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Sediment DNA (sedDNA) analyses are rapidly emerging as powerful tools for the

reconstruction of environmental and evolutionary change. While there are an increasing

number of studies using molecular genetic approaches to track changes over time,

few studies have compared the coherence between quantitative polymerase chain

reaction (PCR) methods and metabarcoding techniques. Primer specificity, bioinformatic

analyses, and PCR inhibitors in sediments could affect the quantitative data obtained

from these approaches. We compared the performance of droplet digital polymerase

chain reaction (ddPCR) and high-throughput sequencing (HTS) for the quantification

of target genes of cyanobacteria in lake sediments and tested whether the two

techniques similarly reveal expected patterns through time. Absolute concentrations

of cyanobacterial 16S rRNA genes were compared between ddPCR and HTS using

dated sediment cores collected from two experimental (Lake 227, fertilized since 1969

and Lake 223, acidified from 1976 to 1983) and two reference lakes (Lakes 224 and

442) in the Experimental Lakes Area (ELA), Canada. Relative abundances ofMicrocystis

16S rRNA (MICR) genes were also compared between the two methods. Moderate to

strong positive correlations were found between the molecular approaches among all

four cores but results from ddPCR were more consistent with the known history of

lake manipulations. A 100-fold increase in ddPCR estimates of cyanobacterial gene

abundance beginning in ∼1968 occurred in Lake 227, in keeping with experimental

addition of nutrients and increase in planktonic cyanobacteria. In contrast, no significant

rise in cyanobacterial abundance associated with lake fertilization was observed with

HTS. Relative abundances ofMicrocystis between the two techniques showedmoderate

to strong levels of coherence in top intervals of the sediment cores. Both ddPCR and HTS

approaches are suitable for sedDNA analysis, but studies aiming to quantify absolute

abundances from complex environments should consider using ddPCR due to its high

tolerance to PCR inhibitors.
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INTRODUCTION

Lake sediments act as natural archives through the accumulation

and preservation of organic and inorganic matter arising from

the lake as well as its watershed and airshed. Changes within
lake ecosystems, whether natural or anthropogenic, are stored in

sediment profiles and can provide long-term historical records of
environmental change (Smol, 2008). Because of the general lack
of long-term monitoring records, lake sediments can be used to
help identify the drivers of environmental change, such as climate
change or nutrient loading. Typically, paleolimnological studies
rely on subfossils or distinct chemicals preserved in sediment
as proxies of past environments (Smol, 2008). However, not all
organisms preserve well in sediment or leave behind a distinct
biomarker, making it difficult to understand and track long-
term responses to environmental change. As an alternate and
complementary method to classical paleolimnological proxies,
various DNA-based methods have emerged (Domaizon et al.,
2017).

The recent advances and application of molecular approaches
using DNA archived in sediment provide for considerable
expansion in this field, particularly for analyses of microbial
communities. Quantitative PCR techniques have shown to
be successful in quantifying specific targets from sediment
DNA (sedDNA) including bacteria, viruses, and other
microorganisms that lack morphological features (Coolen
et al., 2006; Savichtcheva et al., 2011; Brazeau et al., 2013;
Pal et al., 2015; Pilon et al., 2019). Other, community-wide
analyses have also been proven to track and describe community
dynamics through time (Monchamp et al., 2016, 2018; Legrand
et al., 2017; Pilon et al., 2019). While there have been a few
studies that have used a combination of molecular techniques
on sedDNA, predominantly PCR-directed methods (Singh
et al., 2017; Hamaguchi et al., 2018), there remains a lack of
research directly examining the coherence and correlation
between quantitative methods. This is of particular concern in
the analysis of sediment samples where PCR inhibitors (such
as humic acids) can be found at high levels, which can then
interfere with the sensitivity of the technology used and/or
produce false results (Rochelle et al., 1992; Savichtcheva et al.,
2011; Albers et al., 2013). Although inhibition is an issue for
all PCR methods, diluting samples can sometimes overcome
these limitations, yet this is not always possible or suitable when
calculating concentrations of low-level test samples. Alternate
methods should be applied as some PCR techniques have been
found to be more tolerant to inhibitors than others (Taylor et al.,
2017, 2019; Wood et al., 2019).

Quantitative studies have mainly used quantitative real-time
polymerase chain reaction (qPCR) to obtain relative abundances
of target genes from environmental samples (Nathan et al.,
2014; Pal et al., 2015; Pilon et al., 2019). Although qPCR
does have advantages, the need to run samples in triplicate
along with ensuring the assay shows reliable amplification
can make it challenging to quantify targets from complex
environments (Taylor et al., 2019) such as sediments. With
the development of droplet digital polymerase chain reaction
(ddPCR), these limitations are reduced. With ddPCR, water-oil

emulsion chemistry is used to split the PCR reaction into 20,000
individual vessels, or droplets, before amplification, reducing
the normalization and calibration issues of qPCR (Hindson
et al., 2011; Taylor et al., 2017). Studies that have described
the relationship between qPCR and ddPCR techniques using
sediment samples found that ddPCR significantly improved both
the sensitivity and the detection of low concentrations of target
genes (Singh et al., 2017; Hamaguchi et al., 2018).

In addition to targeted molecular approaches, there has
been a recent emergence of paleolimnological studies using
metabarcoding techniques on sediment samples for community-
wide analyses (Monchamp et al., 2016; Legrand et al., 2017;
Pilon et al., 2019). High-throughput sequencing (HTS) provides
for a cost-effective alternative to traditional paleolimnological
methods by enabling simultaneous taxonomic identifications
that probes sediment diversity, at times with increased specificity
(Parducci et al., 2017; Tse et al., 2018). While there is still
some uncertainty in interpretating the relative abundance data
generated usingmetabarcoding approaches (Taberlet et al., 2018),
some investigators are also exploring whether absolute read
counts provide useful information (Lamb et al., 2018; Bylemans
et al., 2019). Quantitative data using read counts obtained from
metabarcoding has been suggested as an approach to monitor
species interactions and distributions in support of management
efforts (Hänfling et al., 2016; Ushio et al., 2018), but additional
calibration is required to evaluate the quantitative performance
of metabarcoding techniques. Some factors that can affect
quantification data from HTS include the choice of reference
database, primer biases that lead to unequal amplification (e.g.,
Hong et al., 2009; Shelton et al., 2016), and the bioinformatic
pipeline chosen for analysis.

The performance between targeted and metabarcoding
approaches using read counts has been evaluated in recent
contemporary environmental DNA (eDNA) literature (Harper
et al., 2018; Lamb et al., 2018; Bylemans et al., 2019). These
studies found targeted PCR approaches were more sensitive with
greater detection than eDNAmetabarcoding methods. Although,
others have found strong positive relationships between qPCR,
ddPCR, and HTS technologies when using eDNA from seawater
and biofouling samples (Wood et al., 2019). Quantitative outputs
using absolute abundances from targeted PCR approaches (such
as ddPCR) and read counts from metabarcoding approaches
(such as HTS) has, to our knowledge, never been compared
over timescales of decades using sedDNA. Furthermore, a greater
amount of humic substances are often found in recent (or top)
sediments (Calace et al., 2006; Hou et al., 2014) and these
materials can affect the sensitivity of different genetic methods,
and consequently the agreement among them. The physical and
chemical changes of sediments through time (i.e., diagenesis)
could also affect differentially how well the two methods amplify
target genes.

In this study, we evaluated the coherence between ddPCR and
HTS methods using DNA extracted from lake sediments at the
Experimental Lakes Area (ELA). The ELA, located in Central
Canada, has been the site of several long-term, ecosystem-level
experimental manipulations (e.g., Schindler et al., 1990, 1996)
and presents a unique opportunity to compare paleolimnological
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records across experimental and reference lakes. The latter have
not been manipulated experimentally nor impacted by watershed
land use change. However, reference lakes may still be subject
to climatic and atmospheric changes or the occasional forest
fire. Furthermore, long-termmonitoring records are available for
many ELA lakes which enables validation of sediment proxies
(e.g., Leavitt and Findlay, 1994). Cyanobacteria were selected as
the ideal test organisms for this study as lake manipulation at
several ELA sites has led to significant changes in cyanobacterial
abundance and composition. We chose Lake 227 as it has
experienced continued experimental fertilization since 1969 with
a well-documented and concomitant increase in the abundance
and dominance of cyanobacteria (Schindler, 1974; Anderson
et al., 1987; Schindler et al., 1990; Findlay and Kasian, 1996).
Cyanobacterial dynamics have also been recorded in a sediment
core from Lake 227 through pigment analysis (Leavitt and
Findlay, 1994). Lake 223 is another experimental lake where
sulfuric acid was applied to the lake between 1976 until 1983 to
simulate the effects of acid precipitation (Schindler et al., 1980;
Findlay and Kasian, 1986). In Lake 223, phytoplankton biomass
increased under acidification, but since ∼1994, the lake has
largely recovered to pre-manipulation conditions (Findlay and
Kasian, 1996). Here, our objectives were to (1) measure the level
of agreement between absolute cyanobacteria counts derived
from HTS against absolute concentrations derived from ddPCR,
(2) compare relative abundances ofMicrocystis (a common genus
of bloom-forming cyanobacteria) between the two methods, and
(3) analyze the relationship between ddPCR and HTS from top
and bottom sediments. We tested the hypothesis that ddPCR
and HTS reflect similar patterns within each time series but
that the level of coherence between the two methods would
be weaker in top sediments as a result of potential organic
matter interference.

MATERIALS AND METHODS

Study Sites
Four lakes at ELA were used to determine the coherence
between ddPCR analyses of gene copy numbers and HTS
analyses of cyanobacterial gene targets. Lake 227 (L227)
is an experimentally manipulated lake where nitrogen and
phosphorus were added to the lake between 1969 and 1989.
From 1990 onwards, only phosphorus has been continuously
added (Schindler et al., 2008). Experimentation on Lake 223
(L223) began in 1976 when H2SO4 was added into the lake
to drop the pH from 6.7 to 5.1 (Schindler et al., 1980;
Cruikshank, 1984; Findlay and Kasian, 1986). Experimentation
ended in 1983 to allow pH levels to naturally recover (Findlay
and Kasian, 1990). Lakes 224 (L224) and 442 (L442) have
been not been subjected to eutrophication nor acidification
experiments and have served as reference lakes to manipulated
lakes in previous studies (Findlay and Kasian, 1996; Higgins
et al., 2018; Lamothe et al., 2018). L224 was subject to short
radioisotope experiments in 1976 (Hesslein et al., 1980a,b; Quay
et al., 1980; Crusius and Anderson, 1995). A map of ELA,
lake coordinates, morphology, and lake manipulation details

are presented in Supplementary Data (Supplementary Figure 1,
Supplementary Table 1).

Sediment Collection and Sectioning
In March 2018, four sediment cores were collected from the
maximum depths of lakes 227, 223, 224, and 442 using a 1.2× 0.1
× 0.2-m aluminum freeze corer [collected by the International
Institute for Sustainable Development–Experimental Lakes Area
(IISD–ELA), Supplementary Table 2]. Because of the flocculent
nature of sediments in L227, freeze cores are a preferred way
to obtain sediment cores from this lake (Michael Paterson,
IISD-ELA, personal communication) and the same device was
therefore used for all the lakes. Freeze coring is advantageous
in obtaining undisturbed sediment, unaffected by the degassing
of gas bubbles occurring from a change in hydrostatic pressure
(Verschuren, 2000). The corer was filled with crushed dry ice and
methanol and lowered through a hole in the ice. After ∼20min,
the freeze cores were brought to the surface and, using a putty
scraper, the excess unfrozen sediment was removed. A hammer
and chisel were used to free the edges of the frozen sediment
core from the freeze corer. The cores were then wrapped in
cellophane, packed with dry ice and shipped toMcGill University
(Montréal, Québec) for subsectioning in the laboratory of I.
Gregory-Eaves (Department of Biology).

In a cool sterile room, a rotary tool was used to subsample
the sediment slab into 3 cm working intervals. Sterilized ceramic
knives were used to scratch off a very thin surface layer from
the face of the 3 cm intervals, moving horizontally across the
core surface. Using the rotary tool, and following the line
indicated by a laser and plastic meterstick, 0.5 cm subsections
were created by making a shallow incision in the sediment. A
ceramic knife was then inserted horizontally across the incision
and tapped on using a sterilized hockey puck to cleave the
slice. The workspace, ceramic knives and rotary tool blades were
sterilized with bleach, rinsed with deionized water, and dried
with KimWipes R© between each subsection. This process was
continued until each 3 cm interval blocks along the core were
subsectioned. Every other 0.5 cm subsection was collected for
molecular analyses while remaining samples were collected for
other applications. Samples were stored in 5ml sterile screwcap
centrifuge tubes (VWR) then frozen at −20◦C. All subsequent
molecular analysis steps (extractions, optimization, and PCRs)
were conducted in a separate and sterile part of the Core
Molecular Biology and Genomics Laboratory at the University
of Ottawa (Ottawa, Ontario).

DNA Extraction
Sediment DNA was extracted using the DNeasy PowerSoil Kit
according to the manufacturer’s instructions (Qiagen, Germany).
Minor modifications were made to the protocol. Lake sediment
samples, ranging from 0.5 to 0.7 g, were added to emptied
PowerBead tubes. If DNA yield and quality did not meet
standards, wet sediment weight was increased to 1 g. Subsection
intervals from L224 and L442 were washed twice, and intervals
from L227 and L223 were washed three times using 250 µl of a
wash buffer found to improve DNA quality and quantity yield by
removing humic compounds and divalent cations (Zhou et al.,
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1996; Poulain et al., 2015). Samples were vortexed for 3min at
maximum speed on a Vortex-Genie 2 (Scientific Industries Inc.,
USA), followed by a centrifuging step at 3,000 r.p.m. for 3min.
After discarding the supernatant from the final washing step, the
original PowerBead tube contents (glass beads, salts, and buffers)
were re-added to the tubes. The extraction kit protocol was then
carried out, but centrifuge time was increased to 1min at each
centrifuge step. The purity of the DNA was measured using a
NanoDropTM 2000 Spectrophotometer (Thermo Scientific, USA)
and estimated based on the ratios of absorbance at 260 and
280 nm, and at 260 and 230 nm. DNA was considered pure if
the ratios were at or around 1.8. Lower ratios indicate some
protein contamination (if 260:280 ratios are low) or organic
contamination (if 260:230 ratios are low) (Yeates et al., 1997).
DNA quantity was measured through a Quant-iT dsDNA assay
kit (Invitrogen). Extractions were repeated with a decreased
elution volume of 50 µl if low DNA yield and purity persisted.
Final DNA extraction solutions were stored at −20◦C for
downstream applications and then−80◦C for long-term storage.

Sediment Dating
For the creation of the dating profiles, sediment samples (n= 12–
15) were homogenized, freeze-dried at −50◦C, and their water
content measured. Samples were then placed in an Ortec High
Purity Germanium Gamma Spectrophotometer (Model GWL-
120230, Oak Ridge, TN, USA) at the Laboratory for the Analysis
of Natural and Synthetic Environmental Toxins (LANSET) core
facility to measure 210Pb, 137Cs, and 226Ra activity. Constant Rate
of Supply (CRS) models were chosen for all cores and cross-
calibrated against the 137Cs peak (Blais et al., 1995). Depth-age
profiles are presented in Supplementary Figure 2. The peak from
the 137Cs was used as an independent marker and estimated to
occur in 1963, when maximum nuclear weapon testing was in
effect before atmospheric testing became prohibited.

Additional measures were taken with the L227 record to
ensure the robustness of the chronology because 226Ra was
added to L227 in 1970 (Emerson and Hesslein, 1973), which is
mobile in sediment and degrades to 210Pb, potentially hindering
accurate dating profiles. As a first step, we calculated 210Pb excess
activity through point-by-point subtractions of the supported
activity from the total activity. To corroborate and confirm the
210Pb dating, annual lamination (i.e., varve) counting was also
conducted based on a high-resolution photograph taken by the
Itrax XRF cores scanner housed at L’Institut National de la
Recherche Scientifique in Québec.

Pre-droplet Digital PCR Optimization
Prior to running ddPCR, primers for each target gene were
validated through qPCR (as suggested by Taylor et al., 2017).
The cyanobacterial target gene chosen for analysis included
cyanobacterial 16S rRNA (CYA; universal gene essential for DNA
translation), as a proxy for the total abundance of cyanobacteria.
The primer set chosen amplifies the V1–V3 regions of the 16S
rRNA gene conserved in cyanobacterial species (Nübel et al.,
1997; Rinta-Kanto et al., 2005). In addition, Microcystis-specific
16S rRNA (MICR) was also targeted to allow for testing the
limits of the methods. Microcystis is a widely distributed and

well-studied freshwater genus (Harke et al., 2016) that occurs
in ELA lakes at low concentrations. Primers and associated
sequences are listed in Table 1. All reactions were cycled in a
Bio-Rad CFX96 Real-Time PCR Detection module and analyzed
using Bio-Rad CFX Manager Software version 3.0. Each PCR
mix contained 4 µl of 10x diluted pooled DNA, 0.2 µl of
nuclease-free water, 0.4 µl of each primer (forward and reverse),
and 5 µl of the 2x SsoFast/Sso Advanced EvaGreen Supermix,
brought to a final volume of 10 µl. The samples were then
loaded in 0.2ml eight-strip tubes in triplicate, run alongside
one positive and one negative control sample. For the positive
controls, a sample volume of 4 µl of DNA extracted from pure
cultures of the microcystin-producing Microcystis aeruginosa
strain CPCC 300, was used (CPCC300, Canadian Phycological
Culture Center, Canada). Nuclease-free water was used for the
negative controls. The annealing temperature for each primer set
was first optimized using a thermal gradient. The qPCR cycle
program consisted of an initial preheating step of 95◦C for 3min,
followed by 40 cycles of denaturation at 95◦C for 10 s, annealing
for 20 s, and extension at 72◦C for 20 s. The melt curve protocol
followed with 10 s at 95◦C and then 5 s each at 0.5◦C increments
between 60 and 95◦C.

The qPCR amplification products were then separated
through 1.5% agarose gels at 100V in 1x TAE buffer for
∼30–45min. Products were then visualized using an MBI Lab
Equipment Fusion UV visualizer cabinet (Montreal-Biotech,
Canada) and captured using FusionMolecular Imaging Software.

ddPCR
The ddPCR technology was used to amplify and quantify
CYA and MICR. Prior to running ddPCR on the unknown
samples, pooled DNA (containing 5µl from each extraction) was
used to optimize the reaction conditions through temperature
and dilution gradients. Temperature gradients were performed
to establish the optimal annealing temperature and dilution
gradients were run to determine the optimal DNA dilution and
avoid saturation of the ddPCR reaction. Annealing temperatures
and dilution factors are listed in Table 1.

Each PCR reaction was prepared with 5 µl of extracted DNA
template, 6.04 µl of DNase-free water, 0.23 µl of each primer,
and 11.5 µl of EvaGreen ddPCR Supermix. The samples were
transferred according to the manufacturer’s instructions into a
DG8 cartridge with 65 µl of the QX200Droplet Generation Oil
for EvaGreen (BioRad: 186-4005) and converted into droplets
using a BioRad QX200 Droplet Generator. After the droplets
were generated, 40 µl of the samples were then transferred into a
ddPCR 96-well plate. Plates were sealed with specialized foil using
a PX1 Plate Sealer then placed into a C1000 Touch Thermocycler
and amplified under the following conditions: 95◦C for 5min,
followed by 40 cycles of 95◦C for 30 s, annealing for 1min,
and 4◦C for 5min with a −2◦C/s ramp rate. This was followed
by a final step of 90◦C for 5min for stabilization. After PCR
amplification, the 96-well plate was transferred into the QX200
Droplet reader for quantification. Quantification of gene copy
number per µl was determined using the QuantaSoft Software
from Bio-Rad. Samples were accepted if at least 13,000 droplets
were created and amplified.
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TABLE 1 | The primer sequences used in droplet digital PCR (ddPCR) and high-throughput sequencing (HTS), amplicon sizes, annealing temperatures, and dilution

factors of target genes cyanobacterial 16S rRNA and Microcystis 16S rRNA.

Gene Primers Sequence (5′-3′) Amplicon size (bp) Annealing T (◦C) Dilution factor

Microcystis 16S

rRNA

(ddPCR)

MICR Fa

MICR Ra

GCC GCR AGG TGA AAM CTA A

AAT CCA AAR ACC TTC CTC CC

247 56 10x

Cyanobacteria

16S rRNA

(ddPCR)

CYA 108Fa,b,

CYA 377R a,c

ACG GGT GAG TAA CRC GTR A

CCA TGG CGG AAA ATT CCC C

269 56 32x

Cyanobacteria

16S rRNA

(HTS)

CYA 359Fc,d

CYA 809R c,d

GGG GAA TYT TCC GCA ATG GG

GCT TCG GCA CGG CTC GGG TCG ATA

450 52 10x, 50x

aRinta-Kanto et al. (2005).
bUrbach et al. (1992).
cNübel et al. (1997).
dJungblut et al. (2005).

To determine the absolute abundance of each target gene
per gram of sediment, concentrations were corrected for DNA
template volume, sample volume (volume of transferred PCR
reaction mix), elution volume, and dilution factor before
normalizing to the mass of dry weight (Equation 1). Gene copy
numbers were normalized per gram of dry weight because
water content was higher in top intervals of the sediment
cores. The range in water content (%) in top and bottom
sections of each core is presented in Supplementary Table 3.

Absolute abundance =
ddPCR concentration ∗

(

sample volume
template volume

)

∗ elution volume ∗ dilution factor

mass of dry sediment
(1)

Relative abundances of MICR derived from ddPCR were
calculated using: (MICR abundance/CYA abundance) × 100.
The limit of detection (LOD) was determined by calculating
the limit of the blank (LOB) and adding it to 1.645 times the
standard deviation (SD) of low analyte samples (Armbruster and
Pry, 2008): LOD = LOB + 1.645(SDlowanalytesamples). The LOB
was calculated using: meanblanks + 1.645(SDblanks). Eight pooled
DNA samples, diluted 100x for MICR and 1000x for CYA, were
used to calculate the SD of the low analyte samples. The LODwas
determined as 1.55 copies/µl (copies per microlitre of reaction)
for MICR and 1.43 copies/µl for CYA. After carrying through
with normalization, the LOD for the MICR target was calculated
as ∼1.4 ∗ 105 copies/g of dry sediment for L227 and ∼2.8 ∗

105 copies/g for lakes 223, 224, and 442. The LOD for CYA
was ∼4.1∗105/g for L227 and ∼8.2 ∗ 105 copies/g for the other
three lakes. These LODs are conservative estimates and values
obtained using ddPCR were, at times, below the average LODs
for this method.

High-Throughput Sequencing
Library preparation and paired end sequencing were completed
at Genome Quebec Innovation Centre (Montréal, Quebec).
Specific CYA primers (Table 1), with attached overhang adaptors,
were used to amplify a 450-nt-long fragment of the V3–
V4 regions of the 16S rRNA gene for metabarcoding (Nübel
et al., 1997; Jungblut et al., 2005; Pilon et al., 2019). The PCR

amplification was prepared with 1 µl of DNA template diluted
10x (few samples required a 50x dilution), 5.512µl of DNase-free
water, 0.048 µl of each primer, 0.032 µl of Qiagen HotStarTaq
DNA polymerase, 0.16 µl of dNTP mix, 0.4 µl of Roche DMSO,
and 0.80 µl of Qiagen 10x Buffer with 15mM MgCl2. The
PCR cycle program consisted of heating at 96◦C for 15min,
followed by 35 cycles of 96◦C for 30 s, 52◦C for 30 s, and
72◦C for 60 s. This was followed by a final step of 72◦C for
10min. Barcodes were added to each sample through a second

round of PCR. Amplicons were then quantified using Quant-
iTTM PicoGreen R© dsDNA Assay Kit (Life Technologies). The
library was generated by pooling equal volumes of each sample,
subsequently cleaned up with sparQ PureMag beads (Quantabio)
and quantified using Kapa Illumina GA with Revised Primers-
SYBR Fast Universal Kit (Kapa Biosystems). The amplicon pool
was loaded at a final concentration of 7 pMwith a 15% PhiX spike
to improve the unbalanced base composition. Sequencing was
performed on an IlluminaMiSeq PE300 platform using theMiseq
Reagent Kit. Two nuclease-free water samples were included as
negative controls.

HTS Data Processing
Raw FASTQ files obtained from Genome Quebec were
demultiplexed from within the MiSeq Illumina workflow. The
16S rRNA gene sequence data were then processed using
the QIIME2 pipeline (v 2019.7; Bolyen et al., 2019). The
cutadapt command line tool was used to trim the forward
and reverse primer site of the merged reads. DADA2 denoise-
single plugin was used to truncate and remove sequences with
an average Phred quality score below 20, create the amplicon
sequence variant (ASV) table with representative sequences
and their frequency of occurrence, perform quality filtering,
and remove chimeric sequences. The sequence variants were
assigned using the q2-feature-classifier Naïve Bayes classifier after
extracting the region of the 16S sequences most appropriate
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for the primers (359F/809R) used during sequencing. The
classifier was trained on the SILVA 99% identity Full Seq OTU
reference database (v 138) using the classify-sklearn command
on the trained classifier. An additional classifier was produced
and trained on the Greengenes 99% OTU reference database
(v gg_13_8_99) for comparison. Amplicon sequence variants
assigned to chloroplasts or non-cyanobacterial species were
removed from further analysis using the taxa filter-table plugin.
Cyanobacterial and Microcystis ASV counts were normalized to
counts per gram of dry sediment similarly to ddPCR (Equation
1). Absolute cyanobacterial ASV counts were compared against
absolute gene copy numbers derived from ddPCR to determine
how well ASV counts track changes in abundance at the phylum
level. Due to the compositional nature of the data, the coherence
between ddPCR and HTS at the level of genus was only
compared using relative abundances of Microcystis. Proportions
were exported using the feature-table relative-frequency plugin
and converted into percentages by multiplying by 100. Absolute
ASV counts for Microcystis were compared between SILVA
and Greengenes to assess the consistency of these databases
at the genus level. A summary of the bioinformatics workflow
is presented in Supplementary Figure 3. The negative controls
had <0.1% of the average number of reads and were removed
from analysis.

Here, theHTS LODwas estimated as one read (in expectation)
per sample. For the absolute abundances, the LOD for both CYA
and MICR was calculated as∼8.8 ∗ 105 copies/g for L227 and 1.8
∗ 106 copies/g for lakes 223, 224, and 442.

Statistical Analyses
All statistical analyses were conducted using R open source
(Version 4.0.0) and RStudio software (version 1.2.5042). Absolute
gene copy data were first verified for normal distribution through
Shapiro-Wilk tests. Data were log or square root transformed to
approach normal distribution and minimize heteroscedasticity
of variance. Absolute abundances of CYA and MICR from
ddPCR and HTS were plotted as a function of sediment depth.
Proportions of MICR were also plotted as a function of sediment
depth. Pearson’s r and Kendall’s τ (for L227; due to the lack of
normality, even after log-transformation) correlation coefficients
were calculated to evaluate the relationship between the two
methods across the entire sediment core, top sediments, and
bottom sediments. All ddPCR-derivedMICR gene copy numbers
that were below the corresponding LOD were handled by using
the common approach of substituting those values with the
LOD/2 (in line with guidance provided by the United States
Environmental Protection Agency, 2006). For the HTS data,
samples with sequence reads below the detection limit (i.e.,
had zero counts) were replaced by a conservative pseudo-
count of 0.5. The use of LOD/2 has been found to be
reliable in studies where much of the data are below the
detection limit or where data are highly skewed (Glass and
Gray, 2001). Relative abundances of MICR (as determined from
ddPCR, SILVA, and Greengenes) were transformed by employing
arcsine square root transformations. Temporal autocorrelation
is an issue common in analyses of sediment records and
environmental data in general and can potentially lead to the
lack of independence among time points in the collected samples

(Legendre, 1993; Taranu et al., 2018). To test for the effect of
temporal autocorrelation on p-values, gene copy numbers were
subjected to the autocorrelation function (ACF) in R. If both
variables within the correlation were found to be temporally
autocorrelated, the p-value was corrected by permuting by blocks
using the permute packages in R. If either variable was not
found temporally autocorrelated, the p-value was not corrected
(Legendre and Legendre, 2012).

Using 210Pb dating profiles (see Supplementary Data—
Supplementary Figure 2), top sediment samples for
experimental lakes 227 and 223 were selected to correspond
to and include the intervals associated with the approximate
period of lake manipulation and all subsequent sediment
deposition (1969–2018 for L227 and 1976–2018 for L223).
Bottom sections chosen for reference lakes 224 and 442 were
chosen to roughly parallel L223 bottom sections because
sediment intervals corresponded to relatively similar timeframes
in the pre-manipulation period (Supplementary Table 4). Paired
t-tests were also performed to assess statistical differences in
DNA content between recent samples (top sediments) and older
samples (bottom sediments).

RESULTS

DNA was successfully extracted from all sections sampled from
each lake core. The experimental lakes had more DNA in top
sediments compared to the bottom sediments relative to the
reference lakes (Table 2): for L227 the mean DNA concentration
was 1.6X greater (p-value < 0.01) and for L223, 1.26X greater (p-
value < 0.05). In contrast, there was no statistical difference in
DNA content between top and bottom sections for L224 and L442
(p-values> 0.05 for both lakes). For all four cores, themeanDNA
quality was high (260:280 ratio > 1.7). The bottom intervals of
L227 and L223 contained DNA of higher purity (260:280 ratio >

1.8) in comparison to the top subsection intervals. Only the top
sections from L227 had a mean ratio <1.7. All lakes showed very
low 260:230 ratios.

In L227, ddPCR results showed very little change in CYA
abundance below 15 cm, with gene copy numbers consistently
at ∼108 copies/g of dry weight, between two to three orders
of magnitude above the corresponding LOD (Figure 1, top
left). Subsequently, above 15 cm, total CYA gene copy number
increased two orders of magnitude (∼100-fold from 108 to 1010

copies/g). In contrast, only a gradual ∼10-fold increase from
1010 to 1011 was observed in CYA abundance as determined
from HTS throughout the core, and no large increase in
abundance was seen around 15 cm. Based on the dating profile
from L227 (Supplementary Figure 2), 15.25 cm corresponds to
∼1968 (± 2.8 years), the approximate time lake fertilization
began. Absolute MICR abundances determined from ddPCR
were consistently below the corresponding LOD (1.4 ∗ 105) prior
to lake fertilization but subsequently rose approximately two
orders of magnitude above detection limits. Microcystis-specific
16S rRNA abundances derived fromHTS also rose approximately
two orders of magnitude above the corresponding LOD for this
method (8.8 ∗ 105) at 15 cm. Similar trends were observed when
gene copy numbers were normalized per gram of wet sediment
(Supplementary Figure 4).
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TABLE 2 | Comparison of mean DNA concentration (± SE) and purity between top and bottom subsection intervals.

Lake Core depth (cm) Number of subsections DNA (ng/g of dry sediment) 260:280 ratio 260:230 ratio

227 Top (1–15.25) 11 4,102 (± 355) 1.62 (± 0.02) 1.15 (± 0.08)

Bottom (16.25–51.75) 12 2,577 (± 255) 1.81 (± 0.02) 1.39 (± 0.08)

Total core 23 3,306 (± 266) 1.72 (± 0.03) 1.28 (± 0.06)

223 Top (1–20.25) 15 2,870 (± 176) 1.74 (± 0.03) 1.41 (± 0.07)

Bottom (21.75–41.75) 9 2,311 (± 152) 1.82 (± 0.07) 1.39 (± 0.08)

Total core 24 2,660 (± 134) 1.77 (± 0.03) 1.40 (± 0.05)

224 Top (1–7.25) 9 4,662 (± 508) 1.86 (± 0.01) 1.28 (± 0.07)

Bottom (16.25–32.25) 4 4,324 (± 414) 1.86 (± 0.02) 1.35 (± 0.05)

Total core 13 4,558 (± 367) 1.86 (± 0.01) 1.29 (± 0.05)

442 Top (1–12.25) 8 4,183 (± 780) 1.90 (± 0.03) 1.33 (± 0.13)

Bottom (13.25–39.75) 6 4,098 (± 754) 1.99 (± 0.08) 1.30 (± 0.10)

Total core 14 4,146 (± 530) 1.93 (± 0.04) 1.32 (± 0.08)

In L223, ddPCR results showed a slight increase in CYA
abundance (10-fold from ∼108 to 109 copies/g) over time
from the bottom of the core to the top (Figure 1, top right).
A slight increase in total cyanobacterial abundance was also
observed with HTS from ∼1010 to 1011 over time. Experimental
acidification of L223 occurred over an 8-year period, between
1976 and 1983, corresponding to ∼18–20 cm sediment depth
based on the sediment dating profile (Supplementary Figure 2).
A small three-fold increase in CYA abundance, determined
from ddPCR, was observed during this period, whereas HTS
results did not show any increase during this time. The ddPCR-
derived MICR concentrations were consistently around the LOD
but a three-fold increase above detection limits occurred at
∼16 cm. HTS-derived MICR abundances were near or below the
corresponding LOD in bottom sediments but rose 100-fold from
∼107 to 109 over time.

In L224, a ∼10-fold increase in total CYA was observed over
time from the bottom of the core to the top in both ddPCR
and HTS (Figure 1, bottom left). In L442, a 100-fold increase in
CYA was observed over time in both methods (Figure 1, bottom
right). Microcystis-specific 16S rRNA abundances in L224, as
determined from ddPCR, increased 10x above the LOD in top
sediments, whereas ddPCR-derived MICR abundances in L442
were consistently at or near the LOD and this remained relatively
unchanged over time.Microcystis-specific 16S rRNA abundances
from HTS in both L224 and L442 increased ∼100-fold (108 to
1010), but in L442, the profile was skewed toward higher relative
abundances in bottom sediments.

Relative abundances of MICR derived from ddPCR and from
HTS using either the SILVA or Greengenes database showed
similar patterns and tracked one another well only in top
sediments of L227 (Figure 2). In L227, a rapid increase in MICR
was observed with all three approaches at ∼15 cm, consistent
with the beginning of lake fertilization. All three methods also
showed a decline in MICR proportions starting at 11.25 (∼1988
± 2 years—when nitrogen loading stopped). Below 15 cm, the
ddPCR-derived MICR proportions appeared to be higher than
the HTS results, but the ddPCR absolute abundances were
below the LOD in these intervals (see Figure 1). In L223, SILVA

and Greengenes appeared to track one another somewhat in
top sediments, but relative abundances were much higher than
the MICR levels obtained from ddPCR. While ddPCR and
Greengenes-derived MICR abundances appeared to not change
much throughout the sediment cores of lakes 224 and 442, a large
increase over time (5–40%) in L224 was found when using the
SILVA database.

Total gene target copy abundance data were normally
distributed after log or square root transformation (except
for those from L227). Because SILVA and Greengenes were
strongly correlated for the number of ASVs assigned to
cyanobacteria in all four lakes (Supplementary Figure 5), only
the SILVA database was used to compare ddPCR CYA gene
copy numbers to HTS-derived CYA counts. In L223, the ACF
function showed CYA gene copy numbers derived from ddPCR
were temporally autocorrelated, as were the CYA counts from
HTS. All correlations were still significant after blockwise
permutation. Calculated correlation coefficients showed strong
positive relationships between ddPCR and HTS abundance for
CYA in all lakes (Figure 3). When cores were split between top
and bottom sediments, all four cores showed very strong positive
correlations between ddPCR and HTS in bottom sediments
(Figure 3, right). While there was a modest correlation in top
sediments of L223 (Figure 3, middle), there were no significant
correlations between the two methods in top sediments of lakes
227, 224, or 442. Correlation analysis using wet sediments also
showed moderate to strong levels of coherence between ddPCR
and HTS across the lake sediment cores and in bottom sediments
(Supplementary Figure 6).

SILVA and Greengenes taxonomic assignments for the
Microcystis genus differed (Supplementary Figure 7) and thus
both SILVA and Greengenes MICR relative abundances were
used to compare with ddPCR-derived MICR relative abundances
(Table 3). When using SILVA-based taxonomy, only L227 and
L442 showed a significant correlation between ddPCR and
HTS for transformed relative MICR abundances. When using
the Greengenes database, a correlation between ddPCR- and
HTS-derived MICR relative abundances was only found in
L227. The SILVA and Greengenes databases were significantly
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FIGURE 1 | Target gene concentrations in sediment cores of the Experimental Lakes Area, Canada from manipulated lakes 227 and 223 and reference lakes 224 and

442. Absolute gene copy numbers of Microcystis 16S rRNA (MICR) and cyanobacterial 16S rRNA (CYA) as determined through droplet digital PCR (ddPCR) are

shown, along with the amplicon sequence variant counts of cyanobacterial 16S rRNA and of the Microcystis genus from high-throughput sequencing (HTS) (using

SILVA). Results are normalized per gram of dry sediment and presented on a logarithmic scale. The orange and pink dashed vertical lines are the detection limits

(LODs) for ddPCR-derived Microcystis 16s rRNA and cyanobacterial 16S rRNA abundances, respectively. The blue dashed vertical line is the LOD of HTS-derived

abundances for both cyanobacterial 16S rRNA and Microcystis. The gray shading in the top left plot corresponds to the period of phosphorus and nitrogen loading in

Lake 227 (1969–1989), while the beige shading corresponds to the period of phosphorus loading only (1990–2018). The gray shading in the top right plot

corresponds to the period of sulfuric acid loading in Lake 223 (1976–1983).
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FIGURE 2 | Percent abundance of the Microcystis genus (MICR) in lake sediment cores of the Experimental Lakes Area, Canada, from manipulated lakes 227 and

223, along with reference lakes 224 and 442, as determined through droplet digital PCR (ddPCR) and through high-throughput sequencing (HTS) using the SILVA and

Greengenes databases. The gray shading in the top left plot corresponds to the period of phosphorus and nitrogen loading in Lake 227 (1969–1989), while the beige

shading corresponds to the period of phosphorus loading only (1990–2018). The gray shading in the top right plot corresponds to the period of sulfuric acid loading in

Lake 223 (1976–1983).
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FIGURE 3 | Correlations between log-transformed droplet digital PCR (ddPCR) gene copy numbers and high-throughput sequencing (HTS) amplicon sequence

variant counts (using SILVA) for cyanobacterial 16S rRNA (CYA), normalized per gram of dry sediment across the whole core (left), top sediments (middle), and bottom

sediments (right) of study lakes 227, 223, 224, and 442. Kendall’s τ (Lake 227) and Pearson’s r (lakes 223, 224, and 442) correlation coefficient values are shown.
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FIGURE 4 | Correlations between arcsine square root transformed droplet digital PCR (ddPCR) and high-throughput sequencing (HTS) (using SILVA) relative

abundance outputs for Microcystis (MICR) across the whole core (left), top sediments (middle), and bottom sediments (right) of study lakes 227, 223, 224, and 442.

Kendall’s τ (Lake 227) and Pearson’s r (lakes 223, 224, and 442) correlation coefficient values are shown.
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TABLE 3 | Kendall’s (L227) and Pearson’s (L223, L224, and L442) correlation

coefficients of arcsine square root transformed relative Microcystis abundances

derived from droplet digital PCR (ddPCR) and from high-throughput sequencing

(HTS), using the SILVA and Greengenes databases.

HTS

Lake ddPCR SILVA Greengenes

227 ddPCR 1.00 0.48* 0.57**

SILVA 1.00 0.72**

Greengenes 1.00

223 ddPCR 1.00 0.19 0.15

SILVA 1.00 0.81**

Greengenes 1.00

224 ddPCR 1.00 0.15 −0.34

SILVA 1.00 0.23

Greengenes 1.00

442 ddPCR 1.00 0.85** −0.31

SILVA 1.00 −0.02

Greengenes 1.00

*p < 0.05, **p < 0.001.

correlated with one another for relative abundances of MICR
in lakes 227 and 223. Microcystis-specific 16S rRNA abundances
derived from ddPCR, SILVA, and Greengenes, were temporally
autocorrelated in L227. Correlations were still significant
after blockwise permutation. SILVA relative abundance outputs
were used to determine the degree of correlation between
ddPCR and HTS from top and bottom sediments (Figure 4).
Calculated correlation coefficients between top and bottom
sediments using Greengenes MICR proportions are presented
in Supplementary Figure 8. When using SILVA, moderate to
strong correlations were observed in top sediments of lakes 227,
223, and 442, but no significant relationship was found in top
sediments of L224. A strong correlation between the twomethods
was also found in bottom sediments of L442 but not in bottom
sediments of the other three lakes.

DISCUSSION

We compared the sensitivity between ddPCR and HTS by taking
advantage of a unique set of experimental and reference lakes and
studied the long-term temporal dynamics of cyanobacteria based
on the examination of DNA preserved in sediment. Our findings
suggest that, while the two methods were significantly correlated
with one another, the targeted ddPCR approach reflected more
accurately the significant rise in cyanobacteria associated with
experimental fertilization.

Comparison of Absolute Abundances
Between ddPCR and HTS at the Level of
Cyanobacteria
Our results showed quantification of the cyanobacterial 16S
rRNA gene from ddPCR was more consistent with the known
history of lake experimentation. In the case of experimental

L227, while the ddPCR profile showed a dramatic increase in
CYA abundance at 15.25 cm (∼1968 ± 2.8 years), HTS did not
show any change during lake fertilization. These trends were also
observed when gene copy numbers were normalized per gram
of wet sediment (Supplementary Figure 4). Eutrophication of
L227 began in 1969 and led to the formation of large planktonic
cyanobacterial blooms in response to phosphorus and nitrogen
loading to the lake (Schindler, 1974, 1977). Phytoplankton
records obtained from IISD-ELA show that L227 cyanobacterial
biomass increased rapidly in 1969 (Paterson et al., 2011) to over
20 times above that seen in reference lakes at that time. In
experimental L223, again only ddPCR illustrated an increase in
CYA abundance during the period of experimentation. This is
consistent with the surface water phytoplankton records. Findlay
and Kasian (1986) found that as pH decreased during the lake
acidification experiment, planktonic cyanobacteria increased in
biomass. Cyanobacteria mean biomass increased 10-fold from
∼0.02 to 0.2 g/m3 around 1978, before declining to pre-
acidification levels in 1993–1994 (Findlay and Kasian, 1996).
The ddPCR results for L223 reflected similar patterns and CYA
abundance levels declined to pre-acidification levels at ∼11 cm
(early 2000s). The HTS-derived results did not demonstrate any
increase or decrease during these years.

The lack of an increase in CYA abundance from HTS in
L227 and L223 during lake manipulation could be attributed
to methodological factors. Primer biases could have impacted
the detection and quantification of the cyanobacterial 16S rRNA
target gene. The primer sequences used to target CYA in ddPCR
have more degenerate bases and amplify a smaller amplicon size
than the primers used for HTS. Although both primer sets have
been successfully used in other studies (HTS: Nübel et al., 1997;
Jungblut et al., 2005; ddPCR: Rinta-Kanto et al., 2005; Pal et al.,
2015; Monchamp et al., 2016; Pilon et al., 2019), the choice of
specific primers can impact the detection of selected target genes
in complex environments (Lee et al., 2012). The amplicon size
for the CYA primer set used for HTS was much longer (450
bp) than what was used for ddPCR (269 bp). Cyanobacterial 16S
rRNA gene copy number is known to vary between one to four
copies per cell among certain cyanobacterial taxa (Schirrmeister
et al., 2012). As such, there is likely a greater chance of detecting
a taxon that has multiple copies of this 16S rRNA gene if one
of those copies has a longer fragment preserved. This may have
contributed to the greater overall cyanobacterial abundances
observed when using HTS. A study comparing varying PCR
amplicon sizes on microbial community analysis found that with
shorter amplicons, the PCR reaction proceeded more efficiently
and that artifact formation was less likely in comparison to longer
fragments (Huber et al., 2009). While the data presented here
point to some potential primer bias, it is also likely that the lack
of an observable increase in CYA abundance using HTS can be
attributed to a high number of false negative errors.

Humic substances have been found to represent potential
biases in metabarcoding techniques and other PCR-based
approaches on eDNA, generating false-negative results (Rochelle
et al., 1992; Savichtcheva et al., 2011; Albers et al., 2013; Thomsen
and Willerslev, 2015). Here, most of the samples were taken
from the top (recent sediments) such that the impacts of lake
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manipulation on cyanobacterial dynamics in L223 and L227
could be assessed and compared to the reference lakes which have
experienced little to no human impact. While strong correlations
were found between the two methods in bottom sediments
of both the experimental and reference lakes, no significant
relationships between the two estimates of cyanobacterial
abundance were observed in top sediments of lakes 227, 224,
and 442. Higher levels of humic and fulvic acid substances
within surface sediments (∼5 cm) (Calace et al., 2006; Hou
et al., 2014) may be the reason why top sections of these cores
showed no significant relationship between ddPCR and HTS
results for CYA gene copy numbers. Humic acids, co-extracted
with DNA, can inhibit PCR amplification by suppressing the
Taq polymerase, preventing gene targets from amplifying. While
the same DNA extractions were used for both ddPCR and HTS,
tolerance to inhibitors can differ between the two methods.
The ddPCR technology has been found to be highly resistant
to PCR inhibitors (Taylor et al., 2017, 2019). DNA templates
are randomly partitioned into thousands of droplets of uniform
size and volume, improving the performance of the individual
endpoint PCR reactions within each droplet (Hindson et al.,
2011), reducing the ability of inhibitors to impact amplification,
and allowing for reliable detection of low-abundance targets. Low
260:230 ratios from sediment samples have been attributed to
high organic contaminants and humic acid levels in other studies
(Antony-Babu et al., 2013; Ramírez et al., 2018). The quality of
the DNA was in fact particularly low in top sediments of L227;
this was expected since the production and deposition of organic
matter increased tremendously as a result of the lake fertilization
(O’Connell et al., 2020). In this study, only a few samples were
selected from the bottom of the reference lake sediment cores
because cyanobacterial levels were expected to be low with little
variability. Future studies evaluating differences between top
and bottom studies (for e.g., studies comparing trends between
contemporary and preindustrial sediments) should, however, use
larger sample sizes to draw definitive conclusions. In addition to
potential humic acid interference, the pooled samples used for
sequencing could have also contributed to higher rates of false
negatives (Manter et al., 2010).

A major limitation with sedDNA analyses in
paleolimnological research includes incomplete DNA extraction
or DNA extraction bias. Regardless of adjustments made during
the DNA extraction protocol, low DNA yields persisted in a
few samples from L227, L223, and L442 sediments, which could
have ultimately impacted the number of ASVs passed through
the bioinformatic pipeline. A recent study comparing ASV
counts across a series of DNA dilutions found that at low DNA
concentrations, a disproportionate number of contaminants
(from extraction reagents or laboratory environment) were
amplified as a result of low signal-to-noise ratio (Caruso et al.,
2019). Here, when experimenting with generous truncation
parameters within the pipeline (for e.g., using lower quality
reads, using only single end reads etc.), the number of ASVs
passed through increased overall, but the CYA trends after
taxonomy assignment did not differ to the results presented in
this study. This indicates that the absolute ASV counts used
for analysis were more impacted by the quality and quantity

of the starting DNA material, rather than the specific filtering
parameters chosen within the pipeline, and that contaminant
sequences in samples with low DNA concentrations could have
disproportionally been amplified, subsequently reducing the
number of ASVs assigned to cyanobacteria. The combined
effects of amplified contaminant sequences from some sediment
sections and high amounts of false negatives are potential
reasons as to the slightly weaker correlations found between
ddPCR and HTS when comparing absolute abundances in
L227. Based on the results presented here, ddPCR minimizes
PCR-inhibiting substances and should be used to quantify
absolute concentrations of target genes from sedDNA records.

Comparison Between ddPCR and HTS
Using Relative Abundances of the
Microcystis Genus
Microcystis occurs in these lakes (based on IISD-ELA
phytoplankton records), but abundance levels were expected to
be low. This allowed for testing the limits of both methods and
for low gene copy numbers to be compared between ddPCR and
HTS. While strong positive correlations were observed between
ddPCR and HTS for absolute cyanobacterial abundances, the
combination of overall low Microcystis copy numbers derived
from ddPCR and little variation in MICR trends, could explain
the weaker tracking between the two molecular approaches
when using proportion data. The correlation analyses showed
moderate to strong levels of agreement between ddPCR and HTS
in top sediments of lakes 227, 223, and 442, but results differed
based on the use of either the SILVA or Greengenes reference
taxonomy database. When using Greengenes, no correlation was
observed in top sediments of L223 (Supplementary Figure 8).
In addition, the correlations across the core of L442 and across
bottom sediments were significant only when using SILVA.
This indicates that this more-frequently updated reference
database could have picked up more Microcystis sequences than
Greengenes, which was last updated in 2013. SILVA-derived
relative abundances were much higher when compared to
Greengenes, and it is possible that misannotations arose,
particularly at the genus level in these publicly available DNA
reference databases (Sierra et al., 2020). Additionally, SILVA
relativeMicrocystis abundances in the reference lakes were ∼10–
100x higher than in the experimental lakes. Picocyanobacteria
(cyanobacteria < 2µm in diameter) and small unicellular
coccoid species are abundant in the reference lakes and range
from 104 to 105/ml in ELA lakes during the summer (Pick,
unpublished data). Both a high level of picocyanobacteria
and coccoid species, and annotations to invalid names (in
combination with the compositional nature of the sequencing
data) could have contributed to the higher SILVA relative MICR
abundances within the reference lakes.

Very low absolute MICR abundances and low downcore
variation in gene copy numbers (as determined from ddPCR)
could have contributed to the insignificant relationship between
ddPCR and HTS across the sediment cores of lakes 223 and 224.
In addition, the low sample size in L224 could have contributed
to the poor statistical power for detecting correlations between
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the two methods in that core. No firm conclusion can be made
regarding the correlation between ddPCR and HTS relative
abundances across bottom sediments of the experimental lakes
as abundances were found below detection limits in many of
those intervals (Figure 1). However, the very high consistency
between these two methods in top sediments of L227 likely
explains the moderate but significant correlation found across
that sediment core. As previously mentioned, it is also possible
that contaminants in samples with low DNA concentration
reduced the total number of cyanobacterial ASVs in bottom
sediments. This could have seriously skewed MICR proportions.
Future studies assessing ddPCR and HTS relative abundance
data from bottom sediments should use greater sample sizes
or interpret results with caution if gene copy numbers are
relatively low.

Another potential reason for the discrepancy between ddPCR
andHTS for relativeMICR abundances could be attributed to the
lack of primer specificity. Microcystis-specific 16S rRNA primers
were used to target the Microcystis genus from ddPCR, whereas
data filtering through the bioinformatic pipeline was used to
obtainMicrocystis counts fromHTS. Both Greengenes and SILVA
had relatively higher MICR proportions when compared to
ddPCR. It is possible that the MICR primers used in ddPCR were
not themost universal and failed to pick up allMicrocystis present
in the samples. While no other Microcystis primer sets were
tested in this study, future studies should sequence and/or add
degenerate bases in the sequence primers to test this hypothesis
and confirm the universality of the primers. Rigorous parameters
for filtering in the bioinformatics pipeline and the choice of
primers selected for analysis should be carefully considered to
obtain reliable proportional data for the accurate inference of
the composition.

Recommendations
The method of choice for sedDNA research should depend
on the ultimate goals of the study. Here, we found ddPCR to
have fewer limitations than HTS, and ddPCR results were more
consistent with the history of cyanobacteria in these lakes. The
high-throughput capacity of ddPCR and its ability to tolerate
inhibitors makes this molecular method more suitable for
quantifying targets from complex environments like sediments.
Absolute abundance data from HTS, abundance measures
derived from top sediments, or samples with very low gene
copy numbers, should be interpreted with caution. However,
metabarcoding approaches provide unparalleled resolution of
microbial community diversity and expand taxonomic scope
at unprecedented scales. If the main goal of a study is to
track abundance through time in an environment with a priori
knowledge that low levels of inhibitors are present in the
samples (based on nanodrop quality scores, for example), then
either ddPCR or HTS are appropriate methods to consider.
However, if the complexity of the environment is unknown, or
if high levels of PCR inhibitors such as organic contaminants
or humic acids are likely to be found, ddPCR is likely the
more appropriate choice. If only relative abundance counts are

necessary, then HTS alone is sufficient (although the choice
of database for taxonomic assignment should be carefully
considered). On the other hand, if overall community dynamics
are assessed, and both abundance and community composition
are required, we recommend to first analyze results through HTS
and subsequently quantify change through time with ddPCR.
As both ddPCR and HTS methods continue to improve and as
costs continue to decline, the benefits of using both approaches in
tandem can increase the validity of using sedDNA to reconstruct
historical dynamics.
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