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Abstract

Hybridization occupies a central role in many fundamental evolutionary processes, such as speciation or adaptatio
Yet, despite its pivotal importance in evolution, little is known about the actual prevalence and distribution of cur-

rent hybridization across the tree of life. Here we develop and implement a new statistical method enabling the de-
tection of F1 hybrids from single-individual genome sequencing data. Using simulations and sequencing data fro
known hybrid systems, werst demonstrate the specicity of the method, and identify its statistical limits. Next, we
showcase the method by applying it to available sequencing data from more than 1,500 species of Arthropods, ifz
cluding Hymenoptera, Hemiptera, Coleoptera, Diptera, and Archnida. Among these taxand/elymenoptera, and
especially ants, to display the highest number of candidate F1 hybrids, suggesting higher rates of recent hybridizatic%l

between previously isolated gene pools in these groups. The prevalence of F1 hybrids was heterogeneously disteib-
uted across ants, with taxa including many candidates tending to harbor speeicological and life-history traits.
This work shows how large-scale genomic comparative studies of recent hybridization can be implemented, uncovet-
ing the determinants of rst-generation hybridization across whole taxa.

Key wordshybridization, coalescent, F1 hybrids detection, arthropods, hymenoptera, ants.
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Introduction relevant only for a few taxa such as plaaston 20011
the accumulation of molecular data has continuously re-
Vealed its presence in many groups, including mammal

W//6€/3101B/aqW/WO

Hybridization, whereby members of genetically distinc

populations mate_and produce offspring of mixed a_mcest%irds, sh, fungi, and insectalor and Larson 2019
(Barton and Hewitt 1988bbott et al. 20)3has received it Mallet (2005gstimating that at least 10% of anim
much attention since the early days of evolutionary biolgyecies frequently hybridize. Thestings have further
ogy. From the onset, Darwin and his contemporaries spefinderlined the importance of hybridization in unde
a great deal of time studying hybrids and th&iess,  standing many micro- and macro-evolutionary patter
which they recognized as a challenge to a discrate de across the tree of lifdlgbott et al. 201)3

ition of speciesRoberts 19)9But the crucial importance The samendings, however, also corroborated the old i
of hybridization to biological evolution was fully realizedtuition that taxa can differ greatly in their susceptibility to >
only with the development of genetics in the following hybridize, fueling discussions about the determinants OE
century. Formal studies of hybridization genetics led tauch heterogeneity (skllet 2005or a useful review). It S
the formulation of the biological species concept, and towas rst understood that groups displaying a high number
the fundamental insight that speciation is generally driverof sympatric species with low divergence, where the contacts
by the evolution of isolating mechanisms in response thetween compatible species is maximized, should be the
hybridization Dobzhansky 1940layr 1942Smadja and  most likely to hybridizeE@imands 200Price and Bouvier
Butlin 2011Abbott et al. 201)3 The advent of genetic 2002. But sympatry and divergence are by themselves in-
data also revealed the role of hybridization and introgressomplete predictors of hybridization frequency, as strong re-
sion as important contributors to genetic variation and productive barriers can arise from discrete evolutionary
adaptation in many existing speciésiderson 1953  events (e.g., chromosome rearrangements or cytoplasmic in-
Harrison and Larson 2(Q1dspecially in the contexts of compatibilitiesBordenstein et al. 2Q&Ishman et al. 2013
changing environmentsigmilton and Miller 20)&nd and can be rapidly selected for (i.e., reinforcement) or against
biological invasiof(entis et al. 20p8Additionally, while  depending on the relativeness of hybridsSadja and
hybridization was thought by many biologists to be Butlin 2011 To understand heterogeneity in hybridization
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rates, it is thus important to also consider these ecological While several hypotheses have been proposed to explain
and phenotypic features of species thaténce hybridt- variation in hybridization rates across taxa, empirical com-
ness, and more generally thaugnce the cost or gain in  parative studies are still lacking, impeding any further un-
producing hybriddallet 200% For instance, hybridization derstanding of its determinants. This is mainly due to the
has been found to be more frequent in populations of spadedif culties in evaluating the prevalence of hybridization at
foot toads inhabiting ephemeral environments where hythe group level. Methods to detect hybridization typically
brids outperformRfennig 2007or in rare species of birds rely either on ambiguous morphological ideation
where allospea mates are easier to come Rgndler  (which can lead to important ascertainment bidedjet
(2002) A similar point was made Blayr (1963)who sug- 2009, or on the use of large population-scale genetic sam-
gested that polygamous species of birds should be the moptes including data for potential parental spegieddrson
likely to hybridize, because males with low parental invesend Thompson 200Rayseur and Rieseberg 28&Bubert
ment should be more likely to accept intersgepiates. et al. 201)¢ These methods are sensitive and reliable in in-
This early hypothesis is particularly signt in that it em- ferring hybrid status, and can yield substantial informationD
phasizes on the idea that among characteristics of speciemgarding both recent and ancient events of hybridization2
relevant to hybridization, their life-history and mating sysand introgression. The same methods however, also requige
tem are of central importance. large investments in time and money to produce results. To?;
One spect taxon in which relations between hybridiza- allow for comparative studies of hybridization at the level of =
tion, mating systems and life-history have been extensivedytire taxa, it is necessary to implement methods that canS
discussed is ants (Formicidae). Some ant genera are knolbaapplied to many nonmodel species in parallel. In particug
to display unusually high rates of hybridization, based ofar, methods applicable to the large volume of already pubm
both morphological and molecular datdofacs 2006 lished phylogenomic data (i.e., with one sequenced genom@
Umphrey 20Q6-eldhaar et al. 2008 he rst key trait of per species) would be espemally desirable and cost- effectl\@.
ants invoked to explain this pattern is haplodiploidy, a traitFor instance, phylogenomic data are available for more thas:
common to all Hymenoptera. Because males 0800 species of ants (223 represented genera), as the resultof
Hymenoptera are haploids produced without fecundationan extensive effort Bfanstetter et al. (201Who set a goal ?
it is likely that hybrid sterility does not nullify theess of ~ to sequence a large part of the diversity of Formicidae usm@
female Hymenoptera, which can still produce males aftestandardized protocol§&dircloth et al. 20L.2The same
hybridizing llonacs 200&-eldhaar et al. 2008 his par- type of data has also been produced for many other &
ticularity of haplodiploids would hinder selection againstHymenoptera, and for other groups of Arthropods (includ- &
hybridization and limit the formation of strict barriers to ing Hemiptera, Coleoptera, Diptera, and Arachnida), thuss
interspecic mating. A second important ancestral trait of calling for a comparative study of hybridization prevalence\
ants is eusociality, whereby reproductive females (i.@cross these taxa of interest. The main issue about such
gueens) produce a large number of sterile helper individuatngle-genome data is that they do not allow for the infer- &
(i.e., workers) to form colonies. It was hypothesized that sence of complex histories of hybridization and introgres- ;
lection against hybridization is weaker in eusocial specisgon, which unavoidably requires population genetic datac,
because thetness cost of hybrid sterility should be min- Yet, heterozygosity distribution in a single-genome theoretH
imal in species producing a large majority of sterile indiviically contains enough information to predict whether an &
duals Nonacs 2008Umphrey 2006 This is especially individual is arst-generation hybrid or not. The frequency E
likely in species in which queens mate multiply, and cawf F1 hybrids can thus be estimated from large phylogeneti¢,
combine inter- and intra-specimatings to ensure the pro-  datasets, and be used as a proxy for ongoing rates of receant
duction of a fraction of nonhybrid daughteZ®(donnier  hybridization. Such an exploratory approach has the poteng
et al. 202D Such interplay between hybridization, matingtial to identify previously unknown hybridization hotspots, =
systems and life-history culminates in a handful of ant speallowing for comparative studies and paving the way for®
cies that display unique hybridization-dependent repromore informative population genetic studies.
ductive systems, such as social hybridogehtsdias( In this study, we implement a coalescent-based statistic-
Cahan et al. 200Helms Cahan and Vinson 2003 al method that allows for the detection of F1-hybrids using
Fournier et al. 20pAnderson et al. 200Bhkawara et al.  single diploid genomes. Wst test this method and as-
2006 Pearcy et al. 200Romiguier et al. 201l7acy et al.  sess its e€iency using simulations and real data from
2019Kuhn et al. 2020In these species, the cost of hybrid identi ed F1 hybrid and nonhybrid individuals. We then
sterility is fully avoided because strong genetic caste detaapply the method to phylogenomic data, assessing the
mination constrains the development of hybrids towardsprevalence of F1 hybrids among groups of Arthropods.
the worker caste, while reproductive females can only be
produced through intra-specimating or parthenogenesis.
The prevalence of hybridization-dependent systems withi
ants is virtually unknowrAfiderson et al. 200&ut be- Materials and Methods
cause they maintain large cohorts st-generation (F1) Model
hybrid workers, they may help explain observations oln this section, we present the coalescent-based model of di-
high hybridization rates in ants. vergence which forms the basis of our F1 hybrid detection
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procedure. A F1 hybrid is the result of a cross between indivivhereu is the ancestral population mutation rate, giigla

duals from two different species. The heterozygosity of a sucheasure of the heterozygosityaed during the divergence
hybrid therefore reects the divergence between its parental process. Under the assumptions that, andNeare con-
species, and can be modeled as shovguie 1 This model  stant across a setjafidependent loci in a given diploid indi-
describes the expected disition of the number of differ-  vidual, each locus can be considered as a replicate of the same
ences between two alleles found in an F1 hybrid in terms afivergence scenario. In this case, the likelihood function of the
two main parameters: the divergence time between the twaet of observed numbers of differences between alleles is ob-
parental speciésand the ancestral population size in their tained by multiplying equatiod)@cross loci, and can be used
common ancestdte( g. B). Briey, if no migration occurred  to jointly estimate offandg. To our knowledge, this model
between the two parental lineagster their separation, and was rstintroduced bffakahata et al. (199&d later rened

iftsis large enough for lineage sorting to be complete, the totabyYang (1997in the context of phylogenomics and ancestral
coalescence time of the two alleles is the sum of the divepopulation size estimation, with equatigrbging the con-
gence timés and the coalescence time in the ancestral popu-tinuous equivalent to equation (8) givelvang (1997) .
lationt;. It is known from standard coalescence theory that  Figure b illustrates the signal that is intended to be ¢
the distribution of; is well approximated by an exponential captured when estimatimgandu. In a nonhybrid individ- =
distribution with meani2e(Wakeley 2008Consider alocus ual (i.e., whose parents belong to the same panmictit%
i of sequence lengkrat which the two alleles of an F1 hybrid population), coalescence times between allele pairs are ex:
individual have been sequenced. Assuming aiteisite pected to follow an exponential distribution with mean §

mutation model with constant per-site mutation rate and variance both determinedig( g. b; top). In F1 hy- =
the numbern; of observed allelic differences follows abrids, coalescence times are further increased xsda ?
Poisson distribution with mealy@t; + ts), that is amount, which corresponds to the number of generationsg
of divergence between the parental populatiogs %; =

. 1 bottom, red bars). This uniform increase in coalescencé.

no H2imti+ )] withty E 2Ne 1) times brought by divergence logically leads to an increased

average coalescence time. This effect, however, is not byﬁ

whereP andEdenote the Poisson and exponential distribu- Self diagnostic of hybridization as it could be produced by3
tions, respectively. Equatidh Ieads to an expression for an increase iNe Instead, what constitutes a unique S|gna—
the probability to observe a numkef allelic differences be-  ture of F1 hybrids is a decrease in the variance of coale$
tween alleles at any given lodum a F1 hybrid (see cence times relative to the meang( b, compare

3

. . . . [}

supplementary Appendix A, Supplementary Material on|in§ottom to top). The_relatlvc_e variance in coalescence times.
for a complete derivation), is expected to be highest in nonhybrids, and to approachs

zero in F1 hybrids as the divergence between parental p

K Lol L pulations increases. Th@arameter captures this effect, %
Pry = k) = ()< o' tkeSt gt whereas bothg and u monitor the mean coalescence =
' K(hu+ 1)t (ig+ gl ) time. In other words, a nonzero estimategaheans 3
U= ANam (2) that the observed divergence between alleles is more;
with "~ ot similar across loci than expected under the standardoo
g= <m coalescent. P
o
a b S
@ | Ne | (b) large Ne small Ne 2
A 1 v e ST §
s non-hybrid N
b (&=10) ,_| = = I — §
¢ F1 hybrid
| =5 AN AN
A. | .A
F1 hybrid

Ha. 1.Coalescent-based model of divergeac&hé population history assumed in the model of divergence described in the mainldext (eq.

The darkened path represents the coalescence history of the two alleles (red and blue dots) that make up one locus in a diploid F1 hybr
(b) Expected distribution of coalescence times for different vaNesmfts. Blue bars represent the components of coalescence time linked

to coalescence in the ancestral population. Red bars represent the uniform increase in coalescence times brought by divergence between
ental populations.
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Because the proposed statistical procedure partitionsnostly neutral and are thus expected to carry enough in-
observed heterozygosity betwgeand u, it is expected  formation to distinguish closely related species or lineages
that estimates of both parameters will be positively corre{i.e., as is done in standard UCE phylogenomics). UCEs are
lated with the genetic diversity of samples. For instance, @asually sequenced through hybridization capture proto-
sample with low heterozygosity can only yield low esti€oles Faircloth 201 Miles Zhang et al. 201 8ut subsets
mates ofg and u. For this reason, we mostly relied on of UCEs that correspond to transcribed genomic regions
the ratiog/ u, which is not directly related to sample het- can also be retrieved from transcriptomic d8wséert
erozygosity. This ratio is expected to be close to zero iat al. 2019Miles Zhang et al. 201T his last fact is con-
nonhybrids, and nonzero in F1 hybrids. Furthermore, genientin the context of this study, because transcriptome
g/ uratio above one implies that the divergence time be-sequencing data are available for known hybrid systems,
tween parental populations is longer th&degenera-  featuringa prioriidenti ed F1 hybrids and nonhybrid indi-
tions, which is the expected time for complete lineageviduals, and can be used to further test our procedure
sorting. Such a high value is very unlikely to be reacheasing real data. We retrieved transcriptome sequencingj
by nonhybrid individuals. data published orgenbankfrom two types of well- 2

characterized F1 hybrids: 12 hybrid workers from the har=
Simulated Test Loci Sets vester anMessor bar.barl@omiguier etal. 20)1a|jd 18_
To start evaluating our ability to detect F1 hybrids Equus caballus x asifybrids (nine mules and nine hin-

niesWang et al. 20)9ata from the same sources for se-

amongst diploid individuals, we simulated F1 hybrid, nong - haploid males andve nonhybrid queens ofl.

hybrid anql rst-generation b_ackcro_ss .hyb”q samplgs Inbarbarusas well as foive donkeys, were added for com-
the following manner. Individual diploid loci were simu-__ . ! ;
; parison. Genbank idergrs and metadata fivlessoand
lated by usingns v2014.03.04udson 2002to sample : :
airs of alleles, together with the corresponding two a”eIeEquusampIes are availablsupplementary tables S1 and
P » 109 P 9 §2, Supplementary Material onlhespectively.

gene trees, under the demogra_lphlc scenario described n Sequencing data obtained through UCE-capture proto-2
gure B To span across realistic values of both para-

meters of interest, valuesond g in simulations were coles has been published for a large number of nonmode},
set to be {164 1(’5313 1§2} and {0 19 163 1§2} re- sp_ecies, especially in Hymenopﬁéqirt(loth et al. 2012
spectively. Once obtained, gene trees were converted Péllles Zhang et al. 219hus allowing for a large-scale

explicit nucleotide sequences pairs through the applica‘?'(:"amh for F1 hybrids in these groups. We retrieved fro

tion of a HKY mutation model usingeq-gen v1.3 genbankJCE-capture sequencing data from diploid sam-&

) _ ples belonging to groups of Arthropods for which speci
(Rambaut and Grassly 1p9he length of simulated se capture probe sets were available: Formicitiagedt

guences was set to be normally distributed with mea . i . )
1,000 bp and standard deviation 300 bp. At this point, S?[—Iymenoptera 25K version 2, Ant-Spemiobe set;

mulated F1 hybrid and nonhybrid individuals were Con_l%ranstetter et al. 20)17nonForm|_C|dae Hy_mgnotp))tera
structed by putting together independent collections of( Insect Hymenoptera 2.5K version 2 Prifgpabe

. : _ set; Branstetter et al. 2017 Hemiptera “(nsect
sequences pairs simulated under 0 andg= 0, re-

- X i oo Hemiptera 2.7K versiofi firobe setBranstetter et al.
spectively. First generation backcross individuals were CK17 and Kieran et al 20).8 Coleoptera “[nsect

structed by putting together both types of sequences pair%oleoptera 1.1K versioh firobe setFaircloth 2097

in random proportions following a binomial distribution Diptera {Insect Diptera 2.7K versiofi frobe set:

withp = 0.5, (i.e., as expected from a backcross with ran=__" - : .
dom meiosis and no linkage). Ten individuals of each tpralrcIoth 2077 and ArachniddArachnida 1.1K version

. o iy probe setFaircloth 201and Starrett et al. 20)6To
were constructed for each possible combination of param-_.". " g X )
nimize the statistical weight of multiply sampled spe-

eter values, and for two possible loci set sizes (200 or 5 ; N I
N . e . . cies, while maximizing statistical power at the group level
loci). Finally, simulated individuals (i.e., loci sets) were sé-

guenced in-silico usiragt_illumina v2.5.8Hduang et al. we kept only one sample per ideati species (choosing

2012. We emulated standard PE150 sequencing Oﬁamples W'th hlghestg 5|ze_) and all samples lacking a
omplete identication (identied only to the genus level).

HiSeq 2500 with 10X coverage, using a standard normfipw ;
distributed fragment size with mean 400 bp and standar menoptera Sa”.‘p'es reported as “?a.'es were considered
as haploid and discarded. All remaining dkda were

deviation 20 bp. downloaded frongenbankusing thefasterg-dumppro-
gram fromSRA Toolkit v2.10@enbank identers and

UCE Datasets metadata for these samples are available in

We used ultraconserved elements (UCEs) in all applicaupplementary table S3, Supplementary Material.online

tions to real data. UCEs are short (around 100 bp on aver-

age) independent genomic regions that are conserved

without duplication across large phylogenetic groupsParameters Estimation

(Faircloth et al. 20L.2While these small regions them- To obtain estimates gfandufrom simulated and real se-

selves are too conserved to contain enough signal abowfuencing data, we systematically applied the following

recent divergence, their variablanking regions are procedure. Raw reates were cleaned witastp v0.20.0

E—iaqw/wo JlWwapeoR//:sdny wolj pape
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(Chen et al. 20180 remove adapters, reads shorter than

the stan le necessary to run statistical estimations on a

40 bp, and reads with less than 70% of bases with a phregiven set of observed allelic differences counts are available
score below 20. Cleaned reads were then assembled usamsupplementary documents, Supplementary Material

megahit v1.1@&i et al. 20D5with k-mer size spanning
from 31 to 101 by steps of 10. Tpayluce v1.6
(Faircloth 200&o0o0l suite was used to identify and isolate

online(https:/zenodo.org/record/5415%47

Results

UCE loci from de-novo assemblies, by blasting contlgs
against UCE probe sets with thhyluce assembly - Simulations

match_contigs_to_prolfiesction. In this step, assemblies
obtained from test samples\f barbaruandEquusvere
blasted against thdnsect Hymenoptera 2.5K version 2
Ant-Spect’ (Branstetter et al. 201l@nd the“Tetrapods

5K version”1(Faircloth et al. 2012JCE probe sets, re-
spectively. Likewise, assemblies obtained

tom probe sets constructed from their true sequence (i.e
as output byseqgen Following this step, cleaned sequen-
cing reads were realigned to isolated loci bswag/0.7.17
(Li and Durbin 20Q9with default settings, anangsd
v0.921Korneliussen et al. 2Qivas used to obtain allelic
substitutions counts from read alignmelets. Finally, we
obtained estimates efand g through bayesian estima-
tions, using theR package rstan v2.21.2(Stan
Development Team 202920 and uninformative priors

frovided thatg is in the same order of magnitude as the ances-
UCE-capture samples were blasted against the probe deal population mutation rate/ or higher (i.e., consistent
associated with their phylogenetic group. As no probewith the modes requirement of complete lineage sorting).
set exists for simulated loci, these were blasted against cigader the same condition, estimategyah nonhybrids

Applying our estimation procedure on simulated data, we
nd that our method can be used to @ently discriminate

F1 hybrids from nonhybrids andt-generation backcross

hybrids. Accurate divergence estimates can be obtained in

simulated F1 hybrids using as little as 200 lpcd( pro-

1} papeojuMoq

and backcross hybrids are lower and do not exceed values
one order of magnitude below estimated ancestral popula=
tion size u (which are themselves accurate;
supplementary g. S1, Supplementary Material ojline
Across all simulations, 5% of simulated F1 hybrids yielded
both estimates af higher than 19® and estimates @ u
higher 1, while no backcross hybrids or nonhybrids did, demo
onstrating the spedity of the method. Furthermore, we
nd that increasing the number of sequenced loci from 3

n
(9%
()
S

"olwapeo//:sdy

0o°dn

spanning all realistic values for both parameters (i.e., uri200 to 500 does not increase our ability to identify F1 hybnd%
form priors constrained between 0 and 0.2). The mean(see g. ??), which suggests than 200 loci is a good mlnlmﬁ
of the posterior distribution of each parameter was usedequirement in applications to real data.

as a point estimate, while credibility intervals where con- Simulations also revealed the statistical limits of our ap-¢;
structed from its 2.5% and 97.5% quanRissripts and
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He. 2. Estimates of divergence in simulated individuals. Each box represents the distribution ofgegtilmeseacross 10 simulated indivi-

duals. Every individual consists of a collection of 200 loci simulated under a given combinatig¢gieétrieheaders) agdgiven irk-axis)

values. In nonhybrid individuglss always zero. In backcross hybrids, the true vaue thiat given in the header, but only for a binomial
proportion of loci (as described in the main text). The top row represents values obtained when gstimitigets obtained through

the complete simulation procedure (including in-silico sequencing, read assembly and realignement, and substitutions counts estimatio
The bottom row represent values obtained when estingatingets of true counts data as output by ms (i.e., skipping subsequent simulation
steps).
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parametelg whenever the true ancestral population mu- contrast, estimated values @fin nonhybrid samples
tation rateu is high (g. 2 top row). This translates into were always much closer to 0 in nonhybrid individuals
estimates ofj departing from zero in nonhybrids with (2.34x 10F%+ 3.29x 10°% sd in M. barbarusmales

high overall polymorphism. Interestingly, this overestiand queens;.83x 10°5+ 3.31x 10°¢ sd in donkeys).
mation can be shown to arise in part from error in genomeThe ratiog/ u reached the critical value of oneMnbar-
assembly, reads alignments, and estimations of allelic difarusworkers (067+ 0.190 sd) while being two orders
ferences counts. When estimating parameters using set$ magnitude lower in males and queen31@+ 0.010

of true allelic differences counts ast output by ms sd). This corrms that such a threshold value is reliable

( 9. 2 bottom row), divergence overestimation is less imfor discriminating true F1 hybrids. Ratios obtained in
portant in hybrids and nonhybrids. This suggests that imules and hinnies are lower than 1 however
real data, a negative correlation will be expected betweef®0.418+ 0.061 sd), further suggesting tigatz. 1is a
divergence estimates and overall sample quality. conservative requirement likely not to be reached by
many true F1 hybrid. Interestingly, UCE-capture data foU
asingle worker ™. barbarug g. &) led to slightly higher g
parameter estimates than transcriptomic data, but to a =
similarg/ uratio (1.131). This suggests that UCEs retrievec§
from transcriptomes ofl. barbarusre less polymorphic =
bn average, but contain the same information regardingS

Accurate ldentication of F1 Hybrids in Two Known
Hybrid Systems

To further quantify our ability to distinguish between non-
hybrids and typical F1 hybrid individuals, we applied ou

estimation procedure to sequencing data from two type >
of well-characterized F1 hybrids, hybrid workers from thS(ra elative divergence and hybrid status. 8
harvester anM. barbarugRomiguier et al. 20f7and 5
Equus caballus asinushybrids (mules and hinnies) High Prevalence of F1 Hybrids in Hymenoptera ands
(Wang et al. 20)9Sequencing data from the same sourced-ormicidae 3

for males and nonhybrid queend/bfarbarusas wellas  The application of our procedure to UCE-capture data, 2
for donkeys, were added to the analysis for comparisowomprised of many samples of heterogeneous qualitys
This analysis coomed that F1 hybrids and nonhybrid in- led to the observation of the quality bias predicted from
dividuals can be discriminated without ambiguity 8 simulations. Specally, we noted that older samples
parameters estimates are giversupplementary table yielded slightly highe¥ u estimates on average than re-
Sl1land S2, Supplementary Material gnliséimates of di-  cent ones, resulting in a sigrint correlation between

vergenced) in F1 hybrids always strongly departed from Othe later ratio and specimen collection date
and showed little variation across samples(r =S 0.275,pSvalue, 2.2x 10%). This bias is most

(3.39x 10°3+ 2.05x 10°4 sd inM. barbarusworkers; likely due to lower sequence quality and increased dat
1.47x 1053+ 1.46x 10°4 sd in mules and hinnies). By treatment error in old specimen, which leads to an

(a) (b)
UCE-capture data 0.002
N
M. barbarus hybrid workers
0.004 E. caballus x asinus i

F{_g% |
e
Y ++ 0.001+ mules

Zz0z aunr 1O uo1sanb Aq €9TZ999/T103‘9583/17/68/9|3!1J9/9qu/UJ03

0.0024
queens donkeys
04 et 04 [R - & ¥ T
0 0.002 0.004 0 0.002 0.004
0 0

He. 3. Discrimination of F1 hybrids in transcriptomed.dfarbarusind EquusEstimated values for the divergence parameied the an-
cestral population mutation rateare represented ftM. barbaruga) andEquugb). Colored points and lines represent point estimates and
con dence intervals, respectively. Values obtained using UCE-capture data for a singld vibanarofgenbank: SRR5437981) were added
for comparison (arrow in pargl
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@ ® Formicidae (n=865)| | (P) o non-Formicidae Q)
Hymenoptera (n=472)
0.006+ X
J%» M. barbarus

0.003 1

(c) Hemiptera (n=177) (d) ® Arachnida (n=65)
Coleoptera (n=51)
Diptera (n=25)

0.003 ++HR
i@ {Eminil y
n |

2 3

0.006+

o

0 0.01 002 0 0.01 0.02
0 log2[(y/0)+1]

Fa. 4. Genomic scans for hybridization in six groups of arthropods. Estimates of the divergenceganatieteancestral population mu-
tation rateuare represented for Formicidae NonFormicidae Hymenoptdg other insects), and Arachnidal]. Colored points and lines
represent bayesian point estimates and credibility intervals (see main text), respebiistllution of the rati@/ uin each group. A one-
shifted log 2-scale, under which the critical valgétof 1 is unchanged, was used for visual convenience. Letters summarize the result
post-hoc Tukey honest sigrance test, carried out using th8D.testinction of theRpackagegricolaeGroups with no letters in common
have signcantly different means (with= 0.05). All results were obtained using only dated and recent samples (see main text).

@/ 09eSW/p/6</2[oNIe/aqWw/wWwod dnoojwapede//:sdny woly papeojumod

overestimation af as mentioned in the previous section. hybrids. We found several candidate F1 hybrid
To take this effect into account, we excluded samples colg/ u. 1)in Formicidae (29 candidates;4) and other
lected before 1980 and specimen with unknown collectiotHymenoptera (15 candidatesg;. 4), while none were
date from subsequent analyses. This does not eliminate tfieund in Hemiptera, Coleoptera, Dipterg. (&), or
mentioned correlation which _remains sigant Arachnida (g. 4l). This result cannot be explained by
(r =5 0.163, pSvalue= 3.43x 10°1Y), but ensures the larger number of Hymenoptera available, as under
that no old, highly degraded sample is wrongly interpretedhe observed frequency of candidates in this group§
as a F1 hybrid. This choice of a threshold date does not af.033), the probability to observe no candidates in other ™
fect our subsequent statistical results ¢s@@lementary  groups would be.86x 10°°. Species names, divergence
table S4, Supplementary Material ohlikée also dis- estimates and metadata for all candidate F1 hybrids can
carded samples for which less than 200 UCE locis coulek found irtable 1 In Formicidae, two samples originating
be retrieved to ensure safent statistical power. After ap- from species known to produce F1 hybrid workérbdr-
plication of theselters, we could obtain parameter esti- barusand Wasmannia auropunctatevere identied as
mates (g. 4 for 850 Formicidae (223 represented candidate F1 hybrids, while a thirdu@atrechina longicor-
genera), 472 other Hymenoptera (288 genera), 17i9 was found to fall below the required valug/af. 1.
Hemiptera (121 genera), 51 Coleoptera (45 genera), Zeyond individual candidates, Formicidae also displayed a
Diptera (5 genera), and 65 Arachnida (56 genera). All pasigni cantly higher meagl uratio than nonHymenoptera
ameter estimates can be foundupplementary table S3, insects, as evidence by a post-hoc Tukey honest signi
Supplementary Material online cance test (g. 4). This suggests that, on average, success-
Our results revealed important differences betweerful interspecic mating is more frequent in ants than in
phylogenetic groups regarding the prevalence of Fither groups. Finally, candidates F1 hybrids displayed

nc 1O uo Jsané"ﬂq €9T2959
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Table 1.Candidate F1 Hybrids.

Family/Subfamily Species Collection Origin g gu
NonFormicidae Hymenoptera Crabronidae Spheciushogardii 2010 unknown 0.0033 3.0241
Cephidae Hartigia trimaculata 2013 unknown 0.0019 2.6289
Braconidae Pentatermus striatus 2016 Thailand 0.0004 2.3057
Crabronidae Microbembex cubana 2011 unknown 0.0036 1.9806
Sierolomorphidae  Sierolomorpha sp. 2006 unknown 0.002 1.5881
Crabronidae Oxybelus analis 2011 unknown 0.0046 1.3963
Braconidae Macrostomion sumatranum 1999 Japan 0.0007 1.2737
Argidae Arge humeralis 2013 unknown 0.0032 1.1781
Braconidae Xenolobus sp. 2009 Malawi 0.0025 1.1694
Crabronidae Cerceris hatuey 2011 unknown 0.003 1.1464
Argidae Atomacera decepta 2013 unknown 0.0017 1.1371
Braconidae Cystomastax sp. 1989 Costa Rica 0.001 1.1018
Apidae Neolarra californica 2005 Mexico 0.0012 10878 §
Dryinidae Deinodryinus atriventris 2013 unknown 0.0026 1.0677 g
Braconidae Aleiodes coronopus 2003 Thailand 0.0017 1.0152 g
Formicidae Formicinae Paratrechina zanjensis 2011 Tanzania 0.0035 8.1506 &
Myrmicinae Lachnomyrmex scrobiculatus 2008 Guatemala 0.0025 4.1156 3
Formicinae Agraulomyrmex sp. 2008 Tanzania 0.0049 3.0644 g
Myrmicinae Cyphomyrmex sp. 1992 Brazil 0.0036 2.7854 =
Myrmicinae Mycetagroicus triangularis 1992 Brazil 0.0034 2.1968 Tg
Formicinae Myrmecocystus creightoni 1997 USA 0.0043 1.9746 §
Formicinae Santschiella kohli 2000 Gabon 0.0034 1.8713 3
Dorylinae Aenictus hoelldobleri 2013 China 0.0051 1.855 &
Myrmicinae Wasmannia auropunctata 2001 Cuba 0.0034 1.6147 (_%
Formicinae Myrmecocystus cf. navajo 2003 Mexico 0.0041 1.555 o)
Myrmicinae Ochetomyrmex sp. 2002 Guyana 0.0012 14361 ©
Formicinae Brachymyrmex sp. 2009 Brazil 0.0046 1.4243 8
Dorylinae Simopone marleyi 1986 South Africa 0.0019 1.4099 =
Myrmicinae Tranopelta gilva 2006 Costa Rica 0.0019 1.3953 %
Dorylinae Sphinctomyrmex stali 2013 Brazil 0.0033 1.3282 >
Formicinae Polyrhachis hector 2010 Indonesia 0.0057 1.2988 =
Formicinae Teratomyrmex greavesi 2007 Australia 0.0021 1.2818 o
Formicinae Bajcaridris theryi 2010 Morocco 0.0014 1.2765 @
Dorylinae Eciton mexicanum 2013 Costa Rica 0.0014 1.2643 §
Formicinae Polyrhachis mellita 2008 Indonesia 0.003 12046 2
Formicinae Myrmecocystus cf. mendax 2014 USA 0.0023 1.1768 2
Ponerinae Ponera coarctata 1990 Italy 0.0046 1.1492 §
Myrmicinae Kalathomyrmex emeryi 2012 Brazil 0.0028 1.1466 o
Myrmicinae Messor barbarus 2008 Spain 0.005 1.1311 D
Myrmicinae Cyphomyrmex costatus 1996 Panama 0.0019 1.0993 §
Myrmicinae Blepharidatta brasiliensis 2000 Brazil 0.0019 1.0743 o
Formicinae Polyrhachis taylori 2008 Papua NG 0.0013 1.0721 o
Formicinae Lepisiota sp. 2011 South Africa 0.0024 1.0187 §
Formicinae Acropyga stenotes 2002 Guyana 0.0025 10181 o
5
Note—The table gives metadata and point parameter estimates for each candidate F1 hgbtid (il¢in our analysis. s
g
>
@D

higher average divergerran Formicidae than in other by the absence of candidate F1 hybrids from widely%
HymenopteraT = 2.24,pSvalue= 0.0324), suggesting sampled groups, such as the Crematogastrini tribe (17f
that hybridization events in this group tend to occur be- species from 59 genera), and by their high prevalence in
tween more divergent individuals. Note that these twoother groups, such as the Attini tribe (10 candidates repre-
last results are mostly unchanged under other reasonabkenting 9.4% of the trisesampled species). Genera
choices of threshold dates (see table ??). Cyphomyrme¥olyrhachjsand Myrmecocystusso dis-
Samples for roughly two-thirds (223 represented genplayed several distinct candidate F1 hybrids.
era) of the diversity of ants (about 300 genera) genera
were available for this study. This allowed us to evaluate
whether the distribution of hybridization within ants gen- iscussion
era is random. Positioning candidate F1 hybrids on a phyl-
ogeny of ants generag( 3 and the application of F1 Hybrid Detection from Single Genomes
Abouheif test Abouheif 199%evealed a sigriant posi- In this article, we implement and showcase a fasteand
tive phylogenetic correlation in meghu across genera ible statistical method for F1 hybrids detection. This meth-
(C= 0.1758;pSvalue= 0.007). This can be explained od only relies on the distribution of heterozygosity across a

8


















	Detection of F1 Hybrids from Single-genome Data Reveals Frequent Hybridization in Hymenoptera and Particularly Ants

