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Abstract

High-throughput DNA methods hold great promise for the study of taxonomically

intractable mesofauna of the soil. Here, we assess species diversity and community

structure in a phylogenetic framework, by sequencing total DNA from bulk specimen

samples and assembly of mitochondrial genomes. The combination of mitochondrial

metagenomics and DNA barcode sequencing of 1494 specimens in 69 soil samples

from three geographic regions in southern Iberia revealed >300 species of soil Coleop-

tera (beetles) from a broad spectrum of phylogenetic lineages. A set of 214 mitochon-

drial sequences longer than 3000 bp was generated and used to estimate a well-

supported phylogenetic tree of the order Coleoptera. Shorter sequences, including cox1
barcodes, were placed on this mitogenomic tree. Raw Illumina reads were mapped

against all available sequences to test for species present in local samples. This

approach simultaneously established the species richness, phylogenetic composition

and community turnover at species and phylogenetic levels. We find a strong signature

of vertical structuring in soil fauna that shows high local community differentiation

between deep soil and superficial horizons at phylogenetic levels. Within the two ver-

tical layers, turnover among regions was primarily at the tip (species) level and was

stronger in the deep soil than leaf litter communities, pointing to layer-mediated driv-

ers determining species diversification, spatial structure and evolutionary assembly of

soil communities. This integrated phylogenetic framework opens the application of

phylogenetic community ecology to the mesofauna of the soil, among the most diverse

and least well-understood ecosystems, and will propel both theoretical and applied

soil science.
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Introduction

Knowledge about the magnitude, distribution and

assembly of biodiversity is essential to the understand-

ing of ecosystem processes and environmental change

(Gaston 2000). However, to date only a fraction of the

existing species diversity on Earth has been catalogued,

and most of the described species remain poorly stud-

ied (Wilson 2002). The greatest knowledge gaps concern

so-called biotic frontiers (Andr�e et al. 1994), that is

highly species-rich habitats that are remote, inaccessible

or simply too diverse to be studied with conventional

tools of taxonomy (Andr�e et al. 1994). Possibly 25% of

all multicellular species on Earth reside in the soil

where they form diverse biological communities (Curtis

et al. 2002; Nielsen et al. 2011). A large proportion of

taxonomic and functional diversity in the soil is made
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up by species-rich groups of invertebrates. Their trophic

networks affect properties of the soil and leaf litter

through complex feedback relationships between the

activity of the detritivore (decomposer) community,

their predators and the physicochemical environment

(Ponge 2013).

The important role of biodiversity in soil ecosystems

is broadly recognized but their true diversity remains

poorly known (Deca€ens 2010). While DNA sequencing

methods are increasingly applied to study the microbial

diversity of the soil (e.g. Bates et al. 2013; Ranjard et al.

2013), this is not the case for small invertebrates that

make up a large proportion of the soil mesofauna. The

study of species richness of arthropods in soil commu-

nities has been difficult due to a combination of minute

body size, poor taxonomic background knowledge, high

abundance, the difficulties of linking life stages, and

high levels of cryptic diversity (Bardgett 2002; Cicconar-

di et al. 2010; Deca€ens 2010). In addition, little is known

about the evolutionary origins and community structure

of soil-inhabiting organisms. This general lack of

taxonomic and evolutionary knowledge has hampered

the study of soil biodiversity and its effects on ecosys-

tem function (Wardle 2002; Heemsbergen et al. 2004;

Deca€ens 2010; Nielsen et al. 2011).

This study evaluates the role of geographic turnover

and soil layer on the taxonomic and phylogenetic compo-

sition of soil arthropod communities. Spatial trends in soil

biodiversity depend on the degree of dispersal among

local sites, as well as the vertical distribution and the

response to ecological heterogeneity. Many soil arthro-

pods are secondarily flightless and live concealed deep in

the soil layer, limiting their movement, while their small

size may facilitate passive dispersion. It is unclear to what

degree dispersal capacity constrains the distribution of

soil mesofaunal species at regional and global scales (Dec-

a€ens 2010), which leaves great uncertainties about the

magnitude of biodiversity in soils and its geographic

turnover (Fierer et al. 2009; Deca€ens 2010; Wu et al. 2011).

As another potential factor driving soil community

assembly, vertical stratification has been proposed as a

determinant of species diversification in mesofaunal

assemblages, but its broader relevance for structuring soil

biota is still debated, and the existence of true endogeic

components in some mesofaunal groups remains unclear

(Ducarme et al. 2004). Finally, the lack of a phylogenetic

framework for many soil arthropods ignores the evolu-

tionary context of such diversity patterns and precludes

phylogenetic community analyses that integrate pro-

cesses of local species assembly and the evolutionary his-

tory of cooccurring lineages (Graham & Fine 2008).

High-throughput sequencing arguably will overcome

the ‘taxonomic impediment’ to the study of inaccessible

arthropod biodiversity (Emerson et al. 2011; Yu et al.

2012). Current methods of DNA barcoding (Hebert

et al. 2003) and ‘metabarcoding’ (e.g. Yu et al. 2012) for

the sequencing of communities mainly target short

PCR amplicons for OTU recognition, but have little

power for phylogenetic analysis. Instead, phylogenetic

informative markers may be obtained by shotgun

sequencing of total DNA to extract the high-copy frac-

tion of genomes through ‘genome skimming’ (Straub

et al. 2012; Mal�e et al. 2014). Shotgun metagenomic

sequencing of bulk community samples yields numer-

ous reads corresponding to mitochondrial DNA, which

can be assembled into full or partial mitogenomes

(Dettai et al. 2012; Zhou et al. 2013; Gillett et al. 2014;

Tang et al. 2014; Crampton-Platt et al. 2015). ‘Mitochon-

drial metagenomics’ to date has been applied mainly

for phylogenetics (Gillett et al. 2014) but also offers

great potential for the study of community assembly,

particularly for inaccessible hyperdiverse groups such

as soil mesofauna, by allowing the mapping of reads

against reference mitochondrial sequences in a similar

approach to that used for the study of microbial com-

munities (e.g. Martin et al. 2012; Riesenfeld & Pollard

2013). As we show here, mitochondrial metagenomics

contributes well-supported community-level evolution-

ary trees and allows for the study of phylogenetic com-

position and structure of soil mesofaunal communities.

We focus our efforts on the communities of Coleop-

tera (beetles), the presumed largest radiation of living

organisms, which constitute a major component of the

soil biota. Soil-inhabiting beetles comprise most major

evolutionary lineages and functional guilds of the Cole-

optera, including predators, scavengers, fungivores and

herbivores feeding on roots (Burges & Raw 1967). There

are different degrees of associations with the soil biome.

While some ground-dwelling groups use the superficial

leaf litter-humus (epigeic species), frequently for shelter

only, others occur in the deeper horizons (humiculous-

endogeic species), either in the larval stages, as several

groups of root feeders, or for their entire life cycle.

Some species exhibit specific adaptations to life under-

ground, such as atrophy of the eyes and a reduction in

body size, among others (Jeannel 1963). The variation in

lifestyle and dependency on the soil would suggest dif-

ferences in population structure. For example, the

movement of agile, flighted predators in Staphylinidae

(rove beetles) and Carabidae (ground beetles) foraging

in the leaf litter is not constrained by the soil habitat.

Likewise, larval root feeders including leaf beetles in

the subfamily Galerucinae and predators such as Cant-

haridae (soldier beetles), although less mobile, may still

disperse widely in the adult stages present in above-

ground habitats. In contrast, permanently endogeic,

flightless lineages may not disperse easily and form

locally differentiated variants.
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The great diversity of Coleoptera makes them a

useful group to clarify the community assembly of soil

mesofauna across regions and soil layers. This study

focuses on soil communities from southern Spain, as a

model for the analysis of species richness and turnover

in largely undisturbed soil ecosystems. Soil arthropod

communities grow in complexity with the geological

age of soils, as evident from reduced species diversity

in recent postglacial compared to Pleistocene soils

(Zaitsev et al. 2012). The general stability of Iberian eco-

systems that persisted during the Pleistocene glaciations

can be expected to have produced a complex soil profile

structuring the resident communities over evolutionary

timescales. Therefore, Iberian soil organisms are highly

suitable to investigate how contemporary ecological fac-

tors and evolutionary lineage history determine com-

munity composition. Using the phylogenetic trees from

mitochondrial genomes obtained by sequencing pools

of all locally encountered species, we were able to char-

acterize these local assemblages in the framework of

phylogenetic community ecology comparing composi-

tional and phylogenetic diversity (Webb et al. 2002;

Graham & Fine 2008). Full knowledge of species diver-

sity and phylogenetic history at the whole-community

level helps to disentangle the role of the geographic

turnover vs. vertical stratification and to identify the

community-level processes driving species diversifica-

tion, spatial structure and evolutionary assembly in

deep and superficial soil layers.

Material and methods

Soil sampling

Soil samples were collected from the southern Iberian

Peninsula at Sierra de Grazalema, C�adiz (CAD), and

Sierra de Cabra, C�ordoba (COR), situated south of the

Guadalquivir river in the Betic geologic domain, and

Sierra Madrona, Ciudad Real (CR), to the north at the

border of the ancient Iberian Massif (Fig. S1, Supporting

information). Samples were collected from 28, 20 and 21

soil pits at CAD, COR and CR, respectively, represent-

ing a defined set of environments from open grassland

to ancient Quercus forest (Table S1, Supporting informa-

tion). Each soil pit was divided into two samples, corre-

sponding to (i) the superficial layer of the soil (SUP;

1 m2 of leaf litter up to 5 cm deep) and (ii) the deeper

fraction (DEEP; sampling volume of 2500 cm3 up to

40 cm deep). SUP samples were sifted with a Winkler

apparatus (0.5 9 0.5 cm mesh) and subsequently

extracted using a modified Berlese apparatus. DEEP

samples were initially floated in water; sediments were

discarded and the water was filtered with a 100 9 100

lm mesh to obtain a bulk of organic matter and soil

fauna, which was processed using a Berlese apparatus.

All larval and adult Coleoptera were preserved in abso-

lute ethanol.

DNA extraction, sequencing and NGS data processing

Specimens from each sample were classified to morpho-

species. DNA extractions were conducted on individual

specimens. The 50 portion of the cox1 gene (barcode

fragment) was PCR-amplified and sequenced with the

Sanger method and ABI technology. According to our

focus on the effect of the geographic location and soil

layer on soil diversity of beetles, six Illumina TruSeq

DNA libraries, one per region and soil layer, were pre-

pared by pooling DNA extracts to generate roughly

equimolar DNA concentration per specimen. Aliquots

of 2, 4, 10, 20 and 40 lL per DNA extract were pooled

according to their DNA concentration (respectively, (i)

>250 ng/lL; (ii) 100–250 ng/lL; (iii) 40–100 ng/lL; (iv)
20–40 ng/lL; and (v) 0.1–20 ng/lL) as measured in

Nanodrop 8000 UV–Vis Spectrophotometer (Thermo

Scientific). The six Illumina TruSeq DNA libraries were

sequenced on the MiSeq platform (2 9 250 bp) at about

30–50% of a flow cell each.

Each DNA library was assembled using Celera Assem-

bler v7.0 (Myers 2000) (Data S1, Supporting information).

Mitochondrial contigs were filtered against a reference

database including 245 nearly complete coleopteran mito-

chondrial genomes (M. Timmermans, C. Barton, J. Haran,

D. Ahrens, L. Culverwell, S. Dodsworth, P.G. Foster, L.

Bocak & A. Vogler, unpublished data) and subsequently

annotated using COVE v2.4.4 (Eddy & Durbin 1994) and

tRNA covariance models. FeatureExtract (Wernersson

2005) was used to extract inter-tRNA regions correspond-

ing to the protein-coding genes, which were individually

aligned, edited and reconcatenated to get the final contigs

(details in Data S1, Supporting information).

Two data sets were generated from the contigs with

the aim of generating a backbone phylogenetic tree to

place shorter metagenomic contigs and Sanger cox1

sequences. (i) The 3KB data set includes contigs

>3000 bp plus the 245 reference sequences that were

combined for a ‘minimum contig-length’ supermatrix.

Orthology of contigs is not certain because multiple no-

noverlapping contigs may correspond to a single mito-

chondrial genome. Putatively nonoverlapping contigs

were combined into a unique sequence, if they occupy

a similar position in the phylogenetic tree and show

low divergence from each other in preliminary phyloge-

netic trees obtained using BEAST (Drummond et al.

2012; details in Data S1, Supporting information). Phy-

logenetic trees were also explored to identify and

remove noncoleopteran sequences, after confirmation of

top hits in the NCBI database. (ii) The BC data set was
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generated from contigs of any length containing a frag-

ment of minimally 100 bp of the cox1 barcode (positions

1808–1907 of the T. castaneum mitogenome), for a ‘cox1

barcode-centred’ supermatrix. This contig set ensures

orthology of all terminals in the matrix.

Phylogenetic inference

The 3KB data set was used for phylogenetic inference

on amino acid sequences in PhyloBayes (Lartillot &

Philippe 2004), running two independent chains under

a CAT-Poisson model for 168 h. Trees retrieved from

both chains were combined after discarding 50% initial

trees as burn-in, and the maximum clade probability

tree was estimated using TreeAnnotator (Drummond

et al. 2012). The amino acid sequences were used in this

step as they provided an improved phylogeny of Cole-

optera at the higher taxonomic level (M. Timmermans,

C. Barton, J. Haran, D. Ahrens, L. Culverwell,

S. Dodsworth, P.G. Foster, L. Bocak & A. Vogler,

unpublished data). The tree obtained was used as back-

bone constraint in RAxML (Stamatakis et al. 2008) using

the -r function and a combined DNA alignment

(3KB+BC) to place contigs from the BC data set into

the backbone phylogeny, using a GTR+Γ model and

conducting 10 searches for the best ML tree and 100

bootstrap pseudoreplicates. Similarly, the resulting tree

(including both 3KB and BC contigs and reference

sequences) was used as a backbone to place the San-

ger sequenced cox1 barcodes. Branch lengths of final

trees were re-estimated to be ultrametric using nucleo-

tide data and fixing the topology in BEAST (operators

arrowExchange, wideExchange, wilsonBalding, subtreeSlide

inactivated). Analyses were run for 1–2.5 9 107 genera-

tions sampling every 5000th generation under a

GTR+G model, an uncorrelated log-normal (ULN)

clock and taking median values for branch lengths

after discarding 50% initial trees as burn-in. Tree

searches were conducted on the CIPRES portal (Miller

et al. 2010).

Species delimitation and community composition

Ultrametric trees were used for species delimitation

applying the single threshold algorithm of the general-

ized mixed Yule coalescent (GMYC) model (Pons et al.

2006). The GMYC was applied to trees generated from

(i) the 3KB contigs, (ii) the BC contigs and (iii) the BC

contigs + Sanger cox1 sequences. Respectively, the tree

used for each data set was obtained by pruning all con-

strained terminal branches from the tree generated with

the backbone approach as described above.

Contigs and Sanger barcodes were used to screen for

species presence in each Illumina library by plotting the

number and distribution of reads that match each

sequence (matched reads). Positive identification of a spe-

cies in the sample required a minimum of two matched

reads of 150 bp and 100% similarity with an existing

contig. Sister GMYC species that shared the match of

two or more reads were collapsed into a single species

(for consistency with the identification based on matched

reads). Using this information, we built a matrix for

presence of GMYC species in each library and a corre-

sponding species tree by retaining a single terminal per

GMYC species.

Total phylogenetic diversity (PD) for each community

was quantified as the total branch length spanned by

the tree including all its member species (Faith et al.

2009). We used the function phylocurve.perm (Nipperess

& Matsen 2013) with 999 randomizations to estimate

the expected PD for each community, after rarefaction

for the minimum species number in any community to

normalize for species richness (Gotelli & Colwell 2001).

Compositional dissimilarity of communities was esti-

mated using the Sørensen index and its additive turn-

over and nestedness components (Baselga & Orme

2012). For estimates of phylobetadiversity, we used the

analogous 1-Phylosor index (Bryant et al. 2008) that con-

siders the fraction of branch length shared among com-

munities and ranges from 0 (no dissimilarity) to 1

(complete dissimilarity). We compared the observed

phylobetadiversity between pairs of communities with

a null model where species richness and turnover were

fixed and only the identity of the species was random-

ized (999 iterations) (Graham et al. 2009; Leprieur et al.

2012). Additionally, to visualize the ordination of the

communities based on compositional and phylogenetic

information, we performed a principal coordinates

analysis (PCoA) and used the function envfit (Oksanen

et al. 2015) with 999 permutations to check for the corre-

lation between its main axes and the regional and soil

layer vectors. These analyses were performed using the

R-packages vegan (Oksanen et al. 2015), ade4 (Thioulouse

et al. 1997) and betapart (Baselga & Orme 2012).

Based on the presence/absence matrices, species were

classified by geographic region (CAD, CAR and CR) and

by the soil layer they inhabit (exclusively found in the

deep layer, exclusively in the superficial layer, or both).

The phylogenetic clustering of these groups was assessed

comparing their observed phylogenetic diversity (PD)

and mean nearest taxon distance (MNTD) to the pattern

expected under a null model of 999 community random-

izations (independent swap algorithm; Graham et al.

2009). The resultant indexes (PDSES and MNTDSES,

respectively) and their associated P-values indicate

whether species in a community are phylogenetically

more closely related (clustered; <0) or less closely related

(overdispersed; >0) than expected by chance (Webb et al.
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2002). The species pool used in null model analyses

included all the species found in the soil samples of the

different regions, thus allowing to identify the potential

role of the dispersal limitation at such regional scale

(Cornell & Harrison 2013). The phylogenetic clustering

indexes and randomization tests were performed using

Picante (Kembel et al. 2010). Figure S2 (Supporting infor-

mation) summarizes the proposed workflow.

Results

DNA extractions were performed on up to three speci-

mens per morphospecies and local sample, for a total 535

adult and 959 larvae of presumed Coleoptera. DNA

pools were generated from the vouchered extractions

separately for the three sites and the two soil layers. The

resulting six Illumina libraries included a total of >46
million paired reads, and assemblies in Celera yielded

273488 contigs, of which 0.96% were identified as mito-

chondrial sequences using BLAST (Table 1). All contigs

with a minimum length of 3000 bp were combined into

the 3KB data set. Preliminary phylogenetic analyses rec-

ognized several non-Coleoptera contigs apparently

resulting from misidentified larval specimens, which

were removed. The final 3KB set included 214 new mito-

chondrial contigs and 245 Coleoptera reference

sequences of M. Timmermans, C. Barton, J. Haran, D.

Ahrens, L. Culverwell, S. Dodsworth, P.G. Foster, L.

Bocak and A. Vogler (unpublished data). In addition, the

cox1-centred BC data set was created containing 264 new

contigs (Table 1; Tables S2–S4, Supporting information).

Sanger sequencing for the vouchered specimens resulted

in 1128 sequences (75% success), of which 518 and 295

sequences, respectively, for the DEEP and SUP samples

clustered with Coleoptera, while 315 apparently noncole-

opteran barcodes were discarded (Table S5, Supporting

information).

Phylogenetic analyses on amino acid sequences for

the 3KB data set resulted in an overall well-supported

tree (Fig. 1), closely matching the topology of basal rela-

tionships in Coleoptera by the reference set alone

(M. Timmermans, C. Barton, J. Haran, D. Ahrens, L.

Culverwell, S. Dodsworth, P.G. Foster, L. Bocak & A.

Vogler, unpublished data). The phylogenetic tree gener-

ated from the BC data set and cox1 barcodes revealed

numerous clusters of closely similar terminals, fre-

quently composed of (near-)identical sequences from

barcoding and metagenomic contigs, in particular if

obtained from the same site (Fig. 2; Fig. S2, Supporting

information). The tree indicated the congruence of

results from either approach, and linked identifications

made on cox1-barcoded vouchers to metagenomic con-

tigs (Fig. 2; Fig. S2, Supporting information). The tree

showed good recovery of families and superfamilies

within Coleoptera, with both monophyletic Adephaga

and Polyphaga. Within the latter, Scarabaeiformia, Bos-

trichiformia and Cucujiformia were retrieved as mono-

phyletic, with paraphyletic Elateriformia and

Staphyliniformia. At the superfamily level, Elateroidea,

Buprestoidea, Staphylinoidea, Histeroidea, Cleroidea,

Tenebrionoidea, Chrysomeloidea and Curculionoidea

were monophyletic. Our contigs were distributed

widely across the tree, with notable clusters in Carabi-

dae (16 and 30 terminals for 3KB and BC, respectively),

Elateroidea (27 and 36), Staphylinoidea (68 and 79), Ten-

ebrionoidea (24 and 29) and Curculionoidea (33 and 35).

Species delimitation with GMYC resulted in 166 and

196 species for the 3KB and BC data sets (excluding ref-

Table 1 Number of studied specimens, obtained reads from Illumina sequencing and assembled contigs in the 3KB and BC data sets

for the studied soil communities (one per region and soil layer)

CAD DEEP CAD SUP COR DEEP COR SUP CR DEEP CR SUP Total

Number of specimens 327 471 203 157 166 170 1494

Reads (millions) 92 11.9 9.4 7.1 4.8 5.9 7.3 46.3

Reads without adapters (millions) 92 9.3 8.5 5.8 4.5 4.8 6.8 39.6

Number of contigs 65 577 39 640 40 069 39 763 63 785 24 754 27 3588

Mitochondrial contigs (>50 bp

after tRNA-based gene extraction)

529 655 352 164 342 319 2361

Contigs >10 000 bp 30 18 14 13 13 9 97

Contigs >3000 bp 90 72 54 29 39 43 327

Contigs (including cox1_100 bp) 88 76 44 27 42 40 317

Contigs in 3KB* 62 44 37 19 28 24 214

Contigs in 3KB >10 000 bp* 36 11 14 11 13 10 95

Contigs in BC* 78 55 42 21 35 33 264

Contigs in BC >10 000 bp* 25 9 10 10 8 5 67

Regions: CAD, C�adiz; COR, C�ordoba; CR, Ciudad Real; SUP, superficial; DEEP, endogeic.

*Data refer to the 13 mitochondrial protein-coding genes.
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1

Scarabaeiformia

Staphyliniformia:
Staphylinoidea

Bostrichiformia

Adephaga

Archostemata

Myxophaga

Elateriformia

Staphyliniformia:
Hydrophiloidea

Staphyliniformia:
Histeroidea

Cucujiformia:
Chrysomeloidea

Cucujiformia:
Cucujoidea

Cucujiformia:
Tenebrionoidea

Cucujiformia:
Cucujoidea

Cucujiformia:
Cleroidea

Cucujiformia:
Curculionoidea

Fig. 1 Ultrametric Bayesian tree obtained in PhyloBayes and BEAST for the data set including 214 contigs longer than 3000 bp and

245 reference mitogenomes for Coleoptera (3KB data set). Posterior probability support ≥0.9 is indicated by black circles and support

of 0.8–0.89 by white filled circles. Red circles on tips mark the mitogenomic contigs.

Fig. 2 Ultrametric Bayesian tree collapsed to GMYC species for the cox1-centred mitogenomic contigs and the Sanger-sequenced bar-

codes (BC+Sanger). Colour of clades: main lineages within Coleoptera as in Fig. 1. Circles on tips mark species with barcodes; stars

mark species with mitogenomic contigs. Panels: presence (black)/absence (white) of each species in each community (in columns,

from left to right: C�adiz deep layer, C�adiz superficial layer, C�ordoba deep layer, C�ordoba superficial layer, Ciudad Real deep layer,

Ciudad Real superficial layer and finally, taxa only present in deep soil layers. Highlighted in grey are the clades restricted to the

deep soil with unique species for each region (and for which adult specimens were found): a) Anillini, b) Leptotyphlini, c) Pselaphi-

dae, d) Osoriini, e) Scydmaenidae, f) Anommatini, g) Torneumatini.
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erence sequences), whereas 324 species were obtained

for the combined BC and Sanger barcodes, of which 152

(47%) were shared, 36 (11%) were obtained exclusively

with metagenomics and 136 (42%) exclusively with

barcoding (Fig. 2). All major phylogenetic lineages were

captured by either methodology, although some sublin-

eages, for example the tribe Leptotyphlini (Staphylini-

dae) and several Scydmaenidae, were picked up mainly

with the PCR-based approach, possibly because of their

minute body size and consequently low DNA yield in

the metagenomic mixtures.

All reads from the six Illumina libraries, including

those not incorporated into the contigs, were matched

against the contigs and barcodes (see Material and

methods), to establish the distribution of each GMYC

group across all libraries. By considering sequence

reads, rather than assembled contigs, the discovery

rates using metagenomic sequencing increased greatly.

For example, when mapped against the 813 cox1 Sanger

sequences (288 GMYC species), 733 sequences (243

GMYC species) were identified with at least one

matched read of 100% and ≥100 bp, representing 90%

and 84% of sequences and species, respectively. Two

sister taxa shared ≥2 matched reads and were collapsed

into a single species for estimates of species numbers in

seven pairs of sister GMYC species for the 3KB and one

pair for the BC data sets.

Compositional and phylogenetic diversity of
communities

Species richness decreased from south to north, that is

from CAD to COR to CR (Table S6, Supporting infor-

mation), but at each region the species numbers were

higher in DEEP than in SUP communities. Phylogenetic

diversity closely matched the patterns of species rich-

ness. After PD rarefaction based on the overall lowest

number of 24 species in any community, differences

between communities were clearly reduced (Table S6,

Supporting information).

The multisite beta diversity (compositional dissimilar-

ity) and phylobetadiversity (phylogenetic dissimilarity)

showed strong differences among communities, with

values of >0.8 and >0.7, respectively (Table S7, Support-

ing information). By separating turnover and nestedness

components of beta diversity and phylobetadiversity,

approximately 85% of the total could be assigned to

turnover for both metrics. Compositional and phyloge-

netic dissimilarities were greater among the three

regions than between the two layers, and the turnover

components among regions were higher (11 of 12 com-

parisons) for deep layers than superficial layers (Fig. 3;

Table S7, Supporting information). For the three data

sets, the PCoA ordinations on species presence/absence

across axis 1 pointed to regional differences as the main

factor driving compositional dissimilarities between

communities (Fig. 3), and concordantly, the envfit func-

tion detected strong and significant correlations

between axis 1 and the region vector (Table S8, Sup-

porting information). Ordinations clearly showed that

differences between soil layers split communities along

axis 2 (Fig. 3), but such relationship was not found sig-

nificant across the different data sets (Table S8, Support-

ing information).

Phylobetadiversity in most comparisons of deep and

superficial communities was higher than expected from

simple species beta diversity, a finding that was mainly

evident in the BC+Sanger data set with its most com-

plete species coverage. No such increase in phylogenetic

differences compared to compositional differences

between communities was seen for comparisons within

either layer (Table 2). Applying the PD and MNTD

metrics widely used in phylogenetic community ecol-

ogy, the composition of communities in the three regio-

nal species pools showed no phylogenetic clustering or

overdispersion (evenness) (Table 3). In contrast, species

present only in the deep layer showed significant clus-

tering across the tree, while no such pattern of phyloge-

netic clustering was evident in the exclusively

superficial-layer species and, only partially significant

for taxa present in both superficial and deep layers

(Table 3).

Discussion

Compositional and phylogenetic diversity of soil beetle
communities

Phylogenetic community ecology provides an evolution-

ary framework of biodiversity (Webb et al. 2002;

Graham & Fine 2008), but its application to species-rich

and poorly known taxa remains limited. The integrated

approach of mitochondrial metagenomics for de novo

sequencing of mitogenomes and the direct mapping of

reads against reference sequences can overcome several

challenges of community-level phylogenetic studies and

so revealed the magnitude, pattern and potential driv-

ers of compositional and phylogenetic diversity of soil

beetle communities.

First, the study showed the magnitude of beetle spe-

cies diversity and the broad representation of major lin-

eages of Coleoptera (Fig. 1). Sampling 69 soil samples

from three geographic regions in southern Iberia pro-

duced 324 putative beetle species from combined mitog-

enomes and cox1 barcodes (BC+Sanger), of which 179

species were exclusive to the deep-soil layer.

Species-level entities at these sites were delimited and

placed into known lineages of Coleoptera based on the
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phylogenetic power of long mitochondrial sequences

which allowed for well-supported community-level evo-

lutionary trees, a resource until now unavailable but

essential for the performance of the phylogenetic com-

munity ecology analyses. Nearly half of these species

were encountered in the larval stages (Fig. S2, Support-

3KB

CAD COR CR
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84.0/96 .00.47/0.37 0.46/0.35 0.67/0.50

0.46/0.35 0.67/0.50

0.79/0.470.62/0.38

0.71/0.40

0.75/0.46

CAD COR CR

94.0/27.0
44.0/ 36.00.40/0.33 0.48/0.33 0.56/0.37

0.48/0.36 0.60/0.45

0.76/0.480.60/0.40

0.59/0.30

0.69/0.41

CAD COR CR

45.0/67.0
84.0/46. 00.53/0.40 0.54/0.44 0.65/0.49

0.49/0.35 0.63/0.55

0.78/0.570.70/0.45

0.60/0.35

0.69/0.43
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Compositional dissimilarity Phylogenetic dissimilarity

Fig. 3 Compositional and phylogenetic dissimilarities between communities in the 3KB, BC and BC+Sanger data sets. Right panel:

PCoA ordinations of communities using taxonomical (Sørensen index, sor) and phylogenetic (1-Phylosor index, psor) dissimilarity

matrixes. Left panel: Compositional (Simpson index, sim)/phylogenetic (1-Phylosorturn index, psim) turnover between the different

pairs of communities. Regions: CAD, C�adiz; COR, C�ordoba; CR, Ciudad Real. Soil layer: SUP, superficial; DEEP, endogeic.
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ing information), whose species circumscription and

phylogenetic placement would have been very difficult

with conventional methods. Phylogenetic lineages in the

soil correspond to diverse functional groups, including

predators, such as Staphylinidae, Scydmaenidae, Cant-

haridae and Carabidae; detritivores in Tenebrionidae

Table 2 Comparisons of compositional and phylogenetic pairwise dissimilarities between communities in the 3KB, BC and

BC+Sanger data sets

Communities

3KB BC BC+Sanger

psorSES P-value psorSES P-value psorSES P-value

Between vertical layers

CAD_DEEP-CAD_SUP 2.883 0.009 1.374 0.183 2.962 0.005

CAD_DEEP-COR_SUP 3.567 0.003 2.299 0.023 2.867 0.007

CAD_DEEP-CR_SUP �0.968 0.325 0.229 0.845 2.751 0.011

COR_DEEP-CAD_SUP 0.908 0.357 1.841 0.059 4.168 0.001

CR_DEEP-CAD_SUP 1.988 0.035 1.237 0.221 3.551 0.001

COR_DEEP-COR_SUP 1.476 0.159 0.998 0.329 1.908 0.053

COR_DEEP-CR_SUP �0.499 0.599 �0.019 0.963 2.145 0.031

CR_DEEP-COR_SUP 0.535 0.597 �0.431 0.645 1.662 0.091

CR_DEEP-CR_SUP �0.555 0.583 1.021 0.281 2.758 0.005

Within vertical layers

CAD_DEEP-COR_DEEP 0.917 0.365 �1.008 0.311 1.104 0.277

CAD_DEEP-CR_DEEP 0.355 0.741 0.032 0.973 0.735 0.467

COR_DEEP-CR_DEEP �0.585 0.551 0.745 0.445 0.785 0.437

CAD_SUP-COR_SUP 1.264 0.203 1.446 0.155 1.264 0.203

CAD_SUP-CR_SUP �1.343 0.177 �0.005 0.983 0.745 0.445

COR_SUP-CR_SUP 1.379 0.165 �0.098 0.917 1.806 0.063

Regions: CAD, C�adiz; COR, C�ordoba; CR, Ciudad Real. Soil layer: SUP, superficial; DEEP, endogeic. Standardized effect sizes of the

phylogenetic dissimilarity (psorSES: 1-Phylosor index) and P-values as obtained for null model comparisons where species richness

and turnover among communities were fixed and only the identity of the species was randomized (999 iterations). Positive values in

this index indicate a higher phylogenetic dissimilarity than expected from the compositional dissimilarity and negative values lower

than expected. Significant values are in bold.

Table 3 Phylogenetic clustering of lineages of each region and soil layer in the 3KB, BC and BC+Sanger data sets

Metric CAD COR CR DEEP Both SUP

3KB

PDSES 0.4428 0.0407 �1.124 �2.561 �1.951 0.574

PDSES P-value 0.662 0.498 0.124 0.005 0.028 0.703

MNTDSES 1.264 �0.326 �1.646 �2.485 �1.634 0.700

MNTDSES P-value 0.894 0.377 0.055 0.007 0.051 0.747

BC

PDSES 0.452 1.707 �1.437 �2.706 �1.152 1.718

PDSES P-value 0.687 0.960 0.080 0.005 0.136 0.947

MNTDSES 0.9899 0.9507 �0.7593 �2.310 �0.807 1.148

MNTDSES P-value 0.840 0.810 0.213 0.017 0.209 0.877

BC+Sanger
PDSES 0.436 �1.498 �1.267 �2.414 �2.198 0.773

PDSES P-value 0.665 0.076 0.107 0.011 0.017 0.214

MNTDSES �0.458 �1.862 �0.566 �2.782 �1.396 �0.947

MNTDSES P-value 0.329 0.035 0.296 0.005 0.091 0.173

Regions: CAD, C�adiz; COR, C�ordoba; CR, Ciudad Real; DEEP, species found exclusively in deep layer; SUP, species found exclu-

sively in superficial layer; Both, species present in deep and superficial layers. PDSES, MNTDSES: Standardized effect sizes of the phy-

logenetic diversity (PD) and the mean nearest taxon distance (MNTD) and P-values as obtained for null model comparisons

(independent swap, 999 randomizations). Negative values in these indexes indicate phylogenetic clustering and positive values phy-

logenetic evenness (overdispersion). Significant values are in bold.
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and Scarabaeidae; or root feeders in Curculionidae and

Chrysomelidae (Fig. 1). The approach here performed

integrates species discovery and biodiversity analysis

from local specimen collections for a much needed global

taxonomic database of soil organisms. The phylogenetic

position relative to identified lineages immediately pro-

vides information on functional ecology and probable

guild membership and thus permits further develop-

ments including estimations of functional diversity and

the potential ecosystem services provided by soil

communities.

Second, the three major study sites provide a spatial

perspective to the composition of soil communities. The

site at Cadiz produced approximately twice as many spe-

cies as the two other sites. Phylogenetic diversity (PD)

was also higher, but when controlling for species number

PD was remarkably similar for the three regions, pointing

to a mostly uniform representation of the main Coleopt-

eran lineages in all sites (Table S6, Supporting informa-

tion). Possible higher habitat heterogeneity of the C�adiz

region, due to the high floristic diversity and uniqueness

of the Sierra de Grazalema, or its milder climatic condi-

tions compared with the more continental C�ordoba and

Ciudad Real regions could be responsible for the higher

diversity. Yet, compositional and phylogenetic dissimi-

larity of communities could be attributed almost entirely

to ‘turnover’, in particularly for the deep-soil communi-

ties (Fig. 3, Table S7, Supporting information), which

points to the importance of factors causing vicariant

ranges to constrain soil community composition (Graham

et al. 2009; Leprieur et al. 2012).

The patterns suggest strong dispersal limitations acting

in soil beetle communities even at regional scales, in con-

trast to soil microbial patterns, but similar to initial find-

ings in other mesofaunal groups (e.g. Erdmann et al.

2012). Recent studies on other soil taxa already revealed

that at the global scale very few species are shared among

sites (Wu et al. 2011; Nielsen et al. 2014). Local differenti-

ation over fine geographic scales has already been estab-

lished for Mediterranean soil communities of Collembola

(Cicconardi et al. 2010), and high community turnover

may result in potentially large undiscovered diversity

and underestimation of species numbers due to incom-

plete geographic sampling (Cicconardi et al. 2013). These

results highlight the restricted scale of the ‘local commu-

nity’ for soil Coleoptera and support the idea of a pri-

macy of neutral and/or dispersive processes driving the

assembly of mesofauna communities at smaller scales

than for other animal groups (Caruso et al. 2012). The

topic also reopens the debate about the commonalities

between diversity patterns above and below ground

(Deca€ens 2008). Our study used natural habitats of the

Iberian Peninsula expected to harbour ancient and heter-

ogeneous soils, which predicts greater species diversity

than in more recently formed soil ecosystems (Zaitsev

et al. 2012), a correlation that deserves further investiga-

tion. In addition, the study of codistributed invertebrates

beyond the Coleoptera is required, to establish whether

these findings hold generally for soil mesofauna. A den-

ser scale of sampling sites is also needed to obtain greater

precision on the magnitude and spatial scale of beta

diversity. Finally, our study captured species diversity at

the three sites by combining representative soil samples

from the main forest and grassland habitat types, but this

may overlook some degree of ecological turnover due to

landscape heterogeneity (e.g. Kounda-Kiki et al. 2009).

Third, the analysis revealed clear differences between

beetle communities from deep and superficial soil lay-

ers. Deep-soil communities showed both greater species

diversity and PD than superficial-soil communities

(Table S6, Supporting information). The high composi-

tional and phylogenetic beta diversity between deep

and superficial layers (Fig. 3, Table S7, Supporting

information) points to a strong vertical stratification of

soil beetle composition. This is true also for phyloge-

netic beta diversity between deep and soil layers which

was even higher than what is expected from their spe-

cies (compositional) turnover, in particular for the most

complete matrix with the Sanger barcodes included that

shows the vertical differentiation most clearly (Fig. 3;

Table 2). Likewise, using metrics from phylogenetic

community ecology, we find that the exclusive deep-soil

taxa are phylogenetically clustered, while superficial

assemblages are stochastically distributed across the

tree of Coleoptera (Table 3). These findings reveal the

existence of deep-soil specialist lineages, which were

identified as typical endogean lineages consistently

found in the deep soil only in our study, including

Anillina, Leptotyphlini, Osoriini, Torneumatini, Anom-

matini, Pselaphidae and Scydmaenidae (Fig. 2). The

phylogenetic trees revealed replacement among the

three regions mainly at the tip level, where species are

unique to a single region, resulting in the high regional

turnover among the deep-soil communities (Table S7,

Supporting information). Hence, at a regional scale,

strictly deep-soil communities appear highly affected by

geographic speciation. Yet, they show great phyloge-

netic distance from other lineages, indicating tight asso-

ciation with the deep soil over extended evolutionary

periods, which results in the greater than expected phy-

logenetic turnover against lineages in superficial layers

(Table 2).

Taken together, our results suggest that past and cur-

rent geographic isolation is a plausible mechanism driv-

ing diversity turnover in soil beetle communities at

regional scales. The intensity of these processes is

mediated by the soil layers and, ultimately, by niche

conservatism that maintains these processes (Wiens
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et al. 2010). For other groups of soil arthropods, mainly

Collembola, a strong trade-off has been shown between

the adaptation to the deep soil conditions and the spe-

cies dispersal capacity and/or physiological tolerances

(Ponge et al. 2006), and such specialization increases

species vulnerability under climate change (Bokhorst

et al. 2012). Our results on soil beetles support this idea

and show that soil layer specialization could be a major

driver of species diversity, structure and spatial assem-

bly of soil communities.

Mitochondrial metagenomics to study the phylogenetic
assembly of communities

The metagenomics approach overcomes the taxonomic

impediments and main challenges of community phy-

logenetics to the study of complex, hyperdiverse and

poorly known communities, arising from the difficulties

of species circumscription, phylogenetic placement and

community delineation (Graham & Fine 2008; Emerson

et al. 2011). We obtained 95 complete or nearly mitoge-

nomes (>10 kb of protein-coding genes), which contrib-

ute to firm estimates of relationships in Coleoptera and

place the members of a community relative to known

lineages. Contigs from independent libraries were

highly similar for the length of the mitogenomes, which

demonstrates that the assembly from mixtures of speci-

mens is reliable and repeatable. The method also

detected intraspecific variation used for establishing

GMYC groups. For instance, in the BC data set, across

the six libraries a total of 112 (of the 264 total) contigs

were grouped into 44 GMYC species, and this variation

was confirmed by Sanger sequences which revealed

very close matches of the local variants (Fig. S2, Sup-

porting information). However, the metagenomic analy-

sis mainly revealed interlibrary variation, because

closely related haplotypes from a single site are incor-

porated into a given contig, which masks the intrapopu-

lation variation that was clearly evident in the Sanger

barcodes.

The alternative criteria for selecting the BC and 3KB

data sets provide interesting insights into the efficiency

of building phylogenetic matrices from the de novo

assemblies. The 3KB data maximized the number of

long mitogenomes >10 kb (95 vs. 67 in BC), mainly by

combining nonoverlapping contigs of presumed partial

mitogenome sequences into a single terminal based on

their placement and distances in the tree (see Material

and methods). The longer sequences generally resulted

in a better-supported phylogeny. The BC data set

included a greater total number of contigs (266 vs. 214

in 3KB), but many of them were short and their place-

ment in the tree was less certain. However, the use of

contigs centred on the cox1 segment simplifies the

matrix construction and allows direct comparisons with

standard barcodes or metabarcoding data sets. At the

sequencing depth used here, neither data set came close

to incorporating all of the 324 species that were

obtained by contig assembly and Sanger barcoding

combined. The lower species coverage of contigs (188

species; 58%) compared to that of barcoding alone (288

species; 89%) may be a disadvantage for certain applica-

tions. However, the biodiversity patterns obtained from

the metagenomic data sets closely match those obtained

from the combination of contigs and barcodes

sequences, as shown by the significant correlation

(Mantel test) found for the compositional and phyloge-

netic dissimilarity matrixes for the BC vs. BC+Sanger

data sets (r2 = 0.84, P = 0.001 and r2 = 0.83, P = 0.004,

respectively) and 3KB vs. BC+Sanger (r2 = 0.90,

P = 0.004 and r2 = 0.66, P = 0.007). In addition, the

placement of short cox1 fragments is greatly improved

in the presence of related, long mitogenome sequences

without which the phylogenetic community patterns

would not have emerged.

The mitogenome library allows for improved phylo-

genetic analysis for the target communities, unlike exist-

ing metabarcoding approaches, but in addition

mitochondrial metagenomics provides a sensitive test

for the presence of the corresponding species directly

from extractions performed on complex bulk samples

or even directly from the soil by read mapping against

reference sequences. The Illumina sequencing output

from our bulk samples contained reads that correspond

to 90% (733 of 813) of cox1 barcodes and 84% of the

GMYC species obtained with Sanger sequencing. Thus,

the cumulative sequence data will allow for phyloge-

netic community studies to be performed using species

presence, and potentially abundance and intraspecific

variation, solely generated by the direct mapping of

high-throughput sequencing reads. Determining the

species presence in the six libraries (Fig. 3) added many

records that were missed in the assembled contigs.

Hence, we need to distinguish the straightforward step

of matching reads against a reference, from the more

difficult task of building this reference set. Currently,

the assembly step is a critical bottleneck in the

described de novo metagenomics protocol that could

potentially be overcome by greater sequencing depth,

enrichment of mitochondrial DNA, longer reads or

improved assemblers. Once a reference sequence exists,

read mapping can be performed with much lower

sequence coverage than is required for the initial assem-

bly and may become an equally cost-effective way as

metabarcoding for the characterization of communities.

This will permit the community analysis of numerous

samples, for example in the current study separating

those combined at the landscape level, to test more spe-
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cifically the link of community composition to factors

such as soil type, soil age, stage of succession, above-

ground vegetation and others. We envision a system by

which numerous species can be monitored simulta-

neously as indicators of soil type or soil diversity, as a

powerful tool for soil management and biodiversity

conservation.
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