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VertU: universal multilocus
primer sets for eDNA
metabarcoding of vertebrate
diversity, evaluated by both
artificial and natural cases
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Environmental DNA (eDNA) metabarcoding is a powerful tool for monitoring
biodiversity in natural ecosystems. The accuracy of eDNA metabarcoding relies
heavily on the PCR primers that amplify target sequences. For vertebrates, most
available primers are designed for particular groups. There have been inadequate
attempts to design “universal” primers applicable to all vertebrates. Here, we
developed three new universal primer sets (V12S-U, V16S-U, and VCOI-U)
targeting mitochondrial 12S, 16S, and COIl genes, respectively. They work for
all vertebrate groups, with amplification length of 200-250 bp, facilitating the use
of short-read sequencing platforms. We evaluated and compared the species
detection ability of our primer sets and seven previously published ones through
both in-silico PCR and experiment tests with mock DNA and zoo eDNA. The
species detection success of the new primer sets is over 90%, showing better
performance than previously published primer sets. We also tested our new
primers with water eDNA samples of natural environments, and detected a total
of 895 vertebrate OTUs (BLAST identity > 0.95), comprising 182 species, 195
genera, and 94 families. Our results indicated that utilizing multiple markers can
achieve better species detection than using only a single marker, which is
especially important for monitoring large biological communities like
vertebrates. The new primer sets enable researchers to detect the presence of
species of different vertebrate groups in one eDNA metabarcoding survey, which
simplifies the workflow and reduces the cost. It has the potential to serve as an
alternative/complementary tool for future eDNA metabarcoding studies
targeting vertebrates.
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Introduction

In nearly a century, the loss of global biodiversity has exerted a
considerable impact on the ecological environment (Pimm et al,
2014). According to the WWTF data, the average abundance of the
monitored populations of vertebrates, an important component of
biodiversity, declined by 68% over the last 40 years (WWTF, 2020).
To slow or even stop this loss, more effective conservation and
management measures are needed, which relies on the accurate and
efficient investigation of the existing vertebrate diversity (Thomsen
and Willerslev, 2015).

Monitoring the presence and diversity of vertebrate species
using conventional survey methods such as trapping and observing
are time-consuming, may cause harm to organism individuals or be
strictly dependent on taxonomic expertise (Wheeler et al., 2004).
Recent technological advances have provided an alternative
approach for species detection, that is, environmental DNA
(eDNA) metabarcoding, which detects the presence of species by
analyzing the DNA from biological residues in environments
(Taberlet et al., 2012a). This approach uses primers specified for a
given taxonomic group to amplify target DNA fragments from
eDNA samples, which is coupled with next-generation sequencing
(NGS) to obtain sequences, then compares the sequences with
the reference database (Epp et al, 2012; Port et al, 2016;
Valentini et al,, 2016). In theory, any species of the given
taxonomic group can be detected without ‘a priori’ knowledge of
the species likely to be present in the sampled ecosystem (Taberlet
et al., 2012b; Bohmann et al, 2014). Compared to conventional
survey methods, eDNA metabarcoding has the advantages of easier
implementation (only environment samples are collected), being
noninvasive (no organisms are caught, disturbed or killed during
survey), and no need of taxonomic expertise (Darling and Mahon,
2011; Shaw et al., 2016; Deiner et al., 2017). Overall, eDNA
metabarcoding is more cost-effective and has higher species
detection sensitivity than traditional methods, thus shows great
promise in biodiversity surveys.

The accuracy and efficacy of eDNA metabarcoding surveys
rely heavily on the primers used for PCR amplification (Freeland,
2017; Alberdi et al,, 2018). For eDNA metabarcoding surveys
targeting vertebrates, vertebrate-specific PCR primers with good
amplification specificity and sensitivity are crucial (Zhang et al,
2020). There are currently some good eDNA primers for specific
vertebrate groups including amphibian (Evans et al., 2016), birds
(Ushio et al., 2018), fishes (Miya et al., 2015), mammals (Ushio
et al., 2017) and reptiles (West et al., 2023). In real-world
applications, using universal primers that can be applied to the
entire taxonomic span of vertebrates will be more convenient than
using primers specific to different vertebrate groups (Saenz Agudelo
et al., 2022). However, relatively few universal primers for
vertebrates have been designed (Riaz et al., 2011; Valsecchi et al,
2020). Meanwhile, the sensitivity of available vertebrate-specific
eDNA primers is not satisfactory. For example, Kelly et al. (2014)
tested the sensitivity of the widely used 12SF1/R1 vertebrate-specific
primer pair designed by Riaz et al. (2011) using an aquarium fish
tank with known species, and detected only 7 species among the 12
vertebrate species in the tank. To ensure that investigators can gain
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a full picture of the vertebrate species diversity of the studied areas
by conducting eDNA surveys, it is of value to develop new
vertebrate-universal primer sets with high specificity and sensitivity.

Because vertebrates are a large group comprising of a number of
species-rich lineages such as fishes, reptiles, and birds, among which
the genetic divergence is great, developing universal eDNA primers
for the entire vertebrates is not easy. Currently, even the most
widely used primer set MiFish (Miya et al., 2015) that is designed on
the 12S rRNA gene and works for fishes (much smaller than
vertebrates) can achieve only about 90% detection success for fish
species. Although it is almost impossible to design a universal
primer set that is able to detect 100% of the vertebrate species in
the environments, designing several primer sets that can detect 80%
of the vertebrate species in the environment is plausible. If
simultaneously using three universal primer sets (assuming each
primer set amplifies a random subset of vertebrate species), the
species detection success rate will theoretically increase to about
99%. In fact, a growing body of evidence has demonstrated that
using multiple eDNA markers increases the probability of species
detection (Shaw et al.,, 2016; Zhang et al., 2018; Morey et al., 2020).
Therefore, designing universal primer sets on different mitochondrial
genes and using them together (multilocus strategy) may be a
good solution to applying eDNA metabarcoding to vertebrate
diversity surveys.

In addition, because eDNAs degrade quickly under natural
environmental conditions and long amplified fragments may
increase the risk of amplification failure and false negative results
(Dejean et al., 2011; Thomsen et al., 2012; Bylemans et al., 2018), the
length of the amplified gene fragments from eDNA samples is
normally short. Although short amplified fragments can ensure
reliable amplification from eDNA samples, using one single short
fragment may not be able to provide enough variation sites for
accurate species identification among such a large taxonomic group
as vertebrates (Freeland, 2017). Therefore, in order to accurately
identify the vertebrate species in the environment, it is also highly
necessary to simultaneously analyze several short metabarcoding
gene fragments.

The overall goal of this study is to develop a set of novel
vertebrate-universal primers containing multiple barcode loci,
which can be used in eDNA metabarcoding studies on vertebrates
to obtain more accurate and comprehensive vertebrate biodiversity
data of the ecosystem. To achieve this goal, we aligned whole
mitochondrial genome sequences of 792 representative species of
different vertebrate families, including all major taxonomic units of
Vertebrata, to locate more reliable primer design sites. The universal
primers were designed on the mitochondrial 12S rRNA, 16S rRNA
and COI genes, respectively, amplifying three short but
hypervariable fragments of these genes (200-250 bp). This
amplification length range is suitable for using short-read
sequencing platforms such as Illumina HiSeq whose sequencing
cost is much lower than that of the widely employed long-read
MiSeq platform. We performed two evaluations to test the
versatility of the newly designed primers: (i) in-silico PCR test of
the primers with over 6000 vertebrate mitochondrial genome
sequences, and (ii) in vitro PCR amplification using mock DNA
and zoo eDNA with known species compositions. Finally, we
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examined the effectiveness of the new primers in real-case tests
using water samples from different natural environments. We hope
that the newly designed vertebrate-specific PCR primer set can
serve as a helpful tool for future eDNA metabarcoding surveys of
vertebrate biodiversity.

Materials and methods
Primer design

To select suitable mitochondrial DNA (mtDNA) regions for
universal primer design, we downloaded 6567 complete
mitochondrial genome sequences of vertebrates from NCBI as of
13 November 2020, each corresponding to one unique vertebrate
species. These data belong to 792 different vertebrate families in
total. We thus selected 792 vertebrate mitochondrial genome
sequences from them to represent each of the families for
sequence alignment. The 792 mtDNA sequences covered 154
orders and included 3 cyclostomes, 37 cartilaginous fishes, 347
ray-finned fishes, 4 lobe-finned fishes, 44 amphibians, 59 reptiles,
167 birds, and 131 mammals (Table S1).

We used Clustal W algorithm embedded in MegAlign
(DNASTAR Inc.) to perform multiple sequence alignment. The
alignment was manually inspected to search for appropriate DNA
regions for vertebrate-universal primer design. To facilitate using
short-read sequencing platforms such as Illumina HiSeq, we
required that the target amplification region be less than 250 bp
in most vertebrate species. Gene regions were considered suitable
for primer design if they encompassed a short and highly variable
fragment flanked by highly conserved primer sites of more than 16
bp. We paid special attention to selecting the 3’ end of the primers,
avoiding sequences with low complexity and high-GC content to
reduce non-specific amplification. The primers were initially
designed by using degenerate bases whenever necessary to better
match the whole vertebrate group. Finally, some degenerate bases
were further optimized to decrease the overall degeneracy of the
primers for better amplification efficiency.

Primer test with in-silico PCR

To test whether the newly designed PCR primers were universal
for vertebrates, we performed an in-silico PCR test. The 6567
complete vertebrate mitochondrial genome sequences
downloaded from NCBI were used as templates. Based on these
6567 sequences and their taxonomic information, a sequence
database organized by taxonomic groups was constructed by
using the OBICONVERT command in the OBITools software
package (Boyer et al,, 2016). Then, the amplification success rate
of the primers in different vertebrate taxa was evaluated by using the
in-silico PCR implemented in the ECOPCR software (Ficetola et al.,
2010) with the following settings: (a) amplicon length in the range
of 5-500 bp (excluding primers) and (b) a maximum of three
mismatches between each primer and the target sequence and no
mismatches in the last two nucleotides at the 3’ end of the primer
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(Epp et al, 2012). The taxonomic specificity of the primers was
evaluated by the percentage of the amplified species against all
species of a given taxon in the database. The taxonomic
discrimination ability of each different primer set was assessed by
using the “ecotaxspecificity” command in the OBITools software
package. Two taxa (species or genus) are considered as
distinguishable if they have at least 2 nucleotide differences.

In addition, we also investigated the amplification specificity
and levels of interspecific variations of the three barcode fragments
using the ‘PrimerTree’ package in R version 3.3.131 (Cannon et al.,
2016). Briefly, PrimerTree performs the following analysis: (1) in-
silico PCR against sequences in the NCBI database; (2) retrieval of
DNA sequences predicted to be amplified; (3) taxonomic
identification of these sequences; (4) multiple DNA sequence
alignment; (5) reconstruction of a phylogenetic tree and (6)
visualization of the tree with taxonomic annotation. Thus, by
using the PrimerTree package, species whose sequences can be
amplified, phylogenetic relationships among these amplified
species, and interspecific variations in the amplified sequences can
be rapidly visualized.

Primer test using both mock DNA and zoo
eDNA with known species compositions

We also tested the newly designed PCR primers under two
artificial conditions and compared them with previous published
primers. (i) Mock DNA. We constructed two kinds of mock DNA
mixtures using known input-DNA amounts of vertebrate species:
“mock-even” and “mock-gradient” communities. We used 50
vertebrate species representing the seven major lineages of
vertebrates (Chondrichthyes, Actinoptreygii, Dipnoi, Amphibia,
Reptilla, Aves, and Mammalia) placed in 30 orders and 47
different families (Table S2). This taxonomic composition reflects
most of the vertebrate groups. Mock-even DNA used 10 ng DNA
per species, representing an ideal condition of even species density.
Mock-gradient DNA was constructed with the first species
represented by 1 ng of DNA, increasing geometrically by a factor
of ~1.2 until the most abundant species at 1,034.8 ng, a 1000-fold
range, which mimics the common situation where a sample
contains both abundant and rare species. (ii) Water eDNA of zoo
with known species compositions. We sampled one liter of water
from three exhibition areas in the Guangzhou Zoo (Guangzhou,
China) using disposable plastic bottles, respectively, and combined
them into a 3-liter water sample. The three exhibition areas harbor a
total of 34 vertebrate species (23 fishes, 2 frogs, 8 turtles and 1
mammal). The eDNA extraction followed the same protocol
described in the next section.

We did PCR with 10 primer sets listed in Table 1, excluding
Vel6S and mlCOlintF&jgHCO2198, because amplicon sizes of the
latter were too long for short-read sequencing platforms. PCR were
carried out in triplicate in a 25 UL reaction volume containing 1x
HiFi PCR buffer (TransGen Inc., Beijing, China), 0.2 mM dNTPs, 1
U HiFi Taq DNA Polymerase, 0.4 UM each primer and a certain
amount of template DNA. To mimic variations of DNA
concentrations in natural eDNA experiments, the mock-even and
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TABLE 1 Summary of the 12 eDNA metabarcoding primer sets analyzed in this study (primers designed by other authors are shaded).

Mean
Marker . . Optimal annealing . .
Reference amplicon size Forward primer (5'-3") Reverse primer (5-3')
code temperature (°C)
(bp)
V128-U 125 | Vertebrata | This study 208 50 GTGCCAGCNRCCGCGGTYANAC ATAGTRGGGTATCTAATCCYAGT
V165-U 165 | Vertebrata | This study 253 50 ACGAGAAGACCCYRYGRARCTT TCTHRRANAGGATTGCGCTGTTA
VCOLU | COI | Vertebrata | This study 212 50 CAYGCHTTTGTNATRATYTTYTT GGRGGRTADACDGTYCANCCNGT
Riaz et al.,
128V5 125 | Vertebrata . 135 60* TAGAACAGGCTCCTCTAG TTAGATACCCCACTATGC
Taberlet
Tele02 128 | Teleostei s 206 63* AAACTCGTGCCAGCCACC GGGTATCTAATCCCAGTTTG
et al,
Miya et al.,
MiFishU | 125 | Teleostei 1’2:) ]: ! 220 60 GTCGGTAAAACTCGTGCCAGC CATAGTGGGGTATCTAATCCCAGTTTG
Valsecchi
MarVerl 1 Vertebrata llM;ch]o 202 - CGTGCCAGCCACCGCG GGGTATCTAATCCYAGTTTG
et al.,
Vel6s 165 | Vertebrata ]‘ M:(:m 348 63* CGAGAAGACCCTATGGAGCTTA AATCGTTGAACAAACGAACC
et al., 2!
s
Vert-165 165 | Vertebraw ;";:16 296 65* AGACGAGAAGACCCYdTGGAGCTT GATCCAACATCGAGGTCGTAA
et al,,
Valsecchi
MarVer3 16 | Vertebrata 0 246 - AGACGAGAAGACCCTRTG GGATTGCGCTGTTATCCC
et al,
Uni- Meusnier
COl | Eukaryota 177 53¢ TCCACTAATCACAARGATATTGGTAC GAAAATCATAATGAAGGCATGAGC
Minibar et al., 2008
Leray et al.,
mICOTintF 2013
X COl | Metazoa - 365 46* GGWACWGGWTGAACWGTWTAYCCYCC = TAIACYTCIGGRTGICCRAARAAYCA
jgHCO02198 Geller
et al, 2013

* Annealing temp referred to Zhang et al. (2020). MarVerl/MarVer3 used a touch-down PCR program.

mock-gradient were tested with high (7ng DNA/reaction) and low
(0.7ng DNA/reaction) DNA concentrations, respectively. The zoo
eDNA was tested only by high DNA concentration (7ng DNA/
reaction). Except for MarVerl and MarVer3, the other eight primer
sets used the following thermal cycling program: an initial
denaturation for 30 s at 98°C followed by 40 cycles of 15 s at 98°
C, 30 s at optimal annealing temperature (see Table 1), 30 s at 72°C
and a final extension of 10 min at 72°C. MarVerl and MarVer3
used the touch-down PCR protocol described by Valsecchi et al.,
2020. PCR products were purified using a TIANGEN universal
DNA purification kit (Beijing, China) following the manufacturer’s
instructions. The concentrations of the purified PCR products were
measured using a NanoDrop-2000 spectrophotometer (Thermo
Scientific). The purified PCR products were subject to Illumina
library preparation using NEBNext Ultra DNA Library Prep Kit
(New England Biolabs Inc.). DNA library was sequenced on an
Mumina HiSeq X-Ten platform using the paired-end 150-bp mode.

Primer test using natural
environmental DNA
Study sites and water sampling

To evaluate the ability of our primer sets to amplify vertebrate
DNAs from real natural environments, we performed metabarcoding
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analysis using water eDNAs sampled from three different areas of
China: Tangjiahe (TJH) National Nature Reserve (Sichuan
province, China), Hekou (HK) town (Guangdong province,
China) and Xintian (XT) town (Guangdong province, China)
(Figure S1). The TJH site is a national nature reserve and
represents a highly protected natural environment, the XT site is
located in a provincial nature reserve with restricted human
influence, and the HK site is located also in a provincial nature
reserve but influenced by human agricultural activities. In TTH, we
collected water samples from 10 localities of a local river in spring
(May, 2018) and autumn (October, 2018), respectively; in HK and
XT, we each collected water samples from 10 localities of a local
river (October, 2019) (Figure S1). In each water sampling location,
2-L water sample was collected from 5 to 10 cm below the surface
and approximately 1 m from the river bank using disposable 1-L
plastic bottles. Water samples were filtered immediately in filed
through a disposable 0.45-um pore size CN Membrane filter (47
mm diameter; NalgeneTM 145-2045). Filter membranes were
transferred into individual 15-ml sterile microcentrifuge tubes
containing 95% ethanol, transported on ice to the laboratory and
stored at —80°C until DNA extraction.

DNA extraction, PCR and sequencing

eDNA extraction was carried out in a clean bench designated
for eDNA processing only. All equipment and utensils (including
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the bench surface) were cleaned with a 10% bleach solution prior to
sample processing and between samples. Samples were processed in
small batches (4 to 8 samples per batch) to reduce cross-
contamination. For each sample, 1/4 size of the filter membrane
was blotted with sterilized filter paper and cut into pieces with
sterilized scissors. DNA extraction was done by using TITANGEN
Magnetic Bead-based Universal DNA Extraction Kit (DP705;
TransGen Inc., Beijing, China). To control for contamination
during DNA extraction, each extraction batch included an
extraction blank with 100 pL ddH,O. The extracted DNA was
stored in 1x TE buffer at -20°C.

Our goal was to test the performance of our newly designed
primers in monitoring the vertebrate diversity of the target areas,
so we pooled the ten eDNA samples of the same sampling area (in
equal concentration) into four total eDNA samples (TJH-spring,
TJH-autumn, XT, HK). The extraction blanks of the four sampling
areas were also separately pooled into four blank samples as
negative control. These four pooled eDNA samples and four
extraction blank samples were used as PCR templates and the
PCR reagents and cycling condition were the same as mentioned
above. All the PCR amplifications were performed in triplicate
with separate amplification blank (no template), and checked with
gel electrophoresis in which all the extraction blanks and
amplification blanks have no visible amplification. PCR
products, extraction blanks, amplification blanks of the same
sample were separately mixed and purified using a TTANGEN
universal DNA purification kit (Beijing, China). The
concentrations of the purified DNAs were measured using a
NanoDrop-2000 spectrophotometer (Thermo Scientific). Finally,
the four experimental PCR products, four extraction blanks, and
four amplification blanks were subject to Illumina library
preparation with an NEBNext Ultra DNA Library Prep Kit (New
England Biolabs Inc.), labeled by different P7 indexing primers.
The libraries were sequenced on an Illumina HiSeq X-Ten
platform using the paired-end 150-bp mode.

Bioinformatics analysis

The Illumina raw reads were filtered to remove sequencing
adapter contamination and low-quality reads (sequencing quality <
5) by using Trimmomatic (Bolger et al., 2014) and FastQC (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/). The clean
reads were sorted into different samples by different P7 indexes.
The sorted reads were trimmed using an in-house Python script
(available at https://figshare.com/s/f4698{489238b911713¢c) to
remove primer sequences. The primer-trimmed pair-end reads
were merged into sequences using the software FLASH (Magoc
and Salzberg, 2011) with a minimum overlap of 10 bp. The merged
sequences were then analyzed using the program VSEARCH
v2.17.1 (Rognes et al, 2016). The derep_fulllength function of
VSEARCH was used to dereplicate the merged sequences,
retaining the sequences with minimum abundance of 3
(miniquesize=3). Potential chimeric sequences were identified and
discarded using the VSEARCH command uchime3_denovo,
requiring parental abundance to be at least 16 times greater than
that of the chimeras. The cluster_fast function was used to cluster
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similar sequences (similarity > 97%) into operational taxonomic
unit (OTU) sequences, and fastx_filter was used to retain only
OTUs represented by at least 10 similar sequences. Finally, if any
OTUs of an experimental PCR also existed in its extraction blank or
amplification blank result, these OTUs would be considered as
contaminations and removed.

Each filtered OTU sequence was first assigned to high-level
vertebrate taxonomic groups (Cyclostomata, Chondrichthyes,
Actinopterygii, non-tetrapod Sarcopterygii, Amphibia, Reptilia,
Aves, Mammalia) according to the best-hit of BLAST search
against a customized database. This database encompassed all
available vertebrate 12§, 16S, and COI sequences gathered from
the NCBI and BOLD databases. If the top BLAST hit for an OTU
did not meet the minimum criteria (query coverage > 99% and
identity > 90%), it would be designated as a non-vertebrate
sequence. Subsequently, the identified vertebrate OTU sequences
were subjected to species or genus identification, depending on the
predetermined similarity thresholds. For species-level
identification, the similarity thresholds for the 12§, 16S, and COI
fragments were set at 298% (Cilleros et al., 2019; Valsecchi et al.,
2020), 299% (Stat et al, 2019; Kumar et al,, 2022), and >97%
(Srivathsan et al., 2022; Zainal Abidin et al., 2022), respectively.
Likewise, for genus-level identification, the similarity thresholds for
the 128, 16S, and COI fragments were defined as 98-95%, 99-95%,
and 97-95%, respectively. OTUs that exhibited a sequence identity
of less than 95% to their best-matching species were excluded from
further assignment.

Results
Primer design

Based on the multiple sequence alignment of 792 vertebrate
mitochondrial genomes (representing 792 vertebrate families, that
is, about 70% of the known vertebrate families), we designed three
sets of universal primers, situated on the 125 rRNA gene, the 16S
rRNA gene, and the COI gene, respectively. They were named the
VertU primer sets (U represents universal), including V12S-U,
V16S-U, and VCOI-U. The sequence logos of the VertU primers
illustrating the base match between the primers and vertebrate
mtDNA sequences were given in Figure 1A. Because priming sites
conserved across vertebrates within the 125/16S genes are limited,
the V12S-U and V16S-U primers overlapped to some extent with
many of the previously designed 125/16S primers, but they are not
fully identical. The relative gene locations of the V12S-U, V16S-U,
VCOI-U, and other published primer sets were illustrated in
Figure 1B and the primer sequences were given in Table 1.

V12S-U amplifies a fragment of the 12S rRNA gene about 200 bp
in length. The V12S-U fragment largely overlaps with the amplified
regions of MiFish-U (Miya et al.,, 2015) and Tele02 (Taberlet et al,
2018) that target bony fishes, and with the amplified region of
MarVerl (Valsecchi et al., 2020) that targets marine vertebrates,
but only partially overlaps with the amplified region of the widely
used 12SV5 (Riaz et al., 2011) that targets all vertebrates (Figure 1B).
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FIGURE 1

(A) Sequence logo of the primer illustrating the quality of the match between the primer and its target sequence. A total of 6567 vertebrate
sequences were summarized. The primer sequences are indicated under the logos. (B) Location of the three eDNA metabarcoding markers designed
in this study. Other nine eDNA markers designed by previous studies were shown as gray bars.

The priming sites of V12S-U are very close to those of MarVerl. The
difference is that the forward primer of V12S-U moves 7 bp forwards
to gain a more complex 3’ end (“YANAC” compared to “CCGCG” in
the MarVerl forward primer), and the reverse primer of V12S-U
moves 3 bp backwards to gain a 3’ end that is more conserved
across vertebrates.

V16S-U amplifies a variable region of the 16S rRNA gene about
250 bp in length. The V16S-U fragment basically overlaps with that
of the recently designed MarVer3 (Valsecchi et al, 2020), and
partially overlaps with those of the previously designed Vel6S
(Evans et al., 2016) and Vert-16S (Vences et al., 2016). The
primer sites of V16S-U and MarVer3 largely overlap. The
difference is that the forward primer of V16S-U shifts 6 bp
forwards to gain a 3’ end that is more conserved across
vertebrates, and the reverse primer of V16S-U moves 4 bp
backwards to skip a “CCC” structure in the 3’ end (“TGTTA”
instead of “ATCCC” in the MarVer3 reverse primer). In addition,
compared to the MarVer3 primers, the V16S-U primers use more
degenerate bases in order to match more vertebrates.

VCOI-U amplifies a fragment of the COI gene about 200 bp in
length. The VCOI-U fragment only overlaps with the tail of Uni-
Minibar fragment (Meusnier et al, 2008) and the head of
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mlCOIintF/jgHCO2198 fragment (Geller et al., 2013; Leray
et al., 2013).

As showed in Table 1, the amplicons of the VertU primer sets
are all designed around 200 bp, which are well suitable for
sequencing with the cost-effective short sequencing platforms
such as HiSeq or NovaSeq. The recently designed MarVerl and
MarVer3 primers also adopt such an amplicon length range. In
contrast, amplicons of Vert-16S, Vel6S and mlCOIintF/
jgHCO2198 are about 300-360 bp, too large to employ short-read
sequencing platforms.

In-silico PCR evaluation

We used a total of 6567 complete mitochondrial genome
sequences (each corresponds to a vertebrate species) downloaded
from NCBI as test templates to check the amplification performance
of the newly designed primers based on in-silico PCR evaluation. As
a comparison, we also evaluated some widely used eDNA
metabarcoding primers designed by other authors. The
information of the 6567 mitochondrial genomes and detailed in-
silico PCR results were given in Table S3.
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For the 12S rRNA gene, the overall amplification success rates
across vertebrates of V12S-U, 12SV5, MarVerl, Tele02, MiFish-U
are 99%, 99%, 95%, 96%, and 81%, respectively. Among all the eight
major vertebrate groups (cyclostome, cartilaginous fish, ray-finned
fish, lobe-finned fish, amphibian, reptile, bird, and mammal), V12S-
U and MarVerl show similar in-silico PCR performance, and have
better amplification success than the other primers (Figure 2).
Tele02 and MiFish-U show lower amplification success in
tetrapod vertebrates as they are particularly designed for fishes.
V16S-U has comparable amplification success with previously
designed Vert-16S and MarVer3 among the eight major
vertebrate groups. In contrast, Vel6S shows an apparent lower
amplification success than V16S-U, Vert-16S and MarVer3 in all
vertebrate groups (Figure 2). The overall amplification success
across vertebrates of V16S-U, Vert-16S, MarVer3, and Vel6S are
98%, 98%, 98%, and 33%, respectively. VCOI-U shows better
amplification performance in nearly all vertebrate groups than the
eukaryote-universal Uni-Minibar and the metazoa-universal
mlCOIlintF/jgHCO2198 (Figure 2). The overall amplification
success across vertebrates of VCOI-U, mICOIintF/jgHCO2198,
and Uni-Minibar are 99%, 87%, and 2%, respectively.

In addition, we evaluated the taxonomic discrimination ability
of ten primer sets (excluding Uni-Minibar and Vel6S because
these two primer sets have low amplification success) by
calculating the distinguishable percentage at both species-level
and genus-level based on the in-silico PCR result. If the
barcode region of the primer set has at least 2 nucleotide

10.3389/fevo.2023.1164206

differences between two taxa, these two taxa are considered as
distinguishable by this primer set. Higher distinguishable
percentage for a primer set within a vertebrate group means that
this primer set is more likely able to distinguish closely related
species of this vertebrate group. Lower distinguishable percentage
means worse taxonomic discrimination ability. The distinguishable
percentages of the ten primer sets for different vertebrate groups at
both the species and genus levels are given in Table 2. According to
these results, 12SV5 has the lowest taxonomic discrimination
ability among the ten tested primer sets. The other nine primer
sets have ~73-85% distinguishable percentage at the species level
for the whole vertebrate. The newly designed V12S-U, V16S-U and
VCOI-U show at least comparable taxonomic discrimination
ability to those of previously published primer sets. The
taxonomic discrimination ability of the three VertU markers for
different vertebrate groups roughly followed the order VCOI-U >
V16S-U > V12S-U. It should be noted that none of the tested
primer sets has 100% distinguishable percentage at the species level
across the whole vertebrate. Therefore, it is of importance to use
multiple primer sets to amplify several barcode regions for more
accurate species detection and discrimination.

Finally, we also investigated the amplification specificity to
vertebrates of the primers of the three VertU markers by using
the PrimerTree analysis, results of which are given in Figure 3. The
phylogenetic trees show that nearly all biological groups amplified
by V16S-U are vertebrates, and that V12S-U can amplify sequences
from both vertebrates and invertebrates but its major amplified
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FIGURE 2

The PCR success rate of the three VertU markers and other published eDNA markers in the in-silico PCR test. The total number of mitochondrial
genome sequences analyzed for each vertebrate group is shown in parentheses.
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TABLE 2 The distinguishable percentages of ten primer sets for different vertebrate groups at both the species and genus levels.

Classification Taxonomic resolution Level V12S-U V16S-U VCOI-U MarVer1 MiFish-U MarVer3 Vert-16S Tele02 J.ZLC(%I;SQ
species 6476 6443 6502 6479 5289 6262 6437 6457 6279 5688
total taxon
genus 2994 2962 2986 2983 2462 2842 2976 2976 2922 2703
All vertebrates
species 73.71% 78.93% 81.05% 73.86% 73.33% 48.17% 79% 79.85% 73.68% 84.78%
distinguishable percentage
genus 89.75% 92.57% 93.17% 89.81% 89.40% 72.31% 92.61% 93.15% 89.66% 94.56%
species 183 182 183 181 170 147 183 183 180 172
total taxon
genus 88 88 88 86 83 67 88 88 86 82
Chondrichthyes
species 79.78% 85.71% 81.42% 79.56% 78.24% 44.90% 85.79% 85.79% 79.44% 90.12%
distinguishable percentage
genus 97.73% 97.73% 97.73% 97.67% 97.59% 73.13% 97.73% 97.73% 97.67% 100%
species 2858 2850 2869 2861 2803 2778 2856 2856 2853 2453
total taxon
genus 1316 1317 1323 1323 1292 1276 1325 1325 1320 1181
Actinopterygii
species 68.41% 73.74% 76.09% 68.61% 68.32% 47.89% 73.71% 74.30% 68.56% 79.67%
distinguishable percentage
genus 85.03% 87.62% 88.59% 85.26% 84.98% 69.04% 87.70% 88% 85.23% 90.35%
species 373 376 377 379 195 339 379 382 273 307
total taxon
genus 152 148 150 152 75 120 151 153 123 129
Amphib
species 88.11% 92.66% 94.57% 87.57% 88.36% 55.45% 92.16% 93.32% 89.39% 95.68%
distinguishable percentage
genus 98.68% 98.65% 98.67% 98.68% 100% 90.83% 98.68% 98.69% 100% 100%
species 431 394 425 426 129 384 410 399 347 331
total taxon
genus 208 187 197 201 75 169 195 190 176 157
Reptilia
species 83.57% 84.20% 84.26% 83.29% 90.24% 61.66% 85.25% 85.93% 85.80% 88.54%
distinguishable percentage
genus 98.08% 98.93% 96.95% 98.01% 97.33% 92.31% 98.97% 98.95% 97.73% 97.45%
species 1069 1076 1080 1068 697 1071 1076 1075 1066 978
total taxon
genus 592 595 595 592 396 593 596 594 591 560
Aves
species 76.61% 84.92% 88% 76.80% 81.99% 43.14% 84.94% 86.64% 76.76% 91.27%
distinguishable percentage
genus 90.54% 96.64% 97.82% 90.71% 94.95% 63.91% 96.64% 98.32% 90.69% 98.39%
(Continued)
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biological groups are vertebrates (Figure 3). In contrast, VCOI-U
amplifies a diverse group of invertebrate species in addition to
vertebrate species, and the amplified invertebrate species
outnumber the amplified vertebrate species (Figure 3). Therefore,
the amplification specificity order of the three VertU markers are
V16S-U, V12S§-U, and VCOI-U.

Primer evaluation with mock DNA
and zoo eDNA

We evaluated and compared the vertebrate species detection
performance of the three VertU primer sets together with seven
other previously published primer sets MarVerl, 12SV5, Tele02,
MiFish-U, MarVer3, Vert-16S, and Uni-minibar, using two types of
DNA templates: mock DNA mixtures that consisted of DNA
extracts from 50 vertebrate species, and water eDNA samples
from the Guangzhou Zoo with known species compositions (see
Materials and methods). The mock DNA test represents a kind of
ideal DNA condition, while the zoo eDNA test is somewhat close to
real eDNA surveys. The PCR amplification results of the ten tested
primer sets were shown in Figure 4. When PCRs were performed
with mock DNAs that contained only pure vertebrate genomic
DNAs, the ten tested primer sets all produced clean target
amplicons (Figure 4A). However, when PCRs were performed
with zoo eDNA that contained more complex sources of DNA,
the ten tested primer sets showed different amplification specificity:
V12S-U, V16S-U, VCOI-U, 12SV5, and MiFish-U still produced
clean target bands; MarVerl, Tele02, MarVer3, Vert-16S, and Uni-
minibar produced target bands but with visible nonspecific
amplifications, and the nonspecific amplifications of MarVerl,
Tele02, MarVer3 were more severe than those of Vert-16S and
Uni-minibar (Figure 4B).

We sequenced these PCR products with Illumina HiSeq
sequencing. For the mock DNA test, we obtained a total of 5.77
G sequencing data (38,482,184 clean reads). The species detection
results of the mock DNA test were shown in Figure 5 and the
detailed sequence abundance information for each species were
given in Table S4. Overall, the species detection ability of each tested
primer set revealed by the mock DNA test was in agreement with
the in-silico PCR prediction result. In all mock DNA tests (even/
gradient distribution, low/high DNA concentration), V12S-U,
V16S-U, MarVerl, and MarVer3 could always detect all 50 target
vertebrate species (100% success), showing the highest stability.
VCOI-U, MiFish-U, Vert-16S occasionally missed one or two
species (> 96% success), also pretty reliable. 12SV5 and Tele02
could detect 40-47 species (80-94% success). Uni-minibar only
detected 24-37 species (48-74% success) in all mock DNA tests,
apparently worse than the above-mentioned primer sets, but
obviously performed better than the in-silico PCR prediction
result. In addition, we briefly compared the relationship between
input DNA amounts and sequence abundances using the result of
the mock-gradient test, and found only weak positive regression
relationship (Figure S2), suggesting that sequence abundances in
eDNA metabarcoding surveys can only serve as a half-quantitative
indicator for biomass of species.
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FIGURE 3

The PrimerTree results for the three VertU markers. The figure shows phylogenetic trees annotated at the class level for (A) V12S-U and (B) V16S-U
primer pairs, and phylum level for (C) VCOI-U. Different classes (phyla) are represented by filled circles with different colors. Lengths of branches

correspond to the base differences among sequences.

For the zoo eDNA test, we obtained a total of 6.59 G sequence
data (43,970,446 clean reads). Of the 34 vertebrate species known to
be present in the sampling areas, we detected all the 34 species with
the VertU primers (100% success), which are collectively
distributed across 4 classes and 18 families ( ). Among the
three VertU markers, V16S-U detected all 34 species (100%
success), both V12S-U and VCOI-U detected 33 species (97%
success). Among the seven previously published primer sets, only
Vert-16S could detect all the 34 vertebrate species but this marker is
too long for the adoption of short-read sequencing platforms.
Tele02 detected 32 vertebrate species, but it missed all two target
amphibian species, implying that this primer set is less suitable for
detecting amphibians. MarVerl detected 32 species and MarVer3
detected 31 species, which is not as good as their performance in the

mock DNA test. MiFish-U detected a total of 30 vertebrate species
and found all 23 target fish species, which is in line with its fish-
specificity. 12SV5 only detected 28 species, its sequence abundances
among species were rather uneven (concentrated on several species;

), showing obvious amplification bias. Uni-minibar detected
only 8 vertebrate species, again performed the worst among all
tested primer set.

These results show that under ideal condition containing only
vertebrate DNAs, nearly all tested primer sets perform pretty well,
but when using real eDNA samples with more complex DNA
compositions, different primer sets will exhibit different species
detection performances. In general, all the three newly designed
VertU primer sets showed robust vertebrate species detection ability
in both the mock DNA and zoo eDNA tests. Compared with

A mock DNA

MERETE O OWHET

VCoLU MarVerl

VCOLU

FIGURE 4

WOWT T

MiFish-U Uni-minibar

MarVerd Vert-165 Uni-minibar

MiFish-U MarVerl

Agarose electrophoresis images of amplification products of ten eDNA primer sets: V12S-U (12S), MarVerl (12S), 12SV5 (12S), Tele02 (12S), MiFish-U
(12S), V16S-U (16S), MarVer3 (169), Vert-16S (16S), VCOI-U (COI) and Uni-minibar (COI). (A) DNAs of mock-even (me) and mock-gradient (mg) both
with high (H) and low (L) concentration are used as templates. (B) eDNA extracts collected from GuangZhou Zoo (GZ), extraction blank (EB), and
PCR blank (PB) are used as templates. Bands pointed by arrows are target bands.
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previously published primer sets, VertU primer sets exhibited at
least similar, and often better, species detection performance. It
should be noted that, in both the mock DNA and zoo eDNA tests,
every target species could be detected by at least two VertU markers,
which demonstrated the advantage of using multilocus strategy in
eDNA metabarcoding studies.

Primer evaluation with natural
eDNA samples

To test the real performance of the three VertU markers in
detecting vertebrate species from different environmental types, we
performed metabarcoding analyses of water eDNAs sampled from
different ecological environments in China (see Methods). After PCR
amplification, high-throughput sequencing and quality control, we
obtained a total of 68,292,490 Illumina HiSeq clean reads (~ 942 G
sequence data). The clean read numbers of TJH-A, TJH-S, XT and HK
eDNA samples were 14,815,932, 15,078,108, 21,782,528, and
16,615,922, respectively. After primer trimming, the sequence reads
retained for each marker (125, 16S and COI) of each sample varied
from 2,859,472 to 8,016,098. The FLASH merged sequences varied
from 1,293,594 to 3,725,724. The number of VSEARCH unique
sequences varied from 11,416 to 101,689 and could be clustered into
151 to 4094 OTU sequences (vertebrate OTU varied from 64 to 304).

10.3389/fevo.2023.1164206

Sequence reads of the extraction blank PCR and the amplification
blank PCR were on average ~3% of those of the corresponding PCR
with eDNA, in which vertebrate reads were no more than 0.1%,
suggesting that our experiments had no apparent contamination
issues. Sequence read counts after each filtering step for the
sequencing libraries were summarized in Table 4.

The vertebrate OTU sequences were identified to vertebrate
taxa by BLAST search against our local 125/16S/COI database.
After combining the results from all four tested eDNA samples, we
detected a total of 895 vertebrate OTUs (BLAST identity > 0.95),
covering 182 species, 195 genera, and 94 families. About 84% of the
detected vertebrate species were previously documented in the
corresponding areas. The detected vertebrate taxa from the four
total eDNA samples were summarized in Table 5, and detailed
taxonomic information was given in Tables S5-58. These vertebrate
taxa were broadly distributed in five major vertebrate groups: fish,
amphibian, reptile, bird, and mammal, suggesting that the VertU
markers do work for the whole vertebrate, not restricted to certain
groups. The fish species detected in the XT and HK areas were more
than those detected in the TJH areas. Many of the detected fish
species in the XT and HK areas were related to common human
food, thus very likely came from food market, aquaculture, and
fishery transport. It is reasonable because the TJH national reserve
is a remote area with very few human influences while the XT and
HK natural reserves are overlapped with human activity areas. In

mock:
(H

gradient

-even
) L)

mock-(
It (H

Sphyrna lewini
Hemitrygon akajei
Acipenser ruthenus
Acipenser transmontanus
Polypterus senegalus
Lepisosteus oculatus
Anguilla japonica
Osteoglossum bicirrhosum
Carassius auratus

Danio rerio

Misgurnus anguillicaudatus
Pangasianodon hypophthalmus
Hypostomus plecostomus
Monopterus albus
Trichogaster fasciata
Protopterus annectens
Lepidosiren paradoxa
Ichthyophis bannanicus
Andrias davidianus
Batrachuperus tibetanus
Pachytriton brevipes
Cynops orientalis
Bombina fortinuptialis
Duttaphrynus melanostictus
Kaloula pulchra
Fejervarya limnocharis
Polypedates megacephalus
Carettochelys insculpta
Trachemys scripta
Mauremys reevesii
Podocnemis unifilis
Alligator sinensis
Crocodylus siamensis
Plestiodon chinensis
Python bivittatus
Oocatochus rufodorsatus
Bungarus multicinctus
Struthio camelus

Anas Platyrhynchos
Columba livia

Gallus gallus

Alectoris chukar
Melopsittacus undulatus
Murina shuipuensis

Manis pentadactyla

Lutra lutra

Sus scrofa

Ochotona curzoniae

Mus musculus

Homo sapiens

Chondrichthyes

Actinopterygii

Dipnoi

Amphibia

=

Reptilia

4

Aves

A

Mammalia

0SNSZIANooooo

g Jequiw-lun O

FIGURE 5

Ly GASTL ©

0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
000000000
000000000
0000000000
Q000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000

oe
ocoee

°
o
[
° @
[ ] 0000 ceooOe
< zZHC ZzdCcgs
< g z3cgs
B@ossIes 78322
cecEXRo RS Y
EHe 25243
a Pl ovugNY
< 3 2 2 &
: 5
g ®

Vertebrate species detection performance of ten primer sets evaluated by mock DNA mixtures of 50 vertebrate species. Filled circles represent
successful detection, while the blank circles indicate no detection. H/L means using high/low DNA concentrations in the amplification reactions.

Detailed sequence abundances for each circle were given Table S4.
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TABLE 3 Taxonomic composition and sequence abundances of the 34 vertebrate species detected in the metabarcoding analysis of the zoo eDNA.

V12S- V16S- VCOI- MiFish- Vert- Uni-
. . MarVer1  MarVer3 Tele02 125V5 L
Species Family u u u %) (31) u (32) 16S 28) minibar
B3 (G4 33 (30) (34) ®)
Fish
G b 947 548 2467 0 74 197 206 40* 3 0
ymnof orymons Characidae
ternetzi
Amatitlania S 0 1420 1699 133 0 284 151 84* 0 0
i X Cichlidae
nigrofasciata
Aulonocara L 2632 231 381 41 0 19 127 54* 0 0
i Cichlidae
stuartgranti
Pterophyllum scalare Cichlidae 296 60 0 53 0 137 151 27% 14 0
Vieja melanura Cichlidae 22723 12857 8330 1004 357 1793 1431 638* 34 0
Paramisgurnus . 22209 8496 8297 90617 45662 138501 97804 97521* 122631 59998
Cobitidae
dabryanus
Carassius auratus Cyprinidae 339135 217067 140173 18034 2404 30479 62208 13717* 18018 3145
Cirrhinus molitorella Cyprinidae 105581 44144 3657 5888 540 6908 9168 3800* 0 39724
Cyprinus rubrofuscus Cyprinidae 48000 17271 44681 174654 69655 233756 186708 132071* | 180643 0
Epalzeorhynchos L. 3474 1044 212 211 49 227 446 135* 149 743
Cyprinidae
frenatus
Labeo rohita Cyprinidae 2983 2093 604 222 77 283 314 183* 0 0
Pethia conchonius Cyprinidae 758 572 818 162 6 175 70 19% 6 0
Puntigrus tetrazona Cyprinidae 757 80 46 135 8 182 42 149* 23 0
Danio rerio Cyprinidae 21066 11538 964 641 84 1700 602 491* 141 0
Gyrinocheilus . . 21214 16256 2001 1436 94 1896 2300 768* 578 305
o Gyrinocheilidae
aymonieri
Helostoma temminkii Helostomatidae 41763 32537 14004 3074 432 5218 15193 92* 366 0
Trichopodus . 6774 1448 739 465 202 1176 2136 397* 62 0
. Osphronemidae
trichopterus
Pangasianodon . 6690 4245 128 137 59 437 429 271* 14 0
Pangasiidae
hypophthalmus
Poecilia latipinna Poeciliidae 66871 28026 24826 3510 635 1821 7189 1152* 488 0
Poecilia reticulata Poeciliidae 35220 8670 14853 1131 448 940 2917 743* 430 0
Xiphophorus hellerii Poeciliidae 5794 10915 6148 261 308 675 1236 484* 198 0
Ctenopharyngodon . 16623 7134 22420 37446 14151 47763 42725 31515* 49539 8968
) Xenocyprididae
idella
Hypophthalmichthys . 308139 224077 84663 626592 284574 964392 776827 785201* 937803 137639
o Xenocyprididae
nobilis
‘ Amphibian
Sylvirana guentheri Ranidae 16477 3218 25218 60360 96186 12 0 96094 118183 0
Polypedat 26 9 30 0 233 0 0 51 90 0
obpedates Rhacophoridae
megacephalus
‘ Turtle
Phrynops hilarii Chelidae 14524 11712 35933 25942 14712 11 56427 218 1113 0
Trachemys scripta Emydidae 132 106 112 298 508 505 893 8 18 0
Cuora amboinensis Geoemydidae 71 90 24 485 198 0 361 9 48 0
(Continued)
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V16S-
V)
(34)

MarVer1
(32)

Species

10.3389/fevo.2023.1164206

MiFish-
U
(30)

MarVer3
(31

Tele02
(32)

Heosemys annandalii Geoemydidae 1166 1018 9427 5588 2768 20 7006 71 395 0
Heosemys grandis Geoemydidae 80 74 3 534 176 0 414 3 0 0
Mauremys reevesii Geoemydidae 1268 1766 2611 10419 3488 9 20631 99 643 0
Mauremys sinensis Geoemydidae 1251 1672 1606 34 3207 0 342 49 0 0
Apalone spinifera Trionychidae 75 6 72 251 103 268 585 6 16 0
Mammal

Aonyx cinereus Mustelidae ’ 8418 ‘ 3654 9706 31905 23056 1696 54557 12230 7127 1050

*sequence length > 300 bp.

addition, it should be noted that, for every studied area, more
species or genera were detected by using all the three markers
together than by using a single marker (Figure 6), which again
demonstrated the benefit of applying the multilocus eDNA
metabarcoding strategy.

In the four natural eDNA tests, the mean proportion of vertebrate
sequences for V12S-U, V16S-U, and VCOI-U were 37.6%, 62.8%,
and 25.5%, respectively. This result is in consistence with the
PrimerTree result, showing that V16S-U has the highest vertebrate
specificity among the three markers. When the total number of
detected species was considered, V16S-U showed the best detection
performance of vertebrate species, with 130 vertebrate species
detected, while V12S-U detected 121 species and VCOI-U detected
64 species. When the number of exclusive species detected was
considered, V16S-U again showed the best performance, with 52
exclusive vertebrate species detected, while V12S-U detected 34
exclusive vertebrate species and VCOI-U detected 7. In summary,

among the three VertU markers, V16S-U has the best overall
performance on both amplification specificity and species
detection, and the other two markers are good complementary in
detecting the vertebrate diversity.

Discussion

In this study, our overall objective was to develop a set of
vertebrate-universal eDNA metabarcoding primers that generate
multiple barcode fragments for monitoring vertebrate biodiversity.
With this multilocus strategy, it is possible to assess the biodiversity
of different vertebrate groups in a single eDNA survey, facilitating
vertebrate biodiversity monitoring with eDNAs. The reliability and
efficiency of this new primer set were validated by in-silico PCR, mock
DNA, zoo eDNA, and natural environmental sample tests, indicating
that they are a promising tool for biodiversity assessment of vertebrates.
However, during the primer design and eDNA survey process, we also

TABLE 4 Summary of Illumina read counts and unique sequences following each bioinformatics filtering step.

Marker Clean Primer-trimmed FLASH-merged VSEARCH unique Chimera OTUs
reads reads seqgs seqgs removed Vertebrate  Others
V128-U 2,924,266 1,382,795 14,351 10,351 64 133
TJH-S V168-U 15,078,108 3,093,018 1,421,191 21,990 14,021 77 97
VCOI-U 7,918,014 3,682,023 101,689 99,719 166 3,928
V128-U 2,859,472 1,293,594 11,416 8,015 76 75
TJH-A V16S-U 14,815,932 3,048,792 1,407,904 24,387 14,071 100 102
VCOI-U 7,845,488 3,612,272 101,667 99,697 166 3,924
V128-U 6,228,034 2,777,293 35,071 25,975 229 99
XT V16S-U 21,782,528 5,993,540 2,130,503 50,958 36,176 187 100
VCOI-U 8,016,098 3,725,724 98,124 94,281 69 3,095
V128-U 7,187,228 3,418,723 29,629 22,761 304 91
HK V16S-U 16,615,922 3,151,948 1,309,077 33,419 26,510 247 158
VCOI-U 5,218,188 2,444,951 65,164 62,410 78 3,292
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TABLE 5 The number of vertebrate taxa detected by the three VertU markers in the four natural metabarcoding analyses (only species and genus-
level results are shown).

Fish Amphibian Bird Mammal Reptile
Marker
Species*  Genus* @ Species  Genus  Species @ Genus @ Species = Genus @ Species = Genus
V128-U 7 10 5 4 4 1 9 2 0 0
V16S-U 7 15 8 2 1 3 11 2 0 0
TJH-S
VCOI-U 7 2 3 1 4 1 6 0 0 0
combined 11 \ 9 \ 8 \ 14 \ 0 \
V128-U 6 7 5 2 8 1 16 4 0 0
V16S-U 6 16 6 2 7 1 17 10 1 0
TJH-A

VCOI-U 7 2 3 1 4 1 6 0 0 0
combined 10 \ 6 \ 13 \ 23 \ 1 \

V128-U 44 78 4 1 5 0 8 0 1 0

V16S-U 39 87 7 2 4 4 9 8 6 0

XT

VCOI-U 24 7 0 2 3 0 4 1 0 0
combined 55 \ 7 \ 6 \ 11 \ 6 \

V128-U 50 41 2 2 13 1 8 1 1 0

V16S-U 37 56 4 1 13 1 9 4 8 1

HK

VCOI-U 27 4 0 0 2 0 5 0 1 0
combined 60 \ 4 \ 19 \ 11 \ 9 \

*Species-level (BLAST hit identity of V12S-U, V16S-U and VCOI-U are respectively 298%, 99% and 97%), Genus-level (BLAST hit identity of V12S-U, V16S-U and VCOI-U are respectively
95%~98%, 95%~99% and 95%~97%).

realized a number of issues that may be helpful for future works. Here,  tests. This marker could amplify 98% of vertebrate species in the
we discuss these issues and provide recommendations based upon the  in-silico PCR test, detected all target vertebrate species in the mock
findings of this and previous studies. DNA and zoo eDNA tests, and detected the largest number of 130
vertebrate species in the natural eDNA test, showing efficient and

stable performance. Both V12S-U and VCOI-U had an over 90%

Suggestions of applying the three amplification success of vertebrates in the in-silico PCR test.
VertU markers However, in the mock DNA test, V12S-U was not able to detect
all the 50 vertebrate species, missing all two cartilaginous fishes

Among the three VertU markers (V12S-U, V16S-U, and  and two lobe-finned fishes, showing some amplification bias.
VCOI-U), V16S-U showed the best performance in all of our =~ VCOI-U generated thousands of off-target sequences (Table 4)
in the natural eDNA test, mainly coming from bacteria and
aquatic invertebrates. The overall amplification specificity to
vertebrate of V12S-U and VCOI-U are about 40% and 25%,

100

Genus
I Specis

respectively, which is not high but acceptable given the

80

sequencing cost of Illumina HiSeq. To compensate for their

60 lower specificity, we suggest sequencing more data for these two
markers in eDNA metabarcoding practice. Although V12S-U and
I I VCOI-U had some extent of amplification bias and non-specific

Y S
N g N’s m"“\ O \,Ls \&e “\v\\«e e @5 \1\%5 ‘va 00\ \,,,5 \l@e «\v\‘\”

Number of vertebrate taxa detected
IS
o

amplification, they could detect a bulk of vertebrate species that

N
o

were missed by V16S-U from our eDNA samples, showing good
complementary ability. In fact, no matter how perfectly a barcode
marker has been designed, its detection success will no doubt vary
TIH-S TJH-A XT HK greatly across highly diverse ecosystems. Therefore, in order to

FIGURE 6 achieve maximum species detection success, utilizing several
A comparison of detecting vertebrate diversity with eDNA

metabarcoding by using a single marker or using a combination of L . . . K .
three markers. which is also the original intention of developing multiple barcode

barcode markers together (multilocus strategy) is recommended,

markers in this study.
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It is also important to note that correct species-level
identification is important when using multiple markers for
eDNA metabarcoding. If OTU sequences cannot be assigned to
species-level, the taxonomic information from different barcode
markers is unable to integrate and cross-validate. This issue will
greatly restrict the power of using multiple markers for eDNA
metabarcoding. Our species-level assignment workflow required an
OTU sequence of 97-99% similarity with the reference sequences.
However, these species-level identification thresholds are somewhat
empirical and address vertebrates as a whole. In order to obtain
more precise species-level identification, researchers may need to
choose more appropriate species-level identification thresholds
separately for the three VertU markers for their target vertebrate
groups. Moreover, the completeness of the reference sequence
database is essential for correct species-level assignments in
eDNA metabarcoding studies (Schenekar et al., 2020). Therefore,
if possible, researchers should build up their custom reference
database with more complete coverage of local species (Milan
et al., 2020) to take full advantage of using multiple markers.

Suggestions for designing universal primers

In this study, we used 792 mitochondrial genomes, representing
792 different vertebrate families and covering about 70% known
vertebrate families, as the reference sequences for primer design. To
our knowledge, this effort represented the most comprehensive
taxon sampling to date in designing vertebrate-universal eDNA
barcode primers. This intense taxon sampling helped us to detect
rare base changes at the primer sites and guided us to select a better
3" end of the primers, which is important for both amplification
specificity and sensitivity. During the primer design process, we
found that the taxonomic coverage of the reference sequences was
more important than the number of the reference sequences to
more accurately locate the conserved primer sites and estimate the
variation level of each base position in vertebrates. The variation
level of each base position of the primer site estimated from the 792
family-level reference sequences was almost identical to that
estimated from all the 6567 vertebrate mtDNAs (data not shown),
while using 800 randomly chosen sequences (without taxonomic
coverage consideration) would give some biased estimates (personal
observation). Therefore, we suggest that when designing universal
primers for other large biological groups such as mollusks or
crustaceans in the future, it may be a good strategy to collect all
available reference sequences in GenBank at family level.

Most previously designed universal eDNA primers avoided using
degenerate base, perhaps to increase the amplification sensitivity and
specificity. In each of our primers, we used a number of degenerate
bases to match more rare base changes among vertebrates. Although
when using degenerated primers, more competition between target and
non-target taxa for primer annealing will occur, causing the taxa which
are less represented in the eDNA pool hard to be detected (Collins
et al, 2019), this issue can be partly overcome by analyzing more
sequencing data given that the sequencing cost of short-read platforms
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is rather low. For example, based on about 4 Gb of sequencing data, our
degenerate primers could detect some rare (existed but not abundant)
vertebrate species from the TJH eDNA samples, such as Rhinopithecus
roxellana and Lutra lutra, showing that using degenerated primers did
not reduce the sensitivity of detecting less presented taxa. Using
degenerate bases in the primers can make them match more species
thus increase the species detection success of the markers. Since the
advantages far outweigh the disadvantages, we recommend researchers
not to worry about but to use degenerate bases when designing
universal primers for their target organism groups. It is particularly
helpful when designing universal primers for invertebrate groups
because invertebrate mtDNAs are more variable than vertebrates and
it is difficult to find highly conserved priming sites without
nucleotide polymorphisms.

Finally, we would like to emphasize the importance of selecting
appropriate 3’ ends in designing universal primers. As shown
earlier, the primer locations of V12S-U and V16S-U are very
close to those of the recently published MarVerl and MarVer3
(Valsecchi et al.,, 2020). The difterences between them lie in the 3’
ends of the primers. The MarVerl and MarVer3 primer design gave
priority to the conservativeness across vertebrates rather than
sequence complexity and GC content. The 3’ end of the forward
primer of MarVerl is “CCGCG” and the 3’ end of the reverse
primer of MarVer3 is “ATCCC”, both are too simple and high-GC.
In contrast, the 3’ end of the forward primer of V12S-U is
“YANAC” and the 3’ end of the reverse primer of V16S-U is
“TGTTA”, both are more complex and low-GC. Theoretically, low
complexity and high-GC at the 3’ end of primer may easily cause
non-specific amplification under complex DNA environment
(Nichols et al., 2018). In our tests, MarVerl and MarVer3
produced the expected single amplification band when using the
mock DNA, but produced strong non-specific bands when using
z0o eDNA that contained DNAs from bacteria, algae, protist, etc.
(Figure 4). In comparison, both V12S-U and V16S-U produced few
non-specific amplifications when using the zoo eDNA sample
(Figure 4). In eDNA metabarcoding studies, strong non-specific
amplification will take up a lot of high-throughput sequencing data,
greatly reducing the effective sequence data for vertebrate species
thus decreasing the probability of finding low abundance species
(Collins et al.,, 2019). Our primer comparison test highlights the
importance of the selection of the 3’ end of a primer.

Monitoring vertebrate biodiversity with
eDNA metabarcoding

The VertU primer sets are specially designed for monitoring the
whole vertebrate biodiversity with the eDNA metabarcoding
approach. It shows a satisfactory performance of detecting
vertebrate biodiversity using water eDNA samples. In line with
previous study (Ushio et al.,, 2017; Lyet et al., 2021), we found that
eDNA metabarcoding with water samples could detect not only
aquatic vertebrates, such as fishes and amphibians, but also many
terrestrial vertebrates including mammals and birds. For example,
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from the water samples of the TJH area, a number of terrestrial
mammals were detected such as takin (Budorcas taxicolor), Reeves’s
muntjac (Muntiacus reevesi) and the golden snub-nosed monkey
(Rhinopithecus roxellana), as well as some birds such as the Siberian
rubythroat (Luscinia calliope). These species are known to occur in
the sampling area so that their detection by eDNA should be
credible. The detection of terrestrial species is not surprising
because terrestrial species may occasionally access water and leave
their biological traces into the stream we sampled. However,
because opportunities for terrestrial species to access water are
spatially and temporally stochastic, the number, type, and sampling
time of water samples will all influence the eDNA metarbarcoding
result of the area (Burian et al., 2021). Therefore, in order to obtain
more comprehensive information of species diversity for the survey
area, sampling from various water types (e.g., streams, ponds, water
holes) and collecting more water samples in different seasons are
highly necessary.

The “multilocus” design of VertU enhances its universality
across the whole vertebrate and lowers the probability of false-
negative detection of species due to amplification failure. It allows
taking a “snapshot” of biodiversity for different vertebrate groups
simultaneously in a single eDNA metabarcoding analysis, greatly
reducing the cost for eDNA biodiversity monitoring of vertebrates,
and will benefit a wider range of investigators. However, due to the
broad amplification spectrum and high sensitivity of the VertU
primers, cross-contaminations and false-positive detection will
likely become issues and should be carefully dealt with, as
discussed in previous studies (Ficetola et al., 2015; Wilson et al.,
2015). In addition, besides collecting eDNA from water samples,
there are many other ways to collect eDNAs nowadays, generating,
for example, airborne, soil, or even blood-sucking insect eDNAs
(Andersen et al., 2012; Schnell et al., 2012; Clare et al., 2021). We
recommend future studies to apply the VertU primer sets with more
eDNA sampling approaches to monitor vertebrate biodiversity.
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SUPPLEMENTARY FIGURE 1

The study areas of this study: Tangjiahe National Nature Reserve (TJH), Xintian
town (XT), and Hekou town (HK). Environmental DNA sampling maps (left
side) show the rivers (blue lines) and locations of the eDNA sampling sites
(black dots). The natural environment of each river is shown on the right.

SUPPLEMENTARY FIGURE 2

The relationship between the amount of DNA input and the sequence
abundances amplified by the ten primer sets. These results are summarized
from the result of mock-gradient DNA. The regression curve is shown and its
blue area is the 95% confidence interval.
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