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Improved biomonitoring of mosquitoes requires an in-depth understanding on
occurrences of both vector and non-vector species, in larval, and adult stages. Accurate
descriptions of the ecological context in which mosquitoes thrive remain limited,
particularly for larval stages. The aim of this study was to develop a mixed-amplicon eDNA
approach to assess (i) whether mosquito larval communities of stagnant fresh-water
bodies can be detected using a Culicidae-specific primer and (i) how these results
compare to traditional trapping of adult mosquitoes. Results from 32 ponds inside and
outside Kruger National Park, South Africa show that our primer detected mosquito
eDNA. However, it yielded only a subset of the species found using adult trapping
methods. Particularly the less frequent and container-breeding species were not found.
Our approach provides the first steps toward an eDNA-based method to assess the
entire community of larval-stage mosquitoes. It may thereby overcome current taxonomic
hurdles presented by morphological identification of larvae. As such, it holds great
promise for biomonitoring and ecological studies of mosquitoes.

Keywords: eDNA, culicidae primer, mosquitoes, vector-borne diseases, biomonitoring, Kruger National Park,
mosquito communities

INTRODUCTION

Mosquitoes (order: Diptera, family: Culicidae) are known vectors for a wide variety of pathogens.
The mosquito community composition is influenced by myriad of biotic and abiotic factors (e.g.,
resource availability, predation, temperature) that operate mostly at a local scale (Washburn, 1995;
Reiter, 2001; Chase and Knight, 2003; Lafferty, 2009; Young et al., 2017; Schrama et al., 2018;
Krol et al., 2019). A more comprehensive understanding of the drivers of mosquito community
composition, may facilitate better management of mosquito communities (Beketov and Liess,
2007; Stresman, 2010). However, accurate descriptions of the impacts of these drivers on mosquito
community composition remain limited, particularly those regarding larval habitats, largely due to
logistic, and taxonomic challenges in identifying and quantifying mosquitoes (Cardoso et al., 2011;
Ferraguti et al., 2016; Hunt et al., 2017).

A mixed amplicon metagenomics approach based on environmental DNA (eDNA) potentially
allows for the simultaneous, DNA-based identification of an entire species community
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(Taberlet et al., 2012), using species-specific traces of DNA
(derived from feces, urine, hair, skin, or other cells). These traces
can be extracted from various environments (e.g., water, air, soil)
(Ficetola et al., 2008) and selected regions of these traces can
be amplified using primers that bind to a well-known region
on the genome. For animals, a standardized fragment of the
mitochondrial cytochrome ¢ oxidase 1 (CO1) is typically used
for DNA-barcoding (Hebert et al., 2003). These, amplicons are
then linked to known taxa, using a DNA barcoding reference
database. A metagenomics approach to study entire mosquito
communities would constitute a potentially powerful method to
characterize mosquito communities and supplement traditional
sampling approaches for determining larval communities.

Two aspects of the mosquito life history render them an ideal
species group to develop an eDNA approach. First, mosquito
larvae generally occur in high abundances (Hoekman et al,
2016). These high abundances likely increase the local amount
of eDNA which increases the detection probability (Elbrecht
et al., 2017). Second, the aquatic environment is required by
mosquitoes to deposit eggs, for larvae to hatch and grow, and
adults to emerge. For the vast majority of mosquito species,
all pre-adult life stages are concentrated at the water surface,
including adult emergence (Rejmankovd et al., 2013). As a result,
most eDNA is likely to be present in the upper part of the
water column and the periphery of a given water body, an
area that is generally most accessible for sampling. A previous
study demonstrated that eDNA methods could detect invasive
Aedes species in freshwater (Schneider et al., 2016). However,
this study was limited to the detection of invasive Aedes species
using a specific-primer targeting the 16S region, for which
comprehensive species databases are currently non-existing.
Moreover, in the same study, eDNA samples were isolated from
small (and relatively clean) container habitats (Schneider et al.,
2016), thus begging the question whether the method would also
be applicable in larger, turbid environment of temporary ponds,
or streams with a more complex community. Given that these
challenges exist, it remains unknown if an eDNA approach can
also be used to detect entire communities of mosquitoes and
differences therein.

The aim of this study was therefore (i) to test if we were able to
pick up the mosquito community composition of stagnant fresh-
water bodies using a customized local barcode database and a
tailored family-specific mosquito eDNA primer on CO1, and (ii)
to assess how our eDNA results relate to adult trapping methods.
To this end, a field study was conducted, inside Kruger National
Park (KNP), South-Africa, and in the fringing rural communities,
by sampling both eDNA as well as adult mosquitoes in the same
water body.

MATERIALS AND METHODS

Setup of the Field Study

A field study was conducted between 18 March and 10 May
2017 in and alongside Kruger National Park, South-Africa, at
five locations (Figure1). We sampled four paired locations
(Punda Maria, Satara, Skukuza, and Malelane), each with one
location inside the park (hereafter “inside”) and one location

outside the park (hereafter “outside”), and an additional unpaired
location inside the park (Shingwedzi). Locations inside the park
have far lower population densities of people and livestock and
therefore differ in the degree of anthropogenic impact on the
ecosystem, including the freshwater habitat (du Toit et al., 2003).
At each location, we sampled three to four stagnant water bodies
(depending on availability for adequate sampling; Table S1),
which served as biological replicates. As a result, a total of 32
water bodies were sampled. Using a variety of trapping methods
at 32 trapping sites across 4 regions, we trapped 3,918 adult
female mosquitoes belonging to 43 species; Table S1). For more
information about the adult trapping methodology at these water
bodies, see Electronic Appendix S1 and a detailed description
in Gorsich et al. (2019). Our eDNA approach assessed the
larval community in a single discrete water body at a single
point in time whereas the adult trapping method assessed the
adult community around a given water body during multiple
trapping nights.

eDNA Field Sample Collection

A known challenge with eDNA sampling is that eDNA is not
homogenously distributed (Turner et al., 2014). To improve
the probability of detection, 30 subsamples per water body,
each of 25mlL, were collected with a pipet controller (Integra
Bioscience), and pooled into a 750 mL bottle. Each subsample
was taken from the upper (0-5cm) water layer along the shore
line, approximately two meters apart. These were immediately
stored in a cooling box, transferred to a fridge, and stored at
4°C until filtration within 24-h. The effects of using this method
of initial eDNA preservation might have reduced the detection
probability (Barnes et al., 2014). However, these effects have not
been investigated in this study.

In the lab, eDNA was collected using a 250 mL Sartorius
filtering tower (Sartorius-stedim), a mobile vacuum pomp
(Datura Molecular Solutions), and 0.22-micron polyethersulfone
(PES) filters (250 mL per filter, i.e., three filters per water body),
with a diameter of 47 mm (Tisch Scientific) (Turner et al., 2014).
To prevent cross-contamination, the Sartorius filtering tower was
cleaned between water bodies with bottled water (to remove sand
particles) and then soaked for 30 min in a 0.9% bleach solution
to degrade remaining DNA. Prior to filtration of field samples,
bottled water was used as a negative control to test for cross-
contamination. After filtration, the filter was immediately placed
in separate 2 mL centrifuge tubes and completely immersed in
900 wL Longmire buffer (100 mM Tris, 100 mM EDTA, 10 mM
NaCl, 0.5% SDS, 0.2% sodium azide; Williams et al., 2016) and
stored at 4°C in a fridge until DNA extraction. The advantage of
Longmire buffer above CTAB buffer is that it preserves DNA at
room temperature for at least 2 weeks (Renshaw et al., 2015).

eDNA Extraction

For the extraction and purification of DNA from the field
samples, an established phenol-chloroform-isoamylalcohol (PCI)
protocol for DNA extraction was used followed by a DNA
purification step using the Qiagen DNeasy blood and tissue
kit (Renshaw et al, 2015). Unfortunately, this method did
not remove all PCR inhibitors, which may have negatively

Frontiers in Ecology and Evolution | www.frontiersin.org

July 2019 | Volume 7 | Article 260


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Krol et al.

An eDNA-Based Assessment of Mosquito Communities

't Zelfde.

s Kilometers
0 10 20 40
A A
AE @
Esri, HERE, Garmin, (c) OpenStreetMap contributors, and the GIS user
community / y
FIGURE 1 | Map depicting four paired locations [Punda Maria (A), Malelane (C), Skukuza (D), and Satara (E)] and a single unpaired location [Shingwedzi (B)],
each location has three or four stagnant water bodies. Five locations were situated inside Kruger National Park, South Africa (natural area, depicted with a black
triangle); four were situated in the fringing rural communities (rural communities, depicted with a gray dot). See Table S1 for the coordinates. Courtesy of Maarten van

impacted the following steps. We considered dilution of the
sample undesirable (this would negatively impact the detection
probability of less abundant species), and therefore used the
OneStep-96™ PCR inhibitor removal kit (Zymo Research)

to remove remaining humic acids and other PCR-inhibitors.
For the PCI protocol, the stored PES-filters containing the
eDNA were incubated for 10min at 65°C. After this, 900
nL phenol-chloroform-isoamylalcohol (PCI, 25:24:1) was added
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FIGURE 2 | Topography and PCR-efficacy of LCO-1490/R-C0OI650, BF1/BR1 (BF) and eCul-F/eCul-R (eCul). Primer pairs BF and eCul are shown with their
respective position on the CO1-region, as amplified by the LCO-1490/R-COIB650 primers. Note that the BF and eCul primers span an overlapping region, highlighting
that this is a highly informative region. The black part of the pie chart shows the PCR-efficacy (e.g., the ability of the PCR protocol to generate a PCR fragment),
indicating that the primer is able to pick-up the specimen and corresponding species or species complexes. Courtesy of Erik-Jan Bosch.

[ No product

Total=95

and vortexed until the PES-filter was completely disintegrated.
The 2mL tubes containing the disintegrated PES-filters were
centrifuged at 15,000 x g for 5min and 700 pL of the aqueous
layer was transferred to a fresh 2mL centrifuge tube. To
this mixture, 700 wL chloroform-isoamylalcohol (CI, 24:1) was
added, vortexed for 10s, centrifuged at 15,000 x g for 5min
and 500 pL of the aqueous layer was transferred to a fresh
2mL centrifuge tube. To this tube, 1.25mL of ice-cold 96%
ethanol and 20 pL 5M NaCl was added and precipitated for
20min at —20°C, centrifuged at 15,000 x g for 10min and
liquid was decanted. Pellets were left to air-dry until no visible
liquid remained (Laramie et al, 2015; Renshaw et al., 2015;
Williams et al., 2016). This pellet was resuspended in 180 pL
ATL-buffer and DNA extraction was continued with the DNeasy
Blood & Tissue kit (Qiagen), for DNA purification, using the
manufacture protocol. DNA was finally eluted in 200 wL AE-
buffer. From this, 100 pL was transferred to OneStep-96™ PCR
inhibitor removal kit plates (Zymo Research). Inhibitors were
removed following the protocol of the manufacturer. Samples
belonging to the same water body were combined, which made
a total of 32 eDNA-samples. The DNA quality and quantity
of the eDNA mix-plates were measured with a DropSense96
(Trinean) spectrophotometer.

Construction of a Mosquito DNA
Reference Database

For most mosquito species, reference sequences are not available.
For example, of the 3,725 species of Culicidae known globally,
barcodes are only available for 1,078 species (29%) in the
barcoding of life database (BOLD) of which only 716 (19%)
are in the public domain (database accessed 12-09-2017). For
South Africa, a similar picture arises: 168 species are known

within the subfamily Culicinae in South Africa for which
only 45 species (26%) have publicly available sequences on
BOLD (database accessed 31-08-2018, Figure S1). Therefore,
during the field survey (Electronic Appendix S1), we collected
95 adult mosquito specimens from 38 taxa (Table S2) for DNA-
barcoding. These morphologically identified specimens were
used to construct a customized DNA reference database for
the CO1 region, which reduces the probability of non-and
misidentification, due to a lack of reference material (Virgilio
et al., 2010). DNA extractions on all adult mosquito specimens
were performed with the DNeasy Blood & Tissue kit (Qiagen),
using the protocol provided by the manufacturer. An 840 bp
fragment of the mitochondrial cytochrome ¢ oxidase 1 (CO1)
region was amplified using the primers LCO-1490 (forward)
(Folmer et al., 1994) and R-COI650 (reverse) (Hemmerter et al.,
2007). The reaction mix contained 3 L 10x CoralLoad PCR-
buffer (Qiagen), 0.5 L 25 mM MgCl, (Qiagen), 1 pL 10 mg/mL
BSA (Life), 0.5 L 2.5mM dNTP (Qiagen), 0.25 pL 5U TaqPol
(Qiagen), 1 pL of 10 pMol/iLL of each primer, 5 pL template
DNA and 17.75 pL MQ (Ultrapure). The PCR was performed
using a Bio-Rad C1000 thermocycler (Bio-Rad Laboratories) the
amplification protocol was as follows: 94°C for 3 min, 45 cycles
of 94°C for 30s, 49°C for 45s and 72°C for 45s, then finally
72°C for 5min (Batovska et al., 2016). After PCR, all reactions
were visually assessed with an 2% electrophoresis agarose gel,
stained with ethidium bromide. The amplicons were sequenced
with Sanger sequencing at BaseClear (Leiden, the Netherlands),
reads were assembled and annotated with Geneious, version R10
(Kearse et al., 2012).

eDNA Mosquito Specific Primer Design
A mosquito specific environmental DNA primer was designed
for the COIl region, based upon the sequences obtained
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during this study as well-upon all Culicidae species in BOLD
and GenBank which were batch-downloaded (downloaded at
25-06-2017), and clustered into operational taxonomic units
(OTUs) with PrimerMiner (Elbrecht and Leese, 2015, 2017a).
Other genomic regions were also considered [e.g., CAD,
ITS (Reidenbach et al, 2009; Batovska, 2016)]. However,
we decided the use CO1 since most species barcodes are
collected for the CO1 region. First, multiple degenerated
primers were obtained and tested in-silico on the all compiled
sequences using the Primer3 plug-in for Geneious, version
R10 (Rozen and Skaletsky, 1999; Kearse et al., 2012). We
selected the optimal primer pair based upon three criteria;
primer efficacy, taxonomic resolution, and amplicon size (where
smaller amplicons were preferred over larger amplicons because
of their higher abundance). For the optimal pair: eCul-
F, 5GGRKCHGGDACWGGDTGAAC-3' (forward) and eCul-
R, 5-GATCAWACAAATAAAGGTAWTCGATC-3' (reverse),
(hereafter “eCul primers”), 92% (1,050 of 1,135) of OTUs could be
picked up, with a taxonomic resolution similar to the taxonomic
resolution of the entire CO1 barcoding region, and an amplicon
size of 200 bp. Upon primer sequence removal, a barcode of
154 bp remains. We did not further optimize the sequences of
the primer.

In-situ and in-vitro Primer Evaluation and

eDNA Sample PCR Processing

The BF1 and BR1 COl general freshwater metabarcoding
primers (hereafter, BF primers; Elbrecht and Leese, 2017b) were
included as a control for primer evaluation. All three primer
pairs, i.e., the barcoding primer pair LCO-1490/R-COI650 and
the metabarcoding primer pairs BF and eCul, were tested in-situ
on the DNA of the 95 mosquito specimens representing 38 taxa
(Figure 2) to assess amplification efficacy and efficiency.

The in-vitro primer evaluation on the 32 eDNA samples
included only the eCul and the BF eDNA metabarcoding primers.
The reaction mixes for both eDNA-primers contained 3L 10x
CoralLoad PCR-buffer (Qiagen), 0.5 pL 25 mM MgCl, (Qiagen),
1 uL 10 mg/mL BSA (Life), 0.5 pL 2.5 mM dNTP (Qiagen), 0.25
wL 5U TaqPol (Qiagen), 1 pL of 10 pMol/pL of each primer,
3 pL template DNA and 17.75 pL MQ (Ultrapure). The PCR
was performed using a Bio-Rad C1000 thermocycler (Bio-Rad
Laboratories). The amplification protocol for the BF primers
was as follows: 94°C for 3 min, 45 cycles of 94°C for 305, 41°C
for 30s, and 72°C for 20s, then finally 72°C for 5min. The
amplification protocol for the eCul primers was as follows: 94°C
for 3 min, 45 cycles of 94°C for 305, 60°C for 30s, and 72°C for
20, then finally 72°C for 5 min. Per sample, a single replicate was
used. After PCR, all reactions were visually assessed with an 2%
electrophoresis agarose gel, stained with ethidium bromide. PCR-
efficacy was assessed by presence-absence of a signal and PCR-
efficiency was estimated based upon the relative signal intensity.
All extraction and amplification negative controls were negative,
indicating that there was no cross contamination.

Next-Generation Sequencing
Library preparation was performed with the NEBNext Fast
DNA Library Prep Set for Ion Torrent (New England Biolabs)

using only half of the described reaction volume. Amplicon
concentration was assessed with capillary electrophoresis
using the Qiaxcel (Qiagen) and concentration equalization
was performed with the Qiagility pipetting robot (Qiagen).
Subsequent analysis was done conform the IonPGM Hi-Q
handbook with the Ion OneTouch2 (Life Technologies, Guilford,
CT, USA) and BioAnalyzer (Agilent). The eDNA amplicons
were sequenced on an Ion-Torrrent Personal Genome Machine
(Life Technologies, Guilford, CT, USA) with an Ion 218C chip,
at Naturalis Biodiversity Center (Leiden, the Netherlands).
The output in FASTQ-format was processed using the Galaxy
platform, on the Naturalis Galaxy instance (Blankenberg et al,,
2010; Afgan et al.,, 2016). Initial assessment of the NGS data
was performed with the PRINSEQ algorithm (Schmieder and
Edwards, 2011). Sequences with a phred-score <20 on the 3'side
of the sequence were removed. Only reads that contained both
the forward and reverse primer, and those that had a minimal
length of 200 bp for the eCuL-primers and 258 bp for the BF-
primers, were used for further analysis. The primer sequences
were not removed. Operational taxonomic units (OTUs) were
generated using the VSEARCH algorithm (threshold: 97%
similarity; minimal 2 reads) (Rognes et al., 2016). Only OTUs
with >10 reads were used for further analysis. The sequences
were queried with the BLAST-tool (Camacho et al., 2009) using
the megablast algorithm, against the local copies of BOLD,
NCBI/GenBank (downloaded at 14-02-2018) and our custom
Culicidae KNP reference database, with a maximum e-value of
0.05, a minimum hit coverage of 80%, a minimum sequence
identity of 80% and a maximum of 100 hits per sequences per
database. We determined the lowest common ancestor from
these BLAST-output files by clustering all hits with a bit-score
differences lower than 8% from the best hit. All hits above a
threshold for minimum hit coverage of 80% and a minimum
sequence identity of 97% were described as a best hit. All
LCA-output files were merged with OTU-tables and compared
using MS Excel (version 16.14.1, for Macintosh). To test the
identification accuracy, a phylogenetic analysis was performed
on all OTUs that could be identified to family level (Figure S2),
where accuracy implied that OT'Us belonging to the same family,
cluster together. Sequences were aligned by performing multiple
sequence alignments, using the MAFFT v.7.222 plug-in for
Geneious, version R10 (Katoh et al., 2002; Kearse et al., 2012)
with a maximum of 1,000 iterations. The alignment was exported
as a Nexus-file to Mesquite (Maddison and Maddison, 2018;
Mesquite: a modular system for evolutionary analysis.V.3.31)
and exported to the CIPRES science gateway v.3.3 (Miller
et al, 2010) as a MrBayes Nexus-input file and run with
MrBayes 3.2.2 on XSEDE (Huelsenbeck and Ronquist, 2001;
Ronquist and Huelsenbeck, 2003) with the following parameters:
(Iset nst = 6 rates = invgamma; unlink, statefreq = (all),
revmat = (all), shape = (all), pinvar = (all); prset, applyto = (all),
ratepr = variable; mcmcep, ngen = 100000000, relburnin = yes,
burninfrac = 0.25 printfreq = 1000, samplefreq = 1000,
nchains = 4, savebrlens = yes). Posterior summarization and
quality control was performed using Tracer V1.7.1 (Rambaut
et al.,, 2018). Cladograms were visualized and annotated with
FigTree v1.4.3 (Rambaut, 2012).
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Culicidae
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Culicomorpha (order: Diptera).
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FIGURE 3 | Taxonomic range as picked-up by the BF1/BR1 (BF) eCul-F/eCul-R (eCul) primers, from the eDNA field samples, expressed in number of reads (total
number of reads below each pie chart). Note that the number of reads represents the post-PCR distribution, and not the taxa abundance. The BF primers picked up a
wide range of unrelated taxa, whereas the eCul primers picked up a narrow range of related taxa, most of which belonged to families within the infraorder

Data Analysis

To compare the results of our eDNA approach with
those from adult trapping, first we investigated the
taxonomic resolution and accuracy of our morphologically

and DNA-based species identification and how these
relate. Second, we normalized the different measures
of abundance (e.g., reads for eDNA vs. number of

observations for adult trapping) for comparison of the
different methods.

For the first step, we assessed the morphological identification
accuracy and validated the reference database by querying
all sequences with the BLAST-tool (Camacho et al., 2009).
The megablast algorithm was used against the local copies of
BOLD and NCBI/GenBank (downloaded at 14-02-2018) on
the Galaxy platform (Blankenberg et al, 2010; Afgan et al,
2016), with a maximum e-value of 0.05, a minimum hit
coverage of 70% and sequence identity of more than 97%.
To assess if the eCul and BF primers were able to pick
up all different taxa present in the reference database, an
in-silico test was performed. The theoretical amplicons were
extracted with Geneious, version R10 (Rozen and Skaletsky,
1999; Kearse et al, 2012) and an in-silico mock-community
was constructed. This mock-community was analyzed in the
same way as the real NGS data to assess the taxonomic
resolution of our approach, which facilitated a comparison
between both approaches by harmonizing the taxonomic
resolution (Table S3).

For the second step, for both approaches and both primers
(eCul and BF), presence-absence matrices were constructed,

by transforming abundance data (number of reads or number
of observations) to binary data (e.g., present 1 or absent 0).
Both approaches and both primers were then compared
with a Bray-Curtis similarity matrix. This also allowed
comparing between the locations inside Kruger National
Park and the locations in the fringing communities. For
each location, the proportion of species found in the adult
trapping that also was found with either primer was determined
and plotted against the Bray-Curtis similarity results. The
resulting graph (Figure 4) gives an indication of how the two
approaches relate.

To visualize the detection probability (Figure5), we
calculated the average relative abundance (according to
adult trapping) for each of the species and plotted this
against the number of locations where we observed the
corresponding larval stage. Using this method, we investigated
the detection probability based on adult abundance and
visualized potential insufficient sequencing depth. This
graph mimics the theoretical abundance of template DNA
during sequencing. To test for insufficient sequencing depth
(e.g., the ability to detect the less abundant templates), a
rarefaction analysis (Heck et al., 1975) of the sequencing data
was performed, including only OTUs that were identified
as Culicidae according to both the eCul and BF sequencing
data (Figure S3).

Data analysis was conducted with RStudio (R version 3.2.1; R
Core Team, 2016) using the Vegan package (Philip, 2009) and
graphed using GraphPad Prism (version 7.00 for Macintosh),
GraphPad Software, San Diego California USA.
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Comparison of eDNA and adult trapping for the morphological identification of mosquitoes

FIGURE 4 | Comparison of eDNA and adult trapping for the morphological
identification of mosquitoes. Community similarity between adult trapping and
eDNA (expressed as the distance in the Bray Curtis-index) was plotted against
the proportion of species that were observed with the eCul or BF primers. In
general, the eCul primers performed better than the BF primers, however
overall similarity between the two approaches was low.

RESULTS

Primer Evaluation and Comparison

In general, the eCul primer pair performed better than the
BF and LCO primer pairs. The in-silico primer evaluation
of the eCul and BF primers indicated that the taxonomic
coverage (i.e., the proportion of species amplified of the target
group) and taxonomic discrimination (i.e., the discrimination
capacity at the species, genus or family level) were similar
to the complete CO1 barcoding region. The adult mosquito
specimens (n = 87) represented 38 taxa (Table S2). Our in-
silico test based on the COl barcoding data also generated
38 OTUs. However, these OTUs do not always correspond to
the level of species, either because of a lack of morphological
differentiation between closely related species or because
DNA was not informative enough to distinguish between
species (Table S3).

The in-situ primer validation of the eCul primers showed the
highest PCR-efficacy (97.9%) and efficiency in comparison with
the LCO-1490/R-COI650 and BF primers (Figure 2). The LCO-
1490/R-COI1650 and BF primers generated a similar distribution
in PCR-efficacy (84.2%) (Table S2). However, the signal intensity
of the fragments on the gel was weak, indicating that the
PCR-efficiency of the BF primers for mosquitoes was overall
low, which is in line with previous results (Elbrecht and
Leese, 2017b). The eCul and BF-primers are topographically
overlapping (Figure 2), indicating that this region of CO1 is
highly informative. The in-vitro primer evaluation showed that
the eCul primers picked up more OTUs (expressed in number of
reads) belonging to the order of Diptera (47.5%) when compared
to the BF primers (3.6%) (Figure 3). Besides Diptera, the eCul
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Number of locations where species were found

FIGURE 5 | Relationship between the relative species abundance (using
eDNA) and the number of locations where these species were found (using
adult trapping). Names in red indicate species that were found using both the
eCul primer and adult trapping, blue species names indicate those that were
detected by eCul and BF primers and adult trapping, black species names
indicate species that were only detected using adult trapping. eDNA results
always represent a subset of the adult populations. Specimens that could not
be identified morphologically to species level were clustered into species
complexes, indicated with “Cp”.

primers also picked up a number of other taxa within the phylum
Arthropoda, most notably Podocopida (26.9%) and Diplostraca
(11.6%). Within the Diptera, the eCul primers picked up mainly
OTUs belonging to families within the infraorder Culicomorpha
of which Chironomidae (35.6%) was the most abundant family
and Culicidae the second most abundant family (33.3%). In
addition, a substantial proportion of the OTUs within the order
Diptera (18.7%) could not be linked to any known family. The
BF primers picked up taxa from a much wider taxonomic range,
including the orders Cyclopoida (34.5%) and Cryptomonadales
(22.4%) and taxa belonging to the kingdoms Fungi (0.7%) and
Viridiplantae (1%). Within the Diptera, the BF primer pair picked
up mainly OTUs belonging to the Culicidae family (98%), most
of which were identified as belonging to the genera Culex (70%)
and the remainder as Anopheles (30%).

Comparison Between Adult Trapping and
eDNA Sampling

In general, the eCul primer pair performed better than the BF
primers, although overall similarity between the two approaches
was low. Using adult mosquito trapping, 38 mosquito taxa
(species and species complexes) were identified in the field. This
number of adult taxa was reduced to 25 with species complexes
(Table S3). Using eDNA, 34 mosquito OTUs (representing six
taxa) were picked-up with the eCul primers, and 10 mosquito
OTUs (representing two taxa) were picked-up with the BF
primers. A phylogenetic analysis of all sequences indicated that
the assigned identities were correct for both the eCul as the
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BF data (Figure S2). Our results show an OTU overlap of 28%
between the eCul data and adult trapping and 4% with the BF
data. The eCul primers were able to pick up more than 50% of the
species detected with traps at two locations Satara (SatOut; 50%)
and Shingwedzi (Shiln; 67%), and at two locations the similarity
was larger than 0.5 (Figure 4): Punda Maria (Punln; 0.53) and
Shingwedzi (Shiln; 0.53). The BF primers were unable to recover
more than 20% of the species detected with traps. The species that
were detected with eDNA were generally also the most abundant
species complexes in the traps (Culex pipiens species complex
and Culex poicilipes species complex; Table $3), indicating that
the eDNA method was more likely to pick up more abundant
and common (found at more locations) species than rare species
(Figure 5). Moreover, we observed a consistent dissimilarity
between mosquito communities inside and outside the park for
both sampling techniques, thus providing a first indication that
an eDNA approach can be used to detect a shift in mosquito
communities [average dissimilarity eDNA (eCul primer): 0.54
(£ SE 0.04) vs. average dissimilarity adult trapping: 0.34 (= SE
0.11)]. The rarefaction analysis indicated a lack of sequencing
depth for both the eCul and the BF sequencing data (Figure S3).

DISCUSSION

In this study we developed an eDNA approach based on a family
specific primer and a local CO1 DNA reference database that
was able to detect the most abundant species observed with
traditional trapping methods. Even so, the eDNA method yielded
a much smaller number of species than the adult trapping, which
has implications for data interpretation and future work. We
elaborate on these challenges in the following paragraphs.

Primer Evaluation and Primer Comparison

In this study, presence of mosquito eDNA in South African
ponds was detected using the general macroinvertebrate BF1
primers from Elbrecht and Leese (2017b) and a novel eCul
mosquito primer. In contrast to other aquatic macroinvertebrate
species, like Odonata (unpublished data), the eDNA assessment
of mosquito species proved rather successful, which is likely a
result of the particular lifestyle of mosquitoes. Mosquito eDNA
concentration in the upper layer of the water may be higher
than that of most other freshwater macroinvertebrates, because
mosquitoes generally occur in high densities, spend a significant
part of their life cycle close to the water surface (where eDNA
samples are taken) and produce exuviae at the water surface
before emerging as an adult mosquito. For example dragonflies
and water beetles are generally less numerous and do not emerge
at the water surface (Foster and Soluk, 2004; Jich and Balke,
2008) and may therefore be more difficult to detect. The detection
probability of our eCul primer was higher than when using the
general BF primers for freshwater invertebrate taxa (Elbrecht and
Leese, 2017b). This result highlights that the use of taxa-specific
primers with a narrow taxonomic range greatly improves the
probability of detection, and in general aligns with the idea that
a primer needs to be suited to a question (Elbrecht and Leese,
2017b). However, not all OTUs could be identified to the species
level, either because of shortcomings in the morphological or

molecular identification process. The morphological issues were
mostly restricted to a number of complexes within the genus
Anopheles (e.g., An. coustani s.I, An. gambiae s.I.) which is a
well-known problem (Gillies and Coetzee, 1987) and is normally
resolved using PCR-based identification (Fanello et al., 2002).
Challenges regarding the molecular identification were found for
anumber of species complexes within the genera Culex and Aedes
(Table S3), which indicates that, by itself, the CO1 barcoding
region might not be informative enough to differentiate between
closely related species within these complexes. One way to
overcome this issue in future studies is by targeting more than
one regions on the mosquito mitochondrial genome [e.g., CAD,
ITS, 16S (White et al., 1990; Reidenbach et al., 2009; Batovska,
2016; Schneider et al., 2016)]. Nevertheless, our results provide a
proof-of-principle that eDNA-based methods hold great promise
when it comes to using it for the detection of mosquito species
communities across a range of freshwater habitats.

Comparison Between Adult Trapping

and eDNA

Our eDNA approach provided only a subset of the species found
when using traditional trapping methods and identification on
morphology, with an overall moderate similarity between the
two approaches. Particularly species with lower abundance were
not readily retrieved using the eDNA method. Results of both
adult trapping and eDNA methods indicate that the mosquito
community composition differs between locations inside and
outside Kruger National park—which may be related to the
environmental differences resulting from the higher population
densities outside compared to inside the park. In our study, the
eDNA-based estimation of the community resulted in a greater
dissimilarity between inside and outside locations compared to
adult trapping. Possibly, this is due to missing the rarer species
that occur both inside and outside Kruger National Park.

There are four main explanations why the community
similarity between the two approaches differ. First, there is a
possibility that the eDNA based approach did detect the majority
of the mosquito species in the sampled water bodies, considering
that our eDNA approach assesses the larval community inside a
discrete water body whereas the adult trapping method assesses
the adult community around a given water body. This suggests
that the difference in community composition between eDNA
and traps may partly be the result of adult mosquitoes being lured
toward the traps from nearby breeding sites (e.g., nearby tires,
buckets, and other artificial habitats). This view is strengthened
by the absence of Ae. aegypti in the eDNA dataset, which was
abundantly present in the adult traps (Figure 5). This species
is known to breed almost exclusively in artificial habitats like
plastic containers and car tires (Simard et al., 2005). Although
this may partly explain the difference between the methods, there
is no direct way to test this hypothesis, because mosquito larval
communities were not sampled directly. Setting up controlled
experiments with mixtures of species with varying abundance
will likely resolve this issue.

Second, our sampling strategy might not be sufficient (30
spatially distributes subsamples of 25mL per water body),
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decreasing the probability of detection, since it is known that
eDNA is heterogeneously distributed (Nathan et al, 2014).
Setting up experiments with more subsamples that are not mixed
will likely resolve this issue.

Third, the effects of PCR-induced biases (e.g., sequencing
depth and primer bias) can decrease the probability of detection
(Elbrecht and Leese, 2015, 2017b), particularly for species with
a relatively low abundance (Elbrecht et al., 2017). Indeed, our
eDNA results suggest that our results may be suffering from a
lack of sequencing depth (Figure S$3). An inadequate sequencing
depth can be one of the causes of missed species because
highly abundant reads of non-target species might mask low-
abundance sequences (Adams et al., 2013). Species belonging to
more abundant genera, like Culex and Mansonia were readily
detected whereas species belonging to less abundant genera like
Aedes and Anopheles were less likely to be picked up (Figure 5).
This picture was even more striking for the general freshwater
macroinvertebrate BF primer, which picked up only Culex species
belonging to the Culex pipiens species complex (Figure 5) with a
very high adult abundance. These results therefore suggest that
insufficient sequencing depth (Figure $3) might have reduced
the probability of detection of less abundant species. Also,
our results might suffer from the effects of overamplification
and stochastic effects inherent to mixed amplicon PCR. The
effects of overamplification can be mitigated by reducing the
number of cycles and the stochastic effects by increasing the
number of replicates from one to twelve. If the controlled
experiments proposed above indeed show that we are missing
the less abundant species, future work should address this gap
by adopting methods that produce higher number of reads or by
masking highly abundant species.

The effects of PCR induced biases (Elbrecht and Leese, 2015,
2017b) and PCR inhibitors [which environmental samples often
contain (Jane et al., 2015)] were not assessed during this study.
It is known that such biases and inhibitors may negatively
affect the probability of detection, particularly for species with
a relatively low abundance and/or biomass (Elbrecht and Leese,
2015; Elbrecht et al, 2017). This is further complicated by
the unknown persistence of mosquito eDNA under a range of
ecological conditions [e.g., biotic and abiotic degradation (Barnes
et al,, 2014; Strickler et al., 2015)] in a system where eDNA is
spatially heterogeneously distributed (Nathan et al., 2014).

More work is therefore required to link the original amount
of template DNA (pre-PCR) and the distribution of reads (post-
PCR). The relative abundance of template DNA has to be
included, for the use of more comprehensive indices of diversity.
Current quantification methods (e.g., qPCR and ddPCR) are
unsuitable for mixed amplicon metagenomic approaches (Doi
et al, 2015). Fusion primers tagged with unique molecular
identifiers (UMIs) (Kivioja et al., 2012) may provide the tools
needed to address the effects of primer bias and PCR inhibition
in eDNA and metabarcoding samples.

Fourth, the limited availability of a comprehensive and
reliable reference database might reduce the detection
probability. Accurate species-level identification of mosquitoes
can be difficult, often leading to low taxonomic resolution, or
misidentifications (Haase et al., 2010). This in turn decreases
the accuracy of DNA-based approaches. During this study, not

all adult mosquito specimens could be identified to species
level (TableS2) and were clustered into species complexes
(Table S3). The in-silico test to assess if all taxa present in
the mock-community could be picked-up, yielded 38 OTUs,
although not all 38 taxa could be identified. This might be
due to insufficient taxonomic resolution of the COIl target
region or misidentification of the adult specimen (Table S2).
There is likely room for improvement because it is unlikely
that all cryptic species were included in our reference library.
Furthermore, the underlying classification and phylogenic
relationship of mosquitoes remains largely unresolved (Harbach,
2007; Reidenbach et al., 2009; Wilkerson et al., 2015). This
highlights the need for taxonomic expertise to properly describe
species based upon morphological and molecular evidence
(Chan et al., 2014). More work is therefore needed to resolve the
underlying classification and phylogeny of mosquitoes, in order
to construct a comprehensive and reliable reference database.

Nevertheless, despite the unknowns listed above, the eDNA
method detected the most abundant species, thus indicating its
potential value in addition to the traditional sampling techniques,
and, as such, provide a meaningful addition to the existing
tool kit.

CONCLUDING REMARKS

This is the first study that applies an eDNA approach to
determine the community composition of mosquitoes, based
on water samples collected in the field. As such, it provides
a proof-of-concept that eDNA-based methods can be used
to better understand mosquito larval ecology and provides
promising steps toward an eDNA-based biomonitoring of
mosquito species communities. The comparison between adult
and larval communities shows that less abundant adult species
were not detected using our metabarcoding method. More
research is needed to evaluate whether this mismatch is due
to an overrepresentation of species from other nearby breeding
sites or due to an incomplete eDNA-based survey. To improve
differentiation between closely related species, eDNA-based
surveys of the complete mosquito community require the
identification of an additional informative region(s) on the
mosquito genome [e.g., CAD, ITS or 16S (Reidenbach et al,
2009; Batovska, 2016; Schneider et al., 2016)]. Nevertheless, our
results highlight that environmental DNA holds the potential
to assess the larval community composition of mosquitoes
quickly and reliably, provided that (i) samples are taken in
accordance with the ecological context (i.e., life history traits),
and (ii) a comprehensive and reliable local reference database
and suitable primers are available. On the short term, given
its ability to determine mosquito community composition
based on larvae, eDNA is a promising complementary tool for
monitoring species communities alongside existing adult and
larval trapping methods.
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