master Mix (Thermo Fisher Scientific) to 50 ul total reaction
volume. Long-range PCR conditions were as follows: 95°C, 3 min;
35 cycles of 95°C for 20 s, 63.4°C (set A) or 63.0°C (set B) for
155, 68°C for 8 min (set A) or 16 min (set B); with a final extension
of 68°C for 10 min. Products were resolved by electrophoresis
in 0.7% (w/v) agarose gel to confirm positive amplification. DNA
Clean and Concentrator columns (Zymo Research) were used to
purify the PCR products and elute them into H,0. DNA concen-
trations were measured using a Quantus Fluorometer (Promega).
From both products (A and B), 800 ng of DNA each was combined
and delivered to Annoroad Gene Technology for library construc-
tion and sequencing. Libraries were constructed using NEBNext
Ultra Il DNA Library Prep Kits for [llumina (New England Biolabs).
Sequencing was conducted on an lllumina HiSeq platform using
150 paired-end reads. The insert fragment range was 200-400 bp
(peak at 350 bp).

2.7 | Whole mitochondrial genome assembly and
variant identification

We used the V. germanica mitochondrial genome as a reference because
this is the first study to sequence the whole mitochondrial genome of
V. vulgaris. We carried out a reference-based assembly for each sample
using a custom script (Alexander, 2018a) to utilize wa v0.7.17 (Li, 2013;
Li & Durbin, 2009) for reference mapping, picarp v2.18.1 (http:/broad
institute.github.io/picard/) to mark duplicate reads, catk v3.8.1.0 and
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v4.0.2.1 (DePristo et al., 2011; McKenna et al., 2010; Van der Auwera et
al., 2013) for variant calling, and samtooLs v1.7 (Li et al., 2009) to gener-
ate pileup output. As catk assumes that the ends of reads are more error
prone, it typically will not call variants found only at read ends. However,
this can cause GaTk to miss true variants near the end of amplicons, as
these will be located at the ends of reads because reads cannot span
the end of the amplicon (see https:/gatkforums.broadinstitute.org/gatk/
discussion/8477/two-validated-variants-missed-by-haplotypecaller-
using-mip-data-amplicon-like-data and associated posts). To circumvent
this problem, we generated fasta files for downstream analyses using the
majority base call represented in the pileup file using a custom r script
(Alexander, 2018b), utilizing the pata.TaLE and cepLoT2 (Wickham, 2016)
packages. We carried out the steps described above using the newly
generated sample-specific sequence as the reference until no further
changes between an alignment of the earlier and latest version of these
references were detected for each sample.

We then examined potentially misassembled sequence by eval-
uating sites where the majority base did not reflect 270% of reads
(following Morin et al., 2018) and screened for nuclear-encoded
mitochondrial pseudogenes by detecting uneven read depth and/or
significant missense/nonsense mutations. Finally, we aligned mito-
chondrial genomes across the samples in ceneious v11.0.5 (Kearse et
al., 2012) using default settings, annotated the alignment by compar-
ison with the annotated partial V. germanica mitochondrial genome,
masked primer positions and identified the position of any SNPs for

regions covered by at least two individuals.

2.8 | Haplotype fitness effects

Because of the crucial role mitochondria play in energy metabolism,
we expected variation in mitochondrial sequences to associate with
changes in worker and queen cell numbers. To test this hypothesis, we
examined 51 nests from New Zealand. Haplotypes with low frequen-
cies (rare: A1, A2, B1, B2) were grouped together and compared with
the more common haplotypes A, B and C. We used a negative-bino-
mial distributed generalized linear model in r with haplotype, sampling
year and sampling location as predictors to test which predictor best
described the variation in worker cell number. For the queen cell num-
bers, zero inflation was included in the model to account for excess zero
counts of nests with no queen cells using the zeroinfl function in the pscL
package (Jackman, 2017; Zeileis, Kleiber, & Jackman, 2008) and other-
wise the same predictors and distribution as the worker cell model. We
were unable to examine variation in fitness associated with different
haplotypes in Belgium, because a high level of genetic diversity meant

that few haplotypes were represented by more than one replicate.

3 | RESULTS

3.1 | Colony fitness analysis

Out of 32 nests in Belgium and 62 nests in New Zealand, 29 (91%)
and 46 (74%), respectively, had queen cells. There was no signifi-

cant difference in the percentage of queen producing nests between
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populations (;(2 = 2.588, df = 1, p = .108). The size of a queen cell
in New Zealand was 38.8 + 5.0 mm? (mean + standard deviation
[SD]), significantly larger than the 33.7 + 7.3 mm? of Belgian queen
cells (t test: t = 3.264, p = .002). Worker cells did not differ in size
(New Zealand = 19.1 + 2.0 mm?, Belgium = 18.3 + 3.0 mm?; t test:
t = 1.318, p = .194). Nests in the native range of Belgium contained
1,492 + 1,286 (mean + SD) queen and 8,671 + 3,671 worker cells,
which was significantly more than 586 + 598 queen and 6,707 + 3,818
worker cells in nests from the invasive population in New Zealand
(t test: t = =3.779, p < .001 and t = -2.425, p = .018, respectively;
Figure 3). Nests without any queen cells and small nests, consisting
of <2,000 cells, were found in all sampling locations (Figure 3, details
on nests can be found in Table S2). In Belgium, where nests were
sampled over 3 weeks, Spearman's correlation test showed no sig-
nificant effect of sampling day on number of queen or worker cells
in mature colonies (2016 data only; worker cell: r = -.159, p = .622;
queen cell: r=.417,p = .176).

In both populations, the number of queen cells was significantly
and positively correlated with the number of worker cells (Belgium:
Pearson r = .465, p = .007; New Zealand: r = .468, p < .001). Worker
cells are used multiple times and therefore do not directly represent
worker number. Yet, the relationship of the two cell types can be used
as anindication of how many workers are needed to rear a new queen,
suggesting that the native population is twice as efficient in rearing

new queens as the invasive population (slope in Equations 1 and 2).

Queen cell number = Intercept (+ SE) +slope (iSE) xworker number
Belgium: Queen cell number =78.77 (+532.00) +0.16 (+0.06)

xworker cell number
New Zealand: Queen cell number =93.73 (+137.70) +0.07 (+0.02)

xworker cell number (2)

3.2 | Genetic variation and population structure

Sanger sequencing of 70 wasp nests (Belgium: n = 19, New Zealand:
n = 51) revealed 26 synonymous polymorphisms in 1,872 bp of
mtDNA that resulted in 20 unique haplotype sequences (Table 2).
We found eight variable sites in CytB, 16 in Cox1, two in Cox2 and
none in the tRNA-Leu or the intergenic region. Using the Hasegawa-
Kishino-Yano model (Hasegawa, Kishino & Yano, 1985), Tajima's
neutrality test detected no significant selective sweeps or changes
in population size (Table S3). Over 53% of the genetic variance in
our total sample could be explained by partitioning our samples into
New Zealand versus Belgian samples, suggesting little-to-no ongo-
ing gene flow between the native and introduced range (AMOVA,
@ =.532, p <.001, Table S4).

Of the 20 total haplotypes, seven were present in New Zealand
and 14 in Belgium, with only one haplotype (B) found in both popula-
tions (Figure 4). Overall, haplotype diversity and nucleotide diversity
were lower in the invasive population in comparison with the native
population (Table 2). Haplotypes in New Zealand were closely re-
lated (Figure 4). Three haplotypes found in all three New Zealand
sampling sites (A: 39.2% of nests, B: 31.4% and C: 19.6%) were clas-

sified as common, while the four remaining haplotypes accounted
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for only 9.8% of nests and were classified as rare (Figure 1). In the
Belgian population, most haplotypes had relatively low frequencies,
the highest frequency was observed in haplotype M1 with 21.1%
(Figure 1). However, we analysed only 19 nests from Belgium and
a larger sample size could have established higher frequencies for
some haplotypes. Rarefaction analysis indicated we likely discov-
ered most haplotypes in the Nelson Lakes National Park in New

Zealand but only a fraction of haplotypes in Belgium (Figure S1).

3.3 | Whole mitochondrial genome sequencing

We sequenced whole mitochondrial genomes of 10 samples from
New Zealand, representing two samples from different sampling
sites for haplotype A, B, C, and A2, and one sample each from Al
and B1. We observed “craters” in read depth across all samples as-
sembled in this study, at consistent locations along the mitochon-
drial genome (Figure S2). To ensure that these areas of low depth did
not result from divergence of the reference mitochondrial genome
to our sequenced samples at these positions, we also carried out de
novo assemblies of our samples (with both TrinTY v2.6.5: [Grabherr
et al., 2011] and Geneious), using contigs with >75% BLAST match
to the reference mitochondrial genome to construct sample-specific
references. As the sample-specific references also suffered from the

same consistent zones of low depth, it is likely that some kind of
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FIGURE 3 Nest size and productivity in Belgium and New
Zealand. Worker and queen cells per nest in Belgium (BE, in blue/
light grey, n = 32) and New Zealand (NZ, in red/ dark grey, n = 62).
Top: Boxplots of worker cell numbers. Bottom left: The relationship
between worker and queen cell numbers per nest. Lines show
linear regression with 95% confidence region in grey. Bottom right:
Boxplot of queen cells numbers. Boxplots with median, 25th and
75th percentiles, whiskers extending to 95% confidence interval,
and outliers identified by grey circles [Colour figure can be viewed
at wileyonlinelibrary.com]

interference exists in the assemblies at those locations, for example
reads mapping to co-amplified pseudogenes or nontarget regions
rather than to the mitochondrial genome.

To minimize the chance of inadvertently including pseudogenic
regions in our assembly, we masked any regions of the mitochondrial
genomes where sequencing depth was <10% of the maximum depth
observed for that sample. Even after this masking step, the majority
of the mitochondrial genome was recovered for each individual with
an average of 12,743 bp across all samples (the “least covered” mi-
tochondrial genome had 11,910 bp of sequence [Table S2, sample:
VV2016 Six Mile 8]). The protein-coding genes were identified by
using the partially annotated Vespula germanica genome (KR703583;
Figure S3): ND1, CytB, ND4, ND3, Cox3, ATP6, ATP8, Cox2 and Cox1
had full-length alignments for all samples, while NDé, ND4L and ND5
were at least partially covered by all samples. In a comparison of these
sequences to the Sanger sequencing data generated in this study, no
mismatches were detected, apart from a constant mismatch at site
13 of the Sanger CytB data (where all the lllumina data had a G, and
all Sanger sequences had an A). This mismatch is a primer artefact
caused by an A at the 24th base in the sequencing primer used for
CytB (CB11367 in Table 1).

Across all the positions with lllumina data for at least two sam-
ples, we found a total of 16 variants: four in the control region (d-
loop), seven in protein-coding regions, three in intergenic regions,
one in the 125 rRNA and one in tRNA-Cys (Figure 5). The variation
in the control region was caused by differences in the number of
repeats of a 10 bp motif (AAAATGCAAA). Most samples (n = 8) had
13 repeats, while one B haplotype sample had 11 and one A2 sample
had 15 repeats, including two imperfect repeats where there was an
additional A (i.e., two repeats that were 11 bp rather than 10 bp). Six
out of seven SNPs in protein-coding genes were covered by Sanger
sequencing used to determine the haplotypes. The additional poly-
morphism in NDé only occurred in haplotype C. All polymorphisms
were synonymous causing no changes in the amino acid sequence.
The intergenic region between NDé and tRNA-Pro varied in length
from 55 bp in one of the B haplotypes (B4) through 56 bp in the other
B sample and haplotypes C and A1, to 57 bp in all other haplotypes.
An insertion of T in the 12S rRNA was found in both B samples. The
variation in tRNA-Cys was located at the end of the acceptor stem
at the 5" end: five samples had an 11 A homopolymer instead of the
10 A homopolymer found in the other samples; however, this vari-
ation was inconsistent within samples of the same haplotype. The
ten partial mitochondrial genome sequences have been uploaded to
GenBank (MK737074-MK737083).

3.4 | Haplotype fitness effects

For the New Zealand population, we analysed the effect of haplo-
type onqueenand worker cell number. Worker cell numbers slightly
differed between haplotypes (mean + SD: A = 8,303 + 5,502,
n = 20; B = 5,426 + 2,596, n = 16; C = 6,024 + 2,537, n = 10;
rare = 6,046 + 1,561, n = 5; Figure 6). Haplotype A showed the

greatest variation in worker cell number and the nest with the
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TABLE 2 Genetic variability in the

native and invaded range Population n
NZ 51
BE 19
Total 70
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Variable sites Singleton sites H HD P4

7 3 7 0.721 7.20 x 107
20 11 14 0.953 2.16x 107
26 13 20 0.843 1.60 x 107

Note: Number of nests (n), variable Sanger sequencing sites, singleton Sanger sequencing sites,
number of haplotypes (H), haplotype diversity (HD) and nucleotide diversity (z) are shown for New
Zealand (NZ), Belgium (BE) and in total.

most overall worker cells. The negative-binominal generalized
linear model revealed a negative effect on worker cell number of
haplotype B (z=-2.421, p = .016), while sampling year and location
had no effect (all p > .05). Only common haplotypes were found
to produce more than 100 queen cells and frequently had around
500 queen cells, whereas nests with rare haplotypes produced
few queen cells, if any (Figure 6). Overall, queen cell number in
the rare haplotypes (mean = SD: 43 + 47, n = 5) was lower than
in the common haplotypes (mean + SD: A = 622 + 634, n = 20;
B =399 +440,n=16; C = 586 + 637, n = 10). The generalized lin-
ear model revealed that this observation was statistically signifi-
cant (z=-5.509, p <.001). Additionally, the model showed that the
sampling site Tin Line had fewer queen cells (z = -2.097, p = .036),
while other sites and sampling years did not affect queen numbers
(all p >.05).

4 | DISCUSSION

We examined whether relative fitness in native and invasive popula-
tions of the common wasp is associated with mtDNA variation. The
density of wasps and wasp nests in the invasive population in New
Zealand is extremely high (Beggs et al., 1998; Lester et al., 2017), but

New Zealand

FIGURE 4 Mitochondrial haplotype
network. Genetic relationship of
haplotypes in New Zealand (top layer) E3
and Belgium (bottom layer). Circle size

indicates the frequency of a haplotype,

small black circles show an additional

mutational step, and blank circles are

haplotypes absent in the population.

Only haplotype “B” was present in

both populations, as indicated by the

lines connecting this haplotype in both

layers [Colour figure can be viewed at
wileyonlinelibrary.com]

Belgium

surprisingly, nests in New Zealand were significantly smaller and had
fewer queen cells, compared to the native range of Belgium, where
wasps occur at much lower densities (Archer, 2001). Some invasive
social insects experience fitness losses due to reduced genetic di-
versity (Darrouzet, Gevar, Guignard, & Aron, 2015; Tsuchida, Kudo,
& Ishiguro, 2014), while in rare cases, diversity loss has benefited the
invader (Tsutsui, Suarez, Holway, & Case, 2000). We found reduced
genetic diversity in the New Zealand invasive population, which is in
agreement with other studies (Lester & Beggs, 2019). This reduced
genetic diversity, however, does not inhibit wasps attaining large
nests that produce many queen cells (Donovan, 1984; Leathwick,
Godfrey, Fordham, & Potter, 1999).

Within the New Zealand population, we found that rare haplo-
types were associated with reduced colony fitness. We expected that
the association of haplotypes with reduced colony fitness would be
caused by mtDNA polymorphisms that affect energy metabolism.
Surprisingly, none of the sequence variation across haplotypes re-
sulted in changes in the amino acid sequence (nonsynonymous) that
would obviously impair mitochondrial function. However, haplotype
B, which was the only haplotype found in both New Zealand and
Belgium, was associated with a negative effect on worker but not
queen cell number, which indicates that fewer workers are needed to

rear a queen. Whole mitochondrial genome sequencing revealed a T
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FIGURE 5 Map of circular mitochondrial genome of Vespula vulgaris. Concentric circles from the centre to the periphery: (a) size in
kilobase pairs; (b) 12 variable sites in whole mtDNA sequencing; 4 variable sites in the control region (d-loop) not shown; (c) position of

PCR and Sanger sequencing primers used to determine haplotypes (grey boxes) and long-range PCR primer for whole mtDNA sequencing
(black dashes), forward primer inward facing, reverse primer outward facing; (d) position of coding regions and tRNAs, inward facing on light
strand, outward facing on heavy strand. The Vespula germanica mitochondrial genome (GenBank Accession no. KR703583) was used as a
reference, map generated using GenomeVx (Conant & Wolfe, 2008) [Colour figure can be viewed at wileyonlinelibrary.com]

insertion in the 12S rRNA of this haplotype that might affect its sec-
ondary structure. In New Zealand, haplotype B represented 31.4% of
nests and produced many queens. Therefore, variation in 125 rRNA
may positively affect relative fitness. However, below we discuss sev-
eral factors that may have limited our ability to uncover further po-
tential causal variants, including limitations in the use of queen cells
as indicators of colony fitness; fitness effects of synonymous mtDNA
variants; and infections with the maternally inherited intracellular bac-
terium Wolbachia. We conclude with a discussion of future research
directions into the impact of mtDNA variants on the fitness of intro-

duced populations.

4.1 | Colony characteristics and queen cells as an
indicator of colony fitness

Wasp colonies are annual and only produce one generation of males
and new queens in late summer and autumn, and thus, the number
of queen cells is a direct representation of the output of daughter
queens for a queen or matriline. This estimate is commonly used
to describe fitness in Vespula species (Archer, 1980; Dobelmann et
al., 2017; Goodisman, Kovacs, & Hoffman, 2007) but does not ac-
count for the fitness gain from male offspring. Sex ratios in some

social wasps can show considerable variation, with some colonies
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FIGURE 6 Effect of haplotype on
worker and queen cell numbers in New 20-
Zealand. Worker (left) and queen (right) 20
cells per nests in haplotype A (n = 20), B ’
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(n =5, four haplotypes). Boxplots with = 15.- 8
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interval. Points show individual data 0C> GC>
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rearing predominantly either queens or males in their reproduc-
tive phase (Bonckaert, van Zweden, d'Ettorre, Billen, & Wenseleers
2011; Greene, 1984). Intracolony genetic diversity in Vespula wasps
caused by multiple mating of the queen has been associated with
variable sex ratios and queen production (Dobelmann et al., 2017;
Goodisman et al., 2007; Johnson et al., 2009), indicating the impor-
tance of genetic diversity within a colony. However, observations
for Vespula vulgaris suggest equal production of males and queens
(Archer, 1980, 1998), but it is not currently known whether these
ratios can shift with invasion (Gloag et al., 2019). Rearing queens re-
quires specifically built cells, so nests with few worker wasps may
switch from producing costly queens to producing smaller male off-
spring that can be reared in existing cells. It is therefore possible
that reduced queen production, which we used as a fitness indicator,
could result from increased investment into male offspring rather
than an overall decrease in fitness.

The different metabolic demands of a new environment could
also affect resource allocation to queen cells. Common wasps have
been established in New Zealand for about 35 years (Donovan,
1984). Traits that promote reproduction and dispersal may be se-
lected for during invasion and range expansion but reduce alloca-
tion of resources towards competitive ability (Burton, Phillips, &
Travis, 2010). We found that queen cell size, which directly affects
the size of queens reared in these cells, was significantly larger in
New Zealand compared with Belgium, while worker cell size did not
differ between populations. Larger, high-quality queens are more
successful in the colony founding stage, have more fat reserves to
survive winter hibernation (Archer, 1981; Harris & Beggs, 1995) and
may represent a trait that is beneficial during range expansion and
invasion. Plasticity in offspring size is found in many taxa: mothers
can adjust offspring size to maximize fitness (Marshall, Pettersen,
& Cameron, 2018). Competition has been shown to affect quality
as well as quantity of workers and new queens produced by social
insect colonies (Beggs et al., 2011; Tibbetts & Curtis, 2007). The

extremely high density of wasps is an outstanding characteristic of
the honeydew beech forest (Beggs et al., 1998), leading to intense
competition for honeydew with native species and among wasp col-
onies. Whether larger, but fewer, queens in New Zealand indicate a
reduction in fitness, a trade-off to a different environment or a trait
for range expansion and successful colonization needs to be studied
further.

4.2 | Fitness effects of “synonymous”
mtDNA variants

Interestingly, haplotypes with low frequencies in the New Zealand
population had a significantly lower output of new queens than
more common haplotypes, although they were similar in the produc-
tion of worker cells. Rare haplotypes with reduced relative fitness
have also been observed in fruit flies and bumble bees (Christie et
al., 2004; Christie, Picornell, Moya, Ramon, & Castro, 2011; Johnson
et al., 2011) and purifying selection likely leads to the observed
low frequencies of the deleterious haplotypes (Flight et al., 2011,
Montooth, Meiklejohn, Abt, & Rand, 2010). Analysis of >11,910 bp
of rare and common mitochondrial haplotype sequences among the
New Zealand population found no nonsynonymous mutations that
would indicate an obvious reason for dysfunction causing the low
reproductive output of these rare haplotypes. However, “synony-
mous” variation, which has been largely neglected when studying fit-
ness variation, can affect transcription, transcript processing, mRNA
stability and other factors known to affect mitochondrial function
(Chamary, Parmley, & Hurst, 2006; Plotkin & Kudla, 2011). For ex-
ample, synonymous variation has been shown to affect gene expres-
sion levels and thermal stress tolerance (Camus et al., 2017; Lajbner,
Pnini, Camus, Miller, & Dowling, 2018).

In addition to nonsynonymous point mutations, length variation
due to insertion and deletion of tandem repeats has been found

in control regions of insects, fish, mammals and plants and seems
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common within populations and even within individuals (hetero-
plasmy; Nishizawa, Kubo, & Mikami, 2000; Ravago, Monje, & Juinio-
Menez, 2002; Townsend & Rand, 2004; Wilkinson & Chapman,
1991). Although most variation in the control region is considered
selectively neutral, substitutions may affect nucleotide synthesis
(Fumagalli, Taberlet, Favre, & Hausser, 1996; Zhang & Hewitt, 1997)
and mtDNA copy number (Butler et al., 2016). Through whole mito-
chondrial genome sequencing, we found variation in the number of
tandem repeats in the control region in two samples, although this
variation on its own did not seem to be strongly associated with hap-
lotype fitness. However, our overall findings add to evidence that
synonymous substitutions or changes in noncoding regions could af-
fect mitochondrial function (Camus et al., 2017; Lajbner et al., 2018).

4.3 | Wolbachia infections

Another potential cause for selective disadvantage of rare haplotypes
is infections with the maternally inherited intracellular bacterium
Wolbachia. Wolbachia infections are common in arthropod hosts and
have been found in wasps, including V. vulgaris (Evison et al., 2012;
Werren, Zhang, & Guo, 1995). The spread of incompatibility inducing
Wolbachia can drive mitochondrial haplotype frequencies by provid-
ing fitness benefits to infected matrilines (Schuler et al., 2016; Turelli
& Hoffmann, 1991). A recent study in the Monomorium pharaonis ant
found that Wolbachia-infected colonies had fewer males and female-
biased sex ratios that favoured Wolbachia transmission (Pontieri,
Schmidt, Singh, Pedersen, & Linksvayer, 2017). Though some hosts
have lost microbial infections, including Wolbachia, in their invaded
ranges (Tsutsui, Kauppinen, Oyafuso, & Grosberg, 2003; Yang et al.,
2010). Reproductive effects of Wolbachia infections have not yet
been studied in common wasps but may contribute to skews in hap-
lotype frequencies and observed fitness effects.

5 | CONCLUSIONS

We found evidence of rare mtDNA variants that were associated with
reduced colony fitness, although we failed to identify any obvious
causal variant. Simultaneously, examining nuclear and mitochondrial
genetic variation could be an important line of future research. Co-
adapted nuclear-encoded mitochondrial genes can restore deleteri-
ous effects caused by mtDNA polymorphisms (Dowling et al., 2008;
Meiklejohn, Montooth, & Rand, 2007) so that a disruption of the two
genomes can lead to mtDNA haplotypes becoming deleterious after
being introduced into a new range (Amoutzias et al., 2016; Smith et al.,
2010). In addition, functional differences of mtDNA are sensitive to
variation in climate, which may differ in a new environment (Lamb et
al., 2018). This three-way interaction between mtDNA, nuclear geno-
type and the environment contributes to organismal fitness and could
influence mitochondrial genetic diversity within populations (Arnqvist
et al., 2010). Understanding maintenance of variation and selective re-
sponses relies on identification of mtDNA variants that affect pheno-
typic traits (Barton & Keightley, 2002).

In this study, we have gained insights into mitochondrial haplotype
associated fitness variation in an introduced species of social wasps.
Seeking evidence for links between fitness and mtDNA variation can
improve understanding of how natural selection maintains variation
and shapes haplotype patterns observed in wild populations. Moreover,
linking fitness to mtDNA variation can improve management of popu-
lations for conservation but also for control of invasive species or pests
(Gemmell, Jalilzadeh, Didham, Soboleva, & Tompkins, 2013). This is one of
the few studies that have obtained evidence for theoretical expectations

that mtDNA variation impacts fitness in wild nonmodel populations.
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