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Abstract

Aquatic emergent insect communities form an important link between aquatic and ter-
restrial ecosystems, yet studying them is costly and time-consuming as they are usually 
diverse and superabundant. Metabarcoding is a valuable tool to investigate arthropod 
community compositions, however high-throughput applications, such as for biomoni-
toring, require cost-effective and user-friendly procedures. To investigate if the time-con-
suming and labour-intensive DNA extraction step can be omitted in metabarcoding, we 
studied the difference in detection rates and individual read abundance using standard 
DNA extraction versus direct PCR protocols. Metabarcoding with and without DNA ex-
traction was performed with artificially created communities of known composition as 
well as on natural communities both of the dipteran family Chironomidae to compare 
detection rates, individual read abundances and presence-absence community compo-
sition. We found that the novel approach of direct PCR metabarcoding presented here 
did not alter detection rates and had a minor effect on individual read abundances in 
artificially created communities. Furthermore, presence-absence community composi-
tions of natural chironomid communities were highly comparable using both approach-
es. In conclusion, we showed that direct PCR protocols can be applied in chironomid 
metabarcoding approaches, with possible application for a wider range of arthropod 
taxa, enabling us to study communities more efficiently in the future.

Key words: cytochrome c oxidase I (COI or COX1), DNA isolation, metabarcoding, 
next-generation sequencing (NGS), presence-absence community composition, read 
abundance, size-sorting

Introduction

A key global challenge in the 21st century is the attempt to reverse the ongoing 
global biodiversity decline and to mitigate its consequences. DNA metabarcod-
ing for large-scale monitoring of species rich and abundant groups, such as 
insects, is labour- and cost-intensive, but has become more and more achiev-
able since its development in the early 2000s (Gostel and Kress 2022; Guo et 
al. 2022). One typical processing step during the preparation of insect metabar-
coding samples is the extraction of DNA from homogenized bulk samples (Yu 
et al. 2012; Creer et al. 2016). Although it depends on the choice of protocols 
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or commercial kits and the available capacities to automate processes, DNA 
extractions are often costly and time-consuming.

Typically, a laborious DNA extraction step prior to PCR is performed in or-
der to purify and concentrate DNA from tissue samples. However, tissue from 
different invertebrate species has been successfully added to PCR reactions 
without prior DNA extraction in so-called direct PCR (dPCR) approaches (e.g., 
flies and starfish: Wong et al. 2014; mosquitoes: Werblow et al. 2016; spider 
mites: Sakamoto and Gotoh 2017; ants: Wang et al. 2018). Through the de-
velopment of high-performance enzymes and buffers, PCR has become more 
robust against inhibitors, reducing the need to eliminate them via elaborate 
DNA extraction procedures. In addition, current high-throughput sequencing 
(HTS) technologies, such as sequencing by synthesis or nanopore sequencing, 
are very efficient in detecting even trace amounts of DNA. It has further been 
shown that fragments amplified by dPCR can be used in HTS approaches (e.g., 
in generating barcodes for individual chironomids: Baloğlu et al. 2018 and indi-
vidual ants: Wang et al. 2018), although, to the best of our knowledge, this has 
neither been conducted for animal communities nor systematically tested and 
compared to conventional approaches before.

To investigate the suitability of direct PCR protocols in insect community 
metabarcoding we compared purified DNA with direct application of homoge-
nized tissue as a substrate for PCR and subsequent metabarcoding. We chose 
communities of the family Chironomidae, since they are a superabundant 
and very species rich group of merolimnic insects. Although chironomids are 
important components of biomonitoring programmes worldwide, their mor-
phological identification to species level is very difficult. Therefore, they are 
suitable target organisms for developing efficient metabarcoding techniques. 
We subjected artificial (known species composition) and natural communities 
(highly variable species composition) to standard vs. dPCR metabarcoding us-
ing previously established cytochrome c oxidase I (COI) markers (Elbrecht and 
Leese 2017). We compared the detection rates and individual read abundanc-
es of artificial communities generated using the standard and the dPCR me-
tabarcoding approach. Based on the findings of Elbrecht and Leese (2015), we 
expected prior size-sorting to have an effect on both detection rates and read 
abundance, as our chironomid specimens varied in their individual mass up 
to a factor of more than 20. Therefore, we created artificial communities both 
with and without prior size-sorting. Furthermore, we compared the communi-
ty composition of highly diverse natural chironomid communities (exposed 
to environmental stress) comparing both methods. We finally investigated 
the influence of using different amounts of purified or amplified DNA on read 
abundance, to assess whether (dPCR) metabarcoding can also be used for 
quantitative estimates.

Materials and methods

Chironomid origin

Chironomidae were retrieved from artificial ponds of the Eußerthal Ecosys-
tem Research Station (EERES; 49°15′14″N, 7°57′42″E) near Landau, Germany, 
in 2019 and 2020. Adult specimens were collected from passive emergence 
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traps once to twice a week during spring and summer. In 2020, the artificial 
ponds were simultaneously used to study the effect of the mosquito control 
agent Bacillus thuringiensis israelensis (Bti) on merolimnic insect communities 
(Kolbenschlag et al. 2023).

Size-sorting and tissue preparation

Chironomid samples were sorted into four different size categories with known 
average weight per specimen (cf. Sabo et al. 2002; Suppl. material 1), to ac-
count for differences in individual mass that occur within and among chirono-
mid species. They were subsequently stored in 70% ethanol. For tissue prepa-
ration, samples were dried at 60 °C for 16 to 24 hours and then finely ground 
by a TissueLyser II (Qiagen, Hilden, Germany) at 30 Hz for 3 × 1 min using two 
stainless steel beads (2–3 mm diameter). PCR-grade water (1 ml) was added 
to each sample and thoroughly vortexed. The tissue-water mixes were frozen 
at -20 °C until further analysis.

Sanger-sequencing and identification of individual specimens

Size-sorting of natural chironomid samples led to cases with only one speci-
men per size group and sample (due to low sample size). All these single spec-
imens were individually Sanger sequenced. We used a direct PCR approach 
following Wong et al. (2014; see section ‘Metabarcoding’) with either the primer 
combination LCO1490 & HCO2198 (5’-GGTCAACAAATCATAAAGATATTGG-3’ 
& 5’-TAAACTTCAGGGTGACCAAAAAATCA-3’; Folmer et al. 1994) or, addition-
ally, C1-J-1751 & C1 N2353 (5’-GGAGCTCCTGACATAGCATTCCC-3’; Simon et 
al. 1994 & 5’-GCTCGTGTATCAACGTCTATWCC-3’; Lewis et al. 2005) to target 
overlapping COI sequences of 658 bp and 557 bp length, respectively. The 
obtained Sanger sequences were aligned and taxonomically assigned using 
the BOLD Identification System (IDS) for COI (Ratnasingham and Hebert 2007; 
last accessed on 09/02/2023) by querying against the Public Record Barcode 
Database for animal identification (Suppl. material 2).

DNA extraction

We used 550 µl of the tissue-water mix to purify DNA from each sample 
with two technical replicates following an adapted high salt DNA extraction 
protocol after Aljanabi (1997). As the adapted protocol is designed for DNA 
extraction from dried tissue, smaller amounts of double concentrated buffer 
solutions were used in the beginning to account for the excessive water in the 
tissue-water mixes. Briefly, 450 µl of 2× SEB and 100 µl of 20% SDS buffer were 
added to 550 µl of tissue-water mix. After splitting into two technical replicates, 
5 µl of Proteinase K (10 mg/ml) were added to each sample followed by 1 h of 
incubation at 60 °C. 350 µl of 5 M NaCl were added and – after centrifuging for 
30 min – 600 µl of the supernatant were transferred to a fresh tube. An equal 
volume of isopropanol was added and the samples stored at -20 °C overnight. 
Samples were then centrifuged for 20 min at 4 °C. The resulting pellet was 
washed with 70% ethanol, dried and finally resuspended in 25 μl 1× TE buffer. 
Extraction blanks were included to ensure data reliability.
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Figure 1. Schematic overview of the workflows during preparation of artificial chironomid communities. Two different 
sets of chironomid specimens (Mock A and Mock B) were analysed using different approaches of standard and direct 
PCR metabarcoding, to study the effect of direct PCR or DNA extraction protocols on detection rates and individual read 
abundances. Experimental setups included analysing the effects of variable mass per individual and different mock com-
positions (Experiment 1), variable or similar amounts of different input materials (Experiment 2), and variable concentra-
tions of mock material to assess sensitivity (Experiment 3). Mocks were created by pipetting tissue-water mixes (Mocks 
A-1, A-2 and B-1), purified DNA extracts (Mock B-2) or PCR products (Mock B-3) of individual specimens. A subsample of 
Mocks A-1 (a, b) and A-2 (c, d) was used for sequential dilution (Mock A-3). Pie charts indicate if artificial communities 
were created under a size-sorting scenario (aiming for even masses per individual) or under a non-size-sorting scenario 
(where individual masses naturally vary). Purified DNA extracts were subjected to PCR, while non-purified tissue-water 
mixes were used in dPCR approaches. The labels ‘Figure 2’ to ‘Figure 5’ within the figure refer to the corresponding graph-
ical representations of the results.
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Artificial community composition

To assess the detection rates and specimen-specific read abundances under dif-
ferent metabarcoding approaches (Experiments 1–3), we created artificial com-
munities with known composition of different chironomid species. Tissue-water 
mixes of individual chironomid specimens were selected based on the speci-
mens’ COI sequences. We aimed for taxonomically diverse artificial communities, 
while still being able to distinguish between specimens by their COI sequences 
targeted in the metabarcoding approach. We selected tissue-water mixes of 16 
specimens from 2019 with at least 1.5% dissimilarity in the targeted region to cre-
ate one artificial community (“Mock A”, Suppl. material 2). In a second approach, 
we used tissue-water mixes of 13 specimens from the 2019 sampling campaign 
with at least 13% dissimilarity in the target region (“Mock B”, Suppl. material 2) to 
investigate the effect of varying amounts of DNA input in detail. For a schematic 
overview of the preparation of mock communities see Fig. 1.

Experiment 1: Effect of size-sorting and tissue preparation on read 
abundance of specimens in artificial communities

Mock A was used to assess the effect of size-sorting (prior to sample prepara-
tions) and two different metabarcoding approaches i.e., with and without DNA 
extraction, on read-abundance per species. Each of the 5 replicates of Mock A 
were created by pipetting either the same amount of tissue-water mix (34 µl 
per specimen, concentrations varying between 0.0001 and 0.0014 mg tissue 
per 1 µl) simulating a “without size-sorting” scenario (Mock A-1, n = 5) or an 
adapted amount of tissue-water mix (4–116 µl) with approx. 0.006 mg tissue 
per each of the 16 specimen (Mock A-2: “with size-sorting” scenario, n = 5). For 
DNA extraction of the resulting tissue-water mixes, we followed the approach 
described in section ‘DNA extraction’ (but using only 495 µl tissue-water mix, 
the rest was needed for direct PCR applications). We further ran a size-sorting 
plus dPCR approach with Mock B (Mock B-1; n = 3, see Experiment 2 for details) 
to test if results are consistent when different specimens are used.

Experiment 2: Effect of DNA input variation on read abundance of 
specimens in artificial communities

With Mock B we assessed the effect of DNA input variation, i.e., varying or equal 
amount per specimen of either total DNA (Mock B-2) or target fragments (Mock 
B-3), on read abundance per specimen. DNA was extracted and purified from the 
13 individual specimens and quantified using a Qubit fluorometer (Qubit dsDNA 
HS Assay Kit, Thermo Fisher Scientific). Both equal (5 ng) and varying (0.7–5 ng) 
amounts of DNA per specimen were then pooled into artificial communities (Mock 
B-2; n = 4), the latter using each 1.2 µl of the purified DNA extract per specimen. In 
addition, direct PCR was performed with each of the specimens individually and 
target fragments were quantified using a Tapestation 4200 (D1000 DNA Screen-
tape Analysis Kit; Agilent Technologies, Santa Clara, CA, USA). Consequently, we 
pooled either the same (14, 31, 50 or 70 ng) or varying (14–80 ng) amounts of 
target fragments per specimen into artificial communities (Mock B-3; n = 4) and 
subjected them to the second PCR for tagging and adding of Illumina adapters.
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Experiment 3: Effect of DNA input dilutions on detection rates of 
specimens in artificial communities

To assess sensitivity of the different methods, we determined specimen de-
tection rates with different dilutions of the mock communities created for Ex-
periment 1, but using only three of the five replicates per artificial mock (Mock 
A-3; n = 3). Subsamples of artificial communities were sequentially diluted 1:2 
and PCR success was checked on a 1.5% TBE agarose gel. Due to limited sam-
ple capacity, five to six dilutions were chosen based on the quality of resulting 
bands to cover a representative range of dilutions that still yielded in PCR suc-
cess. Further, only one technical replicate was used. We used sequential dilu-
tions of up to 1:32 or 1:64 of the original mock for those resulting from direct 
PCR with or without prior size-sorting, respectively. For mocks based on puri-
fied DNA we chose dilutions between 1:8 and 1:512 (with prior size-sorting) and 
1:16 up to 1: 1024 (without prior size-sorting) dilutions of the original mock.

Experiment 4: Natural communities under environmental stress

To assess the applicability of the dPCR approach compared to common me-
tabarcoding protocols on natural chironomid communities, we used a sub
sample (eight out of 12 artificial ponds, five out of 26 sampling dates, N = 40) 
of an ongoing ecotoxicological study. Half of the eight artificial ponds had been 
treated with the mosquito control agent Bti (for details see Kolbenschlag et al. 
2023), the five sampling dates corresponded to a time period of 17 days in June 
2020. The adult specimens sampled were size-sorted and their tissue prepared 
(see section ‘Size-sorting and tissue preparation’). Tissue-water mixes of dif-
ferent size-groups were pipetted to achieve even masses per specimen in each 
sample. All samples were then analysed using both metabarcoding approach-
es, i.e., with and without DNA extraction.

Metabarcoding

We followed a two-step PCR metabarcoding approach using the primers BF2 
& BR2 (5’-GCHCCHGAYATRGCHTTYCC-3’ & 5’-TCDGGRTGNCCRAARAAYCA-3’; 
Elbrecht and Leese 2017) to amplify a 421 bp COI fragment. PCRs included 
negative controls and two technical replicates per sample. When purified DNA 
was applied, each of the two purified DNA extracts per sample served as source 
for one of the technical replicates. For the initial PCR, we used per reaction ei-
ther 1 µl of purified DNA extract or 5 µl of tissue-water mix, added 2 µl 10× buf-
fer (TaKaRa, Shuzo, Japan), 1.2 µl dNTPs (2.5 mM), 1 µl of each primer (10 µM) 
and 0.15 μl of Ex Taq DNA Polymerase (TaKaRa, Shuzo, Japan), and filled up 
with PCR-grade water to achieve a final reaction volume of 20 µl (Wong et al. 
2014). For the second PCR, the first-PCR product was 1:20 diluted (to reduce 
the amount of primers) and 1 µl was used as template. Primers were replaced 
by the corresponding fusion primers, including Illumina adapters for sequenc-
ing (P5 or P7) and inline barcodes of different length for individual tagging of 
samples (Elbrecht and Steinke 2018). PCRs had following cycling conditions: 
94 °C for 5 min, 42 cycles (12 instead of 42 cycles in the second PCR) of 94 °C 
for 30 s, 51 °C for 30 s and 72 °C for 1 min, ending with 72 °C for 10 min (adapted 
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from Wong et al. 2014). PCR success was checked on a 1.5% TBE agarose gel. 
The target fragment concentration was quantified using a Tapestation 4200 
(D1000 DNA Screentape Analysis Kit; Agilent Technologies, Santa Clara, CA, 
USA). For each sample, the PCR product was pooled into a library proportionally 
to the number of specimens to ensure equal sequencing depth per specimen 
over all samples. Final libraries were purified and size-selected with magnetic 
beads (ratio: 0.65×, SPRIselect, Beckmann Coulter, Bread, CA, USA), retaining 
mainly fragments >300 bp. Libraries were sent to an external laboratory (CeGaT, 
Tübingen, Germany) for 2 × 250 bp (v2) paired‐end sequencing on a MiSeq Illu-
mina system. Samples were included in four different libraries: Sequencing of 
the library containing Mock A resulted in a total of 13.763.845 reads, sequenc-
ing of the library with Mock B resulted in 12.047.150 reads in total. Sequenc-
ing of the two libraries containing the natural community samples resulted in 
5.928.530 and 9.336.106 reads, respectively. Each of the latter two libraries 
contained all samples from two treatment and two control ponds.

Bioinformatic analysis

Bioinformatic analysis was performed following the JAMP approach (https://
github.com/VascoElbrecht/JAMP, package version 0.77). In short, raw data 
were demultiplexed and adapters were removed. Consequently, paired end-
sequences were merged using usearch (https://drive5.com/usearch, version 
11.0.667), then primers were removed using cutadapt (https://github.com/
marcelm/cutadapt, version 3.5). After quality filtering, where sequences beyond 
the target length of 421 ± 10 bp (cutadapt) and more than 1 expected error 
(usearch) were discarded, operational taxonomic units (OTUs) were clustered 
with a 3% radius using usearch and vsearch (https://github.com/torognes/
vsearch, version 2.21.1).

In the case of Mock A, specimens were too similar in the target COI region to 
be identified by the OTU clustering approach, i.e., two specimens could be clus-
tered into one OTU. Therefore, we used the dada2 pipeline (Callahan et al. 2016) 
for these samples to analyse them after demultiplexing and adapter removal. 
Sequences were filtered and trimmed, then error rates were learned for sample 
inference. Finally, paired reads were merged and chimeras removed, resulting 
in the final amplicon sequence variant (ASV) table. The resulting 1184 ASVs 
were compared to nt database (last updated on 20.06.2022) of NCBI using 
BLAST+ 2.12.0 and 881 putatively non-dipteran ASVs were identified (i.e., 123 
non-dipteran insects, 14 non-insect arthropods, 75 vertebrate, 3 non-arthropod 
invertebrates, 553 non-matching and 113 non-animals, mainly fungi, bacteria 
and plants) that accounted for 2.8% of the total reads in the samples. A small 
database consisting of only the Sanger sequences of the 16 specimens used 
for Mock A was generated in order to identify the ASVs with the assignTaxon-
omy function (bootstrap value 80). In this way, ASVs that resulted from minor 
variations in the sequences due to sequencing errors could be assigned to the 
corresponding specimen (OTU clustering). None of the putative non-dipteran 
ASVs were matched to one of the Sanger sequences. Of the putative dipteran 
ASVs, 254 ASVs were matched to one of the Sanger sequences, accounting 
for 99.96% of the reads, 49 ASVs were not matched and discarded. We com-
pared the assigned ASVs with the respective Sanger sequence and discarded 
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additional 21 ASVs (representing 0.03% of reads), which differed more than 
1% (genetic distance) from the respective Sanger sequence. In this way, 1–27 
ASVs were clustered into one of the 16 OTUs, each representing a specimen in 
Mock A. Finally, the mean numbers of reads (based on two technical replicates) 
for the 16 OTUs were calculated.

Data preparation

Mock B

Each of the 13 most abundant OTUs over all Mock B samples matched with 
one of the Sanger sequences of the 13 individuals (100% identity). In each sam-
ple, 96.7 to 99.8% of the reads were assigned to the 13 OTUs, the rest of the 
reads were mainly associated with spurious non-chironomid DNA. Except for 
one sample, where one of the replicates showed a contamination by another 
OTU (9.2% of reads) and therefore only 89.4% of the reads were assigned to the 
13 OTUs. However, the number of reads per OTU was in the same range as in 
the other technical replicate, thus the replicate was not discarded. We calcu-
lated the mean number of reads (based on two technical replicates) for the 13 
relevant OTUs; all other reads/OTUs were deleted.

Natural communities

The 160 OTUs resulting from bioinformatic processing were compared to nt 
database (last updated on 20.06.2022) of NCBI using BLAST+ 2.12.0 and 41 
putatively non-dipteran OTUs were discarded (i.e., 7 non-dipteran insects, 7 non-
insect arthropods, 1 vertebrate, 1 parazoa, 13 non-matching and 12 non-animals, 
mainly fungi, bacteria and plants). Negative controls showed no sign of cross-
contamination among samples as the sum of reads per negative control was 
always low (< 112 reads, around 10 reads on average; all non-control samples 
contained > 1500 reads, around 22.700 on average). However, we detected 209 
low-read false positives in the negative control samples (95.7% of them with 
less than 10 reads) presumably derived from tag switching. Additionally, read 
abundances per OTU were generally in the same order of magnitude in each 
of the two technical replicates per sample (i.e., less than 1 order of magnitude 
apart in 97.8% of the comparisons). In 95.9% of cases where only one of the 
two technical replicates contained reads for an OTU, the read numbers were 
spurious (i.e., < 10). Therefore, for artificial communities, read abundances were 
calculated as the average of both technical replicates only when both technical 
replicates contained reads. To further prevent false-positives, that can be 
introduced in any step of the metabarcoding procedure (for example spurious 
contamination or tag-switching, cf. Drake et al. 2021), we defined minimum 
sequence copy thresholds utilizing two technical replicates per sample and a 
relatively high number of negative controls. We set this threshold by identifying 
the percentage of average read abundance per OTU which allowed us to keep 
as many putative target reads (i.e., those with reads in both technical replicates) 
as possible while removing reads in the controls (false-positives) as far as 
possible. The threshold was set at 1% of the average read abundance per OTU 
in samples with a read abundance larger than zero in both technical replicates. 
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Read abundances below this threshold, i.e., that were 100 times smaller than 
the average, were set to zero. In this way, 91.4% of reads in all negative controls 
were removed, while 97% of predominantly target reads (i.e., those with reads 
in both technical replicates) could be maintained. We assumed that OTUs with 
a read abundance larger than this specific threshold in both technical replicates 
indicated true presence of the species in a sample. Community compositions 
of natural communities were finally assessed based on presence-absence data 
and OTU sequences were taxonomically assigned to species level using the 
BOLD Identification System (IDS) for COI (Ratnasingham and Hebert 2007; 
last accessed on 14/02/2023) by querying against All Barcode Records on 
BOLD for animal identification. Five OTUs (out of 119) were not assigned to 
Chironomidae (3× Ceratopogonidae, 2× Chaoboridae) and therefore ignored in 
downstream analyses.

Statistical analysis

All statistical analyses were conducted in R version 4.2.0 (R Core Team 2019) 
using R Studio version 2022.07.1+554 (RStudio Team 2019). Plots were creat-
ed using the packages dplyr version 1.1.0 (Wickham et al. 2021), ggplot2 ver-
sion 3.4.1 (Wickham 2016), ggpmisc version 0.5.2 (Aphalo 2016) and ggpubr 
version 0.6.0 (Kassambara 2020). We used Hedges’ g of the package effsize 
version 0.8.1 (Torchiano 2016) as a measure of the effect size for comparison 
between the read abundance variation in different taxa and the variation within 
taxa (derived from the two different methods) in Experiment 1. For analysing 
the difference in read abundance of specimens in artificial communities when 
using equimolar amounts of purified total DNA vs. target DNA fragments (Ex-
periment 2), assumptions for parametric hypothesis testing were checked us-
ing the functions shapiro.test and leveneTest of the package car version 3.1-1 
(Fox and Weisberg 2019). As assumptions were not met, the read abundances 
of the individual OTUs were statistically compared using Kruskal-Wallis rank 
sum test (kruskal.test), while the deviation from mean read abundances in both 
groups (purified total DNA vs. target DNA fragments) was statistically analysed 
using Wilcoxon rank sum test (wilcox.test). Further, we calculated the Pear-
son’s correlation for linear regression analysis for analysing the effect on read 
abundance when using different amounts of purified total DNA and target DNA 
fragments (Experiment 2). For assessing the influence of the metabarcoding 
methods used for natural communities (Experiment 4), we conducted a Permu-
tational Multivariate Analysis of Variance Using Distance Matrices (PERMANO-
VA) on the basis of Jaccard distance with 999 permutations using the function 
adonis2 and a correspondence analysis (CA) using the vegan package version 
2.6-4 (Oksanen et al. 2019). To visualize the distribution of data, we utilized the 
ordiellipse function from the vegan package, which allowed us to draw ellipses 
based on the standard deviation of points.

Results

Bioinformatic analysis resulted on average in 22.299 (+/-4.068 SD) reads for 
Mock A samples (except one sample with 95.954 reads) and on average in 24.982 
(+/-3.803 SD) reads for Mock B samples (except two samples with 54.942 and 
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38.809 reads, respectively). The natural community samples contained on aver-
age 163 (+/- 48 SD) reads per individual (except two samples with 6 and 31 reads 
per individual, resp., and one sample with 467 reads per individual).

Experiment 1: Effect of size-sorting and tissue preparation on read 
abundance of specimens in artificial communities

In total, 13 out of 16 specimens of Mock A and all specimens of Mock B were 
reliably detected in each replicate of every method. Three specimens of Mock A, 
corresponding to OTU_J, OTU_K and OTU_P, were detected in 97.5, 95 and 95% 
of the samples, respectively. For these three OTUs we found no reads in one 
of the two technical replicates in one or two samples. Variation in read abun-
dance was higher between taxa (OTUs) within mock communities than with-
in taxa comparing both metabarcoding approaches (Fig. 2B, D, F). The effect 
size Hedges’ g indicates large differences between the two groups (g > 0.8) in 
each case. Pre-adjusting the mass per specimen did not level off this variation 
(compare “within mocks” read abundance variation in Fig. 2B, D). The variation 

Figure 2. Effect of size-sorting and tissue preparation on individual read abundance. A, C, E show read abundances 
(logarithmic scale) per operational taxonomic unit (OTU) resulting from two different metabarcoding approaches (or-
ange – purified DNA extracts, blue – direct PCR) with varying (2A) or equal (2C, E) mass per specimen from two different 
mock communities (Mock A, n = 5; Mock B, n = 3). Dots represent read abundances; means and ranges are indicated by 
vertical lines. B, D, F show boxplots illustrating variation in read abundance within mocks and within OTUs. Variation in 
read abundance is calculated as standard deviation of the compared values. The lower and upper hinges of boxplots cor-
respond to the first and third quartiles. The upper whisker extends from the hinge to the largest value no further than 1.5 
times the inter-quartile range from the hinge. The lower whisker extends from the hinge to the smallest value at most 1.5 
times the inter-quartile range from the hinge. Data beyond the end of the whiskers, i.e., outliers, are plotted individually.
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Figure 3. Individual read abundances resulting from equal amounts of purified total DNA or target DNA fragments. Read abun-
dance of specimens in artificial communities (n = 4) after pooling equimolar amounts of purified total DNA (orange) or equal 
amounts of target DNA fragments (grey) per specimen. Dots represent read abundances, means and ranges are indicated 
by vertical lines. Overall read abundance per method is illustrated by boxplots on the right. The lower and upper hinges of 
boxplots correspond to the first and third quartiles. The upper whisker extends from the hinge to the largest value no further 
than 1.5 times the inter-quartile range from the hinge. The lower whisker extends from the hinge to the smallest value at most 
1.5 times the inter-quartile range from the hinge. Data beyond the end of the whiskers, i.e., outliers, are plotted individually.

in individual read abundances exhibited substantial heterogeneity among the 
different taxa, which was observed in both analyses based on purified DNA and 
those based on dPCR (Fig. 2A, C, E).

Experiment 2: Effect of DNA input variation on read abundance of 
specimens in artificial communities

When using the same amount of purified total DNA per specimen, read abun-
dance varied significantly between the different OTUs (Kruskal-Wallis rank sum 
test, n = 4, p < 0.001; Fig. 3, orange). Equalizing the amount of DNA fragments 
after the first PCR led to more even read abundances, with no significant dif-
ferences between specimens (Kruskal-Wallis rank sum test, n = 4, p = 0.42; 
Fig. 3, grey). Deviations from mean read abundance were significantly higher 
when using the same amount of purified DNA per specimen as compared to 
when equalizing the amount of DNA fragments after the first PCR (Wilcoxon 
rank sum test, n = 52, p < 0.001). While there was no linear relationship be-
tween the amount of purified total DNA used in the PCR and read abundance in 
any of the four mock communities (Pearson’s correlation, R2 = < 0.01, DF = 11, 
p = 0.83–0.93; Fig. 4, orange), read abundance showed a positive linear correla-
tion with the amount of target fragment used in the second PCR in all four rep-
licates (Pearson’s correlation, R2 = 0.74–0.94, DF = 11, p < 0.001; Fig. 4, grey).

Experiment 3: Effect of DNA input dilutions on detection rates of 
specimens in artificial communities

When diluting the purified DNA extracts or tissue-water mixes prior to PCR, the 
reliability of OTU detection dropped in all approaches (Fig. 5). However, the de-
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Figure 4. Individual read abundances resulting from varying amounts of purified total DNA or target DNA fragments. 
Read abundance of specimens in artificial communities when using different amounts of purified DNA (orange colours 
represent four mock communities) or different amounts of target DNA fragments (grey, four mock communities) per 
specimen for community pools. DNA input units correspond to 0.05 ng of purified total DNA and 1 ng of target DNA 
fragments. Shown are regression lines and multiple R2 of the fitted linear regression models.

Figure 5. Effect of DNA input dilutions on detection rates in artificial communities. Mean number of detected OTUs 
(± range, n = 3) in a chironomid mock community with 16 individuals, using different metabarcoding methods and dilu-
tions (logarithmic scale) of purified DNA extracts (orange) or tissue-water mixes (blue). We tested both the common and 
the direct PCR approach with (triangles, dark colours) and without (squares, light colours) prior size-sorting.

crease in OTU detection using purified DNA extracts is much lower than the de-
crease in detection rate based on tissue-water mixes, reflecting the faster dete-
rioration of band intensity for dPCR samples visible during gel electrophoresis. 
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While the total read abundance kept stable in all dilutions (between 13.414 and 
58.062 reads) due to equimolar pooling of PCR products during library prepara-
tion, read abundances of individual OTUs increased or decreased with progress-
ing dilution. OTUs with low initial read abundance (< 50 reads) failed to be de-
tected in at least one of the dilutions, while OTUs with high initial read abundance 
(e.g., > 700 reads) were almost constantly detected throughout the dilutions.

Experiment 4: Comparing standard versus dPCR metabarcoding 
approach for natural communities

Chironomid communities of eight different ponds in a mesocosm study were 
analysed using two different metabarcoding approaches, i.e., with and without 
DNA extraction. Ponds had been treated with Bti or left as a control and chiron-
omid emergence was sampled on 5 sampling dates over a period of 17 days. In 
total, we detected 114 chironomid OTUs, corresponding to 36 different genera. 
Pairwise comparing each OTU in each sample, there were deviations between 
the two metabarcoding approaches in on average 8.3 (± 5.2 SD) percent of the 
OTUs per sample. In 6 out of 136 OTUs we saw a deviation between the two me-
tabarcoding approaches in more than 4 samples (> 10%). These OTUs showed 
a relatively low mean read abundance (10 reads and less) compared to the over-
all mean read abundance (447 reads). Correspondence analysis showed high 
overlap in metabarcoding results from both approaches (Fig. 6). PERMANOVA 
indicated that a statistically significant effect on the community composition 
resulted from treatment (Bti vs. control) and sampling date, but not from the 
applied metabarcoding method (with or without DNA extraction; Table 1).

Figure 6. Correspondence analysis (CA) plot comparing standard versus dPCR metabarcoding approach for natural 
communities. Indicated are differences of chironomid communities from four Bti-treated (triangles, dark colours) and 
four control (squares, light colours) ponds of a mesocosm study over five sampling dates (N = 40). Two different me-
tabarcoding approaches, i.e., with (orange) or without (blue) DNA extraction, were used for each community. Proportion 
explained per axis: CA1–7.8%, CA2–7.5%. Ellipsoids indicate standard deviations of points. Two very distant points are 
not visible in this figure.
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Discussion

In the current study, we showed for the first time that direct PCR protocols 
can be combined with insect community metabarcoding approaches. Me-
tabarcoding of chironomid communities with and without DNA extraction, 
produced highly comparable results. Both methods led to similar detection 
rates in artificially created communities with known chironomid composition. 
Furthermore, samples of natural communities from an ongoing mesocosm 
study (Kolbenschlag et al. 2023), which had been processed with and with-
out DNA extraction, showed to be highly similar in their species composition, 
allowing identical conclusions about the community response to an environ-
mental stressor.

We observed high similarity between the presence-absence chironomid 
community composition detected by metabarcoding with and without DNA 
extraction. We explain the faster decrease of specimen detection rates in 
sequential dilutions of the dPCR approach as compared to the common 
approach with the stochastic effect that arises, when very small amounts 
of input material are pipetted (i.e., 1 µl of purified DNA extract or 5 µl of 
tissue-water mix). Stochasticity probably also explains the observed higher 
read abundance variation in the dPCR samples as compared to the common 
approach. As DNA is purified and concentrated during DNA extraction, the 
probability to represent the whole community in a small amount of purified 
DNA extract is much higher than in a similar amount of tissue-water mix. This 
lower representativeness could indeed raise concern about the reliability of 
direct PCR metabarcoding when studying natural communities that are typ-
ically composed of few abundant and many rare species (e.g., Fisher et al. 
1943; Hubbell 2001). However, we found only minor differences between the 
dPCR and DNA extraction metabarcoding approach when studying natural 
chironomid communities (Fig. 6). In addition, the differences did not alter the 
conclusions about the outcome of the ecotoxicological case study. There-
fore, we conclude that direct PCR metabarcoding is an equally valid tool to 
characterize chironomid community composition as compared to the com-
mon metabarcoding approach that includes DNA extraction.

Table 1. Results of the three-way PERMANOVA on natural communities. Assessed were the effects of Bti-treatment, 
sampling date, and DNA preparation method as well as their interactions on presence-absence chironomid community 
composition.

Source of variation DF sum of squares F statistics R² p

Bti-Treatment 1 0.870 3.730 0.046 0.001 ***

Sampling Date 4 2.534 2.715 0.135 0.001 ***

DNA Preparation Method 1 0.080 0.341 0.004 0.999

Bti-Treatment: Sampling Date 4 1.177 1.261 0.063 0.058

Bti-Treatment: DNA Preparation Method 1 0.004 0.018 < 0.001 1

Sampling Date: DNA Preparation Method 4 0.058 0.063 0.003 1

Bti-Treatment: Sampling Date: DNA Preparation Method 4 0.007 0.007 < 0.001 1

Residuals 60 14.001 0.747

Total 79 18.731
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While detection rates of the two approaches were largely similar, read 
abundance was influenced by the method used (Fig. 2). The individual read 
abundance was lower in direct PCR approaches for most of the specimens, 
while the variation between specimens was several factors higher. Elbrecht 
and Leese (2015) argued that the different body mass of specimens could 
have an effect on read abundance and recommended size-sorting of individ-
uals prior to analysis. As our specimens varied in their individual mass up to 
a factor of more than 20, we expected an alignment of individual read abun-
dances after equalizing the available tissue or DNA per specimen. Surprising-
ly, even though this treatment substantially improved the detection rates of 
very small specimens, individual read abundances still varied greatly between 
specimens (Fig. 2).

Investigating the reasons for differential individual read abundances, we 
found out that adjusting the availability of purified DNA prior to PCR did not 
eliminate variation. At the same time, varying the availably of DNA target frag-
ments after PCR had a much larger influence on read abundance (Figs 3, 4). We 
therefore conclude that most of the variation arose during PCR probably due 
to primer bias, even though our specimens are closely related taxa and prim-
ers were highly degenerated. If and to what extent interspecific mitochondrial 
copy number variation (as described by Stefano et al. 2017) plays a role here 
is beyond the scope of this study and further studies are required to evaluate 
the potential impact of heteroplasmy and nuclear pseudogenes of mitochon-
drial origin on read abundance in insect metabarcoding studies (cf. D’Errico et 
al. 2004 and Guo et al. 2022). Given the weak relationship between individual 
tissue mass and read abundance, we agree with previous studies (e.g., Amend 
et al. 2010, Sun et al. 2015) that metabarcoding of arthropod communities 
should be evaluated based on presence-absence data, rather than assuming 
read abundance would reflect biomass proportions.

We tested the comparability of the two metabarcoding approaches using 
specimens from the family Chironomidae. However, dPCR protocols have been 
developed and successfully applied to several other invertebrate taxa, e.g., 
mosquitoes: Werblow et al. (2016), spider mites: Sakamoto and Gotoh (2017), 
ants: Wang et al. (2018). Wong et al. (2014) tested the suitability of dPCR proto-
cols for a range of different invertebrates. While they were able to successfully 
optimize dPCR procedures for different flies and sea stars, the authors reported 
low success rates for beetles, copepods, ants and odonats. Wong et al. (2014) 
assumed that their dPCR protocol was less successful for heavily sclerotized 
taxa and/or those who carry a lot of PCR inhibitors (e.g., melanin, haemocyanin 
or secretions from exocrine glands). In contrast, the here presented dPCR 
approach, using finely ground tissue in water, produced COI sequences from 
specimens of the arthropod orders Araneae (Pirata and Tetragnatha), Coleop-
tera (Dasytes and Neocrepidodera), Diptera (Bezzia and Helina), Ephemeroptera 
(Caenis and Cloeon), Hemiptera (Pyrrhocoris), Hymenoptera (Chelonus, Formica 
and Lasius), Lepidoptera (Eudonia) and Odonata (Coenagrion). We assume 
that our thorough mechanical tissue-breakdown step (cf., Elbrecht and Leese 
2015; Buchner et al. 2021), supported by the dilution of inhibitors when tissue 
is mixed with water, resulted in a higher PCR success for several difficult taxa. 
Additionally, longevity of samples could be easily improved by using buffer in-
stead of water to dissolve ground tissue (see Anchordoquy and Molina 2007). 
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Our results are in accordance with Thongjued et al. (2019) who concluded that 
a thorough cell lysis, dilution of inhibitors and the use of an inhibitor tolerant 
DNA polymerase contribute to successful direct PCR even in challenging taxa. 
Although our initial positive results on Sanger sequencing of dPCR products 
of various arthropods suggest a successful extension to metabarcoding ap-
proaches, applicability of direct PCR metabarcoding to other arthropod groups 
needs to be verified. As shown for chironomids, representative mock commu-
nities need to be established to ensure reliable detection of relevant taxa in me-
tabarcoding of mixed arthropod samples and to rule out dPCR-related biases 
between taxa. Further, upscaling the approach for very large sample sizes, such 
as from Malaise traps, could be tested. Given these initial tests are successful, 
dPCR metabarcoding might become available in mixed arthropod community 
samples which do not require laborious morphological sorting and therefore 
contribute to time and cost-efficient monitoring of natural, environmentally 
stressed or experimental communities.

In conclusion, we showed that DNA extraction can be omitted in chirono-
mid community metabarcoding while preserving the informative value of the 
presence-absence community composition. As the adoption of our proposed 
direct PCR protocols is relatively easy and inexpensive, direct PCR metabarcod-
ing has the potential to become a standard procedure in chironomid communi-
ty analysis. With modern PCR reagents being more robust to contamination by 
inhibitors, we assume that direct PCR metabarcoding, where DNA extraction is 
replaced by solely a mechanical tissue-breakdown step, is applicable for a wide 
range of arthropod taxa and encourage further comparative studies. The oppor-
tunity to avoid DNA extraction steps might even aid the ongoing development 
to miniaturize the instrumental requirements for PCR and metabarcoding (e.g., 
for application in the field or for live on-site monitoring). In addition, laborato-
ries implement more and more automation processes, in order to reduce the 
costs for high-throughput application of metabarcoding. Eliminating the DNA 
extraction step entirely might contribute a substantial improvement in this de-
velopment. In the end, faster and cheaper metabarcoding procedures will boost 
our ability to monitor the diversity of arthropod communities and appropriately 
target conservation actions to combat the ongoing global biodiversity loss.
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