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Abstract

DNA metabarcoding of homogenised macrozoobenthos bulk samples collected by multi-habitat sampling (MHS) 
from 46 JDS4 sampling sites, as well as DNA metabarcoding of their preservation liquid (fixative), was performed. 
Both metabarcoding approaches detected more species (333 and 321) than morphological identification (275) 
across all 46 shared Danube and tributary samples. This increase can be mainly attributed to detection of 
additional insect species. The most dominant group at all sites was Diptera with Chironomidae being the most 
dominant dipteran family in terms of richness. While reaches showed only little variation on higher taxonomic 
level, a high number of exclusive species was detected for each reach. Comparisons between the two DNA-based 
and the morphological identification results revealed a high number of exclusive species for all three approaches  
(16-20%) and only a low overlap in detected species (18-33%).

For seven JDS4 sites mainly situated in Slovakia, a comparison of four assessment methods (morphology, bulk 
sample, fixative and eDNA water metabarcoding) was performed. Environmental DNA water analysis detected 
the highest number of families, fixative metabarcoding most of the species. Bulk sample metabarcoding showed 
the highest overlap on family and species level with morphology. Yet, each method added a specific proportion of 
families and species to the overall biodiversity detected in the Danube and its tributaries.

While all DNA metabarcoding approaches significantly increased the number of detected species in JDS4 
individually, the overall number of detected species can be maximised by combining several identification methods. 
In this context, it must be also highlighted that MHS of MZB was installed as an effective monitoring approach, and 
not meant to detect as much MZB biodiversity as possible.
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13.1 Introduction

The aim of identifying macrozoobenthos samples using DNA metabarcoding in JDS4 was to investigate the 
potential of DNA-based identification methods for assessing Danube’s invertebrate diversity. Different DNA 
metabarcoding methods were used (homogenised bulk sample metabarcoding, preservation liquid (fixative) 
metabarcoding and water eDNA metabarcoding) and compared to each other as well as to morphological 
results. As a more detailed biodiversity assessment, additional water samples were collected and analysed 
via eDNA metabarcoding for seven JDS4 sites.

Since DNA metabarcoding analyses of eDNA water were postponed due to the COVID-19 outbreak in early 
2020, the present chapter only reports on the results of the DNA metabarcoding of homogenised bulk 
samples, preservation liquid and additional eDNA samples from the Slovakian survey. 

13.2 Methods

A total of 46 samples were collected for MZB metabarcoding analyses, of which 29 belonged to Danube 
sites (upper reach: 9, middle reach: 15, lower reach: 5) and 17 to tributaries. All samples contained organisms 
as well as varying amounts of substrate.

13.2.1 DNA metabarcoding of MZB preservation liquid samples

For all bulk samples, 250 mL preservation liquid (first phase ethanol, i.e. the initial ethanol that was used in 
the field to preserve specimens) was filtered and DNA captured on a 0.45 µm cellulose nitrate membrane-
filter in the process. Subsequently, DNA was extracted from the filters using a modified salt precipitation 
protocol and amplified in a two-step PCR protocol using the degenerate PCR primer pair fwh2n & EPTDr2n, 
which are optimised for insect taxa (Leese et al., 2020). Every sample was amplified in two PCR replicates in 
the first step and pooled prior to the second PCR reaction. All steps subsequent to filtration were carried out 
in a separate lab room designated to processing eDNA samples including UV light exposure between work 
shifts. After sequencing, quality filtering of the retained sequencing reads and clustering into Molecular 
Operational Taxonomic Units (MOTUs) of 97% sequence similarity, as well as the initial taxonomic 
assignment of MOTUs was carried out using BOLDigger (Buchner and Leese, 2020) and the Barcode 
of Life reference sequence database (BOLD). Linnaean species information was assigned to MOTUs in 
case at least one published barcode sequence with a similarity of ≥97% was present in the database. In 
case identical Linnaean species information was assigned to several MOTUs, the respective MOTUs were 
combined to a single Linnaean species in all downstream analyses. TaxonTableTools (Macher et al., 2020) 
was used for data analysis as well as creating Venn diagrams and Krona charts (Ondov et al., 2011).

13.2.2 DNA metabarcoding of MZB bulk samples

From 39 bulk samples, up to 1,000 specimens were randomly subsampled and homogenised to fine powder 
before extracting DNA using a magnetic bead-based extraction protocol. The remaining seven samples 
contained fewer specimens and were fully processed. In the process of subsampling specimens, molluscs 
were sorted from other invertebrates for separate downstream processing. A two-step PCR was carried out 
using the primer pair BF3 and BR2 (Elbrecht et al., 2019). For molluscs a modified version of the BF3/BR2 
primer pair with higher primer degeneracy was used to minimise the potential of false negative results as 
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a result of primer mismatches. In contrast to the preservation liquid samples, two extraction replicates per 
sample and invertebrate/mollusc fraction were used, separately amplified and sequenced. Bioinformatic 
processing, including taxonomic annotation of MOTUs, was carried out following the same procedure as 
described above.

13.2.3 DNA metabarcoding of eDNA water samples (Slovakian survey)

For a subset of 11 sampling sites located on the Slovakian stretch of the Danube (n = 5), at a nearby site 
in Austria (1) and in the main tributaries of this part of the Danube (5), 1 litre of filtered water per site was 
analysed for eDNA, and MZB diversity assessed by using the primer pair BF3/BR2 targeting COI. eDNA water 
samples were collected within five days, and a team of four people performed the complete bioinformatic 
analysis within ~2 weeks. In total, comparative data for four methods was available for seven JDS4 sites 
(Table 1). 

Table 1: Sampling sites of the Slovakian eDNA survey used for methodological comparison.

Site Locality name River Methods compared

JDS4-10 Hainburg Danube eDNA water, eDNA fixative, bulk, morphology

JDS4-13 Devín Morava eDNA water, eDNA fixative, bulk, morphology

JDS4-14 Pečnianska lúka Danube eDNA water, eDNA fixative, bulk, morphology

JDS4-16 Medveďov Danube eDNA water, eDNA fixative, bulk, morphology

JDS4-19 Komárno Váh eDNA water, eDNA fixative, bulk, morphology

JDS4-20 Kamenica nad Hronom Hron eDNA water, eDNA fixative, bulk, morphology

JDS4-21 Salka Ipeľ eDNA water, eDNA fixative, bulk, morphology

13.3 Results and discussion

13.3.1 DNA metabarcoding of homogenized MZB bulk samples and their preservation liquid

While DNA metabarcoding of homogenised bulk samples resulted in 833 Molecular Operational Taxonomic 
Units (MOTUs) and 333 detected species across all 46 samples, 1,147 MOTUs and 321 species were 
detected by metabarcoding of the sample fixative. In 163 (bulk) and 491 cases (fixative) MOTUs with the 
same taxonomic information were collapsed into one respective entry. While this is appropriate in many 
cases to not over split species into molecular derived operational taxonomic entities, it has to be noted that 
by doing so, simultaneously information on potential cryptic diversity is omitted. In 12 (bulk) and 18 cases 
(fixative) comparing DNA barcodes to reference sequence information resulted in conflicting taxonomic 
assignments with more than one species being assigned to a single MOTU. This either indicates reference 
sequences of misidentified voucher specimens in the database, taxonomic (yet unknown) synonyms, 
species with recent speciation events or hybridization of the respective species in question. In the latter two, 
rare cases, DNA metabarcoding is inappropriate to distinguish between respective species. All other MOTUs 
lacking annotation of species information reflect a gap in reference libraries, but simultaneously highlight 
the further potential of metabarcoding in detecting species once databases are further complemented.
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With both methods, Insecta showed the highest species richness (bulk: 142 species, fixative: 170) across 
all 29 Danube sites followed by Oligochaeta (bulk: 33, fixative: 42) (Figure 1). While fixative metabarcoding 
detected more dipteran species (136, including 106 Chironomidae species) than bulk metabarcoding (90, 
including 80 Chironomidae species), with the latter approach more Trichoptera (19 vs. 2), Amphipoda (10 
vs. 4) and Bivalvia species (13 vs. 5) were detected. This deviation can be attributed to the primers used, as 
the fixative primers have a negative bias towards the underrepresented taxa, and the source of DNA, as soft-
bodied taxa like dipterans are often overrepresented and sclerotised or hard-shelled taxa underrepresented 
in fixative approaches.

In contrast to the different number of samples taken per stream reach, the number of detected species was 
equal between upper reach (UR; 151 species) and middle reach (MR; 152 species) in the fixative approach 
or even higher in the UR (152 species) than the MR (124) when analysing bulk samples, indicating a general 
higher species richness in Danube’s upper reach. Both methods returned the lowest number of species in 
the lower reach (LR; bulk: 89, fixative: 81).

The taxonomic composition on a higher taxonomic level varied between Danubian reaches and to a smaller 
degree between the two applied methods (Figure 2). While a decline in Insecta species was observed from 
the UR (bulk: 65% of all detected species; fixative: 78%) to the MR (51%/59%) and LR (47%/58%), there 
was an increase in Oligochaeta species from upstream to downstream (UR: 11%/15%, MR: 22%/25%, LR: 
24%/27%). In addition to the differences of taxonomic composition patterns on a higher taxonomic level, 
a comparison of shared and exclusive taxa per reach on MOTU level revealed a high number of exclusive 
species for each stream reach (Figure 3) with the UR having the highest number of exclusive species. While 
this comparison is not independent of the number of samples taken per reach and thus explaining the 
lowest number of exclusive species in the LR, it underlines the importance of high taxonomic resolution in 
this survey, and the value of upper reaches for aquatic biodiversity in general.  

13.3.2 Comparison of morphological and DNA metabarcoding results

Both homogenised bulk sample and fixative metabarcoding detected more species (333 and 321) than 
morphological identification (275) across all 46 shared Danube and tributary samples (Table 2), which can 
be mainly attributed to an increase in detected insect species (bulk: +70 species; fixative: +82). In contrast, 
morphological identification performed better at determining Gastropoda (28) than both other approaches 
(bulk: 17; fixative: 12). The comparison of all three methods showed a high number of exclusively detected 
species per method (Figure 4) rendering a complementary approach ideal for capturing more of Danube’s 
macroinvertebrate diversity. It has to be noted that morphological identification shared more detected 
species with bulk (143) than fixative (106) metabarcoding, but that the two DNA-based methods shared 
significantly more detected species (191) and that the total number of detected species was increased 
to 463 when combining both metabarcoding approaches. While the number of species detected with 
DNA-based identification methods will further increase with complementing reference databases, in which 
on a European scale specific taxa are underrepresented (e.g. Plathelminthes, Annelida, Mollusca; Weigand 
et al. 2019), DNA-based identification methods will remain uninformative on specimen sex or life stage. 
Finally, it has to be noted that samples for morphological and DNA-based identification were separately 
taken but originate from the same sites and sampling events. Nevertheless, some differences in sample 
community composition are expected independently of the applied identification method.
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Figure 1: Taxonomic composition of JDS4 macrozoobenthos communities of 29 Danube sites (tributaries not included) derived by 
DNA metabarcoding of the homogenised bulk samples (top) and the preservation liquid (bottom). The figure is based only on MOTUs 
with available species-level information. Higher taxonomic levels are collapsed to the lowest taxonomic level containing more than one 

sub-taxon (e.g., in the bottom chart Annelida is collapsed to Clitellata since all Annelida OTUs are assigned to Clitellata).
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Figure 2: Taxonomic composition of JDS4 macrozoobenthos communities derived by DNA metabarcoding of homogenised bulk samples (top) 
and the preservation liquid (bottom) separated into upper reach (UR), middle reach (MR) and lower reach (LR) as well as tributaries.
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Figure 3: Shared and exclusive number of species between the upper reach (9 sites), middle reach (15) and lower reach (5) of all 29 
Danube sites.
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Table 2: Number of detected species per method in JDS4 across all 46 shared sites (29 Danube, 17 tributaries).

Higher Taxon Taxon Morphology
Bulk sample 

metabarcoding*
Fixative 

metabarcoding
Bulk+fixative 

metabarcoding

Annelida Hirudinea 7 5 2 5

Annelida Oligochaeta 44 37 46 52

Annelida Polychaeta 1 1 0 1

Arthropoda Acari 0 2 0 2

Arthropoda Branchiopoda 0 4 8 10

Arthropoda Copepoda 0 4 3 6

Arthropoda - Insecta Coleoptera 11 20 14 24

Arthropoda - Insecta Diptera 68 118 174 199

Arthropoda - Insecta Ephemeroptera 21 23 21 29

Arthropoda - Insecta Hemiptera 5 6 3 7

Arthropoda - Insecta Megaloptera 1 2 2 2

Arthropoda - Insecta Neuroptera 0 3 2 4

Arthropoda - Insecta Odonata 11 6 2 6

Arthropoda - Insecta Plecoptera 2 2 6 7

Arthropoda - Insecta Thysanoptera 0 1 0 1

Arthropoda - Insecta Trichoptera 28 36 5 36

Arthropoda - Crustacea Amphipoda 14 14 5 14

Arthropoda - Crustacea Decapoda 2 2 2 3

Arthropoda - Crustacea Isopoda 3 3 0 3

Arthropoda - Crustacea Mysida 2 3 1 3

Arthropoda Ostracoda 0 1 5 5

Bryozoa 0 3 2 4

Cnidaria 0 1 0 1

Mollusca Bivalvia 17 16 5 16

Mollusca Gastropoda 28 17 12 19

Nematoda 6 0 0 0

Nemertea 0 1 0 1

Platyhelminthes 4 0 0 0

Porifera 0 0 1 1

Rotifera 0 2 0 2

Total 275 333 321 463

* For bulk sample metabarcoding 1,000 specimens per sample were used (7 samples contained less than 1,000 specimens).
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Figure 4: Shared and exclusive number of species identified by morphology, homogenised bulk metabarcoding and fixative metabarcoding 
across 29 Danube and 17 tributary samples. 

13.3.3 Slovakian eDNA survey

The four-method comparison at seven sites revealed a total of 353 Linnaean taxa in 95 families, of which 278 
(79%) were assigned to species level. The eDNA water analysis detected the highest number of families (n = 
56), followed by morphological identification and bulk sample metabarcoding (both 53), less so by the eDNA 
fixative approach (35). In particular, several families of Branchiopoda, Cnidaria, Plathelminthes and Bryozoa 
have been almost exclusively added by eDNA metabarcoding of water samples. The malperformance of the 
fixative approach on family level can be best attributed to a strong primer bias, also negatively influencing 
the molecular discovery of gastropods, bivalves and caddisflies, which all were much underrepresented 
in the fixative dataset. On the contrary, eDNA metabarcoding of the fixative generated the most species 
level hits (n = 139), closely followed by bulk sample metabarcoding (133). Fewer species were detected by 
eDNA water metabarcoding (101) and morphological identification (98). Each method added a very high 
proportion of exclusive taxa to the overall detected biodiversity of the seven investigated sites (max. 35 
families for eDNA metabarcoding of water and 49 species for fixative metabarcoding), but likewise missed 
some MZB diversity present in the Danube and its reaches (Figure 5). The increased number of species 
detected by fixative and bulk metabarcoding can be primarily attributed to additional species detected within 
Diptera (particularly Chironomidae) and Oligochaeta (particularly Naididae), as well as Ephemeroptera and 
Trichoptera. On the other hand, morphological identification particularly added species of Odonata, Bivalvia 
and Coleoptera as well as some Diptera (Chironomidae, Simuliidae) and Trichoptera to the overall taxalist. 
However, it must be highlighted that MHS was not designed to capture most of the MZB diversity, but to 
provide robust ecological assessment data.
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Figure 5: Venn diagrams of the four-method comparison at seven JDS4 sites for the taxonomic levels family and species.
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13.4 Conclusions

•   Both metabarcoding methods detected a high number of Linnaean species (bulk sample: 333; fixative: 
321), in particular additional oligochaetes and chironomids, but partly also additional caddisflies, 
stoneflies and mayflies were detected

•   Analysis of eDNA in water particularly added further meiofaunal species

•   When compared to morphological identification, gastropod and odonate species were underrepresented 
in DNA-based taxalists

•   Morphological identification, bulk sample, fixative and eDNA water metabarcoding all detected a large 
proportion of methodologically exclusive families and species

•   Bulk sample metabarcoding results had the highest species-level overlap with morphology-based results

•   Conflicting taxonomic results can provide effective feedback loops and mark the start for further 
taxonomic investigations

•   Methodological restrictions for DNA-based assessments (such as primer bias and availability of barcode 
references) have to be understood and taken into account for upcoming surveys
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