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Highlights

- Eight new microsatellite loci were developedttoe earthwormumbricus castaneus

- These markers revealed an important genetic sliyan 6 populations of the Paris region

- Geographically close populations were geneticsitiypificantly different.
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Abstract

Urban soils are subject to intense environmentasgures, e.g. physical disturbance,
surface transformation and pollution, which greatipact the activity of soil organisms. The
epigeic earthwornmLumbricus castaneus (Savigny, 1826) is known to be tolerant to trace
elements contamination of soils and was found tatlnendant in the urban context. In order
to investigate how urban environmental stressoepetthe population genetic variation of
this species, we developed 8 microsatellite looimfra microsatellite-enriched genomic
library. Polymorphism was explored in 6 populati¢hS3 individuals) from the Paris region.
The number of alleles per locus varied from 7 to PBe average expected heterozygosity
within populations ranged from 0.596 to 0.705. Ehaew microsatellite markers revealed a
significant genetic structure at fine spatial scaighlighting that they could be particularly

useful for genetic studies of populations in urbaits.
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1. Introduction

Levels of genetic variation within and among pogioles are determined by the joint
action of mutation, selection, genetic drift, arehg flow (Hartl and Clark, 2007), which in
turn operate within the historical, ecological dndlogical context of each species (Loveless
and Hamrick, 1984). Thus, ecological preferencesld@ history traits can play a major role
in shaping the population genetic structure of acss (Gonzalez and Zardoya, 2007).
Understanding the evolution of genetic variatioa fgriority for biodiversity conservation and
environmental biomonitoring programs, in particutecause levels of genetic variation is a
major determinant of the long-term maintenancepefcgs. This is particularly true in urban
environments where environmental disturbances dfrapogenic origin such as pollution,
geographic isolation and habitat fragmentation paofoundly affect population genetic
parameters (Johnson and Munshi-South, 2017). [e#mir challenging environment, some
species are able to exploit urban habitats and dmtain their populations (Takami et al.,
2004). It is important for biodiversity managemegmbgrams to determine the genetic

background of these species evolving in urban etes)s.

Soils are the foundation for many ecological preessand provide key ecosystem
services even in urban areas where they are pallytieysically disturbed and frequently
artificial (review in Pickett et al., 2011). Eleeattrace element concentrations are universally
reported in urban soils and sources have beenias=evith roadside environments, interior
and exterior paint, refuse incinerators, induststalck emissions, management and industrial
waste (Pickett et al., 2011). Such contaminatiosaifs by trace elements is known to affect
exposed species, such as earthworms (Mussali-@aktntl., 2014). In particular, metal
pollution is expected to profoundly alter the gemefariation within populations, in four
different ways : (i) by increasing mutation ratés) by directional selection on tolerant
genotypes, (iii) by causing bottleneck events, @wdby altering migration (i.e. reducing or

4
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increasing gene flow in relation with the level tolerance of the individualg§Mussali-

Galante et al., 2014; van Straalen and Timmern20G2).

Microsatellites are commonly used to infer micrdetionary processes such as
mutation, genetic drift and gene flow and providealuable insights into the overall levels of
neutral genetic variation (i.e. neutral means geate variants detected do not have any direct
effect on fitness) within populations (Kirk and Eland, 2011). Although microsatellite
markers have been developed for eight earthworntiepeo date:Lumbricus rubellus
(Harper et al., 2006),. terrestris (Souleman et al., 2016; Velavan et al., 206i6r,mogaster
elisae (Novo et al., 2008)Allolobophora chlorotica (Dupont et al., 2011)Aporrectodea
icterica (Torres-Leguizamon et al., 201Aporrectodea longa (Strunk et al., 2012kisenia
fetida (Somers et al., 2011) amdnynthas cortices (Cunha et al., 2017), they have not been

used to investigate genetic changes in populatippsed to trace elements yet.

Here, our main aim was to develop and charactenzerosatellite loci forlL.
castaneus (Savigny, 1826)a diploid and obligatory amphimictic earthworm sjpe This
epigeic earthworm is known to be tolerant to tralsanent contamination of soils (Grumiaux
et al., 2015; Spurgeon and Hopkin, 1996). For m=#a Spurgeon and Hopkin (1996) found
that zinc was the most toxic trace element fordsiferent earthworm species living close to
smelting works at Avonmouth (southwest England) lbutastaneus was the most tolerant
and survived in soil containing up to 3627 mg*kaf Zn. This tolerance to elevated trace
element concentrations makkes castaneus a good candidate for genetic studies in urban
conditions, such as in the Paris region where nceaentration of Zn varies approximately
between 107 and 174 mg kin soils of lawn and woods respectively (Foti et 2017).
Metal-tolerant populations df. castaneus situated in metal contaminated sites surrounded by
non-contaminated areas provide the opportunity rieestigate the initial steps in the

establishment of differentiated populations undevese selection pressures and strong
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demographic bottlenecks (e.g. (Mengoni et al., 200these populations growing in
contaminated sites are thus valuable models forstbdy of microevolutionary processes
(Macnair, 1987). In that context, our main aims evén to develop eight polymorphic
microsatellite loci from a microsatellite-enrichggnomic library and (ii) to assess their
usefulness for genetic studieslofcastaneus populations in urban environment by examining

their genetic variability in six populations of tRaris region.

2. Material and Methods

All collected specimens ofumbricus castaneus were identified based on external
morphology using the key of Bouché (1972). Eartmeomwere sampled manually in top 10
cm of soil using a solution of Allyl isothiocyangt&ITC) diluted with isopropanol (propan-2-
ol, RPE grade, Carlo-Erba) to obtain a 57 $olution (Zaborski, 2003). Earthworms were
rinsed and cleaned under tap water and storedhamet 96% until use.

For microsatellite-enriched genomic library constion, we maximized the genomic
diversity by using eight individuals that were ealled in two sites of northern Nord-Pas-de-
Calais region, approximately 150 km apart 3 speasn  from
50°51'46.119"N/1°50'31.765"E and 5 specimens fro6f25'56.465"N/3°2’56.558"E), and
one individual that was collected in southern Pdl#50°01'38.0"N/20°15’02.9"E). Total
genomic DNA was isolated using the NucleoSpin ®T&&ue kit (Macherey Nagel, France).
A stoichiometric mixture of the 9 DNAs was perfomn® produce a microsatellite enriched
genomic library which was constructed by the Geremt Company (Lille) by coupling
multiplex microsatellite enrichment isolation teaues with the 454 GS-FLX Titanium
pyrosequencing (Malausa et al., 2011). Enrichmes performed using probes containing
the following microsatellite motifs: TG, TC, AAC, XG, AGG, ACG, ACAT and ACTC.

Overall, 11875 sequences containing a single matetlge motif were found (Accession no.
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in the NCBI Short Read Archives SRP154315). Thieved the identification of 664
independent microsatellite loci candidates for Whaenplification primer pairs were designed
in silico. Among them, 40 microsatellite loci wezhosen in order to diversify the repeated
motif (di — tri- and tetra-nucleotides motifs), ieaximize the number of repeats of the motif,
and to allow multiplexing (i.e. different expectaahplicon sizes).

Amplification trials, tests of polymorphism and seluent analyses of genetic
structure were performed on six populations from Baris region. Four of these populations,
namely the Buttes-Chaumont park (BCH), the ButtecHapeau rouge square (BCR), the
Belleville park (BEL), and the Compans square (CQ geographically close to each other
(less than 2 kilometers) and situated in th& a8d 20" districts northeast of Paris. The
remaining two populations are from the park of Riditte in Villeneuve-le Roi city (VLR 1
and VLR2), approximately 16 km away from Paris ([€ab). The population from Buttes-
Chaumont Park (BCH) was sampled over two consezyt@ars (2015 and 2016). Genomic
DNA was extracted using the same methodology awiqusly described. Tests of
amplification patterns were carried out on a pafié individuals from these six populations.
After basic PCR amplifications, PCR products wdreaked using gel electrophoresis in 2%
agarose gels. Of the 40 primer pairs, 28 had amhigbanding patterns. The 12 markers that
proved to be monolocus were analysed separatehyg labelled forward primers on an ABI
3130 xI Genetic Analyzer (Applied Biosystems, gerorplatform of IMRB, Mondor
Institute, Créteil). Fragment lengths were manualhecked on chromatograms to detect
inconsistencies and genotypes were scored agdiastGeneScan-500 Liz Size Standard
(Applied Biosystems) using GeneMapper 5 softwanep{ed Biosystems).

Of the 12 primer pairs, 4 were discarded becausardfiguous banding patterns or
monomorphism. The eight microsatellite markers (@&band Table S1 of the supplementary

data) showing both consistent amplification reswtsd genetic variation among tested
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individuals were used to develop one multiplextedie carried out in 1248 reactions using
10 ng of DNA and the Qiagen ® Multiplex Kit accandito the manufacturer’s protocol.

In order to quantify genotyping errors, 23 indivadisl of the VLR2 population were
genotyped twice (genotypes were produced from tifferdnt DNA extracts from the same
individuals). Error rates were quantified by compgtthe mean error rate per allelg) (@nd
the mean error rate per locus, Bompanon et al., 2005). Moreover, null allelegérencies
were estimated using the software FreeNa (ChapudsEstoup, 2007) with a number of
replicates fixed to 1000.

From the entire data set (153 individuals), the bemof alleles, the observed and
expected heterozygosities and the estimator ointhreeding coefficientHs) were calculated
using the program Genetix V. 4.05 (Belkhir et 2004). The allelic richness standardized for
sample sizeA; N = 14) was computed using the program Fstat ¥.32 (Goudet, 2000).
Exact test for genotypic disequilibrium and dewias from Hardy-Weinberg equilibrium
were computed using Genepop V. 4.4 (Rousset, 2008yder to investigate the importance
of genetic exchanges among populations, exact ¢ésthelic differentiation were carried out
using Genepop V. 4.4. To adjust for multiple congars, sequential Bonferroni correction
was used. Moreover, Weir and Cockerham’s (1984inesdr of the fixation indexXs was
calculated with Genepop V. 4.4. The program BAPSS\(Corander and Marttinen, 2006;
Corander et al., 2008) was used to carry out alysisaf spatial clustering of groups. We ran
10 replicates for k = 6 where k is the maximum nambf genetically divergent groups
(populations).

The 658 bp fragment of the COIl gene proposed atardard DNA barcode for
animals (Hebert et al.,, 2003) was sequenced usi@@1490F and HCO2192R primers
(Folmer et al., 1994) for six individuals used fbe genomic library (DNA of 3 individuals

could not be amplified) and for a sub-sample ohestady population (54 individuals, details
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in Table 1, GenBank Accession Numbers MH684623 —-6B#682). DNA sequencing was
performed in both directions by Eurofins Genomiospany and sequences were manually
aligned using the BioEdit program (Hall, 1999). ®aamy of the samples was checked using
the identification engine of BOLD (Barcode of LifeData Systems -
https//www.boldsystems.org/). Using the software GMb, we constructed a phylogenetic
tree by neighbour joining with p-distance and 1@@otstraps. To root the tree, we used a
sequence of.umbricus herculeus (GenBank Accession Number MH638308). Moreover, as
Porco et al. (2018) revealed the existence of thiresages within the morphospeciés
castaneus, one sequence per lineage was added to the dé@meBank Accession Numbers
FJ937284, MF121706, GU206163). The neighbor-joirphglogenetic tree revealed that all
the study specimens belong to the L1 lineage (Fig Supplementary data). Cross-
amplification of the newk. castaneus microsatellites across mitochondrial lineages @dius

not be tested.

3. Results and Discussion

In total eight polymorphic microsatellite markerene developed fokL. castaneus.
None of these loci showed significant linkage diskorium. Over the whole data set (N =
153), allele number per locus ranged from 7 to4b(e 2). Null alleles are likely to occur at
all loci but not at the same frequency accordingh® population. Null allele frequencies
ranged from 0 to 0.293 (Table 2). The presenceubifaileles in population genetics studies
using microsatellite markers have been frequemported for a wide range of taxa (Dakin
and Avise, 2004), and in earthworms in particuuogont et al., 2011; Harper et al., 2006;
Novo et al., 2008; Souleman et al., 2016; Velaviaal.e 2007). Several statistical corrections
for null allele are available in population genst&oftware to overcome this problem (e.g.

Chapuis and Estoup, 2007). Apart from the risk oll alleles, the reliability of the new
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microsatellite markers was good. Indeed, the risgemotyping error was null for the loci
LC02, LCO5, LC10, LC27 and LC36. The higher valmésmean error rate per allele and

mean error rate per locus were obtained for thed@€33 (0.05 and 0.10 respectively).

We further evaluated the suitability of the usetloése microsatellites for genetic
studies of populations exposed to environmentaissors by studying the genetic diversity
and the genetic structure of the six populationssampled in the Paris region. Summary
statistics describing the genetic variation witpiopulations are given Table 1. Significant
departure from Hardy-Weinberg equilibrium causedabgeficiency in heterozygotes was
observed in all sites withFs estimator ranging from 0.132 to 0.366 (Table 1).isTh
heterozygote deficit could be due to null allelest also to a Wahlund effect (i.e. cryptic
population structure within site) or to inbreedidglditional population genetic studies within
each site are necessary to further interpret themdts. The allelic richness and the expected
heterozygosity were found to vary slightly depegdan the population (from 6.06 to 7.70
and 0.596 to 0.705, respectively). The highesteslf the genetic diversity estimators were
observed in both populations of Villeneuve-le-Ré6LR1 and VLR2) which were sampled in
an urban wasteland of 8 ha. The sample from thegaoasmsquare (COM) was the population
with the lowest expected heterozygosity and theorsgdowest allelic richness (Table 1).
Because of the spatial isolation and the restristeel of the Compans square (2443, we
suggest that the low level of genetic diversity esbed in COM may be attributed to

important genetic drift effects due to small effeetpopulation size.

Among populations, a low but significant genetiusture was revealed at the level of
the whole study K = 0.033, P<0.001). As expected, the BCH15 and B&CHdmples,
collected at exactly the same locality of the BstBhaumont Park but over two consecutive
years, were not genetically differentiated and,sthare indeed from the same population

(Table 3). The highest pairwi$g; values were obtained between the COM populatiahadin
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231

the other populations (Table 3). This importantegendifferentiation of the COM population
confirms the suspected founder effect indicatethkylow level of genetic diversity observed,
and is probably the result of genetic drift. Thiagslarity was confirmed by the spatial
clustering of groups that revealed 3 clearly ddférated genetic clusters with one of the
cluster corresponding only to COM (Fig. 1). The plations of the Buttes-Chaumont and
Butte-du-Chapeau-Rouge Parks, both situated in@iedistrict northeast of Paris, clustered
as expected with respect to their geographicalipritx (Fig. 1). For the same reason, the
cluster found for both populations from VilleneueeRoi (VLR1 and VLR2) was predictable
but the fact that the Belleville population (BEL)s@ belongs to this third cluster was
surprising. This unexpected pattern of geneticcstine highlights the probable role of human
transfer of earthworms between sites as had beeadyl shown for instance for the endogeic
speciesAllolobophora chlorotica and Aporrectodea icterica (Dupont et al., 2015; Dupont et

al., 2017; Torres-Leguizamon et al., 2014).

To conclude, the eight newly developed microsagehiarkers fol. castaneus were
highly polymorphic and allowed to differentiate jpbgitions even at a fine scale (< 2 km) in
an urban context. Therefore, we believe that thdlybe of great utility to investigate the
consequences of environmental stressors, suclaes élements contamination, on neutral

genetic variation ok. castaneus populations.
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344  Figure legends

345 Figure 1

346  Spatial clustering analysis using a Voronoi teasielh in BAPS. The optimal partition value
347 was for K = 3. Different greyscales represent tired genetic clusters. Each cell of the
348 tessellation corresponds to the physical neighbmdlof an observed data point.
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352  Table 1: Characteristics of the six study samples, with gaplgical location (locality, latitude and longitydgear of collection (date), sample
353 size (\), number of COI sequencdss{, allelic richness after rarefaction to a populatsize of 144;), observed heterozygosithl4), expected
354 heterozygosityHl), and fixation indeXs which was always associated to a highly signifiganbability of the exact test for deviations from

355  Hardy Weinberg expectations)(

Locality Latitude N (°) Longitude E (°) Sample Date N Nseq Ar  Ho He Fis
BCH15 2015 19 19 6.06 0.526 0.603 0.132*
Buttes-Chaumont park- Paris 48.879978 2.383333
BCH16 2016 25 O 6.64 0.487 0.651 0.257*
Belleville park- Paris 48.87190 2.38352 BEL 201¢ 2€ 2 7.2¢ 0.46: 0.64: 0.271°
Butte du chapeau rouge squ - Paris 48.88260 2.39800: BCR 201€ 24 2 7.0t 0.46¢ 0.64¢ 0.284°
Compans square - Paris 48.877923 2.393220 COM 20862 6.13 0.424 0.596 0.298*
Site 1 — Pierre-Fitte —Villeneuve - le - Ro#48.7399292 2.4391225 VLR1 20188 18 7.56 0.450 0.705 0.366*
Site 2 — Pierre-Fitte —Villeneuve - le - Ro#8.7406666 2.4379152 VLR2 201@3 11 7.70 0.570 0.676 0.160*
356
357
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358

359

360

361

Table 2: Characteristics of eight microsatellite loci iseldfromLumbricus castaneus, with locus name, repeat array, primer sequerfees (

forward primer, R: reverse primer), allele sizegafASR), total number of allele over the wholeadsdt Ni,), range of the estimation of null

allele frequency in the study samples (Null), meawr rate per alleleef) and mean error rate per loceg.(

Locus ID Repeat array Primer sequence (5’ - 3) ASR (bp) N Null € e

LCO02 (TCo F : AT565-GTTATCGGTGCCTTCCATGT 093-115 7 0.000 — 0.19%.00 0.00
R : GTGACCATCCTTTGATTGCC

LCO05 (GT} F: FAM-ATACGTGTCTGGAAGGGTGG 120-170 7 0.000 — 0.13%.00 0.00
R : CTCCGTTGTACCGCTGTGTA

LC10 (AATC)yo F: AT55(-GAAGCCATACTGCCACTGG! 141-208 19 0.029 —0.208.00 0.00
R : GCTTTACTTGTTGCCATTCTGTT

LC16 (GACA) F : AT565-AACAACCGAAAACTGCAAGTC 225-344 29 0.053-0.293.01 0.05
R : CCTCAAGGCAAGCTCAGGTA

LC18 (TCAA), F : FAM-GAGGCCAAAACCCATCACTA 223-286 22 0.021-0.253.01 0.05
R: TGTCTTTCAGGGCAGAAGTG

LC27 (CT) F: AT550-GCCATTTTGTCATTCGGTCT 237-266 13 0.000-0.139.00 0.00
R : AACATAACGCAACACCCACA

LC33 (TTA), F : YAKIMAYELLOW -CTCAGAATTGACGTTGGCAC 110-132 10 0.063-0.29®M.05 0.10
R : ATCATGCATGGACAGCGTT

LC36 (GAAT)g F : YAKIMAYELLOW -GACGTAACGCAATGTGATGCG 151-215 19 0.000 — 0.264.00 0.00
R : TCCAGGCAGAGTTATTTCGG
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362

363

364

365

Table 3 Pairwise multi-lociFst estimates between different populations. Signifiexact

tests of allelic differentiation after sequentiarBerroni correction are indicated in bold.

BCH16 0.004

BEL 0.054 0.037

BCR 0.025 0.018 0.014

COM 0.069 0.069 0.050 0.040

VLR1 0.030 0.021 0.016 0.007 0.039

VLR2 0.048 0.036 0.031 0.032 0.072 0.004

BCH15 BCH16 BEL BCR COM VLR1
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