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Several studies have highlighted the presence of contaminated1

entries in public sequence repositories, calling for special atten-2

tion to the associated metadata. Here, we propose and evalu-3

ate a fast and efficient k–mer-based approach to assess the de-4

gree of mislabeling or contamination. We applied it to high-5

throughput whole-genome raw sequence data for 236 Ind-Seq6

and 32
::
22 Pool-Seq samples of the invasive species Drosophila7

suzukii. We first used CLARK software to build a dictionary8

of species-discriminating k–mers from the curated assemblies9

of 29 target drosophilid species (including D. melanogaster, D.10

simulans, D. subpulchrella, or D. biarmipes) and 12 common11

drosophila pathogens and commensals (including Wolbachia).12

Counting the number of k–mers composing each query sample13

sequence that matched a discriminating k–mer from the dictio-14

nary provided a simple criterion for assignment to target species15

and evaluation of the entire sample. Analyses of a wide range16

of samples, representative of both target and other drosophilid17

species, demonstrated very good performance of the proposed18

approach, both in terms of run time and accuracy of sequence19

assignment. Of the 236 D. suzukii individuals, five were assigned20

:::::::::
re-assigned to D. simulans and eleven to D. subpulchrella. An-21

other four showed moderate to substantial microbial contami-22

nation. Similarly, among the 22 Pool-Seq samples analyzed, two23

from the native range were found to be contaminated with 124

and 7 D. subpulchrella individuals, respectively (out of 50), and25

one from Europe was found to be contaminated with 5 to 6 D.26

immigrans individuals (out of 100). Overall, the present anal-27

ysis allowed the definition of a large curated dataset consisting28

of > 60 population samples representative of the worldwide ge-29

netic diversity, which may be valuable for further population ge-30

netics studies on D. suzukii. More generally, while we advocate31

careful sample identification and verification prior to sequenc-32

ing, the proposed framework is simple and computationally ef-33

ficient enough to be included as a routine post-hoc quality check34

prior to any data analysis and prior to data submission to public35

repositories.36

data curation | k–mer | D. suzukii | Pool-Seq | Ind-Seq37

Correspondence: mathieu.gautier@inrae.fr38

Introduction39

With the democratization of sequencing technologies, the40

availability of genomic sequence in public repositories is in-41

creasing at an unprecedented rate. This is enabling the con-42

struction of large and highly informative combined datasets43

for an increasing number of model and non-model species,44

which in turn is refining the power and resolution of popu-45

lation genomics inference (e.g. 14). However, this increased46

availability of data comes at the cost of increased heterogene-47

ity in the resulting combined dataset. For example, data sets48

may combine different sequencing library preparation proto-49

cols or technologies that are rapidly evolving , resulting in50

increased heterogeneity in sequence characteristics, quality ,51

or coverageof the resulting combined data sets
::::
with

:::::::
variable52

:::::::
sequence

::::::
quality

:::
or

:::::::
coverage. Similarly, for a given species,53

publicly available data may refer to original studies based on54

different sampling strategies consisting of either sequencing55

individuals (aka Ind-Seq) or pools of individuals (aka Pool-56

Seq) representative of some populations, the latter approach57

being quite popular due to its cost-effectiveness (30). Nev-58

ertheless, the characteristics mentioned above have mostly59

remained and
::::
such

::::::::
technical

::::::::::::
characteristics can be taken into60

account in downstream analyses if an appropriate statistical61

framework is used.62

More problematically, several recent studies have highlighted63

the high level of contamination in public repositories, which64

requires special attention when relying on the associated65

metadata description files (8, 11, 31). For example, working66

with wild-caught samples of species that are difficult to dis-67

tinguish from other closely related species sharing the same68

habitat may lead to taxonomic errors or biological contami-69

nation of the sample. Such potential problems have already70

been reported in population genetic studies of Drosophila71

melanogaster, where sample contamination with D. simulans72

individuals was not uncommon (14, 19). In addition to bio-73

logical sources, contamination may be of experimental (e.g.,74

sample contamination or mislabeling) and/or computational75

(e.g., during data processing) origin (8). It should also be76

noted that these contamination problems are obviously not77

specific to publicly available data and may be even more pro-78

nounced in newly generated data that have not yet been ana-79

lyzed.80

In recent years, several software packages have been de-81

veloped to assess the level of contamination in genomic82

datasets, which has been greatly facilitated by the active field83

of metagenomics. As recently reviewed by Cornet and Bau-84

rain (8), the available approaches can be classified into ei-85

ther database-free or reference-based methods. Database-free86

methods roughly consist of partitioning sequences based on87

their DNA composition (e.g. GC content or frequencies in88

short DNA sequences of a few nt), but they are not well suited89

for the analysis of large amounts of samples
:
as

::::
they

::::::
require

::
a90

::::::::::
case-by-case

:::::::::
inspection

::
of
::::

the
::::::
results

:::
(8). Reference-based91

methods consist of aligning sequences to a set of labeled92

:::::
tagged

:
sequences representative of all or part (e.g.

:
, genes) of93

the genomes of the putative contaminant species.
::::::::
candidate94

::::::
species.

:::
In

::::::::
practice,

::::
this

::::
may

:::::
allow

:::::
either

::::::::
negative

::::::
and/or95
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::::::
positive

:::::::
filtering

:::::
(i.e.,

:::::::
removal

::
of
:::::::::::::

contaminating
:::::::::
sequences96

::
or

:::::::::::
identification

::
of

:::::::::
sequences

::::
from

:::::
some

::::::
species

::
of

::::::::
interest)97

::
of

:::
the

::::::::::
sequencing

::::
data

:::
(8)

:
.
::

To accomplish this task, ap-98

proaches based on the exact matching of k–mers (i.e., k nt99

long DNA words) constituting the query sequences to a dic-100

tionary of labeled k–mers (built from target species genomes)101

have proven highly efficient and are now very popular for102

sequence taxonomic classification in the metagenomic field103

(24, 25, 33, 34).104

Taking advantage of the high quality assemblies available105

for several dozen drosophilid genomes (15), the aim of this106

study was to rely on a k–mer-based approach to assess the107

level of contamination in public sequence data for the spot-108

ted wing Drosophila D. suzukii. D. suzukii originates from109

Asia and has recently invaded the entire European and Amer-110

ican continents to become a major invasive insect pest caus-111

ing dramatic losses in fruit production (1, 6). This species has112

thus become of great scientific interest, particularly to popu-113

lation geneticists, and several recent studies have provided114

informative samples for characterizing the structuring of its115

genetic diversity at global and whole-genome scales. Here,116

we focused on two recently published and publicly available117

Pool-Seq and Ind-Seq datasets, consisting of whole-genome118

sequences (WGS) for i) 22 pools of individual DNA (with119

n=50 to n=100 individuals per pool) representative of pop-120

ulations sampled both in the Asian native range (n=8
:
6) and121

in the European (n=8) and American invaded ranges (n=8)122

(22); and ii) 236 individuals collected mainly in North Amer-123

ica but also at several sites in Europe, Brazil and Asia (18).124

A combined analysis of these two datasets using standard de-125

scriptive approaches revealed anomalous behavior of some126

samples (not shown), thus motivating a systematic screen-127

ing of all samples for putative contamination or (taxonomic)128

misidentification problems. Indeed, as highlighted by Piper129

et al. (28), rapid morphological identification of D. suzukii on130

wild-caught specimens can be tricky. For example, the dis-131

tinctive spots observed on the wing extremities are present132

only in (non-juvenile) males, and this feature is shared with133

two of its sister species D. biarmipes and D. subpulchrella,134

whose distributions overlap all or part of that of D. suzukii in135

its native Asian range (23, 32). In addition, both D. suzukii136

and D. subpulchrella females possess a large and serrated137

ovipositor that allows them to penetrate under the skin of138

ripening fruits and lay eggs (2), making the distinction be-139

tween these two species even more difficult.140

To assess contamination in the publicly available D. suzukii141

raw sequencing data,
::
we

:::::::::
developed

:::
and

::::::::
evaluated

:
a fast and142

efficient approach based on the k–mer-based method
:::::::
methods143

implemented in the software CLARK (25)was developed and144

evaluated. Analyses of a wide range of samples, .
:::::

We145

:::
first

:::::
build

::::::::::
dictionaries

::
of

::::::::::::::::::
species-discriminating

:
k–mers

::::
from146

::
the

:::::::
curated

::::::::::
assemblies

::
of

:::
29

:::::
target

:::::::::
drosophila

:::::::
species

::::
and147

::
12

::::::::
common

:::::::::
drosophila

:::::::::
pathogens

::::
and

:::::::::::
commensals.

::::::
WGS148

:::
data

::::
for

::::::::
individual

::::::::
samples

:
representative of both the tar-149

get and other drosophilid species , demonstrated very good150

::::
were

:::::
then

:::::::::
analyzed

:::
to

:::::::
evaluate

::::
the

:
performance of the151

proposed approach
:::::::::
approaches, both in terms of run time152

and accuracy of sequence assignment. Of the
::::::
Finally,

::::
we153

:::::::
analyzed

:::::::
publicly

::::::::
available

::::
WGS

::::
data

:::
for

:::
the

:::::::::::::
aforementioned154

236 Ind-Seq samples (18) , five were assigned to and155

eleven to . Another four showed moderate to substantial156

microbial contamination. Similarly, among the 22 pool-seq157

samples analyzed (22) , two from the native area were158

found to be contaminated with 1
::::
(18) and 7 individuals,159

respectively (out of 50), and one from Europe with 5 to160

6 D. immigrans individuals (out of 100). Overall, the161

present analysis allowed the definition of a large curated162

dataset consisting of > 60 population samples representative163

of the worldwide genetic diversity, which may be valuable164

for further population genetic studies on
::
32

::::::::
Pool-Seq

:::::
(22)165

::::::
samples

:::
of

:::
the

:::::::
invasive

::::::
species Drosophila suzukii,

::::::::
allowing166

::
us

::
to

:::::::
identify

::::::::::::
unambiguously

::::::::::::
contaminated

:::::::
samples.167

Material and Methods168

Construction of the CLARK and CLARK-L target dictio-169

naries of species-discriminating k–mers. Of the 136 ref-170

erence genome assemblies available for species belonging to171

the genus Drosophila in the NCBI repository (https://172

www.ncbi.nlm.nih.gov/datasets/genomes/ ac-173

cessed in February 2022), 29 were retained based mainly174

on phylogenetic criteria , but also to some extent on175

assembly quality
::
on

:::::::::
assembly

::::::
quality

::::::::
criteria

:::::
such

:::
as176

::::::::
contiguity

:::::::::
(evaluated

:::::
with

::::::
contig

:::::
N50)

::::
and

::::::::::::
completeness177

:::::::::::::::::::::
(using BUSCO scores, 20)

:
;
::::

but
::::
also

::::
and

::::::
mostly

::::::
based

:::
on178

::::::::::
phylogenetic

:
criteria (Figure 1). Thus, for

:::
Our

:::::
goal

:::
was

:::
to179

:::::
obtain

:
a
:::::

good
::::::::::::
representation

::
of

:::::::
species

::::::
closely

::::::
related

::
to

:
D.180

suzukii,
::::::::
focusing

:::
on

:::::
those

::::::::
belonging

:::
to

:::
the

::::
two

:::::::::
subgenera181

::::::::::
Sophophora

:::
and

::::::::::
Drosophila

:::
that

:::
are

::::
not

::::::::::::::
unambiguously182

:::::::
resolved

::::
(see

:::::::::::
Discussion).

::::
For

:
subgroups or groups rep-183

resented by multiple assemblies
::::::
species

:::::::
(among

:::::
those

:::::
with184

::::
good

::::::
quality

::::::::::
assemblies

::::::::
available), only one

::::
target

:
species185

was selected, favoring the most cosmopolitan or temperate186

species (13), except for the species most closely related to187

::::
(and

:::::
likely

::
to

::
be

:::::::::::
confounded

::::
with)

:
D. suzukii (e.g., D. sub-188

pulchrella and D. biarmipes). To
:::::
further

:
improve the rep-189

resentation of D. suzukii in the k–mer dictionary, the draft190

assembly of Ometto et al. (23) was also downloaded from191

the ENA repository (https://www.ebi.ac.uk/ena/192

browser/home). Although this assembly was of lower193

quality than the reference (27), it was obtained from a dif-194

ferent isofemale line and was based on short read sequences195

from a pool of females and males. Similarly, for D. subpul-196

chrella (the sister species of D. suzukii), the assembly from197

(15) was considered in addition to the latest NCBI reference198

assembly (9), as
::::::
because

:
it is based on male individuals and199

therefore contain Y-linked contigs. The high quality D. sim-200

ulans de novo assembly from Chang et al. (3) was also in-201

cluded for similar reasons.202

The resulting 32 assemblies, described in Table 1, were fur-203

ther screened for non-Drosophila contaminating sequences204

using the program KRAKEN2 V2.1.2 (34) by querying205

a database constructed from the NCBI non-redundant nu-206

cleotides (nt) released in February 2020. A contig or scaffold207

sequence was considered contaminating if it was assigned to208
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Fig. 1. Relationship between the 29 target drosophilid species (adapted from https://www.ncbi.nlm.nih.gov/taxonomy). Species habitat was defined according
to Jezovit et al. (13),

::::
except

::
for

::
D.

:::::
miranda.

:
D. suzukii

:
is
:::::::

highlighted
::
in

:::
bold.

a taxonomic identifier unrelated to any drosophilid species,209

including Wolbachia endosymbionts , which we specifically210

chose to address
:
.
:::::
Note

:::
that

:::::::
contigs

:::::::
assigned

::
to
::::::::::

Wolbachia211

::::::::::::
endosymbionts

:::::
were

::::
also

:::::::
flagged

::
as

:::::::::::::
contaminating,

::
as

::::
we212

:::::
chose

::
to

:::::::
consider

::::::::::
Wolbachia

::::::::::
specifically here (see below).213

Of the 90,071 sequences (i.e., contigs or scaffolds) from all214

32 assemblies (5.96 Gb in total), 16,123 sequences (17.9%)215

were found to be contaminated
:::::::::::
contaminating. As detailed in216

Table S1, these contaminating sequences were mostly short,217

ranging from 110 bp to 1,478,327 bp (median size of 1,522218

bp), totaling only 102.7 Mb (i.e. 1.72% of all sequences).219

It should be noted that Wolbachia-related sequences repre-220

sented only 6,173,139 bp of the contaminating sequences221

(6.01%), with the major contributor being the D. ananas-222

sae assembly (6,078,940 bp), which may be explained by the223

widespread lateral gene transfer from Wolbachia described224

in this species (16). The other Wolbachia contaminating se-225

quences belonged to the assemblies for D. suzukii (83,189 bp)226

of Ometto et al. (23) and D. willistoni (11,010 bp). Finally,227

out of the 32 assemblies, only three (for D. albomicans, D.228

innubila and D. melanogaster species) were found to be free229

of any contaminant, the most contaminated assemblies be-230

ing those for D. immigrans and D. willistoni with 10.6% and231

8.1% of their total length contaminated, respectively (Table232

1). As expected, the completeness of the assemblies (with the233

exception of
:::::
except

:::
for

:
the draft assembly for D. suzukii from234

(23) mentioned above) remained quite good after filtering out235

contaminating sequences, with more than 98% (resp. 95%)236

of the 3,285 BUSCO genes of the diptera_odb10 dataset237

(20) identified in 26 (31) of the assemblies (Table 1). Finally,238

in addition to the drosophilid species and following Kapun239

et al. (14), 13 genome assemblies representing twelve dif-240

ferent common drosophilid commensals and pathogens were241

included in the construction of the k–mer dictionaries (Table242

1). Note that the two reference assemblies for the Wolbachia243

endosymbiont of D. melanogaster and D. simulans were used244

to represent Wolbachia.245

From the 45 reference assemblies representing the 29246

drosophilid, commensal, and pathogen species, two differ-247

ent dictionaries of species-discriminating k–mers (i.e., k–248

mers that occur exclusively in the genome of a species rep-249

resented by one or more assemblies) were then constructed250

using versions 1.2.6.1 of CLARK (default k=31) and CLARK-251

L (default k=27), respectively (25). CLARK-L is a variant252

of CLARK designed for use when the amount of RAM is253

limited, with minimal impact on assignment accuracy. Both254

CLARK and CLARK-L were run in single-threaded mode on255

a computer cluster grid. Building the k–mer dictionary
:::
(on256
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ID Species Reference Size in Mb (% init.) N50 in Mb (BUSCO)
Dalbo Drosophila albomicans GCA_009650485.1 165.85 (100.0) 33.43 (96.6)
Danan Drosophila ananassae GCA_017639315.1 207.74 (97.16) 26.43 (99.1)
Datha Drosophila athabasca GCA_008121215.1 191.06 (99.17) 52.10 (98.3)
Dbiar Drosophila biarmipes GCA_018148935.1 183.51 (99.03) 23.38 (98.9)
Dbipe Drosophila bipectinata GCA_018153845.1 189.91 (98.71) 15.79 (99.1)
Deleg Drosophila elegans GCA_018152505.1 177.57 (99.51) 21.93 (99.1)
Derec Drosophila erecta GCA_003286155.1 146.49 (99.97) 22.15 (99.2)
Deugr Drosophila eugracilis GCA_018153835.1 158.76 (96.33) 2.299 (98.5)
Dficu Drosophila ficusphila GCA_018152265.1 158.79 (94.61) 14.22 (98.7)
Dhyde Drosophila hydei GCA_003285905.1 151.30 (98.41) 5.150 (98.9)
Dimmi Drosophila immigrans GCA_018153375.1 163.77 (89.36) 11.45 (98.9)
Dinnu Drosophila innubila GCA_004354385.2 166.28 (100.0) 29.57 (98.8)
Dkikk Drosophila kikkawai GCA_018152535.1 185.80 (98.41) 21.81 (98.8)
Dmela Drosophila melanogaster GCA_000001215.4 143.73 (100.0) 25.29 (98.6)
Dmira Drosophila miranda GCA_003369915.1 286.71 (99.87) 35.26 (98.9)
Dmoja Drosophila mojavensis GCA_018153725.1 162.96 (99.87) 24.88 (99.0)
Dobsc Drosophila obscura GCA_018151105.1 179.77 (99.97) 3.93 (98.4)
Dpseu Drosophila pseudoobscura GCA_009870125.1 163.10 (99.89) 32.42 (98.7)
Drhop Drosophila rhopaloa GCA_018152115.1 193.38 (99.93) 15.81 (98.5)
Drufa Drosophila rufa GCA_018153105.1 196.67 (94.35) 24.72 (98.7)
Dserr Drosophila serrata GCA_002093755.1 193.27 (97.60) 1.010 (97.3)

Dsimu Drosophila simulans
GCA_016746395.2 154.00 (99.76) 21.50 (99.0)
dryad.280gb5mr6 131.51 (99.89) 23.40 (99.0)

Dsubo Drosophila subobscura GCA_008121235.1 126.19 (99.96) 24.18 (98.7)

Dsubp Drosophila subpulchrella
GCA_014743375.2 263.87 (99.52) 11.59 (98.9)
GCA_018150325.1 265.10 (98.87) 1.467 (96.8)

Dsuzu Drosophila suzukii
GCA_013340165.1 266.69 (99.51) 2.610 (97.4)

CAKG01000000 162.25 (94.55) 0.005 (83.8)
Dtaka Drosophila takahashii GCA_018152695.1 164.65 (99.47) 12.38 (97.8)
Dviri Drosophila virilis GCA_003285735.1 189.28 (99.91) 8.697 (99.0)
Dwill Drosophila willistoni GCA_000005925.1 220.00 (92.94) 4.707 (98.9)
Dyaku Drosophila yakuba GCA_016746365.2 147.66 (99.84) 25.18 (99.0)
Apomo Acetobacter pomorum NZ_AEUP00000000.1 3.332 0.076
Cinte Commensalibacter intestine NZ_AGFR00000000.1 2.454 0.476
Efaec Enterococcus faecalis NC_004668.1 2.870 2.807
Gmorb Gluconobacter morbifer NZ_AGQV00000000.1 2.887 0.423
Lbrev Lactobacillus brevis NC_008497.1 2.552 2.553
Lplan Lactobacillus plantarum NC_004567.2 3.231 3.231
Palca Providencia alcalifaciens NZ_AKKM01000049.1 3.990 3.99
Pburh Providencia burhodogranariea NZ_AKKL00000000.1 4.579 2.508
Pento Pseudomonas entomophila NC_008027.1 5.889 5.889
Prett Providencia rettgeri NZ_AJSB00000000.1 4.454 4.309
Scere Saccharomyces cerevisiae GCF_000146045.2_R64 12.16 0.924

Wolb Wolbachia pipientis
NC_002978.6 1.268 1.268
NC_012416 1.446 1.446

Table 1. Description of the reference genome assemblies for the 29 drosophilid species (n=32 assemblies) and 12 common commensals and pathogens (n=13 assemblies)
used to build the target k–mer dictionaries. All genome assemblies were downloaded from the NCBI repository (https://www.ncbi.nlm.nih.gov), except for the two
additional assemblies for D. simulans and D. suzukii , which were downloaded from the Dryad (https://datadryad.org) and ENA (https://www.ebi.ac.uk/ena)
repositories, respectively (with accession ID in italics in the third column). The size and N50 of all assemblies are given in the fourth and fifth columns. For drosophilid
species, these correspond to the assemblies after filtering out the identified contaminant contigs (or scaffolds), the percentage of the original assembly retained is given in
parentheses in the fourth column. Similarly, the BUSCO scores in parentheses correspond to the percentage of complete genes identified among the 3,285 genes of the
diptera_odb10 dataset (20).

:
a
:::::
single

::::::
thread

::
of

::
a
::::::
cluster

::::
node

::::::::
equipped

:::::
with

:
a
:::::::::
processor257

:::::
Intel®

::::::
Xeon®

::::
CPU

::::::::
E5-2683

:::
v4

::::::::::
@2.10GHz)

:
took 2h46min258

with a peak RAM usage of 128G using CLARK and 55s with259

a peak RAM usage of 2.65G using CLARK-L. The resulting260

database consisted of 3,714,249,662 31-mers and 50,311,519261

27-mers, respectively, and required 47.8 Gb and 1.97 Gb of262
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RAM to load when computing the query sequence classifica-263

tion with CLARK and CLARK-L, respectively.264

Query short-read sequencing data. A total of 305
:::
301265

short read WGS data sets were downloaded from the public266

SRA repository (https://www.ncbi.nlm.nih.gov/267

sra). These include 43 samples used for the empirical eval-268

uation of k–mer-based assignment accuracy, derived from the269

sequencing of laboratory strains representative of different270

drosophilid species (including data on 12 of the 29 target271

species available for the strains used to generate the corre-272

sponding assemblies) and the Wolbachia endosymbiont of D.273

melanogaster (Table S2). As detailed in Table S2, all of these274

data were obtained from paired-end (PE) sequencing (2×150275

nt) on an Illumina HiSeq 4000 instrument, with the exception276

of eight
:::::
except

:::
for

:::
ten

:
samples sequenced on an Illumina i)277

GAIIX in PE125 mode (n=1); ii) NextSeq550 in PE150 mode278

(n=3
:
4); iii) HiSeq 2000 in PE100 (n=2) and PE150 (n=1)279

modes; or iv) MiSeq in PE300 mode (n=1);
::
or

:::
v)

:::::
HiSeq

::::
Ten280

:
X
:::

in
::::::
PE150

:::::
(n=1). The second type of data corresponded281

to WGS data for 236 D. suzukii individuals (Ind-Seq data)282

representative of 40 population samples (4-10 ind. per sam-283

ple, mean=5.9) published by Lewald et al. (18). These sam-284

ples were mainly collected in the continental USA (n=31).285

The other regions represented are Brazil (n=1); Europe (n=2;286

Ireland and Italy) for two of them; China (n=2); South Ko-287

rea (n=2), but also Japan (n=1) and Hawaii (n=1), via two288

laboratory strains. These were all sequenced on an Illumina289

HiSeq4000 in PE150
:::::::
(n=201)

::
or

::::::
PE100

::::::
(n=35)

:
mode (Table290

S3). The last type of data corresponded to WGS data from 22291

pools of D. suzukii individuals (Pool-Seq data) representing292

22 worldwide populations representative of the Asian native293

range (n=6) and the European (n=8) and American (n=8) in-294

vaded ranges, published by Olazcuaga et al. (22). These were295

all sequenced on an Illumina HiSeq2500 in PE125 mode (Ta-296

ble S3).297

Raw PE reads were filtered with fastp 0.23.1 (4) with298

the default options to remove contaminating adaptor se-299

quences and trimmed for poor quality bases (i.e. with a300

phred quality score <15). In addition, the --merge and301

--include_unmerged options were used to merge the302

detected overlapping PE reads into a single sequence. Fi-303

nally, the --stdout option was enabled to generate an in-304

terleaved fastq output, which was converted to fasta for-305

mat (losing quality and pairing information) with a simple306

awk one-liner for assignment analysis. As shown in Fig-307

ure S1 and detailed in Tables S2 and S3, the quantity (and308

quality) of sequencing data was highly variable between sam-309

ples, with the percentage of overlapping
:::::::::::::
non-overlapping se-310

quences ranging from 5.79 to 94.4 (median 35.0) as a conse-311

quence of different insert sizes; and the estimated percentage312

of duplicate reads ranging from 0.69 to 24.8 (median 4.44)313

(Figure S1B). Note that the sequencing data were not de-314

duplicated here, although this may be possible using the latest315

version of fastp (4).316

Assignment of query sequences and contamination317

estimation. For each sample, the sequences contained in318

the filtered fasta files were matched to the target dictio-319

naries of species-discriminating k–mers using CLARK and320

CLARK-L (25). Briefly, analyzing a sequence consists of321

first decomposing it into its constituent k–mers (i.e., a L nt322

long sequence can be decomposed into L− k + 1 k–mers323

of length k nt) of length k = 31 and k = 27 for CLARK324

and CLARK-L, respectively. Each k–mer is then searched325

in the corresponding target dictionary and, if found, as-326

signed to the underlying target species. Counting the num-327

ber of k–mers assigned to the different species then provides328

a simple decision criterion for sequence classification. More329

precisely, let kq(t) be the number of species-discriminating330

:::::::::
specifically,

:::
for

::
a
:::::
given

::::::::
sequence,

:::
let

::
t1::::

and
::
t2::

be
:::

the
::::::

target331

::::::
species

::::
with

:::
the

:::::::
highest

:::
and

:::::::
second

::::::
highest

::::::
counts

:::::::
(kq(t1)332

:::
and

::::::::::::::
kq(t2)≤ kq(t1))

:::
of

:::::::::
matching

:
k–mersassigned to the333

target species t .
::::

If
:::
no

:::::::::::::::::::
species-discriminating k–mer

::::
was334

found in the query sequence q, and Kq =
T∑
t=1

kq(t) (where335

T = 45 is the number of target species ) the total number336

of matching . If Kq > 1
:::::::
sequence

:::::
(i.e.,

::::::::
kq(t) = 0

::::
for

:::
all337

:::::
target

::::::
species

::
t),

::::
the

::::::::
sequence

:
is
::::::::::

unassigned.
:::

If
:::::::::
kq(t1)> 0,338

the sequence is assigned to the species t with the highest339

number of matching (i.e. t= argmaxt (kq(t)))
::::::
species

:::
t1340

with a ‘confidence score’ defined as cq(t) = kq(t)
Kq

(i.e. the341

fraction of
:::::::::::::::::::
cq(t1) = kq(t1)

kq(t1)+kq(t2) ,
::::::
noting

::::
that

:::::::::
cq(t1) = 1

::
if342

::
all

:::
the

:
matching k–mersassigned to species t). If Kq = 0

:::
are343

:::::::
assigned

::
to

::
t1:(i.e., no species-discriminating was found in344

the sequence), the sequence is unassigned
::::::::
kq(t) = 0

:::
for

:::
all345

:::::
t 6= t1). At the sample level, the origin and level of contam-346

ination can then be further assessed by counting the num-347

ber of sequences assigned to the different target species. In348

practice, both CLARK
:::
was

:::
run

:::::
with

::::::
option

:
-s 2

:
to

:::::
load349

::::
only

:::
half

:::
of

:::
the

:::::::::::::::::::
species-discriminating

:
k–mers

::
in

:::
the

::::::
target350

::::::::
dictionary,

:::::::::
following

:::
the

::::::
manual

::::::::::::::
recommendation

:::::::::
indicating351

:::
that

::::
this

:::::
value

:::::::::
‘represents

::
a
:::::
good

:::::::
trade-off

::::::::
between

::::::
speed,352

:::::::
accuracy

::::
and

:::::
RAM

:::::::
usage’.

::::::
Both

:
CLARK and CLARK-L353

were run with the options -n 1 (i.e., on a single thread)354

; -s 2 (to load only half of the species-discriminating in355

the target dictionary); and -m 0 (to compute the confi-356

dence score). The resulting csv files were parsed with357

a custom awk script to count for each sample i) the total358

number of sequences with no matching k–mer; ii) the to-359

tal number of sequences with at least one matching k–mer;360

and iii) the proportion of sequences assigned to each target361

species. Four different criteria were considered for assign-362

ing sequences to their inferred species t, taking into account363

both the minimum number nkmin(t) of matching k–mers and364

the confidence score cq(t): i) nkmin(t)> 1
::::::::::
nkmin(t)≥ 1

:
and365

cq(t) > 0.9; ii) nkmin(t)> 1
::::::::::
nkmin(t)≥ 1 and cq(t) > 0.95;366

iii) nkmin(t)> 5
::::::::::
nkmin(t)≥ 5

:
and cq(t)> 0.9; and the most367

stringent iv) nkmin(t)> 5
::::::::::
nkmin(t)≥ 5

:
and cq(t)> 0.95. All368

subsequent analyses were performed using the R software369

(29).370
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Running time in min CLARK CLARK-Lmean (min-max)
Loading of the 2.23 0.075

k–mer dictionary (1.13-5.04) (0.032-0.137)
Assignment per 1.05 0.619
106 sequences (0.444-2.51) (0.228-1.50)

Table 2. Mean CLARK and CLARK-L run times (minimum-maximum) across the
analyses of the 305 short-read sequencing datasets.

:::
Each

:::::
analysis

:::
was

:::
run

::
on

:
a
::::
single

::::
thread

::
of

:
a
:::::
cluster

:::
node

::::::
equipped

:::
with

:
a
:::::::

processor
::::
Intel®

::::
Xeon®

::::
CPU

:::::
E5-2683

::
v4

:::::::
@2.10GHz

Results371

CLARK and CLARK-L run times. Publicly available short-372

read WGS data for 301 different samples derived from i)373

laboratory strains representing different drosophilid species374

(n=43); ii) 236 (putative) D. suzukii individuals representing375

40 different populations; and iii) 22 pools of D. suzukii indi-376

viduals representing 22 different populations were assigned377

to two different species-discriminating k–mer dictionaries378

built from the curated assemblies available for 29 drosophilid379

species (Figure 1) and 12 common drosophila commensals380

and pathogens (Table 1), using the k–mer-based approaches381

implemented in CLARK and CLARK-L (25). Although this382

step is not required for assignment, the raw PE reads were383

filtered to limit the potential impact of varying sequence qual-384

ity on the assessment of assignment efficiency and accuracy,385

particularly with respect to the observed proportion of unas-386

signed sequences per query sample. After filtering, the total387

number of sequences per sample ranged from 1.61×106 to388

367×106 (median of 18.5×106) for a total length ranging389

from 0.248 Gb (i.e. ∼0.9X of the D. suzukii genome) to 36.9390

Gb (i.e. ∼137X of the D. suzukii genome). The sequence391

length was representative of typical short read datasets, with392

a sample mean length
:::::
(after

:::::::
merging

::::::::::
overlapping

:::::
reads) rang-393

ing from 92.7 bp to 287 bp (Figure S1C).394

Tables S2 and S3 show the total CLARK and CLARK-L run395

times tr for each sample, together with the time tl required to396

load the corresponding k–mer target dictionary and the time397

ta required to assign all sequences (tr = tl+ ta). As summa-398

rized in the Table 2, tl was a few seconds for CLARK-L and a399

few minutes for CLARK, the CLARK-L target dictionary con-400

taining about 75 times less k–mer than CLARK’s (see M&M).401

In addition, CLARK-L required much less RAM than CLARK402

(1.97 Gb vs 47.8 Gb), allowing it to run on a standard lap-403

top. Note that CLARK and CLARK-L were run sequentially404

on each sample on a computer grid, but the samples were405

analyzed in parallel. Therefore, the run times between sam-406

ples may be somewhat dependent on the characteristics of407

the underlying node, which explains the observed variation408

in dictionary loading times.409

Given the size of the data sets, most of the analysis time was410

spent on sequence assignment which was almost linearly re-411

lated to the number of sequences (Figure S2) as sequence412

length was similar across samples (Figure S1C). On average,413

the analysis of 1 million sequences (i.e., ∼0.56X of the D.414

suzukii genome with 150 nt reads) took 0.619 and 1.05 min-415

utes with CLARK-L and CLARK, respectively (Table 1), mak-416

ing both approaches highly computationally efficient.417

Proportion of assigned sequences. The percentage of418

sequences with no matching k–mer (i.e., not assignable) was419

similar between CLARK (ranging from 2.29% to 85.5% and420

averaging 24.5
::::
with

:
a
:::::::
median

:::::
value

::
of

::::
20.1%) and CLARK-421

L (ranging from 4.07% to 86.1% and averaging 21.0
::::
with

::
a422

::::::
median

:::::
value

::
of

::::
15.7%) (Figures 2A and 2B). Surprisingly,423

this percentage tended to be slightly lower for the D. suzukii424

sample (Ind-Seq or Pool-Seq) when analyzed with CLARK-425

L, which may be related to the smaller k–mer size (k=27 for426

CLARK-L and k=31 for CLARK) leading to lower specificity.427

However, the proportion of sequences with no matching k–428

mer remained higher for CLARK-L analyses for samples rep-429

resentative of the other species either represented or not rep-430

resented in the target dictionaries (Figure 2B). As expected,431

and regardless of the program used, the highest percentages432

were observed for samples belonging to species not repre-433

sented in the target dictionaries (up to 85.5% and 86.1% of434

sequences with no matching k–mer for the D. repleta sam-435

ple analyzed with CLARK and CLARK-L, respectively), al-436

though the distribution was very wide and almost bimodal437

due to some samples being represented by closely related438

target species (see below). The sample representing target439

species had the lowest number of sequences with no match-440

ing k–mer, most of them (including D. suzukii) corresponding441

to short-read sequence data obtained from the same strains442

used to generate the reference assembly, with the notable ex-443

ception of D. melanogaster, D. simulans, and the Wolbachia444

sample (see below), which were also outliers in the distribu-445

tions of Figure 2B (see Table S4). Their values was actually446

similar to wild-caught D. suzukii samples (see below). The447

D. simulans sample was obtained from Madagascar individ-448

uals (26) thus distantly related to the two reference assembly449

strains
:
, which may explain the observed pattern (see Discus-450

sion). Likewise, the analyzed D. melanogaster sample cor-451

responded to a pool of 162 isogenic strains from the DGRP452

panel and may thus be display higher genetic diversity (35).453

Consistent with a lower specificity of CLARK-L (suggested454

by the unexpectedly slightly lower proportion of sequences455

with no matching k–mer in D. suzukii individuals), the per-456

centages of assigned sequences among assignable sequences457

(i.e., with
::::::::
containing

:
at least one matching k–mer

::::::::
matching458

::
the

:::::::::
dictionary

::
of

::::::
target

::::::
species

::::::::::::
discriminating

:
k–mers) were459

much lower with CLARK-L than with CLARK (Figure 2C).460

The percentages of assigned sequences always decrease with461

the stringency of the filtering criteria on the number nk of462

matching k–mers (nk > 1 or nk > 5
::::::
nk ≥ 1

::
or

::::::
nk ≥ 5) and463

the assignment confidence score c (defined as the proportion464

of matching discriminating the assigned species
::
as

:::::::
defined465

:::::
above

::
in

:::
the

:::::
M&M

::::::
section), with the threshold on nk having466

the strongest effect. At the most stringent criterion (nk > 5467

::::::
nk ≥ 5 and c > 0.95), which was chosen for the remainder of468

this study, 84.8% and 26.4% of sequences with at least one469

matching k–mer were assigned to CLARK and CLARK-L, re-470

spectively, on average (see Tables S4 and S5 for details).471
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Fig. 2. Sequence assignment rate for the 301 samples analyzed with CLARK and CLARK-L. A) Percentage of sequences with no matching k–mer in the corresponding target
dictionaries. Samples are colored according to their origin, i.e. i) light

:::
dark blue if from species represented in the target dictionary (‘Target sp.’); ii) dark

::
light blue if from

drosophilid species not represented in the target dictionary (‘Other sp.’); iii) green for D. suzukii individuals from Lewald et al. (18) (‘Ind-Seq’); and iv) red for pools of D. suzukii
individuals from Olazcuaga et al. (22) (‘Pool-Seq’). B) Violin plots showing the distribution of the percentage of sequences with no matching k–mer in the corresponding target
dictionary with CLARK (left panel) and CLARK-L (right panel) analyses. For each analysis, four distributions are shown for the different sample origins (same color code as in
A). C) Distribution of the percentage of assigned sequences (among those with at least one species-discriminating k–mer from the target dictionary) for four filtering criteria
on i) the number nk of matching k–mers (nk > 1

::::
nk ≥ 1

:
or nk > 5

:::::
nk ≥ 5); and ii) the assignment confidence score c , defined as

::::
defined

::
in the percentage of matching

from the assigned species
:::
main

::
text

:
(c > 0.9 or c > 0.95).

Assignment accuracy for samples representative of472

target and other species. To empirically evaluate the ex-473

tent to which the proportion of assigned sequences from a474

sample provides an accurate proxy for species assignment,475

we focused on the results obtained for the 13 short-read476

datasets derived from strains representative of one of the477

target species (including Wolbachia), but also on 30 addi-478

tional samples representative of unrepresented drosophilid479

species, considering our most stringent filtering threshold480

for sequence assignment (Figures 3 and S3 for CLARK and481

CLARK-L results, respectively). The results obtained were482

highly consistent for all 13 samples representing the target483

reference species. More precisely, with CLARK, the percent-484

age of sequences assigned to their species of origin was >99%485
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the main text) for 13 samples (labeled in dark blue on the top of the y-axis) belonging to target species represented in the target k–mer dictionary and 30 other unrepresented
drosophilid species.

or close to 99% (with 98.9% for both D. suzukii and D. sub-486

pulchrella) for 9 of these samples. The remaining four were487

those belonging to i) D. biarmipes (94.0%), due to yeast con-488

tamination with 5.76% of the sequences assigned to S. cere-489

visiae; ii) D. melanogaster (94.1%) with 3.78% of the an-490

alyzed sequences assigned to Wolbachia and 1.11% to D.491

simulans; iii) D. simulans (93.6%) with 3.14% of the an-492

alyzed sequences assigned to Wolbachia and 2.54% to D.493

melanogaster; and iv) Wolbachia with only 5.58% actually494

assigned to Wolbachia and 94.0% to D. melanogaster (Ta-495

ble S3). Note that this latter Wolbachia sample was ac-496

tually obtained from sequencing a D. melanogaster strain,497

and the observed level of contamination was in close agree-498

ment with the 5% of reads mapping to the Wolbachia wMel499

genome by the original authors (21). Similar results were ob-500

tained when scanning these 13 samples with CLARK-L (Fig-501

ure S3 and Table S5), with some notable differences. In-502

deed, the percentage of sequences assigned to their species503

of origin was also above 99% (including the D. subpulchrella504

one) or close to it (with 98.0% for D. yakuba) for 8 of505

the 9 samples that showed similarly high assignment rates506

with CLARK. However, it was substantially lower for the507

D. suzukii sample (92.1%), with 7.22% of its sequences as-508

signed to the D. subpulchrella sister species. Similarly, only509

86.2% of the D. melanogaster sample sequences were as-510

signed to D. melanogaster, with 6.86%, 2.62%, 1.65%, and511

1.40% assigned to D. suzukii, D. simulans, D. virilis, and512

Wolbachia, respectively. Conversely, the percentage of cor-513

rectly assigned sequences was higher with CLARK-L than514

with CLARK for the D. biarmipes (96.0%); D. simulans515

(98.1%) and Wolbachia (40.0% with 55.8% assigned to D.516

melanogaster) samples, the latter apparently being overesti-517

mated.518

Of the 30 samples from non-target species, 16 had more than519
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96% of their reads assigned to a single target species by520

CLARK (Figure 3). As expected, the corresponding species521

was generally the most closely related (15). More precisely,522

samples from i) D. paulistorum and D. insularis (D. willistoni523

subgroup) and D. sucinea and D. nebulosa (bocainensis sub-524

group from the willistoni group) had 99.7%, 99.7%, 98.1%,525

and 97.9% of their sequences assigned to D. willistoni, re-526

spectively; ii) D. parabipectinata, D. malerkotliana pallens,527

D. malerkotliana malerkotliana, D. pseudoananassae, and D.528

pseudoananassae nigrens, all of which belong to the ananas-529

sae subgroup, had 99.2%, 99.1%, 99.0%, 96.5%, and 96.0%530

of their sequences assigned to D. bipectinata (ananassae sub-531

group), respectively; iii) D. ambigua and D. tristis (obscura532

subgroup) had 98.7% and 97.3% of their sequences assigned533

to D. obscura, respectively; iv) D. americana and D. littoralis534

(virilis subgroup
::::
group) had 99.2% and 98.6% of their se-535

quences assigned to D. virilis, respectively; and finally v) D.536

carrolli, D. fuyamai, and D. kurseongensis (rhopaloa sub-537

group) had 98.2%, 98.0%, and 97.7% of their sequences as-538

signed to D. rhopaloa, respectively. As shown in Figure539

S4A, these
::
16

:
samples also had percentages of sequences540

with no matching k–mer in the range of those observed for541

samples from target species (Figure 2), i.e. <40% except for542

D. sucinea and D. nebulosa. For the other samples from the543

most distantly related species, both the
::::::
highest

::::::::
observed as-544

signment rate (to the most represented
:
a
:::::
target

:
species) and545

the percentage of sequences with no matching k–mer clearly546

suggested that the target repository was not representative.547

At the extreme, the most represented target species capture548

less than 30% of the assigned sequences for the samples from549

D. repleta, D. pruinosa, D. ohnishii, and D. bocqueti (Fig-550

ures 3 and S4A). Such species may therefore be considered551

unassignable with the current version of the k–mer dictionary.552

Despite a higher proportion of sequences with no matching553

species-discriminating k–mer, very similar results were ob-554

tained with CLARK-L (Figure S3 and S4B).555

Scanning 236 Ind-Seq and 22 Pool-Seq D. suzukii WGS556

data. As summarized in Figure 4 (see Table S4 for details),557

sequences from the 236 Ind-Seq (18) and 22 Pool-Seq (22)558

D. suzukii were generally assigned to D. suzukii by CLARK.559

More precisely, 215 of the 236 Ind-Seq and 17 of the 22 Pool-560

Seq showed > 95% of their (assigned) sequences assigned to561

D. suzukii, with a median proportion of 97.5% over the 258562

samples. It should be noted that these 215 individuals and 17563

pools, which can be unambiguously considered as fully D.564

suzukii, all had a non-negligible fraction of their sequences565

assigned to D. subpulchrella with a median of 1.94% (rang-566

ing from 1.50% to 3.12%) and 2.20% (ranging from 1.96% to567

2.64%), respectively. These proportions were higher than the568

one observed for the D. suzukii reference sample (0.433%)569

and may be related to the incomplete representation of ge-570

netic diversity within D. suzukii by the k–mer dictionary (see571

Discussion). Conversely, the results allowed 16 clearly mis-572

labeled D. suzukii individuals to be identified as D. simulans573

(n=5) or D. subpulchrella (n=11). These consist of i) the 5574

individuals (with US-Ca2 ID prefix, Table S2) sampled si-575

multaneously in Watsonville (California, USA) with 92.1%576

to 96.9% of their sequences assigned to D. simulans (96.9%577

to 98.4% if Wolbachia is also included); ii) the 5 individu-578

als (with Ko-Nam ID prefix, Table S2) sampled in Namwon579

(South Korea) with 97.9% to 98.7% of their sequences as-580

signed to D. subpulchrella; iii) one of the 10 individuals (with581

Ko-San ID prefix, Table S2) sampled in Sancheong (South582

Korea) with 96.36
:::
96.4% of its sequences assigned to D. sub-583

pulchrella (the other 9 individuals showing only 1. 71
::::
1.71%584

to 2.09% of their sequences assigned to D. subpulchrella);585

and iv) four of the five individuals (with CN-Kun ID pre-586

fix, Table S2) sampled in Kunming (Yunnan, China) with587

97.3% to 97.6% of their sequences assigned to D. subpul-588

chrella. The last CN-Kun individual had a unique pattern589

with 88.1% of its sequences assigned to D. subpulchrella and590

9.58% assigned to D. suzukii, which may be consistent with591

a recent hybrid origin (see Discussion). For the 10 individ-592

uals that can be unambiguously considered as fully D. sub-593

pulchrella (i.e. with >95% of their sequences assigned to594

D. subpulchrella), an assignment pattern opposite to that of595

the D. suzukii individuals was observed, as all of them had596

a non-negligible fraction of their sequences assigned to D.597

suzukii with a median value of 1.61% (ranging from 1.14%598

to 2.78%).599

Among the 22 Pool-Seq samples, two to three pools were600

found to be likely contaminated with non-D. suzukii individ-601

uals. These are i) the DE-Jen pool of 100 individuals sampled602

in Jena (Germany), which contains 5.79% of sequences as-603

signed to D. immigrans; ii) the CN-Nin pool of 50 individuals604

sampled in Ningbo (Zhejiang, China), which contains 15.0%605

of sequences assigned to D. subpulchrella (and 83.8% to D.606

suzukii); and iii) the JP-Tok pool of 50 individuals sampled607

in Tokyo (Japan), with 4.47% of sequences assigned to D.608

subpulchrella (and 94.9% to D. suzukii). Assuming an equal609

contribution of pool individuals to the Pool-Seq sequences,610

the DE-Jen pool may actually contain up to 6 D. immigrans611

individuals (and 94 D. suzukii individuals). Furthermore, to612

estimate the number of D. subpulchrella individuals in con-613

taminated pools while accounting for D. suzukii and D. sub-614

pulchrella cross-assignment of sequences, let α = psub
psub+psuz

615

be the relative proportion of sequences assigned to D. sub-616

pulchrella. Based on the median proportions observed in617

the Ind-Seq samples, the following rough estimates were ob-618

tained: α̂suz = 0.0194
0.977+0.0194 = 0.0195 for D. suzukii individu-619

als and α̂sub = 0.0151
0.0151+0.0978 = 0.985 for D. subpulchrella in-620

dividuals. The number of D. subpulchrella individuals nsub in621

a contaminated pool of n individuals can then simply be de-622

rived from these estimates using their observed relative pro-623

portion αo as nsub = n αo−α̂suz
α̂sub−α̂suz

. This leads to an estimated624

number of D. subpulchrella individuals of n̂CN-Nin
sub = 6.85 and625

n̂JP-Tok
sub = 1.32, i.e. probably 7 and 1 D. subpulchrella indi-626

viduals within the CN-Nin and JP-Tok pools, respectively.627

Overall, very low levels of Wolbachia contamination were628

detected within the Ind-Seq and Pool-Seq samples, with me-629

dian proportions of assigned sequences of 3.80×10−4% and630

0.145%, respectively. However, 14 samples (Ind-Seq only)631

had more than 1% of their sequences assigned to Wolbachia.632

They consisted of i) the five US-Ca2 individuals mentioned633
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Dsuzu
Scere
Wolb
Lplan

Dsubp
Dsimu
Dimmi
Other

Dimmi

Dsimu

Dsubp

Dsuzu

Reference Sample

% assigned sequences

0.0 0.2 0.4 0.6 0.8 1.0

US−Wis

US−Wat

US−Sok

US−Sdi

US−Nca

US−Haw

US−Col

JP−Tok

JP−Sap

IT−Tre

FR−Run

FR−Par

FR−Lez

FR−Cor

ES−Bar

DE−Jen

DE−Dos

CN−Shi

CN−Nin

CN−Lia

CN−Bei

BR−Pal

Pool−Seq data

% assigned sequences

0.0 0.2 0.4 0.6 0.8 1.0

JP−Ehi_JP2

JP−Ehi_JP1

IT−Tre_IT5

IT−Tre_IT4

IT−Tre_IT3

IT−Tre_IT2

IT−Tre_IT1

IR−Dub_IR7

IR−Dub_IR6

IR−Dub_IR5

IR−Dub_IR4

IR−Dub_IR3

IR−Dub_IR2

IR−Dub_IR1

CN−Kun_KM5

CN−Kun_KM4

CN−Kun_KM3

CN−Kun_KM2

CN−Kun_KM1

CN−Dan_DD4

CN−Dan_DD3

CN−Dan_DD2

CN−Dan_DD1

BR−Pel_BZ5

BR−Pel_BZ4

BR−Pel_BZ3

BR−Pel_BZ2

BR−Pel_BZ1

Ind−Seq data

% assigned sequences

0.0 0.2 0.4 0.6 0.8 1.0

US−Nc5_MR2
US−Nc5_MR1
US−Me1_MH5
US−Me1_MH4
US−Me1_MH3
US−Me1_MH2
US−Me1_MH1
US−Wa1_LR5
US−Wa1_LR4
US−Wa1_LR3
US−Wa1_LR2
US−Wa1_LR1
US−Nc4_LS8
US−Nc4_LS7
US−Nc4_LS6
US−Nc4_LS5
US−Nc4_LS4
US−Nc4_LS3
US−Nc4_LS2
US−Nc4_LS1
US−Mi2_KS5
US−Mi2_KS4
US−Mi2_KS3
US−Mi2_KS2
US−Mi2_KS1
US−Ny1_NY5
US−Ny1_NY4
US−Ny1_NY3
US−Ny1_NY2
US−Ny1_NY1
US−Ca1_DA5
US−Ca1_DA4
US−Ca1_DA3
US−Ca1_DA2
US−Ca1_DA1
US−Nc3_CT8
US−Nc3_CT7
US−Nc3_CT6
US−Nc3_CT5
US−Nc3_CT3
US−Nc3_CT2
US−Nc3_CT1
US−Nc2_CF8
US−Nc2_CF7
US−Nc2_CF6
US−Nc2_CF5
US−Nc2_CF4
US−Nc2_CF3
US−Nc2_CF2
US−Nc2_CF1
US−Nc1_CH8
US−Nc1_CH7
US−Nc1_CH6
US−Nc1_CH5
US−Nc1_CH4
US−Nc1_CH3
US−Nc1_CH2
US−Nc1_CH1
US−Ga2_BD5
US−Ga2_BD4
US−Ga2_BD3
US−Ga2_BD2
US−Or2_FG5
US−Or2_FG4
US−Or2_FG3
US−Or2_FG2
US−Or2_FG1
US−Ga1_AR5
US−Ga1_AR4
US−Ga1_AR3
US−Ga1_AR2
US−Ga1_AR1
US−Mi1_AU5
US−Mi1_AU4
US−Mi1_AU3
US−Mi1_AU2
US−Mi1_AU1
US−Mi1_AB5
US−Mi1_AB4
US−Mi1_AB3
US−Mi1_AB2
US−Mi1_AB1
US−Or1_ST5
US−Or1_ST4
US−Or1_ST3
US−Or1_ST2
US−Or1_ST1
Ko−San_SN9
Ko−San_SN8
Ko−San_SN7
Ko−San_SN6
Ko−San_SN5
Ko−San_SN4
Ko−San_SN3
Ko−San_SN2

Ko−San_SN10
Ko−San_SN1

Ko−Nam_NW5
Ko−Nam_NW4
Ko−Nam_NW3
Ko−Nam_NW2
Ko−Nam_NW1

JP−Ehi_JP5
JP−Ehi_JP4
JP−Ehi_JP3

% assigned sequences

0.0 0.2 0.4 0.6 0.8 1.0

Ind−Seq data

US−Or3_WP5
US−Or3_WP4
US−Or3_WP3
US−Or3_WP2
US−Or3_WP1
US−Ca2_WV5
US−Ca2_WV4
US−Ca2_WV3
US−Ca2_WV2
US−Ca2_WV1
US−Ca2_WA5
US−Ca2_WA4
US−Ca2_WA3
US−Ca2_WA2
US−Ca2_WA1
US−Ga3_AL5
US−Ga3_AL4
US−Ga3_AL3
US−Ga3_AL2
US−Ga3_AL1
US−Vir_TW8
US−Vir_TW7
US−Vir_TW6
US−Vir_TW5
US−Vir_TW4
US−Vir_TW3
US−Vir_TW2
US−Vir_TW1
US−Mi5_VB5
US−Mi5_VB4
US−Mi5_VB3
US−Mi5_VB2
US−Mi5_VB1
US−Mi4_NM5
US−Mi4_NM4
US−Mi4_NM3
US−Mi4_NM2
US−Mi4_NM1
US−Me2_SR5
US−Me2_SR4
US−Me2_SR3
US−Me2_SR2
US−Me2_SR1
US−Nc8_SH8
US−Nc8_SH7
US−Nc8_SH6
US−Nc8_SH5
US−Nc8_SH4
US−Nc8_SH3
US−Nc8_SH2
US−Nc8_SH1
US−Nc7_PM8
US−Nc7_PM7
US−Nc7_PM6
US−Nc7_PM5
US−Nc7_PM4
US−Nc7_PM3
US−Nc7_PM2
US−Nc7_PM1
US−Nc6_OX8
US−Nc6_OX7
US−Nc6_OX6
US−Nc6_OX5
US−Nc6_OX4
US−Nc6_OX3
US−Nc6_OX2
US−Nc6_OX1
US−Mi3_OW5
US−Mi3_OW4
US−Mi3_OW3
US−Mi3_OW2
US−Mi3_OW1
US−Ny2_SQ5
US−Ny2_SQ4
US−Ny2_SQ3
US−Ny2_SQ2
US−Ny2_SQ1
US−Ny2_RP5
US−Ny2_RP4
US−Ny2_RP3
US−Ny2_RP2
US−Ny2_RP1
US−Wa3_BL5
US−Wa3_BL4
US−Wa3_BL3
US−Wa3_BL2
US−Wa3_BL1

US−Haw_HW5
US−Haw_HW4
US−Haw_HW3
US−Haw_HW2
US−Haw_HW1
US−Wa2_NV5
US−Wa2_NV4
US−Wa2_NV3
US−Wa2_NV2
US−Wa2_NV1
US−Nc5_MR8
US−Nc5_MR7
US−Nc5_MR6
US−Nc5_MR5
US−Nc5_MR4
US−Nc5_MR3

% assigned sequences

0.0 0.2 0.4 0.6 0.8 1.0

Ind−Seq data

Fig. 4. Barplots summarizing assignment results obtained with CLARK using the most stringent sequence assignment criterion (i.e., nk > 5
::::
nk ≥ 5

:
and c > 0.95, see the

main text) for the D. suzukii Ind-Seq (n=236) and Pool-Seq (n=22) samples. For each sample, the proportions of sequences assigned to the 7 target species that contribute
at least 5% of the sequences of one of any of the 258 samples are shown using the color code indicated in the top-left legend. The proportions of sequences assigned to the
34 other target species are shown in gray.

above, which are actually D. simulans, with proportions rang-634

ing from 1.08% to 6.17%; ii) the four individuals with the635

CN-Dan ID prefix (Table S2), sampled in Dandeong (China),636

with proportions ranging from 1.07% to 8.82%; iii) three of637
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the five individuals with the US-Ca1 ID prefix (Table S2)638

sampled in Davis (California, USA) with proportions rang-639

ing from 1.29% to 1.55%; iv) one of the five individuals640

with the BR-Pel ID prefix sampled in Pelotas (Brazil) with641

a proportion of 2.07%; and v) one of the five individuals with642

the IT-Tre ID prefix sampled in Trento (Italy) with a propor-643

tion of 1.92%. Finally, a few Ind-Seq and Pool-Seq samples644

showed non-negligible to substantial contamination with five645

of the 11 other microbial species represented in the k–mer tar-646

get dictionary. For example, more than 1% of the sequences647

were assigned to the L. plantarum bacterial gut symbiont for648

five samples corresponding to i) the four CN-Dan individuals649

(see above), with proportions ranging from 1.55% to 22.6%;650

and ii) the US-Sok pool of 50 individuals sampled in Dayton651

(Oregon, USA) with a proportion of 1.87%. Similarly, > 1%652

of the sequences were assigned to S. cerevisiae yeast for five653

samples corresponding to i) one of the four CN-Dan individ-654

uals with a proportion of 1.12%; ii) three individuals (with ID655

prefixes US-Nc2, US-Nc3, and US-Nc4, Table S2) sampled656

in different locations in North Carolina (USA) with propor-657

tions ranging from 1.33% to 9.58%; and iii) the US-Sdi pool658

of 50 individuals sampled in San-Diego (California, USA)659

with a proportion of 1.02%. At the margin, three other micro-660

bial species were also found to be represented by more than661

1% of the sequences in at least one sample. These are i) the662

A. pomorum gut bacteria in two Chinese (CN-Dan) individ-663

uals (with proportions of 1.04% and 1.46%) and in the CN-664

Shi pools of 50 individuals sampled in Shiping (China) with665

1.56%; ii) the L. brevis intestinal bacteria also found in two666

Chinese (CN-Dan) individuals with proportions of 1.12% and667

4.19%; and iii) the E. faecalis pathogens in an Irish individual668

with proportion of 1.65%.669

As expected from the assignment of D. suzukii and D. sub-670

pulchrella reference samples, Figure S5 (see Table S5 for de-671

tails) suggested a worse performance of CLARK-L. The pro-672

portions of D. suzukii sequences appeared to be substantially673

underestimated, with a higher effect of cross-assignment with674

D. subpulchrella. In addition, CLARK-L did not allow to de-675

tect the presence of the microbial target species as detected676

by CLARK.677

Discussion678

The primary objective of this study was to propose and eval-679

uate a computationally fast and accurate method for assess-680

ing contamination levels in publicly available WGS data for681

the D. suzukii species, which has been increasingly stud-682

ied over the past decade. The availability of high quality683

genome assemblies for a wide range of drosophilid species684

(15) made it possible to rely on a k–mer-based approach con-685

sisting of constructing and querying dictionaries of species-686

discriminating k–mers. Such an approach has already proven687

to be quite valuable and benefits from the availability of688

optimized software, such as KRAKEN (33, 34) or CLARK689

(24, 25), which were primarily developed for metagenomics690

applications but have also been proposed for contaminant691

detection (8). As in the latter case, our primary goal here692

was to classify sequences at the level of predefined (target)693

species, and CLARK thus seemed particularly attractive due694

to its computationally efficient, tractable, and flexible way of695

both constructing and querying user-defined k–mer dictionar-696

ies. Although KRAKEN may be able to further assign higher-697

level taxonomic labels by considering phylogenetic relation-698

ships among target species, this feature was not critical for699

our purpose. In fact, it may have made it more difficult in700

practice, since the phylogeny among Drosphilidae species is701

far from being fully and unambiguously resolved. In partic-702

ular, Finet et al. (10) recently provided evidence for a para-703

phyletic status of the subgenus Sophophora, to which most of704

the target species belong (Figure 1). However, as illustrated705

by the assignment of sequences from species closely related706

to one of the represented groups or subgroups (e.g., ananas-707

sae or obscura) but not included in the construction of the k–708

mer dictionary, species-level assignment provided consistent709

results about their origin. Conversely, since
:::
Yet,

::::::::::
assignment710

::
of

:::::::
samples

::
to

::::::
species

:::::::::
belonging

::
to

::::::
groups

::
or

:::::::::
subgroups

::::
less711

:::
well

::::::::::
represented

:::
by

:::
the

:::::
target

:::::::
species

::::::
should

::
be

::::::::::
interpreted712

::::
with

:::::::
caution,

:::::::::
especially

:::::
when

::::
the

::::::::
observed

:::::::::
proportion

:::
of713

:::::::::::
non-matching

:
k–mers

:
is
:::::

high
::::::
(Figure

:::::
S4).

:::
In

:::::
such

::::::
cases,714

::::::
analysis

:::::
with

:
a
::::::
newly

::::
built k–mer

::::::::
dictionary

::::::::
including

:::::
more715

::::::
closely

::::::
related

::::::
species

:::::
may

::
be

::::::::
valuable.

:::::::
Indeed,

:
our main716

focus was on the evaluation of D. suzukiidata, we
:::::::
samples.717

:::
We

:::::::
therefore

:
chose to deliberately overrepresent the suzukii718

subgroup in the k–mer dictionary construction by including719

the high quality genome assemblies available for D. suzukii,720

D. subpulchrella, and D. biarmipes. The latter two species721

were in practice
:::
fact

:
the most likely confounders in field-722

collected samples from the Asian range of D. suzukii (see723

Introduction). Interestingly, the inclusion of these closely724

related species seemed to have only a limited effect on the725

number of discriminating k–mers in the resulting dictionary,726

with the percentage of sequences with no assigned k–mer for727

their corresponding reference samples being in the range of728

that observed for reference samples from other target species729

(Figure 2).730

Searching the resulting k–mer dictionary of target species se-731

quences with CLARK (25) was highly efficient in terms of732

both run time and memory requirements. This makes analy-733

ses of common short-read sequencing data tractable on stan-734

dard workstations or computer grids, and even on a standard735

laptop when using the lighter CLARK version (25), although736

at some moderate cost in assignment accuracy. More specif-737

ically, it took only a few minutes and about 50 Gb of RAM738

to load the CLARK dictionary (<1 min and <2 Gb of RAM739

for the CLARK-L dictionary), and the mapping took about740

one minute per million of typical 150 nt short reads. Such741

assignment analyses could thus be performed routinely and742

may be worth including as a standard part of the quality743

control of sequencing data, at least for the D. suzukii sam-744

ple. Note that here we have chosen to screen sequences af-745

ter filtering raw PE reads with fastp (4), primarily to limit746

the potential impact of varying sequence quality across sam-747

ples on the assessment of assignment accuracy (e.g., pro-748

portion of sequences assigned). Although this is not re-749

quired in practice when trying to assign samples or assess750
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their contamination levels, it seems to be a reasonable strat-751

egy when combined with other quality control procedures.752

Finally, for contamination assessment at the whole-sample753

level, k–mer-based approaches represent an attractive and ef-754

ficient mapping-free alternative to competetive
::::::::::
competitive755

mapping methods that consist of mapping sequencing reads756

to hologenomes constructed from target species assemblies757

(e.g. 14). It also allow
::::::
allows for easy interrogation of a758

wider range of target species,
:
providing good quality genome759

assemblies are available. For sequence filtering purposes,760

however, such approaches must be used with caution be-761

cause they rely on species-discriminating k–mers and thus762

may leave a substantial proportion
::::::
fraction

:
of sequences763

unassigned. More advanced (and computationally expensive)764

methods
::::
may

::::
then

::
be

::::::::
valuable, such as the one implemented765

in CLARK-S (24), which allows some mismatches in k–766

mer matching to improve the sensitivity of sequence assign-767

ment , may be valuable
::
or

::::
even

::::::::
KRAKEN

::::::
(33, 34)

:
,
:::::
which

::::
was768

::::
used

::::
here

::
to

::::::
identify

::::::::::::
contaminating

::::::
contigs

:::
in

::
the

::::::::::
assemblies769

::
of

:::
the

::::::
target

:::::::
species.

::::::::
Indeed,

::::
this

::::::::
program

:::
can

:::::
rely

:::
on770

k–mers
:::::
shared

:::
by

::::::
several

:::::::
species

:::
for

::::::::
sequence

:::::::::::
assignment,771

:::
and

:::
not

::::
only

:::::::
species

::::::::::::
discriminating k–mers

:
,
::::
since

:::
all

:::
the

:
k–772

mers
::
of

:::
the

:::::
target

:::::::::
dictionary

::::::::
(possibly

::::
built

:::::
from

::::
very

:::::
large773

::::::::
databases

::::
such

::
as

:::
the

:::::
NCBI

:::
nt)

:::
are

:::::::
mapped

::
to

:::
the

:::::
nodes

::
of

::
a774

::::::::::
phylogenetic

::::
tree

:::::::
(species

::::::::::::
discriminating

:
k–mers

:
to

::::::::
terminal775

:::::
nodes

:::
and

::::::
shared k–mers

::
to

::::::
internal

::::::
nodes).776

Overall, the results obtained from the analysis of WGS data777

for reference samples belonging to different target species778

and single or pools of D. suzukii individuals demonstrated779

the high accuracy of the k–mer-based approach. It also al-780

lowed the unambiguous identification of 16 mislabeled D.781

suzukii individuals among the 236 (i.e. 6.78%) from the782

Lewald et al. (18) study. Five corresponded to D. simulans783

individuals collected at the same site in Watsonville (Cali-784

fornia, USA). It should be noted that Lewald et al. (18) dis-785

carded these samples from their analysis because they dis-786

played too low mapping rates like the Dandong (China) sam-787

ple, which was found here to be substantially contaminated788

with microbial (and Wolbachia) sequences. The eleven other789

non-D. suzukii individuals from three different locations in790

Asia could all be assigned to D. subpulchrella individuals.791

These were also identified as D. subpulchrella by Lewald792

et al. (18) (and discarded from their analysis) using a phy-793

logenetic analysis of the mitochondrial COX2 gene. Two of794

the 22 Pool-Seq samples of (22) collected in the Asian native795

area were also,
::::
and

:::::::::::
unexpectedly,

:
found to be contaminated796

with D. subpulchrella individuals, namely CN-Nin with 7 D.797

subpulchrella individuals and to a lesser extent JP-Tok with798

1 D. subpulchrella individual (both out of 50 individuals in799

total). More surprisingly, but confirming a gene-based anal-800

ysis by D. Obbard (pers. comm.), the DE-Jen pool collected801

in Jena (Germany) was found to be contaminated with 5 to802

6 D. immigrans individuals (out of 100). These observa-803

tions may indicate that great care should be taken when an-804

alyzing sequencing data from wild-caught samples, and that805

more attention should probably be paid to species identifi-806

cation prior to sequencing. High-throughput metabarcoding807

and non-destructive approaches, such as those recently pro-808

posed by Piper et al. (28), may represent valuable alternatives809

to sometimes difficult morphological identification by allow-810

ing rapid and efficient diagnosis of D. suzukii samples at any811

life stage. Such efforts may be even more critical for Pool-812

Seq experiments, since filtering out contaminated sequences813

(e.g., using competitive mapping) is far more challenging814

than discarding mislabeled Ind-Seq samples, especially when815

the sample is contaminated by individuals from very closely816

related species (such as D. subpulchrella for D. suzukii).817

Although two different D. suzukii genome assemblies were818

used to build the species-discriminating k–mer dictionary,819

all (pure) D. suzukii Ind-Seq and Pool-Seq samples showed820

a small but non-negligible fraction of their sequences821

(from 1.14% to 2.78%) assigned to D. subpulchrella by822

the most stringent criterion. This pattern
:::::::
Because

::
i)
::::

the823

D. suzukii
::::::::
reference

:::::::
genome

:::::::::
assemblies

:::::
were

:::::::
derived

:::::
from824

::::::::
isofemale

:::::
lines

::::::::::
established

:::::
from

::::::::::
individuals

::::::::
sampled

:::
in825

::
the

::::::
North

:::::::::
American

::::
(5)

::
and

:::::::::
European

:::::
(23)

::::::
invaded

::::::
areas;826

:::
and

::
ii)

:
D. subpulchrella

:::
has

:::
not

::::
been

::::
yet

::::::::
described

:::
(to

::::
our827

:::::::::
knowledge)

:::::::
outside

:::
the

:::::
Asian

::::::
native

:::::
range

::
of

:
D. suzukii

:
;
::
it828

:
is
::::::

highly
:::::::
unlikely

::::
that

::::
this

::::::
pattern

::
is

:::
the

:::::
result

::
of

:::::::::
pervasive829

::::
gene

::::
flow

::::::::
between

:::
the

::::
two

:::::::
species,

:::
but

::::::
rather

:
can be ex-830

plained by the close
:::::::::::
phylogenetic

:
relationship between the831

two species. Indeed,
:
some D. subpulchrella-discriminating832

k–mers may actually map to orthologous regions not rep-833

resented in the D. suzukii reference assemblies and/or cap-834

ture shared genetic variation between the two species (due835

to incomplete lineage sorting ). In both cases, refining836

the dictionary by including additional reference assemblies837

for each species, or alternatively
:::::
(ILS).

::::::::
Including

::::::
more838

:::::::
reference

::::::::::
assemblies

:::::
(e.g.,

:::::
from

:::::::
different

:::::::
strains)

:::
for

:::::
each839

:::::
target

::::::
species

:::::
may

:::
be

::::::::::
considered

::
as

::
a
::::::::

valuable
::::::::

strategy840

::
to

:::::::
improve

:::::
both

:::
the

:::::::::
sensitivity

::::
(by

::::::::
‘positive

::::::::
filtering’

:::
of841

::
the

:::::::::::::
discriminating

:
k–mers

:::
that

::::::
capture

:::::::::::
intraspecific

:::::::
genetic842

::::::::
variation)

::::
and

:::::::::
specificity

::::
(by

:::::::::
‘negative

::::::::
filtering’

:::
of

::::
the843

::::::::::
incompletely

:::::::
sorted

:
k–mers

:
).

::::::
The

:::::::
optimal

::::::::
number

:::
of844

:::::::::::
representative

::::::::::
assemblies

::
is

::::
thus

:::::
likely

:::
to

::::
both

:::::::
depend

:::
on845

::
the

::::::::::
relatedness

:::
of

:::
the

:::::::
selected

::::::
target

::::::
species

::::
and

:::
for

:::::
each846

:::::
target

::::::
species

:::
on

::::
their

:::::::
genetic

::::::::
diversity.

::::::::::::
Alternatively,

:
the847

misassigned short read sequences found in the analyzed848

samples (then assumed to be pure), may help improve849

sensitivity. Similarly
:::
can

:::
be

:::::::
included

::
in
::::

the
::::::::::
construction

:::
of850

::
the

:
k–mer

:::::::::
dictionary,

::::::::
assuming

::::
that

:::
the

:::::::::
considered

::::::::
samples851

::
are

::::
not

:::::::::::
contaminated

::::
and

:::
are

::::::
‘pure’

:::::::::::::
representatives

::
of

::::
the852

:::::::::::
corresponding

:::::
target

:::::::
species.

:::::
Such

::::::
refined

:::::
target

::::::::::
dictionaries853

:::
may

:::::
even

::::::
further

:::::
allow

:::::::::
providing

:::::::
(rough)

::::::::
estimates

::
of

::::
the854

:::::::::::
genome-wide

:::::
level

::
of

:::::::::::
interspecific

:::::
gene

:::::
flow,

::
or
:::

at
:::::
least855

::
the

::::::::::::
identification

:::
of

::::::
highly

::::::::
admixed

::::::::::
individuals.

:::::::
Hence,856

in the sample of identified D. subpulchrella individuals,857

approximately
:
if

::::::
about

:
2% of the short-read sequences858

were assigned to D. suzukii, with the notable exception859

of
::
(in

::
a
::::::
similar

::::
but

::::::::
reversed

::::::
pattern

:::
as

::::::::
observed

::::
for

:
D.860

suzukii
::::::::::
individuals), one (presumably) D. subpulchrella indi-861

vidual that had nearly 10% of the
::
its

:
sequences assigned to862

D. suzukii. The status of this sample may be of special in-863

terest for further study as it could represent a previously un-864
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reported case supporting some recent (i.e., only a few gen-865

erations back) admixture events between D. suzukii and D.866

subpulchrella. As discussed by Lalyer et al. (17), if no such867

recent events have been reported to date, several studies sug-868

gest that hybridization has occurred between these two sister869

species (7).870

Overall, the present analysis allowed the definition of a large871

curated dataset consisting of > 60 population samples repre-872

sentative of global genetic diversity, which may be valuable873

for further D. suzukii population genetics studies. Although874

constructed with the analysis of D. suzukii samples in mind,875

the k–mer dictionary developed here may be directly relevant876

to the analysis of the level of contamination of samples from877

other target species such as D. simulans or D. melanogaster.878

Likewise, the current dictionary also allows for the rapid879

identification of Wolbachia-infected samples, which may be880

of interest for a first rapid screening of drosophilids sam-881

ples since the set of Wolbachia-discriminating k–mers was882

built by combining D. simulans and D. melanogaster Wol-883

bachia assemblies. More generally, while we advocate care-884

ful sample identification and verification prior to sequencing,885

the proposed framework is straightforward and computation-886

ally efficient. It thus could be considered as a routine post-887

hoc quality check approach to be applied prior to any data888

analysis and prior to data submission to public repositories.889

Data availability The CLARK and CLARK-L k–mer890

databases and the (cleaned) assemblies used to build them891

have been made publicly available from the Data INRAE892

repository (12). The compressed archive also contains scripts893

used to run CLARK and CLARK-L analyses and parse the re-894

sults. All sequencing data analyzed in this study are publicly895

available under the accession IDs reported in Tables 1, S2 and896

S3.897

Supplementary Materials Supplementary Fig-898

ures S1 to S5 are provided in the accompany-899

ing PDF file Figures_S1_to_S5.pdf. Sup-900

plementary Tables S1 to S5 are provided as Ex-901

cel spreadsheets in the accompanying Excel file902

Tables_S1_to_S5.xlsxTables_S1_to_S5.xls.903
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Fig. S1. Description of the query short-sequencing data consisting of 305 samples from i) 12 target species (‘target sp.’ in blue); ii) 31 additional drosophilid species (‘other
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Fig. S4. Percentages
:::::
Highest

::::::
observed

:::::::
percentage of sequences assigned to the most represented

:
a target species with CLARK (A) and CLARK-L (B) as a function of the

percentages of sequences with no matching k–mer for the 30 samples belonging to non-target species (see Table S3 for details). Sequence assignment was performed
using the most stringent criterion (i.e., nk > 5

::::
nk ≥ 5

:
and c > 0.95, see the main text).

:::
The

::
16

:::::
samples

:::
with

::::
>96%

:
of
:::

their
::::

reads
::::::
assigned

:
to
::

a
:::
given

::::
target

:::::
species

::
are

:::::::
represented

::
in

:::
black,

:::
the

:
14
::::
others

:::
are

:::::::
represented

::
in

:::
grey.
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Fig. S5. Barplots summarizing assignment results obtained with CLARK-L using the most stringent sequence assignment criterion (i.e., nk > 5
:::::
nk ≥ 5 and c > 0.95,

see the main text) for the D. suzukii Ind-Seq (n=236) and Pool-Seq (n=22) samples. For each sample, the proportions of sequences assigned to the 5 target species that
contribute at least 5% of the sequences of any of the 258 samples are shown using the color code indicated in the top left legend. The proportions of sequences assigned to
the 36 other target species are shown in gray.
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