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Abstract 27 

This last decade, environmental DNA metabarcoding approaches have been developed and 28 

improved to minimize biological and technical biases; some challenges, however, remain, as the 29 

design of primers. Here we have performed a comprehensive assessment of ten COI and two 30 

16S primer sets. We have combined in silico, in vivo-mock community of 33 arthropod taxa from 31 

16 orders and guano analyses to identify primer sets that should maximize arthropod detection 32 

and taxonomic identification, whilst identifying bat species and minimizing labour time and cost. 33 

We have focused on two insectivorous bat species living in mixed-colonies, the greater 34 

horseshoe bat (Rhinolophus ferrumequinum) and Geoffroy’s bat (Myotis emarginatus). We have 35 

found that the level of primer degeneracy is the main factor influencing arthropod detection for 36 

in silico and mock community analyses, while the amplicon length is critical for the detection of 37 

arthropods from degraded DNA samples. Our results confirm the importance of performing 38 

predator detection and taxonomic identification, simultaneously with arthropod sequencing, as 39 

faeces samples can be contaminated by different insectivorous species. Moreover, amplifying 40 

bat DNA does not affect the primers’ capacity to detect arthropods. We therefore recommend 41 

the systematic simultaneous identification of predator and prey. Finally, we evidenced that one 42 

third of the prey occurrences are unreliable and probably not of primary interest in diet studies, 43 

which might decrease the relevance of combining several primer sets instead of using one 44 

efficient primer set. In conclusion, this study provides general criteria enabling the selection of 45 

primers whilst considering different scientific and methodological constraints. 46 

 47 
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1 INTRODUCTION 51 

Environmental DNA (eDNA) metabarcoding, the genetic analysis of environmental samples such 52 

as soil, water or faeces, provides a rapid and cost-effective tool for the study of species that are 53 

difficult to detect or monitor (Bohmann et al., 2014). This approach allows the simultaneous 54 

identification of the taxa composition of environmental samples, without requiring the initial 55 

isolation of organisms (Clare, 2014; Taberlet et al., 2012). eDNA metabarcoding is of particular 56 

interest for the diet analysis of rare or elusive species, and this approach has been applied to a 57 

large spectrum of organisms (Clare et al., 2009; Shehzad et al., 2012; Rytkönen et al., 2019; 58 

Kartzinel and Pringle, 2015; Corse et al., 2017). Compared to the traditional microscopic study of 59 

the undigested prey fragments in faecal remains, eDNA metabarcoding has two key advantages 60 

for diet analysis : (i) a finer resolution (potentially to the species level), and (ii) the simultaneous 61 

processing and sequencing of several hundred samples (Galan et al., 2018). However, eDNA 62 

metabarcoding is subject to many biological and technical distortions at each step of its process, 63 

including fieldwork, laboratory analysis and bio-informatics. Old-established samples, storage in 64 

poor conditions, contaminations, PCR inhibitors, PCR stochasticity and chimera development 65 

are common biases influencing the reliability of results (for a review see, Alberdi et al., 2019). 66 

Many methodological studies have been made to limit some of these biases and to provide 67 

some guidelines for the elaboration of metabarcoding protocols, as for example the systematic 68 

inclusion of technical replicates and negative controls (Alberdi et al., 2018; Corse et al., 2017; 69 

Elbrecht and Steinke, 2019; Galan et al., 2016; Mata et al., 2018).  70 
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Another major issue of eDNA metabarcoding that still needs to be solved, despite a growing 71 

attention, is the selection of the primer set(s). This is crucial because primers targeting the DNA 72 

fragment to be amplified and sequenced, should be suitable for all the taxa present in the 73 

environmental samples. The targeted DNA fragment has to be variable enough to discriminate 74 

close species, but also sufficiently abundantly referenced in public sequence databases to allow 75 

for the identification of sequences gathered. The cytochrome c oxidase I (COI) mitochondrial 76 

gene fulfils these criteria. It is the most widely used gene in animal metabarcoding analyses 77 

(Andújar et al., 2018; Hebert et al., 2003). The targeted ‘Folmer region’ of the COI sequence 78 

used for the standardized DNA barcoding is 658 base pairs (bp), which is too long to be 79 

sequenced efficiently by the second generation of High-Throughput Sequencing (HTS) 80 

platforms. Moreover, eDNA is often highly degraded, because of digestion processes (faecal 81 

samples), or exposure of samples to the outer environment (i.e. rain, sunlight, etc, Oehm et al., 82 

2011). This makes the use of the entire ‘Folmer region’ COI sequence irrelevant (Deagle et al., 83 

2006). ‘Mini COI barcodes’ (i.e. with a targeted region range of < 200bp; Hajibabaei et al., 2006; 84 

Pompanon et al., 2012) are therefore more commonly used in eDNA metabarcoding analyses, 85 

although lack of conserved regions in the COI sequence can make the design of universal 86 

primers difficult (Deagle et al., 2014). Thus, some authors have argued for the joint use of 87 

several COI primer sets (Corse et al., 2019; Esnaola et al., 2018), or of the combination of 88 

mitochondrial 16S rRNA and COI primer sets (Alberdi et al., 2018; Bohmann et al., 2018). This 89 

should allow the coverage of the taxonomic spectrum of prey to be increased. For example, 90 

Esnaola et al. (2018) have shown that the combination of the Zeale et al. (2011) and Gillet et al. 91 
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(2015) primer sets allows 37.2% more species to be detected than Gillet’s primer set alone. 92 

However, the combination of several primer sets greatly increases not only the financial cost 93 

but also the duration of both laboratory work and analyses of metabarcoding studies. In this 94 

context, the use of a single highly degenerated primer set is potentially very promising. Some 95 

studies have highlighted the efficiency of degenerated primers (Elbrecht and Leese, 2017; Galan 96 

et al., 2018; Vamos et al., 2017). Degenerated bases are used in primer’s sequences to avoid 97 

mismatches at the variable positions between the different targeted taxa. In theory, this 98 

enables the amplification and identification of different taxa with a unique primer set in a single 99 

PCR reaction. However, degenerated primers have to be carefully designed because high levels 100 

of degeneracy can lead to high rates of non-target amplification (Innis et al., 2012). Up to now, 101 

no consensus has been reached and a multitude of primer sets have been designed for the COI 102 

and 16S genes that differ in their target length, degeneracy levels and position. 103 

Designing metabarcoding protocols for the study of insectivorous bat diet is still an 104 

important issue. Such molecular analysis is critical because the direct observation of bat feeding 105 

is virtually impossible. The morphological identification of prey remains in the guano is not 106 

resolutive and can be highly time consuming. Finally, many bat species are endangered and 107 

therefore protected so that invasive methods cannot be applied to carry out diet surveys. 108 

Metabarcoding analysis of the DNA contained in bat guano has thus been developed, (i) to 109 

better understand bat ecology (Arrizabalaga-Escudero et al., 2015; Clare et al., 2014a), (ii) to 110 

highlight the potential ecosystem services provided by bats as pest suppressors (Aizpurua et al., 111 

2018; Maslo et al., 2017), and (iii) ultimately to set up effective conservation strategies 112 
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(Arrizabalaga-Escudero et al., 2015). However, most of these studies have used arthropod 113 

specific primer sets. The resulting problem when working with guano collected from roost sites 114 

comes from the fact that several bat species may roost in the same sites, and that the guano is 115 

not easily distinguishable between bat species. In this case, it is critical to identify bat species to 116 

avoid mis-assigning preys to the wrong bat species and also to discard guano samples that could 117 

be contaminated with excreta from other bat species. To this end, Galan et al. (2018) optimized 118 

a metabarcoding approach to simultaneously identify bat species and their prey, instead of 119 

using different primer sets and methodologies to identify bat species on one hand and the 120 

arthropods on the other hand (e.g. Bohmann et al., 2011; Van den Bussche et al., 2016). As the 121 

amplification of bat DNA may reduce the sensitivity of prey DNA detection (Pompanon et al., 122 

2012), it is important to find a trade-off between the success of an exhaustive prey amplification 123 

and bat species identification. 124 

In this study, we have addressed this question of the design of an optimal DNA 125 

metabarcoding approach in order to study the diet of two European insectivorous bat species: 126 

the greater horseshoe bat (Rhinolophus ferrumequinum) and the Geoffroy’s bat (Myotis 127 

emarginatus). These two species are of particular interest regarding this methodological issue 128 

because they share maternity roosts during summer but have contrasted diets. It is therefore 129 

important to be able to assign guano collected from one or other of these two species. In this 130 

context, our main objective was to compare different primer sets to identify the primer 131 

characteristics that would maximize the accuracy of arthropod detection and identification, 132 

while minimizing the time and cost of labour. We also compared the capacity of primer sets to 133 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 29, 2019. ; https://doi.org/10.1101/742874doi: bioRxiv preprint 

https://doi.org/10.1101/742874


9 
 

provide identification of bat species without over amplifying bat DNA. Following the recent 134 

recommendations of Elbrecht et al. (2019), we carried out a complete primer assessment 135 

consisting of three stages. We first made an in silico comparison of primer sets, based on 136 

hundreds of thousands of arthropods’ sequences gathered from public databases. This step 137 

enabled to evaluate the primers’ efficiency to detect a wide taxonomic array of arthropods, 138 

independently of the quality of the samples and the effects of laboratory procedures 139 

(extraction, PCR, etc). We then performed an in vivo comparison of primer sets on two mock 140 

communities (MC) – one containing only arthropod DNA and the other one containing both 141 

arthropod and bat DNA. This step enabled to evaluate the efficiency of primer sets in detecting 142 

a wide taxonomic array of known arthropod taxa, and to assess whether the presence of bat 143 

DNA influences the efficiency of detecting prey. Lastly, we made an in vivo comparison of primer 144 

sets on guano samples from two insectivorous bat species. This step allowed to compare the 145 

efficiency of primer sets in amplifying degraded arthropod DNA which is likely to be 146 

encountered when working with guano samples collected from roost sites. 147 

 148 

2 MATERIALS AND METHODS 149 

2.1 In silico evaluation 150 

First, we selected primers commonly used for arthropod detection and identification in 151 

metabarcoding approaches (Table 1). Six primer sets were selected on the COI gene and one on 152 

the 16S gene. We favoured primer sets targeting either short region length (between 133 and 153 

218 bp), but also some longer fragments (between 313 and 322 bp) to evaluate the potential 154 
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effect of primer length on prey detection in bat guano. Then, based on existing primers, we 155 

designed four new COI combinations of primers and one new 16S combination of primers on 156 

the basis of the seven previously chosen primer sets. For the COI reverse primer from Jusino et 157 

al. (2018) and the 16S primers from Epp et al. (2012), we increased the base degeneracy level to 158 

improve their success of hybridization on DNA prey during the PCR amplification. To estimate 159 

the efficiency of the 12 primer sets, we applied the R package PrimerMiner (Elbrecht and Leese, 160 

2016) to cluster 4,259,845 sequences from BOLD database in 327,412 COI OTUs (Operational 161 

Taxonomic Units) and 83,651 sequences from NCBI database in 25,505 16S OTUs for 21 162 

arthropod orders including potential bat prey (details in Table S1). COI and 16S sequences were 163 

aligned separately using MAFFT v7.017 (Katoh et al., 2002) as implemented in GENEIOUS v8.1.7 164 

(Kearse et al., 2012). The consensus sequence alignment for each order of arthropods was 165 

visualized using PrimerMiner which allows to identify suitable primer binding sites (Figure S1). 166 

All primer sets are detailed in Table 1. They varied in target region length and degeneration 167 

level (Figure 1).  168 

These 12 primer sets were evaluated and compared using PrimerMiner. This comparison is 169 

based on a mean penalty score per arthropod order. It is calculated as a mismatch scoring that 170 

considers the adjacency, position and type of mismatch between primers and template 171 

sequences. Primers’ evaluation was only made for arthropod orders represented by at least 100 172 

OTUs, as recommended by Elbrecht and Leese (2016). This enables to capture a sufficient part 173 

of the variability potentially existing at primer binding sites. We evaluated each primer set by 174 

combining the penalty scores from both the forward and reverse primers. We determined 175 
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whether the arthropod OTUs should be theoretically successfully amplified using the default 176 

value (success: penalty score < 120). 177 

 178 

2.2 In vivo evaluation 179 

2.2.1 Mock community: sample collection and preparation 180 

Sampling details are provided in Table S2. Briefly, we collected 33 arthropod individuals 181 

representing 16 orders (two taxa per order except for Opiliones, Dermaptera, Isopoda, 182 

Psocodea, Julida, Polyxenida and Raphidioptera). They were captured alive in May and June 183 

2019 in the South of France, then immediately frozen at -20°C to avoid DNA degradation. Bat 184 

DNA was obtained from tissue samples. They were collected in Western France from the wing 185 

membrane (patagium) of greater horseshoe bats (R. ferrumequinum) using a 3-mm diameter 186 

biopsy punch. Bat samples were preserved in 95% ethanol solution at 4°C until DNA extraction 187 

and pooling.  188 

The DNA of arthropods and bats was extracted using EZ-10 Spin Column Genomic DNA 189 

Minipreps Kit for Animal (BioBasic) following the manufacturer’s instruction. DNA extractions 190 

were normalized to 7 ng/µL after Qubit fluorimeter quantification (Invitrogen). The integrity of 191 

DNA was evaluated by electrophoresis on a 1,5% agarose gel. 192 

We built two versions of the same mock community (MC) of 33 different arthropods taxa. 193 

The first one contained the 33 arthropod DNA extracts mixed in equimolar proportion (MCarthr). 194 

The second one contained 50% of this mock community and 50% of bat DNA (MCarthr+bat). 195 
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We used the same DNA extractions of bats and arthropods to build reference sequences for 196 

the COI and 16S genes. Normalized DNA was amplified and sequenced for each individual to 197 

provide reference sequences for each gene. Firstly, we sequenced the 658bp ‘Folmer region’ of 198 

the COI gene using Sanger technology as described in Sow et al. (2018). Secondly, we sequenced 199 

the 106bp target region of the two 16S minibarcodes using the Epp-degen primer set and MiSeq 200 

sequencing technology for each DNA extractions independently, following the same protocol 201 

used for the analysis of the mock and guano samples, as described below.  202 

 203 

2.2.2 Guano samples: collection and preparation 204 

We collected 22 faecal pellets from five mixed maternity colonies of the greater horseshoe bat 205 

and Geoffroy’s bat in Western France (see details in Table S2). Each guano was retrieved from 206 

paper plates let on the ground during 10 days using single-usage pliers in order to avoid 207 

contaminations between samples. Paper plates were renewed at each collection to avoid 208 

contaminations. Samples were stored at -20°C until DNA extraction. 209 

DNA extraction was performed according to Zarzoso-Lacoste et al. (2018). Briefly, guano 210 

samples were frozen at -80°C then bead-beaten for 2 x 30s at 30 Hz on a TissueLyser (Qiagen) 211 

using a 5-mm stainless steel bead. DNA was extracted using the NucleoSpin 8 Plant II kit 212 

(Macherey Nagel) with the slight modifications recommended in Zarzoso-Lacoste et al. (2018). 213 

 214 

2.2.3 PCR and library construction 215 
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We made four versions of each primer by adding a 5’ heterogeneity spacer of 0 to 3 bp to the 216 

primer sequence (Table S3). This increased the diversity at each sequencing cycle, improved the 217 

detection of the sequencing clusters at the flowcell surface and thus increased the quality of the 218 

reads. The four versions of each primer were mixed together before PCR. 219 

We used the two-step PCR protocol described in Galan et al. (2018) with slight 220 

modifications. First, we increased the time of extension step (2min instead 45s) in PCR1 and 221 

PCR2 to reduce chimera formation. Second, for each PCR replicate multiplexed in the same run, 222 

we used a double indexing strategy as recommended in Kircher et al. (2012): each 9-bp i5 and i7 223 

dual-index were used only for one PCR sample, eliminating the problem of ‘leak’ due to false 224 

index-pairing (Martin, 2019). The lists of the dual-index used are described in Table S4. We used 225 

the same PCR programs for all the primer sets with a low annealing temperature (45°C) as 226 

recommended in recent studies (Elbrecht et al., 2019; Jusino et al., 2018). We validated this 227 

program by checking the quality of PCR amplification on the mock community for the 12 primer 228 

sets (Figure S2). The PCR1 was performed in 10 µl reaction volume using 5 µl of 2x Qiagen 229 

Multiplex Kit Master Mix (Qiagen), 2.5 µl of ultrapure water, 0.5 µl of each mix of forward and 230 

reverse primers (10 µM), and 1.5 µl of DNA extract. The PCR1 conditions consisted in an initial 231 

denaturation step at 95°C for 15 min, followed by 40 cycles of denaturation at 94°C for 30 s, 232 

annealing at 45°C for 45 s, and extension at 72°C for 2min, followed by a final extension step at 233 

72°C for 10 min. The PCR2 consisted in a limited-cycle amplification step to add multiplexing 234 

index i5 and i7 (9 bases each) and Illumina sequencing adapters P5 and P7 at both ends of each 235 

DNA fragment from PCR1. PCR2 was carried out in a 10µl reaction volume using 5 µl of Qiagen 236 
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Multiplex Kit Master Mix (Qiagen) and 2µL of each indexed primer i5 and i7 (0.7 µM). Then, 2 µL 237 

of PCR1 product was added to each well. The PCR2 started by an initial denaturation step of 95°C 238 

for 15 min, followed by 8 cycles of denaturation at 94°C for 40 s, annealing at 55°C for 45 s and 239 

extension at 72°C for 2min followed by a final extension step at 72°C for 10 min. 240 

We included in each 96-well microplate a negative control for extraction (NCext), a negative 241 

control for PCR (NCPCR) and a negative control for indexing (NCindex). We performed three PCR 242 

technical replicates per sample on each DNA extract. For the guano samples, we considered a 243 

positive sample for a particular taxon if at least two replicates over three were positive, to 244 

overcome the stochasticity of the PCR in the detection of rare prey while reducing the number 245 

of putative false-positive results (i.e. one positive replicate over three is considered as a false-246 

positive result, Alberdi et al., 2018). 247 

We checked the homogeneity of amplifications between primer sets and the absence of 248 

nonspecific amplification by electrophoresis of 3 µL of each PCR2 product on a 1.5% agarose gel. 249 

Then PCR2 products were pooled separately for each of the 12 primer sets and put on a low-250 

melting agarose gel (1.25%) for excision. After electrophoresis, the excision step aimed at 251 

eliminating the primer dimers and non-specific amplifications. We used the PCR Clean-up Gel 252 

Extraction kit (Macherey-Nagel) to purify the excised bands. The 12 pools were quantified using 253 

the KAPA library quantification kit (KAPA Biosystems) taking into account the different fragment 254 

length, normalized at 4nM, and pooled in equimolar concentration before loading 14 pM and 255 

5% of PhiX control on a MiSeq flow cell with a 500-cycle Reagent Kit v2 (Illumina).  256 

 257 

2.2.4 Taxonomic assignments 258 
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First, we used a R pre-processing script (Sow et al., 2019) to merge pair sequences into contigs 259 

with FLASH v.1.2.11 (Magoč and Salzberg, 2011) and to trim primers with CUTADAPT v.1.9.1 260 

(Martin, 2011). We then used the FROGS pipeline (‘Find Rapidly OTU with Galaxy Solution’, 261 

Escudié et al., 2018) to create an abundance table for each variant. Briefly, this pipeline enabled 262 

to (i) filter sequences by length (+/- 20 bp from the expected length), (ii) cluster in Operational 263 

Taxonomic Units (OTUs) the variants using a maximum aggregation distance of one mutation 264 

with the SWARM algorithm (Mahé et al., 2014), (iii) remove chimeric variants using VSEARCH 265 

with de novo UCHIME method (Edgar et al., 2011; Rognes et al., 2016), and (iv) filter by keeping 266 

only OTUs present in at least two PCR replicates. 267 

Taxonomic assignments were carried out for each primer set, following different 268 

procedures. We used the reference sequences produced to analyse mock community results 269 

(see above). This enabled to identify the genuine sequences of the two mock communities 270 

(Table S5). With regard to guano samples, we analysed the 16S OTUs using BLASTN (Altschul et 271 

al., 1990) and the NCBI Nucleotide database (Benson et al., 2008). Taxonomic assignments of 272 

COI OTUs were made using the NCBI BLAST+ automatic affiliation tool available in the FROGS 273 

pipeline, with the Public Record Barcode Database (data related to BOLD database 274 

http://v3.boldsystems.org in February 2019, with maximum 1% of N). We determined the final 275 

affiliations following the description provided in Appendix S1. 276 

 277 

2.3 Statistical analyses 278 

2.3.1 In silico data 279 
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We tested the effect of the level of primer degeneracy on the mean penalty score and on 280 

theoretical amplification success. We used respectively a Poisson and a binomial Generalized 281 

Linear Mixed Model (GLMM), with the primer set and the order as random effects.  282 

 283 

2.3.2 Mock communities data 284 

We tested the effect of the amplicon length, the level of primer degeneracy and the percentage 285 

of bat reads on the percentage of arthropod taxa detected using a binomial Generalized Linear 286 

Model (GLM). 287 

 288 

2.3.3 Guano samples data 289 

 We tested the effect of the amplicon length, the level of primers degeneracy, the total number 290 

of reads and the percentage of bat reads on the number of arthropod occurrences using a 291 

Poisson GLM. Taxa occurrence was considered instead of the absolute number of taxa in order 292 

to take into account the frequency of detection of a particular taxon for each primer set, and to 293 

minimize the detection of rare taxa (i.e. detected in a single sample). 294 

We did not include the 16S primer sets in the in vivo statistical analyses (mock communities 295 

and guano samples) because of confounding factors (e.g. smaller size of the 16S reference 296 

database compared to the COI database). 297 

 298 

2.3.4 Defining a strategy to determine the best primer set(s) for the study 299 

We developed a multi-criteria table that included criteria for each step of the primer set 300 

evaluation (in silico, mock community and guano sample analyses). We provided a score for 301 
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each criteria with regard to the objectives and constraints of our future metabarcoding studies. 302 

All criteria are detailed in Table S7. 303 

 304 

3 RESULTS 305 

3.1 In silico evaluation 306 

The in silico evaluation was performed on 21 arthropod orders (see list in Table S1). We 307 

recovered almost fifty times more sequences for the COI (4,259,845 sequences) than for the 16S 308 

gene (83651 sequences) using BOLD and NCBI databases. The two orders Dermaptera and 309 

Julida, and the four orders Archaeognatha, Dermaptera, Julida and Mecoptera, were 310 

respectively excluded from the COI and 16S analyses using PrimerMiner because of their 311 

insufficient number of OTUs (< 100; Table S1). 312 

The mean penalty scores and the theoretical amplification success varied strongly between 313 

primer sets and between arthropod orders (Figure 2, Tables S8 and S9). We found a significant 314 

negative influence of the level of primer degeneracy on the mean penalty scores (GLMM, p = 315 

1.01e-12) and a positive influence on the theoretical amplification success (GLMM, p = 2.88e-316 

09) (Table S10). The high mean penalty scores (> 165) and low amplification success (mean < 317 

50%) were observed for the primer sets exhibiting a lack of degeneracy (e.g. mlHCO, Lep1, Zeale 318 

and Epp). For example, the mean penalty score of Epp primers was around 12 times higher than 319 

the score of its degenerated version Epp-degen. 320 

 321 

3.2 In vivo evaluation - Mock communities 322 
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3.2.1 Sequencing results 323 

DNA quality checks revealed that DNA showed a good integrity for all the taxa considered, 324 

except for the Hemiptera-1 (Uroleucon sp.) which was degraded (Figure S2). PCR products of the 325 

MCs on agarose gels revealed that amplification was homogeneous between primer sets (Figure 326 

S2). MiSeq sequencing produced a total of 3,100,343 reads for the two MCs. Removing reads 327 

with unexpected length excluded up to 6.3 % of the reads (Hex primer set), removing chimera 328 

excluded up to 4.67% of the reads (fwhFol primer set) and removing reads not shared by at least 329 

two PCR replicates excluded up to 21.64% of the reads (mlHCO primer set). The remaining reads 330 

varied from 168,815 for Hex to 284,216 for Lep1 (Table S11). 331 

 332 

3.2.2 Detection of bat DNA 333 

All primer sets amplified less bat DNA (up to 18.36% of the number of reads; replicate 2 of Epp-334 

degen) than expected (50% because arthropod and bat DNA were in equimolar proportions in 335 

the MCarthr+bat, see Figure S3). Primers with a lack of degeneracy amplified only few reads (Hex, 336 

mlHCO and Epp; mean of triplicate < 0.01%) or did not amplify any bat DNA at all (Zeale and 337 

Lep1). The degenerated primers fwh2 and MG2-ANML-degen amplified less than 1% of bat 338 

reads and fwh1 and MG2fwh less than 5.2%. The best primer sets for the amplification of bat 339 

DNA were Epp-degen (mean triplicate 10,17%), fwhFol (mean triplicate 7.53%) and MG2 (mean 340 

triplicate 7.43%). 341 

 342 

3.2.3 Detection of arthropod taxa 343 
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The percentage of arthropod taxa detected in MCs varied from 67% to 100% (see Figure 3 and 344 

Figure S4). In the mock community with no bat DNA (MCarthr), only MG2 amplified all arthropod 345 

orders in triplicate. Five other primer sets (MG2fwh, MG2-ANML-degen, fwh1, fwh2 and fwhFol) 346 

amplified all arthropod orders; however, the taxa with degraded DNA (Uroleucon sp. 347 

Hemiptera-1) amplified only few reads in two replicates over three. Hex was also among the 348 

best primer sets as it amplified all taxa except the degraded Hemiptera-1. Hemiptera-1 was mis-349 

amplified by less than half of the primer sets (only one to three reads were recorded) and not 350 

amplified by the others. In accordance with the in silico evaluation, mlHCO, Lep1, Zeale and Epp 351 

failed to detect an important number of taxa, and Zeale and Lep1 were the less efficient primer 352 

sets with respectively eight and 14 taxa not amplified or mis-amplified (two replicates over 353 

three). Our results revealed a positive effect of the COI primers degeneracy level on the 354 

percentage of detected taxa in MCarthr (GLM, p = 6.54e-05; Table S10) but no effect of the 355 

amplicon length (GLM, p = 0.681; Table S10). The influence of the degeneracy is also illustrated 356 

by the two 16S primer sets: Epp mis-amplified or did not amplified five (MCarthr) and six taxa 357 

(MCarthr+bat), while its degenerated version Epp-degen mis-amplified or did not amplify only two 358 

taxa over the 33 of each mock community. 359 

 360 

In the mock community with bat DNA (MCarthr+bat), four primer sets MG2, MG2-ANML-361 

degen, fwh2 and fwhFol amplified all taxa in triplicates (Figure S4). The primer set fwh1 362 

performed with reduced efficiency as it did not amplify Hemiptera-1 at all. The two primer sets 363 

Zeale and Lep1 were still the less efficient ones with respectively eight and 13 taxa that were 364 
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not amplified or mis-amplified. Our results revealed a positive effect of the level of COI primers 365 

degeneracy on the percentage of detected taxa in MCarthr+bat (GLM, p = 0.001; Table S10). We 366 

found no effect of the amplicon length (GLM, p = 0.781; Table S10) or of the percentage of bat 367 

reads (GLM, p = 0.668; Table S10). 368 

In both MCs, the primer sets that detected the smaller number of taxa also exhibited the 369 

largest variation of read number between arthropod taxa and between the observed and 370 

expected number of reads (Zeale, Lep1, mlHCO and Epp, Figure S4). 371 

 372 

3.2.4 Taxonomic identification of arthropod taxa 373 

The COI primer sets provided identical identification and exhibited only slight differences in 374 

taxonomic resolution (Table S12). By contrast, the COI and 16S primer sets often provided 375 

different identifications and levels of taxonomic resolution. Identical identifications were found 376 

for only eight taxa among the 33 arthropod taxa included in the MCs. The 16S primer sets 377 

always reached lower level of taxonomic resolution. The only exceptions were (i) Lepidoptera-2 378 

that was identified at the species level (Melitae deione) by the 16S primer sets and at the genus 379 

level only by the COI primer sets, and (ii) Psocoptera-2 that was identified at the genus level 380 

(Myopsocus sp.) by the 16S primer sets and not identified by the COI primer sets. 381 

 382 

3.3 In vivo evaluation – Guano samples 383 

3.3.1 PCR verification and sequencing results 384 
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DNA amplification was relatively homogeneous between primer sets and pellet samples, except 385 

for Hex and Lep1 which led to amplification failures and non-specific products (Figure S2). 386 

MiSeq sequencing produced a total of 9,190,350 reads. Removing reads with unexpected length 387 

excluded 0.52% (Epp-degen) to 10.57% (Lep1) of the reads (except 40.16 % of the reads for 388 

Hex). Removing chimera excluded 0.1% (Epp-degen) to 6.42% (mlHCO) of the reads. Removing 389 

reads not shared by at least two PCR replicates excluded 0.3% (Epp-degen) to 16.17% (Hex) of 390 

the reads (Table S11). Finally, the primer set Hex apart (368,121 reads), the remaining reads 391 

varied from 552,914 (Epp-degen primer set) to 808,594 (Zeale primer set).  392 

 393 

3.3.2 Detection of bat taxa 394 

Two bat species were mainly identified: Rhinolophus ferrumequinum and Myotis emarginatus. 395 

R. ferrumequinum was predominant (mean percentage of reads > 98.9% of all the Chiroptera 396 

reads) in ten samples, M. emarginatus in eleven samples (mean percentage of reads > 99.2%) 397 

and both species were found in high mixed proportions in one sample (mean percentage of R. 398 

ferrumequinum reads = 84.2% and mean percentage of M. emarginatus reads = 15.80%). This 399 

sample was discarded from further analyses. For eight primer sets and 12 samples, a mix of R. 400 

ferrumequinum and M. emarginatus reads was also observed but in highly unbalanced 401 

proportion, indicating very slight traces of cross-contaminations between pellets from different 402 

bat species in the colonies (median of reads contamination < 0.05%, Table S13). Traces of DNA 403 

from another bat species, Myotis myotis, were also found in three samples by four primer sets 404 

(mean of 0.0001% of bat reads; Epp-degen, fwh1, MG2 and MG2fwh). Moreover, some primer 405 
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sets amplified none of the two bat species (Hex) or only one bat species (Zeale, Lep1) whereas 406 

others amplified both bat species (Figure S5). However, the percentage of bat reads in R. 407 

ferrumequinum pellets was always lower than in M. emarginatus pellets, whatever the primer 408 

set considered (Figure S5).  409 

 410 

3.3.3 Detection of arthropod taxa 411 

We found a negative effect of the amplicon length (p = 0.030) and a positive effect of the 412 

number of reads (p = 0.032) on the number of occurrences detected (Table S10). However, the 413 

number of reads was not significant (p = 0.397) when the primer set with the lowest number of 414 

reads (Hex) was excluded. The degeneracy level of the primers and the percentage of bat reads 415 

had no effect on the number of occurrences detected (p = 0.140 and p = 0.111, respectively). 416 

Taken together, our result showed that the 12 primer sets allowed the identification of 96 417 

occurrences of prey items in the R. ferrumequinum samples (10 orders, 32 families, 56 genus 418 

and 60 species) and 109 occurrences of prey items in the M. emarginatus samples (11 orders, 419 

34 families, 63 genus and 65 species). The 16S primer sets revealed respectively about 30% and 420 

20% of the occurrences in R. ferrumequinum and M. emarginatus samples (Figure 4A). Only six 421 

of the ten COI primer sets allowed the detection of at least 50% of the occurrences of prey 422 

items in R. ferrumequinum samples and only four in M. emarginatus samples (Figure 4A). The 423 

other COI primer sets revealed from 31.2% to 49.5% of the total number of occurrences. Zeale 424 

primer set revealed the highest number of arthropod occurrences for both bat species (N = 68; 425 

62% of R. ferrumequinum occurrences and N= 68, 71% of M. emarginatus occurrences); 426 
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however, it did not allow the amplification and identification of bat species. The optimal primer 427 

set that amplified bat DNA and provided the highest number of arthropod occurrences for both 428 

bat species was fwh1 (number of occurrence(R.ferrumequinum) = 60; number of 429 

occurrence(M.emarginatus) = 62) although MG2 was slightly better than fwh1 for R. ferrumequinum 430 

samples (number of occurrence(R.ferrumequinum) = 63). The combination of one to four primer sets 431 

(Epp-degen, fwh1, MG2 and Zeale) allowed a gain from nine to 18 occurrences in R. 432 

ferrumequinum samples (89.58% of the occurrences detected by combining all primer sets) and 433 

from 20 to 25 occurrences in M. emarginatus samples (85.32% of the occurrences detected by 434 

combining all primer sets) (Figure 4B). However, one third of all the occurrences corresponded 435 

to mis-amplification associated with a low number of reads (amplification in two PCRs out of 436 

three, Figure 4B and Figure S6). In R. ferrumequinum samples, these unreliable occurrences 437 

represented a very low number of reads whatever the primer set considered (median < 39 438 

reads). In M. emarginatus samples, these unreliable occurrences also represented a very low 439 

number of reads ranging from 5 to 575 (except 4,186 for Zeale) for all primer sets (Figure 4B). 440 

The maximum number of unreliable reads was lower in R. ferrumequinum than in M. 441 

emarginatus samples (591 reads, Zeale, Figure 4B). Finally, we observed that 79.3% (M. 442 

emarginatus) and 86.7% (R. ferrumequinum) of the occurrences revealed by only one primer set 443 

were unreliable (Figure S6). 444 

 445 

3.4 Multi-criteria evaluation of primer sets 446 
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Based on the PrimerMiner scores of mean penalty and theoretical amplification success, the 447 

multi-criteria table enabled to identify seven appropriate primer sets (MG2, MG2fwh, MG2-448 

ANML-degen, fwh1, fwhFol, Hex and Epp-degen), one intermediate (fwh2) and four inefficient 449 

primer sets (Lep1, mlHCO, Zeale and Epp) (Table 2). The number of detected taxa (bat and 450 

arthropods) and the taxonomic resolution of their identification indicated that six primer sets 451 

were equivalent considering mock community results: MG2, MG2fwh, MG2-ANML-degen, fwh1, 452 

fwh2 and fwhFol (Table 2). Finally, Zeale was identified as the optimal primer set when bat DNA 453 

amplification is not needed, otherwise fwh1 or MG2 primer sets should be selected (Table 2).  454 

 455 

4 DISCUSSION 456 

The recent technique of eDNA metabarcoding has proven to be a promising tool for describing 457 

biodiversity in a broad array of contexts (Bohmann et al., 2014). Beyond the objectives of 458 

scientific quality, the accuracy and completeness of the results gathered by metabarcoding are 459 

critical as they are potentially at the core of further management strategies. Previous 460 

metabarcoding studies have highlighted how the choice of primer sets may influence the 461 

detection of particular arthropod species in diet analyses, and in turn the interpretation of 462 

trophic ecology (e.g. for bats, Esnaola et al., 2018).  463 

 464 

4.1 Need for primers that identify predator species and discard contaminated 465 

samples 466 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 29, 2019. ; https://doi.org/10.1101/742874doi: bioRxiv preprint 

https://doi.org/10.1101/742874


25 
 

The requirement for the molecular identification of predators in insectivorous diet analyses 467 

depends on the sampling scheme and on the ecology of these organisms. It is especially 468 

important when using environmental samples, such as faecal samples, to ensure that samples 469 

correspond to the species of interest and to avoid erroneous assignation of prey (Ware et al., 470 

2019). For example, a metabarcoding study by Forin-Wiart et al. (2018) on cat faecal samples 471 

revealed that 2.4% of these later belonged to another predator species. Similarly, Biffi et al. 472 

(2017) identified the presence of several host species in 57% of the faecal samples supposed to 473 

come from the Pyrenean desman. In the particular case of insectivorous bats, the identification 474 

of bat species from guano is critical when guano is collected from under the roost, especially 475 

when bat colonies are known to be mixed, whereas it is potentially less important when guano 476 

is retrieved from trapped bats, or from mono-specific bat colony. However, even colonies 477 

supposed to be mono-specific can be shared by cryptic bat species (Filippi-Codaccioni et al., 478 

2018) or other insectivorous species (e.g. birds). Furthermore, we showed that some of the 479 

guano sampled under the roosts of mixed colonies (R. ferrumequinum / M. emarginatus) are 480 

contaminated with excreta from different bat species, including M. myotis that are not expected 481 

to be present in the studied colony. Hence, in future diet analyses, the simultaneous 482 

identification of bat species will enable the presence of unexpected species in the roost to be 483 

revealed and also allow guano that is too contaminated to be discarded. It is thus particularly 484 

important to ensure that primer sets are able to identify all bat species potentially present in 485 

the roosts. Indeed, our results showed that some primer sets do not amplify bat species at all, 486 
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and that others can only provide bat identification for some of the bat species of interest (one 487 

out of three). 488 

The simultaneous identification of predator and prey is often avoided in diet analyses as an 489 

elevated predator amplification is expected to dampen that of prey (Pompanon et al., 2012; 490 

Vestheim and Jarman, 2008). Other approaches are applied to ensure that the samples belong 491 

to the relevant species, including the diagnostic PCR which is specific for the expected species 492 

and/or Sanger sequencing which reveals only the major DNA sequence of the sample (Bohmann 493 

et al., 2011; Forin-Wiart et al., 2018). However, these alternatives add a supplementary step to 494 

the process, thereby increasing the time and cost of the analyses. Most importantly, they do not 495 

reveal the presence of non-target predator species, or the rate of between-species 496 

contamination of samples which – unlike metabarcoding – prevents contaminated samples 497 

being discarded. Moreover, we have shown that simultaneous predator amplification by 498 

metabarcoding does not necessarily lead to a drop in prey detection. Our results revealed that 499 

there is no effect of the percentage of bat reads on the percentage of arthropod taxa detected 500 

in mock communities, neither on the number of arthropod occurrences in guano samples. This 501 

corroborates the results of Galan et al. (2018) which highlighted the well-balanced proportions 502 

of reads for bats and their prey with a particular primer sets. We therefore recommend the 503 

systematic identification of predator species when working on environmental faecal samples. 504 

 505 

4.2 Choosing between the “16S + COI” and “COI alone” strategies 506 
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In this study, we have compared primers designed from two mitochondrial genes that are 507 

frequently used in eDNA metabarcoding of animals (Deagle et al., 2014): the COI and 16S genes. 508 

Our results showed that the 16S primer sets are always less efficient and have lower levels of 509 

taxonomic resolution than most of the COI primer sets tested. This was surprising, as for 510 

example, the 16S Epp-degen was identified as one of the best primer sets from the in silico 511 

analysis and we expected a high amplification success due to its short amplicon length and high 512 

level of degeneration. In consequence, it is likely that the poor performance of 16S primers 513 

revealed from guano analyses is due to the paucity of reference sequences in the 16S database, 514 

as has been emphasized in previous studies (Clarke et al., 2014; Elbrecht et al., 2016; Marquina 515 

et al., 2019b). This difference in diversity between COI and 16S reference databases could 516 

explain the differences in the number of taxa affiliated. Lack of reference sequences could also 517 

bias results when analysing short length amplicons. Indeed, as there are less reference 518 

sequences, the risk of obtaining an identification with strong confidence levels for the wrong 519 

taxa are potentially higher. Moreover, this lack of reference sequences also increases the 520 

possibility that 16S affiliations are different from COI ones, therefore leading to false increase in 521 

species richness when combining both genes, as it was observed in this study for mock 522 

community analyses (Trichoptera-1 identified as Stenophylax vibex for COI primer sets and 523 

Anabolia bimaculata for 16S primer sets; Table S12). Therefore, the choice of the marker in 524 

metabarcoding studies should strongly be guided by the comprehensiveness of the reference 525 

database. We advocate for the use of the COI gene in animal metabarcoding studies because of 526 
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its extensive database. However 16S gene can be used if a sequence database of local species of 527 

interest is specifically created (Elbrecht et al., 2016).  528 

 529 

4.3 How many COI primer sets should be used? 530 

To counter the negative effect of primer bias, two main strategies have recently been proposed 531 

based on the COI gene. Corse et al. (2019) advocate for the use of multiple primer sets as a key 532 

to finely describe species diversity, to reveal greater diversity and to decrease false negative 533 

results. However, the in silico analysis of the three primer sets used in their study showed that 534 

they are not degenerated enough to correctly amplify a large spectrum of prey. Nevertheless, 535 

the negative effects of primer bias can be reduced by incorporating primer degeneracy and 536 

carefully choosing primer sets suited for the targeted ecosystem and taxonomic groups of 537 

interest (Elbrecht et al., 2019). In our study no primer set alone was able to detect all 538 

occurrences. This was also the case in the very recent primer set comparison of Elbrecht et al. 539 

(2019) on a Malaise trap. At first glance, our results show that combining up to four primer sets 540 

allows a gain of between 8.5% (Zeale + fwh1) and 17% (Zeale + fwh1 + MG2 + Epp-degen) of 541 

arthropod occurrences in R. ferrumequinum samples and between 20.8% (Zeale + fwh1) and 542 

26% (Zeale + fwh1 + MG2 + Epp-degen) of arthropod occurrences in M. emarginatus samples, 543 

therefore advocating for the use of multiple primers. Deciphering between the ‘one-locus 544 

versus several locus strategies hence relies on the trade-off between on one hand the 545 

completeness and on the other hand the cost of combining several primers. However, a mean 546 

of 23.8% (R. ferrumequinum) and 31.6% (M. emarginatus) of these occurrences were 547 
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characterized by the amplification of only two replicates out of three and a small number of 548 

reads (median < 125 reads, except Zeale > 4,000 reads in M. emarginatus samples). These 549 

particular occurrences are the reason why the plateau of taxa occurrence cannot be reached 550 

with the combination of a reasonable number of primer sets. These less repeatable occurrences 551 

could be due to the weak biomass of prey (low DNA quantity), traces of old meals (degraded 552 

DNA, as observed with the Hemiptera-1 of our mock community), traces of secondary predation 553 

(e.g. meal of Araneae, the more frequent order in the M. emarginatus diet), or environmental 554 

contaminations potentially from other bat or insectivorous species. Moreover, 79.3% (M. 555 

emarginatus) and 86.7% (R. ferrumequinum) of the occurrences that were revealed by a single 556 

primer set, and therefore that could be interesting to recover by combining several primer sets, 557 

are less repeatable between PCR replicates (i.e. only two positive PCRs over three for these 558 

taxa; small number of reads). These results bring new insights into the real benefit of 559 

attempting to recover all taxa occurrences, in the case where one third of them are less 560 

repeatable with regard to PCR replication, and not replicable between primer sets. We 561 

therefore recommend the use of a single primer set, following the characteristics described 562 

below.  563 

 564 

4.4 What is the best COI primer set for characterizing insectivorous diets? 565 

In silico and in vivo tests have been shown to be complementary and critical for assessing the 566 

performance of primers (Alberdi et al., 2018; Corse et al., 2019; Elbrecht et al., 2019). Indeed, in 567 

our study combining both in silico, mock community and guano analyses enabled us to reveal 568 
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both the strong and weak points of 12 primer sets for a large spectrum of taxa. DNA quality is 569 

not of importance during in silico and mock community analyses, so that the amplicon length 570 

has no significant effect on the number of arthropod taxa detected, while the degeneracy level 571 

of the primers has a major positive effect as it minimizes mismatches for DNA from diverse 572 

taxonomic assemblages (Braukmann et al., 2019). On the other hand, when considering DNA 573 

from guano samples, amplicon length was the most important factor influencing the success of 574 

arthropod detection. Too long amplicons (> 313 bp), such as Hex and fwhFol, were less 575 

effective, which could be explained by the low proportion of large size DNA fragments in 576 

degraded samples. Therefore, our results strongly supported the use of short length amplicon 577 

and degenerated primers to maximize biodiversity coverage in metabarcoding analyses 578 

(Elbrecht et al., 2019; Elbrecht and Leese, 2017; Galan et al., 2018; Vamos et al., 2017).  579 

Zeale primer set (Zeale et al., 2011) showed important amplification failure in the in silico 580 

and mock community analyses but not in the guano analysis. Low taxon recovery of the Zeale 581 

primer set has previously been observed for terrestrial arthropods (Brandon-Mong et al., 2015; 582 

Clarke et al., 2014; Elbrecht et al., 2019). Zeale primer set seems well suited for detecting 583 

Lepidoptera because it has a high taxonomic coverage for this order (Clarke et al., 2014; Zeale et 584 

al., 2011). As the diet of European bats is mainly dominated by Lepidoptera and Diptera (Alberdi 585 

et al., 2019b), the Zeale primer set remains mostly used in insectivorous bat diet studies (e.g. 586 

Aizpurua et al., 2018; Andriollo et al., 2019; Clare et al., 2014b; Vesterinen et al., 2018). 587 

However, it is not well suited when facing a large spectrum of arthropods. Moreover, it is 588 

important to note that the Zeale primer set does not enable to identify bat species. It is thus not 589 
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recommended in eDNA studies, especially when several insectivorous predator species live on 590 

the same sites. Lastly, numerous taxa detected with Zeale primer set are not observed using 591 

other primer sets, as noted by Elbrecht et al 2019 who underlined the putative presence of false 592 

positive results, or are weakly reliable considering PCR replication results. Therefore, previous 593 

results of insectivorous (bat) diet gathered from this primer set only might be affected by the 594 

potential biases revealed here. 595 

Here, the best primer set identified to characterize simultaneously the diet of R. 596 

ferrumequinum and M. emarginatus from guano samples collected under mixed roosts was 597 

fwh1 (Vamos et al., 2017) (Table 2). The contrasted performances of the primer sets between 598 

bat species for arthropod detection highlight the need to test several primer sets on a 599 

representative subset of eDNA samples before undergoing large-scale metabarcoding study in 600 

order to determine which is the most suitable for the sampling scheme and biological model. 601 

 602 

5 Conclusion 603 

Our study supports the importance of combining in silico, mock communities and field sample 604 

preliminary analyses to determine the benefits and the limits of the potential primer sets before 605 

conducting research based on metabarcoding. This three-stage assessment of primer 606 

performance confirms that primer success is determined by amplicon length, base degeneracy 607 

level and completeness of reference databases. Our work also emphasizes that the 608 

identification of the best primer sets for insectivorous diet studies is not only highly dependent 609 

on the objective and financial resources of the study, but also on the sampling scheme and 610 
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fieldwork constraints that impact DNA quality and the need to identify the predator species. 611 

Finally, we have evidenced the presence of unreliable occurrences that significantly reduces the 612 

benefits of using combinations of primer sets. In conclusion, we advocate for the use of multi-613 

criteria assessment that summarizes all the information required to evaluate primer sets 614 

performance to guide the choice of the investigator. This analytical framework can easily be 615 

adapted to other metabarcoding studies of predator diet.  616 

 617 

ACKNOWLEDGMENTS 618 

We are very grateful to A. Cheron, J. Dechartres, M. Dorfiac, Y. Prioul, J.B. Pons and all the 619 

people involved in the guano and patagium sampling. We also thank L. Benoit, A. Foucart, L. 620 

Soldati, M. Sorel and J-C. Streito for the arthropod sampling and identification, V. Elbrecht for 621 

the COI sequence alignments, J-F. Martin for the dual-indices, F. Dorkeld for the blastn script 622 

used for the 16S taxonomic assignment. Financial support was received from the LABEX 623 

ECOFECT (ANR-11-LABX-0048) of Université de Lyon, within the program “Investissements 624 

d’Avenir” (ANR-11-IDEX-0007) operated by the French National Research Agency (ANR), from 625 

the Institut National de la Recherche Agronomique (EFPA department) and the internal funding 626 

from the CBGP laboratory. O. Tournayre PhD is funded by the LabEx CeMEB, an ANR 627 

"Investissements d'Avenir" program (ANR-10-LABX-04-01). Data used in this work were partly 628 

produced through the genotyping and sequencing facilities of ISEM (Institut des Sciences de 629 

l’Evolution-Montpellier) and LabEx Centre Méditerraneen Environnement Biodiversité. 630 

  631 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 29, 2019. ; https://doi.org/10.1101/742874doi: bioRxiv preprint 

https://doi.org/10.1101/742874


33 
 

REFERENCES  632 

Aizpurua, O., Budinski, I., Georgiakakis, P., Gopalakrishnan, S., Ibañez, C., Mata, V., Rebelo, H., 633 
Russo, D., Szodoray‐Parádi, F., Zhelyazkova, V., Zrncic, V., Gilbert, M.T.P., Alberdi, A., 634 
2018. Agriculture shapes the trophic niche of a bat preying on multiple pest arthropods 635 
across Europe: Evidence from DNA metabarcoding. Molecular Ecology 27, 815–825. 636 
https://doi.org/10.1111/mec.14474 637 

Alberdi, A., Aizpurua, O., Bohmann, K., Gopalakrishnan, S., Lynggaard, C., Nielsen, M., Gilbert, 638 
M.T.P., 2019a. Promises and pitfalls of using high-throughput sequencing for diet 639 
analysis. Molecular Ecology Resources 0. https://doi.org/10.1111/1755-0998.12960 640 

Alberdi, A., Aizpurua, O., Gilbert, M.T.P., Bohmann, K., 2018. Scrutinizing key steps for reliable 641 
metabarcoding of environmental samples. Methods Ecol Evol 9, 134–147. 642 
https://doi.org/10.1111/2041-210X.12849 643 

Alberdi, A., Razgour, O., Aizpurua, O., Novella-Fernandez, R., Aihartza, J., Budinski, I., Garin, I., 644 
Ibanez, C., Izagirre, E., Rebelo, H., Russo, D., Vlaschenko, A., Zhelyazkova, V., Zrncic, V., 645 
Gilbert, M.T.P., 2019b. Diet diversification shapes broad-scale distribution patterns in 646 
European bats. bioRxiv 704759. https://doi.org/10.1101/704759 647 

Altschul, S.F., Gish, W., Miller, W., Myers, E.W., Lipman, D.J., 1990. Basic local alignment search 648 
tool. J. Mol. Biol. 215, 403–410. https://doi.org/10.1016/S0022-2836(05)80360-2 649 

Andriollo, T., Gillet, F., Michaux, J.R., Ruedi, M., 2019. The menu varies with metabarcoding 650 
practices: A case study with the bat Plecotus auritus. PLOS ONE 14, e0219135. 651 
https://doi.org/10.1371/journal.pone.0219135 652 

Andújar, C., Arribas, P., Yu, D.W., Vogler, A.P., Emerson, B.C., 2018. Why the COI barcode should 653 
be the community DNA metabarcode for the metazoa. Molecular Ecology 27, 3968–654 
3975. https://doi.org/10.1111/mec.14844 655 

Arrizabalaga-Escudero, A., Garin, I., García-Mudarra, J.L., Alberdi, A., Aihartza, J., Goiti, U., 2015. 656 
Trophic requirements beyond foraging habitats: The importance of prey source habitats 657 
in bat conservation. Biological Conservation 191, 512–519. 658 
https://doi.org/10.1016/j.biocon.2015.07.043 659 

Benson, D.A., Karsch-Mizrachi, I., Lipman, D.J., Ostell, J., Wheeler, D.L., 2008. GenBank. Nucleic 660 
Acids Res 36, D25–D30. https://doi.org/10.1093/nar/gkm929 661 

Biffi, M., Gillet, F., Laffaille, P., Colas, F., Aulagnier, S., Blanc, F., Galan, M., Tiouchichine, M.-L., 662 
Némoz, M., Buisson, L., Michaux, J.R., 2017. Novel insights into the diet of the Pyrenean 663 
desman (Galemys pyrenaicus) using next-generation sequencing molecular analyses. J 664 
Mammal 98, 1497–1507. https://doi.org/10.1093/jmammal/gyx070 665 

Bohmann, K., Evans, A., Gilbert, M.T.P., Carvalho, G.R., Creer, S., Knapp, M., Yu, D.W., de Bruyn, 666 
M., 2014. Environmental DNA for wildlife biology and biodiversity monitoring. Trends in 667 
Ecology & Evolution 29, 358–367. https://doi.org/10.1016/j.tree.2014.04.003 668 

Bohmann, K., Gopalakrishnan, S., Nielsen, M., Nielsen, L. dos S.B., Jones, G., Streicker, D.G., 669 
Gilbert, M.T.P., 2018. Using DNA metabarcoding for simultaneous inference of common 670 
vampire bat diet and population structure. Molecular Ecology Resources 18, 1050–1063. 671 
https://doi.org/10.1111/1755-0998.12891 672 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 29, 2019. ; https://doi.org/10.1101/742874doi: bioRxiv preprint 

https://doi.org/10.1101/742874


34 
 

Bohmann, K., Monadjem, A., Noer, C.L., Rasmussen, M., Zeale, M.R.K., Clare, E., Jones, G., 673 
Willerslev, E., Gilbert, M.T.P., 2011. Molecular Diet Analysis of Two African Free-Tailed 674 
Bats (Molossidae) Using High Throughput Sequencing. PLOS ONE 6, e21441. 675 
https://doi.org/10.1371/journal.pone.0021441 676 

Brandon-Mong, G.J., Gan, H.M., Sing, K., Shin, L., Lim, P.E., Wilson, J., 2015. DNA metabarcoding 677 
of insects and allies: An evaluation of primers and pipelines. Bulletin of entomological 678 
research 105, 1–11. https://doi.org/10.1017/S0007485315000681 679 

Braukmann, T.W.A., Ivanova, N.V., Prosser, S.W.J., Elbrecht, V., Steinke, D., Ratnasingham, S., 680 
Waard, J.R. de, Sones, J.E., Zakharov, E.V., Hebert, P.D.N., 2019. Metabarcoding a diverse 681 
arthropod mock community. Molecular Ecology Resources 19, 711–727. 682 
https://doi.org/10.1111/1755-0998.13008 683 

Clare, E.L., 2014. Molecular detection of trophic interactions: emerging trends, distinct 684 
advantages, significant considerations and conservation applications. Evol Appl 7, 1144–685 
1157. https://doi.org/10.1111/eva.12225 686 

Clare, E.L., Fraser, E.E., Braid, H.E., Fenton, M.B., Hebert, P.D.N., 2009. Species on the menu of a 687 
generalist predator, the eastern red bat (Lasiurus borealis): using a molecular approach 688 
to detect arthropod prey. Mol. Ecol. 18, 2532–2542. https://doi.org/10.1111/j.1365-689 
294X.2009.04184.x 690 

Clare, E.L., Symondson, W.O.C., Broders, H., Fabianek, F., Fraser, E.E., MacKenzie, A., Boughen, 691 
A., Hamilton, R., Willis, C.K.R., Martinez-Nunez, F., Menzies, A.K., Norquay, K.J.O., 692 
Brigham, M., Poissant, J., Rintoul, J., Barclay, R.M.R., Reimer, J.P., 2014a. The diet of 693 
Myotis lucifugus across Canada: assessing foraging quality and diet variability. Mol. Ecol. 694 
23, 3618–3632. https://doi.org/10.1111/mec.12542 695 

Clare, E.L., Symondson, W.O.C., Fenton, M.B., 2014b. An inordinate fondness for beetles? 696 
Variation in seasonal dietary preferences of night-roosting big brown bats (Eptesicus 697 
fuscus). Molecular Ecology 23, 3633–3647. https://doi.org/10.1111/mec.12519 698 

Clarke, L.J., Soubrier, J., Weyrich, L.S., Cooper, A., 2014. Environmental metabarcodes for 699 
insects: in silico PCR reveals potential for taxonomic bias. Molecular Ecology Resources 700 
14, 1160–1170. https://doi.org/10.1111/1755-0998.12265 701 

Corse, E., Meglécz, E., Archambaud, G., Ardisson, M., Martin, J.-F., Tougard, C., Chappaz, R., 702 
Dubut, V., 2017. A from-benchtop-to-desktop workflow for validating HTS data and for 703 
taxonomic identification in diet metabarcoding studies. Molecular Ecology Resources 17, 704 
e146–e159. https://doi.org/10.1111/1755-0998.12703 705 

Corse, E., Tougard, C., Archambaud-Suard, G., Agnèse, J.-F., Mandeng, F.D.M., Bilong, C.F.B., 706 
Duneau, D., Zinger, L., Chappaz, R., Xu, C.C.Y., Meglécz, E., Dubut, V., 2019. One-locus-707 
several-primers: A strategy to improve the taxonomic and haplotypic coverage in diet 708 
metabarcoding studies. Ecology and Evolution 9, 4603–4620. 709 
https://doi.org/10.1002/ece3.5063 710 

Deagle, B.E., Eveson, J.P., Jarman, S.N., 2006. Quantification of damage in DNA recovered from 711 
highly degraded samples – a case study on DNA in faeces. Frontiers in Zoology 3, 11. 712 
https://doi.org/10.1186/1742-9994-3-11 713 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 29, 2019. ; https://doi.org/10.1101/742874doi: bioRxiv preprint 

https://doi.org/10.1101/742874


35 
 

Deagle, B.E., Jarman, S.N., Coissac, E., Pompanon, F., Taberlet, P., 2014. DNA metabarcoding and 714 
the cytochrome c oxidase subunit I marker: not a perfect match. Biology Letters 10, 715 
20140562. https://doi.org/10.1098/rsbl.2014.0562 716 

Edgar, R.C., Haas, B.J., Clemente, J.C., Quince, C., Knight, R., 2011. UCHIME improves sensitivity 717 
and speed of chimera detection. Bioinformatics 27, 2194–2200. 718 
https://doi.org/10.1093/bioinformatics/btr381 719 

Elbrecht, V., Braukmann, T., Ivanova, N., Prosser, S., Hajibabaei, M., Wright, M., Zakharov, E., 720 
Hebert, P., Steinke, D., 2019. Validation of COI metabarcoding primers for terrestrial 721 
arthropods. PeerJ Preprints 7:e27801v1. 722 
https://doi.org/10.7287/peerj.preprints.27801v1 723 

Elbrecht, V., Leese, F., 2017. Validation and Development of COI Metabarcoding Primers for 724 
Freshwater Macroinvertebrate Bioassessment. Front. Environ. Sci. 5. 725 
https://doi.org/10.3389/fenvs.2017.00011 726 

Elbrecht, V., Leese, F., 2016. PrimerMiner: an r package for development and in silico validation 727 
of DNA metabarcoding primers. Methods in Ecology and Evolution 8, 622–626. 728 
https://doi.org/10.1111/2041-210X.12687 729 

Elbrecht, V., Steinke, D., 2019. Scaling up DNA metabarcoding for freshwater macrozoobenthos 730 
monitoring. Freshwater Biology 64, 380–387. https://doi.org/10.1111/fwb.13220 731 

Elbrecht, V., Taberlet, P., Dejean, T., Valentini, A., Usseglio-Polatera, P., Beisel, J.-N., Coissac, E., 732 
Boyer, F., Leese, F., 2016. Testing the potential of a ribosomal 16S marker for DNA 733 
metabarcoding of insects. PeerJ 4, e1966. https://doi.org/10.7717/peerj.1966 734 

Epp, L.S., Boessenkool, S., Bellemain, E.P., Haile, J., Esposito, A., Riaz, T., Erséus, C., Gusarov, V.I., 735 
Edwards, M.E., Johnsen, A., Stenøien, H.K., Hassel, K., Kauserud, H., Yoccoz, N.G., 736 
Bråthen, K.A., Willerslev, E., Taberlet, P., Coissac, E., Brochmann, C., 2012. New 737 
environmental metabarcodes for analysing soil DNA: potential for studying past and 738 
present ecosystems. Molecular Ecology 21, 1821–1833. https://doi.org/10.1111/j.1365-739 
294X.2012.05537.x 740 

Escudié, F., Auer, L., Bernard, M., Mariadassou, M., Cauquil, L., Vidal, K., Maman, S., Hernandez-741 
Raquet, G., Combes, S., Pascal, G., 2018. FROGS: Find, Rapidly, OTUs with Galaxy 742 
Solution. Bioinformatics 34, 1287–1294. https://doi.org/10.1093/bioinformatics/btx791 743 

Esnaola, A., Arrizabalaga-Escudero, A., González-Esteban, J., Elosegi, A., Aihartza, J., 2018. 744 
Determining diet from faeces: Selection of metabarcoding primers for the insectivore 745 
Pyrenean desman (Galemys pyrenaicus). PLOS ONE 13, e0208986. 746 
https://doi.org/10.1371/journal.pone.0208986 747 

Filippi-Codaccioni, O., Beugin, M.-P., de Vienne, D.M., Portanier, E., Fouchet, D., Kaerle, C., 748 
Muselet, L., Queney, G., Petit, E.J., Regis, C., Pons, J.-B., Pontier, D., 2018. Coexistence of 749 
two sympatric cryptic bat species in French Guiana: insights from genetic, acoustic and 750 
ecological data. BMC Evolutionary Biology 18, 175. https://doi.org/10.1186/s12862-018-751 
1289-8 752 

Forin-Wiart, M.-A., Galan, M., Piry, S., Cosson, J.-F., Larose, C., Poulle, M.-L., 2018. Evaluating 753 
metabarcoding to analyse diet composition of species foraging in anthropogenic 754 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 29, 2019. ; https://doi.org/10.1101/742874doi: bioRxiv preprint 

https://doi.org/10.1101/742874


36 
 

landscapes using Ion Torrent and Illumina sequencing. bioRxiv 295758. 755 
https://doi.org/10.1101/295758 756 

Galan, M., Pons, J.-B., Tournayre, O., Pierre, É., Leuchtmann, M., Pontier, D., Charbonnel, N., 757 
2018. Metabarcoding for the parallel identification of several hundred predators and 758 
their prey: Application to bat species diet analysis. Molecular Ecology Resources 18, 474–759 
489. https://doi.org/10.1111/1755-0998.12749 760 

Galan, M., Razzauti, M., Bard, E., Bernard, M., Brouat, C., Charbonnel, N., Dehne-Garcia, A., 761 
Loiseau, A., Tatard, C., Tamisier, L., Vayssier-Taussat, M., Vignes, H., Cosson, J.-F., 2016. 762 
16S rRNA Amplicon Sequencing for Epidemiological Surveys of Bacteria in Wildlife. 763 
mSystems 1, e00032-16. https://doi.org/10.1128/mSystems.00032-16 764 

Gillet, F., Tiouchichine, M.-L., Galan, M., Blanc, F., Némoz, M., Aulagnier, S., Michaux, J.R., 2015. 765 
A new method to identify the endangered Pyrenean desman (Galemys pyrenaicus) and 766 
to study its diet, using next generation sequencing from faeces. Mammalian Biology - 767 
Zeitschrift für Säugetierkunde 80, 505–509. 768 
https://doi.org/10.1016/j.mambio.2015.08.002 769 

Hajibabaei, M., Smith, M.A., Janzen, D.H., Rodriguez, J.J., Whitfield, J.B., Hebert, P.D.N., 2006. A 770 
minimalist barcode can identify a specimen whose DNA is degraded. Molecular Ecology 771 
Notes 6, 959–964. https://doi.org/10.1111/j.1471-8286.2006.01470.x 772 

Hebert, P.D.N., Cywinska, A., Ball, S.L., deWaard, J.R., 2003. Biological identifications through 773 
DNA barcodes. Proc. Biol. Sci. 270, 313–321. https://doi.org/10.1098/rspb.2002.2218 774 

Innis, M.A., Gelfand, D.H., Sninsky, J.J., White, T.J., 2012. PCR Protocols: A Guide to Methods and 775 
Applications. Academic Press. 776 

Jusino, M.A., Banik, M.T., Palmer, J.M., Wray, A.K., Xiao, L., Pelton, E., Barber, J.R., Kawahara, 777 
A.Y., Gratton, C., Peery, M.Z., Lindner, D.L., 2018. An improved method for utilizing 778 
high-throughput amplicon sequencing to determine the diets of insectivorous animals. 779 
Molecular Ecology Resources. https://doi.org/10.1111/1755-0998.12951 780 

Kartzinel, T.R., Pringle, R.M., 2015. Molecular detection of invertebrate prey in vertebrate diets: 781 
trophic ecology of Caribbean island lizards. Mol Ecol Resour 15, 903–914. 782 
https://doi.org/10.1111/1755-0998.12366 783 

Katoh, K., Misawa, K., Kuma, K., Miyata, T., 2002. MAFFT: a novel method for rapid multiple 784 
sequence alignment based on fast Fourier transform. Nucleic Acids Res 30, 3059–3066. 785 
https://doi.org/10.1093/nar/gkf436 786 

Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S., Buxton, S., Cooper, 787 
A., Markowitz, S., Duran, C., Thierer, T., Ashton, B., Meintjes, P., Drummond, A., 2012. 788 
Geneious Basic: An integrated and extendable desktop software platform for the 789 
organization and analysis of sequence data. Bioinformatics 28, 1647–1649. 790 
https://doi.org/10.1093/bioinformatics/bts199 791 

Magoč, T., Salzberg, S.L., 2011. FLASH: fast length adjustment of short reads to improve genome 792 
assemblies. Bioinformatics 27, 2957–2963. 793 
https://doi.org/10.1093/bioinformatics/btr507 794 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 29, 2019. ; https://doi.org/10.1101/742874doi: bioRxiv preprint 

https://doi.org/10.1101/742874


37 
 

Mahé, F., Rognes, T., Quince, C., Vargas, C. de, Dunthorn, M., 2014. Swarm: robust and fast 795 
clustering method for amplicon-based studies. PeerJ 2, e593. 796 
https://doi.org/10.7717/peerj.593 797 

Marquina, D., Andersson, A.F., Ronquist, F., 2019a. New mitochondrial primers for 798 
metabarcoding of insects, designed and evaluated using in silico methods. Molecular 799 
Ecology Resources 19, 90–104. https://doi.org/10.1111/1755-0998.12942 800 

Marquina, D., Esparza-Salas, R., Roslin, T., Ronquist, F., 2019b. Establishing insect community 801 
composition using metabarcoding of soil samples, and preservative ethanol and 802 
homogenate from Malaise trap catches: surprising inconsistencies between methods. 803 
bioRxiv 597302. https://doi.org/10.1101/597302 804 

Martin, J.-F., 2019. Creating error-proof indexes for high throughput sequencing. Zenodo. 805 
https://doi.org/10.5281/zenodo.3350207 806 

Martin, M., 2011. Cutadapt removes adapter sequences from high-throughput sequencing 807 
reads. EMBnet.journal 17, 10–12. https://doi.org/10.14806/ej.17.1.200 808 

Maslo, B., Valentin, R., Leu, K., Kerwin, K., Hamilton, G.C., Bevan, A., Fefferman, N.H., Fonseca, 809 
D.M., 2017. Chirosurveillance: The use of native bats to detect invasive agricultural 810 
pests. PLOS ONE 12, e0173321. https://doi.org/10.1371/journal.pone.0173321 811 

Mata, V.A., Rebelo, H., Amorim, F., McCracken, G.F., Jarman, S., Beja, P., 2018. How much is 812 
enough? Effects of technical and biological replication on metabarcoding dietary 813 
analysis. Molecular Ecology 0. https://doi.org/10.1111/mec.14779 814 

Oehm, J., Juen, A., Nagiller, K., Neuhauser, S., Traugott, M., 2011. Molecular scatology: how to 815 
improve prey DNA detection success in avian faeces? Molecular Ecology Resources 11, 816 
620–628. https://doi.org/10.1111/j.1755-0998.2011.03001.x 817 

Pompanon, F., Deagle, B.E., Symondson, W.O.C., Brown, D.S., Jarman, S.N., Taberlet, P., 2012. 818 
Who is eating what: diet assessment using next generation sequencing. Molecular 819 
Ecology 21, 1931–1950. https://doi.org/10.1111/j.1365-294X.2011.05403.x 820 

Rognes, T., Flouri, T., Nichols, B., Quince, C., Mahé, F., 2016. VSEARCH: a versatile open source 821 
tool for metagenomics. PeerJ 4, e2584. https://doi.org/10.7717/peerj.2584 822 

Rytkönen, S., Vesterinen, E.J., Westerduin, C., Leviäkangas, T., Vatka, E., Mutanen, M., Välimäki, 823 
P., Hukkanen, M., Suokas, M., Orell, M., 2019. From feces to data: A metabarcoding 824 
method for analyzing consumed and available prey in a bird-insect food web. Ecology 825 
and Evolution 9, 631–639. https://doi.org/10.1002/ece3.4787 826 

Shehzad, W., Riaz, T., Nawaz, M.A., Miquel, C., Poillot, C., Shah, S.A., Pompanon, F., Coissac, E., 827 
Taberlet, P., 2012. Carnivore diet analysis based on next-generation sequencing: 828 
application to the leopard cat (Prionailurus bengalensis) in Pakistan. Molecular Ecology 829 
21, 1951–1965. https://doi.org/10.1111/j.1365-294X.2011.05424.x 830 

Sow, A., Brévault, T., Benoit, L., Chapuis, M.-P., Galan, M., Coeur D’acier, A., Delvare, G., 831 
Sembène, M., Haran, J., 2019. Deciphering host-parasitoid interactions and parasitism 832 
rates of crop pests using DNA metabarcoding. Scientific Reports 9, 3646. 833 
https://doi.org/10.1038/s41598-019-40243-z 834 

Sow, A., Brévault, T., Delvare, G., Haran, J., Benoit, L., Cœur d’Acier, A., Galan, M., Thiaw, C., 835 
Soti, V., Sembène, M., 2018. DNA sequencing to help identify crop pests and their 836 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 29, 2019. ; https://doi.org/10.1101/742874doi: bioRxiv preprint 

https://doi.org/10.1101/742874


38 
 

natural enemies in agro-ecosystems: The case of the millet head miner Heliocheilus 837 
albipunctella (Lepidoptera: Noctuidae) in sub-Saharan Africa. Biological Control 121, 838 
199–207. https://doi.org/10.1016/j.biocontrol.2018.03.007 839 

Taberlet, P., Coissac, E., Hajibabaei, M., Rieseberg, L.H., 2012. Environmental DNA. Molecular 840 
Ecology 21, 1789–1793. https://doi.org/10.1111/j.1365-294X.2012.05542.x 841 

Vamos, E., Elbrecht, V., Leese, F., 2017. Short COI markers for freshwater macroinvertebrate 842 
metabarcoding. Metabarcoding and Metagenomics 1, e14625. 843 
https://doi.org/10.3897/mbmg.1.14625 844 

Van den Bussche, R.A., Lee, D.N., Judkins, M.E., Dyer, J.E., Thompson, D.M., Stark, R.C., 845 
Puckette, W.L., Fuller, B., 2016. Molecular dietary analysis of the endangered Ozark big-846 
eared bat (Corynorhinus townsendii ingens). Acta Chiropt. 18, 181–191. 847 
https://doi.org/10.3161/15081109ACC2016.18.1.008 848 

Vesterinen, E.J., Puisto, A.I.E., Blomberg, A.S., Lilley, T.M., 2018. Table for five, please: Dietary 849 
partitioning in boreal bats. Ecology and Evolution 8, 10914–10937. 850 
https://doi.org/10.1002/ece3.4559 851 

Vestheim, H., Jarman, S.N., 2008. Blocking primers to enhance PCR amplification of rare 852 
sequences in mixed samples – a case study on prey DNA in Antarctic krill stomachs. 853 
Frontiers in Zoology 5, 12. https://doi.org/10.1186/1742-9994-5-12 854 

Ware, R.L., Garrod, B., Macdonald, H., Allaby, R.G., 2019. Guano morphology reveals ecological 855 
information in British bats. bioRxiv 728824. https://doi.org/10.1101/728824 856 

Zarzoso-Lacoste, D., Jan, P.-L., Lehnen, L., Girard, T., Besnard, A.-L., Puechmaille, S.J., Petit, E.J., 857 
2018. Combining noninvasive genetics and a new mammalian sex-linked marker 858 
provides new tools to investigate population size, structure and individual behaviour: An 859 
application to bats. Molecular Ecology Resources 18, 217–228. 860 
https://doi.org/10.1111/1755-0998.12727 861 

Zeale, M.R.K., Butlin, R.K., Barker, G.L.A., Lees, D.C., Jones, G., 2011. Taxon-specific PCR for DNA 862 
barcoding arthropod prey in bat faeces. Molecular Ecology Resources 11, 236–244. 863 
https://doi.org/10.1111/j.1755-0998.2010.02920.x 864 

 865 

DATA ACCESSIBILITY 866 

Supplementary data deposited in Dryad (https://doi.org/10.5061/dryad.4v9n227) include: (i) 867 

raw sequence reads (fastq format), (ii) raw abundance tables and (iii) reference sequences of 868 

the 33 arthropod taxa and the bat used in the mock communities. 869 

 870 

AUTHORS CONTRIBUTION 871 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 29, 2019. ; https://doi.org/10.1101/742874doi: bioRxiv preprint 

https://doi.org/10.1101/742874


39 
 

The study was conceived and designed by M.G., O.T., D.P. and N.C. The sampling schemes were 872 

designed by M.L., M.G., O.T., O.F.C., D.P., N.C., and conducted by M.L., O.F.C., O.T. and M.G. 873 

Laboratory protocols were designed and performed by M.G. and O.T. S.P., M.G., O.T. and M.T. 874 

performed the bioinformatics analyses and O.T. carried out the statistical analyses. A first draft 875 

of the manuscript was written by O.T, M.G., D.P. and N.C. All authors contributed to the writing 876 

of the final version of this paper. 877 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 29, 2019. ; https://doi.org/10.1101/742874doi: bioRxiv preprint 

https://doi.org/10.1101/742874


40 

 

TABLES 878 

Table 1. Primer sets information. Bases in bold indicate the bases which were degenerated in this study. 879 

 880 

  Custom name Region Primer names Sequence 5'-3' 

Targeted 

region 

length 

Amplicon 

length 
References 

� MG2 COI 
F: MG2-LCO1490 TCHACHAAYCAYAARGAYATYGG 

133 185 
this study, based on Galan et al. 2018 

(Gillet et al. 2015) R: MG2-univ-R ACYATRAARAARATYATDAYRAADGCRTG 

� MG2fwh COI 
F: MG2-LCO1490 TCHACHAAYCAYAARGAYATYGG 

178 221 
this study, based on Galan et al. 2018 

R: fwhR1 ARTCARTTWCCRAAHCCHCC Vamos et al. 2017 

� 
MG2-

ANMLdegen 
COI 

F: MG2-LCO1490 TCHACHAAYCAYAARGAYATYGG 

181 224 

this study, based on Galan et al. 2018 

R: CO1-CFMR-

degen 
AYNARTCARTTHCCRAAHCC this study, based on Jusino et al. 2018 

� fwh1 COI 
F: fwhF1 YTCHACWAAYCAYAARGAYATYGG 

178 222 Vamos et al. 2017 
R: fwhR1 ARTCARTTWCCRAAHCCHCC 

� fwh2 COI 
F: fwhF2 GGDACWGGWTGAACWGTWTAYCCHCC 

205 254 Vamos et al. 2017 
R: fwhR2n GTRATWGCHCCDGCTARWACWGG 

� fwhFol COI 
F: fwhF2 GGDACWGGWTGAACWGTWTAYCCHCC 

313 365 
Vamos et al. 2017 

R: Fol-degen-rev TANACYTCNGGRTGNCCRAARAAYCA Yu et al. 2012 

� mlHCO COI 
F: mlCOIintF GWACWGGWTGAACWGTWTAYCCYCC 

313 364 
Leray et al. 2013 

R: HCO2198 TAAACTTCAGGGTGACCAAAAAATCA Folmer et al. 1994 

� Lep1 COI 
F: LepF1 ATTCAACCAATCATAAAGATATTGG 

218 265 Brandon-Mong et al. 2015 
R: MLepF1-rev CGTGGAAAWGCTATATCWGGTG 

� HEX COI 
F: HexCOIF4 HCCHGAYATRGCHTTYCC 

322 358 Maquina et al. 2018 
R: HexCOIR4 TATDGTRATDGCHCCNGC 

� Zeale COI 
F: ZBJ-ArtF1c AGATATTGGAACWTTATATTTTATTTTTGG 

157 211 Zeale et al. 2011 
R: ZBJ-ArtR2c WACTAATCAATTWCCAAATCCTCC 

� Epp-degen 16S 
F: Epp-degen-F TRCWAAGGTAGCATAATMAHTWG 

106 148 this study, based on Epp et al. 2012 
R: Epp-degen-R TYWATRGGGTCTTVTYGTC 
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� Epp 16S 
F: Coleop_16Sc TGCAAAGGTAGCATAATMATTAG 

106 148 Epp et al. 2012 
R: Coleop_16Sd TCCATAGGGTCTTCTCGTC 
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Table 2. Multi-criteria table indicating the score of each primer set for the three assessment steps performed. Scores range 881 

from 1 (“poorly efficient”) to 3 (“very efficient”). Criteria are detailed in Table S7. 882 

 883 

Analyses Criteria M
G
2
 

M
G
2
fw
h
 

M
G
2
-A
N
M
L
-d
e
g
e
n
 

fw
h
1
 

fw
h
2
 

fw
h
F
o
l 

L
e
p
1
 

m
lH
C
O
 

H
e
x
 

Z
e
a
le
 

E
p
p
-d
e
g
e
n
 

E
p
p
 

In silico 

Mean amplification success 3 3 3 3 2 3 1 1 3 1 3 1 

Mean penalty 3 3 3 3 2 3 1 1 3 1 3 1 

In vivo – Mock communities 

Bat amplification 3 3 3 3 3 3 1 3 1 1 3 2 

Taxa amplification fails  3 3 3 3 3 3 1 3 3 1 3 2 

Resolution at the species level 3 3 3 3 3 3 1 2 2 1 1 1 

In vivo -Guano 

Bat amplification 3 3 3 3 3 3 2 3 1 1 3 3 

Occurrence of taxa 2 2 2 3 2 1 1 1 1 3 1 1 

Number of orders 2 2 2 2 3 2 1 1 1 3 2 1 

Number of families 2 3 2 3 3 1 2 1 1 3 1 1 

Number of genus 2 2 2 3 2 2 1 2 1 3 1 1 

Number of species 2 2 2 3 2 1 2 1 1 3 1 1 

Resolution at the species level 2 2 2 2 2 1 1 1 1 3 1 1 

Cumulative score 30 31 30 34 30 26 15 20 19 24 23 16 
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FIGURES LEGENDS 884 

 885 

Figure 1. Visual representation of primer length and position on the COI gene. Primers are 886 

represented by a number (see Table 1) and a coloured arrow, with each colour representing a 887 

unique primer set. For each primer set, the number on the grey line correspond to the amplicon 888 

length. This information is synthetized on the bottom of the figure, with the whole COI Folmer 889 

region represented and each primer set indicated with traits of its respective colour.  890 

Figure 2. In silico evaluation of arthropod orders represented by at least 100 OTUs using 891 

PrimerMiner. A) Primer sets performance is shown for each order using pie charts, with green 892 

and red colours representing respectively success and failure of amplification. Success of 893 

amplification corresponded to PrimerMiner mean penalty score < 120 and amplification failure 894 

to a mean penalty score >= 120. B) Boxplots of the median of PrimerMiner mean penalty scores 895 

over all arthropod orders and for each primer set, with mean values represented by a circle 896 

within boxplots. C) Percentage of degeneracy level of each primer set.  897 

Figure 3. Representation on a log-scale of the number of reads gathered for each arthropod 898 

order with the MG2 and Zeale COI primer sets, and Epp and Epp-degen 16S primer sets, from 899 

the three technical replicates of the mock community MCarthr. The blue line indicates the 900 

expected number of reads. Each point represents a technical replicate. Yellow bars emphasize 901 

situations where only one or two PCR over three amplified. Red bars emphasize situations 902 

where none of the replicate amplified. 903 

Figure 4. Occurrences of arthropod prey items detected in guano samples for each primer set 904 

and for four combination of primer sets. These later include primer sets that provided the best 905 

results in terms of occurrence of arthropod orders. Dashed lines separate the primer sets from 906 

the combinations of primer sets. N is the number of guano samples analysed for each bat 907 

species. A) Occurrences of arthropod orders. Black lines represent 50% of the occurrences (55 908 

occurrences for M. emarginatus samples and 48 for R. ferrumequinum samples).  909 

B) Comparison of the number of occurrences of arthropod orders considering the repeatability 910 

of the technical PCR replicates (dark green = occurrences validated in three PCR over three; light 911 

green = occurrences validated in two PCR over three). Numbers correspond to the number of 912 

reads gathered for each class of occurrence validation (three PCR over three vs two PCR over 913 

three).914 
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 916 

 917 

 918 

Figure 1. Visual representation of primer length and position on the COI gene. Primers are represented by a number (see Table 919 

1) and a coloured arrow, with each colour representing a unique primer set. For each primer set, the number on the grey line 920 

correspond to the amplicon length. This information is synthetized on the bottom of the figure, with the whole COI Folmer 921 

region represented and each primer set indicated with traits of its respective colour.  922 
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 924 

Figure 2. In silico evaluation of arthropod orders represented by at least 100 OTUs using925 

PrimerMiner. A) Primer sets performance is shown for each order using pie charts, with green926 

and red colours representing respectively success and failure of amplification. Success o927 

amplification corresponded to PrimerMiner mean penalty score < 120 and amplification failure928 
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B) 

C) 
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to a mean penalty score >= 120. B) Boxplots of the median of PrimerMiner mean penalty scores 929 

over all arthropod orders and for each primer set, with mean values represented by a circle 930 

within boxplots. C) Percentage of degeneracy level of each primer set.  931 
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Figure 3. Representation on a log-scale of the number of reads gathered for each arthropod order with the MG2 and Zeale COI 933 

primer sets, and Epp and Epp-degen 16S primer sets, from the three technical replicates of the mock community MCarthr. The 934 

blue line indicates the expected number of reads. Each point represents a technical replicate. Yellow bars emphasize situations 935 

where only one or two PCR over three amplified. Red bars emphasize situations where none of the replicate amplified.936 
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 938 

Figure 4. Occurrences of arthropod prey items detected in guano samples for each primer set939 

and for four combination of primer sets. Dashed lines separate the primer sets from the940 

combinations of primer sets. N is the number of guano samples analysed for each bat species941 

A) Occurrences of arthropod orders. Black lines represent 50% of the occurrences (55942 

occurrences for M. emarginatus samples and 48 for R. ferrumequinum samples).  943 

B) Comparison of the number of occurrences of arthropod orders considering the reliability o944 

the technical PCR replicates (dark green = occurrences validated in three PCR over three; light945 
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green = occurrences validated in two PCR over three) for each primer set and four primer set 946 

combinations. These later include primer sets that provided the best results in terms of 947 

occurrence of arthropod orders. Dashed lines separate the primer sets from the combinations 948 

of primer sets. Numbers correspond to the number of reads gathered for each class of 949 

occurrence validation (three PCR over three vs two PCR over three).950 
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SUPPORTING INFORMATION 951 

Appendix S1. Rules used to determine the final identifications of OTUs in guano samples. 952 

Table S1. Number of COI and 16S OTUs, obtained respectively with sequences from BOLD and 953 

NCBI databases. 954 

Table S2. Information about the samples, the laboratory controls and the technical replicates. 955 

Table S3. Versions of the primers used in PCR1 of the 2-step PCR including heterogeneity spacers 956 

and Illumina sequencing primer sequences. 957 

Table S4. Information about the samples, the laboratory controls and the technical replicates. 958 

Error-proof indexes for high throughput sequencing were created by Martin (2019). 959 

Table S5. Genuine sequences of the two mock communities. Number of reads are reported for 960 

each replicate and each primer set. 961 

Table S6. Examples of affiliation errors for several primer sets in reference databases. 962 

Table S7. Detailed criteria and results for the in silico and empirical comparison of the twelve 963 

primer sets. 964 

Table S8. Mean penalty scores obtained for each arthropod order (OTUs > 100) with each 965 

primer set using PrimerMiner program. 966 

Table S9. In silico amplification success obtained for each arthropod order (OTUs > 100) and 967 

primer set using PrimerMiner program. 968 

Table S10. Effect of the primer set characteristics on the in silico amplification success and mean 969 

penalty score, the detection of mock community taxa and the detection of arthropod 970 

occurrences in guano samples. *** p < 0.001, ** p < 0.01 and * p < 0.05. 971 

Table S11. Objectives and impact of the pre-process and FROGS pipelines on the number of 972 

reads. ¶ 'Complete run ' indicates that the run included other samples than those of the two 973 

mock communities. ¥ = genuine sequences, † = identity > 97% and coverage > 90%, ‡ identity < 974 

97% and/or coverage <90%. 975 

Table S12. Molecular identification of the taxa in the mock communities obtained using the 976 

genuine sequences of each specimen. '<97%' indicated a percentage of identity lower than 97%. 977 

Table S13. Percentage of each bat species in mixed samples. Rf = R. ferrumequinum, Me = M. 978 

emarginatus. 979 

Figure S1. Consensus sequence alignment of 21 arthropod orders using the PrimerMiner R 980 

package. 981 

Figure S2. PCR products of the mock communities (left column) and guano samples (right 982 

column) on agarose gel. 983 

Figure S3. Percentage of bat reads for each primer set in the mock community MCarthr+bat. The 984 

red line indicated the expected value for percentage of bat reads (50%). 985 

Figure S4. Representation on a log-scale of the number of reads gathered for each arthropod 986 

order with the 12 primer sets, from the three technical replicates of the mock community 987 

MCarthr and MCarthr+bat. The blue line indicates the expected number of reads. Each point 988 

represents a technical replicate. Yellow bars emphasize situations where only one or two PCR 989 

over three amplified. Red bars emphasize situations where none of the replicate amplified. 990 

Figure S5. Percentage of bat reads gathered in the guano samples (NRf = 10, NMe=11) for each 991 

primer set. Me = Myotis emarginatus, Rf = Rhinolophus ferrumequinum. 992 
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Figure S6. Occurrences of taxa in M. emarginatus samples (N = 11) and R. ferrumequinum (N = 993 

10) not shared between primer sets, or shared by at least one COI primer set and one 16S 994 

primer set, or shared by at least two COI primer sets. Number of PCR replicates: '2' (light green) 995 

= occurrence in two PCR over three, '3' (green) = occurrence in three PCR over three. 996 
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