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Abstract

:

Nematodes are ideal biological indicators to monitor soil biodiversity and ecosystem functioning. For this reason, they have been receiving increasing attention from a broad range of scientists. The main method to characterize soil nematode communities until at least genus level is still based on microscopic observations of nematode morphology. Such an approach is time-consuming, labor-intensive, and requires specialized personnel. The first studies on the potential use of DNA-metabarcoding to characterize nematode communities showed some shortcomings: under- or overestimation of species richness caused by failure to detect a number of nematode species or caused by intraspecific sequence variants increasing the number of OTUs (operational taxonomic units) or ‘molecular’ species, and flaws in quantification. We set up experiments to optimize this metabarcoding approach. Our results provided new insights such as the drastic effect of different DNA-extraction methods on nematode species richness due to variation in lysis efficacy. Our newly designed primer set (18S rRNA gene, V4-V5 region) showed in silico an improved taxonomic coverage compared with a published primer set (18S rRNA gene, V6-V8 region). However, results of DNA-metabarcoding with the new primer set showed less taxonomic coverage, and more non-nematode reads. Thus, the new primer set might be more suitable for whole soil faunal analysis. Species-specific correction factors calculated from a mock community with equal amounts of different nematode species were applied on another mock community with different amounts of the same nematode species and on a biological sample spiked with four selected nematode species. Results showed an improved molecular quantification. In conclusion, DNA-metabarcoding of soil nematode communities is useful for monitoring shifts in nematode composition but the technique still needs further optimization to enhance its precision.
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1. Introduction


Nematodes are among the most diverse and highly specialized multicellular eukaryotes on earth. In the soil, they occur in high numbers across multiple trophic levels making them vitally important in the soil environment [1]. In addition, (i) nematodes can easily be extracted from the soil using simple extraction procedures; (ii) they are more sensitive to changes in the soil environment than other organisms due to their permeable cuticle; (iii) numerous species can withstand anaerobic conditions and desiccation which benefits their survival; (iv) they can be detected in all seasons [2,3]; and (v) their generation time (days to years) is longer than metabolically active microbes (hours to days), making them more temporally stable and less fluctuating with nutrient flushes [4]. These arguments assure nematodes to be ideal biological indicators suited for monitoring soil biodiversity and ecosystem functioning as recently confirmed by a panel of approximately 50 European soil biology researchers [5,6].



So far, mainly nematode species responsible for plant diseases have received a lot of attention in molecular plant pathology studies [7]. Far less is known about the majority of the nematode species that play beneficial roles in soil environments and together form a nematode community, holding valuable information for soil health assessment. The fact that these nematodes are microscopically small and live hidden between soil particles can only partially explain this paucity of knowledge. A far more important reason is that characterizing nematode communities is labor intensive and time consuming. Besides, estimates of nematode diversity and role-playing in ecosystems have been based on species-level taxonomy and trophic-level guilds [8,9]. Especially the first requires a high level of expertise, which is increasingly lacking. However, for a few years nematode communities have been receiving more attention from a broader range of scientists and the demand for widely accessible and quicker methods, for example DNA-based methods, is rising.



Only a few studies investigated the potential of DNA-metabarcoding based on amplicon sequencing for soil nematode community characterization [10,11,12,13,14,15,16]. All these studies applied primer sets from the same region within the 18S rRNA gene and reported a number of shortcomings. Firstly, the 18S rRNA gene primer sets cannot recover all nematode species in a nematode community causing an underestimation of species richness. Sequence variation can impede the primer to bind its recognition site causing failure of amplification and thus detection of the concerned species. Additionally, taxonomic assignment can also be problematic by sequence database incompleteness or by incongruence between morphological and molecular data [17]. The addition of another locus within the rDNA, viz. D2D3 of the 28S rRNA gene, improved the detection level but still underestimated species richness [10]. Secondly, the frequency of reads representing individual biological species did not correlate with the number of individuals from these different species within a nematode community. The inclusion of a correction of the rRNA gene copy number only partially improved the accuracy of quantification [13]. Thirdly, most analysis pipelines used so far apply OTUs (operational taxonomic units) to link the obtained sequence data to a certain nematode taxon. It must be noted that these ‘molecular species’ do not necessarily correspond to a ‘biological’ nematode species: insufficient variation can create a single OTU representing different biological species while sequence variants can cause the opposite, linking one nematode species to different OTUs. The level of sequence similarity to define these clusters can provoke a drastic underestimation of species richness or make it more difficult to allocate a species. Moreover, sequence variation differs considerably between species causing the use of fixed cut-offs that are potentially not appropriate for a whole nematode community [12]. So, the overall conclusion is that further research is needed and that, until now, molecular tools can flank, but not yet replace traditional morpho-biometrical techniques for analysis of the soil nematofauna.



The goal of our experiments was not to validate the high-throughput DNA-metabarcoding method for the characterization of biological soil nematode communities. After all, the artificial communities have no resemblance to nematode communities from field samples in terms of either nematode abundance nor diversity. We merely wanted to investigate how to improve nematode community characterization by amplicon sequencing and therefore addressed some of the shortcomings stated above. To achieve this we (i) evaluated different DNA-extraction methods, (ii) designed a new 18S rRNA primer set and compared it with the slightly adapted primer set of Sapkota and Nicolaisen [14], (iii) analyzed artificial samples composed of pure nematode cultures (single species and mock communities) and a spiked biological sample, and (iv) used the recent software package DADA2 (Divisive Amplicon Denoising Algorithm) [18], which uses exact amplicon sequence variants (ASVs) instead of OTUs.




2. Materials and Methods


2.1. Sample Preparation


Pure cultures from nine nematode species were established. Pratylenchus penetrans and Ditylenchus dipsaci were multiplied on carrot disks (Daucus carota) [19]. Meloidogyne incognita was reared on tomato plants (Solanum lycopersicum cv. Moneymaker) in pots with sterilized sandy soil placed in a greenhouse (12 h day/night regime at 22 °C and 15 °C, respectively). Bursaphelenchus xylophilus was cultured on PDA-plates covered with a five-day-old non-sporulating strain of Botrytis cinerea [20]. Acrobeloides nanus, Cephalobus sp., Mesorhabitis belari, Oscheius tipulae and Plectus acuminatus were reared on nutrient agar plates with a one-day-old Escherichia coli culture [21]. Additionally, two commercial samples (Biobest Group NV, Westerlo, Belgium) containing infective juveniles of Steinernema feltiae and Heterorhabditis bacteriophora were obtained. Finally, about 65 individuals of Mesocriconema sp., 45 individuals of Paratylenchus sp. and 150 individuals of the family Dorylaimidae were handpicked from nematode suspensions, identified morphologically up to genus level using a stereo microscope (25×, Leica M80, Leica Microsystems Belgium BVBA, Diegem, Belgium), and kept separately in three counting dishes at 10 °C. We especially took care of selecting the same developmental stage: active adults from carrot disks, agar-plates, and soil nematode suspensions or infective juveniles of M. incognita and of both commercial samples.



Different types of samples were prepared by adding nematodes in 1.5 mL Eppendorf tubes containing 250 µL MilliQ-water (Table 1.) Thirty individuals of a pure culture from three nematode species with a different life style (B. xylophilus, D. dipsaci and P. acuminatus;) were transferred into separate 1.5 mL Eppendorf tubes containing 250 µL MilliQ-water. This was repeated 3 times. As cuticular differences already can occur between genera of the same family and function [22], then it is likely that nematodes with a different lifestyle have a different cuticle composition (for example, plant-parasitic nematodes have to endure the turgor pressure in plant cells opposed to non-herbivorous nematodes). This can possibly have an effect on DNA-extraction efficiency and subsequent meta-barcoding analysis. The same was done with 7 and 10 individuals of Paratylenchus sp. and Mesocriconema sp., respectively. These two species were chosen because during preliminary tests, as recently confirmed [23], we faced problems detecting these nematodes by DNA-metabarcoding (data not shown). In addition, two sets of 8 tubes were prepared in the following way: one set with a mixture of 20 individuals of each nematode culture with addition of 20 individuals belonging to the family Dorylaimidae (M20) and one set with the same mixture but with different numbers of individuals (Mvar).



A biological nematode sample was obtained by extracting the nematode community from a 500 cm3 field soil sample using automated zonal centrifuging [24]. This method has an efficiency of approximately 95% for extracting nematodes from a soil sample. We extracted five subsamples of 100 cm3 and combined the five nematode suspensions that were obtained. Nematodes were then concentrated in a 40 mL suspension using centrifugation. After thorough homogenization, 16 1.5 mL Eppendorf tubes were filled with 250 µL nematode suspension while another three subsamples of 250 µL were used to determine the number of nematodes (10×, Leica M80). One set of eight of the tubes (T1) were spiked with 40, 5, 10, and 20 individuals of B. xylophilus, H. bacteriophora, P. acuminatus, and P. penetrans, respectively. In the other eight tubes (T2) the same mixture was prepared except that only one B. xylophilus and 40 individuals of H. bacteriophora were added (Table 1).




2.2. DNA-Extraction Test


Fifteen different methods (combinations of 5 extraction methods preceded by 3 pre-treatments) to extract DNA from nematodes were compared using a nematode suspension of H. bacteriophora, established by suspending 1 g of the commercial preparation in 100 mL of MilliQ-water. The number of nematodes in 1 mL was about 4000 individuals (4009 ± 121) based on three counts (10×, Leica M80). Seventy five 2 mL Eppendorf tubes were filled with 1 mL of the H. bacteriophora suspension. After centrifugation (20,800 rcf, 20 min), 500 µL of the supernatant was removed. Twenty-five tubes were stored immediately at −20 °C (pre-treatment 1), while 25 were first submitted to −80 °C for 20 min (pre-treatment 2) or dipped in liquid nitrogen for 5 s (pre-treatment 3) before storing them all together at −20 °C. DNA was extracted from sets of 15 tubes, comprising 5 tubes of each pre-treatment, according to (i) Holterman et al. [25] with one adaptation (1% beta-mercaptoethanol replaced by 0.1 M dithiotreitol, from here on referred to as ‘adapted Holterman method’) and according to the manufacturer’s instructions of the (ii) High Pure PCR Template Preparation Kit (Roche Diagnostics, Mannheim, Germany), (iii) DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany, from here on referred to as ‘Qiagen method’ ), (iv) Wizard Magnetic DNA Purification System for Food (Promega, Madison, WI, USA), and (v) Soil DNA Isolation Kit (Norgen Biotek corporation, Thorold, ON, Canada). The first DNA-extraction method is a simple incubation step with Proteinase K and a lysis buffer to make the DNA accessible for amplification but does not further purify it. The other methods are commercial DNA purification kits using different techniques. The methods from Roche and Qiagen use silica-based glass fibers pre-packed as a membrane in a filter tube to selectively capture nucleic acids. The system from Promega applies paramagnetic beads with a high binding efficiency for nucleic acids. The method from Norgen combines a filter tube to remove soil inhibitors like humic acids, and a spin column with the silica-based glass membrane. DNA concentrations were measured fluorometrically using a Quantus fluorospectrometer (QuantiFluor dsDNA system, Promega, Madison, WI, USA).



Two microliter DNA from the DNA-extraction method yielding the highest DNA concentration and from the method showing the lowest variation in yield was used in a qPCR (PCR mixture: 10 µL 2× SensiFast SYBR Hi-Rox master mix, 400 nM of each H. bacteriophora specific primers [26], and MilliQ water up to a final volume of 20 µL; temperature profile: 10 min at 95 °C, 40 cycles of 95 °C for 15 s, 59 °C for 30 s and 72 °C for 1 min) to check whether the DNA was amplifiable.




2.3. Nematode Reference Sequence Database


DNA was extracted from a single individual of all nematode samples listed in table 1, with the exception of the sample containing different species from the Dorylaimidae family, by the adapted Holterman method. Amplicons were obtained after amplification of two overlapping parts at the 3’-region of the 18S rRNA gene using the in-house primer set 18SILVOmidF and 18SILVOmidR (see below), and the primer set 1813F and 2646R [25] (Figure 1, Table 2). PCR was performed in a final volume of 50 µL (Phusion Green Hot Start II High-Fidelity DNA Polymerase Kit, Thermo Fisher Scientific, Waltham, MA, USA) and contained 1× Phusion Green HF Buffer, 0.3 µM of each primer, 200 µM dNTPs, 0.8 U Phusion Hot Start II DNA Polymerase, and 1 µL DNA extract. The following PCR profile was used: 98 °C for 3 min; 45 cycles of 98 °C for 10 s, 64 °C for 30 s, 72 °C for 30 s; and a final step of 72 °C for 10 min. All amplicons were gel-purified (Smartpure gel DNA purification kit, Eurogentec, Liège, Belgium), quantified (Nanodrop ND-1000), and sequenced (Macrogen EU, Amsterdam, the Netherlands). The sequences were assembled using BioNumerics 7.6.2 [27]. A similarity search analysis was performed against the Genbank nucleotide collection using blastn [28] to confirm the identity of the respective nematode samples. Subsequently, the sequences were submitted to Genbank and added to the downloaded Silva 128 release (“SILVA_128_SSURef_Nr99_tax_silva_trunc_Nematoda.fasta”) [29] from which only sequences belonging to the phylum Nematoda were retained. The taxonomy of each entry in the SILVA database was retrieved from the NCBI Taxonomy database since the SILVA taxonomy was not classified properly. The final sequence database consisted of 1896 sequences (Supplementary File S1) and was used for the taxonomic assignment of the obtained sequences from the Illumina MiSeq run (2 × 300 bp).




2.4. 18S rDNA Primer Pairs for a Amplicon Sequencing


A selection of sequences from our constructed nematode reference sequence database (see Section 2.3), representing a wide taxonomic range of soil inhabiting nematode species, were used to make a multiple alignment (Supplementary File S2) and to calculate Shannon entropy values with mafft v7.215 [31] using a sequence from Caenorhabditis elegans (AY268117) as reference (Figure 1). In such a case, the Shannon entropy is a quantitative measure of sequence variability in a column in a sequence alignment. It incorporates both the frequencies of variation and number of different nucleotides. An invariant column has a Shannon entropy of zero. Based on the alignment, a new primer set (EcoF and EcoR, from here on referred to as ’eco primer set’) was developed using the ecoPrimers software [32]. Before starting the practical work, we evaluated the number of mismatches and the resolving taxonomic power of the new primer sets proposed by ecoPrimers against our sequence database by Primer Prospector [30]. The primer pair which produced the most in silico amplicons was chosen to be tested in practice. Based on the Primer Prospector output and on alignments, the selected primer pair was further optimized by extending its length with an extra base to both the forward and reverse primer to improve the GC content and by including two degenerate bases in the forward primer to improve the taxonomic coverage. This optimization was also done on the already published primers NemF and 18Sr2b [14]. A degenerated position was incorporated for maximum 2 polymorphic sites. They were called NemFopt and 18Sr2bRopt to distinguish them from the original ones (and from here on referred to as ‘adapted primer set’).



A gradient PCR (KAPA HiFi HotStart Ready Mix PCR kit, KAPA biosystems, Boston, MA, USA) was conducted to determine the most optimal annealing temperature for both primer sets (EcoF/EcoR and NemFopt/18Sr2bRopt, Figure 1). The master mix contained 12,5 mL of the 2× KAPA HiFi HotStart ReadyMix, 0.3 µM of each primer, 1 µL DNA extract and MilliQ water up to a volume of 25 µL. The temperature profile was as follows: 95 °C for 3 min; 30 cycles of 98 °C for 20 s, 55–68 °C for 15 s, 72 °C for 30 s; and a final step of 72 °C for 2 min.




2.5. NGS Library Preparation


Pure DNA was extracted from half of the replications of each nematode sample (Table 1) by the Qiagen method, while for the other half of the replications the adapted Holterman method was applied. A qPCR was executed on the extracted DNA to determine the maximum number of cycles allowed to prevent the amplification from going too far into the non-exponential phase causing an increased variation in yield of amplicons. The qPCR mix contained 10 µL of 2× SensiFast SYBR Hi-Rox master mix, 500 nM of the forward and reverse primers of one of the primer sets, and MilliQ water up to a final volume of 20 µL. The temperature profile was as follows: 10 min at 95 °C, 40 cycles of 95 °C for 15 s, 64 °C for 30 s, and 72 °C for 1 min. After the number of cycles was determined, a PCR, referred to as ‘amplicon PCR’, was executed. The amplicon PCR mix contained 12.5 mL of 2× KAPA HiFi HotStart ReadyMix, 0.75 µM of each primer elongated with the Illumina adapter overhang nucleotide sequence (5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3’ for a forward primer and 5’- GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3’ for a reverse primer), 2 µL DNA extract, and MilliQ water up to a volume of 25 µL. The temperature profile of this PCR was 95 °C for 3 min; the previously determined number of cycles of 98 °C for 20 s, 64 °C for 15 s, 72 °C for 30 s; and a final step of 72 °C for 2 min. To verify the amplification, an agarose gel electrophoresis with Midori Green Advanced DNA stain (Nippon Genetics Europe GmbH, Düren, Germany) was performed. The amplicons were visualized in a gel imaging system (Azure Biosystems c150, Dublin, CA, USA) and separated from unincorporated primers, dNTPs, and primer dimers using a DNA-purification method with magnetic beads (CleanNA, GC Biotech BV., Alphen aan den Rijn, the Netherlands). The same temperature profile, with 10 cycles only, was used during the next PCR, referred to as ‘index PCR’. Also the master mix was identical to that of the amplicon PCR but with the replacement of the primers by a different combination of index primers for each amplicon PCR sample. Each index primer was composed of a sequence specific for Illumina sequencing, a unique 8 bp multiplex identifier (N7xx or S5xx, Illumina Nextera XT Index Kit v2, Illumina Inc., San Diego, CA, USA) and the Illumina adapter overhang sequence. Some of the amplicons were visualized by electrophoresis as mentioned before and all of the amplicons were purified using the same method as mentioned before. Finally, the amplicons were quantified fluorometrically and pooled in equimolar concentrations (10 nM) for sequencing. The pooled sample was sent to a service institute for sequencing on an Illumina MiSeq sequencer with PE300 reads (Oklahoma Medical Center, Oklahoma City, OK, USA).




2.6. Data Analysis


The normal distribution and homogeneity of variance of the data retrieved from the DNA-extraction test were checked by a Normal Probability Plot and Levene’s test. Data were then analyzed by a one-factor ANOVA followed by the Tukey’s Honest Significant Differences test to reveal which DNA-extraction combinations (DNA-extraction method with pre-treatment) significantly differed from each other and yielded the highest concentration of DNA (Dell Statistica version 12, Dell Inc., 2015).



Primer sequences were removed from the obtained reads using Trimmomatic v0.32 [33]. All subsequent analyses were done in R 3.4.3 [34] using the package DADA2 [18]. This software package does not use the concept of OTU clustering, but infers sequence variants directly. The authors stated that in mock communities DADA identifies more real variants and outputs fewer spurious sequences than other methods. The successor, DADA2, an open-source R package, extends and improves the DADA algorithm by implementing a new quality-aware model of Illumina-amplicon errors and the full amplicon workflow starting from filtering, dereplication, chimera identification, until merging paired-end reads. In the filtering step, forward reads were trimmed to 276 bp and 3 errors were allowed (maxEE), while reverse reads were trimmed to 250 bp with a maxEE of 5. Other steps were done using the default parameters. Finally, the sequences were compared with our sequence database to link them to a certain nematode taxon using the naive Bayesian classifier method [35] assigning taxonomy across multiple ranks (e.g. Kingdom to Genus) with minimum bootstrapping support of 80. In addition, all sequences were blasted against the non-redundant database (nr) of Genbank (standard nucleotide blast, [28]) to confirm their taxonomic assignment. Relative abundances for each sequence variant per sample were calculated and exploratory barplots were made.





3. Results


3.1. DNA-extraction Test


The 15 DNA-extraction procedures yielded different amounts of DNA from the nematode suspensions containing about 4000 individuals (p < 0.001) (Figure 2). The procedure yielding most DNA was the pre-treatment in liquid nitrogen followed by the Qiagen method (Figure 2, Supplementary File S3). Quantitative PCR demonstrated amplifiability of these DNA-extracts (Ct between 10.22 and 10.99; Mean Ct = 10.68; StDev. = 0.29). So, the Qiagen method combined with the liquid nitrogen step was selected for the DNA-metabarcoding tests.



One additional DNA-extraction method was retained: the adapted Holterman method. Firstly, statistical analysis revealed that this method was very repeatable, irrespective of the pre-treatment (VC 10.6%, Supplementary File S3). However, we retained the combination with the liquid nitrogen pre-treatment because this combination showed the lowest VC (9.5%) compared to the other pre-treatments (VC 10.3 and 11.6%), and it made the DNA-extraction procedure more uniform with the other selected method. Secondly, the results of the qPCR demonstrated less variable Ct-values (Ct between 11.73 and 12.23; Mean Ct = 11.97; StDev. = 0.21; VC = 1.77%) compared with the selected Qiagen method combined with the liquid nitrogen pre-treatment (Supplementary File S3). From here onwards, each reference to the Qiagen or adapted Holterman method includes the liquid nitrogen pre-treatment.




3.2. Analysis of the 18S rDNA Primer Pairs for Nematode DNA-Metabarcoding


An alignment with sequences from a wide taxonomic range of 63 primarily soil inhabiting nematode species was made. The alignment (Supplementary File S2) showed several conserved and less conserved regions in agreement with the V1-V9 nomenclature for variable regions of the 18S rRNA gene [36] (Figure 1). The alignment made it practically more easy to select a part of the 18S gene more downstream compared to the primers from Sapkota and Nicholaisen [14] to design a new set of primers (EcoF and EcoR) amplifying the V4-V5 regions and to introduce two degenerate positions in the forward primer to improve taxonomic coverage. We changed the primers amplifying the V6-V8 region of the 18S rRNA gene reported in Sapkota and Nicolaisen [14] by adding one and two degenerated positions in the sequences of the forward (NemFopt) and reverse (18Sr2bRopt) primer, respectively, also to improve the taxonomic coverage. Moreover, the reverse primer was shifted 4bp upstream into a more conserved region (Supplementary File S2), in an attempt to avoid missing certain nematode species, e.g., those belonging to the family Rhabditidae as reported by Darby et al. [13].



PrimerProspector [30] showed that the resolving taxonomic power of the adapted primer set NemFopt and 18Sr2bRopt should be better than that of the original primer set when evaluated with our database containing 1896 sequences (Figure 3). The taxonomic coverage included the Rhabditida for which problems were reported before [13]. PrimerProspector also demonstrated that the taxonomic coverage of our newly designed primer set is expected to be even better compared to the adapted primer set (Figure 3). They should be able to produce an amplicon from 95.6% of the sequences in our database with an average length of 510.4 bp compared with 92.5% with an average length of 489.9 bp of the adapted primer set (max. 1 mismatch per primer allowed).



The gradient PCR revealed that the annealing temperature for amplicon PCR can be set between 55 °C and 68 °C. It is generally accepted that higher annealing temperatures increase the specificity but tend to reduce the yield of the amplification, while lower temperatures cause the opposite. That is why we retained an annealing temperature of 64 °C which should provide a good yield and specificity. Based on the results of the qPCR, we selected for the amplicon PCR assay 30 cycles for the single species samples using the primers EcoF and EcoR, 25 cycles for the single species samples using the primers NemFopt and 18Sr2bRopt, and 20 cycles for the mock community samples independent of which primer set was used.




3.3. DNA-Metabarcoding Data


The DNA-metabarcoding data used for this paper are submitted at the NCBI SRA databank under bioproject code PRJNA497979.



3.3.1. The Number of Reads Per Sample and Taxonomic Assignment Depends on the DNA-Extraction Method and Primer Pair


The number of read clusters for all samples together was 2,851,024. After quality filtering, merging forward and reverse reads, and removal of chimeric sequences, 1,529,449 or 53.65% were used for further analysis. The number of retained sequences for each sample with exclusion of the NTC’s (No Template Controls) ranged between 1720 and 67,219, except for one sample (M20WLB218S, Supplementary File S4, tab 2) with 98 reads. This sample contained 240 individuals which is much more than the number of reads, and was therefore excluded for further analysis. The NTC’s contained an average of 70 reads only and were considered as clean. The number of retained sequences was higher with DNA extracted with the Qiagen method (1,025,970 reads representing 60.4% of all reads, average of 19,730 reads) than with DNA extracted with the adapted Holterman method (492,696 representing 32.21% of all reads, average of 9475 reads) despite pooling the samples at equimolar levels. Also, the number of retained sequences was higher when amplicons were prepared with the NemFopt and 18Sr2bRopt primers (985,089 reads representing 64.4% of all reads, average of 18,944 reads) compared with our primers EcoF and EcoR (533,577 reads representing 34.9% of all reads, average of 10261 reads). The length of the retained sequences after amplification using the adapted primer set ranged between 92 and 507 bp, with approximately 86% between 484 and 493 bp, and between 223 and 536 bp with approximately 85% between 501 and 518 bp when using the eco primer set. Only 0.6% of the sequences using the adapted and eco primer set were shorter than 400 bp. More details can be found in Supplementary File S4, tab 1. These shorter fragments are sequences from Streptophyta, Gastrotricha, and nematode species that could not be identified as revealed after blasting against the non-redundant database of GenBank [28].



More than 95% of the sequences obtained from the samples consisting of one species derived from the pure cultures Bx, Dd, and Pa (Table 1) resulted in correct identifications at genus level, regardless of the selected DNA-extraction method. For the other samples with one species (Cr and Par), however, <20% of the sequences of the Par samples were attributed to the genus Paratylenchus and none (0%) of the sequences were identified as belonging to the genus Mesocriconema for the Cr samples when using the Qiagen method. While for the adapted Holterman method around 90% of the sequences were correctly attributed to either Paratylenchus (except for one sample with only 14%) or Mesocriconema (except for one sample with 62%). More data on the composition of the samples can be found in Supplementary File S4, tab 3 (counts) and tab 4 (percentages).



We tested two primer sets amplifying different regions of the 18S rDNA: the adapted primer set NemFopt and 18Sr2bRopt based on Sapkota and Nicolaisen [14] (V6-V8 region), and our newly developed primer set EcoF and EcoR (V4-V5 region). For the M20 samples of which amplicons were generated using the adapted primer set, nine out of 11 nematode cultures—the 12th nematode culture contained individuals of the Dorylaimidae family not further identified—were characterized at genus level of which seven even up to species level. Acrobeloides nanus and Cephalobus sp. were annotated together as family Cephalobidae. When using the eco primer set, A. nanus and Cephalobus sp. were annotated together as genus Acrobeloides, Steinernema feltiae was identified at genus level but not at species level and Mesorhabditis sp. was not detected. So, it seems that the eco primer set yields, on the one hand, slightly better taxonomic resolution at the genus level, but on the other hand makes more mistakes on species level and causes a drop in sensitivity. The results obtained with the artificial community Mvar were similar to those for the M20 samples. Oscheius tipulae could not be detected in some of the replicates where only two individuals of this species were present in a total of 232 individuals (relative abundance <1%), independent of the primer set that was used. Apparently this amount is very close to the detection limit of our DNA-metabarcoding procedure for this species. More detailed data can be found in Supplementary File S4, tab 4.




3.3.2. Estimating Relative Abundances Is More Accurate When Using Protocol-Specific Correction Factors


The results of the mock communities Mvar and M20 confirmed that estimating nematode abundances is inaccurate when using DNA-metabarcoding (Figure 4). Although the M20 samples contained the same number of individuals of each nematode species present, their relative abundance based on the results of the DNA-metabarcoding was not the same. This is in agreement with previous results [13]. Some genera were overrepresented (e.g., S. feltiae), while others were underrepresented (e.g., P. penetrans) (Figure 4). To correct this over- or under-estimation of nematode abundance, a correction factor was calculated for each nematode species present in a M20 sample and this for each of the four methods (a combination of the two retained DNA-extraction methods and applied primer sets) separately. The correction factors were calculated as follows: resulting mean percentage relative abundance (four repeats)/8.33% (representing 20 individuals of each nematode species in a total of 240 individuals). When applying the correction factor based on an M20 sample to the Mvar sample with corresponding DNA-extraction method and primer set combination, the agreement between DNA-based and real relative abundance of each nematode taxa of the Mvar samples improved a lot (Figure 4). Although it is clear that for some nematode genera the correction factor is stable across the methods used (for example Pa and Dd), statistical analysis revealed that applying a set of correction factors from one method to the other is not justified as the correction factors for some nematode species vary significantly between methods (Figure 5). The effect of the primer is larger than the effect of the DNA-extraction method in this M20 nematode mixture. For example, Heterorhabditis sp. are overrepresented in the eco primer set, but underrepresented in the adapted primer set regardless of the DNA-extraction method; while for Bursaphelenchus sp. it is the other way around. When looking at the different DNA-extraction methods but using the same primers, the over- or underrepresentations are always following the same trend. More details can be found in Supplementary File S4, tab 5 and 6.




3.3.3. Application of the Selected DNA-Extraction Methods, Primer Sets and Correction Factors on a Spiked Biological Sample


Next to the obvious presence of different nematode genera, members of other groups within the Eukaryota were detected in the biological sample. However, compared with all nematodes, their presence is rather low (less than 20%). Blasting against the non-redundant database of GenBank revealed that these sequences belong to Arthropoda, Tardigrada, Rotifera, Annelida, Ascomycota, Ciliophora, Embryophyta, Gastrotricha, Basiodiomycota, and Tracheophyta. A few sequences (less than 1%) could not be appointed to any taxon. More phyla were found when using the eco primer set than when using the adapted primer set. Also the number of reads for these groups was higher compared to the adapted primer set (Figure 6). More detailed data on the composition of the samples as identified by the naïve Bayesian classifier can be found in Supplementary File S4, tab 3 (counts) and tab 4 (percentages).



The samples T1 and T2 consist of a nematode community extracted from soil spiked with varying numbers of cultured specimens belonging to four different nematode species (Table 1). The adapted primer set in combination with the Qiagen method identified the highest number of genera (mean number of genera identified = 27.8 (StDev. = 2), versus 17.1 - 22.5 for the other methods). The drop in sensitivity of the eco primer set illustrated by the mock communities M20 and Mvar (see above) translated into fewer identified nematode genera (mean number of genera identified = 19.8, StDev. = 5.6 versus 24.4, StDev. = 4.1 for the adapted primer set). However, if we consider the taxonomic resolution of both primer sets, we conclude that it was more or less equal as we noticed the same percentage of nematode sequences classified up to genus level (79.6% for the adapted primer set versus 78.3% for the eco primer set). Both DNA-extraction methods approximately identified the same number of genera. More details can be found in Supplementary File S4, tab 7.



The spiked nematodes in the biological samples T1 and T2 could be detected up to genus level with each method although the detection limit was sometimes higher than one individual. We compared the abundance of Bursaphelenchus with and without applying the correction factor on both T1 and T2. The correction factor improved its quantification considerably in most cases (Supplementary File S4, tab 5). More details can be found in Supplementary File S4, tab 4.






4. Discussion


Recently much attention has been paid to the potential of extracellular DNA (eDNA), sometimes also called environmental DNA, to be used as an indicator for biodiversity in general in various environments [36,37,38,39]. However, in the case of nematodes, this method may not be suitable [15,16]. Some of the problems with eDNA to detect nematodes from soil are (1) efficiency and low capacity (0.25–10 g soil) of the soil DNA-extraction methods and (2) limited availability of suitable primers. Methods using eDNA typically rely on degraded DNA and hence primers should flank short, very variable fragments, which are to date not available specifically for nematodes. The primers used during our studies demonstrated they are not nematode specific because still almost 20% of the sequence reads can be assigned to non-nematode taxa. Also the ‘original’ primer set NemF and 18Sr2b [14], although improved to use them without the need for nematode enrichment, assigned only around 65% of the number of sequences to Nematoda. The consequence is that with the current techniques and knowledge, it is almost impossible to create reliable nematode profiles derived from soil DNA. Therefore, in our opinion, it is better to first extract nematodes from larger soil samples using traditional methods to obtain nematode-enriched samples before DNA-extraction. We have used the automated zonal centrifuge [24] to extract nematodes from a soil sample. The extraction procedure is based on centrifugation in combination with a separation fluid and, thus, organisms with the same specific density as soil nematodes are also retained in the separation fluid and will show up in the resulting data set. However, DNA from a broad range of eukaryotes is detected as can be seen in Figure 6. A possible explanation is that next to the detection of relic DNA preserved in the soil long after the organisms is gone [40], DNA from a wide range of organisms is detected because it is present in the nematode gut content. Indeed, soil nematodes have a large variety of food sources ranging from micro- to macro-organisms [41]. After the decision to apply enriched nematode suspensions, still many questions remain, such as which DNA-extraction method and which primer set is most suitable for this metabarcoding strategy, or whether the relative abundances derived from metabarcoding are accurate enough to reflect the real relative abundance of nematode individuals.



After the evaluation of five DNA-extraction methods combined with three pre-treatments, we retained two methods to be tested in our metabarcoding study. One is a DNA-extraction/purification method, the other a simple DNA-releasing method. Both were combined with the pre-treatment of submerging the sample tubes in liquid nitrogen for 5 s before storing them at −20 °C until use for DNA-extraction. The statistical analysis did not show a convincing difference between the pre-treatments. Only for the Qiagen-method could a significant difference be noted. However, it was demonstrated before that a mechanical step improves the extraction of nematode community DNA [42]. The inconsistency in results between both DNA-extraction methods in relation to the nematode species is most probably caused by differences in the ability of releasing DNA. The adapted Holterman method was able to extract DNA from Paratylenchus sp. and Mesocriconema sp., while the Qiagen-method was not. Donn et al., [42] concluded that DNA-extraction suitability using commercial DNA-extraction kits should be tested for each habitat under investigation because failure of PCR can cause inhibition of the reaction by compounds present in the extract. It should be noted that we did not use community DNA from soil samples but instead prepared samples with isolated, hand-picked nematode individuals from cultures in sterile water. Peham et al. [15] stated that differences in lysis efficiency, next to the performance of the washing and elution steps, can limit DNA-extraction success or might lead to the removal of substantial amounts of target DNA. Our results show that the adapted Holterman method based on Holterman et al. [25] performs better in terms of lysis efficiency compared to the selected DNA-extraction/purification method. As a consequence, certain nematode species could not be detected by the latter method as was demonstrated with pure nematode cultures. The nematode genera that were identified based on the sequences obtained with DNA extracted from the Par and Cr samples using the Qiagen method were mostly genera used to prepare the artificial communities and thus are most probably cross-contaminations introduced during different preparation steps, especially the step in which amplified DNA-products are used as template for the index PCR’s. As stated before, individuals of both species were handpicked, transferred into separate tubes and hence physically isolated from any other nematode species before DNA-extraction. Moreover, both species are plant-parasitic and thus, on the contrary to plant DNA, it is as good as impossible to expect DNA from other nematode species in their gut content as can be possible for carnivorous or omnivorous nematode species feeding on nematodes. So, when DNA is not efficiently released and because of its extreme sensitivity, the amplification process is picking up other unwanted DNA sources. This outcome could explain the absence of a nematode species in the results after DNA-metabarcoding compared to a morphological analysis, even though the sequence is present in the database and a detectable number of individuals are present in the sample. The first barrier the DNA-extraction method has to break through is the outer protective layer, the cuticle. The cuticle is a critical structure of nematodes which acts as a hydroskeleton to maintain body shape, permit mobility, and interact with the external environment. It is a complex, though, flexible structure being composed of up to six layers. The presence of these layers and their thickness is dependent on the nematode stage and species [43]. Different cuticle compositions probably can withstand differently mechanical breakup and the lysing characteristics of certain chemicals and enzymes. Members of the family Criconematidae, like Mesocriconema, have a more rigid cuticle due to distinctive coarse ridges known as annulations around the body [44]. Members of the families Paratylenchidae and Criconematidae also were not found in soil samples from fields with three different cropping systems via DNA-metabarcoding analysis although proven to be present by a morphological analysis [23]. The authors could not give any explanation for this discrepancy but we could demonstrate by single-species tests that the lysis buffer of the DNA-extraction/purification method could not release DNA of these species efficiently, even after treatment with liquid nitrogen, while the lysis buffer of the DNA-releasing method could. In the mock communities, this effect was not visible since the species included in these communities suffered less from the difference in lysis efficiency of the two extraction methods. Unexpectedly, the lysis-efficient DNA-releasing method on average detected less genera in the (spiked) biological samples compared with the Qiagen method. This inconsistency can be explained by the presence of PCR inhibitors having an adverse effect on the amplification process. Also the number of reads was much lower, probably due to substances that interfere with the DNA concentration measurement used for pooling. Thus, although the DNA-releasing method can release DNA from more nematode species transferred into a clean incubation mixture, this positive effect can be reversed by the non-removal of PCR inhibitors still present in a nematode suspension derived from a soil sample. In conclusion, adding a method to improve mechanical breakup, like dipping the sample in liquid nitrogen, before following the instructions provided with a commercial DNA-extraction/purification kit, might not be sufficient. A more efficient ‘broad-spectrum’ cell-lysing buffer combined with a mechanical pre-treatment and DNA-purification steps, could increase the quality of many nematode species richness assessments.



Most bioinformatics pipelines for DNA-metabarcoding cluster sequences into OTUs before taxonomic assignment to reduce computational time. The number of OTUs depend on the level of sequence similarity set to define these clusters. Setting a high or lower level of sequence similarity can provoke an under- or overestimation of species richness. For nematodes usually a similarity of 99% is set as this can recover all nematode species although the number of OTUs exceed the actual number of nematode species. A similarity of 95% underestimate species richness by approximately 30% [12]. However, sequence variation differs considerably between biological species causing the use of fixed cut-offs not appropriate for a whole nematode community. To avoid this, a cluster-free pipeline, like DADA2 [18], can be used. DADA2 not only infers amplicon sequence variants (ASV) directly, the reads are ‘corrected’ by a quality-aware model of Illumina amplicon errors. Whether this approach yields a better evaluation of soil nematode communities compared to the use of OTUs was not investigated. However, it has been recently reported that the cluster-free DADA2 pipeline produced the most realistic estimates of species richness yet taxonomic assignment of ASVs were reduced [45]. Of course, independent of the pipeline applied, using sequences to identify ‘biological’ species is not without problems. A combined effect of incomplete databases, inaccurate designations—whether or not caused by incongruence between morphological and molecular data [17]—and the restricted amount of information in short amplicons generated by high-throughput sequencing platforms still makes it possible to over- or underestimate species richness. The need for a larger, high-quality, taxon-specific reference database cannot be overstated.



Two regions within the 18S rDNA locus of the nuclear ribosomal DNA were selected as diagnostic markers. The reason for their selection is that within the relatively conserved 18S rDNA gene, variable sequence regions covering the required taxonomic resolution for nematodes are alternated by short conserved sequences needed for universal primer design [46]. Moreover, an extensive number of 18S rDNA sequences of different nematode species are available for diagnostic purposes [47]. The success of DNA-metabarcoding heavily depends on the primers used for PCR. Full complementarity between primer and template sequences is generally considered crucial for the specific amplification of a nucleic acid sequence, especially for mixed templates [48]. However, Peham et al. [15] demonstrated the lack of specificity of the available DNA-metabarcoding primers using a cloning approach. So we adapted the primer set most frequently used for nematodes [10,14] and designed an additional primer set located in another region (V4–V5) of the 18S rRNA gene. This region was selected because Hadziavdic et al. [46] concluded that the V2, V4, and V9 regions were best suited for biodiversity assessments. To evaluate the ability of the adapted and newly developed primer sets to amplify the target from diverse nematodes, an alignment of a selection of nematodes was made to assess the nucleotide variation at these priming sites. For each primer, except EcoR, we introduced a degenerated position to limit the number of mismatches and thus reduce the lack of specificity during amplification. This was not done before in nematode DNA-metabarcoding studies but was recommended for the increase of specificity, sensitivity, and efficiency in qPCR assays [49]. In the latter study, it was demonstrated that single mismatches, irrespective of their location within the primer sequence, can instigate a variety of effects on PCR specificity potentially leading to biased results or even PCR failure. We did not compare results with the original primer set or with our newly designed primer set without a degenerate position because we decided to address the discovered problems of DNA-extraction first, to limit this source of variation in nematode composition before moving to the next step. All cultured nematode species used in the mock communities could be detected and the repeats showed low variation of their relative abundances, which suggests specific amplification.



The in silico tests of both primer sets used in our study on the database containing our own sequences and the non-redundant list of nematode 18S-sequences compiled from the SILVA 128 database predicted an improvement of the taxonomic coverage on genus-level, with the newly designed primer set performing better than the other set. This was true for the Rhabditida, for which an underrepresentation of species richness was detected in previous DNA-metabarcoding assays [13]. Results from the mock communities demonstrated that both members of the Cephalobidae family, Acrobeloides nanus and Cephalobus sp., were characterized only up to family level for the adapted primer set but to genus level for the eco primer set. Although the eco primer set annotated both as genus Acrobeloides, this result can be regarded as correct because phylogenetic analysis of a portion of the nuclear 28S rDNA for 33 cultures of Acrobeloides and Cephalobus, plus sequences representing other members of Cephalobina, revealed a core clade of 22 closely related taxa, but did not represent Acrobeloides and Cephalobus as monophyletic [50]. On the contrary, results from the mock communities showed a better taxonomic resolution with the adapted primer set than with the eco primer set for most of the other nematode species. However, we should not make a general conclusion based on only a few species. The spiked biological samples, containing a larger range of nematode species, also showed that the adapted primer set could on average detect more genera compared with the newly designed primer set. Again, the latter is not necessarily due to the lower taxonomic resolution of the amplified V4-V5 region compared to the V6-V8 region on genus-level because our data showed comparable portions of nematode sequences classified up to genus level for both primer sets. The eco primer set detected more non-nematode reads than the adapted primer set. Therefore the eco primer set might be more suitable for whole soil faunal analysis compared to the adapted primer set. Although the newly designed primer set predicts a better coverage in silico for nematodes, we do not recommend this primer set for nematode species richness assessments on the Illumina platform.



A large portion of the variation in amplicon detection frequency is due to primer mismatches [51] and differential lysis efficiencies between nematode species, as demonstrated, but also between different developmental stages of the same species. In particular, dauer larvae may be harder to lyse because of the increased presence of highly cross-linked cuticlins, an insoluble and unusual structural component that remains after extensive ionic detergent and reducing agent extraction of the cuticle [52]. However, the use of the 18S rRNA gene as target introduces another problem for quantification: variation in rRNA gene copy number. A six-fold variation in copy number has been discovered amongst six studied nematode species [53]. Darby et al. [13] stated that the high and low numbers of, respectively, Rhabditidae and Tylenchidae obtained after DNA-metabarcoding—although the first are bacterivores being less abundant in most undisturbed, natural soils while the second are most common in specimen-based counts of the same field samples—are probably due to an over- and underrepresentation, respectively, caused by variation in rRNA gene copy numbers. The authors postulated that correction factors for variation in rRNA operon copy number could convert absolute counts of metabarcoding reads into virtual specimen counts comparable with actual specimen counts. They decided to use an iterative optimization algorithm allowing multiple plausible solutions until the system converges into one sufficiently optimal solution that maximizes a fitness function. Unfortunately, this did not result in accurate correction factors for each nematode family present in the samples. The authors concluded that rRNA gene copy numbers will need to be quantified for different nematode species separately if amplicon-sequencing data are to be used quantitatively. Therefore, we decided to use a species-specific analytical method by creating a mock community with equal numbers of different nematode species and calculate a correction factor for each species separately. Our correction factors yielded good results: variation in relative abundances was low between repeats and there were hardly any unknown and non-nematode reads. Application of the obtained correction factors on another mock community and on B. xylophilus in a biological sample—B. xylophilus is the only species not expected to be present in soil—resulted in most cases in an amelioration of the quantification. Our results demonstrated that it is not possible to apply one correction factor per order of nematodes, but we could not determine whether correction factors can be fixed on the level of a nematode family as we did not study different nematode representatives from one family. It has been demonstrated that variation between rRNA operon copy numbers can exist between species of one nematode genus [53]. We assume that rRNA copy number variation are constrained by selective forces in natural populations, but this remains to be studied.



To improve DNA-metabarcoding quantification, another potential solution is to use other non-rRNA genes as metabarcoding loci, such as conserved single-copy nuclear orthologs or mitochondrial loci. This would help avoid the pitfalls of multicopy rRNA. The mitochondrial COI-gene has been investigated before on free-living marine nematode communities [46] but it was concluded that the ribosomal marker outperformed the mitochondrial marker in terms of species- and genus-level detection. The COI gene is in fact less suitable for nematode molecular taxonomic identification because it has high mutational rates. As a consequence, the primers designed are poorly conserved across the phylum Nematoda and alternate conserved regions for primer design are not evident [54,55]. There are still no records on using single-copy nuclear loci for DNA-metabarcoding, however, despite using such a locus, absolute quantification of metazoan specimens by DNA-metabarcoding will still remain difficult since metazoans are not single celled. Different developmental stages contain different numbers of cells and thus different number of DNA-copies [56]. To entirely avoid the issues of quantification, researchers could choose to apply DNA-metabarcoding for detection (presence/absence) and/or relative comparisons between samples only. Such approaches are, for example, very useful and adequate for environmental monitoring including subsequent management decisions for restoration and conservation planning [38,57,58], invasion biology assessments [38], phylogeography studies [59,60], and exploring the relationships between biological diversity and ecosystem functioning [61,62].



Both morpho-taxonomic and molecular techniques are useful in characterizing nematode communities but both have disadvantages. Morpho-taxonomy is time-consuming, probably misses a number of nematode species due to unidentifiable individuals (eggs, juveniles with insufficient morphological characteristics, dauer-larvae, pieces of nematodes, dead nematodes) and requires a lot of skills. A molecular analysis easily picks up cross-contamination and nematodes that are not present due to the DNA relicts (dead or pieces of nematodes). Nematode quantification using microscopy is assumed to be more reliable while this is not the case yet for molecular analyses. A meta-analytical approach suggested that a weak quantitative relationship may exist between the biomass and sequences produced, albeit with a large degree of uncertainty. Our current understanding of the factors affecting the quantitative performance of metabarcoding is still limited and additional research is required [63]. However, without exactly knowing the reasons causing inaccurate quantification, we demonstrated that introducing species-specific correction factors can be an important step towards reliable absolute quantification. From a practical point of view, it is probably not feasible to determine a correction factor for all soil nematode species separately. Moreover, it still needs to be proven how stably the correction factors behave when the species composition of the samples vary, since template competition in the PCR can also influence the outcome. Also, the correction can only be successful if the analysis method from DNA-extraction until DNA-metabarcoding is fixed, since we showed that correction factors are method-specific. This emphasizes the importance of standardization once more as already pointed out by Griffiths et al. [16].



For now, we could not improve the DNA-metabarcoding for absolute quantification of nematode communities. Moreover, if the presence of a certain genus or species in monitoring nematode communities is important, one should make sure to optimize the DNA lysis/extraction/purification method to prove that the nematode of interest can be detected. Therefore, in our opinion the technique is only suitable for monitoring and the results should be treated with caution. However, the new insights from this study open the door for further optimizations in the nematode metabarcoding field.
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Figure 1. Shannon entropy values of all positions (bp) in the alignment derived from the nematode sequences from SILVA 128 along the 18S rRNA gene of Caenorhabditis elegans (AY268117) with positions of the DNA-(meta)barcoding primers. More nucleotide variable positions in the sequence are represented by a higher entropy value, a more conserved position by a lower entropy value. A region composed of a string of nucleotide positions with consistently low entropy values is most suited for primer design for DNA-metabarcoding. The variable regions V1-V9 and the positions of the primers used during this study are indicated. The arrows reveal the direction of the amplification. More information about the primers can be found in table 2. 
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Figure 2. Concentrations of DNA extracted from 4000 nematodes using 15 DNA-extraction procedures combining five methods (WLB = adapted Holterman method; soil = Soil DNA Isolation Kit, Norgen Biotek; Q = Qiagen method; R = High Pure PCR Template Prep Kit, Roche; and P = Wizard Magnetic DNA Purification System for Food, Promega) with either no pre-treatment (no suffix), cooling at −80 °C (suffix-80) or liquid nitrogen (suffix vlN2). Error bars indicate the standard deviation (n = 5). Different letters on top of the bars represent significant differences between the DNA-extraction procedures (p < 0.001). More details can be found in Supplementary File S3. 
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Figure 3. In silico evaluation of the taxonomic coverage of each primer NemF [14], NemFopt (this study), EcoF (this study), 18Sr2b [10], 18Sr2bRopt (this study), and EcoR (this study) by PrimerProspector [30] against our 18S rRNA sequence database. Taxonomic level: Order. Green and red circles refer to, respectively, a better or worse taxonomic coverage for the annotated nematode Order by the adapted primer compared to the original one (NemFopt compared to NemF and 18Sr2bRopt compared to 18Sr2b). 
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Figure 4. Number of nematodes (first column, analyzed number; second column, expected number; third column, corrected number based on the calculated correction factors from the corresponding M20 samples). (a) DNA-extraction based on the adapted Holterman method and NemFopt and 18Sr2bRopt primer set; (b) DNA-extraction based on the adapted Holterman method and EcoF and EcoR primer set; (c) DNA-extraction based on the Qiagen method and NemFopt and 18Sr2bRopt primer set; (d) DNA-extraction based on the Qiagen method and EcoF and EcoR primer set. Information about the color scales can be found in Supplementary File S4, tab 5. 
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Figure 5. Mean correction factors (log x+1) calculated for each nematode species (see Table 1) and procedure (WLB-18S: DNA-extraction based on the adapted Holterman method and NemFopt and 18Sr2bRopt primer set; Qiagen-18S: DNA-extraction based on the Qiagen method and NemFopt and 18Sr2bRopt primer set; WLB-Eco: DNA-extraction based on the adapted Holterman method and EcoF and EcoR primer set; Qiagen-Eco: DNA-extraction based on the Qiagen method and EcoF and EcoR primer set). Error bars indicate the standard deviation across four repeats within each procedure. Different letters on top of the error bars represents significant differences between the procedures. Correction factors below 1 indicate that this nematode species is overrepresented, while factors above 1 indicate that this nematode species is underrepresented. 
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Figure 6. Mean of the relative abundance of sequence reads for samples T1 and T2 (Table 1) for each primer set (18S: NemFopt and 18Sr2bRopt primer set, Eco: EcoF and EcoR primer set) at phylum rank. Each color represents another phylum. Only the phylum Nematoda is further subdivided into a group that could be identified up to at least order level (Nematode ID) and a group that could not (Nematode non-ID). More details can be found in Supplementary File S4, tab 4. 
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Table 1. Composition of the different sample types (single-species, mock-community, and spiked nematode suspension) used in this study. The identity of the nematode isolates was confirmed by DNA-barcoding. The Genbank accession numbers are provided.
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	Nematode Isolate and Genbank Accession Number
	Taxonomic Lineage: Class/Order/Family
	Code of Single-Species Sample
	Number of Individuals in Single-Species Samples
	Number of Individuals in Mock Community M20
	Number of Individuals in Mock Community Mvar
	Number of Spiked Individuals in Nematode Suspension T1
	Number of Spiked Individuals in Nematode Suspension T2





	Acrobeloides nanus MH983014
	Chromadorea/

Rhabditida/

Cephalobidae
	An
	-
	20
	10
	-
	-



	Bursaphelenchus xylophilus MH983015
	Chromadorea/

Tylenchida/

Aphelenchoididae
	Bx
	30
	20
	20
	40
	1



	Cephalobus sp. MH983016
	Chromadorea/

Rhabditida/

Cephalobidae
	C
	-
	20
	5
	-
	-



	Ditylenchus dipsaci MH983018
	Chromadorea/

Tylenchida/

Anguinidae
	Dd
	30
	20
	30
	-
	-



	Heterorhabditis bacteriophora MH983019
	Chromadorea/

Rhabditida/

Heterorhabditidae
	Hb
	-
	20
	35
	5
	40



	Meloidogyne incognita MH983020
	Chromadorea/

Tylenchida/

Meloidogynidae
	Mi
	-
	20
	25
	-
	-



	Mesocriconema sp. MH983017
	Chromadorea/

Tylenchida/

Criconematidae
	Cr
	10
	-
	-
	-
	-



	Mesorhabditis belari MH983024
	Chromadorea/

Rhabditida/

Rhabditidae
	Rb
	-
	20
	15
	-
	-



	Oscheius tipulae MH983026
	Chromadorea/

Rhabditida/

Rhabditidae
	Ot
	-
	20
	2
	-
	-



	Paratylenchus sp. MH983022
	Chromadorea/

Tylenchida/

Paratylenchidae
	Par
	7
	-
	-
	-
	-



	Plectus acuminatus MH983021
	Chromadorea/

Plectida/

Plectidae
	Pa
	30
	20
	15
	10
	10



	Pratylenchus penetrans MH983023
	Chromadorea/

Tylenchida/

Pratylenchidae
	Pp
	-
	20
	40
	20
	20



	Steinernema feltiae MH983025
	Chromadorea/

Rhabditida/

Steinernematidae
	Sf
	-
	20
	30
	-
	-



	Dorylaimidae fam. (not sequenced)
	Enoplea/

Dorylaimida
	D
	-
	20
	5
	-
	-
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Table 2. Information on the primers used in this study.






Table 2. Information on the primers used in this study.





	
Primer Code

	
Colloquial Primer Set Name

	
Nucleotide Sequence (5’-3’)

	
Amplicon Length (bp)

	
Application

	
Source






	
18SILVOmidF

	
-

	
CAAGTCTGGTGCCAGCAG-

	
763 1

	
Sanger-sequencing

	
ILVO




	
18SILVOmidR

	
GAGTCTCGCTCGTTATCGG




	
1813F

	
-

	
CTGCGTGAGAGGTGAAAT

	
870 1

	
Sanger-sequencing

	
[23]




	
2646R

	
GCTACCTTGTTACGACTTTT




	
NemFopt

	
Adapted primer set

	
GGGGWAGTATGGTTGCAAA

	
489.9 2

	
DNA-metabarcoding

	
[13]




	
18Sr2bRopt

	
TGTGTACAAAKGRCAGGGAC