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Haplodiploid reproduction, in which males are haploid and females are diploid, is widespread among animals, yet we understand

little about the forces responsible for its evolution. The current theory is that haplodiploidy has evolved through genetic conflicts,

as it provides a transmission advantage to mothers. Male viability is thought to be a major limiting factor; diploid individuals

tend to harbor many recessive lethal mutations. This theory predicts that the evolution of haplodiploidy is more likely in male

heterogametic lineages with few chromosomes, as genes on the X chromosome are often expressed in a haploid environment, and

the fewer the chromosome number, the greater the proportion of the total genome that is X-linked. We test this prediction with

comparative phylogenetic analyses of mites, among which haplodiploidy has evolved repeatedly. We recover a negative correlation

between chromosome number and haplodiploidy, find evidence that low chromosome number evolved prior to haplodiploidy,

and that it is unlikely that diplodiploidy has reevolved from haplodiploid lineages of mites. These results are consistent with the

predicted importance of haploid male viability.

KEY WORDS: Acari, chromosomal evolution, haplodiploidy, reproductive strategies, sex determination.

Reproduction and sex determination are remarkably vari-
able across life. Although in most species reproduction is
symmetrical—mothers and fathers contribute nuclear genes
equally to their offspring (barring sex chromosome-linked loci)—
this symmetry has broken down frequently. In about 15% of
species, the genetic roles of mother and father during reproduc-
tion are highly imbalanced: Mothers monopolize the production
of male offspring (haplodiploidy), either by the asexual produc-
tion of sons (arrhenotoky) or by producing sons that eliminate
their father’s genome from their germline (paternal genome elim-
ination, PGE). Although haplodiploidy has received substantial
attention due to its tenuous role in the evolution of eusociality
(Hamilton 1972; Trivers and Hare 1976; Gardner et al. 2012;
Gardner and Ross 2013), its evolution remains poorly under-
stood. This is not for lack of interest. Many authors have con-
sidered different scenarios for its evolution, and a wealth of the-
ory has been developed on this topic (Brown 1964; Bull 1979,
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1983; Borgia 1980; Sabelis and Nagelkerke 1988; Haig 1993aa,b;
Goldstein 1994; Smith 2000; Normark 2004, 2006; Burt and
Trivers 2006; Immler and Otto 2014). Yet few of these ideas
have been tested in an empirical or comparative framework. Here,
we present the first comparative analysis aimed at understanding
the evolutionary dynamics of haplodiploidy, focusing both on its
origin and its loss.

Most theories assume that haplodiploidy arises from
maternal—paternal genetic conflict. Hartl and Brown (1970) and
Bull (1979) presented the first formal models showing that when
a mother is able to produce haploid sons, she benefits, as these
sons always pass on her genes to their offspring (instead of
only half of her genes in a diploid son). However, selection for
haploid sons is counterbalanced by their expected lower viability.
As a result, haplodiploidy will only spread if haploid males are
at least half as viable as diploid males. This was confirmed by
subsequent models, building upon this work (Bull 1983; Haig
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1993aa,b; Normark 2004; Burt and Trivers 2006). Alternatively
haplodiploidy could evolve in response to selection for females
to be able to produce offspring when unmated or control their
sex ratio (Hamilton 1967; Borgia 1980; Jordal et al. 2001). In
these alternative (but not mutually exclusive) explanations, the
evolution of haplodiploidy is still expected to be subject to at least
some haploid male viability constraints. Most diploid individuals
have a considerable number of recessive lethal mutations in
their genome and therefore are unlikely to survive as a haploid
(Simmons and Crow 1977; Charlesworth and Charlesworth
1999). Making the general prediction that transitions toward
haplodiploidy should be very difficult indeed.

This prediction is hard to reconcile with the recurrent evo-
lution of haplodiploidy (approximately two dozen origins) across
the tree of life (Bull 1983; Otto and Jarne 2001; Normark 2003;
de la Filia et al. 2015). Therefore, the question is if any genetic or
ecological factors could reduce this viability effect, thereby pro-
moting transitions toward haplodiploidy. One factor that could
affect the viability of haploid males is their genome architecture.
All transition from diploidy to haplodiploidy took place under
male heterogamety (Bull 1983; Gardner and Ross 2014), in which
males are either XO or XY. Under an XO-male sex-determining
system (or XY with a degenerate Y), the X chromosome shows
haploid gene expression. Therefore, the frequency of X-linked re-
cessive deleterious alleles is expected to be low. Furthermore, the
overall frequency of recessive deleterious alleles (genetic load)
is expected to be lower in species for which the X chromosome
makes up a large proportion of the genome (White 1973; Bull
1979, 1983). Assuming that on average autosomes and X chro-
mosomes have a similar size, this leads to the testable prediction
that species with very few chromosomes (e.g., one X and two au-
tosomes) are more likely to evolve haplodiploidy than those with
many chromosomes (e.g. one X and 20 autosomes). If haploid vi-
ability is what limits transitions toward haplodiploidy, we would
therefore expect a correlation between ploidy (haplodiploidy vs.
diploidy) and chromosome number.

Of course the taxonomic distribution of haplodiploidy is not
just dependent on factors that affect its origin, but also on those
that affect its loss. There is no formal theory exploring the loss
of haplodiploidy. Bull (1983) suggested that reversions back to
diplodiploidy are unlikely because under haplodiploidy sperm
is produced mitotically, and meiotic spermatogenesis would be
hard to reevolve once lost. Indeed, based on a crude observation
of the taxonomic distribution of haplodiploidy this seems to hold
true, but no explicit comparative analysis has been conducted and
transitions remain unclear in some taxonomic groups.

Here, we use a phylogenetic comparative framework, to ad-
dress if (1) haplodiploidy evolves more readily in species with
a low chromosome count and (2) if reversions back to diploidy
have occured. Our analysis focuses on the Acari (mites and ticks),
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which are uniquely suitable for such an approach, as it is the
only clade in which haplodiploidy has evolved repeatedly. We
use reproductive data on 424 species of mites combined with a
phylogeny of 770 species.

Methods

DATA COLLECTION

The Acari are considered a subclass of the Arachnida. There are
about 50,000 described species, classified in two orders: the Acar-
iformes and Parasitiformes (Dabert et al. 2010). Mite reproductive
systems are diverse, ranging from diplodiploidy (with either XO
or XY genetic sex determination), haplodiploidy, and partheno-
genesis to a type of PGE in which males develop from fertilized
eggs, but paternal chromosomes are lost during early develop-
ment rendering them haploid (Norton et al. 1993; Toyoshima and
Amano 2012).

We collected all published data on the reproduction, ploidy,
and karyotypes of sexually reproducing mites and ticks. We fo-
cused on three important reviews of mite reproduction (Oliver
1971, 1977; Norton et al. 1993) and further supplemented this
dataset with an extensive survey of the literature, by direct
searches on Web of Science and Google Scholar, as well as by
forward and backward citation searches. We scored the repro-
ductive systems as a binary trait with the states haplodiploidy
(either arrhenotoky or PGE) and diplodiploidy. For diploid taxa,
we also noted the sex-determination system (XY vs. XO). We also
recorded the number of chromosomes (diploid chromosome count
in females) for all sexually reproducing Acari species. In total we
obtained reproductive data for 424 species, although the charac-
ter matrix is not complete for every species. All data including
the references are deposited and available on the NESCent “Tree
of Sex” database (www.treeofsex.org, Tree of Sex Consortium
2014).

PHYLOGENETIC RECONSTRUCTION

We downloaded phylogenetically informative DNA sequence
clusters as FASTA files from PhyL.oTA rel 1.5 (Sanderson 2008).
We started with data from three mitochondrial genes (COI,
1285, 16S) and five nuclear genes (EFlalpha, heat-shock protein
cognate 5 [Hsc70-5], signal recognition particle protein 54k
[Srp54k], 1885, 28S) that had been sampled from 822 mite species.
We used MAFFT (Katoh and Toh 2008) to align sequences from
each gene. We used Gblocks (Talavera and Castresana 2007) to
purge hypervariable regions from each ribosomal alignment. In
each Gblocks run, we set the allowed gap position to half, the min-
imum block length to 5, and the maximum number of contiguous
nonconserved positions to 12. We then used Mesquite version
2.73 (Maddison and Maddison 2013) to delimit codon positions
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and delete introns in protein-coding alignments, as well as build
a supermatrix of concatenated alignments. The total length of
the supermatrix was 12,132 sites. At this stage, we removed taxa
from the phylogenetic dataset that were not represented in the
genetic/sexual system trait dataset. This was necessary to make
phylogeny and divergence time estimation tractable. We divided
the pruned supermatrix into six data partitions: first and second
nuclear codon positions, third nuclear codon positions, first
and second mitochondrial codon positions, third mitochondrial
codon positions, nuclear ribosomal sites, and mitochondrial
ribosomal sites. We used BEAST version 1.7.5 (Drummond and
Rambaut 2007) to estimate phylogenetic relationships and time-
proportional branch lengths. The BEAST analysis estimated the
parameters of an HKY + G nucleotide substitution model inde-
pendently for each of the six data partitions. It used a birth—death
model of phylogenetic branching, and an uncorrelated log-normal
relaxed clock model of among-branch substitution rate variation
(Drummond et al. 2006). We calibrated divergence times with
three fossil-based, exponential node priors: (1) a minimum age
of 380 Ma on the stem node of Acariformes (Norton et al. 1988;
Hirst n.d.); (2) a minimum age of 90 Ma on the stem node of
Argasidae (Klompen and Grimaldi 2001); and (3) a minumum
age of 35 Ma on the stem node of Ixodes (Scudder 1885). We ran
the BEAST analysis for 100 million steps and sampled trees once
every 10,000 steps. We examined log files in Tracer (Drummond
and Rambaut 2007) and determined that MCMC sampling from
the stationary distribution commenced after 70 million steps.
We randomly selected 100 trees from those sampled from the
stationary distribution. To account for phylogenetic uncertainty,
we repeated each of the comparative phylogenetic tests over this
set of 100 high posterior probability (HPP) trees.

To maximize overlap between our trait database and phy-
logeny for comparative approaches we used an iterative tip match-
ing approach. Briefly, we built our trait matrix by first finding
exact species matches between the taxa in our tree and database.
Each genus present on our tree that had no species level matches
was then collapsed to a single tip and we searched for trait data for
the genus. This process was repeated at the family level as well.
At all taxonomic levels, if there was more than one record in our
trait database that matched a tip, we used the mean chromosome
number for the tip; in each of these cases the discrete traits such
as reproductive mode were the same for all matching records in
the database. This approach produced 18 genus-level matches and
four family-level matches.

ORIGIN AND LOSS OF HAPLODIPLOIDY

A previous review of the evolution of haplodiploidy in mites
suggested that it evolved repeatedly in the Acari (Norton et al.
1993). To test this hypothesis and to determine if transitions out
of haplodiploidy are likely to have occurred, we reconstructed the

evolution of haplodiploidy in the R package Ape (Paradis 2011).
We used AIC scores to compare two models: (1) a two-rate model
allowing for different rates of transitions between haplodiploidy
and diplodiploidy with stationary root frequencies and (2) a one-
rate model that only allows transitions from diplodiploidy to hap-
lodiploidy with the root state fixed as diplodiploidy. To estimate
the number of origins of haplodiploidy, we performed stochas-
tic character mapping in the R package phytools (Revell 2012).
Tests were conducted using the set of 100 HPP trees with 109 tips
(the total for which both ploidy and chromosome number were
available). This included 18 genus-level matches and four family-
level matches. Tests were repeated on a second set of pruned HPP
trees with only the 87 tips that were exact species-level matches.
Although both of these datasets include representatives from the
Acariformes and Parasitiformes, we have more Parasitiformes,
which account for approximately 63% of both datasets.

MCMCgilmm AND THRESHOLD ANALYSES
A correlation between chromosome number and ploidy could
result from either faster transitions to haplodiploidy in low-
chromosome lineages, as hypothesized by Bull, or shared
phylogenetic ancestry. To test for such a correlation, we analyzed
the data using taxonomic and phylogenetic mixed models
(Hadfield and Nakagawa 2010) in the R package MCMCglmm
(Hadfield 2010). We corrected for phylogenetic nonindepen-
dence among origins by using either nested taxonomic levels
(infraorder/family/genus) or the reconstructed molecular phy-
logeny. We used a mixed model with Gaussian error structures
and log-transformed chromosome numbers as the response
variable. As predictors we included ploidy (haplodiploidy vs.
diploidy). We used inverse-gamma priors for the residual variance
and parameter-expanded priors for the random effects (Hadfield
2015b). All models were run for one million iterations with a
burn-in of 200,000 iterations. Phylogenetically corrected models
were marginalized across the set of 100 HPP trees, to account for
phylogenetic uncertainty. R code is provided in the Supporting
Information. We report the significance of our fixed effects in
terms of Pyiemce, Which is twice the posterior probability that
the estimate is negative or positive (whichever probability is
smallest). This value can be interpreted as a Bayesian equivalent
to the traditional P-value (Hadfield 2010; Hadfield et al. 2013).
Finally, to corroborate the results we repeated the analysis
by using Felsenstein’s phylogenetic threshold model (Felsenstein
2012) using the R package MCMCglmm RAM (Hadfield 2015aa).
The threshold model is similar to the phylogenetic mixed model
described above, but differs in that it assumes that the phylogenetic
heritabilities (Pagel’s \) of both traits are 1, instead of estimating
them from the data. For the threshold model, we present the
estimated correlation between chromosome number and ploidy
as well as the 95% credibility intervals.
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DOES CHROMOSOME NUMBER AFFECT PLOIDY
EVOLUTION? OR, DOES PLOIDY AFFECT THE
EVOLUTION OF CHROMOSOME NUMBER?

The MCMCglmm and threshold models described above allow
us to estimate the correlation between chromosome number and
ploidy. However, they do not allow us to test the directionality
of the causation, that is, determine which evolves first: low chro-
mosome number or haplodiploidy. Such analyses are notoriously
difficult in a phylogenetic context (Maddison and FitzJohn 2015),
especially when the hypothesis is that a continuous trait affects the
evolution of a discrete trait. Therefore, we present two separate
approaches, each with their own advantages and drawbacks. (1)
We used a simple taxonomic approach (as described in Ross et al.
2012) in which we compare the average chromosome number
between infraorders that have or do not have haplodiploid taxa
nested within them. If haplodiploidy evolves as a consequence
of low chromosome counts, we would expect diploid taxa in in-
fraorders harboring haplodiploids to have fewer chromosomes
than diploids in infraorders without haplodiploids. (2) We used
a phylogeny-based version of the taxonomic approach, that is, a
method that assesses if the mean chromosome number at nodes
subtending the origin of haplodiploidy is lower than expected if
the traits were evolving independently. In specific, we used the
R package phytools (Revell 2012) to reconstruct the evolution
of haplodiploidy using stochastic character mapping. Then, we
reconstructed ancestral ploidy over a set of 100 HPP trees. Next,
we pruned the haplodiploid taxa from each of the HPP trees, and
used the R package Ape (Paradis 2011) to conduct a maximum-
likelihood reconstruction of the evolution of chromosome number
on each of the pruned trees, assuming that chromosome number
evolves under Brownian Motion. We used a Monte Carlo ap-
proach with 100 iterations on each ancestral state reconstruction
to produce a null distribution for the mean ancestral chromosome
number at randomly chosen nodes. We then compared the mean
number of chromosomes at the nodes that led to haplodiploid
clades to this null distribution.

Results

ORIGINS AND LOSS OF HAPLODIPLOIDY WITHIN THE
ACARI

Our analysis shows that haplodiploidy has evolved multiple times
in Acari. Ancestral state reconstruction under a one-rate model
in which only transitions from diplodiploidy to haplodiploidy are
allowed suggests a mean of 12.9 origins. Using a two-rate model
in which reversions from haplodiploidy to diplodiploidy are also
allowed, we infer a mean of 7.9 origins of haplodiploidy. However,
we find only limited support for the hypothesis that transitions
from haplodiploidy to diplodiploidy are possible. Using the HPP
tree set with all 109 taxa included, we calculate a mean AICc
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difference of —8.04 indicating that the two-rate model allowing
for transition from haplodiploidy to diplodiploidy is the best fit
for the data. However, when we prune these trees to keep only the
87 exact species-level matches, the mean AIC difference is 4.21,
indicating that the model in which transition from haplodiploidy
to diplodiploidy is not possible is the best fit. One of the family-
level matches (Parasitidae sp.) on our HPP trees is reported as
diplodiploidy but is deeply nested among haplodiploidy taxa. To
test the degree to which this single tip was driving the difference
in our results, we repeated our analysis removing only this tip
from HPP tree set. Model comparison across these trees produced
a mean AICc difference of 4.06, indicating that this single tip is
producing all support for reversibility of haplodiploidy. Figure 1
shows the ancestral state reconstruction of haplodiploidy under
the two-rate model in which reversions are possible (Fig. 1A) and
the one-rate model in which they are not (Fig. 1B).

HAPLODIPLOIDY AND CHROMOSOME NUMBER

We compared the diploid chromosome count of diploid and hap-
lodiploid species using a taxonomic mixed modeling approach
(424 sp.) and a phylogenetic mixed model (109 taxa, 87 species-
level matches, 18 genus-level matches, and four family-level
matches). Both models confirm that haplodiploid species have
significantly lower chromosome numbers than diploid species
(approximately 2n = 5 fewer chromosomes, Pyicme < 0.001 for
both the taxonomic and phylogenetic models, see Fig. 2A, B).
We also estimated the phylogenetic heritability (akin to Pagel’s
) of chromosome number as 0.91 (95% CI: 0.79-0.96). Using a
threshold model (assuming N = 1 for both chromosome number
and ploidy), we confirmed these results and recovered a strong
negative correlation between chromosome number and ploidy (—
0.83, 95% CI: -0.91 to —0.53). Next we attempt to determine
what came first: low chromosome number or haplodiploidy. De-
termining the direction of causality in a phylogenetic framework
is difficult; therefore we here present the results of two alternative
approaches.

First of all we simply compare the average chromosome
number of diploids between infraorders that have or do not have
haplodiploid taxa nested within them. We are able to estimate
this parameter for seven infraorders, four of which include hap-
lodiploids (see Supporting Information). As we would expect, if
low chromosome number increases the probability of transition-
ing toward haplodiploidy, we find that diploids within infraorders
that include haplodiploid taxa on average have a lower chromo-
some numbers (2n = 15) than those within infraorders in which
haplodiploid did not originate (2n = 19). However, this difference
is not significant (f426) = 1.94, P = 0.119), perhaps because of
the limited statistical power of this analysis.

We therefore also address this problem with a more
powerful phylogenetic approach: Using a combination of
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Figure 1. Ancestral state reconstructions. (A) Posterior probability of diplodiploidy under a model in which transition from haplodiploidy
(blue) to diploidy (red) is allowed. (B) Posterior probability of diplodiploidy under a model in which transition from haplodiploidy to
diplodiploidy is not possible. Black boxes in (A) and (B) indicate the portion of the tree in which reconstructions differ between models.
(€) Maximum-likelihood reconstruction of diploid chromosome number. The arrow in (A) and (B) indicates the family Parasitidae that was

removed for one analysis.
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Figure 2. The relationship between chromosome number and
ploidy across the Acari. (A) Scatterplot of all available estimates
of chromosome number of haplodiploid and diplodiploid taxa for
which taxonomic data were available. The black diamonds and
error bars show the model prediction (posterior mean and 95%
Cl) of a taxonomic mixed model in MCMCglmm. (B) Scatterplot
of all available estimates of chromosome number of haplodiploid
and diplodiploid taxa for which phylogenetic data were available.
The black diamonds and error bars show the model prediction
(posterior mean and 95% Cl) of a phylogenetic mixed model in
MCMCglmm.

maximum-likelihood ancestral state reconstructions of chromo-
some number (Fig. 1C) and stochastic mappings of sexual system,
we tested whether haplodiploid clades originate from nodes with
low numbers of chromosomes. We performed this test on both our
full dataset with 109 taxa and our dataset with 87 exact species-
level matches. Using the full dataset stochastic mappings infer an
average of 10 origins of haplodiploidy, which arose with a mean
diploid chromosome number of 18.4. If chromosome number and
ploidy evolved independently we would expect a mean of 20.2
(P =0.017). Next we performed our test using only data from the
87 exact species-level matches. Using this dataset, we infer an
average four origins of haplodiploidy with a mean chromosome
number of 18.6. If chromosome number and ploidy evolved
independently we would expect a mean of 20.7 (P = 0.038).
These results are consistent with Bull’s (1983) hypothesis that
haplodiploidy does arise more frequently in clades with fewer
chromosomes.

Discussion

In this study, we address the evolutionary dynamics of hap-
lodiploidy in mites using a comparative approach. We show
that haplodiploidy has evolved repeatedly in mites and take
advantage of this evolutionary replication to study the directional
bias of these transitions, as well as the correlates that might
explain them. Explanations for the evolution of haplodiploidy
commonly assume it evolved because the production of haploid
males provides a transmission advantage to mothers (Brown
1964; Hartl and Brown 1970; Bull 1979). This selection pressure,
in principle should apply to all sexually reproducing organisms,
raising the question why haplodiploidy is not universal (Gardner
and Ross 2014). The answer most likely is that the transition

EVOLUTION NOVEMBER 2015 2975
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is accompanied by strong viability costs: haploid males express
recessive deleterious mutations previously masked in diploids
(Bull 1983; Otto and Jarne 2001).

Here, we considered how genome architecture might cause
some taxa to suffer a lower viability cost than others. Hap-
lodiploidy tends to evolve from male heterogamety (Bachtrog
et al. 2014) and as a result X-linked deleterious recessive mu-
tations are purged in males (Vicoso and Charlesworth 2006).
Therefore, species with a low chromosome count—in which a
large proportion of genes are X-linked—might suffer a lower vi-
ability cost of haploid males (Bull 1983). To test this hypothesis,
we estimated the correlation between chromosome number and
the presence of haplodiploidy in mites in which the haploid chro-
mosome count varies from n = 2 to n = 14 and found a strong
correlation: Haploid taxa have on average about one-third fewer
chromosomes than their diploid counterparts (Fig. 2). Thus, the
phylogenetic distribution of haplodiploidy among mites matches
the theoretical predictions (Bull 1983) that species with lower
chromosome counts will be more likely to make the transition to
haplodiploidy.

However, there are alternative explanations for this correla-
tion. First of all, it is possible that the difference in karyotype arose
as a result of, and not prior to, the evolution of haplodiploidy.
We have used two different analyses to distinguish between
these two scenarios. Both of these suggest that low chromosome
counts most likely preceded the evolution of haplodiploidy.
Unfortunately, phylogenies provide very little information about
the timing of coevolutionary events, so the statistical support
is relatively weak. There are, however, no clear predictions on
why haplodiploidy would select for a reduction in chromosome
number. In fact, theory might suggest the opposite (Wilfert et al.
2007): Under haplodiploidy there is no recombination in males,
so if recombination rate is under stabilizing selection, then
haplodiploidy might select for an increased recombination rate in
females. There is indeed limited evidence of higher recombination
rates among haplodiploids (Wilfert et al. 2007). Chromosome
number is positively correlated with recombination rate (Lynch
2008), suggesting selection for an increase and not a decrease in
chromosome number under haplodiploidy (Ross et al. 2015).

If a decline in chromosome number often precedes the evo-
lution of haplodiploidy, what factors promote this reduction in
the first place? Reductions in chromosome number are probably
the result of fusions between chromosomes. Unfortunately, the
adaptive advantages of chromosomal fusions are unclear. One hy-
pothesis is that low chromosome numbers allow the maintenance
of coadapted gene complexes, since it minimizes recombination
(Stebbins 1971). An alternative explanation, applicable to groups
in which there is meiotic drive, is that biased transmission dynam-
ics can promote the aggregation of genetic material onto a driver
element, and this process could result in the fusion of entire chro-
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mosomes (Pardo-Manuel and Sapienza 2001). Unfortunately, we
have no way of testing these hypotheses without more information
about mite genomes.

Although chromosome number is lower in all haplodiploid
clades compared to their sister group, the effect is more pro-
nounced among those within the order Acariformes than in those
within the Parasitiformes (Fig. S1). One important assumption
for our analysis is that the X chromosome on average is similar
in size to autosomes. However, in male heterogametic species of
Parasitiformes, the X chromosome is often several times larger
than the autosomes, whereas among Acariformes, the X chro-
mosome tends to be smaller than the autosomes (Oliver 1977).
So, even with same numbers of chromosomes, a larger pro-
portion of genes might be X-linked in Parasitiformes than in
Acariformes.

Haplodiploidy is often thought to evolve through genomic
conflicts between parents (Bull 1983; Gardner and Ross 2014).
However, mutation clearance might further aid transition toward
haplodiploidy (Goldstein 1994). Haploid males express recessive
mutations, allowing more efficient selection to purge deleterious
and fix beneficial mutations. This could lead to the buildup of
linkage between the locus that causes haplodiploidy and benefi-
cial alleles at other loci—an effect particularly pronounced under
low recombination rates. Therefore, if we assume again that chro-
mosome number correlates with recombination rate, this process
predicts that low chromosome counts might further promote the
evolution and maintenance of haplodiploidy.

Of course the phylogenetic distribution of haplodiploidy is
not just determined by the transition rate from diploidy to hap-
lodiploidy, but also by possible reverse transitions. Transitions
from haplodiploidy back to diploidy are generally thought to be
rare, due to the difficulty associated with reevolving meiotic sper-
matogenesis (Bull 1979, 1983). Indeed this transition has never
been observed among insect or nematodes (Normark 2003), but
does it occur among mites? We used an ancestral state recon-
struction approach to address this and found no strong support for
transitions from haplodiploidy to diploidy, although the quality
of our data did not allow us to rule out this possibility completely.
Upon further investigation, it seems that the only potential rever-
sal (the diploid family Parasitidae) we identified is nested with a
clade with PGE rather than arrhenotoky (Fig. S2). Reversal from
PGE is thought to be less evolutionarily constrainted and known
to occur among several scale insects (Hemiptera: Coccoidea, Ross
et al. 2010).

Several authors previously considered the evolution of hap-
lodiploidy in mites. An important focus of these earlier studies
was the evolutionary relationship between PGE and arrhenotoky.
Cruickshank and Thomas (1999) used a comparative analysis to
show that, within the Dermanyssina mites, arrhenotoky evolved
from PGE rather than directly from diploidy. However, this result
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is not strongly supported in our data (see Fig. S2). Furthermore
there is no reliable evidence for PGE outside the Dermanyssina
(Norton et al. 1993), so a possible transition from PGE to ar-
rhenotoky could only explain one of the eight to 12 origins we
infer. In his discussion of haplodiploidy in mites, Norton et al.
(1993) postulates a number of alternative factors that could pro-
mote the evolution of haplodiploidy in mites, most importantly
mating between relatives. Sib mating is common in some, but not
all haplodiploid clades (Borgia 1980; Gardner and Ross 2014).
Inbreeding and resulting selection for female-biased sex ratio is
thought to play a role in the evolution of PGE (Gardner and Ross
2014), but its role in the evolution of arrhenotoky is less straight-
forward. Inbreeding purges recessive deleterious alleles, thereby
potentially increasing haploid male viability and reducing the im-
portance of chromosome number. Therefore, taking into account
patterns of inbreeding as well as chromosome number might al-
low us to better predict the distribution of haplodiploidy among
mites. However, inbreeding could also evolve as a result of hap-
lodiploidy: Arrhenotokous species might be more likely to evolve
mating strategies involving inbreeding, as they are less likely to
suffer from inbreeding depression (Norton et al. 1993).

Here we have shown that sex-determination system and
genome architecture can affect the evolution of haplodiploidy. In
doing so we were able to predict, at least in part, the phylogenetic
distribution of ploidy within the mites. It is unclear if chromo-
some number can also predict its phylogenetic distribution in
other clades. It is tantalizing that extremely low chromosome
numbers (n < 3) seem to commonly occur among haplodiploid
clades (Oliver and Nelson 1967; Crosland and Crozier 1986; Tree
of Sex Consortium 2014). On the other hand, the combination
of male-heterogametic sex determination and low chromosome
numbers occurs across large clades of invertebrates that do
not appear to have evolved haplodiploidy. This suggests that
these factors alone are insufficient to explain broader phy-
logenetic patterns of haplodiploidy. Further, theoretical and
comparative work will be necessary to determine additional
evolutionary correlates of haplodiploidy, as to fully unravel its
evolution.

ACKNOWLEDGMENTS

This article has benefitted tremendously from collaborative funding pro-
vided by NESCent as part of the “Tree of Sex” working group, as well as
through short-term visiting fellowships to LR and HB. We would like to
thank J. Hadfield for helping with the analysis and R. Norton, A. Gardner,
and the Tree of Sex working group for useful comments and discussions.
LR was funded by NERC (Ne/K009516/1) and the Royal Society.

DATA ARCHIVING
Data are archived in the Nescent-funded “Tree of Sex" database:
www.treeofsex.org.

LITERATURE CITED

Bachtrog, D., J. E. Mank, C. L. Peichel, M. Kirkpatrick, S. P. Otto, T.-L.
Ashman, M. W. Hahn, J. Kitano, I. Mayrose, R. Ming, et al. 2014. Sex
determination: why so many ways of doing it? PLOS Biol. 12:e1001899.

Borgia, G. 1980. Evolution of haplodiploidy — models for inbred and outbred
systems. Theor. Popul. Biol. 17:103-128.

Brown, S. 1964. Automatic frequency response in evolution of male haploidy
+ other coccid chromosome systems. Genetics 49:797-817.

Bull, J. 1979. An advantage for the evolution of male haploidy and systems
with similar genetic transmission. Heredity 43:361-381.

Bull, J. J. 1983. The evolution of sex determining mechanisms. Benjamin
Cummings, Menlo Park, CA.

Burt, A., and R. L. Trivers. 2006. Genes in conflict. Harvard Univ. Press,
Cambridge, MA.

Charlesworth, B., and D. Charlesworth. 1999. The genetic basis of inbreeding
depression. Genet. Res. 74:329-340.

Crosland, M. W., and R. H. Crozier. 1986. Myrmecia pilosula, an ant with
only one pair of chromosomes. Science 231:1278.
Cruickshank, R., and R. Thomas. 1999. Evolution of haplodiploidy in der-
manyssine mites (Acari: Mesostigmata). Evolution 53:1796-1803.
Dabert, M., W. Witalinski, A. Kazmierski, Z. Olszanowski, and J. Dabert.
2010. Molecular phylogeny of acariform mites (Acari, Arachnida):
strong conflict between phylogenetic signal and long-branch attraction
artifacts. Mol. Phylogenet. Evol. 56:222-241.

de la Filia, A. G., S. A. Bain, and L. Ross. 2015. Haplodiploidy and the
reproductive ecology of Arthropods. Curr. Opin. Insect Sci. 9: 36-43.

Drummond, A. J., and A. Rambaut. 2007. BEAST: Bayesian evolutionary
analysis by sampling trees. BMC Evol. Biol. 7:214.

Drummond, A.J., S. Y. W. Ho, M. J. Phillips, and A. Rambaut. 2006. Relaxed
phylogenetics and dating with confidence. PLOS Biol. 4:0699-0710.

Felsenstein, J. 2012. A comparative method for both discrete and continuous
characters using the threshold model. Am. Nat. 179:145-156.

Gardner, A., and L. Ross. 2013. Haplodiploidy, sex-ratio adjustment, and
eusociality. Am. Nat. 181:E60-E67.

.2014. Mating ecology explains patterns of genome elimination. Ecol.
Lett. 17:1602-1612.

Gardner, A., J. Alpedrinha, and S. A. West. 2012. Haplodiploidy and the
evolution of eusociality: split sex ratios. Am. Nat. 179:240-256.

Goldstein, D. B. 1994. Deleterious mutations and the evolution of male hap-
loidy. Am. Nat. 1:176-183.

Hadfield, J. D. 2010. MCMC methods for multi-response generalized linear
mixed models: The MCMCglmm R package. J. Stat Softw 33:1-22.

. 2015a. Increasing the efficiency of MCMC for hierarchical phyloge-

netic models of categorical traits using reduced mixed models. Methods

Ecol. Evol. 6:706-714.

. 2015b. MCMCglmm CourseNotes. http://cran.us.r-project.org/web/
packages/MCMCglmm/vignettes/CourseNotes.pdf

Hadfield, J., and S. Nakagawa. 2010. General quantitative genetic methods for

comparative biology: phylogenies, taxonomies and multi-trait models
for continuous and categorical characters. J. Evol. Biol. 23:494-508.

Hadfield, J. D., E. A. Heap, F. Bayer, E. A. Mittell, and N. Crouch. 2013. Dis-
entangling genetic and prenatal sources of familial resemblance across
ontogeny in a wild passerine. Evolution. 67:2701-2713.

Haig, D. 1993a. The evolution of unusual chromosomal systems in coccoids:
extraordinary sex ratios revisited. J. Evol. Biol. 6:69-77.

. 1993b. The evolution of unusual chromosomal systems in sciarid

flies: intragenomic conflict and the sex ratio. J. Evol. Biol. 6:249-261.
Hamilton, W. D. 1967. Extraordinary sex ratios. Science 156:477-488.
. 1972. Altruism and related phenomena, mainly in social insects.
Annu. Rev. Ecol. Syst. 3:193-232.

EVOLUTION NOVEMBER 2015 2977


http:"026E30F "026E30F www.treeofsex.org
http://cran.us.r-project.org/web/packages/MCMCglmm/vignettes/CourseNotes.pdf
http://cran.us.r-project.org/web/packages/MCMCglmm/vignettes/CourseNotes.pdf

BRIEF COMMUNICATION

Hartl, D. L., and S. W. Brown. 1970. The origin of male haploid genetic
systems and their expected sex ratio. Theor. Popul. Biol. 1:165-190.

Hirst, S. (1923). XLVI.—On some Arachnid remains from the Old Red Sand-
stone (Rhynie Chert Bed, Aberdeenshire). Journal of Natural History,
12(70):455-474.

Immler, S., and S. P. Otto. 2014. Driven apart: the evolution of ploidy differ-
ences between the sexes under antagonistic selection. Am. Nat. 183:96—
107.

Jordal, B. H., R. A. Beaver, and L. R. Kirkendall, (2001). Breaking taboos
in the tropics: incest promotes colonization by wood-boring beetles.
Global Ecology and Biogeography, 10(4):345-357.

Katoh, K., and H. Toh. 2008. Recent developments in the MAFFT multiple
sequence alignment program. Brief. Bioinform. 9:286-298.

Klompen, H., and D. Grimaldi. 2001. First Mesozoic record of a parasiti-
form mite: a larval argasid tick in Cretaceous amber (Acari: Ixodida:
Argasidae). Ann. Entomol. Soc. Am. 94:10-15.

Lynch, M. 2008. Origins of genome architecture. Sinauer Associates, Sunder-
land, MA.

Maddison, W. P., and R. G. FitzJohn. 2015. The unsolved challenge to phyloge-
netic correlation tests for categorical characters. Syst. Biol. 64:127-136.

Maddison, W. P., and D. R. Maddison. 2013. Mesquite: a modular system for
evolutionary analysis. Version 2.73 http://mesquiteproject.org

Normark, B. B. 2003. The evolution of alternative genetic systems in insects.
Annu. Rev. Entomol. 48:397-423.

. 2004. Haplodiploidy as an outcome of coevolution between male-

killing cytoplasmic elements and their hosts. Evolution 58:790-

798.

.2006. Perspective: maternal kin groups and the origins of asymmetric
genetic systems — genomic imprinting, haplodiploidy, and parthenogen-
esis. Evolution 60:631-642.

Norton, R. A., P. M. Bonamo, J. D. Grierson, and W. A. Shear. 1988. Oribatid
mite fossils from a terrestrial Devonian deposit near Gilboa, New York,
London. J. Paleontol. 62:259-269.

Norton, R. A., J. B. Kethley, D. E. Johnston, and B. M. O’Connor. 1993.
Phylogenetic perspectives on genetic systems and reproductive modes
of mites. Pp. 8-99 in Evolution and diversity of sex ratio in insects and
mites D. L. Wrensch and M. A. Ebbert, eds. Chapman and Hall.

Oliver, J. H., Jr. 1971. Parthenogenesis in mites and ticks (Arachnida: Acari).
Integr. Comp. Biol. 11:283-299.

. 1977. Cytogenetics of mites and ticks. Annu. Rev. Entomol. 22:407—
429.

Oliver, J. H., and B. C. Nelson. 1967. Mite chromosomes: an exceptionally
small number. Nature 214:809.

Otto, S., and P. Jarne. 2001. Evolution — haploids — hapless or happening?
Science 292:2441-2443.

Paradis, E. 2011. Analysis of phylogenetics and evolution with R. Springer
Science & Business Media, New York

Pardo-Manuel, D. V. F,, and C. Sapienza. 2001. Female meiosis drives kary-
otypic evolution in mammals. Genetics 159:1179-1189.

Revell, L. J. 2012. phytools: an R package for phylogenetic comparative
biology (and other things). Methods Ecol. Evol. 3:217-223.

Ross, L., I. Pen, and D. M. Shuker. 2010. Genomic conflict in scale insects: the
causes and consequences of bizarre genetic systems. Biol. Rev. 85:807—
828.

Ross, L., N. B. Hardy, A. Okusu, & B. B. Normark, (2013). Large population
size predicts the distribution of asexuality in scale insects. Evolution,
67(1):196-206.

Ross, L., H. Blackmon, P. Lorite, V. E. Gokhman, and N. B. Hardy. 2015. Re-
combination, chromosome number and eusociality in the Hymenoptera.
J. Evol. Biol. 28:105-116.

Sabelis, M., and C. Nagelkerke. 1988. Evolution of pseudo-arrhenotoky. Exp.
Appl. Acarol. 4:301-318.

Sanderson, M. J. 2008. Phylogenetic signal in the eukaryotic tree of life.
Science 321:121-123.

Scudder, S. H. 1885. Fossilen Myriopoden, Arachnoideen und Insekten.
Pp. 721-831 in K. A. Zittel, ed. Handbuch der Palaeontologie I.
Abteilung, Paleozoologie. Miinchen und Leipzig.

Simmons, M. J., and J. F. Crow. 1977. Mutations affecting fitness in
Drosophila populations. Annu. Rev. Genet. 11:49-78.

Shingo, T., and H. Amano. (2012). Presumed Paternal Genome Loss During
Embryogenesis of Predatory Phytoseiid Mites, Embryogenesis, Dr. Ken-
Ichi Sato, ed. ISBN: 978-953-51-0466-7, InTech, Shanghai.

Smith, N. 2000. The evolution of haplodiploidy under inbreeding. Heredity
84:186-192.

Stebbins, G. L. 1971. Chromosomal evolution in higher plants. Edward Arnold
Publishers, Lond.

Talavera, G., and J. Castresana. 2007. Improvement of phylogenies after
removing divergent and ambiguously aligned blocks from protein se-
quence alignments. Syst. Biol. 56:564-577.

Tree of Sex Consortium. 2014. Tree of Sex: a database of sexual systems. Sci.
Data 1. doi:10.1038/sdata.2014.15

Trivers, R. L., and H. Hare. 1976. Haploidploidy and the evolution of the
social insects. Science 191:249-263.

Vicoso, B., and B. Charlesworth. 2006. Evolution on the X chromosome:
unusual patterns and processes. Nat. Rev. Genet. 7:645-653.

White, M. J. D. 1973. Animal cytology and evolution. Cambridge Univ. Press,
Cambridge, U.K.

Wilfert, L., J. Gadau, and P. Schmid-Hempel. 2007. Variation in genomic
recombination rates among animal taxa and the case of social insects.
Heredity 98:189-197.

Associate Editor: D. Roze
Handling Editor: M. Servedio

Supporting Information

Figure S1. An exemplar tree from our HPP tree set.

Table S1. Summary tables of MCMCglmm analyses.

Additional Supporting Information may be found in the online version of this article at the publisher’s website:

Figure S2. Maximum-likelihood ancestral state reconstruction of sexual system in the clade Dermanyssiae.

Table S2. Determining the direction of causality between ploidy and chromosome number.

2978 EVOLUTION NOVEMBER 2015


http://mesquiteproject.org

