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Monitoring biodiversity and water pollution via high-throughput eDNA metabarcoding

By: Jason Chang; Research sponsor (PI): Rasmus Nielsen

ABSTRACT

Traditionally, monitoring of water pollution via detection of
bioindicators has been a tedious and time-consuming task that
involves the use of stereomicroscope and morphological dichot-
omous keys. In contrast, with high-throughput eDNA metabar-
coding, the identification of a bioindicator is carried out in silico in
a cost- and time-effective manner. This study focuses on demon-
strating the application of Illumina’s MiSeq-based high-through-
put amplicon sequencing to eDNA samples to characterize three
freshwater ecosystems with substantial anthropogenic impacts
in Berkeley, California. The method captures information that is
indicative of the predator-prey relationships between arthropods
and rotifers commonly found in freshwater ecosystems among all
three habitats sampled. Furthermore, calculation of communi-
ty pollution values revealed that Strawberry Creek possesses the
worst water quality and ecosystem health across the three habitats
sampled. A cost-benefit analysis demonstrated that the normalized
cost per bioinformatic sample of high-throughput eDNA metabar-
coding is estimated at 18.918 minutes and $10 in terms of total
time and cost, respectively. This is to be put in contrast with the at
least 10-fold increase in requirements of 250 minutes and $85 per
traditional stereomicroscopic sample. We conclude with a novel
quantitative approach that reproduces the same success regarding
biodiversity documentation of a freshwater ecosystem elucidated
by stereomicroscopic approaches using high-throughput eDNA
metabarcoding in a cost- and time-efficient manner.

Major, Year, and Department: Computer Science and Microbial
Biology, 3rd year, Departments of Integrative Biology and Statis-
tics.

INTRODUCTION

Freshwater ecosystems are extremely vulnerable to anthropo-
genic impacts in a world of increasing human interventions. Spe-
cies under such ecological environments are constantly threatened
by the risk of an extinction event that results in drastic decline in
biodiversity in the ecosystem. Thus, it is crucial to document the
biodiversity of the ecosystem before it is permanently transformed
beyond recovery. Living organisms shed traces of DNA in forms
such as skin, scales, hair, and mucus from external interactions
with the habitat, which accumulate in their surroundings and can
be extracted as environmental DNA (eDNA). For clarification, we
hereby adopt Thomsen and Willerslev’s definition of eDNA when
the term was first coined as: genetic material obtained directly
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from environmental samples (soil, sediment, water, etc.) without
any obvious signs of biological source material.* These traces of
life provide information to predict and simulate the potential in-
terspecies interactions within an ecosystem.

Under the prior approach, individual specimens must be care-
fully observed under the stereomicroscope prior to evaluating each
of the criterions in the dichotomous keys. The use of dichotomous
keys is oftentimes a complex and error-prone process that requires
extensive knowledge into the clade that the specimen resides in.
Additionally, establishing alternative methods for monitoring and
documenting freshwater biodiversity is of high interest at the mo-
ment due to the decline in experienced taxonomic experts.**° The
technology of next generation sequencing (NGS) differs from the
current generation of serial DNA sequencing platforms in that it is
capable of performing sequencing on millions of small DNA frag-
ments in parallel.* This advancement has allowed researchers to
evaluate millions of amplicon reads all within the setting of one
experiment. Subsequently, the sample pool of amplicon reads is
computationally aligned to known genomic sequences of bioindi-
cators from the reference genome sequence database to determine
the abundance of each bioindicator present within the sample. The
bioinformatic approach for bioindicator monitoring is no longer
susceptible to observer errors or limitations of the dichotomous
keys, thus yielding a more precise measurement of water pollution
than the traditional morphological approach.

One novel technique to approach biodiversity documentation
is DNA metabarcoding, which aims to survey multispecies and
high-level taxon biodiversity using typically degraded eDNA sam-
pled under unknown ecological environments without the need
of additional information regarding organismal composition in
advance.®” This is to be put in contrast with the standard method
for DNA barcoding that focuses on identification of one prede-
termined species. In a DNA metabarcoding study, eDNA samples
are first amplified by polymerase chain reaction (PCR). DNA me-
tabarcoding utilizes universal primers that are complementary
to highly conserved loci, thus allowing the sequence reads to be
mapped back to the genome of most species when performing se-
quence alignments. With the rapid advancement of NGS, we hy-
pothesize that documenting biodiversity by DNA metabarcoding
requires less effort in terms of both cost and time than the stereo-
microscopic approaches.

Past studies have struggled to augment the scale of the proj-
ect due to PCR inhibition and the lack of techniques in producing
high-throughput amplicon sequencing with universal primers on
eDNA samples. In molecular biology, the throughput of a method
is defined by the rate at which samples can be processed. More spe-
cifically, extensive eDNA metabarcoding studies in the past have



often succumbed to the presence of compounds that inhibit DNA
polymerase activity, thus hindering the PCR amplification process.
The build-up of organic matter in a freshwater ecosystem can be a
consequence of soil run-off from the streamflow and dense vegeta-
tion. The accumulated organic matter indirectly inhibits PCR am-
plification by undergoing non-enzymatic decay during the eDNA
extraction process, producing a range of PCR inhibitors, including
complex polysaccharides, humic acid, and tannin compounds.' In
the present study, we were able to develop a thorough PCR ampli-
fication protocol to overcome DNA polymerase inhibitors pres-
ent in the freshwater eDNA samples using an inhibitor-resistance
DNA polymerase in combination with a “touchdown approach” in
the PCR protocol, under which the annealing temperature is grad-
ually reduced (At = -1.5°C per cycle) to maximize the specificity of
PCR amplification.

Samples in the present study were collected among three
freshwater habitats across the eastern region of the San Francis-
co Bay Area to represent freshwater ecosystems. Lake Anza serves
as a recreational swimming reservoir in Tilden Regional Park, lo-
cated in Berkeley, California (Figure 1). Lake Anza spans a total
surface area of 1.56 square miles with most of its lake area sitting
above ground. With significant human interventions, Lake Anza
is most frequently visited by swimmers between months of May
and September. On the other hand, located on the east side of the
Berkeley Hills, San Pablo Reservoir covers a watershed of 23.37
square miles with a water tunnel running underground from the
west side of the reservoir for further treatment and distribution to
various households (Figure 1). Due to its functionality as a drink-
ing water storage facility, swimming and wading are prohibited at
San Pablo Reservoir with restricted allowance for fishing, boating,
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and canoeing. Strawberry Creek covers a total area of 1.8 square
miles with 60% of its water body flowing entirely underground.''
The hydrologic structure of the aboveground portion diverges into
two affluents, the North Fork and the South Fork, through the
University of California, Berkeley, campus (Figure 1).

Although it is difficult to directly compare the intensity and
susceptibility of anthropogenic impacts at each of the three sam-
ples, Lake Anza is expected to be particularly prone to pollutants
resulting from human interventions due to its immediate exposure
to organic contaminants, including human feces, urine, and dead
skin cells. San Pablo Reservoir is expected to have the lowest lev-
el of water pollution due to its rigorous prohibitions on various
recreational water activities as a drinking water storage unit. It is
uncertain how the water quality of Strawberry Creek will compare
to samples from the other static water bodies due to the lack of pri-
or study on correlations between stream flow rates and ecosystem
health under the influence of human activities.

In this study, we hypothesize that eDNA metabarcoding via
a high-throughput sequencing platform will effectively monitor
biodiversity and water pollution under freshwater ecosystems in a
more practical and cost-efficient manner over the traditional mor-
phological approach. This is partly motivated by a related prior
study by Sigut et al., looking at the performance of DNA metabar-
coding and morphological approach in detecting interspecies in-
teractions, specifically host-parasitoid interactions.” Particularly,
no significant differences in accuracy were found between the two
methods regarding success of taxonomic identification.* To evalu-
ate the viability of our method, we sampled across three freshwater
ecosystems in Berkeley, California. We first looked for the pres-
ence of the frequently found predator-prey relationships between
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Figure 1: Geographical locations of Strawberry Creek, Lake Anza, and San Pablo Reservoir and the proximal habitats on the eastern region of
the San Francisco Bay Area. Courtesy of the Google Maps, maps.google.com
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Figure 2: eDNA PCR Amplification Inhibitor Troubleshooting Guide: Different troubleshooting techniques were attempted depending on what
is observed from the agarose gel electrophoresis. Leaf nodes are grouped by successful (green), questionable (yellow), and unsuccessful (red)

attempts to rescue the inhibited eDNA samples during amplifications.

arthropods and rotifers, which would reveal whether our method
is capable of capturing the interspecies interactions within a hab-
itat. In addition, we were curious whether our method is capable
of measuring the quality of water within a habitat by performing
the traditional bioindicator experiment i silico. Thus, we comput-
ed the community pollution value across all three habitats to ob-
serve whether the trends in water pollution level agree with what
we hypothesized based on the stringency of regulations on various
recreational water activities at each sampling site. Further, through
trial and error, we hereby also present a thorough PCR amplifica-
tion protocol to overcome DNA polymerase inhibitors present in
the freshwater eDNA samples (Figure 2). In closing, we conducted

a cost-benefit analysis to evaluate whether high-throughput eDNA
metabarcoding is indeed more efficient in efforts of both time and
cost compared to the stereomicroscopic approaches as expected
(Figure 3).

MATERIALS AND METHODS

eDNA Sampling and Extraction

The samples were collected in three freshwater ecosystems
in Berkeley, California. Lake Anza, San Pablo Reservoir, and
downstream of Strawberry Creek were independently sampled

Figure 3: Cost and time estimates for identification of bioindicators by the bioinformatic and morphological approaches. Unit of time: min-

utes (min), unit of currency: U.S. dollars ($)

Normalized Cost per sample Bioinformatic
Sample collection (min) 0.004198153
DNA extraction (min) 0.125944584
DNA amplifcation (min) 0.399874055
Bioindicator identification (min) -
NGS library preparation (min) 0.251889169
Sequencing cost ($) $3
Bioinformatics (min) 18.13602015
Labor cost ($) $6.43
Total time (min) 18.91792611
Total cost (8) $10
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Morphological Notes
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$0.34 per minute for average lab technician




to represent different levels of human interventions and distinct
stream flow rates. Lake Anza and San Pablo Reservoir represent
standing bodies of water while Strawberry Creek is distinguished
by its fast-moving streamflow. Two 1 L samples were taken from
one sampling site at each of the three water bodies, totaling up to
six samples (2x San Pablo Reservoir, 2x Lake Anza, 1x Strawberry
Creek, 1x distilled water as blank Control Sample). Six samples
were kept isolated throughout the complete procedure of sample
processing to avoid the contaminations of omnipresent human
DNA from the researcher into the samples. eDNA samples were
isolated from water samples using Sterivex GP 0.22 pm filters (Cat-
alogue Number: SVGPL10RC) and BD Luer-Lok 50 mL syringes
(Catalogue Number: 13-689-8) following protocol described from
a similar prior study on eDNA monitoring of freshwater crayfish
with minor modifications.! Extractions of DNA from the filters
were performed with Qiagen DNeasy Blood & Tissue kit (Cata-
logue Number: 69504).

mtDNA-CO1 Amplification from eDNA Samples

Samples of extracted DNA were amplified using the uni-
versal mitochondrially encoded cytochrome ¢ oxidase I (mtD-
NA-CO1) primers (Forward Primer [mICOlintF]: GGWACWG-
GWTGAACWGTWTAYCCYCC, Reverse Primer [jgHCO2198]:
TANACYTCNGGRTGNCCRAARAAYCA) for metabarcoding
animal and protist biodiversity. PCR amplification was performed
in a total volume of 20 pl with 4 pl of 10 uM of each forward and
reverse mtDNA-CO1 primers, 4 pl of Invitrogen Platinum GC
Enhancer, 10 ul of Invitrogen Platinum II Hot-Start PCR Master
Mix (2X) (Catalogue Number: 13000013), and 2 pl of the template
DNA. To optimize the universality of our metabarcoding primers,
we selected the degenerate mtDNA-CO1 primer set with some of
the primer positions having multiple possible bases. The degen-
eracy of a primer sequence is defined by the number of unique
sequence combinations it encodes.” Due to the degeneracy that
arises from our primer sequences, PCR profile was modeled af-
ter a “touchdown approach” following supplied protocol of mtD-
NA-CO1 primers to minimize amplification of non-specific
fragments with minor modifications.***® Under this touchdown
approach of PCR reaction, the annealing temperature is gradually
reduced (At = -1.5°C per cycle) to maximize the specificity of PCR
amplification. We proceeded with 15min of denaturation at 95°C,
followed by 13 initial cycles: 30s of denaturation at 94°C, anneal-
ing for 90s at 69.5°C (At = -1.5°C per cycle) and 90s of extension
at 72°C, followed by another 40 subsequent cycles: 30s of dena-
turation at 94°C, annealing for 60s at 50°C and 90s of extension
at 72°C, terminated by 10 min of extension at 72°C and constant
storage at 4°C. The rationale behind the touchdown approach of
the PCR profile can be illustrated as follows. At higher annealing
temperature, molecules vibrate at a higher velocity, which makes
it more difficult for primers to anneal to regions with low affinity
and high number of mismatches, thus increasing the specificity
of the annealing process. The purpose of dropping the annealing
temperature per cycle is to make sure most of the primers in solu-
tion are properly incorporated into the PCR amplification reac-
tion. With a lower annealing temperature, primers can now bind
to regions of the template DNA with lower affinity despite the mis-

matches, increasing the likelihood of annealing. Performance of the
amplification was evaluated by 1.5% agarose gel electrophoresis. A
single clear band per lane indicates success of the PCR amplification,
whereas the absence of band indicates failure of amplification of any
product. Presence of multiple bands per lane represents amplification
of mtDNA-CO1 gene along with non-specific markers.

NGS Library Preparation

Library preparation for Next-Generation Sequencing (NGS)
was performed using KAPA Hyper Prep Kit (Catalogue Number:
07962363001). Individual amplicons of mtDNA-CO1 barcode were
processed with end repairing and A-tailing, followed by adapter liga-
tion, concluded by two cycles SPRI magnetic bead cleanup. Quality
control for absence of contaminants was performed on both Qubit
fluorometer and Agilent Bioanalyzer using 1 pl of final amplicon li-
brary product.

NGS Library Sequencing

The amplicon products were pooled into the library in equimo-
lar concentration before performing paired-end sequencing on two
separate runs of the Illumina MiSeq v3 Platform at the QB3 Vincent
J. Coates Genomics Sequencing Laboratory (GSL) at the University of
California, Berkeley.

Taxonomy Assignment

Taxonomy of the eDNA reads from NGS library sequencing was
assigned using the Anacapa Toolkit, which monitors sample metabar-
coding in three stages.” First, the toolkit builds reference sequence
libraries from Creating Reference libraries Using existing tools
(CRUX). In the second stage, Dada2 was applied for quality control
and assignment of Amplicon Sequence Variants (ASV), under which
merging and dereplication are performed based on overlaps and se-
quence variations with elimination of chimeric reads. Lastly, the pro-
cessed reads are assigned with taxonomy by running Bowtie 2 specific
Bayesian Least Common Ancestor (BLCA).

Read Count Normalization

Batch effects occur when technical differences associated with
the lab workflow contribute to the variations in experimental out-
come. To avoid batch effects across different samples, taxonomic read
counts are normalized by min-max normalization before relative
abundances between species were computed. The feature scaling is
given by the following formula:

g X Ko
7 Xomax — Xmin

Xscatea = Xsta * (max — min) + min

where feature_range = (min, max)

Community Pollution Value

Community Pollution Value (CPV), or the biotic index, is a met-
ric measuring the tolerance of organisms residing within an ecosys-
tem to pollution. The tolerance of each organism is measured by the
Species Pollution Value (SPV) on a 0 to 10 scale, which is empirical-
ly determined with 0 being most sensitive to pollution and 10 being
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most tolerant to pollution.” The organisms with SPVs assigned are
also known as bioindicator species as they reflect the ecosystem
health. The CPV for each sample is calculated by the sample mean
of SPV with the following formula:

CPV = i SPY;
n

where SPV; = SPV of the i*" bioindicator species

n = number of species in a community

Cost-Benefit Analysis

A cost-benefit analysis for detection of bioindicator was con-
ducted by replicating the procedure described by Fernandez et
al. in a similar study, looking at metabarcoding of eDNA samples
collected from Naloén River, Spain.* The duration of each stage of
the experiment is recorded following the methods as previously
explained. The approximated runtime for bioinformatic analysis
accounts for the entire pipeline of the Anacapa Toolkit. The labor
cost is estimated as the total allocated time multiplied by the aver-
age salary of a laboratory technician in California, which is equiv-
alent to $0.34 per minute at the time of writing. The cost per bio-
informatic sample is normalized by the number of unique species
assigned in each sample to make comparable to the nature of the
morphological approach. The estimated time per morphological
sample was reproduced based on the data presented by Fernandez
etal®
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RESULTS

In total, a grand total of 2,390 species were identified across
all six samples. Based on the taxonomic assignments from ampl-
icon-based next-generation sequencing, Skistodiaptomus pallidus
and Keratella cochlearis are found to be the predominant species in
Lake Anza (Figure 4). Skistodiaptomus pallidus is a copepod com-
monly found in freshwater ecosystems. It has been known to be an
efficient omnivorous predator, mainly preying on specific rotifers
and microzooplankton populations.'***** Keratella cochlearis is a
freshwater planktonic organism, particularly rotifers, species from
the phylum Rotifera characterized by the wheel-like ciliated struc-
ture at the frontal end of their body.> As previously mentioned,
Keratella cochlearis is a preferred prey of Skistodiaptomus palli-
dus. Predator-prey interactions like this support the idea that our
methodology of monitoring may suggest the interspecies dynam-
ics among living organisms in Lake Anza (Figure 5). Reads from
San Pablo Reservoir were primarily assigned to species from the
Hypocreales, which is an order of fungi that are characterized by
their vibrant colorations and perithecial shape of their spore-pro-
ducing structures (Figure 4). Some Hypocreales found in our San
Pablo Reservoir include Fusarium, Calonectria colhounii, and
Verticillium nonalfalfae. Similar predation of arthropods on roti-
fers was also evident in our San Pablo Reservoir samples between
Skistodiaptomus pallidus and Keratella quadrata (Figure 5). Reads
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Figure 4: Population composition from each of the six samples (CTE: Control Sample, AZ: Lake Anza, SP: San Pablo, SC: Strawberry Creek).
Representative phylums among the 10 largest relative abundances present in the amplicon samples are plotted.

54 Berkeley Scientific Journal | SPRING 2020



from Strawberry Creek were mainly assigned to descendants of
order Ploima, which is another order of rotifers commonly found
in freshwater habitats (Figure 4). Unexpectedly, a number of reads
was also assigned under phylum Arthropoda (Figure 5). Overall,
the high quantities of eDNA assigned to both arthropods and ro-
tifers may be indicative of a potential predator-prey relationship
between the two organisms.

In addition to the expected biological interaction between
freshwater predators and prey, we also found traces amount of
eDNA assigned to species nonnative to the freshwater ecosystem
in the Strawberry Creek sample. Some preeminent examples from
this group of animals include human (Homo sapiens), black rat
(Rattus rattus), house mouse (Mus musculus), fox squirrel (Sciurus
niger), domestic dog (Canis lupus), and racoon (Procyon lotor). In
particular, these are all land animals commonly found in high den-
sities around the area of urbanization. This suggests amplification
of non-target taxa due to the high sensitivity of our methodology
and the universality of our primer design.*®

To evaluate our taxonomical classification quantitatively, we
performed assessment of freshwater pollution by calculating com-
munity pollution value (CPV) for each of the three sample sites
(Figure 6). The calculation of CPV is derived from the species pol-
lution value (SPV) of various protozoan bioindicators present in
the water sample. SPV of the protozoan species were computed
in a previous study with associations between these species and
various chemical parameters.”” Water sample from Strawberry
Creek showed the highest CPV among all samples, indicating the
intensity of pollution at the sample collection site (Figure 6). Suc-
ceeding, the water quality of Lake Anza and San Pablo Reservoir
also possessed a CPV slightly above the threshold value of 3.95,
indicating a severely polluted water (Figure 6). It is important to
note that the samples from San Pablo Reservoir were taken at the
source water, thus do not directly reflect the water quality of the
distributed drinking water after proceeding treatment.

A related prior study by Sigut et al. on performance of DNA
metabarcoding and morphological approach in detecting interspe-
cies host—parasitoid interactions has found no significant differ-
ences in accuracy between the taxonomic identification made by
the two approaches.” Here, we conducted a cost-benefit analysis
from an economic standpoint to directly compare the effectiveness
of high-throughput eDNA metabarcoding and stereomicroscopic
approaches in the detection of bioindicators. As hypothesized, the
bioinformatic approach requires less effort in terms of both cost
and time (Figure 3). To make the analysis as practical as possi-
ble, we also accounted for the labor cost per sample by calculat-
ing the product of total allocated time per sample multiplied by
the average salary for a laboratory technician in California, which
corresponds to $0.34 per minute at the time of writing. Without
loss of generality, the total time per morphological sample was re-
produced from data presented by Fernandez et al. in a previous
study on freshwater ecosystems of Nalén River, Spain.** As species
need to be sorted individually per well sample in a morphological
experiment, the cost per sample was normalized by the number
of species assigned in each bioinformatic sample to make the two
approaches more comparable. Across the board, the normalized
cost per bioinformatic sample is estimated at 18.918 minutes and
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Figure 5: Predator-prey relationships between anthropods and
rotifers found in Lake Anza and San Pablo Reservoir. Phylum Ar-
thropoda: [CTE: 0.073, Anza: 0.328, San Pablo: 0.250, Strawberry
Creek: 0.061]. Phylum Rotifera: [CTE: 0.000, Anza: 0.493, San
Pablo:0.632, Strawberry Creek: 0.003].

$10 for total time and cost respectively (Figure 3). In contrast, each
stereomicroscopic sample requires about 250 minutes and $85 in
terms of total time and cost, driving up the cost by at least 10 folds
(Figure 3).

DISCUSSION

In this paper, we addressed the viability of high-throughput
amplicon sequencing-based eDNA metabarcoding for monitor-
ing biodiversity and water pollution under freshwater ecosys-
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Figure 6: Assessment of freshwater pollution from each of the six
samples based on biotic index of species pollution value (SPV) and
community pollution value (CPV). Red line indicates the CPV
threshold of 3.95 for severely polluted water. CPV: [CTE: 0.000,
Anza: 4.465, San Pablo: 4.504, Strawberry Creek: 4.906].
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tems. From the taxonomical assignments of bioindicator species
through bioinformatic construction of phylogenetic trees, we were
able to calculate the biotic indices for freshwater samples computa-
tionally in a more practical and cost-efficient manner. This is to be
put in contrast with the qualitative and labor-intensive approach
of manually identifying bioindicator species present in the water
sample using stereomicroscope and morphological dichotomous
keys, a method prone to confirmation bias and human error.*® It
would be challenging to replicate and capture the same scale of
information regarding biodiversity with the traditional observa-
tion methods. However, with the rapid development of large-scale
data collection, the importance of quality over quantity should still
be emphasized. In other words, we must proceed with stringent
quality control to ensure the integrity of reads and taxonomic as-
signments, including the use of Dada2 in taxonomy assignment
and proper normalization of read counts as previously described.
Despite promising results demonstrated in a related prior study by
Sigut et al., further juxtaposition of the accuracy between the two
freshwater biodiversity surveying procedures await to be carried
out with additional experiments in future study.”

In the process of amplifying the amount of DNA sufficient
enough to perform metabarcoding, we also developed a trouble-
shooting guide for high-fidelity and high-throughput PCR am-
plification of eDNA consisting of several inhibitors for common
DNA polymerase, including but not limited to complex polysac-
charides, heme, humic acid, and urea.>*"?#3>%3% We attempted nu-
merous different variants in our PCR profile as well as parameters
in our PCR amplification step (Figure 2). These attempts were
differentiated by what was observed from the agarose gel electro-
phoresis (Figure 2). Overall, our combining use of GC enhancer
and inhibitor-resistance polymerase with “touchdown approach”
of PCR profile was able to obtain high yields of amplicon product
on universal mtDNA-CO1 barcode primers.

Observed from the calculations of CPV among each of the
three communities, our experimental outcome was somewhat con-
sistent with what we hypothesized. Primarily, Lake Anza suffers
from the severe magnitude of anthropogenic pollution through
its direct exposure to organic contaminants due to its recreation-
al purposes (Figure 6). Identified as most severely polluted water
body, sample from Strawberry Creek downstream was tested to
have a CPV that is above the extremity of Lake Anza water quality
(Figure 6). The poor water quality from Strawberry Creek is likely
aresult of lenient management and recent urbanization along with
historical improper pipeline connections and illicit dumping.'*'*
Unexpectedly, the strict regulations of water quality at the San Pab-
lo Reservoir were not reflected in our assessments of CPV, locating
right around the same level as Lake Anza water quality (Figure
6). We suspect this to be a consequence of our current technique
for sampling eDNA from freshwater ecosystems. Assuming DNA
molecules are unevenly distributed due to preferential direction of
water currents, our approach to replicate sampling from the same
site might have been attributed to the unbalanced load of DNA in
each collection of water samples. Our current replication proce-
dure aims to keep replicate samples completely isolated and free
of merging throughout the entire process of extraction, amplifi-
cation, and sequencing to avoid the contaminations of omnipres-
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ent human DNA from the researcher into the samples. Merging is
an extraction technique where X replicate samples from the same
sampling site are first combined and mixed thoroughly into one
container before randomly re-sampling X “pseudo-replicates” to
ensure even distribution of eDNA in each replicate sample collect-
ed.” Instead of making X isolated collections of 1 L sample to make
X replicate samples, perhaps a feasible approach of replication to
attempt in future experiments is to make one merged collection of
X L sample that is subsequently filtered through X filters to avoid
bias in the sample collection process.

Computationally, our current usage of mtDNA-CO1 barcode
is restrained to preferably monitoring animal diversity with lim-
ited coverage on protist diversity. We aim to incorporate several
other universal primer pairs as well to expand the capability of this
cost-eflicient biodiversity monitoring solution to metabarcoding
studies of other communities of life, including the internal tran-
scribed spacer region of rRNA (rRNA-ITS) for fungi and ribu-
lose-1,5-bisphosphate carboxylase/oxygenase (Rubisco)-encoding
RbcS gene for plants.’**

Through capturing of the predator-prey relationships between
arthropods and rotifers and measurement of community pollution
value across three freshwater ecosystems, we have demonstrat-
ed the effectiveness of high-throughput eDNA metabarcoding
as a novel method for not only documenting the biodiversity of
a freshwater ecosystem but also completing the experiment in a
more effective manner as compared to the traditional morpholog-
ical approach. Currently, it is of high demand to establish alter-
native methods capable of effective freshwater assessments due to
decreasing numbers of taxonomic experts in the field of morpho-
logical identification.*>*

Overall, it is unrealistic to expect either approach to make ab-
solute inferences on species abundance under a freshwater ecosys-
tem given the uneven distribution of matter in the water. However,
high-throughput eDNA metabarcoding is capable of capturing
meaningful information regarding the interspecies dynamics and
monitoring quality of the ecosystem as it changes over time. More
importantly, compared to the traditional morphological approach,
the bioinformatic approach for documenting biodiversity and bio-
indicator monitoring no longer succumbs to the observer errors or
limitations of the dichotomous keys. In addition, as suggested by
the cost-benefit analysis, high-throughput eDNA metabarcoding
emerges as a dependable, cost- and time-efficient solution to ap-
proach large-scale biodiversity documentation (Figure 3).
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